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Abstract

Using the original two-step iteration process, we develop a conservative finite-
difference scheme for the problem of femtosecond pulse propagation in
semiconductor under the action of an external electric field. Its advantages consist
in its applicability for the problem with non-uniform boundary conditions and it
possesses also a property of asymptotic stability. Therefore, it is possible to
provide a computation for long interval time without losing the conservatism
property. We pay special attention to the calculation of initial function distribution,
which are a solution of the set of 2D stationary partial differential equations. We
solve this set of equations by using an additional iteration process that is similar
to the iteration process applied for the solution of the main problem. Using
computer simulation, it is shown that the proposed conservative finite-difference
scheme is an effective tool for calculation of complicated regimes of
semiconductor characteristic changing. Semiconductor plasma generation under
the action of external electric field is investigated.

Keywords: conservative finite-difference scheme, iteration process convergence,
femtosecond pulse, semiconductor.

1 Introduction

Laser radiation interaction with semiconductor is very actual problem. This
process accompanies by many nonlinear effects such as optical bistability (OB)
[1], for example, and it is governed by both nonlinear equations, which describe
an evolution of free-electron concentration and concentration of ionized donors,
and Poisson equation for electric field strength, and equation with respect to laser
pulse intensity. For computer simulation of these complicated non-stationary
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processes it is necessary to use a finite-difference scheme possessing such
characteristics as conservatism, high precision of calculations and asymptotic
stability to initial data changing. These requirements are caused by developing of
periodic processes for laser pulse interaction with a semiconductor if the OB takes
place. As arule, a period of semiconductor characteristic oscillation is greater than
100 dimensionless units. Moreover, OB occurring leads to appearance of domains
with high concentrations of charged particles (electrons and ionized donors) and
these domains have sharp boundaries. Another characteristic feature of OB
realization is an explosive absorption of laser energy. Therefore, in certain time
moments the free-charged particle concentrations change very fast. It means that
the concentrations have big derivative in time.

One of the well-known methods for solving of multi-dimensional equations is
the split-step method [2]. However, in [3] we have shown that this method has
some disadvantages if we apply it for the solution of the problem under
consideration. Therefore, in [4] we proposed and developed a new finite-
difference scheme for numerical solution of such kind of the problems. Its main
feature consists in using two-step iteration process for solving the set of the
corresponding nonlinear equations. This allows us to realize both a conservatism
property for finite-difference scheme and its asymptotic stability as well. In the
present paper we continue our research for the problem with arbitrary boundary
conditions and proposed the additional iteration process for calculation of initial
function distributions.

2 Statement of 2D problem

The process of semiconductor plasma generation is described by the following set
of 2D dimensionless differential equations [5]:
on _ Dxi(@—yxn%j+Dy 9 a—n—,uyn% +G(N,n)=R(N,n),
ot Ox \ Ox ox oy \ Oy oy
3’9 %9 oI
G(N,n)-R(N,n), —+——=y(n—-N), —+6,0(N,n)[ =0, (1
( ) ( ) axz ayz 7( ) 6)/ 0 ( )

O<x<L,, O<y<L,, t>0.

N _
ot

Above the following notations are introduced. Function n denotes a free
electron concentration in the conductivity zone of a semiconductor; N is a
concentration of ionized donors. Function ¢ describes a dimensionless electric

field potential. / is the intensity of laser radiation propagating along the y axis. The
coordinate x is a coordinate that is transverse to the direction of laser pulse
propagation. Variables x, y are dimensionless spatial coordinates, L., L, denote

their maximal values, correspondingly. Variable ¢ denotes a dimensionless time.
Coefficients of electron diffusion D,, D, and coefficients of electron mobility

My, U, are non-negative constants. Parameter y depends, in particular, on the

maximal concentration of free charged particles, &, denotes maximal value of
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absorption coefficient for laser energy. Dependence of the absorption coefficient
O(N,n) from charged particle concentrations can be approximated by different
ways in dependence on physical experiment conditions. Below we consider the
following dependence:

S(N,m)=(1-N) "™ a p>0, )
which is close to one of the experimental dependencies [1]. The functions G and
R, describing generation and recombination of free charged particles in the
semiconductor, are given by the formulas:

Nin—n2
G(N,n)=goIS(N,n), R(N,n)=""—"0 3)
T
p
ny is an equilibrium value of the free electron concentration and ionized donor
concentration, corresponding to absence of both the light pulse action on

a semiconductor and external electric field. Parameter 7, characterizes a

recombination time of free electrons, g, is a maximal intensity of the incident
laser pulse. Its profile is Gaussian one along the x-coordinate:

2
x—0.5L,
Iy:O:exp _[W] (l—exp(—l()t)) ) “)

Boundary conditions for the set of the equations (1) are written below. They
correspond to absence of electric current through semiconductor faces and
semiconductor is placed in the external electric field as well:

(a—n—ﬂx”%j :(a_n_ﬂyn%] =0
ox ox )| oy Oy Y Ncor ®)
o _ o¢ -
x=0,L, Y y:O»LJ»

Initial conditions for the free charged particle concentrations under the external
electric field action are written in the following manner:

”(x,y,t=0)=no(st’), N(X,y,l=0)=N0(st’) ) (6)
P(x,y,1=0)=dy(x, ), 1| _, =0,
where ny(x,»), No(x,»), ¢(x,») are functions, which are found from the

solution of the set of equations (1) in steady-state case and without laser pulse
action.
For the problem (1)—(6) the law of charged particles preservation takes place:
L, L

o) = I J (n(x,3,6) = N(x, y,))dxdy =0 . %)
00

A difference analogue of the invariant (7) should preserve and this property
shouldn’t be loosen due to the accumulation of a computing error even for
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calculation on long time interval. So, our aim is to construct the conservative
finite-difference scheme with the property of asymptotic stability.

3 Finite-difference scheme for the problem

To solve the problem (1)—(6) numerically let us introduce in the domain
G={0<x<Lx{o<y<rfx{0<t<L}

the uniform grids in time and space

— " _ 1 1
Q=0,x0,x0,, Q"=0,x0' x0', (8)

y

o, ={x; =ih,i=O,N h =L JN.}, @ =y, = jh,.j=0.N b, =L [N},

o ={ t =ke,k=0,N,r=L [N},
={ y'/-=(j—0.5)hy,j=m,hy=Ly/Ny},
o ={ 1t =(k+0.5)r,k=0,N,~Lr=L/N, |.
Let’s define the mesh functions 7, N,,,#, on the grid € in the following way:
Ny =n (xi,yj,tk) s Ny =N (xi,yj,tk) s Py =9 (x[,yj,tk) .

Function Iy we define on the mesh Q" shifted additionally on both spatial
coordinate y and time coordinate: /;; =/ (xl-, Vst ) .

For brevity, we use the following index-free notations:
. 0.5 .
S= Sy T = typas £ =05 (£47),
Jin = fitl_jk > fjJ_rl = fg‘/‘tlk > fiiO.S = 0'5(f+fiil)a fjirO.S = 0'5(f+fji1) >

. 0.5 .

I=Iy, Ly =Ly T =Ty, 1=05 (1+1).
where [ is one of the mesh functions: n,, N,, ¢,. For the finite-difference
scheme construction we use also the following notations:

A . 0.5 X
R:(nN—(nO)Z)/T , R:(ﬁN—(n0)2)/z' . R=05R+R),
. 05,
Gogo 16, G=gy 18, G=05G+G),

R R 0.5 A
5= (1 - N) exp(-a(l —ﬂn)) , 0= (1 —N)exp(—a(l —ﬂﬁ)) , 0=05+9).
The first and the second differential derivatives are defined in standard way and

notated as follows: fys f5s faor oo S50 Sy S

In the case under consideration, the property of conservatism of the finite-
difference scheme consists in performance of a difference analogue of the
conservation law (7) for charged particle concentrations:
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N,-1 N —1
0)= 3" 3 hoh, (my ~ Ny ) =0. ©)
i=l j=1
For numerical solution of the problem (1)-(6) we approximate the initial-
boundary problem by the set of finite-difference equations. For their resolvability
we use two-step iteration process. Below the first step of the iteration process with
the boundary conditions is written:

s s stl s+l s+l
sib syl st SH) s 05 05 0505
¢Ex+¢}y=7/ n-N|, NN=G-R, , +6,0 1 =0, (10)
v
s+l s s K
s+l 0.5 0.5 0.5 05 s s s s
n =Dy no+Dyng+G=R- 2h Nip0.58y —Mis0.50% +1i40.5 . —11i-05 Pz |-
s s s s
Dyuy A 0sd —hiosd
2, nj0.50y — 05 +1j+0.5P,—nj-05 P35
s+1 s+1 _E
¢y = ¢)7 = 7, i=0,.,N,,
Jj=0 Jj=N,
s+l s+l
.| =905 =-E., j=0,..,N,,
i=0 i=N,
s+1 s S‘tl s
nx| =-ienivosE| , nx =—u, ni-0s E, , J=0,,N, .
i=0 i=0 i=N, i=N,

The second step of the iteration process, written also with the boundary
conditions, is:

s+l s+l St2 s+25+2
12 812 s+2 S42) w2 05 05 f_7 0505
¢t =y Ai-N|, Ni=G-R, +8, 0 I =0, (11)
y
s+1 s+2 s+l s+l
s+2 0.5 0.5 05 05
ni=Dy nxx+D, ny+ G- R-
s+l s+l g s+l
x M A n A n
iy 5P —Rio5Pz + N i+05 f = Ni-05 § 5 | =
2h,
D, u s+l s+l g1 s+l
—y y n . n .
- ”j+0.5¢y _n‘,;o,s% + 105 @ y= 71 j-05 ¢ 5
2h,
s-t2 s+2
b, =5 =-E,i=0..N,,
Jj=0 j=N,
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Ytz stZ
6. =445 =-E. j=0..N,,
i=0 i=N,
542 s+l s+2 s+1
Ayl =py njrsEy o, iy =-—u, it j-03E, , i=0,...,N,,
j=0 j=0 j=N, =N,
[ [Xi_x(),SNY]z] —10¢, k=0 N, i=0 N
Ligp =exp| -| ———— (176 A), yeees IV .o N
0.1L,

As an initial approach for the iteration process, the values of the functions,
obtained on the previous time layer, are undertaken:
s=0 S:AO S:AO siO
i=n N=N, ¢=¢ 1-=I.
The iteration process is stopped if the following inequalities are valid:
2

S+ s s+2 s K s+2 s K
n nl+é&, |IN=N|<g|Nl|+&, | -1|<¢gl|l|+&, &,6>0. (12)

>

We don’t check up an accuracy of the electric field potential in (12) because
we use additional iteration process for solving of the Poisson equation.

The finite-difference scheme possesses the second order of approximation on
spatial coordinates and on time in the inner grid nodes. The boundary conditions
are approximated with the first order. This is caused by the conservatism property
validity. Necessity of such boundary conditions approximation was shown in [3]
for 1D case problem.

3.1 Remark to the Poisson equation solution

At solving of the Poisson equation concerning the electric field potential (1) we
have to construct an additional iteration process in such a way, that we have to
solve only the 1D problem on each of iterations. Taking into account a linearity of
this equation we use the split-step method. For this purpose we introduce

additional function F on the grid Q = o, xw, , which is governed by the problem:
s
S pptl_pp 4 s+l s+
0 P bz :

=9, ———= + - N

Foog, = Fl s Flh -y a-N |, (13)
_ppril
p+l

F

T

1 s+l

pe2 s+ st

=Fo +F. -y a-N | i=l. N1, j=1..N,~1,

where 7T is an iteration parameter.
For an assessment of the iteration process convergence we use the criterion
based on the discrepancy assessment:

s+l st

W=| FEP+FE? -yl i-N | |<& &>0. (14)
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If the solution, obtained on the p+2 iteration, satisfies to the criterion (14), then
s+1
we choose ¢ = FP*2.

3.2 Calculation of the initial function distributions

Now let’s discuss the problem of initial function distribution for the problem (1)—
(6). If the external electric field is absent then we have the simple initial conditions
for the problem: ny(x,y) = Ny(x,¥)=ny, ¢(x,y)=0. If the external electric

field acts only on one of the spatial coordinates (£, =0 or E, =0) or if the

electron mobility is the same ( x, = u, = u ), we can define initial distribution of

the functions as [6]: n,(x,y) = nye”?, Ny(x,y)=nge *’ and find the electric field

potential ¢, (x,y) as a solution of equation:

2 2
0 f +M=}/( a4 —n0e7”¢) .
o oyt

However, if the arbitrary boundary conditions or difference between electron
mobility coefficients take place, then it is necessary to solve additional problem.
Because the laser radiation is absent at the initial time moment, the generation of
free charged particles does not occur. Therefore, the following equality R=0 is
valid. Thus, we obtain the following set of 2D stationary differential equations:

8¢ 8¢ 2
N), Nn—-n; =0, 15
PP =7 (n=N), ’ (1
xi[a—n—ﬂx a¢)+Dyi on —un 8¢ =0, 0<x<L,,0<y<L,,
ox \ ox Ox oy \ Oy oy ’

with the boundary conditions (5).

For solution of the problem (15) we also construct two-step iteration process,
as we done above, using the meshes defined in (8). For example, the finite-
difference scheme for the case D, 2 D, is written below. First step of iteration

process with boundary conditions is:

p+l _ np PP —nl .
N _ N =— N'n "o 5 1207"'5Nx3 jZO""’N)” (16)
7 T
wPH_a? D D,
=2 2y (B 5P —nP o s#f )+
o | )

P P ¢P P ¢P N?Pn? —ng
P . - . -
i Hyn j+0.57" n Jj-05F 5 T,

r_ p pHl P +1 +1 X )
L ¢?y_7(np N ) i=LuwN,~1, j=1,.,N, -1,
¢p+l
X

”

p+

=-E,, j=0,..,N

X yo

i=0
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+1 1 -
I’lf . +/uxnil-7¢—0.5Ex T 0 > n£+ . +:uxni110.5Ex . =0 > J = 0""’N
=0 i=0 i=N, i=N,
Second step of iteration process with the boundary conditions is the following:
Np+2_Np+1 Np+1np+l_ 2

n . .
= =- 0,i=0,..,N,, j=0,.,N,, (17)
T T,
np+2_np+l D D
gl _x (p515¢p+1 —nP #+1)
z‘-‘ D, xx D x 1+
Y y
+1 +1 2
p+2 Pl _gp+l _p+l gl NP n? - ny
Ty T = Hy \Mj0.sPy n;_ 05¢ -,
Tr
p+2 p+1 1 2
¢ pt pt +2 p+2 .
=g+ rnT-NTT) =N,
J :1""9N}7 _1 b
p+2 p+2 )
@ =@ =-E.i=0..N,
Yolj=0 Yo lj=n,
p+2 p+l = p+2 p+1 _ .
n, :O+ﬂynj+0.5Ey‘j:0—O, ny . +u,ny 5E N, =0,i=0,.,N,,

where 7 is an iteration parameter, 7, is a regularization parameter, which is added

for the computation performance enhancing. We use the following initial approach
for our calculation:

p=0 _ A7p=0 _ p=0 _ - P
n’= =NP" =ny, ¢ =0,i=0,.,N,, Jj=0,.,N,.

X

Criteria of the iteration process convergence are chosen in following way:

p+2 p+2 p+2 p+2 —=
P2+ gl =y (7= N"?) | <,
Dx p+2_Dx p+2 p+2 p+2 p+2
D Msex D Mo\ 105 nosts
y y

p+2 p+2 4p+2 p+2 p+2
T, T A, (”/+0 5¢ n; 05¢L

For the solution of the Poisson equation we use the Thomas algorithm. It should
be also stressed, that the proposed finite-difference scheme (16)—(17) is a
conservative one on each of iterations. It could be easily shown that the invariant
(9) is valid for each of iterations.

<%, 5.5 >0.

4 Computer simulation results

Accuracy of initial condition calculation plays a basic role and has essential
influence on the accuracy of the problem (1)—(6) solution. The distributions of free
electron concentration, corresponding to calculations of the initial function
distributions with various accuracies, are depicted in Fig. 1. As it is follows from
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the Fig. 1, the solution symmetry could be significantly distorted because of
calculation error accumulation if the initial function distributions are calculated

with low accuracy & =&, =1072.

Figure 1:

1 1
078 07s
¥ 05 ¥y 05
0zs 0zs
a 1}
025 05 075 1 0 02 05 075 1 0 025 05 075 1
kS kS B
(@) (b) (©)
1 1
078 07s
¥ 05 ¥y 05
0zs 0zs
a 1}
025 05 075 1 0 02 05 075 1 0 025 05 075 1
kS kS B
(d) (e) ®

Free electron concentration distribution obtained for parameters
8 =2,49=15.p, =p, =10,7=10>, ny =001, s =p =1,
7,=1, 5:3,1//:2.553,Ex=0,Ey:8, L.=L,=1 and
computation  parameters A, = h, = 102, 7=5- 107 , T= 107 R
T=7=10", 7,=10", £=10", =107, &=107,
5=2=107(), (b), (c) and & =5=10" (d), (¢), () at time
moments =250 (a), (b), =320 (c), (d), =500 (e), ().

However, for £ = 0 the concentration distribution should possess symmetry

along the x-coordinate. Moreover, in this case it is impossible to reach a high
accuracy of the electric field potential calculation for the problem (1)—(6): value
of the discrepancy (16) increases up to 0.7 and couldn't be decreased by means of
iteration number increasing. However, if initial function distribution calculates

with enough high accuracy z =z, =107*, the discrepancy (16) has the order of

magnitude that is less than 1073, In this case, the symmetry of the concentration
distribution takes place. Therefore, the calculation accuracy of initial electric field
potential distribution plays a key role under solving the problem (1)—(6).
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As we stressed above our aim was to develop the finite-difference scheme for
solution of the problem under consideration with arbitrary boundary conditions.
To illustrate opportunities of developed finite-difference scheme, below computer
simulation results made for non-uniform boundary conditions on both spatial
coordinates are shown. Moreover, we carry out computing for different electron
mobility coefficients for a long time interval without losing the conservatism
property. As one can see from Fig. 2, very complicated periodic regimes of
semiconductor characteristics changing take place under the action of high
intensive laser pulse [7].

We see a strong dependence of the free-electron concentration evolution on the
electron mobility relation. If the electron mobility along the x-coordinate is less
than its value along the y-coordinate then the “bird-like” structure appears over
big time interval (Fig. 2 (j)). If the electron mobility components are the same for
both coordinates then a spatial structure, which is similar to helical waves, appears
(Fig. 2 (k)). Let us notes, that usually such kind of structures takes place if
electrons move under the action of magnetic field. However, if the OB takes place
and the external electric field acts on the semiconductor then the helical waves are
formed.

The last considered case corresponds to a case of domination of the electron
mobility along the x-coordinate over the y-component of the electron mobility
(Fig. 2 (1)). We see strong asymmetric electron concentration distribution in the
first half domain with respect to incident laser pulse. Moreover, under certain
relation between the diffusion coefficients one can expect closing the domains
with high electron concentration on the right side of central part of the domain.

We have to emphasize one more feature of considered laser pulse interaction
with a semiconductor under the OB existence. We see in Fig. 2 that for majority
of time moments, the domain with low electron concentration takes place near the
semiconductor face, which corresponds to falling of the laser pulse. This domain
cannot exist if the external electric field does not act along the y-coordinate in
chosen direction.

We see also the high free-electron concentration domain appearance near the
ending face of the semiconductor with respect to the laser pulse propagation
direction. This is caused exactly by the electric field action directed along the y-
axis. Another condition for the low free-electron concentration occurring is certain
value of the electric field strength: its magnitude must be enough for the high free-
electron concentration domain appearance near the ending face of the
semiconductor.

In the end of this paragraph we stress one more that the computer simulation
results were obtained for mesh steps being equal to 0.01 along both spatial
coordinates. For spatial structures under consideration this value of mesh steps is
sufficient big. Nevertheless, we see stable spatial structures which appearance and
evolution is explained physically in the frame-work of both OB existence and the
external electric field action as well. So, the developed finite-difference scheme is
effective one for computation of such kind of laser pulse interaction with a
semiconductor.
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Figure 2:  Free electron concentration distribution calculated for parameters
06=05,90=05,p, = D, = 1073 ,;/:103,11020.01 T, =1, =3,
w=2553,E,=8,E,=8, L =L,=1,1=0Lu,=1 (a), (d), (2), (),
My = Hy =1 (b)7 (e)a (h)a (k)a Hy=lp, = 0.1 (C)7 (f)a (1)5 (1) at time
moments =50 (a), (b), (c), =100 (d), (e), (), =320 (g), (h), (1), =500
(@, (k), (D).
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5 Conclusions

In the present paper the finite-difference scheme for the problem of plasma
generation with arbitrary boundary conditions is proposed on the basis of the two-
step iteration process. One of its main advantages consists in property of the
asymptotic stability. Computer simulation results show the essential influence of
accuracy of initial function distribution calculation on evolution of the free
charged particle concentrations. We also demonstrated that the finite-difference
scheme developed in the present paper is applicable for calculating of nonlinear
complicated processes, which occur in a semiconductor under the action of high
intensive laser pulse.
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