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Diffusion of hydrogen on the S{001) surface investigated by STM atom tracking
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The scanning tunneling microscopy atom-tracking technique is used to follow the individual diffusive hops
of single H and D atoms on the (8D1) surface in ultrahigh vacuum. Attempt frequencies and activation
energies for diffusion along the dimer raimtrarow) and between the atoms of a single Si dirfiatradime)
are extracted. For intrarow H diffusion, an activation energy of £J30 eV and an attempt frequency of
10*5°98Hz are found. For intradimer H diffusion, an activation energy of 005 eV and a low attempt
frequency of 183*%5Hz are found. The ratios of H to D attempt frequencies for intradimer and intrarow
diffusion are also determineflS0163-182@9)10247-9

. INTRODUCTION below 1x 10™ torr. Samples are prepared by degassing and
then briefly flashing to 1250 °€.This yields a clean surface
The S{00)) surface is of great significance in the semi- displaying the(2x 1) dimer row reconstruction with a mini-
conductor industry and has been the subject of extensivgyum of defects. The samples are then transferred to the STM
theoretical and experimental investigations. From a fundastage. Hydrogen or deuterium adatoms are produced by dos-

mental perspective, H atoms on the0®il) surface provide a ing the surface with high purity water (8) or heavy water
complex model surface dynamics system, with three d|st|ncg

L ; X D,0) vapor. The surface is then heated above 500 K in
diffusive channels and three different high-coverage surfacg i, to decompose the waf8rAlternatively, samples are
reconstructions?* The dynamics of H on $001 are also of exposed to H which is produced by crackiﬁg with a hot
?ﬁﬁﬁ;ﬁﬁtgg a%iri?g]rct)?: ecshs%ns"'cﬁl,&'%%f ndsgsgsg‘gaa)of th‘ﬁﬁngsten filamert! For elevated temperature investigations,
S{001 surface s  deliment to CVD processes nwrich Ky 1= S27PE = ressively heated and alowed lo equllbate
clogs g_r_owth sites. For nanolithography, t_h|s passivation qn@ heated th ' | pd pt I ! has b
the ability to locally remove H makes it a good atomic & N€ated thermocoupie and an optical pyrometer as has been

resist For these reasons, H on the@®)1) surface has been described elsewhefé. The thermocouple calibration was
the subject of numerous investigations® found to be correct withi 2 K before and after the experi-
The theoretical work has generally focused on the simment.
plest case, that of a single H atom diffusing on a bare sur- For D investigations, an initial population of H is tracked
face. For this, three diffusive channels and their activatiorPefore the sample is dosed with D. After dosing, D and H are
energies and attempt frequencies have been studied. The tatiernately tracked. Since D and H produce identical STM
lower energy channels, intradimer and intrarow, are indifeatures, the two species are distinguished by their diffusion
cated in Fig. 1:° While there is general agreement on therates. The rate measurements agreeing with the predose
ordering of the energetic barriers, predicted values differ byalue are identified with H and the others are identified with
as much as 1 eV. D. For the D studies, the H rate measurements are used to
In spite of the theoretical effort and disagreement, thergjetermine the sample temperature.
has been only one quantitative experimental study of H dif- Constant current images are acquired with the bias volt-

fusion along one of the channeéfsBowler et al. used con-  age between-1.2 and-+1.2 V and with a tunneling current
ventional scanning tunneling microscof§TM) techniques

to determine the intrarow diffusion rate as a function of tem-

perature. However, the range of rates was limited by the time intradimer

resolution of conventional STM. —>
In this work, the STM atom-tracking technique is used in ."?: .l

its first single atom applicatiot:*® Atom tracking extends intrarowi+

the range of diffusion rates that can be measured by STM oo,

and thereby allows a more accurate determination of attempt LA
frequencies and activation energies. Hydrogen and deuterium

diffusion are investigated along the two channels indicated in

Fig. 1, intrarow and intradimer. Results are compared to the-

oretical predictions, the previous experimental work, and vi-

brational spectroscopy results FIG. 1. Two diffusive modes for H on bare(801): intradimer
and intrarow diffusion. The dumbbells represent silicon surface at-
Il. EXPERIMENT oms paired as dimers, the black ball represents a hydrogen atom at

a potential minimum/bonding site, the dotted balls represent sites to
The experiment was performed with custom built variablewhich the hydrogen can diffuse, and the stars represent the potential
temperature STM’s in ultrahigh vacuum with base pressur@nergy saddle points crossed in diffusion.
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FIG. 2. STM image and schematic of H on thg(®il)-2xX1
surface at room temperature. The dimer rows run horizontally. The
bright spot is a Si dangling bond produced by H adsorption. It is
flanked by frozen-in buckled dimers along the dimer row. Bias
=-15V.

(O Dangling Bond

setpoint between 0.02 and 0.1 nA. Since H adsorption breaks
the Si dimer’'s7 bond in order to bond to a single Si atom, a
dangling bond is produced at the other Si atom of the dimer.
For the H atoms in the STM image of Fig. 2, it is this dan-
gling bond that images bright, and the tip locks onto this for
atom tracking. We have previously described our atom-
tracker setup in detall! In brief, the STM tip is locked
above a feature using lateral feedback electronics, and its
diffusive motion is followed for rates up to 20 Hz. Typical
atom-tracking data is displayed in Fig. 3. We note that at
room temperature no diffusion is observed; this sets an upper
bound of 103 Hz for tip-induced events. For the range of
rates measured in this experiment, such an effect would not
play a significant role.

Ill. RESULTS

Atom tracking is used to determine the average H in-
trarow hop rate as a function of temperature over the range
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Position
Across Dimer (A)

0 10 20 30 40 50 60

hop rate (Hz)

hop rate (Hz)

0.1

0.01}

10

650

DIFFUSION OF HYDROGEN ON THE %001 . ..

625

temperature (K)
600 575 550

15 897

525

E=175+0.10eV

v = 1014.510.8 Hz

(a)

18

575

19 20 21 22

inverse temperature (eV ')

temperature (K)
550 525 500 475

T T T T T T T

E=101x005eV

v = 10 103+05 HZ

(b)

21 22 23 24

inverse temperature (eV ')

25

Position

FIG. 3. (@) Intradimer andb) intrarow atom-tracking data. The

Time (sec)

614+ S K

(b)

10 15
Time (sec)

position of the H atom was sampled at 50 Hz.

FIG. 4. Arrhenius plots fora) intrarow and(b) intradimer H
diffusion. The solid lines are weighted fits. From the slopes of these
lines, we find the activation energids, and from the intercepts we
find the attempt frequencies,

525 to 625 K. For each temperature, a number of H atoms
are tracked as they diffuse along the dimer rows. Since the H
atom is likely to interact with other surface features such as
step edges and dimer vacancies, no data acquired while the H
atom is near another feature is used in determining the hop
rates. The average hop rate is expected to follow the Arrhen-
ius relation for a thermally activated process: ve™ BT,
wherer is the rateE is the activation energy; is the attempt
frequency,T is the temperature, arklis Boltzmann’s con-
stant. Figure &) shows an Arrhenius plot constructed from
intrarow data. From the slope and intercept of the fitted
line,2? an activation energy of 1.250.10 eV and an attempt
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assumed to be the same for the two isotopes since a differ-

ence in mass is expected to affect only the attempt frequency

10E . : . : - (intercepj. The ratio of H to D intrarow diffusion attempt
[ ] frequencies iy /vp=1.3£0.6 and the ratio for intradimer

. 1 diffusion is vy /vp=2.0+0.424

temperature (K)

IV. DISCUSSION AND CONCLUSIONS
A. Activation barriers

Recent experimental and theoretical values for H diffu-
sion are presented in chronological order in Table | and are
- briefly discussed here. The reason for the broad range of
Y predicted values lies in the range of approximations, the dif-

1 ferent types of models, the lack of early experimental values,
and the increase in computational power over recent years.
Fundamentally, models employing empirical potentials are
limited by their input dataset; while more computationally
intensive ab initio methods are limited by computing re-
sources.

For their Monte Carlo simulation, Wet al. produced the

FIG. 5. Arrhenius plot for D intradimer diffusion. Deuterium first empirical potential for H motion on the ®01) surface®
data are along the solid line and hydrogen data are along the dashé@the H-Si interaction was approximated by an empirical
line. The H and D data were acquired simultaneously and the t8tillinger-Weber potential derived from their previcais ini-
rates were used to determine the temperat{Bee Ref. 2B tio work. However, there are inherent uncertainties in de-

scribing a system with a simple empirical potential and
frequency of 1&+508Hz are found. Stillinger-Weber has been unreliable for surfaces. There is

Over the temperature range 470 to 560 K, intradimer dif-also a particular difficulty in extrapolating to weakly bound
fusion is studied in the same manner. Above this range, theransition states. Given these difficulties, the intrarow predic-
intradimer diffusion rate is high enough that STM atomtions of their work agree fairly well with the measurements
tracking cannot resolve individual intradimer hops. Figurepresented here; however, there is marked disagreement of the
4(b) shows an Arrhenius plot constructed from the in-intradimer result$.Vittadini et al. employed a local density
tradimer data. From the slope and intercept of the fitted lineapproximation and the Car-Parrinello approach with pseudo-
an activation energy of 1.10.05 eV and an attempt fre- potentials to describe the H and Si atofriEhis model pro-
quency of 18°%%5Hz are found. duces good intradimer but poor intrarow agreement. Nachti-

Tracking H and D at a few temperatures allows a prelimi-gall et al. performed an intensive calculation which
nary determination of relative attempt frequencies. For thiexplicitly treated all electron$yet, the predicted intrarow
purpose, the H rate measurements are used to determine thed intradimer activation energies are much higher than
temperatures. The activation energistopes in Fig. bare  those measured.

hop rate (Hz)

10.0£0.5
v =10

D

22 23

inverse temperature (eV ')

TABLE |. Recent theoretical and experimental values for the activation energies for atomic H diffusion
on the bare $001) surface. MBTEmany body theory, DFFdensity functional theory, LDAlocal density
approximation, MC-TSEMonte Carlo transition state theory.

Intrarow Intradimer
Attempt Activation Attempt Activation
frequency energy frequency energy

Method (Hz) (eV) (Hz2) (eV)
MC-TST? 10154705 1.65+0.07 133806 1.58+0.10
Slab-model DFY 1.3 1.1
DFT-clustef 2.3 1.7
STM 103 (assumepl 1.68+0.15
Tight binding® 1.66+0.15
Classical MBT 1.8 1.1
STM atom tracking 10t45-08 1.75+0.10 1303=05 1.01+0.05

%Reference 6.
bReference 8.
‘Reference 9.
dreference 11.

®References 11 and 14.

Reference 15.
9This work.
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Considering the previous experimental work, there isues and diffusion attempt frequencies. According to STST, a
fairly good agreement between the intrarow diffusion barriettransition  attempt  frequency is v=NIIvy, /
value of Bowler's work and that of the current experimentalllvg,qger ) mini» WhereN is the number of equivalent tran-
work. However, because of the limited time resolution, it hadsitions andv is the system’s frequency of oscillation perpen-
been necessary for the previous work to assume an attemgicular (L) or parallel(ll) to the transition path, at the mini-
frequency in order to extract an activation enetys® mum of the potential well or the saddle point of the barrier.

The two most recent theoretical works converge on theAssuming that the perpendicular components are of the same
experimental values. The theoretical work of Bowkgral.  order at the saddle point and in the well, the term in brackets
employed a tight binding modét;** and that of Hansen should be of order unity. Under this approximation the at-
etal. used an empirical, many-body potentidlHansen’s tempt frequency i8~Nvyin - Applying this to intrarow dif-
model is the only one that predicts both intradimer and infusion, there are two equivalent transitions, up and down the
trarow diffusion barriers in agreement with the present workdimer row (see Fig. 1, and a reasonable value foy,,, is
It was built upon a variety oéb initio data and used a new 1, .% This simple model then suggests-2v,=10'3°Hz.

Si-H interaction potential that had been optimized for the Si  According to this simple model, the ratio of H to D at-
surface and to reproduce properties of silicon hydridetempt frequencies should be the ratio of the bond vibrational
molecules’® The work’s central predictions pertain to H and frequencies. The ratio of H to D bend frequencies is
D sticking and abstraction probabilities; diffusion and de-(v,/vp)pens=1.39+0.113 that of H to D intrarow attempt
sorption values are offered as test points for the modelrequencies isvy/vp=1.3+0.6 and that of intradimer at-
While the model does remarkably well for H intradimer andtempt frequencies isy/vp=2.0+0.4. These values agree
intrarow diffusion, the 2.4-eV prediction for cross-row diffu- with the expectation that the two species behave as simple
sion and the 2.9-eV prediction for recombinative d€sorp-  harmonic oscillators differing only by massyy,/vp

tion seem high compared to the desorption values produced \/m_D/\/m_H:¢2~1_4_

by experiment: 2.480.10 ev from the optical second-  Considering intradimer diffusion, there is only one transi-
harmonic work of Héer et a|-28 or 2.22+0.20 eV from the  tjon path and the H-Si bond is bent along the dimer. The
recent STM work of Linet al: simple model predicts/~ v,=1033Hz which is three or-

The implication of the intrarow diffusion results for the ders of magnitude h|gher than the observed attempt fre-
H-resist lithographic process is briefly discussed here. Thguency of 1603*%5Hz. The prediction is not significantly
STM H-resist process demonstrates high selectivity, particuchanged by the calculation dll vy, /Mveagqe. from the
larly when CVD is the means of material delivery, and veryyiprational frequencies generated by the model of Hansen
fine pattern definition. Since intrarow diffusion can degradegt a13! An upper bound of 0.001 Hz for room temperature
pattern definition, it sets an upper temperature limit for litho-intradimer diffusion discounts the possibility of tunneling or
graphic processes. Depending on process times and tol&fp induced diffusion significantly enhancing rates at the low
ances, this limit can be 50 to 100 K lower than that set by Heng of the temperature range in FigbB An explanation of

(029 . . N,
desorptiort. the low attempt frequency requires further investigation.

B. Attempt frequencies
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