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Electrooptic Tuning of InP-Based Microphotonic
Fabry—Pérot Filters

Maria V. Kotlyar, Liam O’Faolain, Andrey B. Krysa, and Thomas F. Krauss

Abstract—This paper presents the experimental results for
compact (20- and 40-pm-long) electrooptically tuned deeply
etched Fabry-Pérot (F-P) filters in InP-based material. Both
the quantum-confined Stark effect (QCSE) and carrier-injection
(C-I) effects were implemented to achieve tunability of these
microcavity filters. Red and blue shifts of the transmission peaks
in the order of 1 to 2 nm were observed for both effects, and the
limitations on C-I due to thermal effect are clearly demonstrated
and discussed. The advantages and disadvantages of both tuning
mechanisms are highlighted.

InP-InGaAsP,
effect (QCSE),

Index Terms—Fabry-Pérot (F-P) cavity,
microresonators, quantum-confined Stark
quantum-well (QW) devices, tunable filters.

I. INTRODUCTION

UNABILITY of compact devices is essential for the re-

alization of microphotonic circuits. III-V semiconductors
offer an attractive material platform in this respect, especially
since InP gives access to several electrooptic effects and pro-
vides gain at the telecommunications wavelengths of 1.3 and
1.55 pm.

The use of microcavities such as microrings [1], microdiscs
[2], and Fabry—Pérot (F-P)-type resonators [3] allows for the
confinement of the optical mode to very small regions. Thus,
microcavity-based devices typically consume only small levels
of external power to produce the desired tunability and can be
potentially very fast due to small parasitic capacitances. The
most common ways of realizing tunability in photonics are
the quantum-confined Stark effect (QCSE), carrier injection
(C-I), thermal tuning, and the Kerr effect. Of these, QCSE
and C-I are the most promising in the microphotonics context;
ultrafast tuning via the Kerr effect provides too small a refrac-
tive-index change, whereas thermal tuning is typically too slow
(microsecond regime) and generates excessive heat loads for
densely integrated circuits. The present paper therefore focuses
on QCSE and C-L.

These effects cannot be considered in isolation, however;
thermal effects are especially relevant for C-I devices, because
carrier-related heating leads to the thermooptic refractive-index
shift that is of the opposite sign to the electrooptic shift [3].
Electrooptic and thermal effects may therefore cancel one
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another, which is highly undesirable. Thermal conductivity is,
thus, another reason for choosing a III-V substrate (as opposed
to SiO2 or air claddings as in silicon-on-insulator (SOI) and
membrane-type devices, respectively, both of which lead to
much higher thermal impedances).

A further advantage of microcavities is that their transmission
at the resonance wavelength becomes very sensitive to small
refractive-index changes, so cavities with a high () factor are
preferable, especially for applications in switching.

The etching of high-aspect-ratio features in InP in order to
create F—P-type microcavities is critical and very demanding.
Two etching methods (inductively coupled plasma (ICP) and
chemically assisted ion beam etching (CAIBE)) [4], [5] have
recently been proven successful for this purpose, however. For
example, we have already fabricated and characterized low-loss
(~2 dB/mm) InP photonic-crystal waveguides using the CAIBE
technique [6].

This paper reports the characteristics of tunable InP-based fil-
ters of the F—P resonator type using a small number of deeply
etched air slots to form highly reflecting Bragg mirrors. Red and
blue shifts of resonance transmission peaks were observed for
QCSE- and C-I tuned devices, respectively. The tuning results
are analyzed, highlighting the advantages and disadvantages of
both mechanisms, as well as limitations due to carrier-induced
heating. Critical aspects of these electrooptically tuned micro-
cavities are then discussed.

II. DEVICE DESIGN

Passive filters suitable for communications applications re-
quire a full-width at half-maximum (FWHM) of less than 2 nm,
large free spectral ranges (FSRs) (> 10 nm), and high trans-
mitted power (close to 100%).

We consider an F-P resonator with deeply etched one-dimen-
sional photonic-crystal mirrors [7]. Using such Bragg mirrors at
the traditional “\/4” criterion would result in very high losses
due to diffraction and out-of-plane scattering in the air sec-
tions. Due to the very high refractive-index contrast achievable
in these deeply etched structures, however, one can deviate from
the A/4 condition and still obtain high reflectivity and band-
width (=250 nm). Thus, we choose a third-order stopband with
air slots of 100 nm according to

3
ling + lang = 7 €))

where [, > is the length of the air/semiconductor section, and
11,2 1s the refractive index in the air/semiconductor section. The
minimum cavity length is A/2, but for practical purposes, i.e.,
in order to allow electrical contacting, we have chosen a longer
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TABLE 1
WAFER DESIGNS FOR C-I (WAFER A) AND QCSE (WAFER B)
‘Wafer A Wafer B
Repeat | Thickness, | Material Repeat | Thickness, | Material
nm {C-D) nm {QCSE)
1 10 InGaAs
1 600 InP 1 600 InP
1 150 InGaAsP(Q1.02) 1 354 InGaAsP(Q1.1)
1 8 InGaAsP(Q1.1) 1 76 InGaAsP(Q1.1)
5 6.5 InGaAsP(Q1.3) 10 6 InGaAsP(Q1.3)
5 8 InGaAsP(Q1.1) 10 76 InGaAsP(Q1.1)
1 150 InGaAsP(Q1.02) 1 430 InGaAsP(Q1.1)
1 700 InP 1 1500 InP

Fig. 1. Schematic view of the F-P-type filter with two InP-air Bragg mirrors
(gray color indicates the waveguide core).

cavity of 20 um length with two air—InP Bragg mirrors. Three-
dimensional (3-D) modeling (FIMMPROP by Photon Design)
indicated an FSR of 12 nm and an FWHM of 1.1 nm.

This basic filter design (Fig. 1) is used for both the QCSE-
based and the C-I-based tunable filters.

III. MATERIAL DESIGN

The QCSE relies on an electric field applied perpendicular
to the plane of a quantum well (QW), which induces changes
in the absorption spectrum [8]. These changes are connected
to changes in the refractive index via the Kramers—Kronig re-
lationship [9] and, hence, allow tuning of the cavity resonance.
Alternatively, C-I [10], via a forward bias, generates gain,
which again translates into refractive-index change via the
Kramers—Kronig relationship. In addition, free carriers change
the material polarizability, and thereby the refractive index, via
the plasma effect.

Two wafers were designed in order to study these effects in
a microcavity context. The two wafer designs are detailed in
Table I.

The ten-QW material was designed primarily for the QSCE
experiments. The applied field causes the refractive index to
change equally in all wells; thus, the larger number of wells
gives a larger overall modal refractive-index change. A similar
situation is, of course, true for C-I; however, the injection of
carriers evenly into active layers with large numbers of QWs is
complicated, leading to an uneven distribution [11], and thus a
five-QW material was chosen.

Both materials have a bandgap at around 1240 nm. The QWs
in wafer B (intended for QCSE) were evenly distributed in
an 820-nm region of the core (the overall core thickness was
1.6 pm) using thick barriers of 76 nm. This distribution (as well
as the thick core) leads to a “flat” waveguide mode with low
numerical aperture, which helps to minimize diffraction losses

Fabry-Perot cavity
\ Airslots— 1 pm

Fig. 2. Scanning electron microscope (SEM) image of the cross section of
a 10-pm-long cavity illustrating deeply etched (CAIBE) air slots reaching an
aspect ratio of 35:1 (white arrows indicate the direction of light propagation).

at the air—semiconductor interface of the mirrors. It has been
shown theoretically that weak confinement in the waveguide
minimizes diffraction losses of deeply etched photonic crystals
[12]. To emphasize this point, the low-loss two-dimensional
(2-D) photonic-crystal waveguides we have recently reported
were fabricated in this material [6].

Such thick barriers are not acceptable for wafer A (C-I) as
they make the sweeping out of carriers difficult and conse-
quently slower.

IV. FILTER FABRICATION

The 100-nm air slots were electron-beam written in a
200-nm-thick layer of polymethylmethacrylate (PMMA). They
were transferred into an SiO, hard mask using reactive ion
etching (RIE) with fluorine chemistry. Using a previously
reported [5] CAIBE technique for etching high-aspect ratio fea-
tures in InP-based material, deep straight air slots were etched
with aspect ratios of approximately 35:1 (Fig. 2). A depth of
>3.5 pm was essential as wafer B has a thick waveguide core
of 1.6 um.

A second stage shallow etch (CAIBE) was used to create
single-mode waveguides. Contact insulation pads were made
from SU-8 polymer. Top and bottom contacts (Ni—Au and
Au-Ge-Ni-Au, respectively) were then deposited using an
electron beam evaporator. An SEM image giving a plan view
of the QCSE device is presented in Fig. 3.

Square contact pads were used for C-I due to the fact that
some of the “T-shaped” contacts burnt out at the interface be-
tween the insulated and the noninsulated section under forward
biases.

V. RESULTS: QCSE

A tunable laser operating between 1250-1365 nm was used
to launch light into the device via an optical fiber. The substrate
was mounted on an aluminum heat-sink using silver epoxy.
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200 nm of Ni/Au”
top contact

SU-8
insul ator

Ry

Air-slots

Fig. 3. SEM image of the top view of the QCSE-based tunable filter with
“T-shaped” contacts (white arrows indicate the direction of light propagation).

The output light was collected via a microscope lens and
passed through a polarizer (to select the TE polarization) before
reaching the detector.

As the top and bottom claddings are doped, an applied electric
field essentially drops across the intrinsic layer (1.6 pm thick).
When applying a reverse bias of 8 V, we observed a red shift of
the resonator peaks (see Fig. 4). Red shifts of 1.6 and 0.9 nm
were obtained at 1265 and 1285 nm, respectively.

The increasing height of the resonator peaks for longer wave-
lengths is due to the decreasing absorption of QWs away from
the band edge. The closer to the band edge, the bigger the shift,
as one can see from the figure. Therefore, there is an obvious
tradeoff between maximizing refractive-index changes and min-
imizing absorption losses.

The electrooptic behavior of the device can be described by
the following figure of merit [13]:

n = AnAw/E? 2)

where Aw is the energy detuning from the bandgap, An is the
refractive-index change, and F is the applied electric field.

This parameter can be useful for the prediction of changes in
refractive index for different wavelengths and/or applied volt-
ages. In our case, we found the electrooptic parameter to be
4 % 107° meV cm? kV~2, using the shift of the resonator peak
at a wavelength of 40 meV below the gap (corresponding to a
wavelength of 1285 nm) and an applied voltage of 8 V.

Using this electrooptic parameter, we can express the refrac-
tive-index change as a function of the applied electric field.
Fig. 5 shows a comparison between predicted and experimental
data at a wavelength of 1310 nm. It is useful to note that even
when applying 60 kV/cm across the active layer, the increase
in the absorption-related loss was not prohibitive, resulting in
a An/Ak of more than 20, where Ak is the QCSE-induced
change in the extinction coefficient.

For the best device, this electrooptic parameter was improved
by a factor of three, reaching a value of 14 * 107> meV cm?
kV~2. This parameter was calculated from an experimental shift
of 1.2nmat £ = 37.5kV/cm and Aw = 64 meV (see the insert
in Fig. 4). This means that the previously mentioned value was
not limited by the QW structure design but rather by fabrication
imperfections. Using this parameter, we can predict a shift as

2171

0.03 |y eV | 8
0.025 | I —

P (,H?., ﬂ

0.02 % [t

| {1 Ll- );'J\Ii‘
0.015- {h i Wi
\\IN@I{ 1320 nm

Power, a.u.

1270 1280
Wavelength, nm

-
1260 1290

Fig. 4. Red shifts induced via QCSE at 50 kV/cm at different wavelengths.
The filter has a cavity length of 20 m. The inset shows the red shift (1.2 nm)
obtained at 1320 nm for an improved device at only 38 kV/cm.
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Fig. 5. Predicted and experimental modal refractive-index changes as a
function of an electric field at 1310 nm.

big as 5 nm at the wavelength of 1265 nm, applying only F =
50 kV/cm.

The refractive-index change An in (2) depends on the electric
field via linear (r) and quadratic (s) electrooptic coefficients as
follows [9], [13]:

1
An = —Eng(rE + sE?) (3)

where ng is the refractive index in the absence of an applied
electric field.

Bearing in mind that the linear dependence of the refractive
index on the electric field is weak, we can neglect it in order to
find the quadratic electrooptic coefficient either using (2) and
(3) or as a fitting parameter in Fig. 5.

We found s to be —4 x 10~** ¢cm?/V? for an energy detuning
of 60 meV from the band edge. This value compares favorably
to the value of —1 % 10~ 1* cm?/V? reported in a ring resonator
configuration also at 60 meV from the band edge reported else-
where [14]. For comparison, a quadratic electrooptic coefficient
of —2 % 10~'* cm?/V? was obtained experimentally for filters
fabricated in wafer A (at Aw = 48 meV).

At an applied field of 62 kV/cm and Aw = 60 meV (see
Fig. 5), an efficiency of An/E = 460 x 10712 m/V was found
experimentally. This is of the same order as results reported else-
where (An/E = 730 x 10712 m/V) but for wavelengths closer
to the band edge (Aw = 44 meV) and at higher applied fields
(F = 100 kV/cm) [13].
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Fig. 6. Blue shift of 1.5 nm was observed for an injected current of 2.7 mA.
The filter has a cavity length of 20 pm.

VI. RESULTS: CARRIER INJECTION

Our experiments on C-I-based tunable filters are described
in more detail elsewhere [15]. The main point of this section is
therefore to highlight the method’s abilities and limitations and
to compare them to QCSE-based tunability.

Applying a forward bias to the cavity creates carriers that
relax into the QWs. These carriers cause changes in the absorp-
tion spectrum via band filling, bandgap shrinkage, and free-car-
rier absorption. Changes in the refractive index of the QWs re-
sult from these absorption spectrum changes and are governed
by the Kramers—Kronig relationship. For carrier densities of
around 3 * 10'®/cm? and energies close to the bandgap, the
band-filling effect is predominant and provides the largest con-
tribution to the refractive-index changes.

Devices with two different cavities lengths of 20 and 40 ym
were examined. Blue shifts of 1.5 nm (at 1290 nm) and 0.7 nm
(at 1308 nm) were observed at 2.7 and 2 mA for filters with 20-
and 40-um cavities (Figs. 6 and 7), respectively.

It is interesting to note that for higher injected currents, we
were not able to observe larger blue shifts. We believe that this is
due to heating effects, as the thermally induced refractive-index
change has the opposite sign to that of the carrier-induced shift.

This heating effect is further explored in Fig. 7, which shows
refractive-index shift versus injected current. The index shift is
negative at first, indicative of a carrier-induced effect, but then
reverses direction, following the positive index change of the
thermooptic effect. We typically observe laser operation at the
changeover point, which explains the observed trend. Once a
device reaches laser threshold, the gain is clamped, so no further
index change due to electrooptic effects is obtained. Increasing
the current further does increase the temperature of the device,
however, so thermooptic effects then dominate above threshold.

The low laser threshold, while being noteworthy in its own
right, is disadvantageous for tuning purposes, because it pre-
vents any further tuning though C-I. It does, however, give an
easy route to extracting the thermal properties of the device. By
converting current to dissipated power (Pp) in Fig. 7, the slope
of the curve (>2 mA) gives the product of thermal resistance and
the thermooptic coefficient (On/IT). Thus, knowing On /0T
for InGaAsP from the literature (typically around 2 x 10~% K1
[16]), the thermal resistance (Zr) of the device is calculated to
be 0.2 K/mW. We used the formula AT = ZrPp from [17].
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Fig. 7. Currier-induced refractive-index changes in a 40-pm cavity filter

(at 1309-nm wavelength). The modal refractive-index change is given.
A pronounced thermally induced red shift appears for currents above 2 mA.

For comparison, a thermal resistance of 0.4 K/mW was cal-
culated for the device with the 20-pm-long cavity. Interestingly,
both of these thermal resistances are less than half of their calcu-
lated values, which are 0.5 and 1 K/mW for 40- and 20-xm-long
cavities, respectively. We believe that this is due to heat dissi-
pation by the top contact pad that had been deliberately made
oversized, thereby acting as a “cooling fin” [18].

The largest electrooptic tuning was observed for the smaller
cavity, in spite of its larger thermal resistance. This is a con-
sequence of its higher lasing threshold that delays the point at
which the thermal effect takes over.

Pulsed currents (10-us pulsewidth for a 1000 us period)
were used in order to minimize the heating problem. As a
consequence, a higher blue shift of 1.9 nm was obtained for an
injection current of 2.69 mA for the filter with a 20-um-long
cavity. The difference between this value and the 1.5-nm blue
shift obtained in the direct current (dc) measurement, described
previously, agrees well with the red shift (0.3 nm) caused by
heating (calculated using the experimental thermal resistance
of 0.4 K/mW measured previously).

The rate of change of the transmission peak with current
shown in Fig. 7 is (AX/I) = 0.36 nm/mA. For comparison,
this value exceeds the value of ~0.09 nm/mA for InGaAsP-InP
F-P cavity reported by Tsang et al. [19] and is of the same
order as that reported by Djordjev et al. [2].

VII. QCSE AND C-I COMPARISON

Table II shows a comparison between the experimentally
achieved filter transmission peaks shifts induced via QCSE and
C-L

As one can see from the Table II, the observed shifts obtained
with the different methods are in fact very close (a QCSE red
shift of 1.2 and a C-I blue shift of 1.5 nm). However, the data pre-
sented in Table II for QCSE-induced shift is data for an average
device, and using the experimentally measured electrooptic pa-
rameter of p = 14105 meV cm? kV~2 (achieved for the best
device), we can predict a QCSE-induced red shift for an applied
voltage of 50 kV/cm and a detuning of Aw = 40 meV of 3
nm. Furthermore, QCSE is faster than C-I as there is no need to
sweep carriers out of the QWs, and there are no carrier-related
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TABLE 1II
COMPARISON BETWEEN QCSE- AND C-I-BASED
TUNABLE FILTERS, PRESENTED IN THIS PAPER

Parameters QCSE Carrier-Injection
Number of QWs 10 5
Modal confinement | 6 8
factor, %

Cavity length, um 20 20
Shift, nm 12 1.5
Detuning from the | 70 40
band-

edge, nm

Electric field, kV/cm | 62 50
An/Ak 20 26
Material index | 0.05 0.046
change  (quantum

wells)

heating effects. On the other hand, QCSE-related absorption
losses are higher and increase rapidly compared with C-I. This
can badly compromise filter performance (thereby reducing the
@ factor), especially at high electric fields (>100 kV/cm).

VIII. CONCLUSION

Deeply etched tunable filters in InP-based material with
five and ten quaternary quantum wells (QWs) were designed
and successfully fabricated. A full-width at half-maximum
(FWHM) of less than 2 nm and a free spectral range (FSR)
of 12 nm was experimentally achieved for a filter with a
20-pm cavity. At an applied voltage of 6 V (37.5 kV/cm),
we observed a red shift of 1.2 nm of the filter resonance
wavelength at 1320 nm for ten QWs quantum-confined Stark
effect (QCSE) material. This shift corresponds to an efficiency
An/E = 820 x 10712 m/V.

It is believed that the results from the best device illustrate
the potential of this material and design and that other devices
were handicapped by imperfections in the problematic T-con-
tact. Thus, for an increased applied field up to 50 kV/cm at a
wavelength of 1265 nm, it is predicted that the red shift may
reach 5 nm (see (2)), though, with the penalty of increased ab-
sorption losses. However, it should be noted that most of this
absorption loss occurs in the access waveguides—compare the
heights of the unshifted peaks at 1265 and 1285 nm in Fig. 4.
(Large shifts of 1.6 nm of low-() peaks were, in fact, obtained).
By pumping these waveguides, this loss may be compensated
for, giving very high performance. Furthermore, as has recently
been proposed, the use of chopped (coupled) QWs can give up
to two times higher QCSE red shifts [20]. With a slight increase
of strain, this chopped QW material may also be used for polar-
ization independent switching.

Using carrier injection (C-I), similar shifts of 1.5 nm (dc) and
1.9 nm (pulsed) were achieved for the 5 QWs’ material, while
only 6 mW of power was consumed. A design with large contact
pads (relative to the size of the cavities) allowed the reaching of
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relatively small thermal resistances of 0.2 and 0.4 K/mW for fil-
ters with 20- and 40-um cavities, respectively. Larger shifts may
be achieved by shifting the reflectivity peak of the mirrors, in
order to suppress laser action at the gain peak, hence increasing
the tuning range.

Finally, the modest shifts of 1 to 2 nm demonstrated here em-
phasize the difficulties experienced by many researchers in ob-
taining substantial wavelength shifts for microphotonic devices.
While relatively large material index changes (An = 0.05 or
more) can in principle be achieved, obtaining these as modal
index changes in a real device, taking losses and heating ef-
fects into account, is not easy. The heating effects observed
in this paper also emphasize the difference between III-V and
silicon-on-insulator (SOI)-based devices, whereby the III-V-
based structures offer advantages in terms of both reducing the
thermal impedance and achieving higher electronic shifts due to
band filling.

Overall, the limitations and opportunities for III-V semicon-
ductor-based tunable microphotonic circuit elements have been
emphasized by analyzing the operation of compact tunable fil-
ters in the 1.3-ym wavelength regime.
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