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We report on the achievement of a two-dimensional electron gas in completely undoped
In0.75Al0.25As/In0.75Ga0.25As metamorphic quantum wells. Using these structures we were able to
reduce the carrier density, with respect to reported values in similar modulation-doped structures, to
about 2 – 331011cm22 with mobilities of up to 2.153105 cm2 (V s)21. We found experimentally
that the electronic charge in the quantum well is likely due to a deep-level donor state in the
In0.75Al0.25As barrier band gap, whose energy lies within the In0.75Ga0.25As/In0.75Al0.25As
conduction band discontinuity. This result is further confirmed through a Poisson–Schro¨dinger
simulation of the two-dimensional electron gas structure. ©2004 American Vacuum Society.
@DOI: 10.1116/1.1688345#

I. INTRODUCTION

Two-dimensional electron gases~2DEGs! based on
InxAl12xAs/InxGa12xAs quantum wells~QWs! with high In
concentration x offer potential advantages over
Al xGa12xAs/GaAs-based ones, both for fundamental physics
studies and for device applications, due to some peculiar
properties. First of all, the InxGa12xAs effective electron
mass m* is lower than the GaAs one, thus making
InxGa12xAs an attractive material for the realization of quan-
tum devices. Since, in order to observe quantized phenomena
it is necessary to obtain a subband energy spacingDE on the
order of kBT, and DE is inversely proportional tom* , a
larger subband spacing can be obtained by using a 2DEG
channel layer with a lowerm* . Furthermore, by increasing
the In content the Schottky barrier at the InxGa12xAs-metal
contact becomes smaller, and is suppressed completely for
x>0.75, thus allowing the realization of highly transmissive
metal–semiconductor interfaces. This last peculiarity ap-
pears to be crucial in order to exploit the so-called proximity
effect in superconductor/semiconductor hybrid systems,1 or
spin-related effects in ferromagnet/semiconductor devices.2

However, only heterostructures of one particular compo-
sition (In0.52Al0.48As/In0.53Ga0.47As) can be grown lattice
matched to a commercial binary substrate~InP!. In order to
maximize the flexibility in the choice of alloy composition,
several authors3–6 report the possibility of realizing meta-
morphic, almost unstrained InxGa12xAs QWs by inserting
‘‘virtual substrates’’ consisting of InAlAs buffers with graded
In composition grown on GaAs wafers. Using an InAlAs

step graded buffer layer, a 2DEG with carrier densityns

59.031011cm22 and electron mobilitym5545 000 cm2

~V s!21 has been reported by Gozuet al.4 in metamorphic
modulation-doped In0.75Al0.25As/In0.75Ga0.25As QWs grown
on ~001! GaAs substrate. Recently, Mendachet al.6 reported
a charge density down to 3.631011cm22 in modulation
doped QWs with an inserted InAs channel with mobilities
around 230 000 cm2 ~V s!21 in the dark.

A further reduction of the 2DEG carrier density, without a
degradation of the mobility, would be desirable to study dif-
ferent classes of phenomena at experimentally accessible
magnetic fields, when few Landau levels are filled. For ex-
ample, Kochet al.7 demonstrated a first-order phase transi-
tion from a spin-unpolarized paramagnetic state to a spin
polarized ferromagnetic state in the Landau leveln52 in a
In0.53Ga0.47As/InP QW (ns51.031011cm22).

In this article we show that the carrier density in meta-
morphic In0.75Al0.25As/In0.75Ga0.25As QWs can be reduced
(,331011cm22), with respect to previously reported val-
ues, by growing completely undoped epilayers, i.e., without
any modulation doping in the barriers. This phenomenon has
never been observed so far in this material system. We iden-
tified the charge transfer mechanisms to the QW as due to the
presence of growth-related deep-level states in the
In0.75Al0.25As barriers, with energies within the InAlAs/
InGaAs conduction band discontinuity.

II. EXPERIMENT

Samples were grown by solid source molecular beam ep-
itaxy ~MBE! on semi-insulating~001! GaAs substrates. The
2DEG region~Fig. 1! consisted of a 30 nm wide InAlAs/
InGaAs QW, grown at 470 °C with a V/III beam flux ratio of
12 and placed from 50 to 250 nm from the surface in differ-

a!Author to whom correspondence should be addressed; also at Dipartimento
di Fisica, Universita` di Modena e Reggio Emilia, 41100 Modena, Italy;
electronic mail: capotondi@tasc.infm.it

b!Also at Dipartimento di Fisica, Universita` di Modena e Reggio Emilia,
41100 Modena, Italy.

702 702J. Vac. Sci. Technol. B 22 „2…, MarÕApr 2004 1071-1023 Õ2004Õ22„2…Õ702Õ5Õ$19.00 ©2004 American Vacuum Society

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  128.112.200.107 On: Tue, 11 Aug 2015 19:07:22



ent samples. All samples were capped with a 10 nm protec-
tive InGaAs layer to prevent oxidation of the higher InAlAs
barrier.

In order to reduce the threading dislocation density in the
QW due to misfit dislocations generated at the heterointer-
face between mismatched layers, a 1.2mm step-graded
buffer layer of InxAl12xAs (x50.15– 0.85) was inserted be-
low the 2DEG region to fit the GaAs lattice parameter to the
In0.75Ga0.25As one ~Fig. 1!. The In concentration of up to
0.85 in the step graded buffer is chosen in such a way that
the topmost part of the buffer has a lattice parameter corre-
sponding to the unstrained In0.75Ga0.25As due to the partial
lattice relaxation of the buffer layers closer to the substrate.8

To avoid the formation of three-dimensional islands, the
buffer layer was grown at a lower temperature~330 °C!.5,9

High-resolution x-ray diffraction was used to check the In
concentration, and revealed also a strain relaxation of 95% in
the 2DEG region.

As previously observed on InGaAs grown on GaAs
substrates,10 atomic force microscopy of our surface shows a
well developed cross hatching pattern with a root mean
square roughness of about 2–3 nm on a 25mm325 mm scan
field. The period of the roughness undulations in the@110#
direction is in the submicrometric scale, smaller than in the
@2110# direction.

The transport properties of the structures were evaluated
in a standard 60mm wide, 260mm long Hall bar geometry
defined with standard optical lithography and wet chemical
etching. Ohmic contacts were obtained through e-beam
metal evaporation and the thermal diffusion of a Ni–GeAu
alloy into the sample. Hall bars were directed along the
@2110# and @110# directions. Only in samples with mobility
lower than 100 000 cm2 ~V s!21 did we observe an anisot-
ropy of about 25% in the two directions, with higher mobil-
ity in the @2110# direction, likely due to the asymmetry in
the surface roughness.3,4

Deep-level photoinduced current transient spectroscopy

~PICTS! analysis of the In0.75Al0.25As barrier material were
carried out with a Sula Tech. Inc. system, allowing tempera-
ture scans in the range 80–400 K, with a heating rate of 0.2
K/s. The emission rates varied from 5 to 23104 s21 and
applied biases ranged from 0.1 to 15 V.

Photoemission spectroscopy was used to determine the
Fermi level pinning at the surface used in the Poisson–
Schrödinger simulation. Spectra were taken with a photon
energy at 39 eV at the low-energy end station of the APE
beamline at Elettra synchrotron of Trieste, equipped with a
Scienta SES-2002 electron energy analyzer.11

III. RESULTS AND DISCUSSION

Figure 2 shows the transverse and longitudinal resistances
at 1.4 K as a function of the perpendicular magnetic field up
to 7 T for a 2DEG placed at 130 nm from the surface with an
electron mobility ofm5215 000 cm2 ~V s!21. The longitudi-
nal resistance shows the break of spin degeneracy at about
2.5 T, and its vanishing at magnetic fields that correspond to
even integer quantum filling factorsn>4 demonstrates the
formation of a 2DEG, without any additional parallel con-
ducting channels in the structure. The Fourier analysis of
low-field oscillations~,2 T! shows a single frequency~see
inset!, thus revealing the presence of only one populated
electronic subband in the QW, with a carrier density of
2.8431011cm22, in agreement with the classical Hall mea-
surement.

We observe that, using the same structure, the 2DEG
transport characteristics are reproducible from sample to
sample for a given set of growth parameters, within an ex-
perimental error of 10%. Furthermore, the carrier density
~ranging from;1.531011 to .431011cm22) and mobility
can be controlled by changing the growth conditions such as
temperature and III/V ratio. Such investigations are still un-
der progress and will be reported later.

In order to understand the origin of the electronic charge
in the QW, we investigated the electrical properties of an
undoped 500 nm thick In0.75Al0.25As metamorphic layer

FIG. 1. Schematic illustration of the In0.75Al0.25As/In0.75Ga0.25As QW struc-
ture grown on~001! GaAs substrate.

FIG. 2. Longitudinal and transverse resistances of a 2DEG in an
In0.75Al0.25As/In0.75Ga0.25As QW measured atT51.4 K as a function of the
perpendicular magnetic fieldB. ~Inset! Fourier analysis forB,2 T.
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grown in the same conditions as the QW structure reported
above. No measurable free carrier density was detected by
Hall measurements both at room temperature and at 1.4 K,
thus ruling out the presence of unintentional shallow donor
impurities inside the In0.75Al0.25As barrier as a possible
source for the 2DEG formation.

The 2DEG could however be induced by deeper level
donor states~not measurable by conventional transport tech-
niques! provided that their energy positions lie within the
In0.75Al0.25As/In0.75Ga0.25As conduction band discontinuity
DEc ~estimated to be 0.24 eV from data in Refs. 12 and 13!.
In this case, since the levels would lie higher in energy with
respect to the In0.75Ga0.25As conduction band minimum,
electrons could be transferred into the well, as in
modulation-doped structures. To detect such deep levels we
used the PICTS technique. Contrary to the more widely used
deep-level transient spectroscopy, PICTS allows one to iden-
tify deep electrically active levels, and to measure their acti-
vation energy and capture cross section, even in highly resis-
tive materials.14,15 Thus we characterized the deep-level
structure on intrinsic In0.75Al0.25As layers, without the inten-
tional introduction of Si dopants, that could induce donor
related levels, such asDX centers.16

A PICTS spectrum of a 500 nm thick In0.75Al0.25As layer,
taken withl5670 nm and an applied bias of 5 V, is shown in
Fig. 3. The peaks corresponding to deep levels inside the
In0.75Al0.25As band gap were labeled A, B, C, D, E, F, G, and
H and their activation energy and apparent capture cross sec-
tion are reported in Fig. 4. The error associated with the
deep-level apparent activation energy, calculated from a chi-
squared fitting procedure to each data set of the Arrhenius
plot in Fig. 4, is about 8%. The reported energies are not
assigned to a specific band edge~conduction or valence!
since PICTS detects without distinguishing electron and hole
levels, i.e., levels that emit carriers to the conduction and to
the valence band. Several defects have been reported in the
literature for MBE-grown In0.48Al0.52As layers,17,18 with a

wide spread of activation energies and defect concentrations
depending on the growth conditions. In particular, our PITCS
spectra are similar to those observed using DLTS and admit-
tance spectroscopy by Luoet al.,17 who found three wide
peaks in the same temperature range as ours, that could thus
represent a convolution of our sharper structure. In that
work, the defects increased up to 1 – 231016cm23 by low-
ering the growth temperature from 565 to 500 °C and have
been related to arsenic defects.

The quite large number of defects observed in our high
resistivity InAlAs samples suggests the hypothesis of a high
degree of compensation within the material. The role played
by each level in the compensation process still needs to be
clarified, even if the high resistivity suggests the presence of
both deep acceptor and donor levels.

If we assume that the activation energies of levels A and B
are both assigned to the conduction band, their energy posi-
tion with respect to the In0.75Al0.25As conduction band mini-
mum ~0.12 and 0.17 eV, respectively! is smaller thanDEc .
They are therefore good candidates for the formation of the
2DEG. To verify this hypothesis we simulated the depen-
dence of the 2DEG density as a function of the InAlAs/
InGaAs QW distance from the surface with a Poisson–
Schrödinger solver.19 We compared the result with the
experimental data obtained on a set of samples grown in the
conditions reported above. In the computation we used the
energy gap and the effective electron mass reported by Vur-
gaftmanet al.13 and the conduction band discontinuityDEc

from the data of Refs. 12 and 13.
We used photoemission spectroscopy to estimate the po-

sition of the Fermi level at the surface.20 We measured inde-
pendently the valence band edge on a 10 nm In0.75Ga0.25As
layer grown on an InxAl12xAs buffer, and the Fermi edge on
a polycrystalline Ag in electrical contact with the sample.
The data were taken in the temperature range 100–300 K.
From the spectra atT5100 K we find that the Fermi level is

FIG. 3. PITCS spectrum from 80 to 400 K of a metamorphic 500 nm thick
In0.75Al0.25As layer. ~Inset! Gaussian fit of energy level A, B, and C in the
90–140 K temperature range.

FIG. 4. Arrhenius plot of the activation energies for each deep level. Best-fit
values of the activation energies and capture cross sections are reported for
each level.
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pinned 30 meV below the conduction band minimum.
As shown in Fig. 5~circles! the measured carrier density

at 1.4 K, evaluated as the average value of a set on Hall bar
devices, is roughly saturated at about 3.131011cm22 for
QW depths greater than 150 nm. However, moving the QW
towards the free surface,ns decreases to values lower than
231011cm22 at 50 nm, and the corresponding mobility de-
creases to about 7.73104 cm2 (V s)21. These effects are due
to the formation of surface states that pin the Fermi level at
the surface, thus depleting the shallower 2DEGs. This result
is in contrast to Ref. 21 where no evident dependence of the
density on the 2DEG depth was observed. This difference
could be ascribed to the presence of a modulation-doping
layer in those structure that could hinder surface depletion
effects.

In Fig. 5 we plot the simulated 2DEG density in the cases
in which only the A or B level is assumed to be a donor
~long-dashed line and dash-dotted line, respectively!, and in
the case in which both A and B are assumed to be donors
~short-dashed line!. Since the PICTS technique cannot mea-
sure the deep-level densitiesNdd, we have used in the simu-
lation the values that best reproduce the experimental data in
each of the three cases considered~A only: Ndd

A 52.3
31016cm23, B only: Ndd

B 54.431016cm23, A and B: Ndd
A

51.231016cm23 andNdd
B 52.031016cm23). Figure 6 is an

example of a simulated band profile for a QW located at 130
nm from the free surface, showing that the carrier density is
completely contained in the QW with only one populated
electronic subband, in agreement with magnetotransport
measurements.

A good agreement with the experimental data can be ob-
tained using only the A level, in particular for the 2DEGs
close to the surface, even if it overestimates slightly the
2DEG density of the deepest 2DEGs. The B level cannot
reproduce the experimental data for any estimated density

Ndd
B :ns saturates at a value lower than in the experimental

data, and in the range 70–120 nm it overestimates the ob-
served density, so we can exclude the B level as the only
main source for 2DEG formation. The simulation using both
levels, where the chosen ratio of;1.7 between their densi-
ties is that of the PICTS peaks~Fig. 3 inset! overestimatesns

for the shallower 2DEGs, but gives a good agreement for the
saturated value. This suggests that the B level could have
some function in the 2DEG formation when surface deple-
tion effects become negligible.

The possibility of fitting the experimental data of a wide
set of samples using a single concentration of deep donor
levels as a fitting parameter demonstrates that their concen-
tration does not change significantly among the different
growths, and thus the reproducibility of our approach
for the fabrication of low density 2DEGs in
In0.75Al0.25As/In0.75Ga0.25As QWs.

IV. CONCLUSION

In conclusion, we showed that the carrier density in
In0.75Al0.25As/In0.75Ga0.25As 2DEGs can be reduced in a re-
producible way to 2 – 331011cm22 by growing completely
undoped heterostructures. Through PICTS measurements in
combination with a Poisson–Schro¨dinger solver we estab-
lished that 2DEG population takes place through a charge
transfer from deep-level donor states present in the
In0.75Al0.25As barrier with an activation energy that lies
0.12–0.17 eV below the conduction band minimum, within
the In0.75Al0.25As/In0.75Ga0.25As conduction band discontinu-
ity.
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