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ABSTRACT: The widespread adoption of halide perovskites for application in thermo-
electric devices, DC power generators, and lasers is hindered by their low charge carrier
concentration. In particular, increasing their charge carrier concentration is considered the
main challenge to serve as a promising room-temperature thermoelectric material. Efforts
have been devoted to enhancing the charge carrier concentration by doping and composition
engineering. However, the coupling between charge carrier concentration and mobility, along
with the poor stability of these materials, impedes their development for thermoelectric
applications. Herein, we demonstrate the successful increase in the charge carrier
concentration of CsPbI2Br by forming a heterojunction structure with Cu2S via a facile
spin-coating method. The excellent band alignment between two materials combined with a
charge-transfer mechanism realizes the modulation doping, resulting in 8 orders of magnitude
increase in carrier concentration from 1012 to 1020 cm−3 without detrimental effect on the
carrier mobility of CsPbI2Br. The thermoelectric power factor of the heterostructured
CsPbI2Br reached 6.6 μW/m·K2, which is 330 times higher than that of pristine CsPbI2Br. Furthermore, these films showed higher
humidity stability than the control films. This study offers a promising avenue for increasing the charge carrier concentration of
halide perovskites, thereby enhancing their potential for various applications.
KEYWORDS: modulation doping, perovskite, Cu2S, double-layer, heterojunction, thin film

The remarkable optical and electrical properties of halide
perovskites have enabled rapid advancements in photo-

voltaics, light-emitting diodes, field-effect transistors, and
photodetectors.1,2 The solution processability and low
fabrication cost of halide perovskites promote their large-
scale production and commercialization. In addition to the
above-mentioned rapidly developing areas, emerging applica-
tions further boost the potential of halide perovskites.3,4 To
enable such applications, it is, however, important to tune their
semiconducting properties, which can be achieved by
introducing impurities into the lattice to control the type
and concentration of carriers.5 One strategy for increasing the
charge carrier concentration of Pb-based halide perovskites is
to vary their composition.6 However, the increased charge
carrier concentration often causes an increase in native defects
in the structure that offset any benefits, a phenomenon called
the self-compensation effect.7 Extrinsic doping is another way
to increase the charge carrier concentration; Na, Ag, and Sb
ions are all possible dopants for methylammonium lead iodide
(MAPbI3).

8−10 However, the dopants lead to a low carrier
mobility because of the induced additional carrier scattering
sources. Higher charge carrier concentrations without
detrimental impact on the carrier mobility to further improve
the semiconducting properties of halide perovskites are still
desired. Relatively high charge carrier concentrations have

been reported in Sn-based halide perovskites compared to
those in their Pb-based counterparts; however, their poor
stability poses challenges for long-term service.11,12 The
development of an efficient and reliable methodology to
increase the charge carrier concentration of halide perovskites
therefore remains challenging.
Thermoelectric (TE) energy can be used to directly convert

heat into electricity. This principle can find applications in
environmentally benign cooling and power generation from
waste heat.13 The figure of merit zT is commonly used to
evaluate the thermoelectric properties of materials.14 In detail,
zT = S2σT/κ, where S, σ, T, and κ are the Seebeck coefficient,
electrical conductivity, absolute temperature, and thermal
conductivity, respectively.15 S and σ are interdependent with
the charge carrier concentration; increasing charge carrier
concentration results in an increase of σ but a decrease of S. So,
the optimal values of charge carrier concentration are around
1019−1021 cm−3 for ideal thermoelectric materials.16 Mean-
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while, high carrier mobility, which results in high electrical
conductivity, and low thermal conductivity are required to
achieve a high zT.16 It has been demonstrated that strong
phonon−phonon interaction of halide perovskites results in an
ultralow thermal conductivity of 0.3−0.5 W/m·K, which is
lower than most well-studied thermoelectric materials.17,18

This leads to a theoretical zT exceeding 1 at room
temperature, making halide perovskites promising materials
for room-temperature TE applications.19 However, the
intrinsically low charge carrier concentration of the Pb-based
halide perovskite, which is significantly below the optimal
values, hinders the application of this material for TE devices.
Considering the self-compensation effect, increasing the charge
carrier concentration without reducing the carrier mobility in
relatively stable halide perovskites is a key challenge to
achieving high TE performance.20

Modulation-doped lead-based halide perovskites are promis-
ing candidates to overcome this challenge. Modulation doping
exploits band alignment of two semiconductors to induce free
carriers in one of them.21,22 As the induced carriers are spatially
separated from their parent impurities, modulation-doped
semiconductors exhibit high carrier concentration while
maintaining unimpaired carrier mobility.23 Modulation doping
is not only commonly used to create a two-dimensional
electron gas with high carrier mobility in thin film devices such
as field-effect transistors,24 but it has been proven to be
beneficial for TE materials as well.25,26 However, modulation
doping in perovskite films remains largely underexplored.
In this study, we demonstrate the concept of modulation

doping in CsPbI2Br to increase its charge carrier concentration
without a detrimental impact on its carrier mobility. Thin films
with a heterojunction structure consisting of a top CsPbI2Br
and bottom Cu2S were successfully fabricated by using the
solution-processed spin-coating method, as illustrated in Figure
1. Our results evidence that the charge carrier concentration of

the CsPbI2Br/Cu2S structure sharply increased as compared to
that of the CsPbI2Br film and could be controlled by adjusting
the thickness of the CsPbI2Br layer, with a value of 1021 cm−3

achieved when CsPbI2Br reached a thickness of tens of
nanometers. More importantly, the carrier mobility remained
unchanged with varying CsPbI2Br thickness, indicating
successful modulation doping in the heterojunction. The
low-temperature charge transport properties reveal that the
fabricated films exhibit the behavior of typical heavily doped
semiconductors with holes as the majority charge carriers,
indicating that holes are transferred from Cu2S to CsPbI2Br.
Such a high charge carrier concentration is reflected in the
power factor of modulation-doped CsPbI2Br, reaching 6.6
μW/m·K2, which is 330 times higher than that of pristine
CsPbI2Br. Moreover, the fabricated heterostructured thin films

maintained their electrical properties for 144 h with a
degradation margin of 20%. This study reveals that modulation
doping is a promising avenue for optimizing the TE properties
of halide perovskites with a high stability.

■ RESULTS AND DISCUSSION
To realize modulation doping in halide perovskites, it is
essential to use both appropriate material combinations and
precise heterojunction fabrication techniques. A novel
diamine−dithiol solvent mixture has been developed to
produce large-scale thin films of various semiconductors,
including Cu2S, Cu2Se, SnSe, and Sb2Te3.

27−29 In this study,
Cu2S was chosen because it enables excellent band alignment
with CsPbI2Br while being readily spin-coated and insoluble in
common solvents for halide perovskites such as anhydrous
dimethyl sulfoxide (DMSO).30−32 The film fabrication process
is illustrated in Figure 2a. Since the orthogonality of the
solvents is crucial for successfully obtaining heterojunctions,
the spin-coating method is well-suited for convenient synthesis
of them. To fabricate Cu2S thin films, a Cu2S molecular
precursor solution with a 1:10 vol/vol solvent mixture
comprised 1.2-ethanedithiol and ethylenediamine was pre-
pared. The Cu2S and perovskite double-layer heterostructure
thin films were synthesized by first fabricating a Cu2S layer
with a fixed thickness of ∼50 nm by spin-coating and heat
treatment at 220 °C and then depositing the perovskite thin
film on the Cu2S by the spin-coating of a precursor prepared
from DMSO. The thickness of CsPbI2Br was controlled by
changing the CsPbI2Br solution concentration.
The X-ray diffraction (XRD) patterns of the CsPbI2Br and

Cu2S thin films are shown in Figure 2b. Single-layer CsPbI2Br
and Cu2S thin films spin-coated directly onto glass substrates
are denoted as SL-CsPbI2Br and SL-Cu2S, respectively.
Similarly, the CsPbI2Br films spin-coated on Cu2S are denoted
as DL(T nm), where T is the total thickness of the double-
layer films. XRD patterns reveal the formation of the
amorphous phase of SL-Cu2S and the α phase of SL-CsPbI2Br.
The amorphous nature of Cu2S can be attributed to a lower
heat-treatment temperature than the reported minimal
annealing temperatures required to achieve crystallinity.28,33

Meanwhile, three main diffraction peaks at 14.7, 20.8, and
29.7° correspond to (100), (110), and (200) planes of the α
phase of CsPbI2Br, respectively.

34 As for DL-CsPbI2Br films,
the intensity of the CsPbI2Br peaks increases with the
thickness, with the thicker films exhibiting typical α phase
CsPbI2Br characteristics. The inconspicuous of the CsPbI2Br
peaks for the DL(97 nm) film did not indicate the absence of
CsPbI2Br crystals, but it was rather caused by the weak signal
intensity of the CsPbI2Br thinnest layers. Scanning electron
microscopy (SEM) images clearly confirmed the formation of
CsPbI2Br crystals for all samples as shown in Figure 2c−h,
indicating the successful deposition of CsPbI2Br films onto the
Cu2S layers, irrespective of their thickness. Moreover, the full
width at half-maximum of the main peaks for both SL-
CsPbI2Br and DL-CsPbI2Br were comparable, indicating that
CsPbI2Br films spin-coated on the Cu2S layers are highly
crystalline.
SEM and atomic force microscopy (AFM) were used to

study the surface morphologies of SL-CsPbI2Br and DL-
CsPbI2Br films. Figure 2c,d shows the SEM images of the SL-
Cu2S and SL-CsPbI2Br films, while Figure 2e−h shows all DL-
CsPbI2Br films. Compared with SL-CsPbI2Br, the DL-
CsPbI2Br films were denser and showed no pinholes or cracks,

Figure 1. Scheme of the heterostructured CsPbI2Br/Cu2S film and
the modulation doping mechanism.
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indicating that CsPbI2Br fully covered Cu2S. This result
suggests that the formation of CsPbI2Br films is influenced by
the presence of Cu2S layers during annealing, which is in
accordance with previous studies reporting the influence of the
substrates on the morphology of Pb-based halide perovskites.35

The surface roughness of DL-CsPbI2Br films was measured by
AFM, and the values are 1.1, 6.9, 8.8, and 8.9 nm for the 97,
203, 305, and 492 nm thick films, respectively (Figure S1). The
flatness of the bottom Cu2S layer, with an average roughness of
3.1 nm, might be the origin of the low roughness of the
CsPbI2Br films (Figure S1). Additionally, cross-sectional SEM
images in Figure 2i,j reveal that the CsPbI2Br layer is tightly
adhered to the Cu2S layer and displays good crystalline growth.
There are no obvious gaps between these two layers, which
illustrates well bonding and guarantees effective charge
transfer. The full coverage and flatness of the top CsPbI2Br
films ensure that the measured electrical transport properties
are attributed to the upper CsPbI2Br layer rather than the

lower Cu2S layer. These results demonstrate that a high-quality
CsPbI2Br layer was successfully spin-coated onto the Cu2S
layer, suggesting the formation of a CsPbI2Br/Cu2S hetero-
junction structure.
The electrical properties of DL-CsPbI2Br were measured at

room temperature (300 K) as shown in Figure 3. Typically,
Pb-based halide perovskites demonstrate exceptionally low σ
values owing to their low intrinsic carrier concentration. For
instance, the conductivity of both single-crystal and poly-
crystalline MAPbI3 has been reported to reach as low as 10−6

S/cm,36,37 while that of a CsPbI2Br film, determined using dark
J−V testing, was approximately 10−5 S/cm.38 Consistent with
these reported values, σ of SL-CsPbI2Br is as low as 6 × 10−6

S/cm. Remarkably, the thinnest DL-CsPbI2Br films (T = 97
nm) exhibit a very high σ of ∼250 S/cm, representing an
increase of 8 orders of magnitude as compared to SL-
CsPbI2Br. As the thickness of CsPbI2Br films increases, the

Figure 2. (a) Scheme for the CsPbI2Br/Cu2S double-layer film fabrication process. (b) XRD pattern of single-layer Cu2S, single-layer CsPbI2Br,
and double-layer films with different total thicknesses. The bottom black lines are the standard α-phase CsPbI2Br XRD peaks.34 SEM images of (c)
single-layer Cu2S, (d) single-layer CsPbI2Br, and (e−h) double-layer films with different total thicknesses. Cross-sectional SEM images under (i)
low resolution and (j) high resolution. In panel (j), the CsPbI2Br layer is marked as a light brown color and the Cu2S layer is marked as a light blue
color.
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conductivity gradually decreases and stabilizes at ∼43 S/cm,
still 7 orders of magnitude higher than that of SL-CsPbI2Br.
Hall measurements were performed to determine the charge

carrier concentration (n) and mobility (μ) and thereby to
better understand the origin of the significant increase in σ
observed in DL-CsPbI2Br. As anticipated, n of SL-CsPbI2Br is
relatively low (−9.1 × 1012 cm−3), which is attributed to the
self-compensation effect stemming from the formation of
localized intrinsic defects, consistent with reported values.5,7

This low negative n indicates that SL-CsPbI2Br behaves as a
slightly n-type doped semiconductor. Conversely, the DL-
CsPbI2Br films exhibit a significant increase in n, as shown in
Figure 3b, reaching levels as high as 1021 cm−3 and showing a
consistently decreasing trend with an increasing total thickness.
Furthermore, there is a distinction between the charge carrier

types in SL-CsPbI2Br and DL-CsPbI2Br. The charge carrier
concentration changed from negative to positive, indicating
that electrons and holes are the primary charge carriers of SL-
CsPbI2Br and DL-CsPbI2Br, respectively. Interestingly, the
mobility of the DL-CsPbI2Br films was approximately 0.9 cm2/
V·s, regardless of the film thickness, which only represents a
marginal reduction from the value of 4.0 cm2/V·s measured for
the SL-CsPbI2Br thin film.
A modulation doping mechanism is proposed to elucidate

the significant increase in n, the slight change in μ, and the shift
in the carrier type. The schematic depicted in Figure 3d
illustrates the modulation concept. Before contact, the Fermi
levels of CsPbI2Br and Cu2S differ.

30,31 Upon contact, the
Fermi levels of both materials equilibrate, causing electrons
and holes to diffuse to the Cu2S and CsPbI2Br sides,

Figure 3. Room-temperature (a) electrical conductivity, (b) carrier concentration, and (c) carrier mobility of single-layer CsPbI2Br, single-layer
Cu2S, and double-layer films with different total thicknesses. (d) Scheme of band alignment of Cu2S and CsPbI2Br before and after contact.

30,31 (e)
Seebeck coefficient and (f) power factor of single-layer CsPbI2Br, single-layer Cu2S, and double-layer films with different total thicknesses. (g)
Output power and power density of the thermoelectric generator made by DL(97 nm) as a function of temperature difference.
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respectively. A built-in potential is created when the Fermi
levels are equal, and the accumulated holes are located on the
CsPbI2Br side. At the interface between CsPbI2Br and Cu2S,
the depletion regions are formed on both sides because Cu2S is
a strong p-type semiconductor, whereas CsPbI2Br is a weak n-
type semiconductor. The depletion region on the CsPbI2Br
side is expected to be much wider than that on the Cu2S side,
given the disparity in carrier concentrations, exceeding the
thickness of the CsPbI2Br layer. In detail, the SL-Cu2S exhibits
the characteristic behavior of a heavily doped semiconductor
from 100 to 300 K, as illustrated in Figure 4, which is closely
associated with the generation of Cu vacancies during the
annealing process.39,40 Owing to the n-type behavior of
CsPbI2Br, a significant amount of holes will be injected from
Cu2S to CsPbI2Br. Consequently, this hole injection led to the
change in the carrier type from n-type to p-type and a sharp
increase in hole concentration, resulting in an extremely high σ.
Additionally, the charge carrier concentration decreased with

increasing thickness, indicating a weakening of the modulation
doping effect for thicker films, while the mobility of DL-
CsPbI2Br remained unaffected by the thickness. In general,
doped semiconductors with high n values exhibit a significantly
reduced μ because of impurity scattering caused by the
presence of dopant ions.23 However, the DL-CsPbI2Br films
effectively maintained their μ values despite displaying
extremely high values of n. The slight reduction in the
mobility in our thin films (Figure 3c) can be attributed to the
modulation doping effect by the Cu2S bottom layer, a
phenomenon traditionally reported in heterojunctions.
Owing to the difference in Fermi levels, charge carriers diffuse
from one material to another.22 These diffuse carriers are not
scattered by the Coulomb force from their parent ionized
atoms, thereby ensuring high mobility. The slight reduction of
μ in DL-CsPbI2Br thin films may result from larger carrier−
carrier scattering caused by the extremely high charge carrier
concentrations. As a result, both the sharply increased n and

stable μ are responsible for the extremely high σ of the DL-
CsPbI2Br thin films, which is, to the best of our knowledge, the
highest value reported for Pb-based halide perovskites (Table
S1).
To further clarify the modulation doping effect on the

CsPbI2Br layer by the Cu2S layer, the influence of the thickness
and the crystallinity of Cu2S layers on the DL CsPbI2Br/Cu2S
thin films were investigated. The thickness of the Cu2S layer
was adjusted by spin-coating Cu2S solutions with varying
concentrations of 0.15, 0.20, 0.25, and 0.30 mol/L. The AFM
measurements estimated the thickness of the Cu2S thin films to
be 20, 29, 35, and 45 nm, respectively. As expected, the sheet
resistance of SL-Cu2S films shows a pronounced dependence
on their thickness, showing that the resistance decreased as the
thickness increased (Figure S2). In contrast, the CsPbI2Br
layer in CsPbI2Br/Cu2S DL films exhibits nearly identical sheet
resistance values regardless of the Cu2S layer thickness,
suggesting that the electrical properties of the CsPbI2Br thin
films are not influenced by the thickness of the Cu2S layer.
Additionally, to modulate the crystallinity of Cu2S layers,

their annealing temperatures were varied from 200 to 350 °C.
As anticipated, elevating the annealing temperature of the Cu2S
layer from 200 to 350 °C resulted in a significant 5-fold
increase in electrical conductivity (Figure S3a). Also, Hall
measurements revealed that the hole concentration increased
by approximately 50 times due to the formation of Cu
vacancies at higher annealing temperatures, while the charge
carrier mobility decreased, likely due to enhanced defect and
carrier−carrier scatterings (Figure S3b), which is consistent
with the reported behavior of the Cu2S.

41 The DL CsPbI2Br/
Cu2S thin films were then fabricated with the Cu2S layer
annealed at temperatures ranging from 200 to 350 °C. The
electrical sheet resistances of these films were measured and
compared. In sharp contrast to the properties of Cu2S, the DL
thin films exhibit nearly identical sheet resistances, showing no
significant dependence on the annealing temperature of Cu2S

Figure 4. Temperature dependent on (a) electrical conductivity, (b) carrier concentration, (c) carrier mobility, (d) carrier mobility on logarithmic
scale, (e) Seebeck coefficient, and (f) power factor of single-layer Cu2S and double-layer films with different total thicknesses.
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(Figure S4). To understand this phenomenon, we investigated
the band structures of the Cu2S layers annealed at 200 and 350
°C (conditions expected to produce amorphous and crystalline
phases, respectively) using Kelvin probe force microscopy
(KPFM) and UV−vis absorption spectroscopy. The work
functions (WFs) obtained from the KPFM measurement
(Figure S5) indicate no significant difference between the Cu2S
films annealed at 200 and 350 °C. The mean WF values for
both samples are approximately 4.5 eV. Furthermore, the band
gaps estimated from the Tauc plot analysis of the UV−vis
spectra (Figure S6) were nearly identical, approximately 1.24
eV, for both samples. These results demonstrate that the
crystallinity of the Cu2S layer had no significant effect on the
band structures of the Cu2S layer. Therefore, regardless of the
annealing temperature of the Cu2S layer, the modulation
doping effect on the CsPbI2Br layer by Cu2S is likely to be
similar, given the comparable band structures.
These observations indicate that the increased hole

concentration and electrical conductivity in the DL thin film
were not affected by the thickness and crystallinity of the Cu2S
layer, demonstrating that the electrical properties in the DL
thin film originate from the properties of the doped CsPbI2Br
through the modulation doping, rather than the properties of
underlying Cu2S.
To highlight the benefits of halide perovskites with high

charge carrier concentrations, we investigated their potential
for TE applications. TE parameters, such as S and the power
factor (PF), were measured and calculated, as illustrated in
Figure 3e,f. A high n value was directly indicated by the S of
the DL-CsPbI2Br films. SL-CsPbI2Br has an S value of −5158
μV/K (Figure S7), where the negative sign indicates that
electrons are the dominant majority carriers, which agrees with
the results obtained from the Hall measurements. Generally, S
is inversely proportional to n, so the extremely high S of SL-
CsPbI2Br results from its low n.

42 In contrast, the S value of the
thinnest DL-CsPbI2Br films was around +20 μV/K and
progressively increased with an increasing thickness. As
mentioned previously, the change in the sign of S from
negative to positive indicates that the main carriers in
CsPbI2Br changed from electrons to holes. The decrease in S
is primarily attributed to the significant increase in the charge
carrier concentration, following the reciprocal relationship
between S and n. Based on the measured σ and S, a drastic
enhancement in PF is evidenced. SL-CsPbI2Br has a PF value
of approximately 0.02 μW/m·K2, primarily because of its low n.
However, by injecting charge carriers through modulation
doping, the PF of DL-CsPbI2Br films experienced a substantial
increase, reaching a maximum value of 6.6 μW/m·K2, which is
approximately 330 times higher as compared to the SL-
CsPbI2Br film.
To show the applicability of our DL thin films, we further

evaluated the power generation performance of the 97 nm
thick DL sample by creating temperature differences across the
film, as it exhibited the highest power factor among all of the
films. The output power increases with a greater temperature
difference, reaching a maximum value of 0.95 × 10−3 μW
under the temperature difference of 40 K. The power density
of this film reaches 0.97 mW/cm2. These findings suggest that
our modified CsPbI2Br thin film exhibits significant potential
for practical applications. Given the advantages of thin film
module fabrication and flexibility, a flexible thermoelectric
power generator with high output power density, based on the
modified CsPbI2Br, is anticipated.

To gain a deeper understanding of the modulation doping
effect on the DL-CsPbI2Br films, we measured the temper-
ature-dependent electrical and TE transport properties in the
range of 100−300 K. As depicted in Figure 4a,b, σ and n
exhibit minimal variations with increasing temperature for all
DL-CsPbI2Br films, which is in good agreement with the
typical characteristics observed of heavily doped semi-
conductors. As the total thickness increases, σ decreases and
n decreases, indicating a weakened doping effect for thicker
CsPbI2Br films. The temperature-dependent μ consistently
decreased for all DL-CsPbI2Br films. Additionally, it exhibited a
characteristic temperature exponent γ of −0.3, as shown in
Figure 4d, suggesting an acoustic phonon-dominated mixed
scattering mechanism.43,44 In halide perovskites, carrier
mobility is primarily governed by acoustic phonon scattering.45

Herein, even after doping, this type of scattering remains
dominant. Therefore, the injected carriers have a minimal
effect on the scattering mechanism, even though they
contribute to significantly increasing charge carrier concen-
tration, which confirms the successful achievement of the
modulation doping effect. Additionally, the temperature-
dependent behavior of μ in DL-CsPbI2Br significantly differs
from that observed in SL-Cu2S (Figure 4d), indicating that the
properties observed for DL-CsPbI2Br films are characteristic of
modulation-doped CsPbI2Br. Measurements and calculations
of the temperature-dependent S and PF were also conducted
for all of the DL-CsPbI2Br films. The values of S increase with
increasing temperature for all DL-CsPbI2Br films and show a
slight enhancement with the total thickness, which is in
agreement with the temperature-dependent behavior of
reported TE materials.46 Owing to the increased S and
consistent σ, the value of PF increases with increasing
temperature for all DL-CsPbI2Br films, reaching a maximum
value of around 6.6 μW/m·K2.
In addition to optimizing the electrical and TE properties of

CsPbI2Br through modulation doping, high stability was
achieved. The stability characteristics of the SL-CsPbI2Br and
DL-CsPbI2Br films stored in air at room temperature (300 K)
and a relative humidity of 35% were monitored. As shown in
Figure 5a, the sheet resistance (Rsq.) of the DL-CsPbI2Br film
was only 20% higher than its initial value (R0sq.) after 144 h.
However, a similar increase of Rsq. occurred after only 1 h for
SL-CsPbI2Br, and Rsq. could not be measured after 48 h
because of film decomposition, resulting in poor film quality.
The increase in Rsq. for DL-CsPbI2Br after 144 h is related to
the decomposition of the CsPbI2Br film. Film decomposition
occurred in both SL-CsPbI2Br and DL-CsPbI2Br, leading to
quality deterioration, as illustrated in Figure 5b,c. Nevertheless,
the film quality of DL-CsPbI2Br surpasses that of SL-CsPbI2Br.
The absence of cracks and the presence of fewer particles on
the surface of the DL-CsPbI2Br films as compared to that of
the SL-CsPbI2Br films indicate an increased stability. The
decomposition of halide perovskites is closely related to the
hydration process along grain boundaries because water
molecules diffuse faster in these regions.47 Pinholes present
in the SL-CsPbI2Br films expedite this process, whereas the
absence of pinholes for DL-CsPbI2Br films hinders it.
Consequently, the DL-CsPbI2Br films exhibit greater stability
than the SL-CsPbI2Br films. Moreover, compared with the Sn-
based halide perovskites, the stability of DL-CsPbI2Br is
significantly better.48
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■ CONCLUSIONS
In summary, this study demonstrated the modulation doping
effect of CsPbI2Br by forming heterojunctions with Cu2S via
spin-coating. A several-orders-of-magnitude increase of the
electrical conductivity of CsPbI2Br was achieved, and the
mechanism of modulation doping was clarified by analyzing
the films’ temperature-dependent electrical transport proper-
ties. It is evidenced that Cu2S injects holes into CsPbI2Br
without degrading its mobility, thereby decoupling the charge
carrier concentration and mobility. Additionally, the currently
developed heterostructured thin films were stable for an
extended time duration in ambient conditions owing to the
absence of a pinhole on the surface of the films. Modulation
doping is a promising avenue for increasing the charge carrier
concentration of halide perovskites, thereby paving the way for
their large-scale applications in devices requiring high carrier
concentrations, such as TE devices. Depending on the concept
presented in this work, new material combinations for even
precise control of the charge carrier concentrations could be
implemented in the future. For example, the modulation
doping strategy was successfully applied for different perov-
skites of formamidinium lead iodide (FAPbI3), which exhibited
an electrical conductivity of 5.8 S/cm. This value is ca. 7 orders
of magnitude higher than the reported one of FAPbI3.

49

Further development toward the applications of halide
perovskites that need high charge carrier concentration is
expected.

■ METHODS
Copper(I) sulfide (Cu2S, 99.5%, Sigma-Aldrich), cesium bromide
(CsBr, 99.999%, Sigma-Aldrich), lead(II) iodide (PbI2, 99.99%, TCI),
1.2-ethanedithiol (edtH2, >98%, Sigma-Aldrich), ethylenediamine
(en, >99.5%, Sigma-Aldrich), and anhydrous dimethyl sulfoxide
(DMSO, >99%, Sigma-Aldrich) were used in the experiments as
received without further purification.

Soda-lime glass substrates were cleaned by sequential sonication in
detergent, deionized water, acetone, isopropyl alcohol, and ethanol for
15 min and dried under a N2 flow. The substrates were then treated
with an O2 plasma for 30 min. For the synthesis of the Cu2S thin
films, a 0.3 M precursor solution was prepared by dissolving Cu2S
powder in a 10:1 volume ratio of en and edtH2 solvent mixtures. The
precursor solution was spin-coated onto soda-lime glass substrates at
6000 rpm for 30 s. The wet films were then annealed at 220 °C for 30
min. Subsequently, the Cu2S films were cooled to room temperature.
For the synthesis of the CsPbI2Br thin films, precursor solutions of
different concentrations were prepared by dissolving a 1:1 molar ratio
of CsBr and PbI2 in DMSO. Since film thickness closely relates to
solution viscosity, solution viscosity varies by changing solution
concentrations. Thus, the thickness of the films was controlled by
changing the solution concentration without changing spin con-
ditions, with higher concentration resulting in thicker films. The
precursor solution was spin-coated onto the substrate covered by a
Cu2S layer at 4000 rpm for 120 s. The substrates were then annealed
at 50 °C for several minutes, until the film color changed, and then at
120 °C for 10 min to remove the residual organic solvent. This two-
step annealing process was necessary to ensure the fabrication of
uniform and pinhole-free films. Film synthesis was performed inside a
glovebox under a N2 atmosphere.
The temperature-dependent electrical conductivity, Hall resistivity,

and Seebeck coefficient of single-layer Cu2S and double-layer
CsPbI2Br/Cu2S films were measured using square samples. For the
electrical conductivity and Hall resistivity measurements, the van der
Pauw geometry was used with the Cu wires (0.001 in diameter,
SPCP-001-50, Omega Engineering, Inc.) connected to the four
corners of the square sample using carbon-conductive glue paste
(Dupont). A low-frequency AC current ( f = 13.7 Hz) was applied
through two wires, and the voltage was measured across the remaining
two wires using an AC resistance bridge (model 372, Lake Shore
Cryotronics, Inc.).50 DC measurements were also performed for SL-
Cu2S and DL(97 nm) films using a current source (model 6221,
Keithley) and a nanovoltmeter (model 2182A, Keithley) with a DC
current ranging from 0 to 1 mA. During the Hall measurements, a
magnetic field H was swept back and forth between H = ± 2 T. The
raw data are shown in Figure S8. Additionally, the difference between
the conductance values obtained by AC and DC measurements was
within 1% as shown in Figure S9. Seebeck coefficients were measured
by using a steady-state method. Two custom T-type thermocouples,
made of Cu/Constantan wires (SPCP/SPCI-001−50), were attached
to the surface of each sample to determine the temperature difference
and the Seebeck voltage. For each wired sample, two resistive heaters
were attached to one side of the sample with a heat spreader in
between, whereas the opposite side was attached to a BeO pad,
serving as a heat sink. Apiezon N grease was applied on both sides of
the samples to improve thermal contact. Following the generation of a
stable temperature gradient (∇Tx) through the heaters attached to the
sample, the hot-side temperature (Th) and cold-side temperature (Tc)
and Seebeck voltages (ΔVx) were recorded using a nanovoltmeter
(model 2182A, Keithley). The room-temperature electrical con-
ductivity and Seebeck coefficient were measured by using a LINSEIS
LSR-3 instrument. The room-temperature Hall resistivity of the
single-layer CsPbI2Br was measured using a LINSEIS HCS 1
instrument. The output power was measured with the ceramic heater
(10 mm × 10 mm) as a heat source, and the copper plate was used as
a heat sink. Temperature differences and voltages were measured with
T-type thermocouples connected to the Keithley DMM6500
multimeter. The Tauc plot was obtained by UV−vis absorption
spectroscopy (Shimadzu UV-2600 spectrophotometer). The XRD
patterns were obtained using a Bruker AXS D8 ADVANCE with Cu
Kα radiation under an ambient atmosphere. The microstructure of
the thin films was observed by field-emission SEM (FE-SEM; Philips
XL30 FEG). The thicknesses were verified using a surface profiler
AlphaStep 600 (when thickness higher than 100 nm) and AFM using
a Park NX20 system (when thickness less than 100 nm), while the
surface roughness was measured by AFM.

Figure 5. (a) Sheet resistance variation of double-layer and single-
layer CsPbI2Br films compared with their initial value along with time.
The figure insider belongs to single-layer CsPbI2Br films for clear
exhibition. SEM images of double-layer films (203 nm) before (b)
exposed to air and (c) after 144 h exposed to air. SEM images of
single-layer CsPbI2Br (d) before and (e) after 144 h exposed to air.
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