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Formation and luminescence of ZnO nanoparticles embedded in MgO films
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ZnO nanoparticles embedded in MgO thin films were prepared by a simple coevaporation method, and the
subsequent thermal annealing in oxygen ambient at 300—1100 °C. X-ray diffraction and optical absorption
spectra revealed that the size of ZnO nanoparticles embedded in MgO decreased with increasing annealing
temperature, and MgZnO interlayers were formed between ZnO nanoparticles and MgO matrix. Analysis of
Raman scattering spectra showed that the strain originated from lattice mismatch between ZnO and MgO was
relaxed by annealing processes, and the MgzZnO alloy layers between ZnO nanoparticles and MgO matrix were
formed. In photoluminescence spectra, the exciton emissions of ZnO nanoparticles shift to shorter wavelengths
with increasing annealing temperature. When the annealing temperatures exceeded 700 °C, a strong emission
appeared at 3.58 eV, while the deep level emission band in the visible light region was dramatically quenched.
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[. INTRODUCTION which dramatically decrease the exciton emission efficiency.
To solve this problem, many researchers have attempted to
Over the past few years, wide band gap semiconductorgassivate the surface defects by capping or embedding ZnO
such as ZnSe, GaN, and ZnO have attracted much attentioranoparticles with other materidfs,an approach that was
because of their potential applications for optoelectronic deexplored further in this work. Here, ZnO nanoparticles were
vices in the blue and ultravioletJV) spectral regions:®*  embedded in MgO films by a simple coevaporation method
Among these materials, ZnO has been recognized as a promith subsequent thermal annealing. The formation and the
ising candidate for the development of short-wavelength opstructural and optical properties of ZnO nanoparticles were
tical devices such as ultraviolet detectors, light-emitting di-investigated with x-ray diffractio(XRD), optical absorp-
odes, and laser diodes. In terms of crystal structure, bantion, Raman scattering, and photoluminescefiee) mea-
gap, and optical properties, ZnO is quite similar to GaN.surements.
However, a pronounced advantage for ZnO is its large exci-
ton blndlng energy, 69 me(‘(a yalue more than twice .tha%t_of Il EXPERIMENTS
GaN. This large exciton binding energy ensures significant
excitonic emission at room temperature or even higher tem- ZnO nanoparticles embedded in MgO films were prepared
peratures; so far, exciton-related optically pumped laser aaising an electron beanfEB) evaporation and resistance
tion in ZnO epitaxial films has been observed at roomevaporation combination system. A bulk-MgO crystal and
temperaturé&:® Additionally, ZnO can be alloyed with MgO highly pure metal zinc(5 N) were used as evaporation
(E4=7.8 eV) (Refs.[7,8]) or CdO (E;=2.4) (Ref.[9]) to  sources. The experimental procedure was as follows: First, a
fine-tune the band gap in the UV and blue light region, whichMgO buffer layer of 20 nm was deposited on the substrates
is favorable for applications of ZnO and its related by EB evaporation. Second, MgO and Zn were deposited
materialst®1? Recently, nanoscaled ZnO materials such asimultaneously by EB and resistance evaporatiéms, Zn
quantum wells, nanowires, and nanopatrticles have attracteglas evaporated from a resistance evaporator while MgO was
substantial interest in materials research because of their fedeposited by EB evaporatipim a 200-nm-thick layer. Third,
tures and potential applicatioh%:}” While many different a 20-nm-thick MgO cover layer was deposited. The deposi-
chemical synthesis methods have been reported for prepariripn ratios of MgO and Zn are 40 and 10 nm/min, respec-
nanoscaled ZnO materials in various forms, it is difficult totively. EB evaporation voltage and current were constant at
keep such materials stable at higher temperature and reali&kV and 55 mA, respectively. Single-crystal silicdb00)
the combination of such materials with silicon-based elecand silica glass were used as substrates for different mea-
tronic materials. Another problem for nanoscaled materialssurements. The distance between the substrates and the
especially nanoparticles, is that the high ratio of surface areavaporation sources was approximately 30 cm. Before the
to volume can introduce significant surface-related defectsvaporation, the substrates were cleaned by the standard
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FIG. 1. X-ray diffraction spectra of the as-grown sample and thecorresponds to Zn@002) pattern and symbaol®) corresponds to
samples annealed at 30€—-1100 °C. MgO (200) pattern.

RCA clean processé$, then the evaporation system was Considering that course of oxidation from the surface to the
evacuated to a base pressure below1®* Pa with a turbo interior of the Zn nanoparticles, smaller Zn nanoparticles

molecular pump. During the deposition, the substrate temWill be transformed completely to ZnO after annealing, while

perature was maintained at 200 °C by a resistance heatd'9€r nanoparticles will have Zn cores covered by a surface

Finally, the samples were annealed in a standard diffusioffy®" Of ZnO. The thickness of the ZnO surface layer de-
furnace at a temperature of 300 °C, 500 °C, 700 oc,pends on annealing temperature. Thus, both ZnO and Zn
900 °C, or 1100 °C fo 1 h with an oxygen flux of diffraction peaks are observed in the XRD data. For the
1 Iiter/r’nin. samples annealed at higher temperatures, the diffraction
The structural characterizations of the samples were caR€aks of hexagonal ZnO become stronger, and the Zn-related
ried out by XRD using a D/max-RA x-ray spectrometerd'ﬁracnon peaks.dlsappear, |nd|c_at|ng the full oxidation of
(Rigaku with Cu Ka radiation of 1.54 A. Optical absorption the Zn nanoparticles in MgO. Figure 2 shows the depen-
spectra were recorded using a Shimadzu UV-3101PC scafence of the XRD 2 values corresponding to the maximum
ning spectrophotometer. Both PL and Raman spectra wer@t€nsity of the ZnO(002 and MgO (200 peaks on the

collected with a JY-630 micro-Raman spectrometer made b@nnealing temperature. As the annealing temperature in-
P C greases, the diffraction angle of Zn002) shifts to the big-

Tgsee\rl V\Cagcilrgggrg/s E;g@%;iggesosuzrigm line of a He dger angle side and the diffraction angle of M@ZD0) shifts

to the smaller angle side. The shift of XRD angle for the
compositional variation of alloy is common in II-VI and
lll. RESULTS AND DISCUSSION I1-VI ternary alloys1%2122Therefore, the shift of ZnO dif-

Figure 1 shows th&—26 XRD spectra of the as-grown fraction angles gives evidence of the formation of hexagonal
sample and those annealed at 300—1100 °C. The data haRBase MgZnO alloys in these samples. However, it is notable
been normalized for easy comparison. All the samples shoWhat the sample annealed at 1100 °C shows no diffraction
strong diffraction peaks corresponding to cubic M¢ZDO) peaks corresponding to ZnO or Zn, while the diffraction
and (220) patterns at B=42.92° and 62.3°, indicating that angle of the cubic MgQ200) peak shifts almost 0.1° to the
the samples consist mainly of MgO phase. For the as-growlPw-angle side in comparison with the as-grown sample, as
sample(A), diffraction peaks appeared ap236.3°, 39.0°, shown in Figs. 1 and 2. The reason for the shift of MgO
and 54.3°, corresponding to tf{@02), (100), and (102 dif- (200 diffraction peaks may be due to the formation of cubic
fraction patterns of hexagonal zinc, respectively. Because dthase MgZnO alloys. This will be discussed further in the
the strong MgO diffraction peaks, some Zn-related diffrac-absorption spectra.
tions, such as th&101) peak, were obscured by MgO peaks. Absorption spectra for all samples are shown in Fig. 3.
The average diameter of the Zn nanoparticles was approxithe optical band gap energ§,y) of the samples can be
mately 15 nm, as estimated from the full width at half maxi- calculated, assuming that ZnO nanoparticles obey the fol-
mum (FWHM) of diffraction peaks by applying the Scherrer lowing allowed direct transition equatid: a=(A/hv)(hv
formula2® According to the experimental processes, it can be-Eg)'/?, wherea is the absorption coefficienf) is a con-
concluded that Zn nanoparticles had been embedded in Mg6€tant, anchv is photon energy. By plottingehv)? vs hv and
thin film in the as-grown sample. For the sample annealed agxtrapolating the linear portion te=0, the corresponding
300 °C, in addition to the diffraction peaks from the cubic band gap energy can be obtained. For the as-grown sample
MgO and the hexagonal Zn, several new diffraction peak®nly a very weak absorption can be observed. Using the
appeared at 2=31.79°, 34.43°, 35.3°, 47.57°, and 56.62°, equation above, the band gap energy is calculated to be
respectively, corresponding to t&00), (002, (101), (102,  3.37 eV, which is similar to the band gap of ZnO bulk. Since
and (110 diffraction patterns of hexagonal ZnO structure, it is inevitable that some zinc atoms would react with the
respectively. This observation indicates that the Zn nanoparesidual oxygen molecular in the evaporation system or with
ticles in MgO film were partially oxidized during annealing. the oxygen decomposed from MgO during sample growth,
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FIG. 4. Raman scattering spectrum of the sample annealed at
500 °C. The inset shows the dependence of 1-LO phonon fre-
guency on annealing temperature, where the data point at 200 °C
represents the as-grown sample.

the weak absorption at 3.37 eV can be attributed to the parfhe 325 nm line of a He-Cd laser is used as the excitation
tially oxidized Zn nanoparticles. However, there are nosource. Except for the sample annealed at 1100 °C, all the
ZnO-related diffraction patterns in the XRD spectrum. Thissamples show intense multiphonon scattering in the range
is ascribed to the small amount and the poor quality of ZnGrrom 300 to 3800 cm. Figure 4 shows a typical resonant
(i.e., ZnO may be amorphoug the as-grown sample. For Raman scattering spectrum of the sample annealed at
the samples annealed at 300 °C, an obvious absorption ed§80 °C. The Raman spectrum is composed of six sharp lines
can be observed from which the band gap energy is calcwat frequency shifts that are multiples of the 1-longitudinal
lated as 3.39 eV. As discussed in XRD analysis, Zn nanopaeptical (LO) zone-center frequency of 585 ¢ This result
ticles have been oxidized by annealing process. Thereforés consistent with previously reported values of Raman shift
the absorption for the sample annealed at 300 °C can bi®r ZnO bulk and thin film$22° which also indicates the
ascribed to ZnO nanoparticles embedded in MgO filmsformation of ZnO nanoparticles in these samples. In a previ-
However, it is notable that the absorption spectra are comeus reporé! Scott and his co-workers pointed out that the
posed of two absorption edges for the samples annealed atimber of multiple phonon-scattering processes in semicon-
500 °C, 700 °C, and 900 °(ig. 3. The absorptions at the ductors varies monotonically with polaron coupling coeffi-
low energy side are ascribed to the absorption of ZnO nanceient p, and the deformation energy is eqpélw, o/2. Then,
particles from which band gaps are calculated to be 3.42he appearance of six Raman lines in Fig. 4 indicates that the
3.44, and 3.46 eV, respectively. In the same way, the bandnO nanoparticles embedded in MgO films have large defor-
gap energies at the high energy side are calculated to be 3.68ation energy. Additionally, the 1-LO phonon frequency
3.73, and 3.75 eV, respectively. As reported by otB&r€  shifts to the high-energy side relative to ZnO bulk or thin
the band gap energy of hexagonal phase MgzZnO alloys cafilms. The details are shown in the inset of Fig. 4, where the
be tuned from 3.37 to 4.1 eV by varying the Mg content.data point at 200 °C represents the as-grown sample. It is
Consequently, the absorption at the high energy side obknown that ZnO has hexagonal structure with3.253 A
served in Fig. 3 contributes further evidence to the presencand c=5.213 A, whereas MgO has cubic structure wéth
of hexagonal MgzZnO alloys in MgO matrix. On the other =4.213 A. When hexagonal ZnO nanoparticles are embed-
hand, the band gap energies of ZnO nanoparticles anded in a cubic MgO matrix, the large mismatch between ZnO
MgZnO alloys are both blueshifted while increasing anneal-and MgO lattices must subject the ZnO nanopatrticles to in-
ing temperature, and the absorption coefficient at the lowense stress. Thus, the shift of 1-LO phonon frequencies can
energy side decreases with increasing annealing temperatutee tentatively attributed to compressive strain on the ZnO
whereas it increases at the high energy side. However, for theanoparticles. As discussed previously, in the as-grown
sample annealed at 1100 °C, the absorption edge starts sample and the sample annealed at 300 °C, the quantity and
6.4 eV, and it appears that the absorption at even highehe size of ZnO nanoparticles are small, so the interface be-
energy may occur in this sample, which is out of range of theween ZnO and MgO plays an important role in the structural
spectrometer used in this paper. It has been known that theroperties of ZnO nanoparticles. As a result, the stress effect
band gap energy of MgO is 7.8 e¥/ so the absorption can- is remarkable in these samples. However, when annealed at
not be attributed to MgO matrix. Considering the notablehigher temperature, the frequency shift of 1-LO phonon re-
shift of MgO (200) diffraction peak in XRD results, the ab- gresses to 584 cth The reasons for the redshift of 1-LO
sorption in the deep-UV region can be attributed to the forphonon frequency may be as follows. The strain relaxes due
mation of cubic MgZnO alloys, whose band gap energy isto the improvement of the crystal quality with increasing
lower than MgO. This result is consistent with the earlierannealing temperature; the hexagonal MgzZnO alloy layers
reports about cubic Mgzn&.28 forms between ZnO nanoparticles and MgO matfithe
Raman scattering spectra of the samples are collected inZnO particle size decreases with increasing annealing tem-
backscattering geometric configuration at room temperaturgaerature, which is consistent with previous repé?#t¥:

FIG. 3. Optical absorption spectra of the as-grown samfle
and the samples annealed at temperatures of 30(B)C500 °C
(C), 700 °C(D), 900 °C(E), and 1100 °QF).
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FIG. 5. PL spectra of the as-grown sample and the samples FIG. 6. Temperature-dependent PL spectra of the sample an-
annealed at 300C—-900 °C. nealed at 900 °C.

Figure 5 shows the PL spectra at room temperature for the Figure 6 shows the temperature-dependent PL spectra of
as-grown sample and those annealed in the range froffe sample annealed at 900 °C. At 83 K, the PL spectrum is
300 °C to 900 °C. In Fig. 5, two emission bands are ob-composed of a series of emission peaks. Based on the peak
served: the near-band-edd¢BE) emission in the UV region energies of these emission peaks, the peaks labeled %s FE
and the deep-levéDL) emission in the visible light region. and BEY can be attributed to the free-exciton and bound-
The latter is typically attributable to the presence of impuri-exciton emissions from hexagonal MgzZnO alloys, respec-
ties and structural defects in Zrf®37 In addition, for the tively. And, the peaks labeled as FE and BE are identified as
samples annealed at 700 °C and 900 °C, the NBE emissiathe free-exciton and bound-exciton emissions of ZnO nano-
bands are composed of two peaks, labeleBag andPy,zo. particles, while the LO-phonon replicas of FE-1LO, FE-
According to the results of XRD and optical absorption spec2L0O, and FE-3LO have been identified based on the energy
tra, thePyzo peaks at the higher energy side can be attribinterval between the FE peak and the LO photém, o
uted to exciton emission of hexagonal MgZnO alloys, while=72 me\(584 cnl)]. In comparison with ZnO bulk and

the Pzno peaks at the lower energy side are attributed tQpin fiims 41 the FWHM of the PL peaks in Fig. 6 is broader,
fr-ee-excnon recombmaan in ZnO nanopartlcles.'The EMISiyhich may result from the size distribution of ZnO nanopar-
S|k;)ns f;pm ZSO nané)par\]r_';ltcl[estﬁho;/]\_/ z;\]Stokes Shgt fro.m tGicles and the compositional fluctuation in MgZnO alloys.
absorption €dge and shift to the nhigh energy side with -y 4 iionally, from Fig. 6 it can be observed that all the emis-
creasing annealing temperature, which is consistent with the

blueshift of the band gap in absorption spectra due to the sizgons are shifted to lower energy and the PL intensities de-

decrease of ZnO nano-articles. Similar to the blueshift of thé'¢3S€ gfaq“"?‘”y with increasing temperature. The bound-
absorption edge, the emissions from hexagonal MgznO al€Xciton emissions appear to be thermally quenched as the
loys are blueshifted slightly for the samples annealed atemPerature exceeds 155K. Generally, the thermal quenching
700 °C and 900 °C, indicating the increasing Mg content inf luminescence intensity can be expressed (@$=1o/[1
MgznO alloy. On the other hand, the PL intensity ratio of +A exp(—E/KgT)],** whereE is the activation energy of the
Pzno t0 Pyzo decreases with increasing annealing temperathermal quenching procedss is the Boltzmann constarity
ture, which can be attributed to the depletion of ZnO for theis the emission intensity at 0 KT is the thermodynamic
formation of MgZnO alloys. temperature, and\ is a constant. The temperature depen-
From Fig. 5, it can also be observed that the PL intensitydence of F& and FE intensities are fitted to the equation
ratio of UV emission band to DL band increases graduallyabove and the activation energies are deduced to be 58 meV
with increasing annealing temperature, indicating the reducfor FE? and 65 meV for FE. The activation energy of Hr
tion of defect-state density in ZnO nanoparticles and MgZnOMgZnO alloys is comparable with the exciton binding en-
alloys. This can be ascribed to the improvement of crystakrgy, 60 meV, for ZnO bulk,while the activation energy of
quality of ZnO nanoparticles and the formation of smoothFE for ZnO nanoparticles is 5 meV larger than 60 meV. The
interfaces among ZnO nanoparticles, MgZnO alloys, andncrease of activation energy in ZnO nanopatrticles can be
MgO matrix with increasing annealing temperature. Sinceattributed to the small size of ZnO nanoparticlesre and
hexagonal MgzZnO alloys with a lattice constant close tothe formation of MgZnO alloys surface lay&hel) on ZnO
ZnO have formed between ZnO nanoparticles and MgO mananoparticles, both of which contribute to the enhanced con-
trix by annealing samples at 500 °—-900 °C, smooth interfinement of carriers in ZnO nanopatrticles.
faces between ZnO nanoparticles and hexagonal MgZnO al- To explain the results above, the following structural de-
loys can be expected, and the surface defects of Zn@cription should be taken into account. For the sample an-
nanoparticles are efficiently passivated, resulting in a denealed at 300 °C, most of the Zn nanoparticles are oxidized
crease of DL emissiorn$-4° However, no PL emission is to ZnO nanoparticles with a small amount of residue of Zn in
observed in the sample annealed at 1100 °C, because thege-size ZnO nanoparticles, as illustrated in Figp).7As
band gap of cubic MgzZnO alloy is far beyond the excitationthe annealing temperature increases from 500 °C to 900 °C,
energy used in these PL measurements. all Zn nanoparticles are oxidized completely to form ZnO.
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MgO MgO Ec ing to the band gap energy of hexagonal MgZnO alloys wid-

ening. When the annealing temperature is as high as
@ 1100 °C, most zinc nanoparticles in MgO films will be re-

< Pl

S

evaporated or diffuse entirely into the MgO matrix to form

cubic phase MgzZnO alloys. Consequently, there is no
ZnO-related diffraction pattern in XRD spectrum, but an ab-
sorption in the deep-UV region.

IV. CONCLUSIONS

The structural and optical properties of ZnO nanoparticles
embedded in MgO matrices were characterized by XRD, op-

FIG. 7. Structural sketch of 300 °@) and 700 °Q(b) annealed tical absorption, Raman scattering, and PL spectra. It was
samples. Schematic diagram of the conduction and the valendgund that hexagonal ZnO nanoparticles and hexagonal
bands of ZnO nanoparticles in 700 °C annealed sartgle MgzZnO alloys were formed after annealing the samples at

300 °—-900 °C. Additionally, annealing at 1100 °C resulted

Simultaneously, limited mutual diffusion of Mgand Zrf*  in the formation of MgZnO in cubic phase. A blueshift of the
between MgO matrix and ZnO nanoparticles occurs, resultabsorption edges was observed in optical absorption spectra,
ing in the formation of hexagonal MgZnO alloy surface lay- which was ascribed to the decrease of ZnO nanoparticle size
ers on the ZnO nanoparticles as illustrated in Fih)7.  and the formation of MgZnO alloys. The appearance of six
Figure 7c) shows the diagram of energy bands of the sampl&Raman lines indicated that ZnO nanoparticles embedded in
annealed at 700 °C in which the discontinuities at the conigO matrix have large deformation energy. The big shift of
duction and valance bands determined in Ref. 25 are used-L.O phonon frequency relative to ZnO bulk or thin films
The mean size of ZnO nanoparticles decreases with increagdicated that the compressive stress was significant in the
ing annealing temperature, suggesting that the ZnO nanopags-grown sample and the sample annealed at 300 °C. In PL
ticles are gradually depleted to form MgZnO alloys. As aspectra, the UV emission bands shift to the high energy side
result, the absorption edges of ZnO nanoparticles shift to thafter annealing, consistent with the results of absorption
high energy side due to the quantum confinement effé¢ts.  spectra.
The increase of FE activation energy for ZnO nanopatrticles,
which is deduced from temperature-dependent PL spectra, ACKNOWLEDGMENTS
can be attributed to the small size of ZnO nanopatrticles and
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