IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 16, NO. 6, JUNE 2001 623

Metal-Semiconductor—Metal Traveling-Wave
Photodetectors

Jin-Wei Shi, Kian-Giap Gan, Yi-Jen Chiu, Yen-Hung Chen, Chi-Kuang, Member, IEEEYing-Jay Yang, and
John E. BowersFellow, IEEE

Abstract—We demonstrate a novel type of traveling wave Besides, the fabrication process is expensive and complex.
photodetector: “metal-semiconductor-metal traveling-wave pho- - Another major problem for most vertically illuminated MSM
todetecor” (MSM-TWPD). Demonstrated devices were fabricated ) q16detectors is RC bandwidth limitation. An alternative ap-

using low-temperature grown GaAs (LTG-GaAs). In order to . L .
achigve high ipmemw q%antum efﬁcie(ncy, the n)arrow spacing proach to overcome RC bandwidth limitation is traveling-wave

between electrodes was fabricated by the self-aligned processPhotodetector (TWPD) [7]. In TWPD, the RC bandwidth
without e-beam lithography. Electrooptical sampling measure- limitation is replaced by velocity mismatch between the optical
ment results at different optical pumping level are reported. wave velocityV, and the electrical wave velocity, [8]. A
Ultrahigh bandwidth (0.8-ps, 570-GHz transform bandwidth) bandwidth of 560 GHz and a quantum efficiency of 8% have
performance was observed even under high optical power illumi- . .
nation (~1.8 mW) with 8.1% net quantum efficiency. Compared been reported using LT-GaAs on p-i-n structure_d TWPDS [9]-
with LTG-GaAs-based p-i-n TWPD and vertically illuminated ~However, when the length of p-i-n-based TWPD is increased to
MSM photodetector (PD), this novel TWPD has higher output get higher output saturation current (by reducing optical modal
saturation current with near terahertz electrical bandwidth, better  apsorption constant), the bandwidth degrades seriously [10]
quantum efficiency, and can be easily fabricated and integrated ;¢ {5 |arge microwave loss and boundary reflection effect and
with other microwave devices. It thus promises the application in . - . .
high-power distributed PD array or terahertz signal generation. the p-i-n TWPD will behave like an all-lumped type waveguide

. photodetector (WGPD) [11].

Index Terms—Low-temperature-grown GaAs, metal-semicon- ) ) ]
ductor—-metal photodetectors, self-alignment, traveling-wave pho-  In this letter, we demonstrate a novel device: MSM traveling
todetectors, ultrahigh-speed photodetectors. wave photodetector (MSM-TWPD). By utilizing LTG-GaAs

and undoped-AlGaAs as photoabsorption and waveguiding

IGH-SPEED and high-sensitivity photodetectors ha\)gyers, respectively, the dominant propagation microwave

been studied extensively in the past ten years [1], owirqioqe W.'" be “quasi-TEM mode” instead of "slow wave que
: o : . . .. @sin p-i-n-based TWPD structure [12]. The characteristics of
to their application in broad-band optical communicatio

network and optical generation of high-power microwave/mi[bW losses and high velocity in quasi-TEM microwave mode

limeter waves [2]. Metalsemiconductor—metal (MSM educe the bandwidth degradation, comparing with p-i-n-based

photodetectors [3], [4] and photoconductive switches deseqz Pbeﬁspte (;lacljly\/ifor Iozﬁib?tbﬁio?tlon Igngtrr:t (rjriwrc]es \[;ﬁl]h
special attentions due to their high electrical bandwidth arF] \E; a che iri cleser 0 9 f-Slrsti) dtrF\)e toh I?n?eiim r(r:1
ability of generating ultrashort electrical pulses [5], [6]. Theave @ 5-6-PS IMpUIse response Tufl- at hafl-maximu

bandwidth/efficiency product of traditional vertically iIIumi—?FWHM) and a 570-GHz transformed elecirical bandwidth.

nated MSM photodetectors is limited by the RC time constatﬁy car.efully designing the edge couple structure and utilizing
carrier drift time, and carrier recombination time. In orde €lf-aligned process to shorten the spacing between electrodes

o o
to shorten the carrier drift/recombination time, 25-nm finge;] hundreds of nanometers, 8.1% net quantum efficiency

spacing has been fabricated by using high-resolution e-be including coupling loss) is achieved, which is higher than most

lithography on low-temperature grown GaAs (LTG-GaAs) [3} -GaAs-based photoconductive switch [5] or vertically

Although this device has a high bandwidth, it suffers relative g}fuglgag;hgigﬂs;?;ﬁ]] ?W;E?g?”ar o the reported value

low quantum efficiency due to high metal-reflection loss. ) )
The cross-sectional scheme of an MSM-TWPD is shown

) . . in Fig. 1(a). The structures of epilayers are composed by
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Fig. 2. Measured average photocurrent (solid squares) versus average optical
Integrated CPW input power. The bias voltage was 15 V. Dotted line is a linear fitting with 8.1%
Line net quantum efficiency.

the center metal stripe due to the 300-nm depth of the ridge
waveguide structure. By utilizing self-aligned process, narrow
spacing (hundreds of nanometers) between metal stripes could
be easily achieved without e-beam lithography process. When
the self-aligned photoabsorption region was finished, the
LTG-GaAs layer was removed in other area of the device to
avoid undesired absorption in measurement. Finally, the device
was integrated with a CPW line on undoped AlGaAs layer
Fig. 1. (a) Cross-sectional diagram and (b) top view of MSM-TWPD. Thifor EO sampling measurement purpose. The widths of the
structure can be easily fabricated by wet etching and self-aligned process. Fgter stripe and air gap of the integrated CPW line were 4
integrated CPW line is for EO sampling measurement purpose. . . L

and 5.m, respectively, which had a characteristic impedance

of 60 Q. The characteristic impedance in the self-aligned
microwave guiding mode. The ground plane (with width) photoabsorption region was around Q0Although there was
is naturally separated from the center stripe (with widtf) an impedance mismatch between detector and integrated CPW
with the undercut profile of etched mesa (so-called self-alignéide in our fabricated device, the round-trip frequency of the
process). By utilizing the self-aligned process, the gap betwemflected echoes is about 5 THz due to high microwave velocity
metal stripes can be shortened to 280300 nm without (1.1 x 10® m/s) and the short device length (18n). Since
e-beam lithography. There are some advantages for the narthig round-trip frequency is far beyond our measured device
gapwidth of CPW line. Because of the narrow spacing betwebandwidth, as discussed later, the boundary reflection effect
metal stripes, the carrier drift-time is shortened and the electdoes not seriously affect the bandwidth of our device. The cur-
field strength is increased with enhanced internal quantuent—voltage [—V') test of the fabricated devices showed ohmic
efficiency. Narrow gapwidth can also reduce the dominalike contact behavior and exhibited very low dark currentd (
microwave radiation loss, when operating in the ultrahigh fr@A) even under high bias voltage (15 V), implying excellent
guency regime (several hundreds of gigahertz) [13]. Fig. 1(isplation between electrodes with self-aligned processes.
shows top view of the device. The length of device active We employed a mode-locked Ti: sapphire laser as the light
region (self-aligned photoabsorption region) is @@, and itis source for/-V and EO sampling measurements. The FWHM
integrated with a CPW line in its output for electrooptical (EOf optical pulses was 100 fs with 100-MHz repetition rate.
sampling measurement and dc biasing purposes. For dc photocurrent measurement, the wavelength was tuned

The device fabrication process is discussed as follows. #& 780 nm. The measured average photocurrent was found

first, the sample was annealing at 600 for 30 s for short to be linearly increased with bias voltage. We applied 15-V
carrier-trapping time and low dark current. By dipping irmaximum bias voltage to avoid device breakdown and damage
the mixture of NHOH, H,O, H,O (1:1:50) to remove the of microwave bias tee. The measured average photocurrent
surface AlAs layer, the center stripe of CPW line was thegsolid squares) versus average optical input power at a fixed
fabricated on LTG-GaAs surface with standard photolithodpias of 15 V is shown in Fig. 2, which has a linear relationship.
raphy, e-beam evaporation (Ti—-Au, 10 nm/500 nm), and liftofrom the slope of a fitting line (dotted line), we obtained net
processes. The width of the center stripe wasr. The quantum efficiency of about 8.1% (including coupling loss).
metal stripe also served as the etch mask to form the optiddlis value approaches the theoretical value (without optical
ridge waveguide structure. The wet etchant for ridge structureupling loss) of internal quantum efficiency (10%) assuming
was mixture of NHOH, H,O, H,O (3:1:100), which had a 400-nm carrier drift distance, % 10° m/s effective carrier
an etching rate about 200 nm/min (with stirring) and couldelocity, and 400-fs carrier trapping time [14], [15]. This value
maintain good surface morphology after etching 300-nm-thiék also similar to that of the reported quantum efficiency of
LTG-GaAs layer. After etching mesa, the ground planes & G-GaAs-based p-i-n TWPD [9].
CPW line were directly evaporated by e-beam evaporationWe used EO sampling technique to perform transient current
(Ti—Au, 5 nm/100 nm), which were naturally separated witmeasurement [16]. Fig. 3(a) shows the measured EO traces at

"Seif-align"Photo-absorption
region

(b) Flared out CPW region
for microwave probe
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Fig. 3. (a) Measured transient responses with EO sampling technique at a fix
bias of 5 V with different average optical input power of 1 mW (trace A), 1.8
mW (trace B), and 2.2 mW (trace C). These traces show 0.8-ps FWHM. (b) [3]
Corresponding Fourier transform of the 1- and 2.2-mW traces, which has 570-
and 500-GHz 3-dB electrical bandwidth, respectively.

[4]

a fixed 5-V bias with different optical input powers. When the
average optical input power was below 2.2 mW, there was no[s]
significant response broadening and the FWHM of impulse re-
sponse was about 0.8 ps. At even higher bias, this device can en-
dure more intense optical illumination and deliver even higher|e]
output saturation current without bandwidth degradation. Com-
pared with LTG-GaAs p-i-n-based TWPD, whose waveguide 7
width must be kept narrow enoughyfn) for high-speed perfor-
mance, MSM-TWPD has higher output saturation current due
to its larger photoabsorption volume. By utilizing the impulse (8]
response traces in Fig. 3(a) (A and C), we obtained their corre-
sponding Fourier transform traces as shown in Fig. 3(b), whichl®]
had electrical 3-dB bandwidth of 570 and 500 GHz, respec-
tively. The resonance in frequency domain (200 and 400 GHZ)L0]
of transformed trace is originated from the negative tail in the
time domain trace. In order to minimize the microwave propa-
gation effect (dispersion) on the integrated CPW line during the11]
EO sampling measurement, we performed our measurements
as close as possible to the photoabsorption region (the nearess
distance was limited by pump-probe interference). One pos-
sible origin of the negative tail is the substrate high-order ra—[13]
diation mode from the CPW line structure [17] in the photoab-
sorption region. The time interval between the peaks of signgt4]
and negative tail is 3.6 ps, in agreement with the round-trip time
of oblique incidence echo signal [17] due to substrate radia-
tion mode with a substrate thickness of 1001. In ordinary  [15]
LTG-GaAs-based vertically illuminated MSM photodetectors,

X [16]
we usually cannot observe this effect due to longer round—trlﬁ
time for a 500pxm-thick substrate [17]. With respect to LTG-
GaAs-based p-i-n TWPD, this effect does not happen possibli}7]
due to electric field confinement in the intrinsic layer with a slow
wave mode that made substrate radiation much harder. With op-
tical misalignment, significant decrease in quantum efficiency18l
was observed, however, without any obvious bandwidth degra-
dation [18].
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summary, an ultrahigh-speed MSM-TWPD is pro-

posed and demonstrated, utilizing self-aligned process with
LTG-GaAs active region. An impulse response FWHM of
0.8-ps and 570-GHz transformed electrical bandwidth was
obtained, with 8.1% net quantum efficiency under 15-V bias.
Compared with LTG-GaAs-based p-i-n TWPD, this novel
device has similar quantum efficiency and higher output satu-
ration current without significant bandwidth degradation. With
a simple fabrication process (without e-beam lithography or
complex isolation process) and high-speed high-power perfor-
mance, this novel device has great potential in the application
of terahertz radiation or can be integrated as a distributed PD
array for higher electrical output current.
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