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Abstract: We present an approach for performing frequency domain diffuse optical
spectroscopy (fd-DOS) utilizing a near-infrared tunable vertical cavity surface emitting laser
(VCSEL) that enables high spectral resolution optical sensing in a miniature format. The
tunable VCSEL, designed specifically for deep tissue imaging and sensing, utilizes an
electrothermally tunable microelectromechanical systems topside mirror to tune the laser
cavity resonance. At room temperature, the laser is tunable across 14nm from 769 to 782nm
with single mode CW output and a peak output power of 1.3mW. We show that the tunable
VCSEL is suitable for use in fd-DOS by measuring the optical properties of a tissue-
simulating phantom over the tunable range. Optical properties were recovered within
0.0006mm™" (absorption) and 0.09mm™" (reduced scattering) compared to a broadband fd-
DOS reference system. Our results indicate that tunable VCSELs may be an attractive choice
to enable high spectral resolution optical sensing in a wearable format.
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1. Introduction

Noninvasive diffuse optical imaging and sensing in deep living tissue is technologically
constrained by the commercial availability of miniature light sources in the first near-infrared
biological optical window (NIR-I, ~650-1350nm). Adding spectral content and source
channels to diffuse optical imaging instruments — typically in the form of additional lasers or
LEDs — can increase accuracy and expand the number of detectable chromophores, but at the
expense of increased size and complexity. This tradeoff is readily apparent in the
development of diffuse optical tomography instruments for breast [1] or brain [2] imaging,
wherein increasing spatial and spectral sampling of the tissue can improve 3D spatial
resolution, sensitivity, and chromophore discrimination. Concurrently, there is a competing
desire to reduce the size of these devices to enable handheld and wearable sensing, illustrating
the need for a miniature near-infrared tunable light source.

Electrically-pumped, tunable monolithic semiconductor lasers are well-suitable for this
application because of their narrow (instantaneous) spectral linewidth, favorable power
efficiency, and high modulation bandwidth for time and frequency domain techniques, all in a
robust sub-millimeter package. Tunable devices that have been produced include single and
arrayed distributed feedback (DFB) lasers, single and multi-section distributed Bragg
reflector (DBR) lasers [3], and tunable vertical-cavity surface-emitting lasers (VCSELs) [4—
7]. Of these options, a tunable VCSEL is desirable because its inherent short optical cavity
lends itself to continuous tuning via a simple mechanism (i.e. changing the cavity length), as
opposed to the complex mode selection required for the other lasers. Furthermore, because of
their small size and diverse low-cost packaging options, VCSELs are attractive optical
sources for wearable sensors and multi-channel systems in which size and scalability are
important [8]. While tunable VCSELs have been investigated for nearly 25 years [9], only
within the last few years have VCSEL-based swept sources become widely commercially
available. As of this writing, commercial tunable VCSELSs are only available for wavelengths
above 1um [10], though shorter wavelength devices have been demonstrated by multiple
groups [11-16].

In this paper, we report on the design, fabrication, and implementation of a short
wavelength tunable VCSEL for performing frequency domain diffuse optical spectroscopy
(fd-DOS) of tissue in the NIR-I window. fd-DOS and the related time-domain diffuse optical
spectroscopy (i.e., via the temporal Fourier transform) are methods that perform quantitative
tissue optical spectroscopy by measuring both the optical absorption and scattering
coefficients of living biological tissue. fd-DOS has been investigated for multiple clinical
applications [17], and our group and others are developing wearable sensors that integrate this
approach [8]. Integration of a compact tunable source with sufficient modulation bandwidth
can greatly increase spectral information in a compact device without negatively affecting
size or complexity.

Like other tunable VCSELSs, continuous optical tuning of our device is accomplished by
displacing a suspended top mirror utilizing a microelectromechanical systems (MEMS)
structure to adjust the optical cavity length. However, unlike electrostatically driven MEMS
mirrors actuated with electrostatic forces that require 10’s of volts to operate, this mirror
operates with less than 1V, making it a practical and attractive source for compact
microelectronic and battery-powered systems. The applied tuning current induces ohmic
heating that causes the mirror support beams to expand and displace the suspended MEMS
mirror, similar to the designs seen in [7,11,12,18]. Importantly, our monolithically integrated
approach is compatible with standard wafer-scale VCSEL fabrication and is therefore readily
translatable to high volume production.
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This paper is organized as follows. In Section 2, we describe the design of the NIR-I
tunable MEMS-VCSEL device and, in Section 3, we discuss the fd-DOS technique and its
optical source requirements. Section 4 contains our results and discussion including the
optical and electronic performance of the tunable VCSEL and fd-DOS optical property
measurements of a tissue-simulating phantom over the tunable range of the tunable VCSEL.
Finally, we conclude and describe future research directions in Section 5.

2. Tunable VCSEL design

Our tunable VCSEL consists of the monolithic integration of a half VCSEL structure—
bottom distributed Bragg reflector (DBR) and quantum well active region—with a suspended
dielectric MEMS microlens mirror that can be displaced vertically with electrothermal
actuation [Fig. 1]. The bottom DBR mirror and multi-quantum well active region were grown
on GaAs wafers utilizing metal-organic chemical vapor deposition (MOCVD). The bottom
DBR consists of more than 40 alternating n-doped AlGaAs layer pairs to achieve a
reflectivity of greater than 99.9% over a free spectral range of 35nm. Ion implantation below
the topside annular p-type contact defines the current aperture. An antireflective coating lies
above the active region to dampen coupled cavity effects between the semiconductor and
airgap and also aides in linearizing wavelength tuning [19].

(a) Thin Film Heater Dielectric MEMS Mirror (b)
. -t
Tuning Contact Gain contact
Tuning Contact
VCSEL Contact Air Gap AR Coating Heated beam
VCSEL aperture

Quantum Well .
Active Region S MEMS mirror

Epitaxial DBR Ilsr([)llalt:[): Tuning contact
o —— " P R

400 pm

Fig. 1. Structure of NIR wavelength GaAs/AlGaAs based tunable VCSEL with
electrothermally actuated monolithically integrated topside MEMS mirror. (a) Cross section
diagram of device structure. (b) Topside photograph of a typical fabricated device.

The topside MEMS-tunable dielectric mirror is a curved microlens centered above the
optical cavity. The center reflective region is supported by 4 beams also composed of the
same dielectric material. Thin film heating elements with a resistance of approximately 100
ohms were patterned across the supporting arms to facilitate electrothermal tuning. We
designed a curved microlens so that mirror displacement would be symmetric across the
optical field and minimize diffractive loss. Current is supplied to tuning contacts on either
side of the mirror, which is dissipated as heat into the mirror. This causes thermal expansion
of the dielectric and increases the airgap height. Cooling via convection allows the mirror to
return to its initial state. Fabrication of the MEMS mirror is described in detail in [20].
Briefly, a sacrificial layer was deposited on the half-VCSEL epitaxial layers and etched into
the microlens shape utilizing a reflowed photoresist mask. The dielectric mirror was blanket
deposited over the sacrificial lens. Cantilever supports were patterned in the dielectric via
photolithography and etched with RIE to expose the underlying sacrificial lens material. The
heating elements and bonding pads were deposited and patterned with a lift-off technique.
Finally, the sacrificial layer was removed using an isotropic dry etch to create the air gap. No
critical point drying was required. At this point the tunable mirror was free standing and
fabrication of the device was complete.

3. Frequency-domain diffuse optical spectroscopy (fd-DOS)

fd-DOS is a model-based measurement technique used to quantify the optical properties—
absorption and reduced scattering coefficients—of a turbid medium and has been widely
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explored for use in noninvasive biomedical imaging [20-22]. In this method, the attenuation
and retardation of a photon density wave (PDW) created by intensity-modulated light that
propagates through a sample is captured at a photoreceiver [23]. PDW propagation in
multiple-scattering media is well-described by the time-dependent radiative transport
equation (RTE) for photons which relates absorption and scattering coefficients to the relative
amplitude and phase of the source and detected signals [24-26]. Therefore, fitting the
measured amplitude and phase of the detected PDW in an appropriate frequency range—
typically 50-1000MHz—to the RTE can provide quantitative estimates of the sample’ optical
properties. This process can be performed at multiple optical wavelengths in order to assess
the wavelength dependent absorption and scattering properties of the sample and to extract
further meaningful information such as chromophore concentrations in tissue. This technique
allows noninvasive characterization of tissue up to several centimeters deep and can also be
utilized for diffuse optical tomography.

Suitable sources for fd-DOS must be capable of outputting several milliwatts of optical
power and be capable of intensity modulation up to 1 GHz. After we assessed these device
characteristics (results in section 4), we integrated the tunable VCSEL into a fd-DOS system,
seen in Fig. 2, and measured the optical properties of a silicon-based tissue-simulating optical
phantom [27]. DC current from a laser driver (LDC-3916370, ILX Lightwave, Bozeman,
Montana) was combined with RF power provided by a network analyzer (8753ES,
HP/Agilent, Santa Clara, California) using a bias tee and injected into the VCSEL. The output
power was fiber coupled (400pum core diameter multimode fiber) and brought into contact
with the surface of the silicone tissue simulating phantom. The resulting PDW was measured
using a Imm diameter active area avalanche photodiode (APD) module (S12060-10/C5658,
Hamamatsu Corp., Shizuoka Japan) which was in direct contact with the phantom. Output
from the APD module was sent to the network analyzer which captures phase and amplitude
of the PDW relative the source excitation. Calibration, which accounts for instrument
response, was carried out on a separate tissue simulating phantom with known optical
properties. Measured phase and amplitude data was fit to a P1 approximation to the RTE with
semi-infinite boundary conditions using the Levenberg-Marquardt algorithm which yielded
estimates of the phantom absorption and reduced scattering coefficients [25,26].

These measurements were compared to a broadband fd-DOS system that utilizes a
combination of laser diodes and a tungsten halogen lamp to measure broadband NIR optical
properties. The design and operation of the reference system, which was replicated and
validated in a multi-center clinical study of breast cancer response to chemotherapy is
described in references [28].

Bias
Current

Network
Analyzer

Current
Source

Bias Tee

RF+DC

Current
Tuning
Current Current able
Source VCSEL

Optical
Fiber

Tissue Simulating Phantom |\ Direct

Contact

Fig. 2. fd-DOS system configuration with a tunable VCSEL. RF power and DC bias current
are combined with a bias tee and used to bias the VCSEL. An additional current source is used
to provide tuning current to the VCSEL. Optical power is delivered to a tissue simulating
phantom with an optical fiber. The APD module collects the signal and returns it to the
network analyzer for magnitude and phase determination.
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4. Results and discussion

4.1 Optical power and tuning range

All electrical and optical characterization of the tunable VCSELs were performed under
continuous wave operation at room temperature without temperature control. All data was
taken from segmented and packaged (TO46-5 cans) die with 8um diameter aperture and
300pm diameter mirror. Figure 3(a) shows that the VCSEL’s peak lasing wavelength is
tunable across 769-782nm for a total 14nm range. The device is continuously tunable across
this range, and the peak output wavelength is linear with respect to the electrical power
supplied to the tuning contacts [Fig. 3(b)]. The VCSEL lases at tuning currents from 5 to
11mA, which corresponds to applied tuning voltages ranging from 425 to 935mV. Spectra
observed on an optical spectrum analyzer across the 14nm tuning range show single
longitudinal mode operation and side mode suppression of more than 15dBm, which was
limited by the noise floor of the measurement.
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Fig. 3. Performance of 775nm electrothermally actuated tunable VCSELs with applied tuning
current. (a) Spectra taken across the tunable lasing wavelength range. (b) Wavelength tuning as
a function of electrical tuning power in the MEMS DBR mirror. (c) Optical power and voltage
versus current across the lasing range. (d) Normalized electroluminescence measurements
across the full tuning range (0-11mA in 0.5mA steps) showing adjacent cavity resonances and
the free spectral range of 32nm. Note (d) is a different device shown in (a)-(c).
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Peak optical power depends upon the tuning wavelength, as shown in the current-voltage
and optical power curves in Fig. 3(c). A peak power of 1.3mW at 774nm was achieved near
the middle of the tuning range with 8mA tuning current applied. This also corresponded to the
lowest threshold current of 1.6mA. This phenomenon is observed because this operation point
corresponds closely with the design wavelength (775nm) where decisions were made to
maximize gain minus loss (e.g. overlap between optical mode and quantum well gain region,
mirror reflectivity, etc.) Furthermore, optimal tuning current differed between devices due to
variation in the morphology of the top mirror (further discussed below).

Free spectral range (FSR) of the tunable laser cavity was determined by recording the
electroluminescence spectra as a function of tuning current slightly above lasing threshold
[Fig. 3(d)] utilizing a spectrometer (AvaSpec-Mini, Avantes, Apeldoorn Netherlands) coupled
to a reflectance microscope. The adjacent cavity resonances are clearly visible at tuning
currents between 5 and 8 mA. The narrow spectra corresponded to lasing conditions, while
the spectra indicated by multiple oscillations were subthreshold and may have been due to
additional transverse modes in the laser cavity. The latter point needs further investigation for
confirmation. The FSR was determined to be 32nm which is close to the designed 35nm. The
data indicates that the optical cavity is tunable across the entire FSR, however, lasing only
occurred near the long wavelength edge. In this particular device, which is a separate device
than the one characterized in Fig. 3(a)-3(c), lasing occurred again at higher tuning currents at
the short wavelength end as the second cavity resonance was shifted toward the gain
spectrum.

The VCSEL beam profile was examined using a quartz diffuser as an imaging plane with
known height above the VCSEL and imaged with a CCD camera. This device had a full
width at half maximum beam divergence of 13.2° in one direction and 6.9° in the
perpendicular direction and operated in a higher order transverse mode at all tuning
wavelengths. Transverse modal behavior was variable between devices; other devices lased at
different higher order modes and exhibited mode hopping during tuning. We believe that the
devices did not operate in a single transverse mode because the mirror etch was unexpectedly
anisotropic, resulting in a microlens curvature that was not symmetric. The asymmetric mirror
structure led to lasing of higher order transverse modes.

Although the 14nm tuning range and 1.3mW peak optical power of our device is
comparable to other tunable VCSELs emitting at less than Ipm [13,29], it fell short of our
performance expectations. We believe both of these performance issues were due to higher
than expected optical loss in the VCSEL structure, and lower quantum well gain at the short
wavelengths. Specifically, scanning electron microscopy of the tunable mirror (not shown)
show obvious surface roughness, which in addition to the previously discussed asymmetry,
causes optical scattering and loss. Furthermore, the top metal contact created an aperture that
resulted in a small step on the deposited dielectric mirror, causing additional optical loss. We
plan to rectify these issues in subsequent designs.

Importantly, we were able to achieve this tuning range with a tuning voltage of less than
1V, which is comparable to those seen in other electrothermal devices (1.2-1.6V) [7,11] and
is much lower than tuning voltages required for electrostatically tuned devices (~20V) [13—
15,29].

4.2 Tuning speed

The VCSEL tuning speed was characterized by applying triangular wave current injection
across the tuning contacts (6221, Keithley/Tektronix, Beaverton Oregon) and measuring the
above threshold optical output with a near-infrared spectrometer (AvaSpec-Mini, Avantes,
Apeldoorn Netherlands). Since the period of the triangle wave (10-4000 Hz) was much
smaller than the spectrometer integration time (400ms / 2.5Hz) the measurement yielded a
time average of relative optical power as a function of wavelength [Fig. 4(a)]. We expected
that as the mirror could not mechanically respond (thermally) to the changing tuning current,
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the overall tuning range should be reduced. The mirror frequency response is described by a
first order low pass filter obeying the relation [7]:

= h (1)
1+(2zf7)’

where J4 is the tuning range (nm), d4, is the maximum tuning range (nm), f is the tuning

current frequency (Hz), and 7 is the thermal time constant (s) associated with the mirror. We
see in Fig. 4(b) that the mirror was capable of tuning at speeds up to 500Hz without
significant loss of tuning range. At 1kHz the tuning range was observed to reduce to 12nm
and, at the maximum tested tuning frequency of 4kHz, the tuning range was reduced to 8nm.
Reduction in tuning range is a result of the inability of the mirror dielectric to expand or relax
in response to changes in tuning current. For this reason, the mirror experiences a loss of
tuning range and simply responds as if an average tuning current was applied. Therefore, the
tuning range narrows, but remains centered at the middle of the full tunable range as the
frequency of the tuning current increases. Fitting of tuning frequency versus tuning range data
to Eq. (1) yields a fitted maximum tuning range of 13.5nm which agrees well with our static
tuning range [i.e. Fig. 3(a)] of 14nm and a thermal time constant of 46s.
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Fig. 4. VCSEL tuning speed characteristics. (a) Continuous wavelength tuning over tuning
frequencies up to 4kHz. (b) 14 nm tuning range is achievable up to a frequency of
approximately 500Hz. At the maximum tested tuning frequency of 4KHz the tuning range is
reduced to 10nm.

We define the tuning speed as the product of tuning range and tuning range frequency
(before tuning range begins to decrease, i.e. the maximum 0dB frequency). The tuning speed
of our device is therefore 5464 nm/s, which is approximately twice as fast compared to
devices utilizing a thermal tuning mechanism which have tuning speeds of 2400 and
2610nms™" respectively [7,12]. This tuning speed is however much slower than speeds
obtained with electrostatically tuned high contrast gratings 16000nms™' [13], as would be
expected due to the faster tuning mechanism given the inherent bandwidth advantages in
electrostatic actuation coupled with the low mass of the suspended grating mirror.

4.3 Modulation efficiency

Modulation frequency response of the VCSEL was investigated by applying sinusoidal
modulation utilizing a network analyzer (TR1300, Copper Mountain Technologies,
Indianapolis Indiana) combined with a SmA DC offset current via a bias tee. Laser output
power as a function of frequency was observed with a photodiode (DET025AFC, Thorlabs,
Newton New Jersey) [Fig. 5(a)]. We measured a 3dB bandwidth greater than 650MHz, which
is sufficient for frequency domain diffuse optical spectroscopy (fd-DOS). The VCSEL’s
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modulation efficiency &, defined as e=1-V, /V ., where V _ is the maximum detector

max min > max

voltage and 7  is the minimum detector voltage, was investigated as a function of

frequency, Fig. 5(b). When the RF power was fixed at the power to achieve maximum
modulation depth at 50MHz, we see that the efficiency diminishes linearly from
approximately 100% at SOMHz to below 40% at 1GHz. However, when the RF power was
increased as a function of frequency, efficiency can be maintained above 85% up to a
modulation of 1GHz. This data is consistent with a previous study of commercially available
non-tunable VCSEL modulation efficiency wherein the authors found that modulation
efficiency can be maintained above 90% up to 1GHz modulation frequencies when RF power
is increased as a function of frequency [8].
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Fig. 5. VCSEL modulation characteristics. (a) The modulation bandwidth and (b) modulation
efficiency for fixed and increasing RF injection power.

4.4 fd-DOS phantom measurement

Tissue-simulating phantom measurements were taken at a source/detector separation of
13mm with the VCSEL operating at peak power for each wavelength (between 0.4 — 1.2mW)
and a fixed RF power of 10dBm from 50 to 5S00MHz. Figure 6(a) is representative calibrated
fd-DOS amplitude and phase data for a single wavelength, which shows a good fit to the P1
semi-infinite model. Table 1 shows the results of 10 repeated tissue simulating phantom
measurements at each wavelength. Recovered absorption and reduced scattering coefficients
were within 0.0006mm™" (absorption) and 0.09mm™" (scattering) of the reference system
across an 11nm tuning range [Fig. 6(b)]. The larger deviations were associated with the ends
of the tuning range where lower output power resulted in a lower signal to noise ratio (SNR).
The low output power of our tunable VCSELS currently limits the use of these devices to
short source/detector separations (<15 mm) because of tissue optical attenuation.

Table 1. Tunable VCSEL Optical Property Recovery

Mean Absorption Absorption Mean Reduced Scattering
Wavelength (nm) Coefficient (mm™')*  Difference from Scattering Difference from

Reference (%) Coefficient (mm™) Reference (%)

769.6 0.0088 2.4 0.909 -11.6
770 0.0090 -5.4 0.857 -5.2
771 0.0089 -7.0 0.810 0.5
772 0.0084 —4.3 0.769 5.5
773.5 0.0082 —6.3 0.768 5.6
775 0.0077 —4.6 0.750 7.7
777 0.0075 -7.7 0.739 9.0
779 0.0072 -9.7 0.754 7.1

“Standard deviations less than 0.00011mm™ (absorption coefficient) and 0.0073mm™" (reduced scattering

coefficient)
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We have previously shown that (single-wavelength) VCSELs are attractive for use as
miniature optical sources in fd-DOS, particularly for wearable applications; they possess the
output power and modulation efficiency necessary to recover deep tissue optical properties in
vivo [8]. In this work, we see that tunable VCSELs are additionally capable of performing
high spectral resolution spectroscopy with fd-DOS. Other approaches to achieve high spectral
resolution tissue spectroscopy include utilizing large format tunable or supercontinuum fiber
lasers [30-33] or by combining fd-DOS in a hybrid measurement with a broadband lamp and
spectrometer [28]. However, these approaches are not amenable to miniaturization and are not
easily scalable to multiple source channels. Based on our results here, we conclude that
tunable VCSELs are promising to enable high spectral resolution measurements in ultra-small
formats. Broadband tissue spectroscopy can reveal richer information content compared to
typical approaches that use discrete wavelengths. Besides enabling estimation of additional
chromophores (e.g., myoglobin, water, lipid, collagen) with greater accuracy, broadband
methods can be used to assess the molecular state (protein-bound and free) and temperature of
tissue water [34]. Broadband methods have also been shown to reveal specific absorption
features that are unique to breast tumors [35] and characterize breast density [36].
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Fig. 6. fd-DOS measurements on a tissue-simulating phantom. (a) Representative amplitude
and phase data from the tunable VCSEL as well as their associated P1 semi-infinite fits. (b)
Comparison of the measured phantom optical properties between the tunable VCSEL and a
reference broadband fd-DOS system.

5. Conclusion and future work

The advancement of diffuse optical imaging technologies for biomedical applications depends
upon technological improvement in red and near infrared laser sources. Competing desires to
decrease size, cost and increase scalability are typically at odds with the desire to increase
functionality and information content. Furthermore, miniature sources are required for
creating the next generation of wearable and implantable optical sensors. Overall, we have
demonstrated that a monolithically integrated NIR VCSEL can be used to provide high
spectral resolution tissue optical spectroscopy in a smaller footprint and at a potentially lower
cost than larger format broadband approaches. The tunable VCSEL was shown to be suitable
in fd-DOS measurements carried out on a tissue simulating phantom, in which optical
properties were successfully recovered. Though the tuning range and optical power were
lower than anticipated, we expect them to improve with optimization of the VCSEL design
and microfabrication process. With these improvements, our ultimate goal is to achieve
tunability across the NIR-I window by integrating multiple tunable VCSEL devices with
separate center wavelengths into a single package.
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