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LETTERS

Electronic transport in nanometre-scale
silicon-on-insulator membranes

Fengpeng Zhang', Emma Tevaarwerk', Byoung-Nam Park!, Donald £, Savage', George K. Celler”,
Irena Knezevic!, Paul G. Evans', Mark A Erikasen' & Max G. Lagally]

The widely used ‘silicon-n-insulatos’ (500) system consists of a
layer of sngle-crystalline silicon spported on a glicon disxide
slﬂmm_“ﬂ!nlllix:ilimnhwnlhelm‘ﬂngll r}is thin,
the assumption that an effectively infinite nu}r:hrr Tnm
contribustes to its physical rties no bonger e, and new
ebectromic, mechanical mnfﬂnz:mﬂynlnuc Er;.qt‘:un ariset,
distinct from those of bulk silicon. The dew it of unosusl
electromic propertics with decrensing layer thickness is particu.
larly important for silicen rnn:minmnu: i |rr.w|||:h
Hlﬂlll-m'uledm!udtmwf” Ihrawe.ll!m—umngunn'
microscopy, electronic transport measurements,
m%m.l electronic condudtion in thin SO0 is deter-
nat by bulk dopants but by the interaction of surfuce or
mberﬁcedmnmi:mugylcu:hwilh the ‘buslk’ hand structure of
the thin silicon te layer. This interaction enahles high-
mohility carrier o wctinn in nanometre-scale S00; conduction
inmﬂ!thhmmunhmmhqﬂsnf&[ml] s therefore
ihle, i any considerations of hulk in
mdu] ﬂw s or interface states are mﬁ
tovenable the thermal excitation of ‘hulk” carriersin the silicon lnper.
The use of 500 in microelectronics and nanodectromechanical
systerms is alwady permsive, S01 promises, in fact, to hoonme the
parform for future high-speed dectronics as well as for @ range of
sersor techmologies™, hany of the eopected advances will depend on
making the S template kayer in 501 noreasingly thine Tn terns of
electronic-transport propertics, such very thin orystalline layers pose
univue challenges. When the 5 laver heoomes thin enough, chargs
trape ar the cocideSi interface will deplete the 5 layerof free camiers,
making the vesistivity high Fven for very-high-quality md:'Sl
:mrhoct the density of these charge traps is of the order of 107°-
10 e I contrast, & 10nm Si loper that is doped at a sypical
lU"ﬂ'h *has only 16" dripant atoms perom’, One would therefore
preddict that measarements depending on the flowof curvent (such as
scanning tunnelling microscopy (STM), dectric-force microscopy
and Hall effect] and electron emission and reflaction processes (such
as photoclectron spectrosoopy and low-enengy dectrom micrescopy )
become impossibile. Provious reperts lave, in far, claimed that
surface and interface charpe trapping states make STM imipossible
ity thin SOT, W sl et STM iraging of wlat i cormentinnadly
wrmaidered a8 fully depleted 500 is indsod possible on clean SO0 We
dermomstrate that dectronic conduction isembled by reanmstrsction
of the clean Si(00 1) surface, which shifts the Fervmi level and resulesin
a papulation of clarge coriers. We suggess that the plenomenon is
general if appropriate states are available
Clisan SOT comsasts of & thin 5 baver bounded by o interfaces 5if
SI0n and Sitveeur, The S50, interface quality i determined by
e SO Eabwication provess: it is very good fndeed in bonded 5017,
Wi usend SO maade bol By wafer beinding ard by the SIMCK process

Wrrotes A o0 W s - W e, W e, W s

{implant with oxygen and amnmeal 0 form a bared axide). The
termnplate layer was doped with beron nominally at 10 em™*, and
was thinned by dry thermal xidation at 1,050°C, folloveed by wee
chiemical etching to remene the oxide, To produce thicknesses bdow
Hinmwe used repeated oxidation and axide etehing steps. Very-low
defect-density clean surfaces were prod by remowing the final
protective mxide via the sl itinn of several monolavers | ML)
af 5i or Ge at TO0°C i ultrzhigh vacuum followed by thermal
annealing {sec Methods)

Tigure | shows a schermatic diagrm of the STM process and
images of the surface of several ultrathin-template 501 samples
preparad in the above manner: The images shoun bere were acquired
at rooem e m||e1'.ﬂun in [I\f‘ constant-current Irwsd-' UHI’\E a tunnel
||n§-|rnmnrnl'llln.‘l Filled-state and erpty-state images of the Si
surface were oheained at tlp bizses of —2Wand +2 ¥, respectively,
relative o the sumple. The images are comparable to thnse obtained
from very clean balk 50011 at the same hm.udhp." The surface
veconstructs tn form roaws of dimerized atoms' with altermate
arthegonal (23 11 and {1 % 2] terraces, When we dean the surface
withi Ge, a rigrg pattern indicative of dimer hqulin!_ appears
{ I in both filled- and ernpry-state images, just as in bulk
Sﬁ‘g{ll' on which a small amount of Ge has been deposited™. The
comparatively rougher SiSICh interface in SIMON wafers does oot
affect the quality of ST images of the surfaces of SIMOX template
layers (Fig. 1d), Strained SO 2lso produces outstanding STM images.
({Fig. leh

W wish to use STM a5 a probe of the conductivity of the thin 5
terplare layer. In order to do so, we must shen to what degree this
approgc i sensible, The twn important steps in the conduction of
electroms during STM imaging (Fig. 1a) are (1) the tunnelling of an
lectron from fip to sample (o vice versa) and (2] the subsequent
vemenal of the trmelling charge 0 2 distant electrical lead 0
comiplete the circuit, Tn the complete sheence of the seoond step,
ST s impossible, IF o very lange sample resistance impedes the
sovennd step, imaging will require higher appliod vwltages, The filled-
and erapty-state images in Fig. | shew thar on dean 501 5T is nen
oy presible, but requires no excess voltage: the image: ane scquired
withy the sarne mindrum voltage used for imaging bulk Si, The effoctive
wesistane of the 51 layer i ST irmaging of thiv SO s thus mudh less
than the tunrelling resistance § 20 G in our STM measurements,

T understand the vole a S50, interface plays in the Silaper's
electronic propertics, we anahysed the sheet resistance of 5 mem-
bieares with thicknesses ranging from 15 nm to 200mm, sandwiched
betien & native ooide ard the buriad odde, The roming] doping
lewel oof the Si layer i 10" e . The interface trap density of states
() rypically exhibits 2 U slupe across the 55 Bandgap, with 2y of
the order of 10" 1o 10" em ™ * eV " Tnterface traps in the upper half
af the bandgap behave as acoeptors, while these in te ey half
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hehave as domars", A thin S laver is depleted of free camiers, which
restilts ina high sheoet resistance, Using the van der Pauny mthod, we
have measured a mwo-dimensional (20) wesistivity gan = 80
Gifsquare ' for a 20nm Si liver sandwichod betwom a native
anticde annd the haried oxide, 4 ressonable value for such thin 501,

The 5T0 imnaging cocowrs, of course, with the top oxide remevad,
Tlee sivnplest explanation for the good ST images miglt be thar
vervieval of the top (rarive} cde reduces the number of traps by a
factor of two, frecing some of the tapped carvies, The SUSI0,
interface has o orders of magnitude more traps than needed o
deplete our samples, hovever, and therefore & factoi-of-mwo
veduction in trap density has an insignificant divect effect on canrier
populatiens, [ owr ST experiments, the samphe electrical lead is far
fecwr thee tunnelling tig, and the comtriburion of the sunple resistance
o the ST cirenit is, te 2 good approimation, e resistance B
between o concentric circles, ene with the radies at which the
curvent fromm e tip reaches the sample, ¢, and the other at the
vanding of the eontacts, 7, gving:

R=.['p.. ,m—“"ln.'" ) ()

iy

Figure 1 | Seanning tunnelling sicraseapy expesinsant and imsages of
surfaces of cean SOL a, Sckenatic disgram of e cirvsit compleind by the
tumneBing-gap 13 and sesmple (2] resistances. b, Filled-state STHE image of
I-nma-thick 8§ templais layer in handed SO0 5 with native nxide
remuseed by 3 ML of i see "Methods'). € Samee as b bal using (e in
remave the nide, Inset, smpey-stats image shmaing a dinser huckling rigrag
patiern produced by a fractional monolayer of Ge remaining in the S3001)
surface. d, Filled-state image of the surface of 2-nm-thick SIMCY S008I ).
# Filled-sane image of the surface of | 5-nm-thick bonded sramed SOL001)
1L, tensile strain .
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The walue of B depends only logarithmically onory and ., and
therefore details such as the sample shape and the current flos from
the i inite e sample ase unimportant. Taking resonable values
ri = lamard ry = 05 o, we find that B = 250 ., = 0GR, This
valie 8 Far too Large, in comparisom to the total resistance of the ST
circuit, o enable our STM measurements.

A additione] conduction mechanism must therefore exiat 1o
enable STM om the chean SH000) template surface, STM imaging is
il hecause of thie inflaenoe of the surfaoe & bards formied by te
aimer bord recenstroction . Cliarge transfer inside the tilted dimers
o the surface results in an almost filled « hamlm]ma]nmsttmmy
& hand, each with e density of states of about 109 o * eV L The
apof bt 0.5 tetween these two bands is positened clese to the
vabence hand. This sorface gap and the bottor of the 2 band pull
‘the Ferrai leviel dierwand, leading toa Llarge concentration of lebes in
the S termplate Layer valenoe barsd via thenmal excitaton of dectrons
‘ter thee 2™ bandd, The dectromic hard strocture is dhovn schematically
in Fig. 2 for 5 layers with a native oide and with a clean surface
Conduction in the suface states B immatenial o the Silayer
cnneduction The eonduction of clurge carvers by sarface states has
been probed with a variety of experimental technagues™ ™. Unless
the moebility of dhectrons in surface bands i lage enoagh 10 be
enmparable 1o the exremely high mobility of hales and doctrons in
Si, the comtrbution of surface state aonduction to the dectronic-
transgport properties of thin SO0 will be neglgilide.

The combmation of the conduction due 1o holes created in the
vabence hand by excitztiom of charges mtn the dose-lying empty
surface states and the {posably much lower) conduction of electrores i
the surface 7 band neults in an effective reastanae 8o (ndfe 21, 22}

[ @
Re R @ Mo G
a L]
CH
=+ E
i ]
w3
50, 5 50, O,

Figwre 2 | Proposed bamd diagrams showing interface, bulk and surface
[amds for ultrathis SO0 a, Ulirathin SO bounded by twa SUSIcy
interfsces, Fer a 10mm 50 dilm. the masimem band Bending bs <100peY
{grassly exaggerated in the fgurel. The Ferml bevel s — 25 met' heliw the
fintrinsic bevel. by Ulsrachin 849 bsunded by the reconsrucied 5000}
amrlace an o lace. The exilende of the sirlace Bands resilts in a
dransarically reduwced sifective bandaap | —03 e¥) between the (hulk
salence band al the thia Si leyer and the durlace 3% hasd. The enhanced
ennductivity is derived from the meresponding thermal population of
carriers in Ehose bwen bands, For a 18 nm Si film, the praxinaum band bending
s =T ma¥, Thie Fermmi beval i <@ 4 oW heloa the intrinsic level a1 the S008Iy
interface. CH, conduction band; VI, valence bands Bp, Fermi energy | Fermai
beveln; B energy of centre of bandgap (intrinsic levell. Shart Fnes denaste
inierface irap siates, Hales are indicaied by open cindes, and in b ebecirans
are indicated by illed cirdes
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where 1/, | i the oonnductance arising fom the thermal pe

af loles created by repesitioning the Fermi level, and 1R, ., s the
ermdibcianee arisirg froom tee thermal popalation of dectrons in the
surface w7 states, Canvers at the buried SIS0, interface ane effectively
irnrnobile,

The value of 7, is much less than the 20050 found for eddized
surfaces, For the range of acceptable values of the density of
interface waps, [, from Fermi distribution calealations, the
hisde concenteation in the valence band of the 10mwm SO laper is
(4% 00%am 7, the dheeem density G0 the ® band s
(el 3 10 o7 i the et remaining eliarge i in the form of
trapped holes at the SUSIO, interface. The overall distributien of
charges is sornimarized in Fig. b, Charge carmiers in the 51 valeno:
Tarnd and at the surface ase able to respond 1o applied dectrc fAdds,
and the caloulated carvier comentrations ane a bas for 2 quantitative
comparison of B ar . The high-mohility boles ane mot
irifluericed by the orientari ‘the bocal surface reconstruction.

Figre 3 alwnos the variation of the sheet resistance asa function of
Si0001 ) template laper thickoness in SOL Tl top curve 52 At to the
s resssrivity of the SH001) kayer beurded by ooide on betly
sidkes. The bottom curve i a calculation of the dhee reastance for a
Si001} layer with a dean recomstructed surfaae, The predsctions of
Fig. 3 are bated on 2 numerical etimate of the hand bending,
assumring a surface dersity of states gven by first-prnapbe: calou-
Latioms of the 50001 ) surface electronic strocture'”. W have asumed
a denaly of slates al the S50, mlerface thal = comsigtent with
Y us mesurernents'". When the high mobality of carers intm-
duced into the Si “halk’ by the surface hands 1 consdered, the
resastivily = comsiderahly lower than the expected resistrvity due 1o
dopants 2lone for all 5i flm thacknesses bedow TOnm. For both the
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Figure ¥ | Shest resistance, as function of the 5§ layer thickness, of a thin i
mambrane with differest bounding layers. Upper curve, Baundad by e
SISHDy ineerfaces (Figh inset struciene disgrami: bawer osrve, bainded on
one shde by & clean reconsirucied S0 | surface lefl insel siraciure
diagram i Ervoe bars ( =sd ) give the uncertalnry bn the mezasired sheey
resisiance values—they are higher for higher recidances. The wpper curve is
i fin ve the Fesstance measirements, vaquinng 4 density of bocal interface
Erap states P o= L0 00 e e¥ !, wvalue that correspands to high-
quality SUSIHY; bnlerlsocs and an nlkrlm.r wate mobilily, o . ol oo,
The lwer curve is caloubaved with the seme [ and ssuming that the
asahility al careicrs in the surlace 1816, 1o, 6 negligible. The sheet
resislance is nel sensitive be e vales of the surface state sasnbiling even a
wery high surface siale mobality has an insignificand effect an the toeal
wanductivity, For very thin 8i pyemshranes, therefore, the oxistencs of
appropriate surface bands beads 1o a canductivity dramatically higher than
expected for & thin layer of & with twn oxide iermimations & differemce i
sheet resistamce of ai beast am order of magnide persisis i large 5
mienshrane thicknesses.
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oride- and the vacuum-terminated ultrathin SO0, the bulk doping
dersity is virtually irrdevant for electromic propertics,

It i thus the interaction betwesn surface and balk that enables
high-mohility conduction in nanoscale 500, This interaction
suggests that conduction in even the thinnest membranes or lagers
of 5001} is possible, independent of any considerations of bulk
barwd structure, defect states, and doping, as long 2 at least one 5i
b of Laver surfsce o intaface produces states that mene the
Fermi bevel sufficiently to enable the thermal excitation of Tulk'
carriers in e 51, In the present case that i a surface cean enougl o
prowduce the divmer reoomstruction and surface electronic bands, e
iy otler pessibilities soggess themsehees, For example, organic
hiin Alive car e tailomed to lave Pandgaps witl @ lowest unoocupied
mobeculiar erbital or corduction band dese to the Sivalence band,
Tlee Si memnbrare ke will bocome hole doped, exactly as we
describe heve for 2 clen surface. The conduction properties of the
arganie layer (or wlatever interface layer is created) are imelovant. In
addition to organic-inorganic interfacs, epitaxial insulators or
wresulators that form 2 disordered mterface wath S provade practical
warmples of sivuatiors in vwlicl bulk conduction meay be erabled by
slatis ab a surface or mderfaoe,

Conductiom will be possthle in very than layers or membranes of
ather materials whien the surface Fermi level = pinned far from mid-

by surface or interface states, Corsiderations of the density
af balk dopants become imdevant a5 long 25 the doping 5 not
degenerate. Far materials that have inapproprate surfce states, such
s cleaved GaAs 110, mensarerments that depend on electron trams-
port ey £l in thin encwgh films or membranes: 1§ interface trap
slates deplete the bulk carmiert I material s depesited that provides
these states, the conduction becomes

A wie have described, in our dean-5a lajers, conduction through
the 5 layer w5 enabled by rteractaon with the surface states created by
reconsiruction, as demonstrated with STM measurements. STM
umaging will be posblke on SOHDOL] 21 any Si laver thicknes at
which the surface hands are well developed. In our atuation,
disruption of the mrﬁm h;rd.w will nt ST i ng |or
nﬂn:pfm'r.ns of mmeging requinng dn.l.]::“lmmpnrl. T:F.glﬂugﬂlm
SO ), Tisruption af the w-bonded dimer chains that produce the
surface bands can come, for example, via miroduction of surface
structural disnrder; chermisorption of H (ref, 23} and other pases™, or
axidation™", Previous efforts &0 image SOT001) with STM have
encountered contamination and apparent disruption of these surface
stadees, removing the surface state Lu]k interaction that enahles high
maohility conduction®, The surface state-bulk interaction coul
preserved outside vacwum wsing approaches that leave the AurF'!'r.-
chemically protected, bat presere IF dimer structural modifand the
high density of surface states™*.

Tn materials with appropriate surface o interface hands to allow
thermal interaction \nm bull bands, arbitrarily thin membranes or
layers should show electronic conduction. Electronic-transport
measurernents. {including, but not limited i, STM) should permit
study of the transition from thin but sill comentional Layer struc
iures o potentially nowd phases created by the interaction of frome
amd hacs layer interfaces,

Surface prepmmtinn of @

n S0 fiar STH s cnmsiss of ax dtw and in
sitee choaming, B situ, i ariphs TME =, A final Tiragha' [misture
1435 241 ) <lean is performad to sevmivate she surfa with 2

+ oxida for protection as the am tramsporied ta the chamhar,
Thesamnples are introduced into an ultrahi gh-vacuuen ST, with a base pressure
b 1 3¢ M1~ "vor, Traditsonal i sién preparasion of surfaces by direct heating
o LS E fior several minues wsed for bulk §i iz not poasible for %00 becanse the
Si sempare lyer dewers, lnsiead, we dowly deposic several ML of 5 or Ge m
0% an 05 MEmn ™ o remove the sude Fisaly we Bash the sample 1o
A00°C {bediow the crincal temperavare for 5 Bl dewenieg) for neo sunines,
quench and anmneal it ars00°C o 30 mie, radiacian cool i, and trans i e our
STM chamber.
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LETTERS

Initial corrosion observed on the atomic scale

F. U. Renner™, A, Stierle!, H. Dasch!, D M. Kolb”, T.-L. Lee” & 1. Zegenhagen”

Carrosion destroys more than throe per cent of the warlds GDP'.
Recently, the dectrachemical decomposition of metal alloys has

heen more productively hamessed to P'roduxe porois materials
with diverse technolagical potential*', High-resolution insight
into structure formation during ebectrocorrosion is a prerequisite
fiar an atomistic anderstanding and contral of such electrochemi-
cal surface processes, Here we report atomic-scale abservations of
the initial stages of corvosion of & Cu,Aw(111) single crystal alloy
within a sulphuric acid solution. We monitor, by in st X-ray
diffraction with picometre-scale resolution, the strucure and
chemical composition of the dectrolytefalloy interface a5 the
material decomposes. We peveal the Trucmmpu structural
changes associated with a general passiva of
which the origin Inshtm}ndm'lu undmr We ohserve the
farmation of a pold-enriched single-crystal layer that is two o
three ithick, anvd bes an unexpected twverted (CBA-)
stacking sequence, At higher potentials, we find that this protec-
tivee passivation kever deswers and pure gold islands are formed;
auch structures form the templates for the growth of nanoporous
el s, O experiments are carrled out on a model single-crystal
ayaten. However, the insights should equally apply within a
crystalline graln of an ssoctated polycrystalline dectrode fabird-

cated From many ather alloys exhibiting a large difference i the
atandard potentlal of their constituents’, such as stainless steel
{see rell 5 forexanple) or alloys used for mearine applications, such
et Cun o Cudl,

Acomirnon mderoscopie Argerprint of the varows dectrochemical
prooesss that eceur during corrosion i provided by so-called opdic
voltarmmograns (ourrent—voltage curvs ), Such & ovelic voltamemo-
geram B a pristive Cu,Aud 111D surfece is dleswn in Fig, 1, which is
typical for the oormosion belusiour of allmls consisting of oom-
ponents with different noble character™ . A general observation 1
it fenr e intial opele l]‘h.mrrmd.m: e pn.ﬂmt saunriple)—the
current exhibits a pronounced makimuem, bere inthe potentsal
regime Between 100mV and 300mV [Cu dissolution starts at
about 100mV), which 5 not ohserved in subsequent cpcles af the
voltar This pl has given rise 1o many specu-
Latioms about the peesible formation of an wlirathin passivation layer,
Recent in sifn dectrochermcal scanning tunnelling microscopy
experiments in this potential regrme of passivation revealed the
formation of meno-atomee deep vacances, which have been inter-
preted as initial disolution of the more ractive edement from Ag-Au
inef. 90 and Cu-Au {refs 10-12} alloy surfaces. Thickmes and
compasition of the passivation |gwr have been inferred only
andarectly from the voltar

Abeve a critieal potential £, r]n-cnrn.n‘hm.nmx sharply cwang 1o
a hulk de-alloying proces that prodisces nanoporous lzver: of the
nobler component. Such a de-alloyng has been chaerved for
binary alles like Cu-Pd (refl 14), Ag-Au (refs 2, 15, 16) and Cu-Au
{refl 16). Fx st transmmigaon eleciron microsoopy stisdies of Cu-ai,
Cu-Fn and Ag-su alloys show evidence for the presence of either
pits ar threesdimensional idands with a typical sime of 5-100m

"thace- Pl A kil (O Ml Barchang, Huisenbergalrause 1, 0290989 4

i, L ehearsi 181 LIkm, & et -E i -0 4

Frasie "Bhleibing E sl

{refs 16—1%). For controlled production of technically relevant
“corrosinn prosfucts Fke nanoporous materials or related etching
patterns, an understanding of the reevant parameters for the
fermation of patterns with regular morphology below amd abose
the eritical potentizl E. & necessary. A detailed knowdedpe of the

Gurranyt dhars iy ik cmes)

————
=i =200 L] 200 400 -] B0

Figure 1 | and Laye
a, Vultammograms recarded a5 m¥ s chew the typical hehavious foe
corrnsion passivation: the red line indicates the virgm carreni-vallags
curve, exhihiting a pronnunced maxinmum heoeren (0 and 3 mV, which
i mot prosent in the sahsrquent s (hlack cxrvel, The bald red curve
marks the putantial regime in which the X-ray measurements have hen
perfarmed. Refure the passivation breskdamn al

obaerved. B, Structural nesdel of the altratkin passivation layer resulting
from ihe il in the X-ray diffraciion data. Au atoms are represenied by el
spheres, and O atoms by red sphieres. The ABC siacking of the substrate is
imveried in the smgle crystalline averlayer. The twa tapaeost layers are anly
partially accupied. & schematic view of the i g X-ray diffraction ool is
imclhuded.
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