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Minigaps and high-density activated transport in n-channel Si inversion layers
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We have observed minigap effects on the conductivity of a two-dimensional electron gas on Si
surfaces tilted from (001) by an angle 6=19.5°. This is an upper limit of 8 for observation of such
effects. Besides structure in the mobility versus electron concentration, the minigap gives rise to
thermal activation of conductance at high concentration. The measured minigap magnitude devi-
ates enormously from the trend deduced from small tilt angles.

The two-dimensional electron gas (2D EG) confined
close to the Si-SiQ, interface of MOSFET’s built on Si
surfaces tilted away from (001) was shown by Cole, La-
khani, and Stiles! to display an anomalous structure in
the carrier concentration dependence of the conductivity,
corresponding to a discontinuity in the two-dimensional
E(k) dispersion relation of the electrons. This discon-
tinuity was later shown by Sham et al.? to be due to the
lifting, by intervalley coupling, of the two-fold degenera-
cy of the two-dimensional conduction states originating
from the valleys of the Si conduction band with highest
mass for motion perpendicular to the interface. Consider
the interface to be on the (x,y) plane. Then the lifting of
the degeneracy occurs at the points in the reciprocal
(ky,k,) plane where the projection of the three-
dimensional ellipsoids of constant energy cross. For an
interface obtained by rotation by an angle 6 around the
[110] crystalline direction (taken as the x direction), the
two-dimensional dispersion relation E (k) is given by

E(K)=#Kk2/(2m )+ #(k2+k3)/(2m))

£[EG +(#kok, ) /m]12, (1)
where k,=0.15(27/a)sin6, with a=5.43 A the lattice
parameter of Si, and ky=(0,k,) is the projection, on the
(ky,k,) plane, of the distance in three-dimensional re-
ciprocal space between the valleys of lowest energy and
the Brillouin zone (BZ) edge. The effective masses for
in-plane motion are given by’ m,=0.19m, and
m,(0.19 cos’0+0.916 sin’0)m,, where m, is the free-
electron mass. The carrier density at which the
anomalies occur is given approximately by the density N?
needed to fill up two independent valleys with the
dispersion relation E(k)=#%k2/(2m, )+ﬁ2ky2/ (2m,)
up to Ey=#k}/(2m,). Then N}=95.89(m,/

J

Ple)=(4n?) [ dg [ 7dp(Vik—K'=qle. 4 ,

rae) =) [7ag (Vik—k =q(e.6,4')))cosplcosg— cosd) ,
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m,)'/2sin*6(10' cm~2). This dependence on 6
verified experimentally by Sham et al .2 and confir
the validity of the valley-projection model.

For a Si MOSFET, the breakdown field of the o:
approximately 10’ V/cm, limits N, to be $2X
cm 2, and therefore the tilt angles for observation of
effects of the minigap on transport are limited to 65
We have measured the structure in conductivity o an
do/dT in a set of (114) (6=19.5°) samples up
N,=9.5%10" cm~2 (close to actual breakdown for tt
samples), and determined the value of Eg, kept as an
justable parameter in Eq. (1), by fitting the experimer
results with transport calculations.

The conductivity tensor for a 2D EG in the presence
a minigap was first calculated by Ando,* with a model
zero-range correlation length for the scatterers, a
neglecting the anisotropy of the effective masses. }
choose instead to evaluate it by writing

0 (N, T)= [ “de[—0f (e)/3e]o (e, T) , (
0
with ‘
0. (e, T)= Jvi(k)A(k,e)r, [E(k)]/(27) , (
k

where v, (k) is calculated from the dispersion relatior
Eq. (1), and A4 (k,¢) is the spectral function, given by

Ak, e)=2EK){[e—EXP+TIEK] . @
The broadening parameter I and the transport relaxatior*
time 7., are calculated in the independent-valley approxi-
mation, by a rescaling in momentum space: k, =(m,/
m,)\ g, =(m,/m,)'’g cos$, k,=(m, /m,)" g, =(m, /.

m,)1/%g sing. We obtain the results
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with analogous expressions for ayy.s The last result is
the lowest-order in an expansion of the nonequilibrium
distribution in cos(n¢) terms. The disorder-averaged
square matrix element of the scattering potential is given
by a sum of contributions from Na* impurities (charac-
terized by a surface density N, ) and from interface
roughness in the $i-SiO, interface (characterized by rms
fluctuation A with correlation length A).® We have not
taken into account the temperature dependence of the
screening function.

Standard’ measurements of o, and o, at4.2 K were
performed on MOSFET’s fabricated on (114) surfaces by
Toshiba Co.; such samples are described in a paper by

Sato et al.® The smooth structures in mobilities for
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FIG. 1. (a) Measured (circles) and calculated (solid line for
E;=0.2E,; dashed line for E;=0.3E,; dotted line for
Eg=0.1E,) derivatives of inverse mobility with respect to N,,
' for current in the x direction (parallel to [110]); (b) same as (a)
 for current in the y direction (perpendicular to [110]); (c) mea-
sured (circles) and calculated (solid line for E; =0.2E,; dashed
line for E; =0) mobility anisotropy as a function of N,.
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channel current along or perpendicular to the [110] axis
(x and y directions, respectively), due to the presence of a
minigap, are better revealed by plotting the derivatives of
these mobilities with respect to N;, as shown in Figs. 1(a)
and 1(b) for the electron concentration range in which the
deviation from the behavior with vanishing gap occurs.
Minigap sizes are known’~!! to increase with N, as our
calculation does not account for an explicit dependence
of the gap on surface electron density, we choose to fit
the experimental data in the neighborhood of
N,=7.5%10"2 cm~2, where both du~!/dN, for x and y
current directions have a sharp peak. The best fit (solid
curves in Fig. 1) corresponds to E;=0.2E;=9.4 meV.
Theoretical curves using other gap values differ from the
experimental results regarding the N, locus, width, and
amplitude of thé minigap structures, as shown in Figs.
1(a) and 1(b). The mobility anisotropy ratio u,, /u,, un-
dergoes a sharp change in behavior as a function of N, as
the Fermi level approaches the minigap region, as can be
seen in Fig. 1(c). The theoretical curves in Fig. 1 were
calculated with A=15 A, A=3.9 A, and N, =0.28
X 102 cm~2 for sample 1X, and A=15 A, A=4.9 A, and
N, =0.15%10'2 cm~2 for sample 2Y.

A further consequence of the E(k) discontinuities is a
sharp effect in the temperature dependence of conductivi-
ty, experimentally observed as a structure in the depen-
dence of do; /dT on N, as shown in Fig. 2. The experi-
mental data refer to the same samples, but were obtained
at 13 K by directly measuring the amplitudé of conduc-
tance oscillations due to natural 2.4-Hz temperature os-
cillations in the cold end of a Displex Closed-Cycle CSA-
202 refrigeration system. The dashed curves in that
figure show the theoretical results for the same parame-
ters which give the best fit for the 4.2-K mobility deriva-
tives. We have also observed such do /dT structures in
(118) surfaces in connection with minigap effects,’ and in-
terpret them as due to the thermal promotion of carriers
across the disorder-broadened discontinuities in the ener-
gy dispersion relation. In (114) surfaces, for current
along the valley-overlap direction y, such effect gives rise
to conductance activation for N; >7.7X 102 cm~2, as
shown in Fig. 2. Such interpretation is supported by the
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FIG. 2. Directly measured (solid curves) and calculated
(dashed curves) temperature derivatives of conductivity as a
function of N, for current perpendicular and paraliel to [170].
The arrow indicates the onset of conductivity thermal activa-
tion for channel current in they y direction.
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present calculation, which predicts the form and loci of
the do; /dT structures, although their calculated values
differ from those measured at 13 K, probably because our
calculation does not take the temperature dependence of
screening into account.

So far, no theory has succeeded in predicting actual
minigap magnitudes.'”> Approximations based on k-p ex-
pansions around the X points'>'* and T" point!* of the Si
BZ have been proposed, but the gap sizes they predict are
systematically far smaller than the measured ones.
Different empirical relations were proposed by Tsui and
Gornik,” Sesselmann and Kotthaus,!® and Kamgar,
Sturge, and Tsui!' to fit spectroscopic results for the
dependence of gap size on surface electron density, Fermi
wave vector, and tilt angle 6, up to §=9°. Data for 10°
and 12.3° were shown'® to depart from a E;«(4
+ B sin*0)N; trend observed for lower 6. No experimen-
tal results were reported for 6> 12.3°, except for La-
khani, Cole, and Stiles,'> who using circular (115) samples
have estimated E;(15.8°)~2.5E;(10°), which would fit
the low-angle behavior. The 9.4-meV gap which simul-
taneously fits our du;!/dN,, u,, /iy, and do; /dT ex-
perimental results for 6=19.5° at N, =(7.520.5) % 10'2
cm~? deviates enormously from any of the empirical rela-
tions cited above, and confirms the departure initiated
near 10°. This is shown in Fig. 3, where E;(N?2)/N? for
6=(19.5%0.5)° is compared to data reported so far>'%!!
for 2.9°<6<12.3°. The vertical bar corresponding to
19.5° was obtained extrapolating E; from N
=(7.5+0.5)x 10" cm~2 to N%(19.5°)=8.9% 102 cm—2
with 1.1<dE;/dN,(107'2 meVcm?)<2.2, that is,
within the limits experimentally observed of dE /dT for
other tilt angles. The dashed line in that figure is the
theoretical prediction which results approximating the
solution to Eq. (1) by a k-p expansion around the X
point;'>~ 14 the expansion around the I’ point leads to
normalized gaps smaller than 0.3 1072 meV cm? for
the 6 range of Fig. 3.

In conclusion, we have measured for the first time the
minigap in an inversion layer tilted from the (001) surface
by the highest angle (19.5°) allowing observation of such
effects. We have observed corresponding anomalies in
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FIG. 3. Present (6=19.5°) and previously reported normal-
ized gaps EG(N?)/N?. Data from Ref. 11 were extrapolated by
means of Eq. (3) and Table I of that reference. Another value
for 6=10° extrapolated from results in Ref. 1 essentially coin-
cides with the above one from Ref. 10. The dashed line is the
theoretical prediction based on a k-p expansion around the X
point.

the dependence of mobility on electron density at low
temperature, and have directly measured the derivative
of conductance with temperature at 13 K. For such a
large tilt angle, the anomalies occur in a region of con-
centration where the mobility is decreasing with concen-
tration and this, coupled with the minigap in the elec-
tronic dispersion, gives rise to a novel thermal activation
of channel conductivity at high electron densities. These
features of conductivity are well explained by the normal
theory of transport in inversion layers, when modified to
take into account the effect of a minigap caused by valley
splitting. The magnitude of the splitting obtained from
fitting theory to experiment is found to be far smaller
than expected from the behavior observed for low tilt an-
gles.
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