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Abstract.  GaAs/AlAs supelattices with corrugated interfaces have been investigated by the polarized
photoluminescence method. Using the theoretical approach, which associates the linear polarization of
exciton photoluminescence with the corrugation parameters, experimental results have been fitted to
determine the height and lateral extension of corrugations.
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I. Introduction

Recently, investigations of superlattices (SLs) with corru-
gated interfaces have attracted a substantial attention. It is
connected with a possibility to grow directly these struc-
tures by  the molecular beam epitaxy or the metalorganic
chemical vapour deposition methods. Corrugated SLs may
be utilized to fabricate 1- and 0-dimensional quantum struc-
tures, i. e. quantum wires and quantum dots, and to develop
different optical and electronic devices such as laser diodes
and fast transistors. [1, 2, 3] Therefore, knowledge of the
properties of short-period corrugated SLs, in particular, pa-
rameters of the corrugation, is very important.

In our previous works it was demonstrated that linear
polarization of the exciton photoluminescence (PL) is very
sensitive to the presence of a microrelief at the interfaces
[4, 5]. In this case, a substantial PL polarization depending
on the corrugation parameters is observed even at zero an-
gle of PL detection. On the other hand, the X-ray diffraction
method is widely used to determine the interface roughness.
Thus, a combination of these two methods might be a pow-
erful tool for reliable determination of the relief parameters.

II. Experimental techniques

We have studied (GaAs)
n
/(AlAs)

m
 SLs grown by the mo-

lecular beam epitaxy, where n and m are quantum well and

barrier thickness, respectively, expressed in monolayers
(1 monolayer = 0.283 nm). The parameters of the SLs are
summarised in Table I. In the future the samples will be de-
noted as n/m.

The samples may be divided into two groups. In the first
one, a microrelief at the interfaces was not created inten-
tionally, but it appeared during a conventional growth pro-
cedure and, therefore, had a random distribution. The SLs
36/36 and 4/4 belong to this group. The SLs of second group

Table 1. Parameters of the samples under study
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were grown either on the (100) GaAs substrates misoriented
toward <011> by 2° or on the (311)A GaAs substrate. In
this case, well-ordered monolayer-height steps or arrays, re-
spectively, appear at the interfaces [1, 6, 7]. The same type
of sample grown on the exactly oriented (100) GaAs
substrate was used for a comparison. The thickness of quan-
tum wells and barriers in these SLs was 14 and 7 monolayers,
respectively.

PL at 4.2 K was photoexcited by the 488 nm line of an
Ar+-laser. The laser power was 20 mW. PL radiation was
dispersed by a monochromator with the 1200 lines/mm grat-
ing. The spectral resolution was 0.1 meV. PL signal was
registered by a cooling photomultiplier and processed by a
computer. The experimental system allows PL measurements
at different angles of detection (θ) and when the sample is
rotated around the axis normal to its surface (azimuth angle
ϕ). The degree of linear polarization of exciton PL was de-
termined as the ratio of the difference to the sum of intensities
of PL polarized in the plane of detection and normal to it,
respectively.

The samples were also characterized by measurements
of grazing incidence X-ray reflectivity and large angle, high
resolution diffractometric measurements using a
diffractometer (BEDE D3) equipped with two asymmetri-
cally cut grooved silicon crystals in (n,+n) setting [8, 9] as a
monochromator. The angular divergence behind the
monochromator was 0.003° and the angular acceptance of
the detector was below 0.1°. X-ray CuKα

1
 radiation (λ =

= 0.154 nm) from a rotating anode source (operated at
9 kW) was used. The high angle diffraction curves were
measured in the symmetric (004) and (002) reflection.

III. Theory

In order to estimate the relief parameters by measurements
of the PL polarization we used the theoretical approach de-
veloped in our previous works [4, 5]. The following four-
medium model have been considered: GaAs substrate with
the corrugated surface � GaAs/AlAs superlattice with the
same corrugation at the interfaces � GaAs cap layer �
vacuum. To focus our attention on the excitonic polariza-
tion due to interface corrugations, we consider the front sur-
face of the sample as a flat one. Otherwise, additional PL
polarization may arise. Moreover, we supposed that the
waves emitted by excitonic dipoles propagate in the
superlattices without refraction at the interfaces.

Considered here is the particular case of straight-line
corrugations oriented along a certain direction (y-axis). Let
z-axis be normal to the front surface and x-axis perpendicu-
lar to corrugations. Then, the shape of corrugations can be
described by the equation Z

i
 = f(x), <Z

i
>

x 
= 0, where Z

i
 are

z-coordinates of points lying at interface. Exciton (electron-
heavy hole) transitions in quantum wells are characterized
by the matrix elements of dipole momentum p

n
(L) (n = 1, 2,

3) related to the unit cell at a site L:

 p L r r r
L

n
( )

 ( ) =  a e a d r
L L

n

c v

* ( ) ( )
Ω

∫ 3
,          (1)

where aLc
( )r  is the Wannier function of the conduction band

originated from s-states and aL
n

v
( )r  are the analogous func-

tions of the valence band originated from three different
p-states.

These dipoles are mutually perpendicular vectors. In the
absence of corrugations, both modules and orientations of
p

n
 are independent on L over the whole quantum well re-

gion. In the presence of a smooth relief at the interfaces, the
modules of these dipoles are still independent on the coor-
dinate, but their local orientations are determined by those
of quantum well layers. If the amplitude of corrugations in-
creases, then additional polarization of PL may arise due to
changes in p

n
 modulus. For the system under consideration

p
1 
= p

2 
≠

 
p

3
; dipoles p

1
 and p

2
 are locally parallel to the inter-

faces (for simplicity we may choose p
2
 parallel to y-axis; in

this case, it does not depend on coordinate x), while p
3
 is

locally perpendicular to the interfaces. Thus, orientations of
p

1
 and p

3
 dipoles are varying with x-coordinate in accord-

ance with local orientations of the quantum wells. As a re-
sult, the following formulas for x- and z-components of these
dipoles can be easily obtained:

p
1,x 

= p
1
(1 + ξ

2
)

-1/2
;
          

p
1,z

= p
1
ξ (1 + ξ

2
)

-1/2  
;

         (2)

p
3,x 

= p
3
ξ(1 + ξ

2
)

-1/2 
;
           

p
3,z 

= p
3
(1 + ξ

2
)

-1/2 
,

where ξ = dZ
i
 /dx = f'(x).
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Fig. 1. Comparison of the linear polarization degree for different
types of corrugations (symmetrical ones: curves 1 and 1'; asym-
metrical ones: curves 2 and 2'; sinusoidal corrugations: curves 3
and 3' for the detection angle θ = 0°and azimuth ϕ = 0°(solid curves)
and ϕ = 90° (dashed curves); ∆ξ

1 
= ∆ξ

2 
= 0.2. For asymmetrical

case, the parameters of sharp slopes are ξ
2 
= �1 and ∆ξ

2 
= 3.
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Thus, the degree of linear polarization of excitonic PL
depends on the shape of corrugations and their dimensions.
We calculated the polarization degree (PD) for three cases
of corrugation shapes: symmetrical triangles, asymmetrical
triangles, and sinusoidal corrugations. Fig. 1 shows the dif-
ference between these three cases. The data were obtained
for zero detection angle (θ). ϕ is the azimuth angle, i. e. the
angle between the x-axis and the projection of the PL propa-
gation direction onto the surface. For each case, the distri-
bution of corrugations was characterized by the Gaussian

with parameters ξ
1
 and ξ

2
 which the most probable values in

the relief for two slopes, while ∆ξ
1 
and ∆ξ

2
 are their root-

mean-square dispersions, respectively. For symmetrical cor-
rugations, ξ

1 
= ξ

2
 and ∆ξ

1 
= ∆ξ

2
. At increasing detection an-

gle PD increases according to conventional polarization ef-
fect for the electromagnetic waves transmitted through the
front surface into vacuum.

As one can see from fig. 1, the most drastical difference
between the considered shapes of corrugations takes place
for small values of ξ, i. e. for small height-to-length ratio of
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Fig. 2. (a-e): The PL spectra at 5 K of the SLs under study (f-j): Linear polarization degree versus the PL detection angle. Solid symbols
correspond to ϕ = 0°, while open ones to ϕ = 90°. Solid and dashed lines are the fitted curves for ϕ = 0° and ϕ = 90°, respectively. For
the 36/36 SL, circles correspond to polarization of heavy excitons, while squares � to that of light excitons.
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the corrugation dimensions, while for highly corrugated in-
terfaces the difference vanishes.

Thus, by measuring the angular dependence of polariza-
tion with subsequent fitting of the curves obtained we can
estimate the ratio of the corrugations height to their length.

IV. Experimental results and discussion

A. Superlattices with a random distribution
of corrugations

A PL spectrum of the SL 36/36 consists of two lines at
1.541 eV and 1.555 eV, which are caused by heavy- and
light excitons, respectively (fig. 2(a)) [10]. Polarization of
the heavy excitons line is very high even at θ = 0°
(P = 12�15 %) and increases as θ rises (fig. 2(f)). At the
same time, the line of light excitons exhibits a smaller de-
gree of polarization (fig. 2(f)) in accordance with the iso-
tropic structure of the light-hole subband. We fitted the ex-
perimental curves using asymmetrical corrugations model
with the following parameters: ξ

1 
= 0.4 and ξ

2 
= -4. The de-

viation of the experimental curves from the calculated ones
is connected with a more complicated shape of the
microrelief, i. e. there are regions of the corrugations having
different orientation.

Another sample with a random corrugation distribution
was SL 4/4. The main line in the PL spectrum of this SL is
caused by recombination of the quasi-direct excitons con-
sisting of X

z
 -electrons of AlAs and Γ-heavy holes of GaAs

(fig. 2(b)). The two weak bands at the low-energy side of
the spectrum correspond to phonon replicas of the main line.
The degree of polarization at θ = 0° is rather high (P =

= 7�15 %) (fig. 2(g)). It implies large corrugations at the
interfaces. The value of ξ

1
 in this case was found to be about

0.3, while ξ
2 
= �2. However, the polarization degree becomes

even lower at higher detection angles. It is opposite to what
should be expected. Such an anomalous behavior might be
caused not only by the nonuniformity of the corrugations,
but also by the peculiarities of exciton localization at the
interfaces. In this case, the local polarization might be de-
termined by disturbed chemical bonds of surface defects,
dislocations, etc. Thus, we can observe a different angular
dependence of the polarization degree. However, a theo-
retical approach should be developed for this case.

Nevertheless, we are able to estimate the corrugation
parameters. The lower limit of the lateral extension of the
corrugations length is equal to the exciton diameter, i. e.
~8�10 nm in such structures. Hence, the corrugation height
is about 2.4�3 nm.

X-ray measurements in the (002) reflection on the SL
4/4 showed clearly pronounced satellite reflections with a
peak broadening for the first order reflection below 60 arcsec,
indicating a nearly perfect superlattice structure of this sam-
ple (fig. 3(a)). By a comparison of the measured X-ray re-
flectivity curve with simulations [11, 12] using the REFS of
BEDE program, it is possible to estimate the surface rough-
ness which corresponds to that of the interfaces. The ex-
perimental and simulated curves are plotted in fig. 3(b) by
solid and dotted lines, respectively. The interference pattern
was not observed, probably due to a curvature of the sam-
ple. Nevertheless, it seems possible to estimate the surface
roughness as about 2 nm.

B. Superlattice with intentionally qrown interface
corrugations.

Low-temperature PL spectra of three 14/7 SLs are plotted
in fig. 2(c-e). The experimental and calculated angular
dependences of the polarization degree for the SLs with in-
tentionally grown microrelief at the interfaces demonstrate
a good qualitative agreement. First of all, excitonic PL in
the SL 14/7 grown on the exactly oriented (100) substrates
exhibits a very weak polarization at zero detection angle
(fig. 2(h)). It implies very smooth interfaces is this sample.
For the SL grown on the (100) GaAs substrate misoriented
by 2° towards <110>, a higher PL polarization is observed
(fig. 2(i)). It is known that well-ordered monolayer-height
terraces are formed on such substrates [6]. The lateral ex-
tension of these terraces was estimated to be 8.0 nm. The
fitting curves were obtained using the values ξ

1
= 0.04 and

ξ
2
= �10. One can see that the value of ξ

1
 corresponds to the

ratio of the height to the length of the terraces estimated
independently.

The SLs grown on the (311)A substrate exhibit even
larger polarization at θ = 0° (fig. 2(j)). In this case, for theo-
retical description of the relief we have chosen the sinusoi-
dal shape. It is very close to the corrugation shape observed
for such SLs [6]. The calculated value of ξ is 0.3, which
agrees well with the corrugation height of 1.02 nm and the
length of 3.2 nm.
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Fig. 3. a) X-ray diffraction curve (near the 002 reflection) for the
4.4 SL; b) comparison of the measured X-ray reflectivity curve of
the 4/4 SL with the calculated one. The interference pattern was
not observed, probably due to the curvature of the sample. Never-
theless, it seems possible to estimate the surface roughness about
2 nm.
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V. Conclusions

1. PL polarization measured at zero detection angle in-
dicates existence of corrugations at the interfaces of SL. If
these corrugations are sufficiently regular, i. e. have a small
scattering of their geometric parameters (height, length, pe-
riodicity, orientation), the quantitative agreement of theory
and experiment may be obtained, and the relief parameters
may be estimated with a good reliability.

2. In the case of inhomogeneous corrugations (spot-kind
reorientation, high deviation of the linear relief parameters
from the average value, etc.), there is a large discrepancy
between the theory and experiment, and even a
nonmonotonic behavior of the polarization dependences may
be observed. For this case, only rough estimations of the
corrugations can be made, and a theory for statistical
nonmonotonic distribution of corrugations should be de-
veloped.

VI. Acknowledgements

This work was supported by a NATO Linkage Grant and by
the Ukrainian Committee for Science and Technology.

References

1. III-V Quantum System Research, ed. by K.H.Ploog, The Institution of
Electrical Engineers, 1995.

2. E. Kapon, D. M. Wang, and R. Bhat, Phys. Rev. Lett., 63, p. 430
(1989).

3. M. Kohl, D. Heitmann, P. Grambow, and K. Ploog, Phys. Rev. Lett.,
63, p. 2124 (1989).

4. Litovchenko V. G., Korbutyak D. V., S. G.Krylyuk, Yu. V. Kryuchenko,
V. I. Sugakov, H. T. Grahn, and K. Ploog, SPIE Proc., 2648, p. 294
(1995).

5. Litovchenko V. G., Korbutyak D. V., S. G.Krylyuk, Yu. V. Kryuchenko,
H. T. Grahn, and K. Ploog, Phys. Low-Dimens. Structures, 10/11,
p. 187 (1995).

6. Gainess J. M., Petroff P. M., Kroemer H., Simes R. J., Geels R. S. and
English J. H., J. Vac. Sci Technol., B 6, p. 1387 (1988); Fukui T.,
Saito H., Jpn. J. Appl. Phys., 29, L731 (1990).

7. Nîtsel R., Daweritz L., and Ploog. K., Phys. Rev., B 46, p. 4736 (1992);
Notsel R., Ledentsov N.N., Daweritz L., and Ploog. K., Phys. Rev.,
B 45, p. 3507 (1992).

8. W. Du Mond, Phys. Rev., 52, p. 827 (1937).
9. W. J. Bartles, J. Vac. Sci. Technol., 1, p. 359 (1983).
10. Litovchenko V. G., Bercha A. I., Korbutyak D. V., Gavrilenko V. I.,

and Ploog K., Thin Solid Films, 217, p. 62 (1992).
11. L.G.Parratt, Phys. Rev., 95, p. 359 (1954).
12. M. Wormigton, D. K. Bowen, and B. K. Tanner in Structure and prop-

erties of interfaces in materials ed. by W.A.T.Clark, U.Dahmen,
C.L.Briant (Mat. Res. Soc. Proc. 238, Pittsburh, PA, 1992) pp. 119-
124.

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ  ÊÎÐÓÃÎÂÀÍÎÑÒI  ²ÍÒÅÐÔÅÉÑÓ  Â  ÊÎÐÎÒÊÎÏÅÐ²ÎÄÍÈÕ  ÍÀÄÃÐÀÒÊÀÕ  GaAs/AlAs

Ë. Äàâåðèö, Õ. Ãðàí, Ð. Õåé, Á. ªí³õåí, Ê. Ïëîã
²íñòèòóò òâåðäîò³ëüíî¿ åëåêòðîí³êè ³ì. Ï. Äðóäå, Áåðë³í, Í³ìå÷÷èíà

Ä. Êîðáóòÿê, Ñ. Êðèëþê, Þ. Êðþ÷åíêî, Â. Ë³òîâ÷åíêî
²íñòèòóò ô³çèêè íàï³âïðîâ³äíèê³â ÍÀÍ Óêðà¿íè

Ðåçþìå. Ìåòîäîì ïîëÿðèçîâàíî¿ ôîòîëþì³íåñöåíö³¿ äîñë³äæåí³ íàäãðàòêè GaAs/AlAs ç êîðóãîâàíèìè ãåòåðîìåðåæàìè.
Ñï³âñòàâëÿþ÷è åêñïåðèìåíòàëüí³ ðåçóëüòàòè ç òåîðåòè÷íèìè ðîçðàõóíêàìè íà îñíîâ³ ìîäåë³, ÿêà ïîâ'ÿçóº ñòóï³íü ë³í³éíî¿
ïîëÿðèçàö³¿ åêñèòîííî¿ ôîòîëþì³íåñöåíö³¿ ç ïàðàìåòðàìè êîðóãîâàíîñòåé, âèçíà÷åí³ âèñîòà òà ëàòåðàëüíà ïðîòÿæí³ñòü
êîðóãîâàíîñòåé.

ÕÀÐÀÊÒÅÐÈÑÒÈÊÈ  ÊÎÐÐÓÃÈÐÎÂÀÍÍÎÑÒÈ  ÈÍÒÅÐÔÅÉÑÀ  Â  ÊÎÐÎÒÊÎÏÅÐÈÎÄÍÛÕ  ÑÂÅÐÕÐÅØÅÒÊÀÕ
GaAs/AlAs

Ë. Äàâåðèö, Õ. Ãðàí, Ð. Õåé, Á. Åíèõåí, Ê. Ïëîã
Èíñòèòóò òâåðäîòåëüíîé ýëåêòðîíèêè èì. Ï. Äðóäå, Áåðëèí, Ãåðìàíèÿ

Ä. Êîðáóòÿê, Ñ. Êðûëþê, Þ. Êðþ÷åíêî, Â. Ëèòîâ÷åíêî
Èíñòèòóò ôèçèêè ïîëóïðîâîäíèêîâ ÍÀÍ Óêðàèíû

Ðåçþìå. Ìåòîäîì ïîëÿðèçîâàííîé ôîòîëþìèíåñöåíöèè èññëåäîâàíû ñâåðõðåøåòêè GaAs/AlAs ñ êîððóãèðîâàííûìè
ãåòåðîãðàíèöàìè. Ïóòåì ñðàâíåíèÿ åêñïåðèìåíòàëüíûõ ðåçóëüòàòîâ ñ òåîðåòè÷åñêèìè ðàñ÷åòàìè, áàçèðóþùèìèñÿ íà ìîäåëè,
êîòîðàÿ ñâÿçûâàåò ñòåïåíü ëèíåéíîé ïîëÿðèçàöèè ýêñèòîííîé ôîòîëþìèíåñöåíöèè ç ïàðàìåòðàìè  êîððóãîâàííîñòåé,
îïðåäåëåíû âûñîòà è ëàòåðàëüíàÿ ïðîòÿæåííîñòü êîððóãîâàííîñòåé.


