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Tunneling through X-valley-related impurity states in GaAsÕAlAs resonant-tunneling diodes
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We have investigated resonant tunneling through impurity states with large binding energy of the GaAs/
AlAs double-barrier resonant tunneling heterostructure. These states originate due to the penetration of Si
impurity atoms from the heavily doped emitter layer that is adjacent to one of the two AlAs layers. Magne-
totunneling transport results demonstrate that resonant peaks and steps arise due to tunneling through the
X-valley-related donor states localized in an AlAs layer. The strong asymmetry of the doping profile in our
structures provides substantial accumulation of the resonant electrons at one bias polarity, which gives rise to
the intrinsic bistability observed for the impurity-assisted resonant tunneling. Using perturbation theory, we
estimated the value of the current and tunneling rates through theX-valley-related donor states, which is in
good agreement with the measured current value and the registered bistability effect. Observed Zeeman split-
ting of the current peak allowed us to determine the value of theg factor of the confined impurity states.
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INTRODUCTION

A resonant-tunneling diode~RTD!, in addition to its
promising applications in ultrahigh-speed electronics and
toelectronics, is an attractive object for the studies of qu
tum electron transport. Recent progress in multilaye
structure growth technology has made it possible to obse
along with main resonant peaks arising from tunnel
through the quasibound states of the well and demonstr
by a pioneering study of RTD,1 numerous novel peculiaritie
in the tunneling current. New features in the current-volta
characteristics I (V) provide useful information abou
phonon-2 and plasmon-assisted tunneling3 and about coher-
ent and inelastic mechanisms of tunneling through quant
well ~QW! states.4 The effect of intrinsic bistability has bee
observed and its origin was established as a charge bui
in the quantum well of the RTD or in the triangular quantu
well of the accumulation layer formed in front of the emitt
barrier region.5–7 Recently observed new peaks and steps
the prethreshold region of gated undoped RTD’s attr
growing interest.8 These features are explained by the pr
ence of a hydrogenic impurity in the QW of the RTD. Th
impurity states usually have a binding energy9 of the order of
20 meV with respect to the bottom of the two-dimension
~2D! band in the QW. It has been suggested that impuri
can diffuse from highly doped emitter regions and can cre
donor impurity levels in undoped QW’s. An investigation
RTD’s with intentionally doped QW’s proved10 that impuri-
ties can create channels for resonant tunneling through
0D impurity states. To observe quantum-mechanical tun
ing through these localized states it is not necessary to h
a small mesa size, as in the case of Coulomb blockade
fects. At the same time, impurities control the electrical a
optical properties of the RTD. An impurity-assisted tunn
ing mechanism can give rise to several well-resolved pe
in I (V) characteristics that can be used in high-speed e
tronics. In addition, they provide useful information abo
PRB 610163-1829/2000/61~16!/10898~7!/$15.00
-
-

d
e,

ed

e

-

up

n
t
-

l
s
te

he
l-
ve
f-

d
-
ks
c-
t

the electrostatic profile of the structure as well as about
rameters of the impurity-related tunneling process. Import
characteristics, such as the wave function of a shallow do
may be deduced from the variation of the resonant peak
plitude with the magnetic field.11 Recently observed spin
splitting of the impurity level12 in the RTD made it possible
to obtain impurity-assisted tunneling rates in the structur

Further experimental data13 show that some resonan
peaks and steps are observed in very low voltage ranges
cannot be ascribed to single shallow donor states of the
state. To explain this feature, a model was proposed, acc
ing to which coupling between the impurity states of diffe
ent atoms leads to an increase of the impurity binding
ergy, which somewhat resembles the formation of hydrog
molecules from the solitary atoms. The authors of Ref.
developed an alternative model, where the high binding
ergy of impurities was explained by the fluctuations of t
QW width.

In this work we present the results of studies of t
impurity-assisted tunneling in strongly asymmetrically dop
GaAs/AlAs RTD’s. The results obtained permit us to co
clude that the observed resonant transmissions in a very
voltage range are due to the tunneling through theX-valley-
related donor states in the AlAs barrier of the RTD. In fa
unlike the double-barrier potential profile for theG-valley
electrons, in GaAs/AlAs RTD’s theX valley has a double-
well form. Resonant tunneling through the 2DX-valley-
related states in AlAs was observed in Ref. 15. The tra
mission probability throughX-valley-related impurity states
should be comparable with that through theX-valley QW
ground state due to a significant contribution of theG-valley
wave function to the wave function of theX-valley-related
donor state. It is of particular importance thatX-valley
impurity-related tunneling channels can provide the curr
peaks at quite low voltage, since the energy difference
tween the bottoms of theG band in GaAs and theX band in
AlAs is only 120 meV,16 and the binding energy ofX-valley-
10 898 ©2000 The American Physical Society
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TABLE I. Epitaxial layer structure for the GaAs/AlAs double-barrier diodes.

RTD1 RTD2

GaAs, 331018 cm23, 50 nm
GaAs, 131017 cm23, 70 nm
GaAs, undoped 2 nm

GaAs, 131018 cm23, 100 nm AlAs, undoped, 1.7 nm
AlAs, undoped, 2 nm GaAs, undoped, 5.6 nm
GaAs, undoped, 4 nm AlAs, undoped, 1.7 nm
AlAs, undoped, 2 nm GaAs, undoped, 10 nm
GaAs, undoped, 100 nm GaAs, 131016 cm23, 1 mm
GaAs, 131018 cm23, 100 nm GaAs, 331018 cm23, 1 mm
Substrate:n1c-type GaAs,0.5 mm Substrate:n1c-type GaAs,0.5 mm
o
w
n-
.
u
al
n

r
s
in

in
as
as
e

-
n-

p

e
c
he
’

th
th

1
s
th

ily
om

ro
at
o
e

l-

At a
-
s

on.
1,
for
ri-
re

f Si
ed

ef.

the
ge
e
.

n

g-
yers
ec-
s

ra-
nd

er

r-
nnel
the
the

ling
of
ted
ue

ted
ed
r.
an-
nd

esis
related impurities in AlAs is about 100 meV.17

Below we will present experimental results and our the
retical model, which allows us to describe the observed lo
voltage features in theI (V) characteristics as a resonant tu
neling current through theX-valley-related impurity states
Briefly speaking, there are two important facts proving o
idea about the origin of the impurity states. First, the loc
ization length of these states, obtained from magnetotra
port experiments, is very small. Second, our estimations
the tunneling rates fromX donors to emitter and collecto
contacts are in good agreement with the measured value
the current and with the observation of the effect of an
trinsic bistability in the impurity-assisted current peaks.

Like the authors of Ref. 12, we observed Zeeman splitt
of the impurity-assisted current peaks. However, in our c
the splitting demonstrates interesting nonlinear behavior
function of the applied magnetic field. This can be explain
by a complex nature of theX-valley-related impurity confine
ment in GaAs/AlAs RTD’s and by an interband mixing co
trolled by the magnetic field.

EXPERIMENTAL RESULTS

We performed measurements of the current-voltageI (V)
characteristics of the RTD’s grown by molecular beam e
taxy ~MBE! at 550 °C with a growth rate 0.8–1mm/h. The
layer sequences for both RTD’s are presented in Tabl
Both RTD’s contain two AlAs barriers and they are chara
terized by the strongly asymmetrical doping profiles in t
different contact layers. The doping asymmetry of the RTD
allows us to compare the tunneling of electrons from
emitter side that contains more impurity centers with
process in the opposite current direction.

The most interesting results were obtained for RTD
which has only one undoped spacer layer with a thicknes
100 nm, which separates the first barrier region from
highly doped emitter region ~doping concentration
1018cm23!. The second barrier is adjacent to the heav
doped layer. RTD2 has a more complex spacer layers c
position with two undoped spacer regions~2 and 10 nm!
adjacent to the barriers. The spacer regions prevent st
doping of the AlAs barriers and RTD2 does not demonstr
well-resolved prethreshold peaks. The RTD mesas for b
structures were fabricated by photolithography and w
chemical etching with mesa dimensions of 16316, 838,
and 434 mm2. Standard Ohmic Au-Ge-Ni contacts were a
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loyed to the heavily doped GaAs contact regions.I (V) char-
acteristics were measured in a wide temperature range.
temperature of 30 mK theI (V) characteristics were mea
sured in an Oxford TLM 400 cryostat with magnetic field
up to 13 T perpendicular and parallel to the current directi
Furthermore, we will concentrate on the results for RTD
which contains more peculiarities compared to those
RTD2 due to the larger asymmetry in the impurity redist
bution. Taking into account growth conditions and structu
design, we could expect a considerable concentration o
atoms inside the AlAs barrier adjacent to the heavily dop
GaAs layer of RTD1. Simple calculations according to R
18 with a diffusion coefficient of Si in AlxGa12xAs show
that the diffusion length in this case equals 2 nm and
average concentration of Si should be in the ran
1016– 1017cm23. Uncertainty arises due to the fact that w
do not know exactly the diffusion coefficient of Si in AlAs
It should be likely that the diffusion of Si in AlAs is eve
larger than in AlxGa12xAs. Moreover, we do not know the
strength of the effect of the AlAs/GaAs interface on Si se
regation. On the other hand, the existence of spacer la
considerably prevents penetration of Si atoms into the s
ond barrier due to the low diffusion coefficient of Si in GaA
at 550 °C.19 The same calculations show that Si concent
tion inside the AlAs barrier does not exceed the backgrou
concentration of 1014cm23 even in the case of 2 nm spac
thickness.

Typical I (V) characteristics are shown in Fig. 1. The fo
ward bias corresponds to the case where electrons tu
from the wide spacer layer side. First, we briefly consider
high-voltage region, where electrons tunnel through
usual quasibound states of the QW@Fig. 1~a!#. The first and
second resonant peaks in the forward and the reverseI (V)
characteristics appear as a result of 3D electrons tunne4

from the highly doped emitter through two energy levels
the QW. The energy positions of these levels were calcula
to be 180 and 680 meV. The third peak at forward bias is d
to the tunneling of 2D electrons, energetically well separa
at high voltages from the 3D-emitter carriers and thermaliz
in the accumulation region in front of the emitter barrie
This conclusion is supported by the observation of the qu
tum interference of ballistic electrons for the first and seco
main peaks at both bias polarities.4 In the voltage region of
the second main resonant peak we find a wide hyster



th

ou
tri
o
n

p

a
s

lt-

b
t,
a

th
he

o
e
b

in
th
i-
he
g
ty
or
s

he
ak
k

an
ifts

sing
the
sing
r in
en-
bil-

o-
pre-

he
the
par-

to
ed
nt
ge
es

ly,
a
r of

are

ap-
of
rved

di-
he

T,

n
e
e
ex-

on
tic
lds
r

4.

the
s for

10 900 PRB 61S. A. VITUSEVICH et al.
loop that can be attributed to the carrier accumulation in
spacer region near the emitter barrier.7 The accumulation ef-
fect is responsible for changes in the potential profile of
structure leading to a significant redistribution of the elec
field along the RTD. As a result, the voltage peak position
the first resonant peak in our asymmetric structure does
differ considerably for both bias polarities.

Remarkable features have been measured in the
threshold voltage region@Fig. 1~b!#. A steplike fine structure
has been observed at forward bias while sawtoothlike pe
are found at reverse bias. The voltage positions of the re
nance are different for both polarities. At this very low vo
age we observed bistability in sawtoothlike resonances
reverse bias. A similar bistability effect was frequently o
served in the case of conventional resonant tunneling, bu
the best of our knowledge, it was never registered in the c
of impurity-assisted resonant tunneling. It is known that
reason for the intrinsic bistability is the accumulation of t
resonant electrons, which gives rise to the redistribution
the electric field in the system and a simultaneous chang
the conditions of tunneling. To achieve the pronounced
stability, the large degree of asymmetry of the tunnel
probabilities from the resonant state to the emitter and to
collector is needed.20 In our case, this asymmetry is obv
ously provided by the doping asymmetry, resulting in t
strongly nonuniform distribution of the impurity atoms alon
the structure. At 30 mK, for the first peak the bistabili
region extends over 19 mV compared with only 12 mV f
the second peak. The bistability demonstrates apparent
sitivity to the sample temperature~Fig. 2!. The hysteresis
loop shrinks with increasing temperature and finally vanis
at 30 K for the second peak and at 47 K for the first pe
The dependence of the bistability loop width for both pea

FIG. 1. I (V) characteristics of RTD1 measured at a temperature of
K: ~a! for the voltage range of the main resonance peaks;~b! in the preth-
reshold voltage range.
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on temperature shows approximately linear behavior with
equal slope for both curves. The voltage peak position sh
to lower voltages with increasing temperature and decrea
bistability loop. Such a behavior is due to the decrease of
charge accumulation on the resonant states with increa
temperature. The fact that we observe bistable behavio
only one current direction along with its temperature dep
dencies confirms the intrinsic origin of the observed bista
ity.

In order to obtain more information about the energy p
sition of the quantum states that are responsible for the
threshold current peaks, we performedI (V) measurements in
high magnetic fields. A magnetic field applied parallel to t
electric current considerably modifies the structure of
current peaks. Results at reverse bias for magnetic fields
allel to the current direction are presented in Fig. 3~a!. The
first peak shifts to lower voltages with increasingB and dis-
appears atB510 T. The width of the hysteresis loop~not
shown here! increases with increasing magnetic field up
the fields of 7 T, in accordance with previously report
behavior for the bistability effect for conventional resona
tunneling,7 which is the result of an increase in the char
buildup. In our structure the first peak amplitude becom
smaller with further increasing magnetic field; eventual
the peak disappears atB510 T. In this case we observed
decrease of the width of the hysteresis loop in a numbe
magnetic fields.

The forward bias current-voltage characteristics
shown in Fig. 3~b! for several values of magnetic fieldB in
the voltage range of the first step. One can see that the
plication of a magnetic field leads to substantial narrowing
the prethreshold peaks. Analogous behavior can be obse
at a magnetic field perpendicular to the current.

A magnetic field applied perpendicular to the current
rection leads to a splitting of the prethreshold peaks. T
effect becomes measurable at magnetic fields above 5
especially at forward bias~Fig. 4!. The splitting shows an
unusual behavior. It only displays a linear dependence oB
in the region of high magnetic fields. Surprisingly, in th
magnetic field range from 5 to 7 T the distance between th
two current maxima begins to decrease instead of the
pected increase. The dependence of the splitting voltageB
is shown in Fig. 5. We attribute the splitting at high magne
fields to the Zeeman effect. In this range of magnetic fie
the splitting increases linearly withB, as was expected fo
the energy splitting of two different spin states.

2

FIG. 2. Temperature dependence of the hysteresis loop width for
first and second prethreshold peaks observed at reverse voltage bia
RTD1.
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PRB 61 10 901TUNNELING THROUGH X-VALLEY-RELATED IMPURITY . . .
FIG. 3. I (V) characteristics of RTD1 measured at 30 mK at~a! reverse
and ~b! forward voltage biases in the region of the first prethreshold re
nance with increasing magnetic fieldBi with a 1-T step. The curves ar
vertically offset for clarity.

FIG. 4. I (V) characteristics of RTD1 measured at 30 mK at forwa
voltage bias in the region of the first prethreshold resonance at mag
fields perpendicular to the current direction:~a! B' : 1, 0 T ~dashed!; 2, 2 T;
3, 3 T; 4, 4 T; 5, 5 T; 6, 5.4 T; 7, 7.5 T; 8, 9.5 T; 9, 11 T; 10, 12 T; 11,
T; ~b! B' : 1, 5.4 T; 2, 6.4 T.
The second peak shows a shift in the opposite direc
with respect to the first one with increasing magnetic fie
~Fig. 6!. This reflects different degrees of wave-function l
calization of the corresponding states.

THEORETICAL MODEL AND DISCUSSION

Prethreshold current peaks and steps were observed in
RTD at very low voltages. In order to find the energy of t
states that are responsible for the observed resonant tu
ing one should calculate the scaling factor that determi
the relation between the voltage and energy units. Since
steps and peaks are strongly broadened we cannot em
the method described in Ref. 12, which is based on
analysis of peak smoothing, because of the consider
broadening of the peaks, most probably due to strong dis
sion of the impurity-atom position. We have determined t
scaling factor using the onset voltageVs for the first main
resonance of RTD1. At this voltage the Fermi energy in
3D emitter~55 meV for emitter doping concentration! coin-
cides with the energy of the ground state in the QW~180
meV!. This method provides a scaling factor of 0.35. The
fore, the energy position of the first impurity-related level
forward bias is about 150–160 meV below the 2D level
the QW of GaAs. This value is much larger than that p
dicted for a single isolated hydrogenic donor in a Ga
quantum well, which is of the order of 20 meV.9 Moreover,
we obtain a very small localization size of the states resp
sible for prethreshold peaks from magnetotunneling m

-

tic

FIG. 5. Spin splitting of the first step onI (V) characteristics of RTD1
measured at forward voltage bias.

FIG. 6. I (V) characteristics of RTD1 measured at 30 mK under forwa
bias in the voltage range between the first and second prethreshold pea~1!
without and~2! with a magnetic field of 13 T applied perpendicular to th
current direction.
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10 902 PRB 61S. A. VITUSEVICH et al.
surements. An estimation for the localization length can
obtained from the diamagnetic shift of the first peak in t
I (V) characteristic in magnetic fields both parallel and p
pendicular to the current direction. The diamagnetic shif
different for 3D emitter states compared to that of impur
states. With increasing magnetic field the binding ene
corresponded to the first resonance increases. The differ
in the binding energies at a certain value ofB andB50 can
be estimated as

DE5e2^z2&B2/~2m* !, ~1!

wheree is the electron charge,^z2& is the mean square ex
pectation value for the wave function in the plane perp
dicular to the applied magnetic field, andm* is the effective
mass. This gives us a value ofDz'A^z2&'4 nm for the
localization length of the resonant state causing the first
at forward bias. The values of size localization obtained
other resonant peaks are of the same order. Thus, the s
responsible for the prethreshold peaks are localized m
strongly than the hydrogenic donors in the GaAs QW.

We believe that the registered impurity states should
attributed to the donor-related states of theX valley in the
conduction band of the AlAs barrier layer. Indeed, as will
shown below, the estimated tunneling rate and value of
impurity-related current in our model are in good agreem
with the observed experimental results and the observed
stability effect.

In AlAs the conduction-band minimum of theX valley
lies 120 meV higher16 than the bottom of theG valley of
GaAs. As a result, forX electrons in our structure we have
double-well potential profile, in contrast to a double-barr
profile for G electrons~see Fig. 7, where the potential profi
in the system is shown schematically!. G electrons from the
heavily doped emitter region can tunnel via states of thX
valley due to aG-X mixing at the heterointerface. Impurit
atoms can provide impurity-assisted tunneling current pe
at very low voltage because of the relatively small height
the G-X barrier at the GaAs-AlAs interface, as well as t
large binding energy ofX-valley-related Si donor states i
AlAs ~about 100 meV!.17

It is well known that the degeneracy of the impurity sta
in semiconductors withX minima of the conduction band i
partially canceled due to the so-called valley-orbit inter
tion. As was shown in Ref. 21, the valley-orbit splitting
the Si donor states in AlAs is quite small. However, in o
RTD we have other reasons that result in the appearanc

FIG. 7. Schematic representation of the conduction-band minima a
G ~full line! andX ~dashed line! points of the Brillouin zone of a GaAs/AlAs
structure corresponding to RTD1, shown below the first quantum-size l
of the GaAs QW.
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energetically well-separated donor levels. The first reaso
strain of the AlAs layer due to the small lattice misfit
RTD’s grown by MBE. As a result of this deformation, th
energy of theX valley, oriented along the growth direction~
Xz valley!, shifts upwards with respect to that of the valle
oriented along the layers~Xxy valleys!. The value of this
energy shift is about 20 meV.22 However, in our RTD the
bottom of theXxy valleys is shifted considerably due to th
strong quantization in thin AlAs wells. The quantization e
ergy is roughly inversely proportional to that component
the electron effective mass responsible for the electron
tion perpendicular to the layers. This value is equal
0.19m0 for Xxy valleys and 1.1m0 for Xz valleys.23 Based on
these data, we found that the quantization in the AlAs cau
a shift of theXxy valley bottom of about 60 meV above th
Xz-valley bottom. This shift is substantially higher than th
due to the deformation. As a result, theXxy valley lies higher
than theXz valley. Consequently, we assume that the en
getic position of the donor states, related to the differ
valleys, has the same order as the valley bottoms. Note
this situation is different from that reported in Ref. 24, whe
a single-barrier tunneling structure was studied. In that w
quantization is negligible due to the relatively thick AlA
layers, and the bottom of theXz valley is higher than the
bottom of theXxy valley.

The proposed origin of the registered impurity states
also consistent with the observation of the intrinsic bistab
ity of the impurity-assisted current peaks. In our RTD t
density of impurity states is high in only one AlAs barrie
which is not separated from the contacts by a spacer. T
explains the observation of bistability for tunneling via the
impurity states at reverse voltage bias and the absence
bistability effect at forward bias.

As we mentioned previously, the bistability in the RT
arises due to the charge buildup of the resonant electrons
related perturbation of the potential profile in the structu
An accumulation of the electrons in the impurity states in
GaAs QW is unlikely to occur because the probabilities
their tunneling to the emitter and collector through the sim
lar AlAs barriers are of the same order. In contrast, accum
lation can be realized in the case of tunneling through
X-valley-related impurities. The Si impurity atoms a
mainly localized in the AlAs barrier close to the heavi
doped spacerless GaAs contact. The rate of the tunnelin
the electrons from the spacerless contact to the impurit
solely determined by theG-X mixing. In contrast, the rate o
tunneling of the electrons from the impurity states to t
other side of the structure is relatively low. The latter is d
to the weak overlap of the electron wave functions cor
sponding to the states localized in the contact with spa
and in impurity states. As a result, at reverse bias consi
able accumulation of electrons on the impurity states in Al
occurs. The hysteresis disappears for the second peak
K, but can still be observed for the first peak up to a te
perature of 47 K in good agreement with the larger bind
energy for the first peak. The linear dependencies with
same slope of bistability width, shown in Fig. 2, demonstr
that the redistribution of the electric field in a low voltag
range does not change considerably and the calculated
ing factor is approximately the same for the prethresh
voltage range. In the case of forward voltage bias, the cha
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buildup in the second barrier with large donor concentrat
is small since the electron can easily tunnel to the collec

It is worth noting that the physical picture of the observ
impurity-related bistability is more complicated than that
the case of conventional resonant tunneling. In particu
since we deal with the tunneling from 3D emitter states
the 0D states in the AlAs layer and vice versa, there is
in-plane momentum-conservation requirement, and the p
ability of tunneling is determined by thetotal energy of the
electrons and the in-plane electron wave vector. This sho
essentially modify the dependence of the tunneling curr
on the position of the impurity levels with respect to t
bottom of the emitter conduction band.

In order to support our hypothesis about the origin of
observed low-voltage current peaks, we made a rough
mate of the current value due to the tunneling through
X-related donor states of AlAs. The current is determined
the impurity concentration in the barrier region and the ti
needed for an electron to tunnel from an emitter st
through a solitaryX-valley-related donor impurity state to
G-related collector state.

The tunneling from the impurity states to the spacerl
contact is much faster than that to the contact with a spa
due to the low transparency of theX-valley-related barrier of
the GaAs layer. Hence, the impurity-assisted current
mainly determined by the tunneling rate from theX-valley-
related donor state to the contact with spacer. To calcu
this value, we follow the phenomenological approach
Liu.25 We calculated the tunneling rate in question with t
use of the perturbation theory, assuming theG-X mixing
terms as a perturbation. The penetration of theX-valley-
related donor states over the relatively thick GaAs laye
much weaker than the penetration ofG-valley-related elec-
tron state localized in contact with spacer states over
AlAs layer. This is because theG-valley effective mass of
GaAs is considerably less than theX-valley effective mass of
AlAs. Therefore, the tunneling rate is determined by t
overlap of the wave function of the collector state and
donor state wave functions on the interface between
AlAs and the GaAs layer, integrated over the interface.

For rough estimates we used the wave functions of b
donor states, obtained in Ref. 26 with the use of the va
tional method, and obtained the tunneling rate 23106 s21 for
the Xz-valley-related donor states. The obtained rate is c
sistent with the measured current value if the volume c
centration of donors in the barrier is of the order 1016cm23.
Note, however, that the value of the coefficient characte
ing the strength of theG-X mixing is most probably overes
timated in Ref. 25, since in that paper the barrier between
G-valley bottom of GaAs and theX-valley bottom of AlAs
was assumed to be 190 meV, while it is now believed to
120 meV.16 This means that the given value of the don
concentration is underestimated. For more rigorous calc
tions of the tunneling rate it is necessary to take into acco
the finite contribution of theG-valley states to the dono
wave functions, as well as their modification due to the qu
tization effect in the AlAs layer.

Now we can justify the binding energy of the dono
related impurity states with respect to theX-valley minimum
in the AlAs layer. We find that these energies are 20–
meV above the conduction-band minimum of GaAs. T
n
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X-valley band in AlAs is 120 meV above the conductio
band minimum of theG valley adjacent to the GaAs laye
and the binding energy ofX donors is 80–90 meV. The
values are consistent with those reported in the literature.17,27

The energy position of the second resonant state is a
60–70 meV, which can be explained by the quantization
the Xxy-valley-related states in AlAs.

The behavior of the impurity-assisted current peaks
magnetic fields can be qualitatively explained within t
framework of the proposed model. The shift of the impur
levels in magnetic fields is roughly inversely proportional
the component of the electron effective mass, which is
sponsible for the motion of the electron in the plane perp
dicular to the magnetic field, and also depends on the sp
localization of the wave function. The different shifts of th
first and second peaks with increasing magnetic field, Fig
can be explained by the different values of the effect
masses in question, as well as by the different lateral lo
ization of the corresponding wave functions.

The magnetic lengthLB is determined by the equation

LB5@h/~2peB!#1/2. ~2!

At a relatively low magnetic field ofB,5 T, the magnetic
length is LB'12 nm, which is larger than the localizatio
length of the impurity-state wave function. At these magne
fields we observed a small change of the peak position
amplitude. In high magnetic fields the changes become d
tic, because the application of the magnetic field subst
tially modifies the localization of the electron wave functio
This can be responsible for the disappearance of the low
peak at reverse bias with increasing magnetic field@Fig.
3~a!#.

Another experimental finding for RTD 1 is the observ
tion of the splitting of the first impurity-related peak into th
two well-defined peaks in magnetic fields perpendicular
the current direction. The splitting of the peak shows an
usual dependence on the magnetic field. It shows linear
havior only in the region of high magnetic fields~Fig. 5!. We
attribute the splitting of the impurity-assisted peaks in ma
netic fields at forward bias to the Zeeman splitting of t
energy levels corresponding to the different spin states of
electron localized on an impurity. The energy splitting
equal togmBB, wheremB is the Bohr magneton andg is the
impurity g factor. Because of that, the measurement of
slope of the dependence of the voltage splitting on the va
of the magnetic field provides valuable information about
impurity g factor.

We determined theg factor for the impurity from a linear
extrapolation of the high-magnetic-field dependence toV
50 at B50 with a slope ofgmB /a, wherea is the scaling
factor. Using a scaling factor of 0.35 as determined from
onset voltage, we obtained ag factor value of about 0.34
60.05 for the region of high magnetic fields. This value
quite different from that for theX-valley electrons in a GaAs
AlAs superlattice structure,28 which was reported to be 1.97
This disagreement can be due to the complex nature of
investigated impurity states. It is known that in crystals theg
factor of electrons is different from that in the free space d
to the interband interaction.29 In low-dimensional hetero-
structures the value of theg factor is modified, since the
electron wave function contains the contributions belong
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to the different materials. In particular, this gives rise to t
dependence of the electrong factor of 2D electrons on the
QW width.30 In our RTD a similar effect can take place du
to the partial contribution ofG andX states of GaAs to the
impurity-state wave function.

Since the application of the magnetic field modifies t
electron confinement, a nonlinear dependence of the
splitting on the magnetic field can be manifested. This w
demonstrated both theoretically and experimentally for ex
ton states.31,32The features described are in qualitative agr
ment with our results on spin splitting. For more accur
conclusions about the structure of the observed impu
states and their modification in strong magnetic fields
development of a sophisticated theory is necessary.

CONCLUSION

In conclusion, we observed the prethreshold current pe
due to resonant tunneling through theX-valley-related impu-
rity states of the AlAs barrier of GaAs/AlAs resonant tunn
a
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ing structures. Asymmetry in the doping profile of the stru
ture under investigation provides substantial cha
accumulation at one of the bias polarities, which gives rise
the intrinsic bistability of the current-voltage characterist
The value of the current, obtained using a perturbat
theory approach, is in good agreement with the experime
data. The effective Zeeman spin splitting factor is det
mined for AlAs/GaAs RTD’s and its value is equal to 0.3
60.05. The unusual nonlinear dependence of the effec
magnetic spin splitting observed for magnetic fields in t
range from 5 to 7 T reflects the complex interband mixin
effects that occur in strong magnetic fields.
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