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Abstract: Transparent conductive oxide (TCO) layers, to be implemented in photo-anodes for
dye-sensitized solar cells (DSCs), were prepared by co-deposition of ZnO and Al using pulsed-direct
current (DC)-magnetron reactive sputtering processes. The films were deposited at low deposition
temperatures (RT-188 ˝C) and at fixed working pressure (1.4 Pa) using soft power loading conditions
to avoid intrinsic extra-heating. To compensate the layer stoichiometry, O2 was selectively injected
close to the sample in a small percentage (Ar:O2 = 69 sccm:2 sccm). We expressly applied the
deposition temperature as a controlling parameter to tune the incorporation of the Al3+ species in
the targeted position inside the ZnO lattice. With this method, Aluminum-doped Zinc Oxide films
(ZnO:Al) were grown following the typical wurtzite structure, as demonstrated by X-ray Diffraction
analyses. A combination of micro-Raman, X-ray photoelectron spectroscopy (XPS) and spectroscopic
ellipsometry (SE) analyses has shown that the incorporated host-atoms are Al3+ species in Zn2+

substitutional position; their amount increases following a direct monotonic trend with the deposition
temperature. Correspondently, the c-axis strain into the layer decreases due to the progressive
ordering of the lattice structure and reducing clustering phenomena. The maximum average
Al content inside the film was ~2%, as measured by energy dispersive X-ray (EDX) spectroscopy, with
a uniform distribution of the dopant species along the layer thickness traced by depth-profile XPS
analyses. The optimised ZnO:Al layer, deposited at a rate of ~7 nm/min, exhibits high transmittance
in the visible range (~85%) and low resistivity values (~13 mΩ ˆ cm). The material therefore
fulfils all the requirements to be candidate as TCO for low-cost DSCs on flexible substrates for large
area technologies.

Keywords: transparent conductive oxide (TCO); dye-sensitized solar cells (DSCs); Al doped ZnO
(AZO); co-sputtering; doping; low temperature

1. Introduction

Transparent conductive oxide (TCO) films are currently of great importance for applications
in transparent electrodes for flat panel displays [1], commercial semiconductors solar cells [2,3],
hybrid solar cells [4,5] and organic light emitting diodes due to the high transmittance in the
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visible range (>80%), low electrical resistivity (10´2–10´4 Ω ˆ cm), good adhesion to substrate and
chemical inertness.

Among the others, dye-sensitized solar cells (DSCs) [6–9], being a third generation hybrid
technology of large impact, benefits from the high performances of TCO [4,5,10,11]. Nowadays,
indium tin oxide (ITO) films are predominant as TCO in practical applications. However, Al doped
ZnO (ZnO:Al or AZO) films represent a potential alternative choice to ITO mainly because of their
competitive electrical and optical properties, cheap and abundant raw materials, nontoxic nature,
long term environmental stability and easy fabrication. In the DSC [2,3,8,10], the AZO films serve as
collector of the electrons injected through the dye/TiO2 interface [12,13]. It could be even deposited at
low temperature for applications on flexible substrates [14].

AZO layers can be prepared by various deposition techniques including pulsed laser deposition
(PLD) [15], chemical vapor deposition (CVD) [16,17], sol-gel [18] and magnetron sputtering [19].
Among those approaches, magnetron sputtering from a composite target (98% ZnO + 2% Al2O3) has
outstanding advantages such as simple apparatus, high deposition rates, low temperature and large
deposition area. The method allows depositing doped ZnO films and assures contamination-free
materials. Some literature works have also explored the possibility to deposit AZO conductive layers
by co-sputtering using a double source (ZnO or Zn and Al or Al2O3) [19–21]. This configuration would
in principle allow a tuning of the Al content in the AZO matrix. In this respect, it was however observed
that a thermal budget at 400 ˝C is needed [20] in order to grow AZO layers with low resistivity. The
annealing promotes Al3+ species replacing Zn2+ in the ZnO lattice. Nevertheless, due to the need of
high thermal budgets, this method cannot be straightforwardly transferred to plastic substrates. Some
other attempts were done to deposit doped materials at nominally low temperatures [14,21], but high
power loadings, often combined with low chamber pressure, generate energetic ad-atoms that raise
the effective temperature of the substrate during deposition (intrinsic heating). To our opinion, a good
compromise needs to be targeted between the sputtering rate and the intrinsic substrate heating due
to ad-atoms energy, in order to render the deposition process compatible with the use of low-cost
substrates (e.g., plastics). Effective doping by substitutional Al, rather than by oxygen vacancies or
other donor lattice defects, still remains crucial.

As the pervasive dissemination of DSCs technology needs to pass through a drastic cost reduction
of the TCO, we focused our attention to an implementable approach able to produce ZnO:Al
transparent conductive layers at low temperature. We thus propose a method based on direct current
(DC) pulsed magnetron co-sputtering deposition under soft power loading using a double source
(i.e., ZnO and Al) at moderate pressure (1.4 Pa) and real deposition temperatures below 200 ˝C.
The deposition temperature, monitored directly on the sample surface by commercial thermo-strips
(Racetech-Thermal indicator strips), was used as a parameter to incorporate an increasing amount
of Al3+ species in the appropriate ZnO lattice position, during growth that allowed the dopant to be
electrically active. The resulting material has optical-structural-electrical properties as good as those of
a typical TCO film. The mutual correlation of these properties has been additionally discussed.

2. Experimental Section

2.1. Deposition of the ZnO:Al Layers by Magnetron Direct Current Pulsed Sputtering

Aluminum-doped Zinc Oxide layers were deposited by using a DC Magnetron Sputter equipment
(Kenosistec S.r.l.) in co-sputtering mode from separated Zinc Oxide and Aluminum targets plates
(2 inch circular targets), placed in co-focal geometry. The depositions were done at real temperature <
200 ˝C (as measured on top of the sample by commercial thermo-strip, whose precision is˘1˝) by using
an Ar flow rate of 69 sccm, a sputtering power at the ZnO target of 40 W and sputtering power at the
Al target of 20 W (above this threshold, clustering phenomena are observed in the sample). The power
loading applied on the ZnO and Al targets was limited to ~2 W/cm2 and ~1 W/cm2, respectively, that
avoided intrinsic heating of the substrate. A small additional supply of oxygen (2 sccm) was inflated
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into the chamber, in proximity to the sample surface, in order to compensate a slight deficit of oxygen
in the deposited layer with respect to the target composition; the working pressure was 1.4 Pa. The
deposition rate was of ~7 nm/min, and the thickness of the deposited material spans in the range
of ~400–1000 nm, as determined by field emission-scanning electron microscopy (FE-SEM) analyses
in cross section and further supported by spectroscopic ellipsometry (SE)/transmittance modelling
which provided average values over large areas (~mm). Thereby, the spread of the thickness values
at distances of 1.2 cm over the sample area was ~3%. Thermal treatments were done in situ by using
a halogen short-wave lamp emitting in the range of 1.1–1.4 microns. A schematic of the chamber is
shown in Figure 1a. Figure 1b shows the expected wurtzite structure of the ZnO lattice. We used the
deposition temperature as the main parameter to tune the structure of the AZO layer (anode-cathode
distance = 2 cm, rotation speed = five revolutions per minute (rpm), as resulted from the optimization
procedure). Ex situ annealing were done in a horizontal oven filled with nitrogen and oxygen at flow
rate of 78 sccm and 22 sccm, respectively.
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Figure 1. (a) Schematic of the co-focal geometry; (b) Wurtzite structure; and (c) 2θ-ω X-ray diffraction
(XRD) patterns of different Al doped ZnO (AZO) samples deposited at low temperature (T < 200 ˝C).

2.2. Characterization Equipments

X-ray diffraction (XRD) (Bruker AXS Advanced X-ray Solutions GmbH, Karlsruhe, Germany)
analyses were performed by using a D8-Discover Bruker AXS diffractometer, equipped with a Cu-Kα

source and a thin film attachment (long soller slits). UV-VIS measurements were carried out by a
Lambda 750 Perkin-Elmer spectrophotometer in the UV-VIS spectral range (PerkinElmer, Waltham,
MA, USA). Spectra were recorded with a ˘1nm resolution. FE-SEM (Zeiss, Oberkochen, Germany)
images were collected with a Zeiss-Gemini 2 electron microscope operating at an accelerating voltage
of 1.50 kV. To carry out energy dispersive X-ray (EDX) analysis, FE-SEM apparatus is coupled with
a Quantax-EDX-spectrometer (Bruker AXS Advanced X-ray Solutions GmbH). The EDX detected
pear-shaped dimension is about 0.7 micron. X-ray photoelectron spectroscopy (XPS) was carried out
in ultra-high-vacuum (UHV) condition (about 1.33 ˆ 10´7 Pa) using a Thermo Scientific Instrument
(Thermo Fisher Scientific, Waltham, MA, USA) equipped with a monochromatic Al Kα source
(hν = 1486.6 eV) and a hemispherical analyzer (spherical sector 180˝). The constant-pass energy
was set at 200 eV for survey scans and at 50 eV for the XPS high-resolution spectra. Being a surface
technique, XPS is able to probe only a few monolayers. Hence, to estimate the composition of the
layers in depth, it was necessary to progressively remove the surface layer using a scanning 3 KeV
Ar+ ion gun, with a raster area of about 4 mm ˆ 2 mm. SE data were collected using a J.A. Woollam
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VASE instrument (J.A. Woollam Co., Lincoln, NE, USA). Measurements were performed in a vertical
configuration, which is better suited for transparent samples in order to measure on the same position
ellipsometric and transmittance data. Optical spectra were recorded from 300 nm to 3200 nm at 55˝

and 65˝ incident angle values. The AZO layer was modeled by using one single Tauc-Lorentz and a
Drude oscillators. Special care was taken to evaluate the optical constants for the glass substrate taking
into account backside reflection and unpolarized light. Sheet resistance (Rs) measurements (Jandel
Engineering Limited, Bedford, UK) were done by a four-point probe method; the layer resistivity
was extracted from the sheet resistance values on the basis of the layer thickness (ρ = Rs ˆ thickness).
Micro-Raman measurements were carried at room temperature using a Horiba XploRA spectrometer
equipped with a confocal microscope and a Peltier-cooled charge-coupled detector (CCD) (HORIBA
Ltd., Fukuoka, Japan). The samples were excited using the 532 nm line from a solid-state laser and
integrated for 80 s, using a 100X microscope objective. To check the uniformity of the deposited films,
the measurements were acquired on some different portions of the samples.

3. Results and Discussion

3.1. X-ray Diffraction Analysis

The crystallographic properties of the ZnO:Al layers were investigated by XRD analyses, using a
symmetric configuration (2θ-ω). The diffraction patterns of layers prepared at different deposition
temperature, namely 138, 155, and 188 ˝C, are shown in Figure 1c, with the maximum normalized
to 1. The vertical bars refer to a random ZnO powder, with their relative scattering factors indicated
by the bars height. All the patterns show a single contribution at 2θ – 34.4˝, which is related to the
(0002) planes of the hexagonal wurtzite lattice (Figure 1b). Due to the acquisition geometry (2θ-ω),
those lattice planes lie parallel to the sample surface, indeed with their growth direction along the
c-axis of the wurtzite structure. The lack of the other intense contributions, which are expected in a
random layer (see bars in Figure 1c), indicates a high texturing degree of the grown layers along the
c-axis. This selectivity renders the layer structurally uniform in its extent. As a difference introduced
by the deposition temperature modulation, the samples grown at temperature lower than 188 ˝C
have the (0002) peak shifted leftwards with respect to the reference bar. The corresponding dspacing

are 0.2623 nm and 0.2616 nm for the samples deposited at 138 ˝C and 155 ˝C, respectively. On the
contrary, the ZnO:Al layer deposited at 188 ˝C has the peak associated to the (0002) planes at the
position expected for an unstrained reference layer, whose dspacing is 0.2606 nm. This finding will be
further discussed in what follows.

3.2. Field Emission-Scanning Electron Microscopy/Energy Dispersive X-ray Analyses

The morphology of all the films was investigated by FE-SEM. The average thickness of the ZnO:Al
layer deposited at 188 ˝C, measured by FE-SEM images in cross section (not shown), was ~1 µm.

As can be appreciated in Figure 2, the material creates a uniform coating with homogeneous
morphology that is fundamental to guarantee an effective charge transfer from the scaffold towards
the TCO in a DSC. Spatial disuniformities in the layer thickness or in its surface roughness, with the
eventual presence of deleterious protrusions, would affect the series resistance or generate parasitic
currents (respectively) [10,22,23]. In situ EDX analyses provided an average atomic percentage of Al3+

inside the ZnO lattice of ~2%, (inset of Figure 2). Moreover, it was verified that the morphology does
not significantly change from sample to sample.
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Figure 2. Field emission-scanning electron microscopy (FE-SEM) analysis of the AZO layer deposited
by co-sputtering in co-focal geometry at 188 ˝C. Inset: the atomic percentages of the species revealed
by energy dispersive X-ray (EDX) probe.

3.3. X-ray Photoelectron Spectroscopy Analysis

A detailed investigation on the composition of all the sputtered ZnO:Al layers was performed
by XPS analyses. In particular, we collected a depth profile of all the involved species to study the
composition along the layer thickness. The erosion rate was 16.2 nm/min, with the end-point given by
the silicon atoms in the glass substrate.

The representative XPS wide scans of the AZO layer prepared at 188 ˝C, collected at different
depth with respect to the film surface, are shown in Figure 3. The peaks due to C, Ar, Al, O and
Zn were preliminary identified in the survey. High-resolution spectra were acquired to carry out
appropriate composition and depth profile analyses. HR-XPS spectra for:

‚ C 1s (at 284.7 eV);
‚ O 1s (at 531.4 eV);
‚ Zn 2p1/2 and 2p3/2 (at 1045 eV and 1022.8 eV respectively);
‚ Al 2p3/2 (at 74.7 eV) regions are shown in Figure 4a–d.
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Figure 4. XPS depth profile analyses of the AZO layer deposited by co-sputtering in co-focal geometry
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AZO layer and on a reference Al2O3 material. Al0 is the expected peak position for a metallic layer.

We note that the surface of the material has a different composition with respect to the bulk,
most likely due to surface contaminations. In fact, we found the presence of both –OH groups at
binding energy (BE) of 532.5 eV and of carbonaceous species at about 284.7 eV (Figure 4a). The atomic
percentage of all the species was estimated by the HR spectra, taking into account the relative atomic
Scofield’s sensitivity factors [24]. The atomic composition does not vary significantly along the samples
thickness. The estimated values are: Zn 52%, O 45%, Al 1.8% and C 1.2%, respectively (the relative
values depend on the erosion procedure). Thereby, as a main result, the stoichiometry of the ZnO:Al
layer is constant along the layer thickness, evidencing that a uniform Al content was inserted into the
ZnO lattice during growth.

Figure 4e shows a detail of the XPS peak related to Al 2p3/2 taken on the ZnO:Al layer in
comparison with what found in a Al2O3 reference material, to emphasize that the chemical environment
of the Aluminum atoms does not show a metallic character (BE = 71 eV). On the contrary, the measured
BE depicts a typical coordination of Al species by Oxygen atoms (BE = 74 eV).

3.4. UV-VIS Measurements

The optical behavior of the deposited films was evaluated by investigation of the optical response
of the material in the UV-VIS range. The mean transmittance of a 420 nm-thick AZO layer, deposited
at 188 ˝C, settles around 85% in the visible range, as shown in Figure 5a. The optical band gap (Eg)
of the films was estimated by the Tauc plot [25] of the absorption data for direct bandgap. With this
procedure, the band gap is given by fitting the linear part of (αhν)2 vs. hν at the curve onset and by
extracting the intercept with the x-axis. Figure 5b compares the Tauc plots of the ZnO:Al layers grown
at different temperatures. The band gap values measured in the layer grown at 138 ˝C and at 155 ˝C
are similar (~3.3 eV), whilst the layer grown at 188 ˝C exhibits a higher value, namely ~3.5 eV. The
band gap widening was associated to the well-known Burstein-Moss effect [26], which derives from
the electrons furnished by the dopant atoms populating states within the conduction band (CB). This
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occurs at high doping level and causes the Fermi level entering the CB. Our findings indeed provide a
first indication on the effectiveness of the doping procedure by applying a deposition temperature
of 188 ˝C.
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3.5. Micro-Raman Analysis

The optical results open a real perspective on the capability to replace Zn2+ with Al3+ species in
the ZnO lattice by applying mild thermal budgets during co-sputtering (fixed all the other conditions).
To closely enter the structure of the mixed material, Micro-Raman spectroscopy offered crucial details
on the Al3+ location. The effects of the Al incorporation on the Raman peaks are shown in Figure 6a.
The data refer to the ZnO:Al layer deposited at 188 ˝C. For comparison, a reference spectrum collected
over an undoped ZnO layer is also reported. Vibrational modes in the ZnO lattice are expected at:
~380 cm´1 (ascribed to A1(TO) mode), ~413 cm´1 (ascribed to E1(TO) mode), ~440 cm´1 (ascribed to
non-polar Ehigh

2 mode, schematically represented in the inset of Figure 6b) and ~580-610 cm´1 (ascribed
to A1(LO) and E1(LO)). Their positions are labeled in Figure 6a. Additionally, second orders of Raman
modes are visible at ~800 cm´1 and 1100 cm´1 [27,28]. All those peaks account for the wurtzite C6v
space group with four atoms per unit cell: among the 12 possible vibrational modes, only the A1,
E1 and E2 are Raman-active. Furthermore, due to the ionic character of Zn-O bonds, polar modes
(A1 and E1) exhibit a large splitting and second order modes [29].

According to the UV-VIS optical transmittance values, being in all samples > 70% at 532 nm (the
excitation wavelength used to carry out the Raman measurements), we assess that the Raman beam
has always probed the entire thickness of the ZnO:Al films. Moreover, to avoid specific thickness
effects, the I

Ehigh
2
{ILO ratio (i.e., ILO indicated the longitudinal modes: A1(LO) and E1(LO)) was taken

as a diagnostic parameter rather than Ehigh
2 alone [28] and evaluated as a function of the deposition

temperature. From the comparison between the spectra in Figure 6a it emerges that the Ehigh
2 mode is

much stronger in the pure ZnO sample with respect to what found in the ZnO:Al layer deposited at
188 ˝C. An analogous behavior was found in all the samples grown at the different temperatures. The
reduction of the I

Ehigh
2
{ILO ratio by increasing the deposition temperature, as shown in Figure 6b, was

related to structural changes in the lattice arrangement associated to the Al introduction into the ZnO
matrix, compatible with Al3+ ions substituting Zn2+ species into the ZnO lattice [28]. Additional effects
can be provided by the generation of oxygen-defects in the lattice [30,31]. Nevertheless, in this respect,
an adjustment of the lattice structure is expected by increasing the deposition temperature rather than a
progressive generation of oxygen defects, since the oxygen pressure in the chamber during sputtering
was constant (as well as all the other deposition parameters except for the temperature).



Energies 2016, 9, 433 8 of 13

Energies 2016, 9, 433  7 of 13 

 

are expected at: ~380 cm−1 (ascribed to A1(TO) mode), ~413 cm−1 (ascribed to E1(TO) mode), ~440 cm−1 

(ascribed to non‐polar  E2
high
 mode, schematically represented in the inset of Figure 6b) and ~580‐610 

cm−1 (ascribed to A1(LO) and E1(LO)). Their positions are labeled in Figure 6a. Additionally, second 

orders of Raman modes are visible at ~800 cm−1 and 1100 cm−1 [27,28]. All those peaks account for the 

wurtzite C6v space group with four atoms per unit cell: among the 12 possible vibrational modes, only 

the A1, E1 and E2 are Raman‐active. Furthermore, due  to  the  ionic character of Zn‐O bonds, polar 

modes (A1 and E1) exhibit a large splitting and second order modes [29]. 

 

Figure 6. (a) Typical Micro‐Raman spectra of ZnO layers (‐) undoped and (‐) doped with Al at 188 °C; 

(b) monotonic decrease of the  I
E2
high ILO⁄   intensity ratio as a function of the layer resistivity ρ. 

According to the UV‐VIS optical transmittance values, being in all samples > 70% at 532 nm (the 

excitation wavelength used to carry out the Raman measurements), we assess that the Raman beam 

has always probed the entire thickness of the ZnO:Al films. Moreover, to avoid specific thickness 

effects, the  I
E2
high ILO⁄   ratio (i.e.,  ILO  indicated the longitudinal modes: A1(LO) and E1(LO)) was taken 

as a diagnostic parameter rather than  E2
high
  alone [28] and evaluated as a function of the deposition 

temperature. From the comparison between the spectra in Figure 6a it emerges that the  E2
high
 mode 

is much stronger in the pure ZnO sample with respect to what found in the ZnO:Al layer deposited 

at 188 °C. An analogous behavior was found in all the samples grown at the different temperatures. 

The reduction of the  I
E2
high ILO⁄   ratio by increasing the deposition temperature, as shown in Figure 

6b, was related to structural changes in the lattice arrangement associated to the Al introduction into 

the  ZnO matrix,  compatible  with  Al3+  ions  substituting  Zn2+  species  into  the  ZnO  lattice  [28]. 

Additional  effects  can  be  provided  by  the  generation  of  oxygen‐defects  in  the  lattice  [30,31]. 

Nevertheless,  in  this  respect,  an  adjustment of  the  lattice  structure  is  expected by  increasing  the 

deposition  temperature  rather  than a progressive generation of oxygen defects,  since  the oxygen 

pressure  in  the  chamber  during  sputtering  was  constant  (as  well  as  all  the  other  deposition 

parameters except for the temperature). 

On the basis of our findings we reasoned that the Al introduction into ZnO lattice is assisted by 

a controlled (external heating) slight increase of the temperature during deposition. 

3.6. Electrical Characterizations 

A monotonic  reduction  of  the  I
E2
high ILO⁄   ratio was  recorded  as  a  function  of  the deposition 

temperature (RT < T < 200 °C), as shown in Figure 6b (T increases from right to left along x‐axis) and 

Table 1. The data, correlated to the layer resistivity, elucidate that a progressive inhibition of the  E2
high
 

Raman mode corresponds to a progressive improvement of the AZO layer conductivity [28,32]. We 

are inclined to exclude that the observed reduction of the  I
E2
high ILO⁄   parameter is due to an increase 

of  residual  lattice  strain, as a possibility prospected  in  ref.  [28]. This observation  is based on our 

independent  strain analyses done by XRD  (see  the  following  section). Thereby, we associate our 

Figure 6. (a) Typical Micro-Raman spectra of ZnO layers (-) undoped and (-) doped with Al at 188 ˝C;
(b) monotonic decrease of the I

Ehigh
2
{ILO intensity ratio as a function of the layer resistivity ρ.

On the basis of our findings we reasoned that the Al introduction into ZnO lattice is assisted by a
controlled (external heating) slight increase of the temperature during deposition.

3.6. Electrical Characterizations

A monotonic reduction of the I
Ehigh

2
{ILO ratio was recorded as a function of the deposition

temperature (RT < T < 200 ˝C), as shown in Figure 6b (T increases from right to left along x-axis)
and Table 1. The data, correlated to the layer resistivity, elucidate that a progressive inhibition of the
Ehigh

2 Raman mode corresponds to a progressive improvement of the AZO layer conductivity [28,32].
We are inclined to exclude that the observed reduction of the I

Ehigh
2
{ILO parameter is due to an increase

of residual lattice strain, as a possibility prospected in ref. [28]. This observation is based on our
independent strain analyses done by XRD (see the following section). Thereby, we associate our
findings to a progressive incorporation of Al3+ species in Zn2+ position, as an effect of increasing
the deposition temperature. These structural properties render the incorporated species electrically
active and thus able to increment the density of free carriers in the CB. As a matter of fact, the lowest
resistivity value was measured in the AZO layer grown at 188 ˝C. The data are summarized in Table 1.

Table 1. Micro-Raman and resistivity data.

Sample Ehigh
2 {LO Intensity Ratio Resistivity (mΩ ˆ cm) Conductivity (S/cm)

AZO_@138 ˝C 0.38 125 8.00
AZO_@155 ˝C 0.44 90 11.11
AZO_@163 ˝C 0.36 69 14.49
AZO_@171 ˝C 0.28 71 14.08
AZO_@188 ˝C 0.18 13 76.92

Since the resistivity value is affected not only by the carrier density but also by their scattering
time (due to grain boundaries, aggregates, other defects, etc.), we additionally provide a correlation
with the lattice strain and grain size. The average (crystallographic) domain size was measured by
applying the Scherrer’s equation [33] to the full width at half maximum of the (0002) peak [28] and
represented in the right panel of Figure 7 (right axis, pink curve). In addition to the grain size (related
to the density of grain boundaries), the evaluation of the residual strain in the ZnO:Al lattice was
provided as an indirect measure of the average effect of the presence of extended defects in the ZnO:Al
lattice. The residual strain was evaluated by measuring the (0002) lattice planes distances (XRD,
Figure 1) as compared to reference values (unstrained ZnO lattice) [28]. It was expressed as ∆d/d (%)
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and plotted as a function of the layer resistivity in Figure 7 (left axis, blue curve). We note a decreasing
trend of the strain measured along the c-axis accompaining the resistivity reduction, towards a zero
strain condition (unstrained: ∆d/d (%) = 0) corresponding to the most conductive layer (188 ˝C).
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This result gives evidence of a progressive reduction of the defects inside the wurtzite lattice,
likely associated to less severe Al-based clustering (e.g., Al2O3) and/or to atomic disorder. Since
oxygen vacancies and substitutional Al can both affect the intensity of the Ehigh

2 Raman mode, it was
crucial to establish that the deposition temperature (at fixed oxygen pressure) causes a reduction of
the residual strain in the film. This observed behavior argues in favor of Al3+ substituting Zn2+, with
direct positive impact on the layer resistivity.

On the other hand, the eventual formation of charged V2`
0 states (under non equilibrium

conditions), with the consequent injection of electrons into the ZnO CB [30,34], would imply that the
Zn-Zn bonding distances around the defect would experience an outwards stretching [30]. If this
relaxation was extended in average to the entire lattice, this should cause a shift of the diffraction
peaks towards lower angles. This is the opposite of what experimentally found, since the peak
systematically moves upwards in the direction of the unstrained reference if the deposition temperature
is increased (<200 ˝C). A major defective material when increasing the deposition temperature is also
counterintuitive. Moreover, in all the deposition process, a slight supply of oxygen was used to avoid
growth condition under deficiency of oxygen [31]. All those consideration are in favor of Al atoms
rather replacing Zn in a certain (even partial with respect to the 2 at% introduced) amount. To further
reinforce our conclusions, we performed mild ex situ annealing (at 200 ˝C) on the as deposited sample,
using dry air (N2:O2 = 78 sccm:22 sccm) vs. vacuum conditions (1.33 Pa). The presence of oxygen in
the annealing ambient is expected to impact on the concentration of oxygen vacancies. Nonetheless, in
both cases the sample experienced an improvement of the electrical performances, with the resistivity
reducing to 8.5 and 7 mΩ ˆ cm in air and vacuum, respectively (Figure 8). This finding was thus
correlated to a further adjustment of the lattice structure, including better positioning of substitutional
Al species.

Figure 7 additionally shows (pink curve) an increase of the ZnO:Al domain size, which consistently
goes in the direction of a better carrier transport. We indeed argue that the resistivity reduction also
benefits from less severe carrier scattering events from grain boundary or extended defects.



Energies 2016, 9, 433 10 of 13

Energies 2016, 9, 433  9 of 13 

 

On  the  other  hand,  the  eventual  formation  of  charged  V0
2+ states  (under  non  equilibrium 

conditions), with the consequent injection of electrons into the ZnO CB [30,34], would imply that the 

Zn‐Zn bonding distances around  the defect would experience an outwards stretching  [30].  If  this 

relaxation was extended in average to the entire lattice, this should cause a shift of the diffraction 

peaks  towards  lower  angles.  This  is  the  opposite  of what  experimentally  found,  since  the  peak 

systematically  moves  upwards  in  the  direction  of  the  unstrained  reference  if  the  deposition 

temperature  is  increased  (<200  °C). A major  defective material when  increasing  the  deposition 

temperature  is  also  counterintuitive. Moreover,  in  all  the  deposition  process,  a  slight  supply  of 

oxygen was used to avoid growth condition under deficiency of oxygen [31]. All those consideration 

are  in  favor of Al atoms  rather  replacing Zn  in  a  certain  (even partial with  respect  to  the  2 at% 

introduced) amount. To further reinforce our conclusions, we performed mild ex situ annealing (at 

200 °C) on the as deposited sample, using dry air (N2:O2 = 78 sccm:22 sccm) vs. vacuum conditions 

(1.33 Pa). The presence of oxygen in the annealing ambient is expected to impact on the concentration 

of  oxygen  vacancies. Nonetheless,  in  both  cases  the  sample  experienced  an  improvement  of  the 

electrical performances, with  the  resistivity  reducing  to  8.5  and  7 mΩ  ×  cm  in  air  and  vacuum, 

respectively  (Figure  8).  This  finding was  thus  correlated  to  a  further  adjustment  of  the  lattice 

structure, including better positioning of substitutional Al species. 

Figure 7 additionally shows (pink curve) an increase of the ZnO:Al domain size, which consistently 

goes in the direction of a better carrier transport. We indeed argue that the resistivity reduction also 

benefits from less severe carrier scattering events from grain boundary or extended defects. 

 

Figure 8. The effect of adding ex situ heating on the layer resistivity. Note that the presence of oxygen 

species in the annealing ambient does not negatively affect the layer conductivity. 

To have  further details on  the optical‐electrical  response of  the doped material, we used SE 

measurements. Figure  9  shows  the  imaginary part of  the dielectric  constant,  ε2,  for  two  samples 

grown at 155 °C and 188 °C. It is of particular interest the behavior of ε2 in the infrared region (<1 eV). 

In  particular, we  observe  that  the material  deposited  at  188  °C  shows  a  typical  behavior  from   

intra‐band transitions experienced by the electrical carriers [35]. This was associated to the electrons, 

provided by the dopant atoms, which enter in the CB with their energetic levels and in total behave 

as a free electron gas, as translated in the applied Drude’s model to fit the raw data. Although high 

doping  levels  tend  to  affect  the  transmittance  of  the material, we  emphasize  that  the  average 

transmittance measured on  this  sample  stays as high as 85%  (Figure 5a). On  the other hand,  the 

ZnO:Al deposited at 155  °C exhibits a  lower absorption  in  the  Infra‐Red  (IR)  region, depicting a 

material with a lower amount of free electrons charges. The analysis gives a further clear evidence of 

the effectiveness of our methodology on the capability to tune the Al3+ species incorporation in the 

ZnO lattice as substitutional dopant. Consistently with the Tauc’s plot results (Figure 5b), the onset 

of the absorption behavior over the band gap is clearly triggered at higher energies  in the sample 

deposited at 188 °C (right part of the curves in Figure 9). 

Figure 8. The effect of adding ex situ heating on the layer resistivity. Note that the presence of oxygen
species in the annealing ambient does not negatively affect the layer conductivity.

To have further details on the optical-electrical response of the doped material, we used SE
measurements. Figure 9 shows the imaginary part of the dielectric constant, ε2, for two samples
grown at 155 ˝C and 188 ˝C. It is of particular interest the behavior of ε2 in the infrared region (<1 eV).
In particular, we observe that the material deposited at 188 ˝C shows a typical behavior from intra-band
transitions experienced by the electrical carriers [35]. This was associated to the electrons, provided by
the dopant atoms, which enter in the CB with their energetic levels and in total behave as a free electron
gas, as translated in the applied Drude’s model to fit the raw data. Although high doping levels tend to
affect the transmittance of the material, we emphasize that the average transmittance measured on this
sample stays as high as 85% (Figure 5a). On the other hand, the ZnO:Al deposited at 155 ˝C exhibits
a lower absorption in the Infra-Red (IR) region, depicting a material with a lower amount of free
electrons charges. The analysis gives a further clear evidence of the effectiveness of our methodology
on the capability to tune the Al3+ species incorporation in the ZnO lattice as substitutional dopant.
Consistently with the Tauc’s plot results (Figure 5b), the onset of the absorption behavior over the
band gap is clearly triggered at higher energies in the sample deposited at 188 ˝C (right part of the
curves in Figure 9).Energies 2016, 9, 433  10 of 13 
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Figure 9. Spectroscopic ellipsometry (SE) measurements giving the dielectric constants ε2 as a function
of the photon energy. Note the absorption in the Infra-Red (IR) region enhanced in the AZO layer
deposited at 188 ˝C, which represents a marker for intra-band transitions as a consequence of the Fermi
level entering the conduction band (CB) (inset).
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4. Conclusions

We have explored a sputtering approach at low temperature and at soft power loading in
compensated oxygen ambient to effectively dope ZnO layers with Aluminum atoms such to gain
convenient optical and electrical responses. The approach is based on the co-deposition of the
component materials (ZnO and Al) at T < 200 ˝C by using a co-focal geometry. The deposition
conditions settled a compromise between power loading and working pressure in order to provide
relatively high deposition rate coupled with low intrinsic substrate heating. We currently pushed the
deposition process at a level of maturity that provides the material with:

(1) Al3+ species effectively incorporated in the ZnO structure with negligible residual strain;
(2) uniform ZnO:Al stoichiometry at least over 1 µm of grown thickness;
(3) optical bandgap of ~3.5 eV;
(4) ~85% transmittance in the visible range;
(5) deposition rate as high as ~7 nm/min.

The overall structural optimization, as achieved at a real deposition temperature of 188 ˝C
(measured on the sample surface), allowed producing a material with resistivity as low as
~13 mΩ ˆ cm, namely 13 Ω/sq in 1 µm. The large potentiality of our approach, in summary, resides in:

(1) avoiding intrinsic overheating and instead using a mild controlled extrinsic heating;
(2) compensating oxygen deficiency to limit the formation of oxygen defects;
(3) guaranteeing a uniform incorporation of Al during growth.

All those advantages add up with the availability of an independent Al source for complementary
stacked materials (e.g., Al or Al2O3). They represent a progress in the material reliability and stability
for application on low cost substrates.
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Abbreviations

TCO Transparent conductive oxide
AZO Al doped ZnO
ITO Indium Tin Oxide
PLD Pulsed laser deposition
CVD Chemical vapor deposition
DC Direct current
DSC Dye-sensitized solar cells
XRD X-ray diffraction
FE-SEM Field emission-scanning electron microscopy
EDX Energy dispersive X-ray
HR High resolution
XPS X-ray photoelectron spectroscopy
UHV Ultra high vacuum
CCD Charge-coupled detector
SE Spectroscopic ellipsometry
BE Binding energy
CB Conduction band
Rs Sheet resistance
sccm standard cubic centimeter minute
rpm revolutions per minute
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