ISSN 0027- 1349, Moscow University Physics Bulletin, 2014, Vol. 69, No. 4, pp. 340—348. © Allerton Press, Inc., 2014.
Original Russian Text © V.Ch. Zhukovsky, V.D. Krevchik, M.B. Semenov, R.V. Zaytsev, D.O. Filatov, P.V. Krevchik, A.A. Bukharaev, 2014, published in Vestnik Moskovskogo

Universiteta. Fizika, 2014, No. 4, pp. 65—71.

CONDENSED

MATTER PHYSICS

The Influence of Local Phonon Modes in a Wide-Band Matrix
on the Tunnel Current-Voltage Characteristics
of Quasi-Zero-Dimensional Structures

V. Ch. Zhukovsky**, V. D. Krevchik?**, M. B. Semenov?, R. V. Zaytsev’,
D. O. Filatov***, P. V. Krevchik®, and A. A. Bukharaey®#**#
¢ Department of Physics, Moscow State University, Moscow, 119991 Russia
b Department of Physics, Penza State University, Penza, 440026 Russia
¢ Lobachevsky University of Nizhni Novgorod, Nizhni Novgorod, 603950 Russia

4 Zavoisky Institute for Physics and Technology, Kazan Scientific Center, Russian Academy of Sciences,
Kazan, 420029 Russia
¢ Volga Region Federal University, Kazan, 420000 Russia

*e-mail: vichzh@gmail.com;
**e-mail: physics@pnzgu.ru;

***e-mail: dmitry_filatov@inbox.ru;

****e-mail: Bukharaev@kfti.knc.ru

Received March 17, 2014; in final form, April 19, 2014

Abstract— Experimental results on the visualization of the density of states in InAs/GaSa(001) quantum dots
that were obtained by tunnel atomic-force microscopy in an ultrahigh vacuum are presented. A one-dimen-
sional (1D) model of dissipative quantum tunneling is proposed for describing experimental current-voltage
characteristics of a tunnel contact between an atomic force microscope probe and the surface of InAs/GaAs
(001) quantum dots. It was found that the influence of two local modes of the wide-band matrix on the prob-
ability of 1D dissipative tunneling leads to the appearance of several randomly spaced peaks in the field
dependence. It was shown that the theoretical dependence agrees qualitatively with experimental the current-
voltage characteristic of the atomic force microscope tip and the surface of InAs/GaAs(001) quantum dots.
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INTRODUCTION

Methods of scanning-probe microscopy, including
scanning tunneling microscopy (STM) and atomic
force microscopy (AFM) are widely used in studying
morphology, atomic structure and energy spectrum of
semiconductor quantum-dimensional structures [1—
22]. The STM method of transverse cleavages in an
ultrahigh vacuum (UHYV) was applied for measuring
the local density of states (LDS) in quantum wells
(see, for example, [10]). The present work was initi-
ated by an experiment that was performed at Zavoisky
Institute for Physics and Technology, Kazan Scientific
Center of the Russian Academy of Sciences and
devoted to the measurements of tunnel current—volt-
age characteristics (CVCs) in semiconductor
InAs/GaAs (001) quantum dots (QDs). In these
experiments, several non-equidistant peaks were dis-
covered, which we explained in the framework of the
model of 1D-dissipative tunneling with allowance for
one local phonon mode [11]. The proposed theoreti-
cal model allowed us to reveal only two single peaks,

one of which is unstable, which is not quite in agree-
ment with the experimental data. It is worth noting
that the features on the observed tunnel CVCs are usu-
ally interpreted in the model of resonance tunneling
(see, for example, [1, 5, 7—9]. In this paper a hypoth-
esis on the possibility of a tunnel transport mechanism
with the participation of two promoting phonon
modes of the wide-band matrix is proposed and sub-
stantiated theoretically. The non-resonance mecha-
nism of tunnel transport, which is characteristic for
metal QD, may occur in the doped QD under the con-
dition when the concentration of charge carriers can
be varied using an external electric field in a rather
broad limits.

This work has the following aims:

i) Experimental study of tunnel CVCs obtained
upon the visualization of the local density of states in
InAs/GaAs (001) quantum dots using AFM miscos-
copy;

ii) The theoretical study of oscillating and non-
oscillating modes of 1D-dissipative tunnel transport

340



THE INFLUENCE OF LOCAL PHONON MODES

(@)

Spacer n-GaAs 3 nm

Buffer layer n*-GaAs 200 nm

Substrate n*-GaAs (001)

341

(b)

6 nm

Fig. 1. The scheme of the current imaging mode of the surface of InAs/GaAs(001) QDs; an AFM image of InAs/GaAs(001)

QDs (b).

with allowance for two local phonon modes of the
broad-band matrix in an external electric field at a
finite temperature.

We carried out a qualitative comparison of the the-
oretical dependence for the probability of 1D-tunnel-
ing from the strength of an external electric field with
experimental CVCs for the contact of an atomic force
microscope tip and the surface of a QD.

MATERIALS AND METHODS

The specimens for the tunnel AFM investigation of
spatial and energy LDS distributions in the quantum
dots InAs were grown by B.N. Zvonkov on the sub-
strates of n-GaAs (001) doped by Si (AGCHO brand)
using MOS-hydride epitaxy at atmospheric pressure
(Research Institute of Physics and Technology,
Lobachevsky University of Nizhni Novgorod). Figure
la shows the scheme of the specimens. Buffer Si-
doped n-GaAs layers with a thickness of 200 nm and
the donor concentration N, ~10'® cm™3 were grown at
a temperature of 650°C. The spacer layers of non-
doped n-GaAs (N, ~10"> cm~3) with a thickness of ~3
mm needed to form the triangle potential barrier
between QD and the n*-GaAs buffer layer were grown
on the top of specimens [25]. GaAs QD were formed
by the Stranski—Krastanov mechanism at a tempera-
ture of 530°C. The nominal thickness of the deposited
InAs layer is 1.5 nm.

The experiment on the visualization of spatial LDS
distribution in InAs/GaAs(001) QDs was performed
at the Zavoisky Institute for Physics and Technology of
the Kazan Scientific Center of the Russian Academy
of Sciences. We used an Omicron UHV AFM/STM
VT scanning-probe microscope (SPM) at a high vac-
uum at room temperature, which is a part of the UHV
Omicron MultiProbe P. The base pressure in the SPM
chamber was ~10~!° Torr. The surface of the sample,
which was covered by natural oxide and formed during
the process of transportation of the setup for growing
into the UHV chamber for the SPM studies, was
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scanned by means of a W,C-covered p*-Si AFM probe
in the contact mode (Fig. 1a). Moreover, the bias volt-
age, V,, was fed between the n*-GaAs sample and the
AFM tip. The spatial distributions of the current 7,
between the tip and the sample depending on the
probe x, y coordinates in the plane of the sample were
recorded at the constant value V, = const (images of
current). The CVCs in the contact of an AFM tip and
the surface of a QD were obtained by means of a series
of images of current at various values of V,. The meth-
odology for growing and QD tunnel spectroscopy has
been described in detail [23].

Figure 1b shows an AFM image of the sample sur-
face. Surface QDs have a height # = 5—6 nm. It must
be noted that lateral dimensions of QDs (Fig. 1b) con-
siderably exceed the expected values of a QD and have
the form of a four-sided pyramid faceted by (101)
planes for these values of height # (10—12 nm). This is
caused by the convolution effect due to the finite
dimensions of the curvature radius of the AFM probes
Rp=35nm [25].

On the tunnel spectra of QDs (Fig. 2), the peaks
were found related to the electron tunneling from the
filled electron states beneath the Fermi level in the
material of the W,C coating of the AFM probe to the
levels of dimensional quantization in QDs [11, 23].
When interpreting tunnel spectra in QDs one should
take into account the fact that the experiments were
carried out at room temperature and correspondingly
the processes of electron tunneling accompanied by
the emission/absorption of phonons are possible
under these conditions. Earlier this factor was not
taken into consideration when interpreting the tunnel
spectra of InAs/GaAs(001) QDs [11, 23].

A qualitative comparison of the theoretical proba-
bility curve for the 1D-dissipative tunneling (with
allowance for one local phonon mode in a semicon-
ductor matrix) and experimental CVCs for
InAs/GaAs(001) QDs is shown in Fig. 2. As we can
see, only two non-equidistant peaks on the experi-
mental CVCs agree qualitatively with the theoretical
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Fig. 2. The theoretical curve with allowance for a local
mode of dielectric matrix (dashed line) and the experi-
mental curve (solid line) [11].

peaks, one of which is unstable in the considered
model. This result necessitates the refinement of a
theoretical model for an adequate description of the
experimental data of the tunnel QD spectroscopy. At
the same time, two types of optical phonons are
known to exist in GaAs: transverse (TO) phonons
with the energy #Q2 = 34 meV and longitudinal (LO)
phonons with the energy AQ2 = 38 meV [25]. In this
relationship, the analysis of two local phonon modes
of the wide-band matrix in weak dissipation mode is
expedient.

CALCULATION OF THE PROBABILITY
OF 1D-DISSIPATIVE TUNNELING
WITH ACCOUNT FOR TWO LOCAL PHONON
MODES OF THE WIDE-BAND MATRIX

Qualitative comparison of the theoretical probabi-
listic curve of the 1D-dissipative tunneling (with
allowance for a single local phonon mode of the
dielectric matrix) and experimental CVCs for semi-
condunctor InAs/GaAs(001) QDs is shown in Fig. 2.
As we can see, only two non-equidistant peaks in the
series on experimental CVCs agree qualitatively with
theoretical calculations; however, one of them proved
to be unstable in this model. This result required a
clarification of the theoretical model with allowance
for two local modes of the wide-band matrix in weak
dissipation regime.

The problem statement is analogous to that used by
the authors previously when analyzing the 1D-dissipa-
tive model of tunneling with an instanton-like oscilla-
tor potential in an external electric field (Fig. 3) at a
finite temperature. Moreover, the standard dissipative
tunnel Hamiltonian with allowance for two phonon
modes of the wide-band matrix is used [12]. The units
fh = m = 1 are used in what follows.
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Fig. 3. The impact of the electric field on the asymmetrical
instanton potential. Figure 1b shows the case of the sym-
metrical potential at a definite value of the electric field
strength.

One can show that the 1D-quasiclassical action in
single-instanton approximation with allowance for the
effect of the wide-band matrix takes the form

2 22
200(gy+q1) T
B
4 2 © .2
_4oy(g0+ 1) Z s v, Ty
B (Vo + @0 +§,)

where g, and g, are the parameters of renormalized
instanton-like oscillator potential in an external mag-

netic field ¢, = b = b* + w,q(]:a:a*— w.The
o o
external electric field applied along the tunnel coordi-
nate changes the symmetry of the 1D-oscillator
potential, as shown in Fig. 3. The exponential prefac-
tor is determined by the contribution of trajectories
located close to the instanton. For this purpose, the
action must be expanded in a series up to quadratic
term in ¢ — gz and then integrated in the functional
space. Then the probability of tunneling per unit time
is given by

Sp= 20)(2)(40 +41)q0To
()

n=1

I' = Bexp(—Sp),
where the exponential prefactor B has the form [12]

2
det(g—‘ﬁ
M dq

1/2

2o q=-4
21 2
det'(6—2
84 q=qp(7)
B/2
S, = Jqu(r)dr.
-B/2

Here det’ implies that the zero eigen value corre-
sponding to the zero instanton mode is omitted. It
should be noted that the derivation of this formula
needs the condition of an ideal instanton gas

I < (A1)},

No. 4 2014



THE INFLUENCE OF LOCAL PHONON MODES

T'(b)
0.20

0.15
0.10
0.05

1 J

2.0 B(E

0 0.5 1.0 1.5

Fig. 4. The theoretical dependence of the probability of
dissipative tunneling in the non-oscillating current-trans-
port mode.

where At is the width of the transition from the posi-
tive value of trajectory to the negative one. The calcu-
lated preexponential factor in this model is given by

B - 200(q0 + q,)° i sinzvnro(cos2vnro)l/2
Qnp)'” o o ’

where v, are the Matsubara frequencies, 3 is the
inverse temperature, and 1, is the center of instanton.

Consider (1) with allowance for two local modes
(0, = ®, and ®;, = ®3). To simplify the problem, we
assume that this interaction is relatively small, i.e.,

C
—=2 < 1 and —92‘ < 1.
O (OF3

2
VizN % — ,C, are
"2 (@5 +V,) b kT

the coefficients of interaction of a tunnel particle with
the local phonon modes of dielectric matrix,

In this case §, =

,wherevn=2ﬂ,B= h

2

2 C2

no2, 2 2
05(0; +Vv,)

2
2 C3
+ Vv

noa. 2 N
0;3(03+V,)

Ci=v

The expression for the 1D-probability of dissipative
tunneling with an accuracy to the preexponential fac-
tor is given in the Appendix.

The obtained analytical formula for the probability
of 1D dissipative tunneling with allowance for two
local phonon modes of dielectric matrix makes it pos-
sible to study the features of the I'(F) dependence.
This is important for comparison with the experimen-
tal tunnel CVCs. In addition, theoretical results have
shown that the dependence of the probability of 1D-
dissipative tunneling on the external electric field
strength at a finite temperature and fixed parameters
of the dielectric matrix describes both oscillating and
nonoscillating tunneling regimes (Figs. 4, 5).

Figure 5 shows a qualitative comparison of the the-
oretical dependence for the probability of 1D dissipa-
tive tunneling on the external electric field (with
allowance for two phonon modes) and an experimen-
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Fig. 5. The theoretical probability of dissipative tunneling
in an oscillating regime with allowance for two local
phonon modes (curve (7)) and the experimental curve (2).

tal CVCs for InAs/GaAs(001) QDs. From Fig. 5 we
can see that the characteristic non-equidistant spec-
trum of peaks on experimental CVCs shows a better
qualitative agreement with the peaks of the theoretical
dependence for the probability of 1D dissipative tun-
neling than in the case of the model that takes a single
local phonon mode of the wide-band matrix into
account [11].

CONCLUSIONS

We calculated the probability for the 1D dissipative
tunneling in an instanton-like oscillator potential with
allowance for two promoting local phonon modes of
the wide-band matrix at a finite temperature upon the
action of an external electric field. The mode of oscil-
lating tunnel transport in the limit of weak dissipation
and the non-oscillating mode were considered. A dis-
sipative tunneling mode in the limit of weak dissipa-
tion is likely characteristic in degenerate semiconduc-
tors together with common resonance tunneling
mode. The oscillation regime of dissipative tunneling
made it possible to reveal the qualitative agreement
with known experimental data theoretically. When
interpreting the tunnel spectra of QDs in an experi-
mental investigation, the processes of electron tunnel-
ing with phonon emission and absorption were
assumed to occur. It is worth noting that this fact was
not taken into consideration previously [11, 23] when
interpreting tunnel spectra in InAs/GaAs(001) QDs.

Therefore, together with the resonance tunneling
regime [1, 8, 9], as previously assumed, it is also nec-
essary to consider the contribution from the dissipative
oscillating regime (in the limit of weak dissipation),
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which may be observed on the tunnel CVCs of a semi-
conductor QD placed in a wide-band matrix.
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APPENDIX

The derivation is given here of the formula for the
probability of 1D-dissipative tunneling with an
accuracy to the preexponential factor. In the case of
two promoting phonon modes, the quasiclassical
action (1) is reduced to a sum of two Kkinds in the last
term
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We decompose the last expression on simple frac-
tions and denote
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or The dimensionless preexponential factor is deter-
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