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Valley splitting control in SiO 2 ÕSiÕSiO2 quantum wells in the quantum Hall regime
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SiO2 /Si/SiO2 quantum wells fabricated on SIMOX silicon-on-insulator substrates are examined in the
quantized Hall regime. An 8 nm quantum well behaves as a single layer of two-dimensional electrons at
accessible gate voltages. By using front and back gates, the wave function in the confinement direction can be
shifted continuously between two SiO2 /Si interfaces formed through different processes. We find that this
results in a continuous evolution of the valley splitting which is asymmetric with electrical gate bias. Wider
quantum wells show bilayer behavior where the valley splitting is different in each layer, demonstrating that its
control shown by the 8 nm well arises due to the different properties of the two interfaces. Estimates of the
valley splitting are made through Landau level coincidences and activation energies. The coincidence between
Landau levels of opposite spin, opposite valley, and like cyclotron indices atn56 shows anticrossing behavior.
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The valley degree of freedom in valley-degenerate se
conductors such as Si and AlAs remains a subject of con
erable attention despite its long history. This is first due
interest in the valley splitting lifting this degeneracy f
which there is still no unified picture to describe its origi1

and observations, such as its enhancement with magn
field recently reported.2,3 Second, valleys offer an unexplore
degree of freedom in relation to Landau level coinciden
and quantum Hall ferromagnetism,4–6 where the valley index
specifying the valley ink space could be taken in analog
with the layer or subband index of a real-space bilayer s
tem. Previous experiments in valley degenerate Si/SiGe h
found striking phenomena at coincidences between Lan
levels of opposite spin and differing cyclotron indices but t
role of the valley degree of freedom is unknown.6 For the
exploration of both these issues, it is highly desirable to
able to control the valley splitting.

In ~100!-silicon metal-oxide-semiconductor field effe
transistors~MOSFET’s!, which have two-fold valley degen
eracy, it is relatively well established that the valley splitti
changes with carrier concentration.1 This is attributed to the
change in confinement in thez direction which allows cou-
pling between valleys separated inkz . Accordingly, there
have been demonstrations that the valley splitting can als
enhanced by the application of a substrate bias.7,8 However,
there have been no successful attempts to exploit this co
in examining interaction effects at level coincidences in
quantum Hall regime. In this paper, we present a sys
which allows the valley splitting to be tuned over a lar
energy range, by exploiting the differing properties of tw
interfaces forming a quantum well. A level coincidence
n56 between Landau levels of opposite valleys and op
site spins is observed and is used to obtain estimates o
valley splitting. This coincidence is found to show anticros
ing behavior.

We examine magnetotransport properties of tw
dimensional electron gasses in silicon-on-insulator~SOI!
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MOSFET’s. A schematic diagram of the samples is shown
Fig. 1. A SIMOX ~separation by implantation of oxygen!,9–11

SOI substrate is prepared by ion implantation of oxygen i
a ~100! silicon wafer followed by high-temperature annea
ing, leading to a buried layer of SiO2 or BOX ~buried oxide!.
Despite the initial continuous spatial distribution of im
planted oxygen atoms, annealing at high temperature fo
prolonged period of time is known to yield abrupt Si/SiO2
interfaces and recrystallization of the implantation-damag
silicon. MOSFET’s fabricated on these SOI substrates lea
SiO2 /Si/SiO2 quantum wells where the BOX acts as an i
trinsic back-gate insulator.

Previous low-temperature magnetotransport meas
ments of SIMOX MOSFET’s with wide well widths12 found
that the Si/BOX interface was of sufficient quality to obser
Shubnikov–de Haas oscillations but neither spin nor val
splitting could be resolved. Measurements by Ouisseet al.13

on ultrathin samples with width of order 3 nm fabricated
similar processes to ours found that Shubnikov–de Haas
cillations were hardly observable using the back gate alo
However, using a combination of front and back gates, th
observed beating patterns in the oscillations which they
tributed to a valley splitting which could be tuned betwe
unusually large values of 5 and 20 meV by changing
back-gate bias. Individual quantized Hall states could not
observed in their samples presumably due to the narrow

FIG. 1. A schematic diagram of the sample structure.
©2004 The American Physical Society04-1
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FIG. 2. Gray-scale plots of the longitudinal resistance at 350 mK, at a fixed value of magnetic field of 11 T as functions of fro
back-gate voltages.~a!, ~b!, and~c! respectively, show data for samples with well-widths of 8, 10, and 25 nm. Dark regions correspo
quantized Hall states with vanishing longitudinal resistance. The figures represent the filling factors corresponding to the measured
Hall resistance. The white triangular regions on the bottom left of each graph represent regions in which the carrier concentration i
for Ohmic contacts. The horizontal lines atVf g52 V are experimental artifacts.
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width leading to large disorder broadening of the Land
levels. In this paper we present data, in the quantized H
regime, directly showing the evolution of the valley splittin
of individual Landau levels from a regime of convention
MOSFET’s with small valley splitting to one where the va
ley splitting is strongly enhanced due to the Si/BOX inte
face.

Three samples were studied with different silicon w
widths of 8, 10, and 25 nm. A rough indication of the qual
of the samples can be obtained from the two interfaces in
25 nm wide quantum well as we find the two electron lay
in this sample to be rather independent. The front layer
the thermal oxide interface has a peak mobility of 1.0 m2/V s
while the back layer on the BOX interface has a peak m
bility of 0.4 m2/V s at 1.5 K.

Magnetotransport measurements were made using s
dard lock-in techniques on large Hall bar devices at 350 m
the base temperature of a helium-3 cryostat. Gray-scale p
in Fig. 2 show longitudinal resistance data at 11 T as fu
tions of the front- and back-gate voltages. Light regions c
respond to high resistance while the dark regions corresp
to situations where the resistance becomes vanishingly s
due to the quantum Hall effect~QHE!. The figures indicate
the filling factorn obtained from the values of the quantize
Hall resistance~not shown!.

When a positive voltage (Vf g) is applied to the front gate
while the back-gate voltage (Vbg) is zero or at negative val
ues, we expect the behavior to be similar to that found
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conventional MOSFET’s. This is because the situation c
responds to one where the wave function is pressed ag
the top thermal-oxide-silicon interface which has been p
pared by conventional methods. For each of the plots be
Vbg50 V, quantized Hall states atn54(n11) can clearly
be seen corresponding to cyclotron gaps wheren
(50,1,2, . . . ) is thecyclotron Landau-level index of the up
permost occupied Landau level.~For each cyclotron staten,
there are two spin and two valley states.! Quantized Hall
states can also be seen atn54n12 corresponding to spin
gaps between two sets of valley degenerate Landau lev
For the lowest Landau level, then53 state can be seen fo
each of the samples corresponding to a valley gap. Re
tance minima at higher odd integers are either missing or
very deep showing that the valley splitting is much smal
than the spin splitting.

Focusing our attention on data for the 8 nm wide sam
betweenn54 and 8, we see that as the back-gate voltag
increased to aroundVbg513 V, the resistance peaks divid
ing n54, 6, and 8 split giving rise to odd filling quantum
Hall states. At the same time, the spin-split QHE resista
minimum at n56 becomes shallower. We interpret this
being due to an increase in the valley splittingDV leading to
the odd-integer quantum Hall states which in turn redu
the mobility gap for the spin-splitn56 state as schemati
cally illustrated in Fig. 3.

With Vbg increased further, there is a saddle point
Rxx(Vbg ,Vf g) at n56 atVbg520 V beyond which the resis
4-2
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tance minimum deepens again. At the same time, the cy
tron minima atn54 and 8 become shallower. This is due t
continued increase in the valley splitting leading to a le
crossing as depicted in Fig. 3. There is a level coincide
between Landau levels of the same cyclotron index, oppo
spin, and opposite valleys. The fact that there is a sad
point as opposed to a maximum indicates that it is an a
crossing, showing that there are strong interactions betw
electrons in these levels. The nature of the resulting gro
states4 and excitations are however left as a subject of fut
study.

With Vbg increased still further such that negative valu
of Vf g are required to achieve filling factors below 8, a
resistance minima become shallower. Beyond the anticr
ing, the mobility gaps atn55 and 7 correspond to spin
splitting gaps between levels of like cyclotron and vall
indices and should remain constant, so long as the effectig
factor remains constant and the valley splitting does not
come large enough for levels of differing cyclotron indices
coincide. In the data shown, we interpret the minima beco
ing shallower as due to the increase in disorder14,15 as the
wave function is pressed against the rougher Si/BOX in
face.

As described earlier, for negative values ofVbg and posi-
tive Vf g all three samples show similar behavior correspo
ing to the wave function being pressed against the silic
thermal-oxide interface. Similarly, for negative values ofVf g
and positiveVbg the behavior among the samples is re
tively similar corresponding to the wave function bein
pressed against the BOX-silicon interface, and the va
splitting is larger than the spin splitting in each sample. F
the 25 nm wide sample@Fig. 2~c!#, when positive voltages
are applied to both the front and back gates, vertical
horizontal lines can be seen corresponding to two indep
dent sets of Shubnikov–de Haas oscillations. There are
independent two-dimensional electron gasses with differ
valley splitting in each layer. The 10 nm wide quantum w

FIG. 3. A schematic diagram of Landau levels belonging to t
lowest orbital statesl 50 andl 51. The indices in brackets labelin
the levels (l ,↑/↓,1/2) represent the orbital Landau level, spin a
valley indices, respectively. The gray numbers represent the fil
factor when the Fermi energy lies in the corresponding gap.
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@Fig. 2~b!# on the other hand shows a continuous evolution
the n54 quantum Hall state from one end of the plot to t
other rather like the 8 nm wide sample. However, at hig
filling factors, features can be seen corresponding to the
cupation of a second subband, broadly consistent with s
consistent calculations.16

We return our attention to the 8 nm wide sample a
describe more quantitative aspects of the valley splitting
the simple picture of the Landau levels presented in Fig
the level coincidence atn56 occurs under the condition
DV5g* mBB. Assuming a constant value for theg factor of
2, and taking the saddle point inRxx(Vbg ,Vf g) to correspond
to the coincidence, we can make estimates of the valley s
ting. The circular points in Fig. 4 show data-points obtain
at 11, 13.5, and 15.5 T. The data points are plotted a
function ofnb2nf , wherenf andnb are electron concentra
tions supplied by the front and back gates, respectively
represents the degree of electrostatic asymmetry prese
the system.

We have also made temperature-dependence mea
ments at odd filling factors and fitted the activated tempe
ture range tosxx5s0exp(2D/2kBT). The open data points
in Fig. 4 show the extracted values forD. The values of
energy gaps obtained in this way are strongly influenced
disorder and many-body effects14,15 and is therefore not a
straightforward reflection of the bare valley splitting. This
confirmed by our magnetic-field dependence measurem
of the activation energies which show that while the gaps
n55 and 7 are essentially field independent, the gap an
53 is strongly field enhanced, consistent with recent fin
ings by Khrapaiet al.3 It is also evident on inspecting Fig
2~a! that the behavior associated with the lowest Land
level (n50) is qualitatively different to that of the highe
levels. This is expected to be due to strong electron-elec

g

FIG. 4. The valley gap for the 8 nm wide sample plotted a
function of nb2nf as defined in the body text. The circles sho
values estimated from the level coincidence atn56 assuming ag
factor of 2. The open symbols show the activation energies a
magnetic field of 13.5 T. The upward and downward triangles a
diamonds represent values at filling factors 3, 5, and 7, respectiv
The solid squares are taken from Ref. 17. The dashed line is a g
to the eye and represents qualitative behavior expected from a
metric system~not a calculation!.
4-3
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interactions but its details are beyond the scope of this pa
What is clear from the data in Fig. 4, however, is thatD is
strongly asymmetric with respect tonb2nf . The changing
valley splitting is due to the differences in the two Si/SiO2
interfaces present in the system.

The activation gap forn53 at large negative values o
nb2nf remains measurably large and even shows a sl
increase beyondnb2nf521731015 m22. We interpret this
upturn to be of the same origin as the effect found in c
ventional MOSFET’s. Values found by Wakabayashiet al.17

in a conventional silicon MOSFET are shown for compa
son~no substrate bias is applied andnb is set to zero!. These
values are obtained at very high filling factors by findi
conditions where 2DV5gmBB under tilted magnetic field7

and are expected to be relatively free of many-body effe
compared with our activation measurements. The dashed
is a guide to the eye and shows the expected qualita
behavior whereDV has a finite value atnb2nf50 due to the
residual confinement in the case of our quantum well.13 With
nb2nf made more negative, the wave function is incre
ingly confined to the thermally grown interface region a
the valley splitting increases. This effect can also be
served in the 10 nm wide well@Fig. 2~b!#. At Vbg50 V,
resistance minima atn55 and 7 can hardly be observe
However, they evolve with decreasingVbg and by 27 V,
they can clearly be resolved on the gray-scale plot.

The result that the valley splitting is strongly enhanced
the Si/BOX interface is qualitatively consistent with concl

*Present address: Department of Electrical and Electronic E
neering, Faculty of Engineering and Resource Science, Akita U
versity, 1-1 Tegata Gakuen-machi, Akita-shi 010-8502, Japan.
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observe are due to a combination of the strong confinem
itself and the effect of the Si/BOX interface being enhanc
due to the confinement.

Since the samples are heat treated for a prolonged pe
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However, AFM studies have shown that Si/BOX interfac
are not quite as smooth as their thermally grow
counterpart11 and that there are topological differences in t
atomic terracing between the two interfaces.18 However, it is
unknown how these microscopic differences lead to the
served differences in the valley splitting presented he
Theoretically predicted values of the valley splitting c
strongly depend on the interface model used.1,19–21Since our
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this to obtain estimates of the valley splitting. We expect t
our findings will allow much desired valley-resolved me
surements of level coincidences between levels of differ
spin and cyclotron indices where spectacular effects h
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