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Currently, only one shallow acceptor (Mg) has been discovered in GaN. Here, using photoluminescence (PL) 

measurements combined with hybrid density functional theory, we demonstrate that a shallow effective-mass state also 

exists for the BeGa acceptor. PL band with a maximum at 3.38 eV reveals a shallow BeGa acceptor level at 113±5 meV 

above the valence band, which is the lowest value among any dopants in GaN reported to date. Calculations suggest 

that the BeGa is a dual-nature acceptor with the “bright” shallow state responsible for the 3.38 eV PL band, and the 

“dark”, strongly localized small polaronic state due to the difference in the hole capture efficiency between the two 

states.  

 

Gallium nitride (GaN) is an essential material for modern light-emitting, high-power, and high-

frequency devices [1]. Although n-type GaN can be easily produced by doping with Si or Ge, the production 

of high-quality conductive p-type GaN is still a challenging problem. Currently, the only p-type dopant in 

GaN is magnesium substituting for Ga atom (MgGa). However, a relatively high ionization energy (0.22 

eV) [2] of the MgGa requires high doping concentrations to achieve p-type conductivity suitable for practical 

applications. Therefore, a shallow p-type dopant with the ionization energy lower than that of MgGa is highly 

desirable. 

Recent first-principles calculations predict the 0/- transition level of the BeGa at 0.45-0.65 eV above 

the valence band maximum [3–5]. The deep acceptor level originates from the small polaron nature of the 

BeGa defect state, i.e. localized hole self-trapped by significant lattice distortions. The optical transition via 
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this state is predicted to have a maximum at 1.5-1.8 eV [3–6]. This behavior is typical for a wide range of 

defects in nitrides and oxides [3,7,8]. However, a controversy remains: on one hand, a successful p-type 

doping by Be has not been demonstrated and Be-doped GaN is usually semi-insulating. On the other hand, 

there is no experimental evidence for the deep acceptor state of BeGa predicted by theory. 

Early photoluminescence (PL) studies of Be-doped GaN grown by molecular beam epitaxy (MBE) 

revealed two Be-related luminescence bands: the ultraviolet (UVLBe) and yellow (YLBe) bands. The UVLBe 

band consists of the zero-phonon line (ZPL) at 3.38 eV followed by a series of LO phonon replicas. The 

corresponding acceptor ionization energy was estimated between 60 and 250 meV [9–13], with a large 

uncertainty due to the unreliable identification of the type of transitions. The YLBe band, which was recently 

attributed to the BeGaON complex [14], has a Gaussian-like shape with a maximum at about 2.2 eV and full 

width at half maximum (FWHM) of about 0.5 eV [15]. The predicted red PL band (with a maximum at 1.5-

1.8 eV) has not been observed in PL experiments. In particular, the background signal at these photon 

energies was more than two orders of magnitude weaker than the UVLBe band [11]. Electron paramagnetic 

resonance (EPR) studies on Be-doped GaN initially proposed the BeGa acceptor level at 0.7 eV above the 

valence band maximum (VBM) [16], which seemed to confirm the deep nature of the BeGa acceptor. 

However, later the authors revised their explanation and concluded that the photo-EPR signal originated 

from the carbon acceptor CN [17], once again casting doubt about the deep versus shallow nature of the BeGa.  

In this letter, we demonstrate the existence of the shallow state of Be acceptor and explain the 

absence of the deep polaronic state in PL experiments. Experiment and calculations suggest that transitions 

via the polaronic state are suppressed by the low hole capture efficiency by the polaronic state. This resolves 

the seeming contradiction between theoretical predictions of the deep state and experimental observations of 

the shallow state of the BeGa acceptor.  

The details of the samples, experimental, and theoretical methods are given in Ref.  [18]. The high-

energy portion of the PL spectrum is shown in Fig. 1. The near band edge (NBE) emission is dominated by a 

peak at 3.478 eV, which is attributed to the donor-bound exciton (DBE) recombination [2]. The peaks at 
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about 3.46 eV are identified as the two-electron satellites (TES) that appear when the DBE annihilates, 

leaving the donor electron in one of the excited states [2]. The kink on the high energy side of the DBE line, 

at 3.484 eV, can be better resolved at 55 K and is attributed to the free exciton (FE). At lower photon 

energies, the PL spectrum is dominated by the UVLBe band, which we attribute to the BeGa acceptor. At T = 

18 K, the UVLBe band is caused by electron transitions from shallow donors to the BeGa acceptor, the so-

called donor-acceptor pair (DAP) transitions. The strongest peak at 3.375 eV is the ZPL (FWHM = 23 meV), 

which is followed by three LO phonon replicas separated by 92 meV. The Huang-Rhys factor estimated 

from the shape of the band is 0.2, a value typical for shallow acceptors, and lower than that for the MgGa 

(0.4) [2]. With increasing excitation intensity, Pexc, from 10-5 to 0.1 W/cm2 at T = 18 K, the UVLBe band 

shifts to higher energies by 6 meV, which agrees with its DAP nature. 

It is expected that the DAP recombination mechanism is replaced with the eA mechanism 

(transitions from the conduction band to the same acceptor) with increasing temperature [2]. The temperature 

behavior of the UVLBe band is shown in Fig. 1. With increasing temperature from 18 K to 55 K, the DAP 

component of the UVLBe band gradually disappears, and the eA component, with identical shape but shifted 

to higher energies by 20 meV, emerges. The ZPL of the eA-related band at 3.395 eV can be used to find the 

ionization energy of the BeGa acceptor, EA precisely. By taking the difference between the FE and eA peaks 

and adding the FE binding energy (25 meV) [19], we obtained EA=113±5 meV from analysis of PL spectra at 

different temperatures in samples where these peaks are well resolved.  

At T = 55 K, time-resolved PL spectrum reveals the eA component of the UVLBe band (Fig. 1). The 

decay of PL is slow, so that the signal can be traced up to hundreds of μs. While the DAP-associated shift of 

the UVLBe peak was reported in the past, the replacement of the DAP component with the eA component 

with increasing temperature is observed for the first time. Such transformation is very similar to that 

observed for the MgGa, ZnGa and CN acceptors in GaN, which are responsible for the UVL, BL1 and YL1 

bands, respectively [2,20,21]. Considering the clear transformation of the DAP component to the eA 

component, the slow decay of PL after a laser pulse, the very low EA, and the lowest Huang-Rhys factor 
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among all known acceptors in GaN, all of these features indicate that BeGa is the shallowest acceptor in GaN 

known to date.  

 

 

FIG. 1. (Color online) Evolution of the PL spectrum with temperature for GaN:Be (sample 0408b) at Pexc = 0.13 W/cm2. 

The DAP peaks with the ZPL at 3.375 eV transform to identical in shape eA peaks with the ZPL at 3.395 eV. The LO 

phonon replicas follow the ZPL. The NBE emission consists of the two-electron satellite (TES), donor-bound exciton 

(DBE) and free exciton (FE) peaks. The time-resolved PL spectrum is shown with filled circles for the time-delay of 14 

s at T = 55 K. 
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FIG. 2. (Color online) Configuration coordinate diagram for the BeGa acceptor in GaN. The adiabatic potentials are 

obtained by fitting into HSE computed transition energies using the harmonic approximation. Direct HSE calculations 

are also performed (filled circles). Isosurfaces (at 10% of the maximum values) of the hole spin density for both 

shallow and deep states are shown (yellow) along with BeGa nearest neighbors. Small (grey) atoms are N, medium 

(orange) atoms are Be, and large (green) atoms are Ga.  

 

To understand the nature of the shallow BeGa acceptor in GaN, we construct the configuration 

coordinate diagram for this defect (Fig. 2), using the defect energies computed using Heyd-Scuseria-

Ernzerhof (HSE) hybrid functional [22], and mapping the displacements ΔRi  of atom masses mi  onto a one-

dimensional configuration coordinate Q as ΔQ2 = miΔRi
2

i,x ,y.z
∑  [23]. Absorption of a photon above the 

bandgap creates an electron-hole pair, raising the energy of the system by Eg = 3.5 eV (dashed adiabatic 

potential labeled BeGa
− + Eg ). Similarly to the case of the MgGa acceptor [24], HSE calculations show that 

the neutral BeGa acceptor exhibits two very different defect states: a shallow effective-mass state at 0.24 eV 

above the VBM, and a deep polaronic state at 0.58 eV above the VBM. Note that Fig. 2 shows these defect 
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states in two different directions of Q. Isosurfaces of the hole spin density show that in the deep polaronic 

state, the hole wavefunction is localized on the nearest nitrogen neighbor, with Be-N bond length increased 

by 0.7 Å from its equilibrium value. Small polaron states can be localized on any of the four nearest nitrogen 

atoms, with very similar lattice distortions and energies. The shallow state has the atomic configuration 

similar to that of the negative ground state, with a weakly localized hole. The calculated energy of the deep 

polaronic state of the BeGa
0  is 0.34 eV lower than that of the shallow state. A photogenerated hole can be 

captured by either of these two states, as shown by the arrows Cp
s  and Cp

d in Fig. 2. The adiabatic potentials 

for the BeGa
− + Eg  and both BeGa

0 states intersect at Q = 0 (Fig. 2), where the neutral defect state eigenvalue 

is resonant with the valence band. Direct HSE calculations also show that there is no barrier for both states to 

capture the hole.   

The above HSE calculations predict two PL bands (Fig. 2). First is a sharp line in the ultraviolet part 

of the spectrum with the PL maximum and ZPL at 3.20 eV and 3.26 eV, respectively (calculated Huang-

Rhys factor is 2.8). Second is a very broad red PL band from the deep polaronic state with the PL maximum 

and ZPL at 1.72 eV and 2.92 eV, respectively (calculated Huang-Rhys factor is 32), in agreement with recent 

HSE calculations [3,4]. The experimental value of the ZPL for the UVLBe band is 3.38 eV, in a reasonable 

agreement with the HSE calculations. However, as stated above, experiments do not reveal the predicted 

broad red band associated with the polaronic state. 

The above apparent contradiction can be resolved by comparing the rates of electron and hole 

capture by the two defect states. Note that transitions via the shallow state must be radiative since there is no 

route for non-radiative transitions in this case, the potential curves of the neutral shallow and negative 

ground states do not intersect. Transitions via the deep state could be either radiative or non-radiative, 

depending on the width and height of the potential barrier formed by the intersection of the polaronic and the 

ground states potentials. To understand the optical properties of the BeGa acceptor, we calculate carrier 
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capture coefficients (Fig. 2), which define the rates of transitions as Cn,p = V r , where r is the capture rate of 

a carrier by one defect in a supercell with volume V.  

 

Non-radiative transitions can be analyzed using the method proposed by Alkauskas et al. [23], where 

non-radiative transitions occur via multi-phonon emission between the initial χ i and the final χ f  vibronic 

states of two harmonic adiabatic potentials. The transition rate, in this case, can be computed as 

,   (1) 

where f(T) is a scaling factor which depends on the charge state of the defect and temperature T [23], g is the 

degeneracy of the final state, Wi,f are the electron-phonon coupling matrix elements, wm is the thermal 

occupation of the vibrational state m, Q0 is the shift between the adiabatic potentials, ΔE  is the transition 

energy, and Ωi, f are the vibrational frequencies of the initial (excited) and the final (ground) states, 

respectively. In the case of BeGa acceptor, we find the polaronic and ground state vibrational energies  

to be very similar at ~36 meV (obtained from direct HSE calculations, solid circles in Fig. 2). The electron-

phonon coupling matrix elements are calculated using HSE as  

Wi, f = (ε f − ε i ) ψ i

∂ψ f

∂Q
,  (2) 

where single-particle wavefunction ψ i  corresponds to the hole (electron) in the valence (conduction) band 

perturbed by the defect, ψ f  corresponds to the carrier localized on the defect, and ε i, f  are the 

corresponding eigenvalues. This approach can be used to calculate both the non-radiative capture of the hole 

by the deep polaronic state Cp
d  and the non-radiative capture of the electron by the ground state Cn

NR  in Fig. 

2.  
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The radiative transition rates (and corresponding capture coefficients) can be calculated from the 

Fermi’s golden rule for the optical transition between the conduction band and the localized defect state [29]: 

,   (3) 

where α  is the fine structure constant, n is the index of refraction, ΔE  is the transition energy, m is 

the free electron mass, ψ c,d  are the single-particle Kohn-Sham orbitals of the electron in the 

conduction band and the defect state, respectively, and p̂  is the momentum operator. The transition 

rates are calculated in the equilibrium geometries of the deep and shallow states of the neutral 

acceptor, for the transition energies corresponding to the computed PL maxima. 

  

Table I. Carrier capture coefficients for BeGa acceptor in units of cm3/s.  

 Shallow State Deep (polaron) state 

Non-radiative hole capture Cp
s ~ 10−6 −10−5  Cp

d = 10−7  

Non-radiative electron capture N/A Cn
NR = 10−19  

Radiative electron capture Cn
s ~ 5×10−12  Cn

d = 10−13  

 

The results for the calculated capture coefficients are summarized in Table I. The radiative electron capture 

coefficient by the polaronic state Cn
d  is calculated to be 10-13 cm3/s, which would determine the lifetime of 

PL from the polaronic state. The non-radiative capture of an electron by the polaronic state is hindered by the 
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potential barrier, and for the HSE computed potentials (solid circles in Fig. 2) at low temperature Cn
NR  is 

calculated to be 10-19 cm3/s. This low value stems from the significant width of the potential barrier for this 

transition (Fig. 2), suggesting that transitions via the polaronic state should be radiative. This indeed would 

be the case, if only one state of neutral acceptor existed for BeGa. However, the efficiency of the radiative 

transitions is also determined by the competition for a photogenerated hole between the shallow and deep 

states. Both states capture the hole without a barrier (Fig. 2). The hole capture coefficient by the deep state 

Cp
d , calculated using Eq. (1), is 10-7 cm3/s. Note that thus calculated Cp for a common acceptor in GaN, 

carbon acceptor CN, (assuming hole capture without a barrier, as observed in the experiment [30]), is also 

about 10−7  cm3/s, in agreement with the measured value of 3×10−7 cm3/s [30]. The capture of a hole by the 

shallow state ( s
pC ) cannot be readily calculated from first principles, because Eqs. (1-2) require evaluation of 

the single-particle wavefunctions, which are too extended to be reproduced in a supercell calculation of any 

reasonable size. For the same reason, in our HSE calculations the shallow state transition level is an 

overestimated 0.24 eV vs. measured 0.11 eV. It is, however, known from the experiment that s
pC  for another 

shallow acceptor in GaN (magnesium acceptor MgGa) is 10-6 cm3/s [20,30]. It should also be noted that the 

shallow state of MgGa (0.2 eV above the VBM) is deeper than that of BeGa (0.11 eV), indicating that BeGa 

defect state wavefunction is significantly more extended. Roughly s
pC  can be estimated as Cp

s = 4π Zeμ /κ , 

based on the carrier capture by a shallow attractive center limited by diffusion [31]. Here, Z is the defect 

formal charge, e is the electron charge, μ  is the hole mobility, and κ  is the bulk GaN dielectric constant. 

Within this approximation, the hole capture coefficient for the shallow state is estimated between 10-6 and 

10-5 cm3/s, for the hole mobilities of 3-30 cm2/(Vs) [32,33]. In other words, the shallow state of BeGa 

acceptor is 1-2 orders of magnitude more efficient in capturing photogenerated holes as compared to the 

polaronic state. Thus, upon optical excitation, the holes are predominantly captured by the shallow state, 

with subsequent PL in the UV region (the computed radiative electron capture coefficient Cn
s  is 5×10−12
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cm3/s). The holes can also be captured by the polaronic state but at a significantly lower rate. This leads to 

the predicted PL intensity from the polaronic state lower, by 1-2 orders of magnitude, than that from 

competing radiative recombination responsible for the UVLBe band. In the experiment, the ratio of the peak 

intensities would be even larger, because the PL band from the polaronic state is expected to be significantly 

broader than the UVLBe band. Interestingly, the ratio of PL intensities related to the shallow and deep 

polaronic states must be the same in semiconductors with arbitrary compositions of defects, including n-type 

and p-type samples. Indeed, in the Shockley-Read-Hall phenomenological approach [34-36], these intensities 

are PL s
s p AI C N p−=  and PL d

d p AI C N p−= , respectively, where AN −  is the concentration of negatively charged 

BeGa acceptors and p is the concentration of free holes. Then / /PL PL s d
s d p pI I C C= , independent of a specific 

sample. The same should be true for other defects with the dual nature, such as Mg and Zn acceptors in GaN 

or Li acceptor in ZnO.5 

 In conclusion, PL measurements of optical transitions via the BeGa acceptor in GaN show that the 

BeGa has a shallow, effective-mass-like state with the 0/- transition level at 113±5 meV, which is responsible 

for the UVLBe band with the main peak at 3.38 eV. This means that the BeGa forms the shallowest acceptor 

level in GaN known to date. This result is encouraging, particularly for AlGaN-based devices, where the 

concentration of free holes in p-type AlGaN alloy remains frustratingly low because of the large ionization 

energy of the MgGa. The HSE calculations predict the dual nature of the Be acceptor, with the shallow state 

responsible for the UVLBe and a deep small polaronic state at 0.58 eV above the VBM, which is not 

observed in PL experiments. Calculated carrier capture coefficients suggest that the small polaron is 

significantly less efficient in capturing photogenerated holes than the shallow state. Therefore, the expected 

red PL band from the small polaron would be significantly lower in intensity than the UVLBe band. In the 

experiment it would also likely be buried under the bright YLBe band observed in the same region of the 

spectrum, making it especially challenging to resolve. Remarkably, the existence of the “bright” shallow 

state and the “dark” polaronic state of an acceptor appears to be a general phenomenon. The situation is 
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similar for the MgGa, ZnGa, CdGa, and CaGa acceptors in GaN, where the theory predicts deep polaronic states, 

while they are not observed experimentally.  
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