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We report the photoconductance of ZnO thin films obtained from thermally
treated ZnS films grown by a chemical bath deposition method. The mea-
surements of photo-conductance were performed in an atmosphere of air or
nitrogen (N2) at different temperatures between 300 K and 375 K. The aug-
mented conductance after ultraviolet (UV) irradiation (330–380 nm) in air
fades away slowly to its original value, whereas in a nitrogen atmosphere, a
significant part of the augmented conductance remains. Measurements of
electrical conductance as a function of temperature in N2 or air, in the dark or
the light, seem to indicate that the donor concentration is increased during the
UV irradiation, suggesting that oxygen vacancies and interstitials are created.
An alternative model for the photoconduction in ZnO is proposed in which the
slow increase of conduction during irradiation is explained by an increase of
donors instead of photoelectrons. In this model, the photoelectrons would only
play a role in the mechanism of the creation of donors.
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INTRODUCTION

ZnO has received much attention due to its
potential application in electronic devices such as
lasers and diodes operating in the ultraviolet (UV)
and blue regions of the spectrum, transparent
conductive electrodes, surface electro-acoustic wave
devices, gas sensors, solar cells and piezoelectric
transducers.1–3 One of the interesting features of
thin films of this material (and other oxides) is the
slow photo-response. This slow response has been
attributed to the involvement of oxygen at the
surface of the film.4 Most models that explain the
slow photo-response assume the presence of oxygen
vacancies and Zn interstitials acting as donors.4

However, the donated electrons are bound to
adsorbed oxygen at the surface forming chemically
bound O2

�. Near the surface, a depletion region is
thus formed that could extend over the whole width
of the film resulting in a low conductivity. During
the irradiation, electrons and holes are created of
which the holes recombine with the bounded elec-
trons. During this process, the chemical bound of
the oxygen with the surface (chemisorption) is thus
removed; however, the oxygen may remain physi-
cally bound (physisorption). The photo-generated
electrons remain in the bulk and cause the increase
of conductance. After irradiation, the physisorbed
oxygen molecules may again trap an electron to
again get chemically bound, resulting in a decrease
of conductance.4–7 This model has been mainly
based on photo-conductance measurements in dif-
ferent gaseous environments and can explain most(Received June 9, 2015; accepted October 29, 2015;
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of the observed effects. However, only a few inves-
tigations include temperature effects.

Since the adsorption and desorption processes are
expected to be thermally activated, a study into the
effect of temperature on the conductance could gain,
or reinforce, insight into the mechanism of the slow
response photo-conductance of ZnO. With this
objective in mind, we performed the present study
in which we investigated the behavior of the photo-
conductance during cooling and heating in the
temperature range from 300 K to 375 K.

SAMPLE PREPARATION AND STRUCTURAL
ANALYSES

To obtain the ZnO films used in this investigation,
first, ZnS films were grown on a glass substrate by
the chemical bath deposition (CBD) method.8 To
convert the ZnS films to ZnO, the films were
thermally treated in air at 400�C for 6 h. The x-
ray diffraction (XRD) patterns were collected with a
Rigaku Geigerflex diffractometer equipped with a
graphite monochromator by using CuKa radiation
(k = 1.542 Å). Scanning electron microscope (SEM)
images and the samples compositions were obtained
using a JEOL JSM-5410LV scanning electron
microscope equipped with an Oxford energy disper-
sive spectroscopy (EDS) analyzer operating at
15 keV.

Figure 1 shows SEM images of the surface of a
film before and after the thermal treatment. It is
seen that the thermal treatment does not change
the granular and porous structure of the film
surface very much; however, cracks appear on a
lm scale due to the reduction of the volume during
the ZnS to ZnO conversion.

Figure 2 shows the XRD pattern of a ZnO film
fabricated with the above-described method
together with the diffraction pattern of the ZnS
film before the thermal treatment and the reference
lines of ZnO (JCPDS # 36-1451) and ZnS. It is seen
from this figure that, during the thermal treatment,
crystalline ZnO is formed while the original ZnS
film has a slightly amorphous structure. According
to our EDS analyses, only a molar fraction of 35% of
the ZnS on the film converts to ZnO during the
thermal treatment. Thus, our films may be thought
of as being composed of slightly amorphous ZnS
grains covered with a layer of crystalline ZnO.

CONDUCTANCE MEASUREMENTS

For the conductance and photo-conductance mea-
surements, gold electrodes were evaporated on the
ZnO film on which thin copper wires were pasted
with silver paint. For the photo-conductance mea-
surements, the substrate was mounted on a heater.
This heater was located in a box in which the
environment could be controlled by flows of nitrogen
or air. For illumination of the sample, we used a
Xenon lamp operating at 300 W and monochro-
mated with a 03FCG001-type band filter with a

transmission range of 330–380 nm. The conduc-
tance was determined by the voltage drop over a
known resistor (330 kX) in series with the sample.
The voltage over the sample was in the range from
10.5 V to 12 V.

Figure 3 shows the electrical conductance mea-
surements of the ZnO film in air during heating and
cooling. These measurements were performed dur-
ing heating and cooling at rates of 0.1 K/s and
0.02 K/s. It is seen from the figure that the conduc-
tance strongly depends on the temperature but only
slightly on the path to which the temperature is
reached. Furthermore, the conductance behaves
more or less according to Boltzmann statistics (data
points are on a straight line using the scales of
Fig. 3), indicating the presence of donors in the ZnO
layer. (The ZnS films before the thermal treatment
did not show any conductance, so the measured
conductance comes from the ZnO layer.) The three
most prominent donors in the ZnO layer are the
chemisorbed O2

� molecule, the oxygen vacancy VOx

and the Zn interstitial IZn. Fitting the electrical
conductance curves of Fig. 1 to G = G0Æexp(�E/kT)
gives a value for the energy of 0.29 eV. To estimate
the activation energy of the related donor, one has
to realize that the conductance is the product of the
electron concentration and the mobility. If we take

Fig. 1. Scanning electron microscopy images of ZnS film, as ob-
tained before the thermal treatment (a), and the ZnO film obtained
after the thermal treatment of the ZnS film (b).
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for the mobility the bulk mobility in pure ZnO, then
electron concentration would be determined by GÆl0

exp(a/kT) with a approximately 0.072 eV (deter-
mined from the figure in Look et al. 1998).9 For a
thin ZnO layer, a similar value for a could be
determined.10 Correcting for this, we find, for the
activation energy of the corresponding donor,
0.36 eV which corresponds to the activation energy
of the oxygen vacancy donor.11 Performing the same
measurements in an N2 atmosphere leads to a
similar behavior at high temperature (>353 K), and
a slow increase of the electrical conductance is
observed. This is probably due to the removal of
oxygen at the surface.

Figure 4 shows the conductance measurements of
the ZnO film in a nitrogen atmosphere after anneal-
ing it for different periods at 373 K to remove the
oxygen. From this figure, it is seen that, after two
annealing periods of 800 s, the conductance
increases by about 3 times. In view of the estab-
lished model, this suggests that the O2

� electron
source concentration would have been reduced
significantly during this period. In contrast, the
growing rate of the conductance with temperature
(dG/dT) increased during this period (also by about
3 times, which is reflected in a constant shift of the
data to higher conductance over the whole temper-
ature range when using the scales of Fig. 2). Since
one expects that dG/dT is proportional to the donor
concentration, we may conclude that the chemi-
sorbed oxygen O2

� does not contribute much as a

donor to the conductance of the film. The energy
deduced from the slopes of the curves in Fig. 4 is
0.250 eV after moderate reduction and 0.237 eV
after stronger reduction, corresponding to effective
activation energy of 0.322 eV and 0.309 eV, respec-
tively. This is lower than the activation energy
found in air, suggesting that at least two types of
donors are involved. Possibly, there is a contribution
of the single ionized Zn interstitial that has an
activation energy of 0.22 eV.11

Fig. 2. X-ray diffraction patterns of (a) ZnO film on glass substrate,
(b) ZnO film with the background of the substrate subtracted, (c)
zincite reference, (d) ZnS film before thermal treatment, (e) ZnS
reference.

Fig. 3. Conductance of the ZnO film in air during heating and cooling
at heating and cooling rates of 0.02 K/s (h) and 0.1 K/s (+).

Fig. 4. Conductance of the ZnO film in N2 atmosphere after: flushing
it 300 s with N2 at RT (h, during heating and cooling), 800 s
annealing at 373 K (100�C) (+, during heating) and an additional
annealing for 800 s (+, during cooling and � during heating). All
cooling and heating rates are 0.03 K/s.
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To investigate the origin of the radiation-induced
persistent conductance of the ZnO film, we mea-
sured the conductance during heating and cooling
after UV irradiation. Figure 5 shows the change of
electrical conductance during the heating and cool-
ing cycle of two measurements with different heat-
ing and cooling rates. The measurement containing
segments a and b was performed with maximal
heating and cooling rates to prevent as much as
possible decay of the conductance during the mea-
surement. At the beginning of the heating (segment
a), we see an initial increase of the conductance
probably caused by the release of electrons from
donors. This suggests that, during the UV irradia-
tion, the concentration of donors has grown by
photo-generation of VOx or IZn defects. After about
340 K, the electrical conductance starts to decrease,
indicating either an increase of the annihilation
rate of the donors with their counter parts (for the
oxygen vacancy donor, VOx this would be the oxygen
interstitial IOx) or the decrease of available elec-
trons due to the recombination with holes. This is
interpreted as the increasing of the release rate at
higher temperature of either the trapped counter-
part of the donor or the trapped hole. Although the
annihilation also continues during cooling (segment
b), a reasonable exponential decay with respect to 1/
T is observed. The corresponding energy is about
0.25 eV, which suggests that the donors generated
during the reduction in the N2 atmosphere are of
the same type as the photo-generated donors. The
second measurement (segments d, e and f) was
measured with a heating and cooling rate of 0.01 K/
s. This was so slow that, during the heating
(segment d), the annihilation process of the photo-
generated donors dominated over the thermal acti-
vated electron release.

Figure 6 compares three measurements of the
isothermal decrease of conductance. One was per-
formed in an N2 atmosphere after a UV irradiation
pulse, one in air after a UV irradiation pulse and
one in air after reduction in an N2 atmosphere. All
data displayed in Fig. 6 were collected at 368 K
(95�C). It can be seen from the figure that the
conductance data contain a fast decay component, a
slow decay component and an asymptote to which
the signal levels off. Fitting while sharing the decay
time constants between measurements and assum-
ing first order processes (exponential decay) results
in good fitting curves (see Fig. 6), with time decay
constants of 187 ± 2 s for the fast decay and
2078 ± 12 s for the slow decay. The values of the
asymptotes of the measurements in air are 1.45 (b)
and 1.46 nS (c) which are somewhat higher than the
dark conductance of 1.0 nS at 368 K (95�C). This
indicates that the presumed asymptote in reality
represents a very slow decay.

The conductance measurements after the reduc-
tion (Fig. 6c) only presented a very small contribu-
tion of the fast decay. This may be due to the
reduction being a very slow process so that the

donor traps participating in the fast decay have
already been annihilated before the measurement
started. Further, it is seen that, in an N2 atmo-
sphere, the conductance after the light pulse is
much higher than in air. Nevertheless, the initial
decrease of conductance is 1.54 times greater than
in air. This last observation is contrary to the idea
that the decrease in conductance is the result of
physisorbed oxygen trapping electrons, since one
would expect a lower concentration of surface
oxygen in an N2 atmosphere than in air. Instead,
it is suggested that the annihilation of the donor
with its counterpart is responsible for the decay of
the conductance. It is remarkable that the slow
decay component is present in the conductance
decay measurements after reduction as well as after
photo-stimulation in air and in nitrogen atmo-
sphere. If we assume that this decay component
has the same origin in all measurements, then it is
clear that it is not directly caused by the return of
oxygen from the environment (because it is present
in the N2 environment), although it is stimulated by
its presence (because it is present in air after the
reduction).

ANALYSIS OF DATA AND DISCUSSION

Our results suggest that the measured photo-
induced increment of conductance reflects the
increment of donors and not the increment of
photoelectrons as assumed in most models of

Fig. 5. Electrical conductance during the heating and the cooling of
an irradiated ZnO thin film. Segments a, b and c belong to the cycle
with the greatest heating and cooling rates and segments d, e and f
belong to a cycle with a heating and cooling rate of 0.01 K/s. During
segment e, the film was heated quickly from 348 K to 373 K. The
ines fitting the cooling stages (segments b and f) correspond to a
thermally stimulated process of releasing electrons with the indicated
activation energies. Segment c represents isothermal decay. The
data points are 400 s apart.
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photoconductivity in ZnO. Furthermore, our
results suggest that it is the annihilation of the
donor with its counterpart that causes the decay of
conductance and not the release of holes from
(physisorbed) oxygen at the surface. These obser-
vations lead to the hypothesis that donors and their
counterparts are created during the photo-excita-
tion. To explore this idea, we will assume for
simplicity that the created donor–counterpart pair
(with the 0.36-eV donor) is a VOx–IOx pair and that
this pair can be created during UV irradiation by an
excitonic mechanism similar to that of the radia-
tion-induced F and H center creation in ionic
crystals.12,13 If we assume that the IOx is mobile,
then it can recombine with a VOx or migrate to the
surface where it may be trapped. If the concentra-
tion of IOx at the surface is sufficiently high, O2 gas
may be formed that could escape from the surface.

The arisen surplus of VOx donors in the bulk near
the surface then causes the increase of the conduc-
tance. The trapping of IOx at the surface is much
more effective in an atmosphere with a low concen-
tration of oxygen, i.e. on a surface with few adsorbed
oxygen. This could be understood if we assume that
the physisorbed oxygen from the atmosphere occu-
pies the same site as the trapped interstitial JOx.
Such a site could, for example, be a step in the
surface, sided by Zn ions as schematically shown in
Fig. 7a. Another such a side is suggested by calcu-
lations of Yan et al. They found that the VOx at the
surface acts as an effective trapping site for O2

molecules (see Fig. 7b).14 Obviously, such a site
would also be a good trap for IOx.

The formation of VOx–IOx pairs during the reduc-
tion in the dark would be a pure thermal process. At
first sight, this may seem unlikely, since the
concentration of VOx in the bulk is expected to be
frozen below 500 K because of the corresponding
high formation energy.15 However, theoretical cal-
culations show that the VOx formation energy at the
surface is about half that in the bulk.14 So it would
not be unreasonable to assume that near the surface
the activation energy for the formation of VOx–IOx

pairs would be sufficiently low to actually form VOx–

Fig. 6. Measurements of isothermal decay of conductance. (a) In N2

atmosphere after UV irradiation for 1 s, (b) the same as (a) but in air,
and (c) in air after reduction in N2 atmosphere for 72 ks (20 h) at
368 K. The temperature during all measurements was 368 K (95�C).
Dots are measurements, solid lines are fitted curves using two
exponential decays and an asymptote, dashed lines are components
of the fitted curves, i.e. the asymptote and the asymptote plus the
slowest decay.

Fig. 7. Oxygen trap at the ZnO surface. (a) Interstitial from the bulk
trapped at the surface. (b) Physisorbed oxygen molecule from the
atmosphere.
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IOx pairs spontaneously at the temperature of the
experiment (370 K).

If this formation process is in equilibrium with
the annihilation process, and the IOx trapping
process at the surface is in equilibrium with the
releasing process, then increasing the concentration
of available surface traps (by reduction) results in a
shift of the equilibrium in favor of the VOx concen-
tration. The decay of the conductance shown in
Fig. 6 was tentatively described by three indepen-
dent first-order processes. In view of the above-
suggested model, these processes would be the VOx–
IOx recombination in the bulk (fast), the releasing of
IOx at the surface (slow), and the conversion of
adsorbed oxygen molecules to the bulk oxygen
atoms (very slow). Strictly speaking, these three
processes are not independent and may be treated
as such only if the time scales at which they occur
are very different. The processes are also not
expected to be of first-order. A better but still simple
description of the decay would be in terms of the
following set of differential equations:

dV
dt ¼ kcre � krecIV
dI
dt ¼ kcre � krecIV � ktrpI N � J �Mð Þ þ kescJ
dJ
dt ¼ ktrpI N � J �Mð Þ � kescJ � kassJ

2 þ 2kdisM
dM
dt ¼ kassJ

2 � 2kdisM � kdesM þ kads N � J �Mð Þ
ð1Þ

in which I is the concentration of IOx, V is the
concentration of VOx, J is the concentration of
trapped IOx, N is the concentration of available
trapping sites (including the empty and full traps),
M is the concentration of physisorbed oxygen at the
surface, krec is the IOx–VOx recombination rate
constant, ktrp is the trapping rate constant for IOx

at empty trapping sites at the surface, kesc is the
release rate of trapped IOx at the surface, kcre is the
creation rate of VOx–IOx pairs, kass is the association
rate constant for the reaction 2JOx fi O2 where
JOx is a trapped oxygen interstitial at the surface,
kdis is the dissociation rate constant of physisorbed
oxygen describing the reaction O2 fi 2JOx, kdes is
the desorption rate constant of physisorbed O2 and
kads is the adsorption rate constant. This set of
differential equations would also describe the rise of
conductance during reduction and during
irradiation.

The processes involving chemisorbed oxygen
playing a crucial role in the cited literature do not
appear explicitly in the set of equationsproposed
here to describe the conductance. It is here assumed
that the chemisorbed oxygen is so tightly bound that
it remains stable up to the highest temperature of
375 K used in this investigation. To analyze the
data of Fig. 6, we solved the differential Eq. 1

numerically, using the Bulirsch-Stoer method, with
a backward (implicit) Euler scheme for the integra-
tion step,16 and fitted the parameter values so that
the calculated VOx concentrations fitted to all data
of Fig. 4 simultaneously.

Figure 8 show the fitting result of the differential
Eq. 1 to the measurements of Fig. 6. Figure 8a
shows the concentrations of VOx, IOx and JOx after
an irradiation pulse in N2 atmosphere, Fig. 8b
shows the concentrations after an irradiation pulse
in air, and Fig. 8c shows the concentrations after
changing the sample from a N2 atmosphere to air.
The fitting parameters are: kcre = 9.38 9 10�2 ls�1,
krec = 2.53 9 10�3 l�1 s�1, ktrp = 2.53 9 10�3 l�1 s�1,
kesc = 4.68 9 10�3 s�1, N = 410 l, kass = 2.35 9
10�5 l�1 s�1, kdis = 5.17 9 10�4 s�1, kdes = 9.40 9
10�4 s�1, kads1 = 1.79 9 10�4 ls�1,kads2 = 1.2 9 10�3 ls�1,
kpcr = 1.67 9 109 ls�1. The unit l is an arbitrary
unit of concentration. The IOx concentration was
less than 1 l (not shown). Figure 9 show the same
as Fig. 8 but with the fitting parameters:
ktcr = 5.45 ls�1, krec = 3.88 9 10�4 l�1 s�1, ktrp = 1.6 9
10�8 l�1 s�1, kesc = 1.8 9 10�3 s�1, N = 36310 l,
kass = 1.48 9 10�5 l�1 s�1, kdis = 0.398 s�1, kdes =
1.48 s�1, kads1 = 2.11 9 10�6 ls�1, kads2 = 2.06 9 10�5 ls�1,
kpcr = 7.31 9 108 ls�1.

The fittings were carried out with the routine
FATAL (from ‘‘fits anything to anything you like’’)17

embedded in our fitting program TAMTAM (from
‘‘tests any model to any measurement’’). As a
boundary condition, we assumed equilibrium at
the beginning of the measurement (except for the
JOx concentration of measurement c to allow for
some flexibility) from which the concentrations at
t = 0 were determined. During decay, the parameter
kcre was assumed to be the thermal creation rate ktcr

of IOx–VOx pairs, while during the irradiation pulse,
kcre was assumed to be the sum of thermal- plus
photo-creation rate kpcr of IOx–VOx pairs. The irra-
diation time was fixed at 0.5 s. Further, the param-
eter kads was taken as different for a nitrogen
atmosphere (kads1) than for an oxygen atmosphere
(kads2). So, in total, there are 11 parameters to be
fitted: ktcr, kpcr, krek, ktrp, kesc, kass, kdes, kads1, kads2

and N. Additionally, the fitting gave us the concen-
trations IOx, JOx and MOx. The fitting converged to
two different solutions. This is a consequence of the
many chained reactions in the set of differential
equations and the restriction of measuring only one
reaction product. Apparently, one of the reactions is
so fast that it may be considered in equilibrium on
the time scales of the experiment. The processes are
thus determined by one equation less. In the first
solution, the IOx concentration is in quasi-equilib-
rium due to the relative high recombination rate.
This solution requires a high mobility of the inter-
stitial and could be obtained with a reduced set of
differential equations:
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Fig. 8. Fitting result of the differential Eq. 1 to the measurements of Fig. 6. (a) The concentrations of VOx, IOx and JOx after an irradiation pulse in
N2 atmosphere, (b) the concentrations after an irradiation pulse in air and (c) the concentrations after changing the sample from a N2 atmosphere
to air. The fitting parameters are: kcre = 9.38 9 10�2 ls�1, krec = 2.53 9 10�3 l�1 s�1, ktrp = 2.53 9 10�3 l�1 s�1, kesc = 4.68 9 10�3 s�1,
N = 410 l, kass = 2.35 9 10�5 l�1 s�1, kdis = 5.17 9 10�4 s�1, kdes = 9.40 9 10�4 s�1, kads1 = 1.79 9 10�4 ls�1, kads2 = 1.2 9 10�3 ls�1,
kpcr = 1.67 9 109 ls�1. The unit l is an arbitrary unit of concentration. The IOx concentration was less than 1 l (not shown).

Fig. 9. Fitting result of the differential Eq. 1 to the measurements of Fig. 6. (a) The concentrations of VOx, IOx and JOx after an irradiation pulse in
N2 atmosphere, (b) the concentrations after an irradiation pulse in air and (c) the concentrations after changing the sample from a N2 atmosphere
to air. The fitting parameters are: ktcr = 5.45 ls�1, krec = 3.88 9 10�4 l�1 s�1, ktrp = 1.6 9 10�8 l�1 s�1, kesc = 1.8 9 10�3 s�1, N = 36310 l,
kass = 1.48 9 10�5 l�1 s�1, kdis = 0.398 s�1, kdes = 1.48 s�1, kads1 = 2.11 9 10�6 ls�1, kads2 = 2.06 9 10�5 ls�1, kpcr = 7.31 9 108 ls�1. The
concentration of MOx was less than 1 l (not shown).
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dV
dt ¼ kcre � kescJ
dJ
dt ¼ kcre � kescJ � kassJ

2 þ 2kdisM
dM
dt ¼ kassJ

2 � 2kdisM � kdesM þ kads N � J �Mð Þ
:

ð2Þ
In the other solution, the physisorbed oxygen is in
quasi-equilibrium due to relative high desorption
and dissociation constants. This solution could be
obtained with the following set of reduced
equations:

dV
dt ¼ kcre � krecIV
dI
dt ¼ kcre � krecIV � ktrpI N � Jð Þ þ kescJ
dJ
dt ¼ ktrpI N � Jð Þ � kescJ � kassJ

2 þ 2kadsðN � JÞ
:

ð3Þ

Based solely on the fitting results, it is difficult to
choose between the two models. The first model
requires that the IOx has a relative high mobility
and that a significant quantity of physisorbed
oxygen exists as an intermediate step between IOx

and free O2, which determines for an important part
the creation and annihilation rates of oxygen
vacancies. For the second mechanism, the IOx

concentration is relative high, while the concentra-
tion of physisorbed oxygen does not determine the
creation or anihilation rates of oxygen vacancies.

CONCLUSIONS

We arrived at two possible descriptions for pho-
toconductivity in ZnO. In both descriptions, VOx–IOx

pairs are formed during the UV irradiation of which
the VOx acts as a donor and the increase of its
concentration increases the conductance. In the first
description, the IOx is relative mobile and could be
trapped at trapping sites near the surface. In the
dark, IOx slowly releases from the trapping sites and
recombines with VOx. The trapping of IOx is in
competition with the physisorption of environmen-
tal oxygen. In the second description, the IOx

migrates only slowly through the bulk. In the dark,
it can recombine with VOx. When IOx reaches the
surface, it forms O2 and can escape to the environ-
ment. If oxygen is present in the environment, then
oxygen can return to the bulk. In both descriptions,
chemisorbed oxygen responsible for the neutraliza-
tion of latent VOx would not be affected. That means
that, in this description, the process of VOx–IOx pair
formation in which the recombination of photo-
generated electrons and holes are involved would

dominate over the process of the recombination of
photo-generated holes with ionized (chemisorbed)
oxygen at the surface. This picture is mainly based
on the observation that, during irradiation, the
donor concentration increases and on the observa-
tion that the initial decay of conductance after
irradiation in N2 gas is in fact greater than in air.
This description of photoconductivity could explain
the observations that were previously explained
qualitatively by the model used in the referenced
literature if one replaces electrons by VOx and holes
by IOx and applies some trivial adaptations.
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