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New Concept for the Reduction of Impurity Scattering
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We present a new concept to reduce impurity scattering in remotely doped GaAs single quant
wells by using heavy-massX electrons in barriers formed by short-period AlAsyGaAs superlattices to
smooth the potential fluctuations of the ionized Si dopants. Electron mobilities as high as120 m2yV s
and electron densities up to1.5 3 1016 m22 are obtained in 10 nm GaAs single quantum wells in the
one-subband conductivity mode without any parallel conductance. In addition to magnetotransport
present voltage dependent capacitance and photoluminescence measurements as well as self-con
calculations to demonstrate the applicability of our concept. [S0031-9007(96)01724-3]

PACS numbers: 73.61.–r, 81.40.Rs, 85.40.Ux
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Numerous attempts have been made to achieve ult
high conductivity in two-dimensional electron gas (2DEG
systems for both fundamental research and applications
low-noise, high-frequency devices. The most promisin
material systems are those which provide high potent
barriers to confine the electron channel [1–6]. High ba
riers allow for large 2DEG concentrationsn. At the same
time, the devices can operate at higher temperatures. Ho
ever, the possibilities to increase the conductivity by sim
ply increasing the dopant density are limited for sever
reasons. First, high dopant densities can result in a par
lel conductivity of the 2DEG with electrons in the doping
channel. Second, large carrier densities can lead to
population of excited subbands which cause an addition
scattering channel [7]. Third, and most important, a hig
dopant density increases the remote impurity scatterin
All these mechanisms result in a lower electron mobilit
m. However, a high mobility and a large carrier density ar
the prerequisite for a high conductivitys ­ qnm, where
q denotes the elementary charge. In the following we w
use the productnm as a measure for the two-dimensiona
conductivity. The remote impurity scattering can be su
pressed by increasing the distance of the dopants from
conducting channel [8,9], but this reduces the carrier de
sities. In the well-known (Al,Ga)As system high electro
mobilities of several hundredm2yV s at low temperatures
have been reported. The systems consist of multiqua
tum wells with low carrier densities of0.64 3 1015 m22

per quantum well [4] or inversion layers at single hetero
interfaces with carrier densities up to3 3 1015 m22 [5].
In such high mobility samples the mobility is limited by in-
terface roughness scattering in (Al,Ga)As systems [10]
by alloy disorder scattering in ternary systems [11]. Th
pseudomorphic (AlGa)Asy(InGa)As is another promising
system to achieve high conductivities even at much high
temperatures. By optimizing the quantum well thicknes
and the dopant separation from the quantum well, condu
tivities approachingnm ­ 9 3 1016 sVsd21 up to temper-
atures as high as 77 K have been reported [6].
0031-9007y96y77(22)y4616(4)$10.00
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We propose a new concept for both the enhancem
of the carrier concentration and the reduction of remo
impurity scattering (RIS) in GaAs single quantum wel
(SQW), thereby significantly increasing the conductivit
The barriers of the GaAs SQW are formed by AlAsyGaAs
short-period superlattices (SPSL). In AlAsyGaAs SPSL
the lowest conduction band state can be formed
the X-conduction band state of the AlAs layer [12
(X-electron). Self-consistent calculations show that wi
sufficiently high dopant densities the lowest-energyX-like
conduction band state are occupied in the AlAsyGaAs
superlattice with theX electrons located close to the
doping layer. Because of their rather high effective ma
the X electrons effectively screen the ionized impuritie
Furthermore, the heavy-massX electrons exhibit a low
mobility and, therefore, are expected to contribute less
the parallel conductance. We present magnetotransp
experiments to confirm the applicability of this concept.

The structures under investigation were grown by sol
source molecular beam epitaxy on semi-insulating Ga
(001) substrates. The barriers consist of a SPSL
60 periods of 4 monolayer AlAs and 8 monolayer GaA
The carriers in the 10 nm GaAs SQW are provide
by remote d doping with Si at a distance from the
SQW interface of 14 nm (sample S1) and 10 nm (sam
S2). The single Sid-doping sheets with a dopan
concentration ofN2D ­ 2.5 3 1016 m22 were placed
on both sides of the SQW into a GaAs layer of th
SPSL. The growth temperature of the lower barri
and the SQW was 580±C, whereas the temperatur
for the d-doping sheet and its vicinity was 510±C to
suppress Si segregation into the well. The growth ra
and the beam-equivalentAs4-to-Ga pressure ratio were
0.66 mmyh and 8, respectively. The observeds2 3

4d surface reconstruction during the SPSL and SQ
deposition reflects the two-dimensional nucleation grow
mode, which was monitored by additional experiments.

We studied the low-temperature magnetotransp
properties of samples with a Hall-bar-geometry. Som
© 1996 The American Physical Society
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of the samples were covered by a TiyAu gate electrode.
The gate was used to change the electron density and
investigate the electronic structure by voltage-depende
capacitance (CV) measurements. In all measurements
magnetic field was applied perpendicular to the surface

The main result of our investigations is the simul
taneous observation of a very high mobility and ver
high electron densities. Figure 1 shows the dependen
of the parallel rxx and transverserxy components of
the resistivity tensor on the magnetic field. The ele
trons occupy only one subband which is manifested b
Shubnikov-de-Haas (SdH) oscillations with only one fre
quency of the correspondingsxx component of the con-
ductivity tensor up to the highest gate voltages. We us
the procedure described in Ref. [13] to derive the ele
tron densitiesnSdH from the SdH frequency according to
sxx , sosc coss2pEfyhvcd. HereEf denotes the Fermi
energy andvc is the cyclotron frequency. The prefacto
sosc contains information about the single particle relaxa
tion time ts. In Table I the highest electron densitie
nSdH are listed for the samples without any gate ele
trode. These values are in excellent agreement with t
carrier densitiesnH calculated from the low field Hall
effect rxy ­ gyqnH using the Hall factorg ­ 1. To-
gether with the exact valuern

xy ­ hyq2n andrn
xx ­ 0 in

the quantum Hall regime for the integer filling factorn,
these results demonstrate the absence of any parallel c
ductance in the doping region. Therefore, we can dete
mine the Hall mobilities of the 2DEG asmH ­ rxyyrxx

at low magnetic fields. Now we discuss the dependen
of mH on the electron densitynH , Fig. 2, which appears
to be very unusual. While we observe a powerlike depe
dencemH , snH dk with 1.5 , k , 2 at lower densities

FIG. 1. Magnetic field dependence ofrxx and rxy at T ­
0.33 K for sample S1. The inset showsrxx at low fields.
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TABLE I. Peak mobilitiesmH , electron densitiesn, andttyts
for two distancesdd of the d-doping layer from the SQW
interface in ungated samples atT ­ 0.33 K.

dd mH nH nSdH

Sample (nm) sm2yV sd s1016 m22d s1016 m22d ttyts

S1 14 120 1.14 1.15 35
S2 10 84.5 1.46 1.45 47

(for example,nH , 0.95 3 1016 m22 in sample S1), the
mobility increases much more strongly up to120 m2yV s
for nH . 0.95 3 1016 m22 within a very narrow electron
density region. In this range, the exponentk reaches val-
ues exceeding 8. The power1.5 , k , 2 at lower den-
sities is usually related to the remote impurity scatterin
(RIS) by randomly distributed impurities in the doping
plane [11,14]. The much larger value in the high mobil
ity region is difficult to model by scattering theories base
on random potentials. To speculate about the scatteri
mechanism in this region we investigate the value of th
scattering time ratiottyts (STR). The transport scattering
time tt is calculated according tott ­ smeffyedmH . The
STR for the highest mobilities is listed in Table I. We
did not observe a significant change of STR with elec
tron density. This behavior as well as the value of STR
is characteristic for RIS. The lower value of the STR fo
sample S1 (cf. Table I) can be explained by the increasin
weight of interface roughness scattering in SQW’s wit
larger distances. We also deduce the dominance of t
RIS from the slight increase of the conductivity with in-

FIG. 2. Dependence of the electron mobilitymH on the
electron densitynH obtained atT ­ 0.33 K and B ­ 0.1 T
for both samples using a gate. The single points of maximu
mobility in both curves were measured on ungated sample
The thin lines represent a fit with the powerk ­ 2.
4617
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creasing temperature. We found the maximum conduc
ity nm ­ 1.35 3 1018 sV sd21 and 4.20 3 1017 sV sd21

at temperatures 0.3 and 77 K, respectively. These
ues are comparable to the highest conductivities repo
in SQW’s at low temperatures,T , 1 K [4,5]. Our con-
ductivity at 77 K is even several times higher than a
value so far reported in 2DEG’s [6]. To explain the e
hanced mobility in our system we adopt a RIS mod
with a scattering potential with reduced fluctuations ta
ing into account additional carriers with low mobility in
the SPSL very close to the doping layers. To prove
existence of these carriers we show the dependence o
ac capacitanceC determined with a 100 kHz excitation
andC2D ­ qDnHyDUg on the gate voltageUg in Fig. 3.
While C is sensitive to all the rechargeable carriers in t
system,C2D carries information only from carriers in th
high mobility 2DEG. The relatively flat region ofC at
lower gate voltagesUg , 21.5 V corresponds to the de
pletion of the electrons in the SQW. The higher capa
tance atUg . 21.5 V and the vanishing ofC2D in the
same gate voltage region indicate the presence of a
tional carriers outside the SQW nearby the doping lay
The strong increase of the electron mobility takes pla
in the same gate voltage region and is, therefore, rela
to the existence of these carriers.

To clarify the nature of the additional carriers we sho
in Fig. 4 the results of model calculations of the pote
tial and charge distribution in our structure [15]. The
calculations account for two different kinds of electron
First, we consider the usualG electrons with the isotropic
effective massmGyme ­ 0.07, which form the 2DEG
ground subband. These electrons with high mobility a

FIG. 3. Dependence of capacitancesC, C2D , and mobility
mH on the gate voltage. The line, which extrapolates the
region of C, is a guide to the eye. It corresponds to the C
characteristic without theX electrons.
4618
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located in the SQW. The edge of the higherG-electron
subbands in the SQW as well as in the SPSL are m
than 170 meV above the Fermi energy. Therefore, th
cannot be occupied at low temperatures. The possi
maximum density for the conductivity with a single sub
band occupation is not yet known. Our model calc
lations show that this value can be much higher th
2 3 1016 m22. Second, we have to include the highe
conduction band minima of the AlAsyGaAs-SPSL sys-
tem into the calculation. It is known from experiment
with AlGaAsyAlAs multiple quantum wells [16] that at
AlAs-thicknessesdAlAs , 3 4 nm the so-calledXz elec-
trons govern the transport properties. These are electr
with an in-plane effective mass of aboutmeffym0 ­ 0.25,
while the heavy mass componentmXlyme ­ 1.1 in AlAs
accounts for the subband quantization. Our calculatio
show that theXz states are occupied first. The perpe
dicular states, the so-calledXxy states are well above the
Fermi energy and cannot be occupied by electrons at l
temperatures. Because of the high quantization energy
can neglect the influence of biaxial compressive stres
and intermixing effects, which may be important for muc
wider AlAs quantum wells [17]. Our simple calcula
tions do not account for any spatial lateral fluctuatio
in the SPSL, but show quantitatively that in the syste
the X electrons appear in the AlAs layer closest to thed-
doped GaAs layer. Their quantity and spatial distributio

FIG. 4. Calculated potential (upper part) and distributio
(lower part) of theX andG carriers, thick lineVX , thin line VG .
Thin horizontal lines represent the subband edge energies. N
the level splitting of theX-band electrons. The inset shows
typical PL spectrum for the type-II recombination.
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however, depend sensitively on the interface structure a
the lateral potential fluctuations. We assume that the ad
tional carriers detected in the CV measurements of Fig
areX electrons near thed-doping layer, which, however,
do not contribute to the conductivity. From CV mea
surements we estimate the concentration of these ca
ers, which strongly depends on the gate voltage, to hav
maximum value of a few1015 m22.

Our results show conclusively that withX electrons
in the SPSL the mobility of the electrons in the GaA
SQW is considerably increased. The explanation follow
directly from our calculations, which show that theX
electrons are located in the AlAs layer on one side
the doped GaAs layer in the SPSL (cf. Fig. 4). The
expected Bohr radiusaX

B ø 2 3 nm, as well as their nom-
inal distance from the doping layerd ø 1.7 nm, is con-
siderably smaller than the average distance between
Si-dopant atomsdD ­ 1y

p
ND ø 8 9 nm. Therefore,

the X electrons can be very easily localized at the mi
ima of the fluctuating potential caused by the random
distributed dopants. This localization explains the a
sence of any measurable parallel conductivity originati
from theX electrons in the magnetotransport experimen
Moreover, it is known that additional localization effect
take place in systems with disorder at high magnetic fie
[18]. The high effective mass of theX electrons result in
a screening parameter, which is several times higher th
that of theG electrons. Therefore, theX electrons screen
the fluctuating potential of the ionized Si impurities mor
effectively and selectively, leading to an increase of t
mobility of theG electrons in the GaAs SQW. We expec
this effect to be similar to the mobility enhancement b
an increasing correlation in the spatial distribution of th
impurities [19].

To study the energy spectrum of theX electrons, we have
carried out photoluminescence (PL) measurements. In
our samples the PL spectra for the type-II recombinati
region show a double-peaked band (see inset of Fig.
This structure follows directly from the subband splittin
of the X electrons in the SPSL, which is caused by th
electric field of the separatedX and G electrons. The
indirect recombination is possible from the AlAs layer o
both sides of the GaAs layer with a small energy differenc
According to calculations this subband splitting with a
energy separation of nearly 20 meV depends weakly on
position and the doping density (cf. Fig. 4). This splittin
is close to the observed peak separation in the PL. T
higher density ofX electrons at the lower energy subleve
explains the higher intensity of the low-energy side pe
in the PL spectra.

In conclusion, we have shown that impurity scatterin
in remotely doped GaAs single quantum wells (SQW) c
be effectively reduced by the presence of heavy-masX
electrons within the AlAsyGaAs SPSL in the direct vicin-
ity of the dopant atoms in the barrier. TheseX electrons
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exhibit an extremely high screening capability and are ab
to smooth the potential fluctuations caused by the rando
distribution of the dopants. They are strongly localized
and do not contribute to the conductivity. Investigation
of the voltage dependent capacitance and of the phot
luminescence as well as self-consistent calculations co
firm the existence ofX electrons in the AlAsyGaAs SPSL
barriers.
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