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Abstract

Waurtzite Cd,Zn;_,O epilayers with cadmium concentrations ranging from x = 0.02 to 0.30 were investigated using photolumines-
cence, transmission/reflection spectroscopy, and atomic force microscopy. The Cd.Zn;_,O photoluminescence peak was found to shift
through the visible region from 421 (2.95 eV) to 619 nm (2.0 eV) as the cadmium concentration was increased from 2% to 30%. An addi-
tional broad photoluminescence peak was observed and is attributed to deep levels — the center of the broad peak was found to shift from
675 to 750 nm as the cadmium concentration was increased. RMS roughness of the epilayers increased from 1.5 nm (x = 0.02) to 9.2 nm
(x =0.30), as determined from atomic force microscopy. The demonstrated visible wavelength tunability throughout the visible range
verifies the viability of using wurtzite Cd,Zn;_,O compounds for visible light emission in future optoelectronic devices.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The use of ZnO-based compounds in optoelectronic
devices has advanced substantially in recent years [1-6].
As a wide band gap semiconductor (E,rt=3.37¢V),
ZnO is a suitable material for ultraviolet light emitting
devices. Much of the current interest in wurtzite ZnO is a
result of its strikingly similar properties to the much more
mature wurtzite GaN system used in commercially avail-
able LEDs and other electronic devices. This interest has
been further strengthened by several potential advantages
of ZnO over GaN. First, ZnO substrates have become
commercially available with relatively low dislocation den-
sities of 10*-10°> cm ™2 [7], enabling homoepitaxial growth
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that may result in a considerable reduction of interface dis-
locations. Additionally, high quality ZnO epilayers can be
grown on Al,O; substrates, mediated by low temperature
M¢gO buffer layers, allowing one to avoid the relatively lar-
ger expense of ZnO substrates. Perhaps one of the more
attractive properties of ZnO is its compatibility with wet
etch chemistries — its GaN counterpart is generally limited
to dry etching methods with low selectivities between the
epilayer and photoresist mask [8]. In fact, selective wet
etching has recently been demonstrated for the ZnO/
Cd,Zn,_,O system [9]. This should enable inexpensive
device processing and engender new optical structures
and devices based on ZnO ternary heterostructures. Lastly,
the exceptional exciton binding energy of ZnO (60 meV)
enables efficient photoluminescence at room temperature
and has allowed researchers to realize high temperature
UV lasing with epitaxially grown ZnO films [10-12].
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While bulk ZnO itself offers many potential benefits,
advanced heterostructures require the ability to tune the
bang gap and confinement energies of the individual layers.
This has recently been achieved through alloying with cad-
mium or magnesium, shifting the band gap to longer or
shorter wavelengths, respectively [5,13-15]. Despite issues
with solid solubility [16], incorporation of Mg and Cd
has improved dramatically using techniques such as pulsed
laser deposition (PLD), laser assisted molecular beam epi-
taxy (LMBE) and, in particular, remote plasma enhanced
metalorganic chemical vapor deposition (RPE-MOCVD).
Current data holds that the band gap energy of wurtzite
ternary ZnO compounds can successfully be tuned from
~1.7eV to 4eV by appropriate Cd or Mg integration
[5,6,17].

In order to effectively engineer sophisticated hetero-
structure devices, ternary Cd,Zn;_,O and Mg, Zn,_.O
alloys must be well characterized in terms of optical prop-
erties as well as surface quality. In this study, Cd,Zn;_,O
thin films were investigated as candidates for achieving
optical devices in the UV and visible range. Epilayers of
various Cd concentrations were grown by RF plasma-
assisted molecular beam epitaxy and characterized using
spectrophotometry, power-dependent photoluminescence,
and atomic force microscopy.

2. Method

Cd,Zn;_,O epitaxial films were grown by RF plasma-
assisted molecular beam epitaxy (MBE) in a SVT Associ-
ates growth chamber, as reported elsewhere [1]. Growth
was carried out on GaN-buffered, c-plane sapphire tem-
plates. The GaN epitaxial layer (less than 1 um in thick-
ness) assists in nucleation of a subsequent ZnO buffer
layer, 100-200 nm in thickness. Cd,Zn;_,O epilayers of
varying Cd concentration were then grown to a thickness
of 200 nm at temperatures below 600 °C using 6 N purity
Zn and Cd elemental sources. The resultant wurtzite
Cd,Zn;_,O epilayers were investigated by X-ray diffrac-
tion, and the Cd composition in each sample was deter-
mined by Rutherford backscattering (RBS) and
secondary ion mass spectroscopy (SIMS) [1].

Photoluminescence (PL) measurements were carried out
using a Spectra Physics BeamLok 2060 krypton ion (Kr™)
gas laser as the pump source, tuned to 350.7 nm (3.535 eV).
The output power ranged from 120 to 140 mW, as mea-
sured on a Newport 818 optical power meter. The optical
power at the sample surface was varied with OD filters
from 0.08 mW to 33 mW. The beam was focused with stan-
dard optical elements to a spot size of ~1 mm, providing
intensities ranging from 0.01 to 4.2 W/cm? at the surface
of the epitaxial layers. PL from the epilayers was collected
with high numerical aperture lens and directed into an
Acton 2300i Monochromator and detected using a thermo-
electrically cooled Andor CCD array. All PL spectra were
corrected to compensate for system response. PL measure-
ments were taken from Cd,Zn;_,O samples ranging in Cd

concentration from x = 0.02 to x = 0.30. Spectrophotome-
try in the 190-1300 nm range was done using a Cary500
Varian spectrophotometer. Absorption characteristics of
the epilayers were determined from reflection and transmis-
sion measurements. In order to reduce multiple reflection
artifacts in the absorption curves, reflection measurements
were first made on the thin films using a single-bounce tech-
nique at an incident angle of 24°. Subsequent transmission
measurements were made at the same angle, and from these
measurements absorption was extracted. Lastly, roughness
measurements and surface profiles were conducted using a
Veeco Dimension 3100 atomic force microscope (AFM) in
tapping mode.

3. Results and discussion

The measured absorption and PL spectra for the
Cd,Zn;_,O epilayers as a function of Cd concentration
are given in Fig. 1. Prior to measurement, the Cd concen-
tration in each epilayer was determined using RBS and
SIMS. As the Cd concentration is increased from 2% to
30%, a systematic shift in the PL peak from the Cd,Zn,_,O
epilayers is observed, moving from 421 nm (2.95¢V) to
619 nm (2.0 eV). The peaks are generally Gaussian-like in
shape, though interference from multiple internal reflec-
tions has a modulating effect on the intensity. The magni-
tude of the PL for the various samples did not exhibit a
clear dependence upon the cadmium concentration, how-
ever further investigations are planned to better understand
the relation between PL position and magnitude on cad-
mium concentration. Determination of the PL peak posi-
tion for the 30% Cd,Zn;_,O sample required peak fitting
to separate the excitonic emission from the red defect band
PL (discussed later). We anticipate a +25 nm error associ-
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Fig. 1. Room temperature absorption and photoluminescence spectra
from Cd,Zn;_,O epilayers with x =0.02, 0.16, and 0.30. A systematic
shift of the absorption edge and photoluminescence peak is observed with
increasing Cd concentration.
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ated with the Gaussian fit for this sample, corresponding to
a PL peak energy error of roughly 80 meV. The locations
of the PL peaks are in good agreement with published
values for Cd,Zn;_,O grown by other techniques [5,6].
Absorption data correlates well with the PL spectra, also
showing a systematic shift to longer wavelengths for
increasing Cd concentrations. Small features attributed to
the buffer layers are present in the spectra near the 365—
368 nm absorption edges of the ZnO and GaN. A summary
of the PL peak energy and corresponding full-width half
maximum (FWHM) from all Cd,Zn, ,O epilayers is
given in Fig. 2. The PL energies correspond to wavelengths
that cover the complete range of visible wavelengths up
to 620 nm. The dependence of the PL energy on Cd
concentration was determined through a non-linear curve
fit, and is given approximately by FEpp(xcq) = 3.37—
0.077xcq + 0.0011x%, eV. The FWHM of the peaks
increases from 36 to 144 nm as the peak center shifts
towards longer wavelengths for increased Cd concentration
up to 30%. A corresponding reduction in the abruptness of
the absorption spectra (see Fig. 1) is also observed. We
attribute this to a greater amount of compositional varia-
tions in the epilayers. This is supported by the XRD data
from these samples reported elsewhere [1] that demon-
strates a greater FWHM as the Cd concentration is
increased. It is important to note that while the FWHM
increases, the wurtzite structure of the epilayers is main-
tained given that no cubic phase peaks are present in the
XRD data.

A broad PL peak centered between 675 nm and 750 nm
is observed in each of the PL spectra. Similar emission has
been observed in bulk ZnO [12], however the emission is
generally found at shorter wavelengths around 565 nm.
GaN has a yellow emission line which is attributed to deep
level donor/acceptor states [18-20], and similar lumines-
cence has been observed from Cd,Zn;_,O grown on Sili-
con substrates [17]. To further characterize the red
luminescence, power-dependent PL (PDPL) data was
taken. Fig. 3 provides a log scale plot of the integrated
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Fig. 2. Photoluminescence peak energy (top) and FWHM (bottom) as a
function of cadmium concentration in the Cd,Zn,_,O epilayers.
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Fig. 3. Integrated intensity of band edge (Peak A) and red band (Peak B)
photoluminescence as a function of laser pump power for a Cdg 0>Zng 950
epilayer. Inset provides peak definition used for figure.

intensities of the PL peaks as a function of laser pump
power. As indicated in the inset in the figure, Peak A cor-
responds to the band edge Iuminescence from the
Cd,Zn;_,0O epilayer and Peak B is assigned to the red band
luminescence. Under low excitation powers, the red band
luminescence (Peak B) is found to have a greater integrated
intensity than that of the band edge luminescence (Peak A).
As pump power is increased the band edge luminescence
begins to dominate over the red band luminescence. Specif-
ically, for a pump laser irradiance of 10 mW/cm? the red
band comprises 61% of the total integrated PL. As the
pump laser irradiance is increased to 4.2 W/cm? the contri-
bution of the red band decreased to less than 28% of the
total integrated PL. Others have observed saturation of
deep levels in PDPL spectra [21,22], however we did not
reach the saturation level of the red band in our samples
due to lack of additional pump laser power. We assign
the red band luminescence observed to deep levels in the
Cd,Zn;_,0 epilayers, however additional work is needed
to further assign the luminescence to specific levels.

The surface morphology of the Cd,Zn;_,O epilayers
was investigated using AFM in tapping mode (TMAFM).
TMAFM images are presented in Fig. 4a—d with a RMS
roughness summary from all samples provided in Fig. 4e.
For comparison, Fig. 4a shows the TMAFM image from
a GaN template used for the Cd,Zn;_,O epitaxial growth.
The GaN layer is found to be of good quality, with a RMS
roughness of 1.5 nm. The surface of the Cd ,Zng 930 epi-
layer has a RMS roughness of only 2.8 nm, and is highly
uniform (Fig. 4b). A moderate density (~10% cm~?) of sur-
face features with a base width of 200 nm and a height of
10-20 nm occur sporadically on the surface. As the Cd con-
centration in the Cd,Zn,_,O epilayers is increased to 10%
and 30%, the RMS roughness increases to 4.2 nm and
9.2 nm, respectively. For increasing concentrations of Cd,
the density of surface features increases as does their
respective aspect ratios. Interestingly, the roughness
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Fig. 4. Tapping mode atomic force microscope images of the epilayer surface for the GaN buffer layer on Al,O5 (a) and Cd,Zn,_,O with x =0.02, 0.10,
and 0.30 (b—d). A summary of the RMS roughness values from the epilayers is given in (e).

increase is found to be approximately linear as a function
of Cd concentration.

4. Conclusions

Wurtzite Cd,Zn; ,O epilayers were produced by
plasma-assisted MBE on GaN-buffered Al,O5 substrates.
Samples with Cd concentrations ranging from x = 0.02 to
x=10.30 were examined for optical and morphological
quality. The Cd,Zn,_,O films exhibited visible photolumi-
nescence that shifted throughout the complete visible range
with increasing cadmium content up to 30%. An additional
saturable emission peak was observed in the red region of
the spectra for all samples, with peaks between 740 and
775 nm and is associated with deep donor and acceptor lev-
els. A strict dependence of PL efficiency on cadmium con-
centration was not observed. Transmission and reflection
measurements were used to generate the absorption curves
for the Cd,Zn;_,0O epilayers as a function of Cd concentra-
tion. The absorption data was in good agreement with the
PL spectra, verifying the potential use of Cd,Zn;_,O com-
pounds for visible light emitting devices. AFM measure-
ments revealed good quality films for lower concentration
samples (x < 0.16), with roughness increasing linearly with
increasing cadmium content up to x = 0.30. These results
demonstrate that alloying of Cd with ZnO is a viable
approach to creating visible wavelength optical devices

and is suitable for advanced compound heterostructures
for high-efficiency emission.
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