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SUMAARY

Three different methods of silicon solar cell
preparatian e considered and investigated : low
energy ion Implantation, afow discharge and prebam-
barded Sc¢r oty barriers. The properties of the con-
1act tayers . malized by these processes are compared
In terms of ju.cilon depth and sheet reslstance, Pre-
liminary results show the usefulness of these tech-
niques for terrestrial solar cell reallzation,

INTRODUCTION

At present time most of the work d

energy, dose and dam ge-annesling trestment. Heavi-
ly doped layers, giving fow sheet resistance can be
obtained by ton Implantztion since the solubllity of the
group 111 and V dopants Implanted into silicon is at
least as high as that obtalned when thermat diffusfon
is used, as reported in rable I,

TeLEd

silicon sotar celis Is concerned with diffused junc-
tlans, trylng by a technology Improvemen: to reduce
the junctlon cepth, or by using a back contact fleld,
to increase the collection efficiency, Further stu-
dies concern the grid design and sntiretlective coat-
ings. However, for terrestirial applications, new
methods have to be developed in order to increase
the efficlency and reduce the cost. These new me-
thods have to be compatible with silicon ribbons or
polycrystalline samples. Untll now, only two other
struciures have been consldered : implanted cells
and Schottky barriers,

lon implantatlon, which alfows a cery fine
control of Junction depth, doping profile ard sh:el
resisiance, was used a few years ago as ufa
tion technique having 11 % AMO efficiency Jmc-.
tions depths less then 1000 A are eully cbulned by
this procedure In low resistivity material, leading
to a very small efficiency loss in the -nu-am:e win-
dow, As shown In fig. 1, this loss is less than 2
as long as the junction depth remains below 1 000
However, the cost of the sophisticated jon implanta-
tion procedurs will be a definita handicep for terros-
trial solar cell appiications, In order to retain the
advantages of fon Impiantation but to reduce the cost,
we studled the possibliity of realizing tho contacts
by qi ~w discharge under correctly chosen atmos-
pheres, The properties of these (ayers wilf be com-
pared to those of implanted junctions.

The second process, the Schom:y barrler,
stucied racently bty ANDERSON % 3 gave 8-9 & AMO
eHiclency for chromlum layers deposlited on P-type
silicon by vacuum evaporation. However, the effici-
ency of such cells depends strongly upon the barrier
neight $g, at the metal-semiconducior contact as
shown in fig. 2. A process, allowing the Increase
of barrier height up to 1 8V Is proposed, it conslists
of 3 low dose lonlc bombardment prior to the Schett-
ky barrier preparstion,

JION IMPLANTATION

Cholce of the Implant depant, Several parameters
have 1o be consldered far the raalization of & fectl-
fying contact on a solar call ; the most jmpertant are
a junctlon depth as shallow as possible and a very
low sheat resistance, lon implantation is particutar~
ty well sulted to satisfy these requirements by a
proper cholce of the nature of the doping ion, Its
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However, It must be taken Into account that the elec-
tricat characterisiics of an implanted layer are not
determined by the number of Implanted lonc but by the
number of elactrically actlve ce ‘ers {dopants, de-
fects) which Is a strong functlon of annealing tempera-
twure. An examination of table I shows that buron I3
the most efflclent dopant fram the alectrical activity
point of view, We have chosen this dopant in prepar-
ing the rectifylng contact on N-type silicon,

TABLE I

(on Implant A Layers

Percentage Electrically Active lons
{tdeniical range, 900°C annealing)

8 Al Ga) In P As Sb Bl
90% | 10% | 6% ) 1% | 10% | 20% | 10% | 1%

Baran implantatlon Into siticon. The cholce of the
impiant conditions results from a compromize bet~
ween the hree major puramalers energy, dose and
mw:llng (enveruu-e.

5! s, Flg, 3 shows that the electrical ec-
tivity of lnnlcmad boron after anneallng is strongly
energy.d 4, For le far 5 keV
ing a-:ergy oniy -about the half of the lon species are
afectrically active after high temperature amnealing,
Consequantly, higher implant energies would be pre-
terable In order to keep the dosa lower.




But, 1t Is clear that the thinner the Implanted
layer, the higher me dose nccessary to reach a low
sheet resistance, From flg. 1 1t appeers that junctl-
on depths on the order of 1000 A seem (o be reagon-
abte, Both our calculations and experimenia) dejer-
minatlons {fig. 4) show tha: this valus s oblained
with 10-15 keV boron lons,

Annealing lempercature : The defecis Intro-
auced by the lon bombardment can act as recombina-
tion and trapping centers fu. dic charge carrlers
generated by the photons, [t has been shown 3 mat
for room temperature low-enecgy boron Implanta-
tians, the defect disiribution extends 1o depths great-
er than the fon range {In coniradiction with theor etl—
esl predictions) and anneal out at higher and higher
temperatures as the implanted dose increases 7, Ho-
wever, the boron lon, which Is 1ight, produces da-
mage which Is annealed at 900-1 100°C.

Dose : The required dose is determined by
the sheet resistence of the Implanted layer. Flg, S
shows that for 15 keV Implar.ations, the sheet resis—
tance becomes as small as 20 /0 for a 1016 em~
dase followed by an 1 100*C arneating, A 7 keV Im-
plantation needs a dose about ten times higher to give
the same layer conductivity 9,

Experimental candiifons. To prepare the rectifying
contact on N-type silicon, we Implanted 17 lons
of 10-15 keV\/ energy at doses up to 1016 em-2 and
armnealed the damage at 900-1000°C. The Inplanta-
tlons were performed with an accelerator In our la-
boratory.

GLOW DISCHARGE

As the Impiantation just described Is a rath-
er sophisticated technique which needs expensive e-
quipment , we developed & glow discharge proce-
dure for fabricating heavily doped layers quickly,
simply and at low cost.

Principle, The appersius Is shown schematically

Tn fi3. 6. The device upaon which the contact Is to be
formed I8 used as a cathode inslde a pyrex chamber
which Is first evacuated and then flifed with BF 3 to
pressures of 0,01 10 0.1 torr. {For phosphorous
doplng, gaseous compaunds like PFy can be used).
with a d.c. voltage applied through s t M1 res!stor,
the discharge current on the order of a faw milll-
amperes flows, {n order to avold contamination, the
t7ods |s mads of sllicon, This simpla system could

c »r*sinly be adapted to a cheap on-!ine production
system which can be coupled for example, with o rib-
bon growing proceas, By a prope, cholce of the d.c,
voitage, tha sample can be sither cleaned by sputter-
ing off the surface atoms of the csthode (bslow 4 k\),
or doped with boron (5-10 kV). Generaily speaking,
a heevily doped "‘w Bls obtained simply and quickly.
In contrast to the 11 Ton implantation, no mass se-
paratlon of the Jonjzed gas }s performed, For a BF3
discharge, not only boron atoms are implanted In the
target, but alsu hesvy jonlzed fragmenis like BF 3¥,
BF 3t ... (theae latter being at a concentraticn

5-10 times higher of that of the boran fons in the dis-

charge), These iow energy heavy lons; which have a

very short range (about 0. 2 of that of the boron fans
of the same energy) produce a very thin but heavily
damaged layer located close to the surface. Ruther—
ford backscattering measurements have shown that
the thickness of this layer before annealing Is below
the resolution of the experimental system {about

Amneating, The formation of an amarphous layer has
an Intaresting consequence on the amualing tempers-
ture of the bombarded samples. It Is well know ¢t
the siscirical aciivity of Impianted boron lons Increas—
o8 much fasier with tempersiurs whan an

siructure Is reached during Implantation, An amor-
phous structure Is not schieved for room temperature
boron Implaniation but ~-. _be attalned either by low
temperalure bombardment ©, pridumgln%whh Insctive
Jans (Me for example}? or BFy or BF 2 Implsnus 10,
As shown In fig, 7, Instesd of sn anneaiing tempera-
ture of 900-1 000°C neceasary (o reach high eteciri-
cal baran activity after the negative annealing stage,

a temperature of 600-700°C s sufficlent to reach full
eiectrical activity, This temperature Is well below ge-
neral diffusion conditions,

Bomberding tims. The experimental discharge condi-
tions {current and time) have been datermined by mea-
suring the sheet resistance of the layer as 8 function
of the ciurrent-time product, which Is equlvaient to

an Implanted dose. As shown In fig, 8, & value of
320 /11 1= resched In loss than $ minutes for a

2 mA/cm? discharge current denslty, The value
of the sheet resistance Is obiained with a 101° cm-2,
15 keV baraon Implantation fatlazed by an 1 100°C an-
nealing,

Untll now, only a few experiments have been
dane using PF5 gaa o produce the beck contact {oh-
mic contect) on N-type samples contacted on the front
side with a BF y discharge. Quite Identicel resulis for
BF y and PFg have bean obtalned and {t may be expec-
ted that this double <ischarge grocess can be used 10
produce solar cells sither an N or P-type silicon at
temperaiuras much Jower than that used In diffusion
processes.

PREBOMBARDED SCHOTTKY BARRIERS

The use of gilicon Schottky barriars for solar
colls was proposed sevacal years ago '}, but, In spl-
te of the slmplicity of this technique, not much work
was devoted to It untli recently. This wos probably
because of the low ocpen circult voltage and efficlency
reached by these devices when c ared to !ffused
calls. Recent work of ANDERSON & 3 and PUL -
FREY!Z stimulated intarest In this procedure, As al-
ready Indlicated In flg, 2 and first calculated by PUL-
FREY 12 tha efficlency of an ldea! Schottky solar cell
strongly depends upon the barefer helght #g, at the
metal-semiconductor Interface. It can be shown that
tha efficlency 7 In siticon at 3060°K is related to #p
by N{%) =41.28g, (e\) - 32.7, for ideal AMO
condltions with ref fan | and unlty quant
yleld and colieetion efficlency. As the convenilonal
barrler halght, for enough gold on N-type stlicon, Is
about 0. 8 sV, It results that the efficiency of these
cells cannot exceed about 10 %. An Increasn of §gn
up to 1 eV wt iid lead to a calculated efficiency of
sbout 18 %, Such en Increase can be ohtained elther
by a hatnlum cantact 13-14 or by a proper change of
the band bending at the contact. Tha latter can be pro-
duced by doping a shallow layer close to the surface
with lohs 50 és.to glve a .zpace charge whose typs Iz
opposlte to. that of the subatrate, -The band diagram
of a Schotiky barriar on N-type maiorial with a net
doping denslty |Np- NA'| Is shown on fig, 9a. If an
Interfacial layer with thickneas X and scceptor con-
centration N hag beeti produced by Implantation, the
bend diagram ls modified as shown In fig, 9b without
any change of barrler height as long as the Introduc—
ed doping dose D = NX 1s maintalined below & critical
value Dy expressed by
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where VI8 the contact patentlal of the convention.
al Schotiky barrier and the other symbals have thelr
usual meanings. WWhan D becomws larger than °o
the barcler height 9gy, Increases 1o & value i'&‘

a3 stown In flg. 9c, which depends wpon the doss D,
As long as the Interfacial layer remains fully deoler—
nd witheut external bias soplied, ¥ g, Increases
with deme, When D rea. ves a maximum value Dmay
such that the Ferml levr 14 cloge to the valence
band, tre shallow layer s no longer fully deplated
and a classical Implanted P-M junction s formed.
The sltustion resulling from the Sombardment of a
P.type substrals by N-type Jons has been described
by SHANNON 15, For sn N-type 10 O-zm substrate,
the critical dose Dg is about 1077 - 1612 em=2, Con-
seguently, precise knowledge of dose D and thick-
ness X is necessary, These parameters are well
krawn In the case of lon Implantation, Using antlmony
Tavs Impisnted In a P-type substrate, SHANNON 15
has shown that it is possible to Increase the barrier
of & nlckel Schottky diode from 0,49 to 0,74 eV.
In order to reach a highee $gn value, we investiya.-
ed gold Schottky barriers made on N-type sliicon
noinbarded previously with 30 ke galiium wiknv
tor on lons, for which the r is about 220 Do-
ses ranging from 1077 10 101 T em=2 were used and
snealing was performed In vacuum at 400°C for the
gzlllum and at 800*C for the boron Implanis, Flg, 10
shows the behaviour of ', as determined by caps-
climce measuremenis as a functlon of boron and gal-
lluin impianted doses. A barrier helght cloze to 1 sV
Is reachod after 1012 cm~2 boron or 1013 cm=2 gal-
\ium implantations. The implanted samples gave
i@n= 0.78 eV for the gold —-N-type sllicon cantact,
n gecod ngruemanl with the vaiue found In the thera-
ture 1¢-1B, The variation of the dose with the nature
o} the lon arese from the dif‘erent electrical activi-
tlas : after a 400°C onnealing the electrical activity
of the Implanted gatilum layar 1s sbout ten times laas
thun $hat of the sAme dose of boron Implanted lona
folioad by a B00°C anneal!ing. It should be notl

eciral cesponse. The speciral ressonses, norma-

zeCG (0 100 % at 53500 i wawvelength, of typlea! collg
in the short wavelength range ere shown In flg. 11,
In 81} cases thay compare favorably with & cammeeel .
sl dlffused c2ll {curve 1), The resdonse of a BF
discharge contsct {curve 2) In qulte the seme as Tat
of 8 15 kaV (1013 cm~2) Inplanted siruciure (curve 3,
The best resulls were obisined with Schotky barri-
ers and we found that the Implaniation of a low dose
{1672 cm=2) of boron lons does not change the spec-
traf reaponse very much (curve 5). {: appears that ¢
netl bie short 1 th afficlency improwement
is obreined In thase latter cage, when compared 10
the diffused ceil,

Oper: circult voltage, The pen cirzult voliage \ o
of the devices was measured under a tungsten la mp
Itiumination of 100 mW/cm2, Under our experir zatal

conditions the Ve value of the diffused conme -zisl
cell wrs 550 mV,

Tho resuits fr daron Implantations fc - vari-
ous doses are reported in table 111,

TJABLE il

Onen circult voltage
for boron implanted diodes {(mVy?!

tha! 2 hange of diode capacity with the frequency of
the bridce [s cbserved, Indlcating that even after
armiesling deep trapping levels are present, Slnce
the damags for heavier lons Is more Impartant then
that resuliing from boron bombardment, the frequen—
cy depeadance of the capaclty Is more Important for
the gallium Implfants,

APPLICATION TO SOLAR CELLS

Device preparation, The above described tachnl-
quern wer'e app to prepare solar cells, As our
purpose was malnly to demonsirate the usefulness of
new tachniquas, only preilminary resulis will be gl~
ven lera,

td~type silicon with resistivities ranging
from 0.9 to 150 (l.cm was used to perform the expe-
riments, After lon bombardment elther by Implanta-
tion or glow diacharge, the samplies wera annealed
30 mlnutes under vacuum, Then elther gold or sliver
gridi were deposited by evaparation on the rectify-
ing luyer, In the case of Schotiky barciers, no grids
wern used and a 100 £ gold flim was deposlied, The
back contacis for these diodes were generally madse
by a1 aluminlum eveparation, Since this leads to ra-
ther high serles reslstances, a8 PFS' glow discharge
was used on same samples, An antireflecting coating
consisting of 600 L of SO was sometlmes deposited
on thi samples,

Dose (em™2_ 10"3] 10" 5. 10"%[10"5 1106|107
15kev [430 {470 | s20 [sac )
0.5n.cm
30 kev|a10 | a0 | 490 |502
100.cm| 15 kev| s00 520
1500.cm| 5 kev|a0s | 370 130 | 215 |ax0
As d the highest voltages /x*e reached [n the

lower resistivity mateclal Imptanisd at high doses.,
This confirms the necessity of hich Implantation do-
ses. Teking into accaunt the ratrer high serles re-
sistanca in our devices It Is exn scted that the Vg
is identical to that of a diffusers celt,

On table IV are reportsd the Voo voltages
measured on the BF 3 bonibarf.ed 10 Q.cm N-type si-
licon, The results depend on the condltions {time x
current), that (s the dose, hut sre at feast as good
as for the boron Irplanted cellc,

JABLE IV
COpen circult voitage fer glow discharge diodes

Discharga Time x discharge current
voltage (kV} {min. mA/cm?) Voe (mv)
e 1,1 500
7 1,? 520
7 1,9 515
10 2,2 | S
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FIGURE CAPTIONS

Relative efficiency of sillcon solar cells at
10U*K in AMO conditlans as s function of the
dead layer,

Absolute efficlency of siilcon Schottky sofar
cells ar 300°K, In AMO conditions, as a
henction of the barrler helght at the metal-
sem/canductior contact.

Re~lative electrical activity after annealing
of boran snd phosphorous [n slifcon as a
¢ metion of Implantation energy,

Plar of the dead layer due to boran Implant—
ed 'n silicon as a function of jon energy for
various d .ng levels o. the substrate, The
projeccied range Fl.p of boron is al£o shown.

Sehaviowr of shee! resisiance for boraon Im-
planted s'lican as & function of doses. Shad-~
ed curve ts from ref, 6.

Schematic view of the glow discharge appa-
ratus.

Relative eleci~ical activity of boron and
implanted layers as a functicn of sn-
nenﬁng temperyture In sliicon,

Sheet resistance for glow discharge contacts
as a funcilon of eperimental conditicns.

Band dlagram of a Schotiky Natype slilcon
bombarded barrler al conventianal ; b) Im-
plented dose D < O, results inno & in-
creese ; c) Implanted dose D > D, giving
& higher effective barrcier height Bn"

Increase of the barrler height 5'3, of gold
Schattky barrlers Implaated respectlively
with boron and gafllum,

Spectral response at shor\ wavelengths of
vaprlous cells, The spectral response has
been normalized 10 100 % ar 5500 A.



TABLE V1

SHORT CIRCUIT CURRENT

Front contact

Boron implantation

BF3 dischnrgc#

Schottky im-
planted barrwr

12 -2
10 em 2| 5.10%em™ 108%em? 10"%em = baron
Back contact |aluminium |alloyed B luminium PFS discharge{ aluminium
1(mA/cm®) 9 16 13.5 22 8
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