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Not far from here, by a white sun, behind a
green star, lived the Steelypips, illustrious,
industrious, and they hadn’t a care: no
spats in their vats, no rules, no schools,
no gloom, no evil influence of the moon,
no trouble from matter or antimatter — for
they had a machine, a dream of a machine,
with springs and gears and perfect in every
respect. And they lived with it, and on it
and under it, and inside it, for it was all
they had- first they saved up all their atoms,
then they put them all together, and if one
didn’t fit, why they chipped at it a bit, and
everything was just fine.

Stanislav Lem

Como facerda Don Fulano pra ganar dez
mil reds e aforrar cen mil?

Castelao e Victor Marcos Rodriguez
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Resumo

A transmision de alta potencia ldser, ou polas stas siglas en inglés HPLT, estd chamada
a revolucionar o campo da transmisién de potencia inaldmbrica sen fios. Esta tecnoloxia
consiste na emision dun feixo monocromadtico para transferires potencia a un receptor remoto
ou laser power converter (LPC). O HPLT permite transferir potencia a través de fibra éptica
ou inclusive a través do espacio, reemplazando ao cableado convencional. Isto permite acadar
illamento eléctrico e moi baixas interferencias electromagnéticas. As aplicacions para esta
tecnoloxia pasan por transferir simultineamente datos e enerxia ou alimentar antenas remotas,

rovers ou satélites.

Na actualidade esta tecnoloxia baséase no emprego do arseniuro de galio (GaAs), con
LPCs que superan o 50% de eficiencia. O dispositivo con maior rendimento acada un 68.9% a
unha densidade de potencia laser de 11.4 W cm™. A arquitectura empregada neste dispositivo
€ a convencional horizontal laser power converter ou hLPC. Non obstante, este dispositivo
perde eficiencia conforme aumenta a potencia do laser debido as perdas por resistencia serie.
Isto representa unha importante limitacién para a tecnoloxia, xa que impide enviar maiores
densidades de potencia a dispositivos que requiran un consumo maior, tendo que aumentar
tanto o drea do LPC como a anchura do feixe ldser. Ademadis, dado que a eficiencia dos
LPCs tende a aumentar coa densidade de potencia (a voltaxe de circuito aberto aumenta coa
inxeccién de portadores), esta limitacion por resistencia serie anula esta via de mellorar a

tecnoloxia.

Para mellorar este paradigma, desenrrélanse novas arquitecturas que lidien con este efecto.
Unha delas € a vertical laser power converter ou VLPC, que evita o sombreado debido
aos contactos metdlicos e permite reducir as operdas por resistencia serie varios ordes de
magnitude. Outra é a chamada Vertical Epitaxial Hetero-Structure Architecture ou VEHSA,

que consiste en apilar verticalmente células para dividir a corrente e aumentar a voltaxe,
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disminuindo asi as perdas por resistencia serie. Esta arquitectura presenta o problema de
optimizar ben a estructura, dado que a corrente que proporciona cada célula ten que ser
a mesma, tendo en conta que a corrente total que se extrae do dispositivo é a menor das
correntes proporcionadas por cada célula. Na actualidade, emprégase para este cometido a lei
do decaemento exponencial de Beer-Lambert para calculares a fotoxeracién en cada célula.
Este método € util en materiais ben cofiecidos de bandgap directo como o GaAs, pero resultan
ineficaces cando se empregan materiais de bandgap indirecto.

Outra via para mellorar a eficiencia dos LPCs € empregar materiais de moi alto bandgap.
Estos materiais poden reducir tanto as perdas entrépicas (intrinsecas 4 conversién fotén-par)
como as perdas por resistencia serie, dado que para unha mesma densidade de potencia ldser o
feixe monocromatico tera menos fotons con mais enerxia, aumentando a voltaxe e disminuindo
a corrente que provee o dispositivo. Uns materiais prometedores son os politipos de carburo de
silicio (SiC). Os politipos mdis habituais son o ctibico (3C-SiC), 4H hexagonal (4H-SiC) e o
6H hexagonal (6H-SiC). Os dous politipos hexagonais son os mdis empregados na industria, en
particular no campo da electrénica de potencia. O 3C estd a ser investigado polas propiedades
isotrépicas e altas movilidades de portadores. Ademais, estes politipos presentan propiedades
moi interesantes como estabilidade térmica e resistencia 4 radiacién, o que os converte en
candidatos moi interesantes para aplicacion espaciais, onde os dispositivos sofren condiciéns
extremas. Por tltimo, os procesos de fabricacién de LPCs feitos destes politipos empregarian
materiais non criticos, abundantes (carbono e silicio) e con procesos que non involucran
axentes toxicos, ao contrario que no arseniuro de galio.

Co contexto mostrado previamente, este traballo tratard de dar resposta aos diferentes retos

actuais coas seguintes hipdteses:

H1. O emprego de materiais de alto bandgap nos LPCs aumentara a eficiencia dos disposi-
tivos en todo o rango de potencias ldser, reducindo tanto as perdas intrinsecas como as

perdas por resistencia serie.

H2. O rendemento de arquitecturas avanzadas de LPCs como a VEHSA pode mellorarse
mediante o emprego de unha modelizacion TCAD detallada mais novos algoritmos de

optimizacion.

H3. O uso combinado de materiais de alto bandgap e arquitecturas avanzadas pode reducir
ainda mdis as perdas por resistencia serie, permitindo convertir moi eficientemente

elevadas densidades de potencia ldser.
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Declarados os obxectivos da tese, no Capitulo 2 (Metodoloxia) preséntanse as principais
ferramentas e procedementos utilizados neste traballo, asi como os dispositivos LPC empre-
gados e as suas caracteristicas. Isto inclie os pardmetros caracteristicos dos materiais € os
modelos empregados nas simulaciéns, asi como unha descricién dos algoritmos de optimiza-
cién. Comézase por unha descripcion das principais figuras de mérito (FOM) que caracterizan
os dispositivos fotovoltaicos, como son a voltaxe de circuito aberto (Voc), a corrente de cur-
tocuicuito (Isc), o punto de maxima potencia (Py,), a voltaxe e corrente no punto de méxima

potencia (Vy, In), o factor de cheado (FF) e a eficiencia (Eff).

A continuacién describense detalladamente os modelos e pardmetros empregados no curso
das simulacions realizadas con Silvaco ATLAS, un software axeitado para a simulacién
de dispositivos semiconductores, empregado habitualmente en fotovoltaica e concretamente
en LPCs. Atendendo 4s propiedades madis notorias dos semiconductores presentados neste
traballo (3C-SiC, 4H-SiC, 6H-SiC e GaAs), o 4H-SiC (3,23 eV) presenta a maior enerxia
de bandgap, o que o converte nun candidato sélido como material base para os LPC. O 6H-
SiC tamén ten un bandgap alto de 3,02 eV. O 3C-SiC ten a enerxia de bandgap madis baixa
dos polimorfos de SiC propostos (2,36 €V). Non obstante, a condutividade térmica é maior
para o 3C-SiC (500 W m'! K'!) que para o 4H-SiC e o 6H-SiC (350 e 320 W m™' K,
respectivamente). Isto poderia situar o 3C-SiC como a opcién preferida para material base
dos LPC en condiciéns extremas, sendo mdis adecuado para aplicacions espaciais. Cémpre
sinalar que tanto a enerxia de bandgap como a condutividade térmica do GaAs (1.42 eV, 50
W m™! K1), o material actual de referencia, son significativamente inferiores 4s dos politipos
de SiC.

Para emular realisticamente o comportamento do SiC, usamos o modelo de Caughey-
Thomas para describir as mobilidades dos portadores en funcién da densidade de dopaxe,
un modelo axeitado cando se considera un campo eléctrico baixo. No caso do GaAs, as
mobilidades dependentes da dopaxe son calculadas internamente por Silvaco a partir de datos
extraidos de fontes experimentais fiables. Outros modelos postos en xogo son o modelo de
estreitamento de bandgap de Lindefelt (desenrrolado para SiC) e os modelos de recombinacion
de Shockley—Read-Hall (SRH), Auger e recombinacion 6ptica ou banda a banda. Todos os
pardmetros propios dos modelos empregados extrdense de recentes estudos experimentais.

Unha vez descritos os modelos dos materiais, preséntanse as arquitecturas empregadas
neste traballo. Estas son a hLPC, vLPC e VEHSA. Todos os dispositivos estudados tefien a

mesma estrutura de célula, catro capas con dopaxes tipo n+/n/p/p+. A estrutura de dispositivo
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madis comun nesta tecnoloxia é o hLPC. Esta arquitectura experimenta unha degradaciéon da
eficiencia a altas densidades de potencia ldser (>15 W cm?) debido 4s perdas 6hmicas. No
hLPC, a luz incidente é paralela ao fluxo de corrente e perpendicular ao dnodo e ao cétodo.
Nesta arquitectura, tense que acadar un compromiso entre o camifio 6ptico e a lonxitude
de difusién dos portadores, xa que os procesos de absorcidn e transporte tefien lugar na
mesma direccién. Nos dispositivos baseados en semiconductores de bandgap indirecto, onde
a absorcion de foténs € menor que nos semiconductores directos, isase unha capa reflectante
texturizada para aumentar o camifo 6ptico, mellorando considerablemente a absorcion de luz
e o reciclado de foténs. Este mecanismo evita un dispositivo excesivamente longo no que os
portadores minoritarios non sobrevivirian. Nos dispositivos hLPC modelados neste traballo,

esta capa coldcase na parte inferior do dispositivo.

Para superar a limitacién das perdas 6hmicas a altas densidades de potencia laser, os autores
propuxeron en trabalos previos unha nova estrutura de dispositivo a través de simulaciéns
numéricas, un vLPC baseado en GaAs que acada eficiencia de mdis do 76% a 3000 W cm2,
Os beneficios desta arquitectura son a ausencia de efectos de sombra por parte da grella
metdlica frontal e unha drastica reducidén da resistencia serie. No vLPC, a luz incidente é
perpendicular ao fluxo de corrente e paralela ao d4nodo e ao citodo. Como na arquitectura
vertical non hai compromiso entre a absorcién de foténs e o transporte de portadores, a anchura
do dispositivo € independente da iluminacion e axustase para unha absorcioén ptima. Outra
caracterfistica interesante € a posibilidade de conectar varios dispositivos mediante uniéns tiinel

para aumentar a drea de iluminacion.

Outra estrutura de dispositivo especialmente salientable € a arquitectura VEHSA, que
destaca entre os LPCs de multixuncién. Esta disposicion consiste en apilar monoliticamente
c€lulas hLPC. A principal vantaxe desta arquitectura é a capacidade de distribuir a corrente
a través das células, o que reduce as perdas por quentamento de Joule. Isto permite operar
baixo altas concentraciéns de potencia ldser. A eficiencia récord actual para unha VEHSA
baseada en GaAs € do 66,3% e foi alcanzada cun dispositivo de 5 células a 150 W cm2. Neste
traballo, os autores tamén exploraron VEHSAs con ata 20 células para manexar potencias de
entrada ainda maiores. Porén, cando se incrementou o nimero de células, tamén aumentou o
efecto do desaxuste de corrente debido a problemas intrinsecos de fabricacién, deteriorando
a eficiencia. A optimizacién dos dispositivos VEHSA € complexa debido 4 gran dificultade

para avaliar as correntes individuais de cada célula.

Unha vez descritos os dispositivos, preséntase o algoritmo desenrrolado para mellorar a
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optimizacion das diferentes arquitecturas. En primeiro lugar describese un algoritmo iterativo
que recorre os parametros de desefio, barrendo os valores ata atopares o optimo. Este algoritmo
é ttil para dispositivos que consten de unha tinica célula. Nembargantes, a arquitectura VEHSA
require rutinas de optimizacion adicadas. Na arquitectura VEHSA, un factor clave que afecta
ao rendemento dos dispositivos € o axuste preciso das correntes producidas por cada célula, xa
que a corrente total extraida do dispositivo serd a menor de todas as células contribuintes. Ata
o de agora, os dispositivos VEHSA mdis avanzados conseguen o axuste de corrente aplicando
a lei de Beer-Lambert, correspondente 4 atenuacién exponencial da luz. A fotoxeracién

integrada deberia de ser a mesma en todas as células.

Presentamos un método de optimizacién desefiado para superar estes problemas, valido
tanto para dispositivos VEHSA de bandgap directo como indirecto, independentemente de se
estan alimentados por un l4ser ou por luz solar. O sistema consiste nun meticuloso modelado
TCAD do dispositivo VEHSA combinado cun algoritmo de optimizacién iterativa. Dado que
o modelado de uniéns tinel en Silvaco pode ser problematico, empregamos unha solucién
estdndar que consiste en modelar as unidns tinel como condutores perfectos para acelerar o
tempo de simulacién. Deste xeito, permitimos a extraccién das correntes das uniéns tinel
(TJCs), acopldndoas a electrodos con resistencias variables agrupadas. Estas resistencias
poden tomar valores moi altos para simular o dispositivo completo, evitando a corrente a
través destes contactos, ou valores realistas baixos para obter as diferenzas entre as correntes
producidas en células adxacentes. Esta é unha ferramenta ttil para axustar con precision as

correntes de todas as células e mellorar o rendemento do dispositivo VEHSA completo.

O algoritmo de optimizacion € un proceso iterativo que implica ddas etapas: Photogene-
ration and Performance Optimization (PhPO). Na primeira etapa, o bucle de fotoxeneracion, a
altura total do dispositivo (DH) € optimizada para absorber a maior parte do feixe sen aumen-
tar innecesariamente o tamafio do dispositivo, o que afectard ao transporte do transportador.
Como primeiro enfoque, utilizase a lei de Beer-Lambert para obter unha estimacion inicial. O
algoritmo itera, aumentando/reducindo o DH, ata que se cumpran dous criterios: i) un valor
minimo de luz absorbida, que establece as maximas perdas de fotoxeneracién permitidas do
total da luz incidente e ii) un valor mdximo de fotoxeneracion, que evita que o dispositivo creza
infinitamente para absorber a totalidade dos foténs. O DH 6ptimo resultante utilizase como
entrada para a seguinte etapa, o bucle de rendemento. Nesta segunda etapa, o optimizador
mellora o rendemento das células de forma individual. Este proceso comeza cunha subrutina

que evalda de forma iterativa os TJCs e modifica os tamafios relativos de cada célula. Este

5
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proceso itera ata que todos os TJCs contribian coa mesma corrente e o valor estea por baixo
dunha certa tolerancia, por exemplo, 1/1000 do Isc extraido no dnodo. Cando isto ocorre,
o algoritmo optimiza os pardmetros de desefio de cada subcélula coma no caso das hLPC e

vLPC. Este proceso itérase ata que o dispositivo € idoneo.

Unha vez presentada a metodoloxia, méstranse os resultados obtidos nesta tese. A discusion
consistird primeiro na implementacién dos tres politipos de carburo de silicio (3C, 4H e
6H) empregando a arquitectura habitual hLPC, para probar a hipétese H1. Preséntanse os
pardmetros de desefio dos hLPC para os tres politipos a 4 densidades de potencia: 1, 10, 100
e 1000 W cm™. Ao aumentares a densidade de potencia incidente, os dispositivos tenden
a facerse mdis pequenos para reducir a densidade de portadores e con eles o impacto da
recombinacién Auger. Tal e asi que o 6H € o material mdis afectado por Auger, e redicese
dende 83 um a 38 um ao variar a potencia de 1 a 1000 W cm™, mentras que o 3C, o menos
afectado reduce de 83 um a 75 um. E salientable que cun valor de densidade de potencia de
1 W cm2, os tres hLPC obtefien case a mesma eficiencia, arredor do 78%. Teéricamente,
agardase que canto maior sexa a banda prohibida, maior sexa a eficiencia dos LPCs, se non
se tefien en conta outras propiedades do material. Isto débese a perdas relacionadas coa
absorcién de luz. Para garantir unha fotoxeneracién adecuada dentro dos dispositivos sen
aumentar moito a sta altura, esc6llense longitudes de onda incidentes para cada material que
garantan un coeficiente de extincion de polo menos k = 2e-4. O 3C perde unha eficiencia do
1%, o 6H do 2.5% e 0 4H do 5%. Seglin aumenta a potencia, o 3C mellora o seu rendemento
ata os 100 W cm™2, momento no que alcanza un 84.6% de eficiencia, para logo degradarse
por perdas en resistencia serie. O 6H sufre por recombinacién Auger e o 4H non escala coa
potencia debido 4 alta densidade de estados, que limita o crecemento da Voc. Para comparar,
o actual mellor hLPC experimental de GaAs alcanza unha eficiencia do 68.9% a 11.4 W cm-2,
que € un 13.4% inferior 4 alcanzada polo 3C a esa potencia, ainda que non se poden comparar
directamente xa que os dispositivos de SiC ainda non se fabricaron. Para concluir, realizanse
probas de resiliencia coa temperatura dos dispositivos optimizados de 3C, 4H e 6H a 1000 W

cm2. O 3C demostra ser o menos damnificado polo aumento da temperatura.

A continuacién preséntanse os resultados do algoritmo de optimizacién PhPO, pensado
para mellorar a optimizacion da arquitectura VEHSA, como consta na hipétese H2. Para
validar a metodoloxia, inicialmente modélase unha VEHSA de 5 células baseada en GaAs
(VEHSA PT5 de agora en diante), que estd desefiada a partir dun dispositivo experimental que

actualmente ten o récord de eficiencia a temperatura ambiente. O dispositivo TCAD reproduce

6
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con precision os valores de Isc e Voc do dispositivo experimental, e as lixeiras diferenzas
na forma da curva en voltaxe no punto de mixima potencia (V) e voltaxes intermedias
poden derivar de problemas de fabricacién. Unha vez que demostramos a validez da nosa
metodoloxia de simulacidn, aplicamos o método PhPO para mellorar ainda mdis o rendemento
do dispositivo. As alturas das células que compofien o dispositivo VEHSA se axustan ata que
as correntes que provee cada célula son iguais cun erro por debaixo de 1/1000 do valor de Isc
do dnodo. Os valores relativos NH/PH devolven alturas da capa N moito maiores para células
mdis finas (as células superiores) (por exemplo, 0.9/0.1 para a primeira célula), que diminten
gradualmente a medida que aumenta o CH (por exemplo, 0.3/0.7 para a quinta célula). Os

valores de dopaxe diminten significativamente a 1-10'> ¢cm™

, un valor tres ordes de magnitude
inferior aos observados nos pardmetros de desefio iniciais. O VEHSA PT5 optimizado logra o
mesmo Voc que os dispositivos calibrados e experimentais e aumenta o Isc en un 6%, levando
aunha eficiencia do 75.8%, un valor un 9.5% maior que o do VEHSA PT5 experimental. Estas
melloras débense 6 meticuloso proceso de igualar as correntes das células e a optimizacién
individual dos pardmetros de desefio de cada célula. As curvas IV de cada célula individual da
VEHSA PT5 calibrada (experimental) sofren de desaxuste de corrente, e tamén hai un notable
desaxuste de Voc. Estes efectos redicense drasticamente na VEHSA PT5 optimizada, onde

as curvas IV son moi semellantes para todas as células.

Por tltimo, para probar a hipétese H3, impleméntase o politipo de carburo de silicio cos
mellores resultados, o 3C-SiC, nas arquitecturas avanzadas vLPC e VEHSA. En primeiro
lugar, emprégase a arquitectura vLPC. Optimizanse os pardmetros de desefio de dispositivos
con esta arquitectura para o rango de densidade de potencia 1-3000 W cm2. Para comparar o
efecto da resistencia serie dos dispositivos vVLPC de 3C-SiC cos dispositivos hLPC, as curvas
IV normalizadas resultan de utilidade. Para o vVLPC non hai ningunha degradacién notable
debido 4 resistencia serie en ningin valor de potencia, ao contrario que no hLPC, onde este
efecto é notable a 1000 W cm? e degrada significativamente o rendemento do hLPC a valores
de potencia mdis altos. A eficiencia dos VLPC crece linealmente co logaritmo da potencia
para o rango estudado. Este resultado, oposto ao comportamento no hLPC, provén da baixa

resistencia serie e da menor presenza de recombinacién Auger nos dispositivos vLPC.

Analizando como se comporta Voc para cada arquitectura, os valores de Voc para a arqui-
tectura VLPC son madis baixos en comparacion cos da hLPC. Isto pédese explicar considerando
a diminucién na taxa de fotoxeneracion a través de todo o longo do dispositivo. Na hLPC,

existe un intercambio entre a absorcién de luz e a lonxitude de difusién dos portadores. De

7
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feito, requirese unha capa posterior texturizada para aumentar a absorcién 6ptica sen aumentar
drasticamente as perdas por recombinacion. Isto conduce a unha alta concentracién de porta-
dores e, polo tanto, a un maior Voc. Na vLPC, non hai tal intercambio, xa que a absorcién
de luz ocorre nunha direccién perpendicular ao fluxo de corrente. Isto produce unha mellor
absorcién ao aumentar o ancho do dispositivo sen afectar 4 difusiéon dos portadores. Debido
ao ancho da vLPC (360 um), a taxa de fotoxeneracion diminde nun orde de magnitude a través
do dispositivo. A carga recollida, e polo tanto o Voc, dimintden 4 medida que a luz penetra
mdis no vVLPC. Dado que o dnodo e o c4dtodo cubren todo o ancho do dispositivo, o valor global
de Voc corresponderd 4 tensioén na drea con menos iluminacién. Por tanto, o ancho da vLPC
debe alcanzar un compromiso entre ser suficientemente grande para garantir a absorcién da
maior parte do feixe e manter densidades de portadores en exceso suficientes para evitar a

degradacion do Voc nas dreas menos iluminadas.

A implementacion de 3C-SiC faise en dispositivos tipo VEHSA con 2, 3 e 4 células.

Optimizanse diferentes dispositivos para o rango de potencia 1-3000 W cm™2.

O algoritmo
PhPO axusta as alturas individuais das células (CH) para minimizar a diferenza de corrente
producida entre as células. As células superiores son mdis pequenas que as inferiores, xa que
a fotoxeneracién decae a medida que a luz atravesa o dispositivo, polo que cada CH necesita
ser maior para xerar a mesma cantidade de portadores que na célula anterior. Estes valores de
CH non se poden obter a través de cdlculos utilizando o decaemento exponencial de luz, xa
que o camifio Optico estd altamente incrementado debido aos mecanismos de captura de luz
situados na parte inferior do dispositivo. Ademais, o optimizador atopou consistentemente que
as configuracidns Optimas son aquelas coa capa P maior que a capa N. Isto € mdis pronunciado
a baixas densidades de potencia de entrada e nas células inferiores (as mais préximas 4 célula

inferior).

Para finalizar, realizase unha comparativa dos dispositivos descritos neste traballo cos do
estado da arte. A eficiencia do 3C-SiC vLPC é comparable 4 do 3C-SiC hLPC para o rango
de potencia de 1-100 W cm™. A valores de potencia mdis altos, a arquitectura vertical non
parece estar limitada pola resistencia serie, xa que a eficiencia segue aumentando linealmente
co logaritmo de potencia. Os resultados do 3C-SiC vLPC tamén se comparan cos do vLPC
baseado en GaAs, que estableceu o anterior récord de eficiencia para un LPC modelado a
altos valores de potencia, logrando unha eficiencia do 76.3% a 3000 W c¢cm™. O 3C-SiC
vLPC mostra unha eficiencia extremadamente alta do 87.4% a 3000 W cm2, aumentando en

11.1% o resultado acadado polo VLPC de GaAs a este valor de potencia. Isto é notable, xa
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que a metodoloxia utilizada no vLPC de GaAs € esencialmente a mesma que a que se seguiu
no seu traballo. Por tanto, a diferenza nos resultados poderia atribuirselle principalmente &
reducion da corrente debido a unha menor densidade de fluxo de fotdns e a propiedades de
materiais mdis favorables do 3C-SiC en comparacion coas do GaAs. Os dispositivos 3C-SiC
VEHSA obtefien eficiencias un ~2% superiores que os dispositivos hLPC e vLPC no rango
de 1-100 W cm™. Estas pequenas diferenzas débense 4 maior altura 6ptima do dispositivo
das estruturas VEHSA en comparacién co hLPC, permitindo que atrapen unha parte maior do
feixe; e non hai diminucién do Voc debido 4 decrecemento da concentracién de portadores
como no VLPC. E importante destacar que os dispositivos propostos de 3C empregando a
arquitectura VEHSA superan o actual dispositivo experimental de mellor rendemento por
un 19.7%, a pesar de que os dispositivos propostos ainda non foron fabricados, polo que o
rendemento final pode verse afectado por procesos de fabricacién. A 3000 W cm™ todos
os dispositivos amosan sinais de degradacién da eficiencia agds o VEHSA-4. Esta estrutura
supera o resto dos dispositivos VEHSA a este valor de potencia, mostrando unha eficiencia
do 87,4%. Isto demostra claramente que aumentar o nimero de células mitiga a degradacién
da eficiencia debido 4s perdas por resistencia serie a altas densidades de potencia de entrada.
E importante notar que o VLPC mantén consistentemente unha eficiencia moi similar 4 do
VEHSA-4, implicando que ambas as estratexias son capaces de mitigar o efecto da resistencia
serie.

Como conclusion, os resultados deste traballo xeran confianza nunha nova xeracion de
convertidores de potencia por laser coa capacidade de revolucionar o mercado e ampliar as
posibles aplicacions da tecnoloxia de transmision de potencia sen fios. Ainda que o rendemento
dos LPC baseados en SiC real pode verse afectado por problemas de fabricacién, o traballo
presentado mostra que o uso combinado de 3C-SiC e arquitecturas avanzadas son adiciéns
beneficiosas e abren unha ruta prometedora cara 4 transmisién eficiente de densidades de

potencia ldser ultra-altas.



CHAPTER 1

INTRODUCTION

This thesis is organized in four chapters. Chapter 1 focuses on contextualizing the work
carried out, as well as showing the main hypotheses and objectives. Chapter 2 describes the
methodology and the set of tools studied and implemented. This includes the
|Computer Aided Design (TCAD)| models and material parameters used, the structure and

characteristics of the modeled devices and the optimization algorithms developed. In chapter
3, the discussion of the contents corresponding to the core publications of this work will be
carried out. First, the results of the silicon carbide polytypes in the most common power
converter architecture are presented. Next, the results of the developed optimization algorithm
for an advanced architecture are shown. At last, the best performance polytype is implemented
in two advanced architectures. A comparative with the state-of-the-art is presented.

Finally, the conclusions highlight the main contributions of this work, presenting the most
relevant results and proposing possible future lines of research. In addition, Appendix A will
show the articles that compose this thesis, together with participations in both international

and national congresses.

1.1 Motivation

The|High-Power Laser Transmission Technology (HPLT) has been pointed as one of the most

promising technologies for far-field wireless power transfer[[L]. This technology consists of
the emission of monochromatic light to transfer power onto a remote photovoltaic receiver or
[Caser Power Converter (LPC)} and is considered a key development in the emerging [Wireless|
|Power Transfer (WPT)|field[l1]], which has become an increasingly profitable market[2]. m
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Figure 1.1: Artistic example of a high power laser transmission application, a moon rover
powered by a remote laser. In the zoom-in yellow circles, a horizontal laser power converter
and a cubic silicon carbide structure are depicted.

offers the possibility of transferring power through optic fiber, replacing conventional copper
wires and thus reducing the risk of sparks, which is desirable in workplaces under an ATEX
directive[3], or through free space, suitable for aerospace environments. This technology
allows to overcome the limitations of conventional wiring since it provides electrical isolation
and a reduction of electromagnetic interference and electrical noise[4]. There are many
applications of this technology, such as the simultaneous transferal of power and datal[5 |6l]
and optically powering remote antennas[7], aerial vehicles[8] or satellites[9, [L0]. Figure[T.T]
depicts the optical powering of a rover in a space application.

The state of the art of the photovoltaic receivers or [LPCk are mostly dominated by III-

V compounds, specifically |Gallium Arsenide (GaAs)[11]. Multiple studies have achieved
efficiencies over 50% using [GaAs}based [CPCs[12, 13 [14] [151 [16] 17, [18]]. There are reports
of conversion efficiencies exceeding 60% at room temperatures[16] with a record efficiency

conversion of 68.9% at 11.4 W cm™2, but as the input power density increases these LPCs suffer

from efficiency degradation due to ohmic losses[[17]. This is a relevant constrain of current
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[HPLT] technology as it strongly limits the amount of power density to be transferred to the

remote system. To face this challenge, new architectures have been proposed[19, 20, 21} 22].

One of the proposals to overcome this limitation is the [vertical Laser Power Converters|
design, proposed by Outes et al.[I9]. This configuration, presented by numerical
simulations, is a [GaAs}based vertical tunnel-junction which achieves efficiencies of more

than 76% at a laser power density of 3000 W cm™. The benefits of this architecture are no

shadowing effects from metal grid and a very low series resistance (10 Qcm™).

Other noteworthy arrangements are multijunction [CPCk. The [Verfical Epitaxial Hetero]

IStructure Architecture (VEHSA)|stands out among these. It consists of monolithically stacking

P/N tunnel junctions[16], which is also the main pathway to achieve ultra-high efficiencies
on concentrating photovoltaic solar cells[23]. The major advantage of this architecture is to
distribute the current over the P/N junctions, which reduces Joule heating losses. This allows

to operate under high laser power concentrations, increasing the efficiency due to the

[circuit voltage (Voc)|enhancement associated with higher carrier concentration. The[Vod]also

benefits from a greater Fermi level splitting in thin layers[24]. However, the optimization of
[VEHSA] devices is challenging because of the extreme difficulty of evaluating their individual
cell currents. Up to date, the optimization is mainly done by simple approximations using the
Beer-Lambert law[235]], which only accounts for the photogeneration of each cell. This method
is only meaningful to [VEHSA] devices made of well-known direct bandgap materials like
since design parameters like doping values and relative P/N sizes are extrapolable from
published data[26] and the light decays exponentially in the bulk of the device, as no light-
trapping mechanisms are needed. Nevertheless, not measuring the currents of each cell hinders
the current matching and the optimization of design parameters, reducing the performance
of the device. Although new optimizations paths have been described in literature, such as
including tabulated quantum efficiency values in the photogenerated current estimation|27} 28],
more sophisticated optimization techniques that broaden the range of VEHSAE are missing.
This is of particular interest in the context of materials with indirect high-bandgap like [Silicon]
which has been identified as a potential new route to ultra-high efficiency
[CPCk[29].

Indeed, to further improve the performance of the technology, materials with high bandgap
have been pointed out[29, |30} [31]]. These materials will not only reduce the series resistance
losses due to the higher energy of the incident photons, increasing the outcome voltage and

reducing the current, but they will also reduce the intrinsic entropic losses. In this sense, the

13
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use of high bandgap materials such as[SiC|will be beneficial over commonly used photovoltaic
materials as [Silicon (S1)| or [GaAs] which have a lower energy bandgap when compared with

this material. In the last two decades, silicon carbide has been extensively researched, and

their main applications are in the field of power electronics[32]. So far,[Hexagonal 4H Silicon|
|Carbide (4H-SiC)| and |[Hexagonal 6H Silicon Carbide (6H-SiC)|hexagonal polytypes are the
most employed[33]]. Due to the high electron mobility and isotropic properties of[Cubic Silicor]
[Carbide (BC-SiC)|34]], efforts are been made to obtain high quality 3C crystals[33]]. Indeed,
long carrier lifetimes of 8.2 us have been achieved in 3C grown by sublimation epitaxy|[34]].

These values are comparable to those of post growth treated chemical-vapor-deposition grown
4H[36] and 6H[37]. Beyond the high bandgap of these materials, silicon carbide polytypes
exhibit other interesting properties. The thermal stability, resistance to radiation and dielectric
strength[38, 39] of these polytypes make them very interesting candidates for electronic
devices and sensors in space applications, where other materials like [Si] or [GaAs| will suffer
great degradation due to harsh environments[40, 41]. Note that these polytypes are also
good candidates to manufacture multijunction[VEHSA]devices, since the requirements for the

[tunnel junctions ('1J)| materials are a high conductivity, optical transparency and low lattice
mismatch[42]. The highly doped polytypes used as [TJ] exhibit great conductivity, low

absorption coeflicient (the absorption is negligible when compared to that of the whole device)

and no lattice mismatch. Furthermore, the manufacturing of LPCs made of polytypes
is based on non-critical raw materials (compared with the scarcity of III-V materials), more
eco-friendly processes (employs less toxic agents than[GaAs) and reuses some of the low-cost
fabrication procedures[43]].

This work is focused on both improving the overall efficiency of the[HPLT|technology and
extending the operational laser power density range by reducing the series resistance losses.
For this purpose, the suitability of as base material for[CPC is tested, by comparing the
efficiency of three different polytypes (3C, 4H and 6H) for the commonlhorizontal Laser Power|
|Converter (hLPC)| architectures. To extend the use of to advanced architectures, a new

universal methodology to optimize the design of[VEHSA]devices is proposed. The procedure,
based on combining device modeling with a multistage optimization algorithm, allows to fur-
ther optimize state-of-the-art[VEHSAE and to design and optimize new multijunction devices
for both direct or indirect bandgap materials. Finally, the feasibility of the best performance
[SiC| polytype as base material for advanced [CPC| architectures is tested in VLPC|devices and
[VEHSAk with 2 (VEHSA-2), 3 (VEHSA-3) and 4 (VEHSA-4) cells. The obtained results

14
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open a promising new path to efficiently transmit high power energy densities.

1.2 Hypotheses and general objectives

The main research lines of this thesis are based on the following hypotheses:

H1. The use of high bandgap energy materials in |Laser Power Converters (LPCs)| will

increase the overall efficiency by reducing the intrinsic entropic losses and the series

resistance losses.

H2. The performance of advanced [LPC|architectures such as the[VEHSA| can be enhanced
through detailed modeling and new optimization algorithms.

H3. The combined use of high bandgap materials and advanced architectures will reduce
even further the series resistance losses, allowing to efficiently convert ultra-high laser

power densities.

In order to validate these hypotheses, the different general objectives shown below are

framed:

O1. Implement three [SiC| polytypes (3C, 4H and 6H, with bandgap energies of 2.36, 3.23
and 3.02 €V) as base materials for the common[iLPC| configuration.

02. Development of a new algorithm (Photogeneration and Performance Optimization|

to optimize the[VEHSA| architecture.

03. Design and optimize novel based on the best performance[SiQ\polytype and using
advanced architectures such as the[yLPQ and [VEHSA]

To fulfill objective O1 the following works were presented in journals:

- Javier F. Lozano, Natalia Seoane, Enrique Comesafia, Florencia Almonacid, Eduardo
F. Fernandez, Antonio Garcia-Loureiro. Laser Power Converter Architectures Based on
3C-SiC with Efficiencies >80% Solar RRL, 6, 2101077, 2022.

- Javier F. Lozano, Natalia Seoane, Enrique Comesafa, Florencia Almonacid, Eduardo
F. Ferndndez, Antonio Garcia-Loureiro. A new path towards ultra-high efficient laser
power converters: Silicon carbide-based multijunction devices. Results in Engineering,
21, 101987, 2024.
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Objective O2 was accomplished in the following journal publication:

- Javier F. Lozano, Natalia Seoane, Enrique Comesana, Florencia Almonacid, Eduardo F.
Fernandez, Antonio Garcia-Loureiro. Photogeneration and Performance Optimization
(PhPO): A New Algorithm to Improve the Performance of Vertical Epitaxial Hetero-
Structure Architecture Laser Power Converters. IEEE Access, 11, 84371 - 84378, 2023.

The following works in journals were presented in order to fulfill objective O3:

- Javier F. Lozano, Natalia Seoane, Enrique Comesafia, Florencia Almonacid, Eduardo
F. Fernandez, Antonio Garcia-Loureiro. Laser Power Converter Architectures Based on
3C-SiC with Efficiencies >80% Solar RRL, 6, 2101077, 2022.

- Javier F. Lozano, Natalia Seoane, Enrique Comesafia, Florencia Almonacid, Eduardo
F. Ferndndez, Antonio Garcia-Loureiro. A new path towards ultra-high efficient laser
power converters: Silicon carbide-based multijunction devices. Results in Engineering,
21, 101987, 2024.
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CHAPTER 2

METHODOLOGY

This chapter presents the main tools and procedures used in this work, as well as the [LPC|de-
vices employed and their characteristics. These include the characteristic material parameters
and models used in the simulations, as well as a description of the optimization algorithms.

The performance of a photovoltaic device, either nurtured by solar light or laser power, is

reflected in the IV curve, see Figure[2.1] This curve contains several [Figures of Merit (FOM)}

as the current extracted from the device without bias applied or|short circuit current (Isc)l the

applied voltage at which no current is extracted or [Voc] the fmaximum power (Pyp)| that this

device can deliver and the associated magnitudes [voltage at the maximum power point (Vu)|

and |current at the maximum power point (Im)}

The[fill factor (FF)|is a parameter which, in conjunction with[[sc]and[Vod] determines the

maximum power from a solar cell. The[FHis defined as the ratio of the maximum power from
the solar cell to the product of [[sc]and[Vgd]so that:

P Iy -V,
FF = M__ M M Q2.1
Isc -Voc Isc -Voc

Graphically, the [FFis a measure of the "squareness” of the solar cell and is also the area

of the largest rectangle which will fit in the IV curve.

The most important parameter for assessing the operation of a device is thelefficiency (Ef)}
which is calculated as a function of the incident|lnput power density (P, )| as follows:

Py Iy -V
Eff=-2 =M Y% (22)
ff Pin Pin
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Figure 2.1: IV curve of a photovoltaic device. The main points and are

highlighted.

This work was carried out using Silvaco Atlas Software[44], a TCAD simulator able to
provide realistic and trustable results when modeling a wide variety of electronic devices,
including photovoltaic solar cells. The Poisson and continuity equations are solved to obtain

the main properties and characteristics of each device configuration.

2.1 models and material parameters

This section shows a detailed description of the models used in the[TCAD|simulations and the

main material parameters for [SiC|polytypes and [GaAs]
Table [2.1] shows significant material parameters used in the simulations for the three [SiC|

polytypes and[GaAs] being these the energy bandgap, the illumination wavelength, the thermal

conductivity and the effective conduction and valence bands [Density Of States (DOS)| The
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Table 2.1: Material parameters for 3C-SiC, 4H-SiC, 6H-SiC and GaAs included in the sim-
ulation framework. The bandgap[45]] [REF FALTA GaAs], incident wavelength (1), thermal
conductivity (k )[46][REF FALTA GaAs] and effective densities of states in the conduc-
tion/valence bands(N¢/Ny) [44]][REF FALTA GaAs], are shown.

3C-SiC  4H-SiC 6H-SiC  GaAs

Bandgap [eV] 2.36 3.23 3.02 1.42

A [nm] 525 366 400 837

kK [WmTKT] 500 350 320 50
Nc [em?] 6.5¢18 1.7e19  7.7el8 4.7el7
Ny [em™] 1.7e18 3.3el9 4.7el18 7.0el8

effective[DOS]are higher in the[#H-SiC|than in the[3C-SiC|and[6H-SiC] both in the conduction
and valence bands[44]. The higher bandgap energy of the @H-SiC|(3.23 V) makes it a sound

candidate for[CPC|base material. The[6H-SiClalso has a high bandgap of 3.02 eV. The BC-SiC|
has the lowest bandgap energy of the proposed [SiC|polytypes (2.36 €V). However, the thermal
conductivity is higher for the (500 W m! K1) than for the 4H-SiC| and [fH-SiC] (350
and 320 W m™! K'!, respectively). This could position the as the preferred choice for
[CPC]base material in extreme conditions, making it better suited for space applications. Note
that both the bandgap energy and thermal conductivity of the current state-of-the-art
material, are significantly lower than those of the [SiC| polytypes. Since the indirect bandgap

of the polytypes implies a low optical absorption, the incident wavelengths for these
materials are chosen to guarantee an extinction coefficient of at least k = 2 x 10 . This
value was established after a preliminary analysis to maximize the light absorption without
compromising the efficiency of the device due to the minority carrier diffusion length.

To realistically emulate the behavior of[SiC] we use the Caughey-Thomas model to describe
carrier mobilities with doping density dependence[47], a suitable model when a low electrical

field is accounted[48]]. Carrier mobility (u) is expressed as:

=t + 3RS 23)
where (,qx and p,,;, are the mobilities of pure and high doped crystal respectively, N the
doping level, N,y the doping level at which the mobility is in an intermediate value between
Hmax and i, and « a fitting parameter. Table[2.2]shows the mobility parameters used in this
work. However, in the case of| the doping-dependant mobilities are internally calculated

by Silvaco from data extracted from reliable experimental sources.
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Table 2.2: Caughey-Thomas mobility parameters for 3C-SiC, 4H-SiC and 6H-SiC. The GaAs
doping-dependant mobilities are implemented through a Silvaco internal data taken from
empirical measurements. The p,,qx and u,;, GaAs values shown correspond to doping
values of le14 cm™ and 1e20 cm, respectively.

3C-SiC 4H-SiC 6H-SiC GaAs
e h* e h* e h* e h*
Umax  Lcm?/Vs] 900 70 950 125 420 95 8000 390
Umin  [cm?/Vs] 40 15 40 16 30 25 1200 61
Nyey [em™] 1.5e17 5.0e19 1.94el7 1.76e19 6.0e17 5.0e18 - -
a - 0.80 0.30 0.61 0.34 0.80 0.40 - -

The main recombination mechanisms in the bulk of single-crystal semiconductors are

divided into radiative and non-radiative recombinations, being the last ones the defect assisted

recombinations (or [Shockley—Read—Hall (SRH)| recombinations) and the Auger recombina-

tions. The radiative recombination takes place when an electron loses energy on the order of
the band gap and moves from the conduction band to the valence band. This process is the
inverse from the optical generation, where an electron gets promoted from the valence band to

the conduction band due to photon absorption. The recombination mechanism is modeled as:

ROIT = Copr - np (2.4)

Where R,?]f) T is the radiative recombination rate, n and p the electron and hole concentrations
and Copr a parameter characteristic of each material. Since the contribution of radiative
recombination has no relevance for indirect bandgap materials, it has not been included in the
simulations of polytypes. However, this recombination mechanism is considered in the
case of because it is a direct bandgap semiconductor.

[SRH| recombination is considered the main recombination process in indirect bandgap
semiconductors[49]. The recombination rate (R3RH) with doping dependence is ex-

net

pressed as follows:

)
RSRH _ np—n;
net -

(2.5)

Etrap _Etrap
Tp (n+nl‘exp ksTL + T p+n,'exp ksTL

where:
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T0
Tap=—F——3
1+( N )

Nnorm

being n; the intrinsic carrier concentration, which is negligible for[SiClat room temperature[48],
E:rap the difference between the trap energy level and the intrinsic Fermi level, kp the
Boltzmann constant, 77, the lattice temperature, 7, ,, the effective electrons and holes lifetimes,
7o the longest lifetime observed in undoped crystal, N the doping concentration, Ny, a
doping concentration which operates as a normalization constant and 7y a fitting parameter([30,
S1). We use E;rqp = 0, which corresponds to the most efficient recombination centers[44].

The Auger recombination rate (Rauger) is determined by the following expression:

Rauger = Cn(pn® = nn}) + C,(np® — pn3) (2.6)

where C,, and C,, are Auger experimental coeflicients for a given material[52]. Table @
shows the set of recombination parameters used in this work. A remarkable characteristic of
[BC-SiCJis its small Auger coefficient, an order of magnitude lower than that of fH-SiC|[53. [54],
two orders of magnitude lower than that of[GaAs[55] and three orders of magnitude lower than
that of the [(H-SiCJl56]. This is beneficial at high injection levels, when this recombination
mechanism is predominant[57]].

In the case of polytypes, the Lindefelt bandgap narrowing model was implemented.
This model was specifically developed to account for the doping-induced bandgap narrowing
in the most common [SiC| polytypes[58]. The beam-device interaction is modeled with the ray
tracing method[44]. This study is conducted at a constant temperature of 298 K, which is the
standard in the photovoltaic field. Note that, to ensure the success of this technology, it will be
necessary to examine how the temperature changes with increasing laser power densities and
its impact on the device performance, considering relevant factors, such as efficiency, surface
area, and thermal resistance. However, there are available mechanisms to manage heat waste,
for instance the use of simple passive solutions based on a flat plate, already implemented in
ultra-high CPV systems at concentrations up to 10,000 suns (1 kW cm2)[59]. Also, note that
the proposed [LPCs|are expected to have very high efficiencies, which means that only a small
fraction of the incident beam not converted into electric power will be transformed into heat.
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Table 2.3: Fitting parameters for 3C-SiC, 4H-SiC, 6H-SiC and GaAs, for the recombination
models [SRH] Auger and optical.

3C-SiC 4H-SiC 6H-SiC GaAs
Model Parameter e h* e h* e h* e h*
Nporm [cm?]  1.0e17 1.0e17 3.0el7 3.0el7 3.0el7 3.0el17 2.7el3 2.7el3
SRH v [-] 0.3 0.3 0.3 0.3 0.3 0.3 1 1
T[] 11.0 2.2 107 21.4 17.0 34 150 80
Auger  Cauger [cm®/s] 3e-32 232  5e-31 2e-31 3e-29  3e-29 5e-30 le-31
Optical  Copr [cm3/s] - - - - - - 1.5e-10 1.5e-10

2.2 Devices

This section presentes the different[CPC|device structures used in this work, namely the\LPC}
the[VLPCland the[VEHSA] and its characteristics. All the studied devices have the same single
unit structure, four layers with n+/n/p/p+ doping types. In these modeled devices the third
dimension (depth) does not affect the carrier transport and density, and it is set to 1 gm without
loss of generality in order to save computational costs. The depth of the devices is only limited
by fabrication issues and as some of processes are very similar to those of the [Si} which
are well known and commonly industrialized. We apply total transmittance for the incident
light in the illumination area, emulating the behavior of an antireflective coating, which is a
realistic approximation because these devices are illuminated with only one wavelength.

The most common device structure in this technology is the hLPC|(see a scheme in Figure
[22h). Indeed, the current state-of-the-art is a [GaAs| based hLPC} which achieves a 68.9%
efficiency at a laser power density of 11.4 W cm™ and experiences efficiency degradation
at higher laser power densities due to ohmic losses[[17]. In the the incident light is
parallel to the current flow and perpendicular to the anode and cathode. In this architecture,

there is a trade-off between the optical path and the carrier diffusion length, as the absorption
and transport processes take place in the same direction. In indirect bandgap semiconductor-
based devices, where the photon absorption is lower than in direct semiconductors[60]], a
textured reflective layer is used to increase the optical path, greatly enhancing light absorption
and photon recycling[61]]. This mechanism avoids an excessively long device in which the
minority carriers will not survive. In the hLPC| devices modeled in this work, this layer is
placed at the bottom of the device. Since there are several technological solutions to minimize
the effect of surface recombination, e.g. using passivation layers[l62], and considering that

the generation and transport processes occur in the vertical direction, the width of the devices
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Figure 2.2: The three device structures used in this work, the a) hLPC| b) and ¢) a

@with 3 cells.

is set to 10 um to save computational costs. The cathode is placed at the top of the device,
covering a 3% of the illumination area, while the anode is placed along the bottom of the
device.

To overcome the limitation of ohmic losses at high laser power densities, Outes et al.[19]
proposed a new device structure through numerical simulations, a GaAs-based [VCPC| which
achieve efficiencies of more than 76% at 3000 W c¢cm™, see a scheme in Figure . The
benefits of this architecture are no shadowing effects from the front metal grid and a drastic
reduction of series resistance (107 Q cm™2)[63] (64, 20]]. In the the incident light is
perpendicular to the current flow and parallel to the anode and cathode. As in the vertical
architecture there is no trade-off between photon absorption and carrier transport, the width
of the device is independent of illumination and is adjusted for optimal absorption. Another
interesting feature is the possibility to connect several devices via tunnel junctions to increase
the illumination area[63]]. This could be achieved by monolithically growing multiple subcells
on the top of each other, as in standard multijunction concentrator solar cells. In this sense, the
viability of stacking up to 30 p/n junctions has already been proven[22,[63]. Another method to
increase the illumination area is via the arrangement of a multisegment series connection[[66]].

Other particularly noteworthy device structure is the VEHSA] architecture, which stands
out among the multijunction [LPCk. This arrangement consists of monolithically stacking p/n
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tunnel junctions[I6] (see an example of a 3-cell VEHSA] in Figure [2.2k), which is also the
main pathway to achieve ultra-high efficiencies on concentrating photovoltaic solar cells[23]].
The major advantage of this architecture is the ability to distribute the current over the p/n
junctions, which reduces Joule heating losses. This allows to operate under high laser power
concentrations, increasing the efficiency due to the enhancement associated with higher
carrier concentration. The also benefits from a greater Fermi level splitting in thin
layers[24]. The current record efficiency for a GaAs-based VEHSA]is 66.3% and has been
achieved with a 5-cell device at 150 W cm™2[[16]. In this work, authors also explored
with up to 20 cells to try to handle even larger input powers. However, when the number of cells
was increased the effect of current mismatching also incremented, due to intrinsic fabrication
issues, deteriorating the efficiency. The optimization ofVEHSA|devices is challenging because
of the extreme difficulty of evaluating its individual cell currents.

2.3 Optimization

In this section we present the in-house-built optimization algorithms developed in this work.
First, a single cell iterative algorithm is presented. After that, the main limitations in the design
of state-of-the-art devices are described. These limitations are next addressed with
an in-house built optimization algorithm called [PhPO]to improve the performance of[VEHSA]
devices via a meticulous current matching and the improvement of the individual efficiency
of each cell.

To optimize single cell devices like the[hLPC]and VLPC] composed of four layer structures
with n+/n/p/p+ doping types (see Figures[2.2h and [2.2b), an iterative algorithm is developed.
The aim is to ensure that the best design parameters that maximize the efficiency are used for
each laser power density. The target design parameters are the n and p layer thicknesses and
doping values. The n+ and p+ layer thicknesses and doping values are previously optimized
and fixed. The optimization algorithm for a single design parameter is described in Figure
[23] The parameters are swept from an initial value (provided by a preliminary single cell
optimization), one by one, with the scope of increasing the cell efficiency. If new optimum
design parameters are found, a new iteration is needed, since these optimizations can change
the current contributed by each cell and the currents need to be matched again. On the other
hand, if during the whole cell optimization cycle no new design parameters are found, the

process stops, and it is considered that all cells have achieved their maximum efficiency.
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¢ Individual design parameter optimization subroutine

DP, = Initial value of the design parameter
DP, = Optimum value of the design parameter

step, num_steps = Step and number of steps to build the
= searching space around DP,

b1

DPypt = DPy H
DP; = [DR,-step*num_steps, ..., DPy+step*num_steps]

next DR

Efficiency TCAD
with DP;

DPFy=DF,

n0=n max

Figure 2.3: Detailed optimization of each design parameter. Efficiency TCAD is the simulation
aimed to obtain the efficiency of the evaluated cell. 7o , 17, and 1,4, are the initial, latest

simulated and maximum efficiencies of the evaluated cell, respectively.

The iterative algorithm works for single-cell devices. However, the multijunction
require more steps to optimize the design parameters. In the[VEHSA]architecture, a key factor
that affects the performance of the devices is the precise matching of the currents produced by
every cell, since the total current drawn from the device will be the lowest of all the contributing
cells. Up to date, the state- of-the-art[VEHSA] devices achieve current matching by applying
the Beer-Lambert law, the exponential light decay[25]]. The integrated photogeneration must

be the same in all cells.

Lis1 () = Lem WVt @2.7)
where I; and [;;; are the light intensities entering and leaving the i-th layer, respectively, ¢; is
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the thickness of the i-th layer and a/(1) the wavelength dependent absorption coefficient. This is
a good approximation for direct-gap[VEHSA|devices, as the photogeneration can be calculated
very accurately. However, this method does not take into account the performance of each

cell, so there will be differences between the photogenerated current and the total current

contributed. To avoid this issue, it has been proposed to consider the|Quantum Efficiency (QE)|

of each cell to calculate the current supplied[27]] as follows:

_ dl gy ail
lpe = [ o QEW) - (1-T() - RN 8

where I,ps and I,,4;; are the absorbed and available photocurrents, R the reflectance, and T
the transmittance. This has the advantage of considering beam reflection and transmission,
and recombination effects, which are implicit in |Q_El However, it misses relevant effects
such as photon recycling, which is shown to be important in the modeling of [GaAs|[VEHSA|
devices[67]. These approaches generally provide good results, but the performance worsens
as the number of cells increases, due to the current mismatch. The actual record efficiency for
a[VEHSA] at room temperature is achieved by a 5-cell device, reaching a 66.3%[[16]], and the
efficiency consistently decreases for a larger number of cells. Another disadvantage of these
approximations is that they are not applicable to indirect bandgap devices that require back
texturization for light trapping.

We present an optimization method aimed to overcome these issues valid for both direct
or indirect bandgap [VEHSA] devices, independently if they are powered by a laser or by solar
light. The system consists of meticulous device [TCAD] of the [VEHSA] device combined
with an iterative optimization algorithm. As modeling tunnel junctions in Silvaco can be
problematic[68]], we used an standard workaround that consist of modeling the tunnel junctions
as perfect conductors[69], to speed-up the simulation time. In these so modeled tunnel
junctions we allow the extraction of the tunnel junction currents (TJCs), coupling them to
electrodes with lumped variable resistances, as seen in Figure 2.4] These resistances can take
very high values to simulate the full device, to avoid current through these contacts, or low
realistic values to obtain the differences between the currents produced in adjacent cells. This
is a useful tool to accurately match the currents of all cells and improve the performance of
the full VEHSAl device.

The optimization algorithm is an iterative process involving two stages: Photogeneration
and Performance Optimization, as shown in Figure 23] In the first step, the photogeneration
loop, the total device height (DH) is optimized to absorb the largest part of the beam without
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+ TIC2
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-
—

+TIC(n-1)

tunnel junction

Figure 2.4: 2D-Schematic of a VEHSA device. The variable resistances in tunnel junctions
allow to extract the current diferences from the adjacent cells. C1, C2,. . . , Cn are the cells
of the VEHSA device. The zoom-in shows the detailed structure of the cell C1, composed by
n+/n/p/p+ layers, with a CH1 total height. PH1 and NHI1 are the heights of C1 p and n layers,

respectively.

unnecessarily increasing the size of the device, which will affect the carrier transport. As a
first approach the Beer-Lambert law is used to obtain an initial guess. The algorithm iterates,
by increasing/decreasing the DH, until two criteria are fulfilled: i) a minimum absorbed light
value (photo_low), that establishes the maximum photogeneration losses allowed of the total
incident light and ii) a maximum photogeneration value (photo_high), which prevents the
device from growing infinitely to absorb the totality of the photons. The resulting optimum
DH is then used as an input for the next stage, the performance loop. In this second stage,
the optimizer improves the performance of the cells individually. This process begins with a
subroutine that iteratively evaluates the TJCs and modifies CH1,. . . , CHn, i.e. the relative
sizes of each cell (see Fig’ s2.4 zoom-in). As the TJCs extracted are the differences between
the currents of the adjacent cells, the absolute value represents their mismatch, and the sign of
the current indicates which cell is limiting the performance. A negative/positive sign means
that the bottom/top cell is limiting and the algorithm modifies the values of CHI, . . . , CHn
to increase the limiting cells in steps normalized by the largest absolute TJC value of all tunnel
junctions. This process iterates until all TJCs contribute with the same current and the value is
below a certain tolerance, e.g., 1/1000 of theextracted in the anode. When this is achieved,
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the algorithm optimizes the design parameters, which are the layer relative sizes (PHi, NHi)
and doping values (PDi, NPi) for every i-th cell, from 1 to n. The optimization algorithm for a

single design parameter is the same as in the single cell iterative routine, described in Figure

23

28



Chapter 2. Methodology

e
4 Photogeneration

Decrease
device
height
2\

v
Photogeneration TCAD

Photogeneration
higher than photo_low?

Photogeneration
lower than photo_high?

v Yes

Optimum device height

Performance

i
[Initial set of design parameters ]

v
Current matcher

CH1=CH1+step-(—1aor-)

CH(n-1)=CH(n-1)+step-(:RS0-1) )
\V4

unnel currents
lower than criterion?

Cell parameters optimizer
"ﬁ;',n':i-ho, NHip, PDip, ND1y &
Topt, PDopt, ND

o TE Em Em Em EEm EN EE EE BN N BN BN BN BN BN M BN BN EE BN BN BN NN RN BN BN NN BN BN AN BN BN Em A Em Em o

1

1

1

Yes New optimum 1
parameters found?

1

1

([ Optimum design parameters ] I

I

. ® .

- e e s e o s o s s

Figure 2.5: Flowchart of the different stages of the PhPO method. Photogeneration TCAD and
TJC TCAD are simulations aimed to obtain the photogeneration of each cell and the currents
extracted in the tunnel junctions (TJC), respectively. The optimum device height is fixed in
the photogeneration loop and used as an input to the performance loop.
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CHAPTER 3

DISCUSSION

This thesis is focused on enhancing the efficiency of the|[Laser Power Converter (LPC)|technol-

ogy. Two routes are explored for this purpose: 1) The introduction of high bandgap materials
to reduce both intrinsic entropic losses[31, 29] and series resistance losses, since, for a given
laser power density, the beam will have a shorter wavelength than a laser feeding a low bandgap

material, which implyes less photons with more energy, and 2) The introduction of advanced

device architectures as the |vertical Laser Power Converters (vLPC)| and |Vertical Epitaxiall

|Hetero-Structure Architecture (VEHSA )|to further reduce the effect of series resistance losses.

The first route will be addressed in subsection [3.I} where the feasibility of three
polytypes as base material for [LPCk will be discussed. These polytypes are
the|Cubic Silicon Carbide (3C-SiC)||Hexagonal 4H Silicon Carbide (AH-SiC)|and|Hexagonall
|6H Silicon Carbide (6H-SiC), with bandgap energies of 2.36, 3.23 and 3.02 eV, respectively.

The properties of those materials are detailed in section 2.1} These three semiconductors are

implemented in the most common device configuration, the|horizontal Laser Power Converter|

[(ACPC)] Once the best performance [SiC| polytype is stablished, we perform resilience tests

varying the temperature and the laser power density.

The [VEHSA] architecture, which consists of a multijunction device with monolithically
stacked cells connected by tunnel junctions, is designed to reduce the series resistance losses
by splitting the current among the cells. The optimization of such devices is difficult, since the

current that each cell provides must be the same. Currently, the use of the[VEHSA]architecture

is mostly limited to|Gallium Arsenide (GaAs)|and other III-V direct bandgap materials. Sub-

section [3.2] covers the results of the [Photogeneration and Performance Optimization (PhPO)]
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which is an in-house built algorithm suitable to optimize [VEHSA] devices, for both direct or
indirect bandgap materials (as[SiC]polytypes). This algorithm is tested on a[VEHSA]state-of-
the-art@lé}. Once the experimental device has been accurately modeled via
[Computer Aided Design (TCAD), the[PhPO|optimizes all the design parameters to achieve the
best performance, both from each individual cell and from the entire device.

Finally, after the best performance polytype has been stablished and the suitability of
the to optimize devices has been proved, in subsection [3.3] the high bandgap
materials are implemented in two advanced architectures: the VCPC|and the VEHSA] These
devices are optimized to find the best desing parameters and tested to identify possible trade-

offs of this technology. Finally, a comparative with the state-of-the-art is presented.

3.1 Comparative of three [SiC| polytypes

In this section we evaluate the feasibility of three polytypes (3C, 4H and 6H) as base
material form. We performed optimizations under several input power densities using the
conventional horizontal architecture (RLPC).

Table[3.T|shows the optimum design parameters of thehALPCp made of the three polytypes.
At an input power density of 1 W cm™ the optimum thicknesses of the N/P layers for the three
polytypes are identical, 14 pum for the N layer and 69 um for the P layer, which produces a total
height of the devices of 83 um. For the 3C and 4H [SiC] devices these optimum thicknesses
do not change at 100 W cm2, while in the 6H device the total thickness reduces to 62 um
with a 22/40 um for the N/P layers respectively. This reduction is due to the impact of Auger
recombination, which severely degrades the performance in the 6H devices. As seen in Table
[23] the Auger coefficients for the 6H are 2 and 3 orders of magnitude larger than the 4H
and 3C coefficients, respectively. Decreasing the total height reduces the total amount of
photogenerated carriers and thus the Auger recombination, at the cost of reducing the amount
of absorbed photons. For this reason, at 1000 W cm? the 3C, 4H and 6H device total heights
reduce to 75 um, 65 um, and 38 um, respectively. The optimum doping values in the P layer

consistently increase with a rise in|lnput power density (P;;)} ranging from 1 to 1000 W cm™2,

the 4H acceptor concentrations increase two orders of magnitude, from lel5 to 3el7 cm3,
while the 3C and 6H increase around one order of magnitude, from 7e16 to 1el8 cm and
from lel6 to lel7 cm™, respectively. However, the optimum donor concentration in the 3C

and 4H devices remains constant at le15 cm™ for all input power densities. In the 6H-SiC,
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Table 3.1: Optimum design parameters of 3C, 4H and 6H SiC hLPCk at laser power densities
of 1, 100 and 1000 W cm™2. The thicknesses and doping values of the P and N layers are
shown.

Layer 3C 4H 6H
[W cm?] 1 100 1000 1 100 1000 1 100 1000
Thickness [m] N 14 14 14 14 14 12 14 22 8
P 69 69 61 69 69 53 69 40 30
Doping [cm] N lel5 1lel5 1el5 | lel5 1el5 1el5 | lel6 1lel6é Sel6
P 7el6  3el7 1el8 | lel5 5el6 3el7 | lel6 5Sel6 lel7

Table 3.2: Main figures of merit for the three SiC polytypes using the hLPC architecture, being
these: Short circuit current density (Jsc), open circuit voltage (Voc), the Voc growth with
the laser power density (AVoc), the fill factor (FF) and efficiency (Eff). Results are shown for
input laser power densities (Pj,) ranging from 1 to 1000 W cm™.

Pin Jsc Voc AVoc FF Eff
[Wem™?] [Acm?]  [V]  [V]  [%] [%]

3C 1 0.390 2.14 - 93.1 783
10 3.95 225 011 929 823

100 39.8 230 0.16 922 846

1000 385 235 021 89.1 80.8

4H 1 0.280 2.88 - 94.7 715
10 2.84 294 0.06 946 789

100 28.4 299 0.12 93,6 794

1000 276 3.04 0.16 91.8 772

6H 1 0.310 2.70 - 944 779
10 3.08 2.74 0.04 933 789

100 29.9 279 0.09 909 759

1000 270 284 0.14 844 64.7

the optimum N doping value is 1e16cm™, one order of magnitude higher, except for a[Pj,| of
1000 W c¢cm™2, which is 5e16 cm™.

Table [3.2] shows the main figures of merit that characterize the |hLPCk: the [short circuif]
[current density (Jsc)l the [open circuit voltage (Voc)h the [Voc| growth with the laser power
density (AVoc), which is defined as the difference between the[Vod|at a given power density
and the at 1 Wem?: AVoc (Pin) = Vo (Pin) — Voc (1Wem™2), the fill factor (FF) and
the device efficiency (Eff). The [Jsc] grows proportionally to the laser power density, showing
slight losses at 1000 W cm™. The 6H experiences a higher decay with the input power

due to the reduction of the total height of the device at high laser power densities previously
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discussed. The[Vgd also grows with the laser power density, as expected from the classical

approximation[70]:

3.1

VOC = In

(Na + An)An
)
where kgT/q is the thermal voltage, N4 is the doping concentration, An is the excess carrier
concentration and n; is the intrinsic carrier concentration. By increasing the laser power
density the An also increases, leading to a larger[Voc] AVod]is different for each material, as
seen in Table [3.2] Note that the 3C has larger than the 4H. This is due to the higher
optimum doping values resulting from the optimization process, and also due to the higher N
and Ny values of the 4H (see Table[2-1)), that are related to the intrinsic carrier concentration,

as follows:

ni = NNy - a7 (32)
where Eg is the bandgap energy. For a given Eg, higher Nc and Ny values increase the intrinsic
carrier concentration, decreasing the open circuit voltage as seen in Equation 3.1l The 6H
devices, despite having N¢ and Ny values similar to those of the 3C, experience less
growth than the 3C and 4H devices due to the Auger recombination. The
exceeds 90% for the three polytypes at all laser power densities except for 1000 W cm due to
the series resistance losses. These high[FF values are due to the large bandgap of the polytypes,
which reduce the ohmic losses.

The efficiency of these devices is also shown in Table [3.2] Theoretically, it is expected
that the larger the bandgap, the larger the efficiency of the LPCs, as indicated in[29], if no
other material properties are taken into account. However, at a value of 1 W cm? the
three@s obtain nearly the same efficiency, around =~ 78%. This is due to to losses related
to the light absorption. To ensure an adequate photogeneration inside the devices without
greatly increase their height, we chose incident wavelengths for each material that guarantee
an extinction coefficient of at least k = 2e-4. This value was established after a preliminary
analysis to maximize the light absorption without compromising the efficiency of the device
due to the minority carrier diffusion length. These wavelength values can be seen in Table
1] The difference between the energy of the monochromatic incident light and the energy
gap of the material produces different efficiency losses. The 3C loses an efficiency of 1%, the
6H a 2.5% and the 4H a 5%. However, note that this assumption does not affect the trend of

efficiency versus input power density.
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Figure 3.1: Efficiency versus input power density @I} for the three SiC polytypes using
the architecture. The best performance experimental GaAs-hLPC is included for
comparison[17]].

As the laser power density increases, the efficiencies of the 3C[hLPC|s increase more than
those of the two other polytypes, reaching a 82.3% efficiency at 10 W cm2, which is a 3.4%
higher than those of 4H and 6H. For comparison, the current best performance experimental
GaAs-hLPC achieves a 68.9% efficiency at 11.4 W cm2[[T7], which is 13.4% lower than the
proposed BC-SiCJhLPC] (note that this device has not been fabricated yet, so the performance
may be impacted by manufacturing issues). The BC-SiC|[hLPC] efficiency keeps increasing
with the laser power density, achieving a 84.6% at 100 W cm™. In the case of the 4H, the
higher N¢ and Ny values limit the growth of the with the laser power density, limiting
the efficiency of the 4H s to a79.4% at 100 W cm™. The 6H SiC devices reach a 78.9%
efficiency at 10 W cm™ and experience a quick performance degradation to 75.9% at 100 W
cm? due to Auger recombination. At an input power density of 1000 W cm2, independently
of the polytype, the [SiC|[hLPCk reduce their performance due to series resistance losses and

35



JaviER FERNANDEZ LozAaNO

—a&— opt1
—o— opt100
704 —a— opt1000

68 — ——rrry ————y
1 10 100 1000

Pin (W cm™)

Figure 3.2: Efficiency versus input power density (Pi,)) for the 3C-SiCl[hLPCf optimized at 1
W cm? (optl), 100 W cm2(opt100), and 1000 W cm™ (opt1000).

Auger recombination, to efficiency values of 80.8%, 77.2% and 64.7% for the 3C, 4H and 6H
SiC [hLPC]s, respectively. These efficiency values are also shown in Figure 3.1} where it is
clear that 3C outperforms the other polytypes for the hLPC|architecture.

To evaluate the performance stability with the laser power density of the optimized devices,
we chose three[3C-SiCJhLPC, optimized at 1 W cm™ (opt1), 100 W cm2 (opt100), and 1000
W cm? (opt1000), and tested them under differentvalues. Their resulting efficiency values
are shown in Figure[3.2] Note that the main difference in the design parameters of these devices
is the P-layer doping value, which is increased from 7e16 cm™ in opt1 to 1e18 cm™ in opt1000
(see Table3.I). As expected, the best performance device for each laser power density is the
one that has been optimized for that particular power. At 1 W cm™, optl achieves an efficiency
1.5% higher than the opt100 and 6.25% higher than the opt1000. However, as the laser power
density increases, the optl performance worsens compared to opt100, which outperforms op1
by 2.9% and opt1000 by 3.4% at 100 W cm™. At higher laser power densities, both opt1 and
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opt100 experience efficiency degradation, loosing at 500 W cm™ a 12.2% efficiency for the
optl and a 4.5% for the opt100 with respect to the efficiencies achieved at 100 W cm™2. The
opt1000 reaches maximum efficiency of 81.81% at 500 W cm2, and manages to convert a
laser power density of 1000 W cm™ with only a 1% efficiency decay. It is noteworthy that
by increasing the doping concentration in the P-layer greater performance stability at high [Py
values is achieved, but limits efficiency at lower laser power densities. These results highlight
the need to optimize the device structures according to the targeted laser power density, which

will depend on the application of the technology.

To analyze the effect of temperature on the proposed devices, Figure [3.3] compares the
efficiency of the 3C, 4H and 6H m s versus the temperature (at 25, 50, 100 and 150
°C). This study has been done at a Pin of 1000 W c¢cm, which is the highest laser power
density tested for these[hLPC]s, and therefore, the most likely to suffer from heating problems.
The efficiency degradation due to heating is more severe in 6H [ALPC|, which loses a 16.5%
efficiency when the temperature is increased to 150 °C, whereas the 4H loses a 10.2% and
the 3C only loses a 4.7%, which makes the 3C-based|HE| s the most temperature-resilient.
These results suggest that the effect of temperature might not be a critical point in the viability

of the proposed technology.

3.2 Optimization of VEHSA| devices using the [PhPO] algorithm

In this section we validate our[TCAD] methodology against an experimental VEHSA] state-of-
the-art device and test our algorithm to optimize [CPC|multijunction devices. The[PhPO]finds
the most suitable design parameters to enhance the performance of each individual cell and also
to reduce the current mismatch between cells, which is a common issue when manufacturing
[VEHSA] devices and the main limitation to greatly extent the number of cells.

To validate our methodology we initially model a GaAs-based 5-cell VEHSA (VEHSA PT5S
from now on), that is designed after the experimental device reported by Fafard et al[16], that
currently holds the record breaking efficiency at room temperature. The absorption coefficient
used depends on both the doping concentration and the wavelength, and fits experimental
curves[/1]. The material physical parameters, the incident power and the illumination area are
taken from the experimental device supporting information[16]]. The width of the device (see
Figure 2.2) is fixed to 10 um to save computational costs. Since the generation and transport

processes occur in the vertical direction and no surface recombination is accounted in this work,
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Figure 3.3: Efficiency versus temperature for the three polytypes optimized at 1000
W em?,

which avoids perimeter recombination sources, this decision will not affect the behavior of the
device. Given that no specific design parameters are provided for this particular experimental
device, the cell heights (CH) were obtained by applying the Beer-Lambert law[25]. As the
light penetrates the device, the CH values increase due to the photogeneration decay in the
device. The CH for each cell includes the n+/n/p/p+ layers as follows: CH = hypy + hyp ,
where hyp, is the sum of the p+/n+ layers heights and hy;, the sum of the n/p layer heights. The
p+/n+ layers have fixed heights and doping values of 0.02 um and 5-10'° cm™, respectively,
selected to accurately match the experimental characteristics. The n/p relative layer heights
(NH/PH) are shown as a percent of hy, (e.g. n layer height=NH- hy;), since this value is
fixed by the CH and hyp,. The NH/PH values are considered to be equal (0.50/0.50)[116], and
the doping values (ND/PD) range from 5-10'7-1.0-10'® cm™, with thinner cells more heavily
doped[27]. The illumination wavelength is fixed to 837 nm as in the experimental device.
These initial parameters at room temperature are shown in Table [3.3] Figure [3.4] shows a
comparison between the experimental and the initial calibrated VEHSA PT5 IV curves. Note

that in this figure the simulation results are scaled to the illumination area of the experimental
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Table 3.3: Design parameters (DP) for the VEHSA PTS5 validation and optimization. DH and
CH are the device and cell heights in microns, NH/PH the N/P layer heights in percent and
ND/PD the doping values for the N/P layers, respectively. The width is set to 10 um.

DP DH [um] | Cell | CH [um] | NH [%]/PH [%] | ND [cm™] | PD [cm]

1 0.170 0.50/0.50 lel8 lel8

2 0.218 0.50/0.50 lel8 lel8

Initial 35 3 0.303 0.50/0.50 lel8 lel8
4 0.503 0.50/0.50 lel8 lel8

5 2.306 0.50/0.50 5e17 5e17

1 0.175 0.90/0.10 lel5 lel5

2 0.227 0.90/0.10 lels lels

Optimized 3.7 3 0.317 0.60/0.40 lel5 lel5
4 0.530 0.50/0.50 lel5 lel5

5 2.450 0.30/0.70 lel5 lel5

device. The device TCAD accurately reproduces the values of Isc and Voc of the experimental

device, and the slight differences in the shape of the curve at|voltage at the maximum power|
and intermediate voltages may derive from manufacturing issues.

Once we have demonstrated the validity of our simulation methodology, we apply the

PhPO method to further improve the device performance, see in Table 3.3] the optimized
design parameters. The DH slightly increases with respect to the calibration, reaching 3.7 um.
The cell heights have been fine-tuned until the TJC mismatch is below 1/1000 the Isc value
of the anode. The relative NH/PH values return much larger n layer heights for thinner cells
(e.g., 0.9/0.1 for the first cell), that gradually decrease as the CH increases (e.g., 0.3/0.7 for
the fifth cell). The doping values significantly decrease to 1-10'> cm™, a value three orders of
magnitude lower than those observed in the initial design parameters.

The optimized IV curve is also shown in Figure [3.4] for comparison. The optimized
VEHSA PTS5 achieves the same Voc as the calibrated and experimental devices and increases
the Isc by 6%, leading to a 75.8% efliciency, a value 9.5% larger than that of the experimental
VEHSA PT5. These improvements are due to the meticulous current matching and individual
cell optimization. This can be more clearly seen in Figure3.5]and Figure 3.6 that present the
IV curves for each individual cell for the calibrated and optimized devices, respectively. Note
that the calibrated VEHSA PT5 individual cell IV curves suffer from current mismatch, and
there is also a noticeable Voc mismatch. These effects are drastically reduced in the optimized
VEHSA PTS5, where the IV curves are very similar for all cells.
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Figure 3.4: IV curves comparing the experimental[16] VEHSA PT5 against the optimized
structure provided by the PhPO method. The calibrated VEHSA PTS5 is also included as
validation.

Given the wide variety of applications for an LPC, both aerial and terrestrial, it is worth-
while to study the impact of temperature on device performance. For that, the calibrated and
optimized VEHSA PT?5, are tested at three temperatures: the standard laboratory conditions
(298 K) and 75 K with respect to this value (223 K and 373 K), in order to evaluate a wide
range of operation. The models[[72] used in the course of the simulations take into account the
dependence on temperature, namely the universal energy bandgap model, SRH concentration-

dependent lifetime model, Fermi statistics and power law temperature dependence mobility.

Figure [3.7) shows the IV curves for the optimized and calibrated VEHSAs PT5. Note
that, although both devices reach the same for each temperature (due to bandgap vari-
ation), the optimized VEHSA PTS5 achieves the same |[short circuit current (Isc)| for all three
temperatures tested. This is not the case for the calibrated VEHSA PT5, which suffers from

loses in at high temperatures. This is due to the existence of higher recombinations in

the experimental device, compared to the optimized one. In the calibrated VEHSA PTS5, the
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Figure 3.5: IV curves for each cell that composes the calibrated VEHSA PTS5. Note that there
is an appreciable dispersion in the values of Isc and, to a lesser degree, in those of Voc.

efficiency increases/decreases a 11.3% at 223/373 K with respect to the room temperature
values. The efficiency of the optimized VEHSA PTS is slightly less affected by temperature
variations, increasing/decreasing a 10.3% at 223/373 K with respect to the room temperature
values, respectively. The design parameters obtained through the PhPO method applied at
298 K have considerably reduced the recombinations of the VEHSA PTS5, making the device
more resilient to a wide range of temperature. Note that, having a single device capable of
operating over a broad temperature spectrum without major losses is desirable to avoid the

need to manufacture multiple devices.

3.3 Cubic on advanced devices

Once stablished in section [3.1] that BC-SiCis the best performance polytype, we implemented
this material in advanced architectures such as the [v[LPC(] and the [VEHSAI| to further reduce

the effect of series resistance losses. Indeed, these device configurations have been developed
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Figure 3.6: IV curves for each cell that composes the optimized VEHSA PT5. Note that,
unlike in the case of the calibrated device, there is no dispersion observed in either Isc or Voc.
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to mitigate this effect[20, [16], by splitting the total current in the case of the[VEHSA]and by
greatly reducing the effect of the sheet and contact resistances in the VLPC| These devices are

expected to overcome the performance at high laser power densities, where the series
resistance has a strong impact in those device performances.

3.3.1 Implementation of BC-SiC|in VLPC

In this subsection the results of the optimization of in devices are presented.
Table[3.4]shows the optimum device dimensions and main figures of merit. As the illumination

area changes with the optimization processes, the total input power in the different
structures may vary. The [Quantum Efficiency (QE)|is a useful parameter in order to perform
a fair comparison of these devices. Optimum p-layer remains at 51 pm for the two lower
[P;,] values, and for 100 W cm2, 1000 W cm® and 3000 W cm™? is reduced by a 17.6%,
47.1% and 64.7% respectively. As the[Pj]increases, SRH recombination saturates, and Auger
recombination mechanism becomes more relevant. Given that the thickness of the layers in
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Figure 3.7: IV curves for the optimized (solid lines) and calibrated (dotted lines) VEHSA PT5
at three temperatures: 223 K (blue), 298 K (green) and 373 K (red).

the vertical architecture modifies the illumination area, the optimal thickness tends to shrink
with increasing[Pj]in order to reduce the carrier concentration and thus Auger recombination.
N-layer optimum thickness is 1 pym for all the values except for 3000 W cm2, where it
decreases to 0.1 yum. The optimum p-layer doping increases one order of magnitude over the
entire [Py range, as the n-layer doping decreases by one order of magnitude. The total width
of the device remains at 360 um for all the [Pj| values studied. As in the vertical architecture
there is no trade-off between photon absorption and carrier transport, the width of the device
is independent of illumination and is adjusted for optimal absorption.

To compare the effect of the series resistance of the with the hLPC]devices,
Figures [3.8]and [3-9]show the normalized IV curves for both device configurations at the laser
power density studied range. Note that for the VLCPC| there is not any noticeable degradation
due to series resistance at any value, unlike in the hLPC] where this effect is noticeable
at 1000 W cm and significantly degrades the performance of the at higher |P;,| values.
values are similar for all VCPC] devices, reflecting a steady internal conversion between
incident photon-collected pair. and grow linearly with the logarithmic increase of
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Table 3.4: optimization results and figures of merit for different input power densities
(Pin). The p and n-layer thickness and doping concentrations are optimized, as well as the
[VEPC] width (see Figure 2.2b). The short circuit current Isc, short circuit current density Jsc,
quantum efficiency QE, open circuit voltage Voc, voltage at the maximum power point Vy;,
fill factor FF and efficiency n are shown. The incident wavelength is 525 nm for all the

values.

Pin[W cm?] 1 10 100 1000 3000
Layer Thick Dopi_r}]g Thick Dopi}r;g Thick Dop%r;g Thick Dopglg Thick Dopi_glg
[um] | [em™] | [pm] | [em™] | [gm] | [em™] | [gm] | [em™] | [pm] | [cm™]
p 51 5el6 51 5el6 42 3el7 27 5el7 18 5el7
n 1 lel7 1 lel7 1 lel6 1 lel6 0.1 1lel6
Width [pm] 360 360 360 360 360
Jsc [Acm?] 6.42-10" 6.09-107 5.33-10° 3.29-10% 6.39-10%
QE 0.988 0.994 0.992 0.994 0.995
Voc [V] 2.04 2.10 2.16 221 2.23
Vum [V] 1.92 1.98 2.04 2.08 2.10
FF [%] 93.2 93.2 93.3 93.0 92.9

[Pi} [FHis around 93% for all optimizations, indicating almost negligible series resistance
losses. Efficiency grows linearly with the logarithmic increase of |Pj,| for the studied range.
This result, opposed to the behavior in the hLPC| comes from low series resistance and the
lesser presence of Auger recombination in the VLPC| devices. Note that, the carrier density
is lower in the VLPC|devices than in the hALPC] since the absorption is made along the entire

width of the device without photon recycling.

Figure 3.10| shows and [V for the hLPC| and under several [Py values. The
values for the architecture are lower when compared to those of the hLPC] This

can be explained considering the decrease in photogeneration rate across the device width. In
the hLPC] there is a trade-off between light absorption and carrier diffusion length. Indeed, a
textured back layer is required to increase the optical absorption without drastically increase
the recombination losses. This leads to high carrier concentration and therefore to a higher
In the[VLCPC] there is no such trade-off, as the light absorption occurs in a perpendicular
direction to the current flow. This produces better absorption by enlarging the width of the
device without affecting the carrier diffusion (see Figure 2.2). Due to the large width of the
[VLPC] (360 um), the photogeneration rate decreases by one order of magnitude through the
device. The collected charge, and therefore the diminish as light goes deeper into the
Since the anode and cathode cover the entire width of the device, the overall[Voc] value

will correspond to the voltage in the area with less illumination. Therefore, the width of the
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Figure 3.8: IV curves, normalised to each for various optimized input power densities

P in the fTPO

[VEPC] must reach a compromise between being large enough to ensure the absorption of most
of the beam and maintaining sufficient excess carrier densities to avoid [Voc] degradation in
the least illuminated areas.

For the two architectures[Vygrows linearly with the logarithm of the[Pj;]at low illumination
rates. This progression continues in the for larger illumination rates, while in the
a degradation of the @ and the appears at 100 W cm™ and above due to series
resistance. also grows linearly with the logarithm of the in both architectures until
Auger recombination affects this parameter at extremevalues above 1000 W cm™2. However,
the VLPC|shows a lower dependence on this phenomenon, as already commented. Indeed, the
increasing rate of the for the up to 1000 W c¢m is around 8%, while it is only
around 6% (2% lower) above this value. On the contrary, the VLPC|shows an increasing rate
up to this value of around 6%, while it is only reduced to 5% (1% lower) above this [P, value.
This also contributes to increasing the efficiency of the VLPC| converter with [Py]in a larger
amount. In any case, these results also indicate that Auger recombination is not expected to
limit the development of converters for HPLT applications.

Possible limitations to this technology may arise from the manufacturing side, related to
the illumination area. The device area of the state-of-the-art fabricated LPCs is 0.9 mm? for
Reichmuth et al.[18]], around 3 mm? for Huang et al.[[/3] and Kimovec et al.[13]], 5.4 mm? for
Helmers et al.[17] and 11.3 mm? for Zhao et al.[74]]. In thearchitecture, the illumination
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area is defined by the width and depth of the device. As previously mentioned, we chose in
this work a 1 um depth for both architectures in order to save computational costs, and a 10 ym
width in the ALPC|single unit for the same reason. Since the size of 3C-SiC wafers is around
200 mm(73]], the hALPC| width and depth dimensions can be scaled up and consequently, the
active area of this architecture can be in the order of cm? if needed. Hence, it would be possible
to achieve the same areas than the state-of-the-art LPCs without manufacturing restrictions.
In the case of the vLPC, the illumination area is determined by the depth and height of the
device. Since the depth can be scaled without performance degradation, the active area of
a single vLPC unit, assuming a standard square geometry, is mainly limited by the optimum
height, which is also going to depend on the incident power density. For instance, the total
height is around 20 um for an optimum vLPC unit at a Pin value of 3000 W cm™. This height
could be small to achieve similar illumination areas to the state-of-the-art LPCs. However, this
dimension can be increased through vertically stacking multiple tunnel junctions (VEHSA), as
done in Fafard et al.[16]. Indeed, it has been possible to vertically stack 30 units using tunnel
junctions[22]]. Taking this into account, the height of the vLPC device could be increased to
around 0.6 mm. As commented, the depth can be scaled accordingly, achieving a total square
0.6 mm x 0.6 mm active area device, which is comparable to those of the state-of-the-art LPCs.
These dimensions are also recommended since the goal of this architecture is to manage very
high input power densities. Hence, an active area of less than 1 mm x 1 mm is recommended
to reduce the heat waste and facilitate the thermal management[76]. Note that in the vLPC
architecture the junctions are parallel to the light flow, and several identical single units can
be vertically stacked without changing their structure, in order to obtain the same current in
each single unit, so without increasing the series resistance losses[[19} 20]. This simplifies the
design and makes it robust against temperature variations (due to change in energy gap and
photon absorption), compared to the VEHSA architecture. Finally, it is important to mention
that the active area of both architectures can be further increased if needed by arranging the
single units onto a series/parallel-connected module[/13} [3]].

3.3.2 Implementation of BC-SiC|in [VEHSA|

Given that all polytypes experience performance degradation at high laser power densities,

we introduce the Vertical Epitaxial Hetero-Structure Architecture (VEHSA), to minimize this
intrinsic limitation of the ALPC|architecture. This design was introduced to reduce the series

resistance losses by splitting the photogenerated current between vertically stacked N/P cells,
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while increasing the output voltage in a similar ratio. As the 3C SiC based ALPC| has better
performance at all input power densities than those based on the other polytypes, we chose this
polytype to conduct a comparative between the LPC| conventional architecture and VEHSA
devices with 2, 3, and 4 cells. We optimized these devices for input power densities ranging
from 1 to 3000 W cm™, since the VEHSA architecture allows us to use higher laser power

densities due to the reduction of series resistance losses.

Table [3.3] shows the optimum design parameters for the VEHSA devices at 1 and 3000
W cm2, which are the individual cell heights (CH), the relative N/P layer heights, shown
in percentage of the correspondent cell height (NH/PH) and the N/P layer doping values
(ND/PD). The optimum device height is 106 um for all the VEHSA devices, which is 23 um
larger than that of the 3C SiC-based ALPC] (see Table [3.1). Since the VEHSA architecture
consists of monolithically stacked N/P cells (see Figure[2.2)), the photogenerated carriers travel
less distance than in the ALPC| architecture. Therefore the carrier diffusion length is not a
limiting factor and the optimum height of VEHSA devices is larger, in order to absorb almost
all of the incident beam. The individual cell heights (CH) are adjusted to minimize the
current mismatch between the cells. The upper cells are smaller than the lower ones, since
the photogeneration decays as the light traverses the device, so each CH needs to be larger to
generate the same amount of carriers as in the previous cell. Note that these CH values cannot
be obtained through calculations using the Beer-Lambert exponential decay of light, since the
optical path is highly increased due to light trapping mechanisms placed at the bottom of the
device. Moreover, the optimizer consistently found that optimal configurations are those with
the P layer larger than the N layer. This is more pronounced at low input power densities and
in the lower cells (those closer to the bottom cell), as can be seen in Table@ The top cell has
higher optimum doping values than the other cells, at all configurations and power densities.
At a value of 1 W cm™ the N layer has optimum donor concentrations in the range of Se17
and lel18 cm™, while the P layer has acceptor concentrations ranging from le17 to 3e17 cm™.
At 3000 W cm? the optimum N doping values decrease to lel5 cm™, while the P doping

increase to values ranging from 7e17 to 1e18 cm™.

The voltages (Vi) and current densities (Jyr) at the maximum power point provided by
each cell at 1 and 3000 W cm™? are shown in Table The V1 values of the top cells (cell
1) are larger than those of the other cells due to the higher density of photogenerated carriers
(see Equation 3.T). Note that the current mismatch in the Jy; is minimal. For example, the
VEHSA-2 at 1 W cm™ has a 0.04% current mismatch. The largest observed mismatch is
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Table 3.5: Design parameters (DP) of the VEHSA devices at 1 and 3000 W cm. CH is
the cell height, NH/PH the relative N/P layer heights in percentage of the respective CH and
ND/PD the doping values for the N/P layers.

Pin 1 Wcm? 3000 W cm?
DP CH NH/PH ND PD CH NH/PH ND PD
Device | Cell | [um]  [%]  [em?] [ecm?] | [um]  [%]  [cm?] [cm?]
1 | 486 1090 lel8 lel7 | 48.1 35/65 lel5 lel8
VEHSA2 |5 | 574 5095 5el7  lel7 | 579 15/85 lel5  lel8
1 [ 306 10/90 1el8 3el7 | 30.5 35/65 lel5 lel8
VEHSA-3 | 2 | 363 595 5el7  lel7 | 365  5/95 lel5  lel8
3 | 391 595 5el7  lel7 | 39.0  5/95 lel5  lel8
1 [ 224 10/90 1el8 3el7 | 223 45/55 lel5 lel8
2 | 257  5/95 5el7  3el7 | 25.8  5/95 lel5  7el7
VEHSA-4 15 | 286 595 5el7  lel7 | 28.7  5/95 lel5  7el7
4 | 293  5/95 5el7  3el7 | 293  5/95 lels  7el7

a 0.73% for the VEHSA-4 at 1 W cm, which shows the good performance of the PhPO
algorithm. For 3C SiC only 4 cells are needed to handle these very high input powers, however
for other low band gap materials, e.g. GaAs, a much larger number of cells will be needed,
which at the same time, will increase the current mismatch, reducing the global efficiency of
the system([/16]].

The JV curves for the hCPC| and the VEHSA-2, VEHSA-3 and VEHSA-4 are shown in
Figure andfor 1 W cm? and 3000 W cm2, respectively. It can be seen that the
values increase with larger laser power densities for all devices, ranging from 2.13 to 2.37 V in
the hLPC] architecture, from 4.28 V to 4.74 V in the VEHSA-2, from 6.42 V to 7.09 V in the
VEHSA-3 and from 8.55 V to 9.42 V in the VEHSA-4. The[FF is mainly affected by series
resistance as the laser power density increases from 1 to 3000 W cm2, thus reduces from
93.17% to 79.65% in the ALPC] architecture, from 93.47% to 88.94% in the VEHSA-2, from
93.62% to 91.36% in the VEHSA-3 and from 93.66% to 92.26% in the VEHSA-4. Note that
the fill factor consistently increases with the number of VEHSA cells, and also experiences
less degradation at high laser power densities than the hLPC| proving the resilience of the
VEHSA architecture to the series resistance losses.
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Table 3.6: Voltage (V) and current density (Jyr) at the maximum power point for the
architecture and all the individual cells of the VEHSA-2, VEHSA-3 and VEHSA-4 for 1 and
3000 W cm laser power densities.

Pin 1 Wcm? 3000 W cm™2
FOM Vm Jm Vm Jm
Device | Cell | [V] [Acm?]| [V] [Acm?]

hLPC - | 2010 038754 | 1.96 1109.2
1 2030 0.19815 | 2.164 587.35
VEHSA-2 |5 15018 019807 | 2.117  587.73
1 [2050 0.13281 | 2.223 397.43
VEHSA-3 | 2 | 2013 0.13262 | 2.168  397.97
3 | 2015 0.13289 | 2.164 396.21
1 [2050 0.09930 | 2.245 298.51
2 | 2021 009913 | 2.181 298.87
VEHSA-4 | 5 15009 0.09986 | 2.180  297.63
4 2015 0.09983 | 2.177  298.79
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Figure 3.11: JV curves of 3C SiC-based devices using the architecture and VEHSAs
with 2, 3 and 4 cells at 1 W cm™2.
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Figure 3.12: JV curves of 3C SiC-based devices using the architecture and VEHSAs
with 2, 3 and 4 cells at 3000 W cm™.

3.3.3 Comparative with state-of-the-art

Figure [3.13] shows the efficiency as a function of [Pyy] for the [LPCk studied in this work and
for several experimental and simulated state-of-the-art LPCs available in the literature. The
values shown in the figure corresponding to this work are for the optimum structures at each
[Pyl The state-of-the-art LPCs shown here are or AlGaAs/GaAs based, which is the
current standard technology. Helmers et al.[17] have achieved a remarkable efficiency of
68.9% at 11.4 W cm? with the implantation of an optical cavity that minimizes transmission
and thermalization losses. This is the highest efficiency achieved by an experimental [CPC|
and the largest for values below 100 W cm2. The performance of their horizontal device
is degraded at higher irradiances than 11.4 W cm due to ohmic losses, decreasing to 59.3%
at 76.6 W cm2. Other state-of-the-art devices include adevice, presented by York et
al[21]], which achieves an efficiencies of 66% at 64.6 W cm™

From our proposed architectures, the 3C-SiC[hLPC|shows a remarkable efficiency between
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10-100 W cm? , which could be considered the typical operating range of LPCs. It achieves
efficiencies of 78.3%, 82.3% and 84.6% at 1, 10 and 100 W c¢m2, improving the current
record of Helmers et al.[l7] by 13.4% at it best performance laser power density. It also
improves by 13.2% the efficiency reported by the Outes et al.[I9] simulated
At higher values, like other horizontal LPCs, it suffers a decrease in efficiency due to
growing series resistance losses and Auger recombination. However, the efficiency over all
the analyzed [Pj,| range is higher than that of the other state- of-the-art horizontal LPCs and
the efficiency degradation is less abrupt, resulting in a 13.2% efficiency reduction from 100
W cm? to 3000 W cm™.  Although the results above are expected to be lower for a real
[BC-SiCJhLPC] device due to additional losses related to manufacturing constraints, e.g. shunt
losses, surface recombination, etc, these results are promising to motivate further investigation
on the development of highly-efficiency novel LPCs based on 3C-SiC. Also, it is important
to remark that the fabrication of 3C-SiC based devices is expected to be cheaper and more
environmentally friendly than GaAs based ones, since it involves fewer toxic agents[77l] and
the fabrication processes have excellent compatibility with those used in Si, employing the
same fab lines.

The 3C-SiC vLPC efficiency is comparable to that of the BC-SiC|hLPC]| for the [Pi,| range
1-100 W cm™2. At highervalues the vertical architecture does not appear to be limited by
series resistance, as efficiency keeps growing linearly with the logarithm of The results of
the 3C-SiC vLPC are also compared with those of the GaAs-based vLPC introduced by Outes
et al.[19], which established the previous efficiency record for a modelled LPC at high
values, achieving a 76.3% efficiency at 3000 W cm. The 3C-SiC VLPC shows an extremely
high efficiency of 87.4% at 3000 W cm™, increasing by 11.1% the result achieved by Outes
et al. at this value. This is noteworthy since the methodology used in Outes et al. is
essentially the same than the one followed in his work. Hence, the difference in the results
could mainly be attributed to the reduction of the current due to a lower photon flux density

and more favorable materials properties of 3C-SiC compared to those of GaAs.

The BC-SICIIVEHSA] devices obtain efficiencies around ~2% than the [RLPC and
devices in the 1-100 W cm™ range. These small differences are due to the higher optimum
device height of the VEHSA structures when compared with the hLPC] allowing them to
trap a larger part of the beam; and no[Voc] diminishing due to carrier concentration decay as
in the Note that the proposed 3C VEHSAs outperform the current best performance
experimental GaAs-VEHSA-5 device[16] by a 19.7%, although the proposed devices have
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Figure 3.13: Efficiency versus input power density for present work and several state-of-the-art
LPCs. and refer to the 3C-SiC architectures studied in this work. The LPCs
shown correspond to Outes[[19], Helmers[17] (illumination area of 0.054 cm?), York[21]],
Zhao[74], Huang[/73]], Reichmuth[[18]] and Kimovec[7§].

not been fabricated yet, so their final performance might be reduced due to manufacturing
issues. At an input power density of 1000 W cm? the VEHSA-2 lose 1.6% efficiency, when
compared to the VEHSA-3 and VEHSA-4 due to ohmic losses, which achieve an efficiency of
~86.3%. At 3000 W cm all devices show signs of efficiency degradation except VEHSA-4.
This structure outperforms the rest of the devices at this [Py, value, showing an efficiency of
87.4%, a value 0.7%, 3.6% and 14.9% larger than those of the VEHSA-3, VEHSA-2 and
hLPC, respectively. This clearly demonstrates that increasing the number of cells mitigates
efficiency degradation due to series resistance losses at high input power densities. Note that
the VCPC| consistently maintains an efficiency very similar to that of the VEHSA-4, implying

that both strategies are capable of mitigate the series resistance effect.
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The |High-Power Laser Transmission Technology (HPLT)| allows to transfer power sending

monochromatic light onto a remote photovoltaic receiver or [Laser Power Converter (LPC)|

The absence of wires provides electrical isolation, and enables to deliver power through
optic fiber or free space, which is desirable for space applications, among others. This
technology faces major limitations when transferring high laser power densities, since the
series resistance losses degrade the efficiency of the [LPCh. Indeed, the state-of-the-art[LPC|

achieves a maximum conversion efficiency of 68.9% at an |[[nput power density (Pi,)| value of

11.4 W cm™, and rapidly decays at higher laser power densities. Besides, the efficiency of the
[CPC is hindered by the properties of the chosen materials, since the low bandgap energies
of the semiconductors commonly employed in the state-of-the-art produce intrinsic entropic

losses.

Two routes to increase the efficiency of the [LPC| technology have been studied in this
thesis. First, the introduction of three high bandgap semiconductors as base materials for
[CPCk, being these the [Silicon Carbide (SiC)| polytypes [Cubic Silicon Carbide (3C-SiC)
|Hexagonal 4H Silicon Carbide (4H-SiC)|and [Hexagonal 6H Silicon Carbide (6H-SiC)| This
materials could reduce both the series resistance losses and the intrinsic entropic losses. For

this, the common |horizontal Laser Power Converter (hLPC)| configuration is used. Second,

the implementation of these materials in advanced [CPC|architectures developed to reduce the

series resistance losses, being these configurations thejvertical Laser Power Converters (vLPC)|
and the |Vertical Epitaxial Hetero-Structure Architecture (VEHSA)| In addition, this second

route required the development of|[{lechnology Computer Aided Design (I CAD)|optimization

techniques for the[VEHSA]architecture to make it feasible for indirect bandgap semiconductors
and to improve the current state-of-the-art. For this purpose, the in-house-built optimization

algorithm [Photogeneration and Performance Optimization (PhPO)|have been developed.
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Implementation of polytypes in the devices

This work explores the suitability of three silicon carbide polytypes, 3C, 4H and 6H as base
materials for the commonly used [hALPC]|architecture. The ALPC]|structure is optimized for an

input power density range of 1-1000 W cm2. The following conclusions are obtained:

* All the polytypes outperform the current best performance achieved for an experimental
which is a GaAs-based that obtained a 68.9% efficiency at 11.4 W cm™.
At 10 W cm™, the SiC polytypes exceed the state of the art by 13.4% for the 3C and by
10% for the 4H and 6H.

* The 3C based [hLPCk show greater efficiency than the other polytypes at all the input
power densities tested. This is due to the larger effective|Density Of States (DOS)|values

of the 4H, which diminish the growth of the|open circuit voltage (Voc)|with the increase

of and the 6H Auger coefficients, which severely degrade the performance of the
6H[RLPCE as[Py]increases.

* BC-SiCJshows higher resilience to efficiency degradation when the temperature increases
than the other two polytypes.

e The 3C reaches a maximum efficiency value of 84.6% at 100 W cm™. However,
as the laser power density increases, the 3C [ALPC| suffers from efficiency degradation,
decreasing to 80.8% at 1000 W cm™2. This effect is less abrupt than in other |hLPCk in

the literature, indicating better performance at high injection levels.

Although the performance of real 3C-SiC}based hLPCk can be affected by manufacturing
issues, these results indicate that 3C-SiC| could be a promising candidate to replace [Gallium]
as the base material for high-efficiency [LPCk for all input power range. In

addition, the efficiency degradation observed at high laser power densities could be mitigated
by using advanced architectures.

Development of VEHSA| optimization algorithm:

This work presents a new method to optimize the design parameters of VEHSA]devices, one of
the most efficient architectures of state-of-the-art[CPC. The Photogeneration and Performance
Optimization (PhPO) method combines device[TCADJwith an iterative optimization algorithm.
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This method is aimed to bypass the main limitations of the [VEHSA| architecture, namely
the current mismatch between cells and the impossibility of tailoring individual cell design
parameters. Traditionally, the Beer-Lambert law of exponential decay is the main available
tool to match the different cells photogeneration. However, this method obtains low accuracy
results when a back reflector or light-trapping mechanisms are included. Another issue related
to only applying Beer-Lambert law is that the individual currents of each cell may differ, due
to the different performance of the cells, leading to current mismatch. The conclusions of the

[PhPQ| performance are the following:

* To validate the method, the current room temperature record efficiency [VEHSA]
device is modelled, a[GaAs}based 5-cell. The[TCAD]device accurately reproduces the
experimental device IV curves at the same illumination conditions, using similar design

parameters.

* The iterative optimization algorithm is applied to the calibrated[VEHSA] The algorithm

successfully matches all cells [short circuit current (Isc)| and [Voc| values and improves

each cell performance. This leds to a 9.5% efficiency increase of the optimized device
with respect to the experimental VEHSA]

* Given the diverse applications of hALPCk, this work tested both the optimized and cal-
ibrated VEHSA] at 3 different temperatures: 223 K, 298 K and 373 K. The optimized
device is slightly more resilient to temperature changes due to a reduction of the recom-

bination effects achieved by the optimization of design parameters.

The[PhPOmethod provides optimum design parameters for state-of-the-art and new gener-
ation[VEHSA] devices, opening a new route towards ultra-efficient[VEHSA} with application
to[hLPC|and tandem solar cells, not necessarily based on direct bandgap materials.

3C-SIC| as base material for advanced architectures

The BC-SiC|[hLPC] devices suffer from efficiency degradation at high laser power densities.
To counteract for this effect, this work presents optimizations of in the advanced
architectures [VLPC| and [VEHSA| in the laser power density range of 1 to 3000 W cm,

obtaining the following conclusions:
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* The[BC-SiCJ[vLPClefficiency is comparable to that of the BC-SiCJhLPC|for the[Pj|range
1-100 W cm2, and improves the results of the state-of-the-art devices (based on

[GaAs) by 11.1%.

* The shows no degradation over the entire power range studied, due to
extremely low series resistance and a significantly reduced Auger recombination with

respect to |hLPCl This leads to a conversion efficiency of 87.4% at 3000 W cm,
exhibiting a linear growth of efficiency with the logarithm of input power density,

allowing room for improvement at higher powers.

* Optimizations of BC-SiClbased [VEHSA] devices with 2, 3 and 4 cells were performed
with the [PhPO]optimization algorithm. Results show that the[VEHSA]performs around
~2% better than the and architectures at the 1-100 W cm™ laser power

range.

* Increasing the number of VEHSA] cells mitigates the losses due to Joule effect. At high
laser power densities, the m& suffers from series resistance losses, with a 1.6%
and 3.6% efficiency drop at 1000 and 3000 W cm™2, respectively, when compared to
the [VEHSA}4, but outperforms the hLPC| by a 5% and a 11.3% at these laser power

densities.

« At 3000 W cm2, the 4 achieves a 87.4% efficiency. Note that, using [3C-SiC]

only 4 cells are needed to handle these extremely large input powers, whereas when
using low bandgap materials (such as GaAs) VEHSA] devices with larger numbers of

cells are mandatory, which suffer from current mismatch issues.

* Both the yLPC|and the VEHSA}4 achieve approximately the same efficiency at ultra-
high laser power densities, which indicates that both strategies are viable to mitigate
series resistance losses.

These results generate confidence in a new generation of laser power converters with the
capacity to revolutionize the market and broaden the possible applications of the wireless
power transmission technology. Although the performance of real [SiC}based [LPCh may be
impacted by manufacturing issues, the presented work shows that the combined use of BC]
and advanced architectures are beneficial additions and open a promising route towards

efficiently transmit ultra-high laser power densities.
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Future work

The work shown here creates a new paradigm shift with the possibility of transferring power
densities up to kilowatts per square centimeter to large distances through a mediums like
terrestrial atmosphere (powering aerial drones, remote sensors and robots), water (in under-
water autonomous vehicles) or outer space (in rovers and satellites). Another advantage of
the silicon carbide is that it can be grown on Si wafers, notably reducing the costs. The
thermal conductivity of the [SiC|polytypes is significantly larger than that of making it
preferrable in space applications, where[GaAs]is currently the best choice. [SiC|polytypes have
also high resistance to radiation and dielectric strength, and the manufacture of [SiClbased
power converters is based on non-critical raw materials and eco-friendly processes, contrary
to the case of III-V materials.

However, the manufacturing of those devices might be challenging, since, to the authors’
knowledge, silicon carbide power converters have not been fabricated yet. The production of
very high quality, defect-free PN junctions will be crytical to achieve successfull power
converters. Good passivation of surfaces can be achieved in silicon carbide since the expertise
in silicon can be applied here. Another critical aspect is to make good ohmic contacts for the
anode and cathode.

In future work, the authors will explore the feasibility of other promising high bandgap
materials, as Gallium Nitride (GaN). Another crucial aspect for this technology to success
is the behavior of the power converters with the temperature. For that, detailed simulations
with heat transport models will be carried out. Heat dissipation systems will be proposed
depending on specific applications for the [LPCF, either on space or terrestrial environments.
The work presented here will be continued by detailed characterization of [SiC] crystals and
manufacturing of [SiClbased [hLPC] prototypes.

Other potential challenges to address in the future are the need of a tracking system for the
target, a direct line from the laser source to the[CPC| the possible high laser power attenuation
in media like air (lower in [SiC|than in conventional [GaAs| based [CPCk[29]) or the eye safety
implications due to using high power lasers operating in the visible regime. These issues need

to be considered in future projects.
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Laser Power Converter Architectures Based on 3C-SiC

with Efficiencies >80%

Javier F. Lozano, Natalia Seoane, Enrique Comesaia, Florencia Almonacid,

Eduardo F. Ferndndez,* and Antonio Garcia-Loureiro

High power laser transmission technology is based on energy transfer through a
monochromatic laser onto a photovoltaic receiver avoiding the limitations of

conventional wiring. Current technology, headed by GaAs-based devices, faces
two limitations: the intrinsic entropic losses and the degradation at high input
power densities due to ohmic losses. Two novel laser power converters focused
on overcoming these limitations are proposed. 3C-SiC is used as base material
because of its high bandgap (2.36 eV) and its excellent crystallographic properties
in order to reduce the entropic losses. Also, the current decreases due to the

inherent flux reduction of high energy photons. To minimize ohmic losses, a

recently proposed vertical architecture is explored, which can significantly reduce
series resistance around two orders of magnitude (~10> Q cm?). Furthermore,
3C-SiC is also implemented in a conventional horizontal architecture to show the
advantage of increasing the energy gap to reduce the ohmic losses. The two laser

market. HPLT is based on the emission
of monochromatic light to transfer energy
to a remote photovoltaic device or laser
power converter (LPC). In this sense,
HPLT represents a paradigm shift with
the possibility of transferring around a
hundred watts of power density to several
kilometers distance without using wires.
The technology allows to overcome the lim-
itations of conventional wiring because it
provides electrical isolation and a reduction
of electromagnetic interference and electri-
cal noise.l®! Applications of this technology
include, among others, dual transmission
of power and data,**! and optical powering
of Internet-of-Things devices,® remote

power converters obtain efficiencies above the state-of-the-art (87.4% at
3000 W cm 2 for the vertical architecture and 81.1% at 100 W cm 2 for the
horizontal architecture) Taking this into account, the new devices open a new

route for ultrahigh efficiency remote powered systems.

1. Introduction

High power laser transmission (HPLT) has been pointed as a
key development in the emerging technology of wireless power
transfer (WPT)™" which has become an increasingly profitable
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antennas,”)  aerial  vehicles®®®  and
satellites.'%1"

The LPC state-of-the-art is mostly based
on I1I-V compounds, being GaAs the most
used material."? Multiple studies have
achieved efficiencies over 50% using
GaAs-based LPCs.">?%! In fact, the current
experimental record set by Helmers
et al.”" has an efficiency of 68.9% under an input power density
of 11.4 W cm™ with a single GaAs cell. However, the efficiency
of this device suffers from degradation with increasing input
power density due to ohmic losses. This is a relevant constrain
of current HPLT technology as it strongly limits the amount of
power density to be transferred to the remote system. In order to
overcome this limitation, Outes et al.*? proposed a new archi-
tecture through numerical simulations, a GaAs-based vertical
tunnel junction which achieves efficiencies of more than 76%
at 3000 W cm 2. The benefits of this architecture are no shadow-
ing effects from the front metal grid and a very low series resis-
tance (=107° Q cm?).

Although this vertical architecture may mitigate the efficiency
degradation at high input power densities, the advancement of
the current LPC technology is hindered by the properties of the
base materials employed. There are several studies reporting that
the maximum efficiency achievable for a material increases with
its bandgap,**”) as high bandgap materials reduce the intrinsic
entropic losses. This limits the improvement of devices based on
Si (1.11eV) and GaAs (1.43 eV). High bandgap materials have
been recently pointed as the key to develop a new generation
of ultraefficient LPCs.?!

Among the wide bandgap semiconductors, silicon carbide
(SiC) has been extensively researched and commercialized in

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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the last two decades, mostly due to its application in power
electronics.””) SiC is found in several polytypes, being the hex-
agonal 4H and 6H the most employed so far.**! Efforts are being
made to obtain high-quality cubic 3C crystals because of the high
electron mobility and isotropic properties,*") and the fact that 3C
can be grown on large commercially available Si wafers, notably
reducing fabrication costs.”? SiC has not been considered for
solar PV applications due to its high energy gap and poor solar
spectrum absorption.?*) However, this material becomes very
interesting in the context of laser power converters due to the
properties previously mentioned. Despite of this, to the date,
it has not been investigated as an alternative to current LPC
technologies and its actual potential remains unknown.

In this work, we study the feasibility of 3C-SiC as a base mate-
rial for LPC for the first time. We employ two different architec-
tures, a conventional horizontal laser power converter (hLPC) and
a vertical laser power converter (VLPC), based on the structure pro-
posed by Outes et al.l”?,, We carried out a series of optimizations
for both architectures under several input power densities (P;y)
with the aim to enhance the LPC efficiencies. The simulation pro-
cedure is based on Silvaco Atlas,** a trustable and well-known
TCAD tool, widely employed for accurate simulations of semicon-
ductors performance. We have considered all the relevant phe-
nomena in order to achieve reliable results and the material
properties are taken from an exhaustive literature review based
on experimental data. This work is intended to show the potential
of this material to produce a new generation of low-cost and high-
efficiency LPCs beyond current state-of-the-art technologies.

2. Devices and Simulation

In this section we present the two architectures considered, as
well as the simulation framework applied in this work, which
includes the TCAD software and the models being used.

2.1. Device Architectures

We investigate the feasibility of 3C-SiC as a promising material
for LPC through two different architectures shown in Figure 1:

(a) ﬂ

AR-coat &"Q

thickness

height

contact area

width

www.solar-rrl.com

hLPC and vLPC. The single unit structure of both LPCs consists
of four layers with p+/p/n/n+ doping types. The third dimen-
sion (depth) does not affect the carrier transport and density, and
itis set to 1 pm without loss of generality in order to save compu-
tational costs. The depth of the devices is only limited by fabri-
cation issues and as some of 3C-SiC processes are very similar to
those of the Si, these are well known and commonly industrial-
ized. We apply total transmittance for the incident light in the
illumination area, emulating the behavior of an antireflective
coating.

In the hLPC the incident light is parallel to the current flow
and perpendicular to the anode and cathode. In this architecture,
there is a trade-off between the optical path and the carrier dif-
fusion length, as the absorption and transport processes take
place in the same direction. To avoid an excessively long device
in which the minority carriers do not survive, a textured reflective
layer is placed at the bottom of the structure. This layer increases
the optical path, greatly enhancing light absorption and photon
recycling.®”!

In the vLPC, the incident light is perpendicular to the current
flow and parallel to the anode and cathode. This architecture
shows a drastic reduction of series resistance and the absence
of shadowing due to the metal grid.**=** Another interesting
feature is the possibility to connect several devices via tunnel
junctions to increase the illumination area.’® This could be
achieved by monolithically growing multiple subcells on the
top of each other, as in standard multijunction concentrator solar
cells. In this sense, the viability of stacking up to 30 p/n junctions
has already been proven.?**% Another method to increase the
illumination area is via the arrangement of a multisegment series
connection.*!!

2.2. Simulation Framework

This work was carried out using Silvaco Atlas Software,** a
TCAD simulator able to provide realistic and trustable results
when modeling a wide variety of electronic devices, including
photovoltaic solar cells. For instance, Michael et al.*? applied
it in the design and optimization of a III-V multijunction,
Ochoa et al*’! improved the efficiency of a multijunction

(b)
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Figure 1. 2D single unit schemes of the a) hLPC and b) vLPC architectures. The third dimension of the two architectures (depth) is set to 1 pm. AR-coat is

the antireflective coating.
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concentrator under 5000 suns by optimizing the window layer
and Seoane et al.*® studied a vertical tunnel junction under
15000 suns. ATLAS was also applied to design and optimize
vertical laser power converters by Outes et al.,*? and to evaluate
the impact of design variables in a vertical epitaxial heterostruc-
ture architecture (VEHSA) LPC by York et al.l*¥

In this work, Poisson and continuity equations were solved to
obtain the main properties and characteristics of each device con-
figuration. To realistically emulate the behavior of silicon carbide,
we use the Caughey-Thomas model to describe carrier mobili-
ties with doping density dependence,** a suitable model when a
low electrical field is accounted.**) Carrier mobility (x) is
expressed as

Hmax — Hmin
M Mmm + 1 + <N/Nref)lx (1)
where fimax and pimin are the mobilities of pure and high doped
crystal, respectively, N is the doping level, N,.ris the doping level
at which the mobility is in an intermediate value between ppin
and pimay and a is a fitting parameter. Table 1 shows the mobility
parameters used in this work.

We consider Shockley-Read-Hall (SRH) and Auger recombi-
nations. After a preliminary study, we have found that the con-
tribution of radiative recombination has no relevance because the
radiative coefficient for 3C-SiC is an order of magnitude smaller
than that of Si***): and therefore it has not been included in the
simulations.

SRH recombination is considered the main recombination
process in indirect bandgap semiconductors.®® The SRH recom-
bination rate (RSX) with doping dependence is expressed as fol-
lows

e
RrslgtH = E, A —E, (2)
tp(n + mexp ) + 7u(p + mexp 1)
where
P T T ) ®

n and p are the electron and hole concentrations, #; is the intrin-
sic carrier concentration, which is negligible for 3C-SiC at room
temperature,*l F,,, is the difference between the trap energy
level and the intrinsic Fermi level, kg is the Boltzmann constant,

Table 1. 3C-SiC mobility parameters for electrons and holes, extracted
from refs. [32,47]. pmax and pmin are the mobilities of pure and high
doped crystal respectively, N, is the doping level at which the mobility
is in an intermediate value between pmi, and pmay, and a is a fitting
parameter.

www.solar-rrl.com

Ty is the lattice temperature, 7, is the effective electrons and
holes lifetimes, 7, is the longest lifetime observed in undoped
crystal, Nporm is a doping concentration which operates as a nor-
malization constant, and y is a fitting parameter.®*? We use
Egrap = 0, which corresponds to the most efficient recombination
centers.** Although carrier lifetimes in SiC heavily depend on
the crystal growth conditions, under low injection levels, life-
times of up to 15 ps in 3C-SiC bulk are reported in the litera-
ture." At low illumination levels, SRH dominates the
recombinations because there are a large number of traps avail-
able. However, an increase in the input power density leads to
higher SRH lifetimes due to a lower percentage of vacant traps
compared to the excess carrier concentration.®*! To account for
this effect, we increase the 7, lifetime with the excess carrier con-
centration following the trend observed in Hayashi et al.*¥
We apply, for hole lifetimes, 7, = 7,/5, which is an usual relation
in silicon and SiC.”!

The Auger recombination rate (Rayger) is determined by the
following expression

Rpuger = Ca(pn® — nnf) + Cy(np® — pnf) )

where C, and C, are the Auger experimental coefficients for a
given material.[5617 Table 2 shows the set of recombination param-
eters used in this work. A remarkable characteristic of 3C-SiC is
its small Auger coefficient, an order of magnitude less than that
of Si and 4H-SiC,””*® and two orders of magnitude lower than
in GaAs.”® This is beneficial at high injection levels, when this
recombination mechanism is predominant.”*

In this study we consider bandgap narrowing with doping
dependence and ideal surface passivation. All simulations were
performed at a constant temperature of 298 K. The absorption
coefficient with incident wavelength dependence is taken from
experimental data.[*”

3. Results and Discussion

We initially present the optimization results for the hLPC and
vLPC architectures under several P;, values and, at the end of
the section, compare the efficiency of the proposed LPCs against
that of several state-of-the-art devices. Optimization is performed
by a multivariable iterative process, varying the parameters (layer
thicknesses, doping concentrations, device width, incident
wavelength) in discrete steps with the target of increasing the

Table 2. 3C-SiC recombination parameters used during the simulations,
extracted from refs. [31,55,58]. Nyom is a reference doping level which
operates as a normalization constant, E., is the difference between
the trap energy level and the intrinsic Fermi level, y is a fitting
parameter, and C is the Auger experimental coefficient.

Mobility parameters

Recombination parameters

Mobility model Parameter Electrons Holes
Caughey-Thomas Hmax [cm2 Vs’w] 900 70
Homin [cm?Vs ] 40 15
Nye [cm ] 1.5 x 10" 5%10'"
a 0.8 03

Recombination model Parameter Electrons Holes
Shockley-Read—Hall Nrorm [cm ™3] 1x10"7 1x10"7
4 0.3 0.3
Eiap 0 0
Auger c 3x10°% 2x107%
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efficiency. The p+ and n+ layers are initially optimized,
finding that their optimal values are a 40 nm thickness and
5x 10" cm ™ doping concentration for all the hLPC devices,
and a 50 nm thickness and 8 x 10" cm ™ doping concentration
for all the vLPC devices studied. Next, we optimize the p and n
layers thicknesses and doping concentrations. In the hLPC, we
set the device width to 10 pm because no surface recombination
is accounted in this work as first step, avoiding perimeter recom-
bination sources, and the generation and transport processes
occur in the vertical direction. However, in the vLPC, the width
of the device needs to be considered. As the depth (the third
dimension) does not affect the efficiency of these devices, both
architectures can scale in that direction, increasing the illumina-
tion area and thus the incident power to the desired values as
much as manufacturing processes allow it. The optimum inci-
dent wavelength is 525 nm for all the studied devices.

3.1. hLPC Optimization Results

Table 3 shows the optimum device structure and the main fig-
ures of merit that characterize the hLPC behavior, i.e., the short-
circuit current (Isc), the short-circuit current density (Jsc), the
quantum efficiency (QE), the open-circuit voltage (Voc), the volt-
age at the maximum power point (Vyp), the fill factor (FF), and
the device efficiency (). Jsc is obtained from dividing Isc by the
electrical contact area of the hLPC (the width of the device times
the depth). For the lower P;, values ranging from 1 to
100 W cm™2, the optimal layer thickness varies between 65
and 70 pm for the p-ayer and is 9pm for the n-layer. For
1000 and 3000 W cm™?, the thickness is reduced to 49 and
40 pm, respectively, in the p-layer and to 6 pm in the n-layer.
The optimum p-layer doping concentration increases with Py,
ranging from 5x 10"°cm™ at 1Wem™ to 1x 10®¥cm™> at
3000 W cm ™%, while the n-layer doping concentration is
1x 10" cm ™ for all the Py, values studied.

Figure 2 shows the normalized I-V curves for the hLPC archi-
tecture. At Py, values ranging from 1 to 100 W cm ™2, the effect of
the series resistance is not relevant, becoming noticeable at

www.solar-rrl.com
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Figure 2. -V curves, normalized to each Isc, for various optimized input
power densities (P;,) in the hLPC. The incident wavelength is 525 nm for
all the P, values.

1000 W cm ™2 and significantly degrading the performance of
the hLPC at higher P, values.

QE is almost constant for the lower P;, values, slightly decreas-
ing at 1000 and 3000 W cm ™ mainly due to Auger recombina-
tion. Also, although Vo increases over the whole range of
illumination, Vyyp does not follow this trend, reaching a peak
at 100 W cm 2 and then decreasing at higher P,, values. This
can be mainly attributed to the series resistance, which produces
a continuous decrease in FF from 92.7% at 1 W cm ™ to 80.3% at
3000 W cm 2. The efficiency grows with the Py, from a 77.5% at
1W cm ™2 until it reaches a maximum of 81.1% at 100 W cm 2
and then, as a result of the increase of series resistance and
Auger recombination, it decreases to 73.6% at 3000 W cm 2.

3.2. vLPC Optimization Results

Table 4 shows the optimum device dimensions and main figures
of merit. As the illumination area changes with the optimization
processes, the total input power in the different vLPC structures
may vary. The QE is a useful parameter in order to perform a fair
comparison of these devices. Optimum p-layer remains at 51 pm

Table 3. hLPC optimization results and figures of merit for different input power densities (pin) values. The p- and n-layer thickness and doping
concentrations are optimized. The Isc, Jsc, QE, Voc, Ve, FF, and n are shown. The incident wavelength is 525 nm for all the pin values.

P [Wem ™3 1 10 100 1000 3000
Optimized Layer Thick Doping Thick Doping Thick Doping Thick Doping Thick Doping
structure [wm] [em ] [wm] [em~] [wm] [em™] [wm] [em ™) [kvm] [em ]
p 65 5x10'° 70 1x107 65 3x 107 49 5x 10" 40 1x10®
n 9 1x10™ 9 1% 10" 9 1% 10" 6 1x10™ 6 1% 10

Width [um] 10 10 10 10 10

Jsc [mAcm ™3 4.08 x 10? 410 x 10° 4.10 x 10* 4.06 x 10° 1.19 x 10°

QE 0.964 0.968 0.968 0.958 0.936

Voc M 2.05 2.13 2.21 2.29 2.31

Vme V1 1.92 1.98 2.02 1.94 1.92

FF [%] 92.7 91.8 89.3 82.8 303

n[%] 77.5 80.0 81.1 76.9 73.6
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Table 4. vLPC optimization results and figures of merit for different input power densities (pin). The p- and n-layer thickness and doping concentrations
are optimized, as well as the vLPC width (see Figure 1b)). The Isc, Jsc, QE, Voc, Ve, FF, and i are shown. The incident wavelength is 525 nm for all the P,

values.

Pin W [cm] ] 1 10 100 1000 3000
Optimized Layer Thick Doping Thick Doping Thick Doping Thick Doping Thick Doping
structure [hm] [em™] [wm] [em™] [pm] fem™] [pm] fem™’] [um] [em™]
p 51 5x10' 51 5x10'° 42 3x10"7 27 5x 10" 18 5x10"7
n 1 1x10"7 1 1x10"7 1 1x10'® 1 1x10'° 0.1 1x10'°

Width [um] 360 360 360 360 360

Jsc [mAcm ™7 6.42 x 10’ 6.09 x 10% 5.33 x 10° 3.29 x 10* 6.39 x 10*

QE 0.988 0.994 0.992 0.994 0.995

Voc M 2.04 2.10 2.16 2.21 2.23

Ve V] 1.92 1.98 2.04 2.08 2.10

FF [%] 93.2 93.2 93.3 93.0 92.9

n[%] 79.7 82.5 84.8 86.6 87.4

for the two lower Py, values, and for 100, 1000, and 3000 W cm ™2
is reduced by a 17.6%, 47.1%, and 64.7%, respectively. As the P,
increases, SRH recombination saturates, and Auger recombina-
tion mechanism becomes more relevant. Given that the thick-
ness of the layers in the vertical architecture modifies the
illumination area, the optimal thickness tends to shrink with
increasing Py, in order to reduce the carrier concentration and
thus Auger recombination. N-layer optimum thickness is
1um for all the Py, values except for 3000 W cm ™2, where it
decreases to 0.1 pm. The optimum p-layer doping increases
one order of magnitude over the entire P;, range, as the n-layer
doping decreases by one order of magnitude. The total width of
the device remains at 360 pm for all the P;, values studied. As in
the vertical architecture there is no trade-off between photon
absorption and carrier transport, the width of the device is inde-
pendent of illumination and is adjusted for optimal absorption.

Figure 3 shows the vLPC normalized I-V curves for the P,
studied range. Note that for this architecture there is not any
noticeable degradation due to series resistance at any P;, value,
unlike in the hLPC. QE values are similar for all vLPCs, reflecting

1.00A A A A A
0.8
P, [W-cm2]
0.6 -4~ 3000
3 -A- 1000
=04 -~ 100
- 10
0.21 a1
0.0 T T T
0 0.5 1 1.5 2.5
V V]

Figure 3. -V curves, normalized to each Isc, for the input power densities
(Pin) optimized in the vLPC architecture. The incident wavelength is
525 nm for all the P, values.
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a steady internal conversion between incident photon-collected
pair. Voc and Vyp grow linearly with the logarithmic increase
of Py,. FF is around 93% for all optimizations, indicating almost
negligible series resistance losses. Efficiency grows linearly with
the logarithmic increase of Py, for the studied range. This result,
opposed to the behavior in the hLPC, comes from low series
resistance and the lesser presence of Auger recombination in
the vLPC architecture. Note that, the carrier density is lower
in the vLPC architecture than in the hLPC because the absorption
is made along the entire width of the device without photon
recycling.

Comparing the two architectures, the QE is greater in the
vLPC for all the P;, values studied, and no degradation appears
in this parameter, in contrast to what happens in the hLPC.
This is due to the regulation of incident light in the vLPC by
the thickness of the layers, managing the excess carrier concen-
tration and thus Auger recombination. Figure 4 shows Vo and
Vup for the hLPC and vLPC under several P;, values. For the two
architectures, Vyp has similar values and grows linearly with the

235 [|]
2.3 {8V, hLPC -BV,,, hLPC

1A Ve vLPC AV, VLPC 4

1.9+ T T T
1 10 100 1000

Input power density [W-cm2]

Figure 4. Voc and Vyyp dependence on input power density (P;,) for the
hLPC and vLPC architectures. The incident wavelength is 525 nm for all
cases.
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logarithm of the P;, at low illumination rates. This progression
continues in the vLPC for larger illumination rates, while in the
hLPC a degradation of the FF and the Vyp appears at
100 W cm 2 and above due to series resistance. Voc also grows
linearly with the logarithm of the P, in both architectures until
Auger recombination affects this parameter at extreme P;, values
above 1000 W cm ™2, However, the vLPC shows a lower depen-
dence on this phenomenon, as already commented. Indeed,
the increasing rate of the Voc for the hLPC wup to
1000 W cm ™2 is around 8%, while it is only around 6% (2%
lower) above this value. On the contrary, the VLPC shows an
increasing rate up to this value of around 6%, while it is only
reduced to 5% (1% lower) above this P;, value. This also contrib-
utes to increasing the efficiency of the vLPC converter with Py, in
a larger amount. In any case, these results also indicate that
Auger recombination is not expected to limit the development
of 3C-SiC converters for HPLT applications.

As can be also seen in this figure, the Vo values for the vLPC
architecture are lower when compared to those of the hLPC. This
can be explained considering the decrease in photogeneration
rate across the device width. In the hLPC, there is a trade-off
between light absorption and carrier diffusion length. Indeed,
a textured back layer is required to increase the optical absorption
without drastically increase the recombination losses. This leads
to high carrier concentration and therefore to a higher Voc. In
the vLPC, there is no such trade-off, as the light absorption
occurs in a perpendicular direction to the current flow. This pro-
duces better absorption by enlarging the width of the device with-
out affecting the carrier diffusion (see Figure 1). Due to the large
width of the vLPCs (360 pm), the photogeneration rate decreases
by one order of magnitude through the device. The collected
charge, and therefore the Vo, diminishes as light goes deeper
into the vLPC. As the anode and cathode cover the entire width of

www.solar-rrl.com

the device, the overall Vo ¢ value will correspond to the voltage in
the area with less illumination. Therefore, the width of the vLPC
must reach a compromise between being large enough to ensure
the absorption of most of the beam and maintaining sufficient
excess carrier densities to avoid Vo degradation in the least illu-
minated areas.

3.3. Comparative with State-of-the-Art LPCs

Figure 5 shows the efficiency as a function of P, for the LPCs
studied in this work and for several experimental and simulated
state-of-the-art LPCs available in the literature. The values shown
in the figure corresponding to this work are for the optimum
structures at each P;,. The state-of-the-art LPCs shown here
are GaAs or AlGaAs/GaAs based, which is the current standard
technology. Helmers et al.*"! have achieved a remarkable effi-
ciency of 68.9% at 11.4 W cm ™ with the implantation of an opti-
cal cavity that minimizes transmission and thermalization losses.
This is the highest efficiency achieved by an experimental LPC,
and the largest for P, values below 100 W cm 2. The perfor-
mance of their horizontal LPC is degraded at higher irradiances
than 11.4 W cm™ 2 due to ohmic losses, decreasing to 59.3% at
76.6 W cm ™2 In order to allow higher power to be transferred,
other horizontal designs, such as the VEHSA architecture, pre-
sented by York et al.,** implement the strategy of stacking mul-
tiple thin photovoltaic semiconductor subcells on the top of each
other to divide current, and therefore reduce the series resistance
losses, achieving efficiencies of 66% at 64.6 W cm ™2,

From our proposed architectures, the 3C-SiC hLPC shows a
remarkable efficiency between 10 and 100 W cm ™2, which could
be considered the typical operating range of LPCs. This hLPC,
optimized at 10 W cm ™2, achieves a 80.0% efficiency, improving

—&- 3C-SiCvLPC

Efficiency [%]

O BHi-my

40 —r T

—A- 3C-SiC hLPC
—&—Outes 2021[22]
——Helmers 2021[21]

O York 201824
—#—Zhao 20162

A—Huang 2018

O Reichmuth 2017%%
—&— Kimovec 2019 (18]
—@—Huang 201810

@ Zhao 2016 2%

A

A Simulated

1 10 100

Input Power Density [W-cm2]

1000

D Experimenta

Figure 5. Efficiency versus input power density for present work and several state-of-the-art LPCs. vLPC and hLPC refer to the 3C-SiC architectures studied
in this work. The LPCs shown correspond to Kimovec,™! Huang,“"’] Helmers?" (illumination area of 0.054 cmz), Outes,? Reichmuth,* York,?* and

Zhao **!
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the current record of Helmers et al.?!) by 11.1%, and increases to
81.1% at 100 W cm ™2, exceeding by 9.7% the efficiency reported
by the Outes et al.*? simulated vLPC. At higher P,, values, like
other horizontal LPCs, it suffers a decrease in efficiency due to
growing series resistance losses and Auger recombination.
However, the efficiency over all the analyzed Py, range is higher
than that of the other state-of-the-art horizontal LPCs and the effi-
ciency degradation is less abrupt, resulting in a 7.7% efficiency
reduction from 100 to 3000 W cm 2. Although the results above
are expected to be lower for a real 3C-SiC hLPC device due to
additional losses related to manufacturing constraints, e.g.,
shunt losses, surface recombination, etc., these results are prom-
ising to motivate further investigation on the development of
highly efficiency novel LPCs based on 3C-SiC. Also, it is impor-
tant to remark that the fabrication of 3C-SiC based devices is
expected to be cheaper and more environmentally friendly than
GaAs-based ones because it involves fewer toxic agents!®) and
the fabrication processes have excellent compatibility with those
used in Si, employing the same fab lines.

The 3C-SiC vLPC efficiency is higher than that of the 3C-SiC
hLPC for all the P;, range studied, exceeding its efficiency in the
typical operating range by a 2.5% at 10 W cm ™2, and by a 3.7% at
100 W cm 2. At higher P;, values the vertical architecture does
not appear to be limited by series resistance, as efficiency keeps
growing linearly with the logarithm of P;;,. The results of the 3C-
SiC vLPC are also compared with those of the GaAs-based vLPC
introduced by Outes et al.,?? which established the previous effi-
ciency record for a modeled LPC at high P, values, achieving a
76.3% efficiency at 3000 W cm 2. The 3C-SiC vLPC shows an
extremely high efficiency of 87.4% at 3000 W cm ™2, increasing
by 11.1% the result achieved by Outes et al. at this P;, value.
This is noteworthy because the methodology used in Outes
et al. is essentially the same than the one followed in his work.
Hence, the difference in the results could mainly be attributed to
the reduction of the current due to a lower photon flux density
and more favorable materials properties of 3C-SiC compared to
those of GaAs.

Possible limitations to this technology may arise from the
manufacturing side, related to the illumination area. The device
area of the state-of-the-art fabricated LPCs is 0.9mm? for
Reichmuth et al.®® around 3mm? for Huang et al.'® and
Kimovec et al,™ 54mm? for Helmers et al,?! and
11.3 mm? for Zhao et al.”) In the hLPC architecture, the illumi-
nation area is defined by the width and depth of the device. As
previously mentioned, we chose in this work a 1 pm depth for
both architectures in order to save computational costs, and a
10 pm width in the hLPC single unit for the same reason. As
the size of 3C-SiC wafers is around 200 mm,*? the hLPC width
and depth dimensions can be scaled up and consequently, the
active area of this architecture can be in the order of cm? if
needed. Hence, it would be possible to achieve the same areas
than the state-of-the-art LPCs without manufacturing restric-
tions. In the case of the vLPC, the illumination area is deter-
mined by the depth and height of the device. As the depth
can be scaled without performance degradation, the active area
of a single vLPC unit, assuming a standard square geometry, is
mainly limited by the optimum height, which is also going to
depend on the incident power density. For instance, the total
height is around 20 pm for an optimum vLPC unit at a P;, value

Sol. RRL 2022, 6, 2101077 2101077 (7 of 9)
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of 3000 W cm ™% This height could be small to achieve similar
illumination areas to the state-of-the-art LPCs. However, this
dimension can be increased through vertically stacking multiple
tunnel junctions (VEHSA), as done in Fafard et al.”” Indeed, it
has been possible to vertically stack 30 units using tunnel
junctions.*! Taking this into account, the height of the vLPC
device could be increased to around 0.6 mm. As commented,
the depth can be scaled accordingly, achieving a total square
0.6mm x 0.6 mm active area device, which is comparable to
those of the state-of-the-art LPCs. These dimensions are also rec-
ommended because the goal of this architecture is to manage
very high input power densities. Hence, an active area of less
than 1mm x 1 mm is recommended to reduce the heat waste
and facilitate the thermal management.®®) Note that in the
VvLPC architecture the junctions are parallel to the light flow,
and several identical single units can be vertically stacked without
changing their structure, in order to obtain the same current in
each single unit, so without increasing the series resistance
losses.”>*® This simplifies the design and makes it robust
against temperature variations (due to change in energy gap
and photon absorption), compared to the VEHSA architecture.
Finally, it is important to mention that the active area of both
architectures can be further increased if needed by arranging
the single units onto a series/parallel-connected module.">*¥

As previously commented, although the efficiency of 3C-SiC-
based experimental LPCs could be reduced due to unexpected
manufacturing issues, the simulation results indicate that this
material opens a new promising route to improve the efficiency
of current and future LPCs.

4. Conclusions

We have proposed cubic silicon carbide as base material for LPC
because of its high bandgap and excellent crystalline properties.
To study its suitability, we have considered two different archi-
tectures, a hLPC and a vVLPC, whose design allows a reduction in
series resistance. The devices are investigated by performing
simulations with a TCAD software up to 3000 W cm % In this
work, the temperature is assumed to be constant and equal to
298K, as the reference air temperature in the PV field.
The increase of the temperature with the input power density
and its effects on the device’s performances are crucial for this
technology to succeed, and many factors are involved (e.g., effi-
ciency, area, thermal resistance, medium temperature,
etc.).These effects were no considered at this stage of the investi-
gation, although they will be carefully studied in future works.

Results show that, for both architectures, silicon carbide-based
LPCs have better performance than GaAs-based LPCs in the
whole illumination range studied. The 3C-SiC hLPC shows an
efficiency of 81.1% at 100Wcm 2, exceeding the current
state-of-the-art record efficiency for hLPCs by 12.2%. Although
at higher irradiances the performance of the 3C-SiC hLPC is
degraded due to increasing series resistance and Auger recom-
bination, the downgrading is less abrupt than in other hLPCs in
the literature, indicating better performance at high injection
levels.

The 3C-SiC vLPC improves the results of the state-of-the-art
vLPCs by 11.1%, showing an efficiency of 87.4% at 3000 W.

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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The 3C-SiC vLPC shows no degradation over the entire power
range studied, due to extremely low series resistance and a sig-
nificantly reduced Auger recombination with respect to hLPC.
As these mechanisms do not affect the device performance,
the 3C-SiC vLPC exhibits a linear growth of efficiency with
the logarithm of input power density, allowing room for improve-
ment at higher powers.

Although the performance of real LPCs based on 3C-SiC can
be affected by manufacturing issues, these results support that
3C-SiC could be a promising candidate to replace GaAs as the
base material for high-efficiency LPCs for all input power range.
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ABSTRACT The state of the art in the field of high-power laser transmission is dominated by the so
called Vertical Epitaxial Hetero-Structure Architecture (VEHSA), which consists of monolithically stacking
p/n cells connected by tunnel junctions. This configuration distributes the current between the cells and
reduces the losses due to Joule heating. Since assessing the performance of each individual cell is very
challenging, the design and optimization of these devices relies on simple approximations based on the
Beer-Lambert law, the exponential decay of light, and guessing from published data. The limitations of
these approaches are i) the current of each cell may differ from the calculated photocurrent, producing a
mismatch and limiting the overall current, ii) the design parameters cannot be individually evaluated, and iii)
the loss of accuracy when applied to devices with light trapping mechanisms. In this work, we present a novel
optimization methodology aimed to overcome these limitations, based on a meticulous device Technology
Computer-Aided Design (TCAD) and an iterative optimization algorithm with two stages: Photogeneration
and Performance Optimization (PhPO). The proposed procedure improves the performance of the current
state-of-the-art VEHSA devices, allows the use of new semiconductors and makes the design more resilient
to a wide range of operation conditions.

INDEX TERMS Device modeling, new algorithm, laser power converters, VEHSA architecture,
photo-current optimization, multijunction photovoltaic devices.

I. INTRODUCTION through a monochromatic light to a remote photovoltaic

The high power laser transmission (HPLT) technology has
been pointed as a key development in the wireless power
transfer (WPT) field [1]. It consists of transmitting power

The associate editor coordinating the review of this manuscript and

approving it for publication was Marcelo Antonio Pavanello
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This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

device, or laser power converter (LPC). This technology has
the advantage of providing electrical isolation and avoiding
electromagnetic interference [2], replacing traditional copper
wires when security restrictions require the absence of sparks.
Such is the case for workplaces under an ATEX directive, like
refineries or mines where there is risk of fire or explosion [3].
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Dual transmission of power and data [4], [5] and optically
powering satellites [6], [7] or aerial vehicles [8], [9] are other
possible applications of this technology. Another remarkable
aspect is the possibility of deliver power through optic fiber
or wireless transmission through free space [3].

Current state-of-the-art LPC devices exceed 60% -effi-
ciency values at room temperature [10], [11]. The base
materials used are mostly III-V compounds, being GaAs the
preferred one [12], since it achieves efficiencies much larger
than LPCs based on Si [13] or InGaAsP/InP [14]. Multijunc-
tion GaAs LPCs are particularly noteworthy [15], as well
as devices with enhanced photon recycling and treatment of
thermalization losses [11]. New advances in photovoltaics
provide hints for future efficiency improvements, such as new
architectures [16], [17], [18], [19] or the use of materials with
fewer limitations [20].

The Vertical Epitaxial Hetero-Structure Architecture
(VEHSA) stands out among the multijunction LPCs. This
arrangement consists of monolithically stacking p/n tunnel
junctions [10], which is also the main pathway to achieve
ultra-high efficiencies on concentrating photovoltaic solar
cells [21]. The major advantage of this architecture is to
distribute the current over the p/n junctions, which reduces
Joule heating losses. This allows to operate under high
laser power concentrations, increasing the efficiency due to
the open circuit voltage (V.) enhancement associated with
higher carrier concentration. The V. also benefits from a
greater Fermi level splitting in thin layers [22]. However, the
optimization of VEHSA devices is challenging because of the
extreme difficulty of evaluating its individual cell currents.
Up to date, the optimization is mainly done by simple
approximations using the Beer-Lambert law [23], which only
accounts for the photogeneration of each cell. This method
is only meaningful to VEHSA devices made of well-known
direct bandgap materials like GaAs, since design parameters
like doping values and relative p/n sizes are extrapolable
from published data [24] and the light decays exponentially
in the bulk of the device, as no light-trapping mechanisms
are needed. Nevertheless, not measuring the currents of each
cell hinders the current matching and the optimization of
design parameters, reducing the performance of the device.
Although new optimizations paths have been described in
literature, such as including tabulated quantum efficiency
values in the photogenerated current estimation [25], [26],
more sophisticated optimization techniques that broaden the
range of VEHSAs are missing. This is of particular interest
in the context of materials with indirect high-bandgap like
silicon carbide, which has been identified as a potential new
route to ultra-high efficiency LPCs [27].

In this paper we propose a new universal methodology
to optimize the design of VEHSA devices. The procedure,
based on combining device modeling with a multistage opti-
mization algorithm, allows not only to further optimize state-
of-the-art VEHSAs, but also opens the door to design and
optimize new multijunction devices. This feature skips many
trial and error processes when manufacturing novel VEHSA
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FIGURE 1. Exponential decay of light intensity, according to Beer-Lambert
law. To accurately match the photocurrents, the integrated
photogeneration must be the same in all cells.

devices, considerably reducing costs. This methodology is
valid for both direct or indirect bandgap materials, regardless
of whether they are powered by laser or by sunlight.

Il. METHODOLOGY

In this section we present the main limitations in the design
of state-of-the-art VEHSA devices, and we introduce an
optimization method to improve their performance via a
meticulous current matching and the improvement of the
individual efficiency of each cell.

A key factor that affects the performance of VEHSA
devices is the precise matching of the currents produced by
every cell, since the total current drawn from the device will
be the lowest of all the contributing cells. Up to date, the state-
of-the-art VEHSASs achieve current matching by applying
the Beer-Lambert law, the exponential light decay [23]. The
integrated photogeneration must be the same in all cells,
as illustrated in Figure 1:

Iiy1 () = Lie @ )

where [; and [;y; are the light intensities entering and
leaving the i-th layer, respectively. #; is the thickness of the
i-th layer and «(A) the wavelength dependent absorption
coefficient. This is a good approximation for direct-gap
VEHSA devices, as the photogeneration can be calculated
very accurately. However, this method does not take into
account the performance of each cell, so there will be
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WTJC
% < +TIC(n-1)

tunnel junction

FIGURE 2. 2D-Schematic of a VEHSA device. The variable resistances in
tunnel junctions allow to extract the current diferences from the adjacent
cells. C1, C2, ..., Cn are the cells of the VEHSA device. The zoom-in shows
the detailed structure of the cell C1, composed by n+/n/p/p+ layers, with
a CH1 total height. PH1 and NH1 are the heights of C1 p and n layers,
respectively.

differences between the photogenerated current and the total
current contributed. To avoid this issue, it has been proposed
to consider the quantum efficiency, QE, of each cell to
calculate the current supplied [25] as follows:

a1 gyai
L = [ o 0EG) - (1= T() ~ RO @)

where [I,5s and g are the absorbed and available
photocurrents, R the reflectance, and 7 the transmittance.
This has the advantage of considering beam reflection and
transmission, and recombination effects, which are implicit
in QE. However, it misses relevant effects such as photon
recycling, which is shown to be important in the modeling
of GaAs VEHSA devices [28].

These approaches generally provide good results, but the
performance worsens as the number of cells increases, due
to the current mismatch. The actual record efficiency for
a VEHSA at room temperature is achieved by a 5-cell
device, reaching a 66.3% [10], and the efficiency consistently
decreases for a larger number of cells. Another disadvantage
of these approximations is that they are not applicable to
indirect bandgap devices that require back texturization for
light trapping.

We present an optimization method aimed to overcome
these issues valid for both direct or indirect bandgap
VEHSAs, independently if they are powered by a laser or
by solar light. The system consists of meticulous device
TCAD (Technology Computer-Aided Design) of the VEHSA
device combined with an iterative optimization algorithm.
As modeling tunnel junctions in Silvaco can be problematic
[29], we used an standard workaround that consist of
modeling the tunnel junctions as perfect conductors [30],
to speed-up the simulation time. In these so modeled tunnel
junctions we allow the extraction of the tunnel junction
currents (TJCs), coupling them to electrodes with lumped
variable resistances, as seen in Figure 2. These resistances
can take very high values to simulate the full device, to avoid
current through these contacts, or low realistic values to
obtain the differences between the currents produced in

VOLUME 11, 2023

adjacent cells. This is a useful tool to accurately match the
currents of all cells and improve the performance of the full
VEHSA device.

The optimization algorithm is an iterative process involv-
ing two stages: Photogeneration and Performance Optimiza-
tion (PhPO from now on), as shown in Figure 3. In the
first step, the photogeneration loop, the total device height
(DH) is optimized to absorb the largest part of the beam
without unnecessarily increasing the size of the device, which
will affect the carrier transport. As a first approach the
Beer-Lambert law is used to obtain an initial guess. The
algorithm iterates, by increasing/decreasing the DH, until
two criteria are fulfilled: i) a minimum absorbed light value
(photo_low), that establishes the maximum photogeneration
losses allowed of the total incident light and ii) a maximum
photogeneration value (photo_high), which prevents the
device from growing infinitely to absorb the totality of the
photons. The resulting optimum DH is then used as an input
for the next stage, the performance loop.

In this second stage, the optimizer improves the perfor-
mance of the cells individually. This process begins with a
subroutine that iteratively evaluates the TJCs and modifies
CHI,..., CHn, i.e. the relative sizes of each cell (see Fig’ s 2
zoom-in). As the TJCs extracted are the differences between
the currents of the adjacent cells, the absolute value represents
their mismatch, and the sign of the current indicates which
cell is limiting the performance. A negative/positive sign
means that the bottom/top cell is limiting and the algorithm
modifies the values of CHI, ...,CHn to increase the limiting
cells in steps normalized by the largest absolute TIC value
of all tunnel junctions. This process iterates until all TICs
contribute with the same current and the value is below a
certain tolerance, e.g., 1/1000 of the I extracted in the
anode. When this is achieved, the algorithm optimizes the
design parameters, which are the layer relative sizes (PHi,
NHi) and doping values (PDi, NPi) for every i-th cell,
from 1 to n. The optimization algorithm for a single design
parameter is described in Figure 4. The parameters are swept
from an initial value (provided by a preliminary single cell
optimization), one by one, with the scope of increasing the
cell efficiency. If new optimum design parameters are found,
a new iteration is needed, since these optimizations can
change the current contributed by each cell and the currents
need to be matched again. On the other hand, if during the
whole cell optimization cycle no new design parameters are
found, the process stops, and it is considered that all cells have
achieved their maximum efficiency.

IIl. RESULTS

To validate our methodology we initially model a GaAs-
based 5-cell VEHSA (VEHSA PTS5 from now on), that
is designed after the experimental device reported by
Fafard et al [10], that currently holds the record breaking
efficiency at room temperature. We carried the simulation
with Silvaco Atlas [31], a device TCAD simulator able
to provide realistic and trustable results when modeling a
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FIGURE 3. Flowchart of the different stages of the PhPO method.
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FIGURE 5. Photogeneration rate in a VEHSA PT5.

Photogeneration TCAD and TJC TCAD are simulations aimed to obtain the

photogeneration of each cell and the currents extracted in the tunnel
junctions (TJC), respectively. The optimum device height is fixed in the
photogeneration loop and used as an input to the performance loop.

wide variety of devices, including photovoltaic cells [17],
[32]. The Poisson and continuity equations are solved to
obtain the characteristics of the device. The beam-device
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interaction is modelled with the ray tracing method [31]
and an example of the photogeneration rate for a VEHSA
PTS is pictured in Figure 5. For carrier mobility we use

doping concentration-dependent tabulated data, available via
Silvaco. The Shockley-Read-Hall (SRH) recombination also
considers the doping concentration, following experimental
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data [33]. We also include optical and Auger recombinations
in the simulation framework. All simulations were performed
at T = 298 K. The absorption coefficient used depends on
both the doping concentration and the wavelength, and fits
experimental curves [34]. The material physical parameters,
the incident power and the illumination area are taken from
the experimental device supporting information [10]. The
width of the device (see Figure 2) is fixed to 10 um to
save computational costs. Since the generation and transport
processes occur in the vertical direction and no surface
recombination is accounted in this work, which avoids
perimeter recombination sources, this decision will not affect
the behavior of the device. The contact finger (see Figure 5)
covers a 3 percent of the width of the device. Given that no
specific design parameters are provided for this particular
experimental device, the cell heights (CH) were obtained by
applying the Beer-Lambert law [23].

As the light penetrates the device, the CH values increase
due to the photogeneration decay in the device, as seen
in Figure 1. The CH for each cell includes the n+/n/p/p+
layers as follows: CH = hppy C hyy, where hy,, is the
sum of the p+/n+ layers heights and £,, the sum of the
n/p layer heights. The p+/n+ layers have fixed heights and
doping values of 0.02 um and 5-10' ¢cm™3, respectively,
selected to accurately match the experimental characteristics.
The n/p relative layer heights (NH/PH) are shown as a
percent of hy, (e.g. n layer height = NH- h,;,), since this
value is fixed by the CH and /.. The NH/PH values are
considered to be equal (0.50/0.50) [10], and the doping values
(ND/PD) range from 5-10'7-1.0-10'8 cm—3, with thinner cells
more heavily doped [25]. The illumination wavelength is
fixed to 2 =837 nm as in the experimental device. These
initial parameters at room temperature are shown in Table 1.
Figure 6 shows a comparison between the experimental
and the initial calibrated VEHSA PT5 IV curves. Note
that in this figure the simulation results are scaled to the
illumination area of the experimental device. The device
TCAD accurately reproduces the values of Iy and V. of the
experimental device, and the slight differences in the shape
of the curve at V, and intermediate voltages may derive from
manufacturing issues.

Once we have demonstrated the validity of our simulation
methodology, we apply the PhPO method to further improve
the device performance, see in Table 1 the optimized design
parameters. The DH slightly increases with respect to the
calibration, reaching 3.7 um. The cell heights have been
fine-tuned until the TIC mismatch is below 1/1000 the I .
value of the anode. The relative NH/PH values return much
larger n layer heights for thinner cells (e.g., 0.9/0.1 for the
first cell), that gradually decrease as the CH increases (e.g.,
0.3/0.7 for the fifth cell). The doping values significantly
decrease to 1-10'5 cm™3, a value three orders of magnitude
lower than those observed in the initial design parameters.

The optimized IV curve is also shown in Figure 6 for
comparison. The optimized VEHSA PT5 achieves the same
V. as the calibrated and experimental devices and increases
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TABLE 1. Design parameters (DP) for the VEHSA PT5 validation,
optimization and constant values. DH and CH are the device and cell
heights, NH/PH, N*/P*H the n/p, n*/p* layer heights and ND/PD,
N*/P*D the doping values for the n/p, n*/p* layers, respectively. T is
the temperature, 1 the incident wavelength and CF the cover factor, which
is the portion of the device covered by the contact.

DH CH NH [%] / ND PD
PPl N mp PH) fem?] [em?)
1 0.170 0.50/0.50 lel8 lel8

= 2 0.218 0.50/0.50 lel8 lel8
:‘E 3.5 3 0.303 0.50/0.50 lel8 lel8
= 4 0.503 0.50/0.50 lel8 lel8
5 2.306 0.50/0.50 5el7 5el7

o 1 0.175 0.90/0.10 lel5 lels
A:‘é 2 0.227 0.90/0.10 lel5s lel5
£ 3.7 3 0.317 0.60/0.40 lel5 lel5
g- 4 0.530 0.50/0.50 lel5 lels
5 2.450 0.30/0.70 lel5 lel5

= T Width NYP*H N“P*D A CF
£ M m e e [l (%)

6 298 10 0.02 5el19 837 3

0.2 MM AAAAAAAAAAALAAAALAAAALAALL,
T ety S A LE LTI
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FIGURE 6. IV curves comparing the experimental [12] VEHSA PT5 against
the optimized structure provided by the PhPO method. The calibrated
VEHSA PTS5 is also included as validation.

the Ic by ~6%, leading to a 75.8% efficiency, a value 9.5%
larger than that of the experimental VEHSA PTS5. These
improvements are due to the meticulous current matching
and individual cell optimization. This can be more clearly
seen in Figure 7 and Figure 8, that present the IV curves for
each individual cell for the calibrated and optimized devices,
respectively. Note that the calibrated VEHSA PTS5 individual
cell IV curves suffer from current mismatch, and there is
also a noticeable V. mismatch. These effects are drastically
reduced in the optimized VEHSA PTS, where the IV curves
are very similar for all cells.

Given the wide variety of applications for an LPC, both
aerial and terrestrial, it is worthwhile to study the impact of
temperature on device performance. For that, the calibrated
and optimized VEHSA PTS5, are tested at three temperatures:
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PT5. Note that there is an appreciable dispersion in the values of Isc and,
to a lesser degree, in those of Voc.
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FIGURE 8. IV curves for each cell that composes the optimized VEHSA
PT5. Note that, unlike in the case of the calibrated device, there is no
dispersion observed in either Isc or Voc.

the standard laboratory conditions (298 K) and +75 K with
respect to this value (223 K and 373 K), in order to evaluate a
wide range of operation. The models [35] used in the course
of the simulations take into account the dependence on tem-
perature, namely the universal energy bandgap model, SRH
concentration-dependent lifetime model, Fermi statistics and
power law temperature dependence mobility.

Figure 9 shows the IV curves for the optimized and
calibrated VEHSAs PTS5 at the three tested temperatures.
Note that, although both devices reach the same V. for
each temperature (due to bandgap variation), the optimized
VEHSA PTS5 achieves the same I, for all three temperatures
tested. This is not the case for the calibrated VEHSA PTS5,
which suffers from loses in Ig. at high temperatures. This
is due to the existence of higher recombinations in the
experimental device, compared to the optimized one. In the
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FIGURE 9. IV curves for the optimized (solid lines) and calibrated (dotted
lines) VEHSA PT5 at three temperatures: 223 K (blue), 298 K (green)
and 373 K (red).

calibrated VEHSA PTS5, the efficiency increases/decreases a
11.3% at 223/373 K with respect to the room temperature val-
ues. The efficiency of the optimized VEHSA PTS5 is slightly
less affected by temperature variations, increasing/decreasing
a 10.3% at 223/373 K with respect to the room temperature
values, respectively. The design parameters obtained through
the PhPO method applied at 298 K have considerably reduced
the recombinations of the VEHSA PT5, making the device
more resilient to a wide range of temperature. Note that,
having a single device capable of operating over a broad
temperature spectrum without major losses is desirable to
avoid the need to manufacture multiple devices.

IV. CONCLUSION

We have presented a new method to optimize the design
parameters of VEHSA devices, one of the most efficient
architectures of state-of-the-art LPCs. The Photogeneration
and Performance Optimization (PhPO) method combines
device TCAD with an iterative optimization algorithm.
This method is aimed to bypass the main limitations of
the VEHSA architecture, namely the current mismatch
between cells and the impossibility of tailoring individual
cell design parameters. Traditionally, the Beer-Lambert law
of exponential decay is the main available tool to match the
different cells photogeneration. However, this method obtains
low accuracy results when a back reflector or light-trapping
mechanisms are included. Another issue related to only
applying Beer-Lambert law is that the individual currents of
each cell may differ, due to the different performance of the
cells, leading to current mismatch.

To validate the PhPO method, we initially modelled the
current room temperature record efficiency VEHSA device,
a GaAs-based 5-cell reported by Fafard et al. We have
accurately reproduced the experimental device IV curves
at the same illumination conditions, using similar design
parameters. Next, we have applied the iterative optimization
algorithm to the calibrated VEHSA. The algorithm has

VOLUME 11, 2023



J. F. Lozano et al.: PhPO: A New Algorithm to Improve the Performance of VEHSA LPCs

IEEE Access

successfully matched all cells I and V. values and
improved each cell performance. This has led to a 9.5%
efficiency increase of the optimized device with respect to
the experimental VEHSA.

Given the diverse applications of LPCs, we have tested
both the optimized and calibrated VEHSAs at 3 different
temperatures: 223 K, 298 K and 373 K. The optimized
device is slightly more resilient to temperature changes due
to a reduction of the recombination effects achieved by the
optimization of design parameters.

In conclusion, the PhPO method provides optimum
design parameters for state-of-the-art and new generation
VEHSA devices, opening a new route towards ultra-efficient
VEHSASs with application to LPC and tandem solar cells, not
necessarily based on direct bandgap materials.
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Current high power laser transmission technology faces two major limitations to improve the efficiency of
the photovoltaic receivers: the intrinsic entropic losses associated to low bandgap materials (such as GaAs)
and the series resistance losses that degrade the device performance at high power densities. The use of high
bandgap materials and new architectures for laser power converters (LPC) have been pointed out as alternatives
to overcome these limitations. In this work, three silicon carbide polytypes (3C, 4H and 6H) are proposed as
base materials for the standard horizontal laser power converter (hLPC) architecture and the Vertical Epitaxial
Hetero-Structure Architecture (VEHSA). 3C SiC based hLPCs outperform the power converters based on the other
two polytypes, achieving a maximum efficiency of 84.6% at 100 W cm™2, but suffer from series resistance losses,
that deteriorate their efficiency, at higher laser power densities. This issue is solved with 3C SiC 4 cells VEHSAs
that demonstrated increasing efficiency with the input power, reaching a maximum of 87.4% at 3000 W cm=2.
The VEHSA reduced number of cells minimize the risks of efficiency losses due to current mismatch between
cells. These results support the feasibility of a new generation of LPCs capable of efficiently convert ultra-high
laser power densities.

The state of the art of the photovoltaic receivers or laser power con-
verters (LPC) are mostly dominated by III-V compounds, specifically
GaAs [10]. There are reports of conversion efficiencies exceeding 60%
at room temperatures [11] with a record efficiency conversion of 68.9%
at 11.4 W cm™2, but as the input power density increases these LPCs suf-
fer from efficiency degradation due to ohmic losses [12]. To face this
challenge, new architectures have been proposed [13-16]. The Verti-
cal Epitaxial Hetero-Structure Architecture (VEHSA) stands out among
the multijunction LPCs. It consists of monolithically stacked p/n cells

1. Introduction

High power laser transmission has been pointed as one of the most
promising technologies for far-field wireless power transfer [1]. This
technology, which consist of the transmission of power via laser onto
a photovoltaic receiver, has the advantage of providing electrical isola-
tion and avoiding electromagnetic interferences [2]. High power laser
transmission offers the possibility of transferring power through optic

fiber, replacing conventional copper wires and thus reducing the risk of
sparks, which is desirable in workplaces under an ATEX directive [3],
or through free space, suitable for aerospace environments. There are
many applications of this technology, such as the simultaneous trans-
feral of power and data [4,5] or optically powering remote antennas
[6], aerial vehicles [7] or even satellites [8,9]. Fig. 1 depicts the optical
powering of a rover in a space application.

* Corresponding author.
E-mail address: javierfernandez.lozano@usc.es (J.F. Lozano).
URL: https://citius.gal/team/javier-fernandez-lozano (J.F. Lozano).
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connected by tunnel junctions [11], reducing the total current and in-
creasing the outcome voltage in the same ratio, minimizing the Joule
heating losses. This allows the device to work under high power den-
sities, which enhances the open circuit voltage (Voc) due to the higher
carrier concentration, increasing the conversion efficiency. The cur-
rent record efficiency for a GaAs-based VEHSA is 66.3% and has been
achieved with a 5-cell device at 150 Wcem™2 [11]. In this work, the au-
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Fig. 1. Artistic example of a high power laser transmission application, a moon
rover powered by a remote laser. In the zoom-in yellow circles, a horizontal
laser power converter and a cubic silicon carbide structure are depicted.

thors also explored VEHSAs with up to 20 cells to try to handle even
larger input powers. However, when the number of cells is increased the
effect of current mismatching also increments, due to intrinsic fabrica-
tion issues, deteriorating the efficiency. Note that, this architecture has
also been applied to concentrating photovoltaic solar cells to achieve
ultra-high efficiencies [17].

To further improve the performance of the technology, materials
with high bandgap have been pointed out [18-20]. These materials will
not only reduce the series resistance losses due to the higher energy of
the incident photons, increasing the outcome voltage and reducing the
current, but they will also reduce the intrinsic entropic losses. In this
sense, the use of high bandgap materials such as silicon carbide (SiC)
will be beneficial over commonly used photovoltaic materials as silicon
or gallium arsenide, which have a lower energy bandgap when com-
pared with this material. In the last two decades, silicon carbide has
been extensively researched, and their main applications are in the field
of power electronics [21]. So far, 4H and 6H hexagonal polytypes are
the most employed [22]. Due to the high electron mobility and isotropic
properties of 3C SiC [23], efforts are been made to obtain high qual-
ity 3C crystals [24]. Indeed, long carrier lifetimes of 8.2 us have been
achieved in 3C grown by sublimation epitaxy [23]. These values are
comparable to those of post growth treated chemical-vapor-deposition
grown 4H [25] and 6H [26]. Beyond the high bandgap of these mate-
rials, silicon carbide polytypes exhibit other interesting properties. The
thermal stability, resistance to radiation and dielectric strength [27,28]
of these polytypes make them very interesting candidates for electronic
devices and sensors in space applications, where other materials like
Si or GaAs will suffer great degradation due to harsh environments
[29,30]. Note that these polytypes are also good candidates to man-
ufacture multijunction VEHSA devices, since the requirements for the
tunnel junction (TJ) materials are a high conductivity, optical trans-
parency and low lattice mismatch [31]. The highly doped SiC polytypes
used as TJ exhibit great conductivity, low absorption coefficient (the ab-
sorption is negligible when compared to that of the whole device) and
no lattice mismatch. Furthermore, the manufacturing of LPCs made of
SiC polytypes is based on non-critical raw materials (compared with
the scarcity of III-V materials), more eco-friendly processes (employs
less toxic agents than GaAs) and reuses some of the low-cost Si fabrica-
tion procedures [32].

In this work we test the suitability of silicon carbide as base mate-
rial for LPCs comparing the efficiency of three different polytypes (3C,
4H and 6H) for two architectures: the conventional horizontal laser

Results in Engineering 21 (2024) 101987
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Fig. 2. 2D schemes of the two architectures studied in this work: a) a horizontal
laser power converter (hLPC) and b) a 3-cell Vertical Epitaxial Hetero-Structure
Architecture (VEHSA) device. The structure of single cells is N+/N/P/P+ dop-
ing types. The width and depth dimensions are fixed to 10 and 1 um, respec-
tively, to save computational costs. The device height, cell height (CH), and N
and P layer heights (NH/PH) are shown.

power converter (hLPC) and the VEHSA architecture with 2 (VEHSA-
2), 3 (VEHSA-3) and 4 (VEHSA-4) cells. The obtained results open a
promising new path to efficiently transmit high power energy densities.

2. Simulation methodology

We investigate the feasibility of the three proposed SiC polytypes
through the conventional horizontal laser power converter (hLPC) ar-
chitecture, see a scheme in Fig. 2a. The structure consists of four layers
with N+/N/P/P+ doping types. The third dimension (depth) is set to
1 pum to save computational costs, since it does not affect the obtained
results. Since there are several technological solutions to minimize the
effect of surface recombination, e.g. using passivation layers [33], and
considering that the generation and transport processes occur in the
vertical direction, the width of the devices is set to 10 um also to save
computational costs. We emulate the behavior of an anti-reflective coat-
ing by setting total transmittance in the illumination area, which is a
realistic approximation because the device is illuminated with only one
wavelength. As the SiC polytypes have a low absorption coefficient due
to their indirect bandgap [34], a textured reflective layer is needed at
the bottom of the device. This layer increases the optical path, greatly
enhancing light absorption and photon recycling [35], which avoids an
excessively long device where the minority carriers will recombine. The
cathode is placed at the top of the device, covering a 3% of the illumi-
nation area, while the anode is placed along the bottom of the device.
Once the polytype with the best performance has been determined, we
explore the use of this polytype in the VEHSA architecture (see an ex-
ample in Fig. 2b).

In this work we have employed Silvaco Atlas [36], a TCAD simulator
widely used in modeling all kind of semiconductor devices, including
photovoltaic cells. Indeed, it has been applied to model laser power
converters [13], multijunction concentrator solar cells [37] and VEHSA
devices [15]. The J-V characteristics of the devices are obtained by
solving the Poisson and charge continuity equations. The models and
parameters used in this work are suitable for silicon carbide polytypes.
We use the Caughey-Thomas model for carrier mobility, which ac-
counts for doping density dependence [38]. The simulations include the
following recombination processes: Shockley—Read—-Hall (SRH), which
is the main recombination mechanism in indirect bandgap semiconduc-
tors [39], and Auger recombination, which affects at high injection
levels. We used the Lindefelt bandgap narrowing model [40], which
was developed specifically for silicon carbide polytypes. The beam-
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Table 1
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Material parameters included in the simulation framework. The bandgap [46], incident wavelength (1),
thermal conductivity (x)[47], effective densities of states in the conduction/valence bands(N;/Ny) [36],
electron and hole mobilities [44,48,49], Auger recombination coefficients [44,45] and Shockley-Read-Hall

base lifetimes (SRH 7)) [23,25,26,50] are shown.

Polytypes  Bandgap 4 K N¢ /Ny Mobility Auger coeff. SRH 17,
[eV] [nm]  [Wm™'K™'] [em™] [em?/V/s]  [em®s™!] [s1

3C 2.36 525 500 e 6.5%10'" 900 3x107 1.1x 107
h*  17x10% 70 2x107 22x107°

4H 3.23 366 350 e 1.7x 10" 950 5x 1073 1.7x 107
h*  33x10° 125 2x1073! 2.1x107°

6H 3.02 400 320 e 7.7%x 10" 420 3x107% 13%x107°
h*  47x10% 95 3x107% 25x107°

Table 2

Optimum design parameters of 3C, 4H and 6H SiC hLPCs at laser power densities (P;,) of 1, 100 and 1000 Wem~2, The
thicknesses and doping values of the P and N layers are shown.

Layer 3C 4H 6H
P, [Wem™2] 1 100 1000 1 100 1000 1 100 1000
Thickness [um] N 14 14 14 14 14 12 14 22 8
u P 69 69 61 69 69 53 69 40 30
Doping [em=] N Ix10%  1x10%  1x10%  1x10%  1x10%  1x10%  1x10 1x10 5x10'
ping P 7x10'  3x107  1x10®  1x10%  5x10  3x107 1x10'®  5x10'  1x107

device interaction is modeled with the ray tracing method [36]. The
absorption coefficient used for each polytype fits experimental data
[34,41,42]. We conducted this study at a constant temperature of 298
K, which is the standard in the photovoltaic (PV) field. Note that, to
ensure the success of this technology, it will be necessary to exam-
ine how the temperature changes with increasing laser power densities
and its impact on the device performance, considering relevant factors,
such as efficiency, surface area, and thermal resistance. However, there
are available mechanisms to manage the heat waste, for instance the
use of simple passive solutions based on a flat plate, already imple-
mented in ultra-high CPV systems at concentrations up to 10,000 suns
(1 kWcem™2) [43]. Also, note that these LPCs are expected to have effi-
ciencies above 70%, which means that a maximum of 30% of the power
could be transformed into heat.

Table 1 shows material parameters for the three SiC polytypes for
electrons and holes, being these the energy bandgap, the effective con-
duction and valence bands density of states (DOS), the maximum mobil-
ities, the Auger recombination coefficients and the Shockley-Read-Hall
recombination base lifetimes. The effective DOS are higher in the 4H
than in the 3C and 6H, both in conduction and valence bands [36]. The
Auger recombination coefficients are smaller in 3C (i.e. material less
affected by Auger recombination), being one order and three orders of
magnitude lower than those of the 4H and 6H, respectively [44,45]. The
higher bandgap energy and higher carrier mobilities of the 4H (3.23 eV
and 950/125 cm? V= s~! for e'/h™*, respectively) make it a sound can-
didate for LPC base material. The 6H also has a high bandgap of 3.02
eV, but the mobilities are lower than in the 4H (420/95 cm? V~!s~! for
e /h*). The 3C has the lowest bandgap energy of the proposed poly-
types (2.36 eV), and the mobilities are comparable to those of the 4H
(900/70 cm? V~!s~! for e'/h*). However, the thermal conductivity is
higher for the 3G (500 Wm~! K~!) than for the 4H and 6H (350 and
320 Wm~! K~!, respectively). This could position the 3C SiC as the
preferred choice for LPC base material in extreme conditions, making it
better suited for space applications.

The optimization of the hLPC devices was performed with a mul-
tivariable iterative process, varying the design parameters in discrete
steps to find the optimum design that maximizes the efficiency. These
parameters are the thicknesses and doping values of the N and P layers.
In the VEHSA architecture, the optimization is more challenging and
requires more sophisticated methods, because there are several cells in

the same LPC. For that, the authors recently proposed PhPO (Photogen-
eration and Performance Optimization), a new optimization algorithm
suitable for TCAD studies of multijunction photovoltaic devices [51].
This algorithm consists of two stages. First, the total height of the de-
vice is adjusted to absorb the largest part of the incident beam. Once
that is fixed, the second stage first modifies the relative size of the cells
to reduce the current mismatch to a certain tolerance value. Then, each
design parameter of each individual cell (relative N/P layer sizes, N/P
doping values) is optimized. This second stage iterates to reduce again
the current mismatch between cells, since the new design parameters
could change the current of some cells.

3. Results

In this section we evaluate the feasibility of three SiC polytypes (3C,
4H and 6H) as base material for LPCs. We performed optimizations
under several input power densities using the conventional horizon-
tal architecture (hLPC). Once the polytype with the best performance
has been established, we explore its feasibility as base material for the
VEHSA architecture. This is done by conducting a series of optimiza-
tions for VEHSA devices with 2, 3 and 4 cells under a wide range of
laser power densities.

Table 2 shows the optimum design parameters of the hLPCs made
of the three polytypes. At an input power density of 1 W cm™2 the opti-
mum thicknesses of the N/P layers for the three polytypes are identical,
14 um for the N layer and 69 um for the P layer, which produces a to-
tal height of the devices of 83 um. For the 3C and 4H SiC devices these
optimum thicknesses do not change at 100 W cm~2, while in the 6H de-
vice the total thickness reduces to 62 um with a 22/40 um for the N/P
layers respectively. This reduction is due to the impact of Auger recom-
bination, which severely degrades the performance in the 6H devices.
As seen in Table 1, the Auger coefficients for the 6H are 2 and 3 or-
ders of magnitude larger than the 4H and 3C coefficients, respectively.
Decreasing the total height reduces the total amount of photogenerated
carriers and thus the Auger recombination, at the cost of reducing the
amount of absorbed photons. For this reason, at 1000 Wcm™2 the 3C,
4H and 6H device total heights reduce to 75 um, 65 um, and 38 um,
respectively. The optimum doping values in the P layer consistently in-
crease with a rise in the input power density, with P;; ranging from 1
to 1000 W cm~2 the 4H acceptor concentrations increase two orders of
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Table 3

Main figures of merit for the three SiC polytypes using the
hLPC architecture, being these: Short circuit current density
(Jsc), open circuit voltage (Vo ), the V. growth with the laser
power density (AV), the fill factor (FF) and efficiency (Eff).
Results are shown for input laser power densities (P;,) ranging
from 1 to 1000 Wem~2.

Pin Jsc Voc AVoc  FF Eff
[Wem™]  [Aem™]  [V] vl [%] [%]
3¢ 1 0.390 214 - 93.1 783
10 3.95 225 011 929 823
100 39.8 230 0.16 922 846
1000 385 2.35 0.21 89.1 80.8
4H 1 0.280 2.88 - 947 775
10 2.84 2.94 0.06 94.6 78.9
100 28.4 2.99 0.12 93.6 79.4
1000 276 3.04 0.16 91.8 77.2
6H 1 0.310 2.70 - 94.4 77.9
10 3.08 2.74 0.04 93.3 78.9
100 29.9 2.79 0.09 90.9 75.9
1000 270 2.84 0.14 84.4 64.7

magnitude, from 1 x 10" to 3 x 10'7 ¢cm~3, while the 3C and 6H in-
crease around one order of magnitude, from 7 x 10'° to 1 x 10'8 cm™3
and from 1x 10'® to 1 x 10'7 em™3, respectively. However, the opti-
mum donor concentration in the 3C and 4H devices remains constant
at 1 x 10" cm™3 for all input power densities. In the 6H-SiC, the opti-
mum N doping value is 1 X 10! cm™=3, one order of magnitude higher,
except for a Py, of 1000 W em~2, which is 5x 100 cm=3.

Table 3 shows the main figures of merit that characterize the hLPCs:
the short circuit current density (Jg¢), the open circuit voltage (Vqc),
the V¢ growth with the laser power density (AVyc), which is defined
as the difference between the V. at a given power density and the
Voc at 1 Wem™2: AVpe(P,) = Vo (Py,) — Voo (1 Wem™2), the fill fac-
tor (FF) and the device efficiency (Eff). The Jg; grows proportionally
to the laser power density, showing slight losses at 1000 W cm™2. The
6H experiences a higher Jg¢ decay with the input power due to the re-
duction of the total height of the device at high laser power densities
previously discussed. The V. also grows with the laser power density,
as expected from the classical approximation [52]:
Voo m kBTTln [(NA +2An)An]

i

@
n
where kzT/q is the thermal voltage, N, is the doping concentration, An
is the excess carrier concentration and n; is the intrinsic carrier con-
centration. By increasing the laser power density the An also increases,
leading to a larger V.. AV is different for each material, as seen in
Table 3. Note that the 3C has larger AV than the 4H. This is due to the
higher optimum doping values resulting from the optimization process,
and also due to the higher N¢ and Ny, values of the 4H (see Table 1),
that are related to the intrinsic carrier concentration, as follows:
-

n;=+/NcNy - e2KsT @)
where E, is the bandgap energy. For a given Eg, higher N¢ and Ny
values increase the intrinsic carrier concentration, decreasing the open
circuit voltage as seen in Equation (1). The 6H devices, despite having
N¢ and Ny, values similar to those of the 3C, experience less V. growth
than the 3C and 4H devices due to the Auger recombination. The FF
exceeds 90% for the three polytypes at all laser power densities except
for 1000 W cm~2 due to the series resistance losses. These high FF values
are due to the large bandgap of the polytypes, which reduce the ohmic
losses.

The efficiency of these devices is also shown in Table 3. Theoreti-
cally, it is expected that the larger the bandgap, the larger the efficiency
of the LPCs, as indicated in [18], if no other material properties are
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Fig. 3. Efficiency versus input power density (P;,) for the three SiC polytypes
using the hLPC architecture. The best performance experimental GaAs-hLPC is
included for comparison [12].

taken into account. However, at a Py, value of | Wcem™ the three hLPCs
obtain nearly the same efficiency, around ~ 78%. This is due to losses
related to the light absorption. To ensure an adequate photogenera-
tion inside the devices without greatly increase their height, we chose
incident wavelengths for each material that guarantee an extinction co-
efficient of at least k = 2 x 107%. This value was established after a
preliminary analysis to maximize the light absorption without compro-
mising the efficiency of the device due to the minority carrier diffusion
length. These wavelength values can be seen in Table 1. The difference
between the energy of the monochromatic incident light and the en-
ergy gap of the material produces different efficiency losses. The 3C
loses an efficiency of 1%, the 6H a 2.5% and the 4H a 5%. However,
note that this assumption does not affect the trend of efficiency versus
input power density.

As the laser power density increases, the efficiencies of the 3C hLPCs
increase more than those of the two other polytypes, reaching a 82.3%
efficiency at 10 W cm™2, which is a 3.4% higher than those of 4H and
6H. For comparison, the current best performance experimental GaAs-
hLPC achieves a 68.9% efficiency at 11.4 Wem™2 [12], which is 13.4%
lower than the proposed 3C SiC hLPC (note that this device has not
been fabricated yet, so the performance may be impacted by manufac-
turing issues). The 3C SiC hLPC efficiency keeps increasing with the
laser power density, achieving a 84.6% at 100 Wcem™2. In the case of
the 4H, the higher N and Ny, values limit the growth of the V¢ with
the laser power density, limiting the efficiency of the 4H hLPCs to a
79.4% at 100 W cm~2. The 6H SiC devices reach a 78.9% efficiency at
10 Wem™2 and experience a quick performance degradation to 75.9%
at 100 W cm~2 due to Auger recombination. At an input power density
of 1000 W cm~2, independently of the polytype, the SiC hLPCs reduce
their performance due to series resistance losses and Auger recombina-
tion, to efficiency values of 80.8%, 77.2% and 64.7% for the 3C, 4H
and 6H SiC hLPCs, respectively. These efficiency values are also shown
in Fig. 3, where it is clear that 3C outperforms the other polytypes for
the hLPC architecture.

To evaluate the performance stability with the laser power density
of the optimized devices, we chose three 3C-SiC hLPCs, optimized at
1Wem™2 (optl), 100 Wcem=2 (opt100), and 1000 Wcem=2 (opt1000),
and tested them under different P;; values. Their resulting efficiency
values are shown in Fig. 4. Note that the main difference in the de-
sign parameters of these devices is the P-layer doping value, which is
increased from 7 x 10'® cm™3 in opt1 to 1 x 10'8 cm™3 in opt1000 (see
Table 2). As expected, the best performance device for each laser power
density is the one that has been optimized for that particular power. At
1 Wem™2, optl achieves an efficiency 1.5% higher than the opt100 and
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Fig. 4. Efficiency versus input power density (P;,) for the 3C SiC hLPCs opti-
mized at | Wem™ (opt1), 100 Wem™ (opt100), and 1000 W cm=2 (opt1000).
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Fig. 5. Efficiency versus temperature for the three hLPC-SiC polytypes opti-
mized at 1000 Wem™2.

6.25% higher than the opt1000. However, as the laser power density
increases, the optl performance worsens compared to opt100, which
outperforms opl by 2.9% and opt1000 by 3.4% at 100 Wcm™2. At
higher laser power densities, both optl and opt100 experience effi-
ciency degradation, loosing at 500 Wcem™2 a 12.2% efficiency for the
optl and a 4.5% for the opt100. The opt1000 reaches its maximum
efficiency of 81.81% at 500 Wcm™2, and manages to convert a laser
power density of 1000 Wcem~2 with only a 1% efficiency decay. It is
noteworthy that by increasing the doping concentration in the P-layer
greater performance stability at high Py, values is achieved, but lim-
its efficiency at lower laser power densities. These results highlight the
need to optimize the device structures according to the targeted laser
power density, which will depend on the application of the technology.

To analyze the effect of temperature on the proposed devices, Fig. 5
compares the efficiency of the 3C, 4H and 6H hLPCs versus the temper-
ature (at 25, 50, 100 and 150 °C). This study has been done at a Pin of
1000 W cm~2, which is the highest laser power density tested for these
hLPCs, and therefore, the most likely to suffer from heating problems.
The efficiency degradation due to heating is more severe in 6H hLPC,
which loses a 16.5% efficiency when the temperature is increased to
150 °C, whereas the 4H loses a 10.2% and the 3C only loses a 4.7%,
which makes the 3C-based hLPCs the most temperature-resilient. These
results suggest that the effect of temperature might not be a critical
point in the viability of the proposed technology.

Given that all polytypes experience performance degradation at
high laser power densities, we introduce the Vertical Epitaxial Hetero-
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Structure Architecture (VEHSA), to avoid this intrinsic limitation of the
hLPC architecture. This design was introduced to reduce the series resis-
tance losses by splitting the photogenerated current between vertically
stacked N/P cells, while increasing the output voltage in a similar ratio.
As the 3C SiC based hLPC has better performance at all input power den-
sities than those based on the other polytypes, we chose this polytype
to conduct a comparative between the hLPC conventional architecture
and VEHSA devices with 2, 3, and 4 cells. We optimized these devices
for input power densities ranging from 1 to 3000 Wcm™2, since the
VEHSA architecture allows us to use higher laser power densities due
to the reduction of series resistance losses, as explained in section 1.

Table 4 shows the optimum design parameters for the VEHSA de-
vices at 1 and 3000 W cm~2, which are the individual cell heights (CH),
the relative N/P layer heights, shown in percentage of the correspon-
dent cell height (NH/PH) and the N/P layer doping values (ND/PD).
The optimum device height is 106 um for all the VEHSA devices, which
is 23 um larger than that of the 3C SiC-based hLPC (see Table 2). Since
the VEHSA architecture consists of monolithically stacked N/P cells (see
Fig. 2), the photogenerated carriers travel less distance than in the hLPC
architecture. Therefore the carrier diffusion length is not a limiting fac-
tor and the optimum height of VEHSA devices is larger, in order to
absorb almost all of the incident beam. The individual cell heights (CH)
are adjusted to minimize the current mismatch between the cells. The
upper cells are smaller than the lower ones, since the photogeneration
decays as the light traverses the device, so each CH needs to be larger
to generate the same amount of carriers as in the previous cell. Note
that these CH values cannot be obtained through calculations using the
Beer-Lambert exponential decay of light, since the optical path is highly
increased due to light trapping mechanisms placed at the bottom of the
device. Moreover, the optimizer consistently found that optimal config-
urations are those with the P layer larger than the N layer. This is more
pronounced at low input power densities and in the lower cells (those
closer to the bottom cell), as can be seen in Table 4. The top cell has
higher optimum doping values than the other cells, at all configurations
and power densities. At a P;,, value of 1 Wem™2 the N layer has opti-
mum donor concentrations in the range of 5x 10'7 and 1 x 10'® cm=3,
while the P layer has acceptor concentrations ranging from 1 x 107 to
3% 10'7 em™3. At 3000 W cm~? the optimum N doping values decrease
to 1 x 10'> cm~3, while the P doping increase to values ranging from
7x10"7 to 1 x 10'8 cm™3.

The voltages (Vy) and current densities (Jy;) at the maximum power
point provided by each cell at 1 and 3000 W cm~2 are shown in Table 5.
The V) values of the top cells (cell 1) are larger than those of the other
cells due to the higher density of photogenerated carriers (see Equation
(1)). Note that the current mismatch in the Jy; is minimal. For example,
the VEHSA-2 at 1 Wcem™2 has a 0.04% current mismatch. The largest
observed mismatch is a 0.73% for the VEHSA-4 at 1 Wem™2, which
shows the good performance of the PhPO algorithm. For 3C SiC only
4 cells are needed to handle these very high input powers, however
for other low band gap materials, e.g. GaAs, a much larger number of
cells will be needed, which at the same time, will increase the current
mismatch, reducing the global efficiency of the system [11].

The JV curves for the hLPC and the VEHSA-2, VEHSA-3 and VEHSA-
4 are shown in Fig. 6 and 7 for 1 Wem™2 and 3000 W em™2, respec-
tively. It can be seen that the V. values increase with larger laser
power densities for all devices, ranging from 2.13 to 2.37 V in the hLPC
architecture, from 4.28 V to 4.74 V in the VEHSA-2, from 6.42 V to
7.09 V in the VEHSA-3 and from 8.55 V to 9.42 V in the VEHSA-4. The
FF is mainly affected by series resistance as the laser power density in-
creases from 1 to 3000 W cm~2, thus reduces from 93.17% to 79.65% in
the hLPC architecture, from 93.47% to 88.94% in the VEHSA-2, from
93.62% to 91.36% in the VEHSA-3 and from 93.66% to 92.26%in the
VEHSA-4. Note that the fill factor consistently increases with the num-
ber of VEHSA cells, and also experiences less degradation at high laser
power densities than the hLPC, proving the resilience of the VEHSA ar-
chitecture to the series resistance losses.
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Table 4
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Design parameters (DP) of the VEHSA devices at 1 and 3000 Wcem™2. CH is the cell height,
NH/PH the relative N/P layer heights in percentage of the respective CH and ND/PD the doping

values for the N/P layers.

Pin 1Wem™ 3000 W cm™2
DP CH NH/PH  ND PD CH NH/PH  ND PD
Device Cell  [um] [%] [em™3] [em™3] [um] [%] [em™] [em™]
VEHSA-2 1 48.6 10/90 lel8 lel7 48.1 35/65 lel5 lel8
2 57.4  5/95 5el17 lel7 57.9  15/85  1lel5 1lel8
VEHSA-3 1 30.6 10/90 lel8 3el7 30.5 35/65 lel5 lel8
2 363  5/95 5e17 lel7 365  5/95 lel5 1e18
3 39.1  5/95 5el17 lel7 39.0  5/95 lel5 1lel8
VEHSA-4 1 22.4 10/90 lel8 3el7 22.3 45/55 lel5 lel8
2 25.7  5/95 5el17 3el7 258  5/95 lel5 7el7
3 286  5/95 5el17 lel7 28.7  5/95 lel5 7e17
4 293 5/95 5el17 3el7 293 5/95 lel5 7e17
Table 5 200
Figures of merit (FOM) voltage (V) and current density (J,;) —=—hLPC
at the maximum power point for the hLPC architecture and 1000 4 + VEHSA2
all the individual cells of the VEHSA-2, VEHSA-3 and VEHSA- —4— VEHSA 3
4 for 1 and 3000 W cm~2 laser power densities. 800 4 —v— VEHSA 4
Pin 1 Wem™ 3000 Wem™ "";
L]
FOM Vm Jm Vm Jm : 600 —M
cll VI [Aem?] V] [Acm) > 1
hLPC 2.010 0.38754 1.96 1109.2
VEHSA-2 1 2,030 0.19815 2164 587.35
2 2.018 0.19807 2.117 587.73
VEHSA-3 1 2,050 0.13281 2223  397.43
2 2,013 013262 2168  397.97
3 2.015 0.13289 2.164 396.21
VEHSA-4 1 2,050 0.09930 2245  298.51
2 igzé gggg;z 212(1) 2232; Fig. 7. JV curves of 3C SiC-based devices using the hLPC architecture and
X . . . . -
4 2015 009983 2177 20879 VEHSAs with 2, 3 and 4 cells at 3000 W cm™2.
although the proposed 3C VEHSAs have not been fabricated yet, so their
0.4 final performance might be reduced due to manufacturing issues, their
| :]/LEZ%A . efficiency is 19.7% higher than that of the GaAs-based VEHSA. At an
: s+ VEHSA 3 input power density of 1000 W cm~2 the hLPC and the VEHSA-2 lose a
0.3 + v VEHSA 4 6.6% and 1.6% efficiency, respectively, when compared to the VEHSA-
3 and VEHSA-4 due to ohmic losses, which achieve an efficiency of
“."E\ ~86.3%. At 3000 W cm~2 all devices show signs of efficiency degrada-
G tion except VEHSA-4. This structure outperforms the rest of the devices
< 0.2 mececococdhescoeen . ) ..
= at this Py, value, showing an efficiency of 87.4%, a value 0.7%, 3.6%
- and 14.9% larger than those of the VEHSA-3, VEHSA-2 and hLPC, re-
° spectively. This clearly demonstrates that increasing the number of cells
0.1 L. . . . . . .
‘ i mitigates efficiency degradation due to series resistance losses at high
T i} .4 input power densities.
. Y
v
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Fig. 6. JV curves of 3C SiC-based devices using the hLPC architecture and
VEHSAs with 2, 3 and 4 cells at 1 Wem™.

The efficiencies of these devices are shown in Fig. 8. The hLPC
achieves efficiencies of 78.3%, 82.3% and 84.6% at 1, 10 and
100 Wem™2, which are around 2% lower than those of the VEHSA
devices. These small differences are due to the higher optimum device
height of the VEHSA structures, allowing them to trap a larger part of
the beam as previously discussed. The current best performance experi-
mental GaAs-VEHSA-5 device [11] is also included in Fig. 8. Note that,

In this work we combined for the first time two strategies to improve
the high power laser transmission technology, the use of high bandgap
materials and the VEHSA architecture. For that purpose we explore the
suitability of three silicon carbide polytypes, 3C, 4H and 6H as base
materials for the commonly used horizontal laser power converter ar-
chitecture (hLPC). We optimized the hLPC structure for an input power
density range of 1-1000 W cm~2. All the polytypes outperform the cur-
rent best performance achieved for an experimental LPC, which is a
GaAs-based hLPC that obtained a 68.9% efficiency at 11.4 Wcm™2. At
10 Wem™2, the SiC polytypes exceed the state of the art by 13.4% for
the 3C and by 10% for the 4H and 6H. The 3C based hLPCs show
greater efficiency than the other polytypes at all the input power den-
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Fig. 8. Efficiency versus input power density (P;,) for 3C SiC-based devices
using the hLPC architecture and VEHSAs with 2, 3 and 4 cells. The best perfor-
mance experimental GaAs-VEHSA-5 is included for comparison [11].

sities tested. This is due to the larger effective DOS values of the 4H,
which diminish the growth of the Vo with the increase of P;,, and
the 6H Auger coefficients, which severely degrade the performance of
the 6H hLPCs as the Py, increases. Also, 3C SiC shows higher resilience
to the efficiency reduction due to an increase of the temperature than
the other two polytypes. The 3C hLPC reaches a maximum efficiency
value of 84.6% at 100 W cm~2. However, as the laser power density in-
creases, the 3C hLPC suffers from efficiency degradation, decreasing to
80.8% at 1000 W cm™2. To counteract for this effect, we performed a
series of optimizations of 3C SiC-based VEHSA devices with 2, 3 and
4 cells, increasing the laser power range to 3000 W cm™2. Results show
that the VEHSA performs better than the hLPC architecture for all the
input power range due to the reduction of the current, allowing to in-
crease the height of these devices to absorb a larger part of the beam
than in the hLPC architecture, where the diffusion length of the carriers
is one of the main limiting factors. In addition, increasing the number
of VEHSA cells mitigates the losses due to Joule effect. At high laser
power densities, the VEHSA-2 suffers from series resistance losses, with
a 1.6% and 3.6% efficiency drop at 1000 and 3000 W cm~2, respec-
tively, when compared to the VEHSA-4, but outperforms the hLPC by
a 5% and a 11.3% at these laser power densities. At 3000 W cm™2, the
VEHSA-4 achieves a 87.4% efficiency. Note that, using 3C SiC, only 4
cells are needed to handle these extremely large input powers, whereas
when using low bandgap materials (such as GaAs) VEHSAs with larger
numbers of cells are mandatory, which suffer from current mismatch
issues.

It is worth remarking potential challenges for the future adoption
of the high power laser transmission technology, such as the need of
a direct line from the laser source to the target (unless optic fiber
is used), the possible high laser power attenuation in media like air
(lower in SiC than in conventional GaAs based LPCs [18]) or the eye
safety implications due to using high power lasers operating in the visi-
ble regime (that can be solved via tailored automatic laser shutdown
and automatic power reduction systems). Finally, although the per-
formance of real SiC-based LPCs may be impacted by manufacturing
issues, the presented results show that the combined use of 3C SiC and
the VEHSA architecture is a beneficial addition and opens a promising
route towards efficiently transmit ultra-high laser power densities. The
proposed technology creates a new paradigm shift with the possibility
of transferring power densities up to kilowatts per square centimeter
to large distances through a mediums like terrestrial atmosphere (pow-
ering aerial drones, remote sensors and robots), water (in underwater
autonomous vehicles) or outer space (in rovers and satellites).
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Two routes to increase the efficiency of the LPC technology
have been studied in this thesis. First, the introduction in the
common hLPC architecture of three high bandgap
semiconductors as base materials for LPCs, being these the
Silicon Carbide (SiC) polytypes 3C, 4H and 6H. Second, the
implementation of these materials in advanced LPC
architectures developed to reduce the series resistance losses,
being these configurations the vertical Laser Power Converters
(vLPC) and the Vertical Epitaxial Hetero-Structure Architecture
(VEHSA). In addition, this second route required the
development of optimization techniques for the VEHSA
architecture. The presented work opens a promising route
towards efficiently transmit ultra-high laser power densities.
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