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Formation of terraced, nearly flat, hydrogen-terminated, (100) Si surfaces after high-temperature
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Among the processes devoted to the preparation of chemically homogeneous (100) silicon surfaces, the ones
for hydrogen termination are the most promising, especially in view of the remarkable environmental stability
of such surfaces. The simplest way to produce hydrogen-terminated silicon (attack of a sacrificial, thermally
grown, oxide in aqueous solution of HF) results in rough, strongly heterogeneous (although with prevailing
dihydride terminations) surfaces. These surfaces can, however, be flattened and homogenized by treating them
in H, at high temperature (>850 °C). The morphological and chemical changes undergone by the surface
during the treatment are studied ex situ (via x-ray-photoelectron spectroscopy, atomic force microscopy, scan-
ning tunneling microscopy, infrared absorption spectroscopy in the attenuated total reflection mode, reflection
high-energy electron diffraction, and thermal programmed desorption) and the mechanisms responsible for

them are discussed.

DOLI: 10.1103/PhysRevB.72.125431

I. INTRODUCTION

The (100) surface of silicon (the one with the widest
range of applications in integrated-circuit processing) is not a
cleavage surface, and is typically obtained by cutting single
crystals along planes as close as possible to (100) and
chemomechanically polishing the resulting rough surface
with colloidal SiO, dispersed in KOH aqueous solution.!*?
As a consequence, the actual (local) orientation resulting af-
ter cutting and polishing is controlled by the alignment un-
certainties of the sawing and lapping machines and by the
roughness related to the etching and polishing processes. The
final result is a misoriented surface, with a local peak-to-
valley roughness on the nanometer length scale.

The polishing procedure, moreover, produces surfaces
with prevailing hydrogen terminations,* but containing re-
sidual oxocenters (Si-O-Si and Si-O-H), too. A lot of work
has been carried out to prepare chemically homogeneous and
environmentally stable surfaces. The oxoterminated surfaces
are not suitable for that goal because of two reasons: (i) the
early stages of oxidation produce a chemically heteroge-
neous zone> where the silicon oxidation state is distributed
between 0 and 4; and (ii) exposed to humid air at room
temperature, surfaces containing oxocenters undergo further
oxidation.%’

The common belief that hydrogen-terminated silicon
would be indefinitely stable (on the laboratory time scale) in
air at room temperature, explains why several methods have
been developed for the hydrogen passivation of (100) silicon,
including:

(1) Chemical attack with an aqueous solution of HF
(HF,) of a sacrificial, thermally grown, oxide.
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(2) Demolition of such hydrogen terminations by heat
treatment at moderate temperature (say, 7<550 °C) (Ref. 8)
followed by the exposure of the resulting clean
2 X 1-reconstructed surface to a few langmuirs of atomic hy-
drogen H (in turn obtained by the dissociation of H, after
contact with a hot tungsten filament).

(3) Exposure of the HF,,-prepared surface to H, at sub-
atmospheric pressure (typically in the interval 10°—10° Pa)
and moderate temperature (typically around 800 °C).

Hydrogen-terminated surfaces can greatly differ accord-
ing to their preparation:

(i) Process (1) results in 1X 1 surfaces with a heteroge-
neous distribution of SiHj;, SiH,, (prevalently) and SiH
terminations.®?

(ii) Process (2) produces different reconstructions accord-
ing to the temperature:'? (1) The 1X 1 dihydride phase at
300 K; (2) 1.33 H monolayers with 3 X 1 reconstruction at
400 K; or (3) the monohydride phase with 2 X 1 reconstruc-
tion at 600 K (these are shown schematically in Fig. 1); and

(iii) Process (3) is invariably reported to result in 2 X 1
(100) SiH—the 2 X1 reconstructed, monohydrogen termi-
nated, (100) silicon surface.!!-14

We have, however, recently reported!>'® that the surface
of commercial (100) Si wafers, after etching in HF,,, baking
in H, at subatmospheric pressure and high temperature
(8501100 °C), cooling to 670—700 °C in the same ambi-
ent, quenching to room temperature in N,, and eventual ex-
posure to air is terraced, nearly flat, highly homogeneous,
1 X1 (re)constructed with dihydride terminations. This sur-
face is referred to as 1 X1 (100) SiH,.

X-ray-photoelectron spectroscopy (XPS), atomic force
microscopy (AFM), infrared absorption spectroscopy in the
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FIG. 1. Schematic of various hydrides occurring at the (100)
silicon surface: (a) 2X 1 monohydrides, (b) “classic” 1X 1 dihy-
drides, (c) 3X1 alternating di- and mono-hydrides, (d) “split
dimer” dihydrides between monohydride domains, (e) canted
1 X1 dihydrides, (f) domain-boundary situation where dihydrides
with elongated Si-Si backbonds alternate with canted dihydrides
(see Ref. 35).

attenuated total reflection mode (ATR-IRAS), reflection high
energy electron diffraction (RHEED), and thermal pro-
grammed desorption (TPD) were used to characterize these
surfaces and understand the phenomena producing them.!3-18
In this work we extend the experimental bases of our study
providing atomic-scale information on the surface via scan-
ning tunneling microscopy (STM).

II. EXPERIMENT
A. Preparation

The samples considered in this work were prepared in one
of the following ways:

(a) Etching the as-received slice in HF .

(b) Treating the HF,-etched surface in H, at moderate
temperature (800—-850 °C).

(c) Treating the HF,q-etched surface in H, at high
temperature (1100 °C).

(d) Oxidizing the surface treated in H, at 1100 °C
with a H,0,+H,SO, (“piranha”) solution and removing the
oxide formed with HF,.

Samples (a) were prepared via standard cleaning, etching

in diluted HF,;, and rinsing in deionized O,-free water,
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single crystalline, Czochralski grown, (100) oriented, p type,
boron doped, silicon slices with resistivity 1.5-5 ) cm.

The etched samples were mounted in a commercially
available load-locked single-wafer lamp-heated reactor
(AMAT Centura) where they were

* Baked in H, at a pressure of 1.1 X 10* Pa in an open
reactor (the hydrogen flux being of 2.2X 1072 mols~!) at
850 °C for 1 or 3 min [samples (b;) or (bs), respectively] or
at 1100 °C for 3 min [samples (c)];

* Cooled in the same environment to 670—700 °C at a
rate of about =10 °C s~ !;

* Quenched to room temperature at an uncontrolled rate
(of the order —10% °C s~!) after moving them into a sample
transfer chamber in an N, atmosphere at a pressure of
1.1 X 10* Pa (quenching being allowed by the relatively high
N, pressure).

Additional samples, referred to as (b’), were also pre-
pared from the HF,-etched wafer by baking in H, at 800 °C
for 20 min; cooling to 300 °C in the same environment; and
quenching to room temperature in N».

The main interest here is for samples (c); samples (b;)
and (bs) are considered because they are putatively able to
“photograph” intermediate situations of the evolution from
(a) to (c); sample (b’) is considered because its preparation
conditions border upon (while not overlapping) those consid-
ered in Refs. 11 and 12; the reason for sample (d) will be
clarified later.

The use of nitrogen in the quenching stage requires some
comments. In fact, a flowing gas at relatively high pressure is
required to quench the situation resulting after the cooling
stage. Since the use of H, is prohibited for safety reason, N,
was chosen on the basis of its inertness toward silicon at
T<700 °C. The correctness of this assumption was checked
by verifying that the nitrogen amount at the silicon surface
(measured through the intensity of the N 1s signal) was be-
low the detection limit (say, 0.1 % at.). A weak surface nitri-
dation was only observed in side experiments!'® after an ex-
posure to N, at 850 °C.

Another point of some importance concerns the possible
traces of contaminants (like H,O) contained in the H,. In
fact, the low sticking coefficient of H, compared with that of,
for instance, H,O magnifies the effective concentration of
the latter by many orders of magnitude. It is however ob-
served that in our experiments the surface did not manifest
any evidence for oxidized silicon (as demonstrated by the Si
2p spectra of Fig. 2, shown later), in agreement with similar
experiments carried out in other laboratories at subatmo-
spheric H, pressure.!""'? Of course catalytic effects due to
oxygen cannot be ruled out, but such effects should also
occur in experiments in a UHV, due to the oxygen amount
contained within a diffusion length from the silicon surface
(the concentration of interstitial oxygen in Czochralski sili-
con being of the order of 4 X 10'7 cm™).

B. Analysis

After storing in air at room temperature for a few hours,
the samples underwent an ex sifu experimental characteriza-
tion using the following techniques: XPS, AFM, STM, ATR-
IRAS, RHEED, and TPD.
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FIG. 2. Si 2p spectra taken at
five different take-off angles of
(100) silicon baked at 1100 °C
following exposure to air at room
temperature for several hours
(left) or from a (100) silicon sur-
face covered with a grown SiO,
film of approximately one mono-
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The XPS spectra were detected mounting the samples in a
PHI ESCA/SAM 5600 Multitechnique spectrometer with
monochromatized x-ray beam.”’ The AFM measurements
were carried out in the tapping mode with either a Digital
Instruments Multimode apparatus'> or an NT-MTD instru-
ment.'® The STM measurements were carried out in a UHV
Omicron system using +1 V sample bias. The IRAS mea-
surements were carried out using a Harrick GATR germa-
nium single reflection ATR accessory.'® The TPD measure-
ments were carried with a DCA-600 molecular-beam-epitaxy
apparatus.'> The evolution of the silicon surface structure
during heating in an ultrahigh vacuum (UHV) was deter-
mined via RHEED using a Steil apparatus.'?

III. RESULTS

It is anticipated that except for the terrace step length
(discussed in Sec. III B and anyway controlled by the cutting
conditions), the characteristics of different samples prepared
with any given method were found to be remarkably similar,
so that the data presented in the following may be considered
representative of the preparation procedure.

A. X-ray photoelectron spectroscopy

The XPS spectra of a typical sample (c) are shown in the
left-hand side of Fig. 2 for five takeoff angles. For compari-
son purposes, equivalent spectra from a surface covered by
approximately one monolayer of oxidized silicon (with bind-
ing energy centered on =103 eV) (Ref. 5) are shown in the
right-hand side of the figure. The comparison shows that
even for the lowest takeoff angle, sample (c) does not show
any evidence (within the XPS sensitivity limits) for oxidized
silicon.!®

100

98

binding energy (eV)

B. Atomic force microscopy

The AFM micrographs of the surfaces of samples (a),
(bs), (c), and (d) are summarized in Fig. 3. The comparison
shows that the annealing in H, flattens the surface and even-
tually produces a terraced surface.

Figure 4, showing the AFM micrographs of the surfaces
of samples (a), (b;), and (b;) demonstrates that the tempera-
ture which allows a rough-to-flat transformation (at least on
the laboratory time scale) is in the interval 800—850 °C, this
transformation being completed at 850 °C in a few minutes.

The steps forming the terrace of sample (c) are separated
either by nearly straight edges or by very irregular edges,
alternatively. This structure is typically observed?! for clean
2 X1 (100) surfaces, with step heights of just 0.136 nm. The
terraces are not atomically flat, but rather contain several
small domains: The ones shown as bright spots are mesas,
while the ones shown as dark spots are hollows; mesas and
hollows are separated from the embedding terrace by a dis-
tance of just one atomic step.

Table I shows that the morphological changes following
transitions (a)— (b;)— (bs) —(c) are associated with a
roughness reduction, measured by the standard deviation of
the surface profile from the average plane.

C. Scanning tunneling microscopy

In general, the HF, attack of (100) Si results in “fuzzy”
images. Even though under special pH conditions the HF,,
etching results in surfaces with nearly atomic resolution (giv-
ing evidence for 1 X 1 symmetry??>?3), the STM analysis of
HF,-etched samples (a) followed by atmospheric exposure
did not provide any evidence for regularity.>* Images with
atomic resolution were, however, obtained for samples (c)
following transport and insertion into the UHV system even

125431-3



CEROFOLINI et al.

(b3)

2 . P e £ 0
0 5 10
um

FIG. 3. Comparison of atomic-force micrographs of (100)-Si
surfaces resulting after: (a) etching in HF,q an as-received slice;
(b3) treating the HF,j-etched surface in H, at 850 °C for 3 min; (c)
treating the HF,g-etched surface in H, at 1100 °C for 3 min; and
(d) oxidizing the sample baked in H, at 1100 °C with a H,0,
+H,S0, (piranha) solution and etching the resulting oxide in HF,,.
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without further treatment. However, the time necessary, fol-
lowing treatment of the sample, for its removal from the
hydrogenation chamber, packaging, and transportation to the
STM instrument significantly affected the sample surface
and thus the STM images obtained. The images in Fig. 5
show graphically the nature of such changes over a relatively
large area for samples whose exposure to air was different by
a factor of about 2, on the time scale of 10—10? h.

The figure shows small (1-5 nm in diameter) darker
zones, interpreted as “holes” (or “pits”) 0.2—1.0 nm deep,
together with small bright zones of similar lateral dimen-
sions, interpreted as “protrusions” with relative heights of
0.4-0.8 nm. These features are irregularly distributed over
all areas of the samples. Although the changes were not sys-
tematically followed over time, a general increase in the
number of darker features with a corresponding decrease in
the brighter ones was observed on going from the fresher
samples to the older ones.

Given the much higher quality of the STM images from
the fresh samples, where the bright spots still predominate
over the darker features, the more detailed discussion below
of the higher resolution STM data will focus upon the results
from these samples. This will also ensure greater validity
when comparing the STM results with those from the other
techniques obtained after similarly brief periods following
hydrogenation. Although the surface structures observed did
not change significantly, the clarity of the images improved
after sample heating at =100 °C in the STM UHV system.

At a more detailed level, the STM measurements pro-
vided images with atomic resolution generally attributed to
the 1 X 1 dihydride surface [see, for example, Fig. 6(b)].

The STM images also show the presence of 2 X 1-like
ordered structures [see Fig. 6(a)] which are different from the
classical 1X 1 dihydride structure shown in Fig. 6(b). The
average profiles along the rows of atoms (compared in the
lower part of the figure) both show exactly the same, char-
acteristic surface silicon interatomic distance of approxi-
mately 4 A, but with alternating intensities (corresponding to
changes in tip-to-sample distance) in the case of the “ribbed”
2 X 1 structure shown in Fig. 6(a). Thus, these 2 X 1 struc-
tures correspond neither to the 2 X 1 monohydride [shown
schematically in Fig. 1(a)] nor to the alternating 3 X1
structure® [Fig. 1(c)] nor even to the much more stable,
novel dihydride species known as “split dimers” observed on
the 2X 1 (100) SiH surface?® [Fig. 1(d)] whose filled-state
STM images show a dark center and lighter sides.

TABLE 1. Standard deviation of the actual surface profile from
the average plane in differently treated samples.

Standard deviation

Sample Morphology (nm)
(a) Rough 0.18
(b") Rough 0.12
(by) Stepped 0.10
(b3) Stepped 0.08
(c) Stepped 0.05
(d) Stepped 0.20
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FIG. 4. Comparison of atomic-force micrographs of (100)-Si
surfaces resulting after treating the HF,j-etched surface in H, at
(b") 800 °C for 20 min, (b;) 850 °C for 1 min, or (bs) 850 °C for
3 min.

D. Infrared absorption spectroscopy

The region of interest for Si-H vibrations lies in the in-
terval 2000—2200 cm™!. The ATR-IRAS spectra in that re-
gion for samples (a), (b’), (b,), (c), and (d) are shown in Fig.
7. The spectrum of sample (a) shows a broad absorption
band. The spectra of samples (b’), (b,), and (c) are instead
dominated by an intense sharp peak centered on a wave
number of (2100+1) cm™'. The spectrum from sample (d)
shows that the sequence of piranha oxidation and HF, etch-
ing restores the original heterogeneous distribution of Si-H
bonds (however without modifying the preexisting surface
topography, as demonstrated by the AFM evidence).

E. Thermal programmed desorption

The TPD spectra from samples (a), (b;), and (c) are
shown in Fig. 8. All of them give evidence for emission
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FIG. 5. Different large-scale characteristics in STM images
(100X 100 nm?, +1 V sample bias, 0.09 nA tunneling current) of
samples after =72 h before insertion into the UHV system (left)
and after =36 h (right).

peaks at 300—350 °C and at =500 °C (referred to as 3, and
B, respectively'®). Sample (c) gives also evidence for an
emission peak (referred to as a) at =700 °C.

F. Reflection high-energy electron diffraction

The crystallographic evolution of the surface during TPD
was followed by detecting the RHEED diffraction pattern.
The diffraction pattern before heating was in all cases found
to be the one characteristic of the 1X1 (100) surface. It
evolved to that characteristic of the 2 X 1 (100) surface only
at temperatures around 750 °C.

IV. DISCUSSION

The entire set of experimental data admits the following
minimal interpretation: The heat treatment in H, at T above
850 °C flattens the surface and eventually results in ener-
getically homogeneous, hydrogen-terminated surfaces, and
the surfaces so produced survive the cooling and quenching
phases.

In fact, although XPS is insensitive to hydrogen, the XPS
data show that the surface does not undergo oxidation after
exposure to air’’ and thus suggest that the hydrogen termi-
nations certainly produced by the exposure to H, at high
temperature survive the quenching stage and protect the sur-
face against oxidation in air at room temperature for a dura-
tion on the time scale of 10° s.

The AFM data clearly show that the annealing in H, is
responsible for a progressive flattening of the surface. This
result extends previous observations'? toward higher tem-
peratures. In the samples baked at 1100 °C mesas and hol-
lows are observable. Both are rotated by 90° with respect to
adjacent atomic layers. The STM analysis confirms the struc-
ture resulting from AFM, showing that the hollows are
etched areas in a single-layer terrace while the mesas are
one-atomic-layer islands. This structure is typically observed
for surfaces prepared under etching conditions,?' thus sug-
gesting that the regular morphology of hollows and mesas is
related to the flattening mechanism rather than to erratic fac-
tors (such as contamination, adsorption of foreign species,
etc.). Remarkably enough, mesas and hollows are observed
only in samples baked at 1100 °C (temperature at which the
surface undergoes etching'?) while are not observed at
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850 °C (temperature at which
negligible!>19).

The heat treatments (even those at 800 °C for 20 min or
at 850 °C for 1 min) produce the almost complete transfor-
mation of the original heterogeneous distribution of SiH,
(n=1,2,3) terminations into a homogeneous distribution.
The heterogeneous nature of sample (a) is demonstrated by
its broad absorption spectrum, covering the lines attributed to
SiH; (at 2137 cm™!), SiH, (at 2111 cm™!), and SiH (at
2077 cm™!) (the assignment is taken from Refs. 28 and 29).
The homogeneous nature of surface terminations in the
samples treated in H, is shown by their sharp absorption
peaks, with a full width at half maximum of 11 cm™" in (b,)
and of 7 cm™! in (c). The comparison of spectra (c) and (d)
shows that the final HF,, etching results in a heterogeneous
distribution of terminations. Since the sequence of piranha
oxidation and HF,, etching preserved the pre-existing terrace
structure, the nearly homogeneous termination is intrinsically
associated with the process in H,.

While the ATR-IRAS data provide unambiguous informa-
tion on surface homogeneity, they however are by them-
selves unable to assess the nature (dihydride versus monohy-
dride) of the chemical terminations. In fact, the silicon
monohydride dimer (SiH), is characterized by symmetric (S)
and antisymmetric (AS) stretching modes at 2099 and
2088 cm™!, respectively,!! while the silicon dihydride mono-
mer SiH, has S and AS stretching modes at 2091 and
2104 cm™!, respectively.’® Thus the observed line at
2100 cm™! might be attributed either to the S stretching
mode of (SiH), or to the AS stretching mode of SiH, (a
combination just in 1:1 proportion of them seems difficult to
sustain). Since the sign of the S-AS splitting of SiH, is op-
posite to that of (SiH),, the mode assignment is in principle
possible via a comparison of the p-polarized with s-polarized
IRAS spectra. However, the relative S/AS intensity depends
so strongly on factors like environmental hydrocarbon con-
tamination, surface roughness, etc.,!! to make difficult this
assignment. We have thus preferred to extract information on
surface phase from RHEED and TPD—RHEED is indeed
sensitive to surface reconstruction, while TPD is sensitive to
surface composition.

As mentioned in Sec. IIT'F, for all samples analyzed in
this work the diffraction pattern before heating was found to
be the one characteristic of the 1 X1 (100) surface. The dif-
fraction pattern evolved to be characteristic of the 2X 1
phase only at temperatures of about 750 °C, in agreement
with what is observed for the 1 X 1 (100) SiH, surface.’!

For patchwise surfaces H, may be assumed to be des-
orbed from hydrogen-terminated silicon via the consecutive
reactions sketched in Fig. 9. The B, peak is originated by H,
elimination from (SiH), dimers while the B, peak is origi-
nated by H, elimination from vicinal SiH, groups, the mi-
gration energy of SiH, not being a limiting factor to this
process.’? For the ideal phases 2X 1 (SiH),, 3X 1 (SiH),-
SiH,, and 1 X1 SiH, the [,-to-B,; intensity ratio 152/151 is
therefore given by Table II.

The accurate determination of ratio / B,/ g, requires a
quantitative description of the desorption kinetics (planned
for another work). Qualitative estimates can however be rea-

the etching rate is
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nm

FIG. 6. STM images showing apparent changes in structure
of the 1X1 (100) SiH, with changes in tip-sample distance:
(a) 2X 1 (100) SiH, with alternate rows (see also Ref. 36); (b)
classical 1X 1. The lower part of the figure shows the differences
between their respective average z profiles across the rows of atoms
(see text). [Dimensions: (a) and (b) 7 X7 nm?. All images obtained
with +1 V sample bias and 0.08 nA tunneling current.]

sonably inferred and their comparison with the expected val-
ues given in Table II indicate that samples (b;) and (c) have
SiH, terminations.

In this scheme it seems somewhat disturbing that for
sample (a) I /15 is larger than 1. It is however noted that
for rough and heterogeneous surfaces H, may also be des-
orbed via H, elimination from a vicinal pair of isolated SiH,
and SiH. Since this process does not result in monohydride
dimers (SiH),, it cannot contribute to the B; peak and thus
may be responsible for the occurrence 15, > I .

Roughness has contributions at several wavelengths: In
the considered example, roughness may be thought of as
having a contribution at long wavelengths (manifested as
“morphology” in the terrace structure) and at short wave-
length (“local roughness,” measured by the root mean square
of the peak-to-valley distance). The experiment [showing
that the sequence of piranha oxidation and HF,, etching does
not modify appreciably the terrace morphology whereas the
local roughness increases (from 0.05 nm to about 0.2 nm)
and so does the chemical heterogeneity (from a very sharp
peak to a broadly distributed band)] suggests that energetics
and geometry are correlated only at short wavelengths.

The total area explored by STM is too low to be repre-
sentative of the whole silicon surface as probed by ATR-
IRAS or XPS. Nonetheless, the explored surface of sample

TABLE II. 3,-to-B; intensity ratio for the considered phases.

Phase I ﬁz/ I B,
Ideal 2 X 1(SiH), 0
Ideal 3 X 1(SiH),-SiH, 1/3
Ideal 1X 1 SiH, 1
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(c) was remarkably homogeneous and consistent with its
ATR-IRAS spectrum shown in Fig. 7. Assuming that the
prevailing structure detected by STM is the same as that
responsible for the ATR-IRAS peak, STM identifies it as the
dihydride surface on the basis of the “interatomic” distances.
Figure 6 shows the presence of 1 X 1 and 2 X 1 symmetry in
the STM images but both with the same interatomic dis-
tances as shown in the traces beneath the images. This
2 X1 symmetry cannot correspond to the monohydride be-
cause the latter shows alternating interatomic distances due
to the presence of the Si-Si dimer bond in the monohydride.

Calculations have shown®>3* that a canted structure [in
Fig. 1(e)] is energetically advantageous for the 1X 1 dihy-
dride. The distortion in the dihydride canted phase reduces
the repulsion between the hydrogens while weakening the
Si-Si backbonds. Longer-range calculations® also showed
the possibility of oppositely canted domains with the dihy-
dride at the domain boundary having an elongated Si-Si
backbond. If this were the case, the elongated bond might
thus render the SiH, surface groups distinguishable in STM
images. One possible hypothesis is that the structure ob-
served here consists of alternating rows of canted-elongated-
canted SiH, groups [Fig. 1(f)].

However, similar 2 X 1 structures on dihydride-terminated
(100) Si surfaces, believed to be peculiar to the noncontact
atomic force microscopy (NC-AFM) technique, were inter-
preted as being due to the attractive force of the AFM tip
followed by self-organization of the dihydride rows.’® The
variations observed in those NC-AFM images on varying the
tip-sample distance are similar to those observed in our im-
ages as shown in Fig. 6. The apparent variations in the sur-
face structure in our constant-current mode STM images,
even over a single terrace, can be correlated with the tip-
sample distance. Assuming, to a first approximation, that our
STM ¢ scale can be correlated with the physical tip-sample
distance given the homogeneity of the surface states ob-
served, over the darker areas (tip closer to the sample) the
classical 1 X 1 predominates [Fig. 6(b)] whereas in the rela-
tively brighter areas (tip farther from sample) the 2 X 1 dihy-
dride structure [Fig. 6(a)] is observed.

Thus, the observed “2X 17 dihydride structures in the
STM images could be due to the dihydride groups being
canted or perhaps “domain-boundary” dihydrides alternating
with canted dihydrides [see Fig. 1(f)]. Such a structure may
be polarizable in the vicinity of the STM (or NC-AFM) tip
leading to variations in the images according to the sample-
tip distance which would explain the images observed. The
fact that these dihydride structures are indeed polarizable,
however, could also be due to hydrogen bound to the first
subsurface layers following the attack at weakened Si-Si
backbonds thus conferring a greater polarizability to the sur-
face dihydride structures. This would explain both the sym-
metrical 1X 1 images [Fig. 6(b)] as well as their changes
with different tip-sample distances in both STM [Fig. 6(a)]
and in NC-AFM.3¢ Moreover, the different polarizabilities of
alternating dihydride rows observed in the STM images may
help provide a key to explaining how the subsurface bonds
would be affected. The idea of hydrogen being bound to
subsurface silicon in some kind of well-defined manner
would also explain the TPD results where a clear distinct
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desorption peak, referred to as «, is observed at =700 °C.

Summarizing, the STM results confirm not only the con-
clusions drawn from the interpretation of the other analytical
data (uniform surface, presumably dihydride) but also the
extent (around 90%) of the dihydride over all areas of the
surface examined as well as its stability both during transport
and when subjected to temperatures of up to 200 °C in UHV.

That the surface has dihydride terminations is moreover
supported by TPD. The TPD spectrum is usually considered
able to provide information on hydrogen terminations
through the relative intensities of desorption peaks f3, at
=300 °C (attributed to H, elimination from vicinal dihy-
dride silicon atoms) and B; at =510 °C (attributed to H,
elimination from monohydride dimers).!® The very fact that
the spectra of samples (b;) and (c) have B, and B; peaks
with approximately the same intensity is thus consistent with
the fact that the surface is entirely covered by SiH, termina-
tions.

The spectral region at 7> 600 °C is of interest too. In this
region reference sample (a) gives evidence for an emission
shoulder. This emission may be attributed to H, elimination
from geminal dihydrogen terminations in residual unreacted
SiH, groups, vicinal monohydrogen terminations not belong-
ing to the same (SiH), dimer, etc. (Evidence for such a
shoulder for (100) and (111) HF,g-etched surfaces is also
given in Ref. 37.) The TPD spectrum of sample (c), annealed
at 1100 °C, shows instead clear-cut evidence for an emission
peak (a hydrogen) at =650-700 °C. Sample (b,), annealed
at 850 °C, has in the considered region an intermediate spec-
trum between those of (a) and (c). Emission peaks at
650—-700 °C have been observed for rough surfaces exposed
to atomic hydrogen at a temperature between 420 and 530 K
(and attributed to the desorption of a reactive form of sub-
surface hydrogen)®® or for hydrogen-implanted silicon (and
attributed to the desorption of H, molecules embedded in
cavities or desorbed from the their inner walls).>® Consis-
tently with these observations, we hypothesize that a hydro-
gen is actually due to hydrogen trapped in vacancylike de-
fects (vacancy clusters or cavities) injected into the
subsurface region during the flattening transition.

If this interpretation is correct, the XPS data at different
takeoff angles should give evidence for it. Actually, follow-
ing our previous analysis,?’ the entire family of XPS spectra
may be explained assuming the presence of three features in
addition to that of elemental silicon Si(”:

Si®, with AE4,=(0.27+0.01) eV

Si®®) with AE,40=(0.56+0.05) eV

Si®), with AE g=—(0.24F0.02) eV,

where AE,, denotes the chemical shift of feature Si® (x
=®,® ®,0) with respect to Si”). The sign and values of
AEg\o and AE g, suggest that they may be reasonably at-
tributed to silicon hydrides, not better specified at this level
of investigation. The sign and value of AE,, might indicate
clean silicon dimers? as responsible for this feature; however,
if not due to clean silicon dimers at the inner surface of
cavities, the persistence of this signal after prolonged expo-
sure to air suggests that it be considered as a minor correc-
tion to the assumed line shape [70% of Gaussian character,
with a tail length of 6.5 and tail scale of 0.6% (Ref. 40)] of
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FIG. 7. Comparison of the infrared absorption spectra from
(100)-Si surfaces resulting after (a) etching in HF,q an as received
slice; (b’) heating in H, at 800 °C for 20 min a HF,-etched sur-
face; (b;) heating in H, at 850 °C for 1 min an HF,-etched sur-
face; (c) heating in H, at 1100 °C for 3 min a HF,-etched surface;
and (d) oxidizing the surface treated in H, at 1100 °C with a pi-
ranha solution and removing the oxide so formed with HF,.
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FIG. 8. TPD spectra from a (100)-Si surface resulting after (a)
etching in HF, an as-received slice; (b;) treating it in H, at 850 °C
for 1 min; and (c) treating the HF,¢-etched slice in H, at 1100 °C
for 3 min.

elemental silicon. The data did not allow us to assign the
space region responsible for all these features: only Si‘® was
unambiguously found to have a superficial nature (hence its
attribution), the combination of features Si‘® and Si‘®® was
found to originate not only from the surface but also from a
region extending into the bulk for several electron mean free
paths, at least.!® This information is extracted from the log-
log plot of In(1+£,/f,) versus (sin #)~' (with f, the normal-
ized intensity of Si) in Fig. 10, remembering that a slope of
1 would be evidence for a purely superficial distribution,
while a slope of 0 would be evidence for a uniform in-depth
distribution.

Assuming the correctness of the above interpretation,
however, two questions remain unanswered:

(i) Why the exposure to H, at 7<<800 °C at lower pres-
sure (though only by a factor of 1/4) than that considered in
this work followed by cooling in H, to room temperature
results in monohydride, 2 X 1 (100) silicon surfaces.'!"1?
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(100) Si.

(ii) How it is possible that dihydrogen terminations sur-
vive in the quenching phase, taking into account that they are
destroyed on heating at 300 °C for a few tens of seconds,*!
as shown in Fig. 8.

To remove the first anomaly, we assume that clean Si,
dimers transform first into hydrogen-terminated dimers
(SiH), and then into dihydrogen-terminated monomers SiH,
via oxidative addition of H,

Si, + H, = (SiH),, (1)

(SiH), + H, = 2SiH,. 2)

We then observe that the difference between the dihydrogen
terminations reported here, and monohydrogen terminations
(reported for instance in Refs. 11 and 12) can hardly be un-
derstood in terms of a shift in equilibrium (2) toward the
right-hand side, due to the relatively modest difference in
pressure. Rather, both the 1 X1 dihydride surface and the
2 X1 monohydride surface may be explained in terms of
quenching procedures: Presumably relatively slow in the ar-
rangement of Ref. 11 (because the sample is brought into the
vacuum system for RHEED analysis) and certainly slow
=—1°Cs7!) in the experiment of Ref. 12; very fast (ex-
pectedly of the order of —10? °Cs™!) in the present case,
because forced by the strong N, flux in the transfer chamber.
The process

2(SiH,) — (SiH), + H,

IX1—2X1 (3)

is associated with overcoming a lower energy barrier but
requires a much higher activation entropy than that of the
emission of the B, peak observed in TPD (thus involving
several correlated moves). It may therefore be manifested
only for treatments involving a low cooling rate at tempera-
tures around 500 °C and not otherwise. In this way we as-
sume that in the experiments of Aoyama et al.'' and Kuma-
gai et al.'? the treatments at moderate temperature in the
furnace actually produced 1 X 1 dihydrogen terminations but
the prolonged exposure at =500 °C activated reaction (3).
The flattening and homogenization of the surface after the
heat treatment (shown in Figs. 3 and 7) is thus the final result
of a complex process involving: (i) the injection into the
subsurface region of hydrogen-decorated vacancies; (ii) their
agglomeration in clusters and eventually their reorganization
as cavities; (iii) H, emission into the cavity from its inner
walls; (iv) the evaporation of such molecules into the silicon
crystal; and (v) the out-diffusion of dissolved H, molecules.
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This picture suggests an interpretation of the presence of
the small holes (or pits) observed by STM and not yet inter-
preted: they might be vacancy agglomerates not completely
embedded in the subsurface region.*? In this scheme the di-
hydride surface prepared at high temperature in H, atmo-
sphere is continuously restored to SiH, by the reaction of
out-diffusing Hy () with superficial SiH terminations. This
process is facilitated by the fact that Hy ) is more reactive
than H, in the gas phase, Hy(,), as confirmed by its lower
binding energy [3.8 eV for Hy,) (Ref. 43) versus 4.6 eV for
H,()]- This interpretation is sustained by the observation of a
TPD emission peak 700 °C (« peak) attributed to hydrogen
buried beneath the silicon surface.

The presence of buried hydrogen may also explain the
prevalence, increasing with 7, of SiH, over (SiH), termina-
tions. At a first glance this result seems paradoxical, because
the vicinity of the internal energies of products and
reactants** in equilibrium (2) would produce an (SiH),/SiH,
relative abundance decreasing with T. If not due to kinetic
factors, this behavior can be understood by considering the
presence of buried hydrogen even in the quenching phase,
when the H,(,) external pressure is null: Assuming that Hy o
is distributed in a region of, say, 10 nm, it should produce an
equivalent internal pressure of the order of 10° Pa.

V. CONCLUSIONS

A rapid thermal process of (100) silicon (based on heating
to above 850 °C) in H,, cooling to 670—700 °C in the same
environment, and quenching to room temperature in N,) has
been considered. Data based on AFM, STM, ATR-IRAS,
TPD, RHEED, and XPS have been interpreted assuming that
the preparation results in nearly flat, terraced, dihydrogen
terminated, 1 X 1 (100) silicon surfaces protected by a sub-
surface layer of buried hydrogen.

The analytical data and their interpretation show the inti-
mate relationships between the morphology and the chemis-
try of these surfaces.
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