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Abstract Sb,Se; (SSe) has been highlight as a low-cost,
less complex, low toxicity, and earth-abundant photovoltaic
(PV) absorber not only because of its excellent properties
but also because of its demonstrated 5.6% certified effi-
ciency and decent device stability. An understanding of
the effects of intentional dopants on the properties of this
material would help to further improve SSe PV devices. In
this work, Fe-doped SSe thin film was obtained by electro-
deposition at different levels of doping, which is an easy,
cheap, and scalable technique. At the studied levels, this
dopant caused low influence in band gap and morphologic-
structural properties of the films; however, it did impact
their electronic properties and photoactivity toward hydro-
gen gas evolution. The film obtained from a deposition
bath composed of 5% of Fe presented a photocurrent sim-
ilar to that shown by the undoped film, despite showing a
carrier density that was three orders of magnitude higher.
This behavior makes us believe that, compared to the
undoped film, a photovoltaic device made with this
5% Fe-doped film would have a higher fill factor and
efficiency.
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Introduction

Recently, the use of thin films of antimony selenide (SSe) as
an absorber for photovoltaic (PV) devices has attracted the
attention of researchers [1, 2]. This increasing interest is due
to the fact that SSe is composed of more abundant compo-
nents and presents lower toxicity, structural complexity, and
melting point (grain growth at lower temperature) compared
to the more representative films in the market, such as CdTe,
Cu(In,Ga)Se (CIGS), and Cu(Zn,Sn)Se (CZTSe) [3]. In addi-
tion, SSe has a direct and indirect optical band gap within a
range of 1.00 and 1.13 eV, which makes it an adequate ab-
sorber material for single-junction solar cells [4—7].

To reduce costs, researchers have not only looked for
cheaper and earth-abundant materials but also for a more eco-
nomically viable fabrication process for these materials. In this
line of reasoning, the electrodeposition has been widely used
in several works; this is because it is an easy, cheap, and
scalable technique with good reproducibility, and it maintains
electrodeposits with the desired quality [8—13].

In addition to the search for new material and methods,
different approaches have been used to improve the
photovoltaic-interesting properties of the more representative
and known materials, such as annealing [13, 14], chemical
treatment [15, 16], and doping [17, 18]. In the case of doping,
several effects are expected, such as modulation of the band
gap [19, 20], increase of the grain size [17], passivation of
defects [18, 21], increase in film conductivity (an increase
of carrier concentration, and a decrease of the series resistance
of'the solar cell [6, 7]) [22], and improvement in photoactivity
[18-21], among other beneficial or harmful effects. Thus, the
study of the influence of dopants on the SSe properties be-
comes an important factor for its applications. It is noteworthy
that the literature is scarce regarding doped SSe thin films by
means of electrodeposition, and it is even scarcer concerning
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the effects of dopants on photoelectrochemical activity. Li and
co-authors electrodeposited and characterized Bi-alloy SSe
thin films, obtaining a high content of bismuth incorporation
(> 10 at%) [23] and observing an n-type conductivity. In 2016,
Li and co-authors doped SSe thin films obtained via the
hydrazine solution process with 0.1% of Fe and Mg. Their
results showed that Mg-doping was inert to the electric prop-
erties of the SSe, while Fe introduced harmful n-type doping
[24]. The carrier concentrations of the films did not change
with doping and remained as low (~ 10'* ¢cm™>) as the
undoped ones, which could be evidence of no true incorpora-
tion of the dopant into the SSe crystal. However, in both stud-
ies, the effects of this doping on the photoelectrochemical
activity of the SSe were not evaluated.

Based on the aforementioned background, the present
work reports the electrodeposition of Fe-doped SSe thin films,
with different dopant concentrations. It also describes the
study of the doping effects on the morphological, structural,
optoelectronic, and photocatalytic properties of this material.
Iron was chosen as a dopant because it is a catalyst in the
hydrogen release process commonly used in water splitting
[25], as well as being an earth-abundant element.

Method

The following reagents used during this work were of an an-
alytical grade: Na,SO4 (Sigma-Aldrich, > 99.9%), H,SO,4
(Sigma-Aldrich, 98%), K(SbO)C4H404 - 0.5 H,O (Sigma-
Aldrich, > 99%), SeO, (Alfa Aesar, > 99,4%), Se powder
(Vetec, > 99%), and e FeSO, - 7 H,O (Sigma-Aldrich,
> 99%). All electrochemical measurements were performed
on a Metrohm-Eco Chemie potentiostat/galvanostat (Autolab
PGSTAT302N) using a conventional cell with three-electrode
system. For the working electrode, fluorine-doped tin oxide
(FTO, 7 €)/sq., MTI Corporation) coated glass was used, while
Pt plate was used as the auxiliary electrode. Ag/AgCl/CI (g
ke was used as a reference electrode, and all potentials in
the present work are related to this reference. FTO was cut
into small pieces (1.5 cm x 1.0 cm) and subsequently
ultrasonized with deionized water, ethanol, acetone, and
isopropanol for 5 min in each solvent. After that, the FTO
substrates were immersed in a solution of 0.5 mol L
KMnOy, for 1 h and then alternately washed with 30%
H,0, and deionized water. Hydrophilization of the FTO
electrodes was done at 70 °C for 1 h in a solution of H,O/
H,0,; (conc.)/NH4OH (conc.), in a proportion of 5:1:1, re-
spectively. At last, it was rinsed with deionized water and
dried in an Ny, stream (Linde, 99.9%).

The SSe films were obtained by co-electrodeposition (ap-
proximately 1 cm? of area) under potentiostatic conditions.
The deposition bath consisted of solutions of 2.0 mmol L'
SeO, and 2.5 mmol L' K(SbO)C4H40, with FeSO, 0.125,
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0.5, and 1.25 mmol L™, i.e., 5, 20, or 50% of the dopant (rel-
ative to the Sb content in the bath). For the supporting elec-
trolyte, a solution of 0.5 mol L' Na,SO, was used, with a pH
adjusted to 2 by the addition of drops of concentrated
H,SO,. The bath solution was previously deaerated with a
stream of Ny, introduced into each solution during 3 min
before deposition. From the previously optimized conditions
[26], the electrodeposition was performed until it reached 600
mC of total charge (to maintain the film thickness between
300 and 400 nm, which is usually used in the literature [4,
27]), applying a potential of —0.6 V, followed by thermal
treatment at 300 °C for 3 h. It is important to mention that,
in general, the low crystallinity of the films obtained by elec-
trodeposition is a limitation of this method. This makes it
necessary to use a subsequent thermal treatment, already stud-
ied in detail by our group [26]. Thus, the thermal treatment
was carried out in a tubular furnace at a heating rate of 10 °C
min ' and with the N, atmosphere maintained at 1 atm. The
heated gas was brought to a bubbler filled with mineral oil
under a flow of 1 mL min~'. Inside the tube furnace, a lead
borosilicate glass cylinder of approximately 300 mL was
placed. In the latter, the films were placed between two cruci-
bles containing, in each, 0.2 g of selenium powder to maintain
a controlled Se-rich atmosphere.

The physical characterization of the films was made ini-
tially from their morphology and structural data, measured,
respectively, by high-resolution field-emission scanning
electron microscopy (FE-SEM, Zeiss Supra 35) and by
Rigaku X-ray diffractometer (DMax2500PC) with CuKa
radiation, with a counting time of 6 s and a scanning step
of 0.02 °. Their composition was measured by energy dis-
persive X-ray (EDX) spectroscopy (FEI-XL30-FEG with
an Oxford Instruments-Link ISIS 300 detector), while the
determination of their band-gap energies was performed
by an NIR-UV-vis spectrometer with diffuse reflectance
geometry (Cary SE spectrometer) from 800 to 1800 nm.
The band-gap energy (£,) was estimated using the follow-
ing equations: [11, 28, 29]

( l_R))‘l
2R

a=F(R)= and (ohv)" = A(hv—Eg) (1)

where F(R) is the Kubelka-Munk function, R is the absolute
reflectance to a given value of /v, « is the absorption coef-
ficient, / is the Planck constant, v is the frequency, and n
assumes the values of 2 or 2/3 for direct transition (allowed
and forbidden, respectively) and 1/2 or 1/3 for indirect
(allowed and forbidden, respectively).

The flat band potential (Ef,) (and consecutive, band posi-
tion), the charge carrier density (Np), and the semiconductor
type (n- or p-) were determined by the Mott-Schottky. The
Mott-Schottky experiments were performed using the same
supporting electrolyte used in the electrodeposition and were
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carried out by means of potentiodynamic electrochemical im-
pedance spectroscopy, applying a 0.01 Vs sinusoidal excita-
tion signal with a frequency of 1, 5, and 10 kHz. The results
were described by the following equation for p-type semicon-
ductors: [30-32]

C 2 _ _2(eNA€0€SC)_1 [E_E/b + (kBTeil)] (2)

sc

where Cg. is the semiconductor capacitance of the space
charge region, e is the elementary charge, N4 is the charge
carrier density (or acceptors density for p-type semiconduc-
tors), £o the permittivity of free space, &, is the semiconductor
dielectric constant, £ is the applied potential, Eyq, is the flat
band potential, kg is the Boltzmann constant, and T is the
absolute temperature. Using the Mott-Schottky graph, the
N4 can be calculated from the slope, and the Ej, can be ob-
tained from the extrapolation to Cy. ?=0.

The photoelectrochemical characterization was performed
with a solar simulator with a 150 W xenon lamp (Newport
66902) and an AM 1.0 lens as the light source, using a quartz
window electrochemical cell with 1 cm optical path between
the window and the surface of the films.

Results and discussions
Physical characterization

First, to study the doping effect on the morphological proper-
ties of the SSe films, their surface images were obtained by
FE-SEM, which can be seen in Fig. 1.

The films showed good adhesion to the substrate, with
thicknesses of ~ 400 nm (seen in cross-section micrographs).
In general, it was visually observed that these surfaces did not
present significant differences in their morphology in term of
their doping concentration, being rough, homogeneous, and
presenting forms not well defined in all conditions. However,
it is possible to observe a slight tendency to the formation of
nano-rods in Fig. 1b, which represents the film Fe-doped from
a bath with 5% of dopant.

Thus, in sequence, the composition, crystalline structure,
and band gap of the films were characterized, and the data is
organized in Table 1. The diffractograms and the graph of
(chv)* vs. photon energy can be checked in Figs. 2 and 3,
respectively.

As can be seen in Table 1, the EDS analyses showed that
the composition of Fe-doped films is close to the stoichiomet-
ric, as indicated in the non-doped film. The incorporation of
Fe into the SSe films was low compared to its concentration in
the deposition bath. This can be explained by the fact that the
Fe deposition potential be more negative than those for
Sb and Se [33].

L pm

L um

Fig. 1 Surface FE-SEM micrographs of SSe thin films with 50kx of mag-
nification. a Non-doped film and those obtained from electrolytic bath with
b 5%, ¢ 20%, and d 50% of Fe ions (relative to Sb content in the bath)

In Fig. 2a, we can see that the Fe-doped films presented all
the characteristic peaks of the orthorhombic Sb,Se; pattern,
except for the presence of a secondary Sb,O; cubic phase
(Senarmontite, syn JCPDF 71-365) for the 50% Fe-doped
film, which could be inferred by the peak at 20 = 27.7° with
very low intensity. The crystallographic parameters extracted
from the X-ray diffraction patterns (Table 1) show that the
incorporation of Fe into SSe did not change its cell unit sig-
nificantly. This behavior was expected once the ionic radii
of the Fe and of the Sb was similar [34] and the incorpo-
rated Fe content was low. In addition to the previous
characterisations, Fig. 2b (also Table 1) shows that this
small incorporation of Fe did not decrease the band gap
of the films (expected for high Fe-doping), which is a good
result, since the SSe already has an appropriate band gap to
be used in a single-junction solar cell [5, 7]. It is also good
to mention that these optical band gap values agree with
those found in the literature [9, 35, 36].

Summarizing the physical characterizations, the low incor-
poration of Fe ions into the SSe thin film did not change
noticeably its morphology, composition, structure (except by
the presence of a small quantity of Sb,O5 impurity on the 50%
Fe-doped film), and band gap. Thus, it is worth analyzing the
effect of this dopant on the electronic and photoactivity prop-
erties of this material.

Electrochemical and photoelectrochemical
characterization

At last, in order to observe whether these small Fe-doping
levels affect the electronics and photoactivity of the SSe films,
experiments of Mott-Schottky (M-S) and the transients of the
photocurrent were performed. Figure 3a and b show the M-S
and photocurrent graphs for the undoped and doped films. For
better visualization of the results, the values of flat band po-
tential (Eg,) and acceptors density (N,) (extracted from

@ Springer



1560

J Solid State Electrochem (2018) 22:1557-1562

Table 1 Composition, unit-cell

parameters, and optical band gap SSe films Composition %atm” Unit-cell parameters E,/eV
for the electrodeposited SSe films
Sb Se Fe alA b/A clA VIA
Non-doped film 392 60.8 n.d. 11.57 11.74 3.97 539.13 1.09
Fe 5% 36.8 62.4 0.8 11.55 11.78 3.99 543.74 1.07
Fe 20% 39.6 59.2 12 11.57 11.78 3.98 542.80 1.09
Fe 50% 39.6 58.9 1.5 11.57 11.71 3.97 538.12 1.09
JCPDF 89-821 - - - 11.59 11.74 3.95 538.23 -

*The standard deviation was lower than 5%, with 95% confidence.

n.d non-detected

Fig. 3a) and the photocurrents (extracted from Fig. 3b) are
organized in Table 2.

From the M-S angular coefficient seen in Fig. 3a, we can
conclude that all the films are p-type semiconductors, inde-
pendent of the doping level. Taking into account that the Ejy,
for the p-type semiconductors is close to the valence band

a FTO
=) -5 = o -~ 8 I
§ 8§38 3:§ 8 ——SbSe,
P - T S =
S - R =7 Non-doped
% : *E g % | ® * 5% Fe-doped
: o -0 . < 20% Fe-doped
. i 50% Fe-doped
=
< (230)¢ (211)
~ .
oy N )
0 .
= .
) ) :
=
— 272 277 282
26/°
10 20 30 40 50 60
26/°
b 5
Non-doped film Eg =1.09 eV
- 5% Fe-doped Eg =1.07eV
S 41— 20% Fe-doped £, = 1.09 ¢V
a —— 50% Fe-doped Eg =1.09 eV
£ 4]
o
(]
>
~ 21
=
~
S 14
N—"
0 T T T T T
1.05 1.10 1.15 1.20 1.25 1.30 1.35

Photon energy / eV

Fig. 2 a X-ray diffraction patterns of the SSe films submitted to different
Fe-doping conditions. The standard SnO, (representing FTO, JCPDF 77—
451) and Sb,Se; (JCPDF 89-821) diffraction patterns are shown in the
lower region of the graph for comparison. For the 50% Fe-doped film, a
zoom of the region of 26 between 27 and 28.5° is shown, highlighting the
extra peak associated with impurities. b The plot of (a/)* vs. photon
energy. The value of the linear extrapolation at the x-axis is equal to the
band gap (E,)
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maximum (VBM) [5-7], these values perfectly agree with
those obtained by Xinsheng Liu and co-authors [37]. They
determined the VBM of thermo-evaporated SSe films by
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Fig.3 a Mott-Schottky graph for the 50% Fe-doped SSe film performed
in 0.5 mol L' Na,SO,/H,SO4— pH 2 by applying a sinusoidal excitation
0f 0.01 V,,,s with the frequency of 5 kHz. b Photocurrent transient at the
standard hydrogen reduction potential, —0.315 V vs. Ag/AgCI/Cl (.
ke, for the undoped and Fe-doped SSe films. The light intensity incident
on the electrode was adjusted to 100 mW c¢m 2 and the solar spectrum
was simulated with an AM 1.0 lens
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Table 2 Photocurrent intensity

and carrier density for SSe films

Current density* /

Flat band potential** / Carries density / cm >

electrodeposited non-doped and WA cm eV vs. vacuum

doped SSe films
Non-doped film 166.34 -5.27 3.7 % 10"
Fe 5% 165.13 -523 1.0 x 10"
Fe 20% 121.18 523 3.2 x 10"
Fe 50% 87.54 523 3.5x10'®
Non-doped film ref. [37] - -535 1.1 x 10"

*At standard hydrogen reduction potential in 0.5 M Na,SO4/H,SO, at pH 2, —0.315 V vs. Ag/AgCVCI™ (5. k-
Standard deviation (n = 3) was lower than 8%, with 95% confidence.

**[E vs. vacuum] = [E vs. Ag/AgClCl (o kcny] —4.24 eV [38]

ultraviolet photoelectron spectroscopy (UPS) measurements
[37]. Observing the N, in Table 2, we can see that the films
obtained from a deposition bath composed of 5% Fe showed
higher acceptor density (three orders higher than the undoped
film), i.e., it had a lower resistivity [5—7]. The carrier density
decreased for the 20% Fe-doped film and increased for the
50% Fe-doped one. The decrease in N, could be explained
by the introduction of donor defects when the Fe content in the
film was increased. These defects could partially compensate
the acceptor defects that are responsible by the SSe p-type
conductivity, a phenomenon already observed by Li and co-
authors [24]. In turn, the fact that the N, for the 50% Fe-
doped film was higher than the 20% Fe-doped film could
be associated with the impurity phase of the Sb,O3, present
in the film.

At last, in Fig. 3D, it is possible to observe a cathodic
photocurrent of the H» (g evolution for all the films, which
is an indication of p-type conductivity, thereby agreeing
with the behavior observed from the M-S graph. Based on
the values of the photocurrent (Table 2), it is possible to
observe that the 5% Fe-doped film presented a photocurrent
that was very close to that shown by the undoped film. This
is a very interesting behavior, as the Fe-doping at this level
promoted an increase of the carrier’s density by three orders
of magnitude without affecting its already good photocur-
rent. At this doping level, this phenomenon may be evi-
dence that Fe ions have increased the shallow acceptor de-
fects density. Whereas, in the 20 and 50% Fe-doped films,
may have occurred the insertion of deep donor defects, re-
combination centers, which justify the reduction of photo-
current, similar to the one observed by Li and co-authors for
a PV device [24]. Beyond this, for 50% Fe-doped film, the
decrease in photoactivity could also be associated with the
presence of Sb,O5 impurity. Compared to the undoped film,
this film electrodeposited from a bath with 5% of Fe should
have lower resistivity, and thus, in consequence, a photo-
voltaic device made with this film would have a higher fill
factor and efficiency, as it would promote a lower series
resistance of the device [6, 7].

It is important to emphasize that the photocurrent values
(for hydrogen gas evolution) of the present work are approx-
imately three times greater than those seen in the literature
for the same material [9]; however, these values are still
lower than those observed for more developed hydrogen
catalytic materials, such as MoS,, Ni,P [39], and Ni-based
alloys [40]. This leads us to seek new ways to achieve a
competitive and satisfactory efficiency when compared to
other materials. An idea for future works would be the de-
position of MoS quantum-dots on Sb,Ses, as done by Zhang
and co-authors on Znln,S,, as well as the fabrication of Pt-
decorated/ZnO/CdS/Sb,Se; heterostructures, which proved
to be efficient in the production of hydrogen with the use of
CIGS as the absorber [41].

Conclusion

It was possible to obtain Fe-doped Sb,Se; (SSe) thin films at
different levels of doping by means of an easy, cheap, and
scalable technique of electrodeposition. The study of the ef-
fects of this dopant into the SSe showed low interference in its
band gap and morphologic-structural properties; however, it
did greatly impact its electronic properties and photoactivity.
The film obtained from a deposition bath composed of 5% Fe
presented a photocurrent similar to that shown by the undoped
film, despite the fact that it showed a hole density three
orders of magnitude higher. This behavior makes us believe
that, compared to the undoped film, a photovoltaic device
made with this 5% Fe-doped film would have a higher fill
factor and efficiency.
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