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Heteroepitaxial growths of Zn1−xCdxO films were performed on R-oriented sapphire substrates by
metal-organic chemical-vapor deposition. The authors carried out secondary ion mass spectrometry
analysis, scanning electron microscopy, photoluminescence, and ellipsometric measurements to
investigate the incorporation of cadmium in the layers, as well as its influence on the optical
properties. Compositions up to 5.5% Cd were obtained, tuning the photoluminescence emission
from 3.36 共ZnO兲 to 3.1 eV and increasing the refractive index at 600 nm from 1.94 to 2. © 2011
American Vacuum Society. 关DOI: 10.1116/1.3567960兴

I. INTRODUCTION
ZnO is now considered as one of the most promising materials for optoelectronic applications in the blue and uv regions. To tune its wide band gap 共3.37 eV兲, researchers have
studied several approaches of alloying the binary ZnO with
MgO,1,2 BeO,3 and CdO.4–6 A great effort of research has
been devoted to Zn1−xMgxO solid solutions, which has led to
the creation of original ZnO/ZnMgO quantum wells7 and
high mobility two-dimensional 共2D兲 electron gas.8 Due to the
high toxicity of metallic beryllium and beryllium oxide, only
a few papers have been published on Zn1−xBexO ternary
compound. Alloying ZnO with CdO is an approach that allows for the decrease of ZnO band gap despite the fact that
ZnO and CdO crystallize in different symmetries, i.e., respectively, wurzite and cubic. Also, the solubility limit of
cadmium in the ZnO matrix under equilibrium conditions is
only 2%, so that one may expect some difficulties in achieving single phase Zn1−xCdxO films containing high Cd contents. Until now, various techniques have been employed to
grow ZnCdO alloys under nonequilibrium conditions.
Among these techniques are molecular beam epitaxy,9 pulsed
laser deposition,4 metal-organic chemical-vapor deposition
共MOCVD兲,6,10,11 magnetron sputtering,12 and 共CdO+ ZnO兲
powder sintering.13 A reduction in the band gap of 1.55 eV
was reported for alloys at 69% Cd concentration.14
To characterize the optical properties of Zn1−xCdxO films,
photoluminescence 共PL兲 studies have been carried out. In
particular, Lusson et al.15 reported on localization effects,
i.e., excitons trapped in potential fluctuations due to alloy at
the atomic scale. Besides active properties, like photoluminescence, band gap tuning is also important for the control of
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passive optical properties such as the index of refraction.
Recently, Mares et al.16 showed, by means of transmission
and ellipsometric measurements, that a refractive index shift
of typically 0.25 in the visible range can be obtained using
Zn1−xCdxO with x varying from 2% to 73%.
In this work, Zn1−xCdxO layers have been deposited on
R-sapphire substrates by MOCVD. Structural and optical
characterizations have been carried out in order to 共i兲 evaluate the Cd incorporation as a function of the growth parameters, 共ii兲 measure the band gap evolution, 共iii兲 assess the
surface morphology, and 共iv兲 determine the refractive index
dispersion.
II. EXPERIMENT
Zn1−xCdxO films were grown by MOCVD at relatively
high temperatures, between 850 and 950 ° C. Typically, the
thickness was measured as about 300 nm. R-plane oriented
sapphire substrates were used. These substrates were previously annealed at 1000 ° C for 5 h under an oxygen atmosphere to reconstruct atomic steps and terraces on the surface. Diethyl zinc, dimethyl cadmium 共DMCd兲, and nitrous
oxide N2O were chosen as the zinc, cadmium, and oxygen
sources, respectively, and the carrier gas was helium. It has
been previously reported that the use of high temperature
processes with N2O permits the growth of high quality ZnO
epilayers.17 Our horizontal MOCVD reactor, operating at 50
torr, allowed separate injection for group II 共zinc and cadmium兲 and group VI 共oxygen兲 precursors in order to avoid
premature reactions in the manifold system. Growth parameters, such as substrate temperature, 共DMCd/ DEZn
+ DMCd兲 mole ratio in the gas phase, or VI/II mole ratio,
were varied to investigate their influence on the Cd incorporation. Secondary ion mass spectrometry 共SIMS, Cameca
IMS3F兲 was used to characterize the depth profile of the
cadmium composition. Aluminum concentrations were cal-
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FIG. 1. 共Color online兲 SIMS profile of a Zn0.945Cd0.055O layer grown at
850 ° C.

culated after measuring implanted standards. The surface
morphology was assessed by scanning electron microscopy
共SEM兲. PL measurements were carried out at 2 K, exciting
the material with the deep uv lines 共351 nm兲 of an argon ion
laser. Ellipsometric measurements were carried out using a
phase modulated spectroscopic ellipsometer 共UVISEL,
Jobin-Yvon兲 at 70° incidence angle 共70.69° adjusted兲.
III. RESULTS AND DISCUSSION
A. SIMS analysis

SIMS analysis first allowed us to check the incorporation
of Cd atoms in the grown films. Figure 1 shows the typical
depth profiles of the different elements detected in the
samples, i.e., Zn, Cd, O, and Al. Flat Cd profiles were observed in all the layers, showing that the concentration is
constant from the sapphire interface to the surface. Also,
scanning ion images of the surface, filtered with Cd mass
共not shown here兲, revealed a homogeneous planar distribution of the Cd atoms. This distribution suggests a random
incorporation at the zinc sites, leading to a homogeneous
Zn1−xCdxO alloy. Moreover, x-ray diffraction measurements,
not shown in this work, exhibit only one peak corresponding
to 共112̄0兲 A-plane ZnCdO. No CdO cubic phase was observed. We also note from SIMS analysis a strong diffusion
of the aluminum from the sapphire substrate, which is not
surprising since high temperature processes were used. The
Al diffusion may be prevented by depositing a thin MgO
buffer layer at the interface. Farther away from the interface,
the aluminum concentration within the layer is measured
around 1019 atoms cm−3.
B. Photoluminescence and cadmium incorporation

Cd contents in the Zn1−xCdxO films were indirectly evaluated after measuring the band gap shifts observed in PL experiments. According to our previous work15 and report of
Makino et al.,4 we have considered, in first approximation,
the following relationship between the alloy band gap shift
and the Cd composition:
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FIG. 2. 共Color online兲 Low temperature 共2 K兲 photoluminescence spectra of
Zn1−xCdxO films with various Cd concentrations, and pure ZnO reference
sample.

⌬E共meV兲 = 47xCd .
Figure 2 displays the low temperature photoluminescence
spectra of four samples containing increasing Cd contents. A
pure ZnO reference is given for comparison. We clearly see
the band gap reduction due to ZnO-CdO alloying up to 260
meV. The PL line shifts from a sharp near band edge emission at 3.36 eV in pure ZnO to a broadband centered at 3.1
eV. This value would correspond to an alloy containing 5.5%
Cd. The observed broadening of the PL line with Cd concentration is mainly due to local fluctuation in the composition
occurring at the atomic scale.18 The lower growth temperature 共850 ° C兲, used to grow layers with higher Cd contents,
can also contribute to this broadening.
Figure 3共a兲 shows the Cd concentration as a function of
the 共DMCd/ DEZn+ DMCd兲 mole ratio in the gas phase. The
growth temperature was 850 ° C. As expected, the efficiency
of the cadmium incorporation is low. Increasing the DMCd
concentration in the gas phase up to 50% linearly increases
the incorporation of Cd in the solid solution up to 5.5%. A
solubility limit is reached at this point. The use of Cd-rich
conditions 共R = 0.66兲 does not lead to further incorporation.
The curve shows a plateau at around 5%.
In Fig. 3共b兲, the Cd concentration is plotted as a function
of the growth temperature. It shows that Cd content decreases from 5.5% to 0.5% when Tg increases from 850 to
950 ° C. This result indicates a more effective incorporation
of Cd atoms at lower temperatures. Growth temperatures
above 950 ° C lead to a very weak Cd incorporation. Below
850 ° C, the crystalline quality becomes poor because the
layers’ diffraction intensity falls and surface morphology is
very rough.
The mole ratio between group VI and group II precursors
共RVI/II兲 ranged between 3100 and 7500, which is the typical
range used for ZnO growth. The II-VI ratio has a strong
effect on 2D growth. A low RVI/II, in the range 100–1000, is
used to grow ZnO nanowires, whereas a ratio above 3000 is
needed to start to grow 2D films. In this work, no significant
effect of RVI/II was observed on the Cd composition of the
ZnCdO layers.
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FIG. 5. 共Color online兲 Refractive index dispersion of a 5.5% cadmium as
retrieved from ellipsometric data. ZnO and ZnCdO dispersions using the
Adachi–New Forouhi model are shown for comparison. The error bar on the
retrieved data is about the thickness of the line.

FIG. 3. Cadmium concentration of Zn1−xCdxO films as a function of growth
parameters: 共a兲 varying the 共Cd/ Cd+ Zn兲 ratio; 共b兲 varying the growth
temperature.

C. Surface morphology

Figure 4 shows SEM images of two Zn1−xCdxO films containing around 5% Cd. The surface morphology can be rather
smooth. Some holelike defects with a triangular shape can be
seen. This morphology is very similar to the one of pure ZnO
film, indicating that the incorporation had no strong influence. Nevertheless, other samples exhibit rougher surfaces
with elongated pyramidal defects oriented along the
C-direction 共not shown here兲. This nonuniformity from
sample to sample could be attributed to the sapphire sub-

FIG. 4. SEM image of a Zn0.95Cd0.05O layer grown at 850 ° C.
JVST A - Vacuum, Surfaces, and Films

strate preparation prior to growth. We have observed, using
atomic force microscopy, that the surface reconstruction is
sometimes not achieved over the whole 2⬙ wafer, meaning
some areas can be poorly reconstructed. As a consequence,
layers grown on these areas exhibit rougher morphologies.
This result could be inherent to our annealing furnace or due
to nonuniformity in the wafer quality. We believe that this
result could be the cause of the rough samples. This phenomenon is also observed in pure ZnO growth.
D. Ellipsometry

Figure 5 shows the refractive index dispersion obtained
from the 5.5% cadmium sample. The refractive index has
been retrieved from ellipsometric data using the Sellmeier
formula to account for the dispersion. Note that the analysis
was limited to the below-band-gap range where absorption
and scattering losses were supposed to be negligible. The
Sellmeier parameters A, B, and 0 were found to be 3.118,
0.592, and 345 nm, respectively. To model the virtual surface
roughness, we used the effective medium approximation.
The fitting parameters included two layer thicknesses 共261
and 66 nm兲 and the void fraction 共61%兲 for the top layer. The
layer thicknesses including the top layer are in agreement
with SEM observations. While the surface roughness of the
film prevents a more detailed analysis, especially in the uv
range where a more elaborate dispersion model than the Sellmeier model is needed, the retrieved refractive index lies in
the expected range. Within the precision of the measurement
共0.01兲, no optical anisotropy was observed. Refraction index
dispersions of ZnO and ZnCdO using the Adachi–New
Forouhi dispersion model19 are shown for comparison. A
more detailed comparison can be made using the results of
Mares et al.16 They obtained refractive indices at 600 nm of
1.99 and 2.03 for cadmium contents of 2% and 9%, respectively. We obtained a refractive index of 2 for a Cd content of
about 5.5%. More detailed analysis like IR generalized ellipsometry, as demonstrated for a-plane ZnO,20 will follow the
sample interface quality improvement.
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IV. SUMMARY AND CONCLUSIONS
In summary, the growth of Zn1−xCdxO alloys by MOCVD
technique has been successful up to 5.5% Cd. SIMS analysis
showed that homogeneous composition within the sample
depth and rather smooth morphologies can be obtained. The
Cd composition is found to be strongly dependant on the
growth temperature. At 5.5% Cd incorporation, the photoluminescence emission at 2 K shows a redshift of 260 meV.
Ellipsometric measurements reveal an increase of the refractive index from 1.94 to 2 at 600 nm.
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