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ABSTRACT: This paper reports predictions of nanometer-scale polymer deformation during nanoprobe indentation
at elevated temperature. The simulations assume continuum polymer properties with modified boundary conditions
to model subcontinuum polymer mechanical deformation. The indenter is a heated atomic force microscope (AFM)
tip, and the media is a high molecular weight polymer film where tip radius, film thickness, and polymer coil
radius are of similar size, in the range-280 nm. The simulations model isothermal conditions, where the tip
and polymer are at the same temperature, or nonisothermal conditions, where the tip is hot while the polymer is
cool. Isothermal simulations with shear-thinning bulk material behavior and full-slip potytipenterface predict

force, displacement, and displacement rate. Nonisothermal simulations show that the paiynieerface
temperature governs the indentation process. The temperature-dependent polymer viscosity varies by several
orders of magnitude within 50 nm of the polymsip interface, causing highly localized polymer deformation

near the tip. Steep viscosity gradients near the tip require the pottipeinterface temperature to exceed the
polymer glass transition temperature in order to form indents. In all cases the predictions compare well with
experimental data. The continuum simulations allow for improved understanding of high-temperature AFM
nanoindentation and nanoembossing.

Introduction The polymer is typically a high molecular weighiyy)
Embossing and molding are simple techniques for high thermoplastic. Figure 1 shows the AFM nanoindentation process,
fidelity replication. Recent studies have shown replication of Where the polymer deformation is localized to the region near
single-walled carbon nanotubes with diameter 2 nm via molding the tip. The key length scales in these nanometer-scale polymer
and crack tips of size 0.4 nm via castihigNanoimprint deformations are the tip radiuRqp, polymer radius of gyration,
lithography (NIL) offers scalable embossing or molding of sub- Ry, Navier slip length, and tube diameter or distance between
10 nm features over large ar¢a®ne type of nanoembossing polymer entanglement$p.!® In AFM nanoindentation of high
process with application to data storage is atomic force Mw polymer films,R, > & andRp ~ Ry, suggesting that the
microscope (AFM) nanoindentation, shown in Figure 1, where viscous flow will be full slip at the polymettip interface®
a sharp conical tip forms indents into a thin polymer fiifhis However, polymer viscosity at this scale may be different from
paper seeks to understand nanometer-scale polymer transpotulk viscosity due to molecular confinement in the thin polymer
in isothermal and nonisothermal AFM nanoindentation with film.14

features as small as a few nanometers. Several experiments of AFM nanoindentation have shown

As polymer film thickness and indentation sizes shrink 10 10 ¢ the measured polymer response is different than would be
nm during nanoindent formation, the polymer thermomechanical expected in bulk polymer, for both isotherrfal” and noniso-

‘?eha"_ior may _deviate from that of bulk. The dgcrease in polymer therma? indentation conditions. For nonisothermal AFM nanoin-
film thickness increases surface to volume ratio and may confine dentation, heat was applied only to the AFM tip while the

the-b ;goli/m_e[ mo{(_ecule:ts, reS#_It'tng in |3(;reasedf|nfluence (t)'f olymer was initially at room temperatuft&or isothermal AFM
substrate interaction, stress history, and Iree surlace properties, ,nsingentation, the polymer and AFM tip were at identical

02| trzeergr:waost?iIiir%vr;sclttfnr}ir:gmgﬁ:agfg?:tg?: tr?ireglmn?gffsilnc:; temperaturé®>-17 sothermal indentations at room temperature
poly Y- poly found that within 5 nm of the polymer free surface the polymer

) : : 29

have resulted in nonunifornTg proﬁles across the filn% modulus was 30% lower than that of the biffkSimilar

reduced temperature dependence on viscésind suppressed . . . ) .
experiments also found anisotropy in the film mechanical

particle diffusiont! 17 . :
For data storageand direct-write lithograph§2 an AFM tip properties.’ Isothermal indentations above and belgyfound .
embosses a thin polymer film that is constrained byasubstrate.that th? temperature dependence of the polymer me_chanlcal
properties was reduced compared to the BdllRossible
* Corresponding author: Ph (217) 244-3864; Fax (217) 244- 6534; e-mail €XpPlanations for the observed behaviors included free surface
wpk@uiuc.edu. mobility reducing modulu$ and enhancing wettin¥, strain-
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Figure 1. Atomic force microscope (AFM) nanoindentation. An AFM tip presses into a supported thin polymer layer where the probe leg temperature,
tip temperature, and polymer temperature may have different values. The FEM model shows geometry and boundary conditions for isothermal
nanoindentation of 350kl PMMA at constant piezovelocity. To aid convergence, the tip initially in contact with the polymer does not slip.

induced structuring during sample preparatiérand high and viscoelastic flo@* with nanosecond time steps and micro-
localized pressur& Nonisothermal nanoindentation formation second process&of polymers withMy, > 100K23 by modeling
showed high-frequency polymer viscosity that was independent 10—20 monomers as bonded blobs. In AFM nanoindentation,
of chain length, with the requirement that the heater temperaturelarge penetration depths and temperature gradients can confine
be well above bulKTg in order to form indent8.Simulations  deformation zones to-510 nm, limiting coarse-grained solution
accounting for phonon scattering and contact resistance at themethods to only 510 effective monomer blobs in the area of
polymer-tip interface showed shear rate- and temperature- interest. Further, at present, coarse-grained methods are ap-
dependent viscous and elastic polymer response explained thgyropriate for a limited temperature rande.The three-
observed behavidf yet analytical models showed instantaneous  dimensional, multiscale heat transfer and polymer deformation
compressive heating could also explain the beha¥iBecause  in AFM nanoindentation render it beyond reach of atomistic
of the complex polymer mechanical response, heat transfersimylations? This work uses continuum simulations with
characteristics, and observed deviation from bulk behavior, there yodified boundary conditions to model polymer melts in AFM
is a lack of understanding of polymer deformation during nanoindentation, where the boundary conditions capture length
polymer thin film nanoindentation. scale-dependent slip.

This paper uses modified continuum simulations to investigate . . 25 o g
polymer flow during AFM nanoindentation, for both isothermal The present S|mulat|qn§ are performed.u@(gM/-\ afinite
and nonisothermal conditions. The simulations examine a €lément program specialized for analysis of complex polymer
constant temperature sharp probe tip indenting a 35 nm film of flows having a freely moving surfac&SOMA whose name
high-Mw poly(methyl methacrylate) (PMMA). Isothermal simu- denv_es from the Spa_tmsh word for “rubber”, has been used for
lations compare well with experimental results and highlight Physical problems with length scales from 100 nm to 1 mm for
the importance of bulk shear-thinning material properties and Processes such as deformable roll-coating and journal bearing
slip at the polymertip interface. Nonisothermal simulations ~lubrication?® micropen lithography and embossing imprint
show the importance of high polymetip interface temperatures  lithography?%:2 GOMA provides two solution techniques to
due to steep temperature and viscosity gradients within 50 nm track the moving polymer interface: a front-tracking technique,

of the polymet-tip interface. the arbitrary Langrangian/Eulerian (ALE) method, and a front-
capturing technique, the level set (LS) algorithm. ALE separates
Simulation Approach polymer motion from mesh motion, allowing large free boundary

The broad range of time scales and underlying structure of deformations?® L_S tracks th(_a liquid interface through a fixe_d
polymer melts, from angstrom level backboneRpof tens of mesh by following a function abstracted from the velocity
nanometers, prohibits any one simulation method from capturing field.3-32 LS may require denser meshes than ALE to avoid
all physical processé8.An accurate model of AFM nanoin- ~mass loss and provide reliable convergence. In this paper,
dentation should capture the physics of highly entangled isothermal AFM nanoindentation simulations use ALE for fast

polymers ofMy near 500K on length scales 4@00 nm and simulation times while nonisothermal AFM nanoindentation
time scales £100 ns. Molecular dynamics methods can track simulations use LS to capture the large interfacial deformation
individual atoms but are generally limited to 100 monomer at the polymer-tip interface. Both solution methods solve proper
chains and 5 nm computational space with picosecond time boundary conditions and governing equations of Nav&tokes
steps?® Coarse-grained potentials can simulate non-Newtdhian momentum and continuity:



8098 Rowland et al.
(1)
2

wherep is the liquid densityy liquid velocity, t time, p isotropic
liquid pressure, andy liquid viscosity. Boundary conditions
differ for isothermal and nonisothermal simulations. For noniso-
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whereC; andC, are material constants afg is the reference
temperature. At the reference temperature C@r 200K My
PMMA, ngis 4.7 x 10° Pas, 7qis 25 s,ais 1,nis 0.17,Cy is
8.6, andC; is 180 °C. The viscosity of each element in the

thermal AFM nanoindentation, heat transfer is also coupled into Simulation is locally determined, dependent on shear rate and

the solution:

A(pC,T)
at

—V(pC,T) — Vg ®)

whereC, is the heat capacityl, temperature, and conduction
heat flux.

In AFM nanoindentation, two effects govern motion of tip
indentation in polymer: slip at the indentgpolymer interface
due to size effects wheRp ~ Rg,13 and slip of polymer chains

temperature. The Carreau model fits PMMA of variddyg by
scaling 70 and 74 by (Mw/200K)4 The Carreau model
represents a range of polymer deformation mechanisms: zero
shear viscosity describes the viscous flow region, power law
shear-thinning describes the rubbery plateau region, and high
shear rate Rouse viscosity describes the glagsber transition
region.

The continuum simulations are able to reasonably account
for the AFM nanoindentation process because high shear rates
govern the polymer deformation. The polymer properties
affected by high shear rate deformation are not dependent on

within the polymer. At high strain or shear rates, such as exist full chain length mechanics<25—50 nm) but instead operate

in AFM nanoindentation, bulk polymer chains disentangle, over a much shorter distance. The simulations account for short-
resulting in segments of polymer molecules that follow Rouse range, high shear rate polymer mobility modes with the power
dynamics®3-36 Constitutive models for a non-Newtonian stress law and Rouse viscosity components of the Carreau shear model.
tensor with adjusted boundary conditions can capture behaviorln this regime, continuum mechanics works well. The influence
of confined polymer melts. Sind&;, > &, andRip ~ Ry, the of tacticity on measured and simulated mechanical properties
present simulations model a full-slip polymeip boundary. is also diminished in the high shear rate regime sideadoes

To capture rate-dependent polymer response, an inelasticnot appreciably vary with tacticit$2 While it can be expected
Carreau shear-thinning material models the polymer. The that the temperature-dependent mechanical properties of the thin
Carreau material model captures reptation at low shear ratesfilm PMMA are different from bulk, to the best of the authors’
and Rouse dynamics at high shear rates by Newtonian viscosi-knowledge, there exists no well-accepted quantitative measure-
ties. Although the inelastic Carreau model cannot properly ment of PMMA mechanical modulus at the nanometer scale
predict normal stress ratios during polymer flow, the Carreau over a range of temperatures and times that could inform the
model can well approximate polymer behavior similar to more predictions of the present work. Thus, the present simulations
advanced viscoelastic models when deformation thinning domi- use bulk polymer properties and estimate the likely difference

nates over normal stresses and relaxatioBy applying the
Cox—Merz rule3® the Carreau model combines elastic and
viscous effects to match measurements. Material data3from
200K My PMMA, with low stereotactic content and conven-
tional mechanical properties, were fit to the Carreau model with
high shear rate Rouse viscosity determined by

7 [pR
MRouse™ 1_2(iv|LCT)Te

where nrouse IS the Rouse polymer viscosity in free spage,
universal gas constant, temperatureMc critical molecular
weight for highMy polymers, and. polymer relaxation time
denoting onset of tube constraint effegt€quation 4 is based
0N 7NRrouséMc) and notyrousdMw) as appropriaf®36:49since

(4)

rousdMw) at high shear rates underestimates measurements of

complex viscosity at similar shear raf@<urther, rheological

measurements at high shear rates have shown the high shed?

rate Newtonian regime to be independent Mfy.** The
temperature dependence of the polymer viscosity is accounte
for by the Williams-LandelFerry (WLF) equation. The
resulting CarreatWLF viscosity model is

n= aT[nRouse+ (770 - nRousQ(l + (aTrd J./)a)nflla] (5)

where 7o is the zero shear polymer viscosityy terminal
relaxation or disengagement time, shear rate,a fitting
parameter, and shear-thinning exponent. The WLF shift factor
ar is

between bulk property values and thin film values as modeling
error.

Results and Discussion

The present simulations investigated both isothermal and
nonisothermal AFM nanoindentation into a polymer thin film.

In the isothermal case, both tip and substrate were heated. In
the nonisothermal case, only the AFM tip was heated.

I. Isothermal AFM Nanoindentation. The isothermal simu-
lations modeled polymer flow in a 35 nm film of 350Ky
PMMA supported by a silicon substrate. The substrate ap-
proached a silicon AFM tip of radius 20 nm and spring constant
40 N/m at constant velocity 160 nm/s. A no-slip polymer
substrate boundary condition modeled the interface between the
polymer film and the underlying silicot? 44 A full-slip
ondition modeled the polymetip interface. For swift con-
vergence, the AFM tip was initially embedded 5 nm in the
olymer with a no-slip condition. Assuming the AFM tip
represents a sphere in Stokes flow, the small contact area of
OIno-slip introduces an error 10% compared to full-slip Stokes
flow.%> The goal of the isothermal simulations was to simulate

a previously measured situatiéh.

Figure 1 shows the model and boundary conditions for
isothermal AFM nanoindentation. The simulations predicted
indentations governed by shear-thinning polymer behavior at
temperatures from 115 to 13%, whereTy is 120°C3° The
indenting AFM tip produced a distribution of shear rates in the
polymer, localized near the tip. Figure 2a shows viscosity
contours in the polymer during indentation where the viscosity
was normalized by the Rouse viscosity at the indicated
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Figure 2. Deformation profiles and loading curves for isothermal AFM nanoindentation. (a) Indentation profiles showing viscosity contours for
isothermal indentation at different temperatures. Dimensionless viscosity of 1.00 corresponds to polymer Rouse viscosity at indicatecktemperatu
Shear rates increase at deeper penetration depth. (b) Semilog loading curves under isothermal conditions. The loading curves at diffenees temperat
cannot be superimposed by appropriate WLF scaling due to the nonlinear shear-thinning polymer response. The simulation material model does not
properly account for deformation processes belgwhere the simulation predicts material deformation at a constant Newtonian Rouse viscosity.

temperature. The shear rates experienced by the polymer werel30 and 135°C, where the polymer was characterized by a
similar for all temperatures. However, as temperature increased,power-law viscosity, simulated force vs penetration plots showed
the polymer response changed from a nearly constant Rousesignificant curvature on semilog axes, indicating the force did
viscosity response to a power-law viscosity response. At not scale exponentially with penetration depth. At low temper-
115 °C, the polymer viscosity contours were nearly constant atures neafTy, where the polymer was characterized by a
within 100 nm of the tip. At 135°C, the polymer viscosity constant Rouse viscosity, force scaled exponentially with
contours varied by over an order of magnitude within 25 nm of penetration depth, although the analytical solution of force vs
the tip. The local variation in polymer viscosity only occurred penetration is much more complicatéd’he exponential scaling
at high temperatures as the Carreau model predicted a shearef force with penetration depth at low temperatures is not
rate-independent Rouse viscosity at low temperatures but anecessarily valid for all polymers since the simulated material
shear-rate-dependent power law viscosity at high temperaturesmodel cannot capture shear-thinning behavior at high shear rates
The polymer shear-thinning induced a mechanical response thabeyond the constant Rouse viscosity zone. However, the present
was different from a constant viscosity response. simulations suggest that force scales exponentially with penetra-
Figure 2b shows the force on the tip during indentations where tion depth during AFM nanoindentation at sufficiently high
the tip velocity was constant. The jump in force at initial temperatures or low shear rates where the polymer viscosity
penetration depth is a simulation artifact resulting from changes can be represented with a high degree of accuracy by a constant-
in material models required to initiate simulation convergence. viscosity Newtonian fluid. The force vs penetration curves in
The large variation of polymer properties with shear rate in Figure 2b cannot be vertically collapsed to a universal loading
Carreau material models of 350Ky PMMA resulted in curve by a simple WLF scaling since the low-temperature curves
difficulty obtaining simulation convergence at the start of are governed by a constant Rouse viscosity and the high-
indentation. Thus, simulations first modeled 3Ky for short temperature curves are governed by a power-law viscosity.
time steps and used the converged solution field to start Simulated force-distance curves matched well with experi-
simulations modeling 70#y,. This process was repeated until mental force-distance curves over a range of temperatures.
the simulations converged modeling 350ky PMMA. Figure 3a shows foreedistance curves predicted by simulation
The simulated force vs penetration curves shown in Figure and measured forealistance curves at two temperatures, where
2b suggest that force scales exponentially with penetration depththe measurements are from previously published reXuls.
for constant viscosity fluids but not for power-law fluids. At temperatures just abovg, 122°C simulation closely matched
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a 5 T T T T T T penetration depths20 nm, potential sources of simulation error
aof Hinz, et al. 1\ i could arise from contact conditions. If the polym¢ip interface
a5l or polymer-substrate interface were no-slip, the current simula-
I tions underestimated the force response by a factor 8% ar5
30%26 respectively. The no-slip interfaces would require higher
- simulation temperatures to match experimental results of ref

30 i
‘; J 15. Any errors introduced by contact interaction will be constant
}

25

Simulation
2.0

across the temperature range, limiting accuracy in fitting proper

simulation and measurement temperature but not the precision
iy of the Carreau WLF material behavior.

- Il. Nonisothermal AFM Nanoindentation. Figure 4a shows

the FEM model and boundary conditions for the nonisothermal
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Penetration Depth (nm) externally fixed polymettip interface temperature, while the
surrounding polymer was initially at room temperature. The
! ' ' ! simulations do not solve the complex subcontinuum heat transfer
Hinz, et al. through the AFM probe tip to the polymer and instead fix the

'. / Simulat temperature at the tippolymer interface. The conditions were
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chosen to represent thermomechanical data stdrabiee
polymer was a 35 nm thick 75Ky, PMMA film with isotropic
bulk thermal conductivity 0.18 W/(m K) and heat capacity 1450
J/(K kg). Beneath the polymer was 80 nm cross-linked epoxy
with identical thermal properties as the polymer and a silicon
- substrate of bulk thermal conductivity 150 W/(m K) and heat
capacity 700 J/(K kg). Polymer bilayer and silicon substrate
Experiments R boundaries were at 2Z&. The LS simulations required modeling
L . ; . . . ; of a small air region with density and viscosity 2 orders of
100 110 120 130 magnitude less than the polymer layer, which are slightly less
Temperature (°C) than bulk values. The air boundary was modeled as adiabatic
Figure 3. Polymer response during isothermal nanoindentation SinCe the cantileversubstrate air gap equilibrates 4100 ns,
described by bulk high shear rate behavior. (a) Force vs depth and itis known that the heat transfer across this interface is not
indentation curves show simulation just aboVg matches glassy  important for the indent formatiotf. The tip loading force was
polymer indent and simulation at 13C matches experiment at 130 3q nN, the radius 30 nm, and the loading force approximately

°C. (b) Simulation initial slope of indentation also closely matches . .
experimental data over the same temperature range. At higher temper-ConStant due to the small displacements employed. The tip was

atures, the slope of indentation approaches the cantilever spring constant@lS0 modeled with a large inertial mass equivalent to the
The data are from Hinz and co-workéPps. effective mass of a typical cantilever beam, thus providing a

lower limit to indentation speed based on the cantilever

glassy 100°C measurements. The unexpected agreement of mechanical time constaktThe simulations assumed a no-slip
Carreau simulation to glassy data may have been due toboundary condition at the PMMAepoxy interface and a full-
simulated properties different from experimental parameters. In slip condition at the polymettip interface.
particular, the experimeriscould have been influenced by a Predictions showed polymer deformation localized near the
polydisperse sample with broad glass transition and rapid AFM tip. Figure 4b shows deformation profiles for polymer
quenching during film preparation, which could cause experi- tip interface temperatur@, 250°C. The tip locally heated the
mentally observed enhanced mechanical compliance Tigar  polymer, creating a temperature gradient from the tip temper-
Simulated and measured foredistance curves matched well  ature to 25°C within 50 nm from the polymettip interface.
at 130°C while simulation indentation slope at 122, 125, and Over this range, the temperature-dependent complex viscosity
130°C closely corresponded to measured indentation slope atvaried by several orders of magnitude, resulting in localized
120, 125, and 130C, respectively> For an elastic contact,  deformation of high-temperature polymer withir-50 nm of
the initial slope of indentation can determine the polymer the tip. The simulated heat-effected zone with radi& nm
modulus!” The agreement of Carreau simulation slope of from the AFM tip defines the minimum spacing between
indentation and measurements, shown in Figure 3b, suggestsndentations for data storage applications. Experiments have
the dominance of viscoelastic shear-thinning over elastic shown that forming a second data bit (indentation crater) within
polymer properties during isothermal indentation ngarThe a distance<40 nm from a previously formed data bit modifies
slope of indentation af > 130°C approached 40 N/m, limiting  the residual indent of the previously formed data bit. This feature
measurements and simulation of polymer mechanical propertieshas been exploited to erase data bits by dense indentétions.
to T < 135 °C due to compliance coupling of the polymer Polymer-tip interface temperatures200 °C were required
modulus to the cantilever stiffness. for significant penetration depth in 16 for tip pressures:1

Comparisons between model and experiment were limited GPa, which corresponds with general experimental observa-
to penetration depths 20 nm due to simulation constraints of  tions’ Figure 5 shows the penetration depth aftepg@or AFM
mesh deformation at large strains. At tip penetration dep23 tip radius 20 nm at 30, 100, and 500 nN frdiw 175—-300°C.
nm, the simulation would underestimate polymer force response, The temperature-dependent penetration curves cannot be su-
as measurements showed a sharp increase in force vs displacgyerimposed by appropriate WLF scaling due to the nonlinear
ment. This stiffening could be due to the shape of the tip, high shear-thinning polymer response. For a given polyntigr
shear rate elastic stiffening during squeeze ffwr attractive interface temperature, increasing load increased penetration
surface interactions between polymer and subs#&té3At tip depth. However, &t < 200°C, indentation rates were0.5
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Figure 4. Modified continuum simulations guide predictions of nonisothermal nanoindentation. (a) Nonisothermal nanoindentation of AFM tip
with full slip and constant temperature tifluid interface into ambient polymer at constant force. (b) Indentation profiles showing temperature
contours in 75KMy PMMA polymer for tip—polymer interface temperatuiig, = 250°C and ambient temperatufgn, = 30 °C. The steep spatial
gradient of the temperature shift factor results in highly localized polymer deformation resembling lubrication. Relaxed shift factor aed increas
segmental cooperativity lengths in confined geometries would broaden deformation.
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Figure 5. Simulation predictions of the required polymeip interface .
temperature for an AFM tip of radius 30 nm to form a data bit in 10 Time (psec)
us. Forces>500 nN are required to form 10 nm indentations inu0 Figure 6. Measurements (dotted lines) and simulations (solid lines)
at Ty + 80 °C. Polymer-tip interface temperatures200 °C are of nonisothermal AFM nanoindentation for nanoprobe data storage.
required for significant penetration depth in A6 for tip pressures-1 Simulation of 75KMy, PMMA for tip—polymer interface temperature
GPa. Tint ~ 240°C matches experiment for indentation into 600y PMMA

at cantilever leg temperature of 380. Heat transfer modeling predicts
nm/s regardless of load. The steep temperature and viscosityTin ~ 250 °C*® for similar conditions. Tip radius is 30 nm.
gradient within 50 nm from the polymetip interface resulted  °C, transferring sufficient heat to the AFM tip to allow the tip
in insufficient polymer Soﬂening to form deep indentations when to indent the polymer_ The AFM t|p motion was measured via
Tint < Tg + 80 °C. laser beam deflection.

Predictions compare well with measurement, which is  Figure 6 shows the data for indentations in 6Qd, PMMA
reported elsewhere in detatind only summarized here. For at cantilever heater temperature 3&and simulation predic-
the experiments, a heated AFM cantilever with tip radius 30 tions for indentation into 75KMy, PMMA at Ti,: from 200 to
nm indented a 35 nm film of 600KAw PMMA supported by 250°C. Simulations affj; 225 and 250C suggestin; ~ 240
80 nm SU-8 epoxy on a silicon substrate. A 28 nN load pressed °C predicts measured material response, in agreement with heat
the tip against the polymer surface initially at room temperature transfer modeling that predicts,: ~ 250°C for cantilever leg
with negligible penetration. The cantilever was heated to 380 temperatures near 38C at 30 nN load® A temperature drop
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