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Zn,_,Mg,O thin films on (001) sapphire substrates were deposited using pulsed laser deposition. As
the substrate temperature increased, the Mg content in the Zn;_ Mg O thin films increased and the
photoluminescence (PL) peak position of the Zn;_ Mg, O thin films shifted from 370 to 356 nm,
indicating a band gap expansion. Variations of the structural, electrical, and optical properties of
Zn,_MgO thin films have been observed and analyzed by x-ray diffraction, Hall measurements, and
PL measurements. © 2006 American Institute of Physics. [DOI: 10.1063/1.2219153]

I. INTRODUCTION

ZnO is an appealing material for optoelectronic devices,
such as light emitting diodes (LEDs) and laser diodes (LDs),
due to its wide band gap of 3.37 eV at room temperature and
a large exciton binding energy of 60 meV." For ZnO-based
p-n junction devices, the fabrication of p-type ZnO devices
and band gap modulation are important. Zn;_ Mg O alloy
used as a barrier layer for the band gap modulation and
Zn0/(Mg,Zn)O multiple quantum wells grown on a lattice-
matched ScAIMgO, substrate have been rep01rted.2’4_6

Recently, a Zn;_ Mg, O thin film has been deposited us-
ing various deposition techniques, such as laser molecular
beam epitaxy (LMBE),’ metalorganic vapor-phase epitaxy
(MOVPE),® f magnetron sputte:ring,4 sol-gel de:position,5
and pulsed laser deposition (PLD).%’ Particularly, the PLD
has advantages because it employs a relatively high oxygen
partial pressure and achieves high quality films with a rela-
tively high deposition rate at a low temperature due to the
ablated particles of high energy (~100 eV) obtained in the
laser-produced plume.8

An alloy of ZnO and MgO is expected easily because the
jonic radius of Mg?* (0.57 A) is similar to that of Zn**
(0.60 A). According to the phase diagram of the ZnO-MgO
binary system, the thermodynamic solid solubility of MgO in
7ZnO is less than 4 mol %. However, it has been reported that
the solid solubility of MgO in ZnO is greater than 33 mol %
for thin film alloys grown under metastable conditions.”™®
Zn-related species can be easily desorbed at higher growth
temperatures since Zn-related species have a higher vapor
pressure than that of Mg.7 However, there has been no sys-
tematic study of the effect of the deposition temperature and
postannealing on the properties of the wurtzite-phase
Zn;_ Mg, O thin films deposited using PLD.

In this study, the variation of the optical, structural, and
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electrical properties of Zn;_ Mg, O thin films has been sys-
tematically investigated according to substrate temperature
variations and postannealing.

Il. EXPERIMENT

Zn;_Mg,O thin films were deposited by PLD on (001)
sapphire substrates using a Zny;Mg,3;0 ceramic target at
substrate temperatures of 200, 300, 400, 500, and 600 °C.
The deposition chamber was initially evacuated using a tur-
bomolecular pump to a pressure in the range from
1075 to 107% Torr and then filled with 99.99% pure oxygen at
350 mTorr. A pulsed Nd:YAG (yttrium aluminum garnet) la-
ser was operated at a wavelength of 355 nm. The Zn,_ Mg, O
thin films deposited at substrate temperatures of 200, 400,
and 600 °C were annealed at 800 °C in a vacuum for 1 h.
The Mg contents and thickness of the Zn;_ Mg, O thin films
were measured using a Rutherford backscattering spectrom-
etry (RBS). The thickness of the Zn;_,Mg,O thin films was
measured to be approximately 1100—1350 nm. The crystal-
line quality was investigated by XRD with a Ni-filtered
CuKa (A=1.5418X107'° m) source. The optical properties
of the ZnO thin films were characterized by a PL with a
325 nm HeCd laser having a power of 20 mW as an excita-
tion light source. The surface morphology was observed by
an atomic force microscopy (AFM). The electrical properties
were measured using Van der Pauw-Hall measurements. All
measurements were performed at room temperature.

lll. RESULTS AND DISCUSSION

Figure 1 shows the typical RBS spectra of the
Zn,_Mg,O thin films deposited at 200—600 °C. Figure 2 is
a plot of the Mg/Zn ratio of Zn,_ Mg, O thin films as a
function of the deposition temperature. The ratio of Mg/Zn
clearly increased from 0.13 to 0.26 with the increasing sub-
strate temperature from 200 to 600 °C because the Zn-
related species can be desorbed more easily than Mg at high
growth temperatures.

© 2006 American Institute of Physics
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FIG. 1. Typical RBS spectra of Zn;_ Mg O thin films deposited at substrate
temperatures of 200—600 °C.

The PL spectra of Zn;_,Mg,O thin films deposited at
substrate temperatures of 200 to 600 °C have been mea-
sured, as shown in Fig. 3. It was found that the ultraviolet
(UV) peak position of the pure ZnO thin films deposited on
(001) sapphire substrates were approximately 3.26 eV
(380 nm), as has been reported previously.9 As the substrate
temperature increases, the peak UV position of the
Zn;_ Mg O thin films in Fig. 3 shows a blueshift indicating a
band gap expansion. The optical band gap of Zn;_ Mg O
thin films measured by PL expanded from 3.351 eV
(370 nm) to 3.483 eV (356 nm) as the substrate temperature
increased. Thus, it could be suggested that the increase of the
optical band gap energy results from the increase in the Mg
composition in the Zn;_, Mg, O thin films. The strongest UV
intensity was observed in the Zn;_,Mg,O thin film deposited
at the substrate temperature of 400 °C. This is consistent
with the PL results of the pure ZnO thin films from our
carlier work.'® The intensity of the UV emission of the ZnO
thin film is dependent on the microcrystalline structure and
stoichiometry.”’l2 The melting points of Zn and Mg are 693
and 922 K, respectively.13 Above the substrate temperature
of 400 °C, the Zn evaporation in Zn;_ Mg, O thin films oc-
curs and consequently results in the degradation of the sto-
ichiometry of Zn;_ Mg,O thin films.

Figure 4 shows the XRD spectra of the Zn;_ Mg, O thin
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FIG. 2. The Mg/Zn ratio of Zn,_ Mg, O thin films deposited at substrate
temperatures of 200—600 °C.
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FIG. 3. PL spectra of Zn,;_Mg,O thin films deposited at substrate tempera-
tures of (a) 200, (b) 300, (c) 400, (d) 500, and (e) 600 °C.

films deposited at various substrate temperatures. All
Zn;_ Mg O thin films were found to be c axis oriented and
all exhibited a single phase of ZnO hexagonal structure with-
out a cubic MgO structure. The Zn,;_ Mg,O thin films depos-
ited at substrate temperatures of 200 to 600 °C show domi-
nant (002), minor (100), and XRD (101) peaks. However, the
(100) and (101) peaks of the Zn,_ Mg O thin film deposited
at a substrate temperature of 200 °C were observed signifi-
cantly. It is considered that the decrease of the adatom mo-
bility of the species arriving on the substrate at a relatively
low deposition temperature leads to the increase of the (100)
and (101) peaks.

The full widths at half maximums (FWHMs) of the
(002) peaks of the Zn,_,Mg,O thin films and pure ZnO thin
films depending on substrate temperatures are exhibited in
Fig. 5. The FWHMs of all Zn;_Mg,O thin films were larger
than that of the pure ZnO thin films deposited with the same
conditions due to the strain in the film induced by the Mg
alloy.3 The FWHMs decreased as the substrate temperature
increased until 500 °C. This indicates the improvement of
the crystalline quality of the thin films.'* The improvement
of the crystalline quality of the thin films is mainly due to the
increase of the adatom mobility of the atomic and molecular
species on the substrate with the increasing substrate tem-
perature. While the FWHMs of the pure ZnO thin films de-
creased due to sufficient adatom mobility as the substrate
temperature increased, the FWHMs of the Zn;_ Mg, O thin
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FIG. 4. XRD spectra of Zn;_Mg,O thin films deposited at substrate tem-
peratures of (a) 200, (b) 400, and (c) 600 °C.
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FIG. 5. Comparison of FWHMs of the (002) peak of the Zn;_,Mg,O thin
films and pure ZnO thin films deposited at substrate temperatures of
200-600 °C.

films grown above 500 °C increased despite sufficient ada-
tom mobility on the substrate. This result indicates that the
increase of the Mg composition in the Zn;_ Mg O thin film
could lead to more strain in the film.?

The AFM images of the Zn;_ Mg, O thin films deposited
at substrate temperatures of 200, 400, and 600 °C have been
observed, as shown in Fig. 6. The rms roughness of the
Zn,_Mg,O thin films increased due to larger grains being
generated by the increased amount of adatom mobility as the
substrate temperature increased. According to Scherrer’s for-
mula, the increase of the grain size in the film indicates the
decrease of the FWHM of the XRD spectra.15 Though the
largest grain size was observed in the Zn;_ Mg, O thin film
deposited at a substrate temperature of 600 °C, as shown in
Fig. 6, the FWHM of the (002) peak in the Zn,_,Mg,O thin
film deposited at 600 °C was the same as that of the
Zn,_Mg,O thin film deposited at the substrate temperature
of 400 °C, as shown in Fig. 5. The Zn;_Mg,O thin film
deposited at the substrate temperature of 600 °C had more
strain than the Zn,;_Mg,O thin film deposited at 400 °C due
to a higher Mg composition. Therefore, the FWHM of the
(002) peak in the Zn;_ Mg O thin film deposited at 600 °C
was the same as that of the Zn;_ Mg, O thin film deposited at
400 °C despite the larger grain size.

Ideally, a defect-free ZnO film is an insulator; however,
the as-grown films show n-type semiconducting properties
with many defects, such as oxygen vacancies and Zn inter-
stitials. Figure 7 shows the electron concentration and resis-
tivity of the Zn;_, Mg, O thin films and pure ZnO thin films
deposited at substrate temperatures of 200, 400, and 600 °C.
All Zn,;_ Mg, O and pure ZnO thin films have been n-type
semiconductors and the resistivity was inversely proportional
to the carrier concentration. The Zn;_ Mg,O thin film depos-
ited at a substrate temperature of 200 °C shows a higher
resistivity than those deposited at 400 and 600 °C. Due to
the low-temperature deposition, this film has a poor structure
as shown in the XRD data in Figs. 4 and 5. The large resis-
tivity was due to structural defects such as dislocations, dan-
gling bonds, and trap centers in many grain boundaries. The
resistivity of the Zn;_ Mg, O thin film deposited at a sub-
strate temperature of 400 °C decreased remarkably. This re-
sult was the outcome of the recovery of the structural defects

J. Appl. Phys. 100, 033701 (2006)
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FIG. 6. AFM images of the Zn,_ Mg, O thin films deposited at substrate
temperatures of (a) 200, (b) 400, and (c) 600 °C.

by supplying enough thermal energy. However, the resistiv-
ity of the Zn;_Mg,O thin film deposited at a higher substrate
temperature of 600 °C increased.

As mentioned before, Zn-related species are easily des-
orbed at higher growth temperatures and Zn evaporation oc-
curs at substrate temperatures over 400 °C because the melt-
ing point of Zn is 419 °C. Therefore, many Zn vacancies
might exist in the Zn;_ Mg, O thin film deposited at 600 °C.
It has been reported that the Zn vacancy acted as a dominant
acceptor in an n-type ZnO film.'"*"” The increase of Zn va-
cancies in the n-type Zn;_MgO thin film deposited at
600 °C could reduce electron concentration and increase re-
sistivity. These tendencies are observed in the case of the
pure ZnO film shown in Fig. 7(b). However, there are several
differences between the pure ZnO and Zn;_ Mg, O films. The
electron concentration of the pure ZnO film is higher than
that of the Zn,_,Mg, O film, as shown in Figs. 7(a) and 7(b).
The XRD result shown in Fig. 5 indicates that the film qual-
ity of ZnO films is better than that of the Zn;_Mg,O thin
films. Consequently, the Mg in the ZnO film plays a role in
degrading the film quality and decreasing the electron con-
centration compared with pure ZnO films. Also, as the sub-
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FIG. 7. The electron concentration and resistivity of (a) Zn,_,Mg,O thin
films and (b) pure ZnO thin films deposited at substrate temperatures of 200,
400, and 600 °C.

strate temperature increases from 400 to 600 °C, the resis-
tivity of ZnO increased linearly according to the decrease of
the carrier concentration, as shown in Fig. 7(b). However,
this linearly inverse dependence of Zn;_ Mg, O at deposition
temperatures of 400—600 °C is different from the results of
the pure ZnO shown in Fig. 7(b). The electron concentration
of Zn;_ Mg, O decreases by less than a factor of 2, approxi-
mately, while the resistivity increases by one order of mag-
nitude, as shown in Fig. 7(a). This is in contrast to the de-
crease in the carrier concentration of ZnO between 400 and
600 °C, which is accompanied by a corresponding increase
in the resistivity, as shown in Fig. 7(b). The reason for the
nonlinear inverse behavior between the electron concentra-
tion and resistivity of Zn;_ Mg, O could be explained from
the results of Figs. 3, 5, and 6. Figure 6 shows that the
Zn;_ Mg, O thin film deposited at 600 °C has the largest
grain size. However, the grain size analysis from Scherrer’s
formula using the FWHMs of XRD, as shown in Fig. 5,
reveals that the grain size of Zn,;_,Mg,O thin film fabricated
at 400 °C is almost equal to those of the films fabricated at
600 °C. As mentioned before, it is because the Zn;,_ Mg O
thin film deposited at a substrate temperature of 600 °C has
more strain than the Zn;_ Mg, O thin film deposited at
400 °C due to a higher Mg composition. Such strain in
Zn,_Mg,O causes the results of the FWHMs, which are not
proportional to the grain size measured by the AFM mea-
surement (Fig. 6), as well as the optical properties degrada-
tion (Fig. 3). Therefore, the ratio of resistivity increases and
electron concentration decreases of Zn;_ Mg O thin films, as
shown in Fig. 7(a), are not the same as the results of the pure
ZnO film shown in Fig. 7(b).

The PL peak positions of the Zn;_ Mg O thin films de-
posited at 200 and 400 °C were shifted to a shorter wave-

J. Appl. Phys. 100, 033701 (2006)
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FIG. 8. PL spectra of Zn,_Mg,O thin films deposited at substrate tempera-
tures of (a) 200 and (b) 400 °C with the PL spectra of post annealed
Zn;_Mg,O thin films at 800 °C.

length by 6 nm (from 370 to 364 nm) and 4 nm (from
364 to 360 nm), respectively, after postannealing at 800 °C
as shown in Fig. 8. The Zn,;_,Mg,O thin films deposited at a
low temperature did not have sufficient energy to bond, so
these films would have unstable bonds with many defects.
The preferential desorption of Zn atoms, due to their higher
vapor pressure among the species in unstable bonding states
and the substitution of interstitial Mg atoms into Zn vacan-
cies, could result in the increase of the Mg composition in
the Zn;_ Mg O thin films. Therefore, the PL peak position of
the Zn;_ Mg, O thin film deposited at a substrate temperature
of 200 °C exhibited a greater shift than that of the
Zn,_Mg,O thin film deposited at a substrate temperature of
400 °C.

The Zn;_Mg,O thin films deposited at substrate tem-
peratures of 200, 400, and 600 °C were annealed at 800 °C
in a vacuum. The electron concentration and resistivity of
these thin films are shown in Fig. 9. The increase of the
electron concentration and the decrease of resistivity were
observed in all thin films.

When a ZnO thin film is heated at high temperatures, it
tends to lose oxygen.l&19 The increase of the electron con-
centration after postannealing at 800 °C was attributed to the
generation of many defects by the reevaporation of oxygen at
a high temperature. The reaction expressions are as follows:

ZnMgO — Mgy, + Zng, + V, + 50,7, (1)
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FIG. 9. The electron concentration and resistivity of Zn,_Mg,O thin films
annealed at 800 C in a vacuum. The Zn;_,Mg,O thin films were deposited at
substrate temperatures of 200, 400, and 600 C.

ZnMgO — Mg; + Zn; + %OZT. (2)

As a result, oxygen vacancies and Zn and Mg interstitials are
generated; these act as donors in Zn;_Mg,O thin films.
Therefore, the electron concentration increases and the resis-
tivity decreases. Furthermore, since postannealing was per-
formed in a vacuum, not in ambient oxygen, the reevapora-
tion of oxygen could occur more easily.

IV. CONCLUSION

Zn,_ Mg O thin films were deposited by pulsed laser
deposition at various substrate temperatures using a ZnMgO
ceramic target. The optical bandgap of Zn;_ Mg, O thin films
expanded due to the increase of the Mg composition in the
Zn;_Mg,O thin films as the substrate temperature increased.
The most intense UV emission was observed in the
Zn;_Mg,O thin film deposited at a substrate temperature of
400 °C due to the Zn evaporation in Zn;_ Mg, O thin films
grown above 400 °C. According to the XRD results, all thin
films exhibited good ¢ axis orientation and the Zn;,_ Mg O
thin film deposited at a substrate temperature of 500 °C
showed the best crystalline quality. The grain size and rms
roughness of the Zn;_,Mg,O thin films increased as the sub-
strate temperature increased and the electron concentration
and resistivity of the Zn;_Mg,O thin films varied with the

J. Appl. Phys. 100, 033701 (2006)

substrate temperature. The expansion of the optical band gap
in Zn;_ Mg, O thin films deposited at low temperatures of
200 and 400 °C was observed after postannealing at 800 °C.
The electron concentration increased and the resistivity de-
creased after postannealing at 800 °C. These results indicate
that the properties of Zn;_ Mg, O thin films depend remark-
ably on substrate temperatures and the postannealing treat-
ment with changes in the Mg composition.
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