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An ionically self-assembled monolaydtSAM) technique for thin-film deposition has been
employed to fabricate materials possessing the noncentrosymmetry that is requisite for a
second-ordery(?, nonlinear optical response. As a result of the ionic attraction between successive
layers, the ISAMy(? films self-assemble into a noncentrosymmetric structure that has exhibited no
measurable decay of(®?) at room temperature over a period of more than one year. The
second-harmonic intensity of the films exhibits the expected quadratic dependence on film thickness
up to at least 100 bilayers, corresponding to a film thickness of 120 nm. The polarization
dependence of the second-harmonic generation yields a value of 35° for the average tilt angle of the
nonlinear optical chromophores away from the surface normal.1989 American Institute of
Physics[S0003-695099)02904-§

In order to possess nonzero even-order nonlinear opticdhe ionic deposition technique is uniformly maintained in
susceptibilities, a material must lack a center of inversion aeach successive bilayer.
the macroscopic level. As a result of the multitude of poten-  The ISAM technique for the deposition of polyelectro-
tial frequency conversion, optical modulation, and opticallytes was recently demonstrated by Decher and
switching applications that stem from thé?) second-order co-workersi®2 The films are grown monolayer by mono-
susceptibility, several novel methods for creating noncentayer by first immersing an initially charged substrate into an
trosymmetric materials incorporating OrganiC molecules Withaqueous solution Containing an Opposite|y Charged po]ye|ec-
large 8 molecular susceptibilities have been developed ovefrolyte. This is followed by rinsing and then by immersion of
the past 3decade._ These '”9'“0'36 electric-field - poledhe substrate into a second polyelectrolyte that is of opposite
polymers,” Langmuir—Blodgett film$;"® and covalent self-  ¢harge to the first. The dipping process can, in principle, be
assembled monolayer structufé$ We report here detailed repeated as many times as desired until a film with the cho-
studies of a ionically self-assembled monolayer technique fofo, humber of bilayers has been produced. For the present
the creation of noncentrosymmetric organic thin films with study, ISAM films were deposited on glass microscope slide
substantialy(?) values. The advantages of this technique N bstrates Noncentrosymmetric, ISANP) films were pro-
clude simple, rapid, inexpensive production, and Iong-terrrljuced usiﬁg two different polya,nionS' the polymeric dyes
stability of the inducedy(?) without the need for additional Poly S-119(see the inset of Fig. )1 which consists of a

E(r)c;]csessmg such as electric-field poling or chemical reacboly(vinylamine backbone with an ionic azo-dye chro-

lonically self-assembled monolayéiSAM) films are a mophore (from  Sigma,  and - poly1{4-(3-carboxy-4-
recently developed’~8revolutionary class of materials that

allows detailed structural and thickness control at the mo- 0.5 F - 10
lecular level combined with ease of manufacturing and low
cost. The ISAM method involves the alternate dipping of a 04 4 8
charged substrate into an aqueous solution of a cation fol- g lg
lowed by dipping in an aqueous solution of an anion at room cg 031 6 e
temperature. Using commercial ionic polymer dyes, the 5 G
. 2 024 4o
ISAM technique has been used to produce a noncentrosym- < B
metric arrangement of nonlinear opticdNLO) chro- 0.1 4 )
mophores to yield thin films witty(?) values comparable to
that of quartz. Importantly, the second-harmonic intensity 0.0 4 0
generated by the films exhibits the expected quadratic depen- \

dence on film thickness for films as thick as 100 bilayers. Number of Bilayers

This demonstrates that the noncentrosymmetry induced by

FIG. 1. Absorbance at 500 nrfsquares and square root of second-
harmonic intensity, I(,,,) %, (circles as a function of the number of Poly
¥Electronic mail: rheflin@vt.edu S-119/PAH bilayers. The structure of Poly S-119 is shown in the inset.
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120 £ to Maker fringes generated using tlvézx)x (corresponding to
dy;) coefficient of a quartz wedge, the2), value for Poly
100 +- ® S-119/PAH is found to be 0.70 times the value of quartz, or
Z g0 1.34x10 °esu. Importantly, the films have exhibited no
g measurable decay of!?, over a period of more than one
s 60+ year. In contrast to electric-field poled polymers, for ex-
) ample, the noncentrosymmetric order induced by the self-
S 40T assembly process is a thermodynamically stable state.
204 The dependence of the second-harmonic intensity on
film thickness and(® is given by
O T 1 [l ] ]

T T T T ) 7TI
0 200 400 600 800 1000 oo (lox(2)2 sz(ﬁ) ' 1)
I, (arb. units) c

FIG. 2. Dependence of the second-harmonic intensity at 600 nm on th&vherel is the sample thickness, = \/[4(n?*—n®)] is the
fundamental intensity at 1200 nm for a single-sided 68 bilayer Poly S-119¢oherence length, am@l(ezf? is the effective susceptibility de-
PAH ISAM film. The best fit yields a power-law dependence with an eXPo-tarmined by the sample geometry and the nonzero compo-
nent of 2.02. nents of they(?) tensor. In the limit that the sample thickness
is much less than the coherence length, the second-harmonic
hydroxyphenylazibenzensulfonamidel,2-ethanediyl, so- intensity is quadratic in the film thickness. The thickest film
dium sal} (PCBS, from Aldrich. While either Poly S-119 or studied here consisted of 100 bilayers for a total thickness of
PCBS served as the polyanion for the ISAM fabrication,120 nm. Sincd, is typically of the order 1Qum, the films
poly(allylamine hydrochloride(PAH), which has no¢® re-  are in thel <l limit and the SHG intensity is expected to
sponse, was used for the polycation. The formation of eachgrow quadratically with the number of bilayers. In Fig. 1,
monolayer is exceptionally rapid with these polymers.(l,,)Y? is plotted versus the number of bilayers for several
Through measurements of absorbance and of film thicknedRoly S-119/PAH films. The data are seen to be in good
(by ellipsometry as a function of immersion time, each agreement with the quadratic dependence. This demonstrates
monolayer is found to be fully deposited in less than 20 s othat the degree of polar orientation of the chromophores is
immersion in the polyelectrolyte. This allows the rapid maintained for each successive layer. If the degree of orien-
buildup of self-assembled, multilayer films. This letter fo- tation was decreased for the latter deposited layers, the SHG
cuses on measurements in Poly S-119/PAH films. Similamtensity would yield a subquadratic dependence on the num-
results have been obtained in PCBS/PAH ISAM films. ber of bilayers. Two observations of second-harmonic gen-
The absorption of ISAM films made with Poly S-119/ eration in films fabricated using the ISAM technique have
PAH peaks near 480 nm and is transparent for wavelengthseen recently reported. Lvost al!® found that the second-
greater than 590 nm. In Fig. 1, the absorbance at 500 nm dfarmonic intensity began to decrease after just four bilayers.
several films is plotted versus the number of deposited bilayWang et al?° only report SHG data for a film with five bi-
ers. The linear growth of absorbance with the number ofayers and do not discuss the dependence of the second-
deposited layers illustrates the homogeneous deposition ¢farmonic intensity on the sample thickness. When the
the polymer dye with each successive layer. By ellipsometrysample is oriented at 45° to normal incidence using
each bilayer is found to have a thickness of 1.2 nm. p-polarized fundamental light, the second-harmonic beam is
The second-harmonic generatidiSHG) experiments observed to be strictlp polarized, consistent with dipolar
were carried out using both the 1064 nm fundamental waveerientation perpendicular to the substrate. The dependence of
length of aQ-switched Nd:YAG laser and the 1200 nm out- the second-harmonic intensity on the polarization of the fun-
put from a broadband, BBO optical parametric oscillatordamental beam allows determination of the average tilt angle
(OPO. The OPO is pumped by the 355 nm third harmonicof the NLO chromophores away from the surface normal.
of the Nd:YAG and is continuously tunable from 400 to For thep-polarized fundamental angtpolarized second har-
2500 nm. The incident intensity and polarization on themonic, the effective second-order susceptibility is
sample are controlled by a pair of Glan—Laser polarizin
prisrﬁs_ yap P J x#=3x2 sind cog 6+ x2,sin’ 0, 2
Since the Poly S-119 films are strongly absorbing ?t 5?’Z\Nhere 0 is the angle of the incident beam with respect to
nm, we concentrate here on the measurements using the . : .
X ) normal incidence andis perpendicular to the substrate. For
1200 nm fundamental wavelength. Figure 2 illustrates the ; . .
. ; . . an s-polarized incident fundamental beam apgbolarized
dependence of the SHG signal intensity as a function of the . . L
o . . . ) . Second harmonic, the effective susceptibility is
incident fundamental intensity for a single-sided, 68 bilayer
Eo!y S-119 film. The fiIrr_1 is rotgted 45° away from _norn_1a| ¥ =x2 sing. 3
incidence about the vertical axis, and the incident light is
polarized. The solid curve is a best fit to the data of the formTlherefore, ford=45°, the ratio of the second-harmonic in-
l,,=A(l,)® wherel,, andl, are the second-harmonic and tensity for thep-polarized fundamental angtpolarized sec-
fundamental intensities, respectively. The fit yields a valueond harmonic (5_P) to the second-harmonic intensity for
of b=2.02, in excellent agreement with the expected quathe s-polarized fundamental ang@-polarized second har-

dratic dependence on fundamental intensity. By comparisomonic (15, ") is
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200 of ionically self-assembled monolayers can spontaneously
assemble into a noncentrosymmetric structure with a sub-

5oL . stantial y(? value. The uniform orientation of each addi-
tional bilayer is demonstrated by the quadratic dependence

100 4 of the second-harmonic intensity on the number of bilayers.

(a.u.)

The dependences of the second-harmonic intensity on the
fundamental and second-harmonic polarizations indicate that

50 4 . i ) . . .
the preferential orientation of the dipoles is perpendicular to
) the substrate, which is ideal for electro-optic and frequency
0'6 550 1(‘)0 1;0 doubling waveguide applications. Furthermore, ISAN)

. films require no additional processing following film deposi-
Polarizer Angle (degrees) tion and have shown no decay ) over a period of more
FIG. 3. p-polarized second-harmonic intensity as a function of the polariza—than On_e year at r(_)om tempere}ture. The lSA_M pr(_)cess can
tion of the incident fundamental beam. The polarization angles are labele@€ applied to a variety of material structures including poly-
such that 15° corresponds to thepolarized fundamental and 105° corre- mers that possess separate ionic and NLO-active groups as
sponds to thes-polarized fundamental. well as to highly nonlinear, nonpolymeric NLO chro-

mophores that have been chemically modified for compat-

9P 1 X(zzz)j 2 ibility with the ISAM deposition process.
=5=2|3t (@) . .
15,7 4 X(zi) This work was supported by the Army Research Office

(DAAG55-97-1-010], Air Force Office of Scientific Re-
search (F49620-97-C-004)7 and by a Cottrell Scholars
Award of Research Corporation.
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