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We report an electrochemical scanning tunneling microscp@STM study of CN - and
F~-induced etching of naked amdalkanethiol-modified A(L11) surfaces. We use electrochemical
methods to activate or deactivate etching of the Au surface, and we monitor changes in surface
topography simultaneously using STM. In ¥€ontaining electrolytes we have observed that the
STM tip can induce surface—atom diffusion in the electrochemical environment thereby enhancing
surface pitting, island growth, and step edge movement. At potentials more negativeltamV

(vs Ag/AgCl) the tip selectively removes Au atoms from surface defects and enhances growth on
terraces. Similarly, we have found that the STM tip can profoundly alter the-@buced
dissolution rate of Au. On naked Au surfaces held at extreme negative potentials, net€hing

of the surface occurs. However, at slightly more positive potentials the surface is homogeneously
etched. At intermediate potentials the area under the scanning STM tip is selectively etched at
positive tip biases, but at slightly more negative biases etching proceeds less rapidly in the scanned
region. Finally, when the Al1l) surface is modified with a single self-assembled monolayer
(SAM) of organomercaptan molecules, surface etching processes are dramatically attenuated
regardless of the substrate potential or tip bias1@95 American Vacuum Society.

l. INTRODUCTION time11720-22Fgr example, here we find that a naked Au

) . surface is topographically stable in up to 20 mM Chblu-
The_re ha_ve been a number of_electrochemlt_:al scanningyng at potentials negative 6f770 mV vs Ag/AgCI. How-
tunneling mlcroscquECjSTl\/D studies of metal dissolution gyer at open circuit or at potentials positive-6520 mV, Au
in electrolyte solutions™* Our principal goal here, however, gissolves in solutions containing concentrations of Caé
is to report on the opposite process: etching inhibition. Ag. 2 1 mMm. Moreover, at potentials just positive of the
common practice for preventing corrosion of metals is t0ynget of etching we find that when the STM tip is biased
coat the surface with a relatively thick film such as paint, ayssitive of the substrate etching is enhanced: however, nega-
polymer, or a metal oxide. However, for applications in e tip piases reduce the etching rate. When the Au surface
which the Iatergl dlmensmns of patterneq features are in th& modified with a well-ordered, compadat-alkanethiol
nanometer regime, it may not be practical to use miCrongam we do not observe etching at any potential in either
thick films. In contrast, ultrathin organic films such as self-i1a scanned or unscanned areas.
assembled monolayeSAMs), which spontaneously form
10-30-A-thick films on Au substrates, provide high-quality
barriers to substrate corrosion reacti6n®.Wel® 13 and - EXPERIMENT
otheré*~?! have previously studied organomercaptan SAMs HS(CH,),<CH, (Aldrich, 92% was purified by double
confined to Au surfaces using STM. distillation under reduced pressure. Other chemicals were of
One of our principal interests is using the STM tip as areagent grade quality or better and were used without further
lithographic tool for creating patterns in SAMs, which we purification. Deionized watefMillipore Milli-Q purification
have found to be excellent resist materi&t$>?2 For ex-  system,>18 MQ cm) was used throughout the experiments.
ample, we have shown that STM-tip-etched patterns can bAll the electrolyte solutions used in the experiments were
selectively metalated with Cu using a low-temperatureaqueous. Substrates were single crysta{lAl) facets ob-
chemical-vapor depositiofCVD) method!® This, and other tained by melting the ends of 0.5-mm-diam Au wires
studies of SAM-passivated surface$?2°have suggested (99.999% in a H,/O, flamel®?® The n-alkanethiol SAMs
that SAMs nearly completely passivate metal surfaces: evewere prepared by immersing the freshly prepared substrates
molecular-scale defects are absent over micron-scalim 1 mM ethanolic solutions of H&H,);sCH; for the
areast?® lengths of time indicated in the text. After immersion, the
Previous STM analyses of SAMs were performed eithersamples were rinsed thoroughly with ethanol and dried in a
in air or vacuum, and although these studies permit direcN, gas stream.
visualization of the defect density and structure, it is more Microscopy was performed using a NanoScope Il elec-
informative to study changes in surface topography as &ochemical scanning tunneling microscofi2igital Instru-
function of the electrochemical surface potential in realments, Santa Barbara, ¢&quipped with an integral poten-
tiostat. The custom-built electrochemical cell has a volume
dAuthor to whom correspondence should be addressed. of 100 ul, and was designed to accommodate the Au ball

1300 J. Vac. Sci. Technol. B 13(3), May/Jun 1995 0734-211X/95/13(3)/1300/7/$6.00 ©1995 American Vacuum Society 1300



1301 Li, Chailapakul, and Crooks: Naked and  n-alkanethiol-modified Au(111) surfaces 1301

Fic. 1. 1um X 1 um STM image of a A(L1]) facet on a flame-annealed
Au ball, acquired in 0.1 M KF aE,=200 mV.V,=100 mV;i;=200 pA.

S —

and enhance mechanical stability of the substrate to th
maximum extent possibf€. Pt wires, which were carefully
cleaned with concentrated HNOwere used as both counter
and quasi-reference electrodé@RE). However, we cali-
brated the Pt-wire potential with respect to a Ag/AgCl refer-
ence electrode and converted the numerical value of the pcg
tential to this more standard reference using the commo |
reference redox couple RuH3)3*/2* . In 0.1 M KOH solu-
tions we foundEag/pgci=Epi + 80 mV while in 0.1 M KF
solution Epgagci=Ep; + 300 mV. Our experience indicates
that the pote_ntlal of the Pt QRE is Sta_‘ble to withir20 mV Fic. 2. Time-sequence STM images of @a41) acquired in 0.1 M KF at
for the duration ba 4 hECSTM experiment. All electrolyte  g_=—150 mv.v,=100 mV:i,=2 nA. (8—(d) 1 um X 1 um. (€) 3 um X
solutions were in equilibrium with air, and therefore con-3 um. The box in(b) indicates a raised feature. The box(@ indicates the
tained about 1 mM QZ region scanned ifa)—(d).

The STM tips were either W wires etched1 M KOH or
Pt/Ir wires(80:20 etched in 10 M NaOH. The Pt/Ir tips were
insulated using either clear nail poligWet'n’'wild) or mol-  A. Tip—substrate interactions in F ~-containing
ten Apiezon wax to limit the Faradaic leakage current to lessolutions

than 10 pA at 100 m¥*' The W tips were always insulated  The open circuit potentigOCP of Au(111) in 0.1 M KF
using nail polish. The STM images were acquired in thejs apout 200 mV vs Ag/AgCI. At potentials near the OCP
constant-current mode; other relevant imaging conditions arg;rface features, which include pits, edges, and other defects,
given in the figure captions. A negative value of the tip biasye fully stable under our typical imaging conditioftip
indicates that the tip potential is negative of the SUbStrat%ias,Vb~1OO mV, tunneling curreni,~0.5 nA). However,
potential. All images are unfiltered, except for flattening and,nen the electrode potentiéE,,) is moved somewhat nega-
plane fitting to correct systematic errors introduced by th&jye of the OCP, surface atoms in the vicinity of the scanning
tube scanner and misorientation of the substrate, respegn pecome mobile.
tively. Figures ?a)—2(d) show time-sequence STM images of a
1 umXx1 um region on a typical A(L11) surface in 0.1 M
KF. The initial surface was a single flat terrace with a few
[ll. RESULTS AND DISCUSSIONS ; . .
small-diameter, one-Au-atom-deep pits less than 30 nm in
We typically observe atomically flat terraced um wide  diameter. After scanning this region of the surface for about
on flame-annealed Au bal{fig. 1). The surface is composed 30 min at the OCP, we observed no substantial change in
primarily of a single atomic terrace with a few scattered onesurface topography. We then moved the electrode potential to
atom-deep pits and a secondary terrace raised up by onel50 mV immediately prior to obtaining the image shown
atomic step(2.4 A). The surface also contains two fairly in Figure 2a). The data shown in Figure(ld were obtained
large triangular pits, which confirms that it is of thi#&l11) after 6 min of continuous scanning at the same electrode
orientation. potential. Although the depth of the pits do not change, they
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increase in number and size, and we detect the presence oBaCN™ etching of naked Au(111)

single, small, raised islanfiThe boxed feature in Figure In the previous section we demonstrated thatAd) sur-
2(b)]. Interestingly, all the pits are more-or-less triangular in¢;-as can be modified by the STM tip in fontaining so-
shape, and they have the same orientation, which is the resyfiions. Now we turn our attention to a well-known chemical
of a lowering of the surface symmetry from six-fold to three- process: Au dissolution in alkaline CNsolutions. Early
fold by the second and third atomic layers of Au. We haveelectrochemical studié$¢have revealed the mechanism of
previously discussed this phenomenon in détail.is inter-  the electrochemical dissolution of Au in alkaline CNolu-
esting that the Au loss due to pit formation is not balanced bytions [Egs. (1)—(3)].

island growth; that is, there is an apparent net loss of Au B _

from the surface. This suggests that the mechanism for Au AU+CN" —AUCN g, @)
atom mass transport must not be simple adatom diffusion as AUCN
has been observed previouéll.seems reasonable to specu-

late that the missing atoms must either be at or near the AUCN,4sF CN™—AU(CN), . 3
perimeter of the scanned region, dissolved in the electrolyte

solution, or transferred to the tip. We will show that the first McCarley and Bard used STM to study the spontaneous
of these possibilities is not correct. Since there is no evidenc@issolution of Au'in a CN solution at open circuft.In con-

for Au dissolution at more positive potentials, we discountr@st; we set out to study CNetching on Ad11D) surfaces

the second possibility. Thus, it seems that Au is transferred t ndﬁlr potentiialdcoat{(il. W? start the e)(;p_eriment with a
the tip, although we have no direct evidence for such a phel €SNIy annealed A@1l) surface immersed in an aqueous
nomenon solution containing only 0.1 M KOH. We next move the

We obtained the image shown in Figur€R12 min after electrode potential from the OCP, which is normally about

o . . . —40 mV in 0.1 M KOH, to—770 mV through a series of
initiation of the experiment. Clearly, the pits are substannallysma” potential steps. We then add 1 mM Chb the cell

Iarger and some have coalesced; h_owever, their depth h@\ﬁth the electrode potential held at770 mV, and then we
remained constant. Moreover, more islands have formed 0ge4, the surface for 5 min. This treatment does not result in
the main Ay11l) terrace and the island previously presentyny significant changes to the substrate topography. This
has grown substantially. Interestingly, the islands possess & result is consistent with our data from companion elec-
somewhat triangular shape, and they are rotated 60° relatieochemical cyclic voltammetric experiments, which show
to the pltS An additional 6 min of Scanning results in grOWththat etching of the A(_j]_l]_) surface does not occur in 1 mM
of both the pits and the islandBig. 2(d)]. We also observe CN~ when the potential is held negative 6600 mV.
that the island structures appear correlated to a particular pit, When the electrode potential is movedt&20 mV, how-
and they are always to the right of the pits. At the presentver, we observe rapid surface dissolution in the scanned
time we cannot account for either of these observations. region. When the potential is moved back+t@70 mV, the

A 3 um X 3 um scan taken after the image shown in etching stops and the new surface features again remain
Figure 4d) reveals that the surface changes are restricted tetable. Figure @& shows an STM image of a 400 nm400
the scanned ard&ig. 2(e)], and as a result we infer that the nm region on a naked Alil1) surface after it was etched for
change in surface topography is driven by tip—substrate in3 min. The surface is rougher than a freshly annealed Au
teractions. Although the pattern of the topographical changesurface(compare with Figure )1 We then scanned this re-
differs from run to run, we observe the same general type o@ion for 7 min atE.=—820 mV, and observed no significant

potential dependent surface mobility in other experiments atoPographical changes. However, when we moved the sub-
substrate potentials negative ofL50 mV. strate potential from—820 to —520 mV, we immediately

A complete disclosure of the mechanism responsible fo_pbserved dramatic changes in the surface structure. An STM

the observed behavior awaits a better theoretical model df"a9¢ of the area shown in FigureaBtaken 3 min after the

: ; ; tential step is shown in Figurgl8. During the entire 3
the overlapping electrochemical double layers of the tip and’® . . .
PpIng y P min the STM tip was scanning the surface. A characteristic

substrate. However, we note that in air and in vacuum th . . .
?eature of the etching process under the influence of the tip is

electric field between the tip and the substrate surface h Pat the surface is now dominated by terraces of nearly uni-

previously been regfi‘ggted to induce surf_ace reconstructiong , width that have their long dimension parallel to the fast
and atom diffusiorf®~>2The new observations we report in-

: ) i Do scan direction of the STM tip. More interestingly, the step
dicate that this same phenomenon is operative in the eleCtr%'rientation changes from frame to frame: regardless of

chemical environment, which undoubtedly supports a totally,nather the tip scans from top to bottom or bottom to top the
different type of electric field between the tip and substratgj, appears to move from upper steps to lower steps. This
than is present in air or vacuum. Moreover, in the electrohehavior is characteristic of layer-by-layer removal of Au
chemical environment, the surface atom mobility also deterraces from the substrate at a frequency somewhat higher
pends on the substrate potential. We believe that a very confhan the frame-capture speed. That the apparent steps are
plex chemical structure in the tip—substrate gap results in thialways nearly parallel to the fast scan direction clearly ar-
odd behavior, but we possess neither the experimental nejues for a tip-assisted dissolution process.

theoretical tools necessary to achieve a better understanding To further compare the CNetching rate for scanned and

at the present time. unscanned areas, we recorded a 500>0m00 nm image of

ads7AUCNst€e ™, 2
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X 0.7200 vM/orv

Z 10.000 nu/div

Fic. 4. Three-dimensional view of Am X 1 um scan of A@l111) obtained
atE,=—770 mVin 0.1 M KOH+ 1 mM KCN. The central 400 nnx 400
nm area was scanned during etchindgegE —520 mV.V,=100 mV;i, =8

Fic. 3. 500 nmx 500 nm scans of A@11) surfaces obtained in electrolyte NA.

solutions containinga), (b): 0.1 M KOH + 2 mM KCN and(c), (d): 0.1 M

KOH + 1 mM KCN. (a) E;=—820 mV.(b) Same area as ifa) obtained 3 . .
min after E, was changed to-520 mV. The STM tip was continuously 20 MM CN" electrolyte solutions, we observe some etching
scanning this region throughout the 3 min duration of the etching experi-at E.=—720 mV, but there is no evidence for Au dissolution
ment.(c) Ee=—770 mV.(d) Same area as ift) obtained after the surface gt E.=—770 mV.

was etched aE.=—520 mV for 3 min without being scanned. Scanning
conditions:i;=500 pA for all the images(a), (b) V,=100 mV. (c), (d)

V, =850 mV.

C. Tip bias dependence

The polarity of the tip-bias voltage also affects scan-
induced Au dissolution in CN-containing solutions; this ef-
fect is shown in Figures 5 and 6. We obtained images in

Au(11)) in 1 mM CN™ at E,.=—770 mV [Figure 3c)]. In-  Figure 5 using a-50 mV tip bias voltagétip potential nega-
stead of scanning this region while etching, we effectivelytive with respect to the substratein a 20 mM
stopped the tip motion by reducing the scan rate to 0.1 HzCN™-containing electrolyte solution. The images were ob-
Next, we stepped the electrode potentia-620 mV for 3  tained sequentially at intervals of about 1 min, which is the
min, and then obtained the image shown in Figuid after  time required to capture a single frame. We recorded Figures
changing the potential back t6 770 mV. The larger scale 5(a)—5(e) with the electrode potential poised at720 mV
features of the surface remain intact after this treatment, buand then recorded Figure(fp at E.=—770 mV. Figures

the step-edge surface area increases and a number of trigd{a)—5(e) indicate that there are no significant topographical
gular pits form on the terraces. The important point is, how-changes in the surface features during scanning, but when we
ever, that a comparison of FigureeBand 3d) with Figures  zoom out to display a larger ar¢Rigure 5f)], we find that

3(a) and 3b) clearly indicates that etching is enhanced by thethe areas surrounding the scanned area show clear signs of
presence ot the STM tip. etching: roughened terraces and significant pitting.

The dramatic effect of tip-enhanced etching is confirmed We next refocused the scan on the boxed area of Figure
by Figure 4, which shows a large-scale image obtained afteb(f) and returned the electrode potential +¢20 mV and
CN™ etching in the presence of tip scanning. We etched thehanged the tip bias te-50 mV. We acquired the images
Au surface aE,=—520 mV in 1 mM CN for 2 min while  shown in Figure 6 on the same time scale used to obtain the
scanning the central 400 nix 400 nm region. The central data shown in Figure 5. These figures indicate rapid dissolu-
region is preferentially etched, although the surrounding aretion of the surface under the influence of the positively bi-
also dissolves to a significant extent. When the electrodased tip. We cannot at present quantitatively account for the
potential is moved back te-770 mV, the etching stops im- observed effects of enhanced etching at positive tip bias and
mediately, even in the surface region under the scanning tigeduced etching at negative bias, but it seems reasonable to
We have repeated this experiment many times on differenépeculate that the solution potential near the scanned region
samples; the results are fully reproducible. In accordancehanges in the direction of the tip potential. That is, at posi-
with the Nernst equation, the potential at which etching comt{ive tip bias, the local potential felt by the substrate is more
mences depends on the CNoncentration. For 1 mM CN  positive than it would be in the absence of the tip. A similar
we observe fast etching &.=—-520 mV. Etching slows effect has previously been observed during metal
considerably when the potential is moved-670 mV. For  depositiort>
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Fic. 5. (@—(e) Time-sequence images of a 500 500 nm area on  Fic. 6. (8)—(e) Time-sequence images of a 500 nm 500 nm area on
Au(111) obtained atE,=—720 mV. The images are 1 min apart and were Au(11l) obtained atE,=—720 mV. The images are 1 min apart and were
acquired withV,=-50 mV andi;=10 nA. (f) A 2 um X 2 um scan ob- acquired withV,=50 mV andi,=10 nA.(f) A2 um X 2 um scan obtained
tained after recordinde). after recordinge).

D. Surface passivation by SAMs This is in contrast to the behavior we noted on the naked

To study the effect of surface passivation by an ultrathin Au(111) surfaces where fast etching occurred under similar
organic film, we modified the Ad11) surface in an ethanolic conditions[Figs. 3a) and 3b)]. Even the step edges, which
solution of HYCH,),:CH; for 24 h. Previous results have are among the most easily attacked surface features, remain
demonstrated that this treatment results in a nearly defectindisturbed on the SAM-coated surface. In a duplicate com-
free film about 25 A thick=°?*?°Figure 7a) shows a Jum  panion experiment, we increased the Thbncentration in
X1 um STM image of a SAM-coated Alll) surface the cell to about 15 mM but still did not observe any signs of
(Ee=—770 mV)ina 0.1 M KOH+ 1 mM CN" electrolyte  Au etching at potentials as positive a220 mV.
solution obtained at-770 mV. Although they are not clearly After acquiring Figure ), we zoomed into a 100 nm
resolved in this large-scale image, we observe the widely< 100 nm portion of a Au terrace and scanned this area
reported 2—5-nm-diam. pits randomly distributed within theaggressively{Figure 7c)]. The high tunneling currentl0
monolayer®~-121517-19rhe chemical and physical nature of nA) undoubtedly results in the tip being very close to the Au
these pits is still under debate, but we believe they are singlesurface. Under these conditions rapid degradation of the
atom-deep defects in the Au lattice induced by the organomonolayer occurs and the 2-5-nm-diam pits originally
mercaptan adsorption proce&d he feature in the lower left- present within the SAM expand under the influence of the
hand corner of the image is due to an intentional tip crashSTM tip. After acquiring Figure (€), we scanned the same
we use it here as a positional marker. region three more times using the same conditions, and then

After obtaining Figure {), we moved the electrode po- we zoomed back out and obtained Figuke)7 Clearly evi-
tential from —770 to —520 mV, but we did not observe any dent is a 25-A-deep pit that was not originally presgfiy-
significant change in the surface topography, even after thare 7b)]. The shape of the pit is not square because of ther-
surface was scanned constantly for 5.5 rffiigure 7b)]. mal drift. Figure 7e) shows the same region of the surface
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CN™ must make intimate contact with Au prior to Au disso-
lution [Egs. (1)—(3)], the bottoms of these pits must still be
covered with corrosion inhibitors. We speculate that the Au
in the bottom of these pits is coated with a monolayer of
sulfur, which has been cleaved from the hydrocarbon tail of
the organomercaptan, but at the present time we can only
exclude the possibility of naked Au with certainty.

IV. CONCLUSIONS

We have studied F and CN -induced etching of naked
Au(111) surfaces and All1l) surfaces covered with passi-
vating self-assembled monolayers of organomercaptans. Dis-
solution of the naked surfaces can be activated or deactivated
by controlling the electrode potential. More interestingly, an
as yet undefined tip-substrate interaction dramatically affects
the dissolution rate. A positive tip bias accelerates dissolution
of Au and a negative bias slows the etching. A full under-
standing of these phenomena awaits a better theoretical un-
derstanding of the properties of the electrolyte solution be-
tween the STM tip and the substrate.

We also found that Au surfaces modified with
HS(CH,),sCH; for 24 h are completely passivated against
CN™ etching even at high positive potentials. Importantly,
disruption of the SAM by the STM tip does not lead to
selective etching of the underlying surfaces. Even openings
25 A deep are protected by an etch inhibiting agent, possibly
an intact or partially fragmented organomercaptan. In con-
trast, results not discussed here explicitly indicate that Au
surfaces modified with St€H,),sCH; for only 1 min, which
are therefore only partially passivated, can be selectively
etched by scanning while the rest of the surface is largely
passivated. This indicates that poorly packed SAMs are less
resilient corrosion barriers.

Fic. 7. Au(111) surfaces modified with S€H,),sCH; for 24 h and then
imaged in a 0.1 M KOH+ 1 mM KCN electrolyte solution. All images are

1 um X 1 um scans except tht) is 100 nmx 100 nm. All the images ACKNOWLEDGMENTS
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