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ABSTRACT 
 

Over the past three decades wide-bandgap semiconductors such as GaN and ZnO 
have attracted great interest as materials for short-wavelength light-emitting diodes 
(LEDs), laser diodes, UV detectors, high-power and high-frequency amplifiers, and other 
optoelectronic applications. Significant efforts are currently applied to increase the 
internal quantum efficiency (IQE) of these light-emitting devices.  

However, from a number of methods commonly used to determine IQE of 
electroluminescence or photoluminescence (PL) from wide-bandgap materials or light-
emitting devices, only few appear to be reliable and can provide a good estimate of the 
absolute IQE.  

In this Chapter, main methods of quantitative analysis of PL in wide-bandgap 
semiconductors are reviewed, and different approaches in determination of the IQE of PL 
are analyzed. Several examples in application to PL from GaN and ZnO are given. 
Critical analysis of the methods that can lead to significant errors in estimates of the IQE 
is also included.  
 
 

I. INTRODUCTION 
 
Over the past three decades wide-bandgap semiconductors have attracted great interest as 

materials for short-wavelength light-emitting diodes (LEDs), laser diodes (LDs), UV 
detectors, high-power and high-frequency amplifiers, and other optoelectronic applications. 
Commercially available high-power GaN-based white LEDs provide luminous efficacies of 
~70 lumens/watt and may reach ~160 lm/W or more in near future, making them the most 
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practical white light source [1]. A laboratory prototype of a white LED achieving 249 lm/W 
and a luminous flux of 14 lm at a driving current of 20 mA has been demonstrated [2]. 

One of the most important characteristics of the light-emitted devices is their efficiency, 
which basically shows how efficiently the electrical power is converted into the light power. 
The external quantum efficiency (EQE) of an LED can be defined as the number of emitted 
photons divided by the number of electrons flowing through the LED per unit time. However, 
not all photons are able to leave the device. Some of them are reflected from the surfaces and 
interfaces and absorbed inside, converting their energy into heat.  

The internal quantum efficiency (IQE) of an LED indicates the total number of created 
photons divided by the number of electrons flowing through the LED per unit time. The light 
extraction efficiency (LEE) shows how efficiently the created photons leave the device. Thus, 
EQE is a product of IQE and LEE if the current injection efficiency is close to 100%. A high 
EQE of 84% has been reported for a blue LED having an output power of 47 mW [2]. An 
EQE of 55% at a driving current of 20 mA and output power of 31 mW has been recently 
demonstrated by using semipolar GaN [3]. Further increase of the EQE can be achieved by 
increasing LEE (by using textured surface, transparent contacts, different reflector and chip 
designs) and IQE (by reducing dislocation densities, point defect concentrations, and 
eliminating build-in effects). While the measurement of the LED’s EQE is straightforward, 
the estimation of the absolute IQE represents a challenging problem. Numerous approaches 
have been suggested to solve this problem, yet the reliability of different approaches is hotly 
debated.  

Photoluminescence (PL) is commonly used to evaluate the optical quality of a 
semiconductor material and determine paths of radiative recombination. There have been a 
number of attempts to estimate the absolute value of IQE and EQE of PL in wide-bandgap 
semiconductors. The solution to this problem and the development of radiative efficiency 
metrology standards would enable one to quantitatively evaluate important characteristics of 
wide-bandgap semiconductors. In particular, IQE of PL (defined as the number of emitted 
photons as a fraction of the number of absorbed photons) can not only be projected to the 
LED efficiency but would also allow one to determine concentration of point defects 
participating in PL and their capture cross-sections [4].  

In this Chapter, we will review main methods of calculating IQE of PL. Advantages and 
disadvantages of different methods will be analyzed. In our opinion, the most reliable method 
is based on rate equations for a system involving at least two radiative and one nonradiative 
recombination channels. This method will be discussed in detail, and several examples of 
using this method in application to PL of GaN and ZnO will be given. The organization of the 
Chapter is the following. In Section II definitions and basics of IQE and EQE of PL are given. 
Section III presents phenomenological theory of PL and includes detailed description of main 
approaches allowing us to determine IQE of PL and important parameters of defects in a 
semiconductor. In Section IV, a number of examples for PL in GaN and ZnO are given, 
illustrating the capability of methods described in Section III. Section V presents critical 
analysis of other methods of determining IQE of PL used in literature. We will use the 
following notation (see Table 1) and following main acronyms (see Table 2) throughout this 
Chapter.  
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Table 1. List of symbols 
 

iN    concentration of defects of type i (cm-3) 
*
SN   concentration of neutral nonradiative S centers if they are acceptors and 

negatively charged S centers if they are donors (cm-3) 

xN   concentration of free excitons (cm-3) 

vN    density of states in the valence band (cm-3) 
p    concentration of holes in the valence band (cm-3) 
n    concentration of electrons in the conduction band (cm-3) 

0n    concentration of free electrons in the dark (cm-3) 

n   concentration of photogenerated electrons (cm-3) 
    light absorption coefficient (cm-1) 
P    laser power (W) 
A    cross-section area of the laser beam (cm2) 

excP   excitation power density (W/cm2) 

0P    excitation intensity density (cm-2s-1) 

G    electron-hole generation rate in unit volume (cm-3s-1) 
extI   total PL power emitted from a sample (W) 

I    total PL intensity from the unit volume (cm-3s-1) 

iI   intensity of i-th PL band from the unit volume (cm-3s-1) 
*
iI    intensity of i-th PL band collected from unit area (cm-2s-1) 
PL
iI   integrated intensity of i-th PL band (arb. units) 

    collection factor /PL
i iI I  

kR   value of a step in the ( )PL
iI T  or ( )PL

i excI P  dependence due to the thermal 
quenching or saturation of the k-th recombination channel (dimensionless) 

ext   EQE of PL 
ext
i   EQE of the i-th PL band 

   IQE of PL 

i    IQE of the i-th PL band or i-th channel 

0i   IQE of the i-th PL band when it is not affected by quenching of the k-th 
channel; also IQE of i-th PL band in the limit of low excitation intensity 

i    IQE of i-th PL band accounting for its thermal quenching 

pi iC C   hole-capture coefficient for the i-th channel (cm3/s) 

niC   electron-capture coefficient for the i-th channel (cm3/s) 
B   coefficient of the radiative (near-bandedge) recombination rate (cm3/s) 
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Rb   coefficient of the free carrier (band-to-band) recombination rate (cm3/s) 

xb    coefficient of the exciton recombination rate (cm3/s) 

xB    exciton recombination rate (s-1) 

iE    ionization or activation energy for the i-th channel (eV) 

iQ    hole-emission rate for the i-th channel (s-1) 

PL , i   PL lifetime for the i-th channel. In case of nonradiative defects, the lifetime 
for transitions of electrons from the conduction band to the S center (s) 

p    characteristic time of hole escape from the valence band (s) 

pi   characteristic time of hole escape from the valence band via i-th channel (s) 

0x    depletion region width (cm) 

d   effective thickness of the PL active region from which most of PL is emitted 
(cm) 

L    semiconductor layer thickness (cm) 
g    degeneracy factor 
T    temperature (K) 
k    Boltzmann constant (eV/K) 
R    reflectivity  
 

Table 2. List of acronyms 
 
LED light-emitting diode 
LD  laser diode 
QE  quantum efficiency 
IQE  internal quantum efficiency 
EQE external quantum efficiency 
LEE light extraction efficiency 
PL   photoluminescence 
NBE near-bandedge emission 
DAP donor-acceptor pair 
BL  blue luminescence 
YL  yellow luminescence 
RL  red luminescence 
GL  green luminescence 
OL  orange luminescence 
MBE molecular beam epitaxy 
MOCVD metal-organic chemical vapor deposition 
HVPE hydride vapor phase epitaxy  
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II. INTERNAL AND EXTERNAL QUANTUM EFFICIENCY OF 
PHOTOLUMINESCENCE (DEFINITIONS) 

 
Photoluminescence in semiconductors is commonly excited with a laser having the 

photon energy hνexc larger than the semiconductor band gap. The laser beam with cross-
section area A and power P is incident on a semiconductor sample representing a layer on a 
substrate or a bulk crystal (Figure 1). Both A and P can be measured directly. 

 

 

Figure 1. Schematic presentation of a semiconductor sample and a laser beam with the cross-section 
area A. Power of the incident beam is P, and power of the reflected beam is RP. d is the effective 
thickness of the PL active layer. 

The excitation power density is defined as Pexc = P/A and measured in W/cm2. Part of 
the incident light is reflected from the surface, while the remaining light continues travelling 
inside the sample. The loss due to the reflection can be simply accounted for by multiplying 
the excitation power by (1R), where R is the reflectivity. In the following we will assume 
that excP  already accounts for the loss due to reflection.  

It may also be convenient to present the excitation intensity as the number of photons 
entering through the unit area of the sample surface per unit time. This value, denoted as P0, 
can be determined from the excitation power density Pexc by converting Watts into the 
number of photons with energy hνexc. For example, for the He-Cd laser with hνexc = 3.81 eV, 
Pexc = 1 W/cm2 corresponds to P0 = Pexc/hνexc = 1 W/cm2/(1.6×1019 J/eV×3.81 eV)  
1.6×1018 cm-2s-1. The intensity of the laser light inside the sample decreases as exp(-αx) where 
α is the absorption coefficient (measured in cm-1) and x is the distance from the surface. The 
absorbed light with above-bandgap energy creates electron-hole pairs in the semiconductor. 
We will ignore the Auger recombination and assume that each absorbed photon produces one 
electron and one hole. In the simplest approximation, the electron-hole pair generation rate G 
can be determined from P0 as G = P0/d, where d is the effective thickness of the active layer 
in which majority of photons of the excitation light are absorbed. Often the inverse absorption 
coefficient is selected as the effective thickness of the PL active layer, i.e., d = α-1. For GaN, 
at photon energy corresponding to the He-Cd laser emission, α  105

 cm-1 [5] and d  100 nm. 

P

/excP P A
A

d RP
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For above example, we find that He-Cd light with power density of 1 W/cm2 would generate 
about 1.6×1023 electron-hole pairs per cubic centimeter in the 100 nm-thick near-surface 
region of GaN. Alternatively, we can find the electron-hole generation rate at arbitrary 
distance from the surface as G(x) = αP0exp(αx). In all cases, G is measured in cm-3s-1. 

The photogenerated electrons and holes recombine radiatively (with emission of photons) 
or nonradiatively (with emission of phonons). The intensity of PL, I, will be defined as the 
number of photons produced in a unit volume of the PL active layer per unit time. Then, the 
absolute internal quantum efficiency (IQE) of PL, , can be defined as the ratio of number of 
emitted photons to electron-hole pairs created in the same volume, or 

 
/I G  .         (1) 

 
In principle, the IQE of PL may change with distance from the surface [6]. Then, the total 

intensity of PL collected from a semiconductor layer with the thickness L can be found as 
 

*

0 0

( ) ( ) ( )
L L

I I x dx G x x dx   .      (2) 

 
According to this definition, I*, measured in cm-2s-1, is the number of photons emitted 

from the unit area of a semiconductor layer. When αL >> 1 and  is independent of x, we can 
obtain from Eq. (2) that 

 
*

0/I P  .         (3) 
 
Only part of PL created in the effective layer d or at distance x from the surface leaves the 

sample and can be detected experimentally. The rest of the emission, possibly after internal 
reflections, is absorbed in the semiconductor layer or in the substrate. The total power of the 
PL emitted from the sample, Iext, can be measured with an integrating sphere. The external 
quantum efficiency (EQE) of PL, ext, can be defined as 

 
/ext extI P  .        (4) 

 
Iext is always smaller than AI*hνexc because the energies of the emitted photons hνPL are 

smaller than the photon energy of the excitation source hνexc and because there are always 
losses due to internal reflections and absorption of PL inside the sample. Thus, ext < . In a 
typical PL setup, only small portion of PL is collected with a lens and then directed to a 
monochromator to analyze the PL spectrum (Figure 2). In such a set-up, ext can also be 
estimated, without use of the integration sphere, by the following method. Assuming the 
uniform emission of PL in all directions inside the sample, accounting for refraction at the 
surface according to the laws of geometric optics, and ignoring multiple reflections inside the 
semiconductor layer, we can estimate ext by the method described in Appendix A. In this 
method, PL power is measured at certain location with a calibrated detector, and a ratio of this 
PL power to the total emitted PL power is estimated by considering the laws of the light 
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propagation (see Appendix A). A sample with high IQE (which can be found with methods 
described in Sections 3.2 and 3.3) or a sample with high EQE (which can be found by using 
an integrating sphere or the method described in Appendix A) can be used as a standard to 
calibrate the setup. Then, by comparing the integrated PL intensities from the calibrated 
sample and from any other sample, rough estimate of the absolute EQE or IQE of PL can be 
obtained. Of course, the measurements of PL should be done in identical conditions.  

In past, we analyzed PL from a great number of undoped ZnO and n-type undoped and 
Si-doped GaN samples and calculated the highest ext by the method described in Appendix A 
close to 100% at 10 K [7]. Remarkably, the absolute IQE of PL   in these samples was also 
close to 100%. Since the error in determination of   is about 10% in the samples with very 
high  (80-90%) [7], the error in ext for the same samples should not be significantly larger. 
Therefore, these calibrated samples can be used as standards for estimating the quantum 
efficiency of PL in other samples by comparing their integrated PL intensities. 

 

 

Figure 2. Schematics of a PL setup. 

 
III. PHENOMENOLOGICAL THEORY OF PHOTOLUMINESCENCE 

 
Photoluminescence (PL) is spontaneous emission of light induced by exposure to light. It 

is one of the most powerful tools in the study of material properties and point defects in wide-
bandgap and direct-bandgap semiconductors such as GaN and ZnO. This is because 
luminescence in these materials is very strong, while applications of some other traditional 
methods, such as the Hall effect, are limited due to the high activation energy for the majority 
of defects. PL spectrum from a wide-bandgap semiconductor, such as GaN, contains a near-
bandedge (NBE) emission band close to the bandgap energy of the semiconductor and one or 
several defect-related bands (Figure 3). At low temperatures, the NBE emission is composed 
of several narrow lines, majority of which are attributed to bound excitons [4]. At room 
temperature and low excitation intensities, the NBE band in GaN and ZnO is attributed to 
annihilation of free excitons [8,9]. It is expected that the probability of direct recombination 
of free electrons and holes is low even at room temperature. However, at high excitation 
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intensity, when the concentration of photogenerated carriers exceeds the concentration of free 
carriers in the dark, the direct recombination of free electrons and holes may become the main 
mechanism responsible for the NBE emission. 

Defect-related PL may involve different transition schemes. Generally, it is difficult to 
identify the type of transition for a particular defect-related PL band. However, there exist 
certain trends that help to identify the transitions. For example, in an n-type semiconductor, 
photogenerated holes, as minority carriers, are captured by negatively charged acceptors very 
quickly (in roughly 1010 s). This transition is nonradiative and it results in emission of 
multiple phonons. The capture of a hole by a deep-level acceptor usually results in the lattice 
relaxation, i.e., atoms shift from their equilibrium positions to form slightly different 
arrangement. The cycle is completed when an electron from a higher energy state (e.g., a free 
electron) recombines with this hole. The recombination may be nonradiative (with release of 
energy in form of multiple phonons) or radiative (with emission of a single photon or a 
photon and few phonons). 

The radiative transition is typically slow, i.e., the hole spends time of the order of 1 s or 
more being bound to the acceptor before the radiative recombination takes place, and this 
time is called the PL lifetime for a particular PL band. At low temperatures (usually less than 
30 K) an electron, participating in the radiative recombination in an n-type semiconductor, is 
located at a shallow donor. The transition of the electron from the shallow donor to an 
acceptor occurs via quantum-mechanical tunneling, and this time depends exponentially on 
the separation between the donor and the acceptor. 
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Figure 3. PL spectra from n-type GaN at room temperature. 2-5 m-thick GaN layers are grown by 
MBE (#750) and HVPE (#2015) methods on c-plane sapphire substrates. RL, YL, and BL denote the 
defect-related red, yellow and blue luminescence bands, respectively. Oscillations are due to the 
interference effect. 

This type of transition is called the donor-acceptor pair (DAP) recombination. Since the 
tunneling depends on overlap of the electron and hole wave functions, the tunneling from 
shallow donors dominates, and DAP transitions involving deep donors with localized 
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electrons can be ignored in most cases (unless concentration of deep donors is very high). 
With increasing temperature, electrons can be thermally emitted from the shallow donor level 
to the conduction band. Concentration of free electrons in the conduction band increases with 
increasing temperature. Then, transitions of electrons from the conduction band to an acceptor 
(so-called eA transitions) may become dominant over the DAP transitions involving the same 
acceptor. When the defect-related PL band is narrow (what is typically the case for PL via 
shallow acceptors), the DAP and eA transitions are easy to distinguish. However, when the 
defect-related band is broad and structureless (with the width exceeding the ionization energy 
of the shallow donor), the DAP and eA transitions are difficult or impossible to resolve. In 
this case, these two types of transitions can be distinguished through the temporal response of 
PL.  

Decay of PL after an excitation pulse is nonexponential when the PL is associated with 
the DAP transitions because there is a random distribution of the DAP separations, and close 
pairs recombine faster than distant ones. In contrast, the decay of PL caused by eA transitions 
is exponential in time, with a characteristic time constant inversely proportional to the 
concentration of free electrons in an n-type semiconductor. Also, the PL band caused by DAP 
recombination shifts to lower photon energies with time delay after the pulse excitation, 
whereas the PL band caused by eA transition does not shift. Thus, by analyzing time-resolved 
PL, one can establish type of transition (DAP or eA) in many cases.  

Not all transitions are radiative. For some defects, transitions of both electron and hole 
cause emission of multiple phonons, and no photons are emitted. Such defects are called the 
centers of nonradiative recombination. It is often believed that structural defects, such as 
dislocations, are responsible for the nonradiative recombination. However, the origin of 
nonradiative centers remains unknown for most of semiconductors, including GaN. The 
matter is that even when a clear correlation between the density of dislocations and 
contribution of nonradiative recombination is established, it is not clear whether the 
dislocations themselves or point defects trapped at these dislocations act as centers of 
nonradiative recombination. On the other hand, it is known that concentration of impurities 
and other point defects in semiconductors is usually much higher than concentrations of 
centers contributing to PL [4]. We expect that at least some of these point defects participate 
in nonradiative recombination. It is predicted that point defects with certain properties must 
act as centers of nonradiative recombination [10]. Moreover, defects at surfaces or interfaces 
may also be very efficient centers of nonradiative recombination. For simplicity, below we 
will treat nonradiative centers similarly to radiative defects, i.e., assuming that they are 
distributed uniformly in the semiconductor volume and that they capture electrons and holes 
in accordance with their concentration and specific capture coefficients. 

 
 

3.1. Rate Equation Model 
 
Transition rates for electrons and holes in a semiconductor can be described within a 

phenomenological approach. The method is often called the Shokley-Read-Hall (SRH) theory 
after Shockley, Read, and Hall who first suggested the method [11,12]. In this method, rate 
equations involve coefficients that can be found from experiment. Analysis of these 
coefficients (e.g., their values and their dependence on temperature) may reveal some 
valuable information about point defects. 
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Figure 4. Schematic band diagram and transitions in an n-type semiconductor. Transitions for electrons 
and holes are shown with solid and dashed arrows, respectively. Energy levels for the exciton are 
conventional, not real. 

Let’s consider an n-type semiconductor which contains shallow donors D with 
concentration ND, several types of acceptors Aα with concentrations NAα, and one (dominant) 
type of nonradiative centers S with concentration NS. ND

+, ND
0, NAα

, NAα
0, NS

 and NS
0 are the 

concentrations of the D, Aα, and S centers in different charge states. For definiteness, we 
assumed above that nonradiative centers are acceptors in an n-type semiconductor, although 
this is not important for main conclusions. If the nonradiative center is a donor, NS

 and NS
0 

should be replaced by NS
0 and NS

+, respectively.  
Main transitions that occur in such a semiconductor in conditions of PL are shown 

schematically in Figure 4. Under continuous illumination, electron-hole pairs are produced 
with a generation rate G per unit volume. Steady-state concentrations of free electrons and 
holes are n and p, respectively. We use the traditional description of transition rates as the 
product of the concentrations of available carriers and available empty sites, multiplied by a 
constant factor called the capture coefficient [12,13]. In particular, holes are captured by 
acceptors and nonradiative centers at rates CpAα NAα

p and CpS NS
p, respectively, where CpAα 

and CpS are the hole-capture coefficients for the -th acceptor and the S center. Competing 
with this is the formation of Nx excitons with the rate Cxnp, where Cx is the exciton formation 
coefficient. Holes captured by acceptors, nonradiative defects, or excitons may return to the 
valence band as a result of thermal excitation. The rate of these process, Qi (i = Aα, S, and x), 
is proportional to exp(Ei /kT) where Ei is the binding energy of the acceptors, nonradiative 
defects, or excitons, and k is Boltzmann’s constant. From detailed balance, 

 

1 exp A
A pA v

E
Q C N g

kT


 

 
 
 
 

,      (5) 

 

1 exp S
S pS v

E
Q C N g

kT
  

 
 

,       (6) 
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1 exp x
x x cv

E
Q C N g

kT
  

 
 

.       (7) 

 
Here, Nv is the density of states in the valence band, Ncv is the density of states for free 

excitons, and g is the degeneracy factor (commonly assumed to be equal to 2). 
The rate equations under steady-state conditions can be written down from the band 

diagram in Figure 4. The rate of change of the free hole concentration in the valence band is 
given by 

 
0 0 0x x xpA A pS S A A S S

dp G C N p C N p C np Q N Q N Q N
dt    

 

            (8) 

 
The rate of change of the free electron concentration in the conduction band is given by 
 

0 0 0nA A nS S x

dn
G C N n C N n C np

dt  


     ,     (9) 

 
where CnAα and CnS are the electron capture coefficients for the -th acceptor and the 
nonradiative center, respectively. Capture of electrons by shallow donors D and emission of 
electrons from the shallow donors to the conduction band are not considered here. For 
simplicity, it is assumed that concentration of photo-generated electrons in the conduction 
band δn is much smaller than the concentration of free electrons in the dark n0 (other cases are 
considered in Sec. 3.4). At T > 50 K, transitions from the conduction band to an acceptor 
level (the eA transitions) typically dominate over transitions from the shallow donor to the 
same acceptor (the DAP transitions) in an n-type semiconductor, and the latter can be 
neglected. As we can see later, introduction of the PL lifetime, which can be determined 
experimentally, allows us to consider the eA and DAP transitions as one transition, which is 
especially useful when these two types of transitions cannot be resolved in experiment. 

The rates of change of concentrations of neutral acceptors, nonradiative centers, and 
excitons are given by  

 
0

0 0 0A
pA A nA A A A

dN
C N p C N n Q N

dt


     

    ,     (10) 

0
0 0 0S

pS S nS S S S

dN
C N p C N n Q N

dt
    ,     (11) 

 

0x x
x x x

x

dN N
C np Q N

dt 
    ,      (12) 
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respectively. Here, τx is the exciton lifetime. We can also introduce the characteristic lifetime 
of luminescence related to transitions via -th acceptor as τAα = (CnAαn)1. Similarly, the 
characteristic lifetime of nonradiative recombination is τS = (CnS n)1.  

In conditions when dark concentration of free electrons n0 is much larger than the 
concentration of photo-generated electrons (n  n0), these lifetimes are independent of 
excitation intensity. The values of τAα at different temperatures can be determined 
experimentally from time-resolved PL experiments. When defect-related PL is caused by 
transitions from the conduction band to an acceptor level and δn << n0, the decay of PL after 
an excitation pulse is exponential: 

 

0( ) expPL PL

A

t
I t I




 
 
  
 

.       (13) 

 
At low temperatures, the DAP transitions involving the shallow donors usually dominate 

in the defect-related PL. The DAP PL decay is nonexponential, and the PL lifetime is difficult 
or impossible to define. With increasing temperature, concentration of electrons in the 
conduction band increases due to their emission from shallow donors, and transitions from 
the conduction band to the acceptor level (the eA mechanism) may dominate over the DAP 
mechanism. In the temperature region where the PL decay gradually transforms from 
nonexponential to exponential, the average or effective lifetime of PL, τAα

*

 
 can be defined as 

the time corresponding to the position of a maximum in the dependence IPL(t)·t [14]. In the 
case of the DAP recombination, τAα

* is the time of transition between the pairs giving the 
largest contribution to the PL after pulse excitation. In the case of eA transitions, τAα

* = τAα = 
(CnAα n)1.  

To simplify the notation in Eqs. (10)-(12), we let Ci represent CpAα, CpS, and Cx; τi  
represent τAα

*, τS, and τx; and Qi represent QAα, QS, and Qx. Further, in the first term on the 
right-hand side in Eqs. (10)(12) we let Ni

 represent NAα
, NS

, and n, while in the second 
and third terms of these equations we let Ni

0 represent NAα
0, NS

0, and Nx. By using this 
compact notation, with N recombination channels, Eqs. (10)(12) can be replaced with the 
following expressions. The rate of change of the concentration of holes p in the valence band 
is 

 

0

1 1

0
N N

i i i i
i i

dp
G C N p Q N

dt


 

     ,      (14) 

 
the rate of change of the concentration of electrons n in the conduction band is 

 
0

1

0
N

i

i i

Ndn
G

dt 

   ,       (15) 

 
and the rate of change of the Ni

0 species is 
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0 0
0 0i i

i i i i
i

dN N
C N p Q N

dt 
    .      (16) 

 
Note that in Eq. (15) the term for excitons Nx/τx describes in fact, although indirectly, 

escape of electrons from the conduction band through the exciton channel, and this rate is 
equal to the rate of formation of excitons Cxnp less their thermal dissociation rate QxNx. We 
should note also that the assumption, that the rate of formation of excitons includes n and p as 
independent factors, is not always justified. However, we will use this commonly used 
approach [8,15-18] for the sake of simplicity.  

Finally, charge is conserved, and equating the sums of positive and negative charges 
gives 

 

D A Sp N n N N




      ,       (17) 

 
which can be simplified to 

 
0
A Sp N n N




    ,       (18) 

 
because concentration of the ionized shallow donors is ND

+  n0 + NAα in an n-type 
semiconductor.  

According to Eq. (16), PL intensity via i-th channel Ii  is Ni/τi. Absolute IQE for the i-th 
channel will be defined as 

 
/i iI G  .         (19) 

 
This definition is valid for all channels, including radiative and nonradiative 

recombination via defects, as well as NBE emission that may be dominated by band-to-band 
transitions or exciton annihilation. It is impossible to find the absolute IQE of PL from an 
experiment directly because only part of PL intensity Ii created in a unit volume (where G  
photons were absorbed and G electron-hole pairs were created) leaves the sample, and the rest 
photons are absorbed in the semiconductor or in the substrate. Moreover, after passing 
through the optical detection system, which includes a monochromator, a detector, lenses and 
filters (see Figure 2), we usually measure the PL intensity in relative units. However, if the 
corrections for the optical system spectral response are made, the integrated PL intensity for 
the i th PL band, Ii

PL (in relative units), should be proportional to the absolute PL intensity of 
this band Ii. The proportionality factor  = Ii

PL/Ii represents the collection efficiency of 
luminescence, assumed to be the same for all channels or samples and independent of 
temperature or excitation intensity, provided that measurements are done in identical 
conditions. 
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3.2. Dependence of Photoluminescence Intensity on Temperature 
 
a. General equation for temperature-dependent PL. At very low-temperatures, Qi  0 and 

IQE of channel i in the limit of low temperature, i(T)  i(0), is given by CiNi
p/G. We 

can see from Eq. (14) with QiNi
0 = 0 that G is equal to the sum of this quantity over all 

channels, and the low-temperature IQE of channel i, when T  0, is 
 

1

(0) i i
i N

j j
j

C N

C N











.        (20) 

 
With increasing temperature, quantum efficiencies of different channels may slowly 

change, even when QiNi
0  0, due to weak temperature dependence of capture coefficients 

Ci. To reflect this possible change at arbitrary temperatures, we will replace i(0) with i0. 
We postulate that the latter may vary with temperature due to varying capture coefficients Ci, 
but this does not include any variations due to thermal quenching of any channel. Then Eq. 
(20) becomes 

 

0

1

i i
i N

j j
j

C N
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,        (21) 

 
where Ci and Cj 

 may have a weak dependence on temperature, as oppose to Eq. (20) derived 
for T = 0. Note that at low excitation intensity in an n-type semiconductor Ni

  Ni  and Nj
  

Nj  in this equation. The quantum efficiency for the i-th radiative channel is defined with Eq. 
(19) and is equal to i0 at temperatures where PL quenching is negligible. By solving for p 
from Eq. (14) and rewriting the result in terms of i0 from Eq. (21), we obtain 

 

0

1

N
i

j j
ji i

p G C N
C N
 




 
  

 
 .       (22) 

 
After substituting this result in Eq. (16) and solving it for Ni

0 (see Ref. [6] for details) we 
find an expression for the IQE of the i-th recombination channel  

 

 
0 *

*1 1
i i

i
i i i i

N
G Q


  

 
 

,       (23) 

 
where i

* is the IQE of the i-th channel at a temperature just below its quenching temperature 
[6,19] 
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        (24) 

 
with 

 

0 1
j j

j j
j j

Q
Q


 





.        (25) 

 
Equations (23) and (24) are the same as Eqs. (5) and (6) in Ref. [19] and Eqs. (A19) and 

(A16) in Ref. [6]. Note that Eq. (23) can be used for finding IQE of any recombination 
channel. Although the term IQE is usually applied to characterize only radiative 
recombination, we will generalize the approach by treating radiative and nonradiative centers 
similarly. The value S = NS

0/(GτS) will be called the efficiency or QE of nonradiative 
recombination (the portion of electron-hole pairs recombining nonradiatively). The model can 
also be generalized to account for the band-to-band recombination by including an additional 
term Bnp in Eqs. (14) and (15), where B is bimolecular recombination coefficient. 
Considering the band-to-band recombination as a recombination channel with i = R, we can 
formally let B be CR, n be NR

, p be NR
0, and have QR = 0 and τR = (Bn)1.  

According to Eq. (23), the quenching of any recombination channel results in 
simultaneous increase in recombination rates via all other recombination channels, which is 
the manifestation of a competition for minority carriers (holes in n-type). The higher the 
quantum efficiency of the PL band being quenched, the larger is the rise in intensities of all 
other PL bands. Figure 5 shows examples of how thermal quenching of one recombination 
channel causes an increase in recombination rates via other recombination channels. 
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Figure 5. Examples of how thermal quenching of one channel (i = 1) causes a rise in recombination rate 
via two other channels (i = 2 for the second radiative channel and i = 3 for the nonradiative 
recombination). Case (a): high IQE of channel 1. Case (b): low IQE of channel 1. Solutions are 
obtained by using Eq. (23) with the following parameters: 10 = 0.75, 20 = 0.05, and 30 = 0.2  for the 
case (a), 10 = 0.1, 20 = 0.05, and 30 = 0.85 for the case (b). τ1 = 105 s, CpA1 = 106 cm3/s, g = 2, Nv = 
3×1015T3/2 cm-3, Q2 = Q3 = 0 (for both cases). In case (a), an increase in IQE of the channels with i = 2 
and i = 3 is clearly seen, while in case (b), it is barely noticeable. Note the logarithmic scale in (b). 
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Unfortunately, observations of clear steps in temperature dependences of PL bands and 
their correct interpretation are very rare. This is because very often the quantum efficiency of 
PL is low, and small steps are difficult to detect. Moreover, a weak temperature dependence 
of i0 due to unknown temperature dependence of capture coefficients Ci may cause a rise in 
i

* which may be confused with a step caused by quenching of some channel in this 
temperature region if its IQE is small. While analyzing experimental dependences in Sec. 4.1, 
we will discuss how to distinguish changes due to varying capture coefficients and due to 
thermal quenching of recombination channels.  

b. Determination of IQE from steps in the temperature dependence of PL intensity. When 
the regions of quenching for different channels do not overlap, and the temperature 
dependence of i0 is negligible, it is possible to find IQE by the following method. Suppose 
that we number the channels in increasing order of quenching temperature ( j = 
1,…k,…i,…,N ), so that the first channel to be quenched is j = 1. Then the quantity τjQj is 
much less than unity before channel j is quenched and is much greater than unity after it is 
quenched. Since the quantum efficiency of all channels added together must be unity, when a 
channel k is quenched, then the quantum efficiency must be redistributed to all the channels 
that have not yet been quenched. Therefore, if the k-th channel was quenched before the i-th 
channel, we need to determine the effect of the quenching on PL intensity of the arbitrary i-th 
channel. In fact, the PL of the radiative i-th channel is affected by the quenching of all 
channels that quench at lower temperatures than it does. In practice, the nonradiative channels 
are often quenched at much higher temperatures than the radiative channels of interest, and 
therefore in what follows, the quenched channels will be generally assumed to be radiative 
ones.  

Suppose that at a particular temperature Tk all the channels with j < k have already been 
quenched, and the channel with j = k  is in the process of quenching. In this case, from Eq. 
(25), τjQj >> 1 and γj  j0 for j < k, while τjQj << 1 and γj  0 for j > k. Therefore, by using 
Eq. (23) for a channel with i > k, the intensity in the vicinity of the quenching temperature for 
channel k can be written as 

 
1

0 0
, 1

1
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i i j k
j i j
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 .      (26) 

 
Since γk  k0 before channel k is quenched and zero after, the ratio Ri,k of the intensity of 

channel i after the quenching of channel k to that before its quenching is given by 
 

1

0
1

,

0
1

1
( )
( ) 1

k

j
ji k

i k k k
i k

j
j

I T TR R
I T T














  
 




  .      (27) 

 
Note that the right-hand side of this equation does not depend on i, and so Rk must be the 

same for all channels that have not yet been quenched. This can be written in a more 
transparent way as 
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,        (28) 

 
where now it can be seen that Rk > 1 since the second term on the right must be positive. 

Using j0 = Ij0 /G = Ij0
PL/(G), we can rewrite this as 
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 .       (29) 

 
Finally, solving for k0, we have 
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.       (30) 

 
Therefore, using this expression, the quantum efficiency of the k-th channel at low 

temperature can be found from the step Rk and the measured integrated intensities of all the 
quenched bands relative to that of the k-th channel at low temperature. Equation (30) is the 
same as Eq. (13) of Reshchikov and Korotkov [19] except that in that paper it was 
erroneously stated that the sum should be taken over all the channels that had been thermally 
quenched prior to the quenching of the k-th band. This is also the same as Eq. (12) of 
Reshchikov and Morkoç [4] which also had the erroneous description and had not written that 
the intensities should all be at low temperature. In Eq. (3) of the conference paper by 
Reshchikov et al. [7], the formula was rewritten correctly in such a way that the sum over 
intensities included only bands that were quenched prior to the k-th channel (i.e.,  j = 
1,…,k1). 

It is possible to rewrite Eq. (30) as 
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 .       (31) 

 
This equation allows one to obtain a quick estimate of the quantum efficiency of the k-th 

channel. For instance, the first band to be quenched would yield 
 

1
10

1

1R

R



 ,        (32) 
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so that only the size of the step R1 is needed for an estimate of the quantum efficiency. One 
can find the quantum efficiency of the second channel by using this together with the second 
step size R2 in Eq. (31),  

 

 2
20 10

2

1 1R
R

 


  ,       (33) 

 
and so on. If the first step is very small compared to the second one, then 10 in Eq. (31) or 
Eq. (33) could even be neglected.  

Figure 6 shows an example of how the absolute IQE of PL can be determined from steps 
in the Ii

PL(T) dependences. The low-temperature IQEs of three recombination channels are 
0.78, 0.20, and 0.02 for channels 1, 2, and 3, respectively. For certainty, let channels 1 and 2 
be radiative and channel 3 – nonradiative. From experiments at low temperature we can 
determine only the relative PL intensities for the radiative channels by integrating their 
intensities (these values in relative units are shown on the right axis) and cannot determine 
relative “intensity” of the nonradiative recombination channel(s). 
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Figure 6. Determination of IQE of PL from steps in Ii
PL(T) dependences. 

So, for the example shown in Figure 6, the integrated PL intensity of channel 1 is by a 
factor of 3.9 higher than that of channel 2 at low temperatures. Channel 1 is quenched above 
~100 K with an activation energy of 80 meV. This causes an increase of recombination via 
channels 2 and 3. We can measure the step R1 as the ratio of PL intensities after and before 
the quenching of channel 1, as shown in Figure 6 (this ratio is about 4.5, and it is the same for 
channels 2 and 3). This already allows us to determine IQE of channel 1 at low temperature. 
By using Eq. (31) or Eq. (32), we find 10 = (4.5  1)/4.5  0.78. From the relative PL 
intensities of two radiative channels at low temperatures we find also the low-temperature 
IQE of channel 2 as 20 = 0.20. The efficiency of the nonradiative channel 3 at low 
temperature can be determined as unity minus sum of IQEs of all radiative channels, i.e., 30 
= 1  0.78  0.20 = 0.02. At temperatures between 200 and 300 K channel 2 is the strongest 
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with IQE of about 0.9 (2 = 20R1 = 0.2×4.5 = 0.9). It is quenched above 300 K with an 
activation energy of 500 meV. This quenching causes a rise in recombination via two other 
channels. We observe a step with the value of R2  11, equal for channels 1 and 3. By using 
Eq. (33), we calculate 20 = (11  1)/11·(1  0.78) = 0.2. Alternatively (for example, if the 
experimental data for T < 200 K is not available), we can find absolute IQE of channel 2 at 
about 200 K, treating 2 at this temperature as “low-temperature IQE 20”. By using Eq. (32), 
we find “20” = (11  1)/11  0.9 at T  200 K, which is also correct.  

For this method, observation of a quenching of a PL band with relatively high low-
temperature IQE (k0  0.11) and a rise of at least one other PL band is required. The 
accuracy of determination of the absolute IQE of PL increases with approaching k0 to unity. 
When k0 < 0.1, the method becomes unreliable because weak temperature dependences of 
parameters treated as constants, as well as experimental errors, will mask the steps or may 
create small steps not related to the competition between recombination channels for minority 
carriers. Obviously, a simultaneous rise of more than one radiative channel proves 
unambiguously that the steplike rise in PL intensity is the consequence of the quenching of a 
channel with high IQE.  

c. Simple method for a special case: one strong and several weak PL bands. A simple 
method of determining the absolute IQE and fitting the Ii

PL(T) dependences can be suggested 
if at low temperature one of PL bands is much stronger than others (as before, we will label it 
with index k), and the quenching of this band causes an increase in PL intensities of other 
bands. In this method we need to simulate temperature dependences for recombination 
channels which would be observed if there was no thermal quenching of the k-th channel. As 
we will see, the errors in such simulations are negligible when the IQE of the k-th channel is 
large.  

From experiment we can find relative PL intensities or relative IQE for different 
radiative-recombination channels by comparing their integrated intensities in arbitrary units. 
For each PL band, Ii = iG = Ii

PL/, where Ii
PL is the integrated PL intensity (in relative units) 

for a particular channel and   is a constant determined by the total collection efficiency of 
luminescence (assumed to be independent of temperature and same for all channels).  

Next, let us define Ii0
PL and i0 [i0 = Ii0

PL/(G)] as the temperature-dependent integrated 
PL intensity and the corresponding absolute IQE for each channel which would be observed if 
the dominant PL band with index k  was not quenched at all, as oppose to the values Ii

PL and 
i which account for the quenching. In practice, the temperature dependence of Ii0

PL can be 
found by modeling the experimentally found Ii

PL(T) dependence at temperatures below the 
quenching of the k-th PL band with the following expression 

 

1 20 / /
1 2

(0)
( )

1

PL
PL i
i E kT E kT

I
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       (34) 

 
and extrapolating this dependence into higher temperatures. Here, Ii

PL(0) is the integrated PL 
intensity in the low-temperature limit and A1, A2, E1, and E2 are fitting parameters that 
determine positions and slopes of lines in the Arrhenius plot. The extrapolation of Ii0

PL(T) to 
the temperature region where the k-th PL band is quenched becomes more reliable if the slope 
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of the Ii
PL(T) dependence after the quenching is taken into account in modeling Ii0

PL(T) with 
Eq. (34).  

Although Eq. (34) looks like a thermal quenching of the i-th channel with activation 
energies E1, and E2, and the physical reason of such dependence is often indeed a thermal 
quenching, to obtain simple expressions, we will postulate that this dependence is due to the 
varying hole-capture coefficient Ci. This interpretation will not result in significant errors if 
the IQE of the i-th channel is small, so that such a quenching does not change substantially 
the concentration of free holes. In this approximation we can ignore the QiNi

0 terms in Eqs. 
(14) and (16) for all channels with i  k. 

Since 
1

1
N

j
j




  and each term j with j  k  contains p as a factor, and Nj
  Nj for the 

terms with j  k, we can express p from Eq. (14) as  
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and substitute this into expressions for the IQE of any channel with i  k.  
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 .      (36) 

 
In the region of substantial thermal quenching of the k-th PL band, intensities of other PL 

bands increase because k in Eq. (36) decreases, and this increase is especially large when the 
value of k at temperatures before the quenching (k0) is close to unity. Note that k is the 
only parameter in Eqs. (35) and (36) that is affected by the quenching of the k-th channel. 
Therefore, if there was no quenching of k-th channel (k = k0), p and i could be expressed as 
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and  
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Thus, by dividing i on i0 from Eqs. (36) and (36a) and cancelling out equal terms, we 
can express the relative change of the integrated PL intensity Ii

PL/Ii0
PL due to the quenching 

of the k-th PL band as  
 

0 0 0

1
1

PL
i i k
PL
i i k

I
I

 
 


 


 .       (37) 

 
Note that the Ii

PL/Ii0
PL ratio (and its temperature dependence) is identical for all 

recombination channels with i  k. Recalling that k = (Ik
PL/Ik0

PL)k0, where the temperature 
dependence of the Ik

PL/Ik0
PL ratio can be found experimentally, we see that k0 is the only 

fitting parameter in the fit of the experimentally measured Ii
PL(T) dependences with Eq. (37) 

for channels with i  k, provided that we measured the temperature dependence of  Ik
PL/Ik0

PL 
and simulated the Ii0

PL(T) dependences. Note that, while the method described in Sec. 3.2.b 
explains only the values of steps in the Ii

PL(T) dependences, the method described in this 
section explains also the shapes of the Ii

PL(T) dependences. Clearly, the latter method can be 
reduced to the former one. Indeed, from Eq. (37)  
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 ,       (38) 

 
which reduces to Eq. (32) if we compare regions before and after the quenching of the k-th 
channel because k/k0  approaches zero after the quenching, and the value of the step is Rk = 
i/i0  for all the channels with i  k. 

 
 

3.3. Dependence of Defect-related PL Intensity on Excitation Intensity 
 
a. Determination of concentration of defects from the excitation intensity dependence. In 

this section we will investigate how intensities of PL bands depend on excitation intensity. 
The main result will be that saturation of a particular type of defects with photogenerated 
holes leads to the “quenching” of this channel, and this “quenching” causes a rise in 
efficiency of all other recombination channels. However, now the “quenching” is achieved by 
increasing excitation intensity, not by temperature. Let’s assume that at a given temperature, 
channels with indexes smaller than i have been already thermally quenched or saturated, i.e., 
they do not participate in recombination of carriers. We will also assume that channels with 
indexes higher than i cannot be saturated in the range of excitation intensities where the i-th 
channel saturates.  

For simplicity, we choose a temperature at which no recombination channels are in the 
process of quenching, i.e., Eqs. (14) and (16) modify to the following 
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   .       (40) 

 
Here, in summation we included only channels, for which a thermal quenching has not 

started at this temperature, while the channels with j < i have been already quenched and their 
contribution in the rate equation can be neglected. Then, we separate i-th channel from the 
sum and postulate that in the range of excitation intensities of interest other channels cannot 
be saturated with holes, i.e., Nj

  Nj 
for j  i, or their contribution is negligible in the sum if 

they saturate at lower excitation intensity. For the i-th channel, Ni
 decreases with increasing 

excitation intensity, but for any Pexc the sum of neutral and negatively charged centers is 
constant, i.e., Ni

 + Ni
0 = Ni . Then Eqs. (39) and (40) can be presented as 
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where for the i-th term Ci  Cpi , and τi is the lifetime of the i-th PL band (τi

1 = Cni n for point 
defects). If δn << n0,  τi  is independent of excitation intensity. Finally, we can express the 
IQE of the i-th PL band in the limit of low excitation intensities, i(G0)  i0 (when Ni

  
Ni), as 
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.        (41) 

 
First, we replace the sum in Eq. (39a) with its expression from Eq. (41), and then solve 

Eqs. (39a) and (40a) to eliminate p and find a quadratic equation for ξ = Ni
0/Ni : 
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.       (42) 

 
By solving this equation and expressing PL intensity as Ii = Ni

0/τi, we find the 
dependence of the PL intensity of the i-th channel on generation rate G  
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In case of low IQE of the i-th channel (i0 << 1), Eq. (43) can be expanded using the 
Taylor series: 
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.       (44) 

 
According to this expression, the defect-related PL intensity increases linearly with G 

when G < G0 = Ni /(i0τi) and saturates at higher excitation intensities. Note that Eqs. (43) 
and (44) are the same as Eqs. (18) and (19) in Ref. [19], with slightly different notation.  

By using Eq. (43) or (44), one can find concentration of defects Ni responsible for a 
particular PL band. Indeed, in fitting the Ii(G) dependence, the only unknown parameter is the 
concentration of acceptors Ni for PL caused by transitions from the conduction band to an 
acceptor level in an n-type semiconductor. 

Other parameters can be found from independent experiments: τi from time-resolved PL 
measurements and i0 from the temperature dependence of PL intensity or from comparison 
of the integrated PL intensity with the one from a calibrated sample. This method was used in 
Ref. [19] to estimate the concentration of acceptors responsible for the yellow band in 
undoped GaN. Figure 7 shows examples for defects responsible for the YL and BL bands in 
GaN. Dashed curves are calculated by using Eq. (44) with parameters given in the figure 
caption. 

In the following subsection we will show how the method of determining the 
concentration of defects from PL can be improved by accounting for the decrease in incident 
light intensity in depth.  

b. Accounting for the decrease in incident light intensity in depth. Equations (43) and (44) 
predict a linear increase of PL intensity related to the i-th channel when generation rate G is 
lower than a critical value G0 = Ni /(τii0) and its complete saturation when G > G0, see 
dashed line in Figure 7. However, instead of complete saturation, a nearly square-root 
dependence Ii

PL(Pexc) is commonly observed above G0. For long time there was no 
satisfactory explanation to the incomplete saturation of the Ii

PL(Pexc) dependence. Although in 
Ref. [19] it was suggested that the gradual saturation of nonradiative defects with holes is 
responsible for this effect, the explanation did not appear to be unique and, moreover, it 
required high concentration of nonradiative defects. Later the controversy has been resolved 
by considering more realistic model of light absorption in a semiconductor [20]. The main 
idea of this model is that acceptors at different distances from the surface saturate at different 
Pexc due to gradual decrease of G with increasing distance from the surface. This makes the 
transition of PL intensity from a linear region to the region of saturation smoother, and 
complete saturation is never achieved for a thick enough semiconductor layer.  
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Figure 7. Determination of concentration of acceptors in GaN from dependence of PL intensity on 
excitation intensity. (a) YL band at 300 K in GaN grown by MBE. (b) BL band at 190 K in GaN grown 
by HVPE. Points – experiment. Dashed curves are calculated by using Eq. (44) with the following 
parameters: τ1 = 4×104 s, 10 = 0.04, N1 = 8×1015 cm-3 for the YL band and τ1 = 1.5×105 s, 10 = 0.05, 
N1 = 8×1015 cm-3  for the BL band. Solid curves are calculated by using Eq. (47) with the following 
parameters: τ1 = 4×104 s, 10

ext = 0.04, L = 1.9 m, N1 = 3.3×1015 cm-3 for the YL band and  τ1 = 
1.5×10-5 s, 10

ext = 0.05, L = 5 m, N1 = 3×1015 cm-3 for the BL band. α = 105 cm-1 in both cases. Dotted 
lines show the linear and square-root dependences. 

In calculations discussed earlier, we have assumed that within an active layer of thickness 
d  α1, where α is the absorption coefficient, the generation rate G is constant. Then, G = 
αP0. However, in a more realistic model, the exponential decrease of the excitation light 
intensity inside the semiconductor should be accounted for by integrating the PL intensity 
arising from different depths, as it was suggested in Ref. [20].  

Let’s consider a semiconductor layer with thickness L. For generality, we will assume 
that near the surface there is a depletion region with a thickness x0 in which light is absorbed 
but PL is not produced because of strong electric field [20]. Incident light intensity P0 
decreases inside the semiconductor as exp(αx), where x is the distance from the surface. At 
arbitrary distance x, G(x) = αP0exp(αx), and the following light intensity will be absorbed 
within a thin layer x: 

 

0( ) xP x P e x    .        (45) 
 
The number of acceptors related to the i-th PL band in the thin layer of unit area is Ni  = 

Nix. Then the total intensity of the i-th PL band emitted from the unit area and the depth 
region from x0 to L in all directions is  

 

0

*
0 ( )

L
x

i i
x

I P e x dx   .       (46) 

 
For low IQE of the i-th channel (i0 << 1), Eq. (44) can be used to find i(x), and the 

solution of Eq. (46) is 
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where P1 = Ni[ατii0exp(αx0)]1 and P2 = Ni[ατii0exp(αL)]1.  Note that i0

ext = 
i0exp(αx0) is the EQE of the i-th PL band which accounts for losses in the depletion region. 
Eq. (47) is the same as Eq. (3) in Ref. [20] but the latter contains errors. At P0 < P1 the Ii

*(P0) 
dependence is linear  

 
0*

0 0
x

i iI P e   ,        (48) 
 

and at P0 > P2 a complete saturation is observed at 
 

 *
0

i
i

i

N
I L x


  .        (49) 

 
For P1 > P0 > P2 the Ii

*(P0) dependence increases as logarithm of P0. 
For a thick semiconductor (L >> α-1), Eq. (47) simplifies to 
 

* 0

1

ln 1i
i

i

N P
I

P
 

 
 
 

.        (50) 

 
The Ii

*(P0) dependence in this case consists of the linear region at P0 < P1 and logarithmic 
increase (in the first approximation close to the square root dependence) at P0 > P1. Improved 
fits of the experimental data by using Eq. (50) are shown in Figure 7 with solid curves.  

If IQE of the i-th channel is close to unity, the general expression of PL intensity, namely 
Eq. (43) modified as 

 
2

0 0

1 1( ) ( ) ( ) ( )
2 4

i i i
i

i i ii i

N N NI x G x G x G x
   

   
         

     ,    (43a) 

 
should be substituted into the analogue of Eq. (46) 

 

0

* ( )
L

i i
x

I I x dx  .        (46a) 

 
In the limit of low excitation intensity [G(x) << G0 for any x] and thick enough sample  

(L >> α-1),  
 

*
0 0( 0) /i iG I P   .        (51) 
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c. Determination of IQE from the excitation intensity dependence. When a recombination 

channel with high IQE saturates with increasing excitation intensity, recombination via other 

channels must increase because 
1

1
N

i
i




  in any experimental conditions. Physically, in an n-

type semiconductor, saturation of the i-th channel implies that all Ni acceptors are filled with 
photo-generated holes and are not able to capture new holes. Then, concentration of free holes 
increases, and flow of these holes through other recombination channels increases too. The 
situation is very similar to a thermal quenching of one PL band with a simultaneous rise of 
other PL bands.  

In fact, same methods that we used for finding IQE from temperature dependences may 
be used in case of the excitation intensity dependences. So, if the k-th channel saturates and 
its IQE decreases in some range of G from k0 to a negligible value, IQE of all other channels 
must increase in this region by a factor of Rk, defined by Eq. (28). Therefore, when a step in 
the Ii

PL(Pexc) dependences is observed simultaneously with the saturation of the k-th channel, 
the IQE of the k-th PL band can be determined from Eq. (30) where the integrated PL 
intensities in any relative units Ij0

PL can be taken because they appear only as ratios in this 
equation.  

The method described in Sec. 3.2.c allows us to describe not only the values of the steps 
in the i(Pexc) dependences but also to fit actual dependence of i on G with Eq. (37). This 
helps to avoid misinterpretations, such as an increase or decrease of i due to reasons not 
related to the competition between recombination channels for minority carriers. Figure 8 
shows an example of finding IQE of PL from the excitation intensity dependence. In this 
example, two PL bands are observed: a strong defect-related PL band (channel 1) and the 
NBE band (channel 2). Efficiency of the nonradiative channel is not shown. Let the integrated 
PL intensity of channel 2 be smaller than that of channel 1 by a factor of 80 at low excitation 
intensity. Channel 1 is quenched above certain critical generation rate G0 due to saturation of 
defects with photogenerated holes. This quenching causes a rise of the recombination rate via 
other channels, including the NBE band.  

At low excitation intensities, the IQE of the NBE band (channel 2) is independent of 
excitation intensity in an n-type semiconductor. When channel 1 is quenched, holes are 
redistributed between channel 2 and channel 3 (which is the nonradiative recombination). As 
a result, the NBE emission intensity divided on G exhibits a step with the value of R1 = 5. 
From this step, by using Eq. (30), we find 10 = (5  1)/5 = 0.8, where 10 in this case is the 
IQE of channel 1 at low excitation intensity. From comparison of relative integrated 
intensities of channels 1 and 2, we find that 20 = 0.01 at low excitation intensity and 2  
becomes 0.05 after quenching of the defect-related PL.  

We can also estimate that efficiency of the nonradiative recombination was 19% at low 
excitation intensity (30 = 1  0.8  0.01 = 0.19) and became 95% after the quenching of 
channel 1 (3 = 1  0  0.05 = 0.95). It also increased by a factor of R1 = 5. Alternatively, the 
value of 10  can be found from the fit of the experimentally found I2

PL/I20
PL dependence 

with Eq. (37) where the I1
PL/I10

PL  dependence is taken from the experiment, and the only 
fitting parameter is 10.  
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Figure 8. Calculated dependences for IQE as a function of generation rate G for two channels of 
radiative recombination. Channel 1 saturates at G > 1023 cm-3s-1, which causes a rise of IQE for channel 
2. IQE for channel 1 before saturation can be found from Eq. (32) as 10 = 0.80 by using the value of 
the step R1 = 5. 

 

3.4. Competition of Radiative and Nonradiative Recombination Mechanisms 
at High Excitation Intensity 

 
As we discussed in Sec. 3.3, PL related to defects usually saturates at moderate excitation 

intensities due to limited number of defects and long lifetime of defect-related PL. It is 
difficult to saturate nonradiative defects because the “lifetime” of nonradiative transitions is 
commonly small. In other words, the electron capture coefficient CnS is small as compared to 
that for a radiative acceptor (CnS << CnA). However, the nonradiative defects could be 
saturated by high enough excitation intensity. In this case, superlinear increase of the NBE 
emission with excitation intensity is possible, and its IQE may approach unity. The main 
limitation in achieving high IQE by increasing excitation intensity is Auger recombination. 
The rate of the Auger recombination is proportional to the third power of concentration of 
free electrons, and it is expected that in GaN its contribution may become significant at G > 
1027

1028 cm-3s-1 [21].  
Below, IQE of radiative recombination (NBE  R) and efficiency of nonradiative 

recombination (S  NR) will be calculated as a function of generation rate G for an n-type 
semiconductor in case of relatively high excitation intensities when all radiative acceptors are 
already saturated with holes and their participation in recombination of photogenerated 
carriers can be ignored. Figure 9 illustrates this case. Acceptors A are filled with holes. 
Shallow donor D is included to explain n-type conductivity. For simplicity we will assume 
that all shallow donors are ionized (due to high temperature and shallow energy level). Both A 
and D do not participate in recombination of carriers in this approximation. Capture of holes 
and electrons by nonradiative center S is shown in Figure 9 by upward and downward arrows, 
respectively. The downward arrow from the conduction band to the valence band indicates 
band-to-band recombination of electrons and holes.  
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Figure 9. Schematic band diagram and transitions in conditions of high excitation intensity of PL in an 
n-type semiconductor. 

In fact, two types of such transitions should be considered: direct electron-hole 
recombination and exciton annihilation. The rate of both types of transitions is commonly 
described in a similar way by a bimolecular mechanism as Bnp, where B is the radiative 
recombination coefficient. The value of B depends on temperature and excitation intensity 
and may be different for excitons and direct band-to-band recombination. However, for 
simplicity, we can neglect these differences and also assume that B is independent of 
excitation intensity.  

One equation describes the rate of change of free electrons in the conduction band 
 

0nS S

dn
G C N n Bnp

dt
    .      (52a) 

 
Another equation describes the flow of electrons and holes through the nonradiative 

center S  
 

0
nS S pS SC N n C N p  .        (53a) 

 
In Eqs. (52a) and (53a) we tacitly assumed that the S center is a donor. However, for the 

simple model considered here it is unimportant whether it is a donor or an acceptor. Indeed, 
when the S center is a donor, the charge conservation equation is  

 

S DN N p n    ,        (54a) 
 

and when it is an acceptor, the charge balance is 
 

D SN p n N    .        (54b) 
 
We can present concentration of free electrons as consisting of two components: dark 

concentration n0 and additional concentration due to illumination δn, i.e., n = n0 + δn. When 

Valence band

Conduction band

p

n

D

A

SBnp

CnS NS n

CpS NS p

G

0

+



Internal Quantum Efficiency of Photoluminescence in Wide-Bandgap Semiconductors 29

the S center is a donor, n0 = ND
+ = ND, and when it is an acceptor, n0 = ND  NS. By 

substituting these expressions for n0 in Eqs. (54a) and (54b), and introducing NS
* instead of 

NS
+ for the S donor and same NS

* instead of NS
0 for the S acceptor, we arrive to identical 

equations that can be summarized as 
 

*
SN p n  .        (54) 

 
After replacing n with n0 + δn and NS

+ (if S center is a donor) or NS
0 (if S center is an 

acceptor) with NS
* in Eqs. (52a) and (53a), and remembering that NS

0 = (NS  NS
*) for the S 

donor and NS
 = (NS  NS

*) for the S acceptor, we can re-write Eqs. (52a) and (53a) as 
 

   *
0 0nS SG C N n n B n n p          (52) 

 
and 
 

   * *
0nS S pS S SC N n n C N N p   .      (53) 

 
The system of nonlinear equations (52)(54) contains three unknown variables: NS

*, δn, 
and p, and can be solved numerically. The IQE of the radiative recombination and efficiency 
of the nonradiative channel then can be found as 

 
 0 /R B n n p G          (55) 

 
and 

 

 *
0 /NR nS SC N n n G    ,       (56) 

 
respectively. We will see that the dependences of these variables on generation rate G can be 
divided into four regions for which analytic expressions can be derived. In most of examples 
we will use the following constants: B = 1010 cm3/s, NS = 1017 cm-3 and n0 = 1015 cm-3. The 
given B is close to the value of B for GaN at room temperature [17,21]. Concentrations NS 
and n0 are close to typical concentrations of point defects and free electrons in high-quality 
GaN. Although these three parameters will not be changed throughout this section and the 
condition n0 << NS will hold, we will show in Appendix B how the variation of these values 
affects the solution.  

Capture coefficients for the S center are unknown, and in principle these parameters may 
vary in wide range for different defects, including repulsive and attractive ones [13]. In n-type 
GaN the value of CpA is of the order of 107106 cm3/s for acceptors which act as the most 
efficient channels of radiative recombination [4]. Capture coefficients for nonradiative defects 
are also expected to be large to explain very low IQE of PL in GaN at room temperature. In 
any case, B << CpS, CnS. However, it is unlikely that the capture coefficients are much larger 
than 105 cm3/s at room temperature (which corresponds to the capture cross-section of about 
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1012 cm2). Thus we will consider two cases below: CnS =107 cm3/s and CpS =105 cm3/s 
(case CnS << CpS) and CnS =105 cm3/s and CpS =107 cm3/s (case CnS >> CpS), see Figures 10 
and 11, respectively, while solutions for different combinations of the model parameters will 
be analyzed in the Appendix B.  
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Figure 10. Case CnS << CpS. (a) R(G) and NR(G) dependences. (b) δn(G), p(G), NS
*(G), and 

(NSNS
*)(G) dependences. Vertical dashed lines separate four characteristic regions, dotted lines show 

constant, square root and linear dependences. CnS =107 cm3/s, CpS =105 cm3/s, B =1010 cm3/s, NS = 
1017 cm-3, and n0 = 1015 cm-3.  
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Figure 11. Same as in Figure 10 for the case CnS >> CpS. CnS =105 cm3/s, CpS =107 cm3/s, other 
parameters are same. 

In Figures 10(a) and 11(a), the R(G) and NR(G) dependences obtained from numeric 
solution of Eqs. (52)(54) are shown. The dependences of concentrations of electrons (n), 
holes (p), and S centers with a bound electron (NS  NS

*) and with no bound electrons (NS
*) 

are shown in Figures 10(b) and 11(b). Four characteristic regions can be distinguished.  
In Region I, δn < n0 and the variables p, δn and NS

* increase linearly with G. If CnS << 
CpSNS /n0, δn  NS

*  G/(CnSn0), (NS  NS
*)  NS, and p  G/(CpSNS). Note that in this case 

concentration of photogenerated electrons is higher than concentration of free holes by a 
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factor of (CpSNS)/(CnSn0). If CnS > CpSNS /n0, δn  p  G/(CpSNS), NS
*  G/(CnSn0), and (NS  

NS
*)  NS (in Figure 11, the case of CnS = CpSNS /n0 is shown which is closer to the CnS > 

CpSNS /n0 case). In all the cases, the IQE of the radiative channel is constant and small:  
 

1
, 0 ( )R R I pS SBn C N    ,       (57) 

 
while efficiency of the nonradiative channel is close to unity. Region I ends at  

 
2

0I II nSG G C n           (58) 
 

when δn reaches n0. 
Region II starts when δn exceeds n0. Region II is observed only when CnS < CpSNS /n0 

(Figure 10). Otherwise, Region III begins (Figure 11), which will be discussed later. By 
neglecting n0 in Region II, we find that δn  NS

*  (G/CnS)1/2, (NS  NS
*)  NS, and p  

G/(CpSNS). IQE of the radiative channel increases as square root of G, namely 
 

  1

, /R R II nS pS SB G C C N 


  ,       (59) 

 
and efficiency of the nonradiative channel is still close to unity. Transition from Region II to 
Region III takes place at 

 

  2 21 /II III nS nS pS SG G C C C N


        (60) 

 
when CnS < CpSNS /n0. Otherwise, Region I is followed by Region III, and the transition 
occurs at 

 

  2

01 /I III pS pS nS SG G C C C N n


   .     (61) 

 
Region III begins when the S center becomes saturated with holes. Concentrations of the 

S centers without and with bound electron are NS
* = CpSNS /(CpS+CnS) and (NS  NS

*) = CnSNS 

/ (CpS+CnS), respectively. In this region, the second term on the right side of Eq. (52) remains 
smaller than the first one.  Concentrations of electrons and holes are equal: n  δn  p  
(1/CpS+1/CnS)G/NS. IQE of the radiative channel increases linearly with G, namely  

 

 21 1 2
,R R III pS nS SBG C C N       .     (62) 

 
For the nonradiative channel, NR  1. During transition from Region II to Region III, R  
rises abruptly by a factor of RII-III = 1+CpS /CnS when CnS  < CpS (Figure 10).  

Finally, the second term on the right side of Eq. (52), which increased as a square of G in 
Region III, becomes larger than the first term on the right side of this equation. Region IV 
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begins. Here, concentrations of electrons and holes are equal: δn  p  (G/B)1/2. 
Concentrations of the S centers without and with bound electron remain the same as in 
Region III: NS

*  CpSNS /(CpS + CnS), and (NS  NS
*)  CnSNS /(CpS + CnS). IQE of the radiative 

channel approaches unity, R  1, and efficiency of the nonradiative channel decreases as 
square root of G: NR = NR,IV  (BG)1/2(1/CpS+1/CnS)1NS. The boundary between Regions 
III and IV is at  

 

  21 2 21 /III IV pS pS nS SG G B C C C N


   .      (63) 

 
If B > CnS (which is unlikely), Region III is missing, and Region II is followed by region 

IV (after abrupt rise in R at G = CnSNS
2), see Appendix B for details. 

 
 

3.5. Roles of Free Carrier and Exciton Recombinations in Near-band-edge 
Emission 

 
The NBE emission may include recombination of free electrons and holes (the direct 

carrier recombination mechanism) and recombination of excitons. At low temperature, the 
exciton recombination is by far the dominant mechanism of the NBE emission in wide-
bandgap semiconductors, and narrow lines corresponding to free and bound excitons can be 
easily resolved in the PL spectra and analyzed. However, at room temperature the direct 
carrier recombination cannot be ignored, especially for high excitation intensities. Below we 
will consider the case of n-type GaN with one type of nonradiative centers (S) and one type of 
radiative acceptors (A). Then, the rate equations describing rate of change of free electrons 
and holes in the conduction and valence bands, respectively can be presented for the steady-
state as  

 
       0 *

0 0 0 0nA A nS S

d n
G C N n n C N n n B n n p

dt


            (64) 

 
and 

 

   *
0 0pA A pS S S

dp
G C N p C N N p B n n p

dt
       .   (65) 

 
In these equations, NS

* = NS
+ when the S center is a donor and NS

* = NS
0 when it is an 

acceptor. In general, the effective radiative recombination coefficient B includes contributions 
from the free carrier recombination bR and exciton recombination bx [22], so that B = bR + bx. 
We will consider these contributions in more detail below. 

a. Free carrier recombination. Band-to-band recombination rate is proportional to the 
concentration of free electrons and to the concentration of free holes. The proportionality 
factor is called the radiative recombination coefficient and will be denoted as bR [23], i.e., the 
last term in Eqs. (64) and (65) is bR(n0 + δn)p in this case. Theoretical expressions for bR can 
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be found elsewhere [17,18,24], but it is important that bR decreases with increasing 
temperature as T

3/2, and its value at room temperature is estimated for GaN to be between 
2×1011 [25] and 7×1010 cm3/s [24]. These estimates show that for high-quality undoped 
GaN with the free electron concentration of about 1016 cm-3 [4], the characteristic time of the 
free carrier recombination at low excitation intensity (δn << n0) is expected to be τR (bR n0)1 
 107

106
s, implying that the free carrier recombination is much slower process than 

capture of free holes by defects or than formation of excitons. Therefore, at first glance one 
may expect that the free carrier recombination is not the dominant mechanism contributing to 
the NBE emission in GaN at room temperature at low excitation intensity.  

b. Exciton recombination. According to a commonly used approach [8,16,18,24], the rate 
of formation of free excitons is proportional to the concentration of free electrons and to the 
concentration of free holes, i.e., the exciton formation rate is Cx(n0+δn)p where Cx is the 
exciton formation coefficient. However, at room temperature we must account for 
dissociation of excitons so that the rate equation for free holes will become  

 

   *
0 0nA A pS S S x x x

dp
G C N p C N N p C n n p Q N

dt
        ,  (66) 

 
where Nx is the concentration of free excitons, Qx is the coefficient of the exciton dissociation, 
Qx = 0.5CxNcvexp(Ex/kT), Ncv is the density of states for free excitons (Ncv  2.5×1018 cm-3 

for GaN at room temperature), and Ex is the exciton binding energy (Ex  26 meV for GaN). 
For the rate of change of exciton concentration we can write 

 

 0 0x x
x x x

x

dN N
C n n p Q N

dt



     ,     (67) 

 
where the last term describes radiative annihilation of excitons, with τx as the free exciton 
lifetime. An expression for IQE of the exciton emission can be obtained from Eq. (67) for 
room temperature, when the quenching of the exciton emission is significant, as 

 
 0

/

//
1 0.5 x

x x
x E kT

x x x x cv

n n p GN C np G
G Q N e




   


  


,     (68) 

 
We can see from Eq. (68) that IQE of the exciton emission at room temperature can be 

presented as  
 

 0 /x xb n n p G          (69) 
 

with 
 

  1/0.5 xE kT
x x cvb N e

 .       (70) 
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Instead of Cx (indicating how efficiently free excitons are formed) or bx (indicating the 
exciton formation probability which accounts also for its thermal dissociation), the exciton 
recombination rate Bx = 1/τx is often analyzed in order to explain the PL lifetime [17,18]. It is 
expected [17,18] that bR /Bx  ax

3, where ax is the exciton Bohr radius (ax = 3 nm for GaN). 
Note that both Bx and bx are expected to decrease with increasing temperature as T

3/2 [17], 
which should result in the corresponding increase in PL lifetime.  

Let’s consider, as example, high-quality freestanding GaN templates grown by Samsung 
Advanced Institute of Technology (SAIT) [26] and thoroughly studied by several research 
groups. It is known that n0  1016 cm-3 at room temperature and the density of edge 
dislocations is of the order of 106 cm-2 in these samples [4,27]. The largest PL lifetime, 
namely τPL = 17.2 ns, has been obtained at low excitation intensity in a freestanding GaN 
template when two-photon excitation was used to probe regions far from the surface [28]. In 
this case, Bx = 5.8×107 s-1 and bx = 1.3×1010 cm3/s. We see that our preliminary conclusion 
about predominance of the exciton emission in GaN may not be accurate since both bx and bR 
are apparently of the same order of magnitude. Note that Cx may be orders of magnitude 
larger than bx, reflecting the fact that formation of excitons is much faster than their 
annihilation.  

We can also predict IQE of NBE emission for the high-quality freestanding GaN samples 
and compare the prediction with the experimental data. So, B = bR + bx  1010 cm3/s and 
B(n0+δn)  bxn0  106 s-1 in high-quality GaN at room temperature and low excitation 
intensities. Note that close to the surface, where PL signal is typically collected, the exciton 
lifetime is about an order of magnitude smaller due to relatively fast recombination at surface 
defects [28,29]. At low excitation intensity, Eq. (65) becomes  

 
 0pA A pS SNG C C N Bn p   ,      (71) 

 
and quantum efficiencies of the defect-related PL, nonradiative recombination and NBE 
emission are related as (CpANA) : (CpSNS) : (Bn0). For the dominant defect-related PL band in 
the freestanding templates, CpANA = 4.5×108 s-1 (with NA = 1.5×1015 cm-3 and CpA = 3×107 
cm3/s [4,30]). The ratio between CpANA and Bn0 agrees with the ratio between integrated 
intensities of the defect-related and NBE PL bands which is about 10. The absolute EQE of 
the room-temperature PL is about 0.01 in these samples [31]. Then, CpSNS  1010  1011 s-1, 
which could be due to a nonradiative defect with concentration NS   1016 cm-3 and the 
capture coefficient CpS  106  105 cm3/s. In samples with higher concentrations of 
nonradiative defects, the absolute IQE of the NBE emission is expected to be lower. 
However, it is higher in doped GaN because NBE increases linearly with n0.  

c. PL transients. Let’s analyze processes occurring in GaN in conditions of excitation 
with light pulses. After a pulse, nonequilibrium electrons and holes with concentrations δn 
and p are created, and their time dependence could be found by solving Eqs. (64) and (65) 
with G = 0 and the right-hand side not equal to zero. A simple solution can be obtained for an 
n-type semiconductor in the case of low excitation intensity, when δn << n0, NS. Then, (n0 + 
δn)  n0, (NS  NS

*)  NS, and the solution of Eq. (65) is 
 

 ( ) (0) exp / pp t p t   ,       (72) 
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where 

 

  1

0p pA A pS SC N C N Bn


         (73) 

 
is the characteristic lifetime of holes in the valence band. Eq. (73) can also be presented as 

 
1 1 1 1

p pA pS pR         ,       (74) 

 
where τpA, τpS, and τpR are the characteristic times of hole escape from the valence band to 
radiative acceptors, nonradiative defects and conduction band (in case of free carrier 
recombination) or the time of the exciton formation, respectively. The solution indicates that 
at low excitation intensity the minority carriers (holes) escape from the valence band with the 
characteristic time τp via capture by radiative acceptors (with the rate CpANAp) and 
nonradiative defects (with the rate CpSNS p) or via NBE emission (with the rate Bn0 p). In the 
example for a high-quality freestanding GaN template, the characteristic times would be τpA  
2 ns, τpS  0.01  0.1 ns, and τpR  100 ns at room temperature. These times show how fast 
each recombination channel is able to “suck” holes from the valence band or how efficient 
each recombination channel is, but they are not related directly to lifetimes that can be 
measured in experiment. Indeed, the lifetime of the defect-related PL (τA  3×105 s in case of 
the freestanding GaN template [4,32]) is governed by much slower recombination of free 
electrons with bound holes. The exciton emission, believed to be responsible for the NBE PL 
in this sample, will decay with the characteristic time τx which is different from τpR. PL 
lifetime of about 1-2 ns is typically observed for the NBE band in high-quality GaN at room 
temperature [29,33], while τx = 17.2 ns has been obtained in a freestanding GaN template with 
two-photon excitation [28]. Note that double-exponential decay is often observed in decay of 
the NBE emission, where the fast component can be attributed to recombination via 
nonradiative centers or diffusion of carriers to the surface, whereas the slow component is the 
actual τx [29,33]. More analysis of the time-resolved PL will be given in Sec. 5.3. 

 
 

IV. DETERMINATION OF INTERNAL QUANTUM EFFICIENCY BY USING 
THE RATE EQUATIONS MODEL 

 
In this section, we will present examples of how the IQE of PL can be determined by 

using models described in Sec. III. These include the determination of IQE from dependences 
of PL intensity on temperature and on excitation intensity. 

 
 

4.1. Temperature Dependence 
 
Several examples of determination of IQE of PL from temperature dependence of PL can 

be shown. The results are convincing when more than one PL band rise simultaneously with 
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the quenching of another (the strongest) PL band. One example that the quenching of the BL 
band in undoped GaN, grown by MOCVD, causes a rise in PL efficiency of the YL band and 
exciton band intensities was given in Ref. [19]. The IQE of the BL band was calculated as 
23% for one sample (RK170). Below we will present other examples for GaN and ZnO 
grown by different methods. 

a. Thermal quenching of the UVL band in MBE-grown Si-doped GaN. Results for an 
MBE-grown GaN sample (r6623) with unusually strong ultraviolet luminescence (UVL) band 
at low temperature have been reported in Refs. [6] and [7]. Note that very similar 
experimental data have been obtained for this sample in 2003 and 2010 by using different set-
ups. In this sample, the concentration of unidentified shallow acceptor is unusually high 
(10171018 cm-3), and this was unintentional doping with some acceptor impurity or defect. 
The sample was degenerate n-type with concentration of free electrons estimated as 6×1018 
cm-3 from time-resolved PL measurements at different temperatures. Here we will use the 
experimental data from 2010. Figure 12 shows the temperature dependence of the PL 
intensity for three PL bands, namely for the UVL band (channel 1), exciton band (channel 2) 
and the YL band (channel 3).  
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Figure 12. PL from Si-doped GaN grown by MBE method. Pexc = 0.0003 W/cm2. (a) PL spectra at 
selected temperatures. (b) Temperature dependence of the absolute IQE (left axis) and integrated PL 
intensity in relative units (right axis) for the UVL, exciton and YL bands. Dashed curves are fit with Eq. 
(34) with the following parameters: 10 = 0.80, A1 = 5.4T3/2, A2 = 0, and E1 = 130 meV for the UVL 
band; 20 = 0.015, A1 = 9, A2 = 60, E1 = 4 meV, and E2 = 30 meV for the exciton band; and 30 = 
0.0022, A1 = 0.6, A2 = 0, and E1 = 10 meV for the YL band. Solid curves are calculated with Eq. (37) 
for the YL and exciton bands, both with 10 = 0.80. (b) is reproduced with permission from Ref. [6]. 

The integrated intensity of the UVL band decreased by 10% with increasing temperature 
from 18 to 90 K, then it was constant from 90 to 120 K, and at higher temperatures it is 
quenched with the activation energy of about 130 meV. The weak change of the PL intensity 
at temperatures below 90 K can be attributed to insignificant changes in capture coefficients 
for the UVL-related shallow acceptor and unknown nonradiative defect, two dominant 
channels of the carrier recombination. The temperature dependence of PL above 90 K could 
be well described with Eq. (23) with τ1 = 0.4 s (obtained from time-resolved PL 
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measurements), 10 = 0.80, Cp1 = 5×108 cm-3s-1, and E1 = 130 meV. The values of Cp1 and E1 
appear to be underestimated as compared to the values for the UVL band obtained from 
previous studies [4], but for determining IQE of PL this is unimportant as will be shown 
below. 

Simultaneously with the quenching of the UVL band, intensities of the exciton and YL 
bands increase substantially. This is a clear indication of a competition between different 
recombination channels for holes released due to the quenching of the UVL band. There are 
no other reasons that can explain simultaneous rise of these two bands in this temperature 
region. The quantitative analysis is complicated by the fact that both the exciton and YL 
bands are also quenched in this temperature region. Fortunately, the quenching of these two 
bands occurs with small activation energies, and the effect of this quenching on other 
recombination channels can be ignored due to very small relative intensities of these two PL 
bands. The temperature dependence of the exciton band intensity I20

PL(T) in the region before 
the quenching of the UVL band can be well described with Eq. (34) with E1 = 4 meV and E2 
= 30 meV. The lower value can be attributed to dissociation of bound excitons, while the 
latter is close to the binding energy of free excitons in GaN [4]. By using Eq. (37) with k = 1, 
i = 2, and I20

PL(T) described with Eq. (34) as explained above, we find 10 = 0.80 from the fit 
of the I2

PL(T) dependence [Figure 12(b)]. This result is consistent with 10 = 0.80 determined 
from the step in the I2

PL(T) dependence where R1 = 5, as shown in Figure 12(b).  
Even better fit (with the same 10!) can be obtained for the YL band [Figure 12(b)]. This 

PL band has very weak temperature dependence of its intensity at temperatures below and 
above the quenching of the UVL band. The I30

PL(T) dependence for this band can be 
described with Eq. (34) with E1 = 10 meV and E2 = 0. During the quenching of the UVL 
band, the YL band demonstrates a clear step with R1 = 5, which is consistent with 10 = 0.8. 
The low-temperature integrated PL intensity for this sample was the highest among large 
number of GaN and ZnO samples measured with this set-up, indicating that, along with very 
high IQE, this sample has very high EQE and extraction efficiency. We used this sample as a 
standard to estimate quantum efficiencies in other samples by comparing their integrated PL 
intensities, while doing measurements in identical conditions.  

b. Quenching of the BL band in MOCVD-grown GaN co-doped with Si and Zn. We 
observed the highest IQE of PL in n-type GaN co-doped with Si and Zn [34]. The samples 
were grown by MOCVD method in TU-BS (Germany). PL spectra from GaN:Zn,Si at three 
representative temperatures are shown in Figure 13(a). The spectra include a strong BL band 
with a maximum at 2.9 eV, a weak exciton band at higher photon energies and a weak YL 
band peaking at 2.1 eV. The BL band is attributed to transitions from the conduction band (or 
from the shallow donor at very low temperature) to the ZnGa acceptor [4]. Figure 13(b) shows 
the temperature dependence of the integrated PL intensity for three PL bands in relative units 
(right scale). The BL band is quenched at T > 250 K with the activation energy of about 300 
meV. The exciton and YL band intensities slowly decrease with increasing temperature from 
15 to 250 K (not shown for T > 100 K). However, simultaneously with the quenching of the 
BL band, namely at T = 250  350 K, they both exhibit a sharp rise by an order of magnitude 
and then decrease again at higher temperatures. Such a behavior clearly indicates a very high 
IQE of the BL band.  
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Figure 13. PL from GaN:Zn,Si grown by MOCVD. Pexc = 0.0015 W/cm2 (G = 2.4×1020 cm-3s-1). (a) PL 
spectra at three representative temperatures. Weak oscillations are due to the interference effect. Black 
dashed line shows the low-energy tail of the BL band in a Zn-doped GaN sample where no YL band 
was observed. (b) Temperature dependence of the absolute internal quantum efficiency of PL. Points 
are experimental data. Solid blue curve shows 1 for the BL band calculated by using Eq. (23) with the 
following parameters: 10 = 0.97, g = 2, Cp1 = 10-6 cm3/s, τ1 = 0.5 s, E1 = 300 meV. Dotted blue lines 
are extrapolations of the low-temperature and high-temperature parts of the 1(T) dependence with 
crossing at T0. Dashed green and dash-dotted red lines show 20(T) and 30(T) dependences for the 
exciton band (i = 2) and the YL band (i = 3), respectively, calculated by using Eq. (34) with the 
following parameters: I20

PL  = 4.4×10-4G, A1 = 10, A2 = 13, E1 = 12 meV, E2 = 50 meV for the exciton 
band; I30

PL  = 3.5×103G, A1 = 8, A2 = 103, E1 = 30 meV, E2 = 200 meV for the YL band. Solid green 
and red lines show 2(T) and 3(T) calculated by using Eq. (37) with 10 = 0.92 and 10 = 0.93, 
respectively. Reproduced with permission from Reshchikov et. al., Appl. Phys. Lett. 99, 171110 
(2011). Copyright 2011, American Institute of Physics. 

The temperature dependence of the BL band IQE 1(T) in n-type GaN can be described 
with Eq. (23). Temperature dependences of the IQE of the exciton and YL bands in the 
absence of the quenching of the BL band [20(T) and 30(T), respectively], are simulated by 
using Eq. (34) with parameters given in the figure caption. These dependences [shown with 
dashed lines in Figure 13(b)] are extrapolated into the region where the BL band is quenched 
(temperatures above 250 K). Then, by fitting the relative changes of the integrated PL 
intensity Ii

PL / Ii0
PL (i = 2,3) with Eq. (37), we have found the absolute IQE of the BL band as 

10  0.93. Such high IQE is confirmed by a simultaneous rise of the exciton and YL bands in 
the region of the quenching of the BL band, and independently by position of the BL band 
quenching on temperature scale [according to Eq. (23), the quenching shifts to higher 
temperatures when i0 approaches unity]. Moreover, such high IQE has also been confirmed 
by a rise of the exciton emission efficiency at high excitation intensity when the BL band 
begins to saturate (to be discussed in Sec. 4.2.c).  

c. Quenching of a nonradiative defect in GaN doped with Si. Nonradiative defects cannot 
be observed in PL measurements. However, sometimes their manifestation can be found from 
temperature dependence of PL. PL spectrum of GaN grown by HVPE method at TDI, Inc. is 
shown in Figure 14(a). Two PL bands dominate in the PL spectrum at temperatures from 15 
to 300 K: the exciton band and the BL band associated with the ZnGa acceptor. In addition, a 
weak broad band can be observed at photon energies below 2.4 eV. This band apparently 
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consists of the red luminescence (RL) band with a maximum at 1.81.9 eV and the YL band 
with a maximum at 2.1 eV. The latter is different from the YL band peaking at 2.2 eV in GaN 
grown by MBE or MOCVD [4]. The RL band at 15 K gradually transforms into the YL band 
at room temperature, and these bands are difficult to resolve at intermediate temperatures. For 
this reason, and also because these PL bands are very weak, we will analyze the temperature 
dependences of the BL and exciton bands only.  
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Figure 14. PL spectra from Si-doped GaN grown by HVPE method (sample #1140 from TDI). Pexc = 
0.0017 W/cm2 (G = 2.7×1020 cm-3s-1). (a) PL spectra at two temperatures. (b) Temperature dependence 
of quantum efficiency of PL and nonradiative defect recombination. The BL band and the exciton band 
rise with increasing temperature from 100 to 200 K. This can be explained by thermal quenching of 
some nonradiative defect. Short dashed, long dashed and dotted curves are simulated Ii0

PL(T) 
dependences calculated with Eq. (34) for the BL band (i = 1), exciton band (i = 2) and a nonradiative 
defect (i = 3), respectively, with the following parameters: I1

PL(0) = 0.03G, A1 = 1, A2 = 5×107, E1 = 
10 meV, E2 = 360 meV for the BL band; I2

PL(0) = 0.12G, A1 = 9.5, A2 = 130, E1 = 6 meV, E2 = 27 
meV for the exciton band; 3(0) = 0.60, A1 = 105, A2 = 0, E1 = 155 meV for the nonradiative defect. 
Solid curves show i(0) dependences for the BL and exciton bands calculated with Eq. (37) with 30 = 
0.6. 

Figure 14(b) shows the temperature dependence of the quantum efficiencies of the BL 
band and exciton band in this sample. The IQE for these bands was estimated by comparing 
the integrated PL intensities with those in a calibrated sample. At T < 100 K, the integrated 
intensity of the exciton band I20

PL(T) can be described with Eq. (34) with E1 = 6 meV and E2 
= 27 meV. These activation energies can be attributed to thermal quenching of the donor-
bound exciton (6 meV) and dissociation of free exciton (27 meV) at higher temperatures. 
However, at temperatures above 100 K the quenching of the exciton band slows down and the 
I2

PL(T) dependence departs from the I20
PL(T) dependence substantially [Figure 14(b)]. Such a 

behavior can be understood in assumption that some recombination channel with high 
efficiency is quenched at T > 100 K. There are no PL bands with IQE higher than that for the 
exciton band in this sample (the integrated intensity of the exciton band exceeds the total 
intensity of all other bands by a factor of 5 at 15 K).  

It can be assumed that nonradiative recombination via some defects is quenched at T > 
100 K. The temperature dependence of the BL band (i = 1) in this sample strongly supports 
this assumption. The ZnGa-related BL band is nearly independent of temperature at T < 100 K, 
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while it rises in the temperature range from 100 to 200 K. At T > 200 K the BL band is 
quenched with an activation energy of about 350 meV, similar to its quenching in other GaN 
samples. However, in other samples, no rise of the BL band with increasing temperature from 
100 to 200 K can be observed [see, for example, Figure 13(b)]. 

The IQE of the nonradiative channel (i = 3) can be estimated as 30 = 0.6 from the fit of 
the experimental data for both the exciton and BL bands with Eq. (37). The Ii0

PL(T) 
dependences for the exciton and BL bands were simulated based on the data at T < 100 K, 
and the I30

PL(T) dependence was simulated assuming a quenching that can be described with 
Eq. (34) with E2 = 0 for simplicity. The efficiency of the nonradiative channel, that is 
quenched at T = 100  200 K, (30  0.6) agrees with the value of the step R3 clearly seen for 
the exciton and BL bands in this temperature region [Figure 14(b)]. Note that apparently only 
one type of the nonradiative defects is quenched at these temperatures because the total PL 
intensity is only about 5% at 200 K, implying that the quantum efficiency of the 
recombination via other nonradiative defects (which were not quenched) increases from 
~35% to 95% after the quenching of the nonradiative recombination channel (i = 3) which 
had efficiency of about 60% at low temperature.  

d. Quenching of the exciton band in bulk ZnO grown from melt. In undoped n-type ZnO 
the exciton emission is usually very strong at low temperatures. In some samples the absolute 
IQE of this band approaches unity. Behavior of PL from one of such ZnO samples will be 
analyzed below (PL from the same sample was briefly analyzed in Ref. [7]. Bulk ZnO sample 
with the room-temperature concentration of free electrons of about 1017 cm-3 was produced by 
the pressurized melt growth method at Cermet, Inc. and annealed in air at 150C for 3 h.  

Figure 15(a) shows the PL spectra at 15 and 40 K. In addition to a very strong exciton 
emission, a weak broad band extends from 1.7 to 2.8 eV that could be deconvoluted into two 
bands with Gaussian shape: the yellow luminescence (YL3) band with a maximum at 2.25 eV 
and the green luminescence (GL5) band with a maximum at 2.6 eV. Peak positions and 
shapes of the YL3 and GL5 bands were obtained from analysis of behavior of PL under 
varying temperature and excitation intensity. Properties of these two bands were described in 
Ref. [35]. At high excitation intensity (0.3 W/cm2) we observed metastable behavior for these 
bands [36]; however, for low excitation intensities analyzed here, the PL intensities were 
stable. Figure 15(b) shows the temperature dependence of the quantum efficiencies of the 
YL3, GL5, and exciton bands in this sample. The IQE for these bands was first estimated by 
comparing the integrated PL intensities with those in a calibrated sample. The GL5 band is 
quenched at T > 100 K with an activation energy 120 meV. The YL3 band is quenched at T > 
200 K with an activation energy 450 meV. At T < 25 K, the intensities of the YL3 and GL5 
bands are constant, and they both rise with increasing temperature from 25 to 50 K (Figure 
15). This rise can be attributed to the quenching of the exciton band. As a result of this 
quenching, free holes are released from excitons to the valence band and are captured by 
defects, including the YL3- and GL5-related defects. The temperature dependence of the 
integrated intensity of the exciton band [I30

PL(T)] was simulated by using Eq. (34) with two 
activation energies (E1 = 18 meV and E2 = 60 meV) to fit the experimental dependence in 
entire temperature range. The integrated intensity of the YL3 and GL5 bands [Ii0

PL(T) with i = 
1 for the YL3 band and i = 2 for the GL5 band] can be simulated with Eq. (34) with E1 = 450 
meV for the YL3 band, E1 = 120 meV for the GL5 band, and E2 = 0 for both. The values of 
Ii0

PL(0) correspond to PL intensities at T < 25 K, and the activation energies correspond to the 
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quenching of the YL3 and GL5 band at T > 200 K and T > 100 K, respectively. The IQE of 
the exciton band (i = 3) is estimated as 30 = 0.85 from the fit of the experimental data for 
both the YL3 and GL5 bands with Eq. (37). The IQE of the exciton band agrees with the 
value of the step R3  6.5 clearly seen for the YL3 and GL5 bands in this temperature region 
[Figure 15(b)].  
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Figure 15. PL from bulk ZnO grown from melt in Cermet. Pexc = 0.0003 W/cm2 (G = 4.8×1019 cm-3s-1). 
(a) PL spectra at different temperatures. Dashed curves show deconvolution of the broad band at 40 K 
into two bands with Gaussian shape that have maxima at 2.25 eV (YL3 band) and 2.60 eV (GL5 band). 
(b) Temperature dependence of quantum efficiency of PL. The efficiencies of the YL3 and GL5 bands 
increase with increasing temperature from 25 to 50 K, simultaneously with the quenching of the strong 
exciton band. Short dashed, long dashed and dotted curves are simulated Ii0

PL(T) dependences 
calculated with Eq. (34) for the YL3 band (i = 1), GL5 band (i = 2) and exciton band (i = 3), 
respectively, with the following parameters: I1

PL(0) = 0.0007G, A1 = 7×109, A2 = 0, and E1 = 450 meV for the YL3 band; I2
PL(0) = 0.0017G, A1 = 2×105, A2 = 0, and E1 = 120 meV for the GL5 band; and 

I3
PL(0) = 0.5G, A1 = 700, A2 = 6000, E1 = 18 meV and E2 = 60 meV for the exciton band. Solid curves 

show the i(T) dependences for the YL3 and GL5 bands calculated with Eq. (37) with 30 = 0.85. 

 
e. Quenching of the OL band in bulk ZnO. In some undoped ZnO samples (commonly in 

bulk ZnO grown by hydrothermal method) a strong orange luminescence (OL) band is 
observed. This band, peaking at 1.96 eV, is attributed to transitions from the conduction band 
or shallow donors to the LiZn acceptor [37-39]. The OL band has Gaussian shape, and at low 
temperatures it starts saturating at relatively low excitation intensities [Figure 16(a)] due to its 
large lifetime [40]. Figure 16(a) shows evolution of PL spectrum at 13 K with increasing 
excitation intensity.  
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Figure 16. PL from bulk ZnO grown by hydrothermal method in CrysTec GmbH. (a) PL spectra at 
different excitation intensities at T = 13 K. The PL intensity is divided on excitation intensity. The OL 
band (maximum at 1.96 eV) dominates at the lowest Pexc but saturates with increasing excitation 
intensity, giving way to the GL2 band peaking at 2.35 eV. (b) Temperature dependence of quantum 
efficiency of PL. Pexc = 10-6 W/cm2 (G = 1.6×1017 cm-3s-1). Dashed and dotted curves are simulated 
Ii0

PL(T) dependences calculated with Eq. (34) for the exciton band (i = 1) and OL band (i = 2), 
respectively, with the following parameters: I1

PL(0) = 0.00073G, A1 = 80, A2 = 0, and E1 = 60 meV for 
the exciton band; I2

PL(0) = 0.5G, A1 = 3×108, A2 = 0, and E1 = 390 meV for the OL band. Solid curve 
shows I1

PL(T) dependence for the exciton band calculated with Eq. (37) with 20 = 0.70. 

 
The OL band dominates at lowest excitation intensities, with the IQE over 50% as was 

estimated by comparing its integrated intensity with that from a calibrated standard. The GL2 
band is quenched at low temperature [35] and cannot be seen at temperatures of interest in 
this sample. The exciton band is quenched with activation energy 13 meV with increasing 
temperature from 20 to 100 K, and this quenching can be attributed to dissociation of bound 
excitons. At higher temperatures, the integrated intensity of the exciton band decreases with 
the activation energy 60 meV, corresponding to the binding energy of free excitons in ZnO. 
We denote this dependence I10

PL(T). However, at T > 200 K the exciton band departs from the 
I10

PL(T) dependence [Figure 16(b)]. This happens when the OL band is quenched. Because of 
this coincidence and since the IQE of the OL band is very high in this sample, we attribute the 
departure of the I1

PL(T) dependence from I10
PL(T) to escape of holes from the LiZn acceptor 

and their increased flow through other channels, including formation of free excitons. 
Temperature dependences of the integrated intensity Ii0

PL(T) for the exciton band (i = 1) and 
OL band (i = 2) were simulated by using Eq. (34) with one activation energy (60 and 390 
meV for the exciton and OL bands, respectively) to fit the experimental dependence in entire 
temperature range for the OL band and at T = 90  200 K for the exciton band [Figure 16(b)]. 
The IQE of the OL band (i = 2) is estimated as 20 = 0.7 from the fit of the experimental data 
for the exciton band with Eq. (37).  

A better-resolved step in the temperature dependence of the exciton band intensity was 
observed for another ZnO sample (Figure 17). This sample was grown by hydrothermal 
method at Tokyo Denpa Co. Ltd., Japan. At low temperature, in addition to strong exciton 
emission, the OL band and two green bands (GL1 and GL2) could be resolved by varying 
temperature, excitation intensity and analyzing PL spectra after a pulse excitation [35,40].  



Internal Quantum Efficiency of Photoluminescence in Wide-Bandgap Semiconductors 43

10-4

10-3

10-2

10-1

100

0 10 20 30 40 50 60 70 80

PL
 Q

ua
nt

um
 E

ffi
ci

en
cy

 

103/K (T-1)

Exciton band

OL band

In
te

gr
at

ed
 P

L 
In

te
ns

ity
 (r

el
. u

ni
ts

) (a)

10-4

10-3

10-2

10-1

100

2 4 6 8 10 12

PL
 Q

ua
nt

um
 E

ffi
ci

en
cy

 

103/K (T-1)

Exciton band

OL band

In
te

gr
at

ed
 P

L 
In

te
ns

ity
 (r

el
. u

ni
ts

) (b)

 

Figure 17. PL from bulk ZnO grown by hydrothermal method (sample TD3212). Pexc = 10-6 W/cm2 G = 
1.6×1017 cm-3s-1). (a) Temperature dependence of quantum efficiency of PL. Dashed and dotted curves 
are simulated Ii0

PL(T) dependences calculated with Eq. (34) for the exciton band (i = 1) and OL band (i 
= 2), respectively, with the following parameters: I1

PL(0) = 0.5G, A1 = 420, A2 = 1.6×104, E1 = 14.5 
meV, and E2 = 70 meV for the exciton band; I2

PL(0) = 0.45G, A1 = 1010, A2 = 0, and E1 = 500 meV for 
the OL band. Solid curve shows the I1

PL(T) dependence for the exciton band calculated with Eq. (37) 
with 20 = 0.85. (b) Enlarged region at temperatures close to the quenching of the OL band. 

Contribution of the GL1 and GL2 bands at Pexc = 10-6 W/cm2 was negligible, and the 
integrated intensities of only the exciton and OL bands were analyzed (Figure 17). The OL 
band is quenched above 220 K with the activation energy of about 0.5 eV. Simultaneously, 
the exciton emission intensity increases stepwise. By using Eq. (37) the IQE of the OL band 
was estimated as 0.85. 

 
 

4.2. Excitation Intensity Dependence 
 
In Sec. 3.3 we have established that intensity of defect-related PL should increase linearly 

with excitation intensity up to some critical generation rate G0, above which partial saturation 
of the PL intensity is expected due to limited number of defects and relatively large lifetime 
of PL related to defects. As for the NBE emission, at low excitation intensity the IPL(Pexc) 
dependence is expected to be linear (when n0 >> δn) or quadratic (when n0 << δn). At very 
high excitation intensities, all defects, including nonradiative ones, may become saturated 
with photogenerated carriers, and the NBE emission may become the dominant 
recombination channel, with linear dependence of its intensity on Pexc. When the IPL(Pexc) 
dependences behave in the expected way, important information can be obtained from these 
dependences, such as concentration of different types of acceptors in n-type semiconductors 
and IQE of PL (Sec. 3.3). However, in practice, deviations from these expected dependences 
can often be observed. Below we will show and discuss some typical and some unusual 
IPL(Pexc) dependences. 

a. Dependence of NBE emission intensity on excitation intensity. Figure 18 shows typical 
examples of the (G) dependence for conductive n-type and semi-insulating GaN at low 
temperature. In n-type undoped or Si-doped GaN, the IQE of PL is usually constant or slowly 
increasing with G.  
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Figure 18. Dependence of EQE of the NBE band on excitation intensity at 13 K for an undoped n-type 
GaN (sample 89) and semi-insulating GaN (sample 1393) grown by HVPE method. Dotted lines show 
the (G)  G

m
 dependences with m = 0.3 and 0.5. 

When the dependence is approximated with the power function of type (G)  G
m, the 

power m varies from 0 to 0.3. It is well known that the NBE emission in GaN at such low 
temperatures is caused by annihilation of excitons, free and bound. Note that the (G) 
dependence in n-type GaN is the same for free and bound excitons. At 13 K, concentration of 
free electrons in GaN is very low and the relation n0 << δn holds.  

Furthermore, since IQE of the NBE emission is much smaller than unity, most of carriers 
recombine via defects, and in these conditions both n and p increase linearly with G. Thus, we 
conclude that at 13 K a free exciton is formed from a photogenerated electron-hole pair, and 
not from isolated electrons and holes. Then, the rate of the exciton formation cannot be 
described with a bimolecular term Cxnp.  

In p-type or high-resistivity (with unknown conductivity type) GaN, the NBE emission 
often increases as (G)  G

m with m  0.5 ( Figure 18). In high-resistivity GaN doped with 
Zn, the dependence is the same for free and bound excitons. Detailed analysis of the 
experimental data and elucidation of the mechanisms of radiative and nonradiative 
recombination are needed to explain the data. 

At room temperature, the NBE emission intensity increases linearly or slightly 
superlinearly with Pexc in n-type GaN, which corresponds to the (G)  G

m dependence with 
m varying from 0 to 0.2 (Figure 19). It is obvious that in degenerate Si-doped GaN the IQE is 
independent of the excitation intensity because concentration of electrons in dark is very high 
and n0 >> δn. 
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Figure 19. Dependence of EQE of the NBE band on excitation intensity at 295 K for two n-type GaN 
samples grown by MBE method. Sample svt595 is Si-doped (n0 = 7×1018 cm-3), sample svt752 is 
undoped (n0  1017 cm-3). Dotted lines show the (G)  G

m dependences with different power m. 

As for the monotonous rise of the IQE with excitation intensity in a nondegenerate GaN, 
it can be explained by several mechanisms. For example, the dependence can be attributed to 
gradual saturation of different types of nonradiative centers (expected to be located at the 
semiconductor surface). Note that when one type of the nonradiative centers saturates, a 
single step in the (G) dependence is expected (see Figure 8). Another reason for the 
monotonous rise of the IQE may be a gradual reduction of the surface band bending. The 
upward band bending is about 1 eV in n-type GaN at room temperature, and it gradually 
decreases with increasing excitation intensity [41]. Note that the band bending can be ignored 
at low temperatures because electrons from bulk are not able to pass over the barrier higher 
than ~40 kT and restore the negative charge at the surface after illumination [41]. It is 
possible that at room temperature excitons are formed mostly by a bimolecular mechanism 
because their dissociation is fast. Moreover, contribution of the band-to-band transitions to 
the NBE emission not always can be ignored at room temperature.  

b. Dependence of defect-related PL intensity on excitation intensity. The intensity of the 
defect-related PL is expected to increase linearly and then partially saturate with increasing 
excitation intensity. Examples for two PL bands in GaN are shown in Figure 7. Both the YL 
band and the BL band are caused by transitions from the conduction band to the acceptor 
levels. In case of the YL band, the acceptor is most probably the Ga vacancy-related complex 
such as VGaON, while in case of the BL band, the acceptor is the ZnGa defect [4]. Similar 
Ii

PL(Pexc) dependences are observed for different defect-related PL bands in GaN and ZnO, 
both at low and room temperatures. Saturation of PL above G0 is not complete because the 
excitation light intensity decreases exponentially in a semiconductor. Then, to saturate defects 
at larger and larger distances from the surface, higher and higher light intensity is needed (the 
effect discussed in Sec. 3.3.b). With further increase of the excitation intensity, the defect-
related PL intensity increases as a square root of excitation intensity [at P0 > 2×1018 cm-2s-1 in 
Figure 7(b)]. Such an increase can be explained in assumption that at such high excitation 
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intensities δn  >> n0, and δn increases as square root of G (Sec. 3.4). Then, the PL lifetime τi = 
(Cnin)1 starts decreasing with increasing Pexc.  

Special cases of the Ii
PL(Pexc) dependences for defect-related PL are shown in Figures 20 

and 21. In a freestanding undoped n-type GaN, the intensity of the YL2 band increases 
linearly with G at low excitation intensities, while the GL2 band increases nearly as a square 
of G in this region (Figure 20). At higher excitation intensities the YL2 band saturates, while 
the dependence for the GL2 band becomes linear. These results have been explained as 
follows [30]. 
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Figure 20. Dependence of PL intensity of the defect-related YL2 and GL2 bands on excitation intensity 
at 295 K for a freestanding undoped n-type GaN (sample b73) grown by HVPE method. Dotted lines 
show the IPL(G)  Gm dependences with m = 1 and 2.  

These two PL bands belong to two charge states of the same defect (presumably the 
VGaON complex). The YL2 band is associated with transitions from the conduction band to 
the 2/ state, and the GL2 band is due to transitions from the conduction band to the /0 
state of the same acceptor. When the 2/ state of this defect is saturated with photogenerated 
holes, the shallower /0 state comes out.  

Another exotic Ii
PL(Pexc) dependence can be observed in high-resistivity GaN doped with 

Zn (Figure 21). After linear increase with G at low excitation intensity, the BL band intensity 
in GaN:Zn rises superlinearly in a narrow range of excitation intensities where it can be 
approximated with the Ii

PL(G)  Gm dependence with m  4. As we showed in Ref. [6], this 
abrupt rise of PL intensity is caused by switching of the system from a high-resistivity 
(apparently p-type) state to a low-resistivity (n-type) state at some critical excitation intensity. 
The switching can be achieved by varying the excitation intensity or by varying temperature 
[6]. In the low-resistivity state, some nonradiative defect is saturated with photogenerated 
electrons and causes accumulation of electrons in the conduction band. In this state the BL 
band intensity is very high. By decreasing the excitation intensity or by increasing 
temperature, the saturation can be lifted and almost 100% of recombination occurs via the 
nonradiative defect.  
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Figure 21. Dependence of PL intensity of the defect-related BL band on excitation intensity at 180 K 
for a Zn-doped high-resistivity GaN (sample s452) grown by HVPE method in TDI. Dotted lines show 
the IPL(G)  Gm dependences with m = 1 and 4. 

c. Determination of IQE of PL from dependence of PL intensity on excitation intensity. 
As we showed in Sec. 3.3.c, saturation of a PL band with high IQE at high excitation intensity 
is expected to cause a rise in efficiency of other PL bands. Observations of such a 
phenomenon are very rare because IQE of defect-related PL is usually low, much lower than 
IQE of nonradiative recombination. Figure 22 shows an example of an enhancement of the 
NBE band simultaneously with the “quenching” of the BL band in GaN co-doped with Zn 
and Si [34]. 

At low excitation intensity, the IQE of the BL and NBE bands is constant. Only at G  
1025 cm-3s-1 the BL band starts saturating. Simultaneously, the efficiency of the NBE emission 
increases by a factor of four and continues to rise. The IQE of the BL band has been 
estimated as 10  0.9 from the fit of the experimental data for the exciton band with Eq. (37) 
(Figure 22). One could argue, looking at Figure 22, that barely noticeable “quenching” of the 
BL band and an enhancement of the NBE band are just a coincidence, and the rise could be 
caused by a quenching of some nonradiative defect with high IQE. However, for this 
particular sample the fact of extremely high IQE (10 = 0.93) has been established 
independently and convincingly from the temperature dependence of PL intensity [34]. 
Moreover, similar i(G) dependences were observed in several other GaN:Zn,Si samples 
having very high IQE of the BL band. 
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Figure 22. Dependence of PL quantum efficiency on excitation intensity for the BL band and exciton 
band at T = 200 K. G = 1.6×1023×Pexc. Solid green line shows 2(G) calculated by using Eq. (37) with 
10 = 0.9. Dashed lines show 2(G) with 10 = 0.95 (upper curve) and 10 = 0.85 (lower curve). 
Reproduced with permission from Reshchikov et al., Appl. Phys. Lett. 99, 171110 (2011). Copyright 
2011, American Institute of Physics. 

 
 

V. OTHER METHODS 
 

5.1. Excitation Intensity Dependence 
 
a. Method based on rate equations. One method of determining the absolute IQE of PL 

became popular in recent years [21,42-46]. It is based on analysis of the rate equations, but, 
unlike derivations given in Sec. 3.4., simplifications used in this method are not always 
justified and may lead to errors as will be shown below. The basic rate equation in this model 
is 

 
2 3G An Bn Cn   ,       (75) 

 
where A, B, and C are constants. First term on the right-hand side is referred as the Shockley-
Read-Hall nonradiative recombination, while the second term is bimolecular radiative 
recombination rate, implying recombination of free electrons with free holes. Third term 
accounts for the Auger nonradiative recombination. When the excitation intensity is not very 
high, the Auger recombination can be ignored, and in this case 

 
2G An Bn  .        (76) 

 
It is postulated in this method that concentrations of electrons and holes are equal (n = p) 

and parameters A and B do not change with excitation intensity. By comparing Eq. (52) in 
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Sec. 3.4 with Eq. (76), we can see that the former one is more general and it can be reduced to 
Eq. (76) when CnSNS

* = A and np = n2, where NS
* = NS

 if the nonradiative center S is an 
acceptor and NS

* = NS
+  if it is a donor. As we saw in Sec. 3.4, parameter A is a constant and n 

 p only in regions III and IV where  
 

 1 1/S pS nSA N C C   .        (77) 

 
In transition from Region III to Region IV, the dependence of the band-to-band PL 

intensity on excitation intensity is expected to change from quadratic to linear. When A and B 
are constants, Eq. (76) can be re-written as 

 

1 2

1PL PL PL PLA
G I I D I D I

B 
    ,     (78) 

 
were D1 and D2 are unknown constants, IPL = n2 is the integrated PL intensity measured in 
relative units and  is the PL collection factor (assumed to be the same for different samples 
if the measurements are done in identical conditions). From the fit of Eq. (78) to the 
experimental G(IPL) dependence one can find parameters D1 and D2, as well as  =1/D2. 
Finally, IPL

 can be found at any G from Eq. (78), which is supposed to give the absolute IQE 
of the radiative recombination as R = IPL/(G). Also, if B is known, A and n can be 
determined. 

Let’s compare results obtained by using more general approach described in Sec. 3.4 
(named “model 1” hereafter) and its simplified version described above in this section (named 
“model 2”). In Ref. [21], coefficient A is estimated to vary from 6×107 to 2×108

 s-1 for 
In0.13Ga0.87N layers with the dislocation density varying from 5.3×108 to 5.7×109

 cm-2. In Ref. 
[45] A = 107 s-1 and A = 1.75×108

 s
-1 for two different samples with In0.2Ga0.8N active layers. 

The concentration of nonradiative centers is assumed to be 1016 cm-3 in Ref. [45]. For such NS 
and A, the smallest of CnS and CpS must be of the order of 10-8 cm3/s, according to Eq. (77). 
Further, it is known that in n-type GaN or InGaN, recombination rate via nonradiative centers 
is always more efficient than recombination via radiative acceptors, and for the latter CpA   
10-6 cm3/s [4]. The ratio between the intensity of the acceptor-related PL and the nonradiative 
recombination rate in an n-type semiconductor is equal to (CpANA)/ (CpSNS), and this ratio is 
commonly of the order of 0.1 or less in GaN [4,6,19]. Then, for the concentration of 
uncontrolled acceptors in undoped GaN or InGaN of about 1015 cm-3 [4,27], CpS is expected 
to be of the order of 10-6 cm3/s, and therefore CnS   10-8 cm3/s. Finally, we assume that B = 
10-10 cm3/s [21] (this coefficient includes contributions from exciton and free carriers 
recombinations) and that n0 = 1015 cm-3.  

Solutions of Eqs. (52)-(54) with these parameters are shown in Figure 23(a,b). In Figure 
23(c,d) an additional solution is shown that includes the Auger recombination with C = 1030 
cm6s-1 [46]. With the above parameters, the quadratic dependence of the NBE emission 
intensity  on excitation intensity  could be  observed in a very narrow range (near G = 1025 
cm-3s-1), and below this value an abrupt drop of the NBE IQE is expected [Figure 23(a)] in the 
model considered in Sec. 3.4 (model 1), although simplifications of the model analyzed in 
this section (model 2) produce the quadratic dependence and do not reproduce the drop 
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[Figure 23(c)]. Note that in a narrow range of G, transition from the quadratic dependence of 
the NBE intensity on G to the linear dependence can hardly be distinguished from the power 
dependence IPL  Gm

 with m between 1 and 1.5 [see Figure 23(d)]. Such power dependences 
for the NBE emission are often reported in literature [47-51]. 

Critical comments regarding the use of the model 2 can be summarized as follows. 
  

1) In this method, it is expected that at low excitation level the PL intensity increases as G2, 
and at high excitation conditions it increases as G.  However, the analyzed range of 
excitation intensities is typically very narrow to prove this assumption (G varies by a 
factor of 9 in Ref. [21] and by less than two orders of magnitude in Ref. [43]).  
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Figure 23. Comparison of the model 1 analyzed in Sec. 3.4 and model 2 analyzed in Sec. 5.1. (a) R(G) 
and NR(G) dependences in model 1. (b) δn(G), p(G), NS

*(G), and (NS  NS
*)(G) dependences in model 

1. (c) R(G) dependence in models 1 and 2 and additionally with account for the Auger recombination 
mechanism. (d) same as in (c), but enlarged close to the experimental range of Ref. [21] (indicated with 
a bar).  All the curves are calculated by using the following model parameters: CnS = 10-8 cm3/s, CpS = 
10-6 cm3/s, B = 10-10 cm3/s, NS = 1016 cm-3, n0 = 1015 cm-3. Vertical dashed lines separate four 
characteristic regions analyzed in Sec. 3.4; dotted lines show constant, square root and linear 
dependences. 

Observation of 1 < m < 2 for the IPL  Gm dependence in a narrow range of G is not 
necessarily an indication that a transition from Region III (with IPL  G2) to Region IV 
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(with IPL  G) takes place. There may be several reasons, other than high IQE of PL, 
explaining why parameter m is smaller than 2. These include formation of an exciton 
directly from a photogenerated electron-hole pair rather than by the bimolecular 
mechanism, dependence of coefficient B on excitation intensity [24], gradual saturation 
of nonradiative centers with holes (Region II discussed in Sec. 3.4), and beginning of the 
Auger recombination (C  0). The explanation of the the IPL  Gm dependence with m 
close to 1 by high IQE of PL would be more trustable if two characteristic regions with m 
= 2 and m = 1 were clearly seen in wide ranges of excitation intensity. However, these 
data are not available in Refs. [21,42-46].  

2) Further, with decreasing temperature from room temperature to about 20 K, the IQE of 
the NBE emission commonly increases by orders of magnitude. Thus, when a very high 
IQE is calculated already at room temperature, it is imperative to measure the 
temperature dependence of PL intensity, which may support or disprove the result. 

3) Coefficient A is independent of the excitation intensity only under certain conditions (see 
Sec. 3.4 and Appendix B). Also, the fitting parameters must satisfy other PL data, in 
particular they should agree with PL data at very low excitation intensity when, along 
with the dominant nonradiative recombination, the defect-related PL is observed. 
Parameters for many defects causing PL bands are known (see Ref. [4] for GaN). This 
may help in estimating parameters of nonradiative defects. 

4) In many experiments, in order to achieve the highest IQE, pulse excitation is used. These 
conditions are not always similar to the steady-state conditions described with Eq. (76) 
where the generation rate G is the number of electron-hole pairs produced in a unit 
volume per second.  
 
It should be noted that in many works [21,42-45] PL from InGaN/GaN quantum well 

LEDs was analyzed. IQE of PL in high-quality GaN-based LEDs may indeed be very high, 
approaching unity under high excitation conditions. However, use of the model 2 can 
sometimes lead to rough errors in IQE of PL from less perfect samples, and these errors may 
remain unnoticed.  

To demonstrate how the errors and even absurd results can be obtained for IQE of PL by 
using model 2, we will show below examples that include experimental data for selected GaN 
and ZnO samples. 

b. An example for GaN. Figure 24 presents the data for an undoped GaN layer grown on 
sapphire substrate by MBE method (sample svt752). Figure 24(a) shows the PL spectra at 30 
and 295 K. The NBE (exciton) band extends from 3.3 to 3.5 eV at 30 K and from 3.1 to 3.5 
eV at 295 K. By measuring integrated PL intensities and comparing these values to the values 
from a calibrated GaN sample, we have estimated the EQE of the exciton band for this 
sample as 0.01 at 30 K and 3×10-5 at 295 K. Although the absolute value of IQE at room 
temperature may not be accurate, it is clear that it decreased by a factor of 300 from its value 
at low temperature and in no case can be close to unity at room temperature and Pexc = 0.3 
W/cm2 which corresponds to G = 4.8×1022 cm-3s-1. However, we will try to apply the model 
described in this section (model 2) to the room-temperature dependence of PL intensity on 
excitation intensity.  
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Figure 24. An example of finding IQE of PL in GaN (sample svt752). (a) PL spectra at 30 and 295 K. 
Pexc = 0.3 W/cm2 (G = 4.8×1022 cm-3s-1). (b) Fit of experimental data at T = 295 K by using Eq. (78) 
with D1 = 1.4×1023 and D2 = 1.4×1023. (c) Same as in (b) but in log-log scale and wider range. Dotted 
lines show linear and square-root dependences. (d) Dependence of radiative IQE on generation rate. 
Solid curve is calculated by using Eq. (52) with the following parameters: NS = 2.5×1014 cm-3, n0 = 1017 
cm-3, CpS = 10-6 cm3/s, CnS = 10-8 cm3/s, B = 10-10 cm3/s. Dashed curve is calculated by using Eq. (76) 
with the following parameters: A = 4.5×106 s-1, B = 10-10 cm3/s. 

The IPL(Pexc) dependence in a very wide range of Pexc for this sample is shown in Figure 
19. Let’s pretend that we were able to measure the dependence only at high excitation end 
(from 2.5 to 250 W/cm2) and plotted it as the G(IPL) dependence [Figure 24(b)]. Then we fit 
the dependence with Eq. (78) to find parameters D1 and D2 given in the figure caption. It is 
difficult to see from the G(IPL) dependence shown in Figure 24(b) how good the fit is; that’s 
why we also show the dependence and the fit in log-log scale in Figure 24(c). From the found 
parameters D1 and D2, we determine that IQE at high excitation limit is close to unity (R  
0.95). This is obviously not true, at least because this result is in conflict with relative PL 
intensities at 30 and 295 K. By using the method analyzed in this section (model 2), we 
overestimated the IQE by several orders of magnitude! Further, assuming that B = 1010 
cm3/s, we find A = 4.5×106 s-1. Finally, from this value of A, assuming that CpS = 106 and CnS 
= 10-8 cm3/s, we find that the concentration of nonradiative centers is just NS = 2.5×1014 cm-3. 
Such low concentration of nonradiative centers is inconsistent with very low IQE of PL in 
this sample (about 0.00003 at 295 K from comparison with the calibrated GaN sample). 
Figure 24(d) shows the R(G) dependence, along with the fit obtained by using Eq. (78) 
(dashed curve) and Eq. (52) (solid curve) with parameters given in the figure caption. It is 
clear that we got incorrect R because slight change of the IPL(Pexc) dependence slope in a 
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relatively narrow range of Pexc has been interpreted as transition from Region III to Region 
IV, while it should be explained by other reasons.  

c. An example for ZnO. Figure 25 presents the data for an undoped bulk ZnO grown by 
the hydrothermal method (sample TD3212). Figure 25(a) shows the PL spectra at 10 and 200 
K. The NBE (exciton) emission band extends from 3.0 to 3.45 eV at both temperatures. By 
measuring integrated PL intensities and comparing these values to the values from a 
calibrated GaN sample, we have estimated the EQE of the exciton emission for this sample as 
0.55 at 10 K and 0.05 at 200 K. The IQE decreased by an order of magnitude, and therefore 
we do not expect that at 200 K it may be close to unity at Pexc = 0.3 W/cm2 which corresponds 
to G = 4.8×1022 cm-3s-1.  
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Figure 25. An example of finding IQE of PL in ZnO. (a) PL spectra at 10 and 200 K. Pexc = 0.3 W/cm2 
(G = 4.8×1022 cm-3s-1). (b) Fit of the experimental data at T = 200 K by using Eq. (78) with D1 = 
1.5×1020 and D2 = 1020. (c) Same as in (b) but in log-log scale and wider range. Dotted lines show linear 
and square-root dependences. (d) Dependence of radiative IQE on generation rate. Solid curve is 
calculated by using Eq. (52) with the following parameters: NS = 1.5×1013 cm-3, n0 = 1012 cm-3, CpS = 
106 cm3/s, CnS = 108 cm3/s, B = 1010 cm3/s. Dashed curve is calculated by using Eq. (78) with the 
following parameters: A = 1.5×105 s-1, B = 1010 cm3/s. 

From the temperature-dependent Hall effect measurements [52] it was established for this 
sample that n0 = 1012 cm-3 at 200 K. We will apply the method described in this section 
(model 2) to the dependence of PL intensity on excitation intensity at 200 K. The G(IPL) 
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dependence in a relatively narrow range of G, where the square-root G(IPL) dependence 
transforms into the linear one, is shown in Figure 25(b). The same dependence in wider range 
of G and in log-log scale is shown in Figure 25(c). As before, we fit the dependence with Eq. 
(78) to find parameters D1 and D2 given in the figure caption. From the found parameters D1 
and D2, we determine that IQE at highest excitation intensities is R  0.95 at 200 K. It cannot 
be true because at 10 K IQE is 10 times higher than that at 200 K, as we have found from the 
data shown in Figure 25(a). 

Moreover, in this sample the defect-related OL band has the highest intensity at 200 K, 
and its integrated intensity is several times higher than that for the NBE emission. Again, by 
using the method described in this section, we have overestimated the IQE by at least an order 
of magnitude. Further, assuming that B = 1010 cm3/s, we find A = 1.5×105 s-1. From this 
value of A, assuming that CpS = 106 cm3/s and CnS = 108 cm3/s, we find that the 
concentration of nonradiative centers is only NS = 1.5×1013 cm-3. Figure 25(d) shows the 
R(G) dependence, along with the fit obtained by using Eq. (78) (dashed curve) and Eq. (52) 
(solid curve) with parameters given in the figure caption. Although the agreement between 
the experiment and theory appears to be very good, the results cannot be trusted for the 
reasons mentioned above. 

It is beyond the scope of this work to answer the questions such as “why the quadratic (in 
case of ZnO) or slightly superlinear (in case of GaN) IPL(Pexc) dependences transform into the 
linear dependence with increasing excitation intensity at unexpectedly low G?”. However, by 
showing the above examples, we conclude that the simple model presented in this section can 
result in significant errors (orders of magnitude) in estimation of IQE of PL. This model 
cannot be used even for qualitative estimates. For example, in above two examples the 
calculated IQE was about 0.95 for both GaN and ZnO, while the integrated PL intensities 
measured in identical conditions (and believed to be proportional to IQE) were different by a 
factor of 1700.  

 
 

5.2. Temperature Dependence (Relative IQE) 
 
In a number of works, the IQE of PL at room temperature has been determined as a ratio 

of the room-temperature PL intensity and the low-temperature PL intensity (both integrated 
over the spectrum) [18,53-57]. It is postulated in this method that at low temperature the IQE 
of PL is 100%. However, as some authors admit [18], this is an upper bound for the IQE since 
nonradiative recombination may be significant even at the lowest temperatures. Moreover, 
IQE depends on excitation intensity [53], what is often ignored. To the best of our knowledge, 
there is no correlation between the IQE determined by this method (we will call it the relative 
IQE) with the absolute IQE or EQE.  

As an illustration, PL spectra at 15 and 300 K for a ZnO layer grown at relatively low 
temperature by the MOCVD method on sapphire are shown in Figure 26. Very wide NBE 
emission band (FWHM = 100 meV) at 15 K is an indication of very low crystalline quality 
and presence of high concentration of defects. In agreement with this, the EQE estimated 
from comparison of the integrated PL intensity with that from a calibrated GaN sample was 
only 10-4 at 15 K. However, the relative IQE determined as the ratio of the room-temperature 
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and low-temperature PL intensities is 0.23 for the NBE band in this sample, orders of 
magnitude higher than the real absolute IQE.  
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Figure 26. PL spectra of ZnO:Ga layer grown on sapphire substrate by low-temperature MOCVD 
technique. Pexc = 0.03 W/cm2. 

From comparing the data for two ZnO samples analyzed in Figures 25 and 26, we can 
also conclude that there is no correlation between the relative IQE (determined from the 
temperature dependence) and the absolute IQE (estimated from comparison with a calibrated 
sample). Indeed, while the relative IQE for the sample analyzed in Figure 25 (9% at 200 K) is 
obviously smaller than the one for the sample analyzed in Figure 26 (23% at 300 K), the 
absolute IQE of the former is much higher (about 5% at 200 K for the former versus about 
0.002% for the latter at 300 K). It is possible that in InGaN quantum wells concentration of 
defects is lower and IQE is higher. However, it would be a mistake to postulate that it is 
100% at low temperature. 

 
 

5.3. Time-Resolved PL 
 
There are many attempts to extract useful information about characteristic lifetimes and 

IQE from analysis of time-resolved PL [18,58-60]. In this method the characteristic lifetime 
of PL τPL can be found from the slope of the dependence of lnIPL on time t elapsed after the 
laser pulse. Usually, PL lifetime increases with increasing temperature. It is postulated that 
this value is related to the radiative lifetime τR and nonradiative lifetime τNR as 

 
1 1 1
PL R NR  

   .        (79) 

 
Very small τPL, sometimes observed in experiments, is attributed to high concentration of 

nonradiative defects, because τNR is expected to decrease with increasing the concentration of 
the nonradiative centers, and, according to Eq. (79), τPL  τNR when τNR << τR. Considering Eq. 
(79) as a rate equation where 1/τR and 1/ τNR are rates of recombination via radiative and 
nonradiative channels, the IQE of the radiative channel can be expressed as 
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NRPL

R
R R NR


  

 


.        (80) 

 
Unfortunately, τR and τNR are unknown and cannot be found directly from PL 

experiments. Therefore, some assumptions are needed to find R or τR from Eq. (80). In 
samples with high contribution of nonradiative recombination, τNR << τR, and it can be 
assumed that τNR  τR, whereas τR(T) can be found from the measured τPL(T) dependence if the 
R(T) dependence is known [see Eq. (80)].  

For example, in Ref. [18], τPL for GaN epitaxial layers varied from 24 to 38 ps with 
increasing temperature from 50 to 300 K, and the extracted τR increased from about 300 ps at 
60 K to 3.5 ns at 300 K. Note that in this work a relative IQE was found from the temperature 
dependence of PL intensity in assumption that R = 1 at low temperature. Since this 
assumption is not justified, the obtained value of τR should be considered as the lower bound 
only. Experiments on high-purity GaN freestanding templates revealed that τPL increases from 
2.18 to 17.2 ns with increasing temperature from 8 to 295 K [28]. In Ref. [28], two-photon 
excitation was used to avoid impact of surface recombination and photon recycling on PL 
lifetime. This characteristic time has been attributed to the free exciton lifetime [28], what 
seems consistent with low excitation intensity (δn < 1016 cm-3) maintained in this experiment.  

A similar approach was used for ZnO epilayers [58]. A nearly single-exponential decay 
of PL was observed at all temperatures between 8 and 300 K. The measured τPL increased 
from 0.1 to 1.3 ns with increasing temperature in this range. Again, by using relative IQE and 
assuming that R = 1 at low temperature, Chichibu et al. [58] estimated that τR increased from 
~0.1 to 20.6 ns and τNR decreased from about 20 to 1.3 ns with increasing temperature from 
25 to 300 K.  

PL lifetime decreased with increasing temperature from 4 to 100 K in some studies of 
time-resolved PL from GaN [8,61]. The decrease has been attributed to high contribution of 
nonradiative recombination. This is typical behavior of nonradiative recombination, whereas 
unexpected increase of τNR with temperature, observed in Ref. [18], has been explained by 
escape of trapped carriers from a shallow trap with an activation energy of 80 meV [18].  

In some works on time-resolved PL in GaN, the PL decay is not exponential, but can be 
fitted by a double-exponential dependence: 

 

1 1 2 2( ) exp( / ) exp( / )PLI t A t A t     ,     (81) 

 
where A1 and A2 

are constants describing contribution of fast and slow components with 
corresponding lifetimes τ1 and τ2 [29,62]. The fast component is commonly attributed to the 
nonradiative recombination, while the slow component – to the radiative one. However, 
Malinauskas et al. [63] have shown that the fast component is mainly caused by the diffusion-
governed redistribution of charge carrier in depth. 

As we have established in Sec. 3.5, at low excitation intensity (δn << n0, NS), 
concentration of photogenerated holes decreases exponentially after the laser pulse, with a 
characteristic time τp defined with Eq. (73). The band-to-band recombination should decay 
with the same rate because its rate is proportional to p. However, the exciton emission may 
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decay slower because excitons may be formed fast but annihilate with their characteristic 
lifetime τx. Thus, depending on the contributions of the band-to-band and exciton mechanisms 
to the NBE emission, a single- or double-exponential decay of PL after the laser pulse can be 
observed. Note that the fast component may also be related to diffusion of free carriers or free 
excitons to the surface where they recombine nonradiatively.  

At high excitation intensity, (n0 + δn)  δn, additional complications are expected. In 
these conditions, even for the band-to-band recombination, the PL decay may be 
nonexponential and could be described with two or more exponents. This is because when δn 
>> n0, concentration of free electrons decreases in time, and the free carrier recombination 
lifetime, defined as τR = (Bn)1, is not constant anymore. Moreover, at high excitation 
intensity the exciton emission saturates due to screening of excitons by free carriers [64,65], 
and recombination of electron-hole plasma becomes the dominant mechanism of radiative 
recombination. The efficiency of this process may approach unity in the region of excitation 
intensities if nonradiative defects are saturated and the Auger recombination is insignificant. 
The lifetime of free holes increases in this case because nonradiative defects, which were 
responsible for the fast component in the PL decay, are not able to compete with radiative 
recombination.  

It is interesting to note that in pump-probe experiments, at high excitation conditions 
when (n0 + δn)  δn, very large lifetimes (> 2 ns) of free holes have been determined for high-
quality freestanding GaN templates [66]. The lifetime value of 24 ns was reported for free 
carriers in a thick GaN after optical injection of electron-hole plasma [67]. The carrier 
lifetime was attributed to nonradiative extended and point defects at the grain boundaries of 
hexagon columns od GaN layers grown on c-plane sapphire. The nonradiative lifetime 
increased with temperature and reached 60 ns at 800 K [67]. These time constants are much 
larger than those obtained in Sec. 3.5 for freestanding GaN templates in conditions of low 
excitation intensities. Four-wave mixing technique [66] provides an opportunity to evaluate 
nonradiative and radiative lifetimes. This information may be very helpful for evaluation of 
the IQE of PL.  

 
 

CONCLUSION 
 
Main methods of determining the internal quantum efficiency (IQE) of PL are reviewed. 

The most reliable method is based on analysis of the temperature and excitation intensity 
dependences of PL intensity and simulating these dependences with a phenomenological 
model. The model involves the rate equations for charge carriers and reproduces an important 
phenomenon: a quenching of a channel (radiative or nonradiative) with high IQE causes a rise 
in efficiency of all other PL bands. The quenching can be achieved by increasing temperature 
or excitation intensity. Quantitative analysis of this phenomenon allows one to determine 
reliably the absolute IQE of PL. The method has been successfully applied to analysis of the 
experimental data for variety of GaN and ZnO samples. For the samples with very high IQE 
of PL the absolute IQE is determined with high accuracy, and these samples can be used as 
calibrated standards in measurements of the absolute IQE from other samples. Only this 
method appears to be reliable, while other methods may lead to significant errors in some 
cases.  
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APPENDIX A: DETERMINATION OF EQE OF PL 
 
The EQE of PL ext can be estimated by measuring the laser power and PL power and 

accounting for the geometry of the experiment (Figure A1).  
 

 

Figure A1. Geometry of PL experiment. Laser beam with the excitation power density Pexc is absorbed 
inside the semiconductor sample. It creates PL, only part of which is collected by a lens with a diameter 
D located at focal distance F from the sample. The power density of PL in the parallel beam is PPL. 

Laser light with total power P and the excitation power density Pexc = P/A, where A is the 
cross-section area of the laser beam, is absorbed in the sample and creates PL. We assume 
that PL is emitted inside the sample uniformly in all directions. At the semiconductor surface 
it is refracted according to the Snell’s law: sin(2)/sin(1) = n, where 1 and 2 are the 
angles between the surface normal and the light beam inside and outside the sample, 
respectively (Figure A1), and n is the refractive index of the semiconductor. Only small part 
of the total PL intensity is collected with a lens located at focal distance F from the sample. 
This fraction f can be found as the ratio of the solid angle of the cone inside the sample (from 
which PL is collected with the lens) and the solid angle of the sphere (which is 4). This ratio 
is equal to f = sin2(1/2). Outside the sample, the solid angle of the cone with collected PL 
increases by a factor of n2, i.e., the fraction of the collected PL is sin2(2/2)/n2. If the angle 
2/2 is small, then f = sin2(2/2)/n2  sin2(2)/(4n2)  tan2(2)/(4n2) = [D/(4Fn)]2.  For 
example, if F = 20 cm, D = 4 cm, and n = 2.5, the fraction of collected PL is only 4×10-4 from 
the total PL intensity. The EQE of PL ext can be defined as the ratio of PL power and the 

GaN
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incident laser beam power. Thus the power density of the PL in the parallel beam is PPL = 
4fextP/(D2). Both P and PPL can be measured with a calibrated detector, and then ext can 
be calculated. Note that use of an integrating sphere (which collects nearly all PL emitted 
from the sample in all directions) may improve the accuracy of the determination of EQE of 
PL. 

 
 
APPENDIX B: DEPENDENCES OF IQE OF THE NBE EMISSION ON 

EXCITATION INTENSITY  
 
Here, the solutions of Eqs. (52)(54) (see Sec. 3.4) for variety of reasonable parameters 

are presented. The fitting parameters that were varied are B, NS, n0, CnS, and CpS. While the 
ranges of B and n0 are restricted by available experimental data, parameters of the 
nonradiative defects are unknown. However, we know that concentration of these defects 
should not be lower than ~1015 cm-3 and normally should be much higher (to explain by far 
the dominant recombination via nonradiative channels in all wide-bandgap semiconductors, at 
room temperature at least) but should not be higher than ~1019 cm-3 (otherwise their presence 
would be obvious from electrical measurements), and these numbers are consistent with 
relatively high concentration of uncontrolled point defects even in best-quality GaN  (1017 
cm-3 and more). There is no direct data on capture coefficients for the nonradiative centers. 
However, we will vary them in wide range and will make sure that their values allow 
explaining other experimental data (such as IQE of defect-related PL at low excitation 
intensity). As in Sec. 3.4, we will consider only one type of nonradiative defects (if there are 
several types, this will be the one that dominates in the recombination efficiency) and one 
type of radiative recombination with absolute IQE R. The radiative channel is associated 
with near-band-edge emission, and for simplicity we will not distinguish exciton and band-to-
band recombination at room temperature. For simplicity, a bimolecular mechanism of the 
NBE emission will be assumed, i.e., R = Bnp where the factor B includes contributions from 
excitons and free electrons and holes [17]. We also ignored recombination via radiative 
defects, justifying it by the fact that radiative defects usually saturate at lower excitation 
intensities than the nonradiative ones.  

Figure B1 shows the R(G) dependences for the cases of CnS << CpS (a) and CnS >> CpS 
(b) when parameter B is varied. In agreement with Eqs. (58), (59) and (62), IQE of the NBE 
emission increases linearly with B in all cases and in all regions except for region IV where 
R  1. Parameter B affects also the value of the generation rate at which transition from 
Region III to Region IV takes place (GIII-IV). With increasing B, GIII-IV shifts to lower 
excitation intensities according to Eq. (63).  
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Figure B1. The R(G) dependences calculated by using Eqs. (52)-(54) with the following parameters: 
NS = 1017 cm-3, n0 = 1015 cm-3, and different B. (a) CpS = 10-5 cm3/s, CnS = 10-7 cm3/s; (b) CpS = 10-7 
cm3/s, CnS = 10-5 cm3/s. 

Figure B2 shows the R(G) dependences for the cases of CnS << CpS (a) and CnS >> CpS 
(b) when parameter n0 is varied. We can see that parameter n0 affects IQE in Region I where 
R  n0  according to Eq. (57). It also affects positions of transitions from Region I to Region 
II [see Eq. (58)] and from Region I to Region III [Eq. (61)]. Region II is missing when n0 > 
NS CpS / CnS. Variation of n0 does not effect the value of R in regions from II to IV because 
this parameter becomes negligible compared to δn.  
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Figure B2. The R(G) dependences calculated by using Eqs. (52)-(54) with the following parameters: B 
= 1010 cm3/s, NS = 1017 cm-3, and different n0. (a) CpS = 105 cm3/s, CnS = 107 cm3/s; (b) CpS = 107 
cm3/s, CnS = 105 cm3/s. 

 
Figure B3 shows the R(G) dependences for the cases of CnS << CpS (a) and CnS >> CpS 

(b) when parameter NS is varied.  
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Figure B3. The R(G) dependences calculated by using Eqs. (52)-(54) with the following parameters: B 
= 1010 cm3/s, n0 = 1015 cm-3, and different NS. (a) CpS = 105 cm3/s, CnS = 107 cm3/s; (b) CpS = 107 
cm3/s, CnS = 105 cm3/s.  

We can see that in Region I R,I(G) decreases linearly with increasing NS in agreement 
with Eq. (57). Parameter NS  affects position of transition from Region II to Region III and 
from Region III to Region IV [see Eqs. (60) and (63)]. In both cases the boundary between 
regions shifts to higher excitation intensities with increasing NS as square of this parameter. 
Region II is missing when NS < n0 CnS / CpS. In this case, NS affects the position of transition 
from Region I to Region III. GI-III increases linearly with NS according to Eq. (61).  

Figure B4 shows the R(G) dependence for different parameters CnS and CpS when they 
vary from CnS << CpS to CnS = CpS. Boundaries between Regions I and II and between Regions 
II and III shift linearly with CnS and are independent of CpS, in agreement with Eqs. (58) and 
(60) with CnS << CpS. The boundary between regions III and IV shifts to higher excitation 
intensities as square of CnS when CnS << CpS, in agreement with Eq. (63).  
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Figure B4. The R(G) dependences calculated by using Eqs. (52)-(54) with the following parameters: B 
= 10-10 cm3/s, NS = 1017 cm-3, n0 = 1015 cm-3, and different CnS and CpS.  (a) CpS = 105 cm3/s, CnS = 1010 

 105 cm3/s; (b) CpS = 108  104 cm3/s, CnS = 108 cm3/s.  
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Figure B5 shows the R(G) dependence for different parameters CnS and CpS when they 
vary from CnS = CpS to CnS >> CpS. The boundary between Regions I and II shifts linearly with 
CpS to higher excitation intensities when CnS < CpS NS / n0 and it is independent of CpS, in 
agreement with Eq. (58). Region II is missing when CpS /CnS < n0/NS. The boundary between 
Regions III and IV shifts to higher excitation intensities as square of CpS and it is independent 
of CnS when CnS >> CpS, in agreement with Eq. (63). When Region II is missing, the boundary 
between Regions I and III shifts linearly with CpS when CnS >> CpS, in agreement with Eq. 
(61). 
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Figure B5. The R(G) dependences calculated by using Eqs. (52)-(54) with the following parameters: B 
= 10-10 cm3/s, NS = 1017 cm-3, n0 = 1015 cm-3, and different CnS and CpS. (a) CpS = 108 cm3/s, CnS = 108  
104 cm3/s; (b) CpS = 1010  105 cm3/s, CnS = 105 cm3/s. 
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