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ABSTRACT: The role of back metal (M) contact in sprayed SnS thin film solar
cells with a configuration Glass/F:Sn0,/In,S;/SnS/M (M = Graphite, Cu, Mo, iz
and Ni) was analyzed and discussed in the present study. Impedance
spectroscopy was employed by incorporating constant phase elements (CPE)
in the equivalent circuit to investigate the degree of inhomogeneity associated
with the heterojunction and M/SnS interfaces. A best fit to Nyquist plot revealed
a CPE exponent close to unity for thermally evaporated Cu, making it an ideal
back contact. The Bode phase plot also exhibited a higher degree of disorders

associated with other M/SnS interfaces. The evaluation scheme is useful for other

vy

emerging solar cells developed from low cost processing schemes like spray

deposition, spin coating, slurry casting, electrodeposition, etc.
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Bl INTRODUCTION

Tin(I1) sulfide (SnS) is a p-type semiconductor material with
layered structure that crystallizes in orthorhombic unit cells.
Due to its direct optical band gap of 1.3 eV, it has a high
absorption coefficient (>10* cm™) in the visible range of the
solar spectrum and therefore is considered to be the right
material for a photovoltaic absorber.”* The SnS materials also
enjoy the advantage of fabricating good quality thin films by
nonvacuum processes.””¢ Despite these advantages, SnS thin
film solar cells are recorded to have low power conversion
efficiency (7). The maximum conversion efficiencies of SnS
solar cells recorded to date are 2.1% and 1.32% fabricated by a
vacuum’ and a nonvacuum process,™® respectively. Although,
the cells can be fabricated to produce an open circuit voltage as
high as 0.7-0.9 V,”'° by designing low band-offset n-type
heterojunction partners’ or short circuit current densities of
16—20 mA/cm? """ their fill factors are often poor, in the range
of 25—40%, due mainly to inhomogeneities and disorders
associated with various interfaces. The absorber to metal back
contact is one of the major interfaces giving rise to such
inhomogeneities and therefore introducing a high series
resistance or low shunt resistance in the device. The
characterization of defects and inhomogeneities at the p—n
interfaces have been studied by several groups using deep level
transient spectroscopy (DLTS)'*™'* and thermal admittance
spectroscopy (TAS).~' A more convenient technique to
characterize the interface defects in terms of their direct effect
on the equivalent circuit of the device is the impedance
spectroscopy (IS). This technique has drawn great interest not
only in fuel cells or corrosion research,’>*' but also in
functional devices, such as solar cells,zz_26 due to its simple
measurement procedure, lack of need to heat or cool the
samples, high accuracy, and possibility of measurement at large
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area interfaces. The IS has been widely used to characterize
charge transfer and diffusion kinetics in dye sensitized solar
cells.”****” There are also reports to characterize pon interface
in CIGS based solar cells by the IS technique.”®*® Although,
the secondary ion mass spectroscopy (SIMS) has the potential
to scan the elements in depth from an interface, the IS in
comparison can be used to directly investigate the equivalent
circuit elements contributed by various defects, disorders, grain
boundaries, elemental diffusion, and inhomogeneities.30 In the
present investigation, we have employed this prevailing IS
technique to study the applicability of metal contacts in thin
film solar cells as in many cases the metal contacts lead to a
lowering of fill factor in the solution processed solar cells. In
this work, we report on the fabrication of a Glass/F:SnO,/
In,S;/SnS/M (M = Graphite, Cu, Mo, and Ni) heterojunction
solar cell, where both the buffer and absorber layers are
fabricated by chemical spray pyrolysis (CSP). The back metal
options were chosen by virtue of their work function being
greater than the electron affinity of SnS to ensure an ohmic
contact.>"** After initial structural and morphological character-
ization, the device impedance was measured at different
frequencies, and the results were analyzed by incorporating
constant phase elements (CPE) in the equivalent circuit to
investigate the degree of inhomogeneity associated with each
M/SnS interface.

B EXPERIMENTAL SECTION

Thin films of SnS and In,S; were prepared by the compressed air
assisted CSP technique using aqueous solutions. Tin chloride (SnCl,
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Figure 1. (a) Cross sectional graphics and top view of the developed M/SnS/In,S;/F:SnO, (here, M = Cu) heterojunction solar cells, (b) and (c)
proposed equivalent circuit models of the device for IS applicable to M = Cu and Graphite and M = Ni and Mo, respectively.
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Figure 2. Nyquist plots for M/SnS/In,S;/F:SnO, devices with various possible back metal (M) contacts (Copper, Graphite, Nickel, And
Molybdenum). Solid lines represent fitted curves to an equivalent circuit of the device according to Figure 1(b),(c). Insets are showing the existence
of negative resistance in case of Ni and Mo as back contacts, that was not present in the case of Cu and Graphite.

2H,0, >98%, Merck), indium chloride (InCl;, >98%, Sigma) and
thiourea (CH,N,S, >99%, Merck) were used as precursor sources of
Sn, In, and S, respectively. The optimized precursor concentration
ratio for SnS and In,S; was fixed at 1:1.5 and 1:6, respectively. The
molar optimization scheme for SnS with the help of Photo-
electrochemical studies can be found in Suppotrting Information
(SI) Figure S4. In,S; was first deposited on ultrasonically cleaned
F:Sn0O,/Glass substrates (procured from Sigma). An excess concen-
tration of thiourea was taken to compensate for the sulfur loss during
the deposition process. For Graphite (PELCO, Product No. 16051)
and Ni (PELCO, Product No. 16059), conducting paste of these
metals (procured from Ted Pella Inc.) was applied on the SnS by a
paint brush, manually. Cu was deposited by thermal evaporation of
high purity Cu (99.99%, Alfa Aesar) in a vacuum coater (Hind High
Vacuum Co. Ltd., model BC-100) at a set current of 120 A. Mo
(purity, 99.99%, Good Fellow) deposition was carried out in a sputter
coater (from Milman Thin Films Systems). In all cases, a shadow mask
area of 25 mm* was used to produce the back contacts. A general
architecture of the finished device is shown in Figure 1(a), where the
Cu represents one of the back contacts.

The details of structural (X-ray diffraction) and morphological (field
emission scanning electron microscopy, FE-SEM) characterization of
SnS are found elsewhere” and that for In,S; layers are given in the SL
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The impedance spectra of the completed device was measured in a
potentiostat/galvanostat (Autolab, model PGSTAT302N) attached
with a frequency response analysis module (FRA32M). The IS
measurement for the developed cells was carried out using an AC
signal of amplitude S mV in the frequency range from 0.1 Hz to 1
MHz superimposed by a DC bias of 10 mV under actual dark
conditions (1 microsun, measured by a solar irradiation meter).

Bl RESULTS AND DISCUSSION

The IS data of Cu and Graphite back contacted devices were
analyzed based on the equivalent circuit models, as shown in
Figure 1(b). In Figure 1(c), an additional circuit element, o, the
Warburg impedance was required to be included in order to
best fit the impedance data of the device with Ni or Mo as back
contact. The AC impedance of a given circuit consisting of
resistive and reactive elements at an angular frequency  is
given by the following:

Z(w) = Z'(w) + iZ''(w) (1)

where Z' and Z” are the real and imaginary part of the
impedance, respectively. In the present case, specific to the
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Figure 3. Field emission SEM images of cross section of M/SnS/In,S;/F:Sn0O,/Glass devices for the back metal, M as (a) Copper, (b) Graphite, (c)
Nickel, and (d) Molybdenum. Insets are showing lower magnification images to visualize contact roughness at broader area.

circuit as described in the previous section (as shown in Figure
1(b),(c)), the total impedance can be written as follows:

1 1
Z(w) = R, + — + 5 T
R; Zerg; R, Zcp, (2)

for circuit in Figure 1(b),

1 1

1 1 1 1
= —+
R; ZCPEj R Zcpe,

Z(w) = R, + + %(1 — )

©)
for circuit in Figure 1(c), where, R is total series resistance of
the device, (R;, Zcpg,) and (R, Zcpg,) are the parallel resistance-
CPE impedance pair of the p—n junction and back-contact,
respectively. The fourth term on the right-hand side of eq 3
represents the Warburg impedance, where ¢ is the Warburg
coefficient. The CPE impedances ie., Zcpg and Zcpg, can be
defined by their respective CPE exponents (or CPE-n) and
frequency independent constant (or CPE-Q) as follows:

1
Zepp = ———
LET (jw)'Q 4)

where, Zcpg = Zcpg, Q = Q; n = n; for the (R], Q,) and Zgpg =
Zepg, Q = Qy n = n, for the (R, Q.) parallel assemblies,
respectively.

Figure 2(a)—(d) shows the set of Nyquist plots for thes
developed cells. It was noteworthy that both of the cells with
Cu and Graphite back contacts (Figure 2(a),(b)) exhibited a
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semicircle-like Cole—Cole plot, which confirmed the presence
of a dominating single space charge region in the hetero-
junction, without any other diffusive transport mechanisms. As
the impedance spectra are best fit by considering CPE both at
the SnS/In,S; and at the M/SnS interfaces, a relative strength
of the inhomogeneities around these interfaces can be found
from the magnitude of the CPE exponents, n and n,
respectively. The CPE exponent equals to 1, 0, —1 and 0.5,
represents the ideal capacitor, resistor, inductor, and Warburg
element, respectively. Any values of the CPE exponent between
0 and 1 represent a nonideal capacitor due to defects or
roughness at the interface. Typical issues which result in
capacitance dispersion as CPE behavior include surface
disorder, roughness, varying thickness or composition, nonuni-
form current distribution, and electrode geometry.*>™>* The
measured average surface roughness (R,) was 52 nm over the
length of 200 pum for the sprayed SnS films on the FTO
substrate. From the previous study, it has been identified that
the R, of sprayed SnS$ films varies with the substrate roughness.
On the basis of the above observation, a surface roughness is
found to be larger when the film is deposited by nonvacuum
processes. This nonuniformity of surface roughness can affect
the distribution of space charge across the junction, which
could be responsible for a capacitance dispersion and the
nonideality across the interfaces.

Figure 3 shows SEM images of cross section of the presented
devices, where the back contact region is emphasized within the
inset. In order to estimate the nonuniformity associated with
the metal/semiconductor interface and how it is linked to the
resulting impedance spectra, a further image analysis was made

dx.doi.org/10.1021/am501027a | ACS Appl. Mater. Interfaces 2014, 6, 10099—10106
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Figure 4. SEM images emphasizing the nonuniformity associated with each of the SnS/M (= Cu, Graphite, Ni, or Mo) interfaces. The highlighted

line indicates an envelope over the metal interface.

on the interface of each of the devices. A pixel integrated line
profile of these interfaces are shown in Figure 4 with a linear
resolution of 5.72 nm. We define an interface nonuniformity
index (INI) as,

LS
INI = =
L, ()

where, L, and L, are the pixel integrated line length of the actual
interface and the straight line length along the horizontal
direction, respectively. The estimated values of L, L,, and INT is
summarized in Table 1. The largest value of INI = 1.54 was
found for Ni, where as it was smallest for Cu.

Table 1. Estimated Values of L, L,, and Interface Non-
Uniformity Index (INI) of M/SnS Interfaces from SEM
Image Analysis

metal (M) L(nm) L,(nm) INI
Cu 6550.74 5851.43 1.12
Graphite 7065.02 5851.43 1.20
Ni 9032.51 5851.43 1.54
Mo 7305.37 5851.43 1.25

The smallest value of n. = 0.463 was obtained for Ni back
contact, where a substantial nonuniformity of the Ni/SnS
interface was demonstrated from the above image analysis. The
right-hand cutoff of the spectrum on the real axis in Figure 2
corresponds to the total resistance or low frequency (dc)
impedance of the device. A slight deviation into another small
semicircle like behavior in the right-most part (low frequency
region) of the Cole—Cole plot in Figure 2(b) indicates the
presence of a very small time constant, probably due to a weak

Schottkey junction behavior of the Graphite back contact.
However, this time constant for Graphite was greater than that
of Cu, as seen from the imaginary impedance spectra. In this
curve, the rising Z” at low frequency is attributed to capacitance
in the circuit, whereas the falling branch is because of associated
contact resistance.®® The time constants of the system
consisting of CPEs as listed in Table 2, could be estimated
by considering an equivalent capacitance at the junction, C*
and at the back contacts, C¥ using an expression,>’

. (QR)"
C="3 ©)

where, C* = C¥, R=R;, Q = Q, n = n; for the (R, Q;) and C* =
G, R=R, Q=Q, n=nfor the (R, Q.) parallel assemblies,
respectively.

The time constant calculated by the product of RC* was an
overall value without trying to separate the recombination and
diffusion capacitances.”>”>>*"73° Therefore, 7= RC" and 7. =
R C§ will be referred to simply as the overall time constants of
the junction and the back contacts, respectively. The magnitude
of the circuit time constants representing the mean relaxation
time of the respective interfaces are in good agreement with the
reported values in other similar devices.”” It was further evident
from the above calculation that, both cells having Cu and
Graphite as back contact show the junction time constant (7;)
which is about four times larger than that of the back contact
(zo). In case of Ni and Mo back contacts, the junction time
constant, 7; was found to be of the same order, where as the
contact time constant, 7. was four to six orders larger. For Ni,
this may be attributed to the large surface area of Ni electrode
in contact with the SnS, as evident from the FE-SEM image in

Table 2. Estimated Fitting Parameters of the Equivalent Circuit for M/SnS/In,S;/F:SnO, Solar Cell from the Impedance

Spectroscopy for Selected Back Metals (M)

CPE-1 circuit CPE-2 circuit time constant c
bakmetal R () T R(@  Q@Mho) 7 R(®  Q@Mho)  m gk ne)  (aMho)
Cu 158 960 81.4 0.84 48.8 10.5 0.98 12.8 0.38
Graphite 158 0.96M 80.0 0.84 49.2k 10.2 1.00 129 0.51
Ni —6.86k 1.9M 0.013 0.93 9.8M 52.5 0.46 119 23 600 159.0
Mo —7.65k 3.4M 0.06 1.00 4.5M 0.33 0.83 20.0 406 18.0
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Figure 6. (a) Bode amplitude plots for M/SnS/In,S;/F:SnO, (M = Copper, Graphite, Nickel, or Molybdenum) devices. Arrows indicate the break
points in the impedance plot. Solid lines are the straight line fits in the high frequency linear region of the plots. (b) Bode phase plots for these
devices, where a low frequency peak corresponds to the inhomogeneity associated with the interface between the electrode (back contact) and

semiconductor (absorber).

Figure 3(c), which in turn has caused larger G as compared to The diffusive signature at low frequencies in the Nyqusit
plots corresponding to Ni and Mo as back contact (Figure 2(c),

other contacts.
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(d), respectively) indeed required an additional Warburg
element, o in the equivalent circuit of Figure 1(b) to best fit
the experimental data. The subsequent circuit model fit shows
that R, was negative in the case of M = Ni and Mo. In order to
test its physical validity, the forward bias current—voltage (IV)
characteristic of the device for Ni and Mo was measured in the
dark and is shown in the inset of Figure 2(b),(c), respectively.
It was evident from the IV curves that a negative resistance
could exist in these devices. The negative resistance behavior is
common in a metal—insulator—semiconductor (MIS) junction
when the semiconductor is degenerate or overdoped.*’ In MIS
devices, the insulating layer consisting of trap states acts as a
tunneling medium for charge carriers. In the present case, both
Ni/SnS and Mo/SnS interfaces due to their large INI
(nonuniformity) can lead to a large density of trap states.
However, a partial diffusion of Ni or Mo in SnS can make the
SnS layer degenerate close to the interface. The possibility of
formation of NiS or MoS, cannot be ruled out as well.*"*
Therefore, the formation of an interfacial layer (IL) is likely
around the Ni/SnS and Mo/SnS interfaces.

Figure 5(a) shows the device structure indicating this “IL”, an
overdoped region of SnS as p*>-SnS and the biasing schemes of
our devices to measure the I-V response. Connection-2
ensures that the p™>-SnS/IL/M junction is reverse biased.
Figure S(b) shows the band diagram across this MIS junction
under zero bias, a small reverse bias and larger reverse bias
condition. Under small reverse bias, electron from the metal
tunnel through the barrier IL to the Fermi level of p*>-SnS. As
the reverse bias increases, electrons from metal tunnel through
the trap states in IL as well and eventually recombine with holes
at the valence band of p*Z-SnS, causing a decrease in the net
current in the device and hence a negative resistance should
appear. This implies in case of Ni and Mo back contacts;
electron transfer between the semiconducting layer and metal is
not just by direct charge injection but by the tunneling as well.

Figure 6(a),(b) shows a typical Bode amplitude and phase
plots, respectively, for the tested devices. The Bode analysis is
presented in order to confirm the nature of the inhomogene-
ities associated with various possible sources, such as defects,
grain boundaries, diffusion, etc. As shown in Figure 6(a), the
high frequency asymptote of the Bode plot corresponding to
the device having Cu, Ni, and Mo as back contact has a slope
close to 20 dB/decade, which is a characteristic of a linear time
invariant system, whereas for Graphite, it is lower (~16 dB/
decade). The breakpoints in these curves were determined
from the corner frequency (w,) for which the impedance was
lower by —3 dB and are indicated by the arrows in Figure 6(a).
The relative position of the corner frequency indicates the
origin of nature of inhomogeneity in the system which is
complemented by the Bode phase plot in Figure 6(b). A low
frequency maximum in the Bode phase plot is originated from
the interfaces and diffusion around the metal contact, the high
frequency maximum appears from individual grains, and all
those peaks appearing intermediate correspond to the grain
boundaries.**** In the case of Graphite, Ni, and Mo, the largest
contribution to the phase parameter is found to be originated
by the grains itself. The low frequency rise of the phase values
in Ni and Mo are mainly due to the disorders associated with
these interfaces, giving rise to an Warburg impedance, as
mentioned above. In case of Cu, the only contributor to the
phase plot is the grain boundary, as revealed by a large
maximum around f = § kHz, and therefore it causes a negligible
depletion of charges around the Cu/SnS interface. Figure 7

7
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Figure 7. Imaginary impedance plots for M/SnS/In,S;/F:SnO, (M =
Copper, Graphite, Nickel, or Molybdenum) devices. Inset is showing
that Copper and Graphite as back contacts offer much smaller loss
peaks as compared to Ni or Mo.

shows the imaginary impedance as a function of frequency,
which essentially gives a loss spectrum for a given device. The
device with Ni and Mo as back contact shows greater loss at
lower frequency or the losses occurring around the contacts. In
case of Ni, R, was calculated to be 9.8 MQ. This large value of
R, has made the curve sharply fall in the frequency range all the
way up to 100 kHz, leaving only a negligible contribution of C,
that would have been responsible for the rising branch of this
curve. A similar occurrence was noted for Mo as well. On the
contrary, Cu and Graphite showed a distinct maximum midway
in the frequency range selected. In case of Graphite, the loss is
much smaller as compared to Ni or Mo, but should occur
around the contacts. For Cu, the loss peak is shifted toward
higher frequency, representing the ohmic loss only at the bulk
(quasi neutral) region and grain boundaries of SnS. Thus, any
significant losses due to contact inhomogeneity should be ruled
out when evaporated Cu is used as back contact metal.

B CONCLUSIONS

In summary, we have presented a generic strategy of selection
of back metal contact in thin film heterojunction solar cells with
the help of impedance spectroscopy. Although a proper
selection of heterojunction partner for SnS solar cells can
reduce the conduction band offset and increase its open circuit
voltage, the interface inhomogeneities and nonideal nature
largely associated with the back contact induces poor fill factor
in the device. The problem is severe in the case of the SnS
absorber layer is grown by nonvacuum technique. Four possible
back metals, Cu, Graphite, Ni, and Mo, on the basis of their
work function suitability were chosen in the case of spray
deposited SnS/In,S; heterojunction solar cells. Back metals Ni
and Mo were found unsuitable for this device due to the
incorporation of large inhomogeneities around the interface
and causing a tunneling assisted recombination. It causes both
the incorporation of large series resistance and lowering of
shunt resistance of the device, which in turn lowers their fill
factor. However, graphite contact was more ideal in terms of
contact homogeneity and lower series resistance. However, it
showed a small depletion of charge, unsuitable for its
mechanical instability. Thermally evaporated Cu was demon-
strated to have least charge depletion around Cu/SnS interface,
good homogeneities and smallest contact resistance as
compared to other tested metals, making it a suitable ohmic
contact selection for SnS solar cells.

dx.doi.org/10.1021/am501027a | ACS Appl. Mater. Interfaces 2014, 6, 10099—10106
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