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Abstract—Magnetooptical studies have been performed on symmetrically strained (Galn)As/Ga(PAs)
multiple quantum well heterostructures (MQWHs) of high crystalline perfection. In addition to the strong
allowed optical transitions, also weaker quasi-forbidden transitions are observed in the experimental
magneto-photoluminescence excitation spectroscopy (magneto-PLE) spectra, in particular at high mag-
netic fields. These forbidden transitions have been analyzed using the model of a two-dimensional exciton
in a magnetic field. This leads to an independent determination of the electron and the heavy hole mass
in the MQWHs. The accuracy of the method in determining the carrier effective masses is evaluated and
discussed. A consistent description of the subband structure parameters (exciton binding energy, electron

and heavy hole mass) as a function of incorporated strain is obtained.

1. INTRODUCTION

The study of the magnetooptical properties of semi-
conductor bulk layers, as well as quantum well
heterostructures (QWHs) and superlattice (SL) struc-
tures, is a powerful tool to determine the respective
bandstructure in these layers, e.g. Ref. [1]. In particu-
lar, QWHs in various material systems have been
investigated in recent years using magneto-photolu-
minescence excitation spectroscopy (PLE)[2-5]. The
observed optical transition energies as a function of
the applied magnetic field perpendicular to the layer
structures have been analyzed by using the model of
a two-dimensional exciton in a magnetic field[2-6].
From this analysis of the allowed optical transitions
as a function of the magnetic field the exciton binding
energy, as well as the reduced effective mass, are
obtained. Further assumptions on one of the con-
stituent carrier masses are necessary to extract the
other mass. As the reduced mass is dominated by
the electron mass in the above mentioned structures,
the hole mass can only be obtained with a large error
bar from this analysis.

In the present communication, the quasi-forbidden
optical transitions, which are observed experimen-
tally with weaker transition strength as compared to
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the allowed optical transitions in the magneto-PLE
spectra, are analyzed in addition. This allows an
independent determination of the electron and hole
masses with higher accuracy than the standard evalu-
ation procedure using the intrinsic optical transitions in
an absorption experiment. As a model system for
this evaluation procedure, symmetrically strained
(Galn)As/Ga(PAs)-MQWHs have been studied for
different values of compressive strain in the (Galn)As
quantum well layers. The analysis of the magneto-
photoluminescence (magneto-PL) as applied to n-
type modulation doped QWHs([7,8] is restricted to
doped heterostructures. In addition, any kind of
relaxation processes are neglected in the analysis of
the magnetic field dependence of the recombination
process.

The present communication is organized as fol-
lows. The experimental conditions for the epitaxial
growth and the magneto-PLE studies are briefly
summarized in Section 2. In Section 3, the polariz-
ation-dependent magneto-PLE investigations are de-
tailed. The theoretical analysis using the model of the
two-dimensional exciton in a magnetic field is de-
scribed. The obtained values for the exciton binding
energy, the electron and the hole mass as a function
of strain are presented. The accuracy of the presented
method, analysing the quasi-forbidden optical
transitions in the magneto-PLE spectra, for the inde-
pendent determination of the electron and hole mass
is discussed. The obtained results are summarized in
Section 4.
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Table 1. Structural parameters of the symmetrically strained (Galn)As/Ga(PAs)

MQWHs as determined by X-ray diffraction analysis. The individual layer thicknesses

are determined within an error bar of 0.5 nm, the individual compositions within a
relative error of about 5%({10]

d(GxinlAs dGuAsl dGl( PAs) dGlAsz
Number Xin (nm) {nm) Yp (nm} {nm)
1 0.052 9.2 1.7 0.100 8.8 1.8
2 0.079 9.1 1.2 0.206 8.6 1.5
3 0.124 8.5 1.2 0.272 8.2 1.6
4 0.156 7.8 1.3 0.334 7.6 14

2. EXPERIMENTAL

The epitaxial growth of the symmetrically strained
(Galn)As/Ga(PAs) MQWHSs has been performed
by metalorganic vapour phase epitaxy (MOVPE)
in a commercial equipment (Aix 200, Aixtron
Corp.) at a reactor pressure of 100 mbar and
a substrate temperature of 650°C. The MQWH
layer sequence consists of 50 periods of a (Ga
In)As/GaAs/Ga(PAs)/GaAs building block. The thin
GaAs intermediate layers in between the ternary
(Galn)As and Ga(PAs) layers have been deposited to
avoid the possible formation of strained quaternary
(Galn) (PAs) interface layers. The total strained layer
sequence has been grown on a buffer layer consisting
of an (AIGa)As layer and an (AIGa)As/GaAs short-
period superlattice to improve the growth surface
morphology on semiinsulating (100) GaAs substrates
(exact orientation within +0.25°). Details of the
optimization as well as the precise evaluation of the
real incorporated strain profile in the symmetrically
strained MQWHs have been published else-
where[9,10]. The structural parameters of the
samples, selected here for magneto-PLE investi-
gations are summarized in Table 1.

The magneto-PLE studies have been performed
in a Bitter magnet system for magnetic fields up
to 20 T. The sample was mounted in a liquid He
bath cryostate inside the bore of the magnet system
excited using an Ar-ion pumped Ti:sapphire laser
system. The excitation light was circular polarized by
using an achromatic quarter-wavelength retarder
plate. The luminescence light was dispersed by a
0.64 m singie pass grating monochromator and de-
tected by a liquid nitrogen cooled Ge-detector using
lock-in technique.

3. RESULTS AND DISCUSSIONS

The high-crystalline perfection of the symmetri-
cally strained (Galn)As/Ga(PAs) MQWHs under
investigation here has been established by high-resol-
ution X-ray diffraction{10] as well as PL and PLE
spectroscopy[11]). Typical PLE linewidths of the low-
est exciton resonance are in the range of 4-5 meV
(FWHM). The PL lines with a typical linewidth
around 3meV (FWHM) are ‘Stokes’-shifted by
about 2 meV with respect to the exciton resonance in
the PLE spectrum.

The experimentally obtained PLE spectra for one
symmetrically strained (Galn)As/Ga(PAs) MQWH
sample for different applied magnetic field strengths
are summarized in Fig. 1. The full and dashed lines
represent the data obtained from left and right circu-
lar polarized light excitation. The individual spectra
have been shifted on the intensity scale for clarity.
The evolution of the Landau level fan structure is
clearly detected for all samples under investigation
here at low magnetic field strengths in the range of
1-2 T, pointing again to the high crystalline perfec-
tion of these samples. In addition to the strong peak
structures, caused by allowed optical transitions,
weaker peak structures, as indicated by arrows in Fig.
1, are detected in particular for high magnetic fields.

The characteristic Landau level transitions are
analyzed by solving Schrddinger’s equation for a
two-dimensional exciton in a magnetic field[1]

[—0%0p* — V/p 8/dp + m*p* = 2/p
+ (y2)Y4R, (p) = E,m R, (p) (1)

Luminescence Intensity (arb. units)

A i

1.40 1.42 1.44 1.46 1.48
Lascr Energy (eV)

Fig. 1. Photoluminescence excitation spectra of a symmetri-

cally strained (Galn)As/Ga(PAs)-MQWH as a function of

the applied magnetic field perpendicular to the MQWH for

an In-concentration in the compressive strained (Galn)As

quantum well of x,, = 0.124. The full (dashed) line represent

PLE spectra recorded using left (right) circular polarized
light excitation.
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In these equations energies are expressed in units of
the Rydberg R, = pue*/2(4nch?)’, lengths in units of
Bohr radius ap = 4neh?/pe? and y is given by the ratio
of y = hw /2R,. The ground state and excited electron
states are labeled by n similar 1o the hydrogen model,
while m represents the exciton angular momentum
quantum number(1].

Two approaches have been applied to solve
eqns (1) and (2). The first one is the direct numerical
solution of Schrédinger’s equation. As the exciton is

not strictly two-dimensional in the present MQWH,

the exciton hmdmo energy s taken as a parameter

in this evaluation as in the literature for similar
magnetooptical experiments[3,5,6]. This scaling of
the exciton binding energy is similar to the introduc-
tion of a scaling factor for the exciton dimensional-

-hl”')'l The second apprr\ach is an extension of the

analync two-point Padé approximation of the hydro-
genic energy levels in two dimensions at arbitrary
magnetic fields, as introduced by MacDonald and
Ritchie[l3] This analytic solution has been extended
by taking the finite hole mass of the exciton explicitly
into account. Both methods yield the same result,
however, the use of the analytic approximation leads
to a drastic reduction in computation time.

The value of m =0 corresponds to s-type solutions
in terms of the exciton model and to AN =0 in terms
of the Landau-level transitions. The selection rule
AN =0 with applied magnetic field relates 10 Ak =0
without applied field. Thus, k-conservation implies
that only m =0 transitions are allowed, therefore,
only eqn (1) has to be considered, which only depends
on the binding energy and the reduced effective mass
of the exciton. This analvsis is the standard nrocedure
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for obtaining these two quantities from the exper-
imental data, as has been performed for various
material systems in the literature[2-6}. This method,
however, does not directly lead to the electron and

hale affant:
hole effective mass.

knowledge of one of the two quantities in general, are
necessary in order to determine the other.

The forbidden transitions with m = +1, m = +2
correspond to p- and d-type solutions in the exciton
pluun:, or to transitions between the electron and
hole Landau levels of different Landau quantum
numbers N{1]. As possible mechanisms for the obser-
vation of these transitions, scattering mechanisms
(impurities|7], interface roughness or alloy disorder),
as well as the presence of electric fields{14], are
discussed. The additional analysis of the quasi-for-
bidden transitions leads to an independent determi-
nation of the electron and hole mass in these
structures. As the application of an electric field in the
range below 5kV cm~! perpendicular to the MQWH

Fhrirthar agciimnmtiane ~r tha
1 Ul abﬂulllytlvllﬂ, ul i

tFor a residual doping level of below 1*10"%cm~?, the

surface charge depletion layer is estimated to be in excess
of the | im thickness of the MQWH layer structure
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Fig. 2. Laundau level fan chart of a symmetrically strained
(Galn)As/Ga(PAs)-MQWH for an In-concentration in the
compressive strained (Galn)As quantum well of x,, = 0.124.
Experimentally observed optical transitions are plotted as
circles. The respective transition strength is indicated by the
symbol size for the various optical transitions. The lines
result from the theoretical description using the two-dimen-
sional exciton in a magnetic field model as detailed in the
text. The full lines represent allowed s-type exciton tran-
sitions, while p-type and d-type exciton transitions are
shown by dotted and dashed lines, respectively.
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jayers ieads only to minor changes in the energetic
positions of the subband levels, this method seems to
be generally applicable to any kind of MQWH in a
Schottky- or p-i-n-type layer structure. In the present
case the surface charge depletion fieldt is assumed
1o cause the experimental observation of the quasi-
forbidden optical transitions.
The Landau level fan chart,

resultine from the
4 <

magneto-PLE spectra in Fig. 1 for left circular light
polarization is summarized in Fig. 2. The symbol size
represents the strength of the experimental detected
optical transitions. The lines describe the theoretical
dependence based on the above described model of
the two-dimensional exciton in a magnetic field. Full
lines represent allowed s-type excitonic transitions,
while p- and d-type transitions are shown as dotted
and dashed lines, respectively. An almost perfect
agreemen! beiween experimental transition energies
and the theoretical data is obtained.

It is important to note that the 34~ transition in the
symmetrically strained (Galn)As|Ga|(PAs) MQWHs
is only detected under o~ excitation in agreement with
theory(15]. However, the 2p ~ transition is weakly

observed experimentally for both polarizations in
contrast to the theoretical descrintion

trag the theoretical description, wher
transitions should be detected only for ot exci-
tation[15]. Also in the case of unstrained QWHs the
2p~ as well as the 2p * transitions are detected experi-
mentally for both polarizations[14]. This behaviour
needs to be clarified by additional i investigations.

In the following, we will concentrate on the achiev-
able accuracy in particular for the determination of
the hole mass using this novel evaluation procedure.
Therefore, detailed model calcu\anons have been

narfarmad far all camnlac 1imda
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Fig. 3. Landau level fan chart of symmetrically strained
(Galn)As/Ga(PAs)-MQWH for an In-concentration in the
compressive strained (Galn)As quantum well of x,, = 0.124.
Experimentally observed optical transitions are plotted as
circles. The respective transition strength is indicated by the
symbol size for the various optical transitions. The lines
result from the theoretical description using the two-dimen-
sional exciton in a magnetic field model using an in-plane
electron mass of m? =0.067 and an in-plane heavy hole
mass of (a) mf, =0.25 and (b) m% = 0.19.

20.0

For the symmetrically strained (Galn)As/Ga(PAs)
MQWH with an In-concentration of 0.124, the
best description of the experimentally detected
transitions is obtained for an exciton binding en-
ergy of 10 meV, an electron mass of mY* =0.067
and a heavy hole mass of m}, = 0.22. By variation
of these parameters in the model calculation the
error bars are established. The comparison of the
model caiculations with the experimental data by
deliberately increasing (decreasing) the heavy hole
mass to a value of 0.25 (0.19) is shown in Fig.
3(a) and (b), respectively. While only minor
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changes in the theoretical energy positions for the
allowed optical transitions occur, significant devi-
ations are observed for the forbidden transitions.
This is most apparent for the 2p- and 3d4- tran-
sitions. For an increase in the heavy hole mass the
theoretical transitions lie below the experimental
observed transitions for all magnetic field
strengths, while the opposite holds true for a
decrease in heavy hole mass. Thus an accuracy
of the determined hole mass of below 0.03
results from these studies, which is a clear im-
provement as compared to the standard evaluation
procedure. The obtained values for the exciton bind-
ing energies, the electron and the hole masses of the
samples investigated in this work are summarized in
Table 2.

Based on these findings a consistent description of
the subband structure as a function of strain is
obtained. In particular, the significant decrease of the
in-plane hole mass with increasing strain is estab-
lished quantitatively. This reduction of the in-plane
heavy hole mass results from the reduced intervalence
subband mixing due to the increased energetic splitting
of heavy and light hole subband levels caused by
the incorporated strain. This is discussed also in
more detail in conjunction with the results reported
elsewhere in the literature in the strained material
system{16].

4. SUMMARY

In conclusion, magnetooptical studies have been
performed on symmetrically strained (Galn)As/Ga
(PAs) MQWHs of high crystalline perfection. In
addition to the strong allowed optical transitions,
also weaker quasi-forbidden transitions are ob-
served in the experimental magneto-PLE spectra,
in particular at high magnetic fields. These forbid-
den transitions have been analyzed using the model
of a two-dimensional exciton in a magnetic field,
leading to an independent determination of the
electron and the heavy hole mass with a significant
improved accuracy as compared to the standard
procedure. As the quasi-forbidden transitions are
easily observable by applying a weak electric field
in the kV cm ~'-range perpendicular to the MOQWH
layers, this evaluation procedure seems to be a ver-
satile and generally applicable method. The accuracy
of the method in determining the carrier effective
masses has been evaluated and discussed.

Table 2. Strain ¢,g,iua,- €xciton binding energies £, and carrier effective masses in units of the free electron mass
my, of the symmetrically strained (Galn)As/Ga(PAs) MQWHs. The error bars of the different quantities as
determined from the theoretical analysis are indicated

EE""" Sin £(GutnjAs E meV]+1.5  m.[my) + 0.000 My [y} £0.03  pim,} +0.002
i 0.052 0.37% 9.0 0.0674 0.30 0.056
2 0.079 0.58% 10.0 0.0672 0.25 0.054
3 0.124 0.90% 10.0 0.0670 0.22 0.053
4 0.156 1.12% 10.0 0.0667 0.19 0.052
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