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Resumen del proyecto

A lo largo de este proyecto, se ha desarrollado un sistema de ayuda para el simulador atom-
istico DADOS. Se ha incluido informacién completa y de gran utilidad, no solamente a nivel de
manejo, sino también sobre parametros fisicos e implementaciéon de modelos. Por otro lado, se ha
procedido a calibrar algunos parametros fisicos de interés, en particular el umbral de amorfizacion
del silicio.

Abstract

In this thesis, a help system for the atomistic simulator DADOS has been developed. We
have included in it full and useful information, not only at user level, but also about physical
parameters and model implementation. Also, some interesting physical parameters have been
calibrated, particularly, the amorphization threshold in silicon.
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1

Introduccién y objetivos

1.1 Motivacion

El mundo de la Ingenieria de Telecomunicacién ha ido desde siempre e indudablemente ligado
al campo de la Microelectrénica. La invencion del transistor en el ano 1947 supuso un hito que
marcé un antes y un después en el desarrollo de nuevas tecnologias. Atras quedaron los viejos
aparatos de vélvulas. Todo era posible con un diminuto dispositivo basado en tecnologia de
estado solido.

Sin embargo, la industria microelectrénica no quedé ahi. El desarrollo posterior fue enorme
debido, fundamentalmente, a la alta relacion rendimiento/coste que tenia, lo cual era un incentivo
muy interesante. De hecho, los dispositivos cada vez son més pequenos y contienen mas transis-
tores, lo cual les dota de una mayor funcionalidad y capacidad de trabajo. Tradicionalmente, se
ha venido considerando una formulacién empirica denominada ley de Moore, que expresa que,
aproximadamente cada dos anos, se duplica el niimero de transistores en un microprocesador [1].
Esta ley fue formulada por Gordon E. Moore el 19 de abril de 1965, y su cumplimiento se ha
podido constatar hasta la actualidad. Mas tarde, modificé su propia ley al afirmar que el ritmo
bajaria, y la densidad de los datos se doblarian aproximadamente cada 18 meses. Esta progresion
de crecimiento exponencial, doblar la capacidad de los microprocesadores cada ano y medio, es
lo que se considera realmente la ley de Moore. La consecuencia directa de la ley de Moore es que
los precios bajan al mismo tiempo que las prestaciones aumentan. En la figura 1.1 se muestra
un grafico representativo de la ley de Moore, comparado con los procesadores populares de la
historia reciente.

El desarrollo de hardware a nivel microelectrénico es algo complejo que debe realizarse de
manera adecuada y precisa. Las grandes empresas y entidades basan sus proyectos en un anélisis
exhaustivo no solamente de requisitos, sino también de funcionamiento de los dispositivos cada
vez mas pequenos. Errores en la implementacion suponen un elevado coste [1], por lo que se ha
buscado desde siempre un alto nivel de seguridad en resultados en el desarrollo de productos. Aqui
es donde entra en juego la simulacion. Simular el comportamiento de un dispositivo electrénico
o de un semiconductor tras realizar procesos tecnolégicos es una técnica muy atractiva ya que
permite conocer, con un alto grado de fidelidad, el resultado final del proyecto. Sin embargo,
las técnicas de simulacién no son sencillas y el estudio que se ha llevado a cabo sobre ellas ha
supuesto un esfuerzo considerable por parte de empresas y centros de investigaciéon. En adelante
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Figura 1.1: La ley de Moore [1]

hablaremos exclusivamente de los simuladores de procesos tecnolégicos.

Tradicionalmente, se han utilizado simuladores de caracter continuo. Estas aplicaciones soft-
ware se basan en el modelado de los movimientos de particulas mediante flujos continuos. Se
plantean diversas ecuaciones diferenciales que se intentan resolver con métodos numeéricos. Sin
embargo, a medida que los dispositivos se hacen cada vez més pequenos, las aproximaciones que
asumen los simuladores continuos dejan de ser validas. Es preciso, pues descender hasta el nivel
atomico para estudiar las interacciones que tienen lugar entre las particulas.

La dindmica molecular es una teoria interesante puesto que permite estudiar las interacciones
atémicas a nivel de fuerzas elementales. Cuando se producen choques, se transfiere energia de
unos atomos a otros provocando vibraciones y otra fenomenologia de interés [2]. Sin embargo, a
pesar de que tiene utilidades evidentes, no es una técnica valida para simular procesos completos
puesto que los pasos temporales que utiliza son demasiado cortos, por lo que tnicamente se
pueden simular breves instantes de tiempo (por debajo del milisegundo).

En la Universidad de Valladolid, se ha desarrollado un simulador atomistico basado en los
métodos de Monte Carlo (kMC, kinetic Monte Carlo, [3]). Su nombre es DADOS (Diffusion of
Atomistic Defects, Object-Oriented Simulator) y se utiliza en la actualidad como nicleo de un
entorno llamado UVAS (University of Valladolid Atomistic Simulator). La principal caracteris-
tica de esta aplicacién es que no tiene en cuenta los atomos de silicio que estdn correctamente
colocados en la red, sino tnicamente se preocupa de los defectos que se producen. Otra idea
interesante es que es autoajustable en tiempo, de tal forma que no simula instantes de tiempo
donde apenas ocurran eventos. Todo esto hace que sea un simulador muy eficiente desde el punto
de vista computacional.
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1.2 Etapas y metodologia empleada

La primera fase de este proyecto ha consistido en un estudio de la teoria existente sobre la
materia. A través de la lectura de articulos varios se ha desarrollado una visiéon general para
poder realizar este trabajo.

El grueso de este proyecto se ha dedicado a crear un sistema de ayuda, denominado UVAS
Help. En él, se han incluido datos varios sobre el simulador atomistico UVAS-DADOS, como
informacién sobre manejo, parametros de entrada o implementacion de modelos fisicos. Junto
con este trabajo, también se ha realizado una “auditorfa informética”, consistente en la revision del
codigo fuente del programa para comprobar que los mecanismos se implementan correctamente.

Como aplicacién practica de los conocimientos adquiridos, se ha procedido a experimentar
con simulaciones en grado creciente de dificultad hasta llegar a la calibracion de parametros y el
estudio de otros nuevos implementados durante la etapa de desarrollo del proyecto.

Las herramientas informaéticas, tales como el Microsoft Visual Studio o el Microsoft HTML
Help Workshop, han sido esenciales para este trabajo. Se ha aprendido su manejo gracias a los
manuales y la documentaciéon disponible.

1.3 Esquema del proyecto

El esquema del proyecto se expone a continuaciéon. En el capitulo 2 se ofrece al lector un
tutorial bésico de defectos en semiconductores desde la perspectiva atomistica. Dicho tutorial es
un compendio de las lecturas realizadas y sienta las bases para comprender como se ha imple-
mentado el simulador DADOS. A continuacion, el capitulo 3 explica como se ha desarrollado e
implementado un sistema de ayuda para el simulador UVAS-DADOS. La documentacién de la
ayuda se ha adjuntado en los apéndices de esta memoria. En el capitulo 4 se expone cémo se
han calibrado ciertos pardmetros del DADOS y se ofrece informacién de interés sobre algunas
simulaciones realizadas. Para finalizar, en el capitulo 5 se realiza una visiéon general del proyecto
y se ofrecen un conjunto de lineas para futuras investigaciones.
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Defectos en semiconductores. Una
vision atomistica

2.1 Introduccidén

El silicio es un material ampliamente utilizado en la actualidad y es la base de la industria
microelectronica. El propésito de este capitulo es presentar un pequeiio tutorial sobre defectos
en semiconductores, formulado desde un punto de vista atomistico, en contraposicién con el
tradicional enfoque “continuo”. Resulta claro entender que la minituarizacién de los dispositivos
exige pensar en términos discretos ya que las aproximaciones clésicas dejan de ser totalmente
validas.

La estructura de este capitulo se ha dispuesto como sigue. Tras describir someramente la
estructura cristalina del silicio (material al que nos referiremos), veremos los defectos que existen
en el mismo. Estudiaremos los intersticiales y vacantes y los fenémenos a los que estan asociados,
tales como la generacion, la difusiéon o su agrupamiento en estructuras complejas. Posterior-
mente entraremos a analizar el papel que desempenia el danado producido en los procesos de
implantacién iénica, estudiando, por un lado, los fendémenos de amorfizacion y recristalizacion y,
por otro, el aumento transitorio de la difusion (TED). Finalizaremos el capitulo hablando de los
agregados (clusters) de dopantes, estructuras que son las principales responsables de la desacti-
vacion eléctrica de los dopantes, efecto altamente perjudicial en la fabricacién de los dispositivos.

2.2 Defectos puntuales en el silicio

2.2.1 Estructura cristalina del silicio

El silicio cristalino (tipo diamantino) presenta una estructura como se muestra en la figura
2.1. Se trata de una red FCC (face centered cubic) con dos atomos equivalentes diferentes.

Cada atomo de la red tiene cuatro primeros vecinos (dtomos més proximos). La celda unidad
convencional (mostrada en la figura), cuyo lado a se denomina parametro de red, contiene

5
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Figura 2.1: Celda unidad del silicio cristalino [4]

ocho atomos. Es trivial demostrar que la distancia entre posiciones cristalinas equivalentes con-
secutivas, que coincide con la distancia entre segundos vecinos es:

a 0.543 nm

doos vecinos — ——= — = 0.384 nm 2.1
: V2 V2 =0

Existe una amplia bibliografia sobre cristalografia [4], por lo que no repetiremos nada en esta
memoria. Simplemente comentaremos, de cara a secciones posteriores, que para poder trabajar
con la red de silicio, se utiliza un sistema de coordenadas tridimensional cartesiano. Por otra parte,
los planos se definen por su vector normal, (ni,n2,n3), siguiendo la notacion de los “indices de

Miller”.

2.2.2 Defectos en el silicio

En el silicio real, aparecen ciertos defectos cristalinos. Se puede hacer una primera clasificacion
como sigue.

= Defectos nativos. Puede ocurrir que un atomo de silicio abandone su posicién en la red,
creandose un intersticial (Atomo desplazado) y una vacante (vacio dejado por el dtomo).
Este par aislado se denomina de Frenkel. Intersticiales y vacantes pueden interactuar entre
si, lo cual estudiaremos més adelante.

» Defectos asociados a dopantes. Los atomos de dopantes' (fésforo, arsénico, boro,

carbono, fluor, etc.) pueden ocupar posiciones que antes eran ocupadas por el silicio
(dopante sustitucional) o bien, pueden asociarse a defectos natidos (par dopante-intersticial
o dopante-vacante). Estos defectos asociados a dopantes también pueden interaccionar en-
tre si o con defectos nativos.

El tamano de los defectos es un aspecto también importante, y se pueden clasificar también
atendiendo al mismo:

LA lo largo de este tutorial, denominaremos dopantes a toda especie distinta al silicio. Segiin esta notacion,
los dopantes no tienen por qué ser necesariamente eléctricamente activos.
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Configuration T Gonfigpration D

Y-

Figura 2.2: Algunas configuraciones tipicas para los intersticiales: tetraédrica (T) y dumbbell (D)

[5]

s Defectos puntuales. Estan formados por una particula, que puede ser un defecto nativo
(intersticial o vacante), un dopante sustitucional (fluor, antimonio,...) o un par dopante-
defecto nativo.

» Defectos extendidos. Son agregados de varias particulas (del mismo tipo o de tipos
distintos) y son inmoviles. A lo largo de este capitulo, especialmente en la seccion 2.4 se
estudiarédn en profundidad.

Realizaremos, por tltimo, una clasificacién desde el punto de vista eléctrico:

» Defectos eléctricamente activos. Modifican el estado eléctrico del material donan-
do electrones (donores, como el arsénico) o aceptéandolos (aceptores, como el boro). Los
dopantes de los grupos III y V del sistema periédico, cuando estan en posiciéon sustitu-
cional son eléctricamente activos.

= Defectos eléctricamente inactivos. No donan ni aceptan electrones manteniendo, por
tanto, el caracter neutro del silicio. Dopantes en estado no sustitucional presentan este
comportamiento.

En la figura 2.2 podemos apreciar algunas configuraciones comunes del intersticial del silicio.

A su vez, los defectos pueden ser fijos o moviles. Los procesos de difusion de defectos por la
red es un aspecto que trataremos en profundidad en el apartado siguiente.

2.2.3 Difusion de defectos puntuales

El proceso por el cual un defecto cambia de una posicién a otra en la red de silicio se conoce
con el nombre de migracién. Se trata de un proceso de caréicter discreto, que tendré asociada
una determinada probabilidad por unidad de tiempo (frecuencia). Por otro lado, el movimiento
es aleatorio (random walk), en el sentido de que los defectos pueden saltar a cualquiera de las
posiciones equivalentes, distribuidas uniformemente en las direcciones del espacio y siguiendo los
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vectores de traslacion de la red FCC. Si consideramos que cada proceso individual de migraciéon
queda completo cuando el atomo llega a la posiciéon cristalina equivalente contigua, la distancia
de salto serd un pardmetro constante, conocido como A, y coincidente con la distancia entre
segundos vecinos (2.1).

Como ya hemos mencionado, la migracién de defectos puntuales esta asociada a una cierta
frecuencia, v,,, con dependencia de la temperatura de tipo Arrhenius:

Em
U = Vp,0 €XP <_kT> (2.2)
donde k es la constante de Boltzmann. El prefactor de la expresion anterior seria la frecuencia
de salto a temperatura infinita, v, 0. E,, es la energia necesaria para que un defecto puntual
salte de una posicién a otra, denominada energia de migraciéon. Los defectos tienden a localizarse
en posiciones asociadas a los estados de energia mas bajos posibles. La figura 2.3 muestra, de
manera simplificada, los estados energéticos que atraviesa un defecto a lo largo de su existencia.
El eje de abscisas puede emplearse para posicion, o de forma mas general, para configuracion.

Emi

Figura 2.3: Diagrama energético de la difusiéon de defectos puntuales

En la practica, el camino de migracién puede ser bastante complicado presentando estados
metaestables (minimos relativos), y rutas diversas. En la figura 2.4 se puede ver un ejemplo
de la migraciéon del intersticial a nivel estructural donde se puede apreciar la transicién de una
estructura tetraédrica hacia otra del mismo tipo a través de una dumbbell (ver figura 2.2).

*@ig"n4+ﬁﬂkg !

L e

944 : & s
T " \ _/,n.;:\ A
8 g g
\._.,l..._ L ., z, I k.'t" N\
- A [ % o, [
9SSl Wiy I Y
o o

LT L X . (S s

Figura 2.4: Mecanismo de difusiéon del intersticial entre dos estructuras tetraédricas a través de
una dumbbell [5]

La difusividad (D) o coeficiente de difusion es proporcional a la frecuencia de salto, segin
indica (2.3).

2
D:%% (2.3)

Al aumentar la frecuencia de salto, es decir, el niimero de saltos por segundo, aumenta la
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difusividad. El coeficiente “6” que aparece en la ecuaciéon hace referencia a las seis direcciones
ortogonales de movimiento posible.

Al igual que la frecuencia de salto, la difusividad es un parametro dependiente de la temper-
atura, siguiendo la forma de Arrhenius ya comentada.

D = Dgexp <—Zj;> (2.4)

La expresion (2.4) es inmediata de demostrar, tras verificarse la linealidad entre frecuencia
de migracion y difusividad (2.3). Si, como ya dijimos, suponemos que \ es constante para todos
los defectos, la frecuencia y la difusividad pueden ser tomadas como magnitudes equivalentes,
relacionadas de forma biunivoca, siendo A?/6 el factor de conversion.

2.2.4 Generacion térmica de intersticiales y vacantes

La generacién de intersticiales y vacantes en una estructura cristalina de silicio puede tener
dos origenes:

= Generacion térmica. Se trata de un mecanismo intrinseco al semiconductor y es funcién
de la temperatura siguiendo la dependencia de Arrhenius. Se verifica que la generacion
térmica es la misma que en el equilibrio, salvo en situaciones de daniado muy elevado.

= Generacion por danado. Se debe a la penetracién en el semiconductor de particulas
que chocan con los atomos de la red, transfiriéndoles parte de su energia cinética para
arrancarlos de sus posiciones y crearse, por tanto, pares de Frenkel. Las particulas de
las que hablamos pueden ser iones (procesos de implantacion), electrones (procesos de
irradiacion) o incluso fotones de alta energia.

Generacién térmica

Notese que el concepto de generacion térmica, tal y como se ha definido, implica necesaria-
mente que, a cualquier temperatura por encima de 0 K, siempre habré una determinada concen-
tracion de intersticiales y vacantes, la cual denotaremos como concentracién de equilibrio, C7 y
Cy,. Mas adelante realizaremos los calculos necesarios para deducir expresiones matematicas de
estos parametros.

Supongamos la situacion simplificada y esquemaética de la figura 2.5. Admitamos que se trata
de redes de silicio a temperatura T. Es evidente que la figura superior de la izquierda (red
cristalina perfecta) es mas estable, es decir, posee una menor energia por atomo. Denotamos la
energia de los N atomos presentes en la red sin defectos por Egq(N). La figura superior de la
derecha es menos estable que N + 1 atomos de cristal perfecto (posee, por tanto, més energia).
La energia necesaria para formar un intersticial, F¢r, viene dada por las siguientes expresiones:

Ef[ = Fcon I(N + 1) — Esd(N + 1) (25)
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Intersticial

%

Par de Frenkel

%

Figura 2.5: Representacion esquemética de configuraciones para la definicién de la energia de
formacion

Vacante

X

N+1
Efl = Econ I(N + 1) - T sd(N> (26)

El esquema para las vacantes (figura inferior izquierda) es analogo:

N -1
Ety = Econ v(N — 1) — TESd(N) (2.7)

Para poder crear un par de Frenkel (figura inferior derecha), es necesaria una aportacion
energética que, si el intersticial y la vacante estuvieran suficientemente alejados, seria igual a la
suma de las energias de formacién de ambos defectos:

Ef[V :Ef[—l-EfV (2.8)

Generacion de intersticiales y vacantes en la superficie

Admitamos que la concentracién de intersticiales en situaciéon de equilibrio sigue la depen-
dencia clasica de Arrhenius con la temperatura:



DEFECTOS EN SEMICONDUCTORES. UNA VISION ATOMISTICA 11

* * E
CI = CI,O exp <—k§_{> (29)

Segin el principio de equilibrio microscopico, se debe cumplir la igualdad entre el ntimero de
emisiones desde la superficie y el de capturas por la superficie. Las siguientes expresiones para
el caso de intersticiales son facilmente deducibles:

v,
= N° de capturas por unidad de tiempo y superficie = ﬂC}‘/\, yva que, desde la superficie,

las interacciones tiinicamente se pueden producir hasta una distancia A y, ademas, de las 6
direcciones del espacio, s6lo se produciria captura en una de ellas.

a

= N° de emisiones por unidad de tiempo y superficie = a exp <_kT

> , donde E, es la energia

de activacién del intersticial y « es un prefactor.

Si igualamos las expresiones y recordamos la dependencia exponencial de la frecuencia de
migracion y de la concentraciéon de intersticiales se cumple lo que sigue:

. Eyp B Equr
5 CToexp ( kT) A= aexp < kT) (2.10)

Concluimos que:

» El valor del prefactor « es deducible a partir de (2.9):

v, ]700*
o= 10 (2.11)
A
= La energia de activacion del intersticial es la suma de la de formacién y la de migracion.

La figura 2.6 clarifica este razonamiento. La situacién para las vacantes es anédloga:

FE. :Ef[+Em[ (2.12)
Eav = Efy + Eny (2.13)

La concentracion de intersticiales a temperatura infinita, C’;O coincidirfa aproximadamente con
la concentracion atoémica del silicio, es decir 5-10%? cm™2, en el caso en que no hubiera cambios de
entropia. Esto se debe a que, a tales temperaturas, la red se encuentra totalmente desordenada.
Insistimos en que no se deben considerar cambios entropicos para que esto sea cierto. Dado que

realmente existen, diremos simplemente que los valores son préximos en 6rdenes de magnitud.

En general, para volimenes pequenos, la generacion en la superficie es mas frecuente que en
el volumen. Esto se debe, fundamentalmente, a que la superficie actiia como fuente y sumidero
de intersticiales y vacantes y ayuda, por tanto, a reestablecer el equilibrio.
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Figura 2.6: Esquema energético de la activacion del intersticial

Generacién de intersticiales y vacantes en el volumen

Supondremos en primer lugar una vacante que salta a posiciones alejadas una distancia .
Dicha vacante eventualmente se encontrara con un intersticial a una distancia menor o igual que
A, con el que admitiremos que interacciona y con el que finalmente se recombinaré. Supondremos
que antes de que se produzca la recombinacién, no llega ningin otro defecto puntual a las
inmediaciones del par intersticial vacante. Podemos definir, pues, un radio de captura igual la
distancia de interaccion, igual a X\.2. El esquema de trabajo es el mostrado en la figura 2.7. Nétese
que consideramos a los intersticiales como defectos fijos (sin movimiento).

Exploracion
Figura 2.7: Esquema del volumen explorado por la vacante

La frecuencia con la que una vacante es capturada por los intersticiales es igual al producto de
la concentracién de intersticiales por el volumen explorado por la vacante por unidad de tiempo.

2Notese que A en nuestra teoria se utiliza para dos parametros diferentes: distancia de salto y distancia de
interaccion (o de captura). Ademaés, concinde con la distancia entre segundos vecinos del silicio.
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Esto es:

fiv = (;lﬂA?’vaﬂ) (Cr) (2.14)

El término (8 es un factor de correccién debido a que cuando el defecto salta a una posicién
adyacente, parte del volumen debe ser descontado ya que estaba explorado en la fase anterior.
Matematicamente, se demuestra que su valor es 0,5. Si ahora consideramos que no hay una
vacante, sino una concentraciéon Cy, de vacantes:

fv = %W)xgljmvﬂCICV = ’UchVc[CV (2.15)

Donde v, = ﬂ%ﬂ')\3 se puede definir como el volumen eficaz de captura de un defecto puntual
genérico.

Si tenemos en cuenta que los intersticiales también son méviles, debemos sumar la frecuencia
de migraciéon de los mismos.

fIV - vc(Vm[ + VmV)CICV (216)

La expresion (2.16) representa las recombinaciones o capturas de defectos puntuales por
unidad de tiempo y volumen. Como ya hemos visto, este parametro, en el equilibrio, debe coincidir
con la generaciéon de dichos defectos, por lo que se cumple:

G = (V1 + vmv )CI CY, (2.17)

El esquema energético presentado en la figura 2.8 resume lo visto hasta ahora.

v AVAVEL

Emv

Efi + Efv

Figura 2.8: Diagrama energético de la generacién de un par de Frenkel
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Las energfas de formacion, tanto de intersticiales (E¢r) como de vacantes (Efy ), son elevadas,
luego las concentraciones de estos defectos en equilibrio son pequenas. El producto C7CY, que
aparece en (2.17) va a tomar, por tanto, un valor muy bajo, cumpliéndose que, en situacion
de equilibrio, va a haber muy pocas recombinaciones de intersticiales y vacantes por unidad
de volumen y tiempo. Por tanto, por reversibilidad microscépica, también habra muy pocas
generaciones de pares de Frenkel por volumen y tiempo. Los valores de energias de migracion y
formacion de defectos puntuales usados en la actualidad en el simulador atomistico DADOS (ver
apéndice C) vienen dadas por la tabla 2.1.

Tabla 2.1: Energias de migracion y formacion de intersticiales y vacantes usados en el simulador
atomistico DADOS (ver apéndice C)
I V
E, (V) 08 04
E¢ (eV) 40 38
E, (V) 48 42

Autodifusion en equilibrio

a difusividad en equilibrio del silicio en silicio (autodifusion en equilibrio) es debida a la
contribucién conjunta de intersticiales y vacantes, y viene dada por la siguiente expresion:

Cy
Csi

C*
Dip = fi=-D;+ fr

D 2.1
Csi v (2.18)

Donde f;f =~ 0,72y fy ~ 0,50.

En la figura 2.9 se muestra la difusividad de intersticiales y vacantes. Como vemos, a alta
temperatura dominan los intersticiales, mientras que las vacantes lo hacen a baja temperatura.
En la figura, se muestra en linea méas gruesa la difusividad de la particula dominante en cada
tramo.

Dsd (T)
log

DC(V)*

T

700 °C

Figura 2.9: Difusividad de intersticiales y vacantes
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Difusividad efectiva de intersticiales y vacantes en el equilibrio

El flujo de intersticiales se puede calcular como la difusividad por la concentracién, D;CT .
Es inmediato deducir que, en el equilibrio, se cumple lo que sigue:

(2.19)

FE E
DyCF o exp <_mf+ff>

kT

Y la energia de difusién que aparece en la exponencial, Eg;rr 1 = Epr+Ey es lo que normalmente
se mide en experimentos de difusion, (2.18).

Es util definir la “difusividad efectiva” de los intersticiales de la forma siguiente:

Cr

DYt = by
! Csi

(2.20)

donde Cg; = 5-10%? cm™3 es la concentracion del silicio. En equilibrio, la energfa de activacion
del D?f T es igual a Egirp 1

La situaciéon para las vacantes es analoga, por lo que no repetiremos los resultados.

Supersaturacion

La supersaturacion de intersticiales o vacantes se define como el cociente entre la concen-
tracion de estas particulas y su concentraciéon en el equilibrio, esto es:

Supersaturacion de intersticiales = —-
! (2.21)
1%

Supersaturacion de vacantes = o
\%

Como veremos mas adelante, la supersaturacién es un parametro importante y muy rela-
cionado con la difusividad de dopantes.

2.3 Difusién de dopantes

Hasta ahora, hemos estudiado el caso de defectos puntuales nativos de silicio. Ahora nos
centraremos en los dopantes. Como ya vimos, los dopantes podian encontrarse en posiciéon susti-
tucional o bien formando pares con los intersticiales o vacantes (par dopante-defecto nativo). Los
dopantes sustitucionales son inmoviles y eléctricamente activos (donan o aceptan electrones), en
caso de no pertenecer al mismo grupo que el silicio. Desde el punto de vista eléctrico, los pares
dopante-defecto nativo suelen actuar como defectos profundos.
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Dopante en posicion intersticial Par dopante-intersticial

Par dopante-vacante

A

w

Figura 2.10: Vision esquematica del par dopante-vacante y del par dopante-intersticial

Existen dos estructuras de interés en Microelectronica mostradas en la figura 2.10 y comen-
tadas a continuacion:

Par dopante-vacante. Se trata de un atomo dopante en posicion sustitucional con una vacante
en un lugar proximo. Es habitual en dopados con atomos grandes, como el antimonio (Sb).

Par dopante-intersticial. De manera simplificada, existen dos morfologias de esta estructura
mostradas en la figura 2.10. En primer lugar, podemos tener un dtomo de dopante en posi-
cion intersticial. Otra opcidn es tener el dopante en posicion sustitucional y un intersticial
de silicio proximo a él y asociados. A pesar de que son estructuras distintas, el paso de una
a la otra sera cuestion de energias (en analogia con las configuraciones D y T del intersticial
de silicio mostradas en las figuras 2.4 y 2.2). Desde el punto de vista de los fenomenos de
difusion, va a ser indistinguible cual de las dos morfologias microscopicas va a corresponder
con el minimo de energia. Esta configuracion (en la morfologia que sea) es habitual con
dopantes de masa atémica pequenia, como puede ser el boro (B).

Dado que los dopantes sustitucionales (si forman pares dopante-defecto nativo) son inmoviles,
la difusividad de los dopantes va a estar promovida por los intersticiales o por las vacantes. Es
evidente que se buscara que estos procesos no ocurran en la medida de lo posible ya que, en la
actualidad, se intentan fabricar uniones muy superficiales, y la difusién provoca el efecto con-
trario. Por esto mismo, es necesario controlar el nimero de intersticiales y vacantes. La difusiéon
de dopantes sin intervencion de intersticiales ni de vacantes (difusion directa) es totalmente
despreciable.

A continuaciéon vamos a estudiar dos ejemplos de interés. Un dopante cuya difusion esta
promovida principalmente por intersticiales, que es el boro; y otro en cuya difusién intervienen
sobre todo las vacantes, el antimonio. Completaremos esta seccién estudiando la influencia de
algunas impurezas que acttian como trampas de intersticiales o de vacantes.

2.3.1 Estudio del boro (B)

Denotemos por By al ion de boro sustitucional y, por tanto, inmévil. Bj, va a ser, por tanto, el
boro intersticial y mévil, que también podria verse como un par BI. Un boro sustitucional puede
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interactuar con un intersticial, creindose un boro intersticial. Este mecanismo es ampliamente
conocido y se denomina kick-out. Por otro lado, el boro intersticial puede colocarse en posiciéon
sustitucional, generando un atomo de silicio intersticial que escapa de la interaccion (ruptura o
break-up). Estas relaciones fisicas pueden escribirse como sigue:

I+ B, = B (2.22)

Estados energéticos

Como es evidente, en estos procesos intervienen energias. Concretamente, para romper un
boro intersticial (B; — I 4 Bg), es necesaria una energia de activacion, Ep, p, que serd igual
a la de binding o enlace (Ep p,) méas la energia de migracion del intersticial para crear el par
propiamente dicho (E,,7). Este esquema se puede ver en la figura 2.11. Suponemos, de momento,
que no existe barrera adicional de interaccion (Epg = 0).

YAVAVAVAVIE:

Ef,Bi

Figura 2.11: Diagrama energético del break-up

Veamos la concentraciéon de boro intersticial creado y destruido en funciéon de pardmetros
conocidos:

= Concentraciéon de boro intersticial formada a partir de boro sustitucional por unidad de
tiempo = vy, C1Ch,

= Concentracion de boro intersticial que se rompe por unidad de tiempo = vy, B, 0CB, €xp <— %)

En situacién de casi equilibrio o equilibrio local, la concentracién de intersticiales no coincide
con C7, pero los procesos descritos por (2.22) se compensan, por lo que podemos igualar las
ecuaciones anteriores:
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Emi Emi + Eyp B,
Velml,0 5P ( kn% ) C1CB, = Vok,B;,0CB; xp <ka7
VUm0 Ey B,
Cp, = —CiC — 2.23
B = e Vbk,B;,0 I*B, €XP < kT ) (2.23)

resu u nem ren u u ncentracion ro interstici
El resultado que obtenemos es coherente, puesto que la concentracién de boro intersticial es
proporcional a la de aquellas particulas necesarias para su formacion, esto es, intersticiales y

boro, y ademéas depende de manera exponencial directa de la energia de binding, exp ( gf o >

Ya comentamos con anterioridad que v, era el volumen eficaz de captura. Puede ocurrir que
exista una energia de barrera, Fpq.., representada en la figura 2.11, que frene la frecuencia de
los procesos descritos en (2.22). Matematicamente, este proceso se puede describir por medio de
una probabilidad que multiplique al volumen:

v = v, P =u.ex _ Ebarr 2.24
¢ P\ %

Efectivamente, dado que la probabilidad es siempre menor o igual que uno, el volumen efectivo
de captura es menor que el caso tedrico. Las capturas se reducen dado que es menos probable
encontrar particulas para interaccionar en un volumen menor. Sin embargo, la concentracion,
expresada en (2.23) no se verd afectada ya que emisiones y capturas disminuiran en la misma
proporcion.

Situacién de equilibrio

Si retomamos (2.23) y aplicamos las condiciones de equilibrio, recordando (2.9) podemos
llegar facilmente a la expresiéon que sigue:

C, Vml,0 Efr — Ey B,
R > C* R e kD 225

E]

Es decir, la energia de formacién del boro intersticial se puede ver como la energia de formacion
del intersticial menos la energia de binding del boro intersticial: Et g, = E¢r — Ep ;. En la figura
2.11 se representan los estados energéticos descritos. Notese que la parte de mas a la izquierda se
corresponde con la existencia de boro sustitucional. A medida que nos desplazamos a la region
central, aparece un intersticial, para lo cual hemos precisado de una energia de formacion, Eyr. La
tercera zona (la de la derecha) se corresponde con el boro intersticial. Como es légico, para pasar
de ésta a la central, es necesario que el boro ocupe una posicién en la red de silicio, desalojando
a un atomo que pasa a ocupar una posicion intersticial. La energia necesaria para este proceso
es, por definicion, la de binding, Ej g, .

Retomemos la expresion (2.25). No es complicado deducir que el cociente entre la concen-
traciéon de boro intersticial en equilibrio y de boro sustitucional es aproximadamente igual a la
exponencial mostrada a continuacion:
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3 Ey s,
“Bi b8 2.26
o eXp< % > (2.26)

s

Y, ademas, la exponencial es mucho menor que uno, puesto que la energia de formacién del
boro intersticial es relativamente elevada. En definitiva, la concentraciéon de boro intersticial en
equilibrio es muy inferior a la de boro sustitucional que, por deduccién inmediata, tiene que ser
similar a la de boro total: C’gi < Cp, ~Cp.

Situacién de casi equilibrio

La expresion (2.23) presenta validez general. Si multiplicamos y dividimos por C7 resulta lo
que sigue:

Umio Cr Ey B,
Cp = v,—2" —~C*Cp.exp | =22
B g0 CF T p( kT )

Que, identificando términos mediante (2.25) podemos llegar facilmente a:

Cp, _ C1Ch

b _ L 2.2
Cp.  C;iCh, (2.27)

Como no podia ser de otra forma, la concentracién de boro intersticial depende, por supuesto,
de la concentracién de equilibrio, pero también de la supersaturacion de intersticiales. De hecho, la
difusividad del boro se utiliza frecuentemente para medir la supersaturacion de los intersticiales.

Difusividad del boro

El boro es un material que se difunde en forma intersticial. Matematicamente, el ntimero de
saltos del B; por unidad de volumen y tiempo se puede expresar como el producto de la frecuencia
de migracion del boro intersticial por la concentracién del mismo, esto es: vy, p,Cp,. Recordando
(2.27), podemos establecer la siguiente relacion:

N° de saltos del B (~ B;) por ud. volumen y tiempo Cr Cp,

Concentracion de B (~ By) N Vm’BiCTI" Cp

(2.28)

La expresion (2.28) indica la frecuencia de salto aparente del boro. Ya vimos con anterioridad
que frecuencia y difusividad eran términos cuya relacion era puramente lineal (2.3), por lo que
podemos establecer lo que sigue:

Cp, Cr Cp,
Dp = D% = D — L 2.29
B BG, B G O (2.29)
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Donde D7 es la difusividad aparente del boro en equilibrio. La energia de migraciéon aparente
de boro en equilibrio (o energia de activacion para la difusion del boro) es la suma de la energia
de migracion del B; (dada por el término difusividad) mas la de formacion (dada por el ultimo
término, véase (2.25)).

Eiif.p = Em,B, + Ef.B, = EmB, — EvB, + Ef 1 (2.30)

El valor de esta energia de difusion esta en torno a 3,6 eV.

Saltos largos del boro

Retomando la figura 2.11, vemos que, tras formarse el par boro-intersticial, éste migra por
el material una distancia promedio A, denominada distancia de salto largo (long-hop distance),
hasta que se rompe (break-up) y se retorna al estado inicial. Dicha distancia promedio se puede

modelar mateméaticamente como sigue:
A2 Uy B,
A=, Tmb (2.31)
6 Vbk,B;

Como es evidente, A es proporcional a la distancia de salto, A, y también a la raiz cuadrada
del nimero de saltos antes de romperse. Esto dltimo se debe a que los saltos tienen naturaleza
aleatoria.

La energia asociada al proceso viene dada por la migraciéon y binding del boro intersticial, y
también por la migracion del intersticial de silicio; en concreto:

Enp, —Eyp — E
Ep = — b 2*”31 o~ 0,6 eV (2.32)

En caso de existir una barrera de interaccion, Ep,,, (figura 2.11), la expresion (2.32) tendria
una contribucion adicional de —%.

Un tltimo comentario de interés es el referido al perfil de boro resultante tras la difusion del
mismo en el silicio. Cowern et al. [6] demostraron que, cuando A es pequena, el perfil el gaussiano,
mientras que cuando es grande, el perfil adquiere una forma exponencial.

2.3.2 Estudio del antimonio (Sb)

En el apartado anterior hemos estudiado el boro, y su difusién mediante intersticiales. El
antimonio es un material que se difunde mediante vacantes, lo cual es tipico en iones de masa
atémica elevada, como ya dijimos. La relaciéon que se establece en este caso es la siguiente:

V + Shy = SbV (2.33)
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Este proceso puede resultar mas complejo a nivel microscopico que la difusiéon mediante inter-
sticiales. En la figura 2.12 se muestra el proceso de difusién. Como vemos, tras realizarse un
intercambio antimonio-vacante, se produce la migracién de esta ultima, finalizando el mecan-
ismo con un nuevo intercambio antimonio-vacante. La ruptura del par tendra lugar cuando la
vacante escape de las inmediaciones del antimonio, al cual esta ligado con una energia, K spy -

o o "
’ %
P P

Figura 2.12: Difusién del antimonio asistida por vacantes

Resumimos a continuacion las expresiones caracteristicas de estos procesos, que pueden cal-
cularse de manera totalmente analoga a la realizada en el apartado anterior:

VmV,0 Ebp sov
Céyy = ve———C5,Cgp exp < )

Vbk,5bV,0 kT
_Cv
CSbV — C* CSbV (234)
\4
e Cy C*
DSb — DSbV SV __ Ve in%

Cop Vo Csb

De forma simplificada, los estados energéticos del antimonio son similares a los del boro, y
se muestran en la figura 2.13

2.3.3 Trampas de intersticiales y vacantes

Las trampas son impurezas, como el carbono o el oxigeno que capturan intersticiales y/o
vacantes en el silicio. En concreto, el carbono actiia como trampa de intersticiales, formando C;
[7], mientras que el oxigeno captura vacantes, formando OV. La idea cualitativa de las trampas
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Em,sb-v

Figura 2.13: Diagrama energético del antimonio

es que, al capturar estos defectos, reducen la difusiéon que causan los mismos. Para el caso de los
intersticiales en presencia de trampas, la difusividad aparente se vera modificada de la forma:

D} x exp </<:T) (2.35)

siendo Ejp; la energia de ligadura de las trampas.

Como contrapartida, aumenta la concentraciéon de dichos defectos, pues se acumulan en las
trampas. En el caso de la existencia de trampas de intersticiales, la concentracion de intersticiales
en el equilibrio seré:

/ E
C7 x exp (k?) (2.36)

Como se puede ver en la figura 2.14, la energfa de activacion del producto DC* (Ef + E,;,)
no depende de estas trampas ya que las variaciones de la difusividad y de la concentracién en
equilibrio y de sus energias asociadas se compensan.

La consecuencia de lo dicho y, dada la inevitable presencia de las trampas, es que las medidas
fiables para la difusién de intersticiales y vacantes son las del producto D;CT 6 Dy CY,, y no las
de los términos por separado (Dy, C}, Dy, C).

Las difusividades efectivas o aparentes de los dopantes en equilibrio (D}, D¥,,...) no se veran
modificadas por las trampas, ya que dependen de los productos DrC7 y/o Dy C5;. Por el contrario,
las trampas si afectaran a los transitorios, durante los cuales dichas trampas se llenan o vacian
de intersticiales o vacantes, reduciendo las concentraciones libres de los defectos que capturan vy,
en consecuencia, disminuyendo las difusividades efectivas de los dopantes correspondientes.

Por sencillez, hemos supuesto que las trampas son inméviles, lo cual no es, en general, cierto,
pero sirve para dar una primera idea. De hecho, los mismos pares moviles dopante-defecto que
intervienen en la difusién de los dopantes modificaran la concentraciéon de intersticiales y vacantes
libres y ligados, de forma analoga a como lo hacen el Cj o el OV.
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Figura 2.14: Comparativa entre diagramas energéticos sin y con trampas
2.4 Defectos extendidos

Como ya vimos, los defectos extendidos son agregados de particulas del mismo tipo o de tipos
distintos.

2.4.1 Clasificacién

Podemos hacer la siguiente clasificacién:

Amorphous pockets. Son agregados de intersticiales y/o vacantes, con forma irregular. Su
configuracién maéas estable dependerda de su tamano. Si tnicamente estan formados por
intersticiales o por vacantes los denominaremos clusters.

Defectos extendidos de intersticiales con forma definida. Se clasifican segiin su estruc-
tura y segln el niimero de intersticiales presentes en los mismos:

= Defectos 311: Estan formados, tipicamente, por entre 30 y 3000 intersticiales. Se trata
de defectos planares orientados en direcciones {311} del cristal.

= Dislocation loops: Son defectos planares con forma de discos orientados en las orienta-
ciones {111} del espacio y que suelen tener tamanos grandes (miles de intersticiales).
Pueden ser de dos tipos:

e Perfect dislocation loops.
e Fuaulted dislocation loops.

Defectos extendidos de vacantes con forma definida. La clasificacion aqui es similar a la
anterior:

= Voids: Tienen forma esférica y se asemejan a cavidades huecas en el material.
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Complejos binarios. Estén formados por dopantes e intersticiales o vacantes, por ejemplo
Bulm, Culm, Asy Vi, ete. Los subindices indican el ntimero de particulas que integran cada
parte. Este tipo de estructuras serdn ampliamente comentadas en la secciéon 2.8.

En la figura 2.15 se muestran los defectos extendidos tras un proceso de implantacién idénica
en silicio. Apréciense algunos de estos defectos, tales como los 311’s y los voids.

Yoids

311's

Lale]

Figura 2.15: Defectos extendidos tras una implantacion ioénica en silicio

Una idea fundamental en el estudio de este tipo de estructuras es que no migran y los dopantes
que estan en ellas son eléctricamente inactivos.

Los modelos establecidos en la actualidad para pasar de un tipo de defecto a otro no son
tan sencillos como el hecho de suponer un simple umbral en tamano, sino que, en general, existe
dependencia con la temperatura.

Dos aspectos importantes que nos gustaria comentar son los siguientes:

= Podemos hablar de unas frecuencias de emision, asociadas a energias. Dichas frecuencias
dan el nimero de particulas emitidas por un defecto en cada unidad de tiempo. La expresiéon
que se da es el tipico plot de Arrhenius:

Vem = Vem,0 €XP <— Ek;n> (2.37)

= Aparte de emisiones, también podemos hablar de capturas por parte de los defectos de
particulas moviles susceptibles de ser capturadas. La frecuencia de captura queda definida,
fundamentalmente por la geometria del defecto; en concreto, cuanto mayor sea la superficie
de captura, mayor va a ser el nimero de capturas. Por ejemplo, un defecto planar captura
mas que un defecto esférico del mismo ntmero de dtomos.

2.4.2 Analisis energético en los clusters

Consideremos la reaccion consistente en la liberacién de un intersticial por un cluster:
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In— T +1 (2.38)

IVAVAVAY

Eem

Eb(In)

Figura 2.16: Diagrama energético asociado a la liberaciéon de un intersticial por un cluster

En la figura 2.16 se muestra el diagrama energético asociado a (2.38). Supondremos que no
hay barreras adicionales de salto energético. Como vemos, la energia necesaria para liberar un
intersticial es:

Eem(In) = EbI(In) + EmI (2-39)

Podemos suponer que, cuando los intersticiales del defecto presentan un comportamiento
independiente, su frecuencia de emision puede calcularse como la suma de las frecuencias de
emision de un unico intersticial [8].

Eem (I, Ey(1, E,
Vem,1(In) = Vem,0(In) exp <_I~CIT<)> = NWem,0 €XP <_b(liT+I> (2.40)

Observando la figura 2.17, definimos E;(1,,) como la energia necesaria para formar un in-
tersticial ligado a un defecto de tamano n. Se define también Ey; como la energia necesaria para
formar un intersticial libre. Es trivial ver que se cumple 2.41.

E1(In) = Eff — Ey(I) (2.41)

Es bastante sencillo crear un procedimiento iterativo para calcular las energias de formaciéon
totales de defectos de intersticiales en funcién de estas energias sencillas. Veamoslo:
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Eb.I(In)
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Figura 2.17: Diagrama energético de la formaciéon de un intersticial libre y en un cluster

E(I) = Eyr
E(Ig) = Ef[ + [Ef[ — Eb[(fg)] = 2E'f] — Eb[(fg)

E(Ig) = 2Ef] — Eb[(IQ) + [Ef[ — Ebl(fg)] = 3Ef[ — [Eb](fg) + Eb[([g)]

E(I,) =nEs — Y Ey(Iy)
k=2

Y esta tltima expresion es la llamada energia de formacion total de un cluster de tamano n

2.4.3 Estabilidad de los clusters

egin estudios recientes, tanto experimentales como teoricos, la energia de ligadura de los
S tud tes, tant tal t , 1 de ligad de 1
clusters pequenos de intersticiales y vacantes no tienen una tendencia mondétona con el ntimero
de particulas del cluster (n), sino que existen determinados tamafios (“ntimeros magicos”) para

los que los clusters son mucho méas estables [9], [10], [11], [12].
Como podemos ver en la figura 2.18, el cluster méas estable es el formado por 8 intersticiales
3

puesto que es el que precisa una energia menor para su formacion

3En la gréfica se representa la energia de disociacion, que es la de formacién més la de migracion
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Figura 2.18: Energias de disociacion (formacion més migracion) de los clusters de intersticiales
en funciéon del tamano [10]

2.4.4 Acumulaciéon de danado. Amorphous pockets

El proceso de recombinaciéon de un par IV no es automatico, sino que existe una cierta energia
de barrera, Ejpq,r, de aproximadamente 0,7 eV, [13|, [14], [15] (ver figura 2.19).

A alta temperatura, la recombinacion es sencilla y frecuente, no siendo asi a baja temper-
atura. Por ello, podemos hablar de una acumulacién del danado de intersticiales y vacantes.
Es decir, estas particulas se agrupan entre si creando los complejos irregulares y desordenados
llamados amorphous pockets. Por simplicidad, asumiremos que una de estas estructuras posee
m intersticiales y n vacantes, representable mediante la notacion I, Vy,.

Los amorphous pockets pueden experimentar varios procesos:

= Emision. Se trata de un proceso similar al que ocurre con los clusters.

= Captura. El proceso también es similar al de los clusters, pero en este caso siempre hay
crecimiento:

Vo +1— I, 1V,

(2.42)

hWwWn+V—1L,Vi

= Recombinacién. La reaccién producida es la siguiente:
Imvn - Im—lvn—l (243)

Si denominamos F,.. a la energia de recombinacién, que es dependiente del tamano del
amorphous pocket, podemos postular que la frecuencia de recombinacién es:

E
Vpee OC €XP (— k:;f) (2.44)
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Algunas propiedades de interés son las siguientes:

e Los amorphous pockets méas estables son los mas grandes.

e En el limite de tamafios grandes, se comportarian como un amorfo, con una tendencia
asintotica en la energia de recombinacion hacia 2,7 eV, que es el valor de la energia de
recristalizacion que veremos mas adelante. En el caso opuesto (tamanos pequenos), el
limite corresponderia a un par I'V.

Es preciso aclarar que, para tamanos incluso no muy grandes, un amorphous pocket es una
regiéon desordenada del material que, en rigor, no puede ser vista como una simple acumulaciéon
de intersticiales y vacantes. Sin embargo, la designacion de estas regiones como I, V}, sigue siendo
valida ya que da una idea del nimero de intersticiales y vacantes, de su tamano y del exceso o
defecto neto de atomos.

2.5 Amorfizacién por implantacion iénica

Cuando la concentracién de danado es muy elevada, se puede dar una situacién en la que el
semiconductor cristaline altamente descolocado se transforme en amorfo.

La amorfizaciéon ocurriréd si los intersticiales y vacantes generados en el proceso de danado
(por ejemplo, durante la implantacién i6nica) no se recombinan. Es entonces inmediato ver, a la
luz de la expresion (2.44), que cuanto mayor sea la temperatura de implantacién, menor ntimero
de defectos van a permanecer sin recombinarse, por lo que menor también seréd la amorfizacion.

A |
[VAVA

Ebar

Figura 2.19: Energia de barrera para la recombinaciéon de pares IV

El estudio de la amorfizacion se ha realizado tradicionalmente admitiendo la existencia de un
umbral, es decir, un valor de concentracion de defectos a partir del cual podemos considerar que
el semiconductor se amorfiza [16].

En la figura 2.20 podemos ver una representacion del resultado génerico obtenido tras una
implantaciéon i6nica con parametros adecuados. Como vemos, tras la implantacion resulta una
zona amorfizada. La forma indicada por la grafica es logica ya que la zona de danado méximo no
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estd en la intercara del material. Recordemos ademas que la superficie es un sumidero de defectos
(figura 2.29). Por otro lado, las partes mas profundas tienen menos defectos por ser las menos
probables de ser alcanzadas por iones. Obsérvese que la region amorfizada (la que supera el umbral
mencionado anteriormente) forma una capa continua en el material. De hecho, normalmente,
ésta es la condiciéon que se suele imponer para admitir que una estructura semiconductora ha
amorfizado.

T~ Umbral de

amorfizacion

Zona
amorfizada

Figura 2.20: Perfil de intersticiales y vacantes tras implantar

La amorfizacién es importante a la hora de implantar ya que se comportan de manera muy
distinta la zona amorfa y la zona cristalina de alto danado. En concreto, las zonas no amorfizadas
pero con alto danado contribuyen a la difusién de dopantes, como se vera con posterioridad.

2.5.1 La solucién al danado: el recocido. Recristalizacién

El danado y la amorfizaciéon son fenémenos no deseables desde el punto de vista de los
dispositivos finales, aunque no necesariamente desde el punto de vista de la fabricacion. Tras
implantar, es evidente que precisamos de alguna técnica de recristalizacion del semiconductor.
Esta técnica existe y se llama recocido o, en inglés, annealing.

La idea es sencilla. Simplemente se trata de aumentar la temperatura durante un tiempo
suficiente. Se ha demostrado que calentar a temperaturas por encima de los 500 °C induce una
transicion desde la fase metaestable amorfa hacia una fase cristalina que es termodinamicamente
estable.

Cuando calentamos, la recristalizaciéon de la zona amorfa se produce desde los bordes, for-
mando un cristal perfecto. Se habla de un “frente de recristalizacion”, que es la interfaz entre
el silicio amorfo y el cristalino y puede considerarse como la superficie que va cristalizando el
material. Podemos hablar aqui de una velocidad de recristalizacién, que varia con la temperatura
siguiendo un plot de Arrhenius:

E .
Urecris = Urecris,0 €XP <_ lr:]c:ls) (245)

El valor aceptado para FEiecrisesde2, 7eV.

La idea anterior es clara partiendo de la base que existe una interfaz definida entre el silicio
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cristalino y el amorfo. De no ser asi, se ha demostrado que se da el fenémeno conocido como
nucleacién; es decir, las regiones de danado se agrupan hasta alcanzar un tamafio umbral, a
partir del cual crecen y capturan regiones vecinas para formar una capa continua.

El namero de intersticiales y vacantes existentes en la regién que amorfiza no tiene por qué
ser el mismo; es decir, que podemos tener un exceso neto de alguno de estos defectos. En la figura
2.21 vemos un ejemplo grafico de la explicacién.

o

Figura 2.21: Evolucion de una implantacion de silicio a 5 keV [16]. Los puntos negros representan
intersticiales, los grises oscuros vacantes y los grises claros, pares IV. (a) Danado tras implantar
a temperatura ambiente. (b) Danado tras recocido a 550°C. (¢) Danado tras recocido a 800°C.

Existen ciertos parametros que afectan a la recristalizacion [16]. Citamos los siguientes:

= Orientacién del sustrato.
» Presencia de dopantes (fosforo, boro, arsénico,. .. ).

» Presencia de otras impurezas (carbono, oxigeno, gases nobles,. . .).

2.5.2 EI recocido dindmico

Cuanto mayor sea la temperatura de implantaciéon, menor es el grado de amorfizacién puesto
que hay maéas recombinaciones de pares IV. Por tanto, podemos ver que en todo proceso de
implantacién existen dos tendencias:

= La creaciéon de defectos por el choque de iones.

= La recombinaciéon de pares IV.



DEFECTOS EN SEMICONDUCTORES. UNA VISION ATOMISTICA 31

Este ultimo proceso retarda la amorfizaciéon y se conoce con el nombre de recocido dindmico
(dynamic annealing, en inglés). La idea fundamental es que este proceso cobra mayor importancia
cuanto més alta es la temperatura. De hecho, a temperaturas muy elevadas, ocurre que el recocido
dinamico es superior al danado, por lo que el material nunca amorfiza. Podemos hablar, por tanto,
de una temperatura de transicién que delimita la amorfizacién o no del semiconductor.

2.5.3 Dependencia de la amorfizacién con la masa idnica

La masa atomica de los iones implantados es fundamental en la amorfizacion. Si mantenemos
constante la energia, es evidente que iones ligeros podrédn penetrar mas en el material que los
pesados, por lo que la densidad de defectos generados para la misma energia de implantaciéon
serd menor. Un primer motivo es que su choque con dtomos de la red es mucho menos probable.
Sin embargo, la causa fundamental estd en que, para la misma energia, los iones mas ligeros
adquiriran mayor velocidad, por lo que su penetraciéon serd muy superior a la de los pesados.
Ademas, se ha visto que los iones ligeros producen danado en forma de agregados pequenos,
mientras que los iones pesados producen bloques de danado méas grande [17| (véase figura 2.22).

(a) B3 IeV} (b) As{:i keV)
—'ﬁ:—*L# - L) -
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= ~] | = J o4

Figura 2.22: Morfologia del danado producido por sendas implantaciones de boro y arsénico [17]

2.5.4 Dependencia de la amorfizacién con la dosis

Cuanto mayor sea la dosis implantada, el danado aumentara, pero esta relacién no es lineal.
Veamoslo en la figura 2.23.

Como puede apreciarse, el danado crece con la dosis, como era de esperar. Sin embargo, se
distinguen tres regiones claras.

Region 1. La dependencia es sublineal. Como se estan implantando pocos iones, se dan muchas
recombinaciones de pares IV a temperatura ambiente.

Region II. Se trata de una dependencia superlineal. La idea aqui es que se estan creando
estructuras que acumulan el danado, por eso éste crece muy deprisa. Lo que Holland [19]
pensaba que eran divacantes (V2) al final parece que son amorphous pockets [15]. Notese
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Figura 2.23: Dependencia del dafiado con la dosis de implantacion a temperatura ambiente |18]

que esta regiéon es muy estrecha en cuanto a rango de dosis, por lo que se puede hablar de
una dosis umbral que marca la amorfizaciéon del semiconductor.

Region II1. El material esta amorfizado, por lo que presenta una variacién practicamente plana
con la dosis.

Dependencia de la dosis critica con la masa atémica

Como ya dijimos con anterioridad, los iones de masa atémica mas elevada producen un dafiado
més intenso que los ligeros, para una misma energia de implantaciéon. Esto implica necesariamente
que la dosis necesaria para amorfizar debe ser mayor cuanto menor sea la masa atémica del ion.
La figura 2.24 clarifica este razonamiento. Por la misma razén, también se ha demostrado que
los iones poliatémicos producen un danado superior a los monoatémicos con el mismo ntmero
total de atomos. La causa es la misma.
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Figura 2.24: Dependencia del danado con la dosis de implantacién a temperatura ambiente para
distintos iones [20]
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Dependencia de la dosis critica con la energia de implantacion

Se ha demostrado que la dosis critica apenas depende de la energia de implantacion. La causa
de esto esta en que la amorfizacion es funcion, fundamentalmente, de la densidad del danado. Por
tanto, implantaciones poco energéticas producen poco dafiado en un volumen pequeno (escasa
penetracion), mientras que implantaciones de mucha energia penetran mucho en el material. El
resultado es una concentracion de defectos practicamente constante en todos los casos.
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Figura 2.25: Dependencia de la dosis critica con la energia de implantacion [21]

En la figura 2.25 se puede ver un ejemplo del razonamiento expuesto. Como se ve, las curvas
son constantes, aunque para el caso de iones ligeros como el litio, existe una pequena curvatura.
La causa de este fenomeno estd en los distintos tipos de pérdidas que sufren los iones. No
profundizaremos méas en este aspecto; el lector interesado puede encontrar informacién adicional
en [16].

Dependencia de la dosis critica con la temperatura

Como ya vimos, existen dos procesos que compiten en toda implantaciéon: la amorfizaciéon y el
recocido dinamico. La temperatura es un factor critico, puesto que favorece las recombinaciones

IV.

En la figura 2.26 se puede ver que, a medida que aumentamos la temperatura de implantacion,
aumenta la dosis critica (obsérvese el caso del neon, que es el material presente en las tres
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Figura 2.26: Dependencia de la dosis critica con la temperatura (I) [20]

graficas). Esto es logico puesto que, al aumentar la temperatura, se favorece el recocido.

Ademas, a temperaturas muy bajas, se ha visto que la dosis critica es practicamente constante.
Este parametro, pues, presenta una tendencia asintética. El recocido dindmico en este caso es
casi inexistente. Véase figura 2.27, donde ademaés se puede apreciar la dependencia de la dosis
critica con la masa atémica, aspecto que ya se comentd anteriormente.
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Figura 2.27: Dependencia de la dosis critica con la temperatura (II) [22]
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2.5.5 Dependencia de la amorfizacién con la tasa de implantacién

En la figura 2.28 se muestra esta temperatura para diversos materiales implantados en silicio
a 80 KeV con una dosis de 1 - 10" cm™2. Apréciese que la temperatura de transicién aumenta
con la tasa de implantacién ya que, a mayor tasa, el danado es superior, por lo que se precisa de
més recocido dindmico para contrarrestar el efecto de la amorfizaciéon. También es importante
decir que cuanto mayor es la tasa de implantaciéon, mayor acumulacién de danado se producira
por el solapamiento de cascadas.
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Figura 2.28: Temperaturas de transicion en funcion de la tasa de implantacion [23]

2.6 Procesos atomisticos derivados de la implantacién

Partiremos de la situacién en la que hemos implantado un dopante genérico A en silicio
cristalino y hemos hecho un breve recocido para eliminar practicamente todas las vacantes. La
configuracion atémica aparece representada en la figura 2.21(c).

Como vemos, en la region proxima a la superficie tenemos cierta concentracion de intersticiales
moviles, debida al hecho de que la intercara es un sumidero de los mismos. Muy alejada de la
superficie aparece una nueva zona donde todos los defectos (no extensos) son inmoviles, y la
llamaremos bulk. En una situacion intermedia, tenemos una regiéon donde hay 311°s y clusters de
intersticiales. Estudiemos cada regién por separado.
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2.6.1 Regiones del material

Regién con 311's

En general, ya hemos visto que, si el dopante se difundia asistido por intersticiales, su difu-
sividad en condiciones de no equilibrio era proporcional a la difusividad del mismo en equilibrio
y el factor de proporcionalidad era justamente la supersaturacién de intersticiales:

Ds Cr
Dy

(2.46)

La concentracion de intersticiales libres, Cj en las proximidades de los 311’s va a estar con-
trolada por su energia de ligadura Ej (311). De este modo:

E
311 b,{311}
C[ = 0}70 }exp <_M) (247)

donde C’I{%H} dependeré del prefactor de la frecuencia de emisiéon de los 311’s o de su volumen
de captura. Por tanto, la supersaturaciéon asociada a los 311’s seré:

ot Ef—E
Cr  Cro eXp( I b,{311}> (2.48)

cy 10 kT

La energia de formacion de los intersticiales es muy superior a la energia de ligadura, mientras
que C}{%H} va a ser, a lo sumo, un par de 6rdenes de magnitud inferior a C}k,(y Por tanto, la
concentracién de intersticiales es mucho mayor que la de equilibrio, generando pues un alto
valor para la supersaturacion. Aunque ya vimos que la energia de ligadura depende del tamafio
del defecto extendido, para defectos 311 grandes, Ej, (311} es aproximadamente constante (del
orden de 2,6 a 2,8 eV). En consecuencia, la energia de activacion de la supersaturacion va a ser

—(Efr — By q311y) = —1,2 V.

En el caso de que la poblacién de clusters y defectos 311 presenten una distribuciéon poco
homogénea de tamanos (con clusters pequenos y defectos 311), la supersaturaciéon vendra con-
trolada en primera aproximacion por los clusters de menor energia de ligadura (es decir, los de
mayor frecuencia de emision) existentes en cada instante del proceso de recocido.

Bulk

En el bulk, la concentracion de intersticiales apenas varia con la profundidad, dado que el
flujo de los mismos es despreciable. Esto se debe a que la superficie posterior estd demasiado
alejada y a que hay muy pocas recombinaciones IV en el volumen.
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Cerca de la superficie

De momento, supondremos por sencillez que el punto x = 0 (donde se sitia la superficie)
corresponde con un sumidero perfecto, es decir, Cr(x = 0) = C}. Denotando por Jr al flujo de
intersticiales, en zonas préximas a la superficie, podemos hacer una aproximacion lineal como
sigue:

Cr—C}
= o

T'p

Jr=-D;VC;=-D (2.49)

Donde 1, es el rango proyectado de la implantaciéon, que coincidira aproximadamente con la
profundidad de los defectos 311 (véase figura 2.29).

2.6.2 El modelo “+1"

El modelo “41” es una teorfa sencilla que exponemos a continuacién. Cuando implantamos
un atomo, se producen dos fendémenos. En primer lugar, se generan pares IV en la cascada. Por
otro lado, se genera un intersticial extra (“+1”), resultado de que el dopante desaloja a un atomo
de silicio.

Se pueden hacer algunos comentarios al respecto acordes con este modelo. En primer lugar,
al principio, la recombinaciéon de pares IV tiene lugar en el volumen. Por otro lado, el exceso de
intersticiales (inmoviles y procedentes de clusters y 311’s) se recombinan en la superficie. Ya por
altimo, es muy importante notar que la difusién de especies que se difunden por intersticiales se
debe al intersticial en exceso.

2.6.3 Ostwall rippening

Ostwall rippening es un mecanismo por el cual, al cabo de cierto tiempo, pasamos de tener
muchos clusters pequenos a pocos grandes, dado que se van fusionando unos con otros. La causa
fisica de este fendémeno reside en dos conceptos:

= Los clusters grandes tienen energias de binding algo mayores, por lo que son mas estables.

= Los clusters pequenios pueden desaparecer por disoluciéon, y este proceso es irreversible.

2.6.4 Evolucidon en el nimero de intersticiales en 311’s

En la practica, las concentraciones de intersticiales en equilibrio, intersticiales méviles e in-
moviles se diferenciarian en varios érdenes de magnitud pero, por claridad, han sido representadas
con valores parecidos.

La concentracion total de intersticiales por unidad de area, C7, ,,; serd practicamente igual
)
a la concentracion de intersticiales inméviles, en defectos 311’s y clusters menores.
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Figura 2.29: Concentracion de intersticiales en funcién de la profundidad tras la implantacion.
Se admite una superficie (z = 0) de comportamiento ideal

Supondremos que se cumple (2.49) y que la concentracion de intersticiales libres es muy
superior a la de equilibrio. Entonces:

ace, Cr—C: C
ot Tp Tp

Recordando (2.47), podemos llegar a lo que sigue:

D
Co(0) — o) = P10CT0 (o (- (2.51)

Emr + Eps11y ;
Tp

kT

El término de la izquierda representa la concentracion de intersticiales en la region de los clusters
que se han ido, por unidad de area, al cabo de un tiempo t. Nos preguntamos cuanto tiempo
tiene que pasar para que desaparezcan todos (disolucion de los clusters), mateméticamente,
CA(ts) = 0. A partir de (2.51) es inmediato:

ty

o E,. +E
_ CY0)ry eXp( I bI{311}> (2.52)

" DroCrp kT

Y si aplicamos el modelo “+1”, el nimero de intersticiales por unidad de area justo después de la
implantacion, C§(0), debe coincidir con la dosis implantada. En conclusion, el tiempo que tardan
en disolverse los clusters depende de:

= Dosis. A mayor dosis, mayor tiempo.

= 7,. Este parametro depende de la energia de implantacion de manera creciente. A mayor
energia, mayor 7, y, en consecuencia, mayor tiempo.

Eni+E .
= exp (%) A mayor temperatura, menor tiempo.
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Si representamos la concentracion de intersticiales en la regién A en funcién del tiempo,
parametrizando para distintas temperaturas se puede ver que llegamos a unas graficas como las
mostradas en la figura 2.30, donde T; 1 > T;. Notese que el tiempo final es el corte con el eje de
abscisas (concentracion nula) y se cumple que es decreciente con la temperatura.

Cian
(log)

t
t{Ta) (T2 t(T1) (log)

Figura 2.30: Concentracion de intersticiales en funcién del tiempo

De acuerdo con (2.52), la energia de activacion para la disolucion de los 311’s es (Eact{gu} =
Emi+ Eygzi1y = 3,6 eV). Si By dependiese del tamaitio de los clusters, los resultados se modi-
ficarfan ligeramente,dando lugar a decaimientos no lineales con el tiempo, pero cualitativamente
el mecanismo serfa idéntico.

2.6.5 Evolucién temporal de la supersaturacion

La supersaturacién de intersticiales estd dada por la gréafica de la figura 2.31. Noétese que
al comienzo, tras la implantacién, la mayoria de los intersticiales son moviles. Estas particulas
van formando pequenos clusters, metaestables (con alta supersaturacion puesto que su energia
de ligadura es baja), que evolucionan hacia defectos en planos 311 (baja la supersaturacién por
tener estas estructuras energias de ligadura superiores). Méas adelante, en el recocido, se produce
la disolucién de estas estructuras, desplazandonos hacia valores muy bajos de supersaturacion.

En cuanto a la supersaturaciéon de vacantes, se cumple que estas particulas migran més réapi-
damente puesto que su energia de migracion es menor, y lo hacen hacia la superficie (sumidero).
Por esta razoén, no se forman clusters de vacantes. La situacion se ve graficamente en la figura
2.32.

2.6.6 Efecto de la no idealidad de la superficie

A lo largo de esta seccion se han hecho diversas aproximaciones para calcular el flujo de
intersticiales hacia la superficie. En primer lugar, se ha supuesto que la superficie es un sumidero
perfecto; es decir, que elimina todos los intersticiales y vacantes que le llegan. Por otro lado, no
hemos tenido en cuenta la posible existencia de clusters de vacantes remanentes en la zona mas
superficial. Veremos a continuacién la posible influencia de estos dos efectos.
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Figura 2.31: Supersaturacion de intersticiales en funcién del tiempo

La superficie como sumidero no perfecto

En primer lugar, si la superficie no es un sumidero perfecto, en realidad la concentracién de
intersticiales en la misma (z = 0) no es la de equilibrio (C7), sino algo superior. Para modelar este
fenémeno se suele definir la longitud de recombinacién como aquella longitud a la que tendria
que encontrarse la superficie para que la concentraciéon de intersticiales fuese la de equilibrio,
admitiendo que la concentracién de intersticiales varia de manera lineal con la profundidad. La
figura 2.33 clarifica la explicacion.

En expresiones anteriores se ha deducido que:

, Cr—Ci
fl DL —~r 2.53
ujo < Dy P (2.53)

El flujo es menor pero si se cumple que r, > L,, la variaciéon respecto al caso ideal no es
demasiado significativa.

Presencia de clusters de vacantes y voids cercanos a la superficie

La situacion en presencia de clusters de vacantes y voids (ver seccion 2.2.2) es parecida al
caso anterior pero al revés, pudiéndose definir una “distancia de wvoids” tal y como muestra la
figura 2.34.

En este caso, el flujo es mayor pero no demasiado distinto si 7, > dyoigs- De hecho, los voids,
en caso de existir, se encuentran muy cerca de la superficie.

Cr—C;

2.54
Tp — dvoids ( )

flujo < Dy
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Figura 2.32: Supersaturaciéon de vacantes en funcion del tiempo
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Figura 2.33: Longitud de recombinacion
2.7 TED (Transient Enhanced Diffusion)

La difusion anomala transitoria (TED, Transient Enhanced Diffusion) se define como el
aumento de la difusividad de los dopantes via intersticiales en el recocido posterior a un proceso
de implantacién. Se debe a la alta supersaturacion de intersticiales.

Una vez que la TED ha terminado, la difusividad total del dopante depende sobre todo del
exceso de intersticiales. De manera sencilla se aplica el modelo “+1”, que ya comentamos. Sin
embargo, podemos refinar introduciendo un modelo mas genérico que es el “+n”.

2.7.1 El modelo +n

El modelo “+1” explica de manera muy sencilla los mecanismos que tienen lugar en la im-
plantacién de un dopante en silicio. Sin embargo, presenta un problema, que es el asociado al
estudio de la TED para iones de distinta masa atémica. Segin el modelo “+1”, la masa i6énica no
es un parametro influyente en la TED ya que lo que verdaderamente importa es el hecho de que
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por cada ion implantado se crea un intersticial extra.
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Figura 2.35: Difusividad relativa en funcion de la masa del i6n implantado [24]

En la figura 2.35 podemos ver los resultados tedricos y practicos. En linea discontinua se
muestran los resultados teéricos con el modelo “+1”, es decir, ninguna dependencia con la masa
ionica. Sin embargo, los experimentos demuestran que la TED presenta una tendencia creciente
con la masa.

La explicaciéon a esto es sencilla. El modelo “+1” no tiene en cuenta que durante la im-
plantacion, ademas de intersticiales en exceso, se crean pares de Frenkel, que también contribuirén
en cierta medida (debido al intersticial del par) a la difusion del boro. Cuando mayor sea el tamano
del ion, méas intersticiales y vacantes se crearan en la implantacién (para una misma energia),
generando pues, un aumento de la TED.
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El modelo “4-1” funcionaba bien con dopantes ligeros, como el boro, para los cuales el dafiado
extra que podia contribuir a la TED era despreciable. El concepto del modelo “+n” [24], define
éste como el cociente entre el nimero medio de saltos de intersticiales con el modelo de dafnado
total y el nimero medio de saltos de intersticiales con el modelo “+-1”. En la tabla 2.2 se muestran
los valores del parametro “+n” para distintos dopantes. Apréciese como el valor “+n” aumenta
con la masa del ion implantado.

Tabla 2.2: Valores del parametro “+n” para distintos iones [24]
Dopante +n

B +1,2
P +1,8
As +2,7

2.7.2 Dependencia de la TED con la dosis

En la grafica 2.36 se muestra el factor “+n” para distintas dosis. Observamos que, para dosis
muy bajas, la TED es elevada mientras que es baja para dosis altas. La causa esta en que, para
las dosis habituales, el nimero de cascadas producidas por la implantacién iénica es elevado, por
lo que se solapan, favoreciendo la recombinacion de pares IV. Por tanto, la difusiéon de dopantes
se ajusta bastante bien al modelo “4-1”. Sin embargo, para dosis muy bajas, las cascadas son
practicamente independientes, lo cual favorece que intersticiales y vacantes puedan escapar de
las mismas hacia zonas cristalinas, difundiendo dopantes (+n>>+1, ver figura 2.36) [25].
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Figura 2.36: Saltos de intersticiales por sitio de red en funciéon de la masa del i6n implantado [25]

2.7.3 Dependencia de la TED con la temperatura

Cuando se realiza implantacién a baja temperatura, existe un alto danado que impide a los
intersticiales y vacantes escapar de él, por lo que la TED sera baja. Sin embargo, cuando la
temperatura es elevada, los intersticiales y vacantes se difunden maéas rapidamente, por lo que
hay una mayor TED [25]. Este razonamiento es importante puesto que podriamos pensar en la
implantacién a alta temperatura para evitar la amorfizaciéon, pero el problema de la difusién de
dopantes dificulta el proceso.

En la figura 2.37 se muestra la variaciéon de la TED en funcién de la temperatura. Notese
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que la TED, expresada en nimero de saltos de intersticiales por sitio de red, es practicamente
constante para un rango amplio de temperaturas de implantacién y, en particular, para T' < 500
°C.
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Figura 2.37: Saltos de intersticiales por sitio de red en funcién de la temperatura [25]

2.7.4 Dependencia de la TED con la tasa de implantacién

En la figura 2.38 se muestra la variacion de la TED con la tasa de implantacion para distintas
temperaturas. La situacion aqui es similar a la que se da para la dosis. Cuando la tasa es baja, las
cascadas pueden suponerse estadisticamente independientes [8], lo cual se asemeja a la situacion
de dosis baja (TED alta). Cuando la tasa de implantacion es alta, las cascadas se solapan porque
se generan de manera muy frecuente; la situacion provoca una disminucion de la TED [25].
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Figura 2.38: Saltos de intersticiales por sitio de red en funciéon de la tasa de implantacion [25]

2.8 Complejos binarios

Los complejos binarios son agregados formados por uno o mas intersticiales o vacantes y uno
o maés iones de dopantes. Los dopantes sustitucionales son eléctricamente activos (actian como
donores o aceptores de electrones), mientras que los complejos binarios son inméviles e inactivos.
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En esta seccion estudiaremos los complejos binarios de boro y arsénico, por ser ejemplos
clasicos.

2.8.1 Clusters y desactivacion eléctrica del boro

Clustering del boro

Como ya hemos visto, durante el transitorio inicial, la concentracién de intersticiales libres es
muy superior que la de 311’s. Por ello, en este breve espacio de tiempo serd mucho mas probable
que varios intersticiales interaccionen con un atomo de dopante. Es decir, supongamos que un
boro sustitucional se une a un intersticial para formar un boro intersticial (I+Bg — Bj). Antes de
que rompa el Bj, puede unirse a un intersticial para formar un nuevo complejo (I4+ B; — Blg). A
su vez, este nuevo complejo, antes de romperse, puede unirse a un recién formado boro intersticial
para formar otro agregado, (Blo+B;j — Bsl3). Es decir, se esta produciendo un fenémeno conocido
como clustering. Para que ello ocurra son necesarias dos condiciones:

= Debe haber una alta concentracién de intersticiales libres, es decir, durante el transitorio
inicial después de la implantaciéon y hasta el comienzo del recocido.

= Debe haber una alta concentraciéon de boro, dado que se ha visto que los clusters con
poca proporcién de boro son demasiado poco estables y no prosperan. En general se suele
imponer la condicién cuantitativa de que la concentracién de boro debe ser superior a
10" cm—2.

En estas condiciones, el boro apenas se difunde, a pesar de que la concentraciéon de intersti-
ciales es muy elevada. La causa esti en que se queda atrapado por clusters, que son inméviles.

Experimentos con spikes de boro

Supongamos un perfil de boro como el mostrado en la figura 2.39 en color azul*. A esta
estructura se la conoce tipicamente con el nombre de spike. Admitiremos que la concentracion
de boro es suficientemente elevada. Si hacemos un recocido, pero no implantacion, la spike se
difunde ligeramente por la presencia de intersticiales, pero muy poco (gréfica en color rojo).

Introduzcamos dafado, por ejemplo, mediante una implantacién de silicio®. La figura 2.40
muestra el resultado tras el recocido. Como vemos, la difusiéon aqui es mucho mayor dado que
existe una supersaturaciéon de intersticiales muy superior.

La figura 2.41 muestra un conjunto de spikes de boro bombardeadas con silicio. Como se
aprecia en la gréafica inferior, las cascadas de silicio llegan hasta unos 4500 nm. En esa zona, se
produce el clustering del boro puesto que es una region rica en intersticiales (y en boro). Sin
embargo, en las zonas mas profundas, donde no llegan los intersticiales, el foro queda sustitucional
y eléctricamente activo. Por lo tanto, vemos que lo que realmente clusteriza son las cascadas.

4Este perfil puede ser creado, por ejemplo, por MBE (Molecular Beam Epitazy).
5Lo hacemos asi para ver que no cambiamos la base de trabajo. Simplemente se introduce dafiado de esta
forma.
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Figura 2.39: Spike de boro sin implantaciéon
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Figura 2.40: Spike de boro con implantacion

El boro inactivo que permanece en la regiéon de la spike puede presentarse en dos configura-
ciones: en clusters o como boro intersticial®. Dado que se trata, ademéas, de particulas inméviles,
es evidente que el boro se almacena en forma de clusters del tipo Byly,.

El proceso de clustering no es trivial y ha sido objeto de intenso estudio. Se ha propuesto que,
al comienzo de la implantacién, se forman complejos de tipo Bls, formados a partir de un inter-
sticial y un boro intersticial [27]. Sin embargo, el complejo Bl es simplemente un precursor|26].
No es una estructura estable a lo largo del proceso de recocido. En concreto, durante el recocido,
los precursores van capturando boros intersticiales manteniendo una proporcién similar de los
mismos (Bly, Bals, Bola, Bsls, Byly, etc.). También se ha observado que clusters con tamano mas
grande que estos dltimos no se forman, bien porque sean poco estables o bien porque haya algin
tipo de barrera energética [27]. En la figura 2.42 se muestra el proceso seguido.

Una vez que hemos llegado a las estructuras més grandes, comienza la disoluciéon de los
clusters. En concreto, se van liberando intersticiales, permaneciendo complejos ricos en boro.
Estas tltimas estructuras se disolverén finalmente tras tiempos de recocido largos. La disolucién
estara asistida por intersticiales y sera lenta ya que cuando se forman los clusters tipo By, I, (con
n =0 6 1), la concentracion de intersticiales ya es muy baja.

SPelaz et al. demostraron que el boro no puede estar en grandes clusters de intersticiales o vacantes [27]
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Figura 2.41: Spikes de boro con implantacion tras recocido [26]

Frecuencias de emisién

Las frecuencias de emisién de particulas de los clusters de boro, Byl,,, vienen dadas por los
ya clasicos plots de Arrhenius, con las siguientes energias de activacion:

Emisiéon de un intersticial. B,l,, — Bnl,_1 + I, se cumple:
Eoct = Ep1(n,m) + Epp (2.55)
Emisiéon de un B;. Byl — By_11,-1 + B;j, se cumple:
Eqct = Ep g;(n,m) + Epp, (2.56)

Donde, finalmente, las energias de ligadura de los complejos vienen dadas por:

Eb’[(n, m) = Ef(BnIm_l + I) — Ef(BnIm) (2 57)
:Ef(BnIm_l)—l—Ef[—Ef(BnIm) .

Eyp,(n,m) = E¢(Bn_1lm—1) + E¢(Bi) — Ef(Bulm) (2.58)

Por lo que, si conocemos las energias de formacion de los complejos, y las de ligadura del inter-
sticial y del boro intersticial simples, podremos conocer las energias de ligadura de intersticial y
boro intersticial en complejos.
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Figura 2.42: Clustering del boro (linea continua) [27]

2.8.2 Clusters y desactivacion eléctrica del arsénico

El arsénico es un ion de masa elevada por lo que fundamentalmente se difundiré por vacantes.
El proceso de difusion de este material esta detalladamente descrito en [28].

Supongamos una situacién analoga a la del boro anterior: Arsénico crecido sobre silicio al que
se bombardea con 4tomos de silicio. Al principio, todos los 4&tomos de arsénico son sustitucionales
y, por tanto, eléctricamente activos. Se ha demostrado que la energia potencial de los clusters
pequenos de arsénico, Asa, Ass y Asy es idéntica 28], por lo que se crearan estas estructuras. Una
vez creados, comienzan a crearse intersticiales puesto que (2.59) es energéticamente favorable,
especialmente para el caso del AsgV y el AsyV.

As, Vi1 — As ) Vi +1 (2.59)

Una vez generados los intersticiales, se difunden interactuando con d4tomos de arsénico susti-
tucional, creando pares arsénico intersticial, que son moviles. Estos pares interacttian con los
clusters de arsénico vacante segun (2.60), haciéndolos crecer. De hecho, la reaccion propuesta es
energéticamente muy favorable.

As, V, + As; — ASn+1Vm71 (2.60)

Recuérdese que los 4tomos de arsénico que permanecen en clusters son eléctricamente inac-
tivos. Se ha visto que este proceso de desactivaciéon mostrado es asistido por la creaciéon de las
estructuras AssV y AssV y es, ademas, lento. Véase figura 2.43.
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Figura 2.43: Desactivacion eléctrica del arsénico [28§]

2.8.3 Difusion y clustering del carbono. Mecanismo de Frank-
Turnbull

El carbono es un material de reciente interés en la industria microelectrénica, ya que se ha
demostrado que actiia como trampa de intersticiales, evitando la TED de algunos dopantes. En
este modelo veremos céomo se difunde por el silicio y las estructuras que forma. Informacion
adicional puede encontrarse en [7].

Para explicar los mecanismos asociados al carbono, se introducen dos reacciones de interés.
La primera de ellas, (2.61), es el ya conocido kick-out, consistente en la creacion de un carbono
intersticial a partir de uno sustitucional. El segundo, (2.62), consiste en la formacién de un par
IV, del cual el intersticial se une al carbono por kick-out y la vacante queda libre. Este mecanismo
se denomina de Frank-Turnbull. Como es 16gico, el primer proceso es dominante sobre el segundo
a temperaturas de recocido puesto que el mecanismo de Frank-Turnbull requiere una alta energia
de activacion, en concreto, Epr = Epy + Eff — Ey ¢, + Epy = 6,64 €V.

Co+1— G (2.61)

Cs— Ci+V (2.62)

El proceso de clustering del carbono se produce como se expone a continuaciéon. En su mi-
gracion, el carbono intersticial actiia con carbono sustitucional para formar el complejo Csl.
Este, a su vez, puede romperse emitiendo un carbono intersticial (Col — C; 4 Cg) o un inter-
sticial (Col — Co +1). Estos pequenios clusters pueden crecer capturando intersticiales (2.63) o
carbonos intersticiales (2.64).

Culm + 1 — Culmis (2.63)



50 CAPITULO 2

Coln + G — Cn+11m+1 (2.64)

Pero hay un tercer mecanismo, que es la extensiéon de Frank-Turnbull a complejos de carbono-
intersticial:

Colm — Culmsr +V (2.65)

En este caso, la reaccion (2.65) se producira cuando la energia de binding (diferencia entre
energias potenciales del complejo origen al complejo formado) sea positiva y suficientemente
elevada para compensar la energia necesaria para crear el par IV.

En cuanto a los clusters formados, se ha comprobado que aquellos con igual cantidad de
carbono que de silicio (Cyl,) son los més estables en términos energéticos. Sin embargo, en
términos estructurales, dado que el carbono es un 4tomo mas pequeno que el silicio, la conclusién
final es que los clusters més estables son aquellos que tienen un contenido bajo en intersticiales,
como por ejemplo, C3ls 6 Cyls. La figura 2.44 muestra el clustering del carbono, con los complejos
creados durante el proceso.
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Figura 2.44: Clustering del carbono |7]

2.9 Conclusiones

A lo largo de este capitulo se ha expuesto una visién atomistica de los defectos en silicio.
Se trata de una coleccién de conceptos béasicos que ayudan a comprender la implementacion de
modelos en el simulador DADOS. La bibliografia que existe en la actualidad sobre estos temas
es muy extensa, si bien hemos considerado que era necesario formalizar los conceptos funda-
mentales para una mejor comprension de esta fenomenologia de cara a posteriores desarrollos e
investigaciones.
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Diseno e implementacién de una
ayuda para UVAS-DADOS

3.1 Introduccién

UVAS es un entorno de simulaciéon de procesos tecnologicos. Para su funcionamiento, se
apoya en DADOS; el verdadero simulador basado en técnicas atomisticas kMC (kinetic Monte
Carlo) [3]. Se trata de una herramienta muy potente y eficiente en términos de uso de recursos
computacionales. El cédigo fuente esta desarrollado en el lenguaje C++ y, para la interfaz grafica
se ha empleado MFC (Microsoft Foundation Class) [29].

Sin embargo, a pesar de las ventajas evidentes que se han comentado, UVAS y DADOS
carecen de un sistema de informaciéon adecuado que ayude al usuario a realizar simulaciones. En
primer lugar, detectamos que el acceso a la estructura de datos para la visualizacién y anélisis de
resultados no era en absoluto trivial ni intuitivo. Por otro lado, de cara a usuarios avanzados, era
importante adjuntar algin tipo de documento que explicase los parametros fisicos, magnitudes y
mecanismos utilizados por DADOS para simular procesos tecnoldgicos. Por todas estas razones,
se ha desarrollado un sistema informético de ayuda para el simulador.

El resto del capitulo se organiza como sigue. En la seccién siguiente se analizaran las her-
ramientas disponibles para la creacién de sistemas de ayuda. Posteriormente, se organiza un
esquema de trabajo acompanado de una correcta metodologia que permita integrar el maximo
de informacién con el minimo de esfuerzo, obteniendo, de esta forma, una alta productividad en
el trabajo.

3.2 Herramientas utilizadas

Los programas que operan en entornos Windows suelen venir acompanados de sistemas de
ayuda caracteristicos con formato estandar. Constan de un marco principal donde se muestra
la informacion de interés. A la izquierda, se dispone una seccién con la tabla de contenidos, y
herramientas de indice y biisqueda. Véase figura 3.1 para méas detalles.
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Figura 3.1: Estructura general de una ayuda CHM (ejemplo de Internet Explorer 7)

Desde el punto de vista puramente informético, se trata de un fichero CHM que es ejecu-
tado por el programa hh.exe, situado éste en el directorio WINDOWS. A su vez, las paginas de
informacion son documentos HTML, accesibles a través de los menis de la izquierda.

Las herramientas fundamentales! que hemos empleado para la creacion de la ayuda se listan
a continuacion:

= Microsoft HTML Help Workshop.
= Microsoft FrontPage.

s Microsoft Visual Studio 2005.

3.2.1 Microsoft HTML Help Workshop

Se trata de una herramienta que, a partir de documentos HTML y una tabla de contenidos,
genera un fichero CHM como el mostrado en la figura 3.1. Permite otras funcionalidades como
la introduccién de indices y motores de busqueda.

No se incluyen otras como pueden ser editores de imagenes o de hojas de estilo.
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Es sencillo de usar dado que se basa en ir introduciendo una tabla de contenidos bien orga-
nizada con asociaciones de cada entrada a un fichero HTML. Hecho esto, genera el fichero CHM
integrando toda la estructura de ayuda.

Se trata de un programa que puede descargarse gratuitamente desde la pagina web de Mi-
crosoft [30]. Asimismo, en la web citada se adjuntan amplios manuales de ayuda on-line.

3.2.2 Microsoft FrontPage

FrontPage es un editor HI'ML desarrollado por Microsoft y caracterizado, fundamentalmente,
por su facilidad de uso?. Debemos admitir que no es el programa mas adecuado para la creaciéon
de sitios web, puesto que cuenta con serias desventajas como es la generaciéon de gran cantidad

de c6édigo HTML innecesario, asi como la dificultad presentada para incluir funcionalidades de
HTML dindmico (DHTML) de cierta complejidad.

Sin embargo, hemos elegido FrontPage porque los documentos creados son relativamente sim-
ples, dado que tinicamente incluyen elementos sencillos como texto, graficas, tablas, hipervinculos
y hojas de estilo en cascada (CSS). Por ello, opinamos que no era necesario introducir un editor
méas potente y complejo como podria ser Macromedia Dreamweaver.

Se trata de un programa que incluye Microsoft en su paquete Office. En concreto, para nuestra
ayuda utilizamos la version XP por ser la mas moderna en la actualidad.

3.2.3 Hoja de estilo en cascada

Para ayudarnos en la edicién de los documentos HT'ML escribimos una hoja de estilo en
cascada para asi, definir s6lo una vez los encabezados y el formato del documento. El proceso
es muy simple, puesto que se trata tnicamente de cargar la hoja de estilo al crear un nuevo
documento. El fichero CSS se muestra a continuacion:

body {
background-attachment: fixed;
background-repeat: repeat-y;
font-family: "Microsoft Sans Serif";
font-size: 10pt;
text-align: justify;

hi {
background-color: #000080;
color: #ffffff,
font-family: "Microsoft Sans Serif";
font-size: 24pt;
font-style: normal;
font-weight: bold;

2Se trata de un editor WYSIWYG ( What you see is what you get).
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X
h2 {
background-color: #000080;
color: #ffffff;
font-family: "Microsoft Sans Serif";
font-size: 18pt;
font-weight: bold;
by
h3 {
background-position: left center;
color: #800040;
font-family: "MS Sans Serif";
font-size: 12pt;
font-weight: bold;
text-decoration: underline;
}
tr {
font-family: "Microsoft Sans Serif";
font-size: 10pt;
text-align: center;
b
td {
font-family: "Microsoft Sans Serif";
font-size: 10pt;
text-align: center;
3

3.2.4 Microsoft Visual Studio 2005

Microsoft Visual Studio 2005 es una plataforma de desarrollo en .NET muy potente y ampli-
amente utilizada por programadores en entornos Windows actualmente [31]. Con Visual Studio,
se puede programar via orientacién a componentes en varios lenguajes. En concreto, el cédigo
fuente de UVAS-DADOS esta escrito en C+-+, como ya hemos comentado, y se ha organizado
en forma de varios proyectos.

Hemos utilizado esta herramienta fundamentalmente a modo de auditoria informéatica ya que,
durante el proceso de explicaciéon de mecanismos, se comprobaron las implementaciones de las
mismas en DADOS. En algunos casos se encontraron ciertas incongruencias que se solucionaron
de manera inmediata.
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3.3 Organizacién de la ayuda
Las secciones principales que se han identificado para la ayuda son las siguientes:

Informacién general. Aqui se muestran las principales opciones de configuracion de UVAS,
asi como la forma de instalar el programa para que funcione correctamente.

Crear y correr una simulaciéon. En esta seccidn se expone de manera detallada como se crea
y ejecuta un script para simular determinados procesos tecnologicos. Se da una vision
detallada de los comandos de UVAS, con todas las funcionalidades y opciones de cada uno.

Particulas y defectos en DADOS. Este es un apartado fundamental porque en él se intro-
duce la notacion de DADOS. Se exponen las particulas implementadas y los defectos a los
que pueden pertenecer.

Resultados. Se trata de un apartado importante porque ensefia al usuario como acceder a la
compleja aunque muy potente estructura de datos de UVAS.

Parametros fisicos de entrada. Se explican aqui los parametros de entrada al UVAS especi-
ficados a través del fichero DDP, clasificados en diferentes categorias.

Magnitudes fisicas. Las magnitudes fisicas mas importantes relacionadas con los procesos tec-
nolégicos se exponen en este apartado.

Mecanismos. Se trata de una secciéon para usuarios avanzados donde se explican en profundi-
dad los métodos utilizados por DADOS para implementar los mecanismos asociados a los
procesos.

Notese que la lectura detallada de los cuatro primeros apartados son fundamentales para el
manejo del programa, mientras que los tres siguientes son més indicados para usuarios avanzados.

3.4 Comentarios adicionales. Consideraciones de diseno

La ayuda, a la que hemos denominado UVAS Help, ha sido escrita integramente en inglés por
ser éste el lenguaje utilizado por la mayoria de los usuarios del programa.

Hemos analizado ayudas de programas comerciales, especialmente los de otros simuladores
de procesos tecnologicos, como TAURUS [32] o el actual SENTAURUS [33]. En ellos, hemos
comprobado que existe una alta redundancia de informacién, lo cual es algo bastante plausible
puesto que una ayuda no es un libro que se lee de comienzo a fin, sino un manual de consulta
rapida. Sin embargo, tras consultar la documentacion incluida en [30], nosotros hemos preferido
seguir un criterio distinto. El problema que presenta el hecho de repetir las cosas varias veces en
distintos sitios con el objetivo de no tener que buscar en exceso es que cualquier modificacion de
la ayuda implica tener que cambiar informacién en muchos sitios; en otras palabras, el sistema es
muy poco mantenible. Por ello, lo que hemos hecho ha sido evitar la redundancia en la medida de
lo posible. Sin embargo, para no perder la rapidez en la biisqueda de informacién, hemos utilizado
dos métodos. El primero es la creaciéon de una tabla de contenidos muy organizada y dividida,
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de fécil acceso a la informacion de interés. El segundo es una extensa red de hipervinculos en el
fichero CHM para acceder a aspectos relacionados con un simple click.

En cuanto al estilo de escritura, se ha hecho una clara distincién. Por un lado, para aquellas
partes que se dedican a definir los parametros y el manejo del programa a nivel de usuario
se ha utilizado un estilo claro y conciso, de tal forma que permita una rapida busqueda de la
informacién. Por otro lado, las magnitudes fisicas y los mecanismos se han desarrollado con
un estilo mas descriptivo puesto que estan mas enfocados a usuarios avanzados que, por tanto,
desean entender conceptos de una forma clara y global.

3.5 Integracién de la ayuda en UVAS

Para integrar la ayuda en UVAS existen dos opciones:

= Hacer que el propio compilador de C++ genere el fichero CHM y se integre directamente.

= Compilarlas aparte con el Microsoft HTML Help Workshop y después llamar al fichero
C++ desde el programa.

Nosotros optamos por la segunda opcién ya que, a nuestro juicio, es mucho més sencilla
de implementar y de mantener para las modificaciones futuras. Para realizarlo, simplemente
utilizamos las herramientas que proporciona Microsoft Visual Studio: Creamos una entrada en
el mend llamada “Help” y, a ella, la asociamos una funciéon que es llamada cuando se pinche en el
meni. Todo esto se realiza automaticamente utilizado en manejador de eventos que proporciona
Visual Studio. A continuacién escribimos la funcién implementada:

CUVASD1gApp: :0nBnClickedHelp ()

{
HWND hwnd;
ShellExecute (hwnd, LPCWSTR("open"), LPCWSTR("hh.exe"), NULL,
LPCWSTR("C: \DADUS\UVAS_Help .chm"), SW_SHOWDEFAULT) ;

}

Como vemos, la idea es implemente llamar al programa de Windows que abre los ficheros
CHM, que es hh.exe, situado en el directorio WINDOWS, y pasarle la ruta al fichero.

3.6 Conclusiones

En los apéndices de esta memoria se encuentra la ayuda en formato no electroénico. Comprén-
dase que, para su inclusiéon aqui, ha habido que realizar algunas pequenas modificaciones que,
por descontado, no varian la esencia de la ayuda.
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Calibracién de parametros

4.1 Introduccidn

El calibrado de pardmetros es un aspecto fundamental en DADOS. Tras estudiar los re-
sultados experimentales y hacer los razonamientos teéricos adecuados, se procede a disenar e
implementar un modelo que explique la fisica asociada a los procesos tecnoldgicos. Pero en este
modelo no hay que olvidar que deben calibrarse los pardmetros correctamente para que la solu-
cion se asemeje a la realidad, no de manera cualitativa sino también cuantitativa. Ese sera el
propoésito de este capitulo.

A continuacién, veremos algunas pruebas de la Test Suite, que esta formada por un conjunto
de simulaciones clasicas de interés que permiten ser usadas como ejemplo de funcionamiento de
DADOS, asi como de benchmark para comprobar que la adiciéon de nuevos modelos no modifica los
resultados béasicos del simulador. Tras ello, pasaremos a calibrar realmente un parametro esencial
en simulacién atomistica como es el umbral de amorfizaciéon de semiconductores. Propondremos
una metodologia de trabajo y analizaremos los interesantes resultados a los que llegamos.

4.2 Test Suite (1): Umbral de amorfizacion

4.2.1 Fundamentos tedricos

La seccion 2.5 describe en detalle el proceso de amorfizacion del silicio por implantacion idnica.
DADOS implementa este mecanismo de manera muy sencilla; en concreto, a través de un umbral
de concentracion de defectos, cargado al comienzo de la amorfizaciéon: AmorphizationThreshold.

Consideraremos una implantacion de silicio para no introducir complejidad adicional con los
dopantes. Cuando comienza la implantacion, se crean defectos puntuales en forma de intersticiales
y vacantes. Estas particulas pueden asociarse creando regiones llamadas amorphous pockets. Si la
concentraciéon de intersticiales y vacantes en los amorphous pockets sobrepasa un cierto umbral,
DADOS la transforma en amorfa.

Como DADOS es un simulador de Monte Carlo, se basa en métodos estadisticos. Es posible,

o7
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pues, que haya cajas que deberian amorfizar pero no lo hagan porque los ntimeros aleatorios
generados no han hecho que alcancen una concentraciéon de intersticiales y vacantes suficiente.
Esto es algo incorrecto y muy grave desde el punto de vista fisico ya que estas cajas sin amorfizar
son una fuente de recristalizacion en el posterior recocido [16]. Por ello, es importante introducir
algtin tipo de metodologia que arregle este mecanismo. Para ello, DADOS introduce el parametro
LatticeCollapse_nm3 que, entre otras funciones, realiza lo siguiente: Cuando tenemos una region
no amorfa de tamafio como mucho el indicado por el parametro rodeada totalmente de material
amorfo, se convertird en amorfa.

El siguiente paso esté en establecer un valor para LatticeCollapse_nm3. El asunto no es triv-
ial pero en [34] encontramos cierta ayuda. En concreto, nos proporciona datos sobre los tamanos
criticos de nucleacién del cristal en la transicion a fase amorfa. Tras suponer que la variacién con
la temperatura sigue una dependencia de Arrhenius, llegamos al radio en nanémetros (4.1).

(4.1)

1191
r=20,16-exp (9’77>

T

Y, admitiendo una region esférica, su volumen seréa %7['7’3. Es evidente que el valor tltimo de

LatticeCollapse_nm3 depende de la temperatura. Sin embargo, en DADOS, se ha implementado
una primera aproximacién como pardmetro constante. Notese, de hecho, que los datos de partida
son a alta temperatura por lo que, en principio, no podemos garantizar que la expresion (4.1)
sea totalmente cierta para temperaturas muy dispares.

A una temperatura de 300 K (ambiente), el volumen de nucleacion deducido seria de 2729,36
nm?. Diversos ensayos han demostrado que un valor de 40 nm? es suficiente para nuestras simu-
laciones, por lo que seré éste el valor a utilizar en principio.

4.2.2 Descripcion del script

Creamos una caja de simulaciéon de tamano x = 100 nm, y = 20 nm, z = 20 nm. Definimos
una interfaz de o6xido de silicio de 1,5 nm de espesor. Cargamos e implantamos durante un
segundo dos perfiles planos de intersticiales y vacantes de 1,5- 10?2 cm ™ hasta una profundidad
de 80 nm. La grafica se muestra en la figura 4.1.

4 C(¥

1,5+ 10

P X
80 nm

Figura 4.1: Perfil de intersticiales y vacantes implantado para el umbral de amorfizacién
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El umbral de amorfizacién se ha establecido a 1, 5-10%2 cm 3. Como la concentracion de defec-
tos es superior al umbral, el semiconductor amorfizara. De hecho, se ha puesto una concentracién
igual al doble del umbral para garantizarlo.

El propésito de esta simulacién es comprobar la dependencia de la amorfizacién con el valor de
LatticeCollapse_nm3, asi como la interdependencia de ambas magnitudes con la temperatura
de implantacion.

4.2.3 Resultados

En la figura 4.2 se muestra la implantacion a 60 °C y con un valor de LatticeCollapse_nm3
= 40. Como vemos, al comienzo, crece la concentraciéon de intersticiales en amorphous pockets
y defectos puntuales (s6lo se representan los primeros). Cuando dicha concentracion supera el
umbral de amorfizaciéon, el material amorfiza, produciéndose una transferencia de concentracion
desde la zona cristalina de alto dafiado hacia la amorfizada; es decir, que las particulas que antes
estaban en amorphous pockets, ahora se incluyen en amorfo, por eso cae la concentracién de una
mientras aumenta la otra. Observemos en la grafica que esa transicion se produce ya casi al final
de la implantacion, lo cual es logico puesto que la temperatura es demasiado alta, y el recocido
dindmico es importante.
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Figura 4.2: Implantacion del perfil de intersticiales y vacantes con LatticeCollapse_nm3=40 y
temperatura 60 °C

Probaremos ahora con una implantacién a muy baja temperatura, -170 °C. El resultado,
para el mismo valor de LatticeCollapse_nm3 se muestra en la figura 4.3. Efectivamente, ahora
el recocido dindmico es practicamente inexistente, por lo que la amorfizaciéon se produce hacia la
mitad de la simulacién.

Por altimo, realizamos pruebas con LatticeCollapse_nm3. Si tomamos un valor muy bajo del
mismo, observamos que la transicion a region amorfa es mas lenta. La causa esta en que, cuanto
menor es el pardmetro, menos probable resulta encontrar regiones tan pequenas rodeadas de
material amorfo. En general, para valores superiores, si podremos encontrar regiones de tamano
similar con las condiciones adecuadas. Véanse las figuras 4.4, 4.5 y 4.6.
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Figura 4.3: Implantacion del perfil de intersticiales y vacantes con LatticeCollapse_nm3=40 y
temperatura -170 °C

Sin embargo, también hay que notar que valores demasiado grandes de LatticeCollapse_nm3
pueden llevar a una amorfizacién excesiva, por lo que es necesario un compromiso. En general,
aunque con pruebas a posteriori hemos comprobado que el pardametro puede ser efectivo con
valores més bajos (incluso hasta 10), utilizaremos un valor de 40 para tomar un cierto margen.

fAmorph ws Time
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Figura 4.4: Implantacion del perfil de intersticiales y vacantes con LatticeCollapse_nm3=2 y
temperatura -170 °C



CALIBRACION DE PARAMETROS 61

Amorph ws Time
Be+le

4 e e
Tam ——

Se+ls -

de+16

= e+l

Ze+16

1e+16 -

0.8 1
S

Figura 4.5: Implantacion del perfil de intersticiales y vacantes con LatticeCollapse_nm3=10 y
temperatura -170 °C
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Figura 4.6: Implantacion del perfil de intersticiales y vacantes con LatticeCollapse_nm3=60 y
temperatura -170 °C

4.3 Test Suite (I1): Implantacion de arsénico

4.3.1 Descripcién del script

Tras crear una caja de simulacién de tamano x = 50 nm, y = 10 nm, z = 10 nm, definimos
una interfaz de 6xido de silicio de 1,5 nm de espesor. Realizamos una implantacién sin méascara
de 10" c¢cm™3 de silicio a una tasa de 10'? cm™3s™! y a una energia de 1 KeV. La temperatura
de implantacion es la ambiente (26,85 °C). Posteriormente, durante 3 segundos, subimos la
temperatura linealmente hasta 740 °C. Una vez ahi, mantenemos la misma durante 7200 segundos
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(2 horas).

4.3.2 Problemas encontrados

DADOS es un simulador atomistico basado en técnicas de Monte Carlo. La idea principal
es que se basa en la simulaciéon de eventos que ocurren con una cierta frecuencia. Las frecuen-
cias estan asociadas a probabilidades, de tal forma que eventos que sucedan con frecuencias
muy elevadas se pueden ver como eventos muy probables, y viceversa. Para implementar es-
ta metodologia, los simuladores de Monte Carlo generan numeros aleatorios con distribucion
constante.

DADOS utiliza un parametro llamado randomSeed, que actiia a modo de semilla de ntimeros
aleatorios (véanse apéndices de esta memoria). Teoricamente, éste no deberia ser un pardmetro
influyente ya que, aunque se generen nimeros distintos, la teoria probabilistica garantizara que
dos simulaciones idénticas deben generar los mismos resultados puesto que el ntimero de eventos
en ambas es suficientemente alto [8].

Al realizar varias simulaciones con distintos valores de RandomSeed, hemos comprobado que
los resultados para los perfiles de arsénico con bastante distintos. El motivo puede ser doble:

= El codigo del programa presenta errores.

= FEl tamaifio de la caja de simulacién es demasiado pequeno por lo que el nimero de eventos
no es suficientemente elevado como para garantizar la teoria anterior.

4.3.3 Ajuste del tamaino de la caja

Para intentar comprobar la fuente de error, aumentamos el tamano de caja hasta unos valores
de x = 50 nm, y = 25 nm, z = 25 nm. Apréciese que no hemos tomado unos valores muy
superiores al caso anterior ya que esto ralentizaria en exceso la simulaciéon. Tras simular de
nuevo, obtuvimos los resultados que se muestran en las figuras 4.7, 4.8 y 4.9.

Como vemos, los perfiles son suficientemente parecidos hasta una profundidad de 15 nm,
aproximadamente. Estos resultados bastan para concluir que el problema de esto era un tamaifo
de caja muy pequenio. Con las nuevas dimensiones se garantiza un compromiso entre eficiencia
en tiempo de simulacién y coherencia de resultados.

4.4 Test Suite (Il): Spike de boro

En el capitulo 2 se hablé de los defectos en semiconductores haciendo especial énfasis al final
del mismo en los experimentos con el boro. En este apartado, veremos el clasico experimento de
la spike de boro, de la que puede encontrarse amplia informacién no sélo al final del capitulo 2,
sino en las referencias 26|, [27] y [35].
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Figura 4.7: Implantacién de arsénico con randomSeed = 1
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Figura 4.8: Implantacién de arsénico con randomSeed = 1562

4.4.1 Descripcion del script

Creamos una caja de simulaciéon de tamano x = 350 nm, y = 20 nm, z = 20 nm. Definimos
una interfaz de oxido de silicio de 1,5 nm de espesor. Cargamos un perfil plano de boro de
10" c¢m™3 entre unas profundidades de 100 nm y 120 nm. En la figura 4.10 se muestra el perfil
graficamente.

Una vez cargado el perfil, procedemos a implantar silicio a 40 KeV. La dosis empleada es
de 2-10'3 cm™3 y la tasa es de 1012 cm™3s™!. La temperatura de implantacion es la ambiente
(26,85 °C). Posteriormente, realizamos un breve recocido de 4 segundos con subida lineal de
temperatura desde 26,85 °C hasta 800 °C. El segundo recocido, mantenido a 800 °C, dura 2100
segundos (35 minutos).
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Figura 4.9: Implantacion de arsénico con randomSeed = 8654
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Figura 4.10: Spike de boro utilizada para la simulaciéon

4.4.2 Resultados. Ajuste del tamaiio de la caja

Tras realizar algunas simulaciones, comprobamos que el tamafnio de la caja era demasiado
pequeno puesto que los resultados presentaban un alto grado de ruido estadistico. Llegamos a
la conclusion, asimismo, que un tamano més idéneo y eficiente en cuanto a recursos consumidos
era x = 350 nm, y = 70 nm, z = 70 nm.

En la figura 4.11 se muestra el resultado de la simulacion. En color azul se muestran los
resultados experimentales mientras que en rojo se representa el boro total al final de la simulacion.
Apréciese la relativa similitud entre ambas curvas. Obsérvese también que se cumple lo que ya
estudiamos en el capitulo 2: La mayor parte del boro que permanece en la region de la spike estéa
en forma de clusters.

Ya por dltimo, comentaremos algunos resultados de la simulacién en cuanto a concentraciones
se refiere. Mostramos en la figura 4.12 las concentraciones de boro en distintos estados. Como
vemos, la concentraciéon de boro al comienzo de la simulacién es, en su totalidad, en defectos
puntuales, correspondiente a los iones sustitucionales de la spike. Posteriormente, se produce
el clustering del boro, produciéndose complejos de boro e intersticiales. Parte del boro que se
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Figura 4.11: Spike de boro tras la implantacion de silicio

aleja de la spike por la TED queda inmovilizado en la superficie del silicio. Obsérvese que las
concentraciones son bastante estacionarias durante gran parte de la simulaciéon.
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Figura 4.12: Concentraciones de boro en distintos estados

4.5 Calibracidn del umbral de amorfizacién

Retomemos el concepto de amorfizaciéon. Como ya comentamos en la secciéon 4.2.1, DADOS
la implementa a través de un sencillo umbral. En la seccién anterior analizamos el parametro
LatticeCollapse_nm3. Procederemos ahora a calibrar AmorphizationThreshold. En la seccion
siguiente abordaremos la metodologia seguida para la calibracién y, posteriormente, expondremos
los resultados obtenidos.
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4.5.1 Metodologia

Se define la dosis critica como aquella dosis de implantacién para la cual se produce amor-
fizacion del silicio, entendida ésta como la formaciéon de una capa continua de material amorfo.
En la figura 4.13 se muestra la dosis critica para el antimonio, fésforo y boro en funcién de la
temperatura de implantacién. Los puntos se corresponden con datos experimentales, mientras
que la linea continua procede del modelo propuesto por Morehead et al. [22]. La base de este
modelo estd en suponer que la amorfizaciéon continua de los iones implantados se debe al sola-
pamiento de regiones amorfas formadas durante la trayectoria del ion, hasta formar una capa
amorfa. A este modelo también se le conoce con el nombre de nucleaciéon heterogénea.

o
f“'

o
[2}]
|

0

MINIMUM DOSE FOR AMORPHOUS LAYER cm™2

T°(K}

Figura 4.13: Dosis critica para diversos materiales en funcion de la temperatura [22]

La idea del método de calibracion es implantar materiales de los que tenemos datos (boro,
fosforo y antimonio) en silicio a las temperaturas que nos proporcionan las graficas. En la practica,
hemos utilizado un método descrito como sigue. Tomada una temperatura de implantacién, la
grafica 4.13 nos da la dosis critica. Implantamos con una dosis ligeramente superior. Como la
implantacién es lineal, si el umbral es correcto, deberia amorfizar justo en el instante de tiempo
correspondiente a la dosis teorica.

Veamos un ejemplo. El antimonio (Sb) amorfiza a 3 - 101 ecm™2 a una temperatura de 100

K. Implantamos a la velocidad indicada por las graficas, 0,2 uA/cm™2. Puesto que a DADOS le
tenemos que pasar una dose rate en cm~2s~!, transformamos valores dividiendo por la carga del
electron, 1,6 - 10719, De esta forma, resulta una velocidad de 1,25-10'2 cm~2s~!. En cuanto a la
energia, los datos proporcionados son 200 KeV para fosforo y boro, y 300 KeV para el antimonio.
Si el umbral de amorfizacion fuese correcto, deberia aparecer una capa continua amorfa cuando
llegase a una dosis de 3 - 10 cm™2, es decir, en un tiempo:
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Dose 3-10'3 cm—2
t= = =24 4.2
Dose rate  1,25-10'2 cm—2s—1 ° (42)

Implantamos a una dosis superior para alcanzar el tiempo t. Se pueden dar tres situaciones:

= Si se forma una capa continua amorfa a los 24 segundos aproximadamente, el umbral de
amorfizacién es correcto para el antimonio.

= Sila capa se forma antes de los 24 segundos, el umbral es demasiado bajo, porque amorfiza
demasiado pronto. Subiremos el umbral.

= Sila capa se forma después de los 24 segundos, el umbral es demasiado alto, porque amorfiza
demasiado tarde. Bajaremos el umbral.

De esta forma, creamos un método iterativo que nos permite calibrar el umbral para cada mate-
rial.

La temperatura de implantacion seréd la mas baja posible, en concreto, —170 °C. A tal temper-
atura, apenas hay recombinaciones que propician el recocido dindmico, durante el cual podrian
intervenir procesos no calibrados en DADOS. En la tabla 4.1 se muestran las dosis criticas para
los materiales empleados en la calibracion.

Tabla 4.1: Dosis criticas a T = —170 °C [22]
Material Dosis critica

Sb 3-108 em—2
P 2.10M ¢m—2
B 1-10% ¢cm—2

Por ultimo, comentaremos que es necesario tomar algtn valor de partida. Pelaz et al. proponen
valores en torno a 10?2 cm™3. Nosotros tomaremos un umbral de inicializacion de 1,5-10%2 cm™3.

4.5.2 Descripciéon de los scripts

A continuacion, en la tabla 4.2, plasmamos los datos principales de las simulaciones realizadas
para valores del umbral de amorfizacion entre 1,5-10%2 cm™2 y 2,2 - 10?2 em ™2, que es el rango
donde se ha visto que se encuentran los resultados.

Tabla 4.2: Parametros de entrada a DADOS

Parametro Sb P B
Tamano de caja (nm) 30 x 30 x 240 25 x 25 x 280 15 x 15 x 900
Energia (KeV) 300 200 200
Dosis (cm™2) 5-1013 3-101 1,5-10%

Dose rate (cm~2s™1) 1,25- 102 1,25- 102 1,25- 102

Comentarios:
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El tamano de caja se ha elegido de tal forma que el material pueda amorfizar pero sin
tomar valores excesivamente grandes, recuérdese la figura 2.20. De esta forma, se logran
simulaciones computacionalmente més eficientes.

Las energias de implantacion se han elegido acordes con las indicaciones de [22].

Las dosis se han elegido superiores a la critica pero tampoco mucho mayores ya que el
simulador DADOS, para generar las cascadas, utiliza MARLOWE, un simulador basado
en la aproximacion de colisiones binarias (BCA) que emplea métodos muy costosos desde
el punto de vista de tiempo de célculo.

Para aumentar la precision, se ha forzado al simulador para que tome bastantes snapshots.
En concreto, 20 por década y uno cada vez que el material cambie a amorfo.

Como DADOS es un simulador basado en técnicas estadisticas (kinetic Monte Carlo), se ha
considerado que la creacion de una capa amorfa se da cuando participan en ella al menos
dos secciones adyacentes de cajas pequenias en el plano YZ.

4.5.3 Resultados

En las tablas 4.3, 4.4 y 4.5, y en la figura 4.14 se muestran los resultados obtenidos con las

simulaciones.

Tabla 4.3: Resultados de calibracién de umbral de amorfizacién para el antimonio
Umbral de amorfizaciébn Dosis critica  Error relativo

1,5-10%? cm ™3 2,71-10" cm ™2 -9,58 %
1,6 -10%2 cm™3 2,95-10' cm™2 —1,67%
1,7-10%? cm ™3 3,20 - 101 cm ™2 6,67 %
1,8-10%? cm™3 3,21-10' cm™2 7,08%
1,9-10%? cm ™3 3,40 - 10" cm™2 13,33 %
2,0-10%2 cm™3 3,75- 101 cm™2 25,00 %
2,1-10? ecm™3 3,98 -10" cm™2 32,50 %
2,2-10%2 cm™3 4,20-10" cm™2 40,00 %

Tabla 4.4: Resultados de calibraciéon de umbral de amorfizacién para el fosforo
Umbral de amorfizaciébn Dosis critica  Error relativo

1,5-10%? cm ™3 1,47 - 10" cm™2 —26,31%
1,6 -10*2 cm™3 1,60 - 10" cm—2 —20,00 %
1,7-10%? cm™3 1,80 - 10" cm—2 —10,25%
1,8-10%? cm™3 1,89-10" cm™2 —5,75%
1,9-10%? cm ™3 1,93-10" cm—2 -3,75%
2,0-10%2 cm™3 2,05 - 10" cm™2 2,63 %

2,1-10? ecm™3 2,21-10" ecm™2 10, 38 %
2,2-10%2 cm ™3 2,21-10' cm™2 10, 38 %

Para trabajar mas comodamente con los datos, realizamos una regresion lineal para aproximar

los resultados por una recta. Imponemos la condicién de que dicha funcién pase por el origen, es
decir, que sea de la forma y o« x. Esto es asi porque, para umbrales nulos, es 16gico que la dosis
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Tabla 4.5: Resultados de calibraciéon de umbral de amorfizacién para el boro

Umbral de amorfizacion

Dosis critica

Error relativo

1,5-10%? cm™3 6,85- 10" cm ™2 -31,51%
1,6 - 10?2 cm™3 7,60 - 10 cm™2 —24,05%
1,7-10*2 cm™3 7,76 - 10" cm ™2 —22,45%
1,8-10%? cm™3 7,76 -10 cm 2 —22,45%
1,9-10%? cm ™3 8,55 - 1013 cm ™2 —14,49%
2,0-10%2 cm™3 9,16 - 103 cm—2 —8,48%
2,1-10%2 cm™3 1,00 - 10" cm™2 0,05 %
2,2-10%2 cm 3 1,05 - 10" cm—2 5,15 %
Dosis critica
1,00E+6 1
1,00E+5 = . &
& —r " ¥ DC = 4 F1E-08UA % T
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Do l_’_’.—__.’_—‘_7 DC = 1 02E-087UA ——Lineal (B {simulado))
R? =9 BEE-O1 ——Lineal (P (sirmulada))
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T
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Umbral de amorfizacion (cm-3)

Figura 4.14: Resultados de calibracion de umbral de amorfizacion

critica sea cero; es decir, que el material amorfice siempre. De todas formas, comprobamos que
el error cometido forzando a anular la ordenada en el origen era practicamente inapreciable!. El
cédlculo en este momento de los umbrales para cada material es inmediato, sin mas que igualar
la funcién a los valores correspondientes. Los resultados se muestran en la tabla 4.6.

Como vemos, no hay coincidencia plena entre valores, si bien su diferencia no es preocupante.
De hecho, retomando la grafica 4.13 vemos que existe cierta holgura de valores entre los datos

LE] parametro R? que aparece en las graficas indica el grado de precisiéon de la aproximacion.



70 CAPITULO 4

Tabla 4.6: Umbrales de amorfizacion. Resultados
Material Umbral de amorfizacién

Sb 1,62-103 ¢cm =3
P 1,96 -10% cm™3
B 2,17-10% cm™3

experimentales y el modelo implementado. Por tanto, pequefias variaciones no generan errores
apreciables. Se ha realizado un andlisis de errores utilizando la media aritmética; hemos obviado
otras metodologias como puede ser la media geométrica ya que lo que buscamos es un error
promedio bajo, no un error bajo en solamente un tipo de material. Tras realizar calculos, hemos
llegado a que el valor 6ptimo esta en 1,9 -10%2 cm ™3, puesto que genera dosis criticas com-
prendidas en los rangos 6ptimos que proporciona Morehead et al. [22|. En concreto, los rangos
admitidos estan entre 3-10" cm™2 y 4-10'® ¢cm ™3 para el antimonio, 1-10* cm ™2 y 2-10'* cm ™3
para el fosforo y 8-10' ¢cm™2 y 1-10" ¢cm™ para el boro. En la figura 4.15 se muestra la grafica
de Morehead et al. [22] con los datos simulados en colores. Obsérvese la bondad de los resultados
de las simulaciones con los datos experimentales, ligeramente corregidos con el modelo teérico.
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Figura 4.15: Dosis critica para diversos materiales en funcion de la temperatura [22]| y resultados
de las simulaciones

Por ultimo, haremos un breve inciso en el tema de la precisién. La precision de los datos la
hemos limitado a un tnico decimal, 1,9 - 10?2 cm™3. Esto es asi puesto que los datos de partida
han sido obtenidos de graficas y, ademas, tampoco consideramos que sea necesaria una mayor
resolucion, dada la escasa incidencia que tendran ligeras variaciones del umbral de amorfizacion
en futuras simulaciones.
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4.6 Conclusiones

A lo largo de este capitulo, se ha procedido a realizar una calibraciéon y analisis de resultados
con el simulador DADOS. Los trabajos se han desarrollado en tres dreas fundamentalmente:

= Ajuste del tamaifio de caja en simulaciones de la spike de boro a baja dosis para garantizar
resultados coherentes con minimos tiempos de computacion.

= Comprobaciéon del buen funcionamiento del cédigo tras verificar los correctos resultados
con generadores de ntmeros aleatorios distintos.

= Ajuste del umbral de amorfizacion. Tras calibrar un parametro de entrada a DADOS para
su funcionamiento interno como es LatticeCollapse_nm3, se procedid a ajustar el umbral
de amorfizacion, AmorphizationThreshold. Para ello, se realizaron implantaciones de baja
temperatura y, mediante métodos de promediado y regresion lineal, se ha llegado a un
resultado de 1,9 - 10%? cm 3.

A partir de estos datos, futuras lineas de trabajo podrian ir encaminadas hacia la calibraciéon
de parametros de amorphous pockets, en los que ya intervienen las energias de las recombinaciones
de pares IV.
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5

Conclusiones

5.1 Conclusiones del proyecto

A lo largo de este proyecto se ha implementado un sistema de ayuda para el simulador
atomistico UVAS-DADOS y se ha realizado también una calibraciéon de parametros.

Para la ayuda, hemos partido de un analisis tedrico previo para comprender los conceptos a
explicar posteriormente. Se ha utilizado una metodologia basada en la ausencia de redundancia
para la mejora en la mantenibilidad y también en el uso de herramientas sencillas pero eficientes
de procesado HTML. La informacién se ha organizado, por un lado, en ayuda para el manejo del
UVAS vy, por otra parte, informacion sobre modelos fisicos y parametros de entrada. A su vez,
todo ello se interrelaciona a través de una amplia red de hipervinculos. Por dltimo, comentaremos
que el desarrollo de la ayuda nos ha servido para comprobar y corregir la implementaciéon de los
modelos fisicos.

En cuanto al calibrado, hemos realizado ciertas simulaciones para ajustar tamanos de caja
atendiendo al principio del coste/rendimiento, en términos de tiempo de simulacion. Pero, sin
duda, lo més importante ha sido la calibracién del umbral de amorfizacién que, tras implantar
a baja temperatura (para evitar que haya recombinaciones) boro, antimonio y fosforo, hemos
llegado a un valor 6ptimo de 1,9 -10%? cm™3.

5.2 Lineas futuras

No cabe ninguna duda de que UVAS Help tendré que ser constantemente actualizado por
nuevos modelos que se implementen o mejoren en DADOS. Confiamos en que el disefio previo
haga el trabajo mas facil.

En cuanto a la parte més fisica, se podria continuar con las energias de activaciéon de los
amorphous pockets, ya a mas alta temperatura. El calibrado del umbral de amorfizacién era
fundamental para dar el siguiente paso.
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A
UVAS Help (I): General information

A.1 General information

UVAS is an atomistic simulator fully developed by the Department of Electronics of the
University of Valladolid, Spain. It can be used to simulate a large amount of processes in a
very short time compared with other classical simulators because its core, DADOS (Diffusion of
Atomistic Defects, Object Oriented Simulator), is based on atomistic technique kinetic Monte
Carlo (kMC). UVAS also allows to display simulation results by means of a complete data
structure, both in graphic and text modes.

Umter sty ! Vosceked Ao Sk

""" = DADOS
(Simulation core)

Figure A.1: General structure UVAS-DADOS

A.2 How to install and run UVAS

No installation program is provided with UVAS. The default input parameter file is dados . ddp
(can be anyname.ddp). We will refer to them simply as UVAS.exe and dados.ddp. Please follow
these straightforward steps to successfully run UVAS:

Unzip DADOS.zip, config.zip, eel.zip and the UVAS.zip executable. If the drive is C: you
should build the directory tree indicated in table A.1.

Your simulation files can be located anywhere, as well as modified versions of the DDP
parameters file.
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Table A.1: UVAS directory

Directory /File Description

C:\DADOS\BIN\ Includes pgnuplot.exe, wgnupl32.exe (to save graphics into
GIF files) and RasMolUVAS.exe (to see atomic configurations).

C:\DADOS\config\ Configuration files.

C:\DADOS\ImplantFiles\ IMPLANT files, that store cascades when simulating implant
processes.

C:\DADOS\eel\ Stopping power files, to simulate change in trajectory when a
particle is moving.

C:\DADOS\temp\ Temporary files.

C:\DADOS\UVAS. exe Executable file (double click on it to run UVAS).

C:\DADOS\dados.ddp Parameters file.

C:\DADOS\UVAS_Help.chm Help system.

C:\DADOS\TestSuite\ A full collection of examples to see physical properties.

simulated with DADOS.

A.3 UVAS overview

UVAS has a very easy environment to work with. When running a simulation, its aspect is
like the one shown in figure A.2.

UVAS main parts are listed below:

Commands window. It shows the process script or simulation details.
Commands description. A brief description of the selected command is given.

Data browser. A full data tree can be seen here, with whole information about the current
simulation.

Data printer. It is a way to transfer results into a file.

Vectors control. It is a way to access simulation results.

Data viewer. Results will be shown here in text mode.

Messages window. Information about simulation progress is shown in this window.
Progress bar. Indicates the progress over the command being executed.

State bar. It shows the process being executed at the moment.

UVAS uses symbols in order to indicate properties. Everything is shown in table A.2.

A.4 Properties and options

UVAS options can be found by clicking on View -> Properties. Once there, three sections
are offered to be modified:
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= File.

Main menu Commands window Data browser Data viewer

= UYAS: Simulation

File Wiew Simulation ¥Commandsf Tools Help

-Messages

Script C s - — E
cript Commands DutputDat.a \_ T /_
# E Create_DADOS B E <Snapshats> e =
H ES Implant 1.8 Time (5] ik -~
== dnneal 5 Eyents P
=15 Object label: Trial 18 Temp 0] 57
- &[4 Create_DAD0OS 1.3 SheetFha 4-9
1.3 Initial Temperature C: 500 ®"E <AtorConfigy g :1113
1.3 Final Temperature C: 500 B <ProfilePaints> — ?- 15
1.3 Time = 50 Ian 817
1.3 Electrorsfom3 9719
10.- 21
1.3 Holes/oma 1.5
. 1.3 ConductBand [gV] 12. %5
Commands description 18 ValenceBand (V] e
1.3 Biaxial stiain 2 14.- 29 B
A0 2 b
< |
- Anneal - B i _ KT §

Description: Define annealing parameters

& g o

—23Giaph |
RBernove
jEIear

Simulation 09:28:49: Time [s] =0, Temp. [C] = -174.0265432, Events =0
Simulation 09:28:57: Time (] =0, Temp. [C] = 26.85, Events = 0, 0 Events/s.
Simulation 03:28:52: Implant Az File didn't exist

Simulation 09:28:52: Generating &z Implants. ..

Simulation 03:35:18: Witing Implant File...

Simulation 09:35:35: Time () =2.04!
Slmulahnn 03:35:38: Time [s —2 A
Simulation 0935 [

|

Implanting Az cascades

/

Messages window

\

Vectors control

State bar Data printer

Progress bar

Figure A.2: Generic window

= Data Browser.

= Script Wizard.

A.4.1 File

Binary save. If this option is selected, simulations will be saved as a binary file. Otherwise,
they will be saved with ASCII format.

Verbosity. Indicates the level of information to be shown in the messages window. This level

is an integer between 0 (no information) and 4 (full information). Level 2 is established as
default.

A.4.2 Data Browser

Limit vector list. You can specify the number of elements shown in order to save memory and

computerization capabilities. It is not recommended to establish a low value in order not
to lose results.
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Table A.2: Symbols used for data in UVAS
Symbol Meaning

= Non executed command.
@ Executed command.
= Vector (array of data).
13 Read vector (array of data) in Commands Window.
2 Decimal number.
@ Read decimal number in Commands Window.
13 Integer.
Enumeration.
Integer.

Read integer in Commands Window.
Text.

Read text in Commands Window.

Bl B il B °°

Pointer.

Show pointers. It shows or hides pointers in the Data browser. Pointers are a special type of
data in UVAS.

Change to last value warning. When selected, if you set a value in the "Index" item of the
Vectors Control higher than the highest, UVAS will automaticaly change to the last one.

Ask for simulation and object. If this option is selected, UVAS will ask to user about data
origin which have been read from a file, in case they are not stored in memory.

Enumerate vector elements. Sets a counter for the elements listed in vectors to be shown.

Write output to disk instead of print. While checked, results will be written in files instead
of printed on the window.

A.4.3 Script Wizard

Autoexpand. While creating Script Wizard tree, it expands different items associated with it.

Max. historic in. When you set a value in the "Index" item of the Vectors Control, UVAS will
save the last ones. With this parameter you can specify how many of then you want to
save.
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Global Properties

Filz ] Data Bru:uwser] Script \Wizard

¥ EBinary save

Yerbosity |2 _%1

Zieptar | Cancelar Alicar Apuda

Figure A.3: File options

Global Properties

File  DataBrowser ]Script Wizard |

v Limit vectaor list to only 1500 elements.
[ Show pointers

[ Change to last value waming

W when loading graphics, ask for simulation and object
¥ Enumerate vector elements

[ wiite output to digk instead of print

Aceptar | Cancelar Apoliczar Apuda

Figure A.4: Data Browser options
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Global Properties

File | Data Browser  Script \Wizard ]

W Autoespand

baw. historic in ]F:j

Aceptar ] Cancelar Aiplicar Apuda

Figure A.5: Script Wizard options
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UVAS Help (Il): Creating and
running a simulation

B.1 Creating a script

A script is a set of commands that indicate UVAS the process to simulate. To create it please
follow these steps:

= Click on File -> New... and give a name for the simulation. See figure B.1.

= Click on Commands and choose from the given options. Full information about available
commands can be found here. See figure B.2.

= Once added all necessary commands, the script is defined. We can save it by selecting File
-> Save. .. and we will get an UVA file which can be used to be simulated afterwards.

B.2 UVAS commands

UVAS provides with these commands for simulations:

» CreateDADOS.

= Anneal.

= Apply Strain_Profile. [TO BE DEVELOPED]
= Implant.

» Implant_Read Profile.

» Input_Data Series.

= Load_To_Continue. [TO BE DEVELOPED)]
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University of Yalladolid Atomistic Simulator

File  View Simulation Commands  Tools  Help

Seript Command: — Output D ata

— Diata valu

New simulation 5

Name: [Simulation 0

()8 I Cancel | ;
Mo wectar

- £ Allvalues
< Graph | £ Last value
_Bemove | = Inciexl -]
Fiint | Clear

— Meszage: ]

Figure B.1: New simulation

= Open_ Graphics.

» Read Profile.

» Run_Next Simulation.

= Save 3D Config. [TO BE DEVELOPED|
» Save Output_Plots.

= Save Simulation.

= Save To_ Continue. [TO BE DEVELOPED)]|
» Set Ge Fraction Profile.

= Set Material.

= Set Output_Options.

» Surface IV _gen rec.

» Take Snapshot.

B.2.1 CreateDADOS

It should be the first command for every simulation. With this command, a silicon simulation
box is created as simulation domain.

Parameters:
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ommands  k anneal
apply_Skrain_Profile
Implant
Implant_Read_Profile
Input_Data_Seties
Load_To_Continue
Open_Graphics
Read_Prafile
Run_Mext_Simulation
Save_30_Canfig
Save_Output_Plots
Save_Simulation
Save_To_Continue
Set_ize_Fraction_Profile
Set_Material
Set_Output_Options
Surface_I¥_gen_rec
Take_Snapshot

Create_DAD0OS

Figure B.2: UVAS commands

Object label, Client data. It is not necessary to be worried about it as these words are only
used by internal code to work. Only give a name for them.

Parameters file. It is the DDP file where the simulation parameters are defined.

Minimum x, Minimum y, Minimum z, Maximum x, Maximum y, Maximum z. The sim-
ulation box used by DADOS to work is simply defined by two 3D points (see figure below),
indicating the two opposite sides of the box (distances must be expressed in NANOME-
TERS). Obviously, the larger the box is, the more accurate and statistically significant
the simulation will be, although a longer time will be needed to simulate. DADOS uses as
internal minimun x the value zero, this means that if you use a different value for Minimum
x, a part of the simulation box will not be shown in the results.

This command will be shown in every command as it is the basic one. It can be checked that
when this command has been executed, a tick appears not only in the main command but in all
the others.

With the command Set Material, UVAS can create different regions for simulations. See
figure B.4.

When executed (verbosity level 2), the following is shown in the messages window (figure
B.5). As we can see, UVAS shows full information about boxes and amorphization parameters.

B.2.2 Anneal

The annealing process is simulated by changing the temperature.

Parameters:
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Names for internal code

Simulation parameters

= E: SimulationC omain
fer Object label: Cell
[ Paametess file: \DADDS \dados ddp

Maximum x.y,z

SIMULATION
BOX

Minimun x,y,z

Figure B.3: CreateDADQOS command

/

—

With CreateDADOS, you define a box and with Set_Material you define other boxes

Figure B.4: CreateDADOS and Set Material to create different simulation boxes

Simulation 17:33:05:
Simulation 17:33:07:
Simulation 17:33:07:
Simulation 17:39:07:
Simulation 17:39:07:
Simulation 17:39:08:
Simulation 17:33:08:
Simulation 17:33:08:
Simulation 17:33:08:

Figure B.5:

Saved C:ADADOSAS imulation. uva in binary mode
Simulation started
Reading DADOS physics parameters from:
/DADOS dados. ddp
Bowes: ¥=128, v=8, Z=8, 0.78128nm = 1.25nm % 1.28nm
Bowes volume [cm3] = 1.22072-021 per particle conc = 8.192e+020
b gl Storage= 1.00007 e+024 Part/cm3, Amorphoushvithresholdd =18 Part/box
Lattice Collapse [# boxes] = 33
Latt. collapse [hm3) = 40,2832

Information shown in the messages window when executed CreateDADOS

Initial Temperature, Final Temperature. UVAS makes a linear interpolation (short steps),
as it works with discrete parameters. These temperature must be expressed in CENTI-
GRADE DEGREES.

Time. The time between initial and final time must be expressed in SECONDS.

If a constant temperature for annealing is required, please set two annealing process: the first
one will last a little time (e.g. 0.5 s for each 100°C), from initial temperature up to the final one,
and in the second anneal maintain equal both temperatures for the required time. See figure B.7.
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= E& Anneal
&-J=2 Object label: Trial
=12 CreateDADOS
her Object label: Trial

¥

Unitial Temperature C: 2685

> t(s)

Figure B.6: Anneal command

This technique is not compulsory, a discontinuity in temperature is allowed in DADOS but it is
highly recommended setting slopes as shown.

A

>

Figure B.7: Constant annealing technique

B.2.3 Apply Strain_Profile [TO BE DEVELOPED]

This command is used to create a simulation box with a variable lattice parameter depending
on the depth (z). This property is important when the structure is not straight but curved. This
parameter needs to be introduced in a STRAIN file.

=== &pply_Skrain_Profile
=152 Object label: Trial
== Cieate_DADOS
b5F Object labek Trial
=.J=2 Client data: Cel
i Eﬁ SimulationDomain
& Relat Lattice param vz, Depth: C:ADADOSYprofile. strain

Figure B.8: Apply Strain_Profile command
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B.2.4 Implant

DADOS uses a program based on the binary collisions approach (BCA) in order to generate
cascades to implant in silicon, which is called MARLOWE. After the cascades have been gener-
ated, DADOS stores them in an IMPLANT file, which is saved in the ImplantFiles directory.
This way, in the next simulation, it is not necessary to re-calculate the cascades. However, if the
simulation box is modified, IMPLANT file will be modified as well. It is very important that
only one similar implant in the same directory can be simulated at the same time, in order not
to overwrite the file.

When executed (verbosity level 2), the following is shown in the messages window. In the
example, as it didn’t exist the IMPLANT file, UVAS creates it (see figure B.9).

Simulation 17:39:10: Implant Ge File did't evist
Simulation 17: 33,10 Generating Ge Implants...
Simulation 17:39:24: \Wiiting Implant File....

Figure B.9: Information shown in the messages window when executed Implant

Parameters:

Implant species. A species to implant can be selected here from a list. Not all the species are
implemented (see DDP file). For those who are not, DADOS only creates the damage. If
you want to do the same with other implemented species, please set a negative energy.

Energy. It is the implant energy, expressed in KILOELECTRON-VOLTS.
Tilt. See figure B.11. When tilt is zero, the implant direction is <100>, i.e., {[100],[010],|001]}.
Rotation. See figure B.11.

Dose. Total concentration to implant, expressed in PARTICLES PER SQUARE CENTIME-
TER.

Dose rate. Implant rate, expressed in PARTICLES PER SQUARE CENTIMETER AND PER
SECONDS.

Mask Y min. See figure B.12.
Mask Y Max. See figure B.12.
Mask Height. See figure B.12.
Mask Angle. See figure B.12.
Window Z Max. See figure B.12.

Temperature. Implant temperature expressed in DEGREES CENTIGRADE. This is an im-
portant parameter as implant results (damage) depends on temperature.

Target Structure. A target structure can be selected here from a list.

MaxDifferentCascades. MARLOWE generates only one cascade and DADOS repeats it in
different positions randomly chosen. The maximum number of repetitions is given by this
parameter. It should be large enough to avoid statistic errors but not huge.
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Comments:

» [t is obvious that implant time can be obtained as dose/dose rate, as it is a linear process.
= If you want to eliminate the mask, please set Mask Y Min higher than Mask Y Max.

= DADOS implements two types of conditions for cascades.

=-T=2 Implant

- Eﬁ Object label: Trial 7 BF2 !

e 'Er?autz_'DT?ESl Trial Antmany
-+ Dbject label: Trial
= = Client data: Cal Argorj
Arsenic
* Eﬁ SimulationD omain
S Implant species: germaniun €—— Boron
1.8 Energy [Kev): 2 Carbon
13 Tik- 7 Fluorine
1.3 Rotation: 45 Germanium
1.3 Dose; Bes013 Helium
1.3 Dose rate: 1e+012 Hydrogen
1.8 Mazk ¥ min: 10000 Indium
1.3 Mask ™ Max: -10000 Krypton
1.3 task Height: 0 Lead
1.3 tMazk &ngle: 0 Neon
1.8 window Z Maw 10000 Dx’y‘gen
!3 Temperature C: 26.85 Phosphorous
= Target Structure: Amorphous L
13 M axDifferentCazcades’ SI!I!li::ﬂ

k Xenon /

Crystal
Polycristal
Amorphous

Figure B.10: Implant command

B.2.5 Implant Read Profile

This command should be used at any moment after loading a profile file with Read Profile.
It implants all the profiles opened so far simultaneously.

Parameters:

Time. Time used to implant the profile. This parameter must be expressed in SECONDS. Time
can be set to zero, but at high temperatures, if the particles are mobile, a great amount
of processes are happening that can affect the computer stability; therefore, it is highly
recommended using a non-zero value if the particles are mobile.

Temperature. Implant temperature expressed in CENTIGRADES DEGREES. This is an im-
portant parameter as implant results (damage) depends on temperature.
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IMPLANT
Tilt
¥
Rotation
2z
X N
Figure B.11: Tilt and rotation
Mask Y Min
P
Mask Y Max
-4 >
Mask
Mask Mask Height
X Angle

Simulation box

Figure B.12: Mask parameters

This command is useful for:

= Epitaxial growth.

= Academic purposes.

= Introduction of profile and damage in different stages.

B.2.6 Input Data Series

A DAZ2IN file can be inserted here to be plotted as external data.
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= EE Implant_Read_Prafile
=-J=2 Object label: Trial
=158 Create_ DADOS
er Object label: Trial
=158 Client data: Cell
* Eﬁ SimulationD omain
1.8 Time [z 10
1.8 Temperature C; 26.85

Figure B.13: Implant_ Read Profile command

= E: Input_Data_Senies
=122 Object label: Trial
== Create_DADOS
¢ Object label: Trial
== Client data: Cell
G ES SirulationD omain
= Input data zenes: dados.dain

Figure B.14: Input Data Series command

B.2.7 Load_To_Continue

This command must be used with a RESTART file, generated with Save To Continue. It is
used to continue with a simulation.

= E: Load_To Contifue
== (Obiject labet: Trial
=153 Create DADOS
e Ubject label: Trial
= &= Cliert data: Cel
+ Eﬂ SimulationClomain
[& File name: dados.restart

Figure B.15: Load To Continue command

B.2.8 Open_ Graphics

When this command is reached during the simulation, UVAS opens the graphics structure
defined in the indicated GPH file. Its function is similar to the one provided by Main Menu.

B.2.9 Read_ProfiIe

This command is useful for creating profiles in silicon. At any moment after this command,
Implant _Read Profile should be called in order to implant it. As shown in the figure, it is neces-
sary to provide a file with the information of the implant as symply as giving two columns: one
for depth and the other one for concentration (please see data file format for more information).
The particle type is given by the file extension, shown in table B.1.
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= E: Open_Graphicz
=122 Object label: Trial
= = Create_DADOS
ter Object label: Trial
=122 Client data: Cel
E Eﬂ SimulationD omain
= Graphics File name: dadoz.gph

Figure B.16: Open_ Graphics command

Table B.1: Extensions and particles for Read Profile command

Extension Particle
INT Interstitial
DAM Damage
VAC Vacancy
ARS Arsenic
BOR Boron
CAR Carbon
FLU Fluorine
HYD Hydrogen
IND Indium
OXY Oxygen
PHO Phosphorous
ANT Antimony

B.2.10 Run_Next_SimuIation

Once a script has been saved, it can be opened using this command in order to continue
with a new simulation after another one have been finished. This way, several simulations can
be chained to be executed (at different times, not simultaneously).

Commonly, this command is preceded by a saving command, such as Save Output Plots or
Save Simulation.

B.2.11 Save 3D Config [TO BE DEVELOPED]

This command saves the 3D particle configuration data to a 3D file. The saved configuration
is the one at the moment of this command has been called.

In general, it is not recommended to set this command during or just after the implant
process, as a lot of memory would be required due to the fact that MARLOWE generates a
great amount of particle coordinates.
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=-1=2 Read Profile
=122 Object label: Trial
=128 Create_DADOS
2EY Dbject label: Trial
=128 Client data: Cell
& E& SimulationDamain
@ Profile file: C:h2822.0nt

Figure B.17: Read Profile command

= Eﬂ Fun_Mext_Simulation
=122 Object label: Trial
= = Create_DaDOS
“er Object label: Trial
=122 Client data: Cell
# Eﬂ SimulationD'omain
[& File name: simulation. uva

Figure B.18: Run_Next Simulation command

B.2.12 Save Output Plots

This command is used by UVAS to store the output plots into a GIF file (one per plot). Its
function is similar to the one provided by Main Menu. This command uses the program gnuplot,
located in BIN directory. The name of the file will be the name of the simulation followed by
a dot and followed by the name of the graph. For instance, if the name of the simulation is
“Amorph Threshold” and the name of the graphic is “Amorph vs Time”, the GIF file will be
Amorph_Threshold.Amorph vs Time.gif.

This command does not save the entire simulation (for doing this, please use Save Simulation).
However, it can be useful for well-known simulations, in order to save memory.

B.2.13 Save_SimuIation

When UVAS reads this command, the simulation with its current results are saved into a
UVA file. The information stored is the present at the moment UVAS reads this command. After
a simulation has been saved as an UVA file, it cannot be run any more. For running it again,
please use Save To Continue command.

With this command, the entire simulation is saved, including results. Notice that a great
amount of memory might be required, depending on the output options (number of snapshots,
3D structures, etc.).

B.2.14 Save To Continue [TO BE DEVELOPED]

Sometimes, simulations are long, specially if simulation box is large. In this case, it can be
interesting to pause the simulation after a step. For doing this, just set Save To Continue
command when pause is required and UVAS will save all the information in the file with
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= E: Save_30_Config
== Object label: Trial
= = Create_DADOS
er Object label: Trial
=12 Client data; Cel
+- 12 SimulationDamain
[ 30 File name: dados. 30

Figure B.19: Save 3D Config command

= EE Save Output_Plots
=128 Object label: Trial
=12 Create DADOS
¢ Object label: Trial
== Client data: Cel
H Eﬂ SirnulationDomain
@ File name: .qif

Figure B.20: Save Output_Plots command

RESTART extension. For restarting the simulation, please use Load To Continue command
with the RESTART file saved before.

B.2.15 Set Ge Fraction Profile [TO BE DEVELOPED]

Use this command to set the germanium fraction profile along "x" axis. Information about

it must be included in the SIGE file.

B.2.16 Set_MateriaI

It is used to properly define the interface in silicon. If this command is not used, DADOS
assumes that there is no surface; therefore, there is no simulation of generation or recombination
there. Remember that point defects are generated in the surface under equilibrium conditions,
thus, the use of this command is highly recommended in most simulations. Generation and
recombination in the volume are not implemented in DADOS, as their frequency is extremely
low, in order to save memory and computerization resources. Silicon oxide or Ambient are the
most common materials employed but other ones can be chosen from those shown in figure B.24.

Parameters:

Initial x, Initial y, Initial z. Initial coordinates for the new material, expressed in NANOME-
TERS.

Final x, Final y, Final z. Final coordinates for the new material, expressed in NANOME-
TERS.

As DADOS works with boxes, and the number of boxes for materials must be integers, it is
not guaranteed that the final material size is going to be the specified one but DADOS will do
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- ES Save_Simulation
=153 Obiject label: Trial
=152 Create DADOS
oer Object label: Trial
=158 Client data: Cell
H Eﬂ SirmulationCiomain
& File name: dados n.uva

Figure B.21: Save Simulation command

= ES Save_To Continue
=128 Obiject label: Trial
=12 Create DADOS
oer Object label: Trial
== Cliert data: Cel
H Eﬂ SirmulationCiomain
[ File name: dados.restart

Figure B.22: Save To Continue command

its best. For example, if the box size is X = 100 nm, Y = 10 nm, Z = 10 nm, with 19 bits, the x
size of small boxes is 0.78125 nm, which means that the size of material in x axis will be of two
boxes, i.e., 1.5625 nm, and not 1.5 nm (the specified one).

B.2.17 Set Output Options

This is an important command as UVAS doesn’t save every result in order not to waist a lot
of memory. It must be set BEFORE the commands which provide results. Here, you will indicate
what you want to save.

Parameters:

Start output time. It is the time when the first snapshot is taken. It has the same function as
InitOutputTime in the parameters file, although the value here is the one UVAS will take
for the simulation.

Snapshots per decade. Indicates the number of snapshots saved per time decade. If this value
is set to zero, UVAS will save a snapshot only when the material changes (if checked this
option), which can be fairly useful sometimes, especially for checking the dopants profile
deviation from the majority-carriers one.

Enable events/snapshot. When selected, UVAS saves a snapshot when a number of events
specified in Events per Snapshot happen.

Snapshot before ChgUpdate. When selected, UVAS saves an snapshot just before the charge
is updated.

Snapshot after change Material. When selected, UVAS saves a snapshot when the material
changes: amorphous to crystalline or crystalline to amorphous.

Incremental events. When selected, UVAS shows the results of the last snapshot. If not, UVAS
makes an average over the time to calculate results.
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- E: Set_Ge_Fraction_Profile
=12 Dbject label: Trial
= = Create DADOS
Object label: Trial
=12 Client data: Cel
+-T58 SimulationDomain
& 1D Ge fraction file: GeProfile.SiGe

Figure B.23: Set  Ge Fraction Profile command

- Eﬁ Set_Matenal
=2 Object label: Trial
=12 Create_DADOS

Object label: Trial =
=8 Client data: Cell Silicon

+ Eﬁ SirmulationD annain 5|D’_“de
"S Material Si0vide Ambient
18 Initial w0 SiNitride
1.3 Initial y: 0 AmorphousSi
1.3 Initial z: 0
1.9 Final % 1.5
1.3 Final y; 10000
1.3 Final z 10000

Figure B.24: Set Material command

Save 3D. When selected, UVAS saves 3D structures, useful for plotting atomic configurations.

Save last n. Please indicate here the number of snapshots UVAS will save. If more than n are
generated, UVAS will discard the first ones.

1Dprofiles nX. Number of points in 1D profiles for abscissas. It is not recommended that this
parameter is too high in order to save memory.

2Dprofiles nY. Number of points in 2D profiles for ordinates. The number of points in abscissas
axis is taken from 1Dprofiles nX. It is not recommended that this parameter is too high in
order to save memory.

=12 Set_Output_Ophions
=-f== Obiject label: Trial
=-E2 Create_DADOS
25F Obiject label: Trial
=1 Client data: Cel
+ Eﬂ SimulationD omain
1.8 Start output timefs]: 0.1
13 Snapshots per decads:; 10
@ Enable events/snapshat: false
@ Snapshot before Challpdate: false
@ Snapshot after change Material: false
13 Events per Snapshat; 2000000
@ |ncremental events: hue
@ Save 3D false
13 Savelastn: 100
13 1Dprofiles i 50
13 ZDprofiles v 5

Figure B.25: Set Output_Options command
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B.2.18 Surface IV gen rec

After defining another material by means of Set Material, it is necessary to define the in-
terface characteristics. This command is also interesting to simulate oxidation and nitridation
processes.

Parameters:

RecL I. Recombination length for interstitials. If this value is zero, it means that surface is a
perfect sink for interstitials. If this value is set to-1”, the surface will neither recombine
nor emit interstitials. This parameter must be expressed in NANOMETERS.

SuperSat I. Prefactor of emission for interstitials. This value is only to initialize. DADOS uses
another value, specified in the DDP file.

RecL V. Recombination length for vacancies. If this value is zero, it means that surface is a
perfect sink for vacancies. If this value is set to “-17, the surface will neither recombine nor
emit vacancies. This parameter must be expressed in NANOMETERS.

SuperSat V. Prefactor of emission for vacancies. This value is only to initialize. DADOS uses
another value, specified in the DDP file.

- Eﬁ Surface_IY_gen_rec
== Object label: Trial
= = Create_DADODS
her Object label: Trial
=& Client data: Cell
&1 SimulationDomain
'E b aterial at the other zide: Oxide
Recl [[nm][-1 for no rec/emizs]: O
SuperSatl: 1
Recl Wnm][-1 for norec/emiss] O
SuperSat': 1

13
13
13
13
Figure B.26: Surface IV _gen rec command

B.2.19 Take Snapshot

When this command is found in a simulation, UVAS gets a snapshot of current configuration
and is saved in the final data structure.

= EE Take_Snapzhot
= = Obiect label: Trial
=12 Create_DADOS
2er Dbject label: Tual
=52 Client data: Cel
+-152 SimulationD omain

Figure B.27: Take Snapshot command
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B.3 Running a script
Once defined a script, please follow these steps to run it:

1. For simulating the script, please click on Simulation -> Start.

2. Simulation can be paused and continued when necessary, or stopped. For doing this, click
on View menu (figure B.28). When the simulation is paused, commands which have not
been executed can be eliminated or other comands can be added.

3. When the simulation has finished, a message will appear in the Messages Window indicating
“Script done”. Now, the results can be saved by selecting File -> Save..., and a UVA
file will be created. Now, the UVA file contains the results which can be opened with
UVAS, but the script used cannot either be modified or run again. Therefore, it is highly
recommended not to run an original script if you want to simulate it several times (copy
it and give a different name instead).

Skop

Update output
Mexk command

Figure B.28: Pausing a simulation

Notice that when a command has been fully executed in a simulation, a tick sign appears on
its symbol in the Commands Window.

Other options:

Update output. Creates an snapshot.
Next command. Skips the command which is being currently executed and runs the next one.

Next command [NOT IMPLEMENTED)].

B.4 Data files

UVAS uses several types of data files in the commands to add external data to the simulations
and also in the DDP file. In general, these files are organised in two columns, with pairs of data,
like in abscissas and ordinates axis.
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B.4.1 In-plane lattice parameter

No interpolation is made in the in-plane lattice parameter. The program only maintains the

value until the next one. Data (z,y) must be numbers. Pairs of data must be in different lines.
See figure B.29.

F 3
y
Data file
v3
y1
x0 y0
X1 vyl
x2 ﬂ #
() y2
» X
x0 x1 x2 X3

Figure B.29: In-plane lattice parameter structure

B.4.2 DDP file (I): One variable dependance. Binding energies

A linear interpolation is made among discrete data. A “-1” is required at the end of the list
to indicate DADOS that there are no more data. If a value is not included, DADOS uses the

default value. Data (z,y) must be numbers. Pairs of data must be in different lines. See figure
B.30.

4 Not included. Extracted
Yy from default parameters

Data file /
y3

—_w =0
“aes

Figure B.30: DDP file (I): Onv variable dependance. Binding energies structure
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B.4.3 DDP file (I1): One variable dependance. Amorphous pocket
energies

A linear interpolation is made among discrete data. A “-1” is required at the end of the list
to indicate DADOS that there are no more data. Data (z,y) must be numbers. Pairs of data
must be in different lines. See figure B.31.

Yy
Data file
y3
y1
x0 y0
x1 vy
x2 w é
() y2 /
y0
» X
X0 x1 x2 X3

Figure B.31: DDP file (II): One variable dependance. Amorphous pockets energies structure

B.4.4 DDP file (Il1l): Two variables dependance

Data here are organized in a matrix where the first two columns indicate the index while the
third one is used for the parameter value. A “-1” is required at the end of the list to indicate
DADOS that there are no more data. Data (x,y) must be numbers. It is not necessary that the
data are in columns; DADOS will read them in order. An example is shown in figure B.31.

Etotal _Complex I C

0 2 =12

1 2 2.3 —— Etotal(C2)
2 2 -7

1 3 o

/ / \ Etotal(11C3)

Number MNumber
of | of C

Figure B.32: DDP file (III): Two variables dependance structure

B.4.5 DAZ2IN files

No interpolation is made. Data (x,y) must be numbers. Pairs of data must be in different
lines. See figure B.33.
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'y
y
Data file
V3
y1
x0 y0
x1 vyl
X2 ﬂ é
() y2
yO'
> X
x0 x1 x2 X3

Figure B.33: DA2IN file structure
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C

UVAS Help (Ill): Particles and
defects

DADOS implements both particles and defects. According to atomistic theories [3], only
particles in defects are handled in DADOS.

C.1 Particles

In table C.1 implemented particles in DADOS are shown.

Comments

= The “Material” column indicates the material where the particle can be found. For silicon,
silicon-germanium [TO BE DEVELOPED)] is included, which is a similar structure but
with different lattice parameter.

» We use “P” to a indicate positive state of charge (plus) and “M” to indicate a negative state
of charge (minus).

= The symbol of phosphorous in DADOS is “Ph” instead of the traditional “P” because this
one is used to indicate positive state of charge.

= DADOS does not describe the microscopic configuration. For instance, a pair boron plus
interstitial is the same for DADOS than a boron atom in interstitial position; in both
configurations, there is a boron atom plus an extra atom.

C.2 Defects

DADOS uses these kinds of defects for simulations:

= Amorphous.

105
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» Amorphous pockets (AmorphousPockets).
» Complexes (Complex).

» Dislocation loops (DLoops).

» Interstitials in {311} (I311).

= Platelets [TO BE DEVELOPED].

» Point defects (PointD).

» Silicon interface (Silnterface).

» Supersaturation (SuperSat).

= Voids.

Supersaturation is not a defect but are included here for an easier handling and visualization.

DADOS distinguishes between events and interactions for simulating;:

Events happen by themselves, with a frequency that depends on the temperature. For example:
point defects jumps.

Interactions are related with capture distance. As we will see later, the only mobile defects
implemented in DADOS are point defects, and therefore the interactions are going to take
place between (mobile) point defects and any other defect. For example: clusters growth.
Interactions occur in DADOS depending on:

= Whether or not the interaction is allowed,

= involved barrier energies,

= charge states.

To clarify ideas, emissions are always events whereas captures are always interactions. Events
Particles in DADOS are always associated to defects, which are the ones used to create events.

The events are shown in the messages window, as we can see in the figure C.1. These events
are basically associated to jumps, because these are the most frequent ones.

Simulation 18:07:03: Time [2) =0.15951673, Temp. [C] = 26.85, Events = 1468

Sirmulation 18:07:04: Time (5] =0.20023437. Temp. [C] = 26.85, Events = 1565, 97 Events/s.
Sirnulation 18:07:04: Time [2) =0.25210413, Temp. [C) = 26.85, Eventz = 1690

Sirnulation 18:07:04: Time [2] =0.31710032, Temp. [C] = 26.85, Events = 2132

Sirmulation 18:07:04; Time [2) =0.39839533, Temp. [C] = 26.85, Events = 2252

Sirnulation 18:07:04: Time [2] =0.50168725, Temp. [C) = 26.85, Eventz = 2480

Simulation 18:07:04: Time [2) =0.63114262, Temp. [C] = 26.85, Events = 2583

Sirmulation 18:07:05; Time [] =0.73002835, Temp. (C] = 26.85, Events = 3043, 460 Events/s.

Figure C.1: Events in the messages window

All implemented defects are neutral except, in some cases, point defects.
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C.2.1 Amorphous

Description

Amorphous silicon.

Particles involved

None.

Events allowed

= Recrystallization.

Interactions allowed

None.

Related DADOS mechanisms

= Amorphization.
= Recrystallization.

= Trapping.

Comments

1. It is important to make the difference between amorphous as a defect and amorphous box.
The latter is a box whose concentration of native defects is above a certain threshold. But

amorphous is also one of these defects that belongs to an amorphous box.

2. When a dopant is in an amorphous box, it is not considered to belong to the amorphous
defect but is considered to be a new point defect to whose name is added "AmorphousSi",

e.g. "BAmorphousSi". We call this "impurities in other structures".

3. Both interstitials and vacancies are used for visualization, but they are not actually amor-
phous particles. Amorphous boxes contribute to the interstitials and vacancies profiles with

concentration values similar to the amorphization threshold.

4. Internally, DADOS keeps the balance of I-V particles.

5. Amorphous regions are formed from amorphous pockets, and they are silicon with a high

density of interstitials and vacancies.
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6. Amorphous regions can capture amorphous pockets and point defects but they do not go
inside, as migration prefactor for these particles in amorphous regions is set to zero. They
keep trapped in the surface and they can be emitted afterwards.

C.2.2 AmorphousPockets

Description

Amorphous pocket: Initial damage structure, with interstitials and/or vacancies in an irreg-
ular shape.

Particles involved

Single neutral native defects.

Events allowed

= [V recombination, i.e. shrinkage.
= Neutral interstitials emission.

s Neutral vacancies emission.

Interactions allowed

= [ capture, but only if:

e Captured I is neutral or,

e captured I is charged but the amorphous pocket contains one or more vacancies.
= V capture, but only if:

e Captured V is neutral or,

e Captured V is charged but the amorphous pocket contains one or more interstitials.
= Bi capture, but only if:

e Amorphous pocket contains one or more interstitials and one or more vacancies.

Related DADOS mechanisms

= Amorphization.

= Amorphous pockets to 1311 transformation.
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= Amorphous pockets to voids transformation.
= Captures.
= Emissions from defects.

= Shrinkage.

Comments

1. Small and irregularly shaped I clusters or V clusters are regarded as a particular case of
amorphous pockets with only one type of particles.

2. Amorphous pockets can shrink due to emissions and recombinations. However, although
both effects are implemented in DADOS, the latter is more important, as its frequency is
much higher.

3. Particles in amorphous pockets are immobile.
4. Obviously, emission of interstitials or vacancies is allowed only if there are any.

5. Let’s suppose some cases:

Im+ 1 I (C.1)

This reaction is allowed in both directions as DADOS implements both emission and cap-
ture of neutral particles. However, it is not allowed the emission nor capture of charged
particles. If this phenomena were implemented, then emission frequency would depend on
Fermi level. What DADOS does is to maintain this rate constant and include the charges
effects in charge update handling.

Vi +1 o InaVy m>0,n>0 (C.2)

This reaction is allowed in both directions but the the reverse one («+) is not frequent due
to the shrinkage occurs before more likely.

IV, + I(Q) - m+1Vn +q (03)

[{Pw}]

q” represents the charge. This reaction is only allowed in the forward direction. In DADOS,
it is not allowed the emission of charged particles. If this phenomenon was implemented,
then emission frequency would depend on Fermi level. What DADOS does is to maintain
this rate constant and the charges effects are included in charge update handling.

6. Let’s suppose some cases:

This reaction is allowed in both directions as DADOS implements both emission and cap-
ture of neutral particles. However, it is not allowed the emission nor capture of charged
particles. If this phenomena were implemented, then emission frequency would depend on
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10.

11.

Fermi level. What DADOS does is to maintain this rate constant and include the charges
effects in charge update handling.

L,Vy+V < L,Vair n>0, m>0 (C.5)

This reaction is allowed in both directions but the the reverse one («+) is not frequent due
to the shrinkage occurs before more likely.

IV + V(q) = InVae1 +4 (C.6)

[P

q” represents the charge. This reaction is only allowed in the forward direction. In DADOS,
it is not allowed the emission of charged particles. If this phenomenon was implemented,
then emission frequency would depend on Fermi level. What DADOS does is to maintain
this rate constant and the charges effects are included in charge update handling.

In order to simulate the immobilization of B;s by amorphous pockets, we assume the
following reaction:

Bi+ InVi, — BI + Iy_1V,, (C.7)

We assume that the interaction of B;s with an amorphous pocket with only one type of
particle (I, or V;,) is not allowed because there is no evidence that boron activation in
vacancy clusters or boron pile-up in interstitial clusters is observed experimentally.

With reasonable values of binding energy (FEjp), the rate of the mechanism V;, — V41 + 1
or I, — I,+1 4+ V is negligible. Therefore, this event is not implemented. WARNING: If
binding energy is higher (or much higher) than formation energy, the simulation can give

inaccurate results as the suppositions are not true.

The trasformation from an amorphous pocket with only one type of particle to either a
1311 or a void is a particular type of event, depending on the temperature.

Amorphous pockets accumulation generates amorphous regions.

Amorphous pockets are considered to be electrically neutral.

C.2.3 Complex

Description

Binary complex, i.e., clusters of impurities (dopants) and interstitials or vacancies.

Implemented types: 1, B, I;Chn, VinAsn, VinOn, Vi Fr, Vin Phy. “n” and “m” are the number
of particles of each type. “m” can be zero, therefore impurities clusters are included here.
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Particles involved

Two types of particles:

Back particles. Single neutral “native defects”.

Front particles. Single impurities.

Events allowed

= Back particle emission: emits a back particle.
= Front particle emission:
e Mobile particles are emitted as single particles (e.g. fluorine).

EVy — ViuFyoy + F (C.8)

e Immobile particles are emitted as a pair, for example:

Byl — By1lpn1+ B;

C.9
As, Vi, — Asy_1Vip—1 + AsV (C-9)

» Complementary particle emission (e.g. V,, As,, — Vip41A4s, + I). This event is a general-
ization of Frank-Turnbull mechanism.

Interactions allowed

= Neutral point defect capture,

e with growth (e.g. V,Asp, +V — V,, Asg1) or,

e with recombination (e.g. V;,As;, + As; — Vi—1ASm41)-

» Binary complex capture (e.g. V,Asy, + AsV — V11 ASm+1).

Related DADOS mechanisms

= Captures.
= Complementary particle emission.
= Complex implementation.

= Emissions.
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Comments

1. Emitted particles are neutral and, consequently, the reverse processes of these (interactions)
are only allowed with neutral point defects, in order to maintain microscopic reversibility.

2. Complementary particle emission is implemented here and not in amorphous pockets be-
cause in complexes it is much more frequent. Notice that in some particular cases, due to
the binary complex energies, this process could be frequent; therefore, in this case, it would
not be consistent to allow recombination with charged native point defects.

3. Here, interactions are the reverse processes to events.

4. Recombination is immediate as, in DADOS, activation energy for complex shrinkage is
assumed to be zero.

5. Binary complexes are considered to be neutral and they are responsible for electrical deac-
tivation of some dopants (such as boron or arsenic).

6. Binary complexes dissolution implies an electrical reactivation.

7. Particles in binary complexes are immobile.

C.2.4 DLoops

Description

Dislocation loop: Planar extended defect of interstitials in {111} orientations.

Particles involved

Neutral interstitials.

Events allowed

= Neutral interstitials emission.

Interactions allowed

= Captures of:

e Neutral interstitials.

e Interstitial boron.
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Related DADOS mechanisms

= Captures.

= DLoops implementation.

1311 to dislocation loops transformation.
= Pile-up.
Comments

1. Perfect dislocation loops are not implemented in the current version of DADOS.

2. Neutral vacancies emission and captures are not implemented yet. [TO BE DEVELOPED|
3. Interactions for dislocation loops are the reverse process of neutral interstitials emission.
4. Particles in dislocation loops are immobile.

5. In the current version of DADOS, dislocation loops in DADOS are formed from I311.

C.2.5 1311

Description

Extended defect (cluster) of neutral interstitials in {311} orientations.

Particles involved

Neutral interstitials.

Events allowed

= Neutral interstitial emission.

» Transformation into a dislocation loop (large 1311s).
Interactions allowed

» Neutral interstitial capture (growth).
= V capture and recombination.

= Capture of some types of dopants, although only indium is implemented.
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Related DADOS mechanisms

= Amorphous pockets to 1311 transformation.
= Captures.

= Emissions.

= [311 implementation.

= [311 to dislocation loops transformation.

= Pile-up.

Comments

1. Particles in I311 clusters are immobile.

2. Recombination is immediate, as in DADOS, activation energy for shrinkage is assumed to
be zero. Captures and recombination with charged vacancies is allowed as vacancy emission
from I,,, structures is going to be very unlikely.

3. When a mobile Indium-vacancy or Indium-interstitial pair meets a 311 cluster, the Indium
atom piles up:
Inig(=)+ Ly — In(—) + L+

InV(=)+ Iy — In(—=) + L1 (C-10)

This way, the indium atom maintains the negative charge. Other dopants in this situation
are NOT observed experimentally.

4. 1311 are normally created from amorphous pockets with only interstitials at high enough
temperature.

C.2.6 Platelet [TO BE DEVELOPED]

Description

Platelet. Extended defect in {100} orientations.

Particles involved

Neutral vacancies and hydrogen.

Events allowed

s H emission.
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Interactions allowed

= H capture.

Comments

1. Particles in platelets are immobile.

2. This defect is under development.

C.2.7 PointD

Description

Native point defects. They can be:

» Native defects, such as interstitials, vacancies, neutral (I, V) or charged (IP, IM, VM, VMM,
VP, VPP).

» Substitutional dopants pairs, such as B; (boron -+ interstitial), AsV (arsenic + vacancy),
etc.

Particles involved

Any particle.

Events allowed

= Migration.
» Break-up (for pairs only):

e Creating an interstitial (e.g. As; — As+1I).
e Creating a vacancy (e.g. Asv — As+ V).

Interactions allowed

= A point defect can interact only with another point defect.

= Please, see DDP file, section PointD Interactions. PointD Interactions are set to be false
by default. To enable one interaction please use the keyword EnableInteraction and
then write the two species to interact, the result of the interaction (AmPock, PointD or
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ImpCluster) and the type of ImpCluster (I or V) or the resulting point defect (none for
AmPock). For instance, if we want to enable the interaction between boron and interstitial
to create an interstitial boron, we should add to DDP file: EnableInteraction I B PointD
Bi.

Related DADOS mechanisms

= Break-up.
= Charge update.

» Particle jumps.

Comments

. All mobile particles are point defects, but not all point defects are mobile. All defects are

implemented in the same way, and for those which are immobile, the prefactor of migration
is set to zero.

Break-up mechanism is always allowed, but the reverse reaction can be canceled if required.
For doing this, please use EnableInteraction keyword in the DDP file.

DADOS permits the reactions that keep the charge state. That means:

» All the recombinations are allowed.

= Non-recombination reactions are allowed only if they keep the charge state.

. It is not recommended to allow a reaction in which the charge is not kept. For instance,

EnableInteraction IP C PointD Ci, because CiP, the hypothetical result, is not imple-
mented, and problems of microscopic reversibility would appear.

Electrical interactions, in DADOS, are implemented by Fermi methods and not by Couloumb
theories. Thus, it is not allowed the interaction of the same electrical type particles in order
to avoid repulsions.

In the Enablelnteraction sentence, we do not specify the charge in the resulting point defect
because DADOS handles it. For instance: EnableInteraction I B PointD Bi, will give as a
result BiM, or Enablelnteraction I AsVM PointD As will give as a results AsP because in
the recombination process it is not necessary to keep the charge.

C.2.8 Silnterface

Description

Silicon interface. Two materials are needed here. One of them must be silicon and the other

can be silicon oxide, silicon nitride or ambient (these are the ones currently implemented in

DADOS).
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Particles involved

Any particle.

Events allowed

= Single neutral native defects emission, but DADOS studies whether the box has or not
amorphized.

= Dopants emission.

Interactions allowed

= Captures of:

e Interstitials.

e Vacancies.

o Interstitial-arsenic.

e Vacancy-arsenic.

e Interstitial-boron.

e Interstitial-carbon.

e Fluorine.

e Interstitial-phosphorous.

e Vacancy-phosphorous.

Related DADOS mechanisms

= Captures.
= Segregation.

= Trapping.

Related physical magnitudes

= Recombination length.

= Solubility.
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Comments

1. Events are the reverse processes of captures.

2. Amorphous silicon is not managed as an interface because it doesn’t trap nor emit inter-
stitials or vacancies (at least not in the same way as others).

3. Both interactions and events are only implemented with neutral particles.

4. The probability of capture of interstitials and vacancies is controlled by the recombination
length, defined in the DDP file by the parameter RecLnm.

5. The emission rate for interstitials and vacancies can be set different from the equilibrium
one by using the command SuperSat.

6. No interfaces are considered at the border between silicon and silicon-germanium or silicon-
germanium and silicon-germanium (alloys). [TO BE DEVELOPED]|

7. Silicon interface acts as an interstitial and vacancy sink.

C.2.9 SuperSat

See supersaturation in chapter F.

Comments

1. Supersaturation is included here to help visualization. After choosing the particle (inter-
stitials or vacancies), you are allowed to choose the SuperSat option in defects.

C.2.10 Voids

Description

Voids. Rounded extended defects (clusters) of neutral vacancies.

Particles involved

Neutral vacancies.

Events allowed

s Neutral vacancies emission.

» Neutral interstitials emission. [TO BE DEVELOPED)]
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Interactions allowed

» Neutral vacancies capture (growth).

= Interstitials capture and recombination.

Related DADOS mechanisms

= Amorphous pockets to voids transformation.
= Captures.
= Bmissions.

= Voids implementation.

Comments

1. Recombination is immediate, as in DADOS, activation energy for void shinkage is assumed
to be zero.

2. Particles in voids are immobile.
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Table C.1: Particles in DADOS

DADOS name Definition Material
Single neutral “native defects

I Neutral interstitial Silicon

A% Neutral vacancy Silicon

Charged “native defects

IP Positive interstitial Silicon

IM Negative interstitial Silicon

VP Positive vacancy Silicon

VPP Doubly positive vacancy Silicon

VM Negative vacancy Silicon

VMM Doubly negative vacancy Silicon

Single impurities

O Oxygen Silicon

C Carbon Silicon

B Negative boron Silicon

F Fluorine Silicon

H Hydrogen Silicon

In Negative indium Silicon

As Positive arsenic Silicon

Ph Positive phosphorous Silicon

Sb Positive antimony Silicon
Impurity-“native defect” pairs

Ci Interstitial-carbon Silicon

Bi Neutral interstitial-boron Silicon

BiP Positive interstitial-boron Silicon

BiM Negative interstitial-boron Silicon

InV Neutral vacancy-indium Silicon

InVM Negative vacancy-indium Silicon

Ini Neutral interstitial-indium Silicon

IniM Negative interstitial-indium Silicon

AsV Neutral vacancy-arsenic Silicon

AsVP Positive vacancy-arsenic Silicon

AsVM Negative vacancy-arsenic Silicon

Asi Neutral interstitial-arsenic Silicon

AsiP Positive interstitial-arsenic Silicon

PhV Neutral vacancy-phosphorous Silicon

PhVP Positive vacancy-phosphorous Silicon

PhVM Negative vacancy-phosphorous Silicon

Phi Neutral interstitial-phosphorous  Silicon

PhiP Positive interstitial-phosphorous Silicon
Impurities in other structures

AsAmorphousSi  Arsenic in amorphous Amorphous silicon

AsNitride Arsenic in nitride Silicon nitride

AsOxide Arsenic in oxide Silicon oxide

BAmorphousSi ~ Boron in amorphous Amorphous silicon

BNitride Boron in nitride Silicon nitride

BOxide Boron in oxide Silicon oxide

PhAmorphousSi  Phosphorous in amorphous Amorphous silicon

PhNitride Phosphorous in nitride Silicon nitride

PhOxide Phosphorous in oxide Silicon oxide
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UVAS Help (IV): Viewing results

D.1 Data structure

At certain moments during the simulation, UVAS collects all the information about it and
saves it. This is called a snapshot. Data structure are then build by snapshots, which can be
seen as vector elements. See figure D.1.

t=t1 Snapshot 1

Atomic Configuration
Profile Points
t=12 — Dopants
RiEAhok? Cluster Histogram
Amorphous Pockets Histogram

()

t=tN Snapshot N

Figure D.1: Snapshots

In each snapshot, you can find a lot of information about the current simulation. These data
include:

Time in seconds.

Number of events occurred.

Temperature in centigrade degrees.

SheetRho in ohms.

Atomic configuration: including information listed:

» Coordinates (z,v, z): Positions where an element (defect point, dopant,...) is found.

121
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= Particle type.

Dopant type.

Defect type.
= Defect size.

Profile points. A plot of profiles along the x axis. The number of points shown is defined by
the command Set_Output_Options. Some data are shown here:

= x: Depth.

» Electrons and holes per cm™3.

= Conduct and valence band energies in V.

= Biaxial strain: Lattice parameter deviation from the silicon standard.
= Ge fraction.
= Ge per cm ™3,

» Average concentration: Concentration of mobile particles (interstitials and vacancies,
either single or associated with a dopant). As it is difficult to get these particles in
each snapshot, UVAS counts the hops in order to achieve an accurate approach, i.e.
a time integration is carried out.

= Instantaneous concentration of different particle types: Concentration of immobile
particles.

= Total number of particle types. The sum of the last two parameters.
Dopants XY. Dopants concentration distribution in XY plane, including information listed:

s Position in the simulation box.

= Defect type: See defects.
Extended defect histogram gives full information about I or V clusters.

Amorphous pockets histogram (structure) provides with information about the number
of interstitials and vacancies in amorphous pockets and its concentration.

Amorphous pockets histogram (min(I,V)) gives the concentration of the minimum num-
ber of interstitials and vacancies in amorphous pockets.

Amorphous pockets histogram (I4V) gives the concentration of the total number of inter-
stitials and vacancies in amorphous pockets.

Binary complex map collects information about binary complexes during process, such as
interstitials with B or C, or vacancies with As, F, O or P.

Bulk shows the concentration of amorphous regions, amorphous pockets, complexes, dislocation
loops, 311 clusters, platelets, point defects, Si interfaces, interstitial supersaturation and
voids in the bulk.

Interface stores the number of particles in the interface between material 0 and material 1.

Data structure can be acceded through Data browser in UVAS interface. See figure D.2.
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Figure D.2: UVAS data structure

D.2 Extracting and viewing results

When a simulation has started, data structure is created and is being filled with information
from the current simulation. Remembering the data structure, we can work with it as elements
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of a vector. Each element is a snapshot, and each snapshot has a lot of information, some of
them can be seen as new vectors.

Two ways are available to see simulation results: text and graphic mode.

D.2.1 Text mode

Use Data browser in order to access data values. First of all, please click on “Snapshots”
in the results tree. By using the vector treatment section, you can choose the snapshot whose

information you want to access to. In the example shown in figure D.3, simulation has yielded 9
snapshots.

Output D ata
= m Simulation A

2

Data value

9 elements

5 Events
1.3 Temp ()
1.3 SheetRho

= 'E <AtomCaonfigr

13«

13y

13 -

@ Particle type
| ey S R

<. r
%—Snapshotw
R Al values
R EIREE (v | ast value
i | Index|
Clear k

Figure D.3: Accessing snapshots

Once selected, you can click on any element of the snapshot. Please notice that some elements
can be vectors, in whose case, this symbol will appear: "E. In this case, you can select new elements
from these vectors, in an iterative way (see figure D.4

~—

D.2.2 Graphic mode

Most of times, it is much better to see graphics in order to analyse the results. Every ele-

ment from data structure can be graphically represented. Basically, two types of graphics are
implemented in UVAS:

2D Graphs. Used for representing profiles in one dimension (depth, x), concentrations versus
time, etc.

3D Graphs. Used for representing atomic profiles.
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Figure D.4: Vectors treatment

D.2.3 Transferring data into a file

Sometimes, it might be useful to have the results of a simulation in a text file. For doing this

(see figure D.5):

1. Click on the series to save in the Series Selector.

2. Click on “» Graph” in the Data Printer. You will see the series title in the box next to the

button.

3. Click on “Print” and you will get the results in a text mode.

4. Select all the text by right clicking and copy it into a file.

“Clear” button is used to erase the content shown in the box whereas “Remove” eliminates

the series in the Data Printer.

D.3 2D Graphs

2D graphs UVAS implementation has an appearance as shown in the figure D.6.

XY coordinates change automatically only my moving the mouse course onto the graph area.

Subwindows appear by double-clicking on the indicated areas of the 2D graph window.

Title options. Both title and font size can be changed.

Legend properties. Items:

= Margin.
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Figure D.5: Transferring data into a file

» Text: Size of text.

= Number of symbols: Number of symbols in the legend. They represent values from

simulation in the graph.

Axis options. Valid for both abscissa and ordinate axis. Items:

s Title.

= Axis values: You can limit the axis values and setting tics for it. Log scale and grid
are also available in UVAS.

Series selector. This is the most important part of UVAS graphics. Here is where UVAS is
indicated what to draw. In terms of appearance, you can set here the title for each series,

and the symbols and sizes employed.

If you right click on the draw area (see figure D.7), you will find interesting options:

Autoscale. Automatically adjusts axis to their minimum and maximum values.

Series. .. Opens series selector.

Export... Creates files with different formats (GIF, PNG, EPS,...).
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Figure D.6: 2D graph options
D.4 3D Graphs

3D graphs in UVAS is basically used to plot atomic configuration in the simulation box. Its
general appearance is shown in the figure D.8.
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Figure D.7: 2D graph
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Figure D.8: 3D graph

As can be seen, only interesting elements are plotted (point defects, dopants,...) according
to atomistic simulation principles. Coordinates are shown by both angles on the top left corner
and by cartesian axis on the top right. If you click on the draw area and keep pushed, you can
move the box and therefore change the angle of view.

Many of the available options are the same as in 2D Graphs. By right clicking, a sub-menu
with the following options can be accessed:

Series. .. Opens series selector.
Miller indices. Changes Miller indices.
View... Items:

= Bigger and Smaller: Changes the size of the box.
» Fix in window: It is the autoscale option.
= External viewer.
Export. .. Creates files with different formats (GIF, PNG, EPS,...). One of the most useful

one is the XYZ format, because it generates a file which can be opened with RasMol. Figure
D.9 shows an example of this.
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Figure D.9: XYZ format

D.5 Plotting data

For all cases, please create a new 2D or 3D graph, as required. After that, open the results
tree and double click on the draw area in order to open Series Selector. See figure D.10.

You can use all the graphs you want and save them. For doing this, click on View -> Save
graphics. A GPH file will be created, that can be opened for other simulations (it is not com-
pulsory to use it with the same type of simulation as this file does only work with the data
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Figure D.10: Creating a new 2D graph

structure, but not with specific scripts).

You only need to know what you want to plot. Remember data and snapshots structures.

[y R [T

Choose parameters to be shown in the Data Browser and, when selected, click on “x”, “y” or “z
in the Series Selector. Let “s see some examples.

D.5.1 Plotting the number of electrons or holes versus depth

A new 2D graph is required for this.
1. Select <Snapshots> item in the Data browser and then click on “Last Value”. We are going
to plot only the last snapshot, corresponding to the last simulated time.

2. Open <ProfilePoints> and select “All Values”, because we want to see all the information
from the last snapshot.

3. Select “x” and click on “x” in the Series Selector.
4. Do the same with “Electrons/cm3” and “y”.

5. Click on “Update”.
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This method is also valid to plot conduction band, valence band, biaxial strain, Ge fraction
and Ge concentration. See figure D.11 as example.
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Figure D.11: Plotting the number of electrons or holes versus depth

D.5.2 Plotting the concentration of an immobile type of particle
versus depth

A new 2D graph is required for this.

1. Select <Snapshots> item in the Data browser and then click on “Last Value”. We are going
to plot only the last snapshot, corresponding to the last simulated time.

2. Open <ProfilePoints> and select “All Values”, because we want to see all the information
from the last snapshot.

3. Select “x” and click on ‘“x” in the Series Selector.

4. Click on “Instant.Conc.<P_type>" and select “Index”, where you will be able to choose
the type of particle (I, V, dopants,. .. ).

5. Do the same for <Defect type> and choose the state of the particle (point defect, amor-
phous,. .. ). Remember you will get plotted here only immobile particles, such as I or V in
clusters, amorphous pockets, substitutional dopants,. ..

6. Click on “y” while “Profile” is selected and update the graph.

See figure D.12 as example.
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Figure D.12: Plotting the concentration of an immobile type of particle versus depth

D.5.3 Plotting the concentration of a mobile type of particle versus
depth

A new 2D graph is required for this.

. Select <Snapshots> item in the Data browser and then click on “Last Value”. We are going

to plot only the last snapshot, corresponding to the last simulated time.
Open <ProfilePoints> and select “All Values”, because we want to see all the information
from the last snapshot.

Select “x” and click on “x” in the Series Selector.

Click on “Average Conc.<P _type>" and select “Index”, where you will be able to choose
the type of particle (I, V, dopants,...). Remember you will get plotted here only mobile
particles, such as free I or V, interstitial dopants,. ..

Click on “y” while “Particles/cm3” is selected and update the graph.

See figure D.13 as example.

Notice that the concentration here is much lower than in the case of immobile particles, in

agreement with theoretical results.

The last option in <ProfilePoints> is “Total: <Particle Type>" which is obviously used to

plot both mobile and immobile particles. The algorithm followed to do it is exactly the same
than for plotting mobile particles.
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Figure D.13: Plotting the concentration of a mobile type of particle versus depth

D.5.4 Plotting the concentration of a type of particle versus time

A new 2D graph is required for this.

1. Select <Snapshots> item in the Data browser and then click on “All Values”. We are going
to plot all the snapshots, as we want to see the entire simulation.

2. While “Time” item selected, click on “x” in Series selector.

3. Open <ProfilePoints>, select “Index”, and choose the type of particle. If you want to plot
inmobile particles, do exactly the same for “Instant.Conc.<P _type>" and finally, choose
the state of the particle from the “Index” item in <Defect type>. If you want to plot mobile
particles, do the same for “Average Conc.<P_type>".

4. Click on “y” while Profile is selected and update the graph.

See figure D.14 as example.
D.5.5 Plotting the concentration of a type of particle versus tem-
perature

Plotting a concentration versus temperature is similar to the plot versus time. Let’s give an
example with the number of electrons. A new 2D graph is required for this.
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. While “Electrons/cm3” item selected, click on “y
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Figure D.14: Plotting the concentration of a type of particle versus time

Select <Snapshots> item in the Data browser and then click on “All Values”. We are going
to plot all the snapshots, as we want to see the entire simulation.

. While “Temperature” item selected, click on “x” in Series selector.

Open <ProfilePoints> and select “Last Value”.

[}

in Series selector.

Click on “Update”.

See figure D.15 as example.

D.5.6 Plotting the atomic configuration

A new 3D graph is required for this.

Select <Snapshots> item in the Data browser and then click on “All Values”. We are going
to plot all the snapshots, as we want to see the entire simulation.

Open <AtomConfig> and select “All Values”, because we want to see all the information
from the last snapshot.

. While selected <AtomConfig>>, click on “x” and the three dimensions will be automatically

set in the Series Selector.
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Figure D.15: Plotting the concentration of a type of particle versus temperature

4. Click “Update” to plot.

See figure D.16 as example.
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Figure D.16: Plotting the atomic configuration (I)
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If we uncheck the “Fixed” option, UVAS will draw with different colors according to the type
of particle (see figure D.17).
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Figure D.17: Plotting the atomic configuration (II)

D.5.7 Plotting only some structures from the atomic configuration

Let’s supposse we have an atomic configuration plotted on a 3D graph. Series selector provides
with a tool for selecting only some particles to be drawn. First of all, the particle type must
be chosen (I, V, dopants,...), and then, if necessary, a configuration can be, as well, selected
(amorphous, I311,...). UVAS allows to select different conditions in order to provide a wide
range of possibilities, such as plotting only I in 311 (==), everything but I (=), etc. When you
have everything defined, please click on "Update". In the figure D.18, we have plotted arsenic in
any configuration except in amorphous.

Table D.1: Example of selecting atomic configuration
Particle type | == As
Defect type | !'= | Amorphous

D.5.8 Viewing the evolution in different times

This is valid for both 2D and 3D graphs, but not plots versus time obviously.

1. Once plotted, please move up to the last frame.
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Figure D.18: Plotting only some structures from the atomic configuration

2. Select the “Time” item in the results tree and click on the indicated part of the Series

Selector.

3. When moving the bar, graph will be automatically updated. Notice that now, in the box
next to this bar, the time will be shown.

See figure D.19 as example.

D.5.9 Plotting amorphous pockets histograms (1): 14V or min(1,V)

Use this solution in order to plot the number of I+V or min(I,V) versus depth. A new 2D

graph is required for this.

1. Select <Snapshots> item in the Data browser and then click on “Last Value”. We are going
to plot only the last snapshot, corresponding to the last simulated time.

2. Open “AmPock histo” (the one you prefer, <minIV> or <IplusV>) and select “All Values”,
because we want to see all the information from the last snapshot.

3. While selected “Particles/cm3”, click on “y” in the Series Selector.

4. Click “Update” to plot.

See figure D.20 as example.
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Figure D.20: Plotting amorphous pockets histograms (I): I+V

D.5.10 Plotting amorphous pockets histograms (I1): | and V con-
tained

Use this solution in order to plot the number of I and V contained in the amorphous pockets.
A new 2D graph is required for this.
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1. Select <Snapshots> item in the Data browser and then click on “Last Value”. We are going
to plot only the last snapshot, corresponding to the last simulated time.

2. Open “AmPock histo: <Struct>" and select “All Values”, because we want to see all the
information from the last snapshot.

3. While selected “number of I”, click on “x” in the Series Selector.
4. Do the same for “number of V” and “y”, and for “Particles/cm3” and “z”.

5. In the Series Selector, use “Rectangle” as a symbol with a big size in order to get an
homogeneous result.

6. Uncheck the “Fixed” option and click on “From” button. Automatically, “Particles/cm3”
will appear in the box on the right. This means we are going to use a range of colors to
plot the different amount of amorphous pockets of each size.

7. Now, we have to define the limits: the lower is usually zero, and the top level is normally
set to a value a bit higher than the highest in the results vector, which can be seen in the
Data viewer by clicking on “Particles/cm3”. For very large spans, it is highly recommended
to check the option “Log color”.

As we can see in the picture below, the plot shows the different amount of amorphous pockets
in the simulation. Abscissa axis indicates the number of interstitials, while ordinates axis is used
for the number of vacancies. Actually, it is a 3D plot in which the third coordinate is plotted by
means of colors.

See figure D.21 as example.
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Figure D.21: Plotting amorphous pockets histograms (II): I and V contained
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D.5.11 Plotting binary complex maps

Use this solution in order to plot the number of particles contained in binary complexes. A
new 2D graph is required for this.

1. Select <Snapshots> item in the Data browser and then click on “Last Value”. We are going
to plot only the last snapshot, corresponding to the last simulated time.

2. Open <BinComplexMap> and select “All Values”, because we want to see all the informa-
tion from the last snapshot.

3. While selected “n”, click on “x” in the Series Selector.
4. Do the same for “m” and “y”.

5. Open <Type> and and choose one of the available options for binary complexes: I,By,,
I.Cm, VaAsm, ViOun, VoFun, Vipm. Index “n” represents the number of native defects in
the complex and index “m” represents the number of dopants in the complex.

6. While selected “# of defects” in the Data browser, uncheck the “Fixed” option and click
on “From” button. Automatically, “# of defects” will appear in the box on the right. This
means we are going to use a range of colors to plot the different amount of amorphous
pockets of each size.

7. Now, we have to define the limits: the lower is usually zero, and the top level is normally
set to a value a bit higher than the highest in the results vector, which can be seen in the
Data viewer by clicking on “Particles/cm3”. For very large spans, it is highly recommended
to check the option “Log color”.

As we can see in the picture D.22, the plot shows the different amount of binary complexes
in the simulation. Abscissa axis indicates the number of interstitials, while ordinate axis is used
for the number of dopants. UVAS limits both “n” and “m” with a maximum of 9 each one.

D.5.12 Plotting a particular binary complex versus time

Remember how to plot binary complex maps. Index “n” is used by UVAS to represent number
of I or V and index “m” was employed for number of dopants. If we want to represent the number
of a binary complex, such as V,Asy,, we have to represent it just by indicating subindex “nm”.
For example, for ViAss, set index "12".

A new 2D graph is required for this.

1. Select <Snapshots> item in the Data browser and then click on “All Values”. We are going
to plot all the snapshots, as we want to see the entire simulation.

2. While “Time” item selected, click on “x” in Series selector.

3. Open <BinComplexMap>, select “Index”, and choose the index correspondent to the binary
complex you want to plot.
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4. Click on “Type” and choose the generic binary complex.

Figure D.22: Plotting binary complex maps

5. Click on “y” while “# of defects” is selected and update the graph.

See figure D.23 as ex

ample.

D.5.13 Plotting dopants histograms

Use this solution in order to plot the concentration of dopants contained in a projection over
the XY plane. A new 2D graph is required for this.

1. Select <Snapshots> item in the Data browser and then click on “Last Value”. We are going
to plot only the last snapshot, corresponding to the last simulated time.

2. Open <DopantsXY> and select “All Values”, because we want to see all the information
from the last snapshot.

3. While selected “x”, click on “x” in the Series Selector.

4. Do the same for “y” and “y”.
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Figure D.23: Plotting a particular binary complex versus time

5. In the “Dopants” section, select the dopant from the “Index” part. Select also the “Defect
type”, which can be Complex or PointD.

6. While selected “Dopants/cm3”, select “z” in the Series Selector.

7. In the Series Selector, use “Rectangle” as a symbol with a big size in order to get an
homogeneous result.

8. Uncheck the “Fixed” option and click on “From” button. Automatically, “Dopants/cm3”
will appear in the box on the right. This means we are going to use a range of colors to
plot the different concentration of dopant in each position.

9. Now, we have to define the limits: the lower is usually zero, and the top level is normally
set to a value a bit higher than the highest in the results vector, which can be seen in the
Data viewer by clicking on “Dopants/cm3”. For very large spans, it is highly recommended
to check the option “Log color”.

As we can see in the picture D.24, the plot shows the different concentration of dopant.
Abscissas axis indicates the X, while ordinates axis is used for the Y. Actually, it is a 3D plot in
which the third coordinate is plotted by means of colors.

D.5.14 Plotting more than one graph in the same draw area

Obviously, you are only allowed to plot more than one graphs in the same draw area if
abscissas are the same.
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Figure D.24: Plotting dopants histograms

1. Create a new series in the Series Selector by clicking in “New”.

2. Do the same as for plotting the former.

3. Use this way to plot as many data as required.

See figure D.25 as example.
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Figure D.25: Plotting more than one graph in the same draw area
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UVAS Help (V): Input physical
parameters

E.1 Input physical parameters

Input parameters file is the file used to store all the parameters used in simulations. When
a simulation is run, UVAS asks for a DDP file, whose name is usually dados.ddp but it can be
whatever.

In the following sections, an interrogation mark (?) is used to stand for a particle. For instance,
Eb_7 is the binding energy for particle “?”, such as Eb_Ci (binding energy for interstitial-carbon).

E.2 DDP file

This is a file where UVAS reads the physical parameters for the simulation.

DDP file has key words representing parameters and its values. These words can be:
Single. One key word plus the parameter value. For instance: En_C 5 (the migration energy for
carbon is 5 eV).
Compound. One key word plus another value indicating a particle plus the parameter value.

For instance: DO_ClusterProp V 10 (this prefactor for vacancies clusters is 10 cm?/s).

Also, some parameters for clusters and complexes are defined with different values depending
on the size.

E.2.1 dados.ddp

145
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(GLOBAL OPTIONS)

randomSeed 1 (int from 1 to 31327)

BitsBoxes 19 (max. number of boxes = 2~bitsbxs)

ChargeVarPercent 0.20 (maximum relative error allowed in Fermi level updates)

InitOutputTime 1.0 s

DebugFlag 4 (0:Normal, no debug; 1:No interactions between particles; 2: IntrinsicFermi
level; 3:MBstatistics; 4: extended defects periodic in YZ, but diffusion jumps always
mirror)

T-ramps: intervals from T-high are pow(dTBase,nInit+n) up to their max. (dTLimit)

dTBase 2.0 (>1.)
nInit 1 (int)
dTLimit 20.0 degrees

(POINT DEFECTS)

(Interstitial and Vacancy thermal generation)
COrelEq_I le4 (adim.) Eform_I 4.0 (eV)
COrelEq_V 1300 (adim.) Eform_V 3.8 (eV)

(Single Point Defects: migration)
Dm_V 1.e-3 (cm2/s) Em.V 0.4 (eV)

Dm_I be-2 Em_I 0.8
Dm_0 0.13 Em_0 2.53
Dm_C O. Em_C 5.

Dm_B O. Em_B 5.

Dm_F be-3 Em_F .8

Dm_H 1e-3 Em H 1.1 (??)
Dm_In O. Em_In 5.

Dm_As O. Em_As 5.

Dm_Ph O. Em_Ph 5.

Dm_Sb O. Em_Sb 5.

(Charged Single Point Defects V-, V--, V+, V++, I-, I+: migration)

Dm_VM 1.e-3 (cm2/s) Em_VM 0.4 (eV)
Dm_VMM 1.e-3 (cm2/s) Em_VMM 0.5 (eV)
Dm_VP 1.e-3 (cm2/s) Em_VP 0.6 (eV)
Dm_VPP 1.e-3 (cm2/s) Em_VPP 0.8 (eV)
Dm_IM b5e-2 Em_IM 0.8
Dm_IP 5e-2 Em_IP 0.8
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(Ci atom)

Dm_Ci 1.e-3 (cm2/s) Em_Ci 0

Db_Ci 2.5 (cm2/s) Eb_Ci 1.

(Bi- atom)

Dm_BiM 1.e-3 (cm2/s)

Db_BiM 0.9 (cm2/s)
(Bi atom)

Dm_Bi 1.e-3 (cm2/s)
(Bi+ atom)

Dm_BiP 1.e-3 (cm2/s)
(InV- Pair)

Dm_InVM O. (cm2/s)

Db_InVM 1.5e-3 (cm2/s)

(InV Pair)
Dm_InV O. (cm2/s)

(Ini- atom)
Dm_IniM 2. (cm2/s)
Db_IniM 0 (cm2/s)

(Ini atom)
Dm_Ini 1.6e-6 (cm2/s)

(AsV+ Pair)
Dm_AsVP 1.5e-4 (cm2/s)
Db_AsVP 1le-3 (cm2/s)

(Arsenic-Vacancy Pair)
Dm_AsV 1.5e-4 (cm2/s)

(AsV- Pair)
Dm_AsVM 1.5e-4 (cm2/s)

(Asi+ atom)
Dm_AsiP 4e-2 (cm2/s)
Db_AsiP 5e-2 (cm2/s)

(Asi atom)
Dm_Asi 4e-2 (cm2/s)

(PhV+ Pair)
Dm_PhVP 0. (cm2/s)
Db_PhVP 5.e-3 (cm2/s)

Em_Bi

Em_BiM O.
Eb_BiM O

o

Em_BiP 1

Em_InVM
Eb_InVM

Em_InV

Em_IniM
Eb_IniM

Em_Ini

Em_AsVP
Eb_AsVP

Em_AsV

Em_AsVM

Em_AsiP
Eb_AsiP

Em_Asi

Em_PhVP
Eb_PhVP

.87 (eV) (migration)
7 (eV) (binding)

3 (eV) (migration)
.25 (eV)

.1 (eV) (migration)

.4 (eV) (migration)

5. (eV) (migration)
1.6 (eV) (binding)

5. (eV) (migration)

(eV) (migration)
(eV) (bind)

= N
0 N

0.9 (eV) (migration)

1.3 (eV) (migration)
1.01 (eV) (binding)

1.3 (eV) (migration)

1.6 (eV) (migration)

1.4 (eV) (migration)
0.3 (eV) (binding)

1.4 (eV) (migration)

5. (eV) (migration)
0.6 (eV) (binding)
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(Phosphorus-Vacancy Pair)
Dm_PhV O.

(PhV- Pair)
Dm_PhVM O.

(Phi+ atom)
Dm_PhiP 2e-4
Db_PhiP 5e-2

(Phi atom)

Dm_Phi

(Point defects.

(cm2/s) Em_PhV 5. (eV) (migration)

(cm2/s) Em_PhVM 5. (eV) (migration)

(cm2/s) Em_PhiP 1.3 (eV) (migration)
(cm2/s) Eb_PhiP 1.5 (eV) (binding)

2e-4 (cm2/s)  Em_Phi 1.3 (eV) (migration)

Electronic levels at T=0, in eV)

e_VMMO 1.06 (Fahey)
e_VMO 0.6 (Fahey)
e_VPO  0.03 (Watkins)
e_VPPO 0.13 (Watkins)
e_.IM0O 1.0 (J.Zhu)
e_IPO 0.35 (Bracht)
e_BiMO 0.8  (Ec-0.37 in agreement with Watkins)
e_BiPO 1.04 (Ec-0.13 in agreement with Watkins)
e_AsVMO 0.77 (Arsenic)
e_AsVPO 0.2  (Arsenic)
e_IniMO 0.6  ?77(Indium)
e_InVMO 0.7  ???(Indium)
e_AsiP0O 0.1
e_PhVMO 0.7 7 (Ec-0.45 after Watkings 7)
e_PhVPO O °7?
e_PhiP0 1.1
(Band gap)
Eg0 1.17 (eV)
Agap 4.73e-4 (eV/K)
Bgap 636. (X)

Nc300 3.2e19 (cm-3)
Nv300 1.8e19 (cm-3)

expNc 1.
expNv 1.

5
5

(Band gap narrowing, Jain & Roulston’s model.
Values, in eV, from Persson et al, JAP 86, 4419 (1999) )

Acnl_4

0

Acnl1_3 -14.84e-3
0.78e-3
Acpl_4 -16.27e-3

Acn1_2

Acpl1_3
Acpl_2

0

-0.18e-3
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Avnl_4 15.08e-3

Avnl_3 0
Avnl_2 0.74e-3
Avpl_4 0

Avpl_3 18.46e-3
Avpl_2 -2.63e-3

(AMORPHIZATION-RECRYSTALLIZATION)

VOrecryst 1.7e8 (cm/s) Erecryst 2.7 (eV) (recryst. velocity)

recrysDepositProb_As 0.3 recrysMaxActive_As 1le21 (cm-3) maxDepositedCxSize_As 4
recrysDepositProb_B 1.0 recrysMaxActive_ B 3.5e20 (cm-3) maxDepositedCxSize B 3
recrysDepositProb_Ph 0.3 recrysMaxActive_Ph le21 (cm-3) maxDepositedCxSize_Ph 3
recrysDepositProb_Sb 0.3 recrysMaxActive_Sb le21 (cm-3) maxDepositedCxSize_Sb 3

inRelDamChange 0.05 (controls the damage update frequency)

AmorphizationThreshold 1.5e22 (I+V / cm3)

MaxIVStorage 1e24 (set it to less than 1e22 for very large simulations
to use less memory)

LatticeCollapse_nm3 40

ExponentAmorphousPocket 1 (prefactor dependence on size)
DOAmorphousPocket 3e-4 (cm2/s)

Eac(minIV) ,NObarrier, maxmergesize=50

piecewise linear interpolation, default=recryst. energy
Eb_AmorphousPocket

1 0.68

80 1.0

235 2.7

-1

(CLUSTERS)
Vacancy Clusters:
DO_ClusterProp V 10 (cm2/s)

Default energies:
Eb_SmallestCluster V 1.5 (eV)
Eb_LargeCluster V 3.7 (eV)
exponent_Cluster V 0.6667

Reassigned energies from Staab et al., PRB 2002
(No voids rippening allowed by the moment)

Eb_Cluster V
2 1.4
3 1.4
4 2.4
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5 3.0
6 3.4
7 0

8 2.4
9 3.4
10 3.4
11 0

12 2.4
13 3.0
14 3.0
15 0

16 0

17 0

-1

(-1 == end of array )
Interstitial Clusters
DO_ClusterProp I 100. (cm2/s)
Default energies:
Eb_SmallestCluster I 2.48 //2.57 (eV)
Eb_LargeCluster I 3.06 //3.34 (eV)
exponent_Cluster I 0.75 //0.9

Reassigned energies (modified Cowern set):

Eb_Cluster I

2 2.45
3 2.45
4 2.62
5 2.53
6 2.7

7 2.36
8 3.156
9 2.63
10 2.58
11 2.83
12 2.92
13 2.823
14 2.823
15 2.824
16 2.824
17 2.825
18 2.825
19 2.825
20 2.826
21 2.826
22 2.827
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23 2.827
24 2.827
25 2.828
26 2.828
27 2.829
28 2.829
29 2.829
30 2.83
31 2.83
32 2.831
33 2.831
34 2.831
35 2.832
36 2.832
37 2.833
38 2.833
39 2.833
40 2.834
41 2.834
42 2.835
43 2.835
44 2.835
45 2.836
46 2.836
47 2.837
48 2.837
49 2.837
50 2.838
51 2.838
52 2.839
53 2.839
54 2.839
55 2.84
56 2.84
57 2.841
58 2.841
59 2.841
60 2.842
61 2.842
62 2.843
63 2.843
64 2.843
65 2.844
66 2.844
67 2.845
68 2.845
69 2.845
70 2.846
71 2.846
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72 2.847
73 2.847
74 2.847
75 2.848
76 2.848
77 2.849
78 2.849
79 2.849
80 2.85
81 2.85
82 2.851
83 2.851
84 2.851
85 2.852
86 2.852
87 2.853
88 2.853
89 2.853
90 2.854
91 2.854
92 2.855
93 2.855
94 2.855
95 2.856
96 2.856
97 2.857
98 2.857
99 2.857
100 2.858
101 2.858
102 2.859
103 2.859

-1
(-1 == end of array )

(THREEONEONES)
MIN311SIZE 33

size0_Clusterto311l 0.3 (prefactor for cluster to 311 transition size)
EClusterto311l 0.35 (eV)(-Eact for cluster to 311 transition size)

(DISLOCATION LOOPS)

Transition size model:
size0_311toDLoop 1.6 (prefactor for 311 to DLoop transition size)
(set to negative to deactivate the model)
E311toDLoop 0.68 (eV)(-Eact for 311 to DLoop transition size)



UVAS HELP (V): INPUT PHYSICAL PARAMETERS 153

Transition rate model:
RO_311ToDL 0 //4.5e1l (s-1) (set to zero to deactivate the model)
Ebar0_311ToDL 3. (eV)
Ebar1_311ToDL 3. (eV)
expo_311ToDL 2.  (Ebarr=EbarO+Ebar1l/(n/NO-1)**expo)

DODLoopProp 2e5

gamma 0.4375
mu 472
nu 0.3

burgVectMod 0.3135
(PLATELETS)
DOPlateletProp 2e5
(VOIDS)
MINVoidsSIZE 27
size0_ClustertoVoids 0.3 (prefactor for cluster to Voids transition size)
EClustertoVoids 0.35 (eV)(-Eact for cluster to Voids transition size)
(COMPLEXES)
(I_B complex)
DOF_ComplexProp I B 200. (cm2/s)
Etotal_Complex I B
14 -3.6 24 67 34 -95 44-11.5 54 -11.5
13 -34 23 -3.8 33 -6.8 43 -6.8
02 +1.7v 12 -1.0 22 -3.5 32 -5.4
21 -2.5

-1 (-1 == end of array )

EbarrierB_Complex I B
-1

EbarrierF_Complex I B
-1

(I_C complex) RP
Etotal_Complex I C

o 2 -1.2
1 2 -2.3
2 2 -7

1 3 -1.7
2 3 -9.7
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3 3 -11.5
2 4 -12.5
3 4 -13.7
4 4 -16
3 5 -13
4 5 -20.5
5 5 -25
4 6 -25.4
5 6 -26.9
6 6 -30.9
7T 7 -35.6
8 8 -40.3
9 9 -45

|
[

EbarrierB_Complex I C
-1

EbarrierF_Complex I C
-1

(V_As complex)
Etotal_Complex V As

04 O 14 -5.4
03 O 13 -4.4
02 O 12 -3.9

EbarrierB_Complex V As
-1

EbarrierF_Complex V As
-1

(V_Ph complex) uncalibrated
Etotal_Complex V Ph

04 O 14 -6 24 -10.3
03 O 13 -6
02 O 12 -5

EbarrierB_Complex V Ph
-1

EbarrierF_Complex V Ph
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-1

(V_F complex

)

Etotal_Complex V F

1

NN NMNDNMNNDMNOOOOOFHEF P P = =
O U WNEFE OO WN N O WND -

!
[AY

EbarrierB_
-1

EbarrierF_
-1

Other MATERI

-2.38
-4.63
-7.08
-7.12
-8.5
-9.7

-4.20
-7.07
-9.04
-11.47
-13.29
-16.09

Complex V F

Complex V F

ALS:

INTERFACES and IMPURITY PARAMETERS

TRAPPING ---

Oh-Ward mode

1:

Set CsolO_ to its negative value to simulate impurity IN-DIFFUSION

into

the Silicon side.

Set Surf_hO to zero to simulate impurity MIRROR interface.
Set Surf_e_a0 to zero to simulate impurity SINK interface.

(Arsenic)
CsolO_As
Surf_hO_As
Surf_e_a0_

2.2e22 Esol_As
2.31e-2 Surf_Eh_As
As 0.4 Surf_Ee_a_As

SurfMaxTrap_As 3.0el4

(Boron)
Csol0O_B

1.e24 Esol_B

0.47
0.766
0

(electrical [substitutional] solubility)
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Surf_hO_B 1.66e-2 Surf_Eh_B 0.486
Surf_e_a0_B 0.178 Surf_Ee_a_B -0.086
SurfMaxTrap_B 2.0el4
(Phosphorus)

Csol0_Ph 1.e20 Esol_Ph 0.
Surf_hO_Ph 0.715 Surf_Eh_Ph 1.75
Surf_e_aO_Ph 4e-3 Surf_Ee_a_Ph -0.37
SurfMaxTrap_Ph 6.8el4

(Carbon)

Cso0l0_C 0 Esol_C 0.
Surf_hO0_C 100 Surf_Eh_C 0
Surf_e_a0_C 4e-3 Surf_Ee_a_C -0.37
SurfMaxTrap_C 1el8

(Fluorine)

CsolO_F 0 Esol_F 0.
Surf_hO_F 100 Surf_Eh_F 0
Surf_e_aO_F 4e-3 Surf_Fe_a_F -0.37

SurfMaxTrap_F 1el8

Possible material names: Oxide, Nitr

Append the material name to the PointD parameter name.

(do not add material name for Silico

Set RecLnm_X to -1 for no X(I or V) surf emiss/recombination.
Set Segreg_pref_ to zero to prevent jumps to the other side.

ide, AmorphousSi.

n)

Set Segreg_pref_ to its negative value to simulate impurity IN-DIFFUSION

into the other material.
(OXIDE)

(Si/0xide Interface gen/recomb)
RecLnm_V0Oxide O
RecLnm_IOxide O
SuperSat_V0xide 1
SuperSat_IOxide 1

(Arsenic)

Segreg_pref_AsOxide 0.1
Dm_AsOxide 2.94e-4
(Boron)

Segreg_pref_BOxide 3.3
Dm_BOxide 3.12e-3
(Phosphorus)

Segreg_pref_PhOxide 30.0

Segreg_eV_AsOxide
Em_AsOxide

Segreg_eV_B0Oxide
Em_BOxide

Segreg_eV_Ph0Oxide

0.0
3.93

0.0
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Dm_PhOxide 14.2 Em_PhOxide 4.86

(8i/Nitride IV gen/recomb)
RecLnm_VNitride O
RecLnm_INitride O
SuperSat_VNitride 1
SuperSat_INitride 1

(Arsenic)

Segreg_pref_AsNitride 30.0 Segreg_eV_AsNitride 0.0
Dm_AsNitride 2.94e-4 Em_AsNitride 3.15
(Boron)

Segreg_pref_BNitride 30.0 Segreg_eV_BNitride 0.0
Dm_BNitride 3.12e-3 Em_BNitride 3.93
(Phosphorus)

Segreg_pref_PhNitride 30.0 Segreg_eV_PhNitride 0.0
Dm_PhNitride 14.2 Em_PhNitride 4.86

(AMORPHOUS Si)

(8i/AmorphousSi IV gen/recomb)
RecLnm_VAmorphousSi 0
RecLnm_IAmorphousSi 0
SuperSat_VAmorphousSi 1
SuperSat_IAmorphousSi 1

(Arsenic)

Segreg_pref_AsAmorphousSi 1.0 Segreg_eV_AsAmorphousSi 0.0
Dm_AsAmorphousSi 0.0 Em_AsAmorphousSi 5
(Boron)

Segreg_pref_BAmorphousSi 1.0 Segreg_eV_BAmorphousSi 0.0
Dm_BAmorphousSi 0.0 Em_BAmorphousSi 5
(Phosphorus)

Segreg_pref_PhAmorphousSi 1.0 Segreg_eV_PhAmorphousSi 0.0
Dm_PhAmorphousSi 0.0 Em_PhAmorphousSi 5

(POINTD INTERACTIONS)

PointD Interactions are set to false by default. To enable one interaction

use the keyword "EnableInteraction" and then write the two species to
interact, the result of the interaction (AmPock, PointD or ImpCluster) and the
type of ImpCluster (I or V) or the resulting point defect. (none for AmPock)

_I-
EnableInteraction I I AmPock none
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EnableInteraction I \') AmPock none
EnableInteraction I As PointD Asi
Enablelnteraction I B PointD Bi
EnableInteraction I C PointD Ci
Enablelnteraction I In PointD Ini
EnableInteraction I Ph PointD Phi
EnableInteraction I AsV  PointD As
EnableInteraction I AsVM PointD As
EnableInteraction I AsVP PointD As
EnableInteraction I  Bi ImpCluster I
EnableInteraction I  Ci ImpCluster I
EnableInteraction I M AmPock none
EnableInteraction I IP AmPock none
Enablelnteraction I PhV PointD Ph
EnableInteraction I PhVM PointD Ph
Enablelnteraction I PhVP PointD Ph
EnableInteraction I VM AmPock none
Enablelnteraction I VMM AmPock none
EnableInteraction I VP AmPock none
EnableInteraction I VPP AmPock none
V-

EnableInteraction V.. V AmPock none
EnableInteraction V  As PointD AsV
EnableInteraction V F ImpCluster V
EnableInteraction V. 0 ImpCluster V
EnableInteraction V Ph PointD PhV
EnableInteraction V  Asi PointD As
EnableInteraction V AsiP PointD As
EnableInteraction V.= AsV  ImpCluster V
EnableInteraction V Bi PointD B
EnableInteraction V BiM PointD B
EnableInteraction V BiP PointD B
EnableInteraction V. Ci PointD C
EnableInteraction V M AmPock none
EnableInteraction V IP AmPock none
EnableInteraction V Ini PointD In
EnableInteraction V IniM PointD In
EnableInteraction V Phi PointD Ph
EnableInteraction V PhiP PointD Ph
EnableInteraction V.= PhV  ImpCluster V
EnableInteraction V VM AmPock none
EnableInteraction V.. VMM  AmPock none
EnableInteraction V VP AmPock none
EnableInteraction V VPP AmPock none
_As-

EnableInteraction As AsVM ImpCluster V
EnableInteraction As IM PointD Asi
EnableInteraction As VM PointD AsV

EnableInteraction As VMM PointD AsV
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_B-
EnableInteraction
EnableInteraction
—_C-
EnablelInteraction
_F-
EnablelInteraction
_H-
EnablelInteraction
~In-
EnablelInteraction
-0-
EnableInteraction
_Ph-
EnablelInteraction
EnablelInteraction
EnableInteraction
EnablelInteraction
-Asi-
EnablelInteraction
EnableInteraction
EnablelInteraction
EnableInteraction
EnableInteraction
-AsiP-
EnablelInteraction
EnablelInteraction
-AsV-
EnablelInteraction
EnableInteraction
EnablelInteraction
-AsVM-
EnablelInteraction
-AsVP-
EnableInteraction
_Bi-
EnablelInteraction
EnablelInteraction
EnableInteraction
EnablelInteraction
EnableInteraction
-BiM-
EnableInteraction
EnablelInteraction
-BiP-
EnableInteraction
EnableInteraction
_Ci-
EnablelInteraction

In

Ph
Ph
Ph
Ph

Asi
Asi
Asi
Asi
Asi

Bi
IP

Ci

IP

IM
PhVM
VM
VMM

AsV
VM
VMM
VP
VPP

AsiP VM
AsiP VMM

AsV
AsV
AsV

AsV
IM
IP

AsVM IP

AsVP IM

Bi
Bi
Bi
Bi
Bi

BiM
BiM

BiP
BiP

Ci

Bi
M
VMM
VP
VPP

VP
VPP

M
VMM

Ci

ImpCluster
PointD

ImpCluster
ImpCluster
Platelet
PointD
ImpCluster

PointD
ImpCluster
PointD
PointD

ImpCluster
PointD
PointD
PointD
PointD

PointD
PointD

ImpCluster
PointD
PointD

PointD
PointD
ImpCluster
PointD
PointD
PointD

PointD

PointD
PointD

PointD
PointD

ImpCluster

Bi

none

Ini

Phi

PhV
PhV

As
As
As
As

As
As

<

As
As

As

I
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_IM-
EnableInteraction IM 1IP AmPock none
EnableInteraction IM PhV PointD Ph
EnableInteraction IM PhVP PointD Ph
EnableInteraction IM VP AmPock none
EnableInteraction IM VPP AmPock none
_IP-

EnableInteraction IP PhV PointD Ph
EnableInteraction IP PhVM PointD Ph
EnableInteraction IP VM AmPock none
EnableInteraction IP VMM AmPock none
-Ini-

EnableInteraction Ini VM PointD In
EnableInteraction Ini VMM PointD In
EnableInteraction Ini VP PointD In
EnableInteraction Ini VPP PointD In
-IniM-

EnableInteraction IniM VP PointD In
EnableInteraction IniM VPP PointD In
-Phi-

EnableInteraction Phi PhV  ImpCluster V
EnableInteraction Phi VM PointD Ph
EnableInteraction Phi VMM PointD Ph
EnableInteraction Phi VP PointD Ph
EnableInteraction Phi VPP PointD Ph
-PhiP-

EnableInteraction PhiP VM PointD Ph
EnableInteraction PhiP VMM PointD Ph
-PhV-

EnableInteraction PhV PhV  ImpCluster V
-PhVM-

-PhVP-

—_VM-

EnableInteraction VM VP AmPock none
EnableInteraction VM VPP AmPock none
-VMM-

EnableInteraction VMM VP AmPock none
EnableInteraction VMM VPP AmPock none

E.3 Global options

E.3.1 randomSeed

It is an integer from 1 to 31327 that DADOS uses as a seed to generate random numbers for
simulations, according to Monte Carlo techniques. It can be changed in order to force to modify
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random values during simulations but the results will be essentially the same if the simulation
box is large enough and, thus, the simulation results are statistically relevant.

E.3.2 BitsBoxes

Number of bits used by DADOS to split the simulation box. The default value for this
parameter is 19, which means that the maximum number of boxes will be 524288. See box split
for more information.

E.3.3 ChargeVarPercent

Parameter is used by DADOS to establish charge update frequency. It is maximum relative
error allowed in Fermi level updates. It can be a value between 0 and 1. See charge update for
details.

E.3.4 InitOutputTime

It is the time when the first snapshot is taken. It has the same function as Start Output Time
in the Set Output_ Options command, although the value here is just to initialize the simulation.

E.3.5 DebugFlag

This parameter is only used for academic purposes. Different options can be set:
0 - Normal, no debug.

1 - No interactions between particles: DADOS will not simulate pairing, recombinations,
captures, clustering,. ..only suface effects will take place.

2 - Intrinsic Fermi level: Silicon will be simulated as an intrinsic materials, independently of
the dopants. It can be used either for testing or for speeding up simulations where there are no
dopants.

3 - Maxwell-Boltzman statistics instead of Fermi-Dirac: DADOS uses, by default, Fermi-
Dirac statistics instead of Maxwell-Boltzman approximation, because it is more accurate. This
parameter should only be set for academic purposes, in order to compare simulation results with
analytic solutions using Maxwell Boltzman approximation. No relevant speeding of the simulation
is expected.

4 - Extended defects periodic in YZ plane. By default, the growth of extended defects ins
constrained by the simulation box walls. This will result in a simulation artifact where no very
large lateral (YZ) dimensions are used in cases with planar symmetry. The present option would
avoid such an artifact. Notice that this option does not set periodicity for mobile point defects
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but only for extended defects (1311, dislocation loops, voids, platelets,. .. ). Do not use this option
for cases with no planar symmetry.

E.3.6 T-ramps: dTBase, nilnit, dTLimit

DADOS implements temperature change by means of a discrete process, i.e., following a set
of steps. However, at low temperatures, the number of events (basically jumps), is lower than
at high ones. That is why DADOS has implemented a new method: The steps width (in time)
depends on the temperature. The figure E.1 shows this.

More events

Less width

L 4
—+

Figure E.1: T-ramps implementation

The algorithm is:

1. We start at the highest temperature, dTBase.
2. The time width for following steps is defined by At = 228 where n = 0,1,2, -

3. If the time width is higher than dTLimit, we use dTLimit as new value.

This way, we approximately guarantee that the number of events occured in every step is the
same.

E.4 Thermal generation

E.4.1 Eform_?
Definition

Formation energy in silicon: Energy needed to create a native defect from crystalline silicon.
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Interrogation mark (7) is used to indicate the particle for which the parameter is defined, for
instance, Eform_TI is the formation energy for interstitials.

Involved particles

Single neutral “native defects”.

Units

Electron-volts (eV).

Related physical magnitudes

= Concentrations. Eform_7 is the activation energy of the equilibrium concentration of single
neutral native defects from silicon surface and interface.

Related DADOS mechanisms

= Surface emission: Eform_7 affects the emission frequency of single neutral native defects
from silicon surface and interface.

Comments

1. This formation energy affects also, as a consequence, to the formation energy of charged
species and to the formation energy of impurity-‘native defect” pairs.

2. Generation of single neutral native defects in the volume is not implemented in DADOS,
as its frequency is extremely low.

E.4.2 COrelEq ?
Definition

Prefactor of relative single neutral native defects concentration under equilibrium conditions.

*

COrelEq 7 = % (E.1)
Si

Where:
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» (5, is the prefactor of neutral interstitials or vacancies concentration in equilibrium con-
)
ditions.

= See symbols list.

Interrogation mark (?) is used to indicate the particle for which the parameter is defined, for
instance, COrelEq_I is used for interstitials.

Involved particles

Single neutral “native defects”.

Units

Dimensionless.

Related physical magnitudes

= Concentrations: COrelEq_I is the prefactor of single neutral native defects emission under
equilibrium conditions.

Related DADOS mechanisms

= Frank-Turnbull.

» Surface emission.

Comments

1. For these particles, it is usual the use of the product of diffusivity and concentration in
equilibrium to indicate the flux: COrelEq_7- Dm_7. When one of this parameters is modified,
the other should be properly changed in order to maintain the results, at least at annealing
temperatures.

2. This prefactor affects also, as a consequence, to the prefactor emission of charged species
and to the prefactor emission of impurity-‘native defect” pairs.

3. Generation of single neutral native defects in the volume is not implemented in DADOS,
as its frequency is extremely low.
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E.5 Point defects migration

E.5.1 Dm 7
Definition

Prefactor of diffusivity.

Interrogation mark (7) is used to indicate the particle for which the parameter is defined, for
instance, Dm_Ci is the prefactor of migration for interstitial carbon.

Involved particles

Any particle.

Units

Square centimeters per second (cm?/s).

Related physical magnitudes

= Diffusivities: Dm_7 is the prefactor of diffusivity of any particle.

Related DADOS mechanisms

= Particles jumps: Dm_7 is proportional to the prefactor of jump frequency of the particle.

Comments

1. For some immobile species, such as B, As, C,...the diffusivity prefactor is usually set to
zero. This is due to the fact that they only diffuse by means of I and V, and do not diffuse
only by themselves. See effective diffusivity.

2. For these particles, neutral interstitials and vacancies, it is usual the use of the product
of diffusivity and concentration in equilibrium to indicate the flux: COrelEq_7? - Dm_7.
When one of this parameters is modified, the other should be properly changed in order to
maintain the results, at least at annealing temperatures.
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E.5.2 Em 7
Definition

Migration energy.

Interrogation mark (?) is used to indicate the particle for which the parameter is defined, for
instance, Eb_Ci is the migration energy for interstitial carbon.

Involved particles

Any particle.

Units

Electron-volts (eV).

Related physical magnitudes

= Diffusivities: Em_7? is the activation energy of diffusivity of any particle. If the particle is an
impurity-“native defect” pair, it affects to the effective diffusivity of the dopant. However,
if the particle is a native defect (either neutral or charged), it affects the self-diffusivity.

Related DADOS mechanisms

= Particles jumps: Em_7 affects the Jump frequency of the particle.

E.6 Point defects binding

E.6.1 Db _?
Definition

Prefactor of break-up frequency, expressed in diffusivity units.

Interrogation mark (?) is used to indicate the particle for which the parameter is defined, for
instance, Db_Ci is the prefactor of binding for interstitial carbon.
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Involved particles

Impurity-“native defect” pairs.

Units

Square centimeters per second (cm?/s).

Related physical magnitudes

» Effective diffusivity of impurities.
= Long-hop distance of immobile impurities.

= Concentration of trapped native defects.

Related DADOS mechanisms

= Break-up.
= Emission from binary complexes.

= Particle jumps.

Comments

1. This parameter is only used for pairs.

2. When the impurity-“native defect” pair has several possible charge states, DADOS only
reads the Db value of one of them, as the break-up prefactors of the different charge states
are related. See break-up of charged pairs. DADOS reads the Db value of the species with
the same charge state as the impurity, e.g., BIM has the charge state “-1”, the same as B.

E.6.2 Eb_?
Definition
Binding energy.

Interrogation mark (7) is used to indicate the particle for which the parameter is defined, for
instance, Eb_Ci is the binding energy for interstitial carbon.
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Involved particles

Impurity-“native defect” pairs.

Units

Electron-volts (eV).

Related physical magnitudes

» Effective diffusivity of impurities.

= Long-hop distance of immobile impurities.

= Concentration of trapped native defects.

Related DADOS mechanisms

= Break-up.

= Emission from binary complexes.

Comments

1. This parameter is only used for pairs.

E.7 Electronic levels

E7.1 e 70

Definition

Charge level at 0 K, measured from the valence band edge.

Interrogation mark (?) is used to indicate the particle for which the parameter is defined, for

instance, e_AsVPO is the charge level for positive arsenic-vacancy.

» If the particle indicated by interrogation mark (?) is positive, with charge “q”, e_70 denotes
the charge level (at 0 K) for the transition between charge states “q-1” and “q”, for instance,

e_AsVPO is the charge level for the transition between AsV and AsV™.
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» If the particle indicated by interrogation mark (7) is negative, with charge “q”, e_70 denotes
the charge level (at 0 K) for the transition between charge states “q” and “q+1”, for instance,
e_VMMO is the charge level for the transition between V™~ and V™.

Involved particles

Charged particles with other possible charge state.

Units

Electron-volts (eV).

Related physical magnitudes

s Concentrations.

Related DADOS mechanisms

= Formation energies for charged species.

= Probabilities and charge states.

Comments

1. According to this notation, if the particle is neutral, this parameter is not defined and it
would be ignored if found in the DDP file.

2. When the Fermi level, e, is at e(q-1,q), the probability of “q-1” and “q” states is the same.

3. e_70 sets the relation among the binding energies of different charge states of an impurity-
“native defect” pair.

E.8 Band gap

E.8.1 EgO0
Definition

Silicon band gap width at 0 K.
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Units

Electron-volts (eV).

Related physical magnitudes

s Fermi level.

= Intrinsic density and intrinsic levels.

Related DADOS mechanisms

» Temperature dependance of band structure.

E.8.2 Agap
Definition

Constant used for band gap width calculation (see temperature dependance of band struc-
ture).

Units

Electron-volts per kelvin (eV/K).

Related DADOS mechanisms

= Temperature dependance of band structure.

E.8.3 Bgap
Definition

Constant used for band gap width calculation (see temperature dependance of band struc-
ture).
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Units

Kelvin (K).

Related DADOS mechanisms

= Temperature dependance of band structure.

E.8.4 Nc300

Definition

Effective density of states of the conduction band at 300 K.

Units

States per cubic centimeter (cm™3).

Related physical magnitudes

s Fermi level.

» Intrinsic density and intrinsic levels.

Related DADOS mechanisms

= Temperature dependance of band structure.

E.8.5 Nv300

Definition

Effective density of states of the valence band at 300 K.

Units

States per cubic centimeter (cm™3).
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Related physical magnitudes

s Fermi level.

= Intrinsic density and intrinsic levels.

Related DADOS mechanisms

= Temperature dependance of band structure.

E.8.6 expNc

Definition

Exponent used to calculate the states density in the conduction band.

Units

Dimensionless.

Related physical magnitudes

s Fermi level.

= Intrinsic density and intrinsic levels.

Related DADOS mechanisms

= Temperature dependance of band structure.

E.8.7 expNv

Definition

Exponent used to calculate the states density in the conduction band.
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Units

Dimensionless.

Related physical magnitudes

s Fermi level.

» Intrinsic density and intrinsic levels.

Related DADOS mechanisms

» Temperature dependance of band structure.

E.8.8 A??1 _?
Definition

Parameters used to calculate carrier-related band gap narrowing (see band gap narrowing).

Interrogation marks (7) are used to indicate the use of this set of parameters in different
expressions. For instance: Acp1_3 is used for the conduction band (c) in a p-semiconductor (p);
last value (3) is used as a denominator in exponents in the band gap calculation.

Units

Dimensionless.

Related DADOS mechanisms

= Band gap narrowing.
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E.9 Amorphization and recrystallization

E.9.1 VOrecryst
Definition

Prefactor of recrystallization velocity.
Units

Centimeters per second (cm/s).

Related DADOS mechanisms

= Recrystallization.

E.9.2 Erecryst
Definition

Activation energy for the recrystallization.
Units

Electron-volts (eV).

Related DADOS mechanisms

= Recrystallization.

E.9.3 recrysDepositProb 7?7
Definition

Probability that an impurity stays as a substitutional structure in an amorphous box which
is going to recrystallize instead or being transferred into another amorphous box following the
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direction indicated by the recrystallization front.

Interrogation mark (7) is used to indicate the particle for which the parameter is defined, for
instance, recrysDepositProb_As is the probability for arsenic.

Involved particles

Single impurities.

Units

Dimensionless.

Related DADOS mechanisms

= Recrystallization.

E.9.4 recrysMaxActive 7?7
Definition

Maximum concentration of active impurities that can be deposited as complexes in an amor-
phous box which has recrystallized.

Interrogation mark (7) is used to indicate the particle for which the parameter is defined, for
instance, recrysMaxActive_As is the maximum concentration of arsenic.

Involved particles

= [mpurities in amorphous regions.

= Single impurities.

Units

Particles per cubic centimeters (cm-—3).
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Related DADOS mechanisms

= Recrystallization.

E.9.5 maxDepositedCxSize 7
Definition

Maximum number of atoms that can be included in a complex created from impurities deposit
in an amorphous box which has recrystallized.

Interrogation mark (?) is used to indicate the particle for which the parameter is defined, for
instance, maxDepositedCxSize_As is the maximum number of arsenic atoms in a complex in the
recrystallization process.

Involved particles

Single impurities.
Units
Dimensionless.

Related DADOS mechanisms

= Recrystallization.

E.9.6 inRelDamChange
Definition

When the damage profile has been modified in a percentage indicated by this parameter, an
update will take place.

Units

Dimensionless.
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Related DADOS mechanisms

= Recrystallization.

E.9.7 AmorphizationThreshold
Definition

Minimum level of interstitials plus vacancies concentration to consider a region to be amor-
phous. These particles can be point defects or belong to an amorphous pocket.

Units

Particles per cubic centimeter (cm™3).

Related DADOS mechanisms

= Amorphization.

E.9.8 MaxlVStorage
Definition

Maximum level of interstitial plus vacancy concentration to store each particle’s coordinates
in memory. From this level, DADOS will only count the number of particles.

Units

Particles per cubic centimeter (cm™3).

Related DADOS mechanisms

= Amorphization.
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Comments

1. Obviously, if resources saving is wanted, MaxIVStorage must be lower than AmorphizationThreshold,
due to the fact that over this concentration, silicon is transformed into amorphous silicon
and no particles are stored for this material.

2. If the concentration is too low, DADOS will convert it into the minimum value, which is
the equivalent to one particle per box size.

E.9.9 LatticeCollapse nm3
Definition

If a silicon region is surrounded by amorphous silicon and its volume is equal or lower than
the one indicated by this parameter, it will amorphize. This avoids to have small non-amorphous
regions which are a source of recrystallization.

Units

Cubic nanometers (nm?).

Related DADOS mechanisms

= Amorphization.

E.9.10 ExponentAmorphousPocket
Definition

Exponent used for the activation energy calculation.
Units

Dimensionless

Related DADOS mechanisms

= Amorphous pockets implementation.
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E.9.11 DOAmorphousPocket
Definition
Proportional to the prefactor of dynamic annealing for amorphous pockets.

Units

Square centimeters per second (cm?/s).

Related DADOS mechanisms

= Amorphous pockets implementation.

E.9.12 Eb_ AmorphousPocket
Definition
Activation energy for dynamic annealing in amorphous pockets.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Amorphous pockets implementation.

E.9.13 Clusters

Both interstitial and vacancy clusters are similarly implemented in DADOS.

Definition

Proportional value to the prefactor of emission for extended defects.
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Interrogation mark (7) indicates the particle for which the parameter is defined, for instance,
DO_ClusterProp I is the value for interstitials clusters.

Involved particles

Single neutral “native defects”.

Units

Square centimeters per second (cm?/s).

Related DADOS mechanisms

= Clusters implementation.

E.9.14 Eb_SmallestCluster ?
Definition

Limit in binding energy for lowest cluster size (2) when using generic function.

Interrogation mark (?) indicates the particle for which the parameter is defined, for instance,
Eb_SmallestCluster I is the lowest limit in binding energy for interstitial clusters.

Involved particles

Single neutral “native defects”.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Clusters implementation.
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E.9.15 Eb_LargeCluster ?
Definition

Limit in binding energy for highest cluster size when using generic function.

Interrogation mark (7) indicates the particle for which the parameter is defined, for instance,
Eb_LargeCluster I is the highest limit in binding energy for interstitials clusters.

Involved particles

Single neutral “native defects”.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Cluster implementation.

E.9.16 exponent Cluster ?
Definition

Exponent used for the binding energy calculation when using generic function.

Interrogation mark (?) indicates the particle for which the parameter is defined, for instance,
exponent_Cluster I is the value for interstitial clusters.

Involved particles

Single neutral “native defects”.

Units

Dimensionless.
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Related DADOS mechanisms

= Cluster implementation.

Comments

1. This parameter must be lower than 1 and higher or equal to 0, in order to get a convergent
function.

E.9.17 Eb_ Cluster ?

Definition

Binding energy for clusters when using specific values.

Interrogation mark (?) indicates the particle for which the parameter is defined, for instance,
Eb_Cluster I is the binding energy for interstitial clusters.

Involved particles

Single neutral “native defects”.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Cluster implementation.
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E.10 1311

E.10.1 MIN311SIZE
Definition

Minimum size for an interstitial cluster to be converted into a I311 (see amorphous pockets
to 1311 transformation).

Units
Dimensionless (number of particles).

Related DADOS mechanisms

= Amorphous pockets to 1311 transformation.

= [311 implementation.

Comments

1. This parameter is relevant only at annealing temperatures.

E.10.2 size0 Clusterto311
Definition

Prefactor of threshold in the simulation of 1311.
Units

Dimensionless (number of particles).

Related DADOS mechanisms

= Amorphous pockets to 1311 transformation.

= [311 implementation.
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Comments

1. This parameter is relevant only at low temperatures.

E.10.3 EClusterto311
Definition

Threshold energy in the simulation of 1311.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Amorphous pockets to 1311 transformation.

= [311 implementation.

Comments

1. This parameter is relevant only at low temperatures.

E.11 Dislocation loops

E.11.1 size0 311toDLoop
Definition

Prefactor of threshold for the transition size model in the simulation of dislocation loops.

Units

Dimensionless (number of particles).
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Related DADOS mechanisms

= Dislocation loop implementation.

= [311 to dislocation loop transformation.
Comments

1. Set this parameter to negative to deactivate transition size model.

E.11.2 E311toDLoop
Definition

Threshold energy for the transition size model in the simulation of dislocation loops.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Dislocation loop implementation.

= [311 to dislocation loop transformation.

E.11.3 RO 311toDL
Definition

Prefactor of transformation rate for the transition rate model in the simulation of dislocation
loops.

Units

Seconds™! (s71).
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Related DADOS mechanisms

= Dislocation loop implementation.

= [311 to dislocation loop transformation.
Comments

1. Set this parameter to zero to deactivate transition rate model.

E.11.4 Ebar0 311ToDL
Definition

Limit barrier energy for high structure sizes to be converted into dislocation loops.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Dislocation loop implementation.

= [311 to dislocation loop transformation.

E.11.5 Ebarl 311ToDL
Definition

Prefactor used to calculate the barrier energy to create dislocation loops from [311. It defines
the growth level in the rate.

Units

Electron-volts (eV).
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Related DADOS mechanisms

= Dislocation loop implementation.

= [311 to dislocation loop transformation.

E.11.6 expo 311ToDL
Definition

Exponent used to calculate the barrier energy to create dislocation loops from I311. It defines
the growth level in the rate.

Units
Dimensionless.

Related DADOS mechanisms

= Dislocation loop implementation.

= [311 to dislocation loop transformation.

E.11.7 DODLoopProp
Definition
Proportional value to the prefactor of emission in dislocation loops.
Units
Dimensionless.
Related DADOS mechanisms

= Captures.
= Dislocation loop implementation.

= [311 to dislocation loop transformation.
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E.11.8 gamma
Definition

Stacking fault energy per unit area used to calculate formation energy of faulted dislocation
loops.

Units

Electron-volts per square nanometer (eV/nm?).

Related DADOS mechanisms

= Dislocation loop implementation.

E.11.9 mu
Definition

Shear modulus used to calculate formation energy of faulted dislocation loops.

Units

Electron-volts per cubic nanometer (eV/nm3).

Related DADOS mechanisms

= Dislocation loop implementation.

E.11.10 nu
Definition

Poisson’s ratio for dislocation loops.
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Units

Dimensionless.

Related DADOS mechanisms

= Dislocation loop implementation.

E.11.11 burgVectMod
Definition
Modulus of the Burgers vector for dislocation loops.

Units

Nanometers (nm).

Related DADOS mechanisms

= Dislocation loop implementation.

E.12 Platelets

E.12.1 DOPIlateletProp

[TO BE DEVELOPED]

E.13 Voids
Definition

Minimum size for a vacancy cluster to be converted into a void (see amorphous pockets to
void transformation)
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Units

Dimensionless (number of particles).

Related DADOS mechanisms

= Amorphous pockets to voids transformation.

= Void implementation.

Comments

1. This parameter is relevant only at annealing temperatures.

E.13.1 sizeO_CIustertoVoids
Definition

Prefactor of threshold in the simulation of voids.

Units

Dimensionless (number of particles).

Related DADOS mechanisms

= Amorphous pockets to voids transformation.

= Void implementation.

Comments

1. This parameter is relevant only at low temperatures.
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E.13.2 EClustertoVoids
Definition

Threshold energy in the simulation of voids.

Units

Electron-volts (eV).

Related DADOS mechanisms
= Amorphous pockets to voids transformation.
= Void implementation.

Comments

1. This parameter is relevant only at low temperatures.

E.14 Complexes

E.14.1 DOF_ComplexProp 7 ?
Definition

Proportional value to the prefactor of impurities emission for complexes. The emitted particle
will be:

= A single impurity if it is mobile (F, O,...).

» An impurity native-defect pair if the single impurity is immobile (As, B, C) and it is emitted

as a point defect (AsV, Bi, Ci,...).

Interrogation marks (?) indicate the particles of the complex for which the parameter is
defined, for instance, DOF_ComplexProp I B is used for Bnlm complex.
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Involved particles
= Single neutral “native defects”.
= Single impurities.

Units

Square centimeters per second (cm?/s).

Related DADOS mechanisms

= Complex implementation.

Comments

1. The proportional prefactor for emission of single neutral “native defects” is taken to be
equal to the one of the corresponding clusters (see DO_ClusterProp).

E.14.2 Etotal Complex ? ?
Definition

Total energy. Energy to separate all particles from a complex XmAn. Formation energies of
native defects particles are not included.

Interrogation marks (?) indicate the particle for which the parameter is defined, for instance,
Etotal_Complex I C is used for Cnlm complex.

Involved particles
= Single neutral “native defects”.
= Single impurities.

Units

Electron-volts (eV).
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Related DADOS mechanisms

= Complex implementation.

Comments

1. The lower the values, the higher the complex stability.

2. If there is no energy included in the DDP file;, DADOS assumes that this configuration is
unstable and it gives a value of +5 eV to the potential energy to avoid the creation of this
kind of complexes.

E.14.3 EbarrierB_ Complex ? ?
Definition

Barrier energy for capture and emission of back particles.

Interrogation marks (7) indicate the particle for which the parameter is defined, for instance,
EbarrierB_Complex I Cis used for Cnlm complex.

Involved particles

Single neutral “native defects”.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Complex implementation.

Comments

1. This energy is implemented for both emission and capture as the process must be reversible.
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E.14.4 EbarrierF_ Complex ? 7
Definition

Barrier energy for capture and emission of front particles.

Interrogation marks (7) indicate the particle for which the parameter is defined, for instance,
EbarrierF_Complex I C is used for Cnlm complex.

Involved particles

Single impurities.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Complex implementation.

Comments

= This energy is implemented for both emission and capture as the process must be reversible.

E.15 Interfaces

E.15.1 Csol0 7?
Definition

Prefactor of solubility.

Interrogation mark (7) indicates the particle for which the parameter is defined, for instance,
Cs0l0_As is used for calculate solubility in arsenic.
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Involved particles

= Single impurities.
= Impurities-"native defect" pairs.

= Impurities in other structures.

Units

Particles per square centimeter (cm™2).

Related physical magnitudes

= Solubility.

Related DADOS mechanisms

» Emission from surface.

= Trapping.

Comments
1. We only consider electrical (substitutional) solubility.

2. Set this parameter to its negative value to simulate impurity in-diffusion into the silicon
side.

E.15.2 Esol ?
Definition

Solubility energy.

Interrogation mark (7) indicates the particle for which the parameter is defined, for instance,
Esol_As is used for calculate solubility in arsenic.

Involved particles

= Single impurities.
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= Impurities-"native defect" pairs.

= Impurities in other structures.

Units

Electron-volts (eV).

Related physical magnitudes

= Solubility.

Related DADOS mechanisms

s Emission from surface.

= Trapping.

Comments

1. We only consider electrical (substitutional) solubility.

E.15.3 Surf_hO_?

Definition

Prefactor of coefficient “h”, which is related to the trapping.

Interrogation mark (?) indicates the particle for which the parameter is defined, for instance,

Surf_hO_B is used for boron.

Involved particles

= Single impurities.

» Impurities-"native defect" pairs.

= [mpurities in other structures.
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Units

Centimeters per second (cm/s).

Related DADOS mechanisms

» Emission from surface.

= Trapping.

Comments

1. Set this parameter to zero to simulate impurity mirror interface.

E.15.4 Surf Eh 7
Definition

Energy of coefficient “h”, which is related to the trapping.

Interrogation mark (?) indicates the particle for which the parameter is defined, for instance,
Surf_Eh_B is used for boron.

Involved particles

= Single impurities.
= Impurities-"native defect" pairs.

» [mpurities in other structures.

Units

Electron-volts (eV).

Related DADOS mechanisms

s Emission from surface.

= Trapping.
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E.15.5 Surf e a0 ?
Definition

Prefactor of the ratio of emission to absorption probabilities for the interface.

Interrogation mark (7) indicates the particle for which the parameter is defined, for instance,
Surf_e_a0_B is used for boron.

Involved particles

= Single impurities.
= Impurities-"native defect" pairs.

= Impurities in other structures.

Units

Dimensionless.

Related DADOS mechanisms

» Emission from surface.

= Trapping.

E.15.6 Surf Ee a ?
Definition

Energy of the relation between emission and absorption probabilities for the interface.

Interrogation mark (?7) indicates the particle for which the parameter is defined, for instance,
Surf_Ee_a_B is used for boron.

Involved particles

= Single impurities.

= Impurities-"native defect" pairs.
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» [mpurities in other structures.

Units

Electron-volts (eV).

Related DADOS mechanisms

s Emission from surface.

= Trapping.

E.15.7 SurfMaxTrap ?
Definition

Maximum concentration of trapped particles allowed at the interface side indicated by “?”,
for instance, SurfMaxTrap_B is used for boron.

Involved particles

= Single impurities.
= Impurities-"native defect" pairs.

» [mpurities in other structures.

Units

Particles per square centimeter (cm-2).

Related DADOS mechanisms

» Emission from surface.

= Trapping.
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E.15.8 Segreg pref 7
Definition

Prefactor of the segregation coefficient.

Interrogation mark (?) indicates the particle for which the parameter is defined, for instance,
Segreg_pref_BOxide is used for boron in oxide silicon.

Involved particles

= Single impurities.
» Impurities-"native defect" pairs.

» [mpurities in other structures.

Units

Dimensionless.

Related DADOS mechanisms

= Segregation.

= Trapping.
Comments
E.15.9 Segreg eV 7
Definition

Segregation energy.

Interrogation mark (7) indicates the particle for which the parameter is defined, for instance,
Segreg_eV_B0Oxide is used for boron in oxide silicon.

Involved particles

= Single impurities.
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= Impurities-"native defect" pairs.

» [mpurities in other structures.

Units

Electron-volts (eV).

Related DADOS mechanisms

= Segregation.

= Trapping.
Comments

E.15.10 RecLnm _?
Definition

Recombination length for the interface shown in “?”; for instance, RecLnm_IOxide is used for
interstitials in oxide silicon.

Involved particles

Single neutral native defects.

Units

Nanometers (nm).

Related physical magnitudes

= Recombination length.

Related DADOS mechanisms

s Surface recombination.
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Comments

1. Recombination of single neutral native defects in the volume is not implemented in UVAS,
as its frequency is extremely low.

E.15.11 SuperSat ?
Definition

Interstitial or vacancy supersaturation in the material indicated by “?”. For example: SuperSat_V
is the vacancy supersaturation in oxide silicon.

Involved particles

Single neutral native defects.

Units

Dimensionless.

Related physical magnitudes

= Supersaturation.

Comments

1. This value is used by DADOS to initialize, as it will change during the simulation.
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UVAS Help (VI1): Physical
magnitudes

In this chapter, we will explain several magnitudes which are directly related to the mecha-
nisms that we will describe afterwards.

F.1 Break-up of charged impurity-"native defect" pairs

F.1.1 Boron

The pairing, break-up and charge reactions related to B; are represented by the reactions
below (figure F.1).

P B
1] T
e B
T4
B

i

Figure F.1: Boron break-up

Comments

= Substitutional boron is always immobile and ionized (B™).

» Horizontal reactions (pairing and break-up) conserve the charge while vertical reactions
establish the electrical equilibrium.

203
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= The rate of the horizontal reactions will not depend on Fermi level.
= Direct break-up of B;r is not included because I is not implemented.

= The activation energy for B; break-up will be Eb(B; ) + Em(I°) (see figure F.2), where
Ey is the binding energy and E,, is the migration energy.

E(B)- E(B)

Eq1°)

Figure F.2: Boron energies

= Considering energy conservation, we can conclude: Ey(BY) = Eb(B; )+ep, (0, —)—er(+,0),where
e(j,7 — 1) is the electronic level for species at temperature T. Electronic levels scale with
gap energy, introducing a slight temperature dependance in binding energy for B? .

= The number of broken B, per unit of volume and time will be Cp, (B, ) and the number
of new formed Cp-Crovm (I O)Ucapt, where veqpt is the effective capture volume for pairing
reaction. Consequently, in local equilibrium conditions:

Cp- U (10)
CB~ = CIO ka(BZO) VUcapt

7

(F.1)

= And, from equilibrium conditions it can be also derived that the break-up prefactors, v o

must fulfill: 0 i
B; 'm,0(L
Y0 (B) _ i 0) (F.2)
ka;,O(Bi ) Vm,O(I )

F.1.2 Long-hop distance

After B; formation, this point defect migrates through the material an average distance, A
(long-hop distance) until it breaks up.

The long-hop distance can be expressed as:

)\2 VUm. B;
A=,/ ——42 F.3
\/ 6 vk, B, (F3)
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The energy associated to this process can be calculated as follows:

Emp, — Fop, — F
By = — b ;’Bl L~ 0,6 eV (F.4)

F.2 Concentration ratio of charged species

The relative concentration between the of charged species is:

(F.5)

Cxi1 ¢/~ exp <€F —e(j,j — 1)>
CXj g7

- kT

Where:

» Cx; is the concentration of “X” with charge “q”.

= g; is the degeneracy factor. We assume it to be the same for all charge states, i.e. there is
no entropy change associated to charge transitions.

= ¢ is the Fermi level.

» ¢(j,j — 1) is the electronic level for species “X” at temperature T. In the DDP file, this
parameter is defined but for T = 0 K.

= See symbol list.

According to the equation, the following expressions are valid:

CX* _ €F — 6(07 _)
CXO - ( kiT
CX** <26F—6(O,—) —6(—,——))
= exp
Cx+ — ox €(+, 0) —€er ’
Cxo P kT
Cx++ _ e(++,+) + e(+,0) — 2ep
Cxo P ( KT

F.3 Equilibrium concentrations

The concentration of single neutral native defects under equilibrium conditions is determined

by:
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E
C* = Cjexp <_k1;:) (F.7)

Where:

= () is the prefactor, related to DADOS parameter COrelEq_7? under equilibrium conditions
as follows:
Cy = Cg; - COrelEq ? (F.8)

= Ey is the formation energy, that is equal to the input parameter Eform_7?.

= See symbols list.

F.3.1 Diffusivities

Diffusivity is calculated by DADOS depending on the type of particle.

F.3.2 Direct diffusivity of single impurities

For single impurities non assisted by interstitials or vacancies (e.g. F, H,...):

D = Dy exp (—f;) (F.9)

Where:

= Dy is the prefactor of diffusivity.
= F,, is the migration energy.

= See symbols list.

F.3.3 Effective diffusivity of native defect

For I or V, the relevant magnitude is the DC product. Thus, the effective diffusivity of I or
V can be defined as:

DC

Defr =
Csi

(F.10)

Where:
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= D is the prefactor of diffusivity.

= (g; is the atomic density in crystalline silicon.

Thus:
DC*
DI = F.11
s (F.11)
The activation energy of De/f* is:
Edif = Ef + E,, (F.12)
» Ey is the formation energy.
= [, is the migration energy.
F.3.4 Silicon self-diffusion
The diffusivity of silicon in silicon (self-diffusion) is given by:
Dsi =Y fe > DxiCrax; (F.13)
z J
Where f, is taken to be 0.72 for interstitials and 0.5 for vacancies.
F.3.5 Effective diffusivity of dopants
For immobile impurities, diffusivity through mobile pairs, AX:
DYTCa=3"3 DaxiCuxi (F.14)
z
Let’s use the boron (negative ion is substitutional positions).
C — CBO CB+
DY =D, —Pr 4 Dyt 4 DD F.15
B B; CBf + B? 037 + B?’ CB— ( )

Where:

» D¢ is the effective diffusivity.
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C'x is the concentration of X.

ex is the energy level or X.

er is the Fermi level.

p is the holes concentration.

n; is the holes or electrons intrinsec concentration.

See symbols list.

Let’s take the equation (F.15). The first item does not depend on Fermi level, the second one

2
does and is proportional to - and the last one is proportional to (nﬂ) . These proportionalities

are valid only within the Maxwell-Boltmann approximation (non-degenerated material).

The activation energies of the terms in the previous equation (diffusion energies, Eg;r) are
represented in the figure below. The diffusion energy value for boron under intrinsec conditions in
the figure F.3 (Eg; fint) will be similar to the activation energy of the Arrhenius plot of equilibrium
boron diffusivity in intrinsic condition. In the figure, it can be seen that BY is a metastable state
but is the main contributor for boron diffusion in a wide range of Fermi levels. All the three
terms of the equation are proportional to:

C’B%._ B 6vcapt D[C[
Cg A vy gi-

(F.16)

Note that D;C7 is the DC product of neutral interstitials. Thus, boron diffusion does not
depend on the charge states of I, but on those of B;.

e e(-,0) e(0,+) Eg

Energies (V)

- e
2 / 1 L 1 1 ! !

0 0.2 0.4 0.6 0.8 1 1.2
ep (ev)

Figure F.3: Boron energies
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F.4 Electric drift

The figure below shows electric drift as a natural consequence of the local dependance of the
formation energies of charged particles. See figure F.4.

i %

Figure F.4: Electric drift

The relation between the migration frequency in the positive and negative directions along
the x axis for a point defect with charge “jq” is (assuming constant band gap):

Vit A dE; B
T = _ = F].
Vi eXp< KT dx )~ O P\ kT (F.17)

Where:

s F, is the electric field in “x” direction.
= ) is the capture distance.
» F; is the formation energy.

= See symbol list.

F.5 Carriers and Fermi levels

Usually, the Fermi level, e, is calculated from the majority-carrier concentration. The process
is explained in the Mechanisms section. But, also, the minority-carrier concentration can be found
from Fermi level:

erp — FE,
n=Nc¢ Fi/s (FkT>

Ev —er
p 1/2( kT )

(F.18)
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Where:

N, is the effective density of states in the conduction band.

N, is the effective density of states in the valence band.

Fi/2 is the inverse Fermi-Dirac function:

. B 0 771/2
o) = [ e (F.19)

See symbol list.

F.6 Formation energies for charged species

(3555

The formation energy for a species “X” with charge “j” is given by:

Ef(X7) = Ey(X7™") +ep —e(j,j — 1) (F.20)

Where:

» ¢p is the Fermi level.

» ¢(j,j — 1) is the electronic level for species “X” at temperature T. In the DDP file, this
parameter is defined but for T = 0 K.

Formation energy for vacancies is plotted in dashed lines in the figure F.5. The total effective
formation is the lowest one. That is given by:

E4if(X7) = Ep(X7) + Ep(X7) (F.21)

Where:

» Fy; is the formation energy.

= F,, is the migration energy, assumed to be independent on the Fermi level.

Solid lines in figure F.5 represent the activation energy of DC* product of charged species.

The situation for interstitials is analog. See figure F.6.
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Figure F.5: Energies for vacancies
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Figure F.6: Energies for interstitials
F.7 Intrinsic carrier concentration and intrinsec level
Intrinsic carrier concentration is defined as follows:
E (T
ni(T) = \/(N.N,) exp (- 2gk(T)) (F.22)

Where:

m N, is the density of states in the conduction band.

= N, is the density of states in the valence band.

= FE, is the band gap width.
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= See symbol list.

Intrinsic electronic level is defined as follow:

ei(T) = EgéT) + %Tln <]]\\;U) (F.23)

Where:

N, is the density of states in the conduction band.

N, is the density of states in the valence band.

E, is the band gap width.

See symbol list.

F.8 Probabilities and charge states

DADOS implements two parameters depending on the charge:

» Diffusivities. Each species has its own migration energy and prefactor, that is assumed to
be independent on the Fermi level.

= Proportion of concentrations. Probability of a particle “X” with charge “j” to be in a charge
state. It can be calculated as follows:

Pl = =X (F.24)
XS CX

Where Cy; is the concentration of particle “X” with charge ‘9.

This probability is calculated using the expresions shown in the concentration ratio of charged
species section.

F.9 Recombination length

Recombination length is defined as:

L=2 (F.25)

Where:
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= ) is the jump distance.

= P is the probability of being captured in the surface.

The probability affects emission frequency of single neutral native defects. Thus, the recom-
bination length does not affect the equilibrium concentration, C*.

Courf = C* + ng (F.26)

p— : | concentration
| equilibrium concentration

¥
Surface
Silicon
|
- ’l X
| 4
| | I
I I Extended defects
-
Recombination length
Figure F.7: Recombination length
F.10 Sheet resistance
Let’s suppose the structure shown in the figure F.8.
e L o
ry
t
L ) L 4

Figure F.8: Sheet resistance

As its top surface is square, we can define the sheet resistance as follows:

Ro=p—

L p
_r F.27
P = (F.27)



214 APENDICE F

Where:

= p is the resistivity.

» [ and t are the box dimensions (see figure F.8).

In an electronic device, under extrinsic conditions, the sheet resistence can be approximated

(F.28)

Where:

x; is the juction depth.
= 4 is the majority-carrier mobility.

» N(z) is the net impurity concentration.

See symbol list.

For a given diffusion profile, sheet resistance is uniquely related to the surface concentration
of the diffused layer and the background concentration of the wafer.

F.11 Solubility

Solubility is implemented in DADOS by means of C),4,, which is the maximum solid solubility
of dopant in the material, obtained with Cs0l0_7 and Esol_0_7 with an Arrhenius plot:

= For the silicon side:

Esol 0 7
Craz = Cs010  7exp _Eso- Pt (F.29)
- kT
» For the non-silicon side (using segregation):
Esol 0 7
Cinaz = Segregation - Csol0 7 exp (_sok}_> (F.30)

F.11.1 Solubility dependance on Fermi level

Let’s assume a negative dopant, A~. Its solubility in intrinsec conditions (ep = €;) is given
as:
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extrinsic)2 er —e;
(A Jmae(T) = Wexp< - ) (F.31)

Where:

» [A]eairinsic iy the maximum concentration for extrinsic conditions, that can be measured

as shown in the figure F.9.

Surface

™ A
Maximum
\ . concentration
Ly .
Dopants Depth

source
Figure F.9: Extrinsic solubility
= ¢y is the Fermi level.

» ¢; is the intrinsec level.

= See symbol list.

F.12 Supersaturation

Supersaturation is defined for both interstitials and vacancies as the ration between its con-
centration and the equilibrium one.

_CXj_CXo_%

Syv = —
YO0, O 0%

(F.32)

Supersaturation does not depend on the charge state. This is because the rations C7~1/C7
do not depend on the excess of defects, but only on ep.
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F.13 List of symbols

Table F.1: List of symbols

Symbol Name Value Units
a Lattice parameter 0.543 nm
Cs; Intrinsic atomic concentration in silicon 51022 cm ™3
k Boltzmann constant 8.6174-107° eV/K
T Temperature - J
q Absolute value of the electron charge 1.6-10719 C
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UVAS Help (VII): DADOS
mechanisms

DADOS mechanisms are the ways used by the simulator to implement physical models. In
this chapter we will briefly explain them.

G.1 Amorphous implementation

G.1.1 Amorphization

DADOS uses AmorphizationThreshold to change the box state into amorphous [16]. In this
state, DADOS only counts the number of particles instead of store full data.

M Interstitial Concentr.

W 26.092
; 5.0941e+023

Interstitial Concentr.

Am. Threshold = 1e+22

As the concentration of
interstitials in AP and PD
has reached amorphous
threshold, DADOS has
converted these boxes into
amorphous (red line)

Figure G.1: Amorphization in DADOS

Amorphous boxes properties:

= When an interstitial or vacancy comes into an amorphous region, it is deleted. DADOS
only counts the amount the difference, I-V.

= Impurities coming into an amorphous region are also deleted.

217
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When a concentration is higher than MaxIVStorage, DADOS will only count the number of
particles instead of store full data. With this algorithm, a lot of memory can be saved and the
computerization needs cut down drastically [36].

DADOS convert into amorphous a region whose size is lower than the value indicated by
LatticeCollapse_nm3 if it is surrounded by an amorphous structure [34]. Sometimes, a box
should become amorphous but there are not enough particles and it does not because of prob-
abilities aspects related to simulation techniques. This could also be an important drawback as
this non amorphous regions would be an important source of errors in recrystallization process-
es. In order to prevent from physically incorrect effects, DADOS also smooth amorphous regions
with sizes higher than LatticeCollapse_nm3 by homogeneously distributing the concentrations.

Information about these parameters can be found in the messages window at the beginning
of a simulation (see figure G.2).

AmorphousThreshold

MaxIVStorage (humber of particles per box)

Simulation 12:12:31: Max¥Storage= 9.99959e+023 Part/cm3, Amorphousthhé&holdN =29 Part/box
Simulation 12:12:31: Lattice Collapse (# boses) =7

Simulation 12:12:31: Latt. collapse [nm3] = 20.50?8\

LatticeCollapse
(humber of boxes + size)

Figure G.2: Related to amorphization data in the messages window

G.1.2 Recrystallization

Recrystallization occurs at high temperature and only in the amorphous-crystalline interfaces,
according to research, following a direction called “recrystallization front”, towards the amorphous
side. The velocity of recrystallization is defined by means of an Arrhenius plot:

Erecryst)

v = VOrecryst - exp (— T

Where:

= VOrecryst is the prefactor of recrystallization velocity
= Erecryst is the recrystallization velocity energy.

= See symbol list.

Recrystallization is implemented by recombining interstitials with vacancies, but the number
of these particles in an amorphous box which is going to recrystallize do not have to be the same.
Thus, the box will have extra interstitials or vacancies. DADOS will transfer these particles into
the next amorphous box, following the direction indicated by the recrystallization front (see
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c -1> o
' - -«
v
= = Recrystallization
front
A

Figure G.3: Related to amorphization data in the messages window

figure G.3). If this front finds a surface, interstitials and vacancies will be eliminated there. If
not, they will form clusters that, after annealing will evolve towards extended defects.

In an amorphous box which is going to recrystallize, there can be impurities. These ones
can stay in the box as substitutional structures or be transferred into the next amorphous box
following the direction indicated by the recrystallization front. In order to choose what to do,
DADOS uses a probability, recrysDepositProb_7. But the maximum number of impurities par-
ticles that can be deposited in the box is limited by recrysMaxActive_7. The excess is deposited
as complexes, with a maximum number of impurities in them defined by maxDepositedCxSize_7.

G.2 Amorphous pocket implementation

Amorphous pockets are implemented as irregular shapes containing single neutral “native
defects”.

G.2.1 Emission

Once all the IV pairs have been recombined, the amorphous pockets tries to be dissolved.
The particles not recombined wait for a dissolution event, calculated with the frequency:

6 Ey;
Vidissol = 13 - DOAmorphousPocket - exp (W) (G.2)

Where:

= ) is the jump distance.
= DOAmorphousPocket is a prefactor in diffusivity units.
» Fyissor 18 the activation energy.

= See symbols list.
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G.2.2 Growth

When a mobile particle is near enough to the amorphous pocket (closer than the capture
distance), it is captured by it and is inserted into it. See amorphous pockets interactions for
further information.

If the amorphous pocket has a large size (higher than a threshold), DADOS only counts the
number of particles being captured by it (hidden particles), in order to save memory [36]. An
impurity can also be captured by the amorphous pocket:

= If it is a single impurity, it doesn’t affect the amorphous pocket size.

» If it is an impurity-“native defect” pair, DADOS splits it into a single impurity, which
doesn’t affect the size, and a single neutral “native defect”, which does.

G.2.3 Shrinkage

Interstitials and vacancies can be recombined inside the structure. This is called dynamic
annealing or shrinkage. This process is energetically more favorable than emission. The frequency
associated to this event is given as follows:

6 :
Vs = ~3 - DOAmorphousPocket - min(m, n)®*Porenthnorphousbocket,

A
( Eb AmorphousPocket (mT"'”) ) (G.4)
~exp | — T

Where:

A is the jump distance.

DOAmorphousPocket is a prefactor in diffusivity units.

m is the number of interstitials in the amorphous pocket.

= 7 is the number of vacancies in the amorphous pocket.

ExponentAmorphousPocket is an exponent.

Eb_AmorphousPocket is the activation energy.

See symbols list.
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G.3 Charge model implementation

Simulated particles can have different charge states. As other parameters such as diffusion
depend on the charge, DADOS implement charged particles as different species as shown in the

table G.1

Table G.1: Charged particles in DADOS

Physical particle Implemented species

Particle types names

I It P
I° I
I~ M
\Y vVt VPP
\Vas VP
VO A4
A\ VM
V- VMM
As AsT As
Asi Asit AsiP
Asid Asi
AsV As™T AsVP
AsY AsV
As AsVM
B B~ B
Bi Bit BiP
Bi Bi
Bi~ BiM
C co C
Ci CiY Ci
In In— In
InV Vo InV
InV~— InVM
Ini Ini? Ini
Ini— IniM
P PiY Phi
Pit PhiP
Pi PiY Phi
Pit PhiP
PV PVt PhVP
pvo PhV
PV— PhVM

DADOS assumes some hypotheses:

= Temperature dependance of charge levels and gap narrowing of charge levels dependance

is the same as for the band gap.

= Charge is adapted and updated instantaneously, as charge reactions are much faster than

structural ones.
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= Substitutional dopants are always ionized and in the same charge state.

G.3.1 Band gap narrowing

Shifts of the minimum value of conduction band and maximum value of valence band are
calculated by DADOS using the following expressions, according to Jain Roulston model [37]:

s For n-semiconductors:

N [V4 N [V/3 N [V2
AFE. = Acnl 4 ’ 1018 + Acnl 3 ‘ To18 +Acn1l 2 ’ 1018 (G.5)
1/4 1/3 N (V2
AFE, =Avnl 4 ‘ To18 + Avn1l 3 ’ 1018 + Avnl 2 ’ 1O18 (G.6)
» For p-semiconductors:
N |VA N (V3 N [2
AFE. = Acpl 4 ‘ e + Acp1l 3 ‘ e + Acpl 2 ’1018 (G.7)
N V4 N [V/3 N |12
AFE, = Avpl 4 1018 + Avpl 3 ’ 1018 + Avpl 2 1018 (G.8)

Where:

= N is the effective concentration of active dopants (with sign): N = N* — N~ where N*
is the active donor concentration and N~ is the active acceptor concentration.

= A??71_7 are constants.

In every charge update, AE. and AL, are calculated.
For the rest of the electronic levels, DADOS assumes a proportional variation with the band

gap narrowing as given by the expression:

E ? ?—-FE
c v c v

Where:
= [, is the conduction band energy.

= [, is the valence band energy.

= e_7 is a generic energy charge level.
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Figure G.4: Band gap narrowing
G.3.2 Charge attractions and repulsions

DADOS implements electrostatic interactions in both short and long range:

= For short range, repulsions are implemented by forbidding the interaction among charged
particles (not neutral) with the same charge.

» For long range, electrostatic interactions (attractions and repulsions) are automatically
included due to the electric drift in the migration (this process depends on the Fermi level).

G.3.3 Charge update

There are two mechanisms to control the charge states probabilities:

Dynamic update. The charge state is updated whenever the particle jumps, in order to follow
the probabilities of charged species in each box. These probabilities have been previously
calculated as a function of the Fermi level during the static update. This is suitable for
particles jumping at low frequencies.

Static update. The charge state is updated every some time.

DADOS uses a counter to simulate charge update and calculate Fermi level in all boxes.
Every time an electrically active dopant is created or destroyed, the counter increases. When the
counter value is higher than a threshold, DADOS updates the charge state for all particles.

The threshold changes during the simulation, according the charge variations. With the pa-
rameter ChargeVarPercent, this mechanism can be controlled. This parameter indicates the
maximum relative error allowed in Fermi level updates. The higher ChargeVarPercent is, the
less updates are done. It is NOT recommended changing this parameter because DADOS is very
sensitive to variations in this value. Modifications of this parameter should be allowed only for
advanced users because:
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= [f ChargeVarPercent is very low, calculations will be made very frequently, and the simu-
lation will become slower.

= [f ChargeVarPercent is very high, updates will not be frequent enough, and physically
incorrect values might be obtained.

G.3.4 Electric drift implementation

As the formation energy of charged species depends on the Fermi level, mobile charged point
defects are going to find an energy barrier to jump into boxes in which the formation energy is
higher. Electric drift is implemented in DADOS as a discrete process, setting a constant Fermi
level for each box (see figure G.5).

Energy

X X2 Position

Figure G.5: Electric drift implementation

G.3.5 Fermi level calculation

DADOS calculates the Fermi level in each box using its smoothed dopant concentration, Ngy,:

» If N, > 0 (n-type boxes):

1 1
n:§Nsm+ ZNSQm—l—n?
(G.10)
_ -1 ("
er —Ec+k‘T-.7-"l/2 <Nc>
» If Ny < 0 (p-type boxes):
1 1
p:—5N3m+ ZNs2m+n'L2
(G.11)

er =B, — KT - F ) (p>
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Where:

= F,. is the conduction band energy.
= F, is the valence band energy.

» Fy/p is the Fermi-Dirac function and .7-'1_/12 is its inverse. Those functions, when required,

are calculated with analytical approximations.
m 1; is the carrier concentration.

= See symbol list.

G.3.6 Smoothing the dopant distribution

DADOS checks all the boxes and stores the dopants per box. After that, DADOS smoothes
the dopant concentration using a locally-dependent radius equal to the Debye length [38]:

Figure G.6: Debye radius

T
= /47Tq2Ny (G.12)

Where:

» N is the effective concentration of active dopants (with sign): N = N* — N~ where Nt
is the active donors concentration and N~ is the active acceptors concentration.

= See symbol list.

In order to avoid excessive calculation time, the maximum number of boxes for Debye length
is set to 7 [38|.
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The smoothed dopant concentration, Ng,,, will be used in the Fermi level calculation of each
box using the neutrality approximation. This smoothed neutrality approximation is a computer-
efficient method with intermediate precision between the simple local neutrality approximation
and the time consuming solution of Poisson equation.

G.3.7 Temperature dependance of band structure
Band gap width

The band gap width depends on the temperature, T, following the expression:

Agap?
FE,(T)=Eg0 — ———— 1
g( ) & Bgap + T (G-13)

Where:

= Eg0 is the band gap width at 0 K.
= Agap and Bgap are constant parameters.

= See symbol list.

Charge levels

We denote by e_7 the charge level associated to a charged particle, 7, at the current temper-
ature, T. e_7 is measured from the valence band edge. DADOS assumes that all charge levels
temperature dependance is the same as band gap width one, thus:

Ey(T)

e T=e 7022
o —  Ey(0)

(G.14)

Where:

= e_70 is the charge level at 0 K.

» E4(T) is the band gap width at temperature T.

Related physical magnitudes

= Equilibrium concentration of charged species.

= Formation energies of charged species.
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Effective density of states

DADOS implements the density of states in both conduction and valence band as follows:

expNc
N(T) =Nc300 [ —

explly (G.15)

Where:

= Nc300 and Nv300 are the effective densities of states in the conduction and valence band
respectively at 300 K.

= expNc and expNv are exponents to calculate the density of states in the conduction and
valence band respectively.

= See symbol list.

G.4 Cluster implementation

Clusters are implemented as a special type of amorphous pockets with only one particle type,
interstitials or vacancies.

G.4.1 Emission

Clusters emit particles releasing them as a point defect:

Xn = X+ X5 (G.16)

The emission frequency is given by the expression:

EHEm) (G.17)

6
Vem = 5V DOClusterProp - n - exp (— kT

Where:

= ) is the jump distance.
= DOClusterProp is proportional to the prefactor.

= 1 is the cluster size.
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= Eb is the binding energy.
= Em is the migration energy of the released point defect.

= See symbol list.

G.4.2 Growth

When a mobile particle of the same type (X, interstitial or vacancy) that those of the cluster
is near enough to the cluster (closer than the capture distance), it is captured and is inserted
into it.

Xp+X = Xppa (G.18)

The energies associated to the emission and growth are plotted in the figure G.7.

EmX

Eb(n)

Xn<-> Xn-1+ X

Figure G.7: Binding energy for cluster growth

G.4.3 Binding energy

Examples of the binding energy for clusters are represented in the figures G.8 and G.9.

According to experimental measurements and to calculation results, for high size values, the
binding energies are fitted by a potential function. However, for low size values, the energies
are irregular. DADOS implements a technique which allows insert values for specific sizes and a
generic function for other sizes.
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Figure G.9: Binding energy for V clusters
Specific values
They can be inserted by means of Eb_Cluster 7, with the DADOS data file format.
Generic function
The exponential function is implemented as follows:
Ey(?n) =Eb_LargeCluster ? — (Eb_LargeCluster 7 — Eb_SmallestCluster 7)-
(nexponent_Cluster 7) _ (TL _ 1)exponent_Cluster ? (GIQ)

Where:

» Eb(?n) is the binding energy for an interstitials or vacancies cluster (?) of size n.

= Eb_LargeCluster 7 is the limit in binding energy for highest cluster size.

9exponent _Cluster 7 __

1
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» Eb_SmallestCluster 7 is the limit in binding energy for lowest cluster size (2).
= 1 is the cluster size.

= exponent_Cluster 7 is an exponent.

This expression comes from assuming that the total binding energy of the cluster of size n
depends on n.

G.4.4 Shrinkage

When a mobile particle of complementary type (vacancy or interstitial) of those of the cluster
is near enough to the cluster (closer than the capture distance), it is recombined (with an opposite
particle). When only one particle is remaining, the cluster is transformed into a point defect.

G.5 Complex implementation

XmAn complex is a defect with n atoms of B, As, C, F, O or P (called front particles),
and m [ or V (called back particles). DADOS does not take into account the different possible
microscopic configurations of XmAn and uses effective numbers for each combination. I and V
can be single neutral native defects or associated with the other atoms, for instance, boron in
interstitial position.

G.5.1 Back particle emission

Back particles are emitted as follows:

XmAn — Xmo1Ap + X (G.20)

The emission frequency is calculated by DADOS as follows:

Vem,B(n,m) = % -m - min(n, m) - DOF_ ComplexProp
exp < Em(X) + max(0, Ebarr(m — 1,n)) + max(O,Eb(B))) (G.21)
cexp [ —
kT

Where:

= B is the back particle.

= ) is the jump distance.
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= DOF_ComplexProp is a prefactor in diffusivities units.
» Em is the migration energy.
= Ebarr is an optional energetic barrier.

= Eb is the binding energy of the back particle, calculated as follows:
Eb(m, ’I’L) = Etotal(m -1, n) - Etotal(m7 7’L) <G22)

= See symbols list.

After emission, if only one particle (or two particles that can form a pair) is remaining, the
complex is transformed into a point defect. The energies associated to this process are plotted
in the figure G.10.

/ 1 Ebarr(m-1,n)

EmX

Eb{m,n)

XmAn <> Xm-1An+ X

Figure G.10: Back particle emission. Associated energies

G.5.2 Front particle emission

Front particles are emitted depending whether they are mobile or immobile.



232 APENDICE G

Mobile single impurity (F, O,...)

XmAn — XmAp_1 + A (G.23)

The emission frequency is calculated by DADOS as follows:

6
Vem,F(n, m) = F -n -DOF _ComplexProp

m max arr(m,n — max m,n (G.24)
.exp<_E (A) + max(0, Evarr (m, n — 1)) + max(0, Eb(m, >>>

kT

Where:

= [ is the front particle.

= )\ is the jump distance.

= DOF_ComplexProp is a prefactor in diffusivity units.
= Em is the migration energy.

= Ebarr is an optional energetic barrier.

= Eb is the binding energy of the front particle, calculated as follows:

Ey(m,n) = Eyppar(m,n — 1) — Eppar(m,n) (G.25)

See symbols list.

After emission, if only one particle (or two particles that can form a pair) is remaining, the
complex is transformed into a point defect. The energies associated to this process are plotted
in the figure G.11.

Immobile single impurity (B, As, C,...)

It is emitted within a mobile pair:

XA, — Xno1An_1 + XA (G26)

The emission frequency is calculated by DADOS as follows:

2
Em(A) + max(0,Ebarr(m — 1,n — 1)) + max(0,Eb(m,n)) (G.27)
P <_ KT )

6
Vem,B(N, m) = 2 min(m,n) - DOF_ ComplexProp
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/ ‘l Ebarr(m,n-1)

EmA

Eb{m,n)

XmAn <-> XmAn-1+ A

Figure G.11: Front particle emission (I). Associated energies

Where:

= [ is the front particle.

= ) is the jump distance.

= DOF_ComplexProp is a prefactor in diffusivities units.
= Em is the migration energy.

= Ebarr is an optional energetic barrier.

= Eb is the binding energy of the front particle, calculated as follows:

Eb(m7 TL) = Etotal(m - 1n-— 1) — EbXA - Etotal(ma ’I’L) (G28)

= See symbols list.

After emission, if only one particle (or two particles that can form a pair) is remaining, the
complex is transformed into a point defect. The energies associated to this process are plotted
in the figure G.12.
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/ 1 Ebarr(m-1,n-1)

EmXA

Eb{m,n)

XmAn <> Xm-1An-1 + AX

Figure G.12: Front particle emission (II). Associated energies

G.5.3 Back particle capture

Complexes can capture single neutral “native defects”.

XmAn 4+ X — Xmi1An (G.29)

These captures are not automatic, because of the associated energies. DADOS uses a capture
probability defined as follows:

(G.30)

max(0, Ebarr(m,n)) + max(0, —Eb(m + 1, n)))
kT

Pcapt,B(m7 n) = €Xp <_
Where:

= B is the back particle.
= Ebarr is an optional energetic barrier.

= Eb is the binding energy of the back particle, calculated as follows:

Ey(m,n) = Eppar(m,n) — Eygrar(m + 1,n) (G.31)
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If there is no energy included in the DDP file, DADOS assumes that this configuration is
unstable and it gives a value of +5 eV to the potential energy to avoid the creation of this
kind of complexes.

= See symbols list.

The energies associated to this process are plotted in the figure G.13.

Ebarr(m+1n)

EmX

-Eb(m,n)

EmX

Figure G.13: Back particle capture. Associated energies

G.5.4 Front particle capture

Complexes can capture single impurities.

Mobile single impurity (F, O,...)

XA + A — XnAni (G.32)

These captures are not automatic, because of the associated energies. DADOS uses a capture
probability defined as follows:

(G.33)

max(0, Ebarr(m,n)) + max(0, —Eb(m,n + 1
Pa, ) = e (0 B 4 (0, Bk 1))

Where:
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F is the front particle.

Ebarr is an optional energetic barrier.

Eb is the binding energy of the back particle, calculated as follows:

Ey(m,n) = Eprar(m,n) — Eygrar(m,n + 1) (G.34)

See symbols list.

The energies associated to this process are plotted in the figure G.14.

Ebarr(m,n+1)

EmA

-Eb(m,n)

EmA

Figure G.14: Front particle capture (I). Associated energies

Immobile single impurity (B, As, C,...)

XmAn + XA — Xm+1An+1 (G35)

These captures are not automatic, because of the associated energies. DADOS uses a capture
probability defined as follows:

(G.36)

max(0, Ebarr(m,n)) + max(0, —Eb(m + 1,n + 1))>
kT

Pcapt,F(mv n) = €xp <_
Where:

= [ is the front particle.
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= Ebarr is an optional energetic barrier.

= Eb is the binding energy of the back particle, calculated as follows:

Ey(m,n) = Eppar(m,n) — Eygra(m+ 1,0+ 1) (G.37)

= See symbols list.

The energies associated to this process are plotted in the figure G.15.

Ebarr(m+1,n+1)

EmXA

-Eb(m,n)

EmXA

Figure G.15: Front particle capture (II). Associated energies

G.5.5 Shrinkage

Complexes can capture interstitials or vacancies that are recombined with complementary
particles. For instance, let’s call X’ to the complementary particle to X, i. e., interstitials for
vacancies and vice versa:

XmAp + X = Xpno1An (G.38)

The capture probability is calculated as follows:

(G.39)

min(0, Erec(m,n
Pcapt,C’P(m> TL) = €exp <_ ( kT ( ))>

Where:
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m Erec is:

Erec(m,n) =Eform I+ Eform V — (Eiua(m —1,n) — Eptar(m,n)) (G.40)

= Eform I+ Eform V —EbB(m,n)
» EbB(m,n) is the binding energy for the back particle.
» EbB(m,n) is the binding energy for the back particle.
= Eform T is the formation energy of interstitial.

= Eform V is the formation energy of vacancy.

= See symbols list.

The energies associated to this process are plotted in the figure G.16.

EmX'

EfIV-EbB(m,n)

Figure G.16: Shrinkage. Associated energies

G.5.6 Complementary emission

Some impurities can diffuse by means of both interstitials and vacancies, for example, arsenic.
In this case, complexes can emit not only interstitials and vacancies but also point defects, with
complementary particles, i.e., a As,Vy, complex can emit As;.

XmAL — Xm+1An_1 +X'A (G41)

The emission frequency is given as follows (the same for AV):
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Figure G.17: Complementary emission

6
Vem,cp(n,m) = VA min(m,n) - DOF_ ComplexProp

_Em(X’A) + max(0, Ebarr(m + 1,n — 1)) + max(0, Eb(m, n)) (G.42)
exp —

Where:

= ) is the jump distance.

DOF_ComplexProp is a prefactor in diffusivity units.
= Em is the migration energy.
= Ebarr is an optional energetic barrier.

= Eb is the binding energy of the front particle, calculated as follows:

Ey(m,n) = Eppr(m + 1,n — 1) — Ejpq1(m,n) (G.43)

= See symbols list.

G.5.7 Complementary recombination

Some impurities can diffuse by means of both interstitials and vacancies, for example, arsenic.
In this case, complexes can recombine not only interstitials and vacancies but also point defects:

XmA, + X'A— melAnJ’»l (G44)

The capture probability is calculated as follows:
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( Eecapt(X'A)
, exp| ————
Pcapt(X A) = kT

1, Eeapt(X'A) <0

> , Eeapt(X'A) >0 (G.45)

Where:

» Eeqp is the capture energy.

= See symbols list.

And the recombination energy is calculated with the total energies:

Etotal (Xm—lAn+1) — Etotal (XmAn) — Eform_V — E:Eorm_I — Etotal (X/A), m > 0

Erecomb(X,A) = Etotal(XmAnJrl) - Etotal(XmAn) - Etotal (X,A) + EmiI - Emix’A, m = 0, n>1
EX’A—>A7 mzov n=1
(G.46)
Where:

= Eform is the formation energy.
= Em is the migration energy.

s Fx/4_,4 is an internal, fixed parameter.

G.6 Dislocation loops implementation

Faulted dislocation loops are implemented in DADOS as round-shaped structures of immobile
interstitials, oriented in one of the four 111 planes. The orientation is randomly taken (from these
four) when the dislocation loop is created. The density of atoms in the dislocation loop is given
by this expression:

8
p_az\/g

= 15.66 nm 2 (G.47)
By simplicity, DADOS implements the dislocation loop using a square in-plane lattice with
planar density p.

In consequence, the distance between consecutive atoms is:

1
d=—=0.2527 nm G.48
NG (649
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Figure G.18: Dislocation loop structure implementation

And the radius can be calculated by:

r= )= (G.49)

G.6.1 Emission

Dislocation loops emit interstitials from their edge end and they release them as a point
defect from a randomly consen orientation of its surface. The emission frequency is given by the
expression:

Eb E
Vem(n) = % - nDODLoopProp - exp (—W) (G.50)

Where:

A is the jump distance.

DODLoopProp is proportional to the prefactor.

n is the dislocation loop size.

Eb is the binding energy.

Em is the migration energy of the released point defect.

See symbol list.

G.6.2 Growth

When a mobile neutral interstitial is near enough to the dislocation loop (closer than the
capture distance), it is captured by it and inserted into the edge.
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G.6.3 Formation energy

Formation energy for faulted dislocation loops as a function of the radius is:

ot BT (207 2r
FErpp =7mrey + 1 <3(1_V)>1I1< > (G51)

Where:

r is the radius of the defect.

~ is the stacking fault energy per unit area.

1 is the shear modulus.

v is the Poisson’s ratio.

ro is the dislocation core radius, where b is the modulus of the Burgers vector.

See symbol list.

G.6.4 Shrinkage

As dislocation loops are relevant near equilibrium conditions (low supersaturation), the fol-
lowing process is not implemented:

V41, — I (G.52)

G.6.5 Complementary emission

Vacancy emission from dislocation loop (generation of a vacancy and a bound interstitial) is
not currently implemented because it is not likely to occur.

G.7 1311 implementation

1311 are implemented in DADOS as planar defects in 311 orientations, formed by interstitials
arranged in parallel rows along < 011 > directions. When a 1311 is formed, its orientation is
randomly chosen from the 12 equivalent 311 orientations. The distance between rows is:

22
AW = {a = 0.637 nm (G.53)
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o=

: L.
min

Figure G.19: 1311 structure implementation

[311 are supposed to have an areal density of p = 5 interstitials/nm2.

The distance between consecutive interstitials in the 1311 is theoretically given theoretically
by:

a

—— =0.192 G.54
e nm (G.54)

But, as it is experimentally known, only a 61 % of the rows are occupied. DADOS uses
a higher value of dL in order to maintain the correct areal density keeping all the positions
occupied. Thus, the distance between consecutive interstitials (in a row) is taken to be:

1 a

dL = ———
0.612y/2

= 0.314 nm (G.55)

The total number of interstitials in the structure is n = ny, - nyy, where ny, is the number of
interstitials per row and ny is the number of rows.

1311 length L =ny -dL
1311 width W = nyw - dW

The relation between width and length is assumed to be W = +/0.5 nm - L. Taking into
account above expressions, the number of rows of a given number of interstitials n will be:

0.5 nm - dL\"/?

What DADOS does is to establish a threshold in the middle between two consecutive values
for ny. However, the values around this threshold are complicated to handle because small
changes can yield a lot of changes in nyy. That is why DADOS implements a histeresis cycle, as
shown in the figure G.20.
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—— | n(hw+1)

n(nw+1.l‘2_)_

n(nw) +—

Figure G.20: 1311 histeresis

G.7.1 Emission

1311s emit interstitials by taking one from the end of the row and releasing as a point defect it
at any point randomly chosen in the surface. The emission rate is the same to the one described
for clusters, and with the same binding energy:

M) (G.57)

6
Vem(n) = 2 nDODClusterProp - exp (— T

Where:

A is the jump distance.

DOClusterProp is proportional to the prefactor.

n is the dislocation loop size.

Eb is the binding energy.

Em is the migration energy of the released point defect.

See symbol list.

G.7.2 Growth

When a mobile interstitial is near enough to the 1311 (closer than the capture distance), it is
captured by it and is inserted into one of the ends of the defect (the closest one to the particle
position). The number of interstitials captures depends on the width: when the number of rows
is reduced, then the structure gets a bigger length, and therefore, more captures will take place.
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G.7.3 Shrinkage

When a mobile vacancy is near enough the 1311 (closer than the capture distance), it is
captured by it and it is recombined with an interstitial. When only one interstitial is remaining,
the 1311 is transformed into a point defect.

G.8 Interface implementation

G.8.1 Interface geometry

The figure shows a DADOS interface implementation example. As the program makes a box
division, the interface will be simulated as the interface among boxes of different materials. See
figure G.21.

Si0s

Boxes @

k Si

Interface Er

M
Box Face

Figure G.21: Interface implementation

G.8.2 Native defect recombination length

The probability of recombination of single neutral native defects on the interface is:

A
p== (G.58)

Where:

= )\ is the capture distance.

= [ is the recombination length, RecLnm_7?.

As probabilities must be less or equal than 1:
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= If Reclnm_? < A, DADOS makes RecLnm_? = X and the interface will become a perfect
sink for the selected particle.

s If RecLom_? = -1, DADOS automatically makes that interface neither emit or capture
particles.

DADOS captures single neutral native defects with the probability explained above.

G.8.3 Native defect generation at the interface

Interface emission is much more frequent than emission in the bulk. Actually, DADOS doesn’t
implement emission in the bulk, as its frequency is extremely low. Interface emission is only al-
lowed for single neutral native defects. Frequency of surface emission per unit area is implemented
following the expression below:

(G.59)

kT

9 6 ) 0 Eform 7+ Em 7
Ve, = ? “p- ﬁ -COrelEq 7-Dm_7-exp | —

Where:

= “7” stands for interstitials or vacancies.
= p is the probability of recombination of single neutral native defects on the surface.
= ) is the jump distance.

= COrelEq_7 is the relative single neutral native defects concentration under equilibrium
conditions.

= Dm_7 is the prefactor of diffusivity.
= Eform_7 is the formation energy.
= Em_7 is the migration energy.

= See symbols list.

For dopants, please see trapping mechanism.

G.8.4 Segregation

Dopants have preferences for being emitted to one side from the interface. DADOS uses a
coefficient to indicate the concentration of a dopant in the non-silicon side of the interface relative
to the one in the silicon side. For calculating that, DADOS uses an Arrhenius plot:

Cnon—Si

Csi

Segregation =

(G.60)

Segreg eV 7
kT

= Segreg pref 7-exp (—
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Where:

= Segreg_pref_7 is the prefactor of segregation.
= Segreg_eV_7 is the segregation energy.

= See symbol list.

G.8.5 Trapping and detrapping

Interfaces in DADOS trap neutral mobile dopants. The flux of these phenomena has been
implemented following the Oh-Ward model [39]. Net flux can be calculated as the difference
between trapping rate and detrapping rate: F = T - D.

Trapping rate is defined as the attempted frequency for the process multiplied by the
capture probability; this yields (Oh-Ward):

T=hC, [1- Y 4 (G.61)
Ll Omax a Omazx
species

And detrapping rate can be calculated following the expression below:

D=hr""

G Omax

Craz (G.62)
Where:

= “h” is a coefficient obtained with parameters Surf_hO_7? and Surf_Eh_7:

(G.63)

Surf Eh ?
h =Surf hO 7-exp —?

» “Cg” is the volume concentration of dopants at the interface on the material side.
» o is the current trapped dopants at the interface.
" Omae 18 the maximum concentration of trapped particles allowed in the interface, SurfMaxTrap_7.

= < is the relation between emission and absorption probabilities for the interface. It can be

calculated using Surf_e_a0_7? and Surf_Ee_a_7:

e Surf Ee a 7
- urf e a0 exp( T ) ( )

= Cae 18 the maximum solid solubility of dopant in the material. See solubility for further
information.

= Addition in trapping rate is calculated for all species present at the simulation.
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G.8.6 Dopant diffusion at interfaces

Boron, arsenic and phosphorous are implemented in DADOS to diffuse through interfaces and
go into other materials. As the properties here are quite unknown, DADOS only implements the
diffusion for oxides and nitrides (neither extended defects formation nor interactions). DADOS
doesn’t implement single neutral native defects for other materials different from crystalline
silicon.

G.9 Point defect implementation

Point defects can be:

» Native defects, such as interstitials, vacancies, neutral (I, V) or charged (IP, IM, VM, VMM,
VP, VPP).

» Substitutional dopants pairs, such as Bi (boron + interstitial), AsV (arsenic + vacancy),
etc.

G.9.1 Break-up

Break-up is a mechanism for splitting a point defect: A; — A+ T or AV — A+ V. The
break-up frequency is calculated by DADOS with an Arrhenius plot:

V= % - Do pi; - €xp (— (G.65)

Eb ?+Em ?
A

kT

Where:

Dy is the prefactor of break-up in diffusivity units for point defect Ai.

A is the jump distance.

Eb_7 is the binding energy for for point defect A;.

Em_7 is the migration energy for I or V.

See symbols list.

G.9.2 Captures

A capture can occur when a particle or defect is sufficiently near to another particle or defect
and the capture is allowed. DADOS uses a capture distance called \. If the particle arrives in a
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very populated area, where more than one interaction is possible, DADOS randomly selects one.
A capture is always associated to an interaction.

For extended defects, such as amorphous pockets, 1311, dislocation loops or voids, the captures
depend on the surface, because it is there where the interaction occurs. Therefore, the larger the
surface is, the capture will happen more frequently.

G.9.3 Jumps

Mobile particles in DADOS jump at a rate that is determined by both energy and tempera-
ture. The implemented jumping directions are six: +x, —x, +y, —y, +2z, —z.

Jump distance is called A. We take it also to be equal to the capture distance. Its value
is 0.384 nm, corresponding to the second neighbors distance in the silicon lattice. It is involved
into the relation between the migration rate and the diffusivity:

)\2
D= (G.66)

Jump frequency is calculated by using Em_? and Dm__ 7:

Em 7
Upp = % . Dm_? - exp (— II:% ) (G67)

Where:
= Dm_7 is the prefactor of diffusivity for particle “7”.
= ) is the jump distance.

= Em_7 is the migration energy for particle “7”.

= See symbols list.

G.9.4 Pile-up

When a mobile dopant meets an amorphous pocket or a cluster (I311 or void), the interstitial
or vacancy is included into the extended defect whereas the dopant keeps very near to the defect
but not included in it. It is, then, simulated as a point defect.

G.10 Simulation box

DADOS divides the simulation box into smaller boxes. In each direction, =, y or z, it takes
a number of divisions that is a power of two in order to assign an optimum number of bits. The
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smaller BitsBoxes is, the bigger the boxes will be, because if less bits are used, less divisions will
be carried out. Information about box size can be found in the messages window at the beginning
of a simulation:

Bits in each direction Size of each direction

Simulation 12:01:56: Boxes: %=15, Y=8, 2=8, 1.875%nm = 1.25m * 1.25nm
Simulation 12:01:56: Boxes volume [cm3] = 2.92968e-021 per particle conc = 3.41333e+020

Concentration with one particle per box
Figure G.22: Box split data in the messages window

The maximum number of boxes created in each simulation are 2Bi*sBoxes DADOS follows an
algorithm to distribute the bits among the directions, in order to get nearly-cubic boxes, but:

= If the simulation box is very small, DADOS doesn’t use all the bits, because there is a
minimum limit for box sizes of about 1 nm? per box.

= Even for a very big simulation box, it is NOT recommended using a value of BitsBoxes
higher than 19, because a large amount of computer memory and time would be used.

= [t is not recommended to use a BitsBoxes value much lower than 19 because if the simula-
tion box is very large, the boxes would be large, loosing spacial resolution. This low spacial
resolution would affect to the charge mechanisms, to the amorphization mechanisms and
to the interface shape.

G.11 Voids implementation

Voids are implemented in DADOS as spherical-shaped structures of immobile vacancies.

G.11.1 Emission

Voids emit vacancies by taking one from the edge and releasing as a point defect it at any
point randomly chosen in the edge. The emission rate is:

6 E
Vem = 13 DOClusterProp - MINVoidsSIZE!/3%/3 . exp (—;;) (G.68)

Where:

= )\ is the jump distance.

= DOClusterProp is proportional to the prefactor.
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m MINVoidsSIZE is the minimum size of a vacancies cluster to be converted into a void.

= 1 is the cluster size.

Eb is the binding energy.
= Em is the migration energy of the released point defect.

= See symbol list.

G.11.2 Growth

When a mobile vacancy is near enough the void (closer than the capture distance), it is
captured by it and is inserted into the edge of the structure.

G.11.3 Shrinkage

When a mobile interstitial is near enough the void, it is captured by it and it is recombined
with a vacancy. When only one particle is remaining, the void is transformed into a point defect.

G.12 Extended defect transformations

G.12.1 Amorphous pockets to 1311

DADOS implements a model which assumes that when the number of interstitials in an
amorphous pocket is higher than a threshold, then the structure is automatically transformed
into a 1311.The threshold in number of interstitials is given by:

(G.69)

. EClusterto311l
Ny, = size0 Clusterto3ll-exp | —

kT

Where:

= sizeO_Clusterto311 is the prefactor.
s EClusterto311 is the activation energy with changed sign.

= See symbol list.

However, there is a minimum size to create a 1311, specified by parameter MIN311SIZE.
Therefore, if the threshold is smaller than it, DADOS will discard it and use MIN311SIZE. See
figure G.23.
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Figure G.23: Amorphous pockets to 1311 transformation

G.12.2 Amorphous pockets to voids

DADOS implements a model which assumes that when the number of vacancies in an amor-
phous pocket is higher than a threshold, then the structure is automatically transformed into a
void. The threshold in number of vacancies is given by:

(G.70)

. . EClustertoVoids
Ny, = size0 ClustertoVoids-exp | —

kT

= sizeO_ClustertoVoids is the prefactor.

» EClustertoVoids is the activation energy with changed sign.

= See symbol list.

However, there is a minimum size to create a Void, specified by parameter MINVoidSIZE.

Therefore, if the threshold is smaller than it, DADOS will discard it and use MINVoidSIZE. See
figure G.24.

Nth

EClustertoVoids

L

MINVoidsSIZE

size0_ClustertoVoids

1kT
(high T) (low T)

Figure G.24: Amorphous pockets to void transformation
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G.12.3 1311 to dislocation loops

Two models (transition size and transition rate) are implemented in DADOS to simulate the
creation of dislocation loops from I311. It is highly recommended to have only one of them active:

= To deactivate transition size model, please set size0_311toDLoop to negative.

= To activate this model, please set RO_311ToDL to zero.

Transition size model

This model assumes that when the number of particles is higher than a threshold, then the
structure is automatically transformed into a dislocation loop (see figure G.25).
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Figure G.25: 1311 to dislocation loops to void transformation. Transition size model

The threshold in number of interstitials is given by:

(G.71)

) E311toDLoop
Nip, = size0_ 311toDLoop-exp | ———————

kT

= size0_311toDLoop is the prefactor.
= E311toDLoop is the activation energy with changed sign.

= See symbol list.

Transition size model

This model says that the transformation rate follows an Arrhenius plot from a value, as shown
in the figure G.26.

The barrier energy to create dislocation loops is dependent on the number of interstitials as
follows:
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Figure G.26: 1311 to dislocation loops to void transformation. Transition rate model
Ebarl 311ToDL
FEparr = Ebar0_311ToDL + .\ exp0 3TTTaDL (G.72)
%)
Where:

» Ebar0_311ToDL is a constant energy. It is the limit barrier energy for high structure sizes.

» Ebarl_311ToDL is a prefactor used to define the growth level in the rate.

= NV is the number of interstitials in the structure.

= Np is a fixed value. It is the number of interstitials for which the formation energy for 1311
and dislocation loops is the same.

= expo_311ToDL is an exponent used to define the growth level in the rate.

The transformation rate is then given by:

Where:

R =RO_311toDLoop - exp (—

Ebarr) @73)

kT

= RO_311toDLoop is the prefactor.

» Ebarr is the barrier energy calculated before.

= See symbol list.



