UNIVERSIDADE DE SAO PAULO

Formas de Utilizacdo dos Raios-X na Investigacdo das Propriedades
Estruturais de Novos Materiais

Tese apresentada para o concurso de
Professor Livre-Docente, junto ao
Departamento de Fisica Aplicada do
Instituto de Fisica da Universidade de
Séo Paulo.

£/ SERVICO DE
[ miaLIoTECA E

| L INFORMACAD
\ /

Profa. Dra. Marcia Carvalho de Abreu Fantini

Sao Paulo
1995

Bl

A



Dedico esta Tese aos Abreu-fFantini.




Agradecimentos

Este frabalho foi reafizado nos difimos cinco anos, e confou com a
colaboragdo de véarios pesquisadores e estudantes. Meus sinceros
agradecimentos a todos.

A Profa. Inés Pereyra e a Profa. Annette Gorenstein, que ndo mediram
esfor¢cos na producdo de amostras, sempre mostrando entusiasmo, interesse e
competéncia durante os experimentos, analise de resultados, apresentacdo e
publicagéo dos mesmos.

Aos colaboradores mais distantes, Prof. Micha Tomkiewicz, Dr. Wu-Mian
Shen, Prof. Richard L. Kurtz, Prof. Richard L. Stockbauer, Dra. Anne-Marie Flank
e Prof. Walter Estrada, pelas oportunidades oferecidas.

Aos colaboradores mais proximos, Prof. Renato F. Jardim, Dr. Valmor
Mastefaro, Prof. Roberto M. Torresi, Prof. Richard Landers, Profa. Sandra C.
Castro, Prof. Franco Decker, Prof. Paulo V. dos Santos, Dr. George H. Bezerra,
Prof. Adnei M. Andrade e Prof. Diomar R. S. Bittencourt, pelo trabalho
empreendido e incentivo constante.

Aos estudantes do [F-USP, POLI-USP, IFGW-UNICAMP e CAMD-
Lousiana-USA, Ms. Paulo A. Suzuki, Ms. Elvira L. Z. Velasquez, Srta. Patricia S.
P. Cardona, Dr. Marcelo N. P. Carrefio, Srta. Heloisa Takahashi Ms. Carla M. P.
Fonseca, Ms. Irval C. Faria, Ms. Airton Lourenco, Srta. Cléudia R. C. Carvalho,
Mr. K. Subramanian e Mr. N. Mainkar, que tanto cofaboraram no decorrer das
pesquisas.

Aos professores do Laboratério de Cristalografia (LCr), Prof. Aldo F.
Craievich, Profa. Vivian Stojanoff Profa. Rosangefa itri e Dr. Carlos A. M.
Carvalho, pelo indispenséavel espirito de equipe, incenfivo ao trabalho e
discussées cientificas. Em especial, & Profa. Lia Queiroz do Amaral,

Ao suporte técnico sempre presente do Ms. Douglas A. Bulla e Sr. Seérgio
A. Silva do LCr, e aos funcionérios técnico-administrativos do IF-USP.

As agéncias de fomento, FINEP, CNPg e FAPESP pelo apoio financeiro.



tntroducao

Capitulo | -

Capituio {1 -

INDICE

Filmes Amorfos e Multicamadas a Base de Si e suas Ligas

1. - Estado da Arte
[.2. - Filmes de Carbeto de Silicio Amorfo Hidrogenado
1.2.1. -Obtengao dos Filmes de a-Si,,C,:H
1.2.2. -Caracterizacao dos Filmes de a-Si;,C.H
1.2.3. -Resultados e Discussao
I.2.4. -Conclusdes
I.3. - Multicamadas de a:Si-H/a-Si;,C,:H
1.3.1. -Obtencao das Multicamadas
1.3.2. - Caracterizacdo das Super-redes
[.3.3. -Resultados e Discussao

1.3.4. -Conclusdes

Filmes Finos Eletrocromicos de Metais de Transicao

iL.1. - Estado da Arte

i1.2. - Filmes de Oxido de Cobalto
1.2.1. -Preparagéo dos Filmes de Co,0,
1.2.2. -Caracterizacéo dos Filmes de Co,0,
[1.2.3. -Resuitados e Discussio
.2.4. -Conclusées

I1.3. - Filmes de Oxido de Niquel

(1

(3)

(3)
(4)
(5)
(6)
(15)
(15)
(16)
(17)
(17)
(20)

(21)

(21)
(22)
(23)
(24)
(24)
(25)
(25)



11.3.1. -Preparacao dos Filmes de NiO.
{1.3.2. -Caracterizagao dos Filmes de NiO,
11.3.3. -Resultados e Discussao

1.3.4. -Conclusdes

Capitulo Il - Materiais Supercondutores e Precursores

1.1, - Estado da Arte

I1L2. - Fases do Bi-Sr-Co-0
I1.2.1. -Preparacao das Fases do Bi-Sr-Co-0O
I1.2.2. -Caracterizacao das Fases do Bi-Sr-Co-0
I11.2.3. -Resuitados e Discussao
li1.2.4. -Conclusoes

I0.3. - Fitas Supercondutoras a Base de Bismuto
IH.3.1. -Preparacao das Fitas de Bi(Pb)-Sr-Ca-Cu-O
i1.3.2. -Caracterizacao das Fitas
11.3.3. -Resultados e Discusséo

11i.3.4. -Conclusdes

Referéncias

Anexo A

Al. - Trabalhos sobre Silicio e suas Licas Amorfas
A2. - Trabalhos sobre Materiais Eletrocrémicos

A3. - Trabalhos sobre Supercondutores e Precursores

(28)
(28)
(29)
(44)

(45)

(4%)
(45)
(46)
(46)
(47)
(49)
(49)
(50)
(50)
(50)
(52)

(53)

(60)

(61)
(62)
(63)



RESUMO

Neste trabalho, foram investigados trés topicos relacionados ao
estudo das propriedades estruturais de novos materiais, utilizando técnicas de
difracdo (XRD) e espalhamento (SAXS) de raios-X: (a) filmes e heteroestruturas,
amorfos, a base de a-Si:H e a-8i,.,CH, crescidos por descarga luminescente
(PECVD), (b) filmes finos eletrocromicos policristalinos de Co0, e NiO,,
crescidos por rf-spuftering reativo e (¢) compostos de Bi-Sr-Co-0, isotipicos aos
supercondutores Bi-Sr-Ca-Cu-0, e fitas supercondutoras a base de Bi.

Os filmes de a-Si,.CxH, crescidos por PECVD em condigdes de
starving plasma, apresentam gap oOptico crescente com a incorporagao de
carbono, sao isolantes elétricos e resistentes a corrosao quimica. As medidas
de caracterizacao quimica, morfologica e estrutural mostraram que as condicdes
de deposigao de starving plasma promovem o crescimento de um material mais
homogéneo e com tendéncia & ordem quimica do carbeto de silicio cristalino.
Multicamadas formadas por a-Si:H/ a-Si;,CiH com interfaces mais abruptas
foram obtidas com crescimento sobre uma camada buffer , tempos de plasma
efching de hidrogénio de, pelo menos, 2 min., e camadas de a-Si.C.H
crescidas com mais alta concentracdo de CH, na mistura gasosa e em
condi¢bes de baixa poténcia e baixo fluxo de silano (starving plasma).

Filmes finos de Oxido de cobaito com diferentes composicdes,
determinadas por XRD e espectroscopia de fotoelétrons (XPS), foram
investigados quanto as suas propriedades eletrocrémicas. Estas dependem das
condicbes de deposicdo, mas apods ciclos de intercalacio/de-intercalagao,
filmes, inicialmente com estequiometrias diferentes, apresentam propriedades
muito similares, com eficiéncia comparavel a de outros materiais eletrocrémicos.
As propriedades estruturais de filmes eletrocrémicos de NiQ, foram investigadas
por XRD, em processos eletroquimicos na presenca de diferentes eletrélitos

aquosos. Parametros estruturais foram analisados para amostras crescidas em



diferentes condigdes, e correlacionados com medidas de variacdes de tens&o
mecanica e massa dos filmes, mostrando que o processo de intercalagao ocorre
no bulk dos cristalitos, e depende dos componentes do eletrolito. A tensao
mecanica depende do grau de cristalinidade dos filmes. Espectroscopias de
modulacao Optica e de banda de valéncia foram empregadas no estudo das
propriedades eletrénicas do NiQ,, indicando a presenca de niveis associados ao
material nao-estequimétrico, e a formacio de estados acima do nivel de Fermi
no material em estado escuro.

A substituicao catidnica de Cu por Co em supercondutores a base
de Bi foi estudada para se determinar as condigbes de sinterizacdo ideais na
formacao de materiais com fase tinica. As técnicas de XRD, analise térmica
diferencial (DTA) e medidas de resistividade elétrica foram empregadas na
caracterizacdo dos compostos. A dependéncia da formacdo das fases com a
estequiometria inicial, a atmosfera e temperatura de sinterizacdo foi
estabelecida. Em fitas supercondutoras a base de Bi foi estudado e efeito de
sucessivos tratamentos termo-mecanicos sobre a textura e morfologia das fitas,
através das técnicas de XRD e microscopia eletrdnica de varredura (SEM),
acompanhando o desempenho da densidade de corrente apds cada processo.
Os resultados mostraram uma saturagdo na densidade de material cristalino e
na orientagdo preferencial apds o terceiro ciclo de esforco mecénico-

aquecimento. Fitas prensadas apresentam methores resultados de densidade

de corrente critica.



Introducgao

Desde a descoberta dos raios-X como ferramenta versatil e nao-
destrutiva de determinacdo da estrutura da Matéria Condensada, métodos
experimentais cada vez sofisticadas vém sendo desenvolvidas no sentido de
poder, ndo so, melhorar a qualidade dos dados obtidos, como também ampliar o
especiro de problemas a serem solucionados. Este € o caso dos sistemas
amorfos, nos quais a inexisténcia de ordem esfrutural de medio ou longo
alcance, impedem a investigacao destes sistemas pelas técnicas convencionais
de difracdo de raios-X (XRD).

Sistemas mais ordenados, como é o caso dos materiais mono e
poli cristalinos, sdo comumente estudados por difracdo de raios-X, na geometria
convencional de varredura 6-26 {1], muito Util no estudo de amostras espessas e
de filmes finos, permitindo analises de carater composicional e estrutural. Nos
casos de sistemas com baixa correlacao estrutural, mas que possuem variagoes
de densidade eletronica da ordem de dezenas a centenas de Angsirons, o
espalhamento de raios-X a baixo angulo (SAXS) tem se mostrado uma
ferramenta adequada na obtengao de informagao de carater morfologico, ou
mesmo estrutural [2].

Com o advento e difusdo das fontes de radiagdo sincrotron, em
que feixes de raios-X intensos, das mais variadas energias, podem ser obtidos
com aita colimagdo e com polarizacao, foram abertas novas perpectivas no

estudo da estrutura da matéria.

Neste trabalho iremos focalizar aspectos estruturais de trés tipos
de materiais, largamente estudados por técnicas associadas aos raios-X
sistemas a base de silicio amorfo hidrogenado; éxidos de metais de transicao
eletrocrOmicos, policristalinos; e, os novos supercondutores de alta temperatura

critica (T.), particularmente, os sistemas a base de Bi.



A apresentacdo do trabatho estara assim distribuida:

No Capitulo | sao descritos nossos resultados recentes obtidos na
investigagao das propriedades quimicas, morfologicas, opticas e estruturais de
fimes finos amorfos de a-Si.CcH e multicamadas de a-Si/a-SiiCiH,
crescidos pela técnica de Plasma Enhanced Chemical Vapor Deposition
(PECVD).

No Capitulo H descreveremos nossos resultados sobre o estudo
das propriedades eletrocromicas de filmes de oxidos de metais de transicao,
particularmente, Co,0, e NiO,, crescidos por rf-spufttering reativo, focalizando a
relagdo do desempenho eletrocromico com a estequiometria e a estrutura dos
compostos estudados.

No Capitulo Hl mostraremos resultados acerca da utilizagcdo da
difraco de raios-X, como técnica fundamental na investigacdo da cinética de
formacdo de fases supercondutoras ou precursores, bem como efeitos de
textura cristalina , através do estudo de materiais como o Bi-Sr-Co-0, e de fitas
supercondutoras de Bi(Pb)-Sr-Ca-Cu-O.

As referéncias vém numeradas por capitulo ao fim do texto.

No Anexo A, copia dos principais trabalhos descritos nesta tese

estao anexados.



Capitulo |

Filmes Amorfos e Multicamadas a Base de Si e suas Ligas

i.1. - Estado da Arte

Nos dltimos vinte anos, a obtencdo e o estudo de materiais
semicondutores amorfos e suas ligas, tém merecido atencao por parte dos
pesquisadores na area de Ciéncia dos Materiais. Em particular, o crescimento
de ligas de silicio amorfo hidrogenado, a-Si AcH (A = Ge, N, C, O, etc.) [1,2]
tem se destacado, pela possibilidade de controlar o gap optico do material,
variando apenas a concentracdo do elemento da liga. Muito embora as
propriedades elétricas do material piorem com adigbes pequenas do elemento
da liga, inUmeras aplicacoes tecnologicas tém sido encontradas para estes
compostos [2-5]. Multicamadas amorfas, além das aplicagbes em dispositivos,
sdo sistemas muito atrativos, pois combinam a homogeneidade na direcéo
paralela ac crescimento, com propriedades estrututurais anisotrépicas na
direcao perpendicular ao substrato, sem as restrigdes impostas pelo casamento
de parametros de rede, freglientemente necessarias ao crescimento de
heteroestruturas cristalinas [6-8]. Encontram-se no Anexo A1 os trabathos que

serao descritos neste Capitulo 1.

i.2. - Filmes de Carbeto de Silicio Amorfo Hidrogenado

Trabalhos anteriores sobre carbeto de silicio amorfo hidrogenado,
a-Si;,C:H, mencionam a obtencdo deste material com alto gap para utilizacdo
em janelas de ceélulas solares [9,10]. Qutra aplicacdo para estes carbetos é

como camada isolante em transistores de filmes finos (TFT), onde ao aito gap,



deve associar-se também uma alta resistividade elétrica [2,3]. A necessidade de
adaptar as propriedades deste material as aplicagdes especificas, conduziram a
uma série de estudos fundamentais sobre suas propriedades fisicas {11,12].
Estes estudos mostravam a dificuldade em aumentar o gap acima de 3 eV, ©
que correspondia a concentracdes de carbono em torno de apenas 50% na fase
sblida. Para concentragdes maiores, aglomerados de carbono na forma grafitica
eram formados, com uma consequente reducdoc no gap optico.

Em trabalhos recentes [13] foi mostrada a possibilidade de
produzir filmes de a-Si;,C,H com valores de gap optico em torno de 4 eV,
resistividade maior que 10" Q cm, com concentragbes de carbono de até 70
at.%, devido a condicbes especiais de deposicao, conhecidas como “starving”
plasma [14], as quais promoviam, aparentemente, a formacac de ligagoes C-C
do tipo diamante. As condicbes que determinam a situacdo de “starving”
plasma, sao um baixo fluxe de silano, combinado a uma também baixa
densidade de poténcia rf, e altas concentracdes de metano na camara de
deposicdo. Devido a baixa densidade de poténcia f, ndo ha energia suficiente
para quebrar as moléculas de metano, de forma que todas as reagdes quimicas
que ocorrem na deposicdo, sdo conduzidas pelos radicais de silano, estes sim,
formados pela decomposicéo por plasma, mas em baixa concentragdo, donde o
nome “starving”, ou faminto. Neste caso, a taxa de deposigio é controlada pelo
fluxo de silano, cujas moléculas sdo rapidamente consumidas pelo plasma de rf.

A utilizagdo destes filmes em dispositivos do tipo TFT mostrou a
existéncia de correntes de fuga, possivelmente causadas por microporos. Desta

forma, decidimos por utilizar a técnica de SAXS para caracterizar o material.

1.2.1. - Obtencao dos Filmes de a-Si.,C,:H

Os filmes de carbetoc de silicio amorfo hidrogenado foram

depositados pelo método PECVD, a partir de misturas gasosas de silano e



metano, num reator de acopiamento capacitivo. A temperatura de substrato foi
fixada em 250 °C, a pressdo de deposicéo foi mantida a 1 Torr e a densidade de
poténcia foi de 150 mW.cm™. De forma a analisar separadamente a influéncia
do fluxo de silano e da concentracao da mistura gasosa nas propriedades do
material, dois conjuntos de amostras foram produzidos: o primeiro, mantendo-se
o fluxo de silano constante, e o segundo, variando-se a concentragdo de
metanoc na mistura, para um fluxo fixo de silano. Na Tabela |-A apresentamos as

amostras produzidas e algumas de suas propriedades.

TABELA I-A
Filmes de a-Si..C.H produzidos com concentracio de carbono (x), fluxo de

SiH, (F), pressao parcial de CH, (P) e energia de gap (E,).

JAmostra  x  F(SiHgscom  P(CHy) % E,(eV)

MVC2 0.66 10 98 3.7
MvCH1 0.70 10 92 3.4
MVC3 0.56 10 72 3.0
MVC4 0.55 10 75 3.0
MVC5 0.46 10 50 2.0
MVCe 0.54 50 72 2.8
MVC7 0.51 100 72 2.6°
MVC8 0.50 150 72 2.5°

® Estimado dos valores de E,

1.2.2. - Caracterizacgéo dos Filmes de a-Si.C,H

Neste trabalho, investigamos um conjunto de filmes de a-ShCyH.

Utilizamos SAXS, para detetar a formacdc de microporos; Espectroscopia de



Elétrons Auger (AES), para determinar a estequiometria (x) da liga;
espectrofotometria na regido do visivel e infravermelho (FTIR) para encontrar o
valor do gap optico e os tipos de ligagdes quimicas dentro do material; Extended
X-ray Absorption Fine Structure (EXAFS) e X-Ray Absorption Near Edge
Spectroscopy (XANES), para explorar as caracteristicas estruturais dos filmes.

Detalhes experimentais se encontram nos artigos do Anexo A1.

[.2.3. - Resultados e Discussao

Os resultados de medidas oOpticas mostraram valores de gap
crescentes para concentracdes crescentes de metano na mistura gasosa, e que
filmes obtidos fora da regido de “starving” plasma possuem gap 6ptico menor.

Os resultados de SAXS sao mostrados nas Figuras i-1(a) e (b), |-2
{a) e (b}, -3 e I-4.
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Na Tabela I-B mostramos os valores obtidos para o raio de giro e a

concentracao relativa de microporos presentes nas diferentes amostras.

TABELA 1-B
Amostras de a-Si,C,:H com raio de giro (R, and R;) e concentracao relativa de

microporos (1).

JAmostra R (A)  Re(A)  nzoo2(au)

MVCH 3.4 2.8 0.40
MV/C3 — 3.2 0.68
MVC4 5.2 3.0 0.62
MVC5 — 3.2 0.36
MVCE — 3.4 1.00
MVC7 — 2.6 0.99

Os resultados experimentais mostram que a concentracao reiativa
de microporos é maior para filmes crescidos fora das condigées de “starving”
plasma. Os valores de raio de giro (R,) se mantém praticamente inalterados
com as mudancgas das condigdes de crescimento, mas o aparecimento de raios
de giro maiores (Ry) em filmes com aitas concentragdes de carbono, indicam a
formacdo de microporos maiores, ou mesmo de aglomerados de densidade
eletronica diferente da matriz de carbeto. Um resultado importante diz respeito
ao fato de que a concentragdo de microporos nao cresce em filmes com alto
contetido de carbono (x ao redor de 0.7).

As Figuras 1-5 e I-6 apresentam os resultados obtidos das medidas

de FTIR para os dois conjuntos de amostras produzidas.
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aumenta, devido a menor disponibilidade de moléculas de silana na mistura
gasosa. Entretanto, como as demais formas de incorporagac de carbono
permanecem praticamente inalteradas, os atomos excedentes de carbono
devem estar incorporados na forma de ligagbes C-C, nao detetaveis por FTIR. A
formacado de cadeias poliméricas é descartada, devido ao fato de que filmes
com alto conteudo de carbono nao tém a concentracéc de ligacées do tipo CH,
aumentada. Em contrapartida, filmes depositados com fluxo crescente de silano
e pressdo parcial de metano constante, correspondentes ao segundo conjunto
de amosiras, mostram uma incorporagao maior de carbono na forma de ligacdes
Si-C e uma diminuicdo de ligacées do tipo Si-H, em filmes crescidos no regime
de “starving” plasma.

As Figuras 1-7 e |I-8 mostram a transformada de Fourier dos dados
de EXAFS. Uma interpretacdo qualitativa dos resuitados das deposicdes em
regime de ‘“starving” (Fig. 1-7) mostram que em filmes praticamente
estequiométricos, a distancia de primeiros vizinhos € muito similar a distancia
media Si-Si no a-Si:H. Por outro lado, a medida que a concentracédo de carbono
na liga cresce, os resultados mostram claramente que a distdncia de primeiros
vizinhos é similar a distancia média Si-C, encontrada no carbeto de silicio
cristalino (c-SiC). Para o segundo conjunto de amostras (Fig. I-8) os resultados
mostram que o numero de ligagées Si-C e Si-Si, associadas ao ¢-SiC. é menor
em filmes crescidos fora do regime de “starving”. Além disso, um primeiro pico
situado a aproximadamente 1.2 A é observado e atribuido a presenca de
ligacoes Si-O.

O “fitting” dos resultados experimentais (Tabela I-C) para os casos
extremos (amostras MVC1, x=0.70 e MVCS5, x=0.46), mostram uma boa
concordancia entre o modelo de uma estrutura similar ao ¢-SiC em filmes com
alto conteudo de carbono (Fig. 1-9), enquanto que o “fitting”, supondo o modelo
de a-Si:H para a amostra com menor contetido de carbono (Fig. 1-10}, nao
fornece bons resuitados. Na verdade, este Ultimo resultado era esperado, uma
VeZ que a amostra MVCS contéem 46% de atomos de C, e sua estrutura néo

deveria ser descrita com base apenas em ligagbes Si-Si, similares ao a-Si:H.
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x=0.46(MVC5-P=507%I

%=0.55(MVCL-P=75%)
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Fig. I-7. - Transformada de Fourier dos dados de EXAFS, para filmes

depositados no regime de “starving” plasma e diferente pressao parcial de CH..

%:0.54 {MVC7-F=100sccm)
x=0.54(MVC&~F « 505¢cem)

%=0.55(MVC4 -F=10scem)

S1-0

FOURIER TRANSFORM

6~510,

I
0 1 2

l !
4 5 6

3
R({A)
Fig. 1-8. - Transformada de Fourier dos dados de EXAFS, para filmes

depositados com pressao parcial de CH, de 72% e diferente fluxo de SiH..
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KX (k)

Fig. 1-8. - Espectro de EXAFS da primeira camada (—) e curva calculada (°°°)

com os parametros da Tabela I-C da amostra MVC1.

0.3 T T

k X (k)

-0.31¥

Fig. I-10. - Espectro de EXAFS da primeira camada (—) e curva calculada (° °© °)

com os pardmetros da Tabela I-C da amostra MVC5.
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TABELA I-C
Resultdados de “fitting” da primeira camada para as amostras MVC1 e MVC5

Amostra Nsic Rsic ACsic Nsisi Rsi.si AGsisi

© (#05) (30.02)  (¥0.02)  (0.02) (+0.02) (+0.002)

MCWA1 4.4 1.91 0.04 - - -—-
MVCS - - = 3.7 2.36 0.0002

N e R s3o, respectivamente, o numero e distancia de primeircs vizinhos.

o & o fator de Debye-Waller.

As Figuras 1-11 e 1-12 mostram os espectros XANES dos dois
conjuntos de amostras. Neste caso, observa-se novamente a similaridade entre
0s vaiores da borda de absorcdo e os espectros de amostras crescidas em

regime de “starving” com mais alta concentracéo de carbono.

%=0,46(MVCS-P=50%}

x=0.55(MVC4-P=75%)

%:0,70(MVCA-P=92 %)

NORMALIZED ABSORPTION {a.u.)

{ !
1830 1847 1863 1860
ENERGY {eV)

Fig. I-11. - Espectro XANES para filmes depositados no regime de “starving”

plasma e diferente pressdo parcial de GH..
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%=0.51{MVC7-F=100sccm)

%=0.54{MVC6-F=50sccm)

x=0.55(MVC 4 ~F=10sccm)

NORMALIZED ABSORPTION (a. u.)

1

|
1830 1847 1863 1880
ENERGY (eV)

Fig. I-12. - Espectro XANES para filmes depositados com pressao parcial de
CH, de 72% e diferente fluxo de SiH,.

Os resuitados mostram que as caracteristicas estruturais,
morfologicas e as ligagdes quimicas dos filmes estudados neste trabalho,
depositados com diferente concentragdo de metano ou fluxo de silano, sao
muito distintas e ndo dependem apenas do nivel de incorporacao de carbono no
material.
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1.2.4. - ConclusOes

A deposicao de filmes de a-Si;.,C.H por PECVD em condigtes de
“starving” plasma promove a formacao de um material com alto conteudo de
carbono, quimica e estruturaimente similar ao c-SiC, tendo o silicio
preferencialmente coordenado ao carbono. Filmes crescidos com baixo
contetido de carbono, ou depositados fora do regime de “starving”, possuem
uma estrutura similar ao a-Si:H. A mudanca de regime de baixo para alto fluxo
de silano € prejudicial, uma vez que os materiais obtidos fora do regime de
“starving” apresentam uma maior concentracéo de microporos, mais ligagées do
tipo Si-CH, e uma estrutura menos similar ao ¢-SiC. Ligagbes C-C do tipo

diamante podem explicar os valores de alto gap optico obtidos.

1.3. - Muiticamadas de a:Si-H/a-Si;,CH

Multicamadas de semicondutores amorfos, como a-Si:H/a-Si,C.H
e a-SiiH/a-Ge:H tém sido pesquisadas na Gltima década [8, 5-19]. Estes
sistemas, como muitos outros, sdo crescidos por técnicas como PECVD e
“sputtering”, sendo usados na fabricacdo de dispositivos eletrénicos, sistemas
opticos e celulas solares, dentre outras aplicagdes [20,21]. As propriedades
destes materiais sdo fortemente dependentes da condicdo de deposicdo e da
presenca ou nao de hidrogénio ou outros elementos, durante o processo de
crescimento.

Dentre as técnicas de anélise utilizadas no estudo deste tipo de
estruturas estlo: difracdo de raios-X a baixo dngulo (SAXRD), espalhamenio
Raman, AES, microscopia eletrdnica de transmissdo (TEM), espectroscopia no
infra-vermeiho, difracéo de elétrons e néutrons.

Neste trabalho, analisamos as propriedades das interfaces silicio

amorfo hidrogenado/carbeto de silicio amorfo hidrogenado, através do estudo
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por SAXRD, de super-redes destes materiais, variando-se a concentracdo de
carbono na camada de carbeto. Em particular, a motivagdo deste estudo se
deve a utilizac@o destes dois compostos amorfos em dispositivos do tipo TFT,

onde a qualidade das interfaces influenciam o desempenho dos mesmos.

1.3.1. - Obtencao das Multicamadas

Muiticamadas de a-Si:H/a-Si,,C.H, com diferentes periodos,
foram depositadas pela técnica de PECVD sobre vidro Corning 7059 e Si-n” &
temperatura de 250 °C, a poténcia rf de 25 mWicm®, a partir de misturas
apropriadas de SiH4 e CH,. Ao todo dez periodos foram crescidos, alternado-se
as deposigOes das camadas individuais sem interrupcdo do plasma. Variou-se:
(i) a concentracac de metano na camada de carbeto (pressbes parciais de
metano de 70%, 80% e 90%), (ii) o tempo de “etching” por plasma entre as
deposigbes consecutivas e (jii) o tipo de substrato, com ou sem camadas de um
“buffer” carbeto de silicio amorfo hidrogenado, com diferente contetido de

carbono. As diferentes amostras produzidas vém apresentadas na Tabela I-D.

TABELA I-D
Serie de muiticamadas e respectivas condigdes de deposicio
Amostra fluxo de ® pressao de tempo de Buffer °
silano(scem) metano(%) etching(min)

.......... Niss 55 - TR = o
M70-a 50 70 2.5 tipo 1
M90-a 10° 90 2.5 tipo 1
M70-b 50 70 2.5 tipos 1-2
M90-b 10° 30 25 tipos 1-2

* fluxo de siiano para a deposicio do carbeto, Para a deb:f';";-it;éo do silicic =50 scom.
® tipo 1: buffer com 90% de CH,: tipo 2: buffer com 70% d Hy. Pr= 150 mW.cm™.
‘ Regime de “starving” plasma.
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1.3.2. - Caracterizacdo das Super-redes

As muiticamadas foram caracterizadas por SAXRD e AES. Os
resultados combinados permitiram estimar a espessura das interfaces. Os

detalhes experimentais encontram-se em artigo do Anexo A1.

1.3.3. - Resulitados e Discussao

Os resuitados experimentais permitiram determinar o periocdo
meédio das multicamadas, a espessura das camadas individuais e as taxas de
deposicdo, comparando-os com os valores nominais obtidos das taxas de
deposi¢do de filmes espessos. As constantes Opticas para os raios-X também
foram avaliadas e comparadas com os valores calculados a partir de dados
tabelados dos materiais cristalinos. As Figuras I-13, 1-14 e {-15, mostram as

curvas de difragcao para as séries crescidas com pressbes parciais de metano
de 70%, 80% e 90%.

O L i i
Y med
"N
1= h W —]
=5 ‘
L =2
g 2 \\ m 7
.y A :
o A
3 -3+ R ‘-"m —_
-4 - i > n
o mad
-5 ; TR e
0.0 1.0 2.0 3.0
: 26(°)

Fig. I-13. - Resultados de SAXRD para a amostra M70/4-a (Anexo A1).
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Fig. I-14. - Resultados de SAXRD para as amostras da série M80: (a) M80/2,

Log I (a.u.)

Fig. I-15. - Resuitados de SAXRD para as amostras da série M30-a:
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{c}

(b) MB0/3 e (c) M80/4 (Anexo A1).

1.0
26(°)

2.0

! !

o s
1.0 20 30
20°)

(a) M90/3-a e (b) MI0/4-a (Anexo A1),

Em cada série variou-se a espessura das camadas individuais, como
mostram os resultados de SAXRD na Tabela I-E.




19

TABELA I-E
Espessura das camadas individuais dg; e dsc € periodo (d £ 3) A

Amostra  dsi (A)  dsc(A)  d(A)

TMBO2 T 74 74 148
M80/3 96 78 174
M80/4 169 84 253
M70/4 107 53 160
M90/3 81 45 126
M90/4 108 45 153

Os valores obtidos por SAXRD e mostrados na Tabela |-E diferem
dos valores esperados das taxas de deposicdo de filmes grossos, sendo
maiores que os valores esperados. A diferenca & maior para tempos de
deposicao curtos, e depende das caracteristicas do reator, mais
particularmente, da velocidade e do tempo de residéncia dos gases na camara.
Estes resultados demonstram a utilidade da técnica de SAXRD para
caracterizacao das super-redes crescidas.

Com respeito as intensidades difratadas, 0s melhores resuitados
foram obtidos com filmes crescidos com tempos maiores de “etching” de plasma
de hidrogénio, mostrando a eficiéncia deste processo na homogeneizacao das
interfaces. Além disso, muiticamadas crescidas nas mesmas condigbes, mas
sobre substrato com camada “buffer’, apresentam meihores caracteristicas de
de super-estruturas, o que comprova a importancia do substrato no crescimento
de muiticamadas com periodicidade controlada e interfaces abruptas.

Os resultados de difragdo de raios-X, combinados com o perfil em
profundidade, obtido por AES (Fig. 1-16), possibilitou estimar a espessuras das
interfaces, sendo estas menores (em torno de 10 A} em muiticamadas crescidas
com mais alta porcentagem de carbono na camada de carbeto e em regime de
“starving” plasma. Este resultado concorda com dados anteriores (secao 1.2), os

quais mostram que de filmes de carbeto de silicio estruturalmente mais
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ordenados e morfologicamente mais homogéneos sao produzidos, quando a
incorporacao de carbono ocorre sob um regime de deposigac de baixo fluxo de

sitano e haixa densidade de poténcia rf, i.e., as condi¢des de plasma “faminto”.
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Fig. I-16. - Perfil AES da amostra M90/4-a: («) Sie (o) C.

1.3.4. -Conclusobes

Este trabalho mostrou que medidas de SAXRD contém mais
informacao util a caracterizacdo de multicamadas amorfas, que a determinacao
usual do periodo. Pode-se, por exemplo, estimar espessuras individuais,
determinar as constantes opticas para os raios-X, necessarias em simulacoes
da refletividade tedrica, determinar em conjunto com a técnica de AES, a
espessura aproximada das interfaces, bem como, obviamente, obter os
periodos e taxas de deposicao, independentemente dos valores nominais, muita
vezes imprecisos. O uso de um plasma-‘etching” de H, intermediario entre
deposicOes consecutivas e também a presenca ds camada “buffer’, mostraram
ser estratégias adequadas para o crescimento de super-redes estruturalmente
mais ordenadas. A utilizagdo de carbeto de silicio amorfo hidrogenado, crescido
em condicoes de “starving” plasma, com alto conteldo de carbono, é

promissora, devido as suas caracteristicas morfologicas e estruturais mais
homogéneas.
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Capitulo I

Filmes Finos Eletrocrémicos de Metais de Transigéao

i1.1. - Estado da Arte

“Materiais cromogénicos” [1-4] &€ o nome comum que se da a uma
classe de materiais que & capaz de alterar suas propriedades Opticas em
resposta a mudancgas nas condicdes que o circundam, tais como intensidade de
iluminacado (fotocromicos), temperatura (termocrémicos), campo eléirico
aplicado (eletrocromicos), etc. As propriedades épticas intercambiaveis incluem
refletdncia, transmitancia, absortancia e emitancia.

Em particular, os materiais eletrocrémicos mudam suas
propriedades Opticas devido a acdo de um campo elétrico e podem retornar ao
seu estado inicial pela simples reversao deste campo. O mecanismo por detras
destas mudancas é a insercdo de pequenos ions dentro do material e a
subsegliente extracao dos mesmos ions. Estes apresentam memoria em circuito
aberto, o que significa que sé é necessario a aplicacao de potencial, em torno
de 1 V, quando se deseja alterar suas propriedades o6pticas. Dispositivos
usados como janelas, conhecidos como “smart windows”, ou em “display’, se
constituem basicamente de: (a) uma fonte de ions (por exemplo, eletrdlitos
solidos ou liquidos); (b) materiais eletrocrémicos de caracteristicas reversas
(coloragdo anddica ou catédica), um tipo de cada lado da fonte; e {c) vidros
condutores transparentes (por exemplo, Sn0O.) nas exiremidades, responsaveis
pela distribuicdo do campo elétrico, e sobre os quais se depositam os filmes
eletrocromicos.

Varios tipos de compostos, orgénicos e inorganicos apresentam
propriedades opticas dindmicas [1-4]. Em particular, dentre os compostos
inorganicos, oxidos ndo estequiométricos de metais de transicao, obtidos das

mais diferentes formas, sdo conhecidos como materiais eletrocromicos. Os
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chamados bronzes metalicos de oOxido de tungsténio, por exemplo, LiW,;.,0,.
sdo composios largamente pesquisados, em virtude de suas propriedades
Opticas variaveis. Os oxidos de niquel e de cobalto se constituem também em
candidatos nessa tecnologia, sendo ambos materiais de coloragdo anddica.
Além das aplicacdes j4 mencionadas, materiais eletrocrémicos séo
também utilizados em espethos retrovisores de automoveis, experimentando um
grande desenvolvimento tecnologico nos uditimos anos. Normaimente os
dispositivos a base de eletrocromicos possuem um filme fino de WOs; como
elemento oOptico ativo, mas como este material é de coloracao catodica, duas
diferentes estratégias podem ser sequidas para o desenvolvimento de contra
gletrodos adequados. Uma alternativa &€ a utilizagdo de contra eletrodos
eletroquimicamente compativeis e opticamente passives. A outra estrategia
envolve a utilizagao de eletrodos ativos, mas de coloracao reversa : coloragao
anodica, como é o caso dos Oxidos de cobalto e niquel. A grande maioria de
dispositivos do tipo “rocking chair” fazem uso do oxido de niquel. Os oxidos de

manganés e titanio também sdo uma possibilidade, embora tenham sido menos

estudados.

11.2. - Filmes de Oxido de Cobalto

O efeito eletrocrémico em filmes finos de éxido de cobalto tem sido
pouco explorado [5,6]. Recentemente, mostrou-se a existéncia de
eletrocromismo em filmes de CoO, hidratados, obtidos por via eletroquimica [7],
com comportamento eletrocrdmico adequado e coloracao anddica. Neste
trabalho, foram depositados pela técnica des “rf-sputtering” reativo, filmes de

Co0y, com diferentes composiches = avaliado seu desempenho

eletroquimico/eletrocrémico em eletrélito aquoso.
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I1.2.1. - Preparacao dos Filmes de Co,0y

Os filmes de oxido de cobaito foram preparados sobre substrato
de vidro Corning 7059 (com ou sem Sn0O,), a partir de um aivo de cobalto, em
atmosfera de oxigénio e argonio, pela técnica de “rf-sputtering”; com pressao
total constante e poténcia rf de 100 W e 150 W. A pressao parcial de oxigénio
foi variada a fim de se analisar a influéncia do fluxo de oxigénio e da taxa de
deposicdo sobre a composicdo, estrutura e desempenho eletrocrémico dos
diferentes filmes. A Figura ll-1 mostra as taxas de deposicdo em funcdo da

fracao molar de oxigénio na mistura gasosa.

Fig. il-1. - Taxa de deposigdo (r) em funcao da fracdo molar (f) de O,,
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i1.2.2. - Caracterizacao dos Filmes de Co,0

Alem da voltametria ciclica, acompanhada de medidas in-sifu da
transmitdncia dos filmes, a estrutura e composi¢do dos filmes no estado "as
grown” e depois de varios ciclos de clareamento/escurecimento, foram
determinadas por XRD e espectroscopia de fotoelétrons (XPS). Detalhes

experimentais sao fornecidos no Anexo A2,

I1.2.3. - Resultados e Discussao

As Figuras -2 (a)~(c) mostram os difratogramas das amostras no

estado “as-grown”.
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Fig. I-2 - XRD de Co,0, (as-grown): (a) f=0%, (b) f=2.8% e (c) f= 10.5%.
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O material crescido sem oxigénio € o Co metalico, com estrutura
hexagonai. A Fig. 1I-2(b) corresponde a um fiime de CoO cubico. A Fig. lI-2(c)
mostra a formacéo do Co;0, clbico. Estes resultados demonstram claramente
que a estequiometria dos filmes varia com o fluxo de oxigénio, sendo portanto
possivel pensar na obtenc&o, pela técnica de “rf-sputtering” reativo, de materiais
com composicdo apropriada a uma melhor eficiéncia eletrocrémica. Ou seja,
maior variagcao de transmitancia por unidade de carga injetada no dispositivo.
Os dados obtidos por XPS concordam com os resultados obtidos por XRD, bem
como a transmitancia e refietancia espectrais dos compostos.

Apods um processo de estabilizacao dos filmes, mediante ciclos de
clareamento e escurecimento, os resultados de XRD e XPS mostraram uma
transicao de fase, correspondente a formac¢ao do composto CoOOH, detetado
por XRD. Os resultados obtidos permitiram inferir acerca das reacgoOes

eletroquimicas que ocorrem no elefrodo.

i1.2.4. - Conclustes

Mostramos neste frabalho a influéncia do fluxo de oxigénic na
composi¢ao de filmes finos eletrocromicos de Co,0,, obtidos pelo método de “rf-
sputtering” reativo. Ciclos eletroquimicos de clareamento/escurecimento
transformam os filmes, originalmente diferentes, em um composto hidratado a
base de Co (lli). Apos cerca de quarenta ciclos os filmes sdo estaveis e

apresentam eficiéncia eletrocrémica comparavel a de outros materiais.

I1.3. - Filmes de Oxido de Niguel

Filmes finos de 6xido de niguel hidratados ou anidros, depositados

por diferentes técnicas, sdo materiais eletrocromicos bem conhecidos [1-4].
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O éxido de niquel ndo estequiométrico (NiQ,) é considerado um bem candidato
nas tecnologias que empregam eletrocromicos, devido ao fato ser um material
de coloracdo anddica, dptica e eletroquimicamente compativel com o bem
explorado oxido de tungsténio. As caracteristicas desejaveis para aplicaces
nos mais variados dispositivos, incluem um tempo de resposta curto (< 100 ms),
uma grande variacdo de densidade optica (> 50%), efeito de memoria e longa
durabilidade (10° - 107 cycles) [3]. O funcionamento dos dispositivos baseados
nas propriedades o&pticas intercambiaveis dos eletrocromicos depende do
transporte de ions, o que limita os tempos de resposta a faixa de milisegundos.
Entretanto, para muitas aplicacoes praticas, como as chamadas “janelas-
inteligentes”, tempos de resposta muito curtos ndo sdo necessarios. Eficiéncias
eletrocrémicas entre 20 e 30 ¢cm'C’ sdo facilmente obtidas para o NiO,,
independentemente da técnica utilizada para produzir o filme. Por outro lado, a
obtencdc de filmes uniformes e estaveis em grandes areas, com longa
durabilidade, ndo € uma tarefa facil de ser cumprida, tornando-se, atualmente, o
desafio tecnolégico a ser enfrentado. Dentre os diferentes métodos de
deposicéo, aqueles que se utilizam de ténicas quimicas [8-10] e eletroquimicas
[10-20] dao origem a filmes hidratados e porosos com tempos de resposta
rapidos (20 ms [1]) e com eficiéncias eletrocrémicas notaveis (50 cm”C™ [13]).
Entretanto, filmes crescidos por esses métodos nao sdo uniformes nem estaveis
[8,11,12], apresentando efeitos de degradacdo, nos methores casos, em torno
de 10° ciclos de clareamento/escurecimento [17,18]. Diversos procedimentos
experimentais tém sido propostos. no sentido de meihorar a durabilidade destes
filmes mais baratos e de facil dersigdo, incluindo tratamentos térmicos [15],
ligas com outros elementos [1¢], eletrdlitos naoc-aquosos [18] e outras
estratégias de deposigdo [ 10,17,19,20]; entretanto, parece ser senso comum
entre os especialistas, que tais filmes ndo sdo adequados as aplicacdes
préticas, sendo necessério o desenvolvimento de outras técnicas de deposicao,
coemercialmente compativeis, para produzir filmes eletrocrémicos de éxido de
niquel mais duraveis. Dentre estes métodos, aqueles que empregam tecnologia

de vacuo, como evaporacao por feixe de elétrons [21-27] e dc ou rf “sputtering”
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[28-39], dao origem a filmes com alta estabilidade ( ~ 10° ciclos), boa eficiéncia
eletrocrémica ( ~ 35 cm"C™ ) e tempos de resposta téo rapidos quanto 500 ms.
Protétipos de dispositivos, usando oxido de niquel como material opticamente
ativo, sao descritos na literatura { 40-43].

Durante os Gltimos dez anos, a pesquisa em NiO, eletrocrdmico
acumulou uma grande quantidade de conhecimento, mas ainda restam
questdes de carater cientifico e tecnolégico a serem resolvidas, ou que sdo
pouco compreendidas. Por exemplo, o entendimento dos mecanismos
responsaveis pelo comportamento eletrocromico neste material depende de
informacdo acerca da reac&o de intercalacdo e da natureza dos ions
intercalantes, bem como da dependéncia da eficiéncia eletrocréomica com a
morfologia, estrutura e estequiometria dos filmes estudados.

Nos uiftimos anos, temos nos dedicado ao estudo das
caracteristicas fundamentais de filmes finos eletrocromicos de NiO,,
depositados por “rf-sputtering” reativo, com o objetivo de entender e otimizar
suas propriedades relevantes ao efeito eletrocromico. O objetivo de nosso
trabalho tem sido o de caracterizar, da meihor forma possivel e pelas mais
diferentes técnicas, as propriedades: (i) estruturais, através da difracdo de
raios-X, (i) Opticas, por meio de medidas espectrofotométricas (iii)
eletroquimicas (voltametria ciclica, variacdes de massa), (iv) fisicas (tensdo
mecanica, microscopia) e (v) eletrénicas (resposta espectral, modulacdo optica
e elétrica, espectroscopia de elétrons). Neste trabalho, iremos apresentar
resultados referentes a filmes crescidos em condicées diferentes, com o intuito
de correlacionar as diferentes propriedades dos mesmos com o efeito
eletrocromico. A apresentagdo sera separada em trés trabalhos. No primeiro
iniciamos a investigacao estrutural dos filmes e apresentamos os resuitados de
medidas de modulagéo 6ptica; no segundo, estudamos o efeito do fluxo de O,
nas propriedades do material depositado e apresentamos resultados referentes
a medidas de espectroscopia da banda de valéncia e, no terceirs, mostramos

um estudo do processo de intercalacdo em diferentes eletrdlitos. Estes
trabalhos estdo contidos no Anexo A2.
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11.3.1. - Preparacao dos Filmes de NiO,

Todos os filmes estudados nestes trabalhos foram depositados a
partir de um alvo de Ni em atmosfera de oxigénio e argonio, mantida a presséo
total de 7x10”° mbar, a temperatura ambiente (quando ndo especificada), com
uma poténcia de rf igual a 100 W, e distancia alvo-substrato em torno de 15 cm.
O fluxc de O, (f) foi mantido constante em 2 sccm, exceto para as amostras, em
que o estudo envolvia a variacdo de f. Os filmes foram sempre depositados
sobre substrato de vidro recoberto com um filme semicondutor transparente,
In,0::Sn (ITO) ou Sn0,, e também sobre outros substratos necessarios as

diferentes caracterizagtes efetuadas.

I1.3.2. - Caracterizagao dos Filmes de NiO,

Em todos os trabalhos, a voltametria ciclica, acompanhada de
medidas in-sifu da transmitancia, foi a técnica empregada para uma primeira
caracterizacao eletroquimica e optica do material. Em seguida, a difragdo de
raios-X foi utilizada para detectar a formacéo do 6xido, analisar variacdes do
parametro de rede em funcdo do processo de intercalacdo, grau de
cristalinidade, orientacdo preferencial e tamanho de grac cristalino. Nos
primeiros trabalhos haviamos assumido a estrutura hexagonal do NiO como
referéncia, uma vez que esta é a estrutura do material estequiométrico
cristalino, a temperatura ambiente. Mais recentemente, considerando que o
tamanho de graoc de nossos filmes € pequeno (de 200 A a 300 A), optamos por
adotar como referéncia a estrutura cubica mais simples do NiO: e também, em
razao da a distorcao hexagonal ser pequena. Uma discusséo compieta sobre a
estrutura do NiQ se encontra em artigo do Anexo A2 (“On the structural
properties of electrachromic NiO, sputtered thin films’). Medidas de fotocorrente

e eletrorefletancia foram efetuadas, bem como, espectroscopia de banda de
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vaténcia (UPS), com o objetivo de analisar mudancas nos estados eletrdnicos
em funcdo do estado optico. Medidas de tensdo mecanica e de variagdo de
massa durante o processo de intercalagdo/de-intercalacdo foram também
efetuadas com o objetivo de analisar a reacdo eletroquimica de intercalagao.

Detathes experimentais sdo descritos nos artigos contidos no Anexo A2.

11.3.3. - Resuitados e Discusséo

Eletroreffetancia e Fotoresposta de Filmes Finos de NiO,

Na Fig. II-3 apresentamos uma curva tipica de voltametria ciclica e
variagdo de transmitdncia dos filmes crescidos em condicdes padrbes (f=2
scem, P=100 W e temperatura ambiente). Variactes de cerca de 60% a 80%

entre o estado claro e escuro do material s3o0 comumente obtidas.
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Fig. Il-3. - Curva corrente-tenséo e variacio de transmitancia do NiO,.
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Na Fig. H-4 as curvas de fotoresposta de um filme tipico, em
diferentes estados oOpticos, mostram que o material no estado escuro possui
uma taxa maior de recombinacdo de portadores, compativel com o modelo de
defeitos na estrutura NiO deficiente em Ni (NiO,, x >1, semicondutor do tipo p).
Os resultados da fotoresposta permitiram avaliar a existéncia de duas energias
de gap, uma direta em torno de 3 eV, praticamente invariante mediante as
modificagcées na fransmitdncia, e cutra menor, indireta em torno de 2.5 eV, que

se modifica ao longo do processo de intercalagao.
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Fig. -4. - Fotocorrente do NiO, para varios potenciais.
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Os resuliados de eletrorefletdncia mostram, pela primeira vez, a
existéncia de um nivel eletrénico (E=2.15 eV) atribuido a presenga de vacancias
de Ni na estrutura. Na Fig. I-5 (a) e (b), estas medidas sac apresentadas, onde
se destaca o efeito de tratamento térmico sobre este nivel eletronico (Fig. 11-5b).
Apds o processo de aquecimento a 300 °C, por 24 hs em ar, o materiail perde
suas propriedades eletrocromicas, possivelmente em decorréncia de mudancas
em sua estequiometria. O “fitting” dos perfis de linha do sinal de
eletrorefletancia permitiu avaliar a variagdo de quatro niveis eletrdnicos com o
potencial aplicado ao material, durante o processo de intercalacao/de-
intercalacao. Na Fig. -6 sao apresentadas duas curvas, uma experimental e
outra calculada, exemplificando os resuitados obtidos para o potencial de 0 V

vs. SCE, aplicado a ceia eletroquimica.
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Fig. lI-5(a) - Sinal de eletrorefletancia em funcdo do estado de coloragéo.
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Os primeiros resultados de difragdo de raios-X nos filmes finos de
NiO, que temos estudado mostraram a formacac de um material policristalino,
com parametro de rede maior que o valor do NiO estequiométrico. Estes
resultados preliminares indicam, apdés a analise de filmes crescidos a
temperatura de substrato diferente, que maiores valores de parametro de rede
nao implicam em melhor eficiéncia eletrocrémica. Neste caso, a estequiometrica
do composto, ou valor de x, é o parametro relevante na analise do
comportamento do material. Apds tratamentos térmicos, os filmes nao
apresentam efeito de eletrocromismo, o que novamente indica mudangas na
estequiometria, com uma conseqliente diminuicao do parametro de rede. A
temperatura de substrato afeta ndao somente a composicdo do material, mas
também a orientacdo preferencial de crescimento de cristalitos. A orientacao
preferencial de graos paralelos a superficie do filme fino pode influenciar o
desempenho eletrocromico uma vez gue este processo envolve a entrada e

saida de ions no material, modificando seu parametro de rede.

Estudos da Banda de Valéncia de Filmes Finos Eletrocrémicos de NiO,

Neste trabaiho investigamos sistematicamente as variacées que
ocarrem nos filmes finos de NiO,, crescidos com fluxo de O, (f) diferente.
Pudemos observar que o processo de intercalacdo (estado claro) resulta num
aumento do volume da cela unitaria, enquanto que a de-intercalacdo (estado
escuro) promove uma diminuicdo neste mesmo voiume. A modificacéo do fluxo
de oxigénio acarreta modificagdes na estrutura do material (parametro de rede,
orientagdo preferencial, tamanho de grdo e grau de cristalinidade), na
transmitancia, na cinética de intercalacéo e possivelmente em sua composicao.
Resultados de Rutherford Back Scattering (RBS) apontam x=1.07+0.02, em
filmes tipicos, crescidos com P=100 W, f=2 sccm e temperatura ambiente.

Os resultados de medidas de espectroscopia de elétrons na regido

do uitravioleta (UPS), realizadas com uma fonte de radiacao sincrotron (CAMD,
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Baton Rouge, LA, USA) permitem analisar modificdes que ocorrem na banda de
valéncia do material, em decorréncia do processo eletrocromico. A importancia
destas medidas reside no fato de que as ligagdes quimicas sao feitas com
elétrons da banda de valéncia e modificagées nestas ligacbes devem existir
para filmes em diferentes estados de coloragao. Nas Figuras il-7 a I-10
mostram os resultados obtidos destas medidas. O resultado mais importante diz
respeito ao aumento de estados que cruzam o nivel de Fermi (Fig. lI-10),
formando um tipo de banda de conducgdo no filme colorido. Neste caso a
formacdo de estados dentro do gap podem explicar as modifigdes nas
propriedades Opticas e eletrénicas do NiO, eletrocrémico nos estados claro e
escuro. Este modelo de bandas € consistente com um mecanismo de
fransferéncia de cargas entre estados separados por pequenas bandas de
energia e € compativel com os resuitados de fotocorrente e eletrorefletancia,

por nos obtidos anteriormente.
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Fig. [I-10. - Dados de UPS de uma amostra de NiQ,, crescida com f= 6 sccm, em

diferentes estados de coloracdo, medidas com hv = 70 eV.

Sobre as Propriedades Estruturais de Filmes Finos de NiO,

A Fig. 1I-11 mostra os resultados de XRD para duas amostras (Me
N) de NiO,, com diferentes graus de cristalinidade. Estas amostras foram
cicladas em eletrélitos a base de LiOH, NaOH, KOH, RbOH e CsOH, afim de se
avaliar a dependéncia do processo de intercalacdo com a composicao do
eletrdlito. Medidas de variacdo na tensdo mecanica (Ac) e variagdo de massa
(AM) em funcéo da carga (AQ) [41-43], mostradas nas Figs. ll-12(a) e (b} e Fig.
II-13, apresentam mudangas que dependem da composicac do eletrdlito. Os
resultados de XRD, apresentados na Fig. 1-14 para filmes nos estados claro e

€scuro, mostram tambeém que ocorrem variagdes no volume da cela unitaria,



que dependem da composicdc do eletrolito. Nas Tabelas l-A e H-B
apresentamos os valores obtidos para os parametros de rede (a) e volumes (V)
da cela unitaria para os filmes da série M e N, respectivamente, em diferentes

estados de coloragao e nos varios eletrolitos investigados.
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TABELA lI-A

Parametro de rede (a), Volume da cela unitaria (V) das amostras da série M

Amostra a (A) V(A%
R
M-c (KOH) 4.223510.0010 75.34140.005
M-e (KOH) 4.2037+£0.0028 74.2810.15 (1.06)
M-c (LiOH) 4.2194+0.0038 75.1240.19

M-e (LiOH)  4.2031+0.0073  74.25:0.39 (0.87)

Numeros entre parénteses sao a diferenca de volume entre os estados claro e escuro.
a: as-grown/ c: claro/ e: escuro

TABLE II-B

Parametro de rede (a), Volume da cela unitaria (V) das amostras da série N

Amostra a (A) V(A%

S

N-c (LiOH) 4.2221£0.0028 75.2640.15

N-e (LiOH) 4.2133+£0.0076 74.79+0.40 (0.47)
N-c (NaOH) 4.2331%0.0049 75.85+0.26

N-e (NaOH)  4.2177:0.0050  75.03+0.27 (0.82)

N-c (KOH) 4.2353+0.0057 75.97+0.31

N-e (KOH) 4.220840.0085  75.19%0.35 (0.79)
N-c (CsOH) 4.23164+0.0053 75.77+0.29

N-e (CsOH) 4.217410.008%9 75.01+0.53 (0.76)

Numeros entre parénteses sao a diferenca de volume entre 0s esiados clare e £5CUro.
a: as-grown/ c: claro/ e: escuro

Os resultados difragdo de raios-X apontam uma diminuigao no
volume da cela unitaria no ciclo de escurecimento para ambas as séries de

amostras (M e N), como era se esperar se a reacao de oxidacdo é um processo



de de-intercalacac. Alem disso os valores da série N mostram claramente uma
diferenga menor para o filme intercalado em LiOH, o gue concorda com o
resuitado de tensdo mecanica. Os resultados da série M sao de difici
iInterpretagdo, dado o baixo grau de cristalinidade destas amostras; entretanto,
como a tensdo mecanica € maior, provaveimente o grau de cristalinidade
influencia a tensdo nos filmes. A variacio da transmitancia 6ptica € igual para a
duas séries de amostras, em todos os eletrdlitos. Os resultados de tensao
mecénica apontam uma diminuicdo de volume no ciclo anédico, mas que varia
com a composicac do eletrélito. O comportamento inverso é detectado no ciclo
catddico. Ha um aumento de massa no ciclo anédico, na regido de potencial dos
principais processos eletrogquimicos. Novamente as variagdes de massa
dependem do eletrolito,

Varios estudos exploraram as propriedades morfologicas e
estruturais de filmes finos eletrocrdmicos a base de niguel
[13,20,32,37.39,47,52]. Nesses trabalhos observamos que as caracteristicas
destes filmes dependem n&o apenas do método de deposicdo mas também das
condigdes de crescimento para cada técnica particular. Independentemente do
método de preparagédo a morfologia e estrutura do filme influenciam o processo
eletrocromico, sendo necessario confrolar estas propriedades a fim de se
atingir um bom desempenho do material [32,51-53]. Entretanto nac ha uma
concluséo ciara acerca da influéncia dos contornos de grac no processo de
(de)intercalagdo, ou mesmo acerca da infiuéncia do grau de cristalinidade e
orientacao cristalina preferencial. Alguns autores conciuem que filmes mais
porosos e heterogéneos apresentam menor eficiéncia e durabilidade
[13,32,34,51,52]. Por outro lado. outros pesquisadores mencionam gue o
processo de (de)intercalacdo ocorre nos contarnos de grao e portanto, espera-
$¢ um aumento na eficiéncia eletrocromica d« filmes mais porosos. Ha claras
evidéncias que a reacdo de eletrocromismo ocorre no interior dos cristalitos,
pois sao observadas variacées nos parametros de rede de amostras em
diferentes estados de coloracdo [47.53]. E razodvel sSupor gque a porosidade

afeta o transporte do eletrélito através do filme, mas a reacao de troca dos ions



se passa do contorno para o volume interno dos cristalitos, sendo governada
pela disponibilidade de defeitos, ou estequiometria, como também, pela
orientacdo cristalografica dos cristalitos, ou o melhor caminho na rede para o
transporte de ions. Resultados anteriores de XRD claramente demonstram
variacbes nos parametros de rede [47,53] e mudancas de fase [54], decorrentes
do processo eletroquimico/eletrocrémico. A idéia de usar a difracdo de raios-X
para investigar modificagbes nos pardmetros de rede, causadas pela
(de)intercalacdo de amostras idénticas em eletrélitos diferentes, foi baseada na
hipotese de que os cations alcalinos, além do H’, podem entrar e sair
reversivelmente da rede cristalina. Esta hipotese se baseava também em
resultados anteriores, que indicavam a participacdo de outros ions, como os
alcalinos e OH’, na reacéo eletroquimica [10, 25,27,55-60].

Neste frabalho, assumimos a estrutura cubica do NiO, mais
simples, desprezando a distorgdo hexagonal do compostc a temperatura
ambiente ou mesmo falhas de estequiometria [61-66]. Em calculos de estrutura
de bandas do materiai estequiométrico a distorcdo da rede também é
desprezada [ 67,68].

Nossos resultados mostram claramente que o processo de
eletrocromismo acontece devido a uma reagéo de intercalacao pois voiume
(tensdo mecénica e XRD) e massa (EQCM) variam. Em particular os resultados
de XRD demonstram que a intercalacdo dos ions no filme eletrocromico é um
fenomenoc de volume. As mudangas de tensdo mecanica e massa descartam a
incorporagao de ions OH como explicagdo para as diferencas observadas nos
varios eletrélitos [60]. Os resultados indicam que a deintercalacdo dos protons
ocorre simuitaneamente a intercalacdo de cations no ciclo anddico e que ©
processo de deintercalagdo dos cations ocorre em potenciais catodicos
menores. Verifica-se também que a intercalacio de protons & mais favoravel em
potenciais catodicos maiores. Considerando os raios idnicos dos diferentes
cations e a possibilidade de hidratacdo, os dados de tensdo mecénica e massa

sao concordantes. As mudangas em volume sdo conseqiiéncia das variacoes



dos parametros de rede e podem ser diferentes nos varios eletrolitos,
dependendo do grau de cristalinidade e orientacéo dos cristalitos.

Os resultados de tensao mecanica sao diferentes nas duas séries
ae amostras, sendo menor no filme mais cristalino. Este resuliado pode indicar
que filmes mais cristalinos possuem durabilidade maior uma vez que grandes
mudancas em tensdo mecanica podem acarretar desgastes em dispositivos. Os
resultados de variacdo de massa da série M mostram uma quantidade maior de
ions de Li" trocados, em comparacéo com ions K, mas como litio € mais leve
que potassio, variagbes menores de massa sao obtidas em eletrélito contendo
fitio. Em principio o processo de intercalacdo pode ocorrer em posicoes
atomicas substitucionais ou intersticiais. O tamanho do ion Li*, 0.68 A é da
ordem do raio idnico do Ni*", 0.70 A. Consegqiientemente o litio pode se inserir
nas vacancias de niquel, com pequenas modificacdes na rede. Esta pode ser a
explicacao pela qual se observa menor variacdo na tensdoc mecanica da
amostra M ciclada em LiOH. Por outro lade espera-se grandes modificacdes nos
parametros de rede para os ions maiores e mais pesados, quer seja em
posigbes intersticiais ou substitucionais. Como neste caso menos ions sdo
trocados [60], a tensdc mecanica ndo aumenta proporcionaimente com o
numero atémico do ion alcalino. Os dados de XRD nao permitem distinguir entre
as duas possibilidades de sitios de intercalacdo dentro dos cristalitos ou mesmo
descartar a presenca de ions nos contornos de grao.

Em resumo, os resultados experimentais de difracao de raios-X,
indicam, junto com as medidas de variacdo de tensdoc mecanica e massa, que o
ion aicalino participa na reagio eletrocrémica. Devido ao acréscimo de massa
no ciclo anddico, o ion alcalino (C) entra na rede, enquanto o hidrogénio sai, de

acordo com o seguinte processo de troca proposto:

NiOH, + zC* & NiO,H,.C_+ tH* + (t-z)e’ (1)
(claro) (escuro)



[1.3.4. - Conciusodes

Os nossos resultados de investigagdo da estrutura eletrénica de
filmes finos eletrocromicos de NiO,, crescidos por ‘“ri-sputtering” reativo
mostraram a existéncias de niveis associados a vacancias de Ni e transicbes
oticas de gap indireto na regido do espectro visivel. A formacédo de uma banda
de condugdo em material no estado escuro pode explicar as mudancas de
condutividade elétrica e odpticas observadas no processo eletrocrémico e
apontam para um modelo de mecanismo de transferéncia de cargas através de
niveis de impurezas que sd3o destruidos e criados no processo de
intercalacao/deintercalagéo.

As condigbes de deposicdo dos filmes interferem em suas
propriedades Opticas e estruturais, sendo necessario estipular métodos bem
controlados de crescimento a fim de se otimizar a eficiéncia do material. Os
resultados de XRD mostraram que ndo apenas o volume da ceia unitaria deve
ser considerado para os propésitos de intercalagdo. Provavelmente o grau de
cristalinidade e a orientacdo preferencial de crescimento de graos sag
parametros a serem otimizados. O processo de intercalacao ocorre no volume
interno  dos cristalitos e é responsavel pelas variacbes observadas nos
parametros de rede entre os estados claro e escuro do material. O grau de
cristalinidade nao determina a variacao de densidade optica mas pode afetar a
tensdo mecanica no filme. Todos os resultados de XRD, tensdo mecénica e
variacdo de massa, indicam a participagdo do ion alcalinc no processo de

coloracao.



Capitulo Il

Materiais Superconduiores e Precursores

lll.1. -Estado da Arte

Desde a descoberta dos supercondutores de alta temperatura
critica (T.) em 1986 [1], muitos trabalhos cientificos e de aplicacdes
tecnologicas vém sendo produzidos. A descoberta de uma fase supercondutora
com T. = 30 K no sistema Ba-La-Cu-O abriu novas frentes de pesquisa sobre
supercondutividade. Os limites do fendmeno sao testados, dentre outras formas,
pela substituicdo de elementos constituintes dos materiais, pelo conhecimento
de diagramas de fase e por alteracdes estruturais. Sob estes aspectos a
difracdo de raios-X tem sido empregada como técnica fundamental na
elucidacao do fendmeno. Neste trabalho apresentamos, resumidamente, duas
aplicagdes da difracdo de raios-X no estudo destes novos compostos
supercondutores. A primeira envolve o estudo da cinética de formacao da fase
Bi-Sr-Co-0. isotipica a fase supercondutora contendo Cu em lugar de Co e a
segunda trata da investigacdo da textura cristalina de fitas supercondutoras a
base de Bi, produzidas mediante tratamentos termo-mecanicos. No Anexo A3,

enconiram-se os artigos decorrentes desta pesquisa.

l1l.2. -Fases do Bi-Sr-Co-O

A dependéncia da temperatura critica com o nimero de camadas n
de Cu-O nos supercondutores a base de bismuto foi extensivamente estudada,
mostrando que T. cresce com n [2,3]. Os compostos Bi;Sr.Ca,.;Cu,0,, com n=1,

2 e 3, apresentam moduiacBes incomensurdveis em sua estrutura [4,5].



Investigou-se entdo a relacdo desta modulagdo com o fenémeno de
supercondutividade, atraves da substituicao de Cu por Fe, Co e Mn [6]. O fato
destes materiais serem isotipicos aos compostos de interesse a base de Bi, que
contem Cu, mas apresentarem modulacdes comensuraveis, permitiu a completa
determinacao de suas estruturas. Essas estruturas se transformaram numa
fonte de referéncia para aquelas de modulagdo incomensuravel. Entretanto
observou-se que a obtencdo das fases com substituicdo catidnica depende do
processo de sinterizagdo e que informacées a respeito da cinética de formacéo
destes compostos era incompleta. O nosso trabalho se concentrou nas fases a

base de Co, pela facilidade em crescer fase (Inica e monocristais.

Hl.2.1. - Preparagao das Fases do Bi-Sr-Co-O

As amostras foram preparadas pelo método de reacio de estado
sélido com uso de material em p6. Os tratamentos térmicos envolveram o
processo de calcinagac (780 °C por 50 hs) e posterior sinterizacao em
diferentes temperaturas e atmosferas por 24 hs. Detalhes experimentais estdo
no Anexo A3. Amostras com 2-2-0-1 (fase n=1) e 2-3-0-2 (fase n=2) de

estequiometria correspondem a notacéo de proporgdo molar Bi:Sr:Ca:Co.

11.2.2. - Caracterizacio das Fases do Bi-Sr-Co-O

A analise dos compostos obtidos foram feitas por XRD (radiacdo Cu Ka)

e DTA. Detalhes se encontram no Anexo A3,



ill.2.3. - Resultados e Discussao

As Figuras Hi-1, 1l-2 e HI-3 mostram os difratogramas obtidos apds
0s processos de tratamento téermico em diferentes atmosferas, partindo de

estequiometrias diferentes.
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Fig. Il-1. - XRD para a estequiometria 2-2-0-1, amostras tratadas em N..
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Fig. IH-3. - XRD para a estequiometria 2-3-0-2, amostras tratadas em ar.
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A fase n=1 foi obtida em tratamentos térmicos em nitrogénio, mas
nac em ar. Por outro lado a fase n=2 & formada em atmosfera parcialmente
oxidante, indicando que esta fase € instavel em ambiente redutor. Os resultados
indicam que a valéncia do Co na fase n=1 & menor que na fase n=2, pois a fase
n=1 & obtida apenas em atmosfera redutora. Foi verificada a facilidade de

crescer monocristais da fase n=1.

i11.2.4. - Conclusoes

Este trabalho possibilitou um estudo sistematico da cinetica de
formacac das fases Bi,SrnCo0Q, e Bi,Sr;C0.0,, bem como mostrou a facilidade
de crescer monocristais destas fases sem a necessidade de fluxo e com altas

taxas de resfriamento.

ll1.3. -Fitas Supercondutoras a Base de Bismuto

Com a descoberta dos novos materiais supercondutores esforgos
tém sido feitos no sentidoc de desenvolver fitas flexiveis destes materiais,
encapsulados em prata. Muitos estudos tém sido conduzidos para determinar as
condicoes de sinterizacdo gue levem a altos valores de corrente critica (J.).
Valores de densidade de corrente critica em torno de 10' e 10° A.cm™ foram
obtidos em fitas de ((Bi,Pb),Sr.Ca,1Cu,0,, com n=2 e n=3) [7,8] em B=D e 3
temperatura de 77 K. Valores desta ordem de grandeza também podem ser
obtidos em fitas de YBa,Cu;O.. Neste trabalho investigamos a textura de fitas
de (Bi,Pb)..Sr,CaCus0,, obtidas pelo método conhecido como pé dentro do

tubo. Realizamos um estudo comparativo entre fitas prensadas e laminadas.



l11.3.1. - Preparacéao das Fitas de Bi(Pb)-Sr-Ca-Cu-O

A partir de oxidos de Bi, Pb, Sr, Ca e Cu os pos foram preparados
na estequiometria 2223. As amostras foram calcinadas em ar a 840 °C por 24
hs, moidas e calcinadas novamente por 100 hs. Apos o processo de calcinacao
a fase obtida € a 2212. Os pds sdo entdo inseridos em tubos de Ag, para
posterior tratamento termo-mecanico. Os tratamentos térmicos foram efetuados
a 850 °C por 110 hs. Os tratamentos mecanicos envolveram prensagem (P) e

laminacao (R). Detalhes experimentais encontram-se no Anexo A3.

l11.3.2. - Caracterizacao das Fitas

As fitas obtidas foram analisadas por difracdo de raios-X (XRD),
microscopia eletronica de varredura (SEM) e foi medida a densidade de
corrente critica apés cada processo. Aspectos experimentais mais detalhados

podem ser encontrados no Anexo A3.

I11.3.3. - Resultados e Discussao

Os difratogramas obtidos antes do processamento das fitas
(primeiro resultado) e apos os tratamentos termo-mecanicos sio mostrados na
Fig. lll-4, onde L representa a fase 2212, H ¢ a fase 2223 e o simbolo * esta
relacionado a fases nao identificadas. Os resultados de XRD mostraram
variagbes de densidade, tamanho de grdo e orientagcao preferencial até o
terceiro ciclo de esforco mecanico e aquecimento, responsaveis pelo aumento
de Jc. O valor de J. também depende da’ interconexdo entre os graos
orientados, que é obtida com a transformacdo da fase 2212 na fase 2223.

através de uma reacdo liquida. Os baixos valores de J. apresentados por




nossas fitas (10° A.cm®) é atribuido a uma fraca interconexdo entre os gréos,
devido a uma baixa concentracdo da fase 2212 bem como a espessura das
fitas. Os graos, vistos por SEM, crescem em forma de placas finas e paralelas
ac plano de condugao. O tamanho de cristalito na direao (00/) esta associado a
espessura destas placas. A prensagem e laminagao provocam a quebra dos
cristalitos, enquanto que o tratamento térmico promove a restauracao dos graos.

Os melhores valores de corrente critica foram obtidos para as fitas prensadas.
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Fig. lll-4.- XRD das fitas supercondutoras a base de Bi.
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H.3.4. - Conclusdes

Este trabalho mostrou que a técnica de difracdo de raios-X,
associada a microscopia eletrdnica de varredura, permite avaiiar a textura de
fitas supercondutoras, uma vez que este fator é determinante para o incremento
da densidade de corrente critica. Fitas prensadas apresentam melhores valores
de J., devido a existéncia apenas de forcas perpendiculares a superficie das
fitas. Na laminagéo forcas paralelas a esta mesma superficie, fazem com que a
incidéncia de placas isoladas seja maior. A diminuicao da espessura e

empacotamento inicial maior do pd sao recomendados.
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The correlation between composition, microstructure, and optical properties of a-Si; _ C_:H
thin films with different sioichiometrics was established. The alloys were deposited by radio
frequency glow discharge under “starving™ plasma conditions from mixtures of Sili, and ClJ;.
The samples were characterized by small angle x-ray scattering, ultraviolet-visible and infrared
spectrometry, and Auger cleciren spectroscopy. The results showed the presence of microvoijds
with sizes between =3 A and =8 A. The relative microvoid volume fraction displayed a
maximum for x around 55 at. % and decreased for higher values of x. High carbon content
alloys (x =70 at. %) not only heve a lower relative microvoid volusne fraction, but show optical
gaps ns high as 3.7 ¢V, high resistivity, and very low refractive index, inclicating the presence n_f'
a diamond-ike C-C structure. ‘These remarkable results are attributed to the deposilion under

“starving”™ plastma conditions,

I. INTRODUCTION

Over the fast years, much attention has been dedicated
to the fabrication of hydrogenated amoiphious silicon al-
loys, a-Si;_,A.:H (A=Ge, N, C, O, 2tc.), due to the
possibility of tailoring the optical gap when x varies. On
the other hand, all these studies have shown that the elec-
trical properties of the semiconductor materials worsen
with the addition of even small amounts of A. Neverthe-
less, such alloys have an extensive range of applications.?
In particular, earlier work on amorphous silicon carbide;
a-Si;_,C,:H, dealt with the production of wide gap coit-
pounds for utilization as window ltayers in amorphous sil-
icon solar cells.%” Another application is in insulating Jay-
ers ont a-St:11 based thin filun transistors (‘TFTs), where the
main required properties are a very low ¢ mductivity and a
high optical gap.2® The need for improving the material for
specilic applications has induced fundamental studies on
the physical properties of these tetrnhiedratly bonded amor-
phous semricondoctors. ™1 These studies have shown thisg
it is very difficult to increase the gap beyod =3 eV, which
corresponds to a carbon concentration of 1bout 50 at. % in
the solid phase. For higher concentrations, graphite-like
carbon clusters are formed, with the consequent reduction
in the optical gap.

In earlier work,'" we showed that it is possibis to pro-
duce a-8i|_,C_:H films with the aptical gap as Mol as
=4.0 eV and resistivity higher than 10°° €} cm. The carbon
concentration in the material can attain values up to 70
at. %, due to the use of deposition conditions, known as
“starving” plasma'?  that, appareidtly, promotes C-C
diasond-like bonds. The starving plasmza deposition con-
ditions are a combination of a low power regime with a
very low SiH, flow. Due to the low radio fregnency (rf)
power, the methane molecules are not broken, so the silane
radicals are responsible for all the cheomical reactions.
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When there are very few Sill molecules, they are readily
consumed by the deposition process and the deposition rate
is controlled by the silane fiow. ' We believe that this stary-
ing situation is responsible for the notable properties of the
a-8i; C,:H fitms. This material was used as an insulating
layer in amorphous silicon TFTs, and performed well
i some cases, smal} leakage currents were observed across

-the gate. This was attributed to the porosity of the Gims, 25

already reported in the lterature. "> {n this work we zn-
alyze the correlation between porosity and carbon concen-
tration in the solid phase, for samples depasited undet
starving plasma conditions. A combination of techniques
was used to characterize the different silicon carbides and
to correlate their properties: auper electron spectroseopy
{AES) to determine the altoy chesieal conposition, small
angle x-ray seattering {SAXS) to delect the nricrovoid for-
mation, and ultraviolet-visible and infrared spectrometry
to find the optical gap and the atomic bonds inside the
malerial.

i. EXPERIMENT

The o-8i)_ C_:H films were depostted by the conven-
tienal if glow discharge technique from appropriate mix.
tures of SiHy and CH, in a capacitively coupled reactor.
The substrate temperature was 250 °C and the pewer den-
sity was 150 mW cm 2 The silane flow was kept as Jow 25
possible {10 sccm) to provide the starving plasma
condition.'? The carbon content in the samples was varied
by changing the CH, partial pressure {see Table 1), whik
maintaining the silane flow fixed for all the samples (19
scem). For the sake of comparison, a sample which was
deposited with a CH, partial pressure equal to 72% (sim-
ilar to MVC3-Table 1), but in the nonstarving plasma con-
dition, was also analyzed. When the silane flow is hiph, the
deposition rate is not flow dependent, thus characterizing a
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TABLE L asip Q1 sanples produced with o deposition 1ate (g},
" with thickness {1}, and optical gap (E,), having different relative amount
of 5i-C bonds. NSP: nonstarving piasn:-

Partial
pressure g 4 Si—?_
C Sample  of CIL, (%)  (A/min)  (A) E (V) &0,
MvC2 98 111 2500 37 0.4
MVCl 92 245 5880 34 .4
Mvce 75 366 5500 30 0.9
MVC3 72 338 020 10 0.8
MVCs 50 200 3000 22 1.0
MVCS 72 {NSP) 1055 9500 2.8 0.6
MVS] 0 (a-Si:) 6000 1.7

nonstarving regime. The thicknesses of the samples were
controlled by the deposition rates and were measured by an
Alpha-Step profile meter.

The carbon content in the solid phase was obtained
from the AES mcasurements, using a varian cylindrical
mirror analyzer with a coaxial electron gon operaled in the
differential mode. The surface contamination was removed
by ion bombardment. The composition was calculated
from the Si LMM and C KLL transitions, with statistical
fiuctuations of the order of 5%, using tabulated sensitivity
factors.'® It should be pointed out that the use of tabulated
sensitivity factors may introduce an undetermined system-
atic error in the absolute concentration of the atomic spe-
cies. We did not use a SiC standard because of charging
and material dependent backscattering factor problems.

The microstructure of the samples was analyzed by
SAXS in transmission geometry, using a small angle cam-

" era with automatic angle variation and acquisition control.

The measurements were conducted in a step scanning
mode (0.05° in 2@), from 26 between 0.2° and 5° and a
counting time of 1000 s. For the SANMS experiments, the
a-8i;_;C,:H films (see Table I} were deposited on 20-um-
thick aluminum substrates. Stacks of 40 foils were mea-
sured to enhance the total thickness of the a-Siy_ C.:H
films. We did not choose to analyze thicker filins because
they usually present mechanical deformations. The direct
beam, the background, the bare subsirate, and the film plus
substrate SAXS intensities were recorded. The experhnen-
tal selup was aligned for a Hae-collimated a-tuy beam, us-
ing a high resolution slit setting (divergence shiv of 0.2 mm,
receiving slit of 0.1 mm, and two scattering slits of 0.05 and
0.1 mm}. There were no Soller sfits in the bean path, and
data corrections due to the beam finite height are disre-
garded, because of the large moduli of the scattering vector
b The SAXS measurements were performed with part of
the white x-ray spectrum emitted by a conventional copper
tube, operating at 40 kV and 30 mA. The scintillation
detector electronics were adjusted to take only the more
energetic radiation above the Cuka characteristic radia-
tion. The total spectrum was fittered by nicket 1o avoid part
of the low energy radiation, By means of a standard, we
determined the available X-ray mean wavelength, 1+ A]
={0.31£008) A, corresponding to the escape peak re-
gion (energy ~40 keV). At this wavelength the x-ray ab-
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FIG. 1. {a) and (b} SAXS intensity [/{h)] of the a8, C.:H filmsas e
function of the scatlering veclor (f—4mr sin 0/4).

sorption coefficient of the aluminum substrate is very
small, and therefore, an extra fillering of the low energy
radiation occurs. The SAXS diln were abways recorded
with the same direct beam intensity and were not normai-
ized to electronic units. We found no detectable scattering

‘from the thin films when the SAXS measirements were

performed with monochromatic x-ray radiation from a
conventional source (1=1.5418 A for CuKe) and aiso
from a synchrotron radiation source {A=1.35 A), due to
the high absorption of the substrate at these wavelengths.

The carbon, silicon, and hydrogen incorporation in the
different films was studied by infrared spectral analysis in a
FTS-40 BioRad Fourier transform infrared (FTIR) spec-
trometer. The samples used in these measurements were
depbsited on high resistivity erystalline silicon substrates,
polished on both sides. An identical silicon waler was used
as a reference. The optical Baps were obtained from an
ultraviolet-visible-infrared spectrometer  (Varian Cary-
2300 model).

ill. RESULTS

Table T presents the methane partial pressure during
the film growth, the thickness (1) of the samples, their
corresponding deposition rate (g), the Tauc optical gap
(Z).%% and the relative mmount of Si € homds in {he filins,
obtained from the infrared experinents.

Figure | depicts the SAXS intensity of the
a-Si;_,C, :H films, I(h), as a function of the scattering
vector h=4r sin 6/1. The raw data, measured for the film
plus substrate, is given by 1,,(h), the dark count rate is Iz
and the substrate intensity is I.(h). Thickness normaliza-
tion and absorption corrections were calculated from the
same quantities using jow intensity direct beam measure-
ments. The I(4) values are given by:!S

Ih) = {1, (h) “Idl—{fs(h)—fdfexp(—#f’f}

B Tatptrexp( e, ,— )
where p and ¢, with subscripts fand s, stand, respec'tive]y,
for film and substrate absorption coeflicient and thickness.

The incident intensity 1y was kept constant for all the nica-
surements. The intensitics were not normalized to elec-

» (1)
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FIG. 2. {a) and (b) Guinier plots of the a-5i,_,C,:H films.

tronic units; therefore, our results consist of a comparative
analysis of the small angle x-ray scattering of the studied
films. The SAXS measurements conducted on our a-Sill
sample did not show any scattering, being an indication

that the existence of microvoids in the film is below our

detection limit of around 3% volume fraction.

Figure 2 shows the Guinier plots,'® from which the
gyration radius {R;) can be calcuiated. For the samples
deposited from 75% and 929 methane partial pressure,
two straight lines fitted the Guinier equation, indicating
two sizes of microvoids (R, and R,). Experiments per-
formed with tilted samples gave identical !, values, indi-
cating either the presence of voids with spherical shape
(R =1.29R;) or a random orientation of nonspherical
voids.

Figure 3 shows the 2.7(#) vs h plots. The area under

these curves is proportional to the relative microvoid vol-

ume fraction (5), which is given by”:

T hI(h)dh
U(l-ﬂ)=kT. (2)
where k is a constant and Ap=[1-x)ng4xnc}—p,. In
this equation, p, is the empty void electron density
{pp=0). The electron density of silicon {#15;} and carbon
{nc) were determined using the silicon atomic volume of
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— 5ok . . X MVC3
. R 5 . v MVCS
. ° LI o MVCs
= 40} ° !’ o -
E ¢ lt’.’* il oy °
Z30p . nbettaadtoig
= o et a3 °
T L
= 201 °° :::. ¥ o ‘“‘ " -
it ‘:viv;"n'r“‘v: aep,00t 78,
1 I LM iy
10]- Fagugedter’s e 'E"!hn °g, ¥
¥ L] i '
" 3'0?;.‘!%?"2!”
U ! ! ¢ B | o0 ialnna
0.0 G2 0.4 0.6 0.8 .0

n[A ]

FIG. 3. hI(hY vs /i curves of the a-Si; C.: U films. The nrea under the
plots is proportional to the microvoid reletive volume fraction ().
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TABLE 1. Carbon concentration {x), gyration radius (R, aud K;) and
microveid relutive volume fraction {n) of the .57 _ T M fims NO®
nonstarving plasma.

R, R, 24002
Sumple x (A) (A {au)
MVC2 0.66 s 37 0.39
MYVCH 0.70 84 23 .40
MVYC4 0.55 5.2 30 (.62
MV(C] 0.56 e 32 0.68
MVCS 2.46 12 0.16
MVYC6 (NSP) 0.54° 34 EOO

“Estimated from E; values.

20 A? for both types of atoms, supposing a random distri-
bution of Si and C inside the films.'® The silicon (1—x)
and carbon (x) concentrations in the films were taken
from the AES results. For the relative microvoid volume
fraction calculation, we assume 9(1-n)~1, since our
preliminary transmission clectron microscopy results indi-
cate that 7]<I.2’

Table II presents the gyration radius (R, and R,) that
are connected to different microvoid sizes, together with
the carbon content {x) in the solid phase and the micro-
void relative volume fraction {n). The value of x, given for
the sample MVC6, was estimated from the optical gap, dve
to charging during the AES experiments, which prevented
the determination of x by this technique. Figure 4 shows
the i vs x valyes.

The infrared spectra were obtained in the range of 400 )

up to 4000 cm !, where the typical vibration bands of the
silicon-carbon-hydrogen groups appear, as shown in Table
1LY The spectra obtained for the samples with different
carbon content are shown in Fig. 5. The results obtained
for the samples deposited at a CH, partial pressure of 72%
in starving and nonstarving plasma conditions are pre-
sented in Fig. 6. The integrated absorption was calculated
for the fundamental absorption bands of amorphous silicon
carbide, displayed in Table 111. Since the bands in the 600-
1200 cm ! range overlap, a deconvolution procedure was
performed in order to obtain the contribution of each in-
dividual peak. The results are shown in Table 1V, As ex.
peeted, the Si Coand the Si TE bands increase when the
Sitly concentration increases, but the C-11,, Si-Ctl,, and

075 T T T

045 ! i !
0.5 0.6 0.7

x {carbon content}

G.8

FIG. 4. Microvoid relative volume fraction (1) vs carbon content {x)of
the a-8i; _,C,:H fifms.
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microvoids,'®!” do not vary in any systematic way. The
more remarkable results were observed for the samples
deposited at 2 CH, partial pressure of 729% wumder starving
and nonstarving plasma conditions (see Fig. 6}. These two
different deposition regimes lead to very different carbon
incorporation inside the films. The sample deposited in
starving plasma condition has more Si-C bonds, but less
Si-H,,, Si-CH,, and S8i-CH, bonds. These resvlts indicate
that the starving regime favors the silicon—carbon bonding,
as well as a more ordered material with less hydrogen in-
corporation.

Even though we had calculated the integraled absorp-
tion intensity for all the observed peaks with good preci-
sion, we could not provide the absolute hydrogen and car-
bon content inside our films, because the absorption
strength and frequency depend on the alomic environment,
i.e., the material matrix. For instance, the band at 2090
em™! definitely corresponds to Si-H, bonding in a pure
void free a-Si:H matrix, but it can also correspond to Si-H
bonding in porous a-Si:H as well as in 2-Si, _,C, :H.% Alsq,
the  oscillator  strength  increases  with  carbon
incorporation, making a quantitative analysis very diffi-
cult to be accomplished.

rya

rdd
Si-Ha -G
—— —98% (MVC2} | !
e 92% (MVCA} 3, 5
— 77 (MVC3) x
3 — - - - - 50% [MVCS) M Pt
L ". Y
o c-H, ;
% I 1 i l|
[ 1A . \”\ ....... ot N
x Si~CH,
5 —i T
< | i oo o '
_-’_q_/f‘ \7\ UL, S
| r i i 74/: -t
3.0 2.6 2.2 1.8 1.4 1.0 0.6

WAVENUMBER (10 em™}

FIG. 5. IR spectra normalized by the samnle tiickness of the
a-8i;_,C, :H films {absorbance/thickness vs wave nember).
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V. BISCUSSION

The results show a very efficient incorporation of car-
bon, with x as high as 70 at. %, considering that the films
were deposited with low rf power. The striking fact here is
that this carbon incorporation is followed by increasing
optical gaps. The ontical gap of our samples increases be-
yond the carboa content for which the maximum Si-C
peak occurs (sce Table I). For carbon concentrations
higier than 50%, monomolecular C-C bonds are expected
to appear, penerally in a graphite-like form, with a conse-
guent reduction in the optical gap, as reported by other
authors.® The fact that E, increases cantinuously with x,
indicates the presence of C-C diamond like bonds. This
hypothesis is supported by an enormous electrical resistiv-
ity (> 10" 2 cin) and by an insensitivity to chemical etch-
ing showed by our ¢-Si; _,C,:11 films. An attempt to ana-
lyze the AES lineshape of the C KLL peak did not provide
any conclusive answer about the carbon bonds in our filns,
due to the influence of the Art jon bombardment, which
changes the surlace bonding leatures,

The dependence of the microvoid size on the carbon
content (x) in the films showed that the gyration radius R,
did not change with respect to x. On the other hand, tie
gyration radius R; was detected only for samples having
higher x values, except for the thinnest MVC2 sample,

TABLE IV, Infrared integrated absorption of the fundamental bands.

Partial

pressure 7 Integrated absorption {z.a.}

of CH, {au)
Sample (%} Si-C c-1, Si-H, Si-Cl, Si-ClL
MVC2 93 039 368 022 0.32 [.53 0.5¢
MVC] 92 040 404 034 (.56 .88 0.66
MVC3 2 068 794 .29 2.44 1.73 0.47
MVCs 50 436 943 023 12.8 160 RN
MYC6* 72 LOO 563 028 390 593 [.62

*Sample deposited under nonstarving regime, with a silane Row of 50
sccm.
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whose signal to noise ratio of the scattered x-ray intensity
presented farge fluctuations that could mashk the Guinier
slope at very small angles (see Fig. 2).

The results show that higher carbon concentration and
the presence of larger microvoids do not imply higher rel-
ative microvoid volume fraction. The highest 4 value was
obtained for a carbon content of 56 al. %. When the car-
bon content increases up to around 70 at. %, the 1 value
decreases to 40%. The decrease of the structural defects
per unit area can be attributed to the formation of larger
microvoids.

The infrared measurements are expected to elucidate

which species were connected to the presence of micro-

voids. All the samples deposited in the starving regime
shawed absorption bands corresponding to Si-1,, C-11,,

Si-C, Si~CH,, and Si-CHl, groups, but the infrared results

could not provide a straightforward relationship between
the integrated intensity of the absorption bands and the
relative microvoid volume fraction.

The deposition rate and the microvoid relative volume
fraction obtained for the samples deposited at the same
methane partial pressure of 72%, but under starving and.
nonstarving plasma conditions, are very different. How-
ever, the microvoid size does not depend on the deposition
process. The 32% larger microvoid relative volume frac-
tion, observed for the film deposited undey nonstarving
plasma conditions, can be attributed to the existence of
different carbon bonds in the films, which promote discon-
tinuities. In fact, the absorption band at 1250 cm~ L, due to
Si~CH, bonds, is more pronounced forr the sample depos-
ited under nonstarving plasma conditions tsen Fig. 6} The
larger integrated absorption intensities, related to the
8i-CH; and $i-CHj bonds obtained for the MVC§ sample
when compared to its companion MV(3 sample (see Table
1V), demonstrate that the CH, radicals connected to the Si
atoms are responsible for the formation of microvoids: a
result which agrees with previous reported data.'$ tn other
work,?* we report that the starving regime leads to better
films in relation to the topological microstructure and
smoothness. The morphological and bonding features of

those two films are determined by the growth kinetics,

being very different under starving and nonstarving plasma
depuosition conditions.

V. CONCLUSIONS

In this work we show that using plow dischorpe dep-
osition, even in the low power regime it is pesible to
achieve high carbon incorporation in a-Siy _,C,:H thin

542 J. Appl. Phys,, Vot. 75, No. 1, 1 January 1984

films. The results indicate that the deposition under starv-
ing plasma conditions promotes dinmond-like C-C bonds,
leading to a material with a very high optical gap and
smaller relative microvoid volume fraction. The formation
of microvoids depends not only on the carbon content in
the films, but critically on the deposition conditions.
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Small angle x-ray diffraction . was used to diagnose the structural properties of
a-Si:H/a-Si;_ C, :H multilayers deposited by tf glow discharge. Precise deposition rates were
obtained from the experimental data. Two growth parameters were varied: the methane

the heterostructure. The sharpest interfaces were obtained on samples with the intermediate

buffer layer, plasma etching times of at least 2 mi
Profiling by Auger electron spectroscepy and small

estimate the interface thickness.

INTROBDUCTION

‘Amorphous multilayers, besides their device applica-
" ms, are very attractive systems. Many combinations of
different materials can be obtained without the need for
watching of lattice parameters, Amorphous superlattices
sent homogeneity in the horizontal plane and aniso-
opic  structural  properties perpendicular to the
substrate.”7 Ip particular, a-Si:H/a-8i, _ C,:H systems
huve received a lot of attention in the pertinent
I rature®12
In previous work we reported tf glow discharge pro-
duction of a-Si:H based thin film transistors (TFT ), hav-
i, diamond-like a-8i)_C,:H as the insulating layer.!314
I < well known that the performance of these transistors is
strongly dependent on the interface between the insulating
Wea active layers. Therefore, we performed a series of small
L le x-ray diffraction (SAXRD) experiments to analyze
b- properties of amorphous silicon/silicon carbide inter-
aces, for different carbon concentrations, through the
te.y of multilayers composed by these materials. A study
£ 8ip_,C.:H thin films was carried out by small angle
TV scattering (SAXS) and the results are presented
lsewhere.!* As an attempt to improve the sharpness of the
h..{faces, an extra hydrogen plasma etching step wos in-
© iwced between the deposition of consecutive | forg,
ithout interruption of the ¢f plasma. This procedi  was
town o be effective in enhancing the ir e
% ptness.'® Also, buffer layers of a-8iy_,C.:H with dif-
r“~t C concentration were deposited over the substrate,
order to attain better periodicity, as well as to mtinimize
e flect of the substrate roughness on the mudtilayers.
vt electron spectroscopy (AES) profiling, combined
ith the SAXRD results, provided an estimation of the
terface thickness. The variation of e optical band gap
1. the multilayer period was oblained from absorbanee
o arentents.
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n, and diamond-like a-8i_,C,:H layers.
angle x-ray diffraction results were ysed to

i EXPERIMENT

Different sets of a-St:H/a-Si,_,C :H multilayers were
deposited onto 7059 Corning glass and n*.Si substrates at
a temperature of 250°C, by plasma decomposition of ap-
propriate gaseous mixtures of SiH, and CH;, inside a glow
discharge chamber, operating at a radio frequency (rf)
power of 25 mW/cm”. The gas flows were controlled by
mass flow controllers and the deposition times by manitally
operated valves. The structures were obtained by alternat-
ing 20 layers of the components {10 periods), produced
without plasma interruption. An extra hydrogen plasma

etching step was introduced between consecutive layers to .

remove the undesirable residual layer growth while chang-
ing the gas mixture, The etching time was 60 s for the M30
(MRO-20% methane in the plasma during deposition) set
of samples, while for alf the other sets, it was 150 s. Table
I shows the relevant deposition parameters for each serieg
of samples studied in this work.

It order to vary the carbon content in the ¢-Si, _ «L:H
multilayer component, different concentrations of CH,
were used inside the reactor chamber. For the M80 series
this value was 80¢%, for the M70 set 709, and 909 for the

M90. For the 909 heterostructures, the a-Siy_,C:H lay- -

ers were produced under “starving" plasma conditions, '>!7

Buffer layers of -5 _C,:H with thicknesses between
1000 and 1200 A and different carbon concentrations (see
Table 1) were deposited directly on the substrate to de-
crease roughness. The thickness of the individual layers
{dg; and dg) was estimated from the deposition rate of
thick films, grown uader tdentical conditions. The expected
values are depicted in Table 1, as well ag the deposition
times and rates for each materfal.

The SAXRD experiments were performed in two dif
ferent conventionat powder diffractometers, adapted for
low angle measurements ina 0-20 geometry. The use of
more than one setup is not due to any special Fequiremens
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TABLE {. Samiple series and respective deposition conditions, TABLE HI bufividugt Layer thickness Loy, o), petind (f} o) depo-
sition rates {g) oMained fram SAXRD mieasurements, Samples M70/4,
SiH, flow* CH, conc. Etching time M90/3, and M90S are from o scries,
Sample series (scem) (%) {min) Buffer layer —=z
: ds, dy.c d Rsi Bsic £
ME0 50 80 Lo noue Sample  (A) (.}U {R) {A/min)  (A/min) {A/min)
M70-a 50 6 25 type §
MOU-2 W %0 2.5 type 1 M80/2 74 14 gz 47 18.5 212
M70-h %0 70 2.5 types 1-2 Ms0/3 96 ° 78 1742 240 19.5 218
M90-b 10° 0 25 types 1-2 M8o/4 169 84 25341 1. no 213
M70/4 107 53 160+3 178 15.1 i6.8
*Silane flow for the deposition of the a-Si;_,C, :H layer. For the a.8i-H - M%0s3 81 45 1263 18.0 4.5 87
layers the silane fow was 50 scom, TMS0s4 108 45 15343 180 4.5 9.6
Type I: a-8i;_,C,:H buffer layer deposited with CH, concentration of
90%%. 1l power density of 150 mW/cm?. Type 2: 2-51,_,C, :H buffer layer
deposited with CH, concentration of 70%. 1T power density of 150
mW/cm?, 5
“Starving plasma deposition conditions, ) .
Starving p pos : mA:I!d(]-—-;—z———in 5 )sm By . (1)
m

in measurement procedures, but rather to daily availability
of the equipment. In both cases, the step scanning mode
and monochromatic CuKa radiation were used. The mea-
sured 20 range extended from 0.2° up to 3°, where most of
the diffraction peaks are situated. :

The Augér spectra were obtained in the differential
mode using a cylindrical mirror analyzer (CMA) with a
coaxial electron gun. The exciting electron beam had a
diameter of the order of 50 f2m and energy of 3 keV. The
base pressure in the analysis chamber was 4 10~ Torr.
Depth profiles were obtained by alternating Auger analysis
with 500 eV argon ion sputtering. The angle between the
ion beam and sample surface was 10°, with the sample
placed perpendicular to the CMA’s axis. The chamber was
back filled to 4x 10~ Torr of argon during sputtering.

The optical gaps (£5) were obtained from absorbance
measurentents conducted in an ultraviolet-visible-infrared
spectrometer (Varian Cary-2300 model).

Hl. RESULTS

Table II presents the values for the thickness of each
individual layer and for the period of the muitilayers, esti-
mated from predetermined deposition rates of thick films
{M80 series, M70-a and M90-a series). These vaines are
compared with those obtained from the SAXRD results
shown in Table 111,

The superlattice mean period was determined by the
‘nterference Bragg equation corrected for refraction:'®

CABLE . Individuat layer thickness (i dsic), period (d) and deposi-
*ion rates {g) estimated from thick filn deposits, Numbers in parentheses

«re the deposition times, Samples M70/4, MS$G/3, and M90/4 are from 2

*Fies.

where 6:6,a’,+62d2/(d,+d2)‘ is the real part of the re.
fractive index of the multilaver, with period 4, individual

“components thickness dy and d,, and refractive index &

and &y, respectively. In our case, the sub-index 1 is related
to the a-Si:H layer, while sub-index 2 refers to the
a-8i; _,C. :H layer. .

The & values were calculated without previous knowl--
edge of d) and d,, by replacing in Eq. (1) the two maxima
anguiar positions (6,,) of the diffractogram, after remoy-
ing the background. The experimental § values are com-
pared in Table IV with those obtained by theoretical
calculations, %20 '

The diffractograms relative to the M80, M70-a, and
M?90-a series are shown in Figs, 1{a)~1{c), 2, and 3(a)-
3(b), respectively. The £y values are given in Table V.

Figure 4 presents a typical AES depth profile. The
compositions were obtained using tabulated sensitivity
factors.’’ The profiling rates and interface thickness given
in Table VI were calculated from the AES and SAXRD
results, using only the variation in the concentrations,

The influence of the substrate on the structural quality
of the heterostructures was also studied. Figures 5(a)-
5(c) present the diffractograms of three samples (M70-b
series) deposited directly on glass and op two different
a-3i; _ C,:H buffer layers (70% and 909 CH, concentra-
tions in the plasma during depaosition). Ap analogous in-
vestigation was carried out for another set of samples
(M50-b series). The reason for analyzing these different
sets of multilayers deposited over the same kind of sub-
strate was to find the best experimental parameters to grow

TABLE IV. Calculated and experimental values of the x-12y Optical
constants,

Caleulated (x 10-%)

[{f a;ic g o o . Experimental {x 10-%)
Sample _ A (A) (A) (A/min)  (A/min) tA/min) Sample &g Ssic é &
M80/2 39(3) 52047 91 13.0 139 13.0 MB0/2 7.59 9.49 8.54 10.8
_ 18073 52(4) 5204y MM 130 130 13.0 MB80/3 7.59 .49 8.4 10-4
TTBO/4 H04(R%) 324y 156 - 13p 13.0 13.0 M20s4 7.59 %.49 8.22 8‘03
n170/4 94(6°) "39(3.5) 1313 15.7 1.1 140 M70/4.5 1.59 9.91 8.36 8-05
30/3 045 9010 109 15.6 39 7.5 M90/3-2 7.59 506 - 512 7.44
AMo0/4 94¢6')  39¢ 10')y 133 15.7 i9 8.3 M9%0/4-n 7.59 9.06 802 7'60
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L IV. DISCUSSION
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Q.0 of this work was the
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As mentioned before, the aim
development of adequate f glow discharge deposition con-
ditions to produce abrupt interfaces between a-Si:-H and
a-8i;_,C,:H films. Our previous research demonstrated
the effectiy rics of an intermediary hydrogen plasma etch.
ing between ths multilayer component depositions.’® Cop.
paring the S, ""RD data of the M80 series (Fig. 1) with aly

the other seri; - frrespective of the carbon concentration in

TABLE v. Superl-ttice period {d} from SAXRD data, g-Si:H layer
thickness (.7, } and eptical band gap erergy (£y).

) d dg; £,
Sample (A) tA) {eV)
M8o/2 148 74 1.82
Mz0/3 174 96 1.7§
M80/4 253 169 1.70
M70/4-a 160 107 1.97
MI0/3.a 171 118 1.99
M70/2-2 179 126 [.91
M30/3.a 126 81 2.03
MSO/4.n 153 108 1.90
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FIG. 4. AES spectrum of the M90/4-a sample: (@) Si and (Cyce.

the a-Si;_,C, :H layers and the substrate, the increase in
H, plasma etching time ‘alw ys resulted in better defined
interfaces. ) _ '

The appearance of higher order peaks in Fig. 1 is an
indication of period homogeneity, but the small peak in-
tensities can be attributed to roughness or materials mixing
at the interface. On the other hand, the results depicted in
Fig. 2 show higher peak intensities that point to an im-
provement of the interface sharpness and mixing, which is
due to the increase of the H, plasma etching time.

The SAXRD results were fundamental to fully char-
acterize the produced amorphous multilayers, not only
with regard to their periodicity, but also to the real depo-
sition rates. The comparison between the expected and the
experimental parameters, given in Tables 1T and I, shows
that the obtained periods are always larger than their ex-
pected values. The difference is more proenounced for
shorter deposition times of the individual layers. Obviously
this effect is strongly reactor dependent, and it is related
mainly to the speed with which the source gases can he
introduced and removed from the plasma. From the
SAXRD data it is also possible to determine the ratio be-
<ween the individual thickness of the superlattice compo-
ents, ie., dy/d,, within 10% error. For instance, the lack
of second and fourth orders jn the diffraction spectra is the
signature of a heterostructure formed by components with
dentical thickness'® (sample M80-2). The other features,
‘ike the lack of third and sixth order diffraction maxima
(sample M80-4), carry the information that the thickness
£ a component layer is twice that of the other layer.!8

TABLE V1. Argon fons sputtering rates () and interface thickness {d, )
-Jained from the AES spectra and SAXRD data of samples with differ-
t period (4).

FIG. 5. sAN®ED results o
4-B7, and () M70/4-B3.

-6 i 1
00 10 20 a0
26(°)
o
_1._
g -2k
g .
— _3_.
g
-1 4L
_5_ .
-6
Q0 10 20 ao
281{°)

(2} for the samples of the M70-b and MS0b

{ the M70-b series: {a) M70/4-WB, (b) M70/

series.

WB == withont bufTer, N7 = buffer of silicon carbide deposited with 709 of

mcthane, BY <byffer of sil

icon carbide deposited with 90,

of methane. -

d B R
d Fie r5; d. Sample A ¢ i

Sample {A) (A/min) (A/min} (&) : - Saludi) (i
. M70/4-wh 2674 6.91 281
M70/4-a 160 0.98 2.7 8 M10/4-R7 287+ 5.38 302
6170/3-2 171 1.28 292 21 M70/4-B9 303 4.10 3!:9
M70/2.2 179 1.36 4.53 27 Mo0/4.wB 21141 s 132
M90/3.a 126 Li6 555 B M9G/4-B7 PARES 30.5 132
M90/4-a 153 0.73 3.63 1 MS0/4Be 207+6 28.5 129
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The calculated and experimental values of the x-ray
optical constants shown in Table IV diffef, mainly due to
the fact that the theoretical calculations were performed
using the available published data for crystalline materials.
Therefore, the calculated values do not describe correctly
the x-ray optical properties of the amorphous multilayers
and cannot be used in Eq. {1} to precisely determine the
periodicity of the studied systems.

The optical gap (E,) was extrapolated from the Tauc
plot, (ahv)'? vs hv,?? where @ was obtained from optical
1bsorption measurements (see Table V). For the M8O se-
ries, the absorption coefficient was also measured by pho-

toconductivity, giving similar results. Within each series,

the optical gap E, incréases when the thickness of the
7-8i:H layer decreases. This result is consistent with the
existence of quantum levels within the well. The smaller
the width of the well, the higher the energy of the funda-
mental state, thus increasing E,."?* The variation in the E,
values between the series arises from different interfaces
and barrier materials. ’

Figures 2 and 3 show secondary oscillations around

"he peak maxima, indicating abrupt interfaces. The second-
ary maxima are due to interference of the diffracted
ceams™ and can be enhanced by the presence of the buffer
ayer. In fact, smoother substrates, on an atomic scale,
“hould lead to the formation of multilayers without imper-
- fections at the interfaces caused by substrate defects. These
defects usually propagate towards the top of the hetero-
tructure, promoting roughness.?

Higher first order peak intensities were observed for
the systems having the a-Sty _C, :H layers deposited with
A% CH, in the plasma (Fig. 3) as compared to those

witilayers produced with 709 CH, (Fig. 2). This result
~hows, in spite of the differences in x-ray optical
constants;?® that sharper interfaces exist between g-Si-H
-nd a-8i;_ C_:H, when the later is deposited with higher
- “H concentration under staiving plasma conditions. With
this condition, more homogeneous diamond-like nmor-
phous silicon carbide layers are expected to be forme-* 115
levertheless, the considerable splitting of the second - --ler
axima (Fig. 3) indicates period inhomogeneity ir e
high carbon concentration superlattices. This pr 'm
arises, because the starving plasma deposition cor- " ns
-quire a very low silane flow, which is mucl, hardes to
mntrol, thus making it difficult to deposit the superlattice
with a precise period. Another point to be considered in
wie discussion of the interface abruptness is the influence of
e intermediary H, plasma etching between the deposition
“‘eps. The improvement of the interfaces observed for the
higher carbon content silicon carbide layers can be attrib-
~ed to 2 material with less defects and/or to a different H,
“1sma etching smoothing process of a-8iy_,C,:H with dif-
“farent x values.!™! ‘ -

The argon ion sputtering rates for a-Siil and
v 3y _C, H were obtained from the thickness of the -ndj-
" “Hual layers, provided by the SAXRD measurements, di-
vided by the sputtering time, given by the AES depth pro-
e, An estimation of the interfuce thickness of the
- -alyzed heterostructures (see Table V1) was dope by tak-
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ing the sputtering rate and the slope of the first AES depth

“profile peak. The reason to use only the first peak-is to

avoid mixing of the materials due to the sputtering process.
As expected, the sputtering rate of a-Si, _,C, :H is much
smalier than the sputtering rate of a-Si:H. This result can
be related to the presence of strong C-C diamond-like
bonds. The intermixing observed in the depth profile (see
Fig. 4) and the differences in concentration, compared to
those obtained for thick a-Si)_,C,:H films deposited by
the same method, '’ can be attributed to the sputtering pro-
cess, which frequently produces a rough surface, thus ex-
posing different layers to the probing beam
simultaneously.?’ Also, an amorphous material is probably

‘more prone to knock on effects than its crystalline coun-

terpart, because of its lower density.??

The SAXRD results obtained for the samples depos-
ited on different substrates {M70-b and M90-b series) were
used fo better evaluate the effectiveness of the buffer layer
in enhancing the superlattice structural properties. The
data again showed a higher deposition rate for deposits
having smaller carbon content (see Table VII). Also, the
high carbon concentration superlattices presented the same
period inhomogeneities as discussed above. The appeatr-
ance of higher order diffraction maxima and the increase in
the diffracted intensities when the buffers are included, are
indications that the heterostructures have improved peri-
odicity and interface abruptness (see Fig, 5). Better results
in terms of interface properties are achieved when the
buffer is deposited with 0% methane concentration. We
obtained shorter superlattice periods for rougher substrates
(see Table VII). This result is consistent with a growth
process in which the consecutive layers have to fill the
morphological imperfections before the growth of a con-
tinuous film.

Up to now, it is impossible to establish a common rule
about the interface sharpness of amorphous multilayers
deposited by rf glow discharge. We still have to deal with
particular improvements obtained under very well specified
deposition conditions. In the literature, studies focused on
direct transmission electron_microscopy observations of
a-Si:H/a-Si;_ N, :H and a-5t:H/a-8iy_ C,:H structures,
deposited by the rf glow discharge method, came out with
different conclusions.25%8 Cheng et al ™ pointed out that
roughness happens close to the substrate, while Itoh er g/ 2
found that imperfections are promoted by the superiattice
growth process. Our results indicate a strong influence of
the substrate on the structural properties of our
a-Si:H/a-8i,_,C,:H superlattices.

V. CONCLUSIONS

In conclusion, we demonstrated that SAXRD mega-

surements carried on amorphous superlattices give much
more information on the studied systemns than the usual
period determination. The use of an intermediary H,
plasma etching between the layered depositions, as well as
the growth of a buffer layer on top of the substrate, are
responsible for an improvement in the interface sharpness.
AES experiments combined with SAXRD results provided
an estimation of the interface thickness, a parameter that is
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an input for x-ray reflectivity simu!ations,_18 The use of
diamond-like silicon carbide fitms is encouraged for device
applications, due to their better morphologicat properties,
in spite of the period inhomogeneities we had observed.
This difficulty can be overcome by better controt of the gas
flow during deposition. Our deposition setup has been re-
built to include improvements in the sample preparation
procedure. '
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Abstract

The structural and chemical properties of hydrogenated amorphous silicon carbide
(@-Si1Cy:H) thin films, deposited by Plasma Enhanced Chemical Vapor Deposiiion
(PECVD), were determined by Extended X-ray Absorption Fine Structure (EXAFS), X-ray
Absorption Near Edge Spectroscopy (XANES), ‘Smalf Angle X-ray Scattering {SAXS),
Fourier Transform Infra-Red Spectroscopy (FTIR), Auger Electron Spectroscopy (AES)
and Visible Spectrometry.

The EXAFS and XANES results show the crucial influence of the $tarving”
plasma deposition conditions on the structural properties of wide gap a-Si CyH films
and are consistent with the FTIR and optical absorption data. The first neighbors
distance of alloys with smaller carbon content or deposited at higher sitane flow are very
close to the mean Si-Si distance obtained for a-SiH. On the other hand, the EXAFS
spectra of films with higher carbon content (x > 50 at.%) and deposited under Starving”
nlasma regime show Si-C distances similar to crystalline Si (c-SiC). The presence of a
typical ¢-SiC resonance in the XANES spectra of the same  “mples is an evidence that

the material has a chemical order close fo ¢-SiC.



Introduction

Hydrogenated amorphous silicon alioys obtained by the Plasma Enhanced
Chemical Vapor Deposition (PECVD) technique are used in many different opto-
electronic devices 'S, mostly due to the possibility of tailoring the optical gap with
variations in the gas mixture composition. In particular, hydrogenated amorphous sificon
carbide thin films, a-Si;,CH, are used in solar cells 57 and thin film transistors 2%89,
always tailoring the optical gap by variations of the methane partial pressure in the gas
mixture. However, for.high CHy partial pressures, these materials generally show a
decrease in the opfical gap, which is related to the formation of graphite-iike sp? C-C
bonding instead of diamond-like sp° C-C bonding '°.

In a previous work '! we demonstrated fhat it is possible to obtain hydrogenated
amorphous silicon carbide thin films with optical gap as high as 3.7 eV, resistivity higher
than 10 Q.cm, very low refractive index and high carbon content ( x ~ 70 at. %},
suggesting the presence of a diamond like C-C structure. The growth of a-Siy.Cy:H films
with these unusual properties is achieved under special deposition conditions, known as
Starving®plasma regime. The influence of the Starving™plasma deposition conditions in
the growth of wide gap amorphous silicon carbide films is presented elsewhere 2 At this
regime, the deposition rate is strongly depéndent on the silane flow and, it is
characterized as a combination of 3 low rf power density with a very low silane flow and
high methane concentration.

In this work we extend the previous investigation on a-8iy. Cy:H films, studying the
dependence of their structural properties with the two deposition parameters in question :
the silane flow and the methane partial pressure. These parameters determine the forms
of carbon incorporation in the films and the future structural, electronic and optical
properties of the material. Various techniques were used to analyze the different films
Extended X-ray Absorption Fine Structure (EXAFS) and X-ray Absorption Near Edge
Spectroscopy (XANES) to explore the structural characteristics, Smail Angle X-ray
Scattering {(SAXS) to detect the formation of microvoids, Auger Electron Spectroscopy
(AES) to determine the alloy chemical composition and Visible and Infra-Red (IR}

spectrometry to find the optical gap and atomic bonds inside the material.



The structural features of amorphous Si-based alloys have been addressed by
means of EXAFS and XANES experiments, A previous study of a-SiyGe,H alloys t3
found that Ge-Ge and Ge-Si distances are independent of concentration (x) and equal to
245and 2.38 A, respectively. The results point out that the first coordination shell around
Ge is consistent with a random mixing of the two species in the alloys. The total disorder
factors have been determined for both Ge-Ge and Ge-Si, being constant and equal to
each other in the whole analyzed concentration range.

A. Filiponi et al. ' studied by EXAFS st the Si K-edge, the structure of three
series of hydrogenated .amorphous Si-based alloys. Average bond—!engths and first shell
compositions were determined. Conceming particularly the a-Si; ,C,:H system, it was
found that the Si-Si average distance ( Rg g } is independent of ¥ and equal to 235 A
whereas the Si-C average distance { Rg;.c ) undérgoes a more complicate behavior, with
a minimum at x=0.5 and an overall variation of more than 0.1 A. According to the authors,
the results on Rg.c should be carefully analyzed due to the poorer quality of the
experimental data.

More recently, C. Laffon et al '° presented XANES studies of some silicon
compounds. They compared the X ray absorption near edge struciure of ¢-SiC, ¢-Si0,
and ¢-Si (all crystalline compounds) and provided a qualitative analysis concerning the
energy shifts and the presence of some paﬂicuiar features. In these compounds, each
silicon atom is four coordinated, but the spectra are very different. The energy of the
white line maximum depends on the electronegativities of the bonded elements. A large
resonance was observed at about 15 ey from the absorption edge in all these samples.
The values of AE, which is the energy between the absorption edge and the resonance,
are somewhat imprecise due to the width of the resonance ( except in the case of ¢-SiC),
but for all these structures the relation AE*Rzzconstant is verified. The resonance at
about 15 eV does not exist in the Si{CH,), molecule and is spread out for amorphous
silicon carbide, a-SiC They infer that this resonance is characteristic of a structural order
which extends up fo the $i-Sj second shell and its carbon nesighbors. The presence of this
feature is not related to a particular shell, but to the whoie set of atoms in the structure

taking into account the carbon neighbors,



These previous EXAFS and XANES results will serve as guidelines for the data

analysis presented in this work.

Experiment

The amorphous silicon carbide films were deposited by the Plasma Enhanced
Chemical Vapor Deposition {PECVD) method, currently referred as radio frequency glow
discharge technique, frbm gaseous mixtures of silane and methane, in a capacitively
coupled reactor. The substrate temperature was fixed at 250 °C, the deposition pressure
was 1 Torr and the power density was 150 mW.em2 In ome' T analyze separately the
influence of the silane flow and the gas mixture concentration on the a-Si;,Cy: H
properties, two set of samples were deposited: a first set, changing the CH, partial
pressure, maintaining the silane flow constant and, a second one, changing the SiH, flow
for a constant (72%) CHg partial pressure. Table | depicts the deposition parameters for
the produced films, the optical gap (E,} and the carbon content in the solid phase (x). The
gyration radius and relative microvoid volume fraction of the samples were determined by
SAXS, using part of the white X-ray spectrum or Mo Ka radiation. The carbon, silicon and
hydrogen forms of incorporation in the different fiims were determined by Fourier
Transform Infra-Red (FTIR) spectrometry 16

The EXAFS and XANES data were collected at the Si K-absorption edge (E=1839
eV) at the SUPERACO i’ing ( SA32 station) at the LURE synchrotron radiation facility in
Orsay, France. The beam was monochromatized using a double crystal monochromator,
equipped with two InSb monocryéia!s. The detection was performed in the total electron
yield mode, so that the requirement of a clean surface is not a very critical issue. K edge
EXAFS and XANES spectra were analyzed by subtracting a finear background,
computed by least square fiting from the pre-edge region. Alf the XANES spectra were
arbitrarily normalized on the maximum K edge peak. The EXAFS oscillation curves, 1(k),
with k=[m/h2(E-Eo)]”2, were obtained by a standard procedure 17, normalized,

background removed and Fourier transformed using the available programs for



Macintosh computers '8 After a ks(k) weighting, a Kaiser apodization function was

applied over 3.6 and 106 A, with t = 2.5,
Crystalline and amorphous samples were taken as structural references : 3-Si-H

(for Si-Si bonds), ¢-SiC ( for Si-C and Si-Sj bonds) and ¢-Si0, (for Si-O bonds). In a-Si:H,
due to the low H concentration, more than 90% of the silicon atoms are coordinated by
other four silicon atoms situated at about 235 A In ¢SiC, each silicon atom is
surroundéd‘ by four carbon atoms forming the first shell ( at 1.89 A) and other twelve
silicon atoms forming the second shell (at 3.08 A}. In ¢-SiO, compound, each silicon

atom is surrounded by four oxygen atoms situated at an average distance of 1.61 A

Resu!té

The results presented in Table | show that, for films of the first set of samples,
deposited under the same silane flow and different methane partial pressure, the optical
gap increases monotonically with the increase of carbon content in the material up to a
maximum of approximately 4 eV, attained at a carbon incorporation of about 70 at%. On
the other hand, the films of the second set of samples, deposited with increasing silane
flow, but under the same methane concentration in the gas mixture, show a decrease in
the optical gap for higher silane flows. '

Figure 1, related to the first set of samples, depicts the infra-red absorption
spectra for three samples grown at different methane partial pressure (50%, 72% and
92%) and constant (10 scem) silane fiow. For increasing methane concentration in the
gas mixture, there are lower levels of carbon incorporation in the Si-C form and a non
surprising decrease in the SiH,, band, while the CH, (n=1,2,3) ang Si-CH,, bands remain
almost invariant. For higher CH, concentrations, the lower availability of silicon justifies
the decrease of the Si-C band but, as the other detectable carbon incorporation forms
remain essentially constant, the exira carbon atoms must be incorporated in the C-C
form, which are not detectable with FTIR spectrometry.

Figure 2, related to the second set of a-Sij4Cy: H films, depicts the infra-red

absorption spectra of samples deposited at constant methane partial pressure (72% } and



variable silane flow. The Si-C band is higher and the SiH,, band is smalier, for samples
grown at a lower silane flow. This difference is much more pronounced for samples
deposited at the lowest flow (10 scem), which corresponds to the $tarving” plasma

regime,
The microvoid sizes do not Hepend on the deposition regime. Microvoids, whose

size stayed between c.a. 2.0 A and 4.0 A, were detected for all analyzed films, from the
Guinier plot of the registered data **'. On the other hand, the relative microvoid volume
fraction (q).is larger for films grown at "non-starving” plasma conditions, as shown in
Table IL. In the case of samples deposited at high silane flow, ie., at "non-starving"
plasma regime, the analysis of the Porod's region *° did not show the -3 slope, expected
for line focus geometry, indicating that the interface between the microvoids and the

matrix is not abrupt.

- Figures 3 and 4 present the Fourier transform of the EXAFS data. The Fourier
transforms are not corrected for the phase shift parameters, so that the maximum peak
positions (that corresponding to the Si-C, Si-Si or Si-O bonds) are shifted to lower values
compared to the real ones. Figure 3 corresponds to the first set of samples, grown at
“starving” plasma conditions and differert methane partial pressure, A qualitative
interpretation of these results shows that, for almost stoichiometric film ( x=0.48, P(CH, )=
50%), the first neighbors distance is very simifar‘to the Si-Si mean distance in a-Si'H. In
this case a coordination number equals to four is also expected, but it is difficuit to éssign
this distance only to Si-Si bonds, since the material has a carbon content of 46 at %. The
peak profile in the Fourier transform is asymmetiic and, therefore, the peak might be a
superposition of similar bonding distances related to Si-Si and Si-C. On the other hand,
for films having higher carbon content { x=0.55 and x=0.70), the results demonstrate
clearly the existence of Si-C distances similar to the ¢-SiC, indicating the presence of an
amorphous SiC phase with chemical order similar fo ¢-SiC. Conversely, the Si-Si distance
contributions are difficult to separate. The Si-Si bonds in the a-Si-H are situated at g
distance of 2 A, exactly between the Si-C and Si-S; second neighbors of the ¢-SiC {Fig.
3), making difficult to distinguish between the different Si-Si distances ( related to a-Si-H
and to ¢-SiC). Furthermore, C. Laffon 2 showed that the imaginary part of the Si-C and
Si-Si (from ¢-SiC) and Si-Sj (from a-Si:H) peaks are in phase opposition, so that the Si-Si



conlribution situated at about 2 A cannot be observed, even for a mixture of 20% of
crystallized silicon and 80% of c-SiC.

Figure 4 presents the data related to the second set of samples , which were
deposited at the same methane partial pressure (72%), but at different silane flow {({=10,
50 and 100 sccm). In this case, the number of Si-C and Si-Si bonds similar to that of
¢-SiC is smaller in the films deposited under "non-starving” regime, e, at higher flow
values. However, as it has been pointed earlier, the existence of Si-Si bonds {from a-
SiH) or a decrease in the Fourier transform peak intensity, can be masked by the phase
opposition effect. For samples deposited under fion-starving™regime (MVC8 and MVC7?)
a first peak situated at about 1.2 A is observed. From Fig. 4, this peak can be attributed
to an oxygen contribution, since it is located at a similar Si-O mean bond fength than in
the ¢-Si0; .This oxygen is probably incorporaied through the sample microvoids. The
intensity of this peak depends on the sample history, like for example, how long it has
been exposed to air. Nevertheless, based on the relative peak intensities, the number of
Si-O bonds is small in the studied samples as compared to the ¢-Si0, reference
compound.

An attempt of fitting was periormed for the two extreme cases, related to samples
deposited at the highest and lowest methane partial pressure, MVC1 and MVCS,
respectively. In these cases the contribution of only one kind of atom is assumed for the
first peak of the Fourier Transform {Fig. 3). Figure 5 presents the filtered x(k) EXAFS
spectra and the calculated curves obtained with the parameters shown in Table lil. The a-
SiH and ¢-SiC were used, respectively, as reference compounds for the MVC5 and
MVC1 fitting procedures. The fitting quality obtained for the MVC1 sample (Fig. 5a) is
very good and the results presented in Table il confirm the existénce of a high local
order in the films. On the other hand, for the MVC5 sample {Fig. 5b), the fitting quality is
poor. In Fig. 5b, the EXAFS experimental spectra present an inensity decrease at about
5.3 A" that can be due to the contribution of another kind of atom, as carbon or even
silicon atoms, situated at different distances. Actually, this is an expected result, since the
sample contains 46% of carbon atoms and should not be described based only on Si-Si
bonding. In this case a two-shell model could improve the agreement with the

experimental data. it has pointed earlier that low carbon content amorphous silicon



carbide films are formed by a random distribution of Si and C atoms, preserving the first
neighbors distances of a-Si:H 21,22,

Nevertheless, before attempting to obtain quantitative results from a two shell
fitting, it is necessary to define the maximum number of independent parameters to be
adjusted during the fitting procedure. It is a common rule for reliable simulations to take
this number equal to (Npts -1), defined as Npts= (2AkAR)/x, where Ak is the k space
range of the measured data and AR is the width of the window used when Fourier
transforming in R space. In this case, Ak = 74 A " and AR = 1.2 A (medium value), that
gives Npts= 5.7. Having at least six fiting parameters: neighbor number {N), mean bond
tength (R) and Debye-Waller factor {40), this value (5.7) is too small to jead to an
accurate determination of the structural paramelers based on calculations of a two or
three-subshell model. ‘

- Figures 6 and 7 show the XANES region obtained for the two series of samples.
The position of the absorption edge depends on the film composition. The higher is the
carbon content in the film, the closer is its absorption edge to the value obtained for -
SiC, as well as the XANES line shape (see Fig. 8). Calculations based on ¢-SiC XANES
spectrum & showed that the A resonance appears when the fifth shell of atoms is
included. Another feature (B), observed at about 6 eV from the absorption edge, seems
to be related to a more extended SiC cluster due-to the increase of the mean free path of
low kinetic energy electrons. The XANES calculations determined that the B resonance
should be present for a ¢-SiC cluster extension of about 12 A. The XANES results for the
films deposited under the Starving”plasma regime (Fig. 6} do not show the B resonance,
but only the A resonance, which is more pronounced for the samples having x=0.7 and
x=0.55. The fact that this fesonance is spread compared to the peak width in the ¢-SiC
reference is attributed to the amorphous characteristics of the deposited films 23. For the
second set of samples ( deposited at the same methane partial pressure, but at different
silane flow), the A resonance in the XANES spectra of Fig. 7 is clearly observed for the

film deposited at the lower silane flow and damped for the other samples.



Discussion

The results show that the structural, morphological and bonding features of the
hydrogenated amorphous silicon carbide films studied in this work, deposited at different
methane partial pressure or silane flow, are very distinct.

By changing the CH, partial pressure inside the deposition chamber, the carbon
concentration inside the film changes, as well as the forms of atomic bonding. As
expected, the higher is the methane partial pressure, the higher is the amount of carbon
incorporated in the films. On the other hand, samples grown at identical methane
concentration in the gas mixture, but at different silane flows, present the same carbon
content in the film matrix, but very different optical gaps, structura! and morphological
features. Increasingly optical gaps are achie(red only with the combination of high
methane partial pressure and low silane flow, characteristics of the Starving” plasma
regime. Nevertheless, with the increase of carbon content in the films deposited at the
$tarving”plasma conditions, the FTIR results show that all bands related to silicon or
carbon bonding (Si-CH,,, CH,)} decrease or remain constant, ruling out the possibility of a
polymeric lattice formation. Therefore, the FTIR data, associated to the high optical gap
and mechanical hardness of these a-5i;C,:H films, strongly indicate that the excess of
carbon is incorporated with a diamond-like C-C type of bonding.

The EXAFS, XANES and FTIR results demonstrate that the- films with higher
carbon content, deposited at "starving” plasma regime, preserve the dislances and
chemical order of ¢-SiC. It is interesting to point out that the EXAFS and XANES data
obtained for the MVCS sample (x=0.46, almost stoichiometric) shows a structure similar to
a-Si:H. Therefore, in low carbon content films, it is possible that the material is composed
by a random mixing of silicon and carbon atoms 2122 and that the Si-C double layer
structure of the ¢-SiC lattice is not maintained. Conversely, our results for high carbon
content films, show that it is possible, under proper deposition conditions, to obtain an
amorphous network with the short range order similar to ¢-SiC. The EXAFS and XANES
data indicates that the deposition kinetics related to the silane flow governs the structural

characteristics of the films, more than the CH, partial pressure.



The SAXS results demonstrate that high carbon incorporation does not
necessarily mean higher microvoid volume fraction. The decrease in the relative
microvoid volume fraction presented for sample MVC1 when compared to MVC3 and
MVC4 samples indicates that it is possible to oblain more homogeneous (in a relative
scale) a-Siy.,C,:H films with high values of x and a structure similar to ¢-SiC, provided the
"starving” plasma deposition conditions are used.

On the other hand, changing the deposition conditions from "starving" to "non-
starving” regime (i.e., varying the silane flow, maintaining the same methane partial
pressure), gradually lead to the formation of films having more relative microvoid volume
fraction, less Si-C bonds characteristics of ¢-SiC and shorter Si-Si bonds, going towards
the values of a-Si:H. The EXAFS and XANES data show that films with the same carbon
concentration, but deposited with increasing siiahe flow, gradually change their structural
features towards a-Si:H {see Fig.4 and Fig.7). Again, the results point out that the
deposition kinetics rather than the carbon concentration determines the chemical and
structural properties of the a-Siy ,C,H films . The FTIR results reveal that the higher is the
silane flow the larger are the Si-CH, vibration bands, that are commonly related to the

formation of microvoids 24.25,

Conclusions

The deposition of a-Siy,,C,H films by the PECVD technique under "starving"
plasma conditions originates films with high carbon content, that are chemically and
structurally similar to ¢-SiC, having silicon preferably bonded to carbon. A structyre similar
to a-Si:H is observed for almost stoichiometric films (x < 0.5), or for films deposited with
higher methane concentrations but at hon-starving”regime. The change from "starving”
to "non-starving” plasma deposition conditions is deleterious, since the materials obtained
at the later conditions present a higher relative microvoid volume fraction, more Si-CH,
bonds and a structure less alike to ¢-SiC. Diamond-like C-C chemical bonds are

suggested in films with high optical gap.
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Figure Captions

Figure 1. Absorption vs. wavenumber of a-Siy ,C,:H deposited under “starving” regime at

different methane partial pressure (P).

Figure 2. Absorption vs. wavenumber of a-Siy ,C,H deposited with a methane partiat

pressure of -72% and different silane flow (F).

Figure 3. Fourier Transform of the EXAFS data of a-Sit«CyH deposited under "starving”

regime at different methane partial pressure (P).

Figure 4. Fourier Transform of the EXAFS data of a-Sis «Cy:H deposited with a methane

partial pressure of 72% and different silane flow (F).

Figure 5. First-shell filtered EXAFS spectra ( } and calculated curves (0000)

obtained with parameters from Table lll. (a) MVC1 and (b) MVCS5.

Figure 8. XANES spectrum of a-Si, ,C,:H deposited under "starving" regime at different
methane partial pressure {P).

Figure 7. XANES spectrum of a-Siy,C,:H deposited with a methane partial pressure of

72% and different silane flow {F).
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TABLE |
a-Si1 J(C)(:H samples produced with SiH, flow {F) and partial pressure of CH, (P), with

oplical gap E; and carbon concentration x.

SAMPLE | F(SH,) scem P(CHy) % E, (eV) X
MVC2 .10 . o8 3.7 0.66
MVC1 10 92 3.4 0.70
MVCa 10 80, 3.0 0.55
MVC3 10 72 3.0 0.56
MVC5 10 50 2.0 0.46
MVCS 50 72 2.8 0.54 3
MVC? 100 72 26 0.513
MVCS8 150 72 25 0504

2 Estimated from E, values.
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a—Si1 xCx:H samples and relative microvoid volume fraction {n).

TABLE H

Sample

MVC1

MVC3

MvC4

MVCS

MVCB

MVC7

n0.02 (a.u.)

0.40

0.68

0.62

0.36

1.00

0.99
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TABLE i}
One Shell fit resuits for MVC1 and MVC5 samples.

Sample Nsic Rsic Aogic Nsisi Rsisi Aogi g
(£05) |(#002) | (+0.02) | (#0.5) | (#002) | (+0.002)
MVC1 45 1.91 0.04
x=0.70
MVCS5 | e | e 37 2.386 0.0002
x=0.46 '

-——: not fitted
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Cobalt oxide thin films (thickness 2000 A) with different stoichiometries were deposited by
reactive tf sputtering. The variation of the oxygen partial pressure lead to films with
compositions varying from metallic cobalt to CO,04, as determined by x-ray diffraction and
x-1ay photoelectron spectroscopy. The electrochromic properties of the films were investigate.d
in aqueous electrolytes (0.1 M KOH}). The initial electrochemical behavior of the films is
strongly dependent on the film deposition conditions, but after cycling the electrochemical/

electrochromic characteristics of the different de
changes and electrochromic efficiency are discussed

l. INTRODUCTION

Electrochromic devices for light modulation, as rear-
view automobile mirrors' or “smart windows,”?? have un.
dergone great development in the last years. These multi-
layered electrochemical devices normally have a thin film
of WO, as the optical active element. Since WO; is a ca-
thodically coloring material,* two different routes have
been followed in order to develop suitable counter elec-
trodes. The first one proposes counter electrodes which are
electrochemically compatible with the system, having high
charge capacity; but are optically passive.® The other
route proposes a “rocking chair™ type device. In this last
case, the counter electrode, besides being electrochemically
compatible, is also optically compatible (an anodically col-
oring material). The great majority of “rocking chair’ de-
vices uses nickel oxide counter electrodes.”™ Other 34
transition metal oxides, as MnO, and TiO,, were proposed

. as suitable counter electrodes, but are studied less
frequently.'o!! ‘

The electrochromic effect in cobalt oxide films has
been little explored. ' 12 Recently, we pointed our thic effect
in electrochemically deposited CoO, hydrat films, !
showing that this compound is an anodically co “ng ma-
terial with suitable electrochromic behavior. Intl  egept
work, we studied cobalt oxide thin films deposite;: by rf
reactive sputtering. The electrochemicai/e!ec!rochsomic
behavior of films with different compositions was followed
in basic aquecus eketrolytes, The structure and compaosi-
tion of the as-grown and the aged material were analyzed
by x-ray diffraction (XRD} and x-ray photoelectron spec-
trescopy (XPS). The electrochromic efficiency of the films
was alse calculated.

*Author to whom correspandence should be addressed,
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posits wers quite similar. Transmittance

. EXPERIMENT

Thin films of cobalt oxide were prepared by rf magne-
tron sputtering from a high purity ( 99.9%) Co target onto
7059 Corning glass substrates, with or without a $n0O,
coating (sheet resistivity ~ 16 0/07). After evacuation to a
pressure p<8x 10~ Torr, pure oxygen and argon gases
were introduced inside the reaction chamber, maintained
at a total pressure p(0,-+Ar) =8.5% 10™3 Torr, The dis-
charge power was set at values of 100 or 150 W. Presput-
tering was performed for 5 min prior to deposition onto
unheated substrates placed 15 cm above the target. The
thickness of the films was determined by a mechanical sty-
lus instrument {a-Step 200, Tencor Instruments). The
coatings were deposited under different oxygen partial
pressures p{0,}, in order to analyze the influence of the
oxygen flux and the deposition rate on the structural char-
acteristics of the films.

The XRD experiments were performed in a conven-
tional diffractometer, operating at 0.8 kW power, using
Fe-filtered Co Ka radiation, The 28 angular range was
between 10" and 80°, with a step scanning of 0.05° and
counting time of 10 5. The XPS expetiments were per-
formed with an equipment ESCA-36 {McPherson Co.)
using Al Ka. The binding energies were referenced to the
C 15 line of surface carbon taken as 284.6 eV. The pressure
i the chamber was kept around & 167 Torr.

The electrochemical experiments were carried out iy a
three electrode cell, A platinum counter electrode and g
Saturated calomel reference electrode (SCE) were uged.
The working electrode was the Co0,/8n0,/¢luss. The
measurements were performed with a PAR (72 poten-
tiostat connected with 2 PAR 175 universal programmer,
The data were registered in a Y- ¥\-¥; recorder.

The electrochromic effects were studied during poten-
tiodynamic cyeling ina 0.1 M Ko aqueous efcctruiyte,
using triply distilled water and P.A, reagents. The optical
transmittance measuremernts were carried out /» sty using

® 18893 American institute of Physics 5835
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FIG. 3. XPS spectrum of as-grown samples: {a} sample grown wfth
f=0%; (b} sample grown with F=28%; (¢) sample grown with
f=10.5%.

longing to the three distinct regions, were also analyzed
giving similar diffractograms,

Figure 3 shows the XPS spectra of Co{2p) and O(1s)
lines. Figure 3(a) (upper and jower part) corresponds to a
sample grown at region [ (£ =0, Fig. 1) and presented the
Co(2p™?) line at 781.3 eV, with a shake-up satellite at 6
eV, situated at higher energies [Fig. 3(a), upper part]. The
spin-orbit splitting was 15.7 eV. The O(1s) line is dupli-
cated, with the most intense peak at 529.3 eV and the less
intense at a higher energy (5316 eV) [Fig. 3(a), lower
part]. Figure 3(b) (upper and lower part) corresponds to
a sample grown at region 1 {Fig. 1). The Co(2p*?) line
[Fig. 3(b), upper part] is at 780.5 eV, and also shows a
shake-up satellite at 6 eV. The spin-orbit splitting was 15.9
=Y. The O(ls) peak [Fig. 3(b), lower part] is also double,
with equal peak intensities. Figure 3(c) coerresponds to a
sample grown at region 111 (Fig. 1), and presented the
20{2;)3’2) line at 779.7 eV, without satelfites, with spin-
arbit splitting of 15 eV [Fig. 3(c), upper part]. The most
intense line of O(1s) is at 531.2 eV and the less intense is
4t 523.2 eV [Fig. 3{c), lower part]. The presence of the

hake up satellite at energies of the order of 6 eV higher
*han the Co(2p™*) and Co(2p"?) lines and spin-orbit
splitting of 16 ¢V are characteristic of Co(I1}. A spin-orbit
plitting  of 15 eV g characteristic  of Co(H11)
smpounds. " Then, the Spectra shown in Figs. 3(a) and
Mb) are identified as Co(I1) compounds and the one
shown fn Fig. 3(¢) as a Co{Il} compound. The double

e in the O15) spectea is also attributed to Co-O bonds
Sower enerpy peak) and O-H bonds {higher energy
peak 1.7 The cnergy of the Co(2p"?) line in Fig. 3(a) is
wnarneteristic pf ColOH),, showing up the formation of

s compound at the sugface of metallic cobalt in contact
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FIG. 4. Visible/near IR spectra of as-grown samples. Substrate: glass.
CeO sample grown with f=2.9%; Co,0, sample grown with (= 10.9%:
Co sample grown with f=0%,

with the atmosphere. The spectrum shown in Fig. 3(b)
corresponds to a CoO compound.

The as-grown CoOQ, samples were subjected to optical
measurements. Spectral normal transmittance 7" and near
normal reflectance R were measured in the 0,35 <A<25
pm wavelength interval using a double beam spectropho-
tometer, as described in Sec. I, Figure 4 show these results
for CoO, deposited on single glass, at the three character-
istic f regions (Fig. 1). Taking into account the resnits
described above, the spectra are assigned in the figure as
Co (sample from region 1), CoQ (sample from region 11),
and Co0;0, (sample from region II1). Coating thicknesses
were 0.05, 0.09, and 0.1 pm, respectively. The CoO film is
transparent; the Co,0, film is rather absorbing, with a dark
brown appearance and the Co film is highly absorbing with
a dark grey metallic appearance {Fig. 4, upper part). Re-
flectance spectra at the near infrared region shows that the
metallic coating is 10% more reflective than the CoO and
Co;0; films (Fig. 4, lower part). Optical propertics for
coatings of the same thickness grown at the three distinct £

regions (Fig. 1) are found to be similar to those shown in
Fig. 4,

B. Electrochemical characterization

Typical samples, deposited under conditions specified
in the above selected S regions, were subjected to an elec-
trochemical treatment in 0,4 M KOH. The monochro-

matic transmittance was followed i situ, as pointed out in ‘

the experimental section. Before cycling, the open circuit
potential was measured. This results is shown in Fig. 5.
The metallic sample has the most cathodic potential. As f
increases {oxygen content in the samples increases) the

potential goes to more anodie values, in qualitative upree. -

ment with the literature For ai samples, the trianaylar
potential sweep initiated at the respective open circuit po-
tential,
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FIG. 5. Open circuit potential as a function of the oxygen molar fraction,
J (%) =p{0,}/p(Ar+0,) % 100, Electrolyte: 0.1 M KOH. o

_ Figure 6 {lower part) shows the first voltammetric
- cycles, for three samples {metallic Co, Co0, and Co;0,).
The corresponding monochromatic transmittance changes
are shown in the upper part of the figure,

The open circuit potential for the Co-sample is
E=-0.84V; a well defined anodic peak is first seen in the
anodic scan, corresponding to the oxidation of metallic Co
to a Co(ll) oxide (or hydroxide). This oxidation process

70 ~
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'G. 6. Potentiodynamic J/ £ profiles (lower part) ang associated trans-
mittance changes (1:=652.8 nm} (upper rart), frt cycle. Electrolyte:
+ M KOH, scan rate: 2 mV¥/s.
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causes an increase in the transmittance (Fip. 6, upper
part), showing that this oxidation is g bulk and not a su-
perficial process. Two other anodic processes are stbse-
quently seen before oxygen evalution, corresponding to the
oxidation of the film to higher valence states of Co,
Co(111). The transition Co(l1} - Co(111) is followed by a
decrease in transmittance {Fig. 6, upper part). This hehav-
ior is in accordance with the fact that Co,0y films are less
transparent than CoO (Fig. 4, upper part). At the anodic
limit of the voltammetry {onset of the oxvgen évolution

reaction} the transmittance attains its minimum vatue, and

stabilizes. In the cathodic scan, at least three reduction
peaks are seen; the transmittance increases in the whole
cathodic scan range.

Considering now the CoO sample (open circuit poten-
tial E=—0,15 V), a broad anodic peak, corresponding to
the oxidation of Co(H) to Col1Il}) is seen before oxygen

evolution (Fig. 6, lower part). Accordingly, the associated -

transmittance decreases. In the cathodic scan three ca.
thodic peaks are observed, as well as an increase in the
transmittance. The initial transmittance is ~75%, and at
the end of the cathodic cycle the maximom transmittance
vatue decreases a little (7"=689). '
The Co,0, sample {open circuit potential £ —0.08
V) does not show any anodic peak in the first anodic scan,
but presents a very small associated transmittance change
(Fig. 6, upper part). Again, the cathodic cycle there are

. three cathodic peaks associated with an increase in the

transmittance values, i

On continuonsly cycling, the J/F and 7/F profiles
suffered significant changes. The stabilized profiles, at-
tained after 40 cycles, are shown in Fig. 7. For ali samples,
two anodic and two cathodic processes show up. The trans-
mittance also begins to decrease at the potential region of
the first anodic process (~—0.2 V) and stabilizes in the
potential region of the Oxygen evolution reaction, The
transmittance values in the bleached (reduced) state are
always less than the values of the first cycle (see Fig, 6),
The transmittance span for the stabilized samples is around
20%.

C. Characterization of stahilized films

The same samples characterized by XRD and XPS
(Sec. IIT A} were analyzed after potentiodynamic cycling
(40 cycles). in these experiments, the potential exciirsion
was interrupted at F=0 v (Fig. 7) in the ancdic cycle.
Samnples were carefully washed with triple distilled water,
and dried in air,

The XRD data for apt samples showed just one diffrac.-
tion peak, at 26=73° A typical result s depicted in Fig. 8,
This peak can be assigned to CoOOH, indicating that eec-
trockemical cycling has the eflect of changing the as-
grown, polycrystalfine nonhydrated films in g hydrated

compound, with g Jegs ordered structure when compared

with the virgin films.

Tl‘m .XPS Spectra for all the stabilized samples were
very similar. Figure 9 shows a typical result. The Co 2p
line showed no shake-up sateliites and the spin-orhit sepa-
ration was characteristic of Co(1l1). The Co 2p? binding
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_tergies were around 780.10.3 eV, a value compatible
~ith the one presented in Ref. 14, associated with CoOOH.
The O 1s line continued to be double but the high energy
-Jmponent was now the dominant one, in accordance with
e results obtained from the XRD experiments described
~hove.
In order to make evident the optically active potential
. -nge for the stabilized films, the optical contrast and elec-
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FIG. 9. XPS spectrum of a stabilized sample.

trochromic efficiencies in near-equilibrium conditions were
analyzed by means of in sity spectrophotometric measure-
ments. The electrochemical cell was placed in the optical
path of one of the spectrophotometer beams and consecu-
tive potential steps of 0.05 V were applied to a stabilized
Coy0, sample. After each potential step, the electrical
charge involved was recorded as well as the transmittance
spectra. The optical contrast was calculated by subtracting
the transmittance value at each wavelength for a given
potential from the spectra obtained at the consecutive ap-
plied potential. Figure 10 shows the optical contrast, for
each wavelength and potential, in a three dimensional plot.
The largest optical contrast was obtained for the potential
steps E=+0.05 V-E=40.1 V (AT=10% at A=800
mm) and E=4025 Vo.E=103 V (AT=12% at
A=800 nm). The optical contrast is less than 6% in the
cathodic potential range. In the visible range, the maxi-
mum contrast was observed around A = 500 am. The total
optical contrast at this wavelength was 30%. _

The electrochromie efficiency 7 is defined as the ratio
between the optical density {OD) variation and the asso-
ciated charge density (Q):8

OPTICAL CONTRAST/%

FIG. 10. Partin optical contrast, as a function of applied potential and |

wavelength, The sample is a stabilized electrode with as grown stuichi-
omelry of Co,Q,, Electrolyte: 0.1 M KO
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wavelengih. Same sample as in Fig. 10. Electrolyte: 0.1 M KOH.

A(OD)

The potential and wavelength dependence of this pa-
rameter is shown in Fig. 11 (Co;0, sample). The highest
electrochromic efficiency {200 cm?/C) is observed at ca-
thodic potential values (E=—0.3 V/—0.5 V) for small
wavelengths. Two distinct potential regions with large 1
appear: the first one for the potential steps E= 0.2 Vo~ E
= —0.1 V and the second for the potential steps E= +0.1
Vs E=+402 V. After 200 cycles, no changes in the po-
tenticdynamic and transmittance profiles were observed
for the stabilized samples.

(1)

iV. DISCUSSICON

It is well known \hat the sputtering rate from a metal
target decreases when p(0,) increases in a gas mixture of
Ar+0,." Figure | shows that 7 decreases if f goes from
0% to 1.3%, or if f goes from 4% to 139%. This behavior
can be ascribed mainly to two effects: target oxidation and
low sputter yield for O, compared to Ar." However, in the
interval 2% < f <4%, there is a slight increase in r. At the
present stage we do not have an explanation of this effect,
but it could be due to a low resputtering process for CoD,
which is formed under these conditions, as one can deduce
from XRD, XPS, and optical data. In fact, XRD and XPS
data indicated that for f~3% the structure of the film
essentially corresponds to CoO.

The XRD, XPS, and optical measurements indicate
that for high § values (/>5%) a Co;0, structure is
formed. Obviotsly, for f=0% the coating is metallic Co.

As [ increases, CoD probably starts to incorporate into the -

film. This is consistent with the optical properties shown in
Fir. 4. In fact, for £> 09 the films are less absorbing and
refiecting than for f=0%. XRD and XPS also show the
predominance ¢f metallic character of films for f be-
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tween O and 139, In conchusion, the amout of oxygen in
the gas mixture Arf O, will determine the structure of
sputtered cobalt oxide based coatings, We can distinguish
three different regions in Fig. 1: .

{1) region 1, 0< /< 2%%: predominance of Co;

(it) region 1, 2 < £ <42, predominance of CoO;

(iii) region 111, > 5%: predominance of Co;0;,.

rf sputtered cobalt oxide films can be obtained in dis-
tinct stoichiometries by varying the sputtering parameters.

-However, when the samples are subjected to electrochem-

ical cycling, they undergo successive electrochemical
oxidation/reduction processes that introduce drastic

- changes in the compounds, as can be scen from the evolu-
tion of the potentiodynamic profiles {Figs. 6 and 7) and .

from the XRD dand XPS results {Secs. 11 A and 111 C). A

hydration process occurs in the films, changing the initial

nonhydrated, well characterized oxides in compounds pre-

. senting O-H groups. It is rather difficult to assign a clear

electrochemical reaction to each oxidation/reduction cou-
ple, since thermodynamic calculations indicate at least
fourteen possible reactions in the potential range investi-
gated in this work.!7'® Among these electrochemical reac-
tions, the following have a Co{Il} compound as the ca-
thodic reaction product:

CoOOH +H,0+e™ = Co(OH),+ OH"~, Ey=-+0.01V,
(1)

CoOOH+e™ = Co0+0H™, Ey=—0.11 V, {2)

C0304+Hy0 4 2™ =3Co0+20H™, Ey=--0.31 V.
' (3)

Co30;+4H,0+2¢~ = 3Co(OH);, Eyg=-0.13 V, (4)

Co0,+2H;0+2¢~ = Co(OH), +20H ", Ep= 4032V,
(5)

Co0y+H0+2e" = Co0+20H", Ey=+026 V. (6)

In the above reactions, E, is the standard equilibrium
potential, calculated for a 0.1 M electrolyte and consider-
ing the saturated calomel electrode as the reference elec-
trode,

The main electrochemical processes for the stabilized
samples aze in the 0 V/0.7 V potential range (Fig. 7). In
the cathodi~ potential range, an almost constant current

'shows up. beginning at E=—0.05 V for the original Co

and Co;0, sample, and at around F=—0.3 V for the ong-
inal CoO sarple. These processes could correspond to re-
actions (2} or {4), or to reaction (3), respectively. How-
ever, the tot:! cathodic charge in the cathodic potential
range is much fower than the total cathodic charge in the

anodic potenti~! range (Fig. 7). This fact shows that the .

electrodes at the end of the cathodic scan hardly attain a
full Co(11) oxide/hydroxide stoichiometry, being probably
a mixture of Co(11)/Co(H]) compounds. Also it has to be
noticed that the stabilized films have a transmittance in the
reduced (bleached) state that is always less than the values
attained in the first cycle (Figs. 6 and 7). As the as-grown
Co(1l) films presented the higher transmittance valies
{Fig. 4) the decrease in the bleached state {ransmitiance
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« 7 for stabilized samples also indicate that the film is never

completely reduced to a Co(I) compound.

On the other hand, the optical contrast results {Fig.
10) indicate that the optically active electrochemical pro-
cesses are mainly in the anodic potential range and should
correspond, accordingly, to thermodynamic data, to tran-

: sitions between different compounds of Co(il}} and
Co(lV}, or mixtures (e.g, transitions like Co,0,
—Co0OH or Co;0;—~Co0,). However, the highest values
of the electrochromic efficiency parameter (Fig. 11) are in
the cathodic range for all wavelengths. The reason for this
apparent discrepancy is on the definition of this parameter
[Eq."(1)]. Since the opticat density variation is low, as welf
as the electrical charge in the cathodic potential region, the
corresponding 7 value is high. Then, for practical pur-
poses, we have to consider not only the highest values of
electrochromic efficiency but also the optical contrast. In
this case, the optically active region is the anodic region,
since the electrochromic reactions in this potential range
have the highest optical contrast and the electrochromic

efficiencies are comparable to the values obtained for other

transition metal oxide electrochromic materials.

V. CONCLUSIONS

In this work, cobalt oxide films were grown by f sput-
tering. The oxygen content of the filmg was shown to de-
pend strongly on the deposition parameters. Electrochem-
«cal cyeling in aqueous media changed the originally
different films into hydrated compounds, with similar sto-
ichiometries. After around forty cycles, the films were sta-
ole and presented electrochromic behavior with efficiencies
‘omparable with-other electrochromie materials. Work js
in progress to investigate the etectrochromic properties of
these films in nonaqueous media.
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ABSTRACT

Thin films of nickel oxide obtained by reactive sputtering and
deposited either at room temperature or at 250°C presented
electrochromic properties in basic agqueous electrolytes. The
structure of the films is characteristic of a polycrystalline
material with preferential orientation, by which it was possible to
follow the changes in 1lattice parameters with electrochemical
intercalation, growth temperature and annealing processes.
Photocurrent and electroreflectance measurements were performed in
order to detect the variations in the band gap energy and in the
electronic transitions as a function of the electrochromic state.
The results are consistent with the presence of impurity levels due
to nickel vacancies. The extracted values of the band gap energies
increased for the clearer states, followed by a decrease in the

carriers recombination rates.

1. INTRODUCTION
Thin films based on nickel oxide and hydroxide, deposited by

various techniques, show electrochromic properties in the presence
of an electric field in appropriate electrolytes [1].
The tra ittance of those materials can be gradually and

reversibly modified as a function of the electric field, for values

42/8PIEVol. 1728 (19%2) 0-8194-0901-4/92/$4.00
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of clear and dark states with differences up to 70% [1]. Among those
types of deposits, those: obtained by vacuum techniques, show
remarkable properties concerning to reversibility, response time and
cyclicability [1].

last vyears, the physical mechanisms  responsible for the
electrochromic phenomena are stili unknown. Examples of some of the
previous attempts to correlate the absorption processes with the
electrochromic Properties can be found in [2,3].

The aim of this paper is +g report the results of our
investigation of the optical properties of NJ’.Ox films, prepared by
rf-sputtering, using modulation spectroscopy techniques such as the
electroreflectance and correlate it with the photoresponse, to
obtain information on the electronic 1levels inside the material at
different coloration states,

2.EXPERIMENTAL
2 LAPERIMENTAL
The films were depositeqd by rf-sputtering, with a power of 100

W. For the reactive deposition a Ni target was useq and an oxygen
flux of 2 Scc/m. During the film growth, the pressure inside the
Chamber was 7.1073 mbar and the distance target—substrate was 180
mm. The analyzed samples Were deposited over Snoz/glass Substrates
(R, = 10 Q), at room temperature and 250°C, The film thickness was
evaluated by an Alpha“step profilemeter,

The cyclic voltametry was performed in a 0.1M KOH solutijon
between -1v VS.SCE and +1V vs. SCE, with a sweep rate of 2g mv/s,
followeqd simultanecusly by the recorg of the transmittance at 632,8
nm {He-Ne laser) .

The spectral transmittance ang total reflectance of the filmg
were measured in a Perkin-Elmer Lambda 9 UV/VIS/NIR
Spectrophotometer in the range between g.3 Hm and 1.5 yum.

The X-Ray Diffraction {XRD) measurements were performed in g

conventional diffractometer, Operating at g¢.g KW  power, using

Ni-filtered cy Ka radiation. The 20 angular variation was between
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10° and 70°, with a step scanning of 0.05° and counting time of 10s.

The photoresponse and electroreflectance measurements were
performed in a multi-task setup, described in ref. [4]. The
photoresponse data were obtained in the spectral range of 250-600
nm, while the electroreflectance measurements, in a 0.1M XOH
solution, comprised energies between 1.7 eV and 4 eV (330 nm < A <
730 nm).

One- of the analyzed samples was submitted to a post-annealing
at 300 °C by 24 hs. in air.

3.RESULTS

Two samples were deposited onto substrates at different
temperatures. The Al sample, grown at room temperature, was 1760 A
thick, while the other sample, A2, was deposited at 250 °C, and was
700 A thick.

Figure 1 shows the cyclic voltamograms of the Al and A2
together with the corresponding variation in transmittance for a
632.8 nm light.

In Figure 2 we show the spectral transmittance and total
- reflectance of the Al sample. One can observe a systematic decrease
in transmittance and total reflectance for more anodic bias regime.
The optical constants, as well as the film ‘thickness, can be
extracted from those results [5].

In Figure 3 we show the photoresponse of the Al sample, that
was submitted to bleaching(-)/coloring(+) processes, using a current
density of 1 mA/cmz.

In Figure 4 we show the electroreflectance spectra of the A1l
sample, at different potentials.

In Figure 5 we present the electroreflectance spectra at a
potential of 0.0 V vs. SCE, for the as-grown sample (Al) and for the
same sample after annealing at 300°C in air for 24 hs.

In Figure 6 we compare the experimental result with the
theoretical calculation of the line shape [4] for the as-grown Al
sample at a potential of 0.0 V vs. SCE.
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FIGURE 1.

FIGURE 2, Transmittance and Reflectance s
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In Table I we present the data from the XRD measurements for

the two samples at different conditions. and

I(zoz)/ltozzJ
are parameters that indicate the preferential

I(110+104)/I {012}
orientation of the films. Those values, as well as the lattice
constants (a, b and c}, must be compared to those of stoichiometric
nickel oxide standards [6]1. The results show that the substrate
temperature is one of the parameters that governed the orientation

of the deposited material.

TABLE I
XRD Results

I(xoz) I(11o)+(104) a = b* c**

Sample (012) Tio12) (A) (4)
Al i, 1 i,1 2,979 7,243
Al~dark 1,1 1,1 2,990 7,177
Al1-300°C 1,3 1,0 2,962 7,207
A2 0,4 0,3 2,999 7,362
A2-300°C 0,4 0,3 2,989 7,222
Standard 0,6 Q,7 . 2,958 7,224

* deviation of 0,006 A, =*x deviation of ¢,038A.

energies that were extracted from the photoresponse experiment as a
function of the input charge for the Al sample.

TABLE IT
Charge (Q) and indirect (Ei) and direct (Ed) band gaps. The numbers
in parenthesis are for Az sample.

Q (mC) Ei (eV) Eg (eV)

+30 2.45 3.1¢

+20 2.47 3.08

+10 2.51 3.10
“““6‘“““‘“‘“““‘“‘““37357ETEET”‘““*“““_§TT§T§TTET

~10 2.62 3.14
—20 2.62 3,17
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Table III 1lists
obtained from theoretical calculations in the range of 1.7 eV and 4

the

energy

eV, for the NiC single crystal {7].

and corresponding transitions

Electronic transitions of NiQ in the range between 1.7 eV and 4 eV.

Table IV shows the parameters that were obtained from the
fitting of the line shape of the electroreflectance of the Al sample

Only four of the transitions that
are listed in table III developed enough intensity to be resolved in

under different bias conditions.

the spectra.

TABLE ITI
E (ev) Transition
i
1.75 Eg
3
1.95 Tig
2.15 ?
2.75 1rog
2.95 ¥ Pig
3.25 "A1q
1
3.52 T1g

TABLE 1V

Energy and linewidth parameters as a function of the potential.

E E FI E2 F2 E3 F3 E, F4
(V v8.SCE) (eV) {meV) (eV) (mev) (eV) (meV) (eV}) (mevV)
-0.5 2.158 122 2.786 117 3.295 i51 3.669 216
-0.2 2.163 129 2.805 131 3.317 183 3.661 222
0.0 2.149 138 2.803 138 3.335 184 3.679 212
+0.2 2.144 192 2.81¢6 177 3.354 255 3.708 280
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Finally, Table V compares the electroreflectance parameters of

as-grown and annealed (300°C for 24 hs) samples at 0.0 V vs. SCE.

TABLE V
Energy and linewidth of the Al sample before and after annealing

Ei(eV) as-grown annealed
Fi(meV)

E1 2.158 2.197

Ti 122 120

E  2.786 2.828

F2 117 116

E3 3.295 3.332

FS 151 137

E4 3.669 3.611

r 216 142

4.DISCUSSION

The optical properties of

conventionalspectrophotometric techniques

been studied

wide range

by
of

energies [7-10}. Modulated spectroscopy results are also found in

the pertinent 1literature [11,12]. Theoretical models for the band

structure of the generally called Nio compound were conducted and
efforts were made in order to conciliate the calculations with the
available experimental results on the optical properties [13-16].
The calculated NiO band structure models (11, 13-16] show a
consensus about the conduction band levels (4s of Ni) and the
valence (3d of Ni and 2p of ©) band structures. Non-stoichiometric
nickel oxide and cationic impurities are also discussed [15,16].
Calculations based on the N1304 stoichiometry and a spinel type of
crystal lattice show that this mixed valence compound has an
absorption level at about 2.15 eV [2], the same one we have observed
in the eletroreflectance spectra. The p-type semiconducting

properties of non-stoichiometric Nio are attributed to the existence
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of holes , that are located on oxygen [13,16].

From the potential evoiution of the photoresponse signal one
can extract the band gap energies. For the electrochromic material
studied in this work we have observed a direct band gap energy of
around 3 eV and an indirect transition around 2.5 eV. Towards the
bleached state there is a systematic increase of those energies
followed by an increase in the amplitude of the photocurrent,
indicating a decrease in the carriers recombination rates. The
enhancement in the indirect gap energy is more remarkable than the
direct one. The deposition temperature has a considerable effect in
decreasing the indirect g9ap energy, but hardly changes the direct
gap energy (see, Table II). These observations indicate that the
levels responsible for the indirect band gap are those that mostly
contribute to the free carrier density and most likely to the
cptical-transitions.

The electroreflectance signal, as well as the photocurrent
results, show an increase in amplitude and smaller Yecombination
rates, while the bleaching process was carried on. The energy of the
electronic levelsg have systematically decreased for the clearer
states, except for the transition at 2.15 eV. For this level, the
variation in the observedq values was much smaller (and in a opposite
direction) than that observed for the NiO transitions. Such behavior
Suggests "pinning" of g localized 1eve]. The combination of these
results indicates a band structure of the electrochromic NiO that
varies with the Coloration state, such that the leveis respo;sible

Separate in the clear state. The  comparison between the

electroreflectance signal of as-grown and annealed samples strongly

The XRD measurements allowed, for the first time, to monitor -
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the three crystallographic axes of the electrochromic NiOx thin
films as a function of the sputtering deposition parameters (such as
the temperature), coloration state and pos-annealing processes. The
deposited material has lattice parameters larger than the
stoichiometric NiO, that decrease with the heat treatment. It was
observed that the coloration process implies in a decrease of the
parameter in the z-direction, followed by an increase in the values
correspon&ing to the other crystallographic axes.

5.CONCIUSIONS
In this paper we have demonstrated the applicability of
modulation spectroscopy techniques‘as a probe for the band structure
of electrochromic materials. Structural changes promoted by the
electrochromic effect can also be followed through XRD techniques,

that precisely ascribe the crystal sites where ion insertion occurs.
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Electrochromic nickel oxide thin films were deposited by RF reactive sputtering, onto glass
substrates covered with tin dioxide, using different oxygen flux. Variations in the OXygen
flux influence the film crystalline structure and stoichiometry, and are related to the elec-
trochromic performance. The films were characterized by cyclic voltanumetry, visible spec-
trophotometry, x-ray diffraction (XRD) and ultraviolet photoemission spectroscopy (UPS).
The cyclic voltammetry and visible spectrophotormetry results determine the e!ectrochrox_"nic
performance of the films, in a 0.1 M KOH aqueous electrolyte at different potentials. The
XRD data identify the lattice parameter variations due to the (de)- intercalation process
and preferred orientation of the films, The UPS results, obtained in a synchrotron radiation
facility (CAMD, Baton Rouge, LA, U.S.A.}, were used to monitor the valence bands of the
films at different coloration states. The film deposited at the smallest oxygen flux (0.5 scem)
is nickel, with a small amount of oxygen, and has a metallic dark appearance. For the next
higher oxygen flux (1.0 secrn) the film is nickel oxide, having a preferred orientation in the
(012) direction of the hexagonal cell and a clear as-grown color. For all the other higher
fluxes, the material is nickel oxide with {101 } preferred orientation and dark. The transmit-
bance span is correlated to the crystalline structure and diffusion coeflicient of ions inside the
films. The results pointed to modifications in the film composition due to the electrochromic
intercalation process. The emergence of bands related to the OH™ concentration in the UPS
spectra indicate that the bleached material has a higher number of valence states connected
to this radical. On the other hand, the decrease in the occupation of these bands observed
for the colored state is followed by an increase in conduction band states over the Fermi
energy, and account for changes in the optical and electronic properties of the material.
Measurements of the UPS spectra at different exciting energies provide the observation of a

resonance in the valence band region.

L Introduection

Non-gtoichiometrie nickel oxide (NiO;) thin films,
deposited by sputtering, are well known due to their
dynamic optical propertiesi!~3l, The growth of high-
performance NiQ, coatings for applications in elec-
trochromic devices depends critically on understand-
ing how the deposition parameters affect the compo-

sition, structure and electrochemical behavior. The
growth parameters that have to be optimized for the
sputtering method are the rf power, the substrate ten-
perature and the oxygen flux. In a previons. work we
briefly discussed the effect of substrate temperature on
the resulting material properties BBl In this péper,

we present a systematic study of the influence of the
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TABLE L Oxygen flux (f), sample thickness {t) and
depogition rate (r).

Sample f(scem) $( A) 1( A/ sec)
237 0.5 3000 3.3
236 1.0 3150 3.5

233 20 2200 1.2
234 40 1620 0.8
235 60 1900  0.70

oxygen flux on the resulting NiO, deposit. The op-
tical properties of the films were determined by spec-
trophometry and monochromatic transmittance mea-
surements. The films were also characterized by X-
Ray Diffraction (XRD) to determine their structural
features, by cyclic voltammetry to evaluate their elec-
trochemical/electrochromic behavior and by Ultravio-
let Photoemission Spectroscopy (UPS) to elucidate the
valence band characteristics at the different coloration

states.

II. Experimental

'The samples were reactively deposited from a nicke}
target {99.99%) in an oxygen plus argon atmosphere,
under a 7 x 10=3 mbar total pressure, an rf power of
100 W, at room temperature and with target-substrate
distance of 150 mm. 'The films were deposited onto
S5n03/7059 Corning glass substrates (R =20 Q/0) us-
ing different oxygen fluxes: f = 0.5,1.0,2.0,4.0 and 6.0
scem. The thickness of the films were determined by a
profilometer. Table I dei)icts the differences on sample
deposition conditions, as well as the film thickness.

The electrochemical experiments were conducted
in 0.1M KOH aqueous electrolyte, prepared with PA
reagents and tri-distilled water. Various galvanostatic
steps of 50 A by 10 min (sample typical area of 1.5
em?) were used to evaluate the chernical stabilization
of the films. Simultaneously, cyclic voltammetry (-1.0
V vs. SCE and 1.0V vs. SCE, scanning rate of 20
mV/sec) and transmittance changes were recorded, us-
ing a He-Ne laser (X = 632.8 nm} and a silicon photode-
tector. The spectral transmittance and total reflectance
of the films were measured by a Perkin-Elmer Lambda 9
UV/VIS/NIR spectrophotometer in the range between
350 nm and 850 nm.

M. C. A, Fantini et. al.

The XRD measurements were performed ex-situ on
samples submitted to galvanostatic steps of 50 A for
20 min., using Ni filtered Cu-Ka radiation and step
scanning mode, with steps of 0.020° and counting time
of 40 sec.

The UPS measurements were performed using the
Center for Advanced Microstructures and Devices
(CAMD) synchrotron light source. The measurements
employed photons in the energy range of 30 - 650 eV
delivered by a plane grating monochromator. 14! Angle-
integrated spectra were obtained with a display-type
analyzerl™! and have been normalized to incident pho-
ton flux. The overall resolution was about 1 eV at the
highest uv photon energies used here and about 0.25
eV in the photon energy range used to study the Ni 3p
resonance. The measurements were performed for one
NiQ. sample, grown with the highest oxygen flux, [ =
6.0 scem (235 in Table I). This sample was measured in
the as-grown, cycled, bleached and colored states, us-
ing the same ex-situ conditions employed in the XRD
characterization to change the optical properties of the

films. -

III. Results

The film deposited at the smallest oxygen flux (6.5
scem) is mostly nickel, probably with a small amount of
oxygen, as determined by the XRD measuretnents, and
has a metallic dark appearance. For the next higher
oxygen flux (L0 scem) the film is nickel oxide, hav-
ing a preferred orientation in the (012) direction of
the hexagonal cell and a clear as-grown color, For
all the other higher fluxes, the material is nickel ox-
ide with (101) preferred orientation and dark. Figs.
I and 2 shew diffractograms, corresponding to (101)
and (012) re!" tions. 1t is remarkable the difference
in the crystalline orientation of the {ilm deposited at
f= 1.0 seemn when tompared to the other obtained
samples. Also, Fig. 1 depicts differences in erystalline
plane distances among samples at the same optical sta-
tus, as well as modifications in these distances due
to the intercalation/de-intercalation process. Table I
presents the calculated unit cell values. The NiO, film
deposited with small oxygen {lux has a more compressed
cell and a smaller variation in unit cell dimensions oc-

cusring at the bleaching/coloring procedure. Moreover,
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. TABLE II Unit cell volume in the as-grown {V,),
"~ bleached (14} and colored (V) states and percentage
difference (V3.).

Sample Vo(A®) Vi(A%) V.(A%) V5.(X9)
236 b5.08 §5.21 55.1}1 0.2
233 57.29 57.54  56.92 1.1
234 56.63-  57.43 56.82 1.1
235. 57.20  57.35 57.02 0.6
NiO 54.68 - - -~

"8V = 0.37 A® (error in Volume)

for all ilms the cell dimensions are larger than that of
stoichiometric NiQ). The calculation of unit cell volumes
was based on the determination of diffraction maxima,
using a Lorentzian function for the line profile and a
straight line background, as it is exemplified in Fig. 3.
The changes observed in the lattice parameters ( a and
¢ of the hexagonal unit cell) upon de-intercalation, i.e.,
from bleached to colored state, showed that a always
decreased. On the other hand, ¢ increased for the sam-
ple deposited with f = 1.0 scem and decreased for all
the other samples, deposited at larger oxygen flux.
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Figure I: XRD patterns of the samples deposited at {== 1.0
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" The analysis of the diffracted integrated intensity
provided the preferred orientation of the films, defined

as P:

P I(hED
TS I(hkD)

The crystallite size, Dz 1y, is obtained from the line-
width® with & deviation of +15 A, The degtee of crys-
tallinity, n, normalized to the larger integrated intensity
presented by the 236 sample, is calculated using the to-
tal diffractive power of each film.

Table III shows the above mentioned parameters.-

eo L L T T 80
60 -1 60
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Q 4]
ot ~H
s &
+~ 40 40 F
3
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Ol ! ¢ 1 ! J O
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Figure 4. Spectral transmittance {T} and reflectance (R) of
the samples deposited with = 1.0 scem (-}, 2.0 scem
{---), 4.0 sccm (» o ¢) and 6.0 scem (—e -}

The results demonstrate quantitatively that the pre-
- serred orientation along the {012} direction of the NiD

M. C. A. Fantini et. al,

hexagonal cell, achieved with the smaller oxygen flux,
gradually changes to a preferred orientation along the
{101) crystalline direction as the oxygen flux increases.
Nevertheless, the number of crystallites in this latter di-
rection is always larger than the corresponding number
for stoichiometric NiQ. Also, the crystallite size follows
the same trends observed for the preferred orientation,
i.e., there is an increase in the crystalline size with the
increase of the oxygen flux. The degree of crystallinity,
which can be defined as the amount of crystalline phase
per unit volume, (n), is larger for the smaller oxygen
flux; for larger fvalues, the fluctuation of n may be
related to deposition rate.

Fig. 4 shows the spectral transmittance and to-
tal reflectance of the as-grown nickel oxide films in the
visible region. It is remarkable the higher transmit-
tance recorded for the sample deposited with f= 1.0
sccm. ‘The monochromatic transmittance was simul-
taneously recorded with the cyclic voltammmetry, All
the samples presented the same variation between min-
imum and maximum transmittance during the first cy-
cle, around 60%. For the sambles deposited with f
= 2.0, 4.0 and 6.0 sccm, the results revealed that the
minimum transmittance decreases with cycling, reach-
ing stabilization at around the 20th cycle. This de-
crease can reach 60% of the initial value. In the mean
time, the maximum transmittance also decreases with
cycling, but at a smaller rate. The consequence is a in.
crease in the transmittance span after cycling, arcund
70%, typically, minimum of 10% and maximum of §80%
at the 40'" cycle. On the other hand, for the sample
deposited at f = 1.0 scem, the minimum transmittance
does not stabilize. The transmittance span attains {or
the 40*" cycle a reasonable value of around 80% (mini-
mum of 16% and maximumof 95%), but both minimum
and maximum transmittance values continue decreas-
ing, leading to a variation of only 52% (minimum of 4%
and maximum of 56%) after the 150th cycle.

Galvanostatic experiments {constant current den-
sity) were also performed. In this case, the resulting
transmittance change for the different filins is very sim- -
ilar. However, the time variation of the transmittance
shows that the electrochemical process presented by the

sample deposited at f = 1.0 scem js much more slower.
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" TABLE IIL Preferred orientation (P), crystallite size (D in A) and degree of crystallinity (n).

mple P P12y Prioyiosy Dpey Py Daro)ytqie4y n
Sa23§ 0%215) U{ggli) : 0..%0(2 : 177 238 108 1.00
233 0.437 0.328 4.235 208 90 164 0.48
234 0.443  0.350 0.233 209 83 165 0.67
235 0.557 0.210 0.233 304 118 168 0.54
NiQ 0.261 0.435 0.304 - - -~ -

The same transmittance span is attained for this sample
after a time delay two times greater than those obtained
in the experiments performed with the other samples.
Fig. 5 shows the cyclic voltammetry and monochro-
matic transmittance results obtained for the films after

various galvanostatic steps.
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Figure 5. Current (1) and transmittance (T) vs. Potential
{(E} plots of the samples deposited with f = 1.0 scem {—e
-}, 2.0 scem (=), 4.0 scem {---) and 6.0 scem (ene)
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Figure 6. Valence band resonance spectra for different inci-
dent photon energies {hv in eV}.

Fig. 6 shows a typical UPS resonance specira of the
film at the cycled state for different incident photon
energies. The differences in peak intensities are due to
the Ni-3p threshold resonance at about €6 eV 71, The
whole valence spectrum was described by three Gaus-
sian functions, whoge fitting quality is depicted in Fig.
7. The obtained binding energies have been assigned
to transitions related to valence band electronic states
of pure NiO and NiO with adsorbatesl™-11 Fig g
presents the binding energies obtained for the analyzed
sample at different coloration states for kv =70 eV, Fig.
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TABLE 1V. Binding energy (B.E.} and integral inten-
sity {I) obtained from the UPS measurements of 235
sample (f = 6.0 sccm)

Peak ~8 eV

Sample status as-grown cycled bleached colored
B.E.(sV) 7.98 7.69 7.69 7.92
1(1077au) 801 3.23 10.2 1.38
1(%) 35 38 41 35
Peak ~ 4 eV

Sample status  as-grown cycled bleached colored
B.E.{eV) 3.31 3.31 3.79 3.97
1(10"Ta.n) 13.2 4.87 12.2 1.98
I1(%) 57 37 . 49 50 .
Peak ~ 1 eV

Sample status  as-grown cycled bleached colored
B.E. (V) 0.39 0.56 1.38 1.19
(107720 1.78 0.46 2.36 0.59
1{%) 8 5 10 15

9 and Table IV compile the relevant results concerning,
respectively, the integral intensity as a function of pho-
ton energy and, for a fixed incident energy, vatiations
in peak position and intensity due to different optical
and chemical sample status. The work function of the
film at different coloration state did not show any re-
markable change, which may be possibly connected to
surface coverage of species during electrochemical pro-
cessing or air exposure. Also, we did not observe any
unusual difference in the measured total yield of the
films at the whole available photon energy range (30 -
650 eV).
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Figure 7. Fitting of valence band spectra by three Gaussian
Tunctions.
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IV. Discussion

Modifications on the chemical and structural prop-
erties of NiQO, thin fiims, deposited by reactive rf
sputtering, are achieved by changing the oxygen flux
inside the deposition chamberf*)). These differences
can be responsible for variations in the electrochem-
ical /electrochromic performance. First, it is relevant
to understand how the oxygen flux affects the material
properties and, second, it is important to determine the
oxygen flux range that produces NiQ, films with high-
est electrochromic performance. The parameters to be
correlated are stoichiometry, preferred crystalline orien-
tation, crystallite size, degree of crystallinity, transmit-
tance span and electrochemical stability. In this work
we concentrated on the electrochromic, crystalline and
optical properties of the different deposited NiQ, thin
films,

Due to the fact that the film obtained with f = 0.5
scem s nickel, instead of nickel oxide, it will not be
considered in the further discussion.

The unit cell volume of the sample deposited with f
= 1.0 scem, as well as its variation upon bleaching and
coloring is much smaller than the values attained for
samples deposited at higher oxygen flux, but the trans-
mittance span after galvanostatic steps is the same for
all the different films. On the other hand, other struc-
tural parameters like the degree of crystallinity, pre-
ferred orientation and crystallite size also depend on
the oxygen flux. The film deposited with f = 1.0 scem
presented the highest degree of crystallinity, a larger
number of crystallites with the (012) face parallel to
the substrate surface and also a larger crystallite size
in this same direction, comparatively to the other crys-
tal faces. For higher  values (2.0, 4.0 and 6.0 scem),
the preferred orientation becomes the (101) crystalio-
graphic direction and the crystallite size in this direc-
tion increases with the oxygen. The observed differ-
ences on the crystalline properties can be attributed to
the deposition rate, since it is dependent on tﬁe oxygen
flux, being higher for the smaller values of f.

For f = 1.0 scem the NiO, thin film is more trans-
parent in the visible region, even though it is thicker
(see Table I and Fig. 4}.

related to stoichiometry[t2  y fact, deviations from

This result is probably
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. stoichiometry play an important role in the optical,
" ionic and electronic properties of the materials. In the
case of nickel oxide, the non-stoichiometry has been
attributed to excess of oxygen (nickel vacancies} lead-
ing to the formation of Ni*? jons in the nickel oxide
matrix and to a decrease of transmittance in the vis-
ible rangel!?. Previous results on the gtoichiometry
of one similar NiO, sample grown with f = 2.0 scem,
. using Rutherford Back-Scattering measuretnents, pro-
vided z = 1.07 + 0.02113, It is reasonable to Brgue
that the stoichiomietry of the sample deposited at the
lowest oxygen flux is much near the stoichiometric com-
pound, which is transparent in the visible range, than
the samples grown with higher flux. However, for this
film (f = 1.0 scem), the monochromatic transmittance
do not stabilize, gradually changing to smaller valyes
under electrochemical cycling. This sample has the
slowest time response, indicating a diffusion coefficient
lower than for the other samples. Thin film diffusion
coefficients are known to greatly depend on the stoi-
chiometry and crystal structure, since the later deter-
mines the ionic channels inside the material. In the
present case, an ionic transport mechanism linked to
the number of oxygen vacancies (hopping ionic trans-
port} should be assumed, since the sample deposited
at the lowest oxygen flux is a compound with compo-
sition near x = 1, in spite of the greater crystallinity
that should induce a higher diffusion coefficient. Ag
the experimental parameters used in the electrochemi-
cal experiments were the same for all samples, the time
scale of the experiment was probably not enough to let
the full intercalation/de-intercalation process happen,
The optical behavior, then, should be attributed to the
slower kinetics of the electrochemical reaction. Als ir-
reversible incorporation of ionic or neutral species i: Lthe
oxide matrix should not be discarded. In fact, in ear-
Aier works" 1] we pointed out that alkaline ions also
participate in the electrochromic reaction. 1t is also
known that doping of nickel oxide with these jons (A
= Li, etc.) originates a dark, p-type semiconductor,
NiOzA(1-.y compoundt®]. In order to clarify all these
points, work is underway to determine the stoichiome-

try of the films analyzed in thig paper,

The fact that the crystal lattice volume s practi-

cally the same for the sample deposited with f = 1.0
scem (Table II) in the as-grown and colored states,
even though there is a huge difference in the monochro-
matic transmittance (70% for as-grown and 16% for
colored films), also indicates that either an incom-
plete intercalation/de-intercalation process or an irre-
versible incorporation of species oceurs for this film. It
is important to observe that, independent of the oxy-
gen flux, the obtained films always have crystal lat-
tice parameters larger than the values of stoichiomet-
ric NiO and, therefore, .the lattice should be able to
.accept intercalating ions. It has to be pointed out
that NiO, fitms after electrochemical cycling in aque-
ous electrolyte do not suffer an hydration process with
a consequent amorphization of the crystal structure as
has been observed in CoQ, films!*?, in spite of simi-
lar physical and electrochemical characteristics of NiQ,
and CoO;. All these findings point to the fact that re-
versibility and large transmittance span, desirable in
any electrochromic material, can be achieved in films

that combine a proper stoichiometry and structure.

There is not very much information concerning
changes in the electronic structure of these nanp-
stoichiometric NiO, thin films that can be related
to electrochromism, in spite of an extensive litera-
ture related to the optical and eleétronic properties of
NiQH216.18,19] Ay other complication in analyzing, this
type of films resides on the fact that the valence band
features depend not only on stoichiometry, but also on
sample crystalline characteristics?%], The conduction
band of these films is frequently-explored through the
study of the optical properties in the ultra-violet, visi-
ble and near-infrared regions, necessary to evaluate the
electrochromic performancel!=3], There are also stud-
ies using X-ray Photoemission Spectroscopy (XPS) that
focus in modifications in the core levels related to the
electrochromic process!, Investigations about the va-
lence band of these compounds are scarce, even though
important changes upon intercalatiof:/de—intercalation
of species are to be expected, since the valence hand
levels are related to bonding. '

The electronic structure of transition metal oxides
like NiO has been a controversial subject for a long pe-

riod of time. The experimental observation that NiQ
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is’a good insulator, instead of 2 metal as predicted by
band theory due to the Ni 3d unfilled band, is the start-
ing point. In the Mott-Hubbard picture the controversy
was explained by a strong intra-atomic Coulomb inter-
action between the Ni 3d electrons. In this case the
band gap energy is determined by the energy difference
(Uaa) between Ni d” and Ni d° configurations. More
recently, it was shown that the first jonization states
are not Ni 3d” but 3d°L, where L is a hole in the O
2p ligand band. In this last case the band gap is a
charge transfer gap between ligand holes states and Ni
3d° states. If the charge transfer energy A < Ujy the
gap is determined by the charge transfer energy and
the width of the ligand band; this is the case predicted
for NiOI321.22], The presence of holes induced by dop-
ing with acceptors ar non-stoichiometry have also been
addressed!19:22],

INTENSITY
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Fignre 8. UPS data for the 235 sample at different col-

~ oration state, measured with an incident photon energy hv
= T0 eV,

The electronic properties of electrochiromic nickel
oxide thin films were also analyzed in previous
workslz's'“}, whose common conelusion is the existence
fnickel vacancies in the material giving rise to a p-type
emiconductor. The observed extra encrgy levels are
~ompatible with the compound NigO4 1 Another in-
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teresting finding, not well understood, is the insensitiv-
ity of the Ni 2p core levels to the coloration/bleaching
process, while the O 2s levels are modified!?. Another
observation is the appearance of an indirect band gap
transition, that is affected by the intercalation process,
but not in an extent to justify the huge optical changes
observed during the lectrochemical /electrochromic pro-
cess. On the other hand, the direct band gap is almost
insensitive to the same processt®!, This type of correla-
tion between optical and electronic behavior is reason-
able if a charge transfer mechanism through impurity
levels separated by small energy gaps is assumed. Di-
electric characterization of similar films also points to-
wards this qualitative analysis of electrochromic NiQ,

band structuref23},

CYCLED
4 eV,
3 eV
Af eV
——
T T H T -
BLEACHED

INTEGRAL INTENSITY

T L T ¥ T
COLORED

4 eV

8 cV

lev

1 ol . e I \ :
0 &0 0 24} QO

PHOTON ENERGY {eV)

Figire 9. Integral intensity of the three valence band struc-
tures as a function of the incident photon energy.
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_ The valence band spectra obtained at the various in-
" cident photon energies (Fig. 6) clearly demonstrate the
resonance effect promoted by the Ni 3p electrons. The
quantitative analysis of this effect is shown in Fig. 9,
where it is observed an increase in the integral intensity
for hv > 65 eV, not only in the peaks assigned to Ni 3d
levels, but also in those related to O 2p and adsorbed
OH~. The band feature at around 1 eV, associated to
.. Ni 3d levels, showed a larger resonance effect in the col-
ored film. We expect a strénger influence of the nickel
in the spectra of dark NiO., due to de-intercalation
of species that are responsible for charge compensa-
tion at the nickel vacancies and changes in the elec-
tron and hole conductivity. The most interesting find-
ings of the UPS measurements appear comparing the
results obtained for the sample at different coloration
states (Fig. 8 and Table 1V). Since the as-grown film is
opaque and the cycled sample is much more transpar-
ent (cycled, stopping at the bleached state), we would
expect similarities in the valence band of cycled and
bleached samples, as well as in the as-grown and col-
ored ones. Nevertheless, the valence band features of
as-grown and cycled films are in some extent similar,
since there is a well defined valley between the peaks
centered around 4 eV and 8 eV. On the other hand, the
samples after electrochemical processing (bleached and
colored) present a more smeared band structure, that
can be related to freshly adsorbed species on the sur-
face. In fact, the small band observed at around 12 eV
in the electrochemical treated films can be associated
to OH~ 19 The energy of the peak centered around §
eV is equal for the cycled and bleached fihns and very
similar for the other two samples. Moreover, the larger
relative intensity of the structure at 8 eV, observed by
in the bleached film, is consistent with the fact that it is
associated to the OH~— radicals, which are expected to
be present in a larger concentration in the bleached film,
than in the colored onel!s], The decrease in the inten-
sity contribution of the structure around 4 eV, related
to Ni 3d and O 2p levels, can aiso be explained by the
adsorption of species during electrochemical processing.
The relative intensity of the peak associated to Ni 3d
levels (~ 1 V) is higher for the film in the as-grown

state when compared to the cycled one. This result
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can be explained by a decrease in the number of holes
originated by nickel vacancies, caused by electrochem-
ical charge compensation in the bleached state. The
comparison between bleached and colored films spectra
reveals the existence of levels crossing the Fermi energy,
forming a type of conduction band in the colored film.
In this case the formation of many levels inside the gap,
separated by small charge transfer energies, can explain
the modification in optical and electronic properties of
NiO; electrochromic material in the bleached and col-
ored states. This band model is consistent with a charge
transfer mechanism of hopping carriers across impurity
levels and is also compatible with previous experimen-
tal datal®23],

V. Conclusion

Differences in electrochemical/electrochromic per-
formance and structural properties of NiQ, films orig-
inated from the variation of oxygen flux during the
reactive rf sputtering growth process were analyzed,
There is a limitation to deposit NiO; electrochromic
thin films: for f < 0.5 scem the depusited material is
nickel. NiO; films were obtained for higher oxygen flux
(f > 1.0 scem). The deposition rate is dependent on
the oxygen flux, being higher for the smaller values of
f. The transmittance span of the films after a num-
ber of galvanostatic steps is the same, regardless dif-
ferences in the structural and optical properties of the
as-grown films, but electrochemical stable films only
can be achieved for higher flux of oxygen (f > 2 scem).
‘The valence band structure modifications observed for
the films at different coloration states points to a model
of charge transfer mechanism created and destroyed by

narrow impurity levels,
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ABSTRACT

- The structural properties of rf-sputtered electrochromic NiO, thin films
were investigated by X-Ray Diflraction (XRD). The degree of crystallinity,
the preferred crystalline orientation and the lattice parameters were
analyzed for samples deposited at different conditions and at the bleached
and colored states. Aqueous electrolytes éontaining LiOH, NaOH, KOH,
RbOH or CsOH were used. The XRD results were correlated to changes in
stress and mass induced by the electrochemical process. The degree of
crystallinity determine the stress in the film, being larger for 3 less crystailine
network. The experimental results indicate the participation of the alkaline
fon in the electrochromic reaction and a mechanism of ionic
intercalation/de-intercalation process that involves the bulk of the

crystailites as well as the grain boundaries,



INTRODUCTION

Anhydrous and hydrous nickel oxide (or oxy-hydroxide) thin films, deposited by
different techniques, are well known electrochromic materials [1-3]. Nickel oxide
(NiQ,) is considered a good candidate in technologies employing electrochromics, since
it is an anodic coloring material, optically and electrochemically compatible with the
well known tungsten trioxide. The desirable film characteristics for a large range of
devices include a short response time (< 100 ms), large optical density variation (>
30%), memory effect and long durability (10* - 107 cycles) {3]. The operation of
devices based on the switchable optical properties of electrochromics depends on ion
transport, which limits the response time to the milliseconds range. Nevertheless, for
many practical purposes, like the so-called ‘Smart windows”, a very fast response time
is not essential. Electrochromic efficiencies between 20 and 30 em’C! are easily
attained for NiQ,, independent on the technique employed to produce the films. On the
other hand, the achievement of large area, uniform and stable films, with long lif‘etirﬁe,
is not a straightforward task, becoming the crucial technological issue to be addressed.
Among the various deposition methods, those employing chemical (4,5} and
electrochemical [5-13] techniques give rise to hydrous and porous filins with fast
response times (20 ms [1]) and with noticesble electrochromic efficiencies (50 cm’C?
[7]). However, films grown by these methods are not very uniform nor stable fo}],
showing degradation effects in the best cases at around 10° coloring/bleaching cycles

[11,12]. Many experimental procedures have been proposed to improve the durability



of these less expensive and easily deposited thin films, including heat treatments f9i,
alloying [10], non-aqueous electrolytes [12] and other deposition strategies [5,11,13];
however, it seems a common sense among specialists that these films are not suitable
for practical applications, being necessary the development of other commercially
compatible deposition methods to produce durable electrochromic nickel oxide fitms.
Among these methods, those employing vacuum technology, as e-beam evaporation
{14-18] and dc or rf sputtering [19-28] provide filins with high stability ( ~ 10° cycles)
good electrochromic efficiency ( ~ 35 em’C™") ‘and response 'time as fast as 500 ms.
Prototypes of devices using nickel oxide as optically active material are reported in the
literature [29,30].

During the past ten years the research on electrochromic NiO, has provided an
useful amount of knowledge, but there are stili scientific and technological issues to be
solved, or that are hardly understood. For instance, the understanding of the
mechanisms responsible for the electrochromic behavior in this material depends on t.he
information about the intercalation reaction and the nature of the intercalating ions, as
well as the dependence of the electrochromic performance on the morphology,
Structure and stoichiometry of the deposited films. The ajm of this paper was to
determine, by means of X-Ray Diffraction (XRD), fattice parameters variations of f-
sputtered NiO_ thin films, caysed by bleaching and coloring in different alkaline aqueous

electrolyte, in order to determine the dependence of the lattice parameters on the

electrolyte constituents,



material is in the colored state, as it would be expected if the oxidation reaction is a
deintercalation process. Figure 2 shows the stress changes Ao as a function of charge
density in ditferent electrolytes, in the anodic (coloring) cycle. For all electrolytes, there
is a tensile stress, corresponding to a global volume decrease of the film. In the cathodic
cycle (not shown) the reverse behavior is observed. The stress changes depend on the
electrolyte. Ao changes linearly with inserted/extracted charge, and attain maximum
values. The slope Ac/AQ is similar for the LiOH, RbOH and CsOH and greater than
those observed for the NaOH and KOH electrolytes. Figure 3 shows the mass changes
as a function of charge density (anodic cycle) for this series of samples in LiOH, NaOH,
KCH, RbOH, and CsOH electréiytes. The data were obtained with the quartz
microbalance (EQCM). There is a mass increase in the anodic cycle, in the potential
region of the main electrochemical processes. Again, the mass changes are different in
different electrolytes. The mass variation is minimum for the LiOH electrolyte and
maximum for the CsOH electrolyte, with intermediate values for the other eiectro!yteé.
The polycrystalline series of samples, named N, were produced to determine
more precisely the variation in the lattice parameters, when the films are cycled in
different electrolytes, Figure 4 shows the XRD data obtained for the (111) reflection of
the N series of samples, in the bleached and colored states. Table 1] presents the lattice
parameters, as well as the volume variation between bleached and colored states, Figure
5 depicts the stress results, Again, Ac as a function of charge density shows a tensile

stress in the anodic cycle. The stress changes also depend on the electrolyte, as
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deintercalation process. Figure 2 shows the stress changes Ao as a function of charge
density in different electrolytes, in the anodic (coloring) cycle. For all electrolytes, there
is a tensile stress, corresponding to a global volume decrease of the film. In the cathodic
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transport along the film, but the ion exchange reaction takes place from the boundaries
to the bulk of the crystallites, being governed by the availability of defects, or
stoichiometry, as well as by the preferred crystalline orientation, or the proper pathway
of open ionic channels.

Among the characterization procedures, XRD is a very simple, useful and non
destructive tool, either to explore the thin films structural features or to follow
modifications in composition and structure caused by the reversible intercalation
process [38]. The idea to use XRD to look for lattice parameter modifications caused
by cycling identical samples in different electrolytes was based on the hypothesis that
also the alkaline cations, besides H', may reversibly enter and leave the crystal network.
This hypothesis was supported by previous findings that point to the participation of
other ions, like the alkaline and OH" ions, in the electrochromic/electrochemical reaction
[5,17,18,39,40].

In order to discuss the structural properties of non-stoichiometric NiQ,, it is
necessary to present the crystal structures assigned to NiO.

Nickel oxide crystallizes in a rhombohedral, or hexagonal, structure {space
group R3m) for temperatures below the Néel temperature of (253+3)0C [4 1-43} The
lattice parameters are a=2.954 A and ¢=7.236 A The nickel atoms are located at the
(0,0,0} position and oxygen at (0,0,0.5). The +(2/3 173 1/3. 173 2/3 2/3) positions for
both atoms are also allowed [44,45]. The atoms in the hexagonal packing are more

concentrated close to the a-b plane and to the crystal faces, leaving open channels in the



transport along the film, but the ion exchange reaction takes place from the boundaries
to the bulk of the crystallites, being governed by the availability of defects, or
stoichiometry, as well as by the preferred crystalline orientation, or the proper pathway
of open.ionic channels.

Among the characterization procedures, XRD is a very simple, useful and non
destructive tool, either to explore the thin films structural features or to follow
modifications in composition and structure caused by the reversible intercalation
process [38]. The idea to use XRD to look for fattice parameter modifications caused
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This hypothesis was supported by previous findings that point to the participation of
other ions, like the aikaline and O ions, in the electrochromic/electrochemical reaction
[5,17,18,39,40],

In order to discuss the structural properties of non-stoichiometric NiQy, it is
necessary to present the crystal structures assigned to NiO.

Nickel oxide crystallizes in a rhombohedral, or hexagonal, structure (space
group R3m) for temperatures below the Néel temperature of (253+3)0C [4 [-43]. The
lattice parameters are a=2.954 A and ¢=7 236 A. The nickel atoms are located at the
(0,0,0) position and oxygen at (0,0,0.5). The +(2/3 1/3 173, 113 2/3 2/3) positions for
both atoms are also aflowed [44,45]. The atoms in the hexagonal packing are more

concentrated close to the a-b plane and to the crystal faces, leaving open channels in the
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the crystallite sizes of our non-stoichiometric NiOy samples are too small. with a
conserjuent broadening of the ditfraction peaks, preventing the observation of some
peak splitting, characteristic of the hexagonal structure.

it is important to mention that the structure of Ni-deficient NiO, NiO, with x>1,
is of spinel type and attributed to the compound NijsOyq, ie., x=1.067 [48]. The
Rutherford Back-Scattering (RBS) analysis of our films, deposited at room
temperature, P, = 7x10” mbar, f = 2 scem and Py = 100 W provide x=1.07+0.02;
nevertheless, the use of the spinel structure to describe our films structural properties is
an unnecessary complication.

The results described in the.previous section clearly pointed out an intercalation
reaction, since both volume (stress and XRD data)}, and mass changes (EQCM) were
observed. In particular, the XRD results demonstrate that the intercalation ofions in the
electrochromic filn is a bulk type phenotmenon. The mechanical stress and mass
changes were extensively discussed in a previous paper [40}, being discarded the O
incorporation as the main process to explain the results obtained in different alkaline
electrolytes. The results indicate that the proton deintercalation process occurs
simultaneously with cation intercalation in the coloring cycle. Considering the ionic
radius of the different alkaline cations and the possibility of hydration, the stress and
mass data are concordant, However, the observed volume changes are a cousequence

of lattice parameter variations, that can be different in the various electrolytes, and
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the crystallite sizes of our non-stoichiometric NiOy samples are too small, with a
consequent broadening of the diffiaction peaks, preventing the observation of some
peak splitting, characteristic of the hexagonal structure.

It is important to mention that the structure of Ni-deficient NiO, NiO, with x>1,
is of spinel type and attributed to the compound NiysO, ie., x=1.067 [48]. The
Rutherford Back-Scattering (RBS) analysis of our films, deposited at room
temperature, P, = 7x10” mbar, f = 2 sccm and Pir= 100 W provide x=1.07+0.02;
nevertheless, the use of the spinel structure to describe our films structural properties is
an unnecessary complication,

The results described in the previous section clearly pointed out an intercalation
reaction, since both volume {stress and XRD data), and mass changes (EQCM) were
observed. In particular, the XRD results demonstrate that the intercalation of ions in the
electrochromic film is a buik type phenomenon. The mechanical stress and mass
changes were extensively discussed in a previous paper [40], being discarded the OH'
incorporation as the main process to explain the results obtained in different alkaline
electrolytes. The results indicate that the proton deintercalation process occurs
simultaneously with cation intercalation in the coloring cycle. Considering the ionic
radius of the different alkaline cations and the possibility of hydration, the stress and
mass data are concordant, However, the observed volume changes are a consequence

of lattice parameter variations, that can be different in the various electrolytes, and
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should depend on the degree of crystallinity and surtace crystallographic orientation of
the films.

Due to the poor crystallinity of the samples named M, the XRD results (Fig.1
and Table 1) are difficult to be analyzed. The unit cell volume decreases upon coloring
in both analyzed electrolytes, being consistent with the stress data. However, the
volume change between bleached and colored states in the different electrolytes are
similar and within the experimental error. The EQCM data (Fig. 3) show a global mass
increase in the anodic cycle and different mass/charge ratios for.the various electrolytes.

The same consistency between unit cell volume variation (AV) and stress data
(Ao) is also observed for sample named N (Figs. 4, 5 and Table II), in different
electrolytes. Moreover, the quantitative analysis of the obtained AV values clearly show
a smaller variation the Li-based electrolyte when cozﬁpared to larger values obtained for
the other electrolytes, which agrees with the Ac data.

The stress data of these two series of samples (M and N) disbiay larger Ac
values for the less crystailine film (M-series). Theretore, the degree of crystallinity
affect the stress in the films, being desirable to grow more crystalline films to attain
smaller changes in volume during cycling, since large stress variations could be
deleterious to devices durability. More Li* jons are exchanged than K* [40], but as Li*
is lighter than K', smaller mass variation is observed in the former case (Fig. 3). In
principle, the intercalation process supports the idea of atoms in substitutional or

. - . 0 1. - - . . + .
Interstitial atomic positions. The size of Li" ion, 0.68 A, is the order of Ni** jonic radius
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(0.70 A), and consequently Li" can replace Ni vacancies in substitutional positions with
slight changes in the unit cell volume, This reasoning can be the explanation for the
small variation in the stress of the M-sample cycled in the LiOH electrolyte, when
compared to the others. On the other hand, important changes in lattice parameters are
expected for the heavier and bigger ions, either in substitutional or interstitial positions,
but since less ions are exchanged, the stress does not increase proportionatly with the
atomic number of the alkaline ion, However, it is tmpossible with the present data to
distinguish among the two possibilities of ion intercalation sites inside the crystallites, or
even to rule out the presence of ions at the grain boundaries.

In conclusion, the XRD experimental results indicate, together with the stress
and EQCM data, that the alkaline ion participates in the electrochromic reaction. Due
to the mass increase upon coloring, the alkaline ion (C) enters the crystal lattice, while

hydrogen leaves it, according to the proposed exchange process:

NiOH, +2C* ¢3 NiOH,.C, + tH* + (1-z)e ‘ []
(bleached) (colored)
CONCLUSIONS

The XRD results showed that the intercalation process takes place in the bulk of
the crystallites and is responsible for lattice parameter variations between bleached and
colored states of the electrochromic material, The degree of crystallinity can explain the

differences observed in the stress data, showing the influence of the grain boundaries at
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TABLE 1

Lattice Parameter (a) and unit cell volume (V) of the M series of samples

Sample a(A) V (A3)

M-a 4.2181%0.0034 75.05+0.18
M-b (KOH) 47223500010 75.34+0.003
M-c (KOH) 4.2037+0.0028 74.28+0.15 (1.06)
M-b (LIOH) 4.2194+0.0036 75.12£0.19
M-c (LiOH) 4.2031+0.0073 ‘ 74.25+0.39 (0.87)

Numbers in parenthesis are the volume difference between bleached
and colored states,
a: as-growr/ b: bleached/ ¢: colored



TABLE I

Lattice Parameter (a) and unit cell volume (V) of the N series of samples

Sample a(A) V (A3)
N-a 4.222350.0037 75.2720.20
b (LOH) 42731200023 75.2620.15
Nec (LiIOH)_ 12133200076 | 74.79%0.40 (0.47)
N-b (NaOH) 4.2331£0 0049 75.8520.26
N-c (NaOH) 4.217720.0050 - 75.03%0.27 (0.82)
N-b (KOH) 4.33530.0057 75072031
N-c (KOH) 3220870.0063 75.1940.35 (0.79)
N-b (CsOH) 42316200053 75774029
N-c (CsOH) 4217420.0099 75.01%0.53 (0.76)

Numbers in parenthesis are the volume difference between bleached
and colored states.
a: as-growrn/ b: bleached/ ¢: colored
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FIGURE CAPTIONS

Figure | - X-ray diffractograms obtained for two as-grown samples, named M and N,

deposited on ITO/thick glass, using Cu Ko radiation (A = 1.5418 A).

Figure 2 - Stress changes in the anodic cycle for different electrolytes of the M-series of

samples, deposited on ITO/thin flexible glass.

Figure 3 - Mass variation in the anodic cvele for different electrolytes of the M-series of

samples deposited on Au/Cr/quartz crystal.

Figure 4 - X-ray diffractograms obtained for the N samples, deposited on ITO/thin
flexible glass and galvanostatically bleached/colored in different electrolytes

(A=15418 A).

Figure 5 - Stress changes in the anodic cycle for different electrolytes of the N-series of

samples. deposited on ITO/thin flexible glass.
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The cationic substitution of Cu by Co in the Bi-based superconductor was studied in order to determine the optimal sintering
conditions to produce single-phase materials, X-ray diffraction experiments combined with differential thermal analysis {DTA}
and electrical resistivity were utilized as the diagnostic techniques. The phase dependence on the starting stoichiometries as well
as the atmospkere and temperature employed during the sintering process were established. Samples in the Bi-Sr—Co-0O system
were heat treated under both air and nitrogen aimospheres in the temperature range 800 < T<900°C. The formation of Bi;Sr,Co0,
is favored at higher temperatures and in reducing atmosphere, while the Bi,Sr,Co,0, compound occurs for lower temperatures
and in a partially oxidized ambient. The Co valence state in these compounds and the facifity to grow single crystals are discussed.

1. Intreduction

The critical temperature (7.) dependence on the
number » of Cu~Q layers in Bi-based superconduc-
tors has been studied in order to better understand
the origin of superconductivity in high-77, materials
[1,2]. It was found that the Bi,Sr,Ca,_,Cu,0,, n=1,
2, and 3, compounds present incommensurate mod-
ulated structures {3,4]. The correlation between the
modulation and the possible appearance of super-
conducting properties in the Bi-Sr-M-0, M= Fe, Co,
and Mn, systems was extensively investigated [5-9 1
The cationic substitution of Cy by Fe resulted in
phases with n=2, 3: for Co in phases with n=1, 2,
and for Mn it was observed with n=1,2 3. These
layered stoichiometric compounds are not supercon-
ducting and present commensurate maodufations, ex-
cept for the Co n=2 phase, which shows commen-
surate and incommensurate modulations in its
structure [6]. ' '

An important result was obtained in & partial Bi
substitution by Pb for the compounds with Mn | 10).
That substitution produces z non-superconducting
phase, with no evidence for structural modulations,

' Present address: Institute for Pure and Applied Physical Sei-

ences, University of California at San Diego, Lz Jolia, CA
92093-0075, USA.

which is induced by an additional annealing under
oxygen. These results showed that the modulations
originate in the Bi-O layers by insertion of extra and
periodic rows of oxygen atoms. The presence of
structural moduiations is not a sufficient condition
for the appearance of the sitperconducting properties.

The fact that those materials are isostructural 1o
the Cu-based Bi compounds, but showing commen-
surate modulations, allows the complete determi-
nation of their crystalline structures, This can be a
useful guideline for the complete understanding of
the structural properties of the Cu-based supercon-
ducting phases. However, it has beeh observed that
the phases obtained by those cationic substitutions
are strongly dependent on both sintering tempera-
ture and atmosphere [5-9]. Another point is that
the related literature on the formation processes of
those compounds is incomplete and presents some
contradictions.

Our aim in this work is to study the formation ki-
netics of Bi~Sr-Co-0O compounds, hoping to clarify
the necessary sintering parameters to prepare single-
phase materials. We chose to investigate this special
system because we found it easier to prepare the n= |
polyerysialline single-phase materials and to grow
single erystals.

Gi67-577x/91/% 03.50 © 1991 Elsevier Science Publishers B.Y. AN rights reserved. 321
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2. Experimental procedure

Samples with 2-2-0-1 (n=1 phase} and 2-3-0-2
{n=2 phase) stoichiometries (samples with n=1, 2
respectively when the superconductor notation
Bi:Sr:Ca:Co is utilized) were prepared by the solid
state reaction method. The appropriate amounts of
Bi;0,, 5rCO;, and Co;0,, all of them with purity
higher than 99.9%, were mixed and ground. The
powders were calcined in air at 780°C for 50 h and
then sintered at fixed temperatures between 800 and
900°C for 24 h. Samples with the 2-2.0-1 stoichi-
ometry were treated both in 2ir and nitrogen while
those ones with the 2-3-0-2 proportion. were treated
only in air. In order 1o identify possible additional
phases a BiSrO, (1:1 at.%) sample was prepared at
800°C.

The phase identification was obtained by X-ray
diffractometry (XRD) utilizing Ni filtered Cu Ku
radiation and a 26 angular scanning range between
5 and 40 degrees. The fattice parameters were ob-

tained through the refinement of observed peaks uti- .

lizing a least-squares program.

Differential thermal anatysis {DTA) experiments
up to 1200°C were performed on two samples in or-
der to study the n=1 Kinetics formation more
accurately,

Electrical resistivity measurement was made on the
n=1 single-phase sample by the dc four-lead method.
The temperature was measured with a calibrated
platinum resistance thermometer between 100 and
300 K.

3. Results and discussion

The XRD diffractograms taken of samples with
- n=1 heat treated in nitrogen at several lemperatures
is shown in fig. 1. The n=1 and n=2 phase iden-
tification by XRD is alimost immediate due to the
presence of well-defined and characteristic reflec-
tions at low angles for both phases, The n=1 and
n=2 phases can be distinguished by the (002) re-
flections at 26=7.54° and 3.957, respectively, when
the Cu Ka radiation is used. The results indicate that
the n=2 phase, coexisting with other phases, is pres-
ent in samples heat treated at lower temperatures (see
fig. 1a). Those peaks of the non-identified addi-
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Fig. 1. The X-ray diffraction patterss of the 2-2-0-! stoichiomet-
ric samples heat treated in nitrogen atmosphere at several tem-
peratures: (a) 825°C, (b) 845°C, and {c) 865°C,

tional phases and the n=2 compound decrease in in-
tensity with increasing heat-treatment temperature
(see fig. 1b). For terperatures above 845°C the re-
flections associated with the n=2 phase are not de-
tected and the componnd is single phase with the
n=1 structure. The calculation of the fattice param-
eters for the orthothombic structure resulted in
a=21.8210.04 A,5=5.461 002 A, and c=2352%
0.04 A, in good agreement with those reported in the
literature {9].

The n=2 phase, whose superstricture has not been
determined yet, has =298 A [6]. The complete
structure determination of thig phase has been dif-
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ficult since only (00/)-type reflections are easily
identified. No vestiges of the n=3 phase were
observed.

The results shown in fig. 1 suggest that the n=2
phase formation is favored at low temperatures, while
the n=1{ phase is at higher ones. Another important
feature is that there is no evidence for competition
between those phases in our results. At 825°C there
is no vestige for the n=1 phase, while the n=2 co-
exists with some additional phases. Then, at 845°C,
it was possible to index almost all reflections asso-
ciated with the n=1 phase plus just one additional
reflection possibly associated with a spurious phase,
This suggests that the n=2 decomposition associ-
ated with additional phases is a fundamental con-
dition for the appearance of the n=1 compotnd. As
we have no evidence of a liquid phase, it is possible
that the n=1 phase is formed by an eutectoid re-
action. Experiments are in progress in order to clar-
ify this point. .

The XRD results for air-treated samples with the
2-2-0-1 stoichiometry are shown in fig. 2. At 825°C,
it is possible to index at least three phases in the sam-
ple studied, The n=2 compound and a binary oxide
phase BiSrO, (1:1 at.%) were determined and small
reflections possibly associated with an additional
phase were also observed. Once more the presence
of the n=1 phase at low temperatures was not ob-
served. However, at 845°C the »#=1 and n=2 com-
pounds coexist with the additional phase, showing a
difference when compared with the former resuits.
For the nitrogen heat-treated samples, at 845°C (fig.
Ib}, no evidence was observed for the n=2 phase,
and the sample was almost single phase, Here, the
picture is quite different. This result is more pro-
nounced in the sample air-treated at 865°C (see fig.
2c) where the n=1 and n=2 phases coexist with
small amounts of an additional phase. These results
suggest that the n= 1 phase is favored at higher tem-
peratures and that its formation is strongly environ-
ment dependent, as observed in the literature {3,9].
It was observed that the n= | phase could be ob-
tained only in reducing atmospheres, Another point
is that the observed n=? phase presence at higher
temperatures in air is a strong indication that the re-
ducing atmosphere should inhibit the n=2 phase
formation and accelerate its decomposition.

The results described above are also useful in or-
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Fig. 2. The X-ray diffraction patterns of the 2-2-0-1 stoichjomet-
ric samples heat treated in air at (2) 825°C, (b) 845°C, and {c)
B65°C.

35 40

der to discuss the Co valence state for these phases.
For the n=1 phase the Co valence state should be
lower than that present for n=2, since the n=| sin-
gle-phase materia) is obtained only in reducing at-
mospheres. This supposition has support from re-
cent XPS measurements made on the same materialg
[6]. There it wag reported that the n=2 compound
presentsa + 7 valonce state and that a value between
+2and +3 = ohserved for the n=1 phase. An-
other interestis - "t s associated with the oxygen
contentin the 7. . iase, Further attempts to vary
the oxygen concentration i that phase by heating jt
at low temperatures {(400°C} inairfor 24 h resulted

Il
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- in a diffractogram with small differences in peak po-
sitions within the experimental accuracy. High- tem-
perature annealing (600°C) even for a brief time in-
terval of 3 h resulted in the n=1 phase decomposition
towards the n=2 phase, as well as the appearance of
additional compounds.

The XRD results for the air-treated 2-3-0-2 com-
pound are shown in fig. 3. Again, it is possible to ob-
serve the n=2 phase at low temperatures (fig. 3a)
with a small amount of additional phases. While the

diffractogram shown in fig. 3a can be associated with

an almost single-phase material, it is possible to cal-
culate the ¢ parameter for that sample. We obtained
¢=29.8540.05 A, which is in good agreement with

T T ! i T f

ta) + n=1phase coms
A n=2phase

{b}

Intensity (a.u.)

]
3¢ 35 40

28

Fig. 3. Diﬂ'r‘acmgrams of the 2-3.0-2 stoichiometric samples heat
treated in air at {a) 825°C, (b) 845°C, and {c) 865°C.
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previous data reported in the literature for an n=2
single-phase material obtained in a strong oxygen-
ated atmosphere [6]. For higher temperatures, the
n=2 phase coexists with the n=1, as observed in fig.
2. There it is shown that the air-treated 2-2-0-1 sam-
ple and the n=2 phase do not disappear at higher
temperatures. A calculation of the ratio between the
{002) X-ray peak intensities corresponding to the
n=1 and n=2 phases, at both 845 and 865°C for
both 2-2-0-1 and 2-3-0-2 air-treated samples, re-
vealed that the n=1 phase reflections are most in-
tense for the 2-2-0-1 composition, indicating that the
2-2-0-1 stoichiometry favors the n=| phase
formation.

In view of the above XRD results on the 2-2-0-1
and 2-3-0-2 starting stoichiometries, it is possible to
suggest that the proportion of the starting materials
is not sufficient to guarantee the formation of a de-
sired single phase. Additional parameters such as
heat-treatment temperature and atmosphere during
the annealing, are also important, :

In order to better characterize the samples, DTA
measurements (not shown) were performed on two
samples with starting 2-2-0-2 stoichiometry, The re-
sults can be summarized ag follows. The n=1 single-
phase material showed a large peak between 775 and
875°C during ramping, probably associated with two
near transitions. Another result was obtained in a
multiphase.sample, sintered at 820°C in air. Peaks
were observed at 795 and 860°C during the ramp-
ing. Both samples had liquid-phase vestiges at ahout
900°C. The two transitions observed in the multi-
phase sample can be attributed to the n=2 and 5= I
phase formation, respectively, by means of the XRD
results reported above, The large transition observed
for the single-phase sample is indicative of the de-
composition of small amounts of spurious phases that
could not be detected by XRD.

After the DTA measurements little platelet-like
crystals were ohserved on the solidified flux surface
on both samples. The XRD patterns of the totai so-
lidified Auxcs are shown in fig. 4. The n=1 phase
was predominant and none of the (007) reflections
belonging 10 the n=2 phase were detected. The ap-
sence of the 12 phase, inhibited by the He atmo-
sphere utilized in the DTA measurements and high
temperatures, is in dccord with onr previous XRD
results. Another point is that these results reinforce



Volume 12, number §

] T 1 1

ta) 4 n=1phase
N
07 2

-1

=
=
-
et
7]
c
2
fad
[ o]
+
+
+ o, +
;
5 10. 15 20 o5 30 35 40

26

Fig. 4. The X-ray difftaction patterns of the solidified flux ob-
tainted afler DTA measurements of the following samples: {a)
the 1= | single phase treated in nitrogen and {b) the 2-2-0-1 st0i-
chiometric maltiphase sample air-treated at §20°C.

the Co valence state described above. The X-ray
peaks assigned to the n— | phase clearly demonstrate
a strong preferential orientation along the ¢ direction,

A Lave geometry diffraction experiment showed
evidence of single-crystai formation, ‘The growth of
those single crystals in 3 simple measuring process
revealed two important features: the ability to grow
those crystals with no flux and at a fast cooling rate
(around 10°C/min).

The electricat resistivity versyg temperature for the
Bi,8r,Co0, compound is displayed in fig. 5. The re-
sistivity increases monotonically with decreasing
temperature for temperatures down to 80 K. While
the data were not fit by eithier correlated Of non-cor-
related variable-range hopping processes, an acti-
vation process was obtained. By plotting the loga-
rithm of the measured conductivity versus the inverse
of the temperature (insert fig. 5}, a straight line was
obtained. This conductivity range typically corre-
sponds 1o one of a semiconductor materiaf preseni-
ing an ionic conduction with an activation energy of
0.235 eV, Similar activation energies were obtained
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Fig. 5. Electrical resistivity dependence on the temperature for
the polyerystalline Bi;SrZCGO,, compound between 100 and 300
K. The insert shows the logof the conductivity versus the inverse
of the terperature that resuits in 2 straight line which can be fif-
ted by the Arrhenius faw.

in the BinSrzMOy phases, M=Co, Mn. The values
are 0.32 and 0.42 eV for Co and Mn, respectively
[10}.

4, Conclusions

This work reports a systematic study on the ki-
netics of formation of the n=1 and n=2 phases of
Bi;Sr, . 1C0,0, compounds. The resufts show that the
proper starting stiochiometry is not sufficient to ob-
tain single-phase materials. Thus, other parameters
such as atmosphere and temperature should be care-
fully considered.

The =1 single-phase compound was obtained in

“heat treatments performed in nitrogen, but not in air,

On the other hand, the n=2 phase is formed in a
partially oxidizing atmosphere, indicating that this
phase is unstable in 2 reducing environment, This is
important experimental evidence for the discussion
of the Co valence state in the n=1{ apd n=2 com-
pounds. This work also reports an ability to grow
single crystals of the n=1 Co-based Bj tompound
without flux and at a high cooling rate,

The experimental results also contribute to the in-
vestigation of the probable conditions to produce an
n=2 single-phase material Efforts are underway to
grow this material, s that its unknown structure, or

325
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- at least its lattice parameters, can be determined by
means of X-ray experiments.
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Abstract

The effects of successive thermomechanical treatments on the texture and morphology of Bi-based (2223) super-
conductor Ag-sheathed tapes were analyzed and related to the critical current density. Pressi_ng and rpi!ing mechanical
processes were compared. X-ray diffraction results showed a large increase in the crystalhne_dcnsxty and preferred
orientation in the initial steps, and saturation after the third cycle of mechanical effort-heating. Scanntng electron
microscopy photographs showed differences in the morphological aspects of pressed and rolled tapes; tl?e grains of the
pressed tapes presented piled-up platelets parallel to the tape surface, a factor that was associated with the current

density.

1. Introduction

Since the discovery of the new high Tc supercon-
ductor compounds, efforts have been made to develop
flexible Ag-sheathed superconductor tapes. Many
studies have been carried out to determine optimum
sintering conditions for attaining higher critical current
densities {J.). Up to now, J, values between 10% and 105
A em~? were obtained for Bi-based tapes
((Bi,Pb)ZSr2Can~,Cu,,O}, with n=2 and n=3)[1-6] and
for YBa,Cu;0,_, based melt textured polycrystalline
samples{7,8)at T=77 Kand B=0.

Sintering of the Bi-based tapes requires optimization
of the temperature, composition and texture of the
superconductor powder. Some authors have shown
that the powder packing density, connectivity between
grains, and prefetred crystal orientation in the tape are
directly related to improvements in the conduction
quality of the material. The packing density is
increased by cold rolling or cold pressing [2, 3, 6,
9-11}. The intergrain connectivity is obtained by heat
treatment [2-5, 10, 12-14]. A specific preferred orien-
tation of the grains in the tapes is required |1-3, 9, 10}
because the current conduction is confined to the plane
parallel to the Cu-O layers [15, 16]{ie. the crystalio-
graphic a-b plane),

Highly oriented Bi-based superconductor tapes are
easily produced. One of the advantages over YBaCuO-
based tapes (3] is the attainment of oriented grains with

* Author to whom correspondence should be addressed.

0921-5107/94/87.00
SSDH 0921-5107{9300078-8

a2 more homogeneous depth profile [2, 17]. Moreover,
texturing of YBaCuO-based tapes occurs by a partial
melting reaction that takes place in a small and high
temperature range, making difficult the production of
long Ag-sheathed samples. Formation of the 2223 Bi
compound {n = 3) occurs through a liguid phase reac-
tion of the low Tc phase (2212 or n= 2). The presence
of the 2212 phase is fundamental for achieving good
contact at the grain boundaries, a major parameter for
increasing J,[2, 3, 13, 18],

In this paper, we report our results on the texture of
{Bi,Pb)z_zerCaZCu_;Oy tapes obtained by the powder-
in-tube method. A comparative study was carried out
between pressing and rolling mechanical processes.
The variations in density, crystallite size and preferred
orientation of the powder in the tapes were systemati-
cally investigated by means of X-ray diffraction (XRD)
and scanning electron microscopy (SEM) data analysis.

2. Experimental details

The oxides Bi,0,, PbO, SrCQ 3» CaCO; and CuO
were mixed in a2 crucible to form  the
Big Pby 4Sr,Ca,Cu,0, powder {2223 stoichiometry)
by the solid reaction method. The material was cal-
cined for 24 h at 840 °C in ait, ground and submitted to
“ niew heat treatment for 100 h in the same conditions,
‘Fhe composition of the resulting powder, as deter-
mined by XRD, was predominantly the 2212 phase.
The 2223 compound was not detected. :

The powder was inserted in an 8 mm inner diameter
Ag tube and beaten. The section of the tube wag

© 1994 - Elsevier Sequota. Al vights reserved
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reduced by rotative swage to about 1 mm diameter.
One tube was pressed and another tube was rolled, in
order to conduct a comparative study of the two
mechanical processes. The pressed tape was cut in
pieces of 50 mm length and submitted to four cycles of
heat treatment (T=856°C for 110 h) and pressing,
The same procedure was foliowed for the rolled pieces.
After each process, one sample was extracted and
opened. Both sides were examined by XRD and SEM.
The samples were named by the first letter of each step:
- P for pressing, R for rolling and H for heat treatment.
For example, the tape prepared in the following
sequence: {pressing, heating, pressing) was designated

XRD measurements were performed in the opened

tape surface using Ni filtered Cu-Ka radiation
(0.8 kW) with step-scanning mode (0.05° for 30 s) in
the angular range between 20° and 63°. About 75% of
the total diffracted intensity of the powder samples is
confined in the considered angular region.

SEM inspections were performed using an energy of
3 kV and 3500 % magnification.

The critical current density J. was measured after
each heat treatment by the four point probe method in

liquid nitrogen {T=77 K and B=0). The criterion of

1 uVem~! was used,

3. Results

The XRD reflections of the 2223 phase were iden-
tified through comparison with a diffractogram
obtained by microcomputer simulation {19], using the
following information from ref. 20: Iattice parameters
(a=5.407(6) A, b=5407(6) A, c=37.051(7) A), space
group Bbmb and atomic positions. For purposes of
comparison, the diffractogram depicted in Fig, 1(a)
belongs to a typically non-oriented 2223 powder
sample. Figures 1(b) and  1(¢) depict a sequence of
diffractograms obtained at the end of each heating step,
for both pressed and rolled tapes. After the first heat
treatment, the powder constituents are the 2223 and
2212 superconductor phases plus some unknown
species. These unreacted species and the 2212 com-
pound are expected to decompose during the next
heating steps, promoting a better connectivity between
the 2223 grains |2, 13]. In fact, after the second lieat
treatment, a significant amount of the 2212 and
spurious phases decomposed. The third heat treatment
results (not shown) produced patterns similar to the
former. The diffractograms after the fourth heat treat-
ment show the 2223 phase and small amounts of
unidentified materials, one of these probably being the

2201 compound [21]. A strong (007) crystalline orien-
tation is observed.

The total thickness of the tapes, listed in Table 1,
decreased with the number of pressing and rolling
steps. Rolling was more effective than pressing for
thickness reduction.

Table 2 shows the critical current density, measured
after each heat treatment H at T=77 K and without
magnetic field. The J, measured after the mechanical
step alone were null. The J_ value after the first H step
was very low. The second H step raised J_ by about two
orders of magnitude, for both pressed and rolled tapes.
The third and fourth H processes held the J. quite
constant for the pressed sample, at about 1200 A
em™2 For the rolled tapes, howevet, J. decreased.
Larger critical current densities were achieved for the
pressed tapes. The results will be discussed in detail
later.

The XRD data were corrected for an exposed area
factor, since the samples were narrower than the inci-
dent beam. The diffracted intensity was multiplied by
the ratio between the areas of the sample and the X-ray
incident beam. Absorption correction was not
required, because the powder thickness was larger than
the X-ray penetration depth. Each reflection was fitted
to a Gaussian shape. The background level, maximum
intensity, full width at half maximum (FWHM), and
peak angular position were determined. The integrated
intensity was calculated using Gaussian parameters.
The statistical fluctuation in the intensity data was
estimated to be around 2%. No measurable deviation
in peak positions was found. The preferred orientation
was determined using all reflections in the studied
angular range, with a factor P defined as P =2Z1(007y
ZIthk)[1]. :

Both sides of each sample were measured in the
diffractometer, and the average value, with its respec-
tive dispersion bar, was considered for further analysis,
The differences obtained in the XRD data of the same
tape are attributed to a non-homogeneous crystalline
orientation of the powder. In many cases the opening
of the tapes, necessary to perform the XRD
Mmeasurements, did not occur precisely at the middle of
the tape cross-section. A higher (00/) preferred orien-
tation ot the Ag interface than in the bulk is expected

[2], and this may be responsible for fhe deviations -
menticast,

. Info- " *ion about variations in the average crystal-
h?e size he obtained from the FWHM of the pure
diffractic ks {22]. The experimental (0024) reflec-

t?on was uscd for this purpose. The Rachinger correc-
tion was performed to eliminate the Ka, contribution
[22]. The exprerimental peak can be expressed as a
convolution relation between instrumental profile and
pure profile [22], The instramentai broadening b was
determined from the FWHM of the (311) reflection of
a standard silicon sample (26=56.2°), Using the
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Fig. 1. XRD patterns of {a) non-oriented Bi-2223 superconductor powder; (b) tapes with one, two and four cycles of pressing/heat
treatment; (c) tape with one, two and four cycles of rolling/heat treatment. L denotes 2212 phase, H denotes 2223 phase, * related to
unknown phase. :

TABLE 1. Total thickness of the tapes after pressing or rolling Gaussian approximation, the breadth of pure reflection
B can be determined from: £?=B*- b, where Bis the

Pressed Thickness  Rolled Thickness experimental breadth. The average crystallite size in
- tape (inm) . taped (mem) the (004) direction is Dy, =0.89 M(Banzay 005 Gyon)

P 0.59 R 0.77 where 1 is the wavelength of the Cu-K e, radiation and

PHP 042 RHR 0.37 6 the Bragg angle,

PHPHP 0.37 RHRHR 0.21 The crystallite sizes determined are shown in Figs,

PHPHPHP 0.30 RHRHRHR 0.17

2(=} and 2(b). An oscillatory behavior, after the press-
ing, {+olling) and heat treatment steps, is observed. For -
beit- 2 vnes of tapes the crystallite sizes parallel to the c-

ax - of the same order of magnitude,
TABLE 2. Critical current density after each heat treatment “ariation in the density of the crystallites can be
Pressed Critical Rofled Critcal 9% vied from integrated intensity (1) analysis. The
tape current tape current 1Mt ~d intensities of the (0010) and (119) refiec-
density density o * shown in Fig. 3. The normal to the (119)
{Acm~?) (Acm?) Pl:me 28 an angle of 47° with the c-axis, A large
o P o 550 :;;csrgie *f!::arl ;a!f:;s of the (00/) reflections is clearly
PHPHPH 1160 RHRHRI 700 T prossing {rolling) and heating
PHPHPHPY 1200 RHRHRHRIY 479 procedurc  “ffer the third heating, the intensity

stabilized ¢ ' mechanical processes, A variation in
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Fig. 2. Averagé crystallite size of {a) rolled and (b} pressed tapes.

the (0010) integrated intensity, from 0.45 to 2.2 for
pressing and from 0.30 to 2.1 for rolling, was reached.
The integrated intensity of the (1 19) reflection stayed
constant within the error bars. These results are evi-
dence of gradually increased preferred orientation in
the (00/) direction as the sequence of thermomechani-
cal processes take place.

The preferred orientation of the grains for the rolled
and pressed tapes are shown in F ig. 4. The P factor
growth is more intense during the beginning of the
sintering process and stabilizes after the third heating
step. The P factor determined for the simulated
powder diffractogram was 0.1 1, which is very small in
* comparison with the values attained for the tapes. It
was not possible to determine the P value for the
powder experimental pattern of the 2223 phase
depicted in Fig, 1, due to superposition of (00/) and
(hk 7} reflections.

Figure 5 shows SEM images of the pressed tapes
cross-section. The increase of the grain size after heat
treatment (Figs. 5(a) and 5(b)) and the break-up of the
grains after the mechanical process are clearly
observed {Figs. 5(b) and (e}, Figs. 5(d) and S{ed). A
new heat treatment promotes regrowth of the graing
{Figs. 5(c) and 5(d), Figs. 5{e) and 5(f)), and decreases
the number of grain boundaries that obstruct the
current passage. The micrographs also show that the
mechanical effort/heat treatment combination pro-
duced grains in an oriented platelet form.
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Fig. 3. Integrated intensity of (0010) and {119) diffraction peaks
of {a) pressed and (b) rolled tapes,

Figure 6 shows SEM pictures of roled tapes. The
heating step promotes connectivity between grains
{Figs. 6(a) and 6(b), Figs. 6{c) and 6(d)) and the
mechanical effort step causes break-up of the grains
(Figs. 6(b) and 6(c)}, as in the pressed tapes. A com-
parison betwecn pressed and rolled tapes shows
morphological differences between the different tapes.
The pressed sample presented a tendency to form
piled-up platelets. while the rolled tape showed iso-
lated thin platelets a'most entirely. The origin and
consequences of these differences will be discussed
later.

4. Discussion

Technological applications of the new high Te super-
conductors require optimization of many processing
parameters, beginning with the ability to produce long
and flexible wires {tapes) or homogeneous large area -
thin films, and continuing with the improvement of
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relevant physicat properties, e.g. high critical current
densities at proper temperature ranges and magnetic
fields {3, 5, 17, 18, 23]. In particular, the production of
superconductor tapes involves enhancement of differ-
ent factors such as (i) homogenization of the high Te
phase; (i) fine dispersion of non-superconducting
phases; (iif} good alignment of grains in a preferred
crystallographic orientation; and (iv) strong bonding of
grains at grain boundaries. All of these parameters are
optimized by thermomechanical processing,

The aim of our work was to follow variations in the
critical current density caused by one of the above
mentioned parameters, that is the tape microstructure,
The rise of J. was accompanied by a systematic and
detailed XRD and SEM analysis carried out on
pressed and rolled tapes.

The critical current density values attained in this
work are smaller than the best values in the literature
{1-6], due to the large thickness of our tapes. It ig
known that the decrease in tape thickness is +oually
followed by an increase in Jo. The reason ~  qhig
behavior is the surface orientation of the grain  +ing
the mechanical processing that is also respon:  for
the thickness reduction {2, 3, 10, 17]. Our res - are
similar when compared to J_ values reporter: - the
literature for tapes having simifar thickness {3]. The
fact that our J. values are not optimized does not
invalidate our study of the influence of microstructural
parameters on the rise of J., since the experimental
evidence furnishes guidelines for the improvement of
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Large variations in the density and preferred orien-
tation, accompanied by the rise of J_, were observed.up
to the third cycle. These parameters attained saturatzo.n
for further steps, confirming that three cycles are suffi-
cient to rise J_ close to the maximum {2, 3, 24]. Our
XRD results showed that, after the second cycle, only a
small amount of the 2212 phase remains in the powder.
There are indications that the decomposition of the
2212 phase and other species, via a liquid phase
reaction, leads to formation of the 2223 phase and
promotes the connections at the grain boundaries th'at
improve J, (2, 3, 13, 25). The importance of the grain
boundary improvements to the J. enhancements are
reported in the literature {4, 5]. In our samples, an
abrupt tise of two orders of magnitude in J. after the
second heat treatment is related to the decomposition
of those phases to form the 2223 compound (see Figs.
I{b} and 1{c)). However, in the next heating steps, we
believe that the amount of the 2212 phase was not
enough to join the grains together; therefore, the grain
connections were not completely restored. Besides the
thickness restriction already mentioned, the low J,
values obtained are also attributed to poor intergrain
connectivity, probably caused by the missing 2212
phase that should be present until the last heating step.
Preparation of new samples in order to optimize the
heating conditions are in progress.

As far as we know, values of the crystallite size are
not reported in the literature, despite the fact that XRD
is one of the techniques most used to characterize
superconductor tapes [1-3, 10, 17, 25]. The crystallite
sizes, determined from our XRD data, in the direction
perpendicular to the surface {c-direction) are around
500 A. They break-up under tehsion and recrystallize
during the heat treatment {see Fig. 2). The thickness of
the platelets, seen in the SEM images, can be associ-
ated with this parameter. The same pictures show that
the grains in the plane parallel to the surface (a-b
plane) have different sizes, in the micrometre range.
They are associated with the crystallite size in the a-p
direction, which is ot accessible to  XRD
measurements. They also break-up during the mechan-
ical effort and recrystallize by annealing (see Figs. 5
and 6). The morphological aspects of our tapes are -
similar to those reported by other authors [4, 5].

Comparing the J. values obtained for the two difier-

ples for the same number of cycles, although they have
smaller thickness (see Table 1), This discrepancy could
be explained by assuming that only a perpendicular
force acts during pressing, while there is also a force
component parallel to the surface during rofling: Since
this parallel Component exists, the platelets of the
rolled tapes are not able to pile-up {see Fig. 6)

>
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Fig. 5. SEM images of the pressed tapes after the following thermomechanical steps: (A)
{E) PHPHPHP; (F) PHPHPHPH.

PHP;(F* PITPH; (C) PHPHP; (D) PHPHPH;
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although the crystallite size in the c-direction presents
some growth {see Fig. 2). On the other side, the press-
ing method causes a sfight decrease in the values of
Dyyqp, but the platelets are easily stacked (see Fig. 5).
These results show tha the thinner piled-up platelets
allow a higher critical current flow, because the neigh-
bor grains are propedy connected through a large
boundary area. Those findings are in agreement with
earlier results comparing the effectiveness of pressing
over rolling [10, 11, 24} and are also consistent with the
brickwall model of current flow [25, 26].

Texturing is claimed as a major factor for high J_
vaiues{1, 3]. The parameters used in the pertinent liter-
ature to define the texture are not unified. Therefore, a
quantitative comparison between our results (ie. the P
values) and other pubished data is meaningless. Never-
theless, a qualitative itspection leads to the conclusion

Fig. 6. SEM images of the relled tapes after the following thermomechanical steps: (A) RHR; (B) RHRH; {C) RHRHR; (D} RHRHRH.
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that the degree of preferred orientation obtained in this
work is similar to that attained by the tapes showing the
highest critical current densities,

5. Conclusions

Variations in density, crystalfite size and preferred
orientation were determined during the sintering
process of superconducting tapes, by a systematic
analysis of XR) ¢ata. SEM images were used to clarify
some morphological aspects, such as the break-up of
large grains after either pressing or rolling, the increase
of powder density and the orientation of the grains in
the form of platelets. o

“he pressing (rolling) added to the hea treatment
* ~dure caused the preferred orientation and the



