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A study has been made of the effect of microscopic roughness on the shape of the spectrum of 
radiation diffracted by laser-induced gratings in GaAsIAlGaAs quantum wells. The line 
profile was analyzed by using the composite complex permittivity profile that takes into account 
fluctuations in the resonance energy of the excited states. It is found from detailed 
comparison of the theory with the experimental results that the interface of the quantum well 
grown by molecular-beam epitaxy has "islands" of height equal to 1 monolayer (2.83 
A) with longitudinal dimensions much greater than the exciton diameter; they are covered by nhno- 
size regions of roughness of diameter 80-90 A. O 1996 American Institute of Physics. 
[S 1063-776 I (96)02302-91 

1. INTRODUCTION few monolayers in the quantum well or "valleys" of GaAs in 

The GaAsIAlGaAs quantum wells grown by molecular- 
beam epitaxy have low impurity and defect densities, and 
therefore states of free and localized excitons are dominant 
in their photoluminescence and excitation spectra. Because 
of size quantization, the positions E, of the exciton levels 
depend strongly on the width of the quantum well. It was 
shown in Ref. 1 that the permittivity &(E) of a quantum well 
near an exciton resonance can be described by means of the 
following distribution, which takes into account both the ho- 
mogeneous and the inhomogeneous broadening of the exci- 
ton levels: 

where E is the photon energy, F is the exciton oscillator 
strength, and y is the parameter of the inhomogeneous 
broadening of the exciton level, which is proportional to the 
phase relaxation time T, .  The real constant E, takes into 
account the contribution to the polarizability of states with 
energies greater than the exciton energy. The probability den- 
sity f(E,) describes the inhomogeneous broadening that 
arises on account of the fluctuations of the resonance energy 
E, near its mean value (E,). The half-width a of the inho- 
mogeneously broadened exciton level is determined by scat- 
tering by lattice defects, and the fluctuations in the composi- 
tion x of the material of the A1,Gal-,As barrier. However, 
the greatest contribution to a is made by scattering of exci- 
tons by nano-size regions of roughness on the quantum- 
well-barrier interfaces with a height of 1 monolayer, 6=2.83 
A, and diameter less than the exciton radiw2 For certain 
growth regimes, the fluctuations in the width of the quantum 
well lead to the formation of microscopic regions of 
roughness-"islands" of AlGaAs with a height of one or a 

the barrier with a depth of one or a few monolayers with 
diameters appreciably greater than the exciton diameter D,. 
In this case, the exciton level is split into several sublevels 
corresponding to different local widths of the quantum well: 
W, W + 6, W + 2 6, ... . In the intermediate case, the profile of 
the exciton luminescence spectrum can consist of inhomoge- 
neously broadened doublets or triplets3 and depend on the 
distribution of the longitudinal length scales of the micro- 
scopic and nano-size regions of roughness in the region 
where an exciton with diameter D, is localized. 

Recent investigations of the nonlinear optical properties 
of quantum wells have used the methods of four-wave 
mixing4 and diffraction of (sub)picosecond laser radiation by 
a laser-induced ga t ing5  Analysis of the kinetics and angular 
dependence of the intensity of the radiation diffracted by 
such a grating makes it possible to determine in a self- 
consistent manner the exciton lifetime and diffusion coeffi- 
cient in the quantum we11.~ It was shown in Ref. 6 that not 
only the intensity but also the profile of the diffracted radia- 
tion spectra contains information about the parameters of the 
homogeneous and inhomogeneous broadening of the exciton 
states. In Ref. 7, a model was proposed for describing the 
profile of the spectrum of an inhomogeneously broadened 
exciton state in terms of the probability of finding within the 
exciton diameter D ,  a fluctuation in the width of the quan- 
tum well measuring d<D,. In the present paper, this model 
is used to consider the interrelationship between the spectra 
of radiation diffracted by a laser-induced grating and the 
sizes and spatial distributions of the islands, valleys, and 
microscopic and nano-size regions of roughness of the 
quantum-well-barrier interfaces (see Fig. 3 below). In con- 
trast to the luminescence spectra considered in Ref. 7, which 
are the result of recombination of thermalized quasiparticles, 
the spectra of radiation diffracted by a laser-induced grating 
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about 200 pm. The interference pattern created by the coher- 
ent beams I and 2 (Fig. 1) led to the formation of a periodic 

I distribution in the density of electron-hole pairs, and by vir- 
tue of the nonlinear properties of the medium this gave rise 

3 to an amplitude-phase diffraction grating with period A=X1 

2 2 sin(O/2), where X is the wavelength of the laser radiation. 
The induced diffraction grating was tested by a third beam 

NG. 1. Basic arrangement of the three-beam experiment on laser-induced incident on the sample at a time r13 after the first pulse. The 
gratings. radiation diffracted by the laser-induced grating in the direc- 

tion k,+(k2-k,) was filtered by a stop focused on the en- 

make it possible to investigate in greater detail the nonlinear trance slit of a spectrometer with resolution 0.1 meV and was 

optical properties of the ground and excited energy states of detected by the multichannel optical detector OMA-4. 

heavy and light excitons in a GaAsIAlGaAs quantum well. Figure 2 shows the characteristic profile of the spectrum 
of the diffracted beam and the change in the intensity of each 

2. DESCRIPTION OF THE EXPERIMENT AND RESULTS 

The sample investigated in the present work was grown 
by molecular-beam epitaxy on a GaAs substrate oriented 
along the [OOl] axis that was then removed by selective 
chemical etching. The sample was a multilayer quantum 
structure consisting of 20 periods of GaAs layers of thick- 
ness 116 a, between which there were Alo~3Gao.7As barriers 
of thickness 150 a. 

The source of exciting radiation was a titanium-sapphire 
laser with pulse duration 150 fs and repetition rate 76 MHz; 
the maximum of the spectrum of the laser radiation of width 
40 meV coincided with the energy position 1.551 eV of the 
heavy exciton. The measurements were made in liquid- 
helium vapor at a temperature of about 5 K. 

The laser radiation was divided into three beams, two of 
which, which had approximately the same intensity, were 
focused on the sample at angle O in a spot with a diameter of 

of the four peaks as a function of the delay time ~ ~ 3 .  Study- 
ing the decay of each of the four peaks (Fig. 2), allows the 
lifetime and diffusion coefficients of the excitons in the cor- 
responding energy states to be determined. The two most 
intense peaks correspond to a heavy exciton in a quantum 
well whose width fluctuates near the nominal value by an 
amount equal to the height of one monolayer, which led to a 
splitting of the state by 1116 meV. The heavy-exciton lifetime 
in the "broad" sections of the quantum well with resonance 
energy 1.55062 eV was T,=560 ps, and the diffusion coef- 
ficient was D =3.1 cm2/s. For the heavy exciton in the "nar- 
row" sections of the well with resonance energy 1.55 18 1 eV, 
we have T1=450 ps and D=3.5 cm2/s. In both sections, the 
exciton binding energy was about 10 meV. The two other 
energy states correspond to light excitons split by 1.5 meV 
by the fluctuations in the width of the well. In this paper, we 
shall not consider these states on account of the low intensity 
of the diffracted radiation corresponding to them. 

FIG. 2. Change in the intensity of the four peaks observed in the spectrum of the diffracted radiation (shown in the inset) versus the delay time T,, for A=30 
P". 
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3. THEORETICAL MODEL 

In the sample excited by the beams 1 and 2, there can 
exist, after damping of the coherent processes, a periodic 
distribution in the density of the excited states. Because the 
permittivity depends on the exciton density, such a system 
will exhibit the properties of an amplitude-phase diffraction 
grating with period A. The maximum phase difference that 
arises through the dependence of the refractive index near 
the exciton resonance on the density of the electron-hole 
pairs is much less than 27r in samples with thickness less 
than 200 nm, and therefore the effect of the phase modula- 
tion on the formation of the diffraction pattern can be ig- 
nored. 

The nonlinearity of the permittivity is determined by the 
dependence on the exciton density n  of the three following 
parameters: the energy position E,(n)  of the excitons, the 
damping y ( n ) ,  and the oscillator strength F ( n ) .  With in- 
creasing delay r,,, the amplitude and shape of the periodic 
distribution of the exciton density n ( x )  along the transverse 
coordinate x  change as a result of diffusion and the finite 
lifetime of the excited states; however, the grating period A 
remains unchanged. Therefore, with decreasing density of 
excitons the peaks in the spectrum of the diffracted radiation 
are slightly displaced and become narrower. However, the 
experimentally observed shifts and changes in the shape of 
the diffracted radiation were found to be slight compared 
with the change in the intensity of the radiation at all delays 
r13. Therefore, we assume that the dependence of the permit- 
tivity (1) on the exciton density n  is mainly determined un- 
der the conditions of our experiment by the form of the de- 
pendence F ( n ) .  The half-width of the spectrum of the laser 
radiation incident on the sample was much greater than the 
half-width of the energy states that we investigated, and 
therefore the dependence of the intensity of the diffracted 
radiation on the photon energy E  has the form 

where a o ( E )  is the linear absorption coefficient, and c2 is the 
imaginary part of the permittivity (1). The damping y in the 
expression (1) is determined by the uncertainty relation 
yT2-h, where T2 is the time of loss of phase coherence, or, 
equivalently, the exciton lifetime in one quantum state. For 
the sample we use, T2-10 ps, and therefore 
y =0.4 meV. This value is a few times less than the half- 
width of the observed lines and confirms the need to use the 
composite distribution ( I )  to describe the spectrum. How- 
ever, the experimentally observed spectrum of the diffracted 
radiation is not only inhomogeneously broadened but also 
has a clear doublet structure. To understand what determines 
the value of a and the profile of the heavy-exciton spectrum 
consisting of two lines, it is necessary to consider the struc- 
ture of real GaAsIGaAlAs quantum wells. 

The exciton energy Ex in the GaAs well depends on the 
width of the well. If the boundaries between the GaAs and 
GaAlAs layers were absolutely smooth, the distribution 
f(E,) describing the inhomogeneous broadening [see the ex- 
pression (I)] would take the form of a 6 function. In such a 
case, we should observe in the spectrum of the diffracted 
signal just a single line corresponding to the energy position 

FIG. 3. Proposed model o f  the structure o f  the quantum well. 

of the heavy excitons in a quantum well with definite width. 
The half-width of this line would be determined solely by the 
magnitude y of the inhomogeneous broadening. 

Molecular-beam epitaxy, by means of which the struc- 
ture we investigated was fabricated, makes it possible to con- 
trol the mean (over the substrate plane) number of grown 
GaAs and GaAlAs monolayers, but it is not possible by 
means of the method to create flat interfaces between these 
layers. At the GaAs-AlGaAs interface, steps with a height of 
one or two monolayers are formed in the process of growth? 
and create islands of GaAlAs in the quantum well or valleys 
of GaAs in the barrier. The fluctuations in the local width of 
the quantum well change the resonance energy Ex of the 
excited states. If the longitudinal dimensions of the islands 
are much greater than the exciton diameter (D,=250 A), 
then the spectrum of the exciton energy states will consist of 
several narrow peaks, the position of which is determined by 
the local width of the quantum well in the region of the 
island or in the region of the valley. It was shown in Ref. 8 
that decrease in the width (W = 116 A) of the GaAs quantum 
well by one monolayer leads to an increase in the heavy- 
exciton energy by - 1.1 6 meV, which is very close to the 
splitting that we observed. Therefore, to describe the inves- 
tigated doublet structure of the spectrum of the diffracted 
radiation, we propose to use a model in which one of the 
well-barrier interfaces is a smooth surface (valley) covered 
by islands with a height of one monolayer and having longi- 
tudinal dimensions much greater than the exciton diameter. 

To explain the half-width of the observed lines, we also 
used the model of nano-size regions of roughness described 
in Ref. 7. This model makes it possible to take into account 
defects on the surface of the valleys and islands that arise on 
account of the local microscopic inclusions of GaAs in the 
barrier layer and of GaAlAs in the well layer. In their shape, 
the nano-size regions of roughness resemble the structure of 
the valleys and islands except that their longitudinal dimen- 
sions must be at least a few times less than the longitudinal 
dimensions of the exciton. In the presence of such nano-size 
regions of roughness, the energy of the quasiparticles reflects 
the average width of the quantum well in the region occupied 
by the exciton. Bearing in mind that GaAs grows much more 
nonuniformly on AlGaAs than does GaAlAs on GaAs, we 
represented the final form of our model as in Fig. 3. The 
upper boundary of the quantum well is completely covered 
with "protuberances" and "dips" (it is assumed that the 
quantum well grew from the top to the bottom). At the lower 
boundary, the defects are grouped into islands. We ignore the 
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presence of nano-size regions of roughness between the is- 
lands. 

For such a model of the quantum well, the separation 
between the peaks of the energy states corresponding to the 
positions of excitons in the region of an island and in the 
region of a valley will be determined by the effective height 
of an island, which depends on the longitudinal dimensions 
of the protuberances, dips, and the distance between them. 
Varying the mean values of these quantities, we can obtain 
an effective change in the width of the quantum well from 
zero to one monolayer. Thus, the half-width of the exciton 
line will be determined by the probability for finding dips 
and protuberances of different diameters in the region occu- 
pied by the exciton. 

To determine the required probability, we shall, as in 
Ref. 7, use statistical arguments (similar to those used by 
Lifshitz to find the local density of states in disordered al- 
loys). We first consider the general case. It is assumed that 
the regions occupied by the dips, protuberances, and the 
planes between them are distributed randomly over the sur- 
face. The longitudinal dimensions of the smallest clusters 
associated with the protuberances, dips, and planes will be 
denoted by da , db , and d, , respectively. The probability of 
finding fluctuation concentrations C, , Cb , C, in a region of 
linear dimensions D, in the region of valleys is determined 
solely by the roughness of the upper boundary (see Fig. 3) 
and can be calculated in accordance with the expression 

where c!,), c#, Cgc) are the mean concentrations of the 
roughness of the upper interface between the GaAs and 
GaAlAs layers. The width of the quantum well in this region 
is determined by 

where WO is the mean width of the quantum well above the 
valleys (wO= 116 A). Knowing the probability of a fluctua- 
tion in the width of the quantum well, we can obtain the 
probability distribution with respect to the energies of the 
exciton states and, thus, the explicit form of the dependence 
f(E,). To translate the width of the quantum well into the 
exciton energy, we used the results of Ref. 8. The experimen- 
tal data are not sufficient to determine separately all the pa- 
rameters di , and therefore we assume that 

Curve I in Fig. 4 shows the dependence on the longitu- 
dinal dimension db') of a dip of the half-width a of the 
spectrum of the diffracted radiation IdiXE) calculated in this 
manner [see Eq. (2)] for the case of exciton excitation in the 
region of the valleys. The experimentally measured half- 
width of the corresponding state (1.55062 eV) for different 
periods of the lattice-induced grating was found to be 0.69 
meV to accuracy 10%. It can be seen from Fig. 4 that the 
best agreement between theory and experiment is obtained 
for dk1)=82 A. 

FIG. 4. Half-width u of the energy states in the region of a valley versus the 
longitudinal dimensions of the microscopic regions of rougpess dl" (curve 
1) and versus d p )  in the region of an island for d p ) = 8 2  A (curve 2). 

To determine the position and half-width of exciton en- 
ergy states above islands, it is necessary to take into account 
the nano-size regions of roughness of the surface of the is- 
lands. As was shown in Ref. 7, in not-too-narrow quantum 
wells, with width 2 10 monolayers, the microscopic regions 
of roughness of the upper and lower boundaries are not cor- 
related. Then the probability of fluctuation of the parameters 
that determine the well size will be expressed by the product 
of the probabilities of the corres onding fluctuations of the Pz, two surfaces: P( ' )P(~) ,  where P can be calculated in the 
same way as P(') if in the expression (3) we replace the 
parameters c!') and dj') by the parameters Cj2) and di(2). Let 

where z is a small parameter by means of which we adjusted 
ratio of the longitudinal dimensions of the dips and protuber- 
ances. This enabled us to obtain for the splitting a value 
corresponding to the one observed experimentally (for our 
data, we found z =  -0.018). Then for the width of the quan- 
tum well, we have 

We use P(') and P ( ~ )  to denote the probabilities that the in- 
dependent parameters c!') and Ci2) have certain values. As 
can be seen from (7), the well width depends on the sum of 
c:') and c i2) ,  and therefore we obtain for the probability 
P(W> 

where C =  CL1)+ ci2). 
The dependence of the half-width of the energy spec- 

trum of the diffracted signal on di2) (for dk1'=dV)= 82 A) 
obtained from (2), (7), and (8) is shown by curve 2 in Fig. 4, 
from which we find that the experimental results (u=0.97 
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FIG. 5. Conlparison of the experimental (dashed curve) and theoretical 
(solid curve) profiles of the spectrum of the diffracted radiation. 

meV for the peak with maximum 1.55 18 1 eV) are best de- 
scribed for d f ) = 9 0  A. The protuberance diameter is found 
from (6) to be d12)=93 A. 

It follows from the ratio of the intensities of the experi- 
mental lines with energies 1.55062 and 1.55 18 1 eV that is- 
lands occupy about 30% of the surface of one of the walls of 
the quantum well. The experimental profile of the spectrum 
of the diffracted radiation is compared with the theoretical 
profile obtained for the parameters dli) that we found in Fig. 
5. The intensities of the peaks of the theoretical spectrum are 
normalized to the corresponding experimental peaks. 

4. CONCLUSIONS 

From analysis of the kinetics and angular dependence of 
the intensity of radiation diffracted by a laser-induced grating 
we have determined the diffusion coefficients 0 ,  =3.1 cm2/s 
and D2=3.5 cm2/s of excitons propagating, respectively, be- 
tween and above islands of height 2.83 A with diameter 
much greater than the exciton diameter. We have also deter- 
mined the lifetimes of such excitons: T,=560 ps and 
T2=450 ps. Their quantitative difference is due to the addi- 
tional localization of the excitons in the valleys between the 

islands. From the spectral position of the exciton resonances, 
we have determined the mean width of the quantum well to 
be 116 A, and from the amount of the splitting we have 
determined the fluctuations of the well width. Using the ratio 
of the intensities of the doublet, we have estimated the spe- 
cific area occupied by islands and valleys. From the profile 
of the spectrum of the radiation diffracted by the laser- 
induced grating we have determined the mean diameters of 
the dips and protuberances of the nano-size regions of rough- 
ness at the boundaries of the quantum well and also the mean 
separation between them. 

Thus, analysis of the radiation diffracted by a laser- 
induced grating makes it possible to obtain information 
about the kinetic parameters of the exciton states and the 
geometrical characteristics of the quantum-well-barrier in- 
terfaces in the nanometer range. 
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