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Abstract

Kelvin Probe Force Microscopy and Scanning Spreading Resistance Microscopy measurements of
hydrogen-doped polycrystalline ZnO films deposited by RF magnetron sputtering with addition of
methane have shown that doping of the grain boundaries is higher than that of grains, so that the
current flows preferably along the grain boundaries. Current—voltage measurements and admittance
spectroscopy of ZnO/n-Si heterostructures were used to assess the density of bulk and interface states
in ZnO films with thicknesses of 75 and 135 nm. The charge carrier transport at low temperatures was
found to follow space charge limited current mechanism. The density of bulk states is lower in the
thicker ZnO film due to the longer passivation effect of hydrogen during deposition.

Introduction

Transparent conductive oxide films are the key elements in many applications including photovoltaic cells, light
emitting diodes and touch screens. Polycrystalline zinc oxide (pc-ZnO) is considered now as a potential
replacement of indium tin oxide transparent conductive films due to the absence of highly expensive and rare
indium and lower production costs. Pc-ZnO has been suggested as an electron-collecting layer for both silicon-
based [1, 2] and CIGS-based [3-5] solar cells. Undoped ZnO films have intrinsic #-type conductivity, but are too
resistive and need to be additionally doped to be used as conductive layers. One of the possible n-type dopant is
hydrogen which acts as a shallow donor in ZnO [6] and passivates defects at the interfaces and grain

boundaries (GBs).

Recently it has been found that addition of methane into working gas during pc-ZnO deposition by RE
magnetron sputtering provides an effective n-type doping of the pc-ZnO films [7-9]. The n-doping in this case
was attributed to the incorporation of hydrogen into the ZnO film during plasma assisted deposition process
enhancing the formation of shallow donor defects. The analysis of the chemical composition showed also
carbon incorporation from methane [7]. The hydrogen concentration in the films deposited with addition of
methane was by an order of magnitude higher than in the films deposited with addition of molecular hydrogen
and the electrical conductivity was respectively higher [8]. It was shown in [9] that electrical, structural and
optical properties of deposited ZnO films depend on the thickness of the film. The conductivity of the film was
found to increase considerably with an increase of the film thickness. The grain and subgrain boundaries were
found to be the most conductive regions of the doped polycrystalline ZnO film. The higher electrical
conductivity of the grain boundaries was attributed to enhanced diffusion of hydrogen dopants through the low-
density paths during the deposition process.

In this paper, we study the influence of hydrogen incorporation on the local electronic properties of zinc
oxide (ZnO:H) film using Kelvin Probe Force Microscopy (KPFM) and Scanning Spreading Resistance
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Microscopy (SSRM). We report also the results of electrical measurements of Ni/ZnO/n-Si heterostructures
with two different thicknesses of the ZnO layer. Current—voltage measurements and impedance spectroscopy
were applied to study the effect of the film thickness on the density of interface states at the ZnO/Si interface and
on parameters of the electrically active states in the bulk of the ZnO layer. Based on these results we discuss the
possible mechanisms of the carrier flow and the effect of traps on the carrier transport in such heterostructures.

Experimental

The pc-zinc oxide films were deposited by RF (13.56 MHz) magnetron sputtering in 16 sccm argon flow diluted
by 4.1 sccm flow of methane at a discharge power of 175 W and a working pressure of 10" Pa. Further details of
the deposition process can be found in [7]. The 140 nm thick ZnO:H film was deposited on a nickel ohmic back
contact for scanning probe microscopy measurements. The NanoScope I1Ia Dimension 3000™ scanning probe
microscope was employed to investigate the nanomorphological and nanoelectrophysical properties of ZnO:H
films. Local surface potential mapping was conducted using frequency-modulated KPFM measurements,
utilizing platinum-iridium (PtIr) tips with a nominal tip apex radius of 20 nm. A two-path technique was
applied, incorporating a lift height of 15 nm to mitigate the effects of surface relief and van der Waals forces. The
KPFM tip oscillated on the second path at the drive frequency of 73.6 kHz with an amplitude of 800 mV. The
work function of the tips was calibrated using certified highly ordered pyrolytic graphite (HOPG, ZYB Grade).
SSRM measurements were executed in contact mode, employing solid platinum tips with a spring constant of
0.3 N m ' and a tip apex radius of less than 20 nm. These measurements were carried out under ambient
conditions (23 °C, 40% r.h.). The bias voltages applied were well below those that can cause electrochemical
changes such as reducing or localized etching.

The effect of thickness on electrical properties of the films and of the ZnO/Si heterostructures was studied
using ZnO:H films with thicknesses of 75 and 135 nm deposited onto the surface of n-type silicon wafers
(5 Ohm x cm). The top contact to ZnO was formed by deposition of circular Nidots (1.2 mm diameter) onto
the ZnO surface using dc magnetron sputtering. The bottom contact was formed by rubbing Ga/Zn eutectic
into the back side of the silicon wafer. Nias a contact to ZnO was chosen taking into account the closeness of the
metal work function and the position of the Fermi level in ZnO to guarantee a good and non-rectifying contact
between the metal and the film. The ohmic behavior of the Ni/ZnO contacts was checked by measuring I-V
characteristics of the Ni/ZnO/Ni structures which were found linear [ 10]. Finally, we obtained the ZnO/n-Si
heterostructure with Ni contact dots at the surface of the ZnO film. The Ni/ZnO/n-Si heterostructures were
characterized by I-V measurements and impedance spectroscopy. I-V characteristics were measured by a
Keithley 6485 picoammeter, conductance—frequency (G-f) and capacitance-frequency (C-f) characteristics
were measured in the frequency range from 100 Hz to 1 MHz by an Agilent 4284 LCR meter.

Results and discussion

Surface potential and local resistance of ZnO film from KPFM and SSRM

In our study of hydrogen-doped zinc oxide (ZnO:H) films through Kelvin Probe Force Microscopy and
Scanning Spreading Resistance Microscopy, we have elucidated several critical aspects of hydrogen
incorporation, which are important for understanding of the physical mechanisms responsible for the electrical
properties of the studied ZnO films. Special attention is paid to elucidating such aspects as conductivity across
grain boundaries and the position of the Fermi level in the grain and grain boundary regions.

The surface morphology of the ZnO:H film under investigation is presented in figure 1(a). This surface
exhibits a granular structure, with grain sizes varying between 50 and 300 nm and featuring a root mean square
(RMS) roughness of 11 nm. A statistical analysis of the grain sizes reveals an average size of 190 nm,
accompanied by a standard deviation of 58 nm. Furthermore, the grains are densely packed and possess well-
defined boundaries, albeit lacking crystallographically defined geometric features.

For better understanding of the electronic properties of the ZnO film, the contact potential difference (CPD)
along the film surface was assessed using KPFM. This measurement technique allows evaluating the local
difference in work function through the contact potential difference (CPD) between the platinum tip and the
hydrogen-doped zinc oxide surface. The physical origin of CPD formation in such experiments is explained and
illustrated in [11]. The work function of n-ZnO consists of the ZnO electron affinity (4.45 eV) plus the depth of
the Fermi level position in the ZnO band gap measured from the conduction band bottom. In our case, with the
impurity concentration measured by Hall effect measurements of around 10*° cm ™ [9], the Fermi level in 7—
ZnO is situated near the conduction band edge, so the work function is equal to the electron affinity of ZnO. If
the local carrier concentration at some point at the surface is lower, the Fermi level shifts down into the band gap
and the respective work function becomes larger. Since the work function of the PtIr tip (5.5 eV) is higher than
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Figure 1. (a) Surface morphology and (b) corresponding KPFM images of the hydrogen-doped zinc oxide film obtained by RF
magnetron sputtering in a methane ambient. (¢) Histogram of the CPD for the fragment shown in (b). (d) Profiles of individual grain
height (1) and CPD (1’) along the dashed line indicated in (a) and (b). The areas marked as GB patches indicate the locations of grain
boundaries. Grain boundaries are shown in (b) for visualization purposes.

the electron affinity of ZnO, the measured CPD is higher in the regions with the higher impurity concentration.
Therefore, the CPD map reflects the distribution of the charge carrier concentration over the surface of the
semiconductor.

Figure 1(b) shows the KPFM image of the ZnO film surface, and the histogram of the CPD for the respective
fragment is shown in figure 1(c). Figure 1(d) presents profiles of individual grain height (1) and CPD (I’) along the
dashed lines indicated in figures 1(a) and (b). The green areas in figure 1(d) correspond to the locations of grain
boundaries. A reduced CPD between the tip and the grain, relative to that at the grain boundary (curve 1’), indicates that
the Fermi level is closer to the conduction band edge at the grain boundaries. This means that the carrier concentration
at these boundaries is higher than in the grains due to a higher density of hydrogen-related donor centers.

The observed grain boundary-related CPD effects align with the peculiarities of local resistivity identified through
SSRM measurements. By analyzing the local spreading resistance map presented in figure 2(b) and the corresponding
cross sections of relief (figure 2(a)) and resistance depicted in figure 2(d), local resistivity p values can be estimated
using the formula as p = 4aR, where a represents the SSRM tip apex radius and R denotes resistance [12, 13]. The
grain boundaries exhibit significantly lower resistivity (approximately 0.02 2-cm) compared to the grains
(approximately 8 §2-cm), as shown in figure 2(d). The resistivity values of individual grains and grain boundaries,
extended through statistical analysis over the entire surface fragment, are presented in the histogram (figure 2(c)).
These results indicate that hydrogen doping has notably enhanced conductivity at the grain boundaries.

The increase in conductivity in the grain boundary regions can be attributed to stronger hydrogen segregation
at the grain boundaries, resulting in a higher concentration of interstitial hydrogen (H;) and complexes consisting of
an oxygen vacancy and hydrogen (Hg), which according to the theoretical studies [6], act in ZnO as shallow donors
and thus elevate the local electron density. It is logical to expect that the coefficient of diffusion of hydrogen through
grain boundary is higher than through bulk of the grains due to lower density of the material in this location, so that
hydrogen flow through GB dominates over flow through the bulk of grains. Moreover, more defective structure in
grain boundaries promotes more concentration of trapping sites, which in combination with high hydrogen flow
results in high concentration of hydrogen trapped in grain boundaries.

Besides, hydrogen segregated at the grain boundaries can also passivate dangling bonds and defects which
create deep level states in the ZnO band gap, thereby reducing recombination and defect-related scattering and
further increasing conductivity in the grain boundary regions.

The observed significantly lower resistivity at the grain boundaries compared to the grains presents a notable
deviation from the conventional understanding on the conductivity of the polycrystalline semiconductors,
wherein grain boundaries are typically viewed as barriers to the charge carrier transport [14—16].

Density of traps from forward I-V characteristics of ZnO/n-Si heterostructure

It was shown in [9] that ZnO films synthesized by magnetron sputtering in argon/methane ambient possess a
high n-type doping with the carrier concentration of the order of 10°° cm ™. In this case, the Fermi level is
situated near the bottom of the conduction band of ZnO. Taking into account the difference in electron affinity
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Figure 2. (a) Surface morphology and (b) corresponding SSRM images of the surface of a hydrogen-doped zinc oxide film, obtained
witha-0.4 V DC sample bias. (c) Resistivity histogram as estimated from (b). (d) Profiles of individual grain height and resistance
along the dashed lines indicated in (a) and (b). Curves 1,2 and 3 and 1’, 2’ and 3’ in (d) correspond to respective dashed lines in (a) and
(b). The areas labeled as GB patches denote the grain boundaries.

a) b) c)

Figure 3. Band diagrams of Ni/ZnO/n-Si heterostructure (a) in equilibrium, (b) under the negative or (c) positive bias.

for ZnO (4.45 eV) and Si (4.05 eV) and the respective band gap values, we can draw the band diagrams for the
n-ZnO/n-Si heterostructure for zero, negative and positive bias at the metal electrode (figure 3). It can be seen
that the isotype n-ZnO/n-Si heterojunction forms type-II (staggered) junction with the conduction band offset
of 0.4 eV at the interface. Silicon wafers used in the experiment have donor concentration 10" cm ™. At
temperature 300 K the Fermi level is situated at E.-0.26 eV. Since the Fermi level in highly doped ZnO is situated
at the conduction band bottom, the band bending in silicon in this case is equal to the difference between the
band offset and the depth of the Fermi level in silicon, i.e. 0.14 eV.

The current—voltage (I- V') characteristics of the Ni/ZnO/n-Si heterostructures (see figure 4(a)) measured at
300 K show an evident asymmetry due to a potential barrier existing at the ZnO/n-Si interface. Figure 4(b)
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Figure 4. (a) I-V characteristics of the Ni/ZnO/n-Si heterostructures with different thickness of the ZnO layer. (b) Voltage

dependences of the resistance of the Ni/ZnO/n-Si heterostructures.

shows the resistance of the heterostructures with different thickness obtained by differentiation of I-V/
characteristics. At a positive voltage at the metal contact the effect of the silicon depletion layer on electrical
characteristics is eliminated, because the potential barrier in silicon is flattened. In this case the total resistance of
the heterostructure is the sum of resistances of the ZnO layer, contacts and the silicon bulk. Since two last
contributions are the same for both samples, the differences in the total resistance are ascribed to the different
resistance of the ZnO layer. At the forward bias (V= +1.0 V) the resistance of the heterostructure is 137 Ohm
for 75 nm film and 78 Ohm for 135 nm film. It can be seen that the resistance of the film at room temperature
increases with decreasing of the thickness, which is consistent with the results reported in [9].
Measurements of current—voltage characteristics at low temperatures were used to clarify the mechanism of
charge carrier transport through the heterostructure. At low forward voltages (V < +0.2 V) the current is
controlled by the thermionic emission over the barrier at the interface. However, this barrier is being flattened
with an increase of the forward voltage, and other limiting factors come into play. Among several possible
mechanisms that have been suggested to describe the transport in heterostructures and thin polycrystalline
films, we can mention the following: trap assisted tunneling (TAT) [17], variable range hopping (VRH) [18],
multitunneling capture-emission (MTCE) [19] and space charge-limited currents (SCLC) [20-22].
In our case the problem of determination of the prevailing transport mechanism is rather complicated
because the pc-ZnO film, which mainly determines the resistivity of the structure at a forward bias, consists of
grains separated by grain boundaries [9]. It was mentioned earlier, that the current in pc-ZnO films doped using
methane flows predominantly along the grain boundaries and sub-grain boundaries. This is explained by non-
uniform doping of the ZnO polycrystalline film with hydrogen during the deposition process. Hydrogen with its
extremely high diffusivity easily penetrates along the grain boundaries into the depth of the film and causes
additional doping of the grain surfaces. The resistance measured between the probe and the metal substrate for
two adjacent points at the surface of ZnO film can differ by three orders of magnitude, depending on whether the
probe is touching the grain or grain boundary (see figure 2 (b, d)). In this case the picture is quite different from
the generally accepted concept describing the transport in polycrystalline materials as taking place through
highly conductive grains separated by potential barriers (see figure 5(a)). In our ZnO films, we have instead
highly conductive grain boundaries covering less conductive grains and the current flows along the potential
valleys in grain boundaries as illustrated in figure 5(b). Taking the above mentioned arguments into account, the
band diagrams presented in figure 3 should be considered as purely illustrative, because the Fermi level at the
surface of the granular ZnO film can change its position depending on the actual doping at the microscopic scale.
Figure 6 shows the forward branches of I-V characteristics for two Ni/ZnO/#n-Si samples with different ZnO
thickness measured at temperatures 150, 180, 210 and 240 K and plotted in double logarithmic coordinates. One
can see that they look similar to the dependences typical for SCLC transport. Such a mechanism of carrier
transport can be applied to our samples since our heterojunctions are isotype, and we observe the single-carrier
(electron) transport. Comprehensive reviews on SCLC in semiconductors can be found in recent papers [22, 23]
though the history of the problem goes back to the middle of the last century [24—26]. According to the theory of
SCLC the initial, low-voltage section of I- V curves exhibit Ohmic conduction with the linear dependence on V. If
asemiconductor contains traps, the second part of the I-V characteristic is observed with the critical exponent
m > 2 of the power law dependence I~ V™. This part is usually called as a region with trap-filled limited current.
Most often the distribution of traps in the band gap of an n-type semiconductor is assumed in the form of
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Figure 6. Forward branches of I-V dependences for Ni/ZnO/n-Si heterostructure (a) with 135 nmand (b) 75 nm thick ZnO layer.

exponential tail near the edge of the conduction band [22]:

N; E
D, = L, exp(Et), )
where N; is the trap concentration, E, is the characteristic energy and E is the energy measured from the bottom
of the conduction band. It can be seen from equation (1) that E, represents here not the depth of the local defect
level in the forbidden band, but it is the factor determining the width of the exponential defect band tail near the
conduction band edge. N, is the concentration of traps per volume unit at the bottom of the conduction band.

Atahigher voltage the log(I) versus log(V') dependence shows the transition to the region with m = 2, which
is called trap-free or space-charge limited current. The maximum value m" of the critical exponent m in the trap-
filled limited region is connected with the characteristic energy E; by the equation [22]:

E, = (m* — 1)-kT, )

here T'is the measurement temperature.
The concentration of traps N, can be found if the voltage V. is known, at which the transition from the
second to the third part of the dependence is observed, from the equation [25]:

N, = L(ew)llllsl\fc(zw 1)”1]1/1 3)
E e 9 \I1+1
where I = m"~1, ¢ is the film permittivity, d is the film thickness, N is the effective density of states in the
conduction band of the semiconductor.

Figure 7 shows the temperature dependences of trap concentration N, and characteristic energy E, for two
samples with different thickness of ZnO layer. It can be seen that at lower temperatures the thinner film is
characterized by substantially higher concentration of traps, which are extended deeper into the band gap. The
difference in N, can be explained by the fact that the deposition time for 135 nm ZnO film is approximately twice

longer than for 75 nm film. During all this time hydrogen penetrates inside the film along the grain boundaries
and effectively passivates the defects spatially situated in the near-surface layer of the grains.
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ZnO layer. Inset shows the dependence of the characteristic energy E,.

Considering the carrier transport through the ZnO film, we must take into account different flow paths for the
carriers and different limiting factors for the carrier flow. Evidently, at low voltages the main contribution into the
current comes from the transport via the highly conductive paths along the grain boundaries and sub-grain
boundaries. However, these paths are narrow, and with an increasing voltage they fail to transport an increasing flux
of carriers, so the near-surface regions of ZnO film with lower doping level start to control the current at higher
voltages. In addition, the charge captured in the traps near the conducting paths can partially block the charge transfer
through these paths, making the near-surface layers of ZnO grains the decisive factor in the carrier transport.

Interface and bulk states from admittance spectroscopy of ZnO/n-Si heterostructure

Admittance spectroscopy (measurement of ac conductance G and capacitance Cas a function of frequency f) is
widely and effectively used for assessment of defect parameters in p-# junctions [27], heterojunctions [28],
Schottky diodes [29] and MIS capacitors [30]. In a standard approach of Nicollian and Goetzberger G(f)/w
(w=27f) curves for a given bias V exhibit a maximum (G/w) . at some characteristic frequency fy [31]. The
value of (G/w)may is proportional to the number of electron states contributing to the charging/recharging
process. The density of states D;, is then determined from the equation

D; = M, (4)
qA

where g is the elementary charge and A is the sample area. The problem is that the conductance peak may be
attributed to response of the trap centers both at the interface between different materials and within the
semiconductor bulk, and in a general case it is not easy to distinguish between these two options. Another problem,
which is actual for heterojunctions and for the MIS structures with leaky dielectrics, is the necessity to get rid of a
leakage current which contributes to the trap-related ac signal and distorts the G/w curve, especially in the range of
low measurement frequencies. In the case of leaky dielectric layers or heterostructures, the G( f) curves needs in
correction, as described in [28, 32]. Before the conductance related to interface traps is plotted in G/w versus
frequency coordinates, the parasitic dc conductance should be subtracted from the measured value. The value of
the dc conductance Gpc for a given bias can be determined by differentiation of the current—voltage dependences.
Itis known from the theory of admittance spectroscopy that the measured values of Cand G, which are
related to imaginary and real components of the complex admittance, are connected with Kramers-Kronig

relations [33]. This allows to replace the value of G/w with the magnitude — ’Z—?, which is called loss factor [34],
and can be easily calculated from the C( f) dependences using differentiation. In this case there is no need to
subtract a parasitic leakage conductance from the measured data.

The third approach to the interpretation of the ac measurements was suggested by Brus [35, 36], when the
values of G are calculated from the values of measured real R and imaginary X components of the complex

impedance Z by the equation:
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Figure 8. (a), (b) Dependences of the loss factor on frequency for different applied voltages and (c), (d) loss maps for (a), (c) 135 nm
and (b), (d) 75 nm thick ZnO film.

G= _ R=R L’ (5)
(R - Rc)2 + X? Rsh

where R is the contact resistance, equal to the resistance at the highest frequency, and Ry, is the shunt resistance,
equal to the resistance of the low-frequency end of the experimental —X versus R dependences (see
Supplementary Material, Fig. S1).

Standard LCR meters initially measure the amplitude and the phase shift of the output ac signal in respect to
the input one, and then recalculate the results in the form of (C,G) versus for (X, R) versus fdependences. The
choice of one of the three above-mentioned methods for estimation of the density of states in the structure under
study depends on signal-to-noise ratio in various frequency ranges, the presence of parasitic interferences due to
contact resistance or inductivity of connection cables, clarity of resulting plots, etc.

Figure 8 shows the results of admittance measurements in two different presentations. Figures 8(a), (b) show
the dependences of —f ’;—? on frequency for different biases. Figures 8(¢), (d) are the loss maps in which the color

reflects the amplitude of the signal in dependence on frequency (vertical axis) and applied voltage (horizontal
axis). From the loss map it becomes evident that there are at least two different types of electrically active centers
that give a response to the testing signal. The interface states are known to be energetically situated within the
band gap. The maximum contribution of these states into dissipation is observed when they are half-empty, that
is, when the Fermi level crosses their position on the energy scale. From the band diagrams it is clear, that this
may occur only at a negative bias at the metal electrode, when the silicon surface is turned into the depletion
mode. Therefore, it is reasonable to assign the left-hand spot at the map to the response of the states spatially
located at the ZnO/Si interface, or in the SiOy transition layer. The right-hand spot with higher amplitude is
observed at positive biases. In this case all interface traps are filled and do not contribute into the recharging
process. Therefore, we attribute the respective ac response to the defect electrically active centers spatially
situated in the bulk of ZnO film.

Equation (4) was applied to calculate the density of interface states from the maximum values of the — Z—?
curves for the interface related peaks in the voltage range where these peaks are manifested, i.e. at negative biases.
D;, as a function of applied voltage is plotted in figure 9(a). If we assume that the bulk states are uniformly
distributed inside the ZnO film, their density D, can be roughly estimated by division of the maximum value of
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Figure 9. Dependences of (a) interface states density and (b) bulk trap density for two Ni/ZnO/n-Si heterostructures with different
thickness of ZnO layer.

—f Z—f versus fdependences by the thickness of the film. Respective dependences of D, on the applied bias are

plotted in figure 9(b).

It can be seen that the sample with the thicker film has slightly higher (by a factor of 1.5) density of interface
states, but significantly lower (by a factor of 4) density of bulk traps.

The maximum of the bulk related peak of —f Z—? versus fdependences is observed at the forward voltage

+0.2 V. At the same voltage, as one can see from figure 6, the SCLC trap-filled mode is observed in dc I-V/
characteristics at low temperatures. The ZnO bulk trap concentrations per volume unit extracted from SCLC
measurements at 180 K were 4.2 x 10'° cm ™ and 9.3 x 10'® cm ™ for 135 nm and 75 nm film, respectively
(figure 7). Recalculation of the bulk trap density obtained from admittance measurements at +0.2 V (figure 9(b))
into the trap concentration per volume unit gives us the values of 4.5 x 10’ cm™>and 1.5 x 10'” cm ™ for 135 nm
and 75 nm film, respectively, which are close to those obtained from SCLC. Therefore, we can conclude that by
different measurement technique we detect the same electrically active centers, which are manifested either in dc
current at low temperatures, or at room temperature in ac mode. This is also supported by the fact that the
admittance response corresponding to shallower traps in the 135 nm thick film (see inset in figure 7) are registered
athigher frequency (5455 Hz, compared to the 2608 Hz for 75 nm thick film). The effect of hydrogen during the
magnetron deposition of ZnO films using methane consists, first, in doping of grain boundaries and sub-grain
boundaries and, second, in annealing of the defect centers spatially located in the near-surface regions of grains and
energetically situated at about 0.1 eV below the bottom of the conduction band.

Conclusions

In conclusion, we have studied the electrical characteristics of traps in Ni/ZnO/n-Si heterostructures with ZnO
layers deposited by magnetron sputtering in a methane ambient. Addition of methane was found to provide high but
severely non-uniform hydrogen doping with enhanced electrical conductivity of grain and sub-grain boundaries.
Measurements were carried out in the samples with two different thicknesses of the ZnO layer (135 and 75 nm).
Admittance measurements have shown that the density of bulk states in ZnO layer is lower in the thicker film due to
the longer passivation effect of hydrogen during deposition. The charge carrier transport at low temperatures was
found to follow SCLC mechanism. The density of states responsible for the dc transport at low temperatures is lower
in the thicker film as well.
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