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ABSTRACT: Halide perovskites are emerging as a new class of materials for thermoelectric 

applications owing to their low thermal conductivity and high seebeck coefficient 

(thermopower). In this work, the thermoelectric parameters of vapor deposited hybrid perovskite 

thin films are explored for the first time. We establish a relationship between the chemical 

composition and thermoelectric properties of sequentially vapor deposited CH3NH3PbI3 films. A 

composition dependent grain size and in-plane electrical conductivity evolution is observed and 

its influence on thermoelectric properties is analyzed. An ultralow in-plane thermal conductivity 

of 0.32 ± 0.03 Wm
-1

K
-1 

at room temperature is recorded for CH3NH3PbI3 using a chip-based 

3ω method. Thermal conductivity measurement of a series of CH3NH3PbI3 films reveal that the 

thermal transport is governed by Pb-I lattice at room temperature. Furthermore, n- and p-type 

CH3NH3PbI3 films achieved by compositional tuning exhibit high negative (6500 µV/K) and 

positive (5500 µV/K) thermopower.  
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1. INTRODUCTION 

Hybrid halide perovskites have recently received exponential interest due to their extraordinary 

photovoltaic performances.
1-5

 Apart from solar cells, multitude of other applications such as 

photodetectors, lasers, LEDs, and memory devices have been already demonstrated underpinning 

the versatile nature of halide perovskites.
6-9

 Hybrid halide perovskites with the general formula 

CH3NH3MX3, where M= Sn, Pb and X= Cl, Br, I, have been investigated for solar cells and 

photodetectors, with methylammonium lead iodide (CH3NH3PbI3) and its mixed variants 

(CH3NH3PbI3-xClx) being the most pursued perovskites.
10-13

 Direct bandgap, high charge-carrier 

mobility, long carrier diffusion length and large light absorption coefficient coupled with facile 

synthesis and cost effectiveness makes hybrid perovskites suitable candidate for next generation 

optoelectronics.
14-16

 

 Despite the unprecedented performance of hybrid perovskites, their crucial physical 

properties such as thermal transport have received limited attention so far. The first thermal 

conductivity (κ) measurement on CH3NH3PbI3 was reported by Pisoni et al. with an ultralow 

value of 0.5 Wm
-1

K
-1

 and 0.3 Wm
-1

K
-1

 for single crystal and polycrystalline samples, 

respectively at  room temperature.
17

 Several techniques such as steady state bar method, laser 

flash method, scanning near-field thermal microscopy, and time-domain thermo-reflectance 

along with theoretical prediction concord the ultralow thermal conductivity of hybrid perovskites 

with values less than 1 Wm
-1

K
-1

.
17-21

  In addition, thermopower which is another important 

thermal property has been reported to be high (in the range 1000-5000 µV/K) for hybrid 

perovskite single crystals.
22,23

 Ultralow thermal conductivity, high thermopower in conjunction 

with high carrier mobility makes hybrid perovskites a fitting candidate for future thermoelectrics. 

The majority of the prior work on thermal transport of hybrid perovskites is accomplished using 
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single crystals or polycrystalline pellets with limited information on thermopower. Furthermore, 

in-plane thermal conductivity and thermopower of CH3NH3PbI3 films remain largely 

unexplored. The organic and inorganic component in hybrid perovskites offers the flexibility of 

tuning the composition and in turn, the intrinsic defects.
24

 By manipulating the organic/inorganic 

component during growth, the intrinsic point defects responsible for self-doping in hybrid 

perovskites can be controlled which presents an unique possibility of tuning the electronic 

conductivity type (n or p).
25

  Up till now, compositionally-tuned hybrid perovskites have been 

explored only in context to performance of solar cells.
26,27

 Recently, high-quality perovskite p-n 

homojunctions have been realized controlling the growth conditions.
28,29

 Such composition 

governed self-doping in hybrid perovskites can bring unexpected ramifications in its electronic 

and thermal behavior beneficial for thermoelectrics. While the electrical conductivity of hybrid 

perovskites is low compared to traditional thermoelectric materials, it is imperative to understand 

the intrinsic thermoelectric properties to design strategies for improvement. 

 In this contribution, we have grown compositionally-tuned CH3NH3PbI3 films by controlling 

the conversion time of evaporated PbI2 under CH3NH3I (MAI) vapor leading to MAI rich and 

deficient films. The influence of composition on microstructure, charge transport and thermal 

properties is analyzed. Measuring a series of MAI rich and deficient CH3NH3PbI3 films indicates 

the in-plane thermal conductivity of CH3NH3PbI3 is governed by the Pb-I lattice at room and 

higher temperatures (293-373 K). Furthermore, high negative (6500 µV/K) and positive (5500 

µV/K) thermopower were obtained for the first time by tuning the composition of CH3NH3PbI3, 

achieving n- and p-type films. 
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2. METHODS  

MAI was purchased from Dyesol and PbI2 (99.9985%) was purchased from Alfa Aesar. Two 

step sequential vacuum deposition was adopted for growing CH3NH3PbI3. First, PbI2 layer was 

deposited on substrates by thermal evaporation at a rate of 0.2 Ǻ/s. After the desired thickness of 

PbI2 films is attained, the substrates were taken out and placed on a programmable hot plate in an 

atmosphere-controlled chamber. The substrates were surrounded by MAI powder and then the 

chamber was vacuumed. For the conversion process, a temperature of 120 °C was set. A series of 

samples were obtained by controlling the time of conversion. Different conversion times selected 

were 5, 6, 8, 12, and 15 hour. Different thickness of PbI2 films were deposited, so that the final 

thickness of the perovskite films were ~1 µm. PbI2 films with thickness 600 nm and 500 nm were 

used for 5 and 6 hour conversion time. For 8, 12, and 15 hour conversion times, 400 nm PbI2 

film was used. For thermal conductivity measurements, the films were deposited on chips 

purchased from Linseis. For seebeck and other characterizations, films were deposited on normal 

glass of dimension 25mm x15mm. 

 PbI2 and CH3NH3PbI3 film thickness were measured using a Tencor profilometer. XRD of the 

films was obtained using Bruker D8 Advance diffractometer. SEM images were obtained using 

FEI Nova Nano 630. UV-Vis spectra were acquired using Cary 6000 spectrometer. FTIR spectra 

were recorded using Thermo Scientific ATR-FTIR spectrometer. PL spectra were obtained using 

a Horiba spectrometer. All current-voltage characteristics were carried out using Keithley 4200 

semiconductor Analyzer in a Lakeshore probe station. Temperature dependent In-plane thermal 

conductivity was measured under vacuum using the 3-omega Völklein method with a Linseis 

Thin Film Analyzer. Samples were prepared onto pre-patterned test chips from Linseis. For the 

electrical conductivity measurements, parallel line-shape Au electrodes were deposited as the top 
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contact with width and channel length of 2 mm and 250 μm, respectively. For thermal voltage 

measurements, a homemade set up was used with peltier devices and thermocouples to apply 

temperature gradient across the sample under N2 environment and the voltage was recorded 

using Keithley 6517B electrometer. Two rectangular Au electrodes (width: 8 mm and length: 15 

mm) were deposited on perovskite coated glass substrate with a distance of 9 mm for thermal 

voltage measurements. All measurments and storage are done under N2 environment and in dark. 

3. RESULTS AND DISCUSSION 

Sequential vapor deposition (SVD) procedure
30

  for growing smooth and uniform CH3NH3PbI3 

film is described schematically in Figure 1a. Briefly, highly oriented PbI2 films (Figure S1) were 

first deposited by thermal evaporation followed by a treatment of MAI vapor (more details in 

experimental section). MAI vapor diffuses into PbI2 film, resulting in hybrid CH3NH3PbI3 films 

consisting of inorganic Pb-I octahedra and organic CH3NH3
+

 cations (Figure 1b). In order to 

achieve MAI deficient and MAI excess CH3NH3PbI3 films, PbI2 films were treated under MAI 

vapor for different durations (5, 6, 8, 12 and 15 hours). The X-ray diffraction (XRD) patterns for 

the optimized CH3NH3PbI3 films are shown in Figure 1c. The CH3NH3PbI3 film obtained after 5 

hour MAI vapor treatment exhibits a significant residual PbI2 diffraction peak at 12.6°. This 

residual PbI2 peak disappears for films treated with MAI for 6 hours and more. 

 The corresponding UV-Vis spectra of CH3NH3PbI3 films with different level of MAI 

treatment is shown in Figure 1d. The 5 hour film shows higher absorption at lower wavelength 

region due to presence of residual PbI2 which has a band edge around 520 nm (Figure S2). 

Fourier transform infrared (FTIR) spectra exhibits increasing peak strength for the N-H 

symmetric and asymmetric stretch vibrations with increasing duration of MAI treatment (Figure 

S3), confirming the presence of different concentration of CH3NH3
+
.
29

 Integrating the peak area 
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for N-H vibration can give an idea on relative concentration of MAI in the films. The 15 hour 

treated film was found to have 2.7 times higher MA content than the 5 hour (MAI deficient) one 

(Figure S4). Photoluminescence (PL) measurements exhibited a single peak centered on the 

energy close to the bandgap and the difference between the intensities for different films was up 

to half order (Figure S5). 

 

Figure 1. (a) Schematic representation of sequential vapor deposition of perovskite films. (b) 

Perovskite crystal structure consisting of inorganic Pb-I octahedra and organic CH3NH3
+

 cations 

(blue spheres). (c) XRD spectra of perovskite films with increasing conversion times of PbI2 

under MAI vapor.  Asterisk represents PbI2 peak. (d) Absorption spectra of the corresponding 

films in c.  

   

 Scanning electron microscope (SEM) images show uniform and smooth SVD perovskite 

films (Figure 2a-e). Despite the same initial quality of evaporated PbI2 film (Figure S1), the 

resulting perovskite films exhibit some degree of deviation in terms of grain morphology for 

different levels of MAI treatment. The average grain size increases from 0.4 µm (5 hour film) to 

1 µm (8 hour) and then it decreases to 0.6 µm for films with 12 and 15 hour MAI treatment 
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durations. In addition, 12 and 15 hour films show noticeable pin holes at the grain boundaries. 

To elucidate the effect of different levels of MAI treatment on the electrical behavior of 

CH3NH3PbI3 films, we measured the electrical conductivity which monotonically increased with 

increasing MAI treatment duration (Figure 2f). Despite the pinholes, this enhancement in 

conductivity can be attributed to formation of highly conducting pathways (MAI channels) along 

the grain boundaries.
31

 

 
 

Figure 2. (a-e) SEM images of SVD perovskite films with different conversion times under MAI 

vapor. Scale bars represent 2 µm. (f) Electrical conductivity evolutions of perovskite films with 

different conversion times.  

 

 Thermal conductivity (κ) and thermopower (S) are two key parameters which provide crucial 

information about a material system for their applicability in thermoelectrics or for thermal 

management applications.
32

 Most of the prior studies on thermal conductivity of perovskites are 

accomplished using single crystals with limited information on films.
23

 The in-plane thermal 

conductivity of the vapor deposited perovskite films were measured using a chip-based 
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3ω method for the first time. Perovskite films (thickness ~1 µm) were grown on pre-patterned 

chips with different levels of MAI treatment similar to glass substrates as discussed in previous 

section.  

Figure 3a shows the thermal conductivity measured in the temperature range 293-373 K. 

Interestingly, the thermal conductivity value does not deviate much between different films, 

exhibiting an ultralow value of 0.32 ± 0.03 W/mK at 293 K. This value is consistent with 

previous reports measured by different techniques (Table S1). For comparison, we measured the 

thermal conductivity of PbI2 film with the same thickness, resulting in a value of 0.22 W/mK at 

293 K. Different levels of MAI in perovskite films have a negligible effect on the thermal 

conductivity of CH3NH3PbI3 suggesting it is mainly governed by the Pb-I lattice at room 

temperature. The effect of CH3NH3
+

 on the thermal conductivity may become pronounced at low 

temperatures.
33

 Furthermore, ultralow thermal conductivity was also observed previously for 

CsPbX3 (X: halogen) inorganic perovskites which suggests the dominant role of Pb-X cage in 

determining the thermal conductivity in these compounds at room temperature.
34,35

 Such ultralow 

thermal conductivity can originate from different scattering processes like phonon-impurity, 

phonon-carrier, phonon-grain boundaries and phonon-phonon. In case of CH3NH3PbI3, it is a 

consensus that the ultralow thermal conductivity at room temperature is due to Umklapp phonon-

phonon scattering dictated by the inorganic Pb-I cage.
21,33

 In the present work, there was no 

change in the thermal conductivity around the tetragonal to cubic phase transition. CH3NH3PbI3 

has two temperature induced phase transitions, orthorhombic to tetragonal around 165 K and 

tetragonal to cubic around 327 K.
36

 In some cases, an abrupt change (dip or jump) in the thermal 

conductivity around the phase transition temperatures are observed and in other cases it is 
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not.
17,18,34,37

 Also, the degree of this abrupt change is not similar in different reports. This may be 

attributed to the diverse quality of samples prepared in different studies.  

 

Figure 3. (a) Thermal conductivity of perovskite films with increasing conversion times under 

MAI vapor and PbI2 film. (b) Electronic and lattice contributions to the total thermal 

conductivity at 293 K. Inset shows the perovskite film deposited on the prepatterned chip for 

thermal conductivity measurements. (c) Comparision of thermal conductivity of the  fresh 8 hour 

MAI treated perovskite film and after 30 days. 

 

 The total thermal conductivity can be expressed as κ = κel + κL, where κel and κL are 

contributions from carriers and phonons, respectively. For low conducting materials such as 

CH3NH3PbI3, the electronic contribution is negligible and the dominant contribution comes from 

the phonons.
17

 For the present case, κel was estimated from the Wiedemann-Franz law, κel = LσT, 

where L0 is the Lorenz factor and σ is the electrical conductivity of the sample. The phononic 

contribution (κL) which is obtained by subtracting the electrical contribution (κel) from κ, 

contributes more than 99% of the total thermal conductivity (Figure 3b). To monitor the stability 

of the perovskite film, we measured the thermal conductivity of the 8 hour MAI treated film after 
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dark storage of one month. There was negligible change in the thermal conductivity over the 

whole temperature range underscoring the excellent stability of the SVD perovskite films.  

 
Figure 4. (a) Schematic of the thermopower measurement set up. (b-f) Thermopower of 

perovskite films with different conversion times under MAI vapor. The straight lines are fitting 

to the data points. g) Carrier transport in n and p type materials under thermal gradient. (h) 

Comparison of thermopower (S) for different films. (i) An example IR image taken showing the 

thermal gradient in the sample. Dotted areas indicate the Au contacts. The contacts appear cold 

in the IR image because of their different emissivity compared to perovskite film.  

  

 To examine the effect of composition of CH3NH3PbI3 films on the charge carrier type (p- or 

n-type), we measured the thermal voltage to deduce the nature of the thermopower. The 

schematic of the measurement set up is shown in Figure 4a (more details in experimental 

section). Negative thermopower was recorded for the perovskite films treated for 5 hours under 

MAI vapor demonstrating it is n-type. It should be noted that this film contains excess PbI2 
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(Figure 1c). For the rest of the films (6, 8, 12, 15 hour), we observed positive thermopower 

indicating their p-type nature (Figure 4b-f). High thermopower were recorded for both n- and p-

type films on the same order that of previously reported perovskite single crystals (Table S2) as a 

result of extremely low carrier densities.
23

 For p-type films, the thermopower decreased with 

increasing level of MAI treatment which can be attributed to correspondingly enhanced 

conductivity. Electrons and holes are the majority carriers for n- and p-type films, respectively. 

For n-type films, electrons move from the hot side to the cold side while in case of p-type films, 

holes move towards cold side (Figure 4g). 

 The origin of n and p self-doping of CH3NH3PbI3 with composition variation can be 

explained on the basis of defects generated during the growth (Figure S6). For PbI2 rich (MAI 

deficient) films, the possible defects are Pb interstitial, MA vacancy and I vacancy. In case of 

MAI rich (PbI2 deficient), the defects can be Pb vacancy, MA interstitial and I vacancy. The n 

doping originates from I vacancy in PbI2 rich films while p doping originates from Pb vacancy 

for MAI rich films due to high formation energies of the other defects in each case.
24,38

 In a 

recent work
39

, band edges with respect to fermi level of CH3NH3PbI3 were directly measured 

using scanning tunneling spectroscopy resulting in a transition of electronic conductivity from p-

type to n-type depending on the composition, consistent with present work. The transition 

(Figure 4h) of thermopower from n- to p-type in CH3NH3PbI3 offers the possibility of fabricating 

efficient thermoelectrics in the future if the electrical conductivity can be enhanced by suitable 

strategies such as doping or forming composites. To visualize the temperature gradient of the 

film, we took an example infrared (IR) image of the film for a temperature difference of 10 K, 

clearly showing the well-defined temperature distribution. To check the performance stability of 
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the SVD films, we measured their thermopower after one month of storage in nitrogen. Both n- 

and p-type films exhibited steady performance even after four weeks of storage (Figure S7). 

4. CONCLUSIONS 

In summary, for the first time thermal conductivity and thermopower measurements of vapor 

deposited CH3NH3PbI3 films were accomplished. n- and p-type CH3NH3PbI3 films were achieved 

by tuning the organic and inorganic precursor compositions. A strong correlation between the 

organic cation concentration in CH3NH3PbI3 film and morphology as well as electrical 

conductivity was observed. An ultralow in-plane thermal conductivity of 0.32 W/mK at room 

temperature was recorded for CH3NH3PbI3, dominated by the Pb-I inorganic lattice. In addition, 

high negative and positive thermopower were recorded with good stability under inert 

atmosphere. The present work provides crucial insights for future hybrid perovskite based 

thermoelectrics and their thermal management. 
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