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Non-fundamental losses in me-Si solar cells have been studied. These efficiency losses significantly de-
pend on diode quality and parasitic ohmic resistances that result in the fill factor losses. The fill factor losses
in me-Si solar cells were analyzed by testing of the industrial solar cell lot under AM1.5 conditions. The ob-
served fill factor reduction due to both dark saturation current and diode ideality factor increasing is ex-
plained by their exponential relationship which has been found experimentally. Additionally, solar cell maxi-
mum power losses through the parasitic ohmic resistances have been estimated and discussed. The obtained
results may be used to a solar cell efficiency enhancement and hence reduction in a solar electricity cost.
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1. INTRODUCTION

The low cost and high quality of multicrystalline sil-
icon (mc-Si) based on directional solidification has be-
come the main stream in photovoltaic industry. The
best achievements in 17-18 % efficiency of the industri-
al mc-Si solar cells (SCs) [1, 2] are still well below
25.6 £ 0.5 % efficiency which were obtained for the ap-
erture or designated illumination SC areas [3]. Fun-
damental loss processes occurring in solar cells were
analyzed in details [4]. Efficiency limit dependence on
an energy band gap (E;) was quantified by taking into
account the «below Eg», electron thermalisation, fill
factor and thermodynamic loss processes. Thermody-
namic losses include electron kinetic, Fermi level and
etendue losses which were considered by several authors
[5, 6]. Fill factor loss is a result of operating at the max-
imum power point of a solar cell. It is generally limited
by diode quality and parasitic ohmic resistances [7].
Fundamental losses except fill factor are unavoidable in
the single junction semiconductor device under one sun
illumination without a changing device design.

Non-fundamental losses are theoretically avoidable
and must be studied. Analysis of the resistance and
diode quality losses in solar cells is essential to improv-
ing their efficiency. It is especially important for mul-
ticrystalline solar cells because there are many grain
boundaries intersecting p-n junction and hence a diode
quality may greatly reduced.

This article presents the statistical analysis results of
the industrial SC lot tests under AM1.5 conditions. Be-
sides the fill factor loss correlations with diode quality
parameters and parasitic resistances have been studied
and the main causes of these losses have been discussed.

2. EXPERIMENTAL

The industrial lot of the 1400 mc-Si SCs was fabri-
cated by standard screen printing technology with p*- p
back surface field (BSF) on the automatic Schmidt
GmbH production line. The 156 x 156 mm?2 and 210-
230 um thickness wafers were used. They were cut
from the electronic grade mc-Si ingots by a multi-wire
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wafering technique. The main details on resistivity,
lifetime, contaminations and wafer grain structure
have been published earlier [8].

The whole SC lot has been tested at AM1.5 Global
spectrum (ASMG173) and integrated power of
1000 W/m? by the measuring station with solar simula-
tor that is included in the automatic production line.
The H.A.L.M. electronic GmbH measuring station con-
sists of the cetisPV-CT-L1 photovoltaic I-V curve
measuring system and the cetisPV-XF2 control units
with the self-adjusting xenon flasher for a solar simula-
tion. This modulator station provides I-V curve meas-
urements at three conditions: the forward measure-
ment with light, the reverse measurement in dark and
the combination — forward measurement with light and
in dark. All test operations were carried out with con-
tinuous monitoring of the radiation and the cell / room
temperatures then the irradiance-current-voltage cor-
rection procedures were performed simultaneously.

The open circuit voltage U, short circuit current Is,
voltage Umpp and current Inpp in the maximum power
point, the series Rs and shunt R, resistances of the solar
cells have been measured. The series and shunt (parallel)
resistances were determined due to light I-V curve meas-
urements. The I-V curve parts were analyzed via linear
regressions within the U, range for series resistance and
within the Is range for shunt resistance. The measuring
station ensures that these I-V curve parts contain at least
100 and 200 measuring points for the shunt and series
resistance determinations respectively.

The main solar cell parameters such as efficiency,
maximum power and fill factor are easily calculated by
generally known relations [9] using the measured val-
ues. To evaluation the p-n junction quality additional
measurements of the I-V curve within the maximum
power voltage range were performed. The measured
cell currents Iuqi2 have been determined at 0.5 and
0.6 volts of the load voltages Uvidiz. The max power
voltage usually is between these voltages and therefore
that is SC operate part of the light I-V curve. Then the
dark saturation current Io and diode ideality factor A
were calculated for this section of the I-V curve.
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A shape of the real-diode I-V curve is well known to
depend on the p-n junction quality parameters Io and A
as well as on the parasitic resistance Rs and Rsn. There-
fore the junction quality parameters estimates were
performed by measured values U(J)ud12 with exception
of the parasitic resistance influences by the equations:

__ ¢ (UZ_UI_RS(IQ_Il)) 1)
kT ln[(ISC _12)_(U2 _12 ><‘Rser)/‘RshJ
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where T — the each cell temperature at the time of
measurement, Iie) — SC currents at voltages Ui, Ui
and Uz — 0.5 and 0.6 Volts, respectively.

These ratios have been derived by comparing the
diode I-V equation for two load voltages within Upnpp
range. The additional voltage drop I x Rs outside of the
p-n junction and the current U/ Rsn supplemented to
that through junction is also taken into account. The
diode ideality factor calculations must precede the dark
saturation current definition so it depends on this fac-
tor according to equation (2) while the A can be found
without Ip by the equation (1).

3. RESULTS AND DISCUSSION

The solar cell distributions on diode ideality factor
A and dark saturation current density jo have been
analyzed. These distributions are significantly differ-
ent. The A distribution is Gaussian with the same
mean, median and mode about 2.3. Thereby the recom-
bination processes in depleted zone of the p-n junction
are essential and this current component is dominant
near the maximum power point of the mc-Si SCs. The jo
distribution is lognormal and the 99 percent of all solar
cells have these current densities less than 4 pA/mm?2.

The open circuit voltage U,c was associated with the
diode ideality factor A, dark saturation current lo and
short circuit current Isc by the simple equation —
Uoe = (ART | e)in[(Isc — Io) / Io]. Thus the open circuit
voltages have been calculated and compared with that
experimentally measured. The calculated and meas-
ured values Uoc have been found to correspond satisfac-
torily and their ratios are within 0.9-1.1 range that
confirms the accuracy of the defined diode ideality fac-
tor and dark saturation current. The best voltage
match was observed for U, about 0.6 V.

It is quite clear that the diode I-V curve area should
increase with increasing of the ideality factor according
to diode I-V equation and thus the factor A rising must
be followed by the fill factor increasing [10]. Converse-
ly, increasing of the dark saturation current Io will re-
duce a fill factor thereby resulting in SC efficiency loss-
es. The experimental fill factor dependencies on the
ideality factor A and the saturation current density jo
for SC sublot with similar short circuit currents and
with shunt resistances more than 40 ohms are shown
in Fig. 1 a, b. The fill factor reduction from 0.78 up 0.75
was observed for both jo and A parameters increasing.
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Fig. 1 — The fill factor dependencies on the diode ideality fac-
tor (a) and the dark saturation current density (b) for solar
sells with I, = 7.83-7.87 A and R > 40 ohms

But this discrepancy easily eliminated if the expo-
nential increasing of the density jo with ideality factor
A for the equal p-n junction currents will be taken into
account. The experimental correlation between the
dark saturation current density and the modified ideal-
ity factor has been studied and is shown in Fig. 2. The
modified diode ideality factor is the ratio (Umpp —
Inpp x Rs) | A, where Unmpp and Inpp are voltage and cur-
rent at the maximum power point of a solar cell. Fig. 2
presents the correlation between jo and A which de-
scribed by an exponential dependence with good ap-
proximation reliability R? = 0.92 and with the exponent
coefficient of 35.8, that is close to e/ kT = 38.8 at 300 K.
Thus I-V curve of the multicrystalline silicon solar cells
is satisfactorily characterized by the diode diffusion
theory equations and the factor A magnification results
in the fill factor losses due to exponential saturation
current increase with the ideality diode factor.

The SC maximum power is limited also by the par-
asitic ohmic resistances. Relative fractions of the power
dissipation have been calculated with using the voltage
and current at maximum power point, the series and
shunt resistances which have been measured during
the SC tests.

Therefore the concentrated parasitic resistance ap-
proximation [10] also was used. The maximum power
loss dependencies on the series and shunt resistances
are presented in Fig. 3 a, b respectively.

The maximum power losses up to 12 % occur on the
series resistance whereas the shunt resistance losses are
an order of magnitude less and insignificant. Power dis-
sipations originate due to a voltage drop across the se-
ries resistance and a leakage current thru the shunt
resistance, so the dependencies are differ in Fig. 3.
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There are many grain boundaries intersecting the p-
n junction in the silicon multicrystalline solar cells. It is
reliably established now that grain boundaries accumu-
late the metal trace impurities [11-13] and partially
shunt the p-n junction [14, 15]. Furthermore they exhib-
it appreciable recombination activity [16-18] and create
potential barriers for the charge carries [19].

According to solar cell tests analysis the main effi-
ciency losses are caused by the recombination processes
in the p-n junction depletion zone that resulting in the
fill factor reduction (see Fig. 1). While the SC power
losses due to p-n junction shunting that is caused by
impurity segregation at the grain boundaries were neg-
ligible compared with the series resistance losses (see
Fig. 3).

4. SUMMARY

The p-n junction non-ideality and parasitic ohmic
resistances result in fill factor losses of solar cell effi-
ciency. Both the dark saturation current density jo and
the diode ideality factor A were found to increase in fill
factor losses in multicrystalline silicon solar cells. Theo-
retically predicted improving of the fill factor with the
diode ideality factor rise was not observed owing to ex-
ponential dark saturation current growth with a diode
ideality factor that has been observed experimentally.

Additionally the solar cell maximum power is lim-
ited by the parasitic ohmic resistances. These losses
reach quantity up to 12 % solar cell maximum power.
The parasitic series resistance results in the most pow-
er losses whereas the shunt resistance losses are an
order of magnitude less. The mc-Si solar cell efficiency
may be quite improved by reduction of the diode ideali-
ty factor and parasitic series resistance.
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Brparu dpakTopy 3alIOBHEHHA B COHAYHUX €JIEMEHTAX i3 MyIbTUKPHCTAJIIYHOr0 KPEMHiI0

0.B. IIpuxoasko

Banopisvkuil HayloHalbHUL YHI8epcumem, 8yJi. JKyrkoacvroeo, 66, 69600 3anopixcocs, Ykpaina

Jlocmimreno HedyHIaMEHTAIbHI BTPATH e)eKTUBHOCTI COHAYHUX €JIEMEHTIB 13 MYJIbTUKPUCTAJIIYHOTO
KpeMHi©0. BoHr 3HAYHOI MipOI0 BU3HAYAKTHCS SIKICTIO 101y 1 HAPa3UTHUMU OMIYHUMU OIIOPAMH, III0 IIPHU-
BOJSATH JI0 3MEHIIIeHHsI KoedIIlleHTy 3arloBHEHHs. Brpartu dakTopy 3aroBHEHHS COHIYHUX €JIEMEHTIB 13 My-
JIBTUKPHUCTAIIYHOIO KPEMHI OyJIM IpoaHAasi30BaHl 3a JOIOMOTOK BHUIIPOOYBAHB IIPOMUCJIOBOI HAPTii COHSI-
YHUX eJIeMeHTIB B ymoBax BumpominioBanHsa AM1.5. CroocrepeskyBane 3MeHIIEHHSA (PAKTOPY 3aIOBHEHHS
mpu 301JIbIIEH] AK CTPYMy HACHYEHHS, TaK 1 (PAKTOPY 1eaIbHOCTI Ji04y MOACHIOETHCSA IXHBOI KCIIOHEHITia-
JIBHOIO 3aJIeMKHICTIO, KA 0yJa BCTAHOBJIEHA €KCIIepHMeHTaJIbHO. J[omaTkoBo, OyJIO OIIHEHO 1 0OroBOPEHO
BTPATH MAKCUMAJIBHOI ITOTYKHOCTI COHSUHUX eJIEMEeHTIB Yepe3 oMivHi napasutHi ormopu. OTpuMaHni pesyib-
TaTH MOKYTH OyTH BUKOPHUCTAHI IS MiABUINEHHA e(DEKTUBHOCTI COHSIYHNX €JIeMEHTIB 1, TAKMM YMHOM, 3HH-

3WUTH BaPTICTh COHAYHOIL €JIeKTPOeHEeprii.

Knrouori cnoea: Consiunuii emement, mc-Si, Brpatu daxropy sanmosuennsi, [Tapasutuuit omivauit omip,
TemuoBuii cTpym HacuueHHsi, DaxTop 11€aIHHOCTI 101y .
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HOTepI/I (balc'ropa 3AaIIOJIHEHUA B COJIHEYHBIX 3JIEMEHTAaX C MYJIBTUKPUCTAJITIMYECKOIO KPpEeMHUA

10.

A.B. ITIpuxonsko
Banopootcckuil HQUUOHAILHBLL YHUBepcumem, Y. Jykosckozo, 66, 69600 3anopoorcve, Yipaurna

UccnenoBambl HeyHIaMeHTATIbHEBIE TTOTEPH 9 PEKTHBHOCTHA COTHEUHBIX JJIEMEHTOB C MYJIBTUKPHUCTAII-
nmdeckoro kpemuusi. OHM B 3HAYUTEJIFHON Mepe OIMpeesIaioTes Ka4ueCTBOM JUO0a U MAapasuTHBIMKU OMUYe-
CKUMM COIIPOTHUBJIEHUSIMH, IPUBOJISAIINX K YMEHBIIEHUIO KoadduinenTta 3anorHennsa. [lorepu darropa 3a-
[IOJTHEHUSI COJIHEYHBIX 3JIEMEHTOB C MYJIBTUKPUCTAJIMYECKOT0 KPEMHUS OBLIHM IIPOAHAIN3NPOBAHEL C IIOMO-
B0 WCIBITAHUN IIPOMBIIJIEHHON IIAPTHU COJIHEYHBIX 9JIEMEHTOB B yciaoBusax uaiaydenus AM1.5. Haburo-
laemMoe yMeHbIleHre (haKTopa 3alOoJIHeHUs IIPU YBEJIWYEeHUM KaK TOKA HACHIIIEHUs, Tak U dakropa uie-
aJILHOCTY 11018 O0'BbSICHSETCS UX 9KCIIOHEHITNAIBLHOM 3aBUCUMOCTHIO, KOTOPAs OBLIA YyCTAHOBJIEHA JKCIIEPH-
MeHTaJIBHO. J[ormosiHuTEIBHO, OBLIO OIIEHEHO M OOCY:KIEHBI HOTEPH MAKCHUMAJIBLHOM MOIIHOCTYA COJIHEYHBIX
3JIEMEHTOB 4epe3 OMHYECKUe Iapa3uTHBIE OHOPHI. [loIy4yeHHbBI pe3ysIbTaThl MOIYT OBITH HCIIOJIB30BAHBL JJIS
MOBBIIIEHUST 9P(PEKTUBHOCTA COJHEYHBIX 3JIEMEHTOB M, TAKMM 00pa30M, CHH3WUTH CTOMMOCTH COJIHEYHOU
3JIEKTPOIHEPTUH.

Knrouessie ciosa: Conmneunsiii asmement, me-Si, [lorepu darropa samnonnenus, [lapasurHoe omuueckoe

corrporuBiierne, TemHOBOM Tok Hackmenus, Oaxrop naeasbHOCTH IH0A.
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