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ABSTRACT 

The open circuit voltage of MIS solar cel ls real ized on N-type si l icon 

has been investigated. Chemically formed and evaporated SiO layers have 

been used for the insulating f i lm. The latter has given the best rnsults on 

polished samples, since V reached u* ^5 V. The influence of different pa­

rameters, l ike n or $_ are discussed. 
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OPEN CIRCUIT VOLTAGE OF MIS SILICON SOLAR CELLS 

I. INTRODUCTION 

Great interest in the field of Schottky silicon solar cells is rising 

since the advantages of these structures over the P-N junctions have been 

recognized. These advantages summarize as follows : 

- a thin entrance window, which allows the carriers to be generated in 

the sensitive region even bv the short wavelengths and a better collection eff i ­

ciency ; 

- fabrication of th<? devices at room temperature, so that no degrada­

tion of diffusion lengths and lifetimes occur ; 

- ability to be used on polycristalline substrates. 

However, due to a larger saturation current, the open circuit voltage 

V of a Schottky diode is lower than that of a P-N junction. In the latter, V oc J ' oc 

ranges about 0.6 V, close to the built-in potential V R - . In the case of a Schott­

ky cell, the open circuit voltage is expressed by 

Voc = n [ *B + ( k T / q ) , n ( I p / A + + T 2 ) • ( 1 > 

where all the terms have their usual meaning. For example, an ideal gold-

N-type silicon diode (n = 1 , $_ = 0.8 eV) gives V = 0 . 3 V under AMO I l l t i -
un oc 

mination if one assumes ideal conditions i.e. quantum and charge collection 

efficiencies are unity, no losses by reflection. Therefore, to become compe-
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t it ive with P-N junctions, the open circuit voltage of Schottky solar cel ls 

has to be Improved. 

From equation (1) it appears that V can be increased either by 

using a higher barr ier 5 at the metal-semiconductor contact, or by inc rea­

sing the diode quality factor n. On f ig . î V Is plotted as a function of these 

two parameters § R and n for the ideal conditions already described. However, 

it has to be mentioned that we have observed that this law generally does not 

apply on diodes with n > 1.5 ; furthermore, for larger values of n, a degra­

dation in the f i l l factor occurs, as predicted by FONASH's [ l ] calculations. 

Consequently, the most efficient way to improve V is to increase § „ . As 
OC D 

the highest 5 on silicon bar r ie rs is only about 0.8 eV, MIS or MOS s t ruc­

tures are requested. Following CARD and RHODER1CK [ 2 ] , using their de­

f init ions, in such a structure, the open circui t voltage wi l l be given by 

V o c = n [ * B + (kT/q) x ' / 2 6 + (kT/q) In I p / A ^ T 2 ) ] . (z) 

It is clear that V rises with the thickness of the interfaclal layer 6. Ho-oc 
wever, the quality factor is also related to 6. Three cases can be considered : 

* if the interface states density is very small : n = 1 + 5 t / w e . (3) 

where e and e. are the dielectr ic constants of the semiconductor and the s i 
înterfacîal layer, w the thickness of the depletion layer ; 

* If all the interface states are in equilibrium with the metal : 

n = 1 + 6 e g /w (e. + ôq D S a > (4) 

where D_ denotes the interface state density. 
3 3 
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* i f a l l the in ter face s ta tes equ i l ib ra te w i th the semiconductor : 

n = 1 + ( 6 / e . ) ( e s / w + q D s b ) (5) 

In the two f i r s t cases, the ef fect of an in te r fac ia l l a y e r and of in te r face s t a ­

tes on n i s s m a l l . The dev ice behaves , the re fo re , l i ke an " i d e a l " Schot tky 

diode but w i t h a higher V • A s the in te r fac ia l layer becomes th i cke r , the 

number of s tates that are in equ i l i b r i um wi th the semiconductor inc reases 

and then n has a la rger va lue . In 10 n .cm s i l i c o n , f o r exampip, common v a -

Â i 2 —2 — 1 and D . = 10 cm eV lead t o n s : 1.65. 

Fo l l ow ing a more genera l ana lys is by F O N A S H [ 1 , 3 ] the behaviour 

of a MIS dev ice may be summar ized as fo l l ows : as long as the In te r fac ia l 

layer j us t h inders the f l ow of m a j o r i t y c a r r i e r s f r o m the semiconductor to 

the meta l , the diode behaves l i k e a minor i t y c a r r i e r dev i ce , the sa tu ra t ion 

cu r ren t i s reducsd and consequent ly V increases : never the less i t s va lue 
oc 

Is l imi ted by th<2 b u i l t - i n po ten t i a l . When the ef fect of the in te r fac ia l layer 

i s to t rap charges on in te r face s ta tes c lose to the semiconductor s u r f a c e , 

the total vo l tage V developped by the MIS s t r u c t u r e i s such that : 

V = V s + V, , (6) 

where V , - and V . a re , r e s p e c t i v e l y , the vo l tage developped in the s e m i ­

conductor and in the i n te r f ac ia l l aye r . If the i n te r f ace states a re in e q u i l i ­

br ium w i th the metal : 

V , = ( 2 - N D s s ) 1 / 2 ( 8 / e . ) / ( l + e D s s 6 / e . ) x [ ( V B . ) ^ - (Vg, - Vg) , / 2 l " 

(7) 
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The effect of the interfacial layer and of the interface states are the same as 

in eq. (4). When the interface states are in equilibrium with the semiconductor 

eq. (7) is replaced by : 

V, = e D s s V s 6/e. + ^ e N ^ ) 1 / 2 (6/e.) [ ( V ^ ) 1 / 2 - (V B . - V , . ) 1 / 2 ] (8) 

Here, V. increases with 6 and D , so that V becomes larger than V . ' I ss' 3 s 

Furthermore, n remains close to unity and the f i l l factor is improved. It 

can be noticed at this time that the f i l l factor F of an ideal Schottky solar cell 

would be F = 0.72. 

This paper is an attempt to show that i t is possible to improve the open 

circui t voltage of gold-Schottky barr iers on N-type silicon by about 70 %, by 

a proper choice of surface preparation and interfacial oxide layer. Further , 

it wi l l be demonstrated that V can be larger than predicted by eqs. ( l ) or 

(2), due to the presence of slow interface states. 

I I . EXPERIMENTAL 

N-type sil icon, Ito lOn.cm in resist iv i ty, oriented along the < 111 > 

axis has been used. The samples were f i r s t r insed in hydrofluoric acid and 

then in deionized water, but not etched. The interfacial layer was realized 

immediately after tnis cleaning procedure. For the latter, two techniques 

were used on these optically polished surfaces. In the f i rs t one, the samples 

were dropped in boiling n i t r i c acid during times ranging from 0 to 8 minutes 

and a chemical oxide was grown. In the second process, silicon monoxide 

was evaporated at a pressure of about 5 . 10~ torr up to a thickness of 40 A. 
4 + Backscattering measurements performed by means of a 2 MeV He beam have 

shown that the stoîchîometry of the deposited SiO layer strongly depends upon 
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the evapora t ion ra te of s i l i con monoxide. When a s low r a t e ( less than 1 X./sec) 

i s used x = 1.8 and for a fast one ( 10 A/sec) x = 1,2. 

In o rde r to rea l i ze insu la t ing layers w i th a s t r u c t u r e as c lose as p o s ­

s ib le to that of s i l i con d iox ide a 0 . 5 to 1 A depos i t ion r a t e -«.as used. Gold 

contacts 100 A thick were then evaporated on the i n t e r f a c i a l l a y e r s . Ohmic 

contacts were obtained by evapora t ion of a 1 000 A layer of magnesium on 

the lapped back side of the samples . 

Determinat ion of the e f fec t i ve b a r r i e r height S' (defined as 
b n 1/2 ôi = -Q + (kT /q ) x ô) and of the diode qua l i ty f a c t o r n was pe r fo rmed by Bn b n 

means of photometr ic and f o r w a r d c u r r e n t measurements. The open c i r c u i t 

vol tage V was measured under 100 mW/cm tungsten lamp i l l umina t ion 

(T = 2900°K) f i l t e r e d by 4 cm of deianized wa te r . Under these cond i t i ons , 

we obtained f o r a convent ional d i f fused ce l l I _ = 30 mA/cm and V = 0 .57 V . 

The theore t i ca l value of V f o r Schot tky diodes under these exper imenta l 

condi t ions has been computed by us ing eq . 1 and tak ing in to account a t r a n s ­

mission fac to r of 0.5 f o r the go ld f i l m , so that : 

V o c ( c ) = n ( - B n - ° - 5 2 ) < S ) 

I I I . R E S U L T S 

Tab le I summarizes the r e s u l t s obtained f o r a number of samples ox id ized 

du r ing v a r i o u s times in bo i l i ng n i t r i c ac id . 
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TABLE I 

| § B n < e V ) n ' V (mV) ; oc V 
oc 

(c) mV 

0.79 1.34 ! 325 
1 

362 

0. 80 1. 11 300 311 

0. 80 1. 13 310 316 

0.81 1.04 312 302 

0.815 1.22 356 360 

0. 825 1. 15 358 351 ! 

i 0.83 1.22 398 37 ! 

0.84 1. 19 405 380 I 

0.85 1.39 420 450 ! 

The highest barr ier height ( ^ R n = 0.85 eV) is obtained for a 2 minutes process 

and the resulting V is 0.42 V. Under the same experimental conditions an 

ideal gold-Schottky diode ( $ y = 0.80 eV, n = l) would give V = 0. 28 V . 

The agreement between experimental and calculated values of V is sat is­

factory, due to the rather low n values ; it is more easily seen on vig. 2 

where V / n has been plotted as a function of §' , 

B. Diodes with an evaporated oxide layer 

The main characterist ics of the samples covered with a SiO interfacial 
x -

layer of 20-30 A thickness are reported on table IS. 
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TABLE II 

i 

1 

*Bn M - V (nV] 
OC j OC ' 

i (mV) , 
0.83 1.59 490 ! 493 ' 
0.88 1.34 550 j 434 
0.88 I 

1.25 517 1 450 

; 0.89 1. 19 536 1 44o ; 
0.92 1.21 505 463 

Generally, the barr ier height of these samples reaches about 0.90 eV and 

the r factor remains less than 1.4. Only in the case of the f i rs t sample the 

increase of V results from a higher n value and i t can be noticed that for oc 

this sample the agreement between experimental and calculated V Is very 

good. For the other samples, the measured values of V are greater than 

expected from eq. 9 and reach sometimes values as high as 0.55 V. Howe­

ver, for this last kind of samples, we have noticed a small reduction in V 

with time during a few hours after manufacturing. This final value Is very 

close to that expected (see f i g . 2). Thus, the influence of slov.' interface 

states is clear. 

C. Application to solar cel ls 
2 

The devices, whose sensitive surface is 0. 18 cm were studied without 

grids and antireflectîve coating under tungsten lamp illumination (100 mW/cm 1 , 

The samples with a chemically formed oxide layer show the same short c i rcu i t 

current as a reference Schottky diode (I ^ 16 mA/cm ). As the f i l l factor 
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ranges between 0.65 and 0. 75, this corresponds to a maximum efficiency of 

about 5-6 %. 

Diodes with an evaporated interface layer have a higher short c i rcui t 

current (I ss 22 mA/cm ) and the f i l ! factor l ies between 0.67 and 0.75. As sc 

an example, a particular device had the following characteristics V = 0 . 5 5 V, 

I = 4. 2 mA, F = 0. 72. This corresponds to a 9 °!a efficiency for a device 

entirely manufactured at room temperature. 

I I I . DISCUSSION 

F ig . 3 shows a plot of forward l-V characterist ics of a reference 

Schottky diode without interfacial layer (curve l) and of two MIS structures 

respectively with a chemical oxide layer (curve 2) and an evaporated SiO 

layer (curves 3a and 3b). In the case of a chemical oxide, the improvement 

In V mainly results from a decrease in the saturation current. The bar ­

r ie r height, a.; deduced from the l -V plot is $L = 0. 86 ev* and n = 1. 19. 

The open circui t voltage (0.40 \A is the same as that predicted. It appears 

also that the current plot remains very close to that of the reference diode. 

Therefore, we nay conclude that the effect of the interfacial layer is 

to reduce the flow of the i^~. ;ority car r iers , but the influence of the interface 

states is négligeable. The case ot an evaporated oxide is quite different. 

Curve 3a has been measured immediately after the device manufacturing. At 

low voltages, theibehaviour is that of a Schottky bar r ie r , very close to 

curve 2, in particular, the saturation current is the same, but at higher vc* 

tages (0. 3 - 0 . 4 V) the current is much more lower and the characterist ic 
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sh i f t s towards the d i f fus ion l im i t . Th i s behaviour might be expla ined by the 

p resence at the sur face of the semiconductor of a low density of l oca l i zed 

states causing charges to be t rapped, the i r populat ion being d ic ta ted by the 

Fe rm i level pos i t ion in the semiconductor. T h i s cha rac te r i s t i c has been mea­

sured again after trie aging occured (curve 3b), so that the i n t e r f ace states 

have s tab i l i zed . The c u r r e n t increases so that the in i t i a l c h a r a c t e r i s t i c 

sh i f t s towards the thermoion ic l im i t , however , the saturat ion c u r r e n t remains 

the same, i . e. §L = 0. 86 eV. Taking into account the n value of 1. 34, we 

obtained V (c) = 0. 46 V and V = 0 . 4 8 V . The measured V c o r r e s p o n d -oc oc oc 

ing to the condi t ions of f i g . 3a was V = 0 . 5 5 V . Assuming that n remains 

essent ia l l y constant and that eq . 6 may be used V . = 0.07 V . By us ing eq . 8 

Â
1 6 - 3 , N = 10 cm , e. = 4 e , the densi ty of i n te r f ace 

11 — 2 —1 states may be determined D » 8 . 10 cm eV . 

IV . CONCLUSION 

In order to make a general compar ison of ihe • esul ts a l ready obtained 

on SchoUky s i l i con solar- c e l l s by d i f fe rent au tho rs , we have r e p o r t e d on 

table I I I the main c h a r a c t e r i s t i c s of the i r MIS s t r u c t i ~ e s . i t appears that 

po l i shed s i l i con w i th about a 20 A oxide layer wou ld lead to the best r e s u l t s . 

< 111 > i s known to g ive more sur face s ta tes , but on an other hand i t has 

been shown recent ly [ 9 ] that < 100 > o r ien ted s i l i con would p roduce a h igher 

c u r r e n t and a bet ter f i l l f ac to r than < 111 > . Thermal oxide and chemical 

ox ide seem to g ive p r a c t i c a l l y tha same r e s u l t s on P- type m a t e r i a l , p rov ided 

they a r e annealed be fo re deposi t ing the r e c t i f y i n g metal contact . F u r t h e r , i t 

has been demonstrated by backscat le r ing measurements [ 1 0 - 1 1 ] that the the r ­

mal ox ide has an excess s i l i con concent ra t ion at the S i O „ - S i i n te r f ace and 

that i t contains some amount of carbon and ca rb ides which shou ld in f luence the 

su r face states. 
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On N-type s i l i con i t seems, both f rom our own exper ience and f r o m 

table I I I , that a thermal o r chemical oxide in te r face does not r e s u l t i n a V 
' oc 

h igher than 0 .42 V . c o n t r a r i l y to evaporated l a y e r s which g ive up to V =0 .55 V . 
oc 

The reasons of th is d i f f e ren t behaviour i s not c l e a r at present t ime and a study 

of these in te r faces i s ur. ' ier way in the l a b o r a t o r y . Without a n t i r e f l e c t i v e coa t ­

ing the short c i r c u i t c u r r e n t under 100 m w / ^ m " i l luminat ion i s about 20 mA/cm . 

Tab le I I I shows that by us ing a proper a n t i r e f l e c t i v e coat ing o r a m u l t i - l a y e r 

s t r u c t u r e this cu r ren t may be improved by about 50 % , thus laading to 

1 = 30 mA/cm . L a s t , th~ f i l l fac tor repo r ted by d i f ferent au thors i s gener^.:-

ly less than 0 .70 , however , he re we h^ve shown that i t may be, at leas t , as 

high as the theoret ica l va lue of 0. 72 of an ideal d iode. Then, i t may be c o n ­

c luded that Schot / s i l i c o n so la r ce l l s are a l r eady ab.'e to g ive e f f i c i enc ies 

higher h._n 13 '' , va lue wh ich compares w i th the 15 % e f f ic iency reached fo r 

ga l l i u arseni , t _?chottky so la r ce l l s (12). 



TABLE IK 

Characteristics of the main results obtained at this time on MIS silicon solar cells 

Type Or ien ta t i on 
i 

R e s i s t i v i t y 

n . cm 

Sur face 
P r e p a r a t i o n 

Oxide Oxide 
T h i c k ­
ness (A) 

Contact V 1 
oc 1 se 

; (mV) ; ( n v y c m 2 

F i l l 
Fac tor 

1 Ef f ic iency 

! 
1 (%; 

1 
Ref. 

! 

! 

P < 1 )0 > 
1 

2 po l ished 600 "C 
I n A i r + N 2 5-10 

50 A C r + 

50 A Cu + 

10 A C r 
520 ' 29* 65 9 . 5 4 

P 3 . 5 - 1 5 
d r y O2 

700°C + 
annealing 

20-40 
A I 

80-100 A 

1 

470 ; 26.5*'"' j ! 8 i 5 

P < m > 5-10 boi l ing H 2 Oj 40-80 
+ annea l ­

ing 

T I 520 ; 18.5 
1 
1 

! 

i 
i 6 : 

1 
; l 

N < 111 > 4 . 9 . f o rm i c acid 
+ perhydrol 

400°C 
In a i r 

10-23 
optimum 

13 

Au 
100 A 

410 | (25) 66 i 6 .5 
t 
1 

1 ' 

I ? 1 
N < 111 > ep i tax ia l 

14 
N = 5 . 1 0 ' * 

- 3 
cm 

standard A u 4 1 0 
: 40 

21 4 8 9 8 

N < m > 1 - 1 0 
t 

op t i ca l l y 
po l i shed 

s io x 

evapo ra ­
ted 

10-40 
Au 

I00A 

————.— 

550 22 
up to 
75 9 

th is 
work 

*mult l layer structure 
coated 
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FIGURE CAPTIONS 

Fig. I Plot of the open circuit voltage expected unde,- AMO condit'ons in 

Schottky silicon solar cel ls as a function of the barr ier he;.ght and 

diode quality factor. 

Fig. 2 Plot of experimental and calculated values of V / p in MIS si l icon 
oc' 

solar cell versus the bar r ie r height 

Fig. 3 Forward l-V characteristics of l) a conventional Schottky barr ier 

2) a MIS diode with a chemical interface and 3) a MIS diode with an 

evaporated oxide : curve 3a) measured immediately after manufactur­

ing curve 3b) measured after stabilization of interface states. 
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