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ABSTRACT

High power impulse magnetron sputtering was used to deposit thin (~100 nm) zinc oxide (ZnO) films from a
ceramic ZnO target onto substrates heated to 150 °C. The resulting films had strong crystallinity, highly aligned
(002) texture and low surface roughness (root mean square roughness less than 10 nm), as determined by
X-ray diffraction, transmission electron microscopy, scanning electron microscopy and atomic force spectroscopy
measurements. Deposition pressure and target-substrate distance had the greatest effect on film microstructure.
The degree of alignment in the films was strongly dependent on the gas pressure. Deposition at pressures less
than 0.93 Pa resulted in a bimodal distribution of grain sizes. An initial growth layer with preferred orientations
(101) and (002) parallel to the interface was observed at the film-substrate interface under all conditions exam-
ined here; the extent of that competitive region was dependent on growth conditions. Time-resolved current
measurements of the target and ion energy distributions, determined using energy resolved mass spectrometry,
were correlated to film microstructure in order to investigate the effect of plasma conditions on film nucleation

and growth.

Published by Elsevier B.V.

1. Introduction

Zinc oxide (ZnO) is an important semiconductor material with an in-
triguing combination of high mobility and wide band gap, allowing for
high frequency operation and high transistor channel on-off ratios.
These properties make ZnO attractive as a channel material for a variety
of optoelectronic and transparent thin film field effect transistor (TFT)
devices used in active displays, solar cells, chem- and bio-sensors,
radio frequency (RF) signal processing, power electronics and other ap-
plications [1-3]. A variety of deposition techniques have been used to
grow ZnO films, including chemical vapor deposition [4,5], atomic
layer deposition [6], solution based hydrothermal deposition [7], fil-
tered vacuum cathodic arc deposition [8-10], pulsed laser deposition
(PLD) [11-17], RF sputtering [18-22], direct current (DC) and pulsed
DC magnetron sputtering [23,24] and high power impulse magnetron
sputtering (HiPIMS) [25,26].

* Correspondence to: A.N. Reed, Materials and Manufacturing Directorate, Air Force
Research Laboratory, 3005 Hobson Way, Wright Patterson Air Force Base, OH 45433,
USA. Tel.: +1 937 255 4651.

** Corresponding author. Tel.: +1 937 255 4651
E-mail addresses: amber.reed.5@us.af.mil (A.N. Reed), andrey.voevodin@us.af.mil
(A.A. Voevodin).
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The electrical properties that determine device performance for TFTs
can be strongly dependent on the microstructural properties of the film.
For example, the highest field effect mobilities, up to 110 cm> V= 's~ 1,
and on-off ratios, up to 10'2, reported for ZnO thin film transistors have
been for devices where the channel was composed of nanocrystalline
waurtzite ZnO, deposited using PLD [27]. To achieve a high carrier mobil-
ity, PLD processing has shown a need for ZnO films to have a low surface
roughness, dense morphology and a strong (002) orientation [27-29].
In these studies the growth temperatures of about 350 °C and subse-
quent thin film annealing were used to obtain the desired film surface
morphology and crystallinity needed for the charge transport proper-
ties. To extend ZnO applications to flexible polymer substrates, a reduc-
tion of the growth temperature is needed. In addition, there are
intrinsic challenges to the scalability of PLD thin film growth to coat
large area and complex-shaped substrates, which motivates investigation
of other techniques for the low temperature and scalable deposition of
ZnO films while using the material morphology and structure optimiza-
tion identified with the PLD growth studies. From this perspective, mag-
netron sputtering techniques with energetic plasma fluxes hold a great
deal of potential for scalability of ZnO synthesis at low temperatures.
However, initial investigations with conventional magnetron sputtering
reported in literature yield ZnO films with low mobilities (pgg
<1.8 cm? V~ ' s71) [30], due to poor crystallinity, open columnar struc-
ture with a high degree of porosity, and random crystallographic
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orientation. The higher ion fluxes and ion energies [31,32] associated
with HiPIMS make it an alternative scalable technique to grow ZnO
with controlled microstructures and crystallographic orientation needed
to alter film microstructures to improve electrical transport properties.

Reactive HiPIMS of Zn targets in an argon-oxygen background has
previously been demonstrated to deposit ZnO films on glass [25] and
sapphire [26] substrates. The ZnO films grown on both substrate mate-
rials were nanocrystalline with small ~30 nm size grains with the (002)
plane oriented parallel to the substrate. These films had a surface rough-
ness below 1.0 nm and lower porosity than ZnO films grown with dc bi-
polar magnetron sputtering [25]. The deposition rates of HiPIMS and DC
sputtering were similar when HiPIMS was operated with short 10 ps
[25] and 50 ps [26] pulses. The feasibility of reactive HiPIMS for the de-
position of ZnO thin films for electronics was tested by Partridge et al.
[26] by measuring the films' Hall mobility and the I-V characteristics
of the ZnO film in a diode. The as-deposited films had Hall mobilities
of 7-8 cm?V~!s~!, which is significantly lower than the Hall mobilities
of >50 cm? V™! s~ reported for ZnO films grown with PLD [27]. Thus,
the use of HiPIMS deposited ZnO films as a TFT channel material needs
further investigation. In particular, detailed studies of the effect of
HiPIMS deposition parameters on film microstructure and an under-
standing of the film growth mechanisms to control density and desired
(002) texture could yield an improvement in the films' mobility.

In this work, ZnO films grown using HiPIMS from an oxide target
were investigated to determine the role of growth conditions on film
development. The nucleation and growth mechanisms are identified
and correlated to the deposition conditions. Special focus was paid to
the role of deposition pressure and ion fluxes on ZnO film growth rate,
surface roughness, grain size and crystal orientation.

1.1. Experimental details

In this study all experiments were performed in the ultra-high vac-
uum system, shown in Fig. 1, at base pressures less than 1.33 * 10~ Pa.

Fig. 1. Schematic of (a) exterior and (b) interior of deposition chamber configured for
energy-resolved mass spectrometry and (c) the arrangement of the chamber for depositions.
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The plasma was driven with a Huettinger HMP-1200 HiPIMS power
supply controlling the voltage applied to a 5.08 cm diameter ZnO
target.

Time-resolved target voltages and currents were measured using a
Tektronix P5200 high voltage differential probe and a Tektronix
TMAS502A current probe, respectively, and recorded with a Tektronix
TDS 5400 oscilloscope. Ion energy distributions (IEDs) for argon, oxy-
gen, zinc and zinc oxide were measured using an energy-resolved
Hiden EQP 1000 electrostatic quadrupole (EQP) mass spectrometer. To
facilitate these measurements, the substrate holder was removed from
the chamber and the grounded orifice of the EQP was positioned
10 cm from the face of the target. Fig. 1b shows the arrangement of
the chamber during the IED measurements. [EDs were measured for
mass-charge ratios of 16 amu/C(0™), 32 amu/C(05), 40 amu/C(Ar™),
64 amu/C(Zn™) and 80 amu/C(ZnO™). Scans were taken with a dwell
time of 300 ms so each data point was composed of 30 pulses.

ZnO films were deposited onto conductive silicon wafers (p =
1-10 Q cm) with a 100 nm thick SiO, layer. Before deposition the
substrates were sonicated in acetone, rinsed, sonicated with methanol,
rinsed with ultra-pure H,0 and dried with nitrogen. The target to sub-
strate distance was either 5 cm or 10 cm. During the depositions, the
grounded substrates were heated to 150 °C and rotated to promote

Fig. 2. Time-resolved target current for ZnO target during HiPIMS with (a) different
applied target voltages at a pressure of 2.67 Paand (b) 650 V pulses at different pressures.
The pulses in both (a) and (b) were 200 ps and a ratio of O, and Ar flow rates of 0.04 was
used.

Distribution Statement A. Approved for public release; distribution unlimited.



32

film uniformity. Films were deposited in 0.40-6.67 Pa oxygen-argon
gas mixture; the O,/Ar was held at 0.04 with an argon flow rate of
25 sccm and an oxygen flow rate of 1 sccm. The HiPIMS power supply
applied 1500 V to the target with either 50 ps or 200 ps pulses at a fre-
quency of 100 Hz. The total deposition time for each sample was adjust-
ed to obtain films approximately 100 nm thick (4 10%) at all selected
deposition conditions.

A small section of the substrate was masked during deposition,
allowing for film thickness measurement by a KLA Tencor P-15 stylus
profilometer with a 2 um diameter probe tip. Parallel beam wide angle
x-ray diffraction (XRD) and rocking curve measurements of the films
were performed using a Rigaku Smartlab XRD system with a Cu
anode. Beam divergence was minimized using a 1 mm divergence slit
and a 0.5° parallel slit analyzer. Rocking curve measurements were col-
lected with the detector angle corresponding to the maximum intensity

AN. Reed et al. / Thin Solid Films 579 (2015) 30-37

of the ZnO (002) peak (26 = 34.0° to 34.6°). Film cross-sections were
imaged using a Sirion scanning electron microscope (SEM) with a
through-lens-detector, an acceleration voltage of 5.0 kV and working
distances of 4.5-7.0 mm. An FEI Nova focused ion beam (FIB) micro-
scope equipped with an Omniprobe manipulator was employed to
prepare transmission electron microscope (TEM) specimens to analyze
the cross-sectional microstructure of the films. The FIB microscope was
operated using 5 kV electron beams and 30 kV Ga™ ion beams. High-
resolution microstructures were observed using a FEI TitanTM
80-300 S/TEM, which was equipped with a Cs-corrector and was oper-
ated at 300 kV. Energy-dispersive X-ray spectroscopy and electron ener-
gy loss spectroscopy were employed for chemistry measurements in the
TEM. Surface features and roughness of the films were examined with
atomic force microscopy (AFM) in tapping mode with a scan rate of
0.5 Hz using an Asylum MFP-3D AFM with an Asylum AC160TS Si

Fig. 3. Measured ion energy distributions for (a) Ar*, (b) 0*,05 *, (c) 05, (d) Zn* and (e) ZnO™ at different total pressures with a fixed O,/Ar of 0.04. The scans had a dwell time of 300 ms

while HiPIMS supply applied 50 ps pulses at a frequency of 100 Hz to the target.

3
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cantilever. The cantilever had a resonant frequency of 300 kHz and a
nominal tip radius of 9 + 2 nm.

2. Results

The representative target currents for different applied voltages and
total pressures can be seen in Fig. 2. The current rose immediately after
pulse initiation; the peak current value and behavior during the pulse
were dependent on pressure and applied voltage. Three distinct cur-
rent-time behaviors were observed during the pulse. Low applied volt-
ages (<600 V) and low pressure (<1.33 Pa) resulted in a current that
reached its peak value and plateaued shortly after pulse initiation. The
lowest applied voltage (V = 400 V) produced weak plasma glow at
the target surface and a current of <1 mA during the pulse, reflecting
a very small ion flux to the target. Films grown in this regime had
poor crystallinity and a broad low intensity ZnO (002) diffraction
peak, suggesting that the depositing flux at the substrate had insuffi-
cient energy to promote crystallization. At intermediate voltage
(650-1000 V) and pressures >1.33 Pa the current reached its peak
value at the beginning of the pulse then decreased to a steady state
value as rarefaction [33] of the process gas adjacent to the target oc-
curred and the flux of available gas ions near the target surface reduced.
At higher voltages of >1000 V, sufficient ionization of the sputtered
atoms occurred to counteract rarefaction and the target current
increased for the entire duration of the pulse.

A subsequent rise in target current was observed at 100-300 s after
termination of the applied pulse, with the occurrence of this second cur-
rent peak being delayed with decreasing pressure. We believe that this
secondary pulse is the result of ionized target material incident on the
target [34]. The pressure dependence on time at which this pulse ap-
pears is likely determined by the mean free path of the material after
liberation from the target.

The IEDs for Ar*, 0™, 05, 02", Zn™ and ZnO™ are shown in Fig. 3.
The intensities, which are proportional to the total flux, for the gas ion
species were 2-3 orders of magnitude higher than those of the target
ions. At a pressure of 0.40 Pa, the IED for argon had a most probable
ion energy of 4 eV and a maximum ion energy of about 15 eV. Both
the flux and its rate of decay decreased with increasing pressure. The
next most abundant species comprising the flux was O3 (Fig. 3¢) with
a peak at ~3.5 eV and a higher energy tail. As with the oxygen, the
flux decreased with increased pressure. The 0*/0F * IED (Fig. 3b)
showed similar behavior though it had an order of magnitude lower in-
tensity. The [EDs for the oxygen ions extended to approximately 20 eV
compared to 15 eV for argon ions. The IED for Zn™ had a single peak cen-
tered at 3 eV and was weakly dependent on pressure in comparison to
the gas ions; little change in intensity was observed until the pressure
exceeded 4.00 Pa then the counts sharply dropped to at 5.33 Pa and
higher pressures. The Zn™ IED in Fig. 3d shows less relative metal ioni-
zation in comparison to other ionized species than typically observed in
HiPIMS for metallic targets [35-37]. This lack of Zn ionization is likely
due to the relatively lower peak currents during sputtering,
Itarget > 3.5 A for the compound target compared to values >50 A report-
ed in literature for metallic targets [38-40]. The flux of ZnO™ ions was
lower than the detectable limits of the EQP. Negative oxygen ions re-
ported during sputtering of ZnO [41-43] and HiPIMS of other oxides
[44] were not found in our study or were below the detection limit of
the instrumentation arrangements.

Fig. 4 illustrates results from wide angle XRD as a function of pres-
sure for films grown with 200 ps (Fig. 4a) and 50 ps (Fig. 4b) pulses.
Two diffraction peaks were present, ZnO (002) at 26 = 34.3° and ZnO
(101) at 26 = 36.0°. The (101) diffraction peak was two orders of mag-
nitude less intense than the (002) peak for all the films. As pressure de-
creases, the (002) wide angle diffraction peak broadens. This result is
most visible at pressures below 1.33 Pa. The broadening of the (002)
peak at 0.67 Pa was less pronounced for the 50 ps film compared to
the 200 ps. The vertical axis in Fig. 4c represents integrated intensity
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Fig. 4. Wide angle XRD for ZnO films grown with (a) 200 ps and (b) 50 ps pulses at differ-
ent Ar/O, pressures. The y-axis is plotted in log scale for clarity. Wide angle scans were
performed from 26 = 25-80°, but the x-axis is scaled to best show the region containing
the (100), (002) and (101) peaks. (c) Ratio of the area of the (101) peak to the total area of
the (101) and (002) peaks from the wide angle XRD scan plotted against pressure.

of the (101) peak divided by the sum of these for the (101) and (002)
peaks. Considering both the 50 ps and 200 ps data, no significant rela-
tionship between deposition pressure and (101) texture appearance
was observed. Reducing the substrate to target distance from 10 cm to
5 cm, decreased the fraction of (101) oriented grains, with an average
diffraction intensity ratio I¢101)/[I(101)+I(002)] of 0.004 compared to
0.047 for the films grown at 1.33 Pa.

Fig. 5 shows the rocking curve measurements for the films charac-
terized in Fig. 4. For both the 200 ps and 50 ps films the rocking curves
became broader with increased pressure. The vertical axis of Fig. 5¢
shows the full width half maximum (FWHM) of the (002) rocking
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curves. The rocking curve FWHM for all the films increased with pres-
sure. The narrowest FWHMSs occurred when the pressure was below
1.33 Pa, where FWHM appears to be most sensitive to pressure changes.

Fig. 5. Rocking curve XRD of the (002) peak for ZnO films grown with (a) 200 ps and
(b) 50 ps pulses at different Ar/O pressures. The y-axis is plotted in log scale for clarity.
(c) Full width half maximum of the (002) rocking curve peak of HiPIMS-grown ZnO
films plotted as a function of deposition pressure.

The FWHM of the 200 ps film at 0.40 Pa is only 6.58°, while the FWHM at
1.33 Pa is 9.45°. For the 50 ps pulse films the rocking curve (Fig. 5b)
narrowed from an FWHM of 10.47° at 1.33 Pa to an FWHM of 6.71° at
0.40 Pa. No significant change in the FWHM was observed by shortening
the substrate-target distance.

TEM and SEM micrographs of the cross-section of a representative
film grown at 1.33 Pa are shown in Fig. 6. Fig. 6a shows a smooth inter-
face between the ZnO film and the amorphous SiO-, layer on the sub-
strate. No amorphous ZnO layer is observed in the TEM micrograph.
The initial ZnO growth at the substrate interface appears to be small
V-shaped grains that become narrow columns after the first few tens
of nanometers, as evidenced in the SEM micrograph in Fig. 6b.

The TEM cross-section of the film grown at 0.40 Pa is shown in Fig. 7.
The yellow lines drawn in Fig. 7 highlight the lattice structures in the
TEM micrograph. The micrograph shows that the (002) crystal plane
is parallel to the substrate in all grains. The lattice parallel to the sub-
strate has a spacing of 2.607-2.610 A, slightly larger than the standard
value of 2.603 A. The diagonal lattice, corresponding to diffraction
from the (101) plane, has a spacing of 2.633 A. The (100) plane showed
diffraction line perpendicular to the substrate and has a spacing of
2.831 A, larger than the standard value of 2.814 A. The dotted white

Fig. 6. Cross-sectional (a) TEM with an insert of a close up of the ZnO-SiO, interface and
(b) SEM of a film grown at 1.33 Pa with a 200 ps pulse length. The yellow-dash line
shows the extent of the competitive growth layer and the green line and arrow represent
the degree (o) of the c-axis orientation.

5
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Fig. 7. Cross-sectional TEM of a ZnO film grown with a deposition pressure of 0.40 Pa.

lines in Fig. 7 highlight grain boundaries in the film. The grain with the
(101) lattice image is 6 nm across while the (100) grain is 17 nm.

The AFM images of the ZnO film surfaces are presented in Fig. 8 and
show that the films are all fairly smooth with RMS roughnesses <10 nm.
The films grown at pressures 1.33 Pa and higher have similar surface to-
pography and surface roughnesses of 4.6-6.1 nm. The difference in sur-
face roughness between the films is comparable to the uncertainty
caused by AFM tip dulling during scans. The surface of the film grown
at 0.40 Pa has larger grains (~25 nm diameter) intermixed with the
smaller grains and a lower surface roughness. AFM topography maps
showed that the larger grains were 10-15 nm taller than the smaller
grains. Even with the larger grains intermixed among the small grained
background, the RMS roughness of the 0.40 Pa film was lower than the
other films (RMS roughness = 1.4 nm). ZnO films grown with 50 ps
pulses exhibited similar AFM topography (not shown here) with bi-
modal grain sizes at low pressures (0.40 Pa and 0.67 Pa growth
conditions).

Fig. 8. Surface AFM images and schematic representations of grains in ZnO films grown by HiPIMS with different pressures.

6
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3. Discussion

The XRD results in Figs. 3 and 4 suggest the columns observed in the
SEM in Fig. 5 are composed of grains oriented with (002) parallel to the
substrate interface. The film microstructure at the substrate interface,
investigated with cross-sectional TEM (Fig. 6a), shows a layer of com-
petitive growth which likely contributes to the low-intensity (101) dif-
fraction in the wide angle XRD at 20 = 36°. This result is consistent with
previous work on ZnO films where polycrystalline competitive growth
regions near the substrate-film interface were also found [45,46]. This
initial layer is composed primarily of (101) and (002) orientations
while there is little to no (100) observed in the XRD patterns which
would be expected if the layer had a random orientation. Because the
competitive texture layer is located at the film-substrate interface, the
location of the depletion zone in a back-gated FET device, it could poten-
tially play an exaggerated role in controlling transistor transport prop-
erties. From analysis of the XRD data in Fig. 3¢, we infer no correlation
between deposition pressure and the extent of the competitive texture
layer growth. However, decreasing the substrate to target distance
appears to reduce the presence of the competitive layer.

The degree of alignment of the (002) orientation in the films was de-
termined mainly by the deposition pressure. The narrowest rocking
curve FWHMs were obtained for films grown with pressures below
1.33 Pa. However, the wide angle scans for these films show broadening
and shifting of the (002) peak. The (002) peak for the 0.40 and 0.67 Pa
films can be deconvoluted into two peaks, a higher intensity narrow
peak shifted to 33.8° and a lower intensity broader peak at 34.3°, consis-
tent with the observed bimodal distribution of (002) oriented grains
shown in Fig. 8. The cross-sectional TEM in Fig. 7 shows that the bimodal
distribution of grain sizes persists through the whole of the film to the
substrate interface.

The differences observed in the film microstructure at different de-
position pressures can be attributed to energy losses of the atomic spe-
cies at the substrate due to collisions in the plasma sheath. The thickness
of the plasma sheath at the substrate is estimated to be ~0.18 cm. This
value is obtained assuming a plasma density at the sheath edge of
~10° cm~2 and a floating potential of ~30 V. This sheath thickness is
the same order of magnitude as the estimated mean free path of the ion-
ized flux of target material to the substrate. Increasing the pressure re-
duces the mean free path and increases the probability of collisions.
Because Ar™" has a larger momentum transfer cross-section than the ox-
ygen ions, Ar" is expected to experience a greater number of energy re-
ducing collisions. This is supported by the IEDs in Fig. 3, where the Ar™
IED terminates at lower energies than the O, 05, and 0?>* IEDs. At
pressures greater than 1.33 Pa, O™ ions experience multiple collisions
before reaching the substrate but still can arrive with enough energy
to enhance the surface mobility but with minimal damage to the grow-
ing crystals. At this pressure, the ZnO films were dense with a smooth
(002) textured surface and about 6 nm RMS roughness. By shortening
the distance between the substrate and target, the plasma density is in-
creased. This decreases the sheath width reducing the number of colli-
sions resulting in higher energy of the ionized flux at the substrate
and increasing the surface mobility of the adatoms on the substrate.
These conditions promote favorable growth of the low energy (002) ori-
entation, reducing the initial competitive layer of mixed (101) and
(002) orientations. This is expected to be beneficial for reducing charge
carrier scattering in the interfacial layer for ZnO TFT devices with back-
gated architectures.

4. Conclusions

HiPIMS growth of ZnO films in an argon-oxygen environment re-
sulted in films with predominantly (002) texture. Three microstructural
phenomena were observed by changing the deposition parameters; an
increase in the degree of (002) orientation, a bimodal size distribution
of the (002) grains and a competitive (101)/(002) mixed texture layer
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at the substrate interface. Deposition pressure was found to have the
strongest effect on the degree of (002) orientation. Lower pressures re-
sulted in a higher degree of (002) orientation, however, at pressures
below 0.93 Pa a bimodal distribution of grain sizes was observed, and
optimum pressure of 1.33 Pa was found to provide dense and smooth
films with (002) texture. The magnitude of the initial (101)/(002) com-
petitive layer was independent of pressure, and is significantly dimin-
ished by reducing the substrate-to-target distance. These differences
in microstructure can be attributed to the collisional energy exchanges
of ion fluxes prior to arrival at the substrate, which attenuates the ener-
gy distributions of the ionized energetic species. This study helped dem-
onstrate a low temperature growth of highly (002) textured, smooth,
and dense ZnO films when using high energy ion fluxes from the HiPIMS
process.
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