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VALLEY SPLITTING AND VALLEY DEGENERACY FACTORS IN
N-TYPE SILICON (110) AND (111) INVERSION IAYERS

M. Roos and H. Kd&hler

Physikalisches Institut der Universitit Wiirzburg,
D-8700 Wiirzburg, GFR

It is shown from the magneto-quantum oscillations
on (110) and (111) n-type silicon inversion layers
that a valley degeneracy factor of 2 does not ap-
ply. The influence of a second type of electrons
is directly proved from an additional Shubnikov-
de Haas oscillation.

In the last few years considerable work was dedicated to silicon
(110) and (111) n-type inversion layers in order to eludicate the
inconsistency about the valley degeneracy factors deduced from the
experiment [1—8] and the theoretical expectation. Up to now, a valley
degeneracy factor g, (111) = 6 was only evaluated on samples with ex-
tremely low electron mobilities [5]. In addition, g-factors higher
than 2, deduced for (110) and (111) surfaces [2], had become doubt-
ful since it was shown for (100) samples that g = 2 applies [9,10]

in contrast to former conclusions.

Our investigations were stimulated by various experimental facts
which were not in agreement with the theoretical concept, before all,
by the unexpected amplitude ratios for the supposed spin-split levels
in [2] attributed to neighbouring Landau qQuantum numbers and by the
phase anomaly of the maxima positions deduced from magneto-gquantum
oscillations as a function of the magnetic field for a constant elec-
tron concentration. In Fig. (1) and (2) characteristic magneto-gquantum
oscillations are shown as a function of the gate voltage for B = 10 T
. . ; ; ; 3 and T,= 1,5 K which, except
for Vo = 5 V, are almost the
B=99T same. In equivalence to that
the Shubnikov-de Haas oscil-
lations are very similar, too,
owing to almost the same ca-

“0 pacity of the devices ( ng =
1,7-1011 v /(v-em?); v =
1,5 V; Vg = V& = V¢n). Hence

valley dégeneracy factors
gy = 2 were deduced for keth
cases 2,3 ., The phase ana-
lysis for the extrema posi-
tions in Pxx(B) is shown in
Fig. (3) for a (110) sample at
i . . . . . tilt angle 8 = 0 and two dif-
0 0 20 30 ferent gate voltages. First
L the same integers n were at-
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xx (B) and plotted as a func-
tifn of the corresponding

B~ values ( upright and
tilted crosses, solid straight
lines and right ordinate
scale). The extrapolation
towards B~1 = o yields al-
most integer and half-inte-
ger values which is not ex-
pected for a simple spin
splitting, even not for M =
g-m./(2mg) > 0,5. For higher
gate voltages ( or higher
damping ) the shift towards
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Pxx (Vg) of a (111) sample for
9,8 T and 3= 0

lower ordinate intersections
is characteristic which is
again in contradiction to
the former interpretation
[2] where n =t 1/4
should be approached

for this choice of
integers and M > 0,5
instead of -1/4 and
-3/4. Almost identi-
cal results are ob-
tained for our (111)
/’J samples, A re-arran-
vy gement of the Landau
quantum numbers ( in-
dicated by arrows )
comprehending four
Pxx Peaks to an in-
teger ( left ordinate
scale, solid and bro-
ken straight lines )
corresponding to g,, =
4 yields a reduction
of the relative phase
deviation, however,

i does not allow an
uncontradictory ex-
planation except for
an influence of a
second type of elec-
trons or of an addi-
tional valley split-
ting. This is support-
ed by the experimen-

. e
8;1 02 03 T

Fig. 3 Integers n attributed to the pyy (B)
maxima as a function of the corres-
ponding Bt values for two different

gate voltages and tilt angle & = 0

tal fact for (110)
and (111) samples that the amplitude ratio of the camel's back struc-
ture ( e. g. in Fig.(4)for B = 9 T ) varies with increasing negative

substrate bias which cannot be explained by the simple influence of
only the spin splitting. Furthermore, almost the same behaviour
shows up for increasing tilt angles where both peaks of the camel's
back structure do not merge half-way between but the maximum with
the assumed lower Landau quantum number more and more dominates
while the other fades away gradually. In addition, the Shubnikov-
de Haas amplitude ratio in p,. (B) clearly reveals both peaks of the
camel's back structure, e. g.xbetween 5 and 8 V in Fig. (1), not to
belong to different Landau quantum numbers.
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The investigation of the

magnetoresistance for high
gate voltages yields an
explanation for the nega-
tive differential back-
ground ( &. g. in Fig. 4)
starting from B~ 5 T )
characteristic for all our
(110) and (111) samples.
In Fig. (5) for increasing
gate voltage an additional
magneto-quantum oscillation
shows up after the "funda-
mental" oscillation has
vanished below B = 10 T
(,e. g. still visible for

Vg=9,2V Vgp=0V
) Vg=10,06V Vgp=-10V
5
e *
s Vg=10,8V  Vgp=-20V
o
3
*
Vg=1166V  Vgp=-30V
(10) 8=0
0 2 4
B(T)
Fig. 4 Shubnikov-de Haas oscillations

10 V§=30VandB>7,5T).
e

T "second" oscillation
is clearly resolved for
* = 35 vV and has to be

\Y%
of a (110) sample for constant a%tributed to a second type
electron concentration but dif- of electrons in the surface
ferent values of the substrate channel since a variation

bias Ugy, (S =0)
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"Second"

(B) oscilla-

tion of §x§110) sample

at high gate voltag

es

for & = 0: The " funda-

mental" oscillation
still visible for Vv
25 V and 30 V at hi
magnetic fields

2
gn

of the substrate bias and

hence the threshold voltage

Veh above Vg-dc /d£o does
not influence the observed struc-
ture ( doo,: thickness of channel
oxide; dgy: thickness of field
oxide neighbouring the channel ),
thereby excluding the influence
of a bypass channel. The "second"
oscillation is periodic in 1/B.
The position of the deepest mini-
mum in p.. (B) of Fig. (5)is plot-
ted in Fig. (6) as a function of the
corresponding gate voltage yield-
ing a linear relation which is
extrapolated towards the thresh-
old for the channel conductance
showing that the second type of
states is occupied from the be-
ginning of lowest electron con-
centrations. The ratio of the
Shubnikov-de Haas frequencies is
about 9 with reference to the same
gate voltage (V& - Vip) in average
yielding about gl % o? the second
type of electrons for g,, = gy = 2
but only less than 6 % for gy =
2g! = 4. In the same way additio-
nal structures in the magnetore-
sistance are observed for (111)
samples at high gate voltages
though the resolution is poorer
and does not allow a quantitative
evaluation.

However, this result implies that
the influence of a second type of
electrons has to be expected even
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at lower gate voltages, in particular,

x T ' ' s for high magnetic fields where the
T ,// Fermi energy shows a step-like vari-
8 A _ ation with the gate voltage.
(110) Vi
A A possible explanation which fits to
6 v 1 all experimental results is based on
3 / the assumption that the lowest val-
@ (ﬂ leys are separated into groups of
Lr / 1 two in our (110) and (111) samples
// which, for instance, could be the
2k 7 i case for a small surface misorienta-
/ tion and possibly internal mechani-
// cal stress. Since, in addition, dif-
0¥ : : L ferent mass parameters shift the
0 20 40 60V 80 ejectric subband edges and simulta-
Vin g—= neously the centre of charge as well

as the penetration depth of the wave
function into the oxide, the total
Fig. 6 Magnetic field posi~- energy of the capacitor is smallest
tion of the deepest for the electrons in average nearest
minimum in Eoyy (B) of to the gate, the states of which are
Fig. (5)as a function occupied first. Subsequently, for
of the gate voltage (110) surfaces the rest of i = O val-
leys is filled yielding a shift of
about hw,/2 with respect to the first
pair of valleys. Consequently, the
"gsecond" magneto-guantum oscillation for our (110) samples should
result from the influence of i = O' electrons with gy = 2. Their
effect is of essential importance also at low gate voltages where
the highest steps in the Fermi energy occur between the spin-split
levels of a valley pair, diving into the i = O' level ladder which
hence contributes to 6y, with its lowest states only since the i =
O' subband edge is shifted to higher energies with increasing sur-
face electric field. The explanation of the phase anomaly for the
Py (B) extrema positions by an additional valley splitting of the
vafley pairs as compensation for the influence of the i = 0' elec-
trons fails since this effect should vanish for low gate voltages
which is not observed.

For (111) surfaces the same arguments apply where the degeneracy of
the three valley pairs may be lifted by a slight misorientation and
possibly mechanical stress, too. The influence of a second type of
electrons is also shown from an additional structure in Pxx(B) at
high gate voltages. Hence g, (111) > 2 has to be concluded. A re-ex-
amination of all data on "high" and "low" mobility samples seems
necessary, in particular, since the results shown in [5-8] are non-
periodic in the gate voltage and therefore the assignment of quan-
tum numbers and the assumption of an additional valley splitting
seems doubtful.
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