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ABSTRACT: The quantum-dot-in-perovskite matrix (DIM) is an
emerging class of semiconductors for optoelectronics enabled by
their complementary charge transport properties and stability
improvements. However, a detailed understanding of the pure
electrical properties in DIM is still in its early stage. Here, we
developed PbS quantum dot-in-CsSnI3 matrix solids exhibiting
improved electrical properties and enhanced stability. PbS
incorporation reduces the tensile strain of DIM films compared
to that of pristine CsSnI3, consequently increasing the electrical
conductivity. Electrical conductivity is tunable between 20 and
130 S/cm as a function of PbS concentration. Notably, a
decoupling of electrical conductivity and Seebeck coefficient is
observed upon PbS addition into the perovskite matrix, which is
attractive for thermoelectric applications. Density functional theory analysis reveals that at low concentrations of PbS, light
holes/electrons govern the overall transport properties in DIM, while heavy holes/electrons begin to dominate as the PbS
concentration increases. Understanding the electrical properties would help for designing DIMs with specific properties for
various technological applications.
KEYWORDS: halide perovskite, thermoelectrics, dot-in-matrix, electrical transport, electrical conductivity

Heterostructures of halide perovskites with various
semiconductors are gaining attention due to the
synergistic properties exhibited by the composite

system. Such heterostructures have been explored for different
applications such as photovoltaics, LEDs, field emission
devices, and radiation detectors.1−7 In particular, colloidal
quantum dots in a halide perovskite matrix (DIM) are a
promising material system owing to the compatible lattice
constants, ease of processing, and enhanced optoelectronic
properties.8 DIM materials represent a family of semi-
conductors that showcase properties absent in individual
components and can be categorized into three groups
according to the QD composition: chalcogenide QDs in the
halide perovskite matrix, elemental QDs in the halide
perovskite matrix, and halide perovskite QDs in the halide
perovskite matrix.9,10

Several studies have demonstrated improved charge trans-
port properties of various QDs in halide perovskite
matrices.11−15 In addition, the introduction of QDs into
perovskite matrices has been shown to regulate film formation
kinetics and improve DIM stability.16−18 While the majority of
the works on DIM have focused on lead (Pb) halide
perovskites for optoelectronic applications, a recent work on

DIM involving perovskite QDs in a hybrid tin (Sn) perovskite
matrix reported reduced defect density with enhanced
photophysical properties and stability.19 Such DIMs involving
Sn perovskites are particularly interesting owing to the
instability associated with Sn perovskites.
In the context of Sn perovskites, CsSnI3 has showcased

promising performances for thermoelectrics and transistors
due to its high electrical conductivity and hole mobility.20−22

However, the stability of CsSnI3 is limited since it suffers from
issues of phase change and Sn-oxidation.23 Forming DIMs with
chalcogenides and a CsSnI3 perovskite matrix may serve as a
potential route to improve their electrical properties and
stability. Furthermore, the impact of QDs on the electrical
properties of halide perovskites beyond optoelectronics
remains unexplored. In this work, we report PbS QDs in a
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CsSnI3 perovskite matrix and evaluate their carrier transport
properties. The inclusion of PbS reduces the tensile strain in
CsSnI3 films, leading to an enhanced electrical conductivity of
130 S/cm in contrast to 60 S/cm for pristine CsSnI3 at room
temperature. The enhancement in electrical conductivity is due
to the improved hole mobility, resulting in overcoming the
conductivity−Seebeck trade-off. Density functional theory
(DFT) analysis indicated that for low concentrations of QDs
in CsSnI3, light holes/electrons dominate the charge transport,
contributing to improved electrical properties.

RESULTS AND DISCUSSION
Oleic acid (OA)-capped PbS QDs were ligand-exchanged with
short benzoic acid (BA) ligands to improve charge transport.24

BA-exchanged PbS QDs in chlorobenzene (CB) were
incorporated into the CsSnI3 matrix by a single-step spin
coating. PbS QDs in CB were introduced as an antisolvent for
CsSnI3 during the spin coating process, followed by an
annealing treatment to obtain CsSnI3/PbS DIM films.
Introducing QDs in the antisolvent step with organic surface
ligands eliminates the need for lattice matching between QDs
and halide perovskites, offering ease of processing and the
ability to form DIMs for a wider range of compositions.
Moreover, the QD layer can restrict the surface oxidation of
CsSnI3. Figure 1 shows a schematic of the CsSnI3/PbS DIM
film formation. PbS incorporation does not disturb the
perovskite structure of CsSnI3, and no new phases were
observed in X-ray diffraction (XRD) (Figure S1).
The XRD pattern of the PbS QDs is consistent with that of

bulk PbS, with broad peaks due to their smaller size (Figure
S2). The average size of the PbS QDs was 5 nm, as observed in
the high-resolution transmission electron microscopy
(HRTEM) images (Figures 2a and S3). The HRTEM
investigation confirmed the high crystallinity of the QDs and
their pseudospherical morphology. Fourier transform infrared
spectroscopy (FTIR) confirmed the significant removal of

linear alkanes and alkene C−H stretches from the BA-
exchanged QDs (Figure 2b). The CsSnI3/PbS DIM film
exhibited stretch from the ligands confirming the presence of
PbS (Figures 2c and S4). The top-view scanning electron
microscopy (SEM) image of the fresh CsSnI3 film shows
prominent pinholes, which are typical of Sn perovskite films
without additives.25 A higher concentration of PbS leads to a
larger grain size with PbS present between the grains. For
lower concentrations of PbS, the film morphology resembled
that of pristine CsSnI3, with a visible presence of PbS on the
film surface (Figure S5). The presence of PbS clusters on the
CsSnI3/PbS film surface was observed by elemental mapping
via SEM−EDX (Figure 2d).
As crystallographic orientation can affect electronic trans-

port, we checked for orientation changes by 2D XRD and
found no variations between the pristine and PbS-containing
CsSnI3 films (Figure S6). Temperature-dependent in situ XRD
demonstrated no change in the phase transition (orthorhombic
to tetragonal) temperature of CsSnI3 after PbS addition or
heating (Figure 3a,b). Residual strain in perovskite films can
affect the charge transport properties. In particular, tensile
strain can adversely affect the electrical conductivity of
perovskite films.26 To assess the type and degree of strain in
the perovskite films, we performed grazing incident X-ray
diffraction (GIXRD) measurements. In general, a shift in the
XRD peak to lower angles (θ) indicates tensile strain, whereas
a shift in the diffraction peak to higher angles suggests
compressive strain.27 In contrast to pristine CsSnI3 films,
CsSnI3/PbS films exhibit lower tensile strain with an almost 2-
fold lower θ shift (Figure 3c,d). Hence, the XRD analysis
suggests that the addition of QDs in the CsSnI3 matrix might
offer improved electronic transport properties.
To determine the transport behavior of the CsSnI3/PbS

DIM films, the temperature-dependent electrical conductivity
(σ) and Seebeck coefficient (S) of the fresh films were
measured. Figure 4a shows the schematic of the measurement

Figure 1. Schematic of the deposition procedure for PbS QDs in the CsSnI3 matrix.
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Figure 2. (a) HRTEM image of BA-stabilized PbS QDs. FTIR spectra of (b) PbS QD films with OA and BA ligands. (c) CsSnI3 and CsSnI3/
PbS films. (d) SEM−EDX elemental mapping showing the distribution of Cs, Sn, I, Pb, and S elements in the CsSnI3/PbS film. Area with the
arrow shows the presence of Pb and S elements at the same spot in the mapping images, confirming the presence of PbS clusters.

Figure 3. In situ temperature-dependent XRD of (a) CsSnI3 (b) CsSnI3/PbS films. Zoom-in view of the XRD peak representing phase
transition is also shown in (a,b). GIXRD spectra at different tilt angles (ψ) for the (c) CsSnI3 and (d) CsSnI3/PbS films.
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setup for σ and S. σ is measured by the 4-point measurement
method, and S is measured in a dual Peltier configuration
under a temperature gradient (details in the Experimental
Section). The σ values of the CsSnI3/PbS films decreased
significantly for higher concentrations of PbS (2−0.5 mg/mL).
For lower concentrations of PbS, σ started to increase with
decreasing PbS concentration (Figure 4b), with the highest σ
observed for 0.2 mg/mL PbS. A further decrease in the PbS
concentration did not improve the σ value, as the
concentration was too low to produce any significant effect.
S can provide important information on the carrier type and

charge transport mechanisms as it is dependent on the energy
distribution of carriers with respect to the Fermi level.28

Temperature-dependent S confirms that CsSnI3/PbS main-
tained the p-type nature of CsSnI3 for different concentrations
of PbS (Figure 4c). Interestingly, the decrease in S as a
function of PbS concentration was small, while there was a 6.5-
fold change in σ between the highest and lowest PbS
concentrations (Figure 4d). 2D color map of σ and S at RT
as a function of PbS concentration shows a negligible change in
S (Figure 4e). There exists an anticorrelation between σ and S,
where S decreases with increasing σ. Increasing carrier density
(n) by doping, for instance, increases σ due to the direct
relationship σ = neμ, where μ is mobility. However, S decreases
in this process due to its inverse relation to n.29,30 The
unvarying behavior of S in the case of CsSnI3/PbS indicates
breaking of the σ−S trade-off, beneficial for thermoelectric
applications. We calculated the PF, σS2, to evaluate the
thermoelectric performance (Figure 4f). The highest PF of 138

μW/m K2 at RT was achieved for CsSnI3/PbS with 0.2 mg/
mL PbS, significantly higher than that for pristine CsSnI3 (78
μW/m K2). To evaluate the thermoelectric ZT of CsSnI3 and
CsSnI3/PbS, in-plane thermal conductivity was measured by a
chip-based 3ω technique (Figure S7a). The thermal
conductivity (κ) of CsSnI3/PbS is slightly lower than that of
pristine CsSnI3, which can be attributed to enhanced phonon
scattering due to the presence of PbS.31 This resulted in a ZT
of 0.15 at RT (Figure S7b) for CsSnI3/PbS. Table S1
summarizes the thermoelectric parameters of the CsSnI3 and
CsSnI3/PbS films.
To further understand the decoupling of σ−S, we measured

the carrier density at RT. Interestingly, the carrier density of
CsSnI3/PbS remains unchanged as a function of the PbS
concentration, while the mobility is markedly affected (Figure
S8). The mobility of CsSnI3/PbS decreased and increased for
higher and lower concentrations of PbS, respectively. To
unravel the underlying mechanisms of the deviation in the
mobility of CsSnI3 films caused by different QD concen-
trations, we used DFT to explore the effective masses of
CsSnI3 at various QD concentrations. We hypothesized that
the QD effects are achieved through the different strains they
introduce into the systems, manifesting as deviations in the
lattice vectors and corresponding unit cell volumes. To mimic
these strain effects, the lattice constants are fixed to the
experimentally determined values, and the corresponding
atomic positions are fully relaxed by PBE + TS (more details
can be found in the Supporting Information). The HSE06 +

Figure 4. (a) Schematic of transport property measurement. Temperature-dependent (b) electrical conductivity and (c) Seebeck coefficient
for different concentrations of PbS in CsSnI3 matrix films. (d) Seebeck coefficient vs electrical conductivity curves as a function of PbS
concentration in the CsSnI3 matrix showing a minute change in the Seebeck coefficient between different DIM films. (e) Heat map showing
RT electrical conductivity and Seebeck coefficient of CsSnI3/PbS films. Colors indicate that for a stark change in the electrical conductivity,
there is a minor change in the Seebeck coefficient. (f) Power factor (PF) of CsSnI3/PbS films. Gray and green data points in figure represent
pristine CsSnI3 and best performing DIM CsSnI3/PbS, respectively.
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SOC band structures (Figure 5a,b) were subsequently
calculated for CsSnI3.
The trends of the bandgap changes under different QD

concentrations (Figure 5c) are well captured by theory
compared to the experimental results (Figure S9), which also
proves the accuracy and rationality of the atomic structures we
used for CsSnI3 under different QD concentrations. Finally,
the effective masses are further calculated through parabolic fits
to the calculated band structures around the band extrema
following previously reported strategies.32 As the bands are
degenerate (Figure 5d) around the band extrema (Γ point),
there exist heavy and light carriers which dominate the system
carrier transport within short diffusion lengths and long
diffusion lengths, respectively. Although slight differences exist
in the effective mass values along different directions (e.g., ∥x,
∥y, and ∥z, shown in Figure S9), the trends predicted by adding
the QDs are almost the same. As a result, in the latter, we focus
only on the trends in the z direction (∥z). We found that the
inverse of the effective masses (1/mh, 1/me) of light and heavy
carriers showed completely opposite trends when QDs were
added (Figure S10), and neither of these trends agreed with
the experimentally observed trends of mobility. However,
perfect agreement between the theoretically predicted and
experimentally determined mobility can be achieved by
considering the transition from light carriers to heavy carriers
while adding QDs (Figure 5e,f). We hypothesized that when
the QD concentration is low (e.g., 0, 0.16, 0.25, 0.33, and 0.5
mg/mL), the introduced QDs will not decrease the diffusion
length of the system. As a result, light holes/electrons will
dominate the overall transport properties. For higher
concentration of QDs (e.g., 1.0 and 2.0 mg/mL), it may

decrease the system diffusion length, and the heavy holes/
electrons begin to dominate. Understanding the effects of light
and heavy carriers as well as strain on halide perovskites can
aid in designing better devices. DFT can be used as a screening
tool to first determine the optimal strain and secondary
material phase that should be introduced into the system and
its effect on resulting carrier transport properties. Application-
specific designed DIMs have the potential to offer longer
diffusion length, higher mobility, faster response times along
with improved stability for various applications such as solar
cells, photodetectors, and thermoelectrics.
Several works have demonstrated enhanced stability in DIM

compared with pristine QDs or halide perovskites alone. Such
improvement is particularly important in the present case, as
CsSnI3 tends to undergo structural changes at RT. Black 3D
CsSnI3 can transform to yellow phase 1D Cs2Sn2I6. To assess
the improvement in the stability of CsSnI3 by PbS
incorporation, we measured σ after storing the sample in a
sealed vial for 200 h. Pristine CsSnI3 changed its color to
yellow, while the CsSnI3/PbS film maintained its black color,
underscoring the enhanced phase stability (Figure S11).

CONCLUSIONS
In summary, the chalcogenide QD-in-perovskite matrix shows
improved and tunable electrical conductivity. The tensile strain
of the DIM film was reduced by the inclusion of PbS in CsSnI3,
resulting in improved phase stability. Enhanced carrier mobility
was observed in DIM owing to different transport regimes
dominated by light or heavy carriers as a function of QD
concentration, leading to the breaking of conductivity−
Seebeck trade-off. High-room-temperature PF was demon-

Figure 5. (a) Crystal structure of CsSnI3 without QD and (b) corresponding HSE06 + SOC calculated band structures. (c) Bandgap of
CsSnI3 within different QD concentrations obtained by the HSE06 + SOC (black) and experiments (green). (d) Degenerate bands around
the Γ point along the z direction [∥z parallel to the reciprocal z-axis in the conventional cell as shown in (a)] for electrons and holes which
the corresponding effective mass can be obtained through the parabolic fits to those calculated band structures at valence band maximum
and conduction band minimum (Γ points), the heavy and light carriers are labeled as red and blue, respectively, the inverse of the (e) hole
effective mass (1/mh) and (f) electron effective mass (1/me) along the z direction (parallel to the reciprocal z-axis in the conventional cell)
obtained via HSE06 + SOC calculated band energies, and the carrier mobility (green) obtained through experimental techniques. In figure
(e,f), the heavy and light carrier dominant regions are labeled red and blue, respectively. Thus, in the light carrier region, the theory results
are obtained based on the light carriers. In the heavy carrier region, the theory results are obtained based on the heavy carriers. More details
can be found in Figure S10. The values are presented in units of the inverse of the free electron mass, 1/m0.
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strated in DIM, offering a material system for further
exploration of room-temperature halide perovskite-based
thermoelectrics.

METHODS/EXPERIMENTAL SECTION
Materials. SnI2 (99.99%), CsI (99.999%), DMF, DMSO, and

chlorobenzene were purchased from Sigma-Aldrich and were used as
received unless otherwise stated.
Sample Preparation. BA-capped PbS QDs were synthesized as

per a previous report.24 To prepare the perovskite precursor solution,
CsI and SnI2 with the required molar ratios were dissolved in DMF
and DMSO (a volume ratio of 8:2) with a total concentration of 1.3
M and stirred at room temperature. Pristine CsSnI3 films were
prepared on glass by spin coating the precursor solution at 1000 rpm
for 10 s and 4000 rpm for 30 s in an N2 glovebox. 100 μL of
chlorobenzene was dripped on the spinning substrate after the first 18
s of the spin-coating process. The spin-coated films were annealed at
50 °C for 20 min and then at 100 °C for 20 min. For and CsSnI3/QD
films, 100 μL of chlorobenzene with different concentrations of PbS
QDs was dripped on CsSnI3. The thickness of all films was ∼400 nm.
Material Characterization. SEM images and energy-dispersive

X-ray spectroscopy (EDX) analysis were obtained using a Thermo
Fisher Nova Nano SEM equipped with an AMETEK EDAX SDD
detector. TEM investigations were performed with a Thermo Fisher
Titan Cs-Image microscope equipped with a spherical aberration
corrector for the objective lens. XRD patterns were obtained from a
Bruker D8 ADVANCE diffractometer. Lattice parameters were
estimated by the UnitCell program using the XRD data.33 2D XRD
measurements were carried out on a Bruker D8 Discover system
equipped with the IμS point focus Cu-source and a multimode Eiger2
R 500 K 2D detector. For the strain measurements, we fixed the 2θ
and varied the instrument tilt angle ψ to obtain the corresponding
XRD patterns. UV−vis absorption spectra were recorded by using a
Perkin-Lambda spectrometer. Fourier transform infrared (FTIR)
spectra were recorded using a Thermo Scientific attenuated total
reflection-FTIR spectrometer.
Thermoelectric Measurements. Electrical conductivity and

Seebeck measurements were performed on a Netzsch SBA 548
Nemesis thermoelectric set up under a He environment using a four-
probe technique and dual Peltier configuration, respectively. Fresh
samples were measured by transferring from the glovebox to a
thermoelectric setup in less than 30 s under a N2 shower. The
instrument uncertainties for electrical conductivity and Seebeck
measurements are ±5% and ±7%, respectively. Charge carrier
concentration was measured in van der Pauw geometry on the
Lakeshore Hall system at RT under a N2 flow. The hole mobility was
calculated by combining the electrical conductivity and charge carrier
concentration using the relation μ = σ/ne.34 In-plane thermal
conductivity was measured under vacuum using the 3ω Völklein
method, with a Linseis thin-film analyzer.35 Samples were spin-coated
onto prepatterned test chips from Linseis.
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