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Determination of the absolute internal quantum efficiency of
photoluminescence in GaN co-doped with Si and Zn
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and A. Waag2

1Physics Department, Virginia Commonwealth University, Richmond, Virginia 23284, USA
2Institute of Semiconductor Technology, Technische Universität Braunschweig, Braunschweig, Germany

(Received 30 January 2012; accepted 26 February 2012; published online 10 April 2012)

The optical properties of high-quality GaN co-doped with silicon and zinc are investigated by using

temperature-dependent continuous-wave and time-resolved photoluminescence measurements. The

blue luminescence band is related to the ZnGa acceptor in GaN:Si,Zn, which exhibits an

exceptionally high absolute internal quantum efficiency (IQE). An IQE above 90% was calculated

for several samples having different concentrations of Zn. Accurate and reliable values of the IQE

were obtained by using several approaches based on rate equations. The concentrations of the ZnGa

acceptors and free electrons were also estimated from the photoluminescence measurements. VC 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.3699312]

I. INTRODUCTION

Over the past three decades, GaN and other nitrides have

attracted great interest as materials for short-wavelength light-

emitting diodes and laser diodes. Significant efforts are cur-

rently being made to increase the internal quantum efficiency

(IQE) in these light-emitting devices. However, from a num-

ber of methods commonly used to determine the IQE of elec-

troluminescence or photoluminescence (PL) from GaN-based

materials or light-emitting devices, only a few appear to be

reliable and provide accurate estimates of the IQE.1 Often, the

ratio of the room-temperature and low-temperature PL inten-

sities is used as a rough estimate of the relative IQE. There is

no consensus in the literature on a reliable method of deter-

mining the absolute IQE of the PL in GaN. High values of the

absolute IQE (30–70%) were reported for InGaN/GaN quan-

tum wells.2–5 However, assumptions made in these publica-

tions require more justification.1

In this work, we report on the extremely high absolute

IQE of the PL in degenerate n-type GaN co-doped with Si and

Zn. In our previous work,6 preliminary results were reported

on the IQE for one sample (sample 1008). In this work, two

groups of GaN:Si,Zn samples (capped and uncapped), as well

as GaN:Si samples were studied. The IQE was determined

from the analysis of the dependencies of the PL intensity on

the excitation intensity and temperature. The absolute IQE of

the PL in GaN:Si,Zn exceeds 90%, with the largest contribu-

tion coming from the blue luminescence (BL) band. In addi-

tion, we demonstrate the versatility of the PL technique as a

characterization tool for semiconductors. In particular, the

concentrations of free electrons, shallow donors, and ZnGa

acceptors in GaN doped with only Si or co-doped with Si and

Zn have been determined from PL measurements.

II. EXPERIMENT

The eight GaN:Si,Zn samples analyzed in this work (Ta-

ble I) were grown by metalorganic vapor phase epitaxy

(MOVPE) on c-plane sapphire substrates at the Technische

Universität Braunschweig (TUBS). Ammonia (NH3), trime-

thylgallium (TMGa), SiH4, and DeZn were used as the sour-

ces of N, Ga, Si, and Zn, respectively. For the four samples

of group A, a 2 lm-thick undoped GaN layer was grown,

and subsequently a 0.4 lm-thick AlGaN insulating barrier

was deposited. The growth was finished with a 0.2 lm-thick

GaN:Si,Zn active layer. The four samples of group B had the

same structure, but were additionally capped with a 40 nm-

thick AlGaN barrier. The DeZn flow rate during the growth

of the GaN:Si,Zn layer was varied from 4 to 66 lmol/min

for samples in each group to vary the concentration of Zn

acceptors (Table I). Additionally, we studied a control sam-

ple which was grown under the same conditions, but with

only Si doping of the active layer (sample 1150); as well as

another Si-doped GaN sample grown by hydride vapor phase

epitaxy (HVPE) at TDI, Inc. (sample 2015). The concentra-

tions of free electrons in the GaN:Si,Zn layer for the samples

in group A and in the Si-doped GaN samples have been

found from the Hall effect measurements (Table I). All of

the samples were degenerate, except for sample 2015. The

concentration of electrons in the GaN:Si,Zn samples from

group B could not be determined by the Hall effect measure-

ments because of the insulating AlGaN capping layer. How-

ever, the electron concentration in these samples was

estimated from time-resolved PL measurements to be about

1019 cm�3, as will be demonstrated in Sec. III C.

Steady-state PL was excited with a 50 mW He-Cd laser,

dispersed by a 1200 rules/mm grating in a 0.3 m monochro-

mator, and was detected by a cooled photomultiplier tube.

By using calibrated neutral density filters and an unfocused

laser beam with a diameter of 4 mm, the excitation power

density (Pexc) was varied from 10�5 to 0.3 W/cm2. The beam

could be focused to a diameter of 0.1–0.2 mm to obtain an

Pexc up to 200 W/cm2. Time-resolved PL was excited with a

pulsed nitrogen laser (337 nm) and analyzed with an oscillo-

scope. A closed-cycle optical cryostat and a high-

temperature cryostat were employed to achieve sample tem-

peratures of 15–330 K and 295–700 K, respectively. The PLa)Electronic mail: mreshchi@vcu.edu.
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spectra were corrected for the response of the optical system

by comparing the spectrum of a tungsten lamp with a stand-

ard spectrum.

III. RESULTS

A. Hall effect

In GaN:Si,Zn (group A) and GaN:Si samples grown at

TUBS, the concentration of free electrons was in the range

of ð0:75� 1:14Þ � 1019 cm�3 at room temperature (Table I);

i.e., these samples are degenerate. As expected for degener-

ate semiconductors, the temperature dependence of the elec-

tron concentration is negligible (Fig. 1). The Hall mobility in

these samples was about 150 cm2/Vs at room temperature

and slightly increased with decreasing temperature (Fig. 2).

Sample 2015 grown by the HVPE method at TDI con-

tained a thin degenerate layer near the GaN/sapphire inter-

face. This layer shunted the conductivity of the 5 lm-thick

layer, indicated by a rise in the calculated concentration of

free electrons with decreasing temperature.7 Figures 1 and 2

show the corrected concentration of free electrons and the

electron Hall mobility for the bulk region, excluding the

degenerate layer. The description of the two-layer model can

be found in Ref. 7, and a more detailed analysis of the Hall

effect data for sample 2015 can be found in Ref. 8.

B. Steady-state photoluminescence

PL spectra from GaN:Si,Zn samples of group A at 200

and 320 K are shown in Fig. 3. The PL spectra from these

samples were very similar to the spectra obtained from sam-

ples of group B. The PL spectra include a strong BL band

with a maximum at 2.9 eV; a weak peak at higher photon

energies, hereafter called the near-band edge (NBE) emis-

sion; and a broad yellow luminescence (YL) band with a

maximum at about 2.1–2.2 eV. The YL band is attributed to

a deep acceptor, which is most likely due to a complex

defect involving a Ga vacancy.9 The BL band is attributed to

transitions from the conduction band (or shallow donors at

very low temperatures) to the ZnGa acceptor.9,10 The shape

of this band at different temperatures is well known,9,10 and

this information was used to deconvolute the bands before

finding their integrated intensities in this work.

TABLE I. Characteristics of GaN samples and PL.

DeZn flow n from Hall n from TR-PL N1 � NZn by method 1 N1 � NZn by method 2 s1 at 200 K T0 EA1

Sample (lmol /min) Group (cm�3) (cm�3) (cm�3) (cm�3) (ls) (K) (meV)

1143 4 A 1.03� 1019 1.3� 1019 7� 1017 2.9� 1017 0.52 289 310

1142 10 A 1.03� 1019 1.2� 1019 5� 1017 6.7� 1017 0.55 296 310

1141 33 A 1.14� 1019 9.5� 1018 1.5� 1018 1.3� 1018 0.70 313 340

1140 66 A 0.75� 1019 4.5� 1018 3� 1018 4.7� 1018 1.48 305 290

1010 4 B – 1.8� 1019 1� 1018 5.0� 1017 0.37 289 320

1009 10 B – 1.8� 1019 2� 1018 1.1� 1018 0.38 294 315

1008 33 B – 1.4� 1019 5� 1018 2.0� 1018 0.47 300 300

997 66 B – 5.2� 1018 1� 1019 5.3� 1018 1.27 311 345

1150 – – 1.1� 1019 – – 2� 1013 – 250 345

2015a – – 2� 1017 6� 1017 3� 1015 – 15 220 345

a5 lm-thick GaN:Si sample grown by HVPE method at TDI.

FIG. 1. Temperature dependence of the free-electron concentration in

GaN:Si,Zn (sample 1142) and GaN:Si (1150) grown by MOVPE at TUBS

and GaN:Si (2015) grown by HVPE at TDI. The data for sample 2015 are

calculated by using a two-layer model.7,8

FIG. 2. Temperature dependence of the Hall mobility of electrons in three

representative samples. The data for sample 2015 are calculated by using a

two-layer model.7,8
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The excitonic PL spectrum at low temperature is shown

in Fig. 4 for sample 1142 at different excitation intensities.

Two peaks could be identified in the spectrum. A peak at

3.456 eV is labeled as the acceptor bound exciton (ABE) and

is attributed to an exciton bound to the ZnGa acceptor. The

source of the peak at 3.484 eV is inconclusive: it might be

due to the donor bound exciton (DBE), a free exciton (FE),

or a combination of both. The peak at 3.456 eV is seen only

at high excitation intensities when the ZnGa acceptors

become saturated with holes, while the peak at 3.484 eV

dominates at low excitation intensities.

PL spectra at 200 K for GaN samples doped only with Si

are shown in Fig. 5. In the case of the MOVPE-grown GaN:Si

sample, the NBE band was much stronger than that in the

GaN:Si,Zn samples. Very small contributions of the BL band

can be found near 2.9 eV in sample 1150 (shown with a

dashed line in Fig. 5). The signal at 2.9 eV was independent

of temperature between 160 and 220 K and was quenched at

higher temperatures with an activation energy approximately

equal to that of the BL band in other samples.

The PL spectrum of the HVPE-grown sample (2015)

contains a weak and relatively narrow NBE band and

a strong BL band. We have established that undoped and

Si-doped GaN samples from TDI typically contain residual

Zn (with concentrations on the order of 1015 cm�3) which is

responsible for the strong BL band.9–11 At lower photon

energies, we can see the red luminescence (RL) band of

unknown origin which is also commonly present in undoped

and Si-doped GaN samples grown at TDI.

Figure 6 shows the temperature dependence of the inte-

grated PL intensity for the BL band in four GaN:Si,Zn sam-

ples, normalized at lower temperatures. The BL band

intensity remains nearly constant when the temperature is

increased from 15 to 250 K. This band is quenched at T >
250 K with an activation energy of about 300–340 meV. The

characteristic temperature of the quenching, T0, can be

defined as the point where the low-temperature and high-

temperature parts of the dependence cross when extrapolated

as straight lines in the Arrhenius plot (Fig. 6). This value is

unusually high (T0 ¼ 300 6 10 K) in the GaN:Si,Zn samples

studied in this work (Table I), as compared to the earlier

reported values (T0 ¼ 200� 220 K).9,12 As a comparison,

we included in Fig. 6 the data for the Si-doped GaN (sample

#2015) grown at TDI. Clearly, the T0 in the GaN:Si,Zn sam-

ples is much higher than in samples with low concentrations

of Zn and free electrons.

FIG. 3. PL spectra from four GaN:Si,Zn samples of

group A at 200 K (a) and 320 K (b).

Pexc ¼ 0:0015 W=cm2.

FIG. 4. Excitonic PL spectrum at T ¼ 15 K and different excitation inten-

sities for sample 1142. The PL intensity is normalized by dividing each

spectrum by the corresponding excitation intensity. ABE is the acceptor

(ZnGa) bound exciton, DBE is the donor (SiGa) bound exciton, FE is free

exciton.

FIG. 5. PL spectra at 200 K for Si-doped GaN grown by MOVPE at TUBS

(sample 1150) and HVPE at TDI (sample 2015). Pexc ¼ 0:0015 W=cm2.

Dashed curve shows the estimated contribution of the BL band to the spec-

trum of sample 1150 as found from a comparison of the PL spectra at differ-

ent temperatures.
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From 15 to 200 K, the NBE and YL band intensities

slowly decrease with increasing temperature. However, at

T ¼ 250� 350 K, simultaneously with the quenching of the

BL band, both the NBE and YL bands exhibit a sharp rise by

an order of magnitude and then decrease again at higher tem-

peratures (Fig. 7). This stepwise behavior clearly indicates a

very high IQE of the BL band.12 In contrast, the intensity of

the NBE and YL bands in the Si-doped GaN sample (1150)

monotonously decreased with increasing temperature from

100 to 700 K, and no stepwise behavior was observed. The

YL band in this sample was quenched at temperatures above

500 K with an activation energy of 500–550 meV, which is

very similar to the simulated curve g20ðTÞ shown in Fig. 7.

Detailed analysis of the YL band behavior in undoped and

Si-doped GaN samples is beyond the scope of this work and

will be reported elsewhere.

C. Time-resolved photoluminescence

In the studied samples, after pulsed excitation, the BL

band intensity decays nearly exponentially. To more accu-

rately find the characteristic lifetime of the BL band, we plot-

ted the product of PL intensity and time as a function of time

delay. The PL lifetime was determined from the position of

the maximum in this plot.13 The PL lifetime is almost con-

stant at T < T0 (Fig. 8). However, at temperatures above T0,

the lifetime decreases with a slope corresponding to the acti-

vation energy of the ZnGa acceptor. The temperature depend-

encies of the PL lifetime and PL intensity were very similar

to each other.

The PL lifetime in n-type semiconductors is inversely

proportional to the concentration of free electrons.13 The

weak decrease of the PL lifetime with increasing temperature

from 100 to 200 K in sample 2015 can be explained by the

corresponding increase in the concentration of free electrons.

In the degenerate sample 1142, the PL lifetime was nearly

independent of temperature, in the range of 100–250 K,

which agrees with the constant concentration of free elec-

trons in this sample.

D. Dependence of the photoluminescence intensity on
excitation intensity

We have also studied the effect of excitation intensity on

the PL intensity for each PL band at different temperatures. The

YL band intensity increases linearly at low excitation intensities

but begins saturating at Pexc > 10�4 � 10�3 W=cm2. This

saturation can be explained by a number of reasons, includ-

ing the following: a low concentration of the related defects,

the long PL lifetime (greater than 10 ls) and the possible

contribution from donor-acceptor pair transitions to this

band. In contrast, the BL and NBE band intensities increase

linearly with the excitation intensity up to 0:1� 1 W=cm2.

Figure 9 shows the ratio of the integrated PL intensity and

the excitation intensity as a function of the excitation power

density for the NBE and BL bands in four GaN:Si,Zn sam-

ples of group A at 200 K. This ratio is proportional to the

FIG. 6. Temperature dependence of the integrated PL intensity (normalized

at temperatures below 100 K) for the BL band in four GaN:Si,Zn samples of

group A and GaN:Si sample (#2015). Pexc ¼ 0:0015 W=cm2. T0 ¼ 220 K for

sample 2015, and T0 � 300 K for all other samples.

FIG. 7. Temperature dependence of the absolute IQE of PL in GaN:Si,Zn

(sample 1141) at Pexc ¼ 0:0015 W=cm2. Points are experimental data. Solid

blue curve shows g1 calculated by using Eq. (7) with the following

parameters: g10 ¼ 0:91, g ¼ 2, CpA ¼ 7� 10�7 cm3=s, s1 ¼ 0:7 ls,

EA1 ¼ 340 meV. Dotted red and dashed green lines show g20ðTÞ and g30ðTÞ
calculated by using Eq. (14) with the following parameters: g20ð0Þ ¼ 0:027,

C1 ¼ 0:3, C2 ¼ 1:7� 105, E1 ¼ 15, E2 ¼ 500 meV (for the YL band);

g30ð0Þ ¼ 1:2� 10�3, C1 ¼ 1, C2 ¼ 40, E1 ¼ 25, E2 ¼ 100 meV (for the

NBE band). G ¼ 2:4� 1020 cm�3 s�1 and b ¼ 4:5� 10�17 for all the bands.

Solid red and green lines show g2ðTÞ and g3ðTÞ calculated by using Eq. (17)

with g10 ¼ 0:83 and g10 ¼ 0:95, respectively. FIG. 8. Temperature dependence of PL lifetime for the BL band in GaN.
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IQE of PL. We can see that the IQE of the BL band starts

decreasing above Pexc � 1 W=cm2. Simultaneously, the IQE

of the NBE band increases. As will be shown in Sec. IV C,

this behavior is the result of a competition between recombi-

nation channels, and it also indicates a very high IQE of the

BL band.

IV. MODEL

A. Rate equations

Let us consider n-type GaN which contains shallow SiGa

donors with concentration ND, ZnGa acceptors responsible

for the BL band with concentration NA1, deep acceptors re-

sponsible for the YL band with concentration NA2, and one

(dominant) type of nonradiative centers, S, with concentra-

tion NS. The variables NþD , N0
D, N�A1, N0

A1, N�A2, N0
A2, N�S ; and

N0
S are the concentrations of these centers in different charge

states. For definiteness, we assumed that the nonradiative

centers are acceptors in an n-type semiconductor.

Under continuous illumination, electron-hole pairs are

produced with a generation rate G per unit volume. The

steady-state concentrations of free electrons and holes are n
and p, respectively. We traditionally describe the transition

rates as the product of the concentrations of available carriers

and available empty sites, multiplied by a constant factor

called the capture coefficient.14,15 In particular, holes are

captured by the ZnGa acceptors, YL-related acceptors, and

nonradiative centers at rates CpA1N�A1p, CpA2N�A2p, and

CpSN�S p, where CpA1, CpA2, and CpS are the hole-capture

coefficients for the ZnGa acceptor, the YL-related acceptor,

and the nonradiative center S, respectively. In addition, free

holes and electrons may recombine directly or form excitons.

The rate of these processes will be described as Bnp, where

the rate coefficient B includes both the exciton and free

electron-hole recombination components.16 Holes captured

by acceptors, nonradiative defects, or excitons, may return to

the valence band as a result of thermal excitation. We will

explicitly consider only the thermal emission of holes from

the ZnGa acceptors to the valence band at the rate QA1, 10

where QA1 is defined as

QA1 ¼ CpA1Nvg�1 exp �EA1

kT

� �
; (1)

where EA1 is the ionization energy of the ZnGa acceptor, Nv

is the effective density of states in the valence band, g is the

degeneracy factor of the acceptor level (assumed to be equal

to 2), T is the temperature, and k is Boltzmann’s constant.

The rate equations under steady-state conditions can be

constructed with the same approach as in Refs. 10 and 12.

The rate of change of the free-hole concentration in the va-

lence band in the steady-state condition is given by

dp

dt
¼ G� CpA1N�A1p� CpA2N�A2p� CpSN�S p

� Bnpþ QA1N0
A1 ¼ 0: (2)

The rate of change of the free electron concentration in the

conduction band is given by

dn

dt
¼ G� CnA1N0

A1n� CnA2N0
A2n� CnSN0

Sn� Bnp ¼ 0; (3)

where CnA1, CnA2, and CnS are the electron capture coeffi-

cients for the ZnGa acceptor, the YL-related acceptor, and

nonradiative center S, respectively. Capture of electrons by

shallow donors D, and the thermal emission of electrons from

shallow donors to the conduction band are not relevant in the

case of a degenerate n-type semiconductor. It is also assumed

that the concentration of photogenerated electrons in the con-

duction band, dn, is much smaller than the concentration of

free electrons in the dark, n0, so that n � n0. We can also

introduce the characteristic lifetime of luminescence which is

related to electron transitions from the conduction band to the

ZnGa acceptors as sA1 ¼ ðCnA1nÞ�1
. 13 Similarly, the charac-

teristic lifetimes of the YL and NBE emission and nonradia-

tive recombination, can be defined as sA2 ¼ ðCnA2nÞ�1
,

sNBE ¼ ðBnÞ�1
and sS ¼ ðCnSnÞ�1

, respectively.

To simplify the notation in Eqs. (2) and (3), we will

number the recombination channels via the ZnGa acceptor,

YL-related acceptor, exciton (or free electron-hole recombi-

nation), and nonradiative center S as 1, 2, 3, and 4, respec-

tively. Then, we will let Cpi (i ¼ 1; 2; 3; 4) represent

Cp1 � CpA1, Cp2 � CpA2, Cp3 � B, Cp4 � CpS; si represent

s1 � sA1, s2 � sA2, s3 � sNBE, s4 � sS; and Q1 � QpA1. Fur-

ther, in Eq. (2) we let N�i represent N�A1, N�A2, n, and N�S ,

while in Eq. (3) we let N0
i represent N0

A1, N0
A2, p, and N0

S , for

the channels with i ¼ 1; 2; 3; and 4, respectively. By using

this compact notation for the four recombination channels,

Eqs. (2) and (3) can be replaced with the following

expressions:

dp

dt
¼ G�

X4

i¼1

CpiN
�
i pþ Q1N0

1 ¼ 0; (4)

and

dn

dt
¼ G�

X4

i¼1

N0
i

si
¼ 0: (5)

FIG. 9. Integrated PL intensity divided by the excitation intensity as a func-

tion of excitation power density for NBE and BL bands in four GaN:Si,Zn

samples at T ¼ 200 K. Solid symbols represent the BL band and empty sym-

bols represent the NBE band.
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The four main recombination channels in GaN:Si,Zn

have the absolute IQE gi. The intensity of the BL band, I1, is

I1 ¼
N0

1

s1

¼ Cp1N�1 p� Q1N0
1 (6)

and its IQE is g1 ¼ I1=G. The temperature dependence of the

IQE of the BL band, g1ðTÞ, in n-type GaN can be described

with the formula10,12

g1ðTÞ ¼
g10

1þ ð1� g10Þs1Q1

; (7)

where g10 is the IQE of the BL band at low temperatures

(T < 200 K) when Q1 � 0. When this dependence is plotted

as an Arrhenius plot (logarithm of PL intensity or IQE as a

function of inverse temperature), two regions can be distin-

guished: a region where the IQE of the BL band is independ-

ent of temperature at T < T0,

g1ðT < T0Þ ¼ g10 ¼ Cp1N�1 p=G; (8)

and a region where the BL band is quenched with an activa-

tion energy close to EA1

g1ðT > T0Þ �
g10g

ð1� g10Þs1Cp1Nv
exp

EA1

kT

� �
: (9)

Note that in Eq. (9) the temperature dependence of Nv is

weak as compared to the exponential dependence. The char-

acteristic temperature T0 can be found from the condition

ð1� g10Þs1Q1 ¼ 1 (10)

and defined as the temperature at which the low-temperature

and high-temperature parts in the Arrhenius plot cross when

extrapolated as straight lines (Fig. 6).

The IQE of the YL band is

g2 ¼ Cp2N�2 p=G; (11)

and the IQE of the NBE emission is

g3 ¼ Bnp=G; (12)

where the coefficient B is a function of temperature.

Finally, the absolute efficiency of the nonradiative recombi-

nation is

g4 ¼ Cp4N�4 p=G: (13)

The PL intensity integrated over a spectral region of a

particular PL band, IPL
i , is proportional to its absolute IQE,

and can be expressed as IPL
i ¼ bgiG, where b is a constant

determined by the total collection efficiency of luminescence

(assumed to be independent of temperature and the same for

all channels).

B. Dependence of the PL intensity on temperature

We define gi0 and IPL
i0 (IPL

i0 ¼ bgi0G) as the temperature-

dependent absolute IQE and corresponding integrated PL in-

tensity for the ith channel (i ¼ 1; 2; 3) in the case where the

BL band is not quenched and the subsequent redistribution

of the minority carriers (holes) between different channels

does not occur. However, the quenching of the BL band does

cause a redistribution of the holes, which consequently

changes the efficiencies of all recombination channels. The

temperature-dependent values gi and IPL
i will include the

effect of the BL band quenching.

In practice, the temperature dependence of IPL
i0 for i 6¼ 1

can be found by modeling the experimentally found IPL
i ðTÞ

dependence at temperatures below the quenching of the BL

band with the following expression:

IPL
i0 ðTÞ ¼

IPL
i0 ð0Þ

1þ A1e�E1=kT þ A2e�E2=kT
(14)

and by extrapolating this dependence to higher temperatures.

Here, IPL
i0 ð0Þ ¼ bgi0ð0ÞG is the integrated PL intensity in the

low-temperature limit and A1, A2, E1, and E2 are fitting pa-

rameters that determine the positions and slopes of the lines

in the Arrhenius plot. The IPL
i0 ðTÞ [or gi0ðTÞ] dependencies

for the YL (i ¼ 2) and NBE (i ¼ 3) bands are shown in Fig.

7 with dotted and dashed curves, respectively. By using this

formal approach, we leave out the explanation of the changes

in PL intensities with temperature for the PL bands with

i 6¼ 1, which are not directly related to the quenching of the

BL band but may be related to dissociation of excitons (for

the NBE emission), slow variation in coefficients Cpi, or any

other reasons. Moreover, since the thermal emission of holes

to the valence band was not explicitly included in Eq. (4) for

channels with i 6¼ 1, we can postulate that the temperature

dependence described with Eq. (14) is included in parame-

ters B and Cpi in Eqs. (11)–(13).

Since
P4

i¼1 gi ¼ 1, and each term gi with i > 1 contains

the hole concentration p as a factor, we can express p from

Eqs. (4) and (6) as

p ¼ Gð1� g1Þ
Cp2N2 þ Bnþ Cp4N4

; (15)

where we replaced N�i with Ni, which is justified for low ex-

citation intensities when defects are not saturated with holes

and the relative concentration of holes bound to the YL-

related acceptor and nonradiative center S is negligible.

Then, we can substitute p from Eq. (15) into the expressions

for the IQE of any channel with i 6¼ 1 [Eqs. (11)–(13) with

N�i ¼ Ni ]. In the region of substantial thermal quenching of

the BL band (T � 250� 350 K), the intensities of other PL

bands increase, because g1 in Eq. (15) decreases. If the BL

band was not quenched, concentration of holes p0 would be

described by Eq. (15) with g1 ¼ g10; i.e.,

p0 ¼
Gð1� g10Þ

Cp2N2 þ Bnþ Cp4N4

; (16)
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and the efficiencies of channels with i ¼ 2; 3, and 4 would

be, g20 ¼ Cp2N2p0=G, g30 ¼ Bnp0=G, and g40 ¼ Cp4N4p0=G,

respectively. Thus, by dividing gi by gi0 and canceling out

the terms that have the same temperature dependence, we

can express the relative change of the integrated PL intensity

IPL
i =IPL

i0 (i ¼ 2; 3) due to the quenching of the BL band as

IPL
i

IPL
i0

¼ gi

gi0

¼ 1� g1

1� g10

: (17)

Note that, according to Eq. (17), the IPL
i =IPL

i0 ratios and their

temperature dependencies are identical for all of the recombi-

nation channels with i > 1. Recalling that g1 ¼ ðIPL
1 =IPL

10 Þg10,

we see that g10 is the only fitting parameter in the fit of the

experimentally found IPL
i ðTÞ dependencies with Eq. (17) for

channels with i > 1, provided that we have the temperature

dependencies of IPL
1 =IPL

10 and IPL
i0 ðTÞ in relative units.

C. Dependence of PL intensity on excitation intensity

Remarkably, Eq. (17) can be used not only in the case of

the thermal quenching of the BL band but also in the case of

its “quenching” by high excitation intensity. Indeed, the IQE

of the defect-related PL band decreases with increasing exci-

tation intensity above some critical value G0, due to

saturation of the defect with photogenerated holes.9 The de-

pendence of g1 on G can be described with a simple model

which assumes that within an active layer of thickness a�1

the generation rate G is constant, where a is the absorption

coefficient. In application to the BL band in GaN:Si,Zn, it

can be shown that the g1ðGÞ dependence is9

g1 ¼
1

2
1þ N1

Gs1g10

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

4
1þ N1

Gs1g10

� �2

� N1

Gs1

s
; (18)

where g10 is the IQE of the BL band in the limit of low exci-

tation intensities when the BL band intensity increases line-

arly with the excitation intensity. Remarkably, when g10, G,

and s1 are known, the concentration of the ZnGa acceptors

(N1) can be estimated from the fit of the g1ðGÞ dependence

with Eq. (18).

However, the above approximation introduces some

error because the complete saturation of the PL intensity at

G� G0 ¼ N1=ðs1g10Þ predicted by Eq. (18) is never

observed in the experiment. This is because the excitation in-

tensity decreases exponentially inside the semiconductor.17

This phenomenon can be accounted for by replacing G with

GðxÞ, where x is the distance from the semiconductor surface

into the bulk, and by integrating Eq. (18) over the entire

thickness of a semiconductor layer.17 In this method, we plot

the IQE of the PL as a function of the excitation intensity

P0 ¼ Pexc=h�exc, where h�exc is the photon energy of the ex-

citation light, and is expressed by the number of photons per

unit time, per unit area. An example of the fit of the g1ðP0Þ
dependence with the numerical integration of Eq. (18) [in

which GðxÞ ¼ aP0e�ax ] is shown in Fig. 10.

The saturation of the BL band intensity (or decrease of

its IQE) with increasing excitation intensity can be inter-

preted as the quenching of the BL-related recombination

channel. This effect is very similar to the thermal quenching

of the BL band. Thus, it should result in an equal rise in the

recombination rate for all other channels. The latter is

described with Eq. (17) which is the same for the quenching

of the BL band by temperature and excitation intensity,

because it does not distinguish between different sources that

reduce g1. From the fit of the experimental giðP0Þ depend-

ence with Eq. (17) we can find the IQE of the BL band in the

limit of the low excitation intensity (g10). This method is

especially good when gi0 (i 6¼ 1) is independent of the exci-

tation intensity for a wide range, which is expected for the

NBE emission in a degenerate n-type semiconductor.

V. DISCUSSION

A. Determination of the absolute IQE of
photoluminescence

We can determine the absolute IQE of different PL

bands, as well as the efficiency of nonradiative recombina-

tion, from four independent methods: (1) from the position

of the characteristic temperature, T0, in the IPL
1 ðT�1Þ depend-

ence; (2) from the fit of the temperature dependence of the

YL band intensity; (3) from the fit of the temperature de-

pendence of the NBE band intensity; and (4) from the fit of

the dependence of the NBE band intensity on excitation in-

tensity. The results are summarized in Table II.

1. Characteristic temperature of the quenching of the
BL band

In the GaN:Si,Zn samples used in this study, the quench-

ing of the BL band begins at much higher temperatures

(T0 ¼ 300 K) than it is commonly observed (200–220 K);9,13

see Fig. 6. This can be partially explained by a short PL life-

time (due to a high concentration of free electrons). How-

ever, the main reason for the significant change in T0 is the

exceptionally high IQE of the BL band. In the fitting of the

FIG. 10. Dependence of the IQE of PL on excitation intensity for the NBE

and BL bands in GaN:Si,Zn (sample # 1141) at T ¼ 200 K. Fit of the BL

band is obtained by integrating Eq. (18) over the sample thickness with the

following parameters: s1 ¼ 0:7 ls, g10 ¼ 0:96, and N1 ¼ 1:5� 1018 cm�3.

Solid curve for the NBE band shows g3ðGÞ calculated by using Eq. (17)

with g30 ¼ 10�3 and g10 ¼ 0:96. Dashed curves show the fit with g10 ¼ 0:98

and 0.94, as indicated in the figure.
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BL intensity with Eq. (7), the fitting parameters were EA1

(determines the slope of the high-temperature part of the

Arrhenius plot) and g10 (determines the position of T0). The

value of Cp1 for the BL band in undoped GaN has been esti-

mated as ð963Þ � 10�7 cm3=s in Ref. 12 from analysis of

the temperature dependencies of the BL band intensity in

four samples grown by the MOVPE method. Since that time,

we have analyzed the Zn-related BL band in many other

GaN samples, including undoped, Si-doped and Zn-doped

GaN grown by the MOVPE and HVPE methods. Based on

these extensive data, we will slightly revise the value of Cp1,

and instead use Cp1 ¼ 7� 10�7 cm3=s in this work. The val-

ues of g10 obtained with this method [g10 from IPL
1 ðTÞ] are

listed in the third column of Table II. When g10 is of the

order of 0.1 or smaller, only the upper bound for g10 can be

estimated (g10 < 0:2 for sample 2015) because the IPL
1 ðTÞ

dependencies with g10 ¼ 0:2 and g10 ¼ 0 cannot be distin-

guished reliably while accounting for reasonable errors in

the fixed and fitting parameters.

2. Enhancement of the YL band due to the quenching
of the BL band

The intensity of the YL band in GaN:Si,Zn remained

nearly unchanged with increasing temperature from 15 to 250

K. Remarkably, close to T ¼ T0, a stepwise rise in the YL

band intensity is observed simultaneously with the quenching

of the BL band (Fig. 7). At higher temperatures (T > 500 K),

the YL band was quenched with the activation energy of

500–600 meV in almost all of the samples. The quenching

could be explained by the thermal emission of holes from the

YL-related acceptor to the valence band. It is beyond the scope

of this work to discuss the details of this quenching and to

identify the YL-related defect. What is important is the similar

stepwise increase of the YL and NBE emission intensities by

about an order of magnitude at temperatures close to T ¼ T0,

which unambiguously indicates the very high absolute IQE of

the BL band. From the fit of the experimental dependence of

the YL band intensity with Eq. (17) (shown in Fig. 7 with a

red solid curve labeled g2), we find g10 ¼ 0:83 for the absolute

IQE of the BL band in sample 1141. The parameter g10 for

other samples was estimated with the same procedure, and the

values are listed in column 4 of Table II. There is no YL band

in the PL spectrum of sample 2015. However, the RL band

showed a small increase (by up to a factor of two) in the region

where the BL band was quenched, which allows us to estimate

that g10 < 0:5 in this sample.

3. Enhancement of the NBE emission due to the
quenching of the BL band

The integrated intensity of the NBE emission decreases

with increasing temperature, which could be attributed to the

dissociation of excitons. However, close to T ¼ T0, a step-

wise rise in the NBE emission intensity is observed simulta-

neously with the quenching of the BL band (Fig. 7). The

only plausible explanation for this rise in intensity is the

thermal release of holes from the ZnGa acceptor and their

subsequent redistribution between all the other recombina-

tion channels. From the value of the step in the NBE emis-

sion (about an order of magnitude) we can quickly

estimate10 that the absolute IQE of the BL band is about

90%. A more accurate value can be obtained by fitting the

temperature dependence of the NBE emission intensity with

Eq. (17). The temperature dependence of IPL
30 in this equation

is simulated with Eq. (14) in which two activation energies

correspond to dissociation of free excitons at T < T0

(E1 ¼ 25 meV) and unknown process involving apparent

thermal quenching with E1 ¼ 100 meV at higher tempera-

tures. The latter is clearly visible as a new slope of the NBE

emission intensity decrease at T >> T0. The best fit of the

IPL
3 ðTÞ dependence (right scale) with Eq. (17) for the NBE

band is shown in Fig. 7 with a green solid curve labeled as

g3. From this fit, we find g10 ¼ 0:95 for the absolute IQE of

the BL band in this sample. The parameter g10 for other sam-

ples was estimated using the same procedure, and the values

are listed in column 5 of Table II. For sample 2015, the

IPL
3 ðTÞ dependence increased by at most a factor of two from

the IPL
30 ðTÞ dependence in the region of the quenching of the

BL band, indicating that g10 < 0:5.

The estimate of g10 from the temperature dependence

of the NBE band is more accurate than the one obtained

from the IPL
2 ðTÞ dependence. The latter is less accurate

because the quenching of the YL band with large activation

energy starts at temperatures close to T0, which may reduce

the step by a value that is difficult to determine without

TABLE II. Absolute IQE of PL at 200 K.

g10 g30

Sample DeZn flux From IPL
1 ðTÞ From IPL

2 ðTÞ From IPL
3 ðTÞ From IPL

3 ðP0Þ Weighted average and error From
IPL
10

IPL
30

1143 4 0.91 0.88 0.92 0.93 0:92þ0:01
�0:04 0.006

1142 10 0.94 0.83 0.92 0.95 0:94þ0:01
�0:03 0.0024

1141 33 0.91 0.83 0.95 0.96 0:95þ0:01
�0:03 0.001

1140 66 0.99 0.88 0.88 0.97 0:96þ0:01
�0:04 0.00013

1010 4 0.80 0.65 0.80 0.85 0:81þ0:02
�0:05 0.0042

1009 10 0.89 0.85 0.85 0.87 0:86þ0:02
�0:05 0.002

1008 33 0.96 0.93 0.92 0.9 0:91þ0:01
�0:04 0.0009

997 66 0.94 0.91 0.94 0.93 0:93þ0:01
�0:05 0.00013

2015 – <0.2 <0.5 <0.5 – 0:3þ0:1
�0:2
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additional information about the YL band. For this reason,

we assigned larger error bars for g10 determined from data

for the YL band.

4. Enhancement of the NBE emission due to the
saturation of the BL band at high excitation intensity

At low excitation intensity (Pexc < 1 W=cm2), the IQE

of the NBE emission is constant in samples with a high con-

centration of free electrons (Fig. 9); i.e., the NBE emission

intensity increases linearly with the excitation intensity.

This agrees with our theoretical prediction for the case when

n � n0 [see Eqs. (12) and (15)]. The IQE of the BL band is

also constant at Pexc < 1 W=cm2. At higher excitation den-

sities, the BL band intensity starts saturating because of the

limited number of the ZnGa acceptors. Remarkably, the IQE

of the NBE emission increases, simultaneously with the

decrease in the IQE of the BL band. The rise in the IQE of the

NBE emission is expected to be followed by a constant IQE at

higher excitation intensities; yet, they could not be achieved

in our experiment. The IPL
3 ðPexcÞ dependence for the NBE

band can be fit with Eq. (17) where the g1ðP0Þ is found from

the fit of the dependence of the BL band intensity on excita-

tion intensity with the method described in Sec. IV C. The fit

with Eq. (17) allows us to find g10 (see Fig. 10). When g10 is

close to unity, the accuracy of this method is high. The values

of g10 found with this method are listed in the sixth column of

Table II. This method has the advantage that IPL
i0 for the NBE

emission is linearly proportional to G in the entire range of the

excitation intensities, due to the high concentration of free

electrons in degenerate n-type GaN samples. We were not

able to obtain useful information with this method in applica-

tion to sample 2015, because the concentration of free elec-

trons was relatively low, and the IPL
3 ðPexcÞ dependence was

slightly superlinear in the entire range of Pexc so that a small

step in this dependence might remain unnoticed.

5. Error analysis

We have determined the absolute IQE of the BL band

by using four independent methods. The results are summar-

ized in Table II and Fig. 11. We can see that the IQE is

higher in group A (uncapped layers) and it increases with

increasing concentration of Zn. The value of 96% is the

highest absolute IQE of PL reported for GaN in the limit of

low excitation intensities. Very close values of g10 obtained

from different methods provide confidence in the validity of

these results.

The error in g10 has been estimated in each of the four

approaches for each sample. The weighted average and its

error (column 7 in Table II) were calculated following rec-

ommendations given in Ref. 18. The error is not symmetrical

about the mean value because the accuracy in all the meth-

ods improves when g10 approaches unity. As an example, the

error analysis for the sample with the highest IQE of PL

(sample 1140) is given below.

From the fit of the temperature dependence of IPL
1

with Eq. (7) with fixed parameters s1 ¼ 1:48 ls and

CpA1 ¼ 7� 10�7 cm3=s, we find two fitting parameters:

g10 ¼ 0:992 and EA1 ¼ 290 meV. They determine the posi-

tion and slope, respectively, of the high-temperature part of

the dependence. Parameters CpA1 and s1 in Eq. (7) were esti-

mated from independent experiments as 7� 10�7 cm3=s, and

1.48 ls (see Secs. IIIC and VA1, and Table I). To find uncer-

tainty in g10, we varied EA1 from 240 to 340 meV, CpA1 - from

3� 10�7 to 1:5� 10�6 cm3=s, and s1 from 1.28 to 1.68 ls.

By varying these three parameters in favorable and

unfavorable directions to obtain a higher g10, we have

found g10 ¼ 0:999 and g10 ¼ 0:89, respectively, i.e.,

g10 ¼ 0:992þ0:007
�0:10 . In similar way, from analysis of the IPL

2 ðTÞ,
IPL
3 ðTÞ, and IPL

3 ðP0Þ dependencies, we have determined

g10 ¼ 0:88þ0:07
�0:20, g10 ¼ 0:88þ0:05

�0:10, and g10 ¼ 0:97þ0:01
�0:03, respec-

tively, for sample 1140. Finally, the weighted average and

propagated uncertainties are found18 as g10 ¼ 0:96þ0:01
�0:04 for

this sample (Table II). Note that the size of the error bars

decreases as the IQE approaches unity.

B. Determination of the concentration of defects and
free electrons from photoluminescence

1. Determination of the electron concentration from
photoluminescence

Concentration of free electrons can be determined from

the following expression:12,13

n ¼ ðCn1s1Þ�1: (19)

Here, the PL lifetime s1 can be found from the time-resolved

PL measurements. The electron-capture coefficient for the

ZnGa acceptor, Cn1, is a characteristic of the acceptor, and

therefore it should not be sample-dependent. Previously, by

using Eq. (19), we have determined that Cn1 ¼ 4�
10�13 cm3=s as the average value for the BL band in four

undoped GaN samples grown by MOVPE.9,12,13 The new ex-

perimental data presented in this work allow us to revise this

value. By taking the electron concentration for the GaN:-

Si,Zn samples of group A from the Hall effect data and the

lifetime of the BL band from the time-resolved PL data, we

find that Cn1 ¼ ð1:560:2Þ � 10�13 cm3=s. This value is

expected to be more accurate than the previously found value

FIG. 11. Absolute IQE of the BL ( g10 ) in GaN:Si,Zn samples of groups A

and B. T ¼ 200 K and Pexc ¼ 0:0015 W=cm2. The lines are added to guide

the eye.
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of Cn1 ¼ 4� 10�13 cm3=s for the following reasons. The

concentration of electrons in the top 0.2 lm-thick layer

(where most of the PL originates) may be different from the

concentration in the remaining part of the 2–5 lm-thick

“bulk” GaN layer; or it may be shunted by a more conduc-

tive layer in nominally undoped GaN samples. However, in

the GaN:Si,Zn samples studied in this work, the 0.2 lm-

thick layer was isolated from the undoped GaN layer by an

insulating AlGaN barrier. Moreover, the high concentration

of electrons in the degenerate GaN:Si,Zn layers reduces the

roles of the surface, interfaces, and contacts in the determina-

tion of the electron concentration by the Hall effect measure-

ments. Furthermore, from the time-resolved PL data for

degenerate GaN:Si,Zn samples at 200 K, the decay of the BL

intensity, after a laser pulse, was close to an exponential de-

pendence: closer than that in undoped GaN samples. This

better justifies the use of Eq. (19) for degenerate material,

because this expression is derived for the recombination of

free electrons and bound holes, and may be invalid when the

donor-acceptor pair recombination (characterized with a

nonexponential decay of PL) is significant.

By using the new value of Cn1 ¼ ð1:560:2Þ
�10�13 cm3=s for the ZnGa acceptor and the values of the

BL lifetime at 200 K determined from the time-resolved PL

measurements, we have estimated the concentration of free

electrons in GaN:Si,Zn samples of groups A and B (Table I).

In these samples, n � 1019 cm�3, and the variation in n, with

increasing temperature from 200 to 300 K, is negligible.

The concentration of free electrons in Si-doped GaN

(sample 2015) has been determined with this method as 4:5
�1017 cm�3 at 200 K and extrapolated to be 6:5� 1017 cm�3

at room temperature. This value is close to the value obtained

from analysis of the temperature-dependent Hall effect data

by using a two-layer model (3� 1017 cm�3).8

It may be informative to determine some other charac-

teristics of the GaN:Si,Zn samples in the conditions of the

steady-state PL. We can estimate the concentration of free

holes from Eq. (4) with Q1 ¼ 0 for temperatures below

250 K. It is roughly 106 cm�3 for the lowest excitation den-

sity (10�5 W/cm2) and �1013 cm�3 for the highest excitation

density used in our experiments (100 W/cm2). The lifetime

of these holes in the valence band at temperatures below

250 K can be estimated from the following expression:

sp ¼
1P4

i¼1

CpiNi

¼ g10

Cp1N1

; (20)

which is on the order of 10�13 s. Such short lifetimes of free

holes are due to their fast capture by the ZnGa acceptors.

2. Determination of the concentrations of the ZnGa

and SiGa centers from photoluminescence

We determined the concentration of the ZnGa centers in

GaN:Si,Zn and GaN:Si samples from the PL data by using

two methods. In method 1, the value of N1 was determined

from the dependence of the BL band intensity on excitation

intensity with the approach described in Sec. IV C. The IQE

of the BL band was plotted as a function of the excitation in-

tensity P0 (Fig. 10). The g1ðP0Þ dependence was fit with nu-

merical integration of Eq. (18), in which GðxÞ ¼ aP0e�ax.

With known parameters g10 and s1, the only fitting parameter

is the concentration of the ZnGa centers, N1. The values

found with this method are listed in column 6 of Table I and

are shown in Fig. 12 for the samples of groups A and B.

In method 2, the value of N1 is determined from the

comparison of the IQE of the BL and NBE bands at 200 K.

At low excitation intensity and at temperatures below the

quenching of the BL band, N�1 ¼ N1, g1 ¼ g10, and g3 ¼ g30.

Then from Eqs. (8) and (12) we find

N1 ¼
g10

g30

Bn

Cp1

: (21)

The values of g10 were determined as the weighted average

from the four methods described in Sec. V A (Table II). The

values of g30 were estimated from the ratios of the integrated

PL intensities for the NBE and BL bands multiplied by g10,

where both g10 and g30 were found at 200 K and at the low ex-

citation intensity limit. The values of n were taken from the

time-resolved PL data (Table I). Finally, we assumed that

B ¼ 10�10 cm3=s in GaN at 200 K. The value of B for band-

to-band transitions in GaN is predicted to have the value

between 2� 10�11 and 4:5� 10�10 cm3=s for GaN at

300 K.16,19–21 With decreasing temperature from 300 to

200 K, B is expected to increase by a factor of two.16,19–21

Thus, the value of B ¼ 10�10 cm3=s at 200 K is a reasonable

value for our rough estimates.

Using the above-described methods, we estimated the

concentrations of the ZnGa centers in GaN:Si,Zn samples

from groups A and B, and plotted them as a function of the

Zn flow rate during growth (Fig. 12). Although we antici-

pate an error up to a factor of three for the absolute values

of N1 determined by each of the above methods, the relative
values of the concentration of the ZnGa centers in different

samples have much better accuracy. We see that the

FIG. 12. Concentration of the ZnGa acceptors in GaN:Si,Zn samples of se-

ries A and B calculated by two methods: from the g1ðP0Þ dependence

(method 1) and from comparison of the IQE of the BL and NBE bands

(method 2). T ¼ 200 K, Cp1 ¼ 7� 10�7 cm3=s, B ¼ 10�10 cm3=s, The val-

ues of n, g10, g30, and s1 are taken from Tables I and II. Solid and dashed

lines show linear dependencies.
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concentration of the ZnGa acceptors increases nearly line-

arly with DeZn flux and reaches the maximum value of

�1019 cm�3 (Fig. 12).

Remarkably, the above-described methods allow us to

estimate the concentration of the ZnGa centers when Zn is

present in minute amounts, i.e., when its concentration

cannot be determined by other methods. So, we obtained

N1 ¼ 3� 1015 cm�3 from method 1 for sample 2015, and an

even smaller concentration of Zn is found in sample 1150

(N1 ¼ 2� 1013 cm�3) with method 2. Note that method 1

cannot be applied to sample 1150 because the BL band

could not be reliably resolved at different excitation inten-

sities needed to plot the IPL
1 ðP0Þ dependence. On the other

hand, method 2 appears to be accurate only for samples with

a high concentration of free electrons, when n � n0. For

these samples, band-to-band recombination may dominate

over the exciton recombination, at least at 200–300 K, and

the surface effects (responsible for the near-surface deple-

tion region) are negligible due to a very small depletion

region width.

To find the concentration of the SiGa centers, we need to

add N1 to n: NSi ¼ N1 þ n. For all the samples of groups A

and B, the concentration of the SiGa centers is about

1019 cm�3, which is the same as in the sample grown in simi-

lar conditions but without Zn doping (sample 1150). Such a

high concentration of shallow donors agrees with the large

width of the NBE emission band at 200 K [compare the

shape of the NBE band for samples 2015 and 1150 in Fig. 5

and also for GaN:Si,Zn samples of group A in Fig. 3(a)].

Note that the total concentrations of Si and Zn impurities in

the GaN:Si,Zn layer may be higher than the concentrations

of the SiGa and ZnGa centers, respectively, because not all

impurities occupy substitution positions.

C. Other defects in GaN:Si,Zn

We assume that the YL band in the GaN samples heav-

ily doped with Si is associated with the Si-related defects,

and not with C or the VGaON complex, where VGa is the Ga

vacancy.9 This assumption is based on the observation of dif-

ferent activation energies for thermal quenching of the YL

band in undoped GaN samples12 and Si-doped GaN samples.

We propose that this defect is the VGaSiGa complex.

Although it is predicted that the VGaSiGa complex is not as

stable as the VGaON complex in GaN,22 the very high con-

centration of the SiGa donors may lead to significant concen-

trations of this defect. The situation appears to be very

similar to the 1.2 eV band in GaAs which is attributed to the

VGaD complexes with D being the shallow donors substitut-

ing for the Ga site (SiGa, GeGa, and SnGA) or As site (TeAs,

SAs, SeAs).
23,24 Similar to the VGaD complexes in GaAs, it is

expected that the electronic structure of the Ga vacancy in

GaN dominates the electronic structure of the VGaD com-

plexes involving a shallow donor.22

The very high IQE of PL observed in this work does not

contradict the relatively high density of threading disloca-

tions, on the order of 109 cm�2, expected for GaN layers

grown on sapphire by MOVPE. While the dislocations are

commonly considered as the main source of nonradiative

recombination in GaN, the Zn acceptors with concentration

above 1018 cm�3 and hole-capture cross-section of �10�13

cm2 (Ref. 9), can successfully compete with the nonradiative

channel for the capture of minority carriers (holes), provided

that the doping does not create point nonradiative defects in

large numbers.

VI. SUMMARY

We have fabricated high quality MOVPE GaN layers

co-doped with silicon and zinc and have used several

approaches to determine the absolute IQE of PL. Namely, (i)

the characteristic temperature T0 at which the thermal

quenching of the BL band begins; (ii) the value of the

increase in intensity of the YL and NBE bands caused by the

quenching of the BL band; and (iii) the value of the rise of

the relative IQE for the exciton band caused by a decrease of

the BL band efficiency at high excitation intensities. With

these independent approaches, we have estimated the abso-

lute IQE of the BL band as g10 ¼ 0:81� 0:96 in several

GaN:Si,Zn samples at T < 250 K and low excitation inten-

sity. The methods used here are very accurate when the IQE

approaches unity since the size of the effect (e.g., an increase

of the PL intensity for all of the PL bands caused by a

quenching of a PL band with a high IQE) is very large com-

pared to the errors in modeling the IPL
i0 ðTÞ or IPL

i0 ðP0Þ depend-

encies. We have also determined the concentration of free

electrons and estimated the concentrations of the ZnGa and

SiGa centers in these samples from the PL measurements.
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