


ABSTRACT

Title of Dissertation: STUDY OF WET-CHEMICALLY-PREPARED
HYDROGEN-TERMINATED SILICON (111) SUR-
FACES AND A NOVEL IMPLEMENTATION OF A
HIGH-RESOLUTION INTERFEROMETER
Hui Zhou, Doctor of Philosophy, 2003

Dissertation directed by: Dr. Richard Silver
Chemical Physics Program

This thesis summarizes my graduate study under the Nation&hstitute of
Standards and Technology (NIST) Atom-Based Dimensional Melogy Project,
in which we are developing methods for measuring sub-micretar dimensions
including directly counting atom spacings on a silicon-stace lattice.

Atomically at, hydrogen-terminated Si(111) surfaces argrepared using wet
chemistry. The surface morphology after the wet-chemistrgreparation was
found to be dependent on both the initial etching time and wadr miscut. These
two factors have been neglected in literature. To produce aarphology of
uniform, long-range steps and terraces, the miscut angle o be larger than a

certain angle. The development and dynamics of the surfaceonphology was



explained by preferential etching. A kinetic Monte-Carlo snulation was used to
guantitatively study some of the key aspects of the surfageorphology evolution,
such as step ow, pit expansion, and step{pit collision.

The hydrogen-terminated silicon surfaces prepared usingetschemical etching
method were used as substrates to create nanometer-scalégras using a
scanning tunneling microscope (STM)-probe-induced suda modi cation in
both ultra-high vacuum (UHV) and low-vacuum environments.Patterns created
in UHV have linewidths below 10 nm, while patterns created ifow vacuum had
a minimum linewidth of nominally 20 nm. The pattern created m a low vacuum
environment was further processed using $Feactive-ion etching, resulting in
patterns whose aspect ratio had increased more than 5 times.

To enable accurate measurement of atom spacings, a Michelsoterferometer
of novel design was implemented in this research, based or thrinciple that
during operation, the interference-fringe signal is lockleat a zero point by tuning
the laser frequency, thus transferring the displacement rasurement into a
laser-frequency measurement and greatly increasing the aserement resolution.
The interferometer is designed to be integrated into an ulé-high-vacuum
scanning tunneling microscope for atom-resolved measuremts. This unique
implementation achieves a nominal resolution of sub-angetn. In this thesis, the
principles of the interferometer design and the uncertaigtbudget of the

interferometer are discussed.
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Chapter 1
Introduction: Atom-Based Dimensional Metrology

Project

1.1 The era of nanotechnology

In 1965, Gordon Moore observed that the number of transisterplaced on a
single integrated circuit was growingly exponentially wit time [1]. Amazingly,
this observation still holds true today and is called Moors' Law. Today, a
Pentium 4 processor has 55,000,000 transistors crammedaatsingle chip [2],
and it is manufactured using photolithography technology vth a critical
dimension of 130 nm. Moore's Law predicts that this size wiihrink by a factor
of 10 every 6 to 7 years, and thus in the near future the semiadurctor industry
will focus on dimensions in the nhanometer range.

The word nanotechnologyhas become very popular recently. It is de ned by
the National Nanotechnology Initiative (NNI) as \researchand technology

development at the atomic, molecular or macromolecular leis, in the length



scale of approximately 1{100 nanometer range, to provide arfdamental
understanding of phenomena and materials at the nanoscaledato create and
use structures, devices and systems that have novel proges and functions
because of their small and/or intermediate size" [3]. Two mar branches of
research exist and should be distinguished. One is the canting reduction in
the critical dimensions of current or conventional technolgy. For example,
continued improvements in lithography have resulted in lia widths that are
down to 10 nm [4]. If we view this branch of research as apprdeaeg the atomic
limit from the top down, then the other branch, molecular naotechnology, can
be seen as an attempt to reach this limit from the bottom up: tdouild devices
such as nanowires [5] and molecular electronics [6] by ditgassembling atoms.
There is no question that molecular nanotechnology will iruence our lives in the
future in many ways; however, it is still in its infancy and rejuires time to
mature. In the next decade, advances in the conventional bmeh of
nanotechnology will continue to lead the industry.

Nanotechnology requires nanometrology. This is true for lo branches of
nanotechnology. Currently, the ability to measure featurgositions or critical
dimensions to sub-nanometer accuracy is a pressing problemsome cutting-edge
manufacturing environments. In semiconductor manufactimg, for example, the
gate-length dimensions need to be measured accurately to @ flor devices that
are of 150 nm in size, as stated in the International Technay Roadmap for

Semiconductors (ITRS) [7]. The need for sub-micron referea standards and



methods for making submicron measurements with tolerancapproaching the
atomic size will become more and more demanding as the indystontinues to
reduce the dimensions of critical features. In order to buildevices atom by atom
in the future, it will rst be necessary to measure devices am by atom.

To ful Il its mission \to develop and promote measurement sandards and
technology to enhance productivity, facilitate trade andmprove the quality of
life" [8], the National Institute of Standards and Technolgy (NIST) has
launched theAtom-Based Dimensional Metrology Projeci{9] to develop
nanometer- to submicron-dimensional standards based onetltounting of atoms
in a crystal-surface lattice. The following gives an overgwv of this project, of

which the research presented in this thesis is a part.

1.2 Goals and strategies

The long-term goal of this project is to produce referenceatdards with features
or dimensions established on the basis of surface atomictie¢s by means of
atom counting via scanning tunneling microscopy (STM). To ecomplish this
task, it is necessary to develop fabrication methods to prape 3D patterned
surfaces suitable for atom counting and to develop a metholdgy for making
calibrated high-resolution measurements of surface featis. Both address the
current di culty in the semiconductor industry and are list ed as intermediate

goals of the atom-based dimensional metrology project.



There are three strategies we can use to achieve these gohisthe rst
strategy, a set of carefully designed test structures arest fabricated on a
substrate using conventional photolithography methods adirect e-beam writing.
This is followed by surface processing, to render the suréscatomically ordered
and measurable by a high-resolution STM. To actually \counitthe atoms, a set
of atomically resolved STM images are acquired across thatigres of interest. A
variety of methods can be used to determine the number of ataenspacings
across the feature. One method might utilize a computer-gerated template,
which is rst laid over the image, and then the atom spacingsra counted in an
automated fashion. After the UHV STM measurement, the sampk are stabilized
for use at atmospheric pressure by eithen situ thermal oxidation or by exposure
to the ambient environment in which a native oxide is allowedo grow. During
the stabilization period, the surface-oxide thickness typally would change by a
few nanometers but would otherwise appear to be dimensiohattable. The test
structures that are so designed should be dimensionally nsemable by atomic
force microscopy (AFM), scanning electron microscopy (SBEMor optical
microscopy, and can be used to directly calibrate the resgee instruments.

The surface processing is the weakest link in this strategZonventional
techniques such as high-temperature annealing work well ashomogeneous
surface, but they are less e ective on surfaces with prefabated features. The
sharp edges typically required in metrologically meaningf structures are

thermodynamically unstable and tend to become deformed abdir energy is



lowered during the annealing process. Figure 1.1 shows aelistructure before
and after the anealing process showing the signi cant e estof edge deformation.
A more systematic study by E. D. Fu et. al. also revealed sewestructure decay
after high temperature annealing process [10]. While the gd deformation might
be tolerated for pitch measurements, where only the positis of the centers of
lines need to be determined, it typically renders line-widt structures useless.

For silicon (111) surfaces, wet-chemistry methods [11] cée used to achieve
long-range atomically ordered surfaces. Figure 1.2 showdiree-structure before
and after a 5-minute etching in NHF. During this process, the edges of the
structure are etched by the chemical etchant at a higher ratdhan at terraces
are. The surface structure still su ers minor deformationthereby making it more
di cult to achieve atomically at surfaces near the edges than on the plateaus.
However, the extent of structure damage by the wet chemistrgrocess is much
less than that by the high temperature annealing process, kiag the wet
chemistry process more appealing in this application.

The deformation of structures during the surface procesgrcontributes the
major uncertainty in measuring dimensions via the strateggescribed above. In
the second strategy, perfect atomically ordered surfaceseaobtained on at
substrates, and then patterns are fabricated using scanmj#probe surface
modi cations. Since the patterns are fabricated on top of te surface atomic
lattice, the dimensions of the pattern can be determined to whin the accuracy

of atomic spacings. The patterns fabricated by a scanning @oe typically have a
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Figure 1.1. Two AFM images of a surface taken in air showing two lines of tke repetitive
structure, (a) before surface treatment and (b) after 10 seonds of UHV heating at
1000. The cross-section pro le of the images is shown in (c). Notehe deformation of
the structure edges. The UHV high temperature annealing preess was performed by

Carsten Jensen, and the AFM measurements were performed byodeph Fu.
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Figure 1.2. Two AFM images of a surface taken in air showing two lines of tle repetitive

structure, (a) before surface treatment and (b) after 5 minutes of etching with NH4F.

The formation of etching pits on the top of the structure is an indication of formation of

atomic at terraces. The cross-section pro le of the imagesis shown in (c). Note that

the deformation of the structure edges is much less than thawhich resulted from the

thermal annealing process. AFM measurements performed byakeph Fu of NIST.



feature height of only a few nanometers and must be transfed into features
with more contrast in order to be measurable using AFM, SEM, rooptical
microscopy. In this strategy, the pattern-transfer procesis expected to introduce
the most uncertainty into the measurements of the dimensien One candidate
for this method is using wet-chemically-prepared Si (111udaces followed by
UHV STM surface modi cation [12] through an electron-stimlated desorption
(ESD) process [13].

To further support the atom-based metrology, as a third streegy, a
high-resolution interferometer is being implemented in tils research based on a
unique design; it is miniature in size and will be integratednto a UHV STM.
This new tool will enable us to directly measure the dimensig of structures
with sub-angstrom accuracy. Although it is originally degined to measure the
surface atomic spacings and only operate with a small measarent range (a few
nanometers), it is possible to extend to directly measure rsicture dimensions of
larger sizes, up to a few hundred nanometers. This provides alternative
strategy to achieve the goals of this project. Although withthis strategy, the
measurement is not directly based on atom counting, it stilhims at or beyond

atomic accuracy.



1.3 Project components and key results of this

thesis research

In the following | will give a short introduction to some of the components in the
atom-based metrology project that my thesis research inwas. Most of the
progress that | summarised here were largely results of thisesis research, and

will be discussed in detail in the rest of the thesis.

1.3.1 Preparation of hydrogen-terminated Si (111)
surfaces using wet chemistry

In order to directly count surface atoms, atom-countable staces are required.
The preparation of long-range atomically ordered surfacdss been one of the
major tasks. For silicon surfaces, two methods can be used this purpose: the
conventional high-temperature annealing process in UHV drthe wet-chemical
process in the ambient environment.

If the sole purpose is to obtain long-range atomically orded surfaces, a
high-temperature annealing process is the method of chai@s the UHV
environment renders it relatively easier to keep the surfas free from
contamination. The process produces a 77 reconstruction on Si (111) [14] and a
2 1 reconstruction on Si (100) [15], both of which have been extsively studied.

Figure 1.3 shows one of the images of reconstructed Si (11a)face acquired



Figure 1.3. An image of Si (111) 7 7 reconstruction.

with the our UHV STM. However, the structural deformation ofthe critical
features is very di cult to work around and forced us to look br a more \gentle"
method to produce long-range atomically ordered surface$he use of
hydrogen-terminated Si (111) surfaces prepared using wetetnistry is one such
alternative method. The wet-chemistry processing is penfimed at room
temperature, in a temperature region in which the surface ats are assumed to
be \frozen" in their lattice positions. The atomically ordered surfaces are
obtained by kinetically removing most \non- at" surface-atom sites, which
typically requires removal of only one or two surface monagtars. Thus the
prefabricated structures su er much less damage than undénermal processing.
Hydrogen-terminated surfaces also provide an ideal subste for performing
scanning-probe-induced surface modi cations [16, 17, 181 should be noted

that hydrogen-terminated surfaces can also be obtained bypositing hydrogen

10



atoms on surfaces prepared through high-temperature annieg; however,
exploration of the application of STM-based surface modiation requires the
ability to locate the UHV-STM-produced patterns with another instrument such
as an AFM. Without the ability to place a mark which persists @ the surface,
searching for the UHV-STM-fabricated patterns on a sampleraa of nominally a
square centimeter is like looking for a needle in the haystacWhile it is
essentially impossible to embed such markings in such a wayat they will
survive the high-temperature annealing process, this is ha problem for the
wet-chemistry method. Because of these advantages of usimgt chemistry, a
great amount of e ort has been put into the development of a toust method of
producing long-range atomically ordered surfaces via weh@mistry.

By treating the Si(111) surfaces in 40% NkF solution with the dissolved
oxygen depleted, it has been reported by other researchelat large terreaces
and uniform step distributes result [19], with atomically at terraces [11]. These
surfaces are ideal for contructing nano-patterns. Althougit was reported in
1993 that drastically di erent morphologies resulted frondi erent surface
miscuts [20], it is still often neglected in recent publicabns. During our initial
study, we found it di cult to reporduce a morphology following the previous
study in literature. We then realized that we were using sanmes that have
smaller miscut angles than that commonly used in literatureAfter a systematic
study, we found that the nal surface morphologies greatly épendent on both

the surface miscut and the initial etch time. To obtain at sufaces with uniform
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steps and terraces, the sample miscut angles have to be abaweertain value and
the samples have to be etched in the nal solution long enougb reach a steady
state; moreover, the time required to reach a steady state éso dependent on
the sample miscut angle. The step- ow mechanism [21] was isted to discuss
the various morphology development.

The most successful theoretical treatment for the etchingf &i(111) in NH;F
has been the kinetic Monte-Carlo simulation by M. A. Hines [2]. The previous
work by Hines et al. has obtained a set of optimum site speci etch rates that
simulate the steady state morphology of samples with misc@.35 either toward
< 112> or < 112> directions. We further improved the simulation method by
incorporating a consistent time scale during the simulatio to theoretically
explore the surface morphology development, such the stepv rate for various
miscut con guration, the non-linear pit-growth curve, andthe formation of
stacking pits with non-defect origins. In order to simulateour experiment data,
we found it necessary to consider the pit initiation due to tk crystal defects and
dopant. By modifying the algorithm to incorporate the defet concept and
adjusting the parameters correspondingly, the simulatiosuccessfully produced
satisfactory agreement with our experiments. The theoretal simulation study

helped us gain further insight into the mechanism of Si(11¥8tching in NH4F.

12



1.3.2 Surface modi cation on a hydrogen-terminated Si
surface

Hydrogen-terminated silicon surfaces are relatively stéd against oxidation, even
in air, for a long time. However, by employing the nano-posining capabilities
and high current throughput of a scanning probe microscop&PM), we were
able to selectively desorb the hydrogen termination and aigve fabrication of
high-resolution patterns. Similar processes have been damstrated in UHV,
albeit possibly by a di erent mechanism. The research in tisi project has focused
on the UHV process and has demonstrated the capability of fabating line
patterns with critical dimensions of 10 nm.

To access the patterns created by an STM created in a UHV engimment
with another instrument, such as AFM, SEM or optical microsopes, requires the
patterns to be transferred into features with more surfaceontrast and invariant
against oxidation in an ambient environment. For example,ni order to use an
optical microscope to measure the patterns, it generally gaires at least 50 nm
surface contrast. The di culty in pattern transfer has beena major barrier to
the applications of this nano-patterning technology. Corentionally, a UHV
high-resolution STM does not have a macro vision system, sat any pattern
created or accessed by such a system is like needle in a hagistand is therefore
often impossible to locate with other instruments. This preents the study of

possible pattern-transfer techniques and makes it impob to use other
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instruments such as AFM, SEM, or optical tools in the study othe patterning
process, which is very important in gaining more insights to the mechanism of
the scanning-probe-induced surface modi cation and in pducing meaningful
metrological reference standards.

The results of our experiments in UHV STM modi cation of
hydrogen-terminated Si (111) surfaces prepared using wetenistry and similar
experiments in a low-vacuum environment are discussed. Thav-vacuum
experiments were performed to demonstrate the possibiligf transfer of patterns
created in UHV. Without hampering the vacuum in the UHV expeiments, we
were able to use a camera system in the vacuum chamber to lazdhe position
of the STM tip on the sample. This enabled us to locate the pattrn created in
vacuum with an AFM operated in air, and hence to experiment i pattern
transfer and to demonstrate the possibility of transfer of gattern created under

UHV conditions.

1.3.3 High-resolution interferometer system

The main concept of the project is based on the surface atoniattice, which
nominally has atomic resolution. The surface lattice conant is taken directly
from the bulk-crystal lattice constant obtained through X+ay di raction
experiments. To partially support the concept of this projet, we have designed

an interferometer system to be integrated into a high-resation UHV STM unit.
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The interferometer has a design accuracy in the sub-angstmorange. By imaging
an atomically ordered surface, we can measure the surfaceraic lattice directly.
This interferometer has been implemented, and its resolath has been
demonstrated on a graphite surface with a previous prototyp[23].

This interferometer system will enable us to directly measa surface-feature
dimensions with atomic resolution, without the need to counatoms. Because of
its high-resolution design, the measurement range for siegmode operation is
limited to 100 nm. To carry out the task of measuring a typical feature,he
range has to be extended by mode hopping, which will use thisterferometer in
a more general application. In this thesis research, we colefed the laser
frequency measurement module, developed the data acquait and feedback
control software, and bench tested the whole system to furéh estimate the

uncertainty budget.

1.4 Organization of the thesis

The remaining parts of this thesis are organized as follows.

Chapter 2 consists of a discussion of the considerations thaise in applying
the chemical procedures used to produce ideally mono-hydieirterminated Si
(111) surfaces; the main results that show the dependencetloé surface
morphology on the etching time and sample miscut angle aregeented there. A

preferential etching model is used to explain the morpholggevolution during
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etching and the nal morphology dependence on the miscut. lohapter 3, our
attempt to use kinetic Monte-Carlo calculations to simulaé some of the aspects
of the chemical etching is described. The kinetic Monte-Clar simulation was
originally used by Hines [24] to extract atom-speci ¢ readbn rates. In this
chapter, our application of a set of optimum parameters obtaed by Hines to
study the surface morphology evolution is discussed. Chapot4 discusses the
modi cation of the original kinetic Monte-Carlo simulation and its application to
directly study the surface morphologies we observed in ouxgeriments. Chapter
5 contains a discussion of our study on using STM-probe-stinated
hydrogen-terminated Si (111) surface modi cation to buildhano-structures and
the possible mechanism for the patterning process. The paiple and
implementation of our new interferometer setup and the detmination of its

uncertainty budget are discussed in chapter 6.
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Chapter 2
Hydrogen-Terminated Si (111) Surface
Preparation Using Wet Chemistry and Its

Morphology Dependence on Wafer Miscut

2.1 Introduction

Hydrogen-terminated silicon surfaces were widely used industry before the
nature of the surfaces was understood. In particular, sequéal
peroxide-solution-based chemical oxidation followed byFHetching (RCA
cleaning [25]) has been remarkably successful in preparimifya-clean surfaces for
subsequent thermal oxidation via metal-oxide-semicondiez (MOS) technology.
The remarkable interfacial properties of the surfaces aftéiF treatment were
later explained by hydrogen termination [26]. The atomicdy at,

unreconstructed Si (111) surfaces can be terminated by a gle layer of

mono-hydride (Figure 2.1). On an ideally mono-hydride-teninated surface, all
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the surface dangling bonds are passivated by Si{H bonds, affte structures
su er minimal stress. Hydrogen-terminated silicon surfaes were found to be
resistant to contamination and oxidation under ambient envonmental
conditions [27, 28]. One study of initial oxidation on hydrgen-terminated Si
(111) surfaces indicated that nucleation of the oxide is #tihegligible after 7 hours
in moist air [29]. It is expected to be more stable in dry air,isce water is found
to be crucial in the oxidation process [30]. The binding engy of the Si{H bond
is greater than that of the Si{Si bond. Studies in quantum chaistry have shown
that during the initial oxidation, interstitially absorbi ng the oxygen in the Si-Si
bonds forms a more stable structure than surface S{OH termations [31]. This
is supported by studies using infrared (IR) spectroscopy wth found that large
numbers of Si{H bonds remain on the surface after the nativexie has grown.
The simplest method to obtain a hydrogen-terminated Si suate is to rst
chemically oxidize the surface and then strip o the oxide vih HF solution. The
HF-treated Si (111) surface is predominantly terminated bilicon mono-hydride,
as indicated by IR spectroscopy [32]. A low-energy electrah raction (LEED)
study indicates that the surface after only HF etching remais
unreconstructed [33]. However, studies of the complexityf the IR spectra and
STM measurements show that these surfaces are microscoflyceough [32]. The
uniformity of hydrogen termination on Si (111) surfaces isigni cantly improved
by bu ering the HF solution with NH 4F. By using the extremely bu ered

solution, 40% NHF, the treated Si (111) surfaces were ideally terminated by
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Figure 2.1.  lllustration showing the structures of an unreconstructed hydrogen-
terminated Si (111) surface. Each surface silicon atom hashree bonds connected to
the bulk silicon atoms and one bond that points upward, which is terminated by a

mono-hydride and results in a stable molecular structure.
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mono-hydride and were atomically ordered, as studied by Highi in
1990 [28, 34, 35].

Unlike the etching of silicon in hydroxide solutions, the ething of Si(111) in
NH4F is very slow, and the etch rate is below the detection limitFor this type of
etching, the surface morphology study has been proved to be a ective method
to gain insights into the mechanism. In 1991, H. E. Hessel stied the surface
morphology of Si(111) surfaces after 3 minutes of etching HF solutions of
di erent pH level by bu ering with 40% NH 4F [21] The one etched with pH 8
solution was found to to form long range terraces and steps.h&y proposed a
mechanism of step- ow versus pit corrosion which reasongbéxplains the
formation of this morphology. In 1993, G. J. Pietsch noticedhat the etching in
NH4F produced drastically di erent morphology for Si(111) samles with
di erent miscuts [20]. The surface of the sample with 0.02miscut angle was
dominated by multiple level of etch pits after 4 minutes of ething, while the one
with 0.5 miscut angle developed into long range steps and terraces.

For quite some time, the surface morphologies of Si(111) messed with 40%
NH4F found in the literature have been inconsistent. The incomgency is
partially due to the complexity of the wet-chemistry proces. Unlike experiments
under ultra-high-vacuum conditions, there are numerous wontrolled or di cult
to control factors in the wet-chemistry process, and each gkected factor can
possibly play an important role in determining the nal surface morphology. In

1997, Wade [19] discovered that dissolved oxygen in the eitafp solution, which is
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commonly neglected because of its low concentration, plage important role in
increasing the pits during the etching. By suppressing theissolved oxygen
concentration, they reported that the Si(111) surfaces deloped into a
morphology with uniformly distributed steps and terraces ad with few pits
formation. Following this research, H. Sakaue in 2000 reped that they were
able to produce atomic-scale defect-free Si(111) surfa@gtsvafer size [11].
These fascinating results of wet chemical processing of Hil) are very
attractive to our atom-based dimensional project. Howevemwe experienced
di culty in repeating the surface morphology results by folowing the literature,
until we experimented with various surface miscut con guraons. We realized
the samples being used have smaller miscut angles than thedgch were
commonly used in the literature. Miscut describes the misgihment of the
surface normal to the interested crystallography directio. To fully describe a
miscut, one needs to specify both the tilt angle (miscut ang) and the azimuth
angle (mis-orientation angle). Assuming a surface with a@in miscut is perfectly
attened, the surface morphology will have equally distrilnted straight steps and
terraces, on which the terrace width or step spacing is detemed from the
miscut angle and the step orientation is determined from thenisorientation
angle. Miscut results from the uncertainty during the wafeisawing process,
which is unavoidable and very di cult to control. Table 2.1 lists the wafer miscut
information in recent publications. Most studies in the lierature have focused on

surfaces with relatively large miscut anglesX 0.3 ), resulting in high-density
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steps and terraces. Because of our interest in obtaining ¢ge terraces, we
experimented with very small miscut angles. Also, the studs in the literature
often focused on the steady state morphology after the suda had been etched
for a certain time period. Our studies indicate that both thewafer miscut and
the initial etching time are very important in determining the surface morphology
after etching. Similar results regarding the miscut anglewere also reported by
Pietsch [20]. In our study, the time dependent surface morplogy for samples
with di erent miscut con gurations was obtained by trying t o plot the complete
picture of the surface morphology evolution under etchingi40% NH,F.

Thanh have studied the use of NiF to treat Si (100) surfaces and found the
process also produced a at, di-hydride-terminated surf&c[37]. In their studies,
long-range atomically ordered surfaces, however, were riotund, and (111) facets
started to form after prolonged etching.

It should be noted that there is an alternative way to prepareatomically
ordered, hydrogen-terminated silicon surfaces [38]: thdicon surface rst goes
through a high-temperature annealing process, during wiidoth the surface
oxide and the contaminants are throughly desorbed and the gace reconstructs
itself to lower its surface energy, resulting in a at, atomtally ordered surface.
The reconstructed surface is still very reactive. By dosingith atomic
hydrogen|commonly prepared by cracking molecular hydroge with a hot
tungsten lament placed near the silicon surface in UHV|a reconstructed

surface with a mono-layer of hydrogen termination can be pdoiced. This
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Table 2.1. Wafer information and key morphology results in the literature

Author year | miscut time morphology
Higashi [34] | 1991 | N/A 4-6 min. | N/A
Hessel [21] | 1991 | 0:17 3 min. Long range steps, numerous pits
Pietsch [20] | 1993 | 0:02 4 min. Multiple level pits with size up to 300
nm
0.5 Long range steps, few pits, steps me-
andering with straight portions
0.5 Long range steps, step hillocks
4 Long range, homogeneous steps
Wade [197 1997 | 0.3 4 min. Uniformly distributed steps, steps
zigzagged, very few pits
Flidr [36]* 1999 0.35 30 min. | Long range steps, a few pits
0.35 30 min. | Long range steps, very few pits, step
hillocks
Sakaue [12F | 2000 | 1 6 min. Uniformly distributed steps, no pits

Yatomically resolved,?dissolved oxygen suppressed

miscut toward < 112 >,
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method is very reliable in a good UHV environment; howevert still has the
disadvantage that the surface structures are deformed, treby limiting its

usefulness for our project.

2.2 Chemistry of silicon etching

Wet-chemical etching on a silicon surface can typically baexwed as a two-step
process: The etchant rst oxidizes the silicon, and then thexide is removed from
the surface [39]. For NHF etching, the oxidation is accomplished by the
following reactions:

Si+40H ! SiO, +2H,0 +4e (2.1)

and

AH,0 +4e | 40H +2H," (2.2)

Overall, it is an OH -catalyzed reaction:
Si+2H,0! SiO,+2H," (2.3)
Once the oxidation has been achieved, the silicon oxide ismreved by HF:
SiO, + 6HF | H,SiFg + 2H,0 (2.4)

A 40% NH4F solution is slightly alkaline (with a pH of  8), and the OH
concentration is very low, thus the oxidation is the step thalimits the rate at

which the entire etching process proceeds.
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The presence of dissolved oxygen in an aqueous solution hias ability to
oxidize the silicon:

Si+0,! SiO,: (2.5)

The reaction 2.5 and reaction 2.3 overcome di erent reactmenergy barriers, the
relative etch rates of di erent atomic sites are very di erat with each reaction.

It is observed that high concentration of dissolved oxygers iresponsible for
accelerating etch-pit formation, which results in a roughwgface morphology [19].
A quantitative study by Hines [40] con rms this results. By cepleting the
dissolved oxygen in the etching solution, the pit formatiorduring etching is

signi cantly suppressed, resulting in a more controlled stace morphology. A
similar e ect of dissolved oxygen was also found in the etahg of Si(111) in 2.5%

NH; soultion by H. Fukidome [41].

2.3 Wet-chemistry procedures

2.3.1 Pre-cleaning

Before the silicon surface is etched in Nf#, it needs to be cleaned to ensure that
it contains no contaminants that would a ect the etching pracess. The
pre-cleaning is done out of concern for the presence of twoiméypes of
contaminants: organic carbon and heavy-metal particles. r@anic carbon forms

random etch masks on the surface, thereby precluding homogeus etching
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across the surface. Heavy-metal particles are notorious feticking to the silicon
surface and forming defect sites which disturb the develomnt of surface
morphology during the etching.

The most commonly used method for cleaning silicon surfacssthe one
developed at the RCA labs [42, 25]. The key components of theCR cleaning
process are based on the chemistry of hydrogen peroxide, ethis a powerful
oxidation agent. Hydrogen-peroxide-based solutions arery e ective in
decreasing contamination due to organic carbon.

The original RCA cleaning approach entailed using two soligns sequentially.
The rst solution, typically 5:1:1 parts by volume of H,O:H,0,:NH,OH (named
SC-1, which stands for standard clean, solution 1) is espalty e ective in
removing organic contaminants, because of the fact thatJ®, oxidizes the
organic molecules more e ectively in alkaline solutions. dever, it signi cantly
roughens the silicon surface as a result of the etching e eof the OH ions.
Thus this process should be avoided in pre-cleaning proceds. The second
solution, typically 5:1:1 parts by volume of HO:H,O,:HCI (hamed SC-2), is also
e ective against organic contamination. However, it was aginally designed for
the purpose of removing heavy-metal particles that arose t&use of the strong
acidity of the solution. Other solutions sometimes used ihale 4:1 parts by
volume of H,SO,:H,0,, 1:1 parts by volume of HSO,:HNO3, or just HNOg, all
of which are strong acidic oxidation agents that have a sinait e ect as the SC-2

solution. The use of ultraviolet (UV) radiation to decompos the surface organic
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contamination has also been reported to achieve good e edtscleaning silicon
surfaces [43].

There are many variations in the pre-cleaning procedures et by various
research groups. Because of many uncontrolled factors anthek of quantitative
studies, it is di cult to tell which procedure is best. The sequence of procedures
that we currently use, which are listed below in order of apation, have

routinely produced ideally hydrogen-terminated Si (111)wsfaces.

1. Generally de-grease the samples by rinsing with acetomean ultrasonic
cleaner. At the start of any process, a silicon surface is waly heavily
contaminated with organic substances. Rinsing in an e eate de-greasing
solvent will remove most of those contaminants and increasiee

e ectiveness of the remaining cleaning procedures in thist.

2. Rinse with de-ionized (DI) water in an ultrasonic bath.

3. Immerse the samples in a 1:1 parts by volume,BO,:HNO3 solution at

60{80 C for 1 hour.

4. Rinse with DI water for 5 minutes in an ultrasonic cleaner.

5. Immerse the samples in a 2% HF solution for 2 minutes. Soic surfaces
that have been handled in air have a thin layer of native oxideThe
H,SO4:HNO; cleaning will also grow a thin layer of chemical oxide. The

use of a dilute HF solution removes this oxide layer and reseases the
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silicon surfaces, thereby making the remaining cleaning gredures in this

sequence more e ective.

6. Briey rinse the samples with DI water by dipping them in waer for 10{30
seconds. In carrying out this procedure, we kept the duratioof the rinsing
to a minimum, because of the fact that pure water will slighyf etch the

hydrogen-terminated silicon surface and increase its rogess.

7. Immerse the samples in a 5:1:1 parts by volume,@:H,0,:HCI solution at

80 C for 10 minutes.

8. Rinse with DI water for 5 minutes in an ultrasonic cleanerat which point

the samples are ready for the nal etching in 40% NkF.

2.3.2 Final etching

After the sample surfaces are chemically cleaned, they arppled into 40% NH,F
solution for the nal etching. Because of the roughening e & of dissolved
oxygen, the NH,F solution is bubbled with nitrogen or argon for at least 30
minutes to lower its concentration of dissolved oxygen. Thetching time in NH4F
is dependent on the sample miscut conditions and the expemmtal requirements.
For example, a surface with a miscut angle of larger than 0.1s typically etched
for 15 minutes. At the completion of the etching, the sampleare brie y rinsed
by being dipped in DI water for a few seconds and then blown dnyith

high-purity nitrogen gas.

28



The surfaces that result from etching in NHF are hydrophobic. The etching
solution rinses o the surfaces easily, resulting in atomadly clean surfaces as
observed under AFM. Occasionally however, we observe thaamicles of size
anywhere from a few nanometers to 50 nm are produced (Figur€p These
particles seem to be formed after the samples have been talart of the etching
solution, because they have no apparent e ect on the stepsrterraces. It is
commonly found that these particles are formed after a sanghas been etched
in NH4F for an extended period (more than 45 minutes) or when the néabrief
rinsing is eliminated. While the cause of formation of thesparticles is still under
investigation, considering we are using saturated NJF solution (40%), it is likely
that they are formed by crystallization of NH,;F and that the nal brief rinsing
helps to reduce the remaining NgF on the surface. Because water expedites
surface oxidation, the rinsing time is kept short, to avoid ke roughness incurred

by the initial oxidation.

2.4 Preferential etching dynamics on Si (111)

2.4.1 Nomenclature

It is bene cial to de ne speci c nomenclature with respect b the Si (111) surface
miscut and step orientations for use throughout this thesisFigure 2.3 is a

schematic of these orientations. A miscut angle speci es eéhangle between the
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Figure 2.2. AFM image of a sample surface after NHF etching, showing particles all

over the surface. The horizontal streaks stem from the AFM sanning process. The image
shows no apparent correlation between the particles and thesteps. The particles are
believed to be formed by crystallization of NH;F. The AFM measurement was performed

by Joseph Fu of NIST.
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physical surface plane and its intended crystallography @he. For ideally at
surfaces, the miscut can be represented as a step-terracagrsase structure as in
Figure 2.3a, where each terrace is identi ed by a crystallogphy plane and each
step is a single atomic step with a constant height.

To fully describe a surface miscut, it is also necessary toespfy its azimuthal
orientation, as illustrated in gure 2.3b. For Si (111), thesurface has a three-fold
symmetry, resulting in three crystallographically indistnguishable directions |
[112], [121], and R11]. In this thesis, they are generally referred to as the
< 112> directions. Similarly, [112], fl21], and [2L1] are generally referred to as
the < 112> directions. Throughout this thesis, the azimuthal orienttion of a
miscut is speci ed by its angle between the: 112 > directions. This angle is
referred to as the mis-orientation angle.

Given a certain miscut orientation, an ideally at surface esults in atomic
steps with each step having a normal vector which is de ned bghe miscut
azimuthal orientation. If the given miscut is exactly towad the < 112 >
directions, the resulting steps will have their normal vedrs pointing to the
< 112 > directions, and described in this thesis as steps facing tke112 >

directions.
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Figure 2.3. lllustrations showing the surface miscut orientations on $ (111). (a) illus-

trates the miscut angle. (b) illustrates the miscut orientation.



2.4.2 Typical surface morphologies

Figure 2.4 shows a typical surface morphology of Si (111) eftNH4F etching.
The overall surface is very at as all the terraces are at Si{11) planes and all
the steps are single atomic steps with heights of 0.3 nm. This in contrast to a
surface after a more aggressive etching such as KOH etchidgthough vicinal
Si(111) surfaces after KOH etching often displays a similateps and terraces
morphology [44], one should note that the steps resultingdm KOH etching
often are as tall as 200 nm, commonly referred to as macrossepr ledges. The
terraces between these ledges are not atomically at.

Another feature of the morphology in gure 2.4 is the trianglar etch pits.
These etch pits are formed by single steps facing the diremtis of [12], [121],
and [211]. These etch pits should be distinguished from \macrodt pits” that
are results of macro etching, which are much larger in size daenclosed by macro
steps or facets. Macro etch pits are commonly believed to berfhed from
dislocations, while the single level etch pits result fromhie random etching of a
terrace site of a perfect crystal plane. Both the single leletch pits resulted
from NH4F etching and the macro etch pits resulted from KOH rapid etdmg
share the same symmetry, which suggesting that both may hatee same

preferential etching properties.
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Figure 2.4. STM image of Si (111) surface after etching in NHF. The sample being
etched has a miscut of 0.1 toward near < 112 >. It was etched in a 40% NH,F aqueous

solution for 15 minutes. The STM measurement was performed mder UHV conditions.
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2.4.3 Early theoretical models of preferential etching
dynamics
2.4.3.1 Geometric-Kinematic Theories

Anisotropic etching is an old concept developed on the bas$ early observations
that a given etching solution would etch a crystal surface dirently depending

on the orientation of the crystal surface [45]. Intrinsicdy, because of the
anisotropy of a crystal lattice, surfaces with certain origtations are etched more
slowly than surfaces with other orientations. This is espély pronounced in
silicon etching. For example, using a common silicon etcha®m0% KOH, the Si
(111) plane etches about 600 times slower than the (110) p&4].

In the geometric-kinematic theories, the surface is model@as small elements
of crystal planes. All surface elements having the same ariation share the same
etch rate. This etch rate is called shift velocity. For purpses of simpli cation,
assume that there are only two surface orientations: the v@sal (face) plane and
the horizontal plane (Figure 2.5). The elements in the facelgne orientation have
a shift velocity Vs, while those in the horizontal plane orientation have a shif
velocity V. If V¢ is larger than V,, etch pits will be formed with the slope of the
pit walls equal to V; /V y, (Figure 2.5(a)). If Vi V4, as is the case when Si (111)
is etched in NH;F, the etching takes place in the form of layer-by-layer suate
removal, which results in a microscopically smooth surfa@gure 2.5(b)).

The geometric-kinematic model is a very coarse model. Whiliecan explain
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Figure 2.5. lllustration of preferential etching dynamics. (a) The generic situation of
anisotropic etching. The slopes of the pit walls depend on tk ratio of V¢ to V. (b) For

V¢ Vj, the etching reduces to layer-by-layer surface removal.

the chemical polishing e ect of the preferential etching ash the formation of the
macro etch pits [46], it is di cult to use it to interpret the f ormation of macro
steps. For the etching of Si(111) in NiF, where almost all the etching takes
place as step ow, it is di cult to de ne the physical meaning of V. Thus it is

rather limited in interpreting the surface morphology whit develops in this case.
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2.4.3.2 Molecular-kinetic theories

By far the most commonly invoked theory on silicon surface mphology
development is the molecular-kinetic theories proposed Byank [47, 45] and
Cabrera [48]. For an excellent review, refer to Heimann's bk [45]. This theory
was recently revisited by Hines in an SEM study of Si etchingniKOH [44].

In the molecular-kinetic model, etching is described as $hof surface steps.
The ow rate of individual step L is assumed to a function of the local step
density .

L="f(): (2.6)

This model is very e ective in describing the formation of ldges ( gure 2.6). If
dL=d < O (the smaller the step density is, the faster a step propagsd), an
original uniform steps will transform into a "positive” bunching e ect. If

dL=d > O (the larger the step density is, the faster a step propagag an
original uniform steps will transform into "negative” bunding e ect.

Si(111) etched in NHF is a very slow etching. In our experiments, almost all
the steps observed are single atomic steps. It's rare to obgethe step bunching
e ect. Both Hines' study and our research on NF etching of Si show
dL=d = 0. Thus the Frank-Cabrera model has limited use in explaimg the

surface morphology for Si(111) etched in NHF.
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Figure 2.6. lllustration of the formation of ledges [45]. The original uniform step pro le
(1) will transform into (2) \positive" bunch if the steps in t he region CD move slowly,

(2) or \negative" bunch if the steps in the region CD move fast.
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2.4.4 Step- ow model

The step- ow mechanism was rst introduced by Hessel [21].nlthis mechanism,
two distinct surface activities are emphasized: the step w and etch pit
initiation. The pit initiation is a result of removing Si atoms from ideal (111)
terraces. It leads to the nucleation of \holes" on the surfags, which therefore
increases the surface roughness. The step ow is a result ehtoving Si atoms
from surface steps. The step- ow recovers the at (111) suate terraces. These
two activities form a competition in the surface morphologye ect. This
competition is a ected by both the chemical environment andhe surface miscut
con guration. The result of this competition reveals variaus surface etch

morphologies.

2.5 Surface morphology observed on samples

with various wafer miscuts

On an ideally at Si (111) surface with a miscut, the averagedrrace widthW is

determined by the wafer miscut angle, :
W = hg=tan( ); (2.7)

where hg is the height of a single step (0.314 nm). Because of our ingst in
obtaining large, atomically at terraces, we would like to sudy the surface

morphology developed on surfaces with small miscut anglddowever, our
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experiments reveal that there is a limit on the maximum terrae width that can
be obtained through the wet-chemistry process. For samplesth small
wafer-miscut angles, the morphology di ers dramaticallyrfom that developed on
samples with large miscut angles. The etching time requirgd reach a
steady-state morphology was also found to be di erent for saples with di erent
wafer-miscut angles.

In the following experiments, the miscut angles of the suréas are obtained
from the average terrace width and equation 2.7. Both the wathemical method
and high temperature annealing method were used to obtaingelar single steps
and atomic terraces interlaced surface morphology to detame the average
terrace width and miscut orientation.

Figure 2.7 shows a series of AFM images measured from samplék a wafer
that has a miscut angle of 0.12toward about 12 o < 112>. The miscut angle
gives an average terrace width of 120 nm. All the samples watieed from a
single wafer and went through the pre-cleaning proceduresgether, in one batch.
Afterward, they were etched in the same 40% N solution. The samples were
withdrawn from the etching solution sequentially, after 1 nmute, 2 minutes, 4
minutes, and 6 minutes of etching, respectively. An AFM opated in air was
used to observe the morphology of the samples within a few dagfter the
etching.

Just before the nal etching, the silicon surfaces bore a thilayer of chemical

oxide resulting from the RCA cleaning process. During the itial NH 4F etching,
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this oxide layer was removed. After 1 minute of etching (Fige 2.7(a)), the oxide
layer was fully removed. However, the surface was still atocally rough. There
were numerous small etch pits all over the surface. The tewa structures were
starting to show up but were very di cult to recognize. After 2 minutes of
etching (Figure 2.7(b)), the pit density was greatly lowerd and long-range
terraces started to show up. The etch pits had grown largernd long-range steps
started to form as a result of pit collisions. After 4 minuteof etching
(Figure 2.7(c)), the pits were even larger and most of them lklamerged into
long-range steps. The steps were zigzagged as a result ofiierging that took
place. After 6 minutes of etching (Figure 2.7(d)), the surfee become a periodic
step-and-terrace structure, with no observable pits in tharea being imaged.
Extending the process to etching times longer than 6 minutedid not change the
overall surface morphology, indicating that the etching othe surface had reached
a steady state.

Experiments on samples with a much smaller miscut angle raled quite
di erent morphologies. Figure 2.8 shows a series of AFM imag of samples from
a wafer with a miscut angle of 0.02 This miscut angle gives an average terrace
width of about 1 m, provided that the surface is perfectly at. The samples
were treated similarly as in the previous experiment, but fodi erent etching
times. As in the previous case, the surface was atomicallyugh immediately
after removal of the oxide layer, but it was smoothed by growt of the etch pits

once the etching had begun. Since in this case the natural tace width was 1
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(c) 4 min. (d) 6 min.

Figure 2.7. Series of AFM images of samples with a miscut angle of 0.12tched in a
40% NH4F aqueous solution for (a) 1 minute, (b) 2 minutes, (c) 4 minutes, and (d) 6
minutes. All these samples were cut from a single wafer and ehed in the same solution
at the same time, but they were retrieved sequentially. The AAM measurements were

performed by Joseph Fu of NIST.
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m, collisions among triangular pits produced no long-ranggeps after 5
minutes, 15 minutes, 45 minutes, or even 3 hours of etchingrie. The surface
morphology evolved as the average size of the triangular pigrew, and there was
a concomitant reduction in pit density. After 45 minutes of &hing, the surface
morphology evolved into a steady state where the average @ize and pit density
remained almost constant. Multiple pit-stacking patternsformed on the surface
after an extended etching period. After 3 hours of etching, multiple stacking pit
with over 10 layers spread over an area of 4n was developed in the surface area
we imaged ( gure 2.8d). Because of the development of thegacking pits, the
overall atness of the surface was actually slightly reduckafter the etching
reached a steady state.

Figure 2.9 shows AFM images of three samples with di erent recuts. All the
samples were etched in NHF for 15 minutes. The samples with miscuts of 0.12
and 0.09 both exhibit long-range steps and terraces. The one with a saut
angle of 0.09 has more zigzagged steps, and a few triangular pits appear e
terraces. In the sample with the extremely small miscut ang| long-range
terraces are not apparent and the pits dominate the surface.

From our experiments, we found that the wafer miscut angle dhe sample
being etched had to be larger than about 0.1in order to develop into a
morphology with long-range steps and terraces. Moreove teach such a
steady-state morphology, there was a certain threshold iretms of etching time.

What we found is that the smaller the miscut angle of a samplé¢he longer the
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(c) 45 min. (d) 3 hr.

Figure 2.8. Series of AFM images of samples with a miscut angle of 0.02pproximately
facing < 112> etched in 40% NH,F aqueous solution for (a) 5 minutes, (b) 15 minutes,
(c) 45 minutes, and (d) 3 hours. All these samples were cut fnrm a single wafer and
etched in the etching solution at the same time, but they wereretrieved sequentially.

The AFM measurements were performed by Joseph Fu of NIST.
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time required for the initial etching to reach the steady stie. For samples with
extremely small miscut angles, the surface morphology rdestl a steady state
after about 45 minutes of etching, but without the developm& of long-range
steps and terraces. On such surfaces, the extra long etchiige brought about a
slight increase in the surface roughness on account of thenfiation of multiple

stacking etch pits.

2.6 Discussion of the development of surface

morphology

2.6.1 Step ow revisited

Before proceeding to a further discussion of the developntesf the surface
morphology, it is bene cial to revisit the idealized step-ow model. An idealized
steady-state Si (111) surface undergoing the etching praseis illustrated in
Figure 2.10. The surface exhibits a perfect staircase sttuce, where each terrace
is an atomic plane and each step is a single atomic step with aight of 0.314

nm. The average terrace widthW can be determined from the miscut angle:

W = 0:314nm (2.8)
tan( )

where is the miscut angle.
For an idealized step- ow etching, all the etching takes plee at the step

edges. From the morphology point of view, the etching takedgre as a uniform
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(c) 0.02

Figure 2.9. AFM images produced from samples with di erent miscut angles. All

the samples were etched in 40% NiF for 15 minutes. The AFM measurements were

performed by Joseph Fu.
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ow of all the steps in the same direction (namely, the diregon of the miscut).
Furthermore, the overall morphology does not change as thécking proceeds.
The critical etching time is de ned as the average timel,, required for each step
to ow over a distance corresponding to the average terraceidth W:

w
TW:T;

(2.9)

wherelL is the average rate of step ow andl,, is the time required to etch away
a single mono-layer (ML) of surface atoms. The vertical etctate V can be

calculated using the following equation:
V =0:314T, = L tan(miscut): (2.10)

This equation can be used to deduce the step- ow rate from thmeasurement of
the overall vertical etch rate.

As the steps ow at a uniform rate, the lifetime of certain terace sites can be
determined from the distanced of those sites from the previous advancing step
edge:

t = D=L: (2.11)

The lifetime of the terrace sites changes linearly acrosseherrace, andT,, is the
maximum lifetime of terrace sites on such surfaces.

In the above discussion, the steps are limited to one dimeasi For two
dimensional steps, the orientation of the step also contrifbes to di erent

step- ow rate. Steps facing< 112 > directions are packed with mono-hydrides,
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Figure 2.10. lllustration of an ideal step- ow etching

while steps facing< 112> are packed with di-hydrides. The di-hydride silicon
atoms are easier to be removed from the bulk crystal, thus @e facing< 112>
are expected to have a much larger step- ow rate. The directatermination of
the step- ow rate was attempted by Ye [49] using electrocheioal scanning
tunneling microscopy (ECSTM). By continuously scanning tk the surface during
etching, they obtained a step- ow rate of 28 nm/min for stepdacing< 112 >

and 86 nm/min for steps facing< 112>.

If we were to take a further look into the etching on a surfacetep, we would
be viewing the etching at the atomic level. A step at the atonai level consists of
straight segments, together with kinks that separate the saight segments
(gure 2.11). The kinks are being removed faster than othertsp atoms due to

its exposed nature. The etching on a kink site doesn't elimate the kink but
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Kink Etching Step Etchin

Figure 2.11. Kink sites are the corner sites on a non-straight single stepThe popula-
tion of kink sites indicates the roughness of the step. In a geeral etching situation, the
kink atoms are etched away at a faster rate than those on a stright step. A fast kink
etching lowers the population of the kink sites, thereby stiaightening the steps. However,
the etching of step sites on a straight step creates more kinlsites, thus increasing the

roughness of the step.

propagates the kink position and over all it takes place asrik- ow etching. The
relative density of kinks on a step contributes the overalltep- ow rate. Thus,
steps that are oriented slightly o the < 112 > directions are expected to have

larger step- ow rates than steps that face exactly the< 112 > directions.

2.6.2 Pit initiation

Physical etching deviates from the above idealized mechami as a result of pit

initiation. Due to the nite etch rate of surface atoms in a at terrace, the

49



etching randomly removes surface terrace atoms and leavedds on otherwise
at surface planes. The holes creates new etch fronts and st@rowing as the
etching proceeds and leads to observable etch pits. If we dtehe etching of a
given terrace site as a uniform, random process, then the (ability of a certain

terrace site being etched can be expressed as
Pi=1 exp( t=to); (2.12)

wheret is the lifetime of the terrace site andg is the average lifetime of all
terrace sites if the random terrace etching is the only etahg process that
terminates the terrace site.ty is determined from the terrace site reactivity. In
physical etching, terraces are mostly updated by the stepaw, thus the actual
average lifetime is determined by step- ow rate and step disbution, which is
much less thanty. Given a certain surface area, suppose the total number of
terrace sites isN, then for that certain surface area, the average number oftpi

initiated on this surface can be described as
No=N(@1 exp( t=tp)); (2.13)

wheret is the average lifetime of the terrace sites.

Equation 2.13 predicts that there will always be large amous of pits
initiated at the early stages of terrace lifetime. Howeverthis con icts with our
experimental observations. Our experiments on Si(111) wittarge miscut angle
such as 0.12show that after long enough etch times, there are almost notpi

observable anywhere on the wafer. The experiments indicateat there should be
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some dormant time after a pit is initiated, during which the pt size is too small
to be directly observed and grows very slowly.

A pit grows as a result of the step etching on its three borderdAlthough pit
edges are believed to be the same in atomic composition asgaange steps,
their ow rate is likely to be slower than that of long-range $eps. This is
illustrated by viewing the step etching as a kink ow. Similaly, the step etch
rate in a kink- ow etching is determined by the kink density. For long-range
steps, the kink propagates along the step until it collides ith another kink,
which results in kink annihilation. Often the overall step s facing in a direction
that is not precisely the same as the low-index crystal diréon. This results in
creation of a series of kinks that face in the same directiomd a lowering of the
kink annihilation rate. For steps in a pit, however, each s is con ned by the
other two steps; thus the kinks are quickly annihilated oncéhey propagate to
the corner, resulting in a lower kink density in pit steps tha in normal steps. It
is also reasonable to postulate that the smaller the pit ishe lower the kink
density on its steps will be|and the more slowly that pit will grow.

Figure 2.12(a) illustrates this non-linear pits growth cuve. As a result of this
curve, if we plot the pit size against the pits life time (or aerage pit size against
the average terrace life time), we will have a curve as in ger2.12(b). It takes a
long initial time, T,, for a single site etch pit to grow to the size at which it stars

to a ect the overall morphology (namely, a few nanometers)lf we assume a
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constant step- ow rate L, we can de ne a critical pitting distance D, as

Dp=L T, (2.14)

On average, a pit will become large enough to be observabldyowhen its
distance from the previous step edge is larger thad,. Since the rate of growth
of the pits increases as the pits get larger, it is reasonalile further postulate
that pits which are formed earlier will engulf pits that are brmed later, since the
ratio of the sizes of a pair of pits tends to increase as the drence in their
initiation times gets larger. For a surface etched under theleal step- ow
mechanism, we propose that the pits that contribute most totie overall
morphology are those pits that are formed when their distamcfrom the site to
the previous step is on the order oD,

D, and equation 2.13 contribute to the pitting e ect di erently. The terrace
site etch probability, P; in equation 2.13, is directly determined from the nite
etch rate of a terrace site or alternatively the reactivity 6 the terrace site. This
determines the density of pits at early terrace lifetimesD,, is derived from the

pit growth curve, it determines the dormant time of a pit afte it is initialized.

2.6.3 Etching on surfaces with a large miscut

Figure 2.13 illustrates etching on surfaces with large migtangles. This is the
case wheneveD, W, that is, when the critical pitting distance is much

greater than the average terrace width. The age of terracees is kept short so
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Figure 2.12. lllustrations of the non-linear pit growth curve. (a) The pi t growing speed

plotted against pit size. (b) The pit size plotted against terrace lifetime.
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that at most an insigni cant number of pits will be initiated during that time.
For the occasional pit that is initiated, its size is kept vey small because of the
short time available for it to grow. The merging of small-sied pits and straight
steps creates protruded corners; however, the size of sudnners is very small,
on the same order as the size of the kinks that are generatedrithg the step ow.
Thus, these pits generally do not a ect the straightness offte long-range steps.
The case of surfaces with large miscuts is the one that comdssest to the
ideal step- ow model. Pits on these surfaces are di cult to dserve, on account
of their small size. Due to its high step density, the over-asurface is etched at a
high rate. Equation 2.10 gives the relationship between thever-all etch rate and

average terrace width.

2.6.4 Etching on surfaces with a medium miscut

Figure 2.14 illustrates etching on surfaces with medium nuat angles, where the
average terrace width is on the order oD,. The maximum terrace lifetime on
these surfaces is longer and allows for growth of etch pits &m observable size.
As the pits merge into the advancing steps, one segment of tbeginal straight
step takes a jump ahead, leaving two corners on the steps. Therners provide a
source of kink generation and enable the step to be etched evaster. Other
things being equal, the step would become straight again agesult of the fast

corner etching. However, new pits are constantly being foed and merging with
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Figure 2.13. On surfaces with large miscut angles, the average terrace wdth is small
and the average terrace lifetime is kept short on account of ie step ow. On such
surfaces, almost all the pits that are initiated are limited at very small sizes. The
mergence of these pits to the advancing steps creates nedghbte e ects on the overall
morphology. Steps and terraces on these surfaces are strhigand long range, pits are

di cult to observe.
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the steps, which causes the steps to become zigzagged. Ahbigpit initiation
rates, the pits are formed at higher density, and the resulig merging with
high-density pits can render the steps fragmented. Overalhe steps ow at a
higher rate because of the pit merging, while long-range taces are still being
formed with scattered pits.

At the start of the etching process, numerous etch pits are itated because
of the initial roughness or surface defects. These pits gramd merge into larger
pits and step edges. As the result of the merging, the initigl created steps tend
to become rather zigzagged. On a zigzagged step edge, thenpsites or kink
sites are more vulnerable to etchant attacks, the outcome ing that the steps get
straighter and straighter. For surfaces with larger miscutingles, the new pits
that are created are limited in size and number, while the sps get straighter
and straighter until they reach a steady state. For surfacewith smaller miscut
angles, new pits are constantly being nucleated and mergeda steps, so the
steps may never get straighter. It thus seems reasonable togtulate that the
magnitude of the zigzags of the step edges in the surface muwofgy in the case

of steady-state etching is related to the average terrace dtin.

2.6.5 Etching on surfaces with a small miscut

Figure 2.15 illustrates etching on surfaces with very smathiscut angles. On

surfaces of this kind,D, W, and the average terrace width is large enough to
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Figure 2.14. On surfaces with medium miscut angles, a signi cant number ¢ pits are
nucleated before the terrace is removed by the step ow, and liese pits are capable of
growing to an observable size. On such surfaces, the longfige steps and terraces are
usually maintained; however, the constant merging of stepsnd pits causes the steps to
become zigzagged. The magnitude of the zigzagging is deteimed in part by the average

terrace width.
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have new pits growing inside it. This is how the multiple stadng pits are
initiated. As a random process, the newly generated pits mayot necessarily
have the same center as the parent pit. However, the initialotlision of these new
pits results in a pit that is approximately in the center. Thenew center pit
expands along with its parent pit and another new layer of p#& will be generated
inside around the center. The merging of pits and steps crest long segments of
zigzagged steps or even multilevel zigzagged steps. As ailteshe original
idealized step orientation loses its dominance and the lomgnge steps disappear.
As indicated by Hines [50], there is a dynamic repulsion e &evhich results in
equalized step-step spacings. In the case of very small misangles, that same

e ect contributes to alignment of step segments along the gés of multiple
stacking pits, resulting in the formation of a layer of semelosed pits. The outer
pits protect the inner pits from collisions with other stepsor large pits, and so
the inner ones are capable of growing larger. The overall sinf a stacking-pit

pattern may slowly increase as the etching proceeds.

2.6.6 E ects of miscut orientation

In the previous discussion, a miscut toward the 112 > direction was assumed.
In experiments, the miscut orientation often deviates sligfly from the ideal
< 112 > direction. As proposed in section 2.6.1, for steps that factightly o

< 112 >, the average rate of step ow increases as more kink sites doemed.
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Figure 2.15. On surfaces with very small miscut angles, the pits can attan a very large

size and new pits can be initiated inside older pits.
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The increase inL results in a smaller value ofT,, (equation 2.9) and a larger
value of D, (equation 2.14), consequently, an increase in the ratid,=T,. As for
the nal morphology of the misoriented surfaces, althoughhte steps su er from
regular zigzagging on account of the misorientation, theyuser less from the
merging of the pits than they would in the case of exact orieation toward

< 112 >. In our results that are shown in Figure 2.9, the sample with aniscut of
0.12 is slightly misoriented, which is evidenced by the regularikks on the steps.
In comparing the morphology of that sample to the one with a nscut of 0.09,
we nd that the latter exhibits much more in the way of pitting, though there is
only a small di erence in average terrace width for the two stiaces (150 nm
versus 200 nm). This e ect can be partially attributed to theincrease in the

step- ow rate.

2.6.7 E ects of variation in temperature

As is common to most chemical reactions, increasing the teenature will
increase the etch rates of all the sites, while lowering theaction temperature
will decrease the etch rates. In general, the reaction ratellows the Arrhenius
eqguation:

k= Ae &; (2.15)
where Ea is the apparent activation energy, which is the energy baer height

between the two states of the reaction. Because of the di erestructural
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con gurations that a sample can assume, di erent etch sitesan have di erent
energy barriers. We can express the rates of etching of teceasites and step sites

as in the following equations,

Ea(terr )

Kierr = Aerr® ~RT (2-16)
Ea(step) .

Kstep = Asiep€ ~ /T, (2.17)
Ea(kink )

Kaink = Akink € ~ RT . (2.18)

For the rst e ect, the increase in temperature will increag the etch rate for
terrace sites, thus increasing the density of pits that genitialized.

(Equation 2.13). For the second e ect, consider the the rabi

kkink Akink Ea(kink) Ea(step)
_ e — w®

; 2.19
kstep Astep ( )

We propose thatE ,ink ) < E asiep) @S in gure 2.16, and hence an increase in
temperature will lead to an decrease in the ratio of the etchates given above.
As we discussed previously, the large di erence between tké&h rates of kink
sites and step sites contributes to the di erent step- ow rées of long range steps
and con ned steps that enclose the pits, and thus contribugeto the dormant
time period. So the decrease in the ratio of activation endgs, Exink =Estep,
contributes to this e ect thereby resulting in a smaller vatie of D,.

Figure 2.17 shows the surface morphology of samples from #$a&mne wafer as
the one in Figure 2.7, but the etching was performed in a hot N solution. It

took only one minute to reach its steady-state morphologyndicating an
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a(kink) a(step)

Kink =
Step

Figure 2.16. lllustration of activation energy of the etch reaction.
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Figure 2.17. AFM image of sample with a 0.12 miscut angle etched in a hot NH;F
solution for 1 minute. During the etching, the temperature was not accurately measured.
It was estimated to be 70 C. The AFM measurement is performed by Joseph Fu of

NIST

increased step- ow rate and a reduction in the critical wafieetching time. The
steps, however, are fragmented, even though on a large sdaley appear to be
straight. This is the result of constant merging of high-desity pits which

stemmed from a decrease in the value &f,=W.
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2.6.8 Conclusion

The surface morphology of a sample after wet-chemical preseng is dependent
on the etching time, the wafer miscut angle, and the wafer nast orientation, as
well as the etching conditions. Once the etching has been imogress for a long
enough time, the surface develops into a more or less steadgte morphology.
This nal morphology is largely determined by the ratioD,=W, whereD, is the
critical pitting distance and W is the average terrace width. FoD,=W 1, the
steady-state morphology is dominated by long-range stepsdterraces, with etch
pitting highly suppressed. ForD,=W 1, the morphology does not have
long-range steps and terraces, and multiple stacked pitsearandomly distributed

across the surface.

2.7 STM imaging of the H{Si (111) surfaces

After a proper NHy4F etch, the surface is atomically at. Higashi [34] have cared
out imaging of surfaces using STM with atomic resolution; ty have
demonstrated that the surfaces are atomically ordered. Lgrrange atomically
resolved STM measurements on such surfaces have recentlgrbesported [11].
However, atomically resolved STM images on wet-chemicalyepared surfaces
have rarely been reported, which may be an indication that sh surfaces are
extremely di cult to image via STM. This could be attributab le to the hydrogen

termination, since with hydrogen termination there are no wface states above
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Figure 2.18. Atomically resolved STM image of hydrogen-terminated Si (111).

the Fermi level, thus rendering electron transfer throughhte tunneling barrier
very ine cient. In our experiments, atomically resolved STM images were
obtained (Figure 2.18), which demonstrated that the surfaes were atomically

ordered. However, the tunneling condition was found to be stable and di cult

to maintain.
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Chapter 3

Kinetic Monte-Carlo Simulation

3.1 Introduction

In the previous chapter, we presented a qualitative discuss of the development
of Si (111) surface morphology during aqueous NH etching using preferential
etching dynamics. Three key components in that discussioneve the step- ow
rate, the pit growth rate, and the pit initiation rate. With t hese rates de ned, it
is possible to simulate the surface morphology developmemiore precisely and
gain further understanding of the process. To determine tse etch rates
experimentally, however, is very di cult due to the limit in the choice of silicon
wafers and experimental techniques. Hines [24] introducédionte-Carlo kinetic
simulation which directly simulates the etching at the atont level. With
appropriate site speci c etch rates, this simulation can beised to estimate the
above mentioned quantities. In the following, | will brie y review the
experimental methods and discuss our implementation of tHenetic Monte-Carlo

simulation.
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An intuitive way to experimentally determine the overall eth rate on a
surface is by masking and directly measuring the surface gkt di erence after a
limited etching time. The etch rate obtained with this methal is the apparent
vertical etch rate. With the assumption of a uniform step- av mechanism and
ignoring the e ects of etch-pit formation, equation 2.10 ca be used to determine
the average step- ow rate. As a preliminary test, we perfored an experiment
that used wax Im as an etch mask. After 20 minutes of etchingni NH4F, the
surface was cleaned and measured using an AFM under ambienvieonmental
conditions. The result is shown in Figure 3.1. From the imagé¢he vertical etch
rate was estimated to be about 1 nm/min. Assuming an averagerrace width of
120 nm (as calculated from 0.12miscut angle) and a homogeneous step ow,
each step was found to ow at a rate of about 380 nm/min. Howevea trench as
wide as 1 m was created at the edge. Due to the limitation of AFM imaging
the exact pro le of this trench could not be determined; andts formation
mechanism is still under investigation. As a direct e ect othis trench, the right
side of the surfaces near this trench are expected to have achihigher step
density than that resulted from 0.12 miscut angle. Thus, the etch rates obtained
with this method are likely to be much higher than those etchates should be on
at surfaces.

Ouyang [51] studied silicon etching in NgF by using a method similar to
ours. In their experiments, a photomask was used to mask tharface with

2 m 2 msquares, and the etch rates for a variety of surfaces|etche under
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Figure 3.1. (a) AFM image of a Si (111) sample etched in 40 % NRF for 20 minutes.
The left side of the sample surface was masked with a wax Im bfre etching. The
wax mask was cleaned after the etching and AFM was used to mease the etch depth.
(b) Plot of cross-sectional pro le of the same image. The omentation of the wax edge
was not recorded in this experiments. The AFM measurement wa performed by Joseph

Fu of NIST.
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a variety of etching conditions|were studied. For Si(111) €ched in oxygen free
NH,4F, they obtained a vertical etch rate of 0.08 0.06 nm/min. However, due to
the narrow edge-to-edge spacings (&), the chemical environment in the holes
on the surfaces may be di erent from that on a at surfaces, tbs the etch rates
obtained by Ouyang should not be directly relied on either.

Ye [49] studied the etching of Si (111) surfaces in NR in situ with
electrochemical scanning tunneling microscopy (ECSTM)nltheir experiments, a
surface area of 500 nm 500 nm was dynamically measured by STM every 30
seconds over a period of two minutes. The positions of seVesteps were tracked
and the step- ow rates for each were derived. They obtainedep- ow rates of 28
nm/min for the step facing < 112>, and 86 nm/min for the step facing< 112>.
These results were obtained from a single observation, thuke uncertainties
were not determined.

Instead of directly measuring the etch rates, it is also pasge to derive these
etch rates using simulations. With a satisfactory theoretial model, computer
simulations can be used to simulate the surface morphologyodution during
etching. The etch rates are generally a set of parameters fibve simulation. By
comparing the morphologies from the simulations and expefents, an optimum
set of parameters may be obtained to achieve the best agreenéNith an ideal
theoretical model, the optimum parameters can give a goodtesation of the
physical etch rates.

There are generally two approaches to modeling the surfaceormhologies.
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The rst approach is based on the observables of the surfaceorphology |
mono-atomic steps. The evolution of the surface morphology determined solely
by surface step migration. This approach fundamentally ishte Cabrera-Franck
model [47] and, as an example, it was applied to model the cant-induced step
bending e ect on Si(111) [52]. However, in the study of suré@ morphology on
Si(111) etched in NHF, as we discussed in previous chapter, in addition to long
range step migration, the initiation of etch pits also signcantly contributes to
the nal morphology, which makes it very di cult to directly apply the
Cabrera-Franck model.

The second approach is the Monte-Carlo simulation based ohg
solid-on-solid (SOS) model [53, 24]. The SOS model assumest tthe crystal
lattice is rigid and that the atoms stay at the lattice points until they are etched
away. The algorithm for simulation based on this model is sipter than the
former approach. Hines successfully demonstrated the ete@ness in using
kinetic Monte-Carlo simulations to study the surface morpblogy on Si(111)
etched in NHyF [24]. By comparing the resulting surface morphologies dheir
simulations to their experiments, they obtained an optimunset of site-specic
etch rates. Hines further used this simulation to interprethe e ects of step{step
interactions [50] and the formation of hillocks [36], as wehs to determine the pH
level of the etching solution [54] and to investigate the e@s of adding
isopropanol [55] or dissolved oxygen [40] to the etching stbn.

Although the set of site-speci c etch rates obtained by Hing are not directly
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linked to the surface step dynamics, they do provide a way tdwsly the step
dynamics by using this Monte-Carlo simulation for \theoreical experiments"”,
and lead to our further understanding of the evolution of thesurface morphology.
In this chapter, we will use kinetic Monte-Carlo simulatiors, based on their
published optimum parameters [36, 55] to study some of thekaspects of

surface morphology development during NHF etching of Si (111).

3.2 Preferential etching at the atomic level

The silicon lattice has a diamond lattice structure. The Si111) surface lattice is
essentially a network of six-membered rings in the \chair"@n guration
(Figure 3.2a). This network forms a \bilayer", since the lower surface atoms are
depressed by 0.08 nm toward the bulk. The bilayers are conted by vertical
Si{Si bonds, with a spacing between bilayers of 0.314 nm. Foa top view, the
sites on a given level of the Si (111) surface form a network aéntered
hexagons (sites \A"). The neighboring level is a network wit the same structure
but displaced in the< 112 > direction (sites \B" and \C"). The overall Si (111)
lattice is an AB{BC{CA{AB{BC{... structure (Figure 3.2b).

On a Si (111) surface, the following atom sites can be treates di erent
species (Figure 3.3), provided that the surface is always dippgen terminated
during etching: terrace mono-hydride, step mono-hydridejertical di-hydride,

horizontal di-hydride, terrace tri-hydride, step tri-hydride, kink, and point.

71



(b)

Figure 3.2. lllustration of the Si (111) surface lattice. (a) A ball-and -stick model
showing the Si (111) lattice as a network of \chair" con guration. (b) A top view of
Si (111) lattice sites. The surface lattice essentially cosists of three set of hexagonal
lattice: A, B and C. Each bi-layer is a combination of two set dof lattice sites. The crystal

lattice is an AB{BC{CA({... structure.
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Figure 3.3. Atomic structure of a hydrogen-terminated Si (111) surface
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The major sites on at terraces are terrace mono-hydride, # major sites on
steps facing in the< 112 > direction are step mono-hydride, and the major sites
on steps facing in the< 112> direction are vertical di-hydride. These sites have
all been identi ed via IR spectroscopy [56]. The stability 6these three classes of
sites is an indication of the stability of terraces< 112 > -facing steps, and
< 112> -facing steps, respectively.

From a structural point of view, the mono-hydrides are the mst stable sites,
as they are not subject to strains of any kind; furthermore,hree Si{Si bonds
must be broken to etch away a single mono-hydride atom. Thertace
mono-hydride is more stable than a step mono-hydride, sintlee former bonds to
three bulk atoms, while the latter bonds to two surface atomsA similar
argument can be made for the stability of terrace mono-hydies at the edges,
which are bonded to two step mono-hydrides. To simplify theanputations, we
made no distinction between the edge terrace sites and otherrace sites.

The vertical di-hydride is bonded to only two bulk atoms, andnfrared
studies [56] indicate that the structure is highly strainedin particular, it is
rotated by 28 from its bulk-terminated position) because of the steric
hindrance caused by the presence of the mono-hydride on tloever terrace. The
vertical di-hydride is thus expected to be more reactive.

It is also possible to terminate a step facing 112> with horizontal
di-hydride, and on terraces and steps facing 112 >, tri-hydride may exist. The

horizontal di-hydride, terrace tri-hydride, and step tri-hydride were treated as

74



transient species because of their apparent high reactiyitTheir nite etch rates
do not appear to change the overall morphology to any appredile extent. To
simplify the computations, therefore, their etch rates wex simply treated as
being in nite.

A kink site is the intermediate site that separates a step farg < 112> and a
step facing< 112>. A point site is the corner site resulted from two joint steps
facing < 112 >. Kink sites and point sites are expected to be etched di erdliy
than the step mono-hydride and the horizontal di-hydride, bcause the former
structures apparently su er from di erent types of strains and steric hindrances
than the latter. More importantly, they are the key sites forthe development of
certain forms of surface morphology. The density of kink &t re ects the
straightness of a step, and fast kink etching produces stgdit step segments [24].
The point sites play a key role in the formation of hillocks [8], which is a type of
feature that arises from step{pit collisions and developsnosteps that face in the
< 112> direction. Thus, the relative etch rates of these sites hawe be treated

properly to yield these particular morphological features

3.3 Computational algorithm

In principle, our simulation program is similar to that of Hines [24]. In essence,
the exact Si (111) surface lattice is represented, and theaahs are randomly

removed according to a set of prede ned etch rates. Howevehe program we
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employed was developed independently and some aspects @f éfigorithm are

di erent from Hines'. For example, it appears that Hines' sftware was not able
to track the actual etching time during simulations. This diculty does not exist
in our software, and enables us to do time resolved compamsobetween our
simulations and experiments. Some key algorithms are dissed in what follows.

The source code of the program is listed in the appendix forfezence.

3.3.1 Surface-lattice representation

In general, a Monte-Carlo simulation for a crystal requiresepresentation of all
atoms in a certain volume. In the etching of Si (111) in NkF, provided that the
etching is of layer-by-layer type, all chemical reaction imited to sites that are
visible from the top. Thus, it su ces to store only the surfaee atoms in a 2D
array of integers, with each integer representing a latticsite. The integer value
is the surface level of the topmost silicon atom that occumsethe lattice site. This
array is su cient to describe the whole Crystal at any given time. All the
necessary related information such as the site species arapplation statistics
can be deduced from this array. However, a rather high compational cost is
incurred in extracting this information. To facilitate thi s aspect of the
computation, another integer array|the \position array”| is used to store the
positions of surface sites grouped by site species. Thisayriis updated each time

an atom is etched.
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3.3.2 The etch algorithm

Before the simulation is performed, a set of site-speci c & rates is de ned. A
single parameterk;, characterizes the etch rate for all the sites of speciesif
there are a total ofN; sites of species, then Njk; sites are assumed to be etched
per unit time. Following Hines' convention, the time unit was chosen so that
k«ink = 1. In this chapter, this unit is simply refereed to as time uiit. As long as
the same set of site speci c etch rates are used, this time tim$ consistent.

During the simulation, a random number is rst generated to @termine
which site species will be selected for etching; this is doaecording to the

probabilities calculated from the following equation:
Pi= P (3.1)

wherek; is the etch rate of specieg, and N; is the population of specieg at the
moment when the etch takes place. A second random number isthgenerated
to select a particular etch site within the species. A signcant amount of
computation is required for updating the \position array,” which involves
updating not only the site species of the atom being etched balso the site
species of its neighboring sites, as those species are\ikelbe changed as a

result of the etching of the atom at the chosen site.
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3.3.3 Cyclic boundary conditions

Although the program represents only the surface atoms, itavertheless requires
a huge amount of memory. For example, to simulate a Im 1 m area of the
surface, about 70 megabytes of memory is required, while silation of a5 m
5 m area requires 1.75 gigabytes. Without a proper treatmentf éhe boundary,
the boundary sites would behave like permanent defect sitesnd the e ects of
those defects would propagate into the center after a certaetching time via the
step- ow mechanism. By exploiting the symmetry of the crysdl lattice, however,
it is possible to employ cyclic boundary conditions [24], arategy which is
equivalent to mapping one edge of the simulated area to the ppsite edge. The
entire silicon surface is treated as a repeating tiling of thsame simulated area
(Figures 3.4 and 3.5).

Cyclic boundary conditions were employed in Hines' simulatn algorithm,
but a rectangular simulation area was used [24]. A rectangul area works well
when the simulated steps are always parallel to one of the e&] as in the case of
surfaces with a miscut toward< 112> or < 112>. For an arbitrary miscut
orientation, cyclic boundary conditions are rather cumbesome to deal with, since
the intrinsic lattice is lacking in orthogonal symmetry, whch often results in a
vertical shift, as shown in Figure 3.4. In order to utilize te symmetry of the
surface lattice, our program uses a simulation area in the @pe of a

parallelogram, with its corner angles equal to 60or 120 (Figure 3.5). This
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approach enables us to treat the cyclic boundary conditiona both directions

symmetrically, which greatly simpli es the algorithm.

3.3.4 Etching time

In the simulation, the time allocated for the etching of any ise in a particular
class is assumed to be constant. The actual time it takes toakt away an atom
site is calculated as the inverse of its etch rate. Since thetal etch rate of

species at any moment isN;k;,

t= (3.2)

1
iN
After the removal of each atom, t is added to the total accumulated etching
time. The total etching time obtained in this way is given in wits of the
simulation time unit. As long as the site-speci ¢ etch ratesised in the simulation
are constants, the cumulative etching time has a constantrtie unit, which means
the etch times for di erent sessions can be directly compadle The etch time used
in the simulation can also be compared to experimental measments, in which

case the actual value of the time unit can be determined empally|and,

consequently, a set of site-speci ¢ etch rates in real timeniis can be derived.
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Figure 3.4. lllustration of boundary conditions with a rectangular sim ulation area.
The boundary conditions essentially requires the lattice #es at one edge matches the
lattice sites at the opposite edge. Generally, because therare steps across the surface,
the surface at two edges are often at di erent surface layer.As the result, the boundary
conditions often require lattice site A match lattice site B or C at the opposite edge.
Due to the three-fold symmetry on Si (111), a rectangular sinulation area can easily be
tiled in one direction. The other direction, however, often requires a slight vertical shift

to match the corresponding lattice.
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Figure 3.5. lllustration of boundary conditions with a simulation area in the shape of a
parallelogram. Refer to Figure 3.4 caption for explanationon the boundary conditions.
The chosen parallelogram utilizes the symmetry of the silion surface lattice, thereby

making it much easier to satisfy the boundary conditions.
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3.4 The etching process studied by kinetic

Monte-Carlo simulations

In this section, kinetic Monte-Carlo simulations will be used to illustrate certain
aspects of the development of the surface morphology of Si{} etched in
agueous NHF. The simulation results were obtained using the programsied in
the appendix. This program has successfully reproduced thesults published by
Hines [55, 36]. By comparing the morphology obtained from éir simulations
and experiments, they suggested that the following etch ras for Si (111)

surfaces etched in 40 % NHF at room temperature are optimal:

Kenk = 1 (3.3)
ke = 0:1 (3.4)
kg = 0:01 (3.5)

Kmono = 5 104 (3.6)
Kerr = 10 7 (3.7)

In nity is used for all other species [36]. Herekqink is the etch rate for kink sites,
kpt is for point sites, Ky is for vertical di-hydrides, Kyono IS for step
mono-hydrides, andke,, is for terrace mono-hydrides. All rates are given in units
of per site per time unit.

The etch rates recommended by Hines et al. are the ones thatreaised to

obtain the simulation results described in the remainder ahis chapter.
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3.4.1 Step-ow etching

The simulation of the step ow can be directly compared to theaesults of Ye's
experiments [49]. By comparing the step- ow rates obtaineth our simulation to
Ye's published values, the real value of the time unit can beedived.

To simulate the step ow, large miscut angles were used, soahthere was a
limit on the maximum terrace lifetime and the pitting e ects were suppressed in
both size and number. Figure 3.6 shows the simulation of a $ace with a miscut
angle of 1.00 toward < 112 >. The simulation began with a perfectly uniform
step-and-terrace morphology, and the etching continued tih6 monolayers (ML)
of surface sites were removed. A snapshot of the surface mwijogy was taken
after the etching of every 0.1 ML. For each snapshot, the avage position of each
step was measured via an edge-detection algorithm. The résuare plotted in
Figure 3.7. The rate of movement of each step was determineding a linear t,
and the average step- ow rate was computed by averaging thesults obtained

by the t for all the steps. This simulation yielded an avera@ step- ow rate of
Avg: Flowrate = 0:00214 0:00001 nn¥time unit (3.8)

Alternatively, the average step- ow rate can be derived from the time taken

to etch away a single monolayer of sites. From equation 2.9ehave
L = W=T,: (3.9

Table 3.1 lists the etching time for each ML along with the ste- ow rate

calculated from equation 3.9. As shown in the table, the stepw rates obtained
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(b) After 6 ML of simulated etching

Figure 3.6. (a) State of the surface before the simulation was begun. Theimulated
surface has a 1.00 miscut toward the < 112 > direction, which gives an average terrace

width of 17.96 nm. (b) State of the surface after 6 ML of simulaed etching.
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Figure 3.7. Plot of step positions against etching time for the step- ow simulation.
By using a linear t for each step and taking their weighted average, the step- ow rate

measured in this plot was found to be 000214 0:00001 nm/time unit.
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in this way are very close to the values in Eqg. 3.8, which was tined by tting
the positions of each step. Note that the etch time for the rsmonolayer was
longer than that for each of the succeeding monolayers. Thean be explained by
looking at the plot of populations of kink sites during the snulated etching
(Figure 3.8(a)). The simulation starts with an idealized cadition, in which the
steps are perfectly straight and consist of only step monosirides. As the kink
etching is the key mechanism in step etching, it initially t&es longer for the steps
to be etched, because of the lack of kink sites at that stage thie process. As the
simulated etching proceeds, the kink sites start to populatand quickly reach an
equilibrium population (3%), and the step- ow rate increags accordingly.

Figure 3.8(b) shows a plot of the relative population of stepertical
di-hydrides. Under steady-state conditions, the ratio oflte population of vertical
di-hydrides to that of kink sites is about 1:1 (with each of tlese species occupying
about 3% of the total number of step sites), which indicateshtat most of the
kinks are con ned to a single row.

If we decrease the miscut angle, which in turn will increasd¢ average
terrace width, pit etching can no longer be ignored. Collishs between etch pits
and steps e ectively push the front of the step forward, so fosurfaces with
smaller miscut angles the apparent average step- ow rate expected to increase.

Step- ow rates obtained from simulations of surfaces witharious miscut
angles are plotted in Figure 3.9. The step- ow rates are obiaed using

equation 3.9. For miscut angles larger than 1 the apparent step- ow rates are
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Figure 3.8. Plots of the population of kink sites and step vertical di-hydride during
simulated etching. The population of the speci c site classin above gures are shown

as the percentage in the total population of the step sites.
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(nm/time unit

ML No. 1 2 3 4 5 6

Etch Time | 8925.9 | 8403.9 |8603.3 |8341.4 |8336.6 |8213.3
(time unit)

Step- ow 0.002012 0.002137| 0.002088] 0.002153 0.002154 0.002187
Rate

Table 3.1. Results of the step- ow simulation

close to a constant value, indicating that the e ects of pit &hing are minimal.

For miscut angles smaller than 1, the step- ow rates sharply increase as the

miscut angle decreases, which indicates an increased cimition from pit

etching. Surface morphologies for some of the simulationseashown in

Figure 3.10. As the miscut angle decreases, the e ects oftpig can be deduced

from the morphology, since more pits are formed|and steps dé@ate further from

straightness|as a result of step{pit collisions. The smallest miscut angle

simulated in gure 3.9 was 0.02. For miscut angles smaller than 0.02 the steps

became too fragmented due to sever collision with pits and eurement of

average step positions from the morphology became very diut.

In the simulation results presented above, all the simulatesurfaces have a

miscut toward < 112 >. If the miscut is 0 < 112 > orientation, we expect that

the kink population will increase, since the steps are no Iger facing exactly in
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Figure 3.9. Plot of step- ow rates obtained from simulations of surfaces with various
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Figure 3.10. Morphology of surfaces with various miscut angles after 10 M of simu-

lated etching.
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the < 112 > direction. For purposes of discussion, we will refer to therientation
angle o the < 112> direction as the misorientation angle. Figure 3.11 shows
the simulation results for a set of surfaces with the same roigt angle (1.00) but
di erent misorientation angles. For small misorientationangles (facing the
vicinity of < 112 >), a uniform kink site is distributed along the steps, and ashe
misorientation angle increases, the kink density also inreases. For large
misorientation angles (larger than 20 facing more toward< 112>), however,
segments that face in the< 112> direction are developed as well as hillocks,
which are formed by two straight step segments that face in th< 112 >
direction and a point site. The average step- ow rates are ptted against the
misorientation angles in gure 3.11, the relative site poplations are plotted in
gure 3.12, and the states of the surfaces after 10 ML etchingre shown in

gure 3.13. For misorientation angles below 1Q the step- ow rate sharply
increases with the misorientation angle. However, for laggmisorientation angles,
the step- ow rate becomes less sensitive to the misorientah angle. For
misorientation angles larger than 3Q the step- ow rate actually decreases
slightly as the misorientation angle increases. The actualmulation values are
shown in gure 3.11. This coincides with the kink populationcurve, which
reinforces the concept of kink- ow etching. On the other haah, the population of
vertical di-hydrides consistently increases with the mis@ntation angle, so the
plot displays a monotone curve. For surfaces with small misentation, the

population of vertical di-hydrides is approximately equato the population of

91



kink sites, indicating that most of the kinks are con ned to asingle row. For
misorientation angles larger than 1Q the vertical di-hydride population
continues to increase but the kink population stabilizesndicating the formation
of di-hydride step segments that are facing in the 112> direction. For surfaces
with a misorientation angle of 60, the steps are actually facing in the< 112>
direction, and the vertical di-hydrides occupy more than héof all the step sites.
In Ye's experiments, the step facing in the< 112> direction was found to
have a step- ow rate 3 times larger than that of the step facig in the < 112 >
direction. The rates werelL . 11,. =28 nm/sec andL 37, =86 nm/sec. From
our simulation results shown in gure 3.11, we obtained . 1,,~- = 0:0021
nm/time unit and L7, = 0:0063 nm/time unit, which agrees with Ye's
experimental results. By comparing the step- ow rate for s#ps facing in the
< 112 > direction obtained from our simulation (0.0021 nm/time uni) to Ye's

result (28 nm/sec), we have
1 second = 222 time unit (3.10)

From equations 3.3{3.7, we derive the following site-specietch rates in units of

per site per second:

Kink = 222 (3.11)
ki = 2:22 (3.12)
Kot = 22:2 (3.13)
Kmono = 0:111 (3.14)
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Figure 3.11. Plot of step- ow rates obtained from simulations of surfaces with a 1
miscut angle toward various miscut orientations. The oriertation angle in the plot uses

the < 112> direction as a reference.
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during simulated etching. The population of the speci c site class in the above gures

are shown as the percentage in the total population of the stp sites.
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Figure 3.13. Morphology of surfaces with various miscut orientations ater 10 ML of

simulated etching. All surfaces have a miscut angle of 1.00
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Kew = 2:22 10° (3.15)

3.4.2 Pit etching

In the previous section, pit etching was mentioned as one didg major
components used in determining the surface morphology. Ihis section, we will
use kinetic Monte-Carlo simulation to study the pit growth arve.

A typical etch pit observed in experiments is enclosed by tBe steps facing in
the < 112 > directions. For small pits, the steps are contained within amall
volume, and the random kink sites generated during etchingan more easily be
guenched at the corners (Figure 3.14), so we expect that thénk sites will
occupy a smaller percentage of the total number of step sitédsan they would in
the case of long-range steps. After the pits get bigger, theriger step segments
provide more room for kink propagation, and the kink growth ate is expected to
increase.

The simulation starts with the initial placements of a pit ofa certain size on a
at terrace with no miscut. In order to obtain the pit growth r ate from the
simulation, new pits are not prevented from originating. Cosequently, after the
etching proceeds for about 40 seconds, many new pits are r@son the terrace
and the center pit start to collide with the new pits, which m&es the
measurement of the pit growth rate at later stages very di cut. To get around

this problem, for growth of pits of a certain size, we used amsulation with a pit
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Figure 3.14. (a) The kink- ow on a long-range step. There is no natural boundary for
the step. The kink site keeps propagating along the step untiit collides into another
kink. (b) The kink- ow on a pit border step. The step is enclosed by two corners. The

kink site disappears once it hits the corner.
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that was initiated when it was only a few nanometers smallethan the size of
interest, and the etching proceeded until new pits startedat grow. For each
point, the simulation was repeated 20 times in order to obtaia meaningful
average rate and standard deviation. In order to make a direcomparison with
the results of the simulations on step- ow, in the followingdiscussion, the pit size
was measured from the center to one of its sides, and the pitogvth rate was
measured as the step- ow rate for each side of the pits.

In Figure 3.15, the pit growth rate is plotted against the pitsize, and in
Figure 3.16 the relative kink and vertical di-hydride popuhktions are plotted
against the pit size. Unlike the step- ow simulation, the pi growth rate obtained
from the simulation displays a fairly large deviation, whih indicates a larger
random factor. Overall, the pit growth rate increases sigréantly as the pit size
increases, until the pit size is larger than 10 nm. The pit greth rate for pits
larger than 50 nm is about 0.0016 nm/time unit. This value isdwer than the
step ow rate of 0.021 nm/time unit obtained in earlier sectons. Although we
expect the pit growth rate will reach the same rate as step-w as the pit size
grow large enough, due to the limit in our simulation window ige, this could not
be con rmed. For pits of very small sizes, the average growttate for them are
very small. Thus a pit, after its initiation, may stay below acertain size for a
long time, which contributes to the apparent dormant time.

In Figure 3.16, the relative site populations are plotted agnst the pit size.

The kink-site population curve is consistent with the growh-rate curve, which
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of very small sizes, the average growth rate for them are vergmall. Thus a pit, after its

initiation, may stay below certain size for a long time, which contributes to the apparent

dormant time.
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during simulated etching of pits. The population of the sped c site class in the above

gures are shown as the percentage in the total population ofthe step sites.
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exhibits a large slope for pits smaller than 10 nm and stakiles around 2.5% for
pit sizes larger than 10 nm. This ratio is less than that for log-range steps,
which is around 3% (Figure 3.12(a)). In contrast to the site ppulation we
obtained in the simulations on step- ow etching, there is adrge population of
vertical di-hydrides from the simulations when the intereed pits are of small
sizes. To understand this result, let us examine the actuat@mic site
distribution on a small pit. Figure 3.17 is a zoomed-in imagef a small pit from
our simulation. The kink sites and vertical di-hydride sits are marked in the
image. As we notice, instead of single-row kinks, there areitg a few vertical
di-hydride sites at the corners forming segments of straigkteps that face in the
< 112> directions. These corner segments are a result of the accuatad kink
annihilation at the corners. During the pit growth, these coner sites require
extra time to etch o. Since the corner sites occupy a largergotion of all the
step sites when the pit size is smaller, this partially contioutes to slow pit

growth for small pits.

3.4.3 Collision of pits with steps

The collision of a pit with a straight step creates two corney that connect part of
the original pit to the step. At the actual vertex of each of ttese corners, there is
a point site. These corners are etched faster than the rest thie step, and the

steps slowly get straighter as the etching proceeds. Theseats are commonly
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Figure 3.17. Ampli ed image showing a pit in simulation. The vertical di- hydride sites

are marked in green, and the kink sites are marked in red.
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observed in experiments and play an important role in the delopment of the
surface morphology. To simulate these e ects, we started thia surface that had
a single step in the middle, and we placed pits of various s&zaear the front of
the step. Figure 3.18 shows a simulation of how the surface rpbhology evolved
after the collisions had occurred.

Figure 3.18(a) shows the collision of a step with a pit that i40 nm in size.
The step returns to a straight shape in 20 seconds, during vahi time it takes a
jump forward. Figure 3.18(b) shows the collision of a step Wi a pit that is 30
nm in size, in which case the corners persist along the diremt of step ow and
then gradually become rounded.

The result demonstrates the e ect of etch pits on the shape steps. On
surfaces with relative large miscut angles, due to the showrrace life time, the
pits are limited to small sizes. As gure 3.18a shows, the gie recover to straight
steps after collisions with small pits very quickly. Althogh these collisions
e ectively increase the apparent step- ow rate, the stepsr@ maintained straight
all the time. For surfaces with smaller miscut angles, the @ can grow into
larger sizes, and the steps take longer time to recover frorhese collisions. Thus

the steps on these surfaces tend to become roughened or fragted.
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(b) Pit Size 30 nm

Figure 3.18. Simulation of the etching in the vicinity of a pit{step colli sion. In above
gures, red lines mark the initial step pro les, blue lines mark the step pro les after 10
seconds of etching, and green lines mark the step pro les aft 20 seconds of etching.
(a) Collision of a pit of 10 nm in size and a straight step. (b) Collision of a pit of 30 nm

in size and a straight step.
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3.4.4 Etching on perfect planes

A perfect (111) plane refers to an atomically at surface thaexactly coincides
with the (111) crystal plane. For a hydrogen-terminated siton surface, it is
ideally mono-hydride terminated. Such a surface does notiskin reality, but it

is the simplest situation to simulate using a computer. Fige 3.19 shows a series
of simulation results for a perfect plane, which are rathenteresting. Instead of a
stable surface morphology, the surface oscillates betweeeing at and being
rough. For these results, we have converted the etching timeo real units using
equation 3.10.

The surface remained largely at for as long as 40 secondsteafwhich pits
started to show up and grow. The surface quickly roughened & pits started
to collide with one other, which occurred after about 80 sends of etching time.
Beyond 120 seconds of etching time, the surface returned teibg at, with only
a few islands or pits left, and then the cycle was repeated. €pits remained
fairly small throughout the entire cycle; once they reached certain size, they all
proceeded to collide with one another, which rapidly gave wao pit annihilation.

The cyclic morphology observed in these simulations is inrdct con ict with
our experimental observations on the etching of samples Wiextremely small
miscut angles. The cyclic morphology is due to the initial aaitions of our
simulation: all the sites within a single terrace have the sae lifetime, thus they

all have the same probability of being etched|and of initiating pits once the
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Figure 3.19. Series of simulations of etching on a perfect plane. The paraeters used
in this simulation were Keink = 1, kKgi = 10 2, Kmono =5 10 4, kierr = 10 7, and
in nity for all the other rates. The time was calculated via e quations 3.2 and 3.10. The

images are of dimensions 768 444 nm.
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etching proceeds. Thus pits almost simultaneously emergerbughtout the
terrace. Because of the high density of pits with approximaty equal lifetimes,
they start to collide with one another once they all reach ahd the same size.
Under real etching conditions, such a near-perfect corrélan of pit properties
does not exist, since the surface is initially rough. As thausface become smooth,
no long range steps exist but rather many short range steps adges of pits of
various sizes randomly distributed across the surface. Fargiven terrace site, its
life time gets reset each time a step sweeps past it. Due to thendom
distribution of the initial steps, the life time distributi on on the overall surface is
also quite random. Thus the simultaneous formation of pits W not take place,
and is an artifact only shows up in the simulation. As the pitgrow, they
undergo collisions with pits of di erent sizes, instead ofalliding with pits around
the same sizes, or at virtually the same time. Consequently)stead of a sudden
annihilation of all the pits, what happens is that large pitsform as a result of
collisions, or large, zigzagged steps form when large paifsadjacent pits collide.
The formation of these large pits sets the stage for the gema¢ion of multiple

stacking pits.

3.4.5 Formation of multiple stacking pits

Multiple stacking pits are one of the most interesting morpblogies that evolve on

surfaces with small miscut angles after long etching time&igure 3.20 shows an
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image from experiments we performed on these features. Ttergple has a
miscut of 0.02, and it was etched in NHF for 3 hours. The stacking pattern
consists of about 10 pits of increasing size and approximbte& common center.
As one proceeds from the inner pits to the outer pits, the intepit distance gets
smaller. The outer pits are spaced about 60 nm apart, while éhinner pits are
about 100{300 nm apart.

The formation of stacking pits requires a long etching timerad a large surface
area, both of which are computationally expensive for the ketic Monte-Carlo
method to simulate. More importantly, only certain sets ofnitial conditions will
lead to the formation of the kinds of stacking pit patterns dscribed herein.
Without the appropriate initial conditions, the simulation will develop into a
cyclic morphology, as demonstrated in the last section, inhich case the etch
pits are annihilated before they reach a certain size. In oed to partially
simulate the development of multiple stacking pits, we staed with a series of
stacking pits in which the outer pits protected the inner pis from merging with
the newly initiated pits, thereby avoiding pit annihilation and allowing the inner
pits to get to be fairly large. Figure 3.21 shows the simulain results obtained
when the initial pits were of increasing sizes and spaced atervals of about 30
nm. After 750 seconds of simulated etching, eight new inneit® were formed
from the simulation, and they had size intervals that were atut the same as
those in the original stack pattern. Figure 3.22 shows the salts of a di erent

simulation, which started from a stacking pit pattern with sze intervals of 66 nm.
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Figure 3.20. A multiple stacking pit pattern developed in experiments
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The surface that developed after 85 seconds of simulated et is shown in
Figure 3.22(b), and again the newly generated pits followeltie original stacking
pattern, this time with an inter-pit interval in the 60 nm ran ge. As these
simulations show, the initial pit pattern plays an importart role in the newly
generated pit stacking pattern.

The results of these simulations can be explained by referg to our earlier
simulations on step- ow etching of surfaces with various ratut angles. Because
of the e ects of pit etching, the step- ow rates for steps wih larger average
terrace widths were greater than those for steps in which theverage dimensions
of the terraces were smaller. If we treat the edges of the skamy pits as steps
owing outward, as illustrated in Figure 3.23, then the ow geed of a particular
step (A) is positively related to D 5, which is its distance from the next outer step
(B). If Dg <D A (that is, B is closer toits next outer step thanA is to B), step
A will ow faster than step B on average. Thus the result of step ow is a
decrease irD . And if Dg > D 4, there will be an increase irD,. Thus, steps
with unequal spacings will evolve into approximately equadpacings as a result of
step ow. This is in agreement with the results of Hines [50]If this approach is
applied to the formation of multiple stacking pits, the inne pits will always grow
into a pattern with size intervals approximately equal to that of the outer pits, as
shown in both simulations and experiments ( gures 3.21, 322 and 3.20
respectively).

Although this simulation did not illuminate how the stacking pits get
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(a) Start

(b) 750 sec.

Figure 3.21. Simulation of etching on multiple stacking pits with a stack interval of 30

nm. The pits shown in clolor are newly initiated by etching.
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(b) 870 sec.

Figure 3.22. Simulation of etching on multiple stacking pits with a stack interval of 66

nm. The pits shown in clolor are newly initiated by etching.
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initiated, it does show how they grow after they are initialzed. The direct
simulation of these initial pit formations using the curreth model and algorithm
proves to be very di cult due to the limitation of the simulat ion window size and
computation time. In experiments, however, the stacking (8 are generated
easier than in the simulations, which is an indication that he current model is

over simpli ed. This will be re-examined in chapter 4.

3.5 The limits of kinetic Monte-Carlo

simulations

Kinetic Monte-Carlo simulations are an excellent tool forihking the atomic-level
reactivity to surface morphology. By comparing the simulatd results with
experimental measurements, a set of site-speci c etch ratean be extracted, as

demonstrated by the work of Hines [55, 36]. The extraction afite-speci ¢
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reaction rates is valuable for the study of etching mechams on the atomic
level. With an appropriate set of parameters, kinetic MonteCarlo simulations
are also an excellent tool with which to gain insight into theevolution of the
surface morphology. As demonstrated in this chapter, suctinaulations allow us
to perform arti cial experiments under conditions that camot be realized in an
experimental environment.

The technique does have its limits, however, the major one ibpg a limitation
on the simulation window size. The program typically is linted to simulating a
surface area that is no larger than a few micrometers in anyrdction. To
simulate larger surface areas, the number of sites involvadthe calculations
increases quadratically, as will both the memory and the cgoating time. In
order to avoid introducing sites with arti cial boundary defects, the simulation
imposes cyclic boundary conditions that do not accuratelyerect the real etching
conditions. Use of cyclic boundary conditions precludes ¢hfree evolution of the
surface morphology near the boundary, thereby deviatingdm its physical
counterpart. The simulation results can be con dently or acurately relied upon
only if the sizes of the features of interest are much less thahose of the
simulation window. For surfaces with a large miscut anglehe features of
interest are often smaller than the width of a narrow terraceon account of the
strong step{step interaction. For such surfaces, site-spiec simulation works
well. For samples with small miscut angles, however, evolah of the surface

morphology often involves observing several micrometerg surface area, as
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indicated in our experiments, and the direct study of the sdaces is often beyond
the capability of kinetic Monte-Carlo simulations. By clewer tuning of the
parameters, it's possible to scale certain morphology feats and dynamics to be
contained within the nite simulation window. However, the underlying SOS
model intrinsically is non-scalable, and not physically bsed tuning of the etch
parameters inevitably causes the simulation to deviate fro the real physics.

The second limit lies in the simpli cation of the etching algrithm. To realize
savings in computational time and cost, use of these simuilahs requires quite a
few simpli cations. For example, the edge terrace mono-hyiies are expected to
have greater reactivity than the general terrace mono-hydtes. Because of the
\pairing e ect" in the step mono-hydrides, the morphologi@l e ects of the fast
etching of edge terrace mono-hydrides coincides with thestaetching of step
mono-hydrides. Thus, ignoring the distinction between thedge terrace
mono-hydrides and the step mono-hydrides can be compenghfer by using an
\apparent" etch rate for the step mono-hydrides, but then tre etch rate for step
mono-hydrides extracted from the simulation would di er flom the \real" etch
rate. As another example, the tri-hydride species has beebserved in infrared
experiments [56], which indicates that its etch rate shoule nite, possibly even
comparable with that of a \point" site. In the simulation, however, it is assumed
to have an in nite etch rate. Fortunately, because it is not drectly linked to
observable morphology features, this assumption introdas no apparent con ict

with experiment. Similar simpli cations can be applied to ¢her classes of sites.
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Thus, the site-speci c etch rates extracted from the simulion should be treated
as apparent etch rates. This must be considered when the apeat etch rates are
compared with results obtained by other methods.

A third limit comes from the SOS model and the assumption of agyfect
crystal lattice. As is well known, defects in crystal latties are quite common.
The silicon samples used in STM experiments are often alscakigy doped (the
samples used in our experiments were doped at*d@m 2 level). It is commonly
believed that the defect sites are a source of pit initiatiomnd that the dopant
sites are likely to yield di erent chemical reactivities. As simpli cations of this
type are incorporated into the simulation, these e ects haw to be added to into
the apparent etch rates as well.

In the next chapter, we will try to address some of the limitaions and directly

study the results observed in our experiments using Montealo simulation.

116



Chapter 4
Si(111) Morphology Evolution Studied by Kinetic

Monte-Carlo Simulation

4.1 Crystal defects and etch pit initiation

In the previous chapter, we discussed the principles of kine Monte-Carlo
simulation and they were used to study the etching dynamicsistussed in
chapter 2. The site speci c etch rates used by Hines [24, 55%]3have given good
agreement between their simulations and experiments, ancere also used
throughout chapter 3 so that a reasonable comparison of ouesults with the
references could be made. However, this set of parameteresiot yield good
agreement with our experiments, especially with samples \iag with smaller
miscut angles. A further modi cation to the original model 5 required to get
better agreement between our simulations and experiments.

In Hines' experiments, samples with a 0.35miscut toward either the< 112 >

or < 112> directions were used. Figure 4.1 shows the simulation resubbtained

117



using our simulation program. The results are consistent Wi those produced by
Hines [55, 36]. The morphology with miscut of 0.3%oward < 112 > has straight
steps and a few etch pits a few nanometers in size ( gure 4.16Jhe morphology
with the same miscut but toward< 112> has steps distributed with hillocks,
and almost no pits are visible ( gure 4.1b). This simulated rorphology compares
very well visually with the surface produced by Hines' expénents.

Our experiments however, use samples with smaller miscut@es. Figure 4.2
shows the observed and simulated morphologies of Si(111}hw®.09 miscut
toward the < 112 > direction. Figure 4.2b was obtained with the same
parameters used by Hines'. The etch pits and step edge rougtss are much more
pronounced in the simulations than those observed in the eepments. The
discrepancy suggests that the etch rate for terrace sitesaiid be smaller than
that used in the simulations | 10 ’. Figure 4.2c and 4.2d were obtained with
Kerr =10 ° and kerr = 10 10 respectively, which gives much closer agreement
with the experiment.

Our experimental environment is quite similar to that of Hires. Although
both used 40% NHF at room temperature, the simulations indicated a two
orders of magnitude di erence in the terrace site etch ratayhich is very di cult
to explain. The con icting results suggest the original theretical model requires
revisiting and perhaps re nement.

In the original model, etching of a terrace site is the only eese of pit

initiation. Although due to the initial nonlinear pit-grow th curve, it takes some
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(b)

Figure 4.1. Simulated steady-state etch morphologies of Si(111) surfaes with miscut
0.35 etched in NH4F. (a) The surface is miscut toward the < 112> direction. (b) The
surface is miscut toward the< 112 > direction. In both images, the surface has been

etched for 10 monolayers.
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a—"

(©) (d)
Figure 4.2. (a)Experimental results of steady state etched morphologyon a surface
with 0.12 miscut. (b) Simulated results obtained with ki, = 10 7. (b) Simulated
results obtained with ki = 10 °.(b) Simulated results obtained with ki, = 10 1°.

Image size 700 500 nm.
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time before the pits have grown large enough to observe, thertace site etch rate
still is directly linked to the pit density. The discrepancy between gure 4.2a and
4.2b inevitably leads to a drastically di erent chemical ractivity for the terrace
sites, which is quite unlikely given the similar experimeratl conditions. We
propose that the pit initiation is largely attributed to the surface defect sites,
including both the dopant sites and structure defect sitesugh as dislocation
defects. The defect sites are likely to have a much higher atizity than
non-defect terrace sites, and the etching of those defectesi e ectively initiates
etch pits. Since di erent researcher e orts use silicon wafs from a variety of
sources, they are likely to have di erent defect distributdbns, thus they may
observe very di erent pit initiation rates and activities, even though the chemical
reactivity for each site class remain the same.

This concept is not surprising as etching has been one of tharsdard
techniques to detect bulk defects in crystals. Although th@its which develop
during conventional etching are more akin to macro objectgnd the pits
discussed in this thesis are more at the atomic scale, and hdtave di erent
mechanisms and properties, there are in fact quite a few sianities and they

may share a similar chemical origin.
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4.2 Modied SOS Model

The original SOS model was modi ed to simulate the above det#iwed defect
e ects.

Two di erent types of defect sites are distinguished: cheroal defects and
lattice defects. The former are mostly dopant sites. The demt atoms share the
same chemical bonding structure as the native atoms, and thelon't break the
lattice structure from an algorithm point of view. Due to theapparent di erent
atomic sizes and bonding strengths, the chemical structureear dopant sites are
more stressed than in the pure silicon structure. This straaral stress increases
the reactivity around the doping sites. This dopant e ect inetch rates have been
observed by Maher [57] and Ukraintsev [58] The dopant sitesearepresented by
the original model, but now with randomly selected sites andssigned a higher
etch rate. Although strictly speaking, the dopant e ect is rot limited to single
dopant atoms, for simpli cation, the neighboring e ect is imited. As a
consequence, the dopant etch rate obtained in the simulatiowill be higher than
the actual etch rate, as it includes all the neighboring e ds.

The lattice defect sites are more di cult to treat, since they actually change
the lattice structure. Although there is an available modeto treat various lattice
type defects [59], it is computationally impractical to repesent the defects with
atomic accuracy. As a simpli cation, these defect sites ar@lso modeled by

randomly selecting sites and assigning them higher etch est. During etching,
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while the distribution of dopant sites should vary for eachdttice plane, and the
dopant sites should redistribute for each layer, the lattie defect sites are
expected to persist for a few layers.

In the modi ed algorithm, the simulation accepts site concetrations for both
dopant sites and lattice defect sites. Both site classes lahigher etch rates while
the etch rate for terrace sites are reduced the, = 10 2. Before the etching
starts, both dopant and defect sites are randomly selecte@uring etching, with
each removal of a dopant site, a new dopant site is randomlylseted. With the
removal of a defect site, the defect is propagated to the nebdttice layer.

To illustrate the e ectiveness of the model, gure 4.3 showsghe simulation
results obtained for various defect distributions.

Since the dopant sites are randomly distributed for each ataic layer, the
surface morphologies resulting from the dopant etching axery similar to the
morphology resulting from the simulation of a no-dopant moel with a high
terrace site etch rate ( gure 4.3a). In the etching algoritim, the program selects
a site to etch according to the relative etch rateR; = k; N;. Thus, as long as
Rierr = Kier  Nterr from a no-dopant model is equal tdRgopant = Kdopant  Ndopant
from the dopant model and with negligible terrace etch ratethe two models are
mathematically equivalent. However, physically, bottk,, and N, should be
constants for certain chemical conditions, while botlgopant @nd Nggpant Can be
variables for di erent surfaces according to the dopant desity and dopant

element.
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(a) dopant = 10 4 and kdopant =10 2 (b) disiocation = 10 ® and Kgisiocaion = 1

(©) dopant = 10 °, Kdopant = 10 3, (d) dopant = 10 4, Kgopant = 10 3,
disocation = 10 ° and Kgisiocaion = 1 disocation = 10 ° and Kgisiocaion = 1
Figure 4.3. Simulated steady state morphology for surfaces with 0.09 miscut and
misorientation of 2 . (a) etched with only the dopant e ect, (b) etched with only t he
dislocation defect e ect, (c) the amount of dopant random etching renders the formation
of stacking etch pits more pronounced, (d) increased dopantandom etching counters

the formation of stacking etch pits.

124



Ngopant Can be determined from the doping density of the silicon wafewhich
can be roughly determined from the resistivity. For a dopinglensity of 138
cm 3, nominally 10 ° of the total sites are dopant sites. Since about half of total
sites are terrace sites, the etch rate for the dopankgepant has to be 5 10%Kierr
to produce the same morphology as before. Sinkg, = 10 ° matches our
experiments more closely, a reasonable value fafpant is 5 10 °.

For dislocation defects, their concentration is expectedtbe much lower than
that of dopant, and also sample dependent. Common types ofstture defects
include vacancies, interstitials, and dislocation defest which include edge
dislocations and screw dislocations. Vacancies and intetials also only occupy
single lattice planes and their behavior may be included uxj the dopant model.
Dislocation defects, however, propagate during etching.hg edge dislocation
propagates laterally, and the screw dislocation propagatevertically into the
bulk. From a macroscopic point of view, these types of dislattons persist during
etching. The existence of the dislocation defect sites, cas certain sites to have
a higher probability to form new pits, which may lead to the pi stacking
formation that we observed in the experiments ( gure 4.3b).

As was discussed in section 3.4.5, the formation of multiptgacking pits is
attributed to both repetitive pit initiation and step ow, w hich in turn is related
to random etching. Figures 4.3c and 4.3d show this e ect. Wit a certain
amount of random etching attributed to the dopant etching, he e ects of

multiple stacking pits become more pronounced than withoutandom dopant
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etching ( gure 4.3c). By further increasing the dopant etcing e ects, the

formation of stacking pits is reduced.

4.3 steady state morphology dependence on

wafer miscut

With the modi ed SOS model, the simulation model can now be sl to directly
simulate the surface morphology of various surface con gations and provide a
direct comparison to our experimental results.

Figure 4.4 to Figure 4.6 show the steady state morphologiesr fvarious
miscut con gurations obtained with the simulations. The snulation uses the
following parameters:kerr =1 10 0, Kgopant =1 10 7, Kaisiocation = 10,

dopant =1 10 #, gisiocation = 10 7. For surfaces with large miscut angles such as
0.12 (gure 4.4), the pit e ects are suppressed, thus the surfacmorphology is
guite uniform and a small area of simulation can give good aggment with
experimental morphologies. For smaller miscut angles suels 0.09 ( gure 4.5),
the pit e ects become more pronounced and produce more irtdgr step
distributions. A 2 1.5 m window is actually not enough to re ect the over all
surface morphology. Thus, with a small simulation area, it @y never produce a
satisfactory agreement between the simulation and experénts. In gure 4.5,

although the simulation with the selected parameters prodied morphologies
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that agree well with selected experimental morphologiesheéy do not represent
the overall morphology and additional parameter tuning isequired to give better
agreement. For surfaces with very small miscut angles, thes of the simulation
window becomes a more critical limit. Figure 4.6 simulatesome of the
properties of the surface morphology that was observed in@riments on
samples with extremely small miscut angles. However, sdtstory agreement
between the actual experimental surface morphology and th&tom simulations is
not possible with the current available computing resource

The overall relationship between the miscut and steady statmorphologies is
apparent. For large miscut, the pits are suppressed. As theiscut angle gets
smaller, there are more pit e ects such as step edge roughsesd the overall
fragmentation of the steps and terraces increases. For thense miscut angle, the
miscut orientation also plays a role. As the miscut orientabn deviates from
< 112 >, the steps ow faster, which suppresses the pitting e ects.

One should note that this set of results is obtained by optirging the
parameters to match our experimental results (particulayl our experiments on
samples with 0.12 miscut) best. For a di erent wafer, the parameters have to be
tuned and the results are likely to be di erent. As an examplefor a wafer with
more crystal defects, more stacking pits may be produced. rFovafers with higher
doping, the surface will have a higher pitting density and me pitting e ects

may show up for surfaces with relatively large miscuts.
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Figure 4.4. (a)-(e) Simulated steady state morphology for surfaces wit 0.12 miscut at
various misorientations, (f) Experimental results with surface miscut angle 0.12 miscut

and 10 o < 112>. Image sizeis2 1.5 m.
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(c) sim: 10 o < 112> (d) sim: 20 o < 112>
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Figure 4.5. (a)-(e) Simulated steady state morphology for surfaces wit 0.09 miscut at
various misorientation, (f) Experimental results with surface miscut angle 0.09 miscut

and2 o < 112>. Image sizeis21.5 m.
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Figure 4.6. (a)-(e) Simulated steady state morphology for surfaces wit 0.02 miscut at
various misorientations, (f) Experimental results with surface miscut angle 0.02 miscut

and 20 o < 112>. Image size is4 3 m.
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4.4 the morphology dependence on initial etch
time

Another important result in our experiments is modeling thetime dependent
surface morphologies during etching. During the procesgirof a surface, the
guestion arises: what length of etching time is necessary the surface to recover
from its initial roughness to the steady state morphology. Or experiments
indicate that generally longer times are required for smat miscut angles. More
precise information is di cult to obtain experimentally as it not only requires a
variety of samples with di erent miscut con guration, but also requires quite
labor intensive experiments for each sample. Furthermor&r surfaces with large
miscut angles, it is quite di cult to measure the time depencent initial
morphology as the surfaces etch quite fast. In this sectiome will try to use
kinetic Monte-Carlo simulations to study the time-dependst initial

morphologies. Although the results obtained through simations are not strictly
rigorous, it will help us gain more understanding of the inial development of the
surface.

To simulate the initial etching, the most di cult challenge is to model the
initial surface. The initial surfaces following the HF etcing and removal of the
silicon oxide layer are atomically rough. Although the roulgness of the surface is
often measured to be below 1 nm or within a few monolayers, tigeare no

recognizable steps or terraces. To generate such a randomfate, while
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maintaining the overall miscut con guration and the SOS modl integrity is not
trivial.

In the simplest approach, the surface can be roughened by leittgy the surface
with the same etch rates for various classes of atom sites. i$letching provides a
completely random etching e ect. The results of such treatent are shown in
gure 4.7. Although the random etching produced an atomic& rough surface,
the overall terraces are still apparent, and it is very cleawhere the underlying
steps are located as they remain straight. The result doestn@present the
actual initial surface. Short initial etching quickly removes the roughness, and
the results do not agree with the observations in our experiemts.

In order to further obfuscate the initial step edge informabn, the surfaces
were rst etched with Kmono = Kai = Kkink = 10 4, and ke, = 10 12 while the
other parameters remained unchanged. After 4 layers of etoly, both the surface
steps and the terraces are no longer apparent ( gure 4.8b).oTfurther increase
the surface noise, the surface was continuously etched wdh increasing terrace
etch rate. For each stage, the terrace site etch rate is in@sed by 1 order of
magnitude, until the last step, when the surface was etcheditiv all site-speci c
etch rates equal (10%). The nal surface is shown in gure 4.8d, which matches
the initial surface in experiments much better than gure 47.

Figure 4.9 shows simulated results for the initial etchingfaa Si(111) surface
with 0.12 miscut and 10 misorientation o the < 112> direction. The relative

etch time for each snapshot is shown in the gure. To compareithr our
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(b)

Figure 4.7. () Initial rough surface simulated by randomly etching an otherwise perfect

surface. (b) The surface quickly becomes a smooth surface thvishort etching time.
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(© (d)

Figure 4.8. Preparation of the initial surface. To simulate the initial surface before
etching, we start with a perfect surface (a), then etched with Kmono = Kkink = Kgi =
Kpoint = 10 °, and keerr = 10 1°(b); then continuously etched with increasing keerr (C);
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experiments, the simulation etch times were converted to akunits of time using
equation 3.10.

The initial etching is quite fast as the initially rough surface contains large
guantities of high reactivity sites. After 3 monolayers areetched away, the
surface is already dominated by single atomic steps and sieagtomic terraces.
The overall surface is still dominated by small etch pits. Aér 6 monolayers of
etching, long range terraces become apparent and after 9 natayers of etching,
the surface reaches steady state morphology. The resultsaagagree well with
our experiments.

Figure 4.10 shows the simulated results of initial etchingdm a Si(111)
surface with 0.02 miscut. Due to computational resource limits, the simulabn
was restricted to an area with only two terraces. Due to the cwstraints of the
simulation area, to show the e ects of multiple pit formatia, the etch rates of
the dopant and defect sites were slightly increased, to giveetter agreement

between our experiments and simulations.
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(c) sim: t=13606 (1.0 min.) (d) exp: t=2 min.

(e) sim: t=43094 (3.2 min.) (f) exp: t=4 min.

(g) sim: t=79033 (6.0 min.) (h) exp: t=6 min.

Figure 4.9. Simulated surface morphology and experimental results dung initial etch-
ing on surfaces with 0.12 miscut . Etch Rates: Kgefect = 10, Kdopant = 10 6, defect

concentration 10 7, and dopant concentration 10 “.Image sizes are 1500 750 nm.
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(g) sim: t=1391540 (1.7 hr.) (h) exp: t=3 hr.

Figure 4.10. Simulated surface morphology and experimental results dung initial
etching on surfaces with miscut 0.02. Etch Rates: Kgefect = 10, Kdopant = 10 5, defect

concentration 5 10 ©, and dopant concentration 10 4. Image sizes are 4 2 m.
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Chapter 5
STM Based Surface Modi cation of

Hydrogen-Terminated Si(111) Surfaces

5.1 Introduction

The current semiconductor industry is largely based on canuing advances in
photolithographic technology. State of the art manufactung devices use 193-nm
lasers and produce chips with 130-nm feature linewidth. Theurrent
complementary metal oxide semiconductor (CMOS) technolggs likely to
function even below 50-nm linewidths. However, to producéiips beyond this
linewidths on novel devices and structures, the developmteof novel lithography
technologies is required. Scanning tunneling microscop$TM) and atomic force
microscopy (AFM) are among the non-conventional nanofalwation tools in
modern laboratories [60]. The STM probe provides an intengdectron current
density through tunneling with very low energies, which isapable of changing

the chemical structures of the hydrogen terminated silicosurfaces either in air
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or vacuum [61, 18]. Due to the extremely small radius of the aaning probe (tip)
and the small tip-surface separation, the tunneling eleains emitted from the tip
are well con ned and capable of producing patterns with lingidths below 10
nm [18, 12].

The nano-patterning of H-terminated silicon surfaces caruscessfully produce
positive results both in an ambient environment [16] and ula high vacuum
(UHV) [18]. Although both processes share similar attribugs such as the relation
between the writing e ciency and bias voltage and electron dsage, the
underlying mechanisms are likely to be di erent. In an ambiet environment, due
to the abundance of water molecules, the process directlyguuces an oxide
pattern, which can be directly used as an etch mask to furthd@ransfer the
patterns. The linewidths of the pattern created in air are tpically from 20 nm to
100 nm. In ultrahigh vacuum, due to the highly controlled enwonment, it is
commonly believed the patterns are produced by directly desbing hydrogen
termination by the tunneling electron current. However, ina common vacuum
system without su cient baking, water vapor can be a dominamh gas species
within the partial pressures of the various residual gaseand water may still play
an important role during the patterning process. In a UHV enwvonment, the role
of water is largely suppressed, and the patterning procesgtcally achieves
smaller linewidths than that in air. Patterns with linewidths of 1 nm have been
reported using a hydrogen terminated Si(100) surface as tsebstrate [38].

The patterning process in an ambient environment has beenustied quite
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extensively. One of the limits of the ambient process is du@ the uncontrolled
environment. The originally atomically ordered surfacesra easily contaminated
and it is di cult perform STM imaging with atomic resolution , thus preventing
us from achieving atom-based patterning. The UHV patternig process is
capable of fabricating much narrower linewidths. With an admically ordered
surface lattice, it is possible to fabricate patterns with eomic accuracy. We are
currently focused on the study of the UHV patterning procesen the wet
chemically prepared H-terminated Si (111) surfaces.

The patterns immediately following creation are imageableith the STM
that was used to create the pattern. Before being fully usefas reference
standards, the patterns have to be transfered into a more agssible pattern with
signi cant relief. For example, the patterns have to be lodable and have enough
contrast for AFM or SEM to access. This has been the bottlenke@reventing the
application of the UHV patterning process. A common high-solution UHV
STM doesn't have a macro motion and macro vision system, ancguwally has a
very limited scanning range (a few micrometers). Thus, to d the patterns
created with a UHV STM using a second tool such as AFM or SEM ige
nding a needle in a haystack. This makes the study of pattertransfer
techniques next to impossible. To address this problem, wave studied the
pattering process in a low vacuum system in which an STM is eiggped with a
camera vision system which enables us to locate the patterteswithin 50

micrometer position accuracy. We have demonstrated a susséul pattern
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transfer. Currently a new UHV STM system is being built with oth a micro
motion system | capable of movement at 1 nm precision in 1 cm rage| and a
macro vision system with 2 micrometer resolution. The new siem should be
able to link the UHV patterning process with more general insuments and

bring new exciting applications.

5.2 Patterning process in ambient

environments | scanned probe oxidation

The scanning probe microscope(SPM) induced modi cation of
hydrogen-terminated Si surfaces in an ambient environmeing believed to follow
a mechanism called scanned probe oxidation. It was rst repied by Dagata, a
coworker at NIST [61]. In this study, a hydrogen-terminatedSi(111) surface was
scanned in air by a positively biased tip to generate surfaaxide features. The
created patterns achieved a size of 100 nm. The experimentsres followed by
more STM [62, 63, 64] and AFM studies [65, 66, 67]. Creation pétterns with
linewidth as narrow as 10 nm has been reported [67] and nanesttonic devices
have been fabricated using this process [68, 17, 69].

There have been many discussions on the mechanisms of scdrnmebe
oxidation [70, 71, 72]. A commonly accepted mechanism is thalowing.

Applying a voltage between a conductive SPM tip and the hydigen terminated
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sample surface with the surface being positively biased uvéts in the formation of
a highly nonuniform electric eld. The E eld attracts a stable water meniscus to
the sample junction. After initial oxidation, the surface kecome hydrophilic,
which in turn enhances the formation of water meniscus. Thexganions, O and
OH , produced electrochemically at the sample surface by the BPtip are

driven by the electric eld through the growing oxide and reat with holes, h*
and H*, at the silicon-oxide interface to produce a silicon oxid&’l]. The
thickness of the oxide formed by this process is found to be anttion of both

bias voltage and time. Garcia has reported a relation
dh=dt exp( h=L.); (5.1)

whereh is the oxide thicknessL.(8V) = 0:5nm, andL.(12V) = 0:6nm [72].

5.3 Patterning process in ultrahigh vacuum |

electron stimulated desorption

Although atomically at silicon (111) surfaces have been natinely prepared
under an ambient environment, there have been no substant& reports that the
wet chemically prepared surfaces can be imaged in air withahic resolution.
This could be due to the initial oxidation, which can start assoon as 15 minutes
after preparation [73]. During the initial oxidation, although the Si{H bonds may

remain intact, oxygen can still be Incorporated into the Si§i backbonds [31, 74].
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During the STM imaging, the eld between the tip and the sampé attracts a
water meniscus, and it likely to cause a \defocussing" e ed70] and reduces the
lateral resolution of the STM. To achieve an atom-based pattning process,
UHV environment is desired.

In 1990, Higashi et al. reported that the hydrogen terminatin can be
desorbed in UHV by STM with a positive bias and creating an uradurated
silicon region as small as 40 angstroms [13]. The process dascribed as
electron stimulated desorption (ESD). Later, Lyding et al.evolved this technique
into a UHV nanoscale STM patterning process on hydrogen-tainated
Si(100)-2 1 surfaces [38, 18, 75]. They demonstrated creating pattsrwith
linewidths as narrow as 1 nm superimposed on atomically omgel surfaces [38].
In their experiments, the hydrogen-terminated Si(100) sfiace was prepared
using a conventional high temperature annealing procesdléoed by leaking
atomic hydrogen to terminate the surface. A similar technige has been used to
obtain hydrogen-terminated Si(111):7 7 surfaces [76]. As there is no e ective
way to pre-mark the surface which will survive the annealingrocess, wet
chemically prepared hydrogen-terminated Si(111) surfadg highly desirable.
Schwartzkop et al. extended this process to wet chemicallprepared
H-terminated Si(111) surfaces in high vacuum and reportedr@ducing line
patterns with linewidths from 5nm to 10 nm [12]. However, thie experiments
were performed in a high vacuum environment, and it is a quesh whether the

process had the same mechanism as the process in UHV.
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Our experiments are performed in a UHV system with a backgrod pressure
of 8 10 & Pa. The hydrogen terminated Si(111) surfaces were preparedth the
procedures described in chapter 2. Boron doped (3-&m) Si(111) samples with
miscut 0.12 were used. All patterning process and the followed imagingea
performed with a high resolution UHV STM. AC etched W tips wih typical
radius of 15 nm [77] are used.

Figure 5.1 shows an STM image of the result of a successful feahing
process. The pattern was created by scanning the tip at a sgkef 20 nm/sec,
and a sample positive bias voltage of 6 V. During the writingthe feedback was
kept on maintaining a constant tunneling current of 1 nA. TheSTM image was
measured immediate after the patterning process at a biasliage of -1.7 V.

The patterns show up under STM imaging as an elevation in hdigaround
1.5 nm. This can be explained by the analysis of the band strugce of the
hydrogen-terminated surface. For hydrogen-terminated Igion surface, there are
no states above the Fermi level and the theoretical slab calations by Schluter
and Cohen [78] predict the position of the Si-H bonding and &rbonding band
at around 3 eV below the Fermi level for the point of the Brillouin zone. After
the hydrogen desorption, the silicon dangling-bond statderm and results in a
slight downward band-bending characteristic in the nearwsface region. These
states o er a more e cient electron transfer between the STMprobe and sample
surface. To maintain the constant current mode, the feedblaetracts the piezo

and gives the small elevation in height over the patterned aa.
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Figure 5.1. STM images of a hano pattern created in UHV. (a) A topography view. (b)

The cross-section view of the box area marked in (a). (\MEL" gands for \Manufacture
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The patterning process was observed to be a ected by both tremplitude of
the bias voltage and the time duration the probe stays abovéhé patterned sites.
Figure 5.2 shows images of two lines patterned at 4 V and 5 V ptively, along
with a pattern created at 6 V. All these patterns are written wth a tip scanning
speed of 15 nm/sec. The patterned lines are more continuougiwthe increased
bias voltage. Both the linewidths and apparent height of thepattern do not
display an pronounced change. The bias voltage changes tmergy of the
electron emitted from the tip and the above data indicates tat increasing the
electron energy increases the e ciency of the hydrogen deption.

Figure 5.3 shows three patterns that were written at 6 V biasoltage, 0.8 nA
tunneling current, but with a tip scan speed of 20 nm/sec 40 nfeec and 100
nm/sec. The pattern written at slow scan speed results in a atinuous pattern,
while moving faster results in broken pattern lines. The agmpt at 100 nm/sec
didn't result in a recognizable pattern at all. Neither the Inewidth nor the
apparent height of the pattern lines in the former two imageare a ected by the
tip moving speed.

If we assume a complete hydrogen desorption of the patternadea, the
desorption yield for the structure of gure 5.1 is around 5 ’ H atoms per
electron. This value is larger than that reported by Beckerl[3] (3 &) and
Schwartzkop [12] (1:4 8). However, our experiments indicate the the pattern
linewidth exhibit no strong relation with either bias voltage or electron dosage,

but rather strongly a ected by tip conditions, which may vary the distribution of
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(@) 4.5V (b) 5.0 V

(c) 6.0V

Figure 5.2. STM image of patterns created with a scanning speed of 15 nmé&c, 1 nA

tunneling current, and with bias voltages of 4.5 V 5.0 V and 60 V.
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(&) 20 nm/sec (b) 40 nm/sec

(c) 100 nm/sec

Figure 5.3. STM images of patterns created with 6 V bias voltage, 0.8 nA tunneling

current, and at various tip scanning speeds.
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electron dosage across the patterned area. Thus, the simpkdculation of
electron yield may not be a reliable method to compare with.

Two mechanisms have been proposed for the UHV patterning mess: (1)
multiple vibrational excitation of the Si{H bond induced by inelastic electron
tunneling and (2) direct excitation of the Si{H bond by the eld-emitted
electrons [38]. The energy of the electrons emitted from tH&TM probe after
penetrating an e ective tunneling barrier (estimated to beabout 3 eV) is
typically less than 3 eV. The bond strength of the Si{H is 3.53.8 eV [79], and
the excitation from Si{H bonding states to anti-bonding stées requires about 5.8
eV. Hence, the multiple-excitation mechanism is favored. Wbing the patterning
process, the increase of bias voltage e ectively increagége energy of the
electrons emitted from the tip, thus increasing the quantunyield of the hydrogen
desorption process. With an increase in the tip speed, fewellectrons hit the

surface per unit area, thus decreasing the overall pattertrength.

5.4 Experiments in low-vacuum environments

One of the keys to transferring a pattern created by a UHV STMsi to locate the
STM probe position during the UHV patterning process. One sation is to
pre-mark the sample surfaces and, using a optical microseowith a long focal
length, to locate the tip relative to the mark with an uncertanty of a few

microns. This is not very di cult to implement in an ambient e nvironment,
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where there is no reason for concern about UHV compatibilityThe task of
integrating a high-magni cation optical tool into a UHV STM is formidable, but
feasible in principle. To demonstrate the feasibility, we>@erimented with the
patterning process on hydrogen-terminated Si (111) in a lewacuum facility in
which there was an STM system integrated with a camera and 2«a
high-resolution interferometers. Without being concerree about maintaining a
high vacuum, we successfully relocated the pattern writtem vacuum by using
an AFM operated in air. Having the capability of relocating te pattern also
enabled us to experiment with pattern-transfer techniquesAs a rst attempt, we
experimented with reactive-ion etching (RIE) and succesdfy increased the
pattern feature height by a factor of 4.

Since the vacuum condition was much less stringent, protéach of the surface
after chemical etching was less critical than in the UHV expements. After the
samples were prepared, they typically had an exposure to af about an hour
before they were loaded into the vacuum chamber. During thegeriments, all
the ion gauges and ion pumps were intentionally turned o, asevere surface
roughening has been observed with the ion pump running. Th@asuum chamber
was pumped down by a turbo pump and had a background pressurel® 10 ©
Pa. During STM operation, the turbo pump was turned o to redwce the
vibration, and the vacuum level would creep back up to 0.1 Padpminated by
water vapor).

Figure 5.4 shows one of the patterning results under low vaoo. A bias
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voltage ranging from 3.5 volt to 4.5 volt at equal steps of 0.¢olt was used to
create the line segments. Its averaged cross-section isvshan Figure 5.4(b). For
bias voltages less than 3.9 volts, the feature height was @loged to be
proportional to the bias voltage, a relationship that was Iss pronounced when
the bias voltage rose above 3.9 volts. The widths of featurasall these line
patterns are about 20 nm.

Unlike the UHV experiments, the patterned lines were mostlgontinuous at
all the bias voltages. Changes in the bias voltage di erengesulted in variation
of the apparent line height of the patterns. This line heighwas less than that
which we observed in UHV. These results suggest that the patined area is
likely to have been covered with an oxide layer under the lowacuum conditions.

The exact mechanism governing the patterning process is noear at this
point, but the following mechanism has been proposed: Theréace after
wet-chemical processing is hydrophobic. It has been reped by Takahagi et al.
to be water free [80]. Although the water molecules is the domant species
among the low-vacuum residue gases, the partial pressurewater in vacuum
(below 0.1 Pa) was signi cantly lower than it would have beern an ambient
environment (typically 100 Pa), and it was thus more di cult to form a water
meniscus between the tip and the sample surface.

We propose the following complementary mechanism: Becausethe long
duration of the exposure to air and the low-vacuum conditiogy the oxygen

started to be incorporated into the Si{Si bonds at the back othe surface silicon
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Figure 5.4. STM image of a set of line segments created in a low-vacuum eimenment.
The image was imaged immediately after the patterning proces. From left to right, the
lines were written as the bias voltage was increased from 3.9 to 4.4 V in steps of 0.1

V. Image courtesy of George Witzgall.
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hydride. During the patterning, the Si{H bonds were vibratonally excited by the
electrons emitted from the tip, facilitating a transition from S{O{Si{H to
Si{O{Si{OH because of the residue of water. At that point, tre surface became
hydrophilic and attracted more water molecules, even to thpoint of forming a

Im of water and further oxidizing the surface.

5.5 Pattern transfer of the nano-structure

fabricated in vacuum

We had little di culty using an air-operated AFM to locate th e pattern created
during the low-vacuum patterning process. The oxide pattes were very stable
in air, and repetition of the scanning a few days later reveadl no change in the
pattern dimensions. The patterns had a height contrast of alut 4 nm as
measured by AFM.

Silicon oxide provides a hard etch mask, which makes it posk to further
etch the sample to increase the aspect ratio of the patternrsictures. However,
in our case, the oxide that covers the patterned area was mutfinner and
narrower than in typical applications, which presented a cilenge to the
pattern-transfer process.

Hydroxide etching of silicon is commonly used to transfer p@rns onto a

silicon substrate [10]. A hydroxide-based solution etchelke silicon by rst
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oxidizing it to form a silicate, and then the silicate reactsvith hydroxy ions to
form a water-soluble complex. Typical hydroxide-based dimg solutions include
KOH, NaOH, NH4OH, and tetramethyl ammonium hydroxide (TMAH). For our
rst attempt at etching, we experimented with using 0.5 M of KOH bu ered with
isopropanol in a ratio of 1:1 by volume. After only 1{2 secorglof etching, the
pattern was destroyed, with only a few traces remaining. Thaesult was
partially expected on account of the strong anisotropy in K@ etching of silicon,
which is approximately 1:600:400 for Si (111):(110):(100Although such a
strong aniostropy works perfectly for pattern transfer on §110) substrates, it
fails on Si (111) substrates.

Further experiments with TMAH etching are planned. TMAH etcing of
silicon o ers a milder anisotropy, which is around 1:10 to B5 for silicon
(111):(100). Another advantage is that the oxide mask workisetter with TMAH
etching, as it does not signi cantly etch the oxide.

Another alternative is to use reactive-ion etching (RIE). iring that process,
a plasma is created by applying an electric eld of a certain agnitude to a gas.
The RF energy at 13.56 MHz provides the source that causes autral gas to
decompose and ionize in the reactor chamber, which in turnibgs about the
formation of ions, electrons, and free radicals. For $Fa gas that is commonly
used for silicon etching, F radicals are formed in the plasm&hese F radicals are
attracted to the silicon substrate along with the ions and aase the surface to be

etched. Typically, RIE etching consists of a combination oétching via ion
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sputtering and chemical etching by the F radicals. This praess is also known as
accelerated ion-assisted etching, and it can take place werdhearly isotropic
conditions.

Figure 5.5(a) shows one of the patterns imaged by AFM. For thiparticular
pattern, the linewidth is about 70 nm, which is consistent wth the results of the
low-vacuum STM measurements. It is very di cult to initiall y locate the pattern
with an AFM due to the uncertainty of the position measuremenin the low
vacuum chamber. The pattern was nally located with the AFM dter almost a
week of searching. The same sample was then etched in an RIEilfty.

Figure 5.5(b) shows the resulting pattern obtained by appdiation of RIE with
SFs. Although the sample had been exposed in air for a week, thetpaned area
was still an e ective etch mask. Because the patterned areaaw very thin and
narrow compared to the usual RIE target, the radio-frequenc(RF) power of the
plasma was lowered from the typical value of 200 W to 50 W in oed to prevent
the pattern from being destroyed. As indicated by the averagcross-section in
Figure 5.5(c), the feature height was increased from aboutr8n to more than 20
nm after the RIE process. There was no observable pattern dage, and the
pattern linewidth was slightly increased to 80 nm. By incresing the RIE etching

time, the feature contrast is expected to be further enhande
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Figure 5.5. A series of boxes written under low-vacuum conditions and inaged by
AFM under ambient atmospheric conditions before and after a8-second RIE etching.
The patterns have linewidths of about 80 nm and were around 3 m in height before the
RIE etching took place. After etching, the surface roughnes was greatly increased, but
the relative feature height was also increased, to about 20 m, with the patterns intact.
The patterning process was performed by George Witzgald. Te AFM measurements

were performed by Joseph Fu.
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Chapter 6
Determination of the Uncertainty Budget for an

Interferometer System of Novel Design

6.1 Introduction

The concept of making measurements that are based on atom ating has as
one of its fundamental assumptions the notion that at room t@perature the
lattice constant of the surface lattice of a crystal is the sae as the lattice
constant of that crystal in bulk. This assumption, howeveryemains to be
experimentally con rmed by traceable high-resolution mesurements. To answer
this question, a novel design of a high-resolution interfemeter is currently being
implemented at NIST. The design of this new interferometerims to achieve
sub-angstrom resolution and has been adapted for integrati into a UHV STM.
The UHV STM should be capable not only of imaging an atomicallordered
surface with atomic resolution but also of measuring the ditacement of the tip

or sample in real time. Measurements with an interferometare based on the
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wavelength of the laser being used, and thus translate intoteaceable, direct
measurement of the surface lattice spacing.

To achieve sub-angstrom resolution with an interferometes no trivial task.

A conventional interferometer uses a single, xed-frequew laser and measures
displacements by counting interference fringes, which lits the resolution to the
fringe spacing, which is given by the formula= 8 (where is the wavelength).
This translates into 80 nm for a He{Ne laser [81]. By utilizig a Zeeman laser, a
heterodyne interferometer is capable of linearly subdividg an interference fringe
and can achieve a resolution 0f/2048, which is equivalent to 3 angstroms for the
He{Ne Zeeman laser [82]. The new design described here usasable diode
laser. During operation, the laser wavelength is dynamidgltuned to lock the
fringes at the most sensitive position, thereby greatly imeasing the resolution

(to the sub-angstrom regime).

The interferometer outlined above is currently being implmented. A
preliminary experiment was carried out on a graphite samplaevhich
demonstrated its capability to make direct measurements alurface-atom
spacings [23]. In this chapter, its design concept, considgons in regard to its

operation, and its uncertainty budget are discussed.
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Figure 6.1. The principle of the basic Michelson interferometer.

6.2 Overview of laser interferometer systems

6.2.1 Michelson Interferometer

Most modern displacement-measurement interferometerseabased on the
con guration of the Michelson interferometer[83, 84]. The basic Michelson

interferometer is shown in Figure 6.1. A laser beam is diresd toward a beam
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splitter, which re ects one half of the beam to a xed mirror M,) at 90 and
transmits the other half to a movable mirror (M;). The re ections from the two
mirrors are recombined at the beam splitter, and the interfence between them
is observed by a photodetector. Generally, the two opticalgths (the one from
the beam splitter to the xed mirror, and the one from the beamsplitter to the
movable mirror) are unequal, and the optical-path di erene introduces a phase
shift between the two re ected beams. The two individual lipt waves are given
by
= Ulei2 [(x1=) t] (6.1)
and
2 = Uzei2 (=)t (62)
If we de ne the optical path di erence as
=X, X1 (6.3)
and the corresponding phase di erence as
I
=2 —; (6.4)
then the intensity of the resulting (combined) beam is

| = U2+ UZ+2U,U;cos (6.5)

As the movable mirror is displaced in the direction paralleto the incident beam,
the relative phase between the two re ected beams changesdathe intensity at

the detector increases or decreases.
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| = U2+ UZ+2U;U, cos

Figure 6.2. The interference intensity of the Michelson interferomete versus the dis-
placement of the moving mirror. Since the laser beam travel$wice the length of the mea-
surement arm, the relative phase of the two interfering beans changes by 2 whenever
the target mirror displacement changes by = 2, in which case the interference intensity

is shifted by one cycle (one fringe).

Figure 6.2 shows the calculated light intensity at the deteor versus the
displacement of mirrorM,. Since the laser beam travels twice the length of the
measurement arm, the intrinsic resolution of the Michelsomterferometer is = 2.
Theoretically, it is possible to further subdivide the ligh intensity at the detector
within a single cycle, thus increasing the resolution of the measuanent. The
drawback is that accurate subdivision of a sinusoidal intesity curve is di cult to
implement electronically. It is, however, common practicéo convert a sinusoidal
wave into a square wave and then count the number of quarterifiges [81], which

results in a resolution of = 8, or 80 nm for a He{Ne laser (of wavelength 633 nm).

161



6.2.2 Heterodyne laser interferometers

To overcome the limit of the basic Michelson interferometemodern
high-resolution interferometer systems [82] utilize a twérequency design.
Combining two light waves with di erent wavelengths ( ; and ;) and

di erent optical paths (x; and x;), we have
1= Uge? [ba= )l (6.6)

and

2= Uzei2 [(x2=2) 2t] (67)

and the resulting intensity becomes
_ 2 2 X1 X2 :
| = Uf + Uy +2U,U; cos[2 ((—1 —2) (1 2O (6.8)

If the frequency dierence ; 5 is small and constant, the output is an AC
signal with xed frequency, and the optical-path di erenceis embedded in the
phase. The phase of an AC signal can be converted to a lineagrsal (with the
help of a reference signal) and measured electronicallyuthgreatly increasing the
resolution of the measurement. Currently, the best commaed
implementation [82] can achieve a resolution of 2048, or 3 angstroms for a laser
wavelength of 633 nm.

A common design of a heterodyne laser interferometer is shown Figure 6.3.
The two-frequency laser is commonly obtained by Zeeman d4phig of a

monochrome laser. The resulting two light waves have a knowrequency
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di erence and mutually perpendicular polarizations. The inmediate
measurement of the beat signal between the two frequencidxy ¢he
photodetector D) provides a reference signal. A polarized beam splitter (FB is
used to force the di erent polarization components to traviealong di erent
optical paths, and the recombination of the two componentsrpvides the
measurement signal (which is detected by,). The phase change introduced by
the movement of the retrore ector is measured electronidgl by comparing the
measurement signal to the reference signal. Because of imfigetions in the
optical coating, di erent polarizations are inadvertenty mixed to some degree,

and this limits the resolution of a heterodyne interferomedr [85].

6.2.3 The fringe-locking interferometer

Starting with the basic Michelson interferometer, we haveeatived a new type of
interferometer implementation [86, 87]. The optical scheatics are the same as in
Figure 6.1. Instead of a xed monochrome laser source, howeya tunable-diode
laser source is used. When the movable mirrdd, undergoes a displacement, the
laser frequency is changed in such a way that the numbgr of wavelengths
contained in the optical path di erencel remains xed. This is achieved by using
a feedback loop that locks the intensity at the detector at aanstant level.

As a result of imposing that condition, we have

N=-= (6.9)
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Figure 6.3. The principle of a heterodyne interferometer.
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Equivalently,

It _ (4 di)(f + ).

f
N=— A
C C (6.10)

where is the wavelength of the laserf is the frequency, andc is the speed of
light. Given a changed! in the optical path di erence, the laser frequency is

shifted by the precise amountf that will keep N xed. Therefore,

= - (6.11)

or

dl = fl—d‘: (6.12)

Because the laser beam travels twice the length of the measorent arm, the

target mirror displacementds = dl=2. So

ds= E

d = Kd; (6.13)

whereK = |=(2f ) is the measurement coe cient. For a laser with = 632:8 nm
and an interferometer path length off =3 cm, we nd that K =31 pm MHz 1.
The actual resolution of this design is limited by the perfanance of the
fringe-locking feedback loop and the resolution of the las&requency

measurement.
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6.3 Implementation of the fringe-locking

interferometer

6.3.1 Overall system

Figure 6.4 shows the overall design of the fringe-lockingtenferometer. A
tunable laser sourcelin the current design, a diode laser|is split into two
beams. One beam is directed to a Michelson interferometemdthe other beam
is used for the frequency measurement. A feedback controtige monitors the
intensity at the Michelson interferometer detector and actely tunes the laser so
that the intensity at the detector is kept constant.

In this design, the functions of feedback control and frequey measurement
are completely separate. To achieve high frequency and higésolution, the
feedback utilizes a piezo-electric driver for laser-freqocy tuning, similar to the
operation of an STM. In STM, the measurement data are simplyltained from
the piezo voltage. Because of the non-linear nature of theeao, the STM
measurement is not su ciently reliable for the metrology. B/ using a separate
frequency-measurement module, the accuracy of the interbeneter is
independent of the linearity of the piezo. Another bene t ofseparating the two
functions is the ability to troubleshoot each module indep®lently, which

signi cantly eases the implementation.
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Figure 6.4. The overall design of the fringe-locking interferometer
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6.3.2 Laser source selection

To actively lock the number of wavelengths in the optical-pid di erence, the
laser needs to be controlled at, or tuned to, a high frequencifor the purpose of
interferometry, it requires a narrow linewidth. In order toaccurately determine
the laser frequency, a stable reference frequency is reggir

To deal with these considerations, an external cavity tundb laser (New
Focus [88], Model 6200) is used. The tuning is accomplisheg toining the angle
between a pivot mirror and a grating, which is achieved by usg a piezoelectric
transducer (PZT) stack. The PZT stack can be directly modulted by an
external voltage source from 3 V to +3 V and can be tuned to a frequency as
high as 2 kHz with a 3 dB roll-o point). This gives a tuning range of 60 GHz.
In the current implementation, a 10 GHz range is used to optiire the tuning
resolution.

Since the tunable diode laser is actively tuned to lock theifrges of the
Michelson interferometer, the long-term frequency stabiy is not important. In
the short term (50 ms), its linewidth is less than 300 kHz, wih is adequate for
6 pm resolution measurements (assuming the Michelson interometer is
operated at an optical path di erence of 2 cm).

The diode laser has a tunable range of 632{637 nm. During op#épon, it is
tuned in the vicinity of the wavelength of a stabilized He{Nelaser, at =632:8

nm. By beating these two laser beams, what results is a beagsal in the
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microwave range (the beat-signal frequency is the di erercof the two

frequencies), which can be directly measured with a microwa counter.

6.3.3 Laser-frequency measurement

Figure 6.5 illustrates how the frequency is measured. A fregncy-stabilized
He{Ne laser (Spectra-Physics [89], Model 117A) is used aetreference
frequency. The tunable diode laser (TDL) beam is split by a garized beam
splitter. One beam is directed to the Michelson interferomer, and the other
beam is mixed with the stabilized He{Ne beam. The mixed beans iltered with
a polarizer and then directed along a single-mode optical dy. It then feeds into
a high-speed photodetector module (New Focus [88], Model38). The signal
from the photodetector is ampli ed with a microwave ampli er (Miteq [90],
AFS3-00100600-20-ULN), and then it is directly measured ky frequency
counter.

There are two main considerations in selecting the frequgncounters: range
and speed. Because the displacement measurement is lineaglated to the laser
frequency, the larger the frequency range that the countean measure, the
larger the length range the interferometer can cover. For amptical path
di erence of 3 cm and a laser wavelength of 632 nm, equationl8.gives a
31.6 nm measurement range per GHz of frequency range. For s@ang atom

spacings, which requires a scanning range of only a few naretets, a frequency
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Figure 6.5. The diode laser is beat against a frequency-stabilized He{N laser. The

beat frequency is measured by two reciprocal counters.
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range of a few hundred MHz will su ce. However, it is desiral® to make direct
measurements of feature dimensions on the order of a few huedi nanometers,
which is the typical dimension for current industry applicéions. Thus, a
frequency counter with a range of 10 GHz is preferred.

Another aspect of this interferometer system is that the las frequency is
constantly tuned in order to lock the fringes at the detectarso the laser
frequency has to be measured quickly (otherwise, the measorent would be
invalid). For low-frequency measurements, the signal careldirectly counted by
the counter. This o ers the highest speed and the best accuwg but the counter
typically cannot measure frequencies above about 300 MHzorHrequencies in
the microwave range, typical microwave counters (e.g., thdP 5351B Microwave
Frequency Counter [91]) use heterodyne converters by migirthe microwave
signal with the harmonics of an internally generated signato the di erence of
the two frequencies falls in the range of an internal directounter (typically
around 100 MHz). Instruments that use this method are able toneasure a
frequency range higher than 10 GHz (the HP 5351B has a measuent range of
500 MHz to 26.5 GHz). In this approach, a prescan has to be penfned to select
which harmonic to use for generating a signal that will prodee beats within the
range of the internal counter. This method works well for sitals whose frequency
is stable or changes slowly. In our application, the frequen to be measured is
rapidly changing, and this method is too slow or otherwise adequate, on

account of the constant need to rescan the harmonics of theemal oscillator.
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An alternative method is to use a prescaler. A prescaler is &auit that
divides the input frequency before it is counted by the normiaounter. Using a
prescaler does not a ect the speed of the counter, as no prasds needed.
However, prescalers are not available for microwave sigeaver 5 GHz. For
high-frequency signals, prescalers are not stable and tetwdself-oscillate, and the
minimum input signal they will accept is rather high. Thus the issue of providing
su cient signal ampli cation has to be addressed, or peculir results will be
produced.

In the current implementation, a direct counter with a presaler option (Fluke
PM6681 with option PM9625 [92]) is used. This counter has amge of 150 MHz
to 4.5 GHz and requires a 25 mV rms minimum input voltage for équencies 4.2
GHz to 4.5 GHz. As shown in Figure 6.6, the beat frequency is amured while
the TDL is being linearly scanned. Frequencies can be measdrby the counter
anywhere in the range of 4.5 GHz (which is below the He{Ne reference
frequency) to 4.5 GHz (which is above the He{Ne reference dngency), with the
exception of the range from 200 MHz to 200 MHz, where another direct
counter|without a prescaler|is required. The total measur able range is about 9
GHz.

At the time a measurement is made, logic has to be applied to @emine
which frequency range is being measured. This can be di culh the case of
random measurements. The current interferometer system designed to be

integrated with a scanning tunneling microscope. Fortunay, the direction of
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Figure 6.6. The frequency is measured by the counter while the piezo vadtge is linearly
scanned. There is a 5:1 scaler after the digital to analog caerter (DAC), so the actual

scanning range is 2 V.
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the change in the laser frequency is quite predictable dugnan STM scan, so the

frequency range can usually be determined without ambigyit

6.3.4 Michelson interferometer unit

The main purpose of designing this interferometer system is integrate it into a
UHV STM. Thus, the design of the Michelson interferometer shuld be compact,
lightweight, rigid, and UHV compatible. In most intensity-based interferometers,
uctuations in the laser-beam intensity are not uncommon. fus, a proper
noise-suppression method also needs to be employed.

The current construction of the interferometer module (whih was designed by
Lowell Howard) is shown in Figure 6.7. After the TDL beam has é&en collimated
by the optical ber, it has a polarization of 45 with respect to the vertical
position. A calcite crystal is used to split the beam into vercal and horizontal
polarizations. The ordinary beam, which has perpendiculgrolarization, is
transmitted through the crystal and then re ected back by a arget measurement
mirror. This forms the measurement arm. The extraordinary bam, which has
horizontal polarization, is re ected back by a silver coatig on the end surface of
the crystal. This forms the reference arm. The two re ected dams form an
elliptically polarized beam. To observe the interferenceanother calcite
crystal|rotated 45 relative to the rst one|is used to separate the elliptical

beam into two interfering beams, which are detected by sepe photodiodes.
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Figure 6.7. The structure of the Michelson interferometer module. The bhser beam
is split into two beams by a calcite crystal. One beam is re eded o of a reference
mirror, which consists of a silver coating on one half of the ad surface of the crystal.
The other beam is re ected o of a target mirror. A second calcite crystal is used to
combine the two polarization components, and the interferace signals are detected by

two photodiodes.
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Figure 6.8. The second calcite crystal decomposes the elliptically pakized beam into
two linearly polarized beams. If the crystal is aligned at exactly 45 , the two beams will

have opposite phases.

The polarization mixing is illustrated in Figure 6.8. Befoe entering the
second calcite crystal, the light waves for the two polarizeon components are of

the form

A= Ulei 1 (614)

and

A, = Uy € 2: (6.15)

where ; and , are relative phases. Here the factor which is common to the dw
waves (namely,? = * 1)) is omitted. After entering the calcite crystal, they are

separated into two linearly polarized beams:

Bu= (A1t A= S(Uid 1+ U ?) (6.16)
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and

1 1 . .
B, = é(A1 Ay = é(ule' 1+ Uyel 2t )); (6.17)

with intensities of

|, = U2+ UZ+2U;U;cos( ) (6.18)
and
l,= U2+ UZ+2U,U,cos(  + ); (6.19)
respectively, where = , 1. The dierence in the intensities of the two
beams is
| =4U;U,cos( ) (6.20)

On comparing this equation with equation 6.8, we see that thiintensity

di erence contains the same information about the phase derence that was
introduced by the displacement of the target mirrorM, in Figure 6.1. However,
this con guration doubles the sensitivity. For one thing, he random noise, which
is common tol; and |, is e ectively suppressed by taking the di erence.
Furthermore, by locking the di erential signal at the null point (the point where
cos( ) =0), the susceptibility of the measurements to uctuations in the laser

power is eliminated.

6.3.5 Feedback control loop

The signals from the two photodiodes are converted to voltagsignals with

individual transimpedence ampli ers and are then fed into ali erential
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ampli er. Since the di erential signal is locked at the null point during
operation, the di erential ampli er can achieve very high gain, which greatly
increases the sensitivity of the system. The di erential ginal is fed into a
personal computer (PC), which executes a PID (proportionaintegral, and
derivative) algorithm [93]. The digital output from the PC is fed into a
digital-to-analog converter (DAC), which was made by LowéHoward using two
Burr{Brow integrated circuits, DAC729KH [94], and then directly connected to
the TDL's piezo modulation port.

One disadvantage of achieving high gain in the di erential mpli er is that
when the signal is not locked at the null point, the output is aturated. Thus it is
di cult for the feedback loop to return to the null point. Thi s happens when the
operation is being started up and when the locking positiorsibeing changed (a
process known as fringe hopping, which will be discusseddst It is desirable to
split the signal and feed it into two di erential ampli ers| one with high gain
and the other with lower gain|so that the ampli ed signal is a lways in the
desired range. The control software [95] was written in mothr form, so it can
accept a set of optimized parameters when searching for trecking position and
when actively locking the null point.

Because the feedback loop is designed as a separate unit, utstrreceive
external instructions in order to change the mode of operatn, such as locking to
the next fringe null point in order to extend the measurementange (fringe

hopping). This is implemented using the TCP/IP network. Andher PC, which
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handles the data acquisition, is able to send commands to tleedback loop in

order to allow fringe hopping to be performed.

6.4 Operational considerations

6.4.1 Determining the measurement coe cient

The measurement of the displacement is given by

ds= K d; (6.21)
where the measurement coe cientkK is given by
= - =N— (6.22)

and N is the number of wavelengths contained in the optical-pathigrence I.
The measurement coe cient has to be determined before stang the
measurement. The method used in determining this coe cients to x the target
mirror (thus the optical path di erence | is constant) and scan the laser
frequency. Figure 6.9 plots the di erential interference ignal against the laser
frequency. From one null point to the next calculated null pmt, N changes by

1=2, so we have

C 1 c
N—=(N — 2
fo ( 2)f0+ f (6.23)
Solving forN yields
_ fo .
N = 20 1) (6.24)
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Figure 6.9. The measurement coe cient can be determined by scanning thdaser fre-

guency while xing the optical-path di erence. The measurement coe cient is calculated
from the wavelength of the laser, together with the di erence in frequency between two

adjacent null points.

and so

K=N—= — (6.25)
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6.4.2 Measurement range without fringe hopping

During the operation, the fringe signal is constantly loclke on the null point of
one particular fringe, for certain optical-path di erences the measurement range
is restricted by the tuning range of the tunable diode lasersawell as the
measurement range of the frequency counter. In the currenhplementation, the
tuning range is 10 GHz. The TDL also has a coarse PZT control thugh general
purpose interface bus (GPIB) that makes it possible to expahthe range to 90
GHz. The frequency-measurement range is limited by the raagf the frequency
counter. Currently, it is 9 GHz. For an optical path di erence of 3 cm and a laser
wavelength of 632 nm, this gives 31.6 nm per GHz, which traasés into a total

measurable range of 284 nm.

6.4.3 Fringe hopping

Fringe hopping is the solution to extending the measurememainge. By
dynamically changing the locking position to the next null pint, the
measurement constaniN is changed by £2 and the measurement range is
extended by a quarter of a wavelength.

During the fringe hopping, however, the lock on the null poinis temporarily
lost and the measuring unit has to be properly controlled toaid reading
erroneous data.

If the fringe hopping can be accomplished by use of the usuahé¢) PZT
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modulation, it can be electronically realized in a few milieconds. Because of the
nature of the laser cavity tuning and the hysteresis propeytof the PZT,
however, after a large jump in voltage the laser frequency Mhundergo large
oscillations, and this will temporarily increase the lockig error.

In the case where the coarse PZT control of the TDL has to be usén order
to cover the fringe-hopping range, a longer time is spent inaiting for the slow
GPIB communication, which translates into even larger gapduring the
displacement measurement. If the target mirror is moving atelatively high
speed, the system may become unmeasurable, so measuremehmgraes that

would require coarse PZT modulation should be avoided.

6.5 Uncertainty estimation

In this section, we will try to estimate the uncertainty budget of this new
interferometer?

Recall the measurement equation:
ds= Kd (6.26)

The direct sources of measurement error are the uncertainty the

laser-frequency measurement and the uncertainty in the maarement

1The uncertainty budget has been discussed in [86, 23]. Sintke publication of those papers,
some changes have been made to the implementation and moresting has been performed. Thus

the uncertainty budget evaluated in this work is slightly di erent from the published values.
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coe cient K. Since the basis for equation 6.26 is the assumption that ttignge
signal is to be measured at a xed null point, any deviation fom the position of
that null point will contribute to the error. Finally, the op tical-path di erence
undergoes two kinds of changes. The rst is due to the displament of the target
mirror, which is the intended measurement. The second is due thermal
expansion of the mechanical components, which contributegrectly to the
measurement error.

The uncertainty estimate is dependent on the length of the ajgal path
di erence |. For the following discussion, it is assumed that= 3 cm, which gives

K 21pm MHz !for =632 nm.

6.5.1 Laser-frequency measurement

The laser frequency is determined by beating the TDL beam wita
frequency-stabilized He{Ne laser and measuring its beatefjuency using a direct
frequency counter. The error in the frequency measuremenas three
components: instability in the reference laser, instabil in the TDL, and
uncertainty in the counter measurement.

Since we measure only the changes in the laser frequency, dbsolute
wavelength of the reference laser is not important, thoughability of the
frequency during the measurement period is. This particutanterferometer was

designed mainly for the purpose of measuring STM scans. In BTscanning, a
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typical scanning line lasts less than 10 seconds. Over suclkhert interval, any
instability in the He{Ne laser would make a contribution of @ most 100 kHz [96]
(as quoted from the speci cation sheet). This translates o an uncertainty of
3.2 pm in the actual measurement.

Since we are constantly tuning the diode laser in order to Ik¢he fringes, the
only time at which instability in the TDL contributes to the u ncertainty budget
is when a frequency measurement is being made. A single fregay is measured
in less than 1 ms [97]. According to the speci cations of thegpticular diode
laser we are using [98], any instability over a period of 50 meguld contribute at
most 300 kHz. As a conservative estimate, the uncertainty ithe frequency
measurement contributed by this factor is 100 kHz, or 3.2 pm.

The uncertainty introduced by the frequency counter is sigad dependent. In
the worst case, when the input signal is so weak that the cowattis di cult to
trigger, the counter reading will be unreliable or erronea Whenever the signal
is strong enough to trigger the counter, the uncertainty in he counter

measurement is

50ps
Measuring time

+ (counter timebase error)) (measured frequency) [97](6.27)

For a measuring time of 1 ms, the counter timebase error is 510 7 [97]; thus at
4 GHz, its contribution to the uncertainty in the frequency neasurement is 2.2

kHz|or, equivalently, 0.07 pm.
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6.5.2 Determination of the measurement constant

The measurement coe cientK is given by

K = Ta) (6.28)

Thus y
% = t —2+ —ffz (6.29)
Now =6334nm, =0:02nm, f =7:5GHz, and f isless than 400 kHz

(as discussed in the previous section). Thu&k=K =6:2 10 °. For a
displacement of 200 nm, this gives an uncertainty of 12 pm.

In deriving equation 6.13, we made the approximation

= (6.30)

which introduced an error ofdl=Il. For dl = 400 nm, this gives 10°, which

contributes an uncertainty of 2 pm to the frequency measureent.

6.5.3 Fringe null point locking

There is no such thing as a perfect feedback loop; therefotee error associated
with the deviation in the fringe null point has to be consideed. This deviation is
de ned in terms of the equivalent phase di erence needed torpduce the actual
fringe signal (Figure 6.10). For example, if during the measement the noise in
the di erential intensity | has an RMS value ofl , then the equivalent phase

erroris  =sin *(1=P), whereP is the peak intensity. Presumably, is very
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Figure 6.10. For a certain laser frequency, the dierential intensity is a sinusoidal
function of the target-mirror displacement. The deviation of the actual signal from the

null point re ects an error in the displacement measurement
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small, so = I=P and its contribution to the measurement uncertainty is

ds =( =2)( )=2 ). For example, suppose that the peak di erential intensity
is 100 V. (This is a hypothetical value. In a real measuremenany signal above
12 V is clamped by the ampli er. For an estimate of the uncertaty, the
hypothetical value should be used.) Assuming that the intéerometer is able to
lock the fringe within 10 mV (which was a typical value in our ésts), the
uncertainty is 31 pm.

This error has two possible sources: the interference-fgia detection error and
the error caused by the performance of the feedback contrdihe former causes
the feedback loop to lock the fringe at a \false" null point. This \false" null point
could be either a real uncertainty or a systematic constantn the latter case, the
system operates at a constant non-null point but the numberfavavelengths
contained in the optical-path di erence is still kept consant, so it doesn't
directly contribute to the total error. Because it is not a \true" null point,
however, the system is susceptible to laser-power uctuain.

Both sources are quite complex, and they warrant separatesgussion.

6.5.3.1 Fringe-detection error

The rst source of this error comes from the noise in the photodetection. This
includes the environmental light noise, the intrinsic phatdiode noise, and noise
added by the subsequent ampli cation.

The second source comes from the beam alignment. The actuaddr beam
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used in the interferometer is slightly divergent. In our syem, the laser beam
typically has a diameter of 2{3 mm. Therefore, the photodiogs detect the
integral signal of the interference pattern.

In Figure 6.11(a) the equivalent optical path in vacuum is cestructed, and
Figure 6.11(b) illustrates the principle of forming intererence patterns at the
detector. Assuming the light source is a spherical light way the interference
pattern at the detector is a series of circular rings (Figuré.12), with each ring
representing a di erent range.

For L =13 cm and dl = 3 cm, the radii of the innermost few fringes are
r{ =0:94 mm,r, =1:32 mm,r3 = 1:62 mm, and so on. Considering that the
diameter of the beam is 2{3 mm (estimated from the size of thader spot on a
paper card), the signal at the detector will always cover a ¥efringes. Whenever
the fringe pattern is localized (that is, the interference attern is symmetric
about the center of the beam), the null point that is measureds the \true" null
point, although the more divergent the beam is, the lower theesolution of the
fringes will be. If the fringe pattern is not localized (thatis, the center of the
beam does not overlap the center of the circular fringes), ¢hnull point that is
measured drifts away from the \true" null point, which introduces a constant
systematic error. The interferometer is still able to make @Gurate measurements.
However, because the inter-fringe distance at an o -centgrosition gets very
small, the resolution of the fringes will be very poor.

Because of the compact design of the interferometer, it isryedi cult to
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Figure 6.11. (a) Construction of the equivalent optical path in UHV. The o ptical path
di erence dl consists of two terms: the displacement of mirror M2, and thecontribution
that arises from the dierence in the indices of refraction o the ordinary beam and
the extraordinary beam. (b) The simpli ed equivalent optic al path for the Michelson
interferometer. The resultant intensity is a function of th e displacement of the detector

from the center.
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Figure 6.12. The fringe pattern of the interferometer. (a) The localized interference

fringe pattern that is produced when a di use light source is used. (b) The calculation

of the ring radius in the case wheredl= is an integer.
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perfectly align all the optics, and the alignment error is tle most signi cant error.
The alignment error can be reduced by placing a approaprateris after the
collimator, which shrinks the size of the laser beam. With fther development of

robust mirror-adjustment techniques, this error is expeed to be minimized.

6.5.3.2 Control-loop error

The performance of the feedback loop is a ected by three famts: the loop
update speed, the control output resolution, and the e ciery of the algorithm.

The error associated with the loop update speed is dependent the speed of
movement of the measurement target. In a former implementain [86], with the
control loop running at 100 Hz, the target mirror underwent adisplacement of
about 5 nm after each control loop update whenever it was mag at a speed of
about 500 nm/s. So even when the control loop was running atsitop e ciency
and getting the exact value at each update, there was still aaverage error of
about 3 nm. By upgrading to a faster PC, we have been able to ruhe control
loop at 1 kHz with a target speed of less than 100 nm/s, and thigives an error
of about 77 pm. As for the measurement of the atom spacings,etharget
typically moves at a rate of a few nanometers per second, anadntrol-loop error
can be further reduced to a few picometers. The control-locgpeed is typically
limited by the PC data-acquisition speed and the update spdeof the laser
wavelength following the tuning of the cavity.

Generally, for purposes of feedback control, the accuracytbe output is not
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important, as the control adjusts the output in response tohe feed-in signal
without knowing the actual amplitude of the output. However the output
resolution limits the control-loop e ciency. The output resolution includes the
computer digital resolution, the DAC voltage noise, and theiezo responsivity.
By using an external, 18-bit digital-to-analog converterthe resolution of the
output voltage is less than 10 V. In our current setup, a resolution of 10 V
corresponds to about 10 kHz in the tuning of the laser frequey or 0.2 pm in
the displacement measurement.

The e ciency of the PID control is signal dependent and is di cult to
estimate. Typically, the PID loop tends to work the best dumg continuous
locking, especially when the target mirror is moving in a sgle direction.
Following an event such as a big jump in the target-mirror diglacement, or

fringe hopping on the part of the controller, a larger errors expected.

6.5.4 Drift in optical-path di erence

Because of thermal expansion or mechanical instability, éhoptical-path

di erence may change even with the target mirror xed, and ths contributes
directly to the total uncertainty of the measurement. In this interferometer
system, all the base structures are made of invar (thermal eient of expansion
1.26 ppm/K), which minimizes this e ect. Moreover, the entre interferometer

module is placed in UHV in a controlled temperature environent. Assuming a
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In uence parameter Estimated Contribution to the
value length

Stability of the He{Ne laser 100 kHz 3.2 pm

Linewidth of the TDL laser 100 kHz 3.2 pm

Frequency-counter uncertainty | 2.2 kHz 0.07pm

Measurement coe cient % 72 10° 14 pm

Fringe-locking uncertainty Dependent on the measure-

ment range and feedback-

loop performance

Thermal drift in mechanical | 0.1 K/hour 2 pm

components

Table 6.1. Uncertainty budget of the fringe-locking interferometer

temperature drift of 0.1 K/h, this translates into 3.8 nm/h| or 1 pm/sec|for an
optical path di erence of | =3 cm. Assuming that a single line scan takes about

2 seconds, it contributes 2 pm to the total uncertainty.

6.6 Summary

Table 6.1 summarizes the uncertainty budget of the fringestking interferometer.

The most important undetermined uncertainty is that due to finge locking
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e ciency, which heavily depends on the interference-fring detection and the
speed of the target movement. The former is di cult to estimde at this stage,
but in principle, the interference-fringe detection can b@mproved and there is no
intrisic limit set by this factor. As for the latter, for a dim ension of 100 nm and a
typical sample scanning speed of 100 nm/sec, it contributes uncertainty of at
most 77 pm; and for measurements of atomic spacing, the samgicanning speed
is usually below 10 nm/sec, which lowers this uncertainty tbelow 8 pm.

In summary, the novel design of the fringe-locking interfemeter has the
potential for making dimensional measurements with sub-gstrom resolution.
Although it was designed as a complementary tool for the atoiipased metrology
project, its application is not limited to nanoscale surfag measurement. It could
possibly be adapted for use in making displacement measusnts in other areas
where ultra-high resolution is desired but limited by the coventional tools of

metrology.
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Appendix A

The Kinetic Monte-Carlo Simulation Program

The program that was used to produce the simulation result®iChapter 3 are
listed here as reference. The \param" le is used to set the pameters for the
etching, including the etch rates, miscut, size of simulain, and save le
information. \Main.c" holds the main function, which simply calls \init _0". Most

algorithms of the simulation are implemented in \sim.c".

param

#maxrows sets the maximum rows or columns of the simulated dace area
maxrows. 4000
#miscut angle in degree

miscut: 1

#miscut orientation in degree

orient: 120

#simulation continues until extent ML been etched

extent: 8

#Site-speci ¢ etch rates 10

rate_terr: 1E 7
rate_mstep: 5E 4
rate_hdstep: 1
rate_vdstep: 1E 2
rate_tstep: 1
rate_tterr: 1
rate_point: 1E 1
rate_kink: 1
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#Initial Pit at Row 1000, Col 1000 with size of 50. All in lattice units.
pit: 1000 1000 50

# lename for saving, the le will be saved as Step.000, Step@d1l, ...
name Step

#Take 8 snapshot saving during the simulation every 1 ML in thd example
num: 8

#Or save snapshots every certain etch time (overides last dph)

every. 2222 #10 seconds

param(2)

#maxmem sets the maximum memory the program can use

#In this example, 1.8 Gb maximum gives an bu er 13034 X 21187
#In real size: 6570.97nm X 3793.75nm (the enclosing rectang)
maxmem: 1800

#The smallest miscut angle used in our experiments

miscut: 0.017

#orient=90 means the miscut is toward < 11nbar2>

orient: 107

#Etch rates for various site classes

#This set of rates are used for roughening the initial surface
rate_terr: 1E 19

rate_mstep: 4E 5

rate_hdstep: 1

rate_vdstep: 4E 5

rate_tstep: 1

rate_tterr: 1

rate_point: 5E 3

rate_kink: 4E 5

#The dopant
dopant_ratio: 1e 4
rate_dopant: 1e 5
#And the defect
rate_defect 10
defect ratio: 1e 007

#The rst roughening etches 4 mono-layers of atoms

extent: 4

#Snapshots will be saved in this name

name StepA

#making 40 snapshots or every 0.1 mono-layer of etching
num: 40

#the saving le will be in a density of 1 pixel= 2 atom spacing
dumpdensity: 2
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*rekkkkx fany thing not understood are discarded silently

#Second stage etching with ratderr increased.
extent: 2

rate_terr: 1E 9

name StepB

num: 20

*kkkkkkk

...... #more stages omited here

#The nal stage of etching, with approarate etch rates.
extent: 45
rate_terr: 1E 10
rate_mstep: 5E 4
rate_hdstep: 1
rate_vdstep: 1E 2
rate_tstep: 1
rate_tterr: 1
rate_point: 1E 1
rate_kink: 1
name StepG
num: 100

sim.h
#ifndef _Silicon_Etch_Simulation_H
#de ne _Silicon_Etch_Simulation_H
typedef struct tagSitef
char speg // rst bit represents defect
unsigned char depth;
g SITE;
#endif
main.c

#include "sim.h"
#include <stdio.h>

int init _O( char *paramle );
char *paramle = "param”;
char *logle = "sisim.log" ;
FILE *LOG = 0;
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void usag€ )

f

g

printf ( "Usage: sisim [-f paramfile] [-] logfile]\n"

int main( int argc, char **argv )

f

1

int i;

i=1;
while (i < argc) f

if (argv[i][0]== "' )f
switch ( argv[i][1] ) f
case f' :
if (argv[i][2]==0) f
i++;
paramle = argvli];
g
else f
paramle = argv[i] + 2;
g
printf ( "Param file: %s\n" , paramle );
break ;
case 'I' :
if (argv[i][2]==0) f
i++;
log le = argv[i];
g
else f
logle = argv[i] + 2;
g
printf ( "Log file: %s\n" , log le );
break ;
default :
printf ( "Unknown option: %s\n" , argVv[i] );
g
9
else
printf ( "Unknown parameter: %s\n", argv][i] );
i++;

g
LOG = fopen( logle, "w" );
init _0( param le );
startetching();
if (LOG )

fclosq LOG );
return 0O;
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sim.c

#include < string.h>
#include <stdio.h>
#include <stdlib.h>
#include < math.h>
#include <time.h>
#include "sim.h"
#include "utility.h"

#de ne  MAXSAVE 1000
#de ne  MAXNAME 20

/I #de ne DEBUG

/I #de ne GLOBALCOUNT

/[To add a group, rst de nition here (it has to be inserted be fore BULK),
/lthen add enough algorithm to recognize them { \detector"
/lplace need to add \detector": resetsite(), etch(), init _2()
/[Also need add \input": param init _0()

#dene TERR O

#de ne MSTEP 1

#de ne KINK 2

#de ne VDSTEP 3

#de ne HDSTEP 4

#de ne HDPNT 5

#dene TSTEP 6

#dene TTERR 7

#dene DTERR 8

#de ne DOPANT 9

#de ne BULK 10

#de ne  NUMSPECS 11

#de ne FLAG _DEFECT 0x80
#de ne FLAG _DOPANT 0x40

#de ne PrintSitesStat(F) fn
fprintf (F,"\tO Terrace Sites: \t %d+%d(%d)\n" ,n
specheaflTERR ],specsizTERR],specrealsizETERR]);n
fprintf (F,"\t1 MonoStep Sites: \t %d+%d(%d)\n" ,n
specheafMSTEP],specsizMSTEP],specrealsizfMSTEP]);n
fprintf (F,"\t2 Kink Sites: \t %d+%d(%d)\n" ,n
specheadKINK ],specsizéKINK ],specrealsizgKINK ]);n
fprintf (F,"\t3 VDiStep Sites: \t %d+%d(%d)\n" ,n
spechea@VDSTEP |,specsizfVDSTEP ],specrealsizf/DSTEP]);n
fprintf (F,"\t4 HDiStep Sites: \t %d+%d(%d)\n" ,n
specheafHDSTEP],specsizfHDSTEP],specrealsizHDSTEP]);n
fprintf (F,"\t5 HDPoint Sites: \t %d+%d(%d)\n" ,n
specheadHDPNT ],specsizHDPNT ],specrealsizfHDPNT ]);n
fprintf (F,"\t6 TriStep Sites: \t %d+%d(%d)\n" N
specheaTSTEP ],specsiz€TSTEP ],specrealsizETSTEP]);n
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fprintf (F,"\t7 TriTerrace Sites:\t %d+%d(%d)\n" N

specheaTTERR ],specsiz€TTERR ],specrealsizET TERR ]);n
fprintf (F,"\t8 Defect Terrace: \t %d+%d(%d)\n" ,n

specheadDTERR ],specsizDTERR ],specrealsizEDTERR ]);n
fprintf (F,"\t9 Dopant Terrace: \t %d+%d(%d)\n" ,n

specheadDOPANT ],specsiz€DOPANT ],specrealsizEDOPANT ]);n

g

#de ne PrintSitesAt (x,y,i,j,n) fn
for (i=0;i< n;i++) fn
for (j=0;j<n;j++) fn
printf ("%d ",allsites[(y n/2+ i)*colst(x n/2+ j)].depth);n
gn
printf ("\n" );n
gn
g

#de ne PrintSites fn
for (i=0;i< rows;i++) fn
for (j=0;j<cols i;j++) printf (" " );n
for (j=0;j<=ijj++) fn
printf ("%3d "allsiteg]j*colst+ cols i 1+j].depth);n
gn
printf ("\n" );n
gn
for (i=1;i<rows;i++) fn
for (j=0;j<i+1;j++) printf (" " );n
for (j=0;j<cols ijj++) fn
printf ("%3d "allsites[(i+j)* colst j].depth);n
gn
printf ("\n" );n
gn
g

#de ne CheckKink(i,j,index,s) fn
ag=0;n
if (ndspec(i 1,+1)== VDSTEP) ag ++; n
if (ndspec(i+1,j)== VDSTEP) ag ++; n
if (ndspec(i,j 1)== VDSTEP) ag ++; n
if (ag>0)n
setsite(index,s,KINK );n
elsen
setsite(index,s,MSTEP);n
g

#de ne CheckPoint(i,j,index,s) fn
ag = nddepth (i,j);n
if ( nddepth (i+1,j)< ag)fn
if ( nddepth (i 1,+2)<= ag) && ( nddepth (i+1,j 2)<= ag))n
setsite(index,s,HDSTEP);n
elsen
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setsite(index,s,HDPNT );n

gn
if (nddepth (i 1,j+1)< ag)fn

if (( nddepth (i+1,j+1)<= ag) && ( nddepth (i 1, 1)<= ag))n

setsite(index,s,HDSTEP);n
elsen
setsitg(index,s,HDPNT );n
gn
if ( nddepth (i,j 1)< ag)fn

if (( nddepth (i+2,j 1)<= ag) && ( nddepth (i 2,j+1)<= ag))n

setsite(index,s,HDSTEP);n
elsen
setsitg(index,s,HDPNT );n
gn

#de ne CheckDiKink (i,j) fn

if ( ndspec(i+1,j 1)== MSTEP)resetkink(i+1,j 1);n
if (ndspec(i 1,))== MSTEP)resetkink(i 1,);n
if ( ndspec(i,j+1)== MSTEP)resetkink(i,j+1); n

g
/lif site-B is etched call this macro

#de ne CheckDiPoint(i,j) fn

if ( ndspec(i+1,j+1)== HDSTEP &&

resetpoint(i+1,j+1); n

if (ndspec(i 1,+2)== HDSTEP &&

resetpoint(i 1,j+2);n

if (ndspec(i 2,+1)== HDSTEP &&

resetpoint(i 2,j+1);n

if (ndspec(i 1 1)== HDSTEP &&

resetpoint(i 1,j 1);n

if (ndspec(i+1,j 2)== HDSTEP &&

resetpoint(i+1,j 2);n

if ( ndspec(i+2,j 1)== HDSTEP &&

resetpoint(i+2,j 1);n
g

[lInitially sets up the surface
/lUsed in Init _2

#de ne SetupUnit(i,j,index,topdepth) fn

switch ((i j)%3)fn
case 0O:n

ndspec(i+1,j)== BULK )n
ndspec(i 1,+1)== BULK)n
ndspec(i 1,+1)== BULK)n
ndspec(i,j 1)== BULK)n
ndspec(i,j 1)== BULK)n

ndspec(i+1,j)== BULK )n

allsites[index].depth=( unsigned char )(topdepth);n

break ;n
case 1n
case 2:n

allsites[index].depth=( unsigned char )(topdepth+1);n

break ;n
case 1.n
case 2:n
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allsitegindex].depth=( unsigned char )(topdepth+3);n
break ;n
gn
g

int init _1( int maxrows, int orient, double tw );

int init _1m( int maxmem, int orient, double tw );

void init _2( void );

void etch( int index );

void startetching( void ); 160
void setsitg( int index, int from, int to );

void resetkink( int r, int c);

void resetpoint( int r, int c);

int ndspec( int r, int c);

int nddepth ( int r, int c);

typedef struct tagPIT f
int x;
int y;
int size 170
struct tagPIT *next;
g PIT;

PIT *pitslist = 0O;
extern FILE *LOG;

int debug = 0;
int stop = 0;
int rows, 180
int cols
int ux, uy;
int fx, fy;
int xs, ys;
double stepa, stepb, stepc
double stepd,
SITE *allsites;
int *allposs
int specheafNUMSPECS];
int specsizfNUMSPECS]; 190
int specrealsiziNUMSPECS];
int speccapacity
double ratefNUMSPECS];
double extent;
double etchtime;
double stopgMAXSAVE ],
int nstops
int nextstop;
char dumpnamgMAXNAME J;
200
#ifdef GLOBALCOUNT
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int totaletch;

int lapetch;

#endif

int etchlap;

double intervaltime = 1.0;
double dumpdensity = 1.0;
double randomize = 0.0;

double defectratio = 0.0; 210
double dopantratio = 0.0;

double latticea = 0.5431021;

#de ne  EMERGENCYSTACKSIZE 1000

int emergencystackEMERGENCYSTACKSIZE |;
int emergencystacktail= 0;

int isemergency= 0;

#ifdef DEBUG 220
int maxemergencystack= 0;
#endif
void printtime ( void )
f
struct tm *curtime;
time_t bintime ;

time( &bintime );
curtime = localtime( &bintime );
fprintf ( LOG, "Current time: %s\n" , asctimg( curtime ) ); 230

g

void dump( char *le )
f
int i, j;
int X, y;
int height;
int width;
double ypixelsize
double xpixelsize 240
oat *p;
int tindex;
int tdepth;
int maxdepth = 0;
int index;
char buf[100];
FILE *f;
int tempint;
int pos
250
height = ( rows + cols) * latticea * sqrt( 6 ) / 12 / dumpdensity;
width = height * sqrt( 3.0 );
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/*

ypixelsize = ( rows + cols) / ( double ) height;
xpixelsize = ( rows + cols) / ( double ) width;
if (LOG )
fprintf ( LOG, "Dumping into %s image %d X %d, pixelsize=%f(%f nm)\n",
le , width, height, xpixelsize, dumpdensity );

p=( oat *) malloc( sizeof ( oat ) * width * height );
for (i=0; i< rows* colg i++) f 260
if ( maxdepth < allsites[i].depth ) f
maxdepth = allsited]i].depth;
g
g
for (i =0; i< width * height; i++ )
plil = maxdepth 5;
if (LOG )
fprintf ( LOG, "Maxdepth= %d\n", maxdepth );

if ( dumpdensity > 0.3 ) f 270
index = 0;
for (i =0; i< rows; i++)

for (j=0; )< colsj++) f
x=(1i+])/ xpixelsize
y=(rows i+ j)/ ypixelsize
if (x>= width )
X = width 1;
if (y >= height)
y = height 1;
tindex = y * width + x; 280
/ISo deeper sites get darker
tdepth = allsites[index].depth;
/IRegister the topmost site
if ( p[tindex] < tdepth ) f
pltindex] = ( oat ) tdepth;
g
index++;

g
else f 290

tindex = 0;
for (y = 0; y < height; y++)
for ( x = 0; x < width; x++ ) f
j = ( xpixelsize* x + ypixelsize* y rows) / 2;
i = xpixelsize* x j;
index = i * cols + j;
if (I>=0&& i<rows&& j>=0&& j< cols) f
tdepth = allsiteg[index].depth;
if((allsites[index].spec & (unsigned char)0x3f)==VDSTEP) f
tdepth+=10; 300
g
if((allsites[index].spec& (unsigned char)0x3f)==KINK) f
tdepth+=20;
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g

if ( ( allsiteglindex].spec& ( unsigned char ) 0x80 ) ) f //dislocations

tdepth += 20;
g
pltindex] = ( oat ) tdepth;
g 310
tindex++;
g
g
f = fopen( le, "wb" );
if (f==0) f
printf ( "Can't open file %s\n" , le );
return ;
g
sprintf ( buf, "MyData\r\n" ); 320

fwrite ( buf, 1, strlen( buf ), f );

sprintf ( buf, "Aspect: %f\nn" , ( oat ) cols/ ( oat ) rows);
fwrite ( buf, 1, strlen( buf ), f);
sprintf ( buf, "DeadValue: %f\irnn" , ( oat ) ( maxdepth 5));
fwrite ( buf, 1, strlen( buf ), f );
sprintf ( buf, "Pixels: %d\r\n" , width );
fwrite ( buf, 1, strlen( buf ), f );
sprintf ( buf, "Lines: %d\r\n" , height );
fwrite ( buf, 1, strlen( buf ), f ); 330
sprintf ( buf, "Width: %f\r\n" |
( rows + cols) * latticea / sqrt( 2.0)/2);
fwrite ( buf, 1, strlen( buf ), f );
sprintf ( buf, "Length: %f\r\n" |
( rows + cols) * latticea / sqrt( 6.0)/2);
fwrite ( buf, 1, strlen( buf ), f);

pos = ftell( f );
sprintf ( buf, "Offset: %8d\r\nEnd\r\n" , pos + 30 );
fwrite ( buf, 1, strlen( buf ), f ); 340
fwrite ( "zzzzzzzzz77772777777\
777777777777777777777777" , 1, pos+ 30  ftell( f ), f);
tempint = fwrite ( p, sizeof ( oat ), width * height, f );

#ifdef DEBUG

if ( tempint != width * height ) f
printf ( "%d/%d written, error %d.\n" , tempint, width * height,
ferror( f ) );

9
printf(\ le end o set: %d, should be %d nn"ftell(f),pos+30+sizeof( oat)*width*height);

#endif 350

fclosq f );
free( p );
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void stopdumping( int index )

f

char namgMAXNAME J;

sprintf ( name, "%s.%03d", dumpname, index );

printf ( "Etch stop %d, dumping %s, etch time %g\n" , index, name, etchtime ); 360
if (LOG)
fprintf ( LOG, "\nEtch stop %d, dumping %s, etch time %g\n" , index, hame
etchtime );
if (LOG )

PrintSitesStat( LOG )
dump( name);

void savedatg char *le )

f

g

FILE *f; 370
int i;

f = fopen( le, "w" );
if (f==0)
return ;
fwrite ( &cols, sizeof (int ), 1, f );
fwrite ( &rows, sizeof ( int ), 1, f );
for (i=0; i< rows* colg i++) f
fwrite ( & allsiteg[i].depth, 1, 1,f );
g 380
fclose f );

approx( double t)
int tint;

if (t< 1.0)
return 1;

tint = ( int ) t;

if ((t tint)>0.5) 390
return tint + 1;

else
return tint;

void etchpit( int centerx, int centery, int size)

f

int i, j;
int index;
400
index = cols* centery + centerx;
if ( allsitelindex].depth == ( allsitesfindex + 1].depth 2 ) ) f
centerx

9
else if ( allsitesfindex].depth == ( allsites[index + 1].depth + 3) ) f
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g

centerx++;
9
index = cols* centery + centerx;
etch( index );
for (i=0; i< sizg i++) f
for (j=0;]<(3*i+2) j++) f
etch( index 2 3*i+ j*(cols+1))
g
for (j=0;j< (3*i+3), j++) f
etch(index 3 3*i+ j*(cols+1));

for (j=0;j< (3*i+2) j++) f
etch( index + (2 +3* i)* cols+ j*(1
for (j=0;]<(3*i+3) j++) f
etch(index+3*( i+1)* cols+ j*(1

for (j=0;j<(3*i+2) j++) f

2 * cols) );

2 * cols) );

etch( index + (2 +3* i)*(1 cols)+ j*(cols 2));

for (j=0;j<(3*i+3); j++) f

etch( index + 3* (i +1)* (1 cols)+ j*(cols 2));

void defect void )

f

int numdefects

int layer;

unsigned long rnd;
int i,

int j;

layer = rows * cols
numdefects = layer * 2 / 3 * defectratio;
for (i =0; i < numdefects i++ ) f
rnd = _lrand( );
j = (( double ) rnd / LRAND _MAX ) * layer;

if (( allsiteg]j].spec& ( unsigned char ) Ox3f ) =

setsite( j, TERR, DTERR );
g

if ( ( allsiteg]j].spec& ( unsigned char ) Ox3f ) =

setsite( j, DOPANT , DTERR );

g
allsites]j].specj= ( unsigned char ) 0x80;
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void dopant( void )
f
int numdefects 460
int layer;
unsigned long rnd;
int i;
int j;

layer = rows * cols
numdefects = layer * 2 / 3 * dopantratio;
for (i =0; i < numdefects i++) f
rnd = _lrand( );
j = (( double ) rnd / LRAND _MAX ) * layer; 470
if (( allsiteg]j].spec& ( unsigned char ) Ox3f ) == TERR ) f
setsite( j, TERR, DOPANT );

9
allsiteg[j].specj= ( unsigned char ) 0x40;

g

void newdopant( void )
f

int cont = 1; 480
unsigned long rnd;

int layer;

int j;

layer = rows * cols
while ( cont) f
rnd = _lrand( );
j = (( double ) rnd / LRAND _MAX ) * layer;
if ( allsites]j].spec& ( unsigned char ) 0x40 ) f
continue ; 490
g
else if ( ( allsiteg]j].spec& ( unsigned char ) Ox3f ) == TERR ) f
setsite{ j, TERR, DOPANT ):
g
/IDTERR remains
allsiteg[j].specj= ( unsigned char ) 0x40;
break ;
g

void nodefec( void ) 500
f

int i

unsigned char s,

for (i=0; i< rows* cols i++) f

allsitegfi].spec &= ( unsigned char ) Ox3f;
s = allsiteg[i].speg
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if (s== DTERR jj s== DOPANT ) f
setsite( i, s, TERR );
g 510

g

int init _O( char *paramle )
f
int i
FILE *f;
char buf[1024];
int maxrow = 1
int maxmem=1; 520
int orient = 0;
int stepdir;
int numsave = 0;
double miscut = 0O;
double ext = 1.0;
double tw;
double rate_terr = 1E 7,
double rate_mstep = 5E 4;
double rate_hdstep = 1,

double rate_vdstep = 1E 2; 530
double rate_tstep = 1,
double rate_tterr = 1;

double rate_kink = 1;
double rate_point = 0.10;
double rate_defect= 1E 5;
double rate_dopant = 1E 5;

/*
double prerate_terr=1E-7;
double prerate_mstep=5E-4; 540
double prerate_hdstep=-1;
double prerate_vdstep=1E-2;
double prerate_tstep=-1;
double prerate_tterr=-1;
double prerate_kink=1;
double prerate_point=0.10; */

PIT *pits;

int pos

/¥ unsigned long t1; 550
double t2;
*
int stage = O;
int notnished = 1;
int newrates

f = fopen( paramle, "r" );
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if (f==0)
return O;
newstage
staget+;
nstops = 0;
strcpy( dumpname, "dump" );
newrates = 0;
while ( fgets( buf, 1024,f ) ) f
pos = 0;
if ( getstr( buf, &pos "maxrows:" ) ) f
maxrow = getint( buf, &pos);
9
if ( getstr( buf, &pos "maxmem:") ) f
maxmem = getint( buf, &pos);
g
if ( getstr( buf, &pos "orient:" ) ) f
orient = getint( buf, &pos);
9
if ( getstr( buf, &pos "miscut:" ) ) f
miscut = get oat ( buf, &pos);
g
llactual _rates
if ( getstr( buf, &pos "rate_terr:" )) f
rate_terr = getoat ( buf, &pos);
newratest+;

f ( getstr( buf, &pos "rate_mstep:" ) ) f
rate_mstep = get oat ( buf, &pos);
newratest+;

f ( getstr( buf, &pos "rate_hdstep:" ) ) f
rate_hdstep = get oat ( buf, &pos);
newratest+;

f ( getstr( buf, &pos "rate_vdstep:" )) f
rate_vdstep = getoat ( buf, &pos);
newratest+;

f ( getstr( buf, &pos "rate_tstep:" ) ) f
rate_tstep = getoat ( buf, &pos);
newratest+;

f ( getstr( buf, &pos "rate_tterr:" )) f
rate_tterr = getoat ( buf, &pos);
newratest+;

f ( getstr( buf, &pos "rate_kink:" ) ) f
rate_kink = get oat ( buf, &pos);
newratest+;

f ( getstr( buf, &pos "rate_point:" ) ) f
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=

=

rate_point = getoat ( buf, &pos); 610
newratest+;

( getstr( buf, &pos, "rate_defect:" )) f
rate_defect = getoat ( buf, &pos);
newratest+;

( getstr( buf, &pos, "rate_dopant:* ) ) f
rate_dopant = get oat ( buf, &pos);

newratest+;
620
( getstr( buf, &pos, "defect_ratio:" )) f
defectratio = get oat ( buf, &pos);
newratest+;
( getstr( buf, &pos, "dopant_ratio:" ) ) f
dopantratio = get oat ( buf, &pos);
newratest+;
( getstr( buf, &pos "extent:" ) ) f
ext = getoat( buf, &pos); 630
( getstr( buf, &pos "name:" ) ) f
getnamd buf, &pos, dumpname );
newratest+;
( getstr( buf, &pos, "save:" )) f
nstops = O;
stopgnstopg = get oat ( buf, &pos);
nstopst+;
while ( getcommg buf, &pos) ) f 640
stopgnstopg = getoat ( buf, &pos);
nstopst+;
if ( nstops>= MAXSAVE ) f
printf ( "max save limit reached!" );
break ;
g
g
( getstr( buf, &pos, "num:" ) ) f
numsave = getint( buf, &pos); 650
nstops = O;
for (i =0; i <= numsave i++) f
stopgnstopg = i * ext / numsave
nstopst+;
g
newratest+;
( getstr( buf, &pos, "every:" )) f
intervaltime = getoat ( buf, &pos);
newratest+; 660
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1

f ( getstr( buf, &pos "pit:" ) ) f
pits = ( PIT *) malloc( sizeof ( PIT ) );
pits >x = getint( buf, &pos);
pits >y = getint( buf, &pos);
pits >size = getint( buf, &pos);
pits >next = pitslist;
pitslist = pits;

=

( getstr( buf, &pos, "dumpdensity:" ) ) f
dumpdensity = getoat ( buf, &pos);
newratest+;

=

( getstr( buf, &pos "randomize:" ) ) f
randomize = get oat ( buf, &pos);

=

( getStI’( buf, &DOS Noekedkkkkkk1 ) ) f
if (stage==1)

goto startetch;
else

goto contetch;

g

g

fclosq f );

not nished = 0;

if ( newrates==10)
goto endetch

if (stage> 1)
goto contetch;

startetch:

stepdir = orient  90;
if (stepdir< 30)f
while ( stepdir < 0)
stepdir += 360;
g
if (orient >=330) f
while ( stepdir >= 360 )

tw = 1.0/ sqgrt( 3.0 ) / tan( miscut / 180.0 * 3.14159265 );//in unit of latticea

stepdir = 360;
9
if ( miscut < 0.01)f
tw = 0.0;
g
else
if (LOG ) f

fprintf ( LOG,

"Misscut: %.2f, Orientation: %d, Average Terrace Width: %f

miscut, orient, tw * latticea );
fprintf(LOG,\Maximum Rows: %d nn",maxrow);
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fprintf ( LOG, "Maximum Memory: %d Mb\ntaxrow );
pits = pitslist;
if (pits)f
while ( pits ) f
fprintf ( LOG, "Initial pit at (%d,%d) at size %d\n" , pits >X,
pits >y, pits >size);
pits = pits > next;

g 720
g
printtime ( );
if ( maxrow > 0) f
if (linit _1( maxrow, stepdir, tw ) )
return O;

else if ( maxmem> 0) f
if (linit_1m( maxmem, stepdir, tw ) )

return 0;
g 730
else f
printf ( "Must specify the maxrow or maxmem.\n" );
return 0;
9
pits = pitslist;
if (pits!=0) f
while ( pits ) f
printf ( "Etching pits (%d,%d)-%d ...... \n" , pits >Xx, pits >y,
pits >size);
etchpit( pits >x, pits >y, pits >size); 740
pits = pits > next;
g
g
randomize( );
contetch:
if (LOG ) f

fprintf ( LOG, "\nStage %d\n" , stage);
fprintf ( LOG, "Relative Etching Rate:\n" );

fprintf ( LOG, "\tTerrace 1-hydride:\t%g\n" , rate_terr );

fprintf ( LOG, "\tStep 1-hydride:\t%g\n" , rate_mstep ); 750
fprintf ( LOG, "\tStep Horz 2-hydride:\t%g\n" , rate_hdstep );

fprintf ( LOG, "\tStep Vert 2-hydride:\t%g\n" , rate_vdstep );

fprintf ( LOG, "\tHilllock 2-hydride:\t%g\n" , rate_point );

fprintf ( LOG, "\tTerrace 3-hydride:\t%g\n" , rate_tterr );

fprintf ( LOG, "\tStep 3-hydride:\t%g\n" , rate_tstep );

fprintf ( LOG, "\tDefect terrace:\t%g\n"

fprintf ( LOG, "\tDopant terrace:\t%g\n" rate_dopant );

fprintf ( LOG, "\tKink 1-hydride:\t%g\n" rate_kink );

fprintf ( LOG, "Etch to extent %g layers\n" , ext);

if ( numsave> 0) f 760
printf ( "Saving %d snapshots.\n" , numsave);

rate_defect );

g
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/*

*/

g

if (nstops> 0) f
fprintf ( LOG, "Dumping to file: %s \n\tAt " , dumpname );
for (i=0; i< nstops 1;i++) f
fprintf ( LOG, "%g, ", stopqi] );

g

fprintf ( LOG, "%g\n", stopgnstops 1] );

)

if ( intervaltime > 0 ) f
fprintf ( LOG, "Dumping to file every %g\n" , intervaltime );

g

if(randomize> 0.0)f

printf(\Pre-etching %f ...... nn",randomize);
rates[DTERR]=rate _defect;

rates[BULK]=0;
rates[TERR]=pre _rate_terr;

rates[MSTEP]=pre _rate_mstep;
rates[HDSTEP]=pre _rate_hdstep;
rates[VDSTEP]=pre _rate_vdstep;
rates[TSTEP]=pre _rate_tstep;
rates[TTERR]=pre _rate_tterr;

rates[KINK]=pre _rate_kink;

rates[HDPNT]=pre _rate_point;
extent=randomize;

fprintf(LOG,\Randomize With Etch Rates: nn");

g

fprintf(LOG,\
fprintf(LOG,\
fprintf(LOG,\
fprintf(LOG,\
fprintf(LOG,\
fprintf(LOG,\
fprintf(LOG,\
fprintf(LOG,\
ush(LOG);
tl=nstops;

ntTerrace 1-hydride:nt%gnn",pre _rate_terr);
ntStep  1-hydrident%gnn",pre _rate_mstep);
ntStep Horz 2-hydrident%gnn",pre _rate_hdstep);
ntStep Vert 2-hydride:nt%gnn",pre _rate_vdstep);
ntHilllock 2-hydride:nt%gnn",pre _rate_point);
ntTerrace 3-hydride:nt%gnn",pre _rate_tterr);
ntStep  3-hydrident%gnn",pre _rate_tstep);
ntKink  1-hydride: nt%gnn",pre _rate_kink);

t2=intervaltime;

nstops=0;

intervaltime=-1;

startetching();

nstops=t1;

intervaltime=t2;

if (stage> 1) f

g

nodefec( );

if ( defectratio > 0.0) f

fprintf ( LOG, "Adding defect sites with ratio %g.\n"

defect );
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if ( dopantratio > 0.0 ) f
fprintf ( LOG, "Adding dopant sites with ratio %g.\n" , dopantratio );
dopant( );

9

PrintSitesStat ( stdout )
820
rate§TERR] = rate_terr;
ratesMSTEP] = rate_mstep;
ratesfHDSTEP] = rate_hdstep;
ratesVDSTEP] = rate_vdstep;
rates TSTEP] = rate_tstep;
rateTTERR ] = rate_tterr ;
rategKINK | = rate_kink;
ratesfHDPNT ] = rate_point;
ratesiDTERR] = rate_defect
ratesf DOPANT ] = rate_dopant; 830
ratesBULK ] = 0;
extent = ext;
printtime ( );

startetching( );

printtime ( );
if ( notnished ) f
goto newstage
g 840
endetch
return 1,

g

int getnextsped void )
f
int i
double rnd;
double RND[NUMSPECS];
double RND2[NUMSPECS]; 850
double sum = 0.0;

#ifdef DEBUG
if (rows< 10)f

printf ( "Selecting next spec.\n" );
g
#endif
for (i =0; i< NUMSPECS; i++) f
if (rategfi] == 1 && specrealsizf] > 0)
return i, 860

g

rnd = ( double ) _lrand( );

for (i =0; i< NUMSPECS; i++) f
if (rategfilj== 1)
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int

RNDJi] = 0;
else
RND[i] = rated[i] * specrealsizf];

g
for (i =0; i< NUMSPECS; i++) f

sum += RNDIi; 870
g

for (i =0; i< NUMSPECS; i++) f
RND2[i] = RND[i] * LRAND _MAX / sum;
g
for (i =0; i< NUMSPECS; i++) f
rnd = rnd  RND2[i];
if (rnd< 0)f
etchtime += 1.0 / RNDIi];
return i;
g 880
g
for (i = NUMSPECS 1;i>=0; i ) f
if (RND2[i]>0)f
etchtime += 1.0 / RNDIi];
return i;
g

g
return O;

890
siteselec{ int i)

unsigned long rnd;

while (1) f
if ( specsizf]==1) f
if ( ( allsites[allposgspecheadi]]].
spec& ( unsigned char ) Ox3f ) == i) f
return allposgspecheadi]];
g 900
else f
printf ( "Definitely wrong here: group %d (%x)\n" i,
allsites[allposgspecheadi]]].spec);
g

g
rnd = _lrand( );
if (rnd == LRAND _MAX )

rnd = specsizfi] 1,
else

rnd = ( ( double ) rnd / LRAND _MAX ) * specsizé]; 910
if ( ( allsiteg[allposyspecheafi] + rnd]].

spec& ( unsigned char ) Ox3f ) == i) f
return allposgspecheadi] + rnd];

g
else f

216



allposgspecheadi] + rnd] = allposgspecheafi] + specsizfi] 1];
specsiz]

g 920

#de ne ETCHONE fn
if (intervaltime > 0)fn
if (etchtime> = stoptime)fn
stopdumping(stopindex);n
stopindex++; n
stoptime+= intervaltime ;n
gn
gn
elsefn 930
if (i== stopint && j== stopfrac)fn
stopdumping(stopindex);n
stopindex++; n
stopint=(int )stopgstopindex];n
stopfrac=( stopgstopindex] stopint)*layer;n
gn
gn
if (emergencystacktaip 0)fn
isemergency1; n

emergencystacktail ;n 940
etch(emergencystackemergencystacktai]);n

gn

elsefn

a= getnextspeq); n
b= siteselecta);n
etch(b);n

gn

j*t+;n

950

void startetching( )
f
int i, j;
int remain;
int layer;
int a, b;
int stopfrac;
int stopint; 960
int stopindex;
double stoptime = 0.0;

stopindex = 0;

layer = rows * cols* 2 / 3;
etchtime = 0.0;

217



#ifdef GLOBALCOUNT

totaletch = 0;
lapetch = 0O;
#endif
etchlap = ( extent * layer ) / 100;
printf ( "Start etching %d sites...\n" , (int ) ( extent * layer ) );
i =0;

if (nstops> 0) f
stopint = ( int ) stopq0];
stopfrac = ( stopqd0] stopint ) * layer;

g
else f

stopint = 1;
g

while (i +1 <= extent) f
I printf(\Etching Mono-Layer %d (%d sites) nn",ilayer);
=0
while (] < layer)
ETCHONE i ++;
g
remain = ( extent i) * layer;
=0
while (j < remain)
ETCHONE stopdumping ( stopindex );

#ifdef DEBUG
printf ( "Max emergency stack size: %d\n" , maxemergencystack);
#endif

g

int init_1m( int maxmem, int stepdir, double tw )
f

int unitmem, numunits, txs, tys, ttry ;

int maxsites

double ax, ay;

maxsites = maxmem * 1024 * 1024 / ( sizeof ( SITE ) + sizeof (int ) );
if (tw==0) f
ux = ( int ) sgrt( maxsites);
uy = maxsites/ ux;
fx = fy = 0;
9
else f
//Solving the triangle,
/lax is the angle facing x(j) axis, and ay faces y(i) axis
/ltw is the height
if ( stepdir <=30) f
ay = 30 stepdir;
ax = 60 ay;
x = 1
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fy = 1;

9
else if ( stepdir <= 150) f 1020
ax = 150  stepdir;
ay = 120 ax;
fx = 1;
fy =1

g
else if ( stepdir <=210) f
ay = 210  stepdir;

ax = 60 ay;

fx = 1;

fy = 1, 1030
g
else f

ax = 330 stepdir;

ay = 120 ax;

fx = 1

fy= 1
g

ax = 3.14159265 * (ax / 180.0 );
ay = 3.14159265 * (ay / 180.0 );

//lbond length = a/sqrt(6) or 1 unit in i/j = 1/sqrt(6) 1040
if (sin(ax) < 0.01)f
fy =0;

ux = tw * sqrt( 6 );
uy = maxsites/ ux;

g
else if (sin(ay) < 0.01)f
fx = 0;
uy = tw * sqrt( 6 );
ux = maxsites/ uy;
g 1050
else f

ux = tw / sin( ay ) * sqrt( 6 );

uy = tw / sin( ax ) * sqrt( 6 );
g
g
/[circular condition
if (x==0) f
ux = ux + 3 ux % 3;
g
if (fy==0) f 1060
uy = uy + 3 uy % 3;
g
if (fx>0)f
UX = UX Uux % 3 + 2;
g
if (x<0)f
ux = ux ux % 3 + 1;
g
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if (fy>0)f
uy = uy uy % 3+ 1,

g
if (fy<0)f

uy = uy uy % 3+ 2;
g

unitmem = ( sizeof ( SITE ) + sizeof (int ) ) * ux * uy;

numunits = maxmem * 1024 * 1024 / unitmem;

if ( numunits < 1) f
printf ( "Sorry, the minimum memory requirement is %s\n" , unitmem );
return O;

g
txs = tys = 1;
ttry = 1;
while (ttry ) f
ttry = 0;
if (txs* ux<=tys*uy)f
if ( numunits  txs * tys >= tys ) f
txs++;
ttry = 1,
g
else f
if ( numunits  txs * tys >= txs ) f
tys++;
ttry = 1;
g
g
9
else f
if ( numunits  txs * tys >= txs ) f
tys++;
ttry = 1,
g
else f
if ( numunits  txs * tys >= tys ) f
txs++;
ttry = 1;
g
g
9
g
XS = txs;
ys = tys;

cols = xs * ux;
rows = ys * uy;

if (LOG) f
fprintf ( LOG, "\nBuffer Size: %d X %d, Real Size: %.2f X %.2f\n" | rows,
cols ( rows + cols) * latticea / sqrt( 2 ) / 2.0,
( rows + cols) * latticea / sqrt( 6 )/ 2.0);
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int

g

fprintf ( LOG, "Periods: %d X %d\n", xs, ys );

fprintf ( LOG, "Ux=%d, Uy=%d\n;' ux, uy );

fprintf ( LOG, "Directions: fx=%d, fy=%d\n" , fx, fy );
fprintf ( LOG, "\n" );

init _2( );
return 1;

init _1( int maxrows, int stepdir, double tw )

double ax, ay;

if (tw==0) f

g

UX = Uy = maxrows
fx = fy = 0;

else f

//Solving the triangle,
/llax is the angle facing x(j) axis, and ay faces y(i) axis
/ltw is the height
if ( stepdir <=30) f
ay = 30 stepdir;

ax = 60 ay;
fx = 1;
fy =1,

9
else if ( stepdir <= 150) f
ax = 150 stepdir;

ay = 120 ax;
fx = 1;
fy =1;

g
else if ( stepdir <=210) f
ay = 210  stepdir;

ax = 6 ay;
fx = 1;
fy = 1
g
else f
ax = 330 stepdir;
ay = 120 ax;
fx = 1;
fy= 1
g

ax = 3.14159265 * (ax / 180.0 );
ay = 3.14159265 * (ay / 180.0 );
//bond length = a/sqrt(6) or 1 unit in i/j = 1/sqrt(6)
if (sin(ax) < 0.01)f
uy = maxrows;

221

1120

1130

1140

1150

1160

1170



0;
tw * sqrt( 6 );

ux

g

else if (sin(ay) < 0.01)f
UX = Maxrows,
fx = 0;
uy = tw * sqrt( 6 );

g
else f
ux = tw / sin( ay ) * sqrt( 6 );
uy = tw / sin( ax ) * sqrt( 6 );

g
g
[[circular condition
if (xk==0) f

ux = ux + 3 ux % 3;
g
if (fy==0) f

uy = uy + 3 uy % 3;
g
if (fx>0)f

UX = UX Uux % 3 + 2;
g
if (fx<0)f

ux = ux ux % 3 + 1;
g
if (fy>0)f

uy = uy uy % 3 + 1;
g
if (fy<0)f

uy = uy uy % 3 + 2;
g

Xs = ( maxrows + 3 )/ ux;
ys = ( maxrows + 3 )/ uy;
cols = xs * ux;
rows = ys * uy,

if (LOG) f

fprintf ( LOG, "\nBuffer Size: %d X %d, Real Size: %.2f X %.2f\n"
cols ( rows + cols) * latticea / sqrt( 2 ) / 2.0,
( rows + cols) * latticea / sqrt( 6 )/ 2.0);
fprintf ( LOG, "Periods: %d X %d\n", xs, ys );
fprintf ( LOG, "Ux=%d, Uy=%d\n,' ux, uy );
fprintf ( LOG, "Directions: fx=%d, fy=%d\n"

fprintf ( LOG, "\n" );
g
init _2( );
return 1;
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int translate( int *pr, int *pc)
f
int di =0;

if (*pc< 0)f
*pc = cols + * pc;
di +=2* fx * xs;
g
if (*pc>= cols) f 1230
*pc =*pc cols
di =2* fx * xs;
g
if (*pr<0)f
*pr = rows + * pr;
d +=2* fy *ys
g
if (*pr>= rows) f
*pr = *pr rows,
di =2* fy *ys 1240
g
return di ;

g

void resetkink( int i, int j)
f
int index;

if (j<O0)
j = cols+ j; 1250
if (j>= cols)
j=1j cols
if (i<O0)
i = rows + i
if (i>= rows)
i=1 rows;
index = i * cols + j;
setsite( index, MSTEP, KINK );
g
1260
void resetpoint( int i, int j)
f
int index;

if (j<O0)
j = cols + j;
if (j>= cols)
j=1] cols
if (i<O0)
i = rows + i 1270
if (i>= rows)
i=1 rows;
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g

index = i * cols + |;
setsite( index, HDSTEP, HDPNT );

void resetsitg int i, int j )

f

I

int index;
int ag;
int s;

if (j<0)
j = cols + |;
if (j>= cols)
j=1] cols
if (i<O0)
i = rows + i
if (i>=rows)
i=1 rows;
index = i * cols + j;
s = ( allsitegindex].spec& ( unsigned char ) Ox3f );
switch (s) f
case BULK:
if ( allsitegfindex].depth % 2 ==1) f
CheckKink( i, j, index, BULK )
g
else f
printf ( "Strange unexpected situation: bulk at top\n"
g
break ;
case TERR:
case DTERR:
case DOPANT :
setsite( index, s, VDSTEP );
CheckDiKink (i, j )
break ;
case MSTEP:
case KINK :
setsite(index,allsites[index].spec,HDSTEP);
CheckPoint( i, j, index, s)
break ;
case VDSTEP:
setsite( index, VDSTEP, TSTEP );
break ;
case HDSTEP:
setsite( index, HDSTEP, TTERR );
break ;
case HDPNT :
setsite( index, HDPNT, TTERR );
break ;
case TSTEP:
if ( isemergency) f
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1 isemergency=0;
1 etch(index);
1 isemergency=1;
allsiteglindex].depth += 5;
setsite( index, TSTEP, BULK );
g
else f 1330
etch( index );
#ifdef DEBUG
//misses the count
printf
( "rare situation: etch of TSTEP as a result of neighbour etchi ng\n" );
#endif

g
break ;

g 1340

void emergency int i, int j )
f

int index;
if (j<O0)
j = cols + j;
if (j>= cols)
j=1j cols
if (i<0) 1350
i = rows + i
if (i>= rows)
i=i rows,
index = i * cols + |;

emergencystackemergencystacktait+] = index;
#ifdef DEBUG

if (rows< 10)f

printf ( "Push into emergency stack [%d]: (%d,%d) - %d\n"

emergencystacktail 1, i, j, index );

g 1360
if ( maxemergencystack< emergencystacktail) f

maxemergencystack= emergencystacktail

g
#endif

g

int nddepth (int r, int c)
f

int di ; 1370
di = translate( &r, &c);
return allsites[r * cols + c].depth + di ;
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int ndspec( int r, int c)
f
translate( &r, &c);
return allsites[r * cols + c].spec& ( unsigned char ) 0x3f;

g

/*To be checked*/
void defrag( void )
f

int i, j, k;

int thead;

1=0;
for (i = TERR; i < BULK; i++) f

thead = specheafi];

specheafi] = j;

if ( specsizf] > 0) f

for ( k = thead; k < thead + specsizf]; k++ ) f
if ( ( allsitesallposqk]].spec& ( unsigned char ) Ox3f ) ==
i) f

if (j<k)f
allposdj] = allposdk];
g
j++;
g
g
specsizfi] = j  specheafi];
jt+;
g
else f
i+
g

9

specheafBULK ] = j;
/I if(LOG)PrintSitesStat(LOG)
g

void initspec( void )
f
int i

for (i =0; i< NUMSPECS; i++) f
specheafi] = i;
specsizfi] = 0O;
g
speccapacity= rows * cols
g

void setsiteg( int index, int from, int to )
f

226

1380

1390

1400

1410

1420



int i;
int idx;

if ( allsites[index].depth % 2 ==0) f
if ((from== MSTEP jj from == HDSTEP jj from == TTERR ) &&
(to == MSTEP jj to == HDSTEP jj to == TTERR ) ) f
printf ( "Error: index=%d,from %d to %d\n" , index, from, to );

stop = 1;
9
9
else f
if ((from== TERR jj from == VDSTEP jj from == TSTEP ) &&
(to == TERR jj to == VDSTEP jj to == TSTEP ) ) f
printf ( "Error: index=%d,from %d to %d\n" , index, from, to );
stop = 1;
g
g

allsitegindex].spec &= ( unsigned char ) 0xcO; //preserving the defect label
allsitegindex].specj= ( unsigned char ) to;
specrealsizrom] ;
specrealsizfo]++;
if (to == BULK )
return ;
if (from== to)
return ;

allposgspecheafto] + specsizfto]] = index;
specsizfto]++;

for (i=to+1; i< NUMSPECS; i++ ) f
if ( specsizfi] + specheafi] >= speccapacity 2 ) f
printf ( "Defragging...\n" );
defrag( );
return ;

else if ( specheadi] == specheafi 1] + specsiz§ 1]) f
if ( specsize] > 0) f
idx = allposgspecheafi]];
allposqspecheafi] + specsizfi]] = idx;

specheadi]++;

g

void init _2( )
f
int ag;
int k, I;
int i, j;
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int X, y;

int d;

int topdepth;
int t;

int index;

1480

topdepth = O;
if (fx<0)

topdepth +=2 * ( 1 fx * xs);
if (fy<0)

topdepth +=2 * (1 fy * ys);

allsites = ( SITE * ) malloc( sizeof ( SITE ) * rows * cols);
allposs= ( int *) malloc( sizeof ( int ) * rows * cols); 1490
initspec( );

if (LOG)
fprintf ( LOG, "Allocated %d bytes\n\n"
( sizeof ( SITE ) + sizeof (int ) ) * rows * cols);

/Iverbosely enumerate each situation
index = 0;
if (x==0&%& fy==0) f
for (i =0; i< rows; i++) 1500
for (j=0; < cols j++) f
SetupUnit( i, j, index, topdepth )
index++;
g
g
elseif (fx==0) f
for (1 =0;1<ys I++) f
if (fy<0)f
topdepth = 2 * |;
g 1510
else
topdepth =2*(ys | 1);
for (i=0; i< uy;i++)
for (j=0;]<uxj++) f
SetupUnit( i, j, index, topdepth )
index++;

g
g
elseif (fy==0) f 1520
for (k =0; k< xs; k++) f
if (fx<0)f
topdepth = 2 * k;
g
else
topdepth =2 *( xs k 1)
for (i =0; i< uy;i++)
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for (j=0;]<uxj++) f
index = i * cols+ k * ux + j;
SetupUnit( j, i, index, topdepth )

g
g
g
elseif (fx== 1&& fy==1) f
for (i =0; i< rows; i++)
for (j =0; < cols j++) f
k=1j/ ux;
I =i/ uy;
X = j % ux;
y = i % uy;
topdepth = ( k+(ys 1 [1))*2
if (y*ux<x*uy)f
SetupUnit( vy, X, index, topdepth + 2 )
g
else f
SetupUnit( y + 2, X, index, topdepth )
g
index++;
g
g
elseif (x==18&& fy==1) f
for (i =0; i< rows; i++)
for (j=0; )< colsgj++) f
k=1j/ ux;
[ =i/ uy;
X = j % ux;
y =i % uy;
topdepth = (( xs 1 k)+(ys 1 1))*2
if (y*ux< (ux 1 x)*uy)f
SetupUnit( y, X, index, topdepth + 2 )
g
else f
SetupUnit( y + 2, X, index, topdepth )
g
index++;
g
g
elseif (x==18&& fy== 1)f
for (i =0; i< rows; i++)
for (j=0; )< colsj++) f
k=1j/ ux;
[ =i/ uy;
X = j % ux;
y = i % uy;

topdepth = (( xs 1 k)+ 1)*2;
if ((uy 1 y)*ux< (ux 1 x)*uy)f
SetupUnit( y, X, index, topdepth + 2 )
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g
else f 1580

SetupUnit( y + 2, X, index, topdepth )

g

index++;

g
9
elseif (x== 1&& fy== 1)f
for (i =0; i< rows; i++)
for (j=0; )< colsj++) f

k=1j/ ux;

I =i/ uy; 1590

X = j % ux;

y = i % uy;

topdepth = ( kK + ') * 2;

if ((uy 1 y)*ux<x*uy)f
SetupUnit( vy, X, index, topdepth + 2 )

g

else f
SetupUnit( y + 2, X, index, topdepth )

g

index++; 1600

g

/[ PrintSitesAt(100,81,i,j,10)
index = 0;
for (i=0; i< rows;i++) f
for (j=0;j< cols j++) f
d = allsitegindex].depth;

t =0;
if (d%2==0) f 1610
if ( nddepth(i,j+1) > (d+1))
t++;
if ( nddepth(i 1,j)>(d+1))
t++;
if ( nddepth(i+1,j 1)>(d+1))
t++;
if (t==0)

setsite( index, BULK , TERR );
elseif (t==1)

setsitg( index, BULK , VDSTEP ); 1620
elseif (t==2)

setsite( index, BULK, TSTEP );
else f

printf

( "Strange, Not expected floating site after init\n" );
allsites[index].depth = ( unsigned char ) (d + 5);
setsitg( index, BULK , BULK );
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else f

if ( nddepth(i,j 1)> (d

1))
1))

t++;

if ( nddepth(i+1,j)>(d
t++;

if ( nddepth(i 1,j+1) > (d
t++;

if (t==0)

setsite( index, BULK , BULK );

elseif (t==1)

setsite( index, BULK , MSTEP );

elseif (t==2)

setsite( index, BULK , HDSTEP );

else f

1))

printf ( "Strange, Not expected TTERR\n" );
setsite( index, BULK , TTERR );

g
g
index++;
9
9
if (LOG) f
fprintf ( LOG, "Sites initilized.\n"
PrintSitesStat( LOG )
9

for ( k = specheaMSTEP]; k < specheafMSTEP] + specsizMSTEP]; k++ ) f

index = allposdKk];

i = index / cols

j = index % cols

CheckKink( i, j, index, MSTEP )
g

for ( k = specheafHDSTEP]; k < spechea(HDSTEP] + specsizHDSTEP]; k++ ) f

index = allposdK];
i = index / cols
j = index % cols

CheckPoint( i, j, index, HDSTEP )

g
printf ( "Surface initialized. \n"
if (LOG ) f

);

);

fprintf ( LOG, "Surface initilized and checked.\n"

PrintSitesStat( LOG )

g

void exitsim( )
f
freg( allsites );
freg( allposs);
g

void etch( int index )
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int d, t, ag;
int i, j;

int s

int td;

#ifdef GLOBALCOUNT
totaletch ++;
lapetch++;
#endif 1690
j = index % cols
i = index / cols
d = allsites[index].depth;
s = allsitegfindex].spec& ( unsigned char ) 0x3f;
allsites[index].spec &= ( unsigned char ) OxcO;
allsitesfindex].specj= BULK; /lto avoid back loop
if ( allsites[index].spec& ( unsigned char ) 0x40 ) f
allsitegindex].spec &= ( unsigned char ) Oxbf; //take out the dopant ag
newdopant( );
g 1700

#ifdef DEBUG
if (rows< 10)f
printf ( "Etch site (%d,%d) - %d\n" , i, j, index );

g
#endif
t =0;
if ( debug)

printf ( "etching site: (%d,%d)-d=%d,s=%d\n" ,1i, j, d, s); 1710
/[Terrace upplevel
if (d%2==0) f

allsitegfindex].depth += ( unsigned char ) 5;

td = nddepth (i,j +1) (d+1);

if (td==0)
resetsitg( i, j + 1);
elseif (td == 5)f
emergency i, j + 1);
g
#ifdef DEBUG 1720
if (d<0&&td!= 5)
printf ( "Strange(%d) " , td );
#endif
td = nddepth (i 1,j) (d+1);
if (td==0)
resetsitg( i 1,j);
elseif (td == 5)f
emergency i 1,j);
g
#ifdef DEBUG 1730
if (d<0&&td!= 5)
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printf ( "Strange(%d) " , td );
#endif
td = nddepth(i+1,j 1) (d+1)
if (td==0)
resetsitg{ i +1, ] 1);
elseif (td == 5)f
emergency i +1,j 1);
9
#ifdef DEBUG
if (td<0&&td!= 5)
printf ( "Strange(%d) " , td );
#endif
1 if( nddepth(i,j+1)==d+1) f resetsite(i,j+1); ¢
1 if( nddepth(i-1,j)==d+1) f resetsite(i-1,j); g
1 if( nddepth(i+1,j-1)==d+1)  f resetsite(i+1,j-1); g
if ( isemergency) f
isemergency= 0;
#ifdef DEBUG
d += 1,
if ( nddepth(i,j+1)<=(d+1))
t++;
if ( nddepth(i 1,j)<=(d+1))
t++;
if ( nddepth(i+1,j 1)<=(d+1))
t++;
if (t!=2)f
#ifdef GLOBALCOUNT
printf

( "emergency MONOSTEP not right! t=%d, totaletch=%d spec=%dn" ,

t, totaletch, s);

#else
printf ( "emergency MONOSTEP not right! t=%d\n’ t );
#endif
g
#endif
CheckKink( i, j, index, s)
g
else f
d += 5;
if ( nddepth(i,j 1)< (d))
t++;
if ( nddepth(i+1,j)<{(d))
t++;
if ( nddepth(i 1,j+1) < (d))
t++;
if (t==3)

setsitg( index, s, BULK );
elseif (t==2) f
CheckKink( i, j, index, s)

g
elseif (t==1) f
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CheckPoint( i, j, index, s)
g
else f
#ifdef DEBUG
printf ( "nogood(%d) ", s );
#endif
setsiteg( index, s, TTERR );
g 1790
9

g
/[Terrace lowerlevel

else f
allsiteglindex].depth += ( unsigned char ) 1;
td = nddepth(i,j 1) (d 1)
if (td==0)
resetsite( i, ] 1),
elseif (td == 1)f
emergency i,j 1) 1800
9
#ifdef DEBUG
if (td< 1)f
printf ( "weird(%d) - %d,%d\n" , td, i, j );
exit( 0 );
9
#endif
td = nddepth (i+1,j) (d 1)
if (td==0)
resetsitg( i + 1, j ); 1810
elseif (td == 1)f
emergency i + 1, j);
9
#ifdef DEBUG
if (td< 1)f
printf ( "weird(%d) - %d,%d\n" , td, i, j );
exit( 0 );
g
#endif
td = nddepth (i 1,j+1) (d 1) 1820
if (td==0)
resetsitg( i  1,j +1);
elseif (td == 1)f
emergency i 1,j+ 1)

g
#ifdef DEBUG
if (td< 1)f
printf ( "weird(%d) - %d,%d\n" , td, i, j );
exit( 0);
g 1830
#endif
1 if( nddepth(i,j-1)==(d-1))resetsite(i,j-1);
1 if( nddepth(i+1,j)==(d-1))resetsite(i+1,));
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I if( nddepth(i-1,j+1)==(d-1))resetsite(i-1,j+1);
if ( isemergency) f
isemergency= 0;
#ifdef DEBUG

d+=1;
if ( nddepth(i,j+1)<=(d+1))
t++; 1840
if ( nddepth(i 1,j)<=(d+1))
t++;
if (nddepth(i+1,j 1)<=(d+1))
t++;
if (t!=2)
printf ( "emergecy VDSTEP not right! t=%d\n" , t );
#endif
setsitg( index, s, VDSTEP );
g
else f 1850
d += 1,
if ( nddepth(i,j+1)<=(d+1))
t++;
if ( nddepth(i 1,j)<=(d+1))
t++;
if ( nddepth(i+1,j 1)<=(d+1))
t++;
if (t==3) f
if ( allsiteglindex].spec& ( unsigned char ) 0x80 ) f
setsite( index, s, DTERR ); 1860

g
else if ( allsiteglindex].spec& ( unsigned char ) 0x40 ) f
setsite( index, s, DOPANT );
g
else
setsite( index, s, TERR );
g
elseif (t==2)
setsiteg( index, s, VDSTEP );

elseif (t==1) 1870
setsitg( index, s, TSTEP );
else f /*should never happen */

#ifdef DEBUG
printf ( "rare(%d) " , s);
#endif
1 if(s==6)debug=1;
allsitegindex].specj= ( unsigned char ) s;
etch( index );
g
g 1880
CheckDiPoint( i, j )
g
#ifdef DEBUG
if (rows< 10 && cols< 10)
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PrintSites
#endif

utility.h

#ifndef UTILITY _H

#de ne UTILITY _H

double get oat (char* buer ,int * pos);

int getint(char* bu er ,int * pos);

int getstr(char* bu er ,int * poschar* str);

int getnamegchar* buer ,int * poschar* namebu er);
int getcommgchar * buer ,int * pos);

#endif

utility.c

#include <string.h>

char utiltmpstr [1024];
int getint(char* buer, int* pos
f
int sign=1;
int i=* pos
int result=0;
while (buer[i]'=0 && (buer[i]=="" jjbuer][i]=="\t'" ))i++;
if (bu er [i]==0) return O; 10
if (buer [i]J=="" )f
sign= 1;
i++;
g
while (buer[i]>='0" && buer]il<='9" )result=result*10+(bu er [i++] '0" );
*pos=i;
if (sign==1) return result;
else return result;
g
20
double get oat (char* buer ,int * pos
f
int j;
int sign=1;
int i=* pos
int index=0;
int indexsign=1;
double t;
double result=0;
while (buer[i]'=0 && (buer[i]=="" jjbuer][i]=="\t'" ))i++; 30
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g

int getstr(char* bu er ,int * poschar* str)

f

if (bu er [i]==0) return O;
if (bu er [i]=="-" )f

sign= 1;

i++;

while (buer[i]>='0" && buer]|i]<="'9" )result=result*10+ bu er [i++]
if (buer [i]=="."

i++;
t=0.1,

)f

while (buer[i]>='0" && buerlil<="'9")
f

result=result+( double )(bu er [i++] '0" )*t;

t=1t*0.1;
g
9
if (buer[i]J=="E' jjbuerl[i]=="e" )f
i++;
if (buer [i]J=="-" )f
indexsign= 1,
i++;
g

|0|

while (buer[i]>="'0" && buer[i]l<='9" )index=index*10+ bu er [i++]
if (indexsign== 1)f
for (j=0; j< index;j++) result=result/10;

for (j=0;j<index;j++) result=result*10;

9
elsef
9
9
*pos=i;

if (sign==1) return result;

else return

int len;

int i=* pos

len= strlen(str);

while (bu er [i]!=0) f
while (bu er [i]'=0 && bu er [i]!= str[0])i++;
if (bu er [i]==0)

return O;
if (strncmp(bu er +i,str,len)==0) f
*pos=i+len;
return 1;
g
else
i++;
g
return O;

result;
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g

int getnamegchar* buer, int * pos char* namebu er)
f
int i=* pos
int j=0;
while (buer[i]=="" jjbuer[i]J=="t' )i++;
while (buer[i]'="" && buer[i]'="t' &&buer]i]'="n" )
namebu er[j++]= bu er [i++]; 90
namebu er[j]="\0" ;
*pos=i;
return j;

int getcommgchar * buer ,int *pos

int i=* pos

while (buer[i]=="" jjbuer[i]J=="t' )i++;

if (buer[i]l=="," )f 100
*pos=i+1;
return 1;

g
return O;

void hexcod€unsigned char c,char * out)
f
out[O]=( char )(c>> 4); 110
out[1]=( char )(c&0x0f);
if (out[0]> 9)f
out[0]=( char )(out[0]+'a’ 10);
g
elsef
out[0]=( char )(out[0]+'0" );

g
if (out[1]> 9)f
out[1]=(char)(out[1]+'a’ 10);
g 120
elsef
out[1]=( char)(out[1]+'0" );
g
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