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We have observed voltage-tunable far-infrared emission from inversion layers of n-
channel metal-oxide-simiconductor field-effect transistors fabricated on p-type (100) Si.
The radiation is emitted by the electronic transition from the two-dimensional excited-
state E sub-band of the inversion layer to its ground-state E, sub-band. Population of
the excited-state sub-band is realized by heating up the electron distribution with an elec-

tric field applied along the channel.

In the inversion layer of a Si-MOS (metal-oxide-
semiconductor) structure, the energy levels of
the electrons, being discrete for their motion
perpendicular to the interface and continuous for
their motion parallel to the interface, form two-
dimensional sub-bands.! There has been great in-
terest in the problem of the sub-band splitting,
which is a function of the electron density », in
the inversion layer and also dependent on the im-
purity concentration of the Si substrate. Experi-
mentally, far-infrared absorption® and photocon-
ductivity experiments®* have been performed to
measure the sub-band splitting. We note espe-
cially the absorption experiment of Kneschaurek
and co-workers? and the photoconductivity experi-
ment of Wheeler and Goldberg? on the (100) Si in-
version layers. The results from these two ex-
periments are in disagreement. While Kneschaur -
ek and co-workers observed one resonance line
in their absorption spectra, Wheeler and Gold-
berg observed two photoresistive peaks: one
broad peak at the resonant absorption energy and

a sharp peak at a lower energy. The resonance
energy and its n, dependence from either experi-
ment disagree with the energy splitting between
the ground-state sub-band E, and the first excit-
ed-state sub-band E, as predicted by the self-con-
sistent field calculations of Stern.® Subsequent
theoretical work®® has shown that the many-body
corrections in this system are sufficiently large
to account for such discrepancies between theory
and experiment, More recently, however, the
importance of screening of the electromagnetic
field by the inversion-layer electrons has been
recognized.®!® It also changes the resonance con-
dition and shifts the resonant energy appreciably
above the sub-band splitting.

In view of the complexity of this problem and
the great current interest in it, we have per-
formed an experiment to measure the far-in-
frared radiation emitted by electronic transitions
between the sub-bands. We used n-channel Si-
MOSFET’s (metal-oxide-semiconductor field-ef-
fect transitors) on p-type (100) Si and populate

1425



VOLUME 37, NUMBER 21

PHYSICAL REVIEW

22 NOVEMBER 1976

LETTERS

DETECTOR RESPONSE (arb. units)

FIG. 1. The detector response versus V, when an
electric field, E,=20 V/cm, is applied along the inver-
sion layer of the Si-MOSFET at 4.2 K. The full curve
was taken with a 2-mm-thick Ge:As filter; and the
dashed curve, with a 4-mm-thick crystal quartz filter.
The inset illustrates the energy structure of the Si in-
version layer and the radiative transition between E,
and E; sub-bands. f(e) is the electron distribution
function.

the excited-state sub-band by heating up the elec-
tron distribution'' with an electric field along the
channel. (An illustration of the energy structure
of the Si inversion layer and the radiative proc-
ess is shown in the inset of Fig. 1.) We have ob-
served narrow-band far-infrared radiation which
can be tuned simply by varying the gate voltage
(V,) on the Si-MOSFET’s. As far as we know,
this is the first observation of radiative decay of
electrons in surface states. In the rest of this
Letter, we shall describe this experiment, pre-
sent the results, and discuss them in relation to
the energy structure of the Si inversion layer and
the far-infrared absorption and photoconductivity
experiments,?

The gate oxide of the Si-MOSFET’s were ther-
mally grown at 1100°C and subsequently annealed
in H, at 380°C. We have studied samples made on
6-12 2-cm Si substrate, with oxide thickness var-
ying from 0.1 to 1.0 ym and the peak mobility of
the inversion layer at 4.2 K varying from 8000 to
20000 cm?/Vsec, and have obtained the same re-
sults, The data presented in this Letter were ob-
tained from devices on 10 Q-cm Si substrate with
a 20000-cm?/Vsec peak mobility at 4.2 K. The
gate area of these devices is either 2.5x2,5 mm?
or 0.25x0,.25 mm2, The emission measurements
were made at 4.2 K and no dependence on 7 was
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noticed by going down to 1.6 K. The sample and
the detector were mounted in a brass light pipe
with closed ends so that all the emitted radiation
could be collected onto the detector. The radia-
tion was generated by heating the inversion-layer
electron gas with a drain voltage V,, which was
pulsed with 1-msec to 1-psec pulse length and
1/20 or 1/100 duty cycle to avoid sample heating.
The emitted radiation was detected by a photocon-
ductive gallium-doped germanium (Ge:Ga) detec-
tor with a well-known spectral response!? and an-
alyzed by using narrow-band filters placed be-
tween the sample and the detector. The detector
response was measured by a boxcar integrator
and plotted directly as a function of V,. The in-
version layer n; was determined from V, by us-
ing n,=Cy(V,-V,)/e, where C, is the oxide capa-
citance per square centimeter, V, is the conduc-
tion threshold of the channel at 78 K, and e is the
electronic charge. We also studied the Shubni-
kov-de Haas oscillations of these samples and
thereby obtained the same values for V, and
C,/e.?

It should be noted that, with the devices having
a 2.5-mm channel length, the V, required to gen-
erate sufficiently intense radiation from the in-
version layer can be an appreciable fraction of
V,. When this is the case, the detector signal be-
comes dependent on the polarity of V, and it is
necessary to take the average of the detector sig-
nal for the two V, polarities. We find that, if
this averaged signal is plotted as a function of V,,
it always yields a detector-response spectrum
identical to that obtained from devices having
channel length ten times shorter. On such devic-
es, V), can be kept less than 10% of V, and the de-
tector signal is independent of the polarity of V.

Figure 1 shows the detector response and its de-
pendence on # in the inversion layer (or V, on the
device) when an electric field along the channel,
Ep=20 V/cm, is applied to the Si-MOSFET. The
full curve was taken with a 2-mm-thick Ge:As fil-
ter and the dashed curve was taken with a 4-mm-
thick crystal quartz filter. No signal was detect-
ed when the polarity of V, was reversed. Qualita-
tively, these curves reflect the spectral response
of the Ge:Ga detector,'? indicative of narrow-band
emission tunable by changing V, on the device.
These features are more quantitatively demon-
strated by the use of narrow-band filters. The
crystal quartz filter has a sharp absorption peak
at 76 um'2'* and the Ge: As filter has a sharp ab-
sorption peak at 100 um.'® These absorption peaks
are clearly resolved at V,=30 V and at V,=16 V,
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respectively, in Fig. 1. The spectral response

of the Ge:Ga detector itself has a relatively sharp

cutoff on the long-wavelength side,'? which is also

resolved at V,~12 V. For E; =30 V/cm, we esti-
mate, from the results with the quarts filter, one

single emission line with a linewidth ~6 cm™. At

higher E,, the emission line broadens and a shift

of the detector response to lower V, becomes ap-

parent for E; 280 V/cm. This shift may be indi-

cative of shorter-wavelength contributions.

The emission intensity at 100-um wavelength,
for a 2.5x2,5-mm? gate device, is estimated to
be ~3x10°'* W when E,=20 V/cm. The intensity
increases approximately hundredfold when E is
increased to 100 V/cm. Figure 2 shows the E,
dependence of the relative intensity of the emis-
sion at two different inversion-layer densities
from two devices. The circles (® and ®) are data
from the device with a 2,5 x2,5-mm?2 gate; and
the crosses (+ and X) are the data (multiplied by
100 to correct for the difference in area) from a
0.25x0.25-mm? gate device. For E, =30 V/cm,
we also studied the decay time of the emission af-
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FIG. 2. The relative intensity of the emitted radiation
as a function of the electric field along the channel at
two densities. The circles (* and ®) are data from a
2.5x% 2.5-mm? gate device and the crosses (+ and x) are
the data (multiplied by 100 to correct for the difference
in gate area) from a 0.25x 0.25-mm? gate device.

ter E, is turned off. We find that the emission
decays faster than our detector response time,
which is ~10°% sec, indicating a hot-electron re-
laxation time shorter than 107® sec. We also
measured the channel mobility of our samples as
a function of £, and as a function of the sample
temperature 7. For n < 6x10'!/cm?, we observe
a continuous decrease of mobility with increasing
T (for T >5 K). This result suggests lattice scat-
tering as the dominant relaxation mechanism in
our samples,

On a Si (100) surface, the inversion layer has
two sets of sub-bands,! namely, the light-mass
E,, E,,...sub-bands derived from the [001] and
[001] conduction ellipsoids, whose long axes are
perpendicular to the Si-SiO, interface, and the
heavy-mass E,’, E,’,... sub-bands, derived from
the other four conduction ellipsoids of Si. It has
been known that E, lies lowest in energy and that
E, lies above E,’.'®*'® The observed far-infrared
radiation is emitted by electrons in the E, sub-
band as they relax into the E, sub-band. Direct
transition from E;’ to E, is not allowed. If we as-
sume the inversion layer to be 100-A thick, the
three-dimensional electron density of this layer
at n,=10"2/cm? is 10'®/cm?® and its absorption co-
efficient, estimated from Stern’s calculation,'” is
a~~ 260 cm™!, The Einstein coefficient and the
emitted power can be estimated'® from the energy
€ of the emission line, its linewidth A€, and the
temperature 7, of the electron gas. Estimating
that 7,=25 K and using €=14.5 meV and Ae=0.8
meV, we obtain for the 2.5X2.5-mm gate device
the emitted power at n,=10'2/cm? to be ~5x10™"
W, in agreement with our observed intensity with
E,=50 V/cm. In this same electron temperature
range, population in the E, and E,’ sub-bands is
expected to be much less than 1% of the popula-
tion in the E, sub-band. Such small population
alone makes it clear that this experiment is not
expected to resolve the E,-to-E, or the E,'-to-E,’
transitions.

In Fig. 3 the emission energy is plotted as a
function of n, together with those from the ab-
sorption and the photoconductivity experiments?-®
(the data points on the broad photoresistivity peak
in the experiment of Wheeler and Goldberg are
omitted for the sake of clarity). The solid curve
is the sub-band splitting between E, and E, (for
Si substrate doping N, = N,=7x10" c¢m %) from
Stern’s calculations®; and the dashed curve is the
far-infrared resonance energy for transitions be-
tween E, and E, when inversion-layer screening
of the radiation field is taken into account.'® It is
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FIG. 3. The emission energy versus n, together with
the absorption data from Kneschaurek and co-workers
(Ref. 2) and the photoconductivity data of Wheeler and
Goldberg (Ref. 3). The solid curve is the sub-band
splitting (E,,) between E and E from Stern’s calcula-
tion (Ref. 6) and the dashed curve is the far-infrared
resonance energy (hw,) when inversion-layer screening
of the radiation field is taken into account (from Ref. 10).

apparent that the emission data are in good agree-
ment with the photoconductivity data and that the
discrepancy between these data and the absorp-
tion data is beyond experimental uncertainties.
We should note that while the emission and the
photoconductivity experiments employ fully pro-
cessed Si-MOSFET’s, the absorption experiment
uses Si-MOS capacitors and creates the inversion
layer at low temperatures by using visible light.
Although the starting material of p-type Si in all
these cases is close to p ~10 Q-cm, the impurity
doping and consequently the depletion-layer field
near the Si-SiO, interface in the resulting devices
may differ considerably from that based on the
impurity doping in the substrate, The above-men-
tioned discrepancy can be removed by postulating
that the depletion-layer field near the interface in
the MOSFET’s is weaker than that in the MOS ca-
pacitors. Whether such a postulation is valid can
be resolved by further experiments measuring ab-
sorption and photoconductivity or absorption and
emission of the inversion layer on the same de-
vices,

In this experiment, tuning of the emission was
observed from ~130 to ~60 ym with », from ~1.5
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x10" /em? to ~1.5x10'%/cm? by using the Ge:Ga
detector. Since the sub-band splitting is a contin-
uous function of #, and substrate doping, tuning
from ~300 to ~15 um is expected for the radia-
tion from the E,-to-E, transition.®"'” Transitions
from other sub-bands and the use of hole, as well
as electron, inversion and accumulation layers
on other Si surfaces can extend this tunable range
even further,
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