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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)2< 1 surface was measured on a fully depleted silicon-on-insu{&®@f) 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@fx)—2Xx 1 surface
phase transition near 200 K, which indicates that surface scattering increases with dea@gsiady order on
the surface. The surface conductance of Si(1XlJAvas 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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[. INTRODUCTION also been made to measure the electrical conductance in sur-
face states with a scanning tunneling microscGpEM). The
Milestones in condensed-matter physics which have thsurface-state conductance seems small. Estimates range from
greatest potential to impact the world, are often associatetio 6~/ to 10 8Q /O for Si(111)7x 7 (Refs. 3 and
with the discovery of novel electronic-transport phenomena4) but the measurements were only done at RT. Others have
frequently encountered in materials of considerable chemicaheasured electrical conductivity of thin epitaxial metal films
and structural complexity or materials of reduced dimensionen Si as a function of the thickness at fixed temperat(rer,
ality. Examples abound, not the least of which date back tas a function of the temperature at a fixed coverzg€he
the birth of the transistor, or more recently hihsupercon-  parallel subsurface conductance was not considered in these
ductivity, giant magnetoresistance, and superconductingtudies, which seems justified at high coverage and at tem-
guantum-interference devices. Surfaces and ultrathin filnperatures well below the “freeze-out” temperature of mobile
materials represent a special class of low-dimensional sysulk carriers.
tems that are not only interesting from the perspective of Despite these significant contributions, the temperature
mesoscopic transport physics, but also due to their uniqudependence of the electrical conductivity has not yet been
materials properties. Early studies of electronic transport irstudied in the ultimate limit of a monatomic overlayer or
thin metal films have focused mainly on the transport physteconstructed surface layer. In this paper we report on mac-
ics. The seminal papers by Bergmarin the early 1980s roscopic, four-point probe measurements of the surface-state
showed that the temperature- and magnetic-field dependencenductance of reconstructed 810 and S{111) surfaces as
of the electrical conductance in polycrystalline films coulda function of the temperaturdecause it is not possible to
be fitted to the theory of weak localization with compelling electrically isolate the Si surface from its substrate, we ex-
accuracy. Electronic transport studies of well-ordered surplicitly take into account parallel conduction through the
faces and films of only a few monolayers thick are expectedubstrate and space-charge layer beneath the surface. Mea-
to be even more interesting as one tries to link the uniquesurements on bulk samples were analyzed by calculating the
ness of a material, i.e., atomic structure dpdssibly lack space-charge layer contribution to the sheet conductance as a
of) band structure, to the measured transport properties dowiinction of the temperaturgee the Appendjx We also em-
to the nanoscale. This approach obviously requires more s@loyed fully depleted Si/Sig¥Si or silicon-on-insulator
phisticated sample preparation and measurement undéBOl) material to minimize subsurface conductibtf. The
ultrahigh-vacuun(UHV) conditions. SOI data are analyzed without relying on model-dependent
The number of transport studies in UHV is rather limited, space-charge layer calculations.
but a few groups in Japan and Germany have made signifi- This paper explains in detail the measurements, calcula-
cant contributions. Hasegawa and dnoonitored the resis- tions, and experimental procedures reported in an earlier
tance of a Si sample during deposition of a thin Ag film atpapef and also includes some other data ofill). The
room temperaturg RT). The resistance decreases as ex-essential features of the reconstructedl®) and S{111)
pected, but the rate of decrease was strongly dependent enrfaces will first be reviewed in Sec. Il. Section Il describes
the reconstruction of the initial Si surface. They tentativelythe experimental procedures. Results and discussions will be
attributed the conductance change to the changes in the bapdesented in Sec. IV. Section V summarizes the findings and
bending beneath the surface, which in turn is determined bgoncludes the paper. Calculations of the temperature-
the spectrum of surface states né&ar. In other words, the dependent carrier density and mobility in space-charge layers
subsurface conductance changes appreciably and the surfaggl be presented separately in the Appendix. This research
state conductance was assumed negligible. Attempts haves provided the first atomic scale surface characterization of
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FIG. 1. (a) Top view of the 2<1 dimer array on $100). At RT, Sl 8102 (b)
dimer atoms oscillate up-down, resulting in a time-averagedl. 2
structure(solid line). Dashed lines indicate the primitive unit cell of FIG. 2. (a) Top view of the 7X 7 reconstruction on §i11). (b)

the c(4x2) structure.(b) Schematic band diagram of the SOI gchematic band bending diagram of Si(11%)7 including metal-
structure including the surface states and the @pdefect state |ic surface states.
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2(b)].1® There is no phase transition in the temperature range
(100) and(111) SOI material®**and temperature-dependent Of the experiments.
surface-conductivity measurement showing a clear signature
of thec(4x2)—2x 1 phase transition on Qi00).° Ill. EXPERIMENTAL PROCEDURES

We employecdh-type S{100) bulk wafer (14 cm) and
. . p-type SOI material. The SOI material was made via separa-
Il. THE SURFACE OF Si (100 AND Si(11]) tion by implantation of oxygenSIMOX).}” Commercial
The geometric and electronic structures of Si(100)2 grade (100 SOl (19 Q) cm) was purchased from IBIS
and Si(111) X 7 are very well documented Here, we sum- Technology Corporation. Research graddl1l) SOI
marize their properties that are relevant to the transport med5 () cm) was prepared at Spire Corporation. In short, SI-
surements. MOX structures are prepared by a X.80'® cm 2 O-ion
The reconstructed &i00) surface consists of @21 array  implantation at 200 keV, followed by annealing above
of buckled Si dimers atop the bulk-truncated surf@égy. 1500 K for 6 hours to regrow the Si and form buried &iO
1(@)].*? The RT time-averaged 21 structure gradually The resulting SIMOX materials typically consist of a
transforms into an ordered(4x2) superstructure below ~200-nm-thick crystalline Silayer on top of a 400-nm-thick
200 K as flip-flopping Si dimers freeze into a static, “anti- layer of slightly substoichiometric SiJ®
ferromagnetic” array. This two-dimension&2D) electron The thickness of the Si top lay@érwas reduced by dry
system is characterized by a0.5 eV gap separating the oxidation and stripping with diluted HF. The purpose of the
filled and empty surface-state bands, a total electron densithinning procedure is to make sure that the physical thick-
of 6.78x 10'* cm 2. A parabolic fit of the surface-state band ness of the film is much less than the nominal depletion layer
edge yields an effective mass 6f0.4m.. The Fermilevel is width W= /2eegqge,vs/Nq (gp&, is the dielectric constant,
pinned by defect-induced gap states associated with “types the band bending, and the dopant level'® In that case,
C” surface defects. It is located at approximately 0.31 eVthe top layer will be fully depleted of mobile carriers and
above the valence band maximu(dBM) at the surface will be insulating below RT. The present doping levels are of
[Fig. 1(b)].22 the order of 18> c¢cm™3, hencewst.1° The thickness of the
The Si(111) X 7 surface is one of the very few “metal- remaining Si film was determineelx situwith Rutherford
lic” surface reconstructions. The reconstruction is a so-calledackscattering spectrometry and with ellipsometry. Both
“dimer adatom stackingDAS) fault” or DAS reconstruction  thickness measurements agree to within 10%. In previous
[Fig. 2@].** The “metallic surface state” is localized on the papers, we have shown using STM, low-energy electron dif-
adatom$* and has recently been mapped kirspace with  fraction (LEED), and Auger electron spectroscopy that the
high-resolution, angle-resolved photoemissidrThere are surface quality of the thinned SOl is comparable to that of
several narrow bands nel-. Electron correlation effects bulk Sil%* Thinner films can be prepared, but there is a risk
appear important. Theoretical calculations indicate that thé¢hat the thin film breaks up into island.
metallic behavior of Si(111)X7 is associated with only Ohmic contact pads (22 mn¥) for electrical measure-
two electrons per X7 unit cell or 3.210*® e/cm 2. The  ments were defined by phosphorous- or boron-ion implant on
metallic surface state is responsible for the pinning of thehe four corners of a 2010 mn? sample forn-type and
Fermi level at approximately 0.65 eV above the VBWMg.  p-type Si, respectively. The ion-beam energy was 30 kV and
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FIG. 3. I-V curves of the Ohmic contacts before and after theCréates a flat-band surface according to band bending mea-
temperature-dependent measurement&l00SOI showing excel- Surements with Si @ core level spectroscop§.The conduc-
lent reproducibility. tance of the oxidized sampl8o, was then measured from
120 K to 300 K and we obtained\o(T)=G,x+(T)
the ion dose was-10'® cm™2. The implantation depth was —Go,(T). In reality, Go (T) is slightly less thanoy,(T)d
about 50 nm or less. The quality of the Ohmic contacts waslue to adsorbate-induced surface scattering, but we will
confirmed by observing the linear voltage response to thehow that this difference is negligible for Si. The difference
applied electrical current before and after the temperaturemeasurement to obtaido(T) is certainly prone to large
dependent experiments. The linda¥ curves were highly errors if the contact resistances are not exactly reproducible
reproducible (Fig. 3. This reproducibility was never after cooling and heating cycles becau€g,(T) and
achieved without ion-implanted contact pads. We therefor@oz(T) differ by only a few percent. The use of ion-
believe that ion implantation is the preferred contact methogmpjanted contacts is therefore pivotal. Experiments were re-
for temperature-dependent conductivity measurements iBeated several times to check the reproducibility of the
UHV. Ta measurement probes were clamped onto the conta@,(T) values that are obtained via this subtraction proce-
pads and the sample was transferred into the UHV chambegre. Repeated measurements on the same sample yield val-
Well-ordered Si(100)X 1 surfaces were obtained by over- qg of Ac(T) that differ by less than 10%. Comparisons
night_ degassing in UHV at 730_ K, followed by_repeated between different samples show a larger sprésee, e.g.,
flashing up to 1300 K. We used direct-current heating. LEEDrig_4) which could perhaps be attributed to different surface
patterns confirmed the formation of the<2 or 7X7 recon-  gyalities and/or different doping levels. Qualitatively, all data
struction. _ obtained from bulk $L00) and various SOI samples exhibit
Transport measurements were done as a function of thge same trend upon exposure tg &d upon ramping the
temperature using a dc current source. Data acquisition Wagmperature.
fully computerized. The surface conductante(T) of a The oxidation was done by backfilling the chamber with
bulk sample, in units of) /[, is an excess quantity and is molecular oxygen gas to a pressure of 10~ ¢ Torr. The
defined as follows? oxygen pressure was measured with a vacuum gauge that
was mounted such that the electrons and light from the gauge
G(T)=0ou(T)d+Aa(T), (1 could not inducéphotocurrents on the sample. All windows
were covered during the transport measurements. Similar

whereG(T) is the square conductance of the samgiis,the  ,rqcedures were followed for the experiments on SOI.

thickness of the sample, ang, is the conductivity of the
bulk. Ao (T) includes electronic conduction through the sur-
face states and through the space-charge layer beneath the IV. RESULTS AND DISCUSSION

surface and vanishes for an ideally truncated surface with no .

surface states. To obtailio for bulk Si(100)2x 1, we first A. Bulk Si(100

measured the square conductar@ge,(T) of the n-type Figure 4 shows the normalized conductance of the (2
bulk Si(100)2x 1 sample in UHV fromT~120 Kto 300 K. X 1)-reconstructed bulk Siand (2x1)-reconstructed SOI
Next, we saturated the clean Si(10®)2 surface with @at  samplg as a function of exposure to,@t RT. It shows that
RT. This procedure destroys the reconstructamevidenced a clean (2<1) reconstructed sample is less resistive than a
by a 1x 1 LEED patters, eliminates the surface statésand  sample passivated with ;Qin agreement with other RT
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FIG. 6. Experimental surface conductankte(T) of the n-type
FIG. 5. Sheet conductance as a function of temperature for bulkulk Si(100 sample. Squares represent the space-charge-layer con-
Si(100)2x1 and oxidized bulk $100). Inset: Enlarged scale ductance(filled) and surface-state conductaroger), assuming a
showing the difference between the clean and oxidiz€d08). residual band bending at the oxidized surface of 0.1 eV.
This difference amounts to 1% of total sheet conductance.

) ) ) tance of bulk Si(100)X 1 and of oxidized Si. Both curves
chemisorption studie¥:** Wormeesteet al. argued that the  are almost identical and show a decreasing conductivity with
sheet conductance of Si(100Y2 is reduced during oxygen increasing temperature, which is due to phonon scattering in
exposure because the “accumulation layer” beneath the sukhe pulk. On the enlarged scaliesed, however, the conduc-
face gradually turns into a flat band systéheterseret al.  tance of the (X 1)-reconstructed sample is always larger
recognized that the space-charge layer beneath th@an that of the oxidized surface. This behavior, consistent
Si(100)2<1 surface is a depletion layer and not an accumuyith the RT data of Fig. 4, was very reproducible. We now
lation layer** The space-charge layer should thus becomeyptain the experimental surface conductandes(T)
less depletedhence more conductingduring exposure to =G, ,(T)— G (T), which is shown in Fig. 6.
oxygen and formation of the flat band surface, which is in In order toz separate the surface-state conductance

offorod an altomative explanation. They attibutod the reduct 74T flom the total surface conductanae (1), we sub
. P - hey - “tract the space-charge layer contributidarg(T) that is cal-
tion of the sheet conductance to diffusive surface scatterin

. X Bulated in the Appendix. BrieflyAos(T) is derived from
due to the oxygen-induced roughening of the surface. Th?he Boltzmann transport equation in a transverse electric

surface-state contribution was deemed negligible in bo“?iel d associated with the space-charge 1&Jefhe carrier

studies. e )
) L . mobility in the space-charge layer is furthermore reduced
A simple argument shows that this diffuse scattering ef- o . . : )
fect is small and does not reverse the sigm\af(T). In the due to diffusive surface scattering. This effect is treated phe

abrupt depletion approximatiofi,extrinsic carriers originat- nomenologically by means of the Fuchs-Sondheimer param-
ing from the (2<1) depletion layer(width ~L,) are eterr(T) that represents the fraction of specular scattering

trapped in the surface states. If we assume that the Surfa(g%/ents[0<r(T)$1].2°'25 Assuming that there are no other
' . f h I i h -ch I h -
states do not conduct, we obtaBy, ;~op(d—Lp): Lo is rface channels besides the space-charge layer and the sur

the Debije screening lengttsee the Appendijx In the limit face states, we obtatiors{(T) =Ac(T) - Ads(T). The cru-

; . . cial observation is thak o5 (T) andA o(T) always maintain
of completely diffuse scattering at the flatband/Si(100) S SC -
surface, one obtainGo, ~ y(d— \y), i.e., there s a “stag- opposite sign over the entire temperature range of the experi

. . ment, regardless of the precise value of the phenomenologi-
nant” layer of thickness\, beneath the surface whekg is  cal Fuchs parameter and regardless of whether the bands at
the bulk mean free path. Sinog,<Lp for Si at RT and  the oxidized surface are perfectly flat or slightly bent. As
below (see the Appendix Ao (T)=[G2x1(T)~Go,(T)]  mentioned in the Appendix, the value fT) hardly matters
<0, in contradiction with experiment. The only plausible as the corrections tas andA o remain within 1% or so. In
explanation for the large conductivity of the Fig. 6, we included the calculations for bulk Si assuming a
(2% 1)-reconstructed surface seems to be the presence ofrasidual band bending of 0.1 eV at the oxidized surface. It is
surface-state conduction channel, which is gradually deelear that this reduces the magnitude of the surface-state con-
stroyed by the adsorption of ,O ductance, but this still does not affect our conclusion, i.e.,
Figure 5 shows the temperature-dependent sheet conduso(T)<0, Ac(T)>0, and Aos(T)>0. Our data are
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FIG. 7. Total sheet conductance of Si(108)2 and oxidized The intensity of the(3/2, 3/4 LEED spot of thec(4x2) super-
Si(100) on SOl as a function of temperature. The Si layer is 90 nmStructure is taken from Ref. 27.
thick. Inset: Enlarged scale showing the difference between the
clean and oxidized §100.
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AUSS(T)zele(T)_GOZ(T) 2
fully consistent with the presence of a surface-state conduc-
tion channel orSi(100)2x 1 that is gradually destroyed by

oxidation The data furthermore show thatos(T) de- o (1) andGe (T) are the square conductances from the
creases with increasing temperature, which is indicative of 2

metallic behavior. A discussion about the meaning of thisClean and passivated SOI wafers, respectiveyndd” are

“metallicity” will be deferred to the following section. the thickness of the Si top layer and the supporting substrate,
respectively, and is the Fuchs’ specularity parameter of the
O,-passivated surface. Note that(T)<t<d’ for T
B. (100SOI >-120 K. The surfacejstate cor?dugtanﬁerS.S(T) is qb-
) . _ tained from Eq.(2) and is shown in Fig. 8 using=0 (dif-
Another experiment was carried out to determine they,qe seattering The overall behavior appears rather well re-
surface-state conductance without resorting to temperatur%’roducible during different experimental runs. In realitys
dependen(and mod(_aI-depend@nﬂ;pace-qharge Iay_er calcu- a model-dependent parameter that varies with temperature,
lations and assumptions about the mobility reduction beneatWhich also makesAo.(T) somewhat model dependent
the O-passivated surface. In this experiment, & 90-nm-thicky, oo st salient feature, i.e., the sharp increase be-
fully depleted ptype SOI sample was used. The conductanc ow 200 K s model independent’ b-e<.:'aud;b>t \(T). Pos-

of the (2x1)-reconstructed100SOI also decreases upon
exposu(re to)molecular oxsgen) similar to the bulk sarr)aneSible residual band bending at the oxidized surface should

(Fig. 4). Temperature-dependent measurements of the cledPt affect the overall behavior shown in Fig. 8. Even if the
and oxidized SOI samples are shown in Fig. 7. Even thougl_‘?x'd'zed film were fully depleted due to residual ban_d t_)end-
there is a buried-oxide layer, the resistance between the tdpd. we would obtaimM os(T) =G 1(T) = G, (T). This is
layer and bottom substrate was nevertheless finiteery slightly different from the curve in Fig. 8, but this dif-
(~1 MQ). Itis a drawback in our experiment that the sub-ference is too small to be resolved on the scale of this figure.
stoichiometric subsurface oxide of SOI is not perfectly The experiment clearly shows that the surface-state con-
insulating®® Substantial leakage current still flows through duction increases rapidly below 200-220 K. This behavior
the bottom substrate. However, the oxidation of the top layefs also evident from the bulk measurements in Fig. 6 al-
is not expected to affect the conductance through the sulhough the inflection of the conductivity curves near 200 K is
strate beneath the 400-nm-thick buried oxide. Therefore, wehych less clear for the bulk sample. We speculate that
model the SOI as a parallel-plate conductor separated by &¢_,(T) decreases with increasing temperature as the buck-
buried oxide(Fig. 4, insel, and obtainG,x1(T)=op(T)d"  |ed dimers on 100 gradually lose their long-range(4
+Ao(T) andGo (T)=op(T)[d"+t—(1-r)A,(T)], giv-  x2) ordering. This order-disorder transition is almost com-
ing plete near 200 K/ which would explain whyAo.(T)

d +t—(1—r)\p(T)"

115424-5



KWONJAE YOO AND H. H. WEITERING PHYSICAL REVIEW B65 115424

-
:

&
S

reaches a minimunimaximum surface scatteripgTo illus-
trate this point, we also show the intensity of the (3/2,3/4)
spot in LEED as a function of/Tc as reported in Ref. 27,
which reflects the order parameter of thé4x2) recon-
struction. This figure strongly suggests a link between the
surface-state conductance and structych$)order on the
surface. Our own LEED patterns also showed ¢féx 2)
superstructure at the lowest measurement tempergt2@
K). At RT, there were only X1 spots.

The temperature dependence of the surface-state conduc-
tivity is indicative of metallic behavior whereas the X2)
and c(4x2) reconstructions have «0.5 eV surface-state
band gap? Because of this gap, it is unlikely that
Si(100)2<1 conducts like a metal. Consider the absolute
magnitude of the surface-state conductance. It is of the order
of ~10°® QY. Assuming that the Boltzmann theory is
applicable, then one can write for a two-dimensional
conductof® Exposure(L), Oxygen

p-type (111)SOI
t=200nm
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FIG. 9. Normalized conductance of Si(1127 as a function
o= FkFl- () of oxygen exposure at RT. The data are recorded from an SOI
sample with a Si top layer of 200 nm.
The loffe-Regel limit for metallic conduction states that the

mean free path cannot be shorter thaky ! or, alternatively,

the interatomic distanc®. The minimum metallic conduc- Oz @t RT. It shows that the clean, reconstructed7 surface

tance in 2D is thusr,,;,=3.83x 10 ° O~ Y/, independent is a better conductor than the oxidized surface, which agrees
min . [l

of carrier density. The surface-state conductance deriveith the STM point-contact measurements by Hasegawa,
from the SOI measurements clearly falls below this value s&Y0, and Avouris® Their interpretation is that the surface
that one should classify this surface as a “bad metaf®  states of Si(111)X 7 conduct and that this conduction chan-
i.e., the temperature coefficient indicates metallic behaviopel is eventually destroyed by the oxidation of the surface.
but the mean free path has no physical interpretation. IntefOur measurements are different from the four-point probe
estingly, the absolute surface-state conductance derived fromeasurements by Petersenal. on p-type bulk S{111 24

the bulk measurements exceeds the minimum conductance Bheir measurements show a very steep rise in conductivity
low temperatures and levels off near RT at a value that izip to about 80 L of @. It then decreases below the initial
close to the minimum conductance. One should not emphaonductance as the exposure continues. Petasah pro-
size these absolute values too much as they have been gfosed that the initial increase in conductivity is related to the
tained in a rather indirect wafpy oxidation and subtraction formation of a “molecular precursor” to oxygen

of two resistivity curve but the order of the magnitude gissociatior?* The existence of this precursor has been cor-
surely suggests that the mean free path is either very short gg|ated with an unusual-low work function. In their interpre-
that the Boltzmann picture breaks down altogether. The difyation, the low work function suggests that the Fermi level is
ferent magnitude of the surface conductance on bulk®®  |ocated very close to the valence band maximum so that the
and SOl is possibly related to differences in the surface qUﬂ'depIetion layer beneath thex7 surface may turn into a

ity. . ) highly conducting accumulation layer. Our measurements,
We finally note that the surface-state conductance is larggowever, are inconsistent with theirs.

enough to completely offset the conductivity reduction in the Figure 10 shows the total sheet conductance of Si(111)7
space-charge layer beneath the 2 surface so that the total x 7 and oxidized SiL11) on SOI as a function of tempera-
surface conduction(i.e., surface states and space-chargqure. The data seemingly overlap. However, on an enlarged
layen is always positive. Electronic transport in this 2D elec-yertical scale, one can clearly see that the curves are slightly
tron system likely involves excitations between the surfaceyifferent. The sheet conductance of th 77 reconstructed

; 3 P . s .
state bands and possibly the tyBegap state;’ but evidently 50| sample is larger than that of the oxidized sample. This
the dominant factor determining the temperature coefficiengehavior is similar to that of Si(100)21, which we dis-
between 120 K and 300 K is the order parameter of thgyssed in the preceding section. The experimental surface

c(4x2) structure. We, therefore, attribute the decrease ofpnductance\ o(T) can be obtained by subtracti@, (T)

the surface-state conductance up to 200 K to the gradu . R L
demise of long-range(4x 2) order on the surface. ?llom G7x7(T). The resulting curve in Fig. 11 looks similar

to that of Ao (T), for bulk Si(100. There are no clear indi-
cations of a phase transition. It shows thatl$1)7X7 is a
C. (11)s0l metallic surface. The conductance is larger than that of
Figure 9 shows the normalized conductance of the (7Si(1000 and well above the fundamental conductance
XT)-reconstructed SOI sample as a function of exposure tquantum.
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nient reference because it has no surface states and no band
bending. This indirect determination of the surface-state con-
ductance is not elegant, but the results are consistent and the
- conclusions are very plausible. We considered three conduc-
tion channels, i.e., bulk, surface, and space-charge layer.
Oxidation of the reconstructed surface always resulted in a
few percent decrease of the total sheet conductance. This
result cannot be explained in terms of band bending or
adsorbate-induced surface scattering. Instead, the results are
fully consistent with the presence of a surface-state conduc-
. ' tion channel that is gradually destroyed by the oxidation pro-
" 1 14 cess. The surface-state conductance of Si(18)2and
Temperature Si(111)7x 7 exhibits metallic temperature dependence al-
though the absolute magnitude of the conductance(@D8i
is comparable tgbulk) or even lesgSOI) than the universal
conductance quantum. The conductance ¢1(®) appears
to correlate with the degree of4<2) order on the surface.
This work thus establishes a correlation between the atomic
et —r scale nature of a surface and a macroscopic materials param-
120 160 200 240 280 320 eter, such as the conductivity. Many other surface reconstruc-
tions can be considered as new materials that are intrinsically
Temperature (K) 2D and hence their transport properties will be of great fun-
damental and possibly practical interest.

It would be worthwhile to verify the conclusions and
ropositions of this paper by, e.g., using different adsorbates
o tune the surface potential, such as, hydrogen. To enhance

the surface sensitivity, one could also think of producing
better insulating SOI materials. Perhaps a more fruitful ap-
V. SUMMARY AND CONCLUDING REMARKS proach would be to reduce the probe spacing to submicron
The surface-state conductance of reconstructed Si suflistance$ or even employ a four-point probe STM stae. _
faces was determined by comparing the electrical condudXeduced probe spacing naturally enhances the surface sensi-
tance on clean reconstructed Si and oxidizednSiitu. Be-  tVvity, but temperature-dependent measurements are difficult
cause one cannot isolate the surface from the bulk, on@ith these setups. Very small probe spacings and very low
cannot measure the surface-state conductance directly sol@nperatures will probably yield quantitatively more reliable

reference is needed. The oxidized surface served as a cony@stimates of the surface-state conductance as the parallel
conduction channel is more suppressed. It will remain a chal-

lenge to conduct such mesoscopic physics experiments in

g

§

-
[

g

Conductance (10° Q/square)
B

O Si111)7x7
0,/Si(111)7x7

Conductance (107 Q"/square)

-
)
]

FIG. 10. Conductance of Si(111X77 and oxidized $iL11) on
SOl as a function of temperature. The Si layer is 200 nm thick.
Inset: Enlarged scale showing the difference between the clean
X7 and the oxidized, flat band surface.
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Si(111)7x7 on SOI APPENDIX
120 160 200 240 280 The physics of space-charge layers is, of course, not new.
Temperature (K) However, for the present purposes we need to evaluate the

temperature dependence of the space-charge layer conduc-
FIG. 11. Temperature dependence of surface-state conductant&@nce. We begin with the definition of the surface conduc-
of Si(111)7x 7 on 200 nm SOI. tanceA o of a bulk sample®
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tions at two different temperatures. The densities of the majority
carriers were obtained from Hall effect measurements and the

TABLE I. Input parameters for the space-charge layer calcula-
AN,
minority-carrier densities were calculated with the aid of Ref. 36.

(]
!

from inside: 300K, 250K, 200K

TemperaturéK) 300 120

on (x10%cm™)

pp (cm™3) 9.5x 10* 9.4x 10*
np (cm™9) 2.4x10° 2.0x10° %
Up 1.1 46.9
Lp (cm) 1.3x10°° 8.4x10°®
Eq (eV) 1.12 1.16

b

Carrier Concentrati

G(T)=0,(T)d+Aa(T), (Al)

where G(T) is the square conductance of the sample in r T r T v
Q~Y0, and oy (T) the conductivity of the bulk and the 0.0 04 0.8 1.2
thickness of the samplé o(T) includes electronic conduc- E -E_(eV)

tion through all surface channels, such as surface states or F Vs

interface states, space-charge layer, and overldifeasy).

o . . A FIG. 12. Carrier concentration in Si space-charge layers as a
Our main interest is to determine the conductance intrinsic t?unction of band bending at 300, 250, and 200 K from the middle of

the surface states. To determine the surface-state condut?]-e figure
tance from a measurement of the total sheet conductance, we '
need to subtract the bulk conductance and space-charge-layer

0
conductance\ o (T). Following Greene, we hat® AN:nbLDJ (e’—1)/*F(uy,v)dv, (A5)

Aogc= e(ﬂn,sAN"_Mp,sAP)y (A2)

0
whereAN and AP are the excess densities of electréns AP= prDLs(e ~1)/FF(upv)dv, (A6)

and holes ), respectively, near the surface;, s and u,, s

are the surface mobilities, which adefined by this equation F(up,v)=v2[coshu,+uv)/coshu,— v tanhu,—1],
They should not be interpreted as ordinary drift mobility. (A7)
1. Surface excess carrier density . / epeokp T A8)
Depending on the sign and magnitude of the band bend- b e?(ny+ pb)'

ing, we can distinguish between depletion, accumulation, ) o )
and inversion layers. For Si(100y2L and Si(111)K 7, we yvhereEi(z) is the intrinsic Fe_rml_levelu(__z) the band bend-
are dealing with a depletion layer. Depletion layers are deld [v(0)=vs], Lp the extrinsic Debije length, anég

pleted of mobile carriersAN,AP<0) and therefore have a
Si(100)2x1

IS

reduced conductance compared to the bulk.
The excess carrier density per unit surface area can be
calculated from

&
L

AN=foo[n(z)—nb]dz, (A3)

AP= f:[mz)—pb]dz, (Ad)

-7 - .
whereAN and AP are the excess densities of electrgns W
and holes p), respectively, near the surface. Subscrgasd
b refer to the surfacez=0) and bulk g=x), respectively. ] i i i i
By solving Poisson’s equation in the abrupt depletion ap- 120 160 200 240 280 320
proximation using Boltzmann statistics and parabolic bands, Temperature(K)
and introducing the new variablegz)=[E;,—E;(2) ]/kgT
and u(z)=[Er—E;(2)]/kgT, Kingston and Neustadter FIG. 13. Carrier concentration in the Si space-charge layer of
derive Si(100)2< 1 and Si(111) X 7 as a function of temperature.

Carrier Concentration AP (x10” cm™)
&

&
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1.00 : 2
: p-type Silicon, Bulk
N, = 9.5x10"%cm’
0.98 14 p =19 Q-cm
— _A
L c
By w
=0.96 S 0-
£ )
:g 0.94 2
E g -14
=
=
0.92 4 g 24
(&
$i(100)2x1 1 ‘
0-90 T T T T T T (a)
0.0 0.1 0.2 0.3 04 0.5 0-2 0-4 0I6 0I8 1-0
EF'Ev,s . . X . .

I . E -E (V)
FIG. 14. Surface mobility in Si space-charge layers as a function

of the band bending at different temperatures, assuming. FIG. 16. Space-charge layer conductance as a function of band
bending at three different temperaturés.indicates the Fermi level

Boltzmann’s constant. The notation differs from the originalposition at the Si(100)2 1 surface.

notation in Ref. 33. Instead, we used the notation by

Monch® To perform the calculations fop-type Si(100)2  pinning.” For Si(100)2<1 and Si(111)K 7, we use Ep

X1 and Si(111)K 7, we used the parameters listed in Table — g, ;,)=0.31 eV and 0.65 e%? respectively. The total

l. By the way, the calculations for Fig. 6 were done for hand bendings, however, does dependent on temperature

n-type Si. Calculations were done as a function of temperapecause the Fermi level in the neutral bulk changes moves

ture by taking into account the temperature dependence @fioser to the band edge as the temperature is lowered. The

the parameterkp , vs, Uy, andpy,. The only parameter that integrals(A5) and (A6) were evaluated usingaTLAB and

is specific to the surface is the band bending It can be  the results are shown in Figs. 12 and 13.

evaluated from the position of the Fermi level relative to the

valence band maximurfVBM) at the surface, which is as- .

sumed to be independent of temperature due to “Fermi level 2. Surface mobility

A correct treatment of the mobility in space-charge layers

is performed in two steps. First, the Boltzmann transport

3000- —eo— Si(100)2x1 equation is solved taking into account the transverse electric
] —0—Si(111)7x7
- (111) o
) 2500
~
g -
2000 - .
- G 1
=
£ g
1500
= g
£ 2
= 1000+ 8 21
0 =
> =
£ 500 g
5 O
n 3- —e—Si(100)2x1
0 - - - - —0—Si(111)7x7
120 160 200 240 280 320 : : . .
Temperature (I() 160 200 240 280 320
Temperature(K)
FIG. 15. Surface mobility in space-charge layer of Si(100)2
X1 and Si(111)X 7 as a function of temperature, assuming FIG. 17. Space-charge layer conductance of Si(16Q)2and
=0. Si(111)7x 7 as a function of temperature, assuming0.
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field associated with the space-charge layer. Next, surfacéhe figure shows that the surface mobility in the depletion
scattering must be included. This can be done phenomendayer is reduced compared to the bulk value in the case of
logically using the Fuchs scattering parametewhich rep-  Si(100), the reduction is only on the order of a few percent.
resents the fraction of specular scattering evéhtreene This reduction is even zero if we take= 1(us= ). The
has worked out the solutidil.Here, we use the approximate Fychs’ parameter depends on the microscopic nature of the
solution of the Boltzmann equation for depletion layers,syrface scattering mechanism, such as Coulomb scattering
which ignores minority carriers, but is accurate within 1%, py jonized adsorbates, or scattering due to surface roughness,
Mo\, surface phonons, etc., and should also .be temperature de_pen—
L= Mb[ 1— Ls ] (A9) dent. Our lack of knowledge regarding these scattering
b mechanisms has no severe consequences for the calculation

o of the space-charge layer mobility becauser@T)<1, and
M :i 1-e7 ™ (A10) hence, the mobility corrections tao(T) always remain
52| el +lod-1))° within a few percent. Figure 15 shows the surface mobility

of Si(100)2x1 and Si(111) kX 7 as a function of tempera-

where uy, is the bulk mobility of the majority carriersy,, : :
_ e ture. Figures 16 and 17 show the final results of the space-
(1np/€)V(3M ke T) the bulk mean free path. Surface charge layer conductance as a function of band bending and

scattering can be taken into account by introducing the . : .
Fuchs’ parameter?® temperature for Si(111)%7 and Si(100)X 1 assumingr

=0. The space-charge layer conductance becomes increas-
| (1—1)Mg\,, ingly negative at lower temperatures, which can be mostly
M= pp) L— ————1. (A11) attributed to the change in the carrier density. As the tem-
LD\/E perature decreases, the bulk conduction band edge moves
Figure 14 shows the surface mobility as a function of thecloser to the Fermi level, i.e., band bending increases. Con-
surface potentiab in the case of diffusive surface scatter- sequently, the space charge layer becomes increasingly de-
ing, that is,r =0. In the above calculations, the temperature-pleted of mobile carriers. Once more, the underlying as-
dependent surface mobility for Si(100¥2 is obtained from sumptions are that the Boltzmann statistics remains
the intersections of the vertical dotted lin&Ed—Ey gy applicable in this temperature range and that the Fermi level
=0.31 eV) (Ref. 9 and the different mobility isotherms. is pinned at the surface.
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