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Near-field scanning optical microscopy as a simultaneous probe of fields
and band structure of photonic crystals: A computational study
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We demonstrate the feasibility of employing near-field scanning optical micros@égpM)
imaging to simultaneously obtain both the eigenfield distribution anahne-structurénformation

of a photonic crystal. We introduce the NSOM measurement configuration required and simulate the
imaging process, with both the tip and the sample included, using three-dimensional
finite-difference time-domain calculations. Both the field-pattern and the frequency—wave-vector
relations of photonic crystal eigenmodes are revealed by analyzing simulated imagd899©
American Institute of Physic§S0003-695(99)02534-9

Photonic crystals are predicted to have the capability oflecaying length of the exponential tail of the guided modes
drastically affecting the dispersion relations, symmetries, an@way from the slab. The tip is made of &ef. 12 with a
spatial power distributions of electromagnetic modes withinmetallic coating® that is perfectly conducting. At the narrow
their boundaries and thereby provide a new dimension irend of the tip, the dielectric core has a radius of 8.08he
controlling the flow of light? These predictions are being tip is separated from the surface of the slab by a distance of
actively tested by experiments. Most of the experiments per0.05. Periodic boundary conditions are applied at two of
formed so far probe the band structure by analyzing amplithe six computational cell boundaries in order to simulate a
tudes of scattered electromagnetic waves from the crystaphotonic crystal with large transverse dimension. On all
Such measurements do not provide information concerningther boundaries, we apply Mur’s absorbing boundary con-
the field distribution of the eigenmodes. To obtain such in-dition to eliminate spurious reflection for outgoing electro-
formation requires resolution far below the diffraction limit, magnetic waves!
and near-field scanning optical microscdpySOM) (Ref. 3 For an operating wavelength at 1.8, we choose the
is useful for this purpose. To this date, however, only a smallattice constana to be equal to 0.5.m, to ensure that the
number of NSOM experiments have been attempted on ph@perating wavelength falls in the first photonic band. In the
tonic crystal sample%;® none of which directly probe the simulated structure, the dielectric core at the bottom end of
eigenmodes of the photonic crystal. In this letter, we intro-the tip has a diameter of 89 nm. The bottom of the tip is
duce a NSOM measurement configuration which allows foiPlaced 28 nm away from the surface of the dielectric slab.
direct imaging of photonic crystal eigenmodes, and demonIn€se parameters are reasonable for typical NSOM
strate the feasibility of employing NSOM to obtain experiments. For operation at a different wavelength, the

frequency—wave-vector dispersion information of photonicstructural parameters scale proportionally. Since NSOM ex-
crystals. periments can be performed in wide ranges of frequencies,

We use a three-dimensional finite-difference time-We Will use dimensionless units in the following discussion.

domain (EDTD) progran? to simulate the NSOM measure- The band structure of thiafinite photonic crystal along

ment process. Previously, NSOM measurements have beeiﬁer_K andF_I—M d.irectio.ns fo; TE-Eke modes is shown in
simulated using two-dimensional finite-difference time- Fig. 2. A detailed discussion of such band structures can be

domain methodsand multiple multipole methodsin com- found in Ref. 15. Because of the single-mode nature of the

parison, three-dimensional FDTD methods possess the Capt&z_ind structure, individual eigenmodes with a definite wave

bility of dealing with more complex structures in a more vector can be excited by specifying the oscillation frequency

realistic fashion. and propagation dl_rect_|on. Measurement of the time-
; . - ._averaged power distribution of such an eigenmode, however,
The simulated structure consists of a finite photonlcwi” be periodic with respect to the lattice vector, and hence
crystal slab and a NSOM tip, as shown in Fig. 1. The com- P P ’ ’

putational domain contains 14®%50% 140 Yee cells® Each will not provide any information ebout the wave vect_orin
) S . order to generate wave-vector information, we deliberately
Yee cell is cubic in shape with an edge length of @05

. . . exploit the properties of &inite photonic crystal in order to
wherea is the lattice constant of the photonic crystal. The P brop P y

. . . induce interference betweenk and —k eigenmodes. For
crystal structure is composed of a triangular array of a'rhOIe‘?—:xample to excite a mode along thie-K_direction, we
introduced in a Si slab with an index of 3.48, which is ap- ’ :

iate for liaht with : h o 1 11h choose the truncation of the crystal to be normal to khe
propriate for light with a wavelength equal to 1.55n. € direction. A plane of oscillating dipoles located in the uni-

air holes have a radius of @4nd the slab has a thickness of form part is then used to excite a guided mode, which strikes

0.1a. These structural parameters are chosen to ensure t%on the truncation in the normal direction.

single-mode nature of the guided modes, and to increase the 11,4 time-averaged power densities for two modes along

the '-K and I'=M directions, respectively, are shown in
dElectronic mail: shanhfan@mit.edu Fig. 3. Both modes are chosen to possess a normalized fre-
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(b)

FIG. 1. (Color) The computational cell for the simulation of a near-field
optical scanning microscopy measurement process.

guency of 0.3&/a. The power distribution on a slice located

at the top surface of the dielectric structure is plotted. Such a

plot represents an unperturbed near-field image in the ab-

sence of a tip. It is interesting to note the occurrence of a

long-wavelength modulation pattern. For the mode along the B

I'—K direction, this variation is more clearly displayed on a 0 MAX

line graph, as shown i-n Fig(@. The S(?Iid curve represents IG. 3. (Color Power density distribution on a slice at the surface of the

the power as a function of propagatloq dI_SIance On_a lin ieléct.ric structure for photonic crystal modes propagating alehg'—K,

located at the center of the power density image. Inside thgnd ) I-M directions. The mode is excited at a frequency of @38,

photonic crystal, the power is sharply peaked at the positionghe circles indicate the positions of the air holes.

of the dielectric ribs. In addition, the intensities of the peaks

clearly display a long-wavelength envelope modulation withtude of the backward propagating wave. The functién is

a period roughly equal to five lattice constants. periodic with respect to translations along the lattice vectors
This long-wavelength modulation is related to the finite of the hexagonal arrays.

extent of the photonic crystal in the simulated structure. The  The time-averaged power densR(r)=F* (r)-F(r) is,

electromagnetic fields in the finite crystal, represented by @erefore, of the form

generic vector field=(r), are made up of a linear combina- o .

tion of forward and backward propagating Bloch waves, i.e., P(r)=|ul*(1+[b]?)+be”**|uf*+ b*e*Yu[% 2)

F(r)=(e"+be ™)u(r), (1) 1202
wherey is the coordinate along the propagation direction, ”-g a0
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FIG. 4. (Color) (a) Comparison between the power density distribution at
FIG. 2. (Color Band structure of a photonic crystal slab, possessing athe surface of the photonic crystal, and results from NSOM measurement
triangular lattice of air holes. The thickness of the slab is@nd the radius  simulations which include both the tip and the sample. The curve represents
of the holes is 0.4, wherea is the lattice constant. Plotted here are modes the power distribution along a line at the center of the image shown in Fig.
with TE-like character. The gray region is a continuum of radiation modes.3(a), while the dots are results from NSOM measurement simulatidns.
The curves are results from a band-structure calculation, while the solid doteower density distribution of the photonic crystal mode along a line at

are determined by examining the near-field images. different distanceg from the surface of the crystal.
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TABLE I. Measured flux through the top surface of the tip as a function of seen in Fig. %), there is no corresponding sudden change in

tip—sample distance. the unperturbed power density, this indicates a strong tip—
Tip—sample distancé) Flux (arbitrary units sample mter_actlon when t_he_dlstance is smaller thanzd.10

But as we discussed earliffFig. 4(b)], we need to operate

8'22 8'8‘2‘3 within this distance to obtain discernible imaging. To deter-
015 0.000 29 mine whether this strong tip—sample interaction will distort
0.20 0.000 24 the measured modal pattern, we place the tip ataDf@dm

the sample, and perform a constant-height scan. The mea-
sured results are displayed as solid dots in Fig),40gether

The first term on the right-hand side of E@) displays the with the unperturbed power distribution. The simulated mea-
same spatial period as the lattice. The second and thirdUrements clearly resolve individual peaks in the power dis-
terms, on the other hand, can be expanded in terms of Fodfibution. The contrast between measured minima and
rier components with the wave-vector s} along the maxima is at least an order of magnitude. The modulation on

propagation direction determined by the intensity of the peaks is also detected by the simulated
measurement, and the measured flux displays the same spa-
{ay}={Gy= 2k}, (3 tial period as the power distribution. The collection effi-
whereG, represents thg component of each reciprocal lat- ciency (the ratio between the measured flux and the input
tice vector. flux per lattice constajtis about 10°. This is typically

In the case where the propagation is a|0ng theK detectable under realistic experimental Conditigns.
direction, the projected reciprocal lattice vectors, i.e., the  Finally, although we have focused for simplicity on a
G,’s, assume the values- 2/a, with m an arbitrary inte- slab geometry with air above and beneath the slab, the same
ger. Therefore, with the longest-wavelength modulation at £ffects should be observable for a photonic crystal guiding
period of 5, [i.e., Fig. 4a)], we determine the wave vector layer placed on top of a low-index substrate. In conclusion,
of the eigenmode to be 0.27/a,'® which is to be compared these simulations clearly indicate the feasibility of using
with a band-structure calculation that gives a value ofNSOM to image the eigenfield distribution, and the possibil-
0.404 27/a at the same frequency. By exciting modes atity of using NSOM as a wave-vector spectroscopy tool for
different frequencies and propagation directions, and analyZand-structure measurements.
ing the resulting modulation patterns, we are able to map out

a %'?peﬁ'zr.‘ ret'.a“on' Thehres“'ts of lt.g'sdat“a.'ys'; FGZKTh of the NSF under Award No. DMR-9400334. The authors
andl — Irections are shown as solid dots In Hg. <. 1€, 4 jike to acknowledge discussions with J.W.P. Hsu.
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