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D™ centers probed by resonant tunneling spectroscopy

J. G. S. Lok, A. K. Geim, and J. C. Maan
High Field Magnet Laboratory, Research Institute for Materials, University of Nijmegen, 6500 GL Nijmegen, The Netherlands

I. Marmorkos and F. M. Peeters
Department of Physics, University of Antwerp, B-2610 Antwerp, Belgium

N. Mori, L. Eaves, T. J. Foster, P. C. Main, J. W. Sakai, and M. Henini
Department of Physics, University of Nottingham, Nottingham NG7 2RD, United Kingdom
(Received 4 December 1995

A donor-related resonance is observed in double-barrier resonant tunneling devices with Si donors incorpo-
rated in the quantum well. In high magnetic fields the resonance becomes dominant overéseriance
associated with the ground state of a single donor. The bias position of the donor resonance, its magnetic field
dependence, and large amplitude indicate unambiguously that the resonance is due to tunneling through the
ground state of a shallow donor with two bound electrads (evel).

A shallow, hydrogenic atom which binds an extra electron We have studied double-barrier RTD wisftdoping in the
is the simplest “many-body” electronic system. This systemcenter plane of the quantum well by Si donors with concen-
(D~ ion) is a basic test for our understanding of many-bodytrations of 4<10° and 8<10° cm~2. The thickness of both
phenomena and has attracted significant interest, both theAl o 4Gag ¢ As barriers is 5.7 nm and the width of the quan-
retical and experimental, since the early days of quantuntum well is 9 nm. We also grew control devices withaut
mechanics. The behavior & states becomes most promi- doping. For the exact layer composition and experimental
nent in a confinedquasi-two-dimensional2D)] geometry  details we refer to Refs. 7-9.
and in strong magnetic fields where research has focused in The inset in Fig. 1 shows a schematic energy band dia-
recent years:® So far, all experimental information about gram of our devices under bias. A current flows when the
D~ states has come from optical measurements. energy of an electron in a two-dimensional electron gas

In this paper we report an observation of fhe state in (2DEG formed at the emitter interface is resonant with a
tunneling spectroscopy. A donor-related resonance has beétate in the quantum well. As the bias is increased, energy
found in double-barrier resonant tunneling devi¢dBgD)  levels in the well pass through the resonant condition leading
with intentional 5 doping by Si in the center plane of the to a sequence of resonances in I{¥) characteristics. The
quantum well. This resonance appears in addition to théowest 2D subband in the well gives rise to the main reso-
known resonance due to tunneling through the ground stateance. Thes doping gives rise to an additional resonance at
(D, 1s staté of the shallow donoré.The additional peak is smaller biases which originates from tunneling through the
clearly visible in high magnetic fields where its amplitude localized ground stateQ°) of shallow donorgsee the insgt
becomes significantly larger than the amplitude of B
peak. The novel resonance cannot be explained by tunneling
via excited states of a shallow donor which are expected to
yield a much smaller tunnel current and also a stronger field
dependence of the binding energy. The observed behavior is
in agreement with that expected fromDa  center in high

magnetic fields. H'Oé 40T
There are two important aspects in the observation of Ng
D~ centers in a tunneling experiment. First, tunneling spec- =
~

troscopy gives directly the binding energy of the donor state
and this information is complementary to that obtained in an
optical experiment where transition energies between the
ground and excited states are measured. Second, there is
much current interest in studying tunneling through a single 0 50 100 150

isolated impurity®=*3 Shallow donors in RTD have been V (mV)

found to give rise to resonant features due to not only the

1s level but also “donor molecule” levels and donor states |G, 1. (V) and its derivative near the onset of the main reso-
coupled with random potential fluctuationsThe evidence nance for the sample 12m square with Si concentrationx410°

for a strongD ™~ resonance is important for further under- cm=2 (B=19 T andT=1.2 K). The dashed curve shows the reso-
standing of the impurity related structure in resonant tunnelnance after subtracting the main resonance contribution. The inset is
ing devices. a schematic energy-band diagram for our RTD’s under bias.

0163-1829/96/5@ 5)/95544)/$10.00 53 9554 © 1996 The American Physical Society



53 BRIEF REPORTS 9555

o0 ® .
°.°°ooo ;;8338

gozgs, o7 D
2
E []
E L
< H
§ o1
5
0o

2p_2

L 1 1 0.0 3d| T T
0 5 10 15 20 0 5 10 15 20
B () B(T)

FIG. 2. Binding energy of donor states bound to the lowest |G, 3. Amplitudes of theD® (squaresandD ™~ (circles reso-
Landau level in a 9-nm quantum well. Symbols are experimentahances. Open symbols are férdoping 4x 10° cm~2, filled sym-
data; solid lines are theory. bols for 8<10° cm~2. Solid curves are calculated amplitudes for
various energy levels of a shallow donor in the quantum well of 9
nm width.

This D° resonance has been studied eaflérd corresponds

to electron flow via Si donors which switch betwei and

DY states in the tunneling process. We have also analyzed the field dependence of the ampli-

We focus below on a resonant feature which emerges dtide of the donor resonances. The results are plotted in Fig.
biases close to the onset of the main resonance if a strorig for devices with donor concentrations of 4 anc 80°
magnetic field is applied. This resonance is shown in Fig. m~2. For quantitative analysis of thB~ amplitude, we
where it is clearly seen in the first derivative of a typical have to subtract the background current due to the onset of
I (V) characteristic and is also visible as a weak shoulder othe main resonance. This is done by using a simple exponen-
the 1 (V) curve itself(T=1.2 K; B=19 T). The peak ampli- tial curve which fitsl (V) characteristics of the undoped de-
tude increases linearly with increasing Si concentration irvices at these biases. The dashed curve in Fig. 1 shows the
the well and the peak is absent in the undoped devices indresulting resonance on tH¢V) curve. We emphasize that
cating unambiguously that the state is donor related. In lowthe essential behavior in Fig. 3 is not sensitive to details of
fields the resonance overlaps strongly the onset of the maitlhe subtraction procedure. It is seen in Fig. 3 that, with in-
resonance, but we are able to trace the feature in dth  creasing magnetic field the amplitude of the second donor
curves and their derivatives for magnetic fields down to 3 Tresonance first increases and then decreases slightly at higher
However, a reliable quantitative analysis of the experimentafields while the % resonance decays monotonically and more
data appears to be possible only for fields above'6 The  rapidly. Note that at 19 T the peak becomes nearly ten times
novel donor resonance has been observed in magnetic fieldtronger than th®° resonance.
both parallel and perpendicular to the direction of the tunnel The bias position, the weak field dependence, and the
current. In the latter geometry the current is strongly fieldlarge amplitude of the resonance all indicate a large spatial
dependent, and this makes analysis more complicaeed, extent of the corresponding donor state. Such a weakly
e.g., Ref. 7. For brevity, we discuss only the results for the bound level may be due to either excited states of a donor or
parallel field orientation. a more complicated, many-body state suchDas To dis-

Figure 2 plots the binding energies for both donor resotinguish between these two possibilities, we have calculated
nances as obtained from the position of the maximum in théhe binding energies for states bound to the lowest Landau
derivative curves(e.g., see Ref. )7 A leverage factora level in the quantum well following the procedure discussed
which relates the applied voltage to the energy is found exin detail in Ref. 4. The results are shown in Fig. 2.
perimentally from the Landau level structure at biases above Figure 2 plots the field dependence of the binding ener-
the main resonance, and, independently, from temperatugies for 1s, 2p~, 3d~2, andD "~ levels. In the high-field
dependence of the tunnel current through a singldimit, the field dependence of thB® peak is in excellent
impurity.”8 Its valuea~0.3 is in good agreement with mod- agreement with our calculations for the dtate. However, in
eling of the voltage distribution in our devices. With increas-low fields the calculated and experimental dependences dif-
ing magnetic field the binding energy of tii#° resonance fer considerably with a clear change in the slope of the ex-
increases significantlgsee Fig. 2in agreement with the fact perimental curve at about 6 T. The change is clearly associ-
that this state is strongly localizéd® The second donor ated with the transition of the emitter 2DEG into the
resonance exhibits a somewhat weaker field dependence. Goantum limit (=1 atB~6 T), where only the lowest Lan-
avoid confusion, we note that the binding energy is countedlau level is occupied. The low-field behavior is not impor-
with respect to the free electron level in the quantum welltant for our present discussion and will be considered else-
and the position of the maiffree electrop resonance is es- where.
sentially field independent for the discussed field direction. As far as the second donor-related peak is concerned,
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among excited states the lowest ong{2 is expected to single-electron donor states. In the calculations, we have
dominate in tunnelingsee below Figure 2 shows clearly considered tunneling as a scattering protfewhere a free
that the 2~ has a considerably larger binding energy andelectron at the lowest Landau level in the emitter is scattered
cannot be responsible for the new peak. On the other hané)to the corresponding donor state in the well by the attrac-
the D~ level gives a good fit foboththe absolute value of tive donor potential. Screening of the donor charge by the
the binding energy and its field dependefigig. 2. We note  2DEG is taken into account using the Thomas-Fermi ap-
that the accuracy of our data for the field dependence of thBroximation. The overall value of the tunnel current is used
second donor resonance is limited by its broadening in higl"fIS a single f|tt|ng parameter. Figure 3 lndlc_:ates that the cur-
fields and the deviations from the theoretical curveDorin €Nt through excited states remains small in the whole mag-
Fig. 2 are within the accuracy of the experiment. The broagnetic field interval. There is no detailed agreement between

- . L the experiment and theory for the field dependence of the
ening may be due to various donor positions in the well

: . ) . tunnel current, even for the simplest caset. Further
nglgiyﬁge%fferent field dependences for the CorreSpond'analysis is required and we speculate that it may be neces-

sary to take into account a strong local perturbation of the

; ; . 8nitial tunnel state in the emitter 2DEG by the positive donor
donor resonance in terms of excited levels of a single dono harge?

comes from the comparison of absolute values of the tunnel- Finally, we note that the strorg~ resonance requires the

g\g_grcib?bllltllesh_for: the grct)_ur}q ls(;andl exuteﬁ b*fandd presence of a considerable number of neutral donors in the
states. In nigh magnetc he ¥£1), we ave foun guantum well ad? is the initial state in this tunneling pro-
that the square of the overlap integral for tunneling betweer&ess_ Such neutral donors may appear due to inelastic tunnel-

;che flrsthLan?au Leveliandctjh:gcate is about 3 ar_1d |7 t'_lmﬁs ing of 2D electrons into the wéfi but the dominant process
arger than for the @~ an states, respectively. The g likely to be the “dissociation” ofD~ into two neutral

overlap decays rapidly for higher excited states. The smalle(ljOnors 0~ +D*—2DY%. In such a process one Bf elec-

) : : X . . %ons hops or tunnels onto the nearest positively charged Si
n t_he emitter has_ a wave funct|o_n with a single mMaximuM. a¢om in the well. This process has a much smaller barrier
while wave functlo_ns of the excited states are O.SC'”at'ng‘than the direct tunneling of B~ electron into the collector
e ot oot oo iy et Threlore, we expec rat hre e few posiively
D* state.s in the quantum well gvailable for the tunnel pro- harged donors Ieﬁ in the well at biases correspo_ngji_ng o the
D™~ resonance. This means that the number of initial states

cess. This number does not depend on whether it is ttho) for the case ofD~ resonance can be expected to be
ground state or an excited level and, therefore, the differenc bout the same as the numberlyt at theD® resonance.

in the tunneling probabilities leads directly to the same dif- In conclusion, we have found a strong tunnel resonance

ference in tgnr)el currents. The large amplitude of the_ nov?{hrough a shallow donor in the quantum well whose behavior
resonance indicates that it cannot be due to tunneling VIRl - nsistent with tunneling via@ ™~ center,

excited states which are expected to give small resonan
peaks not resolved in our experiment. This work is a part of a research program of the Stichting
Moreover, these peaks are likely to overlap each othevoor Fundamenteel Onderzoek der Mate(#OM) finan-
giving rise to an impurity band which extends from the 2 cially supported by NWQ(The Netherlandsand was also
level up to the 2D subband and, therefore, is not distinsupported by the Large Installation Plan program of the Eu-
guished from the main resonance. ropean Community. We gratefully acknowledge the support
Figure 3 compares the calculated and experimental fielfom National Science FoundatiofBelgium) and the UK
dependences for the resonant current through differeriEngineering and Physical Science Research Council.
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