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Abstract

The quality and properties of electrodeposited nanostructured ZnO films are improved when they are deposited on a
crystal lattice-matching substrate. To this end, a highly conductive indium tin oxide substrate is covered with an inter-
layer of ZnO using direct-current magnetron sputtering. In this manuscript, we describe the effect of this interlayer on
the morphological and optical properties of several nanostructured ZnO films grown by different electrodeposition
methods. The thickness of the ZnO interlayer was varied starting from ultrathin layers of 10 nm all the way up to 230 nm
as determined by ellipsometry. The structural and optical properties of the nanostructured ZnO films deposited on top
of these interlayers were characterized using field emission scanning electron microscopy (FESEM), atomic force micros-
copy and UV-visible spectroscopy. Optimum properties of the nanostructured ZnO films for application in thin-film
optoelectronic devices are obtained when the ZnO interlayer has a thickness of approximately 45 nm. This is the case

for all the electrodeposition methods used in this work.
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1 Introduction

Zinc oxide is a remarkable semiconductor with many
applications due to its unique properties. It has a wide
band gap with a direct energy gap, which is between 3.2
and 3.4 eV at room temperature, a large exciton binding
energy of 60 meV, a high transparency and a low electri-
cal resistivity [1, 2]. It is nontoxic and easily fabricated [3],
resulting in a potentially lower cost for ZnO-based devices
[4] such as solar cells [5, 6], photoconductors [7, 8] and gas
sensors [9], to name a few. The efficiency and performance
of these optoelectronic devices are largely dependent on
the optical and electrical properties of ZnO film. There
are numerous methods to grow ZnO thin films, such as
spray pyrolysis [10, 11], vapor-liquid-solid processes [12],

sol-gel [13, 14], electrodeposition (ED) [15, 16] and differ-
ent forms of vapor phase deposition, using a pulsed laser
[17] orion-assisted sputtering [18-20]. Among these meth-
ods, ED is a low-cost alternative that offers a high degree
of control over the film morphology, such as nanostruc-
tures, through optimization of the deposition parameters.
Transparent conductive oxide-coated glass substrates are
essential for optoelectronic devices as they allow light to
enter/escape from an optoelectronic device while apply-
ing an electrical potential. Indium tin oxide (ITO)-coated
glass substrates are by far the most used example. Dur-
ing the preparation of optoelectronic devices, layers are
deposited sequentially on a substrate, and to obtain a
good morphology of the electrodeposited ZnO layer, a
good lattice match between ZnO nanostructures and the
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substrate is required. When such nanostructured thin films
are deposited directly onto ITO-coated glass, they have a
wide distribution of grain sizes, high defect concentrations
and poor optical performances [21]. These poor proper-
ties of the nanostructured ZnO layer are a result of the
different crystal lattices of the substrate and the top layer.
Thus, if an intermediate layer is introduced in between the
nanostructured ZnO layer and the substrate, the structure
of the top film can be better controlled. This is important
as it has been shown that surface orientation and termina-
tion have a large effect on the work function of these films
and as a consequence also on the overall properties of
the devices employing these films [22-26]. The interlayer
provides the nucleation centers for the subsequent ED film
growth, improving the uniformity of ZnO nanostructures
[27]. In a previous work from our team, the first relation
between the interlayer growth conditions and the proper-
ties of nanostructured ZnO films was described [28].

In this work, we studied the influence of ZnO interlayer
thickness on the structural and optical properties of ED-
grown ZnO films. We have used a two-step deposition pro-
cedure, in which a ZnO interlayer is first deposited onto
the substrate by direct-current (DC) magnetron sputtering,
considered to be a suitable technique due to the inher-
ent ease with which the deposition parameters can be
controlled. Moreover, it can deposit large-area films and
the growth rate is low enough to generate ultrathin mul-
ticrystalline films even on nonlattice-matched substrates
[29]. It is complementary to ED film growth as the latter
allows for a much large control over the film nanostructure
and subsequently its properties. A schematic illustration of
the deposition process of the different thin ZnO layers is
shown in Fig. 1. Previous research has discussed the inter-
layer thickness dependence on structural, electrical and
optical properties of ZnO nanorod-based films, deposited
using radio-frequency (RF) magnetron sputtering [30, 31]
and hydrothermal methods [32].

We varied the ZnO interlayer thicknesses starting from
ultrathin layers of 10 nm all the way up to 230 nm to
determine the optimum interlayer thickness that leads to
films with the structural and optical properties needed
for optoelectronic devices. To this end, the ED film
growth conditions were also varied, taking into account

Fig. 1 Schematic illustration of sputtering
the deposition process of the deposition ¢ =
different thin ZnO layers —

Substrate: Glass + ITO
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previous studies on different ED procedures for nuclea-
tion and growth [33-35]. Potentiostatic, galvanostatic,
pulsed-current and pulsed-potential electrochemical
deposition methods were applied on previously sput-
tered interlayers, to analyze the influence on the mor-
phological uniformity of the nanostructured ZnO film
and on the final properties of the complete assembly.
We find that interlayers with a thickness between 20 and
45 nm lead to homogenous nanostructured ZnO films
with optimum morphological and optical properties.
Interlayers with thicknesses below 20 nm lead to regions
of uncoated surface, whereas when the interlayer thick-
ness exceeds 50 nm the absorption losses become exces-
sive. This relationship is independent of the type of ED
method employed, confirming the importance of the
interlayer on the final electrodeposited film properties.

2 Experimental

The ZnO thin films were fabricated on commercial glass
slides covered with an ITO conductive layer from Asahi
Glass Company (sheet resistance at room temperature
15 Q/sq). Substrates were cleaned with soap and rinsed
with deionized water, followed by sonication for 10 min
in iso-propanol, after which they were dried carefully
using nitrogen gas.

The ZnO films were studied with the following tech-
niques: Ellipsometry (GES5E variable-angle spectro-
scopic ellipsometer) was used to measure the thickness
of the ZnO interlayers. Atomic force microscopy (AFM,
Veeco Multimode) was used to observe the surface
morphologies of ZnO interlayers and surface rough-
ness. Field emission scanning electron microscopy
(FESEM, ULTRA 55 from Zeiss) was used to characterize
the morphology of ZnO electrodeposited nanostruc-
tures. The absorption spectra for all obtained films were
analyzed using a Newport UV-vis spectrophotometer in
the 300-850 nm wavelength range at room tempera-
ture. Optical transmission spectra (Hamamatsu model
L2175 150w Xe source spectrum) were recorded, and the
absorption coefficient (a) for all studied thicknesses was
calculated.

Substrate + interlayer of
ZnO + nanostructured ZnO
layer

Substrate + interlayer of ZnO
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2.1 Sputtered ZnO deposition procedures
(interlayer of ZnO)

ITO-covered substrates were placed in a homemade DC
sputtering chamber. The cathode used was ZnO with purity
of 99.999%, and the working parameters were as follows:
magnetron plasma at 100 W, Ar pressure of 0.2 mbar and
substrate temperature of 300 °C. Only the deposition time
was varied (3,4, 5, 6,7, 8,10, 20, 30, 60, 90, 120 min) with the
purpose of obtaining different thicknesses.

2.2 Electrodeposited ZnO growth procedures
(nanostructured ZnO film)

Nanostructured thin films were grown by electrodeposition
in a three-electrode electrochemical cell. The aqueous elec-
trolyte was composed of ZnCl, (5x 1073 M), KCI (0.1 M) and
saturated with dissolved oxygen maintained with constant
pure oxygen gas flow (bubbling). The process was held at
a constant temperature of 70 °C. To control the electrical
parameters that manage the growth, we used an Autolab
PGSTAT302 N potentiostat (Metrohm, Utrecht, the Neth-
erlands) with an ADC 10 M card for ultrafast measurement
acquisition (one sample every 10 ns).

3 Results

One of the main uncertainties we wish to address is which
ZnO interlayer thickness leads to the best nanostructured
ZnO film, when considering homogeneity and optical prop-
erties. To do this, we first prepared a series of sputtered ZnO
interlayers with increasing thickness on top of ITO-coated
glass substrates. Their thickness increases with increasing
deposition time of the sputtering process as determined
by ellipsometry and depicted in Table 1 and Fig. 2. For each
sputtered ZnO thickness, an average of five samples was pre-
pared and the average surface roughness (ASR) was deter-
mined via AFM. The data points obtained are depicted in
Table 1, and for clarity compiled graphically in Fig. 2.

From the data shown in Fig. 2, one can clearly observe
the linear relation between the deposition time and the
film thickness. This is expected and confirms the proper
functioning of the tool and continuous deposition of
the ZnO. The relation between the ASR and the sputter-
ing time is less direct as the spreading in data points is
rather large, particularly for short deposition times. To
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Fig.2 Relation between ZnO interlayer thickness (open squares)
and average surface roughness (ASR) (blue filled triangles) on dep-
osition time

understand the reason for this spreading, the AFM images
of the different ZnO interlayers are insightful (Fig. 3). There
we observe that the density of particles in the interlayer
increases as sputtering time progresses. For ultrathin
layers (less than 20 nm), we can note that the surface is
not covered homogenously with the sputtered material,
and the surface roughness appears to be independent of
layer thickness. Hence, for these very thin ZnO interlay-
ers, the surface roughness merely indicates the presence
of uncoated substrate among ZnO layers and as such it
does not describe the surface roughness of the ZnO films.
However, the grain shape and size change with the film
thickness: The large grains present in the thicker films
are formed by smaller ones. Samples with a thickness of
around 11 nm show surfaces of ZnO films that have an
island-like nonuniform grain size. From 11 to 20 nm, we
have found homogeneous areas which are covered by
small-sized grains. The grains become more uniform as the
film thickness increases. After a certain thickness, approxi-
mately 20 nm, the surface roughness increases with the
increasing thickness of ZnO films because of the increas-
ing grain size [36]. It is not trivial to extract accurate grain
dimensions from the films with a thickness below 40 nm;
however, these grains all have diameters below 60 nm.
With thicker films, it becomes easier to obtain grain size
information and these increase to diameters of 150 nm
for films with thicknesses in the range of 120 nm to over
300 nm for the grains of the thickest films.

Table 1 Variation in film thickness and average surface roughness (ASR) for ZnO films with different sputtering times

Sputtering time (min) 3 4 5 6 7 8 10 20 30 60 920 120

Film thickness (nm) 10.96 11.08 11.15 13.36 13.64 16.5 20.13 43.32 58.33 118.1 1754 229.5

ASR (nm) 20 8.9 6 8.8 4.5 75 6.3 9.8 17.5 13.25 26 44.5
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Fig.3 AFM images of ZnO interlayers as a function of deposition time in minutes

The growth of the particles leads to the formation of
mound-like structures which continue to grow in three
dimensions once the surface is completely covered. Due
to the growth of these structures in three dimensions,
the grain size increases and therefore the ASR increases
with increasing deposition time (and increasing ZnO film
thickness).

Now that a relation between the surface structure, ASR
and thickness of the interlayer has been established, it is
possible to study their influence on the morphology of
the ZnO nanostructures. Four different electrodeposi-
tion methods were used initially, only on ITO-covered
substrates consisting of a sputtered ZnO interlayer with
a thickness of 43 nm: (1) potentiostatically for 10 min; (2)
galvanostatically for 10 min; (3) pulsed potential at a fre-
quency of 0.5 Hz for 20 min; and (4) pulsed current at a
frequency of 0.5 Hz for 20 min. All the experimental details
implemented to develop these ED growth methods can be
consulted in our previous works [34, 35].

Figure 4 shows FESEM images of the surface of the
nanostructured ZnO layers with the four different meth-
ods as described above. In Fig. 4a, b, the images of the
ZnO deposited with a fixed potential and current are dis-
played, respectively. Under these growth conditions, the
nanostructures of ZnO form an array of nanorods with
diameters of around 100 nm. However, when a pulsed
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process is used, hexagonal nanoplates with a diameter of
200 nm are formed (Fig. 4c and d). In all four ED methods,
however, the ZnO shows a nanostructured morphology
that will induce the so-called moth eye effect [37, 38] that
will induce light trapping, which is beneficial for use in
optoelectronic devices, such as solar cells [39].

Hence, since we have established that all four ED meth-
ods lead to nanostructured morphologies, in the following
we focus on the potentiostatic ED method to study the
effect of the ZnO interlayer thickness on the nanostruc-
tured ZnO properties.

Figure 5 shows FESEM images of the surface of nano-
structured ZnO layers deposited potentiostatically on
substrates (ITO and glass) that contain sputtered ZnO
interlayers with different thicknesses. In Fig. 5a and b,
one can observe that the surface of the sample is not
fully covered by the electrodeposited layer. This is most
likely due to incomplete coverage of the ZnO interlayer
due to insufficient sputtering time as discussed above. For
the substrates that contain interlayer thicknesses above
40 nm, a completely covered ZnO nanostructured surface
is obtained (Fig. 5c and d). Additionally, as the interlayer
thickness increases, the diameter of the nanostructures
increases and their density decreases. As seen in Fig. 3,
grain and particle size increase with increasing interlayer
thickness, and since the interlayer serves as a template for
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Fig.4 FESEM images of
nanostructured ZnO films
deposited with different types
of electrodeposition onto ZnO
interlayers with a thickness of
43.8 nm: a potentiostatically,
b galvanostatically, c pulsed
potential and d pulsed current

Fig.5 FESEM images of nano-
structured ZnO films deposited
potentiostatically onto ZnO
interlayers with thicknesses
of:a13.6 nm, b 20.1 nm, ¢

433 nmandd583nm

the nanostructures, the diameter of the nanostructures
also increases.

The optical transmittances of the sputtered ZnO films
are shown in Fig. 6 as a function of their thickness. The
average transmittance in the visible range is found to be
greater than 85% for all the samples, and for thicknesses
larger than 20 nm, we notice a gradual UV shielding effect.

This characteristic is in agreement with the fact that ZnO
is a direct band-gap semiconductor with an energy gap
between 3.2 and 3.4 eV.

The transmission spectra of the nanostructured ZnO
films electrodeposited onto sputtered ZnO interlayers with
a thickness of 43.32 nm using four different methods are
shown in Fig. 7. The transmittance of the nanostructured
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Fig.6 Transmission spectra of ZnO interlayers with different thick-
nesses; a ultrathin layers (thickness<20 nm) and b thin layers

(thickness >20 nm)

ZnO films deposited using pulsed-potential and pulsed-
current methods is significantly higher than that of the
films prepared by static voltage and current growth con-
ditions. The samples grown in pulsed conditions present
nanostructures of larger diameter, which entails a decrease
in the number of light scattering centers and therefore a
higher transmittance.

In Fig. 8, we depict the transmission spectra of nano-
structured ZnO films deposited onto the interlayer with
different thicknesses. The sample deposited onto 43.32 nm
shows the highest transmission of light in the visible
range, while the samples on 13.64 and 20.13 nm interlayer
thickness absorb more light due to the inhomogeneous
interlayer. The sample with seed layer of 58.33 nm shows
about 70% transmission.

In general, the sputtered material is highly transpar-
ent compared to the electrodeposited material, which is
white/opaque in appearance. From Figs. 7 and 8, we see
that sputtered and nanostructured ZnO films transmit
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Fig. 7 Transmission spectra of nanostructured ZnO films deposited
with different electrodeposition methods: potentiostatically, galva-
nostatically, pulsed-potential and pulsed-current processes

around 95% and 85% of incident photons, respectively,
for wavelengths greater than 600 nm when the interlayer
thickness remains below 43 nm approximately. The dif-
ference in transmission is attributed to thickness, surface
roughness and scattering centers. The milky appearance
of nanostructured ZnO layers is mainly due to the diffu-
sion of light due to the roughness of the layers, although
inclusions of Zn(OH), during electrodeposition from aque-
ous solution could also contribute to this appearance [40].
For electrodeposited layers, when the electrodeposition
techniques were varied (Figs. 4 and 7), we can note that
the morphologies of the potentiostatic and galvanostatic
nonpulsed depositions somewhat resemble each other,
with comparable nanostructure diameters, explaining the
similarity in transmission spectra; the same phenomenon
was observed with pulsed electrodepositions.

100 o
s 4 T ]
.ll ‘_./'—'-‘—
~ 60 [ -
s ¥ 7
= 7 _': ‘/'—
404 .l! I'l
S - — 1364 m
7 20.13 nm
2044/ —---4332nm
L/ -=--58.33 nm
400 500 600 700 800
A(nm)

Fig.8 Transmission spectra of potentiostatically deposited nano-
structured ZnO films as a function of interlayer thickness
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Fig.9 Optical energy gap (Ey) versus film thickness of the sput-
tered ZnO films

While varying the interlayer thicknesses (Fig. 5 and
Fig. 8), we can see that ZnO interlayers greater than
50 nm have significantly lower transmission of light
than thinner ZnO interlayers. Taking into account the
inhomogeneous layer of nanostructured ZnO on inter-
layers of 20 nm or less, it can be concluded that the more
suitable interlayer thicknesses are those in between 20
and 50 nm. In this range, the ZnO interlayer covers the
substrate homogeneously, but is not so thick that it hin-
ders the transmission of light. According to our study,
the optimal thickness is around 45 nm.

The effect of thickness on the optical band gap of
ZnO sputtered films has been determined from the
transmittance data. The absorption coefficient (a) is cal-
culated using the Beer-Lambert relation. The relation-
ship between the absorption coefficient and the incident
photon energy (hv) is given by the following equation
[41]:

(ahv)*> = A(hv — E,)

where Ais a constant and E; is the optical band gap. The E
can be determined by extrapolating the linear regions of
(ahv)? to zero absorption. From this equation, we calculate
the E, for the sputtered films and the results are shown in
Fig. 9. The band gap of the films varied between 3.17 to
3.28 eV, and the band gap decreases with increased film
thickness, showing the n-type nature of the ZnO semicon-
ductor. This decrease in band gap may be attributed to the
presence of unstructured defects which increase the den-
sity of localized states in the band gap and consequently
decrease the energy gap [42]. We also found variations in
crystallite size (which are below 60 nm for samples with
thicknesses less than 40 nm, as we have appointed previ-
ously from the AFM images of ZnO interlayers) that can
induce such changes [1, 43].

According to the literature, the oxygen and Zn vacancies
as well as Zn interstitials seem to be the predominant ionic
defects and the growth environment controls their concen-
tration in ZnO films. These defects introduce the levels in the
band gap of the semiconductor, responsible for transitions
between different charge states and the shift of the optical
band gap to values smaller than the bulk E;~3.3 eV [44].

4 Conclusions

Two growth methods of ZnO thin film have been performed
in this work to study the properties of nanostructured ZnO
layers. First, ZnO thin films were sputtered on conductive
glass substrate, acting as an interlayer, and electrodepos-
ited ZnO (nanostructured ZnO) thin films were subsequently
grown on the sputtered film. The properties of the nano-
structured ZnO layers depend strongly on the interlayer
morphology, which is controlled mainly by its thickness.
From the FESEM images, we can note that the size of the
electrodeposited ZnO nanostructures increases and the
density per unit area decreases with increasing interlayer
thickness. In the case of ultrathin interlayers (less than
20 nm), this layer was not continuous or homogeneous, and
consequently the sample is not completely covered when
the nanostructured layer is deposited. On the other hand,
samples with interlayers greater than 50 nm show a signifi-
cant drop in light transmission.

Therefore, with this study we have verified that an inter-
layer thickness of around 45 nm is a crucial factor for forma-
tion of uniform nanostructured ZnO thin film. This thickness
is crucial to preserve the high transmission of the nanostruc-
tured ZnO layer in the visible range and is enough to be
continuous and homogeneous and thereby ensure better
morphological characteristics of the electrodeposited layer.
These properties make the nanostructured ZnO layer suit-
able in many applications such as transparent electrodes of
thin film solar cells, transparent oxide thin-film transistors or
light-emitting diodes.
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