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Generation of Millimeter Waves by Photomixing
at 1.55�m Using InGaAs–InAlAs–InP

Velocity-Matched Distributed Photodetectors
T. Chau, N. Kaneda, T. Jung, A. Rollinger, S. Mathai, Y. Qian, T. Itoh, M. C. Wu, W. P. Shillue, and J. M. Payne

Abstract—Millimeter-wave generation by photomixing at
1.55 m in long-wavelength velocity-matched distributed pho-
todetector (VMDP) is experimentally demonstrated. The VMDP
exhibits a dc responsivity of 0.25 A/W, a breakdown voltage
of 7–9 V, and up to 15-mA dc photocurrent without damage.
Millimeter-wave output powers of 21 dBm at 75 GHz and

24 dBm at 95 GHz were measured.

Index Terms—Distributed photodetector, high-speed, InAlAs,
InGaAs, InP, millimeter-wave generation, MSM photodetector,
optical heterodyne, photomixer.

I. INTRODUCTION

M ILLIMETER- and submillimeter-wave generation by
photomixing in an ultrafast photodetector is a promising

technique for radio astronomy [1]. In the last few years, remark-
able progress has been made in the development of high-speed,
high-power photodetectors, as reviewed in [2], [3], and ref. in
[4]. In terms of applications, the high-speed photodetectors can
be divided into four general categories: 1) high-speed digital
communication systems; 2) RF photonic systems; 3) ultrafast
optoelectronic sampling; and 4) optoelectronic generation of
millimeter waves and submillimeter waves. Each application
has different requirements [4]. For millimeter-wave and THz
generation by optical heterodyning, the photodiodes are often
referred to as photomixers. The frequencies of interest for
photomixers ranges from 100 GHz to several terahertz. The
most important parameter for photomixers is the amount of
power that can be generated in a given bandwidth without
damaging the photomixer. LT–GaAs photomixers with 1W
of power at 600 GHz and somewhat lower power at 1 THz have
been reported [5], [6]. The first successful use of a LT–GaAs
photomixer as a source for the local oscillator in a 630-GHz
radio astronomy receiver was reported in [7].

For distribution of local oscillator signals in a radio
astronomy antenna array, long-wavelength photomixers oper-
ating at 1.55 m are preferred due to low fiber loss, availability
of high-power erbium-doped fiber amplifiers (EDFAs), tunable
lasers, and other fiber components, thanks to the rapid advances
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of optical fiber communications technology. To date, there
have been very few reports on millimeter-wave photomixers
at 1.55 m. Saturation output of 12 dBm at 60 GHz was
reported by mixing optical pulses from a mode-locked laser
diode in a Uni-Traveling-Carrier Photodiode (UTC-PD) [8].
A continuous wave (CW) power of 24 dBm at 60 GHz was
reported using traveling wave photodetectors [9]. Recently,
we reported a W-band photomixer with23 dBmCW power
at 95 GHz [4]. In this letter, we will discuss the fabrication
and experimental results of the W-band velocity-matched
distributed photodetectors (VMDP).

II. DEVICE STRUCTURE AND FABRICATION

The principle of VMDP has been discussed in detail in [2].
Fig. 1 shows the schematic of VMDP. It consists of a linear array
of photodetectors serially distributed over a transparent optical
waveguide. Light is coupled evanescently from the waveguide
to the photodetectors. Photocurrent is generated by each photo-
diode and collected by a 50-coplanar strip (CPS) microwave
transmission line. The CPS signal is designed to propagate at the
same velocity as light in the optical waveguide so that the pho-
tocurrent from each diode adds in phase. This velocity matching
is achieved by periodic capacitive loading of the CPS by the
photodiodes. The active photodiode, optical waveguide, and mi-
crowave transmission line are independently designed for opti-
mized performance.

The wafer was grown by metalorganic chemical vapor depo-
sition (MOCVD) technique. Fig. 2 shows the schematic cross
section of the wafer epitaxial layers. All layers are intrinsic and
lattice matched to InP. The bottom four layers are designed to
be transparent to light at both 1.3- and 1.55-m wavelengths,
and form the passive optical waveguide with 0.5-m core. The
top three layers form the active photodiode. The active photo-
diode consists of a 0.15-m In Ga As absorption layer,
followed by a layer with a linearly graded bandgap and a thin
In Al As Schottky barrier enhancement layer to reduce
leakage current. The linearly graded bandgap layer was used to
smooth out the bandgap discontinuity between InAlAs and In-
GaAs, and reduce the carrier trapping effect in InAlAs–InGaAs
photodiodes [10].

The fabrication process for VMDP is as follows: 1) 200-Å
Ti/1000 Å Au metal markers for alignment of subsequent masks
and E-beam writing are defined by standard liftoff technique;
2) active mesas with 14 16 m areas are defined by wet
etching down to theUpper Cladding II Layer. The etching is
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Fig. 1. Schematic structure of W-band VMDP.

done in two separate steps. First, the wafer is etched nonse-
lectively midway into the InGaAs absorption layer by using a
1-H PO : 8 H O : 60 H 0 solution [11]. This etchant is nons-
elective for InGaAs–InAlAs–InAlGaAs, with an effective etch
rate of 57 Å/s. Selective etchant with 1 CH O : 2 H O was
used to completely remove the remaining InGaAs active layer
without etching into the InAlAsUpper Cladding II Layer[12].
The effective etch rate was 16 Å/s for InGaAs, and somewhat
lower than 1 Å/s for InAlAs; 3) next, submicrometer metal-
semiconductor-metal (MSM) fingers with metal thickness of
100-Å Ti/100 Å Pt/500 Å Au are patterned on top of the mesas
by E-beam writing followed by standard liftoff. The finger width
is 200 nm, and spacing between the fingers is 200 nm. 4) Multi-
mode nonabsorbing optical ridge waveguide with 1.1-m ridge
height, 16- m-wide is patterned by nonselective wet etching
down to the InP substrate to connect all the active diodes de-
fined by 2) and 3). 5) Finally, contact pads to the MSM fingers
and the CPS microwave transmission line with metal thickness
of 200-Å Ti/300 Å Pt/3500 Å are patterned. The CPS has a metal
line width of 100 m and a gap of 30 m. The finished wafer
is then lapped down to 75m, cleaved and mounted on copper
heat sink for testing.

III. EXPERIMENTAL RESULTS

The device under test (DUT) consists of 4 MSM photodiodes,
each with 14- m length and 148-m spacing between diodes.
The VMDP exhibits very high breakdown voltage, from 7 to
9 V, which corresponds to 3.5–4.510 V/cm. DC responsivity
greater than 0.25 A/W at 5-V bias has been measured. Fig. 3
shows the dc photocurrent versus input optical power for DUT
at 5-V bias. The frequency response of the VMDP is character-
ized by the optical heterodyne method [13], [14]. Schematic of
the experimental setup is shown in Fig. 4. Light from two ex-
ternal cavity tunable lasers at 1.55m is combined by a 3-dB
coupler. The combined signals are amplified by a high-power
EDFA with 30-dBm saturation power. A 1-nm optical band-
pass filter was used to reduced the amplified spontaneous emis-
sion (ASE) noise from the EDFA. A dual purpose in-line op-
tical power attenuator/power monitor was used to control the
input optical power to the DUT. The signal is coupled to the
VMDP through a fiber pickup head. A commercial probe with a

Fig. 2. Cross section of the wafer epitaxial layers after mesa etching.

Fig. 3. DC photocurrent versus input optical power for W-band VMDP at 5-V
bias.

Fig. 4. Schematic of optical heterodyne setup.

built-in Bias- was used to probe the device, converting CPS to
W-Band (75–100 GHz) waveguide. The dc port of the Bias-
is connected to a commercial power supply with dc photocur-
rent monitoring. The millimeter-wave output signal was deliv-
ered to a calibrated W-band power sensor and measured by a
power meter. The calibrated frequency response of the VMDP
is shown in Fig. 5. This response includes both VMDP and
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Fig. 5. VMDP response versus bias voltage at W-band. Maximum output
power at 75 and 95 GHz are also shown.

W-band probe. The device is bias dependent, with higher output
power at higher dc bias. The solid lines show the broadband
response of the device at 3- and 5–V dc bias, with the same
input optical power of 13.25 dBm. Further increase of the bias
voltage yields no further increase of the output power. The fre-
quency band was scanned by tuning the wavelength of one of
the external cavity lasers. An appropriate calibration factor for
the power sensor was used at each frequency. The signal rolloff
was small across the entire W-band. To measure the maximum
output power from the device, the dc bias and the difference
frequency from the input lasers were fixed, and input optical
power was adjusted using the attenuator. Maximum output sig-
nals of 23 dBm at 75 GHz, and 26 dBm at 95 GHz were
measured. These power levels were measured over a period of
minutes, long enough to reach thermal equilibrium with contin-
uous-wave input, indicating a viable long-term operating level.
Further increase of the optical input level resulted in damage to
the device. Taking into account the W-band probe, with a nom-
inal insertion loss of 2 dB from manufacturer’s data, the VMDP
maximum output signals are21 dBm at 75 GHz and 24 dBm
at 95 GHz.

IV. CONCLUSION

We have experimentally demonstrated millimeter-wave
generation by photomixing at 1.55m using high-speed
high-power VMDP. The device can sustain high photocurrent,
up to 15 mA without damage. This indicates the potential of a
much higher millimeter-wave output power if all the current
were being converted at high frequency. Millimeter-wave
output power of 21 dBm at 75 GHz and 24 dBm at 95
GHz were measured. To our knowledge, this is the highest

CW millimeter-wave power generated by photomixing at 1.55
m at these frequencies. Higher power can be achieved by

improving design for better conversion of photocurrent to
millimeter-wave output power, adding more photodiodes per
VMDP, and employing narrow band microwave design for
higher efficiency at the desired bandwidth.
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