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MEMS-TUNABLE SHORT CAVITY LASER

FIELD OF THE INVENTION
[001] The present invention relates to tunable lasers, widely tunable lasers,
wavelength swept sources, amplified tunable lasers, rapidly tuned lasers, and optical

systems enabled by these devices.

BACKGROUND

[002] Widely and rapidly tunable lasers are important for a variety of detection,
communication, measurement, therapeutic, sample modification, and imaging systems.
For example, swept source optical coherence tomography (SSOCT) systems employ
repetitively swept tunable lasers to generate subsurface microstructural images of a wide
range of materials. In SS-OCT, wide tuning range translates to higher axial measurement
resolution, and higher tuning speed enables real-time acquisition of large data sets. In
addition, variable tuning speed enables trading off imaging range and resolution as
required for different applications. Lastly, long coherence length, which is equivalent to

narrow linewidth, enables long imaging range.

[003] Another example of a system which requires rapidly and widely tunable
lasers is transient gas spectroscopy as, for example, described in (Stein, B.A., Jayaraman,
V. Jiang, J.J, et al., “Doppler-limited H20 and HF absorption spectroscopy by sweeping
the 1321-1354 nm range at 55kHz repetition rate using a single-mode MEMS-tunable
VCSEL,” Applied Physics B: Lasers and Optics 108(4), 721-5 (2012)). In gas
spectroscopy, tuning speed enables characterization of time-varying processes, such as in
engine thermometry. Narrow spectral width enables resolution of narrow absorption

features, such as those that occur at low gas
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temperatures. Other transient spectroscopic applications include ronitoring of explosive
or other non-repetitive processes.

{004} Beyond wide tunability and long coherence length, other important
parameters for tunable lasers for a variety of applications inchide tuning speed and
variability of taning speed. In S5-OCT, increased tuning speed enables imaging of time-
varying physiological processes, as well as real-time volurctric imaging of larger data
sets. Also for S5-OCT, variability of tuning speed enables switching between high
speed, bigh resolution short~range imaging, and low speed, low resolution long range
imaging in a single device, which is of great utility in, for example, ophthalmic imaging,
as described in (Grulkowsks, ¥, Liu, 1§, Potsaid, B. er al., “Retinal, anterior segment
and full eye imaging using ultrahigh speed swept source OCTwith vertical-cavity surface
ernitting lasers,” Bioracd. Opt. Express, 3(11), 2733-2751 (2012)). Spectroscopic or

other detection applications beoefit in analogous ways from high-speed and variable

[005] Further desirable properties of widely tunable Jasers juctude hugh output
power, center wavelength flexibility, spectrally shaped output, monolithic and low-cost
fabrication, and corapatibility with array technology. High power increases signal to
noise ratio for virtually every application. Center wavelength flexibility translates into
greater utility in a larger varicty of applications. Spectrally shaped output also increases
signal t0 noise ratio and improves thermal management. Mounolithic, low cost fabrication
has obvious advantages, and array technology simplifies applications in which multiple
sources are mukltiplexed.

{806} The limitations of prior art tunable lasers with respect to the desirable
properties above can be understood by examination of three representative examples.
These exampies include Fourier Domain mode-locked (FIOMLU) lasers, external cavity
tunable lasers (ECTL), and sampled grating distributed bragg reflector (SGDBR) lascers,
An FDML laser is described in (Huber, R, Adler, 1. €., and Fujimoto, J. G., “Buffered

Fourier domain mode locking: umdirectional swept laser sources for optical coherence
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tomography imaging at 370,000 lines/s,” Optics Letters, 31{203, 2975-2977 (2006)). Use
of a commercial ECTL in an 8SOCT system is described in {George, B., Potsaid, B.,
Baumann, B., Huang, D. ef @/, “Ultrahigh speed 1050mm swept source / Fourier domain
OCT retinal and anterior segment imaging at 100,000 to 400,000 axial scans per second,”
Optics Express, 18(19), 20029-20045 (2010)). Operation of an SGDBR laser is
described i (Derickson, D, "High-Speed Concatenation of Frequeuncy Ramps Using
Sampled Grating Distributed Bragg Reflector Laser Diode Sources for OCT Resolution
Enhancerent,” Proceedings of the SPIE - The International Society for Optical
Engincering, 7554, (2010})). FDML and ECTL devices are essentially multi-longitudinal
mode devices, which sweep a cluster of modes mstead of a single mode across a funing
range. This results in limited imaging range for SSOCT and limited spectral resolution
for spectroscopic applications. Both FDML and ECTL are also non-monolithic sources,
which are assembled from discrele components, and therefore not low cost devices or
compatible with array fabrication. The ECTL further suffers from fundamental speed
fimitations of about 100kHz repetition rate or less, due to the long time delay in the
external cavity, as described in (Huber, R., Wojtkowski, M., Taira, K. ef o/, “Amplified,
frequency swept lasers for frequency domain reflectometry and OCT imaging: design and
scaling principles,” Optics Express, 13(9), 3513-3528 (2005).) Further speed limitations
in ECTL devices arise from the large mass of the grating tuning clement, as for example
in the commercially available Thorlabs model SL1325-P16 grating tuned laser. The
FDMUL suffers also from inflexiblity of both conter wavelength and tuning speed. Since
the FDML employs a long fiber-based cavity, it can only operate at wavelengths where
fow-loss optical fiber is readily available. Secondly, the FDMLE sweep rate is fixed by the
roundirip tirae of light in the fiber external cavity, and variable sweep rates are therefore
not possible in a single devices.

{667} The SGDBR 15 4 single transverse and longitudinal mode device, and has
the potential for long imaging range and narrow spectral width., Tuning, bowever, is

accomplished by discontinuous hopping amongst various modes, which tends to
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introduce racasurcracnt artifucts. The mode-hopping also requires multiple taning
electrodes, complicated drive circnitry and associated speed limitations. The SGDBR
also sutfers from Hmited tuning range relative to external cavity and FDML lasers, since
the latter use lossless tuning mechanicms, while the SGDBER s tuned by free carrier
mjection, which introduces free carricr losses and limits tuning range. The SGDBK also
suffers from center wavelength inflexibality, due to the need for complex regrowth
fabrication technology which is only mature in the Indium Phosphide material system.

{888} The problems discussed above with respect to the FDML, ECTL, and
SGDBR above are representative of problems encountered by most tunable lasers known
in the art.

[609] MEMS-tunable vertical cavity fasers (MEMS-VCSELs) offer a potential
solution to the problems above. The short cavity of MEMS-VCSELSs leads to a large
longitudinal mode spacing and relative immunity to mode bops, The MEMS-VCSEL
requires only one tuning electrode t© sweep a single mode across the tuning range, and
therefore offers the promise of long SS-OCT imaging range with miniroal rocasurement
artifacts, and rapid tuning. The short cavity and the short mass of the MEMS nuirror offer
the potential for very high spced. MEMS-VCSEL technology can also be extended to a
farge variety of wavelength ranges difficult to access with many other types of sources,
making them appropriate for other types of spectroscopic, diagnostic, and detection
systems. The application of MEMS-VCSELs to S8-0CT imaging was first described in
US patent 7468997, MEMS-VCSELs have the potential for wide tuning range, as
discussed in US patent 7468997, Until 2011, however, the widest MEMS-VCSEL tuning
range achicved was 65 nm around 1550 nm, as described in (Matsui, Y., Vakhshoort, D,
Peidong, W. ef al., “Complete polarization mode control of long-wavelength tunable
vertical-cavity surface-emitting lasers over 65-nm tuning, up to 14-mW output power,”
TEEF Journal of Quantum Flectronics, 39(9), 1037-10481048 (2003). This represents a
fractional tuning range of about 4.2%, or about a factor of 2 lcss than that required 10 88-

OCT magmg.) [n 2011, a tuning range of 111 nm was demonstrated m a 1310 e
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MEMS-VCSEL, which was subsequently applicd in an SSOCT imaging systern, as
described in (Jayaraman, V., Hang, I., Li, H. ef ¢/, “OCT Imaging up to 760 kHz Axial
Scan Rate Using Single-Mode 13 10nm MEMS-Tunable VCSELs with >100nm Tuning
Range,” CLEQ: 2011 - Laser Science to Photonic Applications, 2 pp.~2 pp.2 pp. (20111}

{816 The MEMS-VCSEL described by Jayaraman, ct al. in 2011 represented g
major innovation in widely tunable short cavity lasers. Achieving peformance and
reliablity appropriate for commercial optical systems, however, requires optimization of
tuning speed, frequency response of tuning, tuning range, spectral shape of tunung curve,
output power vs. wavelength, post-amplified performance, gain and mirror designs, and
overall cavity design. Numerous design innovations are requured to improve upon the
prior art to achieve performance and reliability necessary for these commercial systems.

i1} From the foregoing, it is clear that what 18 required is a widely tunable
short-cavity laser with 3-dimensional cavity and material design optimized for
performance and reliability in SSOCT imaging systems, spectroscopic detection systens
and other types of optical systems,

SUMMARY

912} This document provides several preferred embodiments of a tunable
source comprising a short-cavity laser optimized for performance and reliability in
SSOCT imaging systems, spectroscopic detection systems, and other types of detection
and sensing systeras.  This document presents a short cavity laser with a large free
spectral range cavity, fast tuning response and single transverse, longitudinal and
polarization mode operstion. The disclosure includes embodiments for fast and wide
tuning, and optimized spectral shaping. Preferred embodiments include both cloctrical
and optical pumping tn a MEMS-VCSEL geometry with rairror and gain regions
optimized for wide tuning, high cutput power, and a variety of preferred wavelength
ranges. Other preferred embodiments inchude a semiconductor optical araphifier,

combined with the short-cavity faser to produce high-power, spectrally shaped operation.
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Several preferred imaging and detection system embodiments make use of this tunable
source for optimized operation.

[313] One embodiment provides a tunable laser operative to emit tunable
radiation over an emission wavelength range having a center wavelength, with an output
power spectrum over said wavelength range and an average emission power, said tunable
fascr cornprising: an optical cavity inchuding a first and sccond roirror; 8 gain region
interposed between said first and second mirrors; an airgap tuning region; and a MEMS-
actuation wechanism for adjusting said airgap, said actuation mechanism comprising &
deformable diclectric membrane transparent over said wavelength range and attached to a

rigid support structure; wherein: a free spectral range (FSR) of said optical cavity exceeds

I

5% of said center wavelenpth; said tunable laser operates substantially in a single
longitudinal and transverse mode over said wavelength range; and said MEMS-actuation
mechanism has a wavelength tuning frequency response with a 6-dB bandwidth greater

than about 1 kHz,

BRIEF BDESCRIPTION OF THE DRAWINGS
j014] Figure 1 illustrates an embodiment of widely tunable short cavity laser
according to an embodiment.
[815] Figure 2 tllustrates an cutput power spectrurn of a widely tunable short-

cavity laser.

{8161 Figure 3 illustrates the definition of free spectral range.

1817} Figure 4 shows a water vapor absorption spectrum in the 1330-13635 nva
rang.

[018] Figure 5 shows a measurement dynamic coherence length obtained by the

rolloff of the OCT point spread function vs. imaging depth.
{019} Figure 6 illustrates an embodiment of g widely tunable short-cavity laser

with closed loop control.
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1026] Figure 7 tllustrates a MEMS-VUSEL implementation of a tunable short
cavity laser operating near 1310 nm.

{021} Figure § illustrates an axial refractive index profile of a short cavity laser
having 4 standing wave maxima between two mirrors of the cavity.

1822 Figurc 9 tllustrates the static and dynamic tuning response of the MEMS-
VUSEL illustrated wn Fig. 7.

1023} Figure 10 illustrates a variety of MEMS-VCSEL actnator frequency

FESpOnSes.
824} Figure 11 illustrates a widely tunable short-cavity laser with piezo tuning.
[825] Figure 12 illustrates various actuator geometrics.
[626] Figure 13 illustrates oxidation for a fully oxidized mirror proceeding from

two etched holes.

(9271 Figure 14 illustrates a 1310 vro reflectivity spectrum configured to support
pumping at 1650 nm.

[028] Figure 15 illustrates an embodiment of a widely tunable short cavity laser
coupled to an optical amplifier.

0291 Figure 16 illustrates an ASE spectrum frorn g dual-quantom state
semiconductor optical amplifier.

[836] Figure 17 illustrates a widely tunable short cavity laser coupled to an
optical amplifier, the output of which is coupled to a synchronously tuned optical filter.

{8311 Figure 18 illustrates an amplified widely tunable short cavity laser with a
tunable optical filter between the laser and amplifier.

{9321 Figure 19 illustrates an embodiment of a widely tunable short cavity laser
with two amplification stages.

{033} Figure 20 illustrates an embodiment of a widely tunable short cavity laser
with two amplification stages and a tunable optical filter between the stages,

{834} Figure 21 illustrates an amplificd and pre-amplified spectram of a widely

tunable short cavity lascr.
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[835] Figure 22 illustrates various output power spectra of a widely tunable
short-cavity laser operating near 1310 nm.

[036] Figure 23 illustrates 8 MEMS-VCSEL implementation of a widely tunable
short-cavity laser operating near 1060 nm.

1837] Figurc 24 ithustrates static and dynamic tuning spectra of the MEMS-
YOSEL in Figure 23,

{838 Figure 25 illustrates steps 1-4 in the fabrication of a widely tunable short
cavity laser realized as a MEMS-VCSEL.

[839] Figure 26 illustrates steps 5-6 in the fabrication of a widely tunable short
cavity laser realized as a MEMS-VCSEL.

646 Figure 27 illustrates an electrically pumped MEMS-VCSEL
implementation of a widely tunable short-cavity laser.

{841} Figure 28 illustrates wavelength sweeps from two short-cavity lasers

interleaved to produce a multiplied sweep rate.

DETAILED DESCRIPTION
0421 The description of illustrative embodiments according to principles of the
present invention is intended to be read in connection with the accompanying drawings,
which are to be considered part of the entire writien description. In the description of
embodiments of the invention disclosed herein, any reference to direction or oricutation
is merely intended for convenience of description and is not intended in any way o limit

the scope of the present invention. Relative terms such as “lower,” “upper,” “horizontal,”

“vertical,” “above,” “below,” “up,” “down,” “top” and “bottom’™ as well as derivative

2

thereof {e.g., “horizontally,” “dowowardly,” “upwardly,” etc.) should be construed to
refer to the orieniation as then described or as shown in the drawing under discussion.
These relative terms are for conveniencee of description only and do not require that the
apparatus be constructed or operated in a particular oricntation unless explicitly indicated

29 6y

as such. Torms such as “attached,” “affixed,” “connected,” “coupled,” “intcrconnccted,”
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and similar refer to a relationship wherein structures are secured or attached to one
another either directly or indirectly through mtervening structures, as well as both
movable or rigid attachments or relationships, unless expressly described otherwise.
Moreover, the features and benefits of the invention are illustrated by reference to the
cxemplified embodiments. Accordingly, the invention cxpressly should not be himited to

such exemplary cmbodiments illustrating some possible nov-hmuting corsbination of

2

aturcs that may cxist alone or in other combinations of features; the scope of the

[

invention being defined by the claims appended hereto,

{843} This disclosure describes the best mode or modes of practicing the
mvention as presently conteraplated. This description is not intended to be understood 1n
a limiting sense, but provides an exampie of the invention presented solely for illustrative
purposes by reference to the accompanying drawings to advise one of ordinary skill in the
art of the advantages and construction of the invention. In the various views of the
drawings, like reference characters designate like or similar parts.

[044] Figures 1-3 illustrate propertics of a preferred ernbodiruent of a short-
cavity tunable laser in accordance with the present invention. As shown in Fig. |, the
laser 100 compriscs a gain region 110 and 4 tuning region |20, interposed between a first
mirror 139 and a secound mirror 140, Encrgy to support lasing operation can be supplied
to the gain region in the form of optical or clectrical pumping, as is well-known to those
skilled in the art of lasers. A thermally conductive heat spreading fayer 159, preferably a
metal such as gold, gold-tin, indium, or indium containing solder adjacent one mitror can
also be employed to jncrease an average output power of the tunable short cavity laser.
in the case of a vertical cavity laser on a GaAs substrate, for cxample, a substrate via
could be etched, stopping on the second ruirror, on which the heat-spreading layer conld
be deposited through the substrate via,

[045] Referring to Fig. 1, adjustment of the offective optical path length of the
tuning region causes the wavelength of the laser to be tuned. The laser emits wavelength

tunable radiation, which is cmitted through the first mirror. A typical cmitted power

-G
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spectrura 200, which is the power cmitted as a function of wavelength, as shown in Fig,
2. The Spectrum represents range of wavelengths in tunable emission and intensity at
each wavelength. The wavelength tunable emission spans a wavelength emission range
210 having a center wavelength 220, In the preferred embodiment of Fig. 1, the tuning
region is an adjustable airgap, but other embodiments such as a liquid crystal or
seratconductor whose optical path can be modificd by adjustmicut of the refractive tndex
are also possible.

[846] A preferred embodinent of the short-cavity tunable laser of Fig. T isa
vertical cavity laser {VCL), but other embodiments, including but not limited to short-
cavity edge-emitting lascrs, could be ernployed. As is well-known to those skilled in the
art of vertical cavity lasers, the VCL can be fabricated in monolithic one and two-
dimensional arrays, which is advantageous for optical systems requiring rrultiple optical
sources. Modern walfer scale optical {abrication technigues would allow for the precise
location of such an array of laser emitters, as well as optical compenents which would
then support the manufacturing of optical 1nstruments froro these arrays.

(647} The short cavity employed in an embodiment results in a large free-
spectral range (FSR), which is inversely related to cavity length. The present
embodiment discloses an FSR which in the present invention is >5% of the center
wavelength shown ju Fig. 2. As shown m Fig. 3, frec spectral range is defined as the
distance between transmission peaks, or longitudinal modes, in the direction of laser
oscillation, of the optical cavity defined by the layers of Fig. 1. The maximum
continuous maode-hop-free single-mode tuning range of the tanable laser s tivatted by the
FSR. Thus, a laser having an FSR that is 5% of the center wavelength can be expected to
have & maximum tuning range that is 5% of the center wavelength, Gther considerations,
such as the maximum achievable change in optical path length of the tuning region, or the
availablc gain bandwidth of the gain region may limit the continuous single mode tuning

range to less than the FSR, but the FSR represents an upper limit.

- 10 -
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[848] In the preferred embodiment, an anti-reflection coating is placed between
the gain region and the tuning region to suppress reflections in the device and extend the
tuning range. This anti-reflection coating can be a quarter wavelength of material such as
stlicon nitride or silicon oxynitride, in the preferred case when the tuning region is air,
and the gain region is semiconductor.

{0491 Fig. 1 also illustrates that the top mirror 130 can be curved to forra a half-
symmetric cavity as in {Tayebati, P., Wang, P, Vakhshoori, D ef af., “Half-symmetric
cavity tunable microelectromechanical VOSEL with single spatial ruode,” 1EEE
Photonics Technology Letters, 1012}, 1679-1681 (1998}, which includes one curved
mirror and one flat mirror. This s important because, although the short cavity and large
FSR promote single longitudinal operation, the curved mirror further promotes single
transverse mode operation, which is important for applications in imaging and
spectroscopy. The function of the curved roirror can also be accomplished by an intra-
cavity microlens 160, as shown in Fig. 1. Generally either the microlens 160 or the
curved mirror 130 can be used, buot a corbination of both can also be used. The
microlens can be formed by reflow of a resist or polymer material, followed by pattern
transfer of that shape into underlying materials, gs is described in (Strzeleckas, E. M.,
Robinson, G. D, Coldren, L. A, ¢f ¢f., “Fabrication of refractive microlenses in
serniconductors by mask shape transfer in reactive ion ctching,” Microelectronic
Engineering, 35(1-4), 385-388 (1997}) and known to those who are skilled in the art.
Similarly, the curved mirror can be formed by structuring of sacrificial layer by a reflow
and pattern transfer technique, deposition of the top wirror, and removal of the sacrificial
fayer. The sacrificial layer in such a process is preferably silicon or germanium, and the
patiern transfer of a reflowed resist layer can be accomplished by inductively coupled
plasma etching using a CF4/oxygen gas mixture. The curvature of the resulting surface
in the sacrificial layer is a function of the ratio of these gases, and can be adjusted by

straightforward optimization of this ratio.

- 11 -
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1056] Achieving single transverse-mode operation of the tunable short cavity
faser in Fig. | requires careful control of the curved mirror radius of corvature and the
combined thickness of gain region and tuning region between the two mirrors, For the
case of an airgap tuning region and operation near 1310 nm using a semiconductor gain
region comprised of InP-based materials, typical dimension arc a gain region thickness
of about T micron, airgap thickness of about 1.6 pm, and a mirror vadius of carvature of
around I mm. Those skilled in the art of laser fabrication and design can adjust numbers
in this range to achieve roore specific numbers for particular designs in particular
wavelength regimes. Using parameters close to these will lead to single longitudinal and
transverse mode suppression of 40-50 dB.

[651] The single longitudinal and transverse mode operation achieved by the
short cavity laser according to an embodiment enables an optical source with very long
dynamic coherence length. This coherence length is in excess of 100 nun under dynamic
operation. Coherence length is inversely related to laser line-width. Long coherence
fength is important in spectroscopic applications requiring the rocasurernent of narrow
spectral features. In imaging applications like swept source optical coherence
tomography (SS-OCT), long coherence length corresponds to long imaging range.
Figure 5 shows a detection-limited measurement of coherence length in an SS8-OCT
system, obtained by repetitive sweeping at 60 kHz of 4 tunable laser according to Fig. 1,
in which the FSR is about 8-9% of the center wavelength, and using the OCT point
spread function as a measurement of coherence length. The absence of substantial
armaplitnde degradation at SO vam indicates that the coherent length is greater than 100
mm. This measurement method is well-known to those skilled in the art of SS-OCT.

[052] For some applications, it 18 advantageous to reduce the coberence length to
eliminate inferference from unwanted reflections in an optical system. Coherence length
can be adjusted by adding a noise waveform to the tuning region, or otherwise amplitude
or phase modulating the source. External means could include, for example, a temporal

diffuser.
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053] In an embodiment, the frequency response of the optical path length of a
tuning region to an applied tuning signal has a 6-dB bandwidth that exceeds about 1 kHz.
MNormally, this 6-dB bandwidth starts at DC but can start at some non-zero frequency as
well. The 1 kHz bandwidth distinguishes the present invention from other types of tuning
mechanisnis employed in the prior art, such as electro-thermal tuning m (Gierd, C.,
Gruendl, T., Debomardt, P ef ¢f., “Surface mmicromachined tunable 1.55 mu m-VCSEL
with 102 nm continuous single-mode tuning,” Optics Express, 19(18), 1733617343
(2011)). lo the preferred case where the tuning region 1§ an airgap, the airgap can be
tuned by a MEMS-based actuator, which contracts the airgap through electrostatic force.
MEMS-based tuning mechanisms have been demonstrated to have a 6~dB bandwidth
exceeding 500 kHz, as illustrated in (Jayaraman, V., Cole, G. D)., Robertson, M. ef a4/,
“High-sweep-rate 1310 nm MEMS-VCSEL with 150 nm continuous tuning range,”
Electronics Letters, 48(14), 867-9 (20123, As described below, the bandwidth of'a
MEMS-actuator can be extended to »1 MHz. The presence of such g wide bandwidth
enables repetitively swept operation at a range of frequencies from DC to >1 MHz. It
also enables non-repetitive wavelength tuning at a variety of scan speeds. The ability to
vary the fundamental tuning frequency of the laser within one laser source makes the
instrument appropriate for a broad range of applications, each of which have a preferred
tuning rate. For example, the measureraent of weak spectroscopic signals could reguire
slow scanning speeds, whereas strong spectroscopic signals could be monitored such that
dynamic temporal effects could be captured. Many applications in SSOCT could also
benefit from variable scan frequency, which enables tradeoff of imaging resolution and
imaging range with imaging speed.

{054 Although MEMS tuning of an airgap is the preferred embodiment of the
present invention, an alternative embediment could tune the airgap through a piczo-
electric actuator, such as described by (US patent 6263002). This configuration 18
iltustrated also in Fig. 11, where the top mirror 1110 is placed on a piezo-clectric actuator

and scparated by an airgap 1120 from the gain region 1130 and the bottom ratrror 1140,
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The first mirror 1110 is moved relative to the gain region 1130 vis piezo-electric control
changing the airgap 1120 tuning region and therefore, the lasing wavelength. In this
structure, the first mirror is attached to a fiber that can deliver pump radiation and collect
jaser radiation. Piezo tuning can also provide several kHz of bandwidth, which is
generally less than the bandwidth of MEMS tuning, but piczo tuning can produce larger
atrgap chavges, and can be bi~directional. It 15 also possible to obtain bi~directional
tuning in a MEMS device through a 3-terminal device. In yet another embodiment, piezo
and MEMS tuning can both be used to provide a combination of a slower, large stroke
tuning mechanism, and a faster, small stroke tuning mechanism. These tuning
mechanisms can be combined further with other tuning mechanisms such as carrier
injection tuning in semiconductors.

[855] The tuning region can be driven with a variety of waveforms, to generate
various wavelength trajectories vs. time out of the short~cavity laser for a variety of
applications. For example, the tuning region can be driven with a repetitive waveform
having a fundaroental frequency, generating a pertodic variation of wavelength vs. tiroe
for applications such as swept source optical coherence tomography (SSOCT). The
periodic wavetorm could be sinusoidal in shape, or an arbitrary waveform construcied to
generate a linearized wavelength sweep vs. time or any wavelength trajectory with time.
The response of the tuning region may be non-linear with respect to the apphed
waveform. A classic example is MEMS, in which the movement of an electrostatically
actuated membrane varies as the square of applied voltage. In this case, creating a linear
mavement requires pre-distorting the applied waveform to account for the non-linear
response of the MEMS actuator. The generation of arbitrary waveforms to linearize
MEMS response is well-knowu to those skilled 1o the art of driving MEMS devices, but
the principle of lincarization can be applied to other tuning mechanisms as well,

[056] The waveform applied to the tuming region is usually a variation i applicd
voltage or current vs. time, depending on the exact nature of the tuning region and

mechanism of tuning, whether it be changing s physical path length or changing a
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refractive index of a semiconductor or hiquid crystal, as some representative exarmples.
By way of example, use of a MEMS based tuning element with its very low mass reduces
the power required to sweep the laser wavelength in both a continuous sweep as well as
in a non-continuous sweep. The use of a MEMS tuniung element would require a drive
voltage with very little current drawn.

{057} In addition to repetitive wavelength sweeping, the tuning region can be
driven by a non-repetitive waveform, in response to an external trigger, or by any
repetitive or non~repetitive arbirary waveform. Exawmples of this are i transicut
spectroscopy, where it is advantageous to measure the transmission, absorption, or
reflection spectrum of a material shortly after an event, such as an explosion, chemical
reaction, or a biological event. Non-repetitive scanning would also facilitate new modes
of aperation whereby a nurnber of narrow regions of interest separated by large regions of
no interest could be interrogated with the laser in an optimized manner. One example is a
series of slow scans across narrow spectroscopic features that are separated by large
regions wherein the large regions are scanned at high speed. In the preferred case of
MEMS tuning, many new operating modes are made possible by the extremely low mass
of the tuning clernent that allows for rapid acceleration and deceleration of the laser
tuning speed.

[O58] With respect to scanning 1o response to an external trigger, the advantages
of'a MEMS mmplementation of the present invention are illuminated by a comparison
with the commercially available Thorlabs modet SL1325-P16 swept source laser (which
is not a short-cavity laser). This prior art laser utilizes a resonantly scanned optical
grating measuring over 10 mm” as the funing element, causing slow response time
relative to a low mass MEMS element in the present invention. In an embodiment
according to the present invention the very low mass of the tuning element allows greater
flexibility in the operating pararccters, such as how quickly the laser can respond to an

external event, as well as the wavelength region over which the laser is tuned as a result
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of an extornal cvent. This flexibility provides new modes of operation when it 18
desirable to synchronize the operation of the laser with external events.

[059] Having the laser tune across a widely adaptable tuning profile allows the
performance of the laser to be adjusted to meet the demands of many applications. By
way of cxanmple, in onc application it would be desirable to scan the wavelength of the
faser lincarly tn fime if the laser is being used to measure the wavelength dependence of
an optical element, in other applications would be desirable to scan the laser linearly in
optical frequency wheun the laser is being employed to make measureraents that are best
made with samples equally spaced in frequency, sach as is the case in Optical Coherence
Tomography.

! Spectroscopy provides another example of the utility of a highly flexible
tuning profile. In roany spectroscopic applications, it is necessary to measure multiple
unequally spaced and variable Inewidth lines across a range of wavelengths.
Maximizing overall signal to noise ratio requires slower scan speeds in information rich
(e.g. many narrow lines) regions of the spectrum and faster scan speeds 1o regions of the
spectrum with less or no information.  Fig. 4 shows an exaniple of a water vapor
absorption spectrum in the 1330-13635 mm range.

(861} For many applications, such as those described above, the tuning region of
the tunable short-cavity laser according the present region can be driven open loop—that
is, without position or wavelength feedback. In other applications where wavelength
stability is more important, however, feedback control can be employed. This can be
advantageous in static operation, when the wavelength is locked to a particular atomic
absorption line or other atomic reference. Alternately, the wavelength can be first locked
to an atomic reference and then offset from this reference using another element to
measure the offset distance, such as a Fabry-Perot or Mach-Zehnder interferometer
having a known fringe spacing.  Closed loop control can also be advantageous in

dynamic operation.
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{862} Fig. 6 shows a preferred embodiment of closed loop control according to
the present invention. As shown, a portion of the light emitted from the tunable short-
cavity laser 15 split to a wavelength-sensing element 610, which can comprise clements
such as a prism, grating, optical filter, or optical interferometer. In the case of a
dispersive clement like a prism or a grating, a position-sensing clement like a detector
array would be combined with the dispersive elemeut to detect diffracted or vefracted
angle and infer wavelength offset from the desired position and feed this error signal to
the tuning drive waveform 620. Ifthe application doesn’t require a specific wavelength
but just that a fixed wavelength, or a series of fixed wavelengths be delivered, then the
wavelength dispersing eleraent and the position sensing clement could be used without
calibration of the dispersing element. In the case of an optical filter, the transmission or
reflection of the filter as measured by an optical detector would be used to determine
wavelength offset {rom a desired lock position and feed an error signal back to the tuning
region drive waveform. Dynamic closed loop operation can be obtained by scanning the
error sigoal, as has been shown in prior art lasers, such as Figure 1 of (Roos, P. A,
Retbel, R. R., Berg, T. ez af., “Ultrabroadband optical chirp linearization for precision
metrology applications,” Optics Letters, 34(23), 3692-3694 (2009).) Closed loop control
is particularly useful when driving a tuning region at speeds well below a natural
resonance, which may create variabilitics. For example, 8 MEMS actuator with a 500
kHz resonance driven at 100 kiHz may be prone to variability and may have much more
well-behaved tuning with closed loop control.

{863} Fig. 7 illustrates several details of a preferred implementation of a short-
cavity laser constructed to operate at 1310 nm according to an embodiment of the present
mvention, and Figs. 9 and 10 deronstrate several additional performance features of the
implementation of Fig. 7. Fig. 7 illustrates a semiconductor laser constructed as a
vertical cavity surface comitting laser (VUSEL), which 1s a subsct of vertical cavity lasers
{(VCL). A VCL can emit either downward or upward, and VUSELSs emit upward,

¥l

meaming 1n the direction opposite the substrate. The VUSEL of Fig. 7 craploys two
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distributed Bragg reflector (DBR) murrors 710, 720 comprising alternating quarter wave
fayers of low and high refractive index material. The DBR is preferred for both mirrors,
although a high contrast grating as uscd by prior art lasers can also be employed, as
described in for example {Chase, C., Rao, Y., Hofmann, W. er o/., “1550 om high
contrast grating VUSEL,” Optics Express, 18(15), 15461-15466 (2010)).

{864] The bottom mtrror 710 of Fig. 7, corresponding to the second mirror 140
of Fig. 1, 1s comprised of alternating quarter wave layers of GaAs and Aluminum oxide
{(AxOy). This type of rowreor 1s formed by lateral oxidation of an epitaxially grown stack
of GaAs/AlAs, as described in (MacDougal, M. H., Dapkus, P. D, Bond, A. E. ef o/,
“Diesign and fabrication of VOSELs with Al xO y-GaAs DBRs,” IEEE Journal of
Selected Topics in Quantum Electronics, 3(33, 905-915615 (1997)). The GaAs/AlxOy
mitror has a large reflectivity and wide bandwidth with a smaall number of mirror periods.
The preferred number of mirror periods for the back murror, when light is coupled out the
top mirror as in Fig. 7, 18 six or seven periods, creating a theoretical lossless reflectivity
of >09.9%. Other implernentations of this mirror could use AlGaAs/AlxOy, where the
aluminum content of the AlGaAs is less than about 92%, so that it does not oxidize
appreciably during lateral oxidation of the AlAs to form AlkOy. Use of AlGaAs fnstead
of GaAs for the low index material is advantageous for increasing the bandgap of the
fow-index raaterial to make it non-absorbing at the lasing wavelength or at the pump
wavelength if the laser is optically pumped.

{3651 The top suspended mirror 720 of Fig. 7, corresponding to the first mirror
130 of Fig. 1, 1s comprised of alternating low and bigh refractive index depostted
materials, such as for example Si0; and Ta,0s. Other deposited materials could be used
as well, including but not Himited to the list consisting of TiG,, HfO,, 8, Ag, Al, Ay,
Zn8, ZnSe, CdF,, AlLF;s, and TUdS. These materials can be deposited by electron beam
evaporation, 10n boam sputtering, plasma-assisted deposition, or other mcans well-known
to those skiffed in the art. For the example, in case of a 10 period 5102/ Ta;(s period

mrror having refractive indiecs of 1.46/2.07 respectively, centered in a range of about

~ 1% -
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700 nm to about 1600 nm, the theoretical lossless reflectivity exceeds 99.5% over a range
of at least 10% of the center wavelength, as can be calculated by those skilled in the art of
mirror design,

[866] The implementation of Fig. 7 uses MEMS actuation to control the
thickness of an atrgap tuning region to control the cutput wavelength of the device n the
range of 1310 nm. Application of a voltage between the actuator contacts 730, 740
shown contracts the airgap and tunes the laser to shorter wavelengths. The MEMS
structure shown consists of a rigid supporting structure 750 and a suspended deformable
dielectric membrane 760, on which is the suspended top mirror 728. The top of the
diclectric membrane 760 1s metallized to enable electrostatic force to be applied by the
actuator contacts 730, 740, The membrane itself is transparent, runs underneath and is
intcgral with the suspended mirror, and contributes constructively to the reflectivity of
the suspended mitror. Ideally the membrane thickness is an odd number of quarter
wavelengths at the center wavelength of the emitted tuned radiation. For many
wavelengths of interest, such as i the 600-2500 vro range, the ideal thickuess is about %
wavelength.

(867} In the preferred ernbodiment, the diclectric membrane is silicon nitride,
which is a robust material, which can be stress-enginecred to create the desired frequency
response. Ideslly the silicon nitride has g tensile stress in the range or about 100 to about
1000 MPa. This range of stress leads to a lowest order resonant frequency of the MEMS
actuator, described helow, that 1s substantially increased by the stress. Although tensile
stress 1s preferred, compressive can also be emploved, though it is less preferred, since it
feads to bowing of the membrane after MEMS release. Other authors have made
advantageous use of this bowing to create a half-symmetric cavity, as described for
example in (Matsui, Y., Vakhshoori, B, Peidong, W. er af,, “Complets polarization mode
conirol of long-wavclength tunable vertical-cavity surface-cmitting lasers over 65-nrn
tuning, up to 14-mW output power,” IEEE Journal of Quantum Electronics, 3%{9), 1037~

10481048 (2003)).
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[368] The representative preferred embodiment 1s shown in Fig. 7 1s configured
to operate at 1310 nm. This configuration thersfore uses an InP-based mudti-quantum
well (MQW) region comprising at least one quantum well in the gain region. Since the
bottom fully oxidized GaAs/ALOy mirror is grown on (GaAs instead of InP, the InP-based
MQW region must be joined to the GaAs-based fully oxidized myror through a wafer
bonding process, as described in fixed wavelength 1310 nm VUSELs such as in
(Jayaraman, V., Mchta, M, Jackson, A. W. et ¢/, “High-power 1320-nm wafer-bonded
VCSELs with tunnel junctions,” IEEE Photonics Technology Letters, 15(11), 1495-
14971497 (2003)). The multi-quantum well region is preferably comprised of multiple
compressively strained AllnGaAs quantum wells, with strain in a range of 1-1.5%. In
another embodiment, it is possible to use a GaInNAs quantum well that can emit around
1310 nm and can be grown on GaAs, climinating the need for wafer bonding, The
AllnGaAs quantum well is however higher gain and more wavelength flexible, and 13
therefore preferred.

[369] Figs. 25 and 26 illustrate the major steps of 4 {abrication sequence used {o
fabricate the preferred implementation of the 1310 nm tunable short cavity laser in Fig. 7.
Processing of devices in g wavelength range of 630-2300 nrn can proceed in a sivatlar
fashion, with the except that GaAs-based devices do not require the first wafer bonding
step shown in Fig. 25, since mirror and gain region can be opitaxially grown in one step.
As shown in Fig. 23, at 1310 nm, or at any wavelength emploving an active region grown
on InP, the first step 2510 invelves wafer bonding of the MQW region epitaxially grown
on an InP substrate to a GaAs/AlAs mirror structure epitaxially grown on a GaAs
substrate. This process can be accomplished throught the application of pressure and
about S70C tevaperature for about 15 minutes, as has been described in greater detail by
prior art researchers in (Black, A., Hawkins, A. R., Margalit, N. M. et ¢f., “Wafer fusion:
Materials issues and device results,” IEEE Journal of Sclected Topics in Quantum
Electronics, 3(3), 943-931 {1997}, The MOQW and the mirror structure are joined at a

wafer-bonded mterface. After bonding, the [nP substrate 1s removed m & sccond step
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2520 using an HCL-based ctch stopping on an InGaAs stop etch layer. A sulfuric acid
based etch then removes the stop-etch layer.

(878} In athird scries of steps 2530, the bottorm MEMS contact, which i
preferably terminated with titanium to promote adhesion of germanium in a subsequent
step, and anti-retlection coating are depostted and patterned, and holes are ctched for
oxidation of the GaAs/AlAs muror structure. Oxidation converts the AlAs to ALOy to
create a highly reflecting mirror with six or severn periods. After mirror oxidation, a
germaniura sacrifical layer s deposited in a fourth step 2540, and the germantum s
structured to have a curved surface in the region of light osciliation. This curved surface
is created by a photoresist reflow and pattern transfer process, using an oxygen-rich
CFy/O, inductively coupled plasma eich process. Fig. 26 illustrates how in a 5 series of
steps 2550, the silicon nitride membrane layer, top actuator contact, and top suspended
murror are deposited and patterned on the gerroanium sacrificial layer. The top contact
layer 1y preferably aluminum.

[071] Ina 6™ serics of steps 2560, the germaniurn sacrificial layer is released
using Xenon Diflouride (XeF;) gas to create a suspended structure with a rigid
germaniur support structure at the edges. Prior to the gerraanium release, wire bond
pads, shown in Fig. 7 connecting with the top and bottom actuator metal, are deposited t©
complete processing before release. Processing after release s generally not advisable, as
it can lead to collapse of the actuator. In many cases, it is preferable to dice and wire
bond devices to a submount for packaging, prior to releasing the germanium membrane.

{872} The design of the gatn region in the preferred embodiment of Fig. 7 is
important for device performance.  In the case where the structure is optically pumped,
the quanturs wells can be aligned with peaks of au optical standing wave to enhance gain
through the well-known periodic gain effect, described in the prior art by (Corzine, 5. W,
Geels, R, 5., Scott, J. W. ef ¢/, "DESIGN OF FABRY-PEROT SURFACE-EMITTING
LASERS WITH A PERIODIC GAIN STRUCTURE,” IEEE Journal of Quantum
Electronics, 25(6), 1513-1524 (1989)). One further advantage of periodic gain is that the
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wide spacing between quantum wells prevents strain accumulation and reduces the need
for strain compensation. The tdeal pump wavelength for the 1310 sm tunable VCSEL
shown 18 in 3 range of about 850-1050 nm. In an optically pumped structure, three
guantum wells can be placed on three separated standing wave peaks, and the region
between them can be made of AllnGaAs substantially latticc-matched to InP, and of 2
composition that absorbs icoming pump radiation. Thus the gan region is sepatated
from the absorbing regions, and photo-generated carriers in the absorbing regions diffuse
into gain region. Alternately, the FSR of the structure can be increased by placing three
quantum wells at a single standing wave peak. In this case, strain compensation of the
compressively strained AllnGaAs wells with tensilely strained AllnGaAs may be
required. This creates a thinner absorbing region, since absorption may occur only in the
guantum wells. Such a structure will require more pump power in an optically pumpe
device, but will provide wider tuuning range. One implementation of Fig. 7 using three
quantum wells on a single standing wave peak enabled a structure with 161 nm FSR near
1310 uro, representing 12.3% of the center wavelength, as shown in the tuning results of
Fig. 9. Continuous single-mode tuning range with this device was 150 nm, as also shown
in Fig. 9 and discussed more below, Fig. 9 shows the static and dynamic tuning response
of an ultra-widely tunable MEMS-VUSELs. The long-wavelength spectrum 910 at 1372
nro exhibits a corapleting mode at 1211 nm, illustrating the 161 nm FSR of the cavity,
The curve 920 represents the time-averaged spectrum uner sinusoidal sweeping at 500
kHz. Both the static and dynamic response demomstrate continuous single-transvers and
longitudinal mode lasing operation over a 158 nm span. FSR in the range of 140-170 nm
for 1310 nra devices provides device tuning that is exceptionally well sutted for swept
source optical coherence tormography systems, A large FSR is desirable not only as a
means to increase the tuning range of the faser but also as a means to reduce the duty
factor of the laser such that additional tuning profiles from other tunable short-cavity
jasers can be added as described later. For example, tf the gain bandwidth of the laser is

restricted t0<50% of the FSR, and the entire FSR 15 swept, then the laser automatically
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turns off for more than half the sweep, leaving room to interleave a sweep from another
faser, or a time-delayed copy of the sweep, as described in for example (Klein, T,
Wieser, W., Eigenwillig, C. M, ef al., “Megaheriz OCT for ultrawide-field retinal
imaging with a 1050om Fourier domain mode locked laser,” Optics Express, 19(4), 3044-
30623062 (201 1)).

{6737 When it is desirable to maintain lasing over a very wide tuning range
(>10% of center wavelength), it 1s advantageous to broaden the gain of the quantum wells
by jucluding a second confined guantura state in the well by using wider quanturs wells
as described in (US patent 7671997). We note that the wide FSR structure producing the
results of Fig. 9 employed can be characterized by the number of maxima in the optical
standing wave formed between the mirvors during lasing operation. The results of Fig. 9
were praduced by a structure with five standing wave maxima i the cavity between the
bottom murror and the suspended mirror. Futher reduction of cavity thickness to below
five standing wave maxima can lead to larger FSR approaching 200 nm for a 1310 nm
device. Fig. 8 shows the variation of refractive index vs. depth along the axis of laser
oscillation for an example 1310 nm design with four standing wave maxima between the
two mirrors, The periodic structure at the left of Fig. § represents the fully oxdized
mirror and the periodic structure at the right of Fig. 8 represents the suspended dieiectric
mirror including the thicker first layer which is the silicon nitride membrane. The MQW
gain region and airgap tuning region between the mirrors are also indicated in Fig. 8.

[374] The featurcs described in the preceding paragraph apply not only to
VCSELs in the 1310 uw range but similar principles can be applied across the 1158-2500
nm wavelength range, which can use an InP-based gain region in conjunction with a
GaAs-based rutrror region, The 1200-1400 nru range 1s particularly important for wany
swept source optical coherence tomography applications, such as endoscopic
applications, vascular imaging, and cancer maging. The 1860-2500 nm rangce is
important for gas spectroscopy. This latter range preforably uses compressively sirained

inGaAs quanturn wells on fndiurn Phosphide substrates,
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[B75] Fig. 23 illustrates another MEMS-tunable VCSEL like that of Fig. 7 but
instead configured to operate in a wavelength range around 1060 nm. Like the 1310 nm
VCBEL, this device employs a fully oxidized AlGaAs/ALD, mirror 2310 as the bottom
mirror. The aluminum content in the AlGaAs layvers of this bottom mirror is preferably
>10%, to prevent absorption of the pump beam in the optically pumped structure, which
wdeally has a pump wavelength around 850 nm. In this case, no wafer bonding 1s
required, since the compressively strained InGaAs quanturm wells in the gain region can
be epitaxially grown on the same GaAs substrate as the fully oxidized wurror. A now-
wafer-bonded structure like Fig. 23 can be configured with other quantum well
compositions to access a range of wavelengths in a range from about 600 nm to about
1150 mm. Besides InGaAs, these include but are not Himited to AllnGaP, AlInGaAs,
InGaAsP, InGaP, AlGaAs, and GaAs. GaAs quantum wolls would be used in about the
800-870 vm range, AlGaAs wells in about the 730-800 nm range, AllnGaP and InGaP v
about the 600-730 nm range, and InGaAsP or AllnGaAs as alternative materials in about
the 800-900um range. The wavelength range of 700-1100 nm is of particular 1nterest in
SSOCT ophthalmic imaging and also oxygen sensing, and the range of about 990-1110
nm 1s of greatest interest for ophthalraology.

{6761 Asinthe case of the 1310 nm structures, periodic gain can be employed in
the structure of Fig. 23. In the 990-1110 nm range, it 18 advantageous to use a periodic
gain structure with three InGGaAs quantam wells 2320 at three standing wave peaks in the
cavity, separated by GaAs barriers which absorb the pump radiation and generate
electrons and holes which diffuse into the quantur wells, Typical quantura well widths
are 6-12 nm and typical Indium percentage is about 20%. Quantum well widths greater
than about 8 nim lead to a secoud confined quantura state and broadened gain. A
structure using this approach generated the tuning resuits shown in Fig. 24, illustrating a
tuning range of 100 nm around 1060 nm. The FSR of this structure 18 around 100 nm or
about 9.4% of the conter wavelength., FSR can be increased to >10% as in the 1310 nm

structurc by placing all quanturn wells on a single standing wave peak or by placing four
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quanturn wells on two standing wave peaks. In these latter cases, strain compensation of
the InGaAs with tensile-strained GaAsP, as described in the prior art on fixed wavelength
VCSELs (Hatskevama, H., Anan, T., Akagawa, T. ¢f al., “Highly Religble High-Speed
1 B m-Range VOSELs With InGaAs/GaAsP-MOWs,” IEEE Journal of Quantum
Electronics, 46(6}, 890-897 (2010)) can be emploved.

{8771 Both the structure of Fig. 7 and that of Fig. 24 achicve a tuniug range that
is >90% of the FSR of the device, as shown in the associated results of Figs. 9 and 24
respectively. Also shown in Figs. 9 and 24 1s a suppression of transverse modes,
manifesting themaelves as a shoulder 1-3 nm away from the main peak, which is
generally >40 dB below the main peak.  In an optically puraped structure employing a
single transverse mode purp beam, the transverse mode suppression can be increased to
>45 dB across the tuning range if the pump beam is well-aligned along the optical axis of
the half~symmetric cavity of Fig. 1.

{678] The specific implementation of the embodiments in Figs. 7,9, 23, 24
employs materials and wavelength ranges associated with GaAs and InP substrates.
Other materials could be used to implement some embodiments of the present invention.
For example, tunable emission in about the 2000-2500 nm mid-infrared range could be
obtained using materials on GaSh substrates, as prior art researchers have done with fixed
wavelength VCSELs in (Kashani-Shirazi, K., Bachmann, A, Bochm, G. er ¢/, “MBE
growth of active regions for electrically pumped, cw-operating GaSb-based VCSELs,”
Journal of Crystal Growth, 311{7), 1908-1911 (2009)). Alternately, a tunable short-
cavity laser according to an embodiment of the present invention operating in the 400-
550 nm range could be realized using materials grown on GalN substrates as described by
researchers making fixed wavelength VCSELs (Higuchi, Y., Omae, K., Matsumoura, H. ef
al., “Room-Temperature CW Lasing of a GaN-Based Vertical-Cavity Surface-Emitting
Laser by Current Injection,” Apphed Physics Express, 1(12), (2008)). Implementation of
cembodiments of the present invention in the visible range of 400-700 nm range has

application in optical metrology tools and biological and medical spectroscopy.
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{679} Onc preferred cmbodiment for all the wavelength ranges indicated above
is an optically pumped embodiment in which an optical pump supplies energy for lasing,
as in many examples already discussed. For operation in the 550-700 nm range, the
optical pump wavelength is preferably in a range of about 400 nm to about 680 nm. For
operation in the 700-1100 nm range, the preferred pump wavelength is in a range of
about 600-1000 v, For operation in the 1200-1400 nm range, the preferred pump
wavelength 18 in a range of about 700-1200 nm. For operation in the 1800-2500 nm
range, the preferred pump wavelength 1s 1o a range of about 1000-2000 nra. We note that
it is often advantageous to pump through the top mirror, as indicated in the 1050 nm
MEMS-VCSEL of Fig. 24. Side puraping around the mirror is also possible, but
pumping through the top mirror leads to a more compact package. In this case the top
mitror needs to have miniroal reflectivity at the pump wavelength. Fig. 14 illustrates an
exarnple top mirror designed reflectivity for a tunable short-cavity laser configured to
emit in the range of 1200-1400 nm, with an optical pump at 1050 nm. As shown in Fig.
14, the top vatrror can be made to have ruioimal reflectivity 1410 at the purop wavelength
at 1050 nm, while having high reflectivity 1420 at the desired 1200-1400 nm emission
wavelength range.

{688} Although the above has been primarily described with respect to optically
purmnped devices, transition from optical puraping to electrical pumping can use well-
known processing methods for vertical cavity lasers. An example clectrically pumiped
structure according to an embodiment of the present invention is itlustrated by Fig. 27,
which is a MEMS-tunable VCSEL with GaAs-based MOW gain region 2710 and a fully
oxidized mirror, as in the 1060 nm example of Fig. 24. As shown in Fig. 27, the bottom
MEMS contact 2740 alse functions as the top laser diode contact. In the optically
pumped structure, the confinement of optical carriers is accomplished by the Hmited
lateral extent of the optical pump beam, while 1 an clectrically pumped structure a
current aperture 2720 must be provided. This aperture 2720 s usually provided by

another partially oxidized layer above the fully oxidized mirror, as shown in Fig. 27. The
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current aperture could also be provided by g patterned and buried tunnel junction, as has
been employed by other researchers.  In both cases, care must be taken to engineer the
spreading resistance to avoid current crowding, as has been described by prior art
researchers in fixed wavelength VOSELs (Scoft, 1 W, Geels, R, 8., Corzine, 5. W. er ¢l
“"MODELING TEMPERATURE EFFECTS AND SPATIAL HOLE-BURNING TO
OPTIMIZE VERTICAL-CAVITY SURFACE-EMITTING LASER PERFORMANCE,”
IEEF Jowrnal of Quantum Electronics, 29(5), 12951308 (19931

[B81] Asshownin Fig. 27, the combination of fraplant passivation 2730 and
oxide current aperturing 2720 enables electrical pumping of the structure. Current
conduction proceeds from the middle MEMS contact 2740 through the current aperture
2720, and around the fully oxidized region of the bottom mirror to a backside substrate
comtact 2750, Carrier recombination in the MQW region, which is preferably comprised
of three strain-coropensated InGaAs/GaAsP quantum wells, produces gain for lasing.

{082} For many applications of interest, it is desirable to control the spectral
shape of the output power spectrum emerging from the tunable short cavity laser. This
output power shaping can be accomplished in a variety of ways. One method is by
controlling the shape of the top mirror reflectivity spectrum. Generally, regions of lower
reflectivity allow more light out of the optical cavity, while regions of higher reflectivity
allow less light out of the optical cavity. Thus, one can define a target spectral shape or
power variation across the wavelength range, and adjust a shape of the mirror reflectivity
achicve this spectrum. A target power variation might be a Gaussian shape. Fig. 22
iltustrates examples of several spectral shapes that have been achieved 1o the MEMS-
VCSEL implementation of Fig. 7, by adjusting the reflectivity spectrum of the suspended
top mirror. These spectra range from power peaked at both edges, power peaked at the
blue edge, and power peaked at the red edge. Additional spectral shapes can be achieved
by the same method.

{6831 Another way of changing the spectral shape 18 to control the pump energy

mto the gain region dynamically during wavelength tuning. In the case of an optically
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purmped device, this can be controlling the pump encrgy into the device, and in the case
of an electrically pumped device the drive current would be controlled. Shaping of the
pump encrgy can also wmprove thermal manageraent of the device.

{684} For the particular embodiment that uses a MEMS actuator, further details
of the MEMS actuator design can be implemented to enhance the device performance.
As mentioned above, the deformable diclectric merabrane is preferably made of silicoun
nitride, and a tensile stress of 100-1000 MPa is preferred to give a substantially increased
resonant frequency relative to a vo-siress design, and to rainumize bowing of the
membrane upon release. By resonant frequency, we are referring to the lowest order
mechanical mode of the device, which corresponds to the desired “piston” motion of the
actuator. This is an important parameter of the device performance. One preferred
actuator geometry is a central plate with suppeorting arms, as shown in Fig. 7, Fig. 12,
and Fig. 23. Imporiant parameters of this particular geometry are the actuator diameter,
central plate diameter, arm width, and suspended mirror diameter, as shown in Fig. 23.
Using an actuator diarneter of about 220 pm, between four and eight supporting arms, an
actuator arm width of about 16 pm, a suspended mirror diameter of about 34 um, 2
suspended mirror comprised of about 11 periods of 510,/T4,05 centered at 1310 nm, a
central plate diameter varying from about 50 um to about 110 um, and a % wavelength
stiicon nitride roembrane with stress in g range of about 200 MPa to about 450 MPa, it is
possible to obtain a variety of frequency responses represented by the sampling of Fig.
10. Fig. 12 shows pictures of a sampling of actuator geometries resulting in the
frequency responses of Fig. 10, In Fig. 12, top-view pictures of several MEMS tanable
VCSEL structures having four or eight supporting struts 1210, Fig. 10 shows the tuning
of a MEMS-VCSEL wavelength as a function of drive frequency applied to the MEMS-
actnated airgap funing mechanism. As shown, the resonant frequencies are in a range of
about 200 kHz to about 500 kHz, and the 6 dB bandwidths of the fastest devices are

approaching 1 MHz,
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[B85] Also shown is g variation in the darnping of the actuator, manifested by
varying amounts of peaking at resonance. The damping is primarily caused by squeeze-
filra damping, which represents interaction with viscous air. As the actuator arca 18
increased or the airgap is reduced, the squeeze-film damping goes up, flattening the
frequency response. A flat wide frequency response is desirable for variable speed drive,
and for lincarization of drive through multiple barmouics. Though damping through
squeezed film cffects is demonsirated in Fig. 10 in a MEMS device, similar effects can be
seen 1u other atrgap tuned devices such as piezo-driven devices. In geveral, it is possible
to control the damping of the MEMS actuator through a variety of methods, including
changing the actuator arca or shape to change interaction with viscous air, changing the
background gas composition or gas preasure, which further changes the contribution of
squecze-film damping, changing the airgap thickness, and changing the size of holes or
perforations iu the actuator (o change the regime of fluid Bow through the holes from a
turbulent to a non-turbulent regime. Additionally, annealing the actuator can change the
stress of various materials in the actuator, which will have an effect on damping,

{386} The frequency responscs represented by Fig. 10 are representative and not
Hmiting. The resonance frequency can be increased by stiffening the raembrane through
increased tensile stress, increased thickness {for exampic 5/4 wavelength), reduced
suspended mirror diameter and thickness, or shortened arms, such that 6-dB bandwidths
in excess of 2 MHz can be achieved, as can be calculated by those skilied in the art of
finite element modeling. Similarly, resonant frequency can be decreased well below 100
kHz by changing the sarae pararseters in the opposite direction. We also note that other
geometries are possible, such as a spiral arm geometry, which reduces resonant
frequency, or a perforated mermbrane without clearly delineated supporting struds,
Referring to Fig. 12, if the diameter of the central plate 1220 is expanded to the outer ring
1230 actuater diameter, and perforations are added, we achicve a perforated membrane

without clearly delineated supporting struts,
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{687} The silicon nitride membrane discussed sbove s highly insulating, and
may therefore be prone to charging and electrostatic drift. Introducing a small amount of
electrical conductivity in the merabrane can reduce the propensity to charging, For
sificon nitride, this elecirical conductivity can be introduced by using & non-
stoichiometric silicon-rich film, or by doping the silicon nitride film with silicon.

{688] The toning results presented in Figs. 9 and 24 ndicate the voltages
required to tune the device, noted alongside the spectra. These voltages range up o about
65 V for full tuning over on FSR, corresponding to a membrane deflection of about half
the center wavelength or about 650 nm for 1310 nm devices and 525 nm for 1050 nm
devices. These voltages arc associated with the MEMS actuator dirnensions and silicon
nitride stress levels indicated above, and with reference to Figs. 10 and 12, along with a
nominal zero-voltage airgap in the range of about 1.6 um.

[689] Woe also note that faster tuning moechanisms than mechanical contraction
or expansion of an airgap can be employed such as carrier injection tuning in
sermconductors, which can be in the GHz range. This mechanism, however, is typically
limited to about a 1% change in optical path length, so is not suitable for large tuning
ranges.

{698} A number of additional structural and performance features of an
cembodiment of the present invention can be understood with further reference to Figs. |
and 2. For many applications, it is desirable to have the intensity vs. wavelength profile,
shown in Fig. 2, to be free of periodic variation. The present disclosure describes a short-
cavity tunable laser with a ripple that is less than about 1% of an average power. The
term “ripple” is commonly used to describe these variations. Depending on the spectral
period of this vpple, and depending on the application, it may have varving degrees of
adverse effect. For example, in a swept source OCT (SSOCT) system, ripple of a
particular spectral period having an amplitude of 1% or more relative to an average
power can manifest ttself as a spurious reflector at an apparent distance in an SSOCT

image. Ripple is typicaily caused by spurious reflections outside the laser cavity, These
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reflections can corae from coupling lenses or other optical clements in the optical system,
or they can come from substrate reflections in a vertical cavity laser. For example, in the
laser of Fig. 7, reflections coming from below the sccond mirror, such as from the bottom
of the GaAs substrate 770 on which this device is disposed, can cause ripple. The
substrate reflection amplitude can be suppressed by various means, including but not
Himited to increasing the reflectivity of the second mrror, iutroducing loss through
dopants in the substrate, increasing substrate thickness, or roughening the backside of the
subsirate to increase scattering. An optimal grit for substrate roughening o tncrease
scattering is a grit size >30 pm in the range of 900-1400 nm tunable emission. In
addition, use of a fully oxidized bottom mirror having 7 or more periods, which has a
theoretical lossless reflectivity of >99.5%, can suppress ripple to <1% levels.

{691} Another important perforrnance feature of an embodiment of the present
invention is operation in a fixed polarization state throughout a tuning range of the
wavelength swept emission. Semiconductor lasers in which lasing emission occurs
perpendicular to the plane of & strained quanturo well, such as vertical cavity lasers, have
no natural preferred polarization unless some non-symmetry is introduced into the cavity.
Operation in g single polarization state is important if operating with any pelarization-
sensitive components in the optical system, such as polarization-selective optical
amplificrs. Such systems may also eraoploy the polarization stable device according to an
embodiment of the present invention in combination with polarization maintaining fiber.
Polarization switching over the emission wavelength range can cause power dropouis or
image artifacts in an SS-OCT system, and comprorise dynamic coherence length.
Having a well-defined polarization state would also allow a laser system to be
coustructed that requires aliernating polarization states.

{3921 Operation in a single polarization state throughout a tuning range of the
device can be accomplished 1n & variety of ways., One way 18 o mtroduce one or more
nanowires integral with the optical cavity of the device. With respect to Fig. 7, this

nanowire can be disposed on top of the MOW gain region 780 adjacent the tunable
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airgap, in the center of the optical path. Alternatively it could be placed on top of the
suspended mirror. A nanowire is an element which can cause polarization-dependent
scattering or absorption of light. Typical dimensions might be 50 nr wide, several
microns long, and 10 nm thick., The nanowire might be constructed of metal or may
stmply be a refractive index perturbation. Typically light polarized along the long
direction ot the nanowire interacts with a differcut strength than that polarized
perpendicular to the nanowire. Since laser cavitics require small amounts of loss
anisotropy for mode selection, a single wira~-cavity nanowire is sufficient to suppress one
polarization while maintaining low loss in another polarization. The loss in different
polarizations for a nanowire can be calculated by known means to those skilled in the art
as described for example in (Wang, | J., Zhang, W, Deng, X. G. er ol “High-
performance nanowire-grid polarizers,” Optics Letters, 30(2), 195-197 (2005)). Having a
grid of nanowires creates greater loss anisotropy, but also increases loss for the preferred
polarization. So in for example a VCSEL cavity, excess loss introduced in the preferred
polanization should be <0.1%. This suggests one or a very small number of nanowires.
In the case of' a VCSEL or VCL, ideally the nanowire should be aligned with the crystal
axes of the semiconductor on which the VOCSEL is disposed. This typically raeans the
{110} direction or perpendicular to the {1107 direction for wafers grown on (108} or near
(100} orientation. The reason for this is that a weak polarization sclection effect exists to
align the VUL polarization along one of the crystal axes, and any further polarization
control method should strive to add to rather than compete with this effect,

16931 Other means of polarization control include infroduction of anisotropic
stress, as in {Matsui, Y., Vakhshoori, I3, Peidong, W. er af., “Complete polarization
mode control of long~-wavelength tunable vertical-cavity surface-emitting lasers over 63-
um funing, up to 14-mW output power,” IEEE Journal of Quantum Electronics, 3%(9),
1037-1048 1048 (2003)), lateral curront injection as described in fixed wavelength
VOSELs (Zheng, Y., Lin, C.-H., and Coldren, L. A., “Control of Polarization Phase

Oftset in Low Threshold Polarization Switching VCSELs,” IEEE Photonics Technology
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Letters, 23(5), 305-307 {2011}, or use of a non-circularly symmetric oxidation process to
create the fully oxidized mirror of Fig. 7, as described with respect to Fig. 13, As shown
in Fig. 13, oxndation 1310 proceeds outward frorn two etched holes 1320, and oxidation
fronts meet along a line shown by the dashed line 1330 in the figure. Along this dashed
linc 15 a 5 nm dip, which forms a refractive index nanowire, which can sclect the VOSEL
polarization. The refractive mdex nanowire of Fig. 13 will be ahgned with the crystal
axes as long as the holes are aligned with the crystal axes.

[694] Further enbancement of polarization contrel can be obtained in wafer-
bonded devices by ensuring that crystal axes of the bonded wafers are aligned during the
bonding process. Since one crystal axis may be slightly preferred over another, aligning
crystal axes during bonding leads to multiphication of this effect, rather than cancellation
of the effects by crossing the alignments.

[695] The tunable short-cavity laser described here can be combined in array
form to generate an aggregate tunable laser source with enhanced optical properties. In
the particular implementation where the laser 1s a MEMS-tunable vertical cavity laser,
the array can be fabricated in monolithic form. One example of such combination of
particular utility in S85-OCT is described with the aid of Fig. 28, As shown in Fig 284, a
first tunable short cavity laser TCSL | and a second tunable short-cavity laser TCSL 2
are raultiplexed on to a coramon optical path, using a beara splitter, fiber coupler or other
know combining element 2810, Fach TCSL is driven to have a bidirectional tuning over
its tuning range, as shown by the solid wavelength trajectory 2820 in Fig. 28C for TCSL
1 and the dashed trajectory 2830 in Fig. 28C for TCSL 2. Each laser is repetitively
scanned at a repetition peried T, but the scan of TCSL 2 is time-delayed relative to that of
TCSL 1 by half the repetition period. o addition, the pump energy 2840, 2850 {either
¢lectrical or optical pump) for cach of the two TCSLs is turned off during the backward
wavclength scan such that only the forward or front of half of the wavelength scan, when
pump energy is non-zero, cmita faser radiation. In some instances, if the FSR is nruch

larger than the gain bandwidth of the supporting raterial, scanning the tuning clement
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beyond the ruaterial gain bandwidth will automatically shut off the laser without having
to turn off the pump energy.

{3961 The wavelength trajectory of the multiplexed output 1s shown 1n Fig. 28D,
comprising components from both TCSL | (solid) 2860 and TCSL 2 (dashed) 2870, and
ilhustrating unidirectional scanning at a new repetition pertod 172 which is half the
original period T of cach TCSL., In this way, the sweep rate has been multiphicd by a
factor of two. The same principle could be applied to N lasers and multiplication of the
sweep rate by a factor of N. The principle of interleaving TCSLs can also be used for
more than multiplying sweep rate, but also for multiplying tuning range, interleaving
different tuning ranges, tuning speeds, or tuning trajoctorics, or a for a variety of other
purposes evident to those skilled in the art of SSOCT, spectroscopy, communications, or
optical detection.

{8971 The tunable short-cavity laser described thus far can be combined with an
optical amplifier to create an amplified tunable source with increased sutput power and
other advantageous properties for imnaging. The amplifier can be a semiconductor
amplifier, & fiber amplifier such as 2 prascodymium-doped fiber amplifier for operation
in a window around 1300 vrn, an Ytterbium-doped amplifier for operation in a window
around 1050 nm , a Fluoride-doped extended bandwidth fiber amplifier near 1050 nm, or
any kind of optical amplifier. The use of an amplifier can also cnable the nterleaving
scheme above, wherein a high extinction ratio optical amplifier can be used to turn on
one source at the appropriate time, instead of turning off the pump energy to that source.

[898] One basic configuration is illustrated n Fig. 15, 1o which a tunable short
cavity laser 1510 according an embodiment of the present invention emits an input
tunable radiation 1520 directed to an input side of the optical amplifier 15330, This input
tunable radiation has an tnput average power, input power spectrum, input wavelength
range, and mput conter wavelength, The amplificr amplifies the input tunable radiation
to generation an output tunable radiation having an output average power, output center

wavelength, output wavelength range, and cutpat power spoctrum,
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[699]  In the preforred embodiment, the amplifier is operated in a saturated
regime, as is well-known to those skilled in the art of optical amplifiers. The saturated
regime can suppress noise fluctuations present in the input tunable radiation, and can also
provide advantageous spectral shaping in which a full-width at half-maximum (FWHM)
of the output tunable radiation can exceed a FWHM of the output tunable radiation. An
example of this is shown in Fig. 21, 1 which the amphfied tunable spectrum 2110 has a
wider FWHM than the input tunable radiation 2120 from the tunable short cavity laser.

[B100] Iv the preferced ervbodimuent the optical amplifier is a semiconductor
quantum well amplifier, which can provide low noise, wide gain-bandwidth, and high
gain. Serniconductor quantum well amplificrs can also provide very high extinction ratio
>40 dB, which can be used as a switch to gate devices on and off as described above.
The quantum well is preferably configured to have two confined quantum states to

support a wider gain bandwidth, Fig. 16 tHustrates aroplified spontaneous emdssion from

AlInGaAs corapressively strained quantum wells, tllustrating a burop 1610 at the shorter
end of the spectrum corresponding to second quantum state widening of the spectrun.
The 3-dB spectral width ot this amplified spontancous emission {ASE) is 110 nm,
suggesting a 3 dB small signal gain bandwidth of similar value.

[3191] The semiconductor optical amplifier can be configured to be polarization
sensitive, by using all compressively strained or tensile-strained quantum wells, or
polarization insensitive by using both types of strain in a single structure to provide gain
at all polarizations.

[8142] In the preferred configuration, the center wavelength of the input tunable
radiation is at & longer wavelength than a center wavelength of amplified spontancous
emission {ASE) emitted by the amplifier. The amplifier ASE is typically blne-shifted
relative to the araplifier gain spectrurs, so this configuration brings the spectrum of input

tunable radiation into more optimal alignment with the amplificr gain spectrum. In
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general, varying the alignment of the amplifier ASE relative to the input power specirum
can provide advantageous speciral shaping.

[{3103] The basic configuration of Fig. 1S can be augmented with various forms
of filtering to create a lower noise amplified swept source. Many swept source laser
application in metrology, spectroscopy, and biophotonics would bencfit from the
suppression of broadband ASE, and an improvement in side mode suppression. The
addition of an additional tunable spectral filter to the system, either internal to the laser
cavity, between the laser and amplifier, or at the output of the system s one means of
providing improved performance in this regard. In one preferred embodiment, the
amplifier shown in Fig. 15 can be a tunable resonant amplificr, such as a vertical cavity
amplifier described by {Cole, G. D, Bjorlin, E. S, Chen, Q. ef ¢/, “MEMS-tunable
vertical-cavity SOAs,” IEEE Journal of Guantum Electronics, 41(3), 390-407 (2005)),
which only amplifies at a narrow band of wavelengths, and is synchronously tuned with
the mput tunable radiation of the tunable short cavity laser, such that the passband of the
amplifier 15 always maiched to the input tunable radiation wavelength.

{63184] A number of other preferred configurations are illustrated by Figs. 17-20.

~
IR

In Fig. 17, a synchronously tuned optical filter 1710, whose passband is aligned at ali
times with the wavelength of the input tunable radiation, is placed after the broadband
optical amplifier 1720 to reduce residual ASE noise and improve a signal to noise ratio of
the amplified tunable radiation. In Fig. 18, the same synchronously tuned optical filter
1810 is placed between the tunable short cavity laser 1830 and the optical amplifier 1820,
to improved a side-mode suppression of the inpat tanable radiation prior to amphification.
[G165] Another configuration is illusirated in Fig. 19, where two amplification
stages 1910, 1920 are used. These can be implement as two separate amplifiers, or as a
single waveguide amplifier with split amplifier contacts. The use of two anmplification
stages 1910, 1920 provides further flexibility in spectral shapmng. For example, the gain
spectrum of the two amplifiers can be shifted relative to cach other, either by biasing

wdentical epitaxial stractures ditferently, or by using different epitaxial structures in the
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two amplifiers. The use of two amplification stages can also create higher gain and
greafer gutput power.

[3106] Fig. 20 illustrates yet another two-stage amplifier configuration in which a
synchronously tuned optical amplifier 2030 is placed between the two amplifier stages
2010, 2020. This will serve to provide an improved signal to noisc ratio of the output
tunable radiation.

{3107] In most cases of practical interest, in optical systems such as SSOCT and
optical spectroscopy, the preferved range of input average powers is about 0.05-2 mW,
resulting in a preferred range of output average powers of about 10-128 mW. The exact
numbers depend on the gain and saturation power of the amplifier, but this range
generally produces amplified tunable radiation with good signal to noise ratio for optical
systerms.

[6108] The basic configuration of the tunable shori-cavity laser in combination
with an amplifier can be realized with semiconductor optical amplifiers employing a
variety of materials appropriate for a variety of wavelength ranges. For example, the
amplifier can operate in the 1200-1400 nm range appropriate for SSOCT and water vapor
spectroscopy. In this range, use of an AlInGaAs or InGaAsP quantum well on InP
produces the required gain. Alternately, the amplifier can operate in about the 800-1100
nra range appropriate for ophthalmic SSOCT, employing at least one corapressively
strained InGaAs quantum weil.

[{3109] The tunable short cavity laser described in this disclosure has utility in a
large number of optical systems, sowe of which have beeo briefly alluded to u the
preceding description. A fow representative examples of those systems are herein now
described. A systers for SSOCT can employ a tunable laser comprising the tunable
short-cavity laser described above, in combination with a means for splitting tunable
radiation from the tunable lascr to a refercncc path and a sample path, and an optical
detector configured to detect an interference signal between light reflected from said

saraple and traversing said reference path.  Signal processing of this interference signal
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can then be used to reconstract structural or compositional information about he sample,
as is well-know to those skilled in the art of SSOCT.

[3110] A system for optical spectroscopy can employ the tunable short-cavity
jaser described, in conjunction with an optical detector, to measure an absorption,
transmission, scattering, or reflection spectrum of a sample, which can be a solid, liquid,
gas, plasma, or any substance in any state of matier. Io addition, the variable turnung
speed of the tunable short cavity laser can be used to scan across an optical spectrum at
variable speed, slowing down mformation rich regions and speeding up n less-
information rich regions, to obtain a desired signal to noise ratio while minimizing
measurement time.

{3111} The tunable short cavity laser described can, in combination with a
dispersive optical clement, be eraployed in a system for optical beam steering. For
exarople, it s well-known that the diffraction angle of a grating is a function of the
wavelength of input tunable radiation. Thus, tuning the radiation will scan the diffraction
angle and achieve optical beam steering. Other dispersive elements such as prisms can
also be employed.

{03112} Other optical systems which can employ a short-cavity laser according to
an embodiment of the present invention include a distance interferometer, where
switching between two or more wavelengths can be used to infer distance.

{3113] An embodiment of the present invention can also be used to create &
tunable oscillator, by beating the tunable output of the short-cavity laser with a fixed
wavelength reference laser. This beating can be accomplished by, for example, an optical
detector that responds to incident optical power. If two collinear laser beams impinge on
this detector, the detector output will oscillate at the difference tn optical frequencies
between the two laser beams, provided that difference frequency is within the detector
bandwidth., As one laser 18 tuncd, this difference frequency will also tune, creating a

tunable oscillator down-shified from optical frequencies to lower frequencics,
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{31 14] While the present invention has been described at some length and with
some particularity with respect to the several described embodiments, it is not intended
that it should be limited to any such particulars or crabodiments or any particular
embodiment, but it is to be construed with references to the appended claims so as to
provide the broadest possible interpretation of such claims in view of the prior art and,
therefore, to cifectively encompass the intended scope of the mmvention. Furtherroore, the
foregoing describes the invention in terms of embodiments foreseen by the inventor for
which an enabling description was available, notwithstanding that insubstantial
modifications of the invention, not presently foreseen, may nonetheless represent

equivalents thereto.



What is claimed is:

1. A tunable laser operative to emit tunable radiation over an emission wavelength
range (210) having a center wavelength (220), with an output power spectrum (200) over
said wavelength range and an average emission power, said tunable laser comprising:

an optical cavity including a first and second mirror (130, 140);

a gain region (110) interposed between said first and second mirrors (130, 140);

an airgap tuning region (1120); and

a MEMS-actuation mechanism for adjusting said airgap, said actuation
mechanism comprising a deformable dielectric membrane (760) transparent over said
wavelength range and attached to a rigid support structure (750);
wherein:

a free spectral range (FSR) of said optical cavity exceeds 5% of said center
wavelength;

said tunable laser operates substantially in a single longitudinal and transverse
mode over said wavelength range;

said MEMS-actuation mechanism has a wavelength tuning frequency response
with a 6-dB bandwidth greater than about 1 kHz;

said MEMS-actuation mechanism comprising a membrane stress in a range of
100-1000 MPa; and

a frequency response of said MEMS-actuation mechanism for adjusting said
airgap has damping substantially increased by squeeze-film damping effects through a

central plate having a diameter that is greater than 50 pm.

2.  The tunable laser of claim 1 wherein said MEMS-tunable actuation mechanism has

8 supporting struts (1210).
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3.  The tunable laser of claim 1, wherein said MEMS tunable actuation mechanism

consists of a perforated membrane without clearly delineated supporting struts.

4.  The tunable laser of claim 1, wherein said membrane is doped to increase its

electrical conductivity.

S.  The tunable laser of claim 1, wherein said membrane is silicon nitride.

6.  The tunable laser of claim 5, wherein said silicon nitride is silicon-rich supporting

an increased electrical conductivity.

7. The tunable laser of claim 5, wherein said silicon nitride membrane has a tensile

stress value in a range of 100-1000 MPa.

8.  The tunable laser of claim 5, wherein said silicon nitride membrane has a

compressive stress in a range of 100-1000 MPa.

9.  The tunable laser of claim 5, wherein said membrane is integral with one of said

first and second mirrors.
10. The tunable laser of claim 9, wherein a thickness of said membrane is substantially
equal to an odd number times one quarter of said center wavelength divided by a

refractive index of said membrane.

11. The tunable laser of claim 9, wherein a thickness of said membrane is substantially

equal to % of said center wavelength divided by a refractive index of said membrane.
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12.  The tunable laser of claim 1, wherein single-frequency spectral intensity variations

as a function of wavelength have an amplitude of less than 1%.

13. The tunable laser of claim 1, wherein at least one of said first and second mirrors

has a theoretical lossless reflectivity exceeding 99.9%.

14. The tunable laser of claim 1, further comprising a supporting substrate with a

backside lapped with a grit size exceeding 30 microns.
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