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Barrier-limited surface diffusion in atom lithography

E. te Sligte,¥ K. M. R. van der Stam, B. Smeets, P. van der Straten, R. E. Scholten,”
H. C. W. Beijerinck, and K. A. H. van Leeuwen®

Department of Applied Physics, Eindhoven University of Technology, P.O. Box 513,

5600 MB Eindhoven, The Netherlands

(Received 18 July 2003; accepted 10 November 2003

Thermally activated surface diffusion has a strong influence on structure widths in atom lithography.
We investigate the effects of two barriers to thermally activated atomic diffusion on atom
lithography: a thermally activated Ehrlich—Schwoelie®) barrier, and pollution from the residual

gas in the vacuum system. We performed kinetic Monte Carlo simulations using a one-dimensional
surface grid. We find that the ES barrier fails to explain the lack of temperature dependence
observed experimentall’V. R. Andersoret al, Phys. Rev. A9, 2476(1999]. The dependencies

of the structure width on temperature, vacuum conditions, and beam characteristics can be explained
using the pollutant adatom hypothesis. Only the variation of structure width with deposition
duration was not entirely reproduced by this model. We attribute this to the one-dimensional nature
of our simulations. These results demonstrate that barrier-limited diffusion can play an important
role in atom lithography, and that pollutant adatoms are a likely candidate barrie200d
American Institute of Physics[DOI: 10.1063/1.163861]3

I. INTRODUCTION baked-out ultra-high-vacuurfUHV) chamber proved to be
fh licati  th ical dipole 14 so susceptible to surface diffusion that there were no visible
. Oneo_ the many applications of the optica d'Poe OIC€ structures at the end of the deposition. Samples prepared in
Is atom Ilthographf. In th_|s technique, a laser light f|eld_ an unbaked vacuum chamber showed no signs of surface
induces an electrical dipole moment in atoms passingyi¢jop, Behringeret al1° attribute this effect to residual

through it. This electrical dipole experiences a force from th%ydrocarbons on the sample surface that limit surface diffu-
intensity gradient of the light field. Using a plane :standingSion and act as nucleation sites

wave, as shown in Fig. 1, the light field will function as an Jurdk et alX* attempt to explain the broadening of the

array of lenses, focusing the atoms to the nodes or antlnodeér nanostructures using thermally activated surface diffusion

for light frequencies above or below the atomic resonance, . ) -
as a mechanism. They explore various atomistic models, and

By placing a substrate in the focal plane, the atoms are de- .
posited onto this substrate with a spatially modulated fluiT ind that the resulting structures show a very strong depen

o . . . dence on substrate temperature and on the diffusion param-
distribution with half-wavelength period. The resulting struc- . 12, .
tures can be investigatedx situ by techniques such as eters. Th'.s result prompted Br.adle'yal. to investigate the
atomic force microscopyAEM). The main advantages of hypothesis that the surface dlffu5|o_n was caused by the en-
this lithography technique are its compatibility with molecu- grgbyb rsle@sed when ﬂ:je a:jng S h'tcg]e ls_|urface, a Erocess
lar beam epitaxy(MBE) (Ref. 3 and its considerable ubbed impact cascade di usiofiCD). However, this
parallelism’ theory d_oes not e_>_<pla|n the immense depengéance on,sample

This kind of experiment has been performed using®Na, preparation conditions found by Behringaral ™~ As Jurdk

Crf and Al (Ref. 7) atoms, and our group is pursuing it for et al. point out, their thermal surface diffusion model does

Fe atom€ In the case of Cr, an extensive study on structurd?Ct take into account the effects of polution. .
widths was done by Andersoet al® They found that the In this article, we consider two alternative explanations
structures deposited were always 20—30 nm wider than thfor this diffusion effect. One possible explanation is thaF pgl-
incoming atomic beam flux distribution. Due to the confi- lutants such as hydrocarbons, oxygen, etc., act as a limiting
dence and thoroughness with which this atomic beam flufactor on the surface diffusion effects observed in atom li-
distribution can be calculated, they concluded that the broadhography experiments. A clear indication of this can be
ening of the nanostructures must be caused by a diffusiofpund in the extreme dependence on vacuum conditions that
process on the substrate. However, the broadening proveRghringeret all® find. The other effect under consideration
oddly independent of substrate temperature. In Na depositiot§ the possibility that surface diffusion might be limited by an
experiments by Behringeet al,'° details of the sample increased hopping activation energy at terrace boundaries.
preparation method were shown to be of crucial importancd his effect is well known in surface physics and is called the

to the diffusion effects. Samples heat cleaned in a very wellEhrlich—SchwoebelES) barrier!®
The remainder of this article will be dedicated to our

a ) ) ) numerical investigation of structure broadening in atom li-
Electronic mail: e.t.sligte@tue.nl . L .

YAlso at: School of Physics, University of Melbourne, Australia. tthraph_Y- We t_)egm by de;crlplng the model we US? in Sec.

9URL: http://www.phys.tue.nl/aow II, and will continue by assigning values to most of its free
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° FIG. 2. Artifacts in our diffusion model. Gray circles: deposited atoms.
! Dark circles: pollutant species. Dashed circles: sites to which a deposited

atom may hop. Atoms move freely to sites that have no fewer neighbors
than their present site, but not at all to sites that have fewer nearest neigh-
bors. Pollutant species cannot diffuse at all and act as diffusion inhibitors.

standing
li . . e
awave of two atoms is a stable island, and that diffusion across
planes at a slope of 45° occurs as quickly as on horizontal
planes. The frequency of hopping steps is assumed constant,
and given by the Arrhenius relation:
Rhop: Roe™ Ed/kBTv 1

whereR; is the lattice frequency of the material, which we

substrate

assume to be #8s%; kg is Boltzmann’s constant; arilis

FIG. 1. Direct-write atom lithography schematic. Atoms are deflected an(]tempt:"raturdIn degrees K‘ We perform all simulations at
focused by the laser standing wave and follow the trajectories indicated] =300 K unless otherwise stated.
They are deposited onto the substrate, where a periodic structure is gener- \We incorporate a possible ES barrier by assigning a

ated. greater activation energyy+ Egs, and thus a reduced hop-
ping chance to atoms stepping down from a terrace. Atoms

parameters in Sec. lll. Then, we first display the results gff@nnot step up onto alterrace, as doing so W_OUId redl_Jce .their
the pollution hypothesis in Sec. IV, followed by those of thenumber of nearest neighbors. The ES hopping rate is given

ES-barrier scenario in Sec. V. We compare both hypothes
in Sec. VL. Res=Roe (Fes™Ea)/keT= Rno~ Ees/kgT 2)

The pollution is represented as a homogenous flux of
pollutant species from the residual gas in the vacuum system.

We model atom lithography as a process in which atomdVe assume that these pollutants will stick on the site where
impinge perpendicularly on a surface. The atoms focused bthey hit the substrate if and only if they land on top of a
the light field have a lateral distribution, which we assume tochemically active(nonpollutant, nonsubstrgtatom. There,
be Lorentzian in shape. We assume that some of the atontkey occupy exactly one atomic grid position each. They
will not be focused by the standing light wave, mainly be-cannot diffuse at all in our model.
cause of imperfections in the atom beam. They are described Our diffusion model incorporates two distinct time
as a homogeneous background flux. The surface is describedales. Usually, the fastest of these by far is the regularized
as a one-dimensional linear grid of sites. We limit our modelhopping time, which isry,,~ 10 "s at room temperature,
to one dimension to limit the complexity of the code andbut extremely sensitive to changes in temperature and hop-
reduce calculation times. The grid spacing is assumed to bging activation energy. The time between atom arrivals on
equal to the lattice constant for Cr. We set the grid size to théhe whole gridrge, is, typically, in the tens of milliseconds.
period of the incoming atom flux distribution, 212 nm for Cr. For low temperatures, the two are not necessarily orders of
This corresponds to 739 sites for a lattice constant of 0.28vhagnitude apart. We compensate for this by running an in-
nm. Initially, the surface is flat and nonreactive. We applyternal clock with clock time 0.1 times the shortest time scale
periodic boundary conditions to the surface. if the two time scales are less than an order of magnitude

Once on the surface, the atoms are able to hop from sitepart. If 7,,,<0.174,, the hopping time is taken as clock
to site. We assume all hopping processes are likely equallyime. We then round the longer time scale to an integer num-
provided that the atoms can move without reducing theiber of clock ticks.
number of nearest neighbors. Processes that require reduc- Figure 2 displays some of the possibilities and artifacts
tion of the number of nearest neighbors are not allowed. lin our diffusion model. Left, an atom on a step edge can step
hopping in both directions is allowed, hopping proceeds withdown or move away from the edge. Hgs=0, both pro-
50% likelihood in either direction. If only one hopping di- cesses are equally likely. In the case of ES-barrier simula-
rection is available, there is a 50% chance that the atortions, the atom has 50% chance to move away from the step,
remains stationary, and a 50% chance that it will hop in theand a small chance to cross it. If neither happens, the atom
available direction. If both hopping directions are blocked,does nothing during this diffusion step. In the center, atomic
the atom remains stationary. This model implies that a clustemotion over pollutants embedded in the surface is unim-

IIl. NUMERICAL MODEL
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peded. Right, an atom that encounters a pollutant species is T T v 20
fixed, as moving would require reduction of its number of
nearest neighbors. Also, an atom that is part of a step edge is
immobile, and will never be able to detach itself from the
step edge. In ES-barrier-based simulations, pollutants are ab-
sent.
The model presented above is similar to the diffusion
model Jurck et al. judged the most realisti¢. However, we
do not allow for diffusion processes that reduce the number
of nearest neighbors. This means that, contrary to the model 0 v v . —L0
used in Ref. 11, the diffusion process is self-terminating, and 0 i 100 20
the resulting structures will be permanent. For the case of Cr, Position (nm)
the structures do indeed remain intact for months or eveRg_ 3. sample simulation results. Line: incoming flux distributiad nm
years after deposition. FHWM); average of five runs. Filled curve: calculated diffusion-broadened
The key assumption in the pollutant model is that pol-structure(34 nm FWHM) single run.
lutant species exhibit no surface diffusion whatsoever. This

extreme assumption is appropriate if the pollutant hoppingl_ .
: . : he experimental structures are broadened by 20-30 nm
rate is much smaller than that of the lithographically depos- ith regpect to the incoming atom flux distrik))/ution Per

e e e e " Sucure flank, he broacening is 10-15 nm,or 35-50 sies
adatomd?15 For a pollutant diffusion barrier, the distance to the _nea_rest
pollutant adatom should be on the order of the diffusion
length. The corresponding amount of pollution is thus one in
I1l. SIMULATION PARAMETERS 35-50, or 2%-3%. In the absence of pollution, the diffusion
length has no fundamental limit. Thus, the influence of a
We will now proceed to choose our parameters, beingmall amount of pollutants on the shape of the structures
the atomic beam flux density profile, the pollutant flux den-geposited could be immense.
sity, the deposition time, the hopping activation energy, and ~ The vacuum system was ion pumped to a pressure of
the ES-barrier energy. around 10°® mbar? which corresponds to a molecular back-
The atomic beam flux density profile is assumed to be ground flux of around 2:810™3ML/s. The composition of
Lorentz distribution on top of a homogeneous backgroundihe hackground gas is unknown. The literature indicates that
with a width equal to the values calculated by Andersorihe sticking chance of oxygen on Cr is close to uhftfor
et al. We choose the contrast ratipeak height to homoge- njtrogen, the sticking coefficient is simil4t. Any water
neous background leveto be 3.5; our own simulations of present can be assumed to stick as readily, and will therefore
focusing find that this is a reasonable value in many casegjso contribute O or OH groups to the surface. As there are at
From the experimental data given by Anderseiral.’ we  most two atoms per molecule for these gases, we expect to
deduce that the spatially averaged beam flux density wagnd an effective chemically bonding pollutant flux of up to
around 0.05ML/s (1 ME=1.21X10"*m"?). The deposition 55103 ML/s. The estimate above results in a pollutant flux
time is set at 5 min, as in the Anderson experiment. Theyf 1x1073-1.5<10 3ML/s, well within this range. The
incoming flux distribution full width at half maximum model value will be determined from the simulations.
(FWHM) remains fixed at 20 nm when other parameters are  The height of the ES barrier also has never been deter-
varied. mined experimentally for Cr. However, for Fe[E80], a
The diffusion activation energi, is the only free pa-  yalye of 0.04-0.01 eV was found? and for AI/AI[111] 0.07
rameter in Eq.(1), and its absolute value is unknown: the +0 01 eV was found® For Al, values ranging from 0.04 eV
surface diffusion activation energy for Cr has never beeRg 0.83 eV have been calculattdComparing these values to
investigated experimentally. Only one calculation of its valuethe normal hopping energies, 0.454 eV fof Feg] and 0.04
is known to the authors; Schindtércalculates a value of gy for Al[111], we find that the ES barrier is very small
0.22 eV for C[110]. In the same work, he also finds values compared to the hopping energy for Fe, but at least compa-
of 0.28 eV for F¢110] and 0.47 eV for W110]. Experimen-  rapje for Al. Given that we assume a hopping energy of 0.3
tal values for these systems are 0.225 and 0.87 eV, respegy for Cr, we vary the ES barrier from 0 to 0.3 eV.
tively. For other crystal faces, the diffusion energies of Fe are
consistently higher than those on {id.0] face. We conclude IV POLLUTANT LIMITED SURFACE DIFEUSION
that for the structures under consideration, which are most”
likely polycrystalline, the calculated value of 0.22 eV should In this section, we investigate the results of the simula-
be taken as a lower limit. We choose to perform the simulations under the assumption thats=0 eV. Thus, the only
tions using an effective hopping activation ener@y  effect limiting surface diffusion is the presence of pollutant
=0.30eV. adatoms. Before investigating the dependencies of this
We assume that the pollutant flux is constant and homogmodel, we look at the structures it predicts. Figure 3 displays
enous. We first make a rudimentary estimate of the amourd sample incoming flux distribution and its resulting struc-
of pollution needed to explain the experimental observationsture. To reduce statistical noise, we averaged five simulation

Height (nm)

Incoming flux (atoms/site)
3
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FIG. 4. Dependence of structure FWHRbp) and contrast ratidbottom on £ 5. Bottom: comparison between simulated structure widths and experi-

effective pollutant flux. Average of five runs; error bars indicate standardyenta| gatacircles for varying flux distribution widths. Dashed line rep-

deviation. Dashed lines indicate model input values, dotted line indicategggenys structure width equal to flux width. Top: simulated structure contrast

experimental value. As pollutants suppress diffusion, they preserve structuigy; arying atom flux peak width. Dashed line indicates atomic flux contrast.

contrast and narrowness. Vertical line indicates model value. Simulations are averages of five runs; error bars indicate standard
deviations.

runs for the flux distribution. The incoming beam flux distri-
bution with a width of 10 nm is transformed into a structure

As can be seen, the structure becomes broader and Iowg(,rjIS no further free parameters
than that in the atom flux distribution, while the level of the P '
background flux remains more or less the same. The top dk. Atom flux

Fhe structure is a flat te.rrace; we attribute this to the fact that, We can now proceed to compare the results of our model
in our model, atoms diffuse until they settle at a step edge,

e . . to the experimental investigations of Andersenal” That
We conclude that diffusion primarily affects the shape of the -Xpermer 9 .
, comparison is displayed at the bottom of Fig. 5. The data
structure. We find that the structure resembles the structures . . .
: . : points have been taken directly from their paper, and have
shown in experimental studiés.

We analyze the structures by two figures of merit; thebeen plotted with the simulation result_s. We find very rea-
width of the structure and its contrast. As the structures argonable agreement between the experiments and our simula-

not Lorentzian in shape, we determine their FWHM directlyt'ons’ with the two being within two stapdard _dewat'lons of
rather than from a curve fit. We define the contrast as th&2ch other at all instances. Also shown is the incoming atom

ratio of the height difference between the structure top andU* (dashed lines The diffusive broadening appears to be
the background and the height difference between the bacigonstant. Thls confirms our model of atoms that can diffuse
ground and substrate. We determine the background level t{?r a certain length until they encounter a pollutant atom.
taking the average height of the leftmost 50 grid points. All he contrast of these structures is shown in the top half of
structure widths and contrast ratios given from this pointFig- 5. As can be seen, it increases with increasing structure
onwards are the averages of five simulation runs, and aWidth. This supports our earlier conclusion that the back-
error bars indicate standard deviations of these distributionglround height is not enhanced by the diffusion processes, but

Figure 4 shows the resulting structure FWHM and con-that instead the peak area remains constant. The structure
trast as a function of effective pollutant flux. At low fluxes, height then decreases as a result of the broadening.
diffusion clearly causes a lot of broadening. Also, the struc-  Varying the atom flux contrast ratio, we found no effect
ture contrast is reduced strongly. These effects are vergn the resulting structure widths; however, we did find that a
clearly suppressed by increasing pollution. The width of thegreater atom flux contrast gives a greater structure contrast,
structures found matches that found by Andersoal® for  as shown in Fig. 6. This, too, favors the notion of the struc-
an effective pollutant flux of 2010 3ML/s. This is well  ture being smeared out by diffusion more or less indepen-
within the range predicted in Sec. Ill, and close to the rougtdently from the background.
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FIG. 6. Influence of flux contrast on structure contrast. Dashed line: strucg|G. 8. Structure width as a function of deposition duration. Line: simula-

ture contrast equal to flux contrast. tions. Circles: experimental data. The slow increase in structure width at
long deposition times is not reproduced, whereas the rapid decrease at short
deposition times is.

B. Temperature

One peculiar experimental result was the lack of tem-C- Deposition duration

perature dependence. The temperature dependence of the re- Finally, we investigate the dependence on deposition du-
sults from our model is shown in Fig. 7. For a hopping ration, which we also compare to the experimental data.

activation energy of 0.3 eV, we find no temperature depenshown in Fig. 8, the width of the experimental structures is
dence above 250 K. Below this temperature, we find that théarge with a large uncertainty for very short depositions, after
diffusion is limited by the low hopping rate rather than by which the structures become rapidly narrower. At longer
pollution. At higher temperatures, when the diffusion lengthdeposition times, the width of the structures increases slowly.
of an atom is determined by the distance to the nearest pobpuyr simulations reproduce the initial increased width of the
lutant adatom or molecule, diffusion becomes temperaturgtructures at least qualitatively. Simulation runs using a
independent. Lowering the activation energy lowers the dif{arger sample at short deposition times show that the in-
fusion saturation temperature, as shown in Fig. 7. As thereased scatter in structure widths is not a statistical fluke,

range of temperatures investigated by Andersbal. runs  put rather a consequence of increased scatter in the out-
from 200 to 350 K, we find that the effective diffusion bar- comes.

rier of Cr mlght be lower than we have assumed in this work. At |0nger deposition times, our simulations fail to repro-

However, it is not a very critical parameter in our model. Theduce the slow increase in structure width. We find three pos-
other parameter from Ed1), Ry, has no influence on the sjble explanations for this. One reason is that the barrier to
simulation results if varied by a factor of 10. Temperaturediffusion thrown up by the pollutants is too absolute in our
affects structure contrast as little as expected: there is ngimulations. By this we mean that in real, two-dimensional
effect on contrast as long as there is no effect on structurgepositions, the presence of a pollutant does not mean an
width. Only at low temperatures or high diffusion energiesabsolute barrier: an atooould diffuse around it. In our one-
does the contrast increase towards the value of the atomiﬁmensionm simulated surface, there is no way around a pol-
beam flux contrast. This is a logical result in the absence ofytant at all. Second, there is also the possibility of thermal or
diffusion. other drifts of the substrate relative to the standing wave. The
drift that would need to occur is something of the order of 10
nm over a mirror-to-line distance of around 2 mm. This
means a relative length change of around 8 6. If we
attribute this to a thermal expansion of the Si substrate, the
temperature drift needed is around 2 K. Note that structure
width dependence on thermal drift is something different al-
together from dependence on absolute temperature. A third
] effect could be that diffusion of the pollutant species is not
completely absent, but just much slower. We deem this rela-
tively unlikely, as it would require a very specific activation
energy of pollutant diffusion.

0.25 eV ¥
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0.30 8V

53
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(=]
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200 250 300
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V. ES-BARRIER LIMITED SURFACE DIFFUSION
As in the previous section, we begin our investigation of
FIG. 7. Temperature dependence of the resulting structures. Dotted linES_parrier effects by Iooking at the structures predicted. Fig—

indicates experimental value, dashed line indicates flux distribution. . . .
Squares: simulated width&€3=0.3 eV. Triangles: simulated width&y ure 9 displays four of the simulated structures for two differ

—0.25eV. Circles: simulated width&,=0.2 eV. Temperature has no in- €Nt values of the ES barrieEgs= Q.ZeV E}t the top, and
fluence over a wide range. Ecs=0.09 eV at the bottom. The biggest difference between
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spread in their FHWM increases dramatically. This is a side
effect of the increased surface roughness at liigh. Re-
3 50 100 100 20 stricting ourselves to modest values of the ES barrier, we find

x (nm) the best agreement With experiment at a \./alue.@fs

=0.09eV. We will use this value in all following simula-
FIG. 9. Simulated structures with Ehrlich—Schwoebel barrier. Top: twotions.
simulation runs with identical ir_]itial conditionsEgs=0.2 eV. Bottom: We now proceed to investigate the temperature depen-
same, forEES: 0.09 e\/. Note the increased surface roughness of the structIence of the structures’ width. Figure 11 shows the FEWHM
tures at high ES barrier. . 9 ]
of the simulated structures as a function of temperature. The

dependence of structure width on structure height is dra-

the two is the marked increase in surface roughness at high81atic. At low temperatures, the ES barrier effectively ap-
Ecs. This is an expected effect. As the ES barrier increaseBears to block nearly all diffusion. The resulting structures

an atom’s residence time on a terrace, islanding will occur Orpave widths similar to the width of the atom flux distribution.
smaller terraces, leading to increased roughening. Howev At higher temperatures, the width of the structures increases

experimental investigations, using a scanning electron microc_iramatlcally. This is in clear disagreement with the experi-

scope(SEM),?2 show no roughness on that scale. This leagdnental findings of Andersoet al® We believe that this is
us to discou’nt the possibility of a very high ES barrier. natural, as crossing the ES barrier is a thermally activated

The next step is to determine the absolute value of th@rocess. We conclude that, although an ES batrrier very prob-

ES barrier. The simulated structure widths at various value&P!y does existfor Cr, its effect is not such that it can explain
of Egs are shown in Fig. 10. The FWHM of the structures (N€ experimental data.
was determined as in Sec. IV. At loBgg, the structures are
very broad, and they become narrower with increasiig V1. CONCLUSIONS
until a value of around 100 meV. At higher values B, We have modeled structure broadening by atomic diffu-
the structures no longer become much narrower, but theion in atom lithography. In our models, we have assumed
that atomic diffusion occurs as a thermally activated process
that is frustrated by some kind of barrier. We explore two
different possible causes for this barrier. One mechanism is
that pollutant adatoms from the vacuum background limit
surface diffusion by posing a physical barrier. The alternative
is that surface diffusion is limited by an ES barrier that is
inherent in surface diffusion. We have performed kinetic
) Monte Carlo simulations of both limiting mechanisms.
The results of the pollutant-based simulation match the
.......................... ] experimental resultsvery well. The barrier imposed by the
pollutant species effectively suppresses the temperature de-
pendence of the structure broadening. The only incongruence
80 100 150 200 250 300 between our model and the experimental results is in the
Ehrlich-Schwoebel barrier (meV) deposition time dependence of the structure widths. At

) _ _ _ ~longer deposition times, our model fails to predict the ob-
][T'G' 10. Simulated structure width as functionigfs. Dashed line: atomic = a6 increase in structure broadening. This could be due to
ux width. Dotted line: experimental structure width. The large spread in ] . . . .
outcomes at higlE.s is due to increased surface roughening for a high Es the one-dimensional nature of our simulations or to experi-
barrier, as seen in Fig. 9. Vertical line indicates model value. mental drifts. A third possibility is that it is due to one of the

Structure width (nm)
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