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-Ciijg , g#o@-EE#K6&-

4 7 x^EWektfro t

m#iH'3< , #«#K 13gpEatm#&[;±m*moE

j%-ftics-d < iiSTtte , »*SftoSU@{lK;BI L

±nmi7 - k^'7^ - ^o#toictt , 2.4

X 5ttBt$tKBiLfc3 2 =. 1/ - -y 3

7t0

tfe , *1|$K#ft©Ei6j-6op{iKti;mB¥ftli% Lfe v-

2.3.2 4ii-y 9 3 y LfcSflo*!^*

(l) CZ ftc i U-UliigJIft; Ufetliir

A*m-y V 3 y»> bfFEUfc##SS4 y 3* „ t- (ME ) * y

y 4 y L T#fc *7 X — SSi L- T y> , §fi i t.7 4 7 ^

7&-eP es.ys'n+s e#m iTjt«@-e-g l , sbk 7 v y k

e$*®BK L.iai^fiyf LT-iz ^&Ml& Lzto Tt^fg

ftsr^a pBEseogsti 37/1771 , #^ y ^sfttt 7.5 x

1 0le cm-3 , n+ '®J$:E®<DSS tt 0.5 5 A771 , 7 f 'j 7 #ft|7± 3

x 10"m-=T%3o f?m S 2. 1
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Km-f o

m 2. 1 V 3 e,fFEUfc#5H_htC3L \£ * ^y ^

( 91 Jhtf 5SE 1.2m/mm)

Nq
-b^ffiSf 0 

(cm2 ) (mA/^m^)

SStlE
(V)

an BE
(%)

ME 12 1 5.2 1 2.5 0.5 1 4 0.5 6 0 3.6 0

ME 17 1 5.2 1 2.2 0.5 1 1 0.6 5 9 4.1 1

ME 13 1 5.2 1 2.2 0.4 9 8 0.6 2 7 3.8 0

ME 18 1 5.0 1 1.5 0.5 0 2 0.6 3 8 3.6 9

DME12 3) 9.0 1 6.4 0.5 8 1 0.7 5 7 7.2 1

1) RMESEB* U

2) •• AMI , 1 0 0 mW/cm2 0

3) JiicOfctoO-^lgnIrSSKffl^ytxKVdr-y-t^-b^o

1 2mA/on2( L ) iflfl-fe-c,

toK ra —Lfc-ip-ifefFH ^ f 7 * -y ^

As-k. As ( DME12 , DME25 ) Oj(Oft 7 5 %K#3 l , ##

L* L , cof < -o##a,4z 

As&ffKon-ctt , toSc&TSE Lfc$£*#iSc> -fe^ t ib-<S 

t M8c«E (Voc) ZEtisSBE- (FF) , @

iBIE (isc) ro* 20 ~ 30 %ffiv^0 C.OirHO-OttEK.lR/1 

T&& p S CD »-5 ^5 3 7/1771 i iEl^fc J6S&*«IJOE*a^ It

v^ictKtiyo t0S« J: l 0 % i a* fcix

SOt',®iJ0 1 0~2 0 % i 7 f i



A L-fc 7- y y ') Jl 'J - ftT*

it> bfltc 7 -1 7*4 A id; 1 ~ 241s "C , COiafiefi-kn-Of 

( 0.5 ~ 2 0 As ) u , iMEoSS t ra-JIH

ItieV + yt 'S-iir&e-B- , fS#|gS$4)> feEtti S

iiB^S^EMt)©* - h K- f v d-’aHIttiEjl L#*© i ,®

fcil -B0

### -^ V a >,StK±(c a: tf ^ ^ -y-f AMES'S -tirTSE L-fc

# 4 % , ( S*f|SSitKt«#EtiH: 5

%kl±K% B> ) -e , #(CBB Akt , -k ;ypa©a$©&# 

wv'iti.Jo cftti, use©x 9K#ma,*i&©«a«m

t (C*3H tt^Bo

AK*#»K-a-i fi3EM##K©#)#3r#M.B7t% , |Bj-

d V =>• 5. h i#©9l±(f a&©#% b%1z t> *.-'' *8

® i LT^k'^dr-y^yvjSr* a- 1r®E Lfc0 ir©*§# t#2.2 

KSto

2. 2 418-7') syd'CjffSBfcfeUltCk^d-y^ *

( ?l±kfJSS 0.14m/mm )

Nd^ (#%2 )
®*T8E2)
(mA^^) (v) l*Hd- (%)

ME 231 5.2 8 1 1.6 0.5 0 3 0.6 5 7 3.8 2

ME 232 6.7 8 1 0.8 0.4 9 7 0.6 9 7 3.7 4

ME 241 4.8 6 1 3.2 0.4 7 5 0.5 7 3 3.5 8

ME 242 6.0 9 1 1.9 0.4 8 4 0.6 5 2 3.7 6

ME 251 5.5 8 1 1.6 0.4 9 0 0.6 7 4 3.8 3

ME 252 4.1 5 1 1.8 0.4 9 6 0.6 5 6 3.7 0

ME 261 5.2 9 1 1.3 0.4 9 9 0.6 8 9 3.8 7
DME25 3> 7.1 7 1 4.5 0.5 7 8 0.6 9 8 5.8 5
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1) o u
2) AMI , 100mW/cif o

3) it«©7fc »©#*£,§, it:

* p /*© JS3 : ME231~ME 242 ( 2 4/im )

ME 2 51 ~DME 25(5 Qfiw.)

ROME ©feH-e% ME 1 ©y V — Jt« L T ME 2 y V 

- y'7)s$^FME^g6:#3 ii t© c. ©^

ti: tid T 5 i/^0 -$ fc , S$©±(Cfi$:63-iJ:fc p S*©@3 tc>bf

, E*3 *fc p SB43©

41 -y U

KK , ©##©/: A , ## y V 3 y S$±|C p #

+ , i 3 # y -y t t£tfci£TjE-e-

*fp i) , -t-iL y>©-te ^#14* SIJS LJt« Lfco S2.3tt-tOIS

*t! , @S«»ttEES , SftlEi

-B-&©^t)s* § < , C©iCH

tt , ,

ciLKEb^'CESS-B-'C-ti: , S-B-ttVit-rsa-lE^E^-tS 

tz&6'C&>Z>b^%-b¥iZ'o

2.3

Na
-Wt/##

(C%2) ) (V) (%)

% ME 321 4.7 5 1 1.0 0.4 4 5 0.6 4 4 3.1 5

tfc ME 322 1 4.0 1 1.3 0.4 7 9 0.6 0 6 3.2 8

ME 331 8.4 8 1 1.9 0.4 8 8 0.6 8 5 3.9 8

* ME 332 1 3.4 5 12.0 0.4 8 3 0.6 7 0 3.8 7

3 9-



MWiMlS-f & C tK £ i> , V -r ©i£S(Eg

iiHiftlc#tct#njtg-rs>*0

©*£• , t©7Fllfti#K^Se*®J« lt«t t

$. & o ME 2 ©s® *ffl© t , m S 50/irn © p 0 *

Sit *8$^ [%y- -C 10“ ~ 1 O16 cm-3 icsiJW Lx^fiSc

U-t^oiB;fS2. 4(c^-t0

E 2. 4 #a#-y 1) => yfr 6## U feigH-hR: io“~io16csr3
©@$ElBe:fcSti"T3:e*^dr-y1,yvfig:g5-ldr7t#gi

*##%©*«*##!&

No.
-fe M ft 

(cm2)
fe $§ HC <5it
(mA/^)

BftlE
(V)

3E#a$
(%)

ME272 1 0.2 1 2.4 0.5 0 3 0.6 7 2 4.1 7

n+ )i^ 0.5 5/im 6 %K Isc < H o T W &

# , p ©^#%#g^-S©#-eKbit, 

£ ©®SK x i) , A##x 'J 3 $$Ssift;Ufcrti(}©##§

|B *fflv^T % 4.2 % ( B*H$S^Etr#id"fcS^-'CO;

5.42 % ) © Hr /i/tfs# t it & c t # t>i}'-o 7to

, ±m&'> ') ^ >i> f,Sgj|i

i>i , #5f ©fc*b , c©#^ p ##^B4 x y* y !■ fflictll 

1616; L TS-n" ifE^Tt -b ^ R(/ , ± @S <!: 1% # K 3: a-

ilia jj fc -t^o*I3E«!§ttti2.5

o * i’SEMtUtt 0.0 8 n-csz, (ill)®-©* i> , ikV=1
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ISBi © $ Sia^Bys^¥a.¥3S^ 
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‘ > SW^amBS*® ‘ ^90%#9#^ ( TW% 6'g

a. #i^MTsaws ) % g'g s»% 3)e#^n

0<3r <$ a- E-»6i0i x e-g hs +u ‘ a-

zJUO$\ 0 T x 8 3|i -4- fi ■j? fi' £ £ 5- ]6/ S/ d ^ -y- 2^f xf 4- z

0n r/STWSH °W(2>a- (z»/Ai™ooi) iimv (i

9 t 9 z o A o 6 9 9 0 6 8 T 8 9 8 8 tO 9 9 tt OH

A 6 Z 9 t fO 8 8 9 0 t 'Z I 9 t "8 8 fO 9 9 8t OR

9 01 I i to A 8 E0 I 9 9 l 8 8 9 Z 0 t 9 At OH

8 Z Z 0 0 9 0 0 19 0 8 Z A 9 rt 0 9 0 Z 8 9t OH

A 01 A 8 E0 8 6 8 0 I 01 9 rt 0 9 0 Z 8 # % 9t OH

9 6 0 A 9 9 0 8 I fO t 9 8 Z 9 t 01 9 6t OH

6 tO 8 8 fO 8 6 Z0 t A 8 Z 9 t 01 9 Ot OH

(%) (A) (ziaq/Vm) (z^) (a/zc)
aawsi 0^4/q- $ =# % @

4 — zT-
% 3%

^ # # # ^ m %

31#*$

SJOlia^^l 2FS 4
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K , £0154 ##:K "C %

6;t%)0##K I S*'*$K#BC)fi:Tttle^l'e 8 4 , #

S^DiiEotg-e-KH:-^iiSRgatc* 6$©c 6

ftcDlR-g-O £ *■ i) T» *0

(2) cz sci U /0H VS u TSitteSib Ufc#-^

&mm-y u = yg» 11^n<t *ffxmbfih^mgki y

3* y h -Ctt , I) ,

$>&v^H:6S'e©^l6®t)Tlli»5 3: / f # -y -v ;v fig g 4= © g y

a*-y l , &3wKg#*m#6^y K

9; !> iA t n s ?t to , ±i#«m©&#a$&^_k-g^& c. t gistf 

-ffr L^o irc-r , -&Am»y V => bftfc

I'iy-xiL, CtiimMLTW&i?- 3 ? ? 

4 -i$"rMiii5l±id"*:fcK*fc ( MF Mtm ) o c. © Z 0 K L 

T# feiifc -i y 3" y fi tt ?£ 4 9 t i

o te0 Hi4i

iSic i *^mm*#fig Lfc0 -to*#**#2.e o c c 

tMFl® -y V - yrttfen©?l±t0rjas^ o.i lm/wmT , MF 

2 © -y D — XttfB) o.5®®/* © SB O;/ B-friL/riiy y 4 y Lfc 

» x -'' t U/^*0 ■$ fc ,n+IS(Z^4“ti%3itV4-y

y ^ffiTSE Lfc0

L©##T 5-6 %©$##$^# biLfco feiBI 

*' 1 3.5 ~ 1 4.5 mA/cm2 T R#K#E Lfc / i - ©iSS

HH ±©-b/v( DMF-y V -/) j:|B]S|g©iy~<;i//aLT^&<y n



2. 6 2 tails IMb U fc #6 S * $S t Ltit'^-y^Slu f) Lfc

©*%*#&

P n + /u * » # b I}

No. jf-rVA-SE sismsf
liHf(Am) (C7R-3 ) (Am ) (cm"*) (cm?) (mA/&%f ) (V) (%)

MF1— 16 3 2 1.7X1 0" 0.5 0 2.5X1 O'" 1 8.1 1 3.5 0.5 8 5 0.7 0 6 5.5 9

MF 1—18 3 2 1.7X1 0" 0.4 5 2.1 XI O'" 1 8.1 1 3.3 0.5 8 5 0.6 5 4 5.0 6

MF 1— 202) 3 6 2x1 O'*
-2X1O'* 0.5 0 2.5 X 1 O'" 1 9.7 1 4.5 0.5 8 6 0.7 0 4 5.9 8

MFl-22^ 3 6 2x1 O'* 
-2x1 O'* 0.4 5 2.1X1 O'" 1 8.1 1 4.3 0.5 9 0 0.7 0 1 5.9 2

MF2- 4 2 5 2.5 X 1 O'? 0.5 0 1 X 1 O'" 1 9.6 1 3.2 0.5 7 0 0.6 7 8 5.0 7

MF2- 6 2 5 2.5X1 O'? 0.5 0 1 X 1 O'" 9.8 1 3.1 0.5 6 4 0.6 1 2 4.5 4

MF2-8 5 0 2.5X1 O'? 0.5 0 1 X 1 O'" 1 6.1 1 3.3 0.5 7 8 0.7 4 5 5.7 5

MF2-10 5 0 2.5X1 O'? 0.5 0 1 X 1 O'" 1 0.0 1 3.1 0.5 7 3 0.7 7 5 5.8 3
2,3)

DMF1-20 3 6 2X1 O'* 
-2X1 O'* 0.4 5 2.1 X 1 O'" 1 2.6 1 5.8 0.5 8 7 0.7 5 0 6.9 7

DMF2-8 3) 5 0 2.5 x 1 O'? 0.5 0 1 X 1 O'" 4.7 1 3.5 0.5 8 3 0.7 3 1 5.7 6

1) AMI ( 1 0 OmW/rf ) , EWBSlkM* U 2 8°C o 

3) Lfc-t^o
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% 1)i% 6>iifc0 —S , p r -

*#ttyt±l-S-lCti:®>ISSit7)S 1 9 mA/d t. VCD 6 ©6i# f> n , 

w © y ') -x"##©*##* 7. 8 %ifi% t> titCo 

2. 3. 3 If ® L- fc^Ii © V 3 ^ 7)' fcfp® L fcSfi±©^Ji-fe ^

(1) -Eieissib®®^

n. i T'iSXfcHM c £r)> b

© 3 t 7 7vxdr-iS'efFEUfc##SfPB4 X 3- ^ h (MSA.MSC

loH) It y 7 4 , U® t R

t y dr -y ^ i , ±i#«m

tMLito 2. 7 KS-fo

If® L-CifliiAlSO^Igi' y 3 y^£>5li:l'f:fc#*i!rifl4

y 3- „ h (S2.1 ,S2.2 #rn ) Klk# U

2 ~ 3 mA/crn2 IrJ _h L T 1 4 ~ 1 SmA/cm2 © v-^/vK 

*L , T$ fclflSaE % 30 ~ 40mV i6]± LT 0.5 2 ~ 0.5 SVicgfc: 

#-5iifco C ©#* , &#*$K##© 4 %7)^ 6 , M#©lf ® 

K X \> ~ 5 %©*WR-h Lfco £ iittKHto-ihlEtt § ©±»'n 

t (4 ~ 6 % © ig a -r 5 o

(2) 2 0i® $) £ L-TMUIt; L/feU^

If® L tlIi-7 V 3 y 6—K© a 4” 7 7VX dr -fttfll

L//t#$ni#4 XX y h 4 fl- 0s’ V — 7 t O T , f C 7 3 7 7 

y X i o 5 t ,

A y 3* „ h ## 6143 ( MSD MJb ) o -t©**@g»*y 7 4 

y LTl#fc ■> x - 'n ii* t Lv , mSffi 40/im © P se t K 

- E'y/it 10,8~ 1016cm"3 ©#g49aEt#U"C#ag L-, 850 

Ttsifr e, u a © i£ $ * e r, r ji s o.si/m© n+ # 

LT*®«fl2^®fFU7k„ R C#m*#"C®m Lfc-fey©**^



2. 7 ffM Lft&mffl: -y y Lfe?

n+ /SI it m # ft [)

No. *■*’)■? mgr *!■')* mm -fe ns M ft msctiE liHf
(/4?% ) (cm-3 ) (Am) (cm?) (mA/Cmf) (V) ( %)

MSA2-8 2 3 2X10" 0.4 0 2X10" 1 4.4 1 6.9 0.5 5 9 0.6 8 9 6.5 2

MSA2-11 2 3 2x10” 0.4 0 2X10" 1 4.7 1 3.9 0.5 4 1 0.6 8 2 5.1 4

MSA2-1 3 9 %To- 0.4 0 2X10" 1 2.6 1 5.0 0.5 3 7 0.6 6 7 5.3 8

MSA2-2 3 9 %To- 0.4 0 2X10" 1 2.4 1 5.2 0.5 4 3 0.6 9 3 5.7 2

MS A3-2 3 8 0.3 6 2X10" 1 6.6 1 4.4 0.5 2 7 0.6 3 9 4.8 4

MSA3-8 3 8 %°10" 0.3 6 2X10" 4.91 1 3.5 0.5 2 3 0.5 9 3 4.1 9

MS A3—4 3 8 0.3 8 2X10" 1 9.6 1 3.4 0.5 2 3 0.6 4 1 4.4 5

MSC 1 3 9 3x10" 0.4 0 3X10" 1 2.9 1 3.3 0.5 1 7 0.6 2 3 4.2 9

MSC 2 3 9 3x10'" 0.4 0 3X10" 1 1.4 1 3.2 0.5 1 7 0.6 8 7 4.7 0

MSC 8 3 3 0.3 2 3X10" 1 2.6 1 4.3 0.5 3 5 0.6 7 2 5.1 3

MSC 9 3 3 0.3 2 3X10" 1 2.6 1 4.4 0.5 3 5 0.6 4 8 5.0 0

DMSA2 3> 3 9 %To- 0.4 0 2X10" 1 7.7 1 6.6 0.5 7 2 0.6 9 0 6.5 1

1) fflgtt AMI ( 1 0 OmW/rf) , RtWitlg^ U
2) p UtiC K- tfy >6, ©o
3) yt#07t%0^MK##a,'7 iSM t Lfc?' i - -k^o



RMtoiLEtSE , W-%) 2 1 cm2 ©-b/v (c *-

T , ©ESE 1 5 m A/cm2 , HifcSE 0.59 V , fliHf 0.70# 

mbti , ^SlxbStt 6.2 fco ZLiUCK^toihE*#»n

lfc®^Ol£ttt , ©Em® 20mA/cm2, MStSEii 0.6 V & 

, aiBftt 0.6 7 

8. 0 % , jftiS 8.5 9 % ## tEfco 

M f5 Lfc-fei-SoH , * 6 © i& vt 2 fl © -k a- * B © fc e ;#

O-b/vcDI®—'8E#tt5rH 2. 8 1CtSE0

2. 8 SI L ?t # * -y 'J n >*>& 2 BIEbM: b zt IS Si E ic 
jp -y f /vft-r-Bfiic L#:##*!#%%©®*^##rn 0

(C77f )
©Em®
(mA/cm2)

mstiiE

(V)

4fii®BE

W
lb

Ly

« H 1 9.5-2 2.4 1 4.5-1 5.6 0.5 86-0.5 94 0.658-0.7 26 5.5 9-6.6 9

2 1.2 1 5.1 0.5 8 9 0.7 0 2 6.2 4

(%)
—

0.2 9 
(1.9)

0.0 0 2 3
C 0.4 0 ]

0.0 2 2 0

C 3-1 ]

0.2 9 7 
[4.8]

1

ih

1

IE H 1 9.4-2 2.4 1 9.1-2 0.5 0.598-0.612 0.6 33-0.711 7.4 1-8.5 9

2 0.9 1 9.8 0.6 0 6 0.6 6 7 8.0 1

C%)
— 0.3 7 

[ 1.9]
0.0 0 3 6 
[ 0.5 9 ]

0.0 1 92 
[2.9]

0.3 2 0 
[4.0]

1) SIJEtt AM 1 ( 1 0 0 mW/cm2 ) 2 8°C 0

2) Rfp-fc A® : 16ls

3) Kfp-k : 1 9 fio
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IS±K#W , *m^SKe#to*K X D m'eri&fS. L , *l®« 

ife£i£jR-f* c £ % njfgr* 19 , ccTd^0*|fiS(c^i>

48 v-> fc 3=1xId; 31 -bid"* 1C X C f# b> ii fc 4 v y Y ~fcy y A y 

L7kJ¥'5 0. 4 aaiggcD £ x - T & & , ###*(0 z y 

-frOSB^ 5 0/im IS re „, =f- V ? LT^jfeLzk % © ^ ^ fe0 to

X o TSfiK Lfc p S

#K%-f 3K%#-e-#BK t RST $,& *j , #Sb1, 6$> 

oitfr x f) , #ttLSg-a-s-stts* *o mckowto

%Si*i§W$ 2. 5 KoiAT5fi^7fc7>5 , JttOfefcKBS L , i 

i te T&©* 2. 9 (C^-to

S 2. 9 4l8-y?yyi> fcfFSE Ufc#S sices to® ic x f> S-6- 

*#m L-c«# Lfc*nmteo*m^s#i4

-k yv

(fjm)

^ m ^ # # # i)

In ^3 Na (cm.2)
te/WBB

(mA/Cm2) (V) (%)

In^Hta XyiZ.^In^ ME 2 0.5 1 9.5 5.2 3 0.2 1 2 0.3 0 0.3 3

MC 4 6 0.6 4.1 5 7.2 8 0.51 0 0.6 0 0 2.2 3

t>^ £>SSInHlrf b L-Tfc^ Inm?

MSA2- 13 0.2 4 1 3.7 9.2 0 0.5 3 0 0.5 7 8 2.9 4

MS C 6 0.2 6 1 3.3 7.9 5 0.5 0 9 0.5 1 7 2.0 9

v MS D 4 6 0.4 2 1 2.6 1 0.5 0.5 3 8 0.6 0 2 3.3 7

1) filJSti; AMI ( 1 0 OmW/crn2 ) , S*H®ihE» U



!) 3 y i)' b itSIn Mi it L-7fc#ln II X’ 6 itfitt, ft>'0.0 7

n-m© $, i) , 6 < £ v^i-teoSSEtt^:/^ U ,

RMRitM* LOtit % 5.2mAZcm2CD®®§mE^# !bil6o 
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3cS5iL7tlS5:47F btiA^o

5 1 Lfctf5 , -toj
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, -tii^fiilcoviT 21/im, 3i/ii < 3c#3it
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© cffljSSilc x b ^ # -y ^ L/t^SS-fe ^

© coMS^ bgK&ainH© bfeKiHic x t° * 4 •> t >\s

© WW Ifc&KM-y V 3 yfr basin'Hi© b fc IS H e i£ Set?

© bOSSH-bKix dr-y^, ^S-CSbK bfcSE-b^

© COiBU© bEKSateiH© b T r iueffiK T;-S-&5riiS

U -k ;i/

© -t © ife H ± fc X b £ 4 -> * Jl'fk "C®JSl b feif He 71/

bfe t £ ©'15fElt)±#tt*t t tor

0 2. 1 1 ©tS©0 4 fc*m$##B©-'' 7 t ~ ? * a 2. 1 0 1C

^-fo

a 2. 1 0 Kfpb7b#@©*l###©*#&##B

* # ^ ^

-k bb

ffi #
(

% % ^ ^

m m Na
(V)

mms-f
(%)

p #&# ME - 2 1 9.5 6.7 6 0.2 1 2 0.3 0 0.4 3

p@a: ^
ng-Xtf

ME-272 1 0.2 1 6.1 0.5 2 5 0.6 7 2 5.6 8

#JS$Ikzs') 3
n@^k°

MF 1 - 20 1 9.7 18.9 0.5 8 6 0.7 0 4 7.7 7

#muyzAmm^v p@&#
nH6£t^

MSC- 6 1 3.3 1 0.3 0.5 3 2 0.5 3 1 2.9 0

p@J:^ MS C - 8 1 2.6 1 8.6 0.5 5 5 0.6 7 7 6.9 7

p@&%
n@%#

MSB-46 1 2.6 1 2.2 0.5 5 9 0.6 0 1 4.0 9

p@&^
n@&%#

MSB-13 2 0.8 2 0.2 0.6 0 7 0.70 2 8.5 9

1) IgttAMl ( 1 0 OmW/rf ) , E«SSii#lo

2) P #xbf CD K-tV^jMWSS^K'M'to
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( 4.1 # )

(0.4 3#)

m & (v)

1212.11

2.4

2.4. i ^ - r - 7 / - ^ o #t#

## ( 2. 3 ) I 9 K ,

-oT^3o

f y ^ y - y 3 Lyb#^L- %E#

J = -JL+ J„ exp + J02 exp ^ + Vl_ (2.13)
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(2. 14)Vd = V- JRS

JL = it'BSE Joi , J02 : iSflIE Rs : E ^ll ffi PC

Rsh : 3£ E ffi PC

n, = 1, n2 :> 2 ( ) 0«& t , I02 = o ( —am.

aEit ) ©»E-©fllPr#5$tr* 2. l 1 Kitc S2. 1 2 ttCffff L 

tc -b & 6o MF ©J-^iMSD y U - y*tt

n, = l4StTi'i) , ffit«IJEOIi»4f 

4 ;t - Ktiot^Jo L^'L.ME'©)- x* irMSC y U -XT 

tt , SSJ1 A©S#S'B-eEEfl'^s*S txfcte , —tSSHE^On, 

fltt 1.3~l.8i4-2 T©3o EK , C<DgfWiS K ,

fco

2. 1 1 4 4" — h 7 4 — 4* 

( EEL , sio-41 ©^AMK###, t y )

Cell Na n i J 01
( A/cm? ) n2

J 02
( A/c%2 )

Rs
(j2-c%2)

Rsh
( .0 -CTT? )

Jl

ME 1 7 1.0 i.o ixi o-ii 2.2 1.0 1X10-8 2.1 2 1.56X1 03 1 2.3
—. ME322 1.0 3.3 5X1 0-ii 2.2 1.60X1 0-8 4.4 7 1.0 8X1 0^ 1 1.4

MF1 - 2 0 A 1.0 2.0 0X1 Q-i: 2.0 1.9 9X1 O'* 4.5 5 1.27X1 03 1 4.5

# MF 2-10 * 1.0 2.0 2X1 O-i: 2.0 2.7 5X10-9 1.7 4 6.0 4X1 03 1 6.7

M8C 2 1.0 1.47X1 O-ii 2.0 2.74X1 O'? 2.5 1 3.6 7X1 08 1 3.3

M8C 8 A 1.0 6.9 7X1 O-12 2.0 2.2 9X10-7 2.4 4 1.0 9X1 0^ 1 4.3

M8C 1 3 *A 1.0 1.1 2X1 O-12 2.0 2.2 0X10-8 3.8 0 5.9 6X1 03 2 0.3

S10-41A 1.0 2.4 0X1 O-12 2.0 1.49X10-9 3.2 4 2.3 9X1 08 1 7.5
ME 1 7 1.6 5.0 5X10 - » 2.3 7 8.30X1 0^ 1 2.3

ME322 1.8 3.6 2X1 O' ^ 3.7 5 6.3 0X1 0% 1 1.4

¥b

<oC\)1 1.0 2.0 2X1 0-12 4.4 9 1.1 9X1 03 1 4.5
MF2-10* 1.0 2.0 5X1 0-i2 1.6 0 6.6 7X1 0^ 1 6.7

m M8C 2 1.5 2.1 3X1 O' * 2.3 5 2.7 5X1 0^ 1 3.3

n M8C 8 1.3 1.6 7X1 O' ^ 2.7 7 6.6 3X1 0^ 1 4.4

MSD13 A 1.0 1.8 0X1 O-12 3.7 5 1.26X1 08 1 5.7

M8D1 3 *A 1.0 1.2 8X1 0-i2 4.1 5 1.62X1 0^ 2 0.3

S10-41A 1.0 2.4 0X1 O-12 3.0 4 3.6 9X1 0% 1 7.5
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2.12 fc -fe w© tti

/ ^SC .
(mA/C%f)

Voc
(V)

FF 1
(%)

ME 1 7 1 2.2 0.5 1 1 0.6 5 9 4.1 1

ME322 1 1.3 0.4 7 9 0.6 0 6 3.2 8

MF1-2 0 A 1 4.5 0.5 8 6 0.7 0 4 5.9 8

MF 2- 1 0 * 1 6.7 0.5 9 0 0.7 7 4 7.6 3

MSC 2 1 3.2 0.5 1 7 0.6 8 7 4.7 0

MSC 8 A 1 4.3 0.5 3 5 0.6 7 2 5.1 3

MSD13 A 1 5.6 0.5 9 1 0.7 2 6 6.6 9

MSD13 *A 2 0.2 0.6 0 7 0.7 0 2 8.5 9

S1 0— 4 1 A 1 7.5 0.5 8 7 0.7 4 0 7.5 9

a : p @K7FM##K4tEt'M'ld'7k-k;i/ 

* : KtJKlhll# $ -fc a-

2. 4. 2 fe$fJ1^$fE(Jgc)

E 2. 1 2 Lfc*-*ESE JL ttsuttst Jsc KtibAs 

tftH , tellrtas-r'^se Lfc^SE^SirST 

iSLT Rsh Jsc K\b-<

MffiX' t &E i*d-3 < , jsc = Jl Ht, Jsc offl-t® i or®

ttSOEfl* fro T^ctitltSo

-©tt , H 2. 1 6 ©E«EA-$#K 

TS-t j: 9 K , EfSt^f v 1J -v ofl^-e-T $,

feUei^'CO^tWEtiE^ SglWi^ti , BBS] 5 1 4£K 

7 9 *ICiK^fco MF -MSB -X V - x*tt , 2 ~Sti© 

S,B$Z;5' 6 % &fcto , 15 Jo 0.1 ~ 1 0b»<D#SiPb

®t5> t S & ME-MSC -y U - X*tc*>VA T % fc^>»a%oSft L 

-t , **7)> K'a-x#A-f 

'9'ATW^^tl'f & 0

i)iffl7'(7^'(Atj:o.2~o.5/isf , c
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1 ~8/ts ©ft £ t> d'5 ©D y A y ? A

o Lott , IT^S

f,©;m@<h * 3„ ins. a#i.2c^

1/A:*#fOTM#0 9 5 , #K #©Ott Cu 6 Fe T ppm i/^x-

tr»-5 iLTo&0 cfi 6o^##a±# L ,

a<? ^ b r it ^ k tfc # * a (c jp. © 0

y g rp <D A^ M <%) tt , Ifi'fcO H f g tfc S3 yf - t •

K - tf y tt tc 4; o T 5z 0 iA 4 n 3 „ %f- h • K — t° > A>' hi ,

6 , -itsiffi'^8u±s5ti, %K 

x tr f y f y^@'x#i%34l&C4:K X o o tt 30 

It ft ®)tt , EfiffilOHto K I SSIOifli ./ f y OS’ , 

o siH2«2 K i JSSiio ijfyfJftao rs,$'5fi&o

A#8i ##6 L/fc 3" ( -©i<iffllS:#lni§tSi

S$-fc xo Jsc iii , 8i *'Kt;yO Jgg X

t> It (c 'h § © c. £ b , c © * - t- • K - tf y tt o JJ S; -3 tt ft fiij

S fi30 L-* L , MK , ## Si S$-byv© Js(f± , tt 4 - -t a-o

Jsc X f) % K d^ © C ttt , TM%Oia#&K% 4 fcS*4 ros

t® J c t Ltiy J0

Grove tt , y fj x y ## Jz © x y.'^ ^ y ^ yu#Kxftt3/FM# 

SflteScttM L , -6S:eF5r^^t:iA&*s , c C'Ctt-tofSfKtfiJ 

ffl LFe, Cu, Ti ^ffOeB-fCOVvTSTOlfStfi-pTfco CO 

^ o yv oid: , 3 x tt ^ # y -r ^@'x HfSf£SSc L ,

SEic , xf«yt ( out-diffuse ) tt 3

b {6$ L- , CO out-diffuse © @1$ 4 7 d — d1 ht/VDt tt#fp

LTloJo C C-tDtt@*i#;S:#s® , t ttff ftBfPeS , httStfi®)



E it imE it 1100 °C , ESS® 2nm/min , # 

S 2 0Atrn (Dm'kK-O'^X ,

(Ce ) osttlt ( Csub ) Lfco ft 2. 1 3 ti

ItSKfflvVc^" 7 / - f *^-f0 0 2. 1 3 tt Fe £ Ti OJS^fCO

^ z##m%)^©gg#(x)©m#£ lte

L/fc 6 ©T'* % o

e 2.13 ^

' D : ( at 1 1 0 0 °C )

< t : ESB$f9 ( 1 0 » )

. V : ESiS® ( 2 «m/KH )

z m # # D / 8 ) /Dt (Am) Vt//Dt (Am)

Cu 4x10"^ 4 9 0 0.0 41

Fe 3x10"^ 4 2 4 0.0 4 7

Mn 4x10"^ 15 5 0.1 2 9

Ti 6x10"^ 1.9 0 1 0.5

A1 2x10"^ 0.3 5 57

B 2x10"^ 0.1 1 182

^Ti -rtt , htyVrn KE#-±f , x = lo/m-t 

Qi /Csub= 10"* t * O T*- j? , X * y ^ ^JS4>©E*flft)i»

%###©

* 5 ^ Fe ti; , 7L y ^ * -y ^ T6£Sc Ltfr & ht/Vm (c®

S L , cezcsub = 0.1 ~ 1 0 "3 tsi,0

* fc , S2.9(cSLfel OK&m Si L-C#

M Lfci5tfcffl-fe^©#tt^x za-k^©#'tt(ci:t;z , jsc t0.5
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bifcfepitoMt-f HOtJII fig® Ln 

fllSf-fixtt' , x tfja^O-ikTFMlgSlttt , Jt^If i R#K 

(ME ) > ( MSC ) > (ME ) > ( MSD ) © Hi K Sc o t ^ B £ 5f;i 

b? B o

(k K # -y V - x® x ti'a-ky (cm L , S-*l8E* (b^totetotfi 

fig® 6@#«m©l##*#t#m6 bb# Lteo ItStt , B SF ( Back 

Surface Field) 86$ *i#S L , n+» © S5 tn+= 0.3/im , 0.5

Am , n+ g*©4>®te f 'J -Y©i£St$ggS.Lp = 0.1 Am , n+# £ pi 

© te -r V te EKNd = 1 x 1 020 cm"3 , NA = 1 x 10" cm"3 ©$fgT? 

flo teo l+Sti$K Z it-H , Sz ,f§ S $ tt tn+ = 0.3um £ O.SAm -f 

1.5mA/cm2@E©##a BtlB0 Lte^o X. , :t#fl£*##:© 

bb# 4 "f-B s-a , H 2. 1 4 © £." £ < , tn+ = 0.3 A m £ tn+ = 0.5 

Am ©»£-£ Wfeo 2. 1 4 KfSLfcie $11)1*7'° * b

Lte % ©T S> !j , HS^StSfiTS B0

2.i4

( Jsc ttE86®«T»f# Lfcffi )

tn+

(Am)
tp

(Am)

Ln
(Am)

Jsc

(mA/c%f)

MSC 9
0.3

3 0 2 1 1 6.0

MSD 9 4 0 3 1 1 6.9

ME 2 5 1

0.5

5 0
1 7 1 2.9

D ME 2 5 * 3 0 1 6.1

MC 4 4
3 3

1 9 1 4.0

MF 1-16 2 3 1 5.0

* 7' b - KMtfiii Si
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MSD9
M8C9

DME2 5

MF1-16®
MC44®

^€^251
(b) tn+ = 0.5 U.™

L^( )
2. 14 p V ( Ln)

h. ^s. /is ^ 'Me (Jsc) ® n ^

A

I rNo = 1 x 10^m-3

^ Lp --- (J. 1 /i 7/1

Na = 1 x 10 l7cm~3 

*@SAM1 

l 4 Km L-fc*Si]ffi

ME 2 5 1 iZlftd^-ftKD -fe yxK*»WT % , MSS ilfc*£$gg86 

id Jsc ©StSfi^' ^SSiJ-Sn^ i£ticgg8IKJ:b'</h'5 VA0 ccd®H

© —-ot it, fl-*s®#ttsiis*s©,isi*( a io/iwz

cm2) t Jsc *%#© AMI ®*f (10 OmW/rf)Ol#f i 

6o E*7fot> , 1 0 OmW/cm2 ©JtHSfJT'Ctt , — ifffi ®J © ® E

y -t (c ,£ fj isfn L , S ^ -v V -r ©

K#gg##%a%K# < £ o T© & <b #$IJ3 il&o ME2 5 1



ne#©© jsc 0i*#a% k , ±mme.t st®

f(^5 — Ife LtirtJo In iH SlF*) © Jsc ttMC 44 tRil'CSofeo 

.4.3 pgSfc«E (Voc)

iWE (v0c)tt»;5t-?Efc-tir&o

Voc
= nkT (ii - yoc )

PI Jo JoR$h
( 2.15 )

m2. 11 ©### I jl II Rsh> 10 volt > Voc 'Obb-h-'b ,

Voc ~
nkT

In
Jl

Jo
( 2.1 6 )

MSD -y V - Xti , E 2. l 2 (c^-s it©© X 9 KR 

S P+S-@#IKS#SS, Si M-e a- (SI 0-41 ) 6 R#©

mmw±im-tb0 v -x©mm«E©mt#

E-f-Bo #y V -XO-k/voUMEOfiatCtt , (ME )<(MSC ) 

< (MF ) < (MSD )* b±'}'B8%&$> b0 J L0#'©l“Xpal0i 

ti tc-h-fftfr 4 0 %©&&%); . J, ©#H:##K&Z,©©&%). 6 ,

Voc *$:»©© B>©tt Jo , ( Joi , Joo ) © & &o #K , ME -MSC-y 

V - x tJsmf • MSD -y V - x x Voc ’kf^L'Cv^ b€>ki. J«2

irtfefttsJo Jo. iJoott , iiB0

Jo. =q(nj)2 -D"■ - = q (ni )2—^ -rr- ( n+Zp )
JLn^A V Tjj INI A

(2.17)

Jo 2
qW
~2~

nj
U

( 2.18 )

n, : Dn : 'J X (WE) ©Kite®

Na : Ln : 4> S(X -y V X (SE) ©6£iSc8EH



W : sseoifi Tn : ES =>r -r V -Y (IE) © 7 4 7 .M a

rt = ##7 OMa

L■kfro'C , JoI , J02 tt p *©* -y v -r e$>"|s| 3 S #

7 4 7 * 4 A -C&-4 Jo -t* EE , ME • MSC -7 V - XC)g|®:fl; 

K ( 0.4 8 ~ 0.5 3V ) # , MF • MSD -7 0 - X ( 0.5 7 ~ 0.6 0V ) (C 

E^E-5 v^cdO; , 7 4 7 ji 4 a ^S/js-5 < , j02

MF - MSD -7 V - x* © E T © # -fe a- © Voc ( a mV ) E# 

E6«EKtt . Jl ©^ % L^tttitt*

A ( 2. 1 6 ) E 6 Jl/Jo ©20 %©#K Voc K 5 mV ©#E-#E 

&o pi0Jr + H ffijg (Na ) ER CTz&iltt , A ( 2. 1 7 ) E 

b Jo tt Ln K## L , JL % Ln (C »l¥E & EE Voc E La ©M# 

h LtlSt t -Bo SStt-fr-fe a-ENaEM* 0, gSEiBEEott 

fc ip LTVA ^ itto , ##.% ERttT i 4 ©E , M F 7 i; - X t 

MSD -7 V -x'©amV~l OmV ©#tt# 2. 1 4 ttELfcftfkSSt 

< i^Uo

2. 4. 4 tiiHESE (FF )

(Rs ) , #«365iJtS6i (Rsh)&EE4

- FBf (n) ICE J: LTBStJo /F4 - KHfOSf OS 

tt , MF • MSD-7 V - x*E , m = 1 E FF > 0.7 , ME • MS C -7 ij 

- x*E , n, = 1.3 ~ 1.8 TFF<«.7 EE L C © * C t (C mbilX 

v^bo 36?IJffitrLtt 1 ~ 6 X 103a-cm2 -r^Brn-k^© 1 04 n-on2 (C 

< , mm&ifuti i.7~4.6Q-o# -r , a®w*-t^© 1 

n-«!KTCJtctA^'o

H 2. 1 5 ttttSHEERs tRsh^MSS ttf rffiSBEJ M 

E#©E % © -e Z6 6 o RB(a)ttMSC 8 , (b)ttMSDl 3 ( SWBit

—6 3 —



R
s(

0-
c%

f)

5.0

10‘ 10' 10 2X10

Rsh

2.15(a) , 3£?iJffift©BS#

A J oiz= 7.0 X1 0 A/cm , J 02 2.3 X1 0 AXctti

\ni = l , n2 = 2.0 , Jl = 1 4.3mA/0??i2

MFi-20
MSDl 3

MF2-10

2X10

2.15(b) amaf
/ J oi^^ 1.3X10 Ay/cm , J 02 == 0 \

\n i=1.0 , JL = 20.3mA/tm^ /
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Ettt ) <Df'f X- V'<y / - 7 ( J01 , J»2 , n ,JL ) * ffl Vm: If

# LfcISfftT & ;&0 MSC8 £ MSDl 3 tt^riL-frfiME -MSC y V 

- X , MF • MSD y U -Xtff* LT^f £ j£T , 0 tft on t)>0

-fe a-© Rs , Rsh <e % 7" n ,., h tfco ffiH *,ME - MSC

y V - xsmf • MsD y y - X z t) 3 c £

j>i-bfrz>o ME -MSC y V - XTfct , Rs £ Rsh *3fe#tT % 0.7 5

tfSS&flBHSSf# bit* vy0

0 2. 1 5 (b)f>t,MSDl 3 ti , jtyiJSfit* in -cm2 4 T3fc#-f £ 

ftk^-rz , liif 0.7 7 5 JH± ( y Si 2 9.5 %) oT# Vh 0,

HtC-frOftfflT-afi^lJfgfrL* 104 a-cm2 4 T&frtflti , 

tt o. 8 ( y = 9. 8 % ) £ a h0 jt^JSfctoeSt#n , «####©

^ ST * &0

2.5 Itfe’W.tlftM 

2. 5. 1 # #§ S, -b

-fe ^ ( M E y y - X ) CD@#§ezlit^X i - £ LTDjln 

fc^-k^oft? 5 %!cfis

tcgggg Lfcy- -s-'ffcTfeSffiK: x 6ffc@'eyyo@fiffS5rii'<zko 
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ABSTRACT

Pinholeless polycrystalline indium phosphide layers were grown on mo­
lybdenum sheets at temperatures lower than 600° C using indium and phos­
phorus trichloride as the source materials. The low activation energy of the 
deposition rates and weak dependence of the rates on the partial pressure of 
indium monochloride suggest that surface processes play an important role 
in the growth of polycrystalline films. It was ascertained by an x-ray diffrac­
tion measurement that the {110} and {331} orientations become noticeable 
with increasing thickness at higher temperatures, whereas the <111> orien­
tation is dominant at lower growth temperatures. The development of the 
<11Q> orientation produces films with a columnar structure, which could 
be explained by the dependence of the growth rate on the crystallographic 
orientation.

Indium phosphide is a promising material for solar 
cells because the indium phosphide cell has high theo­
retical conversion efficiency (1). In order to obtain 
low-cost solar cells for terrestrial use, it is necessary to

• Electrochemical Society Active Member.
Key words: deposition rates, grain size, orientation.

fabricate thin-film solar cells of polycrystalline indium 
phosphide on low-cost substrate materials.

To date, few papers have been published on the prep­
aration of polycrystalline indium phosphide, although 
research on the epitaxial growth had been carried out 
(2-4). In this paper, polycrystalline layers were de-
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posited on thin molybdenum sheets by the reaction of 
indium with phosphorus trichloride in a hydrogen at­
mosphere. The indium transport reaction and the proc­
ess for the deposition of pinhole^-free indium phosphide 
were examined. The rate-determining step of the depo­
sition is discussed. The grain size of the deposited film, 
which is generally required to be larger than the 
minority-carrier diffusion length, was measured as a 
function of deposition conditions since highly oriented 
polycrystalline films may be essential to realize effi­
cient solar cells (5, 6). The orientation of the poly­
crystalline films was characterized by the x-ray method 
and reflection electron micrography.

Experimental
Film growth.—Polycrystalline indium phosphide was 

deposited on 50 fixn thick molybdenum sheets by reac­
tion of In and PCI3 in hydrogen. The molybdenum 
sheets were selected because of the small thermal ex­
pansion coefficient mismatch between molybdenum and 
indium phosphide and because of its chemical stability 
in a growth atmosphere. Prior to growth, the sheets 
were ultrasonically cleaned in trichloroethylene and 
subsequently in methanol, and chemically etched in a 
1 H2SO4-I HNO3-3 H20 solution.

The deposition was carried out in a horizontal reactor 
with a conventional gas feed system (2, 3), typical for 
an epitaxial growth of III-V semiconducting materials. 
The temperature of the indium source was held at 
750 °C and the temperature of the molybdenum sheets 
was in the range of 450°-650°C. A typical flow rate of 
the hydrogen gas was 200 cm3/min (at room tempera­
ture). The partial pressure of PC13 in the feed gas was 
2-13 x 10-3 atm. The thickness of the deposited layers 
was determined by measuring the surface line profiles 
of step-etched samples.

Structure.—Measured x-ray intensities (CuKa radia­
tion) were normalized by the theoretical values calcu­
lated by the following equation (7)

1 = C • M • P • L • |F|2 • A • T [1]

where C is a constant, M the multiplicity of the planes, 
P the polarization factor, L the Lorentz factor, F the 
structure factor, A the absorption factor, and T the 
temperature factor. For powder samples with a plate­
like shape, the absorption factor is described as (7)

A = A0{ 1 - exp (----r—) 1 [2]
l \ sin * / J

where A„ is a constant, fi the linear absorption coeffi­
cient, t the thickness, and 0 the x-ray diffraction angle. 
A is almost equal to A0 if the thickness, t, of indium 
phosphide is more than 20 fixn. The equations used to 
calculate other factors are those found in Guinier’s 
book (7).

Results and Discussions
Transport of indium.—A source temperature of 750°C 

was adopted in this experiment because a transport 
efficiency defined below was reported to saturate and 
approach an equilibrium value at temperatures higher 
than 700°C (8). First, the amount of indium consumed 
during the reaction was measured as a function of the 
reaction time at a linear flow rate of 0.75 cm/sec, cal­
culated at 750°C. The amount was found to increase in 
proportion to the reaction time at PCI3 partial pres­
sures of 2.3 x 10-3-1.2 x 10-2 atm. As for the effect 
of the PCI3 partial pressures in the feed gas, the trans­
port rate of indium increased in proportion to the PCI3 
partial pressure as indicated in Fig. 1.

The transport efficiency, defined by the ratio of the 
number of moles of indium transported to the number 
of moles of chlorine fed during the growth time, was 
95%. This is in good agreement with the 99% obtained 
by thermodynamic calculation and an observed value 
reported for the same reaction in a vertical reactor (4). 
The result shows that the transport reaction around the 
source occurs under equilibrium conditions.

0005 0.0
PCL3 PARTIAL PRESSURE (atm)

Fig. 1. Transport rate of indium as a function of PCI3 partial 
pressure. The temperature of the indium source is 750°C.

Deposition of indium phosphide.—The deposition of 
polycrystalline indium phosphide was carried out at 
temperatures lower than 650°C which had been used 
previously for epitaxial growth on single crystal sub­
strates (2-4). In a film deposited at 650°C, there existed 
small holes where molybdenum surfaces could be seen, 
although the grain size was larger than that in a film 
prepared at lower temperatures. Temperatures lower 
than 600°C were found to be useful to obtain homoge­
neous films without pinholes. This suggests that suffi­
cient supersaturation is necessary for uniform poly­
crystalline growth.

The thicknesses of the polycrystalline deposits were 
found to increase in proportion to the deposition time 
except in the initial stage of the deposition. From an 
Arrhenius plot of the deposition rates shown in Fig. 2, 
the activation energy was determined to be 15 kcal/ 
mole. This agrees approximately with the activation 
energies of epitaxial growth on low-index planes (4).

Mass spectroscopic analysis (8) of gases in the depo­
sition zone has shown that indium monochloride reacts 
with phosphorus compounds according to the reaction

InCl(g) + P*(g) + — H2 (g) = InP(s) + HCl(g)

[3]
where P* represents P2 and P4. Assuming that the

Fig. 2. Arrhenius plot of deposition rate for polycrystalline indium 
phosphide. The dashed line is calculated under thermodynamic 
equilibrium. The PCI3 partial pressure is 7.2 X 10™"3 atm.
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phosphorus compound in the gas phase is the tetramer, 
deposition rates were calculated using the above equa­
tion. As indicated by the dashed line in Fig. 2, dif­
ferences were observed on the Arrhenius plots between 
calculated and observed values. This result shows that 
the deposition reaction cannot be described as being 
carried out under thermodynamic equilibrium.

The deposition rate was examined as a function of 
the PCI3 partial pressure which corresponds to one- 
third of the InCl partial pressure appearing in Eq. [3]. 
The rate increases only slightly with increasing PCI3 
partial pressure as shown in Fig. 3.

The weak dependence of the deposition rate on the 
partial pressure suggests that the deposition process is 
not limited by mass transfer of reactants in a gas phase 
but by surface processes such as surface reaction, sur­
face diffusion, adsorption and desorption processes.

Grain size.—The grain size of the polycrystalline in­
dium phosphide layers tends to increase both with in­
creasing deposition temperature and thickness; more­
over, the grain size is not always homogeneous. In the 
case of a layer deposited at 600°C, the mean value of 
the grain size measured by the Fullman method (9) 
was about 7 /*m (about 1 /xm in a film deposited at 
500°C). Roughness of the surface was about 2 ^m for 
a 12 jim thick film deposited at 600°C.

The mean grain size increased and saturated with in­
creasing film thickness as shown in Fig. 4. This ten­
dency is related to the observation that small nuclei 
on a molybdenum surface grow in size and finally co­
alesce with each other.

A columnar structure in a cross section of the film 
shown in Fig. 5 suggests the saturation of the grain 
size. The columnar structure indicates that each grain 
grows mostly perpendicular to the substrate. The col­
umns were found to develop with increasing growth 
temperature and thickness, which relates to the de­
velopment of preferred orientation as mentioned be­
low. However, the columns were found not to grow im­
mediately from the substrate and not to exist in layers 
deposited at temperatures lower than about 500" C.

Preferred orientation.—X-ray diffraction spectra of 
InP films consisted primarily of diffraction peaks of 
low-index faces such as {111}, {110}, {311}, and 
{331}. Also, relative intensities of the diffracted peaks 
were found to vary with the growth temperature and 
the thickness of the film. For a film deposited at 600°C, 
{110} and {331} faces developed, whereas {111} and 
{311} planes diminished with the thicknesses for films 
thicker than 5 ^m as shown in Fig. 6. On the other 
hand, layers thinner than 5 ^m were random in orien­
tation. As for a film deposited at 500 "C, the diffracted

550 °C

PCL3 PARTIAL PRESSURE ( io~3atm )

Fig. 3. The effect of PCI3 partial pressure in the feed gas on the 
deposition rate of polycrystalline layers.

600 °C

500 °C

THICKNESS ( pm)

Fig. 4. The variation of grain size with thickness at various sub­
strate temperatures.

I0 20
THICKNESS ( pm)

Fig. 6. The variation of relative intensity of x-ray diffraction with 
thickness for various crystal planes in the films deposited at 600"C.

intensities decreased in the order of {111} > {220} > 
{311} > {331} ^ {200} and the tendency held for films 
varying in thickness. However, the degree of preferred 
orientation was not found strong.
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t - 6 pm

TEMPERATURE (°C)
Fig. 7. The variation of relative diffracted intensity with depo­

sition temperature for various crystal planes in the films with thick­
ness of about 6 Atm.

Next, we examined the effect of growth temperature 
On the orientation of the films. In the case of thin films 
(about 1 A<.m), relatively random orientation was ob­
tained irrespective of various growth temperatures, 
although {111} orientation developed to some extent. 
For the thicker film (6 Atm) shown in Fig. 7, {110} and 
{331} planes developed, {111} and {100} planes dim­
inished, and the {311} plane did not change with in­
creasing growth temperatures. The inverse tendency 
between the {110} and {111} orientations for increasing 
temperature is also similar to the result obtained for 
polycrystalline silicon films prepared by pyrolysis of 
silane on an oxidized silicon surface (10).

In order to examine the effect of the partial pressure 
of reactants on the orientation, the partial pressure of 
PCI3 was varied from 2 x 10~3 to 1 x 10-2 atm. How­
ever, no effect in preferred orientation was observed.

In the x-ray method, the information is obtained 
over an x-ray penetration depth of tens of microns, 
while reflection electron microscopy provides informa­
tion on the degree of preferred orientation with less 
than a micron of the crystal surface. The reflection elec­
tron micrographs of the film deposited at 600 °C showed 
random spots. This indicates that the surface consists 
of relatively large grains with random orientation. As 
the {220} intensity was dominant in the x-ray diffrac­
tion, the crystallites are oriented in the <110> growth 
direction, but have randomly oriented surfaces.

On the other hand, for films grown at temperatures 
less than 550° C, the electron micrographs consisted of 
Debye rings. And the micrographs showed that among 
the various planes, the {111} plane was relatively paral­
lel to the substrate surface, but the {110} face was in­
clined or random in the orientation. Especially, the 
orientation of the {111} face is consistent with that ob­
tained by x-ray diffraction. This indicates that the ori­
entation near the surface is equal to that in the film.

The <110> preferred orientation of InP films pre­
pared at 600° C is in agreement with that of polycrystal­
line silicon films (10). The {110} face was reported to 
be the plane with the fastest growth rate among low 
index planes for InP (4) and Si (11). In addition, for 
an epitaxial growth of indium phosphide, the growth 
rate was in the order of {110} > {111}B > {100} sur­
faces (4), corresponding to the order of the orientation. 
Therefore, in the polycrystalline growth of InP, the 
planes with higher growth rates grow preferentially 
and, thus, other planes cannot grow in the direction 
parallel to the substrate surface. As a result, the pre­
ferred orientation is formed for the planes with higher 
growth rates.

Conclusions
Polycrystalline indium phosphide was deposited on 

molybdenum substrates by vapor-phase growth to in­
vestigate the growth mechanism and the structure of 
the film. The conclusions obtained are as follows:

1. The indium transport reaction with phosphorus 
trichloride occurs under thermodynamic equilibrium.

2. Homogeneous polycrystalline films are obtained at 
temperatures lower than 600°C. The activation energy 
of 15 kcal/mole and the dependence of the deposition 
rate on the partial pressure of the reactant suggests 
that surface processes determine the deposition rate.

3. The grain size depends on the deposition tempera­
ture but is independent of the partial pressure of PCI3 
in the feed gas.

4. The crystal grains are oriented in the direction of 
{111} at low temperatures, but the {110} orientation and 
orientations near the <110> directions developed at 
higher temperatures and with increasing the thickness.
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Dendritic Growth of Silicon Thin Films 
on Alumina Ceramic 

and Their Application to Solar Cells
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Nobuo Nakamura, Hiroshi Tamura, Shigekazu Minagawa 

and Takashi Tokuyama

Central Research Laboratory, Hitachi Ltd.,
Kokubunji-shi, Tokyo 185, Japan

Polycrystalline silicon films on alumina ceramic are recrystallized under normal freezing 
conditions. A multi-layered structure containing borosilicate glass and titanium layers is 
successfully used to prevent molten silicon films from agglomeration. The films obtained are 
dendritic and of mm size. Chemical etching reveals tilt boundaries, linear and dot-like defects 
in addition to grain boundaries.

The thin film solar cells fabricated on the recrystallized silicon by successive deposition of p 
and n+ layers show photovoltaic conversion efficiencies of up to 2.6% at a fill factor of 0.67 
under an AMI simulator. From the spectral response curves of the cells, the electron diffusion 
length of the p-type active layers is calculated to be 1 pm and causes a low short circuit current 
density of 9.8 mA/cm2.

§1. Introduction
Polycrystalline silicon films deposited on 

inexpensive substrates have been attempted to 
fabricate low-cost solar cells.1,2) Our approach 
concerns a fabrication of silicon thin film solar 
cells on alumina ceramic substrates having 
generally compatible physical properties with 
silicon and being inexpensive for wide applica­
tion in thick-film electron devices.

The grain size of polycrystalline silicon on 
alumina, prepared by a conventional chemical 
vapor deposition technique, was usually less 
than 10 pm. Several efforts to enlarge the grain 
size of thin films through recrystallization or 
sintering of the deposited films have been 
reported.3,4) Doo reported that a recrystallized 
silicon film of mm grain size has been obtained 
on alumina ceramic by employing a melting 
and rapid solidification technique.5)

In this paper, a new melt-regrowth technique 
is described which is designed to prevent molten 
silicon film agglomeration, as well as to obtain a 
grain size around 1 mm. The structural and 
electrical properties of the recrystallized films 
are also investigated. In addition, the char­
acteristics of thin film solar cells fabricated on 
the silicon films are discussed.
§2. Experimental

The substrate used was 96% pure alumina

ceramic, 25 x 25 x 1 mm3 in size. A titanium 
film (about 0.2 pm thick) was evaporated on 
the alumina substrates in a vacuum. For the 
deposition of silicon films with a thickness of 
20 to 30 /mi, trichlorosilane was used as a 
source and diborane was added as a p-type 
dopant, and then, a borosilicate glass film 
(1 to 2 pm thick) was chemically deposited on 
the silicon film.

The polycrystalline silicon film thus prepared 
was melted and recrystallized in air ambient 
under normal freezing conditions. The struc­
tural properties of the recrystallized film were 
investigated using X-ray diffraction and Sirtl 
etching. To fabricate a p-n junction on the 
recrystallized layer, a p- and an %4-type layer 
were chemically deposited, successively. The 
electrical contact on the »4-type layer was 
attached by evaporating titanium and silver 
successively through a metal mask. The alumi­
num contact was evaporated on the p4-type 
region revealed by mesa-etching. The solar cell 
characteristics were measured under illumina­
tion by an AMI solar simulator. Spectral 
response curves were obtained using a constant 
energy spectrometer. Furthermore, local varia­
tions of photocurrents were examined using a 
scanning He-Ne laser beam with a resolution of 
about 5 pm.
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§3. Results and Discussion
3.1 Recrystallization

To suppress the agglomeration of the molten 
silicon film during melt and regrowth, a thin 
film of appropriate material was placed on 
silicon. For various oxide and nitride films 
deposited chemically on the silicon films, a 
borosilicate glass film was found to be most 
suitable. It is suitable because the film with a 
10 mole% of B203 melts at 1390°C and works 
as a liquid encapsulant on the silicon film at the 
regrowth temperatures. However, only the use 
of borosilicate glass film was not sufficient to 
prevent agglomeration. A titanium layer in­
serted between the silicon and alumina was 
found to be very effective. This is probably due 
to the decrease of the melt-substrate interfacial 
energy or the improvement of the wettability 
of the molten silicon to the substrate.

The effect of ambient gases in the recrystal­
lization was also examined. In the case of nitro­
gen or argon gases, the oxide film was vaporized 
and the molten silicon film agglomerated. On 
the other hand, the oxide film did not vaporize 
in either oxygen or air ambients, in which the 
oxygen partial pressure was higher than the 
equilibrium dissociation pressure of the silicon 
oxide.

A typical surface pattern of a recrystallized 
film (20 /im thick) is shown in Fig. 1. Dendritic 
growth of about 0.3 mm wide and a few 
centimeter long can be seen over the entire 
surface. The X-ray diffraction for the dendritic 
films showed the [111] orientation to be more 
predominant than the [110]. The latter orienta­
tion is typical for the as-deposited films. This 
result could be explained by the fact that the

Fig. 1. Dendritic silicon film, 20/zm thick, on 
alumina ceramic, recrystallized by a normal freezing 
technique.

Fig. 2. Chemically etched surface of a recrystallized
silicon film using a diluted Sirtl etchant.

surface energy of the [111] face is lower than 
that of the [110]6) and the surface index with 
the lower surface energy determines the 
preferred orientation.

Figure 2 shows the enlarged areas of the 
recrystallized and unmelted regions. The un­
melted region is indicated at the left-hand side 
of the figure. The regrowth begins from the 
periphery of the unmelted regions and proceeds 
to the right in the figure during cooling down of 
the furnace. Also shown in Fig. 2 are various 
types of defects revealed by Sirtl etching. 
Among them were grain boundaries with irreg­
ular shapes g,, tilt boundaries g2 or g3, tri­
angular etch pits e and linear defects lt or 12. 
Tilt boundaries were determined by the observa­
tion that the boundaries extend straight from 
grain boundary to grain boundary in the direc­
tion of [211] and are parallel to the bases of the 
triangular etch pits. The linear defects originat­
ing from the irregular grain boundaries and 
terminating in the grains are probably due to 
stacking faults and slip lines.

Hall measurement indicated that the resis­
tivity of the recrystallized films was 1 x 10 “3 
D cm, being half of that for the as-deposited 
films. However, the mobility was 40 cm2V” ^1 
being twice as large as the value of as-deposited 
films.

3.2 Dark current-voltage characteristics
The value in the In / vs. V relation is 

calculated to be 1.6 from the forward current- 
voltage characteristics for an efficient solar cell 
as shown in Fig. 3. Generally, the value 
tended to be less than two for efficient solar cells 
and more than two for less efficient cells. The 
reverse characteristics also shown in Fig. 3 
were plotted in a log-log relationship. As a
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Fig. 3. Dark current-voltage characteristics of a thin 
film solar cell fabricated on alumina ceramic. The 
cell area is 3.08 mm2.

result, it was found that the current increased 
quadraticly with the voltage and indicated that 
the space-charge-limited current is dominant.7) 
On the other hand, the current-voltage char­
acteristics of less efficient cells were almost all 
ohmic, corresponding to a shunt resistance of 
several kO.

3.3 Solar cell characteristics 
The current-voltage characteristics for an 

efficient cell under illumination are shown in 
Fig. 4. The optimum short-circuit current 
density, open-circuit voltage, fill factor and 
conversion efficiency were 9.8 mA/cm2, 0.40 V, 
0.67 and 2.6%, respectively.

To examine local distribution of the conver­
sion efficiencies, mesa-etched diodes of various

v ( v)

Fig. 4. Current-voltage characteristics of a thin film 
solar cell on alumina ceramic under an AMI simu­
lated solar irradiation.

Area (cm^)

Fig. 5. Variations in photovoltaic conversion effi­
ciency with cell area for thin film solar cells on 
alumina.

sizes were fabricated on the same substrate and 
cell characteristics were compared. The conver­
sion efficiencies tended to decrease as cell area 
increased as shown in Fig. 5. Among the factors 
influencing efficiency, the fill factor was found 
to decrease with increasing cell area due to a 
decrease of the shunt resistance.

In order to determine the reason for low 
short-circuit current, the spectral response 
curve was measured. The photocurrent at 
longer wavelengths for the thin film cell was 
found to be lower than that of a single crystal 
cell. This suggests that the diffusion length of 
minority carriers is short. The diffusion length 
was determined using the following equation:8*

rcr-TTTLfxp(-xd)’

where / is the short-circuit current, a the 
absorption coefficient, Ln the electron diffusion 
length and d the n + -type layer thickness. The 
electron diffusion length of the p-type layers was 
calculated to be about 1 fim.

The low value for the diffusion length is 
considered attributable to the presence of 
defects and/or deep level impurities. The local 
variation of the photocurrent was examined by 
measuring a laser beam induced current. 
Shown in Fig. 6(a) and (b) are a reflection laser 
image and a laser beam induced current image. 
Typical defects in Fig. 6(a) are irregular bound­
aries A and linear boundaries Bt and B2 
corresponding to gt and g2 in Fig. 2, respec­
tively. From Fig. 6(b), the photocurrent at the 
linear boundary Bt is found to be slightly
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Fig. 6. Scanning laser images of a thin film solar 
cell fabricated on an alumina ceramic substrate.
(a) A reflection laser image. “A” indicates irregular 
boundaries, “B” linear boundaries and “C” the 
metal electrode.
(b) A y-modulated image of laser beam induced 
photocurrent.

higher than that at surfaces without any 
specific defects. However, the linear boundary 
B2 does not effect the photocurrent at all. On 
the other hand, the photocurrent around 
irregular boundaries varies as much as 10%. 
These results suggest that the low diffusion 
length value is not determined by the presence 
of defects but presumably by deep-level 
impurities.

§4. Conclusion
Recrystallized silicon films having the mm 

grain size can be prepared on alumina ceramic 
using a multilayered structure consisting of 
borosilicate glass, polycrystalline silicon and 
titanium films. Thin film solar cells fabricated 
on the recrystallized films by chemical vapor 
deposition showed efficiencies of up to 2.6 % 
and fill factor of up to 0.67.
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Heterojunctions on polycrystalline indium phosphide films are fabricated and characterized. 
The InP films are chemically deposited on molybdenum substrates. Cuprous selenide films, 
being cubic in crystal structure and degenerate in conduction, are prepared on n-type InP 
films. Cu*Se/InP thin film solar cells have efficiencies of up to 1.7% with a short circuit current 
density of 11 mA/cm2 under AM 1 simulated irradiation.

Furthermore, CdS/InP heterojunction solar cells are fabricated by evaporating indium- 
doped CdS films on zinc-doped InP surfaces. The efficiency directly increases with the anneal­
ing temperature of the cells up to 2.0% with a short-circuit current density of 18 mA/cm2. A 
collection efficiency of 70% is obtained at a wavelength of 0.65 /mi from a spectral response 
curve. In addition, the electron diffusion length is calculated to be 0.2 /mi, which determines 
the lower collection efficiency at longer wavelengths.

§1. Introduction
Thin film solar cells of polycrystalline 

semiconductors on inexpensive substrates have 
been studied as feasible candidates for obtain­
ing low-cost solar cells for terrestrial use.1 -3) 
indium phosphide is selected because of its 
high theoretical conversion efficiency, thin 
solar energy absorption layer and low energy 
consumption for fabricating solar cells com­
pared with conventional silicon solar cells.41 
Consequently, the growth, structure and elec­
trical properties of polycrystalline indium 
phosphide films on molybdenum have been 
investigated.5-71

In general, photovoltaic conversion can be 
realized by preparing potential barriers on the 
films, i.e. homojunctions, heterojunctions and 
Schottky barriers. As for the polycrystalline 
indium phosphide, zinc diffusion was first 
attempted to form p-n junctions. However, the 
rectification was poor, probably due to rapid 
diffusion of the zinc along the grain boundaries 
and excessive junction leakage. Therefore, 
heterojunctions on both /7-type and //-type 
polycrystalline indium phosphide were fab­
ricated.

Using /z-type films, CuxSe/InP heterojunction 
solar cells were fabricated and the photovoltaic 
properties were characterized. It was recently 
reported that CdS/InP heterojunction solar 
cells had relatively high efficiencies for both

monocrystalline and polycrystalline InP lay­
ers.8,91 In this paper, the preparation and 
properties of CdS/InP polycrystalline cells on 
molybdenum substrates were investigated.
§2. Experimental
2.1 Film preparation

Polycrystalline InP films were chemically 
deposited on 50 //m thick Mo sheets using an 
In-PCl3-H2 reaction system.51 The Mo sheets 
were selected because of the small thermal ex­
pansion coefficient mismatch between InP and 
Mo and chemical durability in a growth am­
bient. After cleaning in organic solvents, the 
Mo surface was etched in a 1H2S04-1HN03- 
3H20 solution.

Deposition was carried out in a horizontal 
reactor at an indium source temperature of 
750 °C and substrate temperatures between 
550 °C to 650 °C. Typical deposition rate at 
600 °C was about 6 //m/hr and the deposition 
activation energy was 15 kcal/mol. Zinc phos­
phide was used as a //-type dopant. The InP 
films were attached to a glass plate and the Mo 
substrates were etched off. Then, the electrical 
properties of both /7-type and //-type films were 
measured by the van der Pauw method.101

2.2 Solar cell fabrication
Prior to heterojunction formation, //-type 

cuprous selenide and //-type cadmium sulphide 
evaporated on glass plates were characterized
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FILM
THICK)

n InP
/20pm THICK)

SiO FILM
Au GRID

Mo SUBSTRATE 
( 50pm THICK)

(a)

( b)

Fig. 1. Schematic representation of two-type hetero­
junction solar cells fabricated on Mo substrates, (a) 
p-type CuASe on n-type InP cell, (b) zz-type CdS on 
p-type InP cell.

by reflection electron microscopy, X-ray diffrac­
tion, optical absorption and Hall measurements.

In the case of CuxSe/InP heterojunction solar 
cells, cuprous selenide films with a thickness of 
around 400 A were prepared in a vacuum on 
undoped, 20 pm thick, zz-type InP films. Gold 
grid patterns with a 50 pm line width and a 
1 mm spacing were formed in a vacuum on the 
CuxSe films. Then, InP deposits on the Mo back 
surface and periphery of the cells were etched 
off to reduce the series resistance and the 
leakage current, respectively. Finally, a lead 
wire was attached to the gold grid with a

silver-epoxy resin and a SiO antireflecting film
was applied. The resulting configuration of 
CuxSe/InP cells is schematically shown in 
Fig. 1 with that of CdS/InP thin film solar
cells.

Zinc-doped, 18 pm thick, p-type InP films 
were chemically deposited on Mo sheets at
around 600 °C as the first step in the fabrication 
of CdS/InP cells. Then, zz-type (In-doped) CdS 
films were prepared on the p-type InP films at 
200 °C by an ordinary vacuum evaporation 
technique using sintered CdS sources. The 
CdS films used were 2 pm thick. Indium metal 
grids, the same size as mentioned above, were 
formed on the CdS films. Other fabrication 
conditions were similar to those of CuxSe/InP 
solar cells. Finally, the electrical and optical 
properties of the heterojunction solar cells were 
measured.
§3. Results and Discussion
3.1 Properties of indium phosphide films
3.1.1 Structural properties

The structure varied mainly with deposition 
temperature and growth time and not with 
reaction gas concentration in the case of zz-type 
InP films. A film deposited at 600 °C was rela­
tively columnar as shown in Fig. 2(a). The 
grains with columnar structures were found to 
be oriented predominantly in the (110) direc­
tion using X-ray diffraction measurement.5) 
However, the films deposited at temperatures 
less than 550 °C or being thinner than 5 pm 
tended to be random in orientation.

(a) (0
Fig. 2. Photomicrographs of polycrystalline InP films on Mo substrates, (a) Scanning electron 

micrograph, (b) Replica electron micrograph.
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As-deposited surfaces of the films were 
examined using replica electron micrography 
and are shown in Fig. 2(b). The micrograph 
shows that the surfaces consisted of various 
sized grains with lineages and flat facets. The 
lineages presumably correspond to the twin 
boundaries obserbed previously.61

However, p-type films were found to be 
random in orientation irrespective of deposition 
conditions. Especially, InP whiskers tended to 
appear with increasing zinc concentration in 
the growth ambient. This tendency prevented 
p-type films from having low resistivities.
3.1.2 Electrical properties

For undoped films, the electron concentra­
tion of a 20 pm thick film was 1015 to 1017 cm-3 
and increased with increase in deposition tem­
perature.71 The electron mobility and resistivity 
were on the order of 10 cm2/V-s and 10 to 
100 O-cm, respectively. The barrier heights 
were 0.2 to 0.3 eV as obtained from the rela­
tionship between the resistivity and reciprocal 
temperature.71 However, the electrical pro­
perties of sulphur-doped films were found to be 
strong functions of the deposition conditions 
and doping levels.

The Hall measurement of p-type InP films 
was performed using a Au/Zn/Au contact.111 
The resistivity, mobility and hole concentration 
of a 70 pm thick film were 18 fi-cm, 7.5 cm2/ 
V-s and 4.6 x 1016 cm"3, respectively.

3.2 CUj.Se/InP solar cells
3.2.1 Properties of cuprous selenide films

The structures of CUj.Se films prepared on 
glass plates were examined by reflection electron 
diffraction. It was found that the films evapo­
rated at room temperature were amorphous 
whereas those evaporated at more than 150°C 
were polycrystalline. Furthermore, the diffrac­
tion patterns observed consisted of three Debye 
rings closely relating to cubic Cu2_xSe crystals.

Film resistivity was on the order of 10~4 fi- 
cm. Mobility prepared at 160 and 300 °C was 
3 to 4 cm2/V • s, being one order of magnitude 
lower than that of single crystal Cu2Se.12) 
Thus, the hole concentration was calculated 
2 x 1022 cm"3, which means that the films are 
non-stoichiometric and is consistent with the 
diffraction data.

The variation of electrical properties with 
substrate temperature also affected the optical

300'C

WAVELENGTH (pm)

Fig. 3. The effect of substrate temperature on the 
transmission of Cu*Se evaporated films. Glass 
plates were used as substrates and the evaporated 
film was 740 A thick.

properties of the films. Figure 3 shows the 
optical transmission spectra of CuxSe films 
prepared on glass plates. The transmission 
spectrum of films prepared at room temperature 
is quite different from those of films at higher 
temperatures. This difference corresponds to 
the structural variation with substrate tem­
perature as mentioned above.

The decrease in transmission at longer wave­
lengths is considered related to the free carrier 
absorption. Transmission around 0.55 pm is 
believed due to a band-edge absorption, which 
is consistent with the results for a flash-evapo­
rated film.21 However, the absorption edge is 
different from the 1.2 eV value for single crystal 
cuprous selenide.121 The difference is con­
sidered to be due to the absorption edge shifts 
to the higher energy side by the “Quantum 
Size Effect” as reported for InSb thin films.131
3.2.2 Dark cur rent-voltage characteristics 

Relationships between In / and V for the
CuxSe/InP heterojunctions are indicated in 
Fig. 4. The forward cnaracteristics are linear 
and rectification is realized at currents of more 
than 0.1 mA. The n value in the In / vs. V 
relation was 1.9 for sample No. 121-6. The 
value is lower than that of sample No. 121-7, 
which has a lower conversion efficiency than 
the former. The 1.9 value indicates that the 
recombination of injected carriers in the space 
charge layer is controlled. As the CUj.Se film is 
degenerate, the space charge layer in the InP 
side plays an important role in current injec­
tion.
3.2.3 Conversion efficiency

The substrate temperatures during the CUj.Se 
film preparation and both the back and periph-



810 Tadashi Saitoh, Sunao Matsubara and Shigekazu Minagawa

FORWARD

REVERSE

DIODE AREA = 0.6 cm- 
e.° = No.121-6 

= No. 121-7

VOLTAGE (V)

Fig. 4. Dark current-voltage characteristics of poly­
crystalline CuxSe/InP solar cells. Cell area is about 
0.6 cm2.

eral etching of CuxSe/InP cells were found to 
profoundly affect the conversion efficiency. For 
CuvSe films prepared at room temperature, the 
cells responded to light appreciably, whereas 
no photoresponse was observed for cells 
prepared at more than 400°C.

The etching-off of the InP deposit on the 
back and periphery greatly improved efficiency, 
especially short-circuit current density and fill 
factor. As a result, a CuxSe/InP solar cell with 
an efficiency of 1.7% was obtained. As shown 
in Fig. 5, the fill factor, short-circuit current 
density and open-circuit voltage were 0.47, 
11 mA/cm2 and 0.34 V, respectively. Another

No.121-6 
* =1.7 */. 

OFF = 0.47

No.121-5 
t = 1.1 V. 
FF=0.40

0.2
VOLTAGE ( V )

Fig. 5. Current-voltage characteristics of polycrystal­
line CujcSe/InP solar cells measured under AM 1 
simulated solar irradiation (100 mW/cm2).

cell is depicted with an efficiency of 1.1 % and 
a fill factor of 0.40.
3.2.4 Collection efficiency

In order to examine the reason for the low 
short-circuit current, the photoresponse curve 
was measured and the collection efficiency 
calculated. The highest collection efficiency was 
40%, obtained at the 0.65 ym wavelength and 
the efficiency decreased with the increase in 
wavelength as shown in Fig. 6. This decrease 
is considered due to absorption variations in 
the depletion and/or bulk layers with wave­
length.

Provided the effect of recombination in the 
depletion region can be neglected, the light- 
induced current generated in the depletion 
region is given by :14)

= - exp (-a - IV)] (2)
where 0 is the incident photon flux, a the 
absorption coefficient and W the depletion layer 
width.

The depletion layer width for a one-sided 
step junction is described as:15)

w= 0)
where Ks is the dielectric constant, e0 the 
permittivity, Nd the electron concentration, 
</>B the built-in potential and V the applied 
voltage. It is assumed that the built-in field 
increases proportionally to the energy gap. 
Using a depletion-layer width of 0.3 ym for a 
silicon p+In junction with an electron con­
centration of 1016 cm-3,15) the depletion-layer 
width for InP was calculated to be 0.36 ym.

Inserting the depletion-layer width and the 
absorption coefficient16) into eq. (2), the

CdS/lnP CELL

WAVELENGTH (pm

Fig. 6. Variation in collection efficiency with wave- 
length for single and polycrystalline CdS/lnP cells 
and a polycrystalline CuxSe/InP cell.
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quantum efficiencies in the depletion-layer were 
calculated to be 34% at 0.8 pm and 21 % at 
0.9 /im. These values nearly equal those shown 
in Fig. 6. This indicates that the diffusion 
length of re-type InP layer is so low that the 
contribution to the short-circuit current can 
be neglected.

3.3 CdS/InP solar cells
3.3.1 Properties of cadmium sulphide films

Cadmium sulphide films prepared on glass
plates were examined by X-ray diffraction. 
The films were found to be cubic and oriented 
in the (111) face irrespective of temperature and 
thickness. Electrical properties were also meas­
ured by the van der Pauw method using In 
metal electrode. Undoped films were semi- 
insulating whereas low resistive CdS films were 
obtained when using In2S3-doped sources. 
Using an evaporation source including 50 mg 
In2S3/l g CdS, the resistivity, mobility and 
electron concentration were found to be 
2.9 x 10~3 O-cm, 3.1 cm2/V-s and 6.9 x 1020 
cm-3, respectively.

The transmission curve of In-doped CdS 
films was found to shift to the shorter wave­
length side of undoped ones. This shift may 
result from the nonstoichiometry or the 
decrease of the Cd/S atomic ratio.
3.3.2 Conversion efficiency

For CdS/InP cells, the substrate temperature 
and etching-off of both the back and the 
periphery were also found to be important 
factors as mentioned above. Furthermore, cell 
efficiency increased with the increase in anneal­
ing temperature as shown in Fig. 7. The im­
provement is attributable to the increase in 
both the short-circuit current density and 
open-circuit voltage except for the fill factor. 
The best quality cell was obtained by evaporat­
ing the CdS film on the /Hype InP layer at 
200 °C and subsequently being annealed at 
500 °C for 10 min in air. This cell showed a 
short-circuit current density of 18 mA/cm2, an 
open-circuit voltage of 0.37 V, a fill factor of 
0.30 and thus had an efficiency of 2.0%.

In addition, it is noticeable that a “kink” 
exists in the I-V curves near the maximum- 
power point. The kink was also reported by 
Bachmann et al. for a polycrystalline InP/CdS 
cell on a carbon substrate.9* They pointed out 
that the kink is evidence of a rectifying contact

T=500t

T = 400 'C
i = 1.7 •/.

VOLTAGE ( V)

Fig. 7. The effect of annealing temperature on light 
current-voltage characteristics of polycrystalline 
CdS/InP solar cells with a cell area of 0.41 cm2. The 
characteristics were measured under AM 1 simulated 
conditions.

between the /Hype InP film and the carbon 
substrate. In the case of CdS/InP cells on Mo 
substrates, a rectifying contact is considered to 
be formed, which is one of the reasons for 
lower efficiencies compared with single crystal 
CdS/InP cells.
3.3.3 Spectral response 

The collection efficiency of polycrystalline 
CdS/InP cells at wavelengths of 0.6 to 0.7 pm 
is almost the same as that reported for the 
single crystal CdS/InP cell as shown in Fig. 6. 
However, the efficiency tends to decrease at 
longer wavelength. This decrease may be due 
to a low diffusion length in the /Hype InP 
layer.

The diffusion current, generated outside the 
depletion layer in the bulk region and diffusing 
into the junction, is described as followed:14*

ol-L
•Wf = <7$ 1+a.Lexp (-a- W), (4)

where L is the diffusion length of minority 
carriers. Therefore, the total light-induced 
current, JT, can be described as the following 
equation.

JT—7m "f JIDL"r*/DIFF

= q® 1- 1 exp ( — orW) (5)1 +crL
Here, Q and A are designated as follows:

g = (6)
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Fig. 8. Factor A vs. reciprocal absorption coefficient 
a-1 for a CdS/InP polycrystalline cell with an 
efficiency of 2.0%. Factor A is shown in eq. (7).

exp ( — orfV)
^ (1-0X3

From eqs. (5) and (7),
A —a * + L.

(7)

(8)

Figure 8 shows the relationship between A 
and a-1 for a polycrystalline CdS/InP cell 
using the data indicated in Fig. 6. An electron 
diffusion length of 0.2 pm was obtained, being 
considerably lower than 1.8 pm of single crystal 
InP.17) Therefore, the low diffusion length 
value determines the decrease in collection 
efficiency at longer wavelengths in the spectral 
response curve.
§4. Conclusion

Heterojunctions on the polycrystalline InP 
films have been successfully fabricated with p- 
type CUj.Se or /z-type CdS films. The CUj.Se/InP 
solar cells showed efficiencies of up to 1.7% 
with a short-circuit current density of 11 mA/ 
cm2. The spectral response curve indicated that 
only the photons, being absorbed in the deple­
tion layer, contribute the light-generated current 
and thus the diffusion contribution to the cur­
rent can be neglected.

By annealing the CdS/InP heterojunction 
cells at 500°C, efficiency was improved up to 
2.0% with a short-circuit current density of

18 mA/cm2. The collection efficiency obtained 
from the spectral response was close to 70% 
at wavelengths of 0.6 to 0.7 pm. An electron 
diffusion length of p-type InP films was realized 
of 0.2 pm, which determines the decrease in 
collection efficiency at longer wavelengths.
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Fabrication and Characterization of Thin-Film Silicon Solar Cells

on Alumina Ceramic

TERUNORIWARABISAKO and TADASHI SAITOH

Abstract—Dendritic silicon layers are prepared on alumina 
ceramic by melting and regrowing a CVD Si layer with a BSG en­
capsulation. Thin-Dim solar cells fabricated by successive depo­
sition of p- and n+-Si layers on this dendritic silicon exhibit a con­
version efficiency of 2.6 percent under AMI illumination.

I. Introduction

THE THIN-FILM approach is known to have an 
essential advantage in realizing low-cost solar cells for 
large-scale terrestrial application. Several attempts have

Manuscript received. This work was supported in part by the Agency 
of Industrial Science and Technology, MITI, Japan, as a part of the 
National Research and Development Program “Sunshine.”

The authors are with the Central Research Laboratory, Hitachi Ltd., 
Kokubunji, Tokyo, Japan.

been made to fabricate solar cells on various materials such 
as steel [1] or graphite [2].

Another possible choice for the substrate is ceramic 
material. Recently, polycrystalline silicon thin films with 
a comparably large area have been obtained oh alumina 
ceramic by CVD [3] and/or by dipping a substrate into 
molten silicon [4].

A large-area, dendritic silicon film has also been obtained 
by melting and regrowing a chemically deposited silicon 
layer with glass film encapsulation, in conjunction with the 
use of a titanium layer to improve the wettability between 
the silicon and the alumina ceramic [5]. This correspon­
dence describes the feasibility of fabricating solar cells on 
such a dendritic silicon film.

Copyright © 1977 by The Institute of Electrical and Electronics Engineers, Inc. 
Printed in U.S.A. Annals No. 704ED023
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II. Experimental Details

The substrate material consisted of 1 X 1 X %% in 96- 
percent AI2O3 alumina ceramic slides. These slides were 
nonporous and their grain size was several microns in di­
ameter.

A Ti layer, about 1000 A thick, was formed by vacuum 
evaporation on the alumina ceramic slides. A polycrys­
talline Si layer, about 20 Atm thick, was chemically vapor 
deposited (CVD) onto the Ti layer by hydrogen reduction 
of trichlorosilane (SiHClg) at 1100°C. At the same time, 
diborane (B2H6) was heavily doped into the silicon film.

In addition, a borosilicate glass (BSG) film, 1-2 Aim 
thick, was chemically deposited on the silicon layer fol­
lowed by the deposition of CVD-Si02 film to a thickness 
of about 0.2 Atm. This CVD BSG film contained about 10 
mol% of B2O3 and liquified completely at around 
1400°C.

The substrate was heated to 1417°C in an air ambient, 
and was held at this temperature until the silicon layer 
melted completely. Then, it was cooled to room tempera­
ture at the rate of about 80°C/min. A flat dendritic silicon 
thin film was thus obtained. The surface of the film is 
shown in Fig. 1. The resistivity of the resulting dendritic 
films was around 1 X 10”3 U * cm.

After removing the oxide layers on the silicon film, a 
p-type and an n+-type silicon layer were grown successively 
by hydrogen reduction of SiHCls on the revealed silicon 
layer to a thickness of about 17 Aim and 0.6 Aim with doping 
levels of 1016 cm-3 and 1019 cm-3, respectively. Dopants 
used were B2H6 and PH3, and the deposition temperature 
was 1100°C.

Then, the multilayered film was masked and mesa- 
etched to complete a number of diodes. Point contacts 
were provided for the measurement of the electric char­
acteristics by placing small dots of In-Ga alloy on the top 
of the n+-layer of the diodes and on the revealed surface 
of the p+-layer. An example of these mesa diodes is shown 
in Fig. 2 along with a schematic diagram of its structure.

III. Results and Discussion

Photovoltaic characteristics were measured under il­
lumination of an AMI (100 mW/cm2) solar simulator 
(USHIO Electric). Open-circuit voltage Vqc» short-circuit 
current density Jsc, and fill factor FF were in the ranges

(a)

ELECTRODE
N-EPITAXIAL 
/ P-EPITAXIAL 

<[ ELECTRODE

P-DENDRITIC

ALUMINA CERAMIC

Fig. 2. (a) Top view of a mesa diode, (b) Schematic cross section
of (a).

A122-1
BARE

AM1
n : 19"/.
FILL FACTOR : 0.67

0.2
VOLTAGE(V)

Fig. 3. Current-voltage characteristics of a thin-dim silicon solar cell 
on an alumina ceramic substrate measured under AMI illumination 
at room temperature.

of 0.34-0.40 V, 5.S-7.5 mA/cm2, and 0.35-0.67, respec­
tively. The average conversion efficiency was 1.26 percent 
without antireflection coatings.

The current-voltage characteristics of the cell (A122-1), 
which showed the highest conversion efficiency, are shown 
in Fig. 3. The values for Voc, </sc, and FF were 0.40 V, 7.0 
mA/cm2, and 0.67, respectively, corresponding to a con­
version efficiency of 1.9 percent. The conversion efficiency 
of the same cell was improved to 2.6 percent after evapo­
ration of SiO to about 750 A.

Spectral response curves were obtained under illumi­
nation of a constant energy light with a power density of
30.4 AiW/cm2 and a bandwidth of 70 A. An example of the 
spectral response of a solar cell is shown in Fig. 4. The 
photoresponse showed a maximum at a wavelength of 540 
nm. The quantum efficiency at this wavelength was about 
20 percent. The diffusion length of the electron in the p- 
layer estimated from the photoresponse curve was 1.0 
Aim.

Local variation in photocurrent was measured by 
scanning a He-Ne laser spot across the surface of a cell 
with a resolution of better than 5 Aim. An example of the
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A122-8 .

600 800 
WAVELENGTH (nm)

Fig. 4. Spectral response of a thin-film silicon solar cell on an alumina 
ceramic substrate, measured under constant energy of 30.4 jtW/cm2 
with a bandwidth of 70 A.

GRAIN BOUNDARY 
l rLINEAR BOUNDARY

-PHOTOCURRNT

-LINE SCAN 
(BASE LINE)

^ CELL EDGE

Fig. 5. A line scan mode of the photocurrent in the cell shown in Fig.
2 with corresponding surface reflection image measured by a scanning
laser microscope,

photocurrent distribution in the cell shown in Fig. 2 is 
shown in Fig. 5 with a corresponding surface reflection 
image. A line scan covered the edge of the cell and several 
grain boundaries.

A little degradation in photocurrent is observed in the 
vicinity of irregularly shaped grain boundaries and micro 
defects. However, many of the observable defects such as 
tilt or twin boundaries were found to give little effect on 
the degradation in photocurrent.

Typical forward and reverse characteristics of a solar cell 
measured in the dark are shown in Fig. 6. No saturation 
region is observed in the reverse bias relation. An ohmic 
current is predominant in the low bias range, and the shunt 
resistivity of the cell can be estimated to be 1.2 X 104 
$2 • cm2.

In the small bias region, the forward J-V relation ex­
cluding the leakage component is fairly expressed by the 
following equation:

J = Jo exp [qV/(nkT)] (1)
where J and V are the forward current density and the 
forward bias, respectively, and the other parameters in­
dicate ordinary meanings. The characteristic values are
2.0 and 9.1 X 10-7 A/cm2 for n and Jo in (1), respectively, 
showing that the recombination current is predominant 
in the forward current.

The series resistivity of the cell can readily be estimated 
from the deviation of the J-V curve without the leakage

10-'
VOLTAGE (V)

Fig. 6. Current-voltage characteristics of a thin-film silicon solar cell 
on an alumina ceramic substrate measured in the dark.

component from the relation (1). The resulting series re­
sistivity obtained was 11 12 • cm2, being somewhat high 
compared to conventional single crystalline solar cells.

In the short-circuit condition, the light generated cur­
rent Jl can be expressed by

Jl =
RdRs + RsR sh + RahRd j

RdRsh
(2)

Using n and Jo, the dynamic impedance Rd of the equiv­
alent diode under short-circuit condition is calculated to 
be 5.7 X 104 S2 • cm2. This and the values for Rsh and Rs give 
JL ~ l-OOi J sc-

The thickness of the optically active silicon layer was 17 
fim. More than 80 percent of impinged solar light energy 
can be absorbed in this layer. So the low Jsc, or low Jl, can 
be attributed to the low correction efficiency of this layer. 
It is plausible that the short diffusion length of a light 
generated carrier might be the direct reason for the low
jsc*

The open-circuit voltage can be expressed simply as

Vnc — ^lnZ^__Esc.')
q \Jq JoR&h/

(3)

In the case of A122-1, Jl =% Jsc = 7.0 mA/cm2, and 
Voc/Rsh ~ 3.3 X 10-2 mA/cm2, only 0.5 percent of the 
photocurrent flows through the shunt resistance even in 
the open-circuit condition.

Consequently, the low Vqc can be mainly attributed to 
the high value of Jo, or to the short recombination lifetime 
of the carrier in the depletion region.

IV. Conclusion

A new approach to low-cost solar cells was attempted by 
fabricating thin-film cells on a polycrystalline silicon film
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dendritically grown on alumina ceramic substrates.
Although the experimental work was on a preliminary 

stage, a conversion efficiency of 2.6 percent was obtained 
under AMI illumination with the open-circuit voltage of
0.4 V and the short-circuit current density of 9.8 mA/cm2 
being encouraging to this approach.
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SUMMARY

Thin-film silicon solar cells were fabricated 
on dendritic recrystallized silicon layers of mm^ 
grain size. A novel technique utilizing a multi­
layer structure, S102/BSG/Si/Ti/AlgOg, was effective 
in obtaining a flat dendritic silicon film by the 
melt-regrowth process of a chemically deposited 
silicon film.

A n+/it/p+ type cell, prepared by successively 
depositing undoped and phosphorus doped silicon 
layers on the dendrite film, exhibited the conver­
sion efficiency as high as 3.2% (AMI) with the open 
circuit voltage of 0.32V and the short circuit 
current density of 16.7 mA/cm*.

INTRODUCTION

The thih-film approach has been applied to the 
fabrication of silicon solar cells in order to 
explore the way to reduce the cell cost drasti­
cally!) 2)3)4). In this approach, principal efforts 
are directed to finding low cost substrates 
compatible with the silicon film and to obtain large 
crystallite grain size.

Steel, graphite and metallurgical silicon were 
used as substrate materials and grain growth by 
recrystallization or sintering was tried.5)6)

Results obtained, however, still need further 
improvement.

This paper deals with a new technique of 
preparing thin-film silicon solar*cells with large 
crystal grains on alumina ceramic substrates and 
their characterizations in photovoltaic properties.

The key technique is in depositing a multilayer 
of Si02/BSG (borosilicate glass)/Si/Ti on an alumina 
ceramic substrate and in successively recrystal­
lizing the silicon film into dendrites after raising 
temperature to the melting point of silicon.^)

A thin-film solar cell with grains of mm size 
was once fabricated on an alumina ceramic, a 
moderlately low cost substrate, by a melting and 
rapid cooling technique.5)

However, preparation of thin films with uniform 
thickness has been unsuccessful until the multilayer 
structure mentioned above is devised.?) The most 
difficult problem to be overcome was the poor 
wettability of molten silicon to alumina.

Molten silicon easily agglomerates on the 
surface of alumina preventing the formation of thin 
uniform recrystallized layer.

The Ti layer improves the wettability of sili­
con to alumina and the S102/BSG layers work as a

liquid encapsulation layer suppressing the balling 
phenomenon of molten silicon.

Unidirectional recrystallization by pulling 
out a substrate from inside of a furnace was also 
tried insted of nomal freezing in a furnace.
Thin-films with parallel texture of dendrites 
were obtained.

Once a uniform silicon film with large 
crystallites (dendrites) is fabricated, active 
layers of a solar cell can easily be made by depos­
iting p- and n+-Si layers on it. Besides this 
n+/p/p+ type cells, cells with n+/ir/p+ structure 
were also fabricated by depositing an undoped layer 
instead of the p-layer.

Although works included in the category of the 
ordinary recrystallization and n+/p/p+ type are 
centered in this paper, results on the unidirec­
tional recrystallization and the n+/Tr/p+ structure 
are also described.

Characterization of the recrystallized layers 
and the photovoltaic characteristics of the thin- 
film solar cells were performed. A laser-beam 
scanning apparatus to measure photoresponse 
distribution was a useful tool for the character!- *1 
zatlon of the thin-film cells.

EXPERIMENTAL 

Substrate Fabrication

Alumina ceramic plates, 96% pure and 25 mm 
x 25 mm x 1 mm in size, were coated with 0.1 ym 
thick titanium film by vacuum evaporation.

A polycrystalline p+-silicon layer, about 20 pm 
thick, was deposited on the titamum layer by chemi­
cal vapor deposition using trichlorosilane and 
diborane.

Finally a 1-2 pm thick borosilicate glass 
layer (10 mol. % in B203 content), and a 0.1 um 
thick silicon dioxide layer were successively formed 
by chemical vapor deposition.

This multilayer structure (Fig. 1) was heated 
to 1417°C in an air ambient.

The electric power supply of the furnace was 
turned off when the silicon layer completely melted 
and the substrate was cooled in the furnace at a 
rate of 10 deg/min.

An attempt to develop dendrites in one direc­
tion was achieved by pulling out a substrate from 
the center of a horizontal furnace at a rate of 
1.4 cm/min.
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Solar Cell Fabrication

A p-type and n-type silicon layers were 
successively grown epitaxially on the dendrite layer 
after dissolving off the surface oxide layer by 
hydrofluoric acid.

Hydrogen reduction of trichlorosilane at 110(fC 
with diborane and phosphine as doping gases was 
employed for depositing the silicon layer.

The p- and n-layers were 17 pm and 0.6 pm thick 
and their carrier concentrations were 1016 - 1017 
cm™ 3 and 1019 cm"3.

Beside this n+/p/p+ type solar cell, the 
«+Vir/p+ type cells were fabricated by replacing the 
boron-doped layer with an undoped layer, in order 
to investigate the effects of the dopant concen­
tration in the active layer.

A large area solar cell was completed by 
attaching a titanium/silver electrode to the n+- 
layer by successive evaporation through a metal mask 
and a aluminum contact to the p+-layer revealed by 
mesa etching.

An indium/gallium contact was employed for the 
n*-layer when a solar cell was divided into a 
number of small mesa diodes to investigate the local 
variaion in photovoltaic properties.

Antireflection film was a 750l thick silicon 
monoxide deposided by vacuum evaporation.

The structure of the thin-film solar cell is 
shown in Fig. 2.

Measurements

Photovoltaic characteristics of the thin-film 
solar cell were measured under simulated AMI
(100 *W/cm2) light.

A constant energy spectrometer was used to 
measure the spectral response of solar cells. The 
energy density was 30.4 pW/cm2 and the band width 
was 70A.

Photoresponse distribution maps were made by 
measuring photocurrent by scanning a He-Ne laser 
beam. Resolution achieved was better than 5 pm.

RESULTS AND DISCUSSION 

Recrystallization

An attempt to enlarge the crystallite size of 
a silicon thin-film by the melt-regrowth scheme has 
been impeded by the agglomeration of molten silicon 
on alumina. This phenomenon is due to the high 
surface tension of molten silicon and the poor 
wettability of molten silicon to alumina.

Titanium film inserted between silicon and 
alumina was found to be effective for increasing the 
wettability of molten silicon to alumina and even 
more it was effective for preventing the recrystal­
lized film from peeling off.

As the surface of the recrystallized film 
thus obtained was not smooth enough to fabricate 
solar cells, additional films were deposited on the 
top of the silicon layer. A combination of 510%/
BSG films revealed useful for this purpose. The 
BSG film (10 mol.% in B2O3 content) becomes very 
soft and fluid at about 1390°C helping to make 
smooth silicon surface. However, back up of this 
liquid encapsulant by a S10% layer was necessary 
to maintain stiffness of the overlayer.

The ambient gas during recrystallization was 
important to obtain a flat surface. The oxide films 
tend to be lost in nitrogen or argon ambient but 
not in oxigen or air, suggesting slower reduction 
rate of oxides by molten silicon into high vapor 
pressure suboxides.

A typical surface of an ordinary recrystallized 
film and a unidirectionally recrystallized film 
were shown in Figs. 3 and 4.

X-ray diffraction indicated the predominance 
of [111] orientation in the recrystallized film 
in contrast to the [110] predominance in the 
chemlally deposited film.

*
The resistivity of the recrystallized film 

was 1 x 10"3 fi»cm, about one half of the as- 
deposited film. Chemical analysis showed boron 
and aluminum were enriched probably due to the 
dissolution of borosilicate glass and alumina.

Hall mobility on the other hand was 40 cm2/Vs, 
twice as large as the value of the as-deposited 
film, reflecting the better crystal perfection in 
the recrystallized film.

Photovoltaic Characteristics

Conversion efficiencies of the n+/p/p+ type 
and the n+/ir/p+ type cells are plotted against the 
open circut voltages and the short circuit? current 
densities in Fig. 5. These cells are made by 
etching a number of mesas on a solar cell of each 
type.

There exists a marked difference in{the open 
circuit voltage and the short circuit current.
The higher short circuit current densities or the 
higher conversion efficiencies of the n+/Tr/p+ cells 
may be ascribed to the wider depletion layer 
spreading in the tr layers. A high collection 
efficiency in the tt layer is understandable from 
the increased photocurrents in the longer wavelengths 
of the spectral response curves. (Fig. 6)(Table I.)

The hole concentration of the tt layer was 
estimated in the level of 10lk cm"3 tiy capacitance- 
voltage measurement.

The origin of lower open circuit voltages of 
the n*/Tr/p+ cells was due to a larger saturation 
current which comes from the wider depletion layer.

An example of the photocurrent distribution 
map measured by scanning a laser spot across a 
thin-film cell is shown in Fig. 7 together with a 
corresponding surface optical micrograph. A small
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dip in photocurrent is observed when the laser spot 
crosses an irregular grain boundary. Many of the 
observable defects as tilt or twin boundaries, 
however, were found to be harmless.

Therefore, investigation to increase the life­
time of minority carriers rather than to eliminate 
recombination at grain boundaries must be emphasized 
to get higher photocurrent output. The lifetime 
killer in the thin-film solar cell has not been 
identified, although titanium in the substrate may 
be associated with.

Another factor which governs the conversion 
efficiency is the fill factor.

Larger V*=o and smaller dV
dl 1=0

considered to correspond to a larger fill factor.

The two terms can be approximated to

Rg "** K(n, 10, Rsh) (1)

~dr|v-o ***** (2)

Rg: series resistance n: factor in I-V rela- 
I0: iaturution current tion for a diode. 
Rgh: shunt resistance

Here, we proceed by using the simpler equa­
tion (2).

dV
dl

The fill factors and the graphically obtained

, values, i.e. shunt resistances are shown to r=o
have a close relationship to each other for 
n+/Tr/p+ type cells. (Fig. 8) This indicates that 
the increase in shunt resistivity and the minimi­
zation of the local variation of shunt resistivity 
are necessary in order to realize a high efficiency 
thin-film solar cell with a large area.

CONCLUSION

dV | 
dl

A new technique of fabricating a flat film of 
silicon dendrites on an alumina ceramic was attempted 
in order to develop a low cost solar cell.
Uilization of the multilayer structure, Si02/BSC/Si/ 
TI/AI2O3, in recrystallizing process of silicon was . 
a key to obtain a flat film of dendrites with mm 
size.

A thin-film solar cell prepared by successive 
deposition of an undoped and phosphorus-doped 
silicon layers on the dendrite substrate exhibited 
a photovoltaic conversion efficiency of 3.2% with 
Voc = 0.32V and Isc =16.7 mA/co2 under AMI 
simulated light.

Characterization of the thin-film cells 
indicated that the increase of minority carrier 
lifetime and the increase of shunt resistance were 
most important in attaining high conversion 
efficiency.
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Fig.3 Normally recrystallized silicon 
^ilm

Fig.4 Unidirectionally recrystallized 
silicon film

10 mm

z 2-

WAVELENGTH (pm)

Fig.6 Spectral response of thin-film 
solar cells

o nV/r/p*CELLS (A- 10ucm'3) *

• n*Z p/ p* CELLS (p- 4*10,7cmS)

a>

CELL AREA= 0.1-02 cm2 

( with antireflection coating ) 

o ©

>-
u
z
yj
u

2- iii
u
u.LL
Ul

o
o

o

fll ■■ ... -JL—----------1------- ----- 1---
u02 03 04 05

OPEN CIRCUIT VOLTAGE (V )

0 » ............ .A. ' .................A............. I » II..
5 10 15 20

SHORT CIRCUIT CURRENT DENSITY
( mA / cm2)

Fig.5 Conversion efficiency vs. open
circuit voltage (a) or short circuit 
current density (b)
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Table I. Photovoltaic characteristics of the n+/p/p+ and the ntyn/p4- thin-film cells

SHORT CIRCUIT

CURRENT DENSITY

OPEN CIRCUIT

VOLTAGE FILL FACTOR EFFICIENCY AREA

(mA/cm2) (V) (%) (%) (cm2)

n+/p/p+ 7.8 0.41 69 2.2 0.14

n+/ir/p+ 16.7 0.32 59 3.1 0.16

Fig 7 Photocurrent distribution (a) and 
corresponding optical image (b)
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PROBLEMS IN PHOTORESPONSE DISTRIBUTION MEASUREMENT 

Shigekazu Minagawa and Terunori Warabisako

Central Research Laboratory, Hitachi Ltd.

1-280 Higashi-koigakubo 
Kokubunji, Tokyo 185 

Japan

Photoresponse distribution measurement by scanning a light spot across a 
surface of a semiconductor device is often used in a variety of sections of 
device characterization.1)2)3)4)

This technique is very useful for solar cell characterization because the 
measured quantity is the direct expression of the distribution of the desired 

performance of the device.
Researchers of the thin-film solar cell must be implemented with this kind 

of apparatus, because the thin-film cell includes many defects, grain boundaries 
and precipitates in some cases which cause nonuniform and poor performance. 
Characterization of these defects and techniques for eliminating these maleffects 
must be explored before the thin-film solar cells can supply low cost electric 
energy.

The authors set up an apparatus for measuring the photoresponse distri­
bution and use it in the development of polysilicon thin-film solar cells.

A schematic diagram of the apparatus and an example of measurement are

shown in Figs. 1 and 2f ,
In using this apparatus, however, there exist several conditions to be 

satisfied if one wants to guarantee that the measured photocurrent expresses 
correctly the local photovoltaic property of the spot irradiated.

ELECTRIC PROPERTY OF CELL

Schematic diagrams of a polysilicon thin-film solar cell made on a ceramic 

substrate irradiated by a spot of light together with an equivalent circuit 
corresponding to it are shown in Fig. 3.
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The equivalent circuit corresponding to the irradiated part i can be 
expressed by a parallel combination of a current source 1^, an ideal diode and 
a shunt resistance RgHi connected to a series resistance The remaining
dark part is similarly expressed with a shunt resistance Rgjj, a series resis­
tance Rs and a leak current Ip. The total equivalent circuit is a parallel 
combination of these two circuit via a series resistance Rg which depends on the 
mutual positions of the light spot and the electric contacts.

The measured short circuit current 1%, for tl

= *Li - ID

RSHi vi
= ——------------- do* + •——) -

RSHi + Rgi + RB RSHi

where

V = loi (exp 3(Vi - RsiILi) - 1} 

rSH
ID = —-------------- lo {exp 3(V - RsId) -

RSH + Rs
The sympols 3, Vi and V have usual meanings.

These equations show that the measured current Ip agrees with the 
photocurrent of the irradiated part i if the leak current Ip and the series 
resistance Rg, which often tend to be large particularly in thin-film cells, 
are small enough.

Absence of a systematic variation in photocurrent distribution with regards 

to the positions of the light spot and the electrodes guarantees this condition 
holds.

SCANNING SPEED

A limit is imposed on the scanning speed due to a large junction capacitance 
of a solar cell. When the surface of a solar cell with dimensions of &i by *s
scanned by a light spot of diameter <f> at line frequency wp and frame frequency

0)2» the transit time of the light spotT<f> must be smaller than the charging time 
constant of the junction capacitance *TC = RC, i.e.

4>
RC <T* - ------------- . (4)

£jU)j

lis system is given by

id (1)

1} +

rsh + Rs

(2)

(3)
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Where, R is the equivalent series resistance of a solar cell and 
C is the junction capacitance given by

qKgEoCg %
c - ( -------------- ) (5)

2<f>B

Ks : permittivity of silicon, e0 : permittivity of free space 
Cg : free carrier concentration of the lower impurity concentratio 
side of a step junction, <j>g : built in potential.

Equations (4) and (5)are combined to give the limiting condition for line 
frequency,

W1 < <t>/{M:2Jt2(qKsE0CB/2<j)B)/2}. (6)

The frame frequence, ujz = is also governed by the same condition.
Numeric calculation using the values shown in Table I indicates that the upper 
limit of the line frequency is 90.4 Hz and the time requited for measuring one 
frame is 138 seconds.

RESOLUTION AND DENSITY OF SCANNING LINES

There exists a trade-off between the spot size and the density of the 
scanning lines with regards to the resolution and the frame frequency.

The spot size of light should be determined according to the object of the 
measurement: whether the whole photoresponse image across a cell or the fine 

structure of a specific area is required. In the former case, the minimum time 

necessary for measurement is restricted to iz / <Ni as described above. A 
standard condition for measuring the whole image of a solar cell with dimensions 
of 10 cm by 10 cm is a>i = 1 kHz, uiz - 30 Hz and <j> = 1.5 mm. In the latter, 
resolution is limitted to about 0.8 ym even if the best available^optics is 
employed for He - Ne laser light. On the other hand, the spot size need not be 
focused smaller than the diffusion length of the minority carriers.

OTHER FACTORS

The absorption coefficient of silicon and the diffusion length of 
the minority carrier should be taken into consideration when a light for
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scanning is selected. Use of light sources with different wavelengths provides 
us with informations on the photorespose distribution in depth direction.

For example, He - Ne laser light (6328A) and Ar laser lights (4880& and
o

5145A) in silicon correspond to the penetration depth of 2.7 pm, 0.75 pm and
1.0 pm, respectively^which are comparable to the magnitude of the diffusion 
length of the minority carrier often encountered in the thin-film solar cell.

Roughness of the surface of a thin-film solar cell may complicate 
quantitative understanding of the result of the distribution measurement 
because the condition of normal incidence does not hold and the effect of 
multireflection on the uneven surface may occur if the spot size becomes com­

parable to the roughness of surface.
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Table I. Values used for frequency limit calculation

diameter of light spot 
cell dimensions 

equivalent series resistance 

permittivity of silicon 
permittivity of free space 
impurity concentration 

built-in potential 
electron charge

<j> *= 2 ym 
&i = = 25 mm

of cell R «= lfi

Ks * 11.7 
Gq = 8.86 x 10 
Cg 83 101 7 cm 3 

<j)g *= 0.414 V 

q = 1.602 x 10

F cm

C
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OPTICAL SCANNER

SOLAR
CELL

X-Y STAGE
STAGE DRIVER

LENS
1 He-Ne LASER
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Fig. I Apporotus for photocurrent distribution measurement.
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(a) photocurrent map ( b) surface optical
micrograph

Fig. 2 A photocurrent distribution mop of o thin - film 
silicon solar cell.
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Fig.3 Photocurrent measurement by scanning a laser spot.
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ABSTRACT

Electrical properties of n-type polycrystalline indium phosphide deposited 
on molydenum substrates are investigated as a function of deposition condi­
tions. For undoped films, the electron concentration is found to be 1015-1017 
cm-3 and tends to increase with the increase in deposition temperature. The 
electron mobility and resistivity are almost constant irrespective of varying 
deposition conditions. On the other hand, the electrical properties of sulfur- 
doped films are found to be strong functions of deposition conditions and dop­
ing level. A grain boundary carrier trapping model is applied to explain the 
electronic transport properties of the polycrystalline films. The barrier height 
and the density of trapping states at grain boundaries are calculated.

Polycrystalline films of various semiconductors have 
been used in fabricating low cost solar cells (1-3). 
Consequently, the growth and structure of polycrys­
talline indium phosphide films have been investigated 
by the authors (4, 5). Understanding of the electronic 
transport properties of polycrystalline films are con­
sidered critical to the realization of solar cells with 
high conversion efficiencies.

In our present study, Hall measurement was per­
formed to gain this clear understanding of the electri­
cal properties of n-type polycrystalline indium phos­
phide as a function of deposition conditions. A model 
including carrier trapping centers at grain boundaries 
(6) was utilized to obtain the barrier height and the 
density of trapping states at grain boundaries.

Experimental
Polycrystalline films were prepared on 50 /im thick 

molybdenum sheets by chemical vapor deposition (4). 
The molybdenum sheets were cleaned in organic sol­
vents and subsequently etched in a IH2SO4-1HNO3- 
3H20 solution prior to indium phosphide deposition. 
This etchant makes molybdenum surfaces rough and 
acted effectively to secure a homogeneous nucleation 
in the initial stage of the deposition as well as to get 
pinhole-free films. The deposition was carried out at 
substrate temperatures between 450° and 650° C. Hy­
drogen sulfide was used as an n-type doping gas.

Electrical properties of both undoped and sulfur- 
doped films were measured by the van der Pauw 
method (7). Specimens for the measurement were pre­
pared as follows: First, a polycrystalline film was at­
tached upside down to a glass plate using an epoxy 
adhesive. Then, the molybdenum substrate was chemi­
cally etched off except four corners. The interface be­
tween the n-type polycrystalline indium phosphide and 
the molybdenum was found to have an ohmic contact. 
Consequently, the four molybdenum corners were used 
as electrodes.

Key words: Hall measurement, grain boundary, crystallite, 
barrier height, trapping density.

The Hall voltage was measured in both current po­
larities and averaged to calculate the electrical prop­
erties. The observed values of electron mobility, re­
sistivity, and electron concentration were denoted as 
n, p, and n, since the values relate to both crystallites 
and grain boundaries.

Resistivity vertical to the film surface was measured 
as follows: A eutectic AuGe alloy was evaporated on 
the film surface, annealed at 200° C in a hydrogen gas, 
and mesa-etched. Then, resistivity was calculated from 
the linear current-voltage relationship between the 
AuGe electrode and the Mo substrate.

Results
Undoped films.—The grain size of the polycrystalline 

films depended mainly on deposition temperature and 
growth time and not on PCI3 concentration in a feed 
gas (4). So, the electrical properties were examined 
with respect to the former two conditions. The electri­
cal properties of undoped'films were compared to those 
of undoped epitaxial layers on Cr-doped single crystal 
substrates. The carrier concentration of polycrystalline 
films was appreciably lower than that of the epitaxial 
ones; whereas the electron mobility was lower and 
hence the resistivity higher by two orders of magni­
tude.

Resistivity of the polycrystalline films is almost con­
stant irrespective Of varying deposition temperature, 
as shown in Fig. 1. Also shown in the figure is the re­
sistivity measured in a direction vertical to the film 
surface. The value is in the range of 1-10 to • cm, being 
one order of magnitude lower than that measured 
parallel to the surface. The difference in the resistivi­
ties is considered to come from the difference in the 
orientation of the films (4).

On the other hand, electron concentration tends to 
increase with increasing deposition temperature and 
electron mobility decreases at around 600°C, as shown 
in Fig. 2 and 3, respectively. Since grain sizes increase 
at higher deposition temperatures, the grain boundary
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• two-step deposition
1 fi vertical to the surface

Fig. 1. Resistivity parallel and vertical to the surface vs. 
deposition temperature for undoped films.

<r> 10

® two-step deposition

T CO

Fig. 2. Electron concentration vs. deposition temperature for 

undoped polycrystalline films.

number of free carriers trapped at the grain boundary 
becomes causing an increase in the carrier concentra­
tion. When the deposition was carried out at more than 
600° C, the deposited surface tended to become rough 
and have pinholes. This caused a decrease in the elec­
tron mobility of the films deposited at 600°C; probably 
due to the scattering of the carriers on the surfaces.

In the above figures data are also shown for two- 
step deposition in which a first layer was deposited at 
600° C and then a second layer was deposited on it at 
650° C. The observed values for the two-step deposition 
were similar to those of the films deposited at 600°C. 
This result suggests that the electrical properties of the 
second layers are determined mainly by those of the 
first layers. In other words, it indicates that each grain 
grows epitaxially on each of the substrates.

Furthermore, the variation of resistivity with thick­
ness was examined. The observed values wete found 
to be almost constant irrespective of thickness. Re­
sistivity variation for an 18 /an thick film deposited at 
575°C was also measured. It ranges from 1.2 to 4.9 
A • cm with the average value of 2.4 A • cm.

Sulfur-doped films.—In the case of HaS partial pres­
sure of 6 x 10 ~7 atm, the carrier concentration in­
creased with increasing deposition temperature; 
whereas the electron mobility increased and the re­
sistivity decreased with the increase of deposition tem­
perature, except around 600 °C. The mobility decrease 
at around 600° C can be explained as the effect of free 
carrier scattering on the surfaces, as mentioned above.

A carrier concentration at a higher partial pressure 
of 3 x 10 ~6 atm was obtained to be about 1 x 1019 
cm-3, as shown in Fig. 4. It increased appreciably with 
deposition temperature. This suggests that saturation 
of the number of the carriers trapped at grain bound­
aries occurs. Resistivity decreased with deposition tem­
perature, which is consistent with the increase in the 
grain size. In addition, electron mobility increases with 
deposition temperature as the value is calculated us­
ing the relationship npp. = q~1.

The variation of resistivity and electron concentra­
tion with HgS partial pressure in the feed.gas is shown 
in Fig. 5. It is notable that the resistivity drops rapidly 
at a partial pressure of 10~6 atm. On the other hand, 
the carrier concentration increased inversely. This 
tendency closely resembles that of polycrystalline sili­
con, in which the resistivity dropped drastically, about

T (°C)

Fig. 3. Hall mobility vs. deposition temperature for undoped 

polycrystalline films.

3 *10 atm

area should decrease. It is assumed that a density of 
traps per grain boundary area remains constant. Thus, 
the higher the deposition temperature, the smaller the

Fig. 4. Electron concentration, resistivity, and Hall mobility vs. 
deposition temperature for sulfur-doped films deposited at a 
hydrogen sulfide partial pressure of 3 X 10-6 atm.
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o 600eC

• 550*C

Fig. 5. Variation of resistivity and electron concentration with 
HgS partial pressure in the gas phase for polycrystalline films.

five orders of magnitude (8, 9). This phenomenon can 
be understood as follows: As the carrier concentration 
decreased, the depletion-layer width around the grain 
boundary increased. When the depletion-layer width 
approached the grain size, the resistivity increased 
rapidly due to the trapping of almost all the carriers 
at the grain boundary. The smaller variation of re­
sistivity for polycrystalline indium phosphide as com­
pared to that of silicon is ascribed to the relatively 
high concentrations of residual impurities and to larger 
grain sizes.

The relationship between electron mobility and elec­
tron concentration for sulfur-doped films deposited at

% o

600*C S

550° and 600°C are shown as broken lines in Fig. 6. The 
electron mobility of polycrystalline films has a differ­
ent tendency from that of the n-type single crystals 
shown as a solid line (10). The maximum value of the 
mobility is 200 cm2/V • sec at a carrier concentration 
of 3 X 1019 cm-3, about one-fifth that of single crystals. 
The lower values of the polycrystalline films deposited 
at 600°C than that of the films deposited at 550° C can 
be attributed to the scattering of the carriers at the 
nonuniform surfaces as already mentioned in Fig. 2.

Furthermore, the variation of the electrical proper­
ties for sulfur-doped films with thickness was mea­
sured and is shown in Fig. 7. Since the sample was at­
tached upside down to the glass plate and etched 
gradually from the molybdenum side, the data at 
thinner thicknesses correspond to those near the as- 
deposited surface. As the grain size tends to increase 
when films become thick, the electrical properties 
nearer the front surface are less affected by the grain 
boundary. This tendency is compatible with the re­
sults shown in Fig. 7.

Barrier height at grain boundary.—In general, the 
electrical properties of polycrystalline films are dis­
cussed by dividing them into two regions, i.e., a low 
resistivity region in crystallites and a high resistivity 
region around grain boundaries. In the case that dop­
ing level is relatively high and thus resistivity in the 
crystallites is sufficiently lower than that of the grain 
boundaries, the observed resistivity p is described by 
the following equation (6, 9, 11)

where <t> is the barrier height.
A logarithmic plot of the resistivity vs. reciprocal 

temperature for undoped films is shown in Fig. 8. A 
linear relationship is obtained for samples deposited at 
various temperatures. Moreover, a logarithmic plot of 
electron mobility vs. reciprocal temperature was also 
found to vary linearly in an inverse manner. The bar­
rier heights calculated from the figure are indicated in 
Table I. For films deposited at 600° C, barrier heights 
range from 0.2 to 0.3 eV. One barrier height for two- 
step deposition is almost equal to the above value. On 
the other hand, a smaller value of 0.081 eV is obtained 
for a film deposited at 500° C due to a relatively high 
concentration compared to other samples.

In the case of sulfur-doped polycrystalline films, a 
linear dependence is also obtained for a logarithmic 
plot of resistivity or electron mobility vs. reciprocal 
temperature. The barrier height calculated using the 
above equation is shown in Table I, indicating that the 
barrier height decreases inversely with the increase in 
electron concentration.

T -600*C

Fig. 6. Hall mobility vs. electron concentration for sulfur-doped Fig. 7. Electron concentration, Hall mobility, and resistivity

polycrystalline films. measured from the film surface.
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* two-step deposition

Fig. 8. Resistivity vs. reciprocal temperature for undoped poly- 
crystalline films deposited at various temperatures.

Discussion
In general, polycrystalline films have been considered 

to consist of single crystallites and grain boundaries 
including disordered atoms. There are some different 
models of electronic conduction around grain bound­
aries, i.e., grain boundaries act as a sink for impurity 
atoms (12) or as a trap for free carriers (6, 9). The 
latter model is applied for elucidating the electronic 
conduction properties of polycrystalline indium phos­
phide.

In the model, the defects at grain boundaries are 
assumed to generate a density of traps Nt. Therefore, 
free carriers are trapped, and hence grain boundaries 
are surrounded by a depletion region.

From Poisson’s equation, assuming that only part of 
crystallites is depleted, the potential variation through­
out the polycrystalline films can be obtained. Since the 
barrier height <t> is the difference between the potential 
at a center of the crystallite and that at an edge of the 
depletion region, it can be described as (6, 9)

4> =
qnt2
Beni [2]

where ni (cm-3) is the carrier concentration in the 
crystallite, and $ is the permittivity. The parameter 
nt (cm-2) is the number of carriers trapped at the

SCIENCE AND TECHNOLOGY July 1977

grain boundary and is given as

nt = nih [3]

where h is the depletion layer width.
Kamins introduced the following equation for the 

observed carrier concentration n under the assumption 
that the Hall coefficient is additive (6)

__ %
n =-------------—..—........ -...... [4]

1-f (l2/li)a exp(*/JcT)

Here, h is the length of the low resistivity region.
Inserting Eq. [2] and [3] into Eq. [4], the following 

equation concerning ni is obtained

where A is
hi2 — nni — An = 0 [5]

[6]

In the case of relatively high carrier concentrations, 
the length h corresponds to the grain size. Then, A in 
Eq. [6] can be calculated using observed values of 
grain size and barrier height. Consequently, the car­
rier concentration in the crystallite m can also be cal­
culated from Eq. [5] and the number of carriers trap­
ped at the grain boundary nt from Eq. [2].

The electron concentration in the crystallites ni and 
the number of trapped carriers nt for undoped films are 
also indicated in Table I. The concentration ni is higher 
than n, indicating that the carrier trapping at the grain 
boundary is effective. The number of carriers trapped 
nt tends to increase with the carrier concentration ni 
and to saturate at about 1012 cm-2. In addition, the 
depletion-layer widths I8 were found to be 1000-2000A 
from Eq. [3], being approximately one order of mag­
nitude smaller than the grain size.

On the other hand, n\ of sulfur-doped films is almost 
equal to the n value, as shown in Table I. The deple­
tion-layer widths were calculated to be far smaller 
than 1000A and inversely proportional to the carrier 
concentrations. The number of trapped carriers nt 
tends to saturate with the increase in carrier concen­
tration and to peak at 3.3 x 1012 cm-2. This value is 
close to that of polycrystalline silicon films (9) and is 
considered to be near the density of trapping states, Nt, 
at the grain boundary.

Summary
Electrical properties of n-type polycrystalline films 

have been examined using the Hall measurements. For 
undoped films, the carrier concentration increased with 
increasing deposition temperature. On the other hand, 
electron mobility, being about two orders of magnitude 
smaller than that of single crystals, was almost con­
stant irrespective of deposition temperature and

Table I. Barrier height, electron concentration in the crystallite, and number of carriers trapped at grain boundaries for
polycrystalline indium phosphide films

Deposition
temperature

(°C)

Average 
grain size 

(lira)
Observed electron 

concentrations 
(cm-3)

Barrier
height
(eV)

Carrier concen­
trations in the 

crystallites (cm-3)

Number of elec­
trons trapped 

at grain bound­
aries (cm-3)

Undoped films 600-650* 7 1.9 x 10« 0.23 6.7 x 1013 9.1 x 10”
600 7 2.3 x 10“ 0.26 9.0 x IQ'3 1.1 x 10”
600 7 3.2 X 10“ 0.23 9.2 x low 1.1 x low
585 6 1.3 x 101* 0.15 1.8 x low 3.8 x 10”
500 2 6.2 x 10“ 0.081 6.4 x low 5.3 x 10”

Sulfur-doped 550 4 1.0 x 10” 0.083 1.0 x 10” 6.7 x 10”
films 475 1 1.6 x 10“ 0.029 1.6 x low 1.6 x low

550 4 2.8 x 10“ 0.019 2.8 x 10W 1.7 x 10w
600 7 2.2 x 1013 0.019 2.2 X 10w 1.5 X low
600 7 3.0 x 10“ 0.007 3.0 X IQ” 3.3 x 10w

Two-step deposition.
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growth time. The resistivity parallel to the surface 
did not depend on deposition conditions and was one 
order of magnitude larger than that measured verti­
cally to the film surface.

For sulfur-doped films, the carrier concentration in­
creased and the resistivity decreased with increasing 
deposition temperature. Especially, noteworthy was 
the fact that resistivity increased two orders of mag­
nitude at the HgS partial pressure of 10~6 atm in the 
feed gas. These results are considered to be caused by 
the grain boundary. Electron mobility increased with 
the partial pressure of HgS gas up to 200 cm2/V • sec 
at an electron concentration of about 1019 cm-3.

A model in which grain boundaries act as free carrier 
traps was utilized to elucidate the electronic transport 
behavior. The barrier heights for undoped films were
0.2-0.3 eV and decreased inversely with the increase in 
electron concentration. The density of trapping states 
was determined as 3 x 1012 cm-2.
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INITIAL GROWTH BEHAVIOUR OF INDIUM PHOSPHIDE ON 
MOLYBDENUM SUBSTRATES

T. SAITOH, S. MATSUBARA AND S. MINAGAWA

Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo (Japan)
(Received August 5, 1977; accepted September 7, 1977)

We describe the initial stages of indium phosphide growth on preferentially 
etched molybdenum using an In-PCl3-H2 reaction system. It is shown that the 
island size of a few microns increases while the island density decreases with growth 
temperature. The saturation island density is found to be 104-108 cm"1 2 and 
increases exponentially with the reciprocal of the growth temperature. The 
difference between the island saturation phenomenon that we observed and that 
described by the present nucleation theories may involve a smaller supersaturation 
in the vapour phase and the molecular diffusion of associated species on the 
molybdenum surface.

1. INTRODUCTION

Polycrystalline compound semiconductor films have been investigated in an 
attempt to fabricate inexpensive solar cells for terrestrial application1"4. In 
polycrystalline film growth on foreign substrates the nucleation growth process 
prevails. This process is fundamentally different from epitaxial growth on single­
crystal substrates. The former process tends to form films with pinholes or openings 
on the substrates, resulting in a high leakage current or a short-circuit path when 
junctions are formed to fabricate solar cells.

To prepare pinhole-free films requires an understanding of the initial growth 
behaviour, including nucleation, in polycrystalline growth. Very few papers on 
nucleation studies of semiconductor films on foreign substrates have been reported 
so far except for various nucleation studies on thin films prepared by vacuum 
evaporation5"8.

In this paper we give some interesting results derived from observations of a 
fairly early stage of indium phosphide growth on molybdenum substrates. The 
initial growth process is discussed in relation to the nucleation theories.

2. EXPERIMENTAL

Indium phosphide was formed on molybdenum surfaces by chemical vapour 
deposition using an In-PCl3-H2 gas system9. The indium source, held at 750 °C, 
was saturated with indium phosphide polycrystals. Hydrogen was passed through a 
PCI3 bubbler and reactions occurred around the source zone of the furnace. The
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resultant InCl and P4 reacted to form indium phosphide in the deposition zone, 
which was held at 400-600 °C. The reaction time, almost equal to the deposition 
time, was adjusted to be less than a few minutes by controlling the time that 
hydrogen flowed through the bubbler.

The early stage of growth was found to be greatly influenced by substrate 
surface conditions. Three kinds of surface preparation were adopted: electro- 
polishing to obtain flat and featureless surfaces; preferential etching in a solution of 
1 part H2S04:1 part HNOa: 3 parts H20 for 30 s, followed by etching in HF acid for 
1 min; mechanical rubbing of the surfaces with emery paper. Preferential etching 
made the substrate surfaces rough, enabling the formation of profuse nucleation 
sites which in turn produced pinhole-free films.

The initial growth was observed by using optical and scanning electron 
microscopes. The density of discrete islands, i.e. isolated crystalline clusters, and the 
island size were obtained as a function of the duration of each run and the 
deposition temperature.

3. RESULTS

3.1. Island formation
At a fairly early stage of growth, deposits were generally observed to consist of 

discrete islands although the island size depended on the preparation methods. In 
the case of preferentially etched substrates, which were observed to be much 
rougher than the electrolytically polished surfaces, hemispherical islands were 
obtained in a few tens of seconds, as shown in Fig. 1. The roughness is considered to 
reflect the conditions of fabrication of the molybdenum sheets. Almost all the 
islands were found to be a few microns in diameter and to exist on irregular steps or 
linear grooves of the substrates. In contrast, islands were not observed on the 
electrolytically polished surfaces up to a growth time of about 30 min.

In addition to the hemispherical islands, larger flat islands can be seen in Fig. 1. 
The flat islands developed in a direction parallel to the substrate surfaces with 
growth time and contributed to the homogeneous character of the film formation.

(a) (b)

Fig. 1. Island formation of indium phosphide on preferentially etched molybdenum surfaces: (a) optical 
micrograph; (b) scanning electron micrograph. The islands were grown at 500 °C for 30 s.
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At a growth temperature of 500 °C a growth time of 10 min was sufficient to prepare 
homogeneous indium phosphide films on the substrates, whereas a growth time of 
30 min was needed at a growth temperature of 600 °C.

Subsequently, indium phosphide growth was also carried out on the mechani­
cally roughened surfaces. Homogeneous films were found to be formed on the 
substrate surfaces for growth conditions similar to those for the preferentially 
etched surfaces.

These results suggest that a topographical surface irregularity of the substrate 
is important in obtaining a high density of nucleation sites for indium phosphide.

The effect of substrate temperature on the initial growth behaviour of indium 
phosphide is shown in Fig. 2. Both discrete and flat islands were observed (already 
indicated in Fig. 1(a)). With increasing substrate temperature, the island size tended 
to increase and the surface density of islands decreased. The average diameters of 
the islands were measured and are indicated in Fig. 3 as a function of substrate 
temperature. The diameter increased almost exponentially with increase in 
substrate temperature for all growth times. This result may be associated with a 
decrease in the degree of supersaturation in the reacting gas with increase in 
substrate temperature.

(a) (b) (c) (—i

Fig. 2. Variation of island morphology with substrate temperature: (a) 500 °C; (b) 550 °C; (c) 600 °C. A 
and B are hemispherical and flat islands, respectively. The growth time was 60 s.

3.2. Island growth
The average island diameter was examined as a function of growth time. 

Islands appeared only after a short induction time (about 10 s for a substrate 
temperature of 500 °C and about 60 s for 600 °C) as illustrated in Fig. 4. This 
phenomenon may be interpreted from supersaturation theory. As the degree of 
supersaturation was high at lower substrate temperatures, nucleation occurred 
more easily than at higher growth temperatures. When nucleation began, nuclei 
grew rapidly and formed islands until the degree of supersaturation became close to 
the equilibrium value. Furthermore, after island formation the rate of growth of 
islands parallel to the substrate surface was almost constant irrespective of substrate 
temperature, as shown in Fig. 4. The growth rate was about 0.6 pm min -1, which is
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E

500 550 600
SUBSTRATE TEMPERATURE CO

Fig. 3. Average island diameter vs. substrate temperature for two growth times. 
Fig. 4. Variation of average island diameter with growth time.

about an order of magnitude greater than that perpendicular to the substrate 
surface.

Subsequently, the density of islands was counted as a function of growth time. 
Figure 5 indicates that the island density increased with growth time and saturated 
after 1 min whatever the substrate temperature. The saturation island density 
ranged from 104 to 108 cm-2. This density is about the same order of magnitude as 
that for gallium arsenide nucleation on tungsten substrates5 but is considerably 
lower than that for gold evaporation on vacuum-cleaved rock-salt8.

The saturation island density was plotted (Fig. 6) as a function of reciprocal

substrate TEMPERATURE Cc)

RECIPROCAL TEMPERATURE (K

475 "0

500 "C

550 "C

600'C

GROWTH TIME ( sec )

Fig. 5. Variation of island density with growth time for various substrate temperatures.
Fig. 6. The relation between saturation island density and. reciprocal substrate temperature.
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substrate temperature. The saturation density Ws was found to obey the relation
TV, = Cexp^/tT) (1)

where C is a constant, EA is the activation energy and k the Boltzmann constant. The 
value obtained for EA (3.7 eV) is considerably smaller than the value of 16.3 eV 
found for gallium arsenide nucleation on tungsten substrates5.

4. DISCUSSION

As mentioned earlier, many nuclei were formed on molybdenum substrates 
prepared by preferential etching or mechanical rubbing with emery paper, while 
very few nuclei were found on the electrolytically polished surfaces. This indicates 
that surface roughness is significant in controlling nucleation on polycrystalline 
metal substrates. When an atom arrives at a nucleation site, the atom may be 
captured; it will reside longer at sites in rough regions than at sites in fiat regions. 
Subsequently, other atoms will arrive at the nucleation sites from the vapour phase 
or from the substrate surface by diffusion, thereby forming stable nuclei and 
subsequently islands.

This phenomenon is similar to the nucleation of gold on the steps on cleaved 
rock-salt8 or the preferential nucleation of gallium arsenide on surface scratches 
made on tungsten5.

It is generally known that saturation nucleation is caused by the depletion of 
adatoms due to the formation of stable nuclei or to nucleus coalescence. In the case 
of indium phosphide, the saturation phenomenon is again found although the 
nuclei and subsequent islands are mostly found on preferential sites, i.e. etch- 
revealed steps, hillocks or grooves.

The saturation island density, found to be of the order of 104-108 cm-2, is of 
the same order of magnitude as the value for gallium arsenide growth on 
electropolished (111) surfaces of tungsten substrates5. However, this is many orders 
of magnitude lower than the 109-1012 cm ~2 found for vacuum-evaporated gold on 
the featureless surfaces of rock-salt crystals8 (the last case was explained by the 
nucleation theory for incomplete condensation).

The chemical vapour deposition of indium phosphide and gallium arsenide was 
performed under conditions close to equilibrium. This results in a lower super­
saturation than that in vacuum evaporation. A lower supersaturation is considered 
to lead to a lower nucleus density and a larger nucleus size. In other words, 
nucleation and growth on the islands play an important role in the initial growth 
behaviour of indium phosphide polycrystals.

It was found to be more difficult to form the nuclei and subsequent islands in 
the growth of indium phosphide than for gallium arsenide, presumably because of 
the smaller variation of free energy with deposition temperature9. Thus it is 
necessary to form preferential sites on the substrates for island formation.

From Fig. 6 it can be seen that the saturation island density increases 
exponentially with the reciprocal deposition temperature. The linear tendency 
agrees with the case of initial complete condensation in the atomistic nucleation 
theory7,8. The atomistic theory, considering such physical parameters as the rates 
of incidence, surface diffusion, capture and desorption, the variations in substrate
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temperature and the binding energy of a critical nucleus, predicts a saturation 
nucleus density Ns given by

(2)

where En is considered to be the binding energy of a cluster of n atoms7. This 
equation indicates that Ns decreases as the temperature rises, in agreement with the 
trend of our experimental results. The activation energy was found to be 3.7 eV from 
Fig. 6. The number of atoms n comprising an island should be extremely large 
(> 109) as the island size is as large as a few microns. As a result, the binding energy 
becomes extremely high—even though the binding energy is considered to be 
concerned with the number of atoms composing the cluster and the activation 
energy of surface diffusion7. This results from neglect of the assumption that eqn. 
(2) is applicable only for small clusters comparable with the atomic size. In addition, 
present nucleation theories, including the above theory, are based on single adatom 
growth (which is particularly pertinent to vacuum evaporation) without prefer­
ential nucleation sites on the substrates.

However, the high value of the activation energy may be due to the difference in 
growth conditions between vacuum evaporation and chemical vapour deposition in 
atmospheric pressure. It may also be explained if diffusion of molecular species, i.e. 
indium chloride and the phosphorus tetramer, is taken into account. The energy 
required for surface diffusion may be increased by a molecular diffusion mechanism.

It is also possible that some species adsorbed on the substrate surfaces hinders 
the surface diffusion of associated atoms or molecules. The precise nature of the 
associated species will be the subject of future investigation.
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Thin-film solar cells are fabricated by chemical vapor deposition using SiH2Cl2 on 
polycrystalline wafers pulled from metallurgical-grade silicon. An AMI conversion 
efficiency of 7.3 % is obtained with a cell configuration of a 25 pm thick p-type active 
layer and a 0.5 /ml thick «+-type surface layer for a relatively large area of 8.3 cm2.

Photocurrent distribution measurements reveal that the grain boundary effect is of 
minor importance. Higher efficiency is attainable with the same structure in cases where 
the photocarrier diffusion length in the active layer is improved from the obtained 
value, 18^m, to a level conventional in an epitaxial layer on single crystals.

§1. Introduction

A long range solution to the realization of 
solar cell power systems for terrestrial use is 
the reduction of cell costs. The basic concept 
of the thin-film approach is to reduce the 
amount of high quality, high cost semicon­
ductor material and limit it to the active layer. 
Several efforts have been made to prepare 
silicon layers on low cost substrates.1,2) Among 
the available substrates, metallurgical-grade 
silicon offers essential advantages over other 
materials. The optically active layer of a solar 
cell can readily be grown epitaxially on this 
material which is currently produced in suf­
ficient amounts and supplied at a substantially 
low cost to alloy industry.

Chu3) reported the feasibility of using metal­
lurgical-grade silicon cast into a sheet and the 
resultant AMO conversion efficiency of 3.4%. 
A higher conversion efficiency of 12.5%, 
which is comparable to conventional single 
crystal ones, has been demonstrated41 in a 
polycrystalline solar cell using high purity 
silicon material. There must be an optimal 
combination of the simple purification of the 
substrate material and chemical vapor deposi­
tion (CVD) of pure silicon layers. This report 
deals with such processes for solar cell fabrica­
tion and problems related to the state of the 
art.
§2. Experimental

2.1 Preparation of substrates
The material used for substrates was metal­

lurgical-grade silicon obtained in a simply 
purified form. The main incorporated impurities 
of more than 10 ppm were Al, B, C and Fe. 
In addition, Gu, Mg, Na and P were also 
included at levels of more than 1 ppm.

A rod, about 3.5 cm in diameter, was pulled 
by the Czochralski method, and sliced into 
0.4 mm thick wafers. They were polycrystalline 
with millimeter grain size, and the specific 
resistivity was in the range between 0.0045- 
0.002 Qcm. The related analytical data of the 
pulled polycrystal are shown in Table I. The 
major residual impurities were Al, B and Mn, 
and the rest were detectable by emission spec­
troscopy but found to be less than 0.005 %.
Table I. Impurity levels in polycrystalline silicon 

wafers used for substrates of solar cells determined 
by emission spectroscopy.

Element Abundance( %)
Al 0.01 -0.005
B 0.005 -0.001
Cr <0.001
Fe <0.001
Mn 0.005 -0.001
Ni <0.005
Ti <0.005
V <0.001

2.2 Cell fabrication
The wafers were etched chemically to remove 

damaged surface layers prior to the following 
CVD process.

A /7-type layer, 20-25 pm thick, and an 
n+-layer, about 0.5 pm thick, were grown 
succesively by the hydrogen reduction of

309
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Table II. Fabrication conditions and structural parameters of cells.

Specimen #1 #2 #3
Growth p 1100 1100 1150

temperature (°C) n+ 1050 1050 1000
Film p 19.6 20.2 24.6

thickness (pm) n+ 0.5 0.5 0.54
Carrier p 1.3xl017 1.3xl017 2.9xl017

concentration (cm-3) n+ 8.5 xlO19 8.5 xlO19 8.5 xlO19
Cell area (cm2) 2.91 2.60 8.29

dichrolosilane (SiH2Cl2) at 1100-1150°C and 
1000-1050 °C, respectively. Dopants used were 
diborane (B2H6) and phosphine (PH3), and 
the doping levels in the layers were 1.3-2.9 x 
1017cm-3 and 8.5 x 1019 cm-3, respectively. 
Fabrication conditions and structural pa­
rameters of each cell are summarized in Table 
II.

An A1 alloyed contact for the back surface 
and a Ti/Ag grid electrode for the front surface 
of the wafer were applied by vacuum evapora­
tion followed by peripheral etching to realize 
a mesa diode structure. In some cases, a solder 
coating was applied to the electrodes to reduce 
series resistance due to thin electrodes, and an 
SiO anti-reflection coating was also applied. 
A schematic diagram of the polycrystalline 
thin-film silicon solar cell is shown in Fig. 1.

p-LAYER, -GRID ELECTRODE

-AR-COATSUBSTRATEx 
(POLYCRYSTALLINE X 

SILICON)

BACK CONTACT

Fig. 1. Schematic diagram of a polycrystalline, 
thin-film silicon solar cell.

§3. Results and Discussion

3.1 Solar cell characteristics 
a. photovoltaic characteristics 

Current-voltage characteristics of solar cells 
were measured under illumination of an AMI 
solar simulator, and the results summarized 
in Table III. An example of current-voltage 
characteristics of the cell which exhibited the 
highest conversion efficiency is shown in Fig. 2.

Table III. Photovoltaic parameters of cells before 
AR-coating measured under AMI (100mW/cm2) 
illumination.

Specimen #1 #2 #3
%.(V) 0.508 0.516 0.582
/sc (mA/cm2) 13.2 13.1 15.2
K. (V) 0.349 0.383 0.463
Im (mA/cm2) 11.3 11.6 12.8
Fill factor 0.59 0.66 0.67
Efficiency (%) 3.9 4.4 5.9

20-

10

- Specimen: # 3

-

Before AR-coating

Illumination: AM1(100n*V/cm2) \

- Celt area: 8.3cm2
_ ^oc 0.58V

Isc : 15.2mA/cm2
- Fill factor: 0.67
_ Efficiency:

l

5.9%

J l i L
01 0.2 0.3 0.4

VOLTAGE (V)
0.5 0.6

Fig. 2. Current-voltage characteristics of a poly­
crystalline silicon solar cell measured under AMI 
(100 mW/cm2) illumination.

Without AR-coatings, open circuit voltages Voc 
were in the range between 0.51-0.58 V, which 
is comparable to that of conventional single 
crystal cells. The short circuit current density 
was in the range of 13.1-15.2 mA/cm2, and fill 
factor 0.59-0.67, which resulted in a conver­
sion efficiency of 4.0-5.9%. The highest con­
version efficiency obtained after AR-coating 
was 7.3% for the same cell as #3 shown in 
Fig. 2.
b. diode parameters

The current-voltage characteristics of a
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Table IV. Diode parameters for cells best fit to eq. (1).

Specimen #1 #2 #3

Rs (fiem2) 7.53 4.60 0.24
Rsh (Dcm2) 2.76X102 2.66 xlO3 5.61 x 102
/oi (A/cm2) 2.30X10-11 1.32x10'" 5.21 xlO'13
I02 (A/cm2) 2.72 xlO-7 1.94x10"7 3.92 xlO'7
n 2.00 2.00 2.20
/L (mA/cm2) 13.27 13.19 15.20

solar cell are often expressed by the following IJclX exp (—ax=) yields a linear relation within
double exponential equation using the con- this range and the gradient of this straight
ventional equivalent circuit model: line gives the diffusion length in the /?-layer.2,5)

/=-/L + /01^exp AT

MAT
■IR.

R. (1)
Employing the observed current-voltage charac­
teristics, the best fit curve was generated by 
adjusting these parameters. The resulting 
values are summarized in Table IV.

The series resistance of the cell was rather 
high in #1 and #2. However, in #3, the 
improved electrode provided a lower series 
resistance which is quite satisfactory for a 
power device. Shunt resistivities were in the 
range between 2.7-0.56 x 103 Clem2, which were 
enough for a device operated under forward 
bias conditions.

The diffusion lengths of the photocarrier thus 
obtained were 11 pm for #1, and 18 pm for 
#3.

Another method6) was employed to estimate 
the photocarrier diffusion length. An electron 
beam was scanned across the cleaved cell 
surface perpendicular to the p-n junction. The 
electron beam induced current (EBIC) was 
measured as a function of the distance from 
the p-n junction. An example is shown in Fig. 4. 
The photocarrier diffusion length was estimated 
from the gradient of the EBIC exponential 
plot and the obtained value for #3 was 7.8 
pm. This value, the effective diffusion length,7) 
may include the effect of surface recombina­
tion at the cleaved surface, and an appropriate 
correction is necessary. The diffusion length 
varies from 7.8 to 31 pm as the surface recom-

c. diffusion length of photocarrier
The spectral response of cells was measured 

under constant (15.2 pW/cm2) light illumina­
tion, and the results for # 1 and # 3 are shown 
in Fig. 3.

The minority carrier diffusion length can 
readily be estimated from the spectral response 
curves in the wavelength range from 0.6 to 
0.9 pm. A plot of 7SC/A exp ( —axj) vs.

Illumination: 15.2pW/cm2

WAVELENGTH (ym)

Fig. 3. Spectral response curves of solar cells 
measured under illumination of constant energy 
light at 15.2 /iW/cm2.

ELECTRON BEAM

JUNCTION

□ 0.1-

20 30
DISTANCE (pm)

Fig. 4. Electron beam induced current in a cell 
(#3) measured by scanning an electron beam 
perpendicular to the p-n junction as indicated by 
the inset.
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bination velocity varies between 0 and oo when 
the 25 keV electron beam penetration depth 
of 1.98 jum8) is considered.

3.2 Effect of grain boundaries
Local distribution in the photocurrent was 

examined by scanning a He-Ne laser beam 
(.633 pim) over the surface of a solar cell with 
a resolution better than 20 pim. A surface 
photograph, the photocurrent image and a 
line scan are shown in Fig. 5(A), (B) and (C).

The difference in photocurrent is small 
between grains, and the degradation in pho­
tocurrent at grain boundaries is not very 
serious.

A histogram of the photocurrent was 
obtained by sampling the photocurrent signals 
followed by pulse height analysis. The resulting 
histogram corresponds to a 40 pmi x 40 ptm 
mesh with a 20 jum x 20 pim sampling area as 
shown in Fig. 6. The increase in the lower 
channel is due to the sampled area outside the 
cell and on the electrode, and the flat valley is 
due to the variation in photocurrent output at 
the cell and electrode edges.

A prime feature of this result is that there is 
small near-Gaussian fluctuation around the 
inherent photocurrent level, and there is an

Fig. 5. (A) Surface of a polycrystalline solar cell. 
(B) Photocurrent image corresponding to (A), 
measured by scanning a He-Ne laser beam. (C) 
Photocurrent response of the cell corresponding to 
the line scan between the arrows indicated in (B).

Specimen: # 3
He-Ne(0.633pm) '•

*X / i

—

X /

• -

_̂_______________J1 -----»--------- 1--------------- L_—---- ---- Iq
0 100 200 300

CHANNEL NUMBER 
(PHOTOCURRENT)

Fig. 6. Photocurrent histogram corresponding to
Fig. 5(B) for 1.2 x 106 sampling points with an area
of 20 fim x 20 pim in a 40 pim x 40 pim mesh.

exponential decrease in area with decreasing 
photocurrent. As a consequence, the deteriora­
tion in photocurrent due to inhomogeneity 
and to the degradation at the grain boundaries 
makes minor contribution to total current 
output.

Photocurrent degradation at grain bound­
aries was also observed using a scanning 
electron microscope. A resulting EBIC image 
is shown in Fig. 7 with the corresponding sur­
face photomicrograph and a line scan.

Carrier recombination along irregular grain 
boundaries is large. However, there is a differ­
ence in the recombination effects within linear 
boundaries; one is as large as in irregular bound­
aries, and others are small. This may be attrib­
uted to the difference in surface recombination 
velocity at grain boundaries. The dependence of 
recombination velocity on the surface orienta­
tion at the grain boundary is of interest when 
considering the grain boundary effects in 
polycrystalline solar cells.

3.3 Photocurrent consideration
The cell performance is limited by lower 

photocurrent compared to conventional single 
crystal cells. In order to estimate the pho­
tocurrent in a thin-fllm silicon solar cell, 
calculations were carried out for a cell under 
AMI illumination excluding the grain bound­
ary contribution (see Appendix). The secal- 
culations take into account the effect of the 
depletion layer and surface reflection. The 
results are shown as functions of diffusion
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Fig. 7. (A) Surface photomicrograph of a poly­
crystalline solar cell. (B) Corresponding EBIC 
image measured with a 25 keV electron beam. 
(C) EBIC response corresponding to the line scan 
between the arrows indicated in (B).

length and carrier concentration in the active 
layer in Fig. 8.

The measured photocurrent, 13.2 mA/cm2, 
and diffusion length. 11 pm, for the cell # 1 
are in good agreement with the calculation. 
A photocurrent of more than 25 mA/cm2 can 
be projected if the photocarrier diffusion length 
is improved to 30 pm which is practical for 
conventional epitaxial layers on single crystal 
substrates. Under such conditions, a cell with 
a conversion efficiency of more than 10% is

30

NA=10,3crrrl
reflection

I Bare 
I surface

ND = 1.0x1020cm'3 
Thickness: 

n*-layer: 0.5pm 
p-layer: 20pm 

Illumination: AMI

10
DIFFUSION LENGTH (pm)

Fig. 8. Calculated photocurrent density in a thin- 
film solar cell as a function of photocarrier diffusion 
length.

attainable even with present structures.
§4. Conclusion

Thin-film silicon solar cells have been 
fabricated on polycrystalline silicon substrates 
prepared by pulling from metallurgical-grade 
material with the Czochralski method. One 
feature of this approach is the combination 
of low cost silicon substrates and high quality 
thin-film CVD processes.

An AMI conversion efficiency as high as
7.3 % was obtained for a cell with a 25 pm 
thick active layer and an 8.3 cm2 cell size.

The photovoltaic parameter that restricts 
cell performance is the low short circuit current. 
This resulted from the unsatisfactory diffusion 
length of the photocarrier in the active layer. 
On the contrary, grain boundaries do not play 
a serious role in photocurrent degradation, 

. regardless of the possible contribution to 
lowering the shunt resistance of the cell.
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Appendix
According to the model shown in Fig. A-l, 

the carrier generation rate G(X, x) at x when 
illuminated by light with wavelength X is given 
by:

G(X, x) = <f>0(X){\- R(X)}a(X) exp {-a(2)x},
(A-l)

where <j)0(X) is the photon flux of the solar 
radiation,9) R(X) the reflectivity at cell sur­
face,10) a(X) the light absorption coefficient of 
silicon.n)

Assuming that the collection efficiency for 
the carriers generated in the depletion layer 
is unity, and the collection efficiency for the 
minority carriers in both n+ and p regions 
decreases exponentially with the distance from 
the depletion layer edge, the quantum efficiency 
of each layer is given as follows:

%d=(l- #)[exp (-ad)-exp { - a (d+ W)}],
(A 2)

sion lengths in the n+ and p layer, respec­
tively. The thickness of the depletion region, 
xn and xp, in the n+ and p layer, respectively, 
is given by:

x 2 kse0kTNA t_NANj>}

2kse0kTND AaJVd 1/2
» (A • 6)

where symbols have their ordinary meanings. 
The total photocurrent Jr is then given by:

Jt= <1 Jq <£oU){>?dU) + n«&) + VpitydX,

(A *7)
where XG is the wavelength corresponding to 
the silicon band gap. The contribution of n+- 
layer to the photocurrent is neglected in Fig. 8. 
Photocurrent from n+-layer is 0.89 mA/cm2 
(bare surface) and 1.43 mA/cm2 (no reflection) 
under the same conditions shown in Fig. 8 
when Lp is an overestimated value of 0.1 pm.

tfn 1 s(i-a) exp^ - ~ ex? (-ad) J,
a-ULp

a(l -R) exp {-a(d+ W)}
(A3)

a+ 1/Ln
x |^1 — exp| — ^a+—, (A 4) 

where Lp and La are the minority carrier diffu-

■4—Pt-
«d4i— w—4— t —4

(ha)
Ln

-4-X

Fig. A-l. A model for the calculation of photocur­
rent.
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3 — 5—1 Polycrystalline Solar Cells on
Metallurgical-Grade Silicon Substrates

T. Warabisako, T. Saitoh, H. Itoh, N. Nakamura, and T. Tokuyama 

Central Research Laboratory, Hitachi Ltd.

Kokubunji, Tokyo

The cell configuration of a thin but high quality active layer on low cost 
substrates is the most practical approach for cost reduction in fabricating silicon 
solar cells. Several efforts have been made to prepare silicon layers for epitaxi­
al growth on various substrates.^^ Recently, the feasibility of low cost 
silicon substrates has been demonstrated^ with 3-6% efficiencies obtained for 

relatively large cell areas (~30cm2). In this paper, thin film solar cells are 
fabricated on metallurgical-grade silicon substrates to confirm the feasibility of 
this approach. In addition, a method of evaluating polycrystalline solar cells is 
described.

The material used for substrates was metallurgical-grade silicon. A rod, 
about 3.5cm in diameter, was pulled by the Czochralski method, and sliced into 
0.4mm thick wafers. They were polycrystalline with millimeter grain size, and were 
degenerated p-type wafers with a specific resistivity of 1.6xlO~^ohm'Cm. As for 
included impurities, the related analytical data are shown in Table 1. The wafer 
surfaces were chemically etched to remove damaged layers. A 25pm thick p-type and 
a 0.5pm thick n-type layer with doping levels of 2.5xl0^7cm-3 and 5x1019cm-3 were 

grown successively on the wafer by decomposition of SiH2d-2 at H50°C and 1000°C, 
respectively. A Ti/Ag grid electrode was applied to the front surface and an A1 
electrode to the rear surface by vacuum evaporation followed by soldered overcoat­
ings. Then, they were subjected to peripheral etching to realize a mesa diode 
structure. An SiO anti-reflection coating was applied by vacuum evaporation in 
some cases. An example of the surface of a cell is shown iri Fig.1.

Typical current-voltage characteristics of this solar cell measured under 
illumination by an AM2(73mW/cm2) solar simulator are shown in Fig.2. A conversion 
efficiency of 5.7% was obtained with an open circuit voltage of 0.57V, short cir­
cuit current of 11.1mA/cm? and fill factor of 0.66 for an 8.3cm2 cell area without 

anti-reflection coating. The conversion efficiency was improved to 7.3% after the 
application of an SiO film.

Spectral response curves for bare surface cells reached a maximum at around 
0.7pm as shown in Fig.3. The diffusion length of the photocarrier in the p-layer, 
estimated from the spectral response curve?) was around 10pm. This agreed well 

with the value, 7.8pm, measured by scanning an electron beam across the cleaved 
surface perpendicular to the junction!?)

Special distribution of the photocurrent was measured by scanning laser and/or 
electron beam, and an example of results is shown in Fig.4. This corresponds to 
the entire surface of the solar cell shown in Fig.1. A line scan along the indi­
cated arrows is also shown. The histogram of photocurrent, shown in Fig.5, was 
obtained by sampling the photocurrent followed by pulse height analysis. These 
results indicate that photocurrent fluctuations are small around an inherent cur­
rent level and the area with less photocurrent decreases exponentially with some 
degradation constant. Current suppression along the grain boundaries is rather 
drastic. However, the contribution of this effect to the total photocurrent is of 
minor importance. It is essential to elevate the inherent photocurrent level of 
the cell in order to improve cell performance.
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Concerning the photocurrent, computer simulation was carried out for a simple 
model where the photocarrier collection efficiency decreases exponentially with the 
distance from the edge of the depletion layer and is unity in the depletion layer. 
The photocurrent for boundary conditions similar to the structural parameters of 
this cell was calculated to be 20mA/cm2 under AMI spectral irradiation. This is in 

good agreement with the measured values. To achieve a conversion efficiency of 
more than 10%, a photocurrent of more than 25mA/cm2 is required, which corresponds 
to the photocarrier diffusion length of about 30pm. The value will be attainable 
even with the present structure.

This work is contracted with the Agency of Industrial Science and Technology, 
M.I.T.I., as a part of the National R&D Program "Project Sunshine".
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Table 1 Analytical data of the silicon wafers used for substrates.

Element Al B Cr Fe Mn Ni Ti V

Abundance(wt%) 0£°£o5 °o°o01 <0,001 <0*001 °o!o01 <0-005 <0-005 <0.001

Fig.l Surface of a polycrystalline 
silicon solar cell(dark image).

IRRAOIAHCE: TSntWcm2 CELL AREA: 6Jem2

MA31 (NO AR-COAT)

Fig.2 Current-voltage char­
acteristics of a polycrystal­
line silicon solar cell.

Fig.4 Photocurrent distribution 
of the cell shown in Fig.l meas­
ured with (A) a scanning He-Ne 
laser, and#) a line scan between 
arrows.
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POLYCRYSTALLINE SOLAR CELLS FABRICATED ON
METALLURGICAL SILICON SUBSTRATES*

T. WARABISAKO, T. SAITOH, H. ITOH, N. NAKAMURA, and T. TOKUYAMA

Central Research Laboratory, Hitachi Ltd. 
Kokubunji, Tokyo 185, Japan

One practical approach to reducing solar cell cost is the fabrication 
of thin-film active layer on polycrystalline silicon substrate prepared from metallurgical-grade material. A cell of 8.3cm2 area is found to 
exhibit an AMI conversion efficiency of 7.3% when a 25pm thick p-type 
active layer is grown on a CZ-pulled polycrystalline silicon wafer by a CVD 
process using SiHzClz, followed by the formation of a grown junction with a
0.54pm thick n+-layer.

A semiquantitative method measuring cell area as a function of photo­
current level is introduced to reveal the inhomogeneity of polycrystalline 
solar cells. From the measurement of photocurrent distribution, grain 
boundaries are found to detract slightly from cell performance in our 
thin-film cells whereas the short minority carrier diffusion length of 
ll-18pm in the active layer remains a major factor to be improved.

* Work supported by the Agency of Industrial Science and Technology, 
Ministry of International Trade and Industry(Japan), as a part of the 
national R&D program “SUNSHINE PROJECT”.
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1. Introduction

Fabrication of silicon thin-film solar cells by direct deposition onto 
foreign substrates has been attempted(1) to reduce cell cost for terrestrial 
application. However, obtained conversion efficiencies have been unsatis­
factory because of the small grain size of the deposited silicon films.

In recent years, several efforts have been made to fabricate a thin 
silicon layer on various kinds of foreign substrates in order to grow a 
photovoltaic active silicon layer(2, 3). Among the materials lending them­
selves to this process, metallurgical-grade silicon offers essential advan­
tages since it has chemical and physical compatibility with the active 
silicon layer for photovoltaic energy conversion. In addition, it is 
currently supplied to alloy industries at a substantially low cost. The 
possibility attaining a practical conversion efficiency of 3.4% using this 
material as a substrate has been demonstrated by Chu et al.(4).

This paper also describes another practical method of fabricating 
thin-film silicon solar cells on polycrystalline substrates which are pre­
pared from such metallurgical grade material. It also presents a charac­
terization and a simple method for effectively evaluating polycrystalline 
solar cells. 2

2. Fabrication of Solar Cells

2.1 Polycrystalline silicon substrates

The starting material was metallurgical-grade silicon of 99.5% purity. 
Major incorporated impurities were Al, B, Cu, Fe, Mg, Na and P.

A polycrystalline rod of about 3.5cm in diameter was obtained by the 
conventional Czochralski method with a pullipg rate of several mm/min, and 
was sliced into 0.4mm thick wafers. An example of the sliced wafers is 
shown in Fig.l. They were polycrystal of millimeter grain size. Most of 
the grains were composed of several subgrains separated by linearly extend- 
ing boundaries such as twin boundaries.

Residual impurities after crystallization were analyzed by emission 
spectroscopy. The results are shown in Table I. As a result of effective 
segregation, most of the metallic impurities were supressed substantially 
during the crystal growth. Because of remaining Al and B, the wafers were
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p-type, and the resistivity was around 0.003fi*cm.
Prior to the following film deposition process, the surface of the 

wafer was mirror-etched to remove cutting damage.

2.2 Cell fabrication

A schematic diagram of the solar cell is shown in Fig.2.
A p-type active layer and an n+-type surface layer were chemically 

vapor deposited successively by hydrogen reduction of SiHzCla with dopants 
at levels of 1.3-2.9x1017boron/cm3 and 8.5x1019phosphorus/cm3, respectively. 
Deposition conditions and related geometrical data are summarized in Table 
II.

Electrodes used were A1-alloyed for the back, and Ti/Ag grid for the 
front. The multilayered structure was then peripherally etched to realize 
a mesa-diode structure. In some cases, a solder over-coat was applied to 
the electrodes; an SiO anti-reflection coating was also applied. An 
example of the solar cells thus fabricated is shown in Fig.3.

3. Experimental Results and Discussion

3.1 Photovoltaic characteristics

Photovoltaic conversion characteristics were measured under AMI illu­
mination of a xenon-arc type solar simulator, and the results for cells 
before AR-coatings are summarized in Table III. The J-V relation of the 
cell which exhibited the maximum conversion efficiency of 7.3% after appli­
cation of an anti-reflection coating is shown in Fig.4.

Using the conventional equivalent circuit model including the leakage 
component through shunt resistance, J-V characteristics are often expressed 
by the following double exponential equation;

q(V-JR ) q(V-JR ) V-JR
J = -JL + J01[exp-----kT5" ' 11 + J02[exp nkT " 11 + TT* (1)

sh

where, notations have their ordinary meanings. Employing the observed 
values, the best fit curves were generated by adjusting diode parameters in 
Eq.(1). The resulting diode parameters are summarized in Table IV.

As for the solar cell characteristics, open circuit voltage is compa­
rable to that of a conventional single crystalline solar cell, whereas
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short circuit current density is somewhat low compared with the value 
estimated from the thickness of the active layer. Series resistivity is 
in a satisfactory level, and shunt resistivities are high enough for for­
ward operation. However, the recombination current level is rather high, 
which implies a short minority carrier lifetime in the active layer.

A typical spectral response curve of solar cells measured under illumi­
nation of constant energy light is shown in Fig.5. The minority carrier 
diffusion lengths estimated from the spectral response curves were in the 
range ll-18ym.

3.2 Grain boundary effect

A photocurrent image obtained by scanning a confined He-Ne laser beam 
(X=0.633ym) over the lower half of the cell shown in Fig.3 is shown in 
Fig.6 with a line scan mode of photocurrent. The dark lines in the figure 
correspond to grid electrodes. Although there is remarkable brightness- 
difference in the photocurrent image between grains, the actual difference 
is less than 15% of the average photocurrent. The degradation in photo­
current along grain boundaries is shown to be very small.

In order to obtain some statistical information on photocurrent distri­
bution , cell area was estimated semiquantitatively as a function of current 
level. The experiment was carried out by scanning a He-Ne laser spot of 
about 2Ohm in diameter over the cell surface, and by sampling photocurrent 
corresponding to 40ym-40tim mesh points on the cell, followed by pulse height 
analysis. An example of resulting current histogram for the cell shown ip 
Fig.3 is shown in Fig.7, which corresponds to about one million sampled 
points. The increase in lower current level is due to the sampled points 
outside the cell and on the electrode, and the flat valley is caused by 
the rapid change in photocurrent at the cell or electrode edges.

In Fig.7, there is small Gaussian-1ike fluctuation arround an inherent 
(or maximum frequency) photocurrent level, and superimposed on this, an 
exponential decay in area with decreasing photocurrent. The fluctuation is 
probably due to the difference in crystal orientation and electronic prop­
erties in each grain. The exponential decay may be caused as a result of 
integrating many levels of degradation in photocurrent along grain bound­
aries . This decay constant 0 could be used as an empirical factor to 
describe the inhomogeneity of polycrystalline solar cell including the 
degradation effect along grain boundaries, and to compare polycrystalline
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material prepared in different ways.
If we assume, the photocurrent frequency distribution as shown in Fig.8, 

we can estimate the per cent degradation of the photocurrent caused by 
grain boudaries. The total photocurrent is obtained by integrating current 
multiplied by area or photocurrent frequency,

V15 di = S + r(1m~!>-
(2)

For the idealized single crystal case, the total photocurrent is the 
inherent(or maximum frequency) current i multiplied by the total area,

V = Vo" S di = £<Sm - S0>- (3)

Then, the current ratio R of the inhomogeneous case to the ideal case is 
given as;

and when the gradient is large, the ratio is reduced to the following 
simple equation;

R = 1 - (5)
V

Employing the measured values, l.e. 1= 265ch(0.229A/W) and B=0.133ch , 
one can obtain R=0.97. Consequently, the deterioration in photocurrent 
which can be directly attributed to grain boundaries is estimated to be 
only 3% at the wavelength of the probe-light.

3.3 Consideration on photocurrent level

In a thin silicon film, e.g. 20pm, more than 80 per cent of the solar 
radiation energy is absorbed in generating hole-electron pairs(5). However, 
available photocurrent is a function of the cell conf iguration and the 
electrical properties of the film.

Employing a simple model of depletion layer approximation, the photo­
current of a cell with a 20pm thick active layer and a 0.5pm thick surface 
layer was calculated as a function of carrier density and minority carrier 
diffusion length in the active layer. In the calculation, the collection
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efficiency of the minority carrier generated in the depletion layer is 
assumed to be unity. Those of bulk p- and n-type layers are assumed to 
decrease exponentially with the distance from the nearest depletion edge. 
Surface reflection with wavelength(6) are also incorporated in the calcula­
tion. The results for the AMI condition(7) are shown in Fig.9.

An observed combination of short circuit current of 13mA/cm2 and the 
minority carrier diffusion length of 11pm shows a good agreement with the 
calculated value. Somewhat unsatisfactory short circuit current is direct­
ly attributed to the short minority carrier diffusion length in the active 
layer, and probably to the lifetime-killing impurities incorporated in the 
film during the deposition process.

4. Conclusion

Polycrystalline silicon thin-film solar cells have been fabricated on 
wafers prepared from metallurgical-grade material.

An AMI conversion efficiency as high as 7.3% was attained in a cell 
with a 25pm thick active layer and a 0.5pm thick surface layer, both 
prepared by chemical vapor deposition of SiHgClg.

An empirical decay factor was introduced to describe the deterioration 
effeet in the photocurrent directly caused by the grain boundaries. The 
current degradation due to grain boundaries was estimated to be less than 
3% under 0.6pm wavelength light. Considering the solar spectrum and the 
spectral response of solar cells, grain boundaries make only a minor contri­
bution to the detraction of cell output current in our thin-film, polycrys­
talline silicon solar cell. A higher conversion efficiency can be projected 
by enhancing the minority carrier diffusion length in the epitaxially grown 
layers, probably by suppressing the level of undesired lifetime-killing 
impurities in the substrate.
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Fig. 1. Surface photograph of a 
polycrystalline wafer prepared from 
metallurgical-grade silicon.

Table I. Impurity levels in poly­
crystalline silicon wafers used for 
substrates of solar cells determined 
by emission spectroscopy.

Element Abundance(ppm)
' A1 50 - 100
B 10 - 50
Cr <10
Fe <10
Mn 10 - 50
Ni <50
Ti <50
V <50

-GRID ELECTRODEp-LAYER,

SUBSTRATEx \ 
(POLVCRYSTALLINE \ 

SILICON) x

AR-COAT

BACK CONTACT

Fig. 2. Schematic diagram of a thin-film 
polycrystalline silicon solar cell.
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Table II Fabrication conditions and structural parameters of cells.

Specimen #i #2 // 3

Growth temp.(°C) l* 1100
1050

1100
1050

1150
1000

Film thickness(urn) 19.6
0.50

20.2
0.50

24.6
0.54

Carrier cone, (cm*"3) 1.3xl017
8.5x1019

1.3x1017 
8.5x1019

2.9x1017
8.5x1019

Cell area(cm2) 2.91 2.60 8.29

Fig. 3; Surface of a thin-film, 
polycrystalline silicon solar cell.

- efficiency: 7.3%
- cell area: 8.3cm*

- : illumination: 100frtfV/cm*(AM1)

VOLTAGE (V)

Fig. 4. Current-voltage character­
istics of a polycrystalline solar 
cell measured under AMI condition.

Table III. photovoltaic characteristics of solar cells before 
AR-coating measured under AMI(100mW/cm2) illumination.

Specimen n #2 in

V (V) 0.508 0.516 0.582oc
J (mA/cm2) 13.2 13.1 15.2sc
V (V) 0.349 0.383 0.463m
J (mA/ cm2) m 11.3 11.6 12.8
Fill factor 0:59 0.66 0.67
Efficiency(%) 3.9 4.4 5.9
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Table IV. Diode parameters for solar cells best fit to Equation(1).

Specimen #1 #2 in

Rg (ftcm2) 7.53 4.60 0.24
Rsh(fi=m2) 2.76x103 2.66xl03 5.61xl02
J01(A/cm2) 2.30xl0-11 1.32x10”*1 5.21xl0~13

(A/cm2) 2.72x10"7 1.94xl0“7 3.92x10"7
n 2.0 2.0 2.2
JL (mA/cm2) 13.27 13.19 15.20

illumination: 15.2>Mlfcm2

0.8
WAVELENGTH (pm)

Fig. 5. Spectral response of a thin-film polycrystalline 
silicon solar cell.

Fig. 6. Photocurrent image obtained by scanning a confined 
He-Ne laser beam over the lower half of the cell surface 
corresponding to Fig.3; also shown is a photocurrent line scan.
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CHANNEL NUMBER 
(PHOTOCURRENT)

i<0 5=0

0£i*im: S = So exp Oi

«m<» : 5=0

Fig. 7. A photocurrent histogram 
obtained by scanning a laser spot 
and sampling the photocurrent 
corresponding to 40pm mesh points.

Fig. 8. A simple model for the 
photocurrent distribution with 
respect to occupying cell area.

No
reflection

ND=!.0x1020em-3 
Thickness: 

rt*-layer 0.5pm 
p-layer 20 pm

Illumination: AMI
1.JUUUI

10 to2
MINORITY CARRIER DIFFUSION LENGTH (pm)

Fig. 9. Photocurrent density of a cell with a 20pm thick active 
layer and a 0.5pm thick surface layer calculated as a function of 
the minority carrier diffusion length in the active layer using 
depletion layer approximation and under AMI condition.
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(f XT') yf't,ra*iW#!/f

Ry.fWrc^K y^^v yi(») m

?, f y T-w/A^w^wff y ? </AS4ta /z**# f 
*6. ^-7 (yfW d*€*AaWk/r#* L< i&yomit 
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Lc Xf K/r^jcf #. '

f f *d«f- 7 f jfvt LkA&irfr^xjA^.^hA
6#C
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:L A.
&^i 6^^#8^r#*#7^1jp#SK6: & %* 20#

2. $^)M6-S((^%:y) & V -^ t(y, A14~1.Z,u^m(n,)S)j:
lf^^50mmW#&E^gl/K XX- 7^4 ^ >#####
K jk Sirtl 6Xm&g#^J: 6cHol^ltg#A ^

3. ##&;&& (a)^#jWt: 0 1 * Sirtliyj#
l<^ i j: 3 A *6. #&##.|10.1 -Kmm?, &L<

mi6. ^A^^2't$AXRB&AKX%
f*6. t<K:L7ff,,MW#6#&|y?i/,6 4,,*'#<, 

9^U^lr^t6,4t6. g| 1 ifi&4M91.7mm/nfn tUlP) ^

%#&, #W#d8S(
Cr, % A f 4)f##(4(/:16G*9& (W^A#: 
m-St^U*,#;%.!? k C/f K^d *T U 6^ CZAfd B, /U,

Cu, pr$t~$t-i' pp«, £ f)MtippwWTh&*91 v»6. $l£tfj&M.frjJ\5 \r%fy
fmfdSI±^%KmuA^(#Tv'6.
#)*&%id o. 08A cm,' f ^Wt:I% lO^w"'?, ) It#,

4° 4M$ jj#j£ 1) K Fischer <* <t. ,IEEE Trans. Electron Devices. 10*24.438(1117):
-x L.R Hunt et«L. Coni Pec. 12* IEEE FUSti/tl'I't) *MtS. . , . , 
*7 T. Wmtblsake «t el. Free. C*»f. m Setid-Statt Tfevtoes^folya) t» be published.

@1.

%.*, laws. CZ5I±&&

B 7 0.9 - 3
A1 3700 2 -60
P 27 0.7 - 7
Am 0.05
.Cu 78 2 6
Ni 280
"g 0.014- 0.04
p* 6300 0.6 - 6.0
Cr 171 0.04 - 1.0
Mb 83 0.04 - 0.4
Ti 191 0.1 - 0.4
V 2 0.03 - 0.3
C 1560 Li

29a—P—5 friSASdSJKAtiHb* (XI)

jJL%Rf'&&S;W#w%'W <?m^r#iJ:ir. :
fi&am c rz,;r / N^ ^ tfr. %x%%& M u^#u$5.8%&%i;.
2. 1K& CZ^r3l±mt^Ai&4j(,C,F«,Cr#^A)9& /-60^4^. A& 
m^o z-v^wM ^^oAr. itWL0.o8Ac\mPS&jRuit. :(naAtZ7% & 
v/Lf:Ai%4L$%>f : T&fr,%A%6 L. &H*%&auT//00 t oagArjO-v
sorf)?.4( ^9?$a io^ic^),o.sr^J#(i,9 7$% icW t 
t'KAEKf. L % tiL &fp& L f;.
3. Ajg 16-18 ,BRK#E^ 0.4?~08/?:

gl^inUi:^ sla&wi&f ,R. ufc.
#I:aa*$oskkzFX^:A

K3 Cu f T=, #%WKKfiX ) I: *
rlt&3KT L:u. 3EL\$4&AUT^&44,9 7^4 7 yXA&^3ti#

,%%EA a 1.34 7 74 A^8IK (/%)
$%.RlK#AjgyA7tA%&4lS*\S. 
y'v7V:/&fT,r:f.
v\. B1 w PSA^44»#)34 7 74 6&%LR&&r. 0.|- 0.8/*

Z7%MA@&#^&^A/rw3 ^4^rri 
@211^456Z'vt Mr. &$V)e 

^ Kf %SK. /540;*&&i:A&i54MlrrkrwA y|yAW#,

$nr^3. @2. nAc\#&oiSirtliv44K

0.17 0.50 0.51 0.2a 

0.19 0.29 0.34 0.40 

0.33 0.27 0.45 0.13

&%

loop*
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