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Photoconductance spectroscopy has been studied in epitaxial ZnO thin films with different thicknesses
that range between 136 and 21 nm. We report a systematic decrease in photoconductivity and a red
shift in band edge photoconductance spectra when the thickness is reduced. For thinner films, it is
found that the effective energy gap value diminishes. By time dependent photoconductivity
measurements, we found an enhanced contribution of the slow relaxation times for thicker films.
These effects are interpreted in terms of a band-bending contribution where the Franz-Keldysh effect
and the polarization of ZnO play a major role in thinner films. Published by AIP Publishing.
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In the last few years, there has been an improvement in
the fabrication techniques of transition metal-oxide films.'
This has allowed the emergence of a new field of interface
phenomena in these materials.” In particular, a high mobility
2D electron gas (2DEG) has been discovered at the interface
of the LaAlOs/SrTiO;” and Mg, Zn,_,0/ZnO bilayers.*® The
latter ZnO-based heterostructure is one of the few oxides
where the quantum Hall effect (QHE)* and the fractional
quantum Hall effect (FQHE)® have been detected. On the
other hand, ZnO is an appealing wide-bandgap semiconduc-
tor for optoelectronics’ with an energy gap of Eg=3.36eV
and a large exciton binding energy (~60 meV).®

Moreover, the optoelectronic properties of ZnO are
highly sensitive to adsorbed species on its surface.”'” These
effects have been extensively studied in the last few years and
they are related to a band bending close to the surface.”'!"!?
Another appealing characteristic of ZnO is its piezo-electric-
ity,">"> which can dramatically affect its photo-excitation
properties.'® All these ingredients make ZnO a suitable mate-
rial to emulate the complex heterostructures studied in the last
few decades based on GaAs."”

The present work focuses on the photoconductivity of
ZnO films and how this property and its spectrum start to
deviate from the bulk behavior when the thickness is reduced.
These effects can be explained considering an increased con-
tribution of the band bending and the Franz-Keldysh effect for
thinner films. These contributions are accompanied by an
increment of the tensile strain in the c-axis direction, as X-ray
diffraction measurements confirm.

ZnO films were grown by pulsed laser deposition (PLD)
on (0001) sapphire substrates at 550 °C with an oxygen pres-
sure of 0.05 mTorr. A Nd:YAG laser operated at a wave-
length of 266 nm, a repetition rate of 10 Hz, and an energy
density of 2.1 J/cm?® was used during deposition. The deposi-
tion rate was ~0.018nm s~ '. For the electrical resistance
measurements, the four point probe method has been
employed with a current source-nanovoltmeter configuration
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and an applied current of 100 pA. Indium contacts have been
used resulting in linear and symmetric /-V curves. Typical
sheet resistances are R, ~ 0.4-1 x 10* Q with a distance
between contacts of L ~ 0.5 mm and a width of W ~ 2 mm.
Measurements were carried out in a standard cryostat
equipped with an optical window, a 1000 W Xe lamp, and a
monochromator (applied incident light from 200 to 800 nm
with an estimated flux density of ~10 uW cm™2). The photo-
conductivity spectra have been taken at a scanning speed of
0.1nm s~' with slower scanning speeds giving the same
results.

The X-ray diffraction patterns of the films were obtained
using CuKo radiation (4 =0.15406nm), and typical results
are presented in Fig. 1. The high-angle 0-20 scan [Fig. 1(a)]
and the w-scan for the (002) peak [Fig. 1(b)] show that the
films have grown epitaxially with a wurtzite structure in the
001 direction. The observed Kiessig fringes'® in the low-
angle 0-20 reflectivity curve [Fig. 1(c)] are indicative of a
film with a uniform thickness and a low roughness.

The room-temperature photoconductivity (PC) spectra
of ZnO films for various thicknesses are shown in Fig. 2(a).
In this case, PC is defined as PC = (0 — 030.v)/0300v- The
results show that for the thicker film, the onset of PC takes
place close to the bulk energy gap value E; ~ 3.3eV. As
thickness is diminished, the onset (Ey,) shifts to lower
energy values, see Fig. 2(a) and inset of Fig. 2(a). For all the
spectra, the PC growth is reduced around ~3.5eV and it is
recovered around ~3.8eV. This effect is even more pro-
nounced for the thinner films where in this range of energies,
PC decreases.

In addition, PC decreases as the thickness is reduced. In
order to confirm this observation, the time dependent photo-
conductivity (defined in this case relative to o, as PC = (o
— Oaawr)Gaq has been studied for these films. An incident
light energy of ~3.3eV has been applied. The results are
summarized in Fig. 2(b). As it has already been noticed, PC
decreases as the thickness is diminished. The best fits of
these curves were achieved by using a sum of exponential
functions,'®2? each term of the form: A,-e”/ %, where t; are

Published by AIP Publishing.
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FIG. 1. Typical X-ray diffraction patterns of the fabricated ZnO films. (a)
0-20 scan. The characteristics ZnO peaks are labeled, and the peaks marked
with an asterisk correspond to reflections of the sapphire substrate. (b) -
scan for the (002) peak. A width at half-height of ~1° is a sign of a highly
oriented thin film. (c) Low-angle 6—26 scan. From this curve, a thickness of
~54nm was obtained.
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the characteristic relaxation times and A; the corresponding
amplitudes with i =1, 2, and 3. The results of the fits are pre-
sented in Fig. 2(b) and Table I. For the thicker film, the data
are well described by the sum of two exponential functions
with fast and slow relaxation times. For samples of lower
thicknesses, it has been necessary to consider an additional
exponential function to fit the data, see Table I. Moreover, as
the thickness is reduced, the slowest relaxation time loses
weight at the expense of the processes with faster relaxation
times, see Fig. 2(b) and Table 1. The fact that the photocon-
ducting properties of the films are thickness dependent indi-
cates that surface effects are playing a major role in these
phenomena.

The results of Fig. 2 suggest that band bending is a key
ingredient to understand these effects. In ZnO, it is well estab-
lished that oxygen can be adsorbed on its surface”*** produc-
ing an accumulation of negative charge on it. This charge
accumulation generates an upward band bending of height ¢
and width d,”'° see sketch of Fig. 3. These two parameters are
related through the expression:® ¢ = eNed?/2¢, &, where eN is
the effective charge density, ¢, is the relative dielectric con-
stant of ZnO,"? and &, is the vacuum permittivity. As an esti-
mation, for a charge density of N~ 10" cm ™ and a typical
depletion layer of d ~ 75 nm for ZnO,'***° the resulting ¢ is
~0.6eV.>

When illumination is applied, photo-electrons and holes
are generated. These holes tend to move to the surface,
where some of them will neutralize the adsorbed ionized

oxygen,'**** see left panel of Fig. 3. On the other hand,
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FIG. 2. (a) Photoconductivity of several ZnO films as a function of the inci-
dent light energy for different thicknesses of 136 nm (green curve), 92 nm
(blue curve), 54nm (black curve), and 21 nm (magenta curve). The inset
shows the thickness dependence of the energy onset of these spectra, Eo,,.
(b) Time dependent photoconductivity when an incident light energy of
~3.3¢eV is applied on the films with thicknesses of 136 nm (green curve),
92nm (blue curve), 54nm (black curve), and 21 nm (magenta curve). The
lines are the corresponding exponential fittings (see text). All the measure-
ments have been performed at room-temperature and in air.

electrons are repelled by the upward band bending and they
tend to move away from the surface. In the case of the
thicker film of r ~ 136 nm, where ¢ > d (left panel of Fig. 3),
the electrons can move towards the remaining bulk of thick-
ness t — d, decreasing the recombination probability and
increasing in this way the persistence and PC.?*7Y If the film
thickness is decreased up to ¢ = d (see central panel of Fig.
3), the remaining portion of bulk 7 — d will be reduced and it
will eventually disappear. Without an available bulk region
for the photo-electrons, the electron-hole recombination will
increase and PC will decrease when the thickness is reduced.

TABLE I. Fitting parameters of the time dependent PC of ZnO films of vari-
ous thicknesses by using the sum of exponential decaying functions.

Thickness (nm) 71 (8) 75 (8) 73 (8) A, A; Aj
21 7 30 120 0.02 0.034 0.028
54 65 391 1066 0.022 0.032 0.16
92 60 370 2600 0.075 0.06 0.14
136 230 a 3440 0.032 a 0.68

“The data are well fitted with the sum of two exponential functions.
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FIG. 3. Energy diagram sketch of the ZnO films. Adsorbed oxygen on the
film surface produces an accumulation of negative charge on it which gener-
ates an upward band bending of height ¢ and width d. When illumination is
applied, an electron is promoted from the valence band to the conduction
band generating a corresponding hole at the former. Some of the oxygens
will be neutralized by these holes.

This is one of the main results of Fig. 2. Since persistence
will also decrease compared with the scenario where ¢ > d, it
is reasonable that the longer relaxation times lose weight as
the thickness is lowered, see Fig. 2(b) and Table 1.

The reduction of E,,, when the thickness is lowered [see
Fig. 2(a)] can be understood considering that the Franz-
Keldysh effect plays a preponderant role in the band bending
region of our films.>'*? The bending of the valence band
(VB) and conduction band (CB) allows that the Airy wave-
function tails of holes and electrons penetrate in the forbidden
zone inside the gap. In this way, the effective gap value is
reduced in the band bending region of width d.>' If E,, is
associated with the Eg value, it is understandable that for the
thicker film, E,, coincides with the Es bulk value [see inset
of Fig. 2(a)], since the bulk region of width 7 — d (free of band
bending) is a major contributor (see left panel of Fig. 3).

On the other hand, for the thinner films, the bulk region
becomes negligible and the band bending contribution is dom-
inant (see central and right panel of Fig. 3). Consequently, the
Franz-Keldysh effect would be more pronounced shifting the
gap value to lower energies [see inset of Fig. 2(a)]. As a first
approximation, PC is proportional to the optical absorption
coefficient o. Hence, it is possible to fit the onset region of the
PC spectra using a model proposed by Dow and Redfield™
for the absorption edge. This model considers the presence of
a uniform electric field, a situation which is adequate for the
PC spectra of the thinner films since the band bending is a
consequence of an internal electrical field. Moreover, this
model takes into account the excitonic transitions which are a
dominant contribution in ZnO even at room temperature.'>*?
In this model, PC o o ~ ¢ E/AE where AE is related to the
electric field & via AE = 2(eh&)??/3m*1/3, 1 is the reduced
Planck constant, and m* is the effective mass of the electron.
The results of the fitting in the near onset region are presented
in Fig. 4(a). The obtained values for AE increase when the
thickness is reduced, see Fig. 4(b). This is consistent with an
increment of the electric field ¢ [see Fig. 4(c)] and the band
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bending when the thickness is lowered (see central and right
panel of Fig. 3). For comparison purposes, the electric field
corresponding to the film of 21 nm is ~1.6 times larger than
the one of 54 nm.

In order to gather information about this latter effect, we
have performed a detailed X-ray scan around the (002) peak of
these films, and the results are summarized in Fig. 5. As it can
be noticed, the (002) peak position is shifted to lower angles
compared with the bulk values (~34.420),35 which indicates a
tensile strain in the c-axis direction. On the other hand, this
peak broadens when the thickness is decreased. From the full
width at half maximum (FWHM) of these peaks, w (see Fig.
5), and using the Scherrer equation: (D) = K1/(w cos 0) with
K ~ 0.94 and 1 =0.15406 nm,36 it is possible to estimate the
crystallite size of these films. We obtain (D) ~ 17nm and
(D) ~ 12 nm for the 54 nm and 21 nm-thick films, respectively.
This shows that there is no significant change in the grain size
with the thickness. In ZnO, point defects like oxygen vacancies
(which are present in a higher concentration at grain bound-
aries, surfaces, or interfaces) generate optical transitions that
are typically below ~3.0eV,'**" outside the range of energies
studied in this work.

The enlargement of the ¢ lattice parameter observed in the
X-ray results can be evaluated calculating the induced strain Ac/
¢ via the expression 1/dy, = I*/c* + 4(h?* + k> + h.k)/3a°,
where (h, k, ) are the Miller indices. The resulting strain is
higher for the 21 nm film (Ac/c ~ 5 x 10~?) compared to the
54nm one (Ac/c ~ 3 x 10~2). Due to the piezo-electric charac-
teristics of ZnO, this tensile strain can induce an electric polari-
zation along the c-axis: P =~ 633AL’/C,13715 where e33 is the
piezo-electric coefficient along the c-axis direction. As the thick-
ness is reduced, this induced electric field will increase the
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FIG. 4. (a) Fits (red lines) of the photoconductivity spectra using the model
of Dow and Redfield. (b) Resulting thickness dependence of the parameter
AE. (c) Thickness dependence of the electric field obtained from the AE val-
ues (blue squares) and the one resulting from the induced electric polariza-
tion &, (magenta diamonds).
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FIG. 5. Detailed 620 X-ray scan around the (002) peak of the ZnO films.
Results for the 54 nm film (black curve) and the 21 nm one (magenta curve)
are presented.

upward band bending due to the increment of Ac/c (see central
and right panel of Fig. 3). In fact, the ratio P,,,,/Ps4u, gives
~1.6 in agreement with the corresponding ratio of electric fields
obtained from the PC spectra fittings, see Fig. 4(c). Using a typi-
cal value of e33 ~ 1.14C m™ 2 for ZnO (reported values can
vary from 0.8 to 1.4C m2),"*" it is possible to calculate the
electric field due to the induced polarization, &, The results are
shown in Fig. 4(c). The values obtained for &, are very close to
the ones extracted from the PC spectra fittings. The differences
between these values can be related to a charge redistribution
effect that takes place when the electric field ¢, is established.
The latter effect will tend to minimize the electrostatic surface
energy and stabilize the polar surfaces.”® " It should also be
considered that thermal effects on the spectra could be present.
This effect can slightly modify the ¢ values obtained from PC
spectra fittings [see Fig. 4(c)].

On the other hand, for films with ¢ < d, PC and the relax-
ation times, 7, decrease when the thickness is lowered [see
Fig. 2(b) and Table I]. In order to get more insight into this
effect, we have evaluated the electron and hole wave-
function . ;, on the ground state of the CB and VB, respec-
tively. For this purpose, we have made use of the effective
mass approximation and we have considered that the over-
lapping between ., and s, is inversely proportional to the
relaxation time:* (i, |y,)* o t~!. As previously mentioned,
we have considered a potential ¢(z) which varies linearly
along the thickness direction due to the band bending effect
on the CB and VB.*” We have also assumed that ¢(2) is

Appl. Phys. Lett. 112, 092101 (2018)

delimited by an infinite potential at the film surface and at
the interface with the substrate, see inset of Fig. 6. The
resulting wave-functions are of the form

¥(2) = qAi[=Bi(oy — 2)] + biBi [~ Bi(o; —2)], (1)

where j=e, h (electrons or holes), A; and B; are the Airy
functions,” B, = (2mjeé/h2)1/3, and o; = Egjle¢, with Eg;
being the ground state energy. The coefficients a; and b; can
be evaluated using the normalization and boundary condi-
tions. In Fig. 6, we compare the results for a thin film of
t=40nm (panel a) and another one of =21 nm (panel b). A
qualitative analysis shows that while an ~1.6 times higher
electric field for the thinner film tends to decrease (¥, [i),)%,
the confinement of these wave-functions has an opposite
effect increasing the probability of recombination and
(Y,|¥,)?. The overall result for the thinner film is an
enhancement of (i,[if,)> compared with the thicker one.
Hence, the relaxation times 7 and PC*' will tend to decrease
as the thickness is lowered.

(b)

21 nm

0 5 10 15 20
Depth (nm)

FIG. 6. Electron (black curve) and hole (magenta curve) wave-function
amplitudes along the depth direction of the film for: (a) a thickness of
¢=40nm with an electric field of ¢ =3.2 x 10’ Vm™" and (b) =21 nm with
=5x%10"Vm . The sketch of the inset describes the used potential ¢(z).
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As it has been already pointed out, the energy dependent
PC starts to slow down around ~3.5¢eV, see Fig. 2(a). In other
words, there is a mechanism that inhibits photoconduction at
this applied incident light energy. In contrast to other semi-
conductors, there is evidence that very stable phonon-exciton
complexes are formed in ZnO at this energy.**** In the case
of ZnO, a longitudinal optical (LO) phonon with an energy of
~70meV**** is involved. The stability of this complex is
partially guaranteed by the condition: a,<r, + r, ~ 2.2 nm,
where a, ~ 1.66 nm is the exciton radius, and r, and r;, are the
electron and hole polaron radii, respectively.** When illumi-
nation reaches an energy of ~3.5¢eV, a considerable amount
of these dressed excitons are photo-generated. Since these
excitons do not contribute to the electrical conduction, they
make the photoconductivity to slow down, see Fig. 2(a). At a
certain point, if the energy is increased well above this value,
the production of these complexes will not be efficient any-
more. In this situation, the rate of photo-generated unbound
electron-hole pairs will start to dominate again making the
photoconductivity to rise again, see Fig. 2(a).
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