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The size and spectral dependence of the persistent photocurrent (PPC) of dc sputtered indium oxide
(IO) films has been studied under UV and sub-band gap illuminations. PPC follows bi-exponential
decay with a fast and a slow process having time constants (denoted by sf and ss , respectively) that
differ by about two orders of magnitude. ss is associated with carrier scattering from an initial surface state to a surface or bulk state with the former dominating below a characteristic length scale
of 60 nm. On the other hand, sf is characterized by the process where both the initial and final
states are surface related. Treating the IO film surface with tetramethyl tetraphenyl trisiloxane
(TTTS) decreases ss by a factor of 5 with sf remaining almost unaffected, which is a clear indication of reduction of defects specific to the slow relaxation process. Based on the molecular structure
and chemical activity of TTTS, it is suggested that TTTS may passivate mainly the dangling
oxygen-bonds at the film surface. The spectral dependence of ss indicates that the associated surface states exhibit a maximum around 2.5 eV above the level from where strong optical transitions
are allowed. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983077]

I. INTRODUCTION

The photogenerated current that continues to decay after
the removal of the excitation source is usually referred to as
persistent photocurrent (PPC) when the relaxation time is of
the order of 100 s or more.1,2 It is one of the main parameters
that influences the characteristics of optoelectronic detectors
and gas sensors. The study of PPC attracts attention, especially in semiconducting metal oxides as they are widely
used in gas sensing and UV detection. The origin of PPC in
oxide semiconductors is usually traced to bulk or surface
related defect states resulting from oxygen vacancies,
interstitial defects, or adsorbed gas molecules on the
surface.3–10
Indium oxide (IO) is one of the widely studied metal
oxide semiconductors with a band gap of 2.9 eV.11,12 When
doped with tin, IO exhibits about 90% transmittance in the
visible region and a plasma edge at the near infrared region
leading to high electrical conductivity. Denoted as ITO in this
form, it is one of the widely used transparent electrodes in flat
panel displays, solar cells, and other optoelectronic devices. It
is also possible to vary the conductivity of IO films by several
orders without an external dopant. In fact, off-stoichiometric
IO has been considered as a back transparent electrode for
organic light emitting diodes. The other applications envisaged include IO based thin film transistors and all transparent
p-n junctions. The principal application of IO, however, is in
the field of gas sensing, as a conductance-based solid state
gas transducer. IO has been found to exhibit good sensitivity
to inflammable gasses such as H2, CH4, and other hydrocarbons13–15 and air pollutant gases such as CO, NH3, and
NO2.13,16–20 Additionally, being a wide gap semiconductor,
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IO is also being studied for UV and ozone sensing.21–23
Although UV sensing is based on transitions near the fundamental gap, gas sensing relies on the existence of mainly surface defects. Gas molecules can adhere to the defects through
physisorption or chemisorption, resulting in change in conductance, an easily measurable parameter. The gas sensing
properties of semiconducting metal oxides are governed primarily by the surface defects which give rise to deep or shallow surface states in the gap.26–28 On the other hand, these
surface states, which actually aid gas sensing, may act as carrier traps leading to PPC that can interfere with the sensing
mechanism. Also, PPC is the major hurdle in using IO as the
UV detector. Although carrier generation takes place on a fast
time scale, carrier relaxation proceeds through intermediate
trap states, stretching the response time.23 Although PPC is
mainly associated with trap states, it can also result from
space charge layers.1,2,24,25 Charges accumulated at the interfaces24,25 or Fermi level pinning due to surface defects can
cause band bending at the interface or surface,1,2 which will
result in spatial separation of electrons and holes and hence
PPC with large decay constants.
PPC in general is governed by exponential or stretched
exponential decay, depending on the functional form of the
decay constant. The stretched exponential form results when
the decay constant has power law dependence on time.
Several reports are available on the photoresponse of IO
films under above-band-gap (UV) illumination.23,29–32 PPC
in IO was first observed in the study of photoredox reaction
under UV illumination-ozone exposure cycles.21,29,30,33–36
When the IO films were exposed to UV followed by ozone
exposure, the conductivity changed by several orders of
magnitude with a time constant of several minutes.21,29,36
The primary observation was that all changes are confined to
the surface of the films. A recent study of PPC in highly
crystalline RF-sputtered IO films showed PPC decay to be
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governed by a stretched exponential with a time constant
of about 10 h which is quite large.23 Brinzari et al. studied
the spectral dependence of photoredox characteristics of
nanocrystalline IO films grown by spray pyrolysis.37 They
used the ac method and observed non-zero photoresponse
under sub-band gap (SBG) illumination with a peak around
2.9 eV. Thin films formed by spin-coating polyvinyl-alcohol
treated and untreated IO nanoparticles dispersed in ethanol
were studied for UV sensing.32 The response time has been
found to decrease by a factor of 2 due to PVA treatment.32
The photoresponse of thin films of IO nanorods, synthesized
by the vapor-liquid-solid growth process was studied under
405 nm illumination.38 The decay of PPC was found to be
bi-exponential with a slow and a fast time constants of 35 s
and 250 s, respectively.38
The previous discussion shows that most of the studies
on PPC are confined to UV irradiation and the PPC decays
with large time constants. The aim of the present work is to
probe the thickness and spectral dependence of PPC in IO
thin films under UV and SBG illuminations and find if the
decay constants can be reduced by suitable surface treatment. The results show that PPC follows a bi-exponential
decay with a fast and a slow relaxation time. The thickness
dependence of PPC is attributed to the scattering of charge
carriers from surface states to bulk states as the density of
bulk states increase with thickness. A significant reduction in
the slow relaxation time is observed in films treated with a
silicone, tetramethyl tetraphenyl trisiloxane (TTTS), which
indicates the passivation of surface defects specific to the
slow relaxation process.
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spectra of IO films with different thicknesses in the wavelength range of 200–1200 nm. The films are transparent with
an average transmittance of about 80%. The oscillations in
the transmittance spectra, appeared for higher thicknesses
(133 and 245 nm), are due to the Fabry–Perot interference.
Film thicknesses were extracted from a numerical fit, and
the inset to Fig. 1 shows, as an example, the measured data
(open circles) together with the fit (continuous line) for the
film with the highest thickness (245 nm). The optical band
gap found from the fit was in the range of 3.60–3.75 eV. For
films with thicknesses less than 100 nm (24, 35, and 70 nm),
the thicknesses were crosschecked using X-ray reflectivity.
Glancing angle X-ray diffraction confirmed that films were
polycrystalline with a preferred orientation along the (222)
direction (data not shown). The wavelength of the UV source
used was 260 nm. Four different light emitting diodes having
wavelengths 410, 465, 515, and 635 nm were used as SBG
excitation sources. The intensity of all SBG sources was kept
fixed at 50 mW/cm2. The length and the width of each sample were 2.2 and 1.2 cm, respectively. Indium pads were
used for electrical contacts and the Ohmic nature was verified by I–V measurements. The rise and decay of the photocurrent were measured using the Keithley 485 Autoranging
Picoammeter keeping the sample bias constant at 5 V. After
each measurement, the samples were kept in a dark chamber
for about three weeks so that the initial resistance is recovered before the next measurement. All measurements were
performed at room temperature in high vacuum
(105 mbar) primarily to avoid the influence of humidity.
III. RESULTS AND ANALYSIS

II. EXPERIMENTAL DETAILS

A. Persistent photocurrent

Polycrystalline IO thin films of different thicknesses
were grown on 1 mm thick 7059 Corning glass substrates
by reactive dc-sputtering of indium target (purity 99.99%)
at an oxygen (99.99% pure) pressure of 0.06 mbar with
a base pressure of 106 mbar. In order to improve the
crystalline quality, the as-deposited films were annealed in
an oxygen atmosphere at 400  C for 2 h. PPC measurements
were made on films having different thicknesses, 24, 35,
70, 133, and 245 nm. Fig. 1 shows the optical transmittance

Fig. 2(a) displays the thickness dependence of change in
PPC, DI (¼I(t)Idark, where I(t) and Idark are the current at
time t after illumination and the dark current, respectively)
of IO films for the excitation wavelength of 410 nm. The
increase in photocurrent during photoexcitation and its decay
after the termination of excitation can be clearly seen in
Fig. 2(a). The vertical dashed line separates the rise and
decay of the photoresponse. The films exhibit similar variation of photocurrent with time when excited using other
wavelengths (260, 465, 515, and 635 nm) as well. Although
photoresponse under sub-band gap illumination is a clear
indication of trap levels, the absorption due to the trap levels
is not observed in the transmittance (Fig. 1). This is because
the probability of trap to band transition is orders of magnitude smaller than that of the band-to-band transition. For the
analysis, the decay profile is preferred since during decay
there is no carrier generation as the excitation source is
switched off. Fig. 2(b) shows the decay profile of DI, normalized with respect to its maximum value DImax (¼ImaxIdark)
for 410 nm excitation. Here, Imax is the value of photocurrent
just before the illumination is switched off. In general, PPC
has been shown to exhibit a different behavior depending on
the nature of the governing physical mechanism.3,23,38 The
expressions which are mainly used to fit the PPC decay
are single or bi-exponential, stretched exponential, and logarithmic in nature. We find that a bi-exponential expression

FIG. 1. Optical transmittance spectra of IO films with different thicknesses
(24 nm–245 nm). The inset shows transmittance spectra together with theoretical fit (continuous line through data points) for a 245 nm thick film.
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FIG. 3. Thickness dependence of ss of IO films for different excitation
wavelengths (260, 410, 465, 515, and 635 nm). Continuous lines are polynomial fit using Eq. (3).

FIG. 2. (a) Change in photocurrent (DI) with time under 410 nm illumination
for IO films with different thicknesses. The excitation source is switched off
after 8 h of illumination. (b) Decay of normalized photocurrent (DI/DImax)
for IO films with different thicknesses (24 nm–245 nm) under 410 nm
illumination.

(Eq. (1)) with a slow and fast relaxation time fits the decay
profile well




DI
t
t
;
(1)
þ Af exp 
¼ As exp 
DImax
ss
sf

Continuous lines through the data points are fits from which
length scales are extracted as discussed in the later sections
in detail. Fig. 4(a) displays the thickness dependence of sf ,
obtained from the fit using Eq. (1) for different excitation
wavelengths. Interestingly, unlike ss , sf does not show a
systematic variation and is independent of thickness. For
instance, the value of sf is 50 min for all thicknesses, when
the excitation wavelength is 515 nm. The pre-exponential
factors, As and Af , signify, respectively, the contributions of
the slow and fast relaxation processes to the observed decay
profile of PPC. Therefore, the ratio, As =Af , is a measure of
the relative strength of slow process with respect to the fast
one. Fig. 4(b) shows the variation of As =Af with film thickness for different excitation wavelengths. The relative
strength of slow process decreases with thickness for all
the excitations used, and the variation is quite similar to
that exhibited by ss . To summarize, both ss and As =Af are

where ss (sf ) is the time constant associated with the slow
(fast) mechanism. As and Af are, respectively, pre-exponential
factors for the slow and the fast decays. The solid lines
through the data points in Fig. 2(b) show the fit using Eq. (1).
ss and sf for films with different thicknesses are extracted
from these fits for five different wavelengths, although the
plot for only one wavelength (410 nm) is shown in Fig. 2(b).
Similar bi-exponential response has been observed earlier in
wide band gap semiconductors.3,5 It has been shown that
the slow time constant is predominantly due to the recombination in surface states, whereas the fast process is associated
with bulk states3–5,39 though the opposite has also been
claimed.40–42
B. Thickness dependence of relaxation time

Fig. 3 shows the thickness dependence of ss for different
photoexcitations. As the thickness increases, the value of ss
decreases sharply. For instance, when the excitation wavelength is 465 nm, ss falls from 12  103 min (film thickness, 24 nm) to a minimum value of 2  103 min (film
thickness, 133 nm). The trend is similar for all the excitation
sources used, although the magnitude of the change differs.

FIG. 4. (a) sf vs. thickness and (b) As =Af vs. thickness for different excitation wavelengths (260, 410, 465, 515, and 635 nm).
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strongly affected by thickness, whereas sf remains unaffected for all wavelengths. This clearly indicates that surface
and bulk defect states contribute to ss and As =Af , whereas
sf may be associated with surface defect states alone.
High persistency is a result of trapping of photogenerated carriers at the defect states and the consequent slowing
down of the recombination rate. In the present case, as the
film thickness decreases, the persistency in the photocurrent
increases and as we have seen the primary contributing
factor is ss . The decrease in ss with thickness may be understood in the following way. The charge carriers at the surface
can undergo two kinds of scattering: from an initial surface
state to another surface state and from an initial surface state
to a bulk state.43 The scattering can involve emission or
absorption of a phonon to ensure momentum conservation.43
Therefore, ss is effectively the result of two different kinds
of surface scattering, with the initial state always being a surface state and the final state being either a surface state or a
bulk state. Under this assumption, ss can be written as
1
1
1
¼
þ
;
ss ss!s ss!b

(2)

where ss!s and ss!b represent, respectively, the relaxation
time associated with the surface state to surface state scattering and the surface state to bulk state scattering. The scattering probability is given by the inverse of the relaxation time.
As the film thickness decreases, the density of the available
bulk states decreases. Consequently, the carrier-scattering
probability from the surface states to bulk states decreases,
which in turn increases ss . This observation is also corroborated by the variation of As =Af with thickness (Fig. 4(b)). As
the film thickness decreases, As =Af increases, confirming
that there is a relative increase in the contribution of a slow
relaxation process to PPC. On the other hand, sf does not
show clear thickness dependence that may be taken to indicate that it is associated with scattering of carriers from surface to surface states.
1. Characteristic length scale

Previous discussions have shown that the surface plays a
crucial role in determining the decay of PPC. It is of interest
to determine a length scale, which can help mark the thickness, below which ss!s dominates. One way to extract the
length scale is to fit the data to a polynomial in even powers
of inverse length, which is given by the following equation:
 2
 4
xc
xc
þ C2
:
ss ¼ C0 þ C1
x
x

(3)

Here, xc is the length scale and C0, C1, and C2 are constants
with appropriate dimension. The choice of even powers
ensures that the variation is monotonic. In the limit x ! 1,
ss will have contribution solely from surface-to-bulk state
scattering, whereas in the opposite limit x ! 0, the surfaceto-surface state scattering will determine ss . Therefore,
xc will determine the crossover length. In Fig. 3, the continuous lines drawn through the data points are the fit using
Eq. (3), which clearly reproduces the data well for all the

wavelengths. The values of xc for different wavelengths,
obtained from the fit, are in the range of 55 to 61 nm, which
shows that surface to surface state scattering dominates
below about 60 nm. It may be noted from Fig. 3 that
although the fit using Eq. (3) reproduces the data well at
lower thicknesses, it underestimates ss for the 245 nm thick
film for all the illumination wavelengths used. We believe
that this may be due to the surface states induced surface
band bending, which will become prominent as the thickness
increases. Both generation and transport of carriers govern
the photoresponse and since the built-in field acts in the
opposite direction for the holes and electrons, they will be
spatially separated. Consequently, the probability for recombination will be reduced, leading to delay in the carrier
recombination. It is also to be noted here that surface band
bending will be significant during the decay, as photoinduced carrier generation will greatly suppress the band
bending during illumination. A recent study on PPC in GaN
nanowires1,2 has shown, apart from trap levels, surface band
bending as the principal reason for PPC. Space charge controlled PPC has also been observed25 more recently on
Pentacene based organic thin film transistors.
C. Effect of surface passivation

Since the surface presents a discontinuity of the bulk,
there is a large density of partially bonded indium and oxygen atoms at the surface. This gives rise to high density of
surface states within the band gap. Further, IO is known to
possess specific defects such as vacancies or interstitials of
indium or oxygen.44,45 These defects may be associated with
the surface or bulk or both. Although it is difficult to control
the bulk defects using post-processing treatments, surface
defects can be reduced by using surface chemical passivation
methods. In addition, through a careful choice of passivating
agent, it is possible to reduce the defects selectively. Further,
the results presented in Secs. III A and III B have suggested
that surface defect states are mainly responsible for the PPC,
and therefore, any change in the surface condition will affect
both ss and sf . Since the present study is concerned with
the photocurrent measurements, the passivating agent must
be transparent in the visible region, to avoid any unintentional absorption of the incident radiation. In this context, we
have used TTTS, a silicone with linear chemical formula
[CH3Si(C6H5)2O]2Si(CH3)2. It is dispersionless in the visible
region with a refractive index of 1.56. Silicones, in general,
have several active silane groups, which are well-known surface passivating agents46,47 for metal oxides.48,49 Recently,
silicone treated ZnO nanoparticles have been found to
exhibit large improvement in the anti-bacterial property50,51
and also showed large enhancement in the photocurrent.52
Fig. 5 compares the decay of photocurrent of TTTS
treated IO film with that of the untreated film. The film thickness is 133 nm and the measurements were carried out for all
wavelengths. As seen from Fig. 5, there is a significant
reduction in the persistency for the film treated with TTTS.
In fact, ss is reduced by a factor of about five, and the magnitude of change in the value of ss is nearly the same for all
wavelengths. Similarly, the ratio As =Af , which is a measure
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FIG. 5. Decay of normalized photocurrent (DI/DImax) of TTTS treated and
untreated IO films under different excitations. The thickness of the film is
133 nm. Continuous lines represent the bi-exponential fit.

of the relative strength of slow relaxation process with
respect to the fast relaxation process, shows a large reduction. However, there is no significant and consistent change
in the value of sf for all wavelengths. A comparison of the
values of ss , sf , and As =Af for untreated and TTTS treated
IO film is presented in Table I. These observations clearly
demonstrate that TTTS treatment reduces the surface defect
states that are specific to the slow relaxation process,
whereas the surface defects specific to the fast relaxation
process remain unaffected. It is known that the adsorbed
water molecules on the IO film surface can undergo photocatalytic splitting through the reactions, H2O þ hþ ¼ OH þ Hþ
and OH þ e– ¼ OH–, resulting in the generation of Hþ and
OH ions.37,53 As can be seen from Fig. 6, the molecular
structure of TTTS has a siloxane (Si-O-Si) framework with
organic side-chains. Siloxane can undergo hydrolysis in the
presence of Hþ/OH– ions even at room temperature.54,55 As
a result of the hydrolytic cleavage of the Si-O-Si bond, silanol (Si(CH3)2(OH)2) will form and also the silane groups
will leave the TTTS silicone molecule.47,54,55 The different
surface defects that are known to contribute to defect states
in IO include oxygen-dangling bonds resulting from oxygen
enrichment or indium vacancies.20,44 These dangling oxygen
bonds can serve as nucleophilic groups and can coordinate to
the silane groups, left from the TTTS molecule (Fig. 6).
Since the unsaturated oxygen bonds on the IO surface get
passivated, the density of surface defect states pertaining to
oxygen dangling bonds will decrease. The reduction of the
values ss and As =Af indicates that defects related to oxygen
dangling bonds are responsible for the slow relaxation

FIG. 6. Schematic representation of surface passivation of IO film through
the chemical reaction with TTTS.

process. Thus, we can conclude that these observations, apart
from substantiating our previous conclusion on the role of
surface related defects in controlling PPC, have given insight
into the possible origin of surface defect states and surface
passivation of IO films by TTTS.
D. Spectral response of relaxation time ss

Spectral response of ss has been studied in order to
understand the distribution of surface defect states. Fig. 7
shows the spectral responses of ss of IO films with different
thicknesses. Since the decay time is proportional to the density of surface states, spectral dependence of ss should reflect
the distribution of density of surface states that contribute to
the slow relaxation process. Continuous lines through the
data points represent the fit obtained by assuming Gaussian
distribution of states as the density of surface or interface
defect states are known to follow the Gaussian distribution.25
Interestingly, spectral dependence of ss shows maximum

TABLE I. Comparison of ss , sf , and As =Af values for untreated and TTTS
treated IO film. The thickness of the film is 133 nm.
State of the IO film
Parameters
Wavelength (nm)
ss (min) (103)
sf (min)
As =Af

Untreated
260
2.30
61
5.56

410
2.32
83
6.80

465
2.43
80
7.82

515
2.87
63
11.8

Treated with TTTS
635
2.43
10
3.50

260
0.57
49
0.44

410
0.80
55
2.50

465
0.59
60
0.19

515
0.66
48
1.36

635
0.37
12
0.43

FIG. 7. Variation of ss with energy of the incident radiation for different
film thicknesses. Continuous lines represent the Gaussian fit.
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around 2.5 eV (Fig. 7) for all thicknesses. This in turn shows
that the density of surface defect states that are associated
with the slow relaxation process is distributed such that it is
highest close to 2.5 eV, above the valence band. It is necessary at this point to discuss how the optical gap in IO is
defined. Although it has been extensively reported that
the band gap of IO is 3.7 eV, recent studies have shown
that the band gap is overestimated and is actually in the
range of 2.7– 2.9 eV.11,12 The calculations have shown that
the transition from the valence band maximum (VBM) to the
conduction band minimum is forbidden. The dominant
allowed optical transition has been found to occur from levels 0.8 eV below the VBM, which accounts for the large
optical gap of 3.7 eV.11,12 As ss is found to be highest
around the excitation energy of 2.5 eV, the density of surface
defect states is maximum around 1.7 eV above the VBM or
2.5 eV above the level from where strong allowed optical
transition can take place.
IV. CONCLUSIONS

We have measured the PPC of IO films under UV and
SBG illuminations. The results show that PPC is governed
by bi-exponential decay with a fast and a slow decay time
constants, which differ by an order of 2. The thickness
dependence of the decay constant associated with the slow
process is attributed to the carrier scattering from the surface
to bulk states. A surface length scale of about 60 nm has
been estimated. The films treated with TTTS exhibit nearly
5-fold reduction in the slow decay constant, which is an
interesting result from the viewpoint of UV sensing. From
the spectral response of the slow relaxation time, we conclude that the density of surface states associated with the
slow relaxation process is maximum around 2.5 eV above
the level from where strong allowed optical transition is
known to occur in IO films.
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