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Tin (IT) Monosufide (SnS) is an interesting material for thin film photovoltaics.
n- and p-type sputter-deposited SnS; have been investigated for use in a
homojunction photovoltaic device. Post-deposition vacuum heat treatment of
as-deposited amorphous films was found to produce n-type SnS, and p-type
SnS depending upon in situ vacuum anneal time and temperature. Annealing
temperatures varied from 300°C to 400°C at durations from 20 min to 60 min
under high vacuum. Results show clear photoresponse for both n-type and p-

type using Pd contacts.
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INTRODUCTION

In the quest to turn light into electricity, various
types of solar cells have been suggested and devel-
oped: (1) inorganic solar cells incorporating semi-
conductor materials and next generation thin film
solar cells, (2) dye-sensitized solar cells (DSSCs)
consisting of light-absorbing dye molecules, oxidized
semiconductor material, redox electrolyte, and cat-
alyzed counter electrodes, and (3) organic solar cells
with light-absorbing polymers and conductive poly-
mers. Solar cells with thin film absorber layers,
have been produced using cadmium telluride
(CdTe), copper indium gallium selenide Culn,Gaj;.
ey (CIGS), and silicon (Si). Semiconductors mate-
rials incorporating IV-VI elements such as PbS,
PbSe, and SnS possess excellent optical properties,
in particular for the infrared (IR) region of the
electromagnetic spectrum. Additionally, these semi-
conductors possess bandgaps that facilitate their
application to near-IR or IR devices such as solar
cells and infrared detectors.

SnS-based solar cells have the potential to
achieve 24% efficiencies based on the optoelectronic
properties of SnSx,L2 however, the best reported
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device usmg SnS; has produced less than 5%
efficiency.® SnS is a semiconductor material with
reported direct and indirect band gaps of 1.33—
1.55 eV*® and 1.07-1.39 eV,”" respectlvely It has
a high absorption coefficient of >10% em ™' and
possesses other ideal physical properties; it is cost
efficient, non-toxic, and abundant in the earth’s
crust. In addition, it Possesses a hlgh carrier
concentration around 101710 ¢cm—3.1°

For practical and economical solar cells, scientists
and engineers rely on the use of thin film technology
because it reduces the amount of active material in
a cell. Several thin film fabrication methods for
producing these films have been reported.'! Many
SnS synthesis studies have focused on low- temper-
ature processing techniques, which result in com-
plete sulfur use.''® However, wet chemistry
techniques are not favorable for large-scale manu-
facturing of photovoltaic (PV) modules. Sputter
deposition is known to produce high-quality films
and is easily scalable. With the help of the plasma,
extra energy is provided to the deposition precur-
sors, which offers more film-growth control than
non-plasma-based methods such as spray deposi-
tion. Even though the sulfur vacancies help to make
SnS intrinsically p-type, defects can have deleteri-
ous effects on the electronic properties of the film. In
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order to decrease the number of sulfur vacancies,® a

disulfide target was investigated as a way to
increase the as-deposited sulfur content. Previous
work from our group has shown that material
properties such as film structure, resistivity, and
absorption of films deposited using radio frequency
(RF) magnetron sputtering vary with processing
pressure, power, and throw distance.®'® Only a few
studies have investigated sputtered SnS;, and none
have fully explored the parameters available for
fabricating and treating films.

The literature suggests that the use of proper top
or bottom contacts and a matching heterostructure
material such as CdS, could increase the efficiency
of the device to approximately 10%.!” We have
investigated bottom contact materials such as Pd for
ohmic contacts with SnS. Initially, two optimal
pathways were investigated for obtaining an n-type
as well as a p-type SnS material by adjusting
annealing conditions with the intent of evaluating a
pseudo-homojunction photovoltaic solar cell.

METHODS AND MATERIALS

The depositions were made using a radio frequency
(13.56 MHz) magnetron sputtering system oriented
in a downward vertical geometry. The chamber was
roughed to ~6.66 x 10 2 kPa and then pumped
down with a turbomolecular pump to <2.66 x
10~7 kPa. In order to minimize film contamination
(mostly oxygen), depositions were spaced at least
12 h apart. A mass flow controller (MKS Instruments
Model 247C 4-Channel) maintained argon gas flow of
40 sccm during deposition. The argon plasma was
ignited using an Advanced Energy RFX-600 as the
RF power supply coupled with an impedance match-
ing network (Advanced Energy Model ATN 500).
Plasma was ignited at pressures in the range of
7.99 x 1072-9.33 x 10 % kPa and then was reduced
to the desired pressure. Depositions were carried out
using a 3” diameter, 0.125” thick tin disulfide target
of 99.999% purity manufactured by LTS Research
Laboratories.

Pathways were investigated for obtaining n-type
and p-type SnS material by adjusting annealing
conditions with the hope of fabricating a SnS-
pseudo-homojunction-based photovoltaic solar cell.
Depositions were conducted at a fixed power
(115 W), pressure (1.372 kPa), and time (10 min)
on silicon—nitride—coated silicon wafers and glass
microscope slides. A series of anneals using a lamp
heater under vacuum (x10~’ kPa) were executed at
temperatures of 300°C, 400°C, and 425°C, lasting
from 20 min, 30 min, and 60 min. Usually, the
ramp time to reach the desirable temperature was
around 5-7 min. After the annealing time elapsed,
the chamber was backfilled with Ny to accelerate
cooling. It took approximately 30 min to cool to 50°C
(as shown in Fig. 1) for the 400°C for 60 min anneal
(P1). Silicon and glass substrates were used with Pd
bottom contacts. All deposition conditions for
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Fig. 1. Temperature (°C) versus time (min) ramp-up/annealing time/
ramp-down for a 400°C for 60 min anneal (P1).

amorphous, p-type, and n-type materials are shown
in Table I. The anneal temperatures and times in
Table I do not include the ramp-up/ramp-down
times. To ensure reproducibility, a timer was set
for the giving annealing time when the temperature
reached the desired. The offset at 40 min shows that
the temperature went slightly below 400°C. Fig-
ure 2a and b show a schematic picture of both films
stacks, p-type and n-type, respectively, used in this
investigation. Both pathways come from annealing
an amorphous phase which is deposited at 115 W,
1.373 kPa for 10 min.

Since the goal was to deposit a pseudo-homojunc-
tion device in the same chamber without breaking
vacuum, depositing a second film and annealing it
on top of the p-type layer will result in annealing
the bottom film longer than previously optimized. In
order to verify the p-type layer did not experience
any negative alterations during the second deposi-
tion and anneal (n-type), we evaluated a double-
annealed p-type layer.

The first sample had an anneal at 400°C for
60 min (p-type) followed by an anneal at 400°C for
20 min (D1). The second sample had an anneal at
400°C for 60 min followed by an anneal at 300°C for
20 min (D2). Lastly, since the results obtained did
not satisfy the needs of the device and the p-type
layered was altered, the annealing temperature of
the p-type layer was increased from 400°C to 425°C
and this sample was further annealed at 400°C for
20 min shown in Table I. For samples D1, D2, and
D3 both annealing temperatures and times are
shown.

Film Thickness and Deposition Rate

Before proceeding with the film deposition, the
silicon—nitride—coated silicon wafers of about
1.5 x 1.5 cm? were painted with a thin strip of
colloidal graphite. Colloidal graphite does not inter-
act with the SnS deposited. After completion of the
deposition, the deposited wafers are then placed in
an ultrasonic acetone bath for 1-5 min, on average,
to remove the colloidal graphite. The acetone liquid
was replaced after every two baths. These baths
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Table I. Summary of deposition parameters and annealing conditions

Sample name Annealing temp. (°C)

Time (min)

Thickness (nm) Deposition rate (Als)

Al N/A N/A
P1 400 60
N1 400 30
N2 300 20
N3 400 20
N4 300 30
P2 425 60
D1 400/400 60/20
D2 400/300 60/20
D3 425/400 60/20

215.65 4.49
259.65 4.43
202.1 3.37
275.63 4.59
270.4 4.51
247.3 4.12
260.9 4.33
263.5 4.39
260.6 4.34
260.15 4.33

Samples D1, D2, and D3 are double-anneals. The annealing conditions shown are for both anneals. The first anneal for these three

samples are 400°C for 60 min.

p-type material
)] Silicon/Glass

n-type material
[(})] Silicon/Glass

Fig. 2. (a) Silicon and glass substrates with a SnS, p-type layer
material. Similarly, (b) silicon and glass substrates with a SnSy n-
type layered material.

were constantly monitored in order to achieve
complete removal of the colloidal graphite without
damaging the film. Soon after the graphite was
removed, the wafers were washed with isopropyl
alcohol (IPA) and immediately blown dry with Ny
gas. A KLA-Tencor 500 Alphastep stylus surface
profilometer (vertical resolution of 5 A) was used to
measure the step height from the film to the bare
wafer surface. In order to obtain a good average
thickness, three profilometer measurements were
taken on five different spots for accuracy. The
average thickness was then divided by the time to
determine the average deposition rate.

Crystal Structure

The crystal structure was analyzed using glanc-
ing incidence x-ray diffraction (GIXRD) measure-
ments on the glass substrates. The x-ray diffraction
measurements were performed using the PANalytic
X’Pert Pro MPD at an incidence angle of 1° while
detecting at angles between 20° and 45°. 2 theta was
plotted versus intensity and compared to standard
reference peaks.

Electrical Properties

A Ti/Pd transmission line measurement (TLM)
rectangular structure was deposited by e-beam

evaporation through a stencil mask at a deposition
rate of 1 A/s onto the SiN substrates. The SnS thin
films were then deposited on top of the TLM bottom
contacts in order to measure resistivity. Contact
studies in our group determined that a higher work
function metal like palladium (5.2-5.6 €V) could
decrease the contact resistance to the SnS films and
make a good ohmic contact unlike Al, Mo, or Ti.
Since Pd can have adhesion problems, a 5 nm Ti
layer was deposited before the 100 nm Pd was
deposited. The contact spacing (d) from left to right
are d; = 0.02 cm, ds = 0.03 cm, d3 = 0.05 cm, and
d4 = 0.07 cm as shown in Fig. 3. The contact length
(Z) is constant in all contacts. The resistance (R)
from each film was plotted against the spacing to
extract sheet resistance (R,;) using the relationship
below:

Ry, =sl —— | xZ 1
h = Sope (spacmg) % 1)

The contact length was 0.6 cm for bottom contacts.
Resistivity (p) was calculated using (2) as a function
of the thickness (¢):

p=(Ben) x ¢ (2)

The current—voltage (I-V) measurements were per-
formed on a Wentworth Laboratories probe station
connected to an Agilent HP 4156B Precision Semi-
conductor Parameter Analyzer. The samples were
illuminated with a light emitting diode (LED)
flashlight in the probe station to measure light I-V
curves. Resistivity measurements were also taken
on silicon and glass substrates (no TLM contact)
using a four-point probe to compare results.

Conductivity

Samples were determined to be n- or p-type, using
the hot point probe technique.'® This technique
involves the heating one of the positive probe of a
voltmeter to create a voltage over two points on the
sample. A positive reading indicated n-type, and a
negative reading indicated p-type.
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SnS Layer

Fig. 3. Transition line measurement (TLM) bottom contacts on a silicon substrate. (a) 100 nm Pd TLM rectangular contact on top of the silicon—
nitride—coated silicon. (b) The SnS layer is deposited on top of the contacts. By using an upside down silicon substrate a certain area of the film is

protected to be enable measurement.

Optical Properties

Transmittance and reflectance spectra were mea-
sured for the SnS-coated glass slides about 1 x 1 in®
by using a Perkin Elmer Lambda 950 spectropho-
tometer over a spectral range from 300 nm to
2000 nm.'® Band gaps are determined through the
methods outlined by Pankove.?’ However, as the
films have non-negligible reflectance for the range of
analysis, the required relationship to approximate «
(absorption coefficient) for films with high reflec-
tance in the range of analysis, must be determine by
the equation below.

o In(; 7). 5

RESULTS AND DISCUSSION

The SnS thin films in this study were character-
ized for structure, optical absorption, and electrical
properties. Table II shows the annealing parame-
ters for ten different samples as well as their
associated electrical properties.

Thickness

Post deposition annealing showed that heating
temperature variations from 300°C to 425°C at a
constant pressure of 1.372 kPa did not have much
impact on the film thickness of the samples. Note
that the thicknesses in Table I were measured after
annealing. Neither double-anneal samples experi-
enced much change in thickness. The thin films,
sputtered from the SnS, target, were typically
deposited more than twice as fast as the thin films
that were sputtered from the SnS target.®'®

Crystal Structure

Sputtering from a SnS, target produces sulfur-
rich tin sulfide thin films, which can be annealed to
produce various tin sulfide phases depending on
anneal temperatures and time. The higher vapor
pressure of S over Sn results in higher Sn content in

SnS; films with heating depending on the temper-
ature, duration, and gas overpressure during the
anneal. These annealing conditions can be tuned to
obtain specific phases and mixtures of phases in
SnS, resulting in different properties as highlighted
in this section and the following segment on elec-
trical and optoelectronic properties. Samples
showed different structures including: Herzenber-
gite SnS, Berndite-2T SnS, and Ottomannite Sn,Ss.
In this annealing study, only SnS and SnyS; were
obtained. XRD of these phases is shown in Fig. 4,
while more extensive investigation of these phases
and of SnS;, can be found in previous literature from
this research group.'®?! As-deposited SnS showed
to be amorphous. The SnS phase obtained by
annealing at 400°C and 425°C for 60 min displayed
strong p-type behavior. Mixed phases resulted in n-
type conductivity or no conductivity. Double-anneal
D1 and D2 showed a change in crystal structure.
After annealing both p-type layers, the film no
longer had the monosulfide layer. Nevertheless,
after annealing the p-type at a higher temperature
followed by annealing a second time, the film
remained in the Herzenbergite phase as shown in
Fig. 5.

Electrical and Optoelectronic Properties

Resistivity was also measured using a four-point
probe. As-deposited SnS on glass showed lower
resistivity, by several orders of magnitude, than
that deposited on silicon. We attribute this to the
difference in thermal and electrical conductivity of
the substrates. The lowest resistivity value obtained
on 4-point probe measurements, 23.64 Q-cm, was
for p-type SnS (P1) on glass.

Palladium bottom contacts were deposited on
SnS; layers on silicon substrates. TLM measure-
ments of these films showed that films deposited at
room temperature and subsequently annealed have
lower resistivity than films not annealed. These
resistivities of 1-150 Q-cm are close to the reported
resistivity of polycrystalline SnS. An increase in
temperature and time of anneals decreased resis-
tivity significantly. Annealed samples also had
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Table II. Resistivity for films determined by TLM measurements with Pd bottom contacts on Si substrates

and four-point probe

Resistivity  Resistivity from Resistivity Resistivity from Conductivity Conductivity
Sample from 4 pp on 4 pp on from TLM dark TLM light type on type on
name silicon (Q-cm) glass (Q-cm) I-V (Q-cm) I-V (Q-cm) silicon glass
Al - - Not meas. Not meas. N/A N/A
P1 64.45 23.64 46.93 39.56 p-type p-type
N1 501.81 34.92 103.69 87.67 n-type p-type
N2 - - Schottky Schottky N/A n-type
N3 2561.9 226.61 164.89 105.36 n-type p-type
N4 - - Schottky Schottky N/A N/A
P2 205.64 83.91 Not meas. Not meas. p-type p-type
Not meas. Resistivity was too high to measure.
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Fig. 4. XRD data for n-type and p-type films where annealing resulted in films with Sn,S3 and/or SnS phases are present.
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Fig. 5. XRD data for double-anneal films. D1 and D2 resulted in a mixed Sn,S3/SnS phase. D3 resulted in the SnS expected phase.

higher resistivity than samples deposited at ele-
vated temperatures.” Figure 6 shows that the
metal-semiconductor interface has an ohmic con-
tact. Sample P1 shows a dark 46.93 Q-cm and light
39.56 Q-cm. n-type films exhibits schottky behavior
as expected, since Pd makes ohmic contact with p-
type semiconductor. On the other hand, as expected,
p-type SnS, shows a low resistivity and linear I-V.
Photoresponse was noticed by a decrease in resis-
tivity when light was impinging from the top as
shown in Table II. When measuring the conductiv-
ity of the films, the sign of the voltage drop detected
indicated the carrier type.?? Since glass has a lower
thermal conduction than silicon, SnS; films did not
get annealed at the same temperature as the silicon
since the heating is in situ and in low vacuum and
this the difference in conduction through the sub-
strate likely influences the annealing temperature
of the film on top.

The absorption coefficient of films, calculated
from UV-Vis spectrophotometry data can be seen
to onset at lower energy for the single phase, p-type
SnS, sample P1 in Fig. 7. The n-type mixed phase
film, N3, had comparable absorption coefficient, but
onset at a higher energy while the amorphous film,
A1 absorbed light to a lesser extent and onset slowly
at energies greater than 1.5 eV in contrast to the
steep slopes of the other films at this energy level.
The absorption coefficients plotted exceed 10° cm*
and are slightly higher than those provided in the
literature for sputtered SnS, which vary mostly
from 10* cm ™! to 10° cm 1.'® The extracted band
gaps for Al, P1, P2, N2, and N3 respectively,
estimated by extending the slope of the absorption
coefficient at onset are 1.7eV, 1.3eV, 14eV,
1.8 eV, and 1.6 eV. These values correspond to
direct band gaps of those materials although SnS
is reported to have both a direct band gap at 1.8 eV
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Fig. 6. TLM dark I-V curve on P1. Distances shown refer to the TLM contact spacing. The slope yields a consistent resistivity of 46.93 Q-cm.
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Fig. 7. Absorption coefficients of a p-type (P1 & P2), n-type (N2 &
N3), and amorphous (A1) sample with respect to energy of incident
light.

and an indirect band gap at 1.6 eV.'® The materials
annealed for shorter periods of time or not at all,
N2, N3, and Al had higher band gaps than P1 and
P2, which were annealed for three times as long as
N2 and N3.

CONCLUSION

The films explored in this investigation yielded
polycrystalline films of SnS and Sn,Ss, as seen in the
GIXRD data. The SnS phase was obtained by anneal-
ing at 400°C and 425°C for 60 min and displayed
strong p-type behavior. Lower annealing tempera-
tures resulted in n-type conductivity or low conduc-
tivity and were of mixed phase. Sputtering from the
SnS, target deposits more than twice as fast as the
films sputtered from the SnS target and results in the
as-deposited amorphous film having the excess sulfur
necessary to enable monosulfide formation during
post-deposition annealing. The films showed some
photoconductive response when illuminated by LED

flashlight. Two different methods were used to
extract the resistivity of the sputtered SnS, films.
Four-point probe on SnS; on glass and silicon sub-
strates showed values as low as 23.94 Q-cm. Rectan-
gular palladium TLM bottom contacts were ohmic on
p-type material and used to obtain dark and light
resistivity as low as 46.93 Q-cm and 39.56 Q-cm,
respectively. The films used in this study show a high
absorption profile. The calculated absorption coeffi-
cients exceed 10° cm ! and are slightly higher than
those provided in the literature for sputtered SnS,
which vary mostly from 10* cm ™! to 10° cm!. The
measured band gap falls into the optimal range for
materials used in solar cells. The final resistivities of
these samples are of the right magnitude for potential
use in a pseudo-homojunction; however, more inves-
tigations are necessary to optimize this material and
device structure, including the interface of the n-type
and p-type material.
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