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A theory of TM type surface polaritons in semiconductor films possessing depletion transition layer which
electron concentration changes according to the law of hyperbolic cosine is built. The influence of dissipative as
well as non-dissipative damping caused by plasma resonance in transition layer on dispersion properties of nor-
mal and tangential modes of surface polaritons is determined. It is shown that in the absence of dissipative
damping two dispersion branches both for normal and tangential modes of surface polaritons exist, parted by a
frequency gap. The account of dissipative damping leads to vanishing of the gap and the presence of a single
dispersion branch both for normal and tangential modes of surface polaritons, wherein the damping of tangential

mode exceeds considerably the damping of normal mode.

Surface polaritons in semiconductors with de-
pleted transition regions were investigated in a num-
ber of works [I-8]. In these works different laws of

electron concentration alteration n(z) in the vicinity
of semiconductor surface were considered. Thus, in
the work [l] it was supposed that n(z) changes line-

arly from the value »_ at the surface to #, in the

volume. In works [2-5] the dependence n(z) of the

exponential form was considered, and in the work [6]
it was assumed that it has the form of smooth step.
The most interesting result obtained in the works [5,6]
was the existence of closed dispersion curves appear-
ing in the frequency region higher than plasma fre-
quency of the electrons on semiconductor surface.
However, in these works collisionless damping of
surface polaritons conditioned by their transforma-
tion into longitudinal plasma waves in the point of
plasma resonance in which dielectric permeability of

the semiconductor S(OJ,Z) turns to zero was not

taken into account. Collisionless damping of surface
polaritons was evaluated approximately in earlier
works [7,8] under the conditions of their propagation
along a thin plasma layer and thin plasma cylinder.
The solution of Maxwell's equations was found with
help of the method of consequent approaches over
small parameter equal to the ratio of transition region
thickness by depth of surface polaritons field penetra-
tion into plasma.

In this work the dispersion properties of surface
polaritons in semiconductor film with transition re-
gion are investigated with account of their collisional
and collisionless damping. Dispersion equations are
obtained by presentation of Maxwell's equations in
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the form of power series and were examinated nu-
merically for the semiconductor film n—InSb in a
wide range of transition region thicknesses. It is
shown that collisionless damping in thin films is
rather essential and its account changes drastically the
properties of normal and tangential modes of surface
polaritons.

Let us consider inhomogeneous semiconductor
film occupying volume 0 <z <L and bounded by a
homogeneous dielectric with dielectric permeability

€,. Along the axes X' and Y the film is considered

to be infinite. The electron concentration in the film is
determined by following equation:

L)/
cosh(z-— 2)/51

coshL/2d °
in which d is the characteristic width of transition
region near the film boundaries, n, is electron con-

n(z) = n, +(nx - nb) D

centration on the film boundaries (z=0,z=L), n,

is electron concentration in the film volume under the
condition that the influence of transition region can
be neglected (d << L).

Electromagnetic properties of inhomogeneous
semiconductor film in local approximation are de-
scribed by dielectric permeability of the following
form:

L
s(m,z)=ab+Ascosh(z——2—)/d. )]

Here
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are the charge, the effective collision frequency and

effective electron mass. In the limit L >>d equation
(2)- corresponds to exponential character of electron
concentration alteration in the vicinity of film
boundaries.

Let us consider TM waves propagating along the

X axis with the frequency ® and wave vector k,.1f

we present nonvanishing components of these waves
in the form:

{EX,EZ,Hy} = {Ex(z), Ez(z), Hy(z)} X
xexp( (k X - (ot))

it follows from Maxwell's equations that magnetic
field amplitude H},(z) satisfies the following ordi-

nary differential equation of the second order [5,6}:

d? Hy(z) B g'(c),z) dHy(z)

dz? g(o,z) dz

+

M2 (6)
+LQC)2 s(m,z)—ki}h’y(z):(),
where 8'(&),2)5 ?Ii(dg’-:z«)
z

In dielectrics bordering on film with permeability
€, magnetic field amplitude Hf:(z) has the form:

z <0,

- L)), z>1L,

C, exp(pdz),
C, exp(— p.(z

2

Hd(z)z

Y

()

where p; =k; ——€,>0; C,, are integration
C
constants.
Following the works [5,6] we introduce a new
’ &:(co,z) ]
variable O = ———=_ Then the equation (6) be-
€
comes :

2
2 Ag dZH’
v (1) ‘(s_j FEa

&)
I+o—| —| |—-
€, 17.9) ®)

2 2
_
2 —5E€, = 2 de,.

—o[ocz +(1 +u)]Hy =(),

where o0 = pyd; pl =k ~

According to analytical theory of ordinary differ-
ential equations of the second order , differential
equation (8) has singular points defined from the
condition of vanishing of the coefficient by the second

d’H
derivative 2 ie.
dov’

v=0; )

A A
(1+u+—8—J(l+u-—“§J 0. (10)
gl) gb

The equation (9) is equivalent to the condition
8(&),2)=0 under which the plasma resonance in

semiconductor film appears. The equation (10) is

equivalent to the condition

Ae
l+v+—=0, an
€y
Ag L
as 1+v = ————Cosh(z——)/d and the second
€, 2
]
factor 1 +10 — — does not turn to zero anywhere in

&
the fitm. Equation (11) corresponds to turning to zero
of the first derivative of dielectric permeability in the

L
center of the film 8’( s ,)j 0. Thus, the equation

(8 has two singular points: L =0 and
Ag . .

L = ——— —1. In the vicinity of the point v =0 we
€p

search for the solution of the equation (8) in the fol-
lowing form:

H,(v) = 4% (0) + 47, (), (12)

where 4, and A, are arbitrary constants, and ex-
pressions for two linearly independent solutions
Vz(U) and Vz(o) are determined in the form of

power series [9]:
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a,=1  a,=a, =0 (14)

Vi)=v’) a0", qa,,~3+a,,_2[q+<12 —r(n—l)]—-a,,_,(n+1)(2”“1)
a,= ' '

=0 (13)
0 - n 2 4
V)= pBlno V) + D bo". 1{3&3) ns2)
n=0 Sb
2 -2
HereB=—]—(OL2+q) 1-—(&} . nzl
2 8b b _], bl =b2 =0,

Coefficients @, and b, are determined by fol-
lowing recurrent relations:

_gb,;+b, ol +q—(n=2)(n-3)]-b,.,(2n-5)n-1)

=

S
—~~
=
|
)
S
~
|
TN
e
o m
N’
~
——

2n-1)p| 1- (é?) 4, ,~B(#n-7)a,, - p(2n- 5, ,

€
p ; n>3
Ae
o)
€y
Let us find the solution of the equation (8) in the . PRy i
A are power series of the form w ZH} c¢,w , where
icinity of singul intv=——-—1.
vicinity of singufar point L €, ¢, are determined by the expression
In order to do this we introduce a new variable 1 ( )
Ae ¢, =3¢ \r+n=1) r+n-1+
w = I +0 +— . The differential equation (8) takes " D, ™
€,
. . Ae Ae A
the following form +3(r+n-—2)—— —(l+—)(a2 "q‘“ﬂ 9
gy & &
2
Ag Ag ) d Hy
ww-2—\w-1-— 5 = Ae
€, €,/ dw xC, |07 —q 142— | —(r+n-2)r+n-3) [+qc, , ;
&
w £[1+ As) A,
£, €,/ | dw c,=¢,=0 ¢=L n2l )
Ag Ag We use here the notation
—(w—l—-—~)(ocz+q(w——nHy=0. As Ae
i) € D =—|1+— (r+n)2r+2n-1),
(15) €p €p
The solution of the equation (15) can be presented and 7 takes two values =0 and 7= 1/ 2 for solu-
in a form: tions W,(W) and W, (w) , correspondingly.

Hy(w)= BW, (w) +B,W, (w) (16) Convergence radia of series V,(L)), Vz(U),
w, (w) ,and W, (w) are determined from the condi-
Here B, and B, are arbitrary constants, and tion IUMW|<mil’l[l;|W—-\)l].

linearly independent solutions VVI(W) and I/Vz(w)
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Assume the point z =0 is an ordinary point of
the differential cquation (8), that is vV(0)=v, # 0
and W(O) =w, # 0. Then the solution of the equa-

tion (8) can be presented in the form of linear combi-
nation of two power series over new variable

U= v ;{DJ-, where R is radius of convergence of
1 AeY’
d =——1{Rd_ 1+us—(~5j (m-1)—(n-1)n-2)
D, )
+R*d

+Rd_, {oc2 +q+2qv, —(n-

=d,=0nz2

D, = nln-1,{(1+0) - [%8‘)

For the power series U ,(u) we believe
d,=1, d=0,
Uuw)-d, =0, d =1

for the power - series

L

2 2
two modes of surface polaritons exist in it, i.e. normal
and tangential modes with symmetric and antisym-
metric distribution of electromagnetic field over the
film thickness. For the normal mode of surface po-

L

5] ,

——-;’-—2'——0 for tangential- H LEJ
dz o ornne 2

As the film is symmetric about the plane z =

0

laritons

As the point z=3 corresponds to the point

w =0, electromagnetic field distribution in the vi-
cinity of film center is described by the solution (16).

It is necessaty to assume B, =0 for the normal

mode and B, =0 for the tangential mode in the
equation (16).
Ag
The point v :—;——l (w=0) is singular
b
point of differential equation (8) irrespective to fre-
quency region considered. The point L =0 (in as-

38

A
I+v, +—
€

U.Y

b

1

these series equal to R = min{

If we denote these series as U, (u) and U, (u) , we

obtain for each of them the following expression:

U,,(w)=>du", (18
n=0
where

(1 +U.,.)(1 + 3uy)~(%8—jz

b

{4000 )+ (- 2f1-(r-3)2 30, )] +

4)n— 3)} +Rqd, , 1,

(19

b

sumption that v =0 ) can exist in transition regions
of semiconductor film in frequency area between ®

and © ,, ,which we name resonance frequency. Here
dne’n,
W, = " is plasma frequency of electrons at
) n e
0

the boundaries of inhomogeneous film. Therefore, in
non-resonant frequency regions, where ® <o,

dispersion equation for surface polaritons in semi-
conductor film can be obtained using only equations
(16) and (1R), if we consider tangential components of
electric and magnetic fields to be continuous on the
film boundary z=0 and at some inner point of

semiconductor (matching point) z,, placed at the
intersection of  series convergence areas

U I(M), U, (u), W, (w), W, (w) The result is as

follows:

_Ei - _ U; (O) W( M}m )Ul'u (um) - H/w’ ( wm )Ul (um)R~
Re, W(wm)Ugu(um) - %(W,R)Uz(um)R
(20)

£y

In the equation (20) it is necessary to assume
W =W, for the normal modes of surface polaritons
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and W =W, for the tangential modes. The prime

indicates the derivative over the variable, which is
shown by the additional lower index of corresponding
functions;

v, —V, Ae
Uy =" wm=l+um+;-—,
b
e(o,z,)
v, =—-—"—", e, =&(0,0).
€

In resonance frequency region ® , <® <® ,, in

which the solution (12) must be taken into considera-
tion, we assume that point Z ={() belongs to series

V1(U) and VZ(U), ie.

convergence aréa

< min| L, . Then dispersion equation for

P,

Ag
1+—
€

surface polaritons can be obtained, using only equa-
tions (12) and (18). Therefore, we have:

2o y0,) -0 o,

£, ‘. )
f;’— Vi )—0;(‘0) v, (,)

vi(v,) - I'I"{;'((::)) Vo,) 1)
- e

where W =W, for normal modes of surface polari-

tons, and W = W, for tangential ones.

Dispersion equations (20) and (21) were investi-
gated numerically. For the convenience of considera-
tion dimensionless variables

ck ® Lo dm
— e ko pb . __ pb
c=—";E=—-;b= y =

O, o, ¢ c

were introduced. All the calculations were made for
doping semiconductor of type InSb with parameters

g, =106, g=-0,1536, which corresponds to

o
£, =—"=0,92[11,13]. It was supposed that semi-
pb
conductor film has a boundary with dielectric having
permeability €, = 2.

In Fig.1 dispersion curves for normal (symbol N)
and tangential (symbol 7) modes of surface polari-
tons in inhomogeneous film without dissipation
(v =0) are presented for the case when dimension-
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less thickness of semiconductor film b = 0,3 and di-
mensionless thickness of transition region a=0,1.
Dash line § =& is the boundary of two frequency

regions: the nonresonant & <& _, in which v #0

and resonant & > &, in which the point L =0 exists

near the surface of semiconductor film. In resonance
area nondissipative damping of surface polaritons
causes the fact that dimensionless wave number

¢ =¢'+1ig" is complex. The real part of wave num-
ber g'(ﬁ)(curves N' and T') and the imaginary
part of wave number G" (curves N” and T") are
shown. In the figure it is demonstrated that relation
g’(é) are not closed. They begin at line &, and

function g’(E)) is nonmonotonous for normal modes

(curve N') and it is monotonous for tangential

modes (curve 7). Besides, for normal mode of sur-
face polaritons the imaginary part of wave number

¢" (curve N'") is less than the real part g’ (curve
N')and it is a monotonically decreasing function of
€ . However, for tangential mode both of relations

T’ and T" are monotonically increasing functions
of & . Within the whole area of frequencies considered
the condition g"({;) >g'(<‘;) is satisfied, i.e. this

mode is a high-damping one in resonance frequency
area even in the absence of collisions.

g
0044 N W' g T,

0,90} N[—_‘&\
0,8_6" _ j r]/"',

o 1 2 3 4 5 ¢

Fig.\. Dispersion curves for normal (N} and tangential (T)
modes of surface polaritons in inhomogeneous semiconductor

film in the absence of damping (V = () ) in dimensionless
values (definitions see in the text) C, g for a=0]
b=03;, g=-01536; ¢,=16¢,=2

nance area & > £ , the curves labelled by one prime present

. In reso-

the relation G '(ﬁ) the ones labelled by two primes present
the relation g"(g) for normal and tangential modes. Dash

line & = E_, , corresponds to plasma frequency of electrons on

the surface of semiconductor film, and dash line €= ct,r
corresponds to limit frequency of surface polaritons in homo-

geneous film with the concentration 1.
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Thus, the values of collisionless damping for tan-
gential and normal modes of surface polaritons in
resonance area differ essentially.

In non-resonance area the dispersion curve of the
normal mode N behaves in a conventional way: if ¢

is increased, the frequency also increases and achieves
the maximum. If ¢ —» 00 it tends to the limit fre-

quency of surface polaritons

& = *—80—(1+g)-

€ +€,

The figure shows that the tangential mode of sur-
face polaritons (curve 7 )in non-resonance area is
more smooth than the normal one, and if ¢ — o it
tends to the frequency &, from below. It is worth

noting that for each of the modes a forbidden fre-
guency region ( a gap) exists in non-resonant area in

the vicinity of the frequency & ;.

g "
] y 0 I “—:_;g““\. ---------- ]'

0,92 frmiaer e uw ar
0,84 1

0 05 10 ¢

Fig.2. Dispersion curves for normal modes of surface polari-
tons in inhomogeneous semiconductor film with account of
dissipative damping V = 0.0l for b = 0.3 and jfor three values
of the parameter a: a = 0,08 (index 1), a = 0,1 (index 2) and
a = 0,15 (index 3 ). The curve with index I corresponds to the

relations G '(?;) (solid lines), and the curves with index 1l

correspond to the relation G "(&) {(dash lines}. Long dash

lines correspond to normal modes of surface polaritons in
homogeneous film with electron concentration ny (curves I'
and I") and ny (curves 1" and IT7).

Fig.2 presents the dispersion of surface polaritons
normal modes, taking into account the final dissipa-

tive damping v = 0.0] for b = 0,3 and for three
values of dimensionless parameter a: a = 0,08
(curves I' and 1), a = 0,1 (curves 2' and 2" ) and
a=0,15 (curves 3’ and 3"). For the comparison in

this figure dispersion curves of normal mode of sur-
face polaritons in homogeneous semiconductor film

with electron concentration », (index I) and n,
(index 11) are presented. Here, as well as in the Fig.],
the relation g’(&) is labelled by one prime and the

relation g"(@) is labelled by two primes. It can be

seen that account of the dissipative damping of nor-
mal modes of surface polaritons is most important in

non-resonance area, where dispersion curves experi-
ence the most deformation. As a result, the forbidden
frequency area vanishes, and dispersion curves in
resonance and non-resonance area go from one to the
other continuously. On the dispersion curves of nor-
mal modes /' — 3’ turning points exist, increase of a
leads to their shift to the lower frequency region. It
should be noted that damping of normal modes re-

mains low (¢"” <¢') and achieves its maximum in

the vicinity of the frequency &, that points to the
dominating character of dissipative damping. It is

essential that with the increase of @ while b remains
unchanged, damping of normal modes increases. The

break points of branches 1',1”,2',2",3"and 3 are

connected with the fact that at higher frequencies the
region of applicability of dispersion equation (21) is
violated.

0,96 |
0,92 1
0,88 {
0,84
0,80 #r—F Ll v =y ]

0 2 4 6 8 10¢C

Fig.3. Dispersion curves for tangential modes of surface
polaritons in inhomogeneous semiconductor film in the pres-
ence of dissipative damping v = 0,01 for b = 0,3 and for three

values of a : a = 0,08 (index 1), a = 0,1 (index 2) and a =
0,15 (index 3). The curves with index I correspond to the

relations G '(ﬁ) (solid lines}, and curves with index II corre-

spond to the relations G "(E_,) (dash lines). Long dash lines

correspond to tangential modes of surface polaritons in ho-
moegeneous film with electron concentration ny (curves I' and
I") and ns (curves Il and 11").

In Fig.3 dispersion curves of tangential modes of
surface polaritons for the same values of @ and b as
for the Fig.2, taking into account dissipative damping
v = (),01 are shown. It can be seen that a considera-
tion of dissipative damping leads to vanishing the gap
in frequency spectrum of tangential modes of surface
polaritons. But, as propagation of polaritons is possi-

ble under the condition g"(é) <g'(§), tangential

modes of surface polaritons in inhomogeneous film
exist only in non-resonance area, lying considerably

lower the frequency &, . Increase @ while b remains

unchanged leads to increase of tangential mode
damping and decrease of their phase velocity. The

turning points in the relations g’(ct;) of tangential

modes lie in the frequency interval £ >& >& , and
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they are located lower than turning points for normal
modes.

Thus, taking into consideration dissipative and
non-dissipative damping of normal and tangential
modes of surface polaritons in thin semiconductor
film with depletion transition layers leads to consid-
erable change of their dispersion properties. The in-
vestigated particularities of surface polaritons propa-
gation can be used in contactless diagnostics of physi-
cal properties of real semiconductor films, in which
the concentration of electrons near the surface is in-
homogeneous as a result of various technological
processes, such as diffusion, ion implantation, etching
or influence of electromagnetic fields.
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Biusinne oGeiHeHHBIX MEPEXOAHBLIX CJIOEB HA
NI0BEPXHOCTHBIE NMOJIAPUTOHDI B
MOJIyNIPOBOAHHKOBBIX ILICHKAX

H.H. Beaenxunii, E.A. I'acan

TTocTpoeHa TeopHs NOBEPXHOCTHbBIX IONAPHUTOHOB
TM Tuna B NOJXYNPOBOAHHUKOBBLIX IJIEHKAX, HUMEH0-
wux obeqHeHHbIe NepexoaHble 00IacTH, B KOTOPLIX
KOHUEHTPALMs 3JEKTPOHOB MEHAETCA 110 3aKOHY TH-
nepGosmyeckoro kocuHyca. OnpeaeneHo BIMAHUE
IHCCUMIATUBHOIO, 4 TAKXe HEIUCCHMATHBHOIO 3aTy-
XaHHs, OOYCIOBIEHHOrO NIa3MEHHBIM PE30HAHCOM B
NEPEXOAHBIX 00NACTAX, HA AHCNEPCUOHHBIE CBOHCTBA
HopmanbHbix (N) u Tanresuuanenbix (T) mox no-
BEPXHOCTHBIX MONAPHTOHOB. [loKa3aHo, ¥TO B OTCYT-
CTBHE NMCCHMIIATHBHOrO 3aTyXaHHs xak /a N, Tak u
s T MOA CYWECTBYIOT ABE AMCIEPCHOHHBIE BETBH,
Pa3JeNeHHbIe WEbIo MO 4acTOTe. YUET AMCCHNATHB-
HOTO 3aTYXaHHS MPHBOAHT K HCUEIHOBEHMIO LUETH M
HAJHYMIO JHUIUb OJHOM IMCIIEPCUOHHONH BETBU HTIA
obeux mox. Ilpu srom 3atyxaHue T Moapl 3HaUM-
TeJIbHO NPEBOCXOIMT 3aTyxaHue N Mombl.

Bnus 36iHeHMX nepexiqHuX mapis Ha OBepXHesi
NOJIAPUTOHH Y HAMIBIPOBIIHNKOBHX IJBKAX

M.M. Bineunknii, 0.0. I'acan

TloBynoBano TeOpilo NMOBEPXHEBHX NONAPUTOHIB
TM THny y HamiBNIPOBIZHHKOBHX IIiBKaX, B AKNX
KOHIIEHTpallis eNeKTPOHIB 3MIiHIOETHCH 32 3AKOHOM
rinepboniyHoro KocuHyca. Busnauyeno BIUMB IUCH-
NATHBHOIO, @ TAKOXK HEAUCHIIATHBHOIO 3racaHH#, SKe
3YMOBIIEHE [MIa3MOBMM pPE3OHAHCOM Y HEPEXiTHHX
obnacTax, Ha AucnepciiiHi BIAaCTUBOCTI HOPMAaRbHMX
(N) i Tanrenuiansuux (T) Moa NoBEpXHEBHX MONAPH-
Touis. [TokazaHo, w10 y BIACYTHOCTi AMCUNATHBHOTO
sracanns gk s N, tak i gnsa T Moz icHyloTs OB JUC-
nepciiini rinkd, posmineni mo yYacToTi. YpaxyBaHHS
JUCHITATMBHOTO 3racaHHsA Belle 10 3HUKHEHHS LiIMHH
Ta HAsBHOCTI JMINE OAHiei AucnepciHHOl rinky s
o6ox mox. Ilpu ubomy 3racanns T MOAHM 3HAYHO ne-
peBuinye 3racaHHs N MoJH.
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