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Electronic Properties of Tin Iodide Hybrid Perovskites: Effect of 
Indium Doping 
Keisuke Kobayashi†b, Hiroyuki Hasegawa*‡a, Yukihiro Takahashiab, Jun Haradaab and Tamotsu 
Inabe*ab 

Indium doping is introduced to tune the electronic properties of tin iodide hybrid perovskites. By applying this method, the 
resistivity of tin-iodide-based hybrid perovskites is reduced using indium doping without any change in its band gap. This 
mixed tin/indium iodide crystal perovskite is obtained using a solution process. The resistivity of the materials continuously 
increased from 10-2 to 10-1 Ω·cm at room temperature, even when the doping level was less than 22 ppm. The metallic nature 
of this system decreased with increasing doping level, while the carrier density did not vary with the doping level. This 
method of foreign metal doping provides resistivity control of the tin iodide hybrid cubic perovskites without changing the 
band gap or carrier concentration.  

Introduction 
The electronic structure of organic-inorganic hybrid perovskite 
compounds can be controlled using solution processes. 
Remarkable progress has been achieved for such compounds, 
especially for metal halide cubic perovskites for solar cells [1–
11]. To enhance the efficiency of these devices, it is essential to 
control the electronic structure and functions of the material. 
Band engineering is one method to control the electronic 
structure [12–14]. For example, the width of the band gap in 
light-emitting diodes is the dominant factor controlling the 
emitting wavelength; hence, the band gap of the semiconductor 
must correspond to the desired wavelength. The band gap of 
GaN corresponds to the ultraviolet region; therefore, it cannot 
be used as a blue-emitting diode. However, InN, which has a 
narrower band gap, can be used to form a mixed (In,Ga)N crystal 
with GaN, and the band gap can be adjusted to meet the energy 
for blue-light emission. This kind of band gap adjustment is 
available for inorganic compounds and organic-inorganic hybrid 
perovskites. We previously reported a method for the band gap 
reduction of a tin-iodide-based organic-inorganic hybrid 
perovskite by doping with a small amount of bismuth [15]. 
The parent materials of organic-inorganic tin iodide perovskites 
(Fig. 1) are known as not only alternative materials for lead-
based perovskite solar cells [16–24] but also exceptionally 

conductive materials in hybrid perovskites. We reported that 
the highly conductive nature of these perovskites originates 
from the unintended spontaneous carrier doping by the Sn(IV) 
content [25]. A cubic crystal of CH3NH3SnI3 exhibits metallic 
behavior in terms of the temperature dependencies of the 
conductivity and thermoelectric power even though it has a 
band gap of 1.3 eV. A Hall effect measurement revealed that the 
doping level of this material is 0.02%. Therefore, we concluded 
that this material is a doped semiconductor [26]. Furthermore, 
we demonstrated that artificial doping of Sn(IV) increased the 
doping level of the material. The majority carriers were holes 
originating from Sn(IV). This crystal can be also dedoped using a 
significantly excess amount of a reductant [27]. Consequently, 
the tin iodide perovskite has a semiconducting band structure, 
though the doping level depends on the sample preparation 
conditions. 
Herein, we report another attempt of foreign metal (indium) 
doping into a tin iodide perovskite. As seen in indium tin oxide, 
indium has a good affinity with tin. In indium oxide, which is an 
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Fig. 1 Cubic perovskite structure. The SnI6 octahedra are hatched. The 
methylammonium cations at interstitial “A” sites are disordered. 
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insulator, the bottom of the conduction band consists of the 5s 
orbital of indium [28]. When tin atoms are doped, impurity 
states of Sn and voids form just below the bottom of the 
conduction band. In a highly doped state, these states form a 
band and lower the bottom of the conduction band [29–30], 
thereby increasing the conductivity. We present the effect of 
indium doping on the electronic transport, structural, and 
optical characteristics of tin iodide hybrid cubic perovskite bulk 
crystals.  

Experimental details 
Crystal Preparation 

A previously reported procedure for preparing foreign-metal-
doped cubic perovskite [15] was applied for indium doping. A 
stoichiometric ratio of tin(II) iodide (Kojundo Chemical 
Laboratory Co., Ltd.) and indium(I) iodide (Aldrich) was added 
to one side of an H-shaped glass tube. Methylammonium iodide 
was added to the other side. Then, hydroiodic acid was added 
separately into the tube by distillation under inert conditions. 
The mixture was heated to 80 °C to dissolve the metal iodides 
and methylammonium iodide. Then, the two solutions were 
mixed in the tube. Perovskite crystals were obtained as the 
solution slowly cooled. The chemical compositions of these 
crystals were determined using a Shimadzu ICPE-9000 
inductively coupled plasma emission spectrometer.  

X-ray Diffraction 

Powder X-ray diffraction data were recorded using a D8 
ADVANCE diffractometer (Cu Kα radiation), and were analyzed 
by performing profile fitting based on the Pawley method using 
a TOPAS 4.2 software. All measurements were performed at 
room temperature. 
Electronic Properties 

Diffuse reflectance spectra were obtained using a JASCO V-570 
UV/VIS/NIR spectrometer with an integrating sphere unit. The 
samples were ground with KBr. The reflectivity was converted 
to the Kubelka–Munk function (KM) corresponding to the 
absorption, and then normalized. 
The temperature dependence of the conductivity was 
measured using a Keithley 2636A dual-channel SourceMeter. 
The sample was placed in a cryostat controlled by a Scientific 
Instruments 9700 temperature controller. The data were 
recorded using a custom-written software. Measurements were 
performed using a standard four-probe method under vacuum 
conditions. A carbon paste (Dotite XC-12, Fujikura Kasei Co., 
Ltd.) was used to mount four gold wires. The original thinner 
(toluene) in the carbon paste was partially evaporated by a 
stream of N2 gas, and then tetralin (1,2,3,4-
tetrahydronaphthalene) was added to the paste as a thinner. 
Thermoelectric power measurements were performed via a 
method based on that reported by Chaikin and Kwak [31], using 
a Keithley 2182 nanovoltmeter and Advantest R6243 DC voltage 
current source/monitor. The samples were mounted at the gap 
between two gold foils using the same carbon paste used for 
the conductivity measurements. 

Results and discussions 
Indium was successfully doped into methylammonium tin 
iodide perovskite via an energy-saving solution process. The 
indium contents were determined by inductively coupled 
plasma emission spectroscopy. The compositional ratio of 
indium (δ) in the mixed crystal of CH3NH3Sn1-δInδI3 increased 
upon increasing the starting molar ratio during sample 
preparation (Table 1); however, the efficiency of indium doping 
was less than that of bismuth doping [15]. There is no significant 
difference in chemical stability between the as-grown and the 
indium-doped crystals. The powder X-ray diffraction data of the 
doped sample indicated that the cubic structure of the tin iodide 
perovskite was not significantly affected by indium doping (Fig. 
2). The estimated lattice parameter of the doped crystal is 
6.23582(22) Å, which is almost the same as that of the as-grown 

Table 1 Amount of indium doping determined by inductively coupled plasma 
emission spectroscopy. 

Molar ratio used in 
sample preparation In 0% In 0.1% In 1% In 15% In 30% 

In content/% 0 ND* 0.00051 0.0022 0.0101 
Sn content/% 100 - 99.99949 99.9978 99.9899 

Standard deviation/% - - 0.00001 0.0001 <0.0001 

*Below the detection limit 

 

 

Fig. 2 Powder diffraction patterns of In-doped and as-grown (i.e., without In 
doping) CH3NH3SnI3. 

 

Fig. 3 Diffuse reflectance spectra of indium-doped tin iodide cubic perovskites 
with various amounts of doping. The arrows indicate the band gaps. 
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crystal (6.23176(33) Å); therefore, the basic structure of the 
cubic crystal was maintained.  
Diffuse reflectance spectra for various indium contents (Fig. 3) 
revealed that the band gap of the perovskite was not affected 
by indium doping. As reported previously, the band gap for the 
as-grown crystal (δ = 0) is 1.3 eV; however, there is a deviation 
in the near-IR region due to low-energy excitation of charge 
carriers [26]. The band gaps of the mixed crystals were 
independent of the indium doping ratios. When the influence of 
indium doping on the band gap is considered based on the 
standard electrode potential values of In and Sn (Sn/Sn2+: −0.14 
V, In/In+: −0.34 V) [32–34], the 5p orbital of tin, which forms the 
bottom of the conduction band, has a higher potential than 
indium; this is consistent with our previous discussion on 
bismuth doping. Therefore, indium doping should lower the 
bottom of the conduction band. However, such an effect was 
not observed at any of the examined indium doping ratios. The 
band gap did not change within the same range of doping ratios 
for bismuth doping; therefore, the conduction band was not 
lowered because the indium content was too low.  
Indium doping also affected the electronic properties. For the 
as-grown crystal (δ = 0), the band structure was the same as that 
of an intrinsic semiconductor, though that is doped 

semiconductor due to the spontaneous doping effect. 
Therefore, the temperature dependence of the resistivity shows 
metallic behavior due to the holes injected at the top of the 
valence band by spontaneous doping. Fig. 4 shows the 
temperature dependence of the resistivity and that of the 
thermoelectric power for different values of δ. The resistivity 
increases with increasing doping ratio; metallic behavior is 
observed at all doping ratios. However, the slopes in the low 
temperature region become less steep at higher doping ratios. 
Sn(IV) atoms were included in the as-grown crystal (δ = 0), 
corresponding to 0.02% holes. Doping of iodide ions can balance 
the electrical neutrality; otherwise, Sn(II) or methylammonium 
ion defects can occur. The as-grown crystal shows clear metallic 
behavior in terms of resistivity until low temperatures were 
reached; it would be more difficult to affect the crystal structure 
and conductivity without breaking the Sn–I framework. 
Therefore, the composition (CH3NH3)1-2γSnII1-γSnIVγI3 with 
methylammonium defects is suitable here; however, the defect 
formation energy calculation indicates that Sn(II) defection is 
appropriate for the discussion of CsSnI3[35].  
The slopes of the thermoelectric power behaviors of the as-
grown and doped crystals indicate that their Fermi levels are 
almost the same. Therefore, the carrier concentrations in the 
indium-doped crystals are also the same. Furthermore, the 
chemical compositions of the doped crystals change to the 
following compositions based on electrical neutrality:  
 

(CH3NH3)1-2γ+δSnII1-γ-δSnIVγInδI3    (1) 
(SnII substitution and MA addition)  

 
(CH3NH3)1-2γSnII1-γ-δSnIVγInδI3-δ    (2) 

(SnII substitution and I- defection) 
 

(CH3NH3)1-2γ-δSnII1-γSnIVγInδI3     (3) 
(MA substitution) 

(MA: methylammonium) 
 
The slope for the temperature dependence of the resistivity in 
the low temperature region becomes less steep with increasing 
indium content; this behavior differs from that reported for 
bismuth doping. The structural change of the Sn–I framework is 
closely related to the carrier conduction in the doped crystals. 
Thus, composition (2), which includes I- defection, is likely the 
appropriate composition to represent indium doping into 
methylammonium tin iodide perovskite at this stage. Further 
investigation of highly doped samples will help elucidate this 
situation. 
Consequently, we found that indium doping reduces the 
conductivity without changing the band gap or carrier 
concentration. The mobility of the doped crystals decreased 
because there was no change in carrier concentration. This 
effect likely originates from the change in the Sn–I framework 
caused by indium doping. 

Conclusions 

(a)  

(b)   

Fig. 4 (a) Temperature dependence of the resistivity of indium-doped tin 
iodide single crystals with various amounts of doping. (b) The temperature 
dependence of the thermoelectric power for the In-doped and as-grown (i.e., 
without In doping) CH3NH3SnI3 single crystals. 
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For solution-processable tin iodide cubic perovskites, a small 
amount of indium doping reduced the conductivity without 
changing the band gap or the carrier concentration. In band 
engineering, the doped metal needs to be well matched with 
the parent crystal lattice to control the physical properties. 
However, it is difficult to predict the controllability of the 
physical properties by the dopant. From such a viewpoint, our 
research will give useful information on foreign metal doping in 
the hybrid perovskites. We demonstrated another possibility of 
foreign metal doping in tin iodide cubic perovskites and 
displayed a design strategy for electronic devices using hybrid 
perovskites, such as solar cells and light-emitting diodes. More 
highly efficient devices are expected to be developed using this 
strategy. 
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