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Vacancy doping and charge transport in Bi2S3 nanoparticle films for photovoltaic applications
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Native point defect doping via thermal treatment is an easy and promising method to tune the electrical
transport properties of semiconductors made for renewable-energy conversion. In this study, we investigate the
vacancy doping of the lowly toxic semiconductor Bi2S3 using electrical conductivity as well as thermoelectric
power measurements. We enhance the electrical conductivity of bismuth sulfide nanoparticle layers by more
than four orders of magnitude by a stepwise thermal treatment in a moderate temperature range (300–480 K).
Via thermoelectric power measurements we attribute this enhancement to an increase in charge-carrier mobility
by two orders of magnitude and to an increase in charge-carrier density by more than two orders of magnitude.
We find that the energetic position of the electron-doping sulfur vacancies of bismuth sulfide nanoparticles
is significantly shallower than previously reported for bulk material. Subsequently, we implement Bi2S3

nanoparticles doped with sulfur vacancies by thermal annealing in photovoltaic devices using P3HT as an
electron donor molecule. We find that annealing up to 383 K yields the best compromise between improving
charge-carrier transport and increasing defect densities.
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I. INTRODUCTION

Over the past years, hybrid organic-inorganic solar cells
have received increasing attention. These devices combine
the potential for solution processability and high absorption
coefficients of organic and nanoparticular materials with the
expectation to provide improved charge transport in the inor-
ganic part of the hybrid systems as compared to purely organic
materials [1–5]. While there exists a large variety of organic
semiconductors which have been used for photovoltaic appli-
cations, there is so far a quite limited number of inorganic
solution-processable materials that could be used in hybrid
solar cells and other electronic and optoelectronic devices. Re-
cent years have seen a strong focus of research on lead-halide
perovskite based thin films [6,7], but both stability [8–11]
and the toxicity of lead and tin are of some concern [12,13].
While also many of the solution-processable inorganic ab-
sorbers based on nanoparticles contain Cd or Pb sulfides or
selenides [14–16], there have been a few approaches to use
nanoparticles with a low toxicity of the constituting elements
such as Bi2S3 [17–23]. One of the peculiar properties of Bi2S3

is that in addition to its low toxicity [24,25], the material is
n type, while most other nanoparticle-based absorber materi-
als such as PbS are p type [17].

In hybrid solar cells Bi2S3 nanoparticles in combination
with a photon-absorbing and electron-donating polymer can
be used as the electron-accepting material [26]. Apart from
suitable energy levels to accept the electrons and block
holes, one requirement for Bi2S3 as an electron-accepting and
electron-conducting material is to have a sufficient electron
mobility to achieve efficient charge transport to the con-
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tact [27,28]. Furthermore, based on the band gap of around
1.4 eV of Bi2S3 and the fairly high absorption coefficient,
Bi2S3 has the potential to contribute to the photocurrent by it-
self [22]. Thus, investigating and enhancing the charge-carrier
mobility of Bi2S3 nanoparticle layers is desired to improve the
overall performance of these hybrid solar cells.

Deviation of the stoichiometric composition is commonly
undesired and therefore one tries to avoid it in most cases.
However, the intentional tuning of a tiny stoichiometric devi-
ation is a powerful method to enhance the electrical transport
properties of semiconductors [29]. Native defect doping is
already applied for a variety of semiconducting metal oxides
in the field of energy conversion and storage [30,31]. How-
ever, the same approach can be applied for metal sulfides [32],
bismuth sulfide in our case. While charge transport in Bi2S3

has been investigated extensively in the context of applica-
tions for thermoelectrics with a variety in material morphol-
ogy (e.g., bulk [33], polycrystalline [34–37], nanowire [38],
and nanorods [39,40]), there has been no detailed study on
nanoparticles so far. The literature provides evidence of en-
hanced electrical conductivity via native point defect doping
of sulfur-deficient bismuth sulfide (Bi2S3−x) [34,38,41–43].
Sulfur vacancies act as electron donors and therefore increase
the charge-carrier density. Sulfur vacancy doping of bismuth
sulfide has already been applied for thermoelectric applica-
tions, but as far as we know, has not been studied in detail for
photovoltaic applications.

This work is structured in two parts. In the first part, we
study the electrical transport properties of bismuth sulfide
nanoparticle layers with a combination of electrical conduc-
tivity measurements as well as thermoelectric power mea-
surements while annealing under vacuum conditions. With
this combination we are able to investigate doping via sulfur
vacancies and also determine the charge-carrier mobility

2475-9953/2019/3(10)/105406(14) 105406-1 ©2019 American Physical Society



JAN MOCK et al. PHYSICAL REVIEW MATERIALS 3, 105406 (2019)

FIG. 1. (a) Schematic drawing of the layer-by-layer ligand exchange. In the first step the nanoparticles (NPs) are deposited, which are
stabilized by oleic acid. During the second step, the oleic acid is replaced by the shorter ligand ethanedithiol (EDT). Steps three and four
remove the excess of EDT and NPs that did not perform the ligand exchange. Steps two to four are repeated twice to ensure a complete ligand
exchange. (b) Schematic drawing of the ligands oleic acid and EDT.

within the nanoparticle layer. We show electrical conductiv-
ity as well as thermoelectric power measurements of Bi2S3

nanoparticle layers under stepwise annealing with increas-
ing temperatures from 300 K up to 475 K. We present a
method to enhance the electrical conductivity continuously
by more than four orders of magnitude by annealing under
vacuum conditions. Via thermoelectric power measurements
we can separate the contribution of an increased charge-
carrier density by more than two orders of magnitude and
an enhanced electron mobility by two orders of magnitude.
In the second part, we show solar cells in which bismuth
sulfide nanoparticles are combined with the electron-donating
polymer poly(3-hexylthiophene) (P3HT). We study the influ-
ence of the sulfur vacancy doping in these solar cells. We
find an optimal annealing temperature of 383 K that increases
the short-circuit current by 1 mA/cm². Annealing with higher
temperatures reduces the open-circuit voltage caused by too
many introduced sulfur vacancies acting as recombination
centers. We combine our results from the transport studies and
the device studies in the end of the second part.

II. METHODS

A. Nanoparticle synthesis

Bismuth sulfide nanoparticles were synthesized based
on the hot injection method described elsewhere in detail
[17,44,45]. In short, Bi(CH3COO)3, oleic acid, and
1-octadecane (ODE) were evacuated over night at
100 ◦C. The temperature was raised to 170 ◦C and
bis(trimethylsilyl)sulfide solved in ODE was rapidly injected,
which caused the solution to turn black immediately. The
temperature was decreased and kept at 100 ◦C for two hours.
The temperature was rapidly decreased by the addition of
20 ml cold octane and 40 ml methanol. Afterward the
dispersion was centrifuged and washed in several steps with
acetone and toluene under inert atmosphere. In the end the
nanoparticles were dispersed in octane.

Thereby we synthesized nanoparticle with a flakelike shape
with dimensions of several nanometers thickness and about
20 nm width. From these dimensions compared with the
literature we exclude any significant quantum confinement
effects, e.g., on the band gap [21,45,46].

B. Sample preparation

Bismuth sulfide (Bi2S3) nanoparticles were synthesized
with oleic acid as a ligand to stabilize the nanoparticle disper-
sion. To improve charge transport between the nanoparticles
we replace the approximately 2.5 nm long oleic acid ligands
by ethanedithiol, which is around 0.5 nm long. To achieve ho-
mogenous layer formation of Bi2S3 nanoparticles, we adapted
the concept of Martinez et al. to perform a layer-by-layer
ligand exchange [40]. The routine is depicted in Fig. 1, where
the nanoparticles are deposited in the first step by spin-
casting the nanoparticle dispersion, which is stabilized by
the long oleic acid ligand and solved in toluene. We perform
ligand exchange by following three steps: The shorter ligand
ethanedithiol (EDT), which is solved in acetonitrile, is spin
coated to replace the oleic acid. Afterward the excess EDT
gets washed away by spin-coating the solvent acetonitrile. In
the last step we spin-coat toluene to remove the excess oleic
acid as well as nanoparticles which did not perform the ligand
exchange. By repeating the ligand exchange cycle two times,
further referred to as double ligand exchange (DLE), we were
able to increase the charge-carrier mobility and therefore the
electrical conductivity by three orders of magnitude (shown
in Fig. S1 of the Supplemental Material [47]) compared to
nanoparticle layers which underwent only one ligand ex-
change cycle in between the nanoparticle deposition.

For scanning electron microscopy (SEM) imaging of pris-
tine nanoparticles, aluminum-doped zinc oxide (ZnO:Al) as
a conductive substrate was used instead of insulating quartz
glass. After annealing, the bismuth sulfide nanoparticle layer
was conductive enough to perform SEM imaging. As depicted
in Fig. 1, the nanoparticle dispersion is stabilized after syn-
thesis with oleic acid as a ligand. To achieve a homogeneous
nanoparticle layer formation whereby the (long) ligand oleic
acid is exchanged by a shorter ligand, a solution of 1,2-
ethanedithiol in acetonitrile (2% v/v) is spin coated on top of
each Bi2S3 layer.

C. Electrical conductivity and thermoelectric power

The electrical conductivity as well as the thermoelectric
power measurements are based on Ref. [48]. The setup con-
sists of a vacuum chamber with a gas inlet for different
atmospheres (e.g., synthetic air, nitrogen). Under vacuum
conditions, a vacuum base pressure between 3 × 10−7 and
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10−6 mbar can be achieved. The sample is thermally contacted
with silver glue on a sapphire glass holder, which is connected
to two independent heaters (see Fig. S2 of the Supplemental
Material [47] for more details). For electrical contact as
well as for determination of the sample temperature, two
50 µm thin type-E (NiCr/CuNiMn) thermocouples are glued
on the surface of the investigated material. Usually, two 8 mm
wide coplanar metal (Au) contact stripes with a distance of
4 mm are evaporated on the samples. Considering the contact
geometry and the layer thickness, the electrical conductivity
is determined by applying 100 V (linear response regime in
terms of the sample resistance) to the sample and measuring
the resulting current by a Keithley 617 electrometer. The
nanoparticle layers investigated in this work exhibited an
absolute resistance in between the order of 106 and 1010 ohms.
Thus, contact resistances are neglectable and a 2-terminal
contact configuration is sufficient for electrical studies.

The thermovoltage is determined by applying a temper-
ature gradient of 60 K at the heaters, which results in a
temperature gradient of circa 15 K between the metal contact
stripes on the sample. To determine the Seebeck coefficient
S(T ) (thermoelectric power) the temperature gradient is ap-
plied successively with a positive and negative sign around the
average sample temperature T . The measured thermovoltages
were fitted linearly and the determined slope of the fit cor-
responds to the thermoelectric power. The setup was cooled
with liquid nitrogen to achieve temperature gradients around
room temperature.

The charge-carrier density n is calculated from the thermo-
electric power. Therefore, a temperature-dependent effective
density of states NC (T ),

NC (T ) = 2

(

2π meffkT

h2

)3/2

, (1)

where k is the Boltzmann constant and h the Planck constant,
was assumed for n-type Bi2S3 to be 2.17 × 1015T 3/2 cm−3,
which corresponds to an effective electron mass meff of 0.587
electron masses [33]. Furthermore, ionized defect scattering
was assumed as the dominant scattering mechanism for the
charge-carrier density calculation, which leads for a non-
degenerated semiconductor to the expression of the thermo-
electric power:

S(T ) = −
k

e

{

4F3[ǫ∗(T )]

3F2[ǫ∗(T )]
− ǫ∗(T )

}

, (2)

where ǫ∗(T ) =
EF−EC

kT
is the reduced Fermi energy (with EF

as the Fermi level and EC as the conduction band edge), e

is the elementary charge, and Fx is the Fermi-Dirac integral.
In this work we apply the model of charge-carrier dynamics
developed for polycrystalline thin films with (severe) potential
fluctuation at grain boundaries [49] on our nanoparticular
thin films. Thus, we transfer the grain boundary scatter-
ing mechanism (i.e., dominant scattering on ionized defect)
on the inter-nanoparticle contacts. Furthermore, because the
morphologies of the investigated samples are changing from
nanoparticle layers toward nanocrystalline thin films during
our measurement routine, we adopt the described scattering
mechanism on both regimes to avoid discontinuity within our
results.

To calculate the charge-carrier density, Eq. (2) is solved for
ǫ∗(T ) and inserted into

n(T ) = NC (T ) F1/2[ǫ∗(T )], (3)

with the effective density of states as mentioned above. By
including the electrical conductivity σ , the charge-carrier
mobility µ can be calculated with the well-known dependency

σ (T ) = e n(T )µ(T ). (4)

With this, the assumed effective density of states affects
n and µ linearly, which is again affected by the effective
electron mass. As an example, for a two times higher effective
electron mass the calculated charge-carrier density would
be 23/2 times smaller and the mobility 22/3 times higher.
Therefore, the determination of the absolute values of n and
µ from thermoelectric powers is based on the knowledge of
the dominant scattering mechanism and the effective electron
mass. But, relative changes of n and µ remain meaningful,
as long as the dominant scattering mechanism and the band
structure do not change significantly upon annealing.

D. Scanning electron microscopy

The microscope used was a Zeiss (Leo) Gemini 1550, that
has a Schottky field-emission cathode and an in-lens detector.
The lateral resolution equals around 1 nm at 20 kV and the
measurement was performed under a vacuum base pressure
of 10−6 mbar.

E. Raman spectroscopy

Raman measurements under ambient conditions were per-
formed with a cooled silicon CCD adapted to a single-grating
monochromator. The excitation was done with a 532 nm semi-
conductor laser (Coherent sapphire). The spectral resolution
of the setup was 1.1 cm−1 (wave number).

F. Photothermal deflection spectroscopy

Bismuth sulfide nanoparticles were spin coated (with the
ligand exchange following the DLE routine) on a quartz glass
substrate in a glove-box environment as described before.
Photothermal deflection spectroscopy (PDS) was used as a
highly sensitive technique to obtain the absorptance of bis-
muth sulfide nanoparticle layers in a dynamic range of several
orders of magnitude. A detailed description of this method
can be found elsewhere [50,51]. The sample is measured in
a cuvette filled with a CCl4 solution, which is chemically
inert and exhibits a temperature-dependent refractive index.
A halogen lamp (100 W) in combination with a spectrometer
(270 m from Horiba Jobin Yvon) illuminates the sample
with monochromatic light in transverse mode. Any absorbed
photon energy by the sample will eventually be converted into
heat, which is released to the surrounding media. A probe
beam from a diode laser (650 nm), adjusted in parallel to the
sample surface, will be deflected due to the gradient in the
refractive index of the chemical. Finally, the deflection angle,
monitored by a silicon four-quadrant diode, is directly propor-
tional to the power of the absorbed light. The samples were an-
nealed with different annealing temperatures in an inert glove-
box environment on a hot plate, where the sample temperature
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was determined with a glued-on 50 µm type-E thermocouple.
The samples were handled exclusively under inert conditions
in between the measurement and the annealing. To determine
the absorption coefficient, the PDS signal was normalized to
its maximum, which corresponds to the absorptance of the
nanoparticle layer. Furthermore, the time delay between the
PDS signal from the thin nanoparticle layer and the thick
substrate was used to reduce the contribution of the back-
ground absorption of the quartz glass substrate. Afterward,
an effective nanoparticle layer thickness was approximated to
match the absorption coefficient given in the literature [52].
The deduced layer thicknesses were between 85 nm and
120 nm.

G. Device fabrication

Devices were prepared on 12 × 12 mm2 pre-patterned
glass/ITO (150 nm) substrates from Psiotec Ltd., UK. For
the ZnO contact layer a 0.46 mol/l solution of zinc acetate
dihydrate and 0.42 mol/l ethanolamine in methoxyethanol
were spin coated at 3000 rpm for 40 s and dried for
30 min on a hot plate at 200 ◦C under ambient atmosphere.
The process was repeated twice to reach a thickness of
around 50 nm. After the substrates were transported to a N2

atmosphere glove box (O2 < 1 ppm), the Bi2S3 nanoparticle
layer was spin coated using the DLE procedure, which was
repeated twice to reach an effective layer thickness of about
50 nm. After the annealing step (between room temperature
and 160 ◦C) a solution of P3HT (Ossila Ltd., UK, 30 mg/ml in
dichlorobenzene) was spin coated at 9000 rpm for 120 s and
again annealed for 15 min at 100 ◦C. This results in a layer
thickness of about 80 nm. For the hole-selective contact and
the back contact molybdenum oxide (MoOx, 30 nm, 0.2 Å/s)
and silver (200 nm, 2 Å/s) were thermally evaporated in a
Lesker Mini Spectros system attached to our glove box. This
was done using a shadow mask to define six cells with an area
of six times 0.06 mm2.

H. I-V measurements

Standard illuminated and dark I-V measurements were
performed with a setup integrated into our glove-box system
consisting of a white-light LED source (Cree Inc. 100 W,
3680 lm) and a Keithley 2450 source measurement unit, which
is connected via a 4-terminal configuration with the solar cell
samples (see Fig. S3 of the Supplemental Material [47]). The
light intensity of the LED was calibrated to the same short-
circuit density measured with a representative Bi2S3/P3HT
solar cell at an AM1.5G solar simulator. The setup was also
used for dark I-V measurements to determine the series resis-
tance RS , parallel resistance RP, diode ideality factor nid, and
dark-current density J0. This was done by fitting the following
diode equation to the dark I-V data [53]:

J = J0

{

exp

[

q(V − JRS )

nidkBT
− 1

]}

+
V − JRS

RP

. (5)

I. Fourier transform photocurrent spectroscopy

The Fourier transform photocurrent spectroscopy (FTPS)
setup is described in detail elsewhere [54]. In short a Bruker

FIG. 2. Arrhenius plot of the electrical conductivity of a layer of
ligand-exchanged Bi2S3 nanoparticles. The sample was stepwise an-
nealed up to increasing temperatures (A to N). After each annealing
step, the sample was cooled down to room temperature. Therefore,
the initial electrical conductivity at 300 K was enhanced from
10−6 S/cm up to 5 × 10−2 S/cm by annealing up to 475 K under a
vacuum base pressure of around 10−7 mbar.

Vertex 80v UV/VIS/FTIR spectrometer combined with a
Femto DLPCA-200 current-voltage amplifier is used to mea-
sure the wavelength dependence of the photocurrent for pho-
ton energies between 0.5 eV and 3 eV with a very high
dynamic signal range. To calibrate the measurements to an
external quantum efficiency (EQE) scale, the photocurrent is
also measured while the cell is illuminated with a HeNe laser
with a spot size of about 1 mm2 centered on the active area
and a power of 100 µW (measured with a Coherent LM-2).
The FTPS raw data are then linearly scaled so that the QE
measured with the laser is reached at 633 nm.

III. RESULTS

A. Electrical conductivity and thermopower measurements

As described in the introduction, sulfur vacancies increase
the charge-carrier density of bismuth sulfide and therefore
enhance the electrical conductivity. We want to generate
these sulfur vacancies via thermal annealing with a stepwise
increasing temperature under vacuum conditions. Simultane-
ously to this stepwise annealing we determine the electrical
conductivity as well as the thermoelectric power (Seebeck
coefficient) to examine the charge-carrier density and the
charge-carrier mobility.

Figure 2 shows an Arrhenius plot of the electrical conduc-
tivity of circa 8 to 10 monolayers (around 250 nm) of ligand-
exchanged Bi2S3 nanoparticles. The sample was stepwise an-
nealed up to a certain maximum temperature and then cooled
down to room temperature afterward. This cycle was then
repeated with a higher maximum temperature and each cycle
was labeled with a capital letter (A to N) with A indicating the
lowest maximum temperature Tmax. After the annealing steps
A to N, the electrical conductivity is enhanced and exhibits
metastable conductivity levels (indicated by black arrows)
while cooling down to room temperature. By annealing up
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to 415 K the electrical conductivity at room temperature is
raised by more than four orders of magnitude from 10−6 S/cm
up to 5 × 10−2 S/cm (indicated as temperature regions I
and II) and does not increase further while annealing up
to 475 K (region III). For annealing temperatures above
545 K the Bi2S3 nanoparticles decompose as expected from
Refs. [27,55], which is shown in Fig. S1.

To examine the charge-carrier density and mobility, we
also determined the thermoelectric power during this anneal-
ing routine (shown in Fig. S4 of the Supplemental Mate-
rial [47]), which reveals an n-type behavior of Bi2S3 for
all annealing conditions used in this paper. Similar results
for the thermoelectric power are also found for other Bi2S3

nanomaterials [39,56]. However, our mobilities are consid-
erably lower. For better clarity, we will further plot the de-
termined values against the maximum annealing temperature
Tmax (comparable with A to N).

In the following we want to distinguish between the con-
tributions to the enhanced conductivity of the generated sulfur
vacancies and the influence on the charge-carrier mobility. In
addition, we want to determine whether there is a correlation
between both values. This correlation is expected for example
by the Seto model for polycrystalline semiconductors [49].
Therefore, first we want to introduce the sulfur vacancies
and afterward reduce the sulfur vacancy concentration by
the introduction of oxygen. Thus, we performed the whole
annealing routine for an eight-times spin coated Bi2S3 DLE
layer twice with a synthetic air flush at room temperature in
between. Figure 3 presents the results of these experiments
with the solid lines representing the initial run and the dashed
lines representing the second run after the atmospheric flush.

In the following we will study two main features of
the results: First, up to an annealing temperature of 356 K
the charge-carrier mobility [depicted as red solid line in
Fig. 3(b)] remains approximately at the initial value of around
10−3 cm2/(Vs), which is indicated as temperature region I.
During the annealing in region II, the charge-carrier mobility
increases up to 10−1 cm2/(Vs) and remains at this maximum
value in region III. In contrast, the charge-carrier density
increases from its initial value of 1016 cm−3 during the whole
annealing in regions I and II up to its maximum value of
3 × 1018 cm−3. The second feature is that after the intro-
duction of dry synthetic air (20% O2 + 80% N2 at 0.8 atm)
at room temperature, the charge-carrier density drops to
roughly the initial value but the charge-carrier mobility stays
almost the same. We interpret this behavior as being caused
by two effects: The introduction of sulfur vacancies (Bi2S3−x

with rising x), which act as electron donors, increases the
charge-carrier density [33,34]. We emphasize that sulfur va-
cancies of bismuth sulfide can only act as electron donors in
contrast to other semiconducting metal sulfides, e.g., cupper
sulfide [32,41]. Those sulfur vacancies can be passivated by
the introduction of oxygen atoms, which results in a reduced
charge-carrier density (Bi2S3−xOx). It is worth mentioning
that the charge-carrier density after the second run exhibits
a lower maximum value of 2 × 1018 cm−3. This maximum
doping concentration will be discussed later in this paper.

The observation of the enhanced charge-carrier mobility
can be attributed to a changed morphology of the nanoparticle
layer, which is not reversible under atmospheric changes. The

FIG. 3. Electrical conductivity, thermoelectric power, charge-
carrier density, and charge-carrier mobility at 300 K as a function
of the annealing temperature Tmax of around 10 monolayers of Bi2S3

nanoparticles at a vacuum base pressure of around 10−7 mbar. The
initial stepwise annealing series is depicted as solid lines. After
annealing up to 475 K, the sample was cooled down to room
temperature and dry synthetic air (20% O2 + 80% N2 at 0.8 atm)
was introduced. Afterward, the annealing series was performed again
(dashed lines). The region I (300–356 K) indicates the temperature
range where the electrical conductivity is mainly rising because of in-
creased charge-carrier density. In region II (356–415 K) additionally
the mobility rises by about two orders of magnitude and in region III
(415–545 K) all values remain constant.

SEM images shown in Fig. 4 support this explanation, where
the nanoparticles are (b) separated directly after the deposition
and (c) sintered after annealing up to 475 K.

To have an even closer look at the charge-transport proper-
ties, we determined the thermal activation energy Eσ of the
temperature dependence of the electrical conductivity. The
activation energy Eσ is defined as the slope of the metastable
conductivity levels of Fig. 2. Because the activation energy Eσ

of the conductivity consists of the activation energy En of the
charge-carrier density as well as the activation energy Eµ of
the charge-carrier mobility (Eσ = Eµ + En), we determined
both activation energies as well (Arrhenius plots are shown
in Fig. S5 of the Supplemental Material [47]) and depicted
all of them again as a function of the maximum annealing
temperature Tmax in Fig. 5. Again, the initial run (black circles)
and the second run after the flush with synthetic air (red
diamonds) are shown. In Fig. 5(a) the activation energy Eσ of
the electrical conductivity starts in the first run above 300 meV
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FIG. 4. Scanning electron microscopy (SEM) images of ligand-
exchanged Bi2S3 nanoparticles. (a) Overview and (b) zoom after
deposition and (c) after annealing up to 475 K.

and decreases within the temperature regions I and II down to
around 180 meV in region III. In Fig. 5(b) the uncertainty of
the determined activation energy Eµ of the carrier mobility is
visible by the depicted error bars.

However, as indicated by the dashed black line in
Fig. 5(b), the activation energy of the mobility decreases from
∼125 meV down to around 30 meV during the first run.
As expected from the consistency of the activation energies

FIG. 5. The activation energies derived from the Arrhenius plots
(a) of the electrical conductivity, (b) the charge-carrier mobility, and
(c) the charge-carrier density as a function of the maximum annealing
temperature Tmax. The experimental routine is the same as performed
in Fig. 3. The vertical lines separate different temperature regions
mentioned in the text.

(Eσ = Eµ + En), the activation energy En of the charge-carrier
density [Fig. 5(c)] decreases also from around 300 meV down
to around 150 meV during the first run. So, we conclude from
the first run that the increase of the charge-carrier mobility
by two orders of magnitude [see Fig. 3(b)] is linked to a
decrease of the activation energy of the mobility. We attribute
this decrease to a reduced potential barrier the charge carriers
have to overcome during transport. This explanation agrees
with the observation of a sintered nanoparticle layer after
temperature treatment.

At this point we want to add that no literature refer-
ences for the activation energy of the mobility for Bi2S3 (as
nanoparticles or bulk material) have been published yet to our
knowledge.

To comment on the sign of the determined activation en-
ergies we have to point out that our calculation of the charge-
carrier density and mobility from the measured thermoelectric
powers is based on an assumed dominant scattering mecha-
nism at (localized) ionized defects (see also Sec. II C). The
central point is that we can describe the carrier transport
limited by potential fluctuations in the conduction band. The
model makes no assumption about the types of these defects,
e.g., whether they exist as native point defects or as surface
defects. In particular we picture the interface areas of the
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nanoparticles as severe potential fluctuations, which pose a
barrier for the carrier transport (correlated to Eµ). During
annealing these potential fluctuations are reduced, resulting
in lower values for Eµ and higher absolute mobilities. Un-
fortunately, our investigated temperature range is too small
to precisely determine the temperature dependence of the
mobility (which is expected to be ∝ T 3/2 for the ionized
defect scattering model [57,58]), so we can speculate about
the alternative explanation that the carrier transport is limited
by a hopping process between the nanoparticles, which would
explain the activated carrier mobility as well [59]. However,
this model should not hold for the sintered nanoparticle layers
after annealing, and discontinuities in the mobility data would
be expected.

Furthermore, we qualitatively attribute the activation en-
ergy of the charge-carrier density to the distance of the Fermi
energy to the conduction band edge, which decreases while
introducing sulfur vacancy donors.

As stated before, the sintering process of the nanoparticle
layer is irreversible during the flush with synthetic air. Thus,
the activation energy of the carrier mobility remains constant
within the uncertainties of the measurements in Fig. 5(b)
during the second run (red diamonds). But the value of Eµ

equates to around 60 meV, which is 30 meV above the end of
the first run. One possible explanation is that the introduced
oxygen atoms affect the potential barrier and therefore cause
the shifted activation energy of the mobility.

However, the atmospheric flush passivates the sulfur va-
cancy donors with oxygen and therefore reduces the charge-
carrier density, while in the second run (in vacuum) after
the flush, the charge-carrier density rises again by around
two orders of magnitude, which is again consistent with the
reduced activation energy of the charge-carrier density [red
diamonds in Fig. 5(c)].

Now we want to focus on the energetic position of the va-
cancies that cause the n-type doping of the Bi2S3 nanoparticle
layer. As calculated recently by Tumelero et al. for Bi2S3

bulk material [41], the energetic distance of the vacancies
to the conduction band edge is at least 0.42 eV. Thus, the
question rises, is it possible to gain charge-carrier densities of
up to 3 × 1018 cm−3 by such (deep) doping states? Therefore,
we want to estimate the overall concentration of (neutral
and ionized) vacancies ND that is necessary for this charge-
carrier concentration. The number of ionized donors per cubic
centimeter is given by [60,61]

N+

D =
ND

1 + 2exp
(

EF−ED

kT

) , (6)

where ED is the energetic distance of the donor state with re-
spect to the vacuum energy, ND is the overall concentration of
donors (neutral and ionized), and N+

D is the number of ionized
donors. If we now assume that the charge-carrier density is
equal to the number of ionized donors (n = N+

D ) and express
the charge-carrier density by the Boltzmann approximation
(which is applicable for n � 0.1NC ≈ 1018 cm−3), we obtain

n(T ) = NC (T )exp

(

EF − EC

kT

)

. (7)

FIG. 6. Calculation of the (neutral and ionized) vacancy concen-
tration ND [see Eq. (3)] as a function of the charge-carrier density n,
that is assumed to be equal to the concentration of ionized vacancies
(n = N+

D ), for different energetic distances E∗

D of the doping vacancy
to the conduction band edge. The right y axis depicts the position of
the Fermi energy (orange dots) in reference to the conduction band
edge (via the Boltzmann approximation). The dominant proportion-
ality of Eq. (3) is marked with gray arrows. The used effective density
of states is NC = 1.13 × 1019 cm−3.

Solving Eq. (7) for EF and inserting the Fermi energy in
Eq. (6), we obtain

ND = n + 2
n2

NC

exp

(

E∗

D

kT

)

, (8)

where E∗

D is the energetic distance of the donor state with
respect to the conduction band edge. In Fig. 6 we show
the calculated vacancy concentration ND as a function of
the charge-carrier density (the ionized vacancies) for several
energetic positions E∗

D of the vacancy states relative to the
conduction band edge (between 0.02 eV and 0.4 eV at room
temperature). The dominant proportionalities are marked with
gray arrows, and the Fermi energy from the Boltzmann ap-
proximation is also plotted as orange dots. We observe that for
E∗

D = 0.4 eV (black line) the necessary vacancy concentration
ND is above 1024 cm−3 for n = 1018 cm−3, which is too high
to be physically possible.

The molar mass of bismuth sulfide bulk material
(514 g/mol) and the mass density (6.78 g/cm3) correspond to
a concentration of 7.9 × 1021 Bi2S3 molecules per cubic cen-
timeter. Thus, with E∗

D = 0.4 eV and n = 1017 cm−3 already
every bismuth sulfide molecule would exhibit one sulfur va-
cancy (Bi2S2). Therefore, the energetic distance of the dopants
has to be below 0.4 eV. Thus, we derive from this approxima-
tion that either the energetic distance from the donors to the
conduction band edge was well overrated by Tumelero et al.,
or the energetic positions of the donors at the surface (or near
the surface) of bismuth sulfide are different from those of the
bulk.

Therefore, we want to estimate a plausible energetic po-
sition of the doping sulfur vacancies. The stoichiometry
of Bi2S2.9 (one out of ten molecules exhibits a sulfur va-
cancy) would correspond to a vacancy concentration of ND ≈

8 × 1020 cm−3, which corresponds to E∗

D < 0.2 eV for n >

1018 cm−3. For a stoichiometry of Bi2S2.99 the vacancy con-
centration would equal ND ≈ 8 × 1019 cm−3, corresponding
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FIG. 7. Raman spectroscopy of pristine bismuth sulfide nanopar-
ticles (green line) and after annealing under vacuum conditions up to
a temperature of 420 K (orange line). The background of the quartz
glass substrate is depicted in brown. The Raman measurements were
performed under ambient conditions. Expected Raman modes for
bismuth sulfide taken from literature are marked by vertical blue
lines [63,64]. Raman modes of bismuth oxide, which are not visible
in the spectra—even after annealing up to 420 K in vacuum and
exposing the sample to lab atmosphere at room temperature—are
marked by vertical red lines (a [65], b [66], c [67]).

to E∗

D ≈ 0.1 eV for n ≈ 3 × 1018 cm−3. Thus, assuming that
between one and ten percent of the bismuth sulfide molecules
exhibit a sulfur deficiency, the energetic distance (E∗

D) of the
doping sulfur vacancies to the conduction band edge should
be smaller than 0.2 eV.

In this context, we want to interpret the observed saturation
of the charge-carrier density [n = 3 × 1018 cm−3 in temper-
ature region III in Fig. 3(b)] as a maximal stoichiometric
deviation that bismuth sulfide can exhibit. If so, the above-
mentioned slightly smaller maximal charge-carrier density
of the second run (n = 2 × 1018 cm−3 after the flush with
synthetic air) could be due to a decreased maximal sulfur
vacancy concentration. This reduced maximal sulfur vacancy
concentration is therefore due to the oxidized bismuth sul-
fide (Bi2S3−xOx) directly after the air flush. So, we found
that during the second run (i.e., stepwise thermal annealing)
not all of the oxygen atoms leave the bismuth sulfide and
therefore reduce the maximal sulfur vacancy concentration.
This interpretation is supported by the known higher binding
energy of bismuth oxide (α-Bi2O3) compared to bismuth
sulfide [62].

To support our conclusion that the doping vacancy states
are significantly more shallow than 0.4 eV, we present Raman
spectroscopy measurements. In Fig. 7 Raman measurements
are shown of the same bismuth sulfide nanoparticle sample
directly after the deposition (initial, green) and after annealing
up to 420 K (orange) under a vacuum base pressure of
10−6 mbar in the thermopower setup. In addition, a refer-
ence Raman measurement of a cleaned quartz glass substrate
is given (brown). Expected Raman modes for bismuth sul-
fide (from Refs. [63,64]) are marked by vertical blue lines,
whereas expected Raman modes for bismuth oxide (α-Bi2O3;
Refs. [65–67]) are marked by vertical red lines. Both before

FIG. 8. Optical absorption coefficient as a function of the pho-
ton energy determined with photothermal deflection spectroscopy
(PDS) for three bismuth sulfide nanoparticles samples, which were
annealed with different temperatures under nitrogen atmosphere. The
absorption coefficient of bismuth sulfide by Lukose et al. is depicted
with gray diamonds [52]. The strong deviation of this reference and
our results especially for energies below 1.5 eV is due to a higher
dynamic range of the PDS method. After annealing the sample up to
433 K a significantly enhanced absorption of photons with energies
below the optical band gap of bismuth sulfide is observed.

and after the temperature treatment the characteristic Raman
modes for bismuth sulfide (especially at 73, 102, 168, 189,
239, and 262 cm−1) are detectable. In contrast, Raman modes
of bismuth oxide are not detectable.

However, if the amount of oxidized bismuth sulfide
molecules (Bi2S3−xOx, x ≈ 0.1) were equal to ten percent
(as mentioned above), and if the Raman cross sections of
bismuth sulfide were comparable to the cross sections of
bismuth oxide, Raman modes for bismuth oxides would be
detectable. Therefore, we doubt that oxidized bismuth sulfide
exhibits stable Raman modes of bismuth oxide or that the
amount of oxidized molecules is as high as ten percent, which
would correspond to an energetic distance E∗

D of the doping
states around 0.2 eV as calculated in the previous section. If
the doping vacancies are as shallow as 0.1 eV, the amount
of oxidized bismuth sulfide molecules would be around one
percent. But, we assume that such a low amount of bismuth
oxide is below the detection limit of Raman spectroscopy.
Thus, the Raman measurements support our argument that
the doping by sulfur vacancies results from states which are
shallower than 0.2 eV.

A more sensitive optical measurement is the determination
of the absorption coefficient via photothermal deflection spec-
troscopy (PDS), which features a dynamic range of several
orders of magnitude. In Fig. 8 the absorption coefficients of
three bismuth sulfide nanoparticle samples are depicted. The
samples were annealed at different temperatures under nitro-
gen atmosphere (H2O and O2 < 1 ppm, which corresponds
to an oxygen partial pressure that is comparable to a vacuum
base pressure below 10−3 mbar). The absorption coefficient
was calculated including an effective layer thickness, which
was estimated based on Lukose et al. [52] (gray diamonds in
Fig. 8).
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FIG. 9. Schematic band diagram of the active part of a planar (bulk layer) solar cell (ZnO/Bi2S3/P3HT) referenced to the Fermi level (a).
In principle, photogeneration takes place within the bismuth sulfide (labeled as 1) and within P3HT (labeled as A). Photogenerated charge
carriers within the P3HT layer occur as excitons (depicted as violet oval), which diffuse toward the heterojunction interface, where they
dissociate (labeled as B). Afterward, the charge carriers diffuse toward the outer contacts of the device (labels C). Inset: Schematic drawing of
the planar layer stack of the heterojunction hybrid solar cell. An energy level diagram of the unconnected layers with respect to the vacuum
level is shown in (b) with χ and Ei marking the electron affinity and ionization energy, respectively. Used values for ZnO are from [73,74], for
Bi2S3 from [17,75], and for P3HT from [76].

The absorption coefficient of the pristine nanoparticle layer
(black line in Fig. 8) increases by two orders of magnitude
between 1.2 eV and 1.5 eV, which is attributed to the funda-
mental absorption over the optical band gap of bismuth sul-
fide. Below 1.2 eV the sub-band-gap absorption takes place,
whereas the characteristic peak at 0.72 eV is due to absorption
within the quartz glass substrate (labeled by *). Sub-band-gap
absorption mainly occurs by the following two mechanisms:
On one hand occupied (defect) states within the band gap can
be excited over the conduction band edge and on the other
hand electrons can be excited from the valence band into
unoccupied states within the band gap. Therefore, we attribute
a higher absorption coefficient for photon energies below the
optical band gap (<1.4 eV) to an increased density of (defect)
states within the band gap. The sample, which was annealed
at a temperature of 393 K (red line), shows sub-band-gap
absorption comparable to the pristine sample. However, a
higher annealing temperature of 433 K (blue line) leads to
a significantly increased absorption below 1.4 eV. Therefore,
this increased absorption corresponds to a higher density of
defect states that we attribute to a rising sulfur deficiency of
the bismuth sulfide nanoparticles. It is worth mentioning here
that although PDS is a highly sensitive optical method, optical
measurements to determine the sulfur deficiency of bismuth
sulfide are still not as sensitive as electrical measurements.

B. Bi2S3/P3HT solar cells

While the conductivity and thermopower measurements
discussed above allowed a detailed assessment of majority
carrier-transport properties, for the use in solar cells also
minority carrier properties of Bi2S3 are of great importance, as
their transport can be the bottleneck in the device. Therefore,
we fabricated planar heterojunction solar cells with the layer
stack glass/ITO (120 nm)/ZnO (50 nm)/Bi2S3 (2 × DLE ∼=

50 nm)/poly(3-hexylthiophene-2,5-diyl) (P3HT) (80 nm)/
MoOx (30 nm)/Ag (200 nm) as shown in the inset of Fig. 9. To
illustrate the band alignment between ZnO, Bi2S3, and P3HT,
a schematic band diagram is shown in Fig. 9(a). Besides the
photogenerated charge carriers in the Bi2S3 layer (labeled
as 1), excitons are generated in the P3HT layer (label A).
These excitons diffuse (within several nanometers) toward
the Bi2S3/P3HT interface, where they dissociate (label B).
Subsequently the separated charge carriers travel toward the
respective contacts (label C).

In order to understand the contribution of the Bi2S3 and the
P3HT to the photocurrent, we performed spectrally resolved
measurements of photocurrent and absorptance. Fourier trans-
form photocurrent spectroscopy (FTPS) was used to study the
photocurrent of Bi2S3/P3HT solar cells and P3HT-only ref-
erence cells and photothermal deflection spectroscopy (PDS)
was used to obtain the absorptance of P3HT and Bi2S3 thin
films. Figure 10 shows the result of these FTPS and PDS
measurements as a function of photon energy (lower x axis) or
wavelength (upper x axis). The data shown as the solid orange
line represent the spectral photocurrent of the full Bi2S3/P3HT
device stack as shown in the inset of Fig. 9(a), while the
dashed orange line only refers to a device with P3HT but
without Bi2S3. The blue lines represent the absorption coef-
ficient α of Bi2S3 (solid) and of P3HT (dashed). To determine
absolute values of the quantum efficiency, FTPS spectra were
calibrated according to the method section. The commonly
used form for EQE results (linear scaling as a function of
the wavelength λ) is depicted in Fig. S6 of the Supplemental
Material [47], showing maximum quantum efficiencies of
around 12% for the Bi2S3/P3HT devices and 10% for the
ZnO/P3HT reference devices.

The data show that for photon energies E > 1.9 eV
(roughly corresponding to λ < 650 nm), P3HT absorbs
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FIG. 10. Quantum efficiency QE (left axis) determined with
FTPS of a bismuth sulfide nanoparticle solar cell (solid orange line)
and a ZnO/P3HT reference cell without nanoparticles (dashed orange
line) as a function of photon energy. The absorption coefficient α

(right axis) of a bismuth sulfide nanoparticle layer is depicted as
solid blue line and of a P3HT layer as a dashed blue line. Below the
optical band gap of P3HT (around 1.9 eV) and above the band gap of
Bi2S3 (around 1.4 eV) the nanoparticle solar cell exhibits significant
enhancement in quantum efficiency.

comparably to Bi2S3 and therefore contributes to the pho-
tocurrent of the planar heterojunction device in this energy
range. For lower photon energies, 1.3 < E < 1.9 eV, the
Bi2S3 layer is the only possible source of photocurrent. By
comparison between the photocurrent of the Bi2S3/P3HT
device compared to the P3HT-only device, we see that there
is a clearly visible contribution to the photocurrent also from
Bi2S3. However, the quantum efficiency in the range 1.3 <

E < 1.9 eV is substantially reduced relative to the quantum
efficiency at higher photon energies, where P3HT dominates.

In the following, we will have a look at the main solar
cell parameters as a function of annealing temperature of
the Bi2S3 layer depicted in Fig. 11 (plotted in ◦C on the
lower x axis and in K on the upper x axis). These parameters
were deduced from I-V measurements carried out in the dark
and under illumination, which are depicted in Fig. S7 of the
Supplemental Material [47]. The annealing was performed
under nitrogen atmosphere before the P3HT layer was de-
posited. In addition to the power conversion efficiency ηe,
the fill factor FF, the short-circuit current density JSC and
the open-circuit voltage VOC, we also determined series and
parallel resistances (details given in the methods section). We
also indicated the regions I, II, and III used earlier in the
discussion of Figs. 3 and 5. Except for the reduction of the
series resistance, there is little change in region I. In region
II, i.e., for annealing temperatures 360 < T < 415 K, JSC

has a peak, while the VOC starts to decrease continuously.
The decrease of VOC as a function of annealing temperature
is most likely correlated with the increase of charge-carrier
concentration, which likely coincides with a decrease of
charge-carrier lifetime, which we will discuss later. To judge
the effect of the Bi2S3 layer on the solar cell performance, I-V

characteristics of reference ZnO/P3HT cells are shown in Fig.
S7 as well. These cells produced only very low photocurrents
around 0.5 mA/cm2 and efficiencies around 0.1% as result of

FIG. 11. Device performance parameters of bismuth sulfide
nanoparticle solar cells extracted from I-V measurements as a func-
tion of the annealing temperature of the nanoparticle layer. The an-
nealing was performed under nitrogen atmosphere before the P3HT
layer was deposited. The determined temperature regions I–III from
the electrical transport studies are depicted as vertical dashed gray
lines. The error bars indicate the standard deviation of the average
value within six solar cells processed on one substrate.

the reduced absorption compared to the Bi2S3/P3HT devices.
These results are comparable to the work by other groups
reporting also quite low efficiencies for ZnO/P3HT bilayer
devices [68–71].

In Fig. 12 we show FTPS measurements of the annealed
solar cell series. In Fig. 12(a) the quantum efficiency QE is
depicted as a function of the photon energy. It can be seen
that with rising annealing temperature the contribution of
photogenerated charge carriers with photon energies smaller
than the optical band gap of bismuth sulfide (straight orange
arrow) also rises. Therefore, the introduction of sulfur vacancy
defect states within the optical band gap contributes to the
short-circuit current density. More relevant for JSC is the QE
enhancement for photon energies above 1.4 eV. For photon
energies above the optical band gap of P3HT (around 1.9 eV)
the QE exhibits a maximum in dependency of the annealing
temperature (round orange arrow). To depict the trend of QE
we plotted the quantum efficiency as a function of the an-
nealing temperature in Fig. 12(b) for several photon energies
(open symbols). Here, the mentioned trends above are clearer:
Below 1.4 eV the QE is enhanced almost continuously with
rising annealing temperature. An increase in the near-infrared
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FIG. 12. (a) Quantum efficiency QE of the solar cell annealing
series (see Fig. 10) determined with FTPS as a function of the
photon energy. (b) Quantum efficiency at certain photon energies as a
function of the annealing temperature. The short-circuit density JSC

(right y axis) of the device illuminated with white light is depicted
with gray dots.

photoresponse for sulfur-deficient Bi2S3 has recently been
demonstrated and explained by the contribution of in-gap
states [72].

Between photon energies from 1.4 eV to 1.9 eV, the
maximum of the quantum efficiency shifts from 130 ◦C down
to 110 ◦C. For photon energies of 1.9 eV and above, the QE
exhibits the same trend observed in Fig. 11 for the short-
circuit density with a maximum at 110 ◦C. So we plotted JSC

for comparison on the right y axis. Because both photoactive
layers, bismuth sulfide and P3HT, contribute to the photocur-
rent in this spectral range, it is ambiguous which mechanism
dominates the enhancement of JSC. The following effects will
combine: With higher annealing temperature photogenerated
excitons in the P3HT dissociate better at the interface with
Bi2S3 and the electron transport within the Bi2S3 is enhanced,
which raises the contribution of the polymer. Additionally,
because of the reduced potential barriers within the Bi2S3

nanoparticle layer (as discussed in Sec. III A) also the charge-

carrier transport toward the P3HT of photogenerated holes
(minorities) is enhanced with rising annealing temperature,
which can increase the contribution of the nanoparticle layer
to the short-circuit current.

However, the drastically decreasing open-circuit voltage
within the second temperature region and the lowered short-
circuit density for annealing temperatures higher than 110 ◦C
indicate that a new loss channel in the solar cell becomes
active. In order to identify this additional loss channel, we
determined the dark-current density J0 via fitting the dark I-V

curves to the diode equation without illumination (details in
the method section). We interpret J0 as a quantitative value
for the amount of recombination losses in the solar cell in the
dark [53]. The dependence of the dark-current density on the
annealing temperature depicted in Fig. 13(a) as blue dots (left
y axis) is of special interest. J0 rises around three orders of
magnitude within the annealing-temperature range.

To combine the solar cell results with our transport studies
on annealed bismuth sulfide nanoparticle layers, we also
plotted the charge-carrier density from Fig. 3 which rises
around 2.5 orders of magnitude (red dots) on the right y axis in
Fig. 13(a). Thus, we observe a strong correlation between the
introduced (ionized) sulfur vacancies of the annealed nanopar-
ticle layer and the dark-current density of the solar cell. We
expect the loss mechanism in the solar cell to originate from
recombination of charge carriers via (ionized and neutral)
defect states within the band gap (Shockley-Read-Hall recom-
bination). As mentioned in the electrical transport part of this
paper, the number of ionized sulfur vacancies (N+

D ≈ n) can
be significantly smaller than the total amount of introduced
(neutral) sulfur vacancies ND, mainly depending on the en-
ergetic position E∗

D of the vacancy. Therefore, we want to use
our previous result depicted in Fig. 6 (ND as a function of n for
several energetic positions E∗

D) to determine the concentration
of the vacancies, i.e., the proposed recombination centers.
The required charge-carrier density can be obtained from
Fig. 13(a) assuming that the annealing temperature for the
cell, Tan,N2, is close to the respective temperature Tmax in the
film. This allows us to use use J0(Tan,N2) and n(Tmax) to derive
J0(n).

The result is combined with the data of the derived vacancy
concentration in Fig. 13(b). Here the dark-current density is
depicted as blue dots on the left y axis and the calculated
ND(n, E∗

D) is depicted again as solid colored lines on the
right y axis. We found the best agreement of the trend for
J0(n > 1017 cm−3) with ND(E∗

D ≃ 0.05–0.1 eV). This again
supports our conclusion that in the present nanoparticle-based
samples the sulfur vacancies are significantly shallower than
stated by Tumelero et al. for bulk Bi2S3 (bulk: E∗

D > 0.4 eV).
Furthermore, we can conclude that excessive doping with
sulfur vacancies is detrimental for the solar cell in terms of
introducing high concentrations of defect states within the
band gap and therefore drastically enhances the recombination
losses.

However, we also showed that the annealing of the bismuth
sulfide nanoparticle layer is beneficial for the short-circuit
current density and therefore for the overall efficiency of
the solar cell up to an annealing temperature of 110 ◦C. We
believe that the enhancement of the charge-carrier mobility by
two orders of magnitude in the sintered nanoparticle layer is
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FIG. 13. (a) Dark-current density J0 (left axis) determined from
fitting Eq. (5) to the I-V measurements of the solar cell series
as a function of the annealing temperature Tan,N2 (lower x axis).
The charge-carrier density (right y axis) of the nanoparticle layer
determined via thermopower measurements (see Fig. 3) is depicted
with red dots as a function of the maximum sample temperature Tmax

(upper x axis). We assign to each value of J0(Tan,N2) an interpolated
value of n(Tmax) with the assumption of Tmax = Tan,N2 and thereby
plot J0(n) in (b) as blue dots (left y axis). Additionally, we plot our
calculation of the (neutral and ionized) vacancy concentration ND

for several energetic positions E∗

D (colored lines) of the vacancies in
respect to the conduction band edge (from Fig. 6) on the right y axis
again as a function of the charge-carrier concentration. Thereby, we
correlate the significantly increased dark-current density of the solar
cells with the approximated defect density of the sulfur-deficient
bismuth sulfide nanoparticle layer. We find the best agreement of this
correlation with E∗

D in the range between 0.05 eV and 0.1 eV.

the dominant reason for the enhanced solar cell performance.
Thus, to achieve an enhanced mobility without a drastically
rising dark-current density, we expect that an annealing step
with a successive passivation of the crucial high defect den-
sity (e.g., sulfur treatment) can be a promising procedure to
enhance the overall solar cell performance.

IV. CONCLUSION

In the first part of this work we performed a detailed
study on the enhanced transport properties of bismuth sulfide
nanoparticle layers during moderate temperature annealing
(300–480 K) in vacuum. By annealing, we improved the
electrical conductivity by more than four orders of magnitude.
In order to identify the reasons for the enhanced conductivity,
we perform thermoelectric power measurements that allow us
to distinguish between an enhancement of the charge-carrier
mobility by two orders of magnitude caused by sintered
nanoparticles and an increase in charge-carrier density by
more than two orders of magnitude caused by sulfur vacancies
in off-stoichiometric bismuth sulfide (Bi2S3−x with x > 0).
We discussed the energetic position of the sulfur vacancies
that act as electron donors. Thereby, we state that these
donors in nanoparticle layers are significantly shallower than
expected from the literature for bulk material.

In the second part, we applied the thermal treatment
(vacancy doping) to the bismuth sulfide nanoparticle layer
which was then used in combination with P3HT as an
organic-inorganic planar heterojunction solar cell. Thereby,
we showed that the annealing of the nanoparticle layer is
beneficial for the solar cell performance up to a temperature
of 383 K (110 ◦C), which we attribute mainly to the enhanced
charge-carrier mobility within the nanoparticle layers. For
higher annealing temperatures we observed a drastically re-
duced open-circuit voltage that we correlate with an increase
in the dark current density by three orders of magnitude.
Thereby, we conclude that too many introduced sulfur vacan-
cies increase recombination of charge carriers through (native
point) defect states within the band gap of bismuth sulfide.
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