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Molecular Imaging and Local Density of States Characterization at the Si(111)NaOH Interface
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We presentin situ scanning tunneling microscopy (STM) images with the resolution of iso-
lated =Si—O0X groups on H-Si(111) in NaOH solutions with or without isopropyl alcohol
[X=H or —CH(CH3),]. 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 radicahd 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

The downsizing and increased integration of electronidng level, type of conduction, etc.) such that the electro-
components demands ever greater attention to the conshemical route is almost suppressed so as to make the dis-
positional and structural homogeneity of the surface ofolution anisotropic.
semiconductor wafers after etching. As such, the study Despite a large amount of correlation, the precursors of
of silicon surface morphology and composition is an aredhe dissolution of silicon, i.e., Si— OH groups, have, how-
of great technological importance [1]. Silicon etching inever, never been directly imaged by scanning tunneling
agueous media, such as HF and alkaline solutions, leavasicroscopy (STM) [1,4,6,8—12], nor unambiguously de-
the surface almost entirely passivated by Si—H bondsected by Fourier-transform infrared (FTIR) spectroscopy
[2,3]. From a structural point of view, the flattest surfaces[1-3,7,10]. This paper presents the first STM observations
at the atomic scale, are obtained by etching (111) wafersf isolated vertica= Si— OH on Si(111) in contact with
in buffered ammonium fluoride ghH 8, while facetting an agueous solution and discusses the local changes in the
occurs on the (100) face in the same solution [1,4]. Ex-electronic properties induced by the silanol group. In the
perimentally, the doping of the substrate [5] as well as thepresence of isopropyl alcohol (IPA), an additive frequently
surface misorientation [6—8] are, however, critical parameused in Si etching [13= Si— OR bond formation also
ters to obtain ordered (111) surfaces. Highly dopetgpe  occurdR = — CH(CHj3),] and images show that the elec-
substrates give rough surfaces [5]. Precisely oriented lowronegativity and the molecular arrangement of the ligand
dopedn- and p-(111) samples are always left with trian- are critical parameters to the local electronic properties of
gular etch pits after treatment [5,6], while vicinal surfacesthe surface.

(tilted by few degrees) may have a staircase structure after In situ constant current STM images were acquired
etching [6,7]. Decreasing theH of the etching solution in 2M NaOH with a home built microscope operat-
roughens (111) surfaces at the atomic scale, and smoothg in the four-electrode configuration [14]. All im-
terraces are no longer observable [9-11]. ages were acquired with the sample potentigh,pie ~

The molecular model shown in Fig. 1 [11] accounts—0.57 V/Pd—H (quasi-Pd hydrogen reference elec-
for most of the above observations. It particularly statedrode) so as to accumulate electrons at the surface
that Si “chemical etching” comprises two components,and allow long standing imaging [12]. This situation
one electrochemical (free carrier involved) and the othealso avoided fast etching [14] because of the evolution
chemical (no free carrier involved). After the primary
substitution reaction Si-H — Si— OH, the sequence of H,0

chemical steps is fast because the difference in electro- Ni” T m, i 7 i’
negativity, between the Si surface atom and its ligand, }(} }( Moo N :Si; Wix
favors the attack at back bonds. For steric reasons the S 5 <~/ }i\. ,Si’\{ L sta
chemical route is highly anisotropic and occurs almost ex- %, Ny PN oS N Y
clusively at steps (Fig. 1, top route). The electrochemi- TN e T

cal path is conversely relatively isotropic and may occur d )Si; H

on (111) planes since the first dissociative step leaves the

space necessary to the second reaction with water mol&lG. 1. Molecular model for Si etching in aqueous solutions.

cule (Fig. 1, bottom route). The surface microstructureThe reaction is either chemical (top route) or electrochemical

. . e - (bottom route) in initial stages. For steric reasons, formation
of “chemically etched” Si(111) is therefore closely related ¢ = gi__oH on (111) plane stems from the bottom reaction.

to the partition between the two pathways [11], and flatReactants are shown wit-) and reaction products with-).
Si(111) surfaces are obtainable in conditionsH, dop-  See Ref. [11] for more details.
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of hydrogen (typical current-300 uwA/cn?). The tip In the right images of Fig. 2, the full grey scale has
potential wasU,i, ~ 0.3 V/Pd—H. The tunnel volt- been applied to each of the terraces to resolve that
age Uwnnel = Usampte — Uiip Was therefore—0.75 V they present shallow defects whose depth and diameter
(sample negative) and the tunnel current 0.2 nA in all im-are, respectively, nearly 1 A and30 A. Observations
ages. A Ptwire was used as auxiliary electrode to collectvere similar of other places and on other samples using
the electrochemical current issued from the sample sudifferent tips. Different types of such sites can be
face. Si(111) sample®.5Q) cm n-type) were degreased identified: (i) sites which exist before and after the pulse
in a sequence of hot solvents before stripping the oxide ifsite C), (ii) sites which give rise to a pit (sit®), and
40% HF (1 min) and etching in 40% N (3 min). The  (iii) sites which are newly formed (sit&). On several
rear Ohmic contact was made with In-Ga alloy. instances the density of shallow defestswas measured
Figure 2 shows the effect of pulsingsampie from  to be ~1-2 X 10'!/cn? before the pulse (Fig. 2, top),
—0.57 V/Pd—H (cathodic region) te-0 V/Pd—H for ~ and was about twice as large after the pulse (Fig. 2,
5 s, which is nearly the rest bias. Top and bottom imagebottom). By comparisonN remained nearly constant
were recorded al/s,mpie = —0.57 V/Pd—H while the  under prolonged hydrogen evolution.
pulse of potential was applied between the two frames At high resolution the surface is entirelyl X 1)
using a special procedure [14]. The differences betweeh-terminated [3,14] except for a few irregularities, as
top and bottom images correspond, therefore, to a shoshown in Fig. 3. Irregularities are depressions of diameter
chemical etching of the surface. Images are presentetD—20 A, comparable to the diameter of former defects
as unfiltered top views. In left images heights decreaséFig. 2), with a central atom, however, resolved. Ver-
from white to black, and the successive atomic planes, afically the protrusion is=0.5 A above the average cor-
separated by a single bilayer step (3.1 A high), appear withugation of Si—H bonds. The density of defects is
different colors. Under prolonged cathodic polarizationca.5 X 10'> cm~2 in this image, which is larger than in
(top), only a very slow etching process was observable &ig. 2 where the solution was poorer.
step edges. Using the procedure in Ref. [14], the etch rate As such, Fig. 2 clearly shows that the nucleation of
was found to b&.2 A/min. After the pulse of potential, etch pits (left column) and the bias dependenceNof
the growth of some existing pits (e.g., site A) and the(right column) are related to the electrochemical route
nucleation of new ones (e.g., siB) were also observed in Fig. 1 (bottom) because its onset coincides with the
in addition to a faster motion of steps. The etch rate wasest bias [11]. The second point suggests, therefore,
~5 A/min during the 5 s chemical etching. that the depressions on terraces are vertdsebi— OH
bonds since their formation precedes the removal of the
Si atoms in Fig. 1. Figure 2 demonstrates that isolated
=Si— OH are relatively stable on terraces and that their
density remains nevertheless less than 1% of a monolayer,
which explains that a “full” H-termination of the surface

{a)

i
os}t A Il A
\ " » A i A
o 0 A Jr \| VY “M"th'ﬂn'dﬂ'ur 'I.Illll-mf'-.f'-lur
FIG. 2. In situ STM images ofn-Si(111) in NaOH. Top: I .
after prolonged cathodic polarization. Bottom: after pulsing : : : z : A
the sample potential so as to reach the rest bias for 5s 0 20 40 60 80 100

(i.e., “chemical etching” conditions). Left and right images

correspond to different representation of the same portion oFIG. 3. (a) Atomic structure of the surface showing few
the surface (see text). See text for identification of the sitessolated =Si—OH sites (framel03 x 70 A?). (b) Cross
A—E. Frames arel400 X 1400 A2, iume = 0.2 NA and  section of the site marked by an arrowym..; = 0.2 hA and
Uwnner = —0.72 V. Uwnner = —0.79 V.
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was inferred from FTIR spectroscopy [1-3,7,10]. That Images being recorded in the constant current mode,
only 10% of existing=Si— OH groups give birth to a the comparison of electronic contours of occupied states
pit after the pulse (see, e.g., sit® in Fig. 2) is direct in Figs. 3 and 4 with hard sphere molecular models
evidence of the large energy barrier for Si anisotropio(Fig. 5) yields information regarding the local electronic
etching [15], and is also an experimental verification ofproperties at=Si—OX (X = H,R). In the case of
recent Monte Carlo simulation [16,17], which suggest thaE=Si— OH groups the excess height of STM contours
severalOH, next to each other, are necessary to initiate affby =0.2 A) means an enhanced local density of states
etch pit. Step edge Si atoms are by comparison removed.DOS), and the depressed region around indicates a
as soon as the Si— OH bond is formed [11,16]. tunnel bias locally smaller [the tunnel current varies as
In a mixture of isopropyl alcohol (IPA) in NaOH, two (Ur/s)N,; exp(—Ks), with Ur the tunnel bias,N; the
types of sites were resolved at the atomic level. Most.DOS, ands the tip to sample separation]. In the case
of them, labeled asA, in Fig. 4, looked significantly of =Si— OR sites, the STM height is conversely smaller
different from those observed in Fig. 3. They consistedhan expected (by 1.4 A). No variation b is observed
of a 0.3 A high protrusion with no darker ring around. in this case.
Observations were quite similar on other samples in We discuss first the local variations of the tunnel bias.
the same solution. The other irregularities in Fig. 4Given the band diagram of the tunnel junction [14], a lo-
(designated a8) presented the characteristic depressiorcal decrease ot/r means a lowering of the conduction
region seen in Fig. 3, even though the central protrudingpand edge minimum (in the energy scale) from where
atom is not always clearly resolved in this image. electrons are tunneling into the tip. In other words,
Tunneling conditions being nearly identical throughoutdarker regions in Figs. 2—4 originate from a 3D potential
this study [18], the differences between irregularitieswell. Even though the exact distribution of the electronic
seen in Figs. 3 and 4 cannot be attributed to changesloud is more complex at a molecule attached to a sur-
in tip-sample distance or interactions. That the samdace than at an isolated molecule, considering the system
differences are seen on the same surface (Fig. 4) BE=Sit?—0"% —Xx"% yields sufficient insights into the
a further proof. In analogy with the discussion aboutinterpretation of images. Assuming that ~ 8", the
=Si—OH sites, it is realistic to associate site&) ( charged on =Si"® increases as the electronegativity
of Fig. 4 with =Si—OR [R = — CH(CHj3),] surface difference between the oxygen and the graiip Taking
groups, while site¢B) are=Si—OH as in Figs. 2 and 3. Er ~ 2.56 as electronegativity of short alkyl chains [20]
An electrochemical reaction similar to the one in Fig. 1and Egz = 2.1 for H, é§ increases according to the se-
(bottom), but involving R—OH molecules instead of ries=Si—H < =Si— OR < =Si—OH sinceé’ in-
H —OH molecular water, is indeed quite realistic [19]. creases from 0.19 to 0.39 ¥ = R and H, respectively

This second reaction competes with the one in Fig. 1 (top}é ~ —0.02 at=Si—H). It can therefore be inferred
and explains that sitesA] and B) may coexist on the that the potential distribution at ligands simply arises
same surface (Fig. 4). from the electric field induced by-é since the depth

of dark rings follows the same serie=Si—OR <
=Si—OH (Figs. 3 and 4). Similar band bending ef-

Top view
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FIG. 4. Same as Fig. 3, but in a NaOH solution containingFIG. 5. Atomic models 0&=Si—OH and=Si—OR|[R =
10% IPA (frame98 x 72 A?). Sites A and B are, respec- — CH(CHs),] groups attached on Si(111). Top and side views.

tively, =Si— OR and=Si— OH groups. (b) Cross section. Bond lengths were taken from chemical handbooks. Atom
iunnel = 0.2 NA andUypner = —0.82 V. diameters were reduced to ease representation.
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face groups. According to the discussion about the charge 99, 9472 (1995).
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