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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 througl-tradley-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 ofytfector of the confined impurity states.

INTRODUCTION the electrostatic profile of the structure as well as about pa-
rameters of the impurity-related tunneling process. Important
A resonant-tunneling diodéRTD), in addition to its characteristics, such as the wave function of a shallow donor,
promising applications in ultrahigh-speed electronics and opmay be deduced from the variation of the resonant peak am-
toelectronics, is an attractive object for the studies of quanplitude with the magnetic fieldt Recently observed spin
tum electron transport. Recent progress in multilayeredplitting of the impurity levef? in the RTD made it possible
structure growth technology has made it possible to observep obtain impurity-assisted tunneling rates in the structure.
along with main resonant peaks arising from tunneling Further experimental dafh show that some resonant
through the quasibound states of the well and demonstratgstaks and steps are observed in very low voltage ranges and
by a pioneering study of RTBnumerous novel peculiarities cannot be ascribed to single shallow donor states of the QW
in the tunneling current. New features in the current-voltagestate. To explain this feature, a model was proposed, accord-
characteristics (V) provide useful information about ing to which coupling between the impurity states of differ-
phonon? and plasmon-assisted tunneffrand about coher- ent atoms leads to an increase of the impurity binding en-
ent and inelastic mechanisms of tunneling through quantumergy, which somewhat resembles the formation of hydrogen
well (QW) states' The effect of intrinsic bistability has been molecules from the solitary atoms. The authors of Ref. 14
observed and its origin was established as a charge buildugeveloped an alternative model, where the high binding en-
in the quantum well of the RTD or in the triangular quantumergy of impurities was explained by the fluctuations of the
well of the accumulation layer formed in front of the emitter QW width.
barrier regior~’ Recently observed new peaks and steps in In this work we present the results of studies of the
the prethreshold region of gated undoped RTD’s attracimpurity-assisted tunneling in strongly asymmetrically doped
growing interest These features are explained by the pres-GaAs/AlAs RTD’s. The results obtained permit us to con-
ence of a hydrogenic impurity in the QW of the RTD. The clude that the observed resonant transmissions in a very low
impurity states usually have a binding enetgthe order of  voltage range are due to the tunneling throughXhealley-
20 meV with respect to the bottom of the two-dimensionalrelated donor states in the AlAs barrier of the RTD. In fact,
(2D) band in the QW. It has been suggested that impuritiesinlike the double-barrier potential profile for tHévalley
can diffuse from highly doped emitter regions and can createlectrons, in GaAs/AlAs RTD’s thX valley has a double-
donor impurity levels in undoped QW's. An investigation of well form. Resonant tunneling through the 2Bvalley-
RTD’s with intentionally doped QW’s provéithat impuri-  related states in AlAs was observed in Ref. 15. The trans-
ties can create channels for resonant tunneling through thaission probability througtX-valley-related impurity states
0D impurity states. To observe quantum-mechanical tunnelshould be comparable with that through tKevalley QW
ing through these localized states it is not necessary to havground state due to a significant contribution of thealley
a small mesa size, as in the case of Coulomb blockade efvave function to the wave function of thévalley-related
fects. At the same time, impurities control the electrical anddonor state. It is of particular importance thxtvalley
optical properties of the RTD. An impurity-assisted tunnel-impurity-related tunneling channels can provide the current
ing mechanism can give rise to several well-resolved peakpeaks at quite low voltage, since the energy difference be-
in 1(V) characteristics that can be used in high-speed eleaween the bottoms of thE band in GaAs and th¥ band in
tronics. In addition, they provide useful information about AlAs is only 120 meV!® and the binding energy of-valley-
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TABLE |. Epitaxial layer structure for the GaAs/AlAs double-barrier diodes.

RTD1 RTD2

GaAs, 3x10®¥cm™3, 50 nm
GaAs, 1X 10" cm™3 70 nm
GaAs, undoped 2 nm

GaAs, 1X10"%cm 3, 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 GaAsx10%cm3, 1 um

GaAs, 1X10®¥em™3, 100 nm GaAs, X10%cm 3 1 um

Substraten* c-type GaAs,0.5 mm Substraten* c-type GaAs,0.5 mm

related impurities in AlAs is about 100 meV. loyed to the heavily doped GaAs contact regidif¥/) char-

Below we will present experimental results and our theo-acteristics were measured in a wide temperature range. At a
retical model, which allows us to describe the observed lowtemperature of 30 mK thé(V) characteristics were mea-
voltage features in thg(V) characteristics as a resonant tun-sured in an Oxford TLM 400 cryostat with magnetic fields
neling current through th-valley-related impurity states. up to 13 T perpendicular and parallel to the current direction.
Briefly speaking, there are two important facts proving ourryrthermore, we will concentrate on the results for RTD1,
idea about the origin of the impurity states. First, the local-ynich contains more peculiarities compared to those for
ization Ien_gth of these states, obtained from magnetotranaTp dye to the larger asymmetry in the impurity redistri-
port experiments, is very small. Second, our estimations of, ion Taking into account growth conditions and structure
the tunnelmg_ rates fronX donors to emitter and collector design, we could expect a considerable concentration of Si
fr?;tc?jrtrseﬁ'[ealr? dgv(\)/i(:g ?hgée:bnggp\fa\f{‘ggz Tfetr:r;egfsfl;gdoﬁ:ﬁeii_ oms inside the AlAs barrier adjacent to the heavily doped

GaAs layer of RTD1. Simple calculations according to Ref.

trinsic bistability in the impurity-assisted current peaks. : e - o
Like the authors of Ref. 12, we observed Zeeman splittin 8 with a_dﬁqumn coefﬂ_ment_ of Silin AGa_,As show
at the diffusion length in this case equals 2 nm and the

of the impurity-assisted current peaks. However, in our cas ) . should be in th
the splitting demonstrates interesting nonlinear behavior as &/€'29¢ concentration of Si shou e in the range

6 -3 i ;
function of the applied magnetic field. This can be explained101 ~10cm . Uncertainty arises due to the fact that we
ment in GaAs/AlAs RTD’s and by an interband mixing con- It should be I|ke|y that the diffusion of Si in AlAs is even

trolled by the magnetic field. larger than in AlGa _,As. Moreover, we do not know the
strength of the effect of the AlAs/GaAs interface on Si seg-
EXPERIMENTAL RESULTS regation. On the other hand, the existence of spacer layers

considerably prevents penetration of Si atoms into the sec-
We performed measurements of the current-voltdd§  ond barrier due to the low diffusion coefficient of Si in GaAs
characteristics of the RTD’s grown by molecular beam epi-zt 550 °c19 The same calculations show that Si concentra-

taxy (MBE) at 550 °C with a growth rate 0.8—Am/h. The o, jnside the AlAs barrier does not exceed the background
layer sequences for both RTD’s are presented in Table |

. | concentration of 1 cm™2 even in the case of 2 nm spacer
Both RTD’s contain two AlAs barriers and they are charac-,[hi ckness P

terized by the strongly asymmetrical doping profiles in the Typical | (V) characteristics are shown in Fig. 1. The for-

different contact layers. The doping asymmetry of the RTD’s )
allows us to compare the tunneling of electrons from theWard b|as_corresponds to t_he case where_ electron_s tunnel
emitter side that contains more impurity centers with thefrom the wide spacer layer side. First, we briefly consider the

process in the opposite current direction. high-voltage region, where electrons tunnel through the
The most interesting results were obtained for RTD1,usual quasibound states of the QWg. 1(a)]. The first and

which has only one undoped spacer layer with a thickness cfécond resonant peaks in the forward and the revdiep
100 nm, which separates the first barrier region from thecharacteristics appear as a result of 3D electrons tunfeling
highly doped emitter region (doping concentration from the highly doped emitter through two energy levels of
10*¥cm™3). The second barrier is adjacent to the heavilythe QW. The energy positions of these levels were calculated
doped layer. RTD2 has a more complex spacer layers conio be 180 and 680 meV. The third peak at forward bias is due
position with two undoped spacer regiof and 10 nm  to the tunneling of 2D electrons, energetically well separated
adjacent to the barriers. The spacer regions prevent strorag high voltages from the 3D-emitter carriers and thermalized
doping of the AlAs barriers and RTD2 does not demonstratén the accumulation region in front of the emitter barrier.
well-resolved prethreshold peaks. The RTD mesas for botfThis conclusion is supported by the observation of the quan-
structures were fabricated by photolithography and wetum interference of ballistic electrons for the first and second
chemical etching with mesa dimensions of X186, 8X 8, main peaks at both bias polaritié$n the voltage region of
and 4x 4 um?. Standard Ohmic Au-Ge-Ni contacts were al- the second main resonant peak we find a wide hysteresis
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FIG. 2. Temperature dependence of the hysteresis loop width for the
2.5 first and second prethreshold peaks observed at reverse voltage bias for
RTD1.
2.0t )
< 45l Reverse bias | on temperature shows approximately linear behavior with an
S equal slope for both curves. The voltage peak position shifts
g 10l ] to lower voltages with increasing temperature and decreasing
(‘_3; bistability loop. Such a behavior is due to the decrease of the
0.5+ ‘ dbias | charge accumulation on the resonant states with increasing
orward bias temperature. The fact that we observe bistable behavior in
0800 0.05 0.10 015 0.20 only one current direction along with its temperature depen-
Voltage, V dencies confirms the intrinsic origin of the observed bistabil-

ity.

FIG. 1. 1(V) characteristics of RTD1 measured at a temperature of 4.2  In order to obtain more information about the energy po-
K: (a) for the voltage range of the main resonance peé®sin the preth-  sition of the quantum states that are responsible for the pre-
reshold voltage range. threshold current peaks, we perform€d) measurements in

high magnetic fields. A magnetic field applied parallel to the

loop that can be attributed to the carrier accumulation in theelectric current considerably modifies the structure of the
spacer region near the emitter barridfhe accumulation ef- current peaks. Results at reverse bias for magnetic fields par-
fect is responsible for changes in the potential profile of ourallel to the current direction are presented in Fi¢p)3The
structure leading to a significant redistribution of the electricfirst peak shifts to lower voltages with increasiBgand dis-
field along the RTD. As a result, the voltage peak position ofappears aB=10T. The width of the hysteresis logpot
the first resonant peak in our asymmetric structure does nshown herg increases with increasing magnetic field up to
differ considerably for both bias polarities. the fields of 7 T, in accordance with previously reported

Remarkable features have been measured in the pré&ehavior for the bistability effect for conventional resonant
threshold voltage regioffFig. 1(b)]. A steplike fine structure tunneling’ which is the result of an increase in the charge
has been observed at forward bias while sawtoothlike peaksuildup. In our structure the first peak amplitude becomes
are found at reverse bias. The voltage positions of the ressmaller with further increasing magnetic field; eventually,
nance are different for both polarities. At this very low volt- the peak disappears Bt=10T. In this case we observed a
age we observed bistability in sawtoothlike resonances alecrease of the width of the hysteresis loop in a number of
reverse bias. A similar bistability effect was frequently ob- magnetic fields.
served in the case of conventional resonant tunneling, but, to The forward bias current-voltage characteristics are
the best of our knowledge, it was never registered in the casghown in Fig. 8b) for several values of magnetic fieRlin
of impurity-assisted resonant tunneling. It is known that thethe voltage range of the first step. One can see that the ap-
reason for the intrinsic bistability is the accumulation of theplication of a magnetic field leads to substantial narrowing of
resonant electrons, which gives rise to the redistribution ofhe prethreshold peaks. Analogous behavior can be observed
the electric field in the system and a simultaneous change @t a magnetic field perpendicular to the current.
the conditions of tunneling. To achieve the pronounced bi- A magnetic field applied perpendicular to the current di-
stability, the large degree of asymmetry of the tunnelingrection leads to a splitting of the prethreshold peaks. The
probabilities from the resonant state to the emitter and to theffect becomes measurable at magnetic fields above 5 T,
collector is neede® In our case, this asymmetry is obvi- especially at forward biagFig. 4). The splitting shows an
ously provided by the doping asymmetry, resulting in theunusual behavior. It only displays a linear dependenc® on
strongly nonuniform distribution of the impurity atoms along in the region of high magnetic fields. Surprisingly, in the
the structure. At 30 mK, for the first peak the bistability magnetic field range from ®t7 T the distance between the
region extends over 19 mV compared with only 12 mV fortwo current maxima begins to decrease instead of the ex-
the second peak. The bistability demonstrates apparent sepected increase. The dependence of the splitting voltadge on
sitivity to the sample temperatur@ig. 2). The hysteresis is shown in Fig. 5. We attribute the splitting at high magnetic
loop shrinks with increasing temperature and finally vanishegields to the Zeeman effect. In this range of magnetic fields
at 30 K for the second peak and at 47 K for the first peakthe splitting increases linearly witB, as was expected for
The dependence of the bistability loop width for both peakghe energy splitting of two different spin states.
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. FIG. 5. Spin splitting of the first step dr{VV) characteristics of RTD1
b) oT measured at forward voltage bias.

The second peak shows a shift in the opposite direction
with respect to the first one with increasing magnetic field
(Fig. 6). This reflects different degrees of wave-function lo-
calization of the corresponding states.

13T THEORETICAL MODEL AND DISCUSSION

0 1
0.05 0.10 0.15 Prethreshold current peaks and steps were observed in our
Forward bias, V RTD at very low voltages. In order to find the energy of the
FIG. 3. I(V) characteristics of RTD1 measured at 30 mKatreverse tStateS that are reSponSIble for the. observed resonant tu.nnel_
and (b) forward voltage biases in the region of the first prethreshold reso/NY ONe _ShOUId calculate the scaling factor tha_t determlnes
nance with increasing magnetic fie| with a 1-T step. The curves are the relation between the voltage and energy units. Since the
vertically offset for clarity. steps and peaks are strongly broadened we cannot employ
the method described in Ref. 12, which is based on the
analysis of peak smoothing, because of the considerable
broadening of the peaks, most probably due to strong disper-
sion of the impurity-atom position. We have determined the
scaling factor using the onset voltayye for the first main
resonance of RTD1. At this voltage the Fermi energy in the
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o 3D emitter(55 meV for emitter doping concentratipooin-
<é 0.3 6 cides with the energy of the ground state in the QY80
- 10 9 7 meV). This method provides a scaling factor of 0.35. There-
g 0.2+ 11 8 fore, the energy position of the first impurity-related level at
‘g o1l forward bias is about 150—160 meV below the 2D level of
o - the QW of GaAs. This value is much larger than that pre-
0.0 . . . ‘ ‘ . dicted for a single isolated hydrogenic donor in a GaAs
78 80 82 84 8 88 90 quantum well, which is of the order of 20 mé\Moreover,
Voltage, mV we obtain a very small localization size of the state_s respon-
sible for prethreshold peaks from magnetotunneling mea-
0.36} -
i (b) |
< 0.34 1 _ 1.0
- T SN
£ 032 f/: * E
3 0.30p ] ] S 05
]
0.28} . ©
86.5 87.0 87.5 0.0
Voltage, mV 0.0 0.1 0.2
FIG. 4. I(V) characteristics of RTD1 measured at 30 mK at forward Voltage, V

voltage bias in the region of the first prethreshold resonance at magnetic -
fields perpendicular to the current directigal B, : 1, 0 T (dashedt 2, 2 T; FIG. 6. 1 (V) characteristics of RTD1 measured at 30 mK under forward

bias in the voltage range between the first and second prethresholdlpeak
3,3T;4,4T;557T,6,54T;7,7.5T;8,95T: 9,11 T; 10, 12 T; 11, 13 "~ g€ rang ee cond prethresholdlp
' . . without and(2) with a magnetic field of 13 T applied perpendicular to the
T, (b)B,:1,54T;2,64T. . K
current direction.
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energetically well-separated donor levels. The first reason is
X-valley strain of the AlAs layer due to the small lattice misfit in
RTD’s grown by MBE. As a result of this deformation, the
energy of theX valley, oriented along the growth directign

X, valley), shifts upwards with respect to that of the valleys

P P Y I oriented along the layeréX,, valleys. The value of this
‘ energy shift is about 20 me¥%. However, in our RTD the
bottom of theX,, valleys is shifted considerably due to the
— strong quantization in thin AlAs wells. The quantization en-
FIG. 7. Schematic representation of the conduction-band minima at th&f9Y 1S roughly inversely proportional to that component of
T (full line) andX (dashed lingpoints of the Brillouin zone of a GaAs/AlAs  the electron effective mass responsible for the electron mo-
structure corresponding to RTD1, shown below the first quantum-size levelion perpendicular to the layers. This value is equal to
of the GaAs QW. 0.19m, for X, valleys and 1., for X, valleys®® Based on
these data, we found that the quantization in the AlAs causes
surements. An estimation for the localization length can bea shift of theX,, valley bottom of about 60 meV above the
obtained from the diamagnetic shift of the first peak in thex,-valley bottom. This shift is substantially higher than that
I(V) characteristic in magnetic fields both parallel and per-due to the deformation. As a result, tkg, valley lies higher
pendicular to the current direction. The diamagnetic shift ishan theX, valley. Consequently, we assume that the ener-
different for 3D emitter states compared to that of impurity getic position of the donor states, related to the different
states. With increasing magnetic field the binding energyalleys, has the same order as the valley bottoms. Note that
corresponded to the first resonance increases. The differengsis situation is different from that reported in Ref. 24, where
in the binding energies at a certain valueBodandB=0 can  a single-barrier tunneling structure was studied. In that work
be estimated as guantization is negligible due to the relatively thick AlAs
layers, and the bottom of th¥, valley is higher than the
AE=e%(z%)B?%/(2m*), (1) bottom of theX,, valley.

The proposed origin of the registered impurity states is
wheree is the electron chargéz?) is the mean square ex- also consistent with the observation of the intrinsic bistabil-
pectation value for the wave function in the plane perpenity of the impurity-assisted current peaks. In our RTD the
dicular to the applied magnetic field, antf is the effective  density of impurity states is high in only one AlAs barrier,
mass. This gives us a value dfz~(z°)~4 nm for the  which is not separated from the contacts by a spacer. This
localization length of the resonant state causing the first stepxplains the observation of bistability for tunneling via these
at forward bias. The values of size localization obtained forimpurity states at reverse voltage bias and the absence of a
other resonant peaks are of the same order. Thus, the stateistability effect at forward bias.
responsible for the prethreshold peaks are localized more As we mentioned previously, the bistability in the RTD
strongly than the hydrogenic donors in the GaAs QW. arises due to the charge buildup of the resonant electrons and

We believe that the registered impurity states should beelated perturbation of the potential profile in the structure.
attributed to the donor-related states of tevalley in the  An accumulation of the electrons in the impurity states in the
conduction band of the AlAs barrier layer. Indeed, as will beGaAs QW is unlikely to occur because the probabilities of
shown below, the estimated tunneling rate and value of théheir tunneling to the emitter and collector through the simi-
impurity-related current in our model are in good agreementar AlAs barriers are of the same order. In contrast, accumu-
with the observed experimental results and the observed biation can be realized in the case of tunneling through the
stability effect. X-valley-related impurities. The Si impurity atoms are

In AlAs the conduction-band minimum of th¥ valley  mainly localized in the AlAs barrier close to the heavily
lies 120 meV highéf than the bottom of thd” valley of  doped spacerless GaAs contact. The rate of the tunneling of
GaAs. As a result, foK electrons in our structure we have a the electrons from the spacerless contact to the impurity is
double-well potential profile, in contrast to a double-barriersolely determined by thE-X mixing. In contrast, the rate of
profile for I electrons(see Fig. 7, where the potential profile tunneling of the electrons from the impurity states to the
in the system is shown schematically’ electrons from the other side of the structure is relatively low. The latter is due
heavily doped emitter region can tunnel via states ofXhe to the weak overlap of the electron wave functions corre-
valley due to al’-X mixing at the heterointerface. Impurity sponding to the states localized in the contact with spacer
atoms can provide impurity-assisted tunneling current peakand in impurity states. As a result, at reverse bias consider-
at very low voltage because of the relatively small height ofable accumulation of electrons on the impurity states in AlAs
the I'-X barrier at the GaAs-AlAs interface, as well as the occurs. The hysteresis disappears for the second peak at 30
large binding energy oK-valley-related Si donor states in K, but can still be observed for the first peak up to a tem-
AlAs (about 100 mey*’ perature of 47 K in good agreement with the larger binding

It is well known that the degeneracy of the impurity statesenergy for the first peak. The linear dependencies with the
in semiconductors wittkX minima of the conduction band is same slope of bistability width, shown in Fig. 2, demonstrate
partially canceled due to the so-called valley-orbit interacthat the redistribution of the electric field in a low voltage
tion. As was shown in Ref. 21, the valley-orbit splitting of range does not change considerably and the calculated scal-
the Si donor states in AlAs is quite small. However, in ouring factor is approximately the same for the prethreshold
RTD we have other reasons that result in the appearance gbltage range. In the case of forward voltage bias, the charge

-

T-valley
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buildup in the second barrier with large donor concentrationX-valley band in AlAs is 120 meV above the conduction-
is small since the electron can easily tunnel to the collectorband minimum of thd” valley adjacent to the GaAs layer

It is worth noting that the physical picture of the observedand the binding energy oK donors is 80-90 meV. The
impurity-related bistability is more complicated than that in values are consistent with those reported in the literdttfe.
the case of conventional resonant tunneling. In particularThe energy position of the second resonant state is about
since we deal with the tunneling from 3D emitter states to80—70 meV, which can be explained by the quantization of
the OD states in the AlAs layer and vice versa, there is ndhe X,,-valley-related states in AlAs. _
in-plane momentum-conservation requirement, and the prob- The behavior of the impurity-assisted current peaks in
ability of tunneling is determined by thetal energy of the magnetic fields can be qualitatively expl_alned W|_th|n t_he
electrons and the in-plane electron wave vector. This shoulff@mework of the proposed model. The shift of the impurity

essentially modify the dependence of the tunneling currenf€VelS in magnetic fields is roughly inversely proportional to
on the position of the impurity levels with respect to the & component of the electron effective mass, which is re-
bottom of the emitter conduction band. sponsible for the motion of the electron in the plane perpen-

In order to support our hypothesis about the origin of thedicular to the magnetic field, and also depends on the spatial

observed low-voltage current peaks, we made a rough estiocalization of the wave function. The different shifts of the
mate of the current value due to the tunneling through thdirst and second peaks with increasing magnetic field, Fig. 6,

X-related donor states of AlAs. The current is determined byF@n Pe explained by the different values of the effective

the impurity concentration in the barrier region and the timeMasses in question, as well as by the different lateral local-

needed for an electron to tunnel from an emitter statdZation of the corresponding wave functions. _
through a solitary<-valley-related donor impurity state to a | he magnetic lengthg is determined by the equation
I'-related collector state. _ 112

The tunneling from the impurity states to the spacerless Le=[h/(2meB)]™ @
contact is much faster than that to the contact with a spacekt a relatively low magnetic field o0B<5 T, the magnetic
due to the low transparency of thxevalley-related barrier of length isLg~12 nm, which is larger than the localization
the GaAs layer. Hence, the impurity-assisted current igength of the impurity-state wave function. At these magnetic
mainly determined by the tunneling rate from tKevalley-  fields we observed a small change of the peak position and
related donor state to the contact with spacer. To calculatamplitude. In high magnetic fields the changes become dras-
this value, we follow the phenomenological approach oftic, because the application of the magnetic field substan-
Liu.?® We calculated the tunneling rate in question with thetially modifies the localization of the electron wave function.
use of the perturbation theory, assuming fheX mixing  This can be responsible for the disappearance of the lowest
terms as a perturbation. The penetration of ¥walley- peak at reverse bias with increasing magnetic figtd.
related donor states over the relatively thick GaAs layer is3(a)].
much weaker than the penetration Idfvalley-related elec- Another experimental finding for RTD 1 is the observa-
tron state localized in contact with spacer states over th&on of the splitting of the first impurity-related peak into the
AlAs layer. This is because thE-valley effective mass of two well-defined peaks in magnetic fields perpendicular to
GaAs is considerably less than tKevalley effective mass of the current direction. The splitting of the peak shows an un-
AlAs. Therefore, the tunneling rate is determined by theusual dependence on the magnetic field. It shows linear be-
overlap of the wave function of the collector state and thehavior only in the region of high magnetic fiel@Sig. 5. We
donor state wave functions on the interface between thattribute the splitting of the impurity-assisted peaks in mag-
AlAs and the GaAs layer, integrated over the interface.  netic fields at forward bias to the Zeeman splitting of the

For rough estimates we used the wave functions of bullenergy levels corresponding to the different spin states of the
donor states, obtained in Ref. 26 with the use of the variaelectron localized on an impurity. The energy splitting is
tional method, and obtained the tunneling rate@®s 1 for  equal togugB, whereug is the Bohr magneton arglis the
the X,-valley-related donor states. The obtained rate is conimpurity g factor. Because of that, the measurement of the
sistent with the measured current value if the volume conslope of the dependence of the voltage splitting on the value
centration of donors in the barrier is of the ordef®din2. of the magnetic field provides valuable information about the
Note, however, that the value of the coefficient characterizimpurity g factor.

ing the strength of th&'-X mixing is most probably overes- We determined thg factor for the impurity from a linear
timated in Ref. 25, since in that paper the barrier between thextrapolation of the high-magnetic-field dependenceVto
I'-valley bottom of GaAs and thX-valley bottom of AlAs =0 atB=0 with a slope ofgug/«, wherea is the scaling

was assumed to be 190 meV, while it is now believed to bdactor. Using a scaling factor of 0.35 as determined from the
120 meV?!® This means that the given value of the donoronset voltage, we obtained gfactor value of about 0.34
concentration is underestimated. For more rigorous calculax 0.05 for the region of high magnetic fields. This value is
tions of the tunneling rate it is necessary to take into accounuite different from that for thX-valley electrons in a GaAs/
the finite contribution of thel-valley states to the donor AlAs superlattice structuré® which was reported to be 1.97.
wave functions, as well as their modification due to the quanThis disagreement can be due to the complex nature of the
tization effect in the AlAs layer. investigated impurity states. It is known that in crystalsghe
Now we can justify the binding energy of the donor- factor of electrons is different from that in the free space due
related impurity states with respect to tkevalley minimum  to the interband interactioff. In low-dimensional hetero-
in the AlAs layer. We find that these energies are 20—3Gstructures the value of thg factor is modified, since the
meV above the conduction-band minimum of GaAs. Theelectron wave function contains the contributions belonging
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to the different materials. In particular, this gives rise to theing structures. Asymmetry in the doping profile of the struc-
dependence of the electranfactor of 2D electrons on the ture under investigation provides substantial charge
QW width° In our RTD a similar effect can take place due accumulation at one of the bias polarities, which gives rise to
to the partial contribution of® and X states of GaAs to the the intrinsic bistability of the current-voltage characteristic.
impurity-state wave function. The value of the current, obtained using a perturbation
Since the application of the magnetic field modifies thetheory approach, is in good agreement with the experimental
electron confinement, a nonlinear dependence of the spidata. The effective Zeeman spin splitting factor is deter-
splitting on the magnetic field can be manifested. This wasnined for AlAs/GaAs RTD’s and its value is equal to 0.34
demonstrated both theoretically and experimentally for exci<=0.05. The unusual nonlinear dependence of the effective
ton states1*2The features described are in qualitative agreemagnetic spin splitting observed for magnetic fields in the
ment with our results on spin splitting. For more accuraterange from 56 7 T reflects the complex interband mixing
conclusions about the structure of the observed impuriteffects that occur in strong magnetic fields.
states and their modification in strong magnetic fields the
development of a sophisticated theory is necessary.
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