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A model was developed for predicting the collapse behavior of photoresist structures due to the
drying of rinse liquids during wet chemical processing. The magnitude of the capillary forces was
estimated using the classical thermodynamics of surface tension, and the deformation of the
structure was modeled using beam bending mechanics that accounts for both elastic and plastic
modes of deformation. The two-dimensional model can predict the critical beam height of collapse
as a function of the wetting behavior of the rinse liquid on the beam, the elastic and plastic
mechanical properties of the polymeric photoresist, and the beam dimensions. Collapse behavior
was predicted for polymer nanostructures with elastoplastic mechanical properties similar to those
of bulk poly(methyl methacrylate). We have compared the collapse predictions from our model with
the results of models that account only for elastic or plastic deformation behavior. Regimes in the
elastic-plastic mechanical property space for which it is necessary to use the developed beam
bending model have been highlighted. It is shown that in some cases the inclusion of both elastic
and plastic mechanical properties is necessary for modeling the collapse behavior of polymer beams
fabricated using the lithographic process. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1768614]

I. INTRODUCTION

The semiconductor industry is constantly pushing the
limits of the lithographic process used to fabricate integrated
circuits. Structures are routinely generated with at least one
dimension less than 150 nm, and the smallest features have a
minimum dimension, known as the critical dimension, of
approximately 70 nm.1 The basic lithographic process used
to fabricate microscopic and nanoscopic systems involves
spinning a film of radiation-sensitive polymeric photoresist
onto a substrate, followed by an exposure step and some-
times a bake step to induce dissolution rate differences be-
tween the exposed and unexposed regions.2 A development
step followed by liquid rinsing and drying processes are used
to produce the desired pattern in the photoresist. This photo-
resist pattern can subsequently be transferred to the substrate
via etching techniques. The International Technology Road-
map for Semiconductors predicts that the patterned photore-
sist features must have an aspect ratio, defined as the ratio of
feature height to critical dimension, of at least 3 to 4 to
provide the necessary level of etch resistance for all future
technology nodes.1 However, an emerging difficulty in the
fabrication of densely packed, high aspect ratio structures
using standard polymeric photoresists is that of pattern col-
lapse. Pattern collapse is the deformation of the photoresist

structures in response to unbalanced capillary forces present
during the drying step of the lithographic process.3 To under-
stand the collapse phenomenon it is necessary to develop
appropriate predictive models. Tanakaet al.utilized classical
beam bending equations and the classical thermodynamics of
surface tension to predict collapse behavior based on the
structure’s dimensions and the material’s elastic properties.4

The elastic mechanical properties of photoresists have been
determined by comparing the model predictions with the col-
lapse of experimental structures.

Past work by our group suggests that photoresist struc-
tures undergo both elastic and plastic deformation during
pattern collapse.5 Deformed structures which display plastic
yielding near the substrate-photoresist interface have been
observed in scanning electron microscopy(SEM) images of
collapse(see Fig. 1).5 In addition, we have developed nanos-
cale test structures of photoresist beams that deform in re-
sponse to carefully well-defined capillary forces;6 by com-
paring the bending behavior of one- and two-beam test
structures it has been observed that plastic yielding may oc-
cur even for small deformations. The designed test struc-
tures, when employed in concert with appropriate beam
bending models, should also provide a powerful technique
for measuring the mechanical properties of photoresists. The
developed beam bending model must consider both the elas-
tic and plastic deformation behavior of polymeric photore-
sists. The beam bending model developed by Tanakaet al.
considers only elastic mechanical properties and hence ig-
nores the yielding and plastic deformation observed in poly-
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mers, especially glassy polymers, at relatively small strains.4

Alternative models of collapse have assumed a purely rigid-
plastic response and should only be applied to stiff materials
in the limit of extremely narrow beams.7

In this paper we develop a continuum-level beam bend-
ing model that incorporates both the elastic and plastic me-
chanical properties observed for polymer materials such as
photoresists. It is demonstrated that when combined with a
model of the capillary forces, the elastoplastic beam bending
model can be used to predict the critical dimensions of pat-
tern collapse for photoresist structures. A comparison be-
tween our elastoplastic beam bending model and the solely
elastic and solely plastic models is performed, and the me-
chanical property regimes in which the deformation models
become different are discussed.

II. TWO-DIMENSIONAL MODELS OF ELASTIC
AND PLASTIC BEAM BENDING

The models discussed in this paper have been applied to
systems in which two parallel polymer structures of widthW
are separated by a narrow space of dimensiond that is filled

with rinse liquid. On the outside of the beams it is assumed
that there is no rinse liquid. Figure 2(a) depicts the three-
dimensional situation of interest. This complex three-
dimensional case can be simplified to a two-dimensional
model if it is assumed that the structures have a much greater
lengthD than separationd and in-plane height and widthH
andW, respectively. The capillary forces present in this sys-
tem require that the beams deform towards each other[see
Fig. 2(b)], and collapse is said to occur if the beams remain
permanently deformed or are touching after completion of
the drying process.

Any model of photoresist deformation during the drying
process must consider both the capillary forces acting on the
structures and the deformation behavior of the beams in re-
sponse to the imposed force. The capillary forces present
during the drying process may be estimated by the Young-
Laplace equation in two dimensions.8 The pressure differ-
ence across the rinse liquid and air interface,DP, is

DP = gS 1

r1
+

1

r2
D , s1d

whereg is the rinse liquid surface tension, andr1 andr2 are
the principal radii of curvature of the meniscus perpendicular
and parallel to the structures, respectively. If it is assumed
that the pressure above the meniscus and on the outside of
the polymer features is at atmospheric conditions, then the
quantityDP also represents the difference in pressure acting
on the outside and inside walls of the beams. The net capil-
lary force F acting on the outside surface of each polymer
structure is

F = DPHD, s2d

whereH andD represent the height and depth of the struc-
ture, respectively.

The radii of curvature of the meniscus can be estimated
by modeling the shape of the liquid surface as a section of a
cylinder [see Fig. 2(a)] and assuming a constant receding
contact angleu of the rinse liquid on the polymer. The radii
of curvature are estimated as

FIG. 1. Cross-sectional scanning electron micrograph of collapsed Apex E
photoresist structures. The pattern consists of dense lines 150 nm wide with
a period of 400 nm.

FIG. 2. Geometry examined by the two-dimensional beam bending models. In each model the rinse liquid is trapped between two parallel polymer beams,
while the outside pools are assumed to be very large and do not contain any rinse liquid.(a) A three-dimensional view of the polymer beam geometry prior
to deformation indicates how the rinse liquid meniscus can be modeled as a portion of a cylindrical surface. The beams are initially separated by a distance
d and each beam has a widthW, a heightH, and a lengthD. The initial capillary line forcev acting on the polymer beams is a function of the meniscus’ radius
of curvaturer, the receding contact angleu, and the rinse liquid surface tensiong. (b) The two-dimensional cross-section view of the beams during
deformation demonstrates that the meniscus’ radius of curvature is dependent upon the maximum deflectiondmax and the angle of deflectionf of the beams.
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r1= d/2cosu and

r2 = ` s3d

when D@d. Consequently, the line forcev felt by each
structure can be calculated by combining Eqs.(1)–(3),

v =
F

H
= DPD =

2gD cosu

d
. s4d

It is important to note that Eq.(4) considers only the initial
capillary forces and does not include the increase in forces
which occurs as the structures deform and become closer
together at their tops. As demonstrated in Fig. 2(b), the me-
niscus’ radius of curvature is decreased as the beams deform.
Incorporation of details on the maximum displacementdmax

and the angle of deflectionf of the structure allows the
radius of curvature to be determined throughout the deforma-
tion process,

r =
d − 2dmax

2 cossu − fd
. s5d

Substituting Eq.(5) into Eq. (4) allows the line force

v =
2gD cossu − fd

d − 2dmax
s6d

to be calculated throughout the deformation of the structure.
In previous work beam bending models based on either

purely elastic or purely plastic material properties have been
used to characterize nanoscale deformation behavior. Tanaka
et al. developed a model for the deformation of photoresist
structures involving perfectly elastic cantilevers.4 Using clas-
sical continuum-level mechanics the displacement of the top
of the photoresist structure is given by

dmax=
vH4

8EI
s7d

andf is given by

tanf =
vH3

6EI
s8d

in which E is the Young’s modulus of the elastic material and
I is the moment of inertia.9 For the beam geometryI is de-
fined as

I =
DW3

12
. s9d

It is important to note that Eqs.(7) and(8) apply only in the
elastic regime and cannot appropriately be applied to beams
undergoing plastic deformation. Tanakaet al. obtained an
expression fordmax by substituting the line force[Eq. (6)]
into Eq. (7),4

dmax= Sd

4
−

gH3 sinu

EW3 D
−ÎSd

4
−

gH3 sinu

EW3 D2

−
3gH4 cosu

2EW3 . s10d

The critical structure height of collapse,Hc, can be calcu-
lated by requiring that the slopeddmax/dH goes to infinity

when collapse occurs. The physical interpretation of this col-
lapse criterion is that whenddmax/dH→`, the elastic restor-
ing force of the bent elastic beam is unable to balance the
increasing capillary forces and the structures will continue to
be displaced until they come into contact. The resulting ex-
pression forHc was the cubic equation

Hc
3 + Hc

2Î3EW3 cosu

2g sin2 u
−

EW3d

4g sinu
= 0. s11d

Consequently, the critical collapse height could be deter-
mined when the structure dimensions(W andd), the physical
rinse liquid properties(u andg), and the elastic mechanical
propertysEd were specified.

A deformation model based solely on the yield stresssY

of the material has been utilized by Namatsuet al. to exam-
ine the collapse of narrow Si structures.7 When an initial
capillary line force is applied to the beams, the point of
maximum stresssmax occurs at the corners of the structure-
substrate interface. The maximum stress was given by9

smax=
vH2W

4I
s12d

and collapse was assumed to occur whensmax equaled or
exceeded the yield stress of the material. Applying these as-
sumptions,Hc was determined to be

Hc = WÎ sYd

6g cosu
. s13d

Note that this expression does not include any information
on the material’s elastic behavior, nor does it account for the
increase in capillary forces that occurs during elastic defor-
mation. This plastic beam bending model should not be ap-
plied to polymeric microstructures because complete struc-
ture collapse cannot be equated with mechanical yielding at a
single point within the structure. Such a plastic model is
physically relevant only in the limit of extremely narrow
beams of stiff and brittle materials.

These continuum-level mechanics models represent the
divergent limits of microstructure deformation. The work of
Tanaka et al. assumes perfect elastic deformation, while
Namatsuet al.have determined pattern collapse based solely
on the yield stress of the material. The perfectly elastic de-
formation model was developed for photoresist materials
patterned using x-ray radiation.4 Application of the model to
a polymeric photoresist provided an estimate for the Young’s
modulus that matched closely with that of the resist’s no-
volak base resin. In this paper we show that there are regimes
of deformation that can be sufficiently modeled using only
elastic material properties; however, this simplified elastic
model cannot appropriately be applied to materials that un-
dergo significant plastic yielding during deformation. In
comparison, Namatsu and co-workers have applied their
model to the deformation of narrow, parallel silicon beams
fabricated using electron beam lithography and chemical
etching techniques.7 Although successfully applied to thin
beams of silicon, this model remains valid only for stiff or
high moduli materials which do not undergo any consider-
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able elastic deformation prior to collapse. It cannot be ap-
plied to photoresist or polymer structures that deform both
elastically and plastically at small strains.

III. TWO-DIMENSIONAL ELASTOPLASTIC BEAM
BENDING MODEL

The following is a beam bending model for polymer
microstructures and nanostructures that accounts for the elas-
tic and plastic mechanical behavior of polymer materials.
The complicated stress-strain curve observed in glassy poly-
mers has been idealized by the elastic–perfectly plastic(elas-
toplastic) model of Fig. 3. In this simplified model the linear
elastic regime is characterized by the Young’s modulusE and
the perfectly plastic regime by a constant yield stresssY for
all strains.9 Note that the viscoelastic behavior of glassy
polymers is ignored by this simplification.

Stresses are induced within each structure as the beams
begin to deform elastically in response to the capillary
forces. The expected stress distribution near the fixed base of
the structure has been illustrated for different stages of de-
formation (see Fig. 4); the arrows in Fig. 4 represent the
normal stresses experienced during the beam bending pro-
cess. As expected, the regions of maximum stress are located

at the corners of the structure. The normal stress profile
throughout the structure when the response is purely elastic
is given by

ssx,yd =
My

I
s14d

in which the bending momentM is

M =
vx2

2
s15d

and x and y are the coordinates normal and parallel to the
substrate, respectively. At the corner at whichy=W/2 and
x=H, the normal stress[Eq. (14)] can be simplified to Eq.
(12). If the applied line force is large enough to cause the
stress at the corners to equal the material’s yield stress, then
the corners will begin to undergo plastic deformation[see
Fig. 4(a)]. Plastic deformation of the structure is initiated
when the line force equals

ve =
4sYI

H2W
=

sYDW2

3H2 . s16d

Larger portions of the structure will deform plastically as the
applied line force is further increased[see Fig. 4(b)]. The
normal stress profile will equal the material’s yield stress at
the outside of the structure, while the center region of the
structure still undergoes elastic deformation and has a sloped
stress profile. The boundaryb between elastic and plastic
deformation in thex direction aty=W/2 is determined by
equating the normal stress to the yield stress,

b = 2ÎsYI

vW
= WÎsYD

3v
. s17d

The bending moment fromx=b to x=H is calculated from
the normal stress profile and is given by

Mep= 2E
0

yY

yHsY

yY
yDdyJ + 2E

yY

W/2

yssYDdyd

= DsYSW2

4
−

yY
2

3
D , s18d

whereyYsù0d is they component of the border between the
elastic and plastic regions. An expression foryY as a function
of x sbøxøHd is obtained by equating Eqs.(15) and (18),

yY =Î3SW2

4
−

vx2

2sYD
D . s19d

As the applied line force is further increased, the material
across the entire structure’s base will eventually undergo
plastic deformation[see Fig. 4(c)]. The minimum line force
for complete plastic deformation is given by

vp =
sYDW2

2H2 . s20d

If a line force larger thanvp is applied to the structure, the
material can no longer impede deformation and complete
collapse will occur.

FIG. 3. The simplified stress-strain behavior of the elastoplastic model. The
elastoplastic model reduces the complex stress-strain behavior observed for
polymers to an elastic regime at low strains(region 1—solid line) charac-
terized by the Young’s modulusE and a perfectly plastic regime at larger
strains(region 2—dashed line) characterized by a constant yield stress,sY.

FIG. 4. The normal stress distributions at the base of the beam at different
stages of the deformation process. The relative magnitudes of the stresses
are represented by the lengths of the arrows.(a) The corners of the beam
begin to undergo plastic deformation when the stress reachessY at an ap-
plied line force of ve. (b) Greater portions of the beam will yield and
undergo plastic deformation as the applied line force is further increased.(c)
The entire beam will eventually undergo plastic deformation when the line
force reachesvp. The shaded areas at the bottom of(b) and(c) represent the
regions of the beam that are yielding plastically.
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Equations(14) through(20) present a means for calcu-
lating the normal stress distribution throughout the base of
the structures; however, it is also important to calculate the
maximum displacement of the features. A material undergo-
ing plastic deformation offers no resistance to its displace-
ment in response to the imposed line force. Therefore if any
portion of the material at the base of the structure deforms
plastically, the maximum displacement of the top of the
structure is greater than that calculated for purely elastic de-
formation. The bending moment and moment of inertia in the
material undergoing plastic deformation[bøxøH of Figs.
4(b) and 4(c)] are

Mep= 2E
0

yY

yHsY

yY
yDdyJ =

2sYDyY
2

3
s21d

and

Iep=E
0

D E
−yY

yY

y2dydz=
2DyY

3

3
, s22d

respectively. The curvature of the neutral surface in the plas-
tically deforming region can be calculated from Eqs.(21)
and (22),

d2y

dx2 =
M

EI
= −

sY

EyY
. s23d

Similarly, the curvature of the neutral surface in the elasti-
cally deforming region can be determined from Eqs.(9) and
(14),

d2y

dx2 =
M

EI
= −

6vx2

EDW3 . s24d

The displacementdmax and anglef of the top of the deform-
ing structure can be calculated by integrating Eqs.(23) and
(24) with the following boundary conditions:(1) continuity
between the elastically and plastically deforming regions and
(2) no deformation at the base of the structure(dx=H=0 and
fx=H=0),

dmax=
3vb4

2EDW3 +
sY

E
Î2sYD

3v
SÎsYDW2

2v
− b2

−ÎsYDW2

2v
− H2D , s25d

tanf =
2vb3

EDW3 −
sY

E
Î2sYD

3v
Hsin−1S b

W
Î 2v

sYD
D

− sin−1SH

W
Î 2v

sYD
DJ . s26d

The variablesb andH can be eliminated by substituting Eqs.
(17) and (20),

dmax=
sY

2DW

Ev
H1

2
−Î1

3
S1 −

v

vp
DJ , s27d

tanf =
sY

E
Î2sYD

3v
HÎ2

3
− sin−1SÎ2

3
D

+ sin−1SÎ v

vp
DJ . s28d

It can be demonstrated that Eqs.(27) and(28) are reduced to
the expressions that describe purely elastic deformation[Eqs.
(7) and (8)] whenv=ve=2vp/3.

The developed two-dimensional elastoplastic beam
bending model is used to calculate the onset of collapse by
following an approach similar to that of Tanakaet al..4 Equa-
tions (6), (27), and(28) have been combined to account for
the increase in applied capillary forces that occurs during
deformation. Assuming that only small deformations occur
results in

vd −
2sY

2DW

E
H1

2
−Î1

3
S1 −

v

vp
DJ

= 2gDFcosu +
sY sinu

E
Î2sYD

3v
HÎ2

3

− sin−1SÎ2

3
D + sin−1SÎ v

vp
DJG . s29d

This expression, similar in some aspects to Eq.(10), can be
solved for the critical conditions of collapse. A new param-
etera defined as

a =
v

vp
s30d

is introduced to simplify the solution. In the elastoplastic
model the line force can range betweenv=ve= 2

3vp and v
=vp; therefore for collapse it must hold that

2
3 ø a ø 1. s31d

Equation(29) can thus be simplified to a cubic equation with
respect tov,

v3 − 2Rv2 + R2v − S2 = 0, s32d

where

Rsad =
2

d
HsY

2DW

E
S1

2
−Î1 − a

3
D + gD cosuJ s33d

and

Ssad =
2gsYD sinu

dE
Î2sYD

3
HÎ2

3
− sin−1SÎ2

3
D

+ sin−1sÎadJ . s34d

This equation, unlike Eq.(11), cannot be solved explicitly
for the critical height of collapse and must instead be solved
numerically. Equation(32) can be solved forv for a givena
within the appropriate range[Eq. (31)]. Values forHsad and
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dmaxsad can then be calculated from Eqs.(20) and (27), re-
spectively. However, structure collapse occurs only if the
elastic restoring force of the material is insufficient to bal-
ance the deformation forces andddmax/dH→`. It is possible
to check the critical collapse condition

dmaxsa + Dad − dmaxsad
Hsa + Dad − Hsad

→ ` s35d

by starting with an initial guess ofa=2/3 andincreasinga
in small increments. Eventually the propera value is deter-
mined, Eq.(35) is satisfied, and the critical height of collapse
is calculated.

IV. RESULTS AND DISCUSSION

In our elastoplastic beam bending model there are six
independent variables that must be specified in order to solve
for the critical structure dimensions at collapse. These vari-
ables include the physical properties of the rinse liquidu and
g, the structure’s mechanical propertiesE and sY, and two
out of the three structure dimensionsW, H, and d. In this
paper fixed values ofW andd have been assumed due to the
mathematical complexity of Eq.(32), and the critical height
has been numerically calculated. For most of this section we
consider the case of d=200 nm, W=100 nm, g
=21.7 mN/m, andu=5°. The examined mechanical proper-
ties of E=3 GPa andsY=20–40 MPa are reasonable values
for many glassy polymers and photoresists.10,11

A comparison between our elastoplastic model, the elas-
tic model of Tanakaet al., and the plastic model of Namatsu
et al. is performed in Fig. 5. The maximum structural deflec-
tion and stress are plotted as a function of structure height in
Figs. 5(a) and 5(b), respectively, for the case ofE=3 GPa
andsY=40 MPa. For the elastic model,dmax increases until
the slopeddmax/dH becomes infinite at a critical height of
692 nm. Although the stress is not necessarily required for
the elastic model,smax can be calculated by

smax=
2EW

H2 dmax s36d

as derived from Eqs.(7) and(12). The maximum stress curve
in Fig. 5(b) is also shown to have an infinite slope at the
critical height. It is important to note that at the critical

heightsmax calculated by the elastic model is greater thansY

of the material. This physically unrealistic situation suggests
that the accuracy of the elastic model depends on the mag-
nitude of the yield stress of the material.

The plastic model assumes that structure collapse can be
calculated based simply on the initial line force. Equation
(12) is used to evaluatesmax, anddmax is quantified from Eq.
(7). The critical height for the plastic model is determined by
equatingsmax to sY. For the given parameters the critical
height is calculated to be 785 nm and is much larger thanHc

predicted by the elastic and elastoplastic models[see Fig.
5(a)]. The plastic model generally overestimates the critical
height for collapse of materials that have large yield stresses.
This overestimation results from ignoring the increase in
capillary forces acting on the structures during deformation.

The results of Figs. 5(a) and 5(b) indicate that for mate-
rials with a high yield stress the elastoplastic model predicts
similar deformation behavior to the elastic model. The criti-
cal height predicted by the elastoplastic model is 683 nm,
only 9 nm or 1.3% smaller than the elastic model prediction.
At small values ofH the entire structure only undergoes
elastic deformationssmax,sYd, and the elastoplastic and
elastic models predict the same maximum displacements and
stresses. Figure 5(b) demonstrates that the models diverge as
the capillary forces experienced by the structures increase
and cause some of the material to deform plasticallyssmax

=sYd. In contrast to the elastic model, the elastoplastic model
properly accounts for the plastically deforming regions that
offer no resistance to displacement of the structure. However,
the case ofE=3 GPa andsY=40 MPa demonstrates that
there are some regimes inE and sY parameter space for
which the elastic and elastoplastic beam bending models pre-
dict nearly identical critical heights of collapse.

To demonstrate the importance of incorporating both
elastic and plastic deformation into a beam bending model a
material having the mechanical properties ofE=3 GPa and
sY=20 MPa is examined in Figs. 5(c) and 5(d). Since the
elastic model does not account for plastic yielding, changing
the yield stress does not influence the elastic model calcula-
tions and the critical height of collapse is again predicted to
be 692 nm. Similarly the elastic and elastoplastic models
predict the same deformation behavior until the maximum
stress reaches the yield stress of the material. It is found in

FIG. 5. Comparison of the beam bend-
ing models that consider elastic, plas-
tic, and elastoplastic mechanical prop-
erties. Plots of(a) dmax and(b) smax as
a function of beam heightH have been
calculated for the case ofE=3 GPa
andsY=40 MPa. Also included are(c)
dmax and(d) smax versusH for the case
of E=3 GPa andsY=20 MPa. Both
sets of plots have been constructed us-
ing the parametersd=200 nm, W
=100 nm,g=21.7 mN/m, andu=5°.
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Fig. 5(c) that smax=sY at much smaller structural deforma-
tions whensY=20 MPa rather thansY=40 MPa, and that
this leads to a reducedHc of 599 nm. TheHc predicted by
the elastoplastic model is 93 nm or 15.5% smaller than the
elastic model prediction. WhensY=20 MPa the elastic
model introduces substantial deviations from the elastoplas-
tic beam bending model predictions by neglecting the plas-
tically yielding regions of the deforming structure. Further-
more, a critical height of collapse of 555 nm was predicted
by the plastic model for the case ofE=3 GPa andsY

=20 MPa [see Fig. 5(c)]. Unlike the case of large yield
stresses such assY=40 MPa, smaller yield stresses cause the
plastic model to usually underestimateHc.

Figures 6 and 7 contain plots of the critical height of
collapse as a function of structure separation and structure
width, respectively. In each figureHc is calculated for(a)
E=3 GPa and sY=40 MPa and (b) E=3 GPa and sY

=20 MPa. In Figs. 6(a) and 7(a) the elastic and elastoplastic
models predict nearly identical collapse behavior, while in
Figs. 6(b) and 7(b) the two models differ significantly. Note

that the elastic model results do not vary between cases(a)
and(b) because the yield stress and not the Young’s modulus
is modified. Further analysis of Fig. 6 indicates that the plas-
tic model calculations approach those of the elastoplastic
model at large initial capillary forces(small d) regardless of
the material’s yield stress. When the initial capillary forces
acting on the beams are very large, the stresses throughout
the beams become greater than the yield stress of the mate-
rial and the entire beams immediately undergo plastic defor-
mation. In addition, for extremely narrow beams(smallW in
Fig. 7) the plastic model again approaches the elastoplastic
model. This result validates the application of the plastic
model by Namatsuet al. to Si beams 10 to 50 nm wide.7

The deformation results presented in Figs. 5–7 indicate
that there are regimes inE andsY space for which the elastic
and elastoplastic models are equivalent, as well as that there
are other regimes for which the models predict significantly
different deformation behavior. Although the prior analysis
has been performed for mechanical properties typical of
polymer materials, the elastoplastic beam bending model and

FIG. 6. Comparison between the critical heights of collapse predicted by the elastic, plastic, and elastoplastic models as a function of the beam separationd.
(a) WhenE=3 GPa andsY=40 MPa theHc estimated by the elastic and elastoplastic models are nearly equivalent for the entire range ofd. (b) In the case
of low yield stresses such asE=3 GPa andsY=20 MPa theHc predictions of the elastic and elastoplastic models become significantly different. Both plots
utilize W=100 nm,g=21.7 mN/m, andu=5°.

FIG. 7. Comparison between theHc

predicted by the elastic, plastic, and
elastoplastic models as a function of
beam width W. (a) The elastic and
elastoplastic models estimate nearly
identical deformation behavior when
E=3 GPa andsY=40 MPa, but in the
case of(b) E=3 GPa and a lower yield
stress,sY=20 MPa, the model predic-
tions deviate significantly. Both plots
utilize d=200 nm, g=21.7 mN/m,
andu=5°.
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the developed methodologies can be generalized to other ma-
terials. Figure 8 outlines the combinations of Young’s modu-
lus and yield stress for which the deviations between the
elastoplastic and elastic model predictions become signifi-
cant. It has been shown that the elastic model remains valid
for materials with yield stresses larger than the maximum
stress experienced within the structure. The maximum stress
of the elastic model at the critical height,smax,c, can be ob-
tained from Eqs.(7), (10), and(12),

smax,c =
W

2I

Hc
2

2

8EI

Hc
2 Î3g cosu

2EW3 =Î6Eg cosu

W
. s37d

The boundary between the elastic and elastoplastic model
occurs whensmax,c=sY and whensmax,cøsY the elastic
model exactly describes the structural deformation. There are
also substantial regimes inE−sY space in which the results
of the elastic model deviate by less than 5%, 25%, and 50%
from the elastoplastic model(see Fig. 8). Although the elas-
tic and elastoplastic models become equivalent for materials
with high yield stresses, it is clear that the elastoplastic
model must be employed for materials with low yield
stresses. Typical literature values for the Young’s modulus
and yield stress of bulk poly(methyl methacrylate)
(PMMA),10–13 polystyrene(PS),12,14–16 a novolak resin,4,16

and Si(Refs. 17–19) are also included in Fig. 8. It is impor-
tant to note that there are a number ofE−sY data points for
each type of material; measured mechanical properties are
often dependent upon the experimental testing conditions,
the characterization temperature, and the processing history
of the sample. It can be concluded from Fig. 8 that the col-

lapse of PMMA, PS, novolak, and Si beams can be success-
fully described, to within,5% accuracy, by the elastoplastic
and elastic models of deformation. Both models can be ap-
plied if the error associated with the experimental deforma-
tion measurements is greater than the deviation between the
elastoplastic and elastic model predictions. For example,
Tanakaet al.utilized the elastic model to calculate a Young’s
modulus ofE=5.4 GPa for a novolak-based photoresist.4 If
the yield stress of the material was greater than 83.7 MPa,
then the elastic and elastoplastic model predictions are
equivalent. The elastic model can also be applied for novolak
materials withsY.40.4 MPa as long as a difference of 5%
between the model calculations is acceptable.

There are many materials that could potentially require
the application of the elastoplastic model. For example, com-
mercially available chemically amplified photoresists are ex-
pected to have lower Young’s moduli and yield stresses than
pure polymers, such as PMMA and PS, as a result of the
presence of photoacid generators, residual casting solvent,
and other small molecule components that may act as plas-
ticizers. In addition, polymer mechanical properties are often
characterized by significant temperature dependence. At low
temperatures pure polymers are brittle materials with high
Young’s moduli, but at high temperatures they are tough,
rubbery materials that can undergo substantial plastic
deformation.12 Depending on the polymer processing tem-
peratures it may be necessary to utilize the elastoplastic
model rather than the elastic model. Furthermore, industrial
applications that utilize lithographically defined photoresist
nanostructures as an etch mask demand precise control over
the feature height and aspect ratio. Pattern collapse is very
sensitive to the aspect ratio of the feature and the onset of
collapse can occur for increases in height much smaller than
5%. In these types of situations it is important to be able to
predict deformation behavior as accurately as possible and
the model based on elastoplastic mechanical properties must
be applied. Finally, the introduced methodologies could be
important for classes of materials other than polymers(e.g.,
nanostructured Si as studied by Namatsuet al..7). The model
that includes elastoplastic properties could be critical for cal-
culating the deformation behavior of beams of highly ductile
metals such as aluminum and aluminum alloys(E=70 GPa
and sY=100–300 MPa).9 In the semiconductor industry
these types of materials are commonly used as the intercon-
nect conductors in integrated circuits.

V. CONCLUSIONS

Microstructures and nanostructures of polymeric photo-
resist are deformed and collapse in response to significant
capillary forces present during the standard lithographic pro-
cess. A continuum-level beam bending model that incorpo-
rates the material’s elastoplastic mechanical properties has
been developed and can be used to study the deformation
behavior of photoresist structures. As has been demonstrated
by a simple example, it is possible to calculate the critical
height of collapse based on the mechanical properties of the
material and the geometric dimensions of the structure. The
elastoplastic beam bending model has been compared to both

FIG. 8. Regimes in which the elastic and elastoplastic models predict simi-
lar collapse behavior. The elastoplastic beam bending model can be applied
to materials having any combination ofE and sY. However, the elastic
model predicts exactly the same critical height of collapse as the elastoplas-
tic model only for materials having a largesY (shaded region denoted by
Hc,e=Hc,ep). The shaded regionHc,e,1.05Hc,epencloses the sets ofE andsY

for which the critical height of collapse calculated by the elastic model
differs by less than 5% from the predictions of the elastoplastic model. The
regions 1.05Hc,ep,Hc,e,1.25Hc,ep and 1.25Hc,ep,Hc,e,1.50Hc,ep enclose
the E-sY space in which the elastic model predicts the critical height to
within 25% and 50%, respectively, of the elastoplastic result. In addition,
typical literature values for theE and sY of PMMA (1), PS (P), novolak
(j), and Si(3) are included. These data were compiled for the case ofd
=200 nm,W=100 nm,g=21.7 mN/m, andu=5°.
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purely elastic and purely plastic models, and generalized re-
gimes in Young’s modulus-yield stress space for which it is
necessary to use the developed model have been outlined. It
is critical to consider both the elastic and plastic mechanical
properties when modeling the deformation behavior of ma-
terials having low yield stresses. When combined with suit-
able experimental test structures, the developed elastoplastic
beam bending model should provide a powerful technique
for measuring the mechanical properties of microstructured
and nanostructured polymers.
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