VOLUME 49, NUMBER 22

PHYSICAL REVIEW LETTERS

29 NOVEMBER 1982

tion that all broadening in a-Si is due to surface
chemical shifts of atoms surrounding voids. It
must rather be attributed to random charge fluc-
tuations as the result of bond length variations in
the amorphous network. The average rms charge
deviation is estimated to be 0.11 electron in a-Si,
only about half as much as obtained by Guttman,
Ching, and Rath. In @-Si:H the incorporation of
hydrogen leads apparently to an overall reduction
in the bond length fluctuations as manifested in
the reduced O amorph » COTTESpPONding to charge fluc-
tuations of only 0.09 electron. This is in agree-
ment with the 20% attenuation of the TO bands in
the ir spectrum of a-Si upon hydrogenation.®
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Thermal Excitation of Two-Dimensional Plasma Oscillations
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Experimental evidence for thermal excitation of plasmons in two-dimensional electron
systems is reported. The spectral intensity and temperature dependence of the thermal
excitation are calculated by means of Bose-Einstein statistics, and give quantitative
agreement with the results of far-infrared emission experiments. It is found that the
plasmons may contribute significantly to the specfic heat of the two-dimensional elec-
tron system at low electron densities and high temperatures.

PACS numbers: 73.40.Qv, 65.40.-f, 71.45.Gm, 72.30.+q

Longitudinal plasma waves in two-dimensional
electron systems (2D plasmons) exhibit a differ-
ent dispersion behavior from 3D carrier systems
and have therefore been the subject of intense ex-
perimental and theoretical investigations.!"® The
dispersion relation w(k) has been verified with
high accuracy by far-infrared (FIR) absorption®
and emission,” and recently by light-scattering®
experiments. For strictly two-dimensional plas-
mons one obtains a dispersion relation® w propor-
tional to k‘/z; for coupled plasmon modes of lay-
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ered 2D electron systems the frequency is ap-
proximately a linear function® of the wave vector
k. In the present work it will be shown that plas-
mons in 2D and layered electron systems can be
excited thermally by heating the electron gas with
an external electric field. The spectral intensity
of the excitation will depend on the temperature
and density of the plasma.

The spectral intensity of the longitudinal two-
dimensional plasmons is calculated with Bose-
Einstein statistics.® The criterion for well-de-
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fined plasma excitations,' w7t >1, where 7
is the lifetime of the plasma excitation, is ful-
filled reasonably well in our experiments with a
value of wT; approximately equal to 10. For an
arbitrary plasmon dispersion relation w(k), the
plasmon energy density is given by

U(w(k),T)= [u(w(k),T)dw,
where the spectral energy density u(w(2),T) is

1 7iw(R)k(6k /bw)de
(211)2/ expliw(k)/kyT]-1"

¢ is the polar angle in the two-dimensional &
space and (6k/6w) is the inverse of the group ve-
locity of the plasmon w(k). T denotes the elec-
tron temperature.

In order for radiation from 2D plasmons, which
are nonradiative excitations,' to be observed,
they have to be coupled to the electromagnetic
field. This is achieved by a metallic grating that
allows the radiative decay of modes with the wave
vector defined by the grating.®*” The emitted
power per unit area for a given wave vector & in
the interval (w,w+dw) can be written as

Su(w(),T)
= dw

u(w(k),T) = (1)

1 fwkn(k/bw) 1
= (27)% exp(fiw/kyT) =1 T,,4

dw. (2)
The factor 7 in the numerator is due to the line
structure of the grating that couples only about
half of the excited plasmons to the radiation field.
Trad 18 the radiative decay time of the plasmon
via the grating antenna, given by 7,4 =(27/w)/a,
where a denotes the efficiency of the grating with
0<a <1. Inour experiments the electrons are |

ou(w(k), T) 1 fwkia
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FIG. 1. Spectral radiation power density 6u(w(®),T)/
6t as a function of the plasmon wave number for a 2D
electron plasma of constant density at different electron
temperatures. The antenna efficiency is a = 1.

heated by an electric field; therefore for Eq. (2)
to be valid it is necessary that the electron-
plasmon scattering is strong enough to guarantee
a plasmon distribution according to Eq. (1) and is
not influenced by the emission. This requires
Traa > Tp . The dispersion relation of longitudinal
2D plasmons in, e.g., Si MOSFETs (metal-oxide-
semiconductor field-effect transistors), screened
by a metallic gate, is given by?

2
2_ g€ k

" m¥*e, €, +e; coth(ed)’

3)

where 7 is the carrier density, d the oxide thick-
ness, and €, and €; the dielectric constants of the
surrounding media. The spectral intensity of the
radiation from thermally excited plasmons is ob-
tained from Eqgs. (2) and (3) as

1

ot

The calculated spectral intensity du(w(k),T)/dt is
shown in Fig. 1 as a function of & at different
electron temperatures for a fixed electron den-
sity n, in a Si MOS structure. Equation (4) is the
analog to the Planck radiation law for 2D plasma
oscillations. The equation describes the theoret-
ical dependence of the thermal excitation spec-
trum on frequency, electron temperature, wave
vector, and electron density: The excitation in-
creases exponentially with the electron tempera-
ture, and for a given frequency the excitation in-
creases with about k2, which is—if we neglect
screening by the gate—proportional to n "2, This
means that the amount of plasmon excitation
should increase with decreasing density of the
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= (27)% 1+ w?m*e € ,d /n e?sinh?®(kd) exp(iw/kgT)-1"

(4)

plasma. For the radiation intensity the 2 depend-
ence of @—given below in Eq. (5}—must be con-
sidered.

We give the experimental evidence for thermal
excitation of two-dimensional plasmons and their
spectral emission by investigating the FIR narrow-
band emission that results from the radiative de-
cay of 2D plasmons as described in Ref. 7: The
samples are (100) Si MOSFETSs with peak mo-
bilities of 18000 cm?/V s and oxide thicknesses
from 1400 to 6000 A . Upon the semitransparent
Ti-gate electrodes, Al gratings of periods 3, 2,
and 1.5 um were evaporated. The electron tem-
perature was increased over 4.2 K by application
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of pulsed electric source-drain fields of 1 to 100
V/cm. The emission is detected by high-purity
GaAs detectors at 4.4 meV with a resolution of
2.0 cm™! and a sensitivity of 10° V/W.

The performed emission experiments allow us
to test the theory of thermal excitation outlined
above, and allow us to verify quantitatively the
radiation formula, since all parameters T, w, &,
and n, can be varied and are known. The factor
for the antenna efficiency is given by®

_ Blcoth?(kd) - 1]
"~ [e, /e; +coth(rd)? *

(5)

where the geometry factor 8 takes into account
the grating design.® Our emission experiments
show that the absolute values of the total plasmon
emission intensity, which are on the order of 1077
to 107 W/cm?, agree accurately with the radia-
tion power calculated from Eq. (4) without use of
any fitting parameters. The dependence of the
radiated power on the electric field and thus on
the electron temperature is exactly described by
Eq. (4) up to T =13 K as demonstrated in Fig. 2:
The calculated intensity is compared with the
experimental data divided by the antenna efficien-
cy. This quantity is a direct measure for the
amount of the thermal plasmon excitation. The
electron temperatures as a function of the electric
field were determined from the amplitudes of
Shubnikov—-de Haas oscillations and by evaluating
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FIG. 2. Theoretical |[Eq. (4)] and experimental plas-
mon excitation at Zw= 4.4 meV as a function of the elec-
tron temperature for three different samples: d =1400

, grating period a =3 pm (triangles); d=1400 A, a
=1.5 um (squares); d=6000 IOX, a=3 pum (inverted tri-
angles). The antenna efficiency is normalized to «
= 0.025; the integral is taken over the GaAs detector’s
linewidth of 2.0 em™1.

the intensities of subband emission from identical
samples.'' At temperatures above 13 K the plas-
mon emission intensity cannot be evaluated any
more as a result of pinch-off effects in the inver-
sion layer at high electric fields, which cause in-
homogeneous electron heating.

Figure 3 (top) shows the normalized experi-
mental emission intensity as a function of the
electron density n, at a constant frequency of 7w
=4.4 meV. The maximum of the detector signal
occurs for three different samples at different
electron densities. The normalized total plasmon
emission intensity decreases with increasing n
according to Egs. (3) and (4). In Fig. 3 (bottom)
the normalized plasmon emission intensity is
plotted versus the wave vector 2. The dashed
and full lines give the theoretical behavior for
different oxide thicknesses and electron tempera-
tures. The intensity increases with the square of
the wave vector. This is confirmed accurately by
the experimental data points obtained from four
different samples.
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FIG. 3. Top: Experimental plasmon emission at
constant Zw= 4.4 meV as a function of the electron den-
sity. Bottom: Total intensity as a function of the plas-
mon wave vector for four different samples: d= 1400 &,
a=3pum (triangles); d= 1400 &, a = 1.5 ym (squares);
d=6000 &, a= 3 pm (inverted triangles); d = 2000 A,

a =2 um (asterisks). The theoretical emission inten-
sities (curves) are plotted in the bottom figure accord-
ing to Eq. (4); « is normalized to a= 0.025, and the
integral is taken over 2 em™!,
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In contrast to Ref. 7 it is found that samples
with different orientation of the grating—parallel,
tilted, and perpendicular to the current direction
in the MOSFET—show the same intensity of far-
infrared emission from 2D plasmon decay. This
discrepancy can only be explained by a poor
quality of the gratings with the wave vector per-
pendicular to the current. The present experi-
ments were performed with high-quality gratings
on the same sort of samples. This result excludes
the possibility of the drift of the electron gas
along the grating playing a role for the excitation,
as would be the case in free-electron effects
(Smith-Purcell effect, traveling-wave tubes,
ete.).

With the known energy density [Eq. (1)] one can
also calculate the specific heat of the 2D plas-
mons: For a pure two-dimensional plasma dis-
persion—uw? proportional to k—we obtain for the
molar plasmon specific heat

_dU N, T \* [*oit x%¢* dx
Cv,pl—ﬁ;:—NAkB<'ﬂ>fo 17’ (6)

where

T h’e(

0=;B_

n. 3 )1/4
2, 2 2
m*%€ e, +€;)

and x gy =Aw 5 /ksT. N, denotes the Avogadro
number and w;, the critical frequency (cutoff
frequency), where the dispersion relation of the
plasmon crosses the single-particle excitation
regime.'? There the plasmon does not exist any
more as a well-defined mode. The temperature
T, is characteristic for the low-temperature plas-
mon specific heat. Typical values of T, for Si
are, e.g., 328 K for n,=1x10' cm~? and 35 K
for ny =0.5x10" em™2, At low temperatures and
high densities x ;; can be replaced by «. In this
regime the plasmon specific heat increases with
T* and decreasing n,. At high temperatures and
low densities the plasmon specific heat would be
of the order of the free-electron specific heat,
which is limited by N sk5. However, the plasmon
and single-particle contributions to the total
specific heat cannot be simply added, since the
kinetic energy of electrons as single particles
and their collective motion cannot be considered
completely independent. In addition the upper
limit x ;; becomes finite and limits the value of
C, p. Therefore Eq. (6) describes the plasmon
contribution to the total specific heat of the sys-
tem only at low temperatures and high densities.
We expect, however, the total specific heat of the
electron system to exceed the free-electron-gas
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value as a result of plasmon generation at low den-
sities and high temperatures, since the resforing
forces in the plasma oscillations increase the
time-averaged energy of the system.

In conclusion, we have shown that plasmon ex-
citation in two-dimensional systems is possible
as a thermal process by heating the electron gas.
Especially at low group velocities (low densities,
high wave numbers) the excitation becomes very
effective. The radiative decay time via the grat-
ing is very short, and therefore this radiation
process seems superior to spontaneous radiation
processes in solids with radiative decay times on
the order of 107* to 107® s in the millimeter and
submillimeter ranges.'®* For spontaneous proces-
ses such as Landau emission® the dominating re-
combination processes (phonon emission) are non-
radiative with lifetimes on the order of 107° s,
The radiative decay time of the plasmon, however,
is in the present case only about 1 order of mag-
nitude longer than the nonradiative lifetime. This
makes this process much more effective. We
therefore propose the thermal excitation of two-
dimensional plasmons as a potential new candidate
for application as narrow-band radiation sources
in the FIR and infrared ranges.
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Observation of Heavy-Ion -Induced Wake-Potential Interference Effects
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The superposition of the wake potentials of Coulomb-exploding fragments of diatomic
molecular projectiles penetrating a solid cause potential oscillations at the surface.
The total electron yield per projectile serves as a signal to detect these oscillations.
The plasma frequency of the solid and the wake-potential wavelength can be deduced

from the data.

PACS numbers: 79.20.Rf, 34.90.+q

Energetic ions penetrating solids induce a
cylindrically symmetric wake of electron-density
fluctuations behind the projectile.! The damped

periodic potential ® corresponding to these charge-

density fluctuations is characterized by the charge
Z, and the velocity v, of the projectile and by the
dielectric function €(w,) with the plasma frequen-
cy w, of the solid.?’® Its wavelength X, is given

by A, =270, /w,. The influence of the charge-
density fluctuations and their potential ®(Z,,v,,¢€)
on the spectra of secondary electrons has been
discussed previously*™® and the electron ejection
of the solid has been predicted.*®

These calculations prompted our previous ex-
periments’ where we studied the angular and en-
ergy distributions of low-energy (£,<50 eV) elec-
trons emitted from solids under energetic heavy-
ion impact. The observed irregularities in the
electron energy and angular distributions coin-
cided with structures predicted by theory.**
However, these results were inconclusive be-
cause of large experimental uncertainties.

In a novel approach to find the influence of the
wake potential ¢ on electron emission from solids
we measured the total (i.e., integrated over all
emission angles and energies) electron emission
per projectile () from solids (carbon). At equal
velocities (isotachic) we compare the yields pro-
duced by monoionic projectiles C* and 0" [(C)
and 7 (0)] with the yield produced by the molecu-
lar projectile CO* [y(CO)] and calculate the ratio
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R =y(CO)/l¥(C) +y(0)]. The ratio R is measured
as a function of a quantity », /A,, (see below)
which is roughly proportional to ¢ where ¢ is the
dwell time ¢ =x /v, of the projectile in the target
with thickness x. A molecular-ion effect is ob-
served if R(r,/r,)#1. Since most phenomena
associated with v, are monotonic functions of v,
in the velocity range of interest here we can vary
either x or v,.

The experimental setup is shown in Fig. 1. The
basic idea is fairly simple, and the equipment in-
expensive and quite appropriate to the present
poor state of the world economy: Projectiles C*,
0", and CO" with 1.5X1078 < v,< 4x 10"® cm/s
are produced in a 2.5-MV Van de Graaff acceler-

PARTICLE DETECTOR
COLLIMATION
TARGET -
- FARADAY CUP
ION BEAM ]

FIG. 1. Schematic presentation of the experimental
setup. The symbols are explained in the text. In the
present experiment the angle 6= 0°.
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