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Electrical conductance of reconstructed silicon surfaces
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The electrical conductance of atomically clean, reconstructed silicon surfaces was studied as a function of
temperature with macroscopic van der Pauw measurements in ultrahigh vacuum. The surface-state conductance
of the Si(100)231 surface was measured on a fully depleted silicon-on-insulator~SOI! substrate and on bulk
Si. The surface-state conductance has metallic temperature dependence, but its magnitude falls below the
universal conductance quantum. The data furthermore reveal a clear signature of thec(432)→231 surface
phase transition near 200 K, which indicates that surface scattering increases with decreasingc(432) order on
the surface. The surface conductance of Si(111)737 was measured only on a SOI substrate. The temperature
coefficient is metallic and the magnitude is larger than the universal conductance quantum.
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I. INTRODUCTION

Milestones in condensed-matter physics which have
greatest potential to impact the world, are often associa
with the discovery of novel electronic-transport phenome
frequently encountered in materials of considerable chem
and structural complexity or materials of reduced dimensi
ality. Examples abound, not the least of which date back
the birth of the transistor, or more recently high-Tc supercon-
ductivity, giant magnetoresistance, and superconduc
quantum-interference devices. Surfaces and ultrathin
materials represent a special class of low-dimensional
tems that are not only interesting from the perspective
mesoscopic transport physics, but also due to their uni
materials properties. Early studies of electronic transpor
thin metal films have focused mainly on the transport ph
ics. The seminal papers by Bergmann1 in the early 1980s
showed that the temperature- and magnetic-field depend
of the electrical conductance in polycrystalline films cou
be fitted to the theory of weak localization with compellin
accuracy. Electronic transport studies of well-ordered s
faces and films of only a few monolayers thick are expec
to be even more interesting as one tries to link the uniq
ness of a material, i.e., atomic structure and~possibly lack
of! band structure, to the measured transport properties d
to the nanoscale. This approach obviously requires more
phisticated sample preparation and measurement u
ultrahigh-vacuum~UHV! conditions.

The number of transport studies in UHV is rather limite
but a few groups in Japan and Germany have made sig
cant contributions. Hasegawa and Ino2 monitored the resis-
tance of a Si sample during deposition of a thin Ag film
room temperature~RT!. The resistance decreases as
pected, but the rate of decrease was strongly dependen
the reconstruction of the initial Si surface. They tentative
attributed the conductance change to the changes in the
bending beneath the surface, which in turn is determined
the spectrum of surface states nearEF . In other words, the
subsurface conductance changes appreciably and the su
state conductance was assumed negligible. Attempts h
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also been made to measure the electrical conductance in
face states with a scanning tunneling microscope~STM!. The
surface-state conductance seems small. Estimates range
1026V21/h to 1028V21/h for Si(111)737 ~Refs. 3 and
4! but the measurements were only done at RT. Others h
measured electrical conductivity of thin epitaxial metal film
on Si as a function of the thickness at fixed temperature,5,6 or
as a function of the temperature at a fixed coverage.7,8 The
parallel subsurface conductance was not considered in t
studies, which seems justified at high coverage and at t
peratures well below the ‘‘freeze-out’’ temperature of mob
bulk carriers.

Despite these significant contributions, the temperat
dependence of the electrical conductivity has not yet b
studied in the ultimate limit of a monatomic overlayer
reconstructed surface layer. In this paper we report on m
roscopic, four-point probe measurements of the surface-s
conductance of reconstructed Si~100! and Si~111! surfaces as
a function of the temperature. Because it is not possible t
electrically isolate the Si surface from its substrate, we
plicitly take into account parallel conduction through th
substrate and space-charge layer beneath the surface.
surements on bulk samples were analyzed by calculating
space-charge layer contribution to the sheet conductance
function of the temperature~see the Appendix!. We also em-
ployed fully depleted Si/SiO2 /Si or silicon-on-insulator
~SOI! material to minimize subsurface conduction.9,10 The
SOI data are analyzed without relying on model-depend
space-charge layer calculations.

This paper explains in detail the measurements, calc
tions, and experimental procedures reported in an ea
paper9 and also includes some other data on Si~111!. The
essential features of the reconstructed Si~100! and Si~111!
surfaces will first be reviewed in Sec. II. Section III describ
the experimental procedures. Results and discussions wi
presented in Sec. IV. Section V summarizes the findings
concludes the paper. Calculations of the temperatu
dependent carrier density and mobility in space-charge la
will be presented separately in the Appendix. This resea
has provided the first atomic scale surface characterizatio
©2002 The American Physical Society24-1
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~100! and~111! SOI material10,11 and temperature-depende
surface-conductivity measurement showing a clear signa
of the c(432)→231 phase transition on Si~100!.9

II. THE SURFACE OF Si „100… AND Si„111…

The geometric and electronic structures of Si(100)231
and Si(111)737 are very well documented.12 Here, we sum-
marize their properties that are relevant to the transport m
surements.

The reconstructed Si~100! surface consists of a 231 array
of buckled Si dimers atop the bulk-truncated surface@Fig.
1~a!#.12 The RT time-averaged 231 structure gradually
transforms into an orderedc(432) superstructure below
200 K as flip-flopping Si dimers freeze into a static, ‘‘an
ferromagnetic’’ array. This two-dimensional~2D! electron
system is characterized by a;0.5 eV gap separating th
filled and empty surface-state bands, a total electron den
of 6.7831014 cm22. A parabolic fit of the surface-state ban
edge yields an effective mass of;0.4me . The Fermi level is
pinned by defect-induced gap states associated with ‘‘ty
C’’ surface defects. It is located at approximately 0.31
above the valence band maximum~VBM ! at the surface
@Fig. 1~b!#.13

The Si(111)737 surface is one of the very few ‘‘meta
lic’’ surface reconstructions. The reconstruction is a so-ca
‘‘dimer adatom stacking~DAS! fault’’ or DAS reconstruction
@Fig. 2~a!#.12 The ‘‘metallic surface state’’ is localized on th
adatoms14 and has recently been mapped ink space with
high-resolution, angle-resolved photoemission.15 There are
several narrow bands nearEF . Electron correlation effects
appear important. Theoretical calculations indicate that
metallic behavior of Si(111)737 is associated with only
two electrons per 737 unit cell or 3.231013 e/cm22. The
metallic surface state is responsible for the pinning of
Fermi level at approximately 0.65 eV above the VBM@Fig.

FIG. 1. ~a! Top view of the 231 dimer array on Si~100!. At RT,
dimer atoms oscillate up-down, resulting in a time-averaged 231
structure~solid line!. Dashed lines indicate the primitive unit cell o
the c(432) structure.~b! Schematic band diagram of the SO
structure including the surface states and the type-C defect state
~not to scale!.
11542
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2~b!#.16 There is no phase transition in the temperature ra
of the experiments.

III. EXPERIMENTAL PROCEDURES

We employedn-type Si~100! bulk wafer (14 V cm) and
p-type SOI material. The SOI material was made via sepa
tion by implantation of oxygen~SIMOX!.17 Commercial
grade ~100! SOI (19 V cm) was purchased from IBIS
Technology Corporation. Research grade~111! SOI
(5 V cm) was prepared at Spire Corporation. In short,
MOX structures are prepared by a 1.831018 cm22 O1-ion
implantation at 200 keV, followed by annealing abo
1500 K for 6 hours to regrow the Si and form buried SiO2.
The resulting SIMOX materials typically consist of
;200-nm-thick crystalline Si layer on top of a 400-nm-thic
layer of slightly substoichiometric SiO2.18

The thickness of the Si top layert was reduced by dry
oxidation and stripping with diluted HF. The purpose of t
thinning procedure is to make sure that the physical thi
ness of the film is much less than the nominal depletion la
width W5A2e«0« rvs /Nq («0« r is the dielectric constant
vs the band bending, andN the dopant level!.10 In that case,
the top layer will be fully depleted of mobile carriers an
will be insulating below RT. The present doping levels are
the order of 1015 cm23, henceW@t.10 The thickness of the
remaining Si film was determinedex situ with Rutherford
backscattering spectrometry and with ellipsometry. Bo
thickness measurements agree to within 10%. In previ
papers, we have shown using STM, low-energy electron
fraction ~LEED!, and Auger electron spectroscopy that t
surface quality of the thinned SOI is comparable to that
bulk Si.10,11Thinner films can be prepared, but there is a r
that the thin film breaks up into islands.19

Ohmic contact pads (232 mm2) for electrical measure-
ments were defined by phosphorous- or boron-ion implan
the four corners of a 10310 mm2 sample forn-type and
p-type Si, respectively. The ion-beam energy was 30 kV a

FIG. 2. ~a! Top view of the 737 reconstruction on Si~111!. ~b!
Schematic band bending diagram of Si(111)737 including metal-
lic surface states.
4-2
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the ion dose was;1015 cm22. The implantation depth wa
about 50 nm or less. The quality of the Ohmic contacts w
confirmed by observing the linear voltage response to
applied electrical current before and after the temperat
dependent experiments. The linearI -V curves were highly
reproducible ~Fig. 3!. This reproducibility was neve
achieved without ion-implanted contact pads. We theref
believe that ion implantation is the preferred contact meth
for temperature-dependent conductivity measurements
UHV. Ta measurement probes were clamped onto the con
pads and the sample was transferred into the UHV cham
Well-ordered Si(100)231 surfaces were obtained by ove
night degassing in UHV at 730 K, followed by repeat
flashing up to 1300 K. We used direct-current heating. LE
patterns confirmed the formation of the 231 or 737 recon-
struction.

Transport measurements were done as a function of
temperature using a dc current source. Data acquisition
fully computerized. The surface conductanceDs(T) of a
bulk sample, in units ofV21/h, is an excess quantity and
defined as follows:20

G~T!5sb~T!d1Ds~T!, ~1!

whereG(T) is the square conductance of the sample,d is the
thickness of the sample, andsb is the conductivity of the
bulk. Ds(T) includes electronic conduction through the su
face states and through the space-charge layer beneat
surface and vanishes for an ideally truncated surface with
surface states. To obtainDs for bulk Si(100)231, we first
measured the square conductanceG231(T) of the n-type
bulk Si(100)231 sample in UHV fromT'120 K to 300 K.
Next, we saturated the clean Si(100)231 surface with O2 at
RT. This procedure destroys the reconstruction~as evidenced
by a 131 LEED pattern!, eliminates the surface states,21 and

FIG. 3. I -V curves of the Ohmic contacts before and after
temperature-dependent measurements in~100!SOI showing excel-
lent reproducibility.
11542
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creates a flat-band surface according to band bending m
surements with Si 2p core level spectroscopy.22 The conduc-
tance of the oxidized sampleGO2

was then measured from

120 K to 300 K and we obtainedDs(T)5G231(T)
2GO2

(T). In reality, GO2
(T) is slightly less thansb(T)d

due to adsorbate-induced surface scattering, but we
show that this difference is negligible for Si. The differen
measurement to obtainDs(T) is certainly prone to large
errors if the contact resistances are not exactly reproduc
after cooling and heating cycles becauseG231(T) and
GO2

(T) differ by only a few percent. The use of ion
implanted contacts is therefore pivotal. Experiments were
peated several times to check the reproducibility of
Ds(T) values that are obtained via this subtraction pro
dure. Repeated measurements on the same sample yield
ues of Ds(T) that differ by less than 10%. Comparison
between different samples show a larger spread~see, e.g.,
Fig. 4!, which could perhaps be attributed to different surfa
qualities and/or different doping levels. Qualitatively, all da
obtained from bulk Si~100! and various SOI samples exhib
the same trend upon exposure to O2 and upon ramping the
temperature.

The oxidation was done by backfilling the chamber w
molecular oxygen gas to a pressure of 131026 Torr. The
oxygen pressure was measured with a vacuum gauge
was mounted such that the electrons and light from the ga
could not induce~photo!currents on the sample. All window
were covered during the transport measurements. Sim
procedures were followed for the experiments on SOI.

IV. RESULTS AND DISCUSSION

A. Bulk Si„100…

Figure 4 shows the normalized conductance of the
31)-reconstructed bulk Si@and (231)-reconstructed SO
sample# as a function of exposure to O2 at RT. It shows that
a clean (231) reconstructed sample is less resistive tha
sample passivated with O2, in agreement with other RT

FIG. 4. Normalized conductance of ann-type bulk Si(100)2
31 and ap-type SOI~100! during exposure to molecular oxygen
RT. Inset: Side view of the SOI sample with ion-implanted contac
4-3
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chemisorption studies.23,24 Wormeesteret al. argued that the
sheet conductance of Si(100)231 is reduced during oxygen
exposure because the ‘‘accumulation layer’’ beneath the
face gradually turns into a flat band system.23 Petersenet al.
recognized that the space-charge layer beneath
Si(100)231 surface is a depletion layer and not an accum
lation layer.24 The space-charge layer should thus beco
less depleted~hence more conducting! during exposure to
oxygen and formation of the flat band surface, which is
obvious conflict with the experimental data. Petersenet al.
offered an alternative explanation. They attributed the red
tion of the sheet conductance to diffusive surface scatte
due to the oxygen-induced roughening of the surface.
surface-state contribution was deemed negligible in b
studies.

A simple argument shows that this diffuse scattering
fect is small and does not reverse the sign ofDs(T). In the
abrupt depletion approximation,33 extrinsic carriers originat-
ing from the (231) depletion layer~width ;LD) are
trapped in the surface states. If we assume that the sur
states do not conduct, we obtainG231'sb(d2LD); LD is
the Debije screening length~see the Appendix!. In the limit
of completely diffuse scattering at the flatband O2 /Si(100)
surface, one obtainsGO2

'sb(d2lb), i.e., there is a ‘‘stag-

nant’’ layer of thicknesslb beneath the surface wherelb is
the bulk mean free path. Sincelb!LD for Si at RT and
below ~see the Appendix!, Ds(T)5@G231(T)2GO2

(T)#

,0, in contradiction with experiment. The only plausib
explanation for the large conductivity of th
(231)-reconstructed surface seems to be the presence
surface-state conduction channel, which is gradually
stroyed by the adsorption of O2.

Figure 5 shows the temperature-dependent sheet con

FIG. 5. Sheet conductance as a function of temperature for
Si(100)231 and oxidized bulk Si~100!. Inset: Enlarged scale
showing the difference between the clean and oxidized Si~100!.
This difference amounts to 1% of total sheet conductance.
11542
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tance of bulk Si(100)231 and of oxidized Si. Both curves
are almost identical and show a decreasing conductivity w
increasing temperature, which is due to phonon scatterin
the bulk. On the enlarged scale~inset!, however, the conduc
tance of the (231)-reconstructed sample is always larg
than that of the oxidized surface. This behavior, consist
with the RT data of Fig. 4, was very reproducible. We no
obtain the experimental surface conductanceDs(T)
5G231(T)2GO2

(T), which is shown in Fig. 6.
In order to separate the surface-state conducta

Dsss(T) from the total surface conductanceDs(T), we sub-
tract the space-charge layer contributionDssc(T) that is cal-
culated in the Appendix. Briefly,Dssc(T) is derived from
the Boltzmann transport equation in a transverse elec
field associated with the space-charge layer.20 The carrier
mobility in the space-charge layer is furthermore reduc
due to diffusive surface scattering. This effect is treated p
nomenologically by means of the Fuchs-Sondheimer par
eter r (T) that represents the fraction of specular scatter
events@0<r (T)<1#.20,25 Assuming that there are no othe
surface channels besides the space-charge layer and the
face states, we obtainDsss(T)5Ds(T)2Dssc(T). The cru-
cial observation is thatDssc(T) andDs(T) always maintain
opposite sign over the entire temperature range of the exp
ment, regardless of the precise value of the phenomenol
cal Fuchs parameter and regardless of whether the ban
the oxidized surface are perfectly flat or slightly bent. A
mentioned in the Appendix, the value ofr (T) hardly matters
as the corrections toms andDssc remain within 1% or so. In
Fig. 6, we included the calculations for bulk Si assuming
residual band bending of 0.1 eV at the oxidized surface. I
clear that this reduces the magnitude of the surface-state
ductance, but this still does not affect our conclusion, i
Dssc(T),0, Ds(T).0, and Dsss(T).0. Our data are

lk
FIG. 6. Experimental surface conductanceDs(T) of the n-type

bulk Si~100! sample. Squares represent the space-charge-layer
ductance~filled! and surface-state conductance~open!, assuming a
residual band bending at the oxidized surface of 0.1 eV.
4-4
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fully consistent with the presence of a surface-state cond
tion channel onSi(100)231 that is gradually destroyed by
oxidation. The data furthermore show thatDsss(T) de-
creases with increasing temperature, which is indicative
metallic behavior. A discussion about the meaning of t
‘‘metallicity’’ will be deferred to the following section.

B. „100…SOI

Another experiment was carried out to determine
surface-state conductance without resorting to temperat
dependent~and model-dependent! space-charge layer calcu
lations and assumptions about the mobility reduction bene
the O2-passivated surface. In this experiment, a 90-nm-th
fully depleted p-type SOI sample was used. The conductan
of the (231)-reconstructed~100!SOI also decreases upo
exposure to molecular oxygen, similar to the bulk sam
~Fig. 4!. Temperature-dependent measurements of the c
and oxidized SOI samples are shown in Fig. 7. Even tho
there is a buried-oxide layer, the resistance between the
layer and bottom substrate was nevertheless fi
(;1 MV). It is a drawback in our experiment that the su
stoichiometric subsurface oxide of SOI is not perfec
insulating.26 Substantial leakage current still flows throug
the bottom substrate. However, the oxidation of the top la
is not expected to affect the conductance through the s
strate beneath the 400-nm-thick buried oxide. Therefore,
model the SOI as a parallel-plate conductor separated
buried oxide~Fig. 4, inset!, and obtainG231(T)5sb(T)d8
1Dsss(T) andGO2

(T)5sb(T)@d81t2(12r )lb(T)#, giv-
ing

FIG. 7. Total sheet conductance of Si(100)231 and oxidized
Si~100! on SOI as a function of temperature. The Si layer is 90
thick. Inset: Enlarged scale showing the difference between
clean and oxidized Si~100!.
11542
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Dsss~T!5G231~T!2GO2
~T!

d8

d81t2~12r !lb~T!
, ~2!

G231(T) andGO2
(T) are the square conductances from t

clean and passivated SOI wafers, respectively;t and d8 are
the thickness of the Si top layer and the supporting substr
respectively, andr is the Fuchs’ specularity parameter of th
O2-passivated surface. Note thatl(T),t!d8 for T
.120 K. The surface-state conductanceDsss(T) is ob-
tained from Eq.~2! and is shown in Fig. 8 usingr 50 ~dif-
fuse scattering!. The overall behavior appears rather well r
producible during different experimental runs. In reality,r is
a model-dependent parameter that varies with tempera
which also makesDsss(T) somewhat model dependen
However, its most salient feature, i.e., the sharp increase
low 200 K is model independent becaused8@t,l(T). Pos-
sible residual band bending at the oxidized surface sho
not affect the overall behavior shown in Fig. 8. Even if t
oxidized film were fully depleted due to residual band ben
ing, we would obtainDsss(T)5G231(T)2GO2

(T). This is

very slightly different from the curve in Fig. 8, but this dif
ference is too small to be resolved on the scale of this figu

The experiment clearly shows that the surface-state c
duction increases rapidly below 200–220 K. This behav
is also evident from the bulk measurements in Fig. 6
though the inflection of the conductivity curves near 200 K
much less clear for the bulk sample. We speculate t
Dsss(T) decreases with increasing temperature as the bu
led dimers on Si~100! gradually lose their long-rangec(4
32) ordering. This order-disorder transition is almost co
plete near 200 K,27 which would explain whyDsss(T)

e

FIG. 8. Experimental determination of the surface-state cond
tance of~100! SOI, using Eq.~2! with r 50 ~diffusive scattering!.
The intensity of the~3/2, 3/4! LEED spot of thec(432) super-
structure is taken from Ref. 27.
4-5
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reaches a minimum~maximum surface scattering!. To illus-
trate this point, we also show the intensity of the (3/2,3
spot in LEED as a function ofT/Tc as reported in Ref. 27
which reflects the order parameter of thec(432) recon-
struction. This figure strongly suggests a link between
surface-state conductance and structural~dis!order on the
surface. Our own LEED patterns also showed thec(432)
superstructure at the lowest measurement temperature~120
K!. At RT, there were only 231 spots.

The temperature dependence of the surface-state con
tivity is indicative of metallic behavior whereas the (231)
and c(432) reconstructions have a;0.5 eV surface-state
band gap.12 Because of this gap, it is unlikely tha
Si(100)231 conducts like a metal. Consider the absolu
magnitude of the surface-state conductance. It is of the o
of ;1026 V21/h. Assuming that the Boltzmann theory
applicable, then one can write for a two-dimension
conductor28

s5
e2

h
kFl . ~3!

The Ioffe-Regel limit for metallic conduction states that t
mean free pathl cannot be shorter thankF

21 or, alternatively,
the interatomic distance.28 The minimum metallic conduc
tance in 2D is thussmin53.8331025 V21/h, independent
of carrier density. The surface-state conductance der
from the SOI measurements clearly falls below this value
that one should classify this surface as a ‘‘bad metal,’’29,30

i.e., the temperature coefficient indicates metallic behav
but the mean free path has no physical interpretation. In
estingly, the absolute surface-state conductance derived
the bulk measurements exceeds the minimum conductan
low temperatures and levels off near RT at a value tha
close to the minimum conductance. One should not emp
size these absolute values too much as they have been
tained in a rather indirect way~by oxidation and subtraction
of two resistivity curves!, but the order of the magnitud
surely suggests that the mean free path is either very sho
that the Boltzmann picture breaks down altogether. The
ferent magnitude of the surface conductance on bulk Si~100!
and SOI is possibly related to differences in the surface q
ity.

We finally note that the surface-state conductance is la
enough to completely offset the conductivity reduction in t
space-charge layer beneath the 231 surface so that the tota
surface conduction~i.e., surface states and space-cha
layer! is always positive. Electronic transport in this 2D ele
tron system likely involves excitations between the surfa
state bands and possibly the type-C gap state,13 but evidently
the dominant factor determining the temperature coeffic
between 120 K and 300 K is the order parameter of
c(432) structure. We, therefore, attribute the decrease
the surface-state conductance up to 200 K to the gra
demise of long-rangec(432) order on the surface.

C. „111…SOI

Figure 9 shows the normalized conductance of the
37)-reconstructed SOI sample as a function of exposur
11542
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O2 at RT. It shows that the clean, reconstructed 737 surface
is a better conductor than the oxidized surface, which agr
with the STM point-contact measurements by Hasega
Lyo, and Avouris.3 Their interpretation is that the surfac
states of Si(111)737 conduct and that this conduction cha
nel is eventually destroyed by the oxidation of the surfac3

Our measurements are different from the four-point pro
measurements by Petersenet al. on p-type bulk Si~111!.24

Their measurements show a very steep rise in conducti
up to about 80 L of O2. It then decreases below the initia
conductance as the exposure continues. Petersenet al. pro-
posed that the initial increase in conductivity is related to
formation of a ‘‘molecular precursor’’ to oxygen
dissociation.24 The existence of this precursor has been c
related with an unusual-low work function. In their interpr
tation, the low work function suggests that the Fermi leve
located very close to the valence band maximum so that
depletion layer beneath the 737 surface may turn into a
highly conducting accumulation layer. Our measureme
however, are inconsistent with theirs.

Figure 10 shows the total sheet conductance of Si(11
37 and oxidized Si~111! on SOI as a function of tempera
ture. The data seemingly overlap. However, on an enlar
vertical scale, one can clearly see that the curves are slig
different. The sheet conductance of the 737 reconstructed
SOI sample is larger than that of the oxidized sample. T
behavior is similar to that of Si(100)231, which we dis-
cussed in the preceding section. The experimental sur
conductanceDs(T) can be obtained by subtractingGO2

(T)

from G737(T). The resulting curve in Fig. 11 looks simila
to that ofDs(T)ss for bulk Si~100!. There are no clear indi-
cations of a phase transition. It shows that Si~111!737 is a
metallic surface. The conductance is larger than that
Si~100! and well above the fundamental conductan
quantum.

FIG. 9. Normalized conductance of Si(111)737 as a function
of oxygen exposure at RT. The data are recorded from an
sample with a Si top layer of 200 nm.
4-6
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V. SUMMARY AND CONCLUDING REMARKS

The surface-state conductance of reconstructed Si
faces was determined by comparing the electrical cond
tance on clean reconstructed Si and oxidized Siin situ. Be-
cause one cannot isolate the surface from the bulk,
cannot measure the surface-state conductance directly
reference is needed. The oxidized surface served as a co

FIG. 10. Conductance of Si(111)737 and oxidized Si~111! on
SOI as a function of temperature. The Si layer is 200 nm th
Inset: Enlarged scale showing the difference between the clea
37 and the oxidized, flat band surface.

FIG. 11. Temperature dependence of surface-state conduc
of Si(111)737 on 200 nm SOI.
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nient reference because it has no surface states and no
bending. This indirect determination of the surface-state c
ductance is not elegant, but the results are consistent an
conclusions are very plausible. We considered three cond
tion channels, i.e., bulk, surface, and space-charge la
Oxidation of the reconstructed surface always resulted i
few percent decrease of the total sheet conductance.
result cannot be explained in terms of band bending
adsorbate-induced surface scattering. Instead, the result
fully consistent with the presence of a surface-state cond
tion channel that is gradually destroyed by the oxidation p
cess. The surface-state conductance of Si(100)231 and
Si(111)737 exhibits metallic temperature dependence
though the absolute magnitude of the conductance of Si~100!
is comparable to~bulk! or even less~SOI! than the universal
conductance quantum. The conductance of Si~100! appears
to correlate with the degree ofc(432) order on the surface
This work thus establishes a correlation between the ato
scale nature of a surface and a macroscopic materials pa
eter, such as the conductivity. Many other surface reconst
tions can be considered as new materials that are intrinsic
2D and hence their transport properties will be of great fu
damental and possibly practical interest.

It would be worthwhile to verify the conclusions an
propositions of this paper by, e.g., using different adsorba
to tune the surface potential, such as, hydrogen. To enha
the surface sensitivity, one could also think of produci
better insulating SOI materials. Perhaps a more fruitful
proach would be to reduce the probe spacing to submic
distances31 or even employ a four-point probe STM stage32

Reduced probe spacing naturally enhances the surface s
tivity, but temperature-dependent measurements are diffi
with these setups. Very small probe spacings and very
temperatures will probably yield quantitatively more reliab
estimates of the surface-state conductance as the pa
conduction channel is more suppressed. It will remain a ch
lenge to conduct such mesoscopic physics experiment
UHV environments.
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APPENDIX

The physics of space-charge layers is, of course, not n
However, for the present purposes we need to evaluate
temperature dependence of the space-charge layer con
tance. We begin with the definition of the surface condu
tanceDs of a bulk sample,20

.
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G~T!5sb~T!d1Ds~T!, ~A1!

where G(T) is the square conductance of the sample
V21/h, and sb(T) the conductivity of the bulk andd the
thickness of the sample.Ds(T) includes electronic conduc
tion through all surface channels, such as surface state
interface states, space-charge layer, and overlayers~if any!.
Our main interest is to determine the conductance intrinsi
the surface states. To determine the surface-state con
tance from a measurement of the total sheet conductance
need to subtract the bulk conductance and space-charge-
conductanceDssc(T). Following Greene, we have20

Dssc5e~mn,sDN1mp,sDP!, ~A2!

whereDN andDP are the excess densities of electrons~n!
and holes (p), respectively, near the surface;mn,s and mp,s
are the surface mobilities, which aredefined by this equation.
They should not be interpreted as ordinary drift mobility.

1. Surface excess carrier density

Depending on the sign and magnitude of the band be
ing, we can distinguish between depletion, accumulati
and inversion layers. For Si(100)231 and Si(111)737, we
are dealing with a depletion layer. Depletion layers are
pleted of mobile carriers (DN,DP,0) and therefore have
reduced conductance compared to the bulk.

The excess carrier density per unit surface area can
calculated from

DN5E
o

`

@n~z!2nb#dz, ~A3!

DP5E
o

`

@p~z!2pb#dz, ~A4!

whereDN andDP are the excess densities of electrons~n!
and holes (p), respectively, near the surface. Subscriptss and
b refer to the surface (z50) and bulk (z5`), respectively.
By solving Poisson’s equation in the abrupt depletion
proximation using Boltzmann statistics and parabolic ban
and introducing the new variablesv(z)[@Eib2Ei(z)#/kBT
and u(z)[@EF2Ei(z)#/kBT, Kingston and Neustadte
derived33

TABLE I. Input parameters for the space-charge layer calcu
tions at two different temperatures. The densities of the majo
carriers were obtained from Hall effect measurements and
minority-carrier densities were calculated with the aid of Ref. 3

Temperature~K! 300 120

pb (cm23) 9.531014 9.431014

nb (cm23) 2.43105 2.0310226

ub 11.1 46.9
LD (cm) 1.331025 8.431026

Eg (eV) 1.12 1.16
11542
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DN5nbLDE
vs

0

~ev21!/7F~ub ,v !dv, ~A5!

DP5pbLDE
vs

0

~e2v21!/7F~ub ,v !dv, ~A6!

F~ub ,v !5A2A@cosh~ub1v !/coshub2v tanhub21#,
~A7!

LD5A ebe0kbT

e2~nb1pb!
, ~A8!

whereEi(z) is the intrinsic Fermi level,v(z) the band bend-
ing @v(0)5vs#, LD the extrinsic Debije length, andkB

-
y
e

FIG. 12. Carrier concentration in Si space-charge layers a
function of band bending at 300, 250, and 200 K from the middle
the figure.

FIG. 13. Carrier concentration in the Si space-charge laye
Si(100)231 and Si(111)737 as a function of temperature.
4-8
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Boltzmann’s constant. The notation differs from the origin
notation in Ref. 33. Instead, we used the notation
Mönch.34 To perform the calculations forp-type Si(100)2
31 and Si(111)737, we used the parameters listed in Tab
I. By the way, the calculations for Fig. 6 were done f
n-type Si. Calculations were done as a function of tempe
ture by taking into account the temperature dependenc
the parametersLD , vs , ub , andpb . The only parameter tha
is specific to the surface is the band bendingvs . It can be
evaluated from the position of the Fermi level relative to t
valence band maximum~VBM ! at the surface, which is as
sumed to be independent of temperature due to ‘‘Fermi le

FIG. 14. Surface mobility in Si space-charge layers as a func
of the band bending at different temperatures, assumingr 50.

FIG. 15. Surface mobility in space-charge layer of Si(100
31 and Si(111)737 as a function of temperature, assumingr
50.
11542
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pinning.’’ For Si(100)231 and Si(111)737, we use (EF
2EVBM)50.31 eV and 0.65 eV,22 respectively. The total
band bendingvs , however, does dependent on temperat
because the Fermi level in the neutral bulk changes mo
closer to the band edge as the temperature is lowered.
integrals~A5! and ~A6! were evaluated usingMATLAB and
the results are shown in Figs. 12 and 13.

2. Surface mobility

A correct treatment of the mobility in space-charge lay
is performed in two steps. First, the Boltzmann transp
equation is solved taking into account the transverse elec

n

FIG. 16. Space-charge layer conductance as a function of b
bending at three different temperatures.~a! indicates the Fermi leve
position at the Si(100)231 surface.

FIG. 17. Space-charge layer conductance of Si(100)231 and
Si(111)737 as a function of temperature, assumingr 50.
4-9
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field associated with the space-charge layer. Next, sur
scattering must be included. This can be done phenom
logically using the Fuchs scattering parameterr, which rep-
resents the fraction of specular scattering events.25 Greene
has worked out the solution.20 Here, we use the approximat
solution of the Boltzmann equation for depletion laye
which ignores minority carriers, but is accurate within 1%35

ms5mbH 12
Mslb

LD
J , ~A9!

Ms5
1

A2
H 12e2uvsu

A~e2uvsu1uvsu21!
J , ~A10!

where mb is the bulk mobility of the majority carriers,lb

'(mn,b /e)A(3m* kBT) the bulk mean free path. Surfac
scattering can be taken into account by introducing
Fuchs’ parameterr 25

ms5mbH 12
~12r !Mslb

LDA2
J . ~A11!

Figure 14 shows the surface mobility as a function of
surface potentialvs in the case of diffusive surface scatte
ing, that is,r 50. In the above calculations, the temperatu
dependent surface mobility for Si(100)231 is obtained from
the intersections of the vertical dotted line (EF2EVBM
50.31 eV) ~Ref. 9! and the different mobility isotherms
Re

v.

T.

,

pl
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The figure shows that the surface mobility in the deplet
layer is reduced compared to the bulk value in the case
Si~100!, the reduction is only on the order of a few perce
This reduction is even zero if we taker 51(ms5mb). The
Fuchs’ parameterr depends on the microscopic nature of t
surface scattering mechanism, such as Coulomb scatte
by ionized adsorbates, or scattering due to surface roughn
surface phonons, etc., and should also be temperature de
dent. Our lack of knowledge regarding these scatter
mechanisms has no severe consequences for the calcu
of the space-charge layer mobility because 0<r (T)<1, and
hence, the mobility corrections toDs(T) always remain
within a few percent. Figure 15 shows the surface mobi
of Si(100)231 and Si(111)737 as a function of tempera
ture. Figures 16 and 17 show the final results of the spa
charge layer conductance as a function of band bending
temperature for Si(111)737 and Si(100)231 assumingr
50. The space-charge layer conductance becomes inc
ingly negative at lower temperatures, which can be mos
attributed to the change in the carrier density. As the te
perature decreases, the bulk conduction band edge m
closer to the Fermi level, i.e., band bending increases. C
sequently, the space charge layer becomes increasingly
pleted of mobile carriers. Once more, the underlying
sumptions are that the Boltzmann statistics rema
applicable in this temperature range and that the Fermi le
is pinned at the surface.
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