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SU**AARY 

Three different methods of silicon solar cell 
preparation c - e considered and Investigated : low 
energy Ion Implantation, glow discharge and orebom-
barded Set ottky barriers. The properties of the con­
tact layers . eallzed by these processes are compared 
In terms of junction depth and sheet resistance. Pre­
liminary results show the usefulness of these tech­
niques for terrestrial solar cell realization. 

INTRODUCTION 

At present time most of the work devoted to 
silicon solar cells Is concerned with diffused Junc­
tions, trying by a technology Improvement to reduce 
the junction depth, or by using a beck contact field, 
to Increase the collection efficiency. Further stu­
dies concern the grid design and antlreflectlve coat­
ings. However, for terrestrial applications, new 
methods have to be developed In order to Increase 
the efficiency and reduce the cost . These new me­
thods have to be compatible with silicon ribbons or 
poly crystalline samples. Until now. only two other 
structures have been considered : Implanted cel ls 
and Schottky barriers. 

Ion Implantation, which allows a » ery fine 
control of Junction depth, doping profile ard shiet 
resistance, was used a few years ago as a p educ­
tion technique having 11 % AMO efficiency . Junc­
tions depths less than 1 000 A ore easily obtained by 
this procedure In low resistivity material, leading 
to a very small efficiency loss In the entrance win­
dow. As shown In fig. 1, this loss Is less thon 2 *-
as long as the junction depth remains below 1 000 A. 
However, the cost of the sophisticated Ion Implanta­
tion procedure will be a definite handicap for terres­
trial solar cell applications. In order to retain the 
advantages of Ion Implantation but to reduce the cost, 
we studied the possibility of realizing the contacts 
by gl**w discharge under correctly chosen atmos­
pheres. The properties of these layers will be com­
pared to those of Impldnted Junctions. 

The second process , the Schbttky barrier, 
studied recently by ANDERSON ^ 3 gave 8-9 % AMO 
efficiency for chromium layers deposited on P-type 
silicon by vacuum evaporation. However, the effici­
ency of such cel ls depends strongly upon the barrier 
height tg^ at the metal-semiconductor contact as 
shown In fig. 2. A process , allowing the Increase 
of barrier height up to 1 eV Is proposed. It consists 
of a low dose Ionic bombardment prior to the Schptt-
ky barrier preparation. 

ION IMPLANTATION 

Choice of the Implant dopant. Several parameters 
hâve to be considered for the realization of a rect i ­
fying contact on a solar celt ; ths most Important era 
a junction depth as shallow as possible end a very 
low sheet resistance. Ion Implantation Is particular­
ly well suited to satisfy these requirements by a 
proper choice of the nature of the doping Ion, Its 

energy, dose and dan-, ge-anneallng treatment. Heavi­
ly doped layers, giving low sheet resistance can be 
obtained by Ion Implantation since the solubility of the 
group III and V dopants Implanted Into silicon Is at 
least as high as that obtained when thermal diffusion 
Is used, as r»-ported In table I, 
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However, It must be taken Into account that the e lec­
trical characteristics of an Implanted layer are not 
determined by the number of Implanted lone but by the 
number of electrically active ce 'ers (dopants, de­
fects) which Is a slPong function of annealing tempera­
ture. An examination of table II shows that boron Is 
the most efficient dopant from the electrical activity 
point of view. We have chosen this dopant in prepar­
ing the rectifying contact on N-type sil icon. 

Ion Implant,*l L a y e r s 
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Boron Implantation Into silicon. The choice of the 
Implant conditions results from a compromise bet­
ween the three major parameters : energy, dose and 
annealing temperature. 

Energy, ï . Fis* 3 shows that the electrical ac ­
tivity of Implanted.boron after annealing Is strongly 
energy.dependent*. For example for 5 keV bombard­
ing energy only about the half of the Ion species are 
electrically active after high temperature annealing. 
Consequently, higher Implant energies would be pre­
ferable In order to keep the dose lower. 



But, It Is clear thai the thinner die Implanted 
layer, the higher the dose necessary to reach a low 
sheet résistance. Prom fig. I ft appears that juncti­
on depths on the order of I 000 X seem lo be reason­
able. Both our calculations and experimental deter, 
ml nation s (fig. 4) show the: this value Is obtained 
with 10-15 keV boron Ions. 

Annealing temperature : The defects Intro— 
auced by the Ion bombardment can act as recombina­
tion and trapping centers fût ùu= uiu-ge carriers 
generated by the photons. Il has been shown5 that 
for room temperature low-energy boron Implanta­
tions, the defect distribution extends to depths great­
er than the Ion range (In contradiction with theoreti­
cal predictions) and anneal out at higher and higher 
temperatures as the Implanted dose Increases 7« Ho­
wever, the boron Ion, which Is light, produces da­
mage which Is annealed at 900-1 100"C. 

Dose : The required dose Is determined by 
the sheet resistance of the Implanted layer. Fig. 5 
shows that for !S keV Implantations, the sheet resis­
tance becomes as small as 20 0/o for a 10'® em~2 

dose followed by an 1 100'C annealing. A 7 ke\/ Im­
plantation needs a dose about ten times higher to give 
the same layer conductivity6. 

Experimental conditions. To prepare the rectifying 
contact on N-type silicon, we Implanted 1 T B * Ions 
of 10-15 kev* energy at doses up to 1 0 , e c m - 2 and 
annealed the damage at 900-1 OOO'C. The Implanta­
tions were performed with an accelerator In our la­
boratory. 

GLOW DISCHARGE 

As the Implantation just described Is a rath­
er sophisticated te *̂*nlque- which needs expensive e-
qulpment , we developed e glow discharge proce­
dure for fabricating heavily doped layers quickly, 
simply and at low cost. 

Principle. The apparatus Is shown schematically 
In f l j . 6. The device upon which the contact Is to be 
formed ts used as a cathode Inside a pyrex chamber 
which Is first evacuated and then filled with B F 3 to 
pressures of 0.01 to 0.1 torr. (For phosphorous 
doping, gaseous compounds like PF5 can be used). 
With a d. c. voltage applied through a 1 WC1 resistor, 
the discharge current on the order of a few ml 111-
amperes flows* in order to avoid contamination, the 
cnode Is made of silicon. This simple system could 
c t-'nlnty be adapted to a cheap on-line production 
system which can be coupled for example, with « r ib­
bon growing process. By a prope.* choice of the d.c. 
voilage, the sample can be either cleaned by sputter­
ing off the surface atoms of the cathode (below 4 KV), 
or doped nidi boron (5-10 kV). Generally speaking, 
a heavily doped 'oyerjs obtained simply and quickly. 
In contrast to the '^Er Ion Implantation» no mass se­
paration of the Ionized gao Is performed, For a BF3 
discharge, not only boron atoms are Implanted In the 
target, but also heavy Ionized fragments like B F 3

+ , 
B F j * • - > (thrne latter being at a concentration 
5-10 times hl&her of that of the boron Ions In the dis­
charge). These low energy heavy Ions; which have a 
very short range (about 0. 2 of the! of the boron Ions 
of the same energy) produce a very thin but heavily 
damaged layer located close to the surface. Ruther­
ford backscatiering measurements have shown that 
the thickness of this layer before annealing Is below 
the resolution of the experimental system (about 
350 A). 

Annealing. The formation of an amorphous layer has 
en Interesting consequence on the amuallng tempera­
ture of the bombarded samples. It Is well know thai 
the electrical activity of Implanted boron Ions Increas­
es much faster with temperature when an amorphous 
structure Is reached during Implantation, An amor­
phous structure Is not achieved for room température 
boron Implantation but ' - - b e attained either by low 
temperature bombardment8, predonKglng. with Inactive 
Ions (Ne for example)9 or 3F3 or B F j Implants , 0 . 
As shown In fig. 7, Instead of an annealing tempera­
ture of 900-1 000"C necessary to reach high electri­
cal boron activity after the negative annealing stage, 
a temperature of 600-700"C Is sufficient to reach full 
electrical activity. This temperature Is well below ge­
neral diffusion conditions. 

Bombarding time. The experimental discharge conol-
tlons (current and time) have been determined by mea­
suring the sheet resistance of the layer as a function 
of the current-time product, which Is equivalent to 
an Implanted dose. As shown In fig. S, a value of 
3 2 n - / n Is reached In less than 5 minutes for a 
2 mA/cm* discharge current density. The same value 
of the sheet resistance Is obtained with a 1 0 1 6 c m - 2 , 
15 keV boron Implantation fallowed by an 1 10O*C an­
nealing. 

Until now, only a few experiments have been 
done using P F 5 gas to produce the bade contact (oh-
mlc con tec t) on N-type samples contacted on the front 
side with a BFj discharge. Cfalte Identical results for 
BF3 and PF5 have been obtained and It may be expec­
ted that this double -ifscherge process can be used to 
produce solar cells either on N or P-type silicon at 
temperatures much lower than that used In diffusion 
processes. 

PREBOMBARDED SCHOTTKV BARRIERS 

The use of silicon Schottky barriers for solar 
cells was proposed several years ego " , but, In spi­
te of the simplicity of this technique, not much work 
was devoted to It until recently. This was probably 
because of the low open circuit voltage end efficiency 
reached by these devices when compared to diffused 
cells. Recent work of ANDERSON *» 3 and PUL-
F R E Y ' 2 stimulated Interest In this procedure. As a l ­
ready Indicated In fig. 2 and first calculated by PU1_-
FREY 12 the efficiency of an Ideal Schottky solar cell 
strongly depends upon the barrier height tQn a l t n e 

metal-semiconductor Interface. It can be shown that 
the efficiency T| J n silicon at 300"K Is related to *0n 
by T j (%) -A l .a lQn (eV) - Î2.V, for Ideal AMO 
conditions without reflection losses and unity quantum 
yield and collection efficiency. As the conventional 
barrier height, for enough gold on N-type silicon» Is 
about 0.8 eV, It results that the efficiency of these 
cells cannot exceed about 10 «#. An Increase of <Bn 
up to 1 eV w*. t|d lead to a calculated efficiency of 
about 18 %• Such on Increase can be obtained either 
by a hafnium contact 13-1* or by a proper change of 
the band bending at the contact. The latter can be pro­
duced by doping a shallow layer close to the surface 
with Ions so as to give a space charge whose type ts 
opposite to that of the substrate. The band diagram 
of a Schottky barrier on N-type material with a net 
doping density I N Q - N A ( ï s shown on fIg. 9«. If en 
Interfaclal layer with thickness x and acceptor con­
centration N has been produced by Implantation, Die 
bend diagram Is modified as shown In fig. 9b without 
any change of barrier height as long as the Introduc­
ed doping dose D - NX Is maintained below a critical 
value D 0 expressed by 

2 



2 < u „ 1/2 
o e Q A 

where V I» the cenlûti potential of 0\e convention­
al Schot&y barrier and the other symbols have their 
usual meanings. bVhen D becomes larger than O 
th« barrier height 4n^ Increases 10 a value 6* ^ 
os shown In fig. 9c, which depends upon the doss D. 
As long as the In ter facial layer remains fully dealet-
iM without external bias applied, f ^ , Increases 
with dose. When D rea_ tes a maximum value D n ^ 
such that the Fermi l e v Is c lose to the valence 
band, the shallow layer Is no longer fully depleted 
and a classical Implanted P-N function Is formed. 
The situation resulting from the bombardment of a 
P-type substrate by N-type Ions ha*; been described 
by SHANNON , s . For an N-type 10 U-an substrate, 
the critical dose O 0 i s about 1 0 1 1 - 1 G , 2 e m ~ 2 . Con­
sequently, precise knowledge of dose D &nd thick* 
ncss X Is necessary. These parameters are well 
krown In the case of Ion Implantation. Using antimony 
Ions Implanted In a P-typ* substrate, SHANNON , 5 

has shown that It Is possible to Increase the barrier 
of a nickel Schottky diode from 0.49 to 0.74 eV. 
In order to reach a higher *Bn value, we Investigat­
ed gold Schottky barriers made on N-type silicon 
Dombarded previously with 30 keV gallium or 5 keV 
boron Ions, for which the range Is about 220 A, Do­
ses ranging from 10* ' to t o ' ^ c m " 2 were used and 
annealing was performed In vacuum at 400*C for the 
gellluni and at B00*C for the boron Implants, Fig. 10 
chows the behaviour of **3n a s determined by capa­
citance measurements as a function of boron and gal­
lium Implanted doses. A barrier height close to 1 eV 
\B retchad after 10*2 cm-2 boron or 1 0 1 3 c m - 2 gal-
Hum Imp I ant l i ions. The Implanted sample» gave 
1 Bn* °- 78 eV for the gold-N-type silicon contact, 
In gcod agreement with the value found In the litera­
ture It- lB. The variation of the dose with the nature 
at |h«- Ion arose from the different electrical activi­
ties : a.rter a 400*C annealing the electrical activity 
of the Itvlanted gallium layer Is about ten times less 
t>un i*tat of the same dose of boron Implanted Ions 
follo<v>id by a 800»C annealing. It should be noticed 
tha> a change of diode capacity with the frequency of 
the brldea Is observed, Indicating that even after 
amissling deep trapping levels are present. Since 
the damage for heavier Ions Is more Important than 
that reiultlng from boron bombardment, the frequen­
cy depe-idance of the capacity Is more Important for 
the gallium Implants. 

A P P L I C A T I O N T O S O L A R C E L L S 

Device preparation. The above described technl-
quen were applIecTto prepare solar cells* As our 
purpose was mainly to demonstrate the usefulness of 
new techniques, only preliminary results will be g i ­
ven here* 

N-type silicon with resist ivit ies ranging 
from 0.3 to 150 O.cm was used to perform the expe­
riments. After Ion bombardment either by Implanta­
tion or glow discharge, the samples were annealed 
30 ml nut lis under vacuum. Then either gold or silver 
grldj were deposited by evaporation on the rectify­
ing luyer» In the cose of Schottky barriers, no grids 
wern used and a 100 i. gold film was deposited. The 
back contacts for these diodes were generally mads 
by an aluminium evaporation. Since this leads to r a ­
ther high series resistances,, a PFg glow discharge 
was used on some samples. An antlreflecting coating 
cone)sting of 600 A of S t o was sometimes deposited 
on ih<» samples. 

Spectral response. The spectral re&oonstts, norma-
li*ed 10 100 m «t 5500 A wavelength, of typical ceils 
In the short wavelength range «re shovm In- fig. 11, 
In all cases they compare favorably r»îsi a r-^rïm-fri­
al diffused cell (curve | ) . The response of a B F j 
discharge contact (curve 2) Is quite the same as mat 
of a IS kaV (10** cm" 2) Implanted structure (curve 3), 
The best results were obtained with Schoidcy barri­
e r s and we found that the Implantation of a low dose 
( I 0 1 2 cm" 2) of boron Ions does not change the spec­
tral r**pon** w r y much (curve 5). I: appears that / 
nctlceable short wavelength efficiency Improvement 
Is obtained In these latter case, when compared 10 
the diffused cell . 

Operi circuit voltage. Tt.e jpen clr-ajlt voltage \ œ 
of the devices was measured under- a tungsten la up 
Illumination of 100 mW*/cm2. Under our experlrr ff-ital 
conditions the v"oc value cf the diffused comme -clal 
cel l w?« 5S0 mV, 

The results fnr boron Implantations fe - vari­
ous doses are reported In table HI. 

T A B L E HI 

Open circuit voltage 
for boron Implanted diodes {mV! 

D o s . (cm" ) i o ' 3 1 0 ' * 5 . 1 0 ' * 1 0 , S 

15k»V 430 470 520 53C 

JOkeV 410 4B0 4 9 0 5 0 ) 

ion. cm I 5 k . v 500 5 73 

1 5 0 0 . cm 5 k i V 305 370 JX> 

As expected the highest voltages '*•« reached In the 
lower resistivity material Implant»*} at high doses. 
This confirms the necessity of httjh Implantation do­
s e s . Taking Into account the ratrer high ser ies r e ­
sistance In our devices It Is ex/j acted that the VQC 
Is Identical to that of a diffuse*J celt . 

On table IV are repori»<d the VQC voltages 
measured on the BF3 bombarcod 10 Q.cm N-type si* 
(icon. The results depend on the conditions (time x 
current), that la the dose, bjt are at least as good 
as for the boron Implanted ce l le . 

TABLE IV 

Open circuit voltage for glow discharge diodes 

Olschorge 
vol tage (kV) 

Time x 'Jlscharge c u r r e n t 
( fMn.mA/cm^ï N/oe (mV) 

e 
7 

7 

10 

1.1 

1.7 

1.9 

2, Î 

500 

520 

515 

530 



FIGURE CAPTIONS 

t~1g, I i Relative efficiency of silicon solar cells at 
JOU*K In AMO conditions as a function of the 
dead layer» 

Fig. 2. : Absolute efficiency of silicon Schottky solar 
cells at 3 0 O * K , In AMO conditions, as a 
function at the barrier height at the met e l -
semiconductor contact. 

Fig. 3 : Relative electrical activity after annealing 
of boron and phosphorous In silicon as a 
I jncilon of Implantation energy. 

Fîg. 4 : Plat of the dead layer due to boron I np I ant­
ed 'n silicon as a function of Ion energy for 
various d ,ng levels o. the substrate. The 
projected range Rp of boron Is also shown. 

Fig. 5 : BehevJoi.'r of sheet resistance for boron Im­
planted s'llcon as a function of doses. Shad­
ed curve I s from ref. 6. 

Fig. 6 : Schematic view of the glow discharge appa­
ratus. 

Fig. 7 : Relative eleei-lcal activity of boron and 
BF^j ImpIanteO layers as a function of an­
nealing température In silicon. 

Fig. S ; Sheet resistance for glow discharge contacts 
as a function of experimental condt tiens* 

Fig. 9 : Sand diagram of a Schotiky N-typ* silicon 
bombarded barrier a) convent Ion a I ; b) Im­
planted dose D < 0 0 results In no t^ In­
crease ; c) Implantée1 dose D > D- giving 
a higher effective barrier height ? ^ , . 

Fig. 10 : Increase of the barrier height *Qn of gold 
Schottky barriers Implanted respectively 
with boron and gallium. 

Fig. 11 : Spectral response at short wavelengths of 
various cells. The spectral response has 
been normalized to 100 % a: 5 500 A. 



TABLE VI 

SHORT CIRCUIT CURRENT 

Front contact 
Boron implantation 

BFo discharge 
SchottJcy im­
planted barr ier 

12 -2 10 cm boron 
Front contact 

1 0 U c m - 2 5 . 1 0 1 4 c m - 2 l O ^ c m - 2 

BFo discharge 
SchottJcy im­
planted barr ier 

12 -2 10 cm boron 

Back contact aluminium alloyed aluminium PFc discharge aluminium 

o 
IGnA/cm ) 9 16 13.5 22 8 
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BAND DIAGRAM OF A SCHOTTKY BARRIER WITH AN INTERFACIAL IMPLANTED LAYER 

METAL N-SILICON 
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(a) NO IMPLANTED LAYER (conventional barrier) 

(b) IMPLANTED DOSE D < D m i n 

<c> Dmin < D < D„a K 

Fig. 9 
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