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Jinwook Burm, Kerry 1. Litvin, Glenn H. Martin, Member, IEEE,
William J. Schaff, Member, IEEE, and Lester F. Eastman, Life Fellow, IEEE

Abstract— A single stage monolithic millimeter wave optical
receiver circuit was designed and fabricated using a metal-
semiconductor-metal (MSM) photodetector and a pSeudomor-
phic Modulation Doped Field Effect Transistors (SMODFET) on
a GaAs substrate for possible applications in chip-to-chip and
free space communications. The MSM photodetector and the
SMODFET epitaxial material were grown by molecular beam
epitaxy (MBE). Device isolation was achieved using an epitaxially
grown buffer between the MSM detector layers and SMODFET.
The photodetector was designed for maximum absorption at
optical wavelength of 770 nm light and the SMODFET impedance
matching network was optimized for 44 GHz. The monolithic
millimeter wave optical receiver circuit achieved 3 dB gain over a
photodetector at 39 GHz, which was the limit of the measurement
system. TOUCHSTONE model of the circuit indicated 6.6 dB
gain over the photodetector and 5.7 dB total gain including the
insertion loss of the photodetector at 44 GHz.

I. INTRODUCTION

HOTODETECTORS are an essential component in opto-

electronic integrated circuits. The demands for fast and
sensitive photodetectors have driven a great deal of research
work in this area resulting many improvements over the
years. Metal-semiconductor-metal (MSM) photodetectors are
preferred over p-i-n photodetectors in optoelectronic circuits
due to their planar structure (easily integrated monolithically)
and relatively simple design in combination with outstanding
frequency performance [1], [2]. MSM photodetectors have
been demonstrated with 3 dB bandwidth of greater than 350
GHz [3], [4].

Recent developments for achieving ultrafast MSM pho-
todetectors have been in decreasing the gap between the
fingers for short carrier transit time, and decreasing the ca-
pacitance by reducing the overall size. In real applications,
the sensitivity is an important parameter to be considered
and is difficult to optimize for MSM photodetectors. The low
sensitivity of MSM photodetectors is due in part to the metal
finger shadowing. Additional sensitivity degradation occurs
for the MSM photodetectors on GaAs due to the electron-
hole pair recombination at the exposed GaAs surface and the
approximately 30% reflection at the GaAs-air junction. These
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effects in combination with the possible absorbing surface
area covered by the metal electrodes can reduce the overall
quantum efficiency a great deal. To increase the sensitivity
of the MSM photodetectors without decreasing the speed,
we employed an AlGaAs cap layer, to minimize the surface
recombination of the optically created carriers. The cap layer
also reduces the reflectance of the top surface of the detectors.
A thin GaAs absorption layer is employed to decrease the
carrier transit time. Buried Bragg reflector layers are used to
reflect unabsorbed light back into the absorption layer [5], [6].
The idea of employing Bragg reflector layers has previously
been introduced for Schottky photodiodes [7], phototransistors
[8], and p-i-n detectors [9].

Millimeterwave optical receivers have been fabricated
monolithically integrating an MSM photodetectors and a tran-
sistor for possible applications in chip-to-chip communications
as well as free space communications. The optical receiver
layers were designed for the maximum absorption of 770
nm light signals. For amplification transistors, pSeudomorphic
Modulation Doped Field Effect Transistors (SMODFET’s)
were used. Coplanar waveguide (CPW) transmission line
matching networks connected the detectors and SMODFET’s.
The optical receiver circuits were designed for a narrow
bandwidth about 44 GHz.

II. LAYER STRUCTURE

To increase the sensitivity of MSM photodetectors, the
layer structure was carefully designed for the maximum light
absorption. By following the method of layer design for the
maximum absorption of the incident light as described at
[2], [6]. the layer structures were determined for the best
absorption of the light at 770 nm. The 770 nm light can be
easily obtained from Ti—Sapphire lasers. The optical detector
structure includes 16.5 pairs of Bragg reflector layers, 3120
A GaAs absorption layer, and 1906 A Aly3Gag7As cap
layer. The thickness of the cap layer was thicker than the
calculated optimum thickness (1106 A), where the absorption
was maximum, to allow for process tolerances. The Al mole
fractions in the cap layer and in the quarter wavelength
Bragg reflector sections were chosen so that these layers
were nonabsorbing at the wavelengths of interest (Fig. 1).
The GaAs absorption layer was the only absorbing layer.
The Alg 3Gap.7As cap layer is important in two aspects.
First, by having an Aly 3Gag 7As cap layer on the top of the
GaAs absorption layer, the recombination velocity toward the
surface, or heterojunction, is sharply reduced by removing
recombination centers on exposed GaAs [6]. Second, by
adjusting the thickness of the Aly3GagyAs cap layer, the
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Ti-Pd-Au
Al 3Gag.7As

Fig. 1. Cross section of the optical receiver layer. The SMODFET layer on
the top of the photodetector layer utilizes strained Ing 2Gag g As channel.
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Fig. 2. The conduction band plot as a function of the distance from the gate.

377 Q characteristic impedance of the air can be matched to
the optical resonant impedance of the photodetector structure.
The impedance matching reduces the reflectance to nearly
negligible levels [2] and [6].

The photodetector layers were followed by the double-
doped SMODFET layers. The SMODFET layers were com-
posed of a 1 x 10'2 ¢cm~2 planar p-doped layer, 500 A
Al sGag 7As layer, 3 x 10'2 cm~2 planar n-doped layer, 50 A
Al 3Gag 7As spacer, 120 A Ing ,Gag sAs channel sandwiched
between two 20 A GaAs layers, 30 A Alg 3Gag 7As spacer,
6 x 102 cm~? planar n-doped layer, 250 A Al 3Gag 7As
barrier and 400 A n-doped GaAs cap layer for metal contacts.
The planar p-doped layer was employed to tightly confine
the 2-DEG in the pseudomorphic Ing 2Gag gAs channel. The
energy band diagram of the SMODFET layer can be calculated
by solving the Schrddinger equation and the Poisson equation
simultaneously. Using a computer program called CBAND
[10], we obtained the energy band diagram as shown at Fig. 2.
The whole optical receiver layers were grown using Varian
Gen II molecular beam epitaxy (MBE). Be and Si were used
for p and n doping, respectively.

~ III. PSEUDOMORPHIC MODULATION
DoPED FIELD EFFECT TRANSISTORS

The transistors were fabricated using standard processing
procedures—mesa isolation, ohmic metal, and gate metal
deposition. For mesa isolation, the citric acid solution [citric
acid (0.2 M) : Hy O, =50:1] was used. The etch rate was
~6 Afs. During the mesa isolation, a part of the photode-
tector cap layer was etched away. As mentioned earlier, a
certain thickness of the cap layer was required to match the
characteristic impedance of the photodetector layer to that of
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Fig. 3. Measured surface reflectance of the optical receiver layer. The
reflectance curves measured after the specified etch time.

the air. Thus the surface reflectance was monitored closely in
order to stop at the right place for the minimum reflection
from the surface at the desired wavelength. The minimum
reflection is important as it implies maximum absorption
of incident light. A spectrophotometer, Cary 5 by Varian,
was used for the surface reflectance measurement. As the
etch proceeded, the wavelength of the minimum reflectance
shifted, allowing us to stop at the right wavelength where
we wanted to tune the photodetector layer. Fig. 3. shows how
the measured surface reflectance changed as the depth of etch
varies. Ni/AuGe/Ag/Au were used for ohmic contacts. After
the ohmic metal deposition, samples were annealed at 450°C
for 10 s. A transfer length model (TLM) pattern showed a
contact resistance of 0.1 () -mm. Ti/Pd/Au gate metals were
deposited after the electron-beam lithography and recess etch
with citric acid. The gate width was 75 pum and the gate
length was about 0.15 um. The fabricated transistors showed
a cut-off frequency, fr, of 90 GHz and maximum oscillation
frequency, fipax, of 100 GHz, however, some variations in
device performance were observed.

IV. PHOTODETECTORS

Circular-aperture MSM photodetectors were employed in
the optical receiver circuits (Fig. 4). Having no extra area, the
circular-aperture photodetectors show advantages over square
or rectangular-aperture devices with the same detection area
because of their smaller capacitance [11]. 150 A Ti, 150 A
Pd, and 600 A Au were used for finger metallization. Before
the evaporation of metal fingers, 90% of AlGaAs cap layer
had been etched using citric acid as described above. A stylus
profile was used to monitor the etch depth. Ti was used for -
a good Schottky barrier. Pd was used for a diffusion barrier
between Ti and Au. Au was used for a good electrical contact.
In general, the quantum efficiency of MSM photodetectors is
difficult to determine due to low frequency gain mechanisms
(more than 100% of quantum efficiency) [12], [13]. The
internal quantum efficiency of gain-suppressed photodetectors
was measured for detectors fabricated on about the same layer
structure but for different wavelength. The internal efficiency
was 82% at 5 V bias and 94% at 10 V bias with 54.4 uW
optical power [6]. No careful quantum efficiency measurement
was done for the detectors on the wafer due to the low
frequency gain, but 0.1 A/W (3% of quantum efficiency) of
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Fig. 4. A circular MSM photodetector in a circuit. The finger width and the
gap between the fingers are 0.5 ym.

responsivity was obtained for 0.5 um gap and 0.5 um finger
width MSM photodetectors at 10 mW of optical power. The
low quantum efficiency was attributed to excessive catrier-
recombinations from the high optical power.

V. BIAS LINES AND BIAS ISOLATIONS

Coplanar wave guide (CPW) transmission lines were em-
ployed for matching and filtering networks. For dc bias,
capacitor-isolated dc bias lines and ground plane capacitor
dc isolation were used. The capacitor-isolated dc bias lines
[Fig. 5(a)] consisted of a metal strip used as a dc conductor
with a connecting resistor between the bias line and the CPW
line. The ground plane of the CPW ran over the metal strip
with dielectric isolation in between, forming a capacitor. Thus
the metal strip running under the ground plane will be an RF-
short due to the capacitor. The desired bias is achieved with a
resistor. The resistor, used to connect the end of the bias line
and the CPW lines, should be high enough not to interrupt
the signal flow too much. Epitaxial resistors with 600-700 2
were utilized on 50 Q) transmission lines.

For dc bias isolation [Fig. 5(b)], ground plane capacitor
isolation [14], [15] was employed. The ground plane capacitor
isolation had overlay capacitors in ground planes, so that each
section of the ground planes can be biased separately. Each
capacitor was 20x300 zzm? and had about 3 pF of capacitance
based on previous measurements.

A GaAs substrate was used to fabricate the test patterns
[Fig. 5(a) and (b)]. For CPW line metallization, 300 A of Ti,
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Fig. 5. Bias line and bias isolation test patterns and measured insertion loss.
1000 gm long 50 € CPW transmission lines were used. (a) The schematics of
capacitor-isolated bias lines of which insertion loss was —0.26 dB at 44 GHz
and (b) the schematics of ground plane capacitor isolation of which insertion
loss was —0.18 dB at 44 GHz.

200 A of Pd, and 5500 A of Au were used. The capacitors
in the test structures were composed of 1000 A of metal (150
A of Ti, 50 A of Pd, and 800 A of Au), 1000 A of E-beam
evaporated SiOy and 6000 A of overlay metal, of the same
composition as the CPW lines. The main CPW line fabricated
was 1000 pm long and had a 50 {2 characteristic impedance
with the following dimensions, 50 ym wide center conductor
and 35 um gaps between the center conductor and the ground
planes. The characteristic impedances were calculated using a
commercially available CAD program. The measured insertion
loss was —0.26 dB for the capacitor isolated bias lines and
—0.18 dB for the ground plane capacitor isolation at 44 GHz.

VI. OPTICAL RECEIVER DESIGN AND FABRICATIONS

For the fabrication of the single stage optical receiver -
circuits, SMODFET’s and photodetectors were fabricated
and their S-parameters were measured up to 50 GHz using
an HP8510C network analyzer. Based on the measured S-
parameter values at 44 GHz and assuming unilateral conditions
(S21 =~ 0), we conjugately matched the S-parameters of
adjacent elements [16], for example, S7; of photodetectors
and Sy, of transistors, by way of 50 2 CPW transmission lines
and one or two quarter wavelength impedance transformers.
The Sa2 of the transistor was matched to 50 Q. Two quarter
wavelength impedance transformers were used instead of
one, if the impedance of a single impedance transformer was
either too small or too large to be able to fabricate without
significant loss of signal power. In case of CPW transmission
lines fabricated-on GaAs, the usable impedance value varies
approximately from 19-110 €. If an impedance value is
out of this range, either capacitive loss and resistive loss of
the transmission line increases sharply. After the impedance
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Fig. 6. A simulated gain of single stage receiver circuit. The amplifier
showed 6.6 dB gain over the photodetector at 44 GHz. The total gain including
the insertion loss of the photodetector was 5.7 dB at 44 GHz.

matching procedure, a CAD program [17] was used to predict
the circuit response. For this purpose, the frequency response
of photodetectors was modeled from both intrinsic carrier
response [18] and extrinsic circuit response as described in
[2]. For SMODFET’s, the measured values were used. The
simulated gain of a single stage receiver circuit was 6.6 dB
over the photodetector at 44 GHz. The total gain including
the insertion loss of the photodetector was 5.7 dB at 44 GHz
(Fig. 6).

The actual fabrication processes of the optical receiver
circuits began with the mesa isolation and ohmic level of
transistors. However, the gate level of the transistors was
done ‘at the end of the fabrication process, to avoid any
possible damage to the delicate narrow gates. After the mesa
etch and ohmic contacts to the transistors, the metal fingers
of photodetectors, the bottom metal and the SiOs film of
capacitors, and the ground plane of CPW were fabricated.

Single stage amplifiers composed of a transistor and associ-
ated matching networks, but without photodetectors, were also
fabricated [Fig. 7(a)]. A quarter wavelength transformer and a
50 £ transmission line were used to match either S7; or Sag of
the transistors to 50 Q. The amplifiers were easier to measure
than the optical receiver circuits at 44 GHz. The single stage
amplifiers provided with useful information on how well the
matching at 44 GHz worked. The measured result showed 5.3
dB gain at 44 GHz [Fig. 7(b)]. However the maximum gain
occurred at 40 GHz instead of at 44 GHz where the circuit
was designed, from a slight mismatch of the circuit. This was
largely due to the process variations of the transistors.

Optical receiver circuits (Fig. 8) were also fabricated and
tested. Two' beating Ti-Sapphire lasers at 770 nm were used
for these measurements. The beating frequency could be
measured using a fabricated photodetector and a Tektronics
2782 spectrum analyzer. The beating signal was fed into
a single mode optical fiber to a photodetector. The optical

power measured was 10 mW at the end of the fiber. As a

way to observe the amplification after the photodetectors, we
measured a single detector without any amplifying section
first, then measured an optical recciver circuit. When the
beating laser beam was moved to another photodetector,

we maximized the photo-current and made sure that the

photocurrent from the photodetector was about the same as
before. The beating frequency of the two laser beams was
set to 39 GHz. We measured the RF signal for two minutes,
registering all the new maximum peaks for a more reliable
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Fig. 7. (a) Fabricated single stage amplifier without a photodetector and (b)
the measured results with 5.3 dB gain at 44 GHz.

comparison. The resolution bandwidth and sweep time of the
spectrum analyzer were 300 kHz and 130 ms, respectively. A
needle probe was used to monitor the gate bias for the initial
bias settings, making a contact on the center conductor of the
CPW near the gate of the SMODFET’s. The measured RF
results with the needle probe engaged show little difference
with the needle probe up in the air at high frequency (>20
GHz), suggesting a good RF blocking of the needle probe
in the frequency range. Thus the needle probe was placed
during the RF measurements for a careful gate bias monitor.
The signal from a single photodetector was —40 dBm, while
that from an optical receiver circuit measured right after the
single photodetector was —37 dBm indicating about 3 dB gain
at 39 GHz. We could not test the optical receiver circuits at
44 GHz, where the circuits were designed to work, due to
the limitation of the spectrum analyzer. The results of the
single stage amplifier at 44 GHz and the ~3 dB gain of the
postdetection amplifier of the optical receiver circuit at 39 GHz
are favorable to expect a working result of optical receiver
circuits at 44 GHz.

VII. CONCLUSION

Monolithic integrated photodetectors and transistors were

_incorporated into optical receiver circuits tuned to 44 GHz. The

devices were fabricated on GaAs based MBE grown layers.
The photodetector layers were optimized to have high quantum
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Fig. 8. Schematics of fabricated optical receiver circuits [19].

efficiency and high speed for 770 nm optical wavelength. A
double-doped InGaAs channel SMODFET’s layer structure
was used for the post-detection amplifiers. CPW transmission
“lines were used for the matching and filtering networks. Af-
ter fabricating individual circuit elements, their S-parameters
were measured. The S-parameters of the photodetectors and
transistors were used to design optical receiver circuits. To
apply dc bias, capacitor isolated bias lines, showing —0.26 dB
insertion loss at 44 GHz with 1000 gm transmission line, were
employed. For bias isolation, ground plane capacitor isolation,
with —0.18 dB insertion loss at 44 GHz, were used. The
fabricated single stage amplifier without a photodetector was
measured up to 50 GHz with an HP8510C network analyzer,
showing 5.3 dB gain at the design frequency. Two beating
Ti—Sapphire lasers and a 40. GHz spectrum analyzer were used
to measure the optical receiver circuit. The measured result
at 39 GHz showed about 3 dB gain over the photodetectors.
However the optical receiver could not be measured at 44 GHz
due to an instrumental limit of 40 GHz.
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