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Abstract

BACKGROUND: Previous simulation work has shown that uncatesl Gaussian randomness in the
development rate produces surface roughness gist tieat obeys Family-Viscek scaling in the KPZ
universality class. However, more rigorous medessimulations produce anomalous scaling.
METHODS: Using a stochastic resist simulator, the dynahigughness behavior of resist development in
2D is studied with various amounts of correlatiotbie underlying development rate randomness.
RESULTS: For length scales greater than abafi(tbe correlation length of the underlying randoss)e
the dynamical roughness behavior obeys standardy-®iacek scaling within the KPZ universality ckas
For length scales on the order of a féwor less, the mixed correlations of bdthndé, make the results
anomalous.

CONCLUSIONS: It appears that correlations can explain attlsashe of the anomalous scaling behavior
observed previously through the use of mesoscalelations. Simple scaling relationship can stiibly,
however, over appropriate length scales.
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1. Introduction

Stochastic models of lithography consider fundamdesvents such as the absorption of a photon or
the chemical reaction of a molecule as stochastients. As such, these events are described
probabilistically, with the mean-field “rate” eqimt describing the probability that the event osculOf
course, such a probabilistic description will noaka deterministic predictions — instead, quantitiés
interest will be described by their probabilitytdisutions, which in turn are characterized by thmoments,
such as the mean and variance. While stochastieling has been successfully applied to photoresist
exposure and post-exposure bake (PEB) processescémt years>*°the stochastic behavior of resist
dissolution is much less understood. Ultimatehe final result will be a roughness of the resesttfire
sidewalls that leads to line-edge roughness (LER)lime-width roughness (LWR) of the resist feature

Since the final LER of a high-resolution lithoghip feature will include all resist and aerial inrag
contributions, studying LER to extract the conttibo of just resist development can be difficult.simpler
approach is to remove the aerial image from theegxyent and study the resist surface roughness afte
uniform open-frame exposure and development. Teead surface roughness after open-frame exposure
and development as a probe for understanding ticbastic nature of resist development will be exeaiin
detail in this paper.

In previous work:”® the concepts of dynamical scaling in the studykioktic roughness were
applied to the problem of photoresist developmebiiform, open-frame exposure and development of
photoresist corresponds to the problem of quenobést and the etching of random disordered mediandJ
simulations of photoresist development in 1+1 ard Aimensions, the resulting kinetic roughness was
shown to fall in the Kadar-Parisi-Zhang (KPZ) unmiadity class for the case of fast developmentis paper
will extend this previous work in several new ways.
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First, simulations using correlated developmem¢ mroise (rather than the uncorrelated noise of
previous work) will show whether kinetic roughneiging development dominates the final lithographic
roughness or whether the underlying developmestmaise, coming from earlier stochastic processel s
as exposure and reaction-diffusion, controls thalfsurface characteristics. Second, by slowingndthe
mean development rate while keeping the noise tegim, simulations will indicate whether the KPZ sda
holds in this regime or a different universalitass is needed (if one even exists).

2. Correlationsin the Development Rate
Dissolution rate uncertainty will inevitably resurom uncertainty in the underlying inhibitor

concentration (for example, the concentration oftguting groups in a chemically amplified resist).
Consider a simple development rate function

(@a+)@a-m" or Q= (n+1) (L-my,)"

a+@l-m" ™ (n-1) @

r(M) =

wherer is the development rate is the relative protecting group concentratiord Ry, r'min, N, andmy, are
model parameters. Here, we will neglegt as small compared to the development rate inegen of
interest. The edge of a photoresist feature véttassarily have a protection level near the knethef
development rate curve, so thmt> my. Thus, ifn >> 1, the development rate in this region will vgell
approximated by

r(m=r@-m", . =r a+l 2

max — max

a

This development rate expression will be used thinput this paper. While simple, it accuratelyeets the
non-linear development rate response for exposutalaprotection levels expected near a photoredig.

Suppose thai is a random variable with a normal distribution, thatm ~ N, o). Further
suppose that nearby grid points in a simulatiorun@ are correlated. In order to simulate the irhpéc
dissolution one must first define this correlatiaisjing either an autocovarience function fiafx,y,2), or,
equivalently, its power spectral density (PSD).eTWwo functions are related by a Fourier Transfoim.a
previous study® the autocorrelation function of the effective acahcentration during PEB for a chemically

amplified resist(ﬁHeﬁ ) was described.

i [ Rese (R 1 + )0
Ry, (== 3)
[[Rese (0] 2

where the reaction-diffusion point spread functig®s) has analytical forms in one, two and three
dimensions.

While the integrals in equation (3) cannot beiedrout analytically in any dimension, the Fourier

Transform of equation (3) can, yielding the PSDntetestingly, performing the calculations produties
same PSD, to within a scale factor, for one, twid thnee dimensions.
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(4)

PSD(f)=PSD (@[ﬂ}

(7€ 1)

where the correlation length-like paramefas related to the acid diffusion lengt by EzﬁaD. The
zero frequency PSD is calculated from Parsevaésritm.

PSD(0) 3/nto 1.60466503
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There is no universally accepted definition ofretation length I.,) that can pin down its value
except to within a multiplicative factor. One defion, for example, is based on the frequency Wwhic
reduces the PSD by a factor of 2.

PSD[f: 1 J:PSD(O) (6)

2L, 2

By this definition, the correlation length of theaction-diffusion system is related d®y Lo = 0.581%F =
0.822%; (for 1D, 2D, and 3D). Another common definitigprpposed by Stratonovith is the mean value
of the autocorrelation function.
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where the autocorrelation function is assumed tarbeven function of the distance The second integral
can be simplified by changing the order of inteigratgiving a result that depends on the dimenditynaf
the problem.
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Carrying out these calculations for the reactidifudion PSD,

W
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Thus, depending on the definition used and the d#momality of the problem, the correlation length i
between 0.58 and 1.4%. For the remainder of this paper, | will use them correlation length for the
reaction-diffusion system as being synonymous thithparametef.

The relationship between the effective acid cotre¢ion He) and the relative concentration of
protecting groups in the chemically amplified re¢is) is exponential, making calculation of the PSDrfor
difficult. To simplify matters here, we will assenthat the effective acid concentration near tlséstdine
edge is sufficiently small that a linear approxifmatto the exponential relationship is reasonafilbus, the
relative protecting group concentration will havB®D of the same form as equations (4) and (5)rentine
variance of the effective acid concentration islaepd by the variance of the relative protectingugr
concentrationg?. To use this PSD in development simulations, thoteof generating correlated random

development rates must be used, as described reiesection.
3. Numerically Generating Random Rough Volumes of Development Rate

Given a normally distributed random varialte~ N( o) and a desired PSD, how does one
generate a random volumerofx,y,2) on a regular grid? While there are several nashavailable, | prefer
the approach proposed by Thor$bsThe goal is to create a grid of random numbetth & Gaussian
distribution and with spatial correlations that Wwbproduce, on average, a given PSD. Thorsos itheskcr
the algorithm in one dimension, which will be regwoed briefly here. GiveN, grid points with spacingx
covering a distanck, = N, AX, the relative protection concentration at the pxirs n Ax is given by

N, /2-1

mix) = S F(f, ) (10)

X j==N, /2

where this calculation is performed as the Fastrieourransform (FFT) of on a grid of frequencies
f, = j/L, . The functiorF, in turn, is calculated from the amplitude of #@D (for j > 0):

)= ol 02 7o "

m ,J=0,N, /2

where r7; and 77, are two independent N(0,1) random numbers. SmEg) must be real, the negative
frequencies oF are obtained from a symmetry relationshilﬁ(f_j)z F* (fj )
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The Thorsos algorithm can easily be extended tamd three dimensions, so long as care is taken
to properly produce the boundary conditions (a lyureal random number is used at the origin anthet
outer edges of the volume) and the symmetry tdtresa purely ream. In two dimensions, this requires

ReF(f f, f=ReF(- £~ 1,
ReF(- T, T, f=ReF (-, )
im{F (£, £, == Im{F (- £ 1, )

Im{F(_ feo fy)}:_lm{ ( X1 fy)} 12)

In three dimensions,

F(-f,.~f,. 1) (13)

The random development rate is produced by puttiegandom value oh for each grid point into
equation (2). As a first step, the resulting voduai random development rates were analyzed byekig
its PSD. Since the result is inherently sphenycsyimmetric (dictated by the symmetry of equatidy),(the
PSD as a function of the three spatial frequennyedisions was interpolated onto one radial-direcgjidah.
This provides an added benefit of significant agara for high spatial frequencies (though none tfoe
lowest frequency). Example development rate P&Dsyo and three dimensions, are shown in Figure 1

(rmax = 200 nm/smy, = 0.5, anch = 10).
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Figure 1. Example power spectral densities of dgwakent rates generated by the procedure presentbd ipaper
(1 =0.73,0,,= 0.03, 1000 trials averaged together), for (a)-thmensions, and (b) three dimensions.

The shapes of the resultant development rate R8Dsimilar to, but not exact the same as, the PSD
function of equation (4). By fitting this equatitm the numerical results, the impact of the higtylinear
development rate function is seen to be a smaliedse in the correlation length as a function @f th
development nonlinearityy, multiplied by therelative noise in the protecting group concentratim/(1-L).
Figure 2 shows these results, along with a quadiato the data.
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Figure 2. After calculating the development ratdORfS three dimensions (using a correlation lengtii@ nm for
the protecting group concentration), an estimatthefresulting correlation length was made byrfitto
equation (4), shown as the data points. A quadfiatio the data is also shown.
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4. Simulation Results

Using a development volume generated with the eargpatistical properties (including the proper
correlations), simulations were carried out to ethe resist height as a function of developntené for
an open-frame exposure/development in the presantes stochastic dissolution-rate noise. For(2B1)
simulations, the grid size was set to 1 nm, sintavidths in x and y were 511 nm, and the resistkhess
was 511 nm. The parameters werg = 200 nm/smy, = 0.5, andn was varied between 5 and 15. The
development time was adjusted in each case s@ppaoximately 1000 time steps would allow the frimt
reach the bottom of the resist. For each comhinatf ¢ and g, evaluated, the development front
propagation rate was determined by fitting the agerresist surface height versus time with a sttdige.
An example of 3D simulation results are shown i Bi

35 T

30 _; &n=10,Lc=0 g
n =10, Lc=5nm

25 L On=10,Lc=10nm
[On=10, Lc=15nm

Propagation Rate/r(L)

2.50 3.00

Figure 3. Calculation of the mean propagation Htehe development front in 3D far = 10 and for various
correlation lengths (Lc) ah. Each data point is the average of 4 trials.

In addition to investigating mean propagation saté a development front, the change in surface
roughness with development time was investigatéuyuen approach calledynamical scaling.®’ The RMS
surface height difference, often called theerface width or the surface roughness, of a statistically self-
affine surface scales with the measurement lebgth

o, 07 (14)

whereq is called theoughness exponent. Resist surfaces are self-affine only over aaegimaller than the
correlation length of the roughness. Also, as ligreent proceeds, stochastic effects lead to arased
roughening of the surface. Thus, the statisticalperties of the interface are a function of time.
Empirically, many problems in etching and depositghow a roughness that, for moderately small times
grows as
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g, 0t (15)

wheregis called thegrowth exponent. The growth in roughness as development procgeels not continue
indefinitely. For a given measurement slzethe interface roughness saturates after a longgmtime.
However, since the roughness varies withaccording to equation (14), the point of saturatisith
development time depends on the size of the measmteregion. The overall scaling, called Familga8k
scaling, can be summarized*as

t
o, L9t [Fj (16)
i
where fuy=JY U<t
1 u>>1

andz = a/fis called thedynamic exponent. The proper choice af and S allows dynamic roughness data

[au(L,1)] to collapse to a single universal curve forlalbiving a very sensitive method for determiningsé
exponents.

The dynamic exponent controls the increase imserfoughness correlation (also called the parallel
correlation lengthé)) with development time. If, due to random fludtaas, one point in the resist interface
develops down more quickly than the rest, this d@mip the resist surface will begin to spread laitgr
Thus, the neighboring points on the interface téiVe a resist height that is correlated with thgimmal fast-
developing point. Initially, thig-y plane correlation length is small, but it growshwtime as

& Ot (17)

Previous work showed that Family-Viscek scalingusately described photoresist development
when the development rate uncertainty was Gaussidruncorrelated, with results that fit perfectiyoi the
KPZ universality clas§! However, Constantouda al. showed that Family-Viscek scaling did not apply t
2D simulations using a physically-based mesosdaialator® Thus, one goal of this work is to explore the
cause of the anomalous scaling observed by Coosidistusing a simpler simulation framework.

First, uncorrelated random variation in the proterlevel withm ~ N(y, g;) was used to generate
random values of dissolution rate at each gridtdmjrinsertion into equation (1). Simulation amakysis as
described previously was applied to generate dynamiface roughness data across multiple lengtesca
Figure 4 shows the resulting surface roughnessfascion of development time, and the results aiiy-
Viscek scaling, for 2D (1+1) simulations (2048048 grid points). The Family-Viscek scaling workery
well to collapse the data usirg= 0.48 andB = 0.33, very close to the 2D KPZ values of 1/2 arg|
respectively. The data shown is for 5, but then = 10 results are similar. Note that the first fiawe steps
(corresponding to about 9 seconds and 8 nm oftnesisoved) do not match the Family-Viscek scalisg a
well as the rest of the data, giving the smalllstaflaring away from the collapsed curve showrfig. 4b.
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Figure 4. Two-dimensional dynamical simulationssofface roughness with uncorrelated random protggioup
concentrations and = 10. a) Raw data, and b) scaled with Family-¥ksasinga = 0.48, ang3 = 0.33.
Data shown is the average of 1600 trials.

Examining the power spectral density of the resigtface at different development times also
provides insight into the dynamic roughening preceg&igure 5a shows the resist surface PSD under th
same conditions as Figure 4, for development tistaing at 23.6 s in increments of 23.6 s. ThalpA
correlation length of the resist surface was egtthdy fitting each of these curves to a PSD exsinas
inspired by the reaction-diffusion PSD of equatfé)) adding an adjustable exponemnt,

1-g "’ J

18
(&, 1Y (18)

PSD(f) = PSD(O){

Each curve was well fit using= 0.93, giving a value for the roughness expowért = 0.43. An example
fit is shown in Figure 5b.

By plotting the resulting correlation length auaction of development time, the scaling exporent
can be obtained from equation (17). The resuthimvn in Figure 6, producing= 1.42. Usinga = 0.43,
this gives = 0.30 (close to the values obtained by findirglilest collapse of the scaled roughness data).
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Figure 5. Two-dimensional dynamical simulationssofface roughness with uncorrelated random protggioup
concentrations and = 10. a) PSD at development times in incremef3c%6 s, and b) fit of the PSD
data for t = 70.8 s shown as the thin red linetal3&own is the average of 800 trials.
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Figure 6. Analysis of the PSDs as shown in Figyraswell as those generated for other developtitaes, shows
the growth in the parallel correlation length witvelopment time (symbols). A fit to the scaliagvlis
shown as the solid line.

Next, correlation was added to the random pratgctiroup concentrations using the approach
discussed above. Correlation lengths between 3&min were used with = 5 and 10, and witly = 0.73
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and gy, = 0.03. Figure 7 shows the dynamical roughnets @iar 1+1 simulations), along with an attempt at
Family-Viscek scaling using = 0.48, ang3 = 0.33. From the unscaled data lfior 2048 in Figure 5a, it is
clear that the roughness grows more quickly dutirggfirst 20 seconds or so of development, thewsslo
During this early part of the developmefitz 0.75 whené = 5 nm,5~= 0.92 whené = 15 nm, and3= 1.0
whené =30 nm. In the later part of developmefgpproaches the KPZ value of 0.33. Note that, raling

to Figure 2, the development rates will have aatation length that is 90% of the protecting group
correlation length whep = 0.73,0;, = 0.03, andh = 10.

10 -

01+

100 T

L=2048
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W
-
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1 10 100 1000 10000 0.00001 0.001 0.1 10
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Figure 7. Two-dimensional dynamical simulationssafface roughness with correlated random proteajiogip
concentrationsd= 5 nm) anch = 10. a) Raw data, and b) scaled with Family-¥ksasinga = 0.48, and
£=0.33. Data shown is the average of 1000strial

Also, this initial development shows a slower pesgion of the development front from the mean
development rate to a “steady state” front progagaiate. Figure 8 shows the front propagatioe (#te
rate at which the average surface height moves dawd) as a function of depth into the resist fdfedent
correlation lengths for the protecting group coriion. For all cases, the front propagation tedgins at

the mean dissolution ral(e) (which was 0.57 nm/s in this case), staying aualius rate until it reaches a

depth into the resist equal to about 2/3 of theetitgpment rate correlation length. The front pregiem rate
then grows to a steady-state front propagation (@&4 nm/s here), and the transition takes corelii
longer as the underlying uncertainty becomes monelated. Using a é/criterion, the data from Figure 8
shows that uncorrelated randomness in the develaprate requires about 5 nm of depth into the réeis
approach the steady state front propagation ratethee cases of correlated randomness requireth dep
the resist equal to about five correlation lengths.

Advances in Resist Materials and Processing Technology XXIX, SPIE Vol. 8325 (2012) 11



0.90 T
0.85 |
0.80 |
0.75 |
0.70 |
0.65 |

060 |

Front Propagation Rate (nm/s)

055

OLc=30nnm

050 b
0 50 100 150 200

Depth into Resist (nm)

Figure 8. The average front propagation rate irsggavith depth into the resist (shown hereifer0.73,0;, = 0.03,
andn = 10 and for correlation lengths from 0 to 30 nrData shown is the average of 1000 trials.

If this initial portion of the simulation is exaled, the remaining dynamic roughening more closely
follows Family-Viscek scaling with the KPZ exponentFigure 9 shows the results wherr 0.73, g, =
0.03,n = 10, and the protecting group correlation length5 nm. The first 80 nm (out of a resist thickne
of 2047 nm) of data were removed. All but the 16, 32, and 64 nm length scales collapse (appaigly)
onto one curve. Thus, at all length scales grehter about five development rate correlation lesgthe
dynamic roughening obeys Family-Viscek scalinghe KPZ universality class. For length scales thas
this (both parallel to and perpendicular to the imgvesist surface), the scaling remains anomal&@isnilar
results were obtained with an underlying correfatiength of 5 nm, showing KPZ scaling at lengthleza
above about 25 nm.

The reason for the anomalous scaling is the méxairtwo sources of correlation along the resist
surface. At first, the roughness of the developagist surface will exhibit correlation due to tiederlying
development rate correlations. But as developnpenteeds, parallel surface correlations will grow
according to equation (17). At times and lengtales where the parallel correlation length suffidie
exceeds the correlation length of the underlyinggfmess, Family-Viscek scaling will become manifest
This can also be seen from plots of the surfaceep@pectral density as a function of developmaneti
Figure 10 shows an example after 186 seconds @lal@went (corresponding to 129 nm of resist rempved
for case off = 15 nm. Equation (18) fits the PSD well fox 1/(272€), using the samse = 0.93 as for the
uncorrelated case. Higher frequencies, correspgrtdilength scales less thgnshow a greater slope, with
a~= 0.7, though an accurate determinatioma$ difficult.
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Figure 9. Scaled dynamic roughening 2D simulatiaite the top 80 nm of resist thickness data remoiadwn
here foru = 0.73, 0, = 0.03, anch = 10 and for a protecting group correlation lengtil5 nm). Data
shown is the average of 1000 trials.
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Figure 10. PSD after 186 s of development, cornedipg to a depth of 129 nm into the resjst=(0.73,0;,, = 0.03,n
= 10, and a protecting group correlation lengthl6fnm), with a fit shown as the thin red line. ®at

shown is the average of 1600 trials.
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5. Conclusions

Previous work has shown that uncorrelated Gaussiatlomness in the development rate produces
surface roughness in a resist that obeys Familgekiscaling in the KPZ universality class. The aka
heavily skewed but uncorrelated development ratabadility function, a result of a high dissolution
selectivityn, does not change this result. Once correlati@udged to the spatial distribution of development
rates, however, the dynamical scaling becomes adoosa

By carrying out 1+1 simulations of resist devel@min under varying amounts of correlated
development rate randomness, a transition betweemaous and KPZ scaling was observed. For length
scales greater than abouf Both along the surface and with depth into treistethe dynamical roughness
behavior obeys standard Family-Viscek scaling witthie KPZ universality class. For length scaleshen
order of a fewé or less, the mixed correlations of bafland § make the results anomalous. In this regime,
both a and S are higher than the KPZ values. It appears thakelations can explain at least some of the
anomalous scaling behavior observed previously @ys@ntoudfs

So far, all simulations have assumed a simulatddnve with a uniform value ofs (that is, no
gradients in exposure). Future work will add geatls, such as are found near a line edge, to uaddrs
their effect on the dynamic roughening process.
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