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ABSTRACT 

A waveguide Mach-Zehnder electro-optic modulator and an interdigitated photoconductive 
detector designed to operate at 8 2 0  nm, fabricated on different GaAlAs/GaAs heterostructure 
materials, are being investigated for use in optical interconnects in phased array antenna 
systems. Measured optical attenuation effects in the modulator are discussed and the 
observed modulation performance up to 1 GHz is presented. Measurements of detector fre- 
quency response are described and results of these measurements are presented. 

1. INTRODUCTION AND BACKGROUND 

Considerable attention has been devoted over the past few years to the use of monolithic 
microwave integrated circuits (MMIC's) in phased array antenna systems. Although phased 
arrays consisting of hundreds of elements are becoming a reality, questions regarding prac- 
tical interconnection methods for information and control signal distribution to these ele- 
ments remain. 1#2 Waveguide, coaxial cable, and microstrip transmission lines suffer from 
various combinations of high weight, mechanical inflexibility, and high loss, whereas fiber 
optic interconnects have the potential to overcome these limitations if various technologi- 
cal issues can be successfully addressed. Among these issues are the efficient high speed 
modulation of the output of semiconductor lasers, and the efficient detection and demodula- 
tion of that light at the array element. To enhance the usefulness of modulators and 
detectors in the proposed MMIC application they should be chip-level integrable with the 
GaAlAs/GaAs heterostructure devices, such as high electron mobility transistors (HEMT's), 
that have been demonstrated to have a significant speed advantage over MESFET-type devices 
in MMIC's. 

High speed modulation of the output of a diode laser can be achieved either by direct mod- 
ulation of the driving current or by use of an external device such as an electro-optic mod- 
ulator. 
modulated lasers with modulation bandwidths in the 10 to 20 GHz range are commercially 
available at both 8 2 0  n m  and 1.33 pm.4 Various authors have also reported external electro- 
optic modulators based on L i ~ b O 3 ~  and on GaA1As/GaAs.6 
level integrable with semiconductor lasers using current technology, and most of the 
research on GaAlAs/GaAs waveguide modulators has been at 1.33 pm. 

Schottky hotodiode that is useful to 100 G H z , ~  and GaAlAs/GaAs-based detectors have been 
re~0rted.g.~ 
material and device geometry on the performance of the latter detector type had been 
reported . 
In this paper we discuss the results obtained to date on the performance of a triple het- 

erostructure GaAlAs traveling wave electro-optic modulator and of a series of interdigitated 
photoconductive detectors fabricated on a HEMT-type heterostructure material. An objective 
of our current research is to investigate detectors and external modulators that operate at 
8 2 0  nm and which are potentially easily integrated with HEMT-type MMIC's. The modulator is 
a waveguide Mach-Zehnder device that is driven by a 50 R coplanar electrode structure. 
Detailed discussions of the design and fabrications of the modulator have been presented 
previously,10-12 so in this paper we address primarily the observed performance and an 
analysis of those results. The detectors, on the other hand, have not been described previ- 
ously, so the discussion will encompass their design and fabrication as well as their per- 
formance. In Section 2 ,  the configuration and performance of the modulator is discussed, 
Section 3 describes the design and fabrication of the detectors, and Section 4 presents an 

Significant successes using the former approach have been rep~rted,~ and directly 

The LiNbO3 devices are not chip 

Numerous authors have also described high speed GaAs-based optical detectors, including a 

At the onset of our research, however, no systematic study of the effects of 
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overview of the observed detector performance. Finally, in Section 5 the results will be 
summarized and concluding remarks will be made. 

2 .  MODULATOR CHARACTERISTICS AND PERFORMANCE 

The electro-optic modulator, shown schematically in Fig. 1, consists of two features, 
namely, the strip-loaded, single-mode optical waveguide Mach-Zehnder interferometer, and 
the coplanar waveguide electrodes. As shown in Fig. 2 ,  the three layers of the MBE-grown 
material are GaAlAs, with the concentrations of A1 chosen to shift the absorption edge to 
shorter wavelengths while still providing adequate guiding. The upper layer was etched to 
form the loading ridge, and the optical signal propagates in the middle layer. This config- 
uration concentrates the light energy away from the etched edges of the loading ridge to 
reduce the light scattering. To prevent additional losses the first layer above the semi- 
insulating GaAs was chosen to be thick enough that the evanescent optical field does not 
extend to the substrate. A coplanar traveling wave electrode structure was chosen to pro- 
vide the microwave field in the required direction. It was designed for 50 R impedance on 
semi-insulating GaAs and it was assumed, since there is no doping in any layer and the A1 
fraction is small, that the design remains valid when implemented on GaAlAs. The calculated 
half-wave voltage is 18 V and the 3 dB bandwidth-length product, which is determined by the 
phase shift between the light and the microwave drive signal, was calculated to be 12 GHz 
for 100 percent intensity modulation. 

mental arrangement shown in Fig. 3. Electrical bias was supplied through a biasing tee and 
the drive signal was the amplified output of a HP 8350B Sweep Oscillator. Light from the 
"pigtailed" single-mode output fiber of an Ortel Model SL-620s diode laser was butt coupled 
to the modulator input and the output from the modulator was focused into a single-mode 
fiber. The modulated light was detected by a Newport Model 877 avalanche photodiode or by 
an Ortel Model RSL-25 photodiode. The input fiber was aligned to the waveguide by imaging 
the modulator output surface onto an IR-sensitive camera connected to a video monitor. When 
alignment was correct a single intensity peak, with little scattered light, was observed. 

DC measurements yielded a half-wave voltage of approximately 30 V, and the modulation 
bandwidth is of the order of 5 0 0  MHz, as shown in Fig. 4 .  Because both of these results 
differ significantly from the design values, further study has been undertaken. Since no 
increase in transmitted intensity is observed for bias voltage greater than 30 V and no 
polarization effects are observed at the output, it appears that the dominant effect in the 
modulation is electro-absorption (Franz-Keldish effect) rather than the electro-optic 
effect.13 Further evidence of this is that the absorption losses in the modulator, with no 
applied voltage, are much larger than expected. While this may explain the large extinction 
voltage, the observed frequency response characteristics remain unexplained at present. 

The DC and high frequency characteristics of the modulator were measured using the experi- 

3. DETECTOR GEOMETRY ANTI FABRICATION 

A n  interdigitated electrode geometry with 1 pm dimensions (Figure 5) was chosen for the 
detectors to ensure short transit distances for photon-generated carriers while also maxi- 
mizing the active area. Although this geometry results in a higher intrinsic capacitance 
than that for a straight-gap device, it is not enough to significantly affect device 
performance. 

cally in Fig. 6 .  Standard photolithography and wet etching techniques were used for the 
process, and the evaporated AuGe/Ni/Au ohmic contacts were flash annealed in a 700 OC fur- 
nace. 

The detectors were fabricated on the HEMT-type, MBE-grown material that is shown schemati- 

As a final processing step the 400-8, cap layer of ntGaAIAs was removed. 

4 .  DETECTOR PERFORMANCE 

The detectors were mounted on an alumina substrate on which a 50 R gold microstrip trans- 
mission line had been deposited, as shown schematically in Fig. 7. Gold wire-bonded connec- 
tions were made between the detectors and the transmission line, and the output was through 
a SMA end launcher that was in pressure contact with the line. 

DC I-V curves were obtained using a curve tracer while the detectors were illuminated by 
white light through a microscope. A typical example of an I-V curve at two different illu- 
mination levels, shown in Fig. 8, demonstrates that the detectors are symmetric devices and 
that the contacts are ohmic. 

Frequency response measurements were made over the range 0.01 to 10 GHz using the experi- 
mental arrangement shown schematically in Fig. 9. The detectors were dc biased through a 
biasing tee and a 50 R load was used to impedance match the detector output to the measure- 
ment system. Modulated light was from a directly modulated, fiber-pigtailed Ortel Model 
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TSL-1000 diode laser, and the rf output signal from the detector was amplified and measured 
using an HP 8566A spectrum analyzer. 

A typical example of the measured frequency response of a detector is given in Fig. 10. 
As shown in the figure, the 3 dB cutoff frequency is at approximately 185 MHz, with the 
response falling at about 12 dB/decade from 185 MHz to near 1 GHz. Beyond 1 GHz the 
response falls at the 20 dB/decade rate expected of a single-pole device. Preliminary meas- 
urements on devices with larger geometry (up to 4 pm electrode spacing) that were fabricated 
on the same material show a similar response, with only the overall amplitude being higher. 
These results suggest that device speed is limited by minority carrier trapping rather than 
by geometry, by majority carrier mobility, or by saturation ve10city.l~ 

Measurements have also been made of the responsivity at 500 MHz using an Ortel Model 
SL-620 diode laser as a source. A typical result of the measurement of detector current as 
a function of average incident optical power is shown in Fig. 11. The responsivity at 
500 MHz, measured as the slope of this curve in its most linear region, is 0.21 A/W. Since 
responsivity has the same frequency dependence as gain,15 the low frequency responsivity of 
this device is 2.5 A/W, giving an external quantum efficiency of 3.81, which is comparable 
to that found in GaAs detectors. 

5. SUMMARY AND CONCLUSIONS 

The performance of a waveguide Mach-Zehnder electro-optic modulator and of a set of inter- 
digitated photoconductive detectors is being studied at frequencies to 10 GHz. Although 
modulation of light has been observed up to about 500 MHz, neither the half-wave voltage nor 
the modulation bandwidth are as predicted by a theoretical model. The device exhibits a 
higher than predicted absorption at the 820 nm design wavelength and the observed modulation 
appears to be from electro-absorption rather than from the expected electro-optic effect. A 
spectroscopic study is presently underway in an effort to understand the observed behavior. 
The observed performance of the detectors is comparable to that of GaAs-based photoconduc- 
tive devices of similar geometry. While they did not exhibit an extremely high bandwidth, 
they did possess usable gain well into the GHz range. The bandwidth appears to be limited 
by minority carrier trapping, and a study is presently underway to evaluate this effect. 
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FIG. 1. SCHEMATIC OF MACH-ZEHNDER ELECTROOPTIC MODULATOR. 
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FIG. 2 .  ELECTROOPTIC MODULATOR MATERIAL SCHEMATIC. 
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SCHEMATIC OF HEMT DETECTOR 

FIG. 6. DETECTOR HATER I AL STRUCTURE. 
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FIG . 7. DETECTOR MOUNT CONFIGURATION. 
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FIG. 8. I-V CHARACTERISTIC OF 
1 V M  x 1 p~ DETECTOR AT THREE 
DIFFERENT I LLUM I NATION LEVELS. 
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