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Microelectromechanical-systems-based ~vertical-cavity —surface-emit-
ting lasers (MEMS-VCSELs) capable of a 150 nm continuous tuning
range near 1310 nm are demonstrated. These devices employ a thin
optically pumped active region structure with large free-spectral
range, which promotes wide and continuous tuning. To achieve
VCSEL emission at 1310 nm, a wide-gain-bandwidth indium phos-
phide-based multiple quantum well active region is combined with a
wide-bandwidth fully oxidised GaAs-based mirror through wafer
bonding, with tuning enabled by a suspended dielectric top mirror.
These devices are capable of being scanned over the entire tuning
range at frequencies up to 500 kHz, making them ideal for applications
such as swept source optical coherence tomography and high-speed
transient spectroscopy.

Introduction: MEMS-VCSEL development has primarily focused on
communications and low-speed spectroscopic applications. Because of
the narrow line-width, continuous singlemode tuning, monolithic fabri-
cation, and high-speed tuning capability of these devices, MEMS-
VCSELs are an attractive optical source for emerging swept source
optical coherence tomography (SS-OCT) systems and high-speed transi-
ent spectroscopy applications. SS-OCT systems targeting vascular and
cancer imaging applications require >100nm of tuning near
1310 nm. Prior to 2011, there were no reports of integrated MEMS-
VCSELSs in the 1310 nm range, and the widest reported tuning range
at any wavelength was 65 nm at 1550 nm [1]. The first 1310 nm
VCSELs with the requisite >100 nm range for SS-OCT were demon-
strated by our group along with collaborators in [2]. The results pre-
sented in this Letter showed record OCT imaging rates with excellent
image quality. Around the same time, >100 nm of tuning was also
reported for the first time near 1550 nm [3].

In this Letter, we demonstrate further expansion of the tuning range
near 1310 nm to a current record value of 150 nm, by employing a
thin, wide-FSR cavity design. Moreover, through careful design of the
electrostatic actuator, this tuning range can be continuously covered at
500 kHz repetition rates. These devices are extremely promising not
only for application in SS-OCT, but also in transient spectroscopic appli-
cations such as combustion monitoring or engine thermometry [4].

Device structure and fabrication: Fig. 1 illustrates a three-dimensional
cutaway view of the device employed in this work. The laser cavity
employs a thin wide-gain InP-based multi-quantum well (MQW)
active region joined by wafer bonding to a wideband bottom GaAs-
based fully oxidised Al,O,-GaAs mirror, with tuning enabled via the
integration of a dielectric micromechanical actuator similar to that pre-
sented in [5]. In this configuration, the top dielectric mirror is separated
from the underlying ‘half-VCSEL’ structure by an air-gap which is
tuned by electrostatic actuation. The VCSEL is optically pumped at
980 nm through the suspended mirror, generating tunable 1310 nm
emission, which emerges from the same side of the device. Though
the schematic of Fig. 1 shows four supporting struts, a variety of actuator
geometries have been fabricated.
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Fig. 1 Solid model of device structure employed in this work, combining
wide-bandwidth long-wavelength active region with optimised tunable
microcavity

Several features of our microcavity design promote a wide tuning
range. First, the optically pumped configuration eliminates the need
for doping of the mirrors and cavity, significantly reducing free-carrier
absorption, which in turn reduces the threshold gain and enables
lasing over a wider portion of the gain spectrum. The optically
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pumped structure also eliminates resistive heating, further increasing
the available gain. Additionally, optical pumping removes the need for
thick current spreading layers, minimising the total cavity length and
extending the FSR, which ultimately limited tuning in previous
devices [2, 3]. Lastly, the incorporation of wideband mirrors and the
wideband gain spectrum possible with InP-based MQW structures
also promotes ultra-wide tuning.

Static and dynamic tuning results: Fig. 2 displays the test setup used to
obtain the tuning results presented in the subsequent Figs. 3 and 4. A
single cleaved and antireflection coated optical fibre is coupled to the
VCSEL cavity, delivering incoming pump light at 980 nm and also col-
lecting the emitted tunable VCSEL radiation near 1310 nm. A WDM
coupler separates the incoming pump light from the VCSEL emission,
with the latter sent to an optical spectrum analyser (OSA) for character-
isation of the tuning range. Both static and high-speed time-dependent
tuning voltages are applied via a high-voltage (HV) amplifier, which
is driven by an arbitrary waveform generator.
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Fig. 2 Schematic illustrating cleaved fibre coupling scheme as well as sep-
aration of incoming/outgoing light by WDM coupler
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Fig. 3 Static and dynamic tuning response of our ultra-widely tunable
MEMS-VCSELs

The long-wavelength (red) spectrum at 1372 nm exhibits a competing mode at
1211 nm, illustrating the 161 nm FSR of the cavity. The green curve represents the
time-averaged spectrum under sinusoidal sweeping at 500 kHz. Both the static
and the dynamic response demonstrate continuous single-transverse and longi-
tudinal mode lasing operation over a 150 nm span. The ripple in the integrated
spectrum is due to the residual reflectance of the cleaved delivery fibre
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Fig. 4 Emission wavelength against static tuning voltage for device shown in
Fig. 3

Theoretical curve based on work presented in [6]. Shaded region beyond 56 V
indicates unstable regime for actuator

Figs. 3 and 4 illustrate both the static and the dynamic tuning proper-
ties of these VCSELSs. In Fig. 3, the optical spectrum at an applied bias
of ~12 V is shown as the right-most red spectrum in the Figure. This
spectrum shows laser emission at 1372 nm along with a competing
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mode at 1211 nm, yielding a 161 nm FSR for these devices. Application
of a static voltage up to ~56 V pulls the mode across a stable and con-
tinuous static tuning range exceeding 140 nm, illustrated by the static
tuning response in Fig. 4. Higher applied biases enable further tuning
to 1222 nm (covering a 150 nm range), though biases beyond ~56 V
exceed the snapdown voltage of the device.

For deployment in SS-OCT or other repetitively scanned applications,
the dynamic, rather than static, tuning range is the key figure of merit.
The green curve of Fig. 3 shows the time-averaged optical spectrum
under sinusoidal sweeping at 500 kHz. Under repetitive sweeping con-
ditions, the static snapdown voltage can be reliably exceeded owing to
inertial overshoot of the suspended mirror, resulting in full utilisation
of the 150 nm tuning range. For SS-OCT, which can employ bidirec-
tional scanning, the 500 kHz repetition rate enables an axial scan rate
of 1 MHz, which is far faster than any competing laser previously
employed in SS-OCT and similar to that obtained with our narrower
tuning-range MEMS-VCSELs reported previously [7]. These devices
employ a similar actuator design, which provides flat frequency
response, variable rate operation, and linearisation of wavelength trajec-
tories through arbitrary waveform pre-shaping of the drive waveform [7].

Conclusion: We have demonstrated the widest tuning range of any
MEMS-VCSEL at any emission wavelength, enabled by a wide FSR
micro-cavity, wideband gain spectrum, and wideband mirrors combined
in an optically pumped configuration. The low mass suspended mirror
structure enables tuning rates of 0.5 MHz with a flat frequency response,
allowing for variable sweep rates spanning DC to 1 MHz (exploiting
bidirectional scanning). In SSOCT systems, increased tuning range
translates directly into improved imaging resolution [8]. These devices
therefore promise to enable a new generation of high-speed, high res-
olution OCT imaging systems, and pave the way for new applications
in high-speed transient spectroscopy.

Acknowledgments: This work was supported by NIH grant
SR44CA101067 and matching funds provided by Thorlabs.

© The Institution of Engineering and Technology 2012

5 May 2012

doi: 10.1049/e1.2012.1552

One or more of the Figures in this Letter are available in colour online.

V. Jayaraman, M. Robertson and A. Uddin (Praevium Research, Inc.,
5266 Hollister Avenue, Suite 224, Santa Barbara, CA 93111, USA)

E-mail: vijay@praevium.com

G.D. Cole (Advanced Optical Microsystems, 1243 West EI Camino Real,
Mountain View, CA 94040, USA)

A. Cable (Thorlabs, 56 Sparta Ave, Newton, NJ 07860, USA)

References

1 Matsui, Y., Vakhshoori, D., Peidong, W., Peili, C., Chih-Cheng, L., Min,
J., Knopp, K., Burroughs, S., and Tayebati, P.: ‘Complete polarization
mode control of long-wavelength tunable vertical-cavity surface-
emitting lasers over 65 nm tuning, up to 14 mW output power’, /EEE
J. Quantum Electron., 2003, 39, (9), pp. 1037—-1048

2 Jayaraman, V., Jiang, J., Li, H., Heim, P.J.S., Cole, G.D., Potsaid, B.,
Fujimoto, J.G., and Cable, A.: ‘OCT imaging up to 760 kHz axial scan
rate using single-mode 1310 nm MEMS-tunable VCSELs with
>100nm tuning range’. CLEO: 2011 — Laser Science to Photonic
Applications, [Conference Paper], San Jose, CA, USA, 2011, Vol. 2

3 Gierl, C., Gruendl, T., Debernardi, P., Zogal, K., Grasse, C., Davani,
H.A., Boehm, G., Jatta, S., Kueppers, F., Meissner, P., and Amann,
M.C.: ‘Surface micromachined tunable 1.55 pm-VCSEL with 102 nm
continuous single-mode tuning’, Opt. Express, 2011, 19, (18),
pp. 17336—17343

4 Kranendonk, L.A., An, X., Caswell, A.W., Herold, R.E., Sanders, S.T.,
Huber, R., Fujimoto, J.G., Okura, Y., and Urata, Y.: ‘High speed
engine gas thermometry by Fourier-domain mode-locked laser
absorption  spectroscopy’,  Opt.  Express, 2007, 15, (23),
pp. 15115-15128

5 Cole, G.D., Behymer, E., Bond, T.C., and Goddard, L.L.: ‘Short-
wavelength MEMS-tunable VCSELs’, Opt. Express, 2008, 16, (20),
pp. 16093-16103

6 Cole, G.D., Bjorlin, E.S., Chen, Q., Chan, C.Y., Wu, S.M., Wang, C.S.,
MacDonald, N.C., and Bowers, J.E.: ‘MEMS-tunable vertical-cavity
SOAS’, IEEE J. Quantum Electron., 2005, 41, (3), pp. 390—-407

7 Jayaraman, V., Jiang, J., Potsaid, B., Cole, G., Fujimoto, J., and Cable,
A.: ‘Design and performance of broadly tunable, narrow line-width,
high repetition rate 1310 nm VCSELs for swept source optical
coherence tomography’, Proc. SPIE, 2012, 8276

8 Choma, M.A., Sarunic, M.V., Yang, C.H., and Izatt, J.A.: ‘Sensitivity
advantage of swept source and Fourier domain optical coherence
tomography’, Opt. Express, 2003, 11, (18), pp. 2183-2189

ELECTRONICS LETTERS 5th July 2012 Vol. 48 No. 14

Downloaded 09 Jul 2012 to 82.1.186.251. Redistribution subject to IET licence or copyright; see http://ietdl.org/copyright.jsp



	[ADDTEXT]Introduction
	[ADDTEXT]Device structure and fabrication
	[ADDTEXT]Static and dynamic tuning results
	[ADDTEXT]Conclusion
	[ADDTEXT]Acknowledgments
	References

