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ABSTRACT

Organometallic halides are great candidates for optoelectronics. As an important family of semiconductors, understanding their thermoelectric
transport properties is also important. This has been a challenging task as many of such compounds are highly intrinsic. In this work, we
synthesized two halides, CH;NH;Pbl; and (CH;NH3;);Bislo, using a solvent-free method. We found an extraordinarily high Seebeck coefficient of
—+2600 * 200 £V/K in (CH3NH;);Bilo. For CH;NH;PbI, our synthesis method led to a negative Seebeck coefficient of —1350 * 50 uV/K, in
contrast to positive values observed in solvent synthesized samples. We also found the thermal conductivity of CH;NH;PbI; to be 0.38 W/m K,
largely independent of temperature from 300 K to 450 K, despite a tetragonal-to-cubic phase transition. (CH;NHj;);Bi, I, has an even lower thermal

conductivity of 0.21 W/m K (also temperature independent) which is due to its soft phonon dispersion and weak bonds.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5113535

Organometallic halides are a family of emerging semiconductors
of great value to optoelectronic applications.' Photovoltaic devices
using CH;NH;PbI; based materials as absorbers have shown efficien-
cies over 20% after less than ten years of research.” Similar compounds
have also demonstrated great performance for other applications such
as light emitting diodes,” lasers," and sensors.” Early studies of photo-
and transport physics of CH3;NH;Pbl; have suggested ultralong
minority carrier lifetimes’ and carrier diffusion lengths,” indicating
decent carrier mobilities.”” Since ambient condition stability and the
use of Pb have drawn increasing concern, researchers are actively
searching for other similar compounds (for instance, Pb-free double
perovskites'), among them is (CH3NHj3);Bi, 1o, which was found'' to
be much more stable under ambient conditions.

Thermoelectrics are semiconductors that make direct conversion
between heat and electricity.'” They can be used for both power har-
vesting and cooling, with unique advantages such as free of noise and
vibration, compactness, and localized cooling. Among other common
features, good thermoelectric materials should have (a) low thermal
conductivity and (b) high electrical conductivity which require high
carrier density and high mobility. Perovskite halides are known to
have low thermal conductivities."” This makes them naturally of inter-
est in thermoelectric research.

Surprisingly, despite decent mobilities expected in lead halides, it
has been rare for the halides to show meaningful thermoelectric per-
formance. Exceptions can only be found in Sn based compounds such
as CH3;NH;Snl;'* and CsSnls.” CH;NH;PbI; shows great optoelec-
tronic performance, which requires low intrinsic carrier densities.
Being able to achieve very low carrier density through the solution
process suggests that its defect chemistry does not favor the formation
of charged defects. In fact, based on our experience, mixing up to 10%
of Sn®* or Bi>* ion in the solution process did not lead to any signifi-
cant changes in electrical conductivities, such that the samples remain
highly insulating preventing any meaningful thermoelectric measure-
ment. However, there is one possibility that has not been explored,
that is, the ion equilibrium in and out of solvent might have prevented
the formation of charged defects. In fact, defect formation energy cal-
culations'® on CH5NH;Pbl; have suggested that the compound is
readily dopable by altering stoichiometry. With this in mind, we
designed this study to synthesize the two halides CH;NH;PbI; and
(CH3NH3);Bi, ] via a solvent-free method and studied their thermo-
electric transport properties. We expect such properties to be drasti-
cally different from solution synthesized samples, should the defect
chemistry been restricted by solvents. As a result of this study, we con-
firmed the formation of phase pure halides, and we evaluated their

Appl. Phys. Lett. 115, 072104 (2019); doi: 10.1063/1.5113535
Published under license by AIP Publishing

115, 072104-1


https://doi.org/10.1063/1.5113535
https://doi.org/10.1063/1.5113535
https://doi.org/10.1063/1.5113535
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5113535
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5113535&domain=pdf&date_stamp=2019-08-13
https://orcid.org/0000-0003-4909-2869
https://orcid.org/0000-0001-7631-0556
mailto:heng.wang@iit.edu
https://doi.org/10.1063/1.5113535
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

thermal conductivities and other room temperature thermoelectric
properties. Both polycrystalline samples are too insulating to be relevant
to thermoelectrics. Nonetheless, the solvent-free synthesis did have
some impact on the defect configuration. Exploring it on some similar
compounds might create a viable, halide based thermoelectric material.

For the synthesis, we used the method of mechanical alloying via
high energy ball milling, followed by hot pressing. Starting materials
Pbl,, CH3NH;], and Bil; of stoichiometry (total amount around 5 g)
were loaded into air-tight 50 ml milling jars and were ball milled with
a SPEX shaker mill at room temperature for a short period of time.
Phase-pure halide powders were obtained at the end of ball mill, and
they were then characterized using XRD, SEM, thermogravimetric
analysis (TGA), and reflectance absorption spectroscopy. To obtain
bulk samples, the powders were loaded into a graphite dye, which was
hot-pressed at 250°C for 1-2h. A uniaxial pressure of 40 MPa was
applied before heating begins and retrieved during cooling when the
sample temperature is below 70 °C; the compacted samples were then
free-cooled in the dye. The synthesis and hot-press process were car-
ried out under an inert atmosphere, except when transferring the dye
from the glovebox to the hot-press.

Figures 1(a) and 1(b) show the powder X-ray diffraction pattern of
CH;NH;PbI; and (CH3NH3)3Bislo. For CH3NH;PbIs, a small amount
of powder was taken after different amounts of time to monitor phase
evolution. The perovskite phase forms very quickly: After 10 min, it is
already the majority phase, and after 20 min, no impurity peak can be
seen. Similarly, for (CH;NH3);Bi,lo, the powder after 30 min has shown
a single phase. Many halides can exist in different phases even at the
same ambient condition. For a similar compound”’18 Cs3Sb,lo, depend-
ing on the synthesis route, it can form either a hexagonal structure with
isolated [Sb,Io]*~ dimers (with edge-sharing Sbl, octahedra) and sur-
rounding CH;NH;'" or one layered structure by “removing” one layer
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FIG. 1. (a) XRD pattern of CH3NH3Pbl; powder after different times of mechanical

alloying; reference pattern from PDF 01-085-5509. (b) XRD pattern of

(CH3NH3)3Bi,lg after 30 min of mechanical alloying; reference pattern from PDF 01-

085-6014. (c) Absorption spectrum of the two halides at room temperature. (d) TGA

weight loss of the two halides.

scitation.org/journal/apl

of Sb after every other two layers along the [111] direction of an imagi-
nary perovskite type “Cs;Sbsly.” We did not observe this polymorph in
(CH3NH3;);Bi,lo: its XRD pattern is identical to solution synthesized
materials: the layered hexagonal structure with isolated dimers.

Figure 1(c) shows the absorption spectra (Tauc plot) measured
with diffusive reflectance on powders. CH;NH;Pbl; is a direct
bandgap semiconductor, whereas (CH;NH;);Bily has an indirect
bandgap; thus, the value of r in (ahv)” is taken as 2 and 0.5 for each
compound, respectively. The absorption edges indicated E, of 1.50 eV
(830 nm) for CH3NH3PbI3 and 1.82eV (680 nm) for (CH3NH3)3Bi219,
both are in reasonable agreement with the literature result on solution
synthesized samples. Figure 1(d) shows the thermogravimetric analysis
on powders under Ar flow (heating rate: 3°C/min). Both halides
decompose at relatively low temperatures with the formation of a gas-
eous phase. For (CH3NH3);Bi, 1o, this starts sharply at 270 °C, whereas
CH;NH;PbI; could maintain >99% of its original weight until 300 °C
when weight loss begins. The major decomposition process of
CH;NH;PbI; starts at 350 °C.

Both powders are easy to consolidate. We were able to achieve
>95% relative densities with cold press of similar pressure. Hot-press
was used in order for the grain boundaries to fuse, and so transport
properties would not be overwhelmed by grain boundary resistance.
Both samples after hot-press were >95% dense but very weak and
require extremely careful handling after hot pressing. Figure 2 shows
the SEM fracture surfaces of hot pressed pellets. It can be seen from
the images of both compounds that fractures propagated almost
entirely along grain boundaries, indicating very weak bonding even
after hot-press, which is probably due to the lack of liquid phase for-
mation up until very close to decomposition temperatures.

Transport property measurements on most halide perovskites
have been very challenging, mostly due to high intrinsic resistivities.
This is especially the case for Seebeck coefficient measurements where
the true signal is on the order of 0.1 to 1 mV. The low level DC signal
measurement requires purposefully designed hardware and electron-
ics, even so the lowest noise level is ultimately limited by Johnson
noise. Figure 3(a) illustrates the achievable and prohibited noise levels
in the DC voltage measurement for samples with different resistances
(figure adapted from Ref. 19). With sample resistance over 10 GQ,
noise between 0.01 and 0.1mV is close to the theoretical limit.
Historically, the only credible Seebeck coefficient measurement™ on
CH;NH;PbI; was performed on a single crystal with resistance on the
level of 1GQ under room light (other reports exist but likely over-
whelmed by artifacts™"). In this study, we built a measurement system
intended for high resistance samples. In addition to attention paid to

FIG. 2. SEM image of fracture surfaces of hot pressed (a) CH3NH3Pbl; and (b)
(CH3NH3)3Bislg.
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FIG. 3. (a) DC noise voltage levels for DUTs (device under test) with different resistances, Adapted from Ref. 19. Linear four probe |-V curve of (b) CH3NH;Pbl; and (c)
(CH3NH3)3Bislo. (d) The variation of raw voltage readings for each step during a Seebeck coefficient measurement on (CH3NH;)3Bisls. (€) Seebeck voltage vs temperature dif-
ference for CH3NH;Pbl,. Despite a large offset at AT =0, the slope is linear across positive and negative temperature gradients. The direction of AV aligns with AT, and so S

= —AV/AT. (f) The same relation for (CHzNH3)3Bi,lo.

hardware design, we used a high impedance switch matrix (Keithley
3765) which offers >100TQ input impedance through its front-end
buffer amplifiers (to ensure meaningful measurement, any meter input
impedance should be at least one order of magnitude higher than sam-
ple resistance'”). Our system uses two Peltier devices to generate a
temperature gradient. The samples were irregular-shaped slabs with
uniform thicknesses (about 0.7 mm), and two tungsten voltage probes
were pressed in contact with the surface of the sample through Ga-In
liquid metal. Temperature was measured with two miniature K type
probes (sheath diameter 1 mm and joint diameter around 0.5 mm)
also pressed against sample surfaces in the vicinity of voltage probes.
Seebeck voltages were recorded under steady-state conditions.
Averages over 200 readings were used. Measurements were carried out
in ambient conditions under dark.

Linear four-probe measurements were used to determine the I-V
characteristics of both samples [Figs. 3(b) and 3(c)]. The result showed
ohmic behavior, which assures proper sample contacts for Seebeck
coefficient measurements. The calculated sheet resistance (after geo-
metric correction”) is estimated to be on the order of 0.3 GQ/[] for
CH3;NH3PbI; and 30 GQ/[] for (CH3NH;);Bislo. Resistivities calcu-
lated using these values are 20 MQ cm and 2 GQ cm. Since the samples
are highly resistive, current distributions along the thickness directions
are not uniform, and thus, notable error is likely if resistivity was calcu-
lated from sheet resistance by dividing the thickness. For such reasons,
these listed resistivities should not be viewed as fully quantitative.

Figure 3(d) shows the raw voltage reading in a Seebeck coefficient
measurement on (CH3;NH;);Biylo. The I-V curve between two voltage

probes is linear with a resistance of 280 GQ. Despite the extremely
high resistance and voltage offset (voltage across two probes when
AT =0) on the order of 10 mV, we were still able to record clear, non-
drifting voltage steps proportional to temperature differences. Within
each temperature step, individual voltage readings vary by up to 2mV.
This fluctuation is close to the theoretical limit shown in Fig. 3(a).
Fortunately, the Seebeck signal was large enough for us to determine a
room temperature Seebeck coefficient of +2600 * 200 uV/K [Fig.
3(f)], from three repeated measurements. Transport theory shows that
the Seebeck coefficient increases with decreasing carrier density in a
semiconductor, and so one should be able to observe larger Seebeck
coefficients in materials that contain fewer carriers. Meanwhile, insula-
tors are considered to have no Seebeck coefficient. This is easy to
understand for well-defined semiconductors and insulators, but for
materials that fall in the transition region between the two, it remains
an interesting question whether they have extraordinary Seebeck coef-
ficients or no Seebeck coefficient at all. On the other hand, even
though the Seebeck coefficient has no theoretical limits, what is achiev-
able depends on factors such as defects, which causes a minimum in
carrier density and thus a maximum in the Seebeck coefficient. Another
factor is the bandgap which limits the maximum possible Seebeck coef-
ficient through the Goldsmid relation™ (Eg > 2€SmaxTmax). Taking Si
as an example, the maximum recorded”” Seebeck coefficient we
have found is —1200 uV/K from samples with electron density
around 10" cm ™. Of course, as mentioned here, the measure-
ment becomes prohibitively difficult for samples with extreme
resistivities.
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With all this in mind, it is actually remarkable to observe a
Seebeck coefficient greater than 2400 #V/K from the compound of
(CH;NH;);3Bibls. This is arguably the highest classic Seebeck coeffi-
cient value found in a solid (the classic Seebeck effect due to carrier dif-
fusion, which can be described with Boltzmann transport theory), with
the only exception being the so-called colossal Seebeck effect” whose
physical origin is different and still not well explained (Another Seebeck
coefficient analog we should preclude here is the thermovoltage recently
observed in electrolyte infiltrated composites%). (CH;3NH3);Bi5 g
achieved such a large value because it has a large bandgap of over
1.8 eV, while maintaining very low charged defect levels, and so the car-
rier chemical potential is close to the middle of its bandgap.

Figure 3(e) shows measured Seebeck voltage as a function of tem-
perature differences for the compound CH3NH;Pbl;. The I-V curve
between two probes is linear with resistance around 2 GQ. The mea-
sured Seebeck coefficient is —1350 = 50 1V/K among three repeated
measurements. For this specific compound CH;NH;Pbl;, a very slow
settling behavior was seen where the voltage reading drift toward zero
over a long period of time (large voltage was applied across the probes
for the I-V test and for “preparing” contacts). This phenomenon could
be due to (1) slow polarization relaxation through dipole movements
or (2) slow ionic diffusion. Fortunately, its impact on the Seebeck mea-
surement can be minimized by waiting for the drift to attenuate. An
interesting finding here is the Seebeck coefficient being drastically dif-
ferent from the previously reported value of +900 V/K measured on
a solution-grown single crystal.”’ The difference here indicates that
different synthesis methods have a direct impact on the defect configu-
ration in CH;NH;Pbl;. More specifically, the positive Seebeck coeffi-
cient in solution grown CH;NH;Pbl; indicates there are more holes.
One possible explanation for this is that it is common to use extra
CH;NH;I during solution synthesis, whereas a strict stoichiometric
ratio is used in this work. The abundance of CH;NH; " and I™ could
lead to more Pb vacancies, and such vacancies are expected to act as
acceptors.

Thermal conductivity of CH;NH;PbI; has been studied experi-
mentally”’18 and '[heoretically.27 For (CH3NH;);Bi,lo, there has not
been any report on its thermal conductivity. Here, we use the laser
flash method to measure thermal diffusivities of polycrystalline sam-
ples between 300 and 450 K. Thermal conductivities are calculated
from measured thermal diffusivities, densities, and heat capacity (mea-
sured with DSC for (CH3NH;);Bi,lo, reported values™ are used for
CH;NH;PbI;). The result is shown in Fig. 4. We confirmed a low ther-
mal conductivity of 0.38 W/m K for CH;NH;Pbl;, and we report an
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FIG. 4. (a) Measured heat capacity C, and (b) thermal conductivity as functions of
temperature for the two halides.
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even lower thermal conductivity of 0.21 W/m K for (CH3NH3);Bi,l,.
Both values are largely temperature independent, which is common in
materials with ultralow thermal conductivities. Thermal conductivity
of CH;NH;PbI; has been measured using the steady state method on
single crystal and polycrystal samples which revealed'” very low ther-
mal conductivities: 0.5 W/m K for single crystals and 0.3 W/m K for
polycrystals at 300 K. This reported value for the polycrystalline sam-
ple is likely an underestimate associated with inherent difficulty of
measuring low thermal conductivities using the steady state method.
For the same reason, we believe that the reported”” value of 0.22 W/m
K at room temperature from nanowires could also subject to the same
error. The same laser flash method was used to measure single crystal
CH;NH;PbI; which yielded results that fluctuated between 0.3 and
0.4 W/m K. When measured using the TDTR (time domain thermal
reflectance) method, room temperature thermal conductivity in single
crystal CH;NH;PbI; was found™ to be 0.34 W/m K. Measurements’’
on thin film samples using the 3o method has suggested a room tem-
perature thermal conductivity of 0.33W/m K. We thus believe the
room temperature thermal conductivity of CH3;NH;PbI; should be
0.35-040 W/m K regardless of being poly-or single crystalline.
Meanwhile, the reported”’ temperature dependent measurements on
thin films suggested a drastic increase in thermal conductivity to
1.1 W/m K at 350K as the compound undergoes a phase transition
from tetragonal to cubic around 335K. This is not confirmed by our
measurement, which showed no abrupt increase across the phase tran-
sition (only a small discontinuity due to measured heat capacity close
to phase transition temperature).

Being a hybrid halide with weak metal-halogen bonds,
(CH;3NH;);Bisls has even lower thermal conductivity compared with
CH;NH;Pbl;. This is expected from their crystal structures:
(CH3NH3;);Bi, Iy forms isolated covalently bonded dimmers, whereas
CH;NH;PbI; forms a continuous covalent framework.

We have also compared microhardness of these two compounds
since it is also related to the strength of bonding and phonon transport.
Samples are indented with a diamond Vickers type indenter using loads
of 50 or 100g for CH;NH;Pbl; and 25 or 50 g for (CH;NH;);Bi Iy A
single crystal of (CH3NH;);Biylo, grown from its gamma-butyrolactone
solution by the antisolvent vapor growth technique, is also included (25g
load). Through multiple measurements, (CH3NH3);Bi,ly consistently
showed a very low hardness H, of 9 = 0.5 MPa, compared to 55 * 1 MPa
for CH;NH;PbL;. The hardness found for the (CH;NH;);Biyly single
crystal is 10 = 2 MPa, comparable to the polycrystal. For an intuitive
comparison, we also measured the hardness of a sample of phenol form-
aldehyde resin (a commonly used molding polymer) under the same con-
dition, which is 18 = 1 MPa, almost twice as high as (CH;NH;);Bil.
This indicates that the bonds are indeed very soft in (CH;NH;);Bi,lo.

To summarize, we synthesized the organometallic halides
CH;NH;PbI; and (CH3NHj3);Bi,Iy by mechanical alloying. The sam-
ples obtained are single phase, with sharp absorption edges and bandg-
aps consistent with their solution synthesized counterparts. Both
compounds are insulating, making evaluation of their thermoelectric
transport properties very difficult. We managed to evaluate the room
temperature Seebeck coefficient of (CH3;NH;);Bily, which is
+2600 = 200 1V/K. This is among the highest classic Seebeck coeffi-
cients ever found in semiconductors. It indicates a Fermi level very
close to the middle of the bandgap and extremely low charge carrier
levels. On the other hand, we found the Seebeck coefficient of
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CH3NH;PbI; to be —1350 = 50 £V/K, whereas the reported value
from a solution grown single crystal was around +900 uV/K. This
means that when different synthesis routes are used, the charge defect
configurations can change. On the thermal transport, we measured the
thermal conductivities of CH;NH;Pbl; and (CH3NH;);3Bi,Io using the
laser flash technique to be 0.38 W/m K and 0.21 W/m K at 300 K, both
are nearly temperature independent between 300 and 450K.
Microhardness measurements confirmed that (CH3;NHj3);Bi)Io is a
much softer compound even compared to CH;NH;PbI;. Even though
the two compounds currently are too insulating to be relevant to ther-
moelectrics, we hope that our work could spur more systematic ther-
moelectric evaluations on the halide compounds, which could provide
useful information regarding their semiconducting nature, as well as
insights into better thermoelectric materials.
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