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Molecular Imaging and Local Density of States Characterization at the Si(111)yNaOH Interface
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F-75005 Paris, France
(Received 18 September 1995)

We presentin situ scanning tunneling microscopy (STM) images with the resolution of iso-
lated ——— Si —OX groups on H-Si(111) in NaOH solutions with or without isopropyl alcohol
fX —— H or — CHsCH3d2g. The comparison of STM with geometric contours shows that the electro-
negativity of OH ligands enhances the local density of states and generates a surface potential distri-
bution. The dependence of both observations with the radicalX and the mechanisms of grafting are
discussed. [S0031-9007(96)00973-8]

PACS numbers: 61.16.Ch, 68.45.–v, 81.65.Cf, 82.65.– i
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The downsizing and increased integration of electro
components demands ever greater attention to the
positional and structural homogeneity of the surface
semiconductor wafers after etching. As such, the st
of silicon surface morphology and composition is an a
of great technological importance [1]. Silicon etching
aqueous media, such as HF and alkaline solutions, le
the surface almost entirely passivated by Si — H bo
[2,3]. From a structural point of view, the flattest surfac
at the atomic scale, are obtained by etching (111) wa
in buffered ammonium fluoride ofpH 8, while facetting
occurs on the (100) face in the same solution [1,4].
perimentally, the doping of the substrate [5] as well as
surface misorientation [6–8] are, however, critical param
ters to obtain ordered (111) surfaces. Highly dopedp-type
substrates give rough surfaces [5]. Precisely oriented
dopedn- andp-s111d samples are always left with trian
gular etch pits after treatment [5,6], while vicinal surfac
(tilted by few degrees) may have a staircase structure
etching [6,7]. Decreasing thepH of the etching solution
roughens (111) surfaces at the atomic scale, and sm
terraces are no longer observable [9–11].

The molecular model shown in Fig. 1 [11] accou
for most of the above observations. It particularly sta
that Si “chemical etching” comprises two componen
one electrochemical (free carrier involved) and the o
chemical (no free carrier involved). After the prima
substitution reaction Si —H ! Si — OH, the sequence o
chemical steps is fast because the difference in ele
negativity, between the Si surface atom and its liga
favors the attack at back bonds. For steric reasons
chemical route is highly anisotropic and occurs almost
clusively at steps (Fig. 1, top route). The electroche
cal path is conversely relatively isotropic and may oc
on (111) planes since the first dissociative step leaves
space necessary to the second reaction with water m
cule (Fig. 1, bottom route). The surface microstruct
of “chemically etched” Si(111) is therefore closely rela
to the partition between the two pathways [11], and
Si(111) surfaces are obtainable in conditions (pH, dop-
1986 0031-9007y96y77(10)y1986(4)$10.00
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ing level, type of conduction, etc.) such that the elect
chemical route is almost suppressed so as to make the
solution anisotropic.

Despite a large amount of correlation, the precursors
the dissolution of silicon, i.e., Si — OH groups, have, ho
ever, never been directly imaged by scanning tunnel
microscopy (STM) [1,4,6,8–12], nor unambiguously d
tected by Fourier-transform infrared (FTIR) spectrosco
[1–3,7,10]. This paper presents the first STM observati
of isolated vertical——— Si — OH on Si(111) in contact with
an aqueous solution and discusses the local changes i
electronic properties induced by the silanol group. In t
presence of isopropyl alcohol (IPA), an additive frequen
used in Si etching [13],——— Si — OR bond formation also
occursfR ­ — CHsCH3d2g and images show that the elec
tronegativity and the molecular arrangement of the liga
are critical parameters to the local electronic properties
the surface.

In situ constant current STM images were acquir
in 2M NaOH with a home built microscope opera
ing in the four-electrode configuration [14]. All im
ages were acquired with the sample potentialUsample ,
20.57 VyPd —H (quasi-Pd hydrogen reference ele
trode) so as to accumulate electrons at the surf
and allow long standing imaging [12]. This situatio
also avoided fast etching [14] because of the evolut

FIG. 1. Molecular model for Si etching in aqueous solution
The reaction is either chemical (top route) or electrochemi
(bottom route) in initial stages. For steric reasons, format
of ——— Si — OH on (111) plane stems from the bottom reactio
Reactants are shown withs1d and reaction products withs2d.
See Ref. [11] for more details.
© 1996 The American Physical Society
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of hydrogen (typical current,300 mAycm2). The tip
potential wasUtip , 0.3 VyPd —H. The tunnel volt-
age Utunnel ­ Usample 2 Utip was therefore20.75 V
(sample negative) and the tunnel current 0.2 nA in all
ages. A Pt wire was used as auxiliary electrode to co
the electrochemical current issued from the sample
face. Si(111) sampless0.5V cm n-typed were degrease
in a sequence of hot solvents before stripping the oxid
40% HF (1 min) and etching in 40% NH4F (3 min). The
rear Ohmic contact was made with In-Ga alloy.

Figure 2 shows the effect of pulsingUsample from
20.57 VyPd —H (cathodic region) to,0 VyPd —H for
5 s, which is nearly the rest bias. Top and bottom ima
were recorded atUsample ­ 20.57 VyPd —H while the
pulse of potential was applied between the two fram
using a special procedure [14]. The differences betw
top and bottom images correspond, therefore, to a s
chemical etching of the surface. Images are prese
as unfiltered top views. In left images heights decre
from white to black, and the successive atomic planes
separated by a single bilayer step (3.1 Å high), appear
different colors. Under prolonged cathodic polarizat
(top), only a very slow etching process was observabl
step edges. Using the procedure in Ref. [14], the etch
was found to be0.2 Åymin. After the pulse of potentia
the growth of some existing pits (e.g., site A) and
nucleation of new ones (e.g., siteB) were also observe
in addition to a faster motion of steps. The etch rate
,5 Åymin during the 5 s chemical etching.

FIG. 2. In situ STM images ofn-Si(111) in NaOH. Top:
after prolonged cathodic polarization. Bottom: after puls
the sample potential so as to reach the rest bias for
(i.e., “chemical etching” conditions). Left and right imag
correspond to different representation of the same portio
the surface (see text). See text for identification of the s
A E. Frames are1400 3 1400 Å2. itunnel ­ 0.2 nA and
Utunnel ­ 20.72 V.
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In the right images of Fig. 2, the full grey scale ha
been applied to each of the terraces to resolve t
they present shallow defects whose depth and diam
are, respectively, nearly 1 Å and,30 Å. Observations
were similar of other places and on other samples us
different tips. Different types of such sites can b
identified: (i) sites which exist before and after the pul
(site C), (ii) sites which give rise to a pit (siteD), and
(iii) sites which are newly formed (siteE). On several
instances the density of shallow defectsN was measured
to be ,1 2 3 1011ycm2 before the pulse (Fig. 2, top)
and was about twice as large after the pulse (Fig.
bottom). By comparisonN remained nearly constan
under prolonged hydrogen evolution.

At high resolution the surface is entirelys1 3 1d
H-terminated [3,14] except for a few irregularities, a
shown in Fig. 3. Irregularities are depressions of diame
10–20 Å, comparable to the diameter of former defe
(Fig. 2), with a central atom, however, resolved. Ve
tically the protrusion is$0.5 Å above the average cor
rugation of Si — H bonds. The density of defects
ca. 5 3 1012 cm22 in this image, which is larger than in
Fig. 2 where the solution was poorer.

As such, Fig. 2 clearly shows that the nucleation
etch pits ( left column) and the bias dependence ofN
(right column) are related to the electrochemical rou
in Fig. 1 (bottom) because its onset coincides with t
rest bias [11]. The second point suggests, therefo
that the depressions on terraces are vertical——— Si — OH
bonds since their formation precedes the removal of
Si atoms in Fig. 1. Figure 2 demonstrates that isola
——— Si — OH are relatively stable on terraces and that th
density remains nevertheless less than 1% of a monola
which explains that a “full” H-termination of the surfac

FIG. 3. (a) Atomic structure of the surface showing fe
isolated ——— Si — OH sites (frame103 3 70 Å2). (b) Cross
section of the site marked by an arrow.itunnel ­ 0.2 nA and
Utunnel ­ 20.79 V.
1987
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was inferred from FTIR spectroscopy [1–3,7,10]. Th
only 10% of existing——— Si — OH groups give birth to a
pit after the pulse (see, e.g., siteD in Fig. 2) is direct
evidence of the large energy barrier for Si anisotrop
etching [15], and is also an experimental verification
recent Monte Carlo simulation [16,17], which suggest th
severalOH, next to each other, are necessary to initiate
etch pit. Step edge Si atoms are by comparison remo
as soon as the Si — OH bond is formed [11,16].

In a mixture of isopropyl alcohol (IPA) in NaOH, two
types of sites were resolved at the atomic level. M
of them, labeled asA, in Fig. 4, looked significantly
different from those observed in Fig. 3. They consist
of a 0.3 Å high protrusion with no darker ring aroun
Observations were quite similar on other samples
the same solution. The other irregularities in Fig.
(designated asB) presented the characteristic depress
region seen in Fig. 3, even though the central protrud
atom is not always clearly resolved in this image.

Tunneling conditions being nearly identical througho
this study [18], the differences between irregulariti
seen in Figs. 3 and 4 cannot be attributed to chan
in tip-sample distance or interactions. That the sa
differences are seen on the same surface (Fig. 4
a further proof. In analogy with the discussion abo
——— Si — OH sites, it is realistic to associate sites (A)
of Fig. 4 with ——— Si — OR fR ­ — CHsCH3d2g surface
groups, while sitessBd are——— Si — OH as in Figs. 2 and 3
An electrochemical reaction similar to the one in Fig.
(bottom), but involving R — OH molecules instead o
H — OH molecular water, is indeed quite realistic [19
This second reaction competes with the one in Fig. 1 (t
and explains that sites (A) and (B) may coexist on the
same surface (Fig. 4).

FIG. 4. Same as Fig. 3, but in a NaOH solution containi
10% IPA (frame 98 3 72 Å2). Sites A and B are, respec-
tively, ——— Si — OR and——— Si — OH groups. (b) Cross section
itunnel ­ 0.2 nA andUtunnel ­ 20.82 V .
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Images being recorded in the constant current mo
the comparison of electronic contours of occupied sta
in Figs. 3 and 4 with hard sphere molecular mod
(Fig. 5) yields information regarding the local electron
properties at——— Si — OX sX ­ H, Rd. In the case of
——— Si — OH groups the excess height of STM contou
(by $0.2 Å) means an enhanced local density of sta
(LDOS), and the depressed region around indicate
tunnel bias locally smaller [the tunnel current varies
sUT ysdNs exps2Ksd, with UT the tunnel bias,Ns the
LDOS, ands the tip to sample separation]. In the ca
of ——— Si — OR sites, the STM height is conversely smal
than expected (by 1.4 Å). No variation ofUT is observed
in this case.

We discuss first the local variations of the tunnel bi
Given the band diagram of the tunnel junction [14], a
cal decrease ofUT means a lowering of the conductio
band edge minimum (in the energy scale) from wh
electrons are tunneling into the tip. In other word
darker regions in Figs. 2–4 originate from a 3D potent
well. Even though the exact distribution of the electron
cloud is more complex at a molecule attached to a s
face than at an isolated molecule, considering the sys
——— Si1d — O2d0

— X1d00

yields sufficient insights into the
interpretation of images. Assuming thatd0 , d00, the
charged on ——— Si1d increases as the electronegativ
difference between the oxygen and the groupX. Taking
ER , 2.56 as electronegativity of short alkyl chains [20
and EH ­ 2.1 for H, d increases according to the s
ries ——— Si —H , ——— Si — OR , ——— Si — OH sinced0 in-
creases from 0.19 to 0.39 ifX ­ R and H, respectively
sd , 20.02 at ——— Si —Hd. It can therefore be inferred
that the potential distribution at ligands simply aris
from the electric field induced by1d since the depth
of dark rings follows the same series——— Si — OR ,

——— Si — OH (Figs. 3 and 4). Similar band bending e

FIG. 5. Atomic models of——— Si — OH and——— Si — OR fR ­
— CHsCH3d2g groups attached on Si(111). Top and side view
Bond lengths were taken from chemical handbooks. At
diameters were reduced to ease representation.



VOLUME 77, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 2 SEPTEMBER1996

d-
M
ve
f-

and
ic

ec-
oth

rge
s

e-
n-
ich

on
f

ed

th.
ly
M

Si

ng
tie
nd
e

ed.
av
ic
the

lso

iel,

lec-

as,
y,

ys.

m.

m,

[ and

[ .

[ ce
.
4,

[

[ m.
d

[
[ ct.

[
[ ons

too

ty.
nge

[ iel,

[

[ ev.

[ er,
fects have been reported in the UHV, with oxygen a
sorbed on GaAs(110) [21]. The amplitude of the ST
corrugation and the screening distances were, howe
much larger in the UHV than in this study where the e
fect is screened over few atomic distances (Figs. 2
3). Two effects combine here: a large density of ion
charges in solution and also the accumulation of el
trons at the surface necessary to imaging [14] which b
reduce electrostatic effects.

If the increased LDOS at——— Si — OH was anticipated
(the LDOS is known to be smallest at——— Si —H22), other
effects need to be considered in the case of——— Si — OR sur-
face groups. According to the discussion about the cha
d on ——— Si1d, the LDOS should follow the same serie
——— Si —H , ——— Si — OR , ——— Si — OH, which seems in
contrast to observations (the corrugation at——— Si — OR is
shallower than expected in Fig. 4). Looking into more d
tail at Fig. 4, the maximum in the LDOS appears elo
gated and displaced toward the hollow site position, wh
is consistent with the fact that theR group is electron
acceptor. The preferential orientation of the protrusi
sAd, along k110l, agrees also with the configuration o
——— Si — OR in Fig. 5. The molecule is indeed expect
to be most stable on the surface with the R groupabove
the hollow site, with no Si atom immediately undernea
This not only minimizes steric interactions, but also like
pumps the electronic cloud downward, making the ST
contour shallower than expected.

In conclusion, the precursor chemical states of
etching have been imaged byin situ STM. In instances
where IPA was added to the solution, molecular grafti
has been also observed. The local electronic proper
of the surface appear to be controlled by the liga
electronegativity. With increasing electronegativity th
LDOS increases and a potential distribution is induc
The steric arrangement on the surface may, however, h
a beneficial effect. Within this description the electron
passivation of H-terminated Si surfaces arises from
unpolar character of——— Si —H bonds. The results in
the IPA solution suggest that Si surfaces might be a
passivated by grafting a monolayer——— Si — OR groups
(using a water free solvent).
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