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ABSTRACT

The open circuit voltage of MIS solar cells realized on N-~type silicon
has been investigated. Chemically formed and evaporated SiOx layers have
been used for the insulating film, The latter has given the besf results on
polished samples, since Voc reached (. 85 V. The influence of different pa-

rameters, like n or éBn 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-MN junctions have been
recognized, Theée advantages summarize as foliows :

~ a thin entrance window, which allows the carriers to be generated in
the sensitive region even bv the short wavelengths and a better collection effi—-
ciency ;

- fabrication of the 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
Voc of a Schottky diode is lower than that of a P-N junction. In the latter, Voc
ranges about 0.6 V, close to the built-in potential VBi' In the case of a Schott-

ky cell, the open circuit voltage is expressed by

V. = nl#g +{kT/ain (lp/A++T2) , (m

where all the terms have their usual meaning. For example, an ideal gold-
N-type silicon diode (n=1, QBn = 0.8 eV) gives V_c = 0.3 V under AMO THG-
mination if one assumes idea! conditions i.e. quantum and charge coliection

efficiencies are unity, no losses by reflection. Therefore, to become compe~



titive with P-N junctions, the open circuit voltage of Schottky solar cells
has to be Improved.

From equation (1) it appears that Voc can be increased either by
using a higher barrier QB at the metal-semiconductor contact, or by increa-
sing the diode quallity factor n, On fig, 1 Voc Is plotted as a function of these
two parameters éB 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 fill factor occurs, as predicted by FONASH's [ 1] calculations.
Caonsequently, the most efficient way to improve Voc is to increase QB' As
the highest QB on silicon barriers is only about 0.8 eV, MIS or MOS struc-
tures are requested, Following CARD and RHODERICK [ 2], using their de-

finitions, in such a structure, the open circuit voltage will be given by

VI n[§B+(kT/q)x‘/2 &+ (kT/q) In Ip/AHTz)] . (2)

It is clear that Voc rises with the thickness of the interfacial layer §. Ho-
wever, the quality factor is also related to 6. Three cases can be vonsidered:

® If the interface states density isvery small : n=1+ 6 es/w €; (3)

where es and €, are the dielectric constants of the semiconductor and the

interfacial layer, w the thickness of the depletion layer ;

% if all the interface states are in equilibrium with the metal :

n=1+68§ es/w (c-:i + GQDSa) (4)

where DSa denotes the interface state density.



.

% if all the interface states equilibrate with the semiconductor :

n=1 -&-(6/ei)(es/w+qub) {5)

In the two first cases, the effect of an interfacial tayer and of interface sta-
tes on n is small. The device behaves,therefore,like an lideal” Schottky
diode but with a higher Voc' As the interfacial layer becomes thicker, the
number of states that are in equilibrium with the semiconductor increases
and then n has a larger value. In 10 Q,cm silicon, for example, common va-
0'2cm 2ev ! 1ead ton ~ 1.65,

lues such as § = 30 Rard D =1

Sb
Following a mare general analysis by FONASH [ 1, 3] the behaviour
of a MIS device may be summarized as follows : as long as the interfacial
fayer just hinders tne flow of majority carriers from the semiconductor to
the metal, the diode behaves like a minority carrier device, the saturation
current is reduced and consequently V':’c increases ; nevertheless its value
is limited by the built-in potential. When the effect of the interfacial layer

is to trap charges on interface states close to the semiconductor surface,

the total voltiage V developped by the MIS structure is such that :

V=V, (6}

where VS and V| are, respectively, the voltage developped in the semi-
conductor and in the interfacial layer. If the interface states are in equili-

brium witn the metal :

v, = (20 Nge )Y (5/6)/00 + em_ 8/e)xT(vg ) V2 - (v - v ) V20

(7)



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 Vg b/e + (zeNg e )26/ Tivg ) V2o tvy, -v 2T e

Here, VI increases with § ard Dss’ so that V becomes larger than Vg
Furthermore, n remains close to unity and the fill factor is improved. It

can be noticed at this time that the fill factor F of an ideal Schottky solar cell
would be F= 0,72,

This paper is an attempi to show that it is possible to improve the open
circuit voltage of gold—Schéttky barriers on N-iype silicon by about 70 %, by
a proper chcice of surface preparation and interfacial oxide layer. Further,
it will be demonstrated that Voc can be larger than predicted by eqs. (1} or

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

1. EXPERIMENTAL

N-type silicon, 1to 10 Q.cm in resistivity, oriented along the < 111>
axis has been used. The samples were first rinsed in hydrofluoric acid and
then in deionized water, but not etched., The interfacial layer was realized
immediately after tais cleaning procedure. For the latter, two techniques
were used on these optically polished surfaces. In the first one, the samples
wer e dropred in boiling nitr‘ié 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 j:ressure of about 5. 10"6 torr up to a thickness of 40 i,

4  +

Backscattering measurements perfermed by means of a 2 MeV 'He beam have

shown that the stoichiometry of the deposited Sio)< layer strongly depends upon
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the evaporation rate of silicon monoxide, When a slow rate (less than 1 _Z./sec)
is used x = 1,8 and for a fast one {10 .K./sec) x=1,2,

In order to realize insulating layers with a structure as close as pos-
sible to that of silicon dioxide a 0.5 to 1 I deposition rate was used. Gold
contacts 100 A thick were then evaporated on the interfacial layers. Ohmic
contacts were obtained bv evaporation of a 1 0004 layer of magnesium on
the lapped back side of the samples.

Determination of the effective barrier height é'Bn {defined as
éan = an + (kT/q) XVZ 8) and of the diode quality factor n was performed by
means of photemetric and forward current measurements, The open circuit
voltage Voc was meastred under ;IOO mW/cm2 tungsten famp illumination
(T = 2900°K) filtered by 4 cm of deionized water. Under these conditions,
we obtained for a conventional diffused <':e|i lSC = 30 mA/c:m2 and V°c= 0.57 V.
The theoretical value of Voc for Schottky diodes under these experimental

conditions has been computed by using ej. 1 and taking into accourit a trans—

mission factor of 0.5 for the gold film, so that :

Voe (c)=n (@Bn - 0.52) (9)

i, RESULTS

Tabie | summarizes the results obtained for a number of samples oxidized

during various times in boiling nitric acid.



7
TABLE |
N )
ir 3L (eV) n ' vV, (mv) | v, () my
| % i |
f 0.79 1.34 ' 325 362 :'
0. 80 ; 1.11 ’ 300 3N r
0. 80 : .13 : 310 316 ;
0. 81 1.04 ‘ 31z 302
0.815 1.22 : 356 ; 360
0.825 1. 15 358 351
: 0.83 1.22 398 ' a7 - *
; 0. 84 1.19 : 405 380 ,
0.85 1.39 420 f 450

The highest barrier height (§|Bn = 0.85 eV) is obtained for a 2 minutes process
and the resulting Voc is 0.42 V. Under the same experimental conditions an
ideal gold-Schottky diode (§Bn = 0.80 eV, n = 1) would give Voc = 0. 28 V.

The agreement between experimenta! and calculated values of Voc is satis-
factory, due to the rather low n values ; it is more easily seen on ¥ig, 2

. '
where Voc/n has been plotted as a function of QBn'

B. Diodes with an evaporated oxide layer

JYhe main characteristics of the samples covered with a S'IOx interfacial

layer of 20-~30 L thickness are reported on table If,
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TABLE i
S | : !
. 5 i :
! *Bn (e} i n voc (mV) '{ VOC (c !
. ' !
) i (mV} \
0.83 | 1.59 490 1 493 '
0.88 ; 1.34 550 ‘ 434 }
|
0.88 ' 1.25 517 450 i
: 0. 89 : 1.19 j 536 ; 440 i
0.92 : 1. 21 : 505 : 483 ;

Generally, the barrier height of these samples reaches about 0. 90 eV and
the r factor remains less than 1.4. Only in the case of the first sample the
increase of Voc results from a higher n value and it can be noticed that for
this sample the agreement between experimental and calculated voc Is very
good. For the other samples, the measured values of voc are greater than
expected from eq, 9 and reach sometimes values as high as 0.55 V., Howe-
ver, for this iast kind of samples, we have noticed a small reduction in Vou
with time during a few hours after manufacturing. This final value is very

close to that expected (see fig. 2}, Thus, the influence of slov: interface

states is clear.

C. Application to solar cells

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

grids and antireflective coating under tungsten lamp i!llumination (100 mW/cr-nZ)._

The samples with a chemically formed oxide layer show the same short circuit

current as a reference Schottky diode (lsc ~ 16 mA/cmz). As the fill factor
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ranges between 0.65 and 0,75, this corresponds to a maximutn efficiency of
about 5-6 9.

Diodes with an evaporated interface layer have a higher short circuit
current “sc a~ 22 mA/cmz) and the fili factor lies between 0,67 and 0.75. As
an example, a particular device had the following characteristics Vg~ 0-55 v,
‘sc =4,2mA, F=0,72. This corresponds to a 9 % eificiency for a device

entirely manufactured at room temperature.

11, DISCUSSION

Fig. 3 shows a plot of forward -V characteristics of a reference
Schottky diode without interfacial layer {curve 1) and of two MIS structures
respectively with a chemical oxide layer (curve 2} and an evaporated ..C;‘»iOx
layer {curves 3a and 3b}, In the case of a chemical oxide, the improvement
in Voc mainly results from a decrease in the saturation current, The bar-
rier height, as deduced from the 1=V plot is é‘Bn = 0,86 eVand n= 1,19,

The open circiit voltage (0. 40 V) is the same as that predicted. It appears
also that the current niot remains very close to that of the reference diode,.
Trnaerefore, we tnay conclude that the effect of the Interfacial layer is

to reduce the flow of the m-iority carriers, but the influence of the interface
states is neglige:'able. The case ot an evaporated oxide is guite different.
Curve 3a has beén measured immediately after the dgvice manufacturing. At
low voltages, the; behaviour is that of a Schottky barrier, very close to
curve 2, in par-tic:'-ular‘, the saturation current is the same, but at higher vc* -

tages (0. 3 - 0,4 V) the current is much more lower and the characteristic
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shifts towards the diffusion limit. This behaviour might be explained by the
presence.at the surface of the semiconductor of a low density of localized
states causing charges to be trapped, their population being dictated by the
Fermi level position in the semiconductor, this characteristic has been mea-
sured again after tiie aging occured (curve 3b), so that the interface states
have stabilized. The current increases so that the initial char‘acter'i-stic
shifts towards the thermoionic limit, however, the saturation current remains
the same, i.e. é'Em = 0.86 eV. Taking into account the n value of 1. 34, we
obtained Voc (c) = 0,46 V and VoC = 0.48 V. The measured Voc correspond-
ing to the conditions of fig, 3a was Voc = 0,55 V. Assuming that n remains
essentially constant and that eq. 6 may be usec V’ = 0.07 V. By using eq. 8

1 -
and assuming § = 30 .K., ND = 10‘6 cm 3, € = 4 €0 the density of interface

states may be determined D__=~ 8. 10" em™2 ev™!

1IV. CONCLUSION

In crder to make a generzl comparison of ihe ' esults already obtained
on Schotiky silicon solair- cells by different authors, we have reported on
table 11l the main characteristics of their MIS structi~es. it appears that
polished silicon with about a 20 L oxide layer would lead to the best results.
< 111 > is known to give more surface states, but on an other hand it has
been shown recently [9] that < 160 > oriented silicon would produce a higher
current and a better fill factor than < 111 >. Therma! oxide and chemical
oxide seem to give practically thz same results on P-type material, providéd
they are annealed before depositing the rectifying metal contact. Further, it
has been demonstrated by backscatiering measurements [ 10~ 1 1] that the ther-
mal oxide has an excess silicon concentration at the SiOz-Si interface and
that it contains some amount of carbon and carbides which should influence the

surface states.
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On N-type silicon it seems, both from our own experience and from
tabie 11, that a thermal or chemical oxide interface does not result in a Voc
higher ihan 0.42V, contrarily to evaporated layers which give up to Von::O' 55 V.
The reasons of this different behaviour is not clear at present time and a study
of these interfaces is un-der way in the laboratory. Without antireflective coat-
ing the short circuit current under 100 mw/cmz illumination is about 20 mA/cmz.
Takle 1[I shows that by using a proper antireflective coating or a multi-layer
structure this current may be improved by about 50 %, thus }zading to
ISC = 30 mA/cmz. l.ast, th~ fill factor reported by different authors Is cenerc.~
ly less than 0,70, however, here we have shown that it may be, at least, as
high as the theoretizal value of 0. 72 of an ideal diaode. Then, it may be con-
cluded that Schot , silicon solar cells are already able to give efficiencies
higher h».n 13 Y, value which compares with the 15 % efficiency reached for

galliu  arseni . Schottky solar cells (12).




Characteristics of the main results obtalned at this time on MIS silicon solar cellg

TABLE

Y

Type | Orientation | Resistivity Surface Oxide Oxide Contact Voc ; l:c i1l ! Efficiency Ref
Preparation Thlckﬁ— . Factor |
f.em ness{A) C{mV) (mayem?) TS |
i : !
50 Larse |
k2 < 10> 2 polished 600°C 50 A Cu+ 520 29* 65 9.5 4
InAir+N, | 5-10 104 cr
’ dry Og Al l " i
P 3.5-15 700°C+  |20-40 470 = 26.5"% 18 5
i annealing 80-100 &4 | :
R 1
! I !
P ,' <t11> 5-10 boiling H, O/ 40-80 T ' 520 | 18.5 | ; 6
| + anneal- | i ? :
: ! ' H ]
! 1 Ing ; i :
! i : ; : i
N o<111> 49, formic acid| 400°C |[10-23 Au 410 | (25) 66 | 6.5 7
: + perhydroli in air optimum| 100 4 !
i 12 1
i | 40 !
N i< 111> eplitaxial standard Au 410 ‘ 2 48 ' 9 8
} N_=5.10"%
D3
cm |
Au up to this
N <111> 1-10 optically Sifel 10-40 550 22 75 9 wark
' polished evapora- 100k
ted
*mult! layer structure
#*coated

[
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Plot of the open circult voltage expected unde,- AMO condit’ons in
Schottky silicon solar cells as a function of the barrier he’ ght and
diode quality factor.

Plot of experimental and calculated values of Voc/r\ in MIS silicon
solar cell versus the barrier l.eight

Forward |-V characteristics of 1) a conventional Schottky barrier
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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