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In search of nanoperfection: Experiment and Monte Carlo simulation
of nucleation-controlled step doubling

Yi Wang, T. P. Pearl,a) S. B. Darling, J. L. Gimmell, and S. J. Sibenerb)

James Franck Institute and Department of Chemistry, University of Chicago,
5640 South Ellis Avenue, Chicago, Illinois 60637

~Received 2 January 2002; accepted for publication 6 March 2002!

In order to make effective use of the extreme density of nanoscale elements that form spontaneously
in self-assembling architectures, one must address the associated issue of minimizing defect creation
during the formation of such structures. In this article we examine the competing roles that
nucleation kinetics and two-dimensional growth processes play in nanostructure formation and
defect minimization. We employ oxygen-induced step doubling of vicinal Ni~977! surfaces as our
physical system, using elevated temperature scanning tunneling microscopy and Monte Carlo
simulations to extract the desired details of interface evolution. Two interesting topological defect
features are observed on the surface after doubling reaches its asymptotic limit:~i! ‘‘frustrated
ends,’’ which form when two counter-propagating step-doubling events having a single step in
common intersect, leaving a stable topological defect, and~ii ! residual ‘‘isolated single steps,’’
which form when a single step is unable to partner with an adjacent step. This latter defect occurs
when a single step is surrounded on both sides by previously doubled structures. In an attempt to
understand and control these results, Monte Carlo simulations indicate that experimental control of
the delicate and competing interplay of nucleation kinetics and two-dimensional growth kinetics is
the key to the formation of more perfect interfaces. In this instance this corresponds to using a small
initial oxygen exposure and reduced substrate temperature to achieve a doubled surface of higher
perfection. Such optimized interfaces can act as templates for guiding the hierarchical assembly of
nanowires and other nanoscale molecular assemblies. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1473697#
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I. INTRODUCTION

The atomic and nanoscale structure of surfaces, and
transformations between competing structures, depends
the delicate balance of surface free energy terms which g
ern interfacial stability. Experiments that delineate the r
variety of interfacial structures which occur for both cle
and adsorbate decorated surfaces have yielded a weal
data on this issue, especially due to the advent of atomic
resolved scanning probe microscopy. Vicinal~stepped! sur-
faces, in particular, have been observed to undergo a w
variety of surface reconstructions and structural ph
transitions.1–11 Time-lapse elevated temperature scann
tunneling microscopy measurements have recently allo
mechanistic details of such transitions to be delineated.12,13

Images taken at latter times, when dynamical transform
tions have largely reached their asymptotic limit, reveal
existence of regions of relative structural perfection as w
as regions that contain structural defects.

We have now come to appreciate that structural imp
fections occur as a natural consequence of competing
namical processes, such as nucleation kinetics and inter
mobility. It is the purpose of this article to assess why su
imperfections form, and to offer general routes to minim
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their occurrence. This is important as the presence of st
tural imperfections certainly influences, and in many ca
limits, the desirable chemical and physical properties of lo
dimensional materials. For example, it is widely apprecia
that the inherent properties of vicinal surfaces lend the
selves to templating applications in which adsorbates, e
magnetic atoms, selectively decorate step edges, leadin
fundamental systems for studying nanomagnetism and e
tronic transport in massively parallel arrays
nanowires.14,15 Local imperfections limit the performance
and hence utility, of such templated nanostructures; to un
stand and experimentally control the extent of perfection
such interfaces is one of the key objectives on the road
implementing nanoscale textured interfaces for real-wo
applications.

Various experimental and theoretical studies have b
performed to uncover the morphological evolution
stepped metal surfaces. Scattering techniques including
energy electron diffraction~LEED!,16 x-ray diffraction,11 and
helium atom scattering~HAS!17 have been used to monito
structural phase transitions. In order to elucidate the lo
details of stepped surface behavior, time-lapse scanning
neling microscopy~STM! has been employed on steppe
metal surfaces.12,13 There has been an increasing number
theoretical studies that seek to model the behavior of isola
steps on locally flat surfaces as well as stepped surfa
Modeling efforts have been directed at issues that incl
step coalescence such as doubling,18–20 facetting and step
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bunching,21 step–step interaction energies,22,23 roughening
transitions,24 and kink creation as a function of terrace wid
distribution.20,24

In the studies reported herein, we employ oxyge
induced step doubling of vicinal Ni~977! surfaces as ou
physical system, using elevated temperature scanning tun
ing microscopy and Monte Carlo simulations to extract
desired details of interface evolution. Our results empha
that the key control variables which govern step doubl
and the ultimate quality of interface perfections are nuc
ation kinetics and two-dimensional mobility. While HAS e
periments~and other reciprocal-space diffraction techniqu!
have provided useful data on the development of long-ra
order, it is the advent of local probes such as STM a
atomic force microscopy which allows experimentalists
break the ensemble average and examine the formation
statistical properties of localized structures. We have
signed and successfully constructed a variable-tempera
ultrahigh vacuum~UHV! STM to enable such studies of lo
cal structure evolution, and related issues of local surf
reactivity.12,13,25

II. EXPERIMENT

Experiments were performed in a stainless steel U
chamber with a base pressure of 5.5310211 Torr equipped
with an Omicron Micro STM adapted by us for elevat
temperature imaging, and standard sample cleaning and
acterization tools. Details of the design of the proxim
heater and the UHV-STM system are given elsewhere.25 The
Ni~977! surface is a 7.01° miscut of a Ni~111! crystal in the
@21̄1̄# direction. In its unreconstructed step arrangement,
kinkless vicinal is composed of eight atomic row wide te
races of~111! symmetry separated by monatomic~100! step
rises. The oxygen-driven reconstruction will double the s
face steps both in width and height. Schematic illustratio
of the Ni~977! surfaces with single and double steps a
shown in Fig. 1. Experimental images were recorded
tween 400 and 470 K in constant current mode with a t

FIG. 1. A schematic of the~a! single step and~b! double step configurations
for Ni~977!. Several crystallographic dimensions and high symmetry dir
tions are indicated. The clean, single step structure for this surface is
posed of~111! terraces, eight atomic rows wide, separated by monato
~100! risers. For the doubled surface, the~111! terraces extend to 15 atomi
rows and the height is doubled. The oxygen that mediates the struc
transition is adsorbed preferentially at the bottom of the steps.
Downloaded 14 Sep 2004 to 203.197.98.2. Redistribution subject to AIP
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neling current of 1 nA and a 100 mV positive bias applied
the sample. Oxygen dosing was performed by chamber b
filling high purity O2 using a high precision leak valve lo
cated in proximity to the STM. The listed oxygen exposur
are the effective exposures to the surface region located
rectly beneath the STM tip, which are approximately 10%
the backfilling pressure. Sample preparation involved cyc
of 1 keV Ar1 sputtering between 300 and 1100 K and a
nealing by electron bombardment at 1100 K. Surface cle
liness was checked by Auger electron spectroscopy and c
tallinity verified using LEED@sharp splitting of the~111!
spots# and STM.

A STM experiment stars by locating a well-ordered r
gion of single steps after a sputter and anneal cycle. Afte
favorable region is located, STM imaging is paused, oxyg
is dosed by chamber backfilling, and imaging is resum
after the oxygen exposure is completed. Successive ima
are recorded until structural evolution reaches an asympt
limit, which typically takes about 1 h.

III. RESULTS AND DISCUSSION

A. Experimental results

The oxygen-driven reconstruction dynamics and s
merging mechanism of Ni~977! have been previously studie
using both HAS17 and STM.12,13,26 It was found that steps
commence coalescence at a point contact~i.e., a step-edge
bulge connects to its downstairs neighbor step edge!; and
doubling then proceedsvia bidirectional zippering. Under
optimized oxygen coverage~step-edge saturation! at 465 K,
the step doubling linear rate is;3.7 Å s21 corresponding to
an areal sweep rate of;60 Å2 s21 ~the width of the propa-
gating step terrace is;16.5 Å!.13

-
m-
ic

ral

FIG. 2. Schematic illustrations of the processes leading to the formatio
the two discussed surface defects:~a! frustrated ends and~b! isolated single
steps. Both classes of defects prevent formation of a perfectly doubled
face. The darker and lighter shades represent double and single step
spectively.
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With the dynamics and the mechanism of the reconstr
tion understood, we focused on several features that
mained on the surface after the oxygen-driven step doub
reached its asymptotic limit. There are two possible defe
that hinder perfect doubling: frustrated ‘‘dead ends’’ and is
lated ‘‘2-1-2’’ single steps. Assume that there are initia
three single steps: 1, 2, and 3. When the oxygen-indu
doubling begins, steps 1 and 2 start to merge and be
growing from top to bottom. Meanwhile, steps 2 and 3 st
to merge and begin growing from bottom to top. Their int
section forms a frustrated dead end. Experimentally, s
frustrated ends are observed to remain stationary o
formed, hence the reason why they are used as internal
erences to monitor surface morphology evolution.12,13 For
the isolated single steps, assume that initially there are
single steps: 1, 2, 3, 4, and 5. When steps 1-2 and 4-5
doubled, 3 remains as an isolated single step having
neighbor with which it can merge.

Figure 2 contains schematic pictures of the frustra
end and isolated single step anomalies. These two feat
are important since, ideally, they are the only possible
fects that can inhibit the formation of a perfectly doubl
surface. Studying the relationship between their format
and the experimental conditions helps further our und
standing of step doubling and facetting phenomena, enab
the production of more perfect surface patterns for use
nanoscale templates.

FIG. 3. Detailed structure of a frustrated end. Solid and dashed cuts o
image show the surface morphology on both sides of a frustrated end.
arrow in the lower panel marks the position of the frustrated end. The im
shown is 40 nm340 nm and was collected with 1 nA tunneling current a
100 mV sample bias.
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Figure 3 is an image of an isolated frustrated end. T
solid and dashed lines show the height profile of the me
surface on the top and bottom of the frustrated end, resp
tively. Figure 4 contains two final-stage images that resul
from two different initial oxygen exposures. The frustrat
ends are marked with circles. Small oxygen expos
~0.0375 L! results in only one frustrated end, while larg
oxygen exposure~0.15 L! leads to five frustrated ends. Th
ultimate number of frustrated ends depends on both
nucleation rate~the rate for generating the initial conta
points! and the step zippering rate. The relationship betwe
the initial oxygen exposure and the total number of frustra
ends, analyzed over a 100 nm3100 nm area for multiple
doubling experiments, is summarized in Fig. 5. It is clear t
the initial oxygen exposure is proportional to the ultima

he
he
e

FIG. 4. Experimental results demonstrating the relation between initial o
gen exposure and the total number of frustrated ends with:~a! 0.0375 L O2

exposure and~b! 0.15 L O2 exposure. The image shown is 100 nm3100 nm
and was collected with 1 nA tunneling current and 100 mV sample bia
465 K. The surface depicted in~a! contained some inherent double ste
before exposure to oxygen.
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number of frustrated ends. Even before the oxygen expo
reaches its optimal value~0.15 L!, additional oxygen in-
creases the probability of forming contact points betwe
two neighboring steps, and therefore increases the prob
ity of forming frustrated ends. When the oxygen exposure
beyond the optimal value, the nucleation rate remains vi
ally unchanged, but the extra adsorbed oxygen hinders
zippering.12,13 In effect, this too increases the probability
forming frustrated ends. The effect of the nucleation and z
pering rates on the ultimate number of frustrated ends wil
discussed later.

In addition to dead ends, isolated single steps also
main on the surface. A characteristic structure is presente
Fig. 6. The ultimate isolated single step populations for
perimental images~100 nm3100 nm! range from 11% to
17% with an average of 15% and do not show an obvi
dependence on the initial oxygen exposure. Under ideal c
ditions ~i.e., no frustrated ends!, the best result will be a
perfectly doubled surface with 0% isolated single steps
the worst result will be 20% isolated single steps. A sim
statistical model using various~13N) matrices, withN rang-
ing from 101 to 105, was used to determine the expect
single step population excluding the effect of frustrated en
Statistically, one expects approximately 13.5% isola
single steps, agreeing well with the observed population

B. Monte Carlo simulation

Monte Carlo simulation of this phenomenon was p
formed using a simple physical model based on extant
perimental understanding for oxygen-driven Ni~977! step
doubling.12,13,17The doubling process is enabled by the fo
mation of an initial point contact between a meandering
per step edge, pinned by oxygen atoms adsorbed on the~100!
step face.18 Our simulation study focuses on the final state
the surface, in particular defect content, in order to und

FIG. 5. Relationship between initial oxygen exposure and the total num
of frustrated ends on a 100 nm3100 nm area. The solid circles are expe
mental data while the open circles are the Monte Carlo prediction.
simulation data are normalized to the experimental data at a single p
~optimal oxygen exposure!. The solid line is an exponential fit to the simu
lation results and the inset shows a larger range of parameter values.
that the fit is applied to the entire range of simulation data as shown in
inset.
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stand the relationship between experimental conditions
surface structure upon reaching an asymptotic limit.

An (N3N11) matrix was used to mimic the Ni~977!
surface, whereN is a positive integer. Every column of th
matrix is regarded as a single surface step. Two experime
conditions were set as parameters: nucleation rate~the rate
for generating the initial contact points! and step zippering
rate after the first point contact was made. Since the nu
ation rate and the zippering rate are both related to the lo
oxygen coverage at the step edges and the temperature
possible to connect the simulation results to the experime
findings to further our understanding and guide future
periments.

After a certain size matrix is chosen, several simulat
rules are constructed:

~1! The positions of the initial nuclei~contact points! are
chosen randomly in the matrix.

~2! A nucleus can only combine with its right-sid
~downstairs! neighbor, if available, to initiate doubling. Thi
restriction is introduced because, as seen in our experime
studies of Ni~977! doubling, initial contact between neigh
boring single steps occurs only in the downsta
direction.12,13,26

~3! After every cycle of the program, a fixed number
nuclei will be chosen randomly only from theunoccupied
positions in the matrix. In this context, ‘‘unoccupied’’ mean
the site has not been chosen as a nucleus nor been do
via zippering before this cycle. This is because, in the co
parative experiment, the step edges were fully decorated
oxygen before step doubling, enabling every step-edge

er

e
int

ote
e

FIG. 6. Detailed structure of an isolated single step. In the height pro
illustrated in the lower panel, there is one instance visible.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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on the surface to serve as a nucleus. Unlike experiments
as adsorption–decomposition of gas-phase compound
surfaces, whose nucleation rate is limited by the dose r
the preadsorbed oxygen on the Ni~977! surface prepares ev
ery step site for possible merging with its downstairs nei
bor. For a fixed period of time, a fixed number of nuclei w
appear on the surface with those nuclei initiating zippering
both directions during the next cycle and thereafter. Zipp
ing occurs at a preselected rate~zippering rate!. Details of
this experimentally observed zippering process have b
described previously.13

~4! The simulation will stop when creation of a ne
nucleus is impossible, i.e., the surface is composed onl
doubled steps, frustrated ends, and isolated single steps

~5! The final results of the simulation are averaged o
many completed runs.

To compare directly with 100 nm3100 nm experimenta
images, a~60361! matrix was used for the simulation sinc
the Ni~977! single step width is 1.65 nm; with these dime
sions each matrix column represents one singled terr
Moreover, boundary conditions are another important c
sideration. Monte Carlo simulations were actually execu
for a larger matrix, and only the central~60361! region was
analyzed. We varied the matrix size through a considera
range and found that, for matrices larger than~1003101!, the
calculation results remain unchanged. For the following
sults, a~1203121! matrix was chosen to study the effect
the nucleation and zippering rates on the final surface m
phology. The extra column is introduced in order for eve
step to have a right-side neighbor.

Figure 7 plots the total number of frustrated ends a
function of the nucleation and zippering rates. The simu
tion results exhibit a clear effect: the higher the nucleat
rate, the more dead ends; the higher the zippering rate
fewer dead ends; and if the ratio of the nucleation rate
the zippering rate is kept constant, the larger their abso
magnitudes, the more frustrated ends. Also, the ultim

FIG. 7. Monte Carlo simulation results for the relationship between
nucleation rate, zippering rate, and the total number of frustrated e
Lower zippering rate or higher nucleation rate lead to more frustrated e
Downloaded 14 Sep 2004 to 203.197.98.2. Redistribution subject to AIP
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number of frustrated ends is not as sensitive to the zippe
rate as it is to the nucleation rate. The relation between
nucleation rate or the zippering rate and the total numbe
frustrated ends is as expected. The nucleation rate incre
as the step mobility increases, that is, the higher the po
bility for two steps to stick together and to possibly form
frustrated end. A faster zippering rate will allow the st
doubling to be completed in a shorter time, thereby minim
ing the number of nucleation sites and decreasing the
mate number of frustrated ends. However, the result that
total number of frustrated ends depends on the absolute m
nitudes of these two rates~with their ratio constant! is some-
what unintuitive. This scaling behavior is a consequence
the time step of the simulation because more than one nu
ation event can occur in a given calculation cycle. Simu
tion results for the final percentage of isolated steps fluctu
between 13.0% and 14.5% and do not show a strong de
dence on either nucleation or zippering rate. This res
agrees well with the population predicted by the on
dimensional statistical model described above. An analyt
solution of 1/e2 ~0.135! for a different physical system with a
similar mathematical description to our one-dimensio
model was reported in 1939 by Flory.27

C. Comparison between experiments and Monte
Carlo simulation

By comparing experimental data with Monte Car
simulation results, a physical calibration can be applied
the simulation parameters. With this correspondence in ha
it will be possible to design future experiments that incorp
rate optimized substrate conditions. It is known that wh
the initial oxygen exposure is 0.15 L, the step zippering r
is 3.7 Å s21 at 465 K.13 When the step doubling reaches a
asymptotic limit, the total number of frustrated ends is 5
on a 100 nm3 100 nm surface sample, and the final pe
centage of isolated single steps is;15%.

Since the final percentage of isolated single steps is
sensitive to either the nucleation or the zippering rate, we
the total number of frustrated ends as the comparison c
rion. To achieve 5–6 frustrated ends on a 100 nm3100 nm
area, the corresponding simulation parameters for a 60361
matrix are a nucleation rate of 1 and a zippering rate of
Assuming each element of the matrix is a square, the len
of each element will be 16.5 Å, which is equal to the Ni~977!
terrace width. Therefore, in every program cycle, the zipp
ing distance will be 100 nm3~43/60!571.7 nm. Since the
experimental zippering rate is 3.7 Å s21 at 465 K, one as-
signs every program cycle to 71.7 nm/0.37 nm s215194 s at
this temperature. Hence, on a 100 nm3100 nm Ni~977! sur-
face, we would expect to see about 3600 s/194 s'19 nucle-
ation sites~point contacts! within 1 h under these conditions
Given the timescales of imaging, it is unfeasible to catch
formation of every individual nucleus. If multiple nucle
form on a certain step, the exact number of them often c
not be determined by examining discrete STM images. T
simulation, therefore, enhances our understanding of
phenomenon by providing insight into the true nucleati
rate.

e
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By analyzing the Monte Carlo simulation, the effects
both the nucleation rate and the zippering rate on step d
bling are better understood. If the goal is to make a perfe
doubled Ni~977! surface, the key factor is to minimize th
total number of frustrated ends while enabling the most d
bling to occur. In order to prevent the formation of the
defects, a low nucleation rate and a high zippering rate
required. For a doubling event to occur, the steps need t
mobile enough to have a significant probability of overco
ing entropic repulsions. Nucleation and subsequent zippe
then occur provided that both steps are decorated with o
gen. In order to minimize the number of frustrated ends,
nucleation events need to be controlled. By using a sm
initial oxygen exposure, the nucleation rate could be
duced. However, this will result in incomplete step doubli
since the total amount of oxygen would not be enough
cover all the step edges. Mastering this balance is key
generating a more perfectly doubled surface.

Since the simulation results show that the final num
of frustrated ends is not as sensitive to the zippering rate
is to the nucleation rate, lowering the temperature will like
be effective in enhancing the extent of perfection of t

FIG. 8. ~a! Temperature dependence of frustrated end generation and
bling extracted from STM data. The filled circles show the number of fr
trated end defects in a 100 nm3100 nm area, the open circles show th
percent conversion to double steps. Representative error bars are inc
for one point in each data set. Lines through the data show the qualit
trends.~b! The ratio of frustrated ends to double step population with
fitted line serving as a guide to the observed trend. This ratio incre
monotonically with temperature; at higher temperatures there is little
gain in conversion, yet many more defects are nucleated.
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asymptotic surface. The steps will zipper slightly slower th
at the upper end of the temperature regime, but the nu
ation rate will be affected far more dramatically, there
minimizing the number of frustrated ends. Preliminary e
periments testing this hypothesis drawn from our simulatio
have confirmed this methodology. Figure 8 depicts data
tracted from a series of STM scans performed at differ
temperatures. Final state images~100 nm3100 nm! of dou-
bling sequences recorded between 400 and 470 K for 0.1
oxygen were analyzed to assess the effect of temperatur
frustrated end creation compared to the extent of doubl
While the general trend is increasing for both the desi
conversion to double steps and the number of unwanted f
trated end defects with higher temperature, the ratio betw
these two values is not linear. One can gain conversion w
only mild increases in defects up to a temperature of
proximately 425 K. At higher temperatures, there is lit
further net conversion, yet many more defects are int
duced.

In summary, the conditions for producing more perfec
doubled steps lie more in tuning the temperature than
oxygen exposure. Future experiments on this system will
termine how effective these adjustments are in minimiz
defect formation. Further Monte Carlo simulations will focu
on nanowire formationvia gas decomposition and depositio
on solid vicinal surfaces. Moreover, subtle but potentia
quite important correlations involving the dynamics
neighboring steps~see Fig. 9 in Ref. 13! can be introduced
into the simulation. Taking advantage of such interstep co
munication may be necessary to achieve more perfect c
version.

IV. CONCLUSIONS

In this article we have critically examined, combinin
experiment and numerical simulation, the key control para
eters that govern the formation of relatively defect-fr
modified-structure vicinal surfaces. We have employ
oxygen-induced step doubling of Ni~977! surfaces as our
physical system using elevated temperatures STM
Monte Carlo simulations to extract the desired details of
terface evolution. These studies have elucidated the com
ing roles that nucleation kinetics and two-dimension
growth processes play in nanostructure formation and de
minimization. Elevated temperature STM has been used
probe the oxygen-induced reconstruction behavior
Ni~977!. Special attention was paid to characterizing t
morphological features that remained on the surface after
step doubling process reached its asymptotic limit.

Two interesting topological defect features were the p
mary focus: frustrated ends, which occur when two doubl
events growing from opposite directions and sharing a co
mon single step meet each other, and isolated single s
which are single steps surrounded by double steps rende
them unable to reconstruct. Correlations between a w
range of experimental parameters and asymptotic sur
structure were elaborated. These insights were further ela
rated using Monte Carlo simulations. The final number
frustrated ends was shown to increase with increasing nu
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ation rate, and to decrease with increased zippering r
There is no dependence of the final isolated single step
erage on either rate. STM studies have also demonstr
that one can gain conversion to double steps with only m
increases in the density of frustrated ends up to;425 K.
Further temperature increases produce little further con
sion and a higher level of defects.

Studies involving the growth of nanoscale wires usi
stepped surfaces as a template are now in progress in
group. Recently, semiconductor nanowires have been d
onstrated to operate asp–n junctions, transistors, and com
plimentary inverters.28–30 Synthesis of these wires has pr
gressed in the last few years, but alignment of multiple wi
is still a problem. Such findings, coupled with the producti
of variable-dimension stepped-surface guides, imply t
semiconductor nanowires templated on vicinal surfaces h
the potential to serve as building blocks for massively pa
lel nanoelectronic and magnetic devices. Moreover, one
speculate that a similar self-alignment approach can be
ployed for the construction of nanofluidic channel asse
blies. This procedure would involve first decorating st
edges with one compound followed by deposition of
multilayer matrix; the step edge compound could then
dissolved or etched away leaving aligned nanoscale chan
for fluid transport. The work herein reported represent
clear step to realizing the technological utilization of su
nanoscale constructs.
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