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An advanced patterned AsyOz—pnnT-GaAs structure has
been examined by the current-voltage characteristics (IVC),
photoresponse (PR) spectral measurements, SEM image study,
X-ray analysis, and electroreflectance (ER) spectroscopy for a
novel optical design and the observation of transport phenomena.
The patterned semiconducting medium has been developed
simultaneously with the arsenolite oxide phase of As3Os3 by
anisotropic chemical etching (ACE) in a (10<-15) N HNO3 solution
at the p-type top surface of the pnnt-GaAs structure. This
medium is found to consist of the skeleton-dendritic morphology
with a size of about 5-10 pum covered by chemisorbed nanoscale
As203 and non-stoichiometric layers with Ga vacancies and
free As at the interface AssO3—GaAs. It is shown that, under
favourable patterning conditions, the inversion layer near a surface
with triangular potential well of a variable width from 14 to
25 nm has been formed. In this case, the negative differential
resistance (NDR) region with oscillation behavior and the peak-
to-valley ratio (PVR) from 10 to 100, which is typical of a
quantized structure, has been observed on dark forward (fw) I—-
V characteristic (IVC). Spectral data have shown the improving
of the short-wavelength response as the long-wavelength one. The
effect of a patterning regime on photovoltaic (PV) parameters is
found as well. For a higher reverse (rv) voltage, the increasing
of PR by up to 4 orders has been realized due to the avalanche
multiplication. The photoresponse detection beyond the normal
absorption edge of GaAs has been demonstrated because of the
Franz—Keldysh effect.

A possible model of evolution of the skeleton-dendritic
multilayer patterned AsoO3 —pnnt-GaAs structure during ACE is
proposed. The carrier transport mechanism and bandgap structure
features have been discussed.

1. Introduction

Within two past decades, there appear a number of
spectacular advances in the research of semiconductors
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(IV group, III-V compounds, etc.) through the band
gap engineering and limited dimensional structures
(quantum confinement), as well as in the construction of
novel device structures using the technological progress
in their fabrication (modulation doped technologies,
lattice-matched epitaxy, modified patterned design of
surfaces and interfaces, etc.). Among the techniques that
have been widely used for the achievement of unique
physical properties are the molecular beam and liquid-
phase epitaxy (MBE, LPE) and the chemical and metal-
organic chemical vapour deposition (CVD, MOCVD) [1-
3]. The wet anisotropic chemical and electrochemical
etchings (ACE, AECE) are also important processing
procedures for materials science and physics of structures
on nanometer scale, changes in their stoichiometry, and
ease oxide phase formation [4-7].

This article presents some advances in the classic
pnntGaAs structure chemically processed to patterned
multilayer including the vacancy layer, thin oxide
layer and patterned oxide — semiconductor interface.
Investigation will focus on useful anomalous properties
and examine their potential for irradiance monitoring.

2. Experimental

The study was undertaken with pnn*-test structures on
Te-doped nt-GaAs{100} substrate with a concentration
of 8x10'® — 2x10'" em™3 and a thickness of about
300 pm. The 10-15 pm Si-doped (n-type) and a 10—
15 pm thick Zn-doped (p-type) epilayers with a carrier
concentration of about 8x10'® — 1x10'" cm™2 were
deposited by the CVD process.
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All pattern preparation on a front p-type surface
was carried out in a 10-15N HNOgs solution during
2.0, 3.0, 5.0, and 10.0 s (t;acE) at room temperature.
In the previous experiments [4, 8|, it was shown that
the patterned interface As;O3—GaAs may be formed
simultaneously with the patterned morphology. To
remove As;QO3, the test structures were loaded in a 5%
KOH solution at 353 K for 5.0 and 20.0 s (t2ack)-

The modified morphology and stoichiometry were
studied by SEM (S-806 Hitachi) and a Superprobe-733
(JEOL), respectively. The static forward and reverse
I-V  characteristics of In—(AsyO3)—pnn*-GaAs—In
structure were measured by an automatized 14-TKS-100
tester (Russia) in dark and under illumination. A Xenon
lamp was used as the radiation source with intensity
equivalent to the 0.03 Sun’s one. Either a quad-ring or
a mesa was applied. The sample area was 5x5 cm?.

The PR spectra were measured in the spectral range
between 300 and 1100 nm with the use of the standard
equipment in the short-circuit current regime and under
the photodiode mode. The photocurrent gain G(V') was
determined as a multiplied photocurrent Iy, divided
by the photocurrent at a low voltage where no current
multiplication takes place.

The IVC differential slope [9] and the concept of
quantum confinement [1, 10] were used for the analysis
of a carrier transport mechanism.

To  probe the bandgap  structure, the
electroreflectance (ER) spectroscopy was carried out
in GaAs (or AssO3—GaAs) — 0.1 N KCI system by the
classical modulation technique [11] in the range 2.4-
3.4 eV in the low-field mode at 273 K. As a diagnostic
indicator, the transition energy F; at a critical point
of the Brillouin zone in (111), the spin-orbit splitting
energy Aj, and the phenomenological broadening
parameters I'; and I'y y A1 were used. In our case, we used
the high absorbed illumination aa¢(3+7)x10% cm~! to
study both the ultra thin surface layer and the interfacial
AsyO3—pnnT-GaAs one on a nanoscopic scale (< 30
nm).

3. Results and Discussion

3.1. Patterned morphology

Figure 1,a,b,c illustrates several of the possible
morphologies after ACE. Figure 1,d is the image of
a fragment of the GaAs patterned surface after the
chemical oxidation (top) during ACE and the oxide
removing (bottom). Figure 1,e presents the cross-
sectional view of — pnnT-GaAs after ACE. The SEM
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observation shows the presence of the diversity of
geometries such as a classical pyramid and a non-
classical (quasipyramid) one with additional small (less
than 50 nm in size) pyramids, which are full of holes, on
the facets, and the skeleton and dendrite forms.

The pyramid facets, dendrite branches, and another
patterned formations may exhibit both the low-index
{111} surface and high-Miller-index surfaces including
{211}, {311}, etc. [12].

While modified GaAs is exposed in HNO3 at room
temperature, the surface is covered by oxygen ions. If the
exposure time is increased, the crystalline arsenic oxide
As;03 (arsenolite), being the state previously observed
in both reflectance and transmittance measurements [§],
is grown on the patterned GaAs surface. Arsenolite is
a cubic crystal with a energy bandgap near 5 eV. The
development of the AssO3 morphology can be described
using the hypothesis of a three-step anisotropic chemical
reaction.

For example, for the quasipyramid and skeleton-
dendritic formations, the first step deals with the missing
of Ga atoms and the production of Ga vacancies near the
surface (a few atomic layers). This process induces the
vacancy energy level E,+(0.2+0.4) eV. By forming a Ga
vacancy, the surface bonds are broken, and As dangling
bonds are created. This process can be described by
the creation of the energy level E. — (0.45+0.2) eV.
Arsenic acts as an apparent electron donor resulting
to a decrease of the p-type conductivity in the thin
(atomic) layer. Such a “doping” by the pentavalent anion
is accompanied by forming the depleted region at the
surface. As a result, the bands are bent. The arsenic
surface state will pin the Fermi level.

The second step is characterized by the oxygen
chemisorption. At first, the adsorpted oxygen is covered
the surface by O5 ions, then oxygen builds the covalent
bond with As. The bond length of O—As is 0.18 nm.
Further, oxygen is incorporated in a vacancy and the
Viat0as surface configuration is constructed [4]. This
complex may create the deep level E. — (0.65+0.76)
eV or E.—0.4 eV. In this case, the surface region is
inverted to an n-type layer and can modify the Fermi
level pinning. It is entirely possible that two last steps
occur simultaneously.

In the third step, there is a strong interaction
between the surface and an oxygen atom with the
formation of a new phase of As;O3. During the process
of oxide thickening, it is reasonable to assume that the
exhaustion of arsenic may take place.

Therefore, depending on the etching and oxidation
stages, the surface and interfacial layers can be
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Fig. 1. SEM image (a—d) of GaAs and cross-sectional view (e) of pnnT-GaAs with patterned morphologies: a — quasipyramid, b —

skeleton form, ¢ — dendrite branches, d — fragment of patterned As2O3—GaAs (top) and GaAs after the oxide removing (bottom), e —
cross-sectional view of pnnt-GaAs after ACE. In the insert to Fig. 1,d — schematic drawing of band diagram at interface As;O3—GaAs.
On a detail in Fig. 1e — fragment of AssO3—p-GaAs interface
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heterogeneously nonstoichiometric due to the crystallo-
graphic mixture of patterned figures associated with
various facet orientations.

Using the ratio of X-ray intensities R = (Iga —
ko)/(Ias — ko) in X-ray analysis as an indicator of
the chemical decomposition, it was shown that 2.2 <
R < 1.6 for the nonpatterned surface; 0.65<R<0.85
for the quasipyramid with oxygen adsorption, and
0.12<R<0.65 for the skeleton-dendritic form, when the
oxide phase is formed. Although the absolute accuracy
of such an analysis may be in doubt, this is useful as a
qualitative guide.

When the bands are strongly bent, the potential
triangular well formed by AssO3—GaAs surface can
be sufficiently narrow, and carriers are confined to
a region close to the interface. The motion of
carriers in the potential well is constrained in the
direction perpendicular to the surface, i.e. it is two-
dimensional in nature. If the well thickness is about
the electron de Broglie wavelength, the energy level
quantization occurs. In principle under these conditions,
it is possible to change the transport mechanisms in
pnnt-GaAs structure and to get the novel properties
and characteristics. The workable approximation of a
potential triangular well with three levels is presented
in the insert in Fig. 1,d.

3.2. I-V characteristics

The current vs. voltage behaviors before and after
patterned steps are presented in Fig. 2. As seen from
Fig. 2,a,b, the fw and rv IVCs of the nonpatterned (flat)
structure are asymmetric and enough far from the ideal
diode one. At low voltages, the dark fw IVC has I ~ V?2
region. At a higher bias (3-9 V), has exponential region
with a large ideality factor of about 25. This undesirable
high injection mechanism can be due, very likely, to the
leakage current at the surface periphery of the structure,
particularly under a rv bias (I ~ V*).

No change or only a slight change is observed in IVC
after the treatment in HNOg for 2 s in comparison with
the nonpatterned case.

In contrast, for 2 s < tjacg < 5 s, the dark IVCs
have, at least, two attractive features as demonstrated
in Fig. 2,c¢,d. First, after the ohmic start out at a low
voltage, the fw IVCs (Fig. 2,¢, curves 1, 1%) exhibit
the NDR regions under a higher one. Increasing t1ack
from 2 s to 5 s is accompanied both by changes in
the NDR character, the PVR, the classic peak voltage
position (V1), and the quantum peak one (Vgy,). If the
quasipyramid pattern is produced (Fig. 1,a) Vo = 0.7V,
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and the region of NDR with PVR&10 is observed (curve
1% Fig. 2,¢). At tjace = 5 s, there are the oscillatory
phenomena in NDR with several PVR about 50 and 100.
It seems reasonable to assume that NDRs are either due
to discrete levels in the double barrier surface structure
(well) for the tunnelling of carriers, which open up under
a definite bias or even due to a few QW (superlattice)
structure. The assumption of the superlattice presence
does not lead to its easy interpretation. At least three
remarks should be made:

(i) Due to the coexistence of the diversity of atomic
and electronic structures of the start low index {100}
surface and high-Miller-index ones, for example, {211},
{311}, {511}, etc. in the pattern morphology [12], it is
possible to obtain the superlattice organization by the
surface orientation.

(ii) On the other hand, the ACE treatment can
perturb the surface and interface compositions, and this
situation may yield the modulated doping or a variable
gap superlattice.

(iii) In addition, the numerical results were obtained
in the infinitely deep rectangular well (superlattice)
approximation and have only qualitative sense for our
triangular well.

Then the energy of levels E,, can be self-consistently
calculated wusing the superlattice approximation.
According to [1, 10], the superlattice period d is given
by the formula d = hl/2meVy7, where h is Planck’s
constant, e is the electron charge, [ is the active length
between the contacts, and 7 is the relaxation time. For
curves [ and 1* (Fig. 2,¢) Vu =03 Vand V] =0.7V,
respectively.

At higher voltages, we can see the second and third
IVC peaks which can be appropriated to the resonance
tunnelling between energy levels in the well or in
neighbour wells, the so-called quantum peaks. For these
peaks, E,, = edVy/l. Introducing d/l = h/2meVyT,
we obtain E,, as E,, = h/277 X Vg, /Va. Then, in the
assumption 7 ~ 10713 s [10], for curve 1, Fig. 2,c with
Vqui = 3 V and Vo = 10 V, we get Ey = 0.066 eV
and Es = 0.22 eV, respectively. For curve 1% Fig. 2,c,
with the peak at 5 V, we get E; = 0.047 eV. Moreover,
it should be noted that the advantage of the fw IVC is
the high value Ijy/I; = 1 X 104, which is important for
optical switches (for example, Fig. 2,¢, curves I, 2, the
applied voltage V =5 V).

Second, the rv IVC displays the good dark current
saturation and the breakdown voltage (V) increase.
The breakdown is abrupt and uniform. The multiple
kinks and the on-off switching sections in IVC are
absent. This is the important feature for the photosensi-
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Fig. 2. IVC forward (a, c, €) and reverse (b, d, f) characteristics of pnn™-structures: a, b — nonpatterned; ¢, d — patterned AspO3—

GaAs (t1ace = 5 s); e, f— patterned GaAs after removing AssOs during topacg = 5 s. Curves 1, 2 were obtained in dark and under

illumination, respectively. Curve I* represents the dark IVC after tjacy = 3 s. Vi) and Vg, are the classical and quantum peak voltage

positions. Curve 3 shows the dependence of the avalanche gain versus voltage

tivity enhancement

by means of the internal
amplification. Under the illumination as the bias is
increased to 1 V, the rv current increases due to the
better carrier collection, and then Iy, is practically
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constant up to 5 V. At voltages higher than 5 V, the
photocurrent gain occurs. For example, under the rv bias
V =0.25Vg and V = 0.5Vp, the G ~ 88 and G =~ 400,
respectively. If the mechanism for the photocurrent
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Fig. 3. structures with

nonpatterned surface (1) and patterned one (2) after removing

Spectral response of pnnt-GaAs
Asp0g3 in the short circuit current regime; patterned AsoO3—GaAs
(3, 4) without bias and under the 3-V rv bias, respectively

gain is avalanche-like, the gain in the prebreakdown
region can be described by the Miller empirical relation
G =1/{1—(V/Vg)™} [13]. As a result, the photocurrent
gain dependence on the rv bias is presented in Fig. 2,d
(curve 3), and a plot of G(V') yield m = 1.6.

The above-mentioned features in IVCs disappear for
tiace = 10 s or 5< toace < 20 s. In the last case,
it is possible to have a loss in the quantization, and
no essential difference between the nonpatterned and
patterned diode characteristics is observed in practice.
However, as follows from Table 1, the previous structure
(AspO3—GaAs) may not be the best structure for
photovoltaics. The optimum of I, and V.. values is
observed for the patterned pnnt-structure after AsyO3
removing during 5 s (Fig. 2,e).

3.3. Spectral response measurement

Fig. 3 shows the wavelength dependence of the
photoresponse from two pairs of pnn*-structures. The
first pair are a nonpatterned GaAs (curve 1) and a
patterned one (curve 2) after ti1acg = 5 S, toace = 5
s. The second pair presents the binary AssO3—GaAs (5
s in HNOg) structure for the zero voltage (curve 3) and
under the 3-V bias (curve 4). Note that the IVCs of the
second pair are presented in Fig. 2.d.

According to Fig. 3, any patterned morphology
changes the PR both at the shorter and longer
wavelengths. As a patterned morphology is a good
light trapping (low reflection, multiple absorption) and
a minimization of p-type thickness takes place during
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ACE, the short-circuit current (curve 2) is increased
in the whole spectral range. These data coincide with
the table data. In addition, the PR peak position has
a redshift from 860 to 880 nm, and there is a PR
signal above the usual absorption edge of GaAs. But
the most important changes in PR are observed from
the second pair. As follows from Fig. 3 (curves 3
and /), these structures have more selective spectral
characteristics and the further improvement of PR
beyond the absorption edge. In comparison with curve 2,
curve 3, except for the dominant peak which is the same
for both structures, has a shoulder at the low-energy side
caused by the Franz—Keldysh shift of the absorption
edge. The last effect takes place in the As;O3—GaAs
structure due to the internal field emerge, but it is
absent in patterned GaAs, when the redshift is due
mainly to the geometric factor (multiple absorption). In
addition, under the 3-V rv bias, the structure (curve
4) increases significantly the PR value, and its peak
position is shifted to 912 nm. Unfortunately, no spectral
measurements of such a structure were carried out at
a higher bias. But, however, the results of Sections
3.2 and 3.3 allow us to discern that the As,O3—
GaAs structure may be suitable for electroabsorption
avalanche photodiode detectors [13].

3.4. Electroreflectance spectra

In this section, the data on the band transition
originating from the surface and the interface on a
nanoscopic scale are presented. Figure 4 depicts the
ER spectra for the initial, nonpatterned (curve 1I),
and patterned (t1acg = 5 s, curve 2) surfaces.
Table 2 illustrates the zone parameters: the E; energy
transition, the energy of spin-orbit splitting A, and
the phenomenological broadening parameter both for
nonpatterned and patterned surfaces.

As follows from Fig. 4 and Table 2, the values of E,
FE1+ Ay, and A; were found after patterning to be close
to the classical ones for GaAs [11]. In addition, a decrease
of the broadening parameter energy may be caused by a
good structural quality of the formation of the interface
AsyO3—GaAs. Such a feature is observed repeatedly, for
example, at the SiOy — Si interface [6]. Moreover, there

T able 1. ACE effect on photovoltaic parameters

Surface type
Cell Nonpatterned Patterned p-type surface
parameter surface Tiace=b5 s|TiAcE=D), s| T1AcE=D), S
Toace=5, s|ToacE=20, s
Ise, A 1.5%x10~7 5x10~6 5x107° 7x10~7
Voe,V 0.4 0.5 0.6 0.6
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are other remarkable features in the ER spectrum of the
patterned surface in comparison with a nonpatterned
one:
(i) the inversion of the ER signal polarity;
(ii) the splitting of dominating peaks;
(iii) the formation of a fine peaked structure of the line
shape which is seen most clearly on the short-energy
shoulder of the ER spectrum.

These anomalous phenomena may be resulted from:
(i) the conductivity type conversion from the p- to
n-type, i.e. under the formation of the As,O3—GaAs
interface of the inversion layer and a strong electrical
field in parallel to the interface;
(ii) the decrease in the dimensionality from 3D to 2D
for the carrier motion in the direction perpendicular
to the interface due to the formation of a quantum
well (QW) with quantized levels (QLs) in the two-
dimensional electron gas (2DEG) channel.

For a triangular QW, the energy positions of QLs are
approximated by the formula [1]

e (422 o o)

or

1/3 2/3
(h/2m)? 3 ,Ng 3
By= () Swe =S (et D)|
( 2m* 27Te £0E n 4
where m* is the longitudinal effective electron mass for
the F transition, m* = 0.053mg, mg is the free electron
mass, Fy is a surface built in the electric field, ¢y and

e are the dielectric permittivities of vacuum and the
semiconductor, respectively, Ny is the inversion carrier

T able 2. ACE effect on the zone parameters of pnn*-
GaAs

Surface type Zone parameters, eV

E1 E1 + Al ‘ Al ‘ Fl ‘ 1—‘1~1»A1
Nonpatterned 2.969 3.161 0.192 0.119 0.104
Patterned 2.895 3.105 0.210  0.090 0.089
As20O3—GaAs

tiaAcE =5 s

T a b 1le 3. Experimental energy position of a QL and
some parameters of the patterned AszOz—pnnt-GaAs
interface

Experimental Width Es, V/cm? | N, cm?
position of QL E,, eV |of QW, L, nm
0.036 14.08 2.27 x 10° 1.63 x 1012
0.064 21.11 2.31 x 10° 1.66 x 102
0.093 25.7 2.61 x 10> 1.87 x 1012
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Fig. 4. ER spectra of pnnT-GaAs structures with nonpatterned
(1) and patterned AspO3z—GaAs (2) surfaces

concentration, and n is the quantum number (0, 1, 2,
ete.).

On the other hand, for each separated subband
located in a QW, the energy position of a QL may be
approximated by FE, (h/nff) ("7r > as for a
rectangular QW, where L is the subband width and n is
equal to 1, 2, 3, etc. in this case [1].

Thus, using the combination of both approximations
and considering the existence of three subbands
attributed to 3 peaks in the short-energy region of the
ER spectrum, the width L of a QW, Fy, and N, were
calculated and are summarized in Table 3.

It is necessary to note that the ER measurements
were located by a nanoscopic slope, and its data
are most severe in comparison with the IVC data.
Hereby, the object of investigations was to understand
the evolution situation from pnnt-GaAs nonpatterned
structure to the As;O3—pnn*-GaAs patterned one more
qualitatively than quantitatively. Nevertheless, such
quantitative findings as the QL position and the QL
number determined both from the IVC measurements
and the ER data still hold true. We note that some
authors evaluated the structure of energy levels using
a half value of the voltage corresponding to the NDR
peak positions on IVCs [1].

4. Conclusion

The ability to construct a new patterned As;O3—GaAs
heterojunction structure from a flat classic pnn™-GaAs
structure using the wet anisotropic chemical etching
has been demonstrated. A new patterned structure
includes the n-inverted layer consisting of As-rich (the

483



T.Ya. GORBACH, L.A. MATVEEVA, P.S. SMERTENKO, G.A. SUKACH

As sublattice) and Ga vacancies sandwiched between
patterned As;Os oxide and the p-type depleted top
epitaxial layer to obtain a new optical design and to
control its properties. The inversion layer is presented
by the triangular quantum well with a variable width
from 14 to 26 nm and the 0.036-, 0.064-, and 0.093-eV
positions of QLs in the QW.

The inspection of the patterned morphology, its
chemical composition, the patterned interface, transport
properties, photosensitivity, and zone parameters
by wusing SEM, X-ray analysis, current-voltage
characteristics, spectral response, and electroreflectance
monitoring has revealed the multifunctionality of the
patterned AsoOs3—pnnT-GaAs structure:

(i) an optical bistable device under condition of the 2D
carrier transport;

(ii) a potentially useful optical design with the
performance of a photovoltaic cell;

(iii) an electroabsorption avalanche photodiode under
condition of the avalanche multiplication of carriers and
the Franz—Keldysh effect.

We would like to thank E.Yu. Kolyadina for the help
in ER measurements.
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TPAHCIIOPT HOCIIB 3APSAY, CIIEKTPAJIBHUI
®OTOBIAI'YK TA OCOBJIMBOCTI 30HHOI
CTPYKTVYPH B pnnt-GaAs 3 HAHOPO3MIPHUM
Asy03—GaAs IIATEPH-IHTEP®ENICOM

T.4. Topbaw, JI.A. Mamecesa, I1.C. Cmepmenxo, I.O. Cyran
PesowMme

3 MeTOI BUBYEHHSI HOBUX ONTHYHUX SIBUII 1 MEXaHI3MIB IepeHe-
CeHHsl 3apsAy JOCIIIZKEHO ToJIinieni narepui crpykrypu AsgOz—
pnnT-GaAs muaxoM aHami3y iX BOMBT-aMIIEPHUX XapaKTEPUCTHK
(BAX), cuekrpasnbaoro ¢gorosiaryky (PB), 306parkeHb y CKaHyO-
YOMY €JIeKTPOHHOMY MIKPOCKOIIi, & TAKOXK METOJaMH PEHTTEeHiBCh-
KOI'0 aHaJjIi3y Ta CIIEKTPOCKOIIl ejiekTpoBinouTTs. [laTepHi HamiB-
IIPOBiJHUKOBI CepeloBHUINA PO3BHHEHI OJHOYACHO 3 YTBOPEHHSIM
apceHomiTOBOI okcuiHOI hbasu AszO3 3a JOIOMOIOK aHI30TPOITHO-
ro ximiunoro tpasnenust (AXT) y (10-15)N posuuni asoTHOl KHC-
noru HNOj3 Bepxuboi moBepxHi p-Tumy cTpykTypu pnnt-GaAs.
Byso 3nalineno, mo Iie CepeloBHINE CKIAIAETHCS 31 CKEJIETHO-
IEHAPUTHAX MOPQOJIOriIHUX CTPYKTYp 3 po3MipaMu mpubims-
HO 5-10 MKM, BKPUTHUX X€MOCOPOOBaHUM HAHOPO3MIPHUM IIIAPOM
As203 1 mecrexiomerpuynumu mapavmu 3 Bakancismu Ga i BlIb-
auMm As Ha Mexi momity AspOz—GaAs. Ilokazano, mo y cupu-
ATAUBUAX YMOBaX [JIsi BAHUKHEHHs MaTepHy Oijisd MOBEPXHI yTBO-
PIOEThCA iHBepCiifiHMII mIap y BUIVIAAL SIMU i3 TPUKYTHUM IIOTEH-
niajioM i 3MiHHOIO MmUpPUHOIO Bixg 14 110 25 HM. Y IbOMY BHUIAJIKY
Ha TeMHOBit BAX y mpsiMoMy HaIpsSIMKY CIIOCTEPIra€ThCs AiIsHKA
HEraTUBHOI'O JU(pepPEHIIAJIbLHOIO ONOPY 3 OCHMJISIIIIHOIO ITOBEiH-
KOIO i BiJIHOIIEHHAM CTPyMiB Ha BepmuHi ¥ y gosnusi Big 10 mo
100, mo € THUIOBUM I KBaHTOBaHOI CTPyKTypu. CrekTpaJsibHi
JTaHl TTOKa3aJiu IiJIBUINIEHHS KOPOTKOXBUJIHOBOI YAaCTUHU CIIEKTPA
BIJHOCHO [OBrOXBHJIBOBOI. BUSIBIIEHO Tako:K BILIUB DPEXKHUMY BU-
HUKHEHHs MaTepHy Ha (oToBoibTaldni mapamerpu. s Bummx
3HAYEHb 3BOPOTHOI HAIIPYTH PEAJI30BAHO IiABUIIEHHS KOoedilieH-
Ta @B ax Ha 4 MOPSAIKM 3aBJsAKU JJABUHHOMY PO3MHOXKEHHIO. Bu-
sIBJIEHHSI (POTOBIAryKy 11032 HOPMAaJIbHUM KPA€M IIOIJINHAHHS B
GaAs mozke 6yTu nosicieno edexkrom Ppanna—Kenguma. 3anpo-
[MIOHOBAHO MOJIEJIb PO3BUTKY CKEJIETHO-JIEHIPUTHOI HAraTOMAapOBOT
naTepH-cTpyKTypu Ass O3—pnnt-GaAs mig wac AXT. O6rosopro-
IOTHCSl MEXAHI3M IIEPEHOCY 3apsly i 0COBIMBOCTI CTPYKTYPH 3a60-
POHEHO] 30HU.
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