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Resonant tunneling via donorX states in the AlAs barrier and binding energies of donors
bound to X4y and X, 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 theXyy and X, conduction-band minima and through two distinct states of the donors bound to
the Xxy and X5 valleys. This allowes us to determine directly the binding energied,gf and X,-related
donors at the center of a 5-nm AlAs barrier Bg(Xxy)~70 meV andEg(X;)~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.

DOI: 10.1103/PhysRevB.66.073302 PACS nunider73.20.Hb, 73.40.Gk

Recent investigations of AIAs/GaAs heterostructures In this paper we report an observation of resonant tunnel-
demonstrated thaX-valley states in AlAs have a substantial ing both through quasiconfineXyy, and X, states and
influence on their optical and electrical propertiés:or sili-  through two distinct states of donors linked Xgy and X;
con donors in bulk AlAs, the central cell potential does notvalleys in the AlAs barrier. We show that the energies of
mix the three hydrogenic effective-mass states, which can bdonor X states are determined both by quantum confinement
described as corresponding to independémalleys. There-  affecting the energies of confined states and the binding
fore, the ground state of a silicon donor is threefold degen€N€rgies of donors and by biaxial strain, which causes a split-
erated. However, in a thin AlAs layer this degeneracy ising of Xxv andX; vaIIeys_on. 23 me\?..ln addition, it per-
lifted due to confinement and strain, so that the threefoldM'tS Us to determine the binding .e.nergle.9<erfelated donors
directly. We also report an additional fine structure of the

degenerated state splits into a twofold degenerated state as . . .
: : onor resonances that we attribute to resonant tunneling via
sociated with theXyy valleys and a nondegenerated state

iated with the levl The bindi : fh states of donors located in different atomic planes of the
assoclated wi z valiey.” 1he binding energies ot Ny= - yjag layer with different binding energies. A study of the

drogeniclike donors bound to théxy andX; valleys were  papayior of the fine structure when a magnetic field is ap-
palculated by Weber, taking mtq account both the. mass arplied demonstrates that the binding energyXefelated do-
isotropy and the quantum confineménioreover, it was nors has an essential dependence on both the magnetic field
shown that the binding energy of the donor depends on itgnd the donor position in the barrier, in accordance with
position in the AlAs layer and that donor resonances shoul@arlier theoretical resulfst* Thus the possibility of the de-
occur at different voltages for impurities located at differenttermination of the difference in binding energiesXoflonors
distances from the heterointerface. located in the adjacent atomic layers of an AlAs barrier was
Tunneling spectroscopy allows us to measure the donashown.
binding energy directly, provided that resonances corre- The sample studied was a single-barrier 5 nm GaAs-
sponding to tunneling via both the confined state and thé\lAs-GaAs heterodiode, grown by molecular-beam epitaxy
donor state associated with them are observed. The bindingn (100-oriented Si dopedi-GaAs substratésee Ref. 8
energy ofl'-related donors in the GaAs quantum well was The AlAs layer was not intentionally doped, but donor im-
determined reliably from tunneling studi&s® Fukuyama purities were present in the AlAs because of diffusion from
and Waho observed a single resonance due to tunnelling viae highly doped region during its growthThe calculated
the X-related donor state in the transport characteristics of' and X band profiles of the experimental structure at a bias
the single-barrier GaAs/AlAs heterostructdrin our previ-  of V=900 mV are shown in Fig. 1.
ous paper, we reported the detection of twg,- and Figure 2a) shows thedl/dV—V characteristic of the ex-
X-related donor resonanc@épart from those papers there perimental sample measured at 4.2 K. Three strong steplike
are only two publications on concerning tunneling via donorfeatures corresponding to tunneling through quasiconfined
X states in AIAs’°Although the same experimental samplesX, andXyy states were observed in earlier studié$ > Two
were used in both cases, the authors reported two donor reseeak features A and B at a voltage below the threshold for
nances in the first caSand four donor resonances in the transfer via quasiconfined,, states are more pronounced in
second cag8in the same voltage range. Moreover, tunnelingFig. 2(a), which displays the voltage dependence of the sec-
via confinedX states was not detected, and the splitting ofond derivatived?l/dV2—V. We attribute peaks A and B to
two principal X-related donor states was determined as 14esonant tunneling through the donXk,- and X,-related
meV in Ref. 9, and as 23 meV in Ref. 10. states.
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was obtained from Shubnikov—de Haas-like magnetotrans-

400 | GaAS  Tte-el__ AlAs GaAs )
w0l e 7 port (I —B) measurements. These data were reported in our
previous publicatiolf and are not presented here. TKe
_2or andXy electronic levels were calculated as a function of the
2 100 applied bias. The threshold voltages for tunnelling through
5 ol € _ X the X- and Xyy-related donor states were calculated using
N — ] Xz the data reported in Ref. 3. It was shown that the binding
100 r g4 = ﬁm energies ofXz- and Xyy-related donors at the center of a
200 Qw 5-nm AlAs barrier are 51 and 68 meV, respectively.
T 5 o 5 10 The arrows in Fig. ) show the calculated values of the
Z (nm) threshold voltages at which the Fermi energy in the accumu-

o o lation layer is aligned with the energies ¥f states in the
FIG. 1. Band profile diagram for the for the(solid ling) andX  parrier. As shown in Fig. ®) the peak positions of the sec-
(dashed ling minima around the AlAs layer of a single-barrier 5nq derivatived?l/dV? are in good agreement with the cal-
AlAs/GaAs heterostructure at biag=900 mV. The two lowest o516 values. It should be noted that the resonant alignment
quas'cor.‘f'ned states in th¢ quantum well and two states of the of states corresponds to the maximum of the second deriva-
donors linked to them are denoted Myy,, Xz1, andXxvsi Xzsi- e 421 /0v2 with good accuracysee Ref. 14 In the calcu-
o ) . lations we employed the commonly used values of transverse
The key to the attributions of the experimental features in,, longitudinal effective masses in thevalleys of AlAs
Fig. 2 is a Schrdinger-Poisson modeling of the conduction- i are m=1.1m- and m.=0.19m respectively. Th’e
band profile and of the electronic levels, from which theI’(GaAs)—X(AIIAs) cgnductiort1-band o(:gfset Was taken 1o be
applied bias required for a given resonant process may be>q ey in accordance with Ref. 13. The splitting of the
_calculate(_j. The most 'mpO”_a”t_ input parameter O_f the mo_d xy and X, valleys due to the biaxial strain on the AlAs
is the variation of the electric field across the emltter/barnerIayer was taken to be 23 mé\n order to confirm the iden-

region (or the electron concentration in the accumU|ati0ntification of the feature C indl/dV—V dependence as B

layen as a function of the bias. The electron concentration X,, resonance, we also studied the-X magnetotunnel-

ing in the magnetic field parallel to the transport direction.
140 An analysis of the resonant structure corresponding’to
— X inter-Landau-level transitions carried out in accordance
with the approach proposed in Ref. 15 enabled us to deter-
mine the transverseX valley effective mass[mt=mxXY

=(0.2+£0.02)mg] in AlAs, and confirmed the identification
of the main low-voltage resonant feature obtained by self-
consistent modelling as corresponding to ihe X, trans-
fer.

It should be noted that, unlike structures withS-aoped
5 0 pr— pr— 2000 layer in the center of the AlAs bgrriérour structures were

Bias (mV) doped randomly. ngauge the binding energy of the donor

depends on its position in the AlAs lay&the resonances

should occur at different voltages for impurities located at
different distances from the heterointerface. However, it was
shown that tunneling through impurities near the center of
the barrier gives the main contribution to the total currént.
In addition, we suppose that there is insignificant variation in
the concentration of the impurities in the AlAs layer in the
growth direction. Therefore, an accurate identification of the
experimental resonances permits us to determine the binding
energies of centraK,- and Xyy-related donors directly as
~50 and~70 meV, respectively.

The additional fine structure of th¥yy-related donor
resonance in magnetic fields applied along the direction of
. s pro pre g the current,_B||J, from 12.75 to 14 T and@=0.4 K, is dis-

Bias (mV) played in Fig. 8a). A similar additional fine structure in the
Xz-related donor resonance was observed. We assume that

FIG. 2. dI/dV (a) andd?l/dV? characteristicgb) of the experi-  the fine structure is related to the resonant tunneling via
mental device at 4.2 K. Features A and B correspond to resonaritates of the donors located in different atomic layers within
tunneling viaX-related donor states. The calculated threshold volt-the AlAs barrier. It should be noted that the fine structure
ages are denoted by arrows. exists in the absence of the magnetic field, and intensifies
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1.80 width of the barrier itself. When the thickness of the 5-nm
|a) T=04K AlAs barrier varies on 2 ML[a typical value of the
BIlJ molecular-beam-epitax¢MBE) technology interface rough-

1.85 nesg the binding energies of the centd&}- andXyy-related

=1275T donors vary by 2 and 4 meV, respectively. The difference in
] binding energies of donors located at the center of the 5-nm
1804 AlAs barrier and at the heterointerface is 30 meV for
X-related donors and 20 meV fify-related donors.Thus
1 we assume that, in our experimental situation, the interface
175 ] rou_ghn_ess cannot cause the fine structure. The second expla-

nation is mesoscopic conductance fluctuations due to the sta-
tistical fluctuations in the quasicontinuous density of the lo-
calized states. Such fluctuations were seen in the
1704 =14T conductance of a resonant tunneling diode with donors in the
GaAs quantum welt?® The statistical fluctuations in the
density of the localized states are a consequence of a random

disrdv/(i/v)

1,65 distribution of impurity states in energy due to strong ran-
dom variations of the electrostatic potential in the quantum
oo meo w0 2o o well induced by a partially depleted region of the doped
Bias (mV ) collector contact. Both the am_plltud_es and_ num_ber of _the
observed conductance fluctuations, i.e., their typical period,
145 b decreased with an increase in the temperature ffbm
14.0] )_, o ",; . W ohuhyus ~0.5 K, wherekT=I" (whereI" is the linewidth of the
IR ET T R IIRT .‘. vev s as donor statg to T=4.2 K, where the fluctuations disap-
135 he aaacke i ae ws ‘-. IR peared. In contrast, the donor states in AlAs are much more
C se "' AR LR LELER R RCERY strongly localized than in GaAs, and the binding energies of
m 1307 '1:‘ ',:". :".: : ". " ', ’_ ':_’_ i Si donors located in the adjacent atomic layer of the AlAs
1250 saie 2oy '.. e » TR barrier differ more strongly than in GaAsTherefore, ran-
dom variations of the electrostatic potential have a small
300 350 400 450 500 influence on the spectrum of impurity states in AlAs. As a
Bias ( mV) result, the spectrum of donor states in the AlAs barrier is

determined predominantly by the dependence of the binding

FIG. 3. (a) Normalized conductance-voltage curves for mag-energy on the position of the donor in the barrier. Both the
netic fields from 12.75 to 14 T at=0.4 K. The curves are verti- reqgular displacement of peaks of the fine structure and the
cally offset for clarity.(b) Fan diagram of the fine-structure peak -gincidence of a number of observed peaks with a number of
positions as a function of the magnetic field. possible position of Si donors in the 5-nm AlAs layer con-

firm the minor influence of the random variations of the elec-

with increasing magnetic field. The structure is sample spetrostatic potential on the spectrum of donor states in the AlAs
cific, but is precisely reproducible for a given sample, everbarrier. The fine structure reveals 22 peaks, whereas Si do-
after thermal recycling. All devices from a single wafer shownors in a 5-nm AlAs barrier can be located in 20 different
the same basic features. The average period of this structusgomic planes. The difference in binding energies of donors
is about 15 mV, corresponding to an energy separation dbcated at the center of the barrier and at the heterointerface
approximately 1.2 meV. When the temperature was increasefdr our structures is 35 me¥/Therefore, the average differ-
to 20 K (kT~1.25 meV), the fine structure disappeared dueence between donors energy levels is 1.75 meV. In our ex-
to the thermal broadening of the Fermi distribution functionperiment, the average voltage distance between adjacent
in the accumulation layer. Note that the amplitudes of thepeaks of the fine structure is 15 mV, which corresponds to an
peaks of the fine structure did not vary significantly when theenergy separation by 1.2 meV which is in good agreement
temperature was decreased from 4.2 to 0.4 K. The number afith the above estimate. Also, the temperature does not
peaks of the fine structure over the bias range of interest doehange the number of the observed resonances, but just their
not vary with an increase in temperature from 0.4 to 20 K.amplitude. From the above, we suppose that the random po-
This indicates that, in this temperature range, the differencetgential causes only an additional nonuniform broadening of
in energy of adjacent donor states excekds the donor states located in different atomic planes, but does

There are two other possible causes of the fine structureiot leads to a quasicontinuous density of the localized states.
The first possibility is that the fine structure of resonances in The conductance curve shows complex changes with the
devices with large lateral dimensions may be caused by inmagnetic fieldB||J. These are partly due to Landau-level
terface roughness, as demonstrated from studiek -of’ guantization in the emitter, and partly due to the fine struc-
tunneling in double-barrier AlAs-GaAs heterostructutes. ture. Therefore, we studied the fine structure in a strong mag-
However, the binding energy of donor states has a strongetetic field when Landau-level quantization leads only to
dependence on the donor’s position in the barrier than on theonotonic moving of the resonant peéksee Fig. 8a)]. The
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fine structure shows a shift to a lower bias with increasinghe fact that the binding energy of the more extended state of
magnetic field. The fan diagram of the observed peak posithe donor located at the heterointerface has a stronger depen-
tion as a function of the magnetic field is shown in Fi0)3  dence on the magnetic field than that of the more localized
Fine-structure peaks in the voltage range from 300 to 50@tate of the donor located at the center of the batritin

mV nearXyy-related donor resonance move to a lower biasopther words, the behavior of the fine structure with a mag-
as the magnetic field increases at a rate from 8 to 20 mV/Txetic field is further evidence that the fine structure is related
and the rate is a monotonically increasing function of theg the resonant tunneling through the states of the donors
voltage[see Fig. 8)]. It should be noted that Landau quan- |ocated at different atomic layer in the AlAs barrier.

tization should lead to the same voltage shift for all resonant

peaks. On the other hand, our self-consistent Poisson- The authors would like to thank T.G. Andersson for the
Schrodinger calculations show that, over the bias range d¥IBE growth of our samples. We are also grateful to Profes-
interest(300—500 mV, the ratio of the total voltage drop in sor P.C. Main and I.A. Larkin for their encouragement and
the structure to that in the barrier regigieverage factor  useful discussions, and to V.V. Belov for his technical assis-
varies slightly from 12 to 12.7. Therefore, we conclude thattance. The work was supported by the Russian Foundation
the significant difference in shift rates of the peaks is due tdor Basic ResearckD0-02-17903
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