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Ultrafast UV Luminescence of ZnO Films: Sub-30 ps Decay
Time with Suppressed Visible Component
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Ultrafast sub-100 picosecond luminescence is vital in many applications
involving ultrafast events and time-of-flight systems. Materials exhibiting fast
luminescence, such as barium fluoride (BaF,) and zinc oxide (ZnO), also
suffer from an intrinsically slow nanosecond (ns) to microsecond (us)
luminescence. Here, 2.2 micrometer (um)- to 5.7 pm-thick undoped ZnO
films on soda-lime glass (SLG) substrates without a buffer layer by a hybrid
pulsed reactive magnetron sputtering operating in the medium-frequency
range (MF magnetron) assisted by an electron cyclotron wave resonance
(ECWR) plasma is deposited. The undoped ZnO films exhibited superior
optical properties characterized by intense ultraviolet (UV) luminescence,
unprecedented ultrafast decay times, and for the case of
MF+ECWR-deposited films, suppressed defect-related visible luminescence.
The 2.2 pm-thick MF-deposited film exhibited the fastest 9-ps decay time at
room temperature. The impressive properties of the films are attributed to the
use of advanced deposition technology with properly tuned plasma
parameters, especially a high degree of dissociation of molecular oxygen
together with an increased proportion of activated zinc particles, leading to a
higher deposition rate, better crystallinity, fewer defects, and a lower
proportion of oxygen vacancies. These films will pave the way toward the
development of time-of-flight detectors, high-resolution nuclear imaging
cameras, and high-rate ultrafast timing devices.

high-resolution imaging, and particle dis-
crimination using ionizing radiation such
as high-energy photons, gamma rays, x-
rays, neutrons and charged particles. Scin-
tillators absorb the radiation and subse-
quently emit photons (called luminescence)
in the ultraviolet or visible wavelength re-
gion, thereby converting the otherwise in-
accessible radiation into light that can be
detected by photodetectors. As such, scin-
tillators play a crucial role as the intermedi-
ary material in radiation detectors. In many
applications, fast picosecond (ps) lumines-
cence decay time is sought after. Time-of-
flight (TOF) detectors, TOF-positron emis-
sion tomography (TOF-PET), and nuclear
fusion research, rely on the scintillator’s
fast decay time to discriminate different
types of radiation that exist simultaneously.
High-resolution nuclear imaging cameras
and high-rate ultrafast timing devices also
require scintillators with ps decay times.[!]
Along with fast decay time, high light yield
is needed for ease of detecting the lumines-
cence signal. However, scintillator materi-
als are limited to one feature or the other
because of the trade-off between decay time
and light yield. The problem of detecting

1. Introduction

Ultrafast luminescence from scintillator materials is sought
after due to the rapidly increasing demands in ultrafast timing,

the weak luminescence from a scintillator with low light yield
can be solved by using multiple detector arrays.’) However,
the demand of ultrafast applications for less than 100 ps time
resolutions,>*! largely influenced by the luminescence decay
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time, has posed an all-important fundamental problem that is
more difficult to solve. The luminescence from a scintillator orig-
inates from the energy-level transitions of excited electrons.l®!
Therefore, it requires ultrafast processes within the material that
result in ps luminescence decay times and detectable light yields.
Rare earth-doped materials are the most popular luminescence
emitters and scintillator materials. However, even for parity-
allowed transitions coupled with energy-transfer and concentra-
tion quenching mechanisms, the fastest decay time achieved by
rare earth-doped materials is only a few nanoseconds (ns),[*® not
to mention the presence of persistent luminescence.®l The core-
to-valence band luminescence of barium fluoride (BaF,) typically
exhibits a 600-ps decay time, with further reduction to 94 ps being
achieved using various means.[1%12] BaF, is therefore among the
most widely used scintillator materials. However, an intrinsically
present 400-ns self-trapped exciton luminescence limits the over-
all decay time, and its 190 nm vacuum UV core-to-valence band
luminescence wavelength is difficult to measure as it requires
a specialized photodetector operating in vacuum. Zinc oxide
(ZnO) exhibits ps excitonic UV luminescence with a wavelength
~380 nm. As such, ZnO has been investigated as a scintillator
material. Upon excitation, the promotion of an electron from the
valence band to the conduction band is quickly followed by the
formation of free excitons within a few ps.!'3] Annihilation of the
free exciton via the radiative recombination of the loosely bound
electron and hole pair results in the observed UV luminescence.
Decay times in the range of 440-900 ps at room temperature
is typical for a bulk ZnO crystal**""] although a 190-ps decay
time was also reported for x-ray imaging applications.*®! Further
reduction in decay time up to 74 and 15 ps was achieved by inten-
tionally doping a ZnO crystal with iron and indium, respectively,
butat the expense of unwanted decrease in light intensity.['®) Film
counterparts of bulk luminescent materials are being developed
to take advantage of the micro-columnar structure and nanopar-
ticle grain size of films, allowing high spatial resolutions and
faster decay times to be achieved.[1*?% A decay time of 200 ps was
reported from epitaxial films fabricated on a sapphire substrate
by a plasma enhanced molecular beam epitaxy (MBE) method!2!!
and 500 ps by pulsed laser deposition (PLD).[?2 The fastest decay
time reported from undoped ZnO films deposited by plasma
deposition techniques is ~74 ps, which is from films deposited
on c-plane sapphire by radio frequency (RF)-magnetron sput-
tering in an argon and oxygen Ar+O, ambient atmosphere.[**]
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ZnO films are relatively economical to fabricate, and therefore
it is used widely in industry. However, to have a decent UV
luminescence intensity, ZnO films are typically fabricated on
more expensive sapphire substrates or on a ZnO buffer layer
to minimize strain from lattice mismatch.**! For high-energy
scintillator applications such as x-ray detection and imaging, the
thickness of the film should be in the range of several pm to
tens of um to accommodate large penetration depths.[] Such
a requirement is time- and cost-prohibitive for standard thin
film deposition technologies. Hence, almost all the literature on
ZnO films investigated layers with nm thicknesses whereas pm-
thick layers exhibited deleterious defects.?®] Also, an important
consideration for ZnO is the broad luminescence in the visible
wavelength region that is notoriously present due to defect
states. This broad luminescence has a slow ps decay timel?728
that is undesirable for ultrafast applications. For decades, strate-
gies for suppressing this visible luminescence focused on the
introduction of dopants, mostly accomplished in films grown by
either the MBE or PLD techniques.[?”! When introduced in the
form of oxides, these dopants reduce oxygen vacancies that are
partly responsible for the visible luminescence, especially the
green luminescence. In this work, the defect states-related visible
luminescence is suppressed in undoped pm-thick ZnO films
deposited on soda lime glass (SLG) substrates without a buffer
layer by using pulsed reactive magnetron sputtering operating
in the medium-frequency range (MF magnetron) assisted by an
electron cyclotron wave resonance (ECWR) plasma (MF+ECWR
magnetron). Characterization of the optical properties of the
ZnO films reveal superior optical properties characterized by
intense ultraviolet (UV) luminescence, unprecedented ultrafast
decay times, and for the case of MF+ECWR-deposited films,
suppressed defect-related visible luminescence.

2. Results and Discussion

The schematic diagram of the MF+ECWR deposition system
used in this work is shown in Figure 1a. The magnetron is con-
nected to a bipolar pulse power supply operating at the medium
frequency of 40 kHz. The MF magnetron is further supple-
mented by a water-cooled single-turn RF electrode inserted be-
tween the zinc target and the rotating substrate holder (see RF-
ECWR electrode in Figure 1a) and by a Helmholtz coil located
outside the chamber. The coil provides a static uniform magnetic
field, chosen to be 1.7 mT oriented perpendicular to the direc-
tion of deposition, to bring the system into ECWR resonance.*%!
Figure 1b shows a photograph of the burning discharge in
MF+ECWR mode (left picture) and of the pure ECWR plasma
when the magnetron is turned off (right picture). Among vari-
ous thin film deposition techniques, MBE, metalorganic chem-
ical vapor deposition (MOCVD), and physical vapor deposition
(PVD) such as DC or RF magnetron sputtering are routinely
used to produce high-quality ZnO films with RF magnetron sput-
tering having the advantage of process simplicity and low tem-
perature deposition;[?23] The advantage of ECWR-plasma PVD
is the significantly increased degree of plasma ionization that
allows the working pressure to be reduced below 0.05 Pa dur-
ing deposition.*!l Low pressure is a prerequisite for the suc-
cessful preparation of high-quality, high-purity semiconductor
layers.[3233]
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Figure 1. Design of the MF+ECWR deposition system. a) Schematic diagram of the vacuum chamber with the MF magnetron, RF-ECWR electrode and
external Helmholtz coil used for the deposition of ZnO films. b) photograph of the burning discharge in the case of MF+ECWR (left) and pure ECWR
(right), as viewed from the position of the substrate (i.e., from below). The photograph captures the typical violet argon plasma, the inner shell of the

RF electrode and the magnetron zinc target, which is illuminated in the case of MF+ ECWR.

The grazing incidence x-ray diffractometry (GIXRD) spectra
of representative films deposited by MF and MF+ECWR mag-
netron sputtering (Figure 2a) were all crystalline and exhibited
diffraction peaks that can be indexed to the wurtzite structure
of ZnO with a and c lattice parameters of 0.326 and 0.522 nm,
respectively, and a preferred orientation in the (002) plane. For
films of similar thickness, the films deposited by MF+ECWR
have better crystallinity and bigger crystallite sizes compared to
the films deposited by MF alone (Figure 2a). The difference in the
crystallinity and crystallite size of the MF+ECWR and its coun-
terpart MF film can be influenced by the difference in their thick-
nesses as the 2.2 um thickness of the MF-deposited film is 73% of
the 3.0 um thickness of the MF+ECWR deposited film, and the
4.7 um thickness of the MF deposited film is 82% of the 5.7 ym
thickness of the MF+ECWR deposited film. Differences between
the characteristics of the MF- and MF+ECWR-deposited films

Adv. Optical Mater. 2024, 12, 2400377 2400377 (3 of 12)

will be more evident when their Raman, photoluminescence and
cathodoluminescence spectra will be compared. The crystallite
size was determined using the Scherrer formula,

D= 0.891
Bcos O

1)

where A is the 0.154 nm x-ray wavelength used during GIXRD
measurement, 6 is the diffraction angle of the peaks, and B s the
full width at half maximum (FWHM) of the peaks. The degree
of crystallinity quantified by the crystallinity index (CI) was de-
termined from the ratio of the integrals of the crystalline phase
contributions and the entire x-ray diffractogram that contains the
combined crystalline and amorphous phase contributions. The
crystalline phase contributions were determined by evaluating
the area under the diffraction peaks. On the other hand, the

© 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85UB017 SUOWIWIOD BA 11810 3|qeot ddke aup Aq peusenob ke Sajolie YO 8SN JO S8|nJ J0j ARIq1T8UIUO A8]IAN UO (SUOPUO-PUR-SLUIBY/LIOY A8 | 1M Afe.d 1jBu[UO//:Scy) SUONIPUOD PUe SWwie | 8u) 89S *[¢Z02/80/.0] Uo ARiqiTauliuo Ae|im ‘ARiqil AiseAlun AesselN Aq 22007202 WOpe/Z00T 0T/I0p/L0d A8 | im Afe.d1jpul|uoy/sdny Wwolj pepeo|umod ‘Tz ‘¥20Z ‘TL0TS6TZ


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED AL

SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advopticalmat.de
(a) 95
T T T 1 T I T T T
E e = 91.2
(002) —— MF+ECWR (5.7 um) g g s
I —— MF+ECWR (30pm) | £ 869
- BAF (47 ptit) £” MF+ECWR (5.7 um)
2 | = . 7 um
=l —— MF (2.2 um) | £ w 785 ® MF (4.7 um)
5 5 . o MF+ECWR (3.0 um)
o f » MF (2.2 um)
s | i 75
z (103)
® b . 32
= s |Is (102) _ ® MF+ECWR (5.7 um)
£ [ = (110) (112) 7 E 30 | eMF 4.7 um)
LA e A S | e MF+ECWR (3.0 um) o
N 29.6
LA \A__ A A B 2 [ o MF(22um) -
h A “ £=; ” . 27.7
__AJLI\ A A A] &, o 255
Paewelopnvaloyrw e Bowael cwryloywey Ty eyl ey pel 247
30 35 40 45 50 55 60 65 70 o

(b)

Zone axis(122)

(20-1)

2_

protective layer

-

Figure 2. Morphological and structural analysis. a) GIXRD spectra of ZnO films deposited by MF with thicknesses of 2.2 ym (MF 2.2 pm), and 4.7 pm
(MF 4.7 um) and by MF+ECWR with thicknesses of 3.0 pm (MF+ECWR 3.0 um), and 5.7 um (MF+ECWR 5.7 um). b) TEM diffraction patterns at different
distances from the substrate. The surface orientation of the TEM electron diffraction images were analyzed using The International Centre for Diffraction
Data — ICDD databases.[**] ¢) SEM images showing the surface morphology of ZnO films deposited by MF and MF+ECWR. The magnification of the
SEM images is 10.4 kx. d) Raman spectra of the ZnO films deposited by MF and MF+ECWR, showing the typical ZnO normal modes at 99, 334, and
439 cm~! (black fonts) and peaks associated with defects in the ZnO crystal at 277, 512, and 582 cm~" (red fonts) that are present only in the films
deposited by MF. e) Peak separation of the Raman spectrum using the positions of the known individual ZnO phonons. The peaks identified by white
fonts in the graph are associated with normal modes of ZnO while the red fonts are associated with defects in the ZnO crystal and individual bonds.[36-38]
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Figure 2. Continued

combined crystalline and amorphous contributions were
determined by evaluating the area under the entire x-ray
diffractogram.l**3°1 The CI of the thinner film deposited by
MF+ECWR (sample MF+ECWR 3.0 pym) is 86.9%, which is
~10% Dbetter compared to its counterpart film deposited by MF
(sample MF 2.2 pm) with a CI of 78.5%. The thicker films exhib-
ited improved crystallinity and bigger crystallite sizes compared
to the thinner films. The TEM diffraction pattern (Figure 2b)
obtained from the cross-section of the thickest MF+ECWR
5.7 um sample milled using a focused ion beam and at different
distances from the substrate confirms the improvement in
crystallinity as the thickness increases. The TEM diffraction
pattern from the substrate (position labelled as substrate) clearly
shows that the SLG substrate is amorphous. At position 1 where
the deposited ZnO film is thin (%600 nm thickness), the TEM
diffraction pattern shows that it is polycrystalline characterized
by a diffraction pattern of concentric rings in the zero order Laue
zone. The rings within the diffraction pattern break and discrete
reflections are observed as the thickness of the film increases
(position 2 and position 3), indicating an increase in the crys-
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tallite size and the improvement in the crystallinity. The SEM
images (Figure 2c) show that the films deposited by MF+ECWR
are more porous and consist of oxide clusters while the films de-
posited by MF appear to be flat. This could be due to two reasons.
First, the deposition rate for ZnO layers is ~2x slower in MF
compared to the deposition rate in MF+ECWR (55 nm min~! for
MF and 133 nm/min for MF+ECWR), and therefore the atoms
on the surface are exposed to the environment for twice as long.
This gives time for the incident atoms to migrate over the surface
longer and form a less porous structure. Second, the chemical
composition of plasma in MF and MF+ECWR are different.
MF+ECWR contains far more dissociated oxygen atoms, which
have a higher tendency to chemically react and form oxygen clus-
ters on the surface of the ZnO layer. The atomic composition of
the films was also measured by EDS. The measurement compo-
sitions were the same within the measurement uncertainty. The
average oxygen content is ~54%, which is slightly higher than the
average zinc content of ~46%. Figure 2d shows the Raman spec-
tra of the films. In all the MF- and MF+ECWR-deposited films,
the peaks at 99, 334, and 439 cm™! (identified by black fonts in
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the graph) are typical ZnO normal modes assigned to E, (Low),
E, (High)-E,(Low), and E, (High) modes, respectively.**”] In
the films deposited by MF only, there are additional peaks at 277
and 512 cm™! (identified by red fonts in the graph). These peaks
are associated with defects in the ZnO crystal and individual
bonds[*¢38] Peak separation was performed on the broad peak
from ~560 to 640 cm™, revealing the presence of two peaks, one
at 582 cm™ and another at 585 cm™' (see Figure 2e; Figure S1,
Supporting Information). The peak at 585 cm™! (identified by a
white font in the graph) can be assigned to the E;(LO) mode of
ZnOP7 while the peak at 582 cm™! (identified by a red font in the
graph) is defect-related.3638] The separated peaks and intensity
profiles in Figure 2e and Figure S1 (Supporting Information)
show that for all the samples, the E,(LO) normal mode of ZnO
at 585 cm™! is most intense in the MF+ECWR-deposited films,
while the defect-related peak at 582 cm™ is most intense in the
MF-deposited films. By performing peak separation on the entire
Raman spectrum as shown in Figure 2e, it can be concluded
that the increase in the intensity of the broad peak containing
both the 582 cm™ defect mode and 585 cm™! normal mode is
mainly due to the increase in the intensity of the defect-related
582 cm~! mode. This indicates, together with the defect related
peaks 277 and 512 cm™1, that bond failures are mainly associated
with ZnO layers prepared by MF magnetron without ECWR
and the MF-deposited films contain more defects compared to
the MF+ECWR-deposited films. Both the GIXRD and Raman
spectra confirmed that all four samples presented in this work
are crystalline and have the same crystal structure regardless of
the deposition conditions used during their deposition. Neither
a shift in the position of the individual peaks in the XRD spectra
nor a shift in the position of the phonon lines in the Raman
spectra was observed, which indicates that there is neither a
change in the dimensions nor a significant stress in the crystal
lattice of the individual layers.

The photoluminescence (PL) spectra of the ZnO films excited
by 290-nm fs laser pulses exhibited a UV luminescence peak
centered ~382 + 0.1 nm, with no significant shift in the peak
wavelength (Figure 3a). Since this UV peak is located near the
fundamental absorption edge and is highly correlated with the
bandgap of the films (Figure 3a; Figure S2, Supporting Infor-
mation) and the 60 meV free exciton binding energy,***!] it is
also referred to as near-band-edge (NBE) luminescence. The UV
luminescence from the films deposited by MF+ECWR are sig-
nificantly more intense compared to the films deposited by MF.
The absolute PL quantum yield of the UV luminescence mea-
sured using a xenon lamp is 0.23% for MF+ECWR 5.7 ym, 0.20%
for MF+ECWR 3.0 um, 0.18% for MF 5.7 ym and 0.12% for MF
2.2 ym. The more intense luminescence is attributed to collabora-
tive contributions of better crystallinity*?] (Figure 2a), improved
transparency and lower self-absorption (Figure S2, Supporting
Information) of the 382 nm PL emission for the MF+ECWR-
deposited films compared to the MF-deposited films, particularly
when comparing films with similar thicknesses. Self-absorption
is the absorption of radiation by an object which it has itself emit-
ted. In the case of the ZnO films, self-absorption pertains to the
absorption of the 382-nm UV emission by the ZnO film itself. A
higher absorption coefficient at 382 nm would mean that more
of the 382-nm UV emission will be absorbed by the film, lead-
ing to a decrease in the emission intensity. Figure S2b (Support-
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ing Information) clearly shows that the MF+ECWR (5.7 pm) film
has the lowest absorption coefficient at 380 nm and therefore
it exhibits the lowest self-absorption. The broad luminescence
in the visible wavelength region, known to originate from de-
fects (vacancies, interstitials, and their complexes) serving as lu-
minescence centers, is more intense in the films deposited by
MF (Figure 3b). The PL emission from the film deposited by
MEF is visibly red (Figure 3c). The smaller ratio of the visible to
UV luminescence in the MF+ECWR-deposited films (Figure 3d)
clearly indicate that combining MF with ECWR quenches the
defect-related visible luminescence together with increasing the
UV luminescence intensity, such that the films have similar in-
tensity ratios to a bulk ZnO crystal with the same thickness as
the MF+ECWR films. To verify this and to ascertain the type of
defects in the films, the thickest MF and MF+ECWR films were
cut to expose their cross-sections and polished by a cross section
polisher (Figure S3, Supporting Information). The films were
then excited cross-sectionally near the surface by a 5 keV electron
beam. Exciting near the surface will probe the films at the sim-
ilar depth excited by the 290-nm fs laser pulses. The irradiated
area is 600 nm x 600 nm. The cathodoluminescence (CL) spec-
tra (Figure 3e) confirms that the film deposited by MF+ECWR is
characterized by an intense UV luminescence and a suppressed
visible luminescence. Owing to the high energy of the electrons
exciting the films in CL, multiple excitation paths are available
and this results to different relaxation pathways that allows bet-
ter access to the different defect-related states. Consequently, the
CL spectra show higher visible luminescence compared to the PL
spectra. Therefore, the CL spectra was used to evaluate and elu-
cidate the origin of the visible luminescence. Deconvolving the
CL spectra of the MF-deposited film using Gaussian functions
reveals the presence of nine Gaussian curves representing con-
stituent luminescence peaks (Figure S4 and Table S1, Support-
ing Information). The UV luminescence consists of a 369-nm
(3.36 eV) NBE luminescence peak and a 376-nm (3.30 eV) exci-
tonic luminescence peak. The excitonic and NBE luminescence
peaks of the MF+ECWR-deposited films are narrower compared
to those of the MF-deposited film (Table S1, Supporting Infor-
mation). The MF-deposited films exhibited a larger area for all
defect-related luminescence peaks. The MF+ECWR film clearly
shows less intense defect-related luminescence, especially in the
visible wavelength region where it is suppressed (Figure 3f and
Table S1, Supporting Information). The peaks at 394, 420, 453,
496, 568, 620, and 670 nm originate from transitions involving
zinc interstitials (Zn;), oxygen interstitials (O,), neutral oxygen
vacancy (V,), doubly ionized oxygen vacancy (V*), and excess
oxygen involving Zn vacancy complexes (V) (Figure 3g). The
assignment of these peaks to the associated transitions involving
the defect states is consistent with previous reports.*>+]

The time-resolved spectra of the 380-nm UV PL peak ob-
tained from streak camera images show luminescence profiles
that exhibit a double exponential behavior with two decay compo-
nents and feature ultrafast ps decay times, ranging from ~27 ps
(MF+ECWR) to as fast as 9 ps (MF) (Figure 4a—j). The UV PL
from films deposited by MF is two to three times faster than
those of the films deposited by MF+ECWR. We previously pro-
posed that the two decay components in ZnO UV luminescence
is related to crystal imperfections, where the fast decay compo-
nent originates from regions with a high density of defects or
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Figure 3. Probing the UV and visible luminescence in MF and MF+ECWR films. a) UV PL emission with peaks at 382.5 nm (3.241 eV) for MF 2.2 um,
382.0 nm (3.246 eV) for both MF 4.7 pm and MF+ECWR 3.0 um, and 381.5 nm (3.250 eV) for MF+ECWR 5.7 um. All wavelength measurements have
an uncertainty of +£0.1 nm. b) Visible PL emission. c) Photograph of MF- and MF+ECWR-deposited films excited by 290-nm fs laser pulses. d) Ratio of
the visible to UV luminescence. A smaller number indicates lower visible luminescence intensity and/or higher UV luminescence intensity. e) CL spectra
of the thickest MF and MF+ECWR films (MF 4.7 ym and MF+ECWR 5.7 um samples) excited just below the surface of the films by a 5 keV electron
beam. The peak ~750 nm is the second order of the dominant UV luminescence peak. f) Comparison of the defect-related luminescence in MF and
MF+ECWR films. The area is defined by the intensity and the full-width-at-half-maximum (FWHM) of the luminescence peak from Table S1 (Supporting
Information). g) Energy level diagram showing transitions giving rise to the NBE luminescence peak (369 nm), excitonic luminescence (376 nm), and
defect-related luminescence peaks.
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Figure 4. Ultrafast decay times from MF and MF+ECWR films. a), c), g), ), i), Streak camera images and b), d), f), h), j), Temporal profiles of the UV
luminescence from a bulk ZnO crystal and thin films deposited by MF and MF+ECWR. The signal ~435 nm is the residual second harmonic of the

fundamental (870 nm) pulse of the Ti:sapphire laser.
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impurities while the slow decay component is from regions with
better crystallinity.[*®] Non-radiative electron-hole recombination
processes through impurities and defects are much faster com-
pared to direct electron-hole radiative recombination. Therefore,
the double exponential decay time of the UV PL peak can be ana-
lyzed in terms of electron-hole recombination through impurity
and/or defect levels. If there is a high concentration of impu-
rities and defects, then non-radiative recombination increases,
and the decay time becomes faster. The greater number of Zn,
in the MF-deposited films resulting to the more intense 394-nm
defect-related component of the UV luminescence obtained from
the deconvolution of the UV CL peak (see peak number 3 in
Figure S4, Supporting Information) increases the depopulation
rate of excited electrons and decreases the lifetime of the free exci-
ton, leading to a faster luminescence decay time. The streak cam-
era and spectrograph system used to measure the time-resolved
PL profiles has a temporal resolution of 10 to 15 ps.!*® Therefore,
the fast 9-ps and 12-ps decay times of the MF-deposited films
are limited by the temporal resolution of the measurement sys-
tem and possibly could be even faster. Hence, we have realized
unprecedented ultrafast decay times with intense UV and sup-
pressed visible luminescence, satisfying the less than 100 ps time
resolution requirement of ultrafast timing applications.

To understand the advantages of using the ECWR plasma in
combination with MF magnetron sputtering, and hence eluci-
date the observed superior quality of the deposited ZnO films,
we measured the plasma parameters directly during deposition
of ZnO films using a modified RF probe,*! capable of working
in a highly reactive Ar+0, plasma and using optical emission
spectroscopy (OES). We recorded and evaluated 3 sets of emis-
sion spectra and 3 sets of RF probe characteristics under different
deposition conditions: i) pure MF, ii) MF+ECWR, and iii) ECWR
alone without the MF magnetron discharge (Table S2, Figures S5
and S6, Supporting Information). Measurements of the plasma
parameters using the RF probe reveal that the electron tempera-
ture (T,) in the MF plasma is higher and has a different distribu-
tion function compared to the T, in the ECWR and MF+ECWR
plasma. The T, measured in the pure ECWR and MF+ECWR
plasmas are 2.6 and 3.9 eV, respectively while the pure MF plasma
has two different groups of electrons: the cold group with T, of
3.2 eV and the hot group with T, of 27 eV, resulting to a higher
effective T,. The RF probe measurements also reveal that the ion
density in the MF+ECWR plasma is almost two times higher
compared to the ion density in the MF plasma (8.4 x 10* m™
vs 4.9 X 10'° m~3). These two findings have a significant impact
on the dissociation, excitation, and ionization processes in the
plasma. The relatively dense but “cold” ECWR plasma will sig-
nificantly contribute to the dissociation of oxygen (O,) molecules
(the bond-dissociation energy of O, molecules is 5.15 eV) and to
the excitation and ionization of Zn atoms (the ionization energy
of Zn atoms is 9.39 eV). However, the effect of ECWR on the
ionization of argon atoms (Ar) and excitation of argon ions (Ar)
will be significantly smaller, because the ionization energy of Ar
is 15.76 eV. These are confirmed by the optical emission spec-
tra (Figure 5). There is a strong increase in the intensity of all
Zn lines (both neutrals and ions), which is more obviously seen
from the spectra in Figure 5a,b, because of the excitation and ion-
ization of Zn atoms being enhanced inside the ECWR plasma.
The intensity of the emission lines of Ar neutrals also increased
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(Figure 5b), but the Ar* lines remained practically the same in
both the MF and MF+ECWR plasmas. The significant contribu-
tion of ECWR to the dissociation of O, molecules is confirmed by
the oxygen triplet at 777 nm consisting of the three closely-spaced
lines 777.19, 777.42, and 777.54 nm lines (Figure 5c), whereby
the intensities of all neutral oxygen lines in the ECWR plasma are
more than three times higher than in the pure MF plasma despite
the flow rate of O, gas being kept constant for all the experiments.
This is a very important finding because atomic oxygen is a very
reactive chemical species that behaves as a free radical. Therefore,
this atom does not exist naturally for even a short period of time,
and it tends to react immediately with other chemical elements
or compounds. A high degree of dissociation of molecular oxy-
gen together with an increased proportion of activated zinc par-
ticles contributes not only to a higher deposition rate of ZnO in
the MF+ECWR magnetron, but especially to better crystallinity,
fewer defects, and a lower proportion of oxygen vacancies. We
have described a similar influence on the effectiveness of reactive
sputtering for TiO, films, where we used a surfatron discharge as
an additional plasma source for the dissociation and activation of
oxygen species.l®! In that work, oxygen plasma pre-dissociation
led to better reactivity of oxygen particles with the metal precur-
sor, more accurate stoichiometry of the resulting TiO, films and
better crystallinity.

The above results demonstrate that medium-frequency mag-
netron assisted by an electron cyclotron wave resonance plasma
is a very advanced deposition technology capable of producing
extremely high-quality ZnO layers with extraordinary properties.
With optimally set plasma parameters that fit well into a rela-
tively narrow process window, we were able to deposit um-thick
ZnO layers with impressive optical properties on inexpensive
glass substrates. These optical properties were achieved with-
out using expensive sapphire substrates or a ZnO buffer layer
and even without dopant ions. The films exhibited good crys-
tallinity and transparency especially in the UV wavelength re-
gion. We have realized intense UV luminescence with record
fast decay times. More importantly, we have suppressed the un-
wanted defect-related visible luminescence. These collectively
satisfy the requirements for ultrafast timing applications while
eliminating the need for filters to screen out the slow visible lu-
minescence. The ability of MF+ECWR to quench the visible lu-
minescence can be capitalized further to achieve purely UV lu-
minescence with even faster decay times, for instance by doping
the films with gallium, iron, or indium.

3. Conclusion

In conclusion, 2.2- to 5.7 pm-thick undoped ZnO films were suc-
cessfully sputtered on SLG substrates without a buffer layer by
the MF and MF+ECWR plasma deposition techniques. Although
the films were all crystalline with a wurtzite structure, the films
deposited by MF+ECWR have better crystallinity and bigger crys-
tallite sizes compared to the films deposited by MF alone. In
terms of surface morphology, the MF+ECWR-deposited films are
more porous consisting of oxide clusters. This could be due to
the faster deposition rate of MF+ECWR and the higher concen-
tration of dissociated oxygen atoms during MF+ECWR deposi-
tion. The near-band-edge UV photoluminescence and cathodo-
luminescence emission from the films deposited by MF+ECWR
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Figure 5. Optical emission spectra aids understanding of excellent properties of films. Optical emission spectra in the wavelength range of a) 450—
466 nm, b) 582-598 nm, and c) 768-784 nm taken during the deposition of the ZnO films under MF (red line), ECWR (green line) and MF+ECWR (black
line) conditions. These are selected wavelength intervals of the emission spectrum with clearly visible strong lines of individual particles: Ar, Art, Zn,
Zn*, O and O*. The intensities in all 3 spectra are normalized with respect to the intensity of the strongest line in the given interval.

are significantly more intense compared to the films deposited by
ME. The more intense luminescence is attributed to collaborative
contributions of better crystallinity, improved transparency, and
lower self-absorption of the 382 nm luminescence emission for
the MF+ECWR-deposited films compared to the MF-deposited
films. On the other hand, the broad luminescence in the visible
wavelength region, known to originate from defects (vacancies,
interstitials, and their complexes) serving as luminescence cen-
ters, is more intense in the films deposited by MF. Raman spec-
troscopy confirmed that the MF-deposited films have a higher
concentration of defects, compared to the MF+ECWR-deposited
films. The time-resolved spectra of the UV luminescence ob-
tained from streak camera images show luminescence profiles
that feature ultrafast ps decay times, ranging from ~27 ps for
MF+ECWR-deposited films to as fast as 9 ps for MF-deposited
films. Optical emission spectroscopy revealed that the high de-
gree of dissociation of molecular oxygen together with an in-
creased proportion of activated zinc particles contributes not only
to a higher deposition rate of ZnO in the MF+ECWR magnetron,
but especially to better crystallinity, fewer defects, and a lower
proportion of oxygen vacancies, eventually leading to the supe-
rior UV luminescence of the MF+ECWR-deposited films. The
intense UV luminescence together with the suppressed defect-
related visible luminescence and ultrafast decay times paves the
way for the progress in ultrafast timing for the development of
time-of-flight detectors, high-resolution nuclear imaging cam-
eras, and high-rate ultrafast timing devices.
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4. Experimental Section

Deposition of ZnO Films by MF and MF+ECWR Magnetron:  All deposi-
tion experiments were conducted in an ultra-high vacuum (UHV) stainless
steel chamber with total volume of 30 dm3 utilizing hybrid MF+ECWR de-
position system (Figure 1a). Crystalline quartz (for transmittance and ab-
sorption characterization) and soda-lime glass (SLG) were used as sub-
strates for the deposition of the ZnO films. The SLG substrates are micro-
scope slides from Menzel-Gliser, Thermo Scientific, Braunschweig, Ger-
many. The size of the SLG substrates is 20 mm x 20 mm with a thickness
of 1 mm. The chamber was continuously pumped by a turbo-molecular
pump with a nominal pumping speed of 300 I/s (Turbovac MAG W300)
and a rotary vane pump with a pumping speed of 25 m* h=1. Before de-
position, the chamber was pumped to a p, = 1 x 10™* Pa base pressure
and during all deposition experiments, the chamber was kept at a con-
stant 0.29 Pa pressure. Argon and oxygen gas flows were introduced into
the chamber through the gas flow controllers. Their flow rates were held
constant at Q, = 15 sccm and Qg, = 10 sccm for all the deposition con-
ditions. The substrate was fixed on a rotating holder, rotating at a speed
of 3 rpm, maintaining a distance of 10 cm between the target and the sub-
strate. The substrates were heated to 300 °C during deposition and were
left unannealed after deposition.

The deposition system is equipped with a 2-inch magnetron with cir-
cular planar cathodes having a 50-mm diameter. The target with a thick-
ness of 3 mm was made of pure zinc with a purity of 99.9% (Plasmate-
rial). The magnetron was connected to a bipolar pulse power supply with
a medium frequency of f= 40 kHz. The total absorbed MF power during
all experiments was Py = 300 W. Placed between the magnetrons and
the substrates is a water-cooled RF ICP coil with a 200-mm diameter. A
PECWR power of 200 W was introduced to the ICP coil, and this power
was maintained during the deposition process for the MF+ECWR films.
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Table 1. Deposition conditions used for the preparation of selected ZnO samples: deposition time, working pressure, flow rates of working gases O,
and Ar, MF power to the magnetron, power absorbed in the ECWR electrode, film thickness and corresponding deposition rate.

Sample name Time P (Pa) Qo2 Qur Pur Pecwr Thickness Dep.
(min) (sccm) (sccm) (W) (W) (nm) rate(nm/min)

MF (2.2 um) 43 0.29 10 15 300 0 2200 51

MF (4.7 um) 86 0.29 10 15 300 0 4700 55

MF+ECWR (3.0 um) 22 0.29 10 15 300 200 3000 136

MF+ECWR (5.7 um) 43 0.29 10 15 300 200 5700 133

A static homogeneous magnetic field with an induction of #1.7 mT was
introduced into the ECWR electrode region using a Helmholtz coil in or-
der to bring the system close to ECWR resonance. The current and voltage
waveforms for both MF and MF+ECWR conditions are shown in Figure S7
(Supporting Information). The total deposition time was set between 22
to 86 min based on the deposition rate and the required thickness of the
ZnO layer. A complete overview of the conditions used during deposition
is summarized in Table 1. As other deposition experiments showed, the
process window is relatively narrow, because a small deviation from the
values in Table 1 (e.g., a change in the Ar/O, ratio from 10/15 to 15/15, or
a change in PECWR by more than 30%) led to a radically lower intensity of
UV luminescence.

Characterization of ZnO Films Deposited by MF and MF+ECWR Mag-
netron: The thickness of the ZnO films were measured using cross-
sectional scanning electron microscopy (SEM) with an electron beam en-
ergy of 5 keV (Tescan FERA 3) and verified by a surface profilometer (Ten-
cor, Alpha Step 500). The surface morphology of the films was evaluated
using the same SEM with an operating voltage of 5.0 kV. Grazing inci-
dence x-ray diffractometry (GIXRD) in reflection geometry with a graz-
ing incidence angle of @ = 2.5° was used to determine the crystallinity
of the films (Empyrean x-ray diffractometer). The diffractometer used a
wavelength A of 0.154 nm (Cu Ka radiation). The measurement was per-
formed with a 260 range from 10° to 90° with a 0.01° step size. A software
package (PANanalytical HighScore Plus 4.0) was used for qualitative anal-
ysis of the diffraction patterns. A transmission electron microscope (TEM)
was used to analyze the films’ cross-sectional microstructure. For this pur-
pose, the cross-section of the film was exposed using a focused ion beam
(FIB) microscope (JEM-9320). The FIB microscope was operated using
30 kv Ga* ion beams after applying a 1 um carbon coating on the film’s
surface. Microstructures of the films’ cross-sections were observed using
an atomic resolution analytical electron microscope (JEOL JEM-ARM200F
ACCELARM) operated at 200 kV. Raman spectroscopy was performed in
the back-scattering configuration using the polarized beam of an Ar ion
laser operating at 514.5 nm wavelength (Renishaw Raman Microscope RM
1000). The total area illuminated by the laser beam was 4 um?.

The transmission spectra of the ZnO films were obtained using a UV—
vis-NIR spectrophotometer (HITACHI U-4100). The PL emission spectra
and decay time of the ZnO films were obtained by exciting the films with
the 290-nm emission (third harmonic) of a mode-locked Ti:sapphire laser
operating at the fundamental wavelength of 870 nm (Tsunami Oscillator
and Spitfire Regenerative Amplifier, Spectra Physics). The laser pulses have
a 100-fs pulse duration, 20-m) pulse energy, and 1 kHz repetition rate.
To measure the spectra and intensity of PL, the emission from the film
was collected and focused onto a fiber spectrometer (StellarNet UV) with
a 1200 g mm™! grating efficiency from 200 to 600 nm. To measure the
decay time of PL, the emission from the film was collected and focused
using a quartz lens onto the entrance slit of a spectrograph. The spectro-
graph has a focal length of 25 cm and a groove density of 600 gr mm~". It
was coupled to a streak camera unit (HAMAMATSU C1587) and a CCD
camera. The absolute quantum yield of the UV PL was measured us-
ing a UV-NIR absolute PL quantum yield spectrometer (Quanturus-QY
PlusC13534-11, Hamamatsu Photonics K.K) equipped with a 150-W xenon
light source providing excitation in the 250 — 850 nm wavelength range
and a BT-CCD linear image sensor with a measurement wavelength range
from 200 to 950 nm. Cathodoluminescence (CL) spectra and SEM images
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of the CL cross-sections were measured using a JEOL JSM-7800F Schot-
tky Field Emission Scanning Electron Microscope equipped with a CL de-
tector (Gatan MonoCL4Elite). The accelerating voltage was 5 kV. For this
purpose, the cross-sections were polished using a cross-section polisher
(JEOL IB19520CCP). The cross-section polisher was operated using 8 keV
Ar ion beams. All measurements were taken at room temperature.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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