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Surface conductivity for Au or Ag on Si(111)
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The surface electrical conductivity was separated from the bulk one by simultaneous conductivity measure-
ments of two different surface structures formed on a single Si-wafer surface in ultrahigh vacuum. We have
found that the surface conductivities for the19i1)-1/3 X \@-Ag and -5x 2-Au superstructures are inherently
higher than that of the §i11)-7X 7 clean surface by11.5+0.5)x 10~ ° A/V and (5+1)x 10~ ° A/V, respec-
tively. These excess conductivities are estimated to originate mainly from the surface space-charge layer,
although the surface-state-band conduction is considered to partly contribute, especially\@xth8-Ag
surface [S0163-18206)00940-X]

Electrical conduction at semiconductor surface has bee8i(111) wafer (p-type, resistivity of 20Q) cm) with its size
studied as a macroscopic property for more than 50 years ag 40X 5x 0.4 mn? was heated by direct electric currents.
one of the main subjects in semiconductor physics, espefhe heating temperatures and cooling processes for prepar-
cially in its early days. Until recently, however, it was not ing the 7x7 clean surface were as follows: flashed at
achieved to investigate the conductance for atomically1200 °C for 5 sec, slowly cooled down to 780 °C in 3 min,
ordered surfaces, for which the ultrahigh-vacud¥HV)  annealed at 780 °C for 3 min, and finally cooled down to RT
condition is essentially important. For the changes of conin 3 min. The flashing up to 1200 °C is known to be neces-
ductance caused by metal-layer growth on the surface, Herary to remove C contaminations, which were checked by
zler and co-workers concluded that the increases of condughe XPS and RHEED. The longer annealing at 780 °C was
tance during Ag growth on the @il1)-7X7 surface at low effective to make a larger domain size for the<x7
temperatures corresponded to the metal percolatibtesse-  structure® Since domain boundaries may affect the surface
gawa and Ino deposited metaldg, Au, In) onto various  conductivity, a large domain size will be favorable to inves-
substrate-surface ~ structurekSi(11)-7x7, -/3X3-Ag, tigate a surface as ideally as possible. The temperature above
etc] at room temperaturéRT), and found that the changes 700 °C was measured with an optical pyrometer, while the
of conductance at beginning of depositions were crucialltemperature below it was determined through extrapolation
dependent on the surface structuf@his phenomenon was using the relationship between the heating current and the
tentatively attributed to the effects of the band bending betemperaturd. The central portion of the Si wafer, where the
low the surface, which was governed by the surface atomigesistance was measured, was almost uniformly heated,
and electronic structures. while both areas close to the Ta-end clamps had lower tem-

However, the absolute values of the surface conductivityyeratures. They3x \3-Ag and 5<2-Au structures were
with these well-defined structures, as a fundamental property

of the surfaces, remain unknown. Its measurements are not
straightforward because the concentration and distribution of p.eep pattern
dopants in the bulk may change by high-temperature
heating®* which is generally necessary for making a super-
lattice surface structure such as the(1%il)-7x7 and
-\J3%/3-Ag, etc., resulting in the change of both surface
and bulk conductivities. To extract the surface contribution
from the measured conductivity, we made two surface struc-
tures simultaneously on a single(8L1) wafer surface, and
measured the conductivities of the respective surface areas. A
The bulks beneath them had the same temperature and heat- Electron Beem
ing histories, resulting in the same bulk conductivities. So
the difference in the measured conductivity could be attrib-
uted only to the difference in the surface conductivity. Fur-
thermore, by measuring ultraviolet and x-ray photoelectron
spectralUPS and XP$for these surfaces, and also by using

Metal Deposition

2
the data in the literature, the excess surface conductivities are Constant Current Supply
discussed in terms of the surface space-charge layer and
surface-state bands. FIG. 1. A schematic illustration of the sample holder for the

Figure 1 shows a schematic illustration of the samplesurface-conductivity measurement and RHEED observation. After
holder for the conductivity measurements and reflectiorconfirming the surface structures by RHEED, the electron beam
high-energy electron diffractiofRHEED) observations. The was turned off during the following conductivity measurements.
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three surface structurdéthe data for the X7 are the corre-

100 '
sponding ones of th®E contactsRpe7x7). By averaging
Si(111) T several measurements like Fig. 2, the conductivitider the
80 L i 7% 7,3 \/3-Ag, and 5< 2-Au surfaces were determined to
be 5.06, 5.35, and 5.2810°2 QO lcm™ !, respectively.
Since their bulk conductivities, are the same, it is con-
S wl | cluded that the/3x \/3-Ag and 5x 2-Au have larger contri-
g butions of surface conductivity than the<7 surface. The
& conductivity o including both of the bulk and surface con-
o N o
S 40} ] tributions is given by
> d
° 7 U:f [o4(2) + 0op]dZ/d,
20 + 5x2-Au N 0
O Vaxv3-Ag q
U_S=J os(2)dz=(o—op)d,
0d N 1 N 1 . I . 0
0 40 80 120 160

whereo, [t ecm™ 1] and o [ 1] are the bulk and sur-
face conductivities, respectively, adds the thickness of the
wafer (d=0.4 mn). Then, the difference in the surface con-

FIG. 2. An example of the conductivity measurements for the N . . .
Si(1117x 7, /3% \/3-Ag, and—5x 2-Au structures from the lin- ductivities between the two surface structures is obtained just

ear relation between voltage signals and currents. from the both measured conductivitiess, — os;=(01~
o,)d. Thus,

made at the substrate temperature of 510 °C by Ag deposi-

tion of 1 ML (monolayey with a rate of 0.4 ML/min, and at

680 °C by Au deposition of 0.4 ML with a rate of 0.4 — — .

ML/min, respectively. Higher annealing temperatures were 0§(5X2) —ay(7TX7)=(5+1)x10°> AV,

selected from the phase diagrams of these surfac\%here— 7% 7). o4 /3X V3). ando(5X 2) means the sur-
structures:®to make larger domains. During the metal depo-¢. . c(gerducti\)/i’t)(/rSg]\‘/_the\/;)% \/§(>T<S(\/§_A(; and 5 2-Au
sitions, a half of the wafergC) was covered by a mask to structures, respectively ' '

prevent the metal adsorptiqn, while both regiomC(and We now discuss the reasons why tq8x \3-Ag and
DE) were annealed at a uniform temperature. The structurgxz_Au surfaces have higher conductivities than the77

qu;i r\:\j)at:ecrhzilfesdurfzri;:gilr_l) ?Oefﬁgf%vﬁh ?ret;g';?Azr clean surfgce. For clean and metal-covereql semiconductor
hile th E q 9 BC y ined th Ig 77 ' surfaces, in general, the electrical conduction through the
while the masked aresB(C) remained the cleanX7 struc- surface region is divided into three typgd) through the

ture. urface space-charge layé€®) through the grown-metal thin

Before the conductivity measurements, the condition O_flsayer, and(3) through the two-dimensional bands of the sur-

the electrical contact between the substrate and the Ta wir ce electronic statés.

glectrodes !B’C) and O,E) was cqnflrmed by obserymg a We first estimate the contribution of the surface space-
linear rellatlon betwegn voltage signals and electrical Cur?;harge layer. Since the measured conductivity of the Si wafer
reonts. First, the resistances qf the both arela%@ and  ith the 7< 7 structure was 5.0610°2 Q! cm—* which
Rpe, were measured at RT with the samg 7 structures  \yas consistent with the initial resistivity of 20 cm, the
be_fore metal_ dep05|t|or_15. Because of their same bu!k resigtoping profile near the surface region of qutype samples
tivity, the ratio of the distances between the respective tWeyas not considered to be significantly changed by the high-
contacts was determined #=DE/BC=R2c;x7/R3c7x7-  temperature treatments. The hole or impurity concentration
After making the\/3x \/3-Ag or 5x2-Au structure on the is then estimated to be 1.88.0'°cm~2 by using the hole
DE side, the resistand@gc7x7 on the masked sidBC oc-  mobility of its bulk values(495 cn?/V s). The Fermi-level
casionally changed a little because of the additional heatE) position in the bulk is then estimated to be located at
treatments. Then, the corresponding resistance of¥iédh  0.29 eV above the valence-band maxim@¥BM). If the
the DE side should b&pg;«7=PXRgc7x7. The measured E positions at both sides of the surface space-charge layer,
resistances of the/3x /3-Ag and 5x 2-Au, Rpesx 3z and i.e., at the surface and in the interior bulk, are given as the
Rpesx 2, were compared with this corresponding value of theboundary conditions, the electrical fie(dand bendingand
7X 7 on the sam®E side,Rpg7x7. dc electric current up to  carrier density in the surface space-charge layer can be cal-
95 uA through the sample was changed with step of 5culated by solving the Poisson equation by assuming a uni-
wA, and linear current-voltage relations were fitted with theform distribution of impurity throughout the layer. The con-
least-square method. Because the heat conduction was vetyctivity through the layer was then calculat8dysing the
slow in UHV environment, it took more tma2 h for the bulk parameters of the hole mobility, 495 éf's, and the
sample to cool down to RT to attain a stable resistance aftezlectron mobility, 1330 cri/V s. The result is shown in Fig.
the surface structures were prepared at high temperatures.3 as a function of the surfader position. It is known that
Figure 2 shows an example of the measurements for thegbe surfacee of the 7X 7 structure lies at 0.63 eV above the

Electric Current ( HA)

oo(V3X\3)—o(7TX7)=(11.5£0.5X10"° AV,
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angle-resolved UPSARUPS data show a peculiar feature

\ Bulk B fivefold-units separation observed in images of scanning tun-
v A neling microscopy?® But, as mentioned above, this contribu-
tion could not be confirmed by our measurements and analy-
sis, probably because our sample surfaces were composed of

mixture of the 5<2-structure domains with three different
orientations.

FIG. 3. A calculated conductivity through the surface space- According to the honeycomb-chained-trimer model of the
charge layer as a function of the surface Fermi-level position withy3X \3-Ag structuré®® 1 ML Ag atoms form covalent
respect to the valence-band maximum. The ordinate indicates theonds with the substrate Si atoms, which are essentially dif-
excess conductivity with respect to the flat-band condition. Theferent from metallic bonds in Ag bulk. This is actually
surfaceEg positions measured by soft x-ray photoemission specshown in the ARUP$Ref. 21) and the inverse PES,which
troscopy(Refs. 12—1%#and our data of the surface conductivity of indicate a distinct energy gap around g in the surface-
the \3x \/3-Ag and 5x 2-Au surfaces are plotted. state band structure. However, Johanssoal!* report a

strongly dispersive surface-statg, (state band crossing the
VBM, irrespective of the bulk impurity concentratiéhThis ~ Er - Only 2.5% of the band is occupied by electrons in neu-
means a very low conductivity through the surface spacelral balance with the dopant ions in the bulk. This is, how-
charge layer from Fig. 3, i.e., a depletion layer below the€Ver, not a metallic band, but is observed due to the ex-
7x7 structure. According to the high-resolution measure{rémely high-doping concentration of theirtype Si wafer.
ments of Si D core-level shift using soft x-ray photoemis- 1he surface electronic state is inherently semiconductorlike.
sion spectroscopyPES between the % 2-Au and the clean This Si-state band, of which minimum is close to the at
7x7 surfaces? the Er position on the % 2-Au surface theI point in the surface Brillouin zone, is reproduced by
should lie at 0.10 eV above the VBM. By plotting tHg: the first-principles calculatiorfs. Since our sample was a
position on Fig. 3, the conductivity should increase by aboutightly-doped one, oum situ ARUPS measurements did not
4x107° A/V compared with the X7 surface. This value Show any photoemission intensity at tkg over the Bril-
seems consistent with our measured excess conductivitjouin zone as in the previous repoftsThis is because the
(5+1)x10"° A/V. Therefore it can be said that the excessminimum of theS, band is above th&g so that the number
surface electrical conductivity for theX&2-Au structure is of the electrons thermally excited into this surface-state band
mainly attributed to the surface space-charge layer. Sincére not enough to give rise to the photoemission intensity.
however, our estimation of the curve in Fig. 3 is based orBut these electrons can contribute to the electrical conduc-
unrefined assumption@iniform distribution of the dopants tion, because th&,-state band is highly dispersive. So for
and the bulk-mobility values the contribution of the con- the V3% \/3-Ag surface, the measured excess conductivity
duction through the surface-state band cannot be ruled out deyond the calculated curve in Fig. 3 is considered to be
present, as discussed later. attributed to this surface-state band. The surface charging,

For the \3x \/3-Ag surface, again, the soft x-ray PES which is the origin of the upward band bending below this
measurements for Sip2core-level shift indicate that the sur- surface, is naturally understood by considering the excess
faceEr lies at 0.10 eMRef. 13 or 0.20 eV(Ref. 14 above electrons in thisS; surface-state ban'd.
the VBM. Then, the excess conductivity estimated from Fig. We have found a phenomenon indicative of another rea-
3 is 4x 1075 A/V or less, which is too small to explain our son for the excess surface conductivity of tfi@x y3-Ag
measured value, 110 * A/V. Though this discrepancy surface, which is not necessarily incompatible with the
may partly come from the unrefined assumption for the estisurface-state conduction mentioned above. When we depos-
mation of the curve in Fig. 3 as mentioned above, we neeéfed the very small amount of additional Ag atolfhesss than
other reasons to explain the larger discrepancy compare@03 ML) onto the\/3x \/3-Ag surface at RT, the individual
with the 5x 2-Au case. The surface-state-band conductivityadatoms continued to exist as a two-dimensional gas phase
seems to have a larger contribution on this surface as digith high mobility?* This situation made the resistance of
cussed below. the Si wafer extremely low. So it is considered that some

We next discuss the contribution of two other types ofamount of dilute Ag adatoms layer is formed on top of the
conductions, i.e., through the grown-metal layer and through/§>< \/§-Ag surface under an equilibrium at RT, which
the surface-state bands. According to a recent structurahises the excess electrical conductivity. The existence of this
model of the 5 2-Au surface® the saturation coverage of dilute Ag adatom phase and its effect on the surface elec-
Au for this phase is 0.4 ML, which is too small to be re- tronic state is already noted in the literatdfé® But it is not
garded as a metal Au layer grown on the surface. In fact, thget clear why the dilute Ag adatoms enhance the conductiv-
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ity. We just speculate that the adatoms donate the electroriarger than that of the X¥7 clean surface. This result was
into theS; surface-state band, leading to the enhancement ajualitatively confirmed also with-type Si wafers. We have
the surface-state conduction through teband as well as thus found that the reconstructions only in one or two atomic
the conduction through the surface space-charge layer due fgyers on the surface actually raise the inherent changes in
the enhanced upward band bending. the macroscopic electrical conduction. The excess conduc-
Finally we should comment on the surface electronicijvities were explained mainly through the surface space-
structure of the X7 clean surface. This surface is well charge layer. But the surface-state band conduction is con-

known to be metr??lgc du<_a to the dangling b.o.nds of the top-igered to partly contribute, especially on t8x y3-Ag
most surface atonts.But its surface conductivity was lower surface. In spite of a report insisting the detection of the

than that of the\/§>< \/§-Ag surface, of which electronic surface-state conduction on th7 surface?’ we could not

structure is _mher_ently semlcor_lductor-llke. This means thaEonfirm its contribution. The conductivity measurements as a
the conduction via the metallic surface-state band of th

Junction of the sample temperature, especially in the low-

7X7. structure Is not high enough to surpass the excess Cort]émperature region, will be effective to fully characterize the
ductivities through the surface space-charge layer and thﬁwechanisms of the surface conductivity which are now in

surface-stateS; band of they3x \/3-Ag surface. This may progress
be because the dispersion of the metallic band of ther 7 '
surface is so smalless than 0.1 e)/that the electrons with The authors acknowledge S. Shimokoshi for his help in
a large effective mass in the band are almost localized on themanufacturing the electronic circuits. This work was sup-
dangling bonds of the surface atoms. ported by a Grant-In-Aid from the Ministry of Education,

In conclusion, the surface conductivities for the13il)- Science and Culture of Japan, and also the Sumitomo Foun-
J3%3-Ag and 5<2-Au structures were measured to be dation.
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