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duce that the time evolution in our system has
some different aspects. In this regard one is en-
couraged to investigate in detail the solution of
the nonlinear Schrodinger equation (14).
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Capacitance observations of Landau levels in a two-dimensional electron gas induced in
the inversion layer on a (100) surface of P-type silicon are reported. Evidence for sur-
face quantization and the associated lifting of the spin and valley degeneracy are pre-
sented. An observed increase in the carrier threshold with increasing magnetic field is
shown to be further evidence of surface quantization.

Recently, Fowler et al. 'y' have shown that a
two-dimensional electron gas can be induced at
the surface of P-type silicon using a metal-oxide
semiconductor -field -effect transistor (MOSFE T).'
This two-dimensional gas is produced by quanti-
zation of the density of states shielding charge at
the silicon surface, a previously anticipated re-
sult. 4~ Fowler et al. employed the Shubnikov-
de Haas effect to observe this surface quantiza-
tion. Their experiments were sufficiently sensi-
tive to observe Landau levels associated with the
lifting of the electron spin and valley degeneracy
predicted by Fang and Howard. ' In this Letter
we report an observation of an oscillatory capac-
itance due to Landau levels in a two-dimensional
electron gas generated in the inversion layer on
a (100) surface of P-type silicon.

In the absence of thermal or collision broaden-
ing, an electric and a magnetic field perpendicu-
lar to the surface will induce a density of states
given by a series of delta functions, ' i.e., Landau
levels. Assuming neither collision broadening

nor Landau-level splitting due to electron spin or
valley degeneracy, the surface space charge den-
sity Qsc in an inversion layer of P-type silicon
ss y9

e'H

sc 2nhc s v

5[x + (n+ —,')a(u E]-
J, 1+exp[(E-E )/kT]

where 5(x) is the Dirac delta function of argu-
ment x, e the electronic charge, H the magnetic
field perpendicular to the surface; c the velocity
of light, @ Planck's constant, gs and gv the spin
and valley degeneracy, respectively, k T the
thermal energy of the electron, EF the Fermi
energy, Ezy the energy of the first quantum state
for H= 0 (only the first state will be considered
here), and roc =eH/mf~c the cyclotron frequency
associated with m~*, the transverse effective
mass of the electron. The summation is over all
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Landau levels of the first state E~1. The small-
signal space charge capacitance is then

Q 2sc eH
sc 84 2nbc s v BC

s s

r ~ tj[E + (yg+ —,')b(u -Ej
x ) dE. (2)1+exp[(E-E )/kTjn=o '

For A~c»k T, it is evident that Csc will oscil-
late with increasing Fermi energy EF, with both
the period and amplitude being proportional to H.
The carrier threshold, i.e. , turn-on for MOSFET's,
will also be a function of H due to the zero-point
energy —,'h&uc = e AH/2m f*c.

To observe both of these effects capacitance
experiments were performed using 100-0 cm P-
type substrate MOSFET's mith a coaxial source-
drain structure. Except for having an oxide

0
thickness of approximately 2900 A, these speci-
mens mere identical to those employed by Fowler
et al. '~~ The gate (field plate) was one terminal
of the capacitor and the n+ source and drain elec-
trodes were shorted to the substrate to form the
other terminal. The capacitance Cg of this struc-
ture was measured at a frequency of 100 kHz as
a function of gate voltage and magnetic field per-
pendicular to the surface.

Figures 1 and 2 show the capacitance Cg as a
function of gate voltage for H = 90 kOe and H = 150
kOe, respectively, at a temperature of 1.3 K.
At the notches one observes that Cg tends to ze-
ro. From Eqs. (1) and (2) it is apparent that the
density of states and the small-signal space
charge capacitance become very small when EF
is midway between two Landau levels. Since the

oxide capacitance Co~ is in series with Csc, 1/
Cg =1/Co~+ 1/Cec, Cg must also go to zero when

Csc tends to zero. The flatness of the capaci-
tance curves at their maxima is due to the fact
that Csc»CO& whenever EF is not almost exact-
ly midway between two Landau levels. There is
also some distortion of the notch shapes due to
detector nonlinearities [-,(Cg max-Cg m, „)occurs
about 0.3(Cg max-Cg min) above Cg mini.

Since each full Landau level contains eHgeg~/
2IIkc electrons/cmm, ' the total carrier density
and carrier density change between notches can
be calculated from N =koz(Vg-VT)/4wed, where

@0~ is the silicon-dioxide dielectric constant, V&
and VT are the gate voltage and threshold voltage
for inversion, respectively, and d is the oxide
thickness. '~~ Assuming mt* =0.19me (with me,
the mass at a free electron) and gs gc =2 "I"
for the (100) surface of silicon, the periods of
the Landau levels are approximately 11.8 and
17.7 V for H=90 kOe and H=150 kOe, respec-
tively, values that correlate favorably with our
experimental data. In both Figs. 1 and 2, the
fourth, sixth, and seventh notches occur after
each of the first three Landau levels has been
filled with electrons. The other notches are due
to spin and valley splittings in the first Landau
level and spin splitting in the second Landau lev-
el. The last notch in Fig. 1 occurs after four
Landau levels have been filled with electrons.
The combination of Landau-level spacing and de-
creasing notch amplitudes and linewidth as the
applied voltage increases indicates that the mo-
bility of the electrons in the inversion region is
largest a few volts above the carrier threshold
and decreases rapidly thereafter, a result con-
sistent with the field-effect mobilities and effec-
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FIG. 1. The capacitance as a function of gate voltage
or surface field at 90 kOe.

FIG. 2. The capacitance as a function of gate voltage
or surface field at 150 kOe.
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tive mobilities measured by Fang and Fowler"
for similar conditions.

Oscillations were also observed at magnetic
fields as low as 50 kOe and in MOSFET's with
10-0-cm P -type substrates.

Figure 3 shows the change in capacitance as a
function of gate voltage near the carrier thresh-
old at a temperature of 1.3'K for various con-
stant magnetic fields. This change is due to the
increase of &8~~ in the threshold energy. As-
suming that kT« 2h&uc a-nd &uc7'»1 (with T the
carrier relaxation time), the triangular potential
well approximation of Coleman et al."for H =0
gives

LLJ
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z1 2m*dg~ 0 gv
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xy lv '"(H)-v *'*(0)1
0 T T (4)

where VT(H) and VT(0) are the threshold gate
voltages in a magnetic field H and in zero mag-
netic field, respectively. Letting 5VT=5VT(H)
= VT(H)-VT(0) represent the change in threshold
voltage, Eq. (4) can be written as

em *kg ' '"H

(5)

where K~Vg/dg„ is the electric field at the sili-
con surface, Er the ratio of the dielectric con-
stant of the SiO~ insulator to the silicon sub-
strate, m~* the longitudinal effective mass of the
electron, and y, =2.338. When the magnetic field
is applied, the first allowed level becomes E~1
+ &~~~. This energy increase is related to the
shift in threshold voltage by Eq. (3), so that
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FIG. 3. The capacitance as a function of gate voltage
or surface field near threshold for various magnetic
field strengths.

effect.
In summary, we have used a capacitance tech-

nique to obtain further evidence for a two-dimen-
sional electron gas at the silicon (100) surface,
for its associated surface quantization, and for
the reduction in valley degeneracy predicted by
Fang and Howard. ' The increase in threshold
voltage with increasing magnetic field also sub-
stantiates the two-dimensional band model pre-
viously proposed. '&~"'~ This capacitance tech-
nique provides information about the Landau lev-
els near threshold better than it does about those
of higher order. In contrast, conductance tech-
niques seem better for studying Landau levels of
large order.

We would like to thank Dr. A. B. Fowler of the
IBM Watson Research Center for some stimulat-
ing discussions, for a preprint of his work, and
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discussions. One of us (M. K.) wishes to thank
L. G. Rubin of the National Magnet Laboratory
for his assistance during these experiments.

Using the intercepts of the tangent lines of maxi-
mum SCg/Sv at a constant magnetic field as an
approximate measure of threshold voltage, one
obtains 6VT= 980 meV for H =100 kOe. From
Eq. (5) we obtain 5VT =703 meV, assuming that
Kr =0.33 and mf* =0.98 on the (100) surface of
silicon. '» Since AVE was found to decrease
rapidly with increasing temperature (presumably
due to thermal broadening), the above value
serves to indicate the order of magnitude of this
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The interaction of two singlet excitons to produce electron carriers has been observed
in anthracene for the wavelength range 315-405 nm. With an applied field of 10 V cm
the rate constant for carrier production is 0.9 x10 "4 cm3 sec . The rate constant
for singlet-exciton second-order disappearance is 1.5 x10 8+ cm3 sec

Recent experiments'&' have demonstrated that
free carriers may be generated in crystalline an-
thracene via photoionization of singlet excitons.
The investigators agree on a cross section 0~ for
free-carrier production of ca. 10 ' em at 694
nm. At this wavelength the singlet excitons are
generated by direct two-photon absorption and
the observed intensity dependence of the photo-
current is cubic. As a result of his experiments,
Kepler has suggested' that the important photo-
conductivity experiments using weakly absorbed
light of A. &415 nm reported by Silver, Olness,
Swicord, and Jarnagin' may be more reasonably
interpreted in terms of exciton photoionization
than by the exeiton-exciton interaction ionization
mechanism assumed by those investigators. In-
deed, assuming an exciton photoionization mech-
anism, Kepler measured' a free-carrier produc-
tion cross section of 5x10 "cm' at 425 nm.
This value makes very reasonable his suggestion
that exciton photoionization is the likely carrier
generation mechanism at 425 nm, as he has
proved it to be at 694 cm. Strome' has found ex-
cellent agreement at 421 nm with Kepler's cross-
section value at 425 nm. Kepler and Strome each
discuss other observations which lead them to fa-
vor exciton photoionization as the carrier gener-
ation mechanism in the weakly absorbed light re-
gion. Thus, it appears that no unequivocal ob-
servation of singlet exeiton-exciton carrier gen-
eration has been reported up to the present time.

We have measured the number of electron car-
riers generated in single crystals of anthracene
at an applied field of 10' V/cm using pulses of
approximately monochromatic, unpolarized light
at wavelengths between 315 and 410 nm. Figure
1 illustrates the observed nearly quadratic de-
pendence of the number of carriers generated on
the incident light intensity. Further, the wave-
length dependence and magnitude of the number
of carriers generated argue strongly that exci-
ton-exciton interaction rather than exciton photo-
ionization is the dominant carrier generation
mechanism in the range 330-400 nm. The obser-
vation of near quadratic intensity dependence is
in contrast to the linear dependence found in this
region of strong light absorption by earlier in-
vestigators'" who were specifically examining
the possible importance of the exciton-exciton
mechanism in the near uv region. The present
results eliminate the "paradox" that the exciton-
exciton mechanism seemed to be important with
weakly absorbed light but unobservable with
strongly absorbed light.

The single crystals used in our experiments
were cleaved and mounted under a nitrogen atmo-
sphere, and all measurements were done in a
photoconductivity cell evacuated to about 10
Torr Typical. ly, depending on wavelength, 10'
to 10' electron carriers were generated when a
flash of ca. 10"photons, in a pulse with width at
half-peak-height =0.30x10 ' sec, was incident


