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Abstract—We present the signal gain, wavelength tuning
characteristics, saturation properties, and noise figure (NF)
of MEMS-based widely tunable vertical-cavity semiconductor
optical amplifiers (VCSOAs) for various optical cavity designs,
and we compare the theoretical results to data generated from
a number of experimental devices. Using general Fabry—Pérot
relationships, it is possible to model both the wavelength tuning
characteristics and the peak signal gain of tunable vertical-cavity
amplifiers, while a rate-equation analysis is used to describe the
saturation output power and NF as a function of the VCSOA
resonant wavelength. Additionally, the basic design principles
for an integrated electrostatic actuator are outlined. It is found
that MEMS-tunable VCSOAs follow many of the same design
trends as fixed-wavelength devices. However, with tunable devices,
the effects of varying mirror reflectance and varying single-pass
gain associated with the MEMS-based tuning mechanism lead
to changing amplifier properties over the wavelength span of the
device.

Index Terms—Fabry-Pérot resonators, laser amplifiers, micro-
electromechanical devices, optical pumping, semiconductor
optical amplifiers, surface-emitting lasers, tunable amplifiers,
wafer bonding.

I. INTRODUCTION

ONG-WAVELENGTH vertical-cavity semiconductor op-

tical amplifiers (VCSOASs) are attractive as a low-cost al-
ternative to erbium-doped fiber amplifiers (EDFAs) and con-
ventional in-plane SOAs for use in fiber-optic communication
systems such as metro-area networks and fiber to the home. In
such applications, VCSOAs benefit from a high coupling effi-
ciency to optical fiber, polarization-independent gain, the poten-
tial to fabricate two-dimensional (2-D) arrays, and the ability
to test devices on wafer. Additionally, by altering the compo-
sition of the active material, amplification may be achieved at
any desired wavelength, in contrast with the limited wavelength
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range of fiber amplifiers. In recent years, both optically and elec-
trically pumped long-wavelength VCSOAs have been demon-
strated [1]-[4].

The high-finesse Fabry—Pérot (FP) cavity of VCSOAs results
in a narrow gain bandwidth. This inherent filtering effect is
advantageous, as it eliminates out-of-band noise and provides
channel selection in multiwavelength systems. Additionally, the
narrow gain spectrum eliminates the need for an optical filter
after the amplifier, thereby further reducing cost [5]. However,
in low-cost systems, uncooled sources are typically used, and
the signal wavelength can vary over a fairly wide range. If the
signal wavelength deviates only slightly from the peak gain
wavelength of the VCSOA, distortion of the signal may result. It
is therefore of great interest to make tunable VCSOAs that can
cover a wider wavelength range and can be precisely adjusted
to match the wavelength of the signal. Previously, temperature
tuning of long-wavelength VCSOAs has been investigated
[6], but a more promising approach is microelectromechanical
(MEMS) tuning. In this case, mechanical alteration of the
effective FP mode gives rise to tuning ranges greater than
those that can be achieved by refractive index modulation.
Recently, both electrically and optically pumped vertical-cavity
surface-emitting lasers (VCSELs) with >30-nm single-mode
tuning ranges have been demonstrated [7], [8]. We report here
the first widely tunable semiconductor optical amplifier, using
a MEMS-based tuning element to sweep the narrow gain band-
width of the VCSOA over the wavelength span of the device,
resulting in tunable channel-selective amplification [9].

As with the VCSEL and the in-plane laser diode, the vertical-
cavity geometry of VCSOAs gives rise to major differences in
amplifier properties when compared to in-plane FP-SOAs. The
relatively short cavity length, which lies perpendicular to the
plane of the wafer surface, results in a small mode volume and
a circular symmetric mode. In addition, the optical field passes
perpendicularly through the material layers, greatly reducing
the active material length with which the optical mode over-
laps, resulting in a large reduction in the achievable single-pass
gain. For the case of in-plane SOAs, the active material length
may be on the order of hundreds of micrometers, whereas in
a VCSOA the combined thickness of the multiquantum-well
(MQW) layers may be on the order of 100 nm. The reduction
in single-pass gain requires a corresponding increase in feed-
back necessary to achieve a desired gain level. As with VCSELs,
this feedback is achieved by incorporating highly reflective dis-
tributed Bragg reflectors (DBRs) to create an FP optical cavity.
The resulting feedback from the resonant cavity structure con-
stricts the gain bandwidth to the linewidth of the FP mode,
which is typically on the order of a nanometer or less.
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Fig. 1. Schematic of the operating modes of VCSOAs,
(a) transmission mode and (b) reflection mode.
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The most significant difference when comparing VCSOAs
and VCSELs lies in the reduced mirror reflectivities used in
the resonant cavity structure, as well as the increased number
of QWs necessary to achieve a high single-pass gain. With
VCSELs, strong feedback is desired to reduce the threshold
current; however, the opposite is true for VCSOAs. For the
VCSOA, the feedback supplied by the DBR mirrors must be
reduced. If the feedback is high enough to compensate for
the cavity losses, the device will start lasing, resulting in gain
clamping at threshold. Low mirror reflectance allows for oper-
ation at an increased carrier density and thus higher single-pass
gain. In general, the use of reduced mirror reflectance leads to a
wider gain bandwidth, higher saturation power, and a reduced
noise figure (NF) [10]-[12]. It is important to recognize that
there is a limit to the lowest mirror reflectance that may be
used; if the reflectance is too low, the mirror losses will result
in insufficient signal gain. With VCOSAs, there exists an
optimum design with an intermediate reflectance that allows
for operation at increased carrier density while at the same time
avoiding exceeding the lasing threshold. Another important
difference between VCSELs and VCSOAs is the number of
active material layers used in the device. The need for increased
single-pass gain requires the incorporation of a large number
of QWs in the FP resonant cavity. With VCSOAs, a stacked
MQW active region is used to increase the total active material
length in the inherently short optical cavity.

There are two operating modes possible with VCSOAs: re-
flection-mode and transmission-mode operation. In reflection
mode, the VCSOA is designed to have one highly reflective
mirror (~100%), and the signal enters and exits from the same
side of the device through a slightly transmissive mirror, as
seen in Fig. 1. In transmission-mode operation, both mirrors are
slightly transmissive and the signal is injected on one side of
the device and collected on the other. The choice of the mode
of operation, either reflection-mode or transmission-mode, will
ultimately depend on the intended application.

Although little previous work has focused specifically on
MEMS-tunable VCSOAs (MT-VCSOAs), a number of re-
search groups have developed a variety of other MEMS-tunable
vertical-cavity devices, including VCSELs [7], [8], [13]-[15],
resonant-cavity light-emitting diodes (RCLEDs) [16], asym-
metric FP modulators [17], and vertical-cavity filters [18]. The
majority of these structures have utilized electrostatic tuning,
although thermal tuning is also frequently used [7]. Recently,
we demonstrated the first MT-VCSOA [9]. The devices were
constructed using a combination of InP-GaAs wafer bonding
and AlGaAs-based micromachining and utilized an integrated
electrostatic tuning element for wavelength selection. The
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MT-VCSOA is operated in reflection mode and is optically
pumped with a 980-nm diode laser, similar to previous gen-
erations of nontunable vertical-cavity amplifiers. The best
performance parameters measured with the first generation of
tunable VCSOAs was 10 dB of device gain (3 dB fiber-to-fiber)
over a tuning range of 11 nm, as well as a peak signal gain
of 17 dB (10 dB fiber-to-fiber) [9]. We present here a second
generation of devices utilizing a revised mechanical structure
that greatly reduces the required tuning voltages and increases
the wavelength tuning range of the MT-VCSOA. To further
improve the performance of these devices, a more detailed
understanding of the possible design options is developed.

In this paper, we will review the design and characteristics
of MT-VCSOAs. Using a general FP model, we are able to
analyze both the tuning and signal gain properties of MT-VC-
SOAs. With the amplifier rate equations, the saturation and
noise characteristics of these unique devices may be illustrated.
In Section II, an overview of the theoretical models and the var-
ious cavity designs available for MEMS-tunable vertical-cavity
amplifiers is presented. Following this, the basic properties of
electrostatic actuation and the mechanical properties of the
MEMS tuning element are covered in Section III. The device
structure and fabrication process is discussed in Section IV.
In Section V, we present the experimental testing procedure
as well as recent results, and, using the models developed in
Section II, the wavelength tuning response, peak signal gain,
saturation output power, and amplifier noise figure is deter-
mined for various cavity designs and modes of operation.

II. THEORETICAL MODEL
A. Signal Gain

A convenient approach for modeling VCSOAs is to replace
the DBRs by hard mirrors of the same reflectance and use an ef-
fective cavity length, which includes the penetration of the op-
tical field into the DBRs [19]. With this method, we can use the
well-known FP relationships to describe both the amplifier and
wavelength tuning characteristics of the MT-VCSOA. Because
the FP equations contain only a small number of unknowns, it
is possible to generate a relatively general description of the de-
vice properties. The FP approach is carried out by considering
an incoming optical field and summing all of the field compo-
nents exiting the cavity. To obtain the power gain, the fields
are squared and the total output power is divided by the input
power. Using this technique, it is possible to model the gain
spectrum of a VCSOA for both reflection-mode (G,-) and trans-
mission-mode (G) operation [20]

(VR; — VRyg.)? + 4R, Rpg. sin’ ¢,

G, = 1
(1= VRiRog.)? + WRiRogesin® g )
o (1= Ro)(1- Ru)g, o
"7 (1 = VRiRogs)? + 4R Rygs sin® ¢
1 1
¢s = 27rnch <X - E) (3)

where R; is the top mirror reflectance, R, is the bottom mirror
reflectance, g, is the single-pass gain, and ¢, is the single-pass
phase detuning. The phase in (3) gives the deviation of the signal
wavelength A\ from the resonant wavelength of the cavity Ag,
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with the effective index of the optical cavity n. and the total
cavity length L.. When the signal wavelength is identical to the
FP resonance, ¢ = 0 in (3) and (1) and (2) can be used to
calculate the peak gain. It is important to note that, in each case,
the amplifier must operate under the condition of G2R;R; <
1 to avoid exceeding the lasing threshold. Assuming uniform
active material over the extent of the signal spot size, the single-
pass gain of the VCSOA is calculated using

gs = exp[€gLa — a; L] 4)

with the combined thickness of the QWs L, the average cavity
loss «, the total cavity length L.—including the penetration
depth into the mirrors—and the gain-enhancement factor &.
With vertical-cavity devices, standing wave effects must be
considered. In this case, gain enhancement results from the
placement of the active material layers at the peaks of the
optical standing wave, and ¢ is given by [21]

sin B Lyqw

=1+ cos20z,
¢ . BLyvqw

&)
where Lyiqw is the thickness of each MQW  stack,
B = 2mn./A, n. is the effective index of the semiconductor
cavity, and z is the spatial separation between the standing
wave peak and the center of the MQW stack. This form of &
is useful for determining the change in gain enhancement that
occurs with wavelength tuning. The gain enhancement factor
can be 2 for very small values of Lyiqw and quickly converges
to a value of 1 for QWs distributed over a section longer than
a wavelength. In practice, ¢ is usually less than 2 due to the
finite thickness of the gain region. The QW material gain g
as a function of carrier density N is approximated using a
three-parameter model [22]

N+ N,
i } ©)

=g,ln |— 15
g g n|:Ntr+Ns

with the transparency carrier density V¢, and fitting parameters
go and Ny. This model allows for an accurate description of the
material gain at low carrier densities, however, for very high
carrier densities, the logarithmic gain model may be limited, as
it does not predict saturation of the material gain.

B. Saturation and Noise Figure

At high input signal powers, or at operation near threshold,
the large photon density present in the resonant cavity will
lead to carrier depletion and saturation of the gain medium.
A common approach to modeling the saturation properties of
VCSOAs involves the use of steady-state rate equations for
carriers and photons [10]-[12]. Compared to the well-known
relationships used to analyze lasers, the rate equations for FP
amplifiers include an additional term for the input signal and
a modified mirror loss term. The rate equations for carriers N
and photons S then take the following form:

dN .
T = Ggen — V495 — (AN + BN? + CN3) @)
dS . 75 Ps

+ BepTBN? 4 (T, 9S — (i + ) v, S.
®)

dt hvs A L,
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The first term on the right-hand side of (7), Ggen, is a carrier
generation term that depends on whether optical or electrical
pumping is used. For optically pumped devices, such as those
presented here, Ggen = 1p P/ hvp V), with the pump efficiency
7p, the pump power P,, the energy of the pump photons hv,,,
and the pumped volume V,, = L,A, (A, is the area of the
pump spot). The second term describes stimulated emission and
includes the group velocity vy. The final term constitutes all
recombination parameters that do not contribute to amplifica-
tion of the input signal: AN describes defect recombination,
BN?is spontaneous emission, and C'N 3 s Auger recombina-
tion. The second rate equation summarizes the physical mech-
anisms that affect the average photon density S. The first term
on the right-hand side of (8) describes the increase in photon
density resulting from the injected signal of power P and en-
ergy hvs. The signal coupling efficiency 7, and the signal spot
size As complete the first term. The next two terms represent
the generation of photons through spontaneous and stimulated
emission, respectively. The coefficient f}, describes the fraction
of spontaneously emitted photons coupled into the signal mode,
with the fill factor ' = La/L.. The final term in (8) describes
photon loss, due to both cavity and mirror losses. For VCSOAs,
.y, 1s described by a modified mirror loss expression which is
a function of the mirror reflectance and the amplifier gain [23]

1 Gr+Gt
m=— =T Ving,.
cm LC<GT+Gt—1> n 2

Using the procedure outlined in [11], the steady-state forms of
(7) and (8) may be used to determine the saturation characteris-
tics of the MT-VCSOA.

The NF of an optical amplifier describes the signal-to-noise
ratio (SNR) degradation that occurs as a signal passes through
the device. In general, the amplification of an optical signal adds
undesired power fluctuations due to the inherent randomness of
the optical processes involved. With a vertical-cavity amplifier,
the dominant noise component at high signal powers is signal-
spontaneous beat noise [10], [12]. The NF F', defined as the
input SNR over output SNR, is given by

-1
P2 (55)

where ng, is the population inversion parameter (nsp =
N/N — Ni.), G is the signal gain, and x is the excess noise
coefficient, which describes signal-spontaneous beat noise en-
hancement due to finite mirror reflectivity (the NF is defined as
NF = 10log(F') and is expressed in decibels). For reflection-
and transmission-mode operation, x becomes [24]

Yr = (14 Rygs)(gs — 1) (11)
' (Rbg.g - 1)
_ (4 Regs)(1 = Ri)(gs = 1)

YT U= R0 - R - (- VR, )
For a reflection-mode device, X, depends only on the bottom
mirror reflectivity, and, for values of R, greater than 0.999,
Xr = 1. In the case of transmission-mode VCSOAs, the ex-
cess noise coefficient equals one for single-pass gain values of

—1/2 . . .
gs = R, '". The population inversion parameter ng, equals
one for complete inversion and increases for incomplete inver-
sion. From (10), it is desirable to operate at high carrier densities

(10)

12)
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Fig. 2. Schematic of the (a) SCC and (b) EC designs. For each configuration,

the mirror reference planes have been defined so that the DBR begins with a
high index layer (black line). Additionally, the mirrors are designed to give a
7 phase shift at A., and m and k are integers. In (a), the semiconductor active
region is of a resonant thickness and the air gap serves as a low index layer of
the top DBR. With the extended cavity structure shown in (b), the incorporation
of an antireflection coating (ARC) creates a distributed cavity of a total length
mA./2. The circulating arrows indicate the position of maximum intensity of
the optical standing wave.

in order to minimize ng,. Unfortunately, high carrier densities
may lead to lasing; it is therefore important to reduce the mirror
reflectance in order to allow for full inversion without reaching
the point of self-sustaining oscillation, while still maintaining
sufficient reflectance to achieve the desired level of signal gain.
Note that the important parameter when regarding noise in any
amplifier application is the fiber-to-fiber noise figure. In this in-
stance, the superior coupling efficiency of VCSOAs, as com-
pared to in-plane SOAs, becomes a clear advantage.

C. Tunable Cavity Design

In addition to standing wave effects, the short cavity length
of the VCSOA leads to an inherently large axial mode spacing.
Because of this fact, continuous mode-hop-free tuning is
achievable over a relatively wide wavelength span. To realize
wavelength tuning of the device, we use a MEMS-based op-
tical cavity design similar to that used in tunable VCSELS,
RCLEDs and photodetectors. These devices contain a vari-
able-thickness air gap within the resonant cavity structure
that allows for variation of the effective cavity length. With a
MEMS-tunable vertical-cavity device, there exist a number of
distinct optical cavity structures. Here, we will make use of the
terminology employed by Larson [25] to outline the relevant
optical cavity designs for active devices; these include the
semiconductor-coupled cavity (SCC) and extended-cavity (EC)
designs. Each design incorporates an air gap within the optical
cavity, as described in Fig. 2. By modulating the thickness of
this air gap, the resonant wavelength of the cavity may be tuned.
For these structures, the suspended mirror will be defined as the
membrane DBR and the combination of the membrane DBR
and air gap will be referred to as the tunable mirror structure.
The top and bottom mirrors are designed to give a 7 phase shift
at the center wavelength of the cavity A., which is defined as
the wavelength at which the air gap is of the ideal thickness
and the DBRs meet the Bragg condition. For the following,
all lengths are given as optical thickness—physical thickness
multiplied by the refractive index.
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1) SCC Design: The SCC design utilizes a semiconductor
cavity containing the active material of length a multiple of
Ac/2, along with an air gap of thickness near an odd multiple
Ac/4. In this design, the air gap acts as a low index layer of
the top DBR, as seen in Fig. 2(a). The large index step afforded
by the air gap allows for enhanced reflectance of the tunable
mirror structure, as well as maximum overlap of the optical field
with the active region. With the SCC design, the increased op-
tical overlap is achieved at the expense of a decreased wave-
length tuning efficiency, resulting in a small wavelength shift for
a given change in air-gap thickness. In a tunable vertical-cavity
amplifier, the tradeoff of decreased tuning range for increased
optical overlap may be preferred, as it is necessary to achieve
the highest possible single-pass gain in these devices. In this de-
sign, the coupling between the air gap and semiconductor active
region leads to complications in the tuning mechanism. These
complications include changes in the top mirror reflectance and
confinement factor with tuning, which may lead to variations
in the peak gain, bandwidth, saturation, and NF over the wave-
length tuning range of the amplifier. Depending on the final ap-
plication, the benefits of the SCC design, including maximum
overlap of the optical field with the active material and enhanced
top mirror reflectance, may outweigh the resulting tradeoff of a
limited tuning response. In addition, the SCC design is simple
to implement, as there is no need to access the optical cavity
to create the antireflection coating (ARC) necessary in the EC
design.

2) EC Design: By placing an ARC within the cavity, at the
interface between the semiconductor active region and the vari-
able air gap, the EC structure is produced. Here, the combi-
nation of the active region and air gap produces an “extended
cavity” of a total thickness of a multiple of A./2. In this de-
sign, the ARC may be fabricated using a simple quarter-wave
transformer, with a refractive index value equal to the square
root of the active-region refractive index. The EC design allows
for increased wavelength tuning ranges when compared to the
SCC design, and the tuning response of the EC design is linear,
as a function of air-gap thickness, over a relatively wide wave-
length range (DBR stop band as well as ARC bandwidth limits
the linear tuning range). However, the larger achievable tuning
range comes at the expense of reduced optical overlap with the
stacked MQW active region. Thus, given a similar active region
and mirror design, the EC structure will exhibit reduced peak
gain for a given value of material gain, when compared to the
SCC structure. Due to the presence of the ARC in the structure,
coupled cavity effects are suppressed and more constant gain
profiles will result over the wavelength tuning range of the de-
vice. Assuming an ideal ARC, the variations in device properties
found with tuning will be caused by the wavelength shift of the
cavity, as well as those changes brought about by the variation
in the total cavity length.

D. Wavelength Tuning

In each of the optical cavity designs described above, the air
gap allows for wavelength tuning through the variation in the
effective cavity length of the device. Using the modeling ap-
proach outlined previously, the tunable mirror structure can be
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described using the standard relationships for a FP interferom-
eter [26]. The effective reflectance of the tunable mirror struc-
ture may be written as

R. + Ry, — 2/ R.Ryy, cos(¢y)
14+ R.Ry, — 2v/R.Ryy, cos(gy)
where R,, is the power reflectance of the membrane DBR, R,
is the reflectance of the interface between the semiconductor
cavity and the air gap, ¢, is the round-trip phase in the air gap =
2B4Ly + 2(Bg — Bgo)Lim, with 8, = 21/ X, Bgo = 27/ A¢, L,
is the penetration depth into the membrane DBR, and L, is the
thickness of the air gap. Similarly, the reflected phase is given
by the relation [25]

1 VB (Re — 1)sin(g,)

VI Ro) = VI (L R0
From (13), we see that the reflectance of the tunable mirror
structure varies with the round-trip phase in the air gap. Most
notably, with the SCC design the effective reflectance will be
reduced with tuning due to phase interference from multiple re-
flections within the air-cavity structure. When the air gap is near
a thickness of an odd multiple of A./4, the multiple reflections
add in phase and result in a maximum in R.g. When the air
gap reaches a thickness of a multiple of A./2, destructive in-
terference occurs and the reflectance reaches a minimum value.
With the EC design, the presence of the ARC removes the fixed
phase reflection from the bottom of the air gap and, assuming
an ideal ARC, R. =~ 0, Reg — R,,, resulting in a constant
tunable mirror reflectance over the tuning range of the VCSOA,
assuming this falls within the stop band of the DBR mirrors and
the ARC bandwidth.

Continuing with the FP approach, we may describe the wave-
length-tuning characteristics of the SCC design by treating the
air gap-DBR structure as a mirror with a tunable phase shift. The
resonant wavelength of the optical cavity occurs when the round
trip phase of the semiconductor cavity and the DBRs (including
the contribution of the air gap in the top mirror) is equal to an
integer multiple of 27. For small changes in L, centered on the
ideal air-gap thickness L., the shift in wavelength of the res-
onant cavity mode corresponding to a given change in air-gap
thickness is given by [25]

AN 1ALy
)\(‘ B Lb + LS(‘, + 'Y(b(Lg + Lm)

with the phase coupling factor v4 = ddesr/d¢,. The denom-
inator in (15) describes the total cavity length of the device,
including the penetration depth into the bottom DBR L, the
length of the semiconductor cavity Lg., and the effective length
of the tunable mirror structure, which is the sum of the air-gap
thickness L, and the penetration depth into the membrane DBR
Ly, scaled by ~,.

From (15), we find that the wavelength shift of SCC design
is directly proportional to the phase coupling factor, thus, for
a given change in air-gap thickness, a device with a large -y,
will exhibit a larger wavelength tuning rate. The response of
Refr, ¢emr, and vy, as a function of the thickness of the air gap, is
shown in Fig. 3. In this plot, it has been assumed that R. = 0.32
and R,, = 0.95. With these values, 7, exhibits a minimum

Reff =

(13)

deg = tan~

5)
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Fig. 3. Effective mirror reflectance, reflected phase, and phase coupling factor

of the SCC design as a function of the thickness of the air gap, with R. = 0.32
and R,, = 0.95.

value of about 0.28 when the air-gap thickness is equal to an
odd multiple of A./4. In this case, any change in the air-gap
thickness will result in a change in the effective cavity length
that is scaled by the value of the phase coupling factor. Within
this linear tuning regime, the small value of the phase coupling
factor reduces the effects of tilt or additional loss that may be
caused by nonuniformity of the membrane DBR, by reducing
the total penetration depth of the optical field into the tunable
mirror structure. However, for large membrane displacements,
the phase coupling factor will increase dramatically, reaching a
maximum value of 3.61 at integer multiples of A./2. For the EC
design, if we assume that the active region—air interface contains
anideal ARC, -4 becomes unity in (15) and the tuning response
is directly related to the change in air-gap thickness; note that
this linear tuning regime for the EC structure will be limited by
the finite width of the DBR stopband, as well as the bandwidth
of the ARC. Because of the increase in 74 as compared to the
SCC design, the EC structure is more sensitive to imperfections
in the membrane DBR.

E. Signal Gain of MEMS-Tunable VCSOAs

From the relationships presented above, it is possible to derive
expressions describing the effects of the tunable mirror structure
on the peak gain of the VCSOA. Combining (1) for the peak re-
flection gain (with ¢, = 0), with the relationships describing the
reflectance of the tunable mirror structure (13), the peak signal
gain of a reflection mode SCC-design tunable VCSOA may be
written as

/ 2
G. = ( Reﬂ_gs) (16)

" (1 - VReags)?

where we have assumed that the device contains a highly re-
flective fixed mirror (R, = 1) and a slightly transmissive mem-
brane DBR (R, < 1). This expression shows that the peak gain
is dependent on the effective reflectance of the tunable mirror
structure, which is a function of the membrane reflectance, the
cavity—air interface reflectance and the round trip phase of the
air gap.

Another option for the SCC-design reflection-mode tunable
VCSOA would be to use the tunable mirror structure as the
highly reflective mirror. In the limit of R,,, = 1in (13), Reg —
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Fig.4. Three-dimensional schematic of the MT-VCSOA, highlighting the four-leg design of the suspended DBR structure. With an applied voltage the membrane
DBR is attracted toward the substrate, reducing the air-gap thickness, and resulting in a blue shift of the VCSOA cavity mode.

1 regardless of the round-trip phase of the air gap, and the ex-
pression for the peak gain is given by

G'r _ (\/]Tt B 95)2

(1 - \/Egs)2
where R; is the transmissive mirror in this case. Thus, by using
the MEMS tuning structure as the highly reflective mirror in
the reflection-mode SCC—design VCSOA, the peak gain re-
lationship becomes independent of both the reflectance of the
cavity—air interface and the round-trip phase of the air gap. In
this configuration, the MEMS-tuning element may be described
as a Gires—Tournois interferometer, which is essentially an FP
interferometer with a unity back reflector. This same expression
can be used to model the reflection mode EC-design tunable
VCSOA. The incorporation of an ideal ARC results in R. = 0
and the peak gain in reflection mode for both mirror positions
reduces to that shown in (17), where R; will be the reflectance of
the transmissive mirror, regardless of position (again assuming
the highly reflective mirror has unity reflectance).

With a transmission-mode VCSOA, the need for two trans-
missive mirrors requires that both R,,, and R, < 1. Combining
(2) with (13), the peak gain for a transmission mode SCC-de-
sign VCSOA becomes

7)

G, = gs(Rb - 1)(Reff - 1)
£ (1 — VRyRegrgs)?

With this configuration, the peak transmission gain is dependent
on the reflectance of the cavity—air interface and both DBRs, as
well as the round-trip phase in the air gap. The changing mirror
reflectance with tuning described by (13) may be suppressed by
employing the EC structure in these devices. Again, assuming
an ideal ARC(R.. = 0), the peak gain for a transmission-mode
VCSOA using the EC design reduces to the standard expres-
sion as seen in (2), with the membrane mirror reflectance R,,
replacing either the top or bottom mirror reflectance, depending
on the configuration of the structure.

(18)

III. ELECTROSTATIC ACTUATION

To achieve wide wavelength tuning of the VCSOA cavity
mode, it is necessary to construct a mechanical system to
physically alter the thickness of the air gap. The most efficient

realization of such a structure involves the use of an integrated
micromechanical actuator. Depending on the configuration
of the actuator, the air-gap thickness may be increased or
decreased from its initial position. With an increase (decrease)
in the air-gap thickness, the effective cavity length is increased
(decreased) and the cavity resonance wavelength is red (blue)
shifted, as can be seen in (15). Using a MEMS-based tuning ele-
ment, various actuator designs are possible; the most commonly
used being electrostatic and thermal actuators. A schematic of
the MT-VCSOA is included as Fig. 4.

For a low-power high-speed tuning response, the most effec-
tive actuator design is the integrated electrostatic actuator. In
its simplest form, the electrostatic actuator consists of a pair
of parallel capacitor plates separated by an air gap of a speci-
fied thickness, in which one or more of the plates is freely sus-
pended. With an applied bias, the Coulomb force is exerted on
the plates due to the charge separation present. If one, or both,
of the plates is free to move, then the electrostatic force results
in a change in the air-gap thickness, leading to a variation in the
effective cavity length of the VCSOA. Because the air gap is an
integral part of the resonant cavity, the thickness will be con-
strained by the optical design of the device. Neglecting the ef-
fects of fringing fields (lateral dimensions > air-gap thickness)
and assuming that the device consists of a rigid central plate sus-
pended by a set of four deflectable legs, with no intermediate
insulating layers between the two electrodes, the resulting force
F,. may be calculated from [27]

€0 A, V2 2e,blV?2
2(Lgo - 5m)2 " Lgo(Lgo - 6m)
where ¢, is the permittivity of free space, A,, is the total plate
area, V' is the applied bias, L, is the initial separation between
the plates of the actuator, 6,, is the vertical displacement of the
suspended plate, [ is the length of the individual legs, and b is the
leg width. In (19), the first term represents the force distributed
across the central plate, while the second term represents the
force generated along the length of the legs, assuming a linear
deflection as a function of the lateral dimension.

With the applied force known, as a first approximation, the
deflection of the compliant MEMS structure may be described
using Hooke’s law, F, = Flestore, With a simple one-dimen-
sional model for the restoring force of the actuator Fiestore =

F.= 19)
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kmechOm, where kpecn is the mechanical spring constant of the
actuator. Because the electrostatic force itself is a function of
the displacement, an iterative solution must be used to deter-
mine the equilibrium deflection of the actuator. More advanced
modeling techniques to describe the mechanical properties of
the MEMS structure include the area-moment method [28] or
full three-dimensional (3-D) models using finite-element anal-
ysis [29]. However, it has been found that, by using analytical
formulas such as those presented here, accurate predictions of
the mechanical properties of the actuator can be made.

For our simple one-dimensional (1-D) model, the restoring
force may be described by utilizing the familiar relationships
of the flexure of beams of uniform cross section [30]. The total
restoring force of the mechanical system can be found by sum-
ming the forces resulting from bending and stretching of the
beam, as well as the force present due to intrinsic stress present
in the legs. In this case, the components of the restoring force of
four cantilever-like tethers loaded at their tips by a rigid center-
loaded section can be shown to be [31]

P B 72hbob,m B 7 E h3b6,,
stress — 21 bend — 2413
74 E' hbé3
F§ retch — — 2
stretch 3973 (20)

In this expression, h is the thickness of the legs, E’ is the bi-
axial modulus with E/ = E/(1 — v?), E is the Young’s mod-
ulus of the membrane material, v is Poisson’s ratio, and o is
the intrinsic film stress in the beam. With these expressions,
the mechanical spring constant k.., may be found by dividing
Festore by the membrane deflection 4,,,. It should also be noted
that the relationships above are valid only for uniform beams.
For a composite actuator consisting of two distinct films, the
modulus, thickness, and stress must be replaced by the effec-
tive values for a bilayer [32]. Given a very thin structure fabri-
cated from materials with a high intrinsic film stress value, the
restoring force will be dominated by the first term Fiiress. In
those structures in which the growth stresses have been min-
imized, or in structures with a relatively large cross-sectional
area, such as a device with a full thickness DBR as the compliant
structure, the restoring force will be dominated by the bending
of the legs. Fitretcn becomes important at large displacement
values; however, this term is usually insignificant in tunable ver-
tical-cavity devices. As compared to a cantilever, the four-leg
design is a more mechanically stable structure. In this configu-
ration, the sensitivity of the free-standing membrane to external
mechanical vibrations and stress-induced bending in the struc-
tural films may be reduced [33]. In addition, the four-leg design
helps to maintain a parallel alignment between the membrane
DBR and fixed substrate DBR, thus reducing the effects of beam
walkoff loss upon actuation [27].

The displacement of the electrostatic actuator is highly non-
linear, due to the changing force with displacement, as seen in
(19). Due to this inherent nonlinearity, the electrostatic actuator
will only exhibit a limited range of valid solutions. As a rule
of thumb, for displacements less than 1/3 of the initial air-gap
thickness, there exists a stable equilibrium position for the ac-
tuator. Beyond this distance, the electrostatic force overwhelms
the restoring force and leads to pull-in of the actuator. At this
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Fig. 5. Cross-sectional schematic of the wafer-bonded long-wavelength
MT-VCSOA. The device operates in reflection mode and is pumped with a
980-nm laser; wavelength tuning is achieved with the SCC tunable cavity
design.

point, the membrane will be forced into physical contact with
the opposite electrode, resulting in a permanent fusing of the
pair due to the effects of stiction or damage due to capacitive
discharge if there are no insulating materials separating the elec-
trodes. A review of the intricacies of the electrostatic actuator
may be found in [34]. Using this rule of thumb as a limit to the
total travel of the actuator, it is possible to estimate the max-
imum voltage for the four-leg design. Setting the relevant cases
in (20) equal to the applied force in (19), and solving for the re-
quired voltage for a displacement of 1/3L,,, we find

J/max 2m hbo.Lg" -
stress ? m
7r2 h3bE’L20 1/2

Voend = 5 3¢, 13(3A,, + 8bl) @D
For both of these expressions, the voltage may be reduced by
increasing the length of the legs and the area of the membrane,
as well as decreasing the initial air-gap thickness. Specific to
the stress-dominated structure, the required tuning voltage may
be minimized by decreasing the cross-sectional area of the
legs (hb) and the film deposition stress. For the case where
Fyenq dominates, the required voltage is largely dependent on
the thickness and length of the legs. Because the suspended
structure serves as the top mirror for the device, the thickness
of the legs will be predetermined by the optical design of the
DBR, although additional processing steps may be used to
decouple the mechanical and optical properties of the device,
allowing increased freedom in the design of the final structure
[35].

IV. DEVICE STRUCTURE AND FABRICATION

A schematic of the cross section of the MT-VCSOA is shown
in Fig. 5. This structure is the same as that presented in [9]. The
MT-VCSOA utilizes an InP-based active region that is bonded
to two AlIGaAs DBRs via a direct wafer bonding procedure [36].
By using wafer bonding, it is possible to combine the high-gain
long-wavelength InP-based active material, with the excellent
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thermal properties and high index contrast of AlGaAs-based
DBRs. The active region consists of a stacked MQW struc-
ture, containing five sets of five compressively strained Alln-
GaAs QWs placed at the peaks of the standing optical wave in
a 5A./2 cavity, with the peak gain designed to be at 1545 nm
at room temperature. The InP-based active material is grown
by metal-organic chemical vapor deposition (MOCVD), while
the DBRs are grown using molecular beam epitaxy (MBE). The
bottom mirror is a 30-period GaAs—Al 93 Ga ¢.92As DBR
with a calculated reflectance of 0.999, while the top DBR con-
sists of either four or five periods of GaAs—Aly 9sGag g2 As on
top of a 3\./4 n* GaAs layer, a 5\./4 (optical thickness in
air) Alg.9sGag g2 As sacrificial etch layer, and a A./4 nT GaAs
layer directly above the active region. This structure forms the
SCC-design tunable DBR, which includes the air gap as a low
index layer. The peak reflectance of the top mirror structure
is calculated to be 0.968 for four periods on top of the GaAs
structural layer and 0.976 for five periods, including the contri-
butions of the air gap as a low index layer. As grown, the Al-
GaAs top mirror wafer contains a five-period DBR on the GaAs
membrane layer; during the fabrication procedure one period
is removed using a wet chemical etching process to create the
four-period devices. The MT-VCSOA is designed to be pumped
optically with a 980-nm diode laser and to operate in reflection
mode.

As shown in the schematic, the GaAs membrane and
the A./4 GaAs layer closest to the active region are doped
nt. The sacrificial AlGaAs layer is comprised of 200 nm
of pt Alg.gsGag g2As, followed by 1750 nm of intrinsic
Alg 9sGag.g2As. A reverse bias across this nt/p*/i/nt diode
creates an electrostatic force that results in the displacement of
the membrane toward the substrate. With this actuator design
it is only possible to reduce the air gap, thus it is only possible
to blue shift the resonant wavelength of the VCSOA. With the
doping scheme described here, the tuning diode is designed to
have a reverse breakdown voltage of 60 V. During the fabrica-
tion procedure a thin layer of tensile-stressed (260 MPa) SiN,
is deposited on top of the membrane and legs. This film creates
a slight tensile stress in the structure to ensure the flatness of
the free-standing membrane.

The basic fabrication procedure for this device may be found
in the literature [9]. However, for the revised mechanical de-
sign presented here, an additional liftoff step is added prior to
release in order to constrain the free edges of the mechanical
support structure and avoid excessive undercutting of the sac-
rificial layer below the supports [37]. For the liftoff procedure,
a low-temperature (100 °C) SiOs layer is deposited using in-
ductively coupled plasma-enhanced chemical vapor deposition
(PECVD), as demonstrated in Fig. 6. Additional changes in-
clude a radiused support structure, in order to reduce the effects
of stress concentration, and an enlarged DBR pillar to increase
the rigidity of the central portion of the membrane.

V. EXPERIMENTAL RESULTS
A. Testing Procedure

In order to facilitate the mechanical analysis of the MEMS
tuning structure, the initial air-gap thickness is measured using

GaAs
lower
electrode

Membrane

Fig. 6. Scanning electron micrographs of the updated tunable VCSOA
mechanical design. (a) Here a low-temperature SiO- film has been patterned
by liftoff to reduce excessive undercutting of the sacrificial material below
the support structure. (b) A small via has been cut into the sidewall using a
focused ion beam in order to examine the sidewall coverage of the SiO, film.
(c) Close-up of the highlighted area in (b); note that the SiO, film exhibits
conformal sidewall coverage.

a vertical-scanning interferometer, and the displacement of the
membrane DBR is recorded using a laser Doppler vibrometer.
For optical testing, an external-cavity tunable laser diode oper-
ating near 1550 nm is used as a signal source, while the input
signal power is controlled by a variable optical attenuator to
be —35 dBm. In all tests presented here, the amplifier is op-
erated below saturation. As the device is operated in reflection
mode, the signal is coupled into and out of the top of the device
through a fiber focuser, and a circulator is necessary to sepa-
rate the amplified output. A 980-nm laser, which is coupled in
through the bottom DBR by another fiber focuser, serves as the
optical pump. The use of optical pumping allows for the gener-
ation of a uniform carrier distribution given the large number of
QWs. An optical spectrum analyzer is used to record the char-
acteristics of the VCSOA as a function of pump power, tuning
bias, and wavelength. By recording the individual gain spectra
as a function of wavelength, and fitting the data with (1), the
variation in peak gain, top mirror reflectance, and single-pass
gain may be determined over the wavelength span of the tun-
able VCSOA. With these devices, the tuning range is recorded
by noting the wavelength of the amplified spontaneous emission
(ASE) peak as a function of the applied bias to the electrostatic
actuator. The signal coupling loss for this experiment is mea-
sured to be about 7 dB.

B. Wavelength Tuning

With the MT-VCSOA, the decrease in air-gap thickness upon
actuation leads to a reduction in the effective cavity length, and
a blue shift in the peak gain wavelength. For the SCC design,
the competing phases from the multiple reflections present in
the air-cavity structure lead to a varying phase coupling factor
(Fig. 3) and a nonlinear wavelength shift with respect to the
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Fig.7. Wavelength shift as a function of the air-gap thickness for L, centered

on A./4,3X./4, and 5)./4. The shaded regions indicate the estimated
wavelength tuning range given the limited travel of the electrostatic actuator,
while the open squares and triangles represent experimental data from devices
with the widest tuning ranges.

change in air-gap thickness, as seen in Fig. 7. In this plot, the
tuning response for a A./4, 3\./4, and 5. /4 air-gap structures
are presented, as well as measured data from our MT-VCSOA.
Using this plot, it is possible to compare the maximum tuning
range around the center wavelength of the cavity A, given the
limited travel of the electrostatic actuator [38]. Assuming that
the displacement is limited to ~1/3 L, and centered at X, the
approximate wavelength shift for each structure is found to be
6.4 nm for the \./4 air gap, 24.2 nm for the 3\./4 air gap, and
53.1 nm for the 5\./4 air gap. For the cavity designs presented
in Fig. 7, the estimated wavelength tuning range is highlighted
as the shaded area of the plot. By increasing the air-gap thick-
ness, the total wavelength tuning range may be extended. How-
ever, with an increasing air-gap thickness, the required tuning
voltage will also increase due to a decrease in the applied force
from (19). Additionally, given a longer total cavity length, the
FP mode spacing is reduced, decreasing the overall single-mode
tuning range.

Using the same basic cavity structure, we can also predict
the wavelength tuning response for the EC design. In the limit
of an ideal ARC, R, ~ 0 and v, — 1. With this design, the
resonant wavelength shift becomes linear as a function of the
change in air-gap thickness (not taking into account dispersion
effects in the DBRs or ARC bandwidth). Again, using air-gap
thicknesses centered around A./4,3A./4, and 5], /4, the limits
to the wavelength shift are found to be 15.8, 44.6, and 70.5 nm,
respectively. Thus, by incorporating an ARC within the cavity,
the wavelength tuning range of the VCSOA may be increased.
On the other hand, the extended tuning range comes at the price
of a reduced optical overlap with the stacked MQW active re-
gion, resulting in a reduced signal gain for a given pump power.

For the measured data, the ASE wavelength tuning range is
greatly extended as compared to the previous generation of de-
vices. In this case, the revised mechanical structure results in
a slightly reduced initial air-gap thickness and an initial cavity
mode with a shorter wavelength than desired. Upon tuning, the
phase coupling factor begins to increase dramatically, and the
wavelength shift becomes very rapid with decreasing air-gap
thickness. The results for the two most widely tunable devices
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Fig. 8. Resonant cavity mode shift as a function of the applied tuning bias,
as well as the corresponding membrane displacement. The solid lines indicate
the theoretical device response, while the data points indicate experimental
measurements.

are included in Fig. 7. With these devices, the ASE wavelength
shifts are 76.6 nm (1571.9 nm to 1495.3 nm) with the appli-
cation of 30 V to the tuning diode and 53.8 nm (1553.8 nm to
1500.0 nm) at 25 V. Due to the reduced initial air-gap thickness,
the experimental tuning data is blue shifted with respect to the
ideal design, resulting in measured data points that extend be-
yond the limit of the wavelength tuning range indicated in the
figure. For both the four- and five-period samples, the wave-
length response is effectively identical; at the furthest extent of
the tuning range, the deviation between each case is less than a
nanometer.

Apart from the physical limitations of the mechanical struc-
ture, the useful wavelength span of the MT-VCSOA will even-
tually be limited by either the finite stop band of the DBR mir-
rors or the gain spectrum of the active material. Wide mirror
stop bands may be achieved through the use of air/semicon-
ductor DBRs [18], [37], oxidized AlGaAs DBRs [39], or di-
electric DBRs [15]. In addition to the increased stopband width,
the increased index contrast with these mirror systems leads to
a smaller penetration depth and thus an increase in the wave-
length tuning efficiency, due to a decrease in the overall cavity
length. Given an infinite DBR stopband and an actuator capable
of an extended range of displacement, the wavelength range
over which acceptable amplification may be achieved will be
limited by the active material gain spectrum.

C. Mechanical Analysis

With the updated mechanical structure, the total membrane
displacement is improved, while at the same time the required
operating voltage is largely reduced, as compared with the pre-
viously reported devices in [9]. As seen in Fig. 8, with a plate
diameter of 70 pum, a spring length and width of 95 ym and
20 pm, respectively, a membrane thickness of 0.35 pm, and
SiN,, thickness of 0.25 pum, we have achieved a total displace-
ment of 455 nm with the application of 29 V to the tuning
diode. With this actuator, the application of 25 V results in a
membrane displacement of approximately 250 nm and a corre-
sponding ASE wavelength shift of 53.8 nm, as shown in Fig. 8.
The large decrease in the required tuning voltage may be at-
tributed to the better control over the air-gap thickness found
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with the new actuator design. With the previous mechanical de-
sign, the deformation of the support structure caused the air gap
to nearly double in thickness [9]. By constraining the support
structure against out-of-plane deformation, the initial plate sep-
aration is now better controlled, leading to a large reduction in
the required tuning voltage for the revised mechanical design.

Combining (19) with the sum of the components of the
restoring force from (20) and using an iterative solution, it is
possible to accurately predict the displacement of the membrane
structure as a function of the applied bias. Fitting the theoretical
curve to the measured values as shown in Fig. 8, the spring
constant of the actuator is found to be 58.6 N/m. This value
is relatively high due to the large tensile stress in the PECVD
SiN,, layer. The mechanical spring constant is dominated by the
material stress term kg¢ress = 56.1 N/m, while the bending and
stretching components contributes only slightly to the restoring
force, with kpena = 2.2 N/m and kgireten = 0.3 N/m at a
displacement of 247 nm. To minimize the total restoring force
of the actuator and further reduce the required tuning voltages,
a low, or ideally zero, tensile stress actuator material should be
used, similar to that demonstrated in [40]. Presently, a more
thorough understanding of the stresses developed by the direct
wafer bonding process is necessary in order to optimize the
mechanical properties of the actuator.

D. Mirror Reflectance

From (13), we see that the use of MEMS-based wavelength
tuning results in varying mirror reflectance as a function of the
round-trip phase of the air gap (¢,). With both reflection and
transmission mode VCSOAs, the mirror reflectance is crucial
in determining the characteristics of the amplifier, including the
gain, bandwidth, saturation, and noise figure [10]-[12]. With the
SCC design, the varying reflectance is caused by the changing
magnitude of interference from the multiple reflections within
the air-cavity structure. At the center of the tuning range, the
air gap is near a point of antiresonance (~\./4), and the mul-
tiple reflections add in phase, leading to a peak in the effective
reflectance. However, as L, is varied, the air-gap thickness be-
gins to approach a multiple of A\./2, in this case scaled by the
effective index of the cavity, which is a combination of the air
gap and semiconductor active region, eventually reaching a po-
sition where the reflection from the suspended DBR and semi-
conductor—air gap interface are 180° out of phase, resulting in
a minimum in the effective mirror reflectance. From the per-
spective of the semiconductor cavity, the destructive interfer-
ence leads to a reduced effective mirror reflectance as the air-gap
thickness is deviated from its ideal value.

Combining (13) and (15), it is possible to plot the effective
reflectance of the SCC air gap-DBR structure as a function of
the resonant wavelength of the VCSOA, as shown in Fig. 9. In
this plot, we have used R. = 0.32, and we are assuming that
the center wavelength of the tunable mirror structure is the same
for all devices. Because the experimental data were recorded for
different samples, slight nonuniformities in the epitaxial growth
procedure may shift the ideal value of A, for each device. Along
with the theoretical curves, we have included the data collected
by curve fitting the gain spectra using (1) for samples with four-
and five-period DBR pillars. For the four-period DBR pillar, the
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Fig. 9. Theoretical curves for the variation in reflectance of the membrane
DBR structure with the SCC design. Experimental data recorded for both four-
and five-period devices are included.

measured peak reflectance value is 0.91 at 1569.3 nm and drops
to 0.87 at a wavelength of 1578.3 nm. In this device, the mea-
sured maximum reflectance is much lower than the theoretically
calculated peak value of 0.968 and is attributed to additional
mirror loss brought about by the wet chemical etching process
used to remove one of the mirror periods [1]. For the five-period
sample, the peak R.g of 0.974 matches well with a predicted
value of 0.976. With increasing peak mirror reflectance, the roll
off in R.s¢ becomes much less severe. With roughly 20 nm of
tuning from the peak reflectance wavelength, the theoretical re-
flectance drops to 0.953 at 1550 nm for the five-period structure.

Also included in Fig. 9 is the variation in mirror reflectance
for a typical SCC-design MEMS-tunable VCSEL with a peak
effective reflectance of 0.997 for the tunable mirror structure
[27]. Over the same wavelength range, R.g reduces only
slightly to 0.995. If we examine the limit of top mirror re-
flectance R,, = 1.00, then the effective top mirror reflectance
reduces to unity and becomes independent of the phase de-
tuning of the air gap. Over the wavelength tuning span of the
VCSOA, the variation in reflectance of the membrane DBR
structure may be extremely large with the SCC design. As
compared with the mirror requirements in a VCSEL, the lower
reflectance values necessary with the VCSOA lead to a much
larger change in mirror reflectance as the air gap is varied from
its ideal thickness. In this case, the roll-off in reflectance will
greatly diminish the wavelength span over which acceptable
amplification may be achieved.

E. Signal Gain

Using the relationships developed in Section I to describe
the peak gain of the various tunable VCSOA configurations
(16)—(18), it is possible to model the response of the amplifier as
a function of the cavity resonance wavelength. In order to com-
plete this model, the wavelength dependence of the single-pass
gain gs must be determined. As the cavity mode is tuned, the
VCSOA will operate at different points along the material gain
curve, leading to changes in g. Additionally, the wavelength
shift will lead to a translation of the standing wave peaks within
the active region. As a result, the position of the maximum field
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intensity will sweep across the MQW stack, leading to a varying
gain-enhancement factor with tuning. In terms of the cavity loss
(product of a; L..), the deflection of the membrane structure may
lead to increased losses caused by tilting or nonuniform defor-
mation of the released structure; however, for the model pre-
sented here, we have assumed that the product «; L. remains
constant over the wavelength tuning range. Here we have used
an average cavity loss of about 35 cm™!. This value is rela-
tively high compared to nontunable vertical-cavity devices and
is attributed to the doping levels used in the electrostatic ac-
tuator structure, the presence of multiple wet-etched semicon-
ductor-air interfaces within the cavity, and increased diffraction
loss associated with the longer cavity. Next, g and & must be de-
termined over the wavelength span of the tunable VCSOA.

In order to estimate the change in &, a transmission matrix
solver (VERTICAL) was used to determine the position of
the standing wave peak as a function of the cavity resonance
wavelength. For this calculation, the QW structure consists of
a given number of 5.5-nm-thick wells separated by two 9-nm
barriers (each MQW stack begins and ends with a layer of
barrier material). The optical cavity utilizes the SCC design
with a 5A./4 air gap. The calculation is completed for cavity
lengths of 3\./2,4\./2,5)./2,6)./2, and 7A./2, containing
eight, six, five, four, and three wells per MQW stack. With the
transmission matrix solver, the shift in position of the standing
wave peaks was recorded as a function of the cavity resonance
wavelength. The peak shift is relatively linear as a function
of wavelength, and the rate of the spatial shift increases with
increasing cavity length. For the cavity lengths presented
above, the average shift in position of the standing wave peaks
are 0.98, 1.07, 1.16, 1.24, and 1.33 nm per nm of wavelength
tuning, respectively.

From the results in Fig. 10, it is possible to see that, with
the shorter cavity length designs, the larger required Laiqw re-
sults in a reduced initial value of £; however, the change in &
becomes less pronounced as the device is tuned from A.. With
an increased cavity length and a smaller number of wells per
stack, the initial enhancement is increased, but the roll-off in
& becomes more severe with tuning. Assuming a 50-nm wave-
length tuning range centered on \. (approximately 1570 nm for
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Fig. 11. Amplifier gain spectra recorded for a constant pump power and

increasing tuning bias (open circles). Fitting the experimental gain spectra
(solid lines) with the expression from (1), the variation in single-pass gain and
mirror reflectance may be determined. Using these parameters, it is possible
to generate curves describing the peak signal gain as a function of the cavity
resonance wavelength (dashed line).

this model), the largest variation in enhancement occurs for the
7Ac/2 cavity. In this structure, ¢ varies by approximately 23%,
from a maximum value of 1.92 at A\, nm to minimum of 1.56
after a blue shift of 25 nm from the peak wavelength. Within the
approximately 50-nm achievable tuning range, a longer cavity
with fewer wells per stack will result in a larger value of ¢. How-
ever, if the tuning range is extended or if the device operates off
of the ideal center wavelength (. ), a larger Lyiqw may be de-
sired in order to ensure that ¢ stays sufficiently high over the
wavelength span of the device.

With the variation in £ established, the final parameter to be
determined is the material gain spectrum. By recording the in-
dividual amplifier gain spectra for various tuning bias values
(at a constant pump power) and fitting the data with theoretical
curves generated from (1), it is possible to extract the changes
in mirror reflectance and single-pass gain g, with tuning. An
example of this procedure may be seen in Fig. 11. Given the
variation in g5, the material gain as a function of wavelength
can be calculated from (4). In this model, no wavelength-depen-
dent losses have been assumed. After backing out the material
gain values, it is found that the roll off in ¢ near the gain peak
may be well approximated by a Lorentzian function. Such an
approximation is a valid first approach for modeling of the ma-
terial gain spectrum [22]. With the wavelength dependence of g
determined, the signal gain response of the tunable VCSOA can
be described using the FP amplifier expressions.

By varying the applied bias on the electrostatic actuator, the
narrow gain spectrum of the VCSOA may be swept over the
wavelength tuning range of the device. With increasing voltage,
the resonant wavelength, and thus the position of peak gain, is
pushed to shorter wavelengths. Here both the gain bandwidth
and peak gain vary over the tuning range due to the changes in
gs and R.g found in our reflection mode SCC-design tunable
VCSOA. In order to facilitate a more general comparison of
the signal gain characteristics of the various tunable VCSOA
configurations, it is desirable to decouple the properties of the
MEMS actuator design. Rather than plotting the variation in
gain with applied bias, a more general description involves
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Fig. 12. Theoretical and experimentally measured peak fiber-coupled gain as
a function of the resonant cavity wavelength of the VCSOA. The theoretical
curves are generated from (16), after matching the wavelength tuning response
in (15).

the use of the peak gain expressions for the tunable VCSOA
(16)—(18). Using these relationships, the variation in peak gain
may be plotted as a function of the resonant wavelength of
the optical cavity. The peak gain curves generated from these
relationships may be described as the envelope function of the
individual gain spectra; an example of this can be seen as the
dashed curve in Fig. 11.

By recording the peak signal gain for a number of different
pump powers, as a function of the resonant wavelength of the
VCSOA, a family of gain-tuning curves may be generated. An
example of this is shown in Fig. 12 for our SCC-design tunable
VCSOA. The theoretical signal gain curves assume a constant
value of pump power over the device tuning range. For each
pump power, the peak value of material gain is labeled in order
to facilitate a more general comparison of the device results, in-
dependent of the pumping method. The theoretical curves have
been generated using the appropriate peak gain expression from
Section II; in this case, (16) is used for the reflection-mode
SCC-design tunable VCSOA. Additionally, this model includes
all previously described parameters including the wavelength
response as a function of L, the variation in mirror reflectance,
and the change in gain enhancement with tuning. It is important
to note that heating effects are not taken into account here.

For the device presented in Fig. 12, the tunable mirror re-
flectance peaks near 1575 nm, while we have achieved the best
fit with the material gain peak at 1572 nm. The position of
the material gain peak agrees with the theoretically expected
value for our active region. Here the photoluminescence peak
is designed to be at 1545 nm at room temperature, leading to
a peak gain wavelength near 1550 nm. Assuming the wave-
length of peak gain red-shifts at a rate of 0.5 nm/K [6] and
given a temperature rise of roughly 40-50 K in the MQW struc-
ture with the pump powers used in testing, we would expect to
see a red shift of the theoretical peak gain to wavelengths be-
tween 1570-1575 nm. In this device, the offset in the peak re-
flectance of the tunable mirror structure and the peak material
gain wavelength leads to an asymmetric peak gain response over
the device tuning range. Additionally, the position of peak gain
is found to correspond with the wavelength of peak mirror re-
flectance. The maximum-recorded fiber-to-fiber gain is 11.5 dB
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Fig. 13. Theoretical peak fiber-coupled gain as a function of the resonant

cavity wavelength for our standard design compared with experimental data
(a), and for the inverted SCC-design reflection mode VCSOA (b), with the
membrane DBR used as the highly reflective mirror.

at a pump power of 100 mW (corresponding to a peak material
gain of 1130 cm~? in Fig. 12) and 3-dB chip gain, neglecting
coupling losses, is recorded over a 25.6-nm wavelength range
(1548.3-1573.9 nm). At 100 mW of pump power, at least 3-dB
fiber-to-fiber gain (including 7 dB of signal coupling loss) is
recorded from roughly 1568 to 1574 nm. With increasing pump
power, the device achieved lasing action near the peak of the
tunable mirror reflectance. Since it is only possible to blue shift
the resonant wavelength of the VCSOA, we are unable to record
signal gain values for wavelengths longer than about 1574 nm,
which is the initial resonant wavelength of the device. Based on
these results, we can verify that our model matches the recorded
experimental data. Going one step further, it is possible to model
the peak gain response of the MT-VCSOA given arbitrary cavity
and mirror designs.

In the first model, we use a reflection-mode VCSOA with an
SCC-tunable cavity design, a 5A./2 semiconductor cavity (con-
taining the same stacked MQW active region used in our fabri-
cated devices), a 5A./4 air gap, R,,, = 0.91, R. = 0.32, R}, =
0.999, and assuming a signal coupling loss of 7 dB. This model
is similar to that shown previously; however, here the peak re-
flectance of the tunable mirror structure occurs much closer to
the gain peak. The theoretically generated peak fiber-to-fiber
gain curves are shown in Fig. 13(a). Also included with the
theoretical curves is experimental data recorded for a sample
exhibiting a peak mirror reflectance near 1570 nm (material
gain peak is again assumed to be at 1572 nm for all examples).
With this design, the theoretical wavelength span over which
10 dB of fiber-to-fiber gain may be achieved for a constant
pump power of approximately 100 mW is 13.7 nm, between
1562.8—-1576.5 nm. A further increase in the pump power will
lead to lasing at the center wavelength of the cavity. In each
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Fig. 14. Peak fiber-coupled gain for each tunable VCSOA configuration, given
a peak material gain value of 1100 cm~*! at 1572 nm. A dashed line indicates
devices utilizing the EC tunable cavity design.

plot, gmax indicates the peak value of material gain (with a peak
gain wavelength of 1572 nm). To achieve the theoretical 10-dB
fiber-to-fiber tuning range mentioned above, the initial air-gap
thickness must lead to a resonant wavelength >1576.5 nm, and
the actuator must be capable of generating a wavelength shift
>13.7 nm.

With a similar cavity design, but by using the highly reflec-
tive mirror for the MEMS tuning element R,,, =0.999 and using
the fixed substrate DBR as the transmissive mirror R; = 0.974,
the 10-dB fiber-to-fiber tuning range is extended to 24.5 nm
(1559.9-1584.4 nm), shown in Fig. 13(b). In both Fig. 13(a)
and (b), the peak reflectance of the transmissive mirror is 0.974.
Because of the increased membrane reflectance, the variation
in R.g¢ with tuning is minimized, as in Fig. 9. With the in-
verted SCC design, the wavelength of peak fiber-to-fiber gain is
found to coincide with the peak of the material gain, in contrast
with the standard SCC design where the wavelength of max-
imum gain is determined by the peak of the effective mirror re-
flectance. By comparing Fig. 13(a) and (b), it is possible to see
that the major limitation to the wavelength range over which
sufficient signal gain may be recorded with our SCC-design re-
flection-mode VCSOA is attributed to the roll off in mirror re-
flectance with tuning.

Next, we will consider a transmission-mode device with the
SCC design, utilizing the same 5\./2 cavity and 5)\./4 air gap,
but with equal mirror peak mirror reflectance values of R, =
Ry = 0.974. Applying (18), it is possible to plot the peak gain
variation with tuning, included in Figs. 14 and 15 below. In this
design, the peak gain response is similar to that seen in Fig. 13(a)
for the SCC-design reflection-mode VCSOA, however, the in-
creased mirror loss with transmission-mode operation leads to
the requirement of higher material gain values in order to reach a
similar level of signal gain. As with the previous case, the use of
the transmissive mirror in the SCC tunable cavity design leads
to a rapid roll off in signal gain with tuning.

Making use of our model, it is also possible to generate the-
oretical signal gain curves for the EC design utilizing both re-
flection- and transmission-mode operation. For the EC design,
the change in position of the standing wave peaks with tuning
must first be examined. Again, utilizing the transmission matrix
solver (VERTICAL), we find that the wavelength shift for the
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Fig. 15. Peak fiber-coupled gain for the transmission-mode SCC design as

well as the reflection- and transmission-mode EC-design tunable VCSOAs,
given a peak material gain value of 2200 cm~!. Note that the SCC-design
transmission-mode device has reached lasing threshold from roughly 1558 to
1586 nm.

EC design with the 5\./2 cavity is approximately 1 nm per nm
of wavelength tuning, slightly less than the value of 1.16 for a
similar cavity-length SCC structure. With the EC design, the in-
corporation of an ideal ARC leads to R. ~ 0 and R.g = R,,, if
we assume that we are using the same material structure for the
membrane DBR the reflectance is reduced to a constant value
of 0.91. The reduction in the reflectance of the tunable mirror
structure increases the overall cavity length and leads to a re-
duction in the fill factor (L,/L.) and thus a reduction in the
total confinement factor of the device. This leads to a large in-
crease in the required g for a similar fiber-to-fiber signal gain in
the EC structure.

With transmission-mode operation, the need for two trans-
missive mirrors leads to a further increase in the mirror loss, and
in this model (again with R,,, = 0.91) the required single-pass
gain value for a signal gain of approximately 10-dB fiber-to-
fiber becomes large (>6%). In order to increase the achievable
gain for these structures, the reflectance of the membrane should
be increased to make up for removal of the air gap from the tun-
able mirror structure. For the EC design the signal gain response
with tuning may be modeled using (17). Note that this relation-
ship can also be used to approximate the SCC design with the
highly reflective tuning mirror. As with the inverted SCC struc-
ture, the gain curves for the EC-design peak at the wavelength of
maximum material gain. The gain curves for all of the modeled
structures are included in Fig. 14 for a maximum material gain
value of 1100 cm ™. In order to generate a more useful compar-
ison of the EC-design tunable VCSOAs, these structures have
been modeled with a peak material gain value of 2200 cm™! in
Fig. 15. In this plot, the signal gain of the SCC-design transmis-
sion mode device has also been included.

F. Output Saturation Power and Noise Figure

Using the steady-state amplifier rate equations (7) and (8), the
saturation output power as a function of the cavity resonance
wavelength may be determined. In this model, the procedure
outlined in [11] is employed to find the change in signal gain
brought about by the increasing photon density in the resonant
cavity. For any optical amplifier, the saturation output power is
defined as the output signal power at which the amplifier gain is
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Fig. 16. Saturation output power of the reflection mode SCC-design tunable VCSOA for various pump powers.

half of the small-signal value. The reduction in gain in this case
is controlled by the rate of stimulated emission in the cavity.
With increasing stimulated recombination, the photon density
grows rapidly at the expense of the carrier density in the active
material. From the rate equations, the stimulated emission rate
is proportional to the material gain as well as the cavity photon
lifetime. Over the wavelength-tuning span of the VCSOA, these
parameters will vary, leading to fluctuations in the saturation
characteristics of the device. The theoretical saturation output
power for our SCC-design MT-VCSOA is shown in Fig. 16.

With the SCC-design tunable VCSOA, the roll off in mirror
reflectance with tuning leads to a decrease in the photon life-
time, due to the increased mirror loss and thus a large increase
in the saturation output power at resonant wavelengths away
from the position of peak gain (for values of A\g shorter than
roughly 1550 nm and greater than about 1600 nm). Unfortu-
nately, the amplifier gain in this regime is negligible and signal
amplification is impossible. In the region of significant signal
gain, from approximately 1555 to 1585 nm, and for low pump
powers, the saturation output power reaches a maximum at
the wavelength corresponding to the peak gain of the VCSOA
(which occurs at the postion of maximum mirror reflectance
for the SCC design MT-VCSOA with the transmissive tunable
mirror structure). To either side of this maximum, the satua-
ration output power drops, and two minima are found. In this
region, the mirror reflectance has increased, leading to a corre-
sponding increase in the photon lifetime of the cavity; however,
the signal gain is still low, thus limiting the output power of the
VCSOA. With pump powers approaching lasing threshold, the
photon density increases dramatically and the saturation output
power is reduced. This is apparent for the curve corresponding
to a peak gain of 1130 cm~!. Here the photon density in the
cavity is large enough to appreciably deplete the carrier density
in the QWs, leading to a large reduction in the saturation output
power of the VCSOA.

The output saturation characteristics of the other available
cavity designs follow roughly the same trends as shown in
Fig. 16. For the inverted SCC structure, the maximum output
saturation power values are similar, as the peak mirror re-
flectance is the same. However, the output saturation power

SCC design trans. mode

SCC design
ref. mode

SCC design
inverted

ref. mode

/

EC design ref. mode

noise figure (dB)

1560 1570 1580 1590 1600

resonant wavelength (nm)

3 f
1540 1550 1610

Fig. 17. NF of each tunable VCSOA configuration given a constant peak
fiber-to-fiber gain value of 10 dB over the wavelength tuning range of the
amplifier.

curve is somewhat flatter around the wavelength of peak gain
due to the wider range of positive signal gain values in this
device. From previous work on fixed-wavelength VCSOAs,
increased saturation output power is found for devices with
decreased mirror reflectance, at the expense of higher required
pump powers [10], [11]. The same trend holds true for the
MT-VCSOA. Assuming a peak fiber-to-fiber gain of 10 dB
with the SCC-design reflection-mode VCSOA, the saturation
output power is roughly —2.5 dBm. For the transmission-mode
SCC design the output saturation power increases to —0.5 dBm,
for a similar value of peak gain, due to the increased mirror
loss found in these devices. With the EC devices, the saturation
output power further increases, owing to the reduction in the
reflectance of the tunable mirror structure brought about by the
incorporation of the ARC. These values may be compared with
the recently demonstrated record high output saturation power
of 0.5 dBm [41].

Much like the saturation characteristics, the NF of tunable
VCSOAs will vary with tuning, due to changes in the mirror
reflectance and the inherent variation in the material gain spec-
trum. With a VCSEL, once threshold is reached, the gain clamps
at a constant value, resulting in relatively uniform properties
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NF of transmission-mode tunable VCSOAs given a constant peak fiber-to-fiber gain value of 10 dB over the wavelength tuning range. Here the input

signal is injected through the opposite side of the device, so that the signal enters through a mirror with reduced reflectance values, leading to improved noise

characteristics.

with tuning. With a VCSOA, on the other hand, the requirement
of subthreshold operation leads to a varying value of material
gain over the operating range of the device, which necessitates
varying pump powers in order to maintain a constant value of
signal gain. This results in a variation in the carrier density and
thus a varying inversion parameter as a function of the resonant
wavelength of the device (assuming a constant value of signal
gain). Using the rate equations to determine the carrier density
required to maintain a constant amplifier gain value with tuning,
it is possible to make theoretical predictions of the noise figure
of the MT-VCSOA. For this model, we have assumed that the
pump power is varied in order to achieve a constant fiber-to-fiber
signal gain of 10 dB. The results of this simulation are presented
in Fig. 17. The effects of coupling loss have not been included
in the NF calculation.

Similar to the peak gain results, the NF of the reflection-mode
tunable VCSOAs exhibits a peak at the wavelength of maximum
effective mirror reflectance for the SCC design with the trans-
missive tunable mirror structure or at the point of maximum
material gain for the EC design or the SCC design with the
highly reflective tunable mirror structure. With these devices,
the bottom mirror reflectance value of 0.999 leads to an ex-
cess noise coefficient x,, ~ 1. Additionally, for high signal
gain, NI = 2ng,, and the noise figure is solely a function of
the inversion parameter. For the reflection-mode devices, the
required pump power is reduced near the maximum value of
the active material gain and at the peak reflectance of the DBR
mirrors, leading to an increase in ng, and a corresponding in-
crease in the overall noise figure. Due to the reduced variation
in mirror reflectance for the inverted SCC design, the required
pump power is lower for a larger range of wavelengths and thus
the NF curve is somewhat broader, as compared with our stan-
dard structure. Note that the peak NF value of 7.6 dB is the same
for both designs, as the peak mirror reflectance values are equal.
For the EC-design reflection-mode VCSOA, the maximum NF
value is reduced to 5.2 dB, as compared with the SCC-design

reflection-mode devices. This can be explained by the lower
mirror reflectance and decreased optical overlap, which give
rise to a higher required carrier density and a corresponding
decrease in ng,, for a given value of signal gain. The trend of
decreased NF for lower transmissive mirror reflectance in the
reflection-mode tunable VCSOAs follows the trend observed in
fixed-wavelength VCSOAs [24]. Reducing the reflectance of the
transmissive mirror to 0.91 in the SCC-design reflection-mode
devices will result in NF values similar to that found for the
EC-design reflection-mode device.

With transmission-mode tunable VCSOAs, the large mirror
losses lead to the requirement of high pump powers and thus a
value of ngp, near unity. In these devices, the excess noise co-
efficient is minimized for g, = R, 12, However, the varying
single-pass gain with tuning makes it difficult to operate the
VCSOA under this condition. Following the results of nontun-
able VCSOAs, in order to optimize the NF of the transmis-
sion-mode devices, the input mirror should be of a reduced re-
flectance, as compared to the output mirror. This may be seen
by comparing the results of Fig. 17 with the theoretical NF of
the transmission-mode devices shown in Fig. 18. In this figure,
the structure of the transmission-mode tunable VCSOAs is un-
changed, however, the signal now enters and exits the devices
in the opposite direction. This leads to a reduced NF over the
tuning range of the device for the EC transmission-mode struc-
ture. In this configuration, the peak NF of the EC-design trans-
mission-mode device is reduced to 4.9 dB. With the SCC-design
transmission-mode device, the peak value of the NF is the same
as that shown in Fig. 17 (8.4 dB), as the peak mirror reflectance
of the tunable mirror structure is equal to the reflectance of the
fixed mirror (0.974). Here the roll-off in mirror reflectance with
tuning leads to the ideal condition of a reduced input mirror re-
flectance, reducing the NF to the extremes of the device tuning
range. Note that the signal gain and required pump power are
unchanged for the transmission-mode devices, regardless of the
input/output signal direction.
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VI. CONCLUSION

We outline here a number of possible designs for MEMS-tun-
able VCSOAs and compare the performance of several experi-
mental devices to our model of the SCC-design reflection-mode
VCSOA. Making use of general FP relationships, we are able to
predict the wavelength tuning characteristics and the signal gain
of MT-VCSOAs. Additionally, using a steady-state rate-equa-
tion approach, it is possible to describe the saturation output
power and noise figure of these devices. With the VCSOA, the
use of MEMS-based wavelength tuning leads to varying am-
plifier properties over the wavelength span of the device. The
changing center wavelength of the cavity results in variations in
the reflectance and penetration depth of the DBRs, changes in
the confinement factor, as well as operation at different points on
the material gain curve. In addition, the varying properties of the
optical cavity brought about by changes in the thickness of the
air gap serve to alter the device properties. For the SCC design,
the changing phase of reflection from the air gap leads to largely
varying mirror reflectance with tuning. With the EC design, the
variation in amplifier properties is controlled by changes in the
cavity length and material gain with tuning.

The major limitation to the wavelength span over which suf-
ficient amplifier gain may be achieved in our SCC-design re-
flection-mode VCSOA is the roll-off in mirror reflectance that
occurs as the air gap deviates from the ideal thickness. To over-
come this limitation, we propose that the MEMS tuning element
be used as the highly reflective DBR mirror and the fixed bottom
DBR be used as the transimissive mirror in reflection-mode de-
vices. With this design, the tuning range over which we can
achieve 10 dB of fiber-to-fiber gain is increased by roughly 10
nm for a similar value of material gain. Unfortunately, a trans-
mission-mode VCSOA requires the use of two slightly trans-
missive mirrors, making the varying reflectance found with the
SCC design extremely difficult to avoid. With a transmission-
mode tunable VCSOA, the EC design may prove to be a better
choice, as the presence of the ARC in the air-cavity structure
leads to a constant top mirror reflectance over the device tuning
range. However, the EC design requires much larger material
gain values (and corresponding optical pump powers), due to
the reduction in top mirror reflectance brought about by the in-
corporation of the ARC in the optical cavity.

Increased saturation output powers and decreased noise fig-
ures may be achieved in devices exhibiting reduced mirror re-
flectance values, which is similar to fixed-wavelength VCSOAs.
For the EC design, the incorporation of an ARC in the cavity
results in a reduction in the effective reflectance of the tun-
able mirror structure and a decrease in the optical confinement
factor, leading to an increase in the saturation output power,
and a corresponding decrease in the signal-spontaneous beat
noise. The improvement in the saturation properties and reduced
noise figure come at the expense of higher required pump power
values. For the SCC-design tunable VCSOA, further improve-
ments may be found by reducing the reflectance of the trans-
missive mirror structure and ensuring that the highly reflective
mirror reflectance remains >0.999, over the wavelength tuning
range of the VCSOA.
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