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Zn-triggered critical behavior of the formation of highly coherent domains in a Mg1ÀxZnxO thin
film on Al 2O3
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A series of Mg12xZnxO (x50, 0.05, 0.10, and 0.15! thin films were grown by metal-organic chemical vapor
deposition on a~0001! sapphire substrate, and the structural characteristics of Mg12xZnxO thin films were
investigated by synchrotron x-ray diffraction. The increasing amount of Zn was found to gradually enhance the
structural coherence of Mg12xZnxO films. For a sample with 15 at. % of Zn, in particular, the formation of
highly coherent domains in Mg12xZnxO was observed to be triggered, with an accompanying phase separation
of ZnO. An integrated intensity analysis predicted that the critical concentrationxc of Zn at which the phase
separation occurred was 0.08660.015, and that the highly coherent domains in Mg12xZnxO accounted for
1261%.
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With the recent development of GaN-based optoelectro
devices, various other wide band gap materials are ex
sively investigated to fabricate short wavelength optoel
tronic devices with better performance. ZnO is among
most promising candidates for this purpose since it ha
large exciton binding energy (;60 meV) and bond strength
In particular, recent studies of ZnO showed that the
tremely stable excitons survived well above room tempe
ture, implying the possibility of low-threshold excitoni
lasers.1,2

Lately, Ohtomoet al. reported that the band gap of Zn
was enlarged by alloying with MgO,3 and the growth and
characterization of Zn12xMgxO alloy for band gap engineer
ing have become key issues to construct various optical
electrical devices. The research on Zn12xMgxO alloy has,
however, been very limited partly due to only a few grow
methods available such as pulsed laser deposition or mol
lar beam epitaxy. Our previous work showed that high qu
ity Zn12xMgxO could be grown by metal-organic vapo
phase epitaxy.4

In this work, we extended our work to investigate t
structural characteristics of Mg12xZnxO film on a ~0001!
sapphire substrate utilizing a synchrotron x-ray diffractio
and the very intriguing effect of incorporated Zn on t
structural coherence of Mg12xZnxO was observed. A serie
of Mg12xZnxO (x50, 0.05, 0.10, and 0.15! thin films were
grown on a ~0001! sapphire substrate by metal-organ
chemical vapor deposition. Bis-cyclopentadienylmagnes
(Cp2Mg), diethylzinc~DEZn!, and oxygen were used as M
Zn, and O sources, respectively. The growth temperature
reactor pressure were maintained constant at 600 °C a
torr, respectively. The thickness of the films was measure
be 1300 Å, and the thickness variation with Zn contents w
negligible. The amount of Zn incorporated into MgO w
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controlled by the DEZn flow rate, and the atomic percenta
of Zn was determined by energy dispersive x-ray spectr
copy. X-ray diffraction experiments utilizing a synchrotro
radiation source were performed at beamline X16C of N
tional Synchrotron Light Source at Brookhaven Nation
Laboratory. A double crystal Si~111! monochromator pro-
duced x rays of 11.5 keV (l51.0781 Å ). A four circle dif-
fractometer featuringkappa geometry5 was used for mea-
surement. Our experimental resolution was determined b
132-mm2 wide slits in front of a scintillation detector.

MgO and ZnO have rocksalt and wurtzite structures,
spectively. Since they have a different coordination num
and crystal symmetry, it is expected that Zn will replace M
without changing the original structure up to a certa
amount when alloying. According to the phase diagra
MgO allows a maximum of 56% ZnO~wt %, 40 at. %! at
1600 °C, and maintains its NaCl structure with the latti
constant staying close to that of pure MgO 4.208 Å,6 but it
does not necessarily mean that Mg12xZnxO with x up to 0.4
is a stable phase at room temperature.

As far as the orientational relation is concerned, o
x-ray-diffraction result showed that cubic Mg12xZnxO
thin films were epitaxially grown with the orienta
tional relationship of Mg12xZnxO(111)iAl2O3(0001),
Mg12xZnxO@ 1̄10#iAl2O3@101̄0# in all of our samples, and
that the lattice parameters were not markedly changed f
those of MgO through the samples implying that the film
were fully relaxed. Thef scan in Fig. 1 showed, however,
sixfold symmetry, signifying that there were either 60° twi
or inversion domains of Mg12xZnxO because only threefold
symmetry is allowed for a~200! Bragg peak in a single do
main Mg12xZnxO.

For a large lattice-mismatched system such as MgO
sapphire with;8.4% lattice mismatch, it is common fo
©2002 The American Physical Society04-1
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dislocations to induce rotational disorder in order to relie
strain. This type of rotational disorder can usually be ch
acterized by the x-ray rocking curve measurement. As for
out-of-plane rotational disorder,u rocking curves of a
Mg12xZnxO(111) Bragg peak were measured, and a grad
decrease of the Bragg peak width was observed with
increasing amount of Zn. As shown in Fig. 2, a very narr
component on top of a broad peak was, however, found
the sample with 15% of Zn.~Data were plotted as a functio
of the surface parallel component of the momentum tran
vector instead ofDu. This unit conversion is valid for a
small value ofDu with a good approximation.! For au rock-
ing curve of Mg12xZnxO(222) in the same sample, there w
only a broad peak with no such a sharp peak on top o
Note that the width of the diffuse component for~111! and
~222! is not dependent upon the magnitude of the momen
transfer vector. This seemingly peculiar rocking profile ca
not be explained by a simplemosaicity model because i
predicts the same angular width of each Bragg peak with
narrow component.

FIG. 1. Thef scan through Mg12xZnxO ~200! Bragg peaks
shows that there are either 60° twins or inversion domains in
film.

FIG. 2. Theu rocking scan of the~111! Bragg peak of 15% of a
Zn-incorporated Mg12xZnxO thin film. A two-line shape rocking
profile was observed only for this sample. Data were plotted a
function of the surface parallel component of the momentum tra
fer vector instead ofDu.
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The coexistence of narrow and diffuse component is w
known from the scattering theory for disordered crystalli
solids, where the narrow component arises from the lo
range order and is attenuated by the uncorrelated diso
whereas the broad component comes from the short-ra
correlations.7 Thus, two-line shape rocking profile o
Mg12xZnxO atx50.15 implies that there are highly ordere
coherent Mg12xZnxO domains embedded in a mostly le
ordered Mg12xZnxO matrix. Due to the very nature of ep
taxy, the highly ordered Mg12xZnxO domains are most likely
to be formed at the interface region, maintaining its coh
ence with the substrate. The fact that the full widths at h
maximum~FWHM! of ~111! Bragg peak from these domain
are comparable to that of the sapphire~006! Bragg peak is
indirect evidence which supports this assertion.

As for the role of Zn in assisting the formation of high
ordered Mg12xZnxO domains, it is worthwhile to investigat
any critical behavior of the Zn-related phase around a 1
Zn-incorporated sample. In order to see if there was a
phase separation in our samples,u-2u scans along the sur
face normal direction were carried out. No signature of Z
phase separation in the samples with up to 10% Zn incor
ration was found. For the sample with 15% of Zn, howev
the ZnO phase was observed~Fig. 3! with an average grain
size of;220 Å estimated by the Scherrer formula

D'
0.9l

~2u!FWHMCosu
, ~1!

whereD is the domain size, andu is the angle of the Bragg
peak. From our data, it seems that the formation of cohe
domains of Mg12xZnxO is observed to be triggered onl
above a critical concentration of incorporated Zn, and t
ZnO phase separation also takes place approximately a
same critical level of incorporated Zn.

In order to understand Zn-triggered critical phenome
more quantitatively, we propose a model to explain our
perimental results in the following. Up to a critical conce
tration (xc) of Zn, Zn is homogeneously mixed in

e

a
s-

FIG. 3. Theu-2u scan of 15% of a Zn-incorporated Mg12xZnxO
thin film clearly shows a ZnO phase with an inset of a Gaussian
to a ZnO~002! Bragg peak. The average grain size is estimated to
;220 Å from the Scherrer formula.
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Mg12xZnxO. If more than a critical concentration of Zn
(xo>xc) is incorporated at a growth temperatur
Mg12xo

Znxo
O will decompose to Mg12xc

Znxc
O and ZnO at

room temperature to lower the total energy of the film. Bas
on this model, we calculated the integrated intensities of
Bragg peaks@Mg12xZnxO~111! and ZnO~002!# to verify that
our model is consistent with the experimental results.

To calculate the integrated intensity of a specific com
nent of a Bragg peak, we need to figure out how many u
cells in each phase contribute to the corresponding com
nent. If the number of unit cells in Mg12xo

Znxo
O is No , then

the number of unit cells in Mg12xc
Znxc

O and ZnO after the

decomposition of Mg12xo
Znxo

O, Nc andNz , can be related
as follows because there are only two Zn atoms in one
cell of wurtzite structure if we assume that the number of M
and Zn atoms in the film are conserved even after the dec
position:

~12xo!No5~12xc!Nc , ~2!

Nc[2~xoNo2xcNc!52~No2Nc!. ~3!

Then a certain amount of Mg12xc
Znxc

O phase will be in a

highly ordered state, and we label this ratioa. Thus the
number of unit cells in Mg12xc

Znxc
O contributing to the nar-

row and broad components of the Mg12xc
Znxc

O ~111! Bragg

peak, Nnarrow and Nbroad, can be related toNo , using Eqs.
~2! and ~3!, as

Nz

Nnarrow
[

Nz

aNc
5

2~xo2xc!

a~12xo!
, ~4!

Nz

Nbroad
[

Nz

~12a!Nc
5

2~xo2xc!

~12a!~12xo!
. ~5!

Other factors we need to consider to calculate the in
grated intensity are the atomic form factors and struct
factors of each unit cell. Atomic form factors can be calc
lated using an analytical expression of

f S sinu

l D5(
i 51

4

aiexpF2bi

sin2u

l2 G1c, ~6!

and the tabulated constantsai , bi , andc for each element,15

and are given byf Mg58.655, f Zn524.071, andf O55.530 at
u512.8° @corresponding to the Bragg condition fo
Mg12xZnxO ~111! where we assumed that the Bragg con
tion did not change significantly with different Zn concentr
tions#, and f Zn524.531, f O55.744 atu512.0°@correspond-
ing to the Bragg condition for ZnO~002!#. Combining the
atomic form factors, the structure factors of Mg12xZnxO and
ZnO are given by uFMg12xZnxOu561.664x112.5 at u

512.8°, anduFZnOu550.389 atu512.0°.
Since the integrated intensityI is proportional to the struc

ture factor and the number of unit cells, we end up with
expressions from Eqs.~4! and ~5! with the structure factors
11340
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A I ZnO

I narrow
5

2~xo2xc!

a~12xo! F 50.389

61.664xc112.5G , ~7!

A I ZnO

I broad
5

2~xo2xc!

~12a!~12xo! F 50.389

61.664xc112.5G . ~8!

From our measurements, the ratios of the integrated in
sities between each component are given byI ZnO/I narrow
53.522 and I ZnO/I broad50.4742. Plugging these number
and xo50.15 into Eqs.~7! and ~8!, we obtain a50.12
60.01 and xc50.08660.015. This implies that
Mg12xo

Znxo
O with xo50.15>xc58.661.5 decompose to

Mg12xc
Znxc

O and ZnO, and that only approximately 12%

a Mg12xc
Znxc

O phase will contribute to the narrow compo
nent of the Bragg peak. The integrated intensity analy
based on our model is in excellent agreement with the
that we could not observe any ZnO phase separation
samples where the Zn concentration is less than 10%, an
also consistent with our qualitative interpretation above t
only a small portion of highly ordered domains are embe
ded in a less ordered matrix.

In addition to out-of-plane ordering, we also expected t
in-plane domain ordering took place by Zn incorporatio
For an estimation of rotational disorder in the in-plane dire
tion, f rocking curves were measured for th
Mg12xZnxO(200) Bragg peak. In Fig. 4, a typicalf rocking
curve for a~200! Mg12xZnxO film is shown with an inset
showing a monotonic decrease of rotational disorder in
in-plane direction as a function of the amount of Zn inco
poration. The incorporation of Zn assists the ordering
Mg12xZnxO domains in the in-plane direction as well. Th
incorporated Zn above a critical value not only influenc
the structural coherence, but also greatly enhanced the
face morphology, which was manifested by the appeara
of up to tenth-order thickness fringes in theu-2u scan and
atomic force microscopy image~data not shown!.

FIG. 4. The typicalf scan of a Mg12xZnxO ~200! Bragg peak.
The inset shows the monotonic decrease of the full width at h
maximum values as a function of the incorporated amount of
The solid line in the inset is a guide to the eyes.
4-3
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This kind of two-line shape rocking profile was also o
served in other heteroepitaxial systems such as Nb/Al2O3,
ErAs/GaAs, and Ti/MgO.8–12 Miceli et al. successfully ex-
plained the dependence of the width of the diffuse com
nent as a function of the momentum transfer vector.
cently, Barabashet al. extended the Krivoglaz theory, an
were even able to calculate the lineshapeof the diffuse
component by modeling the misfit dislocation networks.13 In
all of the systems mentioned above, the dislocation den
was known to be the main source of rotational disorder ca
ing a diffuse component, with the thickness playing a role
determining the dislocation density.

On the other hand, what distinguishes Mg12xZnxO from
other systems, even though it showed a similar two-
shape profile, is the fact that the formation of highly orde
domains resulted from incorporated Zn above a critical c
centration. In this system, the concentration of incorpora
Zn seems to play the same role as the thickness of the fil
the systems mentioned above did, triggering highly orde
coherent domains at a critical value. Considering the sim
ity in radii of Zn21 and Mg21 ions ~1.25 and 1.36 Å,
.

.

o
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y

v

r-
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respectively!,14 the incorporated Zn may easily substitute t
Mg site up to a certain amount, but a phase separation t
place above a critical concentration. However, the po
where the coherent~rocksalt! domains are observed to form
is also the concentration at which separate ZnO~wurtzite!
domains arose.

In conclusion, the structural ordering of a series
Mg12xZnxO thin films with different atomic percentages
Zn was investigated by synchrotron x-ray diffraction. T
effect of Zn incorporation on the structural coherence of
overall Mg12xZnxO film manifested itself gradually, bu
there was a critical point in the amount of Zn incorporati
which triggered the formation of highly ordered domains. A
integrated intensity analysis, based on a phase separ
model, showed that the critical concentrationxc was 0.086
60.015 and the highly coherent domains in Mg12xZnxO ac-
counted for 12%.
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