
2604 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 12, DECEMBER 2000

Waveguide Integrated Photodiode for Analog
Fiber-Optics Links
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Abstract—We present the design, fabrication, and charac-
terization of a vertically coupled 1.3- m wavelength waveguide
integrated InGaAs photodiode with distributed absorption. This
design, by employing an index-matching layer and a thick waveg-
uiding layer, can yield a significant improvement in the optical
power saturation, responsivity, and speed in the same device. The
1-dB compression point of the photodiode response at 20 GHz
occurs at 10.2-mA continuous-wave photocurrent. Moreover, the
same device exhibits a 47-GHz 3-dB bandwidth with a 50-
 mi-
crowave probe, and a 0.4-A/W microwave responsivity at 20 GHz
without antireflection coating at the input facet. Its two-tone
output referenced third-order intercept point is +20.32 dBm at
1 GHz and+5.25 dBm at 18 GHz.

Index Terms—Analog systems, optical saturation, photodiodes,
waveguides.

I. INTRODUCTION

FOR AN externally modulated analog fiber-optics link, the
radio-frequency (RF) link gain and the noise figure can

be improved by using high-power low relative-intensity-noise
optical source or a low-noise optical amplifier, provided that
the photodiode at the receiver has a high responsivity and does
not saturate at high optical power [1]. For the same link, the
spurious-free dynamic range (SFDR) can be enhanced at high
power provided that the nonlinear distortions at the photodiode
remain small [2]. For these reasons, it is essential to develop
high-power photodiodes with high responsivity and high-speed
properties for state-of-the-art analog fiber-optic links [3].

It has been shown that the optical saturation in photodiodes
is caused by the space charge screening effect due to the dense
photo-generated carriers [4], [5]. For side-illuminated wave-
guide photodiodes (WPs), the distribution of photo-generated
carriers usually follows an exponential decay profile, with the
highest absorption occurs at the front end. One approach to
enhance the optical saturation level in these photodiodes is
to use a diluted waveguide with a small modal confinement
at the absorption layer to reduce the front-end absorption
[6]. However, to keep the responsivity the same as that in
ordinary lumped element waveguide photodiode [7], the diluted
waveguide approach inevitably increases the length of the
absorption waveguide (and thus a larger RC time and a lower
speed). One way to overcome the RC time effect in a diluted
waveguide photodiode (DWP) is to use the velocity-matched
traveling-wave electrode [8].
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The distributed absorption approach was proposed to ease
the tradeoff between the speed and the power in the lumped
element waveguide photodiode [9]. The distributed absorption
arises from a gradual increase of the optical confinement factor

along the absorption waveguide, which in principle can
lead to a more evenly distributed photocurrent profile favor-
able for high-power operation. However, in practice, very long
absorption length (a few hundred micrometers) is required to
achieve the distributed absorption in the horizontally coupled
waveguide photodiode [9] and, as in the DWP case, the band-
width of the photodiode is compromised.

In this paper, a waveguide integrated photodiode (WIP) with
an index-matching layer, as shown in Fig. 1, is designed and
fabricated for high-performance externally modulated analog
links. When compared to similar photodiode designs recently
proposed for high-speed operation [10]–[14], our WIP design
can achieve high saturation current, responsivity, and speed to-
gether. Unlike the evanescent-coupled design proposed in [10],
where the of the absorber is constant [12], the corresponding

in our design varies periodically along the waveguiding
direction. With the index-matching layer that ensures a high
coupling efficiency between the passive waveguide and the ab-
sorber, effective distributed absorption can be achieved within
a relatively short propagation distance via multimode beating
induced by this layer. Also, the WIP can have a smallfactor
even with a relatively thick absorber since light is not directly
coupled into the absorber in the WIP structure. The large ab-
sorption volume implies a lower current density, which is bene-
ficial for high-power operation. Thus the photodiode is capable
of delivering large photocurrent at high speed. Also, in contrast
to the slab waveguide structure proposed in [11], where a thin
( 0.6 m) passive waveguide layer is employed, our design
uses a ridge waveguide structure with a relatively thick passive
waveguide layer ( 1.2 m), as shown in Fig. 1(b). This passive
waveguide design allows a high coupling efficiency between the
input fiber and the passive waveguide. The details of the WIP
operation, the optical waveguide, and material designs with re-
spect to device performance are given in Sections II and III; the
fabrication of the WIP is summarized in Section IV; and Sec-
tion V gives the measurement results of the WIP.

II. OPERATION OF THEWIPs

In a typical WIP operation, light is first coupled to a non-
absorbing passive waveguide that is connected to an absorber
section where photocurrent is generated. The main design fea-
ture is the way to achieve an efficient optical coupling between
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(a)

(b)

Fig. 1. (a) The material structure of the WIP. The intrinsic InGaAs is the
absorber layer, the upper n-InGaAsP layer is the index-matching layer, and
the lower one is the passive waveguiding layer. The bracket contains the
layer bandgap and index at 1.3-�m wavelength. (b) Cross-sectional view of
the absorber section of the WIP; the ridge includes 0.6�m of the passive
waveguide layer.

the passive waveguide and the absorber. Deriet al. [14] demon-
strated that the insertion of an index-matching layer between the
passive waveguide and the absorber in a slab waveguide struc-
ture can enhance the coupling efficiency. The absorber length
can be reduced from 100 m to several tens of micrometers,
which in turn improves the bandwidth of the lumped element
photodiode.

In this paper, we further improve the design of WIP for
high-power operation. The short absorber length and the re-
sulting distributed absorption are both attributed to the inclusion
of the index-matching layer. The material structure of the WIP
is shown in Fig. 1(a), where 1.3m wavelength light is first
coupled into the InGaAsP ( m) passive ridge wave-
guide. As the guided light reaches the section that incorporates
the InGaAs absorber and the InGaAsP ( m) index
matching layers, it is coupled into several transverse modes of
the large optical waveguide. The beating of these modes causes
the optical intensity distribution to oscillate between the passive
waveguide and the absorber regions along the light propagation
direction. As a result, the optical intensity can be transferred

(a)

(b)

Fig. 2. (a) Normalized optical intensity distribution in the passive waveguide
(dash line), the index-matching layer (dot line), and the absorber (solid line) for
the structure shown in Fig. 1(a). Thez = 0 point designates the beginning of the
absorber. (b) Normalized optical intensity distribution in the passive waveguide
(dash line) and the absorber (solid line) for the structure in Fig. 1(a) without the
index-matching layer. Thez = 0 point designates the beginning of the absorber.

into the InGaAs absorber in a relatively short distance. A
three-dimensional beam propagation method (BPM) simulator1

is used to calculate the optical intensity distribution for the WIP
depicted in Fig. 1, with and without the index-matching layer.
In the simulation, a trapezoidal cross-section of the waveguide,
as shown in Fig. 1(b), is assumed to represent the actual mesa
shape of the device fabricated. Likewise, the width of the top
p InGaAs is set at 2.5m, and the width at the bottom of the
etched mesa is 5m; the junction width is taken to be 3m
as the intrinsic region is closer to the top. The optical indexes
listed in Fig. 1(a) are for 1.32m wavelength. For the purpose
of differentiating the coupling effect due to the index-matching
layer, we initially set the absorptivity of the InGaAs to zero
in the BPM simulation. The corresponding optical intensity
in the InGaAs and the passive waveguide regions is plotted
in Fig. 2(a). The simulation result suggests that along the
waveguide 27% of the optical intensity in the original passive
waveguide is periodically coupled to the InGaAs layer. The
rest is distributed between the index-matching layer and the
InP substrate. The vertical coupling behavior is caused by the
optical mode beating [13] and is similar to that in the conven-
tional waveguide coupler [15]. The period of the optical energy
oscillation [e.g., that in Fig. 2(a)] is the least common multiple

1Distributed by R-soft Research, Inc.
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Fig. 3. BPM simulated absorption profile of WIP (solid line) of Fig. 1(a) and
the conventional waveguide photodiode (dashed line).

of the effective wavelength of the beating optical modes. Such
an efficient coupling is represented by a sharp rise of the
effective in the absorber, which increases monotonically
in the first 20 m of the absorber. The coupled intensity in the
InGaAs is effectively absorbed, in accordance with

(1)

where is the intensity at the start of the absorber section,
is the distance measured from the same point, andis the

absorption coefficient in the absorber. In the structure without
the index-matching layer, the optical intensity is evanescently
coupled into the InGaAs layer. The simulated optical intensity
profile in the InGaAs and the passive waveguide are shown in
Fig. 2(b) (note that the ripple is an artifact of the BPM sim-
ulation), which suggests that around 8% of the optical inten-
sity launched into the passive waveguide is coupled into the ab-
sorber. Therefore, a waveguide photodiode design employing
the evanescent coupling requires a longer absorber region [16].

Next we include the absorption in the InGaAs absorber in
the above BPM simulation. The absorption profile along the ab-
sorber, which is directly related to the carrier distribution profile,
affects the saturation behavior of the waveguide photodiode.
The absorption profile along the waveguide of the WIP
in Fig. 1(a) is obtained by taking the spatial derivative of the
total optical intensity simulated with the absorption included,
and is depicted as the solid line in Fig. 3. In this WIP design,
at the absorber front end, where the guided optical intensity is
at full strength, a relatively smaller portion of the optical inten-
sity is coupled and absorbed. Away from the absorber front end,
the effective increases due to the mode beating, and a larger
portion is coupled and absorbed. For comparison, Fig. 3 also
depicts the usual exponential decay profile (dashed line) in the
ordinary WP or DWP where at the absorber is constant. Thus,
the absorption is more spread out along the propagation direc-
tion in the WIP.

III. D ESIGN OPTIMIZATION FOR HIGH POWER, HIGH SPEED,
AND HIGH RESPONSIVITY

A. High-Power Design

During high-power operation, the performance degradation
of a photodiode can show up as catastrophic failure, responsivity

reduction at microwave frequency, and nonlinear distortion gen-
eration. The distributed absorption of the WIP can raise the crit-
ical optical intensity level for these occurrences.

Thermal runaway has been identified as the major mechanism
responsible for the catastrophic failure of the photodiode under
continuous-wave illumination [17]. The reverse leakage current
in photodiodes increases with temperature. As a response to the
temperature rise due to the photocurrent heating, more leakage
current is generated, which in turn generates more heat. The
process repeats and can culminate in device catastrophic failure.
The heat generated at the photodiode can be expressed as

(2)

where is the current density of the photodiode, assumed to
be constant across the junction width, is the path length
along the heat flow, is the series resistivity of the material,
is the propagation distance, andis the length of the absorp-
tion waveguide. Since the current density is proportional to the
optical absorption, the absorption profiles shown in Fig. 3 can
be used to compare the current distribution profiles of WIP and
DWP. According to (2), for the same total photocurrent level,
the more well-spread current density profile of WIP is expected
to generate less heat than the DWP with the same responsivity
and the junction area.

Both the responsivity degradation at microwave frequency
and the nonlinear distortion generation can be attributed to the
space charge screening effect under high illumination [4], [5].
The screening electric field is opposite in direction to the applied
electric field. The net electric field is reduced in magnitude at
a portion of the depletion region, and the carrier velocity is re-
duced at the low field region. Therefore, the responsivity at high
frequency is reduced as fewer charges respond to the modulated
optical signal [4]. Also, nonlinear distortions are generated due
to the following.

1) Carriers have nonuniform transit time.
2) The built-up charge induces nonlinear junction

impedance variation in the depletion region [18].
At the absorber, the carrier generation rate per unit length
is the driving force behind the high charge density and is

proportional to the absorption

(3)

where and are the width and thickness of the absorber layer,
respectively. In DWP, the peak absorption is reduced by having
a smaller factor at the absorber [6]. However, this may not
lower the degree of saturation as the thickness of the absorber

is also reduced in getting the smaller. In contrast, in WIP,
the peak absorption can be reduced without reducing. This is
due to the provision of separate optimization of the absorber
and the passive waveguide in the WIP design. As a result, a
relatively small portion of the optical intensity is coupled to the
absorber while the thickness of the absorber can be maximized
with respect to the transit time, both of which allow a smaller
to be achievable with the WIP. We have compared the maximum

of the proposed WIP design of Fig. 1 to the DWP withequal
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to 11.5% so that both of them have the same absorber length, as
shown in Fig. 3. (In that case, the thickness of the InGaAs layer
of the DWP can be either 0.11 or 0.15m depending on whether
the adjacent InGaAsP waveguiding layer is 1.15 or 1.23m in

[6].) The ratio of the peak generation rate in WIP to that
in DWP then varies from 9.9% to 13.5%. In other words, the
maximum carrier generation rate in the proposed WIP design
can be reduced to one-tenth of that in the equivalent DWP.

B. High-Speed Design

In general, WIP has two high-speed design advantages over
ordinary WPs. For lump-element design, a limiting factor to the
RC circuit time is the control of the junction length. The junc-
tion length of an ordinary WP is determined by precise mechan-
ical cleavage. In contrast, the junction length of a WIP is defined
by the photolithography and the subsequent mesa etching, while
cleaving is done at the passive waveguide section. Therefore the
junction length of WIP is much better controlled in practice.
Also, the width of the absorber of WIP can be tailored for cer-
tain microwave impedance values without sacrificing the overall
responsivity as the absorber design is decoupled from the wave-
guide design. This suggests that a high-responsivityhigh-power
traveling-wave electrode waveguide photodiode [8], [19], [20]
is more readily achievable with the WIP design.

Here, since a lumped element WIP is investigated, we first op-
timize the dimensions of the absorber subject to the RC time and
the carrier transit time limits [21]. As they are oppositely related
to the absorber thickness, it may appear that a thin and small ab-
sorber can maximize the speed of the photodiode. However, in
view of the saturation effect, a large absorption volume is pre-
ferred for high-power operation. Therefore, a design strategy is
to vary the thickness, the length , and the width of the ab-
sorber subject to the maximum absorption volume ( )
and the minimum bandwidth requirements. The output pho-
tocurrent can be expressed as [22]

(4)

where denotes the frequency response of the photocurrent
due to the transit time effect, is the frequency response
due to the RC time effect. Ignoring the saturation effect and the
diffusion current, can be expressed as [22]

(5)

where and are the saturation velocity of the holes and
electrons inside the depletion region, respectively. From simple
circuit analysis, can be expressed as

(6)

where is the junction resistance, is the junction capaci-
tance, is the series resistance, and is the load resistance.
In the calculation, the contact resistivity is assumed to be 2

10 cm and is set at 3 m. Fig. 4 plots the 3-dB

Fig. 4. Calculated 3-dB bandwidth of the lumped element waveguide
photodiode as a function of the junction length at different absorber thickness.

bandwidth versus at various s. From this plot, the absorber
layer should be 35 m long and 0.45 m thick to provide the
maximum absorption volume while still meeting the 50-GHz
bandwidth requirement.

C. High-Responsivity Design

The responsivity of the WIP is affected by two separate cou-
plings: between the tapered fiber and the passive waveguide and
between the passive waveguide and the absorber. Most prior
works focused on improving the coupling between the passive
waveguide and the absorber for a given propagation distance
[10], [11]. Consequently, the overall responsivity of the WIP can
still be limited by the coupling between the tapered fiber and the
passive waveguide, especially when a thin passive waveguide is
used. In this paper, a ridge waveguide structure with a relatively
thick passive waveguide layer (1.2 m) is employed, which
corresponds to a simulated 72% coupling efficiency between
an antireflection (AR) coated passive waveguide and a tapered
fiber with a 3- m spot size. Making the waveguide even thicker
can result in a higher coupling efficiency between the fiber and
the waveguide [7]; however, this can also lower the coupling
efficiency between the waveguide and the absorber for a given
coupling distance. Therefore, we need to examine the appro-
priate design of the index-matching layer to optimize both cou-
plings.

In our design, the index and the thickness of the
index-matching layer are tuned for high responsivity. With BPM
simulation, we observe that a high-index matching layer can
enhance the coupling efficiency between the passive waveguide
and the absorber. However, with an InGaAsP index-matching
layer, a high index also implies a smaller bandgap and thus a
high residual absorption loss. In our design, the bandgap of the
matching layer is chosen to be 1 eV ( m) to reduce
the residual absorption of 1.32-m wavelength light. The
corresponding index is 3.46 [23]. To minimize the propagation
loss, the index of the waveguide layer is chosen to be 3.39
( m). Our simulation results suggest that the WIP
with either too thin or too thick a matching layer has a low
coupling efficiency between the waveguide and the absorber.
For either case, the waveguiding structure quickly approaches
that of the evanescent-coupled structure. Based upon the above
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Fig. 5. A SEM top view of the WIP showing the passive waveguide (pointed
at by the arrow) and the absorber waveguide covered with metal.

layer structure and index profile, the BPM simulation results
indicate that the optimal matching layer thickness is around
0.45 m for the shortest absorber length.

IV. DEVICE FABRICATION

The epitaxial layers shown in Fig. 1(a) are grown by metal-
organic chemical vapor deposition on a Fe-doped semi-insu-
lating InP substrate. Using a liftoff technique, the 2.535 m
Ti/Pt/Au (150 Å/150 Å/800 Å) p-contact is deposited on top
of the p -InGaAs layer via e-beam evaporation. The contact
is annealed at 460C for 30 s. A 35- m-long absorber mesa
is first etched using an etchant consisted of 20 mL of HO,
20 mL of HBr, and 20 drops of Br. The trapezoidal mesa, as
shown in Fig. 1(b), consists of the p-InGaAs layer, the p-InP
layer, the absorber, and the matching layer. The waveguide is
formed by removing 0.6m of the passive InGaAsP layer in the
second etching step using the same etchant. Ge/Au/Ni/Au (330
Å/600 Å/150 Å/400 Å) n-contacts are deposited on both sides
of the etched mesa and are connected to the ground lines of a
coplanar waveguide (CPW) transmission line on the semi-insu-
lating substrate. The contact is annealed at 420C for 3 min.
The center signal line of the CPW is connected to the p-contact
via a gold-plated air bridge to minimize the parasitic capaci-
tance [24]. The wafer is then lapped down to80 m thick and
is mechanically cleaved into arrays of photodiodes for evalua-
tion. Fig. 5 shows a scanning electron micrograph (SEM) of the
finished WIP.

V. MEASUREMENTRESULTS AND DISCUSSION

The dc characteristics of the photodiode are measured by a
semiconductor parameter analyzer (HP4145B). The typical dark
current is less than 10 nA at 6 V and reaches 1A at 15 V
for a device without any mesa sidewall passivation. The series
resistance is 20 when the forward-bias current is 10 mA.

The microwave responsivity of the WIP is measured using a
lightwave vector network analyzer (HP8703A). The microwave
loss of the cable, the bias tee, and the microwave probe (Cas-
cade ACP) are calibrated out using a full two-port calibration
with a standard impedance substrate (Cascade LRM ISS GSG).
The modulated optical power from the HP8703A is at 1.3m
wavelength. It is coupled to the WIP through a single-mode ta-
pered fiber with a spot radius about 1.752.25 m. The mi-
crowave responsivity of the WIP from 200 MHz to 20 GHz is

Fig. 6. The frequency response of the WIP measured by HP 8703A. The
responsivity at 20 GHz is about 0.40 A/W. The device is biased at�6 V, and
the photocurrent is 120�A.

Fig. 7. Frequency response of the WIP using heterodyned laser setup. The
3-dB bandwidth of the WIP is�47 GHz. The device is biased at�9 V and the
photocurrent is 84�A.

plotted in Fig. 6, with the device biased at9 V bias and at 120
A dc photocurrent. Without AR coating, the device exhibits a

responsivity of 0.4 A/W at 20 GHz. The responsivity variation
remains within 0.6 dB at different optical polarization.

While the above measurement shows that the small signal re-
sponsivity of the WIP is flat up to 20 GHz, the setup is not ca-
pable of measuring the 3-dB frequency of the device that is well
beyond 20 GHz. Therefore, we use another setup with two lasers
optically heterodyned to generate an RF tone up to 50 GHz
[24]. The two temperature-tuned Nd : YAG lasers have similar
optical power and polarization and emit at1.318 m wave-
length. The output microwave signal of the WIP is measured by
a high-frequency microwave power meter (HP 437B). The mi-
crowave loss of the microwave probe, the cable, and the bias tee
is calibrated out using a method proposed in [26]. The charac-
teristic impedance of the microwave probe (Cascade ACP) and
the rest of the system are 50. With the WIP biased at 9 V
and at 100 A dc photocurrent, the measured 3-dB rolloff fre-
quency is 47 GHz, as depicted in Fig. 7, which is close to the
designed value.
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Fig. 8. The measured RF output of WIP at 20 GHz at a function of the dc
photocurrent. The device is biased at�6 V.

Fig. 9. Two-tone setup for measuring the IP3 of the photodiode. A, B, and C
are polarization rotators; D is a 3-dB coupler; E is an optical attenuator; OPM
stands for optical power meter; and DUT is device under test. The microwave
sources contain an isolator and a bandpass filter.

For analog fiber-optics link, the degradation of the microwave
responsivity under high optical power is one of the main con-
cerns for the overall link gain. To characterize the responsivity
degradation at high power, the microwave output of the WIP is
measured as the average incident optical power is varied. As in
the measurement above, the optical RF tone is generated using
two temperature-tuned Nd : YAG lasers, whose output is com-
bined with that from a 1.55-m wavelength laser using a po-
larization-insensitive WDM coupler, and then coupled to the
WIP. The heterodyned signal generates a constant RF tone at the
WIP, while the 1.55-m laser is attenuated to vary the dc optical
power. In Fig. 8, the microwave output of the WIP at 20 GHz is
plotted against dc photocurrent with the device biased at6 V.
The 1-dB compression point of the output microwave power oc-
curs at 10.2-mA photocurrent.

For analog fiber-optic link, the nonlinear distortions of the
photodiode can affect the link SFDR [27]. Among the nonlinear
distortions, the two-tone third-order intermodulation distortions
(IMD3s) attract particular attention as their frequencies are
close to the fundamental signals. Consequently, a two-tone
measurement is carried out to extract the output referenced
third-order intercept point (IP3) of the WIP. The measurement
setup is similar in concept to that in [28]. The tonesand

are separately generated in the two links, each consisting
of an Nd : YAG laser and a Mach–Zehnder modulator (MZM)
driven by a microwave synthesizer, as shown in Fig. 9. A
3-dB optical coupler is used to combine the two modulated
optical signals. In our approach, by biasing the MZM at the
quadrature point to minimize the second harmonic distortions
(HD2), the second-order intermodulation distortions at-

Fig. 10. Measured fundamental () and IMD3 (�) signals at 1 GHz, and
measured fundamental () and IMD3 ( ) at 18 GHz versus input RF signals,
with 1.85 mA photocurrent and�9 V bias.

and - arising from the second harmonic of one tone
and the fundamental of the other tone can be minimized.
Therefore, the IMD3 at the photodiode can be more accurately
measured. This, together with appropriate microwave isolators
and bandpass filters between the microwave synthesizers and
the modulators, results in a larger than 50 dB suppression of
the HD2. The extra spurious signals due to the beating of the
two free-running Nd : YAG lasers can be minimized by keeping
the two beams orthogonal polarized. A spectrum analyzer is
used to measure the fundamental and the IMD3 signals at the
photodiode output at different input microwave powers. Fig. 10
shows the measurement results with and set at 1 and
1.04 GHz, as well as 18 and 18.04 GHz at9 V bias. The
output referenced IP3 is extrapolated from the fundamental
and the IMD3. The IP3 reaches20.32 dBm at 1 GHz and

5.35 dBm at 18 GHz at 1.85 mA photocurrent. The SFDR
of the shot-noise limited fiber-optic link using this WIP is
estimated at 124 dB/Hz at 1 GHz and 114 dB/Hz at
18 GHz when a linearized modulator is used at the transmitter
[29].

VI. CONCLUSION

In summary, we have designed, fabricated, and evaluated a
WIP that employs an index-matching layer and a thick passive
waveguide layer for high saturation current, high speed, and
high responsivity purposes. For photodiodes fabricated so far
using this WIP design, the 1-dB RF output power compression
point at 20 GHz occurs at 10.2 mA photocurrent; the RF re-
sponsivity at 20 GHz is 0.4 A/W without AR coating; and the
output referenced IP3 is20.32 dBm at 1 GHz and5.35 dBm
at 18 GHz for 1.85 mA photocurrent. The 47-GHz 3-dB band-
width measured is consistent with the design of the absorber.
This WIP can meet the high SFDR requirement of analog fiber
links.
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