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We investigate the magnesium (Mg) incorporation efficiencies in Mg,Zn;_,O films on c-plane Zn-face ZnO substrates
by using metalorganic chemical vapor deposition (MOCVD) technique. In order to deposit high quality Mg,Zn;_,O films,
atomically smooth epi-ready surfaces of the hydrothermal grown ZnO substrates are achieved by thermal annealing in
O, atmosphere and characterized by atomic force microscope (AFM). The AFM, scanning electron microscope (SEM),
and x-ray diffraction (XRD) studies demonstrate that the Mg,Zn;_,O films each have flat surface and hexagonal wurtzite
structure without phase segregation at up to Mg content of 34.4%. The effects of the growth parameters including substrate
temperature, reactor pressure and VI/II ratio on Mg content in the films are investigated by XRD analysis based on Vegard’s
law, and confirmed by photo-luminescence spectra and x-ray photoelectron spectroscopy as well. It is indicated that high
substrate temperature, low reactor pressure, and high VI/II ratio are good for obtaining high Mg content.
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1. Introduction

ZnO and its base ternary alloys are promising candidates
for optoelectronic applications in the ultraviolet region, ow-
ing to their direct wide bandgaps and large exciton binding
energies. By incorporating magnesium (Mg) into the ZnO
matrix, the energy bandgaps of Mg,Zn;_,O alloys can be
adjusted from 3.3 eV to 7.8 eV.ll Hence Mg,Zn;_,O al-
loy is considered as a suitable material for energy engineer-
ing in ZnO-based low-dimensional optoelectronic devices.
There have been numerous reports on Mg,Zn;_,0/ZnO het-
erostructure devices, including single heterostructure ultravio-
let light-emitting diodes?! metal-semiconductor-metal solar-
blind photodetectors,m field-effect transistors, ! etc.

However, the growth of Mg,Zn;_,O is complicated for
the different stable structures of ZnO (wurtzite) and MgO
(rocksalt). Poor crystalline quality and phase separation are
thus problems that have to be resolved.’! Besides, large
lattice-mismatch between the commonly used substrates and
films and low Mg incorporation efficiency in the Mg,Zn;_,O
films are also important factors responsible for deteriorating
the crystalline quality. According to the phase diagrams of
ZnO-MgO binary systems, the thermodynamic solid solubil-
ity of MgO in a ZnO matrix is normally less than 4%.1 Nev-
ertheless, previous studies have shown that single wurtzite
structure Mg,Zn;_,O films can be acquired with significant

1,6,7

Mg compositions up to 33%~49%.!1:571 The large variation

DOI: 10.1088/1674-1056/26/6/068104

of incorporation efficiency in Mg,Zn;_,O alloys might be at-
tributed to the non-thermal equivalent natures of different tech-
niques and growth conditions. Therefore, it is necessary to
understand the effects of the growth parameters on Mg incor-
poration efficiency in Mg,Zn_,O thin films.

Several methods

have been employed to grow

Mg,Zn;_,O alloys, including pulsed laser deposition
(PLD),®] magnetron sputtering,>°! molecular beam epi-
taxy (MBE),!*!% and metalorganic chemical vapor deposi-
tion (MOCVD).!'L121 Among these methods, MOCVD is a
promising technique for industrial applications due to its ad-
vantages of high growth rate, large-area deposition, and good
thickness and composition uniformity.

It is reasonable that closely lattice-matched substrates are
favorable for the epitaxial growth of the films. Therefore,
the quality of wurtzite structure Mg,Zn;_,O films can be im-
proved by using ZnO single crystal as substrate without a
buffer layer, owing to their naturally matched lattice. The
Mg.Zn;_,O is crucial for serving as a barrier layer or quantum
wells in ZnO/ Mg,Zn;_,O heterostructures, and high quality
of Mg,Zn;_,O films would promote the performance of the
device.!?! High quality Mg,Zn;_,O films grown on ZnO sin-
gle crystal also were proved to be important for fabricating
superior solar-blind photodetectors.?! Although ZnO single
crystal substrates are already commercially available and some
research has been dedicated to the homoexpitaxial growth of
ZnO films on them, 3! the systematical study of Mg,Zn;_,O

*Project supported by the National Natural Science Foundation of China (Grant No. 61474121) and the Major Scientific Project of Fujian Province, China (Grant

No. 2014NZ0002-2).
fCorresponding author. E-mail: kding@fjirsm.ac.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

068104-1


http://dx.doi.org/10.1088/1674-1056/26/6/068104
mailto:kding@fjirsm.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 26, No. 6 (2017) 068104

film growth on ZnO substrates is very important but still lack-
ing. This can be attributed to various factors, such as high cost-
level of device-grade ZnO substrates, immature surface treat-
ment technique, and highly variable quality of crystal struc-
ture. We have reported the hydrothermal growth of ZnO sin-
gle crystals with new mineralizers and low-cost liners. A
large-sized ZnO single crystal whose x-ray 6-rocking curve
has a full width at half maximum (FWHM) of 36 arcsec for
(002) reflection and a room temperature electron mobility of
239 cm?/V-s has been obtained.!!*) In this study, we report on
the epitaxial growth of Mg,Zn;_,0O films on Zn-face of ZnO
substrates by MOCVD. Growth parameter dependence of the
Mg incorporation efficiency in the films is systematically dis-
cussed.

2. Experiments

The Mg,Zn;_,O thin films investigated in this study were
deposited by a vertical and resistively heated MOCVD on c-
plane ZnO substrates grown by the hydrothermal method. The
ZnO substrates were 10 mmx 10 mmx0.5 mm in size. Be-
fore being sent to the reactor, they were chemo-mechanically
polished followed by thermal annealing in O, atmosphere.
For the preparation details as well as structural and opti-
cal properties of the ZnO substrates, the readers can refer to
Ref. [14]. Biscyclopentadienyl-magnesium (Cp,Mg), diethyl-
zinc (DEZn) and oxygen (O, 7N) were used as the precursors
for Mg, Zn, and O, respectively. Ultra-high purity N, (9N)
was used as the carrier gas. In order to prevent the gas phase
reactions, O, and metal-organic sources were introduced sep-
arately into the reactor and just mixed below the susceptor.
The flow rates of Cp,Mg and DEZn were fixed at 2800 sccm
and 25 sccm respectively, resulting in a CpoMg/DEZn ratio
of 2:1. The O, flow rate was varied between 60 sccm and
200 sccm to regulate the VI/II ratio (the molar flow ratio of
0,/(CpoMg+DEZn)). Process pressure in the reactor was var-
ied from 10 Torr to 250 Torr (1 Torr=1.33322x10? Pa). The
substrate temperature ranged from 380 °C to 460 °C. The sus-
ceptor rotating speed was 1000 rpm. All the films were de-
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posited for one hour.

The surface morphologies of ZnO substrates and
Mg,Zn;_,0 films were investigated using atomic force micro-
scope (AFM) and scanning electron microscope (SEM). The
structure properties of Mg,Zn;_,O films were analyzed by x-
ray diffraction (XRD) in 626 geometry using PANalytical X’
Pert PRO with Cu Ka source. The Vegard’s law has been ver-
ified to be a good model for Mg,Zn;_,O alloys due to the sim-
ilar size of Zn ion (0.60 A) to that of Mg ion (0.57 A).[6:15-17]
Mg content in Mg,Zn;_,0 films was determined by the calcu-
lation of c-axis lattice parameter following the Vegard’s law.
Photo-luminescence (PL) spectra were obtained at room tem-
perature by using a He—Cd laser (325 nm) as the excitation
light source. X-ray photoelectron spectroscopy (XPS) was
also applied to Mg,Zn;_,O films to study the change of Mg
content.

3. Results and discussion

It has been shown that the surface of ZnO substrate plays
a crucial role in the quality of the epitaxial growth of thin
film.'"8 Various treatment methods for ZnO substrates in-
cluding thermal annealing, wet-chemical etching and plasma
treatment have been proposed to obtain an atomically flat
surface.l'2! In this study, thermal annealing technique is
employed for chemo-mechanically polished ZnO substrates.
Many uniformly sized islands on a smooth surface can be seen
in the AFM image of as-polished ZnO substrate (Fig. 1(a)),
which is considered as a result of the damage induced by the
sawing and polishing technique. After annealing the ZnO sub-
strate at 1100 °C in O, atmosphere for 30 min, the islands
disappear and the terrace-like structure can be observed. It
indicates that the thermal annealing treatment can eliminate
surface damage and lead to a significant improvement of the
surface quality (Fig. 1(b)). Typical step height is 2 nm equiva-
lent to 4 unit cells (lattice parameter ¢ ~ 0.52 nm). Figure 1(c)
shows the surface of a Mg,Zn;_,O film with Mg content of
about 30% grown on the annealed ZnO substrate, presenting
an RMS roughness of 2.236 nm.
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Fig. 1. (color online) Atomic force microscopy images of (a) the as-polished and (b) as-annealed ZnO substrate, and (c) Mg,Zn;_,O film

grown on the annealed ZnO substrate.
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Fig. 2. (color online) Scanning electron microscope images of Mg,Zn;_,0O
films grown on ZnO substrate at various growth parameters: ((a), (b), and
(c)) various growth temperatures; ((c), (d), and (e)) various reactor pressure;
((c), (), and (g)) various VI/II ratios; (h) Mg,Zn;_,O films grown on quartz
substrate as a reference.

The SEM images of Mg,Zn;_,O films grown on
ZnO substrates at various growth parameters are shown in
Figs. 2(a)-2(g). As can be seen in Figs. 2(a)-2(g), the sur-
face morphologies of Mg,Zn;_,O films on ZnO substrates
are mainly smooth in a range of growth parameters. If ob-

the surface at low growth temperature, and the surface is
smoother with the increase of growth temperature (shown in
Figs. 2(a) and 2(c)). This can be attributed to an improvement
of the crystalline quality of the films with increasing tempera-
ture, which is verified from the following XRD analyzing re-
sults. For comparison, an image of Mg,Zn;_,O film grown
on quartz substrate is also included in Fig. 2(h). Rough sur-
face, poor quality film is obtained on the quartz substrate at the
same growth parameters (shown in Figs. 2(c) and 2(h)). The
above results demonstrate that the ZnO substrate annealed at
1100 °C in O, atmosphere for 30 min is appropriate for epitax-
ial growth and the Mg,Zn;_,O thin films investigated in this
study have smooth morphologies.

The effects of growth parameters on the incorporation
of Mg component are discussed below. We first investigate
Mg incorporation efficiencies in Mg,Zn;_,O films at vari-
ous growth temperatures (from 380 °C to 460 °C), while the
reactor pressure and the VI/II ratio are kept at 10 Torr and
545, respectively. XRD patterns of the samples are shown in
Fig. 3(a). The enlarged image of specific angle range is seen in
Fig. 3(a). Atarelatively low temperature of 380 °C, only (002)
and (004) peaks of ZnO substrate can be seen. The split be-
tween Koy and Koy, diffraction lines reveals a high quality of
the substrate. However, Ko, line may overlap (002) peak from
Mg,Zn;_,0O film with low Mg content, which affects the de-
termination of Mg content. When the temperature increases to
400 °C, (002) peak of MgyZn;_,O film begins to arise. As the
substrate temperature further increases, Mg,Zn;_,O diffrac-
tion peak shifts toward a higher diffraction angle with the in-
crease of its intensity than (002) ZnO peak. The angle shift
must originate from the increase of Mg content in the film due
to the linear decrease of the c-axis lattice constant of the film
with the increase of the Mg content. On the other hand, the
increase of the peak intensity indicates an improvement of the
crystalline quality of the films with increasing substrate tem-

served carefully, it will be found that some pores exist on  perature.
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Fig. 3. (color online) (a) Patterns of x-ray diffraction 26—6 scan for different substrate temperatures; (b) the enlarged image of specific angle range; (c)

dependence of Mg composition (%) on substrate temperature.
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Since the film is thick enough and exceeds its critical
thickness value, the strain in the film is assumed to be com-
pletely relaxed. Following Vegard’s law, we determine Mg
content according to the relationship ¢ = 5.2029 — 0.0020x
that is deduced from Fig. 3(b) in Ref. [15]. The calculated
results (20, c-lattice constant, and Mg content) are summed
up in Table 1. Figure 3(c) exhibits the dependence of Mg con-
tent on substrate temperature. It can be seen that only rela-
tively low Mg content (below 35%) can be acquired at a high
Cp2Mg/DEZn ratio of 2:1. The low incorporation efficiency
of Mg atom into Mg,Zn;_,O is mainly caused by the low de-

has higher decomposition temperature, and the decomposition
rate of CpoMg increases as temperature increases. Therefore,
higher temperature contributes to higher Mg incorporated effi-
ciency. No peaks belonging to the (111) direction of MgO are
detected in Fig. 3(a), indicating the absence of phase separa-
tion in the films. This may be partly ascribed to the adoption
of high-quality ZnO substrate.

Table 1. Calculated results of the effect of the substrate temperature.

Temperature/°C 26/(°) c-lattice constant/A Mg composition/at.%

380 - - -
composition rate of Cp2Mg. The semi-decomposition temper- 400 34.83 5.1455 2870
ature of DEZn is 280 °C, and complete-decomposition temper- 420 34.86 5.1412 30.84
ature is 360 °C.1??l When the substrate temperature exceeds 440 34.87 5.1398 31.56
. . 460 3491 5.1341 34.41
380 °C, DEZn is completely decomposed. While Cp,Mg
T'=420 °C; VI/II = 54! b T'=420 °C; VI/II = 545
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Fig. 4. (color online) Patterns of (a) x-ray diffraction 26— scan for different reactor pressures; (b) the enlarged patterns of specific angle range; (c) the

relationships of the Mg composition (%) with reactor pressure.

Figures 4(a) and 4(b) display XRD patterns of
Mg,Zn;_,O films grown under different reactor pressures,
while substrate temperature and VI/II ratio are fixed at 420 °C
and 545 respectively. Under 10 Torr, both (002) diffraction
peaks of ZnO substrate and Mg,Zn;_,O film appear. The 26
angle of Mg,Zn;_,O film at 34.86° indicates Mg content of
30.84%, and it decreases to 34.80° when grown under 50 Torr,
which means that the Mg content decreases down to 26.55%.
When the reactor pressure further increases to 250 Torr, the
peak corresponding to (002) plane of Mg,Zn;_,O film be-
comes undetectable, suggesting that Mg content in the film
is very low. The calculated results, presented in Fig. 4(c) and
Table 2, indicate that low reactor pressure will enhance Mg
incorporation efficiency in the film. The raising of the reactor
pressure will reduce the thickness of the boundary layer above
the substrate atmosphere, and enhance the parasitic reactions.
Excessive parasitic reactions in the reactor will suppress the
diffusion ability of Mg atoms. Consequently, Mg incorpora-
tion efficiency is reduced.

Table 2. Calculated results of the effect of the reactor pressure.

As shown in Figs. 5(a) and 5(b), Mg,Zn;_,O thin films
are grown at various VI/II ratios (273, 409, and 545), while
substrate temperature and reactor pressure are fixed at 420 °C
and 10 Torr, respectively. With the increase of VI/II ratio,
Mg.Zn;_,O diffraction peak shifts toward higher diffraction
angle from 34.82 to 34.86, corresponding to Mg content in-
creasing from 27.98% to 30.84%. The assessed values of Mg
content in Mg,Zn;_,O films are shown in Table 3. Accord-
ingly, the dependence of the Mg content in the film on VI/II
ratio is presented in Fig. 5(c). Such a monotonic increase of
Mg content with increasing VI/II ratio may be attributed to
the suppression of the gas phase nucleation. When the film is
grown under high VI/II ratio, the partial pressure of Mg in the
gas phase relatively declines, and then the nucleation of Mg in
the gas phase is suppressed. It leads to more Mg atoms dif-
fusing on the substrate, which may cause the Mg atoms to be
substituted for Zn sites. Thus, Mg incorporated efficiency in
the Mg,Zn;_,O film is promoted.

Table 3. Calculated results of the effect of the VI/II ratio.

Reactor pressure/Torr 20/(°) c-lattice constant/A Mg composition/at.% VI ratio  26/(°)  c-lattice constant/A Mg composition/at.%
10 34.86 5.1412 30.84 273 34.82 5.1469 27.98
50 34.80 5.1498 26.55 409 34.84 5.1441 29.42
250 - - - 545 34.86 5.1412 30.84
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Fig. 5. (color online) Patterns of (a) x-ray diffraction 26—6 scan for different VI/II ratios; (b) the enlarged patterns of specific angle range; (c) dependence

of the Mg composition (%) on VI/II ratio.

To further verify the above results, PL and XPS measure-
ments are performed on the samples under different reactor
pressures. Figure 6 displays the PL spectra of Mg,Zn;_,O
films under different reactor pressures (see Figs. 6(a)-6(c)),
which are measured at room temperature. For comparison, the
PL spectra of ZnO film grown on ZnO substrate are also in-
cluded in Fig. 6 (see Fig. 6(d)). All samples show near-band-
edge (NBE) emissions centered at 3.29 eV due to free exci-
tonic emission of ZnO single crystal substrate.[>3) When the
signal of film is weak or close to the substrate signal, it will be
easily affected by the strong signal at the band edge from ZnO
single crystal. This is the reason that only the peak at 3.29 eV
can be observed in samples D (x = 0) and C (low Mg content
at 250 Torr). However, the band-gap energy of Mg,Zn;_,O
film depends on Mg content, which results in a blueshift of
the NBE emission peak as indicated by the dotted line (from
3.29 eV to 3.68 eV). Besides, the general consensus is that a
visible defect-band peaked at 2.47 eV, is mainly due to oxygen
vacancy (Vo) native defects in the film.[>*?>! This behavior of
the PL spectrum is in good agreement with that of the XRD
analysis result.

10 Torr —6— 50 Torr —A— 250 Torr —— ZnO

247 &V 3.29 eV

3.68 eV

>

4
3.55 eV

Intensity/arb. units

" 1 " 1 " 1 " H " 1 " 1 " 1 " 1 "
20 22 24 26 28 30 32 34 36
Photon energy/eV
Fig. 6. (color online) PL spectra of Mg,Zn;_,O films under different

reactor pressures.

Figure 7 shows the core-level lines of Mg Is of the
Mg, Zn;_,O film under reactor pressures of 10 Torr, 50 Torr,
and 250 Torr, respectively (recorded after 20-s Ar sputtering).
As reactor pressure increases, the Mg 1s peak intensity de-
creases. The Mg content values in the Mg,Zn;_,O films are

determined to be 33.8%, 26.3%, and 5.6%, respectively. This
is direct evidence for the fact that Mg content decreases with
the increase of reactor pressure. The trend of XPS spectrum
results is in good agreement with the variation trends of PL
and XRD analysis result.

—6— 10 Torr
—©— 50 Torr
250 Torr

Mg 1s

OSSN
T D oy

Intensity/arb. units

1304 1306 1308

Binding energy/eV

1300 1302

Fig. 7. (color online) XPS spectra of Mg 1s of Mg,Zn;_,O films under
different reactor pressures, recorded after 20-s Ar sputtering.

4. Conclusions

In this work, single hexagonal phase Mg,Zn;_,O films
with various values of Mg content are synthesized by MOCVD
on c-plane Zn-face ZnO substrates. AFM images and SEM
images demonstrate that Mg,Zn;_,O films each with flat sur-
face can be obtained on appropriately thermally treated sub-
strates. Systematical XRD, PL, XPS analyses reveal that high
substrate temperature, low reactor pressure, and high VI/II ra-
tio are needed to enhance the Mg incorporation efficiency in
Mg, Zn;_,O films.
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