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Planar defects can severely limit the efficiency of multicrystalline silicon (mc-Si) solar cells for a lot of
reasons. The impact of grain boundaries, twins and stacking faults on fill factor losses in mc-Si solar cells
has been studied. No any clear influences of planar defects presence on parasitic resistances and minority
carrier lifetime were observed. The mechanism resulting in an increase of recombination component of p-n
junction saturation current due to the Suzuki interaction of stacking faults with some metal traces was
proposed. The possibilities for useful stacking fault engineering during ingot solidification, its cutting and
wafering were discussed. No grain boundary, twin and stacking fault effects on solar cell efficiency losses
due to parasitic ohmic resistances were observed. Stacking fault clusters with deformation origin that are
capable of accumulating recombination impurities have been detected besides visually observed grain and
twin boundaries. When angles between planes of stacking faults and p-n junction are small, the most of
depleted layers are occupied by them and recombination component of the saturation current increases
significantly that results in the enhancement of efficiency losses.
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1. INTRODUCTION

Despite the benefits of solar cells (SCs) as a next-
generation energy source, their high cost per wattage
has kept them from achieving widespread use [1, 2].
Cost reduction of photovoltaic material is an im-
portant issue in the development of future industrial
fabrication of SCs. Multicrystalline silicon is current-
ly dominating at the silicon solar cell (SC) market
due to low ingot costs, but its efficiency is limited by
extended defects, metal traces and light-induced
degradation [3]. The best achievements in 17-18 %
efficiency of industrial mc-Si SCs [4, 5] is still well
below 22.3 £ 0.4 % and 26.7 £ 0.5 % efficiency, which
were respectively obtained in designated and aper-
ture illumination areas of multicrystalline and crys-
talline cells [6].

Two types of efficiency loss processes occur in
SCs. Fundamental or unavoidable processes, result-
ing in SC efficiency limit, include such loss mecha-
nisms as «below Eg», electron thermalisation, elec-
tron kinetics, Fermi level and etendue losses [7] that
were considered previously [8, 9]. The last three pro-
cesses are usually grouped into the so-called thermo-
dynamic losses. Non-fundamental or possibly pre-
ventable losses at most result in lowering a fill factor
that in turn results in the losses of SC maximum
power. Fill factor losses generally depend on p-n
junction quality and parasitic ohmic resistances
[10, 11]. Parasitic series resistance results in most
power losses, whereas shunt resistance losses are an
order of magnitude less in mc-Si SCs [12].

The main problem with low cost mec-Si is that it
generally contains high concentrations of extended
defects such as grain boundaries, twins, dislocations,
stacking faults and transition element precipitates
formed during ingot solidification [13]. Shunting,
recombination, mobility reduction and minority car-
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rier lifetime effects are directly associated with both im-
purity and structural imperfections in the crystal struc-
ture, and hence, increasing SC efficiency losses [14-16].
Despite numerous experimental [17, 18] and theoretical
[19, 20] studies that indicate interest in the properties of
extended defects in Si, there is relatively limited under-
standing of the mechanisms for efficiency losses because
of their interactions with transition metals.

During the fabrication of Si SCs, many different tech-
niques were proposed to reduce the impact of defects and
improve the performance of me-Si material [2, 16, 21, 22].
All of them are defect engineering techniques for remov-
ing deleterious defects or neutralization their impact on
the SC performance. They will be successful only when
defect interaction mechanisms and processes of SC effi-
ciency losses are well known. The impact of planar de-
fects such as grain boundaries, twins and stacking faults
on series and shunt resistances, ideality factor and dark
saturation current resulting in non-fundamental efficiency
losses of mc-Si SCs has been studied.

2. EXPERIMENTAL

Multicrystalline silicon wafers of p-type conductivity
and 210-230 microns thickness have been used in the
present study. They were cut from ingots grown from
upgraded metallurgical-grade silicon by the directional
crystallization method. Control methods and background
impurity content in the multicrystalline silicon have been
described earlier [23].

Resistivity and minority carrier lifetime have been
measured by non-contact microwave methods using the
multifunctional measurement system WT-2000PV. Wafer
average resistivity and lifetime were 0.57-1.21 Ohm-cm
and 2.2-4.8 us, respectively. The mc-Si SCs have been
fabricated by standard screen printing technology with
p+ — p back surface field (BSF) on the automatic Schmidt
GmbH production line.
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Visually the separate grains and grain bounda-
ries are clearly distinguishable even in completely
manufactured SCs [24]. Multiwire wafering creates
numerous micro damages along planes close to {111}
on the wafer surface and therefore the reflected light
intensity depends on crystallographic orientation of
the grain in mc-Si wafer. Samples with one or a set of
one type visually observed crystalline defects were
cut from the SC wafers and fragments containing
different types of grain and twin boundaries are
shown in Fig. 1.

Fig. 1 - SC’s fragments with special grain boundaries (a),
twin lamellas and boundaries (b), different width twin
lamellas (c) and single crystal fragment (d)

Direct and reverse current — voltage curve meas-
urements in the dark were carried out with a thin
conducting probe that was mounted on an aluminum
"finger". Series resistances and diode characteristics
were determined and analyzed using the previously
described model [25] based on I-V curve empirical
equation of the one junction solar cell:

gx(U —J xReer )

JU)=J,x(e AT -1

; 1
where J is the p-n junction current density; U is the
applied voltage; Jo is the dark saturation current den-
sity; q is the electron charge; Rser is the series resis-
tance; A is the diode ideality factor (diode coefficient).

According to the model [25] in the previously
mentioned equation, leakage through the shunt re-
sistance is not taken into account because it is very
insignificant. This assumption has been confirmed
earlier [12] by results of testing the industrial batch
(1400 SCs) with H.A.L.M. electronic GmbH solar
simulator. Shunt resistance leakages at applied volt-
ages of 0.5 and 0.6 V were less than 2 % of the maxi-
mum power point current at AM1 spectrum illumina-
tion with an integrate power of 1000 W/m?2.

The series parasitic resistances Rsr were found
from experimental I-V characteristics plotted in the
«dUlddJ — 1/J» coordinates. According to equation (1)
the I-V plot in these coordinates is a straight line
that intersects the Y axis at a point that equal to the
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parasitic serial resistance of a unit SC area. And its slope
is determined by the ratio AkT/q, from which diode ideal-
ity factor is easily calculated. Dark saturation current
density Jo was also determined from the experimental I-
V curves and series resistances Rs.r that were estimated
previously. I-V curve in the "lndo — (U - J X Rser)" coordi-
nates 1s also a straight line that intersects the Y axis at
point Indo, and thus the dark saturation current density
was determined.

In addition to the diode parameters, minority carrier
lifetime was studied. Previously it has been selectively
measured for the initial mc-Si wafers by a contactless
microwave method of photoconductivity decay. And then
contact method of the recovery reverse-biased p-n junc-
tion (analysis of the p-n junction switching transients or
the Lax method) was used to measure lifetime in the p-
region of fully manufactured SC’s fragments. Electrical
current pulse values and conditions for measuring effec-
tive minority carrier lifetime using by the Lax method
had been described in detail earlier [24].

The crystal defect studies in multicrystalline silicon
have been carried out using a selective etching and opti-
cal microscopy. After electrical measurements, a conduc-
tive aluminum grid and a non-stoichiometric silicon ni-
tride antireflection coating were removed from the sam-
ple surface with hydrofluoric acid solution. All samples
were then exposed to selective etching in a solution of
hydrofluoric and nitric acids in a ratio of 1:3, and crystal-
lographic defects were observed with an optical micro-
scope.

3. RESULTS AND DISCUSSION

Fill factor defines essentially non-fundamental SC ef-
ficiency losses which therefore are called fill factor losses
[7]. Parasitic resistances, dark saturation current and
ideality factor that the most affect fill factor, and hence
on the non-fundamental efficiency losses, have been ana-
lyzed on SC's fragments with different planar crystal
defects. Dark I-V curves were measured at forward and
reverse bias and the forward data are shown in Fig. 2a, b
for some SC’s fragments. In "dU/dJ — 1/J" and "InJ — (U -
JJ X Rser)" coordinates, all experimental plots are straight
lines with high approximation reliability R2 being no less
than 0.99 for all studied samples. This confirms the Ste-
ven S. Hegedus approach [25] and shunt resistance influ-
ence can be ignored. Thus, the empirical equation (1) is
well suited for I-V curve of mc-Si SCs and it may be suc-
cessfully used to find the series resistance and diode
parameters.

Parasitic series resistance per 1 sq. cm of SC area, di-
ode ideality factor and dark saturation current density
have been found by using the plots in Fig. 2a, b following
the procedures described above.

In addition, parasitic shunt resistance and minority
carrier lifetime for p-region were measured on the same
fragments. Studied parameters of SC’s fragments with
different planar defects are given in
Table 1. Also values for single-crystal fragment without
any visually observable boundaries (one grain) are pre-
sented.
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Fig. 2 — Forward I(V) data of SC’s fragments with special
grain boundaries (m), twin lamellas and boundaries (e), diffe-
rent width twin lamellas (¢) and single crystal fragment (A)

The parasitic resistances of SC’s fragments with
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different boundaries vary randomly. However, theirval-
ues do not exceed the intervals 0.3-52.4 kQ-cm? for shunt
and 0.12-1.03 Q-cm? for series resistances of whole
156 X 156 mm? cells that were found in testing an indus-
trial lot of 1400 mc-Si SCs [12]. No significantly influ-
ences of grain and twin boundaries on series resistance
were detected. Also, p-n junction shunting by the fila-
mentary carbides SiC which are often precipitated at the
grain boundaries [26] was not observed. The relation of
series and shunt resistances turned out to be small
enough so that shunt resistance neglection in equation
(1) does not lead to significant inaccuracy.

Unexpectedly the highest dark saturation current
density Jo was observed in single-crystal fragments con-
sisting of one silicon grain. It is about two orders of mag-
nitude greater than the current density of fragments with
a special grain boundary, and several times higher than
the saturation current density of SC’s fragments with
random boundaries and twin lamellas.

The ideality factors of a p-n junction were determined
twice from dependences in Fig. 2 a, b for each fragment,
and as follows from Table 1, they hardly differ. Whereas A
factors of fragments with different planar defects are
significantly different. It also follows from Table 1 data
that dark current density Jo increases drastically with
increasing diode coefficient. Current density dependence
on the ideality factor A is shown in Fig. 3. Reliable linear
correlation between logarithm of dark saturation current
density and ideality factor A-1 with the reliability of ap-
proximation 0.996 was observed. Thus exponential de-
pendence of dark saturation current on the p-n junction
ideality factor [11], that has been observed experimentally
for 156 x 156 mm?2 SCs produced from multicrystalline
"solar grade" silicon [12], keep to remain and for SC’s
fragments with different planar defects.

Table 1 — Electrical parameters of SC’s fragments with various planar defects

Defects Rsp, Rser, Rser/Rsh Jo, A A %

kQ-cm? Q-cm? x10° uA/cm? (Fig. 2a) (Fig. 2b) us

Special grain 1.8 0.39 2.2 0.2 2.08 2.07 2.5

boundaries

Twin lamellgs 3.4 0.75 2.9 3.9 2.80 2.80 1.8

and boundaries

Different width 3.0 0.21 0.7 6.1 2.97 2.97 1.6

twin lamellas

Single crystal 2.3 0.46 2.0 22.5 3.79 3.77 3.0

fragments

In addition, minority charge carrier lifetimes for the
p-region of SC fragments with the grain and twin
boundaries as well as without them are presented in
Table 1. The obtained lifetime values by the Lax meth-
od were slightly less than 2.2-4.8 us that were observed
previously for initial multicrystalline silicon wafers by
photoconductivity decay microwave method [23]. In the
Lax method used here, minority charge carrier injec-
tion occurs directly into the inner p-region of diode
from the highly doped n+-region. Therefore, surface
recombination effect on the lifetime measurement re-
sults is much less than in photoconductivity decay
method. However, the lifetime values that were ob-
tained with both methods turned out to be approxi-
mately the same. Recombination at multicrystaline

wafer surface does not significantly affect the minority
carrier lifetime, since there are also numerous grain
and twin boundaries that can be potential areas of
increased recombination [27-29].

And also, thermal treatments during SC manufac-
turing did not result in changing the recombination
activity of grain or twin boundaries and state of the
recombination centers, which are formed by metal
traces. The selective etching and metallography were
used to find out the possible reasons for this.

Numerous stacking faults shown in Fig. 4 were
found in all SC’s fragments besides visually observed
boundaries and twins. They are located most often at
small angles to the wafer surface and therefore occupy
extended areas of p-n junction depletion zone. Most
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Fig. 3 — Saturation current density /o vs ideality factor A-1

Fig. 4 — Single (a) and numerous (b) stacking faults; a — X250,
b — %200

likely these stacking faults are having a deformation
origin, as indicated by the presence of parallel stacking
fault clusters (Fig. 4b). Thermal stresses arise inside
the ingot during its solidification and cooling. Since slip
lines and bands were not detected, probably the ingot
temperature and stresses that needed for macroscopic
movement of dislocations have not been achieved. But
internal ingot temperature can be sufficient for stress
relaxation through the low-temperature deformation
mechanisms such as twinning and stacking fault for-
mation. Twin lamellas and single twin boundaries can
be seen visually at the wafer surface after multicrystal-
ine ingot cutting (Fig. 1b, ¢), and the stacking fault
clusters were revealed by an optical microscopy after
selective etching (Fig. 4).

Single stacking faults (Fig. 4a) were present at all
SC’s fragments that have been studied. While dense
clusters of the parallel stacking faults (Fig. 4b) were
detected only for a single-crystal fragments that were
free of twin and grain boundaries. It was established
[27, 28, 30] that in themselves the stacking faults and
special boundaries with a low density of coincidence
lattice points £3-X9 do not have appreciable recombina-
tion activity, but they change locally the cubic sym-
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4. CONCLUSIONS
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ohmic resistances were observed.

Stacking fault clusters with deformation origin that
are capable of accumulating recombination impurities
have been detected besides to visually observed grain and
twin boundaries. When angles between planes of stack-
ing faults and p-n junction are small, the most depleted
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nent of the saturation current increases significantly that
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Defect engineering to control both stacking faults
arising during mc-Si ingot solidification and their ori-
entation relative to the p-n junction during ingot cut-
ting and brig wafering, might be the successful ways to
reduce mec-Si SC efficiency losses.
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Bruius nBoBumMmipunx nedexris Ha HeyHIaMEeHTANbHI BTpaTu €(peKTUBHOCTI
B COHAYHHUX €JIEMEHTAaX i3 MyJIbTUKPUCTAJIIYHOTI0 KPEMHiI0

0O.B. IIpuxonesrol2

L Banopisvkull Oepicasruti meduuHuil yrisepcumem, np. Maskoscvrozo, 26, 69035 3anopiscocs, Yrpaina

2 Banopisvkuil HauloHabHUL yHIgepcumem, 8yJi. Myrkoacviozo, 66, 69600 3anopixcoca, Yrpaina

JIBoBUMIpHI AedeKTH MOKYTH ICTOTHO OOMEKUTH e(PeKTHUBHICTh COHAYHHUX €JIEMEHTIB 13 MyJLTHKPHCTA-
JIIYHOTO KpeMHil (mc-Si) 3 6ararbox IMpUYMH. BHBUYEHO BILIMB IPaHUIlL 3€PEH, ABIMHUKIB 1 Jed)eKTIB HaKy-
BAHHSA HA BTPATU (PAKTOPY 3AIOBHEHHS B COHSYHHUX eJIeMeHTax 13 mc-Si. Hisskux aBHUX 3asesxHOCTeM Tapa-
3UTHHUX OMOPIB 1 Yacy sKUTTA HEOCHOBHHUX HOCIIB BiJl HASABHOCTI JBOBUMIPHUX AedeKTIB He 0yJI0 BUABJIEHO. Po-
3IJIAHYTO MeXaHiaM, 00yMoBJieHn B3aemomiero Cyayki nedeKTiB YRIAAKH 3 JeIKNMHA MEeTAJIeBUMHA (DOHOBUMU
IOMIIITKAMH, 10 IIPU3BOAUTE [0 301JIbIIeHHS PEKOMOIHAIINHOI CKIAI0BOI CTPYMY HACHYEHHS p-1 IIEPEXOIy.
MosxIMBOCTI KOPUCHOTO YIIPABJIIHHSI BUHUKHEHHSIM 1 BJIACTUBOCTSIMH JeDeKTIB aKyBaHHs IIPU KPUCTAIII3a-
il 3JIUTKY Ta MOro Po3pi3aHHl HA IJIACTHHE OyJio obroBopeHo. He crocrepirasocst BIUIUBY Mesk 3€peH, JIBIi-
HUKIB Ta JeeKTiB MaKyBaHHA HA BTPATU e(peKTUBHOCTI COHIYHUX €JIEMEHTIB Yepes MapasuTHI OMIYHI OITOPH.
Kpim BigyasibHO criocTepeskyBaHUX MK 3epHA 1 JBIMHWKIB, BUABJIEHI KjacTepu aedopMaIliiHux JedeKTiB
TaKyBaHHSA, K1 3TaTHI HAKOIMYIYBATH PeKOMOIHATNHI momintku. Ko KyTy Misk tuiommHamu 1edeKTiB ma-
KYBaHHS 1 p-n MepexofoM MaJi, TO OLIbINa JacTWHA 301HEHOro miapy 3alHATa HUMH, a PeKOMOIHAIINHA
CKJIAQJIOBA CTPYMY HACHYEHHS 1CTOTHO 3POCTAE, IO ITPU3BOIUATH JI0 IMiIBUIIEHHS BTPAT €(PEeKTUBHOCTI.

Kmiouosi ciosa: Consunuit eement, me-Si, @axrop 3amosHenHs, [lapasurauii omiuawmii omip, TemHOBII
ctpyMm HacuueHHs, Koedimient imeansrocTi giomy, Misksepensi rpanurt, Jledext nakysanus, JIBiiHuk.
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