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Abstract—A novel velocity-matched distributed photodetector
(VMDP) is proposed to simultaneously achieve high saturation
photocurrent and broad bandwidth. Theoretical analysis on the
tradeoff between saturation power and bandwidth shows that
the VMDP offers fundamental advantages over conventional
photodetectors. A comprehensive theoretical model has been
developed for the design and simulation of the VMDP. Experi-
mentally, the VMDP with very high saturation (56-mA) photocur-
rent and instrument-limited 3-dB bandwidth (49 GHz) has been
demonstrated. The theoretical analysis and experimental results
show that the VMDP is very attractive for high-performance
microwave photonic links and high-power optical microwave
applications.

Index Terms—Coplanar transmission lines, millimeter-wave
generation, MSM photodiodes, nonlinearities, photodetectors, op-
tical pulse measurements, traveling-wave devices.

I. INTRODUCTION

M ICROWAVE and millimeter-wave (or RF) photonic
systems have received increasing attention recently

because of their applications in analog fiber-optic links, cable-
TV distributions, hybrid fiber-coax systems, wireless cable and
wireless communication systems with fiber backbones, antenna
remoting, and ultrawide-band optical processing of RF signals.
High-power high-frequency photodetectors are key compo-
nents of the RF photonic systems. Photodetectors with high
saturation power can significantly reduce RF insertion loss,
increase spurious-free dynamic range, and enhance signal-to-
noise ratio of externally modulated links [1]–[3]. They are
also important for optoelectronic generation of high-power
microwaves and millimeter waves and optical heterodyned
receivers. Significant progress has been achieved in high-
speed photodetectors using both surface-illuminated [4]–[6]
and waveguide approaches [7], [8]. However, the conventional
high-speed photodetectors have very small absorption volume
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1 m and, therefore, cannot achieve high saturation
power.

The saturation of photocurrent under intense illumination is
mainly due to the electric-field screening effect caused by the
high concentration of photo-generated carriers. Enlarging the
effective absorption volume of the photodetectors has been
proposed as the most direct way to increase the saturation
photocurrents. A large core waveguide photodetector (WGPD)
with high saturation power has been demonstrated; however,
this has occurred at the expense of bandwidth because
longer detector length is required [9]. Velocity-matched
traveling-wave photodetectors (first suggested in [10]) have
been proposed to further increase the absorption volume
[11]. However, the difficulty of combining a velocity-
matched microwave transmission line with a high-speed
photodiode in the same structure results in very low bandwidth
[11].

In this paper, we propose and demonstrate a velocity-
matched distributed photodetector (VMDP) to increase the
optical saturation power without sacrificing its bandwidth or
efficiency. In Section II, the principle and the device structure
of the VMDP will be described. Section III presents the theo-
retical analysis on the tradeoffs between saturation power and
bandwidth for different photodetector structures. Detailed the-
oretical modeling of the VMDP is described in Section IV. In
Section V, the experimental data of the high-power high-speed
VMDP with nanoscale metal–semiconductor–metal (MSM)
photodiodes are reported. A very high saturation photocurrent
of 56 mA (at 1-dB compression of quantum efficiency) and
an instrument-limited 3-dB optical bandwidth of 49 GHz have
been achieved.

II. PRINCIPLE OF VMDP’s

The schematic drawing of the VMDP is shown in Fig. 1. It
consists of an array of ultrafast photodiodes serially connected
by a passive optical waveguide. The output photocurrents are
collected by a separate velocity-matched microwave transmis-
sion line with 50- impedance. Because of velocity matching,
the photocurrents from each photodiode are summed upin
phase, and the overall efficiency of the VMDP can still
be high even though the efficiency of the individual pho-
todiodes may be very low [12]–[14]. As shown in Fig. 2,
the microwave velocity of typical microwave transmission
lines on semiconductor substrate is about 35% faster than
that of the optical waves. The microwave velocity can be
slowed down by periodic capacitance loading [15], which
can be achieved by the capacitance of the active photodi-
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Fig. 1. The schematic drawing of the VMDP.

Fig. 2. The velocity of the optical waves as well as the microwave velocities
in the VMDP, TWPD, and the unloaded microwave transmission line versus
microwave frequency.

odes themselves with properly designed size and spacing.
Very good velocity matching can be achieved over a broad
frequency range (1–100 GHz). For frequency higher than
100 GHz, slight velocity mismatch starts to develop due
to the dispersion of the microwave transmission line. Com-
pared with the traveling-wave photodetector (TWPD) with
the microwave transmission line directly built on top of
the photodiode [8], the velocity mismatch has been greatly
reduced.

One unique advantage of the VMDP is that the optical
waveguide, photodiodes, and microwave transmission line
are separated and, therefore, can be independently optimized.
The photodiodes are optimized for high-speed operation. The
optical waveguide is optimized for large optical mode size
(for high saturation power), low coupling loss, and single-
mode operation. The microwave transmission line is opti-
mized for impedance and velocity matching. The bandwidth
of the VMDP is essentially the same as that of a sin-
gle photodiode, which can be made very fast (as in con-
ventional ultrafast photodiodes). All photodiodes are kept
below saturation by coupling a small portion of optical en-
ergy into each photodiodes. This can be readily achieved
by employing a small confinement factor for the absorption
layer.

(a) (b)

(c) (d)

Fig. 3. Schematic structures of the (a) SIPD, (b) WGPD, (c) TWPD, and
(d) VMDP.

III. T RADEOFF BETWEEN SATURATION

POWER AND BANDWIDTH

In this section, we present a general theory analyzing the
tradeoff between saturation photocurrents and 3-dB bandwidth
of four generic types of photodetectors:

1) surface-illuminated photodetector (SIPD);
2) WGPD;
3) TWPD without velocity matching [8];
4) VMDP.

In contrast to the numerical analysis of the nonlinearities
in p-i-n SIPD’s [16], an analytic approach with closed-form
expressions are pursued here. The schematic drawings for the
four photodetectors are illustrated in Fig. 3. The geometries
of the photodetectors are related to the saturation photocurrent

through the following analysis. For waveguide-type
photodetectors WGPD, TWPD, and VMDP, the quantum
efficiency depends on both the detection length and the con-
finement factor . The quantum efficiency of the WGPD is
expressed as

(1)
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where is the absorption coefficient and is the detec-
tor length. For a TWPD and VMDP with matched input
impedance, half of the photocurrent is absorbed by the 50-
matching input impedance. Therefore, their quantum efficien-
cies are given by

(2)

(3)

In (3), is the quantum efficiency of the
individual photodiode in the VMDP, is the number of
active photodiodes, and is the field coupling efficiency for
the wave functions between active and passive waveguide
regions. Theoretical simulation for the VMDP indicates that

% can be achieved (see Section IV-C). Assuming unity
fiber-detector coupling efficiency and no trapping of the photo-
generated carriers, the saturation photocurrents are expressed
as

(4)

for SIPD, where is the absorption layer thickness, is
the detector area, is the incident photon flux (1/m /s)
at saturation, and is the saturation photocurrent density
per unit area. The depends on physical structures and
bias conditions, and more experimental data are necessary
to determine the exact value of . Here, for comparing

of different photodetector structures under the same bias
condition, i.e., same electric field profile across the absorption
region, a constant of 0.025 mA/ m [16] has been assumed.
In general, any change or improvement of should be
applicable to all photodetector structures. For waveguide-type
photodetectors

(5)

(6)

(7)

From (1) to (7), the detector areaof the SIPD, the waveguide
length of the WGPD and TWPD, and the number of active
photodiodes of the VMDP can be expressed as a function
of quantum efficiency and . The waveguide width is

chosen to be 3 m for the simulation such that single-mode
propagation can be achieved for most waveguide structures.

The 3-dB optical bandwidth of the SIPD and WGPD is
determined by the carrier transit time [17] and the parasitic
RC time limitation

(8)

where is the carrier drift velocity ( 8 10 cm/s), is
the detector area ( for WGPD), and is the load
resistance 50 . In the TWPD and VMDP, it is further
limited by the velocity mismatch between the optical wave and
the generated microwave (the velocity mismatch is minimized
in the VMDP) as follows:

for (9)

for (10)

where cm is the contact resistivity, is the
period between active photodiodes in the VMDP, and
and are the velocities of optical wave and microwave,
respectively. The first term represents the transit time, the
second term is theRC time constant, and the third term
accounts for the velocity mismatch with a matched input
termination. Because of the traveling-wave property of the
TWPD and VMDP, the parasiticRC bandwidth is limited
by the contact resistivity instead of the load resistance as
in the lumped devices SIPD and WGPD [18]. For traveling-
wave type photodetectors with internal quantum-efficiency
approaching unity, the effective detection length is equal to
the modal absorption length [18]. However, the analysis shown
in this section provides a general argument without requiring
any assumption on internal quantum efficiency. Therefore,
the detector length derived from its relation with quantum
efficiency, (2) and (3) are used for (9) and (10).

The geometries of the photodetectors as functions of quan-
tum efficiency and are substituted into (8)–(10). For
any given and quantum efficiency, the 3-dB optical
bandwidth is then maximized for each photodetector structure
by optimizing the absorption layer thickness .
Fig. 4 shows versus thus found for the SIPD,
WGPD, TWPD, and VMDP. The quantum efficiency is as-
sumed to be 40% for WGPD, TWPD, and VMDP. The
quantum efficiency of the SIPD is not an independent pa-
rameter and depends on the absorption-layer thickness. Its
value varies from 83.8% at 10 GHz to 8.7% at 200 GHz.
Single-pass absorption for the SIPD has been assumed for
our analysis. The quantum efficiency of the SIPD can be en-
hanced by applying multipass resonant absorption (resonantly
enhanced photodetectors); however, the spectral bandwidth
of the photodetector becomes very narrow. For the VMDP,
an average velocity matching of 99%
cm/s, is assumed. For the TWPD, the
microwave velocity is assumed to vary from 35% [8] to 80%
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Fig. 4. The tradeoff between saturation photocurrent and 3-dB optical band-
width for the SIPD, WGPD, velocity-mismatched TWPD, and VMDP.

of the lightwave velocity to illustrate the effect of velocity-
mismatching. Two interesting trends are observed in Fig. 4:

for the two lumped photodetectors (SIPD
and WGPD), while for the two traveling-
wave type photodetectors (TWPD and VMDP) for

GHz. The physical interpretations are as follows. The
saturation photocurrent is proportional to the effective active
area, or square of the linear dimension of the detector, which
is inversely proportional to the 3-dB bandwidth. Therefore,

is proportional to . For the traveling-wave
type photodetectors, the parasiticRC bandwidth is irrelevant
to the dimensions of the active area. Therefore, is only
proportional to .

Thus, the figure-of-merit (FOM) of high-power high-speed
photodetectors can be defined from the results of simulations.
The results are summarized in Table I, where % has
been assumed for the VMDP to show its fundamental limita-
tion. The two lumped photodetectors, SIPD and WGPD, have
similar performance on , as shown in Fig. 4. However,
WGPD can maintain high quantum efficiency when operated in
a high-frequency region [17], whereas the quantum efficiency
of the SIPD drops as the 3-dB bandwidth increases. This
is evident from Fig. 5, which shows the contour plots of
the maximum saturation photocurrent in the plane of
versus quantum efficiency. At sufficiently high frequencies,
the saturation photocurrent of TWPD becomes higher because
the traveling-wave effect eliminates the parasitic resistance
loading from the matched circuit [18]; nevertheless, it is
limited by the velocity mismatch. The VMDP has the highest
saturation photocurrent because the velocity-matching permits
long detector length. Therefore, large saturation photocurrent
can be achieved without sacrificing bandwidth and efficiency.

The above analysis assumes that all detectors employ p-i-n
structure for a general argument. For other detector structures,
correspondent expressions for theRCbandwidth terms should
be employed. For example, the exact expressions in [6] for
capacitance and resistance should be used for MSM detectors.
Qualitatively, as the capacitance of the MSM detectors is
proportional to the detector lengths, while the resistance is
inversely proportional to the detector lengths for the same

Fig. 5. Contour plots for the maximum saturation photocurrent in the plane
of f3 dB versus quantum efficiency.

TABLE I
FOM FOR HIGH-POWER, HIGH-SPEED PHOTODETECTORS

MSM finger structures, theRC bandwidth limitation remains
independent of detector length for traveling-wave type pho-
todetectors. The tradeoff between and is still similar
to Fig. 4.

IV. THEORETICAL MODELING OF VMDP

A. Equivalent Circuit of VMDP

The VMDP is modeled as a microwave transmission line
with periodically loaded photodiodes [19], as shown in Fig. 6.
The equivalent circuit of the VMDP consists of an array of
unit cells comprising a section of transmission line of length

, a shunt photodiode admittance, and a current source
. The current source is related to the photocurrent

from individual photodiode by

(11)

through the Norton equivalent-circuit analysis. Where
is the RC-limited frequency of the photodiode,

is the series resistance and is the capacitance of the
photodiode. The admittance of the photodiode is

(12)
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Fig. 6. Equivalent circuit of the VMDP.

The circuit analysis of the VMDP is formulated using the
transmission matrix method [19]

(13)

where is the phase coefficient of the optical wave,
is the optical power coupled into the photodetector, and

is the quantum efficiency of the individual photodiode. The
transmission matrix of the transmission line segment is given
by

(14)

(15)

where is the characteristic impedance, and and
are the total loss and phase coefficient of the microwave

transmission line, respectively. The transmission matrix for
the photodiode is

(16)

By applying (13) recursively, and can be expressed
as a function of , , and . The relations between ,

, and between , are determined by the terminating
impedance of the microwave transmission line. The homo-
geneous solution of and (denoted as and )
are obtained by setting and to zero and applying (13)
iteratively. By superposition principle, the actual and
can be derived from

(17)

In (17), it is assumed that the transmission line is matched with
at the input end, as shown in Fig. 6. For the case of open-

circuit input termination, the value of in (17) should be
set to . The output impedance is matched
in both cases.

To simulate the overall performance of the VMDP, the
transit-time frequency response of the photodiodes, loss and
dispersion of the microwave transmission line, and optical
coupling loss should be considered. These will be discussed
in the following sections. The optical propagation loss in

the passive waveguide adds an exponential decay to the
photocurrent in (13). However, optical loss depends on the
waveguide fabrication technique and loss as low as 0.1 dB/cm
has been reported [20]. Therefore, it is not included in this
paper.

B. Microwave Transmission Line

1) Dispersion and Impedance:Coplanar strips (CPS’s) are
employed as the microwave transmission line for the VMDP.
In the current VMDP design, the CPS has a metal line
width equal to 91 m for both the signal and ground
lines. The spacing between the metal lines is 31m. The
thickness of the metal lines is 0.375m. The semi-insulating
GaAs substrate has a dielectric constantequal to 12.9 and
thickness equal to 150 m.

The dispersion characteristics of coplanar transmission lines
has been modeled numerically and analytically by [21] and
experimentally verified by [22] on semi-insulating GaAs sub-
strate. The effective dielectric constant can be ex-
pressed by the empirical formula

(18)

where is the effective dielectric constant of the CPS, taking
into account the transmission-line metal thickness [23]–[25],
and is the cutoff frequency for the lowest order TE mode.
It was found that is independent of the dimensions of
CPS, while is related to the transmission-line geometry [21].
The phase velocity and phase coefficient of the transmission
line are, therefore, expressed as

(19)

(20)

The characteristic impedance of the CPS is related to the
transmission-line geometry and the effective dielectric constant
by [26]

(21)

(22)

(23)

(24)
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where and are the effective values of metal strip width
and spacing due to the effect of finite-metal line thickness [23].

2) Effect of Periodic Loading:The transmission line in
VMDP is periodically loaded with active photodiodes. For
a low-frequency region where the spacing between the
photodiodes is small compared to the wavelength, the effect
of periodic loading on the phase velocity of the microwave
is given by [15]

(25)

where is the equivalent capacitance and is the
equivalent inductance per unit length of the transmission line
and is the effective capacitance of the photodiode. The

can be expressed as [23]

(26)

The is related to both and by

(27)

Nevertheless, the effect of the photodiode resistance is small
compared to the capacitance loading.

The impedance of the periodically loaded transmission line
can be derived under the same assumption [15]

(28)

In the current VMDP design, the MSM photodiode is chosen
as the active photodiode because of its low parasitics and
ease of integration with the coplanar microwave transmission
line. The parasitic capacitance and resistance of the MSM
photodiode can be calculated using the equations in [6]. The
current MSM finger pattern has the following geometry: metal
line width m, finger pitch m, metal thickness

Å, finger length m, overlap finger length
between electrodes m, and the period between active
photodiodes (length of the MSM photodiode). Using
these parameters, the phase velocity and the impedance of
the periodically-loaded transmission line in VMDP versus
frequency are plotted in Fig. 7. Also shown in Fig. 7 is the
velocity of the optical wave in the VMDP obtained from
the effective refractive index of the optical waveguide, which
will be discussed in Section IV-C. The designed VMDP has
matched velocities and impedance.

3) Loss Coefficients:The microwave losses in CPS’s in-
clude conductor loss, dielectric loss, and radiation loss. For
conductor loss [23]

dB/unit length (29)

Fig. 7. Phase velocity and impedance of the periodically loaded CPS in the
VMDP and the velocity of the optical wave versus microwave frequency.

Fig. 8. Conductor, dielectric, radiation, and total loss coefficients for the
CPS in the VMDP.

where is the surface impedance of the conductor [27].
The is given by

(30)

For dielectric loss [23]

dB/unit length (31)

where is the skin depth of the conductor. The radiation
loss can be expressed as [22]

dB/unit length (32)

Fig. 8 shows the conductor, dielectric, radiation, and total
loss coefficients versus frequency for the CPS in the VMDP.
For this CPS geometry, the dominant loss mechanism is the
conductor loss.

C. Optical Waveguide

The epitaxial layer structure of the device consists of
a 3- m-thick Al Ga As lower cladding layer, a 0.5-

m-thick Al Ga As waveguide core layer, a 0.2-m-
thick Al Ga As upper cladding layer, and a 0.2-m-
thick low-temperature (LT) grown (200C) GaAs absorbing
layer. The absorbing layer is designed to be on the top
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surface and evanescently coupled to the passive waveguide to
facilitate device contact and fabrication. A 3-m-wide optical
ridge waveguide is formed by wet chemical etching of the
Al Ga As cladding layer by 0.1-m depth. To achieve
high saturation power, the confinement factor of the MSM
absorbing layer is designed to be very low (equal to 1.53%).
Furthermore, the structure is designed to have a large-core
waveguide which results in a more symmetric circular far-
field pattern to better match that of the optical fiber. Therefore,
higher coupling efficiency can be obtained.

The one-dimensional (1-D) effective indexes of refraction
of the planar waveguide in the lateral region and the
guided region are solved first using the multilayer
stack theory [28]. For optical wavelength at 860 nm, only
the fundamental mode exists in the waveguide. The obtained
effective indexes are for the lateral region,

and for the guided region in the
passive optical waveguide and the active photodiode sections,
respectively. The imaginary part of effective refractive index
in the photodiode region is due to optical absorption in
the GaAs absorbing layer. The effective refractive index

of the ridge waveguide in the VMDP can thus be
obtained using the effective-index method [29]. The for
the optical waveguide is found to be 3.4823. The velocity
of the optical wave can, therefore, be determined from the
following equation:

cm/s (33)

The optical wave function in the waveguide can be calcu-
lated using the same transfer matrix approach [28] after solving
the effective refractive index in the guided region. The real
part of the simulated wave functions in the passive waveguide
and the active photodiode regions are shown in Fig. 9. The
optical wave is mainly confined in the passive core region
and coupled evanescently to the top GaAs absorbing region in
the active section. The confinement factoris defined by the
percentage of the optical-field intensity confined in the GaAs
layer

(34)

where is the coordinate of Al Ga As/GaAs interface,
and is the coordinate of GaAs/Air interface. Because of the
low confinement factor of the VMDP, the optical transition
between the passive waveguide and active photodiode sections
are relatively smooth. The field coupling efficiency between
the passive waveguide and the photodiode region can be
calculated by the overlap integral of the wave functions

(35)

The theoretical coupling efficiency for the designed VMDP
is found to be 97.8%.

Fig. 9. The optical wave functions in the passive waveguide and the active
photodiode regions of VMDP.

D. Simulated Performance of VMDP

The frequency response of the overall efficiency of the
VMDP is a product of three contributing factors:

1) frequency response due to carrier transit time ;
2) frequency response due toRC limitation of individual

photodiodes ;
3) response of the VMDP structure itself .

The last includes the effects of residue velocity mismatch,
microwave loss of the transmission line, and the optical
coupling loss between passive and active waveguides. The
overall efficiency can be expressed as

(36)

The combined response of theRC limit of individual photo-
diodes and the VMDP structure has been derived earlier in
Section IV-A. The frequency response due to transit time will
be discussed in this section.

The transit time limitation arises from the finite drift veloc-
ities of carriers in the light absorption region. When the recip-
rocal of the optical modulation frequency becomes comparable
to the time required for the generated electron–hole pairs to
travel to the electrodes, the photodiode cannot fully respond
to the modulation. The theoretical model developed in [30] is
employed for simulating the transit-time frequency response
of the MSM photodiode in the VMDP. The simulation result
shows a 3-dB bandwidth of 250 GHz, assuming the saturation
velocities for electrons and holes are 0.810 cm/s and 0.6

10 cm/s, respectively.
The high-field region of the MSM photodiode is concen-

trated on the surface of the diode. Therefore, there is low-field
region toward the bottom of the absorption layer where the
photo-generated carriers, which normally have lifetimes on
the order of a few tens of picoseconds in bulk GaAs, cannot
travel at saturation velocities. This results in long tails seen in
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Fig. 10. Frequency responses of the VMDP with various number of active
photodiodes.

the time-domain response of conventional MSM photodiodes.
The long tails can be suppressed by: 1) minimizing the low-
field region of the photodiode and 2) introducing trapping
centers in the absorption region. In the VMDP, the thickness
of the absorption layer is very thin (0.2m, comparable to
the finger spacing), and a heterostructure barrier is employed
at the bottom of the absorption region to prevent carriers
from spreading over to the low-field region. The finger width
is also minimized to reduce the low-field region underneath
the MSM fingers. In addition, the absorption layer of the
MSM photodiodes is designed to be LT-GaAs, which features
short carrier lifetime because of the precipitating of excess
arsenic during the annealing at 600C to form densely packed
recombination centers [31]. This results in the elimination of
the long tail in the time-domain response—however, at the
expense of reduced sensitivity.

The overall frequency response of the VMDP can now be
simulated and the results are shown in Fig. 10. The length of
each MSM photodiode is 15m, and the period between active
photodiodes is 150m. The bandwidth of the VMDP with one
MSM photodiode is basically the same as that of the conven-
tional high-speed MSM photodetector [6], and can be as high
as several hundred gigahertz, though the quantum efficiency is
low because of the high-power design. The quantum efficiency
increases with increasing number of photodiodes, with very
slight decrease in the bandwidth, as shown in Fig. 11. The
theoretical limit of the quantum efficiency for the VMDP (or
more generally, for any TWPD’s) with 50-input termination
is 50% since half of the photocurrent propagates in the
backward direction and is absorbed by the input termination.
The maximum quantum efficiency obtained here is 40%, which
is limited by the nonideal optical transition between the active
and passive waveguide regions (theoretical coupling efficiency
is equal to 98%). A bandwidth-efficiency product over 80
GHz can be achieved if the number of photodiodes is greater
than eight. The quantum efficiency of the VMDP at low
frequency can be doubled by employing open-circuit input
termination. However, the detector bandwidth will decrease
since the microwaves reflected from the input end are not
in phase with the forward traveling wave. The simulation
results of the VMDP with open-circuit termination are shown
in Fig. 12.

Fig. 11. 3-dB optical bandwidth, maximum quantum efficiency, and band-
width-efficiency product of the VMDP versus the number of active photo-
diodes.

Fig. 12. Frequency responses of the VMDP with open-circuit input termi-
nation.

In addition to the intrinsic effect of the device, other
extrinsic parameters such as optical input coupling also di-
rectly affect the measured overall efficiency. One of the main
disadvantage of waveguide-type photodetectors is the low
optical coupling efficiency. The VMDP is designed to have
a more circular optical mode with small optical confinement;
therefore, the optical coupling efficiency is higher than those of
conventional WGPD’s. Here, we examine the optical coupling
efficiency from a low-cost spherical lensed-fiber to the VMDP.
The lensed-fiber used in our experiments is made by Ericsson’s
Fusion Splicer FSU 925 and has a diameter of 18m.
The theory for the lensed-fiber coupling efficiency can be
found in [32]. The simulation result is shown in Fig. 13.
A maximum coupling efficiency of 48% can be achieved
at 13.5- m separation between the fiber tip and the optical
waveguide facet. The current coupling efficiency is limited by
the nonperfect circular shape of the optical mode field for the
waveguide (see Fig. 9 for the simulated wave function and
[19]).

V. EXPERIMENTAL RESULTS

The schematic structure of the VMDP has been shown in
Fig. 1. The scanning electron micrograph (SEM) of the VMDP
is shown in Fig. 14. Nanoscale MSM photodiodes are chosen
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Fig. 13. The fiber coupling efficiency as a function of the distance between
the lensed and fiber tip and the optical waveguide facet.

Fig. 14. The SEM micrograph of the VMDP. The inset shows the MSM
photodiode.

as the active photodiodes for the current VMDP. However, the
VMDP concept can be applied to other photodiode structures
such as a p-i-n. The fabrication process of the MSM VMDP
have been reported in [14]. In this section, we report on the
experimental characterization of the VMDP, including both dc
and RF measurements. The device-under-test has three active
photodiodes. Each photodiode is 15-m long, and the period
between them is 150m. The input end of the device is not
impedance-matched for higher saturation photocurrent.

First, we will discuss the characteristics of the microwave
transmission line in VMDP. The impedance of the periodically
loaded transmission line in VMDP is characterized from
0.126 to 50 GHz using an HP 8510C network analyzer.
Two-port measurement for transmission lines was employed.
Fig. 15 shows the measurement (reflection coefficient at
port 2) of the transmission line. The probe and microwave
connections on port 1 has been calibrated to 50for the
measurement. The impedance of the transmission line obtained
from the Smith chart of the same measurement is very close

Fig. 15. S22 measurement of the transmission line in the VMDP using an HP
8510C network analyzer. The transmission has an impedance close to 50
.

to 50 (within 6% deviation) throughout the measurement
range. Another important parameter to verify is the phase
velocity of the periodically loaded microwave transmission
line. This is measured from 0.045 to 50 GHz using an HP
8510C network analyzer. As in the impedance measurement,
full two-port calibration was performed for the probes and
microwave connections. Instead of the reflection coefficient,
the time delay of the microwave signal between the two
calibration planes (two probe tips) is measured. From the
length of the transmission line between the two calibration
planes, the microwave phase velocity can be determined. The
result is shown in Fig. 16. The theoretically simulated phase
velocity (Fig. 7) is superimposed on the experimental curve.
Reasonably good agreement is obtained.

The dc quantum efficiency of the VMDP is measured using
a tunable Ti:Sapphire laser as the light source. The wave-
length of the laser is tuned to 860 nm. The dc photocurrent
increases linearly with the input optical power varying from
0 to 60 mW. The measured external quantum efficiency is
equal to 12.3% (electron/photon) for uncoated facet, which
is 26% of the theoretical value (48% for the VMDP with 3
photodiodes and open-circuit input termination, see Fig. 10).
The quantum efficiency of the device can be improved by
optimizing the coupling efficiency of the lensed fiber (currently

48%) or applying antireflection (AR) coating to the VMDP
facet (30% Fresnel loss), as well as improving the coupling
efficiency between the passive and active waveguide regions
(currently causes 22% more coupling loss compared to
the theoretical prediction, see Fig. 20) by better controlling
the etching steps in the fabrication. The propagation loss in
the optical waveguide is negligible compared to these three
factors.

The experimental setup for measuring the frequency re-
sponse and saturation photocurrent is shown in Fig. 17. The
impulse response of the VMDP is characterized first. The
Ti:Sapphire laser is mode locked at 860 nm with a pulsewidth
of 120 fs and a repetition rate of 80 MHz. The light is
coupled into a single-mode fiber and then passes through a 3-
dB fiber coupler. One branch of the 3-dB coupler is connected
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Fig. 16. The experimental and theoretical phase velocity of the periodically
loaded transmission line on the VMDP. The experimental phase velocity is
determined from the time-delay measurement using an HP 8510C network
analyzer.

Fig. 17. The experimental setup for measuring RF response and saturation
photocurrent.

to an optical power meter for power monitoring. The other
branch is coupled into the device using the lensed fiber. The
device-under-test is biased at 4 V through a bias-tee. The
generated microwave signal is collected at the output end
of the transmission line by a 50-GHz high-frequency probe
(Picoprobe from GGB Industries). The signal is then sent to
an HP digitizing oscilloscope with 50-GHz bandwidth through
a microwave cable. Part of the signal is split by a microwave
power splitter and amplified to trigger the digitizing oscillo-
scope. The timing jitters of the measured signal are greatly
reduced in this configuration.

The electrical frequency response is obtained from the
Fourier transform of the impulse response, and the results have
been reported in [14]. A 3-dB optical bandwidth of 49 GHz
is achieved, which appears to be limited by the bandwidth of
the digitizing oscilloscope.

To investigate the ac saturation effect, the impulse response
of the VMDP is measured with increasing optical powers. The
result is shown in Fig. 18. At low intensities, the ac quantum
efficiency is equal to the dc quantum efficiency. Under intense
illumination, the pulsewidth increases slightly and a long tail
in the trailing edge starts to develop in the impulse response.
This results in a reduction of the quantum efficiency as well as
bandwidth of the photodetector. The degradation is attributed

Fig. 18. Impulse response of the VMDP under various illumination inten-
sities.

Fig. 19. The 3-dB optical bandwidth and the peak photocurrent versus the
input optical pulse energy for VMDP.

to the electric field screening effect due to the large number
of photo-generated carriers. The saturation point is defined
to be at 1-dB compression of the ac quantum efficiency.
The ac quantum efficiency at low-intensity illumination is
obtained by dividing the number of photo-generated carriers
calculated using the impulse response with the number of
incident photons. Under intense illumination, the peak value of
the impulse response does not increase linearly with the optical
pulse energy, and the ac quantum efficiency is obtained by
comparing the peak impulse response with the low-intensity
illumination response. The peak photocurrent obtained by di-
viding the peak voltage of the impulse response with the 50-
load at 1-dB compression is equal to 56 mA [14]. The 3-dB
optical bandwidths of the VMDP under various illumination
intensities are also characterized. The experimental results are
shown in Fig. 19. The bandwidth remains unchanged as the
peak photocurrent increases to 19 mA , and
gradually reduces to 42 GHz when reaches 1-dB
compression.

The VMDP is expected to have similar saturation pho-
tocurrent under CW operation if proper heat sinking and
facet passivation are provided. From a heat-sinking point of
view, the heat generated in the VMDP is distributed along
the waveguide, which is more advantageous compared to the
heat-point source of lumped photodetectors. This problem is
currently under investigation.
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Fig. 20. The theoretical and experimental peak-saturation photocurrents of
the VMDP versus the number of photodiodes for three coupling efficiencies
between passive waveguide and active photodiode regions:k = 88%, 95%,
and 98%.

The saturation photocurrent is also measured for the VMDP
with one and five photodiodes. The results are shown in
Fig. 20. The bandwidth of the VMDP with three photodiodes
is the same as that of the VMDP with one photodiode,
and degrades slightly when the number of the photodiodes
increases to five. Also shown in Fig. 20 are the calculated
saturation-peak photocurrent versus the number of photodiodes
for different coupling efficiencies between the passive and
active waveguide regions. Coupling efficiency affects the
quantum efficiency and, therefore, the saturation photocurrent
(7). Physically, lower coupling efficiency reduces the satura-
tion photocurrent because the photodetector starts to saturate at
the first photodiode, and loss of light due to nonideal coupling
will reduce the photocurrents of subsequent photodiodes when
the first photodiode saturates. The measured data agrees well
with the curve of %. This coupling efficiency is
somewhat lower than the theoretical value of 98%. The
discrepancy is attributed to the slight over-etch during removal
of the absorbing layer in the passive waveguide. By employing
selective etching, better coupling efficiency is expected. The
saturation peak photocurrent can be further increased to100
mA by improving the coupling efficiency from 88% to 95%
and increasing the number of photodiodes to ten.

VI. CONCLUSION

We have proposed a novel VMDP to achieve high saturation
photocurrent and large bandwidth. The theoretical analysis
on the tradeoff between saturation power and bandwidth
shows that the VMDP offers fundamental advantages over
other conventional photodetectors. Theoretical models have
been developed to design and simulate the performance of
the VMDP. The VMDP’s with nanoscale MSM photodiodes
have also been experimentally demonstrated. A very high
saturation photocurrent of 56 mA and an instrument-limited
3-dB optical bandwidth of 49 GHz have been achieved. Further
improvement in optical saturation power and quantum effi-
ciency is expected with more precise control of the fabrication
processes and proper AR coating for the facet. The theoretical
analysis and the experimental results of the VMDP show
that it can greatly improve the RF insertion loss, dynamic

range, and noise performance of analog fiber-optic links. It is
also attractive for high-power optical-microwave applications
and optoelectronic generation of high-power microwaves and
millimeter waves.
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