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Selective study of polymer /dielectric interfaces with vibrationally resonant
sum frequency generation via thin-film interference
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A technique for selective characterization of the structure of free and buried thin-film interfaces by
vibrationally resonant sum frequency generation spectroscopy is described. Manipulation of Fresnel
coefficients by choice of film thickness on a reflecting substrate allows simultaneous optimization of
the signal from the desired interface and minimization of the signal from other interfacial sources.
This technique is demonstrated for the free polystyré®®/air and the buried PS/spin-on glass
interfaces. Our spectra show that the pendant phenyl group orientation is similar at the buried and
free interfaces, with the phenyls pointing away from the bulk PS at each interface.
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Surfaces and interfaces are critical to the functionalsubstrate. The top film is polystyreifS and the bottom
properties of many polymer applications including the adhefilm is a hydrogen silsesquioxane spin-on gléS®©G on a
sion of polymer coatings for electronic packaging and opticagold (Au) substrate. The thicknesses of the two films are
fibers, biocompatibility of medical devices, the structural in-chosen to provide selective enhancement via constructive op-
tegrity of polymer composites, and the formation of lamellaetical interference of VR-SFG generated in transmission and
in block copolymers. Polymer interfaces can differ considerin reflection from the interface of interest: either the free
ably from the bulk in important characteristics such as glassurface of the top film, or the buried interface between the
transition temperature, end-group concentration, moleculaop and bottom films. Additional contrast is achieved by de-
weight distribution, amorphous/crystalline ratio, and signing the film stack so that the other interface is effectively
crosslink density. nulled through destructive interference.

Optical measurements of polymers are advantageous as For planar thin-film systems within the electric dipole
they are nondestructive, noncontact, and can be performed approximation, the outgoing electric field generated at the
almost any ambient. However, buried interfaces are difficulsum frequency by a single interface can be expressed in
to study by conventional linear spectroscopies due to théerms of the incident electric fields of the resonant infrared
dominance of the signal from the bulk material. Vibrationally (IR) and nonresonant visiblg/IS) laser beams:
resonant sum frequency generatiddR-SFG has emerged
as a pow;rful tool for the study of the molecular structure ofEi(@sum) = Fil (0sum) Xik(@sum= ovis+ ©R)
interfaces. As a second-order nonlinear optical interaction,

VR-SFG has inherent interface specificity; signals from cen- Fim(@vis)En(@vis)Fin(@ir) En(wir), @)
trosymmetric bulk regions are symmetry forbidden in thewhereE is the electric field vector of the IR, VIS, and sum
electric dipole approximation. Additionally, VR-SFG has the frequency(SUM) beamsy is the interface nonlinear suscep-
advantage, with respect to linear optical techniques, that fifibility, F is the conventional Fresnel factor relating the elec-
can determine both the orientation of functional groups at aric field at the interface to the incident field, afd’ is a
surface and their alignment. Recently, VR-SFG has been apronlinear Fresnel factor, accounting for both the directly
plied to the study of the free surfaces of polymers, providingransmitted and reflected components of the outgoing SUM
insight into surface structurechemical compositiofi,and  beam.F can be readily calculated for an arbitrary multilayer
processing. system using transfer matrix techniql?elé.<> can be calcu-

To study a particular buried interface in a multilayer sys-lated via many schemésye have used the Green’s function
tem, its signal must be distinguished from that of other in-method of Sipé_ X, in general, contains 27 elements. For
terfaces in the system. We have developed a thin-film interfilms that are isotropic in the plane of the surfa@, sym-
ference technique that allows the study of buried interfacesetry about the surface norma, there are only four dis-
between any two dielectric films, independent of dielectrictinct nonvanishing elementsijk=zzz zxx=zyy, xzx
constant. In this work, the two materials of interest are de=yzy, andxxz=yyz The ssppolarization combination, in
posited as optical quality thin films on a highly reflecting which E(wgyy) and E(wy,s) are polarized perpendicular
and E(wg) is polarized parallel to the plane of incidence,

aAuthor to whom correspondence should be addressed; electronic maiF?rObeSXxxz exclusively. ThesspVR-SFG signal from a two-
lee.richter@nist.gov film stack can be expressed as:
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whereF,, is the producf S (wsum) Fx(@vis) Fo{wr) and  modeled as Lorentzian oscillators with variable real ampli-
contributions arise from all three interfaces: air/PS, PS/SOGudesA and frequencies and a common width'. Because
and SOG/Au. In generak,, is a complex number and a the SOG/Au interface contains no vibrational resonances in
complicated function of the three frequencies and angles ahis frequency region, its contribution is includedBn The
incidence. For the case of VR-SFG on submicron thin filmssix spectra in Fig. 1 were simultaneously fit to the two con-
the behavior is simplified: the IR wavelength is long com-stituent interfacial spectra with variable complex weight
pared to the film thickness, $6(wg) is approximately con- Ce'¢. The phase for each interface is determined by the rela-
stant. The VIS and SUM wavelengths are sufficiently closeive phase between the Au nonlinear susceptibility and that

thatF ® (wsywm) andF(wys) behave similarly. of the phenyl oscillator and by the optical delay between the
The experiments used a SFG apparatus describeglo interfaces, which depends on film thicknesses.
previously? Broad-bandwidti{>>150 cm * full width at half The data points in Fig. 2 show the experimental fit re-

maximum 3 um IR pulses, derived from &100 fs, 1 kHz,  sults for the(a) phases, and (b) weights,C, of the two
regeneratively amplified Ti-Sapphire laser system, are temeconstituent spectra for each of the six samples, plotted versus
porally and spatially overlapped with narrow-bandwitt8  the measured SOG thickness. The lines show the magnitude
cm™?) 794 nm (VIS) pulses at the sample. The reflected and phase of the calculated Fresnel weights, for nonlin-
SUM light is collected, dispersed in a 0.75 m spectrographear sources localized at the free and buried interface scaled to
and detected with a scientific grade charge coupled devicghe experimental data. The calculation used the known film
array detector. This allows the simultaneous acquisition of ahjckness and index of refraction for each layer. The fit
>300 cni* wide SFG spectrum with approximately 3 € yielded phases and weights for the two spectra expected for
resolution. In this work, the IR and VIS pulse energies, beamhe Fresnel factors of each film stack. The agreement be-
diameters, and external angles of incidence were typically: 4yeen experiment and the calculation based on the Fresnel
#J, 100um, 54° and 1uJd, 150um, 36°, respectively. factors gives confidence that the data, which contains some
The SOG films were formed by spin coating Dow Corn- contribution from each interface, have been correctly ana-
ing FOx-14® (Ref. 10 at 2000 rpm from methyl isobutyl |yzed to reveal the unique spectra of the free and buried
ketone solutions onto Au filmg-200 nm thick evaporated  interfaces. Shown in Fig.(2) is the calculated contrast ratio
onto Si wafers with a Cr adhesion layer. The SOG films wergyetween the buried and top interface SFG.e,
annealed at 300°C in air for 1 h. The polymer thin films wauriecyFWfree for ssppolarizatior). The heights, widths, and
were 220000 number-average relative molecular mass ataﬁbsitions of the maxima in the contrast ratio depend on
tic PS, spin coated on the SOG at 2000 rpm from toluengyavelength, angle of incidence, polarization, and index of
solutions and annealed under a vacuum for 2 h at 120 °Gefraction. For the properly chosen film thickness, these

Spectrometric ellipsometry determined the PS and SOG filnpyaxima exceed 100, with half widths of one to several nm
thicknesses with 1-2 nm accuracy. Atomic force microscopy

studies of the glass prior to deposition of the PS determined
a root-mean-squaréms) roughness of 1.0-1.5 nm, while I , I
studies of the PS free surface determined a rms roughness of 330nm ‘ |
0.5-0.8 nm. ” |

Shown in Fig. 1 are VR-SFGspspectra of a 129 nm 31 — oty _ ! !,’
thick film of PS deposited on films of SOG of varied thick- 296 nm a
nesses, on Au substrates. The principal vibrational reso-
nances in the range 3000 to 3100 chean be attributed to
the stretching vibrations of the CH bonds on the pendant
phenyl groups of the PS.The lines through the spectra
shown in Fig. 1 are fits by a Levenberg—Marquardt algo-
rithm to the form:
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where n denotes the spectrunil—6), B accounts for the
strong nonresonant SFG from the Au substrate, and both t G. 1. VR-SFG spectra, in thesp configuration, of~129 nm PS films

free and buried interfaces are represented by seven reson%@ﬁosited on SOG films of indicated thicknesses vertically displaced for

modes: five normal modes and two combination b&hds clarity. The smooth lines are fits to the model form as described ir(Eaq.
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plars of the free and buried interfaces, respectively. The com-
ponents of the fits for the pur@) free and(d) buried inter-
faces are also shown. The two spectra differ in the sign of the
peaks relative to the nonresonant background. This differ-
ence is not due to differences i of the Fresnel factors; as
shown in Fig. 2, this phase is the saie2n) for the free
surface with 198 nm SOG and the buried interface with 330
nm SOG. Rather, it is due to differences in the phase of the

= 008 _ vibrational resonances that arise because of the orientation of
Eg I the phenyl groups at the free and buried interfaces is in op-
O 00 LT . N posite directions with respect to the Au surface. Previous
% AT } T measurements of the free surface have determined that the
= A . phenyl groups point out of the bulk of the film and away
% 0.02 I . B - from the nonresonant substrateTherefore, a change in the
2 G :; . phase of the vibrational resonances at the buried interface
3 10°Fe) . ' % 1 1 - suggests that the phenyl groups at the buried interface must
E DS IR A N 3, Ao point away from the PS film toward the SOG/Au substrate.
3 0 S The frequencies of the phenyl CH stretch modes afe
2 10 K ; — _1 . . .
S Lo'b y ] cm -~ lower in frequ_ency _for the buneql mterfgce than the
< 1 L H free surface. There is a slight increase in the linewidtior

0 100 200 300 400 the buried interface (6:50.5 cm 1) with respect to that of

the free surface (5:80.5 cm 1). The frequencies and line-
widths of vibrations at the buried interface are more similar
to the PS bulk than are those at the free surface, which are at

FIG. 2. Comparisons of the calculated combined Fresnel wéightwith
the fit (@) phase,¢, and (b) amplitude,C, of the free surface and buried
interface contributions to the spectra in Fig.(&. Calculated buried inter-
face to free surface Fresnel weight contrast ra&{y"™®JF e Error bars not
shown are comparable to or smaller than the size of the data symbol.

higher frequencies and narrower than the bulk vibrations.
The similar relative amplitudes of the components in the
spectra of the two interfaces suggest that the orientational
distribution of the buried interface is nearly identical to that
reviously measured for top surfacdésThe similarity be-

thllcknes_s. _The c_alculapons suggest that this SFG techniq $veen the free surface and the buried PS/SOG interface is in
with optimized film thicknesses allows selective measure-

. . . S ontrast to the very different orientational distribution re-
ment of a single interface. Measurement at variable inciden o . .
: . . . cently observed for the PS/sapphire interface via total inter-
angles as is common in ellipsometry would relax the strin- . o .
: . nal reflection SFG? This is likely due to a reconstruction of
gent requirements on sample preparation.

Figure 3 shows the spectra for the samples wittbja the PS/dielectric interface that can be driven by the higher

198 nm SOG film and &) 330 nm SOG film as the bottom surface energy of sapphire with respect to the SOG.
layer with 129 nm PS layer on top, which are the best exem-ip. Briggs, Surface Analysis of Polymers by XPS and Static SH@&m-
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