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Modeling of the free-electron recombination band in emission spectra
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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 sf BY''—1x 10?°cm 3. 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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. INTRODUCTION doping nonuniformities and interface sublay&tsi® The
FERB is usually superimposed over the strong excitonic
Free-electron recombination across the band gap is typpeak characteristic of the higher quality parts of the film.
cally observed in photoluminescen@@l) emission spectra In our previous work® we have shown that by assuming
in degenerate GaAs? InP>® and InSb’ The spectral shape the free-to-bound recombination mechanism a broad asym-
of the PL emission in these materials corresponds closely tB1etric NBE emission band observed in HVPE GaN can be
the energy distribution of electrons in the conduction bandmodeled with good accuracy using sample parameters ob-
and its energy position can be explained by the interplaﬁamed_'n independent experiments. In this work, we theoret!-
between the equilibrium Burstein-Moss shifind the effec-  Cally simulate the spectral shape and energy of the FERB in
tive band-gap narrowing. highly conductmgn-GaN, taking into account the mfluencg
In ideal crystals the nonequilibrium electrons located inOf the_conducﬂon-bqnd nqnp_arabollc_lty, electron-electron in-
the vicinity of the quasi-Fermi level take part in radiative teractions, electron-impurity interactions, and band.-gap nar-
transitions, and these processes are described by the Vi[ﬁwmg. The paper s organized in the following way. In.Sec.:.
Roosbroeck—Shockley relatidriHowever, in heavily doped he theoretical model of the free-electron recombination is

; described in detail. Each subsection is devoted to separate
and degenerate semiconducttfst? due to the absence of P

X erms of the general expression describing the FERB emis-
long-range order, all electrons above the percolation level ofi . |n sec. 11l the shape and energy position of the FERB

the conduction band can participate in the radiative transizre giscussed, and the results in different approximations are
tions, in apparent contradiction with simple rules for opticalanalyzed in comparative way. In Sec. IV we compare our
transitions. In this case thie-conservation principle is re- model predictions with the experimental spectra.

laxed due to electron-electron and electron-impurity scatter-

ing processes, and thus all states occupied by electrons can;; THEORETICAL MODEL OF THE FERB IN NEAR-

take part in radiative transitios. The most appropriate BAND-EDGE EMISSION SPECTRA OF n-GaN

model describing this situatidh assumes a free-to-bound

recombination process, where the nonequi”brium holes due In this SeCtion, a model of free-electron radiative transi-
to their smaller Bohr radius are classically localized in ations in highly conductingh-GaN is presented in order to
re|ati\/e|y narrow energy interval in the local potentia] calculate the Spectral distribution of luminescence at varying
minima of the valence-band ed{&*?In such free-to-bound temperatures, electron concentrations, and compensation ra-
recombination processes, a contribution from the light holeios. In the absence of wave-vector conservation, a general
could, in general, be expected in the highest-energy part g¥xpression is used to describe the FERB inteniityv) in

the spectra. However, radiative transitions of the nonequiIibdegeneratf!ﬂ-GaN.16

rium light holes which are not localized in the potential relief .

were not Qbserved, and usually were not discussed separately I(hy):f JOCW(En EN(E,)p(E,)

in the emission bands.” In some work$ band-to-band and o Jo P P
band-to-acceptor radiative recombination processes are in-

cluded as well. X 8(En—Ep—Eg—hv)dEdE,, @
The contribution of the free-electron recombination bandyhere

(FERB) in low-temperature near-band-ed@¢BE) photolu-

minescence and spatially resolved cathodoluminescence N(E,)=9,(E)fr(En),

(CL) spectra of hydride vapor phase epitaxidVPE) GaN 2)

was conclusively identified, and related to local unintentional P(Ep) =0p(Ep) fp(Ep).
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Here W(E,,,E,) is the probability for radiative transitions; n (cm®)

n(E,) and p(E,) are the energy distributions of electrons 1x10" 1x10° %107

and holes, respectivelg,(E,) andg,(E,) are the semiclas- 30 x w

sical densities of stated;, and f, are the quasiequilibrium 251 ]

Fermi-Dirac functions; andEy=Eg(T) is the band-gap en- g
ergy at a temperatur€. The probabilityW(E, ,E) is taken g
as a constant in a commonly used approximation®All TS
simulations are performed assuming the zero energy set at =

j=11]

the bottom of the conduction banf.,=0. 1

Various approximations of Eq1) were used previously St i
for different 111-V compound$~’ where either a%-like, para- 0 L w
bolic, or Gaussian energy distribution, or a nonquasiequilib- 0 200 400 600
rium behavior of the excited holes, were assumed. E, (meV)

Conduction-band nonparabolicity and band tailing effects ) ) )

were included as well. In the following sections we will de- ~ FIG. 1. Conduction-band electron density of states in GaN cal-
velop the model of the FERB for highly conducting GaN cula_ted in paraboli¢curve 1) and nonparaboli¢curve 2) approxi-
material, discussing and justifying all elements in EL. mations.

Figure 1 compares the parabolicurve ) and nonpara-
bolic (curve 2) density of stateqin units of EY?) of the

Being a wide-band-gap material, GaN has a nearly paraconduction band calculated using E¢®—(5). The electron
bolic density of states in the conduction bamyg, Eﬁ’z). In  densities corresponding to the Fermi enekgy at zero tem-
a strongly degenerate semiconductor, however, the Fermi eperature are also shown in Fig.(tbp scal¢. The effect of
ergy is located high in the conduction band, and the densitjonparabolicity on the density of states appears at the elec-
of states may, in principle, deviate from the simple parabolidron concentration of~1x10cm™3, but the effect is
dispersion law. The Mott transition in GaN takes place at arsmaller than 10% up to the concentration of 50°cm 3,
electron concentration of (1.2—-3:810"¥cm 3.2"!8 The  and becomes significant only at the highest limit of doping.
three-band Kane modélis frequently used to describe the  In highly doped semiconductors, the density of states in
electron concentration dependence of the effective masshe band tails are characterized by the rms impurity potential
density of states, and Fermi-level position, as well as theiG which, in the screened Coulomb potential approximation,
influence on the luminescence speétra. is given byt

The energy dependence of the density of states effective
massm, is described by the expression’

A. Conduction-band density of statesg,(E)

24776
eRg

. (3)  wheree is the electron charge, is the electric permittivity,
9 and the total ionized impurity concentratid is related to
Herem,, is the electron effective mass at the bottom of thethe compensation ratioK through N;=(1+K)n. The
conduction band. The value of,,=0.22m, (Ref. 18 (myis ~ Thomas-Fermi screening lengRy, in a degenerate electron
the free-electron massvas used in our numerical calcula- gas in Eg. (6) is estimated using the following
tions. The nonparabolicity parametercan be described in expressions:"

the simplest, quasicubic approximation by the expredsion

Mpo
a=|1- -2
Mo

G=2xY

2
(N;R3)2, (6)

1 1 ( E,
R 1—ao—
mp Mpo

E

2

1/6
Re= (f) 26(®) | nag(e)3] 2", (73

1+ (A/Eg) +(1/4)(A/Ey)? 2

1+ (413)(AIEg) + (419)(A/E)?

2
whereA is the spin-orbit split-off band. Using the numerical ag(e)=—— hT
values of A,=18meV obtained in a quasicubic A4me” 4mm,
approximatiorf,’ and E,=3503meV:' we obtained @  Here ag(e) is the effective Bohr radius of electrons. For
=0.76. The corresponding nonparabolic semiclassical derelectron concentrations above the Mott transition, the calcu-
sity of statesgh®", is'® lated values ofRs are smaller tharag(e)=2.5x10"'cm,

o which follows from the Con(ji_tion.that !Ec(?) is valid when
9" E,) =g, (E )( 1_a5) (5 [nag(e)®] Y6<1. This condition is fulfilled when the mean
nn men ' distance between the majority carriéesyd impurity atomps
becomes smaller than their Bohr radius. Usually the latter is

)

(7b)

9

where expressed by the relatiana3(e)>1.1"
o0 Generally, the nonparabolicity may influence the screen-
on(En)= hj(Zmno)wE,l]’2 (5b) ing length. For example in Ref. 5, a concentration-dependent
screening lengtiRi°" was used in the calculation of the band
andh is the Planck constant. shift due to the Coulomb interaction in heavily doped InP.
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30 7 calculated values o0& in the nonparabolic approach accord-
daye) ing to Eq.(7), G™RI**), and in the approach of Ref. 5,
] G"(RI™), respectively.

It can be seen from Figs. 1-3 that, up to concentrations
N;=5x 10"8cm ™2 the three approximations are almost iden-
{am tical, and thus the nonparabolicity effect only slightly re-
duces the depth of the rms potential fluctuations. It is also

e ; important to point out that above=5x10"cm 2 in all
10" 10” 107 10" these cases, the obtained values of the rms impurity potential
n (cm’) G are higher tharkT even at 300 K(~26 me\). Therefore,
the potential wells should localize the carriers. However, the
ajority carriers cannot occupy the potential wells near the
conduction-band bottom due to the fact that the Bohr radius
ag(e) is larger than the screening lengR,. At the same
time the heavy holes in GaN have a much smaller Bohr

) i . radius, which allows them to become localized and occupy
The concentration dependence appeared in the expression i@, |ocal potential extrema near the valence band (s

the effective mass, and it was assumed that only the electrong, IID. Thus the optical transitions in the FERB take
near the Fermi levek:;, take part in screening. In our work 506 hetween free electrons and localized holes.
we calculate the concentration-averaged screening length, The value of the rms impurity potenti& is related to

Rg“", using the expression statistical fluctuations of the impurity and all charged point
defect concentrations. These fluctuations lead to spatial
Ef variations of the band edges, and create tails in both conduc-
E—f Rs(E)dE,, (8)  tion and valence-band densities of states. Assuming Gauss-
fJ0o ian fluctuations of the random impurity potential, a spatially
averaged density of stateg is given as®~1?

R, (10° cm)

FIG. 2. The calculated dependence of the screening length o
the electron concentration in parabolurve 1) nonparabolic ap-
proximations according to Ed8) (curve 2), and following Ref. 8
(curve 3).

mean_
Rs "=

whereRy(E,,) is expressed by Eg$3) and (7). s
Figure 2 shows the dependence of the screening leRgth _ En
on the electron concentration calculated in both parabolic gS(E”)_g”O(E”)(E_n) GO(E)’ ©
and nonparabolic approximations. The parabolic cukvie
calculated according to EG7). The values of the screening Where
length,R{®®", calculated according to E€B) (curve 2, Fig. « ,
2) are compared with the values BE®" obtained using the Gy(x)= Tr’l’zJ [e Y (x—y)Y3dy, (10)
method described in Ref. &urve 3, Fig. 2. The results ’°°
show that the nonparabolicity leads to an effective decreasgnd the quantityx is the dimensionless energy=E,/G.

of the screening length, and that the effect is larger at higherhe asymptotic properties of this density of stageéx) are
free-carrier concentrations following the decrease of the ef-

fective Bohr radius according to Eg&) and (7). gs(x)~x¥? at x>2, (11)
Figure 3 shows the relationship between the rms impurity
potentialG and the total ionized impurity concentratidh at gs(x)~e*X2 at x<0. (12)

zero compensation ratid(=0), also in both parabolic and . _ . -
nonparabolic approaches. The parabolic curvEig. 3 was Thus the tailing effect on the density of states is negligible

obtained using Eq(6). Curves2 and3 (Fig. 3) present the for energies higher than@ in the conduction band, within
the range of interest in the case of degenerate doping.

We calculate the energy dependencies of the average den-
i sity of stategys(E,,) in GaN for two impurity concentrations

of 2.5x10" and 5<10®cm 3 at zero compensationk(

P =0) in both the parabolicds) and nonparabolicgi™") ap-
3 proximations. The effect of nonparabolicity on the

] conduction-band tailing is taken into account in E@.and

1 (10), whereg,,(E,) is replaced bygp°(E,) according to Eq.

1 (5).
, , In Fig. 4@ we show the calculated parabolicurve 1,
10" 10° 10% 10™ solid line) and nonparaboli¢curve 2, dashed ling average
N, (cm®) densities of states fdx;=2.5x 10"°cm™3. For comparison,

the unperturbed parabolicurve 3, dotted ling and nonpa-
FIG. 3. The measure of the potential fluctuatigdgrms) as a  rabolic(curve4, dash-dotted linedensity of states are shown
function of the total ionized impurity concentration calculated in thein the same figure. The close coincidence of the perturbed
same three approaches as in Fig. 2. and unperturbed curvdsand3 as well as curveg and4, for
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0 — Inspection of Figs. &) and 4b) shows that the effects of
25 b (2a25x104°cm‘3 ] the nonparabolicity and impurity concentration increase are
E - both of importance for band tailing below the unperturbed
20 ¢ . , conduction-band edgE.,. However, as mentioned earlier,
15[ o the tail states can not be occupied by electrons due to the
; B disparity between the electron Bohr radius and the screening
104 [pertubed % length. Therefore, we conclude that electrons participating in
2 5F N E the radiative recombination are free above the percolation
g 0 b } {:Sf,‘{{v ] level in the conduction band. This fact allows us to neglect
ol ® ] the band-tailing effects in the conduction-band density of
< 25 ¢ perturbed s states in Eq(1). In our further considerations we will use the
o6 - density of stateg,, andgi™", as shown in Fig.

15 F 13
g # B. Fermi-Dirac distribution for electrons f,(E,)
10 ] I N
§ ] The Fermi-Dirac distribution for electrons depends on the
St / ] quasi-Fermi level and on the effective carrier temperature.
Qb T L The location of the quasi-Fermi level depends on excitation
-200 0 200 400 conditions, namely, the generation rate and the minority-

E, (meV) carrier lifetime. Typically in our experiment we used the PL
_ ) excitation power density?;~100 W/cnf. Assuming an ef-
FIG. 4. (a) Comparison between the spafially averagedteciive absorption length of 0.&m and a low-temperature
conduction-band density of states including tails in GaN for ancarrier diffusion length in the order of 0Am, and using the
impurity_ concentratiop O.fNizz'SX 10%cm 2 .CalcmatEd in the lifetime value of 0.5 ns, we obtain the non,—equilibrium car-
parabolic(curve 1, solid line and nonparaboli¢curve 2, dashed rier concentration of Ieés thanalo5em=2. In the CL ex-
line) cases, and the corresponding unperturbed parabmiive 3, periments an electron-beam energy of 15 keV was typically

dotted ling and nonparaboli¢curve 4, dash-dotted lineDOS'’s. d el b . b 1 and
(b) The conduction-band DOS including tails calculated for an im-USed, € ectron-beam currents were in a range between 1 an

purity concentration oN;=2.5x 101cm 2 in the paraboliqcurve ~ © A, Zand_ the excitation spot of the orderx1-2

1, solid ling and nonparaboli¢curve 2, dashed lingapproxima- X2 #M?  giving Pg~3x10° W/sz-. _These excitation
tions compared with the corresponding conduction-band DOS inPower values may lead to a nonequilibrium carrier concen-
cluding tails calculated for the impurity concentration of 5 tration of about 1&cm™2.

X 10*cm2 in the same approximatior{surve 3, dotted line, and At these low nonequilibrium carrier densities related to
curve4, dash- dotted line, respectively low-excitation conditions, the electron quasi-Fermi level in

Egs.(1) and(2) coincides with the Fermi enerdy;, and is

energies higher than 40 meV, means that for degenerate eld¢€ry €qual to the zero temperature valkg corrected by
tron concentrations ¥5x108cm™3) in GaN the tailing the first-order temperature terfy (kKT<Eo):
does not affect the density of staté®0S). The tailing )
strongly influences the DOS in the range of negative ener- A =1W2(k_T)
gies, as observed in Fig(a. These tail states are statisti- -t 2 Efo
cally distributed in energy according to the Gaussian law due
to conduction-band-edge fluctuations, and curteand 2 The precise behavior of the Fermi-Dirac function may
[Fig. 4@] show their Gaussian envelope. also be affected by lifetime variations of the nonequilibrium
Further, in order to reveal the effect of variation of impu- carriers or by the elevated electron temperatures of the ma-
rity concentration on the tailing, in Fig.(d) we plot the jority carriers, as recently reported by Binet and Dubbin
calculated curves that describe the tailing for two ionizedthe case of such high quasiequilibrium carrier concentration,
impurity concentrations of 2:610'° and 5<10"cm 2 The  the equilibrium functiond,, andf,,, described by the quasi-
parabolic curvel (solid ling) and nonparabolic curv€  Fermi levelsEy, and E¢,, will correspond to an effective
(dashed lingDOS'’s correspond to an impurity concentration temperature® of the carriers, which can be significantly
of 2.5x10%cm ™3, Curves3 (dotted ling and4 (dash-dotted higher than the lattice temperatufie, This phenomenon was
line) are calculated for an impurity concentration of 5 observed in the CL FERB spectra of GaAs reported in our
x 10*°cm2 in the parabolic and nonparabolic cases, respecprevious work! Based on a similar experimental model for
tively. There is a similar shift between the cundeand3and  GaN, we can expect values of the electron temperafure
curves? and 4, respectively, for energies higher than 100 even in the range of 50—80 K at the experimental conditions
meV, indicating the similarity of the impurity concentration of our PL and CL experiments. The effect of the electron
effect in the parabolic and nonparabolic cases. It is also sedemperature increase is more pronounced in low-temperature
in the Fig. 4b) that the DOS increases with increasing im- experiments, and becomes negligible at room temperature.

(13

purity concentration forE,,<50meV (curves3 and 4 are According to Eqs(1) and(2), the electron temperatufe
higher than curve& and?2), indicative of an enhancement of is reflected in the high-energy slope of the spectrafyia
the tailing effect in this energy region. and the hole temperature is reflected in the low-energy slope
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1000 n=10cm 3. It is interesting that this effect in GaN is

300 1 rather small compared to other I1I-V compounds investigated
- 5 previously?®
> 600 " We further consider the electron-electron interactions
Q . . .
E 400 which lead to lowering of the Fermi energy by the value of
o Ag.e, according to the expressidis

200 ]

EfGR=ER™ Aee,
0
10 Ae_e:3_1/377_5/3a51n_1/3Ef0- (15)

These relationships are applicable when the mean distance
FIG. 5. The Fermi energy as a function of the electron concenbetween the majority carriers becomes smaller than their
tration calculated in the following approximations: parabétiarve Bohr radius. Curve in Fig. 5 shows the calculated values of
1, solid line); nonparabolic(curve 2, dash-dotted ling nonpara-  the Fermi energy for highly conductingGaN. The correc-
bolic, including electron-electron interactiofmurve 3, dotted line; tion of the Fermi-level position due to electron-electron in-

nonparabolic, including electron-electron and electron-impurity in-teraction is very small for all carrier concentrations of inter-
teractions(curve 4, dashed ling and nonparabolic, with electron- gt

electron, electron-impurity, and temperature correctimsve 5). Interactions of electrons with impurities affect the Fermi
Curves coincides with the curve. energy as well. Lowering of the Fermi enerfyy ; due to the

conduction band tailing takes place, together with changes of

via f,, respectively. Thus the electron and/or hole temperathe density of statefEq. (8)], as described by the following
ture can be independently estimated from the experimentalypressiond?!2

results.

Now we consider the effect of nonparabolicity on the Efoe-i =Efo —Aei, (16a
Fermi-Dirac distribution. According to Ed3) we calculate
the Fermi energyef*" in the nonparabolic conduction band 1 G2

: : iol?: Aei=5 —. (16b
using the following expression: 8 Eqo

E Since in degenerate semiconductors the rms potential fluc-
Ef"= Efo(l—aﬂ). (14) tuation G is always smaller than the Fermi energ® (
Eq <Eso), ! the Fermi-level lowering is also small. Curden
Fig. 5 shows the calculated values of the Fermi energy in
Figure 5 shows the evolution of the Fermi energy,  n-GaN using this correction as well.

with increasing electron concentration in the parab@iave We also considered the lattice temperature corredion
1) and nonparaboli¢curve 2) approximations in the concen- (13)] plotted in Fig. 5, curves. Curve5 coincides with the
tration range of % 10'—=5x 10?°°cm™3. The nonparabolicity ~curve 4, which indicates that the temperature correction is
effect starts to be noticeable for concentrations higher thanegligible.

FIG. 6. Right: Electron distributions(E,) in
the conduction band for three electron densities—
2.5x10%m™2 (curves t and X), 5
x10°cm™2 (curves & and &), 1x10%°cm™2
35 ” (curves5c and 6¢c)—calculated in nonparabolic

T ' ' approximation at two electron temperaturés
w30 A =80K (dotted line$ and 6= 2 K (broken-dotted
g 25 L lines). Parabolic electron distributions for=1
< x10?°cm™2 and #=80K (curve T); for n=1
& 20+ x10%°cm™2 and #=2 K (curve &), and forn
o 15k =5%x10°cm™2 and =80K (curve &), are
) plotted with dashed lines. The nonparabolic den-
o5 107 sity of statesg"®{E,), including tails calculated

s 5| for n=2.5x10"°cm ™2 (curve 1@, solid line is
o0 also shown for comparison Left: Parabolic den-

sity of statesgp(Ep) (curve Iv) and parabolic
density of states including tailg,s(E,) (curve
2v) in the valence band. The quasiequilibrium
hole distributionp(E,) at #=2 K (curve ) and
the nonquasiequilibrium hole distributiopy(E,
—E,) for N;=2.5x10*cm™2 (curve &) are
also shown.
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C. Electron energy distribution The valence-band density of states in highly doped GaN
is described by Eqg5) and (9), respectively, in a reversed
energy scale, and witk, replaced byE,. The hole density
of states in a parabolic valence band is shown by cdive
the electron temperatus@. (solid ling in Fig. 6 (left pane). The calculated DOS in the

Figure 6(right pane) shows the calculated energy distri- paraboli_c approximation including ba_nd tail_s is also pre-
butions of electrons at three electrons densities of 2.5€Nted in Fig. 6 by curv@v (dashed ling It is seen that
X 10 5x 101, and 1x 10?°cm~2 in the nonparabolic ap- the density of stateg,¢(E,) is well described by a Gaussian
proximation for two electron temperaturé8,=2K and CUrve in the energy region lower thark,=—E,

®,=80K. Curveslc and 2c present the electron distribu- — _3°03meV I=2K).
tions in the conduction band far=2.5x10"cm 3 at ©, The effective Bohr radius of heavy holesg(h)=7

=80K and®,=2 K respectively; curve8c and4c are ob- X10°° cm is 'smaller than_ the screening lendR, Ieacjing
tained forn=5x10cm 2 at the same two electron tem- t© @ localization of holes in the valence-band potential fluc-

peratures; and curvesc and6c are the corresponding elec- tuations. At the same time, ihe potential relief defiitand .
tron distributions forn=1x10%cm 2 and also for two Screening lengthR, (as well as the zero temperature Fermi

electron temperature®, and©,. For comparison, the cal- level E;q) are defined by the majority carrier parameters ac-

culated parabolic energy distributions of electronsrierl ~ c0rding to Egs(6) and (7). Thus the tailing effects near the
X 10°%cm 3 at ©,=80K (curve %) and ®,=2 K (curve valence-band edge are significant and need to be accounted

8c), as well as fon=5x10"%cm 2 at ®,=80K (curve %), for in the model.

are plotted in Fig. 6. The nonparabolic density of states in-

cluding tailsgi°" calculated forN;=2.5x 10cm ™2 (curve E. Fermi-Dirac function f,(E) and the energy distribution
10c) is presented in the figure as well. p(E,) for holes

As shown in Fig. 6, the difference between the nonpara- The estimated Mott transition hole density according to
bolic and parabolic electron energy distributions becomesgne value ofmy is higher than & 10%cm 3, and the holes
more pronounced an>5x10""cm * (see, for example, (poth equilibrium and nonequilibriuyrare not degenerate in
curves3c and9c), but it is noticeable even at lower concen- the entire range of densities under investigation. Within the
trations. The Fermi-level position is more strongly affectedgyasiequilibrium description of band-to-band radiative
by nonparabolicity, because its lowering can be observegfansitiongﬁ the quasi-Fermi level for holeE;,, in the
even atn=5x10"cm 2 (see, fo example, curvedc and parabolic valence band is located deep in the energy gap.
9c¢). The shape of the conduction-band DOS occupied byrpe corresponding energy distribution of holeE,) at ©
electrons does not differ much between the parabolic and-2 k is shown in Fig. 6(left pane) by curve 3v (dash-
nonparabolic cases. Moreover, the filling of the conductionygtted ling. As it is well known, the curveSv presents a
band with electrons is not influenced by the density of statepondegenerate carrier distribution with a full width at half

tailing. This fact is illustrated in Fig. 6, where the low-energy maximum of aboutkT/2 (Ref. 22 above the unperturbed
sides of curved0c and X —-6c¢, calculated for electron con- ygjence band bottom.

The electron distributiom(E,) is calculated according to
Egs.(1) and(2). n(E,,) is obtained using the Fermi energy
valueE;,, taking into account the correctioif$3)—(16) for

: , 9 -3 b . . -
centrations higher than>610'*cm™, nearly coinside. Since the valence-band edge is perturbed by statistical
. potential fluctuations and the screening length is larger than

D. Valence-band density of stateg,(E) the hole Bohr radiusR,>ag(h), both equilibrium and non-

We first discuss the influence of nonparabolicity on theequilibrium heavy holes are classically localized in the ac-
valence-band density of statgs. The concentration of mi- ceptorlike minima of the valence-band tails. Therefore the
nority carriers(holeg in n-GaN is low, and the effective recombination processes are best modeled as free-to-bound
mass of the heavy holdaveraged between the longitudinal carrier radiative transition§~ERBg. "1
and transverse effective mass valuegy~0.8m, (Ref. 18 The band-tail states formed by the potential relief minima
is higher than the electron effective mass. Thus both equilib(or maxima in the case of the valence band ¢dge spa-
rium and nonequilibrium holes are localized in a very narrowtially localized, and the distribution of nonequilibrium holes
energy interval near the valence-band edge. Consequentig@nnot be described using the concept of a quasi-Fermi level
we can neglect the nonparabolicity effects on the valencéor the entire sample volunié. The participating nonequilib-
band density of states. The values of the nonparabolic vaium holes at low excitation conditions occupy the tail states
lence band density of statggf’“( E,) calculated according to below the energy level of thermal delocalizati@, (Refs. 1
Eq. (4), whereE, is replaced by the energy of holds, and 23:

(shifted by —E4), and m,, is replaced by the heavy-hole

effective massnyo, coincide with the parabolic densities of Ea=—E4+Vv2G. (17)
statesy,(E,) in the entire energy region. We use the param-

eters of heavy holes only, and neglect the light holes, since It was previously showit*®?*that the experimentally
the former are exclusively responsible for the position of theobserved FERB'’s in GaAs, InP, and GaN can be well de-
Fermi energy in the valence band. It is thus justified to cal-scribed by a similar theory when the nonequilibrium distri-
culate the parameters of the FERB using the valence-bankeution function for holes was assumed to be of Fermi-Dirac
density of states in the parabolic approximation. type with the quasi-Fermi level, replaced byE,. In a
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similar way we apply this non-quasiequilibrium approach to T
B0 (@

GaN, and compare it with the quasiequilibrium approach. L
The calculated nonquasiequilibrium distribution of holes
Ps(Ep—Ea) =0psfp(Ea) for impurity densities ofN;=2.5
X 10"cm™ 2 is shown by curvely (dotted ling in Fig. 6 (left |
pane). We can see that in the nonequilibrium approach the
holes are distributed in a wider and deeper energy interval
compared with the quasiequilibrium situation. Moreover, the L
low-energy shift of the occupied tail states is determined by o .20
the ionized impurity concentration in the sample. ‘ T ‘ ‘ ‘

T 7 T
2.5x10"  5x10”
AR

Ill. DISCUSSION
A. FERB shape. Compensation and temperature effects

The analysis of the curves presented in Fig. 6 shows that
the electrons taking part in radiative transitions occupy a
wide range of energieg,,, up to 250 meV above the con-
duction band edge fon=5x 10°cm 2 while the nonequi-
librium holes are distributed in a narrow energy interval
(AEp), of the order of 10-50 mevhere the lower limit of
AEp is determined by the quasiequilibrium functi¢eurve
3v)]. Therefore, the FERB intensity(hv), calculated ac-
cording to Eq.(1), reflects essentially the energy distribution
n(E,) as shown by curvesc—9c.

Further we calculate the FERB shape in GaN using Eq.
(1) with an electron energy distributian(E,,) corresponding
to curveslc—6c in Fig. 6 (right pane) for electron concen-
trations of 2.5¢10'°, 5x10'°, and 1x 10?°cm 3. The cal-
culations are performed in a nonparabolic approximation, AV
taking into account the effects of electron temperati@e - i
=2 and 80 K, quasiequilibrium and nonquasiequilibrium VA :

Intensity

hole distribution, from here onward called quasiequilibrium YA T :
and nonquasiequilibrium cases, and for the two values of - .
impurity compensatioik, namely,K=0 and 0.5. B
Curves1-3 (solid lines in Fig. 7(a) show the calculated E=04r AN A
spectral shape in the quasiequilibrium case for the same three : =
electron concentrations a® =2 K. Curves 4-6 (dotted
lines) in the same figure present the corresponding calculated hv-E, (meV)
spectral shapes foP =80K. Actually, this approach pre- . -
sents the spectral shape of indirect band-to-band radiative FIG. 7. (8) Calculated FERB spectral shape in the q.u.as'?qu'"b'
" : . rum approach atf#=2K for three electron densities: 2.5
transitiond proposed to be a possible mechanism for 108 crm-2 1 solid lin®. 5% 108 crm-3 > solid i
lectron-hole plasma recombination in G&N® We note X 10" "em " (curvel, solid ling), 5x 10%cm * (curve2, solid ling
€ s St and 1x 10?°cm™2 (curve 3, solid line compared with the corre-
that the emission band shapes shown in Fig) fiearly re-

. . ) sponding curved—6 (dotted line$ calculated at¥=80 K and zero
produce the curvesc—6¢ from Fig. 6(normalized to unity.  ¢ompensation ratidb) Calculated FERB spectral shape in the non-

Figure b) illustrates the effect of electron temperature g asjequilibrium approach. Curves 16 correspond to the condi-
on the spectral shape in the nonquasiequilibrium case f§ons in (a). (c) A comparison between the FERB spectral shape
electron energy distribution at the same three electron cortalculated in the quasiequilibrium approa¢turves 1-3, solid
centrations. The curves are labeled in correspondence imes) with the nonquasiequilibrium ondsurves4—6, dotted lines
those in Fig. 7a), and they are plotted on the same scale. Itat a certain electron temperatufe-80 K and zero compensation
can be seen that in the non-quasiequilibrium case the higher the same three electron concentratiqs. Compensation effect
energy slope is not very sharp compared to that in the quasn the FERB spectral shape: cunes3 (solid lineg, calculated at
siequilibrium cas€see Fig. 7a)], even at a low electron #=80K and zero compensatio,=0; curves4—6 (dotted lines,
temperature® =2 K. The difference between the curves in calculated at§=80K and K=0.5 for the same three electron
Fig. 7(a) and 1b) is more important at lower emission inten- concentrations.
sity, where a specific bump can be observed due to valence
band tailing. temperatur® =80 K. It is seen that the valence-band tailing

Figure 7c) compares the results of the quasiequilibriumincluded in curves4—6 makes both high and low-energy
approachcurvesl-3, solid lineg, with the nonquasiequilib- slopes more gentle. We point out that the curdes account
rium ones(curves4-6, dotted line$ at a certain electron for the radiative transitions participated in only by heavy

-100 100 300 500
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holes. The unlocalized light holes are located higher in the w
valence-band DO%ee Fig. 6, left panel, curvev3 and thus L
the radiative transitions should influence the highest-energy
part of the spectra. In particular, they should appear at higher
energies than the high-energy slope of curneeid Fig. 6, -
and subsequently in the high-energy side of the spectral
shape of curvel in Fig. 7(c).

Finally, Fig. 7d) reveals the effect of compensation on
the spectral shape in the nonquasiequilibrium case, since
generally the spectral shape in the quasiequilibrium case is
not affected by the impurity concentration. Here curte$ -
(solid lineg are calculated for the same three electron con-
centrations a®=80K and zero compensatioiK &0), and
compared with the corresponding cunsb (dotted lineg -
calculated at a compensation rae=0.5. One can see that
the high-energy slope becomes additionally less inclined due
to the increase o6 with increasing compensation ratia -,

As shown in Figs. ®—7(d) the nearly parabolic low- . . )
energy side of the emission band maintains its shape at the 3200 3400 3600 3800
higher-i.nt.ensity region in all approximations useq. The non- hv (meV)
parabolicity changes the local curvature only slightly. Thus
we obtain that the unperturbed conduction-band eHgge FIG. 8. (8) FERB spectral distributions in the nonquasiequilib-
can be set at a zero-energy position in all simulations byium approach af = =80K. Curves1-3 (solid lineg are calcu-
extrapolating the parabolic part of the low-energy spectralated at zero compensatioki=0, for the three electron concentra-
side to zero intensity. tions as given in Fig. 7. Curved—6 (dashed lines are the

The high-energy side of the FERB behaves similarly torespective ones calculated &t #=150 K. (b) Compensation ef-
the Fermi-Dirac-like function described by E@.). The ex- fect on the FERB spectral distribution: curvésnd?2 (solid lineg
ponential parameter in this function comprises # (or calculated at zero compensation raiie- 0 for two electron densi-
k@) parameter |nfn and G(NI) from the Gaussian part of ties 2.5<10'° and 1x10?°cm™ % curves1* and 2% (dashed ”neb.
gps in the nonquasiequilibrium case. Thus the high_energy:_alculated for the same electron concentrations at compensation ra-
slope of the emission band accounts for both the electroH® K=0-5 (T=6=80K).
temperature and impurity concentration effects. ity f h band-ed -

Comparing the calculated curves shown in Fig. 7, we con:[ron densﬁ[y fom the near-band-edge emission spectra.

) S Moreover, in order to obtain the electron concentratioith
clude that the nonquasiequilibrium approach leads to a morg,

o S :
realistic spectral shape of the high-energy side as well as thaebOUt 10% accuragyin this case we can use the simplest

low-energy side at the lowest emission intensity. Moreoverquasiequilibrium approach with &like hole energy distri-

the spectral shape calculated taking into account the valencg-u tion. Furiher we can estimate the _Ferm| eneEgya_nd
T " : : . Calculate the free-electron concentratiorby extrapolating
band tailing is sensitive to the impurity concentration, as

demonstrated in Fig.(@). Thus, by numerical modeling of the nearly parabolic low energy side to zero-intensity energy

the spectral shape, and varying the valueBaf®, G, andK FCO_S‘] a?]q g_erlvmg th% half-intensity enerdy(l 1/2) ~ Eco
to obtain the best fit to the experimental FERB shape, we canom the Nigh-energy side.
derive the Fermi energy and electron concentration
values'*1® It should be emphasized that precise numerical
simulation of the spectral shape including all corrections can The calculation of the FERB energy position includes
yield the value of the electron concentration with a few per-band-gap renormalization. We analytically calculate the ef-
cent accuracy. fective band-gap value using E@), as in our previous work

As discussed above, the high-energy side of the emissioconcerned with a FERB analysis in GaAsWe point out
band reproduces the Fermi-Dirac function for electrons. Thehat this procedure is applicable only to the nonquasiequilib-
energy position of the radiative transition from the Fermirium case, although it was performed as a separate procedure
level corresponds closely to the enefgfl 1) at 50% inten-  in the quasiequilibrium approaci®
sity at low temperatures?’ At higher temperatures as well  Following Egs. (1) and (17), all radiative transitions
as at increased compensation, the Fermi-level transition paesponsible for the FERB are reduced in energy by the value
sition shifts slightly to higher intensity, although it is always of E,(N;), with respect to the valence-band edge
lower than the energy at maximum PL intendifl ,.,), and = —Ey(T). Equation(17) describes the actual temperature
needs to be estimated numerically. We note that the comparand impurity-related gap renormalization, and thus the en-
son between the experimentally measured vali(é,) ergy position of the emission band. In the present simulation
(when theE., position is set at zejoand the calculated we use the band-gap energy renormalized after(E@. in
Fermi-energy position in the conduction baitly. (16)] can  order to evaluate both impurity concentration and compensa-
be used as a first approximation in the estimate of the eledion ratio effects on the FERB spectral energy position.

T T T ) T
2.5x10 °v5x10- _"/moﬂ’ (@)

Intensity

i :".. 1 \ \
i B0k
) I .

S

B. FERB energy position
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We point out that Eq(7) defines the spatially averaged * l
optical gap shrinkage due to impurity potential fluctuations,
and not fundamental gap energy reductidf The latter is
strongly affected by lattice temperature. Thus by fitting both
parameterss(N;) andT in addition to the band-gap energy
Eq in the nonquasiequilibrium case, we simultaneously ob-
tain both the spectral shape and energy position of the FERB
simply using Eqgs(1) and(17) without any additional opera- /,
tions. 4 1 N

Curves 1-3 in Fig. 8@ show the energy position of 3400 3500 3600 3700
FERB emission spectra calculated for three electron concen-
trations 2.5 10'°, 5x 10'°, and 1x 10?°cm3, respectively,
assuming zero compensatith=0 (n=N;) and equal lat- FIG. 9. Low-temperatur¢7 K) spatially resolved CL spectrum
tice and electron temperaturds=® =80K. These three (curvel, solid ling taken in a defective region of thick GaN film
curves were shown in Fig.(@) when their low energy slope (Ref. 1§ compared with the calculated FERB emission spectra for
was centered & .,=0. In Fig. §a) we show that when the highly conductingr-type GaN. Curve (dotted ling is calculated in
electron and/or impurity concentration increases the low enthe parabolic approximation fom=2.5x10"cm™3. curve 3
ergy side extrapolated to zero-intensitif{) is shifted to  (dashed lingis calculated in the nonparabolic approximation for
lower energies with respect to t&,(80 K)=3500meV?®  n=2.65<10"cm™* and .= ¢,=52 K. Curve4 (dash-dotted ling
The spectral energy position is a good indicator of the actugf calculated ‘i the nonparabolic approximation for=2.65
sample temperature, and can be used to determine the impt-10-cm >, #.=52K, andf,=100K.
rity concentration as well. Thus in the simulation procedure,
it is possible to estimate the influence of both lattice tem-a high temperature af=0 =150K). Thus the compensa-
peratureT and electron temperatuf® on the FERB spectral tion effect seems to be dominant for the FERB energy posi-
position either via the temperature gap shrinkage or via th&on.
high-energy spectral slope. If the temperature obtained from We note that the simulations discussed in Secs. Il A and
the band-gap shrinkage coincides with the temperature deteld B and 111 D offer a contactless method to determine the
mined from the Fermi-Dirac-like high-energy slope, we canelectron concentration and compensation ratio in highly con-
conclude that the lattice and electron temperatures are equalucting GaN based on the FERB shape and energy position
T=0. analysis. The method is an alternative to that based on

Curves4-6 in the same figure reveal the effect of higher Raman-scatteringRS) phonon-plasmon modes analysis or
lattice and electron temperature on the shape and energy ptw routine resistivity and Hall mobility measurements. The
sition of the FERB emission. Curve$-6 correspond to accuracies of the both FERB analysis and Hall method are
curves1-3 calculated affT=®=150K. It can be seen that comparable. The Hall-scattering factor involves at least a 5%
both temperatures independently affect the FERB emissionuncertainty in addition to the sample thickness measurement
The lattice temperatur& influences the energy position of error. Both the shape and energy position of the FERB can
the FERB following the band-gap reduction, while the elec-be fitted pricisely which leads to a high accuracy in the range
tron temperaturé® mainly affects the shape of the FERB of applications.
emission, as also observed in Fig. 7.

Figure 8b) presents the effect of compensation on the
FERB emission energy positions. Curvegnd?2 are calcu-
lated at zero compensation ratié=0, and atT=0=80K NBE luminescence spectra of unintentionally
for two electron concentrations 2&0° and 1  doped*1%?*%silicon doped®° and highly-excitef epi-

x 10°°cm ™3, respectively. The corresponding cun&sand  taxial GaN in the temperature range 2—300 K were investi-
2*, calculated aK=0.5, are significantly shifted to lower gated by many groups. We apply the above-described theo-
energies. If the electron temperature coincides with the latretical model of the FERB to several experimental low-
tice temperature, we can attribute this additional gap shrinktemperature PL and CL spectra miGaN. A representative
age to the presence of an excess of impurity concentratiotdVPE GaN layer, with a thickness of about 25, has been
i.e., to higher compensatioi,>0. In such a case, it is nec- chosen. The GaN layer was unintentionally doped with a
essary to compare the value Gfcorresponding to the mea- typical degenerate interface sublayer with a free-electron
sured gap shrinkage with the exponential slope value of theoncentrationngs=2.7x10**cm 3 determined by micro-
high-energy spectral side. When they coincide, the comperRaman scattering measurements of the film cross section,
sation ratioK can be calculated from the experimentally de-and a low-doped better-quality part of the layer with carrier
rived values ofG(N;) andE¢(n). concentration less than ¥@m™3. More experimental details

In addition, a comparison between the curve shifts inconcerning such samples are described elsewfiefe.

Figs. §a) and 8b) reveals that the shift due to compensation To calculate the FERB shape and energy position, in Egs.
increase is very stron(®6 meV forn=2.5x10cm 2 and  (1)—(7) we use the carrier effective-mass valt&é! dielec-

50 meV forn=1x 10?°cm™3) while the temperature-related tric constant, band gap, and spin-orbit split-off band

band-gap shrinkage is almost negligikBemeV even at such energy?! and the lattice temperature of the experiment as

CL Intensity

Energy (meV)

IV. COMPARISON WITH EXPERIMENT
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fixed parameters. Using a standard regression procedure, we
vary the free-electron concentrationelectron and hole tem-
peratures, and the ionized impurity concentratiyn In or-
der to verify the model, we compare the best-fit obtained
values ofn andN; with independently measured ones. Since
the described procedure is an analytical procedure, it is not
necessary to use sample parameters, known or measured in-
dependently. N
The spatially resolved micro-CL spectrum, takenTat =
=7 K in a highly conducting GaN-sapphire interface region 3350 3450 3550 3650
of the cross section of the film, is shown in Fig(@irve 1,
solid line). The experimental spectra were corrected for the
CL system response, which is necessary for a spectral band FIG. 10. Low-temperaturé? K) spatially resolved CL spectrum
fitting. Curve 2 (dotted ling presents the FERB emission (curve1, solid line) taken in a nonuniform area of thick GaN film
simulated in the nonquasiequilibrium case, and the paraboliRef. 14. Calculated FERB emissiofturve 2, dotted ling in the
approximation as we showed in our earlier wotklhe best  nonparabolic approximation for=1.95x 10*°cm™2 and §=52 K.
fit to the spectrum has been obtained for the electron concerfhe inset shows the full near-band-edge spectrum.
tration Nggrg=2.5X 10°cm 3, showing a good agreement
with the Raman scattering value even using this simplifiectussion of Fig. % could lead to different recombination ki-
model. The calculated FERB emission in the nonparaboligetics. In general, the latter can not be considered in the
nonquasiequilibrium approximation is shown by cure framework of the FERB model, because in such a case the
(dashed ling The best fit of the calculated spectra with the electrons should be localized. The contribution of such
experimental one is obtained for the Fermi enerfBy  donor-acceptor-like recombination can be derived by spec-
=140 meV andG=95meV and this corresponds to an elec-tral kinetics measurements. Due to the different kinetics of
tron concentrationnggrg=2.65<10cm™2 according to  the recombination transitions related to the low-energy part
Figs. 5 and 3, respectively, with a compensation ratio lowebf the spectrum, its intensity can be affected in a different
than 0.1 and an electron temperat@re-52 K. The value of way. Their neglect in the modeling does not decrease the
the electron concentration, determined by taking into accourdiccuracy of the method. Moreover, in some GaN NBE
all corrections in Eqs(13)—(16), is in a very good agreement spectre’’ the emission intensity in the discussed spectral re-
with the value figrs=2.7x10*cm3) measured by Raman gion is much lower. Additionally, the observed discrepancy
scattering, indicating the accuracy of the analysis. may also rise due to contributions either from the LO-
We point out that the simulated curves match perfectlyphonon replica lines or sometimes additional acceptor-bound
the experimental spectra except for the longer-wavelengtixciton lines®? or from structural defect-related PL emission
range at low intensity. Usually in these regions the effect ofat ~3.42 eV3® which are also neglected in the FERB
adjacent emission lines appears. The mismatch is strongenalysis.
when overlapping takes place, and the latter makes the de- It is worth noting that the experimental emission spectra
tailed spectral shape modeling more complicated. The ob@Fig. 9, curvel) do not show any peculiarities which could
served discrepancy between theory and experiment in thise attributed to a contribution from the light hole recombi-
range of energies may arise from the assumption of equalation. In the corresponding energy range around 3640 meV,
nonequilibrium electron and hole temperatuéedn orderto  the modeled curves are in reasonable agreement with the
adjust the low-energy slope, we simulate a FERB emissioxperimental spectra. A possible explanation of the absence
assuming higher lifetime variations for the nonequilibrium of this influence is based on the largesh radiative recom-
holes compared with those of the electrons. This assumptiobination lifetime of light holes, compared to the thermal lo-
reflects a higher effective hole temperat@rg in the Fermi-  calizing time of the nonequilibrium heavy holes, as well as
Dirac functionf,(E,) in Eq. (1), and it is reasonable bearing on their lower concentration with respect to the heavy-hole
in mind that the nonequilibrium holes are spatially localizedconcentration. Additionally, the nonequilibrium recombina-
in the valence-band potential relief and their energy dispertion process can cause a redistribution of light- and heavy-
sion is stronger. Curvé (dashed lingin Fig. 9 presents a hole concentrations, e.g., nonequilibrium light holes should
spectral shape calculated assuming=100 K. The electron be able to recombine via the empty acceptorlike valence-
temperature is kept the same®@t=52 K. We can see that band-tail states changing into heavy ones. Such a redistribu-
the low-energy side rises, but is still lower than the experi-tion is not predicted in the equilibrium and quasiequilibrium
mental one. A better agreement could be obtained if we alsapproach.
take into account the possibility that some of the electrons The emission spectra of the unintentionally doped
occupy deeper and thus larger wells in the fluctuations of theamples sometimes overlap with a strong excitonic
band edges. Deeper states in the conduction-band tails coupgak'®>%?%?’and a detailed spectral shape analysis requires
be created also by defect levels, which are specific for the@ deconvolution procedure. A simpler solution would be
studied samples and thus not reflected by the(lEg), where  similar modeling of the FERB derived from the NBE emis-
only the Gaussian fluctuations of the shallow impurities aresion spectra consisting of both the excitonic emission band
taken into account. Such deeper tail stdgee the DOS dis- and underlying broad emission. A similar procedure was

FERB
3300 3500 3700

CL Intensity

Energy (meV)
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range of 2—3 K. Moreover, it is a reasonable process in our
case, keeping in mind that both equilibrium and nonequilib-
. rium electrons participate in the radiative recombination pro-

cess. Thus for the total carrier concentration in range of
10*cm™3, the critical carrier density for internal thermalisa-
tion n, is in the range of ¥ cm3,831and the condition for
internal thermalisatiom>n, is satisfied.

3 In addition, in Fig. 11 we also show an emission spectrum
— simulated in the quasiequilibrium approaéturve 3) for
3600 3700 comparison. The modeling can be performed following Eq.
(1) where p(E) corresponds to curv8v (dashed lingin
Fig. 6 (left). The emission band calculated with similar pa-
rameters to that used for cun&appears at rather higher
spectral energies. The spectrum can be shifted to the low-

nonquasiequilibrium, nonparabolic approximationTat2 K for an ~ €Nergy side via numerical band-gap renormalization. Al-
electron concentration af=2.7x 10*°cm™3. Curve3 (dashed ling th.ough this simple procedure can sometimes be carried ou.t
is a calculated FERB emission for the same parameters in quasith reasonable accuracy, a discrepancy between the experi-
equilibrium approximation. Curva* presents curv@ numerically ~ mental(curve 1) and calculatedcurve 3°) emission shapes
shifted to —2Y2G. The inset shows the full near-band-edge can clearly be seen.

spectrum.

ho=266NMM DBE K

3350 3450 3550 3650

PL Intensity

L
3*42

’ \ :\’
B

Vi s

3400

3500
Energy (meV)

FIG. 11. Low-temperaturé2 K) PL spectrum(curve 1, solid
line). Curve 2 (dotted ling is a simulated FERB emission in the

shown in our previous stud¥ using the simulated FERB V. CONCLUSIONS

emission in a parabolic approximation. In Fig. 10 we show \We presented a theoretical analysis of the FERB in
such experimental CL spectrufourvel, solid ling) taken in  n-GaN, and a comparison with experimental emission spec-
an intermediate area between the degenerate and googla. The model assumes free-to-bound transitions between
quality parts of the same layer. The simulated FERB in theree electrons and holes localized in the maxima close to the
nonparabolic approadieurve2, dotted ling is also shown in  valence band created by potential fluctuations. We presented
the figure. The best fit value dE;=100meV and corre- a detailed justification of all elements of our model which
spondingG=65meV (see Fig. 3 result in a value of free includes the effects of band-gap renormalization, band tail-
carrier concentratiom2r,=1.95<10"cm 3. This result is  ing, nonparabolicity, localization, impurity and electron con-
in a good agreement with the electron concentration valueentration, and temperature.
(nrs=2.7x10%cm3) determined by Raman scattering al-  The model was applied to cathodoluminescence and pho-
though there is a slightly higher mismatch compared to theoluminescence spectra in GaN. It yielded accu¢ettevithin
results shown in Fig. 9 due to the mixed character of thefew percenkvalues of electron concentration and an estimate
material. of the compensation ratio. The model can be usefully em-
In Fig. 11 we show an experimental PL spectrum of theployed for n>1x10"¥cm 3. The fit of the spectral shape
same GaN film taken at 2 Kcurvel, solid line) with similar  yieldsn andK, which can be independently verified from the
overlapping of excitonic and broad band. The calculatecposition of the high-energy edge of the FERB band. The
FERB spectrum in the nonparabolic cageirve 2, dotted complete method simulation program to calculate the FERB
line) has been obtained using the following parametBrs: shape and energy position is available free of charge at
=136 meV, nigrg=2.7x10"cm 3 G=68meV, and http://www.phys.uni-sofia.bffarnaudov/.
=13K. The latter allows us to achieve the best agreement
with the RS datarQR.s=2.7><.1019cm*3). The higher carrier ACKNOWLEDGMENTS
temperature used in the simulated spectra is of importance
for achieving a good fit to the experimental one, although it This work was partly supported by the European Commu-
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