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Growth and photoluminescence properties of inclined
ZnO and ZnCoO thin films on SrTiO3(110) substrates*
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ZnO thin film growth prefers different orientations on the etched and unetched SrTiO3(STO)(110) substrates.
Inclined ZnO and cobalt-doped ZnO (ZnCoO) thin films are grown on unetched STO(110) substrates using oxygen

plasma assisted molecular beam epitaxy, with the c-axis 42° inclined from the normal STO(110) surface. The growth
geometries are ZnCoO[100]//STO[110] and ZnCoO[111]//STO[001]. The low temperature photoluminescence spectra
of the inclined ZnO and ZnCoO films are dominated by D?X emissions associated with A°X emissions, and the charac-

teristic emissions for the 2E(2G)—*A3(*F) transition of Co?T dopants and the relevant phonon-participated emissions

are observed in the ZnCoO film, indicating the incorporation of Co?* ions at the lattice positions of the Zn2* ions.

The c-axis inclined ZnCoO film shows ferromagnetic properties at room temperature.
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1. Introduction

As a wide bandgap oxide semiconductor, ZnO has
a wide range of applications in gas sensors, ! transpar-
ent coatings for solar cells,[?! and acoustic devices.!?!
Recently, ZnO has attracted considerable attention in
ultraviolet light emitting devices,[*~% and ZnO-based
spintronic devices.!”8! In general, wurtzite structural
Zn0O shows a c-plane preferred growth because of its
small surface energy compared with that of other crys-
tal planes. However, the electrostatic field along the ¢
axis from the spontaneous polarization and the piezo-
electric polarization will cause a decrease in the in-
ner quantum efficiency of the emitting device.[>1 So
much effort[!:12] has been devoted to nonpolar ZnO
film growth, such as ZnO(110) and (100), to avoid the
effects of the built-in electric field along the ¢ axis.

Other than polar and nonpolar ZnO films, in-
clined ZnO films, with the c-axis tilted against the
normal surface by an o (0° < o < 90°) angle,
have also been studied due to possible applications in
piezoelectric shear wave transducers and anisotropic
property studies.'3~1% To obtain inclined ZnO films,
tilted Si wafers and miscut SrTiOsz (STO) substrates
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7,14] and

are used for the DC magnetron sputtering!
pulsed laser deposition,['¥ respectively. On the other
hand, STO is an excellent perovskite substrate for
functional oxide electronics, and a representative per-
ovskite material.l'0l The integration of ZnO and STO
may open the way to fabricating wurtzite/perovskite
multistructure devices and providing novel functional
devices. Some efforts have been made to grow ZnO
on the different planes of STO, such as STO (100),
(110) and (111), 1417181 and polar and nonpolar
ZnO films were obtained, while the inclined ZnO film
was seldom obtained on STO substrates, and the sole
report dealing with an inclined ZnO with twinned
structure on STO(110) substrates is in Ref. [14]. We
found that the selective etching process for STO(110)
substrates significantly influences the growth orienta-
tion of ZnO thin films.
the growth and photoluminescence properties of c-axis
inclined ZnO and cobalt-doped ZnO (ZnCoO) films
grown on STO(110) single crystal substrates by radio

In this work, we report on

frequency oxygen plasma assisted molecular beam epi-
taxy. The magnetic properties and the d—d transition-
related photoluminescence properties for the inclined
ZnCoO thin films are also investigated.
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2. Experiments

Zn0O and ZnCoO thin films were grown on
commercial STO(110) substrates by radio frequency
oxygen plasma assisted molecular beam epitaxy
(OPAMBE). We found that the growth of ZnO thin
films preferred different orientations on the etched
and unetched STO(110) substrates. Based on this,
three typical samples were selected to reveal the de-
tailed growth properties and the optical properties:
1) sample A is ZnO (410 nm) on etched STO(110), 2)
sample B is ZnO (240 nm) on unetched STO(110),
and 3) sample C is ZnCoO (220 nm) on unetched
STO(110). For sample A, its substrate was pre-etched
in NH3 buffered HF solution (BHF) (pH~4.5) for
2 min. To clean possible carbonic contamination,
annealing was applied to all STO(110) substrates at
800 °C for 20 min in an ultra-high vacuum cham-
ber. These films were grown at 450 °C under oxy-
gen partial pressure 3x10~% Pa. High pure Zn(6N)
and Co(4N) solid sources were co-evaporated from
the k-cells. The fluxes of Zn and Co were manipu-
lated by a quartz microbalance, and cross-checked by
in situ X-ray photoelectron spectroscopy and ez situ
The
whole growth process was monitored by reflection
high energy electron diffraction (RHEED). The crystal
structure was characterized by high resolution X-ray
diffraction (HRXRD, Bruker AXS), and the photolu-
minescence (PL) spectra were excited by a 325 nm
He—Cd laser and collected with an iHR 320 imaging
spectrometer (HORIBA Jobin Yvon Inc.) equipped

energy dispersive X-ray fluorescence analysis.

with a CCD detector. The magnetism was measured
by an alternative gradient magnetometer (AGM).

3. Results and discussion

Figure 1 shows the XRD 6—20 scans for samples A,
B and C. The diffraction peaks of both the ZnO(002)
and (102) peaks match well with the corresponding
lattice constant of wurtzite ZnO. The c-axis oriented
ZnO and c-axis inclined ZnO coexist in the same sam-
ple, while the ZnO(002) peak is predominant for sam-
ple A, and the ZnO(102) peak is predominant for sam-
ple B. The ZnCoO film of sample C shows the same
orientation as that of sample B.

The growth geometries for the c-axis inclined
(samples B and C) and c-axis orientation (sample A)
Zn0O and ZnCoO films were determined by XRD 6—
20 scans combined with XRD ¢ scans. Figure 2(a)

shows the XRD ¢ scans of the (002) plane of in-
clined ZnCoO patches in sample C, and with respect
to the STO(100) and (111) planes. x is the rotating
angle of the c-axis from the normal STO(110) sur-
face. According to XRD ¢ scans, we can figure out
the in-plane relationship between the inclined ZnCoO
patches and STO(110): ZnCoO[100]//STO[110] and
ZnCoO [111]//STO [001]. The schematic drawings are
illustrated in Figs. 2(c) and 2(d). Its c-axis is 42 in-
clined against the normal STO(110) surface. It is no-
table that there is only one peak for the (002) plane of
the inclined ZnCoO patches in the ¢ scan, indicating a
mono-orientation. Furthermore, the full width at half
maximum (FWHM) of the ZnCoO(102) peak is 0.20°,
indicating a good crystalline structure, as shown in
the XRD rocking curve in Fig. 2(b). The sharp XRD
rocking curve and ¢ scans indicate that the inclined
ZnCoO patches are well oriented and no twinned sym-
metry is observed in our samples, which is in contrast
to the twinned ZnO/STO(110) prepared using other
methods.[' The in-plane strains for inclined ZnCoO
patches are anisotropic, and different tensile strains
are present with respect to the STO[001] and [110] di-
rections, respectively, as shown in Fig. 2(c). The lat-
tice mismatch along the STO[001] direction is —1.7%
with two STO units (2asto = 0.781 nm) matching
the diagonal distance (/3a2, o + 3,0 ~ 0.768 nm)
of ZnO along the ZnO[111] direction. The lattice
mismatch along the STO[110] direction is —11.7%
with three ZnO units (3azn,o ~ 0.975 nm) matching
two diagonal distances (2(2)'/2asro~ 1.104 nm) of
STO(110) along the STO[110] direction.

Zn0(002)

Zn0(102)

STO(220)
ZnO(004)]
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Fig. 1. XRD 6-20 scans for samples A, B and C.
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Fig. 2. (a) XRD ¢ scans of the ZnCoO(002) plane with respect to those of the STO(111) and STO(100) planes. (b)
The rocking curve of the ZnCoO(102) peak for the c-axis inclined ZnCoO patches. (c and d) Schematic drawing of the
epitaxial relationship between the inclined ZnCoO patches and the STO(110) substrate from (c) the top view and (d)

the side view.

Similarly, we can determine the in-plane re-
lationships of the c-axis orientation ZnO on
STO(110) (sample A): ZnO[100]//STO[001] and
Zn0[110]//STOI[110], which are consistent with the
experimental results reported by other groups.!'!:8]
The in-plane strains for c-axis orientation ZnO are
also anisotropic. Compressed strain is present with
respect to the STO[110] direction with a lattice mis-
match of +1.9% and tensile strain is present with re-
spect to STO[001] direction with a lattice mismatch
of —16.8%.

As in the above discussion, c-axis inclined ZnO
prefers to grow on unetched STO(110), while c-axis
orientation ZnO prefers to grow on etched STO(110).
Considering the same deposition process for the three
samples, except the pretreatment of the substrates,
we can find that the preferred growth orientation is
mainly affected by selective etching to the surface of
the STO(110) substrates. For SrTiOs, the strontium
ions are much easier to dissolve in acid solution than
titanium ions.['”) Thus, the STO(110) surface prefers
to be TiO, terminated after etching in BHF, while the
surface of the polished unetched STO(110) remains

mixed SrO, and TiO,. The selective etching pro-
cess will greatly change the surface conditions of the
STO(110) face, such as terminated bonding, surface
charge, etc, which possibly causes the discrepancy of
the preferred growth orientations of subsequent ZnO
films.

Figure 3 shows the PL spectra for samples A, B,
and C at 5.8 K. The PL spectra near the band edge
are dominated by the recombination of exciton bound
to neutral donor (D°X) as shown in Fig. 3(a). The
satellite emissions at 3.319 eV present, respectively,
at samples B and C, can both be assigned to the
recombination of exciton bound to neutral acceptor
(A°X).[20=22] The emissions at 3.243 eV appear, re-
spectively, for samples B and C, and both of them can
be assigned to donor-acceptor-pair transition (DAP).
It is notable that the A°X emissions are easy to ob-
serve for samples B and C with c-axis inclined ZnO
patches, and the A°X emission is absent for sample
A with c-axis orientation ZnO patches. The longitu-
dinal optical (LO) phonon replica for D°X and DAP
are labeled as (D°X-nLO) and (DAP-nLO), respec-
tively, with an energy interval ~ 72 meV, where n is
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the number of phonons emitted in the transition.
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Fig. 3. PL spectra of samples A, B, and C at 5.8 K (a)
near the band edge and (b) in the Co?T ion related d-d
transition region (red region) near 1.87 eV.

Table 1. Characteristic emissions of the PL spectrum for
sample C in the red region at 5.8 K. Emissions #1 and #2 are
from the Co2t d-d transitions of 2E(G)3/2 — 4A5(*F) and
2E(G)1/2 — 4A5(4F), respectively. The emissions from #3 to
#8 (except #6) are the phonon replicas of emission #2, and
#6 is the phonon replica of emission #1. AE is the energy
interval corresponding to #2 (ZPL). Eo!°%, Ephigh LA LO,
A1(TO) and A;(LO) denote the Raman vibration modes in
bulk Zn0.123:24]

Emission energy/eV AE/meV Identification

#1 1.883 -5 2E(G)3/2 — *A2(*F)

#2 1.878 0 ZPL,2E(G)y /5 — *A2(*F)
#3 1.865 13 ZPL-Eylow

#4 1.856 22  ZPL-LA[A] or/and ZPL-LO[A]
#5 1.845 33 ZPL-B,low

#6 1.836 47 -5 #1-A1(TO)

#7 1.823 55 ZPL-Eyhigh

#8 1.809 69 ZPL-A; (LO)

Figure 3(b) shows the PL spectra in the red region
at 5.8 K. Eight characteristic emissions at ~ 1.87 eV
are observed for the Co-doped ZnO film, while these
emissions are absent for undoped ZnO films. Emis-
sion #2 at 1.878 eV is attributed to the direct tran-
sition between the 2E(G); /o state and the *Ay(*F)
ground state of Co?" ions under the tetrahedral crys-
tal field formed by neighbouring O%~ ions within the
ZnO wurtzite structure.?>26 Since there is no par-
ticipating phonon, emission #2 is referred to as the
zero phonon line (ZPL). The energy interval between
#1 and #2 is 4.7 meV, and matches the energy inter-
val between the *E(G)3/2 and 2E(G); 2 states, which
comes from the splitting states of 2E(2G) due to spin-
orbit coupling.[?>27 So emission #1 is attributed to
the transition from the *E(G)s/, state to the ground
state *A2(*F). The emissions from #3 to #8 (except
#6) can be assigned to the transition of 2E(G)q/s
—4A5(*F) combined with the phonons from the ZnO
lattice. They can be assigned to the phonon repli-
cas of emission #2, and emission #6 can be assigned
to the phonon replica of emission #1. Their spec-
tral positions and the values of energy interval E with
respect to ZPL #2 are listed in Table 1. The partici-
pating phonon modes can be assigned by the vibration
modes in bulk Zn0.[3?4 For example, the energy in-
terval between #7 and #2 is 55 meV, which accords
well with the energy of the E;™8h mode (54 meV).
The presence of characteristic emissions near 1.87 eV
indicates the incorporation of Co?T ions at the lattice
positions of the Zn?* ions in sample C.

Ferromagnetism is observed for this c-axis in-
clined ZnO thin film doped with a slight number of
Co?T ions (~4.2%), as shown in Fig. 4.
M-H hysteresis loop with small coercive field, ~
20 Oe (1 0e=T79.5775 A/m), is observed, indicat-
The satu-
ration magnetization is 3.23 emu/cm?® (0.2 up/Co)
(1 emu/cm3=10% A/m), which is comparable to that
(~ 0.4 pp/Co with 4.9% Co** ions) of our previ-

ous ZnCoO film on a sapphire substrate,[?® and no

A clear

ing room temperature ferromagnetism.

clear anisotropy is observed. It seems that the sat-
uration magnetization is not sensitive to the asym-
metric strains in our inclined ZnCoO film. Simi-
larly, the room temperature ferromagnetism can also
be explained as the percolation of bound magnetic

polarons.[29:30]
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Fig. 4. M—H curve for sample C at room temperature.
The inset shows the details in the low field region.

4. Conclusion

In the present paper, ZnO and ZnCoO thin films
are grown on STO(110) substrates by OPAMBE.
In the same ZnO film, two competing growth ori-
entations are present and modulated by a selective
etching process to the surface of the STO(110) sub-
strates. The c-axis orientated ZnO patches prefer
to grow on STO(110) etched by BHF solution with
a TiO,-terminated surface, while the c-axis inclined
ZnO patches prefer to grow on unetched STO(110)
with a terminated surface of mixed SrO, and TO,.
For the inclined ZnO and ZnCoO patches, the c-
axis is 42° inclined from the normal STO(110) sur-
face without a twinned structure, and the in-plane
relationships between the film and substrate are
ZnCo0[100]//STO[110] and ZnCoOl[111]//STO[001].
Their PL spectra are dominated by D°X emissions
associated with an AYX emission. For the Zn-
CoO film, several characteristic emissions from the
2E(2G)—*A2(*F) transition are observed, indicating
the incorporation of Co?* ions at the lattice positions
of Zn?* ions. The ZnCoO film shows ferromagnetism
at room temperature.
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