
VOLUME 32, +UMBER 3 PHYSICAL REVIEW LETTERS 21 JANUARY 1974

~~R. G. %heeler and R. %. Ralston, Phys. Rev. Lett.
27, 925 (1971).
~Samples vrere kindly supplied to us by the Semicon-
ductor Research Division of the Forschungslaboratori-

en Siemens AG, Munchen, Germany.
~~J. C. Hensel, H. Hasegawa, and M. Nakayarna, Phys.

Rev. 138, A225 (1965).
t4W. Kohn, Phys. Rev. 123, 1242 (1961).

Far-Infrared Cyclotron Resonance in the Inversion Layer of Silicon

S. James Allen, Jr. , D. C. Tsui, and J. V. Dalton
BeEE Laboratorie, MNnay Hill, Nese Jersey 07974

(Received 20 November 1973)

Cyclotron resonance in the -type inversion layer of silicon has been observed at 4.2'K
for electron densities between (0.38 and 9.0) &&10~2/cm'. The electron mass is rn*= (0.20
+0.0~) ~p and independent of electron density. The far-infrared mobility decreases mono-
tonically as the electron density increases, in marked contrast to the dc mobility which
exhibits a strong maximum in the same range of electron concentrations,

In the surface space-charge layer of a semi-
conductor, quantization of the electronic motion
normal to the surface gives rise to a series of
sub-bands, each of which is a two-dimensional
continuum of energy levels. Such electronic
surface states have been observed in the inver-
sion as well as accumulation layers of a large
number of semiconductors. ' In particular the Si
inversion layer has been shown to be an interest-
ing model system for studying the interface prop-
erties as well as the scattering processes in a
two-dimensional electron gas. %e note the re-
cent work of Smith and Stiles' and Lakhani and
Stiles, s who extract from Shubnikov-de Haas
(SdH) oscillations an electron mass and a, g fac-
tor which increase at low electron density. This
increase has been attributed to electron-electron
renormalization of the mass and g factor. +'

In this paper we report the first observation of
electron-cyclotron resonance in the n-type inver-
sion layer of a (100) oriented silicon surface, at
4.2'K, with electron densities in the inversion
layer from (0.38 to 9)&&10'2/cm2. The results are
most interesting when compared with the trans-
port parameters obtained from dc measurements
on the same surface. The resonance experiments
show that the cyclotron mass is essentially inde-
pendent of electron density, in contrast to the
SdH mass which increases at low densities. Fur-
ther, unlike the dc drift mobility at 4.2'K, that
falls rapidly at low electron densities, ' the far-
infrared mobility, obtained from the resonance
experiment, continues to rise at the lowest elec-
tron densities at which it has been measured.

The experiments were performed on the linear

metal-oxide-semiconductor field-effect transis-
tor (MOSFET), Fig. 1, which is fabricated on the
(100) surface of 10000 & cm P-type silicon wa-
fers, 0.3 mm thick. The oxide was thermally
grown to a thickness of 4100 A. The gate area
was 2.5&&2.5 mm'. In order to pass the far-in-
frared radiation, the thickness of the gate elec-

0
trode was reduced, leaving =100 A of Ti metal
with a dc surface resistance of 210 0/sq.

The cyclotron resonance between the laser ra-
diation and the inversion layer electrons is de-
tected by measuring the change in the ref lectivity
of the MOSFET when electrons are introduced
into the surface channel. The ref lectivity is mea-
sured with a homodyne detector formed by a
Michelson interferometer shown in Fig. 1. If the
inversion layer admittance &, is small com-
pared with the substrate admittance, the change
in detected power produced by introducing elec-
trons into the inversion layer will be given by
the sum of two terms,

~~A[Re(I;) cosy+ 1m(&,) sing]

+ B[Re(&,) cosy'+ Im(I",) sing'].

The first term in (1) is caused by the small
change in reflected radiation beating with the ra-
diation returning from the reference mirror,
whereas the second term is caused by beating
the same signal with the radiation reflected from
the MOSFET substrate. The constants & and B
are determined by numerous experimental fac-
tors such as losses encountered in transmission
to the MOSFET, ref lectivity of the MOSFET sub-
strate, multiple reflections from the MOSFET
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caused by weak Fabrey-Perot modes established
between the lens and MOSFET surface, and the
size of the beam at the MOSFET compared with
the gate area. However, & and & need be speci-
fied only if we are concerned with absolute signal
levels or a precise determination of the free-
electron density in the channel from the reso-
nance strength. The phase angle y can be adjust-
ed by moving the reference mirror in Fig. l.
The angle cp' is the relative phase of the small
change in reflected radiation produced by channel
electrons and that of the radiation reflected by
the MOSFET without these electrons. This phase
angle p' is unknown but constant.

~, is turned on and off by applying a square-
wave gate voltage at 33 Hz and the corresponding
changes in power are detected with a lock-in
amplifier as the magnetic field, normal to the
sample surface, is swept from 0 to 100 ko. At
each gate voltage a sequence of four runs has
been made corresponding to four different set-
tings of the phase angle y: y = cp, +nP/2, where
n=0, 1,2, 3, and

y, =tan '[Im(&, )/Re(I;) j„=,.
Since we do not know y', we remove that part of
5P(H) due to the second term in (1) by analyzing
only

6P, (H) = 5P(y„H) —5P(q, + m, H)
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M', (FI) = &P(y, + w/2, H) —5P(p, + 3m/2, H). (4)

The radiation incident on the sample is linearly
polarized so that the channel admittance may be
described by

n e'&uT 1 1

2m*(u
~
I+i, (u) —(u, )T I +i((e+(u, )r

where n, is the surface electron density, m* the

FIG. &. Michelson interferometer used to measure
the MOSFET reflectivity modulated by the inversion
layer electrons. Top of figure shows the enlarged view
of MOSFET detail.

effective mass, ~, the cyclotron frequency, w

the laser frequency, and 1/7 the electron scatter-
ing rate. The condition (2) is seen to be

cp, =tan"'(&u7)

and (3) and (4) are given by

n, e' &o~ 1+ (1 —v, /&u)(u7')'
2m*(u [1+((u~)'j'i' 1+ (1- (u, /(o)'(( 7)'

2m*&v [1+((ur)'Pi' 1+ (1 —(u, /(u)'((uT)'

The experimental results for a gate voltage of
4.3 V, n, =0.38x10"/cm', are shown in Fig. 2.
Curves A, B, C, and D correspond to y = yp pp
+m/2, go+a, and go+3m/2, respectively. Al-
though about one half of the "dispersive" and "ab-
sorptive" parts occurs above the maximum field,

sufficient information is contained in the data to
allow an unambiguous measure of m*, I/v, and

n, by making a least-squares fit with (6). The
results of such a fit are shown in Fig. 2 as dashed
lines. At high electron density, weak oscillations
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FIG. 2. Detected signal versus magnetic field for the four different settings of the reference mirror described
in the text. Dashed curves, least-squares fit to the data with the mass and relaxation time shown. (The horizontal
scale is nonlinear in magnetic field. The variation of the noise level from one sweep to the next and the apparent
periodic fluctuations, most noticeable in A, are instrumental and have nothing to do with the effects we describe
in the text.}

related to the coincidence of the Landau and Fer-
mi levels can be seen, but do not impair the fit.
The second term in (1), independent of y, has
first been removed by using (3) and (4) to deter-
mine m*, 7, and n, and then reintroduced to give
a comparison with the actual data. With the ex-
ception of a single datum point obtained at 32.12
cm ', all of the data reported here were obtained
at 45.407 cm ' (1360 GHz). The single point at
32.12 cm ' shows that the magnetic field for res-
onance does indeed scale with frequency in the
proper way.

Although the absolute surface electron density
n, cannot be precisely determined from this res-
Unance experiment, because of the uncertainty in
A in expression (1), the relative n, at different
gate voltages can be determined to +15%. Within
experimental error, n, obtained from the cyclo-
tron resonance is proportional to the gate voltage
measured from the free carrier threshold, as
determined from the SdH oscillations. This im-
plies that there is no carrier freezeout down to
n, =0.38x10"/cm'. Further, there is no evi-
dence of occupation of higher sub-bands of differ-
ent mass up to 9x10"/cm'.

Figure 3 shows the cyclotron resonance mass
determined by these experiments as well as the
SdH mass measured by Smith and Stiles. ' The
latter shows an increase at low n, , which has
been ascribed to electron-electron interactions.
The cyclotron resonance mass is best described

as constant, especially in the range of n, covered
by Smith and Stiles. ' Its value, m* = (0.20+ 0.01)
xmo, is slightly greater than the bulk value m*
= 0.190m,.' The difference between the cyclotron
resonance mass and the SdH mass at low n, is
beyond the estimated experimental uncertainties.
Since local cyclotron resonance, in the absence
of electron-lattice interactions, should measure
the "bare" mass, whereas the mass derived from
SdH oscillations should be fully dressed, ' this dif-
ference may be attributed to the mass renormal-
ization by the electron-electron interactions. '

Figure 3 also shows the electron density de-
pendence of the far infrared mobility together
with the dc drift mobility. Both are in qualitative
agreement with surface roughness scattering
above 2x10"/cm. Below n, =2x10"/cm', the
mobilities diverge. While the far-infrared mo-
bility continues to increase, the dc mobility drops
to zero at the conductance threshold' which is
-3.5 V above the free-carrier threshold, of -1.5
V, determined by extrapolating n, obtained from
the SdH oscillations to zero. " We emphasize
that in the region where the dc mobility is drop-
ping with gate voltage, n, determined by the res-
onance experiment is continuing to scale with the
voltage. This fact precludes carrier freezeout
as an explanation of the drop in the dc mobility.
Furthermore, since the resonance line shape is
fitted successfully from 0 to 100 ko, we do not
expect a strong dependence of either 7 or n, on
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tations which are created when doing cyclotron
resonance. It is also suggested that cyclotron
resonance e perb performed below the conductance
threshold where the existence of a real bound

sta, te may e e ecb d tected by a shift in the resondace
field. Such experiments are in progress.
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FIG. 3. Top, cyclotron mass versus eles electron den-
d to Ref. 2 (solid line with quoted error);sity compare o e . ' ' or

filled circles, 45.407 cm"', unfilled circles, 3 .
cm ~. Bottom, cyclotron resonance scattering ime
RIld mo 1 1 y Rs wb 1 t ell as the de mobility measur on
the same sample; filled circles, 45.407 cm; 1 e
circles, 32.12 cm '; curve, dc results.

the magne xc 1et' f' ld The laser power is sufficient-
ly small to exclude carrier heating by the radia-
tion field.

Stern and Howard" have suggested that in the
range of low electron densities, where the mo-
bility decreases with decreasing electron density,
the scattering may be dominated by interface
charges. The far-infrared result can be recon-
ciled with this view only if the characteristic en-
ergy assoc~a e wi

' t d with this scattering site is less
than the laser energy or the energy of the exci-
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