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X-valley-related donor states and resonant tunneling in a single-barrier diode
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A d layer of Si donors has been incorporated in the tunneling barrier of a GaAs/AlAs/GaAs single-barrier
heterostructure in order to investigate the tunneling viaX-valley-related donor states. The low-temperature
current-voltageI (V) characteristics exhibit two resonant peaks which arise due to tunneling via biaxial-strain-
split donorX states. The splitting is determined as 1362 and 1462 meV for two samples, respectively, in
agreement with reported piezophotoluminescence data. For a magnetic fieldB applied parallel toI , the
tunneling current oscillates whenB is tuned at a givenV. The magneto-oscillations inI have been found to
quench at the resonant voltage and to beout of phasewith the oscillations in the concentration of electrons in
the accumulation layer. Self-consistent calculations show that a variation of the electron attempt frequency
might account for these effects.@S0163-1829~98!02712-X#
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Single-barrier tunneling diodes with AlAs barriers pr
vide an interesting example of a resonant-tunneling devic
barrier forG-valley electrons appears as a quantum well
X-valley electrons. TheX valley in the barrier is located no
much higher in energy@about 120 meV~Ref. 1!# than theG
valley in the adjacent GaAs layers, and resonant tunnelin
possible in this energy range.2 The transition between theG-
andX-valley states is not forbidden by momentum conser
tion, due to the size quantization in the growth direction
G-electrons in the emitter-accumulation layer. Thus reson
tunneling can be observed via the barrier states related to
X valley. Tunneling viaX-valley-related states was shown
be the origin of the negative differential resistance in sing
barrier tunneling devices.2,3

Numerous detailed studies were reported on tunne
through theX-valley-related conduction-band states, inclu
ing tunneling through excited size-quantizedX levels,
phonon-assisted tunneling,4 and tunneling under high
pressure.5 Tunneling via X-valley-related donor states ha
attracted less attention. The transition probability throug
donor level should be higher than that through theX-valley
edge, as theG-valley states contribute significantly to th
strongly localizedX-donor wave function. Except for ou
preliminary report,6 only a single publication on
X-donor-assisted tunneling exists to date.7

In this paper we report the investigation of resonant t
neling via X-valley-related states of Si donors incorporat
in an AlAs barrier. In a typicaln- i -n single-barrier device,
the AlAs barrier layer and adjacent undoped GaAs layers
sandwiched between the heavily doped GaAs contact la
~see the conduction-band profile in Fig. 1!. When a voltageV
is applied between the contacts, a two-dimensional elec
gas~2DEG! accumulates in the undoped GaAs layer near
tunnel barrier. Formation of the emitter-accumulation lay
is accompanied bynonresonanttunneling to a continuum o
electron states on the collector side of the barrier. When
applied voltage brings the 2DEG into resonance with a d
570163-1829/98/57~12!/7214~5!/$15.00
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crete state located in the barrier,resonanttunneling can oc-
cur, and manifests itself as a resonant peak in current-vol
characteristics,I (V). Note that the voltage dropV1 between
the 2DEG and the resonant state in the barrier is only a sm
fraction of the total voltageV between then-doped contact
layers. The ratiog5V/V1 gives the leverage factor whic
depends onV.

Due to the small lattice misfit between GaAs and AlA
bulk materials, an AlAs layer is biaxially compressed
GaAs/AlAs heterostructures grown on a GaAs substrate.
compression increases the energy of theX-valley minima
which are oriented along the growth direction,Xz , relative to
the minima which are oriented parallel to the layer,Xxy .8,9

Reported values of the splitting betweenXz- andXxy-valley
minima vary from 14 meV up to 23 meV.9–13 For
X-valley-related states of the Si donor, the valley-orbit int
action is negligible, because they are not mixed by the c
tral potential,14 so that the states can be treated as co
sponding to independent valleys.15 Therefore the splitting of

FIG. 1. A schematic conduction-band diagram of a sing
barrier tunneling device under an applied voltageV. The kink
within the barrier arises due to the charge of ionized donors.
7214 © 1998 The American Physical Society
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57 7215X-VALLEY-RELATED DONOR STATES AND RESONANT . . .
Si donor levels reflects the strain-inducedXz-Xxy splitting. In
I (V) characteristics of our device we observe this splittin
which was not resolved in Ref. 7.

There is an interesting effect which appears in sing
barrier devices in magnetic fieldB applied parallel to the
tunneling current. If the voltageV between the contact layer
is fixed, variation ofB causes oscillations, periodic in 1/B, in
the 2DEG concentrationne and in the tunneling currentI
~Refs. 16–18! ~these provide a reasonable estimate ofne!.
The oscillations arise because the chemical potentialme in
the Landau-quantized 2DEG is pinned to that in the hea
dopedn-type GaAs emitter, so the variation ofB results in a
redistribution of electrons between the 2DEG and the em
and a modification of the potential profile in the device. T
tunneling current was previously reported16–18 to oscillatein
phasewith ne . A striking feature of our devices is that the
exhibit magneto-oscillations inI which areout of phasewith
ne . With the help of self-consistent calculations, we ha
successfully explained this observation, as well as the
that, at resonance voltage, the magneto-oscillations
strongly quenched in amplitude.

Two samples were grown on a~100! n1-type GaAs sub-
strate, and comprise the following layers: 1mm of heavily
doped GaAs with a Si concentration of 231018 cm23; 100
nm of GaAs with 231016 cm23 of Si; 100 nm of undoped
GaAs; 5 nm of AlAs; ad layer of Si donors; 5 nm of AlAs;
100 nm of undoped GaAs; 100 nm of GaAs wi
231016 cm23 of Si; and 1mm of heavily doped GaAs. Thu
the total width of the AlAs barrier is 10 nm. The Si conce
trations in thed layer was 131010 and 531010 cm22 for
samples 1 and 2, respectively. A control sample lacking thd
layer of donors was also grown. Circular mesas of vario
diameters, from 50 to 200mm, were produced using optica
lithography, and AuGe was alloyed into then1-type GaAs
layer to form an ohmic contact. Figure 1 shows t
conduction-band profile of our device. The kink in the ba
rier potential profile is due to the charge of the ionized d
nors.

Figure 2 shows theI (V) characteristics of both samples
4.2 K. EachI (V) exhibits two resonant peaks. The peaks
broad and relatively weak at zero magnetic field. TheI (V)
change drastically at highBi I : the two peaks become na
rower and much better resolved, with a negative differen
resistance forB.6 T. In sample 2, with higherd-layer-
donor concentration, the peaks are shifted to lower volt
with respect to sample 1. The peaks are absent in theI (V) of
the control sample.

FIG. 2. Solid curves—I (V) characteristics atT54.2 K at zero
and highB: ~a! sample1, ~b! sample2. Dashed curves—I (V) de-
rivatives atB50. Curves are offset.
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Peaks inI (V) indicate the resonances between the 2D
and the states in the barrier. The observation of peaks in
doped samples lead us to attribute the peaks to tunne
through donor states. The donor levels which exist in
energy range corresponding to the peak voltage are relate
the X valley. Since in-plane momentum conservation is n
important for tunneling through confinedX-donor states, all
occupied emitter 2DEGG electron states contribute to th
current. Therefore both sample inhomogeneity and
spread of emitter 2DEG kinetic energy contribute to a bro
ening of the peaks atB50; a narrowing of the peaks atBi I
reflects Landau quantization in the 2DEG.

To determine quantitatively the energy position of the le
els which give rise to the resonant peaks, we need to kn
the electron concentration in the 2DEG. This was obtain
from magneto-oscillations of the tunneling current inBi I ,
i.e., I (B) recorded at various constantV.16–18 A representa-
tive set ofI (B) for the two samples is shown in Fig. 3. Th
curves exhibit strong magneto-oscillations asB increases,
with relatively smooth increases and sharp falls. Note a
that the oscillations are strongly quenched at the reson
voltages@1.2 and 1.5 V in~a!, and 0.9 and 1.2 V in~b!#.
Figure 4 shows how the oscillation amplitude depends on
applied voltage both for samples 1 and 2 and for the con
sample. With a background of weak variations observed
all samples, the doped samples show sharp and st
minima in the oscillation amplitude at the resonances.

The I (B) dependences allow us to determine with a re
sonable accuracy18 the values ofne for a given V. The
magneto-oscillations observed in our sample are consis
with an assumption that sharp falls in current, which a
periodic in 1/B, correspond to an integer even filling factorn
~this will be discussed in detail later!. The strongest fall,
which appears in sample 1 at 3.8–4 T at 0.6 V and evolve
8.7–9.3 T at 1.9 V, corresponds ton52. We pointed out
earlier that in sample 2 the peaks inI (V) are shifted to
smaller voltage with respect to sample 1. Nevertheless n
that in sample 2 a smaller voltage is required to obtain t
same ne : the fall in I (B), which corresponds ton52,
evolves to'9 T at smallerV, around 1.6 V. This results
from the contribution of the charge of ionized donors in t
barrier to the sample potential profile, due to which the

FIG. 3. I (B) characteristics at various biases:~a! sample1, ~b!
sample2. The current is normalized to the values atB50. Curves
are offset.
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FIG. 4. Amplitude of current magneto-oscillations at filling factorn52 at various voltages:~a! sample1, ~b! sample2, and~c! control
sample. The current is normalized to values atB50.
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verage factor depends on the donor concentration.
greater the donor concentration, the greater the kink in
potential profile in the barrier~see Fig. 1!; so for a given
resonance between the 2DEG and the barrier state,
smaller the voltage drop in the collector region of the devi
Due to this, each of the resonant peaks inI (V) has been
found to occur at similar values ofne in the two samples
despite the difference in voltage.

Self-consistent calculations have been performed in o
to relatene to the voltage drop between the chemical pote
tial in the 2DEG and the layer of donors in the barrier. The
give the following energies of the two resonant levels,E1
and E2 , referred to as the conduction-band edge in Ga
E157563 meV andE258863 meV for sample 1, andE1
57163 meV andE258563 meV for sample 2. The split
ting between the peaks is determined asDE51362 meV
for sample 1 andDE51462 meV for sample 2. This is
in excellent agreement with the value of the biaxial-stra
induced splitting between the minima of theXz and Xxy
valleys, '14 meV, obtained by piezophotoluminescen
spectroscopy.9 Due to strong localization of the
X-donor-state wave function, size quantization in the 10-
AlAs layer does not contribute to the donor-level energi
so, in the absence of valley-orbit interaction for group-
donors,14,15 the splitting between theX-donor levels gives
the splitting between the valley minima. This is not the ca
for exciton states,9,10 and the valley-orbit interaction ma
contribute to the larger splitting value,'23 meV which was
reported in Ref. 11.

The lower- and higher-voltage peaks inI (V) correspond
to tunneling throughXxy and Xz levels, respectively. This
may account for the larger amplitude of the higher-volta
peak, despite the double degeneracy of theXxy level. For
tunneling throughX-valley conduction-band states, trans
tions from the emitter 2DEGG states toXz (Xxy) valleys are
allowed ~forbidden! due to in-plane momentum
conservation.4 Both transitions are allowed in donor-lev
tunneling because of the contribution ofG states to the
strongly localized donor wave function, but for theXz level
the transition probability can be still expected to be sign
cantly larger than forXxy levels. If we assume that th
X-valley edge in the AlAs barrier is located at'120 meV
~Refs. 1 and 4! above the GaAsG-valley minimum, we ob-
tain EB'45– 50 meV for the binding energy of the don
groundX state, which is consistent with the earlier report
values.19

Now we discuss the magneto-oscillations in the tunnel
current in our device. They arise because the chemical
tential in the 2DEG is pinned to that in then-doped GaAs
emitter. The magnetic field determines the energy of
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highest occupied electron Landau level in the 2DEG, a
hence the chemical potential position. This has to be co
pensated for by charge redistribution between the 2DEG
the emitter, changing bothne and the potential profile, and
therefore the tunneling current in the device. There are
possible states of the 2DEG in the sample forBi I , with me

positioned eitherbetweenmaxima in the Landau-level~LL !
density of states orwithin a LL. The former state corre
sponds to integer filling factorn ~more accurately to evenn,
as we neglect the spin splitting!. With increasingB, the
2DEG alternates between these two states, withne growing
at integern and falling whenn is a noninteger.

What parts ofI (B) curves correspond to integern? The
increase of bothB andne contributes to the enhancement
the 2DEG energy in this case, and qualitatively we can
pect that these are the parts which exhibit asharpchange in
current. Conversely, for nonintegern the contributions to the
2DEG energy ofB andne oppose each other, and asmooth
change in the current can be expected. These arguments
discussed in detail in Ref. 17. Analysis of our devices sho
that an integern really does correspond tosharp falls in the
current~otherwise the required change inne would be incon-
sistent with the device parameters!. This implies out-of-
phase oscillations inI andne : an increase inne results in a
decrease inI , and vice versa. Although only in-phase osc
lations were reported to date,16–18self-consistent calculation
for our devices indicate that this behavior is reasonable.

In the semiclassical approximation, the tunneling curr
is given byI 5nee feT, wheref e is the attempt frequency o
the 2DEG andT is the transmission coefficient. HereT is
determined by the electron-wave-function penetration in
barrier, whilef e is closely related to the spatial extentDz of
the electron wave function in the tunneling direction, rough
proportional to 1/Dz2. This follows just from the uncertainty
relation: the electron energyh fe'Dp2/2m* '\2/2m* Dz2,
whereDp is the uncertainty in electron momentum andm*
is the electron effective mass.

In the case of increasing voltageV at fixed values ofB,
an increasein ne is followed by anincreaseboth in T and
f e . The former results from the increased transparency of
barrier, and the latter is due to asharpeningof the potential
which confines the 2DEG. These result in the well-know
superlinearI (V) dependence. However, ifne is changed by a
variation of magnetic field atfixed V, an increasein ne re-
sults in aflattening of the 2DEG confining potential. This
should be followed by an increase inDz and areductionin
f e . Therefore the enhancement inne and T competes with
the reduction inf e , and a fall in the tunneling current with
ne increase is possible.
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Although our self-consistent calculations cannot expl
the large amplitude of the current oscillations, they show t
the observation of out-of-phase oscillations inI and ne is
reasonable for our samples. Figure 5 shows calculated
tive changes inne , 1/Dz2, andT whenB is varied at given
V @here T is taken semiclassically asT5exp
(22/\* upzudz), with the integral taken within the barrier#.
One can see that the change in 1/Dz2 exceeds the sum o
changes inne andT, so the current is expected to oscilla
out of phase withne ~see the lowest plot in Fig. 5!.

Our calculations were performed for nonresonant tunn
ing. Under resonant conditions the wave function of 2D el
trons penetrates strongly into the barrier. This increases
wave-function spatial extent, which hence becomes less
sitive to the sharpness of the confining potential. In the co
petition between the enhancement inne andT and the reduc-
tion in f e , the contribution off e becomes less important, an
the oscillations quench.

Finally, we consider why only in-phase oscillations inI
andne have been observed to date. The principal differe
between our samples and the heterostructure investig
theoretically in Ref. 17 is in the thickness of the collecto
side buffer layerdc . This is '200 nm for our samples, a
the slightly doped GaAs layer is fully depleted at our me
sured voltages. In Ref. 17 the collectorn-doped layer was
taken very close to the barrier. In that case the shape of
barrier was much more sensitive to a change in the pote
profile than in our samples, as practically all the additio

FIG. 5. Self-consistent calculations: magneto-oscillations
given voltage in 2DEG concentrationne , attempt frequencyf e ~i.e.,
1/Dz2!, barrier transmission coefficientT, and in the tunneling cur-
rent I . All values are normalized to those atB50.
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voltage drop between the 2DEG and the collector occur
within the barrier. The thicker the collector buffer layer, th
smaller the fraction of the voltage drop within the barrier a
the less sensitive the sharpness of the barrier edge is
change in the potential profile. Figure 6 shows the effect
dc on the amplitude of the oscillation inne , f e , and T at
n52. For the calculations we assume the potential profile
the collector and barrier regions of the device is the sam
all cases. Hence the 2DEG concentration atB50 is also the
same, while the total voltage applied between the con
layers is different for each of the points. The negative s
for the f e amplitude corresponds to an oscillation out
phase with that ofne . For dc'15 nm the magneto-
oscillations in f e change sign, while those inne and T are
strong. This results in strong oscillations in the tunneli
current in phase withne which were investigated in Ref. 17
With increasingdc the oscillations inne andT are quenched
gradually, while the amplitude of the out-of-phase oscil
tions in ne saturates. Thus the in-phase oscillations inI
should quench arounddc'75 nm, and reappear out of phas
asdc increases; see the lowest plot in Fig. 6.

As our calculations predict the correct sign, but a mu
smaller amplitude of the effect than that observed in the
periment, a more detailed theory is required for a comp
hensive understanding of our data.

To conclude, we have observed resonant tunne
through strain-field-splitX-valley-related states of the Si do

FIG. 6. Self-consistent calculations: amplitude of magne
oscillations atn52 in 2DEG concentrationne , attempt frequency
f e , and barrier transmission coefficientT, and in the tunneling
current I as a function of the width of the buffer layer on th
collector side of the device.
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nor in the AlAs barrier of a single-barrier GaAs/AlAs/GaA
tunneling diode. The magnitudes of the splitting are det
mined as 1362 and 1462 meV for two samples, respec
tively, in agreement with piezophotoluminescence data.9 The
magneto-oscillations in the tunneling current are found to
out of phase with oscillations in the electron concentration
the emitter-accumulation layer. It has been shown that th
s
er-
-

be
in
e

variation of the 2DEG attempt frequency might account f
this effect.
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