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Abstract: For the first time in the literature, the material properties of gallium-doped zinc oxide,
grown from a high impulse magnetron sputtering system (HiPIMS), are reported. These material
properties are compared to those of a typical radio frequency (RF) sputtering deposition. The films
were grown without thermal assistance and were compared across multiple average deposition
powers. The films’ resistivity, crystallinity, absorption coefficient, band gap, and refractive index
were measured for each of the samples. It was observed that very similar results could be obtained
between the HiPIMS and RF sputtering processes under the same average power conditions. It was
found that the RF depositions demonstrated a slightly higher band gap and deposition rate as well as
lower resistivity and optical absorption coefficient. Band gaps and grain size were found to increase
with the power of the deposition for both HiPIMS and RF. These values ranged between 3.45 eV and
3.79 eV and 9 nm and 23 nm in this study, respectively. The absorption coefficient and resistivity were
both found to decline with increasing power in both methods but reached minimums of 2800 cm !
and 0.94 mOhm-cm, respectively, when sputtered using an RF power supply.
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1. Introduction

Transparent conducting oxides (TCOs) allow for the conduction of electricity while
maintaining a high level of optical transmissivity. This combination of properties is neces-
sary for many modern devices such as displays, photovoltaics, light-emitting diodes, and
sensors [1,2]. TCOs are created by doping metal oxides to create additional charge carriers
while leaving the optical properties largely unchanged. There are two types of TCOs,
N-type and P-type. N-type TCOs are generally preferred for electrode application due to
their superior conductivity properties [3]. Zinc oxide is one of the most common ceramics
used for creating N-type TCOs and has gained interest as a replacement for indium oxide
due to the relative abundance of zinc and the rarity and toxicity of indium [4,5].

Much research has been conducted on the various deposition methods and dopants
used in zinc oxide-based transparent conducting films. Both gallium and aluminum have
been thoroughly investigated as dopants for zinc oxide. Gallium-doped zinc oxide (GZO)
has shown several advantages over aluminum-doped zinc oxide (AZO). GZO has demon-
strated superior environmental stability [6]. The figure of merit (FoM) for a TCO is defined
by Haacke’s equation (¢ = %1?), where T is the transmission of the thin layer at 550 nm
and Rgj, is the sheet resistance i71. Considering this definition, using the proper deposition
parameters GZO has been reported to have a higher FoM as compared to AZO [8]. Much
research has been devoted to the deposition of GZO using various processing parameters
and methods, such as RF and DC sputtering [9,10]. The results of these studies demonstrate
that the method of deposition strongly influences the material properties of the thin films
created. However, to our best knowledge, the material properties of high-impulse mag-
netron sputtering (HiPIMS) of GZO thin films have not been documented in the literature.

Coatings 2023, 13, 71. https:/ /doi.org/10.3390/ coatings13010071

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings13010071
https://doi.org/10.3390/coatings13010071
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-3852-4876
https://doi.org/10.3390/coatings13010071
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13010071?type=check_update&version=1

Coatings 2023, 13,71

2 0f 10

HiPIMS depositions often operate at similar average power levels to DC or RF deposition
systems, however, the energy is applied over a shorter time interval increasing the peak
instantaneous power of the deposition. This high-impulse power results in the ionization
of the target material [11]. The HiPIMS process often results in thin film properties such as
differing refractive index, film density, and hardness [12]. In another study, as compared to
DC sputtering, HiPIMS-sputtered AZO thin films were shown to have lower resistivity [13].
For this reason, this study seeks to explore and report the material properties of GZO thin
films created using HiPIMS for the potential benefits the unique material characteristics
may offer electro-optical device designs as compared to other deposition methods.

In this paper, a comparative study of HiPIMS and RF deposition of GZO was con-
ducted. In this study, the electrical, optical, and structural properties of the GZO thin films
are compared across average deposition power values.

2. Materials and Methods

GZO films were deposited using an ultra-high vacuum AJA Orion 2 inch sputter
system (AJA International, Inc., Scituate, MA, USA) with a Starfire Industries 2-2 pulsed
power module (Starfire Industries, Champaign, IL, USA). Glass substrates were used to
characterize the thin films. The substrates were cleaned using acetone, methanol, and
isopropanol and subsequently dried in nitrogen. A 2 inch diameter zinc oxide/gallium
oxide target 95/5 by weight percent with a purity of 99.998 percent from Kurt ] Lesker
(Kurt J. Lesker Company, Jefferson Hills, PA, USA) was used. A base pressure below
2.3 x 1077 Torr was achieved before the deposition. The 13.56 MHz RF sputtering depo-
sition power was swept from 50 W to 150 W, using ultra-pure grade Ar as the sputtering
gas. This deposition was compared and contrasted with a HiPIMS deposition in which
the average power was swept from 50 W to 150 W, as in the RF deposition. The HiPIMS
experimental parameters can be found in Table 1.

Table 1. HiPIMS deposition parameters.

HiPIMS Frequency  Pulse Width Positive Kick Peak Power Average

Sample (Hz) (us) Pulse Width (us) (KW) Power (W)
1 800 25 50 1.49 50
2 800 25 50 4.5 100
3 800 25 50 10.6 150

The Kick pulse width serves to increase the energy of the ionized target material and
accelerate the ions toward the substrate [14]. These parameters were chosen for plasma
stability and to be within typical HiPIMS parameters [15].

For both the RF and HiPIMS deposition, the pressure was maintained constant at
5 mTorr, and the Ar flow was kept constant at 20 sccm. All films were deposited over
a 30 min interval which was preceded by 5 min of pre-sputtering with the target shield
closed. To ensure film uniformity, the substrate was rotated at 20 RPM throughout the
deposition. All films were deposited without thermal assistance.

The film thickness was characterized using a Veeco Dektak 150 profilometer (Veeco,
Instruments Inc., Plainview, NY, USA). A PANalytical Empyrean XRD system (Malvern
Panalytical, Westborough, MA, USA), using radiation from a Cu source at 45 kV and
40 mA, was used to obtain the XRD measurements with the diffraction patterns recorded
between 20 angles from 15-70 degrees. The grain size was determined using a field
emission scanning electron microscope Zeiss ULTRA-55 FEG SEM (Zeiss Microscopy,
White Plains, NY, USA). The surface roughness was determined using a Veeco 3100 AFM
(Veeco, Instruments Inc., Plainview, NY, USA). A Cary 100 UV-Vis spectrophotometer
(Varian Analytical Instruments, Walnut Creek, CA, USA) was used to measure the optical
transmission over a wavelength range from 300—800 nm. The resistivity was determined by
a Magne-Tron Instruments M-700 4-point probe (Magne-Tron Instruments, Palo Alto, CA,
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USA) whose accuracy was confirmed with a known National Institute of Standards and
Technology (NIST) calibration thin film. The conductivity type of the films was determined
using the hot probe method.

3. Results
3.1. Deposition Rate

Each of the films in the experiment was deposited over a 30 min time interval. The
film thicknesses were determined using lift-off and a profilometer to measure the thin film
step. The average thicknesses of the films grown over the varying average powers can be
seen in Figure 1 for each of the deposition methods.

—=— RF Film Thickness
—e— HiPIMS Film Thickness

250

200

150

Thickness (nm)

100 +

50

T T
50 100 150
Power (W)

Figure 1. Plot of film thicknesses vs. average power for both RF and HiPIMS depositions.

Consistently, the RF sputtered thin film grew faster than the film grown by HiPIMS.
This can be explained by the increased average kinetic energy in the sputtered HiPIMS ma-
terial as compared to that of an RF deposition [16]. This increased energy of the bombarding
ions may result in re-sputtering, which limits the growth rate of the film.

3.2. X-ray Diffraction

To observe the crystalline structure and grain size of the deposition, the deposited
films were measured using X-ray diffraction analysis (XRD). The film’s peak intensity
increases as expected with thickness. Each film possessed a primary peak near 34 degrees
which correspond to the (002) hexagonal zinc oxide wurtzite structure. A secondary peak
is shown at approximately 62°, indicating the presence of (103) GZO structure growth as
given by the JCPDS card of ZnO (JCPDS 36-1451). The lack of additional peaks indicates
that all gallium within the film has been incorporated into the crystal or is interstitial within
the structure, as the X-ray diffraction patterns lack peaks pertaining to gallium oxide’s
other phases or combinations of the present elements. The plot of the X-ray diffraction
patterns can be seen in Figure 2.

The data from the XRD diffractogram results were used to calculate the grain size
using the Debye—Scherrer equation [17]:

091
D= 1
B cos 0 M

where B, 0, and A are the full-width half maxima (FWHM), Bragg diffraction angle, and
X-ray wavelength, respectively.
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Figure 2. XRD diffractogram results displaying both the RF and HiPIMS depositions.

From the same data, the film stress was determined by relating the stress to the c lattice
parameter. The c lattice constant is calculated as in [18]:
A
— ; 2
“~ Sing @
Using the strain-free lattice constant ¢y = 5.205 A, the biaxial stress for the films may
be calculated by [19]:
,_ 4536 % 10°(c — co)
= %
The results of these calculations may be seen among the results reported in Table 2.

®)

Table 2. Table of XRD, SEM, and AFM summary of data.

Sample Fr:l:;lil)\/[ Brag(fag)n gle é(}:::::t SChg::;nEgil;ihon Mesalill\:ied If’zi?rlliusltart:si R?:;;ar?:ss

(x10-10) (nm) Grain Size (GPa) (nm)

HiPIMS 50 W 0.0156 0.2982 5.242 9 10 —-329 1.13
HiPIMS 100 W 0.0102 0.2978 5.250 14 15 —39.4 291
HiPIMS 150 W 0.0101 0.2989 5.232 14 22 —23.2 2.16
RF50 W 0.0164 0.2987 5.235 9 10 —26.5 1.38
RF 100 W 0.009 0.2987 5.235 16 18 —26.5 1.62
RF 150 W 0.0095 0.2995 5.221 15 23 —13.6 2.20

3.3. Surface Morphology

The films’ surface grains were examined using a scanning electron microscope. These
images were then analyzed using image analysis software where the grain diameter of
the film was determined as an average of the surface grain diameter. The results showed
a clear correlation between the average power of the deposition and the surface grain size.

As expected, the surface grain size increased with increasing average power. The
surface SEM images and reported grain measurements can be seen below in Figure 3 and
Table 2, respectively.
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Figure 3. SEM images of the investigated depositions. (a): 50 W HiPIMS, (b) 50 W RF, (c) 100 W
HiPIMS, (d) 100 W RF, (e) 150 W HiPIMS, (f) 150 W RF.

The larger surface grain size of the GZO thin film may be attributed to the increased
surface energy of the incoming sputtered material.

The surface was further examined using atomic force microscopy. The grain size was
measured again using the AFM measurements, and it was found to corroborate the results
obtained from the SEM images. The surface morphology, as measured from the AFM, can
be seen in Figure 4, along with the average surface roughness values for each deposition Ra.
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Figure 4. AFM-generated surface morphology plots, including the average roughness value of each
deposition. (a): 50 W HiPIMS, (b) 50 W RE, (c) 100 W HiPIMS, (d) 100 W RF, (e) 150 W HiPIMS,
(f) 150 W RF.

RF Deposition

3.4. Optical Measurement

The optical parameters of the thin films were then examined. Using a spectrometer,
the baseline absorption of the glass substrate was first taken, then optical transmission of
the films was measured from 300 nm to 800 nm. Using the transmission data, a Tauc plot
was created to determine the band gap of each of the films [20]. The absorption coefficient
« was first plotted using the equation:

2303

b= logy(%T) (4)

where T is the transmission and f is the GZO film thickness. The following equation was
then used to estimate the optical band gap (Ey):

(aho)® = B(ho — Eg) 5)
where B is an arbitrary constant and hv is the photon energy, and  will have a value of % or

2 depending on if it is a direct or indirect semiconductor, respectively [21]. Utilizing both
Equations (2) and (3), the band gap was calculated as shown in Figure 5. The band gap is
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obtained by extrapolating the linear regions of the curve to the corresponding horizontal
energy axis.
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Figure 5. Tauc plot used to determine the band gap of each of the samples.

The increase in band gap with deposition power is likely due to two factors. The
first is the Burstein-Moss effect in which increases in the dopant can result in an increase
in the band gap. In GZO thin films, an increase in the deposition power increases the
concentration of incorporated dopants in the film, yielding a wider band gap [22,23]. The
second cause is stress in the film. In GZO thin films, decreasing compressive stress can
increase the band gap because compressive stress increases the valance band maximum.
As the stress becomes more tensile, the O 2p and Zn 3d, which make up the valance band,
become more local, thereby increasing the band gap [24].

It can be seen in Figure 5 that the band gap increases with the increasing average
power of the deposition. Consistently, the band gap was greater for the RF depositions
reaching a maximum of 3.79 eV for the 150 W RF deposition.

As estimated from the XRD data, increasing the deposition power from 50 W to 150 W
for both deposition methods decreased the in-plane compressive film stress, which acted to
increase the band gap. In a direct comparison for each deposition power, the HiPIMS films
exhibited a higher level of compressive stress which would serve as a band-narrowing
mechanism. The comparatively narrower band gap of the HiPIMS deposition may in
part be due to an increase in oxidizability of the oxygen in the target material due to the
high instantaneous power of the HiPIMS process leading to fewer oxygen vacancies in
the film as occurs during HiPIMS deposition of ITO [25]. Doped zinc oxide’s available
charge carriers are due to both the substitutional atom, such as gallium and interstitial zinc,
and oxygen vacancies [26]. The decrease in charge carriers due to a decrease in oxygen
vacancies in the HiPIMS deposition would contribute to a narrower band gap as compared
to the RF deposition.

The refractive index of the two 150 W depositions was compared using the peaks in
the transmission data. This calculation can be performed using the formula [27]:

1 1 1

— = S 6
277t Aerl Am ( )

where ¢ is the film thickness, 7 is the refractive index, and A, 11 and A, are the wavelengths
where the peaks in transmission occur for the samples. The graph of the transmission peaks
can be seen in Figure 6.
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Figure 6. Graph comparison of RF and HiPIMS transmission.

The refractive index of the RF 150 W deposition was found to be 2.45, and the HiPIMS
deposition was found to be 2.4. These results are within the range of values to be expected
in sputtered GZO [28].

3.5. Electrical

Using the hot probe test, it was found that all films exhibited n-type behavior as
expected. The resistivity of the films was measured using a 4-point probe and based on the
thickness of the films. The plots of the resistivities of the HiPIMS and RF depositions can
be viewed in Figure 7.

—=— RF Depositions
—e— HiPIMS Depositions

Resistivity (1073, Ohm-cm)

T T
50 100 150
Power (W)

Figure 7. Resistivity vs. average power of deposition.

The decrease in resistivity with increasing average power is likely due to the increased
incorporation of Ga+3 ions, whether interstitial or substitutional, in place of the Zn2+ sites,
as reported by [29]. The conductivity also can be seen increasing with the surface grain
size as measured from the SEM imaging. The higher resistivity value exhibited by the
HiPIMS deposition may be due to a reduced number of oxygen vacancies as mentioned in
the optical measurement section.
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4. Conclusions

In this paper, thin films of GZO deposited by both RF and HiPIMS magnetron sputter-
ing have been compared in structural, optical, and electrical properties. Both the HiPIMS
and RF depositions were compared across average deposition power spanning from 50 W
to 150 W. It was found that the depositions produced very similar results for equivalent
values of average power. It is worth noting that in several parameters, the RF deposition
outperformed the HiPIMS process, possessing a higher deposition rate, lower resistivity,
wider band gap, and lower average absorption coefficient.
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