PHYSICAL REVIEW B

VOLUME 11,

NUMBER 12 15 JUNE 1975

Interface excitations in metal-insulator-semiconductor structures*

Adolfo Eguiluz, T. K. Lee, and J. J. Quinn
Brown University, Providence, Rhode Island 02912

K. W. Chiu

Brown University, Providence, Rhode Island 02912
and Eaton Electronics Laboratory, McGill University, Montreal, Canada

T

(Received 2 December 1974)

The interface excitations associated with the inversion layer of a metal-insulator-semiconductor
structure are investigated. These excitations can be regarded as coupled modes whose components are
the two-dimensional-electron-gas plasmon and the surface plasmon of the metal-insulator interface. The
dependence of the coupled modes on the insulator thickness and the gate-electrode plasma frequency

are studied.

I. INTRODUCTION

The plasma modes of an inversion layer on a
semiconductor surface have been studied theoreti-
cally by several authors,'™ Stern! obtained the
dispersion relation for the plasma modes of a two-
dimensional electron gas embedded in a three-
dimensional dielectric. His results are implicitly
contained in the work of earlier investigators who
considered plasma oscillations of thin metallic
films,® if the film thickness is assumed to be suf-
ficiently small. Fetter? has used a hydrodynamic
approach to investigate the plasma oscillations of
a two-dimensional electron gas. In the work of
Stern, two parameters appear which characterize
the plasma properties of the system. The first
parameter, with the dimensions of an accelera-
tion, is a=2mn e?/m*, where n, is the number of
electrons per unit area of the two-dimensional
electron gas, and m* is the electron effective mass.
The other parameter is €,, the dielectric constant
of the insulating background in which the two-di-
mensional electron gas is embedded. If cq, the
product of the velocity of light and the wave number
of the plasma wave (along the surface) is small
compared to a/c, then the plasmon frequency is
given by w=e 1’2cq. For ¢ >a/c? (but still small
compared to the Fermi-wave number k), the
plasmon frequency is given by w=~(ag/€,)'’2. This
behavior is quite in contrast with the dispersion
relatlon for plasmons in three dimensions, where

},[1 +0 (qup /w,)?]. The frequency w,= (4 Tne?/

m*)' (where n is the number of electrons per unit
volume) is usually large, so that the plasmon dis-
persion is rather small at long wavelengths, At the
present time, the plasma modes of an inversion
layer on a semiconducting surface have not been
observed experimentally, This could be due, in
part, to the fact that the model of a two-dimensional
electron gas embedded in an infinite dielectric
differs in a significant way from the experimental
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situation in a real metal-insulator-semiconductor
(MIS) structure. The finite thickness of the in-
sulator (whose dielectric constant €, is different
from the dielectric constant €, of the semicon-
ducting substrate) which separates the semicon-
ductor from the metallic gate electrode could af-
fect the plasmon-dispersion relation. This ques-
tion has been touched on by Nakayama,* who has
studied the surface waves associated with surface
carriers at the interface of two dielectric media.
Nakayama has briefly discussed the three-media
problem in an appendix of his paper. In this pa-
per, we consider the three-media problem for a
metal-insulator-semiconductor system in which
the semiconductor inversion layer acts as a two-
dimensional electron gas. We investigate how the
“plasmon” of the two-dimensional electron gas is
affected by the thickness of the insulating layer,
and by the “surface-plasmon” frequency of the
gate (metallic) electrode,

II. METAL-INSULATOR-SEMICONDUCTOR
STRUCTURE

We consider a model which consists of a metal
filling the space z< 0, a layer of dielectric be-
tween z=0 and z=d, and a semiconductor filling
the space z >d. At the plane z=d, the interface
between the semiconductor and the insulator, there
is a two-dimensional electron gas. The metal is
represented by a simple-local-dielectric function
€y=1-wi/ w®  The insulator and semiconductor
have dielectric constants €, and €, respectively.
The two-dimensional electron gas has a polariz-
ability x(g, w). By this we mean that an electric
field of the form E(z) e'“*“® evaluated at the plane
2z =d will cause a polarization of the two-dimen-
sional electron gas of the form P (r, )= [P,(q, w),
P,(q, )] 8(z~d), where P(g, w)=x(g, w)* E.

The wave equation describing the propagation of
electromagnetic waves in the system can be written
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VX (VXE)= wieE - 4miw] . (1)

Here and throughout the remainder of this paper
we use units such that the velocity of light is equal
to unity. In Eq. (1), € is the dielectric constant
appropriate to the medium in which the wave equa-
tion is being applied, and @, t)=] (g, w) e*“*"* ¥ 5(z
—d) is the current density associated with the two-
dimensional electron gas. In fact, f(q, w) is equal
toiwy(g, ). E. For z different from d, the wave
equation is perfectly standard in form and the solu-
tions can be written down immediately. We intro-
duce subscripts M, 0, and S to refer to quantities
appropriate to the metal, insulator, and semicon-
ductor, respectively. Imposing the appropriate
boundary conditions®* at z =+« and at the inter-
faces leads to the dispersion relation

Baes+ By €ole® — veP0?) (Pl yePod) L amy=0 |

(2)

where

7= (Bu€o+ Bo€u) ™ (Bu€o— Bo€u) 3)
and

Bi=q?- e . )

The subscripts on 8 and € in Eq. (3) are appropriate
to the medium being considered. Equation (2) is
the dispersion relation for waves localized in the

interface. In the limit as d tends to infinity, the
equation reduces to
47y BoBs+ Po€s+Ps€=0 (5)

provided that y remains finite.
equation reduces to

€0+ 2TPx=0 . (6)

This is exactly the dispersion relation for the
plasmon in a two-dimensional electron gas em-
bedded in a dielectric €, which has been derived
by Stern.! In all of these equations, x(g, @) is-the
longitudinal polarizability yx,,(q, ). In addition to
the solution of Eq. (5), in the limit asd - o, Y-
is also a solution, From Eq. (3) we see that this
implies

Bu€o+ Bo€y=0 . (7

By substituting for 8, and By, we can easily show
that Eq. (7) is equivalent to ¢®= (€o+ €)™ €o€,w?,
the dispersion relation for a surface plasmon at
the metal-insulator interface.® In the general re-
sult, Eq. (2), these two modes are coupled, since
the finite thickness of the insulator allows the ex-
ponentially decaying fields associated with each of
the modes to have finite amplitude at the opposite
side of the insulator layer. This result is identical

For €,= €4, this
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to the dispersion relation obtained by Nakayama
[his Eq. (A2)], if one identifies his surface charge
o) with —iwy. Although for large values of the
wave number g the frequency of the surface plasmon
at a metal insulator interface is large compared

to the frequency of a two-dimensional electron gas
plasmon with the same value of ¢, retardation ef-
fects cause both of the frequencies to approach zero
linearly with . In addition, the decay length S5

of the waves in the insulator becomes quite large

at low frequencies, so some effect of the coupling
of the modes might be expected if the oxide thick-
ness d is not too large. In addition, the fact that
the interface modes are simple gate-electrode-
insulator surface plasmons coupled to the plasmons
of the two-dimensional electron gas, suggests that
a gate electrode of different character from a high-
electron density metal could lead to interesting ef-
fects.

III. METAL-INSULATOR-SEMICONDUCTOR
PLASMONS

For a typical metal like aluminum, silver, or
gold, the bulk plasma frequency is quite high, and
as a first approximation, we can take €,=1- w?/w?
equal to minus infinity, This means that we are
considering frequencies much smaller than w,. In
that case, y approaches the value =1, and Eq. (2)
simplifies to

47y +Breg+ Briocoth Bpd ~0 . (8)

This result has actually been derived by Chaplik’
in his study of crystallization of a two-dimensional
electron gas into a Wigner lattice. He refers to
the mode as the longitudinal acoustic mode of the
two-dimensional electron gas.

In Fig. 1, we plot the dispersion relation [Eq.
(2)] for the following values of the parameters: w,
=8x10' sec™, N=2x10'"% cm™, m*=0,2m, where
m is the mass of a free electron, €4=12 and ¢,
=3.7. These values correspond approximately to
a metal-silicon-dioxide-silicon structure with
2% 10'? conduction electrons per cm? of the inver-
sion layer. The four curves which appear in Fig.
1 correspond to values of the oxide thickness of 107,
1073, 10™, and 107° cm, respectively. The thick-
oxide result is indistinguishable from the disper-
sion relation for an infinite oxide thickness. Only
one branch of the dispersion relation appears in
Fig. 1. The second branch, which corresponds
to the metal-oxide surface plasmon, occurs at
much higher frequency and is almost unaffected by
the presence of the two-dimensional electron gas
a distance d away. It should be noted that the dis-
persion curves for the thinner oxides are almost
straight lines. The velocity of the wave for the
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FIG. 1. Metal-insula-
tor-semiconductor plas-
mon-dispersion relation
[Eq.. (2)] for four different
values of the oxide thick-
ness d. The other pa-
rameters that enter in
Eq. (2) were given the
following values: w,=8
x10% sec!, N=2x10%
em?, m*=0.2m (m being
the free-electron mass),
€5 =12, and €,=3.7.

0 10 20 30
cq(10*'2sec™)

107°-cm-thick oxide is approximately 1% of the
velocity of light in vacuum,

IV. SEMIMETAL-INSULATOR-SEMICONDUCTOR
PLASMONS

For the case of a metallic gate where w,~10'®
sec™ the surface plasmon of the metal-oxide
interface had a frequency much higher than that of
the two-dimensional electron gas. Because of this
the coupling between the two modes, the metallic
surface plasmon and the plasmon of the two-di-
mensional electron gas, was relatively weak, In
fact, it is surprising how much the presence of
the gate affects the dispersion of the low-frequency
mode in this situation. If we replace the metal by
a semimetal like bismuth of antimony, or in fact
by a degenerate semiconductor whose bulk plasma
frequency w, is of the order of (w,~10"%sec™), the
frequencies of interest, then we might expect much
more dramatic coupling effects. In Fig. 2, we
show the dispersion relation for a semimetal-in-
sulator-semiconductor case with w,= 2, 5x10'2sec™,
The other parameters are the same as given pre-
viously. In this figure, the two modes are rather
weakly coupled, since it corresponds to a thick
oxide with d=5x10%cm, The simplest way of un-
derstanding the result is to recall that the surface
plasmon of the semimetal-oxide interface starts
out at g ~0, like w:cqe(',“2 ~0,46cq. For large
values of q, this mode tends toward the constant

- value w,(1+ €)2~1,15x10'*2 sec™, The plasmon
of the two-dimensional electron gas behaves like
w= (aq/€)*%. These two curves would cross at
cq~2x10"® sec™ and w=~1,15x 10" sec™, if there
were no coupling between them.
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In Fig. 2, the higher-frequency mode has the
character of a semimetal-oxide surface plasmon
at very long wavelength and of a two-dimensional
electron gas plasmon at short wavelengths, The
opposite is true of the lower-frequency mode, In
the vicinity of the “crossing,” the two modes are
strongly coupled and have mixed character.

V. DOUBLE-INVERSION-LAYER PLASMONS

Since the localized “plasma” modes of an MIS
structure are simply coupled plasma modes which
the two surfaces (M-I and S~I surfaces) would have
at infinite separation, we might consider what kind
of plasma modes could occur in a p-type-silicon-
oxide-n-type-silicon sandwich in which inversion
layers are present at both semiconductor surfaces.
The method used to derive this dispersion relation
is quite similar to that discussed for the MIS struc-
ture, so only the result will be given. The disper-
sion relation can be written

€& £
47 — + — coth Byd
( X1+31 +Bo oth S8, )

€2 € &\? 2
X (47TXz+ —= +—- coth Bod> ={=") csch®Byd . (9)
Bz Bo Bo

Here x; and y, are the polarizabilities of the two
inversion layers and €; and €, are the background
dielectric constants of the n-type and the p-type
semiconductors, respectively. Asd tends to in-
finity, we obtain two independent modes

47Tx1+€1/31+€0/ﬁ°=0 (10)

and

4T xs+ €3/Ba+ €0/Bo=0 ,
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T o FIG. 2. Semimetal-
2 1.0 - insulator-semiconductor
~ plasmon dispersion re-
:O lation [Eq. (2)], for an
= oxide thickness d=5x10-3
§ cm. Here w,=2.5%10%
sec’l, The other parame-
ters that enter in Eq. (2)
0.5 are the same as in Fig. 1.
0 1 L 1
10 20 30 40
cq(10*2 sec™")
the plasmons of the two-dimensional electron gas m,’." ~0,4m, € =¢€=€g=12, and €=3.7. Ford
and the two-dimensional hole gas, respectively. =107 cm, the two curves shown are essentially in-
For finite values of the oxide thickness, these two distinguishable from the results for infinite separa-
modes are coupled, :In Fig. 3, we present results tion [Eq. (10)]. The dashed curve in Fig. 3 rep-
for the case of N,=N,=2x 10"%cm™; m*=0,2m resents the two-dimensional electron-gas plasmon,
1.5

FIG. 3. Double-inver-
sion-layer plasmon-dis-
persion relation [Eq. (9)]
for four different values of
the oxide thickness d. The
other parameters that en-
ter in Eq. (9) were given
the values N, =N, =2x 10%?
em?, m¥=0.2m, mf=~
~0.4m, € =€ =€ =12,
and €,=3.7. The dashed
curve represents the two-
dimensional electron-gas
plasmon, and the solid
curves represent the two-
dimensional hole-gas
plasmon,

w(10*'2sec™)
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while the solid curves are the two-dimensional hole-
gas plasmon for different values of the oxide thick-
ness. The latter occur at lower frequency, since
the hole mass is heavier than the electron mass.

As the oxide thickness is decreased, the electron-
gas plasmon is essentially unaffected by the cou-
pling, but the hole-gas dispersion relation is pushed
to lower frequency. The sequence of solid curves
shows the dispersion relation for this mode for
d=10" 107 10™ and 10®°cm.

b

V1. SUMMARY

We have studied the “plasma” modes of a two-
dimensional electron gas in the inversion layer of
an MIS structure., We find that even for quite thick
oxide layers, the dispersion relation of the two-
dimensional-electron-gas plasmon can be altered
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appreciably. The plasma modes of the MIS struc-
ture are simply coupled metal-insulator surface
plasmon and two-dimensional electron-gas plas-
mons, For a typical metal like aluminum, the
surface-plasmon frequency is so high compared to
the frequency of the two-dimensional electron-gas
plasmon, that the coupling is relatively weak, De-
spite this, the frequency of the two-dimensional

. electron-gas plasmon is strongly affected by the

presence of the gate electrode as shown in Fig. 1,
For a semimetal or degenerate semiconductor gate,
the surface plasmon frequency of the gate-oxide
interface can fall in the same range as the frequency
of the two-dimensional-electron-gas plasmon, In
that case, strong coupling between the plasmon
modes occurs even for very large oxide separa-
tions, Finally, the coupled modes of a double in-
version layer are studied.
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