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A simple thermal annealing at 150◦C followed by exposure to air ambient conditions in epitaxial ZnO thin
films produces a photoconductivity enhancement and a reduction of the energy gap. The first effect is related
to a release of carriers from bulk traps while the second is caused by a gradual adsorption of species on
the film surface which increases the band bending, as X-ray photoemission spectroscopy (XPS) shows. An
observed drift of the photoconductivity and the energy gap over the days is connected to this adsorption
kinetics. These findings have a potential application in ZnO based optoelectronic devices.

PACS numbers: 72.40.+w, 72.20.Jv

ZnO is a low-cost wide band gap semiconductor
and a promising alternative to GaN based optoelec-
tronic devices due to their similar crystal and electronic
properties1,2. For its large-scale implementation, it is
necessary an improved knowledge and control of: i) In-
trinsic point defects3,4 (e.g. donor oxygen vacancies,
VO, which provides a robust n-type character5,6) and
ii) the adsorption of species on its polar surfaces (e.g.
water or hydrogen resulting from the dissociation of the
former7–11). This latter process can provide charge to
the surface modifying in this way the band bending in the
proximities of it12. In this regard, photoconductivity pro-
vides information about intrinsic point defects through
their role as carrier traps or recombination centers13–16.
Additionally, photoconductance spectroscopy is a suit-
able tool to extract the effective energy gap EG (de-
fined as the band to band transition of the conducting
photoelectrons), which can be modified by band bend-
ing in nano-structures, according to the Franz-Keldysh
effect17–19. By means of XPS, previous reports have stud-
ied the modification of the band bending properties of
ZnO crystals9,20 or thin films21 using thermal annealing
above ∼ 500◦C. At such a high temperature, the defect
structure can be modified and it is difficult to discern its
contribution to the band bending from that of the ad-
sorbed species. Besides, surface reconstruction can take
place7–11 at such a high temperature. In the present
work, we have been able to modify the photoconductance
spectra of ZnO thin films after a low-temperature anneal-
ing at ∼ 150◦C and its subsequent exposure to ambient
conditions. This study was complemented by XPS mea-
surements and the contribution of defects and adsorbed
species to the observed effects was analyzed.

ZnO films were grown on (0001) sapphire substrates
(MSE Supplies) by pulsed laser deposition (PLD) using
a Neocera PLD system (Model: Pioneer 120 Advanced)
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starting from a fabricated ZnO target (99.99%). Dur-
ing the growing process, the temperature was fixed at
550◦C and the oxygen pressure at 0.05mTorr (Linde,
Oxygen purity level of 99.999%). A Nd:YAG laser (Con-
tinuum, Model: SL III-10) was operated at a wavelength
of 266 nm with an energy density of 2.1 J cm−2, a repeti-
tion rate of 10 Hz and a deposition rate of 0.018 nm s−1.
X-ray diffraction patterns were performed using CuKα
radiation (λ = 0.15406 nm) of a Panalytical-Empyrean
system. The results show that the films grew epitaxially
in the [0001] direction19. From the Kiessig fringes ob-
served in the low-angle θ − 2θ scan19, a thickness value
of t ≃ 54 nm was determined. The post-growth thermal
annealing performed in the films was at 150◦C during
1 hour at a base pressure of ∼ 1 × 10−6 Torr (labeled
as TA). After the TA, the films were exposed to am-
bient conditions in a room with a controlled tempera-
ture (21-23◦C) and relative humidity (35-40%). Then,
photoconductance and XPS spectroscopy were used to
monitor their behavior over the days21. Photoconduc-
tance measurements were performed in a Janis (Model:
CCS 350S) cryostat equipped with an optical window,
a 1000 W Xe lamp plus an Oriel (Model: Cornerstone
130) monochromator with an approximate flux density
of ∼ 10µW cm−2. XPS measurements were performed
using a Specs spectrometer equipped with a Phoibos 150
electrostatic hemispherical analyzer (150mm). The de-
tector axis was located in a position normal to the film
surface. A monochromatic X-ray beam of 1486 eV energy
(AlKα) was used as excitation source. The O 1s spec-
tra were acquired in the mode of constant analyzer en-
ergy with a pass energy of 10 eV. For electrons of roughly
950 eV of kinetic energy (from O 1s) the inelastic mean
free path is approximately 1.6 nm (i.e. photoelectrons
from fourth atomic layer of ZnO are only detected with
a probability of 0.25). The results presented in this work
are representative of all the studied films. The conduc-
tivity in dark of the films was σdark = 156.6Ω−1m−1

while the carrier concentration obtained from Hall effect
measurements14 was n̄ = 2.6 × 1017 cm−3 and they did
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not vary after the TA’s.

Fig. 1a shows the photoconductance spectrum of the
film in the as-grown conditions and how the spectrum
evolves over the days after the first TA (labeled as TA-1)
and the subsequent exposure to air. Several days af-
ter air exposure, a second TA (labeled as TA-2) was
performed on the film and its spectrum was also mon-
itored over the days. As it can be observed, there is
an initial increment of the photoconductivity (defined as
PC = (σ − σdark)/σdark) after TA-2, see Fig. 1a. From
this initial value of PC, it should also be noticed that PC
slightly decreases over the days, see Fig. 1a. This effect
is more evident when the PC values extracted from these
spectra are plotted as a function of the elapsed time, see
Fig. 1b. As it can be noticed, this drift is also observed
after TA-1.

The initial increment of the PC value after each TA
(which is more evident after TA-2) can be related to a
progressive release of carriers from overall neutral defects
after each annealing. In this way, these defects will be-
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FIG. 1. (a) PC spectra after TA-1 (lower set of curves) and
TA-2 (upper set of curves) monitored over the days after air
exposure. The spectrum for the as-grown conditions is also
shown (grey curve). The arrows indicate the increment of the
days. From these spectra, the PC amplitude was extracted
(b). The PC for the as-grown conditions (black dot) and an
exponential fit for the PC drift over the days (red curve) are
also presented.

come charged and hence efficient as carrier traps. This
increment of the number of efficient traps will allow a
decrease of the recombination rate22,23 and an increment
of the PC value. In the case of ZnO, point defects like
zinc vacancies, VZn, or oxygen vacancies can play the
role of hole and electron traps respectively15,16,24,25. As
an example, we calculate the energy involved in the ther-
mal ionization of an overall neutral oxygen vacancy. An
overall neutral VO can be composed of a compact singly
ionized V 1+

O plus one weakly bound effective-mass-like
electron26. The binding energy of this diffusive electron
relative to the minimum of the conduction band (CB)
is (in atomic units)26: m∗/2ϵ2, where m∗ = 0.22me

and ϵ = 9.77 for ZnO27,28. This gives a binding en-
ergy of 0.032 eV. This energy value is similar to the ther-
mal energy provided by an annealing at 150◦C (kBT =
0.036 eV), confirming in this way the thermal ionization
of defects after TA.

As it will be discussed later, the slight decrease of the
PC value over the days can be related to a gradual neu-
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FIG. 2. (a) The spectra of Fig. 1a in the form of PC2. Some
of the linear fitting in the proximities of the onset are shown
(black lines). From these fitting, EG was extracted and its
behavior over the days is also presented (b). The EG value
for the as-grown conditions (black dot) and an exponential fit
for the EG drift over the days (red curve) are also shown. The
sketch illustrates the Franz-Keldysh effect and the effective
energy gap, EG.
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tralization of surface defects (like VO). This can occur
if species are gradually adsorbed over the days on these
surface defects inhibiting in this way their efficiency as
traps. This effect will increase the recombination rate at
the surface and it will slightly decrease the value of PC
over the days.

Another relevant feature observed in these spectra
is a red-shift of the PC onset once TA is performed,
see Fig. 1a. Since in a first approximation, PC can
be assumed to be proportional to the optical absorp-
tion coefficient14,19,29, this red-shift of the onset indi-
cates a reduction of the effective energy gap, EG, due
to the Franz-Keldysh effect, see sketch of Fig. 2. In this
effect18,19,30,31, accumulated charge on the film surface
generates an electric field perpendicular to it. This elec-
tric field produces a bending of the CB and the valence
band (VB) along a distance d perpendicular to the sur-
face. This band bending allows to the electron and hole
wave-functions to penetrate in the forbidden region below
the bulk energy gap, Ebulk

G , resulting in a lower effective
energy gap, EG, see sketch of Fig. 2. The higher the band
bending, VBB , the lower the EG value, as it was already
shown in previous reports19,21. Taking into account that
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FIG. 3. (a)-(d) Evolution over the days of the O 1s core
level XPS spectrum after TA-1 and subsequent air exposure.
The spectrum was fitted using three components after a linear
background subtraction. A fourth component was required at
day 11. (e) Relative peak area of each component over the
days after TA-1 and air exposure.

ZnO has a direct energy gap (Ebulk
G ≃ 3.3 eV)27,28 the

linear relation PC2 ∝ E − EG should be fulfilled in an
energy range close to the onset21,32. This condition is
satisfied when the spectra of Fig. 1a are plotted as PC2,
see Fig. 2a. From these linear fittings, EG can be ex-
tracted for each spectrum, and its behavior can be fol-
lowed over the days after each TA, see Fig. 2b. While
in the as-grown conditions the energy gap value is close
to Ebulk

G and the bands are nearly flat, after TA and air
exposure its initial value is around EG ≃ 3.24 eV indi-
cating an increment of the band bending. In the same
way as the PC values (see Fig. 1b) the EG values slightly
decrease over the days suggesting an increment of the
band bending due to a gradual accumulation of surface
charge over the days. When a second TA is performed,
EG nearly recovers its initial value indicating that TA-
2 partially removes the accumulated charge during the
previous stage, see Fig. 2b.

In order to gather more information about the ad-
sorbed species on the ZnO surface we have also recorded
the O 1s core level XPS spectra over the days after TA
and air exposure, see Fig. 3. These spectra were fitted us-
ing three pseudo-Voigt functions after subtracting a lin-
ear baseline, keeping the full width at half maximum and
the energetic separation of the three peaks constrained.
These pseudo-Voigt functions are calculated according to
the Doniach-Sjunic algorithm with the following param-
eters: Gaussian width=1 eV, Lorentzian width=0.2 eV,
asymmetry=0 and the relative energy of the smaller con-
tributions respect to the main peak at 1.4 eV and 2.6 eV.
The main component is associated to bulk oxygen emis-
sion. In the case of an O-polar ZnO surface, previous
reports8–10,33 suggest that the second component (shifted
to higher binding energy by ∼ 1.4 eV) comes from a
surface oxygen that forms a hydroxyl (OH) group with
an hydrogen atom (originated from water dissociation),
while the third component (around ∼ 533.5 eV) is re-
lated to molecular water adsorbed on the ZnO surface or
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FIG. 4. Valence band XPS spectrum recorded a day after
TA-1. From the intersection of the two linear fits (red lines)
ζ can be obtained. The sketch represents the energy band
diagram after TA and air exposure.
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on top of these (OH) groups34,35. Fig. 3e shows that the
area of the second (AOH) and third component (AH2O)
relative to the total area (ATotal) gradually increase over
the days indicating that the PC and EG drift (Fig. 1b
and Fig. 2b respectively) are related to a hydrogenation
of the surface. Indeed, the hydrogenation increment (de-
fined as (AOH+AH2O)/ATotal) from day 1 to 11 is around
∼ 70%.

In particular, the slow decrease of the PC value over
the days observed in Fig. 1b can be related to a grad-
ual adsorption of water or (OH) on surface oxygen
vacancies36. As it was already mentioned, this adsorption
process can inhibit or neutralize the role of the surface
defects (in this case surface VO) as efficient carrier traps
leading in this way to a slight decrease of the PC value
over the days. Anion hydrogen can also be adsorbed in
these surface VO forming a complex37 V 2+

O -2H− that is
no longer efficient as electron trap.

On the other hand, it would be of interest to confirm
the presence of a band bending after the thermal anneal-
ing and to determine its value and sign, that is, if there is
an upward or a downward band bending after the TA21.
In order to do that, we have measured the valence band
XPS spectrum of the film a day after TA and air expo-
sure, see Fig. 4. If the onset value, ζ, is extracted from
this low-energy spectrum, the band bending value can
be obtained as follows9: VBB = Ebulk

G − ζ − ξ, where ξ
is the energy difference between the Fermi energy level
and the minimum of the CB. ξ can be expressed as fol-
lows: ξ = (kBT/q) ln(Nc/n̄), where Nc is the CB effec-
tive density of states (Nc = 2.94× 1018 cm−3 for ZnO9).
Since ξ ≃ 0.20 eV and ζ ≃ 3.17 eV, we obtain a value
of VBB ≃ − 0.04 eV. This negative value of VBB implies
that a downward band bending is established after TA
and the exposure to air, see sketch of Fig. 4. In general12,
a downward band bending is produced by the accumula-
tion of positive charge on the surface. In this case, this
charge is provided by hydrogen-like species that grad-
ually adsorb in the film surface9,38, as core level XPS
spectra show, see Fig. 3. These results also confirm that
the band bending is the responsible of the reduction of
EG, see Fig. 2b.

In order to gain more insight on the slow adsorption
kinetics, we have assumed that the relaxation time in-
volved in the fraction of occupied surface sites39, θ(t) ≃
1 − e−t/τ , is connected to the one obtained by fitting
the PC and EG drift with an exponential decaying func-
tion, see Fig. 1b and Fig. 2b. Taking into account
that τ is related to the activation energy for adsorp-
tion via40 Ea = kBT ln(ν τ), and considering that21

ν ≃ 4.8 × 1010 s−1 we obtain Ea ≃ 0.96 eV for the ex-
tracted relaxation times τ = 5.4× 105 s and 8.4× 105 s.

Finally, it is worth to make a general comparison be-
tween this work and previous studies in ZnO9,20,21 where
high-temperature annealing (above ∼ 500◦C) were per-
formed. One of the main differences resides in the fact
that at such a high temperatures oxygen diffusion oc-
curs and it can modify the number of oxygen vacancies

in the proximities of the surface. As a consequence, the
density of traps and the carrier concentration can vary
significantly affecting in this way the band bending and
the value of PC. In one of these studies21, the PC value
is not enhanced after a cycle of several annealing in con-
trast to our findings. Besides, at such a high-temperature
annealing, atomic surface reconstruction or a modifica-
tion of the surface morphology can take place8,10,41,42

and they can affect the adsorption kinetics and the band
bending properties.

In conclusion, this work shows how a simple low-
temperature annealing at 150◦C can modify the photo-
conducting properties of ZnO thin films. Successive ther-
mal annealing enhance the PC which can be associated
to a release of electrons or holes from bulk traps. The
first thermal annealing also generates a reduction of EG

from ≃ 3.3 eV to ≃ 3.24 eV due to an increment of the
band bending caused by an enhanced role of adsorbed
hydrogen as positive surface charge, as XPS confirms. A
gradual decrease of PC and EG over the days after this
thermal annealing was also observed and it is related to
a slow adsorption rate of hydrogen-like species, as XPS
shows. These species can inhibit the efficiency of surface
traps leading to this slight decrease of PC. Besides, a
second thermal annealing nearly recovers the initial EG

value obtained after the first thermal annealing. As a
perspective, it would be interesting for applications to
investigate the behavior of the PC in a multi-annealing
cycle using different atmospheric conditions. This mod-
ification of the photoconducting properties of ZnO thin
films in such an easy way can be of potential interest for
technological applications.
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