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Single-phase SnSe thin films were prepared via thermal co-evaporation using a Se thermal cracker. By
carefully tuning the stoichiometry of the SnSe, we found that the composition range of single phase SnSe
is very narrow, a Se/Sn ratio of 0.95—0.99; outside of this range secondary phases (metallic Sn or SnSe;)
formed. Electrical properties were found to be very sensitive to even small changes in the stoichiometry.
Three orders of magnitude difference in the carrier concentration was observed within the stoichiometry
range for single-phase SnSe, which can be explained by changes in the shallow level defect density. To
further control carrier concentration, we introduced In and Sb as counter-dopants into the SnSe thin
films and found that they were deep level donors with the ionization fraction of ~10~%. Finally, we
demonstrate the potential of SnSe thin films as an absorber layer in photovoltaic applications. Our study
demonstrates the importance of fine-tuning stoichiometry of SnSe to achieve desired electrical
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1. Introduction

Metal chalcogenide (e.g. SnS, SnSe, Sb,S3) thin-films have been
considered as a novel class of materials for photovoltaic applica-
tions with a terawatt-level scalability, due to their tunable bandg-
aps and earth-abundant elemental constituents [ 1—3]. Photovoltaic
devices based on SnS and Sb,Se; have been investigated using
various film deposition techniques, such as thermal evaporation
[4], atomic layer deposition [5], chemical bath deposition [6], and
sputtering [7]. The highest power conversion efficiency of photo-
voltaic device based on these films have been 7.5% and 4.36% for
Sb,S3 [8] and SnS [1], respectively. In the case of SnSe, however,
studies have been made for thermoelectric applications because of
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its intrinsically low thermal conductivity. Zhao et al. reported the
ZT value of 2.62 which was the highest ZT value reported among all
thermoelectric materials [9]. After this report, numerous research
efforts on thermoelectric study of SnSe have followed. Shafique
etal.[10] and Xiao et al. [11] calculated fundamental thermoelectric
properties of binary 2D chalcogenides. Recently, Zhao et al. re-
ported a high ZT of 1.34 via Na doping [12]. More recently, Duong,
et al. reported the Bi-doped n-type SnSe single crystals with ZT
factor of 2.2 [ 13]. However, photovoltaic applications based on SnSe
thin-films have not been reported, largely due to the difficulty in
synthesizing single-phase SnSe thin-films. Secondary phases (e.g.
metallic Sn, SnSe;, and SnySes) in the SnSe absorber layer in solar
cells often increase the density of non-radiative recombination
centers, resulting in a limited power conversion efficiencies in the
devices [14]. The Sn—Se system is known to have a very narrow
composition range for a pure SnSe [15], which requires precisely
controlled processes for the film preparation.

In this paper, we report on the fabrication of single-phase SnSe
thin-films by thermal co-evaporation with a thermal cracking
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source for selenium and post-annealing. There have been some
reports about fabrication of SnSe thin films via thermal evaporation
method [3,16,17]. However, thermal co-evaporation with a Se
thermal cracker has not been reported. The compositions of the
films are precisely tuned with the fluxes of Se and Sn vapor by
controlling the temperature of each effusion cell. The evaporated
films were then annealed in a furnace with N, atmosphere. We
investigate the composition window for a single-phase SnSe thin-
film deposition. The electrical properties of the films were stud-
ied by varying the composition ratio of Se and Sn. Dramatic changes
in electrical properties, in particular alteration of carrier density
from ~10'® to ~10'® cm 3, were observed in a narrow range the Se/
Sn ratio between 0.9 and 1.1. The significant increase in carrier
density can be explained by the change in the relative population of
the Sn-vacancy, as suggested by theoretical calculations [18].
Furthermore, we investigate extrinsic doping with In and Sb to
reduce the carrier density that is more suitable for photovoltaic
application. A working SnSe photovoltaic device is also
demonstrated.

2. Experimental
2.1. SnSe thin-film preparation

1—2 pm thick SnSe films were deposited on borosilicate glass
substrates by thermal co-evaporation method. The substrate was
heated to ~100 °C and the pressure of chamber was kept below
1 x 1078 Torr. The Sn- and Se-flux were controlled by adjusting the
temperature of a Sn effusion cell and the reservoir of a Se thermal
cracker. A thermal cracker kept at 800 °C was used to generate
highly reactive Se molecules (e.g. Se and Se;) from large Se mole-
cules (e.g. Seg and Sey). By using the cracked Se source, we were able
to reduce the substrate temperature for growing high-quality SnSe
thin-films [18,19]. After the film deposition, the SnSe films were
annealed at 500 °C, 5 min by using a hot plate in a N,-filled glove
box [20,21]. In and Sb dopants were introduced by thermal diffu-
sion. 10-nm-thick doping layers (SbySes or In thin films) were
deposited either on borosilicate glass substrates prior to the SnSe
deposition process (in the case of the Sb,Se3) or on top of the SnSe
films (in the case of the In). The bi-layer samples (Sb,Ses/SnSe and
SnSe/In) were then annealed for 5 min at 500 °C to prepare Sb- and
In-doped SnSe thin-film samples, as schematically shown in Fig. 1.

2.2. Characterization and measurements

Morphology of SnSe thin-films were investigated using scan-
ning electron microscopy (SEM). Samples were coated with a thin
Pt layer by sputtering. Composition of the films were measured by
energy-dispersive X-ray spectroscopy (EDS) and inductively
coupled plasma atomic emission spectroscopy (ICP). The crystalline
structure was investigated by X-ray diffraction (XRD) with a Cu-Ka
radiation source (RIGAKU Ultima IV). Raman spectroscopy (ARA-
MIS, Horiba Jobin Yvon) was used to detect secondary phases that

In

Sh,Se;

500°C, Smin annealing
in N, atmosphere

may exist below the XRD detection limit. An Ar-ion CW laser
(514 nm) was used for the Raman measurement in the range of
100 cm~'-500 cm™ . To investigate the optical properties of the
films, UV-VIS-NIR spectrometer (Lambda 1050) was used in the
range of 190—3300 nm. In ultraviolet photoelectron spectroscopy
(UPS) (Sigma Probe), a He-I excitation (21.2 eV) and 10 V acceler-
ation voltage were used to measure the Fermi level and valance
band position of the films. Electrical properties of the films were
measured by Hall effect measurement in which 1 pA current and
+0.7 T magnetic field were used.

3. Results
3.1. Preparation of single phase SnSe thin films

Single-phase SnSe thin-films were fabricated by thermal co-
evaporation and post-annealing processes. The flux of Se and Sn
were controlled by varying the temperature of each effusion cell.
Then the samples were annealed at 500 °C under nitrogen ambient
without additional Se over-pressure. Conventional photovoltaic
chalcogenide compounds such as CuyZnSn(S,Se)4 (CZTS) and Cu(In,
Ga)(S,Se), (CIGS) require additional S or Se sources for annealing to
prevent the film decomposition induced by S or Se sublimation
[21—-23]. For SnSe, however, we observed that Se over-pressure
during annealing induced the emergence of SnSe; phase. There-
fore, we did not applied the Se over-pressure during annealing. By
adjusting the relative ratio of Sn and Se flux during evaporation, we
can modify the morphology of the film as shown in Fig. 2.

In Fig. 2, from (a,e) to (d,h), the Se/Sn ratio reduces. Changes in
the Se/Sn ratio led to dramatic changes in morphology from (a, e) to
(d, h). We observed that densely packed grain were shown in (c,g)
and (d,h) while plate-like grains were shown in (a,e), (b,f). The grain
size of the (¢, g) film is ~1 um, which is the largest grain size among
the samples. For a photovoltaic absorber layer large grain size is
advantageous to minimize non-radiative recombination of photo-
generated carriers at grain boundaries. In (a, e), the film consists
of only the SnSe; phase. From Fig. 2(a, e), we increased the Sn flux
to fabricate the SnSe film. Fig. 2(b, f) is a mixture of SnSe and SnSe;
and eventually Fig. 2(c, g) consists of only SnSe phase. When Sn flux
was further increased, elemental Sn precipitated inside the SnSe
thin films Fig. 2(d, h). The lattice structure of each samples was
measured by XRD as shown in Fig. 3.

In Fig. 3a, b, c and d correspond to (a,e), (b,f), (¢,g), (d,h) in Fig. 2.
Each XRD peak was identified by JCPDS No. 48-1224 (Pnma SnSe),
23-0602 (P3m1 SnSe;), and 04-0673 (elemental Sn). In Fig. 3(c), all
XRD peaks are accounted by Pnma SnSe phase. However, it is
possible that secondary phases may exist below the XRD detection
limit (~2 wt% of sample). Raman spectroscopy, which has lower
detection limit (~ppm), was therefore carried out.

In Fig. 4(b), we observed that SnSe, and Sn304 co-exist in the
film. Sn304 peaks were detected on 140 cm~' and 170 cm™~! [24].
Because Fig. 4(b) was Sn-rich, excess Sn on the surface combined
with oxygen in the air and tin oxide was produced on the film

Sb/In doped SnSe

Fig. 1. Schematic of doping mechanism.
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Fig. 2. Cross-section SEM image of prepared SnSe thin-films. Sn and Se compound as composition changes. (a, e) — SnSe; (b, f) SnSe + SnSe, (c, g) — SnSe, (d, h) Sn + SnSe.
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Fig. 3. XRD 0-20 scans of Sn and Se compound with varying stoichiometry.

surface. In Fig. 4(a), only SnSe Raman peaks are detected on
108 cm ™! (Bsg vibration mode), 128 cm™! and 150 cm™!(Ag vibra-
tion mode) [25,26]. So, we concluded that pure phase SnSe thin film
was fabricated as analyzed by SEM, XRD and Raman spectroscopy.
We then tried to figure out the electrical and optical properties of
single phase SnSe thin film. UV—vis spectroscopy, UPS and Hall
measurement were used as analyzing tools. Note that the SnSe thin
films used for optical and electrical characterization has Se/Sn ratio
of 0.99, slightly higher Se/Sn ratio that the one used for structural

characterizations, which is still a pure phase SnSe. Band structure
and optical properties of film is shown in Fig. 5.

Based on the absorbance values obtained from UV—vis spec-
troscopy, the absorption coefficient («) is calculated by the relation
below:

o =2.303(A/t), (1)

where A and t are the absorbance and the film thickness,
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Fig. 4. Raman spectra of (a) pure SnSe sample (Fig. 3(c)) and (b) Sn rich SnSe sample (Fig. 3(d)). 514 nm laser was used for the measurement.
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Fig. 5. Optical properties of single phase SnSe thin films. (a) Tauc plot from UV-VIS-NIR spectroscopy (b, c) the first cutoff (b) and secondary cutoff (c) of UPS of SnSe thin films (d)

Estimated band structure of SnSe thin-films.

respectively. From 400 to 900 nm, the absorption coefficient of
SnSe film was around 8 x 10* cm~!, comparable to other good
photovoltaic absorber materials [27,28]. By using a Tauc plot shown
in Fig. 5(a), the direct band gap of the film was estimated to be
~1.17 eV, which is 0.2 eV larger than DFT calculated value [29]. This
estimated values obtained from Tauc plot was well matched with
previous results, which are 1.1 eV, 1.19 eV, 1.21 eV, respectively
[30—32]. UPS was measured to estimate the valence band
maximum (VBM) of SnSe thin film. In Fig. 5(b and c), extrapolation
of first and secondary offsets reveals that the SnSe thin film has a
work function of 5.2 eV and a Fermi-level at 0.12 eV above the VBM.
Fig. 5(d) depicts the estimated band structure of the SnSe thin-
films, suggesting a p-type conductivity. The electrical properties

of the film is also measured by Hall effect measurements, which
revealed that the SnSe thin film has a carrier concentration of
1.03 x 10'7 cm~3, mobility of 1.27 cm?/V -s, resistivity of 48.2 Q cm,
and Hall coefficient of 61.0 cm?/C. With these measurements, hole
effective mass of the SnSe thin-film is estimated to be
5.16 x 10731 kg (0.56mg) by the following relations [33]:

D= NveXp{(Ev - EF)/kT}v (2)

m* = (N,/2)%3h? / 27kT, 3)

where N,, E,, Eg, k, and T are effective valence band density of state,
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valence band maximum, Fermi level, Boltzmann constant, and
temperature, respectively. All the quantities except N, are known,
therefore, m* is determined. The calculated hole effective mass is
consistent with the literature value due to Zhao, et al. [13] and Shi,
et al. [34].

The Hall measurement indicates that SnSe thin films exhibit p-
type conductivity and high carrier concentration in the order of
10", which is consistent with the calculated values from the posi-
tion of E with respect to the valence band maximum. The current
values of carrier concentration and resistivity are inappropriate for
an absorber layer in photovoltaic applications; the ideal carrier
concentration for solar absorbers is in the range of 104—10'6 cm—3
[19,35]. To identify the optimal carrier density of SnSe thin-films as
a light absorber, we calculated the carrier density-dependent
depletion width of SnSe films. Depletion width is calculated by
the relation below [30]:

3 2 s —
Xg = Xn + Xp = \/zgs‘nésp (Na + Np)“(Vpi — Va) 4)

q N4Np (NAf:’s.p + NDt‘?s.,n) ’

where ¢, esp, Na, Np, Vp;, and V, are permittivity of n-type and
p-type layers, density of ionized acceptors and donors, built-in
voltage, and applied bias, respectively. By assuming Np >> Ny,
which is reasonable for SnSe/CdS heterojunction (CdS is the most
commonly used buffer layer for chalcogenide thin film solar cells),
the relation is simplified to

_ v ~ 2850 (Vbi —Va)
X = Xn +Xp=Xp q N, (5)
where Vj; and &5 are 0.7 V and 9.94¢( [36], respectively. For Nu of
10—10'"7 cm~3, depletion width inside the SnSe is estimated to be
~877 nm (N4 = 10" cm~3) and ~87 nm (N4 = 10'7 cm™3). Because
too narrow a depletion width inside a light absorbing layer is
disadvantageous for charge collection, we conclude that carrier
density of SnSe thin-films should be reduced to the order of
10" cm~3. In order to reduce the carrier concentration, we modi-
fied the electrical properties by stoichiometric control and by
introducing foreign dopant elements into the films.

3.2. Stoichiometric control of SnSe thin films and its effect on
electrical properties

The stoichiometry of the SnSe thin-films was adjusted between
Se/Sn values of 0.9—1.1 by controlling Sn and Se flux during co-
evaporation. As shown in Table 1, a small variation in the stoichi-
ometry, especially between the Se/Sn ratio of 0.95 and 1.01, resulted
in remarkable change in electrical properties.

The results show that Se-rich SnSe (Se/Sn > 1) has a more
resistive characteristic and Sn-rich SnSe (Se/Sn < 1) has a more

Table 1

1 T

i~"SnSe, ﬂ@-—Sn

i ﬂ

1 U
H Se/Sn ratio
i — 1.06

f —1,03

i i —1.01
. .98

' : —0.95
‘W = 0.90

i —0.89
i Aa

10 20 30 40 50 60 70
Degree (26)

Intensity (a. u.)

Fig. 6. XRD graph of SnSe thin films with different Se/Sn ratio. All the peaks without
two peaks indicated above are Pnma SnSe peaks.

conductive characteristic than the pristine SnSe thin films. The
dramatic change in the carrier concentration can be explained by
the expected density of Sn vacancy. Theoretical calculations [37,38]
suggest that p-type conductivity of SnSe originates from Sn va-
cancies. In tin (Sn)-chalcogenide (X = S or Se) system, there are six
types of native point defects—vacancy (Vs,, V), interstitials (Sn;,
X;), and antisite defects (Sny, Xs,). In the case of SnS, DFT calcula-
tion showed that the Vs, has the lowest formation energy when the
sample is S-rich. Also, the transition level of Vs, is close to the va-
lance band edge, which means that Vg, acts as a shallow level
acceptor. In case of Sn-rich sample, Vs and Sng have lower defect
formation energy than Vs,. However, the transition levels of those
defects are close to the Fermi level, which means that they are deep
level defects and do not make a significant contribution to the
conductivity of the sample. Given the chemical similarity between
SnS and SnSe, it is anticipated that the major acceptor in SnSe thin-
films is also Vs, and the carrier density is predominantly deter-
mined by the concentration of Sn vacancies. In the case of Sn-rich
samples, the population of Vg, is expected to decrease compared
to a pristine SnSe while it is opposite for Se-rich samples. As shown
in Fig. 6, in XRD measurements of samples within a narrow range of
the Se/Sn ratio between 0.95 and 0.99, all the peaks can be assigned
to SnSe. Outside of this range, SnSe; (Se/Sn > 0.99) or elemental Sn
(Se/Sn < 0.95) is found. If secondary phases affect electrical prop-
erties of film, the Se-rich SnSe should be more resistive because of
the n-type nature of SnSe; that would counteract the p-type con-
ductivity of the SnSe host and the Sn-rich SnSe should be more
conductive due to the inclusion of metallic Sn phase. This is
opposite to our observation suggesting that the effect of secondary
phase on electrical conductivity is negligible.

Electrical Properties of SnSe thin films as function of the Se/Sn ratio. Values inside the parenthesis are an error bar of measured values.

Se/Sn ratio Carrier density (/cm?)

Mobility (cm?/V-s)

Resistivity (Q2-cm) Conductivity (S/cm)

0.89 1.35x10'5(0.30) 2.98x10'(+0.55) 1.60x10%(+0.46) 7.17x1073(+0.46)
0.90 2.92x10'%(+0.27) 1.07x10%(+0.37) 2.12x10%(+0.09) 4.74x103(+0.09)
0.95 2.98x10"%(+0.11) 7.96x10%(0.09) 2.64x102(+0.08) 3.80x 10 3(+0.08)
0.98 2.83x10'%(+0.27) 5.81x10'(+0.26) 3.90x10%(£0.04) 2.57x1071(+0.04)
1.01 7.49x10'7(+0.16) 5.77x10°%(£0.18) 1.47x10%(+0.01) 6.85x1071(+0.01)
1.03 1.36x10'8(+0.29) 4.06x10%(+0.62) 1.64x10%(+0.04) 6.11x1071(x0.04)
1.06 7.66x10'7(+0.40) 6.59x10°(£0.76) 1.57x10%(+0.05) 6.39x1071(+0.05)
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Fig. 7. SIMS depth profile of Sb doped SnSe(a) and In doped SnSe(b).

3.3. Introducing counter dopants to SnSe thin films

To further reduce the carrier concentration of the SnSe thin
films, extrinsic counter dopants (donors) such as Sb and In were
introduced to SnSe thin films. Sinsermsuksakul, et al. reported the
reduction of electrical conductivity of SnS thin films via doping
with Sb [39]. We introduced Sb (or In) to SnSe by thermal evapo-
ration of SbySes (or In) followed by thermal-induced diffusion
process. SIMS depth-profile of the Sb- and In-doped samples were
measured to investigate the distribution profiles of each dopant in
the films (Fig. 7).

The SIMS results show that both Sb and In were well diffused
into the entire depth of the SnSe films. In case of the In-doped SnSe,
we deduce that the post-annealing time was not sufficiently long to
ensure a uniform distribution of In inside the SnSe. Hall measure-
ments performed on the In- and Sb-doped SnSe films showed an
obvious decrease in the carrier density and electrical conductivity
compared to the undoped sample (Table 2). When the impurities
were diffused into the film, there are possibilities of substitutional
or interstitial occupation, or precipitation inside the film. Given
similar ionic radii of Sn and Sb (or In), it is expected that the
interstitial occupation of Sb (or In) would be a rare event. From the
XRD results from the Sb- and In-doped samples, no secondary
phase or metallic phase of the dopants were observed (Fig. 8).
Therefore we expected that the majority of the dopants inside the
SnSe films occupied substitutional sites, acting as counter dopants
and reducing the hole density. If all the Sb or In dopants are located
at Sn substitutional site, the fraction of the ionized donors is
determined by comparing the total concentration of the impurities
introduced (which is estimated from the thickness of the deposited
impurity layer) and the value of the reduction in hole concentration
via the doping. The ionization fraction is on the order of 10~4. From
this small ratio of the dopant activation, we conclude that Sb and In
in SnSe are deep level donors. It is interesting to note that this
extrinsic doping approach was only successful in single phase SnSe
films; in the case of Se- and Sn-rich SnSe films, neither Sb nor In
worked as counter dopants. Further work is needed to understand
this composition-dependence of extrinsic doping behavior.

Table 2
Electrical Properties of undoped and Sb/In doped SnSe thin films.

In doped SnSe

—Sb doped SnSe
o
)
©
p
=
(7))
[
(D)
—-—
=

10 20 30 40 5 60 70

Degree (20)
C 1T 1 i wmn rmanyr o i
Pnma SnSe

Fig. 8. XRD spectra of In/Sb-doped SnSe. All the peaks are identified as Pnma SnSe.

Fig. 9 presents the summary of the correlation between carrier
concentration and stoichiometry as well as the effects of the
extrinsic doping. It should be noted that the range of Se/Sn ratio
where single phase SnSe are fabricated is very narrow. And even in
this range, carrier density of the SnSe thin films changes dramati-
cally. Considering the carrier density, SnSe thin films between Se/Sn
ratio 0.96 and 0.97 are found to be suitable for photovoltaic
application. We fabricated photovoltaic devices with a structure
shown in Fig. 10. Device shows rectified I-V characteristic with 0.2%
power conversion efficiency under 1-sun illumination, 100 mW/
cm? (Fig. 11). The poor performance s likely due to a limited carrier
collection length and a non-ideal band-alignment between CdS and
SnSe. Follow-up studies are being conducted to improve perfor-
mance. In particular, developing suitable buffer layers that form

Carrier density (/cm®)

Mobility (cm?/V-s)

Resistivity (Q-cm) Conductivity (S/cm)

Undoped 1.03x10"7 1.27x10°
Sb doped 2.16x10" 6.29x107!
In doped 8.52x10™ 8.85x10°

4.82x10" 2.09x1072
4.59x10° 2.18x1074
1.93x10° 5.25x1074
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Fig. 9. Alteration of carrier concentration via stoichiometry control and counter
doping.
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Fig. 10. Device structure of SnSe solar cell.
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Fig. 11. Current-voltage curve under 1-Sun illumination from a solar cell with a SnSe
absorber layer.

ideal band alignment with SnSe absorbers, the so-called “spike”
type alignment, is priority [40].

4. Conclusions

In summary, we prepared single phase SnSe thin films using
thermal co-evaporation with a thermal cracking source for sele-
nium followed by post-deposition annealing process. It is shown
that single-phase SnSe only exist in a narrow range of stoichiom-
etry (Se/Sn = 0.95—0.99), which illustrates a difficulty in preparing
single-phase SnSe films. By carefully controlling Sn and Se flux
during deposition, we managed to achieve the target stoichiometry.
Even in the single-phase range, electrical conductivity of SnSe is
found to be very sensitive to the Se/Sn ratio; carrier concentration
of samples varied over three orders of magnitude
(10" em—3-10"7 cm™3). Therefore, fine control of stoichiometry is
very critical in device application of SnSe. Alternatively, our study
suggests that SnSe can be adapted to a wide range of application
due to its wide tenability of carrier concentration. For instance,
SnSe films with a carrier density of ~10' cm~> would be suitable
for photovoltaic devices and those with a higher carrier density for
thermoelectric devices. In addition, we demonstrated that extrinsic
doping of foreign elements such as Sn and In can be another
method to further control carrier density of SnSe, although this
approach is not very efficient given a small number (~10~4) of the
ionized fraction of the introduced dopants. A working SnSe
photovoltaic device is demonstrated by using a slightly Sn-rich
SnSe absorber, i.e., with carrier density of ~10'> cm—3. We believe
it is worthwhile to apply Se-rich SnSe, i.e., with a higher carrier
density, to thermoelectric devices.
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