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Influence of the Dember effect on second harmonic generation
upon reflection of Ti: sapphire laser radiation from silicon

I.M. Baranova, K.N. Evtyukhov, A.N. Murav’ev

Abstract. Electronic processes stimulated in a silicon volume
by a megahertz train of femtosecond pulses from a
Ti : sapphire laser are studied theoretically. The spatial
distribution of a photoinduced potential in the silicon volume
is calculated. It is shown that this potential can considerably
change a voltage applied to the near-surface region of a space
charge, thereby affecting the generation of the reflected
second harmonic.
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effect.

1. Introduction

Electronic processes stimulated by laser radiation in semi-
conductors and semiconductor structures play an important
role in nonlinear optics of the semiconductor surface. This
work is a continuation of our papers [1, 2], where the
generation of the reflected second harmonic (RSH) was
considered upon irradiation of silicon by a hertz train of
nanosecond pulses from a Nd : YAG laser. It was shown
that photostimulated electronic processes affect the non-
linear optical response, by changing the spatial charge
region (SCR) near a surface. This influence is manifested,
first, in the narrowing of the initial equilibrium plane near-
surface SCR, caused by the presence of the surface
potential ¢, due to the increase in the carrier concen-
tration. It is in this plane near-surface region that the
electrostatic field is comparable to the interatomic field,
which favours the RSH generation. Second, the Dember
effect takes place inside a semiconductor, below the near-
surface plane, thin and nonequilibrium SCR. This effect
consists in the appearance of an electric field in the
semiconductor volume due to the spatial inhomogeneity of
the pump beam intensity and the difference in the velocities
of diffusion motion of nonequilibrium electrons and holes.
We will call this nonequilibrium region the Dember effect
region. It was shown in [1, 2] that photostimulated elec-
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tronic processes affect the RSH generation because the
Dember volume potential changes the potential difference
applied to the thin near-surface SCR.

The RSH generation was performed in the last years by
using a Ti:sapphire laser [3, 4], whose output parameters
are much better than those of a Nd : YAG laser. However,
the electronic processes stimulated in semiconductors by a
Ti:sapphire laser and their influence on the RSH generation
have not been studied so far. We consider these questions in
this paper.

2. Formulation of the problem

We used in calculations the output parameters of a
Ti : sapphire laser presented in [3, 4]: the pulse duration
to = 120 fs, the pulse repetition rate v =76 MHz, the
off—duty ratio Q = 1.10 x 10°, the tuning range 4 = 705—
820 nm, and the Gaussian intensity distribution over the
beam cross section [I = [yexp (— rz/Rz)]. For the effective
beam radius R = 0.1 mm and the pulse energy W =4 nl,
the axial intensity of the beam was I, = 1.06 x 10'> W m—>
and the average radiation power was (P) =304 mW.
According to [3, 4], in this case the silicon surface was
heated up to a few tens of degrees. Such variations in the
temperature change the equilibrium concentration of
carriers, but it seems that they cannot affect noticeably
photostimulated processes in silicon, which are caused first
of all by intense optical excitation of nonequilibrium
carriers and significant gradients of the nonequilibrium
concentration. However, the consideration of corrections
related to thermal effects can be the subject of a separate
study.

In this paper, we consider the case of radiation normally
incident on the silicon surface. The optical constants of Si
were taken from [5], where they were given only for discrete
wavelengths, including 690.6, 731.2, 776.9, and 828.7 nm.
Note that the spectral range 690.6—828.7 nm contains the
tuning range of a Ti:sapphire laser, and absorption of
radiation continuously decreases with increasing wave-
length, resulting in the reduction of photostimulated
electronic processes. For this reason, we estimated the
maximum manifestation of these processes by using the
optical constants for a wavelength of 690.6 nm, which is
close to the short-wavelength boundary of the tuning range
of a Ti : sapphire laser.

Table 1 presents the required parameters of silicon for
the above-mentioned wavelengths: the real (n) and imagi-
nary (x) parts of the complex refractive index, the
absorption coefficient o = 4nx /A, the characteristic pene-
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tration depth d = 1/a of radiation into silicon, the pro-
portionality coefficient K, = g/I [g is the local photo-
generation rate for electron—hole pairs and 7= I(r,z) is
the local intensity]. For normally incident pump radiation
from a medium with the real refractive index n; (we assume
that n; = 1), we have K, = 16mn;ni/[(n; + n)*he].

Table 1. Optical parameters n, k, o, d of silicon, the conversion
coefficient K,, the instant (g, ) and effective (g ) photogeneration rates
as functions of the radiation wavelength for 7, = 120 fs, v =76 MHz,
and Iy = 1.06 x 10> W m 2.

b Wavelength /nm

aramet

arametet 690.6 731.2 776.9 828.7

n 3.796 3.752 3.714 3.673

K 0.0130 0.0104 0.00767  0.00517
2/10°m™! 2.37 1.79 1.24 0.784
d/um 4.23 5.60 8.06 12.76
K, /102 7' m™! 5.42 4.37 3.24 2.20
20/10° m™ 57! 5.75 4.63 3.43 2.33
20c/10° m™ 57! 5.24 422 3.13 2.12

In addition, Table 1 presents the values of the instant
(g0 = K,Iy) and effective, i.e., averaged (go. = g9/Q) pho-
togeneration rates of carriers at a point where the pump
intensity is maximal (1= I).

We assume that the time dependences of the local
intensity I(r,z,f) and photogeneration rate g(r,z,t) are
infinite trains of rectangular pulses beginning at the instant
t=0:

)
1r,2,1) = I(r,2) /(1) = Iy exp (— - az)ﬂz),
2 M
elr200) = 21211 = zoexp(~ 1 = 3210,
where
1 m-1NT<t<ty+@m—-1T
f(t)_{O lo+(n—1)T<?<nT, n=1,23,...; &)

T is the pulse repetition period; the coordinate z is
measured inside silicon along the normal to its surface,
and the radial coordinate r is measured from the beam axis.

The calculation of nonequilibrium concentrations of free
electrons n’ and holes p’ and the electric field in the Dember
effect region caused by their diffusion-drift motion is based
on the solution of a set of equations including the continuity
equation for electrons and holes and the Poisson equation
for the Dember electric field (the surface potential in this
region is screened by a plane near-surface SCR) [6]. In the
cylindrical coordinate system, this set of equations has the
form
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where w,, p,, Dy, D, are the mobilities and diffusion
coefficients of electrons and holes, respectively; R, and R,
are the recombination terms; ¢ is the static dielectric
constant (¢ = 11.7 for silicon); and ¢ is the local potential.

As in [1, 2], we calculate the distribution of the photo-
induced potential in the Dember effect region in order to
determine the photoinduced change in the potential differ-
ence applied to the near-surface RSH, where one of the
basic contributions to the RSH is formed. We assumed that
the conditional boundary between the near-surface SCR and
the region under study has the coordinate z = 0.

We represent the nonequilibrium concentrations of
carriers in the region under study in the form

n'=ng+ng+n p'=po+pg+&. 4)

where ny and p, are the initial equilibrium concentrations of
carriers in the electrically neutral volume of a semi-
conductor; n, and p, are the local nonequilibrium
additions to the carrier concentrations caused only by
two electronic processes: photogeneration and recombina-
tion; 1 and ¢ are the nonequilibrium additions due to the
diffusion-drift motion of carriers.
It is natural to assume that

ng = pg > [nl, [&], (5

and, therefore, the problem can be solved in two stages. In
the first stage, by neglecting diffusion-drift terms in system
(3) and omitting the equation for the field, we calculate the
spatiotemporal distribution of additions 7, and p,, and in
the second stage, we calculate the distributions of additions
n and ¢ and photoinduced electric field.

3. Calculation of nonequilibrium carrier
concentrations by neglecting diffusion-drift
motion

In the calculation of local additions n, = n,(r, z, 1) and p, =
Pg(r, 2, 1) by neglecting diffusion and drift, system (3) takes
the form

0

S2=g(n2)f (1) — R,

. ©
D= g(rn2)f() - Ry

Upon intense optical excitation, the main recombination
mechanisms are Auger recombination and recombination
through impurity centres. Auger recombination occurs at
high concentrations of nonequilibrium carriers, when
n'~p'~ng~p,>ny, py, and its rate is described by
the expression [7]
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RA = R;\ = aA(2ng)3 = SaAng. (7

For silicon, ay =4 x 107+ m® s7!.

System (6) was solved numerically and analytically. In
the numerical experiment, we took into account both Auger
recombination and recombination through impurity centres
— doubly charges gold ions. The expressions for recombi-
nation rates in this case are presented in [1, 2].

Figure 1 shows the dependences ny(f) for the photo-
generation rate gy = 5.75 x 10%° m ﬁ (the maximum of
the rates presented in Table 1) and the gold ion concen-
tration N, = 10> m>. One can see that for this relation
between g, and N,, the increase in the nonequilibrium
carrier concentration is limited both by Auger recombina-
tion and recombination through impurity centres.
Simulations showed that, as the photogeneration rate
decreases, i.e., upon movement from the centre of the
irradiated region to periphery or decreasing pump power,
the influence of Auger recombination rapidly weakens and it
completely disappears when the photogeneration rate
decrease by an order of magnitude.

ng/lol7 cm™?
13.2

9.9

6.6

33

0 0.5 1.0 1.5 20 /10

Figure 1. Dynamics of the nonequilibrium carrier concentration in
silicon irradiated by a pulsed Ti : sapphire laser upon the simultaneous
action of Auger recombination and recombination through impurity
centres ( /), only upon recombination through impurity centres (2), and
only upon Auger recombination (3). The photogeneration rate g, =
5.75x 10 m~ s~ and the concentration of impurity recombination
centres (gold ions) is N, = 10°! m~>.

It also follows from the numerical experiment and
analytic solution of system (6) that shortly after the
beginning of the action of a train of pulses from a
Ti : sapphire laser, a periodic variation in the concentration
of carriers is established in the part of the Si volume under
study, the values of n, and p, being virtually the same. These
concentrations exhibit weak, saw-tooth fluctuations with
respect to a constant level corresponding to the action of cw
radiation, which produces the effective constant photo-
generation rate g.(r,z) = g(r,z)/Q. Upon variation of
g(r,z) within a broad range, i.e., within a greater part of
the illuminated Si volume, the modulation depth of the
dependence n4(?) did not exceed a few percent. Therefore,
electronic processes induced in silicon by radiation from a
Ti:sapphire laser and their influence on the RSH generation
can be studied theoretically by replacing with good accuracy

the real pulsed radiation by cw radiation with the averaged
power. In this case, the problem of the distribution of
nonequilibrium carriers and a photoinduced electric field
becomes stationary: the time derivatives in system (3) and,
hence in (6) vanish, and the dependence g(r, z, t) transforms
to g.(r, 2).

We will assume below that recombination terms have the
simplest form [6]
n' —ng ' —po

=— @®)

Ry =" R, ,
Tr Tr

where 7, is the characteristic recombination time taking into
account both Auger recombination and recombination
through impurity centres, which we assume identical for
electrons and holes.

By solving system (6) in the stationary approximation,

we obtain
r2 2
Ffocz = Ny €Xp fﬁfaz , (9

where ny is the value of the nonequilibrium addition 7, at
the centre of the illuminated region in the stationary
approximation.

Ng = Pg = T:80e exp<f

4. Calculation of a photoinduced electric field

Due to inequalities (5), we can neglect small additions # and
¢ in diffusion-drift terms in system (3) but retain them in
recombination terms and the Poisson equation. By using
the stability condition substantiated above, we add the first
two equations of system (3), express the quantity n — & from
the third equation of the system, and obtain the equation
for calculating the spatial distribution of a stationary
photoinduced field

10 1k Lo r? +1 2rUg 1
ror o PUTRIT) T R?> 1/
r? 0 1 r? 1
X exp —F—ocz +& E. ?exp —F—ocz —|—;
1 2
—aly — exp( %—az)} =0,

where 1/t =1/t + /15 tm = €08/ (a0 + pppo)e] is the
characteristic time of the Maxwell relaxation of sponta-
neous inhomogeneity of the concentration of carriers in an
equilibrium electrically neutral semiconductor; ©’'=gyex
[(,unJr,up)ng()eT1 is the relaxation time of spontaneous
inhomogeneity of the nonequilibrium concentration of
carriers at the centre of the illuminated region; and Uy =
(Dn — Dp)/(pn + 1) is the quantity having the dimension-
ality of the potential, which is caused by the difference
between the diffusion coefficients of electrons and holes and
which we call the diffusion stress.

Equation (10) in the Dember effect region should be
supplemented with zero boundary conditions ¢(r—
00,z) =0 and ¢(r,z — 00) = 0.

The solution of Eqn (10) with the above boundary
conditions gives the spatial distributions of the potential
and the electric field strength, i.e., it describes the two-
dimensional Dember effect in the region under study:

(10)
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o(r,z) = Ugln {1+%exp<—%—az>], (11)
0 2rU, 7’ r? -
Erzfaif: de {lJr?exp(FqLocz)} , (12)
3 i 2 -1
E_,:—a—f:ocUd{l—i-%exp(%—i-az)] . (13)

The maximum value of the photoinduced potential in
this region

T
Pmax = Pp = Uyq In <1 +?) (14)

is achieved for r =z =0.

5. Discussion of the results and conclusions

Consider the discussed effect by the example of silicon. Let
the wavelength be 690.6 nm. To this wavelength, the
maximum effective photogeneration rate of carriers gy, =
524 x 10> m™> s7! of those presented in Table 1 corre-
sponds. The characteristic recombination time through
impurity centres in Si is 107° s, and for the indicated value
of go. in the central part of the irradiated region, Auger
recombination will dominate. By using the recombination
term (7) in (6), we obtain that the carrier concentration at
the centre of the irradiated region is ngy = (g00/8aA)l/ 3=
1.18 x 10* m™>. Let the equilibrium concentrations of
carriers be ny=145x10*" m™> and p, = 1.45 x 10"
m~°, which corresponds to nondegenerate n-Si with the
specific resistance 3.5 Q cm.

The values of the parameters p, , and D, , depend on the
carrier concentration and can substantially differ from their
equilibrium values in the irradiation regime under study. We
calculated mobilities p, , for the specified value of ny by
using expressions from [8], while the corresponding diffusion
coefficients D,,, were calculated from the generalised Ein-
stein formulas [6]. Our calculations gave the following
values: g, =0.0230 m*> V™' s7, 1, =0.0108 m> V7' 57!,
D,=40x 107 m>s™!, and D, =17 x 10°m?>s™'. In
this case, T~ 1y =239 x 107'"'s, 7/ =2.0x 1075, and
Ug =68 mV.

By using these parameters, we calculated from (11)—(13)
the spatial distributions of the potential and strength of the
photostimulated field in the Dember effect region
(Figs 2—-4).

Our calculation showed that the photostimulated poten-
tial in the axial region of the beam was a few tens of
millivolts. Its maximum value ¢p is achieved at the
boundary of the near-surface plane SCR and in the Dember
effect region and is calculated from expression (14). For a
given example, ¢p =48 mV.

As shown in papers [9, 10], the RSH intensity for
centrally symmetric semiconductors strongly depends on
the electric field strength in a thin near-surface SCR, which
is determined by the potential difference applied to it.
Because the potential inside a semiconductor was assumed
zero in previous papers (see, for example, [4, 9—11]), the
potential difference was assumed equal to the surface
potential ¢, which was produced either by a surface charge
or was externally applied [9]. Note that the value of || was
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Figure 2. Dependences of the radial component E,. of the photoinduced
electric field strength on the radial coordinate r for different values of the
longitudinal coordinate z.
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Figure 3. Dependences of the axial component E. of the photoinduced
electric field strength on the longitudinal coordinate z for different values
of the radial coordinate r.
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Figure 4. Dependences of the potential ¢ of the photoinduced electric
field on the radial coordinate r for different values of the longitudinal
coordinate z.
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varied within a few tens of millivolts, which is comparable
with the values of ¢p found earlier. Therefore, the mech-
anism of influence of photostimulated electronic processes
on the nonlinear optical response of the silicon surface
described in papers [1, 2] and caused by the SCR trans-
formation also takes place when a Ti: sapphire laser is used.
To take this influence into account, it is necessary to
introduce some corrections to the generation theory, which
in the first approximation account for the narrowing of the
near-surface SCR and involve the replacement of ¢ by
Psc — Pp-

The characteristic thickness of the nonequilibrium plane
near-surface SCR, i.e., the Debye screening lens Lpy
changes from 2.7 to 3.4 nm when the photogeneration
rate is varied in the range shown in Table 1. In this
case, the relation 4nlp,/A <1 is fulfilled, and the RSH
parameters can be calculated using the theory developed in
[10].

Note that, when a Ti : sapphire laser is used, the
photoinduced potential of the volume can be assumed
constant, whereas in the case of a Nd : YAG laser this
potential substantially changes during each pulse.

The characteristic depth of the Dember effect region is
determined by the characteristic penetration depth d of the
pump and lies between 4230 and 12760 nm in the wave-
length range under study. The characteristic depth of a layer
generating the RSH varies from ~ 10 to ~ 120 nm, i.e., this
layer overlaps with the Dember effect region, but the
thickness of the overlap region is rather small compared
to d. In addition, as shown above, the Dember field strength
does not exceed 2 x 10° V m’l, which is much lower than
the strength of the electric field producing nonlinear optical
effects. Therefore, the contribution of the overlap region can
be neglected.

The concentration of nonequilibrium carriers found
above is considerably lower than that of valence electrons,
which is 2 x 10% m™ for silicon. Therefore, the influence of
photogeneration of nonequilibrium carriers on the nonlinear
susceptibilities of silicon can be neglected.
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