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The only existing theory, developed by Nee, for the enhanced intersubband infrared absorption in
a metal-insulator-semiconductor system due to dielectric irregularities has been significantly extend-
ed. We have rederived the relevant absorption formulas with reduction of some of the approxima-
tions used in Nee’s paper and obtained more-general results. With these more-transparent formulas
we can qualitatively explain some experimental data. Correlations between the experimental and
theoretical power absorption are analyzed and discussed. A model is proposed. The calculated ab-
sorption spectra of this model are generally broadened and enhanced when including more possible

transition momenta.

I. INTRODUCTION

There are many studies, both experimental and theoreti-
cal, of the intersubband resonance in a metal-insulator-
semiconductor (MIS) system. It has been observed in Si,’
Ge,? InAs,’ and InSb,** using far-infrared subband reso-
nance spectroscopy. The major resonance peaks of the ab-
sorption spectra are interpreted in the literature as collec-
tive modes with the macroscopic depolarization fields.®
In contrast to the spectrum of Si, it has been observed that
a doublet structure appears together with the major reso-
nance peaks in the spectra of Ge, InAs, and InSb. The
doublet has been tentatively proposed to be produced by
the nonparabolicity of the subbands. However, this ex-
planation fails to explain the doublet? in Ge(111), where
only a parabolic subband is involved.

Wiesinger, Reisinger, and Koch® suggests that the
doublet structure for the 0—1 transition in the case of
InSb represents two different excitation modes of the sur-
face electrons. They postulated the existence of a small
Rayleigh-scattering perpendicular component of the inter-
nal field due to dielectric irregularities in the lacquer coat-
ing layer at the semiconductor-insulator interface.

The fundamental theory of absorption due to dielectric
irregularities was given by Nee.® In his treatment a
parabolic-band-structure approximation for surface elec-
trons in an inversion or accumulation layer is used. The
numerical aspects of this work have been subsequently
given by Nee and Koch.” In the following we will recapi-
tulate Ref. 6 because what we report here is in some sense
an extension of that work. The motion of the surface
electrons can be described by the wave function®

with subband energy
2

€x= +€,

2m,

where €; and ¢; (1 =0,1,2,...) are, respectively, the ener-

gy and wave function associated with the quantized
motion in the direction normal to the semiconductor-
insulator interface. The area of the interface is 4. m,
and m; are, respectively, the electronic effective mass
parallel and perpendicular to the interface. r and 7k
denote the coordinate vector and momentum vector in the
two-dimensional interface plane, respectively.

The effective potential V ¢(z) which the surface charge
carriers “feel” in the direction of the applied external elec-
trical field consists of the usual electrostatic potential in-
cluding the Hartree potential of the electrons themselves
and the exchange-correlation potential. Both the effective
potential including the correlation effect and the energy
splitting between the ground and the excited subband for
the Si(100) case have been calculated by Ando.”® The
calculated energy splitting for the accumulation case
agrees with the experimental value. But for the inversion
case, the calculated energies are larger than the experi-
mental data.

In this paper, we assume that the interface is sharp and
that there is an infinite barrier which keeps electrons out
of the insulator. For mathematical convenience, we ap-
proximate the effective potential by a triangular well,!!
that is

eFz forz>0,
+ o forz <O,
Fe 47r(Ndep,+fN,)e
€

V(z)=

’

where N is the concentration of fixed space charges in
the depletion layer and N, is the density of electrons per
unit area in an inversion or accumulation layer. We let f
be a parameter such that the energy splittings of the tri-
angular potential are the same as those of Ando’s values.’
For the Si(100) n-inversion case, the potential is shown in
Fig. 1.

The Schrodinger equation in the z direction is exactly
solved with the condition that the envelope wave func-
tions goes to zero at z=0 and at infinity. The eigenfunc-
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FIG. 1. Effective potential V.(z) and surface charge density
for a Si(100) n-inversion layer calculated by Ando (Ref. 9). The
dashed curve is the approximate triangle potential we used gn
this paper, eF=0.708 meV/A, ao=(#/2m;eF)'*=18.05 A,
wo=€—€/fi=Hk}/2m,=3.40x10"% s7!,  ko=1.06X10°
em™!, Ngeu=1.55x10""" cm~2,

tions v,;(z) are Airy functions ¢;(z):!?

¢I<Z)=Al¢ ’ (1.1)

Z _a
— =
ao

where A; are normalizing factors, —a; are the roots of
the Airy function (I =0,1,2,...), ag=(#/2m;eF)'”* and
e =a;[(eF#)?/2m;]3.

In Sec. II the absorption coefficients associated with
any surface electron transition momentum fiq parallel to
the interface are derived assuming ¢ >>(¢,)!?w/c. » and
€, are the frequency of incident light, and the dielectric
constant of the semiconductor, respectively. In Sec. III
we summarize the absorption coefficient formulas for the
three cases derived in Sec. II into a general form. One
model of the distribution of the dielectric irregularities is
proposed in Sec. IV. The spectrum lines are generally
broadened when including more possible transition mo-
menta. These results are also given.

II. ABSORPTION COEFFICIENTS

From the semiconductor region of a MIS system, a
monochromatic electromagnetic wave of angular frequen-
cy o is incident on the semiconductor-insulator interface
with an angle of incidence 6. It will be partly reflected by
the interface and partly transmitted into the insulator re-
gion of the dielectric constant ¢;. If there are impurity
particles near the. interface within the insulator, the
transmitted wave can be scattered by these particles. The
scattered electromagnetic field should interact with the
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surface electrons inside the accumulation or inversion
layer of the semiconductor and this enhances the absorp-
tion. Figures 2(a) and 2(b) are cited from Ref. 6 in order
to show conveniently how these waves intercorrelate.

From the definition of the spectral function Z ;,(q)
given in Ref. 6, the impurity-induced power absorption
per unit area by the surface-charge carriers can be readily
written as

PY=S #iveRe |—i S E}(Q)-Z 1(@E Q) |,
q r

2.1)

where #iq is the two-dimensional transition momentum
parallel to the interface. The electric field matrix ele-
ments for /’—! intersubband transition E ;;(q) are ex-
pressed® as

E 1i(Q=[E o(q@) ] +[AE(Q)]s

where the definitions of [E ¢(q)];; and [AE(q)];; are the
same as those in Ref. 6. [AE(q)];; are the depolarization
field contributions due to surface-charge carriers inside
the accumulation or inversion layers. As in the approxi-
mation I in Ref. 6, we neglect the coupling between the
I —1’ intersubband transition and the m —m’', mm/'s£ll’,

(2.2)
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FIG. 2. (a) Incident, reflected and transmitted waves at the
IS interface. (b) Electromagnetic waves scattered by the surface
irregularities (cited from Ref. 6).
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and obtain q=/(q cos¢,q sing,0), X 11(q) can be rearranged as
, , 8rmhie? _
[AE(Q))ri~—X11(qQ)-E 1i(q) . 2.3) Xr(q)= (R s(q,8))r1°Z 141(q,9) . 2.4)
s
For any q, expressed in polar coordinates (gq,¢), i.e., where #),; are the same as in Ref. 6 and
J
# . #
(gcos’$p—q3) Zcospsing———  —i
q ¢ 90 mlz(o?’l q 034’ ¢ mlzw%‘l qcos¢ myop
[R(g,9))1= | g°cos¢sing (g%sin’$p—gq3) 7 —iq sing A , 2.5)
T m,2 a’%‘l ml2 w%’l mop;
ig co iq siny 1
9 cosd myopg g sing mop;
I
with 1
o’ [el@)]m=L;3+ " X r(q)[4],
q0=es_c_2- ’
where
€r—¢€;
o= # 100 i 1 0 O
[Ad]1=10 1 O}, |[—|=[01 O],
Since the elements of [R ;(q,¢)];; have different dimen- 00 4 A 1
sions, there is no good reason to omit the terms of xz and 00 1

yz elements in (2.5). We think the approximation II of
Ref. 6 of omitting these couplings is not quite satisfacto-
ry. Therefore, we keep these terms in this paper and ob-
tain some different results.

Substituting (2.3), (2.4) into (2.2), we obtain

[E o @) =[e(@)]i1E 141(q)

and

¢X cos’¢
X 11(q)=X, |CX cos¢ sind

ic X cos¢

¢Y cos¢ sing
¢Y sin%p

ic'12Y sing

—i¢ /%€}sing

S

where
2em, _ 2
Xo 2 r, €= Eﬁ-" ,
EMm; @y mywyy
161'rﬁ2(4)1'1 . :
X =——5— |&')(cos’d —sin’p) +&psin’s
m;

2
+ npcos’d+ gg“é'm ] ,

—i¢ VY% cosd

in which 4 =(2m,#i/m}fw;;)!/? and its dimension is [L].
X 11(q) is called the “effective susceptibility tensor” for
the //'-intersubband transition and is dimensionless.

As in approximation III of Ref. 6, we assume
g>>(&)?w/c. X p/(q) then becomes very simple in its
mathematic expression:

, (2.6)
[

16m#w;

Y =—— |g)(sin*p—cos?d) + £ cos’d
t
g 4
+ Mpsin’g + g o |

- 4rhol
Sr= py S -

The definitions of &4, 94, and £, are the same as
those in Ref. 6, and we have
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Nixk—NI'k+q

1 .
g},?:i % 2 (k200529 ) ’

2 V)
ar k+q,1k[a’l' k+qlk— (w+ir)?]

where 6’ is the angle between k and q.
As can be seen from Eq. (2.6), the elements of X ;;(q)

en'(@=|— |-€n'(@)[4],
| T+x9+x33 —X12
EnlQ=— — X3 143 +x33
|dete,:, |
—X31 —X3
where

|detér | = | 14X +xp+x33 | 1= | 14+TrX 14(q) |

and consequently,

E (@) =€71'(qQ)[E o(@]s - 2.7
From Ref. 6,
[Eo@]i=frEs(q) . (2.8)

Assuming that each impurity particle has electric polar-
izability a; and the distribution in the insulator region is
n(x), E(q) is related to n(q,z), the two-dimensional
Fourier transform of n(x) via the polarization transfer
operator matrix, ¢ ,(q),

Es(q)=N(q).t.s(q)Et ’ (2.9)

where

N(q)=q; f_wdzn(q,z)e @itau)z (2.10)

The expression of t,(q) has been given explicitly in
Ref. 6. It is a characteristic tensor of the surface scatter-
ing mechanism and contains no information about the
distribution of impurity particles. In the assumption,

q>>(e,)%w/c,
172
L@ o 11 €0’
q9,i= ei?""q ~iq |1— 2c2q2
14(q) can be simplified as
_A4mq
t o —
L:(@) (& +€;)
cos’¢  cospsing icosd
X |cospsing  sin’p  ising
i cosd i sing -1

E, is the amplitude of the transmitted electric field,
and is related to that of the incident electric field E ;o via
proper boundary conditions. The relation is

E.=2:Ei, (2.11)

obey the following relations:

(i) det[{ r1(q@)]=0,
(i) the determinant of any minor of X ;;(q) is also zero.

Using these relations we invert the effective dielectric

tensor €,,(q):

—X13
—X23 ’
I+xy+x2 |,

where
qcosyy O
Qt= 0 a |,
a“sinw 0
2(¢,)%cosh
a = ,
1™ (€)12c0s0+ (€, 2cost
2(¢,)%cos
a,

- (€)1 %cosp+ (€)' /*cosh

Substitution of Egs. (2.7) and (2.8) into Eq. (2.1) yields
the enhanced power absorption per unit area of surface
charge carriers in the semiconductor region:

PP'= 3 Re[—iE [(q)-¥(q)E,(q)], (2.12)
q

where
V(q)=%we’S, ([1'1)7-[§F11(q)]T-Z ri(Q)-€r (@) f 1
I

Substituting Egs. (2.9), (2.11) into Eq. (2.12) the power
absorption per area becomes
PP~ 3 Re[—i | N(q)|E [-4(q,0,6)-E ;o] -
q

The derivation of 4(q,w,6) is lengthy and will be report-
ed elsewhere. The results are given below.

For the case 0>sin~!(¢;/€;)!/?, which is the critical
angle 6.,
Ey
E ;o= E;,

and A4(q,,0) takes the form
2me, miw
(6;+€) #

A(q,0,0)~

Ay Ap
Ay Ay

> op | fri(q) |2 X1
[14+Xp |2

b

1 uy
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where

frl@)= f Ow dzp(2y(2)e ™,

Xy =TrX (@) =X 11 +X22+X33)11
=Xo[E(X cos?p+ Y sin®$)+Ep]

¢ 172 172 2
Ay =|ay|?|cosp |—sind—1| — |— | sinf| ,
€; €;
A,2=A§1=ia,',alsin¢
172 172
€ . 2 €s :
X |cos¢ | —sin“6—1 - |— sinf | ,
€; €;
1
¢ 172
4,"=a,"3, |N(@)|’S(qw) cosp | —sin’6—1| —
q 1
4"=ad" 3 |N(q)|S(qw)sin’,
q
where
S(qo)~ 167, mio o ofi|fr(@|?  InXy
(€,+€,‘)2 #c ] up; ll+X”‘2 ’
(2.15)
W_ 4¢,€;c080
p b

" (€lcos?0+€sin®0—¢ge, )

. €,COS0
a;1)= o

€;—E€; ’
For the normal-incidence case =0,
E;ox
E o= |E;

0

E;ox and E;q, are the x component and y component,
respectively, of the amplitude of the incident electric field:

A(q,m,e=0)z-—2—’i—m—’2“i
- (e, +¢€)? #
> ol | fm@|*  Xn
1 iy [ 14X |2
| a|%cosp 0 0
X 0 |a|%in’ 0],
0 0 0
where
2(6_,)1/2

A=—"""""T7""77,5 -
(€)% +(e)1?
The absorption coefficient for normal incidence is
AP=al"T |N(q)|2S(q.w)
q

| Fiox | *cos’¢+ | E;qy | *sin’¢

P E. |2 (2.16)
| Eiox | “+ | Eioy |

b

€;

2303

Ap=|a,|%in’ .
The enhanced absorption coefficient associated with
impurity particles is defined as
A(b)=P_,(b)/P0 ,
where P, is the total incident power per unit area,

2
< gt
Py= sﬂmzquiOEiO'

For incident p-polarized and s—Polarized waves, the ab-

sorption coefficients A;” ) and A,“’ are, respectively,

172
siné

2
’ (2.13)

(2.14)

where

W _ 4e,
" e VA (e) VP

III. REARRANGING AND SUMMARIZING

From the three cases discussed above, we can rearrange
the factors of A;b) and A% and summarize so that the ex-
pressions for the enhanced absorption coefficients due to
impurity particles inside the insulator region are more
transparent physically and take the general form of three
major factors as in the following:

AP= |N(q)|’S(qw)F(6,4) .
q

(3.1

(i) S(q,w) as given in Eq. (2.15) is the absorption spec-
trum function of intersubband transitions with the
surface-charge-carrier momentum change #ig parallel to
the interface and the incident wave of angular frequency
. It is related only to the two-dimensional intersubband
system and has nothing to do with the distributions of im-
purity particles inside the insulator region. In general, for
the 27 range of angle ¢, S(q,w) is a periodic function of
¢ with period m/2. However, in the example of the
Si(100) n-inversion layer, calculated by computer, it shows
a very weak dependence on angle ¢, even if we change the
q and o values. The g dependence of S(q,w) is shown in
Fig. 3.

(ii) F(6,¢) is the polarization factor which character-
izes mainly the polarization of the incident wave. It also
depends upon the incident angle 6 and the direction angle
¢ of the two-dimensional transition momentum q.

There are two sources of the Folarization factor. One is
the transmission coefficient a'”, arising from the back
and forth transmission of the electromagnetic wave
through the semiconductor-insulator interface. The other
one is the impurity-particle scattering mechanism.
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For incident angle 6 > 6., and p-polarized waves,

172 172 2
[ES

_ W & . o .
F(6,4)=a," |cosd < sin“6—1 sinf
i i

For s-polarized waves,
F(0,¢)=a!"sin% .

At normal incidence 6=0,

| Eiox | *cos’¢+ | Eiqy | *sin’¢
| Eiox |2+ | Eigy |

Although S(q,w) is very weakly dependent on ¢, the po-
larization factor F(6,4) is quite dependent on it. For
6=45°, F(0,¢) for the Si-SiO, interface for p waves and s
waves are shown, respectively, in Fig. 4. For any mode q
with angle 6, this factor for p waves will be larger than
that for s waves. Thus, no matter what the distribution of
impurity particles inside the insulator region is, the ab-
sorption coefficient for p-polarized light is always larger
than that for the s-polarized light. This is also true for
the derivative of the absorption coefficient with respect to
the surface-charge density N,. This qualitatively agrees
with the experimental results for InSb (Ref. 5) and InAs.3

It has been shown that gratings can be used to excite
the intersubband resonance on Si(100) with normal-
incidence light.! It is excited by a normal component
electric field, which is induced by the structure gate elec-
trode. The comparison of the experimental results for
dA"® /dN, with those calculated from Nee’s theory has
been given in Ref. 14. But, with the polarization factor,
we can give some simple general arguments.

If the grating stripes are in the x direction according to

F(6,4)=a\’ 3.2)

Ref. 13, the modes excited by the gratings are
q=(2nw/L,0,0) n =1,2,3,... . Expressed in polar coor-
dinates, q=(¢ =2nw/L,$=0). If the normal incident
electric fields are perpendicular to the grating stripes, i.e.,

Eiox
Eip=|0 |,
0

according to Eq. (3.2), the polarization factor will be a
constant, totally arising from the transmission coefficient.
However, if the electric fields are parallel to the grating
stripes, i.e.,

0
E o= |Eq |
0

then F(6,4¢)=0 for all q. Therefore, there will be no ab-
sorption at all. But the absorption formulas we obtain in
this paper are of the first-order approximation only. So,
we expect the absorption for the parallel-polarized in-
cident light to be extremely small.

(iii) | N(q)|? may be regarded as the coupling coeffi-
cient of the enhanced absorption spectrum function
S(q,w). It depends upon the distribution of impurity par-
ticles inside the insulator region. So, the absorption coef-
ficients will be different for different distributions.

In the next section, we propose a distribution model for
the impurity particles and will calculate the associated ab-
sorption coefficients. Before doing so, we must consider
the relation between the absorption coefficients calculated
from theory and those obtained from experiments.

From the viewpoint of experiments, the absorptance is
defined as

Pexptz"[T(Vg)—T(Vt)]/T( | )]

(Ref. 12), where T(V,) and T(V;) are the transmission
through the MIS capacitor with gate voltage ¥, and
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threshold voltage V;, respectively. The power absorption
due to the surface-charge carriers is —[T(Vy)—T(V;)].
This corresponds to the quantity which we can calculate
from (2.13), (2.14), and (2.16). Here, we denote the power
absorption from theory as Py,,,. Thus, we have,
1

Peypr= T—(Vijm . 3.3)

In laser spectroscopic experiments, the optical-

absorption derivative dP.y /dV, is measured. Differen-
tiating Eq. (3.3) with respect to ¥V, we get

Pap 1 AP
av, TV, dv,

Therefore, the experimental value, dP.,, /dVy, is larger
than that calculated from theory, dP .. /dV;, by a factor
1/T(V,). This factor will be different for different exper-
imental arrangements. Thus, it is difficult to calculate the
experimental absorption derivative from theory. It is even
more difficult using this approach to calculate the abso-
lute value of the absorptance to compare it directly with
experimental results. Therefore, it is worthy of note that
only the relative values of the absorption coefficients as
calculated from Egs. (2.13), (2.14), and (2.16) and the
shape of absorption spectrum lines are significant in com-
parison with experiments.

IV: A MODEL FOR THE IMPURITY PARTICLE
DISTRIBUTION AND ITS ABSORPTION
COEFFICIENTS

In this section, we propose a distribution model for the
impurity particles inside the insulator region. We assume
that there is one layer of a two-dimensional simple lattice
at z=—d with a sphere basis of radius R at each lattice
point. As shown in Fig. 5, a and b are the fundamental
units of the simple lattice in the X and Y directions,
respectively. The distribution at a plane Z=const in the
primitive cells is |

n(x)= 3 n(q,z)e’?",
q

2mny [R2—(z +d)*)"/2J (q[R*—(z +d)*]'?)

n(q,z)= pr p
where J,(x) is the Bessel function of the first order and
G= gg—'—l-,—z—’;ﬂ , n,m integers .

For 6> 6, and by the assumption ¢ >>(¢,)!/?

stituting Eq. (4.1) into Eq. (2.10), we get

2305
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FIG. 5. Model of impurity-particle distribution with one
layer of a two-dimensional simple lattice at z=—d with a
sphere basis of radius R at each lattice point.

ngy for r'<r(z),
n(x')=
0 otherwise,

where r(z)=[R2—(z+d)*]'?, with |z+d | <R. Be-
cause of the periodic structure, it is only the fundamental
vector G of the reciprocal lattice that will be in the
Fourier transform of the impurity particles distribution.
Therefore,

4.1)

q,G »

w/c, q; and q; are all pure imaginary quantities, and | q,;| >> [¢; |. Sub-

—qod 1
N(q)=3a;g,-e7i—8q,g I, (1=2'7211(gR (1—-2)")cosh(gRz")dz' ,

where z'=z +d /R and N =(47R*/3)n, is the total num-
ber of impurity particles inside each sphere basis. In Fig.
6, | N(q) |2 is plotted as a function of gR for each d with
the y axis in logarithmic scale. Because | N(q)|? decays

I

very fast with g, absorption with small-g values dom-
inates the absorption coefficients. .

In this model, we set d =R=360 A and a =b for a
square lattice. The calculated absorption coefficients A,ﬁ‘)
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FIG. 6. Coupling coefficients | N(q)|? of the model used in
this paper with d =R=360 A. The abscissa is normalized with
q'=q/ko and R'=R/ay. The initial g values are also indicat-
ed.
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for a=2980 A are given in Fig. 7. In Fig. 7, there are N;
vectors G for each different spectrum curve, where
G=2w/a(n,m), n and m are integers and n,m <i. That
is, N;=(2i +1)*—1, because we must exclude the case of
G=0. So, N;=38, 24, 48, 80, 120, and 168, for i=1 up to
6. The spectrum line of the intersubband resonance is
clearly enhanced and broadened by adding up the contri-
butions associated with different G’s. We find that the
resonance peaks all occur at @ =1.01w,o due to the depo-
larization shift. The frequencies ®; and , of the max-
imum and minimum of dA;')/d W do not change much,
but the difference between the values of the maximum
and minimum is enhanced remarkably. As the absorption
associated with larger G is added, outside the »; and w,
frequency region, the area under the curve increases. So,
the whole absorption derivative spectrum due to dielectric
irregularities will be broadened and enhanced by including
all possible G’s.

We also calculate the absorption coefficients for
a=1490, 1980, and 5950 A by including 168 reciprocal
vectors G, up to i=6. The shape of the absorption spec-
trum for these cases appears the same as that for a=2980
A, except that the total absorptions for a=1980, 2980,
and 5950 A are, respectively, about 800, 2.5 10°, and
1.3 10* times smaller than that for a=1980 A. Since
the coupling coefficients | N(q) | % for larger g’s decay too
fast to contribute to absorption coefficients in these three
cases, we conclude that there exists some density of the
square lattice points that will give the largest resonance
peak. The broadening effect at this density will be most
effective.

V. CONCLUSION

In this paper, the only assumption we have used is

g>>(€;)"?w/c. This is the process of indirect photoab-

0.10 B

- 14,56

0.06

0.02

-0.02

-0.06

O|o 1 l 1 I 1 I L ,i
080 090 1.00 110 1.20
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FIG. 7. (a) Calculated absorption spectra A,f” of the model for R=360 A and a=2980 A. The abscissa is normalized with wo.
With i up to 6, i=1 for 8 G vectors, i=2 for 24 G vectors, i=3 for 48 G vectors, i=4 for 80 G vectors, i=35 for 120 G vectors,
and i=6 for 168 G vectors. (b) Calculated derivative absorption spectra d4,"/dw of the model for d =R =360 A and a=2980 A.
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sorption for the two-dimensional intersubband system.
No matter what the polarization of the incident light is,
S(q,®), the spectrum function, is all the same to a two-
dimensional momentum change #ik —fik -+ fiq of all possi-
ble intersubband transitions I —!' (1,I'=0,1,2,3,...). The
large momentum change fig parallel to the interface is
provided by the impurity particles inside the insulator re-
gion. With Eq. (2.15), we can calculate S(q,w) for any
mode q and with Eq. (3.1) sum over all possible q with
the coupling coefficient | N(q) |2, which can be calculat-
ed for any model of impurity-particle distribution. With
the model we propose in this paper | N(q)|? is propor-
tional to e ~2%, where d is the distance between the lattice
plane and the interface. If d is larger, the coupling coeffi-
cients will decay exponentially. So the effective depth for
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the impurity particles to enhance absorption is ~1/24.
Therefore, the surface impurity particles are the dominat-
ing source. The bulk impurities buried deeply inside the
insulator region give negligible effects to the enhanced ab-
sorption.
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