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Resonant tunneling via donorX states in the AlAs barrier and binding energies of donors
bound to XXY and XZ valleys
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Magnetotransport in GaAs/AlAs/GaAs single-barrier heterostructures, incorporating unintentional donors in
the barrier, is studied. Resonant tunneling is observed through the quasiconfined states in the AlAs layer which
originate from theXXY andXZ conduction-band minima and through two distinct states of the donors bound to
the XXY and XZ valleys. This allowes us to determine directly the binding energies ofXXY- and XZ-related
donors at the center of a 5-nm AlAs barrier asEB(XXY)'70 meV andEB(XZ)'50 meV, respectively.
Furthermore, we observe an additional oscillatory fine structure of the donor resonances which we attribute to
a difference in the binding energies of donors located at different position in the AlAs layer.
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Recent investigations of AlAs/GaAs heterostructu
demonstrated thatX-valley states in AlAs have a substanti
influence on their optical and electrical properties.1,2 For sili-
con donors in bulk AlAs, the central cell potential does n
mix the three hydrogenic effective-mass states, which can
described as corresponding to independentX valleys. There-
fore, the ground state of a silicon donor is threefold deg
erated. However, in a thin AlAs layer this degeneracy
lifted due to confinement and strain, so that the threef
degenerated state splits into a twofold degenerated stat
sociated with theXXY valleys and a nondegenerated sta
associated with theXZ valley.1 The binding energies of hy
drogeniclike donors bound to theXXY and XZ valleys were
calculated by Weber, taking into account both the mass
isotropy and the quantum confinement.3 Moreover, it was
shown that the binding energy of the donor depends on
position in the AlAs layer and that donor resonances sho
occur at different voltages for impurities located at differe
distances from the heterointerface.

Tunneling spectroscopy allows us to measure the do
binding energy directly, provided that resonances co
sponding to tunneling via both the confined state and
donor state associated with them are observed. The bin
energy ofG-related donors in the GaAs quantum well w
determined reliably from tunneling studies.4–6 Fukuyama
and Waho observed a single resonance due to tunnelling
the X-related donor state in the transport characteristics
the single-barrier GaAs/AlAs heterostructure.7 In our previ-
ous paper, we reported the detection of twoXXY- and
XZ-related donor resonances.8 Apart from those papers ther
are only two publications on concerning tunneling via don
X states in AlAs.9,10Although the same experimental sampl
were used in both cases, the authors reported two donor r
nances in the first case9 and four donor resonances in th
second case10 in the same voltage range. Moreover, tunneli
via confinedX states was not detected, and the splitting
two principal X-related donor states was determined as
meV in Ref. 9, and as 23 meV in Ref. 10.
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In this paper we report an observation of resonant tunn
ing both through quasiconfinedXXY and XZ states and
through two distinct states of donors linked toXXY and XZ
valleys in the AlAs barrier. We show that the energies
donorX states are determined both by quantum confinem
affecting the energies of confinedX states and the binding
energies of donors and by biaxial strain, which causes a s
ting of XXY andXZ valleys on 23 meV.1 In addition, it per-
mits us to determine the binding energies ofX-related donors
directly. We also report an additional fine structure of t
donor resonances that we attribute to resonant tunneling
states of donors located in different atomic planes of
AlAs layer with different binding energies. A study of th
behavior of the fine structure when a magnetic field is
plied demonstrates that the binding energy ofX-related do-
nors has an essential dependence on both the magnetic
and the donor position in the barrier, in accordance w
earlier theoretical results.3,11 Thus the possibility of the de
termination of the difference in binding energies ofX donors
located in the adjacent atomic layers of an AlAs barrier w
shown.

The sample studied was a single-barrier 5 nm Ga
AlAs-GaAs heterodiode, grown by molecular-beam epita
on ~100!-oriented Si dopedn-GaAs substrate~see Ref. 8!.
The AlAs layer was not intentionally doped, but donor im
purities were present in the AlAs because of diffusion fro
the highly doped region during its growth.12 The calculated
G andX band profiles of the experimental structure at a b
of V5900 mV are shown in Fig. 1.

Figure 2~a! shows thedI/dV2V characteristic of the ex-
perimental sample measured at 4.2 K. Three strong step
features corresponding to tunneling through quasiconfi
XZ andXXY states were observed in earlier studies.2,13,15Two
weak features A and B at a voltage below the threshold
transfer via quasiconfinedXZ1 states are more pronounced
Fig. 2~a!, which displays the voltage dependence of the s
ond derivatived2I /dV22V. We attribute peaks A and B to
resonant tunneling through the donorXXY- and XZ-related
states.
©2002 The American Physical Society02-1
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The key to the attributions of the experimental features
Fig. 2 is a Schro¨dinger-Poisson modeling of the conductio
band profile and of the electronic levels, from which t
applied bias required for a given resonant process may
calculated. The most important input parameter of the mo
is the variation of the electric field across the emitter/bar
region ~or the electron concentration in the accumulati
layer! as a function of the bias. The electron concentrat

FIG. 1. Band profile diagram for the for theG ~solid line! andX
~dashed line! minima around the AlAs layer of a single-barrie
AlAs/GaAs heterostructure at biasV5900 mV. The two lowest
quasiconfined states in theX quantum well and two states of th
donors linked to them are denoted byXXY1 , XZ1, andXXYSi, XZSi .

FIG. 2. dI/dV ~a! andd2I /dV2 characteristics~b! of the experi-
mental device at 4.2 K. Features A and B correspond to reso
tunneling viaX-related donor states. The calculated threshold v
ages are denoted by arrows.
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was obtained from Shubnikov–de Haas-like magnetotra
port (I 2B) measurements. These data were reported in
previous publication12 and are not presented here. TheXZ

andXXY electronic levels were calculated as a function of t
applied bias. The threshold voltages for tunnelling throu
the XZ- and XXY-related donor states were calculated us
the data reported in Ref. 3. It was shown that the bind
energies ofXZ- and XXY-related donors at the center of
5-nm AlAs barrier are 51 and 68 meV, respectively.

The arrows in Fig. 2~b! show the calculated values of th
threshold voltages at which the Fermi energy in the accum
lation layer is aligned with the energies ofX states in the
barrier. As shown in Fig. 2~b! the peak positions of the sec
ond derivatived2I /dV2 are in good agreement with the ca
culated values. It should be noted that the resonant alignm
of states corresponds to the maximum of the second der
tive d2I /dV2 with good accuracy~see Ref. 14!. In the calcu-
lations we employed the commonly used values of transve
and longitudinal effective masses in theX valleys of AlAs,
which are ml51.1m0 and mt50.19m0, respectively. The
G(GaAs)-X(AlAs) conduction-band offset was taken to b
120 meV in accordance with Ref. 13. The splitting of t
XXY and XZ valleys due to the biaxial strain on the AlA
layer was taken to be 23 meV.1 In order to confirm the iden-
tification of the feature C indI/dV2V dependence as aG
2XZ1 resonance, we also studied theG2X magnetotunnel-
ing in the magnetic field parallel to the transport directio
An analysis of the resonant structure corresponding toG
2X inter-Landau-level transitions carried out in accordan
with the approach proposed in Ref. 15 enabled us to de
mine the transverseX valley effective mass@mt5mXXY

5(0.260.02)m0# in AlAs, and confirmed the identification
of the main low-voltage resonant feature obtained by s
consistent modelling as corresponding to theG2XZ1 trans-
fer.

It should be noted that, unlike structures with ad-doped
layer in the center of the AlAs barrier,7 our structures were
doped randomly. Because the binding energy of the do
depends on its position in the AlAs layer,3 the resonances
should occur at different voltages for impurities located
different distances from the heterointerface. However, it w
shown that tunneling through impurities near the center
the barrier gives the main contribution to the total curren16

In addition, we suppose that there is insignificant variation
the concentration of the impurities in the AlAs layer in th
growth direction. Therefore, an accurate identification of
experimental resonances permits us to determine the bin
energies of centralXZ- and XXY-related donors directly as
'50 and'70 meV, respectively.

The additional fine structure of theXXY-related donor
resonance in magnetic fields applied along the direction
the current,BiJ, from 12.75 to 14 T andT50.4 K, is dis-
played in Fig. 3~a!. A similar additional fine structure in the
XZ-related donor resonance was observed. We assume
the fine structure is related to the resonant tunneling
states of the donors located in different atomic layers wit
the AlAs barrier. It should be noted that the fine structu
exists in the absence of the magnetic field, and intensi
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with increasing magnetic field. The structure is sample s
cific, but is precisely reproducible for a given sample, ev
after thermal recycling. All devices from a single wafer sho
the same basic features. The average period of this struc
is about 15 mV, corresponding to an energy separation
approximately 1.2 meV. When the temperature was increa
to 20 K (kT'1.25 meV), the fine structure disappeared d
to the thermal broadening of the Fermi distribution functi
in the accumulation layer. Note that the amplitudes of
peaks of the fine structure did not vary significantly when
temperature was decreased from 4.2 to 0.4 K. The numbe
peaks of the fine structure over the bias range of interest d
not vary with an increase in temperature from 0.4 to 20
This indicates that, in this temperature range, the differen
in energy of adjacent donor states exceedskT.

There are two other possible causes of the fine struct
The first possibility is that the fine structure of resonance
devices with large lateral dimensions may be caused by
terface roughness, as demonstrated from studies ofG2G
tunneling in double-barrier AlAs-GaAs heterostructures17

However, the binding energy of donor states has a stron
dependence on the donor’s position in the barrier than on

FIG. 3. ~a! Normalized conductance-voltage curves for ma
netic fields from 12.75 to 14 T atT50.4 K. The curves are verti
cally offset for clarity.~b! Fan diagram of the fine-structure pea
positions as a function of the magnetic field.
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width of the barrier itself. When the thickness of the 5-n
AlAs barrier varies on 2 ML @a typical value of the
molecular-beam-epitaxy~MBE! technology interface rough
ness# the binding energies of the centralXZ- andXXY-related
donors vary by 2 and 4 meV, respectively. The difference
binding energies of donors located at the center of the 5
AlAs barrier and at the heterointerface is 30 meV f
XZ-related donors and 20 meV forXXY-related donors.3 Thus
we assume that, in our experimental situation, the interf
roughness cannot cause the fine structure. The second e
nation is mesoscopic conductance fluctuations due to the
tistical fluctuations in the quasicontinuous density of the
calized states. Such fluctuations were seen in
conductance of a resonant tunneling diode with donors in
GaAs quantum well.18,19 The statistical fluctuations in the
density of the localized states are a consequence of a ran
distribution of impurity states in energy due to strong ra
dom variations of the electrostatic potential in the quant
well induced by a partially depleted region of the dop
collector contact. Both the amplitudes and number of
observed conductance fluctuations, i.e., their typical per
decreased with an increase in the temperature fromT
'0.5 K, wherekT5G ~where G is the linewidth of the
donor state! to T54.2 K, where the fluctuations disap
peared. In contrast, the donor states in AlAs are much m
strongly localized than in GaAs, and the binding energies
Si donors located in the adjacent atomic layer of the Al
barrier differ more strongly than in GaAs.3 Therefore, ran-
dom variations of the electrostatic potential have a sm
influence on the spectrum of impurity states in AlAs. As
result, the spectrum of donor states in the AlAs barrier
determined predominantly by the dependence of the bind
energy on the position of the donor in the barrier. Both t
regular displacement of peaks of the fine structure and
coincidence of a number of observed peaks with a numbe
possible position of Si donors in the 5-nm AlAs layer co
firm the minor influence of the random variations of the ele
trostatic potential on the spectrum of donor states in the A
barrier. The fine structure reveals 22 peaks, whereas Si
nors in a 5-nm AlAs barrier can be located in 20 differe
atomic planes. The difference in binding energies of don
located at the center of the barrier and at the heterointer
for our structures is 35 meV.3 Therefore, the average differ
ence between donors energy levels is 1.75 meV. In our
periment, the average voltage distance between adja
peaks of the fine structure is 15 mV, which corresponds to
energy separation by 1.2 meV which is in good agreem
with the above estimate. Also, the temperature does
change the number of the observed resonances, but just
amplitude. From the above, we suppose that the random
tential causes only an additional nonuniform broadening
the donor states located in different atomic planes, but d
not leads to a quasicontinuous density of the localized sta

The conductance curve shows complex changes with
magnetic fieldBiJ. These are partly due to Landau-lev
quantization in the emitter, and partly due to the fine str
ture. Therefore, we studied the fine structure in a strong m
netic field when Landau-level quantization leads only
monotonic moving of the resonant peaks8 @see Fig. 3~a!#. The
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fine structure shows a shift to a lower bias with increas
magnetic field. The fan diagram of the observed peak p
tion as a function of the magnetic field is shown in Fig. 3~b!.
Fine-structure peaks in the voltage range from 300 to
mV nearXXY-related donor resonance move to a lower b
as the magnetic field increases at a rate from 8 to 20 mV
and the rate is a monotonically increasing function of
voltage@see Fig. 3~b!#. It should be noted that Landau qua
tization should lead to the same voltage shift for all reson
peaks. On the other hand, our self-consistent Poiss
Schrodinger calculations show that, over the bias range
interest~300–500 mV!, the ratio of the total voltage drop in
the structure to that in the barrier region~leverage factor!
varies slightly from 12 to 12.7. Therefore, we conclude th
the significant difference in shift rates of the peaks is due
an
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the fact that the binding energy of the more extended stat
the donor located at the heterointerface has a stronger de
dence on the magnetic field than that of the more locali
state of the donor located at the center of the barrier.3,11 In
other words, the behavior of the fine structure with a ma
netic field is further evidence that the fine structure is rela
to the resonant tunneling through the states of the don
located at different atomic layer in the AlAs barrier.
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