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Finely resolved transmission spectra and band structure of two-dimensional
photonic crystals using emission from InAs quantum dots
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We present continuous near-infared transmission measurements of two-dimensional photonic crystals etched
through a ~Ga,Al!As waveguide. We use photoluminescence of InAs self-organized quantum dots as an
internal source with a broad guided spectrum. Transmission spectra exhibit both a marked gap for the TE
polarization and a fine structure consisting of transmission oscillations around it. This fine structure is exploited
to assess the fabrication parameters and to determine the band structure of the photonic crystal.
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The search of photonic band gaps~PBG’s! in periodic
dielectric structures has been prompted by the predictio
spontaneous emission control as well as improvemen
light control in waveguides.1–4 In this latter area, two-
dimensional photonic crystals~2D-PC’s! emerged as the fa
vorite route in view of the huge fabrication difficulties raise
by three-dimensional structures at submicron scale.

Recently, quantitative measurements of 2D-PC’s cons
ing of a triangular array of cylindrical holes patterned into
monomode~Ga,Al!As waveguide5 with an air-filling factor
f '30% clearly demonstrated, at the expected TE g
frequencies,6 the conversion of transmission into reflectio
and/or diffraction.7 However, only a narrow spectral rang
could be probed on each sample, on account of the la
reabsorption of the quantum-well~QW! emission used as a
internal source along the 50–100-mm long guided light
path.8

In this work, owing to the use of luminescent se
organized InAs quantum dot~QDs! layers with weak reab-
sorption instead of QWs, continuous spectra can be produ
that exhibit, in particular, the secondary transmission
trema in passbands between gaps,7 which we denote below
as the photonic ‘‘fine structure’’~FS!. Gaining access to this
fine structure is a great leap in progress: First, it dem
strates that the 2D-PC concept applies astonishingly we
the waveguided geometry. Second, this FS is an ideal p
of the photonic crystal quality that proves extremely use
in assessing structural parameters—constancy of filling
tors, effects of etch depth, of ‘‘disorder,’’ etc. To our know
edge, there is no better way to obtain such an appropr
feedback to the fabrication stage. We concentrate in
Brief Report on an analysis of the wavelength position
photonic features, and on the insight it brings into the ba
structure for TE polarization.

The method is that of Refs. 5 and 8: we excite the pho
luminescence~PL! of three layers of InAs QD’s stacked 1
nm apart in the center of a 0.22-mm-thick monomode GaAs
PRB 590163-1829/99/59~3!/1649~4!/$15.00
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waveguide~clad by 0.3-mm Ga0.8Al0.2As on top and 0.4-mm
Ga0.2Al0.8As on the substrate side! and collect guided light
I 2(l) on a cleaved facet after it has traversed the 2D-
@Fig. 1~a!#. Using a reference signalI 1(l) from an unpat-
terned area, the ratioTFP(l)5I 2(l)/I 1(l) gives the trans-
missionT of the PC modulated by that of the Fabry-Per
~FP! cavity formed between the PC slab and the facet acco
ing to

FIG. 1. ~a! Experimental principle.~b! Spectra without photonic
crystal, I 1(l), and with photonic crystal,I 2(l). ~c! ‘‘Glued’’ raw
data of transmission as a function of the reduced variableu5a/l
for the TE polarization,GK orientation, andN515 rows. Crystal
periodsa are indicated on top. Fine-structure oscillations are
noted by crosses, modulated by FP fringes magnified in the ins
1649 ©1999 The American Physical Society
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TFP~l!5T3U 1

12rr 2 exp~4ipdneff /l!exp~2ad!
U2

,

whereneff is the guided mode effective index,d the distance
of the PC to the facet,r and r 2 , respectively, are the face
and the PC amplitude reflectivities, anda is the modal ab-
sorption coefficient. The mean value ofTFP(l) gives T,
while the fringe visibility gives therr 2 product. Here, we
focus on transmission measurements.

A crucial improvement on Ref. 5 is the replacement
QW’s by self-organized InAs QD’s with a deliberately broa
size distribution, yielding a broad PL band@Fig. 1~b!#, from
925 nm to beyond our;1060-nm detection limit.9 With
about the same number of samples as in Ref. 5, we
stitch together spectra of PC’s, with periods differing
10%. The energy-diluted oscillator strength of QD’s al
translates in a much lower absorption coefficienta, typically
30–60 cm21 for our samples, instead of;300–700 cm21 in
Ref. 5. This reduced reabsorption preserves a broad, fea
less PL even for;100-mm propagation, as well as a large
fringe visibility in TFP(l) @Fig. 1~b!#. The spectral power
density of guided PL does not drop by large factors in sp
of the broad QD emission. A fair uniformity of PL yield
across the samples is also obtained, our spot size~8-mm di-
ameter! providing sufficient average over the inhomog
neous QD distribution.

FIG. 2. ~a!–~e! Transmission as a function ofa/l for TE polar-
ization, GK orientation, and a variable number of rowsN as indi-
cated, on a log scale.~f! Same as above forN515. The dashed
spectra is for theGM orientation of the photonic crystal. The pho
tonic TE gap is clearly visible from the two spectra.
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Measurements are performed on PC samples along
two main photonic crystal axesGM andGK. When it comes
to assessing the fine structure, since spectral features ar
pected to follow the band dispersionv(k), the fair direction-
ality of the method becomes an important asset: Here in
nal rays are probed up to66° only, so that the associate
relative spectral spread remains below 0.25%.

To have a full picture of the PC transmission over a bro
range of the ratiou5a/l, seven different periods were se
lected:a5180, 200, 220, 240, 260, 280, and 300 nm. F
each period and orientation, PC’s with a number of ro
varying from N53 to 15 were defined and etched with a
filling factors f around 25–30%~refer to Refs. 5 and 10 for
fabrication!.

A set taken from the ‘‘glued’’ raw data is presented
Fig. 1~c! for the TE-GK case andN515. The sharp
‘‘valence-band edge’’ of the photonic gap is clearly defin
at u50.21. Apart from the leftmost data from thea
5180 nm sample, the gap is clearly apparent and, aroun
the oscillations of the fine structure are most obvious on
valence-band side. The holes of thea5180 nm sample are
less than 100 nm in diameter, and limit the etch depth,5,10

causing, in turn, strong scattering into the substrate11 and
weak transmission. The obvious stitching mismatch betw
the 200 and 220-nm samples is discussed below. The s
features into the gap correspond to the large wavelength
of the quantum dot PL spectra, with less photons detec
and hence a larger noise but not a larger signal. As for
short wavelength side, the guided PL is abruptly cut by
terband absorption around 900 nm, causing spurious feat
in TFP(l) that were merely truncated.

On the conduction-band side, the fine structure appear
the a5300 nm sample, but strongly modulated with F
fringes. In the following, we will only discuss treated tran
mission spectraT(l) in which we suppress these oscillation
by adequate linear Fourier filtering.

We first show how the PBG builds up as the number
rows increases fromN53 – 15 by examining, in Figs. 2~a!–
2~f!, the corresponding transmission spectra taken alongGK
for the TE case, on a log scale. The formation of the forb
den gap clearly appears until the noise limit is met forT
;231023. The fine structure period scales likeN21, as
would be the case in one-dimensional periodic structure12

In Fig. 2~f! we include a plot of transmission forN515 but
along theGM orientation. In this case, the stop band spa
the rangeu50.185– 0.245. As a result, the full TE photon
gap is clearly seen betweenu50.21 and 0.245. No FS wa
detected on the valence-band side of these spectra beca
corresponds to samples with insufficient etch depth and
graded optical behavior. However other samples from a
ferent run with slightly larger and deeper holes displayed
oscillations. There are weak oscillations on the conducti
band side that will appear in Fig. 3~d! below. The less steep
edge of the ‘‘conduction’’ band compared to the ‘‘valence
band~see also Fig. 1! might stem from the stronger scatte
ing losses undergone by light waves of this band, that ten
sample the air holes with a much larger field amplitude th
in the valence band. Detailed analysis of the FS amplitud
connection with such light losses will be discussed el
where.
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FIG. 3. ~a! Transmission alongGK ~see the inset! for TE polarization~N515 rows!, as a function of the reduced frequencyu5a/l
~vertical axis here!. ~b! Band structure alongGK in the TE polarization: oscillation extrema are reported at periodically spacedk values
~crosses and circles!. Solid lines are the calculated bands for the dielectric constant«511.3 and air-filling factorf 50.25.~c! and~d! Same
as ~b! and ~a!, respectively, but for propagation alongGM .
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In the following, we focus on data from samples closes
the infinite 2D-PC (N515), and discuss the stitching mis
matches that arise in the overlapping regions of the trans
sion spectra. In an ideal lossless and dispersionless case
perfectly similar patterns, etc., transmission is a sole func
of u5a/l: gluing the eight spectral data together as a fu
tion of this reduced variableu would result in a continuous
T(u) curve. We identify two kinds of phenomena respo
sible for deviations from this simple picture:~i! those that are
intrinsic to the chosen heterostructures—the dielectric m
rial dispersion, i.e., the varying semiconductor index; and~ii !
those that depend on the PC fabrication—the variable ge
etry ~hole depth and air-filling factorf ! between sample o
different periods, and the random fabrication fluctuations

We first discuss what can be deduced on the constanc
filling factors from the spectral stitching mismatches. Ne
having gained the understanding of these mismatches
exploit the fine structure to determine the PC band struct
For the caseN515, the PC transmission for two orientation
~GK andGM ! are shown in Figs. 3~a! and 3~d!.

To explain the stitching mismatches~e.g., at the valence
band edge!, we first remark that due to the effective inde
dispersion]neff /]l ~;831024 nm21 here!, since a given
photonic feature is probed at different wavelengths betw
two adjacent spectra~two successive periods!, a different
effective index characterizes the probed structure. For a fi
filling factor f, this shifts this photonic feature to a differe
value of u5a/l. In particular, the valence-band positio
uV , a sharp feature in the experiment, scales in the theory6,13

like neff
21, quite independently of the air-filling factorf in our

domain~neff'3.4 andf 50.25!. Since the two periods in this
case differ by 10%~a5200 and 220 nm!, so do the wave-
lengths of the steep edge,l5940 and 1030 nm, respectively
The relative variation Dneff /neff is of the order of
(20.07/3.4)'22% across this interval. Therefore,uV is ex-
o

is-
ith
n
-

-

e-

-

of
,
e

e.

n

d

pected to shift up by12% for the larger wavelength (a
5220 nm), compared to the casea5200 nm. The experi-
mental discrepancy betweenuV50.210 anduV50.2065, re-
spectively, on the order of 1.7%, is of this order of mag
tude: this means that the air-filling factor is quite consta
between these two periods, to better thanD f 50.01 ~
]uV /] f '0.055 in our range off ; henceD f 50.01 gives
DuV /uV50.28%!.

Turning to theGK ‘‘conduction-band’’ edge, it is not
sharp enough to assess the constancy off, so that we use the
FS to establish a similar assessment. Although the peak
the FS coincide, we consider that this is accidental and
sume a ‘‘worse’’ case, i.e., that the shift between identi
features just coincides with the FS period. A double shift,
greater, would be too large given the previous analysis.
single shift assumption implies a mismatchDu below 2.5%.
This is within less than a factor of 2 of the naive dispersi
effect (Dneff /neff), since the periodsa shift by 7–9% be-
tween the relevant samples, giving (Dneff /neff)'1.7%. How-
ever, the conduction band is less sensitive to the mate
index ~here toneff! because a larger fraction of the electr
field lies in the holes. Nevertheless, the exact band-struc
calculations13 confirm that dispersion cannot account for t
2.5% mismatch alone, which means that a part of it, ab
0.8%, must come from variations of the air-filling factorD f .
However, from calculations at variable filling factors, w
find that D f is smaller than 0.01 around the basic valuef
50.25. This demonstrates that, at least in a given run,
fabrication process produces stable, reproducible filling f
tors f in this range of PC parameters.

We may now exploit the TE fine structure in the ban
structure framework, since we unambiguously identified
photonic features. In particular, we may determine the b
structure by noting that these transmission oscillations or
nate from Bloch wave interferences: Bloch waves in the p
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tonic crystal achieve round trips with a phase multiple ofp
at transmission peaks, as in a FP cavity, and an odd-p
multiple of p at dips.

Let us use for clarity a one-dimensional picture of t
periodic system, with periodicitya. From the very definition
of the wave vectork and the Bloch waves in a periodi
potential, the phase of Bloch waves shifts byka from one
unit cell to the next. To have a transmission resona
through N unit cells thus amounts to require a round-tr
phase integer multiple of 2p, which reads 2Nka52mp, or
k5mp/Na, with m an integer. Hence, whenever a sing
band is scanned, successive transmission peaks may b
beled k15p/Na, k252p/Na,..., kN215(N21)p/Na,
with corresponding frequencies$um5a/lm5v(km)a/2pc%
wherec is the light velocity. After the last peak, we havek
5p/a, the band has been fully scanned and a gap or ano
band comes in.

We oversimplified the analysis by usingp/a for the first
Brillouin-zone boundary instead ofp/a(2/)) alongGK and
p/a alongGM ~depending on the definition of a row in th
GK case, an additional factor of 2 may also arise!. Using the
proper Brillouin-zone boundaries, we can, thus, determ
the band structure by plotting (km ,um5v(km)a/2pc) for
each of the transmission peaks, and also add points for
multiples of p corresponding to transmission dips. Su
plots for each peak of the TE-GK fine structure are presente
in Fig. 3~b! as crosses~at oscillations maxima! and circles~at
dips!. The full lines are the bands of the infinite 2D-PC
,
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calculated for a filling factorf 50.25 and a dielectric con
stant «511.3. They show very good agreement with t
data. In Fig. 3~c!, a similar plot is elaborated for theGM
direction @the spectrum of Fig. 3~d!#, though fewer features
are visible there. The same parameters are used.

Note that there are two bands in the conduction band
the GK case, and that only one of them is coupled to pla
waves, as predicted by theory.14,7 The success obtained i
applying this procedure is a good indication that exter
properties such as the usual transmission and band stru
are quite intimately connected, and that Bloch waves are
proper tools to deal with both aspects even in slabs wit
small number of rows.

In conclusion, we successfully measured the transmiss
spectra of 2D-PC patterns using quantum dots as the ac
layer in the waveguide of the heterostructure. We achie
continuous spectral measurements that had proven diffi
with quantum-well active layers on account of their stro
reabsorption in the waveguide. The photonic TE gap and
fine structure around it clearly appeared. The examination
mismatches between spectra of samples with different p
ods proved to be a useful tool to assess the good quality
uniformity of the etching procedure. We finally exploited th
fine-structure oscillations to determine the TE band struct
itself. The next step will be the use of this fine structure
analyze the loss mechanisms existing in these system
knowledge crucial to evaluate the feasibility of many pr
posed applications in a waveguide-type geometry.
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