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We report the observation of resonant magnetotunneling between states of different effective mass derived
from zone center (G) and zone boundary (X) points of the Brillouin zone in single-barrier GaAs/AlAs/GaAs
p- i -n heterostructures. Resonances arise in the conductance-bias characteristics for both Landau level index
conserving (Dn50) and nonconserving transfer (Dn50). ForDn50 resonances, structure with a splitting
proportional to the difference in the cyclotron frequencies (vc

G2vc
X) is observed, while forDn50 transitions

a smaller splitting corresponding tovc
X is reflected. Analysis of these features enables the transverse (Xxy)

effective mass in AlAs to be determined. Clear evidence forki conserving and nonconserving transfer in the
elasticG-Xz transfer process is reported.@S0163-1829~96!50232-8#

Indirect gap tunnel structures have received significant
theoretical1–3 and experimental3,4 attention during recent
years. This interest is primarily stimulated by the opportunity
such structures provide for studying transport processes be-
tween electronic states derived from different symmetry
points of the Brillouin zone and characterized by different
periodic cell wave functions and effective masses. In a pre-
vious publication3 we identified theG-X and X-G transfer
mechanisms governing resonant tunneling through quasicon-
fined X states in AlAs barriers by electrical transport and
electroluminescence spectroscopy studies. These results
showed that theG-X-G tunneling current arises from transfer
via states derived from both conduction-band minima per-
pendicular (Xx andXy) and parallel (Xz) to the growth di-
rection (z). Moreover, inelastic tunneling was shown to pre-
dominate for theXxy channel, with transfer viaXz states
being principally elastic in nature.

In this paper we study theG-Xz transfer process and con-
firm its identification through application of high magnetic
fields (B) parallel to the transport direction (z). This permits
us to study resonant magnetotunneling ofG symmetry elec-
trons via Landau levels~LL’s ! formed fromXz states in the
AlAs layer. Previously, magnetotunneling has been studied
for GaAs-Al~Ga!As double5–8 barrier structures, where the
LL states involved are all ofG symmetry and characterized
by a similar effective mass. Such work has demonstrated that
G-G magnetotunneling is predominantly elastic, proceeding
generally with the conservation of LL quantum number
(n).8 However, in such work transitions which conserven
(Dn50) arising from different initial LL’s are indistinguish-
able since they arise simultaneously as a consequence of the
equivalent cyclotron energies of the LL states. By contrast,
for G-X magnetotunneling, we show that the difference in

effective mass between the LL states permits the resolution
of transitions arising from different initial LL’s, with the
clear observation of bothDn50 and Dn50 transfer. A
similar situation occurs in interband tunneling studies of
InAs-GaSb structures, although in this case LL’s from both
of the component layers were not resolved separately.9

The sample studied was a singlep-i -n GaAs/AlAs/GaAs
heterodiode, grown by molecular-beam epitaxy and pro-
cessed into 200-mm-diameter mesas. It consisted of the fol-
lowing layers: 0.5-mm n5231018 cm23 GaAs buffer,
500-Å n5131017 cm23 GaAs, 500-Ån5331016 cm23

GaAs emitter, 50-Å undoped GaAs spacer, 60-Å undoped
AlAs barrier, 50-Å undoped GaAs spacer, 0.5-mm
p5131017 cm23 GaAs collector and 0.5-mmp51.1018

cm23 GaAs top contact. The lown-doping close to the bar-
rier ensures that under forward bias electron tunneling occurs
from two-dimensional~2D! emitter states through the AlAs
barrier.

We first describe the nature of the 2D-2DG-Xz tunneling
processes expected atB50 and then discuss theB50 situ-
ation, in both cases stressing the consequences of theG-X
effective-mass difference.10,11Figure 1~a! shows a schematic
band diagram under an applied forward biasV. The energy
separation at a given bias@DEG2X(V)# between the lowest
2D G emitter state and the quasiconfinedX states in the AlAs
layer will decrease with increasingV. When DEG2X be-
comes less than the 2D emitter Fermi energy (EF) resonant
tunneling may begin. Figure 1~b! shows schematically the
2D G andX subbands at three representative biasesV1, V2,
and V3 for DEG2X in the rangeEF<DEG2X<0. At each
bias, initial (G) and final (X) states in which total energy and
transverse wave vector (ki) are conserved are represented by
open circles, while filled circles indicate final states satisfy-
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ing only energy conservation. Fork-conserving transitions,
the G-X system is resonant over a range ofV
(V1,V,V3), in contrast toG-G ~2D-2D! tunneling where,
in the absence of space-charge buildup, energy andki can
only be conserved at a single bias. By contrast for 2D-2D
tunneling withoutki conservation, made allowable by in-
plane disorder, resonance will occur over a range of bias for
both the G-G and G-Xz cases. Further discussion of the
current-voltage (I -V) and conductance-voltage (sd-V) char-
acteristics is given in Ref. 3, where it is also shown that the
resonant current is controlled byG-X transfer,X-G ~collec-
tor! tunneling occurring on a much faster time scale due to
the greaterX-G wave-function overlap in electric field.

Upon application of magnetic field (B), parallel to the
growth direction (z) the motion in the transverse (x,y) di-
rections is quantized into LL’s with energies
(n11/2)\vc , wherenG,X is the LL index in theG andX
subbands, respectively (nG,X50,1,2. . . ), andvc is the cy-
clotron frequency (eB/mG,X* ). Figure 1~c! shows schemati-
cally the relative position of theG emitter andX barrier LL’s
at elevatedB, under a forward bias such that the 1G and
1X LL’s are aligned. Further increase inV results in progres-

sively aligning and misaligning theG emitter andX barrier
LL’s, with corresponding enhancements in theG-X transfer
rate ~and consequently inI andsd) whenever the condition
for LL alignment is satisfied, at biases such that

DEG-X~B,V!5\eB@~nx11/2!/mX*2~nG11/2!/mG* # ~1!

with mX*5mt* the transverse mass of theXz valley.
11 Our

self-consistent Poisson-Schro¨dinger3 calculations show that
over the bias range of interest~1730–1800 mV!, away from
regions of LL depopulation,DEG2X varies linearly withV to
better than 8%. As a result, from Eq.~1! resonances are
expected in I -V with a splitting proportional to
(1/mG*21/mX* ) for transitions in whichDn50 (nx5nG).
For DnÞ0 (nXÞnG) transfer, analogous tok-non-
conserving transfer atB50, additional resonances with a
periodicity proportional to 1/mX* are expected arising from
each emitter LL.

Figure 2 showssd-V data at 1.8 K forB ranging from 0
to 14 T, parallel to the tunneling direction. AtB50 the data
consists of a series of steplike features at 1735, 1765, and
1810 mV. These features arise from elastic and phonon-
assistedG-X transfer between the 2D emitter~G! and indi-
vidual X states in the AlAs layer, as identified from self-
consistent modeling in Ref. 3. The features at 1735 and 1810
mV were attributed to the thresholds for elastic transfer into
Xzl andXz2 while the step at 1765 mV corresponds to in-

FIG. 1. ~a! Schematic diagram ofG ~full line! and X ~dotted
line! band profiles forp-i -n GaAs-AlAs-GaAs single barrier het-
erostructure under applied forward bias.DEG2X represents the en-
ergy separation between the lowest quasiconfinedG andX states.
~b! In-plane dispersions ofG emitter andX barrier states atB50.
The region belowEf indicates filled emitter states. Open~filled!
circles representk states at a given bias to which tunneling can
occur with conservation~nonconservation! of in-plane wave vector.
~c! Emitter and barrier Landau levels in finite magnetic field.

FIG. 2. Conductance-voltage curves at magnetic fields from 0 to
14 T. At B50 G-Xz1, G-Xxy

TA , andG-Xz2 features are observed.
In finiteB, theG-Xz1 feature breaks up into well-defined resonances
corresponding to (nG ,nX) inter-Landau-level transitions. The inset
shows the alignment of theG andXz Landau levels at the~1,1! and
~0,0! resonances. For clarity, below 9 T only thenG quantum num-
bers of theDn50 transitions are labeled.
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elastic transfer intoXxyl with the participation of anX point
TA phonon. We concentrate below on theG-Xzl resonance in
the bias range 1735–1800 mV, and prove its origin from
analysis of the magnetotransport.

For B.0 the flat regions insd-V exhibit peaked struc-
ture, the amplitude, form, and position of which vary rapidly
with increasingB up to;9 T. ForB.9 T thesd-V traces
retain their general form, with only the position and ampli-
tude of the features remaining sensitive to further increases
in B. To interpret these features,I -B measurements at con-
stantV were performed. The 1/B periodicity of the Shub-
nikov de Haas–like oscillations allows the emitter accumu-
lation density, and hence the electric field in the AlAs to be
determined as a function ofV,7 thus permitting the calcula-
tion of the bias and magnetic field at which inter-LL reso-
nances are expected. In addition, the LL filling factor in the
emitter accumulation layer (vG52,4,6 . . . including spin!
is directly established for a givenV andB.

For V,1800 mV, atB in excess of 9 T the above mea-
surements indicate that only two emitter LL’s are populated
~filling favor nG,4), simplifying the identification of the
features in Fig. 2. We therefore begin by considering the
structure observed forB.9 T, where only (nG ,nX) transi-
tions, with nG50,1 corresponding to the populated emitter
LL’s, are expected. A series of peaks labeled
(0,nx),(1,nX) is observed (nx50,1, 2, and 3!. The peak
splitting increases linearly, and the lowest bias peak~1,1!
decreases in amplitude asB is increased. At 14 T, the domi-
nant spectral feature,~0,0!, is at 1774 mV with weaker peaks
to higher bias labeled (0,nX) (nX51,2). We identify such
structures as arising from resonant (nG ,nX) transfer between
the G emitter andXz1 LL’s in the AlAs layer.12 The
(1,nX) resonances in Fig. 2 weaken with increasing field as
the LL degeneracy (2eB/h) increases and thenG51 LL
depopulates progressively between 9 and 14 T.

The Dn50 resonance corresponding to the excited state
~1,1! transition is observed at lower appliedV than the~0,0!
peak. This is a direct consequence of the greater cyclotron
energy in theG valley.11 An analogous situation arises for
interband resonant tunneling,9 and is readily understood from
Fig. 2 ~inset!. At the peak of the~1,1! resonance, the

nG50 state is (\vc
G2\vc

X) lower in energy thannX50
~Fig. 2 inset,top!. We therefore require a higher bias to reach
the ~0,0! resonant condition~Fig. 2 inset,bottom! with the
result that~0,0! is observed at higherV. In addition, between
the ~1,1! to the ~0,0! resonances both the~1,2! and ~1,3!
transitions are expected sincemX* /mG*;4,11 in good agree-
ment with Fig. 2. AsB is reduced below 9 T, the increase of
nG results in the appearance of higher-order transitions. For
example, over the range 6T,B,8T (6.nG.4), the
nG52 LL is populated, and resonant structure corresponding
to (2,nX),(1,nX) and (0,nX) is observed. ForB between 4
and 5 T, 8.nG.6, and the highest observednG transition
is ~3,3!.

In order to confirm these identifications, the positions of
the resonances observed insd-V are plotted versus magnetic
field in Fig. 3 together with the results of an effective-mass
calculation. In our calculation, we self-consistently solve the
Poisson and Schro¨dinger equations within the envelope func-
tion approximation3 at B50 to determine the relative ener-
gies of theXz1 LL’s in the AlAs layer and the emitter Fermi
level. We include the effect of the magnetic field in the emit-
ter by utilizing an oscillatory Fermi energy (EF), assuming
that the emitter Fermi level remains aligned with the chemi-
cal potential in then-type constant (mn) @Fig. 1~a!#. Good
agreement with experiment is obtained for both the splittings
and slopes of the resonance positions.13 The peak positions
moving with both positive and negative gradients are repro-
duced correctly. The gradients of different sign arise due to
the effective-mass difference between the states involved and
may be readily understood if one considers the derivative of

FIG. 3. Plot of resonance biases~the symbols! of Fig. 2 as a
function of magnetic field. The full lines are the result of a theo-
retical simulation of the variation of resonance bias withB, and
provide a good fit to experiment. The dashed lines indicate the
positions of the bias-dependent integer filling factors for the emitter
Landau levels.

FIG. 4. Voltage splittings of theDn50 andDn50 resonances
in Fig. 2 as a function of magnetic field.n, h, andL represent the
~1,2!-~1,3!, ~1,1!-~1,2!, and ~1,1!-~0,0! splittings, respectively,
whereasm andd are averagedDn51 andDn51 splittings.
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Eq. ~1! with respect to B. We have @](DEG2X)/]B#
}@(nX11/2)/mX*2(nG11/2)/mG* # for transfer fromG into
Xz LL’s. As nX increases, the sign of the gradient may be
inverted as the first term of this expression becomes domi-
nant. At the fields corresponding to the bias-dependent inte-
ger filling factors~the dashed lines on Fig. 3!. LL depopula-
tion and potential renormalization occurs, leading to the
observed steps in peak position in Fig. 3.

Figure 4 shows the evolution of the splitting between
peaks corresponding toDn50 andDnÞ0 resonances, as
B is increased from 0–14 T. Such splitting forDnÞ0 trans-
fer is expected to reflect only theXz cyclotron energy, whilst
theDn50 transitions will exhibit a splitting proportional to
the difference in cyclotron energies between theG andXz
states. IfR is the ratio of the slopes of theDn50 and
DnÞ0 transitions in Fig. 4 we havemXxy

* 5(11R)mG* . As a
result we are able to determine the transverse effective mass
(mt5mXxy

* ) for the Xz valley without the need to directly

establish an energy scale, sincemG* (50.07m0) is known.14

Such analysis yields a value ofmt*50.2860.03m0, in excel-
lent agreement with previous determinations utilizing cyclo-
tron resonance15 (0.2560.01m0) and magnetoresistance16

(0.2660.03m0) techniques. In addition, it confirms the as-
signment from self-consistent modeling3 of the 1735-mV
threshold insd-V to G-Xz1 transfer. All the structure in Fig.
2 is explained well byG-Xz transfer. Features due toXz spin
splitting ~1.6 meV at 14 T for17 g52.0) are not resolved,
probably since the splitting is less than the inhomogeneous
LL width ~5 meV at13 14 T!. Similarly, G-Xxy

TA LL structure
is not observed, probably because theXxy

TA width is greater

than the LL splitting expected for theAmtm1 cyclotron mass
~2.9 meV at 14 T!.

In conclusion, we have reported a magnetotransport study
of tunneling through an indirect-gap AlAs single-barrier
structure. The effects of theG-X effective-mass difference on
the magneto-tunneling characteristics have been demon-
strated, with clear observation of transfer from individual
emitter LL’s being observed. Both LL index conserving and
nonconserving transfer is shown to occur, with the observa-
tion of two periodicities corresponding to theG andX elec-
tronic states. In addition, the results permit the deduction of
theXxy transverse effective mass in AlAs.

We acknowledge M. D. Sturge for very useful discussions
and careful reading of the manuscript.
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