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necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Abstract 

Second-order nonlinear optical processes can be used as effective surface 

probes. They can provide some unique opportunities for studies of polymer 

interfaces. Here we describe two examples to illustrate the potential of the 

techniques. One is on the formation of metal/polymer interfaces. The other is on the 

alignment of liquid crystal films by mechanically rubbed polymer surfaces. 

In recent years, the possibility of employing nonlinear optical effects as surface diagnostic 

tools has attracted a great deal of attention. Optical second harmonic generation (SHG) and sum 

frequency generation (SFG), in particular, have been developed into effective versatile probes for 

surface and interface studies. I As second-order nonlinear optical processes, they are forbidden in 

media with inversion symmetry, but necessarily allowed at surfaces and interfaces. As a result, 

they are highly surface specific.2 In comparison with other surface analytical tools, they have the 

advantages of being capable of high spatial, temporal, and spectral resolutions, suitable for in-situ, 

remote sensing of samples in hostile environment, and applicable to all interfaces accessible by 

light. 

SHG from a boundary surface was first studied theoretically by Bloembergen and Pershan 

in 1962.3 Experimental studies to compare with theory were subsequently carried out by many 

researchers.4 Attention was then drawn to the problem of understanding the physical origin of 

nonlinearities responsible for the surface SHG.s There were experimental evidences that SHG 
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could be highly surface sensitive.6 They were however largely ignored. Not until 1980 was the 

surface sensitivity of SHG rediscovered and the possibility of using SHG for surface studies truly 

explored. This happened when surface enhanced Raman scattering (SERS) became a hot topic for 

investigation. It was first found by Fleischmann et al.? that for molecules adsorbed on clustered 

silver surfaces, the Raman intensity could increase by -106. It was believed by many researchers 

that the effect is mainly due to surface local field enhancement arising from plasma resonance on 

the clusters. One should then expect, for the same reason, strong enhancement of SHG from the 

same surfaces. Indeed this was found to be the case,8 and adsorption and desorption of molecular 

monolayers on such surfaces could be detected.9 The signal was so strong that even without 

surface enhancement, it could have been easily measured. This led to subsequent experiments 

studying monolayer adsorbates on smooth surfaces and the development of SHG and SFG as 

surface probes. I 

SHG and SFG have already been applied with great success to a large variety of surface 

and interfacial problems: 1 probing adsorption and desorption of molecules from surfaces, 

measuring average molecular orientation and arrangement of adsorbates, monitoring surface 

symmetry and surface phase transitions, conducting surface microscopy and spectroscopy, and 

many others. In this paper, we shall describe a few experiments carried out on polymer interfaces 

using SHG. 

We first discuss the application of SHG to study the formation dynamics of 

copper/polyimide interfaces.IO In recent years, polymer/metal interfaces have become an important 

area of research. Interdiffusion of species at a metal/polyimide interface appears to play an 

important role in controlling the properties of the interface. Several advanced techniques have been 

used for these diffusion studies, such as Rutherford backward scattering (RBS), 11 transmission 

electron microscopy (TEM),12 and radiotracer(RT) technique in combination with low energy ion 

sputtering.12 The accuracy of these measurements is often limited by either the depth resolution (in 

RBS), or possible errors introduced by the surface roughness of the processed polyimide samples 

which measured to be 300 A (in RT). Therefore, the measured diffusion coefficients appeared to 
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vary from technique to technique. Furthermore, metal clusters could be formed at the interface. 

They can affect the diffusion, but they are difficult to detect by techniques such as RBS and RT. 

Optical second harmonic generation (SHG) with its high surface sensitivity allows a 

mechanistic study of metal cluster formation and diffusion into polymers by monitoring the signal 

in-situ and as a function of time.10 It is known that SHG can be enhanced by metal clustering on 

surfaces and is sensitive, to the size of metal grains at the surfaces. On the other hand, SHG will 

decrease if the metal clusters on the surface disappear into the polymer bulk by diffusion. Here we 

show how we can use SHG to study Cu cluster formation on polyimide, diffusion of Cu into 

polyimide, and formation ofCu/polyimide interfaces at different temperatures.lO The samples 

were prepared by spin-coating polyimide material into a thin layer form (between 1 and 10 ~) on 

a glass plate. They were then annealed at 360 C in an inert gas to complete the' imidization process. 

For the SHG measurement, a sample was mounted into an ultra-high vacuum (UHV) chamber 

with a base pressure of 1 x 10 -9 torr. It was heated to 300- 360 C for several hours before copper 

was evaporated on the sample. 

The SHG experiment was carried out by a commercial Q-switched and mode-locked Y AG 

laser system (Quantronix 416) with output at 1.06 ~m. The laser beam was slightly focussed onto 

the sample with a fluence less than 1mJ/cm. The incident angle was 75° from the metal side. The 

SH output in the reflection direction was detected by a photon counting detection system. 

It is known that copper does not wet polyimide. Evaporation of Cu on polyimide would 

lead initially to Cu clusters. The same is true for Cu on glass. Because of surface local field 

enhancement, SHG from Cu clusters of few tens of nanometers in size can be two orders of 

magnitude stronger than that from a smooth Cu surface.8,14 Figure 1 shows the SH signals from 

Cu on glass and polyimide during deposition as functions of effective thickness monitored by a 

quartz oscillator. Both data sets exhibit a maximum and then decay to approximately the same 

constant level towards large thickness. They can be understood as follows. Since Cu does not 

wet glass or polyimide in our case, the deposited metal atoms diffuse on the substrate, self

aggregate, and form clusters. When the clusters reach a size of a few tens of nanometers, they 
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strongly enhance SHG. With increasing metal deposition, the clusters gradually coalesce into a 

smooth continuous film; accordingly, SHG reduces to the level characteristic of a smooth metal 

surface. 

We could deposit the same amount of Cu on polyimide at different temperatures and expect 

to find different Cu cluster distributions on the surface. This could be detected by SHG. ForT< 

T g (T g is about 320 C for our polyimide), we found that SHG from a sample with Cu deposited at 

a higher temperature was always stronger than that with Cu deposited at a lower temperature. The 

Cu deposition at the higher temperature must have created, on average, larger Cu clusters on 

polyimide due to the more rapid surface diffusion of Cu atoms and small clusters. At s~fficiently 

high temperatures, Cu diffusion into polyimide became significant; larger Cu clusters would 

diffuse more slowly. This was confirmed by SHG measurements. In the experiment, the same 

amount of Cu (approximately a monolayer) was first deposited on two polyimide samples at two 

different temperatures, 150 and 250 C respectively. The samples were then heated within 1 min. 

to 300 C during which the Cu clusters hardly changed in size as monitored by SHG. Afterwards, 

the decay of SHG in time from the two samples kept at 300 C was observed as a consequence of 

diffusion of Cu clusters into the polyimide bulk, as shown in Fig. 2. The decay of SHG from the 

sample with Cu deposited at the higher temperature is indeed slower, indicating that larger Cu 

clusters diffuse more slowly into polyimide. By fitting the data in Fig. 2 with the solution of a 

one-dimensional diffusion theory, the diffusion constants for the cases can be derived. 

Above T g, the diffusion of Cu clusters into polyimide increased rapidly as seen from the 

increased decay rate of SHG from the sample. Obviously, polyimide is more permeable in the 

rubbery state. An example is presented in Fig. 3 where the diffusion constants of Cu clusters 

formed by evaporating 20 A of Cu on polyimide at 300 C were deduced from SHG measurements 

from the sample at various temperatures above T g· In the range between T g(-320 C) and 460 C, 

they can be well described by the Arrhenius relation D =Do exp (-EDikT) with Do= 5.1 x 10-8 

cm2/s and Eo= 1.2 eV. Above T = 460 C, D increases much more rapidly. This coincides with 
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the incipient decomposition of polyimide, as evidence~ by the change of color of polyimide from 

yellow to brown. 

With the deposition of about a monolayer of Cu on polyirilide at T g > T > Troom• the 

formation of Cu clusters via surface diffusion on polyimide appeared to be near completion in a 

few minutes as monitored by SHG. This indicates that surface diffusion of Cu to form clusters 

must have dominated over Cu diffusion into the polyimide . When T was increased to approach 

T g• the two processes became increasingly competitive. When T was above T g• the maximum 

SHG generated was always very low, less than 20% of the maximum SHG generated at T < T g• 

even after a massive amount of Cu was deposited. This indicates that diffusion of Cu into 

polyimide must have dominated over the cluster formation on the surface. 

X-ray photoemission spectroscopic studies have suggested that Cu diffusion into polyimide 

can be blocked by a thin Ti buffer layer on polyimide.15 This can be observed in situ by SHG. 

Figure 4 shows SHG versus time from two samples at 400 C: one with Cu deposited on a 

polyimide covered by 10 A of Ti and the other ·by 20 A of Ti. With the data of Fig. 2 as 

references, the effect of Ti is obvious. Clearly, one or two monolayers of Ti on polyimide are 

sufficient to effectively block Cu diffusion into polyimide. The result comes from the fact that Ti 

interacts strongly with both polyimide and Cu. With Ti completely covering polyimide, Cu atoms 

deposited on the surface are tightly bound to Ti and are no longer capable of diffusing. We have 

also observed from our SHG measurements that a layer of Cu clusters implanted into polyimide via 

diffusion from the surface has a similar blocking effect. 

We now discuss how SHG can be used to probe alignment of liquid crystal (LC) 

mono layers on polymer surfaces, 16 which induces the bulk alignment. Surface-induced bulk 

alignment is a problem of great importance in the LC field. It is a process commonly adopted in 

the construction of almost all LC devices. Yet the physical mechanism responsible for the effect is ( 

not fully understood. For homogeneous alignment, mechanical rubbing of polymer-coated 

surfaces is often used. There are two possible mechanisms for the surface-induced bulk 

alignment. One similar to molecular epitaxy is based on shon-range surface-molecule and then 
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molecule-molecule interactions to align the bulk.17 The other assumes that mechanical rubbing 

creates grooves on the surface and the bulk alignment rel~es on minimization of long-range 

interaction (mainly elastic ) between the surface and the bulk.I8 To see which mechanism 

dominates, we need to know how the first LC monolayer at the surface is aligned. The alignment 

is expected to be good if the molecular epitaxy mechanism is operative, but no so if the long-range 

mechanism is effective. Clearly such information can be obtained from SHG measurements on the 

LC monolayer at the surface. 

The experimental arrangement is essentially the same as described earlier. We used four 

different input/output polarization combinations (p-in/p-out, p-in/s-out, s-in/p-out, and s-in/s-out) 

and measured the azimuthal dependence of SHG from reflection by rotating the sample about its 

surface normal. We "first studies 8CB (octyl-cyanobiphenyl) monolayers on MAP 

(methylaminopropyltrimethoxy silane)- coated surfaces. With or without mechanical rubbing of 

the surfaces, the SHG signal is independent of the sample rotation, indicating that the monolayer 

orientation is azimuthally isotropic. The rubbed MAP-coated surface did yield homogeneous bulk 

alignment along the rubbing direction. The results therefore suggest that the alignment in this case 

must come from the above-mentioned long-~ange surface-bulk interaction. 

The measurement on an 8CB monolayer adsorbed on polyimide-coated surface gave very 

different results. As shown in Fig.5, if the surface is unrubbed, the SHG signal is azimuthally 

isotropic, reflecting the azimuthal symmetry of the LC monolayer orientation. With rubbing, the 

data show a clear two-fold symmetry about the rubbing direction. From analysis of the data in 

Fig. 5, it is possible to deduce an approximate orientational distribution of the 8CB monolayer. 

First, from the theoretical fit of the data, the nonvanishing elements of the surface nonlinear 
"b"l" (2) ~ h 8CB (2) (2) (2) suscept1 11ty tensor X 10r t e monolayer can be deduced. These are Xzzz• Xxxx• Xzxx• 

(2) (2) d (2) h . 1 h bb" d" . . h rf 1 d al Xzzx• 'Xzyy' an Xxyy w ere xIs a ong t e ru mg 1recnon, y m t e su ace pane, an z ong 

the surface normal. Then, knowing how x(2) depends on the average molecular orientation in the 

monolayer, one can determine several weighted averages of the polar and azimuthal angles, 9 and <I> 

of the molecular orientation. By assuming a Gaussian distribution for the polar orientation, 
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and a serial distribution for the azimuthal distribution, 

we can find (8), ~e. a 1, a2 , and a 3· For the case of Fig. 5, we obtain (8) = 78°, ~e = 10, a 1 = 

-0.13, a2 = 0.69, and a3 = -0.03. The corresponding azimuthal distribution F(<j>) is plotted in Fig. 

6, which shows explicitly the rubbing-induced azimuthal anisotropy in the molecular orientational 

distribution. This anisotropy persists even when the monolayer is in contact with an isotropic bulk 

LC layer, although it is somewhat reduced, as depicted also in Fig. 6. Thus for the rubbed 

polyimide-coated surface, the surface-induced homogeneous bulk alignment must come mainly 

from the molecular epitaxy mechanism. As suggested by Patel and coworkers 17, rubbing aligns 

the polymer units at the surface of the polymer film. Interaction of the LC monolayer with the 

aligned polymer then leads to the anisotropic orientational distribution of the LC monolayer. 

Correlation between LC molecules finally produces the bulk alignment 

A few other polymers have been found to be effective for surface-induced bulk LC 

alignment.16 SHG measurements have also confirmed the anisotropic distribution of LC 

monolayer alignment on such polymers when rubbed. These polymers all have the common 

property of being crystalline. Presumably, it is the crystalline property that allows the polymer 

surface to be stretched and aligned by rubbing. 

Here we have considered only two examples of how one can use SHG to ~tudy relevant 

polymer interfacial problems. They are problems that cannot be studied by other means. One can 

certainly think of other interesting examples: for instance, the study of two-dimensional 

polymerization of a Langmuir monolayer, 19 and the study of surface memory effect imposed on 

polymers by an anisotropic medium.20 Optical sum-frequency generation is expected to be even 



8 

more powerful as a surface analytical tool because it can provide spectroscopic information about 

polymer interfaces. This is, however, still an unexplored area. Applications of the technique to 

polymer interfaces will definitely open many exciting research opportunities. 

This work was supported by the Director, Office of Energy Research, Office of Basic 

Energy Sciences, Materials Sciences Division of the U.S. Department of Energy under contract 

No. DE-AC03-76SF00098. 
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Figure Captions 

Fig. 1. SHG vs the effective thickness of Cu deposited on (a) polyimide and (b) silica glass at 
room temperature. (after Ref. 10.) 

Fig. 2. SHG vs time from two Cu/polyimide sample at 300 oc with Cu deposited at sample 
temperature of (a) 250 and (b) 150 150 oc. Solid curves are theoretical fits from the 
sol~ijon g_f a one-dimensional diff¥gion::rquation using diffusion constants of (a) D = 8 x 
10- em /sand (b) D = 2.5 X 10- em /s. (after Ref. 10.) 

Fig. 3. Diffusion constant D vs inverse temperature 1ff for Cu cluster diffusion into polyimide. 
The solid line is a fit of the data between 320 oc (T g) and 460 OC by the Arrhenius 
relation. (after Ref. 10.) 

Fig. 4. SHG vs time from two Cu!fi/polyimide samples at 400 °C with effective thickness of (a) 
20 A of Cu and 10 A ofTi, and (b) 20 A of Cu and 20 A of Ti, and (c) 20 A of Ti at 450 
oc. ·(after Ref. 10.) 

Fig. 5. Output second-harmonic field (arbitrary units) vs sample rotation <I> from 8CB 
monolayers on a polyimide-coaged substrate. Open squares are data from unrubbed 
substrates, filled circles are data from rubbed substrates, and solid lines are the theoretical 
fits. The input-output polarization combinations are (a) p-in/p-out; (b) s-in/p-out; (c) s
in/s-out. Inset: Coordinates (x,y,z) used in the analysis in relation to the fixed laboratory 

"" " coordinates (X,Y,Z = z). The plane of incidence is X-Z. (after Ref. 16.) 

Fig. 6. Amimuthal orientational distribution functions of an 8CB monolayer on a rubbed 
polyimide-coated substrate (solid line), and an 8CB interfacial layer between a rubbed 
polyimide-coated surface and an 8CB bulk (dashed line). 
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