Scanning Microscopy

Volume 10 | Number 3 Article 9

8-24-1996

Hydrogen Atom Extraction and Redeposition on Hydrogen-
Terminated Silicon Surface with Scanning Tunneling Microscope
at Room Temperature

D. H. Huang
NTT R&D Center, dehaun@loki.stanford.edu

Y. Yamamoto
Stanford University

Follow this and additional works at: https://digitalcommons.usu.edu/microscopy

6‘ Part of the Biology Commons

Recommended Citation

Huang, D. H. and Yamamoto, Y. (1996) "Hydrogen Atom Extraction and Redeposition on Hydrogen-
Terminated Silicon Surface with Scanning Tunneling Microscope at Room Temperature," Scanning
Microscopy: Vol. 10 : No. 3, Article 9.

Available at: https://digitalcommons.usu.edu/microscopy/vol10/iss3/9

This Article is brought to you for free and open access by
the Western Dairy Center at DigitalCommons@USU. It

has been accepted for inclusion in Scanning Microscopy /[x\

by an authorized administrator of DigitalCommons@USU. /\

For more information, please contact fl ,()A]_ UtahStateUniversity
digitalcommons@usu.edu. ‘@~ MERRILL-CAZIER LIBRARY


https://digitalcommons.usu.edu/microscopy
https://digitalcommons.usu.edu/microscopy/vol10
https://digitalcommons.usu.edu/microscopy/vol10/iss3
https://digitalcommons.usu.edu/microscopy/vol10/iss3/9
https://digitalcommons.usu.edu/microscopy?utm_source=digitalcommons.usu.edu%2Fmicroscopy%2Fvol10%2Fiss3%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/41?utm_source=digitalcommons.usu.edu%2Fmicroscopy%2Fvol10%2Fiss3%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/microscopy/vol10/iss3/9?utm_source=digitalcommons.usu.edu%2Fmicroscopy%2Fvol10%2Fiss3%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

Scanning Microscopy, Vol. 10, No. 3, 1996 (Pages 717-726)

0891-7035/96$5.00+ .25

Scanning Microscopy International, Chicago (AMF O’Hare), IL 60666 USA

HYDROGEN ATOM EXTRACTION AND REDEPOSITION ON
HYDROGEN-TERMINATED SILICON SURFACE WITH
SCANNING TUNNELING MICROSCOPE AT ROOM TEMPERATURE

D.H. Huang!* and Y. Yamamoto!-2

IERATO Quantum Fluctuation Proj., JRDC, NTT R&D Center, 3-9-11 Midoricho, Musashino, Tokyo 180, Japan
2E.L. Ginzton Laboratory, Stanford University, Stanford, CA 94305, U.S.A.

(Received for publication March 22, 1996 and in revised form August 24, 1996)

Abstract

We have previously demonstrated that hydrogen
atoms on the hydrogen-terminated Si(100)-2x1:H surface
can be extracted by applying either positive or negative
voltage pulses between an STM tip and the sample sur-
face with a certain tunneling current. This phenomenon
suggests that electron excitation and field evaporation
both play a role in atom transfer. Under our experimen-
tal conditions, hydrogen atoms are extracted in pairs
from either a single dimer or from two adjacent dimers
in neighboring rows. Hydrogen atoms can also be rede-
posited onto the Si(100)-2x1:H surface from a tungsten
tip, which has picked up hydrogen from the sample sur-
face through the application of prior voltage pulses, to
fill out surface silicon dangling bonds preferably with
negative sample voltage pulses.
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induced evaporation, electron excitation, hydrogen-
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Introduction

The scanning tunneling microscope (STM) is a
promising tool for manipulating atoms one by one [4,
10, 13, 19, 23], allowing the possibility of exploring
electronic/photonic devices on an atomic scale [5, 14].
Based on the techniques of single atom manipulation, we
have used an ultra-high vacuum (UHV) STM to
fabricate atomic-scale devices. @ We are especially
interested, for example, in fabricating atom chains with
metal, semiconductor and insulator phases on an
atomically flat insulating surface. In a previous paper
[26], we obtained the following results by tight binding
calculation: (1) an Si atomic chain, Si, molecular chain
and two-dimensional (2D) Si atomic array are always
metallic; (2) an Mg atomic chain is always an insulator;
and (3) a 2D Mg atomic array features a metal-insulator
phase transition at a certain lattice constant.

In this paper, we investigate the Si(100)-2x1 surface
and its hydrogen termination, which may be used both
as a substrate and an insulator for the fabrication of
atom chains of the type previously studied theoretically
[26]. We demonstrate that individual hydrogen atoms
on the Si(100)-2x1:H surface can be extracted by apply-
ing appropriate voltage pulses with an STM tip. Hydro-
gen atoms, already on the tip, can be diffused to the
apex of the tip with an appropriate positive sample bias,
where they can then be redeposited onto the surface by
the negative sample pulses. This technique of hydrogen
atom manipulation holds promise for fabricating a
grounding wire for atomic-scale devices on the hydro-
gen-terminated Si surface.

Experimental Apparatus

Experiments were performed using a JSTM-4500
XT UHV STM (JEOL, Akishima, Tokyo, Japan). Base
pressure in the chamber was 2 x 108 Pa. The sample
was an Sb-doped (0.4 ~ 0.6 fl.cm) n-type Si(100)
wafer which was outgassed at 550°C for over ten hours
prior to removal of the surface oxide. A clean Si(100)-
2x1 surface was then prepared by repeated flash heating
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Si(100)2x1:H surface

Figure 5. The sequence of hydrogen atom diffusion to
the tip apex and followed to be deposited onto the sur-
face. (a) Hydrogen atoms stick on the tip due to hydro-
gen extraction from the monohydride surface with pos-
itive sample voltage pulses. (b) The field-gradient-
induced diffusion of hydrogen atoms to the tip apex is
controlled by the application of a +3.5 V sample bias.
(¢) Hydrogen atom deposition occurs by the subsequent
application of sample voltage pulses of -8.5 V for 300
ms at a constant current of 10 nA.
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420-480°C [2], in which pairs of dangling bonds can be
found localized on single Si dimers, suggesting that ex-
traction involves the direct recombination of hydrogen
atoms from the dimers of the monohydride surface. It
was found that this paired structure of hydrogen extrac-
tion on the Si(100)-2x1:H surface may also exist on two
dimers of two adjacent dimer rows, as indicated by E in
Figure 2b, which may correspond to a paired open cir-
cles C in Figure 4.

Redeposition of Individual Hydrogen Atoms

In a previous study of time-resolved Si atom re-
deposition from a tungsten tip on a silicon surface at
room temperature [7, 16, 17], we found that single Si
atoms near the apex of the tip can be dislodged and dif-
fused to the tip apex due to a bias after the pulse, and
then redeposited onto the surface by the subsequent ap-
plication of appropriate voltage pulses. Thus, the possi-
bility of such atom deposition depends not only on the
amplitude and duration of the applied voltage pulse, but
also strongly on the bias conditions after the pulse. The
polarity and amplitude of the bias after the pulse may
control the direction of this field-gradient-induced diffu-
sion and the diffusion speed of atoms to the tip apex,
respectively. We successfully increased or suppressed
Si atom redeposition by simply increasing and decreas-
ing the applied bias after the pulse.

In this study of individual hydrogen atom redeposi-
tion, we used the same method to redeposit hydrogen
atoms onto the hydrogen-terminated Si(100)-2x1:H sur-
face from a tungsten tip to fill out surface Si dangling
bonds preferably with negative sample voltage pulses.
The sequence is illustrated schematically in Figure 5.
Some of hydrogen atoms extracted from the Si(100)-
2x1:H surface by the application of voltage pulses will
stick to the tip, as illustrated in Figure Sa. After placing
the tip on a new predetermined atomic position, we ap-
ply three sample voltage pulses of -8.5 V for 300 ms to
deposit hydrogen atoms back to the surface, as illus-
trated in Figures 5b and Sc. During approximately 300
ms intervals of pulses, a sample bias of 3.5 V was ap-
plied for the purpose of diffusing hydrogen atoms to the
tip apex, and a tunneling current of 10 nA is always
maintained while a voltage pulse is being applied. Fig-
ure 6 shows an example of the hydrogen deposition.
One of two bright spots (as indicated by F in Figure 6a)
that may correspond to a pair of Si dangling bonds be-
comes doubly occupied following deposition of hydrogen
atoms as shown in Figure 6b.

Conclusions

We have previously demonstrated that adsorbed hy-
drogen atoms on the hydrogen-terminated Si(100)-2x1:H
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Discussion with Reviewers

H. Shigekawa: The quality of Figures 2, 3 and 6 is
poor. For example, it is difficult to compare the struc-
tures of bright spots in them with the structural models
in Figure 5. They must be replaced with better ones.
Authors: We are sorry; at this time, we cannot provide
other better Figures 2, 3 and 6 because these are our
best images for the first demonstration of individual
hydrogen extraction and deposition on the Si(100)-2x1:H
surface by the application of voltage pulses.

H. Iwasaki: Is there any reason why the STM images
of hydrogen manipulated surfaces are not well resolved
compared to the clean surface in Figure 1?

Authors: This may be due to slightly modification of
the STM tip after atom manipulation that may result in
the lower resolution of the STM images.

M.G. Lagally: There is a lack of explanation of "field-
induced mechanism" proposed, or term introduced there
is vague, for the interpretation of why negative sample
bias can also be used to extract H atoms from Si(100)-
2x1:H surface.

H. Iwasaki: The conclusion that extraction of hydrogen
atoms is "due to not only electron excitation but also
field evaporation" seems to barely come from the ob-
served facts that those atoms could be extracted by ap-
plying positive or negative voltage pulses between the
STM tip and the sample surface.

Authors: As stated in Mechanism of Hydrogen Mani-
pulation, the field-induced mechanism of atom extrac-
tion with an STM tip has already been demonstrated [1,
6]. When an appropriate negative sample bias is ap-
plied, the hydrogen atoms on the Si(100)-2x1:H surface
can be extracted as positive ions through field evapora-
tion.

M.G. Lagally: Why the feature E in Figure 2 is inter-
preted as hydrogen desorption from two dimers of two
adjacent dimer rows (C in Figure 4)? Is it possible from
two dimers of the same dimer row? Since it is in the vi-
cinity of surface defects as observed from Figure 2a, is
there any influence on the appearance because of the de-
fects?

Authors: In order to answer the second part of this
question, we have to do more experiments with careful
analysis. At present, we do not know whether there is
any influence on the appearance of hydrogen extraction
because of surface defects. As for the first part of this
question, from the images of Figure 2, the hydrogen-de-
sorbed pattern (E in Figure 2) is located between two
adjacent dimer rows, so we suppose there may be a pos-
sible formation of hydrogen desorption as C in Figure 4.
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Reviewer IV: It seems there are two kinds of contrast
in Figure 3.

Authors: This is because the image of the
S$i(100)-2x1:H surface in Figure 3 has a Sg step at the
upper left area. Then there should be two kinds of con-
trast. It is the same as shown in Figure 1b.

J.R. Tucker: The experiments of Shen et al. [22] were
performed by scanning an STM tip across the surface
under constant DC current conditions at each voltage.
Here we found that single H-atoms were often desorbed
(not pair), the desorption occurred only for positive sam-
ple voltage (not for negative voltage), and plots of tip
retraction versus applied voltage indicated a maximum
electric field near ~5-6 V in a regime where evidence
for electron-stimulated desorption (not field emission) is
most compelling. Do you think that large transient elec-
tric fields which are generated at the onset of the voltage
pulses in the present work (before the feedback loop can
respond) might account for the apparent disagreements
between these two studies?

M.G. Lagally: People have demonstrated that both sin-
gle H atom and paired H atoms extraction from a Si
dimer can be realized with STM by applying positive
bias to the monohydride sample surface [22]. There-
fore, it is possible that only paired H desorption can
occur under certain experimental conditions.

Authors: In a previous study of field-induced atom ma-
nipulation, we found that the field overshoot can be as
much as 25 % during the voltage pulse because the volt-
age rise time remains much faster than the tip retraction
[28]. This may be one of the apparent disagreements
between these two studies.

H. Iwasaki: The authors state that hydrogen deposition
from an STM tip is achieved more preferably by the
negative sample pulse. Could they explain as to how
this is achieved?

Authors: According to our experiments, we can rede-
posit hydrogen back to the surface only by the applica-
tion of the negative sample pulses after hydrogen is dif-
fused to the tip apex. The physical mechanism of hy-
drogen deposition is electronic excitation [22] or electron
bombardment. Single hydrogen atoms can be redeposit-
ed onto the Si(100)-2x1:H surface from an STM tip that
has already picked up hydrogen atoms from the surface
through the application of prior voltage pulses, to fill out
surface Si dangling bonds preferably with negative sam-
ple voltage pulses. This phenomenon is similar to single
Si atom deposition on the Si(111)-7x7 surface through
field evaporation [15]. We have performed several ex-
periments with different positive sample biases, as well
as different tunneling currents, however, so far, we have
not succeeded in depositing hydrogen atoms back to the
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surface.

J. Shapter: A figure of the differing spectroscopy of
the hydrogen-terminated and clean Si surface used to
prove the adsorption of the H would add to the paper.
I realize it is not new but I think it still adds to the
paper.

Authors: The differing spectroscopy is arranged in an-
other paper (under preparation). Here, we would only
give a result "Our work shows that tunneling resistivities
on the Si(100)-2x1:H surface are about 1.5 and 5.5
times larger than those on a clean Si(100)-2x1 surface at
-2.0 and +2.0 V, respectively.” at the end of Experi-
mental Apparatus.

J. Shapter: The redeposited H could simply be from H
adsorbed on the tungsten from the background gas in the
system. The background gas in the UHV systems tends
to be mostly H or Hy. Have the authors done any ex-
periments to examine the origins of the redeposited H?
Authors: Kuramochi et al. [30] demonstrated that hy-
drogen atoms are supplied to a Pt tip through dissocia-
tive adsorption of gaseous H, and are deposited onto the
Si(111)-7x7 surface by field evaporation. But this is not
our experimental case, because we used a different UHV
chamber for the preparation of surface hydrogen termin-
ation, namely, there is no background gas in the STM
chamber, so the origin of the redeposited hydrogen is
from the STM tip that has already picked up hydrogen
atoms from the Si(100)-2x1:H surface through the appli-
cation of prior voltage pulses.

J. Shapter: Why the use of differing tunneling currents
at positive and negative sample biases?

Authors: This is because there are different thresholds
of field, F, for hydrogen extraction at positive and nega-
tive sample biases. A tunneling current corresponds to
the tip-sample separation, s, and field F = V/s, There-
fore, differing tunneling currents at positive and negative
sample biases have to be used for producing different
thresholds of field [29].

Reviewer 1V: Tunneling current should change when
pulse voltage is applied to the tip!

Authors: In the first paragraph of Extraction of Indi-
vidual Hydrogen Atoms, we state: "The STM current
feedback loop maintains a constant current of 2 nA for
positive sample voltage pulses or 10 nA for negative
ones while the extraction voltage pulse is applied”.
These mean that when a voltage pulse is applied, the
STM tip has to retract a certain distance to maintain the
pre-set constant tunneling current due to a current feed-
back loop. But, at the leading and trailing edges of the
pulse, since the feedback loop cannot respond as fast as
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the applied pulse, a large transient current occurs.

H. Iwasaki: In the case of redeposition of hydrogen, is
there similar effect to the "pairing effect” in extraction
observed? Is there any evidence that both of the two Si
dangling bonds are filled by the deposition of hydrogen
atoms in Figure 6.

H. Shigekawa: Is a pair of dangling bonds formed by
the pairing effect filled by hydrogen atoms simultan-
eously in the redeposition process? If so, do you have
any idea about the mechanism?

Authors: When we deposit hydrogen atoms back to the
Si(100)-2x1:H surface, we found that one bright spot,
corresponding to one paired Si dangling bonds, was al-
ways filled out. This phenomenon implies that there
may be a paring effect in the hydrogen deposition, al-
though the exact origin is unclear at present.

Reviewer IX: How did the authors verify that a mono-
hydride surface was formed? Is the recipe guaranteed
not to produce di- and trihydride? I know this was a
problem in some of Higashi’s earlier work. The ration-
alization for single versus double hydrogen occupancy of
the Si dimers following dry etching is not clear.
Authors: As indicated in the fourth paragraph of Ex-
perimental Apparatus, a monohydride Si(100)-2x1:H
surface looks similar to that of a clean Si(100)-2x1 sur-
face. The surface structures of dihydride surface
(Si(100)-1x1:H) and alternating monohydride and dihy-
dride surface (Si(100)-3x1:H) are different from the
monohydride surface (Si(100)-2x1:H); it can easily be
distinguished from the STM images. On the other hand,
during the hydrogen termination of the Si(100)-2x1 sur-
face by the dry etching process, described in the third
paragraph of Experimental Apparatus, the monohy-
dride Si(100)-2x1:H surface can be formed by a satura-
tion exposure to atomic hydrogen at approximately
360°C, and the Si(100)-1x1:H surface and the
Si(100)-3x1:H surface, then, at approximately 130°C
and at room temperature, respectively [27]. Higashi’s
work related to the wet chemical method on the Si(111)
surface [9] is different from ours. During the dry etch-
ing process, at room temperature, hydrogen atoms singly
occupy the Si dimers while at higher temperature (ap-
proximately 360°C) these atoms tend to pair up [2].
This pairing phenomenon is due to a w-bonding inter-
action which favors pairing individual dangling bonds on
the dimers.

Reviewer IV: Electron excitation mechanism is suggest-
ed at low voltage of less than 5 V. The experimental
results shown here deal with high voltages of around 8
V. The author seems to be comparing quite different
regime.
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Authors: The electron excitation mechanism of hydro-
gen extraction from the Si(100)-2x1:H surface by the ap-
plication of a positive sample bias proposed by Shen et
al. [22] has two voltage ranges: (1) direct electronic
excitation of the Si-H bond at high bias (> 6.5 V); and
(2) multiple vibrational excitation by tunneling electrons
at low bias (about 2 to 5 V). The experimental result
shown in Figure 3 in this paper was obtained by the ap-
plication of the positive sample voltage pulse of 8 V.
This implies that the physical mechanism for this hydro-
gen extraction in Figure 3 is related to direct electronic
excitation. For details, please see Mechanism of
Hydrogen Manipulation.

M.G. Lagally: Authors state that "... each bright spot
in Figure 3 corresponds to one Si dimer ...", and thus,
hydrogen extraction in this study occurs in a pair-wise
fashion. However, from Figure 3, all 5 "bright spots”
apparently are not equal in size, and the resolution of the
image is not adequate to establish the claim whether
each bright spot corresponds to one dimer.

H. Iwasaki: Could the authors distinguish whether a
pair of hydrogen atoms are vacant or single atom is
vacant on the Si(100)-2x1:H surface?

H. Shigekawa: Do you have any idea for the observed
pairing effect in the hydrogen extraction process?
Authors: We measured the sizes of the bright spots in
Figure 3 and found that the sizes of each of the bright
spot are approximately the same as the width of the di-
mer row, as well as the single dimer. Therefore, it is
reasonable to consider that each bright spot corresponds
to one Si dimer. Boland [2] has also observed this pair-
ing phenomenon during thermal desorption from the
Si(100)-2x1:H surface at 420-480°C.

J. Shapter: Is the electron bombardment of the tip ne-
cessary for some reason since the ultimate usefulness of
the tip will be determined by the subsequent cleaning at
the sample? The authors indicate that the electron-bom-
bardment heating is indispensable. An explanation of
why it is essential in this case may be appropriate.
Reviewer IX: How did the authors know there was
atomic-scale contamination of the tip; specifically how
was this contamination removed?

Authors: For single atom manipulation, one of the
most important techniques is to prepare a clean and
stable tip. In a previous study [13], we have demon-
strated that the cleanliness and structure of the tip at
atomic scale are of importance in extracting single atoms
and proposed electron bombardment with field evapora-
tion as a method such for preparing a tip suitable for
single atom manipulation. Usually, after the electron
bombardment, the tip is already good enough for imag-
ing the surface, but it is still contaminated at the atomic
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