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1. Introduction

Controlling the changes in the microstructure of
semiconductor materials by means of applying weak
magnetic fields (WMF) (for these fields, the relation
pg B << KT with pg being the Bohr magneton and B -
magnetic induction, respectively, can be accepted) is a
promising area of research. This control is possible only
provided the mechanisms underlying the processes of
defect transformations have been ascertained. Because of
the small energy of interaction between point and linear
defects as compared to the energy barriers required for
initiation of motion (the so-called “kT-problem” [1]), one
can suggest that weak magnetic field-induced phenomena
could be related to alternative mechanisms. Realization
of the spin-related mechanisms [1-6] as well as resonant
mechanism [7, 8] for modification of structural
parameters inherent to the structures under investigation
can be observed at small energy values of external action.
Transformations of defect subsystems stimulated by both
spin-related processes and resonant phenomena do not
require high energy values. Therefore, one can expect
some combination of these processes under the real
experimental conditions.

Analysis of the defect behavior in the diamagnetic
dielectric and semiconductor crystals under action of
weak magnetic fields has been presented from different

points of view. According to one of them, magnetoplastic
effects are caused by spin-related reactions occurring in
radical pairs of paramagnetic defects (dislocation-
stopper) [1, 2]. Paramagnetic centers in semiconductors
are broken bonds in the cores of dislocations, carrying
unpaired electrons [3], as well as oxygen atoms, ions of
donors and acceptors acting as stoppers [2, 4, 5]. Singlet-
triplet transitions in the mentioned pairs of paramagnetic
defects result in the detachment of dislocations from the
stoppers and their subsequent movement under the
influence of a mosaic of internal mechanical stresses in
the crystal [1, 2]. An alternative point of view was
discussed in [9], where it was emphasized that a crucial
role in the magnetoplastic effect can be attributed to the
clusters of defects sensitive to the action of magnetic
field. To explain the features of behavior of crystals in
magnetic fields, a mechanism based on the concept of the
destruction of paramagnetic defect complexes due to
spin-dependent reactions within these complexes was
proposed [10]. In [11], the concept of lattice-related
defect induced magnetism was developed in the analysis
of the destruction of defect complexes. At the same time,
an important feature of semiconductor crystals is the
presence of free-to-move charge carriers in them. Their
dynamics in magnetic field can have a significant impact
on the defect evolution in semiconductor materials.

© 2020, V. Lashkaryov Institute of Semiconductor Physics, National Academy of Sciences of Ukraine

302


http://foreign.dut.edu.ua/en/pages/13

SPQEO, 2020. V. 23, No 3. P. 302-307.

The purpose of this paper is to present the results of
experimental studies aimed at transformations of
radiative recombination spectra and surface morphology
of 111-V semiconductor compounds induced by action of
pulsed magnetic fields, as well as the analysis of
corresponding mechanism of defect evolution that is
based on the concept of magnetic field excitation of the
electron subsystem (holes).

2. Experimental

The samples of GaP(111) under investigation were
Czochralski grown and n-type doped with Te. The
concentration of donors was 8-10* cm™ and thickness
was 350 pm.

Influence of WMF on the morphology (roughness)
of the surfaces and integrated PL spectra of gallium
phosphide were studied (all surfaces of the samples under
study were under light excitation). PL spectra of GaP:Te
were measured at room temperature within the spectral
range 500-800 nm. The roughness parameters of material
surfaces were estimated using the atomic force
microscopy (AFM) data. The increase of analyzed area
was accompanied by the rise of the peak height
distribution. This indicates the fractal mechanism of
relief formation in the samples under investigation. We
used the approach proposed in [12] for the analysis of
fractal dimensionality by the triangulation method. This
approach enables to obtain reliable information about the
actual area of the scan.

Pulsed magnetic field treatment of the structures
under investigation was performed for 3 min by
cyclically moving the sample through the gap of a
permanent magnet with the induction B = 60 mT using a
rotating modulator. The rotation frequency was 10 Hz.
To control natural aging of samples and formation of
surface oxides, the sample receiving no magnetic field
(MF) treatment was used as the reference for each
material. It was kept under the equal conditions with
treated samples between the measurements.

3. Results and discussion

The initial PL spectrum of GaP:Te crystals in the red
range contains one impurity band near 1.83 eV (Fig. 1a)
attributed to complexes [11]. We had therefore the
samples with typical defect structures and background
impurities. Initial roughness parameters as well as fractal
dimensions obtained by the triangulation method based
on approximation with a straight line of the data (Fig. 1c)
for the studied samples are summarized in Table 1.
Magnetic field treatment did not significantly
change both the PL spectra and the surface parameters of
I11-V semiconductors. However, after processing long-
term (up to 1 month) restructuring of semiconductor
defect subsystems takes place, which can be deduced
analyzing the obtained PL spectra and AFM data of the
samples under investigation. Fig. 1 shows evolution of
the PL spectra and fractal dimensions of GaP:Te after
WMF processing. It should be noted that changes in the
PL spectra of studied semiconductor are accompanied by

Table 1. Morphological characteristics of GaAs:Te samples
determined from AFM data (R,,s — root-mean-square deviation,
R, — arithmetic average deviation).

Fractal
State of samples ~ Rys (nm) Ra(nm) dimensionality

Initial state 6.90 5.28 2.31
1 day after 6.92 5.82 2.36
treatment

7 days after 5.88 571 2.46
treatment

14 days after 7.41 5.98 2.49
treatment

21 days after 6.8 533 235
treatment

35 days after
treatment 6.52 5.14 2.29

modification of their morphological parameters, and an
increase of roughness is observed at the first stage.
However, return to the initial parameters of both PL
spectra and morphological characteristics were observed
later. Moreover, in some cases even smoothing of the
surface was observed, similar to that observed in silicon
samples [13] after magnetic field treatments.

The observed changes in the intensity of PL band
and surface morphology can be explained using the
concept of dynamics inherent to dislocation behavior and
impurity complexes in the near-surface regions (i.e., the
regions in which the electron-hole pairs are generated by
PL excitation light). This dynamics corresponds to
detachment of dislocations from local stoppers and
destruction of impurity complex clusters [8, 14]. These
phenomena are accompanied by migration of defects [8,
14-16] and activation of oxidative processes [17].

When a semiconductor crystal is placed into
homogeneous magnetic field with constant induction,
free electrons with scalar effective mass begin to move
along spiral trajectories that are screw lines with the axis
coinciding with the direction of magnetic field induction.
The angular frequency of electron rotation is called the
cyclotron (Larmor) frequency. For non-relativistic
particles (for electrons in a semiconductor crystal, the
thermal velocity is much smaller than the speed of light),
itis equal [18]:

® _eB
B~
mn

)

where e is the elementary charge, B — magnetic field
induction, and m, — effective electron mass in the
semiconductor crystal, respectively.

Since electron undergoes acceleration during
rotation, which has a constant magnitude and is directed
along the normal to the linear velocity, it is a source of
electromagnetic radiation with the frequency wg [18].
The radiation power of electromagnetic waves emitted by
electrons in a volume unit of a semiconductor crystal is
expressed as follows [19]:
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where g is the electric constant of vacuum, & — dielectric
function of semiconductor, vy — thermal mean square

velocity of electrons, ¢ — speed of light in vacuum, and n
— concentration of free electrons in this semiconductor,
respectively.

In particular, for GaP:Te we have obtained the
following results. In this semiconductor compound, the
effective mass of electrons is a tensor quantity. In our
approach, we replace it by the effective mass of states
density. Our calculations by using Eqgs (1) and (2) are:
vg= og/2m = 2.1-10° Hz, W = 0.15 W-m 2 (the effective
mass of states density is m.=0.79mg, where mq is the
electron rest mass, € = 11.1, vy = 2:10° m-s 1 [20]).

It should be noted that the regions where magnetic
field has the induction orders of magnitude smaller than
60 mT were also present (at the edge of magnet). The
samples moved through these regions during rotation as
well. That is, the result is by orders of magnitude smaller
for the cyclotron frequency. Therefore, electromagnetic
waves in a wide frequency range will be generated in the
semiconductor crystal.

Thus, one can expect that the mechanisms of defect
structure transformation in epitaxial films treated in
pulsed magnetic fields could be the same as those
proposed at the non-thermal effect of wide range
microwave electromagnetic irradiation [21]. Transfor-
mation of the defect subsystem under the action of
microwave radiation is caused by a detachment and
displacement of dislocations as well as destruction of the
clusters of impurity-defect complexes with subsequent
diffusion of destruction products. This diffusion is
favored by resonant phenomena related to the
coincidence between the electromagnetic wave frequency
and proper frequencies of dislocation oscillations and
plasma oscillations of impurity ions [8, 14, 22]. At the
resonant frequency with small attenuation, the amplitude
and, hence, the oscillation energy increase sharply. As
soon as the oscillation energy becomes higher than the
binding energy of defects, the observed changes of the
state of the latter occur.

4. Concept of equivalence

The proposed concept of equivalence of the effects
caused by pulsed magnetic field treatments and non-
thermal action of microwave radiation with the
frequencies in the wide range is consistent with the
following experimental facts.

(i) Experimental studies of changes in the structural
perfection of the surface layers of I11-V semiconductor
compounds after exposure to magnetic field pulses
indicating generation, transformation, and destruction of
Frenkel defect clusters, as it was presented in [23]. These
changes enhanced in the series of GaAs-InAs-InSh
materials. This feature can be explained by the fact that
the effective masses of free charge carriers decrease in

this series. Therefore, taking into account (1) and (2),
both the frequency wg (the range of frequency spectrum
expands) and the power of electromagnetic radiation
increase. These both circumstances result in the changes
of structural perfection inherent to the surface layer of
semiconductor compounds under action of magnetic field
pulses.

(if) Physical-statistical analysis of the long-term
dependences of PL intensity changes after processing in
WMF and under electromagnetic radiation indicates the
equivalence of mechanisms responsible for transfor-
mation of defects under these two types of actions.

It was shown [24] that the considered physical
processes can be represented by random events and the
corresponding random variables (times to events) and are
the subject to the Weibull-Gnedenko distribution. We
assume that motion of a defect from the subsurface
region to the surface and migration of a defect to the
subsurface region from the epitaxial layer adjacent to this
subsurface region are random events. Then this physical-
statistical approach (as well as at microwave radiation
treatment) allows us to obtain the following relation for
the time dependence of the normalized intensity of
integrated PL [8, 14, 21]:

, ®)

where I;, is the initial value of the intensity of
photoluminescence band, 1, — proportionality factor,
11, T, are the time constants of random events, and
m; and m, — form factors of the distribution function of
time to a corresponding random event.

Shown in the inset of Fig. 1la are the results of
approximation obtained using the expression (3) and the
least-square method for intensity changes in the
integrated PL inherent to the IlI-V structures under
investigation. One can see a good agreement between
experimental and theoretical data. The fitted parameters
for approximation are summarized in Table 2.

Table 2. Fitted parameters for the expression (3) and calculated
diffusion factor.

Fitted parameter GaP:Te
ly 451

1, (days) 13.01

T, (days) 20.02

m; 11.21
m, 3.74
S as
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Fig. 1. Evolution of GaP:Te PL spectra after magnetic field treatment (a) (inset: the dependence of integrated PL intensity on the
time after processing), AFM image of the initial state of the sample (b) and bundle of lines to obtain the values of fractal

dimensionality using the triangulation method (c).

Let’s estimate the parameters characterizing
transformation of the defect structure. If the motion of
defects has a diffusion character, in accordance with [24],

T = dZ/D , where D is the effective diffusion factor and

d — thickness of the layer, in which the electron-hole
pairs are generated under exposure to light of PL
excitation. Since the absorption coefficients of 1l11-V
compounds under investigation in the studied spectral
range are ~10* cm®, and d ~ o, in our experiments d is
equal to about 10 cm. The calculated value of D is
presented in Table 2. The obtained values, at least within
one order of magnitude, are in fairly good agreement
with similar estimates of the diffusion factors of
migrating impurities appearing due to the non-thermal
treatment with microwave electromagnetic radiation:
1.6510cm?s? (for GaN), 2.06-10™cm’s? (for
GaAs) [8, 14]. This feature indicates generality of the
non-thermal mechanisms responsible for the processes
stimulated by microwave electromagnetic radiation and
those taking place at the interaction of weak magnetic
field with semiconductor structures.

5. Conclusions

In conclusion, the dependences of PL intensity and surface
morphology on the time after the WMF treatment of 111-V
semiconductor compounds have been investigated. The
results and conclusions of this study can be summarized as
follows. (i) The after-effect (oscillatory changes of PL
intensity and roughness parameters) is qualitatively the
same for all the compounds studied and confirms earlier
results obtained using other 111-VV compounds [25].
(i) There is a strong correlation between PL intensity and
AFM-data changes, which testifies the same nature of
these phenomena. (iii) To explain the observed features,
alternative mechanisms are required (because of “KT-
problem”), such as, e.g., the spin-conversion mechanism
[1, 10, 11] or/and the resonant-related one [8].
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3MiHM 1OMIIIKOBOI BUIIPOMIHIOBAJIbHOI peKOMOiHalii Ta Mop¢oJiorii moBepxHi,
BUKJIUKaHi 00po0koro GaP y ciiabkomy MarHiTHomy moJti

P.A. Peabko® 2, I'.B. Minenin’, B.B. Minenin’, C.M. Peabko’

AHoTanig. Y wuiii poOoTi HaBeIEHO pPE3yNbTaTH BUBYCHHS JOBIOTPHUBAINX 3MiH IHTCHCHBHOCTI CMYT (DOTOIEOMI-
HECIICHIII Ta MoBepXHEeBoi Mopdoorii ¢ocdigy ramiro, cCOpuIMHEHHX OOPOOKOI B CIAOKMX MATHITHHUX TIOJISX.
3anporoHOBaHO HETEIIOBUH MEXaHi3M, 10 0a3yeThes Ha ifiel mepeTBOPEeHHS Me(EeKTiB BHACTIIOK BUMAJAKOBUX MO,
OB’ s13aHUX 3 MoauQikamiero aedekriB miacucteMu. OMIHEHO MOTYKHICTh BUIIPOMIHIOBaHHS €IICKTPOMArHITHUX XBHUIIb,
30y[UKeHHX PYXOM €JEeKTPOHIB Y IOCHI[KyBaHOMY HAIBIPOBIAHUKY. Po3paxoBaHO eMITipHyYHI TapaMeTpl IJis
IOBTOTPHBAJIOi TpaHchopMalii iHTEHCHBHOCTI (oToNMOMiHecHeHII Ta koedimieHTH mudysii mnd medekriB, sKi
3’ ABJISIFOTHCS.

KurouoBi ciioBa: ¢GoToIOMIHECHCHIIIS, AUCIOKAIlS, BUMAJAKOBA IOMis, PE30HAHC, 10HHO-TUIA3MOBa 9acToTa, ciladke
MarHiTHe I10J1e, MiKpOXBHJIbOBE BUIIPOMIHIOBAHHSL.
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