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Abstract The point defects and photoluminescence (PL)

spectra of gallium nitride (GaN) epilayers with Mg, Zn,

and unintentional doping were investigated in this study.

The concentration of point defects (Ga vacancy and its

related complexes) in the Zn-doped GaN is consistent with

that in the Mg-doped GaN, but lower than that in undoped

GaN. It is suggested that Zn (Mg) atoms occupy Ga sites

and suppress the formation of Ga vacancies. Comparing the

blue luminescence (BL) band intensity of GaN:Zn with that

of GaN:Mg, a factor of 10 strong PL intensity demonstrates

that a moderate incorporation of Zn to GaN is likely to

improve the structural quality of GaN. Detailed studies on

2.93 eV BL band for GaN:Zn reveal that the Zn related BL

band behaves as a donor–acceptor pairs character. For the

acceptor level, isolated ZnGa with the activation energy of

0.386 eV above the valence band is obtained from tem-

perature-dependent PL measurements, whereas the deep

donor defect responsible for the 2.93 eV band is deduced to

be 164 meV below the conduction band. An ON–H com-

plex model is suggested to explain the deep donor origin.
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Donor–acceptor pairs

1 Introduction

Gallium nitride (GaN) and its ternary and quaternary alloys

attracted a great deal of attention for their promising

applications in the ultraviolet (UV)-to-blue light emitting

diodes (LEDs), laser diodes (LDs), and detecting devices as

well as high power and high-temperature electronic devices

[1–3]. Recently, Mg-doped GaN, owing to its high-efficient

blue emission at about 2.8 eV, is proposed as the potential

novel blue fluorescent material for field emission display

(FED), which is possible to work at a low acceleration

voltage (\50 V) compared with the traditional phosphor

[4]. At the same time, Zn-doped GaN, though unsuccessful

from the p-type doping point of view, also obtains an

increasing interest as novel phosphor [5] because of a much

stronger blue emission at 2.85–2.90 eV [6] than that of Mg-

doped GaN. To interpret the nature of the higher efficient

blue emission in Zn-doped GaN, various models were

proposed. Teisseyre et al. [7] suggested that the blue

emission in Zn-doped GaN was related to the electron

recombination involving a localized donor and Zn acceptor

according to the results on hydrostatic pressure and tem-

perature dependence of photoluminescence (PL), and

excluded the models of the radiative recombination

involving conduct band electron, electron originating from

hydrogenic donor states, or of the intra center recombina-

tion within a Zn-related defect complex. However, Pank-

ove and Monemar et al. [8, 9] thought that the BL band

originated from the transitions, from the conduction band

to acceptor level, involving ZnGa or its related complex.
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Bernardini et al. [10] calculated using the first-principles

method and confirmed that ZnGa was a single acceptor with

an ionization energy of 0.33 eV, and a recombination

center with emission at 2.95 eV. While the optically

detected magnetic resonance (ODMR) investigations

showed that the acceptor responsible for the BL band was a

Ga-interstitial-related complex [11]. In addition, the

reported results on dependence of the BL band on excita-

tion density are controversial. The position of the BL band

observed by Monemar et al. [9] remained independent of

excitation intensity, however, a marked blue shift was

observed with the excitation density increasing in insulat-

ing Zn-doped GaN [12]. Therefore, a consensus was not

reached on the origination of blue luminescence (BL) in

Zn-doped GaN. In this paper, the point defects and optical

properties of Zn-doped GaN were investigated using slow-

positron annihilation spectroscopy and PL.

2 Experimental

The Zn-doped GaN epilayers were grown on c-plane sap-

phire substrates using a low-pressure metal–organic vapor

phase epitaxy (LP-MOVPE). Prior to growth of the 1 lm

thick GaN:Zn layer, a 20 nm thick low-temperature GaN

buffer layer was deposited. The growth temperature for the

buffer layer was 550 �C, whereas the GaN:Zn layers were

grown at 1,030 �C under a pressure of 10,132.5 Pa. Undoped

and Mg-doped GaN also were grown for comparison.

Trimethylgallium (TMGa), biscyclopentadienylmagnesium

(Cp2Mg), diethylzinc (DEZn), and ammonia (NH3) were

used as sources of Ga, Mg, Zn, and N, respectively. Hydro-

gen (H2) was employed as carrier gas. After the growth, the

Zn-doped GaN film was divided into four parts which were

performed rapid thermal annealing (RTA) at 600, 750, and

900 �C for 10 min in N2 atmosphere, respectively. Slow-

positron annihilation spectroscopy was performed to study

the vacancy defects. The positron annihilation experiments

were carried out using a beam of monoenergetic positrons

from b? emission of 22Na. The Doppler broadening of the

511 keV annihilation line was recorded with a Ge detector.

The electrical and optical properties were characterized

by room temperature (RT), Hall-effect measurements, and

PL. PL was excited with the 325 nm line of a He–Cd laser

(30 mW). Weaker excitation densities were achieved using

neutral density filters. The PL signal was detected with a

cooled GaAs photomultiplier.

3 Results and discussion

Figure 1 shows the low-momentum parameter S as a function

of the positron beam energy for Zn, Mg, and unintentionally

doped GaN, respectively. The S parameter for each sample

shows a plateau at incident energiesE = 3–13 keV, where no

contribution from the surface to the S parameter is detectable.

The S parameter decreases at higher energies as the positrons

reach the substrate and annihilate in the substrate. At

E\ 3 keV, some positrons are able to diffuse onto the sample

surface, leading to a high S value. Figure 1 shows that the

S parameter for undoped GaN is larger than that for the Zn-

and Mg-doped GaN. Usually, positrons get trapped at neutral

and negative vacancies due to the missing positive charge of

the ion cores. Positron annihilation in vacancy defects results

in an increase of S parameter compared with their values in

defect-free material because annihilation in defects occurs

mainly with low-momentum electron [13]. Therefore, the

experimental S value indicates that vacancy defects present in

the Zn- or Mg-doped GaN are lower than that in the unin-

tentionally doped GaN. The relatively lower S parameter

obtained for the Zn- or Mg-doped GaN is 0.435 at

E = 3–13 keV, which is consistent with the value in the ref-

erence sample [14]. By investigating the linearity between the

annihilation S and W, all data points for the three samples fall

on the same line and the slope of the line is the same as that

found in earlier reports [15] for the Ga vacancy in n-type GaN

films and bulk crystals. The above results thus suggest that Zn-

doped GaN has the same number and the same type of vacancy

defects as Mg-doped GaN. Moreover, the observed vacancies

are Ga vacancies or its complexes with other atoms.

Figure 2 shows RT PL spectra of samples Zn, Mg, and

undoped GaN, respectively. It can be seen that a broad

strong 2.93 eV BL for GaN with Zn doping and 2.80 eV

BL for GaN with Mg doping dominate the PL spectra. The

PL spectrum of undoped GaN exhibits near-band-edge

transition at 3.38 eV. Note that the BL band intensity of

Zn-doped GaN is about one order of magnitude higher than

that of Mg-doped GaN. The studies of Zn codoping with

Fig. 1 Low-momentum parameters S as a function of incident

positron energy in studied GaN layers
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Mg find that the incorporation of Zn atoms to Mg-doped

GaN produces a low-resistive p-type GaN with a reduction

of dislocation density and improvement of the structural

qualities of GaN films [12]. Therefore, introduction of a

moderate amount of Zn to GaN appears to reduce the

defect concentration. Because the number of point defects

in the Zn- and Mg-doped GaN is the same, it is suggested

that Zn might remove dislocations like the reduction of

dislocation by dopants observed in III–V compound

semiconductors [16]. Thus, the dislocations-related nonra-

diative recombination center decreases, leading to high

external quantum efficiency, i.e., enhances the PL intensity.

In the case of Mg doping, most of points are attributed to

the transition between distance donor–acceptor pairs

(DAP) according to the dependence of this band on the

excitation density [17–19]. In the case of Zn doping, as

mentioned above, no consensus is reached on the origin of

blue emission. Therefore, in the following section, we will

focus on the Zn-doped GaN.

To clarify the origin of the strong-intensity 2.93 eV BL

band, the dependence of the PL emission on excitation

density was studied (Fig. 3). From Fig. 3, it is clear that the

peak position of the PL emission depends strongly on the

excitation density and shifts to higher energy with excita-

tion density increasing. This is probable for DAP recom-

bination involving electrons and holes trapped at distant

donors and acceptors, respectively. The equation describes

distant DAP recombination as follows [20]:

EPL ¼ Eg � ðED þ EAÞ þ EDAP ð1Þ

where EPL is the measured peak energy by PL, Eg is the

bandgap energy of GaN, ED is the donor energy level, and

EA is the acceptor energy level; where the symbols have

their usual meaning. The last term EDAP ¼ e2=eR repre-

sents the coulomb attraction energy of an ionized DAP

with an intrapair distance R. With the excitation power

increasing, besides the DAP separates with longer distance

R, those with the shorter distance R will take part in the D–

A recombination emission, thus the number of occupied

donor and acceptor centers increases and their average

distance R necessarily decreases. As a consequence, EDAP

increases, and according to Eq. (1), EPL shifts to higher

energy. Therefore, it can be concluded that this BL band

originates from the DAP transition. Based on PL thermal

quenching measurement for 2.93 eV peak, an acceptor

level of 386 meV is obtained as shown in the inset of

Fig. 4. This value is in good agreement with the calculated

ionization energy (367 meV) of Zn acceptor [21]. Setting

EDAP & 0 in Eq. (1) for the lowest peak position in Fig. 3

and taking Eg = 3.4 eV, EA = 386 meV, and then yields

ED & 164 meV below the conduction band for the donor-

related deep level. This value coincides with that (0.15 eV)

observed for n-type GaN by deep-level transient spectros-

copy [22]. Hence, the 2.93 eV BL band can be assigned as

Fig. 2 RT–PL spectra for three samples

Fig. 3 RT–PL spectra of t Zn-doped GaN at different excitation

power densities

Fig. 4 High-temperature photoluminescence spectra of GaN:Zn.

386 meV thermal activation energy of Zn acceptor being obtained

from Arrhenius plot as shown in inset
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a DAP recombination involving isolated Zn acceptors and

relatively deep donors D.

In the following, we will discuss the origin of the deep

donor level. The dopant type and Hall results for the

studied samples are listed in Table 1. Considering that the

unintentionally doped GaN has a high background electron

concentration and Zn-doped GaN is n-type before and after

thermal annealing, it is possible that there exits residual

oxygen in the reactor. Therefore, the oxygen incorporates

into GaN film during growth and substitute oxygen for

nitrogen site ON is the most reasonable, because ON defect

has lower formation energy than that of VN (nitrogen

vacancy) in n-type GaN [23] and ZnO compound is unli-

kely to form [24]. According to Fig. 5, it demonstrates that

the BL peak intensity decreases with thermal annealing

temperature increasing for Zn-doped GaN. Koide et al. [25]

investigated luminescence properties for the as-grown Mg-

doped GaN by low-energy electron-excited nanolumines-

cence spectroscopy and observed that a rapid reduction of

BL intensity with electron exposure times increasing. They

explained that the BL was due to the transition between the

hydrogen-related deep donor (VN–H) and the MgGa

acceptor, and after the electron exposure, the quantities of

deep donor decreased because of the dissociation of VN–H.

Therefore, on the one hand, the decrease of BL in this

experiment suggests that the deep donor is probably

attributed to ON complex related with hydrogen. During

thermal annealing, the following reactions occur for ON–H

complex. Since chemical reaction rate is related with

temperature, increasing temperature will speed up the

reaction. Hence, with the increase of annealing tempera-

ture, the deep donor (ON–H) concentrations reduce, then

the total number of DAP decreases, which is thought to

lead to the reduction of BL intensity because the number of

DAP has effect on the luminescence intensity. However,

further investigations are required to confirm the existence

of a local vibrational mode of O–H.

4 Conclusion

The point defects and optical properties of the unintention-

ally, Mg- and Zn-doped GaN epilayers were investigated

using slow-positron annihilation spectroscopy and PL mea-

surements. The number of point defects in the Zn-doped GaN

is consistent with that in the Mg-doped GaN, but lower than

that in the undoped GaN. Comparing the BL emission

intensity of GaN:Zn with that of GaN:Mg, a factor of 10

strong PL intensity demonstrates that a moderate incorpo-

ration of Zn to GaN can improve the structural quality of

GaN. Detailed studies on 2.93 eV BL band in GaN:Zn show

that the Zn-related BL band has a D-A pair recombination

character involving a deep donor and shallow acceptor,

where ZnGa is the reasonable model to explain the generation

of the shallow acceptor level. ON–H complex model is ten-

tatively used for explaining the origin of deep donor level.
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