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Optical waveguiding in individual nanometer-scale organic fibers
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We show by a combination of spectrally resolved fluorescence and atomic force microscopy that individual,
single crystalline, needlelike aggregates of hexaphenyl molecules with submicron cross-sectional dimensions
act as optical waveguidesnanofibers”) in the blue spectral range. The nanofibers are formed via laser-
supported, dipole-assisted self-assembly on single crystalline mica substrates. This method allows us to modify
the morphology of individual aggregates as well as their mutual distances and the overall orientation of needle
arrays. An analytical theory describes quantitatively the waveguiding behavior. From measurements of the
damping of propagating 425-nm light the imaginary part of the dielectric function of individual nanoscaled
organic aggregates is determined.
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[. INTRODUCTION We have found that the oligophenylenes grown on a mica
substrate form mutually well-oriented aggregates with large
Organic molecules with delocalized electrons makeup aspect ratios: they possess submicron-sized widths and
promising new materials for future submicron-sized opto-heights but lengths up to millimetefsvlore elaborate low-
electronics. They often show large, polarized luminescencenergy electron diffractiolLEED) investigations show that
efficiencies and have the ability to self-assemble into highlytheir (111) faces are oriented parallel to the surface pfane.

ordered structures on particular substrates or prestructuraqote that in addition to the (11) face the (21) face has
substrate templates. Hence, one could envision a combingeen observed on mica by a x-ray-diffraction technitjBe-
tion of lithographical techniques and self-assembly to genercause of the very similar surface lattice parameters, we can-
ate customized components which buildup an ordered arrayot distinguish between these two lattices using the LEED
of connecting nanoscaled fibers. apparatus. The aggregates consist of parallel stacks of laying
Waveguiding all-optical connectors or filters are thus cru-molecules, which are oriented along the direction of micro-
cial building blocks for future organic optoelectronics. The scopic dipoles on the mica surface. The driving force behind
lithographical approach to obtain elements of that kind is thehe oriented growth is a dipole-induced dipole interaction.
generation of photonic band-gap structurésHere, we The growth of nanofibers on mica substrates occurs in a
present an alternative approach, namely, submicron-sizegather narrow surface temperature rany@~25 K at a
single crystalline, and waveguiding nanofibers, grown viasmall deposition rate of 0.025 nm/s. This allows us to locally
laser-assisted self-assemblypaira-hexaphenyl p-6P) mol-  induce or avoid needle growth via laser-induced surface
ecules on dielectric substratéara-hexaphenyl is an oligo- heating!® The laser manipulation does not change the direc-
mer of the conjugated polymer, poly-paraphenylene. It contion of the needles which is given by the direction of surface
sists of a linear chain of six phenyl rings and has a band gagipoles and it does not lower the degree of mutual alignment.
of 3.2 eV, cf. Fig. 1. The vibroni§, — S, exciton spectrum  However, the length distribution as well as the distances be-
in the solid state is dominated by intense Raman activéween nanofibers can be varied by changing the ratio be-
modes, which are due to C-C stretching vibrations of alltween global and local heating.
carbon atoms of the molecule. In the present paper, we take advantage of these growth
Thin films of para-oligophenylenes have been thoroughly parameters to manipulate the needle formation in order to
investigated in the pabsince those molecules are candidatesinvestigate the waveguiding propertiesioélividual nanofi-
for the optically active elements in organic light-emitting di- bers. We select nanofibers with interesting morphological
odes, full color displays or organic semiconductor lasers.
face temperature in combination with the choice of the un- \\\g&
derlying substratgfor example, different alkali halides or

Adsorbed on dielectric surfaces, the molecular axis is alignec'
mica). FIG. 1. Space-filling model of a-6P molecule.

either parallel or normal to the surface, which influences
light absorption, emission, and electrical properfiehe
alignment can be altered by varying adsorption rate and sur
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FIG. 3. Local spectra of luminescence intensity that is
waveguided through a nanoscaled needle on mica. The soli¢dline
is the spectrum obtained at the tip of the needle, AZd®apart from
a break. For comparison, the spectra of an ensemble of needles on
FIG. 2. Fluorescence images of well isolated hexaphenyimica[(b) gray curvg and ap-6P film on KCI[(c) dotted curv¢ are
needles on mica(a) 180x 350 um?; needle length 10820 um.  &lso shown.
(b) 230%x 450 um?; needle lengths 170 and 280m, respectively.

needles with a well-defined length of 18@0 xwm can be
structure by a fluorescence microscope and investigate thgenerated as well as individual needles on different length
very same fibers with optical and local probe methods.,  scales.
atomic force microscopy The fluorescence microscope al-  The single crystallinity of the aggregates and the orienta-
lows us to locally excite luminescence inside a selectedion of their unit cells are determined via low-energy electron
needle and to spectroscopically determine the wavelength fiffraction with the help of a very low current channel plate
the light that is propagating along the nanofiber. Deliberately EED spectrometer. Since the generated patterns of organic
induced, nanometer-sized breaks in the needles couple a cogggregates on mica are stable against ambient air conditions,
stant fraction of the propagating light into the far field, the we can perform the optical and morphological characteriza-
amount of which can be determined quantitatively as a function outside the growth chamber. We indys&P lumines-
tion of distance between excitation and OUtCOUple pOintcence by focussing the 365-nm ||ght of a high_pressure mer-
Since the breaks are of subwavelength size, damping of th@ury lamp inside a microscope to a measured Gaussian focal
propagating light by them is negligible. Damping in the radjus of about 15.m. A local spectroscopic analysis of the
present case is due to reabsorption inside the nanofibers. |yminescence light from individual needles by a fiber-optic

On the basis of well-known classical electrodynamicspectrometer results in a 0—1 band of the C-C stretch vibra-
waveguiding theory we have developed analytical exprestion at 425.5 nm[Fig. 3@]. This luminescence light is
sions to describe optical waveguiding through our two-propagating along some of the needles. As can be seen by
dimensionally confined nanofibers, which we apply to indi-comparing the spectrum obtained at the tip of the needle,
vidually selected entities. From measurements of thegom apart from a break, with the spectra of an ensemble
damping of blue light in several different nanofibers, wegf needles on mic4Fig. 3b)] and of ap-6P film on KCI
evaluate the imaginary part of the dielectric function. ResuItS{Fig_ 3(c)], the light propagating in the nanofiber is spectrally
are presented both f@r6P needles on single crystalline mica sjgnificantly more confined. The measured spectral half-
and on NaCl substrates. width is 6 nm.

Propagation of light inside the nanofibers is observed via
nanometer-sized breaks which are deliberately induced by
thermal stress in the course of the cooling process following

Needles opara-hexaphenyl are grown via evaporation of preparation of the aggregates. Both the induced lumines-
p-6P in vacuunibase pressurexd10™° mbar) with a rate of  cence intensity at the primary spot of the exciting light and
0.025 nm/s on a freshly cleaved mica substrate, kept at 35e outcoupled luminescence at the position of a break are
K surface temperatureBoth the deposition rate and the sur- quantitatively determined with the help of a charge-coupled
face temperature are crucial parameters for the needle growttevice camera on top of the fluorescence microscope. The
mode, determining height and mutual distance of thedistance between excitation and outcoupling region is varied
needles. The total deposited mass thickness, determined bybg a movable focusing lens and by moving the sample with
quartz microbalance, affects the length and—to a smallemicrometer precision. We have verified that the observed lu-
extend—the width of the needles. Figure 2 shows typicaminescence intensity is a linear function of excitation inten-
fluorescence images of well-isolated needles grown in osity for the moderate irradiances that we are applying in the
near the focal area of an argon ion laser. Arrays of parallepresent set up.

Il. EXPERIMENT
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FIG. 4. (a) Force microscopy image (595.9 um?, deconvo-
luted from tip of needlem,. The inset is a blowup of the break
region. Gap width is about 50 nrth) Height scans through nanofi-
bersm;, m,, andm; on mica, revealing typical dimensions. The
shaded boxes have widths of 400 nm,§, 400 nm fn,), and 300
nm (mg), respectively.
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From the characteristic appearance of the environment
around selected needlpgemonstrated in Fig.(B)] it is pos-
sible to identify and to locate a single needle by optical mi-
croscopy. This allows us to characterize the same needles by
atomic force microscopyAFM) as were measured by optical
fluorescence methods. Alignment of the needle under the
AFM tip was controlled by microscopically observing the
sample and the cantilever from below through a transparent
sample holder. The AFM was done with a PicoSHAvlecu-
lar imaging operated in tapping mode. In Figs. 4, 5, and 7,
we show force microscopy images of selected nanofibers on
mica and on NaCl. For further reference, we label the
needlesm;, m,, andm; (needles on mida as well asn,
(needle on NaGQl The AFM allows us to deduce typical
dimensions that are critical for the waveguiding process, as
demonstrated by several height scans through the needles.

lll. THEORY

Let us approximate the nanofiber by a rectangular wave-
guide with sidesa along thex axis andb along they axis,
placed on a dielectric substraf€ig. 6). The dielectric con-
stants of the medium surrounding the waveguidedium 1
and the substrat@énedium 3 aree; andes, respectively, and
the waveguide interiofmedium 2 is optically uniaxial with
the dielectric permittivity tensor

¢ 0 O
&=[0 € O 1)
0 0 ¢

We assume that the dielectric constasntsand e; are real
ande;<e3. The imaginary parts of, ande| are much less
than their real parts ané, <e¢| and the magnetic permeabil-
ity w=1 in all three media.

From the Maxwell equation for the electric field in the
waveguide interior, we derive

FIG. 5. Deconvoluted force
microscopy image of nanofibers

on NaCl. Image size 6.5
X 6.5 um?, width of the shaded
box 300 nm.
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FIG. 6. Geometry for the theoretical evaluation of the needles

PHYSICAL REVIEW B567, 115408 (2003

IV. COMPARISON WITH EXPERIMENT

For a quantitative theoretical prediction of the waveguid-
ing behavior of the nanofibers, we use the valueg6f1,
¥,=2.51 Jeg=1.58 for mica and/e;=1.57 for NaCl. The
value of the refractive index for an isotropipara
hexapheny! film is\e,=1.7 for> A\ =425 nm and, thuse,
=1.9 ande|=4.8. Typical widths for nanofibers on mica are
a=400 nm[Fig. 4(b), needlesm; andm,] and for NaCla
=300 nm(Fig. 5. ForA =425 nm(Fig. 3) and using Eq(7)
it follows that the minimum needle width at which at least
one mode can propagate along the needla;is 222 nm.
The second mode appearsagt=444 nm.

In Fig. 7, we present a force microscopy image of a fiber
with a single break, where waveguiding was observed on one

denoting the nine different regions that surround the nanosSide of the break but not on the other. Height scans along the

waveguide.

€|~ €L JE,
E=— —_—. 2
v €, OX @
and thus obtain the wave equation
N R R N E o -
vi—+—+——— —|E4=0,
Yox? oy? 92 ¢ at2]

where the index represents the index of the medium,

=y3=1, v,=¢le,, ci=cl\e;, c,=cl\e, ca=clVe;
with ¢ the speed of light in vacuum.

opposite ends of the image show that the nonwaveguiding
part[Fig. 7(a)] has a significantly narrower cross section as
compared to the waveguiding part opposite to the bfeak
7(b)]. The shaded box in Fig.(&@ has a width corresponding
to the lower theoretical threshold for waveguiding (
=222 nm), whereas that in Fig. () corresponds to
waveguiding in the lowest-order TM mode {400 nm).
Thus, the analytical theory agrees with the optical and mor-
phological findings. The cutoff wavelengths ark,
=1103 nm for a=400 nm and \,=827 nm for a
=300 nm. Therefore, even infrared light is transmitted
through the nanofiber.

Now let us turn to an investigation of damping of propa-

We shall seek the solution for the field amplitudes in thegating light modes in the nanofibers. Fluorescence images of

form

Foi(x.y,2)=Fo(x.y)exdi(wt—B2)], (4)

whereF, is a component of the electric or magnetic field
(a=x,y,2), v and B are the wave frequency and propaga-
tion constant, respectively.

In the Appendix it is shown that TE waves cannot exist in

nanofiber waveguides of the kind we are employing. The

electric-field vector of the waveguiding TM modes lies in the
xz plane. From Eq(A42), we find the cutoff frequency for
TM waves

Cc mm (5)
We="FT7— "
and the cutoff wavelength
2Ve a
A= m (6)

The number of possible modes is restricted by the condi-
tion that the field amplitude must decrease when one moves

away from the waveguidgsee Eqs(A32) and(A33)]. As it
follows from Eq.(A17) for j=3, one has3>ks and there-
fore the following condition should hold:

2a e
m<T G—JH-\/GH—Gg, (7)

with A the wavelength of the propagating light.
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FIG. 7. Force microscopy image (X3 um?) of a p-6P

nanofiber(needlem;) in the neighborhood of a breald50 nm

wide). The upper parta) is not waveguiding, the loweib) is. On

the left-hand-side height scans through the upper and lower parts

are shown. The gray shaded boxes have widths of 222 nm and 400

nm, respectively.
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FIG. 8. Five fluorescence images of needig following local E 0.2
excitation for increasing distancéa)—(e) between excitation and o
outcoupling points. =
©
outcoupled intensity at the break for increasing distances be- &
tween excitation and outcoupling points are shown in Fig. 8. 0.1t
The classical theory predicts the intensity of the guided wave
to decrease exponentially with distance along the waveguide,
ie.,
1(2)=1(zg)exd 2 ImB(z—zy)], 8 0.0 ' ' ‘
(2)=1(z0)exp{2 IMB(z~20)] ® 0 a0 a4 o e o
the imaginary part of the propagation constant being deter- Distance from excitation center [um]

mined by the imaginary parts of the waveguide dielectric

tensor components. We believe that the losses in a needle areFIG. 9. (a) Outcoupled luminescence intensity as a function of
mainly due to absorption by hexaphenyl molecules whichdistance from the excitation point for an individual needle on mica
occur if the electric-field vector of the light is directed along (needlem;). The dashed line represents the spatial excitation pro-
the molecular axes. According to that we assume that onl§ile. The continuous solid line is a fit using =0.009+0.001. (b)

the | component possesses an imaginary fieet, ¢ =¢/ ~ Same asa), but for needlem, on mica (] =0.014+0.002).

—ie""), whereas the imaginary part ef can be neglected. '

The quantitye] is an adjustable parameter, which we will iS reflected in the facto = dper/ Jerys=0.462, Wheredype,
determine by a direct comparison of experiment and theory2Nd Jcryst @re the spectral linewidths of the fiber and the
Figures 9 and 10 show measured and calculated depeftystal, see Fig. 3. The final estimate fop#P fiber ise|
dencies of the intensity scattered at the needle breaks on the0.0119, which agrees well with the values obtained from
distance between the center of the excitation spot and thé&e fitting of spatial luminescence decay.

breaks. For the needles on mica, we gpt0.009=0.001
[m;, a given by the width of the box in Fig. (8)], e"" V. CONCLUSIONS

=0.014-0.002 (m,, a=400 nm) and¢j=0.012+0.001 In this paper, we have presented experimental data to-

(ms, a=300 nm), whereas for the needle on a NaCl sub-yeiher with a quantitative theoretical evaluation of single-
strate €/ =0.0136-0.0009 6, Fig. 5, a=300 nm). The yo4e optical waveguiding of blue ligh#25 nny through
mean value for all measured needlegjfs-0.012+0.002. nanoscaled dielectric fibers of hexaphenyl oligomers. Blue
Density-functional calculations for the hexaphenyl bulkight is especially useful for high-density information storage
provide for theej,s; component of the dielectric function a and treatment on future submicron-sized optoelectronic com-
singularity at the band edd8-0) with an amplitude of about ponents.
30.® The band edge corresponds to the electronic transition The nanofibers have been generated on mica and NaCl
from the lowest vibrational state of the ground electronicsingle crystalline surfaces by laser-assisted self-assembly.
state to the excited electronic state of hexaphenyl moleculeghe self-assembly process leads via a strong dipole-induced
Hence, we expect for the corresponding component of a fibedipole interaction to arrays of mutually parallel oriented en-
on a substrate als=300 K: €/ = €]y FgXA. Here,Fg  tities which emit highly polarized blue light. Since the
denotes the relative population of the first excited vibrationagrowth process depends substantially on deposition condi-
state of the ground electronic state, which determines th&ons and on thermal surface gradients, the topology of indi-
absorption at 425.5 nm. Given the vibrational excitation envidual fibers as well as the overall size distribution can be
ergy to be 182 meV! the corresponding Boltzmann factor is varied by application of local laser heating. This new kind of
8.6x 10 *. The influence of the finite size of the fiber ef‘ﬁ nanoscaled waveguides possess the advantageous properties

115408-5



BALZER, BORDO, SIMONSEN, AND RUBAHN

PHYSICAL REVIEW B67, 115408 (2003

Due to the high optical quality of the nanofibers in terms of
surface roughnedgf. Fig. 4(a)] scattering losses should be
04| small, but this has to be investigated quantitatively in a sepa-
rate study. On the other hand, one experiences often
impurity-induced absorption bands in the optical band gap in
conjugated organic molecules, which would decrease the
02| possible propagation length of the guided light again. While
%’ we have no direct hint for such an effect in the present
= nanofibers, there is also no fundamental reason which would
< limit our growth control method to conjugated organic mol-
8 o0 ecules.
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047 | APPENDIX
\
0.2+ \\ 1. TE waves
\\\ We discuss first transverse elect(itE) waves for which
0.0 ' ) ' ' E,=0. From Maxwell's equations one gets the following
0 20 40 60 80 100

relations between the magnetic- and electric-field compo-

Distance from excitation center [um] nents:
FIG. 10. (@ Same as Fig. 9, but for needfa; on mica (] 0 cC 5
=0.012+0.001).(b) Same aga), but for a needle on NaGheedle Hy(x,y)= ZﬂEx(X:Y)1 (A1)
N1, € =0.0136+0.0009).
. o . . . H%x)=—5ﬂ@u ) (A2)
of being of correct size in one important dimension to allow X,y oY )

optical waveguiding, while they are extendable to millimeter
size in another dimensionand are flat on a nanometer scale aHS(x,y) AHO(x,y)
over their whole surface area. As proven by low-energy elec- x T ay (A3)
tron diffraction, the nanofibers are single crystalline with
well-defined orientations of the individuglara-hexaphenyl
molecules with respect to the fiber axis. The identification of
the same nanofibers in an optical fluorescence microscope
and an atomic force microscope has allowed us to perform
local spectroscopy and luminescence damping measurementsHence, from Eq(2) it is concluded that inside the wave-
on morphologically well-characterized individual aggregatesguide
The presented analytical theory describes the waveguid-
ing conditions satisfactorily, especially the tunability of the &ES(X,)’)
waveguiding properties by modifying the dimensions of the IX =0.
needles. From a comparison of measured and predicted
damping of the TM waves propagating along the nanofibers, The boundary conditions require continuity of the compo-
we obtain the parallel component of the imaginary part of thenentsH, and D, for movement along the axis across the
fibers dielectric functionq"’zo.Oth 0.002. boundary between the media 1 and 2. Thus, the following
Waveguiding along the nanofibers is expected to be rerelations should hold:
stricted mainly by(i) the cutoff wavelength given by the

As a consequence, we have

V.E=0. (A4)

(A5)

dimensions of the waveguide afié) damping of the propa- HY1(0.y) =HJ,(0y), (AB)
gating light. If one is interested in guiding infrared light of
1.3 um, this should be possible with nanofibers having 1B (0y) = ER(0y). (A7)

widthsa=470 nm. Damping is especially pronounced in the

blue spectral range since it is caused by reabsorption of the Taking into account EqiA1), we get the condition
propagating light. For wavelengths above 550 nm reabsorp- 0 0
tion becomes negligible and scattering losses will dominate. Ex1(0y)=E}»(0y)=0. (A8)
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Now combining Eqs(A5) and (A8), we find thatE)?:O
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inside the waveguide. This is also valid for the medium sur-
rounding the waveguide as the field amplitude should equal dZYj(y) )

zero at infinite distance from it. Analogously, we gé@

=0, i.e., TE waves cannot exist in such nanofiber

waveguides.

2. TM waves

Let us now turn to transverse magnefiiM) waves for

which H,=0. Maxwell's equations lead to the following re- and
lations between the field components in the waveguide inte-

rior:
HO,0x,Y) = — A E(x,y) (A9)
y2\7 cB x2\ %Y )
weE
H3200Y) = = 3 Ega(xy), (A10)
FER(X,Y)  JED,(XY)
ay  ox (A1D)
HHR(GY)  dHY(XY)
g =- y (A12)
As a consequence one obtains the equation
1 GHYL(%Y) 1 aHO(x,y)
- y2 y _ - y2( y ' (A13)
€, ay €| ay
with the solution
IHY,(X,Y)
y2\ %)
oy 0, (A14)
that leads to the condition inside the waveguide
IEY (X, JEY (X,
x2( Y): ya( Y):O_ (AL5)

ay X

Substituting expressiofd) into equation(3), we get the
equation

2 52
2 0 _
(‘yjy'f'a—yz'f'hj EXJ-(X,y)—O, (A16)
where we have introduced the notation

h?=k?— B2, (A17)

with k] = w/Cj .
In Eq. (A16) the variables can be separated by letting

EROGY) =X (0 Y(y), (A18)
where the function¥; andY; satisfy the equations

dZXJ(X)
dx?

+05,X(x)=0 (A19)

and
0 +05,Y;(y)=0, (A20)
with
- 1
az=—0a5 (A21)
i
o+ a5, =hy . (A22)

Let us divide the whole space containing the waveguide
into nine regions as it is shown in Fig. 6 and consider the
solution of Eq.(A16) for each region. Taking into account
Eqg. (A15), we conclude that the fundamental solutions in the
region Il corresponding to the waveguiding modes are
sin(G,X) and cosf,X). One can compose them of the odd
and even modes with respect to the plarvea/2.

Consider first the odd TM modes. In this case, the solu-
tions in the different regions which vanish at infinite distance
from the waveguide have the form

E)=A, expl kysX)eXpl Kyay), (A23)

E!'=A, sin expl kyay), (A24)

a
Ox3| X— E

Ex'=An exd — ka(x—a)]exp(ryay),  (A25)

ElY=A\y explkyX), (A26)

Y = a
Ex=AvSin Ox| X= 5 |, (A27)
EyY'=Avi exf — ka(x—a)], (A28)

Ex"'=Au explkaX)exl — kyi(y—b)],  (A29)

exf — xy1(y—b)],
(A30)

) a
E;”” =Ay sin le(X_ 5)

Ex‘=Aix exf — kx(x—a)]exd — kys(y—b)],
(A31)

where we have introduced the notations=(,3)
K= ~Cj»  Relky)>0, (A32)
ko= =g, Relky))>0. (A33)
Since continuity of theE, component at all the bound-

aries between the regions excépt-V andV— VI has to be
fulfilled, we get the following equations:

qxlzaxzquii’ (A34)
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[~ a [~ a with n=0,1,2 . ... Now combining Eqs(A40) and (A38),

Aj=—A sin U2z | = —Ap=Ay=—Aysin Ux25 we infer that TM modes exist if
- a e (Ad1)

=—Avi=Avi=—Avn 3in(Qx2§>:_A|x- (A35) b= a’

N . wherem=1,23....
The continuity of theD, component at the boundaries  The corresponding propagation constant can be obtained

IV—V andV—VI leads to the equation from Egs.(A17), (A21), and(A22) with q,,=0:
[~ a 2 27112
€1A|v:_€AvS'n( qX2§ . (A36) B= l ”—ﬂ mm (A42)
C2 €\ a

Comparing Eqgs(A35) and (A36), we conclude that a

o = . ; Let us consider now the other two components of the
nontrivial solution is possible only if

electric-field vectoiE, andE,. The continuity ofE, andH,
at the boundaryV —V requires that

~ a
sinl gy, = | =0, (A37)
X2 E(0y)=ED,(0y), (A43)
0
' €1E51(0y) =€, ED,(0y), (A44)
~ 2mm which leads to the condition
Ej,(0y)=0. (A45)
with m=1,2,3.... In this case only the coefficients,
—A,=Ay,, are nonzero. Quite analogously one finds that On the other hand, the componéii} does not depend on
even TM modes can exist only if x inside the waveguidgsee Eq.(A15)]. Therefore, we have
E9=H?=0 in the waveguide interior and hence in the whole
~ a i
cos( quz o (A39) space. Now from the Maxwell equation f8 < H one gets
0
_vj IEX(XY)
or By =i g — (A46)
~ _(@2n+Dh)7m Thus, the electric-field vector of the waveguiding modes
O2=—""F7 > (A40) . .
a lies in thexzplane.
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