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Abstract: We present novel designs and demonstrate a fabrication platform
for electrically driven lasers based on high quality-factor photonic crystal
cavities realized in mid-infrared quantum cascade laser material. The
structures are based on deep-etched ridges with their sides perforated with
photonic crystal lattice, using focused ion beam milling. In this way, a
photonic gap is opened for the emitted TM polarized light. Detailed
modeling and optimization of the optica properties of the lasers are
presented, and their application in optofluidics is investigated. Porous
photonic crystal quantum cascade lasers have potentia for on-chip,
intracavity chemical and biological sensing in fluids using mid infrared
spectroscopy. These lasers can aso be frequency tuned over alarge spectral
range by introducing transparent liquid in the photonic crystal holes.
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1. Introduction

Recent progress in semiconductor crystal growth techniques has enabled the realization of
materials with engineered electronic and optical properties. This is the most notable in the
case of quantum cascade lasers (QCLs) where controlled growth of semiconductor layers with
nanometer-scal e thickness enables lasing action in mid- and far-infrared wavelength range [1-
5]. Mid-infrared (MIR) QCls operating in the 5 to 10 um range have achieved room
temperature operation with high output powers and single mode capabilities that have made
them the source of choice for chemical and biological sensing applications. At the same time,
nanofabrication techniques have evolved to a precision that allows redlization of optical
resonators capable of storing photons in ultra-small volumes for long periods of time. Recent
advances in the design and fabrication of photonic crystal (PhC) cavities have resulted in
tremendous improvement of the quality factor (Q) available in these optical resonators [6-15].
PhCs cavities with Q~10° and mode volumes on the order of a cubic wavelength of light
[Vmage~(MN)?] offer great promise for the realization of low-threshold, high-speed, single-
mode lasers[16-20]. In order for these nanolasers to find application it is important to achieve
room-temperature operation using electrical injection [21, 22]. One of many applications of
PhC nanolasers is optofluidics, an emerging technology that combines photonics with
microfluidics for increased functionality [23]. In one scheme the analyte, with characteristic
MIR absorption, dissolved in a transparent carrier fluid would be microfluidically delivered
into the laser cavity to perform on-chip spectroscopy. In another scheme, transparent fluids
with controlled refractive indices would be introduced in the cavity in order to realize tunable
lasers with large tuning range. Recently, using this approach, our groups have demonstrated
microfluidic tuning of a distributed feedback (DFB) QCL [24].

In this work, we present the results of numerical simulation and the fabrication of novel
MIR PhC QCLs designed for efficient current injection. Our structures take advantage of both
electric bandgap engineering (quantum cascade structure) and photonic bandgap engineering
(photonic bandgap structure) to enable realization of compact, highly-integrated MIR laser
sources that can be used as sensors in an intra-cavity [25] configuration for lab-on-a-chip
platform. However, our approach is genera and can be used to realize efficient current
injection in PhC diode lasers emitting, for example, at telecom wavelengths.
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2. Design of High-Q Photonic Crystal Cavitiesfor Quantum Cascade Lasers

One of the most promising applications of planar PhCs is the realization of optical cavities
with high Q and small V e |N cOmparison to other types of optical cavities, PhC cavities can
achieve both of these requirements simultaneously, which makes them interesting candidates
for low-threshold lasers. Quality factors as high as Q~10° [15] have been recently
demonstrated in planar PhC nanocavities defined in passive material (e.g. silicon) with no
gain and no significant material losses. The Q in this case is limited by out-of plane scattering
losses. When the cavity is defined in active materials, Q decreases due to re-absorption of
light in the sections of PhC that are not pumped. The highest Q reported in active materidsis
~20,000 [26, 27]. The free-carrier absorption, due to large doping levels in PhC cavities that
are designed for electrical injection, can further decrease the maximum available Q.

(a) (b) o4
” 0.3
=] 3
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(even modes =3 %
- A 8o
0.0 r X ] T

Fig. 1. () Schematic of a thin-slab PhC structure. Guided modes of the structure can be even
(TE-like) or odd (TM-like) with respect to the symmetry plane in the middie of the slab
(z=0). Even modes have E-field perpendicular to the holes at z=0 and odd modes have E-field
paralle to the holes at z=0. (b) Band diagram for guided modes of InP slab (n»=3.09 @
2=5.8um) perforated with holes of radius r=0.28a. Slab thickness is t=0.75a, a is periodicity
of the lattice. Bandgap is open for even modes (red), and it is closed for odd modes (blue).

In this work we consider a thin-slab PhC platform (Fig. 1). Such a structure supports a
photonic bandgap for modes with even symmetry with respect to the plane in the middle of
the slab [28]. In the middle of the dlab these modes have E-field polarized perpendicular to the
plane of the holes (TE-like polarization).

(a)

Fig. 2. (a) Schematic of conventional planar PhC laser, with holes etched perpendicular to the
top surface. (b) Novel design, based on a thin vertical slab perforated with holes parallel to
the top surface. The activeregion is shown in red, metal contactsin yellow, and the insulating
silicon nitridein blue.

The light generated in QCLs is TM-polarized, with the E-field polarized along the z-axis
(i.e. aong the direction of crystal growth). Therefore, the structure with holes etched into the
top surface of the sample, as it is typicaly done [Fig. 2(a)], does not support a photonic
bandgap for TM-polarized light emitted from the QCLs. Laser action in such a structure is
till possible due to the distributed feedback provided by the photonic crystal lattice that plays
arole of atwo-dimensional grating and was recently reported [29, 30]. However, in order to
take full advantage of PhC cavities (i.e. high Q, small Ve large spontaneous emission
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factor) it is necessary to open a photonic bandgap. One way to achieve that is to use the lattice
of rodsin air [31-33] since such a structure supports a photonic bangap for TM polarized light
[28]. However, such a system could suffer from the lack of vertical confinement of light and
limited Q factors.

(@ (b)
3 - o zuuooomooonoooo
pieialicliefolle) Oooouuoo
OO0 AO@AWOCEO0O0O0D0
0000 0DO0 Cwoo000

00000 EE 0000000
pisNofe oM. (& OO0 00
[efololiolelafeialalciolclolatole)
O0QO0QOOQ0O0C0DO00000

Fig. 3. (a) Schematic of the proposed laser design and scanning electron microscopy (SEM)
micrograph of the fabricated structure. All electrons that are injected in the structure travel
through the active region and participate in light generation. Quantum wells can be seen as a
light gray stripe in the SEM image. (b) Simulation result of the high-Q “ heterostructure’ cavity.
Activeregion is not perforated with PhC lattice, resulting in reduced surface recombination.

In order to open a photonic bandgap for TM polarized light in thin-slab PhCs, holes need
to be etched along the x-axis, perpendicular to the growth direction and parallel to the surface
of the sample. The schematic of the structure that we propose is shown in Fig. 2(b). In this
structure TM-polarized light has the E-field perpendicular to the plane of the holes and a
photonic bandgap is open. It is interesting to compare our structure to vertical cavity surface
emitting lasers (VCSEL) [34] that incorporate epitaxially grown distributed Bragg mirrors
below and above quantum wells to achieve light confinement. Similarly to VCSELs and in
contrast to conventional PhC lasers, our design enables efficient current injection and
eliminates re-absorption of the emitted light in the mirrors since the active region extends in
the cavity only (Fig. 3). To summarize, advantages of the proposed design are:

1. Efficient current injection.

Metal contacts are positioned exactly above the cavity, and al injected electrons
participate in the light generation, thus reducing the leakage and threshold currents.

2. Reduced optical losses (re-absorption of light) in PhC mirror

The active region (gain) exists only in the region with missing holes (i. e. cavity), and
re-absorption in the mirror section is eliminated. In contrast, in conventional PhC
lasers active region extends throughout the photonic crystal mirror [Fig. 2()].

3. Reduced surface-recombination

Using the “heterostructure” cavity design [Fig. 3(b)] [15], it is possible to redlize
high-Q cavities without perforating the quantum wells. This can reduce non-radiative
surface recombination that can be a significant problem in PhC lasers due to the large
surface to volume ratio. Surface recombination, however, is not an issue for QCLs
due to their unipolar nature.

The material that we used in this work is designed to operate at A=5.8um. It is based on
the structure reported by Faist et a. [3, 4] with the following modifications: (i) the active
region consists of only 10 stages instead of 30 stages, (ii) the inner InGaAs waveguide
cladding layer, typically used to improve the mode confinement factor ('), is not grown. Both
modifications result in the reduced T" in our structure. This was done intentionally in order to
simplify the material growth considering that T" will be improved using PhC mirrors above
and below the active region. Table 1 summarizes the QCL structure used in our experiments.
The active region was grown using molecular beam epitaxy (MBE) using InAIAS/INnGaAs
material system latticed matched to InP substrate. The thick InP cladding on top of the active
region was grown using metal-organic chemical vapor deposition (MOCVD). This thick
cladding (7um instead of typical 1-3um) is needed to accommodate the PhC mirror.
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Table 1. The structure of the QCL material. The active region consists of 10 stages. One stage consists of the
following InGaAs/InAlAs layer sequence: 2.7/ 2.2/ 2.5/ 2.0/ 2.2/ 2.0/ 2.1/ 2.3/ 2.2/ 2.7/ 2.1/ 3.0/ 2.0/ 4.3/ 1.3/ 1.9/ 5.2/
1.8/ 4.5/ 2.8/ 2.8/ 2.1. The layer thicknesses are given in nanometers. InAlAs barriers are shown in bold. The
underlined numbers correspond to the doped layers with doping level 4.10"cm ™ resulting in the averaged doping of
the active of 10”cm?. nisthereal and k is theimaginary part of the refractive index.

# | Materid Thickness Description Doping | n k
[nm] [em?]

6 | InGaAs 50 Contact 10" 2.22 | 49102
5 | InGaAs 500 Contact 7.10% | 2.87 | 2.9.10?
4 | InP 7000 Cladding 10" 3.09 | 9.4.10°
3 | INAIAS/INGaAs 15 Graded Interface | 3.10Y 3.30 | 3.810*
2 | Active (10 stages) 567 Active 10" 3.32 | 1.2.10*
1| InAlAYInGaAs 29.7 Graded Interface | 3.10Y 3.32 | 4.010*

InP (substrate) Cladding 10" 3.09 | 9.4.10°

17.5/ =3.23, o=3.10cmi* lneﬁ='2.m, w=2.25cr

reses————————— || r=18% —
L 1

10 \\- .
active ‘
7.5 -

5

2.5 Z
X

0 . L s
5 25 0 2.5 =25 0 25 5

Fig. 4. E; component of the fundamental mode of a (a) 8um wide ridge made in a
conventional QCL material [25], and (b) 1.2um wide waveguide made in modified QCL
material. Two layers above and below active region in (a) are the inner cladding InGaAs
layers used to improve I'. The axes are labeled in um.

In Fig. 4 we show the distribution of E, component of the fundamental mode in the ridge
waveguides made in conventional (ridge width is 8um) and modified (ridge width is 1.2um)
QCL materials. We chose to work with narrow ridge in the case of the modified QCL
structure, which supports only one transverse-mode. This is done in order to open a photonic
bandgap, as it is known that higher order transverse-modes can close the photonic bandgap
[28]. The confinement factor, calculated using Equation 1, is I'=59% in the conventiona
design and I'=18% in the modified one. The effective mode index and propagation loss
(material absorption) of the modified QCL waveguide are ng=2.7 and awaveguide=2.25cm‘l,
respectively. Here we used a more general definition of I" than the one commonly used in
semiconductor lasers, namely:

- _ =2 _ 2 2

r= j'Wdedz/ [ Wrdxdz, W, =eE5, W, —e(EX+Ey
active total

Equation 2 shows the dependence of the laser threshold current density (Jy) on total losses

of the laser (both material and mirror 10Sses, 0= twaveguide™ Omirror) 8NA gain (g) of the material.

o

Jip =— 2

"= gr 2

In order to reduce the threshold current of the laser (Equation 2) it is important to

maximize T". In the case of conventional photonic crystal diode lasers, that emit TE-like

+E2) )
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polarized light (i.e. E-field has only E, and E, components), we are often not concerned with
the structure optimization that maximizes I'. This is due to the fact that both E, and E, can
couple to the dipole in order to enable stimulated emission. In the case of QCLs however, the
emitted radiation originates from intersubband transitions and as such is z-polarized (TM
polarization). Therefore we are interested in PhC structures that preserve the polarization of
the emitted light. In Fig. 5 we show two possible implementations of the PhC structure above
and below the active region (boundaries indicated by two black lines). We use a three-
dimensional finite difference time domain (3D FDTD) code with cubic grid to study these
structures. In Fig. 5(a) the active region extends in the I'J direction of PhC, while in Fig. 5(b)
it extends in the I'X direction. The parameters of both structures are: r/a=0.28, t/a=0.52,
Nactive=3-33, Nip=3.09, where a=1.75um is the periodicity of thelattice, r is the radius of holes
and t isthe width of the slab. In both cases the quantum well region thickness is tou=0.7pm. It
can be seen that the structure shown in Fig. 5(a) couples the E, component strongly to the E,
component thus reducing I' (=13%). On the other hand, the I'’X waveguide shown in Fig. 5(b)
does not couple strongly E; to E, , resulting in alarger overlap factor (I'=42%). It is interesting
to note that the structure based on I'J waveguides has a smaller confinement factor than the as-
grown structure (I'=18%). Clearly, care needs to be taken when designing QCL PhC cavities
in order to maximize I'. Note that the confinement factor can be further improved by
incorporating more quantum wells and increasing the width of the slab and the thickness of
active region. For example, a conventional QCL structure with ~1.5um thick active region
could have near unity confinement factor in the I'X configuration. In the rest of this section
we will consider thicker structuresthat have t/a=0.75

(@ E, Ey
© OO0 00 @0 D100

(b) E, Ey
)OOOOO()OOOOOC
)OOOOO()OOOOOC
@ Loy ® O._Q 0
)OODOO()OOOOD(

TZ)OOOOOC)OOOOOC
\Of\of‘\of\or"\of\of

Fig. 5. Two possible implementations of PhC structure below and above active region. (a)
['J and (b) I'’X waveguides. (a) I'J waveguide couples strongly E, and E, components of
the field, thus reducing confinement factor. (b) I'’X waveguide preserves the polarization
of the E, field emitted by QCL structure. Modes are shown for k vector at the edge of
Brillouin zone: (a) a/4=0.289 (b), a/4=0.34 (4 iswavelength in air).

Next, we investigate cavities based on I'J and I'X waveguide designs discussed above.
The Q of PhC cavity can be broken down into partial quality factors that describe different
energy |oss mechanisms:
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Radiation loss in the z direction (Q,) can further be separated into the radiation losses
towards the top contact (Qeona) a@nd radiation losses towards the substrate (Qsupstrate):
1/Q= 1/ Qeontact™ 1/ Qsuvsirate: AlSO, We distinguish between radiation in the positive (y+) and
negative (y-) direction of y-axis (/Q=1/Q,.+1/Q,.). In a conventional PhC cavity one is
concerned only with the losses due to out of plane scattering (Qy in our case), since in plane
losses can be significantly reduced by incorporating large number of PhC layers (Q,, Q, —
oo ). However, this cannot be done in our system in which the number of PhC layers that can
be accommodated between the top metal contact and the active region is limited to 4 or 5 due
to the finite thickness of the top InP cladding. This puts an upper limit on the total quality
factor that can be achieved in our system. It should be mentioned that Qgsrate C2N be made
higher than Qconiact SiNCe the bottom cladding is formed by the InP substrate and can be thick.
Material absorption is another limiting factor for the total Q of the PhC cavity. Qnueria iN @
conventional, ridge-waveguide QCL can be written as
2m

eff Nesf
Q H = = ’ (4)
meterial /wwaveguide ZkEﬁ
where ng and ke are the real and imaginary part of the effective mode index, respectively,
andand ouavequice 1S the absorption loss in the waveguide in units of cm™. Using the parameters
calculated for the narrow ridge-waveguide shown in Fig. 4 (ng=2.7, a=2.25cm’™") we obtain
Qmateria~13,000.

Fig. 6. (&) Resonant mode in the cavity based on the design in Reference 12. The cavity
resonance and Q are tuned by shifting holes, as indicated by arrows, and by controlling the
width of the cavity, d, by moving the photonic crystal mirrors above and below the cavity
towards the center of the cavity. A white box outlines the region used to calculate the partial
Qs. (b) Cavity based on I'’X waveguide. The same mechanism as in (a) is used to tune the
cavity Q and the resonant frequency.

In addition to achieving large Q and large I, the laser cavity should be designed to have
large extraction efficiency. Assuming the emission in the x-direction, this means that Qy
should be smaller than both Q, and Q, in order to extract the most of the light generated in the
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laser. Otherwise, significant amount of light will be emitted towards the contact and substrate
and will be lost. The extraction efficiency of the PhC cavity can be estimated from
L)
| J/Q
where i=x, y or z, depending on the direction of the light extraction.

In Fig. 6(a) we show a cavity based on the design first proposed by Noda's group [12].
The parameters of the structure are: t=1.4um, a=1.65um, r/a=0.28, grid=60nm. By shifting the
two holes on y-axis (small white arrows) away from the center of the cavity, it is possible to
control the Q, of the cavity. In order to push the mode deeper in the photonic bandgap, and
thus incresse Q, and Qy, the width of the cavity (d) is controlled by moving top and bottom
PhC mirrors towards the center of the cavity. Using these two tuning parameters we were able
to achieve Q, in the range of 5,000 to 180,000 and Qc.riact iN the range of 20,000 to 90,000.
For example, cavity with a shift of 360nm and the mirrors moved by 240nm has Q,=41,000,
Q,=57,000, Q,=52,000 resulting in total Q=16,000 (material losses are neglected) and the
extraction efficiency of 1,=30.8%. The extraction efficiency can be further improved by
extracting the light in other directions. For example, it is possible to reduce the number of
PhC layers left of the cavity and therefore reduce Qy. to <10,000 while maintaining high Qy..
For example, Q,. of 5000 and Q=41,000, Q,=114,000 and Qs=52,000 result in total
Q~4,000 and 1,.=79%. In &l cases, the confinement factor is around I'=20%.

Next, we explore the influence of the materia loss on the cavity Q. First, we increased the
number of PhC mirrorsin the z-direction to 8 layers, and in y-direction to 9 layers, in order to
increase the total cavity Q. In this case we used r/a=0.3. The cavity with the hole shift of
360nm and the mirrors moved by 60nm was studied. Without the material absorption, the total
Q was ~57,000. When the material absorption was included (per Table 1), the total Q dropped
to ~13,000. Therefore, we estimate Qaeia 10 be around Qmaeia=~17,000. The 30% increase in
Qmaeria from the one predicted using Equation 4 (narrow ridge without holes) can be attributed
to reduced overlap between light and lossy semiconductor due to the presence of the holes.

In Fig. 6(b) we show an alternative cavity design, based on I'’X waveguide. The best Q that
we were able to achieve in this structure, using tuning mechanism similar to the one described
in the previous case, was Q,~5,000 while maintaining Q,=111,000 and Q,=18,000. This
resultsin Qux=3,800 and n,=76%. As expected, this cavity also has larger confinement factor
of I'=32%. Q. in this structure can be improved using slightly larger holes (e.g. r/a=0.3 instead
of r/a=0.28).

For comparison, we also calculate Q in conventional Fabry-Perot type QCL that is 1mm
long and has one facet coated with gold (reflectivity Rp«=100%) and the other facet is
cleaved (Rqon=30%). Neglecting the material losses we find Q=6,000 using following
expression:

®)

Q=4 _om = ®)
- - eff
ﬂamirror -1 |n(\/ Rfront Rback )

where amirror @e mirror losses of the cavity. The total Q, including material absorption losses
for the conventional QCL (Qmateria~11,300) is Qiuta~4,000. As it can be seen, PhC cavities can
be designed to have Q comparable to or higher than those found in conventiona ridge-
waveguide QCLs. However, PhC QCLs are much more compact and are two orders of
magnitude smaller than traditional QCLs. Therefore, we expect the threshold current to be
significantly reduced in PhC QCLs. Moreover, due to the large spontaneous emission factor (8
factor) that is typical in PhC cavities (e.g. see Reference 27), threshold current will be further
reduced.

Next, we consider a different type of PhC cavity that is based on a 4um wide ridge made
in a conventional QCL material. The structure, shown in Fig. 7(a), is a Fabry-Perot cavity
with PhC mirrorsinstead of cleaved facets. In this case, the confinement of light in z-direction
is achieved by the refractive index contrast between active region and InP cladding. The
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reflectivity of cleaved semiconductor facet is on the order of 30% and therefore mirror losses
of a Fabry-Perot cavity are large unless the cavity is long (Equation 6). We propose to use
PhC mirrors instead of cleaved facet in order to reduce mirror losses. In Fig. 7(b) we show the
reflection and transmission of light through photonic crystal mirror consisting of 8 layers of
photonic crystal fabricated in a t=4um wide ridge (a=1.3um, r/a=0.3). Since such a ridge
waveguide is multimode, higher order transverse modes could in principle close the bandgap
and reduce the reflectivity. However, Fig. 7b shows that this is not the case, and more than
95% of light in the fundamental mode, incident on the PhC mirror is reflected back into the
fundamental mode. This is due to the fact that a perfect PhC mirror (holes with vertical
sidewalls) cannot couple the fundamental mode to higher order transverse modes. In Fig. 7(c)
we show the reflectivity assuming slanted sidewalls (i.e. conical holes) with angle 4° off the
normal (typical for focused ion beam milling). It can be seen that reflectivity drops to ~90%.
We attribute this to the coupling of the fundamental mode into the higher order transverse
modes due to the reduced symmetry of the structure due to tapered holes. Indeed, when the
ridge width is reduced to t=2um the reflectivity approaches 100% even for tapered holes.

An increase of the mirror reflectivity from 30% to 95% means that cavity length can be
reduced ~25 times, maintaining the same quality factor of the laser cavity. The ultimate goal
of this approach is the realization of very short FP cavities (L~A/ngs) with low mirror losses
and high Q. This can be achieved using tapered mirror designs proposed by Lalanne et al [35].

(a) (b)? (c) — reflection
Au \ 08 L— transmission |
- | F— T —
l.... L ..... 0.6
T8a8 0 o 0 0
<e_e_ 8 “_ e_e_ 8
0% ® B 94%:°
e 0% 0"e% °
00.1 0.15 02 0.25 0.1 015 0.2 0.25
/A [1/um] 1/ [1/um]

Fig. 7. (a) Fabry-Perot cavity with photonic crystal mirrors. (b) and (c) The reflectivity and
transmission of a photonic crystal mirror consisting of 8 layers of holes made in a 4um -thick
dab. Holes are assumed to have have (b) vertical side walls or (c) danted side walls (4°).

3. Fabrication of photonic crystal quantum cascade lasers

Our PhC QCLs are made using a combination of conventional dry-etching techniques and a
focused ion beam (FIB) milling [36]. This alows us to achieve the three-dimensional
sculpting needed to realize our lasers with PhC fabricated on the sides of the vertical
semiconductor slabs (waveguide ridges). The fabrication procedure (Fig. 8) starts with the
growth of semiconductor material described in Table 1. Then, a 300nm thick silicon nitride
insulating layer is deposited using Electron-Cyclotron Resonance (ECR) plasma-enhanced
chemical-vapor deposition (PECVD). Photolithography, followed by wet chemica etching
(buffered hydrofluoric acid), is used to define openings in the silicon nitride that serve as
metal contacts on top of the cavity. Next, metal layers for the top contact are evaporated
(20nm Ti/ 600nm Au) and the sample is spin-coated with a thin sacrificial Omnicoat layer
(Microchem) followed by 5um thick SU-8 2005 photoresist (Microchem). Omnicoat is used
to enable SU-8 removal after the fabrication is completed, since SU-8 cannot be easily
dissolved. Next, SU-8 is patterned using a contact photolithography, and t=1.4um wide ridges
as well as bonding pads are defined. Argonion milling is then used to transfer the mask from
SU-8 into the metal. Then, ECR reactive ion etching (RIE) in CF; chemistry is used to
transfer the mask into the silicon nitride layer and is followed by ECR RIE etching to transfer
the mask into the semiconductor. The fina semiconductor etch is done using hydrogen-
chlorine chemistry. The conditions that we used are: hydrogen flow of 9sccm, chlorine flow
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~Ge/Au

Fig. 8. Fabrication sequence. Seetext for detailed description.

of 11sccm, ECR power of 800W, RF powerof 250W and DC bias of -220V. The etch rates
that we obtain in our system are ~1um/min, with selectivity InP:Su8 = 5:1. We found that SU-
8 resist is a very good etch mask for H/CI chemistry. As seen in Fig. 9, we are able to etch
20um tall semiconductor slabs, with vertical and optically smooth side walls using our recipe.
Once the dry etching is done, SU-8 photoresist is removed from the sample by removal of the
sacrificial Omnicoat layer. The sample substrate is then polished down to ~200 pm thickness
and the bottom metal contact (10nm of Ge/ 200nm of Au) is deposited.

Next, the PhC cavity is defined on the side of the vertical lab using FIB. FIB milling is a
mask-less dry-etching technique originally developed for repair of photolithography masks as
well as for preparation of samples for transmission electron microscopy. Recently, it has been
successfully used to realize photonic devices in InGaAsP materials [37]. The most exciting
feature of FIB milling is its ability to achieve three-dimensiona sculpting since it alows
fabrication on structures at any angle with respect to the surface of the sample, in contrast to
conventional planar fabrication technology. This has been successfully utilized in the
realization of 3D PhC [38, 39] aswell as QCLs[40, 41]. In addition, FIB milling alows rapid
prototyping of photonic devices.

Our FIB system (FEI DB235 FIB/SEM dual beam system) uses Ga" ions to perform
milling. lon beam can also be used to image the structure and locate quantum wells prior to
milling. This allows us to position the PhC cavity precisely around the active region and
achieve good overlap between the cavity mode and the gain material (Figs. 3 and 9). Due to
the physical nature of the milling process, photonic crystal holes fabricated with FIB in the
bulk semiconductor material have slanted walls with sidewall angle ~4° (conical, v-shape
profile). This is due to the re-deposition of the milled (excavated) material on the sidewalls.
As seen in the previous section, conical holes can reduce the reflectivity of the PhC and
significantly decrease the Q of the cavities. However, in the case of PhC fabricated in the
narrow-ridge, the sidewall angle is significantly reduced since the sputtered material can be
removed forward once the ridge is completely perforated. In addition, FIB can also be used to
mill multiple structuresthat are lined up in arow [Fig. 9(c)]. The sidewall angle can be further
reduced, if necessary, by depositing a hard-mask made of silicon nitride on the side of the
dlab. This silicon nitride layer (~100nm thick) also plays a positive role in reducing the
material damage from the exposure to the ion beam during the imaging with ions. Without it,
Ga' gets implanted into the material [42, 43] during the imaging process required to align the
photonic crystal cavity to the quantum wells. This thin sheet of implanted Ga forms a
conductive layer that can shunt the QCL. We monitored, in-situ, the resistance of our lasers
during ion imaging and noticed the reduction in the ohmic resistance as the structure gets
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exposed to the ion beam. The silicon nitride layer can be removed at the end using wet
etching.

Ga' ions with energy of 30kV and te beam current of 300pA were used to mill the PhC
structure. The time needed to mill one holein a 1.4um wide ridge is ~3sec, and the whole PhC
cavity can be fabricated in about 10min. Milling time increases for the wider ridges. In Fig.
9(a) we show one structure with four different PhC cavities fabricated in the same ridge. In
this case, all structures are connected to the same bonding pad (in parallel). Using FIB, it is

Fig. 9. Fabricated PhC cavities. (a) The structure consisting of a bonding pad and a thin
ridge with four different cavities. (b) Blow-up of a I'J cavity. The quantum well active
region can be seen as a light-gray stripe, indicated by an arrow. (c) SEM image of another
structure. (d) Fabry-Perot cavity formed between the two photonic crystal mirrors.

possible to subsequently disconnect the cavities one by one if needed. In Fig. 9(b) we show a
blow-up of one of the cavities. The cavity is the same as the one that we modeled using 3D
FDTD [Fig. 6(b)]. It can be seen that photonic crystal cavity is very well aligned to the active
region seen as a light gray stripe in the center. In Fig. 9(c) we show another fabricated
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structure. Here we fabricated two narrow ridges 250um apart. First, the ridge in front is milled
using FIB. Once the Ga" beam completely perforates the front ridge, it travels through the
holes and continues milling the second ridge (seen in the background). It can be seen that the
cavity in the second ridge is also very well aligned to the active region, even though the two
ridges are 250pum apart. This demonstrates that the ion beam is parallel to the surface of the
sample and that the depth of focus of the ion beam is sufficiently large so that multiple PhC
cavities (one behind another) can be fabricated in parallel.

Another interesting application of FIB is“trimming” of fabricated structures. For example,
after the initial testing, a fabricated structure can be further modified in order to, for example,
tune the emission wavelength of the laser (e.g. enlarge some holes). It is also possible to
define cavities that are emitting in the y direction instead of the x direction, as discussed
above, simply by milling away several layers of the photonic crystal mirror.

Fig. 10. Photonic crystal cavity fabricated using FIB only (no dry etching).

FIB can also be used to fabricate the complete PhC QCL, without the need of dry etching.
Even though this procedure is somewhat time consuming it is interesting for rapid testing of
different PhC designs. The sample isfirst cleaved and then a deep trench is milled next to the
cleaved facet using FIB (Fig. 10). In this case, one side of the vertical slab is defined by
cleaving and is atomically flat, and the other side is defined by FIB milling. This procedureis
similar to the procedure of making TEM samples using FIB. Finaly, the PhC cavity is
defined on the edge of the sample, precisely around quantum wells (Fig. 10).

The fabricated structures were tested using electrical injection. Lasing action was observed
in Fabry-Perot cavities [Fig. 9(d)] at low temperatures and under pulsed injection. Due to poor
power efficiency of QCLs (presently of the order of 4% at room temperature) most of the
injected power is converted into heat that needs to be dissipated over t=1.4pum wide ridge.
This poor heat dissipation leads to an increase in the threshold current and forces the laser to
be operated in pulsed mode with low duty cycle.

To this date we have not observed lasing action from compact photonic crystal cavities
[Fig. 9(b) and (c)]. We believe that thisis due to the mismatch between gain spectrum of QCL
material and resonance of fabricated PhC cavities, that can be attributed to the precision with
which we can control the size (r) and the periodicity (a) of holesin PhC lattice. Thisisrelated
to the resolution of our FIB that uses 12-bit digital to analog converter (total 4096 pixelsiny
and z direction) to register position and size of the holes.

4. Applications of Photonic Crystal Quantum Cascade L aser sto Optofluidics

Due to their porous nature, PhCs are very interesting for sensing applications in the intra-
cavity configuration [25, 44-48]. It has already been demonstrated that cavity resonance and Q
depend strongly on the refractive index of the environment, that is on the refractive index of
the fluid into which the laser is immersed [25]. By integrating lasers within microfluidic
channels [5, 25, 44] it is possible to realize widely tunable lasers in which the emission
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wavelength is controlled by the refractive index of the surrounding fluid. Recently, we have
demongtrated this approach on conventiona distributed feedback QCLs [5] and obtained
tunability of AMAng,ii=10nm/REU (refractive index unit). Here we show that the tuning range
can be significantly larger in the case of optofluidic PhC QCLs.

In Fig. 11(a) we show a schematic of the proposed optofluidic system that can achieve
multiple functions: (i) a tunable laser with large tuning range, (ii) a sensor for absorption
spectroscopy and (iii) a system for cooling PhC lasers [49]. The PhC QCL, based on the
design shown in Fig. 6(a), is embedded in a microfluidic channel, made of PDMS, using
techniques that were developed earlier [5, 44]. By introducing non-absorbing fluids with
refractive index in the range nquge (1.3, 1.7) into the microfluidic channel, the emission
wavelength of the laser can be tuned from A=5.85um to A =6.11um. That is, the tunability of
PhC QCL is AMAng,ic=650nm/REU [Fig. 11(b)]. This wide tuning range comes at the expense
of increased threshold current due to the reduced Q of the cavity: Q drops from about
Q=5,000 (Nug=1.3) to Q=500 (nqic=1.7). The reduction is due to increase of out-of-ridge
light leakage due to the reduced index contrast between the ridge material and the surrounding
fluid.
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Fig. 11. (a) Schematic of PhC QCL integrated with microfluidic channel. (b) Emission

wavelength of the laser vs. refractive index of the fluid surrounding the laser. (c)

VQ=1/Qintrinsict/Qruia Of laser immersed in fluid as a function of imaginary part of the

refractive index of the fluid. Black line — PhC QCL, red line 1.4um wide conventional QCL,

and blue line 8um wide conventional QCL. Bath linear and semi-log scales are shown.

Perhaps, the most interesting application of PhC QCL is in chemical/biological sensing
using infrared absorption spectroscopy. It is known that many molecules of interest have
signature absorption a MIR wavelengths. Due to the compact nature of the proposed PhC
QCLs it is possible to integrate a number of lasers on the same chip. These lasers can have
predetermined emission wavelength tuned to specific absorption lines of the molecules of
interest. The analyte, which is either an absorbing fluid or a solution of absorbing molecules
in a non-absorbing carrier fluid, can be delivered in situ into the laser cavity. The presence of
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absorbing analyte increases the laser threshold, due to increased absorption losses, and
reduces the laser output power. This mechanism enables the realization of compact sensors
based on PhC QCLs capable of detecting small volumes of analytes. In Fig. 11(c) we show
the dependence of inverse of the total Q (/Q=1/Qig*+1/Qinrinsic) ON the imaginary part of the
refractive index of the analyte for three different lasers: (i) PhC QCL with ridge width t=1.4
pm, (i) narrow-ridge traditional QCL with ridge width t=1.4um, and (iii) wide-ridge
traditional QCL with ridge width t=8um. 1/Q for conventional QCLs is calculated using
Equation 4, and does not include the mirror losses. 1/Q in the case of PhC QCL includes
material losses and all scattering losses. In all cases we assume that non-absorbing fluid with
Nruc=1.4 is used as a carrier to bring small amounts of absorbing analyte into the laser cavity.
Therefore, the imaginary part of the refractive index (k) of the solution depends on the
concentration of the analyte. It can be seen that PhC QCL is the most sensitive to the changes
in absorption of the analyte. The dependence of total 1/Q onk is linear and can be written as

i(k): ! 1t ks (7)
Q Qintrinsic Qfluid Qintrinsic

where S is the slope of the curve. We find that Sonc=0.1734, Siarrow=0.0255, S,ige=2.7x10™.
From equations 2, 4 and 6 we see that laser threshold current density is proportional to inverse
quality factor J,~1/Q. We can therefore write Ji(K)/Jn(0)=1+0k, where 6= SQinringc. We find
Ipnc=416, Sharron=38 and &,i4e=0.5 Therefore, by measuring precisely the threshold current of
the laser it is possible to determine k and therefore the amount of analyte in the carrier fluid.
Note that the threshold current can be determined without an additional optical detector,
simply by monitoring the position of the characteristic kink observed in the differentia
resistance of QCL at threshold [50].

Next, we estimate the reduction in the output power of the laser when immersed in a small
amount of absorbing analyte dissolved in the carrier fluid. For example, this method could be
used for detection of acetone in a carrier fluid. Acetone has an absorption pesk at A=5.83um
(C=0 dretch) with absorption coefficient aacetone=9,000 cmt [51], resulting in Kacetone=0.43.
Assuming a 0.05% acetone solution in a transparent fluid (resulting in k=2x10) we find that
the PhC QCL will experience 8% increase in the threshold current, compared to the threshold
current in carrier fluid only (no acetone). The 8% increase in the threshold current can
produce a mgjor change on the emitted optical power, particularly if the laser is operated close
to threshold. Then, even a small amount of absorbing analyte can completely shut-off the
laser. For example, let us assume that the laser is operated at constant current 1=1.1xI(k=0),
and that the output power is Py(k=0). Assuming that the slope-efficiencies with and without
analyte are the same, we find that 8% increase in the threshold current results in the 5-fold
reduction in the output power Py,(K)=0.2* P,(k=0). (Note: slope efficiency will experience
an 8% decrease due to increased total losses). Significantly larger sensitivity is expected if the
laser is operated below-threshold, in the exponential region of the Pyy-1 curve.

5. Conclusions

We have designed and demonstrated a novel “holey” semiconductor laser platform based on
electrically driven photonic crystal quantum cascade lasers with efficient current injection.
Our approach takes advantage of electronic bandgap and photonic bandgap engineering to
realize novel, compact, mid-infrared laser sources. We have demonstrated that a combination
of photonic crystal lasers and microfluidic delivery system can result in compact widely
tunable mid-infrared lasers that are suitable for chemical and biological sensing based on mid-
infrared spectroscopy. Our optofluidic platform could aso function as an ultracompact
detectorless lab-on-chip in which the analyte detection is achieved by monitoring the changes
in the laser threshold current.
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