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V. INTRODUCTION 

The nanocrystalline indium oxide (In2O3) is being 

extensively studied for its application in sensors, light 

emitting diodes, liquid crystal displays and solar cells [1, 

2]. However, despite these numerous applications, some 

fundamental properties of nanocrystalline In2O3 remain 

unclear. In particular transient photoconductivity in 

nanocrystalline In2O3 is still not fully understood. In case 

of nanoscale In2O3 photoconductive properties differ 

drastically from those observed in bulk materials. The 

contribution from the surface, acting as a trapping and 

recombination region for excited charge carriers, becomes 

dominant. It is known that persistent photoconductivity 

(PPC) - a light-induced change in conductance persisting 

after irradiation has stopped - is observed in a variety of 

semiconductors including wide gap metal oxides [3, 4]. 

One common explanation for PPC is associated with 

the donor complex (DX) model, and the DX centers [3], 

the defects whose energy depends on whether they are 

neutral or negatively charged. The energy of the center is 

lowered by removing electrons from a donor, resulting in 

a metastable state that is separated by a potential barrier 

from a neutral donor, promoting the induced conductance. 

In another model the origin of PPC is explained by charge 

separation due to traps by random potential fluctuations, 

which may be related to the microstructure of the films 

[5]. An entirely different mechanism, oxygen 

photoreduction, has been proposed for amorphous In2O3 

films [6]. In this model, UV illumination in vacuum or 

inert gas reduces the film, creating oxygen vacancies and 

dramatically increases the conductivity, which restored by 

exposing the sample to ozone or oxygen plasma. 

In the present study, we investigate the structural and 

photoelectrical properties of indium oxide with different 

nanocrystals size on purpose to clarify mechanism of 

photorelaxation and to find out the correlations between 

the microstructure parameters and electrical response to 

UV illumination.  

VI. EXPERIMENTAL 

The nanocrystalline samples of In2O3 were prepared by 

sol-gel method and then annealed at various temperatures 

(T=300-700 
o
C) during 24 h [7]. The phase composition, 

dispersion degree, particle size, and specific surface area 

of nanocomposites were studied.  

The composition and the dispersion degree of the 

samples were determined by X-ray diffraction (XRD) 

using Cu K radiation (λ = 0.15418 nm). The XRD data 

were used also for estimation of In2O3 average grain size 

which was calculated from Scherrer equation. The 

specific surface area of the samples was estimated by the 

method of low-temperature nitrogen adsorption using 

Brunauer–Emmett–Teller model [8]. The experiments 

were carried out using Chemisorb 2750 (Micromeritics) 

unit. The morphology and nanoctystals size of the In2O3 

samples were determined by transmission electron 

microscopy (TEM) using FEI Tecnai G230 TEM/STEM 

microscope. 

In order to measure the photoelectrical characteristics, 

the obtained materials were deposited in the form of thin 

films with a thickness of ~ 1 μm over functional glass 

substrates. Gold contacts were vapor-deposited on the top 

of the films surface. Light irradiation of the 

nanocrystalline In2O3 samples were performed with UV  
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diode with a maximum intensity at 380 nm. The 

conductivity measurements were performed in an air and 

in a vacuum of 10
-4

 Torr in a dc mode at a constant 

voltage of 1 V using Keithley 6487 unit. The value of the 

photoconductivity (Δph) was defined as the difference 

between the conductivity of the sample during 

illumination (σill) and dark conductivity (σd): 

.ph ill d           (1)
 

III. RESULTS AND DISCUSSION 

The XRD patterns of the In2O3 samples (Fig. 1) show a 

single phase of cubic In2O3, and the peaks indicate its 

good crystallinity. The nanocrystals size increases while 

the annealing temperature rises. The calculated lattice 

parameter ( a  = 1.018 nm) for the sample is in a good 

agreement with the known lattice parameter for 

crystalline In2O3 ( a  = 1.0117 nm). The designations of 

the samples, annealing temperatures, nanocrystals sizes 

and specific surface areas are given in Table 1. 

 
Fig. 1. X-ray diffraction patterns of In2O3 samples. 

 

Table 1. The designations of samples, annealing 

temperatures, sizes of nanocrystals and specific surface 

areas. 

 

In order to obtain some more detailed information on 

the microstructure of the materials being studied, In2O3 

samples were investigated using a transmission electron 

microscope (Fig. 2). The TEM analysis shows that the 

In2O3 powders consist of nanoparticles, really 

corresponding to cubic modification. The most probable 

(more than 80%) sizes of In2O3 nanoparticles in the In2O3-

300 sample are within 5-10 nm which corresponds to 

XRD analysis (see Table 1).  

 
 

Fig. 2. TEM image of In2O3-300 sample. 

 

Typical photoconductivity behavior of the investigated 

samples under illumination is presented in Fig. 3.  

 
Fig. 3. Time evolution of conductivity of the 

nanocrystalline In2O3-300 sample.  

 

An increase in conductivity occurs rather quickly to reach 

a value more than three orders of magnitude larger than 

before. When the light is turned off, it recovers slightly 

but remains at values higher than before light irradiation. 

So we can see robust PPC at room temperature. At the 

same time the value of the photoconductivity increases 

and the persistent photoconductivity decreases with the 

nanocrystals size reduction (see Fig. 4). 

 
Fig. 4. The photoconductivity decay of In2O3 films in air. 

Solid lines are the best-fit lines with Eq. (2). 

 

The presented on Fig. 4 dependencies can be 

approximated by exponents “stretched” in time : 

 0 exp ,ph
t


  

 
  

     (2) 

Designation 

of sample 

Annealing 

temperature 

(ºC) 

Nanocrystal 

size (nm) 

Specific 

surface 

area 

(m
2
/g) 

In2O3-300 300 7-8 100 

In2O3-500 500 12-13 35 

In2O3-700 700 18-20 10 
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where τ is the “effective” relaxation time, β a parameter 

that characterizes the nonhomogeneous of the system. The 

equation (2) is often termed William-Watts [9] or 

Kohlrausch [10] relaxation.  

All spectra in the Fig. 4 could be well approximated by 

(2). The values of τ and β are given in Table 2. As we can 

see the values of the effective relaxation time are strongly 

depend on the nanocrystals size, at the same time the 

values of β do not practically depend on the nanocrystals 

size. 

 

Table 2. The values of the effective relaxation time 

and the exponent parameter for In2O3 samples. 

Sample τ, s β 

In2O3-300 3,6∙10
3
 0,63 

In2O3-500 1,9∙10
4
 0,57 

In2O3-700 2,1∙10
4
 0,55 

 

The effective relaxation time τ follows Arrhenius 

behavior with the activation energy of about 0.23 eV for 

all In2O3 samples (Fig. 5).  

 
Fig. 5. The temperature dependences of the effective 

relaxation time for the nanocrystalline In2O3. Solid lines 

are the best-fit lines with Arrhenius plot. 

 

The temperature dependences of dc conductivity of the 

In2O3-300 with nanocrystals different in size before and 

after light illumination are presented in Fig. 6 (for the 

other samples the similar dependences have been 

obtained).  

For the thermally activated band conduction, the 

conductivity ( dc ) can be expressed as:  

 0 exp A
dc

B

E

k T
         (3) 

where AE  denotes the thermal activation energy of 

electrical conduction, 
0  represents a parameter 

depending on the semiconductor nature and Bk  is the 

Boltzmann constant. 

 As we can see, before light illumination the 

conductivity of the In2O3 sample is lower and the 

activation energy is higher than those after light 

irradiation. The values of the activation energies for all 

samples are given in Table 1. In case of electrons transfer 

over the conduction band the thermal activation energy of 

electrical conductivity is defined as the energy difference 

between the bottom of the conduction band CE  and 

Fermi 

level FE  approximated to absolute zero temperature 

[11]: 

 
0

.A C FE E E          (4) 

 
Fig. 6. The temperature dependences of conductivity of 

the In2O3-300 sample. Solid lines are the best-fit lines 

with Eq. (3) 

Consequently, the increase of the activation energy AE  

during the light illumination can be explained by Fermi 

level shift closer to the bottom of the conduction band as 

a result of the increase of the free electron concentration.  

In order to obtain some more detailed information on 

the influence of the atmosphere to photorelaxation in 

nanocrystalline indium oxide the kinetics of the decay of 

the photoconductivity were measured in air and in 

vacuum at room temperature (Fig. 7). It is evident that 

conductivity decay in vacuum is much slower and 

persistent photoconductivity is much higher than those in 

air. It may indicate that the adsorbed oxygen species play 

a key role in the observed phenomena. 

 
Fig. 7. The photoconductivity decay in air and in vacuum 

for the In2O3-300 sample. Solid lines are the best-fit lines 

with Eq. (2). 

 

Now we discuss the origin of the observed 

photoinduced conductivity and stretched-exponential 

photorelaxation in the In2O3 films. As is always the case 

for n-type semiconductors, oxygen adsorbs on the surface 

and traps some of the carriers to become a negative ion on 

the surface or at the grain boundary.
 
During UV light

 

irradiation holes and electrons generate inside the grain. 
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These hole carriers migrate to the grain boundary and 

react with the adsorbed oxygen, so that oxygen can desorb 

according to the reaction 2 2h O O
 
  

, where h


is 

the photogenerated hole carrier. Besides, there are 

nonequilibrium electrons inside the grain after turning off 

the light, so that increases the free electrons concentration 

and consequently the conductivity of the In2O3 films.  

Since  desorbed oxygen can’t return on grain boundary in 

vacuum  after turning off the light, the high-conducting 

state remains.  

We propose that the stretched-exponential relaxation 

we observe may be related to correlated oxygen motion 

inside the film placed in the air atmosphere. For small 

departures of electron concentration from equilibrium, the 

decay should be given by the linear relation 

( ) ,
d n

t n
dt




     (5)
 

where ( )t is equilibration rate. 

The stretched-exponential relaxation commonly 

observed in disordered systems is explained by time-

dependent atomic diffusion. In particular, relaxation in 

amorphous hydrogenated silicon is attributed to the 

motion of bonded hydrogen which exhibit dispersive 

diffusion characterized by a power-law time decay [12-

15]. In our case we argue that the oxygen demonstrates a 

power-law dispersive diffusion. Namely oxygen diffuses 

inside the film, moving by hopping between a localized 

states.  

According to this model the rate constant ( )t
 will be 

proportional to the oxygen hopping rate 
2
,D a where a 

is a characteristic hopping distance that the oxygen moves 

in a single diffusion step and D is the diffusion 

coefficient.  

The results [13] show that  

0 0( ) ,D D t           (6) 

where ω0 is an attempt frequency, α is dispersive 

parameter.  

From the oxygen diffusion data we set the equilibrium 

rate as 

 0
.02

( ) t
a

D
t





        (7)

 
Inserting Eq. (5) and Eq. (7) and integrating 

immediately yields 

 0 ,exp tn n



 
  

            (8) 

where 1   . 

According to [16] 

,ph en m
 

where μ is electron mobility, we get 

 0 .expph
t




 

 
  

 
 

Thus the stretched-exponential decay follows directly 

from the dispersive diffusion mechanism. 

Following the analogy to the dispersive transport of 

charge carriers, we argue that the dispersive diffusion of 

oxygen arises from a broad distribution of release times. 

Differences in the local atomic configurations should 

yield a distribution of activation energies for the motion 

of oxygen. When the distribution is broad, the oxygen 

motion will become slower at longer times. Furthermore, 

if the dispersion in D arises from an exponential 

distribution of site energies
 

 
0

exp
B

E
k T

 ,
 
where 

0Bk T  

is the width of the trap distribution, then the theory [15] 

predicts that  

0
1 T

T   
 

Figure 8 shows the temperature dependence of the 

exponent β for the nanocrystalline In2O3-500 (for the 

other samples the similar dependences have been 

obtained). The solid line in β vs T shown in Fig. 8 is 

consistent with 0T  514 K.   

 
Fig. 8. The temperature dependence of the exponent β 

for the In2O3-500 sample. 

 

To summarize the model, we describe the diffusion of 

oxygen in terms of a distribution of bond energies, and 

then relate the time dependence of D to the electronic 

relaxation. In this way the stretched exponential derives 

from a physically plausible exponential distribution of 

bond energies, and a direct connection between the 

structure and the electronic relaxation is found.  

IV. CONCLUSION 

In conclusion, we observed a large enhancement in the 

conductivity by UV irradiation of the nanocrystalline 

indium oxide thin films with various nanocrystals size. 

After light was turned off we observed robust 

photoconductivity in the nanostructured In2O3 which 

persists for many hours at room temperature. The value of 

the photoconductivity increased and the persistent 

photoconductivity decreased with the nanocrystals size 

reduction. We showed that the slow photorelaxation in the 

nanocrystalline In2O3 was accurately characterized by a 

stretched-exponential function that could be explained by 

the correlated oxygen motion inside the film.  
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