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To ameliorate the function and performance of photovoltaic and thermo-photovoltaic systems and cells,
it is important to comprehend the physical properties of their components and transport processes occur-
ring within their structures. A correct analysis of the current density-voltage behavior of a cell is then nec-
essary. Cells often exhibit a non-ideal behavior due to parasitic effects attributed to the so-called series and
shunt resistances. In this case, the extraction of cell parameters like reverse saturation current and ideali-
ty coefficient, which can give valuable information about charge transport mechanisms responsible for the
currents in the cell, becomes quite difficult. In this work, to avoid mathematical and numerical complexity
in the analysis of a current density-voltage (J-V) characteristic of a device, we propose a simple experi-
mental method for using such characteristics, quantify the leakage currents characterizing a device and
correct the experimental J-V data. The results obtained from our method are largely in compliance with
the theoretical J-V characteristics.
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1. INTRODUCTION

Electronic and optoelectronic devices represent dif-
ferent types of designs (structures), ranging from a
simple metal semiconductor contact (Schottky junction)
or p-n homojunction to more complex structures such
as heterojunctions, superlattices and quantum wells.
However, whatever the design of the component, the
p-n junction remains the basic structure. In order to
optimize the operation and performance of these devic-
es, it is necessary to know the physical phenomena and
the transport processes.

Among the characterization techniques used for so-
lar cells, the dark current density-voltage (J-V) meas-
urements or under illumination condition are of great
utility for the extraction of electrical parameters such
as ideality coefficient (m), reverse saturation current
density (Js), parallel resistance (Rsx), series resistance
(Rs), and photocurrent (Jpr). These parameters are of
great importance, since they can give the first idea of
the conduction processes occurring across the interface
of the structure. They also inform about the solar cells
performances and the possibilities to optimize them.

Many different techniques have been suggested in
the literature to extract these parameters from meas-
urements of current density-voltage curves under illu-
mination [1-8]. If we take the example of the standard
method, it is widely used to extract the m and Js pa-
rameters of a solar cell from the analysis of the linear
part of the current density-voltage curve. This method
uses the logarithmic transformation of the -V charac-
teristic based on the Shockley equation.

A number of methods were previously mentioned
which use new equations or functions mathematically
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obtained from a modification of the expression of the
J-V characteristic of a solar cell [6-9]. Sometimes, these
types of methods use a one-exponential solar cell mod-
el. Other methods use numerical operations on the
current density-voltage data [10, 11]. Methods using
derivation or integration operations on the -V data are
punctuated by several numerical errors [12]. They are
also very sensitive to the environmental noise during
the measurement, and it cannot be used if there is the
presence of excess currents due to surface or bulk de-
fects. Another important parameter which can influ-
ence the results for m and Js is the applied step volt-
age, particularly in the case of techniques using deriva-
tion or integration procedures [12].
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Fig. 1 - Equivalent circuit of a p-n junction solar cell model

Based on these reports and in order to obtain the
correct approximate values, we proposed a new and
purely experimental technique for analyzing the cur-
rent density-voltage curves of solar cells and numeri-
cally extracting the intrinsic solar cell parameters (i.e.,
ideality coefficient, reverse saturation current density
and parallel conductance). The method suggested in
the present paper is based on the use of additional
variable resistors installed in parallel with the sample
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studied (see Fig. 1). Using our proposed method, a set
of parameters was derived indirectly, but with much
more precision.

2. PROPOSED METHOD FOR EXTRACTING
THE SHUNT RESISTANCE

2.1 J-V Modeling with Leakage Currents

Exceptionally in some materials whose technology
was controlled such as silicon, components may have
defects related to growth and deposition techniques of
layers or to the elaboration processes. These defects
cause deviations from the ideal current density-voltage
characteristic variations. These deviations are modeled
by excess currents (leakage currents), generally due to
surface or bulk defects.

Leakage currents, which appear at low forward or
reverse polarization, are generally modeled by a re-
sistance parallel to the junction (Fig. 2) [13, 14]. The
value of this parameter (Rsn) gives information on the
quality of a solar cell and its performance. Sometimes,
the value of Rs is deduced by extrapolating the linear
part of the inverse J-V characteristic [15]. When a solar
cell has low currents, as is the case with wide band gap
semiconductor devices, this method remains difficult to
apply because of noise in measurements at low polari-
zations.
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Fig. 2 — Schematic representation of leakage currents in a
junction-based solar cell

In the following paragraphs of this paper, we have
proposed an experimental method to quantify the leak-
age currents of solar cells. In this method, we use for-
ward current density-voltage variations, because meas-
urements are easier and currents are detected with
minimal noise, even with medium precision measuring

devices (of the order of pA).

2.2 Method Development

As mentioned above, our proposed method for de-
termining the shunt resistance consists in imposing
different additional leakage currents by connecting
resistors in parallel with the sample studied. The re-
sulting currents are added to the currents of the solar
cell. An empirical expression for the current density in
a solar cell is written in the following form [15-20]:

)
J:Jph_JS e -1 _Rish, (1)
where Vis the applied voltage, </ is the current density,
Jpn 1s the photogenerated current, Js is the reverse
saturation current density, m is the ideality coefficient,
and Rsn is the shunt resistance. The term S = q/kT rep-
resents the thermal voltage. If at low polarization the
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solar cell has significant leakage characterized by the
shunt resistance Rsn, the term V/Rsn becomes dominant,
and Eq. (1) is reduced to a simple ohm law:

\4
J:Jph—R7. (2)

sh

For a fixed voltage V, the use of additional variable
resistors R; installed in parallel with the sample stud-
ied implies an augmentation in the current density. In
this case, Eq. (2) is written as:

I = _1 i 1 ) 3)

\% R, R

Equation (3) shows that conductance G; = (Jpr — J)/V
varies linearly with the inverse of additional variable
resistors. The plot G; = f(1/R;) should give a slope equal
to 1, whatever the value of resistance R; used. The y-
intercept directly gives the leakage resistance Rsn
characteristic of a solar cell. Consider a set of N meas-
ured values of the voltage Vi. The calculation of the
mean of the values obtained for Rsn provides a suffi-
ciently accurate value from the following expression:

R, =T _—. @)

Equation (4) can give a good result only under the
following conditions:

1. A sufficiently large number of parallel resistors
with values close to the real value of Rsr of a solar cell.
This can ensure a minimum of errors in the actual
value sought.

2. The variations in G; = f(1/R;) should be calculated
in the polarization domain, where the term of leakage
current V/Rs; is sufficiently larger that the exponential
term.

Condition (2) can be verified by examining the cur-
rent density-voltage characteristic on a logarithmic
scale: logd = f(logV).

3. RESULTS ON A DARK J-V SOLAR CELL
CHARACTERISTIC

In order to test the validity of our method, a current
density-voltage characteristic corresponding to a single
exponential expression and the term of leakage current
(Eq. (1)) is simulated in the forward direction. The
values used for Js and m are 10-10 A/em-2 and 1.5,
respectively. The solar cell supposed has a parallel
resistance (shunt) of 1 MQ. Leakage currents are put in
parallel with the sample; we suppose that additional
shunt resistances vary from 0.25 to 2 MQ in steps of
250 kQ. The simulation results in semi-logarithmic and
logarithmic scales are shown in Fig. 3 and Fig. 4, re-
spectively.

Using the simulated characteristics shown in Fig. 3,
and for variable resistances from 0.25 to 2 MQ, the
extracted graph of Gi versus 1/R; is given in Fig. 5. In
the voltage range, where the current density-voltage
characteristic deviates from linearity, the result is a
straight line for all used additional variable resistors.
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The calculation of the slope for all lines gives a mean
value equal to 1.01, and the ordinate intercept gives an
extracted value of Rs» = 0.99 MQ.
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Fig. 3 - Dark J-V characteristics of a solar cell simulated by
Eq. (3) in semi-logarithmic scale
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Fig. 4 - Dark J-V characteristics of a solar cell simulated by
Eq. (3) in logarithmic scale, logdJ = f(logV)

It is clear that the parallel resistance evaluated
with the proposed technique is very close to those used
for the simulation. This situation is valid for any value
of the chosen variable resistance. The choice of the
value of this resistance does not matter.

4. COMPARISON OF THE EFFECTS OF m AND
Js ON THE PROPOSED METHOD

This comparison allows us to examine the extracted
values of the shunt resistance for different values of
the reverse saturation current density Js and the ideal-
ity coefficient m. For the calculations, we have chosen
the following values for m and Js:

a— We fixed the value of the ideality coefficient
(m =1.5) and for the values of the reverse saturation
current density Js chose: 10-9, 10-10, 1012 A/cm ~2.

b — We fixed the value of the reverse saturation cur-
rent density (Js=10-19A/em-2) and for the ideality
coefficient m chose: 1.0, 1.5 and 2.0.
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Fig. 5 — The variation of conductance G; as a function of the
inverse resistance (1/R;)
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Fig. 6 - Comparison of the extracted values of R for different
values of the ideality coefficient
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Fig. 7 - Comparison of the extracted values of Ry, for different
values of the reverse saturation current density

In Fig. 6 and Fig. 7, we show the variation of the
shunt resistance Rsn as a function of the applied volt-
age V plotted from the lines Jpn-Ji/V = f(1/R;) for both
cases a and b.

According to Fig.6 and Fig. 7, this comparison
clearly shows a small difference in the results of the
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shunt resistance obtained for the two cases a and b.
When the reverse saturation current density is fixed,
the value of the ideality coefficient m about 2 gives a
more correct result of Rsn than the value close to 1. On
the other hand, in case b, when the ideality coefficient
is constant, we deduce that when the reverse satura-
tion current density diminishes, the shunt resistance
obtained tends to a more exact value.

5. CONCLUSIONS

By simple modeling based on phenomenological
(empirical) equations for currents passing through a p-
n junction based cell, we have highlighted the influence
of undesirable currents on the behavior of solar cells.

The results of this simulation allowed us to draw
conclusions about the difficulties in using experimental
current density-voltage data, particularly in the case of
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very leaky solar cells. It is therefore necessary to take
into account all additional currents in order to be able
to exploit the characteristics and obtain a correct in-
terpretation concerning charge transport in solar cells.
We have therefore developed a simple experimental
technique to quantify leakage currents and eliminate
them in order to extract the real characteristics of a
p-n junction solar cell. Contrary to what is done in
general, this method uses the J-V variations in the
passing direction instead of the blocked direction, for
the simple reason that forward currents are important
and easy to measure.
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ExcnepumeHnTaibHUII METO KiJIbKICHOI OL[IHKY CTPYMIiB BUTOKY COHSAYHHUX €JI€MEHTIiB
3a 3aJIeKHOCTAMU I'YyCTHUHU CTPYMY BiJ Hanmpyru
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Jlnst mominieHHs QYHKINH 1 IPOAYKTUBHOCTI (DOTOEJIEKTPUIHUX TA TEPMOGDOTOEIIEKTPUIHUX CUCTEM Ta
€JIEMEHTIB BaiKJIMBO PO3yMITH (PI3MYHI BJIACTHBOCTI IX KOMIIOHEHTIB Ta TPAHCIIOPTHI IIpOIlecH, Io BinOyBa-
OTBCS B iX cTpykTypax. Jlis 11poro HeoOXiHMIM IPABUJILHIN aHAJII3 3aJI€KHOCTI I'YCTUHHU CTPYMYy BT Ha-
mpyru B ejleMenTi. KjleMeHTH 4acTo IeMOHCTPYIOTh HelleasIbHy MOBEIIHKY Yeped mapasuTHI edeKTH, IoB'd-
3aHl 3 TAK 3BAHUMU IIOCJIIJOBHUM Ta IIIYHTYIOYNM OIOpaMU. Y I[bOMY BHIIAJKY BUJIyUYEHHS TAKUX IIapaMer-
PiB eJIeMeHTy, AK 3BOPOTHUM CTPYM HACHMYEHHS Ta KOeII[leHT imeabHOCTI, AKl MOMKYTh OAaTH IIHHY 1H)OP-
MAIIiio PO MeXaHI3MH IepeHeCeHHs 3apsady, BIAIOBIOAIbHI 3a CTPYMHU B €JIEMEHTI, CTa€ JOCUTh CKJIATHIM.
¥V pobori, m06 YHUKHYTH MATeMATHYHOL TA YMCJIOBOI CKJIATHOCTI IIPHM AHAJMI3l 3aJI€sKHOCTI TYCTUHH CTPYMY
Big Hanpyru (J-V), xapakTepHOI IS IPUCTPO0, MU IIPOIIOHYEMO IIPOCTHI €KCIIEPUMEHTAIBHUN METOJ] BUKO-
PHUCTAHHA TAKHUX XaPAKTEePUCTUK, KIJBbKICHY OIIIHKY CTPYMIB BHTOKY, III0 XapaKTePU3yIOTh IIPHUCTPI, Ta BU-
IpaBJIeHHS €KCIIEPUMEHTAIbHUX JaHUX 3asexHocTi J-V. Pesynbratu, orprMani HAIIUM METOIOM, 3HATHOIO

MIpOI0 BIJIIIOBIIAI0TH TEOPETUYHUM 3AJIEKHOCTAM oJ-V.

Knrouoeri ciroBa: Mozess corstaroro enementy, Tpancnoprai mexaniamu, Buitydenus napamerpis, @oro-

crpym, Koedimient ineanprocti, [llynToBa mpoBigHicTb.
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