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Rocking curves of reflection high-energy positron diffraction
from hydrogen-terminated Si„111… surfaces
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Japan Atomic Energy Research Institute, Takasaki Establishment, 1233, Watanuki, Takasaki 370-1292, Japan

A. Ichimiya
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~Received 14 July 1999!

Reflection high-energy positron diffraction experiments have been performed for Si~111! surfaces termi-
nated with atomic hydrogen. From the rocking curve for the specular beam, the first to the fifth Bragg peaks
were observed. The curve also showed an unanticipated dip in the total reflection region (u,1.4°), not found
in the numerical analysis for the ideally hydrogen-terminated flat surface. This difference is attributed to the
scattering of positrons by roughness and/or SiH3 molecules on the surface, as confirmed in further numerical
analysis.
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INTRODUCTION

Reflection high-energy positron diffraction~RHEPD! is
thought to hold potential in the surface study.1–3 In particu-
lar, the change in the surface potential can be detected u
the total reflection of a high-energy positron at a glanc
angle of incidence.1 Recently, we succeeded in obtainin
clear RHEPD patterns using a hydrogen-terminated Si~111!
surface.4 The appearances of the total reflection and the
mary Bragg peak of positrons, which are not observed
reflection high-energy electron-diffraction~RHEED! experi-
ment, were also confirmed from the rocking-curve analy
Since positrons have a tendency to survey shallower la
as compared to electrons, the RHEPD intensity is more s
sitive to the atomic arrangement at the topmost surface
the RHEED intensity. Thus the rocking curve analysis
RHEPD experiments is more simplified and less ambigu
than that in the RHEED experiments due to the suppres
contribution from a deeper layer. In this study, we inves
gated the structure of hydrogen-terminated Si~111! surfaces
prepared by wet chemical methods using the RHEPD an
sis in more detail.

Silicon ~Si! surfaces terminated with atomic hydrogen a
known to be stable against oxidation and impurity conta
nation even in air due to the passivation of surface dang
bonds. The hydrogen termination of Si surfaces by the
chemical methods~e.g., HF acid etching! is one of the most
important processes to obtain clean and inactive surfa
during device fabrication.5 Hydrogen-terminated Si surface
are also useful as a substrate for molecular-beam epita
growth.

To reveal the structure of hydrogen-terminated Si s
faces, many extensive works have been performed with v
ous approaches. Infrared absorption studies indicate
Si~111! surfaces, after etching by dilute HF solution, are t
minated not only by monohydride~[SiH! but also by dihy-
dride (5SiH2) and trihydride (2SiH3).

6,7 It was also found
that Si~111! surfaces etched this way in dilute HF solutio
are well-ordered but microscopically rough.6–8 The flat ter-
races of the HF-prepared surfaces were reported to be te
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nated mostly by trihydride. In fact, through the scanning tu
neling microscope~STM! observations, the presence of th
trihydride phase on the flat part of HF-prepared Si~111! sur-
faces was confirmed and a detailed structural model
proposed.9–11 The existence of the trihydride phase o
Si~111! surfaces was also indicated in RHEED and ultrav
let photoelectron spectroscopy~UPS! studies after exposing
clean Si~111!-737 surfaces to atomic hydrogen in an ultr
high vacuum.12,13 A quite sharp infrared absorption peak
2084 cm21, which was attributed to monohydride, was foun
using Si~111! surfaces treated by pH-controlled buffered H
solutions and boiled in ultrapure water after HF dipping.14,15

It was suggested that near ideally hydrogen-termina
Si~111! surfaces with few defects can be obtained by th
methods. Indeed, the STM observation for Si~111! surfaces
treated in this way confirmed the existence
monohydride.16 Morita et al. investigated the morphology o
Si~111! surfaces finished either with NH4F solution and pH-
modified buffered HF solutions.17,18 Their results show tha
the Si~111! surfaces dipped in these solutions after repeat
a cycle of oxidation by HNO3 and its stripping by HF were
atomically flat with terrace sizes of 20–60 nm. It was al
shown that the defect density on terraces in the case of N4F
dipping was much suppressed compared to the case of
modified HF dipping.

It is important to study the well-characterized hydroge
terminated Si~111! surface to examine the capabilities
RHEPD experiment. We therefore performed RHEPD m
surements using Si~111! surfaces finished by NH4F. The first
to fifth Bragg peaks with the total reflection region we
observed. We also found a distinct structure in the total
flection region, which indicates the change in the surfa
potential by hydrogen-termination treatment.

EXPERIMENT

The specimens used in this study were cut from a Si~111!
wafer ~1531530.5 mm, 10V cm, n-type!. After degreasing
and stripping the native oxide by 1% HF solution, they we
subjected to the hydrogen-termination treatment. First,
2102 ©2000 The American Physical Society
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specimens were boiled in concentrated HNO3 to grow an
oxide layer and subsequently the oxide layer was remove
1% HF. After repeating this process three times, the sp
mens were finished by dipping in 40% NH4F ~0 °C! for 20
min. The above procedure was proposed by Moritaet al. to
make a flat Si~111! surface terminated by monohydride.18 To
confirm that the surface was actually terminated by ato
hydrogen, infrared absorption measurements were
formed. The results showed that the absorption peak at 2
cm21 related to the local vibration of Si-H was fairly stron
and those from SiH2 and SiH3 were not clearly observed
The atomic force microscopy~AFM! observation was also
made to check the flatness of the surface. The mean ro
ness was determined to be less than a few Å in terraces

After the etching treatment, specimens were set in
vacuum chamber with a base pressure of 7310210Torr. Re-
flection high-energy positron diffraction experiments we
carried out using a 20-keV positron beam for the@112̄# and

@11̄0# incidences. It is reported that diffraction spots disa
peared in the one-beam condition~7.5° off from the@112̄#
direction! and therefore the vertical atomic displacement
the topmost surface could be determined from the rock
curve.19,20 We thus also made RHEPD experiments in t
mode. Figure 1 schematically shows the positron beam
paratus used in this study. Fast positrons emitted from a22Na
~;10 MBq! source are moderated at a tungsten film with
thickness of 5000 Å. The slow positrons were electrost
cally accelerated and transported using three Einzel len
After the electrostatic deflection, the beam was ultimat
collimated to below 1-mm diameter using a 140-mm len
stainless collimator. The final beam flux of the beam w
approximately 3000 positrons/sec. The glancing angleu was

FIG. 1. Schematic drawing of the slow positron beam appara
used in the reflection high-energy positron diffraction experime
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changed by a mechanical rotator with an angular resolu
of 60.1°. The reflected positrons were collected using
Hmamatsu F2226-24 type microchannel plate assembly w
a phosphor screen. The phosphor screen images were
served by a charge-coupled device~CCD! camera connected
to a personal computer. Rocking curves for specular be
were determined by measuring the beam intensity as a fu
tion of glancing angle.

RESULTS AND DISCUSSION

Figure 2 shows the RHEPD patterns obtained for

@112̄# incidence and one-beam condition atu54°. For the

@112̄# incidence, the~11! and (1̄1̄) spots with a specula
spot were clearly observed. Since fractional order spots
not observed in the patterns, the Si~111! surface prepared by
NH4F solution maintains a 131 structure. This result is con
sistent with the previous work and also the low-ener
electron-diffraction experiment.4,8 For the one-beam condi

s
.

FIG. 2. RHEPD patterns from the Si~111! surface prepared by
dipping in 40% NH4F solution ~0 °C! after repeating a cycle o
oxidation by boiling in HNO3 and stripping the oxide layer by dip

ping 1% HF solution for three times for~a! the@112̄# incidence and

~b! one-beam condition~7.5° off from @112̄#). The glancing angle
was fixed atu54°.
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2104 PRB 61A. KAWASUSO et al.
tion, diffraction spots disappear and only a specular beam
seen. This result certainly indicates that the transverse s
metry on an atomic plane vanishes in the one-beam co
tion. That is, the real atomic planes on which atoms d
cretely distribute may be considered as a virtual atomic pl
on which atoms continuously distribute.19,20

Figure 3 shows the RHEPD rocking curves for the@112̄#

and @11̄0# incidences and also the one-beam conditi
From the result for@112̄# incidence, a series of peaks a
seen at around 1.5°, 2.2°, 2.8°, 3.6°, and 4.3°. The Br
condition is give by

E0 sin2 u537.5n2/d21eV0 . ~1!

Here,E0 is the energy of the positron,n is the integer,d is
the atomic plane spacing, andeV0 is the crystal inner
potential.14 Taking E0 , d, andV0 to be 20 keV, 3.14 Å, and
12 eV, respectively, the first to the fifth Bragg peaks a
expected to appear at 1.61°, 2.11°, 2.76°, 3.46°, and 4
from Eq. ~1!. The observed peak positions agree well w
the calculated Bragg peak positions for the 111, 222, 3
444, and 555 reflections. Although only the primary Bra
peak was observed in the previous work,4 the above result
shows the appearance of the higher-order Bragg peaks.

FIG. 3. RHEPD rocking curves from the Si~111! surface termi-

nated by atomic hydrogen for the@112̄# and @11̄0# incidence and

one-beam condition~7.5° off from @112̄#). The specimen was pre
pared by dipping in 40% NH4F solution ~0 °C! after repeating a
cycle of oxidation by boiling in HNO3 and stripping the oxide laye
by dipping 1% HF solution three times.
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is due to the improvement of the angular resolution fro
60.5° to 60.1°. It is also indicated that the Bragg peak p
sition itself may approximately conform to the Bragg equ
tion. The primary Bragg reflection for Si~111! surfaces is a
unique feature in the position diffraction experiments and
observed in the electron-diffraction experiment due to
refraction effect. The 222 reflection is forbidden in the kin
matic theory due to the extinction rule. The appearance
the 222 reflection is explained as a dynamical effect.

The critical angle for the total reflection is given by

sinuC5AeV0 /E0. ~2!

From this equation,uC is estimated to be 1.4°. Thus, whe
the rocking curve is taken below 1.4°, it should reflect t
topmost surface state. In the total reflection region, a cer
‘‘dip’’ structure is found at around 1°. It seems that the stru
ture in the total reflection region does not change with
incident direction. The similar structures in the total refle
tion region for the different azimuth imply that the specu
beam intensity is not sensitive to the horizontal and verti
atomic positions on the top layer since most positrons
reflected on the top layer. The observed structure in the t
reflection region cannot be explained by considering
specimen surface as completely flat.1 A flat Si~111! surface
would have an almost steplike surface potential. It is the
fore inferred that the surface potential is changed from t
of a flat Si~111! surface due to the hydrogen termination
that an interference effect occurs for reflected positron wa
as discussed later.

To analyze the rocking curves in detail, the dynamic
calculation was performed by the multislice method inclu
ing five beams.21 In the selection of the surface structures f
the calculation, the following experimental results and fin
ings reported previously are taken into account.

For the present specimen, the infrared absorption p
related to Si-H vibration was strong and that related to S3
vibration could not be clearly observed. It is therefore e
pected that the present Si~111! surface is flat on an atomic
scale and the terraces are terminated mainly by mono
dride. This conclusion is consistent with the reports that
Si~111! surfaces prepared by NH4F solution contain one or
two monolayer height steps and the typical terrace width
approximately 100 nm.17,18 Since the coherent length of th
positron beam is 10–20 nm and hence much shorter than
terrace width, the effect of steps on the rocking curve sho
be weak. Considering the fact that the surface roughness
few Å in the AFM observation, however, irregularities mig
exist on terraces and they affect the positron reflection int
sity. Although trihydride may be a minority phase on th
present specimen surface from the infrared absorption m
surements, several reports show that it is a stable phas
the flat terraces by the wet hydrogen-terminati
treatment.9–11 The UPS study suggested that the trihydri
phase becomes predominant in place of the monohyd
phase during the etching of the Si~111! surface by atomic
hydrogen in a vacuum.13

It is therefore natural to assume that the surface is b
cally terminated by monohydride but containing roughne
Then, we examined the following structural models in t
calculation: ~a! a Si~111! surface terminated only by mono
hydride ~ideally hydrogen-terminated surface!, ~b! a Si~111!
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surface terminated only by trihydride~missing top layer!, ~c!
a Si~111! surface terminated by monohydride containing
layer roughness, and~d! a Si~111! surface terminated by
monohydride with the adsorption of SiH3 on the top layer.
These structural models are schematically shown in Fig. 4
the calculations, Si-Si and Si-H bond lengths were assum
to be 2.35 and 1.2 Å, respectively. No relaxations of int
layer distance were taken into account. Figures 5~a!–5~d!
show the results of the computation based on the above m
els for the@112̄# incidence with the experimental result. I
models~c! and~d!, the total fractions of SiH and SiH3 on the
top surfaces are set to be 0.4 and 0.2, respectively.

In each curve, the five peaks at around 1.4°–1.5°, 2.
2.1°, 2.6°–2.8°, 3.4°, and 4.1° are commonly found. Th
correspond to the first to fifth Bragg peaks. The 44
reflection intensity is stronger than 333- and 555-reflect
intensities. This effect is also evident in the kinematical c
culation. The experimental curve shows that the 4
reflection intensity is slightly stronger than 333 and 555
flections. However, the peak width of the 444-reflecti
width is somewhat broader than that of the calculated pe
The reason for the discrepancy of the 444-peak width
tween experiment and calculations is not obvious at pres
To elucidate this point, it is necessary to evaluate the lat
relaxations and the effect of adsorption of positrons~i.e.,
inelastic processes! in detail. It is noted from the calculation
that the specular intensity atu.3° does not change signifi
cantly in the above surface models. On the contrary,
specular intensity atu,2° strongly depends on the surfac
structure as discussed below.

As seen in Fig. 5~a!, in the flat Si~111! surface terminated

FIG. 4. @11̄0# side view of atomic arrangement of~a! a Si~111!
surface terminated only by monohydride,~b! a Si~111! surface ter-
minated by trihydride,~c! a Si~111! surface terminated by monohy
dride containing bilayer roughness, and~d! a Si~111! surface termi-
nated by monohydride with the adsorption of trihydride on the
layer assumed in the dynamical calculation. The fractions of S
and SiH3 of models~c! and~d! on the top layers are assumed to
0.4 and 0.2, respectively, in the calculation. Si-Si and Si-H bo
lengths are assumed to be 2.35 and 1.2 Å, respectively.
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with monohydride, no distinct structures appear in the to
reflection region~,1.4°!. The rocking curve is similar to tha
of the bulk Si~111! surface.1 It is also known that the struc
ture is insensitive to the azimuth from Fig. 5~a! and Ref. 1.
Dynamical calculations for a system of potassium adsor
on the Si~100!-231 surface shows that a dip structure a
pearing in the total reflection region is due to a poten
barrier by adsorbates.1 However, the above calculation resu
suggests that the effect of adsorbed atomic hydrogen on
total reflection of positrons is negligible. The atomic scatt
ing factor of a Si atom is about 5.3 Å and that of a H atom is
about ten times smaller at sinu/l50.22 The above result is
therefore qualitatively explained as the small potential b
rier of adsorbed hydrogen atoms. Probably, the effect of
drogen on the rocking curve is rather weak and appear
significantly small angles~,0.3°!. Thus, the obtained rock
ing curves in the total reflection region are not expected
the ideally hydrogen-terminated flat Si~111! surface. It is
found that the second model~terminated with trihydride!
gives rise to a dip structure at around 1.2° despite the
surface. Here, it was again revealed that hydrogen atom
the top layer have almost no important contribution to t
dip structure as well as model~a!. The dip structure is result
ing from the outermost Si layer. That is, the outermost
layer provides a potential barrier in front of the step poten

p

d

FIG. 5. Calculated RHEPD rocking curves for models~a!–~d!

shown in Fig. 4 with the experimental result for the@112̄# inci-
dence. The dotted lines indicate the positions of dip as a guide
the eye.
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2106 PRB 61A. KAWASUSO et al.
of the bulk crystal just like an adsorbed layer. However,
agreement in the dip position and the line shape between
calculation and experiment is still inadequate in this mod
In models~c! and ~d!, the dip positions shift toward smalle
angle, i.e., they are located at aroundu51° and 0.9°, respec
tively. It is obvious from the result of model~c! that the dip
appears atu.1° if monolayer roughness is assumed. Th
was checked in the calculation. Taking the line shapes u
2° into account, the agreement between the experiment
model~d! seems to be better. It is concluded that the pres
Si~111! surface prepared by NH4F solution is mostly termi-
nated with SiH but SiH3 molecules remain. The origin of th
roughness measured for terraces might be the adsorptio
SH3 molecules on the SiH surface

As shown in STM studies, the Si~111! surfaces treated by
NH4F solution are locally flat and monohydride
predominant.17,18The above analysis based on the dynami
calculation, however, suggests that the surface may no
perfectly flat. Roughness resulting from irregular
hydrogen-terminated parts like SiH3 is introduced to some
o
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l
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extent. The RHEPD rocking curves in the total reflecti
region show the presence of the irregularities on the surfa

SUMMARY

In summary, RHEPD experiments have been carried
using the hydrogen-terminated Si~111! surface prepared by
NH4F solution. The diffraction spots except the specu
beam were found to vanish in the one-beam condition. T
result coincides well with the theoretical prediction that t
discrete atomic potential can be considered as an aver
potential in the one-beam condition. From the rocking curv
for the specular beams, the first to the fifth Bragg peaks w
confirmed to appear. Anomalous dip structures were
served in the total reflection region of the rocking curve
These structures could be explained by taking into accoun
surface roughness and / or adsorption of SiH3 molecules on
the SiH surface. From the comparison between experim
and calculations, it was shown that the rocking curve at l
glancing angles is strongly altered depending on the sur
structure.
ari,

ys.

tor
s,
m-

d

iety

er

st.
1A. Ichimiya, Solid State Phenom.28&29, 143 ~1992/93!.
2J. Oliva, Ph.D. thesis, University of California at San Dieg

1979.
3I. Kanazawa, Y. Itoh, M. Hirose, H. Abe, O. Sueoka, S. Tak

mura, A. Ichimiya, Y. Murata, F. Komori, K. Fukutani, S
Okada, and T. Hattori, Appl. Surf. Sci.85, 124 ~1995!.

4A. Kawasuso and S. Okada, Phys. Rev. Lett.81, 2695~1998!.
5T. Ohmi, J. Electrochem. Soc.143, 2957~1996!.
6V. A. Burrows, Y. J. Chabal, G. S. Higashi, K. Raghavachari, a

S. B. Christman, Appl. Phys. Lett.53, 998 ~1988!.
7Y. J. Chabal, G. S. Higashi, K. Raghavachari, and V. A. Burrow

J. Vac. Sci. Technol. A7, 2104~1989!.
8P. O. Hahn, inThin Films, Interfaces and Phenomena, edited by

R. J. Nemanich, P. S. Ho, and S. S. Lau, Materials Rese
Society Symposia Proceedings No. 54~MRS, Pittsburgh, 1986!,
p. 645.

9Y. Morita, N. Miki, and H. Tokumoto, Appl. Phys. Lett.59, 1347
~1991!.

10Y. Morita, N. Miki, and H. Tokumoto, Appl. Surf. Sci.60/61, 466
~1992!.

11Y. Morita, N. Miki, and H. Tokumoto, Ultramicroscopy42–44,
922 ~1992!.

12A. Ichimiya and S. Mizuno, Surf. Sci. Lett.191, L765 ~1987!.
13K. C. Pandey, T. Sakurai, and H. D. Hagstrum, Phys. Rev. L
,

-

d

,

ch

t.

35, 1728~1975!.
14G. S. Higashi, Y. J. Chabal, G. W. Trucks, and K. Raghavach

Appl. Phys. Lett.56, 656 ~1990!.
15S. Watanabe, N. Nakayama, and T. Ito, Appl. Phys. Lett.59,

1458 ~1991!.
16R. S. Becker, G. S. Higashi, Y. J. Chabal, and A. J. Becker, Ph

Rev. Lett.65, 1917~1990!.
17H. Tokumoto, Y. Morita, and K. Miki, inChemical Surface

Preparation, Passivation and Cleaning for Semiconduc
Growth and Processing, edited by R. J. Nemanich, C. R. Helm
M. Hirose, and G. W. Rubloff, Materials Research Society Sy
posia Proceedings No. 259~MRS, Pittsburgh, 1992!, p. 409.

18Y. Morita and H. Tokumoto, inSurface Chemical Cleaning an
Passivation for Semiconductor Processing, edited by G. S. Hi-
gashi, E. A. Irene, and T. Ohmi, Materials Research Soc
Symposia Proceedings No. 315~MRS, Pittsburgh, 1993!, p. 491.

19A. Ichimiya, Surf. Sci.192, L893 ~1987!.
20A. Ichimiya, in The Structure of Surfaces III, edited by S. Y.

Tong, M. A. Van Hove, K. Takayanagi, and X. D. Xie, Spring
Series in Surface Sciences Vol. 24~Springer-Verlag, Berlin,
1991!, p. 162.

21A. Ichimiya, Jpn. J. Appl. Phys., Part 122, 176 ~1983!.
22P. A. Doyle and P. S. Turner, Acta Crystallogr., Sect. A: Cry

Phys., Diffr., Theor. Gen. Crystallogr.24, 390 ~1968!.


