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Interaction effects in the many-valley system of Si MOSFET’s
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~Received 28 May 1996; revised manuscript received 25 September 1996!

The interaction of the electrons in Si MOSFET’s has been studied under uniaxial stress using quantum-
magnetotransport experiments~Shubnikov–de Haas and quantum-Hall effect!. The stress allows us to vary the
relative positions of the conduction-band valleys where the electron-electron interaction plays a crucial role.
From the evaluation of the data we obtain the phase diagram of the population of the valleys as a function of
stress and carrier density. Our results are excellently described by the theory of Takada and Ando where
intervalley electron-electron interaction is taken into account. As regards the problem of the valley degeneracy
gv , conditions can be established under stress where the interplay of stress and electron-electron interaction
allowsgv.2, not observed before in transport experiments.@S0163-1829~97!00704-2#
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I. INTRODUCTION

Beyond the independent-electron approximation, inter
tion effects play an important role in semiconductors. T
interaction of electrons in different valleys ink space can be
studied in a many-valley semiconductorlike silicon. This
particularly interesting in the two-dimensional electron s
tem ~2DES! of an n-channel silicon MOSFET where th
relative positions of the valleys can be varied by the ap
cation of an external parameter like uniaxial stress. Mu
attention was paid to the study of Si MOSFET’s already
the beginning of the physics of 2DES.1 Experimental inves-
tigations concerned magnetotransport,2 piezoresistance,3 and
cyclotron resonance measurements.4 Theoretically, essen
tially two models were developed. The one of Kelly a
Falicov5 was based on charge-density waves~CDW’s! result-
ing from phonon-mediated intervalley electron exchange
teraction. Takada and Ando6 and also Stern and Howard7

considered the interaction without involving phonons. T
CDW model was initially supported by the observation o
single cyclotron resonance~CR!, which varied in position
continuously between the two masses of the valleys w
varying their relative populations. According to the Takad
Ando model the observation of two cyclotron resonan
was expected. Results of Shubnikov–de Haas~SdH! experi-
ments could never be uniquely interpreted in favor of one
the two models. Eisele, Gesch, and Dorda8 preferred the
CDW interpretation, Englertet al.9 doubted that the electron
phonon interaction was strong enough for the occurrenc
CDW’s. Subsequent CR experiments10,11 revealed the exist-
ence of two cyclotron masses under conditions where
valleys were expected to be populated. This agreed with
Takada-Ando model. However, in SdH experiments also p
formed by Gesch, Dorda, and Stallhofer12 a constant SdH
period was observed when varying the stress. Thus, the
derstanding of the interacting 2D electron system in silic
the prototype many-valley semiconductor, was far from
ing satisfactory.

In the present work, Si MOSFET’s of~001! orientation
have been studied under uniaxial stress using high-magn
field experiments, i.e., evaluating the SdH effect and
quantum-Hall effect. The results allow us to establish
550163-1829/97/55~4!/2315~6!/$10.00
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phase diagram of the population of the valleys involve
Also information on the valley degeneracy is obtained fro
the data.

II. THEORETICAL BACKGROUND

A. The stressed Si„001… MOSFET

The projection of the constant energy surfaces of the
conduction band onto a~001! plane yields two circular and
four elliptical energy contours.1 In a 2DES confined in the
z direction by a triangular potential the energetic positions
the valleys are determined by (mz)

21/3, mz being the effec-
tive mass in the@001# direction. This means that the@001#
valley withmz5ml (ml is the longitudinal mass! is lowest in
energy and with valley degeneracygv52. The application of
uniaxial stress causes shifts of the valleys. This is calcula
according to Refs. 13 and 14 and shown schematically
Fig. 1 for two directions of compressive stress.

B. Interaction effects

Intervalley electron interaction was treated theoretica
essentially in two ways.5,6 Takada and Ando6 took the inter-
action into account within the Hartree, Hartree-Fock, a
random-phase approximations. Their results are shown
Fig. 2 for compressive stress in the@100# direction, i.e., in
the plane of the 2DES parallel to the long axis of two of t
elliptical valleys. Generally, the effect of the electro
electron interaction is to cause a gradual change of the po
lation of the lowest valleys~@100# or @001#! with a mixed
phase betweenn001/ns50 and 1.ns is the total electron
density,n001 the one in the@001# valley. The width of the
mixed phase and its onset with respect to a variation ofns or
X depends on the approximation applied. In the Hartree
proximation the Coulomb interaction of the electrons with
background charge, which includes the other electrons,
depletion charge, and the image charge, is considered.
change of the population is always gradual also for sm
ns values. The Pauli principle, taken into account in t
Hartree-Fock approximation, weakens the repulsive force
electrons with the same spin and valley index by keep
them apart. Being in different valleys~in k space! the elec-
2315 © 1997 The American Physical Society
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2316 55J. LUTZ AND F. KUCHAR
trons could be closer in real space. This would increase t
energy. Therefore, it is energetically favorable for the el
trons to be in the same valley. Compared to the Hart
results, this exchange effect causes a tendency toward
abrupt change of the population at low densitiesns . Beyond
the exchange interaction of the Hartree-Fock approxima
the random-phase approximation~RPA! includes the higher-
order correlation contributions. The effect of correlation is
make electrons in the occupied valleys move more dyna
cally so avoiding the electrons in the unoccupied valle
This reduces the exchange effect and lowers the energ
the unoccupied valleys. In Fig. 2 this is reflected by the s
of the onset of the mixed phase to lowerns values. Kelly and
Falicov’s treatment5,15 showed that the phonon-mediate
coupling between the valleys leads to the formation o
CDW state~betweenn001/ns51 and 0! if the intervalley
interaction is sufficiently strong. However, for fitting expe
mental data Kelly and Falicov had to assume an extrem

FIG. 1. Energetic positions of the valleys in a~001! Si MOSFET
for different stress directions without electron-electron interacti
~a! Xuu@110#; ~b! Xuu@100#.
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large Coulomb repulsion. A consequence is that with i
creasing stress a discontinuous first-order phase transi
takes place nearn001/ns51 and a second-order transition
nearn001/ns50. In contradiction to these results Kelly an
Hanke16 found the effect to be too weak for the formation o
CDW’s.

III. EXPERIMENTAL ARRANGEMENT AND SAMPLES

Silicon ~001! MOSFET’s with standard Hall bar geometry
were used. Length and width were 800 and 80mm, respec-
tively. Two potential probes on each side were spaced
160 mm. The thickness of the gate oxide was 680 nm. A
T52.1 K the maximum electron mobility was 23104

cm2/V s ~at VG510 V!. The long axis of the MOSFET was
oriented in the@110# direction. The long axis of the sample
i.e., the stress direction was either@100# or @110#. The total
size of the sample was 63230.5 mm3 ~@100# sample! and
63130.5 mm3 ~@110# sample!. For the electrical contacts
25-mm-diameter gold wires were bonded to the aluminu
pads of the MOSFET.

For the magnetotransport experiments under uniax
stress the samples were mounted in a holder where the st
was applied in the plane of the 2DES and perpendicular
the magnetic field. The force was applied by stainless-st
strings via pulleys~see Ref. 17!. For applying the force uni-
formly and for isolating the sample electrically, Mylar foils
were positioned between the sample and the pistons of
stress apparatus. The maximum stress that could be produ
was 2.5 and 6 kbar in the samples withXuu@100# and @110#,
respectively. The stress was determined from the exter

.

FIG. 2. Theoretical phase diagram of ann-channel inversion
layer on a Si~001! surface under uniaxial compressional stress in t
@100# direction after Takada and Ando,ndep52.2331011 cm22

~Ref. 6!. The conversion factor ofX from kbar ~Fig. 1! to meV is
8.8 meV/kbar.
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55 2317INTERACTION EFFECTS IN THE MANY-VALLEY . . .
force applied to the strings. At all stress values excell
reproducibility of the resistance changes was observed.

All the experiments were performed atT52.1 K with the
sample immersed in liquid helium. Gate voltages up to 2
V were applied by a ramp generator. The value of the
drain current was 2mA, low enough for avoiding distortions
of the quantum Hall effect~QHE! plateaus. The quantitie
deduced were the longitudinal resistanceRxx and the Hall
resistanceRxy . As the measuring field, 10.7 T was chos
where only the lowest subband of the@001# valley is popu-
lated at zero stress. The threshold voltage for the onse
conduction was 8 V and remained constant when applyi
stress and/or magnetic field.

IV. EXPERIMENTAL RESULTS

Figure 3 shows SdH and Hall effect data at zero stress
at 5.1 kbar. As the basis of a detailed discussion of the d
in Sec. V the positions of the SdH minima are plotted in

FIG. 3. Longitudinal resistanceRxx and Hall resistanceRxy as a
function of gate voltage for stressX50 kbar ~a! andX55.1 kbar
~b!, Xuu@110#.
t
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diagram of stress vs gate voltage. This is shown for stre
Xuu@110# in Fig. 4. A shift of the minima to higherVG values
is clearly observed above a certain stress applied. Th
minima ofRxx correspond to integer filling factors of Landau
levels or Landau sublevels~spin and valley splitting taken
into account!. The actual values of the filling factors are
obtained from the numbering of the minima and additionally
from theRxy values of the corresponding QHE plateaus. Th
periods of the SdH oscillations on theVG scale vary with
increasing stress. At the highest stress the period is 10
larger than at zero stress. At lowVG values the shifts of the
minima ~labeled by the filling factori ) in Fig. 4 are accom-
panied by the appearance of an additional set~labeledi 8) at
high stress values. Thei 8 minima occur at the sameVG

values as the correspondingi minima ~indicated by the
dashed lines!. For stress parallel to@100# qualitatively similar
results are obtained~Ref. 18 and Fig. 5#. The quantitative

FIG. 4. Positions of the minima of the SdH oscillations as a
function of applied stressX in @110# direction. The highest stress
value is 6 kbar~conversion to meV see Fig. 2!.

FIG. 5. Positions of the minima of the SdH oscillations as a
function of applied stressX in @100# direction. The highest stress
value is 2.5 kbar.
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2318 55J. LUTZ AND F. KUCHAR
differences are discussed in connection with the phase
gram in Sec. V. The broadening of the Hall plateaus at
termediate stress values is discussed in Ref. 19.

V. INTERPRETATION AND CONCLUSIONS

For the interpretation of the data it is assumed that
oxide capacitance and the threshold voltage do not cha
with stress. This is confirmed by the following experimen
observations: The low-field Hall effect is independent of t
stress. The minima with the same values of the filling fact
i and i 8 appear at the sameVG values~Figs. 4 and 5! indi-
cating no change of the carrier density. The measured thr
old voltage is independent of the stress.

A. Energy-level scheme

Because of the many-valley structure the SdH data sh
minima not only according to the Landau-level structure a
the spin splitting but also due to valley splitting. For e
ample, forX50 the minima atVG536 and 70 V in Fig. 4
correspond to Landau splitting~filling factor i54 and 8, re-
spectively!, those at 53 and 86 V to spin splitting (i56 and
10, respectively!, those at 44 and 62 V to the valley splittin
( i55 and 7, respectively!. Taking this into account, the
energy-level structure of the subbands of the@001# and the
@100# valleys can be deduced. Figure 6 shows the result f
representative situation in the@100# sample marked bya in
Fig. 5. At X50 and up to a certain stress value the@100#
subbands are above the Fermi energy«F , which lies in the
fourth Landau gap (i516, i 850) of the@001# subbands. At
point a (X52.37 kbar! also a total of 16 sublevels are filled
but with i512 andi 854 ~Fig. 6!. Increasing the stress fur
ther leads to the situation where only the@100# subbands are
finally populated.

FIG. 6. Schematic energy-level structure at pointa in Fig. 5.
D(«) denotes the density of states in valleys as indicated;«F Fermi
energy;«L , Landau splitting;«S , spin splitting;«V , valley split-
ting; m00150.19m0; m10050.42m0 ~Ref. 12!.
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B. The phase diagram of valley occupations

The data of Figs. 4 and 5 are used to construct a ph
diagram and to compare it with the theoretical results d
cussed in Sec. II B. If a minimum of seti is shifted to higher
voltages from the voltage atX50 it means that there ar
more electrons in the 2D layer than can be accommodate
this set; additional levels have to be populated as dem
strated by the appearance of thei 8 structure in Figs. 4 and 5
With increasing stress the electrons are transferred from
@001# ( i set! to the @100# valleys (i 8 set! that become lower
in energy. The shifts of theRxx minima and their numbering
together with the corresponding values of the quantized H
resistance are a quantitative measure of the occupation o
two sets of subbands involved. On this basis the phase
grams forXuu@100# and@110# are obtained and are plotted i
Figs. 7 and 8. As can be seen from a comparison of Fig
and 2 the RPA describes the experimentally obtained ph

FIG. 7. ~a! Experimentally determined phase diagram for t
~001! MOSFET withXuu@110# direction.~b! Theoretical phase dia
gram after Takada and Ando,ndep5131011 cm22 ~Ref. 20!.
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55 2319INTERACTION EFFECTS IN THE MANY-VALLEY . . .
diagram much better than the other approximations. Th
fore, we also show the detailed RPA results of Takada
Ando6,20 in Figs. 7~b! and 8~b!.

In previous publications the experimental results of
magnetoresistance were considered as being in contradi
to the CR measurements11 and to the theoretical results o
Takada and Ando.6 The main feature was a constant Sd
period independent of stress without any indication of a s
ond period of another valley. OurRxx data, however, show
that the SdH period forVG.50 V ~i.e., ns.1.531012

cm22) actually increases with stress to a value 10% lar
than without stress. Therefore we conclude that, as soo
valleys other than the@001# contain electrons, the stres
lowered valleys are pinned to the Fermi energy and the n
ber of electrons in these valleys stays roughly constant. T
could not be observed by Englertet al.2 because of lower
sample quality and weaker SdH oscillations. Only a cons

FIG. 8. ~a! Experimentally determined phase diagram for t
~001! MOSFET with uniaxial stress in the@100# direction. ~b!
Theoretical phase diagram,ndep5131011 cm22 ~Ref. 6!.
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period inRxx and a change of the phase of the oscillatio
with increasing stress were detected. We, too, cannot obs
a second period because in theVG region, where we see
clearly defined SdH oscillations, most of the electrons are
the @001# valleys and dominate the SdH oscillations. In r
gions where the numbers of electrons in different valleys
comparable only two or three periods of a SdH oscillati
occur. Therefore, again two different periods cannot be
solved. But we observe a change of the SdH period w
increasing stress as a consequence of the population of a
tional valleys.

This discussion already shows that a CDW-based in
pretation is inconsistent with our experimental data. Ad
tionally we observe a slow variation ofn001 near
n001/ns51 for Xuu@110# ~Fig. 9! as well as forXuu@100# in
contradiction to the predictions of the CDW model.5 There a
first-order phase transition should occur atn001/ns51. In-
stead, nearn001/ns50, Fig. 9 shows a very rapid variation o
n001 consistent with the theoretical prediction.20

Our interpretation is based on a comparison of exp
ments in high magnetic fields and of aB50 theory. This
procedure can be justified by taking into account the over
of neighboring levels due to the broadened density of sta
of the Landau sublevels. For our samples andB510.7 T this
overlap can be considered as being strong enough1 to apply
theB50 density of states as a good approximation in h
fields. The observation of pronounced but narrow minima
Rxx has not been seen in contradiction since they are es
tially caused by localization in the tails of the overlappin
sublevels. The main effect of the magnetic field is the en
getic shift of the ground state of the valleys. Because of
different masses in the different valleys this results in a s
of the whole phase diagram towards lower stress valu
Considering this shift in the phase diagram the differen
between the experimental and theoretical results for b
stress directions are significantly reduced.

FIG. 9. Relative electron density of the@001# valleys as a func-
tion of the total electron density in the 2DES for two values of t
stress in@110# direction. Solid curve, experiment; dashed curv
theory ~Ref. 20!.
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2320 55J. LUTZ AND F. KUCHAR
C. Valley degeneracy

As mentioned in Sec. II B an old problem of the physi
of Si MOSFET’s has been the observation ofgv52 regard-
less of the surface orientation. In this work we found tha
valley degeneracygv.2 can be realized. With stress in th
@100# directiongv54 occurs under conditions where the i
terplay of stress and electron-electron interaction allows u
establish a population of four valleys (X.1 kbar and
VG.40 V!. For stress in the@110# direction again a condi-
tion can be realized (X.1.5 kbar andVG.40 V! where
valleys other than the@001# are also populated. However,
is not possible to decide between valley degeneracy 4 a
from our Rxx data because theVG region at highest stress
where the electrons in the stress lowered valleys domin
the SdH oscillations, is too narrow. This might be possi
with samples with much higher mobility and at higher stre
values.
ys
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VI. SUMMARY

Our study of stressed Si MOSFET’s has shown that
detailed features of the magnetotransport experiments
consistent with cyclotron resonance observations.10,11 This
allows us to exclude an interpretation on the basis of cha
density waves.5 Excellent agreement is found with theore
cal results where the intervalley electron-electron interact
without involving phonons is considered.6 A conclusion re-
garding the valley degeneracy is thatgv.2 can be observed
in magnetotransport measurements under approp
strengths of the stress and the electron-electron interacti
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