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Experimental results on the variation of the SH signal with angle of incidence for different diffraction orders of a monolayer 
grating are presented. For specular reflection the data are in good agreement with recently published theory. The angular depen- 
dence of the power in the non-zero grating orders is well described by a slight extension of this theory. The spatial profile struc- 
tured in the monolayer is determined from power ratios of the diffracted orders. The results are in good agreement with predic- 
tions based on a model for thermal desorption, with a surface temperature calculated from a heat conduction equation. 

I. Introduction 

Optical second-harmonic generation ( S H G )  has 
proven to be an effective and sensitive technique for 
studying surface and interface properties. The sur- 
face-specific character o f  the technique arises f rom 
symmetry considerations, which in the electric di- 
pole limit prohibit second-order nonlinear optical 
processes in the bulk of  centrosymmetric media. At 
interfaces or surfaces where the inversion symmetry 
is broken, the dipolar SHG process is allowed [ 1,2 ]. 
The technique has been extensively used to study 
various properties of  adsorbed molecular monolay- 
ers, such as molecular orientation, hyperpolarizabil- 
ity, adsorption and desorption kinetics, phase tran- 
sitions, molecule-molecule and molecule-substrate 
interactions [ 1-3 ]. 

An interesting extension of  the above-ment ioned 
studies deals with periodic modulat ions in adsorbate 
density. Recently Zhu et al. [4,5] created a mono-  
layer grating by thermal desorption o f  an adsorbate 
by exposing it to intense interfering laser beams. 
Subsequently, changes in the diffracted intensity were 
measured due to smearing out o f  the grating caused 

by surface diffusion of  the adsorbed molecules. Rei- 
der et al. [ 6 ] exploited the fact that on a monolayer  
grating the fundamental beam is not diffracted, which 
implies that the diffracted SH intensity can be mea- 
sured background-free. They showed that a grating 
structure allows the study of  adsorbates on top ofnon-  
centrosymmetric substrates, where it is normally hard 
to detect the weak surface SH signal against the 
background signal of  the bulk. Suzuki and Heinz [ 7 ] 
determined the density profile o f  a monolayer  grat- 
ing from the intensities o f  the diffracted grating or- 
ders. They compared the obtained grating profile with 
predictions o f  a model based on thermal desorption. 
Bratz et al. [8 ] extensively discussed the use o f  
monolayer  gratings on top of  linear optical planar 
waveguides with respect to second-harmonic gener- 
ation with high conversion efficiency. In this case the 
grating wavevector, related to the periodic modula- 
tion in the adsorbate, is used to achieve phase- 
matching of  fundamental  and second-harmonic 
lightwaves. 

For a quantitative interpretation of  data from 
gratings at surfaces, analogous to previous studies on 
gratings in bulk material [ 9 ], the optical response o f  
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a surface nonlinear grating should be accurately 
known. In the earlier work referred to above, the 
grating constant was always large compared to the 
wavelength. As a result, the various grating orders 
showed only a small angular dispersion, and conse- 
quently the angular dependence did not differ greatly 
from that for specular diffraction. In the present pa- 
per experimental data are reported for a grating with 
a period of 1.6 gin, comparable to the wavelength of 
the fundamental wave (1.06 gm). The observed 
variation of the second-harmonic (SH) power with 
incident (or diffracted) angle is presented for sev- 
eral grating orders. A slight modification of the the- 
ory for specular reflection leads to good agreement 
with the data. It is thus possible to deduce the spatial 
profile structured in the monolayer from the ob- 
served intensity ratios. The profile can be reasonably 
explained on the basis of a photothermal process with 
which the grating is written in the layer. 

2. Experimental 

The experimental set-up is shown in fig. 1. The 
measurements were performed with an active-pas- 
sive modelocked Nd-YAG laser which emits pulses 
of 30 ps duration at a wavelength of 1.064 gm and 
a repetition rate of 10 Hz. The laser beam, which is 
transmitted through a long-pass filter, a polarizer and 
a half-wave plate, is directed unfocused onto the 
sample surface (beam diameter 2.5 mm).  Typical 
energies in the experiments were 1 m J/pulse. To re- 
duce the effect of pulse-to-pulse intensity fluctua- 
tions the signal is normalized to a SH signal gener- 
ated in quartz. The sample and the complete 
detection system, consisting of filters, analyser, 
monochromator and photomultiplier are mounted 
on a 0 - 2 0  goniometer. The system allows measure- 
ments for incident angles ranging from 20 ° to 90 ° 
with respect to the surface normal. The goniometer 
and all polarizing components are stepping-motor- 
controlled. The sample stage can be decoupled from 
the detector arm to allow for independent setting of 
angle of incidence and angle of observation. It should 
be noted that the average second-harmonic power is 
measured and not the average second-harmonic in- 
tensity, because the detector area is large compared 
to the cross-section of the beam. 
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Fig. 1. The experimental set-up for second-harmonic generation 
at surfaces consisting of a double-cavity nano-pico-second Nd- 
YAG laser, a picosecond dye laser, and an autocorrelator. For 
angular dependence studies the complete detection system is 
mounted on a 0 - 2 0  goniometer. For phase measurements of 
the SH light a reference sample is mounted on a translation stage 
T. The other symbols denote: polarizers PL2, filters FLz.3, mono- 
chromators Mi.2.3, photomultipliers PMT~,2, photodiodes PDL2, 
stepping motors S~_5. The sample stage can be decoupled from 
the detector arm, so that the angles of incidence and of observa- 
tion can be adjusted independently. 

Monolayers were deposited on glass substrates by 
spincoating a solution of hemicyanine [ 10] in iso- 
propanol at 200 rev/min. The writing of the small 
period gratings in these monolayers was made pos- 
sible by the availability of facilities for high-density 
optical recording in the optics group of our labora- 
tory. Partial desorption of the monolayer was per- 
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formed by focusing a 50 mW Ar-ion laser operating 
at 2 = 457.9 nm to a spot of  0.7 Ixm. With an effective 
irradiation time of 140 ns the power density of  13 
M W / c m  z in the absorption region of the hemicy- 
anine was sufficient to ablate the monolayer par- 
tially. With a mechanical reproducibility of  20 nm 
high-quality gratings of several square centimeters in 
area containing 610 l ines /mm were obtained. 

3. Theory 

The second-harmonic intensity is usually calcu- 
lated for the case that the angle of  incidence equals 
the angle of reflection, see e.g. refs. [ 11 ] and [ 12 ]. 
For reflection in higher orders off a grating these an- 
gles may be quite different and a modification of the 
theory is required. Following the arguments pre- 
sented by Mizrahi and Sipe [ 12 ], we derive for the 
second-harmonic power P~) (On)  in the nth grating 
order as a function of diffracted angle On: 

e~,) (O,)  oc sec Oo sec O, 
2 2 × le2o~'X~ 2) :eo,.e,o I Po~(Oo)IA, ( 1 ) 

Po~(Oo) is the power of  the fundamental beam with 
cross-section A and incident angle Oo. For an inci- 
dent wavelength 2, the relationship between O, and 
Oo for a grating with period d is given by sin On = 
sin Oo +n2/2d. For specular reflection, On = Oo, eq. 
( 1 ) reduces to eq. (5.1) of ref. [ 12 ]. The vectors e~o 
and e2o, are defined in table 2 of  ref. [ 12 ]. For the 
calculation of eo~ the Fresnel factors must be taken at 
the incident angle Oo, whereas for the calculation of 
e2o~ they must be taken at the diffracted angle On. The 
intensity of the harmonic beam is proportional to 
sec2On, whereas the cross-sectional area is propor- 
tional to sec Oo cos On, so that the total power is pro- 
portional to sec Oo sec O~. 

For an adsorbate in which the molecules have no 
preferred direction in the substrate plane the second- 
order nonlinear susceptibility tensor X ~z) contains the 

~2~ ~,~) and Z~ -), where i=x, y are components ,~zzz, ^z, 
parallel to the surface and z coincides with the sur- 
face normal (see fig. 1 ). By choosing s-polarized ex- 
citation and p-polarized detection only the element 
Z~2) is involved [ 1,2 ]. This tensor element just acts z y y  

as a scaling factor, and does not influence the an- 

gular dependence of the signal, which is now com- 
pletely determined by a combination of Fresnel fac- 
tors of fundamental and second-harmonic light 
waves, and the geometrical factors in eq. ( 1 ). 

The intensity of  the nth grating order is related to 
the nth Fourier component Z~ 2) of  the spatial mod- 
ulation in Z t2) (x),  which is given by 

Z~2)(x)=z~ 2) +2  ~ Z~ 2) cosnnx/d.  (2) 
n=l  

Here Z~ 2) is the average susceptibility. At first it was 
assumed by us that the writing process described in 
section 2 would lead to a 100% modulation in ad- 
sorbate density and thus in Z ~2). The experimental 
data, however, show that the modulation depth is 
much smaller than 100%. 

To obtain an estimate of the modulation to be ex- 
pected, the thermal desorption of a hemicyanine 
monolayer is studied. With the rate of desorption 
dN/dt= - uNexp( -Edes/ka T) [ 13 ] where kB is the 
Boltzman constant, the surface coverage N(t) nor- 
malized against that of  a full monolayer depends on 
the thermal history T(t),  and is given by 

T ( t )  - -  11 

N ( t , = e x p (  f ~ t e x p ( - E d e s / k T ' , d T ' ) .  
TO 

(3) 

For a known change of sample temperature (dT ' / d t )  
with time, and a given value of the preexponential 
factor z,, the desorption energy Ede s c a n  be 
determined. 

The surface temperature, during the writing of the 
monolayer grating, follows from the heat conduction 
equation 

pcOT(r, t) /Ot-KVZT(r,  t )=S(r ,  t ) .  (4) 

Here the substrate density p, specific heat c and ther- 
mal conductivity K are taken to be temperature-in- 
dependent. S(r, t) is the energy source term, located 
at the surface (z--zo), which is given by 

S(r, t)=Iab~(N)g(t)f(r) ~(Z--Zo) . (5) 

Here/~bs(N) is the absorbed light intensity, a n d f ( r )  
and g(t) are the normalized radial and temporal 
profile of the laser beam. The surface temperature 
T(r, t) for illumination by means of a laser with a 
gaussian beam profile OC(r)=exp(-r/d)  2) and a 
gaussian time profile (g( t)  = exp ( - t/p) 2 ) has been 
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given by Bechtel [ 14 ]. In the simplified situation o f  
a uniform illumination with constant intensity 
( f ( r )=cons t an t ,  g ( t ) = c o n s t a n t )  and a heat flow 
only in a direction normal to the surface, the surface 
temperature is given as 

T( t ) = To + 2 I a b s ( N )  ~ p c  . ( 6 )  

Here To is the initial substrate temperature. 

4. Results 

We first consider the specularly reflected light 
( n = 0  curve in fig. 2). The variation o f  the SH signal 
with angle of  incidence is completely determined by 
the Fresnel coefficients, which depend on the accu- 
rately known substrate refractive indices 1.5067 and 
1.5188 at 2 =  1064 nm and 2 / 2 = 5 3 2  nm. Excellent 
agreement with theory is obtained without any ad- 
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Fig. 2. Measured and calculated variation of the second-har- 
monic power as a function of diffracted angle O, for the orders 
n =  - 1, n = 0  and n =  1 o fa  monolayer grating. The inset shows 
the calculated spatial modulation of Z (2) created by partial de- 
sorption of the adsorbed monolayer. 

justable parameters. Equally good agreement with 
theory was also reported by Guyot-Sionnest et al. 
[15] for the total reflection geometry. They also 
pointed out that an earlier transmission experiment 
[ 16 ] showed discrepancies with theory. Recent work 
[ 17] indicates that multiple reflections in the sub- 
strate may have affected the experimental data. 

Next we consider diffraction. Both in transmission 
and reflection grating orders from n = -  3 to n =  3 
could be detected. From the relationship between in- 
cident and diffracted angles we determined the grat- 
ing period d to be 1.64 gm. The measured and cal- 
culated variation o f  the SH power as a function of  
the diffracted angle for the reflected orders n = -  1 
and n = 1 is shown in fig. 2. Good agreement is found. 
We may thus rely on the data to determine the Four- 
ier coefficients ;Q2) from the relative intensities of  
the diffracted orders. For a 100% square-wave-like 
modulat ion Z~, 2) is given by X~, 2) = 
(Z(2)/nn) sin(nna/d), where a/d is the fraction of  
covered substrate. As follows from this expression, 
the diffracted intensities are zero for a/d=O (no 
monolayer  on the substrate) and a/d= 1 (full mono- 
layer), while for a/d= 0.5 the even order of  the grat- 
ing vanish. For a square-wave modulation with depth 
M the Fourier components  of  the higher orders scale 
with a factor M, whereas the zeroth order scales with 
(1-M) +Ma/d. To measure the relative intensities 
of  the diffracted orders the detector was set at a fixed 
angle of  95 ° with respect to the incident beam. The 
grating was then rotated to direct the diffracted beam 
onto the detector. For n = 2, n = 1, n = 0 and n = - 1 
the power ratios 1 : 8.3:375 : 1.2 were observed. The 
calculated powers for a/d= 0.6 and a 20.8% square- 
wave-like modulat ion in Z (2~ are 1 : 8.8:375 : 1.7. The 
small difference may be further reduced by using a 
gaussian spatial modulation. The result o f  a/d= 0.60 
is in agreement with the ratio of  0.57 following from 
the 0.7 gm focus spotsize to the 1.64 gm grating pe- 
riod. The modulat ion in Z (2) obtained with use of  eq. 
(2)  and the measured power ratios is sketched in the 
inset o f  fig. 2. 

The modulat ion depth, created in the monolayer, 
depends on the desorption energy ofhemicyanine  on 
glass and the surface temperature. The desorption 
energy can be estimated from the data in fig. 3. Here 
the variation in the SH signal is shown during ther- 
mal desorption of  the monolayer, for a linear tern- 
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Fig. 3. Measured and calculated variation of the second-har- 
monic signal during the thermal desorption of a hemicyanine 
monolayer on glass. 

perature ramp of 8°C/min. The data are well de- 
scribed by eq. (3), which is valid for a first-order 
desorption process [ 13 ]. A unique determination of 
both u and Edes is not possible from experiments with 
just one single heating rate. The experimental de- 
sorption curve can be fitted with use of eq. (3) for 
a range of v values and corresponding values of Ed~s. 
A frequency v =  1013 s -  l is commonly used in the lit- 
erature [ 13]. For v ranging from 1012 s -1 to 1014 S -1, 
we obtain that Ed~s varies from 1.38 eV to 1.56 eV. 
These values for Eaes are comparable to those ob- 
tained by Mullin et al. [ 18 ] for desorption of liquid 
crystal monolayers on glass. The temporal evolution 
of the surface temperature calculated with use of eq. 
(6) for a monolayer absorption of 2% at 2=457.9 
nm, a density p = 2 . 6 ×  10 3 kg/m 3, a thermal con- 
ductivity K= 1 W / m  K and specific heat c = 0 . 8 4 ×  
103 J/kg K for glass, is T(t) = To + 2.0 × 106N//t. Us- 
ing these numbers we calculated for an irradiation 
time of 140 ns a modulation depth between 3% and 
30% for v, Ed¢~ ranging from 1012 s-l ,  1.38 eV to 1014 
s -1, 1.56 eV. This is in qualitative agreement with 
the diffraction data and supports the assumption that 
desorption is the main mechanism in writing the 
grating. 

5. Discussion 

To obtain the variation of the SH signal with in- 
cident angle (fig. 2) the use of wedged substrates was 
found to be essential to suppress SH signals that ar- 
rive at the detector via reflection of fundamental 

and/or  second-harmonic at the rear of the glass 

substrate. 
No linear diffraction from the gratings was found. 

For a linear experiment the modulation is extremely 
small since the thickness of the monolayer ~ 1 nm 
and refractive index of ~ 1.5 give a phase retarda- 
tion of only 0.4 ° and a negligible amplitude atten- 
uation. The calculated diffracted intensity is about 
10-6 of the incident intensity, which is less than the 
randomly scattered light. On the other hand, for sec- 
ond-harmonic generation the 20% modulation in X t2) 
allowed us to detect both in transmission and re- 
flection the diffracted orders from n = -  3 to n = 3. 

To calculate the variation in the SH signal during 
thermal desorption (fig. 3), we used E(2og)Qc 
Zt2)ocN. The good agreement with experiment con- 
firms the validity of the linear relationship between 
Z ~2) and Nin  this density range. This implies that the 
calculated modulation in Z ~2) (see inset fig. 2) di- 
rectly corresponds to a modulation in adsorbate den- 
sity N. We expect thermal desorption to be the dom- 
inant mechanism in writing the grating. Photo- 
chemical effects are not expected to play a signifi- 
cant role. For the given irradiation conditions and 
an adsorbate density N =  1 × 1014 c m  - 2  each mole- 
cule is excited on average by only 350 photons. 

Finally, calculation of the surface temperature with 
a one-dimensional model is justified only when the 
laser focus spot diameter ! exceeds the thermal dif- 
fusion length i.e. l>> (4Kt/pc) w2. In our situation, 
with l= 0.7 ~tm we calculate a diffusion length of 0.5 
Ixm. This indicates that we are just at the limit of the 
validity of the model. 

6. Conclusions 

We have shown that high-quality structured 
monolayers can be obtained by a laser ablation tech- 
nique. The angular dependence of the SH diffraction 
signals in a reflection experiment is well described 
by a slight modification of existing theory. The power 
ratio of the diffraction orders provides information 
on the spatial profile structured in the monolayer. 
The modulation depth obtained is in good agree- 
ment with expectations based on a model for ther- 
mal desorption, with a surface temperature calcu- 
lated from a heat conduction equation. Finally, these 
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resu l t s  m a y  se rve  as a bas i s  for  e x p e r i m e n t s  o n  

( t r a n s i e n t )  g ra t ings  to  s t u d y  t he  n o n l i n e a r  op t i ca l  

p r o p e r t i e s  o f  sur faces .  
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