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ABSTRACT 2 cm diameter hydrothermal ZnO crystals were
grown and then made into substrates using both mechanical and
chemical-mechanical polishing (CMP). CMP polishing showed
superior results with an (0002) Ω scan full width half maximum
(FWHM) of 67 arcsec and an root mean square (RMS) rough-
ness of 2 Å. In comparison, commercial melt-grown substrates
exhibited broader X-ray diffraction (XRD) linewidths with evi-
dence of sub-surface crystal damage due to polishing, including
a downward shift of c-lattice parameter. Secondary ion mass
spectroscopy revealed strong Li, Fe, Co, Al and Si contamina-
tion in the hydrothermal crystals as opposed to the melt-grown
substrates, for which glow discharge mass spectroscopy studies
had reported high levels of Pb, Fe, Cd and Si. Low temperature
photoluminescence (PL) studies indicated that the hydrother-
mal crystal had high defect and/or impurity concentrations
compared with the melt-grown substrate. The dominant bound
exciton for the melt-grown substrate was indexed to Al. ZnO
films were grown using pulsed laser deposition. The melt-grown
substrates gave superior results with XRD (0002) Ω and 2θ/Ω
WHM of 124 and 34 arcsec, respectively. Atomic force micro-
scope measurements indicated a low RMS roughness (1.9 nm)
as confirmed by fringes in the XRD 2θ/Ω scan. It was suggested
that the improvement in XRD response relative to the substrate
might be due to “healing” of sub-surface polishing damage due
to the elevated Ts used for the growth. Indeed the c-lattice pa-
rameter for the homoepitaxial layer on the melt-grown substrate
had become that which would be expected for strain-free ZnO.
Furthermore, the stability of the PL peak positions relative to
bulk ZnO, confirmed that the films appear practically strain free.
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1 Introduction

Wurtzite ZnO has long been known as a remarkable
multi-functional material with a very distinctive set of in-
trinsic properties including: a wide bandgap (∼ 3.37 eV) [1],
a large exciton binding energy (∼ 60 meV) [2], a high melt-
ing point (2248 K), a high radiation resistance [3], a very high
shear modulus (∼ 45.5 GPa), high transparency in the visible
spectrum [4], one of the highest piezoelectric coefficients of
all semiconductors [5], an amenability to wet chemical etch-
ing, low toxicity and low material costs. As a result, there
is already a whole range of established applications based
on ZnO including, piezoelectric transducers, gas sensors, sur-
face acoustic wave devices, transparent conducting oxides
and varistors [4, 6, 7].

Recently, there has been a surge in the research on ZnO.
This is linked to a number of discoveries plus advances in
the capacity to engineer the extrinsic properties of ZnO.
These include demonstrations of high quality epitaxy [8–11],
low threshold room temperature (RT) laser action [12, 13],
stimulated excitonic emission up to 550 K [1, 14], p-type dop-
ing [15–19], band gap engineering from 2.8 to 4 eV [20],
Schottky and ohmic contacts [21], self-forming laser cav-
ities [22] and a propensity for generation of a phenome-
nally wide range of nanostructures [23]. ZnO has also been
identified as a prime candidate for RT ferromagnetism in
a semiconductor material [24, 25]. This rapid evolution her-
alds the emergence of ZnO in many novel applications,
including ultraviolet (UV) light emission/detection [26],
high power transparent electronics [27], spintronics [25] and
nanotechnology [23].

Interestingly, the vast majority of the recent work on ZnO
has been conducted on ZnO films grown on sapphire sub-
strates (corundum structure) [8–11]. Sapphire is chosen in
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spite of considerable lattice and thermal mismatches between
the two materials. In theory, single crystal ZnO would present
a much better platform for ZnO film growth. This is because
ZnO substrates have no lattice or thermal mismatch with ZnO
epilayers, so we can expect simplified epitaxy, strain free
layers with much reduced defect density and the possibility
to control film polarity via choice of substrate surface polar-
ity (O-face or Zn face). In addition, the fabrication of devices
can be simplified, compared to ZnO on sapphire, because ZnO
substrates can be made conducting and are amenable to chem-
ical etching.

In spite of the wide availability of ZnO substrates, how-
ever, reports of ZnO homoepitaxy are scarce [28–33] and high
quality homoepitaxy has proven more difficult than expected.
This has been attributed to a number of factors, including

1. a highly variable quality of substrate crystal structure and
purity [34] (a large proportion of commercial ZnO sub-
strates turn out to be polycrystalline),

2. a variable quality of polishing, which has been shown to
have a dramatic impact on the crystal structure and sur-
face [35],

3. considerable differences between the required growth
conditions and obtained layer qualities for the different
polar surfaces of the ZnO substrate [28–33],

4. the observation that the elevated substrate temperatures
(Ts) commonly used for ZnO epitaxy can provoke a degra-
dation of the substrate surface morphology and crystal
quality [36, 37],

5. a hydroxide layer at the ZnO surface which may compli-
cate the epitaxy [38],

6. a cost-level for device-grade ZnO substrates which is al-
most two orders of magnitude higher than for c-sapphire.

Although this last factor is not technical, it has hampered the
adoption of ZnO substrates by the research community as
a whole and thus limited the kind of systematic studies neces-
sary to establish procedures for high quality homoepitaxy.

In this work, we examine these issues by studying how to
obtain high quality ZnO substrates and high quality homoepi-
taxy. In order to do this, we developed hydrothermal ZnO sub-
strates and compared their quality with that of commercial,
melt-grown ZnO substrates. We then performed pulsed laser
deposition (PLD) growth of ZnO films on the O polar face of
both types of substrate. Compared to other growth techniques,
PLD has the advantage of significantly higher adatom mobil-
ity at lower Ts [39]. Hence, high quality epitaxy should be
possible at lower Ts than is feasible with other growth tech-
niques and the potentially negative impact of elevated Ts on
the substrate surface can be reduced.

2 Experiment

2.1 Bulk crystal growth

ZnO hydrothermal crystals were grown using the
experimental set-up shown in Fig. 1. In this approach ZnO ce-
ramic nutrients (at the bottom of the autoclave) are dissolved
in an alkaline solution held at high pressure. A small tempera-
ture gradient provokes a circulation of the solution through
the diaphragm and the lower temperature at the top of the au-
toclave induces a condensation of ZnO on seeds suspended

FIGURE 1 Schematic diagram of autoclave used for hydrothermal growth
of ZnO crystals

on a platinum wire. For crystals in this study the duration of
growth was 2 weeks.

2.2 Substrate preparation

The hydrothermal crystals were diced using a di-
amond saw and then polished. Two different polishing tech-
niques (mechanical polishing (MP) and chemical mechanical
polishing (CMP)) were employed for sake of comparison. The
MP was a standard approach employing abrasion with pro-
gressively finer diamond powder solutions followed by a final
buffing stage with a fine-grain cloth so as to obtain a mirror-
like surface. The CMP was a proprietary (Novasic) approach,
specifically designed for ZnO, so as to minimize both surface
roughness and sub-surface damage.

“Production grade” commercial Bridgman (melt-grown)
substrates were provided by Cermet Inc. Their preparation
conditions are described elsewhere [40, 41].

2.3 Pulsed laser deposition

ZnO films were grown by PLD of a sintered ZnO
powder target with a 248 nm KrF excimer laser. The O polar
face was chosen because it has been found to be more stable
at elevated Ts [36] and because layers grown on the O polar
face are reported to show better quality epitaxy [42, 43]. There
was no pre-growth preparation of the substrate surface by
chemical cleaning or annealing because this has been shown
to strongly influence the quality of the subsequent epitaxial
layer [38, 44]. A single step growth at 500 ◦C was performed
under 5 ×10−4 Torr of oxygen with a laser frequency of 5 Hz
and a substrate-to-target distance of 4 cm.

2.4 Characterization

Crystal structure was studied using a high reso-
lution X-ray diffraction (XRD) system. The spot size at the
sample was ∼ 5 mm × 5 mm. Surface morphology was in-
vestigated using a Park Scientific Instruments M5 nanoprobe
atomic force microscope (AFM) in contact-mode. Qualitative
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measurement of chemical composition was performed using
secondary ion mass spectroscopy (SIMS). Optical properties
were studied using above and below bandgap, low tempera-
ture photoluminescence (PL) with a 325 nm HeCd laser and
several lines of an Ar+ laser. Raman spectroscopy was per-
formed at RT in backscattering geometry using the 514.5 nm
line of an Ar+ laser.

Resistivity was measured using a 4 point pressure contact
system.

3 Results and discussion

3.1 Hydrothermal crystal

The highest quality crystals were obtained using
a KOH (3 M)+LiOH (1 M) solvent with a temperature (T ) of
360 ◦C, a temperature drop (∆T ) of 10 ◦C and a pressure of
150 MPa.

Figure 2 shows an image of the hydrothermal crystal after
growth with a mm grid in the background to illustrate the
scale. The crystal is about 2 cm in diameter. The top part of
the crystal in the cross-sectional image is dark green in color
while the bottom part is paler. Such orientation-dependent
coloration is typical of hydrothermal ZnO and has been linked
to enhanced incorporation of impurities at the slower-growing
O-face during the growth [45, 46]. This allowed us to identify
the top surface in the cross-sectional image as the O-face.

FIGURE 2 Image of raw ZnO hydrothermal crystal. In the image we can
see a cross-sectional view in which the seed crystal (below) and the hy-
drothermal growth (above) can be discriminated. In the lower image we can
see a top view of the growth surface

FIGURE 3 X-ray diffraction 2θ–Ω scan for the hydrothermal ZnO crystal

Substrate Contaminant Concentration

Hydrothermal Li, Fe, Co, Al, Si Significant
(SIMS) Mn, Mg Moderate

C Little

Melt grown Pb 8 ppm
(GDMS) Fe 4 ppm

Cd 2.5 ppm
Si 1.4 ppm
Cl 0.9 ppm
S 0.8 ppm
Al 0.6 ppm

TABLE 1 SIMS and GDMS data for the hydrothermal and melt-grown
substrates

Figure 3 shows the XRD 2θ–Ω scan for the O-face
growth surface. The strong narrow peaks, and their 2θ angu-
lar positions, are characteristic of ZnO with preferred (0002)
orientation.

Table 1 compares the results of SIMS of the hydrother-
mal crystal with glow discharge mass spectroscopy (GDMS)
data reported for a typical Cermet melt-grown substrate [47].
The hydrothermal crystal shows strong contamination with
Li, Fe, Co, Al and Cu. The Li probably comes from the LiOH
in the solvent. Li is a fast diffuser and can act as an acceptor
in ZnO. It is not desirable because it can readily diffuse from
the substrate into the film and modify the electrical proper-
ties. Unfortunately, LiOH is required in the solvent because Li
slows the growth and improves crystal quality, stoichiometry
and surface morphology [48]. The Fe signal probably comes
partly from the walls of the autoclave since KOH also dis-
solves the autoclave itself. This can be prevented by use of a Pt
liner. The melt-grown substrate shows strong contamination
with Pb, Fe, Cd and Si. It is interesting to note that Li does
not figure in the contaminants detected for the melt-grown
substrate.

3.2 Substrate evaluation

Typical (0002) peak XRD spectra and AFM im-
ages of the substrates are shown in Figs. 4 and 5, respectively.
Table 2 summarizes the main features. The full width half
maximum (FWHM) of the XRD 2θ–Ω scans are similar for
all the substrates (between 180 and 187 arcsec). Close inspec-
tion of the peak shapes reveals that they are not perfectly
symmetrical. This signifies several strongly aligned crystallo-
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FIGURE 4 2θ–Ω and Ω XRD scans for (0002) peak of (a) MP hydrother-
mal substrate (b) CMP hydrothermal substrate (c) melt-grown substrate

graphic domains rather than a coherent single crystal. For the
melt-grown sample, there is also a pronounced tail on the peak
at lower 2θ angles. Other studies have linked such an effect
to sub-surface damage induced by the polishing [35] (N.B.
this kind of XRD study is only sensitive to the first few mi-
crons at the sample surface). The c lattice parameter for the
hydrothermal substrates is typical for ZnO, but that for the
melt-grown substrate is smaller than expected. This suggests
that the crystal is under compressive strain, which is consis-
tent with a damaged sub-surface layer due to the polishing.

The inset Ω-scan spectra reveal significant differences be-
tween the three samples. The FWHM for the CMP hydrother-
mal, at 67 arcsec, is significantly smaller than that for the MP
hydrothermal: 107 arcsec (N.B. smaller Ω-scan FWHM is in-
dicative of reduced dispersion of the crystal orientation). This
suggests that CMP produces less sub-surface damage. The
Ω-scan FWHM for the melt-grown substrate, at 223 arcsec, is
larger again. Since there is no comparative data on the polish-
ing, however, it is not clear whether this reflects the polishing
or the underlying crystal quality.

FIGURE 5 Contact mode AFM images for (a) MP hydrothermal substrate
(b) CMP hydrothermal substrate (c) melt-grown substrate. The roughness
for these samples is near the detection limit for the AFM so the absolute
values for RMS roughness may not necessarily be correct. The differences
in roughness between the samples were very reproducible, however

AFM study revealed RMS roughnesses of 0.2, 0.9 and
2.2 nm, respectively, for the CMP hydrothermal, melt-grown
and MP hydrothermal. The absolute roughness values are not
necessarily exact because they are close to the detection limit
for the AFM. The relative roughnesses are quite reproducible,
however. AFM also revealed evidence of particles on the sub-
strate for the MP hydrothermal and melt-grown substrates.
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Crystal c lattice 2θ/Ω scan Ω scan RMS Peak/valley
parameter FWHM FWHM roughness roughness

(Å) (arcsec) (arcsec) (nm) (nm)

ZnO Hydrothermal (MP) 5.21 180 109 2.2 38
substrate Hydrothermal (CMP) 5.21 180 67 0.2 1

Melt-grown 5.18 187 223 0.9 33

TABLE 2 SIMS XRD and AFM
data for the ZnO substrates

FIGURE 6 10 K PL spectrum for melt-grown ZnO substrate obtained with
above band gap excitation. Please pay attention to the differences between the
scales used in the respective plots

These particles may be left-over debris from the polishing.
The CMP hydrothermal substrate appears to have far fewer of
these particles.

No significant PL signal was observed for the hydrother-
mal crystal. This could be due to non-radiative recombination
centers in the crystal (e.g., impurities or defects) or problems
with surface reflection. Figure 6 shows the 10 K PL spectrum
for the melt-grown substrate. There is negligibly low green
emission, which has been linked to low intrinsic defect density
(particularly neutral oxygen vacancies [49]) and/or low impu-
rity concentration (often linked to Cu [50]). The luminescence
is dominated by higher energy transitions related to bound ex-
citon recombination (BE’s), its two-electron-satellites (TES)
and the 3.22 eV donor acceptor pair recombination (DAP).
Assignments of the bound exciton recombinations were made
by comparison with literature [51]. Interestingly, the dom-
inant bound exciton seems to be related to Al rather than
hydrogen. This is consistent with a relatively low hydrogen
concentration in the melt-grown substrate.

Figure 7 shows the RT Raman spectra for the hydrother-
mal crystal and melt-grown substrate. The spectra are similar
and are indicative of low strain and high crystal quality for
both.

The electrical resistivities measured for the O-faces of the
hydrothermal and melt grown substrates were ∼ 200 kΩ cm
and ∼ 1 kΩ cm, respectively. The hydrothermal crystal show-
ed more variations across the crystal while the melt-grown
substrate had a relatively homogeneous resistivity.

3.3 Homoepitaxy

Typical (0002) peak XRD spectra and AFM im-
ages for the homoepitaxial samples on the CMP hydrothermal

FIGURE 7 RT Raman spectra for (a) hydrothermal and (b) melt-grown
substrates (N.B. the differences in the background signal are linked to differ-
ent measurement configurations rather than differences between the samples)

and the melt-grown substrates are shown in Figs. 8, 9 and 10.
Table 3 summarizes the main features of the XRD and AFM
analysis.

The Ω-scan FWHM for the CMP hydrothermal substrate
is 173 arcsec. This is more than twice as wide as for the sub-
strate prior to growth (67 arcsec). Hence, we were not able
to replicate the low crystallographic dispersion of substrate
crystal quality in the epilayer. This is not the case for the melt-
grown substrate, however. The Ω-scan FWHM (at 124 arcsec)
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FIGURE 8 2θ–Ω and Ω XRD scans for (0002) peak of homoepitaxial film
on (a) CMP hydrothermal substrate (b) melt-grown substrate

FIGURE 9 Log scale blow-up of 2θ–Ω XRD scan for the (0002) peak of
homoepitaxial film on melt-grown substrate

is better than for the homoepitaxy on the hydrothermal sub-
strate and even shows an improvement compared to the value
of 223 arcsec prior to growth.

The XRD 2θ–Ω scan for the CMP hydrothermal substrate
is about twice as large as for the substrate without the epitax-
ial layer. The melt-grown substrate, on the other hand, shows
a dramatically reduced FWHM, of 34 arcsec, compared with
the substrate prior to growth (228 arcsec). The origin of this
marked improvement in crystal quality is not clear but it has
been suggested that elevated Ts can provoke surface recrys-

Crystal c lattice 2θ/Ω scan Ω scan RMS Peak/valley
parameter FWHM FWHM roughness roughness

(Å) (arcsec) (arcsec) (nm) (nm)

ZnO Hydrothermal (CMP) 5.21 334 173 5.4 96
homoepitaxy Melt-grown 5.21 34 124 1.9 50 TABLE 3 XRD and AFM re-

sults for the homoepitaxial films

FIGURE 10 Contact mode AFM images for homoepitaxial film on (a) CMP
hydrothermal substrate (b) melt-grown substrate

tallisation ,which “heals” the polish damage in the sub-surface
layer [31]. Indeed, there is no longer a tail, at lower 2θ angle,
on the peak for the melt-grown sample. Careful inspection,
Fig. 9, reveals periodic oscillations in the skirt of the peak
originating from interference between reflections from the
substrate/layer interface and the film surface. Their presence
indicates that the film has excellent surface morphology with
low roughness over a wide area. The fringe spacing gives an
estimate of the film thickness at about 170 nm, which corres-
ponds to a film growth rate of about 5.7 Å per minute. This is
comparable to the rate for control samples grown under simi-
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FIGURE 11 10 K PL spectra for
homoepitaxial films obtained with
above band gap excitation: (a) and
(b) grown on melt-grown substrate
and (c) and (d) on the CMP hy-
drothermal substrate. Please pay at-
tention to the differences between the
scales used in the respective plots

lar conditions on c-sapphire. At 5.21 Å, the c lattice parameter
for both the films is typical for relaxed ZnO.

The excellent surface morphology of the homoepitax-
ial layer on the melt-grown substrate was confirmed by
AFM study which gave an RMS roughness of ∼ 1.9 nm over
10 µm×10 µm. This is significantly lower than the roughness
measured for the homoepitaxy on the hydrothermal sub-
strate (N.B. AFM of the CMP hydrothermal substrate prior
to growth (Table 2) revealed a lower roughness than for the
melt-grown substrate).

Resistivity could not be estimated accurately for the film
using the four-point method because the conducting nature of
the substrates meant that there was no current confinement in
the homoepitaxial layer.

Figure 11 shows the ∼ 10 K PL spectra observed for the
homoepitaxial samples. The spectrum for the film grown on
the melt-grown substrate (a) shows quite narrow BE lines
compared with those observed for the film on the CMP hy-
drothermal substrate (b). Furthermore, comparing Figs. 11
and 6 reveals that there is no shift in the BE peak position.
This suggests that the homoepitaxial layers have no apprecia-
ble strain. The I4-H related bound exciton is seen to be lower
(or even disappear) in the film compared to the substrate. New
optical centres are developed, as evidenced by the appearance
of a broad UV band and an orange/red luminescence (peaked
at 3.0 eV and 1.8 eV, respectively). The same UV band and
orange/red emission are present for the film grown on the
CMP hydrothermal substrate.

4 Conclusion

2 cm diameter ZnO crystals were produced using
hydrothermal growth and then made into substrates by both

MP and CMP. XRD and AFM studies indicated excellent
crystal quality and surface morphology for the CMP substrate
(Ω-scan FWHM of 67 arcsec and RMS roughness < 1 nm).
These characteristics compared very favorably with those of
commercial melt-grown substrates, which showed indications
of sub-surface polishing damage (broadened peaks, down-
ward shift in c lattice parameter and the appearance of an ex-
tended tail on the lower angle side of the (0002) peak in 2θ–Ω

scans). SIMS showed strong Li, Fe, Co, Al and Si contamina-
tion in the hydrothermal crystals as opposed to the melt-grown
substrates, for which GDMS studies [47] reported high levels
of Pb, Fe, Cd and Si. Low temperature PL studies indicated
that the hydrothermal crystal had relatively high defect and/or
impurity levels as opposed to the melt-grown substrate, which
showed a very low defect/impurity related signal. The domin-
ant bound exciton for the melt-grown substrate was indexed to
Al rather than H, which correlated well with the SIMS results.

PLD growth of ZnO on the CMP hydrothermal substrate
failed to match the crystal quality or surface morphology of
the substrate. PLD growth on the melt-grown substrate, how-
ever, gave excellent crystal quality films with even better XRD
results than for the substrate (a Ω-scan (0002) peak FWHM
of 124 arcsec and a 2θ/Ω scan with a FWHM of 34 arcsec).
In addition, AFM measurements indicated a very low RMS
roughness (over 10 µm ×10 µm) of 1.9 nm as confirmed by
the appearance of fringes in the skirt of the (0002) peak
XRD 2θ/Ω scan. It was suggested that the improvement in
XRD response relative to the substrate alone might be due to
healing of the sub-surface polishing damage due to the ele-
vated Ts used for the growth. Indeed the c-lattice parameter
for the homoepitaxial layer on the melt-grown substrate had
become that which would be expected for strain-free ZnO.
Furthermore, the stability of the peak positions observed in
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PL studies, relative to relaxed bulk ZnO, confirmed that the
films appear practically strain free. PL studies also revealed
the appearance of new optical centers in the homoepitaxial
layers.
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