
the Fourier transform of the EO-signal is shown in Fig. 3. To cor- 
rect the frequency response for the effect of finite duration of the 
optical sampling and excitation pulse, the Fourier transforms of 
their measured autocorrelation traces are used. A further effect on 
the system response results from the finite transit time of the sam- 
pling pulse in the electro-optically active InP substrate. Its 
response characteristic is calculated by accounting for the spatial 
distribution of the electric field of the CPW line, assuming quasi- 
TEM behaviour of the propagating signal. The resulting frequency 
response of the EO-sampling system as well as the corrected 
response of the detector are shown in Fig. 3. A 3dB bandwidth of 
70GHz results from the corrected response characteristic. The 
comparison of the corrected response with the RC-limited 
response (also shown in Fig. 3), which is obtained from the capac- 
itance (29fF) and series resistance (5Q) of the detector when con- 
nected to a 50R transmission line, shows that, in the frequency 
range 120 and 17OGHz, the response is dominated by the RC- 
effect. Moreover, the comparison indicates that the transit-time 
limited bandwidth of the devices exceeds 150GHz. The corrected 
response slightly exceeds the RC-limit at very high frequencies in 
Fig. 3. This may be attributed to the uncertainty of the correction 
procedure, which is estimated to be M.5dB. 
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Typically, the dark currents of the devices range between 1 and 
2nA at 2V bias. The CW quantum efficiency of uncoated devices 
at 1.55 and 1 . 3 ~  is found to be 3.5 and lo%, respectively. The 
application of a silicon nitride AR coating leads to an enhanced 
efficiency of 6.7 and 17%, respectively. Note that the behaviour of 
the eMiciency does not obey the geometriooptics approximation. 
Rather, its treatment requires the application of exact diffraction 
theory [4]. The polarisation dependence of the quantum efficiency 
is found to be < 0.2dB. Moreover, the AR coating gives rise to a 
larger capacitance of 40fF due to the increase in the effective die- 
lectric constant. Thus, preserving the bandwidth of 70GHz with 
AR coated devices will require a reduction of the active area by 
-30%. As recently demonstrated in conjunction with InGaAs 
MSM detectors [6], a drastic improvement of the quantum effi- 
ciency without a significant loss to bandwidth performance can be 
achieved by rear illumination in combination with resonant cavity 
enhanced (RCE) absorption. Such an RCE configuration is 
expected to result in a quantum efficiency of -40% at 1 . 5 5 ~ .  

Conclusion: Front-side illuminated 1 4 p  active area diameter 
InGaAs photodetectors for high-speed and polarisation-insensitive 
operation have been fabricated. The devices possess 0 . 2 ~  feature 
size finger electrodes with a semicircular shape. A pulse response 
time of 3 . 8 ~ s  at 2V bias has been measured by EO-sampling at 
1 . 5 5 ~  wavelength. The corrected frequency response exhibits a 
3 dB bandwidth of 7OGHz. 
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Long wavelength velocity-matched 
distributed photodetectors for RF fibre optic 
links 

T. Chau, L. Fan, D.T.K. Tong, S. Mathai, M.C. Wu, 
D.L. Sivco and A.Y. Cho 

An InP-based long wavelength velocity-matched distributed 
photodetector with metal-semiconductor-metal photodiodes is 
experimentally demonstrated. A 3dB bandwidth of 18GHz and 
an extemal quantum efficiency of 0.42A/W have been achieved. 

Introduction: High power, high frequency photodetectors are a key 
component for high performance microwave fibre optic links [ l -  31. 
High optical power in externally modulated links can greatly 
enhance the link gain, signal-to-noise ratio, and the spurious-free 
dynamic range [4]. It is also very useful for millimeter-wave gener- 
ation by photomixiig. Previously, we have reported a GaAsi 
AlGaAs velocity-matched distributed photodetector (VMDP) 
operating at 860nm wavelength, and demonstrated its potential 
for high saturation photocurrent [l]. For applications in R F  phot- 
onic systems, however, Id’-based long-wavelength photodetectors 
operating at 1.3 or 1 . 5 5 p  are required. The successful fabrication 
of a long-wavelength VMDP is first reported in [5]. In this Letter, 
we report on the experimental results and RF performance of the 
InGaAs/InAlGaAs/InP VMDP. 

Device structure and fabrication: The schematic structure of the 
VMDP is illustrated in Fig. la. Active metal-semiconductor-metal 
(MSM) photodiodes are periodically distributed on top of a pas- 
sive optical waveguide. The optical signal is evanescently coupled 
from the passive waveguide to the active MSM photodiodes. 
Photocurrents generated from the MSM photodiodes are added in 
phase through a 50Q coplanar strip (CPS) microwave transmis- 
sion line that is velocity-matched to the optical waveguide. The 
MSM photodiodes serve two functions: generating photocurrents 
and providing the periodic capacitance loading needed for velocity 
matching. The VMDP design allows the passive waveguide, the 
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active photodiodes, and the microwave coplanar strips to be inde- 
pendently optimised. The active MSM photodiodes consist of an 
InGaAs absorption layer, InGaAsAnAlAs graded superlattice lay- 
ers, an InAlAs Schottky-barrier enhancement layer, and a TUAu 
contact with 200&2000A thickness. The fabrication process is as 
follows: first, TUAu interdigitated fmgers with 1 . 5 ~  width and 
0.5 p spacing are patterned using standard photolithography and 
liftoff techniques, then active mesas for individual photodiodes are 
defmed by wet etching down to the InAlAs upper cladding 11. Fig. 
l b  shows the cross-section of the VMDP after mesa etching. A 
passive ridge waveguide with a ridge height of 0.1 pn is employed 
to connect the photodiodes. After mesa and waveguide etching, 
the CPS microwave transmission line is patterned using a standard 
liftoff technique. 

MSM 
Dhotodiodes 

InAlAs upper cladding I t  
inAlGaAS umer claddin 
InAlGaAs waveguide core 
InAlGaAs lower cladding 
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air Ti/Au 
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Fig. 1 Schematic structure of long-wavelength VMDP and cross-section 
after mesa etching 
a Schematic structure of VMDP 
b Schematic cross-section of VMDP after mesa etching 

170812 
Fig. 2 Contour plot of fundamental mode field amplitude in photodiode 
region using BPM simulation 
See Fig. 1 for detailed layer structure 

The beam propagation method (BPM) is used to design and 
simulate the optical performance of the VMDP. A large-core opti- 
cal waveguide is employed to reduce the coupling loss between the 
passive waveguide and the photodiode region as well as to reduce 
the optical power density in the absorption region. Only the fun- 
damental mode exists in both the passive waveguide and the pho- 
todiode regions. Fig. 2 shows the optical field distribution of the 

VMDP in the photodiode region. Most of the optical energy is 
concentrated in the waveguide core. The optical absorption and 
the coupling loss per photodiode for the VMDP with l l p  long 
photodiodes and 8 9 ~  spacing between photodiodes are estimated 
to be 6.2% and 1.8%0, respectively, by the BPM simulation. The 
coupling loss can be further improved by reducing the width of 
the active mesa. 

Device characteristics: The finished devices are cleaved and 
mounted on copper heat sinks before testing. The VMDP exhibits 
a very low dark current: 19OpA at 1OV bias for individual photo- 
diodes (11 x 4 8 p 2 ) ,  and 25nA for the 1.2” long VMDP with 
12 photodiodes. The excess dark current in the VMDP is attrib- 
uted to the leakage current under the CPS electrodes, which has a 
much larger area than the active photodiodes. This can be elimi- 
nated by placing the electrodes on thin dielectric. The external 
quantum efficiency is measured to be 0.42AN after anti-reflection 
(AR) coating. The dominant loss comes from the coupling from 
the optical fibre to the VMDP. All devices exhibit linear respon- 
sivity up to 12mA of photocurrent. 

6 gl 

10 15 

::$ , 

5 -1 Bo 20 
frequency,GHz 

Fig. 3 Measured frequency respon,ye of long wavelength VMDP 

12 photodiodes, total length = 1. Zmm 

The microwave performance of the VMDP is measured by an 
HP 8510C network analyser. The microwave return loss (S , , )  is 
<-22dB from 0.1 to 40GHz. The characteristic impedance of the 
VMDP is matched very well to 500  (within 4%) for the entire fre- 
quency range. The frequency response of the VMDP is character- 
ised by the optical heterodyne method [6, 71 using two external 
cavity tunable lasers at 1 . 5 5 ~ .  The optical signals are combined 
by a 3dB coupler, and coupled to the VMDP through a fibre 
pickup head. The output microwave is collected by a 5OGHz pico- 
probe (GGB Industries) and monitored by an RF  power meter. 
The calibrated frequency response of the VMDP is shown in Fig. 
3. A 3dB bandwidth of 18GI-Iz is measured. The bandwidth is 
limited by the transit time of the MSM photodiodes. By scaling 
down the MSM to a 0 . 1 ~ 1  scale, much higher bandwidth 
(> 1OOGHz) can be obtained. 

The maximum photocurrent of 12mA is currently limited by 
thermal damage to the MSM photodiode. The device remains lin- 
ear up to the maximum photocurrent. Inspection of the failed 
device by energy dispersive X-ray analysis (EDX) indicates that 
gold difflision into the semiconductor is the main failure mecha- 
nism. Improving the diffusion barrier of the Schottky contact 
should lead to even higher photocurrent. 

Conclusion: We have experimentally demonstrated a long wave- 
length velocity-matched distributed photodetector with twelve 
metal-semiconductor-metal photodiodes. A 3 dB bandwidth of 
18GHz and an external quantum efficiency of 0.42A/W have been 
achieved. 
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Fig. 1 Circuit diagram of clock recovery circuit 

Circuit configuration: Fig. 1 shows a circuit diagram of the pro- 
posed clock recovery circuit. The circuit consists of an oscillator, 
which is constructed with an RTD and a transmission line, and a 
UTC-PD. In the RTD oscillator, the RTD is biased in the nega- 
tive differential resistance (NDR) regon, and the collector is con- 
nected to the transmission line whose other terminal is connected 
to the ground. The essential synchronisation principle is injection- 
lockmg of the RTD oscillator using the photocurrent generated by 
the UTC-PD. Here, the use of the UTC-PD is important to main- 
tain fast photoresponse at low bias voltages [6] corresponding to 
the NDR region of the RTD. The self-oscillation of the RTD 
oscillator is theoretically analysed in [7], and the oscillating fre- 
quency is inversely proportional to the propagation delay time T~ 
of the transmission line. In the present circuit, the transmission 
line is a coplanar wave guide monolithically fabricated on the InP 
substrate. The physical length and characteristic impedance 2, of 
the transmission line were 1 1 5 0 ~  and 50Q respectively. The 
active areas of the RTD and UTC-PD were 6 and 20pn2, respec- 
tivelv. The bias voltage Y was +0.43V: the chiw size was 1.9 x v 

Optoelectronic clock recovery circuit using 

carrier photodiode 

K. Mura ta ,  K. Sano, T. Akeyoshi, N. Shimizu, E. Sano, 
M. Yamamoto and T. Ishibashi 

0.5”. 

Experimental results: The IC was fabricated by monolithically 
integrating an InGaAslAlAsiInAs RTD and an InPiInGaAs UTC- 
PD on an semi-insulating InP substrate [2, 81. The peak and valley 
current of the RTD were 7.4mA at 0.35V and 0.6mA at 0.7V, 
respectively. The responsivity of the UTC-PD was 0.26A/W at a 

An optoelectronic clock recovery circuit is reported that wavelength of 1.55pm, and the 3dB bandwidth around the bias 
monolithically integrates a resonant tunnelling diode and a uni- voltage vwas - 8OG&. 
travelling-carrier photodiode. The integrated circuit extracts an 
electrical 11.55GHz clock signal from 11.55GbiUs RZ optical 
data streams in a wide locking range with low power dissipation. 
Furthermore, the extraction of a subharmonic clock from 23.1 
and 46.2Gbit.k input data streams is also confirmed. 

resonant tunnelling diode and uni-travelling- 

E 1 5 .  m .  

Introduction: Because of the growth in multimedia services, ultra- 
high-speed optical receivers will be indispensable for future back- 
bone networks. To realise a small high-speed receiver circuit with 
low power consumption, an optoelectronic circuit using resonant 
tunnelling diodes (RTDs), and a new type of wideband, high-satu- 
ration power photodetector called the uni-travelling-carrier photo- 
diode (UTC-PD) [l] is a promising candidate because of its 
inherent high-speed operation. For example, an RTD/UTC-PD 
integrated circuit (IC) demultiplexing an 8OGbitis optical signal 
into 40 Gbitis electrical signals at an extremely low power of 
7.75mW has been demonstrated [2]. A clock recovery circuit is 
another key component for realising the receiver circuit. Several 
kinds of optical injection-locked RTD oscillator [3 - 51 have been 
reported, and phase locking to optical input has been demon- 
strated. However, clock extraction from an optical data signal, 
such as a pseudo-random bit stream (PRBS), and subharmonic 
clock extraction have not been reported. 

This Letter describes an optoelectronic clock recovery circuit The IC was tested on a wafer. The input RZ optical data stream 
that monolithically integrates an RTD and a UTC-PD on an InP (h = 1.55pn) was generated by an electro-optic pulse pattern gen- 
substrate. The principle of synchronisation is optical injection- erator that can output a lO-80Gbitis optical data stream [9]. The 
locking of a free-running oscillator. The fabricated circuit success- pulsewidth of the RZ optical data input was < lops, and the data 
fully extracted an electrical 11.55GHz clock signal from an sequence was PN 223-1 PRBS. The input optical signal illuminated 
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