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Abstract. The deformation-diffusion theory of the formation of n-n"-transitions
in n-type semiconductors under the influence of pulsed laser irradiation is developed.
This theory takes into account the diffusion of defects in nonuniformly deformed field
(created both by the presence of defects itself and by a gradient of temperature) and
non-local interaction between defects and atoms of the matrix. The regularities of the
formation of barrier structures in the near-surface layer of irradiated germanium have
been investigated depending on the degree of doping, the duration of the laser pulse,
the substrate temperature, and the intensity of the laser irradiation. It is shown that
depending on the duration of the laser pulse and the intensity of the laser irradiation,
the electrons are localized near the surface of the semiconductor or their localization
area shifts to the depth of the crystal. The conducted theoretical calculations are in
good agreement with the experimental data of other scientific works.
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1. INTRODUCTION

The laser-induced periodic surface nanostructures can be generated on almost
any material (metals, semiconductors, dielectrics) when irradiated with linearly
polarized radiation and are formed in the huge range of pulse intervals, ranging from
continuous wave irradiation down to the few femtoseconds [1-7]. In experimental
work [3] it was shown that their formation occurs when heated to the temperature
higher than the melting temperature, and is due to the effect of the long-range of
the laser pulse and is explained by the influence of the pressure gradient of the
surface acoustic wave. In [2, 4], under the influence of pulsed laser irradiation of
Ge, Si semiconductors and their solid solutions, the nanostructured surface was
obtained when it was heated to the temperature lower than the melting temperature.
The authors of these works developed the qualitative model that explains the
formation of surface nanostructures due to the temperature gradient and, accordingly,
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the diffusion fluxes of interstitial atoms and vacancies in the nonuniform deformation
field. Moreover, interstitial atoms accumulate near the surface of the irradiated
sample, forming the surface superlattice, and vacancies accumulate in the depth of
the semiconductor. The redistribution of the electric charge in the direction
perpendicular to the surface was also observed. The electrons were localized in the
region near the surface of the sample (in the region where the interstitial atoms
accumulated).

One of the perspective directions of the formation of electron-hole transitions
is pulsed laser irradiation of the semiconductor surface [2, 4, 8-10]. In this case,
there is a strong absorption of light energy in the thin near-surface layer of material,
which leads to its rapid nonuniform heating and, accordingly, the emergence of the
diffusion fluxes of point defects (interstitial atoms and vacancies). Interstitial atoms
and vacancies are centers of deformation. Therefore, the spatial redistribution of
defects leads to the emergence of the nonuniform deformation field. This, in turn,
leads to the shift of the edges of the allowed bands and, accordingly, the spatial
redistribution of electrons and holes.

In this paper, we propose the deformation-diffusion description of the formation
of n-n"-transitions in n-type semiconductors under the influence of pulsed laser
irradiation.

2. THE SPATIAL REDISTRIBUTION OF DEFECTS UNDER
THE INFLUENCE OF LASER IRRADIATION

Consider the semiconductor whose surface is exposed to pulsed laser
irradiation. Under the action of laser irradiation, the point defects (interstitial atoms
and vacancies) with an average concentration N,=G,r, (G, is the rate of

generation of defects; 7, is the defect lifetime) are generated in the near-surface
layer. Nonuniform heating of the matrix to the depth of the crystal is also observed.

In [11 — 14] the spatial distribution of temperature in solids when irradiated
with femtosecond or nanosecond laser was investigated. This distribution is well
approximated by the function:

T@) =Ty~ To)e " + T, (1)

where Ti.x and T, are the temperature of the irradiated surface (determined by the
intensity of laser irradiation) and the temperature of the substrate (in the
experiment it is usually room temperature), respectively; /r is the characteristic
distance of the laser beam, which at constant intensity is determined by the
frequency of the laser pulse [11].

Due to the nonuniform heating of the semiconductor, the nonuniform
deformation field arises, which creates the deformation-diffusion fluxes of defects.
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Moreover, defects that are centers of stretching (interstitial atoms) move in the
region of relative stretching (to the crystal surface), and defects that are centers of
compression (vacancies) move in the opposite direction [15].

The flow of defects in the deformation field, taking into account the nonlocal
interaction between the defects and the atoms of the matrix has the form [16, 17]:

Ji=—D
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where D; is the diffusion coefficient; N; is the concentration of defects; ¢ is the
deformation; r,, is the characteristic distance of the interaction of defects with
matrix atoms; kz is Boltzmann constant; 8, = KAQ, is the deformation potential of
defects; K is the module of comprehensive compression; i =1 corresponds to
interstitial atoms; i = 2 corresponds to vacancies.

Considering that the deformation is determined by two factors: defects and
thermal expansion, the flow of defects can be written as:
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where ¢ is temperature coefficient of volume expansion. The second term is the flow
of defects in the nonuniform deformation field created by the defects themselves.
The third term is the flow of defects in the nonuniform deformation field, which
arises due to the presence of the temperature gradient. Here takes into account that

g=Z€iN,./K+aAT. (4)

Then the stationary diffusion equation will take the form:

d[dN, NO (<6 (dN, d&N, , dr d&’T , v dN,
— — > +—=tr |val —+—1 || |[+———L=0. (5)
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The last term expresses the fact that the surface of the semiconductor shifts
with velocity v because that the interstitial atoms come to the surface [18, 19].

Considering that the deformation potential for vacancies is much smaller
than for interstitial atoms (& << 6,), the system of equations (5) can be written as:

3 3
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Integrating the equations (6) and (7) with taking into account that
dN, (z > ®)/dz =0, we obtain:

3 3
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where b, =a0, /ky; N, =K -k,T,

min

/6,6,. The constants of integration are determined
from the condition of preserving the number of defects:

(N,—N,,)dz =0. )

S =38

The equation (8) for the concentration of interstitial atoms N; was solved by
the method of successive approximations. In the right part of the equation (8), the

solution N, 1(0)(2) was taken as the zero approximation N, (z) (without taking into

account the first term of the subintegral function, i.e. without taking into account
the deformation caused by defects):

N (2)=CT(z)" e"p(f [b? dszZgZ) Ch Diﬂ szj

It is obvious that after the cessation of the laser beam, the temperature
relaxes to equilibrium (7,,,), i.e. changes with time. Within this model, we consider
the case when the relaxation time is much longer than the time for which the steady
state is established for the diffusion of defects [2]. In this case, we can limit
ourselves to the stationary model.

3. THE SELF-CONSISTENT SPATIAL REDISTRIBUTION OF CONDUCTION
ELECTRONS AND ELECTROSTATIC POTENTIAL

Consider the n-type semiconductor. For the high-alloy semiconductor, the
Thomas-Fermi approximation can be used. Then, taking into account the deformation
effects, the electrochemical potential will take the form [20]:
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where m; is the effective mass of electron of the doped semiconductor material;

n(z) is the concentration of electron; a. is the constant of hydrostatic deformation
potential of the conduction band.

Consider the semiconductor as the two-component system containing electrons

with the concentration 7n(z), ionized stationary donors with the concentration N .

Obviously, that the condition
n,=N, (11)
is met, where ny is the spatially uniform value of the concentration of conduction

electrons.
From formula (10) we can determine the concentration of current carriers:

n(z)—(zmST/zL( (2) + e, (2) - a,e(z)) (12)
- hz 37[2 ZS ¢S (4 .

In the absence of electric current, the electrochemical potential is constant,
2

. h
ie. x.(2)=x=x(o)= .

2/3
(37z2n0) . Then, in the linear approximation

s
(ep,(z)—a.e(z)<< g,), the concentration of conduction electrons can be
represented as:

n(z) = n, +R(e(ps(z)—ace(z)), (13)
3/2
where R = 2—";“ Zg .
h 2
The electrostatic potential ¢,(z) is found from the Poisson equation:
e
Vip,(z)=———(N,(2)-n(z)), (14)
£,

where &, is the dielectric constant of the material of semiconductor substrate, which
also depends on the deformation of the semiconductor [21].

The following conditions must also be met for the electrostatic potential and
the concentration of conduction electrons: 1) the electrostatic potential at infinity
must be finite; 2) the law of conservation of electric charge must be fulfilled:
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TAn(z)dz=0. (15)

Thus, solving the system of equations (8) and (14) taking into account (4),
(13) and (15), we can obtain the spatial distribution of the electrostatic potential
o4(z), the deformation of the crystal lattice &z), the concentration of conduction
electrons n(z).

4. NUMERICAL CALCULATIONS OF THE SPATIAL REDISTRIBUTION OF THE
CONCENTRATION OF CONDUCTION ELECTRONS IN n-Ge UNDER THE INFLUENCE
OF LASER IRRADIATION

Recently, the semiconductor germanium has been widely used in the manufacture
of tunnel diodes, pulse diodes, varicaps, microwave diodes, Hall sensors, optical
lenses, light modulators, radioactive particle counters, and others. This is primarily
due to the high mobility of current carriers (electrons and holes). In particular, the
mobility of electrons in germanium at room temperature is three times greater than
in silicon, and the mobility of holes is four times greater [22—24]. Given that quite
often in the self-organization of defects on the surface of semiconductors the
decisive role is played by the deformation-diffusion mechanism, the important
physical parameter is the constant of deformation potential of the conduction band
(valence band). This parameter determines the displacement of the edges of the
permitted bands under the action of deformation, and for germanium the constant
of deformation potential of the conduction band is the largest among all known
semiconductors and compounds used in modern electronics (Si, GaAs, CdTe, ZnO
and others). The disadvantage of germanium is its narrow operating temperature
range, in particular, the low upper temperature limit (343 K). But this problem is
successfully eliminated by coating germanium with other semiconductor materials,
such as Si, SiO,. Gallium arsenide has greater mobility of electric carriers [25], but
the sensitivity of the crystal lattice to pressure (constants of deformation potential)
is much lower than in germanium. Therefore, the electron-deformation effects are
well manifested in semiconductor Ge [2].

Figures 1-4 show the spatial redistribution of the nonuniform component of
the concentration of conduction electrons An(z) = n(z) — ny in the semiconductor
under the influence of pulsed laser irradiation. The calculations were performed for
the Ge semiconductor at the following values of parameters:

1) the self-diffusion coefficient of germanium:

D, =25,4exp(-3,13eV [k,T) cm’/s [23];

2) the temperature coefficient of volumetric expansion of germanium [24]:

T[K] 100 | 200 | 300 | 400 | 500 | 600 | 800 | 1000 | 1200
o, [10° K" 066 | 1.5 | 1.77 | 1.917 | 2.046 | 2.16 | 2.364 | 2.553 | 2.553
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¢t

3) the module of comprehensive compression K = =0,77Mbar ,

where ¢y, ¢, are the elastic constants [26];

4)rs, =3 nm; the deformation potentials: & =15eV, 6 =-7¢eV; the
velocity of surface shift v = 0,1 nm/s [19];

5) the effective electron mass m, = 0,2 my; & = 16; a. =-8,24 eV.

Figure 1 shows the coordinate dependence of the nonuniform component of
the concentration of conduction electrons An(z) at different values of their average
concentration (7p =300 K; Thax=1000K; No=5-10" cm”; r4 =3 nm). Under
the influence of laser irradiation, the n-n"-transition is formed in the near-surface
layer of semiconductor Ge. In particular, electrons are localized in the near-surface
layer (0—4 nm). Conversely, at z> 4 nm, there is the lack of electrons compared to
the average value (excess of positive charge). With increasing average concentration
of electrons the n-n"-transition becomes sharper: the excess of electrons Az increases
and the area of electron localization narrows.

7]

J

[y

An-10-'8 [cm3]

10 15
z [nm]
Fig. 1 — The spatial redistribution of conduction electrons in germanium under the influence

of laser irradiation at different values of their average concentration:
1-ny=10"cm>2-n,=10"cm>3-ny=2-10% cm>.

Such redistribution of electrons is mainly determined by the distribution of
deformation in germanium (formula (4)). Since the deformation potential of interstitial
atoms is much larger than the deformation potential of vacancies, the deformation
is mainly determined by the spatial distribution of interstitial atoms [27].

Figure 2 shows the coordinate dependence of the nonuniform component of
the concentration of conduction electrons An(z) at different values of the parameter
I7, which is determined by the duration of the laser pulse (1= 10" cm™). With



Article no. 506 R. Peleshchak, O. Kuzyk, O. Dan’kiv 8

increasing duration of the pulse (increasing the parameter /7), the concentration of
electrons decreases in the near-surface layer and the character of the n-n"-transition
changes (curves 2 and 3). In this case, the excess of positive charge arises in the
near-surface layer of n-Ge, which is explained by the corresponding distribution of
deformation.

10 15

Z [nm]

Fig. 2 — The spatial redistribution of conduction electrons in germanium under the influence of laser
irradiation at different values of the characteristic distance of action of the laser beam:
1-Ir=2nm; 2 —[;=8nm; 3 —/[;=15nm.

Figure 3 shows the coordinate dependence of the nonuniform component of
the concentration of conduction electrons An(z) at different values of the average
concentration of defects Ny (1= 10" cm™). The concentration of defects is the
controlled parameter, which is determined by the power of the laser irradiation.
With increasing the power of laser irradiation (increasing the concentration of
defects N,), the concentration of electrons decreases in the near-surface layer and
the character of the n-n"-transition changes (curve 3). This is due to the fact that at
high concentrations of defects the role of vacancies, which are centers of
compression, is increasing [27]. Therefore, the character of deformation changes in
the near-surface layer, and the electrons are localized in those regions of the
semiconductor that undergo deformation of stretching.

Figure 4 shows the coordinate dependence of the nonuniform component of
the concentration of conduction electrons An(z) at different values of the substrate
temperature (No =15 - 10" cm™; ny = 10" cm™). Reducing the substrate temperature
leads to greater localization of conduction electrons in the near-surface layer. This is
due to the fact that the deformation effects are better manifested at low temperatures,
in particular, the deformation component of the flow of the defects (formula (3)) is
inversely proportional to the temperature.
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An-1018 [cm3]

0 5 10 15
Z [nm]

Fig. 3 — The spatial redistribution of conduction electrons in germanium under the influence
of laser irradiation at different values of the average concentration of defects:
1-Ny=10%em>; 2 -Ny=10" em®; 3 = Ny =10 em 2.

z [nm]

Fig. 4 — The spatial redistribution of conduction electrons in germanium under the influence
of laser irradiation at different values of the substrate temperature:
1-T7,,=100K;2-T,,;,,=200K; 3 — T,,;,, = 300 K.

The proposed model of the formation of barrier structures under the influence
of laser irradiation is valid provided that the concentration of defects is less than
some critical value Ny < N.. Otherwise, the nonlinear effects are significant [27],
which lead to the emergence of self-organization processes.
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5. CONCLUSIONS

The model of the formation of n-n'-transitions in n-type semiconductors
under the influence of pulsed laser irradiation has been developed, which is based
on the self-consistent solution of system of the equations of diffusion, Poisson and
condition of electroneutrality. In the first stage, pulsed laser irradiation creates
nonuniform heating (nonuniform deformation) of the semiconductor in the near-
surface layer and generates point defects (interstitial atoms and vacancies). As a
result, in the nonuniform deformation field there is the spatial redistribution of defects,
which fundamentally changes the character of deformation of the semiconductor
near the irradiated surface. The self-consistent electron-deformation interaction is
the cause of local displacement of the bottom of the conduction band and, accordingly,
the spatial redistribution of conduction electrons.

Within the framework of the developed model, the concentration profiles of
conduction electrons for n-Ge at different values of their average concentration,
substrate temperature, average concentration of defects, and the characteristic
distance of action of the laser beam were investigated. The obtained results are in
good agreement with the experimental data of work [2].

The results of calculations performed within the developed model, and
experimental investigations presented in works [2, 28], allow us to assert that the
deformation effects play an important role in the formation of n-n'-transitions by
means of laser irradiation. The main factor that creates the deformation is the
internal stresses, the source of which are point defects. However, the external
stresses, such as acoustic wave [27, 28], impurities [29], external pressure [30, 31],
make it possible to predictably control the process of the formation of n-n"-transitions.
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