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The purpose of this study is to develop a method for directly measuring the sheet resistance of a junction
partner for a chalcogenide light absorber in a thin-film solar cell. The developed method is applied to
CdS in a Cu(In, Ga)Se; (CIGS) thin-film solar cell as a proof of concept. The suggested method utilizes
a combination of the lateral photocurrent flowing along CdS in a custom-designed cell and the current
density—voltage curve of a lab-scale CIGS solar cell. By combining an equivalent circuit analysis and
a derived approximate equation, a semiempirical formula is proposed for directly measuring the sheet
resistance of CdS in the CIGS thin-film solar cell. The semiempirical formula is a function of the basic
characteristics (fill factor, short-circuit current density, open-circuit voltage) of the CIGS solar cell, and
the linear lateral photocurrent density measured in the custom-designed cell. The proposed semiempirical
formula is validated by measuring the sheet resistance of a ZnO:Al thin film in a custom-modified cell.
The sheet resistance value agrees well with the sheet resistance value measured by a four-point probe.
This method can be easily extended to Cu,ZnSnS4, SnS, and Sb,Ses thin-film solar cells, which have very
similar device structures to a CIGS thin-film solar cell.
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I. INTRODUCTION

To better understand the electronic transport of mul-
tilayered electronic devices, characterizing the electrical
properties of each functional layer is important. If the
growth of a functional layer is influenced by the under-
layer, then its electrical properties must be directly char-
acterized in the device. CdS is well known as one of
the best p-n junction partners for Cu(In, Ga)Se, (CIGS)
[1-4] and is commonly grown using chemical bath depo-
sition [1—4]. The growth of chemical-bath-deposited CdS
is strongly influenced by the underlayer [5—12]. Although
CdS is deposited under the same experimental condition,
a CdS thin film is deposited on the CIGS surface, but
CdS particles are deposited on the glass (Fig. 1). It has
been reported that the growth of CdS is also affected by
the surface roughness of the substrate [6] and the lattice
mismatch between CdS and the substrate [7]. It is even
influenced by the composition [8,9] and grain orientation
[10—12] at the CIGS surface. Therefore, the electrical prop-
erties of CdS must be measured directly in the device.
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As mentioned previously, although the growth depen-
dence of chemical-bath-deposited CdS on the underlayer
has been reported by several research groups [5—12], a
common solution to directly measure the electrical prop-
erties of CdS in a CIGS thin-film solar cell has not been
reported.

Many solar cells generally use some nonmetallic buffer
layer between the active layer and the top electrode
to improve their electrical performance. For example,
chalcogenide thin-film solar cells, including CIGS [13],
Cu,ZnSnS4 [14], SnS [15], and Sb,Se; [16] generally use
buffer layers such as CdS, ZnS, In,Ss;, or Zn;_,Mg,O
between their light absorber layers and top transparent con-
ducting oxides. MoO, [17] or bathocuproine [ 18] buffer for
perovskite solar cells, and Ga, O3 [19] buffer for cuprous
oxide solar cells have been used between the light absorber
layers and top electrodes to improve device performances.
Therefore, if we develop a method for directly measuring
the sheet resistance of CdS, Rg(cqgs), in a CIGS device, the
developed method can be applied to a wider range of solar
cells, as well as related diode applications.

This study proposes a method to directly measure
the sheet resistance of CdS through a lateral pho-
tocurrent method using a paired set of a custom-
designed cell and a laboratory-scale CIGS solar cell.
The custom-designed cell consists of a planar stack of
CdS/CIGS/Mo with a patterned opaque top metal contact
[Fig. 2(a)], and the CIGS solar cell is a planar stack of
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FIG. 1. The growth of chemical-bath-deposited CdS is
strongly influenced by the underlayer. (a) Cross-section trans-
mission electron microscope image of CdS grown on the CIGS
surface. (b) Plane scanning electron microscope image of CdS
grown on glass.

Zn0:Al/iZnO/CdS/CIGS /Mo, where ZnO:Al is Al-doped
ZnO and iZnO is intrinsic ZnO [Fig. 2(b)]. The suggested
method is based on a combination of the lateral photocur-
rent (i p) flowing along CdS in the custom-designed cell
and current density—voltage (J-V) data of the lab-scale
CIGS solar cell. First, analysis of an equivalent circuit for
the custom-designed cell provides a numerical relationship
between i p and Rgcgs). Second, mathematical deriva-
tion provides an approximate theoretical formula relating
irp and Rgcgs) assuming FF =100%, where FF is the fill
factor of the CIGS solar cell. Finally, a combination of the
equivalent circuit analysis and the approximate theoretical
formula provides a semiempirical formula relating i p and
Rs(cas), considering the actual FF value.

Highly resistive CdS could cause a loss in FF of CIGS
solar cells [20,21]. The resistivity of CdS can have a much
greater effect on the performance of the solar cells when
we employ a network-type transparent conducting elec-
trode (TCE) to replace sputtered ZnO:Al/iZnO for a CIGS
solar cell (Fig. 3). Charge carriers present in the empty
space in the network-type TCE laterally travel along the
CdS layer to reach the TCE [22,23], which causes resistive

(a) Light illumination
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power loss related to Rg(cqs) and the size of the empty
space (Lesh) of the network-type TCE. Therefore, measur-
ing Rs(cgs) under device operating conditions is essential
to choose and design the most suitable network-type TCE.
Network-type TCEs such as metal nanowires [23-25] and
metal meshes [26-—28] have been extensively studied to
replace sputtered transparent conducting oxides for opto-
electronic devices due to their low-cost processing and
excellent mechanical flexibility.

II. LATERAL PHOTOCURRENT METHOD

The suggested lateral photocurrent method for measur-
ing Rg(cds) is based on a short-circuited custom-designed
cell paired with a lab-scale CIGS solar cell under light
illumination (Fig. 2). First, the variations in the current
and voltage in the custom-designed cell are described
in Sec. I A. Second, a numerical solution for Rgcqs)
is shown based on an equivalent circuit analysis for the
custom-designed cell in Sec. II B. In Sec. II C, an approxi-
mate mathematical formula for Rgcgs) is derived assuming
FF=100% of the CIGS solar cell. Finally, a semiem-
pirical formula considering the actual FF value is intro-
duced by combining the equivalent circuit analysis and the
approximate formula in Sec. II D.

A. Custom-designed cell

A cell composed of a planar stack of CdS/CIGS/Mo
with a patterned opaque top metal contact is custom-
designed [Fig. 2(a)]. Although the bar-shaped top metal
contact is not essential in principle, this simple shape is
chosen for mathematical convenience. Therefore, for elec-
trodes with other shapes, width () in Fig. 2(a) can be
simply replaced by the length of the current collecting side
of the top metal contact. The length (L) of the custom-
designed cell can be any size as long as it is greater
than the lateral charge carrier collection length along CdS

(b) Light illumination
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FIG. 2.

Illustration of a paired set of two CIGS devices necessary to determine the sheet resistance of CdS. (a) Custom-designed

cell with a stack of CdS/CIGS/Mo under light illumination to measure the lateral photocurrent (i.p) flowing along CdS. (b) Lab-scale
CIGS solar cell with a standard stack of ZnO:Al/iZnO/CdS/CIGS /Mo under the same light illumination to measure J-JV curve.
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FIG. 3. A schematic of a CIGS solar cell having a network-
type TCE as a window layer, where charge carriers present in the
empty space in the network-type TCE would horizontally travel
along the CdS layer to reach the TCE.

(approximately 25 um in this work). This is because the
photocurrent generated farther than the lateral collection
length is negligibly small [22]. Please note that there is no
ZnO:Al/iZnO on CdS in the custom-designed cell, in con-
trast to a lab-scale CIGS solar cell with a planar stack of
Zn0:Al/iZnO/CdS/CIGS /Mo [Fig. 2(b)].

Let us describe the current flow and voltage variation in
the custom-designed cell to lay the foundation for devel-
oping the relationship between irp and Rg(cqs). When we
shine light on the short-circuited custom-designed cell,
electron-hole pairs are generated in the bulk of CIGS, and
the electrons vertically travel to reach CdS. Once the elec-
trons reach CdS, they travel horizontally along CdS and are
collected by the top metal contact as an external photocur-
rent [Fig. 4(a)]. The direction of current flow is the reverse
to that of electron flow and marked by arrows in Fig. 4(b).
The positive direction of current flow is set to be from left
to right along CdS and from top to bottom across CIGS
[Fig. 4(b)]. The horizontal current flow from the top metal
contact along CdS (ic4s) causes a decrease in the volt-
age at the surface of CdS (Vcg4s) due to the current times
resistance (/R) drop with increasing distance from the top
metal contact [Fig. 4(c)]. Vcgs corresponds to the voltage
difference across CIGS because Mo is grounded. This /R
drop causes a forward diode current, whose direction is
the reverse of the direction of the photogenerated current
[Fig. 4(d)]. Vcas gradually decreases, reaching —Voc at
some point, where V¢ is the open-circuit voltage for the
lab-scale CIGS solar cell. Then, the photogenerated current
is canceled out by the diode current, resulting in both a net

current across CIGS (icigs) and icgs being zero. After that,
the IR drop along CdS thus no longer occurs even with a
further distance from the top metal contact. Therefore, we
can divide the custom-designed cell into two regions: zone
A of 0 > Vegs = —Voc and zone B of Vegs = —Voc. The
IR drop along Mo is neglected because the sheet resistance
of Mo (about 0.75 ©2/sq in this work) is much lower than
Rg(cas) (estimated to be about 30 M2/sq in this work) in
this work.

B. Equivalent circuit analysis

An equivalent circuit for a custom-designed cell is con-
structed based on the variations in the current and voltage
in it and characteristic parameters of a lab-scale CIGS solar
cell paired with the custom-designed cell. A fabricated
solar cell shows Voc = 711 mV, Jgc = 30.8 mA/cm?, and
FF=73.7% [Fig. 5(a)]. Here, two more characteristic
parameters V. and AV are introduced. Vy,,x is defined as
the maximum value among the voltage coordinate values
of the J-V data between V"= 0 and V' = V¢, and AV as
the voltage interval when we measure the J-J of the CIGS
solar cell. Therefore, Vi = 710 mV, and AV =10 mV
in this work [Fig. 5(b)].

Figure 6(a) shows the equivalent circuit for zone 4 of the
short-circuited custom-designed cell paired with the above
CIGS solar cell under light illumination. Nodes are posi-
tioned along CdS from node 0 to node n+1. The node
voltages are assigned based on the characteristic param-
eters of the above CIGS solar cell. The voltage at node
0 (V) is assigned to be V) = —Vpc. The node voltage at
node k (Vy) is assigned tobe Vi = —Viax + (K — 1) AV for
1 <k<n+1,where n = Viu/AV. Voc, Vinax, and AV
are then determined to be 0.711, 0.710, and 0.01 V from the
previous paragraph, and so V; = —0.71 4+ 0.01(k — 1) for
1 < k < 72 in this work. The equivalent circuit consists of
n+ 1 microcells. Each microcell has a CIGS micro-solar-
cell with an area of WAx;, and a CdS microresistor with a
resistance of Ry[= Rg(cds)(Axx/W)], a length of Ax;, and
a width of W. The current across the CIGS micro-solar-cell
from node & to Mo is iCIGSk = JCIGSk WAxk, where JCIGSk
is the current density across the CIGS micro-solar-cell
connected to node k.

How to obtain Jcigsy — Vi for the CIGS micro-solar-
cells is explained in detail as follows: V} is the voltage at
node & positioned at CdS with respect to Mo [Fig. 6(a)].
V of the J-V data of the CIGS solar cell is the volt-
age at Mo with respect to the top transparent conducting
electrode (see Fig. 5). Voltage drop through the top trans-
parent conducting electrode in the lab-scale solar cell is
negligible. Therefore, both V. and V correspond to the volt-
age difference across CIGS between Mo and CdS while
their polarities are opposite. Assuming that the photogen-
erated current densities in the custom-designed cell and the
CIGS solar cell are approximately equal (this assumption
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FIG. 4. [Tllustration of the current flow and voltage variation in a short-circuited custom-designed cell under light illumination.
(a) Photogenerated electrons flow across CIGS, and along CdS in a custom-designed cell. (b) Current flows along CdS, and across
CIGS in a custom-designed cell. (c) A schematic of Vg4s as a function of distance from the top metal contact in linear scale. (d)

A schematic of current densities (photogenerated, diode, and net) flowing across CIGS as a function of distance from the top metal
contact in a linear scale.

is verified in the Appendix), Jeigsy — Vi [Fig. 6(b)] can be
obtained by reflecting J-V [Fig. 5(a)] of the CIGS solar
cell across the current-density axis. Thus, we now have the
set of (V},Jcigsk) coordinates as follows: (Vy,Jcigso) =
(=0.711,0), (I,Jaics1) = (=0.71,0.47), (V2,Jcigs2) =
(—0.70,4.73), (V3,Jcigs3) = (—0.69,8.56), etc., for the

the relationships at node £ and Ry

iy = ix—1 + iciGsk» icigsk = Joigsk WAxy,

. Axy
lkRk = AV, and Rk = RS(CdS)W- (1)

CIGS micro-solar-cells in the equivalent circuit [Fig. 6(c)].
Let us now determine i p as a function of variable
Rg(cgs) using the equivalent circuit of Fig. 6(a). We have

w
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Since we assign Vy to be —Voc, Jeigso =0, so ip =
icigso = JeigsoWAxy = 0. Solving simultaneous Eq. (1)
provides Axy and i as follows:
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Measured J-V curve of a fabricated lab-scale CIGS solar cell. The CIGS solar cell shows (a) Voc = 711 mV, Jsc =

30.8 mA/cm?, and FF = 73.7%; (b) Vipax = 710 mV, and AV = 10 mV.
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(a) Equivalent circuit for a short-circuited custom-designed cell under light illumination paired with the CIGS solar cell

of Fig. 5. (b) Jcigsk — Vi relationship for the CIGS micro-solar-cells in the equivalent circuit. (c) Several examples of (Vy, Jcigsk)
coordinate values for the CIGS micro-solar-cells in the equivalent circuit.

—ir—1Rscas) + \/ (ix—1Rs(cas))* + 4JcicsiRs(cas) AV

Axk =
2JcigsiRscasy W

Iy = i1 +Jogsk WAX, = i +

; (22)

—ir—1Rscas) + \/ (is—1Rs(cas))* + 4JcicsiRs(cas) AV

ip (iLp = iy) and Licec) (: Z’,Z'l’ Axk> as a function of
variable Rg(cgs) can be obtained by repeating the calcula-
tion using Egs. (2a) and (2b) from node 1 and R; to node
n and R,. LicEc) corresponds to the lateral charge car-
rier collection length along CdS in the custom-designed
cell under light illumination. We intuitively know that
irp is linearly proportional to W [see Fig. 2(a)]. There-
fore, the relationship between Jip(= irp/W) and Rgcas)

2b
2Rg(cds) (26)

is shown in the following. A flow chart briefly summa-
rizing how to obtain the numerical relationship between
Rscasy, Jp, and Lic(kc) is shown in Fig. 7(a). Figure 7(b)
shows the numerical relationship between Rgcgs) and Jip

obtained from the equivalent circuit analysis. This numer-
ical log;o[Rs(cds)] — log;o[JLp] relationship shows a slope
of —2, indicating that Rg(cqs) is inversely proportional to
the square of Jyp.
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(a) Flow chart showing how to obtain the numerical rela-
tiOIlShip between RS(CdS)a JLP: and LLC(EC)~ (b) Numerical
logo[Rscasy] — logo[J/rp] relationship obtained by the equiva-
lent circuit analysis.

C. Approximate mathematical formula

Although the above equivalent circuit analysis pro-
vides a numerical solution for determining Rgcqs), having
a mathematical formula relating Rgcgs)y to measurable
characteristic parameters is more convenient. Here, an

approximate mathematical formula for Rg(cqs) is derived
based on the change in icqs and Vegs between x and
x+dx in a custom-designed cell [Fig. 8(a)]. Joigs grad-
ually decreases from Jsc to 0 with increasing distance
from the top metal contact in the short-circuited custom-
designed cell under light illumination [Fig. 8(b)], where
Jeigs and Jgc are the current density across CIGS in the
custom-designed cell and the short-circuit current density
of the CIGS solar cell. However, to avoid mathematical
complexity in deriving Eq. (9), we assume Jeigs(x) = Jsc
for 0 < x < Lic(math and Jeigs(x) = 0 for x > Lic(math) In
the custom-designed cell [Fig. 8(b)]. This assumption cor-
responds to FF = 100% of the CIGS solar cell paired with
the custom-designed cell.

Let us set the position of the front edge of the top
metal contact to be x = 0 and the position of the bound-
ary between zone A and zone B to be x = Lrcmath)-
Here, approximate mathematical formula is derived based
on the boundary conditions at x =0 and x = Li.c(math)
and changes in icgs and Vggs between x and x+ dx
[Fig. 8(a)].

We have boundary conditions at x = 0 and X = Li.c(math)
as follows:

icas(x = 0) = izp, and Vegs(x = 0) =0, (3a)
icds (X = Lrcmay) =0, and Vegs(x = Lic(matn) = —Voc.
(3b)

The change in ic4s between x and x + dx [dicgs(x)] is equal
to —icigs. We then have the following relationship because
we assume Jeigs (x) = Jsc for 0 < x < Lycimathy:

dicgs(x) = —icigs(x) = —Jcigs(X) Wdx = —Jsc Widx.
4)

Integrating Eq. (4) from x =0 to x = x provides the
following equation:

icds (x) = irp — Jsc Wx. (5
Substituting Ly c(mathy for x provides Ly c(marm) as follows:

(ie/W) _ Jip

Jse Jsc

(6)

Lic(mathy =

The change in Vgs between x and x + dx [dVqs(x)] due
to the /R drop along CdS can be expressed as follows:

R
dVeas(x) = —z'Cdsoc)%dx, (7)

where (Rg(cas)/W)dx is the resistance along CdS between
x and x + dx. By substituting ipp — JscWx for icgs(x)
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[lustration of the variation in current and voltage in the short-circuited custom-designed cell under light illumination to

derive an approximate mathematical formula Eq. (9). (a) Change in icqs and Vigs between x and x + dx. (b) A schematic sketch
of Jeigs as a function of x. Although Jcigs gradually decreases from Jgc to 0, we assume Jeigs (x) = Js¢ for 0 < x < Lipcmary and

Jeigs (x) = 0 for x > Licmath)-

[see Eq. (5)] and integrating Eq. (7) from x =0 to
X = Lic(mathy, the following equation is obtained:

Voc = JLpRscds)Licmath)y — EJSCRS(CdS)LLC(math)Z- (8)

By substituting Jip/Jsc for Licman) in Eq. (8), we can
obtain Rgcgs) as a function of Jip of the custom-designed
cell, and Jsc and Vo of the CIGS solar cell paired with the
custom-designed cell as follows:

JscVoc
S ©)

LP

Rg(cgs)y =2

D. Semiempirical formula

Equation (9) provides a mathematical expression
between Rg(cds), Jsc, Voc, and Jrp, and well explains
the slope of —2 in the log,[Rscas)] — log;o[J/Lp] plot
of Fig. 7(b) generated by the equivalent circuit analy-
sis. However, Eq. (9) has the problem that the FF of
a CIGS solar cell paired with a custom-designed cell is
assumed to be 100%. Therefore, Eq. (9) can be modified
as follows, considering the actual FF value of the CIGS
solar cell,

Jsc Vi
Rs(cas) = f (FF) x 22202, (10)
Jip

where f (FF) depends on FF. Therefore, the slope in the
plot of Rs(cds) versus 2Jsc VOC/JLP2 is f (FF).

Sixteen J-V curves of lab-scale CIGS solar cells with
a wide range of FF values from 0.45 to 0.78 are used to
obtain the f (FF) function [Fig. 9(a)]. We can then have 16
virtual custom-designed cells, each paired with each CIGS
solar cell showing one of the 16 J-V curves. The plots of
Rg(cgs) versus 2JscVoc /Jip? obtained from the equivalent

circuit analysis for the 16 virtual custom-designed cells
are perfectly linear with different slopes [Fig. 9(b)]. To
obtain function f (FF), the values of the slopes obtained in
Fig. 9(b) are plotted as a function of FF in Fig. 9(c). Lin-
ear fitting provides f (FF) = 0.63FF 4 0.43. Therefore, a
semiempirical formula for determining Rgcgs) is proposed
as follows:

JscVe
Rs(cas) = (0.63FF + 0.43) x 220 for 0.45
JLp
< FF < 0.78 (11)

Please note that semiempirical Eq. (11) is a mathemati-
cal expression for the equivalent circuit analysis.

ITII. APPLICATION TO CIGS DEVICES

A. Fabrication and characterization

A fabricated CIGS solar cell has a standard struc-
ture of Al/Ni/ZnO:Al/iZnO/CdS/CIGS/Mo, as depicted
in Fig. 2(b). A CIGS light absorber layer (2 um)
is deposited onto Mo-coated soda-lime glass substrates
by three-stage coevaporation [29], and a CdS buffer
(60 nm) is prepared on the CIGS surface by chemi-
cal bath deposition based on cadmium sulfate hydrate
[5]. A ZnO:Al(450 nm)/iZnO(50 nm) window layer is
subsequently deposited onto CdS (60 nm) via radio fre-
quency magnetron sputtering. Finally, the top metal con-
tact A1(850 nm)/Ni(50 nm) is deposited using evaporation
through a shadow mask. The active area (approximately
0.42 cm?) of the CIGS solar cell is defined by mechan-
ical scribing. A custom-designed cell has a structure of
Al/Ni/CdS/CIGS/Mo, as depicted in Fig. 2(a), and is fab-
ricated by skipping the deposition of ZnO:Al/iZnO during
the fabrication of the lab-scale CIGS solar cell paired with
the custom-designed cell.
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FIG. 9. The process of deriving a semiempirical Eq. (11) for
Rscasy- (a) Sixteen J-V curves of lab-scale CIGS solar cells
with a wide range of FF values. (b) Plots of Rg(cgs) versus
2JscVoc/Jip? obtained through the equivalent circuit analysis
for the 16 virtual custom-designed cells, each paired with each
CIGS solar cell showing one of the 16 J-V curves. (c) Slopes in
(b) as a function of FF gives f (FF) = 0.63FF 4 0.43.

The J-V characteristics of CIGS solar cells are
measured using a Keithley 2401 source meter under
white-light illumination (100 mW/cm?, AMI1.5G)

N
o
T

2.0 ' -
Equivalent circuit Eq. (11)

FIG. 10. Rg(cqs) determined by equivalent circuit analysis and
semiempirical Eq. (11).

generated by a solar simulator (Model 11002 Sun-
Lite, Abet Technologies). The lateral photocurrent of the
custom-designed cell is measured with a short-circuited
Keithley 2401 source meter under white-light illumination
(100 mW/cm?, AM1.5G).

B. Measuring Rgcgs) in CIGS devices

The fabricated CIGS solar cell shows Voc = 711 mV,
Jsc = 30.8 mA/cm?, FF=73.7%, Vmax = 710 mV, and
AV =10mV (Fig. 5). The Jp measured in eight
custom-designed cells, fabricated in the same batch
as the CIGS solar cell, are summarized in Table I.
Jip=359x103£2.16x10~* A/m (average £s.d.).
Rscasy 1s thus determined to be 30.5+£3.7 MQ/sq and
30.7 £ 3.8 MQ/sq by the equivalent circuit analysis and
semiempirical Eq. (11), respectively (Fig. 10). Since the
semiempirical Eq. (11) is a just a mathematical expression
for the equivalent circuit analysis, both provide almost the
same value. Since Lj c(gc) is estimated to be approximately
25 um and the charge carrier collection length in CIGS is
known to be approximately 2 um [30-32], the photocur-
rent is captured along CdS in the custom-designed cell as
previously described.

C. Validation of the proposed method

To validate the lateral photocurrent method as a tool
to measure Rgcgs)y in CIGS devices, the method is
applied to determine the sheet resistance of a sputtered
ZnO:Al thin film using the modified custom-designed
cell with a structure of ZnO:Al/iZnO/CdS/CIGS/Mo of
Fig. 11(a) paired with the fabricated CIGS solar cell.
The photocurrent flows along the ZnO:Al film instead
of CdS in the modified custom-designed cell because
its sheet resistance (Rszno:al & 26 2/5q) is much lower
than Rg(cgsy =~ 30 M€2/sq. Therefore, the lateral photocur-
rent method provides Rgzno:al), NOt Rg(cds), in the mod-
ified custom-designed cell. In this case, the length (L)
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Validation of the suggested lateral photocurrent method. (a) Modified custom-designed cell to measure Rgzno:Al-

(b) Rs(zno:a1y values determined by both equivalent circuit analysis and semiempirical Eq. (11) are very similar to Rgzao:a1) values

measured by a four-point probe.

of the modified custom-designed cell is kept longer than
25 mm because Licmc) is estimated to be approxi-
mately 25 mm. The measured Jip values for the modified
custom-designed cells are summarized in Table II, and are
3.824+0.10 A/m (average £ s.d.). Rgzno:al is then deter-
mined to be 26.7 £ 1.4 Q/sq and 26.8 == 1.4 Q/sq by the
equivalent circuit analysis and semiempirical Eq. (11),
respectively [Fig. 11(b)]. These values are very similar
to Rszno:al = 25.5 £ 0.5 ©/sq measured by a four-point
probe.

IV. SUMMARY

In summary, a lateral photocurrent method is devel-
oped to directly measure the sheet resistance of CdS using
a paired set of a custom-designed cell and a lab-scale
CIGS solar cell. The equivalent circuit analysis for the
short-circuited custom-designed cell under light illumina-
tion provides a numerical relationship between Rgcqsyand

TABLE L.

Jrp. An approximate mathematical formula derived for
the custom-designed cell relates Rg(cqsy With Jsc, Voc,
and Jpp assuming FF = 100% of the CIGS solar cell. The
semiempirical formula of Rgcgs) = (0.63FF + 0.43) x
2JscVoc /Jip?, considering the actual FF value of the CIGS
solar cell is proposed by combining the equivalent cir-
cuit analysis and the approximate mathematical formula.
The sheet resistance of CdS (60 nm) is measured to be
approximately 30 M€2/sq, which corresponds to an elec-
trical resistivity of 1.8 x 10> Qcm. The semiempirical
formula is validated by precisely measuring the sheet resis-
tance of a ZnO:Al thin film in a modified custom-designed
cell. This method can be easily applied to other chalco-
genide thin-film solar cells such as Cu,ZnSnS,4, SnS, and
Sb,Se; thin-film solar cells, which have similar device
structures and material processes to a CIGS thin-film solar
cell.

The data that support the findings of this study are
available from the corresponding author upon reasonable
request.

Measured Jyp values in the eight custom-designed cells, Ly cgc) values determined by the equivalent circuit analysis, and

Rg(cas) determined by the equivalent circuit analysis and semiempirical Eq. (11).

Equivalent circuit analysis Semiempirical Eq. (11)

Custom-designed Measured Jp

cell number (A/m) LicEc) (um) Rys(cas) (82/5q) Rs(cas) (82/5q)
1 3.65x 1077 25.2 2.92 x 107 2.94 x 10’
2 3.88 x 1073 26.7 2.59 x 107 2.60 x 107
3 3.79 x 1073 26.1 2.71 x 107 2.73 x 107
4 329 x 1073 22.7 3.59 x 107 3.62 x 107
5 3.47 x 1073 23.9 3.23 x 107 3.25 x 107
6 3.62x 1073 249 2.97 x 107 2.99 x 107
7 331x 1073 22.8 3.55 x 107 3.58 x 107
8 3.71 x 1073 25.6 2.83 x 107 2.85 x 107
Average 3.59x 1073 24.7 3.05 x 107 3.07 x 107
s.d. 2.16 x 107 1.5 3.73 x 108 3.78 x 108
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TABLE II. Measured Jp values in the eight modified custom-
designed cells, and Rgzn0:a1 determined by both the equivalent
circuit analysis and semiempirical Eq. (11) are very similar
to Rgizno:al measured by a four-point probe, validating the
suggested lateral photocurrent method.

Rszno:a1) (£2/5q)

Modified

Custom-

designed cell Measured Equivalent Semiempirical

number Jrp (A/m) circuit Eq. (11)

1 3.90 25.6 25.8

2 3.68 28.8 28.9

3 3.78 27.2 27.4

4 3.96 24.8 25.0

5 391 25.5 25.6

6 3.73 28.0 28.2

7 3.84 26.4 26.6

8 3.79 27.1 273

Average 3.82 26.7 26.8

s.d. 0.10 1.4 1.4
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APPENDIX

In the main text, we obtain Jcigsy — Vi for the CIGS
micro-solar cells by reflecting J-V of the CIGS solar cell
across the current-density axis and assuming that the pho-
togeneration current densities in the custom-designed cell
and the CIGS solar cell paired with the custom-designed
cell are approximately equal. This assumption is verified
in the following.

The difference in the photogeneration current den-
sity between the custom-designed cell and the CIGS
solar cell is due to the different amounts of optical
loss in the two devices. In a custom-designed cell, opti-
cal losses include reflection of incident light off the
device surface and absorption by CdS [Fig. 12(a)]. In
a CIGS solar cell, optical losses include reflection of
incident light off the device surface, and absorption by
Zn0:Al/iZnO and CdS. [Figure 12(b)]. The reflectance
spectra of both devices are shown in Fig. 12(c). The
absorbance (4) by ZnO:Al/iZnO is obtained using the

.Reﬂection loss in a custom-designed cell (3.64 mA/cm?)
[[J Absorption loss by CdS

[ Reflection loss in a CIGS solar cell (3.01 mA/cm?)

[l Absorption loss by ZnO:Al/iZnO (2.35 mA/cm?)

(a)
CdS
CIGS
Mo Mo
el B
30 30
< (c)—-— Standard CIGS solar cell g (d)
g 20! —— Custom-designed cell ?:;. 20
g g
3] N
[} >
G101 ® 10
4 3
c
]
o
0l . . . 2 . n . .
400 600 800 1000 < 400 600 800 1000

Wavelength (nm) Wavelength (nm)

FIG. 12. (a) Optical loss in a custom-designed cell. (b) Optical
loss in a CIGS solar cell paired with the custom-designed cell.
(c) Reflectance spectra of the two devices. (d) The absorption
spectrum by ZnO:Al/iZnO.

formula 4 =1— R — T, where reflectance (R) and trans-
mittance (7)) are measured for ZnO:Al/iZnO prepared on
glass [Fig. 12(d)]. Optical losses can be estimated by inte-
grating the reflectance and absorption spectra multiplied
by the light spectrum of AM1.5G. The absorption loss by
CdS should be equal on both devices. The reflection loss in
the custom-designed cell is estimated to be 3.64 mA/cm?.
The reflection loss in the CIGS solar cell and the absorp-
tion loss by ZnO:Al/iZnO are estimated to be 3.01 and
2.35 mA/cm?, respectively. The difference in the optical
losses between the two devices is thus estimated to be
1.72 mA/cm?. Considering the short-circuit current den-
sity (30.8 mA/cm?) of the CIGS solar cell, the difference
in optical losses between the two devices is approximately
5% of the short-circuit current density. Therefore, it should
be acceptable to assume that the photogeneration current
densities in the custom-designed cell and the CIGS solar
cell are approximately equal.
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