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Surface-plasmon-polariton-mediated luminescence is observed when electrons are in-
jected into thin Al films from the conduction band of SiO&. These electron-injector struc-
tures are strikingly similar to light-emitting tunnel junctions, although tunneling can be
ruled out as the driving mechanism. The emission arises from the energy relaxation of
the steady-state hot-electron distribution which exists in the metal under continuous cur-
rent injection. The same mechanism must explain much of the luminescence from tunnel
junctions.

PACS numbers: 73.40.Ns, 71.36.+c, 73.40.Qk, 78.60.Fi

Since the seminal papers of Lambe and Mc-
Carthy, "it has been widely accepted that light
emission from metal-insulator-metal (MIM) tun-
nel junctions results from a two-stage process.
First, an electron tunnels inelastically, losing
its energy to a collective excitation of the junc-
tion. Second, in the presence of surface rough-
ness, this excitation may radiate. Since the en-
ergy loss occurs in the insulating region of the
junction, '4 inelastic tunneling should most ef-
ficiently excite electromagnetic modes with large
energy density in this region. Theoretical atten-
tion ' was therefore initially focused on the "slow
wave" or junction mode, ' with fields concentrated
between the metal electrodes. However, radia-
tion from electrodes consisting of many small
metal balls' ' has been shown to be mediated by
localized plasmons. ' " More recently light emis-
sion has been demonstrated via the "fast" surface-
plasmon polariton, which has a maximum energy

density at the outer electrode surfa, ce." " To
explain the efficiency with which the fast mode is
excited, Laks and Mills" proposed a phenomeno-
logical model in which the inelastic-tunneling cur-
rent fluctuations extend into the metal electrodes
on both sides of the insulating junction. However,
the excitation efficiency appears to be much high-
er than predicted by this theory. " This and sev-
eral other puzzling results, discussed at length
in Refs. 14 and 17, have suggested the importance
of an alternative excitation mechanism, the in-
jection of hot electrons into the metal by elastic
tunneling.

If this mechanism is correct, it should not mat-
ter hose the electrons are injected, as long as
they enter the metal with energies several elec-
tronvolts in excess of the Fermi energy. Here
we report the observation of surface-plasmon-po-
lariton-mediated light emission when electrons
are injected from the conduction band of SiO, into
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a thin Al film. The SiO, layer is sufficiently thick
(50 nm) that no direct tunneling into the metal,
elastic or inelastic, is possible. Nevertheless,
the distinguishing features of light emission from
tunnel junctions are reproduced. A similar pro-
cess when the current injection is by elastic tun-
neling is strongly implied.

The devices used in these experiments are
called electron-injector structures i8, is Fjgur
1 shows the energy-band diagram of such a de-
vice under positive bias. It is a metal-oxide-
semiconductor sandwich, with a layer of silicon-
rich oxide (Si-rich SiO, ) between the stochiomet-
ric oxide (SiO, ) and the degenerately doped n-
type Si substrate. The Si-rich material is two
phase, containing many tiny ((-5 nm) inclusions
or islands of Si in an SiO, matrix. ' Conduction
through this layer is predominantly by direct
tunneling from Si island to Si island. Electrons
subsequently enter the SiO, conduction band at
thermal energies by Fowler-Nordheim tunneling.
Local enhancement of the electric field near each
Si island allows the tunneling to proceed at com-
paratively low bias voltages, yet the islands are
packed densely enough that the fields and currents
in the bulk of the SiO, are laterally uniform. "

Once in the SiO, conduction band, electrons are
quickly swept to the opposite interface. Injected
into the metal electrode, they rapidly lose ener-
gy by electron-electron and electron-phonon in-
teractions on a time scale of -10 "sec. In con-
trast, the generation of a surface-plasmon polar-
iton via an electronic collision with the outer
wall of the metal electrode, as shown in Fig. 1,
requires -10 "sec." The relatively weak plas-
mon loss will therefore give rise to light emis-
sion without greatly affecting the steady-state en-
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ergy distribution of hot electrons produced by
continuous current injection.

In order to unequivocally demonstrate this lum-
inescence mechanism, we have fabricated elec-
tron-injector structures on periodic corrugated
gratings. The gratings were ion milled into Si
substrates as described in Ref. 14. Successive
layers of Si-rich SiO, and stochiometric SiO,
were then formed by chemical vapor deposition
(Refs. 18 and 20), preserving the corrugated pat-
tern as shown in Fig. 2(a). Following a 1000-C
N, anneal, circular Al electrodes, -0.017 cm' in
area and 25 nm thick, were evaporated through a
mask. This was followed by a forming-gas anneal
at 400 C for 20 min.

The devices could typically be biased at 20-25
V with time-averaged current densities of about
10 ' A/cm'. As current was passed through the
devices, charge was trapped in the oxide, lower-
ing the field at the Si-rich SiO, -SiQ, interface.
The bias voltage, therefore, had to be gradually
increased to maintain a constant current. The
emitted light was collected by a spherical mirror,
focused at the input of a single pass monochrom-
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FIG. l. Energy-band diagram of a positively biased
electron-injector structure.
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FIG. 2. (a) Schematic drawing of an electron injector
fabricated on a substrate with a oorrugated grating sur-
face. Luminescence spectra were obtained in the y= 0
plane as a function 0. (b) Luminescence spectrum from
the sample at 0 = 13' (dots). The sharp emission peak
at 1.95 eV corresponds well to the surface-plasmon-
polariton dip in the specular reflection for light inci-
dent at I9 = —13, shown by the solid curve.
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ator, and detected by photon counting techniques.
An aperture in front of the collecting mirror al-
lowed angular resolution of the spectra.

Referring to the coordinate system of Fig. 2(a)
light was collected in the plane defined by @=0,
while 8 could be varied. The resonance condition
for coupling of a surface-plasmon polariton of
wave number q to light by a grating of periodicity
a then takes the simple form

k „=—(&u/c)sin6=q +n(2w/a), n =1, 2, . . . , (1)

where k
II

is the wave number parallel to the sur-
face. For a fixed value of 8, Eq. (1) is satisfied
only at discrete energies, resulting in charac-
teristic, angle-tunable peaks in the emission
spectrum. One such peak is evident in the spec-
trum in Fig. 2(b), obtained at 8=13' from a de-
vice fabricated on a grating of 815-nm period and
36-nm amplitude. The bias voltage was adjusted
to maintain a constant current of 100 pA. Also
included in the figure is a plot of the specularly
reflected light from a collimated white light
source directed at the sample at an angle of 6I

= —13' and detected in the same geometry as the
emitted light. The ref lectivity dip corresponds
to the satisfaction of the resonance condition, Eq.
(1), and the conversion of incident photons to sur-
face-plasmon polaritons. The exact match in en-
ergy between this dip and the emission peak shows
that the same mode, the "fast" surface-plasmon
polariton, "is involved in the emission. The dis-
persion closely follows the light line, and the
peak position is well predicted by Eq. (1) with n
=1. I.uminescence from tunnel junctions fabri-
cated on corrugated gratings is mediated by the
same mode. ""

The emission peak sits on a continuum back-
ground. A calculation following the method of
I.aks and Mills" indicates that about half of this
background is mediated by surface-plasmon po-
laritons. Much of the integrated intensity is not
beneath the sharp peak because surface modes
are strongly damped on Al compared with, for
example, Ag. The remainder of the background
is apparently due to luminescence from the oxide
layer, as discussed below.

If the periodic grating is replaced by random
roughness with transverse correlations of widely
varying length, the result will be a broadband
emission spectrum. Smooth substrates were
roughened by deposition of a 250-nm-thick layer
of n-degenerate polycrystalline Si. The rough-
ness of this layer was enhanced by thermally
growing and then chemically stripping 50 nm of

oxide. Injector structures were then fabricated
on the substrates as before. In Fig. 3 the spec-
trum from a charge injector fabricated on a
smooth substrate is compared with that from an
electrically identical device fabricated simultane-
ously on a rough substrate. The bias voltage was
a pulsed square wave, driving a time-averaged
current of 10 IL(.A. The pulse width was 1 msec
with a low duty cycle of 1:20 which helped to dis-
criminate against detector dark counts. The spec-
tra have been normalized for the relative through-
put of the spectrometer and detection system,
with the throughput at 3.5 eV set arbitrarily to 1.

The radiation from the nominally smooth for-
ward biased sample appears to be dominated by
luminescence from the bulk of the oxide as re-
ported by others. ""As would be expected in
that case, a nearly identical spectrum (not shown)
is obtained if the sample is reverse biased so
that electrons flow from the metal to the sub-
strate. By contrast, the roughened sample has
a dramatically different spectrum in forward
(but not in reverse) bias. The increase in bright-
ness with surface roughness is evidence that the
additional light emission, the difference spec-
trum of Fig. 3, is mediated by surface-plasmon
polaritons. This spectrum is peaked in the visible
and decreases linearly toward a high-energy cut-
off. It thus strongly resembles the luminescence
spectrum of a tunnel junction fabricated on a
roughened substrate. '

For tunnel junctions the cutoff has been ex-
plained as a consequence of the inelastic tunnel-
ing model, " but the difference spectrum of Fig.
3 shows that hot-electron injection can also pro-
duce this feature. We propose a simple explana-
tion based on the fact that the average injected
electron which generates a surface plasmon has
already lost energy through othe~ channels. With
neglect of any angular dependence of the initial
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FIG. 3. Luminescence spectra from rough and
smooth electron-injector structures. The difference
spectrum represents the surface-plasmon-poLariton-
mediated emission from the roughened sample.
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electronic state occupation function, f(E), in the
metal, the number of photons emitted with fre-
quency v within an interval dv can be written as

L(v)= J f(E)[l-f(E-hv)jP(v, E)dE,

where P(v, E) is a slowly varying function of v

and E involving the density of surface modes, and
the surface-plasmon-polariton excitation and
radiation probabilities. We assume f(E) =f, (E)
+ Af(E), where f, (E) is the thermal Fermi distri-
bution, and Af(E) «l. If the plasmon loss chan-
nel were strong enough to dominate electron-elec-
tron and electron-phonon losses, the appropriate
hot-electron distribution would be a delta function,
hf(E) D(E —E, ), at th. e injection energy, E,
Since P(v, E) depends weakly on energy and since
E,. —E&»k, T, this would result in an abrupt,
step-function cutoff, L( v) -P(v)e(E; —E& —hv).
However, because surface-plasmon-polariton
generation is a weak channel for energy loss it
is more accurate to assume a relaxed hot-elec-
tron distribution +(E)-e(E, —E) resulting in the
linear cutoff which is in fact observed: L(v)
-P(v)(E, —Eq —h v.).

The injection is indeed approximately monoen-
ergetic as assumed above. The minimum energy
with which electrons enter the metal corresponds
to the potential step, E, -Ez =3.5 eV, between
the bottom of the SiO, conduction band and the Al
Fermi level. " From the cutoff at 4.5 eV we de-
duce that the electrons are injected with average
energies about 1 eV above E,. We emphasize
that the cutoff cannot be associated with a lack of
small-scale roughness for radiative coupling at
high energies, since it is observed to move to
much higher energies as the field in the SiO, is
increased. This spectroscopic evidence for
strong electric field heating of conduction-band
electrons is of great interest in understanding di-
electric breakdown in SiO„and a report of initial
results is being prepared. "

The difference spectrum of Fig. 3 yields a total
luminescent quantum efficiency of about 10 '
photons/electron, somewhat lower than the best
values reported for tunnel junctions with Ag or
Au electrodes. ""However, the radiative ef-
ficiencies of surface-plasmon polaritons are
much higher for Ag or Au than for the Al elec-
trodes of our injectors. The model of Laks and
Mills, '"which gives a very good account of the
radiative properties of MIM tunnel junctions, "
predicts that injectors fabricated with Ag elec-
trodes should be about 100 times brighter. The
extrapolated efficiency of 10 ' is then easily com-

parable to the best tunnel-junction values. This
underlines our principle conclusion, that hot-
electron injection (by elastic tunneling) must be
an important driving mechanism for luminescence
from tunnel junctions.
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In electron inversion layers on InSb the cylotron resonance energies and linewidths are
found to exhibit a marked discontinuity in the vicinity of the bulk longitudinal-optical-phonon
energy. These features are attributed to resonant electron-phonon interaction in the two-
dimensional electron system. The experimentally observed mass discontinuity indicates
that the electron-optical-phonon interaction in a bvo-dimensionally confined electron sys-
tem is enhanced in comparison to the three-dimensional case.

PACS numbers: 73.40.Qv, 71.38.+i, 78.20.Ls

Here we report on the observation of magneto-
polaron effects in a two-dimensional electron
system (2DES) that is created by field effect' at
the semiconductor-oxide interface in a metal-
oxide-semiconductor (MOS) structure on P-inSb.
In our experiments we investigate the frequency
dependence of the cyclotron resonance (CH) of in-
version-layer electrons at discrete laser ener-
gies below and above the reststrahlen region.
Resonant electron-phonon interaction is observed
to cause discontinuities in the cyclotron energies
and linewidths of Landau transitions in different
electric subbands as the laser energy is varied
from below to above the longitudinal optical (Lo)
phonon energy. Our investigations constitute the
first clear experimental evidence that the two-
dimensional confinement of the electron system
causes a significant enhancement of the electron-
optical-phonon interaction.

The nature of the electron —optical-phonon coup-
ling in systems of reduced dimensionality in polar
semiconducting materials has recently attracted
much theoretical interest'' and a variety of as-
pects of the surface polaron problem have been
pointed out. An electron near the surface of a
polar material not only couples to bulk LO phon-
ons, but also may interact with surface optical
phonons and purely two-dimensional optical-
phonon modes. It has been argued that the pres-
ence of the interface makes it possible for phonons
with arbitrary wave vectors perpendicular to the
surface to participate in the interaction process. '
This may alter the self-energy correction as

compared to the bulk case. Because of the com-
plete quantization of a two-dimensional electron
gas in the presence of a magnetic field, the reso-
nant interaction of Landau electrons with LO
phonons is also expected to be much sharper than
in the bulk.

In inversion layers of MOS structures the elec-
tron motion normal to the surface is quantized in
electric subbands E& as a result of the surface
electric field, while the electrons are free to
move parallel to the surface. ' If a magnetic field
& is applied perpendicular to the surface the par-
allel motion becomes quantized in Landau levels
m. With neglect of electron spin, the energy
spectrum is given by E; „=Z, +I&a, „(n+-,')
where v& „=eB/m; „and m, „ is the frequency-
dependent cyclotron mass of the n to n+1 Landau
transition in the subband i .

Since CB in n-InSb has successfully been used
to study volume magneto-polarons, '' and surface
CR in inversion layers on InSb has been inves-
tigated previously' ' to determine CR masses in
their dependence on electric subband index and
inversion electron density, CR seems best suited
also to obtain information on the electron-optical-
phonon interaction in a 2DES. For such experi-
ments it is vital to fabricate MOS structures with
very high inversion-layer mobilities to be able to
extract the relatively small polaron effects. The
substrates of our MOS capacitors are Ge-doped
(&~ ——10' cm ') P-type InSb(ill) platelets with a
typically 400-nm-thick SiO, gate insulator' and a
semitransparent NiCr gate contact.

754 Qc 1983 The American Physical Society


