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Recent theoretical predictions demonstrating large enhancements of second-harmonic diffraction through the
control of surface harmonic composition when the surface-plasmon pol&8fm is excited on a corrugated
silver surface have been investigated experimentally for the specular order. Interpretation of the mechanism of
enhancement in terms of a three-step selective scattering process involving only two spatial harmonics has
been found to be justified. Fourier blaze holography, which permits the phase- and amplitude-controlled
superposition of multiple harmonics in photoresist, has been used to fabricate the nanostructured, biperiodic
gratings. Surfaces have been characterized by atomic force microscopy and Heitmann’s method. As predicted,
surfaces with optimized spatial frequency composition equal or exceed randomly rough surfaces in the en-
hancement of second-harmonic reflection relative to a flat silver surface. Enhancement produced by simulta-
neous excitation of counterpropagating SPP modes at the pump and second-harmonic frequencies has also been
detected by varying grating wave vector to tune through a double resonance condition. Factors affecting the
guantitative agreement between enhancement measurements and theoretical predictions are briefly discussed.

I. INTRODUCTION reflection on optimized surfaces relative to experimentally
obtained values on randomly rough surfdceurther sug-

Since the first observation of the effect of Chen, de Casgested that excitation of thextendedSPP mode could fully
tro, and Shen, surface-enhanced second-harmonic generaaccount for the total enhancement.
tion (SESHQ has been an active area of investigation. Al-  In this paper, we investigate experimentally the selective
though similar to other surface-enhancement phenofriana enhancement effect for second-harmonic reflection and
that excitation of the surface-plasmon polarite®PP is  briefly examine the influence of double resonance. Corru-
largely responsible for the enhancement, the coherent natufi@teéd surfaces with varied spatial harmonic composition
of SHG imparts some unique qualities to the effect. have been f_abrlcated by using the holographlc_: _techmque,

SESHG from a metal-air interface has been produced b{frMed Fourier blaze holography, which was originally de-
diffractive SPP coupling on randomly rough metal surfaces elop_ed by I_3re|d_na?t al” This technque allows the con-
and gratings. Coherent directional SESHG including en_structlon of, in principle, any asymmetric surface profile by

hanced normal and backscattering from randomly rough sy Superimposing multiple, harmonically related sinusoids with

faces has recently been investigated in connection with thgeO ntrolled amplitude and phase in photoresist. The surface
atures produced by the Fourier blaze technique, which are
weak localization of light* In the case of SESHG from P y a

. B required to be on the order of 10—-100 nm in amplitude to
gratings, we recently examingthe effect of coherence and ,ntimize SPP coupling effects, have been probed by atomic

spatial harmonic composition on SPP-enhanced secongyce microscopyAFM) and Heitmann’s methodTo exam-
harmonic diffraction from corrugated silver surfaces usingjne the selective enhancement of the second-harmonic specu-
the theory of Farias and Maradudiin the weak corrugation |ar order, the magnitude of the second spatial harmonic has
regime where SPP coupling efficiency optimizes, it waspeen varied, since this harmonic directly couples the specular
shown that scattering of the coherently generated, SPRyrder with the SPP-enhanced, evanescent second-harmonic
enhanced, evanescent second-harmonic wave by spatial hafave® Our objective is to demonstrate qualitative trends in
monics in the surface roughness largely determines the emhke surface nanostructure dependence of enhancement. How-
hancing properties of a particular surface. Enhancement of aver, factors affecting the quantitative agreement between
specific order could be simply interpreted in terms of a threetheory and experiment will be briefly examined with the in-
step mechanism involving efficient SPP excitation at thetent of assessing the influence of very small-scale random
pump frequency, generation of a phase-matched evanescanughness on enhancement magnitude.

second-harmonic wave, and selective scattering of the eva-
nescent wave into the particular radiative channel. These re-
sults suggested that the SHG intensity in a particular order
could be maximized on a two Fourier component surface by Although a theoretical analysis of selective enhancement
a mechanism that is distinct from the classical blazing effecthas been published previousigome additional calculations

An exception to the three-step mechanism, which involvesre presented here to demonstrate previously unexplored as-
excitation of counterpropagating SPP modes at the pump arukcts of the problem and to provide a coherent presentation.
probe frequencies, was also explored. The large magnitudé/e have used the reduced Rayleigh equations, which were
of the enhancements-<(10%) predicted for second-harmonic first applied to second-harmonic diffraction, incorporating

Il. THEORY
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the source terms of Sipet al,'® by Farias and Maradudfh. plane. By fine adjustment of the rotation angle of the plane
The theory assumes p-polarized plane wave is incident mirrors, the moirepattern was reduced to one or two fringes
from vacuum on a corrugated metal surface, which is deto eliminate the phase difference between the fringe density
scribed by the general profile functia® {(x). The source and the reference grating to within approximately a tenth of
terms involve phenomenological parametéra, andbg, for  the period. The mask was then removed to allow exposure of
which we use+0.9 and— 1, respectively, where the, value  the grating fundamental. A fringe lock&t,consisting of a
has been measured for silver at 1060 ¥nThe dielectric  pair of photodiodes that provided an error signal to a piezo-
response of the metal is described by bulk dielectric conelectric mirror in the optical system, detected and stabilized
stantse(w) ande(2w). Unless otherwise specified, we use the residual moirepattern thereby fixing the phase of the
the values of Dujardin and Theyeto demonstrate trends, interference fringes relative to the reference grating. After
since these values have shown quantitative agreement wittkposure of the fundamental, the resist plate was reconfig-
second-harmonic diffraction experimenfsThe convergence ured to permit exposure of the second spatial harmonic at
properties of the reduced Rayleigh equations have been di2400 lines/mm. The moirpattern was again used to estab-
cussed elsewher8 Note that enhancements are defined reladish the correct fringe density and provide system stabiliza-
tive to the flat surface efficiency at the same angle of incition. After the third exposure, the entire plate was developed
dence. in 6:1-diluted A303 developer. The resulting gratings were
then coated with 500 nm of high-purity silver by vacuum
deposition at a rate of approximately 1.3 nm/s and stored in
a desiccator.

A. Grating fabrication Since the response of the photoresist is nonlinear, a sinu-

Since the original work of Schmalthe development of soidal interference pattern will not in general produce a pure

holographic methods for the fabrication of grating structuresinusoidal grating structure, even for very shallow modula-

with tailored surface profiles by Fourier synthesis has beef{OnS- Although this nonlinearity can be used to generate a
an active area of investigati§t’® The technique of series of profiles with a variable second spatial harmonic

H 20-22 H H
Breidneet al® allowed the controlled superposition of spatial @MPlitude;™=" the second-harmonic amplitudes that were
harmonics by using the moirgattern generated by an in-

Il EXPERIMENT

predicted to yield the greatest SHG enhancement were too

plane reference grating to provide a sensitive probe of thide, relative to the fundamental amplitude, for this ap-
phase relationship between multiple, harmonically related inProach to be useful. To fully utilize the Fourier synthetic

terferometric exposures. A single-mode-stabilized, 457.9-nriyaPabilities of the Fourier blaze technique, which allows the
laser beam from an argon-ion laser was split, expanded Spgldependent variation of harmonic amplitudes, the individual

tially filtered, and collimated to form two 3-in-diameter €XPOSUres must produce nearly pure sinusoidal modulations

beams which were interfered at the film plane. Two flat mir-N the photoresist. As Rosengart and Pockgfanand

rors, which directed the collimated beams to the film pIaneBae_the%S noted, the fabrication of nearly pure sinusoidal
ratings requires the use of a uniform pre-exposure, which

were mounted on 0.01°-resolution rotation stages. The sytdratn . .
strates(3x3 in2) were formed by spin coating 1,6m of permits the most linear region of t_he exposure versus etch
Shipley 1350B photoresist onto glass plates, which Weréjemhb curve to .be used for the |r|1ten;erorir_1et_r|c _exposhure
coated with an iron oxide layer to increase resist-substratg‘ere y minimizing, ut nqt completely eliminating, t €

adhesion. The central>2 in2 region of the plate was ini- Presence of higher harmonics. To assure that the superim-

tially covered with an opaque developer-tight mask to allowPSed exposures contributed nearly pure, sinusoidal compo-
ents to the surface profile, an optimal uniform pre-exposure

eiposure s deyelonmert of  reference alNg 0 1 Piia frst determined and tho use o all Subsequent b
1/d=600 lines/mm was used, as determined by the angle ggations. Interferometric exposure times for each harmonic
intersection between the beams according to the usual rel vere selected by Qevelo_plng a callb_ratlon surface, at constant
tion, 2dsing=\, for a symmetrical beam configuration. In aser power density, which determ_med groove depf[h versus
practice, because the direct application of this equation tGxposure and development cond|t|or)s. .The amp|_|tudes_ of
obtain a desired fringe density would require extremely highsurface features were p_robeq quant.|tat|vely by diffraction
angular accuracy and precision, the initial plane mirror posi_measurement§ WI'[b-pO'B.I’IZG.d I|gh.t(He|trr'1§1nns met_ho_liat .
tions were found by using the moigttern generated by a 632.8 nm, Wh|ch were rgla’uvely insensitive to variations in
600-groove/mmruled reference grating. The ruled grating the metal dielectric function. AFM was also used as a probe

was then replaced with the photoresist plate and a relativel F surface structure, but Heitmann’s method permitted a
long exposure was used to create a high diffraction effi’ ore convenient average over the surface structure, which

ciency, 600-groove/mm in-plane reference. After develop—varie<j in amplitude by as much as 25% over the relevant

ment of the reference grating, the photoresist plate and plar?e:x.2 in region. The. resulting grating profiles were well de-
mirrors were approximately configured to provide a 1200-Scrlbed by the function
line/mm fringe density, which was the desired fundamental
spatial frequency. Use of the ruled reference grating assured _ 27X 47X

{(X)=A{ si—+Bsin—, D
the accuracy of the groove frequency for subsequent expo- a a
sures to within a few grooves/mm. As the fringe density
approached exactly 1200 lines/mm, large mditeges ap- whereA is a small fraction of the period is expressed as a
peared, with the greatest contrast provided by the superpodraction of A, anda=833.3 nm is the period. Figure 1 shows
tion of diffraction orders that propagated normally to the film AFM traces for a series of photoresist profiles for whigh
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b) . FIG. 1. Atomic force microscopyAFM) line

scans of a series of photoresist profiles produced
WW by the Fourier blaze technique. The Fourier trans-
1100 . .
forms of the profile scans are shown on the right.
‘ ‘ The first harmonic for all four profiles was ex-
0 1000 2000 0m 4000 posed simultaneously, followed by a variable sec-
ond spatial harmonic. Expressed as a fraction of
the fundamental amplitude, the second-harmonic
T amplitudes are approximatelyta) ~3%, (b)
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ranges approximately assB<1, along with the corre- fixed. This strategy also allowed the flat silver surface SHG,
sponding Fourier transforms. The series was obtained by firsequired for calculating enhancement, to be easily measured
exposing the entire centrab in? area with the first har- under identical alignment conditions. By tuning off the SPP
monic, followed by separate second-harmonic exposuregsonance, the grating served as a mirror that directed the
over approximately X1 in* areas with the remainder of the majority of the incident power to the silvered mirror at the
active area masked off. This allowed controlled variation Ofcomp|ementary ang|e of incidence. At this ang|e' the flat
the efficiency of scattering of the SPP-enhanced, secondsyrface SHG was measured with a high signal-to-noise ratio.
harmonic evanescent wave with fixed SPP coupling effi-this result was then used to obtain the flat surface signal at
ciency at the pump frequency. As shown in Fig. 1, nearlyyhe actual angle of incidence by scaling in accordance with
pure two Fourier component surfaces are indeed Obta'ned'theory in the zero corrugation limit, after a small correction
for the reflectivity of the grating. After blocking the 1064-nm
pump beam with dichroic mirrors and Schott glass filters
A schematic diagram showing the system used for théKG5 and/or KG3, the grating-enhanced and flat surface
0.013° angle-resolved SHG measurements is shown in FiggHG were dispersed by a monochromator and detected by a
2. The Q-switched, 1064-nm output of a pulsed yttrium- 1P28 photomultiplier tub€PMT). A reference channel was
aluminum-garnet laser operating at 10 Hz was propagated tmrmed by directing a split-off fraction of the incident pump
the far field following a 3:1 beam diameter reductf@mfter ~ beam through a quartz disk followed by several KG5 filters,
filtering the 532-nm radiatioriSchott RG67D arising from  a monochromator, and a 1P28 PMT. The outputs of the
Pellin-Broca and beam steering prisms, the unfocused 2-mnsample and reference PMT’s were amplifizdLO (Lecroy
diameter, 2—4-mJ/pulse beam was incident on a silver gratyV101B) and collected by a dual-channel boxcar averager
ing. By mounting the grating and a silvered mirror on oppo-(PAR-model 162 and two model 16%'svhich used a 50-ns
site legs of a 90° reflector, which was centered on a highaperture duration and was triggered by a reversed-biased
resolution rotation stage, the incident and reflected beamghotodiode. Since exponential averaging was used, the angu-
were always in parallel propagation. The angle of incidencdar velocity of the motorized, high-resolution rotation stage
could then be varied while the collection optics remained(Newport model 470 rotation stage and model 855C control-

B. Second-harmonic-generation measurements
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FIG. 3. Calculated second-harmonic reflection enhancement is

— PMT shown as a function of angle of incidence for a series of surface

profiles with a 1.5% modulation. The second spatial harmonic am-
_ _ . plitude, expressed as a percentage of the fundamental amplitude, is
FIG. 2. The optical system used for high-resolution, angle-yaried within the series. Note that the higher harmonic significantly

resolved second-harmonic-generation measurements is shown. TBghances second-harmonic reflection and that an optimum value of
90° reflector maintains the incident pump and second-harmonic rehe amplitude exists.

flected beams parallel over the relevant range of angles of incidence
thereby allowing the collection optics to remain fixed. The flat sil-
ver surface SHG at the complement to the angle of incidence iéhe second spatial harmonic, which scatters the SPP-
obtained by changing filters only. This measurement, obtained wittenhanced, evanescent wave into the specular order, is less
high signal-to-noise ratio, is compared with theory to estimate theobvious. Intuitively, an optimum amplitude should exist, al-
flat surface response at the actual angle of incidedB€M  though it may result from loss of coupling efficiency at the
=dichroic mirror, IRF=infrared filter, Q=quartz disk, PD pump frequency as the amplitude is increased. Figure 3
=photodiodeg. shows the results of calculations demonstrating the depen-
dence of enhancement magnitude on the second spatial har-
ler) was chosen to maintain the signal at 99% of its steadymonic amplitude for a series of odd-symmetry, theoretical
state value or better during an acquisition. The scan-to-scagyofiles with different values of the second spatial harmonic
repeatability wast 20% for weakly coupling surfaces, while  gmpiitude. Similar but symmetric profiles were considered in
the more strongly coupling surfaces typically showe8%  pef 5 A rapid increase in second-harmonic reflection is ob-
repeatability. Laser damage was observed to occur only 08, eq initially as the higher harmonic amplitude is in-
resonance for those surfaces that were efficient SPP CO”pleéfeased along with a small shift of the optimum coupling
at the pump frequency and typically only for pulse energies ngle tc; shallower incidence. Note that there is at least a
>4 mJ/puIse: The occasional occurrence of damage did no o-order-of-magnitude increése in the enhancement be-
alter conclus[o_ns regarding morphology_—dependent trend%\Neen the pure sinusoidal case and the most strongly enhanc-
The repeatablllty of .enhancement determinations _for a serlelﬁg biperiodic profile. An optimum value for the second spa-
of gratings was typically= 10% _fc_)r strongly coupling SUr - tial harmonic amplitude is also found. The full width at half
faces. This was more than sufficient to reveal trends, whic aximum (FWHM) for these peaks is seen to remain ap-
in many cases i_nvolved changes in SHG efficiency .O.f sever roximately constant as a function of second spatial har-
orders of magnitude. The accuracy of angular position mea: onic amplitude, with this value being largely determined

surements was est|m?ted to be Qt_bﬁﬁ.S , although a by the fundamental amplitude. This is consistent with an
repeatab|l|ty_ of £0.2°, was suff|c_|e_znt to detect some interpretation of the selective enhancement effect in terms of
morphology-induced resanance position shifts. a three-step mechanism in which the two diffractive scatter-
ing steps involve separate spatial harmonics that make ap-
IV. RESULTS AND DISCUSSION proximately independent contributions. The relative phase of
the two spatial harmonics is also important, as depicted in
Fig. 4, where the dependence of enhancement on phase shift,
Since the two spatial harmonics required to selectivelyexpressed as a fraction of the period, is shown for fixed
enhance second-harmonic reflection serve to optimize apralues of the modulation and second-harmonic amplitude.
proximately uncoupled processes, the optimum amplitude fofhe range of variation of the enhancement is approximately
the fundamental harmonic that allows first-order SPP cou50%, with an optimum value of the phase occurring ab0.5
pling at the pump frequency is expected to correspond apNote that, according to the calculations of Fig. 4, for a series
proximately to the amplitude that maximizes surface fieldof Fourier blaze gratings in which the second spatial har-
enhancement on a pure sinusoidal grafinrgl.6% (Ref. 5],  monic amplitude is varied at fixed modulation, an error in the
as explored previously in connection with surface-enhanceghase between harmonics of @\ill not significantly influ-
Raman scatterin’?® Identifying the optimum amplitude of ence detection of the trends predicted in Fig. 3.

A. Selective enhancement effect
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rier blaze technique, differ in modulation. The second spatial
harmonic amplitudes, as measured by Heitmann’s method,
are similarly expressed as a percent of the fundamental am-
plitude. The major trend predicted in Fig. 3 of a rapid in-

3000.0

PHASE SHIFT

R crease in second-harmonic reflection with increasing second
20000 | o spatial harmonic amplitude is observed. The FWHM as a
. == 0.752

function of second-harmonic amplitude is also found to re-
main approximately constant as predicted, although a sub-
stantial difference in peak width between theory and experi-
ment is found. This likely results from a significant
difference in dielectric function for the real versus calculated
systems, as discussed below. With respect to enhancement
> magnitudes, the nearly pure sinusoidal gratings in each series
15.60 16.66 ) show substantially different enhancements. This likely arises
ANGLE OFINCIDENCE (deg ) from the combination of a more efficiently excited SPP-
enhanced, evanescent second-harmonic wave and a larger

FIG. 4. The calculated effect of the phase shift between the idual d ial h ic for the d dulati
fundamental and second spatial harmonic on enhancement gfsidual secon spatia armonic or the deeper mo _uatlon
8% modulation series also shows approximately

second-harmonic reflection is shown. The existence of an optimurﬁase' The 1. h ]
value of the relative phase is predicted. an order-of-magnitude greater enhancement relative to the

0.8% modulation case for the largest value of the second
spatial harmonic. Since there was a practical limitation on
the number of second-harmonic exposures that we could ob-

harmonic reflection as a function of angle of incidence,tain for a given fundamental exoosure. the rande of second-
which probe the effect predicted in Fig. 3, for two series of agiven o P - ge o
harmonic amplitudes within a given series was limited. Al-

rofiles. The two series, which were fabricated by the Fou- . . . . .
P y though this range was insufficient to observe an optimum in

either case, it is probable that the strongest enhancing surface
1200 - ‘ ; in Fig. 5b) is nearly optimized. Based on theoretical predic-
tions not shown, a larger-amplitude second spatial harmonic
would be required to achieve maximum enhancement for the
o shallower modulation of Fig.(8).
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B. Double resonance condition

600 I In addition to exploring the selective enhancement effect,

the influence of SPP coupling at the second-harmonic fre-
quency was also probed. As a result of greater dielectric
losses at 532 nm, enhancement due to single resonance SPP
coupling at the second-harmonic frequency can be expected
to be smaller than for coupling at the pump wavelength.

ENHANCEMENT
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0 Loy e o= e However, for certain values of the surface corrugation wave
2 0 NOLE OF INCIDENCE ey o8 vector, determined simply by the simultaneous solution of
vo000 the diffractive cpupling equatipns,'thg SPP at both pump and
probe frequencies can be excited in first order. Enhancements
MODULATION=1.8% as large as 19D are predicted for a sinusoidal surface that
8000 ] satisfies this condition.Figure 6 shows calculations of this
SECOND SPATIAL HARMONIC b) effect for a series of 3% modulation, pure-sinusoidal profiles,
— s | where the _angular region scan_ned for each grating corre-
2 o oeen sponds to first-order SPP_ coupling at the pump Wavel_ength.
g — 4% The enhancement resulting from double resonance is pro-
€T
&

nounced. The effect is also seen to be highly localized as a
function of wave vector. The inset in Fig. 6 provides a dia-
grammatic interpretation in terms of first-order coupling to
counterpropagating SPP modes at the pump and signal fre-
quencies.

To search for the double resonance experimentally, a se-
ries of nearly pure sinusoidal profiles were fabricated with
different periods, but with an approximately constant modu-

FIG. 5. Measurements demonstrating the selective enhancemel@tion. Figure 7 shows the experimental results obtained,
effect are shown for two modulationéa) 0.8% and(b) 1.8%. A where the modulation of these profiles was approximately
large increase in efficiency is observed as the second spatial ha?%. The variation in FWHM of the peaks is indicative of a
monic amplitude is increased. Also note the nearly constant FWHMariation in modulation that arises from the limited control of
for each series. the fabrication process. As the grating period is decreased,
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and assumed dielectric functions, as well as the difference in
0000 | e — ] modulation, since the dielectric function affects both the en-

738 hancement magnitude and the optimum period for double
resonance.

3000.0
C. Quantitative theory-experiment comparison

Although the objective of this investigation has been to
detect trends in the dependence of enhancement on surface
nanostructure, the quantitative comparison of theory and ex-
periment will be briefly considered. Previous investigations
have shown that by transferring a photoresist profile into a

76 7890 J o6 e glass or quartz substrate followed by metal deposition, quan-
00 A jL A A titative agreement between theory and experiment for both
140 B NOLE OF INCID e g 20 linea?”?® and second-harmonic diffractith can be
achieved. Measurements involving a metal and transparent-

FIG. 6. Calculations of enhancement of second-harmonic reflecsubstrate interface have also shown good agreement with re-
tion for a series of 3% modulation, pure sinusoidal gratings withspect to line shap€.When the grating profile is transferred
different periods, as specified in nanometers above each resonancd0 a substrate by, for example, ion milling followed by
peak. The double resonance effect is predicted to be stronger at thimcuum deposition of metal, the presence of small-scale
deeper modulation. The inset provides a diagrammatic interpretaoughness, which appears to be especially severe for metal
tion of the double resonance condition. deposition directly onto photoresist, is apparently reduced as
demonstrated by Knobloch, Duschl, and KrfdlWe deem

the — 1 order coupling angle increases. Since enhancement fhis to be the preferred strategy for grating fabrication, which
defined relative to the flat surface efficiency, which increases likely necessary for obtaining consistent quantitative
rapidly with angle of incidence, the enhancement is expectegdreement between theory and experiment. However, di-
to decrease rapidly for increasing grating wave vector. Thigectly coated photoresist gratings are sufficient for demon-
effect is observed for the gratings with periods of 832 g-Strating trends in the spatial harmonic composition depen-
807.6 nm. Yet in the vicinity of the 773.8-nm period, which dence of SPP enhancement. When disagreement occurs
satisfies the double coupling condition, enhancement inPetween a rigorous linear diffraction theory and experiment,
creases to a maximum. A gain of approximately a factor of §he discrepancy can typically be attributed to either the di-
due to the double resonance is estimated. At higher wavglectric function, which can vary widely with deposition
vectors, the trend of decreasing enhancement returns. Ap_Ol’ldltlonS:,B or inaccurate knowledge of the actual surface
though the double resonance effect detected experimentalffofile. In the case of second-harmonic diffraction, the addi-
is not as pronounced as that demonstrated in Fig. 6, thidonal factor of the accurate description of the nonlinear sus-

difference likely results from a difference between the actuaf€Ptibility also becomes important, although for silver at
1060 nm, the source terms of Sipeal.”" apparently account

for the nonlinear response quantitativ&ly.

Knowledge of the surface profile is especially important
826 for modeling second-harmonic diffraction due to the sensi-
tivity of diffraction orders to selective enhancement.A
contribution to enhancement from small-scale random
4000 | s ] roughness can also be anticipat@@epending upon experi-
mental conditions, spheroidal particles can be produced by
vacuum deposition that are well known to have plasmon
resonances capable of strong angle-of-incidence and
polarization-independent surface enhancement for specific
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46 frequency range¥: Since enhancement of second-harmonic
diffraction due to the comparatively large-scale deterministic
754 roughness of the grating structure is defined relative to the
efficiency of a flat surface deposited under the same condi-
®Q0 150 170 10 20 . 2o | 20 270 tions, these measurements should be less sensitive to reso-

ANGLE OF INCIDENCE (deg) nances arising from small-scale roughness, although the off-

FIG. 7. Measurements demonstrating the influence of SPP cofsonance raw signal should show random-roughness-
pling at the second-harmonic frequency are shown for a series dfduced enhancement.
nearly pure sinusoidal gratings with an approximately constant [N Fig. 8, a detailed fit for the specular order enhancement
modulation of ~2% but different periods. A comparison of the Of & shallow, nearly pure sinusoidal silver grating was at-
FWHM of the peaks provides an estimate of the variation in modut€mpted. Numerical results obtained using the dielectric
lation. Enhancement typically declines with increasing grating wavdunction data of Ref. 32solid curve provided the best fit to
vector largely due to the increase in coupling angle. The peak ihe data(circles for this particular profile. However, a thor-
enhancement for the 773.8-nm grating arises as a result of direetugh attempt to fit the data of Fig. 5 with these optical con-
coupling to the SPP modes at both the pump and probe frequenciestants failed to account for the peak enhancement of Fig.
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300 : . . ‘ ‘ modulation and by 1Drelative to a flat silver surface. A
coherent source of SHG in reflection has thereby been cre-
8 ated. Fourier blaze holography has been successfully used to
fabricate the shallow, biperiodic surfaces. The specular
second-harmonic order explored here is predicted to be the
least sensitive order for selective enhancemeftese re-
sults demonstrate that the enhancement properties of diffrac-
tion gratings can typically be interpreted in terms of a three-
step mechanism. An exception to this situation, which arises
under conditions of double resonance, has also been de-
tected. Although agreement between theory and experiment
has been largely qualitative, we expect that quantitative
. agreement should be achievable.
ﬂgnnnoog? e -——1;’5 < a0 M‘f":ss In connection with recent investigations of enhanced, di-
" ' ANGLE OF INCIDENCE (deg) ‘ ' rectional SHG from randomly rough surfaces®it is worth
noting that the selective enhancement effect could influence
FIG. 8. A quantitative fit of theory to experimefitircles is  the magnitude of these directional enhancements. As ex-
attempted for enhancement of second-harmonic reflection from plored in the theoretical investigation by McGurn, Leskova,
nearly pure sinusoidal grating with a modulation of 2.0%, as meayn( Agranovicfﬁ multiple scattering by a disordered surface
sured by Heitmann's method. The theoretical curves were obtaineds 5n SPP wave generated at the pump frequency is expected
with dielectric functions from Ref. 3gsolid) and 13(dashed to excite a counterpropagating SPP wave that interferes with
. . the incident SPP. Second-harmonic photons are then gener-
5(b). I__arger enhancements can be obtained by using t_he fjﬁted at the null wave vector through the second-order sus-
electric data of Ref. 13, QS.ShOWI’l by the dgshed curve In F.'Q:eptibility of the surface. The selective enhancement effect
8, although the FWHM fit is then less satisfactory. An addl—may be important since when the minigap region where
tional factor that likely complicates quantitative analysis Ofcounterpropagating SPP waves are exditesi probed, spe-
our results is the potential for local variation in the groove it~ sacond-harmonic diffraction orders correspoﬁd to 0°

de_pth, since the enhancer_n_en'; magm;ude Is very sensitive E%attering and backscattering that can be selectively en-
this parameter. However, it is interesting to note that no Oﬁ'hanced by appropriate spatial harmonics
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