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Partial oxidation of the absorber layer reduces
charge carrier recombination in antimony sulfide
solar cells†

Karl C. Gödel,a Bart Roose,b Aditya Sadhanala,a Yana Vaynzof,cd Sandeep K. Pathake

and Ullrich Steiner*b

We investigate the effect of a post heat treatment of the absorber layer in air for antimony sulfide

(Sb2S3) sensitized solar cells. Phenomenologically, exposing the Sb2S3 surface of sensitised solar cells to

air at elevated temperatures is known to improve device performance. Here, we have investigated the

detailed origins of this improvement. To this end, samples were annealed in air for different time periods

and the build-up of an antimony oxide layer was monitored by XPS. A very short heat treatment resulted

in an increase in power conversion efficiency from Z = 1.4% to Z = 2.4%, while longer annealing

decreased the device performance. This improvement was linked to a reduction in charge carrier

recombination at the interface of Sb2S3 with the organic hole conductor, arising from the oxide barrier

layer, as demonstrated by intensity modulated photovoltage spectroscopy (IMVS).

Introduction

Solar cells possess significant potential in becoming a substan-
tial energy source in the future. Several properties are crucial
for photovoltaic devices to substitute non-renewable energy
production, such as a high power-conversion efficiency, long-
term stability and low production costs. Dye-Sensitised solar
cells (DSSCs) were proposed as a cheap and easily processable
alternative to conventional photovoltaic cells.1 The possible
leakage of liquid electrolytes and the degradation of the organic
light absorber in DSSCs lead however to low device stabilities.2

Solid-state sensitized solar cells with inorganic absorbing
materials can overcome these problems. Due to its high absorp-
tion coefficient (a E 1.8 � 105 cm�1 at l = 450 nm), long-term
stability and suitable direct band-gap of Eg E 1.7 eV, crystalline
Sb2S3 (stibnite) is a promising light absorber for solid-state
sensitized solar cells.3–6 Power-conversion efficiencies of up to
Z = 7.5% have been achieved using this material.7 The archi-
tecture of these devices consists of a transparent electrode,
such as fluorine-doped tin-oxide, a thin blocking layer of

crystalline TiO2 (titania) and a mesoporous TiO2 layer for
electron conduction. This porous film of titania nano-crystals
provides a high surface area, which is covered by a thin layer of
antimony sulfide as an absorber material. For the hole transport,
different inorganic and organic hole conducting materials,
such as copper thiocyanate (CuSCN), 2,20,7,70-tetrakis-(N,N-di-
4-methoxyphenylamino)-9,9 0-spirobifluorene (spiro-OMeTAD)
and the conducting polymers poly[2,6-(4,4-bis-(2-ethylhexyl)-
4H-cyclopenta [2,1-b;3,4-b]dithiophene)-alt-4,7(2,1,3-benzothia-
diazole)] (PCPDTBT) and poly(3-hexylthiophene) (P3HT), were
investigated.4,5,8,9 The organic hole transport materials (HTMs)
typically exhibit better device performance because of the efficient
thiol bonding to Sb2S3.5 The antimony sulfide deposition itself
can be conducted in aqueous and non-aqueous chemical baths at
low temperatures (o10 1C).6,10–12 Both methods yield amorphous
Sb2S3 films, which have to be annealed at 250–300 1C in an
oxygen-free atmosphere.

Several publications reported improved performance in devices
containing antimony sulfide active layers that were allowed to
cool in air after annealing.4,8,9,14–17 This leads to the hypothesis
that the formation of a thin antimony oxide film may reduce
charger carrier recombination in these devices. Our goal is here
to understand this effect and optimise it. This study carries out a
detailed investigation of Sb2S3 oxidation and links it to the
performance of photovoltaic devices. The change of the material
properties during heating in air was studied by X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD) and UV-vis
spectroscopy. The variation in device efficiency was tested by
standard photovoltaic measurements. In addition, the electron
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transport and recombination behaviour was studied by intensity
modulated photocurrent and photovoltage spectroscopy (IMPS
and IMVS, respectively).

Characterisation of annealed
antimony sulfide

To probe whether the band-gap of the material changes upon
heating in air, annealed samples were characterised by absorp-
tion spectroscopy. Fig. 1a shows UV-vis measurements of a single
flat antimony sulfide sample obtained using a heating stage with
a transmittance path. The change of the absorption spectrum
was monitored in situ for 25 min in steps of 30 seconds during
annealing at 200 1C in air. The complete set of recorded spectra
is shown as a 2D map in the ESI† (Fig. S2). The measurement
traces are nearly identical for oxidation times up to 25 min.
When kept at 200 1C for 15 h, however, the sample colour
changed from dark brown to pale white, indicating a dramatic
change in the absorption spectrum (Fig. S3, ESI†). This demon-
strates that 200 1C is high enough to oxidise the sample. Note
that absorption spectroscopy measures the bulk properties of the
material and is not sensitive to thin surface layers.

One possible cause for the previously reported efficiency
improvement of annealed Sb2S3 solar cells could arise from a
reduction in the density of inter bandgap states, also called trap
states. These can be probed by the extremely sensitive absorp-
tion photothermal deflection spectroscopy (PDS).18,19 Fig. 1b
shows the normalised PDS absorbance of annealed antimony
sulfide films on mesoporous TiO2 in a semi-logarithmic plot.
Inter bandgap states give rise to light absorption at energies below
the band gap. The relevant energy region for the monitoring of
these states therefore lies below the band gap of antimony sulfide
of Eg = 1.7 eV. The absorbance variation in the 1–1.5 eV region lies
within the experimental error and therefore does not support the
hypothesis that a reduction in the density of deep trap states lies
at the origin of the efficiency increase.

The antimony sulfide samples were further characterised by
X-ray diffraction (XRD) measurements. The crystalline Sb2S3

samples were again annealed at 200 1C for different time periods
in air. The measured XRD spectra are shown in Fig. 1c. While the

spectra do not show peaks that can be attributed to antimony
oxide, the relative height of the crystalline antimony sulfide
peaks decreases with annealing time, indicating a decrease in
crystallinity. Note that the crystallinity does not decrease con-
tinuously, but an abrupt reduction in the peak size is discernible
between 1 min and 2 min.

Again, the composition of a sample that was heated at 200 1C
in air for 15 hours was investigated. The XRD spectrum of this
sample shows the almost complete loss in crystalline antimony
sulfide and the appearance of different antimony oxide phases
(Fig. S4, ESI†), indicating very strong oxidation.

To estimate the degree of surface oxidation of Sb2S3 films,
X-ray photoemission spectroscopy measurements (XPS) were
performed on films that were annealed for up to 20 min at
T = 200 1C. The analysis of the O1s spectra is complicated by the
position of the Sb3d5/2 peak at 529.5 eV, closely overlapping
with the O1s peak at 530.5 eV. For this reason, we analysed the
Sb3d3/2 peak, which appears at a much higher binding energy
due to the relatively large spin–orbit splitting of Sb (9.35 eV).20 As
shown in Fig. 2a, this peak has two overlapping contributions, a
peak at 538.5 eV assigned to Sb2S3 and a peak at 539.5 eV
corresponding to antimony oxide (SbxOy). The relative contribu-
tions are indicated in the figure. Fig. 2b shows the corresponding
S2p spectra of Sb2S3 appearing at 160.9 eV and 162.05 eV, the
relative heights of which are independent of annealing time. Their
decrease in overall magnitude points to a decrease in Sb2S3 at the
surface with increasing annealing time. The increase of the
oxygen content with the annealing time was further confirmed
by the O KL1L1 Auger peak in Fig. 2c.

Improved solar cell performance with
antimony sulfide oxidation

To investigate the effect of surface oxidation on solar cell perfor-
mance, photovoltaic devices were fabricated. A sintered layer of
TiO2 nano-crystals with an average diameter of 200 nm acted as a
mesoporous n-type material and P3HT as a hole transport material.
Electrons which are generated in the antimony sulfide sensitiser
are injected into the TiO2 anode and conducted towards the
electrode by diffusion.21 The highest occupied molecular orbital

Fig. 1 (a) In situ absorbance measurements of antimony sulfide for six different oxidation times from 0 to 20 min at 200 1C. (b) Corresponding
photothermal deflection spectroscopy (PDS) measurements. (c) Corresponding XRD spectra. The reference spectrum of crystalline Sb2S3 is shown at the
bottom.13
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of the hole conductor P3HT lies above the valence band of Sb2S3

and thus allows the injection of holes into the P3HT layer.
A schematic band diagram of the solar cell is shown in Fig. 3a.

Four different recombination pathways are also indicated in
Fig. 3b. Electrons in the TiO2 anode can recombine with holes
in P3HT or holes in Sb2S3. Recombination can also take place in
the absorber itself by direct recombination and holes in P3HT
can recombine with negative charge carriers in the Sb2S3 layer.

For each annealing time (0–20 min), twelve solar cells were
built and J–V curves were recorded. The photovoltaic para-
meters, including the short-circuit current density jsc, open
circuit voltage Voc, fill factor and power conversion efficiency Z,
are summarised in Table 1 (see also Fig. S5, ESI†). The efficiency
is also shown as a function of annealing time in the inset of

Fig. 3b. It displays a broad maximum for t in the 1–5 min range
followed by a gradual decrease.

Fig. 2 X-ray photoemission spectroscopy (XPS) measurements of antimony sulfide films annealed up to 20 min at 200 1C in air. (a) The Sb3d3/2 peak
shows two contributions which can be assigned to antimony sulfide (538.5 eV) and antimony oxide (539.5 eV). (b) The S2p peaks decrease with increasing
annealing time. (c) The O KL1L1 Auger peak increases with annealing time.

Fig. 3 (a) Simplified band diagram of the antimony sulfide sensitised solar cell fabricated in this study, with values for the energy levels from ref. 9. Loss
mechanisms are indicated by red arrows showing four possible recombination pathways of charge carriers. (b) J–V characteristics of an unannealed and
an annealed (1 min) solar cell under 1 Sun illumination (full symbols) and in the dark (open symbols). The inset shows the averaged efficiencies for different
annealing times in air. (c) External quantum efficiencies of the same devices.

Table 1 Photovoltaic parameters, including the power conversion
efficiency Z, short-circuit current density jsc, open circuit voltage Voc and
fill factor FF, for five annealing times and unannealed samples. The listed
values are averages from twelve solar cells each

[min] Z [%] �jsc [mA cm�2] Voc [mV] [%]

0 1.4 � 0.3 7.2 � 0.9 566 � 26 32.7 � 4.5
1 2.4 � 0.2 9.1 � 0.5 619 � 7 41.9 � 2.0
2 1.9 � 0.3 8.7 � 0.8 599 � 23 36.4 � 2.9
5 2.3 � 0.2 8.9 � 0.5 608 � 16 42.3 � 2.4
10 1.8 � 0.3 7.7 � 0.8 609 � 13 37.2 � 3.0
20 1.5 � 0.2 6.7 � 0.9 590 � 11 37.0 � 1.7
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Short annealing times greatly enhance the power conversion
efficiency, from an average of Z = 1.4% for 0 min to Z = 2.4% for
1 min at 200 1C in air. Annealing times longer than 10 min have
however a detrimental effect on device efficiencies. The perfor-
mance increase arises from the combined improvement in jsc,
Voc and FF. The performance decrease at long annealing times
arises mostly from losses in the short circuit current, with Voc

and FF less affected.
Fig. 3b shows the J–V characteristics of an annealed device (1 min

at 200 1C in air) and an unannealed solar cell. Current, voltage and
the fill-factor are discernibly increased for the annealed sample. The
increase in jsc can also be appreciated from Fig. 3c, which shows
the external quantum efficiency (EQE) of the two solar cells. The
annealed sample shows higher EQE values across the entire visible
spectrum. The dip at around l = 600 nm is a well known feature
arising from light absorption in P3HT.22 Electrons generated in
P3HT are inefficiently transported to the Sb2S3 layer.22

To ensure that the increase in the photovoltaic parameters is
indeed due to surface oxidation and not caused by a different
effect during the heat treatment, we undertook control measure-
ments where the samples were heated at 200 1C for 1 min in air
and in a nitrogen atmosphere. The samples that were annealed
in a nitrogen atmosphere did not exhibit any improvement in
device efficiency and their photovoltaic performance was inferior
compared to the solar cells heated in air (Fig. S6, ESI†).
This supports the hypothesis that surface oxidation lies at the
origin of the efficiency enhancement.

Reduced recombination through
oxidisation

High recombination rates lead to a decrease in the built-in
potential.23 A reduction of recombination should thus lead to a
visible improvement of the open-circuit voltage Voc. Further,
high charge recombination also causes low fill factors.24,25

Lower recombination rates should hence result in a clear
enhancement of the fill factor. The effect of increased open-
circuit voltage and the fill factor is indeed observed for the
samples annealed in air, as shown in Fig. 3 and Fig. S5 (ESI†)
and in Table 1. Reduced recombination also benefits the short-
circuit current as it leads to an increased charge collection
probability. This is reflected in the initial increase in jsc for
short annealing times (Fig. S5d, ESI†). On the other hand,
very high oxidation levels complicate hole injection from the
antimony sulfide absorber into P3HT, which leads to a reduction
of the short-circuit current density and the fill factor for long
annealing times (Table 1 and Fig. S5, ESI†).

To further probe the hypothesis that surface oxidisation
during annealing in air leads to a reduction in the recombina-
tion rate, intensity modulated photocurrent spectroscopy (IMPS)
and intensity modulated photovoltage spectroscopy (IMVS) mea-
surements were performed. IMPS probes the photocurrent
response of the solar cell under short-circuit conditions exposed
to intensity modulated illumination. Equivalently, IMVS probes
the photovoltage under open-circuit conditions.21,26,27

An array of three LEDs (l = 625 nm) illuminated the device
with different base irradiances and an additional sinusoidal
variation with an amplitude of 10% of the base value was
superposed. The measurement was undertaken as a function
of the modulation frequency f of the light source and at
different base level irradiances. The phase-shift of the response
signal depends on the electron transport and on the electron
recombination rate in IMPS and IMVS measurements,
respectively.21,26 The characteristic frequency fc is the mini-
mum of the imaginary part of the measured response. In IMPS
measurements, the transport lifetime ttr of electrons is

ttr ¼
1

2pfc
: (1)

The recombination lifetime trec can likewise be determined
from IMVS measurements. fc is determined from the so-called
Nyquist- and Bode-type plots for five base illumination values
(Fig. S7, ESI†).

Fig. 4 shows the transport lifetimes and recombination life-
times as a function of the short-circuit current and open-circuit
voltage, based on eqn (1). The solid lines are a least-square single

Fig. 4 (a) Electron transport times ttr determined by IMPS measurements
of an unannealed (0 min) and an annealed (1 min at 200 1C in air) solar cell.
(b) Electron recombination lifetimes trec (from IMVS) for the same samples.
The solid lines are single-exponential least-square fits. Annealing does not
change the transport behaviour but reduces recombination by a factor of
approximately four.
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exponential fit of the form ttr = A1 exp(�B1�Isc) + C1 for IMPS and
a logarithmic straight line ln(trec) =�A2�Voc + B2 for IMVS.28 The
fitting parameters and their standard deviations are listed in
the ESI† (Table S1).

The transport lifetime ttr seems to be unaffected by the
annealing procedure. Since the electron transport is dominated
by diffusion in the mesoporous TiO2 layer,21 short annealing of
the antimony sulfide-covered TiO2 is not expected to alter the
transport lifetime. Annealing the sample for 1 min at 200 1C in air
does indeed increase the recombination lifetime of the charge
carriers. Partial oxidisation of the absorber film decreases recom-
bination at the antimony sulfide–P3HT interface, thereby improving

the charge collection efficiency Zcc ¼ 1� ttr
trec

. As clearly visible

in Fig. 4b, the recombination lifetime trec of the annealed
sample is higher by a factor of approximately four, compared
to the unannealed sample. This observation again confirms the
hypothesis that exposing antimony sulfide solar cells to high
temperatures in air, which gives rise to a thin oxide layer, reduces
charge carrier recombination and is hence beneficial for device
performance. While similar passivation effects reducing charge
carrier recombination can also be achieved by the deposition of a
different material (e.g. ZnS29 or SiO2

30), the presented annealing
technique is facile, avoiding the additional processing involved
in the deposition of additional layers.

Conclusion

This study shows the origin of a performance enhancing proces-
sing step of crystalline antimony sulfide used in solid state
sensitised solar cells. Very brief heating of the samples in air at
200 1C leads to partial oxidisation of the antimony sulfide
absorber film, which acts as a blocking layer for charge carriers,
substantially reducing recombination at the Sb2S3–P3HT
interface. The careful control of the level of oxidisation is however
important since samples that were annealed for longer than
10 min show a deterioration in performance. Our conclusion is
supported by an array of measurement techniques that demon-
strate the controlled growth of an oxide surface layer (XPS) and the
concomitant increase in the charge carrier recombination lifetime
(IMVS), with all other structural and electronic parameters
remaining unaffected. These results contribute to the ongoing
quest for the performance enhancement in solution-processable
all-inorganic sensitised solar cells, with the goal to provide a
viable photovoltaic alternative with very long lifetimes.

Materials and methods
Preparation of photovoltaic cells

Fluorine doped tin oxide (FTO) coated glass slides (Solaronix,
15 O &�1) were coated with a thin (E50 nm) compact TiO2

blocking layer by spin-coating, as described elsewhere.7 Dyesol
paste (WER2-O) containing TiO2 nanoparticles with an average
size of 200 nm was diluted with anhydrous ethanol (2.5 ml EtOH
per 1 g paste) and spin-cast onto the substrate at 1500 RPM for
45 s, resulting in an approximately 1.5 mm thick mesoporous

TiO2 scaffold. The substrates were sintered at T = 550 1C for
2 hours. After sintering, the mesoporous electrodes were soaked
in an aqueous TiCl4 bath (2 � 10�2 M) for 1 h at 70 1C. After
rinsing with deionised water, the films were heated at 550 1C in
air for 30 min and then allowed to cool to room temperature.
Antimony sulfide was deposited using the chemical bath technique
described by Messina et al.11 The samples were submerged facing
downwards into 100 ml of an aqueous solution containing 3.95 g
Na2S2O3 and 650 mg SbCl3. The solution was kept at 10 1C for 1 h
and then slowly cooled down to 6 1C in 1 h. After the deposition,
the orange samples were rinsed in deionised water and dried
with air. To turn Sb2S3 into its brown crystalline form, the films
were heated at 250 1C for 45 min in a N2 atmosphere. After this
annealing step in a nitrogen-filled glove box, the samples were
left to cool in the inert atmosphere.

For the experiments, the crystalline Sb2S3 samples were
reheated to 200 1C in air for times varying from 0 to 20 min.
P3HT (Merck lisicon) in chlorobenzene was deposited as a hole
conducting material. In two subsequent steps P3HT was spin-
coated onto the sample at 1500 RPM for 45 s, first, from a
solution with a P3HT concentration of 5 mg ml�1, followed by
spin coating a solution with a 15 mg ml�1 P3HT concentration.
Prior to spinning, the solution was spread across the substrate
with the tip of a pipette and allowed to infiltrate the porous
scaffold for 10 s. 100 nm thick gold electrodes were evaporated
onto the samples using a Kurt J. Lesker e-beam evaporator. The
active area of the solar cells in this study was 0.12 cm2.

Material characterisation

Scanning electron microscopy was performed using a Zeiss LEO
1550 FE-SEM with a field emission source operating at 3 kV
acceleration voltage. X-ray diffraction measurements were
carried out using a Bruker D8 y/y (fixed sample) spectrometer
with a position sensitive detector (LynxEye) and a standard
detector (SC) with an auto-absorber and a graphite 2nd beam
monochromator. The setup uses a Bragg Brentano parafocusing
geometry and measures in the reflection mode. A single sample
was used for XRD measurements. It was split into six parts prior
to the annealing step. XPS samples were prepared on silicon
wafers and were transferred into the ultra-high vacuum (UHV)
chamber of an ESCALAB 250Xi. The measurements were carried
out using a XR6 monochromated Alka source (1486.6 eV) and a
pass energy of 20 eV.

Optoelectronic characterisation

A solar simulator from ABET Technologies (Model 11016
Sun 2000) with a xenon arc lamp was used to illuminate the
solar cells for J–V-measurements which were recorded using a
Keithley 2635 sourcemeter. The intensity of the solar simulator
is calibrated to 100 mW cm�2 using a silicon reference
cell (Czibula & Grundmann FHG-ISE, RS-OD4). Prior to the
measurement of the photovoltaic characteristics, the solar cells
were light-soaked under the solar simulator for 15 min under
open-circuit conditions.31 The monochromatic light for the
EQE-measurements came from a 250 W tungsten halogen lamp
and an Oriel Cornerstone 130 monochromator. For IMPS and
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IMVS, three LEDs (625 nm) driven by an Autolab LED Driver
were used as a light source. The DC output of the Autolab LED
Driver was controlled using the Autolab DAC164 and the
AC output for the light modulation by the Autolab FRA32M
module. The AC current amplitude was set to 10% of the DC
current. The system was monitored and controlled via the
software package NOVA (version 1.11). More information on
the IMPS/IMVS analysis can be found in the ESI.†
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