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1 Introduction

The integration of thin films with Si technology implies serious limitations of the
minimum thickness of the film, allowing to create an isotype heterojunction with high
quality. This is a particularly competitive task as numerous thermal treatment steps
are usually involved. One of the most important problems in this respect is the need
to avoid the formation of large defect concentrations at the film/substrate boundary.
It is known that zinc oxide exhibits unique properties, which make it interesting for
study and numerous applications [1].
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One promising type of ZnO-based structures suitable for photovoltaic applications
employs undoped ZnO layers grown on Si wafers [2]. Zinc oxide is also a piezoelec-
tric and optical waveguide material, which was used in sensor and ultraviolet (UV)
detector, light emitting diode (LED), surface acoustic wave (SAW), and solar cell
technologies, as well as transparent electrodes, particularly, carrier-selective contacts
with wide band gaps for Si heterojunction solar cells [3—-9]. Zinc oxide was also exten-
sively explored for using in transparent thin film transistors (TFTs) [10-12]. High
optical transparency in the visible range and low resistivity make ZnO an important
material for its using as heat mirrors in stoves, conducting coatings in aircraft glasses
to avoid surface icing [13].

The native defects in ZnO, oxygen vacancies Vo and zinc interstitials Zn;, form
donor levels in the forbidden gap, so that zinc oxide is naturally an n-type semicon-
ductor [14]. The Si/ZnO heterojunction is also widely employed. The presence of
SiOy native oxide and defects at the interface affects the charge carrier generation
and recombination and drastically changes the electrical and photoelectric properties
of the heterojunction.

Physical properties of ZnO depend on growth method, impurities, temperature,
and other factors, which in turn are important for the effective performance of prac-
tical devices. One important prerequisite for the LED applications is the ability to
achieve n and p types of electrical conduction in ZnO [15]. This allowed to fabricate
and realize p-n junction on ZnO and observe electroluminescence in the junction [16,
17]. However, as the acceptor impurities are hardly dissolved, it is still quite difficult
to produce p-type ZnO [18-20]. Moreover, because of a strong polarization field, the
quantum efficiency of ZnO-based LEDs is reduced [21]. It was shown that growing
nonpolar films, such as GaN-based layers, can improve the efficiency [22].

Nickel oxide offers an interesting alternative for fabricating ZnO-based hetero-
junctions, since it is also a wide direct bandgap semiconductor (E, = 3.7 eV) and
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can much simpler be obtained with a p-type conductivity [23, 24]. Consequently, p-n
junctions utilizing NiO/ZnO and MgZnO/NiO were successfully fabricated [25-27].
In this respect, metal oxide semiconductor nanocomposite heterojunctions, which
combined n-type zinc oxide and p-type nickel oxide, offered an interesting approach
for enlarging the free charge separation lengths increasing their lifetimes [28—34].

Different low-dimensional structures with ZnO, e.g., thin films, nanotubes,
nanowires, nanofibers, were fabricated using various deposition techniques, such
as MBE, CVD, sol-gel method [35, 36]. Microwaves and sonochemical synthesis
were also used [37—40].

Using magnetron sputtering technique, ZnO-on-p-Si LEDs were obtained [41].
It was reported in this work that the electroluminescence behavior of the ZnO/Si
depends sensitively on the growth conditions. Morphology aspects in thin films of
ZnO synthesized with magnetron sputtering method were recently addressed by
Nagabharana et al. [42], and a crucial role of the deposition rate in the substrate-ZnO
interface bonding was demonstrated.

As reported by Wang et al., changing the deposition temperature of wurtzite
Zn0O FAZO films, co-doped with fluorine and aluminum, modified the film surface
morphology such that “pyramid” and “crater” shapes were observed [43]. These
transformations were detected by combining different techniques, e.g., XRD, SEM,
AFM, XPS, and optical spectroscopy.

When doping ZnO with Mg, Al, and Ga (AGMZO), the properties of the films,
such as structure, morphology, resistivity, and optical transmittance, were found to
depend upon the Mg content, as reported by Liu and Zhu [44].

Kim et al. studied ZnO films integrated in the ITO cathodes as transparent buffer
layers in inverted polymer solar cells (IPSCs) [45]. Comparing magnetron sput-
tering and solution-based growth techniques, the authors demonstrated that the power
conversion efficiency was much lower in the former growth method. Meanwhile, it
exhibited improved performance of ZnO buffers due to the formation of a suitable
heterojunction structure

Photoelectrical properties of Cr-doped magnetron-sputtered ZnO layers were
studied by Fareed et al. [46]. It was shown that the barrier height in ZnO/Pt Schottky
diodes was lowered due to such a doping of ZnO. Moreover, the ideality factor of
the diode was made better. Furthermore, the doping induced the diode responsivity
in the visible region, although an undoped ZnO film in the photodiode did not show
appropriate response. This effect was attributed to the reduction in E; due to Cr
doping.

Frequently, ZnO is doped by the IIIA group elements to obtain a layer with
modified properties. Aluminum is the most suitable for this purpose because Al
dopant atoms offer an enhanced concentration of free electrons, which increases
the electrical conductivity [47]. Besides, adding aluminum into ZnO (AZO films)
changes E;. ZnO:Al/Si heterojunctions have a higher switching speed and lower
temperature budget in comparison with typical silicon p-n or p-i-n junctions. The
heterojunction quality depends on the number and type of defects on the interface
and in the thin film. Ion implantation with the next temperature treatments allows to
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change the point defect concentration in ZnO film and obtains the ZnO/Si structures
with desired properties.

Here, the charge transport properties related to the different magnetron-sputtered
ZnO and NiO thin film and interface morphologies, current-voltage characteristics,
and surface photovoltage will be discussed and favorable deposition conditions will
be concluded.

Different AZO films with thicknesses varying from 10 to 140 nm were prepared
on Si substrates by DC reactive magnetron sputtering. Some of them were modified
by using Ar* ion implantation (50 and 100 keV). The samples were annealed by
rapid thermal and furnace annealing at temperatures ranging from 450 to 750 °C.

The resulting films were studied using XRD, SIMS, SEM, as well as surface
photovoltage (SPV) decays. The diode structures were manufactured for investigation
of current-voltage (/-V) and capacitance-voltage (C-V) characteristics.

2 Formation of ZnO/Si Isotype Heterojunction at Room
Temperature and Its Structural and Morphological
Properties

Typical ZnO fingerprints with the diffraction lines from (100), (002), and (101) planes
are observed in the XRD spectra of AZO grown on Si (see Fig. 1). It is seen that, at
film thicknesses smaller than 67 nm, only one peak (002) is seen in the XRD spectra.
The (002) peak gains in intensity upon enhancement of the AZO film thickness
from 11 to 120 nm. This is indicative of the fact that ZnO columns appear having
crystallographic c-axis normal to the substrate surface. Moreover, the (002) peak
position shifts to higher diffraction angles for the film thicknesses of 11 and 22 nm,
which can be attributed to decreasing the film density with increasing its thickness.

Fig. 1 XRD patterns of (002)
different ZnO films grown on
Si
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Upon increasing the thickness to about 67 nm, the three ZnO fingerprints could be
clearly resolved on a semi-log scale of the XRD spectrum. This may be due to the
weakening of the influence of the substrate, which thus changes the internal structure
of the films. At the film thicknesses of 120 nm, the (101) and (100) peaks gain in
intensity.

The above effect of the film loosening with increasing the film thickness is further-
more illustrated by the AFM data shown in Fig. 2. A less tight stacking of the columns
in the film, accompanied by an enhanced nanograin density and size, is observed.
Indeed, at the film thickness of 11 nm, the surface is smooth and matches with
the Si substrate surface relief, as observed in image a in Fig. 2. This trend toward
nanograin formation with the size from 10 to 15 nm is clearly visible as bright white
spots distributed across the image a. The size and the density of these features grad-
ually increase with increasing the film thickness (b and c in Fig. 2) until the tight
consolidated layer is formed when it reaches a critical size greater than ~65 nm (d
and e in Fig. 2). In the latter case, the grain diameter reaches the value from 10 to
60 nm. It has been found that a bimodal grain size distribution peaked at 20 and
50 nm is observed in the 120-nm film.

a)l Inm Height Range: 4.525nm  b) 22nm Height Range: 5.675nm
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Fig.2 Typical AFM surface profiles of ZnO films having thicknesses of 11, 22,43, 67, and 120 nm
(a—e) deposited onto the Si substrate. Height distribution histograms of the film surfaces are shown

in (f)
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Fig. 3 XRD pattern of a ' T ' ' '
65.8-nm thick ZnO film
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Of further significance is the fact that the ZnO films with thicknesses less than
50 nm are textured. At greater thicknesses, a polycrystalline structure of hexagonal
modification is formed (Fig. 3). This may originate from the large difference in the
lattice parameters of Si and ZnO, which leads to an inhomogeneous growth of the
ZnO film at small thicknesses.

From XRR studies, thickness, density, and root mean squared (rms) roughness of
deposited films are determined. This procedure yields the values given in Table 1. Itis
found that the roughness of the Si/ZnO interface does not significantly change upon
increasing the film thickness, for the thicknesses less than ~70 nm, as evidenced by
the data shown in Fig. 4. In turn, the surface roughness exhibits a noticeable increase
within the thickness range.

Further insight into the processes associated with the growth of ZnO:Al (AZO)
films can be obtained by analyzing the SEM images shown in Fig. 5. It is seen that
the surface relief has an irregular grainy structure character, whereas the inner region
of the film forms a consolidated layer, which can be due to Al inclusions in ZnO.

Mass spectrometric studies given in Fig. 6 shows an ultra-thin SiO, oxide film
layer having the thickness of about 2 nm that is formed on the boundary of the phase
separation, implying that AZO/Si0,/Si interface is formed in the samples. This is a
prerequisite for considering tunneling through the oxide film (tunnel current) as the

Table 1 Parameters of ZnO-on-Si films discussed in this work

Sample No. Film thickness Film density | ZnO/Si interface rms | ZnO surface rms
(nm) (g/em?) roughness measured | roughness measured
by XRR (nm) by XRR (nm)
1 10.2 59 0.4 0.54
2 20.8 5.62 0.34 0.52
3 41.6 5.59 0.02 0.51
4 65.8 5.60 0.05 0.6
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dominant free electron transport mechanism in these structures. It is also shown in
Fig. 6 that the Al impurity is homogeneously distributed over the thickness of the
film.

It should be noted that some features of the distribution of SiO, ™ ions is shown in
Fig. 6, namely the presence of two maxima near the boundary of phase separation.
This is due to the peculiarities of the origin and growth of the ZnO film at the
initial stages of magnetron sputtering. In order to clarify this issue and find out the
role played by the above nanograins formed at small film thicknesses, processes
of film recrystallization after their amorphization with argon ions and annealing
have been studied. Some results are exemplified in Fig. 7. Comparing these data
for an as-grown (ZnO) and ion implanted (ZnO + I) sample shows that the Ar* ion
implantation causes the compressive strain in a crystal orientation perpendicular to
the ZnO/Si interface (along the c-axis). Increasing the implantation dose and ion
energy increases the strain in the film. It has also been verified that the thickness of
the films decreases somewhat upon implantation due to decreased inter-grain spacing
while their porosity concomitantly increases.

Adding Al during the growth tightens the film, enhances the electrical conductivity
and varies the bandgap of ZnO. The thickness of an intermediate SiO, layer developed
at the ZnO/Si interface has been found to be nearly independent of the film thickness.

3 Current-Voltage Characteristics

Dark current-voltage characteristics are shown in Fig. 8a. It is seen that diode-like
current-voltage (V') characteristics appear at film thicknesses greater than ~60 nm.
Reducing the film thickness leads to a significant increase in reverse currents and
shortened diode. It has been found that ZnO/Si heterostructures are photosensitive
under illumination with wavelengths from 400 nm to 2.5 wm, and a typical result is
exemplified in Fig. 8b.
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SEM HV: 10.0 kv WD: 3.04 mm Zoonm
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SEM MAG: 289 kx

Fig. 5 Surface (a) and cross section (b) SEM images of a 67-nm thick ZnO film deposited onto
the Si substrate

Voltage-capacitance C(V) characteristics taken at frequencies of 1, 10, 100, and
1000 kHz are shown in Fig. 9a. One can see that the barrier capacitance depends
upon the signal frequency. The capacitance decreases with increasing the frequency,
illustrating the occurrence of interface states that cannot trace the quicker signal
change with increasing the frequency.

In this respect, the effect of aluminum segregation at the AZO/SiO,/Si interface
was discussed, e.g., by Bikowski et al. [48] and Jaramillo et al. [11]. This may be
due to the domination of either aluminum condensation or zinc re-evaporation at the
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Fig. 6 In-depth elemental distributions in SIMS profiling analysis of a 67-nm thick ZnO film
deposited onto the Si substrate

interface at the beginning of the deposition of AZO. As reported by Bikowski et al.
[48], the condensation and re-evaporation effects can be related to the vapor pressure
during the growth. Moreover, according to Alcock et al. [49], the evaporation rate
of Zn is much greater than that of Al. In contrast, metal oxides tend to reside on
the surface much stronger than pure metals since the pressure of vapor is consid-
erably smaller in the former case. Furthermore, the formation of aluminum oxide
or aluminum-doped zinc oxide is energetically favorable compared to formation of
zinc oxide. Therefore, this can explain the domination of the segregated aluminum
mentioned above during the deposition at high substrate temperatures.
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Fig. 7 XRD spectra of ZnO films, as-grown (ZnO as-grown) and processed either upon 450 °C
(a) or 600 °C (b) annealing for 30 min (ZnO + FA) or implanting with 100 keV Ar* ions (ZnO +
I) followed by annealing at 450 °C (a) or 600 °C (b) for 100 s (ZnO + I+RTA) or 30 min (ZnO +
1+ FA)

This in turn suggests that the AZO film is highly doped at the interface. Therefore,
the AZO/Si junction is asymmetric with a thicker space charge region in the Si
substrate compared with that in the ZnO film. Then the capacitance is simply C
~ ¢gsi/W, where ¢g; is the dielectric constant of Si, and W is the total thickness of
the space charge region. At reverse bias, the capacitance depends only weakly on
the frequency. In turn, at forward bias, the free electrons in Si are captured at the
interface states thus decreasing the capacitance with increasing the frequency.
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Fig. 8 a Dark I(V) curves of ZnO-on-Si films having a thickness of 65.8 nm (1) and 41.6 nm (2).

b 1(V) curves of ITO/ZnO/Si structure in the dark and at an illumination with white light

The appearance of peaks in the C(V) curves shows evidence of tunneling through
the interface states and oxide film discussed above. Replotting the data of Fig. 9a
in the form of 1/C? versus V in Fig. 9b yields the barrier height Vi, of 0.66 eV. It
has been observed that V, depends on the annealing temperature of the implanted

structures.

One thus concludes that the distribution of aluminum-rich phases has yet been
studied insufficiently in magnetron-sputtered AZO films. In particular, Sieber et al.
[50] addressed the microstructural properties of ZnO:Al, illustrating the occurrence
of zinc—aluminum-oxygen phases, 10-20 nm beneath the Si substrate. However,
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Fig. 9 a Voltage-capacitance characteristics of ZnO film with a thickness of 65.8 nm grown on Si
(a) and determination of the potential barrier value in this ZnO/Si structure (b)

the film electrical conductivity remained uncovered in this study. Kinemuchi et al.
reported aluminum-rich boundaries in ceramic AZO grains [51].

In the remaining part of this work, we, therefore, present photoelectrical properties
of the films, and, particularly, spatially distributed SPV signals, which can shed light
on some of the above segregation problems unsolved so far.
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4 Transient Surface Photovoltage

Surface photovoltage (SPV) is formed by the separation of nonequilibrium carriers
in the near-surface sample region [52]. In particular, the separation exists in the
space charge regions that occur on the sample surfaces or at grain boundaries and
interfaces. The magnitude and direction of the appropriate band bending in these
regions determine the magnitude and sign of the SPV signal formed under light
illumination. The band bending itself depends on the concentration and type of
defects in surface and interface areas. These concentrations and type also determine
the generation and recombination velocity of nonequilibrium free charges.

In our case of ZnO/Si0,/Si heterostructures, the SPV amplitude and decay times
taken after the light is turned off can, in general, be related to varying defect content
in ZnO films and in a narrow subsurface region of the Si substrate. The SPV charac-
teristics would therefore depend on the deposition method and thickness of the ZnO
layer. Measuring SPV can furthermore be interesting for improving the photovoltaic
properties of ZnO/Si0,/Si and NiO/ZnO/Si heterostructures.

Varying the light wavelength, one can vary the light penetration depth into the
semiconductor structure, thus appropriately changing the carrier generation depth
spanning the junction regions of the heterostructures. This is particularly true in case
of small pulse widths of the illuminating light, when the width remains much smaller
than the carrier lifetime. Otherwise, if the light pulse is of the order of or greater than
the lifetime of nonequilibrium carriers, then the carriers from a thick subsurface layer
comparative with their diffusion length contribute to the SPV signal, even for the
strongly absorbed light [53].

Taking the bandgap E; = 3.2-3.3 ¢V in ZnO [54] and E; = 1.12 eV in the Si
substrate [55] one gets that exciting light with A > 375 nm correspond to E, of
ZnO [54]. Therefore, the SPV signal generated by a visible light is formed only
by free carriers excited in the Si substrate. For the light with a wavelength of less
than ~375 nm, the signal will come from nonequilibrium carriers generated both in
the ZnO film and Si substrate. Strictly speaking, for both excitation conditions, one
should take into account the carrier diffusion and drift from the Si substrate into the
ZnO film and in the opposite direction.

The SPV data given below were measured in the capacitance arrangement and the
measurement technique was described in detail in [56]. SPV decay curves taken in
different ZnO-on-Si samples are shown in Fig. 10. The samples are excited by light
pulses of 1 s duration with three different wavelengths A = 405 nm, 470 nm, and
860 nm. At these conditions, nonequilibrium charge carriers are generated only in the
Si substrate at depths of 1/o ~ 98 nm, 312 nm, and 21 pm, respectively, where o is
the light absorption coefficient in Si for the above three excitation wavelengths [55].
Negative SPV signals were experimentally detected in the circuit schematics used
and, for convenience, they are shown in Fig. 10 as well as in the text that follows,
the SPV decay curves are inverted.

It is shown in Fig. 10 that regardless of the wavelength of the exciting light, the
SPV decay rate decreases monotonically with increasing the ZnO thickness from 11
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SPV (mV)

Fig. 10 SPV decay curves in ZnO/Si excited with LED light of wavelengths A = 405 nm (a),
470 nm (b) and 860 nm (c). The light pulse width is 1 ps. The thickness of ZnO films is 11 (curve
1), 22 (2),43 (3), 67 (4), 70 (5), and 120 nm (6)

to 67 nm. When further increasing the thickness to 120 nm, the decay rate of the SPV
signal remains nearly unchanged. At the same time, when the thickness increases
from 11 to 43 nm, the SPV amplitude value first increases monotonically and then
begins to decrease for greater thicknesses (up to 120 nm).

If the same samples are excited by light pulses of 10 ns duration from a nitrogen
laser (A = 337.1 nm), the decay curves shown in Fig. 11 are observed. Under these
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Fig. 11 SPV decay curves
in ZnO films with different
thicknesses grown on Si
excited with N laser light (A 103
= 337.1 nm) having pulse
width of 10 ns

SPV (mV)

0,0 0,2 0,4 0,6 0,8 1,0
Time (ms)

excitation conditions, nonequilibrium charge carriers are generated both in the ZnO
film and Si substrate with a depth of 1/A & 9 nm [55]. It can be found that, in this case,
the decay curves are described by a biexponential law. The appropriate time constants
of both the first and second components increase with increasing the thickness of
ZnO from 11 to 120 nm (see Fig. 12a). In contrast, the magnitude of the SPV signal
first increases slightly at film thicknesses varying from 11 to 67 nm and then sharply
decreases at the thicknesses greater &~ 70 nm; see Fig. 12b.

Next, Fig. 13 shows the distributions of the SPV decay time constant t across
the sample surface taken for different thicknesses of the ZnO film. Appropriate
distributions of the SPV amplitude are given in Fig. 14. The data of Figs. 13 and 14
are taken when scanning the surfaces of the samples with a narrow light beam of a
laser diode with A = 630 nm with a spatial resolution of 100 pm. This scanning SPV
apparatus has been discussed elsewhere [57].

It is shown in Fig. 13 that the width of the distribution function for t increases for
the thicknesses from 11 to 120 nm. The maximum of the distribution shifts toward
greater values of t. At the same time, the width of the distribution function for the
SPV amplitude shown in Fig. 14 first increases in the thickness range from 11 to
43 nm and then decreases very sharply for 67-120 nm thicknesses. In this case,
the distribution maximum shifts toward greater values of the SPV amplitude for the
thickness range from 11 to 67 nm and then, at greater thicknesses from 70 to 120 nm,
shifts to almost 100% of its initial value.

These SPV results can be explained as follows by taking the change of the film
morphology with its thickness into consideration. The film microstructure changes
significantly with increasing the thickness (see Fig. 2). Thus, the size of nanograins
and nanocolumns can vary from about 10 to 60 nm for the film thickness <67 nm,
until the tight consolidated layer is formed in the range from about 65 to 120 nm.

Consistent with these observations, increased SPV amplitude values are detected
primarily due to a larger spatial separation of photogenerated carriers in larger grains.
Furthermore, the observed broadening of the SPV amplitude distribution can be
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Fig. 12 SPV decay time (a) and amplitude (b) in ZnO/Si versus the thickness of ZnO films excited
with N3 laser light (A = 337.1 nm) having a pulse width of 10 ns

explained by a concomitantly broader dispersion in grain sizes. It appears that in the
thickness range from about 65 to 120 nm, when a dense consolidated layer occurs,
the SPV amplitude decreases with a narrowing of its distribution function across the
sample surface. Moreover, the observed increase in T, broadening of the distribution
of t, and a shift of the maximum value of this distribution to greater T are most
likely due to the fact that increasing the grain size and grain density affects the
composition and concentration of recombination-active defects at grain boundaries.
Finally, carrier trapping at deep levels and grain surface or interface states may
become dominating over fast carrier recombination processes, which also increases
T.
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Fig. 13 Probability functions of the surface distribution of t in ZnO/Si with different thickness of
ZnO layer. See measurement details in [57]

For comparison, the SPV attenuation curves were also measured on a sample in
which a p-NiO film, <70 nm thick, was additionally deposited on top of a 120 nm
thick ZnO film. In this structure, the NiO/ZnO interface forms a p-n junction, which
in turn should enlarge the SPV magnitude due to increased number of photoexcited
carriers separated by the p-n junction field.

In Fig. 15, we show SPV decay curves for samples with a 120 nm ZnO film
without (curve 1) and with an additional p-NiO layer (curve 2). These samples are
excited by light pulses of 1 s duration with wavelength of 405 nm.

Most significantly, the deposition of an additional p-NiO layer increases the SPV
magnitude by about 3 times, while the SPV decay time also increases significantly.
Again, this increase in the SPV amplitude comes from the p-NiO/n-ZnO junc-
tion. The shortened SPV decay is apparently due to enhanced recombination rate
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of photogenerated carriers at the additional recombination centers formed at this
interface.

5 Conclusions

In summary, the structural and electro-physical characteristics of ZnO/Si heterostruc-
tures formed by the magnetron film deposition from aluminum-doped ZnO target
are addressed. The film recrystallization and microcrystal structure restoration are
observed. It is found that the ZnO/Si barrier is about 0.66 eV and depends on the
annealing temperature of the implanted structures. Diode structures with a trans-
parent electrode (ITO/ZnO/Si/Al) have photosensitivity in the wide spectral region
of 0.4-2.5 wm. The photosensitivity mechanisms in different spectral bands require
further refinement.

The deposited ZnO films with thicknesses of less than ~70 nm have roughly three
times greater photovoltage magnitude compared with that having greater thicknesses,
and this coincide with the microstructural evolution of the film. The SPV decays slow
down accordingly exhibiting decay times of the order 10 s at the small film thick-
nesses and 100 s at the ones exceeding ~70 nm. These results can be interpreted in
terms of the recombination and carrier trapping centers in the film and at the ZnO/Si
boundary, whose concentration varies with the film thickness.

It is furthermore shown that forming p-NiO/n-ZnO/Si heterostructure increases
the photovoltage magnitude, which is up to several times, and shortens the SPV
decays. This can be effectively used in manufacturing rapid photosensitive elements.
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