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Abstract The absorption and the emission spectra of

wurtzite GaN with some vacancy defects or impurities

(VGa, VGa–ON, VGa–H, VN, VN–H, CGa, CN, Ci, SiGa, ON)

were calculated by using TDDFT method with cluster

models. Ga26N26H50 cluster is chosen as a basic cluster

according to the predicted energy gap. The TD-B3LYP

calculation results show that yellow emission of about

2.2 eV of GaN material attributes to the presence of VGa–

ON complex. The other vacancy defects or impurities bring

out emission of about 2.0–2.1 eV or have no effect on

yellow emission of GaN.

Keywords Gallium nitride � Vacancy defects

and impurities � TDDFT � Optical property �
Yellow emission

1 Introduction

Gallium nitride (GaN) is one of the ideal materials suitable

for blue, green and UV optical devices that can be applied

in optical memory, high frequency and high power display,

ocean communication and so on [1, 2]. Some vacancy

defects or impurities in the as-grown GaN material often

arouse yellow emission to reduce the efficiency of blue

emission. At present, many theoretical and experimental

researches on the yellow emission of GaN [3–19] consider

this emission to peak at 2.2 eV and the transition to be

related to defect levels. However, there is no verdict for the

idiographic reason of the yellow emission and the different

viewpoints are as follows. The first viewpoint is that gal-

lium vacancy (VGa) [3–6] or nitrogen vacancy (VN) [7]

arouses yellow emission. The growth dynamics determines

the presence of this type of vacancy defects for the N-rich

case or the Ga-rich case. The second viewpoint is with

respect to hydrogen-related complexes. Hydrogen is

abundantly present in GaN material that is grown by the

MOCVD or HVPE process. It should be bound to a Ga

vacancy or N vacancy to form stable complexes (VGa–H1–4

or VN–H) [8]. The third viewpoint considers carbon-

intentional dopant as an important reason [6, 9–11]. The

fourth one deals with silicon impurity (SiGa) [12–15]. In the

experiment, silicon is a common unintentional impurity,

which comes from raw material contaminated by Si or

quartz glass reactor under high temperature. The last

viewpoint considers oxygen impurity as being unintention-

ally ubiquitous for most semiconductors, since oxygen is

often present in the growth environment. A prevailing

viewpoint is that the complex of gallium vacancy and O

impurity (VGa–ON) is mainly responsible for yellow emission

[16–19]. In order to confirm the main reason of yellow

emission in this work, the time-dependent density functional

theory (TDDFT) method [20–24] will be employed to ana-

lyze the spectrum character of the wurtzite-type GaN with

vacancy defect or impurity by using the cluster model.

2 Computational details

According to a study [25], the position of the absorption

peak varies depending on the cluster geometry chosen.

Energy gap is an important factor for the spectrum
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property. So, cluster geometry could be chosen according

to energy gap. In this paper, the compositions of Ga4N4,

Ga13N13, Ga26N26 and Ga39N39 are chosen as GaN cluster

model and hydrogen atoms to saturate the dangling bonds

at the boundary of the cluster (Fig. 1). The structures of the

latter three clusters are consistent with that of single

wurtzite cell. The energy gaps of four clusters were com-

puted by Becke’s three-parameter hybrid functionals

(B3LYP) and the corresponding results are 6.90, 4.31, 3.35

and 3.33 eV, respectively. This is a consequence of the

quantum size effect. Therefore, the energy gap of Ga26N26

and Ga39N39 clusters are closest to the calculated energy

gap (3.52 eV) predicted using the B3LYP hybrid func-

tional [26] and is in good agreement with the experimental

band gap value (3.4 eV [1]) of bulk GaN. However, it

needs a much longer time to compute for the Ga39N39

cluster. So, Ga26N26 cluster is chosen as a basic cluster and

the considered vacancy defect or impurity, such as VGa,

VGa–ON, VGa–H, VN, VN–H, CGa, CN, Ci, SiGa or ON, is

arranged in the central section.

In the calculation, Hay and Wadt’s relativistic effective

core potentials (RECPs) were adopted for Ga atoms, in

which 28 electrons were incorporated into pseudopoten-

tials. A (6s6p/3s3p) basis set was employed for Ga atoms

around the vacancy defect or impurity site and a (3s3p/

1s1p) basis set for the other Ga atoms. The standard 6-31G

basis sets were chosen for N atoms closest to the vacancy

defect or impurity site and impurity atoms, while 3-21G

basis sets were used for the rest of the N atoms and all H

atoms. The structural optimizations for the clusters at the

ground state were performed by Becke’s three-parameter

hybrid functionals (B3LYP), and the absorption spectra of

the clusters were calculated by using the TDDFT method.

Moreover, single configuration interaction (CIS) method

was adopted to optimize the structure of the singlet excited

state of the clusters, and then the emission spectra were

obtained by the TD-B3LYP method [20–23]. In this stage,

all calculations for the cluster models were performed with

Gaussian 03 package.

3 Results and discussion

Bond lengths of the optimized structure in the central

section of the clusters are shown in Table 1. The bond

lengths between the vacancy defect and the conjoint atomFig. 1 Cluster models of GaN for theoretical computation

Table 1 Bond length of the optimized structure and Ci:GaN cluster inset

Bond length (nm)

GaN VGa:GaN VGa–ON:GaN VGa–H:GaN VN:GaN VN–H:GaN

RGa(1)-N(6) = 0.1988 RVGa-N(6) = 0.2534 RVGa-N(6) = 0.2547 RH(1)-N(6) = 0.1035 RGa(1)-N(6) = 0.2026 RGa(1)-N(6) = 0.2050

RGa(1)-N(7) = 0.1990 RVGa-N(7) = 0.2539 RVGa-N(7) = 0.2547 RH(1)-N(7) = 0.3012 RGa(1)-N(7) = 0.2038 RGa(1)-N(7) = 0.2069

RGa(1)-N(8) = 0.1990 RVGa-N(8) = 0.2534 RVGa-N(8) = 0.2547 RH(1)-N(8) = 0.3010 RGa(1)-N(8) = 0.2037 RGa(1)-N(8) = 0.2069

RGa(1)-N(5) = 0.1887 RVGa-N(5) = 0.2291 RVGa-ON(5) = 0.2272 RH(1)-N(5) = 0.2790 RGa(1)-VN = 0.1945 RGa(1)-H(5) = 0.2650

RN(5)-Ga(2) = 0.1976 RN(5)-Ga(2) = 0.1989 RO(5)-Ga(2) = 0.1885 RN(5)-Ga(2) = 0.1975 RVN-Ga(2) = 0.2156 RH(5)-Ga(2) = 0.2782

RN(5)-Ga(3) = 0.1977 RN(5)-Ga(3) = 0.1992 RO(5)-Ga(3) = 0.1890 RN(5)-Ga(3) = 0.1973 RVN-Ga(3) = 0.2150 RH(5)-Ga(3) = 0.1738

RN(5)-Ga(4) = 0.1977 RN(5)-Ga(4) = 0.1993 RO(5)-Ga(4) = 0.1890 RN(5)-Ga(4) = 0.1973 RVN-Ga(4) = 0.2151 RH(5)-Ga(4) = 0.1741

CGa:GaN CN:GaN Ci:GaN SiGa:GaN ON:GaN

RC(1)-N(6) = 0.2661 RGa(1)-N(6) = 0.2008 RGa(1)-N(6) = 0.1966 RSi(1)-N(6) = 0.1857 RGa(1)-N(6) = 0.1937

RC(1)-N(7) = 0.2649 RGa(1)-N(7) = 0.2001 RGa(1)-N(7) = 0.1938 RSi(1)-N(7) = 0.1844 RGa(1)-N(7) = 0.1935

RC(1)-N(8) = 0.1461 RGa(1)-N(8) = 0.2001 RGa(1)-N(8) = 0.2022 RSi(1)-N(8) = 0.1857 RGa(1)-N(8) = 0.1932

RC(1)-N(5) = 0.1337 RGa(1)-N(5) = 0.1909 RGa(1)-N(5) = 0.2186 RSi(1)-N(5) = 0.1796 RGa(1)-O(5) = 0.1966

RN(5)-Ga(2) = 0.2277 RC(5)-Ga(2) = 0.1945 RCi-Ga(1) = 0.1943 RN(5)-Ga(2) = 0.2088 RO(5)-Ga(2) = 0.2078

RN(5)-Ga(3) = 0.2265 RC(5)-Ga(3) = 0.1962 RCi-Ga(2) = 0.2076 RN(5)-Ga(3) = 0.2092 RO(5)-Ga(3) = 0.2082

RN(5)-Ga(4) = 0.2129 RC(5)-Ga(4) = 0.1962 R Ci-N(5) = 0.1339 RN(5)-Ga(4) = 0.2089 RO(5)-Ga(4) = 0.2078
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almost increase. For the impurity with smaller radius,

such as CGa, the correlative bond lengths change obvi-

ously. Based on the optimized structure of the ground

state, the arrangements of the front molecular orbitals

(MOs) of the GaN cluster and the clusters with vacancy

defect or impurity (Fig. 2) can be calculated by the

TDDFT method. The energy gaps of the clusters with

vacancy defect or impurity are smaller due to the pres-

ence of new levels.

According to the calculated vertical absorption excita-

tion energy and oscillator strength (f), the absorption

spectra of these clusters can be simulated by Gaussian

fitting method and are shown in Fig. 3. The absorption of

Ga26N26 cluster in the region of visible light is weak. Its

minimal vertical excitation energy is 2.95 eV and the

corresponding absorption band peaks at 3.09 eV. When

vacancy defects or impurities are included in the clusters,

the new energy levels appearing in the gap result in a

decrease in the lowest threshold of the excitation energy.

The strong absorption bands are shown in Fig. 3. Since the

absorption band of VGa–H:GaN, VN:GaN, VN–H:GaN,

CGa:GaN or SiGa:GaN, of about 3.7 eV, is strong, these

vacancy defects or impurities may have an effect on the

absorption efficiency of GaN material from excitation light

of about 330 nm.

After determining the configuration of the singlet exci-

ted state by the CIS method, the emission spectra of

Ga26N26 cluster and the clusters with vacancy defect or

impurity were calculated by the TDDFT method [20–23].

Some results, such as the vertical emission excitation

energy (Eem), the oscillator strength (f), the main emission

transition and the electric transition dipole moments, are

listed in Table 2, and the simulated emission spectra of

1.7–2.6 eV are shown in Fig. 4. From Fig. 4, strong yellow

emission in the region of 2.0–2.3 eV indicate three types of

vacancy defects or impurities. The first type is the CGa

impurity effect on the emission band of about 2.0 eV. The

second is that VGa, VN–H, SiGa and ON arouse the yellow

emission band of about 2.1 eV, which has been mentioned

in a few literature [6, 13, 14]. The third type is in agree-

ment with other literature [16–19]. It is the VGa–ON com-

plex that excites the yellow band around 2.2 eV. On the

other hand, VGa–H:GaN, VN:GaN, CN:GaN and Ci:GaN

clusters have no distinct emission band in yellow region. It

Fig. 2 Arrangement of the

front molecule orbits at the

ground state

Fig. 3 Absorption spectra of GaN clusters calculated by the TDDFT

method
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is well known that the oscillator strength that relates to the

transition intensity is in direct ratio of the square of the

transition dipole moments A Pj jBihj j2 [27], namely

f ed ¼ nðn2 þ 1Þ2

9

8p2mc

3he2k
A Pj jBihj j2

where, fed is the oscillator strength, and P is the electric

dipole moment operator. Figure 5 displays the charge

density maps of the transition MOs corresponding to the

yellow emission band of VGa–ON:GaN cluster. If the center

of the positive or the negative electric charge in the final

state is apart from that in the initial state, the electric

transition dipole moments A Pj jBihj j (Table 2) will

increase, and then the intensity of the emission band

becomes stronger. As the electric transition dipole moment

in x, y and z direction is large (0.5369, 0.3330 and

-0.1268), the yellow emission transition of VGa–ON:GaN

cluster is strong.

4 Conclusion

In summary, VGa–H, VN, VN–H, CGa or SiGa may have an

effect on the absorption efficiency of GaN material from

Table 2 Vertical emission excitation energy, oscillator strength, main emission transition and electric transition dipole moments

Eem. (eV) f Main transitiona Electric transition dipole moments (Au)

x y z

GaN 2.15 0.0010 155B[Ga4s4p N2p] ? 135B[N2p Ga4p] (88%) -0.0051 0.0351 0.1351

VGa:GaN 2.11 0.0187 155B[N2p] ? 145B[Ga4p N2p] (65%) -0.4925 0.3158 0.1390

VGa-ON:GaN 2.23 0.0227 155B[N2p Ga4p] ? 143B[N2p Ga4p] (64%) 0.5369 0.3330 -0.1268

VGa-H:GaN 2.26 0.0068 154B[Ga4p N2p] ? 127B[Ga4p] (75%) -0.1036 -0.2456 -0.2294

VN:GaN – – – - - -

VN-H:GaN 2.11 0.0279 160A[N2s Ga4p] ? 152A[Ga4s N2s] (81%) 0.0321 -0.6154 0.3972

CGa:GaN 2.01 0.0144 160A[N2s Ga4p C2p] ? 150A[C2s N2p] (61%) -0.0050 0.5418 -0.0182

CN:GaN 2.22 0.0021 155B[N2p] ? 136B[N2p] (93%) 0.0058 0.0085 0.1935

Ci:GaN 2.21 0.0005 161A[C2p N2p] ? 156A[Ga4p] (73%) 0.0592 -0.0739 0.0201

SiGa:GaN 2.11 0.0328 169A[N2s Si3p Ga4p] ? 161A[N2s Ga4s Si3s] (95%) 0.0236 -0.2559 -0.7366

ON:GaN 2.06 0.0452 161A [N2s Ga4p] ? 156A[N2s Ga4s4p] (93%) 0.0657 -0.3696 -0.8580

a Main components of MOs are in the square brackets and the percent contribution of transition is in the parenthesis

Fig. 4 Emission spectra of GaN clusters calculated by the TDDFT

method

Fig. 5 Charge density maps of the transition MOs corresponding to

the yellow emission band of the VGa–ON:GaN cluster
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the excitation light of about 3.7 eV, because the absorption

band of GaN cluster with these vacancy defects or impu-

rities is strong. The yellow emission cases of these con-

sidered clusters divide into four types. The first type is the

CGa impurity effect on the emission band of about 2.0 eV.

According to the second, VGa, VN–H, SiGa and ON arouse

the yellow emission band of about 2.1 eV. According to

the third, it is the VGa–ON complex that excites the yellow

band of about 2.2 eV. Lastly, VGa–H:GaN, VN:GaN,

CN:GaN and Ci:GaN clusters have no distinct emission

band in yellow region.
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