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electric performance of F4-TCNQ
doped FASnI3 thin films†
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In the past decade, great efforts have been devoted to the development of organic–inorganic hybrid

perovskites for achieving efficient photovoltaics, but less attention has been paid to their thermoelectric

applications. In this study, for the first time, we report the thermoelectric performance of 2,3,5,6-

tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) doped NH2CHNH2SnI3 (FASnI3) thin films. It is

found that the electrical conductivities of the F4-TCNQ doped FASnI3 thin films increase and then

decrease along with increased doping levels of F4-TCNQ. Systematic studies indicate that enhanced

electrical conductivities are attributed to the increased charge carrier concentrations and mobilities and

superior film morphologies of the F4-TCNQ doped FASnI3 thin films, and decreased electrical

conductivities originate from the cracks and poor film morphology of the F4-TCNQ doped FASnI3 thin

films induced by excess F4-TCNQ dopants. The quantitative thermal conductivity scanning thermal

microscopy studies reveal that the F4-TCNQ doped FASnI3 thin films exhibit ultralow thermal

conductivities. Moreover, the thermoelectric performance of the F4-TCNQ doped FASnI3 thin films is

investigated. It is found that the F4-TCNQ doped FASnI3 thin films exhibit a Seebeck coefficient of �310

mV K�1, a power factor of �130 mW m�1 K�2 and a ZT value of �0.19 at room temperature. All these

results demonstrate that our studies open a door for exploring cost-effective less-toxic organic–

inorganic hybrid perovskites in heat-to-electricity conversion applications at room temperature.
1. Introduction

In the past decades, much effort have been devoted to the
development of thermoelectric materials for converting heat
into electricity.1–9 The thermoelectric performance is evaluated
using a dimensionless gure of merit, ZT, which is described
as:10,11

ZT ¼ sS2

k
T (1)

where s is the electrical conductivity, S is the Seebeck coeffi-
cient, k is thermal conductivity, and T is absolute temperature,
respectively. Thus, semiconductors with high electrical
conductivities but low thermal conductivities are ideal for
achieving high thermoelectric performance. Many semi-
conductors have been intensively investigated.12–27 It was
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reported that nanostructured GeTe, PbTe, PbS and SnTe alloys
possess both high electrical conductivities and Seebeck coeffi-
cients, and high thermal conductivities as well.22–27 Although
state-of-the-art inorganic thermoelectric materials could exhibit
a ZT value over 1, their high-temperature processing restricts
their practical applications. However, organic semiconductors
possess low thermal conductivities, poor electrical conductivi-
ties and low Seebeck coefficients and, consequently, low ZT
values.16–19

In recent decades, organic–inorganic hybrid perovskites with
a typical formula of ABX3 (where A is CH3NH3

+ (MA+), NH2-
CHNH2

+ (FA+), or Cs, B is Pb2+ or Sn2+, and X is Cl�, Br�, I� or
their combination), have drawn the greatest attention for
achieving cost-effective efficient photovoltaics. However, less
attention has been paid to their thermoelectric applications.28–30

Studies indicated that hybrid perovskites possess an intrinsic
“electron–crystal phonon–glass” and a phonon inhibiting
structure.31–35 As a result, hybrid perovskites not only possess
superior optoelectronic properties, but also exhibit low thermal
conductivities.31–35 It was reported that Pb-based perovskites
exhibited low electrical conductivities (10�7 S cm�1 to 10�4 S
cm�1), which was due to their low charge carrier concentrations
(<1017 cm�3).35–39 Sn-based perovskites exhibited relatively
decent electrical conductivities (�10�2 S cm�1), which was
ascribed to the substantial contribution of s-orbitals to the
J. Mater. Chem. A, 2020, 8, 25431–25442 | 25431
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valence band maximum.36,40,41 Moreover, the oxidation of Sn2+

to Sn4+ within Sn-based perovskites provides additional possi-
bility for p-type self-doping, further improving their electronic
properties.42,43 Thus, Sn-based perovskites are good candidates
for achieving high thermoelectric performance. A high electrical
conductivity of 282 S cm�1, a low thermal conductivity of 0.38 W
m�1 K�1, and a corresponding ZT value of 0.11 at 320 K from
CsSnI3 nanowires were reported in 2017.44 Later on, a ZT value
of 0.14 at 345 K was observed from a Cl-doped CsSnI3�xClx thin
lm.45 Recently, a ZT value of 0.123 at 473 K from stable
CsS1�xGexI3 alloy bulk crystals was reported.46 However, the
thermoelectric performance of organic–inorganic hybrid Sn-
based perovskites has rarely been reported.36,47

In this study, we rst report the dramatically enhanced
electrical conductivities of 2,3,5,6-tetrauoro-7,7,8,8-tetracya-
noquinodimethane (F4-TCNQ) doped FASnI3 thin lms. It is
found that the electrical conductivities of the F4-TCNQ doped
FASnI3 thin lms increase and then decrease along with
increased doping levels of F4-TCNQ. Systematic studies indicate
that enhanced electrical conductivities are attributed to the
increased charge carrier concentrations and mobilities and
superior lm morphologies of the resultant F4-TCNQ doped
FASnI3 thin lms, and the decreased electrical conductivities
originate from the cracks and poor lm morphology of the F4-
TCNQ doped FASnI3 thin lms induced by excess F4-TCNQ
dopants. We then report the ultralow thermal conductivities of
the F4-TCNQ doped FASnI3 thin lms, which are investigated by
quantitative thermal conductivity scanning thermal microscopy
(SThM). Aerward, we, for the rst time, report the thermo-
electric performance of the F4-TCNQ doped FASnI3 thin lms.
At room temperature, the F4-TCNQ doped FASnI3 thin lms
exhibit a Seebeck coefficient of �310 mV K�1, a power factor of
130 mW m�1 K�2 and a ZT value of 0.19.
2. Experimental section
2.1 Materials

Tin(II) iodide (SnI2, ultra-dry, 99.999%, metals basis) and
molybdenum(VI) oxide (MoO3, 99.95%, metals basis) were
purchased from Alfa Aesar. Formamidinium iodide (FAI) was
purchased from GreatCell Solar. F4-TCNQ (97%), fullerene (C60,
99.5%), anhydrous N,N-dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), and toluene (99.8%) were purchased from
Sigma-Aldrich. Poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS, Clevios PH1000) was purchased from
Heraeus Precious Metals North America. All chemicals were
used as received without further purication.
2.2 Preparation of the F4-TCNQ doped FASnI3 thin lms

The F4-TCNQ FASnI3 thin lms were prepared through depo-
sition of the precursor solution: both 1M FAI and SnI2 were
dissolved in a DMF : DMSO (4 : 1 in volume) mixed solvent,
with different concentrations of F4-TCNQ (0.01, 0.05, 0.075, and
0.1 mg mL�1) by a spin-coating method. The spin coating was
divided into two parts: rstly, the precursor solution was drip-
ped onto substrates and the substrates were allowed to spin at
25432 | J. Mater. Chem. A, 2020, 8, 25431–25442
5000 rpm with an acceleration of 1000 r s�2 for 20 seconds (s);
secondly, 250 mL toluene was dripped onto the wet thin lms
and then spin coating was carried out for another 20 s at 5000
rpm to remove the solvents. No further thermal annealing
treatment was applied.
2.3 Characterization of the F4-TCNQ doped FASnI3 thin
lms

For X-ray spectroscopy (XPS) measurement, both the pristine
FASnI3 thin lm and the F4-TCNQ doped FASnI3 thin lms were
deposited on glass substrates. The top �50 nm thick layer was
etched off to reveal the elemental information of the bulk rather
than the surface. XPS was conducted on a PHI 5000 Versa Probe II
scanning XPS microprobe. The X-ray diffraction (XRD) was per-
formed by using a Rigaku SmartLab X-Ray Diffractometer. The
electrical conductivities of both the pristine FASnI3 thin lm and
the F4-TCNQ doped FASnI3 thin lms were measured by using
a four-probe set up based on the van der Pauw method.48 Two
Keithley 2400 instruments were utilized to measure the current–
voltage (I–V) curves and calculate the average resistance through 8
values among the four probes. The thickness of the pristine FASnI3
thin lm and the F4-TCNQ doped FASnI3 thin lms was measured
by using a DektakXT surface prole measuring system. The
dielectric constants of the perovskite thin lms were measured
from the capacitance–frequency characteristics using a Keithley
model 82-WIN Simultaneous CF System. The capacitance–voltage
(C–V) measurements were carried out on a HP 4194A impedance/
gain-phase analyzer under dark conditions, with an oscillating
voltage of 10 mV at 10 kHz. The hole-only diode, ITO/PEDOT:PSS/
FASnI3 (or F4-TCNQ doped FASnI3)/MoO3/Ag diode, where ITO is
indium doped tin oxide and Ag is silver, was utilized for the C–V
measurement to calculate the charge carrier concentrations. The
above hole-only diode was also used to estimate the hole mobility.
The electron-only diode, ITO/C60/FASnI3 (F4-TCNQ doped FASnI3)/
C60/Al, where Al is aluminum, was used to estimate the electron
mobility. The charge carrier mobilities were estimated from the
current densities versus voltage (J–V) characteristics obtained in the
dark, based on the space charge limited current (SCLC) method.
The top view scanning electron microscopy (SEM) images were
obtained by using a eld emission scanning electron microscope
(JEOL-7401). Thermal conductivities were characterized using the
scanning thermal microscopy (SThM) model, which was obtained
by using a Park System XE7 atomic force microscope (AFM). The
pristine FASnI3 thin lm and the F4-TCNQ doped FASnI3 thin
lms were deposited on glass substrates. The thermal tip was
thermally grown on a SiO2 cantilever which was made of a silicon
base. The base dimensions were 2 � 3 mm2 and the cantilever
dimensions were 150 � 60 � 1 mm3. The resistor metal was made
of 5 nm NiCr and 40 nm Pd. The tip height was 12 mm and tip
radius was�100 nm. The resistance of the tip was around 200–600
U. The thermal coefficient of resistivity was about 1 U �C�1. The
spring constant was 0.45 N m�1 and resonance frequency was 48
kHz. The pre-setting probe current was 1.20 mA. The micro-
hardness was characterized by the force-displacement (F–D)
method with AFM. The thermal probe was used to collect the F–D
data and ensured that the captured current signal and measured
This journal is © The Royal Society of Chemistry 2020



Paper Journal of Materials Chemistry A
micro-hardness were from exactly the same region. The micro-
hardness results were further analyzed using the Olive and Pharr
model. Surface roughness was analyzed from surface topography.
The slope value was determined by the calculation of the line
prole via AFM original images without a attening process. AFM
was conducted by using an Atomic Park System XE7 AFM. The
Seebeck coefficients were measured by using two Peltier devices,
which were connected with two LFI3000 wavelength temperature
controllers to generate a temperature gradient (DT) of 10 K. The
characterization of thermoelectric parameters and the C–V and
Fig. 1 XPS spectra of the pristine FASnI3 thin film (black) and the F4-TCN
spin–orbitals.

This journal is © The Royal Society of Chemistry 2020
SCLC measurements were conducted in a glovebox with a N2

atmosphere at room temperature.
3. Results and discussion

The electrical conductivity of the pristine FASnI3 thin lm was
reported to be 1.72 � 10�2 S cm�1, which originated from its
low charge carrier concentrations.41,49 In order to achieve high
thermoelectric performance, the electrical conductivity of the
FASnI3 thin lm needs to be boosted.50 Towards the end, F4-
Q doped FASnI3 thin film (blue): (a) F 1s, (b) N 1s, (c) Sn 3d, and (d) I 3d

J. Mater. Chem. A, 2020, 8, 25431–25442 | 25433
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TCNQ is introduced into FASnI3 thin lms since F4-TCNQ is
widely used to boost the electrical conductivities of organic
materials.51–55 The preparation of the F4-TCNQ doped FASnI3
thin lms is described in the Experimental section.

XPS was rst carried out to verify whether F4-TCNQ is indeed
doped into FASnI3 or not. Fig. 1 presents the high resolution
XPS spectra of the pristine FASnI3 thin lm and the F4-TCNQ
doped FASnI3 thin lms. As compared with that of pristine
FASnI3 thin lms, the appearance of F 1s orbital features for the
F4-TCNQ doped FASnI3 thin lms indicates the presence of F4-
TCNQ within FASnI3 thin lms (Fig. 1a). As indicated in Fig. 1b,
both “]NH”, and “–NH2” functional groups are observed for
FASnI3 thin lms. The binding energies (BEs) of 398.0 eV and
397.5 eV, for “]NH” and “–NH2” functional groups, respec-
tively, are observed for the pristine FASnI3 thin lm. However,
the corresponding BEs are 398.8 eV and 396.7 eV, respectively,
for the F4-TCNQ doped FASnI3 thin lms. Such BE shis indi-
cate that hydrogen bonds of ‘]NH/F’ and ‘–NH2/F’ are
formed in the F4-TCNQ doped FASnI3 thin lms.56 Moreover,
the BEs of 495.1 eV and 486.8 eV, corresponding to the Sn 3d3/2
and Sn 3d5/2 spin–orbitals, respectively, are observed for the
pristine FASnI3 thin lm,31,41 whereas the corresponding BEs of
495.9 eV and 487.5 eV are observed for the F4-TCNQ doped
FASnI3 thin lms (Fig. 1c). Furthermore, the BEs of 628.6 eV and
617.1 eV, corresponding to the I 3d3/2 and I 3d5/2 spin–orbitals,
respectively, are observed for the pristine FASnI3 thin lm,
whereas the corresponding BEs of 629.1 eV and 617.6 eV,
respectively, are observed for the F4-TCNQ doped FASnI3 thin
lms (Fig. 1d). Such large BE shis demonstrate that both
oxidation states and chemical environments of Sn and I are
dramatically different in the F4-TCNQ doped FASnI3 thin lms
compared to pristine FASnI3 thin lms. All these results
demonstrate that F4-TCNQ is indeed doped into FASnI3 thin
lms.
Fig. 2 (a) The electrical conductivities of the F4-TCNQ doped FASnI3 t
concentration and the electron and hole mobilities of the F4-TCNQ dop

25434 | J. Mater. Chem. A, 2020, 8, 25431–25442
The XRD patterns of pristine FASnI3 and the F4-TCNQ doped
FASnI3 thin lms are displayed in ESI 1.† It is found that both
pristine FASnI3 and F4-TCNQ doped FASnI3 thin lms possess
the cubic Pm�3m space group at room temperature.57 The full
width at half maximum (FWHM) of the (111) peak for the F4-
TCNQ doped FASnI3 thin lm is 1.21�, which is smaller than
that (1.96�) for the pristine FASnI3 thin lm, indicating that the
F4-TCNQ doped FASnI3 thin lm possesses an optimal crystal-
line feature.

The atomic weight concentrations of elements F and Sn are
calculated based on the full XPS spectra (ESI 2†). Thus, the
doping levels (a molar ratio of F4-TCNQ to FASnI3) in the F4-
TCNQ doped FASnI3 thin lms are further calculated. For
example, as the doping concentration of F4-TCNQ is at 0.01 mg
mL�1, the doping level of F4-TCNQ within the F4-TCNQ doped
FASnI3 thin lm is 1.94%. Correspondingly, the doping levels
are 3.85%, 5.78% and 8.79% for F4-TCNQ concentrations of
0.05 mg mL�1, 0.075 mg mL�1 and 0.10 mg mL�1, respectively.

The electrical conductivities of the F4-TCNQ doped FASnI3
thin lms versus the doping levels of F4-TCNQ are shown in
Fig. 2a. The electrical conductivity of the pristine FASnI3 thin
lm prepared from a precursor solution without SnF2 additives
is 2.81 S cm�1. This electrical conductivity is two orders of
magnitude higher than the reported value (1.72 � 10�2 S cm�1)
for the pristine FASnI3 thin lm prepared from a precursor
solution with SnF2 additives.41,49 SnF2 additives could restrict
Sn2+ to be oxidized to Sn4+, resulting in a stable FASnI3 thin lm,
but with poor electrical conductivity.41,49 The electrical
conductivity of the F4-TCNQ doped FASnI3 thin lm is
dramatically enhanced to 11.03 S cm�1 when the doping level of
F4-TCNQ is at 1.94%. Moreover, the electrical conductivity of
the F4-TCNQ doped FASnI3 thin lm with the doping level of F4-
TCNQ at 3.85% is enhanced to 13.65 S cm�1. Such enhanced
electrical conductivity is approximately 5 times higher than that
hin films versus the doping levels of F4-TCNQ; (b) the charge carrier
ed FASnI3 thin films versus the doping levels of F4-TCNQ.

This journal is © The Royal Society of Chemistry 2020



Paper Journal of Materials Chemistry A
of the pristine FASnI3 thin lm prepared without SnF2 additives
and 800 times higher than that prepared with SnF2 additives.
However, the electrical conductivities of the F4-TCNQ doped
FASnI3 thin lms when the doping levels are at 5.78% and
8.79% drop to 6.22 S cm�1 and 1.12 S cm�1, respectively.

The electrical conductivity (s) is described as:58

s ¼ qnm (2)

where q is the elementary charge, n is the charge carrier
concentration and m is the charge carrier mobility, respectively.
In order to understand the correlation between the electrical
conductivities and the doping levels, the charge carrier
concentrations (n) of the F4-TCNQ doped FASnI3 thin lms are
calculated based on the capacitance–voltage measurement (ESI
3†), according to the Mott–Schottky model.59–61 Fig. 2b presents
the charge carrier concentrations of the F4-TCNQ doped FASnI3
thin lms versus the doping levels of F4-TCNQ. The charge
carrier concentration of the pristine FASnI3 thin lm is calcu-
lated to be 3.2 � 1019 cm�3, which is consistent with the re-
ported one.41 A charge carrier concentration of 6.7 � 1019 cm�3

is observed from the F4-TCNQ doped FASnI3 thin lm with the
doping level of F4-TCNQ at 1.94%. The charge carrier concen-
tration is dramatically increased to 2.7 � 1020 cm�3 for the F4-
TCNQ doped FASnI3 thin lm when the doping level of F4-
TCNQ is at 3.85%. However, as the doping levels of F4-TCNQ are
increased to over 5.78%, the charge carrier concentrations of
the resultant F4-TCNQ doped FASnI3 thin lms are decreased.
Thus, the F4-TCNQ doped FASnI3 thin lms exhibit enhanced
and then decreased electrical conductivities.

On the other hand, the charge carrier mobilities are calcu-
lated based on the space charge limited current method,
according to the Mott–Gurney law (ESI 4†).59–61 Fig. 2b also
shows the charge carrier mobilities of the F4-TCNQ doped
FASnI3 thin lms versus the doping levels of F4-TCNQ. Note that
the thickness of F4-TCNQ doped FASnI3 thin lms with doping
levels of 0%, 1.94%, 3.85%, 5.78% and 8.79% is�272 nm,�265
nm, �253 nm, �228 nm and �221 nm, respectively. For the
pristine FASnI3 thin lm, the electron and hole mobilities are
6.80 � 10�5 cm2 V�1 s�1 and 2.63 � 10�4 cm2 V�1 s�1, respec-
tively, which are consistent with reported ones.62 The electron
and hole mobilities of 5.69 � 10�5 cm2 V�1 s�1 and 7.08 � 10�4

cm2 V�1 s�1, respectively, are observed from the F4-TCNQ
doped FASnI3 thin lm when the doping level of F4-TCNQ is at
1.94%. Moreover, electron and hole mobilities of 1.85 � 10�4

cm2 V�1 s�1 and 2.19 � 10�3 cm2 V�1 s�1, respectively, are
observed from the F4-TCNQ doped FASnI3 thin lm when the
doping level of F4-TCNQ is at 3.85%. However, the electron and
hole mobilities are decreased to 7.22 � 10�5 cm2 V�1 s�1 and
1.64 � 10�3 cm2 V�1 s�1, respectively, for the F4-TCNQ doped
FASnI3 thin lm when the doping level of F4-TCNQ is at 5.78%.
The electron and hole mobilities further drop to 9.88 � 10�6

cm2 V�1 s�1 and 9.33 � 10�4 cm2 V�1 s�1, respectively, for the
F4-TCNQ doped FASnI3 thin lm when the doping level of F4-
TCNQ is at 8.79%. Thus, the F4-TCNQ doped FASnI3 thin lms
exhibit enhanced and then decreased electrical conductivities
since the F4-TCNQ doped FASnI3 thin lms possess increased
This journal is © The Royal Society of Chemistry 2020
and decreased charge carrier mobilities along with increased
doping levels of F4-TCNQ.

To understand decreased charge carrier mobilities, and thus
reduced electrical conductivities of the F4-TCNQ doped FASnI3
thin lms with high doping levels of F4-TCNQ, SEM is carried
out to study the lm morphologies of the resultant F4-TCNQ
doped FASnI3 thin lms. Fig. 3a–e display the top-view SEM
images of the F4-TCNQ doped FASnI3 thin lms. The pristine
FASnI3 thin lm possesses many pinholes, with a domain size
of �280 nm (Fig. 3a). However, the pinholes are nearly dimin-
ished and the domain sizes are enlarged to �320 nm and �345
nm for the F4-TCNQ doped FASnI3 thin lms with the doping
levels of F4-TCNQ at 1.94% and 3.85%, respectively (Fig. 3b and
c). Such superior lm morphologies and enlarged domain sizes
could facilitate charge carriers to be efficiently transported,
resulting in enhanced charge carrier mobilities.63 As a result,
enhanced electrical conductivities are observed from the F4-
TCNQ doped FASnI3 thin lms. However, as indicated in
Fig. 3d, e, the F4-TCNQ doped FASnI3 thin lms with the doping
levels of F4-TCNQ at 5.78% and 8.79% possess poor lm
morphologies with obvious cracks, which could restrict charge
carriers to be efficiently transported, resulting in poor charge
carrier mobilities. As a result, the F4-TCNQ doped FASnI3 thin
lms with high doping levels of F4-TCNQ possess poor electrical
conductivity.

The thermal conductivities of MAPbX3 (X ¼ Cl, Br, and I)
crystals were theoretically reported,31,32,34 but its experimental
values were rarely reported.64 Since micro-thermal and macro-
thermal resistances should be considered as lm thicknesses
are increased to hundreds of nanometers65 and organic–inor-
ganic hybrid perovskites are similar to polymers, in this study,
the thermal conductivities of the F4-TCNQ doped FASnI3 thin
lms are investigated through a quantitative thermal conduc-
tivity SThM method (ESI 5†), which was used for polymers.66

The thermal conductivity (k) is described as:

k ¼
ðI � BÞ

� 1

4a
þ Hg

pFm
þ 1

pr0

�

A
(3)

where I is the probe current, H is the micro-hardness, g is the
effective roughness, F is the contact force (5.97 nN), m is the
effective slope between the tip and the sample, a is the tip
radius (100 nm), r0 is the radius of the heat source (100 nm), and
A and B are the model constants, respectively. Different to those
of previous computational simulations,31,44,67–70 all these
parameters are obtained through experimental results.
Furthermore, MAPbI3 thin lms are tested to validate the SThM
model (ESI 5†). The thermal conductivity of the MAPbI3 thin
lm is measured to be 0.5 W m�1 K�1, which is consistent with
the reported value.31,34 Thus, A of 2.4173 � 104 K V�1 and B of
1.1969 mA are used to calculate the thermal conductivities of
the F4-TCNQ doped FASnI3 thin lms. The H, g, m and I
parameters for the F4-TCNQ doped FASnI3 thin lms are listed
in Table S2 (ESI 5).†

Fig. 4a–e present the probe current mapping of the pristine
FASnI3 thin lm and the F4-TCNQ doped FASnI3 thin lms. The
average probe current for the pristine FASnI3 thin lm is
J. Mater. Chem. A, 2020, 8, 25431–25442 | 25435



Fig. 3 Top-view SEM images of (a) pristine FASnI3 thin film, and the TCNQ-doped FASnI3 thin films with the doping levels of (b) 1.94%, (c) 3.85%,
(d) 5.78% and (e) 8.79%, respectively.
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1.20234 � 0.00054 mA, whereas the average probe currents are
1.20303 � 0.00044 mA, 1.20469 � 0.00096 mA, 1.20500 �
0.00099 mA and 1.20778 � 0.00147 mA for the F4-TCNQ doped
FASnI3 thin lms with the doping levels of F4-TCNQ at 1.94%,
3.85%, 5.78% and 8.79%, respectively. Thus, based on the
25436 | J. Mater. Chem. A, 2020, 8, 25431–25442
SThM model, the thermal conductivities of the F4-TCNQ doped
FASnI3 thin lms are calculated and the results are shown in
Fig. 4f. The thermal conductivity of the pristine FASnI3 thin lm
is 0.141 � 0.014 W m�1 K�1. To the best of our knowledge, this
is the rst time the thermal conductivity of a FASnI3 thin lm
This journal is © The Royal Society of Chemistry 2020



Fig. 4 The probe current mapping of (a) pristine FASnI3 thin films, and the TCNQ-doped FASnI3 thin films with the doping levels of (b) 1.94%, (c)
3.85%, (d) 5.78% and (e) 8.79%, respectively, and (f) the thermal conductivities of the F4-TCNQ doped FASnI3 thin films versus the doping levels of
F4-TCNQ.
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Fig. 5 AFM images of (a) pristine FASnI3 thin film and the F4-TCNQdoped FASnI3 thin films with the doping levels at (b) 1.94%, (c) 3.85%, (d) 5.78%
and (e) 8.79%, respectively.

Journal of Materials Chemistry A Paper
has been reported. The thermal conductivities are increased to
0.167 � 0.012W m�1 K�1, 0.212 � 0.026 W m�1 K�1, 0.219 �
0.027Wm�1 K�1 and 0.289� 0.039Wm�1 K�1 for the F4-TCNQ
25438 | J. Mater. Chem. A, 2020, 8, 25431–25442
doped FASnI3 thin lms with the doping levels of F4-TCNQ at
1.94%, 3.85%, 5.78% and 8.79%, respectively. As compared with
those of the pristine FASnI3 thin lm, slight enhancement in
This journal is © The Royal Society of Chemistry 2020
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the thermal conductivities of the F4-TCNQ doped FASnI3 thin
lms along with increased doping levels is attributed to the
electron-contribution effect.71 Moreover, the high thermal
conductivity observed from the F4-TCNQ doped FASnI3 thin
lm with the doping level of F4-TCNQ at 8.79% probably orig-
inates from large leakage probe current induced by the poor
lm morphology. But nevertheless, the thermal conductivities
of both the pristine FASnI3 thin lm and the F4-TCNQ doped
FASnI3 thin lms are lower than those from nanostructured
GeTe (�5.5–6.3 W m�1 K�1), PbTe (�2.0–3.2 W m�1 K�1), PbS
(�1.1–2.5 W m�1 K�1) and SnTe (�3.9–8.9 W m�1 K�1),22–27 and
even smaller than those of organic semiconductors (�0.5 W
m�1 K�1) at room temperature.16–18

To understand that the lm morphology affects the probe
current, and thus the thermal conductivity, AFM is carried out
to investigate the surface roughness of thin lms. Fig. 5 displays
the AFM images of the pristine FASnI3 thin lm and the F4-
TCNQ doped FASnI3 thin lms. The effective surface roughness
of the pristine FASnI3 thin lm is estimated to be �69 nm,
whereas, the effective surface roughness of �59 nm, �47 nm,
�57 nm and�77 nm is observed for the F4-TCNQ doped FASnI3
thin lms with the doping levels of F4-TCNQ at 1.94%, 3.85%,
5.78% and 8.79%, respectively. Such a rough surface could
generate leakage current, leading to a relatively increased probe
current. As a result, enhanced thermal conductivities are
observed from the F4-TCNQ doped FASnI3 thin lms with the
doping level at 8.79%.

The thermoelectric performance of the F4-TCNQ doped
FASnI3 thin lms is rst evaluated using the Seebeck coefficient
(S), which is described by:50

S ¼ 8p2kB
2

3qh2
m*T

�p
3n

�2=3

(4)
Fig. 6 (a) The Seebeck coefficient of the F4-TCNQ doped FASnI3 thin film
the doping levels of F4-TCNQ.

This journal is © The Royal Society of Chemistry 2020
where kB is the Boltzmann constant, q is the elementary charge,
h is the Planck constant, m* is the effective mass, T is the
temperature, and n is the charge carrier density. Fig. 6a presents
the Seebeck coefficients of the F4-TCNQ doped FASnI3 thin
lms versus the doping levels of F4-TCNQ. A positive Seebeck
coefficient of �213 mV K�1 is observed from the pristine FASnI3
thin lm. The Seebeck coefficient observed from the FASnI3 thin
lm prepared in the absence of SnF2 additives is smaller than
that of the one with SnF2 additives.49 Such a difference is
attributed to the existence of Sn4+, which could induce p-type
self-doping, generating a higher charge carrier concentra-
tion,72,73 consequently resulting in a smaller Seebeck coeffi-
cient.50 The Seebeck coefficient of the F4-TCNQ doped FASnI3
thin lm with the doping level of F4-TCNQ at 1.94% is slightly
increased to �244 mV K�1. The best Seebeck coefficient of �310
mV K�1 is observed from the F4-TCNQ doped FASnI3 thin lm
with the doping level of F4-TCNQ at 3.85%. Such enhanced
Seebeck coefficients probably originate from increased narrow
bands with a high density of state at the Fermi surface.50 But,
the Seebeck coefficients of the FASnI3 thin lms with the doping
levels of 5.78% and 8.79% drop to �256 mV K�1 and �218 mV
K�1, respectively. These decreased Seebeck coefficients are
probably due to the inferior lmmorphology of highly F4-TCNQ
doped FASnI3 thin lms.

The power factor (PF) is another parameter used to evaluate
the thermoelectric performance.50 PF is described as:50

PF ¼ sS2 (5)

where s is the electrical conductivity, and S is the Seebeck
coefficient. The pristine FASnI3 thin lm possesses a PF of 12.75
mW m�1 K�2, whereas, the F4-TCNQ doped FASnI3 thin lms
with the doping levels at 1.94% and 3.85% possess PFs of 65.69
s, and (b) the ZT value of the F4-TCNQ doped FASnI3 thin films versus
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mWm�1 K�2 and 131.18 mWm�1 K�2, respectively. Such high PF
values are attributed to the improved electrical conductivities
and Seebeck coefficients. However, the PF value is decreased to
40.78 mWm�1 K�2 for the F4-TCNQ doped FASnI3 thin lm with
the F4-TCNQ doping level at 5.78%. The PF dramatically drops
to 5.34 mW m�1 K�2 for the F4-TCNQ doped FASnI3 thin lm
with the F4-TCNQ doping level at 8.79%. These reduced PF
values are probably attributed to the poor electrical conductiv-
ities of the F4-TCNQ doped FASnI3 thin lms.

The dimensionless gure of merit, ZT, is also studied. Fig. 6b
presents the ZT values of the F4-TCNQ doped FASnI3 thin lms
versus the doping levels of F4-TCNQ at room temperature (T ¼
298 K). The pristine FASnI3 thin lm shows a ZT value of 0.03.
To the best of our knowledge, this is the rst reported experi-
mental ZT value for Sn-based perovskites. ZT values increase to
0.12 and 0.19 for the F4-TCNQ doped FASnI3 thin lms when
the F4-TCNQ doping levels are at 1.94% and 3.85%, respectively.
Such enhanced ZT values are ascribed to the increased electrical
conductivities of the F4-TCNQ doped FASnI3 thin lms.
However, ZT values are decreased to 0.06 and 0.01 for the F4-
TCNQ doped FASnI3 thin lms when the F4-TCNQ doping levels
are at 5.78% and 8.79%, respectively. These decreased ZT values
are attributed to the poor electrical conductivities of the F4-
TCNQ doped FASnI3 thin lms.
4. Conclusion

In summary, for the rst time, we reported the thermoelectric
performance of the F4-TCNQ doped FASnI3 thin lms. In order
to enhance the thermoelectric performance of FASnI3 thin
lms, F4-TCNQ was used to dope FASnI3 thin lms. Systematic
studies indicated that the enhanced electrical conductivities of
the F4-TCNQ doped FASnI3 thin lms are attributed to their
increased charge carrier concentrations and mobilities, as well
as their superior lm morphologies, and decreased electrical
conductivities are due to the poor lm morphology of the F4-
TCNQ doped FASnI3 thin lms induced by excess F4-TCNQ
dopants. Aer this, we quantitatively calculated the thermal
conductivities of the F4-TCNQ doped FASnI3 thin lms based
on the SThM method. It was found that F4-TCNQ doped Sn-
based perovskite thin lms exhibited ultralow thermal
conductivity. Furthermore, the thermoelectric performances
including the Seebeck coefficient, power factors and ZT values
of the F4-TCNQ doped FASnI3 thin lms were investigated. At
room temperature, a Seebeck coefficient of �310 mV K�1,
a power factor of 130 mW m�1 K�2 and a ZT value of 0.19 were
observed from the F4-TCNQ doped FASnI3 thin lms. All these
results indicated that we provided a facile and simple approach
to realize enhanced thermoelectric performance from cost-
effective less-toxic organic–inorganic hybrid perovskite
materials.
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8 A. Härtel, M. Janssen, D. Weingarth, V. Presser and R. van
Roij, Energy Environ. Sci., 2015, 8, 2396–2401, DOI: 10.1039/
c5ee01192b.

9 Y. Dai, R. Wang and L. Ni, Renewable Energy, 2003, 28, 949–
959, DOI: 10.1016/s0960-1481(02)00055-1.

10 R. R. Heikes and R. W. Ure, Thermoelectricity: science and
engineering, Interscience Publishers, 1961.

11 T. Power, Thermoelectrics Handbook: Macro to Nano, 2005.
12 D. M. Rowe, Thermoelectrics handbook: macro to nano, CRC

Press, 2018.
13 R. Ure Jr and R. Heikes, Theoretical calculation of device

performance, Interscience Publishers, Inc., New York, NY,
USA, 1961.

14 F. Rosi, Solid-State Electron., 1968, 11, 833–868, DOI:
10.1016/0038-1101(68)90104-4get.

15 F. Rosi, E. Hockings and N. Lindenblad, RCA Rev., 1961, 22,
82–121.

16 W. Shi, T. Deng, G. Wu, K. Hippalgaonkar, J. S. Wang and
S. W. Yang, Adv. Mater., 2019, 31, 1901956, DOI: 10.1002/
adma.201901956.

17 G.-H. Kim, L. Shao, K. Zhang and K. P. Pipe, Nat. Mater.,
2013, 12, 719–723, DOI: 10.1038/nmat3635.

18 Y. Hiroshige, M. Ookawa and N. Toshima, Synth. Met., 2007,
157, 467–474, DOI: 10.1016/j.synthmet.2007.05.003.

19 Y. Xuan, X. Liu, S. Desbief, P. Leclère, M. Fahlman,
R. Lazzaroni, M. Berggren, J. Cornil, D. Emin and
X. Crispin, Phys. Rev. B: Condens. Matter Mater. Phys., 2010,
82, 115454, DOI: 10.1103/physrevb.82.115454.
This journal is © The Royal Society of Chemistry 2020



Paper Journal of Materials Chemistry A
20 O. Bubnova, Z. U. Khan, A. Malti, S. Braun, M. Fahlman,
M. Berggren and X. Crispin, Nat. Mater., 2011, 10, 429,
DOI: 10.1038/nmat3012.

21 J. Feng-Xing, X. Jing-Kun, L. Bao-Yang, X. Yu, H. Rong-Jin
and L. Lai-Feng, Chin. Phys. Lett., 2008, 25, 2202, DOI:
10.1088/0256-307x/25/6/076.

22 J. Dong, F.-H. Sun, H. Tang, J. Pei, H.-L. Zhuang, H.-H. Hu,
B.-P. Zhang, Y. Pan and J.-F. Li, Energy Environ. Sci., 2019,
12, 1396–1403, DOI: 10.1039/c9ee00317g.

23 K. Biswas, J. He, I. D. Blum, C.-I. Wu, T. P. Hogan,
D. N. Seidman, V. P. Dravid and M. G. Kanatzidis, Nature,
2012, 489, 414, DOI: 10.1038/nature11439.

24 Y. Xiao and L.-D. Zhao, npj Quantum Mater., 2018, 3, 55, DOI:
10.1038/s41535-018-0127-y.

25 L.-D. Zhao, J. He, S. Hao, C.-I. Wu, T. P. Hogan, C. Wolverton,
V. P. Dravid and M. G. Kanatzidis, J. Am. Chem. Soc., 2012,
134, 16327–16336, DOI: 10.1021/ja306527n.

26 Q. Zhang, B. Liao, Y. Lan, K. Lukas, W. Liu, K. Esfarjani,
C. Opeil, D. Broido, G. Chen and Z. Ren, Proc. Natl. Acad.
Sci. U. S. A., 2013, 110, 13261–13266, DOI: 10.1073/
pnas.1305735110.

27 G. Tan, F. Shi, S. Hao, H. Chi, L.-D. Zhao, C. Uher,
C. Wolverton, V. P. Dravid and M. G. Kanatzidis, J. Am.
Chem. Soc., 2015, 137, 5100–5112, DOI: 10.1021/
jacs.5b00837.

28 A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, J. Am.
Chem. Soc., 2009, 131, 6050–6051, DOI: 10.1021/ja809598r.

29 M. Grätzel, Acc. Chem. Res., 2017, 50, 487–491, DOI: 10.1021/
acs.accounts.6b00492.

30 J.-P. Correa-Baena, M. Saliba, T. Buonassisi, M. Grätzel,
A. Abate, W. Tress and A. Hagfeldt, Science, 2017, 358, 739–
744, DOI: 10.1126/science.aam6323.

31 A. Pisoni, J. Jacimovic, O. S. Barisic, M. Spina, R. Gaál,
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