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Continued development of GaN-based light emitting diodes is being hampered by constraints
imposed by current non-native substrates. ZnO is a promising alternative substrate but it
decomposes under the conditions used in conventional GaN metal organic vapor phase epitaxy
�MOVPE�. In this work, GaN was grown on ZnO/c-Al2O3 using low temperature/pressure MOVPE
with N2 as a carrier and dimethylhydrazine as a N source. Characterization confirmed the epitaxial
growth of GaN. The GaN was lifted-off the c-Al2O3 by chemically etching away the ZnO
underlayer. This approach opens up the way for bonding of the GaN onto a support of choice.
© 2007 American Institute of Physics. �DOI: 10.1063/1.2770655�

The need for blue and ultraviolet �UV� solid-state emit-
ters has propelled the investigation of wide band gap semi-
conducting materials in recent years. Commercial applica-
tions typically include light emitting diodes �LEDs� for
signage and lighting plus lasers for data storage. Most of the
recent materials development for these applications has cen-
tred around GaN-based alloys.

Continuing development of GaN based devices is being
hampered because good quality native substrates are not
widely available at acceptable cost levels.1 Indeed, the vast
majority of GaN based LEDs are currently grown on c-plane
sapphire �c-Al2O3� substrates. c-Al2O3 presents significant
mismatches in lattice parameter �16.1%� and thermal expan-
sion coefficient, however, which promote strain, dislocations
and poor structural quality in the GaN. Such LEDs also have
poor heat dissipation due to the thermally insulating nature
of c-Al2O3, which reduces device lifetime and prevents per-
formance near the efficiency “sweet spot” at higher drive
currents. In addition, the electrical insulating nature of
c-Al2O3 creates a need for lateral devices with extra lithog-

raphy steps and the use of a proprietary top contact approach.
These, in turn, entail further issues such as increased device
size, current crowding, and dynamic resistance.

An alternative and promising substrate for GaN epitaxy
is ZnO. Besides having the same wurtzite structure and a
small lattice mismatch �1.8%�, GaN and ZnO also have the
same �HH� stacking sequence. Hence, stacking mismatch
boundaries and inversion domain boundaries should be less
likely to occur in GaN grown on ZnO. Furthermore, c-axis
GaN/ZnO shows a much reduced mismatch in thermal ex-
pansion coefficient compared with GaN/c-Al2O3. Moreover,
thermal strain has been shown to be compressive for
GaN/ZnO, whereas it is tensile for GaN/c-Al2O3. This
means that there should be reduced likelihood of cracking in
GaN grown on ZnO. Another attractive characteristic of ZnO
is its amenability to chemical etching in most acids and
bases. Since GaN is resistant to most of these same etchants,
ZnO could be removed selectively so as to lift-off the GaN
based device from the substrate.

Several groups have already worked on the growth of
GaN on both bulk ZnO substrates and thin film ZnO tem-
plates using a wide variety of deposition techniques. Al-
though there has been some success using molecular beam
epitaxy �MBE�2–4 and pulsed laser deposition �PLD�5,6 re-
sults have been less encouraging using the dominant indus-
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trial GaN growth tools: hydride vapor phase epitaxy7–9 and
metal organic vapor phase epitaxy �MOVPE�.10–14 The stud-
ies identify three main obstacles. Firstly, VPE of GaN is
typically done at substrate temperatures �Ts� over 1000 °C,
and the surface morphology of bulk ZnO substrates has been
observed to degrade at such elevated Ts. This is thought to be
due to the propagation of subsurface polishing damage to the
substrate surface.15 Secondly, hydrogen �H2� is often em-
ployed as a carrier gas in MOVPE and ZnO is unstable at
elevated Ts in H2 ambient. Finally, the ammonia �NH3�,
which is commonly used as source of atomic nitrogen, at-
tacks ZnO at Ts over about 650 °C. Indeed, in the case of
ZnO thin film templates, it was generally observed that the
ZnO layer was etched back during the initial stages of GaN
growth. In this work, we report, firstly, on MOVPE growth
of GaN on a ZnO buffer layer. We then demonstrate chemi-
cal lift-off of the GaN layer.

High quality ZnO layers were grown directly on 2 in.
diameter c-Al2O3 substrates by PLD as described
elsewhere.12 A GaN layer was then grown on top of the ZnO
using an innovative T-shape low pressure �LP� MOVPE
reactor16 and a procedure allowing the growth of high quality
GaN at reduced Ts.

17 This approach was based on using N2
as a carrier gas, trimethylgallium �TMG� as a source of Ga,
and dimethylhydrazine �DMHy� as a source of N.

Cross-sectional samples were prepared for imaging by
electron beam deposition of a protective Pt strip
�6�2 �m2� on the GaN/ZnO/c-Al2O3 surface followed by
milling through the layer stack with a focused beam of Ga
ions in a FEI Nova Nanolab 200 Dualbeam system. Figure 1
shows a field emission gun scanning electron microscope
�FEG-SEM� image of the cross-section. The sample shows
continuous GaN and ZnO layers with a smooth interface and
surface. Film thickness was estimated to be about 215 nm for
the ZnO layer and 135 nm for the GaN layer.

Optical microscopy revealed a homogeneous surface
free of obvious cracking, pit, pinhole, particle, or defect
problems. Atomic force microscopy �AFM� was conducted
in tapping mode using a Park Scientific Instruments auto-
probe system. Before the growth of GaN, the ZnO layer
showed a root mean square �rms� roughness of about 0.7 nm
�over an area of 5 �5 �m2�. After GaN growth, the rms
roughness of the surface was about 2 nm �over an area of
5�5 �m2� and the surface morphology had a finer structure.
Auger electron spectroscopy �AES� was conducted on the
top surface of the GaN using a nano-probe PHI680 system.
Several regions were examined with a beam incidence angle
of 30° and various voltage/current combinations. No evi-

dence of Zn or Al was observed. Resonant Raman spectros-
copy was performed at room temperature using a Jobin Yvon
Horiba HR800 UV system with 3.81 eV excitation. Charac-
teristic ZnO and GaN LO peaks were clearly distinguished,
indicating the presence of well-crystallised wurtzite ZnO and
GaN layers. The peak positions for the GaN layer were close
to those for a relaxed wurtzite GaN. This suggests that the
GaN had little strain. High resolution x-ray diffraction
�HRXRD� studies were conducted with both a Panalytical
X-Pert MRD PRO system and a Seifert PTS system. Both
systems used a Cu K�1 source. In the incident beam path,
both were equipped with four-bounce Ge �220� monochro-
mators and multilayer mirrors. Both systems were also
equipped with Ge �220� monochromators in the diffracted
beam path �three-bounce and two-bounce, respectively�.

Figure 2 shows 2� /� HRXRD scans around the ZnO
�0002� peak position before and after the growth of GaN.
The ZnO c lattice parameter was measured at
5.209±0.001 Å using the �0002�, �0004�, and �0006� peaks.
This is comparable with that for relaxed wurzite ZnO
�5.207 Å�. We can also see pronounced Pendellösung
fringes. These confirm a low surface roughness and indicate
the coherence length of the �000l� crystalline planes to be
about 225 nm, which is close to the thickness of 215 nm
estimated from the SEM cross-section image. After the
growth of GaN, a second peak emerged at a slightly higher
2�. This peak corresponds to a lattice parameter of
5.182±0.001 Å and was indexed as the �0002� peak of
wurtzite GaN �theoretical c�5.186 Å�. After GaN growth,
the ZnO c lattice parameter increased slightly to
5.215±0.001 Å. This shift can be attributed to stress induced
in the ZnO layer by the GaN overlayer and is consistent with
the higher compliance proposed for the ZnO layer.14 We can
also still see Pendellösung fringes in the GaN/ZnO scan.

The � rocking curve �no monochromator in diffracted
beam path� showed both the ZnO and GaN �0002� peaks. For
the ZnO, the full width half maximum �FWHM� was
220 arc sec. For the GaN, the FWHM was comparable but
difficult to estimate numerically because the base of the peak
was obscured by the skirt of the, more intense, ZnO peak. It
should be noted that the pertinence of these FWHM figures
is limited, in this case, because of intrinsic peak broadening
due to the low film thickness. Phi scans performed on the
�1102� peak film after GaN deposition �Fig. 3� show that the

FIG. 1. SEM image of an ion-milled cross-section of Pt/GaN/
ZnO/c-Al2O3.

FIG. 2. 2� /� XRD scans of the wurtzite �0002� peak before and after GaN
layer growth �upper and lower scans, respectively�.
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GaN grew epitaxially on the ZnO and that there is a 30° twist
with respect to the c-Al2O3 substrate. The slightly broader
peaks for GaN compared to ZnO indicate increased crystal-
lographic dispersion in the GaN.

Photoluminescence �PL� was performed at 1.6 K with an
Ar laser. Figure 4 shows the PL spectra before and after GaN
growth. The spectrum for the ZnO layer shows typical ZnO
donor bound exciton �DBE� emission with a wavelength
maximum ��max� of 3.356 eV and a FWHM of 5 meV. Neg-
ligible green signal is observed, inferring a low defect den-
sity in the sample. After GaN deposition, the ZnO DBE
emission is still dominant but the peak is an order of magni-
tude less intense; the �max has shifted to 3.353 eV and the
peak has broadened to a FWHM of 9 meV. Again, very low
green signal is detected. Interestingly, no clear GaN peak is
visible. This may be related to the lower band gap of the
ZnO combined with the relatively low thickness of the GaN
layer because excited carriers transfer to the ZnO layer be-
fore radiative recombination. Film resistivity was measured
using a four point measurement system equipped with a Kei-
thley 2400 source meter. Values of 0.02±0.01 � and
0.7±0.2 � cm were recorded before and after GaN growth,
respectively.

Lift-off was performed by immersing a
GaN/ZnO/c-Al2O3 sample in dilute HCl after mechanical
delimitation of submillimetric mesas with a diamond scribe.
Figure 5 shows a time sequence of the chemical lift-off pro-
cess. After several minutes, the ZnO dissolved completely
and the GaN mesas floated to the surface of the etchant.

This letter presented the MOVPE growth of GaN thin
films on ZnO-buffered c-Al2O3 substrates. The evaporation

of ZnO during GaN growth reported in prior literature was
combated through use of LP-MOVPE with N2 as a carrier
gas, TMG as a source of Ga, and DMHy as a source of N.
Using this approach, high quality GaN growth could be con-
ducted at reduced Ts. SEM, AFM, and optical microscopies
confirmed continuous ZnO and GaN layers with a smooth
interface, low surface roughness and no obvious cracking,
pit, particle, pinhole, or defect problems. AES showed no
evidence of Zn or Al at the film surface. HRXRD, resonant
Raman spectroscopy and PL studies confirmed epitaxial
growth of wurtzite GaN layers which were well-crystallised
after only 135 nm of growth.

The letter also demonstrated chemical lift-off of the GaN
layer from the c-Al2O3 substrate. This was achieved via im-
mersion in dilute HCl. Optical microscopy revealed the GaN
separating from the substrate and floating to the surface of
the acid. Such an approach represents a straightforward, wet-
etching method to obtain freestanding GaN, which could
then be wafer bonded onto substrates with advantages such
as superior electrical and thermal conductivity.

1P. Kung and M. Razeghi, Opto-Electron. Rev. 8, 3 �2000�.
2F. Hamdani, M. Yeadon, D. J. Smith, H. Tang, W. Kim, A. Salvador, A. E.
Botchkarev, J. M. Gibson, A. Y. Polyakov, M. Skowronski, and H.
Morkoc, J. Appl. Phys. 83, 983 �1998�.

3X. Gu, M. A. Reshchikov, A. Teke, D. Johnstone, H. Morkoc, B. Nemeth,
and J. Nause, Appl. Phys. Lett. 84, 2268 �2004�.

4S. W. Lee, T. Minegishi, W. H. Lee, H. Goto, H. J. Lee, S. H. Lee,
Hyo-Jong Lee, J. S. Ha, T. Goto, T. Hanada, M. W. Cho, and T. Yao,
Appl. Phys. Lett. 90, 061907 �2007�.

5A. Kobayashi, H. Fujioka, J. Ohta, and M. Oshima, Jpn. J. Appl. Phys.,
Part 1 43, 53 �2004�.

6R. P. Wang, H. Muto, Y. Yamada, and T. Kusumori, Thin Solid Films 411,
69 �2002�.

7S. Gu, R. Zhang, J. Sun, L. Zhang, and T. F. Kuech, Appl. Phys. Lett. 76,
3454 �2000�.

8T. Detchprohm, K. Hiramatsu, H. Amano, and I. Akasaki, Appl. Phys.
Lett. 61, 2688 �1992�.

9L. T. Romano, B. S. Krusor, and R. J. Molnar, Appl. Phys. Lett. 71, 2283
�1997�.

10N. Li, E.-H. Park, Y. Huang, S. Wang, A. Valencia, B. Nemeth, J. Nause,
and I. Ferguson, Proc. SPIE 6337, 63370Z �2006�.

11A. Strittmatter, A. Krost, V. Turck, M. Straßburg, D. Bimberg, J. Blasing,
T. Hempel, J. Christen, B. Neubauer, D. Gerthsen, T. Christmann, and
B. K. Meyer, Mater. Sci. Eng., B 59, 29 �1999�.

12D. J. Rogers, F. Hosseini Téherani, A. Yasan, R. McClintock, K. Mayes,
S. R. Darvish, P. Kung, M. Razeghi, and G. Garry, Proc. SPIE 5732, 412
�2005�.

13R. Paszkiewicz, B. Paszkiewicz, R. Korbutowicz, J. Kozlowski, M.
Tlaczala, L. Bryja, R. Kudrawiec, and J. Misewicz, Cryst. Res. Technol.
36, 971 �2001�.

14K. S. A. Butcher, A. Afifuddin, P. P.-T. Chen, M. Godlewski, A.
Sczerbakow, E. M. Goldys, T. L. Tansley, and J. A. Freitas, Jr., J. Cryst.
Growth 246, 237 �2002�.

15J. Nause and B. Nemeth, The Third International Workshop on ZnO and
Related Materials, Sendai, Japan, 2004 �unpublished�.

16A. Mircea, A. Ougazzaden, Ph. Dast’e, Y. Gao, C. Kazmierski, J.-C.
Bouley, and A. Carenco, J. Cryst. Growth 93, 235 �1988�.

17C. Sartel, S. Gautier, S. Ould Saad Hamady, N. Maloufi, J. Martin,
A. Sirenko, and A. Ougazzaden, Superlattices Microstruct. 40, 476
�2006�.

FIG. 3. XRD 	 scans for the GaN/ZnO/c-Al2O3 film.

FIG. 4. 1.6 K PL spectra of the ZnO/c-Al2O3 and GaN/ZnO/c-Al2O3.

FIG. 5. Time sequence optical microscope images of the chemical lift-off.
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