PHYSICAL REVIEW B VOLUME 62, NUMBER 16 15 OCTOBER 2000-I1

Effects of monolayer AlAs insertion in modulation doped GaAgAl, Ga; _,As
guantum-well structures

Q. X. Zhao! S. Wongmanerod,M. Willander?! P. O. Holtz? E. Selvig and B. O. Fimland,
IPhysical Electronics and Photonics, Department of Microelectronics and Nanoscience, Chalmers University of Technology
and Gdeborg University, S-412 96 Geborg, Sweden
°Department of Physics, Linking University of Technology, S-583 81 Lipkeg, Sweden
3Department of Physical Electronics, Norwegian University of Science and Technology, N-7034 Trondheim, Norway
(Received 24 April 2000

Symmetrically modulation doped GaAs/Ma, ,As quantum-well structures, containing a monolayer
thickness of single AlAs insertion in the well region, are studied by photoluminescence spectroscopy and
electrical characterization. The aim of this study is to explore how the AlAs insertion influences the electronic
properties of the structures and the mobility of the carrier confined in the well layer. We find that the electronic
structure of the confined electrons is strongly influenced by the AlAs insertion in the modulation doped
structures. The effective mass of the particles involved in the observed optical transition and the transition
energy were deduced from magneto-optical measurements, while the mobility and carrier concentration were
obtained from the Hall measurements. The experimentally deduced transition energies are compared with the
results from a simple self-consistent calculation.

INTRODUCTION optical measurements, while the mobility and carrier concen-
tration were obtained from the Hall measurements. The ex-
Modulation doped GaAs/AGa,_,As structures have perimentally deduced transition energies are compared with
been subject to extensive investigations during the past twihe results from a simple self-consistent calculation.
decades. The experimental results provide a comprehensive
understanding of the optical and electrical properties of the SAMPLES AND EXPERIMENT
structures. Radiative recombination related to the two-

- - The samples used in this study are grown by molecular-
dimensional electron gas and many-body effects such as the ; :
Fermi-edge singularityFES have been observed in modu- q)eam epitaxyMBE). The reference sample AS375 is a sym-

lation doped GaAs/AlGa,_,As heterostructurés® and metric modulation doped 150 A GaAsyGa, As quantum

. II. Th i 100 A A | both
In,Ga _,As/InP quantum-wel(QW) structures’® It is also we ere s a AGg A spacer layer on bo

. S , sides of the GaAs well layer. The doping region is a 100-A-
well known that the carrier mobility in modulation doped 4o AlysGa, -As barrier layer with a Si doping concentra-

heterostrugtures is strongly t_anhanced 'in cqmparison Wmﬂon of 1X 10 cm?. Sample As364 and sample As374 have
bulk materials due to a reduction of the impurity scatteﬁng. the same structure design as the reference sample As375,
To the best of our knowledge, there are much fewer studiegxcept there is an AlAs insertion layer with two monolayer
of modulation doped GaAs/fGa, - xAs QW structures con- thickness in the 150 A GaAs well layer at a position of 50
taining an AlAs insertion in the well region, although there and 75 A, respectively, from the top interface. In order to
are many reports on the undoped monolayer structures in thgary the carrier concentration but keeping the other structure
GaAs/InGa _,As (Refs. 10 and 11 and CdTe/ZnTe parameters unchanged, atomic hydrogen was introduced into
systemd>3In addition, our study also intends to verify the the samples by a dc-plasma technigfi@he three as-grown
theoretical prediction on the variation of the carrier mobility samples were treated at the same time by dc hydrogen
due to the change of the electron-phonon interaction irplasma at 250°C for half an hour. The hydrogen treated
GaAs/ALGa,_,As QW's with a monolayer insertiof:'®>  samples are denoted as As375H, As364H, and As374H, re-
According to the theoretical calculations, the carrier mobility spectively. During the hydrogen treatment, the samples were
strongly depends on the position of inserted AlAs layer inmounted on a heater block, with which the sample tempera-
modulation doped GaAs/AlAs/AGa, ,As QW structures.  ture can be controlled with 22 °C accuracy, and placed 10

In this investigation,n-type symmetrically modulation cm downstream from the plasma with a bias voltage of 300
doped GaAs/AlGa, _,As quantum-well structures are used. V. The pressure of the plasma was 1.5 mbar. The hydrogen
An AlAs layer with a two-monolayer thickness is placed at treatment will not affect the structure quality of the samples
different positions in the well region. The structures are charat the above conditior$.
acterized by magneto-optical spectroscopy and Hall mea- A double grating monochromator and a photomultiplier
surements. We find that the electronic structure of the conwere used to disperse and detect the photoluminesd®hge
fined electrons is strongly influenced by the inserted AlAsand PL excitatioPLE) signals. For zero magnetic field PL
layer in the modulation doped structures. The effective masmeasurements, an Oxford Variox variable temperature cryo-
of the particles involved in the observed optical transitionstat was used. The sample temperature could be continuously
and the transition energy were deduced from magnetoregulated down to 1.5 K. An Ar laser and an A laser
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TABLE |. Mobility (), carrier concentratiofn), and effective massng};) obtained from as-grown samples As375, As364, and As374,

as well as from H-passivated samples As375H, As364H, and As374H.

As375 As364 As374 As375H As364H As374H
Position of the 0 50 A 75 A 0 50 A 75 A
inserted AlAs as-grown as-grown as-grown H-treated H-treated H-treated

layer relative to
top interface
w (cm?iV's) 3.1x 10 3.0x 10 2.9x 10 2.4x 10 2.2x 10 2.9x 10
at 10 K
n (1/cn?) 1.45x 10" 1.20x 102 1.23x10*2 0.72x 10" 0.54x 10" 0.59x 10*2
at 10 K
w (CméIV s) 1.7x10* 1.6x10* 1.4x10% 1.3x10* 1.3x10* 1.5x 10
at 160 K
n (1/cn?) 1.90% 102 1.60% 102 1.76x 102 1.23x 102 0.84x 10% 0.98x 10*?
at 160 K
w (cm?iV s) 7.1x10° 6.8x 10° 6.3x10° 6.4x 10° 5.8x 10° 6.5x 10°
at 294 K
n (1/cn?) 2.20x 102 1.85x 102 2.09x 102 1.49x 10%? 0.94x 102 1.11x 10*?
at 294 K
miy 0.070 0.060 0.060 0.066 0.066 0.066
(ehh12
mq 0.053 0.055 0.060
(ehh22

pumped tunable sapphire: Ti solid-state laser were used as
the excitation sources. The magneto-optical measurements
were carried out in a 14 T magnet in the Faraday configura-
tion. The laser was coupled to the sample via optical fibers,
and the emissions from the sample were collected througtx=
the same fiber into the monochromator.

ntens

RESULTS AND DISCUSSIONS o

From the Hall measurements, the mobility and carrier =
concentration in each sample were deduced. The results ar
summarized in Table | at room temperature, 160 K, and 10
K. The results clearly indicate that the carrier density in the
well decreases in the hydrogen-treated samples in compari
son with the corresponding as-grown samples. The reductiot
of the carrier concentration is about 50%. The high-
resolution x-ray defraction measurements were used to char
acterize the as-grown samples and the H-treated sample: >,
The results indicate that the quality of the structures remainsfa
unchanged after the passivation, which is consistent with ear &
lier conclusions for QW structures after the same it
H-treatment condition¥® .

The as-grown and the H-treated samples were charactel
ized by PL measurements. Figur@jlshows the PL spectra
from the three as-grown samples, measured at 2.0 K with ar
excitation wavelength of 5145 A from an Arlaser. The
radiative recombination related to the two-dimensional elec-
tron gas(2DEG) appears at an energy higher than the energy
of the bulk GaAs excitons. The two peaks are explained in
terms of recombination from two electron subbands. This
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interpretation will be further expounded upon below. The k|G, 1. () PL spectra from the three as-grown samiks375,
significant difference concerning the transition energy, PlLas364, and As374 measured at 2.0 K. The excitation power is 4
line shape, and relative PL intensity of the 2DEG transitionsmw and the excitation wavelength is 5145 A from an' Aaser.(b)

are illustrated in the figure for the three different samples. Itremperature dependence of the PL from sample As375. The exci-
clearly shows that the transition energy shifts to higher eniation conditions ar¢a).
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FIG. 2. PL spectra from the three H-passivated samples [ GaAs iaxcitonI I As364 (b) ]
(As375H, As364H, and As374Hmeasured at 2.0 K. Excitation - JDEG

power is 4 mW and excitation wavelength is 5145 A from ad Ar  Z» | N

laser. i } Magnetic field ]
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ergy when the AlAs inserted layer is placed close to the.E i .

center of the well. The low-energy side of the 2DEG transi- 12 1

tion from sample As375 is overlapping with the bulk GaAs : L 180 N

excitons, which is illustrated in Fig.(l) at different tem- 6 1

peratures. This will be further illustrated by the magneto- [ 3 ]

optical data, which will be presented below. Figure 2 illus- C N e B

trates the PL spectra for the hydrogen-treated samples at th 1.500 1.520 1.540 1.560 1.580 1.600 1.620 1.640
same excitation conditions as shown in Fig. 1. In comparison Photon Energy (eV)

with the as-grown samples shown in Figa)l the results

clearly show that the 2DEG concentration decreases, which FIG. 3. (a) PLE spectra from sample As364, measured at differ-
is consistent with the results of the Hall measurements. Furent magnetic fieldgb) PL spectra from sample As364, measured at
thermore, the PL spectra also indicate that the energy pos#ifferent magnetic fields.

tion of the 2DEG related transitions shifts towards higher

energy after the H treatment. Furthermore, only one occu- L , he

pied electron subband transition was observed for the three ~ E(B)=E(0)+(n+2)fiw.=E(0)+(n+3) =, (1)
samples after the H treatments.

In order to accurately determine the 2DEG transition enwhereE(0) is the energy separation between the correspond-
ergies, we have performed the PL measurements and PL eig electron and hole subbands involved in the recombina-
citation (PLE) measurements under different applied mag-tion at zero magnetic fieldn* is the effective mass of the
netic fields along the growth direction. A typical group of PL involved electron and hole, i* = (1/m})+(1/m;), andB
and PLE spectra are shown in Figs. 3 and 4, obtained froris the magnetic-field strength. The effective mass is a
the as-grown sample As364 and H-treated sample As364H {itting parameter. Similar measurements and fitting proce-
different magnetic fields. The Landau-level splitting is dures were applied to the other samples, and the results of
clearly seen both in the PL and the PLE spectra. By comparthe deduced effective mass are listed in Table |, and deduced
ing Figs. 3b) and 4b), it is obvious that the electron con- zero field energies are summarized in Fig. 7 as circles.
centration in sample As364H is much lower than in As364. To confirm or reject the interpretation of the two PL tran-
The Fermi energy is about 43 meV above the ground statsition bands observed in the as-grown samples as being due
with two occupied electron subbands in as-grown sampléo the emission from two different electron subbands, we
As364, while the Fermi energy is about 21 meV above thehave performed a self-consistent calculation. The confined
ground state with only one occupied electron subband ilectron and hole levels in the structures are obtained. The
sample As364H. Taking into account that the second elecdetails of the theoretical calculations and the parameters used
tron level is only slightly populated in As364, the roughly in the calculations, the reader is referred to Refs. 2 and 13.
estimated Fermi energy is consistent with the reduction oDnce these electron and hole Salirger equations have
the electron concentration by about 50% after the H treatbeen solved, the optical transition energies can be calculated.
ment. A typical diagram of the transition energies fromThe calculated potential and wave functions for the first two
magneto-optical measurements for the as-grown samplsubbands are shown in Fig. 6 for the as-grown samples. The
As375 is illustrated in Fig. 5, where the filled circles repre-calculated results may be affected by the band-gap
sent data from the PL measurements and open circles fromenormalizatiort, ~‘°since the electron density is rather high
the PLE measurements. The lines in the figure are calculated our structures. However, the band-gap renormalization en-
by using the following expression: ergy will be very similar in all as-grown structures investi-
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FIG. 4. (a) PLE spectra from sample As364H, measured at dif-
ferent magnetic fieldsb) PL spectra from sample As364H, mea-
sured at different magnetic fields.

gated here, since they have a similar electron density. There:
fore, in this first approximation we have not included such

effects, since the purpose of this calculation is just to provide
guidance for the interpretation of the observed transitions.
Instead, when we compare the calculated and experimenta
results, we downshift the same energy for all structures stud-
ied here. There could be some difference between the as-
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two subband wave functions. The solid line represents the first sub-
band, and dotted line represents the second subband.

grown and the H-treated structures, but such a difference will
not mislead the interpretation of the results. The calculated
results are shown in Fig. 7 as solid lines for the as-grown
samples and dotted lines for the H-treated samples. The elec-
tron concentrations deduced from the Hall measurements
were used in the calculations. The calculated transitions were
downshifted 13 meV for all transitions and all structures.
The good agreement in the tendency indicates that the first
transition observed in all structures is related to the first elec-
tron level and the first heavy-hole level in the structures,
denoted as ehhl11, while the second transition is related to the
second electron level and the first heavy-hole level, denoted
as ehh21, except sample As374, in which the transition en-

FIG. 5. Landau-level splitting for sample As375. The circles €rgies for enh22, elh1l, and ehh21 are very close. Taking

correspond to our experimental resultgpen and filled circles are
from PLE and PL measurements, respectiyelyhile the lines

show the

calculated Landau-level position according to(Eyg.

into account the much larger oscillator strength for the tran-
sition ehh22 and the deduced similar effective mass as the
transition ehhl1l, the observed second transition in sample
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12— T the Hall mobility among the three samples is different before
r 1 and after the H treatment. This indicates that the Hall mobil-
1.60 - ] ity depends essentially on the 2DEG concentration. Since the
—_ ] difference in the as-grown samples and the H-passivated
2z 1581 e ] samples is the electron density, the change of the relative
= i Hall mobility is likely related to the change of the electron-
%” 1.56 - ] phonon scattering, which depends on the electron
5 isal ehh2l o ] density**® However, from our results we do not observe a
UL strong enhancement of the Hall mobility by introducing an
152 L ethll o b AlAs phonon barrier in the well, as has been theoretically
r ehhll g ] predicted?® The weak effects of the AlAs inserted layer on
1.50 R R S BN the electron mobility may purely be related to our structure
0 20 40 60 80 geometry and electron concentration in the structures. In or-
Position of AlAs insertion (A) der to draw more conclusions, the theoretical calculations of

the Hall mobility have to be performed for structures like
FIG. 7. Circles represent the experimentally deduced 2DEGyyrs, However, such calculations are beyond the scope of
emission energies. Filled circles are from the as-grown samplegpig paper. Nevertheless, our results provide a basis for fur-
and open circles represent the results from the H-passivategha, theoretical investigations.
samples. The solid lines and.dotted lines are calculqted results for Since, on the one hand, the monolayer AlAs inserted layer
the as-grown and the H-passivated samples, respectively. in modulation doped GaAs/iGa_As QW structures
strongly influences the optical transition energies, and, on the
As374 is most likely related to the hh22 transition, i.e., theother hand, the Hall mobility is not significantly changed, the
second electron subband and the second heavy-hole subbasttuctures presented here may provide a new way to manipu-
This assignment is consistent with the relative PL intensitylate the properties of modulation doped structures for
observed in Fig. 1. In symmetric QW structures, the transi-optical-electronic applications.
tion ehh21 is forbidden according to the dipole selection In summary, we have presented a detailed investigation of
rule. Such a dipole selection rule may be relaxed to somenodulation doped GaAs/iGa _,As quantum-well struc-
extent in our structures due to the breakdown of the symmetures with and without a monolayer of AlAs in the well
try by a small built-in electric field or asymmetric AlAs in- region. The electronic structures of the modulation doped
serted layer; the oscillator strength of the transition ehh21 istructures are studied by magnetooptical spectroscopy. dc
still much smaller than the transition ehhl11. This is exactlyplasma hydrogen treatments have been used to alter the 2D
what we observed from samples As375 and As364 in Fig. lelectron concentration in the well region. The experimental
However, the second transition in sample As374 is ratheresults and theoretical simulations indicate that the mono-
different, with a much stronger transition oscillator strength,layer AlAs insertion has a strong influence on the carrier
which is in agreement with the assignment of the transitiorenergy levels in modulation doped structures. The effective
ehh22. mass of the 2DEG emission was deduced, and the results do
Let us now look at how the mobility depends on the po-not show any significant variation when an AlAs inserted
sition of the AlAs inserted layer. We would like to point out layer was included in the well region. The Hall mobility was
that the three samples were grown under similar conditionfound to be marginally influenced by the position of the in-
and in the same growth run. The three samples were alsserted layer.
treated by hydrogen plasma at the same time. Thus the re-
sults from the samples are relevant for comparison. The Hall ACKNOWLEDGMENTS
mobility for the three as-grown samples and the
H-passivated samples is summarized in Table I. First, the We would like to thank J. Weber for helping us to prepare
results illustrate that there is no significant change of the Halthe dc-hydrogen treated samples. We thank J. Svensson for
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