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Measurements are reported of the far-infrared absorption of electron inversion layers at Si-
Si0, interfaces tilted a few degrees from (001). The lowest minigap Eg, as a function of elec-
tron density N and tilt angle 6, is found to be £, = (7.5 % 0.5)N sin|8] + (0.15+0.02) N2 meV,
where N is in units of 10'2 cm™2. The first term is tentatively interpreted as arising from a term
in the surface potential VQ¢)’6'?, where Q = (47/a ) sin# in the direction of tilt, and the second
as coming from a kinetic energy term of the form kyk,. The second minigap has also been
measured, for N =3.1 x 10’2 cm™2 and 6= 1.9°, to be 2.75+0.3 meV.

I. INTRODUCTION

Electrons or holes in an inversion or accumulation
layer on a semiconductor move in a two-
dimensionally (2D) periodic potential whose periodi-
city, for a stepless unreconstructed interface, is sim-
ply the periodicity of the 2D projection of the 3D
crystalline potential. If the surface makes a small an-
gle § with a low index plane whose lowest reciprocal
lattice vector is G, this potential contains a long-
wavelength component with wave vector Q = G sinf
in the direction of tilt, all other components having
much shorter wavelengths. The effect of this poten-
tial is to superimpose a 1D "minizone" structure on
the 2D band structure, introducing "minigaps" in the
E (k) spectrum at the minizone boundaries. Since Q
can (in principle) be arbitrarily small, the "minibands"
between minigaps can be arbitrarily narrow in energy.

This scheme has recently been realized in the »-
type inversion layer of Si MOSFET’s (metal-oxide-
semiconductor-field-effect transistors), in which the
Si-Si0, interface is tilted a few degrees from (001)
about [110].!7% In silicon, there are six valleys in the
conduction band, with minima at the points
(iko, 0, O), (0, iko,O), (0, 0, iko) where
ko=0.85(2m7/a). When the interface lies close to the
(001) plane, the (0,0, +k,) valleys are the lowest,
and are the only ones occupied at low electron tem-
perature. When alignment in (001) is exact, the
bands associated with these two valleys coincide, but
when the interface is tilted, the bands are separated
in the 2D K space. This lifting of the degeneracy
gives rise to minigaps at the crossings of the bands.
Figure 1 shows the lowest 4 gaps. The minigaps 1, 2,
and 4 are due to the removal of the valley degeneracy
by intervalley coupling while intravalley coupling
gives rise to minigap 3.

The existence of a minigap can be detected through
the anomaly it engenders in the dc mobility when the
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Fermi level first touches it, as the electron density N
is increased from zero. This anomaly was first ob-
served (for the lowest minigap) by Cole ¢ al.,' who
also observed Shubnikov-de Haas oscillations from the
electron pocket just above the minigap. They attri-
buted the minigap to a hypothetical step structure in
the Si-SiO, interface, but were puzzled by the period-
icity deduced from k., the value of k, at the anoma-
ly. Sham et al.2 proposed the projected surface
band-structure model illustrated in Fig. 1, which ac-
counts accurately for the value of k.. They observed
optical transitions across the lowest minigap in a sam-
ple with tilt angle § =8.9°. Later Tsui et al.’ con-
firmed the model by observing anomalies in dc con-
ductivity corresponding to four different minigaps, in
samples with small tilt angles. The model of Sham

et al. is successful in predicting correctly the values of
k. (and thus of electron density N, =k2m) at which
the mobility anomalies occur. They are determined
solely by the band structure of silicon and simple
geometry.

Volkov and Sandomirski* object to the Sham model
on theoretical grounds, and propose an alternative
model which predicts a highly nonmonotonic depen-
dence of k. on #. This prediction is falsified by the
data of Tsui et al.® who find that k. « sind over a wide
range of 6.

What still remains in question is the mechanism
which gives rise to these optical gaps. There have
been a few theoretical attempts on this problem.’~®
Here we present results of optical measurements
from which we can determine the magnitude of the
two lowest minigaps. We have measured the far-
infrared absorption due to transitions across the
lowest minigaps, as a function of electron density, in
samples with =12.9°, 5.6°, 8.9°, and 11°. We have
also observed absorption due to the minigap No. 2 in
a sample with #=1.9° for the value of N at which the
Fermi level just touches the minigaps. A preliminary
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FIG. 1. Evs k" of inversion-layer electrons on surfaces
tilted at 6 from (100): (a) in extended-zone scheme in the
absence of valley-valley interactions and (b) in the periodic-
zone scheme with degeneracies at band crossings removed.

k, is in the direction of tilt.

account has already been given.” Similar results to
ours have been recently reported.!?

II. EXPERIMENT

Experiments were done at 4.2 K using Si-MOSFET’s
fabricated on 24-() cm p-type Si wafers, which were
oriented using x-rays to better than 0.2°. The gate
oxide was thermally grown to ~ 1400 Ain dry oxy-
gen at 1100 °C, and subsequently annealed in H, at
380°C. The metallization was produced by evaporat-
ing a thin Ti layer (~ 50 &) followed by a 0.7-um
thick layer of Al. The Al layer was subsequently re-
moved from the gate to transmit the far-infrared ra-
diation. These devices have maximum electron mo-
bility varying from ~ 8000 to ~ 20000 cm?/V sec at
4.2 K. The electron density of the inversion layer
was determined from N = (C,,/e ) (Vy—V,), where
C,x is;the capacitance of the gate oxide, V, the gate
voltage, and ¥, the conduction threshold at 78 K.

We used a molecular gas laser pumped with a
pulsed CO, laser.!! Several lines between 1.36 and

10.45 meV were used. The experiment is made pos-
sible through the relatively strong density dependence
of the size of the gap. Absorption («), its derivative
(da/dV,), and photoconductivity were measured as a
function of the applied gate voltage V, in the normal
incidence geometry. Absorption due to the carriers
in the inversion layer was differentiated from back-
ground by chopping the gate voltage. In order to
avoid interference effects the Si substrate was either
wedged by about 4°, or it was glued to a 4—6° wedge.
A Ge bolometer/detector monitored the laser radia-
tion transmitted through the sample. The strongest
absorption signal was about 0.5% of the total laser ra-
diation, while the weakest one was roughly two or-
ders of magnitude smaller. In the case of the weaker
signal, a signal averager was used.

III. RESULTS
A. Photoconductivity

Using differential absorption techniques, i.e., either
modulating or chopping the gate voltage to obtain the
absorption derivative or the total absorption, respec-
tively, we have been able to detect transitions across
only the lowest two minigaps. However, photocon-
ductivity measurements reveal all four minigaps as
shown by the arrows in Fig. 2. This figure shows the
photoconductivity as a function of V; in four dif-
ferent samples. On top of the Drude background,
which is independent of tilt, there are anomalies in
the photoconductivity quite similar to those in the dc
conductivity, although here the signal is much
stronger realtive to background and has a different
line shape. These anomalies are presumably due to a
change in the temperature derivative of the mobility,
du/dT, which occurs when the Fermi level reaches
the minigap. This change produces an anomaly in
the photoconductive signal, since this arises from the
heating of the electrons due to nonresonant (Drude)
absorption. There may also be a small contribution
from resonant heating due to transitions across the
minigap.

The top three spectra show the lowest gap in 11.0°,
8.9°, and 5.6° samples, while the lowest spectrum
shows the three higher gaps in a 1.9° sample.

The relative amplitude of this signal can be qualita-
tively understood by considering the size of the mini-
gap and the electron mobility wu where the signal oc-
curs. The 8.9° sample shows a stronger signal com-
pared with the 5.6° sample because of the larger gap
and therefore a stronger departure from a free-,
electron behavior. However, the 11° sample shows a
smaller signal because it occurs at a gate voltage
where du/dT and hence the photoconductivity signal
is anyway practically zero. In the 1.9° sample the
anomaly due to the lowest minigap, which is expected
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FIG. 2. Photoconductivity as a function of Ve in four dif-
ferent samples. The 10.45-meV laser line is used to obtain
all of these traces. However the signal is quite insensitive to
the laser energy.

at around N =1.7 x 10"! cm™2, is not strong enough to
be seen, but the three higher gaps show up quite dis-
tinctly.

In the following -we will divide the discussion on
the absorption measurements into two sections con-
cerning, respectively, the lowest two gaps.

B. Absorption due to the lowest minigap

The first optical data on the lowest minigap were
obtained using a Fourier spectrometer.? In this ex-
periment the size of the minigap was shown to
change from 2.5 to 5.5 meV as the electron density N
varied between 2.3 and 4.7x 10'2 cm™2, for 6 =8.9°.
We nave extended this measurement to the range 1.2
to 6 x 10'2 cm™ in N and to a wide range of 9. Fig-
ure 3 shows an example of the absorption measure-
ments for § =8.9° sample. The absorption data are
obtained by sweeping the gate voltage, therefore the
electron density, at fixed laser frequency w. In Fig. 3
this frequency is chosen so that at N =N,, fw is very

hw =2.96 meV g

K da/dvg

FIG. 3. Absorption « and absorption derivative r/a/(IVg
as a function of ¥, in the #=8.9° sample. At this laser en-
ergy Eg(N.) =kw. Dashed lines are the calculated line
shapes, with vertical scale chosen to give the best fit.

nearly equal to the size of the gap. The top trace
represents the total absorption, and the derivative of
absorption is shown in the lower trace. The upper
trace shows a general rise in the absorption (at given
laser frequency) of an electron gas with increasing
density and scattering rate. The structure at very low
Ve is present even for Q =0, and has nothing to do
with minigap. It is due to the abrupt change in the
Drude conductivity near threshold. Like the broad
Drude background, it is most pronounced at low #w
(see Fig. 4). The extra increase in the absorption at
V =16 volts is due to the electron transition across
the minigap.

Superimposed on the experimental traces (full
line), the dashed lines show the results of a calcula-
tion based on that of Ref. 2. The absorption a(w)
(which is proportional to the real part of the conduc-
tivity) is calculated for a 2D electron gas moving in
the 1D potential V =%Eg cos(2mwm/L), where 1 is
measured in the direction of tilt.

It is easily shown? that this model gives the same
frequency dependence of « in the vicinity of a mini-
gap as the model of Fig. 1, so long as the minigaps
are well separated. - The absolute value of a differs by
a factor of 2 but this is not measured in our experi-
ments.

We assume a functional form for £, (N), discussed
below, and calculated a(N) at fixed laser energy fw.
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FIG. 4. Absorption derivative da/dV, as a function of
the gate voltage in the § =8.9° sample at various laser ener-
gies. The dashed and dotted lines are the result of calcula-
tions as discussed in the text. The calculated curves are all
on the same vertical scale. The data curve on arbitrary
scales. This also applies to Fig. S.

The vertical scale for the theoretical curves is chosen
to give the best fit to the data obtained at 3.85 meV.
The electron scattering time 7 is determined as a
function of N from the dc mobility; the periodicity L
is

L =2w(Q —kysing)™" (1

where Q = (47/a ) sind and k¢=0.8527/a).

While the theory of Ref. 2 is quantitative, and
gives reasonable agreement with experimeint, it does
neglect any dependence E; might have on K, at fixed
N. We will show later that such dependence is in fact
present, and probably limits the accuracy of the fit.
We see that the experimental curves are somewhat
broader than the theoretical; this can, at least in part,
reasonably be attributed to the k& dependence of E,.
Figure 3, which compares the fit to the direct absorp-
tion and to the derivative, demonstrates that this de-
viation is not serious.

A series of curves representing absorption deriva-
tive for a full spectrum of laser energies is shown in

Fig. 4. The vertical scale of each experimental trace
is arbitrary. In trace (a), the laser energy is less than
the gap for N = N,, i.e., fw < E;(N,). Nevertheless,
we see structure at N = N,, which arises from the
changes in the density of states which occur when the
Fermi level is swept across the minigap.

Jumping to traces (d) and (e), for which
Fw >> E,(N,), we see structure which moves to
greater N with increasing fw. This arises from transi-
tions across the minigap, and the minimum in
da/dV, corresponds approximately to the value of N
at which fw = E;(N). (To get a more exact value, a
quantitative fit must be made, as we shall see.) In
trace (d) there is still a vestige of the structure at
N = N,, which has disappeared in (e), the highest fw
for which any structure was observable. Traces (b)
and (c) are for o ~ E;(N,). The two structures are
superimposed, and give their maximum combined ef-
fect when fw = E,(N,).

Figure 4(a) also illustrates the sensitivity of our
data to L, the periodicity. The dashed curve was cal-
culated using L =117 A, the value given by Eq. (1)
for § =28.9°; the dotted curve was calculated for
L =109 A, the value obtained from dc conductivity
measurements. A clear distinction in favor of the
larger value can be made; the use of a more quantita-
tive theory in analyzing these data (as compared with
dc conductivity) has made this distinction possible.

In Figs. 5 and 6 we show the spectra obtained in
the 5.6 and 2.9° samples. The 5.6° traces are quite
similar to the 8.9° sample for high values fw. In the
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FIG. 5. Absorption derivative as a function of V, in the
9 =15.6° sample at three different laser energies, together
with the calculated line shapes, shown as dashed lines.
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FIG. 6. Absorption derivative as a function of V, in the
9 =2.9° sample.

2.9° sample the signal is noticeably weaker relative to
the background, which is due to the Drude absorp-
tion.

In order to calculate the conductivity as a function
of N, we had to assume a functional form for the
variation of the minigap with electron density. We
tried two different functions, suggested by the Taylor
expansion for small N:

Eg=c+dN , 2)
and
E;=aN +bN? , 3)

choosing constants a and b, or ¢ and d, to give the
best fit to the data. Table I shows these fitted values
for various samples. Both functions give quite satis-
factory fit to the data, but we will discuss only the
second function, since not only does it have some
theoretical basis (to be discussed in the next section),
but the parameters obtained are physically more ac-
ceptable (the negative value of ¢ makes no physical

TABLE I. Parameters in Egs. (2) and (3).

0 a b ¢ d
(degrees)
2.9 0.37 0.15 -2 1.5
5.6 0.75 0.15 —1.8 1.8
8.9 1.2 0.15 -1.7 2.3
11.0 1.55 0.15
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FIG. 7. Solid lines represent the size of the gap as func-
tion of electron density as obtained from a theoretical fit to
the data. The points show the position of the minima in the
experimental traces. The dashed line indicates the position
of minima in the calculations. In case of the 5.6° and 2.9°
samples the dashed and the solid lines coincide.

sense, since it implies £; < 0 at small V).

Figure 7 summarizes our results for the lowest
minigap. The points give the positions of the minima
in da/dV, obtained experimentally. The full lines
represent Eq. (3) with the parameters of Table I.

The dashed line passes through the positions of the
minima in da/dV, calculated from Eq. (3), for
#=28.9°. The fit to the data is seen to be good.
Comparison with the full curve for this 6 illustrates
the importance of making the fit to the full theoreti-
cal curve, rather than relying on some arbitrarily
chosen point (such as the minimum) to give the
value of N where E,(N) =fw. Nevertheless, for
#=15.9° and 2.9°, the dashed curve would be close to
the full curve and is not shown.

In Fig. 8 we show that the fitting parameter a is ap-
proximately proportional to sinf, leading to the fol-
lowing empirical relation:

E,=(7.5%+0.5)N sin|g|+(0.15£0.02)N? , (4)

2

where N is in units of 10'2 cm™2, and £, in meV.
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FIG. 8. Fitting parameter a, and 4 =a +2bN,. as a func-
tion of sin#g.

C. Absorption due to the second minigap

We have searched for anomalies in the absorption
derivative due to the higher minigaps in 1.9 and 2.9°
samples. In the 2.9° sample the second gap has
N,=7.5%10" cm™2, corresponding to a ¥, only just
within the limit for the dielectric breakdown of the
oxide. We were not able to detect the absorption
across this minigap, possibly because of the high elec-
tron scattering rate at this density.

In the 1.9° sample all three higher gaps were ob-
served in the photoconductivity (Fig. 2); however,
only the absorption due to the second gap was detect-
ed (Fig. 9) and then only in the region N ~ N,,

1.88 meV

2.87meV

/ 3.15 meV

a

da/dvg

o
5]
o)

200
Vg (V)

FIG. 9. Absorption derivative as a function of gate vol-
tage in the #=1.9° sample.

where the two structures overlap and reinforce each
other. Thus a determination of E, as a function of N
was not possible. We attempted to obtain E,(N,} in
two ways. The first was to find the value of #w for
which the absolute magnitude of tha anomaly in
da/dV,y is a maximum. While comparison of abso-
lute magnitudes at different #w is difficult, the max-
imum in the intensity is sufficiently pronounced that
an unambiguous value of £, =2.75 £ 0.3 meV, at

N =N,=3.1x10'2cm™? can be obtained. In the
second method we assume that £, is proportional to
N and make a computer fit, as in the previous sec-
tion. The fitted value of E,(N,) agrees with our first
result. The signal is between one to two orders of
magnitude smaller than the comparable signal due to
the lowest minigap. Furthermore, the position of the
absorption peak does not vary with N between 2.4
and 3.15 meV. These two facts suggest that the den-
sity dependence of E, for the second minigap may be
weaker than for the first.

IV. DISCUSSION

The positions of minigaps in K space depend only
on the band structure and can be determined geome-
trically. Calculation of the size of a minigap, on the
other hand, presents formidable difficulties. While
some very sophisticated calculations have been
made,’~® they are based on the unphysical model of
an infinitely sharp, mathematically flat interface, tak-
ing no account of its atomic structure. It is, there-
fore, unlikely that they can yield quantitatively
correct results.

There are, however, some general observations
which can be made. First, the symmetries of the
conduction bands near k, are A; and A}, respectively.
It follows that the intervalley interaction (responsible
for the lowest two minigaps) must have A (i.e., xy)
symmetry. It might have the form of a static poten-
tial, such as e,, strain, or of a "kinetic energy term"
proportional to k.k,. Second, the potentials responsi-
ble for the different minigaps have different transla-
tional properties; by comparison of Figs. 1(a) and
1(b) it becomes obvious that the lowest minigap ar-
ises from a potential of wave vector Q, while the
second comes from a uniform (zero wave vector) po-
tential. Finally, in all the calculations the matrix ele-
ment is proportional to the normal electric field at the
interface; i.e., to NV if the small contribution from the
depletion charge is neglected. Thus the simplest gen-
eral form for the variation of the minigap with N and
K is

E=N(A +2Bkk,) . (5

Since, in our samples, the tilt is about &, parallel to
(110), it is convenient to rewrite this:

Eg=NIlA+B(ki—-k})] . (6)
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Our fitting procedure ignored any K dependence of
E;; hence Eq. (5) must be appropriately averaged
over k space. The predominant contribution to the
absorption, and still more to its derivative, comes
from regions of K space close to the two points where
the Fermi circle cuts the minizone boundary. At
these points (which only exist for

ki > ke=5Q —kosin8), k,=k., and k§ =k} — k2,
so that

E,=NIA +B(5kF—k2)]
=N[4 —-BN./m+BN/2x] , )

where N =k2/m and N.=k2/m. Equation (7) has
the same form as the empirical relation (3), with
B=2mwband A =a +2bN.. A is plotted in Fig. 8;
like a, it varies roughly as sinf, while B is indepen-
dent of # within experimental accuracy. Theory sug-
gests that B should vary as 62 for small 87%; this is
quite inconsistent with our data.

We now discuss briefly the possible origin of the
dominant 4 term. Consider the mathematical plane
interface as a zeroth order approximation, and im-
pose the discrete atomic structure of the crystal on it.
It is reasonable to neglect the effects of reconstruc-
tion since this will produce only short-wavelength
terms in the potential. The predominant extra poten-
tial of long wavelength has the form V ~ Vpe®@7,
which has the correct symmetry to produce the
lowest minigap. Vg can arise either from a macro-
scopic strain, or from the atomic structure itself.
Note that if Q is parallel to a cube axis, the contribu-
tion to Vg from the atomic structure no longer has

the required xy symmetry, and the 4 term vanishes.
This is consistent with experiment.'® Experimentally
it appears that Vj o sin|@], a reasonable dependence.
Insufficient data on the second minigap are available
to distinguish between the contributions of a static
potential and of kinetic energy effects, although the
possibly weaker dependence of £, on N suggests that
the former is dominant. If this is the case, the mini-
gap must be due to strain, since there can be no in-
trinsic potential of xy symmetry with zero wave vec-
tor.

We conclude that the lowest minigap varies with
electron density in the expected manner. However, a
quantitative understanding of its size and angular
dependence requires a theory which takes the atomic
nature of the interface into account. The magnitude
of the second minigap is reasonable, but requires fur- -
ther experimental study.
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