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ABSTRACT

ZnO thin films have been grown by e-beam evaporation in the range from room temperature to - 120 °C on
two types of substrates, Al,05 (0001) and Si (100). Although the ZnO/Al,O3 system has been thoroughly
characterized, including optical and electrical techniques, the morphological, structural and chemical
properties show no significant differences between both substrates. Thus, the general features of the ZnO
growth mode at low temperature can be generalized. The relatively low growth temperatures reduce the
diffusion of atoms at the surface, which leads to morphological and chemical changes. As the temperature
decreases, the growth mode changes from a van der Drift model to a gradual bilayer system composed of an
interfacial layer in contact with the substrate and a second columnar-based layer. This second well-ordered
film disappears for the lowest temperatures while a Zn-rich interface in contact with the substrate emerges.
Precisely from this interface, Zn-rich whiskers develop under the ZnO film and cause the loss of adhesion at
temperatures below - 100 °C. These extreme temperatures also affect the crystal size, lattice strain, and
total amount of oxygen vacancies. The behavior of the optical and electrical properties in terms of band gap,
transparency, electrical resistivity, and Seebeck coefficient is discussed in the light of structural and che-
mical characterization. Samples grown at 0 °C exhibit an enhanced transmittance compared to those grown
at room temperature while preserving similar electrical resistivity values and natural n-type doping. These
results open a promising route to enhance ZnO films properties below the typical high temperature
window.
© 2021 Universidad Auténoma de Madrid. Published by Elsevier B.V.
CC_BY_NC_ND_4.0

1. Introduction

tin oxide (ITO) as a transparent conducting oxide in many applica-
tions [4,5]. ZnO thin films also find many other uses in a wide range

ZnO is an intensely studied semiconductor characterized by its
wide band gap at room temperature (RT) (Eg ~ 3.3 eV) and large
exciton binding energy (~60 meV) [1-3]. Besides, high levels of
charge carriers can be introduced into ZnO by heavy substitutional
doping (n-type) while preserving good transparency. These proper-
ties have boosted ZnO as a low-cost candidate to substitute indium
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of fields such as optoelectronics [6,7], gas sensors [8] or solar cells
[9]. Nevertheless, limitations on achieving p-type doped ZnO films
have moved the scientific focus to ZnO nanostructures, enhancing
and tuning the oxide properties [10].

High-quality ZnO thin films and nanostructures can be grown by
multiple physical and chemical deposition techniques. Regarding the
first type, we can mention sputtering [11], molecular beam epitaxy
(MBE) [12] or electron beam evaporation [13], whereas among the
chemical methods, atomic layer deposition (ALD) [14], sol-gel [15],
or metalorganic chemical vapor deposition (MOCVD) [16] stand out.
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Despite their differences, the main parameter for all these growth
techniques is the temperature, which significantly influences the
final ZnO properties. In this regard, multiple comparative studies on
ZnO nanostructured films have dealt with their physical properties
and growth morphology as a function of this parameter. For ex-
ample, the work of J. Y. Park et al. [17] shows significant morpho-
logical differences in ZnO films deposited by MOCVD in the range
100-500 °C, whereas Cho et al. [18] studied how ZnO thin films
grown by sputtering present variations of the optical and electrical
properties as a function of the growth temperature (100-400 °C). In
general, adequate crystallinity, transparency and electrical con-
ductivity levels require temperatures above 500 °C, although for
industrial processes these temperatures translate into high costs and
possible degradation of device materials by diffusion between
components. Post-annealing treatments face similar problems.
These issues are why in the last years considerable efforts have been
devoted to decrease the growth temperature while preserving good
chemical and physical properties of ZnO. Although some competitive
results have been obtained for growths performed at room tem-
perature (RT) [19,20], the general compromise between low-tem-
perature and high-quality films is established in the range from 200°
to 400°C.

The possibility of reducing the growth temperature below RT can
imply changes in the growth mode by decreasing, or even totally
suppressing, active thermal diffusion mechanisms at the surface
[21]. These changes could affect the structural and chemical prop-
erties of the ZnO films, such as size and crystallographic orientation
of crystallites, lattice strain, or density of typical ZnO defects such as
oxygen vacancies and interstitial zinc incorporation. Eventually, this
would affect the optical and electrical properties too. Chemical de-
position techniques should be avoided in very low temperature
ranges due to the low kinetics or total suppression of the chemical
reactions.

The present work focuses on how low temperatures (RT to
=120 °C) affect the growth mode, structure and composition of ZnO
thin films deposited by electron beam evaporation. Although the
complete characterization, including optical and electrical proper-
ties, has been carried out for the ZnO/Al,03 system, films grown on
Si substrates show very similar morphological, structural and che-
mical features. The comparison of both substrates allows a broader
picture of the growth of ZnO at these low temperatures and the
generalization of the main ZnO growth mode characteristics. Such
low temperatures play a very important role in the ZnO early stages
of growth, especially at the ZnO/substrate interface, giving rise to the
formation of Zn-rich whiskers at the lowest temperatures, ulti-
mately causing the loss of film adhesion. Optical and electrical
measurements will be discussed in the light of previous morpholo-
gical, structural and chemical characterization. The obtained co-
lumnar-based films present promising optical and electrical
properties and may find multiple applications without compro-
mising other device parts during the deposition process.

2. Experimental details

ZnO thin films have been grown by electron beam evaporation
(EV1-8 from Ferrotec) using ZnO powder (99,99%, Goodfellow) as
evaporation material using a molybdenum crucible. The base pres-
sure of the growth chamber was below 1077 mbar. Before each
evaporation, the target was degassed for several minutes until the
total pressure was below 107> mbar. The growth rate was tracked
and controlled by a quartz crystal microbalance, set to approxi-
mately 30 nm/min. The evaporator emission current and voltage
were set at 10 mA and 4.8 kV, whereas the distance between target
and sample was around 50 cm. The sample holder was especially
fabricated to accomplish substrate temperatures between - 195 °C
and 200 °C. Fig. SI 1 of the Supporting Information shows a
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schematic of its design. Samples were grabbed by Ta clamps to a
3 mm thick Cu sheet situated above the stainless steel reservoir for
liquid nitrogen (LN2) connected to the outside. This Cu sheet allows
an uniform temperature distribution. Besides, the sheet is perforated
to enable the pass of a heating cable (W, @ 0.25 mm), which is in-
sulated from the Cu by ceramic tubes. For higher temperatures, an
electrical current is supplied to the heating cable. The sample holder
is located above the LN2 reservoir and the Cu block, continuously
cooled during the growth by a constant flux of LN2. In the absence of
extra-heating, it reduces the temperature down to - 195 °C. The
temperature is monitored by a k-type thermocouple.

Two types of substrates were used to study the possible influence
on the growth morphology and allow the optical and electrical
characterization through different techniques depending on the
substrates nature. In this sense, single-crystalline wafers of Al,03
(0001) (99.99%, Siegert Wafers) and Si with (100) orientation (p-
type, CZ growth type, Siegert Wafers) were used as flat substrates.
All substrates were ultrasonically cleaned by immersing them sub-
sequently into acetone and methanol. As a final cleaning step, the
samples were heated in vacuum up to 150 °C for 30 min before the
evaporation process. For each growth temperature both, Al,O3 and Si
substrates were placed simultaneously into the sample holder.

The morphology of the deposited ZnO films was studied by high-
resolution scanning electron microscopy (SEM), using a field emis-
sion gun-scanning electron microscope (Philips XL30 S-FEG) at an
accelerating voltage of 20 kV. Besides, high-resolution SEM and EDX
images and mappings, respectively, were taken with a Dual Beam
Helios NanoLab 650 (FEI) microscope equipped with an electron
field emission source (ElstarTM XHR) and a beam energy in the
range between 20 and 30 keV. X-ray diffraction (XRD) measure-
ments were carried out with a Panalytical Xpert PRO diffractometer
equipped with a secondary graphite monochromator, using Cuk,
monochromatic radiation in grazing-incidence condition. XRD data
were collected using a 6/26 geometry with a beam incidence angle of
0.5° and a 26 scan range between 20° and 80° with a step size of
0.04° and a counting time of 4 s/step. The XRD data were used to
calculate the lattice strain and the mean crystallite size using the
Scherrer approximation. Ex-situ XPS measurements were performed
with a CLAM-4 MDC hemispherical electron analyzer from Thermo
Fisher Scientific, using Mg K, and Al K, radiation alternatively to
avoid overlapping of the Auger structures and the analyzed photo-
emission peaks. The pass energy was set at 20 eV, giving an overall
resolution for each anode of 0.9-1.0 eV, respectively. The energy
scale was calibrated using the C 1 s peak of adventitious carbon at
284.8 eV [22]. Finally, ex-situ Raman spectra were taken with a
confocal Raman microscope (Witec ALPHA 300RA) using a laser
excitation at 532 nm and incident power of 1 mW, with an overall
spectral resolution of 0.02 cm™!. The Raman spectra show the
average information of an XZ mapping with 3 pm of total depth. In
addition, a pressed ZnO powder sample was used as reference for
the XPS and Raman measurements.

The study was completed with optical and electrical measure-
ments using thin films grown on insulating and partially transparent
Al,O5 substrates. In particular, the ZnO band gap and grade of
transparency was estimated from absorbance measurements using a
CARY 100 Bio spectrophotometer without integration sphere. The
optical density of the Al,05 substrates taken as baseline is shown in
Fig. SI 2. Regarding the electrical properties, two complementary
techniques were used. First, the films electrical resistivity was
measured from RT to T-NL2 (=195 °C) by the Van der Pauw method
using a HMS-5000 system from Ecopia. Besides, thermoelectrical
measurements of the Seebeck coefficient were performed with a
homemade system [23]. This setup consists of a pair of aluminum
blocks, with embedded heaters that act as thermal reservoirs and
allow varying the average temperature and the thermal difference
along the sample (AT). AT is measured by two thermocouples
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Fig. 1. High-resolution SEM images for a) ZnO films on Al,03 and b) Si single crystals for different growth temperatures. The image at RT of ZnO/AI203 is blurred due to a charging

effect induced by the insulating substrate.

attached to the film. The Seebeck voltage (AV) across the sample is
monitored with two voltage probes, also attached to the films.
Thermovoltage measurements were carried out reaching AT~5 °C.

3. Results and discussion
3.1. Structural and chemical characterization

Fig. 1 shows SEM top-view images of ZnO samples grown on
Al,05 (a) and Si (b) substrates at different temperatures (RT ZnO/
Al,03 sample is slightly blurred due to surface charging effect). Films
deposited on both substrates show almost identical features. For the
sample grown at RT, the ZnO film presents clusters composed of
multiple grains with sharp edges, suggesting a polycrystalline
growth with different crystallites showing up on the surface. As the
growth temperature decreases (=50 °C), the clusters tend to merge,
forming a more compact and uniform structure composed of grains
with well-defined angles. For lower temperatures (-100 °C) the grain
size decreases further while small pores and holes appear be-
tween them.

The left panel of Fig. 2(a, b and c¢) shows cross-sectional SEM
images of three different ZnO deposits on Si substrate (RT, -50 °C and
-100 °C, respectively), shedding light on the growth mode evolution.
We want to remark that, due to the significant similarities between
SEM top-view images on both substrates, the following description
can be generalized and also hold on the Al,O5 substrates. As can be
seen in Fig. 2a the deposits at RT are characterized by the coales-
cence of individual clusters that grow mainly vertically and slightly
towards the sides in a V shape. First, the nucleation density on the
substrate seems to be low, dominating the vertical crystal growth
over other directions, thus inducing the formation of clusters that
grow slowly towards the sides until contact adjacent clusters. This
process induces the formation of a non-compact deposit during the
first tens of nanometers. Second, the length of ZnO grains gradually
increases with the distance from the substrate, forming a pseudo-

columnar structure in which each of the grains on the top view
image refers to a specific vertical grain, composed by aligned crys-
tallites grown on that preferential orientation. This growth mode fits
well with the model proposed by van der Drift [24] (see Fig. 2d
scheme). At temperatures close to RT, surface diffusion would
dominate. The deposited atoms could move a limited number of
“steps” stacking on facets with lower surface energy, promoting
distinct crystallographic directions and inducing a columnar-based
structure.

Moving towards lower temperatures, cross-sectional images for
ZnO/Si films are in correlation to those of top view, whereas im-
portant differences are observed in comparison to the RT sample
(cross-sectional images for ZnO/Al,O5 are almost identical but with
worse quality, blurred, -not shown here-). As temperature decreases
to - 50 °C, two different layers can be appreciated (Fig. 2b). The first
layer in contact with the Si substrate shows a morphology with more
softened and smoother edges, resembling a considerable reduction
of the crystal size. A second columnar-based layer grows on top of
the first one, more compact than in the RT case. A similar bilayered
behavior composed of a less ordered interfacial layer followed by a
second well-structured ZnO layer (usually columnar) has been pre-
viously reported in the literature for both Si (100) and Al,03 (0001)
substrates using MOCVD at higher temperatures [17,25,26]. Never-
theless, the height of the present interfacial layer is larger than in
previous works [17,25,26], probably due to the lower diffusion rates
on the surface at lower temperatures, thus delaying the growth of a
preferential orientation. Indeed, at — 100 °C the first layer seems to
grow in the same way while the columnar-based layer disappears
(Fig. 2c). It is worthy to note some particularities. First, the smooth
image indicates that the reduction of the crystallite size continues,
forming a compact layer that somehow recalls a vertical growth.
However, a non-compact area characterized by a fibrous-like struc-
ture with hollow areas appears at the ZnO/Si interface. As we will
discuss in more detail, this is the first step for the loss of adhesion.
Once again, this reduction of the crystallites size and loss of the pure
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Fig. 2. High-resolution SEM cross-sectional images taken on the Si substrates for a) RT, b) -50 and c) - 100 °C, respectively,. In the right panel, figures d-f show a schematic

representation of the ZnO growth at RT, - 50 and - 100 °C, respectively.

columnar behavior could be related to a decrease of the surface
mobility during growth. This low mobility reduces the possibilities
to enhance the growth of preferred crystallographic orientations,
inhibiting the well defined column growth.

Continuing with the morphological features of the grown ZnO
films, Fig. 3 shows SEM images after deposition on Si at - 120°C(a, b
and c) and on Al,O3 (d) at -100°C. The ZnO film grown on Si is
mostly separated from the substrate; only some parts near the Ta
clamps remain adhered. Nevertheless, interesting features can be
observed in these images. Fig. 3a shows the ZnO unstuck backside
layer, which shows a fibrous-like structure as that shown in Fig. 2c.
However, the most surprising feature is the extremely long whiskers

(> 151um) appearing under the thin film. The inset shows an image
taken at higher magnification zoom at the junction point between
this nanostructure and the backside of the ZnO film, demonstrating
that the whisker grows from the ZnO film. The formation of such
structures at the ZnO/Si interface is found all over the back side of
the sample (Fig. 3b). In this case, the SEM picture has been taken on
the top of a broken ZnO film. As can be seen, multiple whiskers
appear between both sides of the fracture and along the perpendi-
cular direction with respect to the film crack. These images suggest
that the origin of the loss of adhesion would start with the formation
of a fibrous-like layer (Fig. 2¢, =100 °C) and the subsequent evolution
of nanostructures that could finally detach the ZnO film. To clarify
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Fig. 3. SEM images of ZnO films grown at - 120 °C on Si (100) wafer: a) backside of the ZnO film; b) front side. Insert in a) shows a zoom of the yellow rectangle. c) EDX mapping of
ZnO/Si sample grown at - 120 °C. Two local EDX spectra were taken inside the ZnO film (point 1) and at the nanostructure (point 2). The corresponding ZnOy composition is
indicated. d) Cross-sectional image performed by cutting with a focused ion beam a ZnO/Al,03; sample grown at - 100 °C. Spatially resolved EDX local spectra were taken at

different positions, and ZnOy composition is indicated.

the nature of these nanostructures and the changes on the ZnO film,
Fig. 3¢ shows an EDX mapping of the whiskers grown at - 120 °C on
Si. Spatially resolved spectra taken on both, the film and the fila-
ment, show a Zn enrichment of these nanostructures, with almost
75% of Zn whereas the Zn/O ratio is almost 1:1 in the film (Fig. SI 3a
presents the original spatially resolved EDX spectra).

Fig. 3d shows a series of local spectra along the cross-section of a
ZnO/Al;03 sample grown at - 100 °C. The transverse cut made with
the ion beam has changed the morphology from what has previously
been reported in Figs. 2 and 3a and b, although similar features can
be observed, for instance, more porous areas near the substrate.
Besides, EDX spectra taken at the ZnO/Al,03 interface show a Zn
enrichment, confirming the Zn-rich nature of this ZnO/substrate
interface at such low temperatures (Fig. SI 3b shows the raw EDX
spectra). The labels in Fig. 3d highlight the atomic Zn/O ratio at each
position. Deviations from the expected Zn/O ratio 1:1 far from the
interface are probably related to the alumina substrate signal. Al-
though an enhanced oxygen background from the underlying alu-
mina has been considered in the quantitative analysis, this form of
background subtraction most likely remained incomplete, and the
atomic concentrations should only be interpreted qualitatively to
identify trends in composition.

The results from our structural and chemical characterization
notwithstanding the origin of such Zn whiskers remains unclear.
Recalling the previous discussion of the growth mode as a function
of temperature, it seems surprising the formation of these well-or-
dered structures at the lowest temperatures (=120 °C). The forma-
tion of an initial Zn-rich layer at the interface could be related to the
chemical interaction of the ZnO overlayer with the substrate. Once
the e-beam sublimates the target, Zn-O species could decompose
into Zn and O before reaching the surface. At relatively high tem-
peratures, these atoms would be able to react and form ZnO on the

surface, but decreasing the substrate temperature could prevent the
oxide formation on the Si and Al,05 surfaces. In fact, metallic Zn
would be expected to agglomerate at the surface, leading to the
formation of nanoclusters. Besides, silica and alumina are widely
used as catalyst supports, and mainly referring to alumina, its higher
Lewis acidity may facilitate the reduction of oxide compounds at its
surface [27]. In this sense, at lower temperatures metallic Zn could
nucleate first and serve as the seed for later ZnO growth. Simulta-
neously, this initial Zn deposit could facilitate the diffusion of the
metallic atoms, inducing the fast growth of such long nanostructures
along preferential orientations and causing the loss of adhesion.

To shed more light onto the structural details, a series of samples
grown on both substrates have been characterized by XRD. Fig. 4a
and b show the diffractograms for the ZnO films grown on Al,03 and
Si wafers at different temperatures, respectively. No significant dif-
ferences were observed between samples grown on the different
substrates. The principal crystallographic orientations for ZnO
(hexagonal wurtzite structure, P63mc space group and lattice
parameters a = 3.2498 A, b = 3.2498 A, and ¢ = 5.2066 A) and metallic
Zn are plotted at the bottom for comparison (reference data from
JCPDS-ICDD 00-036-1451 and JCPDS-ICDD 00-004-0831 for ZnO
and Zn, respectively). However, no contribution from the metallic
phase is observed. This discrepancy with cross-sectional EDX data
could be explained by the grazing nature of the XRD measurements
(incidence angle of 0.5°, see Experimental section for more details).
Under this configuration, the total depth that X-ray could penetrate
is around 0.6 pm (considering three times the attenuation depth for
ZnO in this configuration [28]). Thus, considering the thickness of
the films (~800 nm), the ZnO/substrate interface could not be mea-
sured. With this in mind, the discussion will be focused on the (100)
peak at ~32°, the (002) peak at ~34.6°, and the (101) peak at ~36.5°.
Comparing to the ICDD card, the (002) has a relatively higher
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Fig. 4. X-ray diffraction patterns of ZnO films grown on a) Al,05 (0001) and b) Si (100) single crystal wafers at different temperatures. Metal Zn (JCPDS 00-004-0831) and ZnO

(JCPDS 00-036-1451) diffraction peaks are also indicated.

intensity for all temperatures. This circumstance confirms the pre-
ferential c-axis growth orientation, which is a well-known behavior
of ZnO since its (0001) plane has the lowest surface energy [29].
Minor contributions from (100) and (101) can also be found at all
temperatures, being their signal amplified at RT and - 100 °C, pre-
cisely when the columnar growth is less marked.

Moreover, Fig. 5 shows the crystallite size and net strains cal-
culated from the XRD patterns for both substrates. Regarding Fig. 5a
and b, the mean crystal size of ZnO/Al,O5 and Si/ZnO films, respec-
tively, can be calculated by the Scherrer approximation with a con-
fidence range of 10%. In all cases, the original data for (002) and (101)
peaks were fitted using a pseudo-Voigt curve. As it can be seen, the
size in both orientations increases from RT to -50°C, in corre-
spondence with the morphological transition from clusters to a
more compact columnar-based layer (see Figs. 1 and 2). Only the
sample grown at - 25 °C on Si, whose diffractogram shows a worse
signal-to-noise ratio, breaks this tendency. Besides, crystallites in the
(002) direction are 50% larger than in the (101) direction at all
growing temperatures, as it is expected for preferred orientation.
From - 50 °C to - 100 °C, the crystal size gradually decreases, in line
with the enlargement of the interfacial layer characterized by
smaller grains and a loss of the preferred orientation character. The
lattice parameters could also be calculated from the positions of the
Bragg diffraction peaks. Fig. 5¢ and d show the strain in the c-axis
(out-of-plane) and a-axis (in-plane) directions of ZnO/Al,05; and
ZnO/Si films, respectively, by comparing the calculated lattice
parameter with those of the ICDD card taken as reference. These
strains can be calculated by e = [a-a,]/ao, Where ¢ is the strain, o is the
lattice parameter (c or a) of the grown ZnO films, and «, is the lattice

parameter of the ICDD card (c, or a,, respectively). As it can be no-
ticed, both axes follow a similar behavior, increasing the strain
(compressing) from RT to —50 °C and subsequently relaxing it for
even lower temperatures, showing the a-axis a larger strain. By
keeping in mind the total X-ray penetration depth in the experi-
mental setup and the SEM images, it seems that the columnar
growth accumulates more stress than the other less ordered de-
posits.

By comparing our results with those from interfacial layers ob-
tained using high-temperature MOCVD, there exist important dis-
crepancies although the large difference in the growth temperature
makes absolute comparison difficult. They claim that the disordered
interfacial layer in ZnO/Al,05 (0001) is more compressive, especially
in the in-plane direction, and ZnO lattice only relaxes once the top
whiskers nucleate [26]. In our case, the formation of a compact co-
lumnar layer instead of ZnO nanostructures such as nanowires or
nanoneedles could be related to the limitations on surface diffusion
processes due to the low temperatures. Nonetheless, the improve-
ment of films crystallinity for films grown at moderately low tem-
peratures (especially for =50 °C film) compared to RT could be
related to the formation of this compact-based layer above the in-
terfacial layer. At even lower temperatures (below -50 °C), these
diffusion restrictions imply that deposited atoms would get stacked
at the local minimum energy sites and not to positions more en-
ergetically favorable, increasing the strain and density of defects in
the ZnO matrix and reducing the mean crystal size to only a few tens
of nanometers while keeping the (002) orientation. Moreover, the
decrease in compressive stress at the lowest temperatures could be
related to the formation of Zn-based whiskers. Although the
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square, respectively, for c) ZnO/Al,03 and d) ZnO/Si films.

formation mechanism of this type of metallic nanostructures is still
under discussion, their growth seems to be favored by a relief of the
accumulated stress [30,31]. Thus, a complex interaction between
different factors (ZnO net stress, substrate reducing power and
limitation of thermal surface diffusion with low temperatures) could
determine different growths at the interface depending on the en-
ergy barriers fixed by those parameters.

Further XPS and Raman spectroscopy measurements were per-
formed in order to study the presence of defects in the ZnO matrix.
Fig. 6 shows the XPS survey spectra of films grown on Al,O3 sub-
strates (see Fig. SI 4 for the equivalent ZnO/Si plot). In addition to Zn
and O contributions, only small traces of adventitious carbon (C 1)
from atmosphere exposure were observed. Fig. 7a shows the nor-
malized Zn-LMM Auger spectra for all ZnO films grown on the alu-
mina substrates (see Fig. SI 5a for ZnO/Si spectra). No differences
between substrates were observed. The Auger Zn-LMM is very sen-
sitive to the chemical environment of Zn atoms and is mostly used to
study the composition and defects of ZnO deposits [32,33]. The
measured spectra show the typical shape of ZnO (reference ZnO
spectra is given, dotted line), and only a slight broadening at ~990 eV
is observed, corresponding to the development of defects [33], in
particular, oxygen vacancies. Raman measurements in Fig. 7b show
the average spectra of the whole ZnO film, confirming at the ZnO
bulk the same superficial results from XPS (see Fig. SI 5b for ZnO/Si
Raman spectra). The ZnO spectrum is mainly characterized by the
E,'" band at ~99cm™ assigned to Zn sub-lattice, the E,Me" at
~439cm™! associated to oxygen vibrations and the defective band
E;(LO) at ~590 cm™!, which is strongly affected by defects as oxygen
vacancies [34]. The current Raman spectra present a broad band at
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Fig. 6. XPS survey spectra for ZnO films grown on Al,O3; substrates at different
temperatures.

350-600cm™! with a maximum at the E;(LO) contribution, in-
dicating the existence of a significant number of oxygen vacancies,
and thus supporting our previous conclusions based on XPS. During
the XZ mapping, no spectral differences as a function of the thick-
ness were observed, indicating that ZnO films present similar
structural properties within the entire film. Besides, the absolute
intensity decreases for the lowest growth temperature, directly re-
lated to the reduction of the total amount of ZnO as the films enrich
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single crystal. Dotted line: reference spectra from pure ZnO powder. b) Raman spectra
of ZnO films grown on Al,O3 (0001) substrates. ZnO powder is shown as reference.

in Zn near the interface regions (as shown in Fig. 3). Our XRD, XPS
and Raman analyses confirm a polycrystalline growth following the
preferred (002) orientation, with a higher density of defects (mainly
oxygen vacancies) at temperatures around - 50 °C, precisely for the
films showing the best alignment and largest crystallite size of the
columnar layer.

3.2. Optical and electrical properties

The optical and electrical properties of the ZnO films grown on
transparent and insulating Al,O5 substrates have also been studied.
Firstly, band gap values were estimated from the absorbance (A)
spectra performed in the visible-UV range (1.5-4eV). Fig. SI 6a
shows the curves obtained by applying the formalism for allowed
direct band gaps, a® « hy, where a is the absorption coefficient, and
hv is the photon energy. Except for the sample grown at -75°C
where the optical absorption gap was not clearly defined, estimated
values range from 3.18 to 3.29 + 0.02 eV (see Fig. 8a, black circles). In
addition to the allowed direct band gap equation, it could also be
applied the Tauc (A «(hv)? « hy, [35]) and Pankove (A? « hv, [36])
formalisms for direct transitions on amorphous and polycrystalline
materials, respectively. Their respective curves are plotted in Fig. SI 6
b and c. The obtained values are also represented in Fig. 8a being
very similar to those using the first formalism. Although the band
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Fig. 8. a) Allowed direct band gap curves derived from absorbance spectra. Red da-
shed red line corresponds to 0 °C sample as an example of band gap estimation. b)
Band gaps values as a function of growth temperatures. Value from sample grown at
-75°C could not be estimated by this method.

gap slightly increases while the growth temperature decreases,
these values are in the range of those expected for ZnO (Eg ~ 3.3 eV)
and close to those reported in the literature for RT depositions
[19,37-40]. Besides, Fig. 8b shows the transmittance of the films as a
function of the wavelength. Those films grown between 0 and
-50°C show transmittance values above 80%, corresponding to
samples characterized by a columnar-based growth, with better
crystallographic texture and larger crystallites. For most of them, the
transmittance is significantly enhanced compared to RT and - 100 °C
films, for which transmittance is limited to about a 60% and where
the growth is more disordered, and thus, characterized by a larger
density of grain boundaries. Nevertheless, it should also be noted
that transmittance measurements were performed without an in-
tegration sphere (see experimental details), which could sig-
nificantly affect rough samples, and thus explaining the RT film low
transmittance (60%) compared to the literature values (> 80%) for the
same deposition methods. As a note, the film grown at -75 °C
presents a very low transmittance (~20%) without a clear justifica-
tion (surface or bulk contamination are discarded from XPS and EDX
results), and thus has not been included in Fig. 8b (see absorption
coefficient values in Fig. SI 6a). Transmittance is a complex property
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that depends on many interrelated factors, such as film structural
ordering, roughness, porosity (or n-index), or nature of substrate/
film interface. Films grown at temperatures below RT present ac-
ceptable values of transmittance (> 80%), only decreasing (discarding
RT as explained above) at very low temperatures (< -50 °C), precisely
when the growth is more disordered, films present more defects,
and the film/substrate interface develops its complex morphology
and Zn-enrichment.

Electrical measurements performed at RT show significant var-
iations as a function of the growth temperature of the films. On the
one hand, Fig. 9a shows how the electrical resistivity (p) gradually
increases around one order of magnitude, from 0.20 to 0.95 Q-cm,
between RT and -50°C samples. Subsequently, the electrical re-
sistivity drops to 0.3 Q-cm for -75°C. Samples grown at lower
temperature could not be measured, possibly due to the presence of
holes and breakings of the films (see Figs. 1, 2 and 3). These values
are close to those reported for pure ZnO in the range 5-1073-
100 Q-cm [19,37,39,41,42], although by strictly controlling the Zn/O
composition, higher resistivity values 10%-10'® Q.cm have been
achieved [43]. Table 1 presents the electrical resistivity, transmit-
tance and bandgap values of our ZnO films grown at RT and 0°C in
comparison to other reports were none-doped ZnO films were de-
posited by different techniques at RT (higher temperatures are
provided in case the particular reference varied this parameter). On
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the other hand, thermoelectric measurements of the Seebeck coef-
ficient (S) in Fig. 9b show low values around - 225 nV/K for samples
grown at higher temperatures, in agreement with other reports re-
garding semiconductor n-type ZnO films [44]. Nevertheless, as the
growth temperature decreases, ZnO films show a sharp decrease of
the S absolute value, even achieving low positive values for the
-100 °C sample (the experimental thermoelectric setup used here is
not so sensitive to the continuity of the films as the four-probe
methods). Although positive S values correspond to p-type doping,
such small values are typically associated with a metallic character.
For comparion, the values reported for metallic Zn are around
24nV/K [45].

To understand this electrical behavior, the samples grown at 0
and - 75 °C have been measured at different temperatures (T). First,
Fig. 10a shows the values of p as a function of T from 77 K (-196 °C) to
300 K (RT). The tendencies are just opposite: while sample grown at
0°C shows a decrease of the resistivity with temperature, as ex-
pected for semiconductors, the sample grown at — 75 °C increases its
resistivity, as expected for a metallic behavior. Second, Fig. 10b
shows the Seebeck voltage (AV) as a function of the temperature
difference along the sample (AT). As it can be seen, the sample
grown at 0 °C presents a straight line, while that grown at -75°C
shows a hysteresis-like cycle. This kind of curve shape has been
proposed to be related to the time of response of different thermally
activated charge-transport processes [46]. In this way, straight lines
with negative slopes are associated with single n-type charge car-
riers (electrons) with unique response time. Together with the p vs T
curve, this result confirms that samples grown at higher tempera-
tures (RT, 0 °C) correspond to n-type ZnO semiconductors films. For
lower growth temperatures, the hysteresis-like loop shown by the
AV versus AT curve may indicate the presence of non-equilibrium
states induced by fast variations of the temperature gradient (for
example, processes involving excitation/trapping of charge carriers
from shallow traps), or existence of multiple phases within the
sample (in our case, metallic and oxidized zinc) [46].

Before discussing the origin of these optical and electrical results,
we would like to highlight some considerations regarding the sys-
tem’s complexity. As shown before, ZnO films are not homogeneous,
but more similar to a bilayer system for growths below 0 °C, where
the columnar/interfacial system is gradually replaced by a poly-
crystalline/Zn-rich bilayer. This dual nature could have important
consequences on the optical and electrical values, as the techniques
used in this investigation give average information about the whole
film. Besides, structural details regarding ZnO defects, such as the
density of oxygen vacancies, the lattice strain, and the number of
grain boundaries, may also play a significant role. Finally, the nature
of the characterization techniques must also be taken into account.
The absorbance value is an average of the whole film weighted
by the relative thickness of the different layers. The same happens
with the Seebeck data due to the thermal character of the mea-
surements. Nevertheless, the van der Pauw approach is based on 2D
conduction through a homogeneous film, and therefore bilayers
systems could induce deviated results depending on the relative
electrical resistivity and thickness.

Therefore, multiple factors must be considered to discuss the
optical and electrical results. Such in-depth discussion is beyond the
scope of the present article, and thus we will limit ourselves to a
general overview taking into account the most critical features of
ZnO films. In this sense, samples deposited at high temperature (RT
and 0°C) show an n-type semiconductor character with lower
electrical resistivity than typical no-doped ZnO films. This improved
conductivity could be related to a significant presence of oxygen
vacancies, as shown by Raman spectroscopy. The development of
these oxygen vacancies is energetically favorable if no oxygen-rich
growth conditions are imposed [47] and would translate into high
conductivities [43]. Yet, the origin of the natural n-type behaviour of
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Table 1
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Comparison of electrical resistivity, transmittance and bandgap values with those reported in the literature by different deposition techniques, such as e-beam evaporation, pulsed

laser deposition (PLD), RF magnetron sputtering and filtered cathodic vacuum arc (FCVA).

Deposition technique Substrate Resistivity (Q-cm) Transmittance (%) Eg (eV) Author, (year)[Ref]
temperature (°C)
e-beam RT 2107 60% 3.18 This article
0°C 5.107" > 80% 3.19
e-beam RT 1.4-107! Low 1.51 D. C. Agarwal et al. (2006) [37]
400 251072 High 3.26
PLD RT - - 3.31 B. L. Zhu et al. (2010) [38]
350 - - 3.27
PLD RT 1.5-102-4.6-10° 85-95 334 S. Inguva, (2015) [39]
RF magnetron sputtering RT - 80-90 3.25 S. Youssef et al. (2008) [40]
300 - 80
400 - 70
RF magnetron sputtering RT 2.10'-4-10° - - Y. Wang et al., (2011) [41]
FCVA RT 4.1073-5-102 30-90 327-332 Y. G. Wang et al. (2003) [19]
a) Resistivity Measurements b) Seebeck Measurements
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Fig. 10. a) Electrical resistivity measurements as a function of temperature for 0 °C (bottom) and - 75 °C (top) samples. b) Seebeck coefficient measurements as a function of the
temperature difference along the sample for 0 °C (bottom) and - 75 °C (top) growths. The slope of the red lines corresponds to the Seebeck coefficient value.

non-doped ZnO is still controversial, and some authors attribute this
to interstitial Zn [48] or natural hydrogen doping forming OH bonds
with a length of 1A [49]. Moreover, as the growth temperature de-
creases (=50 °C) and films develop their bilayer nature, a loss of n-
type character and an increase in electrical resistivity occurs. These
facts coincide with an increased density of oxygen vacancies mea-
sured by Raman spectroscopy and larger average size of the crys-
tallites. Although from the behavior of these two parameters a
decrease of the electrical resistivity could be expected, it slightly
increases. The reason could be explained by the oxygen vacancies,
the bilayer nature, or both. In more detail, as a result of the absence
of oxygen, the natural hydrogen doping could decrease due to fewer

10

available OH bonds, leading to more resistive films with less n-type
character. The electrical characterization is particularly remarkable
for the - 75 °C sample, most probably owing to the Zn-rich interlayer.
In this case, AV versus AT curve shows a hysteresis-like cycle that
indicates the presence of multiple types of charge carriers, probably
characterized by the participation of both metallic and oxide phases,
at the same time that the p -T plot shows a metallic behavior. The
reduction of the absolute Seebeck coefficient value could be related
to the thermal nature of this measurement. The Zn-rich interfacial
layer might induce a “short circuit”, becoming more critical as its
thickness increases at lower temperatures. Finally, samples in the
range from 0 to -50°C show acceptable values of optical
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transmittance, similar to those reported in the literature for RT films.
Although many factors could determine the optical properties, the
loss of transmittance at very low temperatures could be related to
less ordered and more defective films, complex morphology of the
film/substrate interface and Zn-enrichment.

4. Conclusions

ZnO thin films have been grown on Si and Al,O3 substrates at low
temperatures (RT to -120°C). Subsequently, the films have been
characterized in terms of structure and chemical composition, which
have been correlated with their optical and electrical properties.
First, we have found that such low temperatures have an important
influence on the growth mode of the films and their morphology. As
the temperature decreases, the surface diffusion of the evaporated
atoms becomes more limited, which in turn leads to the formation of
polycrystalline films and, sequentially, to a change in growth mode,
i.e,, from the van der Drift model found at higher temperatures to a
bilayer growth mode in which the bilayer is composed of a less or-
dered interfacial layer and a second compact and columnar-based
layer. The top columnar cover does not form at the lowest tem-
peratures (<-100 °C) while a Zn-rich interface in contact with the
substrate appears, possibly due to the lack of activation energy to
overcome the intial barrier for ZnO nucleation at the substrate sur-
face. For temperatures below -100°C, the formation of Zn-rich
whiskers in contact with the substrate results in the rupture of the
ZnO film and final loss of adhesion to the substrate. Besides, low
temperatures can also affect the composition of the films, increasing
the number of oxygen vacancies that might indirectly enhance the
electrical conductivity compared to other pure ZnO growths per-
formed under different conditions. However, at temperatures below
-50°C, together with the bilayer nature of the films, this could have
a reverse effect by decreasing the available hydrogen forming OH
bonds, and thus reducing the n-type character of less conductive
films until the Zn-rich layer starts to dominate. Moreover, the
growth temperature affects the transmittance without a significant
variation of the band gap. From the electrical and optical measure-
ments, it seems that the sample grown at a moderate low tem-
perature of 0°C shows the best compromise between good
transparency levels and electrical conductivity values while preser-
ving an explicit n-type conductivity. Particularly, the average trans-
mittance is around 80%, much higher than our samples grown at RT
and sharing similar values to other samples grown by other groups
with this and others deposition techniques at RT or above. In order to
understand more accurately the reason of the changes on the elec-
trical and optical parameters, it would be advisable to perform an in-
depth study on the type of defects developed during growth - for
example, by photoluminescence - and to relate them to theoretical
studies of defect formation under these extreme conditions, in
which active thermal diffusion at the surface is limited.
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