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determination of the series resistance, the shunt resistance, the photocurrent, and the intrinsic current—
voltage characteristics of solar cells. This method was applied to analyze a bulk heterojunction organic
solar cell. It was found that the extracted intrinsic current-voltage characteristic clearly exhibits a
linear hopping current component and a quadratic space-charge limited current component.
Furthermore, the reconstructed dark current-voltage curve is found to differ significantly from the
measured dark current-voltage curve, revealing the importance of electric field in the operation of bulk
heterojunction organic solar cells.
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1. Introduction

Solar cells are promising devices for clean electric generation
and have attracted intensive research. Like all other electrical power
generators, solar cells possess internal series resistance which
affects significantly their power conversion efficiency (PCE). More-
over, the simulation and design of solar cell systems also require an
accurate knowledge of the series resistance and other related device
parameters to describe their nonlinear electrical behavior. Extract-
ing the series resistance as well as other device parameters for solar
cells is therefore of vital importance.

Over the years, various methods have been proposed for
extracting the series resistance and related device parameters of
solar cells [1-13]. These methods either involve current-voltage
(I-V) measurements with different illumination levels [1-3,8], or
apply curve fitting method to some presumed functional relation-
ship [5-7,9-12], or employ integration procedures based on the
computation of the area under the [-V curves [4], or use linear
regression [13].

However, all these previously proposed methods are based on
the assumption that the intrinsic I-V relationship of the solar cell
follows a specific functional form, which is usually taken to be one
or combination of the Shockley-type single exponential -V
characteristic with ideality factor. While the exponential -V
assumption may produce convenient equivalent-circuit model for
use in conventional simulation tools, its validity, and hence its
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usefulness in understanding the underlying physics, is generally
not guaranteed. This is especially the case for non p-n junction
type devices such as organic solar cell (OSC) or dye-sensitized
solar cell. For example, one would expect polynomial type
intrinsic I-V characteristics for OSC if the charge transport is
dominantly space-charge-limited (SCL). It is therefore advanta-
geous to be able to extract the series resistance and device
parameters without presumed [-V functional form. Such a series
resistance extraction method without presumed -V functional
form is proposed in this paper. We found that with certain
physically plausible assumptions such a scheme will lead to
unique determination of all the device parameters as well as the
intrinsic I-V characteristics. This method was applied to OSC and
first-order hopping current and second-order SCL current compo-
nents were observed in the intrinsic I-V characteristics.

2. Theory
The solar cell is characterized using the equivalent circuit

model as shown in Fig. 1 and the relation between the measured
current I, and the measured voltage V, is given by

Vi
In = ﬁ +F(VD)~Ipn M
Vp
Vo= Vot |2 +F Vo)1 - s @

where Vp, fiVp), Ipn, Rs and Ry, are the voltage across the diode, the
intrinsic I-V characteristics of the diode, the photocurrent, the
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Fig. 1. The circuit model for solar cells.

series resistance and the shunt resistance, respectively. Note from
Fig. 1 that since both f(Vp) and Ry, are to be determined and are in
parallel connection, any combination of f(Vp) and Ry, that
preserves the value Vp /Ry, +f(Vp) will leave the measured -V
characteristics, I, and V;;, unchanged. One therefore needs more
assumptions to allow for unique determination of these device
parameters. The following for assumptions are taken in our fitting
scheme:

1. R, Ry, I, remain constant during the measurements;

2. f(0)=0, that is, the power generation is all attributed to I,;;

3. fiVp) —» —fo as Vp < 0; that is, the leakage current is attributed
to Ryp;

4. flVp) is a monotonic function of Vp;

5. f(Vp) is nonlinear for Vp > 0;

6. I, changes monotonically with illumination level.

From assumption 4 and (2), V}, is also a monotonic function of Vp,
and V;; < 0 when Vp < 0. From assumption 3 for Vi, <0, one can
eliminate Vp from both (1) and (2) and obtain

1 Ry,
B (Rsh JFRS) " (Rsh JFRS)

The total resistance R; =Ry, +Rs can therefore be obtained
from the slope dI;,/dVi, at Vi, <O.
From (1) and (2) one can obtain

VD = Vm*Rs ‘ Im (4)

Im

- (fo+Ipn) 3

R; Vin
Re—Ro) ™ Ri—Ry) " en

Considering also assumption 2, one also has
Iph = ~In(Vm@Vp = 0) (6)

It is clear from (3), (4) and (5) that since R; can be extracted
from the measured I-V characteristics, once Ry is determined, all
other device parameters, namely Ry, I, and the intrinsic I-V
characteristics f(Vp) can all be extracted. We now need a scheme
to determine R;.

In order to devise a scheme for the unique determination of Rs,
we construct the following test quantities for arbitrary R:

f(Vp)= ®)

Vor=Vm—R - Iy 7

Iphr = —In(Vm@Vpg = 0) 3
R Vin

fr - ©9)

SRR MR T

Denote as Vpg the voltage across the diode when Vpg= 0. It is
clear that if R=Rs, then Vpg, fr and I,z reduce to Vp, f and I,
respectively, and Vpg =0.

For R # R, as derived in appendix, we have the following three
equalities:

R—R
f(Vpo) = % - Vo +1Ipn (10
fa= Ron FVp)—f(V, 11
R=R—R)’ (Vp)—f(Vpo)) an
B R 1
fR = m VDR+ m . (VD*VDO) (12)

It is obvious from (10) that Vpg depends on both I, and R.
For a given f(Vp), one can expand it into Taylor series around
Vpo,

1
F(Vp)=f(Vpo)+f'(Vpo) - (Vp—Vpo)+ jf”(VDo) - (Vp—Vpo)* + - --

(13)
Combining (11)-(13), we have
Rsn 1
(Re—R)(Rs—R) Vor+ (R—Ry) (Vb—Vpo)
Rs 4 1 4
= ®R [f (Voo)(Vo—Vpo) + 5/ (Vo) (Vo—Vio)? + -+ (14)

For a given f(Vp), one can solve (Vp—Vpo) from (14) and
substitute the result into (12) to obtain the functional relationship
between f; and Vpg. Since, from 5, f(Vp) is nonlinear in Vp, the
coefficients in the expansion (13) cannot be all constant and must
depend on Vpy. Therefore, (Vp—Vpg) and hence fp must also
depend on Vpy.

From the aforementioned discussion, we know that unless
R =R;, at which Vpg vanishes identically, fr(Vpg) must depend on
Vpo and hence on I, and illumination level (6). At a specific R, we
may therefore use the root-mean-square error (RMSE) between
fr(Vpr) at different illumination levels to determine if R coincides
with R;. Alternatively one may use the extracted fz(Vpg) from the
I-V measurement at one illumination level to reconstruct the
measured [-V at another illumination and calculate the RMSE. It
is noteworthy that to avoid the temperature difference due to
different illumination levels, which might lead to significant
extraction error [12,14], it is suggested that close illumination
levels are used. In practice close illumination levels also ensure
the constancy of R, Ry, required in assumption 1 and ascertain
that identical R; from both I-V characteristics can be obtained.
Since Rs and Ry, are sensitive to cell temperature and illumination
level, the constancy of R; is an important indicator that
assumption 1 is met. Note also that our extraction algorithm
does not require the precise ratio in the illumination levels.

Our R extracting scheme is summarized as follows:

1. measure [-V characteristics I;1(Vin) and (V) at two
different illumination levels;

. extract R; from both I, (Vi) and I1,2(Vin) according to (3);

. for a given R construct Vpgi, fr1 and Ipsg; according to (7)-(9)
from I1 (Vin);

. extract Iy, according to (7) and (8) from I (Vim);

. reconstruct leconstruce2(Vin) from Vpgy, fr1 and Ippgas

. calculate the RMSE between I;;»(Vin) and Ieconstruct2(Vin);

. repeat 3-5 for another R and search for minimum of RMSE.

w N

N O U

Although too straightforward to be included in this paper, we
have checked the validity of this fitting scheme (steps 3-7) with
numerically generated data. It was found that the discrepancy in
the fitting result was set by the error in the estimated R;. It is
therefore advisable to estimate R; at sufficiently negative bias.
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Since our R; extracting scheme does not require specific I-V
functional form, it can be applied to various kinds of solar cells as
long as the assumptions are met. In particular it is interesting to
apply this method to non p-n junction type photovoltaic devices
to see if new insights may be obtained. In this paper a bulk
heterojunction (BHJ) OSC was employed.

Organic photovoltaic devices have attracted much attention
due to their promising properties such as mechanical flexibility,
light weight and environmental benignity. In addition, because of
their low-temperature and solution-based processability, they
can be fabricated on flexible substrate, which can be adapted to
high throughput continuous roll-to-roll manufacturing and leads
to greatly reduced production cost. Due to strong Coulomb
interaction in organic materials, photo-excited charged carriers
quickly form excitons, with which charge separation by electric
field typically used in p-n junction type solar cells is ineffective.
Donor-acceptor type-II heterojunctions such as BH] were demon-
strated to be effective for exciton dissociation. With various
structure, material and process advancements, the PCE of OSCs
has been significantly improved and a record high PCE of 7.6% was
recently reported [15]. All-solution roll-to-roll manufacturing
processes for OSCs have also been designed and studied [16,17].

3. Experiment

In this study the BH]J OSC is made of a blend of poly
(3-hexylthiophene) (P3HT) and 6,6-phenyl-C61-butyric acid methyl
ester (PCBM) in a 1:1 weight ratio. The blend is sandwiched in
between an indium tin oxide (ITO) coated-glass (sheet resistance
10Q/0)/poly(3,4 ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT:PSS), and an evaporated calcium (50 nm)/silver (80 nm)
top electrode. The thickness of the active layer is 220 nm and the
area of the OSC is 4 mm?. The fabrication procedure is standard
and follows that in Ref. [18]. After fabrication the I-V characteristics
was measured with a calibrated solar simulator at AM1.5G
(100 mW /cm?). To obtain the I-V curve at a different light intensity,
a microscope cover glass was placed on top of the OSC, leading to a
light attenuation of about 8%. The RSME is calculated for the range
from Vp =0 to open-circuit voltage (Voc) in the measured I-V
characteristic with less light illumination.

4. Results and discussion

Fig. 2 shows the measured I,;1 (V) and I,,,2(Vin) as well as dark
I-V. The comparison of I,;3(Vy) with the reconstructed I-V, as
described in step 5, in the extraction scheme, is shown in Fig. 3,
showing very good agreement between the measurement and the
fitting curve. The fitting result is summarized in Table 1.

Fig. 4(a) and (b) show the extracted intrinsic device I-V
characteristics in log-log and semi-log scale, respectively. A linear
and a quadratic component can be clearly resolved in Fig. 4(a).
The linear component is tentatively attributed to the hopping
conduction, which dominates the carrier transport in disordered
organic materials and can be linearized at low field [19]. The
quadratic component is attributed to the SCL current transport
frequently observed in organic materials. For comparison, the
dark I-V, along with lines with the required slope, was also
plotted in the insets of Fig. 4(a) and (b). It was found that the
linear and quadratic current components can be resolved only
after the removal of series and shunt resistance. It is also
interesting to see from Fig. 4(b) that there is a 120mV/dec
exponential component in the extract intrinsic I-V, which may
result from trap-assisted photo-carrier recombination. However,
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Fig. 2. Measured [-V characteristics at two illumination levels (I,;q, In2) and dark
I-V (1) of the OSC.
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Fig. 3. The comparison of the measured illuminated I-V (l,») and the
reconstructed I-V (I,,5¢) as described in step 5 of the extraction scheme.

Table 1
The fitting parameters including Rs, Ry, Jon1 and Jpy, for organic solar cell.

Ry Qcm?) Ry (Qcm?®)  Jpm (MA/cm?)  Jppp (MA/cm?)

Organic solar cell 5.24 3060 113 10.5

the origin of this exponential component remains unclear and
further investigation is required.

Fig. 5 shows the comparison of the measured and the
reconstructed dark -V characteristics. The latter was calculated
as in step 5 yet with photocurrent set to zero. It was found that
dramatic difference exists between these two I-V curves. It is well
known that the dominant charge transport mechanisms in
disordered organic materials are either hopping or SCL transport
and depend strongly on the field distribution within the device.
Since the carrier concentration, and therefore the field
distribution, in the device changes significantly with light
illumination, the reconstructed I-V characteristics from device
parameters extracted from illuminated device will be different
from the measured dark I-V. This result also corroborates the



M.-K. Lee et al. / Solar Energy Materials & Solar Cells 94 (2010) 578-582

T T

041

<

£ 001 o
= |3 ;
< 5 1E-3 slope=1 /D
é 0.1¢ O 1E4 DF E
c 8 1ES /D/
[ Ju}
= 1E-6 d
S 0.2 03 04 05 06 [
O Voltage (V)
© 0.01¢ = E
2 slope=2
Q
[a) slope=1

1E-3 & L L =

0.2
Diode Voltage (V)

04 06

b

Diode Current (mA)

581

1 T T T T T
0.1 g
z 5
£001 A
gﬂE-S 120mv/decade
5
C1E4
0.1 F & 1Es E
1E-6!
02 03 04 05 06
Voltage (V)
120mv/dec
0.01 L E
e
I:I/D/
/D/D/
O
L L L L L
0.2 0.3 0.4 0.5 0.6

Diode Voltage (V)

Fig. 4. The extracted intrinsic I-V in (a) log-log scale, showing clearly a linear and a quadratic current component; (b) in semi-log scale; note that an exponential
component with a slope of 120 mV/dec was clear seen. The measured dark -V was also plotted in the insets for comparison.
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Fig. 5. The comparison of the measured dark I-V (I;) and the reconstructed dark
I-V (I4) as described in step 5 of the extraction scheme, albeit with I, set to zero.

needs for close illumination levels previously proposed in our
extraction scheme.

For comparison we have also applied our Rs extraction scheme
to a multi-crystal Si solar cell as well as an amorphous Si solar
cell. These two solar cells were obtained from the Photovoltaics
Technology Center at Industrial Technology Research Institute,
Taiwan. The size for the multi-crystal (amorphous) Si solar cell
is 2.13 (1.68) cm?. The fitting results are summarized in Table 2.
Fig. 6(a) and (b) show the comparison of the measured and the
reconstructed dark I[-V characteristics for multi-crystal and
amorphous Si solar cell, respectively. From Fig. 6, it was found
that, while very good agreement between the measured and the
reconstructed dark I-V characteristics was obtained for the multi-
crystal solar cell, there is dramatic difference in the case of
amorphous Si solar cell. These results are not surprising since they
simply reflect the difference between diffusion controlled carrier
transport in bulk Si solar cell and drift current controlled, and
hence electric field dependent, carrier transport in amorphous Si
solar cell. Though disorder related traps in amorphous Si may also
contribute additionally to the difference between the measured
and the reconstructed dark I-V characteristics, these results are
consistent with our previous argument of electric field effect on
dark I-V in OSC.

Fig. 7(a) and (b) show the extracted intrinsic device I-V
characteristics plotted in semi-log scale for the multi-crystal and

Table 2
The fitting parameters including Rs, Ry, Jon1 and Jpp, for silicon solar cell.

Rs (Q sz) Rsh (Q sz) ]ph] (mA/CmZ) ]phz (mA/cmZ)

Multi-crystal silicon 3.5 489 40.7 38.8
Amorphous silicon  14.7 2619 12.6 11.8
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Fig. 6. The comparison of the measured dark I-V (I;) and the reconstructed dark I-
V (I4) for (a) multi-crystal and (b) amorphous Si solar cell, respectively.
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Fig. 7. The extracted intrinsic device I-V characteristics plotted in (a) semi-log
scale for the multi-crystal and (b) log-log scale for amorphous Si solar cell,
respectively.

log-log scale for amorphous Si solar cell, respectively. From
Fig. 7(a) multi-crystal Si solar cell exhibits mostly single
exponential I-V characteristic with ideality factor 2 as expected.
On the other hand, it is clear from Fig. 7(b) that there is a
quadratic current component at low voltage for amorphous Si
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solar cell. This quadratic current component may also result from
SCL transport; however, further investigation is required to clarify
its nature.

5. Conclusion

In summary, a series resistance extraction scheme which
requires no presumed I-V functional form was proposed. With I-V
measurement at two illumination levels, all device-level para-
meters, including series resistance, shunt resistance, photocurrent
and intrinsic I-V characteristics can be determined. This method
was applied to analyze a BH] OSC. We found that, after the
removal of the series resistance, a linear hopping current
component as well as a quadratic SCL current component can
be clearly identified in the extracted intrinsic I-V characteristics.
Furthermore, the reconstructed dark I-V is found to differ from
the measured dark I-V, revealing the important role of electric
field in BHJ OSC.
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Appendix

Combine (1), (8) and (10), we get

Vpo
Iphr = R—R (15)
Substitute (1), (2) into (7), we have
R:—R
Vor = S Vot (R - F(Vo)~Re=R) - Iy (16)
S|
Therefore, one gets
Vpr (Re—R)

Vp)= — -Vp+1 17
T = ReR) " Ry Re—Ry 2 H 1 an
and

R Ry - (Rs—R) Ry, - (R—R)
Vp= - Vpg— =0 2 f(Vp)+ 2 18

P=R-R) " R_R) f(Vp) ®R—R) ph (18)
Note also from (4) and (7)

_ Vpr=Vp
n="RTR 19)

Solve V,,, from (4) and substitute the result as well as (15), (18)
and (19) into (9), we have

Rsh Rsh 1
S o+ W
k=& -p ®—B) R Vo0

f(Vp)— (20)

From (10)

(Rt—R)

Iy =f(Vpo)— Ry R-Ry)’ Vbo 21

Substituting (21) into (20) leads to (11) and substituting (10) and
(17) into (11) leads to (12).
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