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Abstract—We present the first optical study of 2-D photonic ~generalization of 1-D dielectric Bragg mirrors to two or three
crystals (PCs) deeply etched in an InP/GalnAsP step-index wave- directions [2], [3], PCs have opened new ways to tailor the

guide. Following the same internal light source approach proposed i ~j+_ ; ; ; ;

by Labilloy and coworkers for the investigation of GaAs-based 2-D “gh.t r_nattezr mt:laraalon and Ir;r?ar_tlct:ulzr tci.contrfollispontan(?otjs
PCs, transmission measurements through simple PC slabs and 1_DemISS|on 2], [ ]. Moreover, the "_1 roduction or line o_r poin
Fabry—Pérot (FP) cavities between PC mirrors were performed. defects into simple PCs results into allowed photonic states

Details are given on the experimental setup which has been imple- inside the stopgap, whose shapes and properties are dictated
mented with respect to the original scheme and adapted to InP- py the nature of the defect, e.g., guided modes propagating
based systems working at 1.3¢m. 2-D plane-wave expansion and i, 5 |ine defect or cavity modes confined in a point defect.

finite difference time-domain (FDTD) methods are used to fit the g e .
experimental data. Out-of-plane losses were evaluated according These promising capabilities of PCs have led to the design of

to a recently introduced phenomenological model. In spite of the NEW photonic systems with potentially superior properties for
complex hole morphology in the measured samples, preliminary photon confinement [5].
results are presented which indicate the possibility of separating ~ Among the large variety of PCs, of particular interest are
different loss contributions from finite etch depth and hole shape. three-dimensional (3-D) PCs. Since their bandstructure can
As for 1-D cavities, both FDTD and classical theory for planar res- . . . .
onators are applied in order to deduce the optical properties of the present a compIeFe PBG, from the ba§|c physics point of view,
PC mirrors. The origin of an anomalously high transmission ob- 3-D PCs are the ideal structures for light control. Up to now,
served inside the stopgap is discussed and arguments are given taheir study and their effective application in optical devices
demonstrate the need for further modeling efforts when working have been strongly limited by complex fabrication problems.
in the bandgap regime. Many fabrication techniques have been investigated in order to
Index Terms—Chemically assisted ion beam etching, achieve 3-D semiconductor-based structures both at optical and
Fabry—Pérot resonators, finite difference time-domain mod- at infrared wavelengths [6]-[10]. However, in many cases, re-
eling, GalnAsP/InP, integrated optics, internal light source qqcipility, reliability, control of PC parameters, application
experiments, luminescence, photonic crystals, plane-wave expan-t | devi t il . d their fabricati
sion method, radiation losses, semiconductor heterostructures. _O re_a evices, eic., are sull open Issues an eir fabrication
is still a grand challenge.
On the other hand, it has been proven that, although an om-
. INTRODUCTION nidirectional PBG is only possible in 3-D PCs, a 2-D PC com-

HOTONIC crystals (PCs) consist of periodic arrangemen%ned with a step-index waveguide in the vertical direction of-

of dielectric (or metallic) elements with a strong dielectriéers enough light control for integrated optics applications [11].
contrast [1]. In these structures, the achieved wavelength-scdR t© now, the potentials of this approach has been success-
periodicity affects the properties of photons in a way simildplly _demonstrated in GaAs-based structures, for wavglengths
to that in which semiconductor crystals affect the propertié@nging from 900 to 1100 nm [12]-[16]. First, concerning fu-
of electrons. Light propagation along particular direction®ire applications in photonic integrated circuits, remarkable ad-
is forbidden within relatively large energy bands known aéantages stem from the use of mature fabrication technologies,
photonic bandgap&PBGs) [2] in analogy with the concept ofsuch as standard epitaxy, e-beam, and nanolithography tech-

electronic bandgap in semiconductors. Initially proposed ad'ilues [17]. Furthermore, the vertical guiding structure com-
bined with an internal light source (ILS) allows the optical char-
acterization of PCs. Photoluminescence (PL) emission is ex-
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the possibility of exploiting the capabilities of PC-based phc B bt
tonic integrated circuits in multichannel wavelength-divisiot

multiplexing devices has been envisaged [21]. Since InP

the material system most commonly used in long-waveleng ==zs=d FL
telecommunications applications, InP-based PCs have be
studied, such as GalnAsP/InP 2-D PCs formed by submicrot
eter column arrays [22], [23]. Two-dimensional PC mirror:
have been used in InP-based short cavity lasers [24], wh
many efforts have been devoted to fully PC-based emitters, li
membrane-based PC defect lasers [25]-[27] or PC cavity las: S Jl | g . f
fabricated in air/GalnAsP/SigISi [28] and air/GalnAsP/AIO; . _ﬁ : ‘:,..-"‘"rb_ :
[29] vertical step-index waveguides. Also, passive structur G

s

have been realized by etching PC-based waveguides intc 2 G s B s
GalnAsP film cladded between air and Si{30]. In spite of Bignal
this remarkable progress, due to the ushigh index contrast @

heterostructures, the performance of these devices is strongly
affected by out-of-plane losses [18], [19]. Moreover, although EelTilil s e et o)
low contrast slab waveguides have proved so promising in I
GaAs-based applications, this approach was still lacking in
InP-based systems.

In this paper, we present the first optical study of quasi-2-D
PCs with low vertical light confinement fabricated into an 0O
InP/GalnAsP slab waveguide containing GalnAsP quantum Fibar
wells (QWSs) as a built-in probe source. PC structures consisting : 24 um
of a triangular lattice of air holes have been etched normally to
the guide plane. Based on the results obtained in GaAs-based el
systems [12], moderate air-filling factor values 4 0.30) and
air hole diameters have been chosen to minimize out-of-plane
losses. Such lovf values result in a full gap only in the trans-
verse electric (TE) polarization direction. The ILS approach
originally proposed for the investigation of GaAs-based 2-D
PCs [12] was exploited to characterize the optical properties
of the fabricated PC structures. The original setup was im-
plemented and adapted to InP-based systems working in the
integrated optics spectral window around &r8. In Section Il,
the ILS experimental principle is briefly described. In Sec-
tion 1l-A, details of the experimental setup are illustrated, while
Sections 1I-B and II-C describe the experiments performed
on simple PC slabs and on 1-D Fabry—Pérot (FP) cavities,
respectively. In Section IlI-A, the main structural and optical
properties of the GalnAsP/InP heterostructure are discussed.
PC fabrication is presented in Section 1lI-B, where details
of both the e-beam and on the etching procedures are given.

Also, the main results of the PC structural characterizatiGif: 1. (2) General experimental configuration for ILS measurements. PL
’ ission is excited inside two GalnAsP QWs (active region) embedded in a

are shown. In Section IlI-C the layouts of PC slabs and 1-fap/GainAsP slab waveguide and then guided toward the PC structure. Dashed
cavities are briefly sketched. The properties of the probe bearnpws indicate out-of-plane losses toward the substrate. The three beams

are illustrated in Section IV-A. where the emission from th%scaping from the cleaved facet after propagation through air, substrate, and
’ side the guide are sketched. (b) Typical image of the three signals when the

GalnAsP QWs is analyzed in detail. In particular, the Q\A?ollection optics focal plane coincides with the cleaved facet. The white circle
reabsorption effects on the spectral shape of the guided be_(a,m: 4 pm) represents the conjugate image of the collection fiber. (c) Front
are discussed and the choice of GalnAsP QWs as the so e of al’'M-oriented sm_lple PC slab consisting of three _blocks qf 4_, 8, and
. . . . . air hole rows, respectively. The arrow shows the typical excitation spot
is substantiated. Section 1V-B is devoted to the experimental — 4 ;m).

results on simple PC slabs. Transmission spectra are shown

and compared to theory. Two-dimensional plane-wave ex- o ) o
pansion (PWE) and finite difference time-domain (FDTDbdeal cylindrical hole shape was substituted by a more realistic

methods are used to best-fit the experimental data. The resGindro—conical shape. Preliminary results are shown which
of the FDTD best-fit are analyzed in the framework of thgeveal the possibility of separating loss contributions from hole

out-of-plane loss model proposed in [18]. In order to reprodué@pth and shape. Predictions are mad(_e on further fabrication
the complex hole morphology in the measured samples, tHaProvements needed to reduce losses in the allowed bands for
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Fig. 2. Scheme of the ILS experimental setup.

light propagation. In Section IV-C transmission spectra throughe conjugate image of the collection fiber. The guided contri-

1-D FP cavities are presented and the optical properties of theion can be selected and spatially resolved aligning the circle

PC mirrors are indirectly obtained studying the FP resonancgih the bright line.

inside the PBG. An anomalously high transmission inside theA detailed scheme of the experimental setup is shown

stopgap is demonstrated and discussed. in Fig. 2. A setup similar to the one used to investigate

GaAs-based 2-D PCs\(= 1 xm) in [12]-[14] was modified

to perform ILS experiments also on InP-based systeins=(

1.5 pm). A 10-mW He—Ne laserX = 633 nm) is used to
Inthe last few years, the ILS technique has been successfightite spontaneous emission inside the GalnAsP double-QW

applied to the study of quasi-2-D PC structures deeply etchediiitjve region. The laser beam is expanded and spatially filtered.

GaAs-based vertical step-index waveguides [12]. This methadsgy microscope objective with numerical aperture NA

has been demonstrated to be a powerful tool both to assess sggg focuses the beam onto the sample surface. The achieved

fundamental PC properties and to measure refleciinttans- excitation spot diametep = 4 um yields a maximum pumping

mission (), and diffraction [13]-{16], eliminating difficulties gensity of 50 kwcrT2. When focusing the laser beam, the use

and uncertainties arising in standard optical techniques (e.9., $1€3 dichroic mirror along with an Si-CCD camera supplies

Il. INTERNAL LIGHT SOURCE TECHNIQUE

“end-fire” method [31]35]). the simultaneous imaging of the sample front surface and the
_ excited PL spot [see Fig. 1(c)]. The light beams escaping from
A. Experimental Setup the cleaved facet are collected with a perfectly achromatic

In Fig. 1(a), the general configuration for ILS experiment36x Cassegrain objective. The limited numerical aperture
is illustrated. The PL excited inside two GalnAsP QWs enfNA = 0.5) gives an internal in-plane collection angle<
bedded in an InP/GalnAsP slab waveguide is used as a buil@inand assures the directionality of the measurement [13]. A
light source. Part of the PL signal propagates parallel to tpelarizer allows one to select the TE-polarized component of
surface as a guided mode and interacts with the PC structdi€ signal. Finally, as mentioned above, a beamsplitter is used
Then, the image of the guided beam escaping from the sam split the collected signal into two beams. The first is focused
through a cleaved facet is coupled into a multimode opticBY & long-focal lens onto an (In, Ga)As near-infrared area
fiber (¢ = 100 um) for spectral analysis. Due to refraction af@mera to image the facet signal. The second beam is coupled
the layer boundaries, three different beams come out from & the fiber and fed into a 0.46-m flat-field imaging spec-
cleaved facet after propagation through air, substrate, and @graph for spectral analysis. The spectrometer is equipped
side the guide, respectively [see Fig. 1(a)]. As discussed in [18Jith & 150-lines/mm grating blazed at 1200 nm (resolution
when the distance between the excitation spot and the edge fsnM/pixel; total covered spectral range360 nm) and a liquid
large enough (e.gd, > 30 um), the cross-talk between the thredz cooled (In, Ga)As photon counting array detector.
signals is negligible and the selective analysis of the guided light .
can be performed by imaging the edge signal. Fig. 1(b) shols ExPeriments on PC Slabs
a typical image obtained when the collection optics is focusedThe experimental configuration for PC slab transmission
on the facet. The guided beam appears as a focused bright limeasurements is illustrated in Fig. 3(a). The reference signal
along the edge while the white circlé’(= 4 um) represents I;()\) and the PC-related signdk(A) are measured keeping
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Fig. 4. (a) InP/GalnAsP waveguide heterostructure. Two strain-compensated
b GalnAsP QWs (QW1 and QW2) emitting at two different near-infrared
(0) wavelengths X; and A;) are embedded in the GalnAsP guide layer.

Fig. 3. (a) Experimental configuration for PC transmission measuremerf8) Refractive index profile of the InP-GalnAsP/InP step-index waveguide.
The distances between the edge and both PC skBsatd the excitation 1he calculated squared field profié (=) of the fundamental TE mode\ (=

spot () are kept constant. The referendg()\) is taken in an unetched 1.55xm) propagating inside the guide core is shown. The exponential decay
area andl,()) spectra are collected from PC slabs with different periode™ exp(—2kz)) of the mode in the lower cladding layer is also evidenced.
(lithographic tuning). (b) The same configuration is applied to 1-D FP cavities:

FP resonances appear in the collected spectra at different energies according to

the spacing? between the PC mirrors. finesse planar 1-D FP cavities is a more accurate technique [37].

As shown in Fig. 3(b), such cavities can be easily created by
constant the distancg between the excitation points and théntroducing a spacer (i.e., a line defect) between two PC slabs
cleaved facet. Higlt values ¢ > 60 um) are generally chosen etched parallel to the cleaved edge [36], [38]. Single slab optical
to selectively detect only the vertical guide fundamental mogeoperties can be accurately deduced from the analysis of the FP
(see Section 1lI-A). Provided that the PL emission remaingsonance peaks appearing in the transmission spectrum[39]. In
homogenous, the rati6;(\)/I1(A) yields the absolute trans- particular, quality facto€) (or finesse”) and peak transmission
mission spectrurf’(\) of the PC slab. Due to the limited width (T,,.«) values are function of single mirr@ and R values.

(AX ~ 100 nm) of the probed spectral range, “lithographic
tuning” [12] is used. Instead of fabricating several samples with
appropriately tuned active layers, the QW emission wavelength
is kept constant and the scaling property of PCs [1] is exploitet}. GalnAsP/InP Heterostructure
PC slabs with different pitcha values and constant air filling  Details on the GalnAsP/InP heterostructures are shown in
factor (f) are measured and the whole PBG is explored asF#y. 4(a). They were grown by metal-organic vapor phase
function of the reduced frequenay= a/A. epitaxy onn-InP substrates. The heterostructure is nominally
undoped and consists of a InP/Gay_,As,P;_,/InP wave-
guide with a built-in light source. The waveguide core is a
The deduction of? data from the PC slalf(\) spectrais not Gay 241ng 76ASo.52P0.48 layer lattice matched to InP and with
straightforward and the obtained values are strongly affectedd&ylirect bandgap emission wavelengih4p = 1.22m. The
experimental uncertainties [14]. Nevertheless, it is well knowight source consists of two Gén;_.As,P;_, strain-com-
that the extraction of higlk values from measurements on higlpensated QW packages (QW1 and QW?2) separated by a

IIl. SAMPLE DETAILS

C. Experiments on 1-D FP Cavities
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30-nm spacer and located approximately in the middle of theln PC structures made of air holes deeply etched into semi-
guiding structure between two 181-nm-thick barrier layersonductor heterostructures, losses strongly depend on the hole
The composition and thickness of the wells were optimized toorphology [42]-[44]. We are reminded that an insufficient
obtain emission wavelengths ~ 1.55um andX, ~ 1.47m  hole depth with respect to the vertical extent of the mode field
for QW1 and QW2, respectively. The total thickness of thprofile [43] and/or a conical hole shape [44] increase light scat-
guide layer, including the QWs, is 434 nm. The cladding déring into the substrate (see Section IV-B). Thus, in order to
the waveguide was achieved sandwiching the core betweaamimize out-of-plane losses, the etching procedure has to pro-
a 200-nm-thick InP cap layer (top) and a 600-nm-thick InfAde deep holes¥1.5.m) with as vertical/straight walls as pos-
buffer layer (bottom). sible. This requires an etch process supplying high anisotropy
The refractive index profile of the InP/GalnAsP/InP waveand high aspect ratios. In the case of microstructures, it has been
guide is shown in Fig. 4(b). In the spectral region of interest (i.eshown that CAIBE based on Ar/€tan be used to obtain ver-
A = 1.55um), the valuesi.... = 3.35 andn..q = 3.17 were tical profiles with high aspect ratio [45]. Moreover, in a pre-
assumed for GalnAsP and InP, respectively. The resulting stra@us work [46], the advantages of this procedure for PC etching
ture is a multimode waveguide with three propagating TE modkave been shown in comparison to the standard methane-based
[40]. The effective refractive index corresponding to the fund&®IE. Thus, Ar/Ch CAIBE was applied to etch PC structures into
mental TE mode was calculated yielding the valyg(calc)= InP/GalnAsP slab waveguides using the e-beam exposed SiO
3.23. The squared field profil€(») of the mode is presented inmasks. In Ar/C} ion beam eatching, the sample is sputtered
Fig. 4(b); its maximum is slightly shifted from the center of thdy an energetic argon ion beam with 5 sccm flow and 400 eV
core layer, while it decays exponentially in the cladding layergn energy. At the same time chemical attack is generated by
The shift between the profile peak and the location of the QVés1-sccm chlorine flow. Bombarding argon ions preferentially
slightly reduces the QW reabsorption on the propagating modgutters phosphorus atoms whereas chlorine enhances the re-
We note that, due to the material dispersiogy is a function of moval of indium atoms by reacting with them to form volatile
A and, for a PL beam centered)at= 1500 nm (see Section 1I-B etch products (InCl). However, the vapor pressure of InCl
and Fig. 9), the effective index dispersion of the guided moach products is quite low at room temperature. Consequently,
is In/ON = —2.5 x 10~* nm~! [39]. Then, since for a single the sample needs to be heated to obtain efficient removal of
ILS measurement a spectral internd@h ~ 100 nm is probed InCl,. The hole morphology was found to be optimal at a tem-
andAn = AX x (9n/d)), dispersion-corrected.s values are perature of about 220C and for an etch interval of 20 min.
found to range from 3.23 to 3.255. In order to average the effectFig. 5 shows (a) the cross section and (b) the top-view scan-
of dispersion on the guided mode, the vaiyg = 3.24 was as- ning electron micrographs (SEMs) of a PC test structure with
sumed for the calculations discussed in Section IV. Concernitige samef value as sample A and= 400 nm. The hole shape
the two higher order TE modes traveling in the waveguide, théyconical with nearly vertical walls close to the surface and a
are found to lie mostly in the cladding layers. As mentioned strongly tapered bottom. The hole morphology is similar for all
Section II-B, for propagation distances longer than:69 they f and« values. The measured dependence of the hole depth
leak completely into the substrate and the probe light is in tlo@ « is presented in Fig. 6 for both samples. In the inset, the

fundamental mode. hole depth versus the nominal hole diamdfeis shown: sim-
o ilar curves were obtained for afl values ranging from 0.25 to
B. PC Structure Fabrication 0.40. ForD values larger than 220 nm an etch depth of about

PC structures were etched in the GalnAsP/InP heterostrded #m was achieved. However, for smaller we observed a
tures by e-beam lithography and chemically assisted ion beégfrease of the hole depth with decreasihgin other words,
etching (CAIBE). Two samples were fabricated with = the etch rate for smaller holes lags behind that for bigger holes.
240-500 nm fa = 20 nm) and different intendegl values: This lag effect can have several origins: 1) ion shadowing, i.e.,
0.25< f < 0.30 for sample A, and 0.39 f < 0.35 for sample the screening of the ion beam by the mask edge; 2) deflection of
B. Details of the PC layouts will be given in Section III-C.  the ions due to mask charging; and 3) redeposition of the etch

In order to form a durable etch mask for the subsequepfioducts on the hole walls. At the present time, it is difficult
CAIBE process used to fabricate the PCs in the semiconduct@rdentify which of these mechanisms is dominant. These fac-
heterostructure, the procedure already described in [24] féFs also affect the shape of the etched holes, often resulting in
InP-based systems was adopted_ A value of 150 nm oﬁ Si@ﬂVE‘I’tiC&' walls (see Flg 6) Moreover, we observed a Sllght
was sputtered on the sample yielding an etch mask suitafknding” toward the hole bottom on most of the etched PCs.
for high-resolution patterning. The triangular PC patterhhe bending occurs in the same direction in the case of the PC
was written in 500-nm Spin coated po|ymethy|methacry|aﬁructure shown in Fig. 6 while other PC structures etched with
(PMMA) resist by e-beam exposure. Details on the state same process show different orientation from one hole to an-
dard e-beam procedure are given in [41]. After developme@fher. The mechanisms responsible for this bending are not yet
of the PMMA in 1:3 methylisobutylketone/propanol, thevell understood.

PC hole pattern was transferred into the gifayer using

CHF/Ar-based reactive ion etching (RIE). We remark that- PC Structure Layouts

this two-step writing method provides higher selectivity in the The layout of simple PC slabs is shown in Fig. 7(a). For both
mask patterning, while the use of thicker masks allows one $amples A and BI'M andI'K oriented structures were fabri-
achieve deeper holes. cated witha = 240-500 nm and\a = 20 nm. D values were
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Fig. 7. (a) Sketch of the typical layout of simple PC structures albhy
andT'K orientations. Each slab is 3@m long, 4, 8, or 10 rows thick, and is
characterized by the periad(or hole diameteD) value. The air-filling factor

f is kept constant for each sample (A and B). Dotted lines show the single
“atomic” plane for both orientations. (b) Top-view SEM of a PC slab with the
samef value as sample B arnd= 240 nm. The white circle shows what should
be the ideal circular shape of the holes.
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Fig. 8. (a) Sketch of the typical layout of 1-D FP cavities between b

Nominal hole diamet : . ;
orninal hole diameter (nm) oriented 4-row PC mirrors separated by a spadér The cavity structure

Hole depth (LLim)

25 | i _@-s _@.:@-_--@ is 30 um long. The actual cavity widthV'’ taking into account the finite
’ o %Q e e penetration deptffi,, of the field in the mirrors is shown. (b) Top-view SEM of
& a 1-D cavity structure from sample B with= 340 nm andV/a = 1.9.
2r JEF
2
' = # A samef value as sample B and = 240 nm is presented in

15 F ™ [-#B Fig. 7(b). Due to a slight widening of their width in th& di-
rection, the holes are not circular as expected, but they have an
) elliptical shape with the principal axis laying alohtK. The
same shape was observed for Alland o values. Since this
hole anisotropy was already present in the Si@ask before
etching, the origin of the hole “squeezing” has to be found in the
e-beam lithography: the direction of the widening corresponds

Fig.6. Measured hole depth of each PC structure of perfodsample A (full ; ; ;
circles) and B (open squares) after 20 min of etching with Ar/€lemically to the scanning direction of the electron beam used to pattern

assisted ion beam etching. The dependence on the nominal hole diameter viiige PMMA resist.
2£y/3/x is presented in the inset for both samples. One-dimensional FP cavities were fabricated for both

samples using'M-oriented PC-based mirrors separated by a

spacerW varying from 500 to 1100 nm [see Fig. 8(a)]. PC
chosen in order to keep constant for each belonging to the slabs 30um long and 4 rows thick were used as mirrors, with
same sample. 3pm-long PC slabs were fabricated with threez = 300-480 nm andAa = 20 nm. The “physical” cavity
different thicknesses: 4, 8, and 10 rows. We note that a singkdth W was exactly determined by SEM measurements [see
I'K row is actually made of two different atomic planes [setor example Fig. 8(b)]. The following values were found for
Fig. 7(a)]. The top-view SEM of a PC test structure with ththe normalized width¥v/a: 1.7, 1.8, 1.9, 2.0, 2.1, and 2.2.
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Fig. 9. Typical I;(\) reference spectrum: the guided PL signal for TE
polarization is collected by placing the excitation spot in an unetched region of
the sample at a distanee= 70 um from the cleaved edge. Arrows indicate
the QW1 and QW2 contributions from the two GalnAsP QWs and the sharp
low-wavelength absorption edge due to the QW reabsorption inside the guide.
The low-intensity PL emission akz4p from the GalnAsP guide core is

evidenced % 50).
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Fig. 10. Measured TE absorption coefficient of the InP/GalnAsP step-index
waveguide for sample A (full line) and B (dashed line), respectively. Vertical
arrows indicate the QW1 and QW2 contributions from the two GalnAsP QWs.

IV. EXPERIMENTS AND DATA ANALYSIS
A. Guided PL Probe Beam

Typical guided PL spectra taken at room temperature with
the excitation spot at distaneeé = 70 um from the cleaved
facet are presented in Fig. 9 for the TE polarization. The pump
energy density was-5 kWcni 2. The PL peaks from QW1
and QW2 (see Section lll-A) appear &t = 1530 nm and
A2 = 1495 nm, respectively. The feature evidencedatp =
1220 nm is attributed to the Gaylng 76ASo.52P0.45 layer
band-gap emission.
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Fig. 11. TE transmission spectra throuM and I'K oriented 10-row PC
slabs for samples (a) A and (b) B, respectively. Experimental spectra (black
lines) are compared with 2-D finite difference time-domain (FDTD) calculated

As anticipated in Section II-B, the guided PL spectrum i§pectra (gray lines). The effective index valugy = 3.24 was assumed
strongly affected by the QW reabsorption. The absorption ci@-account for the vertical confinement on the guided mgdend the loss

efficient «(\) plotted in Fig. 10 was obtained measuring th
bare guided signal; (A, d) for differentd values between 50
and 100xm and using a Lambert—Beer-type formula modified

arametee’’ were assumed as free parameters yielding the best-fitted values
ported in Table I.

to take into account the variation of the collection angle with

[13], i.e.,

L\ d) = %IO()\)Taire_“(’\)d

whereA is a constant/o(\) is the total intensity emitted at the
excitation point, and?,;, is the transmission coefficient at the in-
terface with air. The two shoulders centered around the emission
wavelengths are due to the TE-polarized electron-heavy-holes
recombination in QW1 and QW2, respectively [47].
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TABLE |
PC 3.ABs: PWEAND FDTD BEST-FIT RESULTS
PWE FDTD
PC slabs
Dielectric band edge ¢ ¢ e’ e
10 — PWE FDTD . .
(10 rows) Air band edge (Diel. band) | (Air band)
I'M | 0.19(0) - 0.26(0) 0.25 0.05 0.11
#A ~ (.26
'K 0.21(5) - 0.28(0) 0.26 0.03 0.16
'™ | 0.19(5)-0.28(5) 0.30 0.04 0.08
#B = (.32
K 0.22(0) — 0.30(5) 0.32 0.06 0.16

The strong contribution from QW2 heavily influencesvard them like a thin slab [16]. In the low-energy pass window
the shape of the guided PL spectrum in the low-wavelengtire.,« = 0.15-0.20)" reaches values between 80% and 90%
region (e.g., the edge at 1440 nm), while due to convolutidar the two samples in both orientations. On the other hand,
of the QW1 and QW2 PL peaks an overall spectral windodue to the stonger influence of out-of-plane losses on the air
AX ~ 100 nm is obtained. The latter value can be furthdrand transmission [12], a low&rlevel (~30—-60%) is observed
increased by performing measurements at high pumping povirercorrespondence with the high-energy (i#.> 0.30) pass
(~50 kwcnt2). The resulting peak broadening increases theindow. The higher in-plane diffraction efficiency fbiK than
useful spectral window to 130 nm covered by the ILS proler I'M [15] lowers T values at tha'K air band edge with re-
beam. This intrinsic limit could be overcome substitutingpect to thel'M one. Finally, an average transmissigh ~
QWs with quantum dots (QDs) as already done for IL3%—5% is observed inside the gap for both samples. We will
measurements on GaAs-based structures [12]. Unfortunateligcuss in detail the possible origin of this anomalously High
while InP QDs emitting in the visible have been widely studiekvel in Section IV-C. The bumps appearing in the middle of the
[48]-[50], the technology of the recent InAs—InP QDs emittingtop-gap in sample A spectra are to be ascribed to fluctuations
at 1.55um is not easily accessible [51], [52], and GalnAskh PC fabrication parameters such fas
strain-compensated QWs are at the moment the best availabl8ince the TE gap width represents an indirect measuye of
choice [53]. the photonic bandstructure of the triangular lattice of air holes
was calculated for differenf values and the dielectric and air
band edge energy positions were determined as a function of
f. A standard 2-D PWE method was used [54]. The effect of

Transmission spectra through 10-row-thick PC slabs alotige vertical confinement on the light propagating through the
bothI’'M andI'K orientations and for TE polarization are showrPC slabs was taken into account assuming n.g = 3.24
in Fig. 11(a) and (b) for samples A and B, respectively. Well-déer the dielectric matrix. Both the space-dependent dielectric
fined stop-gaps appear in the spectra for each sample in both odnstant and the fields are expanded into a plane-wave basis
entations. The energy position of the dielectric and the air baraid inserted into Maxwell's equations. The resulting eigenvalue
related transmission edges are reported in Table I. As expeotegiation provides the frequencies for differémtalues. Since
[12], TK edges are located at higher energies thar tecor- the investigated system is quasi-2-D with a mirror symmetry in
responding ones: due to the higltevalue at the Brillouin zone the vertical direction, the modes can be separated into TE and
edge, thd'K stopband is centered at a higher energy than tiév polarizations. A complete bandgap calculation performed in
I'M stopband but has a similar width. As widely demonstratetie framework of a 2-D FDTD model will be illustrated below.
by purely 2-D band structure calculations [12], when triangul&iowever, it is worth noting that, since its simplicity and pre-
lattices of air holes in a dielectric matrix are considered, the Tdision, the PWE method constitutes a fast characterization tool
gap width increases witfi as well as the dielectric and air bancenabling us to determine the effectifevalue from the position
edge energies. In agreement with the choicg.of< fg (see of the band edges. While the energy of the dielectric band edge
Section 111-B), sample B spectra present slightly wider bandgajssroughly independent of for f values lower than 0.50, the
and blueshifted edges with respect to the corresponding sammigosite behavior holds for the air band edge. In the latter case,
A spectra. Interference-like features appear outside the stgpice the electric field is located mostly in the air holes, the en-
gaps: they are particularly evident in the air-band transmissiergy of the band edge grows rapidly wiffj12]. Thus, by fitting
branches of sample A spectra. ThéSeascillations originate the location of the air band edge, the effectfygyr values re-
from interferences between Bloch waves which propagates poerted in Table | were deduced. As expected (see Section 111-B),
side the PC. Due to reflections at the PC boundaries, the Bloghyve(A) < frwr(B) while both values fall inside the nominal
waves achieve round trips inside the slab which finally acts toervalsf = 0.25-0.30 and” = 0.30-0.35 for samples A and

B. Simple PC Slabs
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B, respectively. This confirms the quality of the e-beam/etching . 2723 heore
procedure and the good control of all fabrication paraméters. 3 Mo
The experimentall” spectra are compared to theoretical
spectra calculated with a 2-D FDTD model (details can pghere Ac is the vertical waveguide index contrast,
found, for example, in [56]-[60]). As for previous PWEV = (7/4)D? heoe is the hole volume intersected by
calculations, an index value = n.g = 3.24 is assumed for the guide corey is the extraction efficiency for a dipole situ-
the dielectric matrix. Out-of-plane losses are one of the maaed in the core, antl; is the confinement factor in the core.
factors limiting the actual application of 2-D PC slabs intdn the lithographic tuning approach, high energy contributions
integrated optics and were carefully investigated. As show® the spectra are obtained keepifigand A constant while
in [18], it is possible to translate out-of-plane scattering at tH@creasing the period and the hole diameteb. Therefore,
air holes into an effective dissipation and to cast losses irdgcording to (2), while increasing increasing:" values have
a 2-D calculation with a phenomenological loss paramett be used to fit the experimental spectra. The same argument
(e.g., the imaginary coefficient”). This phenomenological applies with the hole morphology to explain the discrepancy
approach, once validated with full 3D calculations [43], allowBetween thel'M and 'K best-fit ¢/ values. The slightly
a significant reduction in computing efforts and it can be usdlliptical hole shape oriented alohd results in an anisotropic
for PWE as well as for FDTD calculations by introducing &listribution of the volumé” and, according to (2), implies that
nonvanishing conductivity parametet)) = (c¢/2X\)e” [60]. €’(IK) > ¢/(I'M).
Finally, in order to absorb the outgoing electromagnetic waves,Following [42]-[44] and assuming losses from material ab-
Berenger's perfectly matched layers were used as absorbfgption and fabrication fluctuations (e.g., surface roughness) to
boundaries [61]f ande” were chosen as free parameters of thee negligible contributions [12], [39], the loss parametecan
fit. The best-fit curves are reported in Fig. 11, while in Table be written as the sum of two terms, i.e.,
the best-fit values fof (frprp) ande” are listed.
If the dielectric and air pass windows are considered, the =€l . (3)
quality of the fit is good: the calculated curves reproduce well

both the dielectric and the air band edges as well as their “fipgere ¢! . accounts forintrinsic losses corresponding to the
structure.” On the contrary, a significant discrepancy appeageal case of infinitely deep holes, whitg ;. contains contri-
within the photonic bandgap: experimental data give 3-5%, putions both from the finite etch depth and from the hole shape
while the best-fit spectra sho values as low as 10~10"°.  [44]. Two main sources can be identified ¢,  first, the modal
The origin of this discrepancy will be discussed in Section IV-Gnismatch between the confined mode propagating in the bare
The frprp and thefpwr values agree. Both for samples Awaveguide and the Bloch mode travelling in the patterned region
and sample Bfrpn(I'K) > frnrn(I'M). This can be under- (see, for example, [62]). On the other hand, the use of vertical
stood if the hole morphology is taken into account. As shown {Raveguiding heterostructures with low refractive index contrast
Fig. 7, the top base of the conical holes is slightly elliptical witimplies that the PC Bloch modes lie above the light line of the
its principal axis always oriented in tHeK direction. There- cladding layer and are intrinsically lossy [63]-[65]. Radiation
fore, the effectivef value is different fol’'M andl'K directions. s scattered toward the substrate due both to the finite hole etch
Beams impinging oi’K-oriented PC slabs feel a total volumedepthz, [43] and to the conical shape of the holes in the bottom
of air higher than that encountered by light travelling inEt  cladding layer [44]. It is worth noticing that’, is an intrinsic
direction. property of these types of PC structure and setsirémum
The<” values deduced for sample A well agree with the cofalue of losses that can be expected in such structures. From the
responding values obtained for sample B. As already shown 8y data obtained in [43] for GaAs-based systems (with higher
the SEM analysis discussed in Section 11I-B, that indicates thatlex contrast and smaller hole diameter) the vafjje= 0.015
the hole morphology is similar for bothvalues and a good uni- + 0.005 can be deduced for these InP-based structures. It is
formity and reproducibility has been achieved in the fabricatiafen interesting to evaluate the contributionf,. from mea-
procedure forf values ranging from 0.25 to 0.35. However, difsurements. As mentioned above, the air band is more sensitive
ferente” values had to be used in order to fit either the dielectrig scattering at the air holes than the dielectric one and, since
(¢" =0.045+ 0.015) or the air{” = 0.12+ 0.04)T"band edge. ¢”(air band)> ¢”(diel. band)¢” (air band) sets the upper limit
An analytic expression for” was deduced in [18] usingepa- for losses. Therefore, we limited our analysis to the air band,
rability arguments and a perturbative approach. Even thoughiig., to PC slabs witlx > 380 nm. From the” (air band) data
further works [42]-{44] the authors have pointed out the necagported in Table I, the average vakie= 0.12+ 0.04 can be
sity of going beyond some assumptions of [18], different 2-Bssumed for both samples, yieldi{fy,. = 0.105+ 0.045.
calculations [19] have validated the qualitative behavioeof  The obtainede!’ . value can be analyzed using the loss
[18]: model proposed in [44] to separate contributions from hole
depth and shape. For this purpose, we consider PC slabs with
nly a = 400 nm. The cylindro-conical hole shape revealed by the
(A 2ncore)® Nore SEMs (see Fig. 5) is modeled assuming that the conical part
is located entirely in the bottom cladding, while the hole is
INote that, for the same gap width, a 2-D calculation results in a inghtEfy”ndrical in the top cladding and in the core. The total hole
higher f value than that provided by a full 3-D model [55]. depth iszy < 2.45,m (see Fig. 6) and the cone base diameter
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is D ~ 215 nm for both samples. Benisgy al. demonstrated 1 #A

in [43] that, for perfectly cylindrical holes, if the exponentially Wla=1.8 — Experiment
decaying profile{(z) = Aexp(K ) is assumed in the bottom
cladding, losses due to the finite hole depth can be expresser

o8l e FDTD - W/a=1.77
v f=026 oy FDTD - W/a = 1.87

€hote = BL(2) @ 5 £ =0.1131
8
where B is a function of the hole diameter and of the ver E, l Aty Funcion Fi
tical index profile [43], [44], whilel'(z) is the partial confine- g O

ment factor, i.e., the overlap integral of the squared field pr
file ¢?(z) with the missing air column region. Moreover, one
can define an effective depthg of an equivalent cylindrical i :
hole giving rise to the same amount of losses of a cylindro-co G oW ]

ical hole [44].z.s can be written as an analytical function of ~ ol .Mt ,  Ooff oz i o2
K = (2r/)\)y/n?; — n?,, and of the cone slopg in the first 015 02 025 03 035
Ljecay (WhereLgecay = K1), provided that3 remains con- u=ali
stant until at least. [44]. (@)

In our case, substituting.; for z in (4) (whereB = 20 [44]) ] #B
gives z.g = 1.35um. Following the procedure illustrated in
[44], with K = 3 um™!, the angle valugd = 1.7 is calcu-
lated fromz.g. On the other hand, from the SEM analysis- o8¢ss, T FDTD - W/a = 1.87
2.5° + 0.5 is found for both samples. This discrepancy ma | /i =9 s FDTD - W/a = 1.97
be explained considering that the actual geometrical shape ¢

. [=}
the holes is more complex than the adopted model and bcg
hole bending and the fact that the cones already start within t'g
core have been neglected [see Fig. 5(a)]. Nevertheless,when § ¢4 |
holes have vertical walls inside the eaywaveguide layer and no +~
bending is present, information on the hole depth and shape ¢

02t

W/a=1.9 ——— Experiment

o

be safely deduced from the analysis of the experimetigl 02

values and the model turns out to be predictive [44]. For e ; . ,
ample it is found that the minimum loss limsf_,. = /7, could 022 023 024
be reachedfof < 0.5, i.e., for holes with almost vertical walls 0.15 03 035

iN someLgecayS. u=alk

" (b)
C. 1-D FP Cavities , . "
] o N Fig. 12. Transmission spectra through 1-D FP cavities betweenltvo
Typical transmission spectra through 1-D FP cavities betweerented 4-row PC mirrors separated by a spaterThe case of (a}y//a =

4-rowI'M PC mirrors (see Section 1I-C) are shown in Fig. 12(a.;){8. and (b)//a = 1.9 are shown for samples A and B, respectively. Arrows
dicate transmission peaks related to first and second order FP resonances.

and (b) for sample A (with¥/a = 1.8) and sample B (with gxperimental spectra (black lines) are compared with 2-D FDTD calculated
W/a = 1.9), respectively. In agreement with the results fapectra (gray lines). The effective index valug, = 3.24 was assumed to
simple 10-romI’M PC slabs discussed in Section IV-B, the aijfccount for the vertical confineme,r)t on th(;:‘ guided moge. The_values re_ported
. In Tables | and Il were used fof, ¢’ andW/a. The Airy’s function best-fit
T band edge lies at ~ 0.26 for sample A an@ ~ 0.28 for (gashed lines) of the first-order FP peak o= 340 nm is shown in the insets
sample B. Due to FP resonances inside the cavity, sharp fiffst-both samples.
order peaks in transmission appear within the photonic bandgap
atupp = 0.227 andupp = 0.230 for samples A and B, re- calculated spectra are plotted in Fig. 12. As for simple PC slabs,
spectively, while a second-order peak appears &t 0.290 in both the aifl” band edge and the interference-like features in the
sample B spectra because of the larger cavity width. The enetggh-energy pass window are well reproduced, thus confirming
location of the first-order FP resonances for all the investigatéitk reliability of the fabrication process: no fluctuations can be
cavity widths (see Section I1I-C) is reported in Fig. 13 for botlobserved in PC parameters when different structures (4, 8, or 10
samples. row-thick slabs, 1D FP cavities, etc.) are compared. The energy
For comparison, theoreticdl spectra were calculated ap-position of the FP resonances, which depends only on the cavity
plying the same FDTD method used for the analysis of PC slalidth (see below) [66], is consistent with calculations.
T spectra (see Section IV-B). ThéV values reported in Table |  As for simple PC slabs, FDTD calculated spectra do not agree
were used forf ande”: f = 0.25 and” = ¢ (air) = 0.1131 for with experimental’ data inside the photonic bandgap. The base
sample A, whilef = 0.30 and” = ¢’(air) = 0.080 for sample transmission level 4 p is still too high and the experimental
B. With FP cavities, a third free parameter has to be consiglP resonances show higher peak transmissigns and lower
ered: the cavity width. Two values adjacent to the actigd:  quality factorst) = App/Alpp (WhereApp andAlgp are the
value were chosen for simulations: 1.77 and 1.87 for samplerdsonance wavelength and the peak width, respectively) than the
(W/a = 1.8); 1.87 and 1.97 for sample Bi{/a = 1.8). The simulated ones. Two possibilities can be identified in order to
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TABLE I
1-D FP GWVITIES: SINGLE MIRROR OPTICAL PROPERTIES ANDCAVITY
1D - FP Cavities
PC Slabs Airy’s function ug” (W /a)
fit fit
Q
Tasr () 0 R(%) |L(%)|L,/ Li/a| m
iows | TOO %) |L®%)| Ly/a o/
a=340 nm
a=340nm; W/ a=18
0.48 4.0
#A | 235405 | 232403 |61.8+0.7| 15 | 045 +005 | 0.1 [%*
a=340nm; W/ a=19
0.35 38
#B | 145+05 | 142404 |645£12| 22 | 036 +015 | +04 |28

5.2
.-"'.'. f"/
“e 48+ e -
= o RN |
I - .-
® A
~ - '—‘
B
< 44 | - .
T —— 4B
4 ’n i 1 1
1.6 1.8 2 2.2
W/a

negligible inside the patterned regidh,. R, andW’ are fitting
parameters. In the insets of Fig. 12(a) and (b) we show both the
experimental and the best-fitted spectra for the corresponding
1-D FP cavity structures with = 340 nm. The best-fit param-
eter values are reported in Tabledl ~ 23% andl’ ~ 14% were
found for samples A and B, respectively. These values agree
with the correspondin@; ap values measured with 4-roliM

PC slabs withlu = 340 nm (see Table II). The intrinsic character
of high T ap values is then assessed confirming that inside the
stopgap the theoretical model (2-D-FDTFB’) cannot repro-
duceR andT for PC slabs and the related optical parameters
(e.9.,Tm.x andQ) for FP cavities.

SinceR ~ 62—64%, the overall loss levél = 1 — R - T
ranges from 15% for sample A to 22% for sample B. WHile
values are similar to those found for the corresponding GaAs-
based structures [12], [14], [15], [39], the values are unex-

) ) _ _ pectedly high and? <« 100%. Further e-beam lithography tests
explain these discrepancies: either hiliap values have to i gifferent higher irradiation doses have shown that, in spite
be ascribed to the existence of some parasitic channels Whighy reasedr values, deeper holes with better shape can be ob-
favor transmission of light through the PC slab, or they are hined with a consequent decreasing/ofalues.

intrinsic property of these PC structures compatible with the The normalized penetration length,/a was deduced from

results of FP cavity measurements. In order to clarify this issqﬁe best-fittedV” /a values. Then, the cavity order [66]
the classical FP resonator theory was applied to these 1-D FP ' '
w 2Lp>

cavities. According to the theory boify, . and( are functions R ML
of T and R values for each mirror [40], [66], So that the optical I a

roperties of the PC-like mirrors can be deduced in an indirect . .
\F/)va)? was calculated inserting the exact valuesWdfa and1/upp.

FP peaks were best-fitted with théry’s formula[40], [66] The deduced.,,/a andm values are listed in Table Il. The same
parameters can be evaluated in an independent way by fitting the
experimental data;rl, versusW/a with (6) (see Fig. 13). As
shown in Table Il, both sets of values are in perfect agreement.
Finally, knowingm and R [40], [66], cavityQ values were cal-
whereZ” and R are the transmission and reflection coefficientsulated. The relatively low? values ¢ ~ 20-30) agree with
for a single PC mirror (i.e., for a 4 row-thidkM slab),« is the the limited reflectivity of the PC mirrors.
waveguide absorption coefficient (see Fig. &0~ 100 cnt* An important conclusion can be drawn from the comparison
for A ~ 1500 nm) an®2¢ = 4nW'n.x /X is the normal inci- betweenR and T values obtained inside the stopgap either
dence round-trip phaséy’ = W + 2L, is the actual cavity from the combined analysis of PC slabs and 1-D cavity experi-
width taking into account the finite penetration lengthof the mental data, or by means of the theoretical 2-D-FDTD method
field in each mirror [39]. The physical wid# is used to calcu- including a phenomenological dissipation approach. While the
late the absorption factexp(al¥) since« can be considered ¢’ model works outside the stopgap, it fails when moving inside

Fig. 13. Normalized resonant wavelengthr /a of the first-order FP peaks
as a function of the normalized cavity width/« for samples A (circles) and
B (squares). The linear best-fit (dotted lines) is also shown.

(6)

T2

Trp(A) = 11— ReZive—oW |2

®)
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the gap. Let us recall that the propagation of light through thprovements are needed both in fabrication and in theoretical
PC structure is affected by the finite hole depth in two differembodeling.

ways. First, as mentioned above, light is scattered toward the
substrate and this effect is taken into account in the 2-D-FDTD
method introducing the loss paramet&r Then, the guided
light “feels” the holes in the PC as a low refractive index regiop|
and is pushed below the guiding layer. This phenomenon is Eéi
versible and is neglected in a 2-D calculation. For some reaso
which have to be further investigated, the first effect dominates
when allowed Bloch modes are considered, while the second
one is predominant in the stopgap, i.e., with “evanescent”
modes. The influence of the second effect is more pronounce(ﬁl]
in InP-based PCs than in GaAs-based structures probably
because of the combination of the lower index contrast in the
planar waveguide and the presence of cylindro-conical holes. If?!
is then evident that further theoretical efforts (e.g., 3D FDTD
calculations) are necessary in order to model losses inside the
stopgap and/or to find easy figures of merit for the fabrication
parameters like those obtained in #¥e2-D model.

Finally, while the minimum loss limit can be easily achieved
for light propagating in the PC improving the etching quality
(see Section IV-B), bigger technological efforts seem to be nec-g)
essary to improve PC performance when working inside the
stopgap, i.e., in the region of interest for integrated optics de-
vice applications. Deeper holes with almost straight walls haveyz;
to be obtained in order to move toward the theoretical values
T < 1% andR ~ 100%. (8]

(3]

[9]
V. CONCLUSION

We have presented first ILS transmission measurements d#f]
2-D PCs etched in GalnAsP/InP slab waveguide structures. The
possibility of transferring this powerful approach to the study|11]
of InP-based PCs have been clearly demonstrated and validated
both qualitatively and quantitatively. This opens the way toward
a complete extension into the 1.8n spectral range of the ex-
perimental and theoretical tools whose potential was alreadi}?]
demonstrated in GaAs-based systems af:in0Once the same
information and the same investigation techniques are available,
the transfer of results between the two material systems relid$3l
mainly on mastering the PC fabrication at the same level. We
have shown that a good knowledge of the main issues (e.g., etch
depth, hole shape, etc.) for the optimization of InP-based strudl4]
tures has been achieved. The combination between promising
experimental results and good agreement with theory makes
these first ILS experiments a promising step toward the desig
and the fabrication of efficient InP-based quasi-2-D PCs wit
vertical confinement.

As for optical properties as well as for losses, two different[16]
regimes have been identified. When light with wavelengths out*
side the PBG is considered, out-of-plane losses are the main
limiting factor for PC performances. Improvements in the hole
shape should allow one to lower the light scattering toward thém
substrate. On the other hand, the situation becomes more com-
plicated for light with energies within the PBG, where the holel8]
“physical” parameters such as the etch depth and the aspect
ratio strongly affect the PC optical properties. In this regime,

15]

ACKNOWLEDGMENT

The authors from EPFL would like to acknowledge S. Olivier,
Benisty, and C. Weisbuch from LPMC-Ecole Polytechnique
laiseau (Paris) for fruitful discussions and expert suggestions
|H%ssembling and validating the ILS experimental setup.

REFERENCES

J. D. Joannopoulos, R. D. Meade, and J. N. Wixio)ding the Flow of
Light. Princeton, NJ: Princeton Univ. Press, 1995.

E. Yablonovitch, “Inhibited spontaneous emission in solid-state physics
and electronics,Phys. Rev. Lettvol. 58, pp. 2059-2062, 1987.

S. John, “Strong localization of photons in certain disordered dielectric
superlattices,Phys. Rev. Lettvol. 58, pp. 2486-2489, 1987.

M. Boroditsky, R. Vrijen, T. F. Krauss, R. Coccioli, R. Bhat, and E.
Yablonovitch, “Spontaneous emission extraction and Purcell enhance-
ment from thin-film 2-D photonic crystals,J. Lightwave Technqglvol.

17, pp. 2096-2112, 1999.

J. D. Joannopoulos, S. Fan, A. Mekis, and S. G. Johnson, “Novelties of
light with photonic crystals,” ifPhotonic Crystals and Light Localiza-
tion in the 21st CenturyC. M. Soukoulis, Ed. Dordrecht, The Nether-
lands: Kluwer, 2001, pp. 1-24.

S. Y. Lin, J. G. Fleming, D. L. Hetherington, B. K. Smith, R. Biswas,
K. M. Ho, M. M. Sigalas, W. Zubrzycki, S. R. Kutz, and J. Bur, “A
three-dimensional photonic crystal operating at infrared wavelengths,”
Nature vol. 394, pp. 251-253, 1998.

J. G. Fleming and S. Y. Lin, “Three-dimensional photonic crystal with
a stop band from 1.35 to 1.96m,” Opt. Lett, vol. 24, pp. 49-51, 1999.

S. Noda, K. Tomoda, N. Yamamoto, and A. Chutinan, “Full three-dimen-
sional photonic bandgap crystals at near-infrared wavelendgtog&hce

vol. 289, pp. 604—606, 2000.

R. B. Wehrspohn, A. Birner, J. Schilling, F. Mueller, R. Hillebrand, and
U. Goesele, “Photonic crystals from macropouros siliconPlmotonic
Crystals and Light Localization in the 21st Centu@. M. Soukoulis,

Ed. Dordrecht, The Netherlands: Kluwer, 2001, pp. 143-153.

M. Notomi, T. Tamamura, T. Kawashima, and S. Kawakami, “Drilled
alternating-layer three-dimensional photonic crystals having a full pho-
tonic band gap,Appl. Phys. Lett.vol. 77, pp. 4256—4258, 2000.

H. Benisty, S. Olivier, M. Rattier, and C. Weisbuch, “Applications of
two-dimensional photonic crystals to semiconductor optoelectronics de-
vices,” inPhotonic Crystals and Light Localization in the 21st Cenfury
C. M. Soukoulis, Ed. Dordrecht, The Netherlands: Kluwer, 2001, pp.
117-127.

H. Benisty, C. Weisbuch, D. Labilloy, M. Rattier, C. J. M. Smith, T. F.
Krauss, R. M. De La Rue, R. Houdré, U. Oesterle, and D. Cassagne,
“Optical and confinement properties of two-dimensional photonic crys-
tals,” J. Lightwave Technqlvol. 17, pp. 2063-2077, 1999.

D. Labilloy, H. Benisty, C. Weisbuch, T. F. Krauss, R. Houdré, and U.
Oesterle, “Use of guided spontaneous emission of a semiconductor to
probe the optical properties of two-dimensional photonic crystAisgl.
Phys. Lett.vol. 71, pp. 738—740, 1997.

D. Labilloy, H. Benisty, C. Weisbuch, T. F. Krauss, R. M. De La Rue, V.
Bardinal, R. Houdré, U. Oesterle, D. Cassagne, and C. Jouanin, “Quanti-
tative measurement of transmission, reflection, and diffraction of two-di-
mensional photonic bandgap structures at near-infrared wavelengths,”
Phys. Rev. Lettvol. 79, pp. 4147-4150, 1997.

D. Labilloy, H. Benisty, C. Weisbuch, T. F. Krauss, D. Cassagne, C.
Jouanin, R. Houdré, U. Oesterle, and V. Bardinal, “Diffraction efficiency
and guided light control by two-dimensional photonic-bandgap lattices,”
IEEE J. Quantum Electronvol. 35, pp. 1045-1052, 1999.

D. Labilloy, H. Benisty, C. Weisbuch, C. J. M. Smith, T. F. Krauss, R.
Houdré, and U. Oesterle, “Finely resolved transmission spectra and
band structure of two-dimensional photonic crystals using emission
from InAs quantum dots,Phys. Rev. Bvol. 59, pp. 1649-1652, 1999.

T. F. Krauss, R. M. De La Rue, and S. Brand, “Two-dimensional pho-
tonic-bandgap structures operating at near-infrared wavelendtias,”
ture, vol. 383, pp. 699-702, 1996.

H. Benisty, D. Labilloy, C. Weisbuch, C. J. M. Smith, T. F. Krauss, D.
Cassagne, A. Béraud, and C. Jouanin, “Radiation losses of waveguide-
based two-dimensional photonic crystals: Positive role of the substrate,”
Appl. Phys. Lett.vol. 76, pp. 532-534, 2000.



798

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 38, NO. 7, JULY 2002

[19] W. Bogaerts, P. Bienstman, D. Taillaert, R. Baets, and D. De Zutter[41] M. Kamp, M. Emmerling, S. Kuhn, and A. Forchel, “Nanolithog-

(20]

[21]

(22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

“Out-of-plane scattering in photonic crystal slabsEEE Photon.
Technol. Lett.vol. 13, pp. 565-567, 2001.

S. Fan and J. D. Joannopoulos, “Photonic crystals: Toward large-scale
integration of optical and optoelectronic circuit€pt. Photon. News
vol. 11, pp. 28-33, 2000.

A. Sharkawy, S. Shi, and D. Prather, “Multichannel wavelength
division multiplexing with photonic crystals Appl. Opt, vol. 40, pp.
2247-2252, 2001.

T. Baba, “Photonic crystals and microdisk cavities based on
GalnAsP-InP system,”IEEE J. Select. Topics Quantum Elec-
tron., vol. 3, pp. 808-830, 1997.

T. Baba, K. Inoshita, H. Tanaka, J. Yonekura, M. Ariga, A. Matsutani, T.
Miyamoto, F. Koyama, and K. lga, “Strong enhancement of light extrac-
tion efficiency in GalnAsP 2-D-arranged microcolumnd,’Lightwave
Technol, vol. 17, pp. 2113-2120, 1999.

T. D. Happ, A. Markard, M. Kamp, J.-L. Gentner, and A. Forchel, “In—-P
based short cavity lasers with 2D photonic crystal mirr@&i&ctron.
Lett, vol. 37, pp. 428—-429, 2001.

O. J. Painter, A. Husain, A. Sherer, J. D. O'Brien, |. Kim, and P. D.
Dapkus, “Room temperature photonic crystal defect lasers at near-in-
frared wavelengths in InGaAsP). Lightwave Technglvol. 17, pp.
2082-2088, 1999.

0. J. Painter, R. K. Lee, A. Yariv, A. Sherer, J. D. O'Brien, P. D. Dapkus, [48]

and |. Kim, “Two-dimensional photonic bandgap defect mode laser,”
Sciencevol. 284, pp. 1819-1824, 1999.
0. J. Painter, A. Husain, A. Sherer, P. T. Lee, |. Kim, J. D. O'Brien, and P.

D. Dapkus, “Lithographic tuning of a two-dimensional photonic crystal [49]

laser array,|EEE Photon. Technol. Leftvol. 12, pp. 1126-1128, 2000.
C. Monat, C. Seassal, X. Letartre, P. Viktorovitch, P. Regreny, M.

Gendry, P. Rojo-Romeo, G. Hollinger, E. Jalaguier, S. Pocas, and50]

B. Aspar, “InP 2D photonic crystal microlasers on silicon wafer:
Room temperature operation at 1.66,” Electron. Lett, vol. 37, pp.
764-766, 2001.

J.-K. Hwang, H.-Y. Ryu, D.-S. Song, |.-Y. Han, H.-W. Song, H.-K. Park,
Y.-H. Lee, and D.-H. Jang, “Room-temperature triangular-lattice two-
dimensional photonic band gap lasers operating atdns4 Appl. Phys.
Lett, vol. 76, pp. 2982-2984, 2000.

T. Baba, N. Fukuya, and J. Yonekura, “Observation of light propagation
in photonic crystal waveguides with bendElectron. Lett, vol. 35, pp.
654-655, 1999.

A. Talneau, L. Le Gouezigou, and N. Bouadma, “Spectrally resolved
transmission measurements for quantitative evaluation of photonic
crystal guiding structures,” in PECS3, St. Andrews, U.K., 2001.

H. Benisty, S. Olivier, C. Weisbuch, M. Agio, M. Qiu, M. Swillo, A.
Karlsson, B. Jaskorzinska, J. Moosburger, M. Kamp, A. Forchel, R. Fer-

rini, R. Houdré, and U. Oesterle, “Models and measurements for th¢55]

transmission of submicron-width waveguide bends defined in two-di-
mensional photonic crystalslEEE J. Quantum. Electronvol. 38, pp.
766-781, July 2002.

A. Talneau, L. Le Gouezigou, and N. Bouadma, “1;88 transmission
through planar photonic-crystal straight guides and ultra-short bends on
InP substrates,” iI€LEO, Baltimore, MD, 2001, p. 263.

M. Swillo, M. Qiu, M. Mulot, B. Jaskorzynska, S. Anand, A. Talneau,
and A. Karlsson, “Characterization and modeling of InP/InGaAsP pho-
tonic-crystal waveguides,” iRroc. ECOC’'01 vol. 4, pp. 586-587.

M. Mulot, S. Anand, M. Swillo, M. Qiu, B. Jaskorzynska, and A.
Talneau, “Low loss InP-based photonic crystal waveguides etched with
Ar/Cl; chemical assisted ion beam etching,’Hroc. ECOC’01 vol. 6,
pp. 32-33.

C.J. M. Smith, T. F. Krauss, R. M. De La Rue, D. Labilloy, H. Benisty, C.

Weisbuch, U. Oesterle, and R. Houdré, “In-plane microcavity resonator$60]

with two-dimensional photonic bandgap mirrorBfoc. IEE Optoelec-
tron., vol. 145, pp. 337-342, 1998.

R. P. Stanley, R. Houdré, U. Oesterle, M. Gailhanou, and M. llegems,
“Ultra-high finesse microcavity with distributed Bragg reflectoisgpl.
Phys. Lett.vol. 65, pp. 1883-1885, 1994.

D. Labilloy, H. Benisty, C. Weisbuch, T. F. Krauss, V. Bardinal, and U. [62]

Oesterle, “Demonstration of a cavity mode between two-dimensional
photonic-crystal mirrors,Electron. Lett. vol. 33, pp. 1978-1980, 1997.

M. Rattier, H. Benisty, C. J. M. Smith, A. Béraud, D. Cassagne, [63]

C. Jouanin, T. F. Krauss, and C. Weisbuch, “Performance of wave-
guide-based two-dimensional photonic-crystal mirrors studied with
Fabry—Pérot resonators/EEE J. Quantum Electron.vol. 37, pp.
237-243, 2001.

B. E. A. Saleh and M. C. Teichundamentals of Photonics New
York: Wiley, 1991.

[42]

(43]

(44]

[45]

[46]

[47]

[51]

(52]

(53]

(54]

[56]

[57]

[59]

(61]

(64]

raphy using a 100 kV electron beam lithography system with a
Schottky emitter,”J. Vac. Sci. Technol. ,Bvol. 17, pp. 86-89,
1999.

Ph. Lalanne and H. Benisty, “Out-of-plane losses of two-dimensional
photonic crystals waveguides: Electromagnetic analy3ig\ppl. Phys.

vol. 89, pp. 1512-1514, 2001.

H. Benisty, Ph. Lalanne, S. Olivier, M. Rattier, C. Weisbuch, C. J. M.
Smith, T. F. Krauss, C. Jouanin, and D. Cassagne, “Finite-depth and
intrinsic losses in vertically etched two-dimensional photonic crystals,”
Opt. Quantum Electronvol. 34, pp. 205-215, 2002.

R. Ferrini, R. Houdré, H. Benisty, M. Qiu, and J. Moosburger, “Radiation
losses in planar photonic crystals: Two-dimensional representation of
hole depth and shape by an imaginary dielectric constant,” J. Opt. Soc.
Amer. B, submitted for publication.

C. Youtsey, R. Grundbacher, R. Panepucci, |. Adesida, and C. Caneau,
“Characterization of chemically assisted ion beam etching of 18P,”
Vac. Sci. Technol. Brol. 12, pp. 3317-3321, 1994.

M. Mulot, S. Anand, C. F. Carlstrom, and A. Talneau, “Dry-etching of
photonic crystals in InP based materials,” Phys. Scripta, submitted for
publication.

G. Bastard,Wave Mechanics Applied to Semiconductor Heterostruc-
tures Paris, France: Les Editions de Physique, 1992.

H. Pettersson, S. Anand, H. G. Grimmeiss, and L. Samuelson,
“Optical properties of strained InP quantum dots in,Glg. 5P
studied by space-charge technique®hys. Rev. Bvol. 53, pp.
R10497-R10500, 1996.

M. K. Zundel, P. Specht, K. Eberl, N. Y. Jin-Philipp, and F. Phillipp,
“Structural and optical properties of vertically aligned InP quantum
dots,” Appl. Phys. Lett.vol. 71, pp. 2972-2974, 1997.

H. Fuand A. Zunger, “InP quantum dots: Electronic structure, surface ef-
fects, and the redshifted emissioRfiys. Rev. Bsol. 56, pp. 1496-1508,
1997.

J. F. Carlin, R. Houdré, A. Rudra, and M. llegems, “Island formation in
ultra-thin InAs/InP quantum wells grown by chemical beam epitaxy,”
Appl. Phys. Lett.vol. 59, pp. 3018-3020, 1991.

A. Rudra, R. Houdré, J. F. Carlin, and M. llegems, “Dynamics of island
formation in the growth of InAs/InP quantum wells]” Cryst. Growth

vol. 136, pp. 278-281, 1994.

S. Jochum, E. Kuphal, V. Piataev, and H. Burkhard, “Very high com-
positional homogeneity of 1.5%m strain-compensated InGaAs MQW
structures by MOVPE underj\atmosphere,J. Cryst. Growthvol. 195,

pp. 637-643, 1998.

M. Plihal and A. A. Maradudin, “Photonic band structure of two-di-
mensional systems: The triangular lattic®Hys. Rev. Bvol. 44, pp.
8565-8571, 1991.

L. C. Andreani and M. Agio, “Photonic bands and gap maps in a pho-
tonic crystal slab,”lEEE J. Quantum Electrgrvol. 38, pp. 891-898,
July 2002.

M. Qiu and S. He, “Numerical method for computing defect modes
in two-dimensional photonic crystals with dielectric or metallic inclu-
sions,”Phys. Rev. Bvol. 61, pp. 12 871-12876, 2000.

—, “A nonorthogonal finite-difference time-domain method for com-
puting the band structure of a two-dimensional photonic crystal with di-
electric and metallic inclusionsJ. Appl. Phys.vol. 87, pp. 8268—8275,
2000.

[58] ——, “Guided modes in a two-dimensional metallic photonic crystal

waveguide,"Phys. Lett. Avol. 266, pp. 425429, 2000.

——, “FDTD algorithm for computing the off-plane band structure in a
two-dimensional photonic crystal with dielectric or metallic inclusions,”
Phys. Lett. Avol. 278, pp. 348-354, 2001.

M. Qiu, B. Jaskorzynska, M. Swillo, and H. Benisty, “Time-domain 2D
modeling of slab-waveguide based photonic-crystal devices in the pres-
ence of out-of-plane radiation losse§pt. Technol. Letf.to be pub-
lished.

J. P. Berenger, “A perfectly matched layer for the absorption of electro-
magnetic waves,J. Comput. Physvol. 114, pp. 185-200, 1994.

M. Palamaru and Ph. Lalanne, “Photonic crystal waveguides: Out-of-
plane losses and adiabatic modal conversigppl. Phys. Lett.vol. 78,

pp. 1466-1468, 2001.

D. M. Atkin, P. S. J. Russell, T. A. Birks, and P. J. Roberts, “Photonic
band structure of guided Bloch modes in high index films fully etched
through with periodic microstructure,J. Mod. Opt, vol. 43, pp.
1035-1053, 1996.

S. G. Johnson, S. Fan, P. R. Villeneuve, J. D. Joannopoulos, and L. A.
Kolodziejski, “Guided modes in photonic crystal slabBHiys. Rev. B

vol. 60, pp. 5751-5758, 1999.



FERRINlet al. OPTICAL STUDY OF 2-D InP-BASED PHOTONIC CRYSTALS BY INTERNAL LIGHT SOURCE TECHNIQUE 799

[65] E.Chow, S.Y.Lin, S. G. Johnson, P. R. Villeneuve, J. D. Joannopoulaijrgen Moosburger studied physics and mathematics at the University of
J. R. Wendt, G. A. Vawter, W. Zubrzycki, H. Hou, and A. Alleman,Wirzburg. He is now working toward the Ph.D. degree at the University of
“Three-dimensional control of light in a two-dimensional photonidNurzburgunder Alfred Forchel. The focus of his thesis lies on the development

crystal slab,"Nature vol. 407, pp. 983—-986, 2000. of fabrication techniques for photonic crystal based patterns on compound
[66] M. Born and E. Wolf,Principles of Optics Oxford, U.K.: Pergamon semiconductor heterostructures while also investigating and characterizing
Press, 1980. photonic crystal waveguide based patterns.
He is the author or co-author of ten publications in the field of photonic
crystals.

Rolando Ferrini received the Diploma degree in physics and the Ph.D. ddlartin Kamp was born in Lippstadt, Germany, in 1971. He studied physics at

gree in condensed matter physics from the University of Pavia, Pavia, Itafj¢ University of Wirzburg and spent one year at Stony Brook University, NY,

in 1996 and 1999. His dissertation focused on the optical properties of II1-Where he received the M.A. degree in 1995. After his return to Wiirzburg, he

semiconductors. started to work on his Ph.D. thesis “Semiconductor lasers with lateral feedback
From 1991 to 1995, he was student at the Almo Collegio Borromeo, Pavifuctures.” _ _

Italy. In March 2000, he joined the Institut de Photonique et d’Electronique Currently he is in charge of the Nanodevice group of the Microstructure Lab-

Quantique at the Ecole Polytechnique Fédérale de Lausanne, Switzerl£§gtory in Wirzburg. He is author or co-author of over 30 papers relating to

where he is Scientific Collaborator in the Semiconductor Device Physics gro§§miconductor lasers or photonic crystals structures. His current research inter-

He is presently in charge of the group effort on photonic band gap structu®sfS include the development of new patterning technologies for_semlgonc_iuctor

within the framework of the EEC-funded project Photonic Crystal Integratd@sers, complex coupled DFB lasers, photonic crystals, and their application to

Circuits (PCIC). His current research interests include advanced semicondu®fioelectronics.

optoelectronic components, in particular two-dimensional photonic crystal

structures and their applications to integrated optics. He is the author of more

than 20 publications. Alfred Forchel received the Ph.D. degree in physics from Stuttgart University,

Stuttgart, Germany, for his work on optical investigations of highly excited semi-
conductors in 1982 and the Dr. habil. degree for studies on “Dimensionality de-
pendent electronic properties of semiconductor structures” in 1988.

From 1993 until 1989 he was in charge of the whole planning of the mi-

. . . . .crostructure laboratory at Stuttgart University. In 1990, he became a Full Pro-
David Leuenbergergraduated from the Institute of Applied Physics at the Un|f ssor of Physics at Wiirzburg University, Wiirzburg, Germany. In addition to

versity of Bern, Switzerland. He is currently working toward the Ph.D. degret- e chair of Technical Physics, A. Forchel is responsible for the Microstruc-

at the Swiss Federal Institute of Technology, Lausanne. . . : -
. . ' : . ture Laboratory of University. He is the co-author of over 300 papers relating
In May 2000 he joined the Institute of Quantum Electronics and Photomcspﬁgmly to optoelectronic devices and to optical properties of semiconductor mi-

the Swiss Federal Institute of Technology and started his Ph.D. thesis on Pistructures Currently the main scientific interests of A. Forchel are related to
:%?1'CO??;éﬁm';ﬁsﬁz?rcﬁ&gﬁ{fﬁfﬁgcgjditmi'tﬂlryersmde'mg and characteri & development of novel lateral patterning technologies of 11I-V semiconduc-
P gap ' tors for semiconductor lasers and the optical investigations of low-dimensional

photonic systems and electronic structures.

o . . Srinivasan Anand was born in Bangalore, India, on March 4, 1964. He re-
Mikaél Mulot was born in Dax, France, on December 2, 1976. He receivedjved the B.Sc. and M.Sc. degrees from the University of Mysore, Mysore,
the engineering degree from Ecole Centrale Paris, Paris, France, in 1997 ,in 1984 and 1986, respectively, and the Ph.D. degree from the University
Fhe Masters degrge in physiqs from University of Stuttgart, Stuttgart, Germagy.Mumbai, Mumbai, India, in 1993. His thesis work was on spectroscopy of
in 1999. His thesis was on high-frequency measurements of complex coupgd centers in AlGaAs and pressurized GaAs and was done at the Tata Institute
1.55x:m DFB lasers. o ] ] o _ of Fundamental Research, Mumbai.

Subsequently, he worked on optical fiber dosimetry during his internship atHe was a Post-Doctoral Fellow at the Department of Solid State Physics, Lund
the French Atomic Energy Commission. In 2000 he joined the Department Qfjversity, Lund, Sweden, where he worked on several topics including space
Mlcroelectron|c§ and Informat[on Technology, D|V|$|c_)n of Material and Sembharge spectroscopy of quantum dots and Schottky barriers with nanoscale in-
conductor Physics, Royal Institute of Technology, Kista, Sweden, where heyismogeneities. In 1997 he joined the Department of Microelectronics and In-
dom_g his Ph.D. thesis W(_)rk on fabrication and characterization of photonic crygrmation Technology, Division of Material and Semiconductor Physics, Royal
tals in InP-based materials. Institute of Technology, Kista, Sweden, as a Senior Researcher and obtained
the title of Docent in 2000. He leads the research activities of the division in
the area of semiconductor processing and characterization. His current research
activities are on self-organized nanostructures, ion-beam etching methods for
IlI-Vs, fabrication and characterization of photonic crystals in InP-based ma-
erials and scanning probe-based high-resolution electrical characterization of

Min Qiu (A'99) received the Ph.D. degree in condensed matter physics from iconductor materials, devices, and processing.

Zhejiang University, Hangzhou, China, in 1999, and the Ph.D. degree in elec-
tromagnetic theory from the Royal Institute of Technology (KTH), Stockholm,
Sweden, in 2001.

From 1999 to 2000, he was a Visiting Scientist at the Department of EleRemuald Houdré received the Ph.D. degree from the Ecole Polytechnique,
tromagnetic Theory, Royal Institute of Technology (KTH), Sweden. Then Hearis, France, in 1985 for his work on the photoemission from quantum wells
joined the Department of Microelectronics and Information Technology, at tld superlattices under negative electron affinity.
same university, in 2001, where he is currently an Assistant Professor at the LaliHe spent one year as a Post-Doctoral Fellow at the University of lllinois at
oratory of Optics, Photonics and Quantum Electronics. He has published mbiana-Champaign with Pr. H. Morkoc in the Molecular Beam Epitaxy (MBE)
than 30 international refereed journal papers since 1996. His research intergsisip. He joined Ecole Polytechnique Federale de Lausanne, Switzerland, in
include photonic crystals, integrated optical circuits, solid state theory, electd®88 where he is presently in charge of the photonic crystal group effort within
magnetic theory, and numerical techniques in electromagnetics. the Microcavity Photonics project. His interest includes microcavities, photonic

Dr. Qiu is a member of the Optical Society of America. bandgap structures, and MBE. He is the author of 207 publications.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


