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Optical writing and subsequent reading of information on thin films of azobenzene side-chain
polymethacrylates on the 100-nm scale are demonstrated by near-field scanning optical microscopy
(NSOM) with polarization control. Polarized blue light at 488 nm coupled to the NSOM aperture
probe activaterans—cis—transisomerization cycles of the side chains, causing their alignment and
thus locally inducing optical birefringence. Red light at 690 nm with modulated polarization is
coupled to the same aperture and used to detect optical anisotropy on the local scale. Lines of width
on the 100-nm scale were optically inscribed and detected even with no concurrent topographic
modification. © 2003 American Institute of Physic§DOI: 10.1063/1.1572538

Optical data storage has been the focus of intensive rewas also demonstrated by NSOM with features in the micron
search due to the anticipated superior operation speed amadnge!® Submicron all-optical writing and reading was re-
the resulting gain in the inscription of information as well ascently obtained by our group on a spin-coated thin film of
its noninvasive character. However, the spatial resolution atpolymethacrylate(PMA) modified by the insertion in the
tainable by conventional optical methods is diffraction lim- fourth position of an azobenzene mesogenic (@imethyl-
ited. Near-field scanning optical microscogSOM) has  4'-pentyloxy connected to the chain by a hexamethylene
emerged as a promising technique to meet the current depacer(PMA4).2® Optical structuring was achieved employ-
mands for high-density optical data storage by circumventingng NSOM probes with aperture diameger 150 nm. These
the diffraction limit. Azobenzene-functionalized polymers at-rather large apertures are a good compromise, providing a
tract particular interest due their high optical activity produc-localized light source with a well-defined polarization state,
ing erasable birefringence gratint$as well as the intrigu- as well as higher optical throughput, to implement
ing photoinduced surface relief phenomenon, which can bgolarization—modulation detection for the readback process
readily induced in a single-step process upon exposure ofith adequate contrast and signal-to-noise ratio. In this work,
thin films to an interference pattern of polarized light at anwe show all-optical writing and reading of features on the
absorbing wavelength? 100-nm scale on a thin film of an azobenzene side-chain

The optical storage mechanism in azobenzene side-chaplymer, realized with polarization—modulation NSOM.
polymers is based on the isomerization cycles of the azoben- The experiments were performed on a block copolymer
zene side-chains between the#ins andcis forms, with re-  of PMA/PMA4 (30/70 deposited as 100-nm thin film on a
spective high and low dipole moment&Polarized light ac- clean glass substrate by spin coating. The preparation is iden-
tivates trans-cis-trans isomerization cycles, leading tical to that previously reported for the PMA4
statistically to a net realignment of the azobenzene groupBomopolymer.’ The copolymer has been introduced because
perpendicular to the polarization direction, thus locally in-of the higher photosensitivity that is expected with respect to
ducing birefringence. Photoisomerization and the interactiothe homopolymer. Despite the higher glass transition tem-
with the optical electric field are also essential for the surfaceeratureT of the bulk material Tq=303 K for the copoly-
relief formation and the concurrent mass migration thatmer in comparison withl ;=294 K of the homopolymey
shows a marked polarization dependeficklthough its mi-  this can be anticipated through the reduction of the nematic
croscopic origin is not yet fully understodd. potential that tends to destroy photoinduced reorientation.

NSOM has been previously exploited to detect, with ~ The NSOM apparatus is based on a homemade
high resolution, the optical anisotropy induced on azobeninstrument® modified with the implementation of
zene polymers by a pure polarization interference paftern polarization—-modulation®?° The beam of a 690-nm laser
as well as to produce subwavelength-sized topographic fealiode is prepared in a linear polarization state rotating at an
tures relying on the photoinduced surface deformatiofif  angular frequencyw, before being coupled to the NSOM

All-optical patterning of a photosensitive polymer thin film optical fiber(Nanonics Ltd, FN-50 The tip/sample distance

is regulated by a tuning-fork-based shear-force detection
dCurrent address: Department of Physics, National Technical UniversityfeedbaCk' nght is collected in transmlssu_)n. by .an aSpherIC
Zografou Campus, 157 80 Athens, Greece; electronic mail-l€ns (NA=0.5) and then detected by a miniaturized photo-

likodimo@gel.demokritos.gr multiplier tube of extended red sensitivity, after crossing a
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FIG. 1. Birefringence NSOM images & 690 nm) of optical gratings real- 'gg,- ! '. | ,‘...’ .\é.l *S ,' i |
ized by previously tracing parallel vertical lines with the NSOM prohke ( ¢ L4 \“ﬁ.gdo 5\., "H \g"* ‘.°..
=488 nm) on a thin film of PMA4. The lines are spaced(hy 1000 nm, 0.00 L L L ® 2.
and (b) 500 nm. 0 4 8 12 16 20
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linear polarizer. In order to improve the sensitivity of the gig_ 2. processed line profile obtained from birefringence NSOM images of
optical channel, an intensity modulation of the laser diodenine vertical lineg2-um spacedlimprinted with different scan speeds: from
beam at relatively high frequency~25 kHz) has been left toright, four lines at 300 nm/s, one line at 1n/s, and four lines at 3
implemented, followed by a synchronous detection systen‘fmls'

before the usual polarization modulation detection stage op-

erating atw/27~ 125 Hz. This modification allowed to im- sample thickness and thermal treatment, and operation tem-
age optical anisotropy features produced with aperture diamperature. Figure 2 shows a typical processed line profile ex-
eters of~100 nm. tracted from a NSOM birefringence imageot shown re-

The blue line of an At laser at 488 nm, controlled in corded after a previous writing of vertical lines with various
power by an acousto-optic modulator, is used for optical inscanning speeds at 308 K. The presence of a polarization
scription on the polymer surface at ambient conditions. Subanalyzer in the optical path produces an apparent dichroic
sequently, the topographic image is simultaneously acquiredffect due to the local optical activity of the sample, which
with the optical signal averaged over the full polarization—has been evaluated using Hd). The corresponding phase
modulation cyclgreferred to as DT as well as the in-phase variation does not exceed a few degrees. However, determi-
(X) and quadratur€Y) outputs of the lock-in amplifier that nation of the local optical properties in the full near-field
provide the polarization-related signal. Post-processing ofegime @<50 nm) releases the assumptions of this analysis
the obtained data may then be applied in order to quantifiand should be addressed by further work.
the optical anisotrop$! Defining X, and Y, as the values of Figure 3 shows a narrow vertical line obtained with a
X and Y recorded on a region that has not been opticallyspeed of 30 nm/s, corresponding to a fluence of about 150
modified, the local dichroisn® can be estimated as Jlcnt. The imaging quality obtained in this case is limited by

C—[(X=X)2+ (Y= Y.)2]2IDC D the intrinsig resolution of aperture'NSQM due to the tip di-

a a ' ameter(estimated to be~ 100 nm in this cage so that the

so that the residual dichroism due to the NSOM optical fibethin line appears with poor contrast and irregular cross sec-
and aperture can be deconvoluted. tion. The full width at half-maximum measured on the profile

Figure 1 shows optical patterns previously written byobtained by _aver_aging_all the horizontal scan lines _is about
tracing vertical lines spaced by 1000 and 500 nm, respec2-00 nm, while single line profiles show variable thlgkne_ss
tively, with the NSOM tip emitting about 5 nW of laser light from 100 to 200 nm, for example, the one reported in Fig.
at 488 nm(value measured in far fieldor the used NSOm  3(b) has width of 120 nm. The higher fluence used to pro-
probe witha~ 150 nm. The tracing speed wasuin/s, pro- duce the narrow Ilng was not yet sufficient to gengrate any
viding a writing fluence of about 5 J/GriThe corresponding toPographic embossing. On the other hand, the optical prop-
topographic relief reveals a rather shallow swelling of the
film surface along the inscribed lines of the order of 3 and 2 ¢
nm, respectively. These values are much smaller than the
surface deformation reported by previous NSOM studies, |
where longer exposure times and exciting wavelengths close l
to the absorption maximum, thus increasing both the energy
fluence and the mechanical response of the azobenzene poly-
mer, were employed to produce detectable surface
reliefs1?~*4 Repeated experiments with even larger aperture | 1pum
tips and different writing speeds provided direct evidence ©
that the values of light fluence necessary to obtain mass mi-
gration are generally much higher than the ones sufficient for
changing the local optical properties of the polymer. o _ _

Systematic studies of the topography embossing thresHZC: 3- (8 Birefringence NSOM imageX=690 nm) of a line produced by

. . . .. previous writing with the NSOM probex(=488 nm) on a thin film of
old as well as of optical orientation efficiency have beenpyaa The arrow indicates the lacation of the lirfe) Line prafile corre-
carried out as a function of writing tluence and polarization,sponding to the marked line if).

(b)
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readback process will be in general characterized, as regards
both resolution and contrast, by some nontrivial combination
of these patterns. The limit case of large probe tips could
thus be clear, while the opposite case of extremely small tips
needs deeper comprehension since it is the one of interest in
order to increase the storage density.

In conclusion, azo-polymethacrylate thin films have
, , , been inscribed and read back optically with a resulting line-
100 200 300 400 width of the order of 100 nm using polarization—modulation
Position (nm) NSOM. Employment of NSOM probes with smaller aperture
FIG. 4. (a) Topographic shear-force image of a line realized by previousand hlghe_l’ throthpg_t WI!I help to ass_ess the ultimate I!mlt
writing with 325-nm laser light coupled to a 50-nm aperture NSOM probe. fOr all-optical nanowriting in such materials towards possible
(b) The line profile at the indicated position {g) shows a feature width of ~ applications for ultrahigh density data storage. Further stud-
45 nm. ies to clarify the near-field interaction in both writing and
readback processes are necessary to this purpose.

erties appear modified on a larger area of several microns \we thank M. Laus for providing the PMA4 polymers
around the small feature. This suggests the following picture,,4 acknowledge MURST for financial support through the
for the writing process. Near and far fields generated at th%roject CIPE-P5BWS.
NSOM tip are generally characterized by a different intensity
and polarization distribution. In particular, the near field is
restricted to a spatial region of the order of the aperture di-1 _
ameter also comprising an out-of-plane polarization compo-, T Todorov, L. Nikolova, and N. Tomova, Appl. Opit3, 4309(1984.
. . - . . “R. Wuestneck, J. Stumpe, V. Karageorgieva, L. G. Meier, M. Rutloh, and

nent due to its nonpropagative character, while the far field is ;' 5 ocher colloids Surf. A98-200, 753(2002.
diffracted by the aperture and thus diverges from it. Thes3p Rochon, E. Batalla, and A. Natansohn, Appl. Phys. [66t136(1995.
fraction of near- to far-field electric energy contained in a “D. Y. Kim, S. K. Tripathy, L. Li, and J. Kumar, Appl. Phys. Le@6, 1166
tiny shell close to the aperture is known to scale a1/ 1999 .

. . . . L. Cristofolini, S. Arisi, and M. P. Fontana, Phys. Rev. Le&8g, 4912
Accordingly, the confined near field is able to produce local (2000.
molecular alignment as well as topographic embossing bysp. wu, D. V. G. L. N. Rao, B. R. Kimball, M. Nakashima, and B. S.
increasing the incident fluence. Likewise, the far field emit- _DeCristofano, Appl. Phys. Let?8, 1189(2001.

; ; ; ’N. K. Viswanathan, S. Balasumarian, L. Li, S. K. Tripathy, and J. Kumar,
ted by the NSOM probe is able to perform optical alignment, 3pn. 3. Appl. Phys38, 5028(1999.

though diffraction limited. ) 8N. C. R. Holme, L. Nikolova, S. Hvilsted, T. Todorov, P. H. Ramussen, R.
Figure 4 shows an example of topography embossing H. Berg, and P. S. Ramanujam, Appl. Phys. L&#, 519 (1999.
obtained with 325-nm light, which activates exclusively the °p. Camorani, L. Cristofolini, G. Galli, and M. P. Fontana, Mol. Cryst. Lig.
; - - - _ Cryst. 375 175(2002.

trans—cis transition and thus fayors the main chain rea.r 103, Kumar, L. Li, X. L. Jiang, D.-Y. Kim, T. S. Lee, and S. Tripathy, Appl.
rangement._ Features of 45-nm size have been thus ob_tame hys. Lett.72, 2096(1998; K. Sumaru, T. Fukuda, T. Kimura, H. Mat-
at a scanning speed of 50 nm/s for NSOM probes with  suda, and T. Yamanaka, J. Appl. Phgd, 3421 (2002, and references
~50 nm. The optical throughput of such a tip was enough tq_therein.

), . .
enable the writing process by using the highly efficient E'stézgggr'“‘am‘ N. C.R. Holme, and S. Hvilsted, Appl. Phys. B8ft.

trans—cis transition, but still too low to permit optical read- 12N, Landraud, J. Perett, F. Chaput, G. Lampel, J.-P. Boilot, K. Lahlil, and
back with the red wavelength. V. I. Safarov, Appl. Phys. Let{79, 4562(2007).
. . . . 13 H :

A point deserving further attention is the role of near and P S Ramanujam, Négs Ff;g'?ﬁ’&?ﬁ’ M. Pedersen, and S. Hvilsted, J. Pho-

. . . ochem. otopiol., .
far fields in the readba_mk pro_cess._The usual _ane_llySIS of thﬁs. PatangA. Arena, M. Allegrini, L. Andreozzi, M. Faetti, and M. Gior-
NSOM response to anisotropic optical properties is based ongano, Opt. Commur210, 37 (2002.
considerations valid for propagating fietlsHowever, the '°S. Takahashi, K. Samata, H. Muta, S. Machida, and K. Horie, Appl. Phys.
contribution of the near-field interaction becomes particu—lek/le“L-;:éi‘?(ﬁo%%pped &L Pardi, M. Allegrini, M. Giordano, . Patine
larly mp_ortant wh(_an pursuing hlgher resolution. Presumably , Arena, and E. CefaliMol. Cryst. Lig. Cryst.(in press.
the probing near field is characterized by out-of-plane polari’a. s. Angeloni, D. Caretti, M. Laus, E. Chiellini, and G. Galli, J. Polym.
ization that will be sensitive mostly to the vertical compo- _Sci., Part A: Polym. Chen29, 1865(1991).
nent of the molecular dipoles. The associated response %gP G. Gucciardi, M. Labardi, S. Gennai, F. Lazzeri, and M. Allegrini, Rev.

L. . " . ) Sci. Instrum.68, 3088(1997).

then e_XPECt_ed_ to mimic a dichroic rather t_han a p'ref”ngencegp Camorani, M. Labardi, and M. Allegrini, Mol. Cryst. Lig. Cry&72,
behavior. Similarly, a component of vertical orientation of 365 (2001).
the molecules can be induced by both the far- and near-ﬁeﬁﬂ)L. Re}moino, M_. Labardi, N. Maghelli, L. Pardi, M. Allegrini, and S.
components of the writing light. However, the emission pat—ngatg”iz%’érﬁg:' 'gStgjm,\;gbf;ilf:cﬁ' W. P. Hsu, Appl. OB, 84
tern of the same NSOM tip at different wavelength is ex- (1998; p.-k. Wei, Y-F. Lin, W. Fann, Y.-Z. Lee, and S.-A. Chen, Phys.

pected to be rather different, so that the outcome of the write/ Rev. B63, 045417(2002).




