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Measurement of contact resistivity at metal-tin sulfide (SnS) interfaces
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We measured the contact resistivity between tin(II) sulfide (SnS) thin films and three different
metals (Au, Mo, and Ti) using a transmission line method (TLM). The contact resistance increases
in the order Au < Mo < Ti. The contact resistances for Au and Mo are low enough so that they do
not significantly decrease the efficiency of solar cells based on SnS as an absorber. On the other
hand, the contact resistance of Ti to SnS is sufficiently high that it would decrease the efficiency of
a SnS solar cell using Ti as a back contact metal. We further estimate the barrier heights of the
junctions between these metals and tin sulfide using temperature-dependent TLM measurements.
The barrier heights of these three metals lie in a narrow range of 0.23-0.26 eV, despite their large
differences in work function. This Fermi level pinning effect is consistent with the large dielec-
tric constant of SnS, and comparable to Fermi-level pinning on Si. The contact resistivity
between annealed SnS films and Mo substrates under light illumination is as low as 0.1 Q cm”.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4992086]

I. INTRODUCTION

Tin(Il) sulfide (SnS) has recently been demonstrated as
a promising material for solar cells."” Tin and sulfur are
both Earth-abundant and non-toxic, whereas other thin film
solar cells often require toxic elements such as cadmium,
selenium, tellurium, or lead, or rare metals such as indium or
silver. SnS has a direct band gap of 1.3eV and an indirect
band gap of 1.1eV, which are nearly ideal for solar cell
absorbers.>™ It has native p-type conduction due to the small
enthalpy of formation of tin vacancies, which generate shal-
low acceptors.*® SnS has a high absorption coefficient
(a>10*cm™"), so SnS layers less than 500 nm thick can
absorb 75% of the solar spectrum above the direct band gap.
Another beneficial trait of SnS is its stability in the presence
of atmospheric water and oxygen, as the oxidation of SnS
yields a thin, dense, and stable tin oxide layer on the surface
that inhibits further oxidation. Recent studies show that this
thin oxide layer can passivate the SnS/buffer layer interface,
which leads to improved solar cell efficiency.' >’

To minimize the series resistance and improve the per-
formance of SnS solar cells, it is important to understand the
electrical properties of the interface between SnS and contact
metals. SnS is a p-type semiconductor with a high ionization
potential. Thus, high work-function metals are expected to
form low-resistance, ohmic contacts with SnS.

Gold (Au), with its high work function, would be
expected to provide low-resistance contact to p-type semi-
conductors, such as SnS. In addition, Au is highly reflective
in the infrared, so as a back contact it should reflect transmit-
ted photons back through the absorber for a second chance to
be absorbed. Thus, thinner absorber layers could be used
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with Au back contacts. However, Au is a rapid diffuser dur-
ing annealing, so it is not suitable as a back contact for cells
grown on an Au back contact as a substrate.

Molybdenum (Mo) has a moderate, but not high, work
function, between 4.36 and 4.95 ev.® Nevertheless, Mo forms
fairly low-resistance interfaces with p-type absorber materials
and has a low electrical resistivity of 5.3 x 107° Q cm at
300K.° Mo is the most common choice of back contact metal
for a wide range of thin film solar cells, including cadmium
telluride (CdTe), copper indium gallium sulfide selenide
(CIGS), copper zinc tin sulfide selenide (CZTS), and tin sul-
fide (SnS) solar cells.'® Because of its high melting point and
strong metal bonding, Mo may not diffuse into other layers of
solar cells even during annealing at elevated temperatures.®
This property means that Mo as a back contact material is
compatible with either superstrate or substrate configurations.
Furthermore, sputtering Mo under a certain condition achieves
strong adhesion to substrates such as glass or silica, followed
by sputtering under other conditions to form a low resistivity
contact metal (as a layer that contacts the absorber)."'

Titanium (Ti) is commonly used as a contact to silicon
semiconductors, to which it provides strong adhesion.
However, Ti has a low work function, so that it might be
expected to have a high contact resistance with p-type semi-
conductors such as SnS. Nevertheless, such simple predic-
tions do not take into account pinning by interfacial states
and reactions at the interface, so Ti was included in our study
of contact resistance.

In this study, contact resistivities between SnS and the
metals Mo, Au, and Ti were systematically investigated
using the transmission line method (TLM). Both Mo and Au
were found to form ohmic contacts to SnS with low contact
resistance, while Ti has a somewhat higher contact resis-
tance. This information should help to improve further the
performance of SnS solar cells.

Published by AIP Publishing.
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Il. EXPERIMENTS

SnS films were grown in a custom-built hot-wall atomic
layer deposition (ALD) reactor at a deposition temperature
of 200 °C in a closed valve mode. The precursors used were
bis(N,N'-diisopropylacetamidinato) tin(II) and hydrogen sul-
fide (H,S). More details of the film growth conditions can be
found elsewhere.'?

TLM patterns were fabricated in two configurations:
“superstrate” cells with metal contacts grown on top of the
SnS film [Fig. 1(a)] or “substrate” cells with SnS grown on top
of the metal back contact [Fig. 1(b)]. To model the contacts in
a superstrate cell, blanket SnS films 500 nm thick were grown
on SiO, substrates, and 100 nm thick metal contact patterns of
both linear TLM (LTLM) and circular TLM patterns (CTLM)
were deposited on top using electron beam evaporation, as in
Fig. 1(d). The fabrication process of this structure is similar to
the way in which superstrate solar cells are made.

Using the superstrate configuration, we obtained the
contact resistance (p.) and sheet resistance (Rg,) of SnS by
plotting R, vs. d (LTLM), or R, vs. In(R/r)/2n (CTLM), as
shown in Fig. 2. For LTLM"*'4

d\  2vp.Ra
R =Ry (W) +#, (1)

where R, is the total resistance, d is the gap width between
adjacent contacts (from 5 ym to 50 um, with a step of 5 um),

(a) (b)

J. Appl. Phys. 122, 045303 (2017)

FIG. 1. Cross-sectional schematic dia-
gram of (a) superstrate and (b) sub-
strate test structures (not to scale).
Yellow parts refer to 100nm thick
metal patterns; grey parts are SnS
material (500 nm thick); blue parts are
thermal oxide substrates. (c) Top-view
of substrate-based structure. A rectan-
gular window is etched through the
grey SnS layer to enable probing the
linear metal lines. Only linear TLM
pattern is applied in this configuration
(not to scale). (d) Linear (top) and cir-
cular (bottom) TLM patterns used in
the superstrate test structure.

200 um

[ JoJoloYoJoXoJo;

p. 1s specific contact resistivity in Q-cm?, and W is the width

of contacts, equal to 50 um. The sheet resistance of the SnS

is proportional to the slope of the line, whereas contact resis-

tivity is found from the intercept of the line with the y axis.
For CTLM"?

()
In{ —
R =Ry |——| +

pcRSh 1 1)
— 4 2
2n 2n (R + r)’ @

where 7 and R denote the radii of the central dot (50 um) and
the outer ring (from 55 um to 100 um, with a step of 5 um),
respectively. Ry, and p. are obtained from non-linear least-
squares fitting of this equation.

In order to understand better the contact potential barrier
and carrier transport mechanism at the metal-on-SnS junc-
tion, temperature-dependent current-voltage (/-V) measure-
ment of the CTLM patterns were also carried out in the
range of 225-425K. The barrier heights (¢g) between the
p-type SnS and different metals were estimated by fitting the
contact resistivity values to the equation: pc = po exp(q¢g/
kT), where ¢ and p, are constants fitted separately for each
metal."*

The substrate structure, in which the SnS films were
grown on top of the metal TLM patterns, followed the same
fabrication approach in which our current SnS-based solar
cells are grown on a back metal contact of molybdenum.'?
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TABLE 1. Comparison of metal work function, SnS sheet resistance, and
specific contact resistivities of various metals on SnS determined by CTLM
and LTLM methods in both superstrate and substrate configuration.

Metal @ (eV) Method R (Q/sq) Pe (Q-cm?) g (V)

Superstrate configuration

Au 5.1-5.47 CTLM (6.66 = 0.08) x 10° 0.057 = 0.018  0.23

LTLM (6.31 + 0.13) x 10° 0.073 = 0.042

Mo  4.36-4.95 CTLM (7.09 = 0.08) x 10° 0.09 = 0.02 0.24
LTLM (7.13 = 0.05) x 10° 0.18 = 0.02

Ti 433  CTLM (6.03 +0.19) x 10° 057 =0.12  0.26
LTLM (5.85 = 0.05) x 10° 0.61 = 0.05

Substrate configuration

Au 5.1-547 LTLM
Mo 436495 LTLM
Ti 4.33 LTLM

(3.86 = 0.03) x 10°
(1.01 = 0.01) x 107
(8.94 = 0.03) x 10°

0.22 = 0.05 N/A
0.87 =0.23
2.7*=0.24

The linear TLM patterns used are similar to those in the
superstrate structure. The width of the contact (W) is 1 mm,
and the gaps between adjacent contacts (d) are 20 um, 40
um, 60 um, 80 um, 100 pum, 200 pum, and 300 um [Fig. 1(c)].
After metal patterns were electron beam evaporated onto
Si0,, a 500nm SnS film was grown on top. It should be
noted that due to inevitable air exposure of the metals
between processing steps, a thin metal oxide layer likely
exists at the Ti/SnS and Mo/SnS interfaces. To contact these
metal pads electrically, the film was patterned with photoli-
thography and etched in a dilute HCI solution; see Fig. 1(c).
After an initial current-voltage measurement of these sam-
ples, they were annealed at 400 °C in an H,S (10 Torr, 99.5%
in N») environment for 1h."''? The same measurement was
repeated both in the dark and under 100 mW cm 2 AM 1.5
illumination through the SnS layer.

lll. RESULTS AND DISCUSSION

I-V measurements showed that Au, Mo and Ti formed
ohmic contacts with SnS, which is consistent with earlier
findings.'® The results of sheet resistance and contact resis-
tivity measurements are summarized in Table 1. Both CTLM
and LTLM yield similar trends, indicating the robustness of
both methods. Au has the lowest specific contact resistivity
among all the metals investigated, and Mo is only slightly
higher than Au. The specific contact resistivity of Ti with
SnS is one order of magnitude higher than Au or Mo, making

(a) (b)
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it less preferable as a back contact metal in SnS-based solar
cells. Contact resistivity values measured by the CTLM are
generally lower than those measured by the LTLM. This dis-
crepancy could be caused by the edge current present in the
LTLM methods, which error is eliminated in the CTLM.'”

As expected, the low contact resistivity of Au can be
explained by its high work function in the range of
5.1-5.47eV,? and its ability to dope SnS p-type. However,
Mo also has a low contact resistance similar to Au, but this
low value cannot be explained by the same two factors as for
Au. The work function of Mo is between 4.36 and 4.95eV,?
which is not as high as that of SnS, between 4.9 and
5.8eV.'"® A more likely explanation for the low contact resis-
tance of Mo with SnS is that Mo reacts with sulfur from the
SnS to form a MoS; interlayer, which does have a high work
function that favors low resistance,'® ohmic contact with
SnS. Ti has a low work function, around 4.33 eV.® which can
explain its relatively high contact resistance with SnS. Al
and Ag also have relatively low work functions in the range
of 4.064.26eV and 4.264.74¢V, respectively.8 Their
current-voltage characteristics in metal/SnS/metal structures
show nonlinear behavior, indicating the formation of
Schottky barriers.

Figure 3 plots the specific contact resistivity as a func-
tion of temperature. For temperatures measured above
225K, pc exhibits an Arrhenius-type dependence on temper-
ature. This indicates that the dominating conduction mecha-
nism is thermionic emission (TE).20 In this regime, pc
increases as temperature decreases and fewer electrons pos-
sess sufficient thermal energy to overcome the Schottky bar-
rier at the metal/SnS interface. The barrier heights between
the p-type SnS and Au, Mo, and Ti were estimated to be
0.23eV, 0.24eV, and 0.26eV respectively, as presented in
Fig. 3(b). The dependence of @y on metal work function
(®@,,) is very weak; the slope S = —ADp/AD,, is only 0.03.
This small S value indicates a strong Fermi level pinning
effect [see Fig. 3(b), inset], which is even smaller than that
reported for Si in the literature.'**!

Fermi level pinning effects have been described by a
variety of models, including the presence of intrinsic surface
states, and metal-induced gap states (MIGS). In the layered
crystal structure of SnS, the layer planes are held together by
van der Waals forces. A free layer plane surface is expected
to be chemically inert, with few surface states,22 therefore
suggesting that intrinsic surface states may not be responsible

10° T T T T T 0.30 T T
o
[ a Mo A
S 10 ® Au -7 E £ FIG. 3. (a) Specific contact resistivity in
= a Ti LA D 027} p-SnS the temperature range of 225K-425K
£ 10 A& s {4 E A e plotted on a semi-log scale. Dashed lines
z pe A 27 -% represent the fits for each metal. (b)
3 rs , & L < Barrier height as a function of metal
@10 A M E 5 0.24F - . .
= ak ./l; B work function. Inset: schematic band
£ ot E 1 o] = Mo *® diagram showing the Fermi level pin-
810 1 = 1 H= ® Au ning effects.
i L 0214 AT
Wy 25 30 35 40 45 40 25 50 55

1000/Temperature (1/K)
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for this pinning. However, recent band offset measurements
on SnS suggest that Fermi level pinning may be a major limi-
tation to the efficiency.”

In the MIGS model (and related models), the pinning
parameter, or slope S was found to be correlated with the
electronic part of the dielectric constant, &.,, of the
semiconductor:>*

(1/8 —1) = 0.1(e0s — 1) (3)

In SnS, &, has been found to vary as a function of crystallo-
graphic orientation, between 11.85 and 14.02.%° This large
&5, would imply an § value of 0.05-0.08, which is not too far
from the value, 0.03, obtained in our experiments. This sug-
gests that the high degree of pinning at the metal/SnS inter-
face may be connected to its high charge screening, due to
its high dielectric constant.

The results for superstrate configuration provide much
information about the specific contact resistivity and carrier
transport mechanism between different metals and SnS.
Nevertheless, it is not necessarily representative of the back
contact resistance in substrate configuration SnS solar cells,
in which the metal contact is deposited first. To simulate the
substrate case, LTLM metal lines were deposited on SiO,
substrates and then blanket SnS films were grown by ALD.
The substrate configuration can better simulate substrate-
based SnS solar cell devices in three ways. First, current SnS
solar cells require a post-deposition annealing process in an
H,S environment to promote grain growth.' In the super-
strate configuration, with metal patterns covering the surface
of SnS, the gas environment of the annealing step is changed.
Second, considering its highly-anisotropic nature,”® SnS
deposited on a SiO, substrate may have a different crystal
orientation, and thus different electrical properties, compared
to the SnS in a substrate-based solar cells. Third, with no
metal features shadowing the SnS, it is possible to carry out
I-V measurements under illumination, therefore revealing the
contribution of back contact resistance to the total series
resistance in an operating solar cell.

By using ALD growth, SnS covered the metal contacts
conformally, which can be seen in the cross-sectional SEM
image of SnS grown near the boundary of Mo and SiO,
[Fig. S1]. However, since nucleation of ALD SnS depends
heavily on the substrate, SnS films grown on different sub-
strates have different crystal orientations, and thus different

(a) (b)
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electrical properties. Figure S2 shows the X-ray diffraction
(XRD) spectra of as-deposited and annealed SnS thin films
on different substrates. These data show that Mo and Ti sub-
strates induce similar crystallite orientations of the SnS, but
on Au substrates SnS grows with quite different orientations
of its crystallites.

Specific contact resistivity and sheet resistance of the as-
deposited films are shown in Table I and Fig. 4 for compari-
son with those measured in superstrate configuration. The
measured contact resistivity of Mo/SnS and Ti/SnS interfaces
in the substrate configuration is higher than those obtained
from the superstrate configuration, possibly because of the
inevitable existence of a thin metal oxide layer. Another dif-
ference is that the sheet resistance of SnS grown on linear Au
patterns is only half of that on the other two metals. This may
be due to two effects. First, Au has a high diffusivity in many
other semiconductors and may create acceptor states that
increase the hole concentration of the p-type SnS. Second, the
film crystallite orientations on Au are different, and higher
conductivity in the SnS layer planes may result in a lower
sheet resistance. This effect is supported by XRD data of SnS
on different metal substrates in Fig. S2.

The p. of both Mo/SnS and Ti/SnS interfaces, and the
sheet resistance of SnS, dropped after annealing, as shown in
Fig. 4. This is because annealing increases both the hole con-
centration and mobility of the SnS thin films, as can be seen
from the Hall measurement results of SnS before and after
annealing (as shown in the supplementary material). Under
illumination, photogenerated carriers further bring down p,
and Ry,. The specific contact resistivity of Mo/SnS under
light is as low as about 0.1 Q cm?, which contributes around
20% of our current solar cell series resistance;'? that of Ti/
SnS is 0.36 Q cm?. In the latter case, 0.36 Q cm? can lead to
a 0.1% absolute efficiency loss in current SnS solar cells
with 4.4% efficiency.! This efficiency loss will scale up as
devices become more efficient. The trend for Au behaves
differently than Mo and Ti, in which both p. and Ry, increase
after annealing. The reason for this difference requires fur-
ther investigation.

IV. CONCLUSIONS

In summary, the specific contact resistivities between
Au, Mo, and Ti and SnS were investigated using TLM meas-
urements. In a superstrate configuration, where the back

7 T y 10° y

FIG. 4. (a) Contact resistivity at the

| Mo metal-SnS interfaces and (b) SnS sheet
: ?" resistance for as-deposited samples
1 -

and H,S-annealed samples measured
both in dark and under AMIL.5 light
illumination. The filled symbols are for
i the substrate configuration, while the
unfilled symbols for as-deposited sam-
ples represent values measured in the
superstrate configuration.

|k

E m Mo g
o $ ® Au o}
= ot AT ) o 10°F !
3 g
2 7 =
w w
e 1}f o .
< i % E 10°F
[
L) )
Ko
§ ol 8 . i I »
As-dep Annl'd  Annl'd (AM1.5) As-dep

Annl'd  Annl'd (AM1.5)


ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-122-011727

045303-5 Yang et al.

metal contact is deposited on the SnS, the specific contact
resistivities of Au/SnS, Mo/SnS, and Ti/SnS interfaces are
0.06 Q-cm®, 0.1 Q-cm?, and 0.6 Q-cm?, respectively. The
Au and Mo back contacts have a satisfactorily low contact
resistance for use in SnS solar cells. However, Ti back con-
tacts would degrade the performance because of their high
contact resistance with SnS. In the more commonly-used
substrate configuration, the contact resistivities are all
somewhat higher than in the superstrate configuration.
Temperature-dependent TLM experiments demonstrated
that the Fermi levels are strongly pinned, with barrier
heights only ranging from 0.23 eV to 0.26 eV for the 3 met-
als tested. In the substrate structure, it was demonstrated
that the contact resistance at the SnS/Mo and SnS/Ti inter-
faces decreased significantly after annealing the SnS film in
an H,S environment and further decreased when measured
under AM 1.5 illumination. The contact resistivity at the
back contact of the Mo substrate-based SnS solar cell is as
low as 0.1 Q-cm” under illumination. The efficiencies of
current SnS solar cells are not significantly decreased by
these contact resistances, although the effect would become
more significant for cells with higher efficiency. This work
provides information that is important for designing both
substrate- and superstrate-based SnS solar cell devices.
This approach also offers a framework for evaluating the
quality of metal contacts to other emerging semiconductor
materials.

SUPPLEMENTARY MATERIAL

See supplementary material for a cross-sectional SEM
image of SnS on Mo/SiO, and X-ray diffraction of SnS films
grown on Mo, Au, and Ti substrates.
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