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Magneto-optics of narrow GaAs/Al Ga, As quantum wells grown on vicinal substrates
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Magnetoluminescence measurements performed on GaAs/Al Gal As quantum wells grown on a vi-

cinal substrate show a blueshift of the excitonic transitions compared with those obtained on a reference
sample grown on nominal substrates. This blueshift is interpreted in terms of the lateral modulation in-

duced by the steps array resulting from the use of vicinal surfaces.

One of the main goals in semiconductor physics is to
obtain reliable two- and three-dimensional confinement
because of both their potential application in semicon-
ductor devices, ' and the intrinsic physical phenomena
involved. Lithographical methods by electron beam or
holographic chemical etching has been successfully used
in order to get one- (1D) and zero-dimensional (OD) sys-
tems. ' However the methods suffer the increased
influence of interfaces that induces a large broadening in
the subband levels and small lateral confinement. Re-
cently, GaAs quantum-well wires with lateral con-
finement in the nanometer scale have been obtained, by
growing tilted superlattices (TSL) on vicinal substrates. '

Through this method one obtains large dimensional
confinement although the lateral confinement is not yet
well defined because of segregation processes.

A periodic distribution of steps like it appears in TSL
or quantum wells (QW's) grown on vicinal substrates
which would induce additional quantum effects that
could influence their electronic states. ' Nevertheless,
to the best of our knowledge, little attention has been
paid to the electronic properties of QW's grown on vici-
nal surfaces.

Photoluminescence (PL) and photoluminescence exci-
tation (PLE) spectroscopy under magnetic fields are very
good techniques in order to study the electronic proper-
ties of QW's, like subband energy spacing, heavy-
hole —light-hole mixing effects, exciton binding energy,
etc.

In this paper we report on PL and PLE experiments as
a function of the magnetic field for GaAs QW's grown on
a vicinal substrate. The results obtained by PLE show a
blueshift with respect to those corresponding to the refer-
ence sample grown on a nominal substrate with the same
well width. This result is accounted for by a simple mod-
el, which takes into account the periodic distribution of
steps present in the QW (see Fig. 1). The samples used in
the experiments include two single GaAs QW's with well
widths L =19 and 38 A, respectively. These QW's were
grown by molecular-beam epitaxy on both a nominal
GaAs(001) substrate (sample 1) and a vicinal GaAs sub-
strate misoriented from (001) by 4' toward (111)~ (sample

2). The QW's are isolated by 500-A Al„Ga, „As bar-
riers. To be strictly comparable, both samples have been
grown simultaneously. To improve the interface smooth-
ness of the nominal sample, a 60-s growth interruption
has been performed at each interface. " In order to ob-
tain an ordered step array on the vicinal substrate, the
growth parameters were chosen to achieve a step flow

growth mode, avoiding nucleation on the terraces. ' '
The following growth conditions were used: 0.31 ML/s
(where ML represents monolayer) for the GaAs growth
rate, 0.45 ML/s for Al, Ga& „As with x =0.30,
[As]/[Ga] ratio =3, and growth temperature 610'C. the
growth rates have been precisely measured using intensi-

ty oscillations of the reflection of the high-energy electron
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FIG. I. Quantum well grown on a vicinal substrate, showing

the periodic distribution of the terraces. The reference sample,
grown on a nominal substrate, is also shown for comparison.
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diffraction. ' Narrow QW's like those studied here would
have small hole mixing effects and the fan charts for mag-
netoexcitonic transitions are much simpler than those of
thick QW's. ' ' Therefore, it should be easier to study
by magneto-optical measurements the perturbation re-
sulting from the step-induced lateral modulation.

Magneto-optical spectra were measured using LD700
and DCM dye lasers pumped by Kr+- and Ar+-ion
lasers, respectively. The emission light was detected with
a Jarrell-Ash 1-m double monochromator and a photon
counting system. The experiments were performed in a
Faraday configuration with the magnetic field parallel to
the growth direction. In order to obtain circular polar-
ization, achromatic A, /4 plates were used. Table I shows
the energy and the full width at half maximum (FWHM}
of the luminescence signals for the 19- and 38-A GaAs
QW's in samples 1 and 2, respectively. The small values
of the FWHM in both samples are a good test for the
QW's quality.

Figure 2 shows the PLE spectra of the 38-A-thick
GaAs QW's at B=12 T for samples 1 and 2. The rr+o
indicate the helicity for the incident and the scattered cir-
cular polarizations, respectively. The different peaks cor-
respond to the rnagnetoexciton transitions Ho, H „
H2, . . . coming from the Eo electronic subband and the

E~HH~ hole states. One observes a blueshift in the PLE
0

peaks of sample 2 when compared with those of sample 1.
This blueshift is also observed in the PL and PLE spectra
of the 19-A-thick QW's.

Figure 3 shows the PLE energy peak position as a
function of the applied magnetic field for the 19-A-thick
QW in samples 1 (circles) and 2 (stars). Only the E(HH) 0

exciton is observed because only one state for holes has
an energy smaller than the hole barrier energy. The PLE
peaks correspond to magnetoexcitons Ho, H&, H2, etc.
We would like to stress here the systematic blueshift of
—1.7 meV in the PLE peaks of sample 2 with respect to

TABLE I. Luminescence energy (RcoL ) and full width at half
maximum (FWHM) of the 19- and 38-A QW width in samples 1

and 2 at 2 K.

Sample 1

Nominal Substrate
Sample 2

Vicinal Substrate

QW width (A)
AcoL (me V)
FWHM (meV)

19
1780

9.0

38
1666

6.0

19
1782

8.0

38
1668

5.0

No. 2 +0 No. 2

1890 - L 19g—
Hg

0 0

'H4

those of sample 1. The lines drawn through the Ho to the
H3 states correspond to the best fit of the experiments of
sample 1, following a two-dimensional hydrogeniclike
exciton model. ' ' From the simultaneous fit of the
ground and excited states we obtain Eo—

E~HH~ =1807.5 meV, and m„=0.078 for the reduced

effective mass of the heavy-hole exciton, its binding ener-

gy being Eb =10 meV. The same model can fit the data
of sample 2, only by increasing the Eo —

E(HH~ energy
0

transition obtained for sample 1 by 1.7 meV.
Figure 4 shows the results for the 38-A GaAs well on

samples 1 (circles} and 2 (stars). The results obtained on
sample 1 are similar to those reported by other authors
on narrow GaAs QW's. ' ' Sample 2 shows also here a
blueshift of the PLE signals whose value is —1 meV.
From the fit of the experimental data of sample 1 we ob-
tain Eo —

E~HH ~

= 1685.5 rneV, m„=0.063, and
0

Eb=13.5 meV. Here also the magneto-optical data of
sample 2 can be well fitted by increasing the Eo —

E~HH~ 0

transition energy obtained for sample 1 by 1 meV. The
electronic transitions obtained at 0 T for both QW's on

sample 1 coincide with theoretical calculations with the
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FICx. 2. Photoluminescence excitation spectra of the
Q

L, =38 A QW's for samples 1 and 2 at a magnetic field B= 12
T. The different peaks Ho, Hl, H2, . . . correspond to the mag-
netoexciton transitions. Observe the blueshift of the PLE peaks
in sample 2 compared to that in sample 1.

FIG. 3. Magnetoluminescence transitions of the L, =19 A
thick QW's for samples 1 (circles) and 2 (stars) as a function of
the applied magnetic field B. Solid lines are a fit of the experi-
mental data for sample 1, by using a two-dimensional excitonic
model.
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f 765 Finally, the equation of interest to be solved is

$2 Q2 2g 2

+ x' + V(x) ItI (x)
2m Q~ 2 2ppz

=(E—E„) p (x) . (4)

We have used an array of harmonic potentials to
represent the periodic perturbation V(x),

~&17t5
Hr V(x)= g A(x+x„), n —a/2 x n+a/2,

n=0
(5)

10

0

~ . ~ I HO
~ e ~ e ~ e ~

0 0 u

70:30band offset rule. '

In order to understand the blueshift obtained, one
should calculate the electronic energy levels for electrons
and holes of a two-dimensional potential V(x, z) under a
magnetic field B=(O,O, B). However, we will restrict
ourselves to the problem of electrons in a two-
dimensional potential. Using the gauge A=(O, Bx,O),
the Schrodinger equation to be solved is

e2
+ + x' + V(x,z) I(I(x,z)

pre Bx Qz 2m

f665
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FIG. 4. Magnetoluminescence transitions of the L, =38 A
thick QW's for samples I (circles) and 2 (stars) as a function of
the applied magnetic field B. Solid lines are a fit of the experi-
mental data for sample 1, by using a two-dimensional excitonic
model.

where x„=na (n integer), a being the length of the ter-
race. In our case, the mean value for the terrace length

0

in sample 2 is -40 A. Parameter A determines the am-
plitude of the modulation potential in the x direction.
Figure 5 shows the Landau fan chart for two different
values of A that could simulate the two samples studied
here. The origin of energies in Fig. 5 has been taken at
the energy value of the fundamental state of V(z) at zero
magnetic field. As expected, for A =0, i.e., no V(x)
modulation, the Landau fan converges to E=0 for zero
magnetic field (broken lines). However, for V(x)%0
(continuous lines), the Landau fan converges at B =0 T
to an energy value E )0, and the shift observed is smaller
(by a few meV) than the QW eigenenergies. This result
would qualitatively explain the blueshift experimentally
observed.

Let us point out that the miniband formation expected
in a periodic potential V(x) is not present in our case due
to the rather small period (X„+,—X„=40 A) and also
due to the small potential modulation assumed for the
value of parameter A in Fig. 5 [V,„(x) = 5.2 me V for

0 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I5

=Eg(x, z), (l)

where the electrons are free along the y direction, and
x'=x+fiky/eB is the Landau orbit center. The solution
of Eq. (l) with a realistic potential V(x, z) is a cumber-
some calculation. Instead of that we will assume that the
potential V(x, z) can be written as

30

V(xz) = V(x)+ V(z), (2)

, + V(z) g„(z)=c.„g„(z) .
2m Bz

(3)

where V(z) is the quantum-well potential with a fixed
width L, and V(x) is a periodic potential with periodicity

V(x) simulates the well width modulation induced by
the periodic distribution of steps present in the QW's
grown on vicinal substrates. The drastic assumption of
Eq. (2) is justified as long as the perturbation produced by
the steps on the electronic levels is much smaller than the
eigenenergies of the potential V(z), as in our case. Using
this model we can factorize the wave function
g«(x, z) =I)I, (x)g„(z), where g„(z) are the eigenfunctions
of the equation
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FIG. 5. Energy of the electronic Landau levels as a function
of the magnetic field for two different values of parameter A in

formula (5) (see text). A =0, broken lines; A = 1.3 X 10
o 2

me V/A, continuous lines.
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A = 1.3 X 10 me V/A ].
The theoretical results shown here are not in contra-

diction with those obtained by Kaplan and Warren' be-
cause they consider a single parabolic potential and not a
lateral modulation like ours. In fact our model would
predict the coupling between Landau levels and 1D bands
for larger lateral modulation and periodicity. In this
sense, it would be very interesting to analyze with a more
realistic calculation the critical parameters in QW's
grown on vicinal surfaces in order to have 2D
confinement induced only by the presence of the terraces,
like those recently discovered by Colas et al. ' Finally,
we have not included the effect of holes in our theory.
Although it could play an important role in the electronic
properties of QW's grown on vicinal surfaces like it does
in TSL's, it is beyond the scope of the present paper.

In conclusion we have observed a blueshift in magneto-
luminescence experiments of GaAs QW's grown on vici-
nal substrates. The results obtained are explained in
terms of the modulation induced by the presence of the
step array at the QW interfaces. The effect of the steps
periodically distributed in the x direction is to shift the
electronic levels of the QW at larger energy values.
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