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We describe a mechanism by which complexes between gallium vacancies and oxygen and/or

hydrogen act as efficient channels for nonradiative recombination in InGaN alloys. Our identification

is based on first-principles calculations of defect formation energies, charge-state transition levels,

and nonradiative capture coefficients for electrons and holes. The dependence of these quantities on

alloy composition is analyzed. We find that modest concentrations of the proposed defect complexes

(�1016 cm�3) can give rise to Shockley-Read-Hall coefficients A ¼ ð107 � 109Þ s�1. The resulting

nonradiative recombination would significantly reduce the internal quantum efficiency of

optoelectronic devices. VC 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942674]

Group-III nitrides are the key materials for light-

emitting diodes (LEDs) in the blue part of the visible spec-

trum, which are used for general lighting applications.1 A

large research effort is aimed at extending this success to the

green and the yellow range, where nitride LEDs are signifi-

cantly less efficient. Internal quantum efficiency (IQE) is

limited by recombination via defect states, the so-called

Shockley-Read-Hall (SRH) recombination,2,3 and by Auger

recombination.4,5 Within the so-called ABC model for IQE,

the maximum efficiency is B=ðBþ 2
ffiffiffiffiffiffiffi

AC
p

Þ, where A is the

SRH recombination coefficient, B is the radiative coefficient,

and C is the Auger coefficient. Since B and C are intrinsic

parameters of the bulk material, peak device efficiencies are

determined by A. Experimental determination of the micro-

scopic mechanism of SRH is complicated by the fact that the

SRH rate depends on many parameters, including tempera-

ture, carrier concentration, non-uniformity of carrier distribu-

tion, type of material (bulk versus epitaxial), growth method,

strain, polarization fields, and In content.

Gallium vacancy (VGa) complexes have been observed

in GaN6,7 and proposed as recombination centers.8,9 In this

work, we identify a microscopic mechanism of SRH recom-

bination based on VGa complexed with O and/or H. The

approach is based on accurate first-principles calculations

and our recently developed methodology for nonradiative

capture coefficients.10 For InGaN alloys that emit in the

green and yellow, we demonstrate that these defects have

SRH rates comparable or larger than radiative recombination

rates, resulting in significantly reduced IQEs for devices.

Defect-assisted recombination in a material with a band

gap Eg consists of sequential capture of an electron and a

hole (or vice versa). For the example of a defect with a single

(þ1/0) charge-state transition level (Fig. 1), electron (hole)

capture is given by the rate Rn ¼ CnNþn (Rp ¼ CpN0p),

where n (p) is carrier density, Nþ (N0) is the concentration of

defects in the pertinent charge state, and Cn (Cp) is the cap-

ture coefficient. This coefficient encapsulates the propensity

for the defect to capture the carrier and is often expressed

as a capture cross-section multiplied by a characteristic

velocity.11

Expressions for the resulting recombination rate were

derived by Shockley and Read,2 as well as Hall.3 Assuming

injected carrier densities n¼ p, SRH recombination is char-

acterized by a rate RSRH ¼ An.4,5 For a defect density N, and

omitting reemission of carriers from defect states to the band

edges (which is negligible for deep levels in wide-band-gap

materials)2,3

A ¼ N
CnCp

Cn þ Cp
: (1)

Therefore, in order to determine A, one needs to calculate

electron and hole capture coefficients Cfn;pg and estimate

defect concentrations N. Based on positron annihilation6 and

mobility12 studies, we conservatively assume N ¼ 1016 cm�3.

FIG. 1. Schematic energy band diagram depicting SRH recombination at a

ðþ1=0Þ defect level in a material with band gap Eg. If the defect is initially

in aþ 1 charge state, recombination proceeds via (1) electron capture with

rate Rn and (2) hole capture with rate Rp. Cn (Cp) are capture coefficients,

Nþ (N0) the density of defects in the þ1 (0) charge state, and n (p) the den-

sity of electrons (holes).
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Experimentally observed A values that are known to impact

device efficiency are on the order 106–107 s�1.4,13,14 Given

the assumed defect densities, the capture coefficients of rele-

vant defects must therefore be Cfn;pg ¼ 10�10–10�9 cm3 s�1.

SRH recombination in principle covers both radiative

and nonradiative capture at defects. Processes that rely on a

radiative transition as the rate-limiting step will not contrib-

ute, given that typical values of radiative capture coefficients

in GaN are 10�14–10�13 cm3 s�1.15 We thus search for a pro-

cess where both hole and electron capture occur nonradia-

tively via the process of multiphonon emission.11 We

calculate Cfn;pg completely from first principles following

the methodology of Ref. 10. The capture coefficients depend

strongly (approximately exponentially) on the energy of the

transition. Other defect properties, such as effective phonon

frequencies10,16 and electron-phonon coupling constants,10

affect the rates more weakly and do not significantly differ

between the defects considered here. The bottom line is that

only defects with transition levels within 1.5 eV of a band

edge will result in nonradiative capture coefficients greater

than 10�10 cm3 s�1. Combined with the fact that the overall

recombination rate is governed by the slower of the electron

and hole processes [Eq. (1)], our search is thus constrained

to defects with levels near mid gap.

Our defect calculations are performed within the frame-

work of density functional theory17 using the Vienna Ab initio
Simulation Program VASP.18 We use the Heyd-Scuseria-

Ernzerhof (HSE) hybrid functional19 with a fraction of

screened Fock exchange a¼ 0.31; this approach accurately

reproduces the band structure of GaN, which is essential for

obtaining reliable defect levels.17 Atomic cores were treated

within the projector augmented wave (PAW) approach.

Formation energies and charge-state transition levels of

defects were calculated using 96-atom supercells, as described

in Ref. 17. Wavefunctions were expanded in plane waves up

to a 400 eV cutoff, and the Brillouin zone was sampled at a k-

point k ¼ ð1=4; 1=4; 1=4Þ. Tests with a 2� 2� 2 k-point

mesh demonstrated convergence of transition levels to within

0.03 eV. Finite-size corrections for charged systems were

applied.20,21

The formation energy versus Fermi level for VGa com-

plexed with O and/or H is plotted in Fig. 2. For a given

defect, only the lowest energy charge state at each Fermi

level is plotted; therefore the slope of the line segments cor-

responds to the charge state, and the kinks in the curves cor-

respond to the thermodynamic charge-state transition levels

(see Ref. 22 for more information and values of the transition

levels). Forming a Ga vacancy results in four N dangling

bonds. By adding a H, which bonds to one of the nearest-

neighbor N atoms, a dangling bond is filled, and a charge-

state transition level is removed from the gap.22,23 Similarly,

replacing a nearest-neighbor N with O also removes one

transition level from the gap. We will first consider VGa com-

plexes in pure GaN and then determine the effect of adding

In to form InGaN alloys.

Equation (1) applies to a defect with a single transition

level; however, we see in Fig. 2 that VGa and several of its

complexes have multiple transition levels in the gap of GaN

(and also in InN,24,25 and thus in InGaN as well). Sah and

Shockley26 demonstrated that multiple levels can be treated

sequentially, as if they were multiple defects with single

transition levels. Therefore, rate equations can be solved to

determine the steady-state concentration of defects in each

charge state, which is needed to determine capture rates for a

given carrier density.

While explicit analytical solutions can be obtained, it is

even more informative to identify the rate-limiting step for

SRH at these candidate defects. This can often be done by

inspection of the transition level, since the order of magni-

tude of the nonradiative capture rate is dominated by the

(roughly) exponential decrease with transition energy. For

the VGa complexes with only one transition level (VGa-3H

and VGa-ON-2H), the ðþ1=0Þ level is below mid gap and

therefore holes will be captured efficiently by defects in the

neutral charge state. Once this occurs, however, nonradiative

electron capture will be very slow since the energy of this

transition is >2.5 eV. The total recombination rate will there-

fore be dominated by the rate-limiting electron capture,

which is more likely to occur radiatively and is therefore too

slow to significantly contribute to SRH in GaN.

FIG. 2. Calculated formation energies

of point defects in GaN as a function

of Fermi energy. Ga-rich conditions

are assumed, and the chemical poten-

tial of H is referenced to one half the

energy of the H2 molecule, while the

chemical potential of O is referenced

to the enthalpy of formation of the lim-

iting phase Ga2O3. (a) Gallium va-

cancy and complexes with H. (b)

Gallium vacancy and complexes that

involve ON.
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The same is true for the complexes with two transition

levels (VGa-2H and VGa-ON-H, Fig. 2). Since the (0/�1) tran-

sition is near mid gap, defects in the �1 charge state will

capture holes fairly efficiently. Once in the neutral charge

state, the defects will capture holes even more efficiently

since the ðþ1=0Þ level is within 1 eV of the VBM. However,

for defects in the þ1 charge state, electron capture will be

very slow. Therefore, the majority of VGa-2H and VGa-ON-H

defects will again be “stuck” in the þ1 charge state.

The complexes with three transition levels (VGa-H and

VGa-ON) have an additional (�1/�2) transition level rela-

tively high in the gap. The majority of these defects will be

either in the þ1 state (since electron capture by þ1 is very

inefficient) or in the �2 state (for which hole capture is inef-

ficient). The same argument applies to the bare VGa, most of

which will be in the þ1 or �3 charge state. From this analy-

sis, we conclude that defects with multiple transition levels

predominantly occur in the “extreme” charge states (most

positive and/or most negative) and will not be efficient SRH

centers.

The situation changes if capture rates are significantly

enhanced for the transitions that appear as bottlenecks in the

above scenarios. Since capture rates are extremely sensitive

to transition energies, the shift of these energies in going

from GaN to InGaN can introduce significant increases in

the SRH rate. Explicit calculations of capture coefficients for

a statistically meaningful set of defects in InGaN alloys are

not computationally tractable; instead, we perform selected

calculations and invoke knowledge about the alloy band

structure27,28 to elucidate the effects of alloying. When con-

sidered on an absolute energy scale (i.e., with respect to the

vacuum level), the reduction of the band gap with In content

is reflected mainly in a lowering of the conduction-band min-

imum (CBM), accompanied by a much smaller upward shift

of the VBM27,28 (see Fig. 3).

Assuming that charge-state transition levels remain

approximately constant on this same absolute energy scale

(as, e.g., in Ref. 29), we expect an increase in the electron

capture coefficients with In content. Electron capture was

found to be the rate-limiting step for defects with one or two

transition levels; in Fig. 3, we therefore focus on the exam-

ples of VGa-3H and VGa-ON–2H, which are also the defects

with lowest formation energies (Fig. 2). Using the band

alignment between InGaN alloys and GaN from Ref. 28, we

observe that the energy difference between the ðþ1=0Þ level

and the CBM is, indeed, significantly reduced in InGaN

alloys.

Our assumption that the ðþ1=0Þ level remains constant

at the level given by the result for the defect in pure GaN is

very crude. It is to be expected that the defect properties

change when the vacancy complex is embedded in InGaN,

both due to the difference in lattice parameters and due to

explicit interactions with In as opposed to Ga cations. Our

calculations indicate that the latter effect is small: having an

In atom next to a nitrogen adjacent to the vacancy affects the

defect levels by at most 0.1 eV. We will show that the lattice

expansion that occurs when In is added to GaN has a much

bigger effect (e.g., an upward shift in the ðþ1=0Þ transition

level of �0.8 eV for 50% In, compared to a constant level).

Given the insensitivity to the explicit presence of In, we

have simulated this effect by calculating the defects in a

GaN supercell with lattice parameters expanded to match the

volume of InGaN alloys with 5%, 10%, 20%, and 50% In.

To apply this information to actual InGaN alloys, we align

VBMavg in the expanded cell with that of unstrained GaN

using the absolute valence-band deformation potential of

GaN.30 This results in the green dot-dashed line in Fig. 3,

which shows that the ðþ1=0Þ level moves significantly closer

to the CBM in the InGaN alloys.

We have verified this approach by comparing with

explicit calculations for defects in InGaN supercells at

selected alloy compositions. These calculations also allow us

to evaluate the changes in other parameters that determine

nonradiative capture.10 The volume expansion in InGaN

alloys decreases the frequency of the vibrational mode that

couples to the deformation between the structure of the 0 and

FIG. 3. Position of the ðþ1=0Þ transi-

tion level within the band gap of

InGaN as a function of In content for

(a) the VGa-3H and (b) the VGa-ON-2H

complex. For the valence band, an

average over the top three valence

bands is shown.27,28 VBMavg of bulk

GaN was chosen as the reference

energy. The black dashed line assumes

the transition level is constant on an

absolute energy scale and given by the

value in GaN; the green dot-dashed

line takes the change in volume of the

InGaN alloy into account, interpolating

between the explicit calculations given

by the green circles.
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þ1 charge states, and increases the amount of lattice relaxa-

tion between them. This results in an increase in the capture

coefficient by a factor of two for 20% InGaN, i.e., a small

effect compared to the (exponential) changes induced by the

change in the transition energy. In the following calculations

of capture coefficients, we have therefore used the vibra-

tional frequency and lattice relaxation reported in Ref. 22 for

pure GaN.

In Fig. 4, we plot the A coefficient [Eq. (1)] vs. the band

gap of InGaN for VGa-3H and VGa-ON-2H complexes

(assuming N ¼ 1016 cm�3). The temperature was set to

T ¼ 120 �C, a typical internal temperature of operating

LEDs.31 The electron capture process, though significantly

enhanced in InGaN alloys compared to bulk GaN, is still the

rate-limiting step and therefore A ’ NCn.

Figure 4 shows that the SRH coefficients for VGa-3H

and VGa-ON-2H behave similarly. For band gaps in the green

(around 2.4 eV), the SRH coefficient is of the order 107 s�1,

consistent with A values obtained from fitting to experimen-

tal data.13 At typical operating carrier densities of around

n ¼ 1018 cm�3 (Ref. 4), this will result in a SRH rate

RSRH ¼ An ¼ 1025 cm�3 s�1. Radiative band-to-band recom-

bination coefficients in GaN and InGaN are of the order

B ¼ 4� 10�11 cm3 s�1,4,5 so the radiative recombination

rate will be Rrad ¼ Bn2 ¼ 4� 1025 cm�3 s�1. A value of

RSRH ¼ 1025 cm�3 s�1 thus implies that approximately 20%

of the carriers will be lost through SRH recombination.

Since the rates increase for alloys with band gaps in the

yellow (2.1–2.2 eV), the concentration of a defect with this

rate would have to be kept below 1015 cm�3 for the device to

emit light at all.

The structures and transition energy for the ðþ1=0Þ level

of VGa-2H are very similar to those for VGa-3H; the same

applies to VGa-ON-H compared to VGa-ON-2H. Since the

rate-limiting step is the same in all these complexes, we

expect that the VGa-2H and VGa-ON-H complexes will have

SRH A coefficients similar to their counterparts in Fig. 4.

The high SRH recombination rates associated with these

VGa-related complexes would thus appear to be detrimental,

since their formation energy (Fig. 2) is quite low. There is a

mitigating factor, however. In most optoelectronic devices,

the InGaN quantum wells are under biaxial stress, with the

a lattice constant constrained to match that of GaN.

Preliminary calculations for defects in biaxially stressed

InGaN indicate that the A coefficients are lower by one to

two orders of magnitude. Maintaining the coherence of the

InGaN layers during epitaxial growth is thus essential, since

relaxation towards the bulk lattice parameters will lead to an

increase in the A coefficient for a given In content. Our

observations also indicate that judicious engineering of stress

could provide a means of suppressing nonradiative recombi-

nation. Finally, our work also highlights the importance of

controlling oxygen incorporation during growth, since the

gallium-vacancy-related complexes form especially easily in

the presence of oxygen (Fig. 2).

In summary, we have used first-principles calculations

of transition levels and capture coefficients to demonstrate

that VGa-3H, VGa-ON-2H, VGa-2H, and VGa-ON-H complexes

are efficient SRH centers and potentially detrimental for

InGaN alloys with band gaps in the green and yellow.

Depending on the wavelength and stress state of the InGaN

layer, concentrations of 1016 cm�3 can result in SRH nonra-

diative recombination on the same order as radiative recom-

bination, severely reducing the IQE of the device.
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