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In this work, a simple and efficient method for the extraction of all the parameters of a solar cell
from a single current-voltage (I-V) curve under the constant illumination level is proposed. With the
help of the Lambert W function, the explicit analytic expression for / is obtained. By reducing
the number of the parameters, the expression for / only depends on the ideality factor n, the series
resistance R, and the shunt resistance R, This analytic expression is directly used to fit the
experimental data and extract the device parameters. This simple solar cell parameter
extraction method can be directly applied for all kinds of solar cells whose I-V characteristics follow
the single-diode model. The parameters of various solar devices including silicon solar cells,
silicon solar modules, dye-sensitized solar cells, and organic solar cells with standalone, tandem, and
multi-junction structures have been successfully extracted by using our proposed method. © 20171

American Institute of Physics. [doi:10.1063/1.3632971]

. INTRODUCTION

Solar cells are promising devices for clean electric
power generation. Various intensive research efforts have
been devoted to their continuous performance improvement.
To estimate solar cell performance and thus further to simu-
late, design, fabricate, and quality control solar cells, an
accurate knowledge of their parameters from experimental
data is of vital importance. The electrical characteristic of a
solar cell can be described by the equivalent circuit of the
single-diode model, the two-diode model,' or the three-diode
model.>? Among these circuit models, the single-diode
model has the simplest form as shown in Fig. 1. Although
the single-diode mode is simple, it can well describe the
characteristics of various solar cells, satisfy most of the
applications, and thus becomes the most widely used circuit
model.*2! In the single-diode model, the relation of the cur-
rent / and the voltage V is given as

q(V —R,I) VR
=1 R ) =
0<exp< ks T + R o (1)

where I, is the saturation current, /,,, the photocurrent, R, the
series resistance, Ry, the shunt resistance, n the ideality
factor, ¢ the electron charge, kp the Boltzmann constant, and
T the temperature. The methods to determine the unknown
parameters of Iy, I,,, n, R, and Ry, have been the subject of
many studies.*?' Some methods use the measurements of
illuminated -V characteristics at different illumination
levels*® and some utilize dark and illuminated
measurements.’'* However, it should be noted that the de-
vice parameters are widely influenced by the different illumi-
nation levels.'" Therefore, it is very important to estimate all
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the parameters from a single /-V curve measured under the
condition of one constant illumination level. This is essen-
tially important for the recently emerging organic solar cells,
whose parameters have been shown to be greatly influenced
by different illumination levels."?

Recently, Ishibashi et al. introduced one method to
extract all the parameters of a solar cell under one constant
illumination level.? However, their method needs to calcu-
late the differential value dV/dl from the experimental data,
which requires a very smooth /-V curve. Thus, the polyno-
mial approximation or other method to smooth the experi-
mental curve is inevitable. Furthermore, in their method,
only a part of the experimental data can be used to extract
the parameters because the differential dV/dl will have a
very large error when [ is close to the short circuit current
(Isc). Till now, the most used way to extract the solar cell pa-
rameters is still the curve fitting approach.'*'” The least-
squares method, which is the most commonly used method
in the curve fitting, extracts the parameters by minimizing
the squared error between the calculated target variable and
the experimental data. However, in the conventional curve
fitting methods, the expressions for the target variable are
usually implicit functions and include the independent and
dependent variables at the same time. For example, in Eq.
(1), the expression for [ includes both V and /. This implicit
nature of the target variable expression increases the com-
plexity and difficulty of the parameter extraction. With the
help of the Lambert W function, the explicit analytic expres-
sions for I or V can be obtained."®' In one previous work
from Jain et al.,18 Lambert W function has been used to
study the properties of solar cells. However, their study is
validated only on simulated /-V characteristics instead of the
parameter extraction from the experimental data. Another
work from Ortiz-Conde et al.*' proposed an efficient method
to extract the solar cell parameters from the [-V
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FIG. 1. Generic solar cell equivalent circuit (single-diode model).

characteristics based on the Lambert W function. Because
the explicit analytic expressions directly derived from Eq.
(1) still remain unsuitable for the purpose of extracting the
model parameters, there they first calculated the Co-content
(CC) function from the exact explicit analytical expressions
and then extracted the device parameters by fitting.?! How-
ever, the CC is still a function of 7 and V, and thus the fitting
process is a bi-dimensional fitting progress.

Here, we propose a simple fitting method to estimate all
the parameters of a solar cell just from a single /-V curve
under one constant illumination level based on the Lambert
W function. In this method, an accurate analytic expression
for I only depends on three parameters of n, Ry, and R, and
is directly used to fit the experimental data. Because this ana-
lytic expression is only a function of V, the fitting is only
one-dimensional and, thus, a much easier method. The pro-
posed method has been used to analyze various solar devices,
including Si solar cells, Si solar modules, standalone organic
solar cells, tandem organic solar cells, multi-junction organic
solar cells, and dye-sensitized solar cells (DSSCs).

Il. THEORY

Eq. (1) gives the most popular description of the I-V
characteristics of a solar cell under a given illumination
level. It is an implicit equation and cannot be solved analyti-
cally. However, with the help of the Lambert W function,
the solution can be given as

_ V. Ra(Ridpn +Rilo+V) | nkgT
"R, Ry(Rg, + Ry) qR;
GRIoRy <Rshq(RsI,,h + Ry + v))} @
(Ry + Ry,)nkgT nkgT(Ry + Ry,) ’

1 lambertw

where lambertw is the Lambert W function, which can be
easily solved numerically. The reason we can derive Eq. (2)
is that there is only one exponential term in Eq. (1). If there
are two or more exponential terms in the equation, it will
become very difficult to derive the expression for / based on
the Lambert W function. This is another important reason
why we choose the single-diode model in this work. Eq. (2)
has an analytical form and it is very convenient to be used in
computer programs to reproduce the /-V curves of a solar
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cell when knowing all the parameters. However, this expres-
sion is still unsuitable for the purpose of extracting the de-
vice parameters.”’ When it is used in the curve fitting to
extract the device parameters, very large errors can be intro-
duced. This is mainly caused by the very large value differ-
ence between I and /,,,. Although both I, and /,,;, are current
and have the same unit, the difference between their values
is usually larger than six orders. Thus, Eq. (2) must be well
dealt before it can be used for the device parameter
extraction.

At the short circuit condition (/= —Ig- and V=0) and
the open circuit condition (/ =0 and V=V, the open cir-
cuit voltage), from Eq. (1), it gives

qRlIsc Rylsc
e =1, Atisc) L Rise g 3
sc 0{exp< nkBT> } + R, phs (3a)

v, v,
O]o{exp(zk:;> - 1} +Rihcflph. (3b)

Combining Egs. (3a) and (3b), it can be derived that

o+ Rilsc —Voc exp —qVoc
I s¢ Rsh nkBT

= , 4a
0 1 <Q(Rx].v(' - VOC)) ( )
—exp| ———=
nkBT
Rylsc —V
Isc + K SCI‘e oc Voo
Ly+1 = sh + . 4b
ph 0 1 <q(Rs15c - VOC)) Rxh ( )
—exp| ————=
nkBT

Substituting Eqs. (4a) and (4b) into Eq. (2), gives

Rsc—V,
]SC“‘ siSC oc
R N R Rxh | RSVOC LY
; : 1—ex q(RsIsc *VOC) Rsh
LV PUT ket
Rs Rs (Rv +Rrh)
Jo. Voc exp —qVoc
—Q—nkBTlambertw qR; s¢ Ri+Ry, nkgT
qu nkBT l—ex q(RSISC - VOC)
P I’lkBT
. +Rslsc—Voc T
sct———
R, RVoc
R R sh / Ly
o Sl <q(R515(;—V0c)) Ry, l
xexp I’lkBT
nkgT(Ry+Ry;)

&)

As shown above, by using Igc and Ve, the number of
unknown parameters is reduced from five (/y, 1,5, n, R, and
R,;,) to only three (1, Ry, and Rg;,). This change makes Eq. (5)
suitable to be used in the parameter extraction by the numeri-
cal fitting method. In the derivation of Eq. (5), no assumption
or approximation is made. Therefore, Eq. (5) is the accurate
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expression for /. However, this expression seems a little
complicated. It can be greatly simplified if we make the
assumption

Rylsc —
A =exp (W) < 1. (6)

Using this assumption, Egs. (4a) and (4b) are reduced to

RiIsc — Voc —qVoc
Ip= (1 7
0 < sc + R, > exp( gl ) (7a)

Rl
[ph + 1y = Igc + SSC. (7b)
Rsh

Thus, Eq. (5) is reduced to

nkgT qR; Voc —qVoc
I = lambertw |—— | Igc— ————
gR, b {nkBT ( SCTR, +Rsh> P ( nksT

q R,V Vv
1 (R — ——1
X expnkBT < slsc +Rm +Rs>:| +Rs sc

N RshV (8)
Rs(Rsh + Rs) '

Eq. (8) is much simpler than Eq. (5), but it requires that the
assumption (6) is valid. Fortunately, this assumption is gen-
erally valid for various solar cells."?

Both Egs. (5) and (8) are suitable to be used to extract
the device parameters of n, R, and R, by employing the
very mature least-squares method (for example, use the non-
linear least-squares function “Lsgnonlin” in Matlab, please
refer to the supplemental materials®®). Because there is only
one independent variable V in the right side of Egs. (5) and
(8), the fitting process is only one dimensional and, thus, the
whole parameter extracting process becomes simple. For
example, in a Matlab environment, only a few lines of code
are required (please refer to the supplemental materials).?
After n, R, and Ry, are extracted, I, and /,, can be calculated
according to Egs. (4) and (7).

The initial values for n, R, and Ry, are given as the fol-
lowing. From Eq. (1), dV/dI is expressed as

dv nkgT
v _ 3T /q TR, (9)
di Ly + 1o +1— (V= RiI — nksT/q) /Ry,

Substituting (7b) into (9),

dv nkgT /q

M R,. 10

a= LV kT T+LoRr, B 10
5 Rsh quh Rsh

At short circuit condition (/ = —Igc and V =0)

av

ﬁ :Rsh +R; %Rsh- (11)

I=Isc,V=0
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And around the open circuit condition (/ =0 and V="V¢)

av nkgT /q

av _ R
dl V. kT T+ LR
Isc +1 ——+
Rsh quh Rsh
nkgT
~ 37/‘7‘/ TR, (12)
I +1——
s¢ Rsh

The initial values of n and R; are derived by the y-intercept
and the slope of the plot of dV/dI as a function of (Igc +1 —
V/Rsh)flkBT/q. In the derivation of Egs. (11) and (12), the
assumption that Ry, > R, has been used, which is generally
a good approximation to set the initial values.

lll. RESULTS AND DISCUSSION

From the introduction of the theory, it can be seen that
our proposed method relies on Isc and Vo being known.
Normally, the values of /g- and V¢ can be obtained directly
from the experimental data.'’> However, sometimes the I-V
characteristics are only measured in the “active” quadrant of
the solar cell without even measuring /g¢c and V¢ directly or
sometimes the density of the points are not sufficient to
unambiguously determine both /g and V¢ although the I-V
characteristics are measured in three quadrants. Under this
condition, /g and Vo can be obtained by the interpolation
method or derived from the approximate /-V polynomial
expression.13 Thus, Igc and Ve can be determined accu-
rately for most cases and then our method can be used
widely.

The single-diode model [Eq. (1)] can describe not only
the I-V characteristics of standalone solar cells but also the
electrical properties of tandem, multi-junction solar cells and
modules where the cells are connected in series and/or paral-
lel. Various types of solar cells have different properties. To
test the validity of our proposed method, we will apply our
method to extract the parameters from the experimental /-V
curves of various solar devices in the following. These devi-
ces include a silicon solar cell, a silicon solar cell module,
organic solar cells with different structures (standalone, tan-
dem, and multi-junction organic solar cells), and a DSSC.

A. Application to a silicon solar cell

The proposed method is first applied to extract the pa-
rameters of a 57-mm-diameter commercial (R.T.C. France)
silicon solar cell.'* The value of dV/dI at short circuit condi-
tion gives the initial value of Ry, at about 36 Q. Figure 2(a)
shows the plot of dV/dl and (Is¢ +1 — V/Rsh)_lkBT/q. The
y-intercept and the slope give the initial values of R, and n at
about 0.0396 Q and 1.25, respectively. Using these initial
values, the parameters extracted by our proposed method are
summarized in Table I. It is shown that the initial values are
close to the extracted values and thus confirms the validity of
the method to set the initial values. The corresponding /-V
curves rebuilt with the extracted parameters are shown in
Fig. 2(b). It is clearly shown that the rebuilt curves are in
very good agreement with the experimental data (open
circles). Dashed line represents the curve calculated using
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FIG. 2. (Color online) (a) Plot of dV/dl as a function of (Isc +1 — V/
Ry) " 'kgT/q. The y-intercept and the slope of the plot of dV/dl give the ini-
tial values of n and R;. (b) Experimental data of a silicon solar cell (R.T.C
France) (open circles) and the /-V curves calculated using the value of the
parameters derived by our method based on Eq. (5) (dashed line) and Eq. (8)
(solid line).
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the values of parameters extracted based on Eq. (5) where no
assumption is needed. Solid line represents the curve calcu-
lated using the values of parameters extracted based on Eq.
(8), which needs the assumption (6). The two lines are in
excellent agreement and we cannot distinguish them from
each other. This is because when the assumption (6) is satis-
factory (A<1), Eq. (5) and Eq. (8) are well equivalent.
Because the extracted parameters according to the two equa-
tions are almost the same, only one set of the extracted data
is give in Table L. In the following, only the simplified Eq.
(8) is used when A<1 because Eq. (8) is well equivalent to
Eq. (5) under this condition.

As stated above, the initial values of n, R, and Ry, in our
proposed method are derived from Eqgs. (10-12). They are
only the approximate values and can never be known accu-
rately. As is known, the results of many fitting algorithms
greatly depend on the initial values. Here, to test the robust-
ness of our proposed method to the initial values, the initial
values of n, R, and Ry, are changed simultaneously from
half to twice of the previous initial values used in Fig. 2 and
then applied in our proposed method to extract the parame-
ters. By using the same experimental data as in Fig. 2, the
deviations of the extracted parameters for different initial
values of n, Ry, and Ry, are obtained and shown in Fig. 3. It
can be seen that the deviations are relatively small for a large
change range of the initial values. This shows the robustness
of our proposed method to the different initial values.

To further test the sensitivity of our method to the mea-
surement error or noise, we add random noise with different
relative intensity to the same experimental data as used in
Fig. 2(b). By considering possible electronic noise or random
errors during measurements, the current can be written as

Iwith_noise = Lwithout_noise (1 + percent X random) . (13)

Thus, the data with noise are used in our method to extract
device parameters. To extract the parameters, Isc and Ve
are firstly obtained by the cubic spline interpolation method.

TABLE I. Extracted parameters by our method and the previous work of a silicon solar cell, a silicon solar module, and a DSSC.

Silicon solar cells (33° C)

Silicon solar module (45° C) DSSC (20° €)™

Para- Previous Previous Previous This This work ~ Previous Previous Previous This Previous  Previous This
meters work® work® work® work (with noise)”  work® work® work® work work? work® work

I (A) 0.7608 — 0.76 0.7604 0.7602 1.030 — 1.0 1.0309 0.00206 0.0021 0.002057
Ve (V) 0.5728 — 0.57 0.5737 0.5736 16.778 — 17 16.782 0.704 0.70 0.7065
Ly, (A) 0.7608  0.7609 0.77 0.7611 0.7618 1.0318 1.0359 1.0 1.0332 — 0.0021 0.002085
I (uA) 0.3223  0.4039 0.20 0.2422 0.1195 3.2876 6.77 2.3 1.597 0.035 0.023 0.015143
N 1.484 1.504 1.4 1.4561 1.392 48.45 51.32 47 45.862 2.5 2.5 2.3865
R, (Q) 0.0364  0.0364 1.037 0.0373 0.0384 1.2057 1.146 1.3 1.313 43.8 42 44.7
Ry (kQ)  0.0538  0.0495 0.032 0.042 0.0205 0.549 0.2 0.83 0.6023 3.736 32 3.285

A 89x1077 —  56x1077 68x1077 36x107 83x10° —  63x10° 94x1077 60x107° 49x107° 1.3ex 107

“Random noise with 5% relative intensity.

“No information on the temperature T in the reference.
See Ref. 14.

"See Ref. 15.

‘See Ref. 13.

“See Ref. 17.
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By using this method, it can be seen that the obtained /g
and V¢ are very accurate even when the relative intensity of
a typical random noise is 5% as shown in Table 1. For vari-
ous levels of the typical random noise, the percentage of rel-
ative error in extracted parameters is shown in Fig. 4. It can
be seen that the errors of the parameters extracted from the /-
V data with different relative noise intensity turn out to be in-
significant. When the noise relative intensity is 5%, the
errors for n and R are less than 4% as shown in Fig. 4 and
Table I, which are much smaller than the results from Ortiz-
Conde er al*' This shows the stability of our proposed
method. Especially, it is well known that R, greatly affects
the device performance and thus its determination becomes
the target of many works.*'® The very small relative error
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FIG. 4. Relative errors of the extracted parameters resulting as a function of
the random noise with different relative intensity added to the experimental
data.
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of the extracted R, under different noise intensity here shows
the advantage of our method.

Compared with 7,,;,, n, and Ry, the errors in I, and R, are
relatively large as shown in Figs. 3 and 4. This is because the
parameters are extracted by minimizing the squared error
between the calculated / and the experimental / in our pro-
posed method. As shown in Eq. (1), although I strongly
depends on Iy, 1,4, n, R; and R, there are still some differen-
ces for the sensitivity of / on the five parameters. By compar-
ing the five parameters, / is more sensitive to I, n, R, than
Iy, Ry,. Thus, the determined error in /, and Ry, is relative
large. Fortunately, this does not affect the validity of our pro-
posed method. This can be seen from the error of the
extracted maximum power (P,,,,). As shown in Figs. 3
and 4, the deviation of P,,,, is negligible. Because the most
important parameter from the application point of view is the
power derived from the solar cell, the very small deviation
of P, shows the validity and robustness of our proposed
method.

In the above, we have discussed the sensitivity and
robustness of the proposed method. And in the following, we
will not discuss that again and just apply it to various
devices.

B. Application to a silicon solar module

The parameters of a silicon solar module (Photowatt-
PWP 201)"* in which 36 polycrystalline silicon cells are con-
nected in series are also investigated by our proposed method
and the results are shown in Table 1. For a solar module, the
ideality factor is very large as shown in Table I, which is
because of the tunneling junctions which connect the sub-
cells in the module. For these very large n values, the one
diode model becomes only a mathematical model instead of
a physical model. However, it still can well describe the
module /-V characteristics. Figure 5 shows the experimental
data of the solar module (open circles), the calculated curves
using the extracted parameters in this work (solid line) and
the rebuilt curves in the previous reports (dashed line and

04 T T T T

0.2F

O Experimental data
—— This work .
=~==Raf. 15 1

0.0+

A)

= -02

Current

Voltage (V)

FIG. 5. (Color online) Experimental data of a silicon solar cell (open
circles), the I-V curves calculated using the value of the parameters derived
by our method (solid line) and the rebuilt /-V curves of the previous studies
(Ref. 15) (dashed line) and (Ref. 13) (dotted line).
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FIG. 6. (Color online) (a) Experimental data of a P3HT:PC7,BM polymer
cell (open circles), a PCPDTBT:PCBM polymer cell (open triangles) and
their corresponding tandem cell (open squares), and the /-V curves calcu-
lated using the value of the parameters derived by our method (solid line).
(b) Experimental data of a CuPc/PTCBI multi-junction small molecule cell
under the different illumination levels of 18 (open circles), 58 (open trian-
gles), 116 (open squares), and 372 (open diamonds) mW/cmz, and the /-V
curves calculated using the value of the parameters derived by our method
(solid line).
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dotted line). One previous study'® gave a smaller value of
Ry, and a larger value of n (Table I). This makes that there is
an obvious deviation between the calculated curve (dashed
line in Fig. 5) and the experimental data around the maxi-
mum output point. This may be induced by their employed
differential calculation which is sensitive to the measurement
error. Another recent study'? gave a low value of I, and
thus a low value of Igc (Table I and dotted line in Fig. 5).
This may be because they only used a small part of the ex-
perimental data far from the short circuit point, and thus
some information from the experimental data is lost. Com-
pared to these previous studies, the curve obtained from our
method has a better agreement with the experiment data as
shown in Fig. 5, and thus our method shows the obvious
advantage.

C. Application to organic solar cells with different
structures

Organic solar cells generally have 2—4 orders of magni-
tude larger series resistance values and relatively smaller
shunt resistance values than classical silicon solar cell.??
Some conventional methods that are widely used in mature
silicon solar cells, such as the assumption that R, is
neglected, cannot be used in organic solar cells because they
may lead to very large errors. However, our proposed
method here can be directly used in organic solar cells.

An example is shown in Fig. 6(a). It is shown that the
calculated /-V curves from the parameters (Table II) obtained
by our method are in excellent agreement with the experi-
mental data'® of not only the standalone devices based on
the different composites of poly[2,6-(4,4-bis-(2-ethylhexyl)-
4 H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-4,7-(2,1, 3-ben-
zothiadiazole)]®:-phenyl-C61 butyric acid methyl ester
(PCPDTBT:PCBM) and poly(3-hexylthiophene)®:-phenyl-
C71 butyric acid methyl ester (P3HT:PC,,BM), but also the
organic solar cell with the tandem structure. Figure 6(b)
shows another example. The investigated device is an or-
ganic solar cell with a multi-junction structure based on the

TABLE II. Extracted parameters by our method and the previous work of two standalone polymer solar cells, a tandem polymer cell, and a multi-junction

small molecule cell (27° C was used in the parameter extraction).

Standalone and tandem polymer cells

Multi-junction small molecule cell under different illumination

P3HT cell PCPDTBT cell Tandem cell 18 mW/cm? 58 mW /cm? 116 mW /cm? 372 mW /cm?
Para- Previous This Previous This Previous This This This Previous This This
meters work® work work® work work® work work work work® work work
I, (mA/cm?)  10.8 10.8 9.2 9.22 7.8 7.792 0.7091 2.2755 4.6 4.5728 17.509
Ve (V) 0.63 0.63 0.66 0.66 1.24 1.24 0.9355 1.1294 12 1.2217 1.3431
1, (mA) — 10.861 — 9.49 — 7.8273 0.7116 2.3162 4.7 47219 15.326
Iy (mA) —  348x10°° 381 %1077 8841077 9.0x1073 17x107° 92x107* 1.04x107% 4.04ex107*
n — 1.65 — 1.746 — 3.0243 8.611 6.3756 5.8 5.8847 5.162
R, (Qcm?) — 1.2 — 5.4 — 5.6 354 50.9 48 46.9 23.1
Ry, (kQcm?) — 0.6833 — 0.1797 — 1.2357 17.196 2.9868 1.4 1.4024 0.4119
A — 6.9x1077 1.8x107° 30x1077 1.8x1072 24x107° 1.1x107° 15x107° 1x1073
“See Ref. 23.
"See Ref. 13.
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FIG. 7. (Color online) Experimental data of a DSSC (C4) (open circles) and
the /-V curve calculated using the value of the parameters derived by our
method (solid line).

materials of copper phthalocyanine/3,4,9,10-perylenetetra-
carboxylic bisbenzimid-azole (CuPc/PTCBI) and its I-V
characteristics were measured under different illumination
levels.>* There is a very good agreement between the calcu-
lated curves and the experimental data [Fig. 6(b)]. As shown
in Table II, the extracted parameters change with the differ-
ent light intensity. This means that the conventional
“different illumination level methods™*” can cause a large
error because these methods assume the device parameters
are constant under different illumination levels.

The above results have shown that our proposed method
cannot only be used in organic solar cells with different com-
posites, but also can be used in organic solar cells with dif-
ferent structures. The good agreement between the
calculation results and the experimental data indicates that
our method is very suitable for organic solar cells.

D. Application to a DSSC

We again applied our method to a DSSC. The experi-
mental data of a DSSC called C4 (Ref. 17) are shown in
Fig. 7 (open circles). In the previous study,'” their method
requires that the parameter of n is fixed to some constant
value and then the other parameters are extracted. But the
method that requires fixing an unknown parameter can never
yield accurate values of the parameters. Another method in a
recent study'? can extract all the parameters, but it requires
that the experimental /-V curve must be smooth enough, and
thus these data have to be approximated by a ninth-degree
polynomial expression in their study.'> Compared to these
previous studies, our method can be directly used to extract
the parameters from the raw data. As shown in Fig. 7, the
calculated curve using the parameters (Table I) extracted by

J. Appl. Phys. 110, 064504 (2011)

our method is in very good agreement with the experimental
data. This shows the advantages of our method.

IV. CONCLUSION

In this work, we have proposed a simple method to
extract all the parameters of a solar cell just from a single /-
V curve under one constant illumination level. With the help
of the Lambert W function, the explicit analytic expression
for I can be obtained. By reducing the number of parameters,
the expression for / only depends on three parameters of n,
R, and Rg;,. This analytic expression for [ is directly used in
the numerical method to fit the experimental data and then
determine the values of the parameters. It has been shown
that our method can be easily used to analyze various solar
devices, including silicon solar cells, silicon solar modules,
dye-sensitized solar cells, and organic solar cells with stand-
alone, tandem, and multi-junction structures.
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