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GaAs FETs and Gunn diodes with built-in optical waveguides are being
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We have designed and fabricated a novel FET configuration. The structure
consists of three layers: a GaAs active layer, a Gaj ¢Alg 4As waveguide
layer, and a Gap gsAlp ,45As buffer layer. The waveguide layer is made
into a atrlp—londei channel guide which serves as the input port for the
optical signal. The guided optical signal leaks into the GaAs active
layer once it reaches the FET mesa structure and is absorbed. Preliminary
results indicated that side illumination using such a device can generate
more photocurrent than top illumination. The frequency response of the
device as an optical detector was measured. For a 10-um-long device, the
measured 3-dB cutoff frequency is about 1.4 GHz.
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The following personnel contributed to the research work reported |
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SECTION 1

INTRODUCTION AND SUMMARY

The ability to control the frequency and phase of solid-state
microwave oscillators by optical injection of modulated light will allow
optical fiber waveguides to replace heavy metallic waveguides in many
microwave communication and radar applications. To realize this
replacement, we require microwave-modulated optical sources, as well
as a new class of microwave devices capable of interacting strongly
with modulated optical signals.

The purpose of this study is to develop unique hybrid optical-
microwave devices with optimal optical-microwave interaction character-
istics. Specifically, we are developing GaAs FETs and GaAs Gunn diodes
with built-in optical waveguides so that optical signals can be coupled
to the active region of the device efficiently. The FETs will be used
for optical mixing, optical injection locking, and optical detection
purposes. The Cunn diodes will be used for high-speed pulse modulation
of injection lasers.

During this quarter, we continued with the fabrication and char-
acterization of GaAs FETs and Gunn diodes. The structure of the GaAs
FETs from the initial runs consisted of two layers: the GaAs channel

layer and the Ga lo LA' low doping layer. The source-drain curreat

A
versus source-drgi: voltage characteristics of these devices showed
peculiar behavior depending on whether or not optical illumination was
piesent. This seems to be a problem associated with defects at the
interface or at the Schottky gate. The problem was eliminated in
subsequent runs. GaAs Gunn diodes were fabricated with a two-layer
structure similar to that used for FETs. Devices with different length
and thickness were fabricated to investigate thejir effects on device

efficiency.




A novel FET configuration was désigned and fabricated. The
structure consists of three layers: the GaAs top layer, the 0'0.6
AIO.“As waveguide layer, and the c’o.ssAlo.as“' buffer layer. The
waveguide layer is made into a strip-loaded channel guide and serves as
the input port for the optical signal. The guided optical signal will
leak into the GaAs layer once it reaches the FET mesa structure and will
be absorbed there. Preliminary results indicated that side illumination
using such a device can generate more photocurrent than can top illumi-
nation. The frequency response of the device as an optical detector
was measured. For a 10-Um-long device, the measured 3-dB cutoff fre-

quency is about 1.4 GHz.




SECTION 2

DEVICE FABRICATION AND CHARACTERIZATION

In our last quarterly report, we proposed a modified GaAs FET
structure that we felt should fmprove the coupling efficiency of light
into the device. During this period, we fabricated such a device. It
is fabricated by starting with a piece of Cr-doped CaAs semi-insulating

substrate and growing successively an n~Ga As (5 um) layer and

0.60.4
an n~GaAs (1 um) layer. The GaAs layer is the active region of the

FET, and the Ga As layer acts as a buffer layer.

0.6"0.4

After the layers are grown, three masks are used in the photo-
lithographic process to fabricate the FETs. The first mask is used to
define a square GaAs active mesa so that current leakage around the
gate in the CaAs layer is minimized. The second mask defines the source
and drain electrodes using the lift-off technique. The third mask
defines the gate electrode, also by the lift-off technique.

Figure 1 shows the dc characteristics of one of the early devices.
It shows the source-drain current as a function of the source-drain
voltage with the gate voltage as a parameter. Figure 1(a) is for the
case when the microscope {lluminating light is turn.d off. It is
interesting to note the bunching of some of the curves. Figure 1(b)
shows what happens when the light is turned on. “he peak source-drain
current increases slightly while at the same time the curves for vari-
ous values of gate voltages are more or less evenly spaced. Thus it
appears that optical illumination in this case actually improves the
FET characteristics. We believe that either the Schottky gate or the
GaAs-Cao'bklo.“Ao interface of the device is imperfect. 1f this is
true, then the defects or the traps are responsible for the poor char-
acteristics. Optical illumination can excite extra charge carriers

and f{ll up the traps, hence normal FET characteristics are obtained.
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Figure 1. +aAs FET characteristics
(a) without {llumination,
) wit illumination.




In our later runs, as Figure 2 shows, the devices did not show the

peculiar response observed earlier. It is clear from both Figures 1
and 2 that our FETs could not, because of the thick active layer used,
be pinched-off. One can calculate the pinch-off voltage V of an FET
using the foruula:l .

eNd2

b

where e i{s the electronic charge, N is the channel layer doping concen-
tration, d is the channel layer thickness, ¢ is the dielectric constant
of GCaAs, and s is the permittivity of free space. For N = 7.011016/cu
and © = 12.3, we have Vp- 51.4Vfor d = 1 um, and Vp = 12.9°V for

d = 0.5 um. Since the pinch~off voltage is proportional to the square
of the layer thickness, it is important to control the active layer
thickness precisely.

To enhance the interaction between the optical beam and.the Gunn
domain {n a Gunn diode, we propose using a wave-guiding structure in
the vertical direction, as shown in Figure 3. Several Gunn diodes
were fabricated with four different lengths: 30 um, 60 um, 80 um, and
130 um. Figure 4 pives a series of curve-~tracer photographs showing
the current-voltage (I-V) characteristics of Gunn diodes of various
lengths. The horizontal scale is 2 V per division, and the vertical
scale is 10 mA per division. Figure 4(a) i{s for a sample 130 um long.
The saturation current level of the device is ~44 mA at a bias level
ot “14 V. There appears to be current oscillation for bias voltages
larger than 17 V. Figure 4(b) is for a device 80 um long. The satura-
tion current is ~49 mA, and the corresponding voltage is ~10 V. Again,
there appears to be current oscillation in the device at large bias.
Figure 4(c) is for a device 60 um long. The saturation current
increases to ~54 mA under a bias of ~7.5 V. Figure 4(d) is for a
device 30 um long. The saturation voltage is less than 6 V, and the
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Figure 3. Cross section of a Gunn diode with
optical waveguiding structure.

12




{a)

(b)

Figure 4, [-V curves of Gunn diodes of various
lengths (L.). Vertical scale {s
mA/div, horizontal scale is
V/div., (a) L = 130 um,
b) L = 80 um.
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(c)

(d)

Figure 4 (continued). (¢) L = 60 um, (d) L = 30 um.
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current is 57 mA. The general trend of this series of devices is that
the saturation current level is inversely proportional to the device
length and the critical voltage is proportional to the device length.
Also, the amount of current drop beyond the critical voltage of the

device seems to increase for shorter devices.
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SECTION 3

GaAs FET WAVEGUIDE DETECTOR

In the last quarterly report, we discussed the use of a GaAs FET
as an optical detector. Initially, we suggested using a "Burrus-type
structure” such as shown in Figure 5. But during the fabrication of
the FETs, we found that our mask aligner tended to break thin GaAs
substrates during contact exposures. This problem led us to decide

against pursuing the "Burrus structure," at least for now. Instead,
we conceived a novel waveguide FET configuration that is capable of
high-speed detection and can be easily integrated with FET amplifiers
or other integrated optical components. This section describes some
preliminary experimental results.

A cross section and a top view of the finished device are shown
in Flgurelg. ghe device consists of thr:g lugers: G.O.SSAlo.bSA' Gy
(N = 3x10 " /em™), G‘O.6Al0.hk‘ (N = 3x10 "/em™), and GaAs (N = 1x10 '/
c-3) grown by liquid-phase epitaxy. The thickness of the layers are
3.1 ym, 1.9 um, and 1 um, respectively.

After the layers have been grown, a GaAs mesa is defined by
selective chemical etching and a 5-um-wide, strip-loaded waveguide,
which {s aligned with the gate electrode of the FET, is formed. The
strip loading is accomplished by leaving a thin layer of GaAs oxide

over the Ga 1. ,As layer. The FET electrodes are defined as before.

0.6*0.4

After the electrodes have been formed, the substrate is lapped
down to “100 uym, and individual FET waveguide detectors are cleaved.
Typical FETs have a maximum drain-source current of approximately 40 to
60 mA and a transconductance of approximately 2 to 5::10"3 who. As
shown in Figure 6(b), the structure consists of a strip-loaded wave-
guide, which guides the input light under the gate of the FET. Since
0.6‘10.6A' (n = 3.2) is lower than that

of GaAs (n = 3.6), the light is coupled into the FET active region and

the index of refraction of Ga

16
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Figure 5. Modified GaAs FET structure with
back-illumination access.




s s
X / GeAs (n = 3.8) /
\
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GeaAs SEMI-INSULATING SUBSTRATE

Figure 6(a). Cross section of the waveguide FET
detector.
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Figure 6(b). Top view of the waveguide FET detector.
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generates carriers that in turn produce a photo-current. This detector
can operate in the wavelength region of 0.64 ym to 0.9 ym. A similar
scheme was used to couple light from a Ti-diffused LINbO; waveguide

into a silicon p-n junction dotector.z However, in the scheme presented
here, we have monolithically integrated the waveguide and the detector.
This will significantly increase the coupling efficiency between the
detector and the guided optical signals.

We have made preliminary measurements of both the dc and rf
responses of the detector. The experimental circuits used are shown
in Figure 7. Figure 8 shows the characteristics of the GaAlAs laser
used for the light source. The output from the laser is focused onto
the detector using a 20X microscope objective. Figure 9 shows plots
of the detected photocurrent versus laser injection current for two
FET orientations. Side illumination is accomplished by focusing the
light into the strip-loaded waveguide, while top illumination is
achieved by shining the light between the metal contacts. The results
of these two {llumination schemes are quite different.

The photocurrent generated by side illumination appears to follow
the laser power versus current curve closely. But the current due to
top illumination appears to saturate. Figure 10 shows the effect of
drain-to-source voltage on the detector photocurrent. The curve has
two distinct regions: a saturation region corresponding to carrier
velocity saturation, and a linear region corresponding to a linear
relationship between the carrier velocity and the electric field.

Figure 11 shows the measured frequency response of the FET detec-
tor. The measurement was performed by modulating the injection laser
using a microwave sweep oscillator. The output of the detector was
fed into an amplifier with ~30 dB gain; its output was connected to a spec-
trum analyzer, from which the magnitude of the detected frequency com-
ponent was then read off. The frequency response data of the detector
was corrected for variations in the sweep oscillator output, but no

20
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Figure 7. Circuits used for characterizing GaAs FET
waveguide detector.
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Figure 8. Power versus current for the injection laser used
in the experiment.




T T TN

Alg (mA)

1.4

1.2

1.0

08

0.6

0.4

Figure 9.

92838

@: SIDE ILLUMINATION
A: TOP ILLUMINATION

VG =0
1
—
&
1 | I | - 1
L] 10 18 20 %

23

DC photocurrent of the FET detector as a function
of the drive current of the light source.
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attempt was made to correct for the laser frequency response. (The
laser i{s expected to have a fairly flat frequency response up to
~2 GHz at the drive level used (I ~ 1.25 lth)') Figure 11 shows that
the FET detector can respond to gigahertz modulation rates. The 3-dB
cutoff frequency measured for the device is ~1.4 GHz.

The photocurrent generated in a photoconductive detector can be

3
expressed as

er P To
1d "m(i)o (1)

where e is the electronic charge, n is the quantum efficiency, P is the
incident optical power, hv is the energy carried by each individual

photon, 10 is the lifetime of excess carriers, and 1, is the transit

d
time of the carriers. The small-signal frequency response of a photo-

4
conductive detector is given by

~

enP 0 1
1d(w) hv ( d

1 2 '
[l + (wt ) ]
o
Therefore, the 3-dB cutoff frequency of such a detector is

§ Wi
r T S

(&)
Using the results from Figure 11, we find that e 114 psec, which is in
rough agreement with values measured by others. This lifetime is pri-
marily due to surface rather than bulk recombination: bulk recombina-
tion time is about 1 nsec. Using Eq. 1 and Figure 9, we can estimate
the optical power coupled into the FET detector to be 0.11 mW. This
corresponds to V281 of the light emitted by the laser (Figure 8). Thus,
the coupling efficiency of the waveguide FET is reasonably high.
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SECTION &

PLANS FOR THE NEXT QUARTER

In the next quarter, we will continue the study of modified CaAs
FETs. More devices will be fabricated with thinner active layers so
that the FET can be pinched-off with reasonable gate bias voltages.
We will characterize the FETs as high-speed optical detectors with
particular emphasis on the effect of gate bias on the photocurrent.
GaAs Gunn diodes will be mounted in appropriate circuits so that
domains can be generated in the diodes for the optical modulation

experiments,

27
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