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Abstract: We present a novel air-bridge subwavelength grating reftect
with very high reflectivity be used as a top mirror in a VCSELlusture.
We explain the design method, model the structure using RGWA and
FDTD, and predict the characteristics of a Fabry-Perotsire built with
this reflector. We describe the fabrication of the suspeplating.
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1. Introduction

High spatial frequency structures have been proposed fariaty of applications (see, for
example, Ref. [1, 2, 3, 4]). Recently Mateus et al. have designd fabricated a broad reflector
based on a subwavelength grating in Silicon-on-Insule®®I} Ref. [5, 6]. Subwavelength
grating reflectors are simple, versatile, high efficiencyctures and their use in integrated or
free-space optical technology is very promising.

Vertical Cavity Surface Emitting Lasers (VCSELS) have neeg tremendous attention be-
cause of their low-cost, arrayed operation, and are aitteafdr optical communications and
biomedical applications Ref. [7, 8]. Several applicatisaquire the use of multiple wave-
lengths (either tunable or fixed array). In order to achiaveuaiay of VCSELs with multiple
wavelengths, the design must include a method of varyingffeetive cavity length. The most
successful techniques involve micromechanically tunatiteors Ref. [7, 9, 10, 11]. In some
cases, it is desirable to have a fixed multi-wavelength awhich does not require tuning volt-
ages to be applied to each laser. Ideally, the method wowddig@e enough that the wavelength
could be controlled in the lithography without any re-grow@quirements. Previous attempts at
fabricating multi-wavelength arrays have included: ugingwth non-uniformity Ref. [12], us-
ing re-growth on patterned substrates Ref. [13, 14], andl\finaing wafer bonding and etched
super-lattices Ref. [15, 16]. These techniques raise coader non-repeatability and difficulty
in fabrication.

As an alternative technique that uses one conventionalthrstep, we are proposing a device
structure where the wavelength is defined by a surface grdtirthis work, an adjustable very
high reflectance subwavelength grating (SWG) is to be useteatop reflector of an active
device in AlGaAs/GaAs, instead of the conventional Distrial Bragg Reflector (DBR). In
order to achieve the fabrication of such a structure we fielehand fabricate a single high
reflection SWG reflector (SWGR) in GaAs. We show in this casettiepeak reflectance can
be tuned by adjusting the lithographically defined parametemely the period and duty factor
of the SWG. We then model the use of this SWGR as one of the mofa@®BR based Fabry-
Perot cavity. Results show that the subwavelength refleetobe lithographically adjusted for
ultra-high reflectivity over a wavelength range of more ti28® nm. Both the optical phase
and peak reflectivity wavelength of the grating can be cdletidby the grating period and
duty cycle, which can be accurately designed and pattersied e-beam lithography, thereby
controlling the effective cavity length. We show that the ¢a®ity peak transmission can be
adjusted by the tuning of the SWG lithographic parametersoAding to our simulations, using
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this technique, each laser can have a lithographically éeéfiasing wavelength spanning more
30 nm in the 850 nm operation window. We begin by explainirgghenomena producing high

reflection in SWGRs, and then present the design of the reflantbof the SWG based cavity.

Finally, we describe the fabrication procedure for the oéfleand discuss ongoing work.

2. Resonant grating reflector

The high reflection values exhibited by subwavelengthespaflectors can be attributed to the
excitation of a wave-guide mode through phase matching éythting. The subwavelength
grating provides the coupling mechanism for the incidediation to any number of waveguide
modes supported by the structure. In the case where thadigbtmally incident on the SWG,
symmetric and counter propagating waveguide modes arerktmwe excited. These modes
then re-couple back (again through grating phase matchinggdiative modes and produce
the observed high reflection. This is the accepted prindipleind the high reflection resonant
grating structures and is described, for example in Refl. [Lfie principle is illustrated here
for two different grating coupler cases in Fig. 1, where weehassumed that the substrate has
a lower index than the guiding layer.
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Fig. 1. Resonant grating excitation leading to high reflection. a) gratingp@rate from
guiding layer, b) grating is the guiding layer.

Diffracted beams

When the grating is separate and can be considered a smallgaderbation with respect to
the effective index of the guided mode, it is possible to heegrating coupler phase matching
condition to predict the coupling between the input radiatind the guided mode (see Chap. 5
in Ref. [18], Chap. 8 in Ref. [19]). In the case where the giatiepresents a significant index
perturbation, as is shown in Fig. 1(b), it is not possible ¢oivee a simple expression for the
coupling. We therefore choose to solve the complete eleetgmetic problem using both the
rigorous coupled wave analysis (RCWA) Ref. [20, 21] and thaefidifference time-domain
(FDTD) methods Ref. [22]. We used these tools to predictéfiection behavior of the grating
and cavity structures.
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3. Reflector Design

The structure we are investigating is shown in Fig. 2. It tsiesof a suspended GaAs SWG
of period/A, duty factora and thicknessd and separated by an air gap layer of thicknggs t
from a substrate which is assumed to be infinite in extenténéflector design. The structure is
assumed to be periodic in the x direction and infinite in theeation. The incident polarization
considered in this design is transverse magnetic (TM) vadpect to the grating grooves and

is shown in Fig. 2.
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Fig. 2. SWG Reflector geometry.

The design target is for a subwavelength reflector exhipitinvery high reflection peak
¢99 % reflectance, over a broad wavelength region, underatanecidence. We design the
reflective SWG using rigorous coupled wave analysis (RCWA9.Bagin with a 200 nm thick
subwavelength grating with a period and duty factor of 300amd 0.6 respectively. We used
an air gap with a minimum thickness of 400 nm. We perform amiiee simulated annealing
(SA) search to find the design parameters that yield the btgk#lection peaks for the SWGR.
The linear reflection profile of the structure is shown foriemas duty factors¢ = 0.3 toa =
0.68) in Fig. 3.
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Fig. 3. Nominal design performance (linear reflection value). Movimashperformance
for various duty factors (Air-Reflectivity.mov - 232KB).
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The optimization results in a structure with very high reflgty (Oth order reflection) at
a wavelength of 850 nm, for a grating layer thicknegg @f 161 nm. To handle these high
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reflection values we use a logarithmic scale in which the ¢gla values is the logarithm of
the transmitted power, a quantity we refer to as the refleégolation. This quantity is defined
asR = —10log/1— R) whereRis the linear-scale reflectivity value. A reflectivity pealegter
than 50 dB isolationR ¢, 0.99999) is obtained fok = 420 nm and fora = 0.68. For this
optimized design, we study the impact of the lithographi@peeters (grating period and duty
factor) on the reflection for operation at 850 nm. The resutiown in Fig. 4.

Reflection (-10 Log, ,(1-0R))
0a

A fum)

Fig. 4. Impact of lithographic parameters of SWGR performanceleSteows reflection
isolation in dB.

Next we show that the peak wavelength of the reflector cantbediaphically tuned by
varying the period of the SWG. This is shown in Fig. 5, for a nomhivalue of the duty factor
(a =0.68).

We see from Fig. 5 that varying the SWG period from 350 nm to 58G&hifts the reflection
peak by more than 200 nm. Finally, we also study the sertgitbfithe structure reflectivity to
various design parameters. Most notably, if the theory ofegaide modes resonant excitation
is valid, the reflection should be relatively independentosé index medium depth, past a
certain value which guarantees low substrate leakage axbieed waveguide mode. This is
verified in Fig. 6, which shows that a thickness greater thab r2m guarantees a reflection
isolation of more than 30 dB.

We also study the impact of duty factor and wavelength Jiariaton the performance of the
reflector. The results of this modeling are shown in Fig. 7afstructure optimized for operation
at 862 nm. The results indicate that a 5% variation in dutyofagields approximately a 10 dB
reflection isolation decrease. The curves also show thatuas ms 20 dB reflection isolation
can be lost by working 10 nm away from the design wavelengtbur target application, duty
factor must thus be controlled to better than 5% if we wishdbieve a good laser mirror.
In our application the wavelength will be controlled by tlesonant cavity and thus a design
mismatch will shift the cavity wavelength, as explained iecton 4. In other applications
however, a wavelength mismatch may result in a significdteaton loss.

According to the RCWA simulations, it is possible to obtaititkographically determined
high efficiency reflector with reflection isolation greatean 30 dB, over a wavelength range of
more than 200 nm. We have confirmed the RCWA results with FDdmte nominal design,
optimized for a single wavelength. The result is shown in BigVe observe reasonable agree-
ment between RCWA and 2D/3D FDTD models. Furthermore, wendidbserve significant
variations between 2D and 3D FDTD and thus the 2D version wed in subsequent modeling

#67619 - $15.00 USD Received 31 January 2006; revised 24 March 2006; accepted 25 March 2006
(C) 2006 OSA 3 April 2006/ Vol. 14, No. 7/ OPTICS EXPRESS 2577



Reflection (-10 Log, 4(1-0R])

04

0.45

Period (pm}

0.4

035
074 0.85

Wavelength ()

Fig. 5. Lithographic tuning of the SWGR reflectivity peak.
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Fig. 6. Impact of low index layer thickness on reflectivity.

to shorten the computational times.

We also consider the effect of a finite SWG width for the perfance of the reflector. The
objective for this model was to determine the number of gegpieriods required to produce the
desired reflection value. The finite grating has been modelE®TD and is shown in Fig. 9.

We explore the peak behavior for different finite gratingeetibrs. The FDTD results are
shown in Fig. 9(b) and demonstrate that at least 40 periotte@WG are required to guarantee
a 20 dB reflection isolation at the resonance wavelength Sutevice would span roughly 15
um. Modeling also shows that the finite length of the gratingnglthe z direction does not
significantly affect the performance of the structure, &rdths above 20m. One should note
that these results assumed planar wavefront excitatiothfoEWGR. Finite beam analysis is
currently being pursued.

4. Fabry-Perot Cavity Design

In this section we present the design and modeling of thepegnce of a FP cavity built using
the SWGR. The structure considered is shown in Fig. 10.
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Fig. 10. SWGR - DBR structure geometry.

Using RCWA optimization, the thickness of the Fabry-Pemitity, t-p has been optimized.
We find that a value of 161 nm yields a FP reflection notch atdtget wavelength of 850 nm.
Using this value for the nominal FP cavity design, we moda&® DBR pair SWGR cavity.
The reflection from such a cavity is shown in Fig. 11, for twéfedent values of the SWGR
duty factora. In Fig. 11 the dark regions correspond to the FP transnmnigstak.

Reflection (100 Log, o(1-0R) Reflection (10 Log,o(1-0R)
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084 0845 0.85 0855 0.85 0.885 08 85 0855 0.85 0885 087 0.875 038!
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€Y (b)
Fig. 11. SWGR-based FP cavity performance foaa 0.68 and by = 0.85.

The cavity modeling in Fig. 11(a) shows the reflection prdiflea nominal duty factor of
a = 0.68. The variation of the black region is due to phase shifthef$WG and DBR cavity,
while the white region is due to the SWGR peak reflectivitytsiifghest Q is achieved at their
intersection point, at a location that can be displaced hintuthe lithographic parameters of
the design. In the nominal design case, as the period is fooed360 nm to 480 nm, the cavity
transmission peak shifts by more than 20 nm. The shift is kema@ccompanied by a reduction
of the Q value associated with the FP resonance, as is olsiertég. 12(a). In order to shift
the peak transmission wavelength of the cavity while maiirtg a high Q value, one needs to
adjust the duty factor as well as the period. The reflectiofopmance of a cavity with a tuned
value ofa is shown in Fig. 11(b) and the Q of the tuned cavity is showniin E2(b). Tuning
both the period and the duty factor of the SWGR allows for ttietiraphic adjustment of the
resonance wavelength over a range of more than 30nm.

One should note that the very high Q f)@alues shown in 12 represent a lower bound to
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Fig. 12. Cavity Q for different SWGR periods at 850nm, foa¥ 0.68 and byx = 0.85.

the actual Q values achievable in that region of the desigrdeéMing becomes less accurate in
that region of the curve due to the very high grid density neglito accurately quantify the Q
value for the resonance, but further higher wavelengthluéea RCWA scans have shown Q
values in excess of 2@zan be achieved for these design parameters. The resutisaloove
reveal the possibility of building monolithic, single etdefined cavities spanning more than
30 nm with Q values above 10 000. We have presented two soefufiiw the adjustable high Q
cavity, however these solutions do not represent the lionihé structure’s tunability. Further
analysis is being conducted to study the limits of tunabfitr this cavity.

5. Reflector Fabrication

The SWGR was fabricated using electron beam (E-beam) lilpdy;, dry etching using an
electron cyclotron resonance etcher and wet etching. TeelE-beam lithography enables
us to define the period with very high (nm) accuracy. Accaydim our simulations, we need
precise control of the period and duty factor in order tog¢athe desired operating wavelength.
Control over the duty factor of the grating must be achievedugh careful tuning of the E-
beam line dosage, exposure, etching RF power, time and tatape. Through careful control
of these parameters and many trial runs, we were able tovachi®% accuracy on the duty
factor, corresponding to a 12nm width accuracy on our nohsitnacture.

The wafer used in the fabrication consists of a 160nm thiclAsGEop layer and an
Alo.gsGay2As sacrificial layer on a GaAs substrate. The first step iredlpatterning and dry
etching a relief hole through which the wet etchant, 7:1 dmeffl oxide etch could access the
sacrificial AIGaAs layer and undercut the GaAs. The resglsitiucture is a GaAs membrane.
Polymethyl metha-crylate (PMMA) was then spun and a secoadd of E-beam lithography
was performed to pattern the gratings on the undercut aieal\F- the gratings were dry etched
using BC} at a -100V RF bias to define the freestanding gratings. Fighb®/s an SEM image
of the air suspended gratings.

The fabrication was successful and the achieved period atydattors were approximately
384 nm and 0.65, respectively. The period is within one nmheftarget design period (op-
timized for 840 nm) and the duty factor shows a 3% error wigpeet to our design target.
Preliminary measurement data indicates an agreement oéfieetivity peak with theoretical
results. Our team has also begun fabricating a full SWGR beaeitly with a 30 pair DBR
structure in AlGaAs/GaAs.
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Fig. 13. SEM of fabrication suspended SWG in AlGaAs.

6. Conclusion

We have presented a novel air-bridge subwavelength graéfigctor with a very high (¢
99.99%)) reflectivity to be used as a top mirror of a VCSEL dtreee We propose this structure
for monolithically integrating multi-wavelength VCSELrsttures. Using this technique, we
believe that multi-wavelength source arrays can be intedrmto packages by using a single
die of the active material (epitaxially grown) where the el@ngth variation across the array
would be entirely defined lithographically. In this desitpe mirror peak reflectivity is tunable
over 200 nm by adjusting the duty cycle and grating period RAWA and FDTD model-
ing confirms that using this technique a lithographicallyirted array of VCSELs spanning
more that 30 nm should be realizable. We have successflitictted the air suspended grat-
ing structure in AlGaAs/GaAs. Reflectivity measurement$ active device fabrication for this
structure are currently underway.
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