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A modulation-doping technique for semiconductor hetero-
junctlon superlattlces Is described. Spatially con
trolled Impurity Incorporation enhances strongly the
carrier mobility In the plane of the layered material.
Mobilities exceed those of equivalent epitaxial bulk-
material over wide ranges of temperature. Modulation-
doping Is applied to superlattlces and single hetero-
junctlons. We present a review on the physics of
modulation-doped GaAs-(AJiGa)As structures emphasizing
recent experiments.

The physics of semiconductor heterojunctlon superlattlces, though
being one of the younger branches of semiconductor physics, has come
a long way [1,2]. The reports presented blannually at this conference
bear witness of the successive achievements of this fast-moving
field [3,7]. Having been regarded earlier as the esoteric corner of
a few, the production and analysis of semiconductor superlattlces
nowadays Is pursued In a rapidly Increasing number of laboratories.
This development went hand In hand with the proliferation of Molec
ular Beam Epitaxy (MBE) [1,8],the relatively elaborate crystal
growth technique which up to now Is the only growth technique that
has provided sufficient control over the growth process to allow
for manipulation on the atomic scale.

Though, from the beginning, device Interests were a strong reason
for research In the superlattlce field [9],It was not until very
recently that a line of research In superlattlce transport[7,10-13]
turned out to be very promising for applications and first reports
of successful device Implementations are now available [14],

The underlying concept of this development Is a novel doping
technique called modulation-doping (MD)[7,10-13] which overcame In
two dimensions the low carrier mobility, one of the most serious
difficulties of earlier superlattlce transport research. It turns
out that over a wide range of doping concentration, mobilities
achievable In modulation-doped (MD) superlattlces are even superior
to those of equlvalently doped epitaxial bulk material at tempera
tures which are particularly Interesting from the point of view of
basic research as well as device studies.

Since the first announcement of modulation-doping at the l4th
International Conference In Edinburgh [7], Initial studies have been
extended and a variety of other tools have been applied to these
structures.
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Fig. 1 Schematic energy
diagram for undoped and
n-doped GaAs-(AJlGa)As
superlattlces

Modulation-doping has been applied to
single heterojunctlon Interfaces In MBE
[lljl2] and proved to be successful even In
LPE (Liquid Phase Epitaxy) [15].Equivalent
p-type structures with strongly Improved
hole mobilities have been demonstrated
[16]. Far-Infrared (FIR) cyclotron
resonance[11,12] and most recently light-
scattering experlments[17jl8] have been
successfully performed on the two-dimen
sional electron gas (2DEG) present In
these materials. The first observation
of magneto-phonon resonance In a two-
dimensional electronic system was reported
for MD structures [191. Theoretical work
supported the Initial explanation for
the Improved transport properties [20,21]^
led to a more profound understanding of
the process and suggested new lines of
research [22]. This report will briefly
review the recent developments.

Superlattlces

MBE-grown GaAs-(AJ!,Ga)As multilayers are
the most extensively studied realization
of the superlattlce concept [1,2]. Differ
ences In band gaps and chemical poten
tials between both materials lead In
multllayered GaAs-(Ai,Ga)As structures to

periodic abrupt variations of the conduction and valence band edges
with typical step heights of 100 meV, depending on the kl concen
tration of (AJlGa)As (see Fig. a)). Typical periods being on the order
of 102 I, these superlattlces exhibit discrete energy levels.

The standard sample preparation for steady state transport
measurement Involves doping of the semiconductor material. Pre
viously doping of superlattlces was accomplished during high vacuum
growth by having a molecular beam of a suitable dopant continuously
ImplnglngC3,23,24] onto the sample (UD, uniform-doping). Conse
quently, Impurities were Introduced Into all layers, see Fig. (1).
Modulatlon-doplng[7,10-13] restricts Impurity Incorporation to the
wide gap material ((A«,Ga)As :S1, 1Q17-I0l8 cm-3) by periodically chop
ping the dopant beam synchronously with the AJt-molecular beam, there
by leaving the narrow gap material (GaAs) essentially free of Impur
ities 1015 cm-3), see Fig. (1). Obviously, Impurity Incorporation
can be further restricted to the center region of (A^,Ga)As.

To fulfill the requirements of a constant Fermi energy through
out the sample, electrons transfer from the (AJ!,Ga)As layers Into the
GaAs layers In the UD as well as In the MD case, leading to consid
erable band bending. Carrier transport along the layers occurs al
most exclusively within the degenerate 2DEG of the GaAs layers.

The strong Improvement of transport properties achieved by spatial
elLtrons from thalP parent l.purltlsa 1, ie»o„strated

in Fig. (2) via a comparison of Hall-mobllltles [7,10]. The data are
representative figures. Depending on layer thickness, AL-contents
and doping concentration, the actual mobility values vary,
a general trend to higher mobilities for thicker GaAs layers and for
Increased distance of dopant from the Interface. However, conslder-
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Pig. 2 Comparison of the
temperature dependent mobil
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Pig. 3 SdH-data of a typi
cal MD-superlattlce: Field
normal to the layers. The
Inset shows the conduction
band edge '

able statistical fluctuations In the
data from a variety of samples do not
allow determination of the exact depen
dence of mobility on those parameters.
Nevertheless, low temperature Hall-
mobllltles of more than 20,000 cm2/Vsec
have been achieved repeatedly.

The superior transport properties of
MD-materlal with respect to UD-materlal
Is strongly supported by theoretical
calculations [20,21]. The predominant
scattering mechanism In MD-structures
remains scattering by the long range
Coulomb potential of the Ionized Impur
ities In the (A£Ga)As barriers. How
ever, yet higher mobilities are theo
retically predicted.

From the confinement of carriers to
the GaAs layers with strongly deformed
bands, we can expect a quasi two-
dimensional behavior of MD-structures
with a sequence of bound states which
strongly deviates from the simple level
scheme of a square well [2], Oscilla
tory magnetoreslstance (Shubnlkov-
deHaas effect, SdH) Is a convenient
tool to probe these predictions.
Figure (3) shows, as an example, the
SdH-result for a wide well MD-structure.
Two distinct oscillations arising from
two populated bound states are well
developed. Moreover, from the onset of
oscillation we find the electrons In
the upper band to be approximately 3
times more mobile than those of the
lower subband. A simple numerical
calculation predicts for n=3.5xiol2
cm~2 a doubly degenerate ground state
38 meV below the first excited state.
In good agreement with the experimental
value (see Inset Fig. (3)). Recent
self-consistent calculations on the
subband structure of MD-superlattlces
[26] have been In excellent agreement
with our earlier experimental results.
The strongly differing mobilities of
both states we attribute to very dif
ferent proximity of the bound states to
the Ionized Impurities In the (AAGa)As
barrier.

//ion shows yet another Interesting feature of doped-GaAs-(AJlGaMs superlattices. Short-time Illumination with near Infrared
(or higher energetic) light has an appreciable effect on the carrier
concentration [7,10]. The density Increase persists In the dark. It

/A/>n w persistent lonlzatlon of a deep trap In the(AZGa)As barriers which has been earlier Identified In bulk material
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[27,28]. Along with the density In
crease, we find a decrease In mobil
ity (most prominent In the lower
subband) which we relate to the In
creased density of Ionized Impuri
ties In the walls and enhanced con
finement of the lower state leading
to Increased scattering. The anti
cipated two-dimensional character of
the system Is most elegantly veri
fied by angular-dependent SdH mea
surements. The angular dependence
of the oscillations agrees excell
ently with the theoretical expecta
tions for a 2DEG, see Fig. (4).

Measurements of oscillatory mag-
netoreslstance limit our analysis to
populated bound states. However,
subband spaclngs In MD GaAs-(AJlGa)As
superlattlces were measured by In
elastic light scattering [17,18]. To
enhance the scattering cross-section,
the experiments were performed with
photon energies In resonance with
the Eq + An energy gap of GaAs. The
Inset of Fig. (5) shows a schematic
representation of the light scatter
ing process. The spacing between
subbands Is directly reflected In
the energy shift of the scattered
light. Figure (5) shows energy shift
spectra from two different samples.
Several Intersubband transitions
were Identified. The experimental
results for the subband spaclngs are
In good agreement with our model
calculation of the subband struc-
tures[l8] thereby Indicating our
general understanding of the MD-
superlattlce.

0  10 2050405060T08090

ENERSY 3HIFT (iMl/) Being a useful tool to determine
the subband level scheme, resonant

Fig. 5 Light-scattering spectra Inelastic light scattering has re-
from two different samples vealed other Interesting properties
(top and bottom); Wide bands of MD-superlattlces. The most slg-
result from electronic Inter- nlflcant has been the first direct
subband transitions. a)/c) and determination of the depolarization
b)/d) represent different polar- field effect (resonant screening)
Izatlon of scattered light. of Intersubband excitations of a
Inset shows scattering process 2DEG. This was possible through

the simultaneous observation of

single particle and collective excitations [29].

From the preceding, we may conclude that nowadays a general under
standing of the energy levels and the scattering mechanisms In MD-
superlattlces has been achieved. There Is room for Improvement and
usage.
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Pig. 6 Diagram of the band
bending In a single MD GaAs-
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Single Interface

At first glance, the strong de
formation of the Initial square well
potential In MD-superlattlces Is
quite undesirable because It compli
cates matters considerably. However,
this band bending can be utilized In
an elegant way to create a 2DEG at a
single heterojunction, the Junction
of two bulk semiconductors [11,12].
Examining the Inset of Fig. (3)
closely, one notices that the two
lowest states (Eq/-|^, degenerate) are
confined to one of the Interfaces al

most exclusively by means of the
strong Internal electric field. Re
moval of the opposite Interface would
hardly effect one of these bound states.
This observation led to the design of
a structure shown In Fig. (6). The
physical realization Is achieved In
MBE by covering a several micron thick
layer of undoped GaAs with a several
micron thick layer of (A)lGa)As doped
with SI to a level of 10l° cm~3.

Initial SdH-measurements proved the
correctness of these Ideas. Popula
tion of two separate levels bound by
the quasl-trlangular potential well
at the Interface were found In this

sample. Again the angular dependence
of the SdH-osclllatlons gives proof
of the two-dlmenslonallty of the
electronic system under study. A
strong persistent photoconductlve
effect Is present as well and allows
one to vary the carrier density con
tinuously from 1.2 to 1.5x1012 cm-^2
by pulsed Illumination. The density
dependence of the subband splitting
AE of this structure Is shown In

Fig. (7). The expected Increase of
AE with Increasing carrier density.
I.e. Increasing slope of the poten

tial well. Is found. Theoretical results on this Interface structure
[30] deviates from our data by approximately 15%- However, this
discrepancy might largely be due to-Insufficient knowledge of some
material parameters that enter the theoretical calculations. Hall
measurements on single MD-lnterfaces reveal a temperature dependence
of the mobility similar to that of MD-superlattlces (see Fig. (2)).
In agreement with the observation that single Interface structures
represent the ultimate limit of a very wide superlattlce, one gener
ally finds their mobilities to rank In the high-moblllty range of
MD-superlattlces.
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Fig. 7 Density dependence of
subband splitting In a single
MD GaAs-(AJ!,Ga)As Interface

To Illustrate the principal transport properties of single MD-
lnterfaces further we show In Pig. (8) FIR transmission data In
high magnetic fields of a sample with a low temperature Hall-moblllty
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of 25 500 cm2/Vsec [11]. A bulk re
lated donor transition and cyclotron
resonance (CR) from the 2DEG are the
prominent features. The width of the
CR line agrees with the Hall-data.
Its position reveals a mass Increase
of \2% of the confined carriers com
pared to the bulk GaAs band edge mass.
Most of the Increase must be attri
buted to the nonparabollclty of the
conduction band of GaAs as a simple
calculation shows and does not result
from many particle effects like In
Sl-MOS structures. Llghtscatterlng
measurements, similar to those In MD-
superlattlces, have been performed
successfully In single MD-lnterfaces
as well.[171.

The single MD-lnterface, though being In many ways similar to MD-
superlattlces, has two outstanding features. First, the 2DEG Is
confined to the Interface between two bulk materials so that MBE Is
not absolutely necessary for Its preparation as has been demonstrated
recently with LPE-grown MD-lnterfaces [15]. Second, In a suitable
arrangement the carrier concentration can be varied via an external
gate voltage. These features make a single MD-lnterface extremely
attractive for device considerations and first reports about success
ful Implementation are available [14].

p-Type Structures

So far, we only dealt with the conduction band discontinuity of
GaAs-CAilGa)As structures. However, considering the symmetry In the
energy gap alignment between GaAs and (AX.Ga)As (see Fig. (1) and In
set Fig. (9)) and the symmetry between electrons/donor-lmpurltles
and holes/acceptor-lmpurltles In semiconductor physics, the existence
of the counterpart of the 2DEG, the two-dimensional hole gas (2DHG),
can be readily conceived. The energetic conditions resulting from
step height, binding energy and carrier mass are less favorable than
In the 2DEG case, but the requirements for two-dimensional confine
ment can be met by suitable choice of parameters [l6].

Figure (9) shows Hall data on a MBE-grown GaAs-(AJlGa)As :Be single
MD-lnterface structure with Individual layer thickness of 'v 1.5 pm.
The high value of the mobility and the saturation of the density at
low temperatures are very similar to earlier results on n-type struc
tures and suggest a similar mechanism to be present. Angular depen
dent SdH-measurements confirm this Interpretation by showing once
more the correct cos(0)-behavlor of the oscillation period as a func
tion of field direction, an Indication for the two-dlmenslonallty
of the system. Fig. (10). In accordance with the theoretical ex
pectation of the sequence of levels In the triangular well, the
temperature dependence of the oscillation amplitude yields an effec
tive mass for the carriers of 0.35±0.1 mQ which Is only slightly
smaller than the heavy hole mass of GaAs. The result on the single
Interface suggests that p-type MD-superlattlces are practicable as
well. Their existence has been verified experimentally and their
properties have been found to be similar to those of n-type MD-
superlattlces [31].
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technical assistance from K.

Summary

We described a novel doping
technique for semiconductor
heterojunction superlattices and
Interfaces which spatially sep
arates the mobile carriers from
their parent Impurities. This
separation leads to strongly
Improved electronic transport
properties along the layers of
the material. The very high
mobilities In the He-temperature
range allowed for a variety of
experimental investigations on
these two-dimensional electronic
systems which led to a general
understanding of their properties.
The superlattlce-aspect of MD-
structures has not yet been used
to study transport perpendicular
to the superlattlce layers and
Interaction between neighboring
layers. Investigation of this
kind seem to be particularly
interesting In alternating
highly mobile 2DEG*s and 2DHG's
[6,32] both of which have now
been demonstrated In the GaAs-
(AAGa)As system.
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