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Abstract
Kelvin Probe ForceMicroscopy and Scanning Spreading ResistanceMicroscopymeasurements of
hydrogen-doped polycrystalline ZnOfilms deposited by RFmagnetron sputteringwith addition of
methane have shown that doping of the grain boundaries is higher than that of grains, so that the
currentflows preferably along the grain boundaries. Current–voltagemeasurements and admittance
spectroscopy of ZnO/n-Si heterostructures were used to assess the density of bulk and interface states
in ZnOfilmswith thicknesses of 75 and 135 nm. The charge carrier transport at low temperatures was
found to follow space charge limited currentmechanism. 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 oxidefilms are the key elements inmany 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-ZnOhas been suggested as an electron-collecting layer for both silicon-
based [1, 2] andCIGS-based [3–5] solar cells. Undoped ZnO films have intrinsic n-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
hydrogenwhich 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 ofmethane intoworking gas during pc-ZnOdeposition by RF
magnetron sputtering provides an effective n-type doping of the pc-ZnOfilms [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 frommethane [7]. The hydrogen concentration in the films depositedwith addition of
methanewas by an order ofmagnitude higher than in the films depositedwith addition ofmolecular hydrogen
and the electrical conductivity was respectively higher [8]. It was shown in [9] that electrical, structural and
optical properties of deposited ZnOfilms depend on the thickness of the film. The conductivity of the filmwas
found to increase considerably with an increase of the film thickness. The grain and subgrain boundaries were
found to be themost conductive regions of the doped polycrystalline ZnOfilm. 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 usingKelvin Probe ForceMicroscopy (KPFM) and Scanning Spreading Resistance
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Microscopy (SSRM).We report also the results of electricalmeasurements ofNi/ZnO/n-Si heterostructures
with two different thicknesses of the ZnO layer. Current–voltagemeasurements 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
possiblemechanisms of the carrierflow and the effect of traps on the carrier transport in such heterostructures.

Experimental

The pc-zinc oxide filmswere deposited by RF (13.56 MHz)magnetron sputtering in 16 sccm argon flowdiluted
by 4.1 sccmflowofmethane at a discharge power of 175Wand aworking pressure of 10−1 Pa. Further details of
the deposition process can be found in [7]. The 140 nm thick ZnO:H filmwas deposited on a nickel ohmic back
contact for scanning probemicroscopymeasurements. TheNanoScope IIIaDimension 3000™ scanning probe
microscopewas employed to investigate the nanomorphological and nanoelectrophysical properties of ZnO:H
films. Local surface potentialmappingwas conducted using frequency-modulated KPFMmeasurements,
utilizing platinum-iridium (PtIr) tipswith a nominal tip apex radius of 20 nm.A two-path techniquewas
applied, incorporating a lift height of 15 nm tomitigate the effects of surface relief and van derWaals forces. The
KPFM tip oscillated on the second path at the drive frequency of 73.6 kHzwith an amplitude of 800 mV. The
work function of the tips was calibrated using certified highly ordered pyrolytic graphite (HOPG, ZYBGrade).
SSRMmeasurements were executed in contactmode, employing solid platinum tips with a spring constant of
0.3 Nm−1 and a tip apex radius of less than 20 nm. Thesemeasurements were carried out under ambient
conditions (23 °C, 40% r.h.). The bias voltages appliedwerewell below those that can cause electrochemical
changes such as reducing or localized etching.

The effect of thickness on electrical properties of thefilms and of the ZnO/Si heterostructures was studied
using ZnO:Hfilmswith thicknesses of 75 and 135 nmdeposited onto the surface of n-type siliconwafers
(5 Ohm× cm). The top contact to ZnOwas formed by deposition of circularNi dots (1.2 mmdiameter) onto
the ZnO surface using dcmagnetron sputtering. The bottom contact was formed by rubbingGa/Zn eutectic
into the back side of the siliconwafer. Ni as a contact to ZnOwas 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 themetal and the film. The ohmic behavior of theNi/ZnOcontacts was checked bymeasuring I-V
characteristics of theNi/ZnO/Ni structures whichwere found linear [10]. Finally, we obtained the ZnO/n-Si
heterostructure withNi contact dots at the surface of the ZnO film. TheNi/ZnO/n-Si heterostructures were
characterized by I-Vmeasurements and impedance spectroscopy. I-V characteristics weremeasured by a
Keithley 6485 picoammeter, conductance—frequency (G-f ) and capacitance-frequency (C-f ) characteristics
weremeasured in the frequency range from100 Hz to 1MHz by anAgilent 4284 LCRmeter.

Results and discussion

Surface potential and local resistance of ZnOfilm fromKPFMand SSRM
In our study of hydrogen-doped zinc oxide (ZnO:H)films throughKelvin Probe ForceMicroscopy and
Scanning Spreading ResistanceMicroscopy, we have elucidated several critical aspects of hydrogen
incorporation, which are important for understanding of the physicalmechanisms 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 surfacemorphology of the ZnO:Hfilm under investigation is presented infigure 1(a). This surface
exhibits a granular structure, with grain sizes varying between 50 and 300 nmand featuring a rootmean 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 ZnOfilm, the contact potential difference (CPD)
along thefilm surface was assessed usingKPFM. Thismeasurement technique allows evaluating the local
difference inwork 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]. Thework function of n-ZnO consists of the ZnO electron affinity (4.45 eV) plus the depth of
the Fermi level position in the ZnOband gapmeasured from the conduction band bottom. In our case, with the
impurity concentrationmeasured byHall effectmeasurements of around 1020 cm−3 [9], the Fermi level in n–
ZnO is situated near the conduction band edge, so thework 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 thework function of the PtIr tip (5.5 eV) is higher than
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the electron affinity of ZnO, themeasuredCPD is higher in the regionswith the higher impurity concentration.
Therefore, the CPDmap reflects the distribution of the charge carrier concentration over the surface of the
semiconductor.

Figure 1(b) shows theKPFMimageof theZnOfilm surface, and thehistogramof theCPDfor the respective
fragment is shown infigure1(c). Figure1(d)presentsprofiles of individual grainheight (1) andCPD (1′) along the
dashed lines indicated infigures 1(a)and (b). Thegreen areas infigure1(d) correspond to the locationsof grain
boundaries.A reducedCPDbetween the tip and thegrain, relative to that at the grainboundary (curve1’), indicates that
theFermi level is closer to the conductionbandedge at thegrainboundaries. Thismeans that the carrier concentration
at theseboundaries is higher than in thegrainsdue toahigherdensityof hydrogen-relateddonor centers.

Theobserved grainboundary-relatedCPDeffects alignwith thepeculiarities of local resistivity identified through
SSRMmeasurements. By analyzing the local spreading resistancemappresented infigure 2(b) and the corresponding
cross sections of relief (figure 2(a)) and resistancedepicted infigure 2(d), local resistivityρ values canbe estimated
using the formula asρ=4aR, where a represents the SSRMtip apex radius andRdenotes resistance [12, 13]. The
grainboundaries exhibit significantly lower resistivity (approximately 0.02Ω·cm) compared to the grains
(approximately 8Ω·cm), as shown infigure 2(d). The resistivity values of individual grains and grainboundaries,
extended through statistical analysis over the entire surface fragment, are presented in thehistogram (figure 2(c)).
These results indicate that hydrogendopinghasnotably enhanced conductivity at the grainboundaries.

The increase in conductivity in the grainboundary regions canbe attributed to stronger hydrogen segregation
at the grain boundaries, resulting in a higher concentrationof interstitial hydrogen (Hi) and complexes consisting of
an oxygen vacancy andhydrogen (HO), which according to the theoretical studies [6], act inZnOas shallowdonors
and thus elevate the local electron density. It is logical to expect that the coefficient of diffusionof hydrogen through
grainboundary is higher than throughbulkof the grains due to lower density of thematerial in this location, so that
hydrogenflow throughGBdominates overflow through the bulkof grains.Moreover,more defective structure in
grainboundaries promotesmore concentrationof trapping sites, which in combinationwithhighhydrogenflow
results inhigh concentrationofhydrogen trapped in grainboundaries.

Besides, hydrogen segregated at the grain boundaries can also passivate dangling bonds and defects which
create deep level states in the ZnOband 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 bymagnetron sputtering in argon/methane ambient possess a
high n-type dopingwith the carrier concentration of the order of 1020 cm−3. In this case, the Fermi level is
situated near the bottomof the conduction band of ZnO. Taking into account the difference in electron affinity

Figure 1. (a) Surfacemorphology and (b) corresponding KPFM images of the hydrogen-doped zinc oxide film obtained by RF
magnetron sputtering in amethane ambient. (c)Histogramof theCPD for the fragment shown in (b). (d)Profiles of individual grain
height (1) andCPD (1’) along the dashed line indicated in (a) and (b). The areasmarked asGB patches indicate the locations of grain
boundaries. Grain boundaries are shown in (b) for visualization purposes.
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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 themetal electrode (figure 3). It can be seen
that the isotype n-ZnO/n-Si heterojunction forms type-II (staggered) junctionwith the conduction band offset
of 0.4 eV at the interface. Siliconwafers used in the experiment have donor concentration 1015 cm−3. At
temperature 300 K the Fermi level is situated at Ec-0.26 eV. Since the Fermi level in highly dopedZnO 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 theNi/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)

Figure 2. (a) Surfacemorphology and (b) corresponding SSRM images of the surface of a hydrogen-doped zinc oxidefilm, obtained
with a -0.4 VDC 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 asGB patches denote the grain boundaries.

Figure 3.Band diagrams ofNi/ZnO/n-Si heterostructure (a) in equilibrium, (b) under the negative or (c)positive bias.
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shows the resistance of the heterostructures with different thickness obtained by differentiation of I-V
characteristics. At a positive voltage at themetal contact the effect of the silicon depletion layer on electrical
characteristics is eliminated, because the potential barrier in silicon isflattened. In this case the total resistance of
the heterostructure is the sumof 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 nmfilm and 78 Ohm for 135 nmfilm. It can be seen that the resistance of thefilm 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 themechanismof
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 canmention 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 problemof determination of the prevailing transportmechanism is rather complicated
because the pc-ZnOfilm, whichmainly determines the resistivity of the structure at a forward bias, consists of
grains separated by grain boundaries [9]. It wasmentioned earlier, that the current in pc-ZnOfilms doped using
methane flows predominantly along the grain boundaries and sub-grain boundaries. This is explained by non-
uniformdoping of the ZnOpolycrystallinefilmwith hydrogen during the deposition process. Hydrogenwith 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 resistancemeasured between the probe and themetal substrate for
two adjacent points at the surface of ZnO film can differ by three orders ofmagnitude, depending onwhether 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 polycrystallinematerials as taking place through
highly conductive grains separated by potential barriers (seefigure 5(a)). In our ZnOfilms, 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 abovementioned arguments into account, the
band diagrams presented infigure 3 should be considered as purely illustrative, because the Fermi level at the
surface of the granular ZnOfilm can change its position depending on the actual doping at themicroscopic scale.

Figure 6 shows the forward branches of I-V characteristics for twoNi/ZnO/n-Si samples with different ZnO
thicknessmeasured 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 amechanismof carrier
transport can be applied to our samples since our heterojunctions are isotype, andwe 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 themiddle of the last century [24–26]. According to the theory of
SCLC the initial, low-voltage section of I-V curves exhibit Ohmic conductionwith the linear dependence onV. If
a semiconductor contains traps, the second part of the I-V characteristic is observedwith the critical exponent
m> 2 of the power law dependence I∼Vm. This part is usually called as a regionwith trap-filled limited current.
Most often the distribution of traps in the band gap of an n-type semiconductor is assumed in the formof

Figure 4. (a) I-V characteristics of theNi/ZnO/n-Si heterostructures with different thickness of the ZnO layer. (b)Voltage
dependences of the resistance of theNi/ZnO/n-Si heterostructures.
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exponential tail near the edge of the conduction band [22]:
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whereNt is the trap concentration, Et is the characteristic energy and E is the energymeasured from the bottom
of the conduction band. It can be seen from equation (1) thatEt represents here not the depth of the local defect
level in the forbidden band, but it is the factor determining thewidth of the exponential defect band tail near the
conduction band edge.Nt is the concentration of traps per volume unit at the bottomof the conduction band.

At a higher voltage the log(I) versus log(V ) dependence shows the transition to the regionwithm= 2, which
is called trap-free or space-charge limited current. Themaximumvaluem* of the critical exponentm in the trap-
filled limited region is connectedwith the characteristic energyEt by the equation [22]:

( )· ( )E m kT1 , 2t = -*

hereT is themeasurement temperature.
The concentration of trapsNt can be found if the voltageVtc is known, at which the transition from the

second to the third part of the dependence is observed, from the equation [25]:

/

( )N
l

l

V

qd

N l

l1

8

9

2 1

1
3t

tc

l
l c

l l

2

1
1 1

e
=

+
+
+

-
+

⎜ ⎟
⎛
⎝

⎞
⎠

⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎤

⎦
⎥

where l=m*
–1, ε is the film permittivity, d is thefilm thickness,Nc is the effective density of states in the

conduction band of the semiconductor.
Figure 7 shows the temperature dependences of trap concentrationNt and characteristic energy Et 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 inNt can be explained by the fact that the deposition time for 135 nmZnOfilm is approximately twice
longer than for 75 nmfilm.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.

Figure 5.Band diagrams and current flowdirections (a) for the potential barrier and (b) for the potential valley at the grain boundary.

Figure 6. Forward branches of I-V dependences forNi/ZnO/n-Si heterostructure (a)with 135 nm and (b) 75 nm thick ZnO layer.
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Considering the carrier transport through theZnOfilm,wemust take into account differentflowpaths for the
carriers anddifferent limiting factors for the carrierflow.Evidently, at lowvoltages themain contribution into the
current comes from the transport via thehighly conductive paths along the grainboundaries and sub-grain
boundaries.However, these paths are narrow, andwith an increasing voltage they fail to transport an increasingflux
of carriers, so thenear-surface regions ofZnOfilmwith lower doping level start to control the current at higher
voltages. In addition, the charge captured in the trapsnear the conducting paths canpartially block the charge transfer
through these paths,making thenear-surface layers ofZnOgrains thedecisive factor in the carrier transport.

Interface and bulk states from admittance spectroscopy of ZnO/n-Si heterostructure
Admittance spectroscopy (measurement of ac conductanceG and capacitanceC as a function of frequency f ) is
widely and effectively used for assessment of defect parameters in p-n junctions [27], heterojunctions [28],
Schottky diodes [29] andMIS capacitors [30]. In a standard approach ofNicollian andGoetzbergerG( f )/ω
(ω= 2πf ) curves for a given biasV exhibit amaximum (G/ω)max at some characteristic frequency f0 [31]. The
value of (G/ω)max is proportional to the number of electron states contributing to the charging/recharging
process. The density of statesDit is then determined from the equation

/·( )
·

( )D
G

q A

2.5
, 4it

maxw
=

where q is the elementary charge andA is the sample area. The problem is that the conductance peakmaybe
attributed to response of the trap centers both at the interface betweendifferentmaterials andwithin the
semiconductor bulk, and in a general case it is not easy to distinguishbetween these twooptions.Another problem,
which is actual for heterojunctions and for theMIS structureswith leaky dielectrics, is the necessity to get rid of a
leakage currentwhich contributes to the trap-related ac signal anddistorts theG/ω curve, especially in the rangeof
lowmeasurement frequencies. In the case of leakydielectric layers orheterostructures, theG( f ) curves needs in
correction, as described in [28, 32]. Before the conductance related to interface traps is plotted inG/ω versus
frequency coordinates, the parasitic dc conductance shouldbe subtracted from themeasured value. The value of
the dc conductanceGDC for a given bias can be determined by differentiationof the current–voltagedependences.

It is known from the theory of admittance spectroscopy that themeasured values ofC andG, which are
related to imaginary and real components of the complex admittance, are connectedwithKramers-Kronig

relations [33]. This allows to replace the value ofG/ωwith themagnitude f dC

df
- , which is called loss factor [34],

and can be easily calculated from theC( f ) dependences using differentiation. In this case there is no need to
subtract a parasitic leakage conductance from themeasured data.

The third approach to the interpretation of the acmeasurements was suggested by Brus [35, 36], when the
values ofG are calculated from the values ofmeasured realR and imaginaryX components of the complex
impedanceZ by the equation:

Figure 7.Concentration of trapsNt as a function of temperature for twoNi/ZnO/n-Si heterostructures with different thickness of
ZnO layer. Inset shows the dependence of the characteristic energy Et.
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whereRc is the contact resistance, equal to the resistance at the highest frequency, andRsh is the shunt resistance,
equal to the resistance of the low-frequency end of the experimental –X versusR dependences (see
SupplementaryMaterial, Fig. S1).

Standard LCRmeters initiallymeasure the amplitude and the phase shift of the output ac signal in respect to
the input one, and then recalculate the results in the formof (C,G) versus f or (X, R) versus f dependences. The
choice of one of the three above-mentionedmethods 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 admittancemeasurements in two different presentations. Figures 8(a), (b) show
the dependences of f dC

df
- on frequency for different biases. Figures 8(c), (d) are the lossmaps inwhich the color

reflects the amplitude of the signal in dependence on frequency (vertical axis) and applied voltage (horizontal
axis). From the lossmap 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 situatedwithin the
band gap. Themaximumcontribution of these states into dissipation is observedwhen 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 themetal electrode, when the silicon surface is turned into the depletion
mode. Therefore, it is reasonable to assign the left-hand spot at themap to the response of the states spatially
located at the ZnO/Si interface, or in the SiOx transition layer. The right-hand spot with higher amplitude is
observed at positive biases. In this case all interface traps arefilled 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 themaximumvalues of the f dC

df
-

curves for the interface related peaks in the voltage rangewhere these peaks aremanifested, i.e. at negative biases.
Dit as a function of applied voltage is plotted in figure 9(a). If we assume that the bulk states are uniformly
distributed inside the ZnOfilm, their densityDt can be roughly estimated by division of themaximumvalue of

Figure 8. (a), (b)Dependences of the loss factor on frequency for different applied voltages and (c), (d) lossmaps for (a), (c) 135 nm
and (b), (d) 75 nm thick ZnO film.
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f dC

df
- versus fdependences by the thickness of the film. Respective dependences ofDt on the applied bias are

plotted infigure 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.
Themaximumof thebulk relatedpeak of f dC

df
- versus fdependences is observed at the forward voltage

+0.2 V.At the same voltage, as one can see fromfigure 6, the SCLC trap-filledmode is observed indc I-V
characteristics at low temperatures. TheZnObulk trap concentrations per volumeunit extracted fromSCLC
measurements at 180 Kwere 4.2× 1016 cm−3 and 9.3× 1016 cm−3 for 135 nmand75 nmfilm, respectively
(figure 7). Recalculation of the bulk trapdensity obtained fromadmittancemeasurements at+0.2 V (figure 9(b))
into the trap concentrationper volumeunit gives us the values of 4.5× 1016 cm−3 and1.5× 1017 cm−3 for 135 nm
and75 nmfilm, respectively,which are close to those obtained fromSCLC.Therefore,we can conclude that by
differentmeasurement techniquewe detect the sameelectrically active centers, which aremanifested either indc
current at low temperatures, or at room temperature in acmode. This is also supported by the fact that the
admittance response corresponding to shallower traps in the 135 nm thickfilm (see inset infigure 7) are registered
at higher frequency (5455 Hz, compared to the 2608 Hz for 75 nm thickfilm). The effect of hydrogenduring the
magnetrondeposition ofZnOfilms usingmethane consists,first, indoping 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 eVbelow the bottomof the conductionband.

Conclusions

In conclusion,wehave studied the electrical characteristics of traps inNi/ZnO/n-Si heterostructureswithZnO
layers depositedbymagnetron sputtering in amethane ambient.Additionofmethanewas found toprovidehighbut
severely non-uniformhydrogendopingwith enhanced electrical conductivity of grain and sub-grainboundaries.
Measurementswere carriedout in the sampleswith twodifferent thicknesses of theZnO layer (135 and75 nm).
Admittancemeasurements have shown that thedensity of bulk states inZnO layer is lower in the thickerfilmdue to
the longerpassivation effect of hydrogenduringdeposition.The charge carrier transport at low temperatureswas
found to followSCLCmechanism.Thedensity of states responsible for thedc transport at low temperatures is lower
in the thickerfilmaswell.
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