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We have measured the intensity of Raman scattering light, which is due to optical phonons, as a function of
excitation laser wavelength for the guide-mode band of Al Ga;_,As-based photonic-crystal-slab line-defect
waveguide. As a result, we find that the Raman scattering efficiency is pronouncedly enhanced as the signal
wavelength approaches the band edge. Comparison of the result with theoretical prediction reveals that the
enhancement should reflect increase of the photon density of states in a divergent manner, which is character-

istic of a one-dimensional system.
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Spontaneous emission of light (SEL) is not an intrinsic
property of atoms, but its rate is determined by interaction
with the electromagnetic field, as was first pointed out in
1947 by Purcell [1]. Namely, the rate at a given frequency in
a given direction is proportional to the relevant photon den-
sity of states (DOS). Consequently, in some special cases,
SEL at a particular frequency is expected to be inhibited in
all directions, or enhanced in a specific direction. The first
experimental evidence was provided in 1983 by placing a
Rydberg atom in an optical cavity [2]. For exploiting the
above issue, photonic crystals (PhCs) are particularly suited
because the photon DOS can be controlled to a considerable
extent freely. Recently, it was demonstrated that SEL at par-
ticular frequencies in a three-dimensional (3D) PhC is sup-
pressed in all directions [3-5], and that in a PhC slab is
suppressed in all two-dimensional (2D) directions [6]. The
former phenomenon makes radiative lifetime 7, of this tran-
sition longer where (7,)"'=A (Einstein’s A constant).

As for enhancement, it is reported that the SEL at a fre-
quency near the band gap is enhanced in a one-dimensional
(1ID) PhC [7-10] and in a specific direction in 2D PhC slabs
[11-13]. Despite these works, generally speaking, it is not
easy to experimentally show that the SEL rate increases in
proportion to theoretical DOS when measured as a function
of frequency in a range including a band gap. This is because
the rate in a certain direction depends not only on those rates
in all other directions, but also on the nonradiative lifetime
T, SO that it depends on both sample quality and tempera-
ture. Similar to the SEL, the probability of Raman scattering
(RS) by molecular vibration and phonon should also be in-
hibited or enhanced in a particular direction in PhC slabs
[14,15]. So, RS should provide an alternative method for
studying Purcell’s issue, which was first proposed by
Gaponenko [15]. Here we focus on enhancement of RS light.
In the case of RS, the concept of the total lifetime of the
excited electronic state relevant to the SEL case is not in-
volved. This fact makes the situation very simple. Another
advantage of RS is that, unlike the SEL case, there is no need
to use a special light source embedded in a sample, because
signal (RS) wavelength is easily altered by varying excita-
tion wavelength.
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As for DOS, the DOS of electronic state is well known to
diverge at I" point and at the band edge in the first Brillouin
zone for a one-dimensional (1D) system [16]. Physically, the
same behavior is expected also for the photon DOS. In con-
trast, the DOS never diverges at the above singular points in
both 2D and 3D systems. The purpose of this work is to
experimentally demonstrate that the RS efficiency 7y in-
creases in proportion to the photon DOS in model PhC
waveguide, for which the photon DOS is known, and
thereby, to establish that RS is an alternative method for
studying Purcell’s issue. Here we note that in the case of a
mesoscopic system, strictly speaking, the local DOS, not the
conventional DOS, is responsible for light emission [7,15].

We studied 7, of RS caused by optical phonon in an
Al,Ga,_,As-based PhC-slab line-defect waveguide (WG),
which is regarded as a quasi-ideal 1D structure. We made
measurements for the single guided-mode band of the WG
around the signal wavelength of 1600 nm. In this paper we
report that 7y increases remarkably, as the wavelength ap-
proaches the band edge, and that the observed behavior of 7,
agrees well with the theoretical one.

We used a sample of the air-hole type of PhC-slab WG
with single-line-defect (W1), which is surrounded by 10
rows of air holes on both sides. Specifically, those samples
were fabricated such that a single row of air holes are miss-
ing along the I'-K direction in a prototype Al 3GagygrAs
PhC slab with 2D triangular lattice structure, which is sus-
pended in air (air-bridge type) [17]. The lattice constant a,
thickness d, and hole diameter r are 452, 260, and 120 nm,
respectively. The slab plane is normal to (001) of the cubic
AlGaAs, and the light propagation direction is along (110).
We prepared a WG in such a form that the two end facets are
equipped with a microlens of half-disk shape for efficient
coupling of light to an optical fiber [18]. The sample length L
is ~1.0 mm.

Figure 1 shows the calculated band dispersion of TE-
polarized line-defect modes. There is a frequency range in
which the single band of TE-polarized guided mode with
even symmetry exists below the air light line. Figure 2 shows
the transmittance spectrum measured in the corresponding
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FIG. 1. The theoretical line-defect bands, where w; and w, are
the frequencies of incident and scattered lights, respectively, a is the
lattice constant and k is the magnitude of wave vector. The modes
in the region below the air light line (shown as a straight line), are
guided modes of even symmetry.

frequency range [18]. The spectral region from
1.51 to 1.63 um corresponds to the above-mentioned range.
The observed bandwidth of ~300 cm™! is of the magnitude
similar to the present phonon frequencies.

We observed the Stokes Raman signal in the above range
in the forward scattering geometry. As an excitation source,
we employed a cw wavelength-tunable laser diode (LD). The
TE-polarized light of the LD was first coupled to a
polarization-preserving single-mode optical fiber, the oppo-
site side of which was polished to be in a form of a lens [18].
Then, using a small lens, the output light from the fiber was
coupled to the microlens edge of a PhC WG. The coupled
power inside the WG is ~0.2 mW. The output lights from
the WG were picked up by using a lens and were coupled to
another identical fiber. The signal light passed through the
filter and was detected with a cooled multichannel InGaAs
detector [19], while the excitation laser was blocked by the
filter.

Figure 3(a) shows typical Stokes Raman spectra, where
RS signals due to the longitudinal (LO) and transverse (TO)
optical phonon of AlGaAs are clearly observed with energy
shift of 289 and 271 cm™!, respectively [20]. We find that the
observed signal intensity varies noticeably with varying laser
wavelength in a range covering the band edge, while keeping
the coupled power of the laser constant. Figure 3(b) shows a
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FIG. 2. The observed transmittance spectrum in a range includ-
ing the guided mode region. The hatched areas show the range in
which w; and w; are varied, respectively.
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FIG. 3. (a) Typical examples of Raman-scattering spectrum
where the solid and dotted lines denote the spectrum observed by
using excitation laser of 1530 and 1540 nm in wavelength, respec-
tively. The spectral shift is 289 and 271 cm™ for LO and TO mode,
respectively. (b) Variation of signal intensity (relative) as a function
of signal wavelength.

plot of the signal intensity (relative) versus the signal wave-
length; obvious experimental corrections were made to the
data.

From the above data, let us estimate variation of the in-
trinsic 7y value with signal wavelength. Suppose a WG
sample has a parallel-piped form with a cross-section area
A and a length L along the z axis. The signal intensity /,(z)
[the subscript i (S) refers to incident (signal) light] at z obeys
the equation,

dl(z)ldz = — vy, (z) + al(0)exp(- v,2), (1)

where I,(0) and yg(y,) are the intensity at the input edge, and
the attenuation constant at the signal (incident) wavelength,
respectively, and a(a=7yg) is the effective RS coefficient
[21], for which the mode overlap with respect to the electric
field between incident and signal lights is considered. From
Eq. (1) the intensity /(L) at the output edge of the sample is
expressed as

Ir(L) = ali(O)Leff’ (2)

exp(= y,L) —exp(- L)
Yi— Vs '

Legr= (3)
which indicates that the 7g(«) value is L.y dependent. So, by
multiplying [I5(L)/1,(0)],, by L7}, we have estimated the in-
trinsic 7** value, which is to be compared with the theoreti-
cal one. In estimating 7y, from measured transmittance for
evaluating L.«’s, we assume that decrease of transmittance
with approaching the band edge is caused solely by group
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FIG. 4. Variation of the observed scattering efficiency with sig-
nal wavelength. The solid curve is the theoretical variation, which is
obtained as being variation of ¢/V, shown in the inset, multiplied
by a constant. The scale of the abscissa is the signal wavelength for
LO (circle) and TO (square) phonon.

velocity (V,)-dependent propagation loss [22]. Figure 4 dis-
plays variation of 7, thus estimated with signal wavelength,
where 7 clearly increases as the wavelength approaches the
band edge.

In order to elucidate the origin of the above behavior of 7,
let us derive a theoretical formula for spontaneous RS in the
quasi-ideal 1D system. It is well known that the Raman tran-
sition probability per unit time can be derived quantum me-
chanically in terms of the second-order time-dependent per-
turbation or from Fermi’s golden rule [23]. The result for the
3D case is known as the so-called Kramers-Heisenberg for-
mula [23,24]. The derivation in the 1D case is rather simple;
note that SEL in the quasi-ideal 1D case has already been
derived for a microwave metallic WG [25]. Let both laser
and signal beams belonging to the respective guided modes
propagate along the sample of the form already introduced.

One laser photon is transformed into one scattered (sig-
nal) photon. Then, the transition probability 7! per unit time
for one molecule or unit cell in a volume V (V=L XAy is
derived microscopically in a way similar to the 3D case
[24,26]. Substituting the 1D DOS, D,(w) per unit length,
which is given by

D(w)dw= D(k)( k)dw ( )(jf))dw (4)

!, we may have the following relation for 7"

. l)ls(_L)_ﬁ’ (1)
U _(L 10) = v\

N homert e
_<V)<Aeff><230ﬁ2> oM sl Vf, V; , (9

where M gzr denotes the transition matrix element expressed
in terms of r-matrix elements (r; position vector), # is the
Planck constant, e electron charge, g, the vacuum dielectric
constant, N the number of unit cell contained in V, and w, is

into 7
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angular frequency. In deriving the above equation, we used
the relation /=(V,hw)(nV" 1), where 7 is the photon number.
Note that (VS) "in Eq. (5) comes from the photon DOS
proportional o (dk/dw)g, whereas (V')~! comes dlrectly
from group velocity of laser. Equation (gS) indicates that 7
becomes larger as the band edge is approached, because the
DOS at signal wavelength increases in a divergent manner
through (dk/ dw):(Vj)‘lz Note that variation of Vi, is small
in a measured wavelength range. For comparison, variation
of w1th signal wavelength is also shown in Fig. 4. Since
7]R should vary in the same manner as ¢/ V we have shown
the curve of ¢/ Vg multiplied by a constant as the variation of
7]R, where the constant is adjusted such that data p01nts in a
shorter wavelength range are best fit to the 77R curve; Vg s are
calculated from the slope of the guided-mode band shown in
Fig. 1. The comparison reveals that agreement between
variations of #%* and 7" is good in a range below
~1613 nm, but beyond this range the discrepancy becomes
larger as the wavelength approaches the band edge. Evi-
dently, the large experimental error is responsible for this
discrepancy.

Now let us discuss the result. First, we discuss the validity
of the above comparison of 7. Theoretically, variation of 7 'h
is also contributed partly from another factor, i.e., the varla—
tion of the mode overlap already described between the in-
cident and signal lights, separated by the phonon frequency
[27]. Although two modes belong to the same band, the ex-
tent of this overlap is subject to change to some extent, by
varying the signal wavelength, in particular, at wavelengths
close to the band edge. We have ignored this variation by
postulating that this factor causes a smaller correction to the
increase of 7z due to (Vg)‘l. Note that this correction does
not influence the present relative comparison between 7™
and 7]”‘, since this factor is similarly included in both of
them. Here we briefly mention that the divergent increase of
the present DOS should be expressed as D(wg)=a(wg
—w,)""? where a is a positive constant and o, is the fre-
quency at the band edge; note that this is the well-known
frequency dependence of the electronic DOS around I" point
in the 1D semiconductor quantum wire [16].

Thus far we have experimentally demonstrated that the
RS efficiency 7 is enhanced in proportion to the relevant
photon DOS. This demonstration is significant, as we have
proved Purcell’s issue clearly and quantitatively by using RS
measurement for the case of enhancement. In spite of many
related reports regarding the SEL [8,14,19-23], such a clear-
cut and quantitative demonstration as we have shown above
has seldom been reported, as far as we know. The present
demonstration has been enabled by making full use of the
advantage RS has, and by utilizing a simple variation of
photon DOS of single-frequency guided-mode band in the
1D PhC WG.

Finally, we mention some related works using PhCs. Con-
cerning spontaneous RS, a few works have been reported
until now [14,15,20]; only experimental work is our previous
one [20], where measurement was made at a constant wave-
length of 1340 nm for a similar WG of W3 line defect with
more complicated guided- and leaky-mode bands. Concern-
ing stimulated Raman scattering (SRS), some works have
been reported [27-29], although all of them are theoretical
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ones. The work in Ref. [27] among others is related to our
present one in spite of the obvious difference of SRS from
spontaneous RS. Using the coupled-mode theory, the authors
treat the SRS in W1 PhC WGs and show, by calculation,
drastic enhancement of the SRS gain by making both the
pumping and probe wavelengths coincide with the respective
band-edge wavelengths of two different guided-mode bands.
In this connection, we make a comment that unlike the SEL
case, both RS and SRS involve the photon DOSs at two
frequencies. Consequently, both DOSs can contribute, in
principle, to enhancement of 7z in the RS case, which has
first been pointed out in Ref. [14].

In conclusion, we have observed striking a increase
of the RS efficiency due to an optical phonon in a 1D
Al Ga,_,As-based PhC WG, with making the signal wave-
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length approach the band edge. We have found that this in-
crease is correlated with (Vg)‘l, and thereby reflects the di-
vergent behavior of the photon DOS in the 1D system. Thus,
we have demonstrated that RS measurement is an alternative
method for studying dependence of the light-emission rate
on the photon DOS in a frequency range in such a mesos-
copic system as showing the band gap.
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