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Abstract BeZnO layers, which are new materials for

ultraviolet-light-emitting devices, were grown by hybrid

beam method. The mobility and the carrier concentration

on the BexZn1-xO layers of x = 0.28 were confirmed to be

2.83 cm2/V s and 4.16 9 1018 cm-3, respectively. Also,

the optical properties attributed to the thermal quenching

phenomenon of BeZnO were analyzed by photolumines-

cence as a function of temperature. With increasing

temperature, the intensities and the spectral widths on the

localized deep-level emissions of 3.6230 eV exponentially

reduced and tended to broaden, respectively. Therefore, the

temperature dependences of the full width at half maxi-

mum and the intensity were explained in terms of a

configuration coordinate model. The broad emissions of

3.6230 eV without any fine structure were acted by a

strong electron-phonon coupling due to the interaction

between the radical beryllium and the ZnO host lattice. In

addition, the Frank-Condon shift was found out to be

78.9 meV with the associated phonon energy of 15 meV.

Thus, the activation energy of the nonradiative emission

participating in the thermal quenching process was esti-

mated to be 48.6 meV. Consequently, its value corresponds

to the thermal dissociation energy requiring for the

recombination of the conduction electron from the exciting

state to the ground state.

Introduction

Ternary alloy materials containing beryllium (Be) have

been currently expected as a new candidate for ultraviolet

(UV)-light-emitting devices (LED) because of having a

large band gap. By changing its Be composition, the band

gap can be modulated in the wavelength regions from

visible to UV. Owing to such a reason, Be-based ternary

compounds have been studied in the II–VI compounds,

such as ZnSe or ZnS [1, 2]. BeZnO is one of the materials

having an increasing interest too, for the quantum-well

structure of BeZnO/ZnO, BeZnO can be utilized as the

barrier layer combined with ZnO well. In fact, this struc-

ture has been successfully used in UV LED [3]. Despite

these results, even tiny pieces of information about the

properties of BeZnO are still very limited. Therefore,

because of their great potential for technological applica-

tions, investigating the optical property of BeZnO is very

important. Thus, to find these characterizations, the method

of photoluminescence (PL) is usually used. Furthermore,

the luminescence mechanism can be well explained by a

configuration coordinate (CC) model. This model is based

on the assumption of thermal equilibrium including the

effect of the nonradiative transitions.

In this work, we grew the BeZnO layers by using a

hybrid beam deposition method. Also, we have examined

the temperature dependence of PL to clarify the emission

mechanisms of BeZnO. Based on the measured PL results,

we explained the emission mechanisms of localized deep

levels in BeZnO layers through the CC model.

Experimental procedure

BeZnO layers, which were grown on c-Al2O3 substrate,

were obtained through the method of hybrid beam
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deposition. At this time, the substrate temperature was

maintained at 500 �C, and polycrystalline ZnO target was

evaporated by an electron beam to create Zn and O sources.

At the same time, the Be source was provided from the Be

cell by thermal evaporation. The compositional ratio

between Be and Zn in the BexZn1-xO layers can be con-

trolled by varying the operation temperature of the Be cell.

Be has a very low vapor pressure; therefore, the Be effu-

sion cell was operated at a high temperature of 1100 �C.

Also, to supply the O elements in the BeZnO layer, the

radical O was generated from an oxygen plasma source at

the RF power of 300 W. The growth of BeZnO layers was

adjusted to the rate of 0.7 Å/s. The thickness of the grown

layers was 300 nm. The detailed growth procedures have

been published elsewhere [4]. The Be composition and

crystal quality in the BexZn1-xO were estimated by X-ray

diffraction (XRD). The optical properties of the BeZnO

layers were investigated by PL. PL measurement was

performed at temperatures ranging from 5 to 300 K in a

cryostat equipment. The surface of the layer was illumi-

nated by 325-nm UV light emitted from He–Cd laser and

the light coming from the sample was dispersed with a

monochromator.

Results and discussion

Structural properties

Figure 1 presents the XRD spectra on the BeZnO layers

grown under optimized conditions. As shown in Fig. 1, the

diffraction peak of BeZnO shifted to a high diffraction

angle in comparison to that of ZnO. These patterns corre-

spond to the diffraction peaks of BeZnO(0002) and

Al2O3(0006). Also, the BeZnO layers are strongly oriented

to the c-axis of a hexagonal structure and epitaxially

crystallized under constraints created by the substrate.

Thus, the lattice constant, Co, of BeZnO was estimated to

be 4.971 Å. According to Vegard’s law, the Be rate of x in

the grown BexZn1-xO layer was calculated to be 0.28. The

full width at half maximum (FWHM) of (0002) peak was

0.172�. The mean crystallite size of the film was analyzed

using the Scherrer formula [5]:

D ¼ 0:94k=ðB cos hÞ; ð1Þ

where k, h, and B are the X-ray wavelength (0.15405 nm),

the Bragg diffraction angle, and the FWHM value on

(0002) peak in radians, respectively. The mean crystallite

size obtained from Eq. 1 was estimated to be about 48 nm.

Figure 2 shows the mini-SIMS spectra on the ZnO and

BeZnO layers. The existence of the Be component was

clearly observed through this experiment. From the XRD

and mini-SIMS results, it can be concluded that the Be

component is substituted for the host-lattice site in ZnO.

On the other hand, by the Hall effect measurement, the

grown BeZnO layers turned out to be an n-type material.

Also, the mobility and the carrier concentration on these

layers were confirmed to be 2.83 cm2/V s and 4.16 9

1018 cm-3, respectively.

Temperature dependence of PL spectra

Figure 3 presents the PL spectra measured at several dif-

ferent temperatures from 5 to 300 K. The broad peaks were

observed at the range between 3.75 and 3.3 eV at various

temperatures. Thus, these emissions were fixed at the

position of 3.6217 eV at a temperature range below 200 K.

This phenomenon is related to the increase of alloy disor-

ders caused by the excess injection of Be content. Also, the

unique peak of the broad emission can be divided into

double peaks using the Gaussian fitting, as shown in the

inset of Fig. 3. These divided peaks corresponded to

3.6230 and 3.5476 eV emissions. The 3.6230 eV emissions

among the two divided peaks suggested the localized deep-

level emissions due to native defects. On the other hand,

the Al(LO) phonons of ZnO and BeO are 576.2 and

1086.2 cm-1, respectively [6, 7]. Therefore, the phonon

energy of BeZnO obtained from these compounds was

Fig. 1 XRD spectra on the BeZnO layers grown under optimized

conditions
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found to be 76 meV according to the linear fitting of

compositional rate. Furthermore, the 3.5476 eV emissions

are associated with the phonon replica of the 3.6230 eV

peak because the energy difference between the two divi-

ded emissions is 76 meV. As shown in Fig. 3, the

intensities of the PL spectra show the tendency of the

increase with decreasing temperature, while the FWHM

values tend to decrease at the same condition. Therefore,

the CC model is a valuable tool in explaining the mecha-

nism of the localized luminescence center in ZnS [8].

According to this model, the temperature dependence of

FWHM (W) of the emission is given by [9]

W ¼ Ao½cothð�hx=2kTÞ�1=2; ð2Þ

where Ao is a constant and the value of Ao is equal to W as

the temperature approaches 0 K, �hx is the effective phonon

energy, and k is the Boltzmann constant. Also, Ao corre-

sponds to (8Soln2)1/2�hx, where So is the Haung-Rhys

electron-phonon coupling constant. The Frank-Condon

shift (DFC) is given by DFC = So�hx. Figure 4 presents the

temperature dependence of FWHM for the 3.6230 eV

emissions. As Fig. 4 shows, the FWHM remains almost

constant till 30 K and then shows the approach at high

temperatures to the T1/2 dependence of W. Therefore, the

solid line fitted by Eq. 2 gives the parameter values of

Ao = 81 and �hx = 15 meV. The phonon energy does not

suggest as a result obtained by the lattice phonons of the

host material, because the obtained value is very small. It

relates only to a local mode. Therefore, the values of So and

DFC turned out to be 5.26 and 78.9 meV, respectively. But,

at deep levels in GaAs, with Haung-Rhys factor So [ 5, a

strong electron-lattice coupling is known to exist [10]. It

suggests that this phenomenon leads to the 3.6230 eV

emission having a broad Gaussian shape without any fine

structure. Furthermore, it seems to be related to the high

concentration of the radical Be inserted in the ZnO host

lattice because the So value of the layers with the low rate

of Be on the BeZnO composition was smaller than that of

Fig. 2 The mini-SIMS spectrum on the BeZnO layers

Fig. 3 PL spectra measured at several different temperatures from 5

to 300 K. The inset shows the Gaussian-fitting curves for the

spectrum of 5 K

Fig. 4 Temperature dependence of FWHM for the 3.6230 eV

emissions
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this specimen [11]. Consequently, the Huang–Rhys model

should be effectively used to explain the electron-phonon

coupling due to the interaction between the radical Be and

the ZnO host lattice.

Figure 5 shows the variation of PL intensities with

temperatures for the 3.6230 eV emissions. The PL intensity

drastically decreased with increasing temperature due to

thermal quenching. This is mainly related to thermally

activated nonradiative recombination. This luminescence

quenching is characterized by relatively high activation

energy. The temperature-dependent PL intensity cannot be

closely fitted using an Arrhenius plot with a single thermal

activation energy but can be well described by the fol-

lowing dual activation energy. This can be derived from

the equation [12]:

I ¼ Io=½1þ C1 expð�e1=kTÞ þ C2 expð�e2=kTÞ�; ð3Þ

where C1 and C2 are the fitting parameters meaning the

relative ratios of nonradiative recombination and e1 and e2

are the activation energies. Therefore the values calculated

from Eq. 3 agree well with the experimental data, as shown

in Fig. 5. The activation energies of e1 at the intermediate

temperature range and e2 at the high temperature range are

estimated to be 8.3 and 48.6 meV, respectively. The former

activation energy is the value corresponding to the binding

energy of the deep-level emissions, while the latter acti-

vation energy corresponds to the thermal dissociation

energy required for the recombination of the conduction

electron from the excited state to the ground state.

Configuration coordinate diagram

Figure 6 shows the CC diagram of the summarized

3.6230 eV emission. If the DFC and the activation energy

(DE) are present by the CC model, they are equal to those

in Fig. 6. When the electron is in the ground state of a

minimum potential, the position of the emission center

surely locates to Q = 0 point of the average CC. Simul-

taneously, the potential energy of the ground state is given

by a function of 1/2 kgQ2. Here, kg is the force constant at

the ground state with the vibrational mode. According to

the CC model, the electron existed in the ground state of A

position and is transited to the excited state of B position

due to the energy absorbed from the excitation photon of

325 nm (3.8149 eV). Successively, the electron located to

B position transits at the D position via the relaxation

process. The potential of the excited state is given as a

function of U + 1/2ke(Q-Qo)2, where U and ke are the

energy and the force constant at the excited state, respec-

tively. Then, the electron located at the D position is

transited to the E position of the ground state. The

3.6230 eV emissions are the result of the recombination

between D and E positions. Therefore, the more the

transiting electron numbers increase, the more the emission

intensity increases. However, this emission usually occurs

with lower energies than the energy absorbed from the

excitation photon. So, the difference between the absorp-

tion and emission maximum is called a Stokes shift and this

value is extracted to be 0.1919 eV. Thus, both the

Fig. 5 The variation of PL intensities with temperatures for the

3.6230 eV emissions Fig. 6 The CC diagram on the summarized 3.6230 eV emissions
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absorption from A to B and emission from D to E require

atomic displacements; this is usually shown to be phonon

emission, due to the thermal relaxation process. This

atomic displacement corresponds to the phonon energy of

15 meV obtained by Eq. 2. Furthermore, when the tem-

perature increases to a high direction, the moved electrons

according to the potential curve of the excited state can

easily arrive at the C position because of having a fluctu-

ation larger than that at a low temperature. Successively,

these electrons arrive at the A position according to

potential curve of the ground state. The nonradiative

emission is due to the recombination of the electrons par-

ticipating in this process. Therefore, the more the electron

numbers participating in this process, the more the emis-

sion intensity is decreased and it should be eventually

quenched. As shown in Fig. 5, the PL intensities can be

shown to decrease with the increasing temperature. The

DE, which makes the intensity to be the thermal quenching,

is the energy difference between D and C positions at the

excited state. Therefore, the DE value obtained by Eq. 3

was confirmed to be 48.6 meV at the high temperature

region. On the other hand, the DFC defined by the differ-

ence energy of between E and F positions at the ground

state was found to be 78.9 meV as stated above.

Conclusion

BeZnO layers, which are new capable materials for ultra-

violet-light-emitting devices, were grown by a hybrid beam

method. From the XRD and mini-SIMS results, the Be rate

of x in the grown BexZn1-xO layer turned out to be 0.28

and it was confirmed that the Be content is substituted for

the host-lattice site in ZnO. The optical properties attrib-

uted to the thermal quenching phenomenon of BeZnO were

studied by PL as a function of temperature. Thus the deep-

level emissions and their replica due to native defects were

extracted from the localized emissions and divided by the

Gaussian fitting. With increasing temperature, the intensi-

ties and the spectral widths of the 3.6230 eV emissions

exponentially reduced and tended to broaden, respectively.

Therefore, the temperature dependences of the FWHM and

the intensity of 3.623 emissions were analyzed in terms of

the CC model to explain the recombination mechanism.

The So value was larger than that of 5 indicating the

existence of a strong electron-phonon coupling caused by

the interaction between the radical Be and the ZnO host

lattice. Therefore, the broad emissions of 3.6230 eV

without any fine structure are due to this phenomenon. And

the DFC was calculated to be 78.9 meV with the associated

phonon energy of 15 meV. Thus, with increasing the

temperature, the activation energy of the nonradiative

emissions participating in the thermal quenching process

was estimated to be 48.6 meV. Consequently, it means

thermal dissociation energy is required for the recombi-

nation of the conduction electron from the excited state to

the ground state.
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