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Abstract: Nanomaterials can be game-changers in the arena of sustainable energy production because
they may enable highly efficient thermoelectric energy conversion and harvesting. For this purpose,
doped thin film oxides have been proven to be promising systems for achieving high thermoelectric
performances. In this work, the design, realization, and experimental investigation of the thermo-
electric properties exhibited by a set of five Al:ZnO thin films with thicknesses of 300 nm and Al
doping levels ranging from 2 to 8 at.% are described. Using a multi-technique approach, the main
structural and morphological features of the grown thin films are addressed, as well as the electrical
and thermoelectrical transport properties. The results show that the samples exhibited a Seebeck
coefficient absolute value in the range of 22-33 puV /K, assuming their maximum doping level was
8 at.%, while the samples’ resistivity was decreased below 2 x 1072 Ohm-cm with a doping level of
3 at.%. The findings shine light on the perspectives of the applications of the metal ZnO thin film
technology for thermoelectrics.

Keywords: thermoelectric energy conversion; nanoscale thermoelectricity; ZnO; thin films; thermo-
photovoltaics; Seebeck coefficient; electronic transport

1. Introduction

Nanomaterials have been extensively studied in thermoelectricity research for their
potential to improve the performance of thermoelectric devices and generators [1]. A wide
range of nanoscale systems have been proposed as promising platforms for advanced TE
applications such as semiconductor nanowires [2-5], nanostructured composite materi-
als [6], and superlattices [7,8]. Among them, thin films of doped oxides offer significant
advantages over their bulk counterparts, displaying lower thermal conductivities due to
enhanced phonon scattering at the interfaces [9,10], along with good and tunable electric
and thermoelectric properties, large thermal stability even at high temperatures, abundance,
environmental safety and non-toxicity, stability under oxidizing conditions, and relatively
easy and cheap deposition processes [11,12].

Zn0Q is an intrinsically n-type semiconductor with a wurtzite structure and a wide
direct bandgap of 3.3 eV, which make the material transparent in the visible range [13].
ZnO also displays a high electron mobility which can reach a few hundreds of cm? V!
S~1[14] and a thermal conductivity, for thin films, of a few W m~ ! K~ or lower [15]. Due
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to its properties, ZnO thin films are already largely employed in energy-related areas, such
as photovoltaics [16,17], batteries [18,19], solar photocatalysts [20] and piezoelectricity [21],
scintillators [22], and other optical materials [23]. One of the most exciting opportunities
offered by ZnO in all the mentioned applications, and in particular in thermoelectricity, is
the possibility of improving the material properties by doping with different metallic ele-
ments. Doping has been shown to significantly affect the mobility, conductivity, refractive
index, and band gap of ZnO [24]. Among the different dopants, aluminum shows great
promise in enhancing the thermoelectric properties, making Al-doped ZnO (Al:ZnO or
AZO) one of the most promising metal oxide semiconductors for thermoelectricity. In fact,
aluminum ions partially substitute zinc atoms in the lattice, providing donor impurities
and enhancing the charge carrier concentration and electrical conductivity [25]. Preliminary
reports suggest that AZO displays a higher Seebeck coefficient than pure ZnO and ZnO
doped with other elements [26]. Several techniques have been reported for the deposition
of high-quality Al:ZnO (AZO) thin films, including RF and DC sputtering [27], sol-gel
techniques [28], atomic layer deposition [29], and chemical vapor deposition [30]. In this,
sputtering offers several advantages related to the relatively high deposition rates, the
cost-effectiveness, the large uniformity of the structures deposited, and the tolerance to low
temperatures [28].

This study focuses on Al-doped ZnO thin films with thicknesses below a few hun-
dreds of nm, a range which has remained relatively unexplored in thermoelectric appli-
cations [31,32]. This approach offers significant advantages, including a lower material
cost, a better retention of the thermal gradient, an adaptability to curved and flexible sub-
strates, and the possibility to create transparent devices. Five samples of AZO films with a
thickness of 300 nm, plus five identical replicas, were deposited onto glass substrates by RF
magnetron sputtering with an Al doping level in the range of 2-8 at.%. Each sample was
subjected to a series of experimental techniques to fully characterize the samples and assess
the structure—property relationship. The experimental protocol consisted of the following
steps: (i) optical inspection, (ii) AFM study to address the topographical homogeneity and
surface structure of the film, (iii) XRD study to identify the main crystalline phases and
structures, (iv) micro-Raman investigation allowing for a combined morphological quality
check and phonon modes identification, (v) electrical transport measurement to estimate
the carrier density and mobility, and finally (vi) thermoelectric (TE) measurement to extract
the Seebeck coefficient. Trends in the measured parameters were observed as a function of
the Al doping level and comparatively discussed. The approach, based on the simultaneous
exploitation of multiple experimental techniques on the same film, allowed to correlate the
Al amount with the electrical as well as the TE performance of the samples, highlighting
the potentialities of Al doping at levels up to almost 10 at.% for increasing the Seebeck
coefficient. The approach can be generalized to different nanostructures and nanomaterials
that display electrical conductivity and can be shaped into thin films. The obtained results
can be of interest for large-scale application systems such as outer windows covering smart
buildings, which are currently one of the most sought-after fields for the application of
thermophotovoltaic technologies.

2. Materials and Methods

Five samples of Al:ZnO (AZO) thin films, with an Al doping concentration ranging
from 2 to 8 at.%., were deposited onto glass substrates (standard microscope slides) using
magnetron sputtering. Prior to deposition, the substrates were cleaned in acetone and
ethanol to remove the surface impurities. To prepare the AZO films, an RF power of 120 W
was regulated to a ZnO 3” target with a purity of 99.99%, while a DC power ranging from
20 to 60 W was used to regulate an Al 3” target with a purity of 99.99%. This allowed
to control the Al dopant concentration in the films. The film thickness was probed to be
300 £ 5 nm for all the samples, using a conventional stylus profilometer. Two nominally
identical replicas of each of the five samples were also deposited in order to verify the
results. The samples were labeled as sample A, B, C, D, and E corresponding throughout
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this manuscript to an atomic percent (at.%) doping of 2, 3, 4, 5, and 8, respectively. The
dopant concentration was previously calibrated by Energy Dispersive X-ray Spectroscopy
(EDX), performed on the film surface using a FEI Quanta-200 ESEM.

The structural and morphological characterizations of the samples were carried out us-
ing X-ray diffraction (PanAnalytical X'Pert Pro diffractometer), micro-Raman spectroscopy,
and Atomic Force Microscopy (AFM). An ambient pressure NTEGRA AURA NT-MDT
AFM microscope was used to investigate the topography of the AZO thin films. The
AFM images were acquired in semi-contact (tapping) mode in air, under ambient condi-
tions, using commercially available rectangular-shaped silicon cantilevers (MikroMaschHQ:
CSC37/NoAl) with nominal elastic constants between 0.2 and 0.8 N m~! and a resonance
frequency between 20 and 40 KHz. The average roughness (S;) and Root Mean Square
(RMS) roughness (Sq) were obtained by using the free software Gwyddion (v. 2.41). Raman
spectroscopy was performed using a Renishaw InVia micro-spectrometer equipped with
a solid-state laser centered at 532 nm. Single spectra were recorded on the sample using
a Gaussian beam focused onto the surface to about 1.5 um of FWHM and a fluence of
11 mJ/um?. Maps were recorded in the streamline mode, letting the laser beam pass
through a cylindrical lens in order to become line-shaped. The line had an FWHM of about
3.2 um and a linear extension of 65 um. The laser fluence in this mode was about 1 mJ/pum?.

The electronic transport characterization was addressed resorting to a two-fold ap-
proach: Hall probes were realized in van der Pauw geometry to measure the carrier
density and Hall mobility, while the electrical conductivity was also probed resorting to the
homemade setup engineered for the measurement of the Seebeck coefficient. The Seebeck
coefficient of the investigated samples was determined using custom-made equipment
operated in low vacuum conditions (1 Pa). The equipment consisted of two Peltier de-
vices (Quick-Ohm Kiipper & Co. GmbH) used for heating and cooling the edges of a
25 x 75 mm? sample area. A dedicated electrical circuit specifically designed for measur-
ing the Seebeck voltage generated in the sample was exploited, in response to a thermal
gradient across the film surface. The stability of heating and cooling was controlled through
custom-developed software and hardware. The Seebeck coefficient was estimated using
the formula S = AV/AT, where AT is the temperature difference between the edges of the
film and AV is the corresponding measured potential difference, or thermovoltage. The
latter was measured for different thermal gradients applied to the film deposited onto a
glass slide. In particular, two separate measurement campaigns were carried out, exploring
the AT range 35-60 °C and 15-70 °C, respectively. The obtained AV values were plotted
against the thermal gradient, AT, and a linear fit was performed. The Seebeck coefficients
were determined as the slope of the fitting curves.

A Multitechnique Approach to the Study of Thermoelectric Metal:ZnO Thin Films

Figure 1 provides a diagrammatic representation of the experimental techniques
employed in this work for the comprehensive investigation of the structural, morphological,
electrical, and thermoelectric properties of AZO thin films. The diagram is divided into five
clockwise oriented slides, highlighting the main techniques and methods used, ranging
from the sample growth to the thermoelectric measurement. The RF magnetron sputtering
(1st slice) was used to deposit five AZO thin films, each with a thickness of 300 nm,
onto glass substrates, with an Al doping level in the range of 2-8 at.%, along with five
identical replicas of each sample. The 2nd slice provides a photograph of the sample.
Table 1 lists the samples that were grown for this study. Each sample was measured
following a specific protocol, including AFM and micro-Raman imaging to assess the
morphological homogeneity, surface structure, and quality of the film (3rd slice), XRD
and Raman spectroscopy to identify the main crystalline phases and structures, as well as
phonon modes (4th slice), and finally electrical transport measurement (Hall effect) and
thermoelectric measurements to estimate the carrier density and mobility, and the Seebeck
coefficients (5th slice).
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Figure 1. Sequence of experimental techniques employed in this study for the complete structural,
morphological, electronic, and thermoelectric investigation of Al:ZnO thin films: RF magnetron
sputtering deposition for the growth of thin films with varying levels of Al doping; optical and
morphological investigation by visual inspection; AFM and Raman imaging; structural investigation
by XRD and Raman spectroscopy; electronic transport and thermoelectric measurements.

Table 1. Samples description, Al-doping concentration resulting from the RF sputtering power
applied to the Al target. X and X’ are two nominally identical replicas of the same sample.

Sample Name Al (at. %) Al DC Power (W)
AN 2 20
B, B’ 3 30
cc 4 40
D, D’ 5 50
E FE 8 60

Figure 2a,b reports two photographs of the homemade experimental setup used for the
Seebeck coefficient measurement. The system was developed for the purpose of accessing
the thermoelectric parameters of thin films deposited onto large-area substrates. The thin
films” samples deposited onto glass substrates were mechanically clamped and electrically
contacted at both ends. The setup allowed for the application of a controlled temperature
difference between the two ends of the sample, creating a temperature gradient across the
thin film. This gradient drove the Seebeck effect, causing the charge carriers to diffuse
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from the hot to the cold side of the film, resulting a voltage difference between the two
ends, namely, the thermovoltage. The measurement of the thermovoltage provided a direct
measure of the Seebeck coefficient.

(a) (b)

Figure 2. (a) Core of the homemade setup used for the measurement of the Seebeck coefficient,
consisting of two Peltier devices used for heating and cooling the edges of the samples deposited on
glass slides. (b) Vacuum chamber, containing the Seebeck measurement setup.

3. Results and Discussion
3.1. Visual Inspection and Topographical Characterization Using AFM

In Figure 1, the slice “Visual inspection” displays a photograph of the set of five
samples, labeled with capital letters from A to E corresponding to the nominal Al con-
centrations ranging from 2-8 at.% (as summarized in Table 1). The different colors of the
samples reflected the different Al contents, while the film thickness remained constant at
300 nm across the entire set. In Figure 3, the results of the AFM study carried out on the
samples with Al doping concentrations of 4 at.%, 5 at.%, and 8 at.% are shown. The films’
surface topography and roughness—both root mean square and mean roughness—were
investigated. The AFM images reveal the films” homogeneous topography, with a grain
size in the range of a few tens of nanometers. In particular, the high-resolution images
show a grain diameter size around 60 nm. The mean average roughness (S,) measured
in several different regions of the films did not exceed 10 nm. Although the imaging was
acquired in air, no physiosorbed structures were observed on the surface resulting in an
extremely stable system where the tip did not drag any external structure.

3.2. Structural and Compositional Characterization with XRD and Micro-Raman

High Resolution X-Ray Diffraction (HRXRD) spectroscopy measurements were per-
formed in a parallel beam geometry using a Goebel mirror in the incidence optics in order to
obtain a parallel X-ray beam. The detection optics were comprised of a 0.27° parallel plates
collimator, a flat graphite monochromator, and a single point gas proportional detector.
Figure 4a reports the results of 20 —0 scans. The only peaks ascribable to ZnO were those
identified as ZnO (0002), strong and dominant, and ZnO (0004), weak and satellite. This
demonstrates the strong preferential c-axis orientation of the AZO grains, i.e., the c-axis was
perpendicular to the sample surface, as previously reported for different substrates [33,34].
The intensity of both the main and satellite peaks decreased as the Al doping concentra-
tion increased from 2 at.% to 8 at.%, with the ZnO (0004) peak fully vanishing in the 8
at.% Al-doped sample. Overall, this implies that the degree of crystalline orientation also
decreased with the doping concentration. Focusing on the main ZnO (0002) peak, for all
the samples, the peak position was between 33.30° and 33.34°, displaying a shift towards
the lower angles with respect to the position of the corresponding peak for the bulk ZnO,
typically around 32.42° [PDF 00-036-1451] [35]. Notably, this suggests the occurrence of
tensile stress along the c-axis direction. Since the observed band shift was not dependent
on the Al doping level, it was tentatively ascribed to the presence of the substrate. In order
to retrieve quantitative information on the microstructure of the AZO thin films, the ZnO
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(0002) peak was analyzed using the single line method, based on the fitting of a single
diffraction peak with the Voigt function, separating the Lorentzian contribution from the
Gaussian one, following the approach proposed by De Keijser [36,37]. In this framework,
the Lorentzian broadening was associated with the coherence length of the films, defined
as the average extension of the crystal lattice regions that scattered coherently, i.e., those
regions that were free of macroscopical defects such as grain boundaries or dislocations.
The Gaussian component was linked to the broadening due to the microstrain, i.e., the
lattice strain from displacements of the unit cells about their lattice positions due to the de-
fects [38,39]. Analyzing the broadening of the 20 —6 peaks, the coherence length along the
normal direction to the surface (vertical coherence length L,) and the microstrain & could be
extracted. This approach is based on the Scherrer formula [37-39] for the coherence length,
which is defined as L, = KA/ (Bl cos(8)). Here, K is the shape factor, which is usually taken
to be 0.9, A is the X-ray wavelength, and (3 represents the integral breadth. {3 is marked
as B© when it is the Gaussian integral breadth, and as p" when it is the Lorentzian one.
The microstrain ¢ is obtained via the Wilson-Stokes formula, ¢ = S /[4tan(0)] [37-39]. The
results of this analysis are reported in Figure 4b, where it was observed that the vertical
coherence length decreased as the doping concentration was increased. The results show
that increasing the Al dopant concentration and going over the limit of solubility, which
is around 4 at.% [34], the Al interstitial concentration increased and so did the strain in
the matrix, determining a lowering of the crystal quality [33]. In fact, concentrations of Al
above the limit of solubility likely promoted the formation of inclusions and clusters, which
compromised the crystalline quality. The extracted parameters are summarized in Table 2.

(a) Sample C, Al 4 at.% (c) Sample D, Al 5 at.% (e) Sample E, Al 8 at.%

RMS Rough. (Sq) | Average Rough. (Sa) RMS Rough. (Sq) | Average Rough. (Sa) RMS Rough. (Sq) | Average Rough. (Sa)
nm nm nm nm nm nm
8.3x0.3 6.7+0.3 10+1 8.1+0.8 8.2+0.6 6.3=04

Figure 3. 2D (panels (a), (c), (e)) and 3D (panels (b), (d), (f)) AFM images, RMS, and average
roughness of the AZO thin film with 4 at.%, 5 at.%, and 8 at.% I (samples C, D, and E).
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Figure 4. (a) 6-20 X-ray diffraction patterns of the AZO films, in accordance with [PDF 00-036-1451].
(b) Vertical coherence length and microstrain in the function of Al-doping (at.%).

Table 2. Extracted values of the d-spacing, lattice parameter a, lattice parameter c, vertical coherence
length, and microstrain as a function of the doping concentration.

. Lattice Lattice Vertical . .
Doping [%] D-Spacing Parameter a Parameter ¢ Coherence Microstrain
ping [A] [x 10-3]
[A] [A] Length [nm]
2 2.6877 3.2918 5.3754 59.638 5.9062
3 2.6872 3.2911 5.3743 46.739 5.9646
4 2.6884 3.2925 5.3767 31.778 5.4827
5 2.6851 3.2885 5.3701 24.386 5.4089
8 2.6855 3.2891 5.3711 11.145 7.9833

Raman spectroscopy provides an extremely versatile, contactless tool for the quantita-
tive investigation of advanced functional materials, ranging from bulky materials [40] to
nanostructures and low-dimensional systems, including nanotubes [41], 2D materials [42],
and topological materials [43]. Figure 5 presents the results of the Raman analysis carried
out on the AZO thin films. Panel (a) shows the spectra of the sample, extracted as the
average of all the spectra collected on a spatial map, as shown in panel (b). The same
graph also includes the Raman spectrum obtained by measuring the bare substrate of the
AZO film (red line) and a spectrum recorded on a commercial microscopy silica glass. This
allowed for the band observed around 1093 cm ™! to be attributed to the glass substrate.
Similarly, the skew band that peaked at 560 cm~! was also assigned to the substrate. The
ZnO vibrational features were identified through the E,'°" peak, E;M8" peak, and the LO
band, as highlighted in the panel. Panel (b) shows an optical image of the sample with a
dopant concentration of 8 at.%. On the region delimited by the black square in the top of
panel (b), the intensity of the LO band, the E,high peak, and the E,high /LO ratio are shown
in the bottom part of the panel from left to right, respectively. Notably we did not observe
any relevant peak related to the formation of ZnO,, previously reported around 838 and
936 cm ™! [44]. Other than some spot-like defect, the sample appeared to be essentially
homogeneous, as testified by the E,M8" intensity map. The LO band was clearly influenced
by the contribution arising from the substrate. Therefore, the variation in intensity of the
LO band might have been ascribed to a small local variation in the film thickness, as they
were not reflected by the behavior of the E,"8" peak. In panel (c), single Raman spectra
recorded on each of the five samples are shown. The spectra were recorded in the same
experimental conditions (see Section 2) and thus displayed the intensities as recorded.
In order to highlight the dependence of the spectral features on doping, panel (d) plots
the trend of the Ezhigh/ LO ratio, the Ezlow intensity, and the Ezlow peak position. In fact,
these two peaks were related to the ZnO vibrational modes [45] and their relative change
could be used as a fingerprint for the presence of substitutional dopants [46]. The observed
E,M8" /LO dependency on doping was in good agreement with the conductivity measured
in the sample and with the results previously reported in the literature [47]. It is worth not-
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Figure 5. (a) Raman spectra of the AZO samples with doping concentrations of 4 at.%, 5 at.%,
and 8 at.% (blue, orange, and green lines), of the substrate (red line) and of another commercial
microscopy glass substrate (purple line). The spectra are extracted as the average of all the spectra
collected on a spatial map, as the one reported in panel (b). (c) Raman spectra for all the samples, in
the 0-800 cm ™! range, where the ZnO vibrational features (Eplow peak, E,"8" and the LO band) are
localized. (d) E;"8" /LO intensity ratio, E;1°" peak intensity, and E»'®" peak spectral position as a
function of doping.

3.3. Electrical and Thermoelectric Transport

The results of the electrical transport measurements are reported in Figure 6. The left
panel shows the electrical resistivity of all samples as a function of the Al content. Overall,
the set of samples displayed a spread in the resistivity of about one order of magnitude,
with the minimum (2 x 1073 Ohm-cm) and maximum (2 x 10~2 Ohm-cm) values achieved
at 3 at.% and 8 at.% doping, respectively. The sample with 3 at.% Al doping exhibited the
highest value for both the mobility (above 10 cm? V~! s71) and carrier density (around
4 x 10*! cm—3) (Figure 6b). This was consistent with the experimental evidence of the
lowest resistivity as reported in the left panel.

Figure 7 reports the thermoelectric characterization of the samples, using the home-
made experimental setup described in Figure 2. The thermovoltage of each sample was
measured twice by varying the thermal gradient in two different ranges. The ten small
panels in Figure 7a show, for all the samples, the thermovoltage plotted against the applied
thermal gradients in the range 15-70 °C (top graph) and in the range 30-60 °C (bottom
graph). The graphs display both the experimental data and the linear fit, where the slope
of the fitting line represents the Seebeck coefficient. In Figure 7b the extracted Seebeck
coefficient of samples A-E is plotted as a function of the Al amount in the samples. The two
datasets (dark and blue dots) represented the results obtained in the two ranges of the ap-
plied thermal gradients, and they were in very good agreement. The values of the Seebeck
coefficients were in the range of 22-33 uV /K, exhibiting a broad minimum at intermediate
doping levels (3—4 at.%) as well as a relatively high absolute value of the at high doping
(8 at.%). On the one hand, the investigated thermoelectric features of the measured samples
were shown to be relatively stable and robust against changes in the doping level of almost
one order of magnitude. On the other hand, the significant thermovoltage observed for the
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high doping regime suggested possible routes for applications such as temperature and
thermal sensing, where the focus is on the response to a change in the temperature rather
than on the generation of power.
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Figure 6. (a) Electrical resistivity of the five samples characterized using a Hall bar device realized by
optical lithography (the device architecture is shown in the inset). (b) Carrier mobility and density
for the samples with Al doping 3 at.% Al and 4 at.%.
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Figure 7. (a) Thermovoltage plotted against the applied thermal gradients in the range of 15-70 °C
(top graph) and in the range of 30-60 °C (bottom graph). The plots show both the experimental data
and the linear fit. The slope of the fit represents the Seebeck coefficient, reported in panel (b).
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4. Conclusions

In the context of using nanomaterials for sustainable energy harvesting and conversion,
a multi-technique investigation was conducted on a set of 300-nm-thick Al-doped ZnO
thin films (2-8 at.% doping) as potential candidates for highly efficient thermoelectric
applications. The samples were designed and deposited using magnetron sputtering. The
study involved a comprehensive analysis of the structural, morphological, electrical, and
thermoelectrical properties of the samples using various experimental techniques. AFM
was used to test the sample topography and surface homogeneity, while XRD was used
to identify the main crystal phases. This study shows that the films had a homogeneous
topography, with a grain size in the range of a few tens of nanometers, and that increasing
the Al doping concentration decreased the crystalline quality, especially for a doping level
exceeding 4 at.%, corresponding to the solubility limit of Al in ZnO. The presence of
substitutional dopants was confirmed by the micro-Raman study. Electrical transport was
studied by means of devices shaped in Hall bar geometry, while thermoelectric transport
was measured using a homemade setup for the measurement of the Seebeck coefficient.
The structure-property relationship of the samples was assessed by analyzing the exhibited
trends as a function of the Al doping concentration. ZnO films with a 34 Al at.% exhibited
the lowest absolute value of the Seebeck coefficient, while those with an 8 Al at.% had the
highest. Within the almost one order of magnitude of the doping level considered in this
work, the thermoelectric features of the investigated samples were found to be relatively
stable and did not display abrupt changes. Overall, the study’s protocol and results are of
interest for large-scale application systems, and the relatively high thermovoltage response
reported at high doping opens the way for thermal sensing applications.
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