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We consider the mobility of the interacting two-dimensional electron gas as realized at the hydrogen termi-
nated Si(111) surface with sixfold valley degeneracy. For zero temperature we calculate the mobility as
function of the electron density for charged-impurity scattering. We take into account many-body effects.
Multiple-scattering effects, leading to a metal-insulator transition at low electron density, are also taken into
account. Our calculation is in agreement with recent experimental results. We also present analytical results for
the mobility and we study the importance of interface-roughness scattering. For the spin-polarized electron gas,
created by applying a parallel magnetic field, we predict the mobility and the phase diagram of the metal-

insulator transition.
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The two-dimensional electron gas (2DEG) at the surface
of Si(111) should have a valley degeneracy g,=6." Early
experimental studies of transport properties showed that g,
=2, for a review see Ref. 1, but also g,=6 was reported.2
During the passed five years the study of the mobility and the
valley degeneracy of the 2DEG at the Si(111) interface has
got new interest, in connection with the existence of a metal-
insulator transition (MIT) (Refs. 3 and 4) and very high mo-
bility samples.>~” For instance, at low temperature the mag-
netoresistance in a parallel magnetic field was measured for a
low mobility sample.> A MIT at a critical density Nygr=3
X 10" ecm™? in a g,=2 Si(111) was reported using a metal-
oxide-semiconductor field-effect transistor (MOSFET) for a
sample with a peak mobility, at low temperatures, of .
~2.5%X10° cm?/Vs.* Recently grown samples,>”’ made
with hydrogen-passivated Si(111)/vacuum [H-Si(111)] struc-
tures, had higher mobility uw=~2.4 X 10* cm?/Vs with g,=2
at low electron density and with g,=6 at high electron
density.® Very recently a still higher mobility u
~10° cm?/Vs together with a MIT at Nyr=0.9
X 10" cm™? and a valley degeneracy g,=6 was found with
H-Si(111) samples.” The mobility versus density data of Ref.
7, determined at the very low temperature 70 mK, are dis-
cussed in the present paper. We expect that our results will
initiate additional experiments with such H-Si(111) struc-
tures.

The transport properties of the electron gas in Si(111)
MOSEFET structures near the MIT, as observed in Ref. 4,
have been analyzed from a theoretical point of view in great
detail.® The key point was to introduce a density-dependent
effective mass as observed in experiment. More generally,
from theory it was argued that due to improved screening
properties of the 2DEG due to the high valley degeneracy the
mobility in Si(111) should be much larger than in the corre-
sponding 2DEG at the Si(100) surface with g,=2.7 In fact,
by analyzing magnetoresistance data from Ref. 3 it was con-
cluded that in the Si(111) MOSFET structure used there the
valley degeneracy was g,=2.° Transport data in H-Si(111)
from Ref. 5 already have been analyzed'® within a two-
subband model as proposed in Ref. 6. From the theoretical
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results in Refs. 9 and 10 it is obvious that in the 2DEG at the
H-Si(111) surface a MIT occurs at low electron density'' and
that the mobility in this system should be very high due to
the large valley degeneracy.

For zero temperature a transport theory for the 2DEG in
Si(100) MOSFET structures, including a MIT at low electron
density, was proposed some time ago and found in good
agreement with experiments.!>!3 In the present paper we use
this mode-coupling approach for g,=6 in order to treat
multiple-scattering effects (MSE). We consider an interacting
2DEG in the xy plane with parabolic dispersion and effective
isotropic masse m*=0.358m, in the plane of the electron gas
and with a perpendicular masse m,=0.258m,.! m, is the free
electron mass. The valley degeneracy is assumed to be g,
=6. The electron gas at the surface of Si(111) is embedded
into an isolating background of effective dielectric constant
£;,=6.25, which is the mean value between of the dielectric
constant of Si gg;=11.5 and the vacuum g,,.=1. The inter-
action effects of the 2DEG are treated using the random-
phase approximation (RPA) (Refs. 1 and 14) together with a
finite local-field correction (LFC).!5 Extension effects of the
electron gas perpendicular to the interface are described by a
triangular potential well with the confinement parameter b
for the wave function W(z>0) oz exp(-bz), for which we
use the Howard-Stern expression! with depletion density
Ngepi=1X 10'"" ¢cm™2. The electron gas is strongly correlated
because of the large Wigner-Seitz parameter r,= 1/ 7a**N
at low density. a*=0.53 Ag;m,/m*=9.24 A represents the
effective Bohr radius. For N=1X10"> cm™ the Wigner-
Seitz parameter takes the large value r,=6.1. The LFC G(q)
describes many-body effects (exchange and correlation) be-
yond the RPA and these effects become important for low
electron density (r,>1, N<3.73X10"® cm™2). We use in
this paper analytical expressions of the LFC according to the
numerical results obtained as in Ref. 16, however for g,=6.

We study the transport properties of the 2DEG in the pres-
ence of impurity scattering. The scattering mechanism is pa-
rameterized as for silicon MOSFET structures."!3!” We as-
sume charged impurities at the interface vacuum/silicon with
an impurity density N;. We also discuss interface-roughness
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scattering, which is characterized by the length parameters A
and A. The length A represents the average height of the
roughness perpendicular to the 2DEG and A represents the
correlation-length parameter of the roughness in the xy plane
of the 2DEG. We shall show that for the electron densities
probed in the experiment of Ref. 7 interface-roughness scat-
tering can be neglected.

For the mobility calculated in lowest order of the disorder
(the random potential (|U(§)|?)) we use the symbol . The
mobility is %wen in terms of the transport scattering time 7,
via pg= eV /m*. The inverse transport scattering time 7'50) is
expressed asl 13

7'50) - 2mep

1 JZkF ¢ (U@ -
o “Nae—g s9?

ep represents the Fermi energy, ky the Fermi wave number,
and &(q) is the dielectric function including the LFC. When
MSE (Ref. 13) are taken into account we use for the mobility
the symbol u. MSE are very important at low electron den-
sity and are the origin for the MIT at Nyyt. For N> Nyt the
mobility can be written!” as

p= po(1-A) (2)

with A=1. The parameter A describes MSE and depends on
the random potential, the screening function, and the com-
pressibility of the electron gas.!® The MIT at Ny is defined
by A=1. For N<Nyyr the mobility vanishes: u=0. For
given parameters of the disorder (N;) the theory predicts
Nygr depending on N; and the spin degeneracy g,. With the
approxtmatlon A=Nyr/N the mobility is written as g,

=puo(l —L'T) for N> Ny and by =0 for N<Nyyp. s
1nterpolates between ,uf,,—O for N=Nyyr and ug=pu for
N> Nyr. For Nypr it is difficult to get perfect agreement
between theory and experiment. Therefore, for the compari-
son of wg;, with experimental results we take the critical den-
sity Nyt from experiment and choose N; such to get agree-
ment with the experimental mobility data at higher electron
density.

We mention that in the mode-coupling approach weak-
localization effects are neglected. It was shown in experi-
ments, using the 2DEG, that weak-localization effects don’t
lead to a MIT.!® For a recent review concerning the MIT in
the 2DEG see Ref. 19. However, we stress that the existence
of a MIT in 2DEG is an experimental fact, as already dis-
cussed long ago in Ref. 1.

With a parallel magnetic field the 2DEG becomes spin
polarized.”® We suppose that one can neglected orbital ef-
fects and that only spin effects are important. In this case the
resistance of the electron gas increases as function of the
parallel magnetic field and becomes constant for B=B_.>! B,
is the magnetic field for complete spin polarization.?’ The
spin degeneracy of a completely spin-polarized electron gas
is g,=1. The screening properties of the spin-polarized elec-
tron gas are reduced and the resistance is larger than for a
nonpolarized electron gas with g,=2. For the MIT this leads
to N§jmh > N§irZ, which means that if the magnetoresistance
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FIG. 1. Mobility uq and w versus electron density N of the
electron gas at the H-Si(111) interface for charged-impurity scatter-
ing with N;=3.7x10'" cm™ as the dotted and solid line, respec-
tively. The dashed line represents wg; with N;=3.4x10' cm™.
The solid dots represent experimental results of Ref. 7.

ratio p(B.)/p(B=0)= u(g,=2)/u(g,=1) versus density is
considered one finds a divergent behavior when approaching
Njir -2

Due to anomalous screening® in two dimensions the mo-
bility of the 2DEG shows a linear temperature dependence,
written as?*

po(T) = ,U«O(I ~Clam™L 0(T3’2)>. 3)

eF

The coefficient C(a,N) depends on the scattering mecha-
nism (a), the electron density, the LFC and the form factors
for extension effects of the 2DEG.? For given electron den-
sity the Fermi energy is small if the valley degeneracy is
large. This leads, for given N, to a three times larger value of
1/ep for Si(111) compared to Si(100).

In Fig. 1 we show the mobility for impurity scattering
versus electron density. The impurity density at the interface
was chosen as N;=3.7X10'° ¢cm™2. The dotted line repre-
sents the mobility w, in lowest order and u is nearly con-
stant with increasing electron density. The solid line repre-
sents the mobility u including MSE and a MIT occurs at
NMIT=N‘§/‘}1=T2=7-94 % 10! cm=2. Good agreement within 10%
is obtained in comparison with the experimental results of
Ref. 7 shown as the solid dots. The dashed line represents
i with N;=3.4X10"" ecm™ and Nyyr=7.94X10" cm™.
The very good agreement of the dashed line with the data
points shows that the mobility is very nicely described by
Nyt and po.

The fact that, for given electron density, an increasing
valley degeneracy increases the mobility wuo(N—0)c T<0)(N
—0)xg2/N; was already shown long ago, see Eq. (15) in
Ref. 25. It means that Si(111) with g,=6 should have, for the
same electron density, a nine times larger transport scattering
time than Si(100). We note that for given electron density the
Fermi wave number for the 2DEG is smaller in Si(111) than
in Si(100), which means that form factors for the mobility
are less important, which gives rise, for low density, to a
nearly density independent mobility. The large density de-
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FIG. 2. Mobility u, and w versus electron density N of the
two-dimensional electron gas at the H-Si(111) interface for charged-
impurity scattering with N;=3.6X10' cm™ and interface-
roughness scattering with A=2.6 A and A=10 A as the dotted and
solid line, respectively. The dashed-dotted line represents ., where
many-body effects described by the LFC are neglected. The solid
dots represent experimental results of Ref. 7.

pendence of the mobility seen in experiment, see Fig. 1, can
be described by MSE. This is an extremely important point:
the lowest order result is nearly independent on density.

In Fig. 2 we again show the mobility versus density in
comparison with experimental results,” however in a larger
density range. Charged-impurity scattering and interface-
roughness scattering is taken into account. We use N,;=3.6
%10 ¢cm™, A=2.6 A, and A=10 A. For the solid line
MSE are taken into account. For the dotted line MSE are
neglected. It is clear that due to missing data at high electron
density we cannot really get information about interface-
roughness scattering. But we conclude from the results
shown in Fig. 2 that interface-roughness scattering is not
very important for the sample and the density range studied
in Ref. 7. The dashed-dotted line represents wu, within the
RPA where many-body effects are neglected. It is higher by
50% compared to the calculation within lowest order with
the LFC taken into account.

For the nonpolarized and spin-polarized electron gas we
have studied the density N§j; of the MIT numerically. For
N> Nyt the system is metallic, for N<<Nyyr an insulating
phase is found. With increasing impurity density the critical
density Nyyr increases. In the density range 10' cm™
<N§jp<<10'? ecm™ we find the relations N§jz/10'" cm™
=1.52X (N;/10"" cm™)%%  and  N§j/10M ecm™2=1.85
X (N;/10"" em™2)%62 and we conclude that N > Néjip for
given N;?? For N;=3.7X10'"Y cm™ we find numerically
N§rE=7.94% 10" cm™ and N&i=10.2X 10" em™ with
N§E /NS ~1.3. A similar number was found in experi-
ments with Si(100)-MOSFET structures.!” We predict that
metallic samples at B=0 with an electron density given by
NEE <N<N§72 can be made insulating by applying a par-
allel magnetic field B> B,. Samples with N> N§jt always
will stay metallic in a parallel magnetic field and samples
with N< Nﬁ,}}z are always insulating, independent of the ap-
plied parallel magnetic field.

For a parallel magnetic field we predict in Fig. 3 the mag-
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FIG. 3. Magnetoresistance ratio p(B.)/p(B=0) versus electron
density N of the two-dimensional electron gas for charged-impurity
scattering at the H-Si(111) interface with N;=3.7 X 10'® ¢m=2. For
the solid line multiple-scattering effects are taken into account. The
dotted line represents the lowest order result wy(g,=2)/uo(g;=1).
The dashed line represents the calculation using the analytical for-
mula gg;,(g,=2)/ ppge=1) with N#=3.4%10"" cm=2.

netoresistance ratio p(B=B,)/p(B=0)= u(g,=2)/ u(g,=1)
versus electron density for charged-impurity scattering. For
the dotted line in Fig. 3 MSE are neglected, which corre-
sponds to uo(g,=2)/ po(gs=1).

The dashed line is obtained using ws;(g,=2)/us(gs=1).
For N> N§ji ~7.94 X 10" cm2 and for g,=6 one finds for
the ratio p(B=B,)/p(B=0)=5, a ratio much larger that for
silicon (100) with g,=2, where a ratio p(B=B,)/p(B=0)
~2.5 is found in experiment.”! We believe that the divergent
behavior of the magnetoresistance ratio at N§j;; can be stud-
ied in detail when the electron density of a sample can be
modified by a gate.

The temperature dependence of the mobility, according to
Eq. (3), is given by the coefficient C(«,N). The coefficient
C(~1,N) for charged-impurity scattering as function of the
electron density is shown in Fig. 4 as the solid line according
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FIG. 4. Coefficient C(a,N) for the temperature dependence of
the mobility versus electron density N of the two-dimensional elec-
tron gas at the H-Si(111) interface for charged-impurity scattering
(a=-1) as the solid line. The dotted line represents the ideal 2DEG
with &(z) confinement within the RPA and charged-impurity scat-
tering. The solid dot represents a result calculated from experimen-
tal data given in Ref. 7.
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to Ref. 25. We note that C(-1,N) is only weakly density
dependent and roughly given by C(—1,N)=4 In 2~2.8. This
is the result of the large valley degeneracy, where the ratio
2kp/ggx1/ gi/ 2 is very small in the density range shown. g
represents the screening wave number g,=g.g,/a"=12/a".
2krp/q,<<1 is the reason why many-body effects, described
by the LFC, nearly cancel out for H-Si(111) in the measured
density range, see Eq. (26b) in Ref. 25. The dotted line in
Fig. 4 represents the ideal 2DEG of zero width where many-
body effects are neglected. For Si(111) the difference be-
tween the two results is small. The solid dot in Fig. 4 repre-
sents an experimental result calculated from Fig. 2b of Ref.
7: C(a,N=7.02%X 10" cm™2)=2.63. N=7.02X 10'"! cm™2 is
high enough for the lowest order result u, being a reasonable
description of the experimental mobility. Reasonable agree-
ment between theory and experiment is seen. However, it
should be noted that the experimental results in Ref. 7 are
shown in a log/log plot. This is not a good way to see the
linear temperature dependence.

We stress that the temperature dependence in Eq. (3) is
based on the lowest order result w,, which cannot describe
the mobility at zero temperature at electron densities near the
MIT, see Fig. 1. We believe that the temperature dependent
experimental results obtained in Ref. 7 are interesting in con-
nection with the temperature dependence of the mobility
near the MIT, which cannot be described by the lowest order
result. The numerical results of the mobility obtained for
different temperatures in Ref. 26 cannot describe the experi-
ments: the reason is that the lowest order result of the mo-
bility cannot be used near the MIT, see Fig. 1.

We claim that the calculated mobility, including MSE, is
in surprising good agreement with the experimental results,
see Fig. 1. We noted this good agreement already before
when comparing the mode-coupling theory with experi-
ments. In these earlier experiments discussed in Refs. 12 and
13 the peak mobility was relatively low ;=2
X 10* cm?/Vs. For GaAs/AlGaAs heterostructures with
higher mobility, discussed in Ref. 17, an additional param-
eter, the remote doping distance, was used. For the high mo-
bility sample of Ref. 7 and discussed in this paper the disor-
der is small. We consider the agreement between theory and
experiment for this high mobility sample as a large progress
from a theoretical point of view: only one scattering mecha-
nism is involved and characterized by one number, the im-
purity density. Many-body effects for the strongly correlated
electron liquid via the LFC have been taken into account. We
assumed that the impurities are at the interface vacuum/
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Si(111). We believe that in the H-Si(111) samples the impu-
rity density can be modified experimentally, using hydrogen.
Therefore, we expect to see in the near future samples with
different mobility, depending on N;. We expect that a 2DEG
with ultra-high mobility can be produced on the surface of
H-Si(100).

The MIT obtained in the mode-coupling approach!3 rep-
resents a disorder-induced quantum-phase transition, occur-
ring at zero temperature by varying the electron density for
given impurity density (or varying the impurity density for
given electron density). This MIT also exist in the 2DEG at
Si(100) interface,'>1322 as well as in GaAs/AlGaAs
heterostructures.!”!° This disorder induced MIT is an Ander-
son transition, however, in a system where interaction effects
are present and important and enter the theory as a screening
effect where non-trivial many-body effects are important.

Recent experimental results concerning the MIT in the
2DEG and reviewed in Ref. 19 mainly concern an interaction
induced MIT, believed to be driven by a divergent effective
mass. It was claimed, using strongly disordered Si(111)
MOSFET structures with g,=2, that this interaction induced
MIT is universal and occurs at r; =9.3.4 For H-Si(111) this
% value would correspond to N*=~4.3x10'"" cm™. In
H-Si(111) the effective mass as function of the electron den-
sity was not yet measured. However, it seems that nothing
special in the transport data of Ref. 7 is seen near N*~4.3
X 10'"" ¢cm™2. In addition, it is still unclear what could be the
origin of this diverging mass apparently observed in Si(100)
and Si(111) MOSFET structures. We stress that it was shown
that the published transport data of the Si(111) system can be
explained by the mode-coupling theory by using a diverging
effective mass as input in the theory.?

In conclusion we have shown that the recently measured
mobility” of the two-dimensional electron gas in H-Si(111)
can be interpreted by charged impurities located at the
vacuum/silicon interface with an impurity concentration N;
=3.7%10' ¢m™2. Our transport theory, including multiple-
scattering effects and many-body effects, describes the data
with a metal-insulator transition at Nygr=7.94 X 100 cm™2.
We calculated the transport properties of the fully spin-
polarized electron gas, including the metal-insulator transi-
tion for the spin-polarized system, which can be tested in
experiment. We predict that the resistance ratio p(B,.)/p(B
=0)=~5 in Si(111) with g,=6 is strongly increased compared
to Si(100) with g,=2. Analytical results for the mobility are
presented and are shown to be very useful in comparison
with experiments.
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