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Abstract A modal analysis is conducted for analyzing
the absorption profile of high power waveguide photo-
diodes designed for analog optical link. The excitation of
guided modes with large filling factor in the absorber is
identified as a limiting factor for the performance of
waveguide photodiodes at high optical power, including
power handling capability, and bandwidth-efficiency
product. A waveguide photodiode design, which spatially
separates the input waveguide from the absorber in the
lateral direction, is analyzed and experimentally demon-
strated to suppress the excitation of mode with large filling
factor. Photocurrent > 60 mA under —4V bias is mea-
sured, with 0.80 A/W responsivity. This design illustrates
that high power handling capability can be achieved
without compromising the bandwidth-efficiency product.

Keywords photodiode, waveguide, thermal failure, high
power, mode excitation

1 Introduction

Analog fiber optical link is widely used for distribution of
cable TV signal, and in conveying the signals to and from
antennas. As optical-to-electrical converter in the analog
fiber optical link, photodiodes with high absorption
efficiency over wide frequency range at high optical
power level are desirable for satisfying the requirements of
high dynamic range and high bandwidth [1]. Two types of
photodiode (PD) structures have been investigated,
namely, the surface normal (SN) and the waveguide
(WG) photodiodes. In SNPD, the radiation is absorbed as it
is incident normally to the absorption layer and propagates
through the detector structure. The photo-generated
carriers have to travel through approximately the optical
radiation absorption path. The thicker the absorption layer,
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the higher is the efficiency, and the longer is the carrier
transit time [2]. This limits the highest bandwidth-
efficiency product achievable in SNPD designed for high
power applications, whose surface area size can typically
be so large that the device resistance-capacitance (RC)
time constant and carrier transit time become comparable.
In WGPD, a detector structure containing an absorber
locates within or next to a waveguide. While the optical
radiation propagates along the waveguide and gradually
get absorbed, the photo-generated carriers travel through
the detector structure in a direction transverse to the
waveguide. Therefore, in WGPD the carrier transit time is
not affected by the optical absorption path, which allows
the reduction of transit time by using thinner absorber,
while maintaining high efficiency by using sufficiently
long longitudinal absorption path, and results in band-
width-efficiency products that can exceed that of SNPD
devices [3].

For high power operations at 1.55pum wavelength,
various traditional waveguide integrated photodiode (WIP)
designs have been reported [4-8], which usually include a
passive section and an active section. A schematic of this
type of WIP is shown in Fig. 1. In the passive section, an
input waveguide stabilizes the incident optical radiation in
certain modes (mostly the 0" order mode), which then
excite various modes in the active section, with an absorber
on top of the waveguide. At the front end of the active
section, the absorption density is close to zero, as the
optical power is confined in the waveguide and little is in
the absorber. The absorption profile in the whole active
section depends on the WIP design. Generally, this type of
traditional WIP design has a bandwidth-efficiency product
greater than that of SNPD, as discussed previously.
However, when designed for high power applications, a
trade-off between the absorption efficiency and bandwidth
in the traditional WIP designs appeared [8,9]. This is
because the confinement factor in the absorber, which
represents the power portion in a WIP that is confined in
the absorber, is usually designed to be small for high power
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Fig. 1 Schematic of traditional WIP for high power applications

detection, thus requires longer absorber length to achieve
high absorption efficiency, and reduces the RC time limited
bandwidth.

In this paper, a modal analysis of the traditional WIP
design is presented, with factors limiting the bandwidth-
efficiency product at high power identified. A novel
waveguide photodiode design previously proposed by our
group [10] is analyzed here using similar modal analysis.
We theoretically and experimentally show that this
waveguide design can perform very well even under
high power, without the limitation of the trade-off between
bandwidth and absorption efficiency that exists in tradi-
tional high power WIP designs.

2 Analysis of WIP’s high absorption near
the front end

In traditional WIP designs, the absorption near the front
end limits the high power performances [8,10,11]. A
thermally failed traditional WIP fabricated in our group is
shown in Fig. 2, in which the high absorption near the front
end results in localized thermal damage near the beginning
of the active section. The high absorption near the front
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Fig. 2 Top view of thermally failed WIP with traditional WIP
structure

end in traditional WIP relates to a common feature of
modes excitation at the active section. A cross-section
view of a traditional WIP structure is shown in Fig. 3(a) for
our discussion. As noted earlier, the passive input
waveguide couples the incident optical radiation into its
0" mode, which then excites various modes in the active
section. Among all the excited modes, the 0™ and 1** order
modes, Dg(x,y) and D;(x,y), are of interest. These two
modes are simulated by FIMMWAVE". As shown in
Fig. 3(b), in the x direction, the two modes have large
overlap with the input mode, and therefore they can be
significantly excited. However, in the y direction, @y (x,y)
is more confined in the waveguide, whereas ®;(x,y)
is more confined in the absorber. In this case, the I' of
@, (x,y), which is the filling factor in the absorber and is
defined as the power portion distributed in the absorber in a
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Fig. 3 Cross-sectional view of example of traditional WIP (a);
field plot for the 0" and 1% order modes at the center of waveguide
along x direction (b) and y direction (c)

1) FIMMWAVE is a suite of robust and fully vectorial mode solvers for 2D + Z waveguide structures, which is developed by Photon Design Inc.
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mode, is much larger than that of ®g(x,y).

With the 0™ and 1*' order modes being excited
significantly, for the simplicity of discussion, assuming
other higher order modes only account for very small
portion of the total power, the total field in WIP active
section can be written as the weighted sum of ®(x,y) and

ch(X,y)-
D(xp.z) ~ xoPo(xp)e 7 + @ (xp)e 7, (1)

where ¥, and y, are the excitation coefficients of the 0" and
1*" order modes, S, and f; are the propagation constant of
the 0" and 1*' order modes. As mentioned before, the
optical power at the absorber front end (z = 0) is close to
zero. For a WIP structure with given ®@y(x,y) and @(x,y),
this boundary condition determines the excitation coeffi-
cients y, and y;, as shown in Eq. (2). The more comparable
the power distributed in absorber in the 0™ and 1% order
modes is, the closer y, and y; are.

q)active region (x,y ) |absorber,z:0+
= |X0 |(D0 (x,y) |abs0rber,z:0+
+ ‘X 1 |CDI (X,y ) |'<1bsorber,z:()+

= (Dinpm(x’y )|absorber,z:0’ ~ 0. (2)

The mode excitation condition in all traditional WIPs is
more or less similar due to the above boundary condition.
More complicated WIP structure, for example with larger
dimensions and more layers, may add more details to the
modes’ field profile, or generate more higher order modes.
However, both the 0™ and 1% order modes would always be
excited significantly by the 0™ mode of the input
waveguide in the passive section, due to their large mode
overlap.

The 0™ and 1** order modes beat with each other as they
propagate forward in the WIP, the power in the absorber is
proportional to the integrated intensity.

P, absorber (Z )

x ﬂ QD" dxdy
absorber

= ybe %7 ﬂ O, Oydxdy

absorber

+ yte M2 ﬂ CDlCDdedy

absorber
+ 2x0x1€0S (Re(ﬁo —p, )Z) o (wta)z/2
D, (x:J’) (DT (X,y) dxdy

absorber

=xoloe ™ + 1T e **

+ 2)(0)(1 cos (Re(ﬂo ,'3] )z) e*(a0+a1)z/2

* 3
(DO(xay)q)l(x’y)dXdya ( )

absorber

where I'g and I'; are the confinement factor in the absorber
of the 0™ and 1* order modes. Noting that ®¢(x,y) and
®;(x,y) have opposite sign at the absorber (as shown in
Fig. 3(c)), so Eq. (3) can be re-written as

P absorber (Z )

oz

~yoloe ™ + yilie”

2n
—2x0X1€08 <7Re(neff,0 —Heff)] )Z>

X ﬂ D (x,) D] (x,y)dxdyle @2y

absorber

In Eq. (4), the power in propagation in the absorber is the
sum of power represented in three terms. The first two
terms represent the power in 0™ and 1* order modes in the
absence of beating, whereas the third term represents the
power in beating between the two modes. All three terms
carry an exponential attenuation function in the form of
exp(—az). This exponential function in each term
represents the attenuation of power due to absorption, so
1/a is the absorption length. As a is large for mode with
large I' [1], o is usually much larger than o, which is also
shown in Fig. 3. The absorption near the front end is
closely related to the last two terms, since their exponential
functions carry a; and thus small absorption length. The
power in those two terms gets absorbed within short
propagation distance from front end, and contributes to the
high absorption there. In this regard, the absorption near
the front end is closely related to the 1* order mode with
large a; and T'. The excitation coefficient of 1* order mode
y1 determines the magnitude of absorption peak near the
front end, as shown in Fig. 4. Larger y; corresponds to a
higher absorption peak near the front end. In the cases
shown in Fig. 4, it corresponds to peak position 10 pm
away from the absorber front end, which is in good
agreement with the observed failed WIP shown in Fig. 2.

3 Directional coupler photodiode (DCPD)
for better absorption front end absorption
control

As discussed, the relatively high excitation of the 1 order
mode with large I' and hence large absorption near the
front end in traditional WIP is caused by the large mode
overlap between input mode and large I' mode in the x
direction. By spatially separating the two modes, we can
reduce the excitation of large I' mode and suppress the
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Fig. 4 Simulated absorption profile in traditional WIP shown in
Fig. 3(a), with WG ridge width, W, varied. The mode excitation
coefficient y of first three major modes 0™, 1!, and 2" are listed in
an enclosed table, while all other modes with 5 <0.01 are
neglected.

absorption near the front end. Figure 5 shows a comparison
of WIPs with different spatial x-separation (dx) between
input waveguide and absorber. It can be observed that
larger ox corresponds to a lower absorption near the front
end, as well as a larger separation between the absorption

absorber

12

peak location and the absorber front end. The resultant
DCPD design was first reported in Ref. [10], with the
special feature that the input waveguide and absorber are
spatially separated in the x direction. As shown in Fig. 6, it
also includes an input transitional waveguide, which
transfers the incident optical radiation and excites multiple
modes in the multimode interference (MMI). An absorber
structure, which laterally separates from the input
waveguide, locates on top of the MMI. A passive
propagation section of the MMI with certain length,
denoted as the delay length, is added to control the optical
power that is coupled from input waveguide to the frontal
section of absorber. The longer the delay length is, the
more optical power is incident at the absorber front end.
The width of optical waveguide is tapered later on to
enhance power density in MMI and improve the absorp-
tion efficiency.

The mode excitation mechanism in DCPD is quite
different from that in the traditional WIP, as a result of the
spatial separation between absorber and input waveguide.
In traditional WIP, the large I' mode (the 1 order mode) is
excited directly by the input mode. Large mode overlap
between the two results in great excitation of the large I'
mode. However, in DCPD, the input mode first excites
multiple modes in the MMI, which then propagate along
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Fig. 5 Comparisons of waveguide structure (a) and absorption profile (b) among WIPs with different spatial separation dx between input

waveguide and absorber at x direction
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Fig. 7 Field plot for first 4 major modes in the passive MMI and
large I' modes in DCPD active section along x direction

Table 1 Excitation coefficient y and filling factor I of the first 5 major
modes and the large I' mode in DCPD

mode excitation coefficient filling factor I'
o 0.34 0.010
18 0.51 0.011
ond 0.43 0.050
3 0.15 0.040
4 0.11 0.080
5t 0.03 0.070
large I mode 0.002 0.240

the delay length and excite a new set of modes at the active
section. As shown in Fig. 7, the 0", 1%, 2™, and 3" models
are the first four major modes excited in MMI by the input
waveguide. As they have very small overlap with the large
I' mode in DCPD, the excitation of large I' mode can be

suppressed. Moreover, the modes excited in DCPD have I
difference much smaller than in traditional WIP, as shown
in Table 1. Large absorption near front end can thus be
avoided in DCPD through the combined design of the
spatial separation and the delay length of the MMI.

The DCPD was proposed in our group previously, with
some preliminary measurement results reported for some
design parameters [10]. In this paper, the DCPD layer
structure and waveguide structure are optimized. The
epi-layer structure, waveguide structure, as well as the
Beamprop simulated absorption profile is shown in Fig. 8.
The 2 um x 200 um absorber mesa sits on top of a 9 um
wide MMI, with 4.5 um center-to-center separation from
input waveguide at x direction, and 90 um from the front
end of MMI. The layer structure includes a modified uni-
traveling-carrier (MUTC) structure [10] for high power
and speed considerations, with 0.2 um thick InGaAs
absorber and 0.4 pm thick intrinsic InGaAsP layer. The
simulated DCPD absorption profile has absorption peak-
to-average ratio of 1.5 and responsivity of 0.85. When
compared to reported simulated results in the traditional
WIP [8,11], DCPD achieves more uniform absorption
distribution.

DCPDs with various delay lengths are fabricated on an
epi-wafer with MUTC structure, as shown in Fig. 8.
Traditional WIP devices are also fabricated on the same
wafer. Compare to DCPD, they have the same waveguide
and absorber width at the beginning of the active section.
The epitaxial layers are grown by Molecular-Beam-
Epitaxy on a Fe-doped semi-insulating InP substrate.
Fabrication of DCPD is done using photo-lithography and
wet etching. The wafer is lapped down to ~100 um thick
and is cleaved into arrays, and then is mounted on copper
mount with thermal conductive Epoxy. The optical test of
DCPD is performed in an environment with low moisture
and at constant temperature. Devices are aligned with
lensed SMF fiber. DCPD with various delay length, as well
as traditional WIP, are tested at around 1.55 um wave-
length and —4 V dc bias voltage, as shown in Fig. 9. Even
though they exhibit similar responsivity, DCPDs with
shorter delay length is able to handle higher optical power.
Photocurrent > 60 mA is measured in DCPD with 2 um x
200 um absorber and 60 pm delay length, which is 50%
higher than the WIP device with the same waveguide
dimension. To our best knowledge, this DCPD device also
yields the highest power in the published WIP designs with
similar absorbing area [5,7,8,11,12].

Figure 10 shows a failed DCPD, in which the overheated
absorber region is 80 um long in a device with a 200 pm
long absorber. The overheated region is 12 um long in the
traditional waveguide structure photodiode fabricated on
the same wafer, as shown in Fig. 2. This wider damaged
region in DCPD shows that it not only distributes the
absorption in a wider area, but also pushes the absorption
peak further away from the front end.
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Fig. 8 Waveguide structure of DCPD (a); MUTC layer structure of DCPD (b); simulated absorption profile of DCPD (c)
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Fig. 9 DC optical power handling test of three DCPD devices
with different delay lengths, in comparison with WIP device
fabricated with the same waveguide dimension and the same layer
structure with DCPD. The device responsivity is recorded at
incremental photocurrent level until thermal failure happens

4 DCPD for high bandwidth-efficiency
product at high power

When operated under high power, DCPD design can
outperform traditional WIP designs not only because it has
better control of absorption near the front end, but also
because it improves power handling capability without

Fig. 10 Top view picture of thermally failed DCPD

sacrificing bandwidth-efficiency product, which is essen-
tial for high speed performance. For high power applica-
tions, in the traditional WIP the reduction of absorption
near the front end is achieved by reducing the confinement
factor in the absorber. To achieve high absorption
efficiency, it requires longer absorber length, which
reduces the RC time limited bandwidth. In this case,
conventional WIP’s high power performance is typically
accompanied by low bandwidth-efficiency product. In
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Fig. 11 Varying absorption near front end by changing WG
thickness d in traditional WIP (a) and by changing delay length in
DCPD (b)

contrast, the control of absorption near the front end of
DCPD is decoupled from the absorption efficiency. It is
mainly controlled by the delay length of the passive MMI
section, while the absorption efficiency is mainly con-
trolled by the power density in the MMI and the absorber
length in the active section. For example, one can reduce
the MMI width to increase the power density and improve
the absorption efficiency; meanwhile, the delay length can
be reduced to keep the absorption low near the front end.
This distinct difference between traditional WIP and
DCPD is demonstrated in Fig. 11, in which both the
traditional WIP and DCPD waveguide structure are varied
to reduce the absorption near the front end. In traditional
WIP, the front end absorption can be reduced by increasing
the waveguide thickness, but the absorption efficiency is
reduced. In contrast, in DCPD the reduction of absorption

near the front end is achieved by shortening the delay
length, without affecting much the absorption efficiency.
This is in good agreement with experimental results shown
in Fig. 9, in which the improved power handling capability
in DCPD with shorter delay length can be explained by the
reduction of absorption near the front end as shown in the
simulation.

5 Conclusions

Modal analysis of the traditional high power WIP design is
presented, which points out the excitation of large I’ mode
as the factor limiting the bandwidth-efficiency product at
high power. We have theoretically and experimentally
show that the DCPD waveguide can be designed to
perform well under high power, and avoid the trade-off
between bandwidth and absorption efficiency. Photocur-
rent > 60 mA under —4 V bias is measured in DCPD with
2 um x 200 um absorber area, which delivers the highest
power in a similar absorber area among all WIP designs.
Without affecting the bandwidth-efficiency product, the
delay length can effectively control the absorption near
front end in DCPD design. In this sense, DCPD represents
a robust high power waveguide photodiode design for
analog optical link.
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