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Summary

The most widelyused technology for theproduction of silicon cells is
the diffusion of phosphorus into a P-type substrate. However, by thistechni-
que, itisnearly impossible to decrease the surface sheet resistancebelow
35 0/ o without degrading too much the spectral sensitivity of the cell, This
is duetothe fact that the concentration of electrically a%tdve phosphorus
which canbe introduced by diffusionis limitedto 4 x 10 whereas
the total phosphorus concentration maybe higher than 1021 cm 3. Inthis
work we show thatthis inactive excess canbepartly reactivatedby irradia-
tion with short ruby laser pulses ofhigh energy (> 1 J/cm2) whichmelt the
surface of silicon. By this technique sheet resistances as low as 15 /0
couldbe obtained, A systematic study of this effect and of the influences of the
diffusion andirradiation conditions has been performed using SIMS, RBS,
electrical and optical methods, Aninterpretatiori ofthe phenomenon in terms
ofdissolution of precipitates and dissociation of phosphorus vacancies
pairsPtv= |spr'oposed

The influence of this treatment on solar cells has also been investiga -
ted. Asignificant increase (=20 mV)}ofthe open circuit voltage has been obser-

vedandthe efficiency ofcells suppliedbyRTC cell couldbe improved by
about 10 %,
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1. INTRODUCTION

The most widely usedtechnology for the production ofterrestrial solar
cells is the diffusion ofphosphorus In aP-type silicon substrate, Sincea
low series resistance, highopen circuit voltage and high spectral sensitivity
are requiredto achieve an efficient device, the resulting N+ layer has tobe
as thinand as highly doped as possible. By the classical diffusionprocedure,
the maximum concentration ofelectrically active phosphorus which canbein-
troducedis about 2 x 1 0"?'0 cm-3, Thisvalue corresponds to anelectrically
solubility limit" whichis lower than thetotal solubility limit since phosphorus
in excess may become inactive even ifnot precipitated due to the formation of

vacancy-phosphorus complexes,

Dueto these limits andtotheparticular shape of the P distribution
obtainedby the diffusion, itis difficult to decrease the sheet resistance
below 35 /g without degrading too much the spectral sensitivity of the cell
by increasing the junction depth and /or~ forming a dead layer ofprecipitated

phesphorus,

However, amethod to decrease the sheet resitance of diffused layers.
1
was recently proposedby YOUNG and al .. These authors, - working essen-
tially onboron diffused samples demonstrated that diffusion inducedprecipi-

tates can be dissolved by irradiation with highpower ruby laser pulses.

Inthis work wepresent a systematic study of the effect of similarirra~
diations with high power ruby laser pulses ofenergy of 1-2 d/cmz oh phos-
phorus diffused layers. Theinfluence of the various diffusion andirradiation

conditions have been investigatedusing SIMS, RBS, electrical andoptical

“methods and an interpretation of the phenomenon in terms of dissolution of

precipitates and dissociation ofphosphorus-vacancy pairs is proposed, Fur-
thermore, the effect ofthis treatment on solar cells hasbeen studied anda
significant improvement inthe performance of a commenrcial {RTC} solarcell

could be obtained,

2. LIMITSOF CLASSICAL DIFFLISION

It is well known that phosphorus can be incorporated into the silicon
2-4

lattice only ifits concentration is lower than the solid solubility Himit .
Phosphorus Tn excessprecipitates 5 and induces misfit dislocations 6.
However, as shownon fig. 1 themaximum concentration of electrically

active phosphorus measuredby several authors for various diffusions tempe-
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ratures is lower than the concentration correspondingtothe solid solubility
limit of P in silicon and does not exceed 2 x 1020 cm'3 at usua| diffusion tempe-
ratures, The existence ofthis"electrical solubility limit!" has been explai-
nedrecentlyby TSAland FAIR 7. Theirmodel isbased upon the idea that
phosphorus diffuses into silicon with vacancies in different change states
V™, V" and V7). 1fthe concentration of phosphorus is higher than an equili-
brium concentration Ngs @ significant fractionof the phosphorus atoms is

paired with\/ wvacancies andbecomes electrical ly imactive.

Taking into account the previous limits of the concentration ofphos-
phor*u's itispossibleto calculate the junction depth and sheet resistance ofa
P diffused layer for varfous diffusion temperatures and durations, However,
dueto the compiex mechanism of association of P with vacancies, the diffusion
law differs consider‘ably. from a single erfc, law. Therefore, one has used
the serni-er-npim'cal analysis of the diffusion proposedby FAIR 8 which takes
into account the concepts presented in ref. 7. Fig. 2 showstheresults of
such calculaticons; it appears that i f the surface concentrationis equal to th.e
solid solubitity limit and, 1freliable diffusion times (> 10min) are used, itis
neariy impossible to decrease the sheet resistance below 35 Q/CJ without in-
creasingtoomuch the junction depth i. e. degradingthe spectral sénsitivily
of the cell onthe short wavelength side, For these reasons, thepossibility te
decreasethe sheet resistance of adiffused layer by ahigh energy laser treat-
ment demonstrated by YOUNG ! appearedas apromising way to improve the

performanceof solar cells,

3. INVESTIGATION OF THE DIFFUSED LLAYERS

Samples usedinthis work were 300 pm thick<i 11> slices cut from a
1. 50, cm Boron doped CZOCHRALSKY lingot, The diffusion of phosphorus
was performedat R, T.C. Caen from a gazeous (POCI_3) sourceat 850°C for
60 min, The sheet resistance ofthese layers wasmeasured witha fourpoint
probe and was foundtobein the range 37-45 Q/ O . Thesurfacecarrier con-
centration as determined by Hall effect was =5x 10! 5c:m_z. The junction
depth was estimated approximately to 4, 000 ag\ The dopant profiles were stu-
diedby means of the Secondary lonMass Spectrometry {SIMS) technique, The
apparatususedisa commercial onein which the samples arebombarded with
I keV Ar+ ions andthe secondary ions analysed with a quadrupole. Thepro-
files were calibrated indepth witha Talystep and in absolute concentration

bymeans of the Rutherford Backscattering (RBS) technique. Thetotal con-
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centration of phosphorus at the surface was foundtobe equalto 1-3 x1 021 at/

cm:?, which is much higher than the sol|d solubility |Imlt of P insilicon at the
diffusion temperature (=6x 1020 at/cm at 850%C according to TRUMBORE ).
The concentrationof electrically activephosphorus was studied by differen-
tial sheet resistance measurements by MICHEL 9 and was foundto be equal
to2 x ]020 -3 at the surface. This value fits reasonnably well en Fig, 1

The samples were irradiated with shortpulses {25-50ns duration)
froma ruby laser (/\ =6943 ‘&) The energy density of thepulses couldbe
variedbetween 0.8 and 2 .J/cmz. Figure 3 shows that after this treatment the
sheet resistance decreases significantly, reachinga minimum value of about
120/;3 for laser energies higher than 1.8 d/cmz. The corresponding increa-
seofthe surface carrier concentration is also piotted on the same figure.
These results indicate that tﬁe concentration of electrically active phospho—
rus has been increased during the laser treatment., To understand this effect
we haveto consrder the basic mechanism of the interaction ofthe laser with
the semiconductor. It seems well established that for the laser wavelength
and energiesused here the surfaceis locallymelted. Fig. 4 shows the varia-
tion ofthe depth ofthe melted zone as predictedby a theoretical model 10 ., In
the liquid phase the diffusion coefficients of the impurities arevery high so
that they are redistributedinthemelt, After the excitation the crystalre-
grows , starting from the substrate likein a fast liquid phase epitaxy. Thus,
a new dopant concentratlon profile Is obtamed which depends on theinjtial
concentratmn oftheimpurities, their segregation coefficient, andon the
laser energy. T he SIMS spectraof Fig., 5show that the distribution extend

over more than 3000 A ifthe laser energy density exceeds 1 4J/cmz.

The increase in the concentration of electrically active phosphorus
canthus be explainedby two effects :

1) During the recrystallization lessorno precipitates at all are for-
med, sincethephosphorusismore soluble than duringa diffusion because of
the str*oné thermodynamicnon equilibrium character of theprocess, Thisis
confirmedby the RBS.Spectra of fig. 6, which show that after the laser treat-
ment the concentration of phosphorus atoms on interstitial sites {probablyin
precipitated form} falls bejow the detection limits of the method, despiteof the
fact that the maximum concentration of phosphorus measu red by SIMS(fig. 5)
remains higher than the solid solubility limit at B50°C,

2) Additionnally iess vacancy phosphoruspairs are formedsince for

the same reasons the equilibrium leading to the formation of these complexés
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cannot occur, Thisis confirmed by the fact that the sheet resistivity canbe
decreasedon samples evenifthereareno precipitates after diffusion, pro-
vided the concentration of phosphorus is higher than the electrical selubility

fimit,

Thus , the sheet resistance of diffused layers
can only be decreased if thelayerisdoped heavily enough in or-
der that phosphorus precipitates or phosphorus vacancy-pairs are formed.
However, it should bepointed out that inour case, after the laser irradiations
the maximum concentration of active phosphorus was never higher than
4-5x 1020 cm—'3 which does not exceed the electrical solubility [imit which

canbe obtained in equilibrium temperatures at 1100°C,

4, EFFECT OF LASER PULSESONSCOLARCELLS

Solar cells wererealisedon thepreviously studied layers. The
front gridwas obtained bif evaporation of 1000 /& ofaluminium, The back
contact was made by an evaporated laver of gold. Neither antireflective con-
tact norback field collection were used. I-V measurements were performed

under AMI| conditions.

Figure 7 shows that both the short circuit current and the opencircuit
voltage can be improved by the laser treatment. The Voc enhancement can be
easily explained by the increase ofthe concentration ofactive phosphorus in
the N+' layer. The Isc improvement maybe related to the decrease of the sheet
resistance, which inour case (nonoptimal grid spacing) leads to a better col-
lection, Theopen circuit voltage Voc reaches its highest value {800 mV) for
a laser energy of 1.1 ‘J/cm2 whereas the short circuit currenthas a maximum
{22 mA/cmz) for 1,45 d/cmz. Thus the optimal laser energy density is
1.3 J/cmz. For higher energies bothvoltage and current decrease probably
because of the increased junction depth and of the defects induced-by the
high energy irradiatiion, This hypothesis was confirmed by spectral response
measurements which showed that the IR response was slightly degraded for

thesehigher energies,

It should be mentionnedthat the improvement of \Voc which can be
obtained is relatively moreimportant (20mV/) if there is more phosphorus

precipitated in the diffusion, i. e. ifthere 1s more dopant which canbe reacti-

. vated,

Sincethese results were obtained without optimalized arid, antire-
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flective coating and without anyback surface field, it was interestingto apply
the laser treatment to a commercial solar cell. Therefore a standardR, T. C.
cell {§ 57 mm) was irradiatedbefore depositionofthe antireflective coating.

The laser energy was 1. ld/cm2 . Following results couldbeobtainedunder
AMI conditions:
lec (mA) Voe {mv) F.F. n % Rq (a)
710 600-610. 0,75 12,8 <0, 04
Since the grid spacing is already optimal for sheet resistances of
30-40 Q/D the ls-c is not improvedby the decrease in sheet resistance occu-
ring after the laser treatment. Nevertheless, the highfill factor and open

circuit voltage of the cell confirm the high quality of the diode,

CONCLUSION

This work shows that the performance of solar cells canbe improved
by irradiation with short pulses from aruby laser. The reactivation ofthe
precipitated and paired phosphorus atoms leads to a decrease of the sheet
resistance of the diffusion layer andvaluesas low as 150:/g havebeenobtai-
ned without increasing the junction depthtomore than 4, 000.2\ . The opti-~
mum open circuit voltage and short circuitcurrent are obtained for laser
energy densities of 1.2-1.3 J/cmz. The maximum value recorded for the

opencircuit veltage is 600 mV whichis amoung the highest reported so far.
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