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Abstract

Photoluminescence (PL) and reflection exci- 
tonic spectra o f GaN single layer grown on 
sapphire substrate by MOVPE were modeled 
with aim to estimate a basie parameters o f free 
A- and B- excitons. The calculations were 
performed in the frame o f two-oscillator model 
for dielectric function e(E). Three layered 
model o f crystal was used for fitting o f reflec­
tion spectrum which was measured at T=80K. 
In this way the dead layer thickness d — 6 nm, 
resonance energies EA= 3.4916 eV and Ев = 
3.5008 eV as well as the broadening parame­
ters ГА = 5.27 meV and Гв = 7.14 meV o f the 
free excitons were obtained. These parameters 
were used then for fitting o f PL spectra in as- 
sumption o f the thermal eąuilibrium for exci- 
tons taking into account the self-absorption o f 
resonance emission. The \alues o f diffusion 
coefficients DA =0.3 cm2/s, DB = 0.1 cm2/s and 
exciton lifetimes ta = 37 ps, vB = 17 ps were 
estimated.

1. Introduction

GaN and related nitrides have at- 
tracted strong interest for application such as 
blue-UV light emitting diodes, blue-UV laser 
diodes, video displays, fuli color TV systems, 
high - density optical memory systems for 
Computer networks. The technological devel- 
opment of GaN based optoelectronic devices 
makes the investigation of the properties of an 
excitonic States of great practical importance. 
Fundamentally the analysis of the linę shape of 
free exciton reflection and PL spectra can pro- 
vide a way for determination of energetic 
structure of semiconductors and estimation of 
basie parameters of radiative recombination 
processes. However it meets with a serious 
difficulties practically because of both ob- 
served PL and reflection spectra are usually 
transformed to a variable degree. It is well 
known that resonance reflectance in region of 
exciton transitions is very sensitive to state of 
the surface of the crystal. Various treatments of 
crystals (illumination, etching, electron and ion
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bombardment, field effect, temperaturę varia- 
tion, ets.) may alter radically the exciton linę 
shape. The phenomena has been interpreted 
initially in terms of free exciton layer (FEL) 
model which was introduced to account for the 
exciton repulsion from surface arising ffom the 
image potential [1]. The interference between 
light waves reflected at the outer and inner 
boundaries of the layer proved to have a im- 
portant role on the reflectivity spectra. We 
used FEL model in present work to obtain 
theoretical reflectance curve for comparison 
with experiment.

It is not such widely known , that the 
FEL approach can be applied also to solution 
of the opposite problem: description of exci- 
tonic emission tirom crystal under photogen- 
eration [2]. The experimentally observed PL 
lineshape in resonance region of free excitons 
is deteirnined greatly by transmission coeffi- 
cient of light originating from crystal vo!ume 
[3,4]. Solving of this problem can be very use- 
ful for interpretation not only excitonic PL 
spectra but also absorption spectra as well as 
spectra of Raman and Brillouin scattering [5]. 
In present work we calculated the transmission 
coefficient in terms of the PL light interference 
at the FEL boundaries. Self-absorption of reso­
nance radiation was also taken into account. 
The results of calculations was used then for 
fitting of PL spectra of the free A- and B- ex- 
citons in the GaN epitaxial layer.

2. Growth and experimental 
procedurę

The 2 pm thick undoped single GaN 
layer was grown on c-plane sapphire substrate 
by MOVPE in an AIXTRON reactor. The 
layer shows n-type conductivity with a free 
electron concentration 5-1017 cm'3.

Photoluminescence was excited using 
He-Cd laser with Xexc * 325 nm. The excitation 
intensity IejiC was 0.5 W/cm2. The PL and re- 
flection spectra were registered using a dif- 
fraction monochromator and a photomultiplier 
and then re-calculated to include the spectral 
sensitivity distribution of the monochromator - 
photomultiplier system. The spectral resolution 
was less than 0.3 meV (20-80K) and <1 meV 
above 80K.

3. Theoretical calculations

3.1. Reflection spectra
Optical properties of a medium with 

complex refractive index ń = n  — iK  are 
determined in investigated spectral region by

an excitonic oscillators with following 
parameters: resonance frequency co0 (or energy 
E0), the broadening (or decay) parameter Г, the 
exciton polarizability Ana, the background 
dielectric constant eb [5 ].

We assume a model of two coupled 
oscillators for the dielectric function near A 
and В free exciton transition energies:

Ś  (CO) = Sb
4 ™ a<»oa

-co 2 -  ico Г,
Л ] к 't 4 жавсоов 

cole -co 2 -icoTB
w here in d ex es  A and В corresp on d  to  the A 
and В ex c ito n  States re sp ectiv e ly .

To calculate the reflection spectra 
R(co) taking into account the interference in 
FEL we used the methods described in [1] and 
corresponding formulas:

R(co)=r (co) ■ r '(co),

with

r(co) = rn +г2Ъ(со)еъ@
\ + гп г2Ъ(со)еш  ’

(2)

® = 2 r n łU m,
where Ят is the light wavelength within the 
medium, d is the FEL thickness, and

r.: =(l - V̂ )/(1 + ^ );
Г7Ъ(o) = (JiTb -n(co))/{^£b 4-n(co)}, 

fi =  V e(a>).

The complicating factors such as the 
possible inhomogeneous broadening, the 
freąuency dependence of Г, the temperaturę 
dependence of polarizability and background 
dielectric constant, as well as the anisotropy of 
Et,, were neglected, because the inaccuracy 
caused by these factors is smali [6].

3.2. Luminescence spectra
The evaluation of excitation levels, 

used in our experiments, shows that at created 
concentration of carries about 1012 cm'3 at 

W/cm2 estimated by generation ratę, 
any degeneracy does not take place. Thus, the 
radiation linę shape is described in steady-state 
case in one-coordinate approximation by the 
following eąuation [7]:

IPL(co) = p (co )(\-R ’(co))
to (3)

x J«eiW exp(-^(ry)x)o !x,
o
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where h is the epilayer thickness, p(co) is the 
probability per unit time of emitting a photon 
with the freąuency co by exciton annihilation, 
R  '(ty) is the reflectivity of light with the

parameter a  decreased in 0.68 times (the 
golden mean), which allowed to adjust the 
absolute values of Y in given spectral region 
after fitting the shape of the curve.

freąuency CO incident on the surface from the 
epi-layer, k{co) is the absorption coefficient 
of GaN, nex(x) is the excitonic concentration. 
The probability of exciton-photon transition 
p(co) was calculated as the probability of the 
process reciprocal to the absorption of photons 
[ 8] .

Under the conditions of ąuasi- 
eąuilibrium between the ffee carrier gas and 
excitons, the value of nex(x) can be obtained 
[7]:

ncx ( X )  =
/ kr-  exc' ’ '

- к 2 - 1

A,
1

L

exp[ J - e x p ( - kx)

D.

( 4 )

where S is the surface recombination ratę, к  is 
the absorption coefficient on the pump 
wavelength, T is the total life time of exciton, 
Dex and L are diffusion coefficient and the 
diffusion length of the exciton respectively.

3.3. Fitting procedurę
The optimizing of parameters was 

carried out by the coordinate-wise descent 
method [9] with parabolic interpolation. The 
function

/ r = Ź ( y«kł w * r . .P, w |
7 =  1

+ / 'Z
/=1

Ycalc. И  -  ^e xp , И
V  (5)

Aco

4. Results and discussion

The major difficulty ffom standpoint 
of quantitative analysis of ffee excitons line- 
shape of GaN epilayers is the overlapping of 
PL lines which is observed generally over all 
temperaturę region. The PL spectra at Iow 
temperaturę (Figi.a) exhibit a Iow intensity PL 
band A„=i (3.4946 eV) attributed to the ffee 
exciton annihilation and a linę I2 bound to the 
neutral donors , which in reality includes the 
set of at least three overlapped lines [10].

3,45 3,46 3,47 3,48 3,49 3,50 3,51

where N is the number of the experimental 
points, Yexp j and Yca)c j are experimental and 
calculated values of the reflectance or the PL 
intensity, respectively, P is the weight 
parameter of the curve shape, was used as an 
"aim function". The first term in (5) 
characterizes the fitting of absolute values of 
the reflectivity or the PL intensity, the second 
one represents the ratę of their changes, i.e. the 
curve shape.

At initial stage of optimization the 
curve shape had the greater weight (the greater 
P parameter), then, after each 25 iterations, the

Energy  (eV)

Fig. 1. PL spectra of GaN epitaxial layer in the 
exciton region.

The dominance of bound exciton band 
in observed PL spectra together with Iow inten­
sity of A„_-, lines gives no way to reliable 
analysis of ffee exciton lineshape. Fortunately 
an increase of temperaturę leads to an efficient 
ąuenching of the bound exciton linę due to of 
smali activation energy (Fig.l). The I2 band 
disappear gradually from the spectrum above
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60-80К. Therefore to avoid problems with 
overlapping of luminescence lines we used for 
analysis the PL spectra measured at T=80K. At 
this temperaturę, lines related to the annihila- 
tion of the ffee exciton States become domi- 
nating in the PL spectra (Fig.2,a).

parameter must be greater than the ГС1 at fixed 
temperaturę.

Calculation of Гсг was performed 
using formula [11]:

3,46 3,48 3,50 3,52 3,485 3,490 3,495 3,500 3,505

Energy (eV) Energy (eV)

Fig.2. Experimental (solid curves) and calculated (dashed curves) PL (a) and reflection (b) spectra of 
a GaN sample for T=80K.

An additional reason for our choice 
was an assumption that the spatial dispersion 
(SD) effect can be eliminated from considera- 
tion at this temperaturę. Including of the SD 
effect (it means a dependence of dielectric
function в(ю) on wave vector к  ) leads to 
substitution of the additional term
tik t  M *  (where M* is the effective mass of 
exciton) in to denominator of equation (1). 
Though the energy position of the exciton 
resonance E0 does not depend on whether we 
include or neglect the SD effect in the calcula- 
tions [2], the last substitution results in a seri- 
ous complication of computation procedurę.

The temperaturę region where the SD 
effect should be taken into account, can be 
estimated by calculation of the critical broad- 
ening parameter Гсг. The transition to classical 
dispersion model is marked by the beginning of 
the strong temperaturę broadening of the 
exciton absorption band (or, what is the same, 
of the Г parameter) [11]. It means that Г

Г а
j h d ) l s b A u

V 2 М 'с 1 '

where A LT — СО а
I 4 ка
1 + ---- - 1 is the

longitudinal-transversal splitting, and C0o — СОт 
was assumed. The calculation gives ГсгА-4.8 
meV and ГсгВ=6.8 meV for A- and B- exciton 
respectively, if we admit M* = 0.97m0 =
0.49567xl06 eV [13], 4лал=2.7х10'3 [14], 
47гав=3.1х10'3 [14] and eb=5.2 [14].

The fitting of experimental reflection 
spectrum was performed using the procedures 
described above to check the admissibility of 
neglecting of SD effect. The experimental and 
calculated reflection spectra are given in Fig.2 
demonstrating an excellent agreement among 
them. The next parameters of exciton transi- 
tions of epitaxial layer GaN were evaluated: 
Eoa= ha>oA =3-4912 eV,
ГА = 5.27 meV,
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fA = 0.0043,
Alta =9.1 meV (for An=i exciton);

Eon = 3.5008 eV,
Гв = 7.14 meV, 
fB =0.0049 ,
ALtb =1.0 meV (for Bn=i exciton); 
d = 6.1 nm.
The values of the oscillator strength fA and fB 
were calculated using the eąuation f  = a  / 0.2 
[15].

The values of broadening parameter 
obtained ffom the "best fitting" of the 
experimental reflection spectra exceed the cor- 
responding critical ones. Thus, we can con- 
clude that SD effect does not play an important 
role at indicated temperaturę. The most 
probable cause of that is a possible 
inhomogeneous broadening of the excitonic 
lines.

Integrated absorption coefficient К of 
A- and B- ffee exciton absorption bands was 
also estimated using the obtained values of the 
oscillator strength. In accordance with [16] the 
total integration intensity of the absorption 
peak can be expressed as following :

K= ^k(E)dE  = 110-106 /
n Q 0

where Q0 -is the volume of GaN lattice celi (in
A 3), n is the refractive index.

Using of our data we evaluated inte­
grated absorption coefficient to be KA = 
4.459x103 eV/cm and KB = 4.149x103 eV/cm 
for A - and B- exciton bands respectively.

To calculate Ipl(£), the parameters 
Eo, Г and d obtained ffom results of the fitting 
of the experimental reflection spectra were 
used. The refiection coefficient of excitonic 
radiation falling on the surface ffom volume of 
theepilayer R'(a>) was calculated at fixing of 
these parameters. Formulas analogous to (2) 
was used, where Гц  is replaced by the 
complex reflectivity at inner piane of FEL r\ , 
and instead of Аз the real reflectivity at 
external surface of sample r23 is used. The ab­
sorption coefficient к(ш) was calculated as 
2<У Im £{co)
----------------- , where c is velocity of light.

Parameters Iexc = 1.6xl018 photonxcm'V, к = 
106 cm'3 and S=100 cm/s were used. The PL 
intensity calculations were performed sepa- 
rately for each exciton band and then results 
were summed. The simple Lorentz model was 
used for modeling of emission bands placing 
in Iow energy side ffom A-exciton peak posi-

tion. Only two ffee exciton parameters, namely 
the exciton diffusion coefficient and the 
exciton lifetime were varied during of fitting 
procedurę described above. The the 
experimental and calculated PL spectra are 
given in fig.2,a.

By fitting the experimental PL 
spectra, the exciton diffusion coefficient Dex
and the exciton lifetime т were estimated: D \

= 0.3 cm2/s, xA = 36 ps, D ^  = 0.1 cm2/s, tb = 
17 ps, giving the values of diffusion length LA 
= 0.033 pm and LB = 0.013 pm. As one can see 
the exciton lifetimes and values of diffusion 
length in our sample is very short, such that 
diffusion processes can be neglected. It should 
be noted that the value of T is confirmed by 
time-resolve experiments in the picosecond 
regime.

This work was carried out within the 
framework of the project BELARUS-INTAS - 
98-0995 “Recombination and compensation 
mechanisms in GaN epitaxial layers and struc- 
tures”.
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