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Modeling of Nonlinear, Spatially-Dispersive Plasmas
and Semiconductors Under Harmonic Excitation

George W. Hanson, Fellow, IEEE

Abstract—The nonlinear, spatially-dispersive response of a semi-
conductor or plasma to large-amplitude time-harmonic electro-
magnetic fields is obtained by solving the nonlinear transport equa-
tion using an harmonic expansion. The conduction response, which
is nonlinear and generally spatially and temporally dispersive, is
given as a hierarchical set of linear second-order differential equa-
tions with non-linear forcing terms. The polarization response is
assumed linear. A simple slab example is shown that admits ana-
lytical solutions for the nonlinear material response to various or-
ders. As the solution order grows, the nonlinear forcing terms grow
in complexity, although the differential equations remain second-
order. In the static limit, the two lowest-order solutions are shown
to identically satisfy the dc transport equation.

Index Terms—Diffusion, nonlinear, plasma, semiconductor.

I. INTRODUCTION

EMICONDUCTORS and plasmas naturally admit a

nonlinear response to strong fields since their charge
dynamics are governed by a nonlinear transport equation [1],
[2]. Although small input signals engender a linear response,
and allow for linearization of the transport equation, the pres-
ence of large fields necessitates a more complicated nonlinear
analysis [3]. Nonlinear effects in semiconductors and plasmas
are too numerous to describe here, although their existence and
enhancement are important for controlling the flow of light in
optical signal processing [4], [5], self-focusing of light [6], and
harmonic generation [7], to name just a few semiconductor
applications.

In addition to considering nonlinearities, plasmas and semi-
conductors exhibit important spatial dispersion effects that often
necessitate solving both field and transport equations [8]-[11].
In this work, the interaction of a semiconductor or plasma with
a large-amplitude time-harmonic electromagnetic field is exam-
ined, where the effects of both spatial dispersion and nonlineari-
ties are included. The method is based on replacing the material
with equivalent currents via the volume equivalence principle
[13] extended to nonlinear and nonlocal media, and employing
a harmonic expansion similar to [14], [15]. This leads to a hi-
erarchical set of linear second-order differential equations with
non-linear forcing terms. A simple example is presented to il-
lustrate the method.
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Fig. 1. Left side: general material region {2 containing a nonlinear, spatially
and temporally dispersive medium such as a semiconductor or plasma. Right
side: equivalent problem where space is homogeneous and equivalent currents
are nonzero inside 2.

II. NONLINEAR RESPONSE OF A NONLOCAL
PLASMA/SEMICONDUCTOR

A. General Development

We consider a nonlinear and dispersive material such as
a plasma or semiconductor, having extent {}, immersed in a
simple linear and nondispersive dielectric background medium
characterized by p, €1 and excited by a time-harmonic elec-
tromagnetic field E? (r,#), H' (r, ). Since in what follows the
most important nonlinear charge dynamics pertain to mobile
changes, for convenience we assume the material has a linear
polarization response.

Using the volume equivalence principle, which is
well-known for linear, time-harmonic fields [13] and which
is easily seen to hold in the time-domain for nonlinear, spa-
tially-dispersive media (as shown in Appendix I), we can
remove the material contrast and replace the material in region
2 with the background material, together with equivalent
currents

9 0 :
Jed(r,t) = P (e0 — 1) E(r,t) + %P (r,1) + Joud (1)
=Jpol(r, 1) 4+ Joomd (r 1) (1)

as depicted in Fig. 1. The current J°°*? contains the gener-
ally non-linear, spatially- and temporally-dispersive response of
charge carriers in region €2, and JP°! is the linear polarization
response (if we assume a simple nondispersive permittivity &,
then P = (¢ — g9) E and J*°! = (9/0t) (¢ — 1) E(r,1)).

For the nonlinear material, we assume semi-classical trans-
port of a single charge species (electrons), although the method
is easily extended for multiple types of charges (e.g., holes,
ions). We can define a distribution function f (r, v,#) that sat-
isfies Boltzmann’s equation, the moments of which lead to con-
servation of charge (continuity equation) and conservation of
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momentum (transport equation) [1, Ch. 8]. The resulting conti-
nuity and transport equations are

Op (r,1)

cond _
SV I () = 0 @)

and
HJeond (r,7)
It
2

+uV - Jeond (pf) - “n (r,t)E(r,t)
m

kgT .
_ B Vn(r,t) + (3 (r,4)- V) u
m

1
+ ;J“"“d (r,£) =0 3)

where e = —gq,, with ¢. being the charge of an electron, p (r, t)
= —en(r,t) is the charge density, n (r,t) = [ f(r,v,t)d3v
is the number density of mobile charge, and J°°*! (r,t) =
—en(r.t)u(r,t) = —e [vf(r,v,t)d?v is the conduction
current density (u is average velocity). Any generation or
recombination mechanisms are included in (2). Note that E is
the self-consistent field (applied field E* plus response field
E™P due to polarization and conduction). In the transport
equation (3) we have ignored gravity, and magnetic field effects
in the Lorentz force, and we assume the kinetic pressure dyad
has been approximated as pl, where p = nkpT is the scalar
kinetic pressure [1, pp. 149-152, 202]; this approximation
closes the system of equations, and corresponds to ignoring
tangential shear/viscous forces and assuming an isotropic
particle velocity distribution. Finally, we have assumed that
collisions are represented by a phenomenological relaxation
time 7. The term Vn is associated with spatial dispersion, and
the terms J°°*? . Vu, uV - J°"d and nE lead to nonlinearities.
Neglecting the spatial dispersion and nonlinear current terms
and replacing n (r, ) with the equilibrium number density N
results in the usual Drude conductivity, which can be used
directly in Maxwell’s equations (i.e., in this case one does not
need to solve the coupled transport-field equations).

Since we are considering the non-linear response due to a
large-amplitude time-harmonic input, we assume that the ap-
plied field is E? (r, #) = E? (r) e/“t + E¥* (r) e 77, where the
asterisk denotes complex conjugation. We use field expansions
similar to those in [14]-[17],

E(r,t) =E (r,t) + E° (r,¢t)
= Ei (r) @th + Ei* (I‘) efjwt
+ Eo (r) + Z (E, (r) /7" 4 EX (r) e 97%")
Jcond (I‘, f) :Jgond (I‘)
+ z (Jl}:}ond (I‘) cjpwt + ch)ond* (I‘) (Zijp“;t)
t) (r)+ Z (np (
(e t) —uo (1) + 3 (i

p=

n(r,t) =ng

-

r) eIPet 4 ny, (r) efjpm)
)

r) Pt 4l (r) e PYY) (4)

—_

where E*® is the scattered (material response) field, in both
Maxwell’s equations, the transport and continuity equations,
and in the definition for current density, J*°*! = gnu. Note
that the order zero quantities are equilibrium values, and so
g (r) = I (r) = 0, and ng (r) = N (for a plasma N is
the equilibrium density of electrons, i.e., the density of ionized
atoms, and for a semiconductor N is the doping density).
Inserting the expansions into the transport equation, multi-
plying out terms and using the linear independence of ¢/*t, o =
0, w, +2w, ..., we can equate like frequency terms. As an il-
lustrative example, keeping up to second-order terms for con-
venience, for e we obtain the zeroth-order transport equation

JTcond i Vul 4 J(iond B Vuﬂls
4 J;(‘.ond . Vuz + J(z‘;ond . Vu;
4 UTV . Jvi‘ond 4 ulv . J»1<0011d

+uzV I3 up V- J5eond - ; (NEo)
(B 4 E) - & (m (E” +E2))

’I/f2L /2 m
= (3E2) — — (n2E3) = 0 (5)

and for e’** we obtain the first-order transport equation

1 o kT
T m

4 J;Oﬂd i VUT + JTUOHd B VUQ

2

b * COIl €
+upV - Jreend 4y Jgend — (mEo)

62 - 62 .
— — (N (E'"+Ey)) - — (ng (E” + Ej))
2
S B, =o0. (6)
m

Higher-order transport equations are obtained analogously, and
we obtain a similar set of equations for negative frequencies and
conjugate variables. For example, for ¢ /%%,

1 : kT .
(—,jw+ ;> J»{Coﬂd _ enfi Vil _‘_J;gond vt

2

5o vl pubv I gy v ggeend
2 | p : P m

- —nj (E'+Eq) — —N (E* +E]) - —niE3 = 0. (7)
We assume that for » representing any of the expanded vari-

ables,
x(r,t) = no + Z (36 (r) 7" 4 55 (x) e 79P<F) (8)
p=1

we have
(S| Y| ©)

using an appropriate norm |||, so that the given expansions con-
verge. Notice that in the pth order transport equation there are
pth order terms, (p + 2)nd order terms, (p + 4)th order terms,
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etc., if all higher-order expansions were included. Furthermore,
the higher-order terms are always associated with conjugate
variables (i.e., down-shifted negative frequency terms). In our
specific case, where we included terms in the expansion up to
second order, the Oth order equation (w = 0) has Oth (e.g.,
NEyp), 2nd (e.g., J5°"4 - Vu?), and 4th order (e.g., J5°"d - Vu3)
terms, the 1st order equation (w) has 1st (e.g., E1) and 3rd order
(e.g., J5°nd . Yu¥) terms, and the 2nd order equation has only
second order terms (due to the number of terms retained).

Although in general we have an infinite-dimensional system,
at this point we make two approximations. First, we truncate
the series at some finite A, and second, using (9) we ignore
the terms of order higher than p in the pth order equation (e.g.,
we ignore second-order terms in the first order equation). Since
for the pth order equation these terms are of order (p + 2), if
(9) is true (as is the case for the example given below) then
this should be an excellent approximation. These higher-order
terms are always associated with conjugate variables, such that
dropping the (p + 2) nd and higher-order terms in the pth order
equation is equivalent to using the expansions (4) without the
conjugate terms.

From J° = gnu this leads to

M

= —¢€ E E i,
n=0 m—1 n—‘,—m),p nYm

where 0, »,, is the Kronecker delta function. We also have the
continuity equation

Jcond

(10)

v . Jeond _ _Op‘cond _ _ea(N —n(r,t)) _ ()77( t)
ot at
(11)
leading to!
VI (r) = e (pw) ny (1) - (12)
and so
vV - Jcond
Vi, (r) = J (13)

ej (pw)
For the polarization response assuming a similar harmonic ex-
pansion for P, we have

Jg(’l (r) =j(pw) (g0 — &1) ((5],71Ei (r)+E, (r))
+i(pw) Py (r). (14)
The transport equation for p = 0 is
2
*ENE() (I‘):O—>E[):O. (15)

Using the continuity equation (12)—(13), the pth order (p > 0)
transport equation is?
D,
 [— vv>Ji°nd r)—o,B,(r) =
( ([)(JJ) 1 ( ) PP )

.
SR
1+ j(pw)7 "

(16

Note that here and in the following 5 {pw) is simply jpw; it does not repre-
sent a functional dependence.

2While this paper was in review [17] appeared, wherein [17, (2)—(3)] are the
same as (16) forp = 1, 2.

where E;, is the electric field due to (J¢°nd + Jbel),

_ Ne?r B oy
) = ) T )T
_pr Dy
A e T o e PO
T
g:AB (17)

m

are the conductivity and diffusion coefficients evaluated at fre-
quency pw, and where S, are generally pth order nonlinear (ex-
cept for p = 1 which is linear) source terms involving lower-
order quantities,

M

Zﬂ 1277, 1 (n+m)P

2
cond cond €
(J o Vum, + unv J S — E/’]/TLETTL)

e

2

+ Sy E (18)
T

where
J(,ond M § N
§ =1 § — (n+m),ptnUm
J cond M AVAR J cond
Zn 12777 1 (n+m) P / (IL(.U)

Tﬂ> N

19

As an example,

Ne? ;
S, = E
! ( m ) (x)
ond ond . € i
Sy = — I Vuy —w V- J9 4+ Sy (B + EY)
S3 — Jcond . Vul _ Jcond . VUQ _ qu . Jcond
2 2
—wy V- Jeend 4 EWIEQ + —772 (E: + EY)  (20)
and
1 cond
u; = qw 1
1 1 Vv - Jcond
Jtond 1
(s ™)
1 1 Vv - Jcond v . Jcond
’ Jrond 2 _ 1 . 1
Wy ( Gea) M g ) e

It is easy to see that |J,|

Although we have a nonlinear transport equation, from linear
Maxwell’s equations the pth-order field E, (r) is linear in the
pth order currents J£°™¢ (r) and J5°! (r); this is the usual fre-
quency-domain response [13] (at frequency (pw)) due to the pth

order currents,
’
gP(r7 r )
Jao

x(Tgemd(xy + 35 (1) )V (22)

(k% ,+VV)

EP (I') = j(p(-d) €1
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where k7, = (pw)” poe1 and the Green’s function is gy =
exp (—jki1 ,R) /4w R, R = r —'. This linear association of E,,
with J,, comes from the following. We insert the expansions (4)
into Maxwell’s equations (MEs) for the scattered field (68),

; 3} .
V x E° (r,t) = — a/llpo (I‘t)
7}
V x H (r,t) = &qES (r.t) + J(r,¢) (23)

along with a similar expansion for H (r,¢). Exploiting linear
independence of e*77%* Jeads to the equilibrium MEs

V x E() (I‘) =0
V x Hy (r) =Jg" (r) 24)
the first order MEs
V x El (I‘) = — ju}/l,oHl (I‘)
V x H; (r) = jwe, Ey (r) + I (r) (25)
the second order MEs
V x E» (I‘) = — ,]'20)/1,0H2 (r)
V x H2 (I‘) :j2w€1E2 (I‘) + ng (I’) (26)

and so on. Thus, we can interpret the field Eq as the w = 0 field
due to J3?, the field E; as the field at w due to the response cur-
rent J7? (oscillating at w), the field E as the field at 2w associ-
ated with J5* at 2w, and similarly for higher orders E,, (and also
negative frequencies, although we have already dropped these
terms). Thus, the Maxwell equation subsystem is linear in the
various orders of current. A similar method involving harmonic
expansions, leading to sets of harmonic Maxwell’s equations
and Green’s functions for frequencies (pw) are considered for
nonlinear magnetic problems in [18], [19]. If one tries to forgo
the transport equation and treat the nonlinearity as a constitu-
tive relation embedded in Maxwell’s equations, then one cannot
generally use the concept of Green’s functions.

The final system of equations to be solved is the coupled
system of integral-differential (14) and (16),

By H VYD [ ) av’
_{M/gp(r./r ) (T )+ () dV }

J(pw)er o
T

IR 7

and

I (r) = j (pw) (e0 — €1) <5p,1Ei (r)

(la:%p + VV~)
J (pw) €1

J(pw) Py (r)

/Q gp(x,x') (T (x)) + T2 (1)) (lV’)

(28)

Fig. 2. Semi-infinite slab having width 2L consisting of nonlinear, dispersive
material.

for p > 0. In general, we need to know the relationship between
P, and E,. In the special case of a nondispersive permittivity
£, P, = (¢ —e0) (6,1 E* (r) + E, (r)), and (28) reduces to

I (r) = (pw) (e — e1) (5177113'7 (r)

(k;%p + VV-)
j(pw) €1

[2 gp(r.x") (TP (x") 4+ I2°N (1)) dV’) .
(29)

The system (27)—(28) can be solved starting with p = 1, for
which we only need to know E?. Although J<°*¢ appears in
the equations, since charge number density . and velocity u are
present in S, and since J°*! = —enu, the system (27)—(28)
can be solved for the unknowns (J Pol 1,y ) using, e.g., the
method of moments (alternatively, one can eliminate u from
the equations and work only with J). Once these quantities are
obtained for p = 1 we can solve the second-order equation using
these (now known) quantities in S5, and so J5°*? and J 501 can
be determined, and so on for higher-order equations. That is,
we start with p = 1 and successively solve for higher orders

below, this leads to analytical solutions for the currents.

If we ignore spatial dispersion (D, = 0) then (27) and (29)
can be combined upon defining the usual complex permittivity
that includes conductivity, resulting in a single volume/domain
integral equation identical to the usual dielectric scatterer or res-
onator case, except for the nonlinear source term S, (and for
p = 1 this is the usual linear source term).

III. ONE-DIMENSIONAL EXAMPLE

Asanillustrative example of the described method thatleads to
an analytical solution, assume a laterally-infinite semiconductor/
plasmaextends fromz = —Ltoz = L,asdepictedin Fig. 2. The
excitation is B! = ZEge/“t, and so all vector quantities are now
inthe z direction, and the only spatial variationis z. This geometry
was considered in [11], where the linear response was evaluated
(see also [12] where a wire-medium slab was considered). For
simplicity, we assume a nondispersive permittivity «.

In one-dimension, the Green’s function is

—jki1 |sz’|

2jka

€

g9(z,2) = (30)
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and, using Leibnitz’s theorem [20], if z € (—L. L)

, & Logikales|
k —_— —J(ZN)d = —-J (=
( 1+d2’2>/—L it J(z")dz J(z)

the scattered field is

. 1 d?

/-L efjk1|zfz/|
X S
Jor 2k

1
= () ).

(JI)OI(Z/)_'_JCOHCI(ZI)) (ZZ/
(32)

(the same thing happens in the static case for g(z,z') =
z — 2’| /2.). Note also that for z ¢ (—L, L)

52 + d_2 /L e -iki(z-2")
"1 dZZ J_L

27k
and so the slab does not scatter a field into the external space.
We first consider the method of solution starting with p = 1 and
progressing to higher orders.
1) First-Order Response: From (16) for p = 1, using

J(Z)dz' =0 (33)

COIL pol
LI () + 0 (2)
Jwer

By (z) = (34)

we have the coupled linear equations

L o
ng (J{) 1+ J{,ond)

1
D (w) d2 cond
Jw d22> T ()

H =~ (jw e~ 1))

+ka—aDE%w(1‘

a1 (w) cond ¢, pol ¢
+ Gy (I @+ 17 ()

=01 (w) E (2). (39)
These can easily be decoupled such that the polarization equa-
tion becomes

[e —&1]

_ Jfond 4
&€

Jwer [ — 1]

Jrel = E' (36)

and the conduction equation is

1 42 jweroy (W)
- 5 | I (2) = —— L Fi (2 37
( kQDl dZQ) 1 (7> wa + o, (OJ) ('7) ( )
where
jwe + a1
kpi = 4/ ———— 38
D1 =4/ Die (38)

is a Debye wavenumber [21], [22].
For the conduction equation, the homogeneous solution is

Jfond — C]_(,iknlz 4 026—]6)’)12 (39)
and the particular solution is
Jfond — JWeLT El (40)

Jjwe + o1

for E* being constant in space. Enforcing J{°*! (£1) = 0 [9],
the solution is

cosh (kp12) -
— E". 41
cosh (k:DlL)> @1

Therefore, we know wuy (z) = J{"(2) /N and ny(z) =
(d/dz)J°" (z) /ejw. The associated charge is given as

ptlzond (Z)

Jcond (Z) — Jweron
! Jjwe + 01

_ kpieyoy sinh (kpyz) g

= 42
jwe + oy cosh (kpy L) (42)

This first-order response agrees with the results of the linear
analysis in [11].
2) Second-Order Response: Since

COTL ol
LB () + I3 (2)

By (2) = - (43)
J2we;
and using (34), we obtain
o €~ 1] seon
7 () = St prona ) (44)
such that Fs (2) = —J5° /j2we. The second order conduction
equation becomes
1 d? 4 Tj2we
1— — — ) jeon 2) — B S
( k%, dzz) 2™ (2) (j2we + 02) (1 + j2wT) 2
(45)
where
12
kpp = | L2172 (46)

DQE

is a Debye wavenumber associated with second-order effects,
and where

2 e e e€1..:1 d
Sy = = Jcond Ny _Jcond‘
2 {<8N+maw2) ! +mjws }dz !

The homogeneous solution is (47)
Jgorbhom = ¢y gkt e R (48)
and, using the solution for J{°"?, the particular solution is
JSOMPATY () — 4y + agsinh (kp1z) + as cosh (kp1z)
+ay sinh (2kp12) + a5 cosh (2kp12) . (49)

Evaluating the constants and enforcing the same boundary con-
ditions as for the first-order response, the second-order solution
is

) sinh (kp1z)  sinh (kpsz)
Jcond — sinh (kL o
2 azsinh (kp1L) (sinh (kpiL)  sinh(kpoL)
) sinh (2kp12z)  sinh (kp22)
4sinh (2Lk - 50
Fassinh (2Lkpy) (smh (2Lkpy)  smb(kpel)) OO
and for the associated charge,
— j2wp3d
. kpicosh(kpiz)  kpecosh(kpez)
= ag sinh (kp1L —
az sinh (kp1 1) ( sinh (kp1 L) sinh (kp2L)
. 2kpy cosh(2kp12z)  kpe cosh(kpaz)
4 sinh(2Lk —
+assinh(2Lkp ) ( sinh (2Lkp1) sinh (kpa L)
(51)
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where
" A(B+0) (5’
? k%o — k%, (j2we + o2) cosh (kpi L)
a4 - kQDQ AC (EZ)Q
khy — 4kD (j2we + 02) 2 cosh® (kp1 L)
1'2 o~
A=_— Fle&7 B g1e
1+ j2wT emjw
2 e jwero
C=\mtmez )t Y= 1o 52
<6N + mewz) ’ jwe+ o (52)

Details for the p = 3 and higher-order cases will be omitted, but
can be obtained from the pth order transport equation

1 d2
1o — Jcond = R )
( k%p (Zzz> p (%) I

where IZ,, are nonlinear source terms involving lower-order so-
lutions and the incident field, and where

(53)

| (pw)e + o,
by = | HEEE G4

P

is a pth order Debye constant.

3) Quasi-Static and Static Cases: From the above
results, simpler expressions in the low-frequency limit
(pwt < 1, pwe K o) are easily obtained,

(w) Ne’r o
op (w) =
! m{(l+j(pw)T

N2
D(w)—>D0,kDP—>,/;;)€ ,/ c —=kp (56)

—a 55
1+]pu) o 3

and
dw?ekpT 2
=L IPPT (pi)”
“2 = N cosh (I"DL) (£°)
2} ,
a5 = —IWEDT _piy? (57)
3mog cosh? (kpL)
In the quasi-static regime the expressions for charge are
cond sinh (kpz)
2) =kpe, —————=
) DEL osh (kplL)
5 (2) = — bykp (cosh (2kpz)
—cosh (kpL)cosh (kpz)) (58)

. . i)
where by = a4/jw is proportional to (E*)".

Asw — 0, Ji3d — 0 although p§% converge to finite
values (their small w limits),

cond sinh (kpz)
Pi¥e (2) = erkp cosh (kL)

&k (cosh (2kpz) — cosh (kpL) cosh (sz)> (EZ)Q
3Ne cosh? (kpL)

(59)

1013 saaul aa sl aaaannl R | Lol La sl
1024 =M, e=12
1079 = — |4 ], e=12 ~7
1010_; 2 LT

| — rd
104 [, e=1

108-: —'—llev e=1 21"
1074 : /

10°4
10°
10° 4
10° 4
107 4
10" 4
10°4
107 +
1024

Nyl (Am?)

L R Ra L R s R R s L e

LEAbs) LB L L BB 2 L) | LgELEASLLY § LSRR AL ] LR AR | ¥
10° 10* 10° 10° 107 10°
E' (V/m)
Fig. 3. Magnitude of the first two orders of current vs. strength of the applied

electric field E* (V/m) at = = —L/3 fore;, = 1 and £, = 12, and doping
N = 10?2 m—3.

It is easy to show that (59) satisfies the DC transport equation
to second order, as shown in Appendix II.

A. Numerical Results

As a numerical example, we assume a semiconducting slab
having total thickness 2L = 100 nm, f = 1 THz, mesy = me,
and 7 = 2.156 x 10712 s. Fig. 3 shows the magnitude of the
first two orders of current vs. strength of the applied electric field
E'(V/m)atz = —L/3 fore;, = 1 and €, = 12, and doping
N = 1022 m~3. The vertical lines denote the value of incident
field where the |J i“nd| = |Jgend|; far below this value only
the first-order current is important. For £, = 1, second-order
effects become important at a somewhat lower value of applied
field than for ¢, = 12 (for this example, as shown in Fig. 4,
nonlinear effects become important for £* > 3 x 10% V/m).

The value of E* at which the first two solutions cross and
second-order effects become dominant depends on the location
within the slab, and material, energy, and size parameters ¢,
kT, N,7,and L. An analytical formula for the crossing point
can be obtalned by equating J£°*? and .J5°"9, but the resulting
expression is complicated and will be omitted here. However,
a simple expression for the crossing point for charge density is

obtained by equating p$°*? and p5°nd,
. (NEgTe)'/?
El)l =p2 T

y 3cosh (kpL)sinh (kpz)
cosh (kpz) cosh (kp L) — cosh (2kpz)’

(60)

Increasing the layer permittivity shifts the crossing point to
higher field values, as also seen in Fig. 3 for the currents.

Fig. 4 shows the current density versus position at ¢ = 2 ps,
ep, = 1, and doping density N = 10?2 m 3, for various values
ofthe applied field. It can be seen that for the two lower values of
applied field (£¢ = 5x10* V/m and 1x 10° V /m) the response
is essentially symmetric and the p = 1 order current is sufficient
(in these two cases only the first and first-plus-second order cur-
rent is shown since higher order currents are negligible). For the
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40 — !
Mathematica t,=2E-12's
-- A
Fos 12 E'=4x10°
30— J1+J2+J3 X L
. J1+J2+J3+j4
E
g
~ 20 L
C)
=
=
10 ; -
E'=1x10°
E'=5x10*
0 . ; .
-1 0 1
z/IL
Fig. 4. Current density versus position at £ = 2 ps and ¢;, = 1 for various

values of the applied field E*.

three higher values of applied field, £ = 2.3,4 x 10° V/m,
up to 4th order currents are shown. It is clear that for a given
strength of the applied field the solution requires higher order
currents, but these converge. Further, for higher field strengths
the current distribution becomes asymmetric. Also shown in the
plot is the solution obtained from Mathematica’s NDSolve rou-
tine [23], where the three coupled equations (transport, conti-
nuity, and wave equations),

2
9 1 cond 0 kBT (-7§°nd (Z, IL))

+ Zp (e ) (L (2, t) + B (2,1)) = 0
m

d 1
S BT (2, 8) = ST (2, )
% (1) + d‘)—zf1 (z,8) =0 (61)
were solved numerically. The main contribution to the non-
linearity is from the squared term, although the nonlinear
product p (z.,t) E (z,t) contributes somewhat. In general, the
trend in asymmetry of the current as field strength increases
is produced in both solutions, and for moderate strength fields
the agreement between the presented method and Mathematica
is good. For £/ = 4 x 10° V/m and z < 0 the response
from the first three orders of current, J;_3, oscillates more
than the Mathematica solution, but using J;_4 the solution
becomes smoother. For z > 0 the presented method predicts a
much larger peak near » = 0.3L. For higher values of applied
field (not shown) the peak increases in both the analytical and
Mathematica solution, although the analytical solution remains
above the numerical Mathematica solution. The reason for the
discrepancy is unclear; the Mathematica solution was stable
against small changes in the numerical procedure, but never-
theless gave warnings about spatial errors being larger than
tolerance (finer spatial discretization couldn’t be preformed due
to memory limitations). The Mathematica solver wasn’t stable
for g, # 1, which is why &, = 1 was chosen for this example.
Fig. 5 shows the same result as Fig. 4 except for ¢, = 12.
It can be seen that the nonlinearity appears at a larger value of

20 1 1 " 1
== 3J1
- - - - J1+J2
— J1+J2+J3
J1+J2+J3+j4
o~ / \E'=4x10°
S "~
3 ™
<= 10 ./‘ -
=) b
5 ] \
- ’
4
)
} i 6
] E=1x10
4 )
I/ &
I/ E=1x10°
0 f—
-1
z/L
Fig. 5. Current density versus position at# = 2 ps and £, = 12 for various

values of the applied field £*.

applied field than for ¢;, = 1, consistent with Fig. 3, and that
good convergence of the solution is again obtained.

IV. CONCLUSIONS

In this work, the nonlinear response of a semiconductor
or plasma to large-amplitude, time-harmonic electromagnetic
fields was obtained by solving the nonlinear transport equation
using an harmonic expansion. The polarization response was
assumed linear, and the conduction response was allowed to be
nonlinear, and spatially and temporally dispersive. The method
leads to a hierarchical set of linear second-order differential
equations with non-linear forcing terms. A simple slab example
was shown that admits an analytical solution, and comparison
with Mathematica was shown.

APPENDIX 1
VOLUME EQUIVALENCE PRINCIPLE IN THE TIME DOMAIN FOR
GENERAL CURRENTS

In this appendix we show that the well-known volume-equiv-
alence principle [13] can be applied in the time domain, in-
cluding the general (non-linear, spatially- and temporally-dis-
persive) response of charge carriers. In [24] the authors use
a similar time-domain volume-equivalence principle, although
for linear, temporally-dispersive permittivities. In the following,
the term dispersive refers to both spatial and temporal disper-
sion.

We assume a material region 2 containing nonlinear disper-
sive material immersed in a homogeneous simple non-disper-
sive medium characterized by j1p, 1. We assume a current J g
in the exterior medium results in incident fields that interact with
the medium in . At any point in space we can write Maxwell’s
equations as

V x E(r,t)=

d
— —poH (.t
5y HoH (r.1)
9 0
VxH(r,t)= EsoE(r,t) + EP (r,%)

+ I (r, 1) + T (1, 0) (62)

where we used D (r,#) = eoE(r,t) + P (r.1). Forr ¢ Q we
have P = g (e1/20 — 1) E and J***! = 0, and forr € 2 we
have J* = 0, and P and J¢°*¢ are unspecified but contain the
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nonlinear dispersive response. Furthermore, the incident fields
satisfy

) 9 ,
VxE (r,¢)=- &”OHZ (r.t)

V x H' (r,t) = %glEi (r,t) + I (r,1). (63)

By adding and subtracting the term (9/0t)e1E (r,¢) on the
right side of Ampeére’s law in (62), we obtain

VxE(r,f)=— %MOH(r,t)V x H(r,t)

0 d
=% [0 —e1] E(r,t) + ate;lE(]r.j&)
0 _
+ 5P+ I (0 + Jeond (r 1) (64)

for all r. We define the scattered fields as the difference between
the total fields E, H and the incident fields, E*, H?,

E* (r,t) =E(r,t) — E' (r,1)

H (r,t) =H (r,t) - H (r,1) (65)

valid for all r; by (63) these are the fields caused by J? in a
homogeneous space characterized by pg, €1, i.€., in the absence
of the material region 2. Subtracting the curl (63) from (64)
leads to

7,
VXE (r,t)= — EHOHS (r.t)
V x H (r 7‘)—2( —e1)E(r f)—&—éf E* (r,t)
T €0 — €1 s T atvl b
a .
+ 5P (1) + Jeond (p 1) (66)
If we define equivalent current as
e 9 9 cond
JqE87(60—61)E(F,t)+6—fP(r7t)+J (I‘,t) (67)

which is (1), then we have

S 8 8
VxE (r,t) = — aﬂ[)H (I‘,t)
; 0 .
V xH’(r,t) = 8—felE” (r.t) + J%(r, 1) (68)

valid for all r. Thus, the scattered fields can be seen to be caused
by the equivalent currents within the volume €2, where the entire
space is now homogeneous. Note that for r ¢ €2,

d

Tt = o

g0 — 61) E (I‘,t)

15} &1

APPENDIX II
SATISFACTION OF DC TRANSPORT EQUATION

Here we show that the static second-order nonlinear solution
(59) satisfies the dc transport equation to second order. Presum-
able, higher-order solutions would satisfy the dc transport equa-
tion to higher order, but this was not verified analytically.

From (3), the DC transport equation is

kgT dp ()
m  dz
The total electric field (this is simply the inversion of Poisson’s
equation applied to the inhomogeneous slab geometry, as shown
below) is, using (58),

1 [~ ,
E(z) = - /Lp(z') dz' + %EZ (z)

NE c E(z)=0 70
SONEG)+ Lo EE) =0 (0)

ey cosh (kpz)
& cosh (kpL)
by /1

-2 (5 sinh (2kpz) — cosh (kp L) sinh (k:Dz)> .

g

(71)

Plugging into the dc transport equation and multiplying out
terms, we find that first- (proportional to £*) and second-order
(proportional to (E’) ) terms identically vanish, and we are
left with third and fourth order terms, 0 (Ei)d +0 (E‘Z)4 =0,
completing the proof.

To show that the self-consistent electric field is (71), note that
the static potential satisfies

FE i

4 p(z)
= - 2
)= - (72)
where p # 0 inside the slab. The Green’s function satisfies
T ooty = 8 (- ) 73)
=95 ) = z2—z
leading to
1
g9(z,2') = 3 |z — 2| + g" (2, 2). (74)
Therefore, the potential is
1 i 1 I I i h
$(2)== [ —=la—#p()de +"(z) (79
e 2

where ¢" is a homogeneous solution of (72). To determine the
scattered potential ¢” () and the total electric field, note that

2
dd _ph =0 (76)
YA
such that
D=Az4+DB, ¢h=Fz4G, ¢h=Cz4+D (77

in each region (left, inside, and right of the slab),
d1=¢F =Az+ B

) |

b2 =P+ ¢ = g/ —3

A

p(ZVdd + Fz+ G

z— 2
~L
¢3 =y = Cz+ D. (78)
Boundary conditions are
_ dpr  doa
$1 = o, Gl = (79)
atz = L and
dog dos
= 9., = 0
P2 =3, € P 17 (80)
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atz = —L, and
p1,2 (|2] — oc) = —Eoz

81
such that A = C'= —FEy. This leads to F' = — (e /¢) Fyp and

#" (2) = —ZEoz + G (82)
and therefore
3 =F
d
Ey= — —¢o
dz
1o [F1
=—- / —|lz—2p(2)Yds + B,
edz J_p 2 e
1 [ €
== /L p(Z'Yyd + ?IEO (83)

which is (71).
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