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Abstract—High-speed top-illuminated avalanche photodiodes
(APDs) with large diameters (25 µm) are demonstrated for the
application of 4-channels 100 Gb/s data rate. They achieve a
bandwidth of 17 GHz at low-gain (MG = 6.2; 3.6 A/W) and
large-gain bandwidth (responsivity bandwidth) product (410 GHz
(237.8 GHz-A/W); 55% external efficiency at the unit gain) while
maintaining invariant high speed (14 GHz) under high power
(0.5 mW) and 0.9 Vbr operations. By packaging the demonstrated
APD with a 25 Gb/s transimpedance amplifier in a 100 Gb/s ROSA
package, a good sensitivity of around –20.6 dBm optical modu-
lation amplitude (OMA) at the data rate of 25.78 Gb/s has been
successfully demonstrated. The achieved sensitivity not only meets
the required receiver sensitivity (–18.5 dBm OMA) in 100 GbE-
ER-4 Lite (40 km) system, it is also comparable with that of the
high-performance 100 Gb/s ROSA incorporated with the back-
side illuminated APD design. Overall, our novel APD structure
can eliminate the costly flip-chip bonding package in the 100 Gb/s
ROSA without sacrificing its sensitivity performance.

Index Terms—Avalanche photodiode, photodiode.

I. INTRODUCTION

H IGH-SENSITIVITY avalanche photodiodes (APDs) for
>25 Gbit/sec operations at optical wavelength of 1.31

to 1.55 µm are key components for photodetection over
40–80 km fiber in 100 and 400 Gbit/sec ER-4 systems [1]–[3].
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The APDs consisting of In0.52Al0.48As-based multiplication
(M-) layer have attracted significant attention for 10 Gb/s and
25 Gb/s applications [4] due to their large gain-bandwidth prod-
uct, high temperature stability, and reasonably low dark current
characteristics at 1.31–1.55 µm wavelengths. In order to boost
the gain-bandwidth product of these APDs for >25 Gb/s oper-
ation, a thin absorption (<1 µm) and multiplication (M-) layers
(<100 nm) with a small diameter of active mesa (<20 µm)
are usually necessary [1]–[4], which would degrade the unit-
gain responsivity and result in a small optical alignment tol-
erance. The backside illuminated package [1], [2] is one of
the possible solutions for enhancing the responsivity in these
fast APDs because the topmost metal contact can serve as the
reflector to fold the optical path of launched signal and en-
hance the photo-absorption process. However, as compared to
the top-illuminated structure, this approach would significantly
increase the packaging cost. In addition, to attain the desired
operation gain, a high electric-field (>900 kV/cm) in the thin
(<100 nm) M-layer is needed. This may lead to the occurrences
of edge-breakdown in these APDs [1]. Recently, an inverted
In0.52Al0.48As-based (N-side up) APD has been demonstrated
[1] to enhance the lateral field confinement and suppress edge
breakdown in the thin M-layer (<100 nm) for >25 Gbit/sec
operation at 1.31 µm wavelength. Nevertheless, surface break-
down has become an issue for the inverted structure since the
In0.52Al0.48As M-layer is placed near the top surface. In addi-
tion, the large active mesa with In0.53Ga0.47As absorption layer
at the bottom may also cause a concern in the backside opti-
cal alignment process [1], [2], [5]. Besides the In0.52Al0.48As-
based APDs, germanium-silicon (Ge-Si) based top-illuminated
APDs is an alternative solution, which shows excellent sensitiv-
ity and speed at 1.31 µm wavelength [3]. However, an additional
heater is usually installed in the package, in order to compen-
sate the roll-off of Ge absorption layer at long wavelength side
(>1.53 µm). The heater component would increase the overall
cost of receiver module [3]. In this paper, we propose a novel
N-side down APD with the In0.52Al0.48As M-layer buried at the
bottom side of device for 1.31 to 1.55 µm applications to circum-
vent the above-mentioned design challenges. Compared with
the traditional N-side down In0.52Al0.48As-based APDs [6], our
new device structure incorporates one additional charge layer
above the M-layer in order to minimize the edge breakdown
around the periphery of mesa and to reduce the dark current [7].
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Fig. 1. (a) Conceptual cross-sectional view of the demonstrated device. The
radius of active mesa is 12.5 µm as specified in this figure. The simulated
E-field distributions in (b) vertical (A-A′) and (c) horizontal directions (C-C′).
(d) Photo of top-view of the fabricated devices.

Furthermore, as compared to our previous work [7], the epi-layer
structure in this newly demonstrated device has been further op-
timized to avoid the problem of absorption layer breakdown [8]
and this leads to a significant improvement in gain-bandwidth
product (161 [7] to 410 GHz). In addition, the demonstrated
device is based on a simple top-illuminated structure without
using costly flip-chip bonding [2] or backside illumination [1]
packages. It has a large active mesa diameter of 25 µm for easy
optical alignment from the top-side. At 1.31 µm wavelength,
a good 3-dB O-E bandwidth (17 GHz) under low-gain opera-
tions (MG = 6.2; 3.6 A/W) and a large gain-bandwidth product
as high as 410 GHz with a 55% unit gain external efficiency can
be simultaneously achieved. Furthermore, it can sustain a 3-dB
bandwidth of around 14 GHz over a wide range of optical power
(−19 to −3 dBm) under a moderate gain (MG = ∼10) opera-
tion. By packaging the demonstrated APD with a 25 Gbit/sec
trans-impedance amplifier (TIA) in the 100 Gbit/sec ROSA, a
good sensitivity (BER value of) as −20.6 dBm optical modu-
lation amplitude (OMA) at 25.78 Gbit/sec data rate and pseudo
randomness binary sequence (PRBS) length 231 − 1, has been
successfully demonstrated. Such performance not only satisfies
the required receiver sensitivity (−18.5 dBm OMA) for 100 GbE
ER-4 Lite system in 40 km optical link [9], it is also comparable
with the high-performance ROSAs with backside illuminated
APDs designs [1], [2].

II. DESIGN OF DEVICE STRUCTURE AND FABRICATION

Figures 1(a) shows the conceptual cross-sectional views of
the demonstrated top-illuminated device structure, not drawn
in scale for simplicity. From top to bottom, it is composed
of the p+ -In0.53Ga0.47As contact layer, p+ -InP window layer,

p-type partially depleted In0.53Ga0.47As absorber, two p-type
In0.52Al0.48As charge layers, one intrinsic In0.52Al0.48As field
buffer layer, one intrinsic In0.52Al0.48As M-layer, and N+

In0.52Al0.48As /InP contact layers. Here, the partially depleted
p-type absorber, which has a graded doping profile (top: to bot-
tom:) is used to shorten the hole transit time, accelerate the elec-
tron diffusion process, and increase the high-power and linearity
performances of our APD [1], [10]. Here, the total thickness of
In0.53Ga0.47As absorber is 0.8 µm and the ratio of depleted
versus p-doped region is chosen to balance the RC delay and
internal carrier transit/avalanche-delay time under low gain op-
eration (MG < 5) [7]. In order to shorten the avalanche delay
time, a thin M-layer (around 90 nm) is chosen in our device struc-
ture [1], [4]. The detail of our epi-layer structure can be referred
to our previous work [7]. As shown in Fig. 1(a), there is a triple
mesa structure with different diameters in our device. The first
mesa with a 25 µm diameter, is etched through the upper charge
(field-control) layer and stop at the 60 nm In0.52Al0.48As buffer
layer. The additional charge layer in the upper mesa is expected
to effectively confine the strong E-field at the bottom M-layer
within the range of 25 µm diameter. Compared with our previ-
ous work [7], the doping density in those two charge layers have
been further optimized to avoid the problem of absorption layer
breakdown [7], [8], which limits the gain-bandwidth product of
APD. Fig. 1(b) and (c) shows the simulated E-field distributions
in vertical and horizontal directions of our device at around
breakdown voltage (Vbr : −16.5 V), respectively. As shown in
Fig. 1(b), we can clearly see that even operated under Vbr, the
E-field in the In0.53Ga0.47As absorption layer (<100 kV/cm)
is still much lower than it’s critical filed (∼150 kV/cm [7]).
Furthermore, as shown in Fig. 1(c), we can clearly see that the
horizontal E-field in the M-layer is well confined in the range
of 25 µm diameter (1000 kV/cm), and it can be greatly reduced
to around 590 kV/cm at the edge of second mesa to suppress
the edge breakdown in our device. Fig. 1(d) shows the top-view
of fabricated device with a 25 µm diameter of active mesa. The
mask defined diameter of optical window is 16 µm.

III. MEASUREMENT RESULTS

Figure 2 shows the measured bias-dependent dark current
and photocurrent of device subjected to different optical pump-
ing power at optical wavelength of 1.31 µm. The breakdown
voltage (Vbr) was at around −16.5 V and the corresponding
dark current and operational gain at 0.9 Vbr was around 470 nA
and 14.8, respectively. During our measurement, we assumed
a zero coupling loss from injected light into our active device.
With a 0.8 µm-thick In0.53Ga0.47As absorption layer, the theo-
retical maximum unit gain responsivity is around 0.58 A/W at
1.31 µm wavelength. The value of unit gain shown here should
represent an underestimation of the real operation gain of our
device. We can clearly see that there are two punch-through
voltages (Vpt : −9.6 and−12 V) in the measured traces of pho-
tocurrent versus reverse bias voltages. These two Vpt correspond
to the two different charge layers in our epi-layer structure as
discussed. The measured responsivity at first Vpt (−9.6 V) is
around 0.53 A/W, which corresponds to the operation gain (MG)
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Fig. 2. The measured dark current and photocurrent versus bias voltages under
different optical pumping power at 1.31 µm wavelength.

Fig. 3. The measured bias dependent O-E frequency responses under 20 µW
optical pumping power at 1.31 µm wavelength.

of around 0.91. The gain versus bias voltages of our device under
three different optical pumping power (13, 20, and 100 µW) are
also provided in this figure for reference. As can be seen, all the
measured operation gains significantly reduce when the reverse
bias voltage is over Vbr due to the tremendous increase of dark
current, which occupies most part of the measured total current
(i.e., summation of photocurrent and dark current). In addition,
we can clearly see that the maximum operation gain gradually
decreases with increasing pumping power. This phenomenon
can be explained by the space charge screening effect induced
by the photo-generated holes in the undoped In0.53Ga0.47As ab-
sorption layer, which reduce the net E-field and multiplication
gain in the M-layer [11].

Figures 3 and 4 show the measured bias-dependent O-E fre-
quency responses of the top-illuminated APD device under low
(20 µW) and high (0.5 mW) optical pumping power at 1.31 µm
wavelength, respectively. Under low optical pumping power
(20 µW) and low operation gain (MG = 6.2; 3.6 A/W at−13 V),
the measured 3-dB O-E bandwidth is around 17 GHz. On the
other hand, when the optical pumping power reaches 0.5 mW,
an invariant 3-dB O-E bandwidth as 14 GHz can still be sus-
tained from low to high operation gains (bias voltages). Such

Fig. 4. The measured bias dependent O-E frequency responses under 0.5 mW
optical pumping power at 1.31 µm wavelength.

Fig. 5. (a) The measured 3-dB O-E bandwidths versus multiplication gain at
low (13 µW) and high (0.5 mW) optical pumping powers. (b) The measured
O-E frequency responses under low power (13 µW) and high gain operations.

high-speed and high-linearity performances are comparable
with the reported data from In0.52Al0.48As-based APD with
a smaller active diameter (20 vs. 25 µm) and back-side illu-
mination package (17 GHz 3-dB O-E bandwidth at 9.1 A/W)
[11], [12].

Figure 5(a) shows the measured 3-dB O-E bandwidths ver-
sus operation gains of our device under low (13 µW) and high
(0.5 mW) optical pumping powers. As can be seen, for the case
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of low pumping power, a gain-bandwidth (GB) product as high
as 410 GHz with a 55% unit-gain external efficiency can be
achieved in our demonstrated device. On the other hand, the
values of GB product gradually decreases to 178 GHz when the
optical pumping power reaches 0.5 mW, which can be attributed
to due to the reduction in multiplication gain versus the increase
of optical power as discussed in Fig. 2. Fig. 5(b) shows the
corresponding measured O-E responses under high-gain and
low-power (13 µW) operation. As compared to our previous
work [7], there is a significant improvement in GB product (410
vs. 161 GHz) likely due to the effective suppression of the ab-
sorption layer breakdown in our new design of charge layer [7],
[8]. The achieved GB (410 GHz) and corresponding bandwidth-
responsivity products (237.8 GHz × A/W) is even better than
that of the reported high-performance Ge-Si APDs (340 GHz)
[13] and the waveguide-type (320 GHz) [14] and backside-
illuminated 214 GHz × A/W [12] In0.52Al0.48As-based APDs
with a similar (∼90 nm) [12] or larger (∼150 nm) M-layer
thickness [14]. The achieved high GB product (410 GHz) can
be attributed to the aggressive downscaling of our M-layer thick-
ness (∼90 nm) and significant dead space effect inside M-layer
[15], [16]. Besides, such excellent performance in terms of GB
product also implies that our dual charge layers design can ef-
fectively suppress the edge breakdown and allow the avalanche
process concentrate at the small volume of M-layer below active
mesa. Furthermore, the high GB product usually accompanies
with a small excess noise and k-factor in APD [16]. As compared
to the reported value of k-factor (∼0.15) of In0.52Al0.48As APD
with the same M-layer thickness as 90 nm with ours [1], [12],
our device is likely to have a smaller k-factor due to its larger GB
product as discussed. In order to calculate and explain the large
value of GB product and low excess noise in such kind of thin
M-layer APD, the dead-space-multiplication theory (DSMT)
has been developed [15], [16]. Further study in theoretical value
of GB product, k-factor, and excess noise in our novel device
structure is being investigated by use of DSMT.

In order to perform the sensitivity measurement of our
APD chip, we integrated it with a 25 Gbit/sec transimpedance
amplifier (TIA)1 in a packaged ROSA module. The inset
in Fig. 6 shows the picture of the packaged APD. During
the measurement, we adopted a commercial 25 Gbit/sec
electro-absorption modulated laser (EML)2 to serve as the
light source with a 4.8 dB extinction ratio (ER). The chosen ER
was adjusted to maintain the averaged power to be the same as
optical modulation amplitude (OMA). The date rate used for
testing is 25.78 Gbit/sec with a pseudorandom binary sequence
(PRBS) length as 231 − 1.

Figure 6 shows the measured BER values versus the OMA.
The horizontal line here represents the required BER value
(5 × 10−5) to meet KR4 forward error correction (FEC) cod-
ing. The solid symbol represents the APD receiver module in-
tegrated with a clock and data recovery (CRD) unit, and the
open symbol shows the BER from the same module without

1Semtech; 200 Flynn Road, Camarillo, CA 93012. Product: GN1085.
2Source Photonics; 8521 Fallbrook Avenue #200, West Hills, CA 91304

Product: SPQ-CE-LR-CDFB.

Fig. 6. The measured BER values vs. OMA of our receiver modules
with/without CDR unit at 1.31 µm optical wavelength and 25.78 Gbit/sec data
rate. The inset shows our home-made APD chip packaged in the ROSA module.
The measured BER curves of two commercial available ROSAs [2], [12]3 were
also given for references.

the CDR integration. Here, the measured BER curves based on
two different commercially available backside-illuminated APD
chips in ROSA package [2], [12]3 are also shown for compar-
isons. During BER testing, the bias voltage of each ROSA has
been optimized for the highest sensitivity. For our devices, such
bias voltage locates at around −15.5 V, which corresponds to
∼9 A/W responsivity under 20 µW optical pumping power.
The achieved sensitivity in all these three modules are very
close (around −20.6 dBm OMA) and it can satisfy the speci-
fication for the application of 100 GbE-ER4-Lite (40 km) [9],
which requires a receiver operated at 25 Gbit/sec and 1.31 µm
optical wavelength with a −18.5 dBm OMA sensitivity under
a BER value of 5 × 10−5 . Such result clearly indicates that our
top-illuminated APD structure can effectively save the cost for
100 Gbit/sec APD ROSA package without sacrificing its sensi-
tivity performance for ER-4 Lite application. Nevertheless, our
device suffers worse error-free (BER < 1 × 10−12) sensitivity
performance than those of two reference backside-illuminated
APDs [2], [12]. This may be attributed to our top-illuminated
design that incorporates a larger diameter of active mesa (25
vs. <20 µm) and junction capacitance than those of backside-
illuminated ones. Here, the extracted value of our device capac-
itance is close with the upper limit of input capacitance (100 fF)
of our integrated TIA. In order to further improve the sensitivity
performance of our ROSA module, an improved design of our
APD with a smaller junction capacitance is necessary.

II. CONCLUSION

In conclusion, we demonstrate a novel APD structure with
excellent performance for 100 GbE-ER-4 Lite application. By
using a simple vertical-illuminated structure with a large active

3NTT Electronics Corporation; 1-1-32 Shin-urashimacho, Kanagawa-ku,
Yokohama-shi, Kanagawa, 221-0031, Japan. Product: 100G APD-ROSA.
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mesa (25 µm), we can attain a high O-E bandwidth (∼17 GHz)
under a moderate gain (MG = 6.2) with a large dynamic range
(−20 to −3 dBm). By packaging the top-illuminated APD de-
vice with a 25 Gbit/sec TIA in a ROSA module, a good sensi-
tivity as −20.6 dBm OMA can be achieved to meet the required
specification of sensitivity for receiver in 100 GbE-ER-4 Lite
system for 40 km transmission. Such sensitivity performance
is comparable with that of commercially available ROSAs with
backside-illuminated APDs inside under the same test condi-
tions. Overall, our demonstrated APD with top-illuminated de-
sign can not only eliminate the costly flip-chip bonding package
in the ROSA but also satisfy the required sensitivity for the
100 GbE-ER-4 Lite system.

REFERENCES

[1] M. Nada, Y. Yamada, and H. Matsuzaki, “Responsivity-bandwidth limit
of avalanche photodiodes: Toward further ethernet systems,” IEEE J.
Sel. Topics Quantum Electron., vol. 24, no. 2, Mar./Apr. 2018, Art. no.
3800811.

[2] Product: APD 16L on Submount, Albis Optoelectronics AG, Rueschlikon,
Switzerland, 2014.

[3] M. Huang et al., “Germanium on silicon avalanche photodiode,” IEEE J.
Sel. Topics Quantum Electron., vol. 24, no. 2, Mar./Apr. 2018, Art. no.
3800911.

[4] J. C. Campbell et al., “Recent advances in avalanche photodiodes,” IEEE
J. Sel. Topics Quantum Electron., vol. 10, no. 4, pp. 777–787, Jul./Aug.
2004.

[5] M. Nada, Y. Muramoto, H. Yokoyama, T. Ishibashi, and H. Matsuzaki,
“Triple-mesa avalanche photodiode with inverted P-down structure for
reliability and stability,” J. Lightw. Technol., vol. 32, no. 8, pp. 1543–
1548, Apr. 2014.

[6] E. Ishimura et al., “Degradation mode analysis on highly reliable guarding-
free planar InAlAs avalanche photodiodes,” J. Lightw. Technol., vol. 25,
no. 12, pp. 3686–3693, Dec. 2007.

[7] Yi-Han Chen et al., “Top-Illuminated In0 .52 Al0 .48 As-based avalanche
photodiode with dual charge layers for high-speed and low dark current
performances,” IEEE J. Sel. Topics Quantum Electron., vol. 24, no. 2,
Mar./Apr. 2018, Art. no. 3800208.

[8] N. Duan et al., “Detrimental effect of impact ionization in the absorp-
tion region on the frequency response and excess noise performance of
InGaAs-InAlAs SACM avalanche photodiodes,” IEEE J. Quantum Elec-
tron., vol. 41, no. 4, pp. 568–572, Apr. 2005.

[9] 2010. [Online]. Available: http://www.ieee802.org/3/ba/
[10] J.-W. Shi and C.-W. Liu, “Design and analysis of separate-absorption-

transport-charge-multiplication traveling-wave avalanche photodetec-
tors,” J. Lightw. Technol., vol. 22, no. 6, pp. 1583–1590, Jun. 2004.

[11] M. Nada, Y. Muramoto, H. Yokoyama, and H. Matsuzaki, “High-speed
high-power-tolerant avalanche photodiode for 100-Gb/s applications,” in
Proc. IEEE Photon. Soc. Meeting, San Diego, CA, USA, 2014, Paper
TuA1.4.

[12] M. Nada, T. Yoshimatsu, Y. Muramoto, H. Yokoyama, and H.
Matsuzaki, “Design and performance of high-speed avalanche photodi-
odes for 100-Gb/s systems and beyond,” J. Lightw. Technol., vol. 33,
no. 5, pp. 984–990, Dec. 2015.

[13] Y. Kang et al., “Monolithic germanium/silicon avalanche photodi-
odes with 340 GHz gain-bandwidth product,” Nature Photon., vol. 3,
pp. 59–63, Dec. 2009.

[14] G. S. Kinsey, J. C. Campbell, and A. G. Dentai, “Waveguide avalanche
photodiode operating at 1.55 µm with a gain-bandwidth product of
320 GHz,” IEEE Photon. Technol. Lett., vol. 13, no. 8, pp. 842–844,
Aug. 2001.

[15] B. E. A. Saleh, M. M. Hayat, and M. C. Teich, “Effect of dead space
on the excess noise factor and time response of avalanche photodi-
odes,” IEEE Trans. Electron Devices, vol. 37, no. 9, pp. 1976–1984, Oct.
1990.

[16] M. A. Saleh et al., “Impact-ionization and noise characteristics of thin
III-V avalanche photodiodes,” IEEE Trans. Electron Devices, vol. 48,
no. 12, pp. 2722–2731, Dec. 2001.

Song-Lin Wu was born in Taipei, Taiwan, on July 19, 1994. He is currently
working toward the Master’s degree in solid state physics with the Department of
Electrical Engineering, National Central University, Taoyuan City, Taiwan. His
current research interests include high-speed and high-performance avalanche
photodiode.

Naseem was born in Punjab, India, in 1991. He received the M.Tech. degree
from the Department of Nanotechnology, Jamia Millia Islamia, New Delhi,
India. He is currently working toward the Ph.D. degree with the Department
of Electrical Engineering, National Central University, Taoyuan City, Taiwan.
His current research interests include high-speed photodiodes and avalanche
photodiode for optical receiver.

Jhih-Min Wun was born in Taoyuan City, Taiwan, on October 3, 1988. He is
currently working toward the Ph.D. degree with the Department of Electrical
Engineering, National Central University, Taoyuan City, Taiwan. His current
research interests include high-speed optoelectronic device measurement and
sub-THz high-speed photodiode.

Rui-Lin Chao was born in Taipei, Taiwan, on October 27, 1991. He received
the B.S. degree under Undergraduate Honors Program of Nano Science and
Engineering, Chiao Tung University, Hsinchu, Taiwan, in 2014. He is currently
working toward the Ph.D. degree with the Department of Elecro-Optics, Chiao
Tung University, under the guidance of advisor Prof. Jyehong Chen and also
under the guidance of co-advisor Prof. Jin-Wei Shi, National Central University,
Taoyuan City, Taiwan, focusing on slow light high-speed silicon based modu-
lator, high-speed photodetector, and high-speed laser development and design.

Jack Jia-Sheng Huang received the B.S. degree in physics from National
Taiwan University, Taipei, Taiwan, in 1992, and the M.S. and Ph.D. degrees
in materials science from the University of California, Los Angeles, Los
Angeles, CA, USA, in 1996 and 1997, respectively. During 1992–1993, he
was a Research Assistant with the Institute of Atomic and Molecular Sci-
ences, Academia Sinica, Taipei, Taiwan, studying surface physics of gallium
ion beam in ultra-high vacuum. From 2000 to 2015, he was a Wafer Fab
R&D/Operations Manager with Emcore, Alhambra, CA, USA, working on
device design/process/characterization, reliability, electrostatic discharge, and
failure analysis of analog BH lasers and digital ridge lasers for cooled and
uncooled applications. He is currently a Senior R&D Scientist/Manager with
Source Photonics, West Hills, CA, USA, working on advanced photonics de-
vices including 100G DML, 40G CWDM DFB, 10G DFB, and 10G FP lasers as
well as 10G and 25G APD photodetectors. His R&D projects also inlcude device
reliability physics and device characterization. He has authored or coauthored
more than 90 publications in international journals and conferences in the areas
of optoelectronics and ICs and holds 6 U.S. patents and 1 U.K. patent. From
1997 to 2000, he was a member of the Technical Staff, Lucent Technologies,
Bell Labs, Orlando, FL, USA, working on electromigration, stress migration,
and failure analysis of 0.3, 0.25, 0.2, and 0.16 mm ASIC and FPGA devices
using CMOS technology.



5510 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 36, NO. 23, DECEMBER 1, 2018

Nienwen Wang received the B.S. degree from National United University. He
is working at Source Photonics Inc., as Sr. Engineer of Advanced OSA.

Yu-Heng Jan was born in Taipei, Taiwan, on November 6, 1965. He received
the Ph.D. degree in electrical and computer engineering from the University
of California, Santa Barbara, Santa Barbara, CA, USA, in 1997. In 1997, he
joined the Optical Division, MRV Communications, Chatsworth, CA, USA,
where he focused on the design and manufacturing of CWDM DFB lasers
and systems. In 2007, he became a COO and a General Manager with Source
Photonics, Hsinchu, Taiwan, where he managed operations and R&D activities.
He is currently a Chief Device Officer with Source Photonics, where he focuses
on high-speed devices for data center and PON applications.

H.-S. Chen received the Ph.D. degree with the Graduate Institute of Photon-
ics and Optoelectronics, National Taiwan University, Taipei, Taiwan, in 2006.
Since June 2007, he has been a Postdoctoral Research Fellow with the Institute
of Physics, Acadmia Sinica, Taipei, Taiwan. From 2011 to 2013, he was a Post-
doctoral Fellow with the Institute of Photonics and Optoelectronics, National
Taiwan University. In 2014, he joined Source Photonics, Hsinchu, Taiwan, as a
Manager of Advanced Process Development. His research interests include sur-
face plasmon, near field optics, ultrafast laser, nanorod array LED, and optical
sensors.

C.-J. Ni received the B.S. degree in chemical engineering from National Chung
Cheng University, Chiayi, Taiwan, in 2006, and the M.S. and Ph.D. degrees in
chemical engineering from National Cheng Kung University, Tainan, Taiwan, in
2008 and 2014, respectively. He is currently an R&D engineer with the Division
of Advanced Process Development, Source Photonics, Hsinchu, Taiwan.

Hsiang-Szu Chang received the M.S. and Ph.D. degrees from the Solid-State
Optics Lab, Department of Physics, National Central University, Taoyuan City,
Taiwan, in 2002 and 2009, respectively. He is currently a Senior Engineer of
Product Development, OE device, with Source Photonics, Hsinchu, Taiwan.

Emin Chou received the B.S. degree in nuclear engineering from National
Tsing Hua University, Hsinchu, Taiwan, in 1997, and the M.S. degree with
the MBE Lab, Department of Electronics Engineering, National Chiao Tung
University, Hsinchu, Taiwan, in 1999. He is currently the Senior Director of
Product Development, Advanced OSA and OE Devices, with Source Photonics,
Hsinchu, Taiwan.

Jin-Wei Shi (M’03–SM’12) was born in Kaohsiung, Taiwan, on January 22,
1976. In 2003, he joined the Department of Electrical Engineering, National
Central University, Taoyuan City, Taiwan, where he has been a Professor since
2011. During 2011–2012 and 2016–2017, he joined the Department of Electri-
cal and Computer Engineering, University of California, Santa Barbara, Santa
Barbara, CA, USA, as a Visiting Professor. He has authored or coauthored
more than 4 book chapters, 140 journal papers, and 200 conference papers and
holds 30 patents. His current research interests include ultra-high speed/power
photodetectors, electro-absorption modulator, THz photonic transmitter, and
VCSELs. He was the recipient of the 2010 Da-You Wu Memorial Award.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


