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Abstract

A number of ingots were grown from solar gradeyp®ilicon, to which Boron, Phosphorous and Galliuerevadded as
dopants. The introduction of Gallium as a third auopallowed for a better control of the resistivitgd the doping type
during ingot growth. Measured resistivity in thigaterial is shown to be systematically higher ttzat calculated using
Scheil’s law for the dopants distribution and Kisarss model for the majority carrier mobility. Thissistivity underestima-
tion is shown to be, at least partially, due t@duction of the majority carrier mobility in hightpmpensated Si compared
to Klaassen’s model. A similar reduction is obsdrf@ the minority carrier mobility. We propose ariection term in the
mobility calculation, to allow a greater accuranythe prediction of the resistivity and mobility cdmpensated solar grade
silicon.

© 2011 Published by Elsevier Ltd. Selection ang#eer-review under responsibility of SiliconPV.
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1. Introduction

Innovative metallurgical refinement processes [i] hetallurgical grade Silicon have been or areenily
under development as alternatives to the standi@me®s purification process, in order to face tieraasing
demand of silicon feedstock for photovoltaics. Dugasuch as boron and phosphorus are the mostutliffi
impurities to remove through metallurgical purificm processes. The obtaineggraded metallurgical grade
silicon (UMG-Si), therefore contains both, p-typelan-type dopants impurities and is thus catlethpensated
Silicon Compensated Si displays specific electrical prigee it may for instance exhibit high minorityroar
lifetime for a high compensation level [2], but @tearier mobility may be lower [3,4].

The presence of both B and P in the silicon feattstsually leads to large resistivity variationsra the in-
got height, after crystallization. Indeed, sincénd a lower segregation coefficient (0.35) thanOB)( their
respective concentrations vary differently througthihe height of the ingot, and the net dopingas umiform.
An inversion of Si polarity can even occur withiretingot, leading to a low material yield since B\ industry
predominantly requires p-type Silicon for solad éabrication. To overcome this problem, Kraietral. [5] have
recently proposed to use doping engineering whergusich compensated silicon by adding Gallium #srd
p-type dopant during ingot solidification. The I@sgregation coefficient of Ga (0.008) enables tenterbal-
ance the increasing P concentration throughouinthet height. It is thus possible to obtain low deping and
p-type resistivity along the full ingot height. llave already validated this method experimentd]y 4nd we
present here a deeper insight of the electronipgpties of the B-P-Gai-dopedsilicon, especially focusing on
the free carrier mobilities.

2. Experiment
2.1.Ingots production
In this study, <100> oriented Cz-Si crystals ofuar® 160 mm in diameter were grown. For each inget,

used 15 kg of intrinsic solar grade poly-Si, to etfhknown concentrations of B, P and Ga were ad@iadl¢ 1).
The resulting ingots were cut into 2285 mm?2 pseudo-square wafers. A multicrystallingotn(Mc#1) was



grown with the same material and doping concemtnatis Cz#2, using the crystallization process dpes by
Cyberstar and Apollon Solar [7].

B and P concentrations (Table 1) used in this veorkespond to different cases of partially UMGTBie Ga
concentrations to be added were calculated usihgiBcsegregation law, as presented in [6], ineort obtain
a fully p-type ingot and a relatively high resigtv B and P were introduced using highly dopedvafers, and
Ga using high purity pellets.

Table 1. Initial concentrations of B, P and Ga atldethe melt before crystallization of ingots CZtand Mc#1.

Ingot [B] (cm-3) [P] (cm-3) [Ga] (cm-3)
Cz#1l 2.%10' 1.8x10" 5.8x10'
Cz#2 2.%10Y 3.4x10" 3.6x10'®
Cz#3 2.%x107 4.5¢10" 6.1x10'
Mc#1 2.1x10" 3.4x10" 3.6x10'®

2.2.Characterization

To evaluate the impact of Ga co-doping, we measthiedresistivity of samples using four-point prcdte
various heights along the length of each ingot. Si&halyses were also carried out to determine tpard
concentration at different ingot heights.

p=— 1)
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Majority carrier mobility was determined with eqigat 1, using the resistivity measured by four-point
probe and the majority carrier density by both Hdfect and free-carrier absorption measuremertis. Hall
carrier densitypy is known to differ from the true carrier densfy by a factor close to unity, called the Hall
factor ry. To determinery, we have carried out Hall effect measurements meompensated B-doped Cz-Si
samples with a resistivity of aroun2Xm. The Hall factor was then calculated as equal gepy/pH, po being
calculated from the resistivity using Klaassen’sdelo[8]. We found an average Hall factor gF£0.73+0.05,
which is in reasonable agreement with values faarderature [9,10]. By using the samgto calculatey, in
all samples, we assumg not to be affected by compensation, as suggestdiférent studies on carrier mobil-
ity in compensated Si [3,4]. We will discuss thdidity of this value for our compensated waferghie results
section.

FCA measurements were done using a Fourier transiiofrared (FTIR) spectrophotometer, following the
method described in [11]. The absorption coeffitiemmponent due to free carriexsc (FCA) is given inp-
type Si by:

aFC(DO'/]):CFCAqupx pozx/]2 2)

where 1 is the incident wavelength argic, a constant. Thi€rca constant was determined to be equal to
5.50 nf/V.s by calibrating our FTIR spectrophotometer withcompensated B-doped Fz and Cz wafers with a
wide range of resistivities (from 3xf0to 1.5x16’cm®). Absorption measurements were fitted in the n&ddl
infrared range X=2 to 8 um) for this analysis. Wafers were mectalhicpolished on both sides to obtain a
mirror-like surface. Undoped (1x40.cm) Fz-Si was used as reference for that measmteme

Minority carrier mobility was extracted from mingricarrier lifetime data, using microwave detegéubto-
conductance decay measurements. For this applictit® surface of the sample has to be degradezhgore
infinite surface recombination velocity. In thatseathe effective minority carrier lifetineis limited by the
diffusion of minority carriers to the surfaces betsample and can be related to the minority cadiféusion
coefficientD,, and wafer’s thicknes#/, as follows [12]:

1=1+(”J D, @
W
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whereT, is the bulk minority carrier lifetime. Using theefthition of the diffusion coefficienD,=u.kT/qg the
minority carrier mobilityp, can be extracted from several measurements byngatiye wafer thicknesg@/. This
was done by thinning the samples using HF/HNRemical etching between two measurements. Taensuy
high surface recombination velocity, without isgusample breakage, the surface is abraded by aulBégr



laser. We have verified by comparing lifetime valuwsn degraded surfaces before and after chemitiahpray,
that this entails degradation on few micrometeggitebut preserves the bulk lifetimg

3. Resultsand discussion
3.1.Dopant distribution results

The resistivity profiles of the different ingotseashown in Fig. 1, and compared to the theoretighles ob-
tained from the Klaassen’s mobility model [8], upithe doping concentrations calculated by Sche#grega-
tion law. The first result is that all ingots arély p-type with a minimum resistivity of 0.@2.cm, which can be
attributed to the presence of Ga. Indeed, fromirilil concentrations of B and P and using Schdéw, one
could expect that ingots Cz#1 would be fully n-tygmal that ingots Cz#2 and Mc#1 would be only 58%gpe- if
no Ga had been added.

The measured resistivity is found to be higher thaltulated with Scheil’'s law and Klaassen’s modied
pending on different ingots. Several causes mighlaén these observed discrepancies:

e The error in the B, P and Ga concentrations usezhlitulate the net doping£[B]+[Ga]-[P]). Difference
between theoretical and effective segregation mefits of B, P and Ga can lead to such errorsugtdjent
of the effective segregation coefficients have hgesented based on our first results [6].

« The resistivity is calculated considering thatdmpants are fully ionized. This assumption might e valid
in highly compensated Si, as suggested in [13] eltas in Ga-doped Si, Ga having a higher ionizaga-
ergy than boron (72meV compared to 44meV for B).

« Klaassen’s model for calculating the mobility mighad to errors in compensated silicon. A gap betwe
theoretical and experimental mobility was alreablgarved in highly compensated Si [3]. This is dised in
the following section.
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Fig. 1. Comparison between the resistivity cal@adaising Klaassen’s model (lines) and measuretiedifferent ingots (symbol), versus
the solidified fraction of each ingot.

3.2.Influence of dopant compensation on carrier maopilit

The measured mobilities in samples from Cz#1 goeesented in Fig. 2a for majority carriers and an Eb
for minority carriers. Both measured mobilities are good agreement with Klaassen’s model in éisé dolidi-
fied fraction of the ingot. Since this part of nystal contains the highest amount of Ga (arowt3cm’) the
agreement with Klaassen’s model shows that Ga doesnpact on the mobility in a significant diffeteman-
ner than B. A large reduction of the mobility, caangd to Klaassen’s model, is however measuredeiritst
solidified fraction of the ingot. Note that dopammpensation is much more important in that pathefingot
than in the last solidified fraction. To check ihfluence of compensation on carrier mobility, wavé plotted
(Fig. 3a) the relative deviation of measured mopifiom the calculated mobility using Klaassen’sdabas a
function of the compensation lev€l=([B]+[P]+[Ga])/p. It is clear that he difference between the model an
the measurement increases with the compensati@h [Eke same result can be obtained using otheiilityob
models, such as Arora’s for instance [14]. Thergijgancy between mobility models and experimenthlegis
important, contrary to the results of Rougiabal. [4], who found a good agreement when using sampids



low compensation levelQ] lower than 5). Our results meet the observatidngeirman et al. [3], who have
used highly compensated Si by thermal don@lsup to 140) leading to a drastic reduction of thebility. In
our case the relative difference between data avdkhtan reach up to more than 30% for our higbingen-
sated wafersl>20).

To check that this apparent mobility reduction @& due to a decrease Kf in highly compensated Si, we
have measured the carrier densities by free caalisorption in the same set of samples and dedheecon-
ductivity mobility from resistivity measurementsegults obtained on samples from Cz#1, are showrRigure
2.a. As can be seen, FCA and Hall effect are iy gend agreement, even in the most compensatedptmnt
ingot. Calculating they using ry=prca/py in samples from both Cz#1 and Cz#2 gives an avevafjee of
0.73£0.08, in perfect agreement with theused for our calculation qfy from py. This confirms that the ob-
served mobility reduction is to be attributed tepecific compensation effect which is not takew iatcount in
the existing mobility models, rather than to a i&tthin ofry.
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Fig. 2. (a) Majority carrier (holes) mobility measd by Hall effect and free carrier absorption i#C. (b) Minority carrier mobility values

on wafer Cz#1, deducted from lifetime measuremeasipared to calculated values. Uncertainties ased on the deviation of the linear
regression of eq. (2).

We propose therefore to introduce a correction tggndepending on th€l in the mobility calculation, us-
ing Matthiessen's rule:

1 1 1
= + 3
luconductivty U'Klaassen ucor

Fig. 3b represents the evolution of this correcteEnm ., versus the CL: it can be fitted by a power |qwg;
[J CL** Further investigation is needed to explain thgsfs behind this correction term, but this empiric
model should already allow a better predictionhef mobility.
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Fig. 3. (a) Relative deviation on the majority @us mobility depending on the compensation leMelasured data by hall effect are com-
pared to the mobility calculated with the Klaassemodel. (b) Evaluation of the mobility correctimm pi.,r depending on the compensa-
tion level.

4. Conclusion

Gallium addition in boron and phosphorus-dopedaili during ingot crystallization is an efficient w&o
control the resistivity and the doping type of tiesulting ingot, thus increasing the material yiédd p-type
ingot and wafer production. The mobility measuretaégn tri-doped silicon showed that the discrepabey
tween theoretical models and real values increadthsthe compensation level. An improvement is regbdh



the comprehension of the mobility scattering medrann highly compensated Si. Nevertheless, we gge@n
empirical correction factor to the model. This altoto predict with greater accuracy the resistiitcompen-
sated Si..
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