
PHYSICAL REVIEW B, VOLUME 64, 045213
Modeling of the free-electron recombination band in emission spectra
of highly conducting n-GaN
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We simulate the spectral distribution of the free-electron recombination band in optical emission spectra of
GaN with a free-carrier concentration in the range of 531017– 131020 cm23. The influence of several factors,
such as nonparabolicity, electron-electron interaction, and electron-impurity interaction on both the spectral
shape and energy position and the effective gap narrowing are taken into account. The calculated properties of
the free-electron-related emission bands are used to interpret the experimental photoluminescence and cathod-
oluminescence spectra of GaN epitaxial layers.
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I. INTRODUCTION

Free-electron recombination across the band gap is t
cally observed in photoluminescence~PL! emission spectra
in degenerate GaAs,1–4 InP,5,6 and InSb.7 The spectral shape
of the PL emission in these materials corresponds closel
the energy distribution of electrons in the conduction ba
and its energy position can be explained by the interp
between the equilibrium Burstein-Moss shift8 and the effec-
tive band-gap narrowing.

In ideal crystals the nonequilibrium electrons located
the vicinity of the quasi-Fermi level take part in radiativ
transitions, and these processes are described by the
Roosbroeck–Shockley relation.9 However, in heavily doped
and degenerate semiconductors,10–12 due to the absence o
long-range order, all electrons above the percolation leve
the conduction band can participate in the radiative tra
tions, in apparent contradiction with simple rules for optic
transitions. In this case thek-conservation principle is re
laxed due to electron-electron and electron-impurity scat
ing processes, and thus all states occupied by electrons
take part in radiative transitions.13 The most appropriate
model describing this situation1,2 assumes a free-to-boun
recombination process, where the nonequilibrium holes
to their smaller Bohr radius are classically localized in
relatively narrow energy interval in the local potenti
minima of the valence-band edge.10–12In such free-to-bound
recombination processes, a contribution from the light ho
could, in general, be expected in the highest-energy par
the spectra. However, radiative transitions of the nonequ
rium light holes which are not localized in the potential rel
were not observed, and usually were not discussed separ
in the emission bands.1–7 In some works2 band-to-band and
band-to-acceptor radiative recombination processes are
cluded as well.

The contribution of the free-electron recombination ba
~FERB! in low-temperature near-band-edge~NBE! photolu-
minescence and spatially resolved cathodoluminesce
~CL! spectra of hydride vapor phase epitaxial~HVPE! GaN
was conclusively identified, and related to local unintentio
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doping nonuniformities and interface sublayers.14–16 The
FERB is usually superimposed over the strong excito
peak characteristic of the higher quality parts of the film.

In our previous work16 we have shown that by assumin
the free-to-bound recombination mechanism a broad as
metric NBE emission band observed in HVPE GaN can
modeled with good accuracy using sample parameters
tained in independent experiments. In this work, we theor
cally simulate the spectral shape and energy of the FERB
highly conductingn-GaN, taking into account the influenc
of the conduction-band nonparabolicity, electron-electron
teractions, electron-impurity interactions, and band-gap n
rowing. The paper is organized in the following way: In Se
II the theoretical model of the free-electron recombination
described in detail. Each subsection is devoted to sepa
terms of the general expression describing the FERB em
sion. In Sec. III the shape and energy position of the FE
are discussed, and the results in different approximations
analyzed in comparative way. In Sec. IV we compare o
model predictions with the experimental spectra.

II. THEORETICAL MODEL OF THE FERB IN NEAR-
BAND-EDGE EMISSION SPECTRA OF n-GaN

In this section, a model of free-electron radiative tran
tions in highly conductingn-GaN is presented in order t
calculate the spectral distribution of luminescence at vary
temperatures, electron concentrations, and compensatio
tios. In the absence of wave-vector conservation, a gen
expression is used to describe the FERB intensityI (hn) in
degeneraten-GaN,16

I ~hn!5E
0

`E
0

`

W~En ,Ep!n~En!p~Ep!

3d~En2Ep2Eg2hn!dEndEp , ~1!

where

n~En!5gn~En! f n~En!,
~2!

p~Ep!5gp~Ep! f p~Ep!.
©2001 The American Physical Society13-1
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Here W(En ,Ep) is the probability for radiative transitions
n(En) and p(Ep) are the energy distributions of electron
and holes, respectively;gn(En) andgp(Ep) are the semiclas
sical densities of states;f n and f p are the quasiequilibrium
Fermi-Dirac functions; andEg5Eg(T) is the band-gap en
ergy at a temperatureT. The probabilityW(En ,Ep) is taken
as a constant in a commonly used approximation.1,2,5,10 All
simulations are performed assuming the zero energy se
the bottom of the conduction band,Eco50.

Various approximations of Eq.~1! were used previously
for different III-V compounds1–7 where either ad-like, para-
bolic, or Gaussian energy distribution, or a nonquasiequi
rium behavior of the excited holes, were assum
Conduction-band nonparabolicity and band tailing effe
were included as well. In the following sections we will d
velop the model of the FERB for highly conducting Ga
material, discussing and justifying all elements in Eq.~1!.

A. Conduction-band density of statesgn„En…

Being a wide-band-gap material, GaN has a nearly pa
bolic density of states in the conduction band (gn;En

1/2). In
a strongly degenerate semiconductor, however, the Ferm
ergy is located high in the conduction band, and the den
of states may, in principle, deviate from the simple parabo
dispersion law. The Mott transition in GaN takes place at
electron concentration of (1.2– 3.8)31018cm23.17,18 The
three-band Kane model19 is frequently used to describe th
electron concentration dependence of the effective m
density of states, and Fermi-level position, as well as th
influence on the luminescence spectra.2,5

The energy dependence of the density of states effec
massmn is described by the expression:3,19

1

mn
5

1

mn0
S 12a

En

Eg
D . ~3!

Heremn0 is the electron effective mass at the bottom of t
conduction band. The value ofmn050.22m0 ~Ref. 18! ~m0 is
the free-electron mass! was used in our numerical calcula
tions. The nonparabolicity parametera can be described in
the simplest, quasicubic approximation by the expression19

a5S 12
mn0

m0
D 2F 11~D/Eg!1~1/4!~D/Eg!2

11~4/3!~D/Eg!1~4/9!~D/Eg!2G , ~4!

whereD is the spin-orbit split-off band. Using the numeric
values of Dso518 meV obtained in a quasicubi
approximation,20 and Eg53503 meV,21 we obtained a
50.76. The corresponding nonparabolic semiclassical d
sity of states,gn

non, is19

gn
non~En!5gn~En!S 12a

En

Eg
D 23/2

, ~5a!

where

gn~En!5
2p

h3 ~2mn0!3/2En
1/2 ~5b!

andh is the Planck constant.
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Figure 1 compares the parabolic~curve 1! and nonpara-
bolic ~curve 2! density of states~in units of E1/2! of the
conduction band calculated using Eqs.~3!–~5!. The electron
densities corresponding to the Fermi energyEf 0 at zero tem-
perature are also shown in Fig. 1~top scale!. The effect of
nonparabolicity on the density of states appears at the e
tron concentration of;131019cm23, but the effect is
smaller than 10% up to the concentration of 531019cm23,
and becomes significant only at the highest limit of dopin

In highly doped semiconductors, the density of states
the band tails are characterized by the rms impurity poten
G which, in the screened Coulomb potential approximati
is given by10,11

G52p1/2
4pe2

«Rs
~NiRs

3!1/2. ~6!

wheree is the electron charge,« is the electric permittivity,
and the total ionized impurity concentrationNi is related to
the compensation ratioK through Ni5(11K)n. The
Thomas-Fermi screening lengthRs in a degenerate electro
gas in Eq. ~6! is estimated using the following
expressions:11,12

Rs5S p

3 D 1/6aB~e!

2
@naB~e!3#21/6, ~7a!

aB~e!5
«

4pe2

h2

4p2mn
. ~7b!

Here aB(e) is the effective Bohr radius of electrons. Fo
electron concentrations above the Mott transition, the ca
lated values ofRs are smaller thanaB(e)52.531027 cm,
which follows from the condition that Eq.~7! is valid when
@naB(e)3#21/6,1. This condition is fulfilled when the mea
distance between the majority carriers~and impurity atoms!
becomes smaller than their Bohr radius. Usually the latte
expressed by the relationnaB

3(e).1.17

Generally, the nonparabolicity may influence the scre
ing length. For example in Ref. 5, a concentration-depend
screening lengthRs

non was used in the calculation of the ban
shift due to the Coulomb interaction in heavily doped In

FIG. 1. Conduction-band electron density of states in GaN c
culated in parabolic~curve1! and nonparabolic~curve2! approxi-
mations.
3-2
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MODELING OF THE FREE-ELECTRON RECOMBINATION . . . PHYSICAL REVIEW B 64 045213
The concentration dependence appeared in the expressio
the effective mass, and it was assumed that only the elect
near the Fermi level,Ef , take part in screening. In our wor
we calculate the concentration-averaged screening len
Rs

mean, using the expression

Rs
mean5

1

Ef
E

0

Ef
Rs~En!dEn , ~8!

whereRs(En) is expressed by Eqs.~3! and ~7!.
Figure 2 shows the dependence of the screening lengtRs

on the electron concentration calculated in both parab
and nonparabolic approximations. The parabolic curve1 is
calculated according to Eq.~7!. The values of the screenin
length,Rs

mean, calculated according to Eq.~8! ~curve2, Fig.
2! are compared with the values ofRs

non obtained using the
method described in Ref. 5~curve 3, Fig. 2!. The results
show that the nonparabolicity leads to an effective decre
of the screening length, and that the effect is larger at hig
free-carrier concentrations following the decrease of the
fective Bohr radius according to Eqs.~3! and ~7!.

Figure 3 shows the relationship between the rms impu
potentialG and the total ionized impurity concentrationNi at
zero compensation ratio (K50), also in both parabolic and
nonparabolic approaches. The parabolic curve1 ~Fig. 3! was
obtained using Eq.~6!. Curves2 and 3 ~Fig. 3! present the

FIG. 2. The calculated dependence of the screening length
the electron concentration in parabolic~curve 1! nonparabolic ap-
proximations according to Eq.~8! ~curve 2!, and following Ref. 8
~curve3!.

FIG. 3. The measure of the potential fluctuationsG ~rms! as a
function of the total ionized impurity concentration calculated in t
same three approaches as in Fig. 2.
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calculated values ofG in the nonparabolic approach accor
ing to Eq.~7!, Gmean(Rs

mean), and in the approach of Ref. 5
Gnon(Rs

non), respectively.
It can be seen from Figs. 1–3 that, up to concentrati

Ni5531018cm23 the three approximations are almost ide
tical, and thus the nonparabolicity effect only slightly r
duces the depth of the rms potential fluctuations. It is a
important to point out that aboven5531017cm23 in all
these cases, the obtained values of the rms impurity pote
G are higher thankT even at 300 K~'26 meV!. Therefore,
the potential wells should localize the carriers. However,
majority carriers cannot occupy the potential wells near
conduction-band bottom due to the fact that the Bohr rad
aB(e) is larger than the screening length,Rs . At the same
time the heavy holes in GaN have a much smaller B
radius, which allows them to become localized and occu
the local potential extrema near the valence band top~see
Sec. II D!. Thus the optical transitions in the FERB tak
place between free electrons and localized holes.

The value of the rms impurity potentialG is related to
statistical fluctuations of the impurity and all charged po
defect concentrations. These fluctuations lead to spa
variations of the band edges, and create tails in both cond
tion and valence-band densities of states. Assuming Ga
ian fluctuations of the random impurity potential, a spatia
averaged density of statesgs is given as10–12

gs~En!5gn0~En!S G

En
D 1/2

G0S En

G D , ~9!

where

G0~x!5p21/2E
2`

x

@e2y2
~x2y!1/2#dy, ~10!

and the quantityx is the dimensionless energyx5En /G.
The asymptotic properties of this density of statesgs(x) are

gs~x!;x1/2 at x.2, ~11!

gs~x!;e2x2
at x,0. ~12!

Thus the tailing effect on the density of states is negligi
for energies higher than 2G in the conduction band, within
the range of interest in the case of degenerate doping.

We calculate the energy dependencies of the average
sity of statesgs(En) in GaN for two impurity concentrations
of 2.531019 and 531019cm23 at zero compensation (K
50) in both the parabolic (gs) and nonparabolic (gs

non) ap-
proximations. The effect of nonparabolicity on th
conduction-band tailing is taken into account in Eqs.~9! and
~10!, wheregn(En) is replaced bygn

non(En) according to Eq.
~5!.

In Fig. 4~a! we show the calculated parabolic~curve 1,
solid line! and nonparabolic~curve 2, dashed line! average
densities of states forNi52.531019cm23. For comparison,
the unperturbed parabolic~curve 3, dotted line! and nonpa-
rabolic~curve4, dash-dotted line! density of states are show
in the same figure. The close coincidence of the pertur
and unperturbed curves1 and3 as well as curves2 and4, for

on
3-3
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energies higher than 40 meV, means that for degenerate
tron concentrations (.531018cm23) in GaN the tailing
does not affect the density of states~DOS!. The tailing
strongly influences the DOS in the range of negative en
gies, as observed in Fig. 4~a!. These tail states are statist
cally distributed in energy according to the Gaussian law
to conduction-band-edge fluctuations, and curves1 and 2
@Fig. 4~a!# show their Gaussian envelope.

Further, in order to reveal the effect of variation of imp
rity concentration on the tailing, in Fig. 4~b! we plot the
calculated curves that describe the tailing for two ioniz
impurity concentrations of 2.531019 and 531019cm23. The
parabolic curve1 ~solid line! and nonparabolic curve2
~dashed line! DOS’s correspond to an impurity concentratio
of 2.531019cm23. Curves3 ~dotted line! and4 ~dash-dotted
line! are calculated for an impurity concentration of
31019cm23 in the parabolic and nonparabolic cases, resp
tively. There is a similar shift between the curves1 and3 and
curves2 and 4, respectively, for energies higher than 1
meV, indicating the similarity of the impurity concentratio
effect in the parabolic and nonparabolic cases. It is also s
in the Fig. 4~b! that the DOS increases with increasing im
purity concentration forEn<50 meV ~curves 3 and 4 are
higher than curves1 and2!, indicative of an enhancement o
the tailing effect in this energy region.

FIG. 4. ~a! Comparison between the spatially averag
conduction-band density of states including tails in GaN for
impurity concentration ofNi52.531019 cm23 calculated in the
parabolic~curve 1, solid line! and nonparabolic~curve 2, dashed
line! cases, and the corresponding unperturbed parabolic~curve3,
dotted line! and nonparabolic~curve 4, dash-dotted line! DOS’s.
~b! The conduction-band DOS including tails calculated for an i
purity concentration ofNi52.531019 cm23 in the parabolic~curve
1, solid line! and nonparabolic~curve 2, dashed line! approxima-
tions compared with the corresponding conduction-band DOS
cluding tails calculated for the impurity concentration of
31019 cm23 in the same approximations~curve3, dotted line, and
curve4, dash- dotted line, respectively!.
04521
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Inspection of Figs. 4~a! and 4~b! shows that the effects o
the nonparabolicity and impurity concentration increase
both of importance for band tailing below the unperturb
conduction-band edgeEc0 . However, as mentioned earlie
the tail states can not be occupied by electrons due to
disparity between the electron Bohr radius and the scree
length. Therefore, we conclude that electrons participating
the radiative recombination are free above the percola
level in the conduction band. This fact allows us to negl
the band-tailing effects in the conduction-band density
states in Eq.~1!. In our further considerations we will use th
density of statesgn andgn

non, as shown in Fig. 1.22

B. Fermi-Dirac distribution for electrons f n„En…

The Fermi-Dirac distribution for electrons depends on
quasi-Fermi level and on the effective carrier temperatu
The location of the quasi-Fermi level depends on excitat
conditions, namely, the generation rate and the minor
carrier lifetime. Typically in our experiment we used the P
excitation power densityPs'100 W/cm2. Assuming an ef-
fective absorption length of 0.1mm and a low-temperature
carrier diffusion length in the order of 0.1mm, and using the
lifetime value of 0.5 ns, we obtain the non-equilibrium ca
rier concentration of less than 531015cm23. In the CL ex-
periments an electron-beam energy of 15 keV was typic
used, electron-beam currents were in a range between 1
5 nA, and the excitation spot of the order 131 – 2
32 mm2, giving Ps'33103 W/cm2. These excitation
power values may lead to a nonequilibrium carrier conc
tration of about 1016cm23.

At these low nonequilibrium carrier densities related
low-excitation conditions, the electron quasi-Fermi level
Eqs.~1! and ~2! coincides with the Fermi energyEf , and is
nearly equal to the zero temperature valueEf 0 corrected by
the first-order temperature termD f -t(kT!Ef 0):

D f -t5
1

2
p2S kT

Ef 0
D 2

. ~13!

The precise behavior of the Fermi-Dirac function m
also be affected by lifetime variations of the nonequilibriu
carriers or by the elevated electron temperatures of the
jority carriers, as recently reported by Binet and Duboz.18 In
the case of such high quasiequilibrium carrier concentrat
the equilibrium functionsf n and f p , described by the quasi
Fermi levelsEf n and Ef p , will correspond to an effective
temperatureQ of the carriers, which can be significantl
higher than the lattice temperature,T. This phenomenon was
observed in the CL FERB spectra of GaAs reported in
previous work.1 Based on a similar experimental model f
GaN, we can expect values of the electron temperaturQ
even in the range of 50–80 K at the experimental conditio
of our PL and CL experiments. The effect of the electr
temperature increase is more pronounced in low-tempera
experiments, and becomes negligible at room temperatu

According to Eqs.~1! and~2!, the electron temperatureQ
is reflected in the high-energy slope of the spectra viaf n ,
and the hole temperature is reflected in the low-energy sl

n

-

-

3-4
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via f p , respectively. Thus the electron and/or hole tempe
ture can be independently estimated from the experime
results.

Now we consider the effect of nonparabolicity on t
Fermi-Dirac distribution. According to Eq.~3! we calculate
the Fermi energyEf

non in the nonparabolic conduction ban
using the following expression:19

Ef 0
non5Ef 0S 12a

Ef 0

Eg
D . ~14!

Figure 5 shows the evolution of the Fermi energyEf 0
with increasing electron concentration in the parabolic~curve
1! and nonparabolic~curve2! approximations in the concen
tration range of 531017– 531020cm23. The nonparabolicity
effect starts to be noticeable for concentrations higher t

FIG. 5. The Fermi energy as a function of the electron conc
tration calculated in the following approximations: parabolic~curve
1, solid line!; nonparabolic~curve 2, dash-dotted line!; nonpara-
bolic, including electron-electron interactions~curve3, dotted line!;
nonparabolic, including electron-electron and electron-impurity
teractions~curve 4, dashed line!; and nonparabolic, with electron
electron, electron-impurity, and temperature corrections~curve 5!.
Curve5 coincides with the curve4.
04521
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n51019cm23. It is interesting that this effect in GaN i
rather small compared to other III-V compounds investiga
previously.2,5

We further consider the electron-electron interactio
which lead to lowering of the Fermi energy by the value
De-e , according to the expressions12

Ef 0e
non5Ef 0

non2De-e ,

De-e5321/3p25/3aB
21n21/3Ef 0 . ~15!

These relationships are applicable when the mean dista
between the majority carriers becomes smaller than t
Bohr radius. Curve3 in Fig. 5 shows the calculated values
the Fermi energy for highly conductingn-GaN. The correc-
tion of the Fermi-level position due to electron-electron
teraction is very small for all carrier concentrations of inte
est.

Interactions of electrons with impurities affect the Fer
energy as well. Lowering of the Fermi energyDe- i due to the
conduction band tailing takes place, together with change
the density of states@Eq. ~8!#, as described by the following
expressions:11,12

Ef 0e- i
non 5Ef 0

non2De- i , ~16a!

De- i5
1

8

G2

Ef 0
. ~16b!

Since in degenerate semiconductors the rms potential fl
tuation G is always smaller than the Fermi energy (G
,Ef 0),11 the Fermi-level lowering is also small. Curve4 in
Fig. 5 shows the calculated values of the Fermi energy
n-GaN using this correction as well.

We also considered the lattice temperature correction@Eq.
~13!# plotted in Fig. 5, curve5. Curve5 coincides with the
curve 4, which indicates that the temperature correction
negligible.

-

-

—

n-

n-

m

FIG. 6. Right: Electron distributionsn(En) in
the conduction band for three electron densities
2.531010 cm23 ~curves 1c and 2c!, 5
31019 cm23 ~curves 3c and 4c!, 131020 cm23

~curves5c and 6c!—calculated in nonparabolic
approximation at two electron temperaturesu
580 K ~dotted lines! andu52 K ~broken-dotted
lines!. Parabolic electron distributions forn51
31020 cm23 and u580 K ~curve 7c!; for n51
31020 cm23 and u52 K ~curve 8c!, and for n
5531019 cm23 and u580 K ~curve 9c!, are
plotted with dashed lines. The nonparabolic de
sity of statesgn

non(En), including tails calculated
for n52.531019 cm23 ~curve 10c, solid line! is
also shown for comparison Left: Parabolic de
sity of statesgp(Ep) ~curve 1v! and parabolic
density of states including tailsgps(Ep) ~curve
2v! in the valence band. The quasiequilibriu
hole distributionp(Ep) at u52 K ~curve 3v! and
the nonquasiequilibrium hole distributionps(Ep

2Ea) for Ni52.531019 cm23 ~curve 4v! are
also shown.
3-5



y

i-
2
-

-

-
-

-

in

ra
e

,
n-
ed
ve

b
an
io
te

gy
-

he

al

ilib
ow
n
nc
v

e
f
m
nc
th
a
a

aN
d

re-

n

c-

mi
ac-
e
nted

to

the
ve

ap.

lf

tical
han

c-
the
ound

a

s
evel

tes

de-
ri-
rac
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C. Electron energy distribution

The electron distributionn(En) is calculated according to
Eqs. ~1! and ~2!. n(En) is obtained using the Fermi energ
valueEf n , taking into account the corrections~13!–~16! for
the electron temperatureQ.

Figure 6~right panel! shows the calculated energy distr
butions of electrons at three electrons densities of
31019, 531019, and 131020cm23 in the nonparabolic ap
proximation for two electron temperaturesQ152 K and
Q2580 K. Curves1c and 2c present the electron distribu
tions in the conduction band forn52.531019cm23 at Q1
580 K andQ252 K respectively; curves3c and4c are ob-
tained for n5531019cm23 at the same two electron tem
peratures; and curves5c and6c are the corresponding elec
tron distributions forn5131020cm23 and also for two
electron temperaturesQ1 andQ2 . For comparison, the cal
culated parabolic energy distributions of electrons forn51
31020cm23 at Q1580 K ~curve 7c! and Q252 K ~curve
8c!, as well as forn5531019cm23 at Q1580 K ~curve 9c!,
are plotted in Fig. 6. The nonparabolic density of states
cluding tailsgs

non calculated forNi52.531019cm23 ~curve
10c! is presented in the figure as well.

As shown in Fig. 6, the difference between the nonpa
bolic and parabolic electron energy distributions becom
more pronounced atn.531019cm23 ~see, for example
curves3c and9c!, but it is noticeable even at lower conce
trations. The Fermi-level position is more strongly affect
by nonparabolicity, because its lowering can be obser
even atn5531019cm23 ~see, for example, curves3c and
9c!. The shape of the conduction-band DOS occupied
electrons does not differ much between the parabolic
nonparabolic cases. Moreover, the filling of the conduct
band with electrons is not influenced by the density of sta
tailing. This fact is illustrated in Fig. 6, where the low-ener
sides of curves10c and 3c– 6c, calculated for electron con
centrations higher than 531019cm23, nearly coinside.

D. Valence-band density of statesgp„Ep…

We first discuss the influence of nonparabolicity on t
valence-band density of statesgn . The concentration of mi-
nority carriers~holes! in n-GaN is low, and the effective
mass of the heavy holes~averaged between the longitudin
and transverse effective mass values! mp0'0.8m0 ~Ref. 18!
is higher than the electron effective mass. Thus both equ
rium and nonequilibrium holes are localized in a very narr
energy interval near the valence-band edge. Conseque
we can neglect the nonparabolicity effects on the vale
band density of states. The values of the nonparabolic
lence band density of statesgp

non(Ep) calculated according to
Eq. ~4!, where En is replaced by the energy of holesEp
~shifted by 2Eg!, and mn0 is replaced by the heavy-hol
effective massmp0 , coincide with the parabolic densities o
statesgp(Ep) in the entire energy region. We use the para
eters of heavy holes only, and neglect the light holes, si
the former are exclusively responsible for the position of
Fermi energy in the valence band. It is thus justified to c
culate the parameters of the FERB using the valence-b
density of states in the parabolic approximation.
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The valence-band density of states in highly doped G
is described by Eqs.~5! and ~9!, respectively, in a reverse
energy scale, and withEn replaced byEp . The hole density
of states in a parabolic valence band is shown by curve1v
~solid line! in Fig. 6 ~left panel!. The calculated DOS in the
parabolic approximation including band tails is also p
sented in Fig. 6 by curve2v ~dashed line!. It is seen that
the density of statesgps(Ep) is well described by a Gaussia
curve in the energy region lower thanEv52Eg
523503 meV (T52 K!.

The effective Bohr radius of heavy holesaB(h)57
31028 cm is smaller than the screening lengthRs , leading
to a localization of holes in the valence-band potential flu
tuations. At the same time, the potential relief depthG and
screening lengthRs ~as well as the zero temperature Fer
level Ef 0! are defined by the majority carrier parameters
cording to Eqs.~6! and ~7!. Thus the tailing effects near th
valence-band edge are significant and need to be accou
for in the model.

E. Fermi-Dirac function f p„Ep… and the energy distribution
p„Ep… for holes

The estimated Mott transition hole density according
the value ofmp0 is higher than 931019cm23, and the holes
~both equilibrium and nonequilibrium! are not degenerate in
the entire range of densities under investigation. Within
quasiequilibrium description of band-to-band radiati
transitions2,5 the quasi-Fermi level for holes,Ef p , in the
parabolic valence band is located deep in the energy g
The corresponding energy distribution of holesp(Ep) at Q
52 K is shown in Fig. 6~left panel! by curve 3v ~dash-
dotted line!. As it is well known, the curve3v presents a
nondegenerate carrier distribution with a full width at ha
maximum of aboutkT/2 ~Ref. 22! above the unperturbed
valence band bottom.

Since the valence-band edge is perturbed by statis
potential fluctuations and the screening length is larger t
the hole Bohr radius,Rs.aB(h), both equilibrium and non-
equilibrium heavy holes are classically localized in the a
ceptorlike minima of the valence-band tails. Therefore
recombination processes are best modeled as free-to-b
carrier radiative transitions~FERBs!.1,11,16

The band-tail states formed by the potential relief minim
~or maxima in the case of the valence band edge! are spa-
tially localized, and the distribution of nonequilibrium hole
cannot be described using the concept of a quasi-Fermi l
for the entire sample volume.11 The participating nonequilib-
rium holes at low excitation conditions occupy the tail sta
below the energy level of thermal delocalization,Ea ~Refs. 1
and 23!:

Ea52Eg1&G. ~17!

It was previously shown1,14,16,24 that the experimentally
observed FERB’s in GaAs, InP, and GaN can be well
scribed by a similar theory when the nonequilibrium dist
bution function for holes was assumed to be of Fermi-Di
type with the quasi-Fermi levelf p replaced byEa . In a
3-6
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similar way we apply this non-quasiequilibrium approach
GaN, and compare it with the quasiequilibrium approach

The calculated nonquasiequilibrium distribution of hol
ps(Ep2Ea)5gpsf p(Ea) for impurity densities ofNi52.5
31019cm23 is shown by curve4v ~dotted line! in Fig. 6 ~left
panel!. We can see that in the nonequilibrium approach
holes are distributed in a wider and deeper energy inte
compared with the quasiequilibrium situation. Moreover,
low-energy shift of the occupied tail states is determined
the ionized impurity concentration in the sample.

III. DISCUSSION

A. FERB shape. Compensation and temperature effects

The analysis of the curves presented in Fig. 6 shows
the electrons taking part in radiative transitions occupy
wide range of energies,En , up to 250 meV above the con
duction band edge forn5531019cm23 while the nonequi-
librium holes are distributed in a narrow energy interv
(DEp), of the order of 10–50 meV@where the lower limit of
DEp is determined by the quasiequilibrium function~curve
3v!#. Therefore, the FERB intensityI (hv), calculated ac-
cording to Eq.~1!, reflects essentially the energy distributio
n(En) as shown by curves1c–9c.

Further we calculate the FERB shape in GaN using
~1! with an electron energy distributionn(En) corresponding
to curves1c–6c in Fig. 6 ~right panel! for electron concen-
trations of 2.531019, 531019, and 131020cm23. The cal-
culations are performed in a nonparabolic approximati
taking into account the effects of electron temperature~Q
52 and 80 K!, quasiequilibrium and nonquasiequilibrium
hole distribution, from here onward called quasiequilibriu
and nonquasiequilibrium cases, and for the two values
impurity compensationK, namely,K50 and 0.5.

Curves1–3 ~solid lines! in Fig. 7~a! show the calculated
spectral shape in the quasiequilibrium case for the same t
electron concentrations atQ52 K. Curves 4–6 ~dotted
lines! in the same figure present the corresponding calcula
spectral shapes forQ580 K. Actually, this approach pre
sents the spectral shape of indirect band-to-band radia
transitions2 proposed to be a possible mechanism
electron-hole plasma recombination in GaN.25,26 We note
that the emission band shapes shown in Fig. 7~a! nearly re-
produce the curves1c–6c from Fig. 6~normalized to unity!.

Figure 7~b! illustrates the effect of electron temperatu
on the spectral shape in the nonquasiequilibrium case
electron energy distribution at the same three electron c
centrations. The curves are labeled in correspondenc
those in Fig. 7~a!, and they are plotted on the same scale
can be seen that in the non-quasiequilibrium case the h
energy slope is not very sharp compared to that in the q
siequilibrium case@see Fig. 7~a!#, even at a low electron
temperatureQ52 K. The difference between the curves
Fig. 7~a! and 7~b! is more important at lower emission inten
sity, where a specific bump can be observed due to vale
band tailing.

Figure 7~c! compares the results of the quasiequilibriu
approach~curves1–3, solid lines!, with the nonquasiequilib-
rium ones~curves4–6, dotted lines! at a certain electron
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temperatureQ580 K. It is seen that the valence-band tailin
included in curves4–6 makes both high and low-energ
slopes more gentle. We point out that the curves4–6 account
for the radiative transitions participated in only by hea

FIG. 7. ~a! Calculated FERB spectral shape in the quasiequi
rium approach at u52 K for three electron densities: 2.
31019 cm23 ~curve1, solid line!, 531019 cm23 ~curve2, solid line!
and 131020 cm23 ~curve 3, solid line! compared with the corre-
sponding curves4–6 ~dotted lines! calculated atu580 K and zero
compensation ratio.~b! Calculated FERB spectral shape in the no
quasiequilibrium approach. Curves 1–6 correspond to the co
tions in ~a!. ~c! A comparison between the FERB spectral sha
calculated in the quasiequilibrium approach~curves 1–3, solid
lines! with the nonquasiequilibrium ones~curves4–6, dotted lines!
at a certain electron temperatureu580 K and zero compensatio
for the same three electron concentrations.~d! Compensation effect
on the FERB spectral shape: curves1–3 ~solid lines!, calculated at
u580 K and zero compensation,K50; curves4–6 ~dotted lines!,
calculated atu580 K and K50.5 for the same three electro
concentrations.
3-7



th

rg
h

tr

n
in
e

on

t
du

t t
n
u

b
tra

to

f
rg
tro

on
o
t

e
nc
a
f

ca
io
ca
ca
er

si
h

m

ll
p
s

a

le

tra.

st

rgy

es
ef-

lib-
dure

lue

re
en-
ion

sa-

b-

-

n ra-

B. ARNAUDOV et al. PHYSICAL REVIEW B 64 045213
holes. The unlocalized light holes are located higher in
valence-band DOS~see Fig. 6, left panel, curve 3v! and thus
the radiative transitions should influence the highest-ene
part of the spectra. In particular, they should appear at hig
energies than the high-energy slope of curve 1c in Fig. 6,
and subsequently in the high-energy side of the spec
shape of curve4 in Fig. 7~c!.

Finally, Fig. 7~d! reveals the effect of compensation o
the spectral shape in the nonquasiequilibrium case, s
generally the spectral shape in the quasiequilibrium cas
not affected by the impurity concentration. Here curves1–3
~solid lines! are calculated for the same three electron c
centrations atQ580 K and zero compensation (K50), and
compared with the corresponding curves4–6 ~dotted lines!
calculated at a compensation ratioK50.5. One can see tha
the high-energy slope becomes additionally less inclined
to the increase ofG with increasing compensation ratioK.

As shown in Figs. 7~a!–7~d! the nearly parabolic low-
energy side of the emission band maintains its shape a
higher-intensity region in all approximations used. The no
parabolicity changes the local curvature only slightly. Th
we obtain that the unperturbed conduction-band edgeEc0
can be set at a zero-energy position in all simulations
extrapolating the parabolic part of the low-energy spec
side to zero intensity.

The high-energy side of the FERB behaves similarly
the Fermi-Dirac-like function described by Eq.~1!. The ex-
ponential parameter in this function comprises thekT ~or
kQ! parameter inf n and G(Ni) from the Gaussian part o
gps in the nonquasiequilibrium case. Thus the high-ene
slope of the emission band accounts for both the elec
temperature and impurity concentration effects.

Comparing the calculated curves shown in Fig. 7, we c
clude that the nonquasiequilibrium approach leads to a m
realistic spectral shape of the high-energy side as well as
low-energy side at the lowest emission intensity. Moreov
the spectral shape calculated taking into account the vale
band tailing is sensitive to the impurity concentration,
demonstrated in Fig. 7~d!. Thus, by numerical modeling o
the spectral shape, and varying the values ofEf , Q, G, andK
to obtain the best fit to the experimental FERB shape, we
derive the Fermi energy and electron concentrat
values.14,16 It should be emphasized that precise numeri
simulation of the spectral shape including all corrections
yield the value of the electron concentration with a few p
cent accuracy.

As discussed above, the high-energy side of the emis
band reproduces the Fermi-Dirac function for electrons. T
energy position of the radiative transition from the Fer
level corresponds closely to the energyE(I 1/2) at 50% inten-
sity at low temperatures.1,27 At higher temperatures as we
as at increased compensation, the Fermi-level transition
sition shifts slightly to higher intensity, although it is alway
lower than the energy at maximum PL intensityE(I max), and
needs to be estimated numerically. We note that the comp
son between the experimentally measured valueE(I 1/2)
~when theEc0 position is set at zero! and the calculated
Fermi-energy position in the conduction band@Eq. ~16!# can
be used as a first approximation in the estimate of the e
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tron density from the near-band-edge emission spec
Moreover, in order to obtain the electron concentration~with
about 10% accuracy!, in this case we can use the simple
quasiequilibrium approach with ad-like hole energy distri-
bution. Further we can estimate the Fermi energyEf and
calculate the free-electron concentrationn by extrapolating
the nearly parabolic low energy side to zero-intensity ene
Ec050 and deriving the half-intensity energyE(I 1/2)2Ec0
from the high-energy side.

B. FERB energy position

The calculation of the FERB energy position includ
band-gap renormalization. We analytically calculate the
fective band-gap value using Eq.~1!, as in our previous work
concerned with a FERB analysis in GaAs.1,2 We point out
that this procedure is applicable only to the nonquasiequi
rium case, although it was performed as a separate proce
in the quasiequilibrium approach.5,28

Following Eqs. ~1! and ~17!, all radiative transitions
responsible for the FERB are reduced in energy by the va
of Ea(Ni), with respect to the valence-band edgeEv
52Eg(T). Equation~17! describes the actual temperatu
and impurity-related gap renormalization, and thus the
ergy position of the emission band. In the present simulat
we use the band-gap energy renormalized after Eq.~17! in
order to evaluate both impurity concentration and compen
tion ratio effects on the FERB spectral energy position.

FIG. 8. ~a! FERB spectral distributions in the nonquasiequili
rium approach atT5u580 K. Curves1–3 ~solid lines! are calcu-
lated at zero compensation,K50, for the three electron concentra
tions as given in Fig. 7. Curves4–6 ~dashed lines! are the
respective ones calculated atT5u5150 K. ~b! Compensation ef-
fect on the FERB spectral distribution: curves1 and2 ~solid lines!
calculated at zero compensation ratioK50 for two electron densi-
ties 2.531019 and 131020 cm23: curves1* and 2* ~dashed lines!
calculated for the same electron concentrations at compensatio
tio K50.5 (T5u580 K).
3-8
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We point out that Eq.~7! defines the spatially average
optical gap shrinkage due to impurity potential fluctuatio
and not fundamental gap energy reduction.10,11 The latter is
strongly affected by lattice temperature. Thus by fitting bo
parametersG(Ni) andT in addition to the band-gap energ
Eg in the nonquasiequilibrium case, we simultaneously
tain both the spectral shape and energy position of the FE
simply using Eqs.~1! and~17! without any additional opera
tions.

Curves 1–3 in Fig. 8~a! show the energy position o
FERB emission spectra calculated for three electron con
trations 2.531019, 531019, and 131020cm23, respectively,
assuming zero compensationK50 (n5Ni) and equal lat-
tice and electron temperaturesT5Q580 K. These three
curves were shown in Fig. 7~d! when their low energy slope
was centered atEc050. In Fig. 8~a! we show that when the
electron and/or impurity concentration increases the low
ergy side extrapolated to zero-intensity (Ec0) is shifted to
lower energies with respect to theEg(80 K)53500 meV.29

The spectral energy position is a good indicator of the ac
sample temperature, and can be used to determine the im
rity concentration as well. Thus in the simulation procedu
it is possible to estimate the influence of both lattice te
peratureT and electron temperatureQ on the FERB spectra
position either via the temperature gap shrinkage or via
high-energy spectral slope. If the temperature obtained f
the band-gap shrinkage coincides with the temperature d
mined from the Fermi-Dirac-like high-energy slope, we c
conclude that the lattice and electron temperatures are e
T5Q.

Curves4–6 in the same figure reveal the effect of high
lattice and electron temperature on the shape and energ
sition of the FERB emission. Curves4–6 correspond to
curves1–3 calculated atT5Q5150 K. It can be seen tha
both temperatures independently affect the FERB emiss
The lattice temperatureT influences the energy position o
the FERB following the band-gap reduction, while the ele
tron temperatureQ mainly affects the shape of the FER
emission, as also observed in Fig. 7.

Figure 8~b! presents the effect of compensation on t
FERB emission energy positions. Curves1 and2 are calcu-
lated at zero compensation ratio,K50, and atT5Q580 K
for two electron concentrations 2.531019 and 1
31020cm23, respectively. The corresponding curves1* and
2* , calculated atK50.5, are significantly shifted to lowe
energies. If the electron temperature coincides with the
tice temperature, we can attribute this additional gap shr
age to the presence of an excess of impurity concentra
i.e., to higher compensation,K.0. In such a case, it is nec
essary to compare the value ofG corresponding to the mea
sured gap shrinkage with the exponential slope value of
high-energy spectral side. When they coincide, the comp
sation ratioK can be calculated from the experimentally d
rived values ofG(Ni) andEf(n).

In addition, a comparison between the curve shifts
Figs. 8~a! and 8~b! reveals that the shift due to compensati
increase is very strong~26 meV forn52.531019cm23 and
50 meV forn5131020cm23! while the temperature-relate
band-gap shrinkage is almost negligible~3 meV even at such
04521
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a high temperature asT5Q5150 K!. Thus the compensa
tion effect seems to be dominant for the FERB energy po
tion.

We note that the simulations discussed in Secs. III A a
III B and III D offer a contactless method to determine t
electron concentration and compensation ratio in highly c
ducting GaN based on the FERB shape and energy pos
analysis. The method is an alternative to that based
Raman-scattering~RS! phonon-plasmon modes analysis
to routine resistivity and Hall mobility measurements. T
accuracies of the both FERB analysis and Hall method
comparable. The Hall-scattering factor involves at least a
uncertainty in addition to the sample thickness measurem
error. Both the shape and energy position of the FERB
be fitted pricisely which leads to a high accuracy in the ran
of applications.

IV. COMPARISON WITH EXPERIMENT

NBE luminescence spectra of unintentiona
doped,14–16,26,27silicon doped,28,30 and highly-excited18 epi-
taxial GaN in the temperature range 2–300 K were inve
gated by many groups. We apply the above-described th
retical model of the FERB to several experimental lo
temperature PL and CL spectra ofn-GaN. A representative
HVPE GaN layer, with a thickness of about 25mm, has been
chosen. The GaN layer was unintentionally doped with
typical degenerate interface sublayer with a free-elect
concentrationnRS52.731019cm23 determined by micro-
Raman scattering measurements of the film cross sec
and a low-doped better-quality part of the layer with carr
concentration less than 1017cm23. More experimental details
concerning such samples are described elsewhere.15,16

To calculate the FERB shape and energy position, in E
~1!–~7! we use the carrier effective-mass values,18,21 dielec-
tric constant, band gap, and spin-orbit split-off ba
energy,21 and the lattice temperature of the experiment

FIG. 9. Low-temperature~7 K! spatially resolved CL spectrum
~curve1, solid line! taken in a defective region of thick GaN film
~Ref. 16! compared with the calculated FERB emission spectra
highly conductingn-type GaN. Curve2 ~dotted line! is calculated in
the parabolic approximation forn52.531019 cm23. curve 3
~dashed line! is calculated in the nonparabolic approximation f
n52.6531019 cm23 andue5uh552 K. Curve4 ~dash-dotted line!
is calculated in the nonparabolic approximation forn52.65
31019 cm23, ue552 K, anduh5100 K.
3-9
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fixed parameters. Using a standard regression procedure
vary the free-electron concentrationn, electron and hole tem
peratures, and the ionized impurity concentrationNi . In or-
der to verify the model, we compare the best-fit obtain
values ofn andNi with independently measured ones. Sin
the described procedure is an analytical procedure, it is
necessary to use sample parameters, known or measure
dependently.

The spatially resolved micro-CL spectrum, taken atT
57 K in a highly conducting GaN-sapphire interface regi
of the cross section of the film, is shown in Fig. 9~curve1,
solid line!. The experimental spectra were corrected for
CL system response, which is necessary for a spectral b
fitting. Curve 2 ~dotted line! presents the FERB emissio
simulated in the nonquasiequilibrium case, and the parab
approximation as we showed in our earlier work.16 The best
fit to the spectrum has been obtained for the electron con
tration nFERB52.531019cm23, showing a good agreemen
with the Raman scattering value even using this simplifi
model. The calculated FERB emission in the nonparab
nonquasiequilibrium approximation is shown by curve3
~dashed line!. The best fit of the calculated spectra with t
experimental one is obtained for the Fermi energyEf
5140 meV andG595 meV and this corresponds to an ele
tron concentrationnFERB52.6531019cm23 according to
Figs. 5 and 3, respectively, with a compensation ratio low
than 0.1 and an electron temperatureQ552 K. The value of
the electron concentration, determined by taking into acco
all corrections in Eqs.~13!–~16!, is in a very good agreemen
with the value (nRS52.731019cm23) measured by Rama
scattering, indicating the accuracy of the analysis.

We point out that the simulated curves match perfec
the experimental spectra except for the longer-wavelen
range at low intensity. Usually in these regions the effec
adjacent emission lines appears. The mismatch is stro
when overlapping takes place, and the latter makes the
tailed spectral shape modeling more complicated. The
served discrepancy between theory and experiment in
range of energies may arise from the assumption of eq
nonequilibrium electron and hole temperaturesQ. In order to
adjust the low-energy slope, we simulate a FERB emiss
assuming higher lifetime variations for the nonequilibriu
holes compared with those of the electrons. This assump
reflects a higher effective hole temperatureQh in the Fermi-
Dirac functionf p(Ep) in Eq. ~1!, and it is reasonable bearin
in mind that the nonequilibrium holes are spatially localiz
in the valence-band potential relief and their energy disp
sion is stronger. Curve4 ~dashed line! in Fig. 9 presents a
spectral shape calculated assumingQh5100 K. The electron
temperature is kept the same atQe552 K. We can see tha
the low-energy side rises, but is still lower than the expe
mental one. A better agreement could be obtained if we a
take into account the possibility that some of the electr
occupy deeper and thus larger wells in the fluctuations of
band edges. Deeper states in the conduction-band tails c
be created also by defect levels, which are specific for
studied samples and thus not reflected by the Eq.~10!, where
only the Gaussian fluctuations of the shallow impurities
taken into account. Such deeper tail states~see the DOS dis-
04521
we

d

ot
in-

e
nd

lic

n-

d
ic

-

r

nt

y
th
f
er
e-

b-
is
al

n

on

r-

i-
o
s
e

uld
e

e

cussion of Fig. 4! could lead to different recombination ki
netics. In general, the latter can not be considered in
framework of the FERB model, because in such a case
electrons should be localized. The contribution of su
donor-acceptor-like recombination can be derived by sp
tral kinetics measurements. Due to the different kinetics
the recombination transitions related to the low-energy p
of the spectrum, its intensity can be affected in a differe
way. Their neglect in the modeling does not decrease
accuracy of the method. Moreover, in some GaN NB
spectra,25 the emission intensity in the discussed spectral
gion is much lower. Additionally, the observed discrepan
may also rise due to contributions either from the L
phonon replica lines or sometimes additional acceptor-bo
exciton lines,32 or from structural defect-related PL emissio
at ;3.42 eV,33 which are also neglected in the FER
analysis.

It is worth noting that the experimental emission spec
~Fig. 9, curve1! do not show any peculiarities which coul
be attributed to a contribution from the light hole recomb
nation. In the corresponding energy range around 3640 m
the modeled curves are in reasonable agreement with
experimental spectra. A possible explanation of the abse
of this influence is based on the largere-h radiative recom-
bination lifetime of light holes, compared to the thermal l
calizing time of the nonequilibrium heavy holes, as well
on their lower concentration with respect to the heavy-h
concentration. Additionally, the nonequilibrium recombin
tion process can cause a redistribution of light- and hea
hole concentrations, e.g., nonequilibrium light holes sho
be able to recombine via the empty acceptorlike valen
band-tail states changing into heavy ones. Such a redistr
tion is not predicted in the equilibrium and quasiequilibriu
approach.

The emission spectra of the unintentionally dop
samples sometimes overlap with a strong excito
peak,15,16,26,27and a detailed spectral shape analysis requ
a deconvolution procedure. A simpler solution would
similar modeling of the FERB derived from the NBE emi
sion spectra consisting of both the excitonic emission b
and underlying broad emission. A similar procedure w

FIG. 10. Low-temperature~7 K! spatially resolved CL spectrum
~curve1, solid line! taken in a nonuniform area of thick GaN film
~Ref. 14!. Calculated FERB emission~curve 2, dotted line! in the
nonparabolic approximation forn51.9531019 cm23 andu552 K.
The inset shows the full near-band-edge spectrum.
3-10
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shown in our previous study16 using the simulated FERB
emission in a parabolic approximation. In Fig. 10 we sh
such experimental CL spectrum~curve1, solid line! taken in
an intermediate area between the degenerate and g
quality parts of the same layer. The simulated FERB in
nonparabolic approach~curve2, dotted line! is also shown in
the figure. The best fit value ofEf5100 meV and corre-
spondingG565 meV ~see Fig. 3! result in a value of free
carrier concentrationnFERB

non 51.9531019cm23. This result is
in a good agreement with the electron concentration va
(nRS52.731019cm23) determined by Raman scattering a
though there is a slightly higher mismatch compared to
results shown in Fig. 9 due to the mixed character of
material.

In Fig. 11 we show an experimental PL spectrum of t
same GaN film taken at 2 K~curve1, solid line! with similar
overlapping of excitonic and broad band. The calcula
FERB spectrum in the nonparabolic case~curve 2, dotted
line! has been obtained using the following parameters:Ef

5136 meV, nFERB
non 52.731019cm23, G568 meV, and Q

513 K. The latter allows us to achieve the best agreem
with the RS data (nRS52.731019cm23). The higher carrier
temperature used in the simulated spectra is of importa
for achieving a good fit to the experimental one, although
has a minor influence on the estimated value of carrier c
centration. Based on our results, the fitting procedure for
FERB shape adjustment is sensitive to this parameter

FIG. 11. Low-temperature~2 K! PL spectrum~curve 1, solid
line!. Curve 2 ~dotted line! is a simulated FERB emission in th
nonquasiequilibrium, nonparabolic approximation atT52 K for an
electron concentration ofn52.731019 cm23. Curve3 ~dashed line!
is a calculated FERB emission for the same parameters in qu
equilibrium approximation. Curve3* presents curve3 numerically
shifted to 221/2 G. The inset shows the full near-band-ed
spectrum.
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range of 2–3 K. Moreover, it is a reasonable process in
case, keeping in mind that both equilibrium and nonequil
rium electrons participate in the radiative recombination p
cess. Thus for the total carrier concentration in range
1019cm23, the critical carrier density for internal thermalisa
tion nc is in the range of 1016cm23,18,31and the condition for
internal thermalisationn.nc is satisfied.

In addition, in Fig. 11 we also show an emission spectr
simulated in the quasiequilibrium approach~curve 3! for
comparison. The modeling can be performed following E
~1! where p(Ep) corresponds to curve3v ~dashed line! in
Fig. 6 ~left!. The emission band calculated with similar p
rameters to that used for curve2 appears at rather highe
spectral energies. The spectrum can be shifted to the l
energy side via numerical band-gap renormalization.
though this simple procedure can sometimes be carried
with reasonable accuracy, a discrepancy between the ex
mental~curve1! and calculated~curve 3* ! emission shapes
can clearly be seen.

V. CONCLUSIONS

We presented a theoretical analysis of the FERB
n-GaN, and a comparison with experimental emission sp
tra. The model assumes free-to-bound transitions betw
free electrons and holes localized in the maxima close to
valence band created by potential fluctuations. We prese
a detailed justification of all elements of our model whi
includes the effects of band-gap renormalization, band t
ing, nonparabolicity, localization, impurity and electron co
centration, and temperature.

The model was applied to cathodoluminescence and p
toluminescence spectra in GaN. It yielded accurate~to within
few percent! values of electron concentration and an estim
of the compensation ratio. The model can be usefully e
ployed for n.131018cm23. The fit of the spectral shap
yieldsn andK, which can be independently verified from th
position of the high-energy edge of the FERB band. T
complete method simulation program to calculate the FE
shape and energy position is available free of charge
http://www.phys.uni-sofia.bf/;arnaudov/.
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