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Acoustic phonon-assisted resonant tunneling via single impurities
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We perform the investigations of the resonant tunneling via impurities embedded in the AlAs barrier of a
single GaAs/AlGaAs heterostructure. In théVv) characteristics measured at 30 mK, the contribution of
individual donors is resolved and the fingerprints of phonon assistance in the tunneling process are seen. The
latter is confirmed by detailed analysis of the tunneling rates and the modeling of the resonant tunneling
contribution to the current. Moreover, fluctuations of the local structure of the RO®S) and Fermi edge
singularities are observed.
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[. INTRODUCTION high quality 2DEG. Mesa structures of different lateral sizes
ranging from 500um down to 100 nm were fabricated. This
A considerable amount of resonant tunneling studies waallows us to have different numbers of donors within the
performed on single barrier GaAs/AlAs/GaAs heterostrucjunction, starting from more than i@or the larger mesas to
tures. AlAs is an indirect gap material with the minimum of less than 10 for the smallest ones.
the conduction band at th& point of the Brillouin zone,

while in GaAs the minimum is at thE point. As one can see IIl. EXPERIMENTAL RESULTS FOR LARGE MESAS
in Fig. 1, the bands are aligned in a way that AlAs layer ) o
forms a barrier for the electrons in thievalley (solid line), Figure 2 shows current versus voltage characteristics

and a quantum wellQW) for the X valley electrongdashed meaosure_dz at 42 K on 50um mesas, ones-doped
line). There were several analyses of tunneling througt{lo1 cm- <, solid line), the other one undopedashed ling
X-valley states including first observation of negative differ-!n the 1(V) curve of the doped mesa we observe an impor-
ential resistance in such structutespnsiderations of-x  tant increase of the tunneling current at approximately 1 V.
transfer mechanisnfs, discussion of momentum This is related to the resonant tunneling through donor
conservatiori, as well as througfx-minimum-related donor States, and since in this case the number of donors is huge
states(including investigations of the splitting of the ground (5X10P), the observed increase is very broad. The other
state?® pressure coefficienfsand binding energiésof do-  current bump at about 2V, present for both samples, is due to
nor9. However, in those experiments macroscopic samplefe tunneling througiX-minimum quantum well statet’

were used where many donors were involved. Recently, in-

terest was more focussed on the observation of the tunneling V. EXPERIMENTAL RESULTS FOR SMALL MESAS

through individual objects such as quantum dots or impuri-
ties. In this case it is possible to perform the spectroscopy 05
the two-dimensional electron gd2DEG) in the so-called

If the number of Si impurities inside the barrier
ecreasé’ (small mesas then the contribution of one indi-
emittef as well as of these individual objects which are in- vidual Si |mpur_|ty_ can be resolvedIn Fig. 3 we present the

I (V) characteristic of a 400 nm mesa, measured at very low

volved n the tunneling, e.g., quantum ddts. . temperaturg30 mK). The diameter is so small that the ex-
In this paper we report results of resonant tunneling ex-

periments performed on GaAs/AlAs/GaAs single barrier
junctions in which single impurities, incorporated in the
AlAs layer, are involved. Some additional featurdie
Fermi edge singularity and fluctuations of the LDO&e
also discussed.

Il. SAMPLE FABRICATION

Samples were grown by molecular beam epitaxy on a
(100-oriented Si-doped n-type GaAs wafer ify=1
X 108 cm™3). The active part of the heterostructure consists
of a 10.2 nm thick AlAs barrier incorporating a Sidoping
in the middle with a concentration ofs=1x 10 cm~2. In
some reference samples the&ioping is omitted. The bar-
rier is separated from the heavily doped contacig=(4 FIG. 1. Sketch of the conduction band under applied bias. Solid
X 10'® cm™3) by 200 nm GaAs spacers in order to obtain line: T valley, dotted lineX valley.
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FIG. 4. Detailed measurement of step 3 from Fig. 3.

FIG. 2. I(V) curves for largg0.5 mm wide doped(solid) and
undoped(dashed mesas.

o= current (pA)

pected average number of donors within the mesa is of the
order of 10.

We observe several sharp current increa$aiseled for o
clarity), which are followed either by the decrease of tunnel-should expect a rectangular shapelifV) characteristics
ing current(e.g., 1,3 or by further current increaseg,4). while measuring the tunneling from 2DEG through a local-
The observed features can be qualitatively explained in thi&ed state at very low. However, a more complex structure
following way: each of the increases indicates the beginnings systematically observed. Let us discuss this point by tak-
of the resonant tunneling process via an impurity leveling as a reference step(Big. 4). At approximately 825 mV
whose energy ;) becomes aligned with the Fermi energy a steep current increase indicates the beginning of the reso-
(ep) in the emitter. Then, as the voltage increases further, theant tunneling, i.e.e4= €. At the current onset, a sharp
impurity level goes down with respect te- but remains peak with an overshoot is observed. For higher values of bias
aligned with occupied states in the emitter, so that the tun(830—970 meY, the current rises systematically but several
neling current is maintained. Once it is below the bottom ofreproducible peaks with very small amplitudes are superim-
the subband in the emitter, the current decreases. posed. Then at approximately 970 meV the tunneling process

The fact that we observe many steps spread in a relativelis switched off. At this biagy= €; wheree, is the bottom of
wide bias range indicates that some interdiffusion of Si atthe subband in the 2DE(ee Fig. 1L
oms takes place during the growth and the &Slayer is In order to confirm that the maximum of the current ob-
broadened. The steps which appear at low biases corresposdrved at the end of the sté¢at 970 meV is related to the
to donors placed close to the collector side of AlAs layer. Inswitching off of the tunneling and thus corresponds to the
electric field, the position at which the binding energy of thecase where the impurity level is aligned with the bottom of
impurity has its maximum is shifted from the center of thethe 2DEG subband in the emitter, we further performed mag-
AlAs layer*?*3to the collector side of the structuté. netotransport measurement$V) characteristics have been

The above considerations lead to the conclusion that onmeasured with a magnetic field applied along the direction of

the current. In Fig. 3(V) curves between 0 and 2.4 T are
T T I T plotted and the shift of the peak related to the second Landau
. level is clearly seen as a function of the magnetic figheb
T first LL is hidden in the maximum at the end of the step, but
it is revealed in high magnetic fieldswhenB—O0 T they
converge toV~970 meV, which is a clear proof that this
voltage corresponds to the bottom of the subband. It means
that the total width of the emitter corresponds to 140
+10 meV. Using the correspondence between the Landau
level separation measuredlif\V) characteristics and the one
calculated in energy scalew. (Where w. is the cyclotron
frequency, we were able to recalculate the width of the
emitter into energy, obtaining:— e;~4.8 meV.
Referring to Fig. 5, we would like to note that within each
0.01 L | i i
0.5 1 (V) curve a rich structure of very sharp peaks appears in
decreasing bias (V) magnetlc field. The average separation between _these peaks
is of the order of 0.1 meV and they are very sensitive to the

FIG. 3. 1(V) curve for a 400 nm mesa measured at very lowmagnetic field. Similar observations have already been re-

temperaturg30 mK). ported in the literatur The origin of those structures is not

current (pA)

0.1
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1 The computation of the matrix elements requires the
knowledge of the wave functions. We adopt the envelope
function formalism in the single parabolic band approxima-
tion.

The envelope eigenfunctions of the 2DEG are approxi-
mated by the so-called modified Fang-Howard wave function
which is given by?

Lalnda\uI leveI:l

NS

current (pA)

1
<Z.r|k>=w(z)fe'k'r, )

wherer and z are the projections of the electron position
7 8 9 1 vector in the 2DEG plane and in the direction of the current,
bias (V) respectivelyL is the lateral length angl(z) is defined by

FIG. 5. (V) curves afT=30 mK in the presence of a magnetic #(2)= NZOeKbZ/Z if z<0 (AlAs barrien
field of O, 1, 1.5, 2, and 2.4 T. The field is oriented along the '
dlr_ecyon of tht_a current. Curves h_avg been vertlc_ally shlfted,_ the ¥(z2)=N(z+ zo)e’bﬂz if z=0 (GaAs. (3)
shift is proportional to the magnetic field. Dotted lines are guides
for eyes for the second Landau level and the bottom of the condud-lere N, z, andb are defined by
tion band.

A8me’m, 11 |8

fully understood yet and some further investigations must be | kh? (ndep'+ 32n5) ' @
performed.

When the tunneling process stops, for voltages higher b3 1
than 970 meV, a smooth decrease of the tunneling current is N=\/ —X , (5
observed. It should be noted that the current never falls to its 2 1 9 2 b
value observed before the beginning of the tunneling, but 1+bzp+ ZbZp| 1+ P
remains at a higher level. We propose that this featove- b
rent tail, together with the systematic rise of the current as a 2
function of bias during the tunneling, is due to the coupling Zp=——, (6)
to the environmenfcontribution of nonresonant tunneling is b+ KbE
negligible in this scalg which is realized by interactions m
with phononst® This issue will be discussed in the next para-
graphs, where we present our model and results of the cal- K.—2 V2my(ep— €) )
culations. In the last part of the paper we will focus on the b h '

fine structures observed within the steps and discuss the cur- . .
rent maximum at Fermi energy. wherem, andm,, are the electron masses in the well and in

the barrier, respectivelyn,=0.061n,, m,=0.124n,, « is
the dielectric constant in the welt=12.9X kg, ng is the
electron density of stateg=1.32x<10"> m~2. Here,ngey is

Tunneling transfer times have been calculated taking intdh€ concintrfiglon of residual acceptors with a typical value
account only the interactions with the GaAs longitudinalOf 810" M2, my is the free electron mass, ard is the
acoustic phonons. Indeed, optical phonons have much high&f€lectric constant in the vacuurg, is the barrier height and
energy (=30 me\) and cannot be responsible for the ob- €i iS the energy of the electron. _ _
served features that appear at typical energies of only a few For the sake of simplicity the wavefunction of the impu-
meV. To compute the tunneling tim% from a 2DEG eigen- "ty inside the AlAs quantum well is approximated by a

state|k;) to the impurity we use the Fermi golden rule spherical Gaussian function

V. MODEL

1 2a (zrle)=o(X) (V) @(z—2), 8
= 2 el Haplk)Pale+ho(@—al. (D) where
I 1 1/4 0 s
wherek; is the wave vector of the electron in the 2DEG ¢(X)=(m) e X120 9

plane, €1 is the energy of the initialfinal) electron state
and the ketdy) and|k;) refer to the eigenstates of the im- z is the position of the impurity along the growth direction

purity and of the 2DEG, respectively. In this equation theand o corresponds to the spatial extent of the donor wave-
summation is performed over all the final states with onefunction and is comparable to the Bohr radius of a Si impu-
phonon of energyt w(q). Because our experiments are per-rity. In the AlAs barrier this value is estimated to be close to
formed at very low temperature only phonon emission pro2.6 nm. The adopted form of the donor wave function is a
cesses are relevant. very crude approximation, which cannot give good absolute
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values for the tunneling rates. However, we believe that it is
good enough for the qualitative description of the physical

phenomena involved.
The electron-phonon interaction is given by

Herpr= 2, [a(q)e "9 e 192p] +H.c], (10)
q

whereq, is the phonon wave vector in plane of the 2DEFJ§,

is the creation operator for a phonon of wave vectdin all

the space directionsanda(q) are given either by

B ee, o1 1
“@= =" N 00 U (11)
for the piezoelectric scattering or by
=D i Ja 12
a(q)= 2pc0 Vd (12)

for the deformation potential scattering, whédeis the de-
formation potential constang, is the GaAs densityg, is the
sound velocity in GaAse’gZ is the piezoelectric constafi3
eV, 5300 kg/m, 3700 m/s, and 0.14 eV respectivglf) is
the volume of the crystal. We have assumed that the phono
obey the Debye’s law.

The total phonon-assisted tunneling rates obtained by
summing over the initial statqu):r‘l:Ekirl:il and an
usual calculatiotf gives

1_4 Q de kJZWd qud ; 5 5

PR ACESEl kik; . 0 . aqylf(ap)]*la(q)]
-4 F2(k;,q;,0) (13
hesq)

where ko= \2m, max(e;—€;,0)/%, ke is the 2DEG wave
vector at the Fermi energst, qp is the Debye wave vector,
0 is the angle betweek;, andq,, F is given by

1 1
F=2\Jno exp( - Ekiz 2 quchJr kg0 cosa)
(14
andf(q,) is a form factor defined by

0

(@)= [ e@utze vz 19

where integration can be performed over the whole space

sinceg andy are localized. Finally, is given by the energy
conservation
2
a:= ( ) _Qﬁ

2 2
andq;+qf=g%
VI. RESULTS OF THE CALCULATIONS

(€i—€q)

T (16)

n
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FIG. 6. Phonon-assisted tunneling rates for both deformation
potential and piezoelectric interactions.

shows the computed phonon-assisted tunneling rates for both
deformation potential and piezoelectric interactions. The
rates are plotted as a function of the donor energy The
energy reference is the energy of the bottom of the 2DEG
subband. Both interactions have the same qualitative behav-
ior, but the deformation potential interaction gives a rate one
order of magnitude higher than that arising from the piezo-
Sectric interaction. At the beginning, the rates increase with
€4 o reach a maximum close tey=¢€;. This increase is
mainly due to the fact that the number of electrons available
for phonon-assisted tunneling increases wihgrdecreases.
Finally, when €4 diminishes further and goes below the
2DEG subband, the rates diminish too: the number of initial
states available for tunneling remains constant but the tun-
neling rates with phonons of high energy are strongly re-
duced by the form factof(q,) appearing in Eq(13). This
decreasing tail can be ascribed to the fact that only acoustic
phonons with smally contribute strongly to the relaxation
time in a 2DEG.

In order to describe the observed shape of the tunneling
current, one should take into account not only the phonon-
assisted tunneling but also the elastic one. In the sequential
model of the tunneling, one should consider two processes:
transfer from the emitter to the impurity and from the impu-
rity to the collector. In our system, the donors observed at
low biases are located on the collector side of the barrier
(even if the change of donor binding energy at the edge of
QW is taken into accoutt'd. The total current can be ex-
pressed by the tunneling rates between the emitter and the
impurity only:

1
—+
-

1 1
—_ + —_
Tdf  Tpz

I=e

, 17

wherery and 7, stand for the deformation potential and the
piezoelectric potential contributions, respectivetystands
for the elastic tunneling contribution and is inversely propor-
tional to the square of the overlap between the donor wave
function and the electron wave function in the emitter.

The amplitude of elastic contribution is adjusted to fit the
experimental value of the current measured just above the

In this section we present the numerical results. Figure &hreshold, where the contribution of phonon-assisted currents
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FIG. 7. Solid line: computetl(V) curve taking into account the decreasing bias (V)

elastic tunneling contribution and both phonon-assisted contribu- ) ) ) )
tions. Dashed line: a phenomenological broadening of the emitter F!G- 8. First1(V) step for both increasing and decreasing
density of states has been added in the calculation. biases.

is still negligible and singularity a¢ already vanishes. If we th{ p(tarform.ed clareliulk;[enjperafltltjr:e anaIyS|ts '?t?]rdir to Qem—
take a donor placed close to the collector side of the barriefNStrate a singuiar benhavior ot the current at the Fermi en-
e.g..z=7—-9nm, we get a reasonable agreement with thgrgy. _In our case th_e system changes its properties due to
experiment foro=2.2—3.2 nm, respectively. The values of charging effects during voltage sweep. Instead of overcom-

o are of the same order of magnitude as the Si Bohr radiudn9 these effects, we take advantage of the'm. g )
The result of the calculation far =7 nm ande=2.2 nm is curves a hysteresis of the tur_mellng current is observed: by
presented in Fig. 7 with a solid line. The calculated current Ve€PING UP and d(_)wn the bias, the same structures are ob-
fises up toeg= €, , in agreement with the experiment and the _served in different bias ranges and they.have (_jlﬁerent widths
current tails at higher bias are reproduced. The calculatey the voltage ;cale. Howevgr, by e_lpplymg a linear transfor-
sharp decrease of the currentegt e, is related to the step- mation to the.b|as and a vertlca_l shift to the curreh!a need
like DOS in the emitter which is reflected in the elastic con-?cor the latter is related_ o charg_mg of some capacitance dur-
tribution. ing the voltage swee)p!t is _p053|ble to superimpose .the two

In order to improve the agreement with the experimenﬂ (V)_ curves for both d|rect|ons of bias sweep. This is shown
one has to find the reason why the elastic contribution doed! Flg;. 8 gnd 9 where the different axes are 'Iabt_eled for bpth
not change so abruptly af=e, . This can happen due to, ias directions. One clearly sees tha_t the main difference is a
e.g., the disorder-related broadening of the DOS. Indeed, i hift of the current onset at th_e Fermi I_evel in F|g._9. It means
the 'magnetic field resulsee Fig. 5—Landau leveN=0 is ' hat the number of electrons in thg emitter was slightly modi-
always considerably broadened, almost independently offebd' Butdno matter what Fhe posEon cr>]f tr;e on.slet V\I'as' the
magnetic field. Possibly there is a band tail at the bottom of serl\l/e _maxmfwm remguns sthuc to t. ed erml evle | h
the conduction band induced by disorder. We can take it intg Following Refs. 18 and 19, the Fermi edge singularity has
account by including in our model the convolution of the @ power-law shape of the form
unperturbed DOS with a Gaussian. The result is shown in . L
Fig. 7 with a dashed line. The FWHM of the Gaussian was L
taken to be 0.8 meV. One can also expect that more exact O,
many-body calculations of the current would lead to such a
broadenind.’ Indeed, the Fermi golden rule is an approxima-
tion that does not take into account tunneling events with
more than one phonon.

—
=)}

—
=)

current (pA), vi

VIl. THE FINE STRUCTURES

Finally, we want to comment on the detailed structures
observed on the steps, which have not been discussed until
now. The first striking feature is the sharp maximum at the f‘
current onset, i.e., at the Fermi energy, see Fig. 4. This maxi-
mum is due to the Coulomb interaction between electrons in .

o
T
current (pA), vT

—_
[\

|

P I I T T IR
the 2DEG and the impurity state. This effect, known in x-ray O'%ecreasig'ggbias (V)l
spectroscopy, was first predicted for the case of tunneling
through a localized level by Matveev and LarkfhFirst ex- FIG. 9. Third I(V) step for both increasing and decreasing

perimental confirmations were presented by Geinal,'®  biases.
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increasing bias (V) age distanceal evaluated from Eq(19) is close to 2.5 nm,
0975 1 = 1005 which is only about 4 times smaller than expected for impu-
L5r rity placed at the collector side of the barrier and gives a
reasonable order of magnitude. The transfer time of the
order of 100 ps.

Another interesting feature that is worth pointing out is
the existence of the hardly resolved peaks within the plateau,
in Fig. 9, between 0.83 and 0.94 (ih the lower scalg We
attribute them to local fluctuations of the DOS in the vicinity
of an impurity?®?* Naturally, we can expect that if the fluc-
tuations are different for some steps, then these steps are
most probably related to different impurities and do not cor-

5 o9 respond to ground or excited states belonging to the same
decreasing bias (V) impurity. If we compare step (Fig. 8) and step 3Fig. 9,
we see that the detailed characteristics are different, even if

FI(_;. 10. I_(V) curves for both increasing and decreasing biasesihe signal is much more noisy in step 1, as the values of

best fit obtained with~1, I'.~0.01 meV. current are very small. Thus we argue that we do really ob-

serve fluctuations of LDOS and that step 1 and 3 correspond
to two different impurities.

—
[o)}

1

i
current (pA), V

current (pA), vi

loc(\(ep—€)2+T2) Fx

T EE—€
—tarctan——|60(eg—¢€),
2 I

(18 VIIl. CONCLUSION

wheree is the energy of the tunneling electroI'; is the We have studied resonant tunneling from a 2DEG through
time an electron can stay in the impurity state before escaghe single impurity state. We see contributions from indi-
ing into the collector side and vidual impurities—each of them appears to be different from
the expected rectangular shape. In particular, there is a cur-
ﬁzi(de)fl, (19) rent enhancement when the energy of the impurity ap-
4 proaches the energy of the bottom of the subband. If the
whered is the average distance between the 2DEG and th%npurity energy decreases further, _the current decrgases but
impurity state andg is the wave vector at the Fermi energy. oes not vgmsh. We argue that this phenomenon Is due to
In Fig. 10 we present an enlargement of step 3 from Fig. é)honon-as&steq ‘“””e"’?g Processes. Other addmonal fea-
for two polarizations. Despite the shift at lower biases, thelures like Fermi edge singularities and fluctuations of_ t_he
two curves start to be very similar at biases higher than O.Sgens'ty of st_ates are c_IearIy resolved. We present an original
V (in the lower scale of Fig. 10 It means that at biases analysis Wh'Ch u_namb|guously demon_strates that the.peak at
higher than 0.85 V the many-body contribution becomesthe Fermi level |s_related to the F.erml edge singularity and
negligible and the measured current is due to noninteractinaOt to the fluctuations of the density of states.
eIectron; only. The a_mpll_tude 0f_th|§ current does not depend ACKNOWLEDGMENTS
on the bias sweep direction. This limits the range of accept-

able values of fitting parameters. The voltage corresponding We are indebted to X. Lafosse and L. Couraud for tech-
of e was taken from the experimental results and the valugical support and to L. Ferlazzo for the reactive lon etching.
of ke=9.3x10" m~* was calculated from the measuregl  This work has been partly supported by the Ministry of Sci-
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