
PHYSICAL RE VIE% 8 VOLUME 22, %UMBER 2 15 JU L Y 1980

Cyclotron resonance of electron inversion layers in Si (001) metal-oxide-semiconductor
field-effect transistors (MOSFET's)
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Cyclotron-resonance experiments on inversion-layer electrons in a series of large gate area Si metal-oxide-
semiconductor field-effect transistors (MOSFET's) have been performed with a submillimeter laser system in

conjunction with high-field Bitter-type magnets. The parameters determined from fits to the experimental
magnetotransmission data, cyclotron effective mass and scattering time, have been studied as functions of laser
wavelength, resonant magnetic field, inversion-layer density, temperature, and depletion charge. Results exhibit
consistent and systematic behavior from sample to sample as functions of these various parameters. There are two
distinct regions of density with different physical behavior. In both the high-density (metallic) and low-density
(localized) regimes the experimental results appear to be influenced largely by electron-electron interactions. A
transition region between these two extremes also exhibits distinctive behavior. These results are compared with
other work, and possible explanations are discussed.

I. INTRODUCTION

Since the initial observations of cyclotron re-
sonance (CR) of electrons in inversion layers on
Si (001),' there have been many further optical and
transport studies elucidating various properties
of space charge layers in semiconductors. ' The
parameters determined by a cyclotron- resonance
expe riment, cyclotron effective mass and scatte r-
ing time, have not been found to be simply related
to the corresponding bulk semiconductor para-
mete rs. Unexpected dependences on carrie r
density, ' ' magnetic field (frequency), ' ' tempera-
ture, ' and uniaxial stress" have been observed.
As is usually suggested, these results, obtained
on "real" systems, may provide insight concerning
single-particle and many-body aspects of the
"ideaV' quasi-two-dimensional electron gas (2DEG).
However, a good deal of caution must be exer-
cised in the evaluation and interpretation of such
data. For example, it has been shown recently"
that the cyclotron effective mass determined from
Shubnikov-de Haas experiments on Si (001) inver-
sion layers may depend strongly on the presence
of Na' ions at the Si-SiO, interface. Effects such
as this may have played unintended roles in other
2DEG experiments and thus contributed to dis-
agreements among experimental resul. ts obtained
in different laboratories.

The device structure, a Si metal-oxide-semi-
conductor field-effect transistor (MOSFET), which
is the experimental vehicle for the studies to be
discussed, is shown pictorially in Fig. 1. The
device is fabricated on a P-type substrate and has
a conducting n-type channel which results from

application of a positive voltage V~ between the
metal gate and an Ohmic substrate contact. In

equilibrium, the electric field developed across
the thin SiO, insulator terminates at negative
charge in the Si, i.e. , the valence and conduction
bands are bent downward. Initially, the charge
is due to ionized acceptors in a depletion layer
near the interface. %'hen the bands are bent far
enough, however, a conducting channel of mobile
electrons (the inversion layer) is formed in a
narrow region at the Si-SiO, interface. Due to
the confining potential, motion of these electrons
perpendicular to the interface is quantized into a
series of electric field subbands while motion in
the plane is unaffected. A schematic representa-
tion of the effective potential and the subbands for
electrons on Si (001) is shown in Fig. 2. The con-
duction band of bulk Si consists of six equivalent
minima located a,t 0.85 of the distance to the
Brillouin-zone boundary along the (100) directions.
The energy surfaces in momentum space pro-
jected onto the (001) plane are also shown in Fig.
2(a). Due to the electric field the two sets of
valleys become inequivalent. The valleys with
the heaviest mass perpendicular to the interface
(0.98m, ) give rise to a set of subbands (unprimed)
which lie lowest in energy [Fig. 2(b)]. These
subbands are twofold degenerate (fourfold with
spin). The other set of valleys with a light mass
perpendicular to the interface (0.19m, ) give rise
to a higher-lying set of subbands (primed). These
subbands are fourfold degenerate (eightfold with
spin). The energy separations between adjacent
subbands and between the two sets of subbands
depend sensitively on both the depletion charge
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for transport in disordered systems. While this
division for the optical experiments is somewhat
arbitrary, the variation of the CR parameters
does indicate some correlation with these limiting
behaviors. In both cases, the CR results will be
discussed with reference to previous experiments
and theoretical calculations. The concluding sec-
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results of this experiment. Suggestions as to
possible lines for future work are made where
there are areas of ambiguity or disagreement.
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FIG. 1. Sketch of the large-area MOSFET used in
these cyclotron-resonance experiments.

and the inversion charge.
In the following sections we describe detailed

resonant magnetotransmission studies of a series
of Si (001) MOSFET's over a range of electron
densities, resonant magnetic fields, tempera-
tures, and values of depletion charge. Section
II presents information concerning device pre-
paration and characteristics and experimental
techniques used in the present studies. The ex-
perimental results are presented in Sec. III along
with the data reduction procedures which were used
to deduce cyclotron effective mass and scattering
time from the data. The discussion of these re-
sults, Sec. IV, is organized along lines suggested
by dc conductivity experiments. At high electron
densitie s, inversion- laye r conductivity appears
to be nearly temperature independent as in a
metal. On the other hand, at low densities, the
conductivity is thermally activated, as expected
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FIG. 2. (a) Si conduction-band structure as projected
onto the (001) plane (interface). (b) Sketch of the electric
field quantized levels for the twofold degenerate valleys
(@p, @g @g E3) and fourfold degener ate valleys (8p,

)

II. EXPERIMENTAL ASPECTS

The MOSFET's used in this experiment had a
common geometry, shown in Fig. 1. These large-
area devices (2.5 x 2. 5 mm' gate area) were fab-
ricated on (001) surfaces of 10-15 0 cm p-type Si.
Although a variety of processing steps were used,
the highest quality (highest electron mobility,
lowest fixed oxide charge) interfaces were grown
by dry 0, oxidation at 1100'C followed by an
anneal in Ar at 1100 C and in H, at 380'C. The
gate was a. semitransparent layer (-50 A) of Ti.
Source and drain contacts were phosphorous-
diffused n'-doped regions. The resulting devices,
prepared at different times over a period of three
years and under slightly different conditions,
showed substantial variations in transport pro-
perties. The surface electron density n, was
determined from the gate voltage on the device
through n, = (C,/e)(Vo- Vr), where C, is the oxide
capacitance per unit area and V~ is the threshold
voltage for inversion layer (channel) formation
at 77 K. Both the threshold and the density-
voltage relationship agree with those determined
from the Shubnikov-de Haas oscillations at 4.2 K.
The effective electron mobility was determined
from the zero-field channel conductance versus
gate voltage at 4.2 K and the relationship o =n, ep, .
These results are shown in Fig. 3. A peak in the
effective mobility is observed in all devices. It
should be noted that at sufficiently low electron
densities the conductivity is thermally activated
in all samples, and the concept of an effective
mobility becomes questionable. 'The density below
which thermally activated conductivity is observed
at 4.2 K is indicated by the arrow on the curves.
It is clear from this figure that the value of the
maximum effective mobility and the density at
which it occurs varies from sample to sample;
the density at which the maximum occurred moves
systematically to lower values of n, as the corres-
ponding mobility increases.

'The magnetic field dependence of the trans-
mission of the inversion-layer electrons in the
large-area MOSFET''s was measured at different
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FIG. 3. Variation of effective mobility with density
for the four samples studied in this experiment. The
arrows indicate the densities below which the conductiv-
ity is thermally activated and above which the conductiv-
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FIG. 4. Magneto-optical spectrometer used in the
cyclotron-resonance experiments. The electronic ar-
rangement allows the use of only one radiation detector.

frequencies with a pulsed, optically pumped far-
infrared (FIB) laser spectrometer. " By switching
the MGSFET gate on and off coherently with alter-
nate laser pulses, two signals, corresponding to
a finite inversion-layer density and zero inver-
sion-layer density, respectively, were derived
from a single detector. These two signals were
preamplified, separately boxcar integrated, and
then divided in a ratiometer to give a dc signal
proportional to the transmittance of the inversion
layer at a density fixed by the square-wave voltage
applied between the gate and the shorted source,
drain, and substrate contacts (see Fig. 4). Since
the method uses a single detector and ratiometry,
it is a very effective means of eliminating noise
from laser instabilities and other sources; it
enables the observation of changes in transmission
of less than 170 with good signal-to-noise ratio

for many laser lines. The laser pulse duration
was about 50 p, sec and the square wave on the gate
was 100 Hz, i.e., gate on (or off) for 5 msec. The
laser pulse was timed so as to probe the inversion
layer about 1 msec after the gate voltage was
cycled. Based on RC-time-constant considera-
tions, it was concluded that the device had
achieved equilibrium conditions prior to the lase r
probe over the density and temperature regions
discussed in this paper. This was confirmed by
the good agreement at all. densities between the
experimentally determined cyclotron- resonance
line strength and that obtained from theoretical
model calculations which wil. l be discussed later.

The formation of an equilibrium depletion layer
in low-temperature Si inversion-layer experiments
has been widely discussed in the past few years
with regard to its effect on electric subband
splittings and apparent discrepancies in subband
energies obtained at different laboratories. "-"
E stablishing equilibrium is particularly difficult
at low temperatures for metal-oxide-semicon-
ductor (MOS) capacitors where there are no
source or drain contacts which can supply minority
carriers, and it has also been shown that even
for dev'ices with source and drain contacts a full
depletion layer is nof established for long periods
of time (hours) when the sample is cooled to
helium temperatures under flat band or accumula-
tion conditions in the dark. "" A full depletion
layer can be established at low temperatures in
several ways: (1) cooling from liquid-nitrogen
temperature or above under inversion conditions,
(2) applying a positive gate voltage and band-gap
light for a short time at low temperatures, and
(3) applying a positive gate voltage while the
sampl. e is exposed to background radiation. In
ease (3) the negatively charged acceptors which
form the fixed depletion charge are generated by
photoionization of the neutral acceptors by the
background infrared radiation with the free holes
swept out by the applied voltage.

Although under the usual low-temperature condi-
tions and at the electron densities studied, the
present experiments involve only population of the
lowest electric field subband [E, of Fig. 2(b)] and
transitions among electrons within that subband (i.e.,
the cyclotron-resonance spectrum} could be af-
fected by the relative separation between subbands.
For example, a substantially increased cyclotron
mass has been observed at low densities and high
temperatures' and under uniaxial stress." Under
these conditions the upper heavy-mass subband [Eoof
Fig. 2(b)] may be nearly degenerate with the light-
mass subband [E, of Fig. 2(b)]. In the present
case room-temperature radiation was incident on
the device during the experiment. 'This allowed
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the establishment of a depletion layer close to the
equilibrium depletion layer for strong inversion.
Once established, changes in gate voltage above
threshold have negligible effect on the depletion
layer thickness and the resulting depletion charge
density. " The effect of the depletion layer on the
cyclotron resonance was investigated in, some de-
tail by illuminating the device with varying inten-
sities of band-gap radiation. The results of these
experiments are described in Sec. III.

It has been observed that distortions of CR line
shape and position can occur in the typical plane-
parallel (Fabry-Perot-type) device geometry. "'"
Such effects were eliminated for the most part in
these studies by either wedging the substrate itself
or gluing an Si wedge to the device. Additional
distortions caused by circular polarization of the
beam by the light-pipe system at the longest wave-
lengths" were eliminated by placing a wire-grid
linear polarizer immediately before the sample.
Finally, a metallic aperture of roughly the gate
area was placed in front of the sample in order to
avoid light leakage. Such radiation, coherent
with but phase shifted with respect to light tra-
versing the active region of the device, could re-
combine with the transmitted radiation at the de-
tector to create the appearance of anomalous
field-dependent changes in "transmission. "" At
the lowest laser frequencies any residual (smail)
polarization problems were removed by averaging
field sweeps in both the positive and negative
direction.

At all wavelengths, the laser peak power was
kept below 1 mW in order to avoid carrier heating.
This is equivalent to a maximum high-frequency
electric field of less than 0.01 V/cm. The mag-
netic fields used in these experiments were pro-
vided by a 2-,'-in. -bore Bitter solenoid of the Naval
Research Laboratory High Magnetic Field Facility.

III. EXPERIMENTAL RESULTS

Typical magnetotransmission spectra taken at
4.5 K on sample 3 are shown in Fig. 5 for three
FIR frequencies and an inversion-layer density
of 7.71 & 10'' cm . The FIR frequencies are stated
in terms of inverse wavelength P= v/2vc, where
~ is the laser angular frequency. Two different
procedures have been adopted to fit the data so as
to extract the most reliable values of effective
mass m* and scattering time ~. Since these alter-
nate approaches have been described elsewhere, '"
only a brief description will be included here. In
both cases, the radiation is assumed to be incident
on a classical, 2DEG at the Si-SiO, interface in
the presence of a uniform static magnetic field B.
(A quantum-mechanical treatment of the cyclo-
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FIG. 5. Cyclotron-resonance transmission for sample
3 at three laser frequencies. The circles are line-shape
fits obtained with Eq. (1). The fitting parameters are the
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sec; and at 11.2 cm ~, m*/m, =0.220 and 7'0-—.14.9 &&10

sec.

tron resonance of a 2DEG has been given by Ando"
and more recently by others. "'" Ando's results
for a line broadened by short-range scattering
centers exhibit quantum oscillations in the dy-
namical conductivity o„, as a function of magnetic
field and a width proportional to B' '. The quan-
tum oscillations are a result of the singular density
of states of the 2DEG in a magnetic field modu-
lating the absorption as the Landau levels are
swept through the Fermi energy. For energies
near h. co„ the self-energy shift is very small. A
more general treatment" has demonstrated that
self-energy corrections vanish near ~ = ~, for any
type of scattering. 'Thus we expect that, except
for the small quantum oscillation modulation, a
classical model should give good results for the
line shape and peak position when the possibility
of field-dependent broadening is taken into ac-
count. )

In the simpler case, multiple passes of radia-
tion through the Si slab are neglected; i.e., the
wedged slab is assumed to eliminate interference
effects completely and the Si substrate is assumed
to be semi-infinite. The resulting transmission
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for linearly polarized radiation, when normalized
to the gate-off, n, =0, condition, is

1 X' Xt=- +
2 X'+ e„T'(M„v ~ 2) X + „T(w„T ~ 2)) '

where X' = ((d a &u, )'~'+ 1, &u„= (47In, e')/m*c(no+ n«),
I

e, = eB/m*c, n, and n, are the indices of refrac-
tion for the oxide and Si respectively, and n, is
the surface electron density. In the second case,
the Si-air interface is assumed to be parallel to
the Si-SiO, interface and separated by a distance
d. The resulting transmission is"

T = 2n,n,X [cos'8[(n, +n, )'X + (2n, + 2n, + Q)Q]+ns'I sin'8[(n, n, +n~xI)'X + (2n,n, + 2n82I+n, Q)n, Q]

~~'I cos 8 sin 8[(n, + n, —nn, + n~I) 2Q(co —co, )&]$ '+ 2n'X' LX -X'; -co, —+,f ', (2)

where Q=4vn, e'v/m~c, e, is the index of refrac-
tion of air, 8= (nsI(d/c)d, and the other symbols
are as defined for Eq. (1). Here the transmission
has not been normalized by the gate-off, n, =0,
result. Equation (2) has been helpful in dealing
with residual interference effects; however, when

applied to a situation in which the wedging has ef-
fectively eliminated interference affects, Eq. (2)
with 8=0 overestimates the absorption line inten-
sity at high electron densities (typically n, =10"
cm '). This is due to the added absorption in the
2DEG during successive radiation transits through
the Fabry-Perot structure. Thus forcing a fit to
Eq. (2) for high density data on a properly wedged
sample requires a, much longer w for the (over-
absorbed) calculated line shape than would be
determined from the single-pass expression [Eq.
(1)]. However, for 8=0 (or 90'), the line skaPe
and peak position calculated from the multiple-
pass expression are the same as for the single-
surf ace expression.

It will be shown later that a magnetic-field-
dependent & is required under some experimental
conditions as predicted by Ando" (usually at n,
~10" cm ' and p) 25 cm '). In such cases, &(B)
~B '~' simply replaces w in Eqs. (1) or (2). A

justification for using this scattering time will be
presented in the discussion of results. The use
of ~(B) produced a better fit to the data, than could
be achieved with a constant &0 The results for
the mass obtained in this way are systematically
only about 1% higher than those obtained with
constant T, fits and there is no difference in the
scattering time obtained; i.e. , r(B,) =w„where
B, is the field at resonance.

A. Frequency and density dependence of the CR
parameters

While extensive measurements have been made
on each of the four samples of Fig. 3, presentation
of n* and & for samples 2 and 3, Figs. 6-9, are
sufficient to display the main qualitative features
observed in these experiments. At each frequency
and for each sample (except sample 1 at 11.2 cm '

0.25—

0.24—
E

E 0.23—
O
I-

0.22—
N
lh

X 0.21—
LLI

O
I-

0.20—
LL.
4J

0.19—

SAMPLE 2

& f1.2 cm

Q 25.4 cm

O 52.2 cm

0.18—

0. 17
)0

I I I I I I I I

]0)2
ELECTRON DENSITY (cm )

FIG. 6. Variation of effective mass with electron den-
sity at several laser frequencies for sample 3 at T
= 4.5 K. Representative error bars are indicated.

and sample 3 at 5.8 cm ') the effective mass shows
a maximum as a function of electron density. This
maximum occurs at progressively lower densities
as the laser frequency or resonant magnetic field
is decreased. With the exception of sample 3 at
v = 61.3 cm-', at any selected metallic density
(roughly n, ~ 5 X10" cm '), the effective mass in-
creases as the laser frequency or magnetic field
decreases. This result has been obtained for
all samples investigated. 'Thus it does not appear
that the frequency dependence of the mass is
sample dependent. The observed frequency-de-
pendent mass contrasts with the results reported
by Abstreiter e~ al. ' where only a very small
systematic frequency dependence (less than the
experimental error) was observed over a, range
of frequencies between 3 and 30 cm '. This point
is discussed further in the following section. For
all cases in the metallic density region, the ef-
fective mass is greater than (or enhanced over)
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the transverse effective mass of the bulk Si (100)
ellipsoids of m~0 = 0.1915m ."

Over most of the region studied, the density
dependence of the scattering time is qualitatively
similar to that of ~ determined from the effective
mobility (p. = e~/m*), albeit with some overall re-
duction as the frequency or magnetic field is in-

creasedd.

0.25

0.24

0.23

0.22i
C

G
h 021

0
1011

Q 52.2 cm 1

X 61.3 crn 1

1 I I i ~ i i I I

10"
EI„ECTRON DENSITY {crn 2)

FIG. 9. Variation of scattering time with electron den-
sity at several laser frequencies for sample 3 at T
= 4.5 K. Bepresentative error bars are indicated.

It should be emphasized that a clearly defined
resonant absorption line is observed at densities
for which the dc conductivity is thermally activated.
In this region, however, the effective mass and
scattering time exhibit very complicated behavior.
In general, the effective mass goes through a peak
and then a strong reduction as density is decreased
below (2-6) x10" cm ' (depending on frequency or
magnetic field). This is shown clearly in Fig. 8.
For the highest mobility samples and at the high-
est frequency, the mass reduction is accompanied
by an order-of-magnitude increase in scattering
time (Fig. 9).
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FIG. 8. Variation of effective mass with electron den-
sity at several laser frequencies for sample 3 at T
= 4.5 K. Error bars at several representative points
are shown.

8. Temperature dependence

The temperature dependenees of the resonance
parameters of sample 3 for v= 25.4 cm ' are
shown in Figs. 10 and 11. At the highest density
studied, n, =1.59 xl0" cm-', the effective mass
and scattering time are nearl. y constant within
experimental error over the temperature range
1.5-35 K. At the other density extreme, n, =1.15
x10" cm-', both the effective mass and scattering
time increase with temperature. The data at in-
termediate densities, particularly at n, = 3.2 &10"
cm ', where the mass is significantly enhanced
over neo* at low temperatures, exhibit qualitatively
different behavior from either the low- or high-
density regimes. For example, at n, = 3.2 x10"
cm ', the mass den'eases substantiaLLy, ap-
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the fixed depletion charge on the one hand while
increasing the inversion-layer density above the
equilibrium density for the given gate voltage on
the other hand. This creates a steady-state quasi-
accumulation situation in which the fixed depletion
charge is very small. As shown in Fig. 12, a sub-
stantial increase in the resonance absorption is
observed when the LED is on for the lower gate
voltage data. This demonstrates that, for fixed
gate voltage, the LED radiation increases the
inversion-layer electron population as expected.
This same effect can be seen in the shift with LED
radiation of the high-field (6-7 T and 6-9 T)
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proaching m,* as the temperature is increased,
while the scattering time decreases. These data
clearly demonstrate the qualitatively different
behaviors that occur in the different density re-
gions. As a result, attempts at interpretation
must distinguish physically among these different
regions.

FlG. 10. Variation of effective mass with temperature
at several electron densities for sample 3 and & = 25.4
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C. Effect of interband light

As was mentioned in Sec. II, the character of
the depletion layer may affect the CB parameters.
To test this possibility, sample 3 was illuminated
with an in situ 600-nm light-emitting diode (LED).
This has the effect of creating a large number of
electron-hole pairs in the Si near the interface.
In the depletion layer these carriers neutralize
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FIG. 12. Cyclotron-resonance transmiss ion for
sample 3 at &= 25.4 cm . "Dark" refers to the normal
operating conditions as described in the text. "Light
on" refers to the case where the sample was ilium'inated
with 600-nm LED radiation. The calculated results for
these two conditions are shown by 0 and &, respectively.
The 100% points are shovrn outside the left margin of the
figure. The two cases are slightly displaced for clarity
of presentation. The fitting parameters are presented in
Figs. 13 and 14.
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n, (LED on) =n, (LED off)+ 1.5 xlOLL cm ', in Figs.
13 and 14. Within experimental uncertainty, the
change in CR parameters are entirely accounted
for by the increase in inversion-layer density.
Thus, by implication, the CB parameters do not
depend on depletion layer charge density (and
hence on the subband separation) at this tempera-
ture.

IV. DISCUSSION OF RESULTS

A. High electron density
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@) result. .
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FlG. 14. Variation of scattering time with electron
density for sample 8, v= 25.4 cm ~, T= 4.5 K, with LED
radiation off () and on P). When the density is adjusted
as described in the text, the "corrected " data points
@) result.

quantum oscillatlons fol" Vg ——20 U which j.s also
indicative of an increased el.ectron population
(larger Fermi energy). By identifying the Landau
level associated with each oscillation, noting the
shift in magnetic field, and relating this to n, by
recourse to magnetotransport results, an estimate
of the change of n, can be made. The value thus
determined (&n, =1.5 x10" cm ') is equal to the
value of the equilibrium depletion charge in strong
inversion within experimental error. Thus it is
clear that the LED radiation at the power levels
used reduces strongly (or completely eliminates)
the depletion layer.

The CR parameters based on the above observa-
tions are plotted onto a corrected density scale,

While these experiments yiel'd a more precise
measure of effective mass than of scattering time,
it is preferable to discuss the dependence ori

scattering time first in order to make contact
with theoretical results.

At n =1x10"cm ', the electron Fermi energy isS

6 meV, considerably larger than 07' for all the
data reported here. Thus, the electron system
at densities greater than 10" cm ' can be de-
scribed as a degenerate, two-dimensional electron
Fermi gas, since localization effects do not per-
sist to this density. The application of a strong
magnetic field results in the complete quantiza-
tion of the electron gas. Ando" has calculated the
high-frequency conductivity for a noninteracting
electron gas in a self-consistent Born approxima-
tion. In the high-field (+,7'» 1) region, short-
range scattering Ib «f, where b is the range of
the scattering potential and l = (ch/eB)'~' is the
cyclotron radius] limit, the theory predicts that
1/r~B'~'. More recent calculations have con-
firmed this limiting behavior. "'"

As has been stated earl. ier, some of the present
data has been fitted with this fiel.d-dependent
scattering rate. The principal reason for using
7(B) is the general improvement in the overall
fit to the high-frequency data at metallic densities
when + 7» 1. Acompilationof the scattering rateC

obtai ned at the. various resonant magnetic fields is
shown in Fig. 15. The experimental uncertainty
makes it difficult to make apreeise statement re-
garding the magnetic field dependence of the scatter-
ing rate. However, it is clear that the data are
cgnsistent with a scattering rate increasing with
magnetic field as B'~' at the highest fields. This
supports the use of a field-dependent rate to fit
the experimental data in the high ~,T, high n,
regime (where the metallic electrons are effective
in screening the charged scattering centers lead-
ing to effective short-range scattering). On the
other hand, at the lower fields (lower values of
e r) the dependence of scattering rate on field isC

somewhat weaker.
Figures 6 and 8 show strong variations of m~
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FIG. 15. log-log plot of the scattering rate versus
magnetic field for various samples and electron densi-
ties Sam.ple3, g forn, = 3.33 && 10 2 em 2, 8 for n~= 1.39
x]0 cm & for n~=7.7].x10 cm; sample 2, 0 for
n~= 1.49 x 10 cm, e for n = 9.71 x 10 ~ cm . The
sample temperature was 4.5 K. The straight line has a
slope of 2.

with n, and frequency in the metallic density re-
gion. In preliminary work, it has been argued
that the frequency or magnetic field variation of
the effective mass in this density regime corre-
lates with the variation of ~. In order to examine
this point of view further, both the co and (d& de-
pendence of m* are presented in Fig. 16 for all
four samples at selected electron densities.

The data of Fig. 16(a) shows that for samples
2, 3, and 4, rn* decreases toward the-bulk effec-
tive mass as frequency is increased. In the case
of sample 1, this correlation is not clear, since
the mass value at n, = 1.59 x 10"cm ' and v = 11.2
cm ' appears to be too low. It should be noted that
this is the lowest mobility sample and the mobility
is still increasing as n, .is increasing toward
1.5 x 10" cm (see Fig. 3). Thus, by comparison
with the other samples it is likely that the effec-
tive mass still reflects a residual l.ow-density"
mass reduction, as discussed below. The straight
line in Fig. 16(a) represents a least-squares fit to
all of the data points with a correlation coefficient
r = 0.779 (r = 1 when all points are on a straight
line). Thus it appears that all of the samples
show a qualitatively similar frequency dependence
of the mass. However, the magnitude of the mass
enhancements at a given frequency depend on the
sample. In an attempt to understand the sample-
to-sample variation, the effective mass vs ~ has
been plotted in Fig. 16(b). In this way, sample-to-
sample differences are included in a rough way
through the cyclotron-resonance scattering time

Figure 16(b) shows that there is correlated

(b)

0.22—
E
E

CA

0.2 I

I-
O
UJ

LLI

0.20—

0

I ~ ~
8 ~

O. l 9
0

I

4

CUT

I I

7 8

behavior when the data are plotted in this fashion.
Here the least-squares fitted straight line has a
correlation coefficient of x = 0.816. This repre-
sents an excellent fit to the data in light of the
problems with sample 1, the additional data scat-
ter introduced by v, and since it is not anticipated
that the mass enhancement would approach the
bulk value in a strictly linear fashion. In addition,
it is noteworthy that for sample 3, this correla-
tion is supported by the upturn in mass with
density (see Fig. 8) at 11.2 and 25.4 cm ' as scat-
tering time (see Fig. 9) decreases.

As mentioned previously, experimental results

FIG. 16. Plots of cyclotron effective mass determined
from classical fits to the absorption lines versus (a)
laser frequency and e)) 7', where & is the scattering
time determined from the fit. The symbols have the fol-
lowing correspondences: && and I—sample 1 for n,
=1.4 x10~ and 2.4 x10~ cm, respectively; ~ and 0—
sample 2 for n = 1.49 x 10~ and 3.04 x 10~~ cm-, respec-
tively; ~ and p —sample 3 for n, =1.39 && 10~2 and 3.33
x 10~ cm, respectively; and V—sample 4 for n, =1.07
x10 cm . The straight lines in (a) and {b) represent
linear least-squares fits to the data.
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of Abstreiter et al. ' appear to be in disagreement
with the present data. It is not completely clear
what the cause of the discrepancy is; however,
our studies of samples with different processing
conditions seem to indicate that it is not due to
sample differences. Apart from sample consid-
erations, there are a number of other differences
in experimental conditions between laboratories
which might account for the differences in cyclo-
tron-resonance parameters. The care that we
have taken to eliminate coherent interference
and multiple internal reflection effects (both of
which can distort line shapes and give systematic
errors in effective masses"), as well as the in-
ternal consistency of the results on a number of
samples, gives us confidence in these results.

A preliminary report' of the correlations which
are confirmed in Fig. 16 was the basis for invoking
electron-electron interactions to explain the ob-
served mass enhancement. The dimensionless
parameter r, (the ratio of the average kinetic
energy to the average Coulomb energy per part-
icle) is generally used as a measure of how
metallic" or dense an electron gas is in terms

of electron-electron interactions. For a two-
dimensional electron gas r', =1/n, a'„where a,
= KS /m(+&e is the effective Bohr radius with K

the dielectric constant and m,* the band effective
mass. Several years ago Smith and Stiles'
carried out a series of measurements of the ef-
fective mass of electrons in Si (001) inversion
layers as determined from the temperature de-
pendence of the amplitude of Shubnikov-de Haas
oscillations. A variation of the observed mass
with density (r, ranged between 0.9 and 2.1) was
interpreted in terms of electron-electron enhan-
cement of the quasiparticle mass. Although the
experimental results appear to be sample depen-
dent, ' several theoretical calculations" "have
since lent additional credence to this interpre-
tation. In addition, optical experiments" which

probe quantized energy levels perpendicular to
the surface (the electric subband separations), as
well as theoretical calculations, "have demon-
strated that electron-electron interactions can
play an important role in determining the elec-
tronic subband energies. Thus, it is natural to
consider whether mass enhancement effects can
be observed in the high-frequency conductivity
parallel to the surface (interface) through a cyc-
lotron-resonance experiment.

Theoretical arguments by Kohn" and others
would seem to preclude the observation of electron-
electron interactions in such an experiment. 'The

results of Kohn's proof can be stated as follows:
For a translationally invariant system of free
electrons in the presence of a uniform external

magnetic field and a uniform high-frequency elec-
tromagnetic field with electron-electron inter-
actions taken into account, the coyly electric dipole
allowed transition is cyclotron resonance which
occurs at an angular frequency &u, = eB/morc, where
m,* is the electron effective mass undressed by
electron-electron interactions. Thus any addi-
tional electric dipole transitions which are ob-
served for electrons in a solid must arise from:
(1) band structure effects in the solid, (2) non-
uniformity of the incident electromagnetic fields,
which are used to probe the system, (3) breaking
of the translational invariance due to, e.g., a fixed
random array of scattering centers which could
exist in the solid, or (4) interactions with other
elementary excitations of the solid, such as pho-
nons. Any one or a combination of these effects
can also remove the condition that cyclotron re-
sonance must occur at a frequency (magnetic
field) determined by the undressed electron mass.
In particular, it is easy to show" that the iriclu-
sion in the Hamiltonian of an interaction potential
between the electrons and a random array of fixed
charge centers of the form Z, z V,~(R, —r~), where
R, is the position of the ith fixed charge center
and x& is the jth electron coordinate, leads to a
coupling of the center of mass and relative de-
grees of freedom of the electron gas. In the ab-
sence of these fixed charge centers (for electrons
with a parabolic dispersion relation) the center of
mass and relative coordinates are separable, and
an external uniform high-frequency electric field
couples only to the center-of-mass degrees of
freedom. Since the electron-electron interactions
are contained only in the relative degrees of free-
dom, this is a statement of the physics underlying
Kohn's proof. 'Thus it is clear that under the pro-
per circumstances, electron-electron effects
might be observed in a cyciotron-resonance (high-
frequency) experiment.

It has been argued previously that, in the pre-
sent experiment, translational invariance is bro-
ken by the presence of a random array of scatter-
ing centers at or near the Si-SiO, interface thus
allowing apparent mass enhancement due to elec-
tron-electron interactions to be observed. A
qualitative measure of the importance of these
scattering centers in the CH experiment is the
value of 1/u&g. Based on these considerations it
is expected that as &7 increases, any apparent
mass enhancement in the CH experiment would
be reduced. Following this suggestion, a number
of theoretical treatments were presented. Ando, "
using an approximation akin to Fermi-liquid the-
ory, has shown how the cyclotron-resonance har-
monics appear and exhibit mass enhancement. His
theory predicts a very small shift for the funda-
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mental cyclotron resonance. Ting et a/."have
calculated the frequency-dependent conductivity
of an interacting gas in the presence of a random
array of scattering centers and a dc magnetic
field using a memory-function approach. Their
results indicate a frequency-dependent mass.
Quantitative comparisons" require numerous
approximations; the results yield frequency de-
pendence less than that observed. Tzoar ei; gl.
and later Ganguly and Ting" have calculated the
frequency-dependent conductivity at zero mag-
netic field. Tzoar eI, al,. obtain a frequency- and
density-dependent mass shift, ~ =m* -m*„
given by

x(Q, ~,), (3)
mo+ ~2 n~

where Q =h&u/4E~, N(Q, x,) is an integral function
which is evaluated numerically, and nr is the two-
dimensional density of scattering center; N(Q, r, )
decreases rather strongly with frequency at con-
stant density. For a Coulomb scattering potential.
the theory of Ting et a/."yields identical results
in the limit of B= 0.3'

The experimental data of sample 3 have been
replotted in Fig. 1V in the region of metallic
densities in such a way that they can be compared
with the predictions of Eq. (3). A quantity ~/
m,*N(Q, r, ) is plotted vs n, '~', where hm =m ~

—0.191m„with m* the experimentally determined
effective mass and N(Q, ~,) obtained from Fig. 1
of Ref. 32; 0 is determined from the laser fre-
quencies and measured densities. All the da&
fall on straight lines with a common sl.ope over
a significant range of densities -as expected from
Eq. (3). Ganguly and Ting" have extended the
work of Tzoar ef; gE. to take into account the fin-
ite thickness of the inversion layer and the two-
fold valley degeneracy. They conclude that their
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FIG. 17. A plot of the effective-mass shift for sample

3 as a function of n, s for three laser frequencies (~
=11.2, 25.4, and M.2 cm ~, respectively} and 7=4.5 K.

numerical results show qualitative agreement
with experiment.

It should be noted that there also appears to be
qualitative agreement with Ganguly and Ting in
connection with the temperature dependence of
the effective mass. While the data is not exten-
sive, Figs. 10 and 11 show that the effective mass
and scattering time at the highest density have
little temperature dependence. As the density is
reduced to 3.2 ~ 10"cm ', the strong mass en-
hancement is reduced as temperature is increased.
Similarly, down ton, =3.2x10" cm ', the
scattering time is reduced as temperature is in-
creased. In both cases, this is the dependence
suggested by Ganguly and Ting. This generally
good qua. litative agreement down to such low
densities may be fortuitous, however. Transpor t
results at zero magnetic field indicate that ther-
mal. ly activated behavior is to be expected below
n, = 5 x 10" cm . In this density region, it may
be inappropriate to apply a theoretical formalism
which assumes an interacting metgllic electron
gas. On the other hand, it should be noted that
the mass enhancement at v = 11.2 cm ' persists
to densities well into the thermally activated re-
gion. In order to explain this result, it might be
postulated that the magnetic field causes a down-
ward shift of the density for the boundary between
activated and metall. ic conductivity. It would then
be reasonable to expect the thermally activated
region to shift to even lower densities with further
increase of magnetic field or laser frequency with
a concomitant shift of the region of enhancement
to lower densities at the high laser frequencies,
precisely opposite to observation.

The possibility that the metallic density mass
enhancement is due to either population of the
fourfold degenerate higher subbands (heavy-mass
valleys) of Fig. 2(b) or coupling between the
fourfold and twofold valleys must also be con-
sidered. Effective mass enhancement under
quasiaccumulation conditions at high temperatures
and low densities' and under uniaxial stress"'
has been explained by invoking such effects. For
the metallic density results of the present exper-
iment, cyclotron-resonance absorption spectra
taken with T up to 35 K showed no evidence that
the heavy-mass valleys were populated, i.e., no
heavy-mass resonance was observed. Further-
more, the effective-mass variations with T for
n, = 1.59 x 10 " and 7.71 x 10" cm ' (Fig. 10) do not
show any unusual behavior; the mass is essentially
independent of temperature. Final. ly, the proposed
coupling of light- and heavy-mass valleys seems
unlikely based on the results of the band-gap
radiation experiments. Since light modif ies the
surface potential drastically by neutralizing the
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depletion charge, the coupling to higher subbands
should also change substantially. Thus the light
should modify the mass (increase it) if the en-
hancement were due to coupling to higher sub-
bands. Since no such effect is observed, this
possibility cannot be responsible for the metallic
density mass enhancement.

B. Low densities

At electron densities below 5 x 10" cm-', a.ll
samples used in this study exhibit thermally
activated conductivity at zero magnetic field.
This behavior has usually been explained in terms
of the Mott-Anderson localization due to static
potential fluctuations at the Si-SiO, interface.
Since well-def ined cyclotron-resonance spectra
are observed in this density region, it is neces-
sary to examine these data, bearing in mind the
fact that the electrons may be in localized states
substantially different from the continuum states
that characterize the metallic density regime.

The data of the first cyclotron-resonance ex-
periment in this low-density region' were analyzed
in terms of noninteracting electrons localized in

static harmonic-oscillator potential wells. " Al-
though a carefully selected set of harmonic poten-
tials and ranges was required, this model did
yield qualitative agreement with experiment,
namely a cyclotron mass reduction to values
well below the bulk mass at the lowest densities,
n, =3X10"cm '.

The present data pose a number of problems for
this model. Firstly, an enhanced mass is observed
well into the localized density regime. Sec-
ondly, down to n, = 2 x 10" cm ', the ordering of
effective mass with magnetic field or laser fre-
quency is contrary to the predictions of the
model, i.e., as the laser frequency is increased,
the effective mass should increase at constant
density. Thus it appears that the model is in-
appropriate for data at 2 x 10"sn, s 5& 10" cm-'.
(Further comments on this model as it applies to
the very lowest density region are given below. )

It should be reemphasized that the density re-
gion where the effective mass is changing rapidly
and peaks (depending on the frequency of observa-
tion, n, =2—4 && 10" cm ') appears to be a. region
of physical behavior qualitatively differ ent than
either the high- or low-density regimes. As such,
it may represent a, region of very complicated
behavior in which both low- and high-density
phenomena are involved. However, some insight
into the problem can be obtained by noting that
the mass peak occurs approximately when the
cyclotron orbit radius / is equal to the average
electron separation, ra = (pn, ) '~'. Furthermore,
it should be noted that even though samples 2 and

3 have substantially different transport properties,
the magnitude of the peak mass enhancement and
the density at which the peak occurs agree within
experimental uncertainty. These observations
suggest that even at electron densities where
transport shows localized behavior, electron-
electron interactions are playing a dominant role
in the cyclotron-resonance measurement. In
this regard, it has been shown" "that local struc-
tural deformations (Si lattice relaxation) at the
Si-SiO, interface can mediate a substantial elec-
tron-electron interaction. Such an effect could
produce the observed mass enhancement.

The only data presented here which show the
lowest density behavior are those taken on sam-
ple 8 at n, = (1-2) && 10" cm ' (Figs. 8 and 9).
However, extensive measurements on sample
4 have recently been made at v=19.5-61.3 cm ',
n, = 6 ~ 10 —5 x 10" cm-', and T = 1.5-4.5 K. '
These results, and results obtained at fixed 8 while
varying v,"corroborate the behavior of m* and 7

shown in Figs. 8 and 9. That iN, in the region
where r, & 2l (i.e., the lowest Landau level is less
than half filled) a line sharpening is observed.
In Fig. 9, v increases to greater than 10"sec.
In this region, the effective mass is less than
the bulk effective mass. From data taken on
sample 4, it can be shown that this shifted
effective mass behaves like an "impurity-
shifted" cyclotron resonance" with an energy
intercept extrapolated to zero magnetic field of
10 cm-' and a slope of 4.4 cm '/T. To some ex-
tent, this behavior is compatible with the model
of cyclotron resonance of electrons localized
in harmonic-oscillator potential wells. " How-
ever, two difficulties present themselves: (1)
Since the absorption line is very sharp, a very
unique set of harmonic-oscillator wells would be
required and (2) the model predicts no dependence
on the degree of Landau-level filling, whereas the
data show a clear correlation with this parameter.
Since the results for sample 4 are quite compli-
cated and do not contribute materially to the main
topic of this paper, the reader is referred to Refs.
5 and 37 for a more extensive presentation and
discussion of the data.

V. CONCLUSION

The cyclotron-resonance experiments reported
here on a set of Si (001) MOSFET's have yielded
a consistent set of experimental parameters. In
the high limit of frequency, density, and temper-
ature, the effective mass agrees well with the
bulk Si (001) effective mass. As a result, it is
concluded that the experiments are not affected
by a systematic error(s).

In the high electron density regime, the behavior
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of scattering time with magnetic field (1/v ~B'~')
shows the importance of electron —short-range-
potential scattering processes. In the case of the
effective-mass variation at high density, there is
strong evidence for a correlation of m* with both
co and ~7'. While some theoretical calculations
based on the role of electron-electron interactions
predict this behavior, only qualitative agreement
has as yet been achieved. Certainly it is prema-
ture to exclude other theoretical models from
consideration.

It must be reemphasized that the evidence for
a frequency-dependent effective mass does not
appear to be corroborated in the other experi-
mental study. This disagreement may hinge
on details as to sample characteristics, experi-
mental environment, fitting procedure, and est-
imation of random experimental errors. At pre-
sent however, no basis exists to reconcile the
two experiments.

The role of background illumination has been
shown to produce a very straightforward trade-

off of depletion charge (inversion case) for mobile
charge (guasiaccumuiation case). As a result,
this difference in experimental environment does
not appear to be responsible for experimental
disagreements at low temperature (near 4.5 K).
Whether or not more subtle effects are present
under background illumination has not been de-
terminedd.

At low densities, the variation of m* and 7' have
a unique and complicated behavior. While the
evidence appears to be fairly strong that collec-
tive, electron-electron effects are important in
this density region, this case will not be argued
here. Bather the reader is referred to more ex-
tended discussions elsewhere. '""
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