IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 3, NO. 6, JUNE 1991

513

High-Frequency Electrooptic Fabry-Perot
Modulators

R. J. Simes, R. H. Yan, C. C. Barron, D. Derrickson, D. G. Lishan, J. Karin, L. A. Coldren,
M. Rodwell, S. Elliott, and B. Hughes

Abstract—Electrooptic modulators built from GaAs/
Al Ga,_ ,As Fabry-Perot cavities operating up to 6.5 GHz are
reported. The measured frequency response agrees well with the
one predicted using an equivalent circuit model derived from
high-speed electrical measurements. The parasitic capacitances
have been reduced to ~ 30 fF by fabricating the devices on
semi-insulating GaAs substrates and integrating them with on-
wafer bond pads which have dimensions compatible with mi-
crowave coplanar probes.

RAMATIC improvements in the dc response of

surface-normal electrooptic modulators have been
achieved in the last two years [1]-[4]. Reflectivity modula-
tion of 50% is possible with drive voltages as low as 2 V.
The low drive voltage of these modulators combines with
their inherently low capacitance to make them ideal for
high-frequency applications [S], [6]. Boyd et al. [5] have
demonstrated 5 GHz operation of a wire-bonded, transverse
modulator built on an n* substrate; in that structure, the
parasitic capacitance of the device connection limited the
modulation speed. In the present letter, we report the fabrica-
tion and high-frequency electrical and optical characterization
of a transverse modulator on a semi-insulating substrate.

MODULATOR DESIGN AND FABRICATION

The modulator consists of a symmetric Fabry-Perot (FP)
cavity with a multiple-quantum-well (MQW) active region
[7]. A cross-sectional schematic and a top-view photograph
of the structure are shown in Fig. 1. The MQW (10()-.&
GaAs/100-A Al,,Ga,4As) active region is three wave-
lengths thick, yielding a drive voltage of 8-10 V. A passive
n-doped region, incorporated in the Fabry-Perot intracavity
medium, forms the n-contact layer. The top mirror, doped p
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Fig. 1. Schematic representation of the modulator, and a photograph of the
completed structure. The top mirror consists of nine periods of AlAs (733
A)/Alo'zGao_BAs (633 R) doped p type, and the bottom mirror consists of
12.5 periods of undoped material. The n-contact layer is 1.0 pm of
x = 0.15 Al Ga,_,As (4\/n), and the MQW layer is ~0.75 pm (3\/n)
of undoped MQW material (100-A GaAs wells with 100-A x = 0.2 barri-
ers). In the photograph, the signal line (S) climbs over the polyimide to
make contact to the top p contact. The ground lines (G) are connected to the
n contact at both sides of the active region.

type to ~2 x 10" ecm~?, forms the p-contact layer; its
heterointerfaces were linearly graded to reduce the series
resistance [8]. Modulators with three different electrically
active areas were fabricated: 42 X 42 pm, 62 X 62 pum, and
102 x 102 um. The mask set also includes bond pads with
short, open, and resistive terminations for electrical calibra-
tion. The fabrication procedure involves six mask steps: 1)
Cr-AuZn-Au p-ohmic ring contact formation by a liftoff
process, 2) wet chemical etching (1:5:15 H,80,:H,0,:H,0)
through the p mirror and the i-active layer to expose the
n-contact layers, 3) wet-chemical etching through the n layer
and bottom mirror to isolate devices, 4) AuGe-Ni-Au n-
contact deposition, 5) patterning of the polyimide dielectric
layer to prevent junction shorting, and 6) deposition of final
contact metal (Ti-Au) to form on wafer-bond pads compati-
ble with microwave coplanar probes. The pads’ width and
separation are such that they form a transmission line with an
intrinsic impedance of 50 Q [9].
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TABLE 1
SUMMARY OF MEASURED MODULATOR CHARACTERISTICS. THE 1-MHz CAPACITANCE VALUE INCLUDES THE BOND-PAD CAPACITANCE
oF 30 fF, WHEREAS THE 8510 MEASUREMENT REPRESENTS THE CAPACITANCE OF THE MODULATOR ONLY. FOR THE 8510
MEASUREMENTS, THE R AND C VALUES WERE CHOSEN AT 5, 4, AND 1.2 GHz FOR THE SMALL, MEDIUM, AND
LARGE DIODES, RESPECTIVELY. THE PREDICTED 3-dB FREQUENCY 1s GIVEN BY 1/27C(50 € + R) FOR
DEVICES OF SERIES RESISTANCE R AND CAPACITANCE C IN A 50-Q SysTem [5].

dc/1 MHz Meas. 8510 Meas.
Diode Size R(Q) C (fF) R (Q) C (fF) Calc. fy45 (GHz) Meas. f,4p (GHz)
42 x 42 pm? 30 330 36 280 6.6 6.5 GHz
62 X 62 um? 18 670 20 620 3.3 3.3 GHz
102 x 102 pym? 12 1730 14 1710 1.5 1.0 GHz
ELECTRICAL MEASUREMENTS AND MODELING Camera| [pp 340
) . . . i + RF source
Table I lists the capacitance at 1 MHz and the dc series TI-LSappl)lre Monitor
. in
resistance of the completed modulators. For the smallest aser
device, we measured a capacitance at 1 MHz of 290 {F after nal :ﬂas
mask step 4. The measured capacitance at 1 MHz of the Mod. Signa , ee
., Microwave
coplanar bond pads alone was 30 fF. The area overlap of the Detector & probe
bond pad metal with the buried n* layer (~ 800 um’ in area S
separated by ~ 2 um of polyimide) adds ~ 10 fF of extra bc Y bias / -
capacitance. The sum of these values agrees well with the teg Device
measured value, 330 fF, of the completed device. The series gse?ﬁ?: =
resistance R results from the sheet resistivity of the buried n Analyzer
layer, measured to be 35 Q/ sq, and the series resistance of Fig. 2. Gigahertz electrooptic modulator characterization probe station.

the p mirror.

The modulators were characterized in the gigahertz fre-
quency range using an HP 8510 network analyzer configured
with 50-Q high-speed probes. As determined by measure-
ments of shorted and open bond pads, the impedance of the
on-wafer bond pads alone can be well modeled by a 30-pH
series inductance and a 30-fF shunt capacitance. For a 50-Q
transmission line of the same length as the bond pads, we
calculate 30 pH and 12 fF [9]). We attribute the additional
capacitance, ~ 20 fF, to either the pad termination at the
modulator or impedance variations at the probe/pad inter-
face. The total parasitic capacitance is approximately 30 fF:
20 fF from the bond pads, and 10 fF from the final
metal /buried n-layer overlap.

The impedance of the modulator alone was determined by
subtracting the contribution of the on-wafer pads from the
impedance of the modulator/pad combination. The behavior
of the modulator’s impedance as a function of frequency can
be modeled well by a simple series R-C circuit. At a
reverse bias of 10 V, the series resistance thus determined for
the smallest device varied by +16% about the value of 36 Q
at 5 GHz as the frequency was swept from 0.5 to 12 GHz.
Over the same bandwidth, the capacitance of 0.28 pF at 5
GHz varied by £7%.

OPTICAL MEASUREMENTS

A schematic of the measurement system is shown in Fig.
2. A tunable Ti:sapphire laser is coupled to an optical
microscope, making it possible to image the laser spot and
the modulator together. The response of the source /spectrum
analyzer and the cables was calibrated directly by connecting
the output of the source to the spectrum analyzer using the

The laser has been coupled in and out of the optical column of a microscope
to facilitate imaging the device active area and the laser spot. The laser input
had a Gaussian beam waist of ~ 8 pm, and the power incident on the
modulator was ~2 mW.
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Fig. 3. Normalized electrical and optical modulation efficiency versus
frequency are presented for 42 X 42 pm? (®) and 62 X 62 um? (M)
modulators; the data are corrected for the system response. The electrical
power refers to the power produced by the current output from the high-speed
detector in the spectrum analyzer. The dashed line represents the correspond-
ing calculated response based on the gigahertz-frequency-determined model
parameters. The data were taken at ~ 900 nm, and the voltage bias voltage
was ~10 V.

same cabling, and the detector response was calibrated using
a GaAs wavelength picosecond pulse train laser [10].
Small-signal measurements were made by superimposing
an RF input of 4 dBm on a dc bias voltage of 10. The input
light wavelength was tuned to optimize the optical modula-
tion (A ~ 900 nm). The FP resonance wavelength for this
device was further from the QW exciton absorption peak than
intended, increasing the bias voltage requirement and accen-
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tuating the index-modulation aspect for these devices. The dc
reflectivity modulation at the measurement bias and wave-
length was ~5%/V. In Fig. 3, we show a normalized
frequency response plot for two different sizes of modulators.
We also show the expected frequency response behavior
calculated using the model parameters determined at high
frequency. There is a small ripple in the measured data at 2
GHz, which we attribute to uncalibrated reflections at the
transition between the coaxial cable and the coplanar wave-
guide in the high-speed probe. The measured frequency
(meas. f,45) and calculated frequency (calc. f345) for all
three sizes of diodes are listed in Table I. These results are
for an unterminated structure; by terminating the modulator
with a 50-Q load, the effective 3-dB bandwidth for the
smallest structure could be increased to greater than 10 GHz
[11]. The present device is operating at a wavelength 30-40
nm from the exciton absorption peak; thus, the index modula-
tion is augmented, and there is little light absorption in the
active region. As a result, we do expect the present modula-
tors to be limited by the electron/hole escape times from the
MQW region [12].

CONCLUSION

We have demonstrated gigahertz operation of a Fabry-
Perot modulator. The parasitic capacitance of the device
connection has been reduced to ~ 30 fF by fabricating the
device on a semi-insulating substrate. The present structure
was not completely optimized; hence; only small-signal mea-
surements were made. An optimized device with the same
structure would yield a figure of merit F, as defined by
Walker [11], of approximately 1 GHz - V™! - um. That value
is similar to those observed for waveguide structures. By
exploiting the FP structure further [1], [2], devices exhibiting
5-10 GHz - V™! - um should be readily realizable.
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