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Azobenzene polymer surface deformation due to the gradient force of the optical near field
of monodispersed polystyrene spheres
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We report on the mechanism of azobenzene polymer surface deformation due to the optical near field around
a dielectric sphere that is smaller than the wavelength of the incident light. We compared the deformation
pattern on the surface with the calculated intensity distribution of the electric field around the sphere, and
analyzed the polymer migration on the polymer surface using tapping-mode atomic force microscopy. This
comparison and the polymer migration analysis show that the near-field gradient force induces the surface

deformation.
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I. INTRODUCTION In this article, we report that the three-dimensional gradi-

ent force of the optical near-field around a Rayleigh sphere

The recent development of near-field optics and photonic¥rings about the surface deformation. First, we carried out
opens a new door to spatially-control matter on a nanometegcanning electron microscog$EM) to determine the posi-
scale* A variety of nanofabrication techniques employing tion of the deformation relative to the sphere. The SEM im-
optical near fields has been proposédin these circum- age shows that the dents are formed just beneath the sphere.
stances, a working knowledge of the interaction between th&€condly, we calculated the intensity distribution of the op-
optical near field and the surrounding material has becomic@l near field around the sphere, and compared its distribu-
importanf*3 and is the subject of this research. Recently, oufion with the surface deformation. The intensity distribution

research group have demonstrated that topographicgloes not fully correspond with t_he surface deformat.ion, but
changes to the structure of individual monolayers of Sub_strongly suggests that the gradient force of the optical near

o : field deforms the surface three-dimensionally. Thirdly, we
wavelength-sized polystyrene spheres can be induced on th%rformed TMAFM to analyze the mass transport on the

erivative-containing polymer b .
2?%‘2&2206‘2 Igzszkr)?)r:d?%]eevye have succeeded 31 ltoralénlscrib zobenzene polymer surface. The mass transport evidences
P ' the surface deformation mechanism on the basis of the gra-

ing a_mpnolayer of 28 nm diameter spheres into a tOpoaient force model.
graphic image on an azobenzene polymer surfabais re-
sult implies that the optical near field of spheres that are
smaller than the wavelength of the incident light can cause
surface deformation on the azobenzene polyridereafter A urethane-urea copolymer containing donor-acceptor-
we refer to spheres smaller than the wavelength of the lighsubstituted azobenzenes was synthesised and used as the
as Rayleigh spheres and spheres larger than the wavelengthbstraté! After dropping an aqueous solution of monodis-
of the light as Mie sphergsHowever, the mechanism of the persed polystyrene spheres onto the substrate, the water was
surface deformation has not been clear up till now. evaporated from the solution. The spheres rearranged them-
With regard to the surface deformation of azobenzeneselves via a self-organization process, and the sample was
polymers, a topographic relief structure on an azobenzenthen irradiated with 488 nm wavelength coherent light from
polymer can be generated by exposure to an interferend@e Ar' laser. In order to rule out the influence of gravity on
pattern from the coherent superposition of laser bearhs. the deformation, all of the substrate surfaces were set aligned
The topographic changes follow the intensity distribution ofvertically during the exposures. Next the spheres were re-
the electric field in the surface plane. This phenomenon hamoved from the surface by immersing in water and/or by
been considered to be a photodriven mass transport eftect eluting in benzene, and then finally the surface was observed
and various driving forces behind it have been proposedyy field-emission SEM(JEOL, JSM-89D and TMAFM
such as internal pressufdight intensity gradient§,and in-  (Digital Instruments, Nanoscope IN&A commercial silicon
termolecular interactioh.However, neither the mass trans- cantilever(Nanosensor, SSS NCH8, the tip radius of curva-
port effect itself nor the nature of the driving force has beerture was about 5 nm, the cantilever length was L2%, the
directly confirmed from the SRG experiments. In a previousforce constant was 50 N/m, and the free resonant frequency
paper, by studying the phase images created using tappingras 298 kHz was used for TMAFM. The scan speed was
mode atomic force microscopfTMAFM),%1° we demon- 500 nm/s in TMAFM. When the sample has steep and deep
strated that the viscoelastic properties of an azobenzene polgents, imaging artifacts might arise from tip convolution
mer surface treated with 100-nm diameter spheres changsfects'>~14To prevent the artifacts, FE-SEM images of the
along with the topography. We concluded that this is definitenew tips chosen by random sampling were observed. Be-
evidence for the mass transport, while the driving force ofsides, the tip which could obtain the sharper images were
the surface deformation has still been ambiguous. selected and used for the AFM analysis.

II. EXPERIMENT
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large as that of the corresponding sphere, and is almost un-
changed during the exposure. In the case of the 500 nm
sphere, the diameter of the dent is smaller than that of the
corresponding spheres, and is slightly increased with the ex-
posed time. Figure (®) shows the change in the depths of

the dents. The depths of the dents induced by both the 100
nm and 500 nm spheres are increased with the exposed
times, and are inclined to saturate. The saturated depths are
about 50 nm and 150 nm for the 100 nm and 500 nm

. spheres, respectively. It should be emphasized that the diam-

FIG. 1. SEM images of the substrate surface. These samplesters of the 100 nm sphere and the corresponding dent are
were treated bya) 100 nm spheregbird's eye view and (b) 500 50yt the same even in the early stage of the dent formation.
nm spheres2D view). The samples were exposed to 488 nm and T contribution of the imaging artifacts originated from the
0.5 Wienf laser light. tip convolution effect should be little because of the shallow

] S o dents) The result represents that the surface deformation

The intensity distributions of the electric fields were cal- yoes not follow the shape of sphere; the shapes of the dent
culated in a vacuum around both the 100 nm and 500 nmnq the corresponding sphere are distinct from each other.
diameter pqustyrene sphgres. using Mie’s equatidfi.In The fact strongly suggests that some factors other than inter-
the calculation, the refractive index of the polystyrene wascial forces such as van der Waals forces play an important
taken to be 1.59, and the wavelength of incident light wasg|e for the surface deformation.

488 nm. We examined the influence of the optical power on the
dent formation, and confirmed that the surface deformation is
IIl. RESULTS AND DISCUSSION essentially temperature independent. The samples with the

100 nm and 500 nm spheres were exposed to light with an

The SEM images of the substrate surface with the 100 nraptical power ranging from 0.01 W/cno 0.5 W/cnt. The
and 500 nm residual spheres are shown in Figa) &nd  0.01 W/cn? laser light caused a dent to form in the same
1(b), respectively. These images show that the dents arganner as the 0.5 W/dmaser light, with the total optical
formed just under the spheres, regardless of the actual size ehergies required being the same. During these exposures the
the spheres. In Fig.(&), the image clearly shows how the polystyrene spheres, which had a glass transition temperature
areas just under the spheres have been depressed while (h%) of 105 °C, remained unchanged, so the temperature on
surrounding area has been raised up. In addition, the sphergse surface of the substrates should have been lower than
are embedded in the dents. In Figb)i the image shows that 105 °C, which is well belowT, of the azobenzene polymer
the dents and the residual spheres are arranged hexagonally4s °Q. These results indicate that the contribution of the
The spheres at the monolayer edge and the adjacent dents #fermal effects to the surface deformation is low. Therefore,
aligned in a hexagonal arrangement; and therefore th@e conclude from these experiments that the surface defor-
spheres located themselves on the dent. mation is optically induced.

Also, we carried out AFM to analyze the surface shapes in Next, the calculated intensity distributions of the electric
detail. The sizes of the dents as a function of the exposefields around the spheres are shown as the contour lines in
times are summarized in Fig. 2. The plots account for therig. 3, with theX-Z andY-Z planes that contain the centers
dent formation processes practically. Figut@Zhows the  of the spheres. The intensity distributions change drastically
change in the diameter of the dent with the exposed time. Ifvith the sizes of the spheres. The electric fields around the
the case of the 100 nm sphere, the diameter of the dent is 890 nm sphere, shown in Fig(e8, are enhanced at the sides
of the spheres along the polarization directions of the inci-

w00 o 0 120 5 dent light. The Rayleigh sphere hardly has any focusing ef-
3 o 100 fect on the incident light because of the diffraction limit, but
Swd O Ew works like an electric dipole. In contrast, the electric field
g z O around the 500 nm spheres, shown in Fidp) 3are enhanced
‘5 2001 o 60 O ° towards the forward area of the sphere. The Mie sphere fo-
% 2 4 ° cuses the incident light because in this case the sphere works
el e L] ® § wd © ° as a lens. These calculations reveal that the intensity distri-
a o o @ butions of the electric fields around the Rayleigh and Mie
D S A A 4 3 w2 16 spheres are different. We believe that the calculated intensity
Exposed Time (min) Exposed Time (min) distributions around the spheres in the vacuum are almost
(a) (b) identical with the experimental system. We sometimes find

that a solitary dent isolated from the rest of the arrangement
FIG. 2. Changes in the sizes of the dents during the expocan be formed on the surfa¢€ig. 1(a]. The shapes of the
sure: (a) diameter;(b) depth. These samples were treated by theisolated dents are about the same as those in the regular
100 nm sphere@®) and the 500 nm spheré®). The samples were arrangement. We have tried to calculate the electric field
exposed to the 488 nm and 5 Wi/ttaser light. around these isolated spheres on the polymer surface, and the

195408-2



AZOBENZENE POLYMER SURFACE DEFORMATION DUE. .. PHYICAL REVIEW B 64 195408

X X
—
— TS
— 100
— 1
— 158
= 1.7

(a) (b)

(a)

FIG. 4. Superposition of a cross section of the polymer surface
and the calculated intensity distribution f@) the 100 nm sphere
and (b) the 500 nm sphere. The directions of the forces are repre-
sented in the images by the arrows.

induced by the Rayleigh sphere, we propose that the mecha-
nism originates from the three-dimensional near-field’s gra-
dient force. The proposed mechanism is outlined as follows.
First, the azobenzene derivatives absorb the incident light,
which induces trans-cis-trans isomerizati8rSecondly, the
(b) isomerisation plasticizes the azobenzene polyrfiér.
Thirdly, the gradient force of the electric field around the
FIG. 3. (Colon Calculated intensity distributions of the electric Rayleigh sphere attracts and draws up the azobenzene poly-
fields around(a) the 100 nm spheres ar{tl) the 500 nm spheres. mer. The direction of the gradient force is shown in Fig. 4.
The left and right images show thé-Z andY-Z planes. The di- Concerning the gradient force, Ashkin first demonstrated the
rection of light propagation is along the direction, and is dis- existence of the gradient force by conventional optfcSor
played from the top to the bottom of the images. The polarizationthe azobenzene polymer surface deformation, Kumar and co-
directions are parallel to thé axis. The dotted circles represent the workers presented a gradient force model that originated
size of the spheres. The colored lines indicate the contour linefrom the intensity distribution of the electric field in the sur-
denoting the relative intensities to the incident light. The intensitiesgce plané3.'17

are displayed in the legends. The principle of the gradient force is described as follows.

complex refractive index of the polymer is taken into ac-
count in the calculation. The calculated distributions are ;
qualitatively equivalent to those seen in the images in Fig. 3. . . .
Comparing the experiments with the calculations, dent .
formation does not follow the intensity distribution of the .
electric field for the Rayleigh spheres, but it does for the Mie ' .
spheres. The Rayleigh sphere forms dents just below the|
sphere itself, while the intensity distribution in the surface ..
plane is almost homogeneous. Therefore, it is necessary to

take account of some factor acting on the surface besides the 250 nm 250 nm
intensity distribution. In contrast, a Mie sphere causes a dent (a)

just below the sphere, which does obey the intensity distri- nm

bution in the surface plane. In the cases where there is direct 50

exposure to the interference patté8RG formation® and to

the focused Gaussian bedmthe deformation follows the

intensity distribution of the electric fields in the surface

plane. Since the Mie sphere acts like lens, as shown in Fig.

3(b), the dent induced by a Mie sphere is identical with one

induc%d by direct exposure to a focused Gaussian laser 0 0
beam-’ These comparisons tell us that the surface deforma- m m

tion phenomenon originating from a Rayleigh sphere is a (b)

special case in that there is disagreement between the surface

deformation and the intensity distribution in the surface FG. 5. (Colon TMAFM images of the substrate surface. These

plane. Some factor beyond the intensity distribution in thesamples were treated It the 100 nm spheres arfb)) the 500 nm

surface plane must be introduced in order to elucidate thepheres. The left-hand and right-hand images show the topographic

phenomenon. and phase images, respectively. All of the samples were irradiated
Regarding the azobenzene polymer surface deformatiowith 488 nm laser light at 0.01 W/chfor 250 min.
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Dielectric materials in a vacuum are affected by the opticabisplays a more positive phase sit The reason for this is
electromagnetic fieldE=E,exp(wt) andH, so that the di- that the phase shith® is approximately described as
electric materials receive a dynamic forige

ADyx V(AYE* (Q/K), (4
f= v EEZ n i IPe (1) where(A) is the time-averaged value of the contact ai4a,
9= ok 2 gg dt |’ is the effective modulugQ is the quality factor of a cantile-

. . e . ver, andk is the spring constant of the cantilevét* is
wheree, is the electric permittivityy is the electric suscep- roportional to the stiffness when the tip is much harder than
tibility of the _dmlectnc ma’genal, an_@ezsoExB is the. MO-  the sample. In our experiment&d) is a constant, since we
mentum of light. Dielectric materials that absorb light aregperated the TMAFM at room temperature and at moderate
often represented phenomenologically by a complex suscegapping settinglarge A, and somewhat smatl,). Accord-
tibility, ingly, we determined that the phase shift is dominated by the
R stiffness on the surface, such that a stiffer region has a
X=X ~IX 2 greater phase shift. The stiffness variation on the surface rep-
corresponding to a complex permittivity=eo(1+ x). Sub-  resents polymer migration because the area condensed by the

stituting Eq.(2) into Eq. (1) and extracting only the real part Migration becomes harder.

; ; ; ; The TMAFM images of the surface treated by the 100 nm
of Eqg. (1), we obtain an equation relating to the dynamic ges ¢ ; y
forceq (@), w I quat n9 y spheres are shown in Fig(éd. The phase image shows that

the insides of the dents become relatively softemaller
1 phase shift and the vicinal area becomes hardéarger
fd=sox’[V(§E2 +27f X" Pes (3)  phase shift This result accounts for the polymer migration
induced by the gradient force. If the gradient force of the
where 2rf=w. In Eq. (3), the first and second terms are optical near-field draws up and gathers the azobenzene poly-
related to the gradient of the intensity of the electric field andMer chain to the sides of the sphéfég. 4(@)], the margin
the absorption of the dielectric material, respectively. and the inside of the dent become harder and softer, respec-

The directions of these forces are dependentyoiVe tively. The stiffness variation on the surfaces analyzed by
obtain y'=1.87 andy’=1.10 for the isotropic azobenzene MAFM evidences the proposed mechanism on the basis of

tical near-field’s gradient force.
polymer at 488 nm wavelength. These data are calculatetfi® OP .
from the refractive index and the extinction coefficients mea- | "€ TMAFM images of the surface treated by the 500 nm

sured by spectro-ellipsometfyTherefore, the gradient force sphere_s is displayed in Fig(tf_j. 'T‘ contrast to Fig. &), the

[the first term in Eq.(3)] attracts the azobenzene polymer Phase image shows that the |n5|de§ of the depts bec'ome rela-
from the region with the weaker electric field towards thet'\_"aly harder (larger phase shift This result is consistent
stronger field. On the other hand, the force induced by ab?—'v'th our proposed theory that the polymer chain is pushed

sorption[the scattering force, the second term in B] acts into the insidg of the sub_stra_te due to the scattering force.

parallel with the momentum of the photon. Furthermore, if t_he refra_ctlve |_nde>§ of. thg azobenzene po!y—
We simply estimated the gradient forces and the scatterin'®' chgnges with the intensity d'S”'b““OT‘ of the electric

forces around the spheres from E&) and the distributions eld during the exposure, thg' component in the plane of

shown in Figs. 3. We confirmed that the gradient force isthe surface might become apparently negative, as Kumar and

larger than the scattering force in the case of the RayleigI‘fo""’orkerS pointed out. _Th.e azohenzene polymer chams
sphere. Thus the gradient force around the Rayleigh sphe ove from stronger electric field areas to the weaker areas in
draws up the azobenzene polymer around the sides of tHae surface plaqe QUe to the gradient force in the surface
spheregFig. 4a)], such that a dent is formed on the surface.P'a2"€: Thus the inside of the dent becomes harder.
Oppositely, the scattering force is dominant in the case of the
Mie sphere. Hence, the scattering force pushes the azoben-
zene polymer chain into the substrékgg. 4(b)]. In addition We have proposed calculations and experiments to ex-
to these optically induced forces, the interfacial forces suclplain the surface deformation of an azobenzene polymer that
as the van der Waals forces might play some part for thés induced by the exposure to light of spheres of 200 nm and
surface deformation. However, the surface deformation doesS00 nm diameter. The calculated intensity distributions
not follow the shape of the dent as shown in Fig. 2 and Figaround the 100 nm and 500 nm spheres are distinct from one
4. The contribution of the optically induced forces is moreanother, and disagree with the observed deformation in the
remarkable than the interfacial forces. cases of the 100 nm spheres. From this data, a mechansim
The direction of the polymer migration was confirmed by based on the optical near-field's gradient force is proposed.
TMAFM. The phase image during TMAFM provides a map Analysis by TMAFM of the polymer migration on the sur-
of stiffness variations on the surface such that a stiffer regiotfiace strongly supports the proposed mechanism.

IV. CONCLUSION
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