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structure is measured to have a 32-GHz frequency response and with- 
stands at least 32 mA photocurrents. 

This result pushes the state of the art, even for surface-illuminated 
p-i-n photodiodes. Williams et al.4 predict maximum detector photocur- 
rents of 100 mA should be possible for well-designed 20-GHz devices; 
although the largest reported DC photocurrent is 40 mA for an 11-GHz 
d e ~ i c e . ~  

The detector responsivity, saturation, and nonlinearity are exam- 
ined. The measured DC responsivity, %, is approximately 0.45 A/W for 
both waveguide structures. The nonlinearity of the waveguide detectors 
are investigated at the second-harmonic frequency. The second-order 
intercept point (IP2) is extrapolated from the measured second harmon- 
ics to +34.5 dBm (output referenced) for the FKE waveguide detector 
and +32.6 dBm for the four-layer structure. 
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High-power, high-speed photodetectors are the key components for 
analog-fiber-optic links, which have applications in antenna remoting, 
CATV distribution, and wireless networks with fiber backbones. Photo- 
detectors with high saturation power can greatly increase the RF link 
gain, signal-to-noise ratio, and spurious-free dynamic range (SFDR). 
Previously, we have proposed and experimentally demonstrated a veloc- 
ity-matched distributed photodetector (VMDP) which can dramatically 
increase the saturation photocurrent without sacrificing its bandwidth. A 
very high saturation photocurrent of 56 mA and a 3-dB bandwidth of 49 
GHz have been achieved.' 

Though the trade-off between bandwidth and quantum efficiency 
has been analyzed for conventional high speed photodetectors,', optimi- 
zation of photodetectors for high saturation power requires completely 
different design philosophy. In this paper, we report on the fundamental 
analysis of the trade-offs between the maximum achievable saturation 
photocurrent (IsAT) and the 3-dB bandwidth (f3dB) of high-power, high- 
speed photodetectors. The experimental results of the VMDP are pre- 
sented and compared with the theory. Figure 1 shows the schematic 
structures of ( 1) surface-illuminated photodetectors, (2) waveguide pho- 
todetectors (WGPD), (3) velocity-mismatched traveling-wave photode- 
tectors (TWPD)? and (4) the VMDP. In contrast to the numerical 
analysis: close-form expressions has been obtained for the maximum 
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TuI6 Fig. 1. Schematic structures oE (a) surface-illuminated photodetectors; (b) 
waveguide photodetectors (WGPD); (c) velocity-mismatched traveling-wave photo- 
detectors (TWPD); (d) velocity-matched distributed photodetectors (VMDP). 
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Tu16 The trade-off between saturation photocurrent and 3-dB band- 
width for surface-illuminated photodetectors, waveguide photodetectors 
(WGPD), velocity-mismatched traveling-wave photodetectors (TWPD), and ve- 
locity-matched distributed photodetectors (VMDP). 
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Tu16 The theoretical and experimental AC saturation photocurrents of 
VMDP vs. the number of photodiodes for three coupling efficiency between 
passive waveguide and active photodiode regions: K = 88%, 95%, and 98%. 

Fig. 3. 
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saturation photocurrents. Figurk 2 shows the maximum saturation pho- 
tocurrent ISATversus f3dB for 'hi four different photodetector structures. 
The VMDP exhibits the highesj saturation photocurrent because it can 
achieve large effective absorptiOn volume without sacrificing its band- 
width or efficiency. Another i 'teresting feature is that the IsAT is in- 
versely proportional to the cub td , of f3dB for all photodetector structures. 
The figure of merit (FOM) can therefore be defined as ISAT * (f3dB)3. The 
FOMs for the four photodeteitor structures are summarized in the 

i following: i 

Surface-illuminated ~ 

photodetector: I 

I S A T .  (f3dB)3 = ~ Is [ - V ) 3  = 8.2 X 105(mA*GHz3) 
6 a R , ~ ,  3.3 

TWPD: ISAT*  (f3dB)3 = 

VMDP: I S A T .  (f3dB)3 = 

where Is = 0.15 mA/pm3 is thk saturation photocurrent density: V is 
the saturation velocity of the carriers (= 8 X lo6 cm/sec), R, is the load 
resistance (= 50 a), f,, is the~3-dB bandwidth limited by the velocity 
mismatch in TWPD, N is the dumber of active photodiodes in VMDP, 
and R,,,, and R,,,, are the ontact resistances of TWPD and VMDP, 
respectively. The quantum effic'ency is assumed to be 40% except for the 
surface-illuminated photodete tors. The details of the theoretical analy- 
sis will be reported at the confe i ence. 

As shown in Table 1, the YMDP has the highest FOM, followed by 
the TWPD. The WGPD has Similar FOM as the surface-illuminated 
photodetectors, however, the 4uantum efficiency is higher for WGPD. 
Experimentally, the saturation bhotocurrents of the VMDP with various 
number of active photodiodeJ are measured and compared with the 
theoretical simulation. The resblts are shown in Fig. 3. Saturation pho- 
tocurrent of 56 mA has been a)chieved for VMDPs with 49-GHz band- 
width. Theoretical calculatio shows that saturation photocurrent 
greater than 100 mA can be ac ieved. 

In summary, we have rep0 ted the theoretical analysis and proposed 
the FOM for high-power, hig -speed photodetectors. The theoretical 
and experimental results show that the VMDP can achieve high satura- 
tion power and broad bandwi th. 
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The use of 200-mW low-noise lasers in externally modulated fiber-optic 
links can increase the link dynamic range and reduce the noise figure by 
10 dB per current decade above 1 mA. To realize this, these systems 
require high-speed photodetectors (PDs) capable of detecting up to 50 
mA. To date, PDs capable of detecting this current level have been limited 
to frequencies below a few Gigahertz,' although 5-10 mA commercial 
15-18 GHz devices are now available. Metal-semiconductor-metal 
(MSM) PDs offer possible optical power density and heat dissipation 
advantages over commercial p-i-n structures because the incident light 
can be spread over a larger surface area. These devices however, may be 
limited by space-charge due to their less uniform absorbing 
region electric field. Here we present experimental nonlinearity (NL) 
results showing that these devices behave similarly to p-i-n devices when 
illuminated with high powers. 

The PD under study has an undoped In,,S,Ga,,4,As active-layer 
thickness of 0.5 pm. The interdigitated MSM electrodes are 1 pm in 
width and spacing. The diameter of the electrode pattern is 50 pm. The 
temporal response of the PD is 15 ps, which transforms to a 3-dB 
bandwidth (electrical power) of 21 GHz. The device is front-side illumi- 
nated via a 50 p,m core multimode fiber yielding a responsivity of 0.25 
A/W at 1.319 pm. 

Significant insight into PD nonlinear behavior is obtained with aNL 
measurement versus electric field strength. The measurement system4 
used for this measurement consists of two equal-power 1.319-p,m Nd: 
YAG lasers offset phase locked at 5 GHz. To characterize PD NL versus 
absorbing region electric field strength, the incident average optical 
power is held constant and the PD applied reverse bias voltage is ad- 
justed. The resulting fundamental and harmonics are plotted in Fig. 1. 
For low voltages (0 to -4 V), the NL output increases and then peaks 
when the fundamental power is within a few dB of its value at high 
applied voltages. At higher applied biases (-4 to -6 V), the NL output 
generally decreases until -6 V, when the harmonic distortion is nearly 
independent of bias voltage. At - 10 V, the second and third harmonics 
of this device are -54 and -62 dBc, respectively. This is compared to 
previous second- and third-harmonic measurements4 of three p-i-n 
devices ranging between -53 to -63 dBc and -72 to -83 dBc, respec- 
tively. 

The harmonic growth rate with PD current is shown in Fig. 2. As can 
be seen, the PD NL exhibits less than power law growth, with the second 
harmonic showing a local minimum near 1.8 mA. This minimum is due 
to the transition from an electron-velocity-dominant NL regime to a 
regime of constant NL level (constant with increasing bias). This was 
verified by repeating the measurements displayed in Fig. 1 (1mA) at 2 
mA, where the transition from a decreasing to level NL increased from 
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