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Abstract: We present laser emission of a compact surface-emitting micro
laser, optical pumped and operating at 1.5 um at room temperature. A
two-dimensional photonic crystal lattice conformed in a hybrid triangular-
graphite configuration is designed for vertical emission. The structures
have been fabricated in an InP slab, including four INAsSP quantum wells as
active layer, on the top of a Si substrate SO, wafer bonded. Laser emission
with thresholds around 70 uW and quality factors (Qs) up to 12000 have
been measured. The Bloch mode selected for the emission keeps a high
Q (> 2 x 10°) around the T point for a wide range of in-plane values K|
< 0.1(2r/a) which isrelated to peculiar properties of the hybrid lattice.
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Fig. 1. @) Schematic representation of the hybrid triangular-graphite lattice and the high
symmetry directions in the k space. b) Calculated quality factor of the third band and pho-
tonic band structure (only even modes Gyy = +1 are plotted). Upper green line represents
the light line with the average cladding dielectric constant. Bottom green line represents
the InP light line. The red bar denotes the region with k| <0.1(2x/a) around the I" point,
where the I'3 band (indicated by a red arrow) is flat. ¢) Normalized E-field intensity pro-
file at the I's point. The parameters of the gme simulation are: a= 780 nm, R /a = 0.12,
Rg/a=0.17,e =10.1,t/a= 0.304.

1. Introduction

Since the proposal that certain periodic dielectric structures present a photonic band gap and
this could inhibit the spontaneous emission [1, 2] even in two dimensions (2D), they have been
used to control the light in the wavelength scale especialy to fabricate low-threshold lasers.
Several kinds of 2D-dlab photonic crystal (PC) lasers have been studied up to now. Microcavity
PC lasers [3], ring-like lasers [4, 5], large area PC lasers [6], and recently the so-called 2.5-D
microresonators [7] are some of the examples. In microcavity lasers a high quality factor (Q)
and small modal volume are necessary in order to get low threshold emission [8]. Other 2D-dlab
PC lasersare based in the low group vel ocity closeto the high symmetry points of the reciprocal
lattice [9, 10, 11, 12]. In this way the light-matter interaction is increased and laser operation
is reached easier. One part of those band-edge PC lasers use specific reciprocal points below
the light line [9, 10]. In that case the light is confined in the vertical direction by total internal
reflexion (TIR) and the optical losses are mainly in-plane due to the finite size of the structure.
The other part is based in the low dispersive bands closeto the T" point [11, 12]. In that case, if
the Bloch modes are weakly coupled to the radiative modes laser emission can be reached. The
emission is very directional around the I" point favoring the efficient coupling to, for example,
an optical fiber [13]. Thethreshold and Q vary widely among those structures depending on the
kind of the PC lattice, its size and the active material used. In this paper we demonstrate laser
emission at 1.55 um in aT'-point PC laser conformed in the hybrid triangular-graphite lattice
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Fig. 2. Photonic band structures (only even modes Gyxy = +1 are plotted) of the triangular
|attice calculated with the same filling factor that the hybrid lattice of Fig. 1 (b). The pa-
rameters of the gme simulation are: a = 780 nm, R;/a = 0.155, Ry/a = 0.155, ¢ = 10.1,
t/a=0.304. Blueline: calculated with the Bravais lattice of the hybrid triangular-graphite.
Red dots: calculated with its natural Bravais lattice (a — a/+/3). Green lines are the light
lines of the average cladding and core materials.

[14] with low-threshold and a high Q. Specifically, we have used the T'; point of the photonic
bands due to its specia properties. first, it favours the vertical emission. Second, the Bloch
mode selected presents a large vertical quality factor Q, > 2 x 10°, and third, this happens for
awide set of in-plane values k| < 0.1(2r/a) (see vertica red bars in Fig.1(b)). This high Q
for alarge set of k| values above the light line is because the selected Bloch mode at T's of the
hybrid lattice (seered arrow in Fig. 1 (b)) corresponds also to the maximum of thefirst Ky point
of the triangular lattice, which is below the light line. That point becomes weakly radiative by
the small perturbation corresponding to the different radius between the two set of holes of the
hybrid lattice, as we discuss in the paper.

2. Design

The hybrid triangular-graphite lattice was created as a perturbation of the triangular lattice
where a reduction of the radii of some of the holes of the triangular lattice (with lattice con-
stant a/+/3) gives birth to a new hybrid structure where two sublattices with triangular and
graphite symmetries (that share the same Bravais lattice with underlying lattice constant a, (see
Fig. 1 (8)). This hybrid triangular-graphite lattice belongs to a set of 2D structures, like the
Suzuki-phase [15] and the Archimedean [16] lattices, which have a basis made of several rods
per unit cell, similar to coupled cavity arrays [17]. All these lattices seem to support several
low-dispersive photonic bands. Figure 1 (b) shows the band structure of the hybrid triangular-
graphite lattice and the Q calculated for the third band (TE-like mode) using the guided-mode
expansion method (gme) in the symmetric approach [18, 15]. This approach has shown a good
agreement between the calculated band structure of 2D PC waveguides embedded in air and
S0, [15, 19] and the measured ones. We have selected the I's point of the third band for the
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Fig. 3. 8) Layout of the transversal section of the fabricated structures. b) Scanning electron
microscopy image of a fabricated structure. The lattice parameter isa ~ 780 nm, R /a ~
0.12and Rg/a~ 0.17.

laser emission. At this point the photonic band structure presents awell isolated hexapole Bloch
mode (Fig. 1 (c)) with low dispersion and negative curvature around the I' point. This mode
is uncoupled to the scattering states of the electromagnetic field at the I" point keeping a large
Q (> 2 x 10°) for arelatively wide set of values of in-plane k) <0.1(2r/a) (see Fig. 1 (b)).
This high Q for alarge k; values can be explained as follows. When Ry/a= R /a < 1/V/3,
the hybrid lattice becomes a triangular lattice of pitch a//3. The triangular lattice can be cal-
culated either with the 2D Bravais lattice of the hybrid lattice, lattice constant a (Fig. 1 a), or
with its natural |attice constant (a/+/3). Using the Bravais lattice of the hybrid structure (blue
linein Fig. 2), the bands are folded within a Brillouin zone which areais afactor of three times
smaller. The calculated photonic bands using the Bravais lattice of the triangular lattice with its
natural constant a/+/3 are also shown in Fig. 2 (red dots). The T3 state of the hybrid lattice (see
Fig. 1 (b)) corresponds to a maximum of the first band at the Ky point of the triangular lattice
(see Fig. 2), which is below the light line. The mode of the triangular lattice is non-radiative,
and is rendered weakly radiative by the small perturbation consisting in the different radius
between the two sets of holes of the hybrid lattice. The mechanism for the formation of these
high-Q states is unrelated with the flat bands of the hybrid lattice (which are number 4 and 5),
and is more similar to the mechanism of heterostructure cavities [20], where a small perturba-
tion in the lattice yields a very high Q-factor. However, the I'; state is a delocalized state (not a
cavity mode) because the perturbation is periodic rather than localized. It must be noted that Q
calculated isfor an infinite in-plane structure where there is no in-plane losses and the Q of the
structure is limited by the vertical quality factor Q. For finite size structures, with lateral size
L, the value of the Q calculated by the gme method, i.e., for an infinite lateral size structure,
must correspond to the Q, of the finite size structure assuming k ~ 1/L isvery closetoT.

3. Fabrication and Optical characterization
3.1. Fabrication

The PC consistsin a InP slab with a thickness of t = 237 nm. It contains four InAsP quantum
wells as active layer grown by molecular beam epitaxy (MBE) on an InP wafer. An InGaAs
300 nm is used as sacrificial-stop layer in the selective wet etching. The structure is transfered
to the top of a Si subtrate by SO, wafer bonding [21]. The thickness of the SO, is0.9+0.1
um. The InP carrier wafer is removed by wet chemical etching. A 120 nm thick SO, layer is
deposited by plasma enhanced chemical vapor deposition. Processing of the PC structures was
done by electron beam lithography on a polymethylmethacrylate (PMMA) layer on top of the
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Fig. 4. Top graphs shown spectra measured above the threshold for two structures: a) Spec-
trum of the A structure. b) Spectrum of the B structure. Bottom graphs shows the spectra
measured well below the threshold for A, B structures. ¢) Spectra of the structure (A) with
a=760 nm at excitation effective power range from 36 to 108 uW. d) Spectraof the structure
(B) a=780 nm at excitation effective power range from 36 to 68 uW.

S0O,. Reactive ion beam etching (RIBE) was used to open the holesin the SO, by aCHF;/N;
mixture. The hard mask pattern was transfered to the semiconductor material by reactive ion
etching (RIE) by aCHa,/H2 mixture combined with O plasmacycling [22]. After the processa
thick layer of SO, (~ 80 nm) remains on the top of the sample. Thelateral size of the fabricated
structures was 30 x 30 um?. Structures with lattice parameters ranging from 760 nm to 815 nm
were fabricated. We have selected two structures with a=760 and a=780 nm (Fig. 3) in order to
tune the selected Bloch mode with the optimum region of the photoluminescence (PL) spectra.
The values of the hole radii have been kept around R;/a ~ 0.12 and Ry/a ~ 0.17.
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Fig. 5. Evolution with the excitation effective power. Left: Structure A. Right: Structure B.

3.2. Optical characterization

The optical characterization was performed by microphotoluminescence (u-PL) spectroscopy
at room temperature. The structures were optically pumped with a 785 nm laser diode to a
frequency of 1 MHz and a 2.5% duty cycle. An objective lens (0.14 NA) is used to focus
the excitation spot (diameter is ~ 10 um). The emitted light is collected through an optical
fiber connected to an optical spectra analyzer or dispersed by a 0.85 m focal length double
spectrometer with a cooled InGaAs photodiode array as detector.

Laser emission from 1.55 um to 1.57 um have been obtained for different fabricated struc-
tures, with effective pump power threshold around 70 uW, and Qs between 10000-12000. The
absorbed pump power was obtained by the method described in Ref. [23]. The reflectivity of
the InP was estimated to be ~ 30%, and the absorption coefficient o = 12900cm™ [24] giv-
ing an absorption fraction of ~ 24%. Fig. 4 shows spectra for two of the structures, A with a=
760 nm and B with a=780 nm, below and above of the excitation pump power threshold. The
spectra of both structures have a lorentzian lineshape more clearly at high excitation powers.
At low excitation powers the PL background added with the Bloch mode emission give a not
lorentzian shape of the peak. A decrease of the linewidth and a blueshift are observed as the
excitation power is increased. The emission wavelength of the peak isin good agrement with
the calculated ones (Fig. 1 (b)).
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Figure 5 shows the emission wavelength of the laser peak, the measured linewidth, and the
integrated emission intensity versus the effective pump power for both structures. A clear non
linear emission is observed with an effective pump power threshold By = 120 uW and with a
Q = 10000 just below the threshold for the structure A. Taking into account the excitation spot
size, we obtained a threshold density of power excitation of ~150 W/cm?. Similar behavior is
observed for the second structure with Ry, = 70 uW, Q = 12000, and a threshold density of
power excitation ~100 W/cm?. It is important to note that we approximate the Q of the cold
cavity for thevalue 1 /AL just below the lasing threshold [25]. This does not make sure that we
are exactly at the transparency pump power. The Q measured bellow the threshold is similar for
all the structures studied and is close to previously T'-point 2D-PC lasers [11, 12] operating a
1.55 umwithout bottom Bragg reflector. Neverthel ess, the threshold valueis around three times
higher (interm of incident peak power at threshold) than the reported in Ref. [12] on InNASP/InP
substrates bonded to SO,. In that case, however, the pumping conditions are different.

The lasing linewidth well above the threshold islimited by the linewidth enhancement factor
(o). The linewidth measured is not limited by the spectral resolution of our experimental set-
up. For the sample A the linewidth saturates before than sample B (see Fig. 5). This means that
op > og. Sincethe differential refractive index is mainly amaterial parameter, the variation of
o from structure to structure has its source in the variation of differential gain [26]. By other
hand, o isinversely proportional to the emission wavelength and to the variation of the optical
gain with the number of carriers (dg/dN). Then, we conclude that (dg/dN)g > (dg/dN)a.
This means that the emission of sample B isin a better spectral position than for A, which im-
plies the reduction in the power threshold, which is due to the best relation absorbtion-gain for
the spectral position of the Bloch mode of the B structure and its higher Q [27]. The evolution
of the peak position with the excitation power presented for both structures a linear behavior
with two different stages. Below the threshold the blueshift is faster than above the threshold
as it is expected for lasers with good heat dissipation [28]. This is the common case for the
structures wafer bonded to a Si substrate [29]. The blueshift above the threshold is due to the
carrier induced modification of the refractive index [30, 31]. We have shown in previous pub-
lications [30, 31], that free-carrier optical generation can significantly blue-shift the emission
wavelength. Beyond threshold, free carrier density is clamped (at least partially [31]), which
resultsin the observed saturation of the blue shift.

It must be noted that the value of the Q measured is slightly higher than the estimated for the
finite size structure (lower than ~ 8000). This can be explained by the finite size of the mode and
the reduction of the lateral leakage. The size of the mode can be controlled by the pump beam
areathrough the carrier generation that induces (Kerr effect) a blue shift of the resonance [30].
This effect resultsin alocalization of the slow Bloch mode around a high symmetry extreme of
the dispersion characteristics with negative curvature. The lateral extension of the Bloch mode
is therefore limited to the pumping area [6]. The lateral leakage is due to the finite size of the
structure and the matching of its modes with the waveguide modes [10]. In our case the above
mentioned effects are not enough to explain the important increase of the Q compared to the
estimated. We attribute this increase to the effect of a small variation of the radii of the holes
close to the borders of the structure. Asit has been demonstrated recently [32, 33, 34] adlight
variation in the size of the features close to the borders strongly reduces the in-plane lateral
leakage.

In T-point PC structures with finite size there are two mechanisms of the Q limitation. The
first oneisthe lateral escape of the photons at the borders of the structures. The second is due
to the finite size of the mode that contains photons with k; # O, then vertical losses around
the T" point appear and can be significant. In the hybrid triangular-graphite lattice the Bloch
mode selected presents a high Qy for a wide range of k; in-plane vectors around the I" point
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that reduces the vertical losses due to the finite size of the mode. This may allow the design of
aT'3 point heterostructure [20] for suppressing the lateral leakage with smaller lateral size and
strongly higher Q [32]. Moreover, the intensity of emission could be enhanced by combining
the structure with a bottom Bragg reflector [19].

4, Summary

We have demonstrated room temperature surface emitting PC laser operating around 1.55 um
using the PC structure of the hybrid triangular-graphite lattice. By optical pumping the structure
presents a low threshold of excitation power (~70-120 uW). Quality factors ranging from
10000 to 12000 have been measured.

The Bloch mode (T"3 point) selected for the vertical emission presents a high quality factor
for a wide range of k| in plane vectors around the I" point. This high Q is explained by the
correspondence of this mode above the light line with the first K point of the triangular lattice
below the light line which is rendered weakly radiative due to the perturbation induced by the
two sets of holes of the hybrid lattice. This allows the design of aT'3 point heterostructure to
inhibit the lateral leakage of the photons giving place a PC structure with strongly high Q,
relative small modal volume, and vertical directional emission.
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