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Transport properties of two-dimensional electron systems on silicon (111) surfaces

E. H. Hwang and S. Das Sarma
Condensed Matter Theory Center, Department of Physics, University of Maryland, College Park, Maryland 20742-4111, USA
(Received 29 August 2006; revised manuscript received 5 January 2007; published 1 February 2007)

We theoretically study transport properties of a two-dimensional electron system on a hydrogen-passivated
Si(111) surface in the field-effect-transistor (FET) configuration. We calculate the density- and temperature-
dependent mobility and resistivity for the recently fabricated Si(111)-vacuum FET by using a semiclassical
Boltzmann theory including screened charged impurity scattering. We find reasonable agreement with the
corresponding experimental transport properties, indicating that the screened disorder potential from random
charged impurities is the main scattering mechanism. We also find that the theoretical results with the valley
degeneracy g,=2 give much better agreement with the experimental transport data than the g,=6 situation,
indicating that the usual bulk six-valley degeneracy of Si is lifted in this system.
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Recently a high-mobility two-dimensional electron sys-
tem (2DES) on the Si(111) surface has been fabricated.!?
The fabricated Si-vacuum field-effect transistor (FET), in
which an electric field is applied through an encapsulated
vacuum cavity instead of the usual SiO, as in a Si metal-
oxide-semiconductor FET (MOSFET), allows the 2DES to
be gated on a hydrogen-passivated Si(111) surface. The
strong scattering potential associated with the disordered
Si-Si0, interface in the usual Si MOSFET geometry® being
absent at the H-passivated Si(111)-vacuum interface, the car-
rier mobility is expected to be higher in this new 2D system
compared with the extensively studied® Si(111)-SiO, 2D
MOSEFET system. In the usual Si-SiO, MOSFET: the carrier
mobility is limited by charged impurity scattering at low car-
rier densities, but at higher carrier densities, when the 2DES
is pushed very close to the Si-SiO, interface by the steep
self-consistent confining potential arising from the carriers
themselves, surface roughness and defect scattering associ-
ated with the Si-SiO, interface become dominant, reducing
carrier mobility with increasing density. The 2D mobility in
Si-Si0, MOSFETs therefore has a peak value at some inter-
mediate carrier density (~10'> cm™2) with the mobility lim-
ited by charged impurity scattering (interface roughness scat-
tering) below (above) the characteristic density where the 2D
mobility attains its peak value. Potential advantages of the
newly created"? Si-vacuum FET structure are that the ab-
sence of interface roughness and dangling bond scattering
leads to (1) very high 2D mobilities not achievable in
Si-Si0, MOSFET structures; and (2) also means that the
mobility should, in principle, be a monotonically increasing
function of 2D carrier density, as, for example, in 2D un-
doped GaAs HIGFET structures.* In the Si-vacuum FET fab-
ricated by Eng et al.'"? the H-Si(111) surface reduces surface
scattering, thereby increasing electron mobility. The
measured! peak electron mobility on the H-Si(111)-vacuum
FET reaches ~8000 cm?/V s at 4.2 K, which is the highest
electron mobility recorded on a Si(111) surface, compared to
the previous peak electron mobility measurements in Si(111)
MOSFETs (~2500 cm?/V s).>~7 With this enhanced electron
mobility, the Si-vacuum FET has potential for development
of atomic-scale devices, where electrons are coupled to spe-
cific molecules or single atoms positioned on the
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H-passivated Si surface. Indeed, with further improvement in
the surface passivation techniques developed in Refs. 1 and
2, the experimental mobilities should go up much higher
than the currently published' record of ~8000 cm?/V s. This
should be contrasted with the highest-mobility Si-SiO,(100)
MOSFET systems, where low-temperature mobilities ex-
ceeding 25 000 cm?/V s are often achieved,® but taking into
account the factor of 2 effective mass difference between
Si(100) and Si(111) 2D systems, the achieved mobility val-
ues in the Si(111) samples of Refs. 1 and 2 are within (less
than) a factor of 2 of those in the best available Si(100)
MOSFET systems.

In contrast to the well-studied electron inversion layers in
Si(100) MOSFETs,? the detailed investigation of electronic
transport properties of 2DESs on the Si(111) surface has not
been reported in the literature. Since a high-mobility FET on
the Si(111) surface is now available, a detailed study of elec-
tronic transport properties is necessary. The purpose of this
paper is to calculate the density- and temperature-dependent
electron mobility of the 2DES on the Si(111) surface. We
also calculate the 2D temperature-dependent resistivity in
connection with the subject of the 2D metal-insulator transi-
tion and the 2D metallic phase which has been studied for
most other high-mobility 2D systems.” The measured
temperature-dependent resistivity in the Si-vacuum FET
shows strong metallic behavior? (i.e., the resistivity increases
with temperature) with no sign of insulating behavior down
to a density n=3.7 X 10" cm™2 (which is the lowest achieved
experimental density so far). The density dependence of mo-
bility in the metallic regime of the Si-vacuum FET may give
valuable information about the scattering mechanisms opera-
tional in limiting 2D carrier transport, since different scatter-
ing sources give rise to different density dependence in the
resistivity. Thus, a detailed study of the density and tempera-
ture dependence of 2D resistivity in the high-mobility 2D
Si(111)-vacuum FET could be useful not only for a better
fundamental understanding of the limiting transport mecha-
nisms in this potentially important new system, but also for
providing ideas about how to further increase the 2D mobil-
ity, leading to better devices.

In order to calculate the low-temperature 2D electron mo-
bility we have carried out a microscopic transport calculation
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using the Boltzmann transport theory.” We calculate the mo-
bility in the presence of randomly distributed Coulomb im-
purity charges near the surface and the bulk acceptors in the
depletion layer with the electron-impurity interaction being
screened by the 2D electron gas in the random-phase ap-
proximation (RPA). The screened Coulomb scattering is the
only important scattering mechanism in our calculation.
There are additional interface-scattering mechanisms unre-
lated to the Coulomb centers (e.g., surface roughness scatter-
ing), but such interface scattering would become more pro-
nounced at higher densities, as the inversion layer is drawn
closer to the interface. In general, the surface roughness scat-
tering gives rise to a decrease of the mobility at high densi-
ties, with the mobility decreasing approximately quadrati-
cally with increasing density at high density. The observed
mobility! shows that the mobility increases monotonically
with electron density, indicating the apparent absence of in-
terface scattering, as expected for a Si-vacuum interface. In
fact, as argued above in this paper, the surface roughness
scattering should be negligible in the Si-vacuum FET sys-
tems, allowing us to ignore this process in our theory. We
also neglect all phonon scattering effects mainly because our
theoretical estimate shows phonon scattering to be negligible
for Si-vacuum FET structures in the 7<<10 K regime of in-
terest to us. We note that our theoretical approach has pro-
vided a reasonable description of the transport properties for
several 2D systems.’

In the Boltzmann theory the mobility is given by
u=e{7)/m with m as the carrier effective mass and (7) the
energy-averaged finite-temperature scattering time:

dekfﬂ(fk)(— aflde)
(n)= , (1
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where f(€,) is the Fermi distribution function, f(e;)
={1+exp[(e-u)1/kzT}™", with u(T,n) as the finite-
temperature chemical potential determined self-consistently.
The energy-dependent scattering time 7(¢;) for our model of
randomly distributed impurity charge centers is given in the
leading-order theory by
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where nf“) is the concentration of the ath kind of charged

impurity center, g=|k—k’|, 6= 6y is the scattering angle
between the scattering in and out wave vectors k and k',
&.=h%k*/2m, v(q,z) is the 2D Coulomb interaction between
an electron and an impurity at z, and e(q)=¢&(q; u,T) is the
2D finite-temperature static RPA dielectric (screening)
function.® In calculating the Coulomb interaction and the
RPA dielectric function in Eq. (1) we take into account sub-
band quantization effects in the inversion layer through the
lowest-subband variational wave function.> From the calcu-
lated mobility we get the resistivity given by p=1/nepu.
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FIG. 1. Calculated charged impurity scattering limited electron
mobility in the Si(111)-vacuum FET system for various tempera-
tures 7=0, 1, 2, 3, 4 K (top to bottom) with valley degeneracy
g,=(a) 2 and (b) 6. The calculated mobilities depend on the density
approximately as w~n® with a=0.7 at T=0 and a=1.2 at
T=4 K for g,=2 (a) and a=~0.5-1.5 for g,=6 (b). Note that sur-
face roughness scattering, known to be important at higher carrier
densities (n=10'2 cm™), is neglected in the calculation.

Throughout this paper we use the following Si(111) 2D
material parameters: valley degeneracy g,=2 (or g,=6 as the
case may be), an effective mass m=0.35m, [corresponding to
the Si(111) surface] where m, is the free-electron mass,
kg =117 and k.,.=1, the dielectric constants of Si and
vacuum, respectively. Even though the valley degeneracy
(g,) on the Si(100) surface is well known to be g,=2, the
valley degeneracy on the Si(111) surface has been a puzzle
for a long time.? Since Si has six conduction-band minima
located along the (100) directions, the (111) surface should
have six equivalent valleys (i.e. g,=6) within the simple ef-
fective mass approximation. However, magnetotransport
measurements have found the valley degeneracy to be both 2
and 6,>>7 with most experiments finding the lower valley
degeneracy of 2. In our calculation we get much better agree-
ment with the experimental data of Refs. 1 and 2 when we
use the valley degeneracy g,=2 instead of g,=6, indicating
that the valley degeneracy is reduced from 6 to 2 in the
Si(111)-vacuum FET structures of Ref. 1.

In Fig. 1 we show the calculated mobility as a function of
electron density for different temperatures, taking into ac-
count only scattering by screened charged impurities. The
mobilities for the Si(111)-vacuum FET are shown in Fig.
1(a) with valley degeneracy g,=2 and Fig. 1(b) with g,=6.
In Fig. 1 the mobilities are calculated with fixed impurity
density n,=7 X 10" em™? (the impurity centers are distrib-
uted completely at random in a 2D plane at d=50 A) and the
ionized impurity density n;p=4X10' cm™ for g,=2 and
5% 10" ¢cm™ for g,=6, respectively, in the depletion layer

073301-2



BRIEF REPORTS

of the p-type Si. Here d indicates the distance between the
impurity charge centers and the inversion layer. This is in-
tended to represent the average distance between an electron
in the inversion layer and a typical charged impurity near the
Si-vacuum interface. The calculated mobilities depend on the
density approximately as w~n® for the calculated density
range. We emphasize that this is not a strict power law since
the exponent a depends weakly on the density. Over the
experimental density range, we find that for g,=2 [Fig. 1(a)]
the exponent « in uxn® is about 0.7 at 7=0 K and increases
as temperature increases. At 7=4 K we have o~ 1.2 which
is consistent with experiment."> For g,=6 [Fig. 1(b)] we
have a=0.5—1.5. [The characteristic separation d between
the charged impurities and the 2DES as well as the random
impurity densities n; and n;p are of course not precisely
known for the experimental samples, but the parameters we
use are quite typical, and give decent agreement with the
experimental results of Ref. 1 for g,=2, i.e., Fig. 1(a).] Our
mobility calculation indicates that the screened potential
from random charged impurities is the main scattering source
and the Si(111)-vacuum FET has a valley degeneracy g,=2.
Since there are no adjustable parameters in our calculation
except the impurity parameters, the agreement is quite good.
The calculated mobility obviously depends on the distance
(d) of the charged impurity centers from the 2D layer. Gen-
erally the location of the charged impurities in the FET is not
known. Thus, the choice of d=50 A is reasonable because
our calculated mobility has the same dependence on n as
does the measured mobility.!? In this context it is also im-
portant to emphasize that, since the impurity distribution,
nf(z) in Eq. (2), is simply unknown experimentally, it is not
particularly meaningful to discuss any quantitative agree-
ment between theory and experiment. The qualitative agree-
ment we accomplish here is probably the best one can do.

In Fig. 2 we show the calculated mobility of a Si(111)
Si0, MOSFET system with g,=(a) 2 and (b) 6 for compari-
son. For the Si-SiO, MOSFET calculations we use
Ksi0,=3.9 and the interface charge impurity n;=10'"" cm™2
with the other parameters being the same as in the Si-
vacuum system. Note that the Si(111) MOSFET system has
a=~0.3-0.6 for g,=2 and a=0.3-1.0 for g,=6 in the given
temperature range.

In Fig. 3 we show the calculated temperature-dependent
resistivity using the same parameters as in Fig. 1. The calcu-
lated resistivity increases as the temperature increases (i.e.,
metallic behavior), and shows an approximately linear tem-
perature dependence in the 7<<5 K regime as observed in
the experiment.” The temperature dependence of p(T) be-
comes stronger with decreasing density just as in the experi-
mental observation in the Si(111)-vacuum FET.? This strong
linear temperature dependence of p(7) in this system
arises’~'? due to the peculiar nature of the 2D screening func-
tion which has a cusp at wave vector g=2kg. Since 2k scat-
tering is the most dominant resistive scattering at low tem-
peratures, thermal smearing of this 2k cusp leads to strong
temperature dependence of resistivity. Thus, temperature-
dependent screening of charged impurity scattering in 2D
layers leads to a strongly temperature-dependent effective
disorder controlling p(T,n) at low temperatures and densi-
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FIG. 2. Calculated charged impurity scattering limited electron
mobility in the Si(111)-SiO, MOSFET system for various tempera-
tures 7=0, 1, 2, 3, 4 K (top to bottom) with valley degeneracy
g,=(@) 2 and (b) 6. We have «=0.3-0.6 for g,=2 and
a=0.3-1.0 for g,=6, respectively, where u~n“ approximately.
Note that surface roughness scattering is neglected in the
calculation.

ties. [The screening effect decreases with increasing tem-
perature giving rise to increasing effective disorder with in-
creasing T, and hence increasing p(T) with T.] Note that the
overall resistivity scale depends on the unknown impurity
densities, but the qualitative trends in p(T,n) arise from basic
aspects of the underlying scattering mechanisms.

We pointed out earlier® that the requirement for the obser-
vation of a large temperature-induced change in resistivity is
the strong screening condition g7p> 2k, where grr and kg
are the Thomas-Fermi screening wave vector and Fermi
wave vector, respectively. Since grx/ kFOCgS/2 we expect the
observed metallicity (i.e., the strong “metalliclike” tempera-
ture dependence of resistivity) to be much stronger for

510 15
T (K)
FIG. 3. Calculated resistivities for various hole densities
n=(3.7,4.0,4.5,4.9,5.36) X 10" cm™ (from top to bottom) with
the same parameters as in Fig. 1. The dashed lines show the calcu-

lated resistivity for density n=(4.5,4.9,5.36) X 10'! cm™2 with the
valley degeneracy g,=6.
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g,=6 than for g,=2. At low carrier densities, where the
scattering-induced temperature dependence in p(7) is the
strongest, electron-electron interaction effects are also impor-
tant. Screening is, in fact, the mean field manifestation of
electron-electron  interaction, leading to  strongly
temperature- and density-dependent effective disorder in the
2D system. It is possible that at very low temperatures elec-
tron interaction beyond the mean field becomes significant.
The dashed lines in Fig. 3 show the calculated resistivity for
n=(4.5,4.9,536) X 10" cm™? with g,=6. We find, in the
range of of 0-5 K, roughly a factor of 3 change in p(T) with
g,=06, whereas more like a 50% temperature-induced change
in p(T) with g,=2, which is consistent with the experimental
observation. Thus, the transport measurement in the Si(111)-
vacuum FET supports the Si(111) surface having a valley
degeneracy 2 whereas g,=6 implies a very strongly
temperature-dependent p(7T) at low densities, not observed?
experimentally.

Finally, we briefly discuss the possible origin of the valley
degeneracy puzzle in this system, i.e., why g,=2 in the
Si(111)-vacuum FET system rather than the usual effective
mass prediction of g,=6. This is, in fact, an old problem?
much discussed in the context of Si(111)-SiO, MOSFETs. It
is generally accepted™® that the random strain associated
with the Si surface lifts the valley degeneracy, lowering two
of the six valleys in energy. Only specially processed
Si(111)-SiO, samples with rather low mobilities were ever
found to have g,=6.% with most Si(111)-SiO, MOSFETs
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having g,=2. We believe the same kind of one-electron
physics to be operational in lifting the valley degeneracy
from g,=6 to g,=2 in the Si(111)-vacuum system as well,
although understanding the details of this valley degeneracy
puzzle is beyond the scope of our current work where we are
interested in the transport properties. We do, however, men-
tion that this valley degeneracy lifting is unlikely to be a
many-body exchange instability, which would occur even as
a matter of principle at a much lower critical density
(~10'"" cm™?) with a critical temperature of only 1 K or so.
At the experimental density and temperature range of Ref. 1,
a many-body effect induced valley degeneracy lifting is ex-
tremely unlikely.!3!4

In conclusion, we calculate the the density- and
temperature-dependent mobility and resistivity for the re-
cently fabricated Si(111)-vacuum field-effect transistor by
using a semiclassical Boltzmann theory including screened
charged impurity scattering. We find reasonable agreement
with the corresponding experimental transport properties for
the (111) system, indicating that the screened potential from
random charged impurities is the main scattering source. In
comparing our calculation with the existing experimental
data'? we find that the calculated results with the valley de-
generacy g,=2 give better agreement with experiments than
those with g,=6.
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