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High quality vertical-aligned arrays of ZnCdO/ZnO coaxial multiple-quantum-well (MQW) nanowire
heterostructures are fabricated for the first time by combining a simple chemical vapor deposition (CVD) and
pulsed laser deposition (PLD) method. The ZnO nanowire core enables epitaxial and dislocation-free growth
of uniform ZnCdO/ZnO quantum wells. Both steady-state and time-resolved photoluminescence measurements
of the MQW nanowires are performed in the temperature range of 10—300 K. Strong quantum confinement
and carrier localization effect are verified. In addition, an S-shaped temperature dependence is observed for
both the exciton emission energy (E;) and their lifetime in ZnCdO MQWs, which has not previously been
reported in ZnMgO MQWs. A simple phenomenological model was introduced to explain this anomalous
behavior. Such ZnCdO/ZnO coaxial MQW nanowires might find applications in nanoscale laser sources and

other oxide-based quantum devices.

Introduction

Rational design and synthesis of complex and multicompo-
nent one-dimensional structures can yield enhanced and/or novel
electronic and photonic functions.'”7 Among direct band gap
materials, ZnO with wide band gap (~3.37 eV) and large exciton
binding energy (60 meV) at room temperature has been a
promising candidate for many applications such as ultraviolet
lasers,? solar cells,” sensors,'®!! and light emitting diodes.!?
Moreover, its flexibility to tune the band gap (E,) such that 2.3
eV < E,<4.0 eV by alloying"® with Cd or Mg enables the light
emission from the deep UV to the visible region. In particular,
quantum well structures which provide both electrical and
optical confinement are ideal candidates for optoelectronic
devices.'* Motivated by this, studies on ZnO-based quantum
structures and their optical properties'>~!® have gathered great
interest in the past few years. So far, the focus is ZnO/ZnMgO
heteronanostructures including multiple quantum wells (MQWs).
For example, the Yi group has successfully prepared ZnO/ZnMgO
nanowire and nanotube heterostructures by metal—organic vapor
phase epitaxy (MOVPE).!""2! There are also a few reports on
ZnCdO/ZnO thin-film quantum wells in spite of the lower
solubility of Cd in ZnO.?>~%6 Nevertheless, to the best of our
knowledge, ZnCdO/ZnO coaxial MQW nanowires have not
been reported yet. As ZnCdO has a reduced band gap compared
to ZnO, the heterostructure differs from ZnO/ZnMgO that, in
the former, the alloy composition lies in the quantum wells.
Therefore, the ZnCdO/ZnO coaxial MQW nanowires are highly
desirable not only for exploring new physical properties but
also for their potential applications in nanoscale opto-electronic
devices as mentioned above.
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In this study, we report on the first successful fabrication of
ZnCdO/ZnO coaxial MQW nanowire arrays on GaN/sapphire
substrates using a relatively simple and low-cost approach by
combining chemical vapor deposition (CVD) and pulsed laser
deposition (PLD). The steady-state and time-resolved photolu-
minescence (PL) properties of these nanostructures were studied
as a function of temperature, from which an anomalous S-shaped
temperature dependence of both the excitons (E;) and lifetime
(tp) from the QWs was observed. The carrier dynamics
measurement of the MQWs allows an identification of the
photoinduced carrier recombination and relaxation kinetics, as
well as the origin of the S-shaped behavior.

Experimental Section

Sample Preparation. ZnO nanowire arrays were grown on
GaN/sapphire substrates by a simple CVD method. In a typical
process: A ~4 nm Au film was deposited on GaN/sapphire
substrates by sputtering. ZnO powder (Sigma Aldrich, 99.9%)
and graphite powder (Sigma Aldrich, 99%) with 3:2 weight ratio
were grounded and loaded to an alumina boat. Then, the Au
sputter-coated GalN/sapphire substrates and the alumina boat
were placed in a small quartz tube (diameter 15 mm, length
300 mm). The substrates were typically put 4—8 cm away from
the center of the boat. This quartz tube was then placed inside
a furnace quartz tube, with the center of the alumina boat
positioned at the center of the furnace and the substrates placed
downstream of an argon flow. The temperature of the furnace
was ramped to 925 °C at a rate of 50 °C/min and kept at that
temperature for 3 min under a constant flow of 30 sccm Ar and
a pressure of 20 mbar.The obtained ZnO nanowire arrays were
subsequently transferred into a PLD chamber. MQW nanowire
heterostructure arrays were fabricated by alternative depositions
of ZnCdO and ZnO layers. The growth temperature and oxygen
partial pressure were kept constant at 550 °C and 10 mTorr,
respectively. The nanowires consist of 4 MQWs, with ~1.5 nm
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Figure 1. (a) Schematics of the structure and energy band diagram of the ZnCdO/ZnO MQWs. (b) 20° tilted SEM images of bare ZnO nanowire
arrays. Inset: top view. (c) SEM image and (d) XRD pattern of the ZnCdO/ZnO MQW nanowire arrays.

thick Zng 9s,Cdo 330 wells and ~4.5 nm thick ZnO barriers, as
schematically depicted in Figure 1a.

Characterization and Optical Measurements. The mor-
phology and microstructures of the as prepared ZnO and the
MQWs were examined using JEOL JSM-6700F field emission
scanning electron microscopy (FE-SEM) and JEM 2010F
transmission electron microscopy (TEM). The X-ray powder
diffraction (XRD) pattern was recorded with a Bruker D8
Advanced diffractometer using Cu Ko as the radiation source.
PL measurements were performed in the temperature range from
10 to 300 K within a closed cycle helium cryostat using the
325 nm line of a continuous-wave He—Cd laser for excitation.
For the time-resolved PL measurements, the sample was excited
by 325 nm laser pulses generated from an optical parametric
amplifier (Coherent TOPAZ) that was pumped using a 100 fs,
1 kHz regenerative amplifier (Coherent Legend). The on-axis
peak power is Iy = 0.25 mJ/cm?. The luminescence was
collected in a conventional backscattering geometry and was
spectrally dispersed by a DK240 1/4 m monochromator with
300 g/mm grating, and the temporal information was measured
using an Optronis Optoscope streak camera system. A fast
triggered sweep unit (Optronis FTSU1-ST) with an ultimate
temporal resolution of ~10 ps was used for the data collection.
The streak camera and the femtosecond laser were synchronized
using an electronic delay unit. The streak camera images were
recorded using a 12-bit cooled CCD readout unit (Optronis
SCRU-SE). The images obtained were averaged over 500
accumulated images. The PL decays were extracted over a 7
nm range about the associated emission peaks and are best fitted
with monoexponential PL decays.

Results and Discussion

Figure 1 shows the schematics and SEM images of both bare
ZnO nanowires and ZnCdO/ZnO MQW structures. The bare
ZnO nanowires have an average diameter of 65 nm and a length
of ~1 um, and a vertical alignment due to the epitaxial growth.?’
After the PLD of MQWs, there was no significant change in
morphology except that the nanowire diameters were enlarged,
which is ascribed to the continuous growth of the ZnCdO (well)
and ZnO (barrier) layers. The X-ray diffraction (XRD) spectrum
(Figure 1d) of the MQW nanowires shows a predominant peak
at 34.5° corresponding to the (0002) plane of wurtzite ZnO.
The appearance of (0002) is consistent with the vertical
alignment of the nanowires along the c-direction and normal to
the substrate surface. A small diffraction peak from the a-plane
alumina substrate is also observed.

The single crystalline ZnO nanowire cores enable an epitaxial
and dislocation-free growth of highly uniform (ZnCdO/ZnO)
quantum wells. TEM images (Figure 2a) show that the
core—shell structures are smooth both in their surface and
interface. The total thickness of the multishell layers is about
22 nm. High-resolution TEM images and electron diffraction
patterns (Figure 2b and c) reveal that the total nanowire is single
crystalline without interfacial defects. Because of the small
percentage (3.8%) of Cd, the lattice structure is nearly un-
changed; thus, the diffraction pattern of the ZnCdO/ZnO MQW
nanowire is similar to the pristine ZnO nanowire. On the basis
of the fabrication, there are four layers of ZnCdO, each with a
nominal thickness of 1.5—2 nm.
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Figure 2. (a) TEM image of the ZnCdO/ZnO nanowire MQW. (b)
High resolution TEM image taken from (b) the ZnO nanowire core
and (c) the MQW shell. Inset: corresponding selected area electron
diffraction pattern (SAED) recorded from the shell region.

The optical properties of the MQW nanowire heterostructures
were characterized using PL spectroscopy. Figure 3a shows the
10 K PL spectra of the pristine ZnO nanowires. The dominant
peaks at 3.354 and 3.358 eV are ascribed to the neutral donor-
bound exciton (D°X) in ZnO nanowires.”® The A-free exciton
emission (FX,) at 3.369 eV is also observed. At a lower energy
side of DX, the peak at 3.306 eV is ascribed to the longitudinal
optical (LO) phonon of FX,. Here, the energy separation of 63
meV between FX,-LO and FX, is smaller than the LO phonon
energy (72 meV), which is due to the energy softening of FX4-
LO.? The other lower-energy peaks resolved at 3.236, 3.166,
3.095, 3.023, and 2.950 eV are from the donor—acceptor pair
(DAP) as well as its four-order LO-phonon replicas with a
constant energy separation of 70—73 meV.* For the ZnCdO/
ZnO MQW nanowires, a new peak centered at 3.2 eV dominates
the PL spectrum, as shown in Figure 3a. As this peak is not
present in the bare ZnO nanowires, it is believed to be the
ZnCdO QW-related emission due to an evident quantum
confinement effect (see below for other evidence). Thus, it
shows that Cd has been successfully incorporated in the coaxial
MQW nanowires.

For comparison, ZnCdO/ZnO coaxial nanowires with a ~15
nm thick single shell of ZnCdO (i.e., same composition but no
QW structure) were also prepared under the same conditions
(see Figure S1 of the Supporting Information). The correspond-
ing 10 K PL spectrum (Figure 3b) show a predominant peak
centered at 3.354 eV from the ZnO core, and a small broad
feature centered at ~3.11 eV which is emitted from the ZnCdO
alloy layer. The energy position for ZnggsCdg3sO can be
estimated on the basis of the equation Ep, = 3.37 — 12.4x +
92.28x (eV) in ref 31 to be 3.02 eV. Note that, compared with
the QW-related emission in Figure 3a, the peak from this ZnCdO
alloy layer has a much smaller intensity and lower energy due
to the absence of the quantum confinement effect.

To quantitatively check the strength of quantum confinement
in our samples, the lowest energy level within the QW is
estimated on the basis of the transcendental equation by
assuming a 1-D square quantum well structure (see the Sup-
porting Information). The calculation results in AE = 0.11 eV,
which is in agreement with our experimental data that the PL
peak from the MQW is ~0.11 eV higher than that from the
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Figure 3. (a) 10 K PL spectra of bare ZnO nanowire arrays and ZnO/
ZnCdO MQW nanowire arrays. (b) 10 K PL spectra of ZnCdO/ZnO
coaxial nanowires. The nanowire has a single outer layer of
Zn0,932Cdo0350.

ZnCdO core—shell structures. Hence, we believe there exists a
strong quantum confinement within our sample.

To further investigate the effect of exciton localization in the
MQWs, temperature-dependent PL spectra were collected. The
normalized PL spectra measured from 10 to 300 K are presented
in Figure 4. The intensity of the ZnCdO QW-related emission
and near band gap emission of ZnO decrease with increasing
temperature, which is partly due to the increased nonradiative
recombination. Also clear is that the relative intensity of FX,
increases, whereas that of DX decreases and becomes undetect-
able at temperatures above 80 K. Note that the FX,-1LO
emission can be traced up to ~230 K. Interestingly, the QW-
related PL emission shows a different energy shift behavior with
increasing temperature compared with those of FX,, D’X, and
FXa-1LO: the former exhibits an S-shaped trend. For closer
inspection, the temperature dependences of all PL peaks are
plotted in Figure 5a. As seen in this figure, the FX,, FX,-LO,
and DX peak energies show a monotonic redshift with
increasing temperature. It is well established that the temper-
ature-induced fundamental gap shrinkage of ZnO can be
described by the Varshni empirical equation due to electron—Ilattice
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Figure 4. Temperature dependent PL spectra of the nanowire MQW's
in the range from 10 to 300 K. Solid circles show the evolution of the
QW related emission. The dashed line indicates the peak evolution of
the FX, emission, and the solid line shows the trend of FX,-1LO. The
arrows denote the D°X peak. All of the spectra are normalized and
shifted in the vertical direction for clarity.

interaction,® Ey(T) = E4(0) — oT*(B + T), where E4(0) is the
band gap at 0 K and o and 3 are Varshni thermal coefficients.
The temperature dependent PL peak for the FX, emission of
ZnO is consistent with the estimated energy decrease of about
93 meV at 300 K. However, the ZnCdO QW-related PL
emission does not follow the conventional trend at temperatures
of ~120 K due to the carrier localization effect. Instead, it
exhibits an anomalous S-shaped temperature dependence of the
peak energy (E;). As the temperature increases from 10 to 80
K, E, redshifts by 12 meV, which then blueshifts by 22 meV
in the temperature range 80—180 K. When the temperature is
further increased above 180 K, the peak redshifts again. A
similar S-shaped behavior has also been observed previously
in the InGaN** and AlGaN** QW systems, as well as very
recently in the ~10 nm thick ZnCdO alloy films,*> which is
ascribed to the potential fluctuation, as a consequence of the
inhomogeneous alloy composition and/or roughness interface.
For comparison, the temperature dependent PL spectra of the
ZnCdO/ZnO core—shell nanowire sample were measured, and
a slight S-shaped behavior was also observed in the ZnCdO
alloy related emission peak (Figure S2 of the Supporting
Information). It has been previously reported that the degree of
carrier localization is strongly correlated with the composition
concentrations, well width, and interface roughness.***” In our
case, we think the MQW sample may provide much stronger
carrier localization confinement than that of the core—shell
heterostructure sample, leading to the difference in PL spectra.
The origin of the anomalous temperature dependence of E, in
our ZnCdO/ZnO MQWs will be discussed later.
Temperature-dependent time-resolved PL measurements were
performed to elucidate the carrier dynamics in these MQWs.
Figure 5b shows a comparison of the PL lifetimes originating
from the confined carriers in MQW:s and that of the free excitons
(FX4) from the ZnO nanowire core of the same sample. All of
the peak decays were fitted by using a monoexponential
decaying function: I (t) = Ae™"", where 7 is the PL lifetime and
A is the normalization constant. As seen from Figure 5b, the
carrier dynamics in the MQW:s exhibits distinct behavior in three
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Figure 5. (a) PL peak energies plotted as a function of temperature.
The solid line curves represent the best fit according to the Varshni
equation. (b) Time-resolved PL results of the PL decay from the
ZnCdO/ZnO coaxial MQW nanowire sample in the temperature range
10—300 K. Solid and empty circles correspond to the PL decay of the
QW-related peak and the FX, peak. The error bars are taken by
considering the standard deviation of repeated time-resolved PL
measurements and the intrinsic temporal resolution of the instrument.

temperature ranges: stage I (10—80 K), relatively longer lifetime
at ~70 ps that gradually decreases with increasing temperature;
stage IT (80—180 K), a more rapid transition of dynamics from
~65 to ~50 ps; stage III (180—300 K), gradual transition of
dynamics from ~50 ps back to ~65 ps. In contrast, the FX,
dynamics of the core ZnO exhibits rather different behavior,
i.e., the absence of stage II. Interestingly, by comparing Figure
5a and b, one can see that the temperature range for the S-shaped
energy shift coincides with that of the recombination lifetime.
This suggests that the carrier dynamics are strongly related to
a variation of energy levels within the QWs.

On the basis of the above results, a phenomenological
recombination mechanism in ZnCdO QWs can be proposed:
The intrinsic unit cell of bulk CdO crystal (4.69 A) is known
to be slightly larger than bulk ZnO crystal (4.47 A). The Cd
dopant replaces the Zn in the ZnO lattice. This introduces a
lattice expansion in the immediate vicinity of the Cd site and
induces a local potential perturbation. As the Cd dopants are
randomly distributed in the host crystal, the variation of local
interaction depends on the local density of Cd atoms. This brings
about a spatial potential fluctuation or the band tailing effect
on the total density of states. In addition, the intrinsic electric
field arising from the spontaneous polarization difference at the
ZnCdO/ZnO interface could possibly introduce a Frank—Keldysh
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effect. However, the later effect can be ignored as the Cd
and Zn have a negligible difference in their electronegativity
within this sample. Hence, the differences between the trend
in the temperature dependence of the recombination lifetimes
("71;1‘l = lealdiative + T&énradiative) for MQWS and the ZnO core
(FX4 emission) can be mainly attributed to the potential
fluctuation.

We describe the anomalous temperature dependence of the
carrier dynamics in the MQWs as follows: Upon photoexcita-
tion, at low temperatures (10—80 K), the carriers are rapidly
captured by the local potential dips within the MQWSs. The
thermal energy is insufficient to promote the carriers to the
laterally delocalized states. Hence, the wave function overlap
between the electron and hole is weak, resulting in smaller
recombination efficiency (i.e., longer lifetimes). Both the carrier
dynamics and the energy shift follow the trend of the ZnO core
(FX4) in this region. In addition, it is likely that, as the
temperature increases from 10 to 80 K, more acoustic phonons
are activated. The presence of defects and the increased
carrier—phonon scattering results in the increased contribution
from the nonradiative pathways. This is evident in the decreased
PL recombination lifetimes for both the MQWs and ZnO core.
As the temperature is increased further (80—180 K), the carriers
gain sufficient thermal energy to be delocalized to higher energy
states within the MQW. Due to the stronger wave function
overlap compared to the earlier scenario, the carriers undergo
radiative recombination more effectively. This increase in
oscillator strength results in shorter recombination lifetimes, as
evidenced by the rapid drop of PL lifetime (Figure 5b). The
increased probability for carriers to be excited to higher energy
states (arising from the local potential fluctuation) brings about
the broadening to the high energy side of the emission spectrum,
resulting in a blueshift in the peak energy (see Figure 5a). At
sufficiently high temperatures above 180 K, the potential
fluctuations are screened by the thermal agitations and the carrier
dynamics follow a trend similar to that of the ZnO core. Hence,
the peak position exhibits a redshift again. The carrier dynamics
in this stage can be explained as follows. Feldmann et al.’®
previously established that there is a linear correlation between
the spectral line width and the radiative exciton lifetimes in
quantum wells (i.e., broader linewidth corresponds to longer
lifetimes). We believe that a similar relationship is observed in
our samples at stage III (above 180 K) where the carriers in the
QWs are thermally delocalized (as well as those in the ZnO
core prior to this stage). The observed radiative transitions arise
from the sharing of the k = 0 oscillator strength equally among
all states within the finite spectral width, A(7). Due to increased
carrier—phonon interactions which redistribute the carrier pop-
ulations, the excitons away from k = 0 (within the spectral width
A(T) in k-space) also contribute to the radiative transitions.
Hence, the carrier dynamics at this stage in the QWs and the
ZnO core are similar.

Conclusions

In summary, for the first time, we have successfully fabricated
Zn0/ZnCdO coaxial MQW nanowire heterostructures by com-
bining a simple CVD and PLD method. PL investigations have
demonstrated that such MQWSs exhibit a strong quantum
confinement effect. An S-shaped temperature dependence of the
exciton emission peak energy (E;) from the ZnCdO QW is
observed, which is proposed to be related to spatial potential
fluctuations caused by the inhomogeneous Cd distribution. In
addition, time-resolved PL spectroscopy reveals that the confined-
carrier dynamics in the MQWs exhibit distinct behavior in
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comparison with the FX, dynamics of the core ZnO. A
phenomenological model is proposed to explain this anomalous
behavior. Such ZnCdO/ZnO coaxial MQW nanowire hetero-
structures might find applications in nanoscale laser sources and
other oxide-based quantum devices.
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