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Top-Illuminated Ing 50Alj 4sAs-Based Avalanche
Photodiode With Dual Charge Layers for High-Speed
and Low Dark Current Performances
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Abstract—A novel type of top-illuminated, etch-mesa
Ing 55Aly 45 As-based avalanche photodiode (APD) with high-
speed (>25 Gb/s), low dark current performance has been
demonstrated. The 25G APD device is composed of n-side down
design with the Ing 52 Al 45 As multiplication (M) layer buried
at the bottom to avoid the issues of surface breakdown and
complex guard ring structure. In addition, we demonstrate that
the new structure with two charge layers and triple mesas can
effectively confine the electric-field within the center of M-layer
and minimize the edge breakdown around the periphery of mesa.
In contrast to the costly flip-chip bonding package with backside
illumination, our demonstrated device is based on a simple
top-illuminated structure that includes a large active diameter of
30 pm for easy optical alignment, a reasonable punch-through
responsivity (0.7 A/W at 1.31 pm wavelength), and a good 3-dB
optical-to-electrical (O-E) bandwidth (22.5 GHz) under low gain
operations (Mg = ~3). Furthermore, it can sustain the 3-dB
bandwidth of 15 GHz over a wide range of launched optical power
(—17 to +4.6 dBm) under a moderate gain (Mg = ~5) operation
at 1.31 um wavelength. High-sensitivity (—16 dBm) for error-free
28 Gb/s operation can also be achieved at 1.55 pym wavelength.

Index Terms—Avalanche photodiode, 100 Gbit/sec Ethernet.

I. INTRODUCTION

HE relentless growth of global internet traffic is now
driven by a new wave of traffic demand fueled by the latest

Manuscript received May 18, 2017; revised July 4, 2017; accepted July 21,
2017. Date of publication July 25, 2017; date of current version August 10, 2017.
This work was supported in part by the Ministry of Science and Technology
in Taiwan under Grant 105-2622-E-008-014-CC2 and in part by the Asian
Office of Aerospace Research and Development under Grant FA2386-17-1-
0033. (Corresponding author: Jin-Wei Shi.)

Y.-H. Chen, J.-M. Wun, S.-L. Wu, and J.-W. Shi are with the De-
partment of Electrical Engineering, National Central University, Taoyuan
320, Taiwan (e-mail: willy111333@yahoo.com.tw; p3984011 @hotmail.com;
qazwsx830719@gmail.com; jwshi @ee.ncu.edu.tw).

R.-L. Chao is with the Department of Photonics, National Chiao-Tung
University, Hsinchu 300, Taiwan, and also with the Department of Electri-
cal Engineering, National Central University, Taoyuan 320, Taiwan (e-mail:
obscurotation.eo03g @g2.nctu.edu.tw).

J. J.-S. Huang and Y.-H. Jan are with the Source Photonics, West Hills,
CA 91304 USA, and also with the Source Photonics, Science-Based Indus-
trial Park, Hsinchu 300, Taiwan (e-mail: jack.huang@sourcephotonics.com;
yuheng.jan @sourcephotonics.com).

H.-S. Chen, C.-J. Ni, H.-S. Chang, and E. Chou are with the Source
Photonics, Science-Based Industrial Park, Hsinchu 300, Taiwan (e-mail: hs.
chen@sourcephotonics.com; cj.ni@sourcephotonics.com; hsiangszu.chang@
sourcephotonics.com; emin.chou@sourcephotonics.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSTQE.2017.2731938

applications such as mobile internet systems, cloud computing,
and social networks. Among those applications, data centers
have shown most explosive growth in recent years. Long-reach
(LR4) and extended-reach (ER4) ethernet communications have
gained popularity due to their capabilities to transmit signals
over the distance of 10 km to 40 km between datacenter build-
ings [1]. Recently, the specification of ER-4 for 40 km at data
rate of 100 Gb/s has been established (100GBASE-ER4) [1].
In 100 Gb/s ER-4 ethernet networks, 25 Gb/s emitters and
photodetectors are key active components. The 25 G electro-
absorption modulated lasers (EMLs) at 1.3 um wavelength
serve as the key light source in the ER-4 system [2]-[4]. One
way to achieve good eye margin after 40 km transmission over
fiber is to increase the optical output power (> +3dBm) at
the emitter end. On the other hand, increasing sensitivity at the
receiving end is also an effective way to improve the overall
transmission performance. Compared with p-i-n (PIN) photodi-
ode receiver, APD can provide better sensitivity performance.
For example, 1.55 pm APD showed sensitivity enhancement of
about 8 dB over PIN at 10 Gb/s operation [5]. Hence, 25 Gb/s
high-sensitivity APD has become a key component for 40 km
photodetection over fiber in 100 Gbit/sec ER-4 system [6]—[8].
Among the reported material systems for the applications of
high-speed APD [9], the Ing 52 Alg 45 As-based multiplication
(M-) layer has attracted significant attention during the
development of 10 Gb/s and 25 Gb/s APD [9] due to its large
gain-bandwidth product with reasonably low dark current
characteristics at 1.3-1.5 pum wavelengths. Furthermore, the
Ing 52 Alg 45 As-based M-layer buried at the bottom epi-layer
can eliminate the complicated guard-ring structures and
avoid the problem of edge/surface breakdowns, compared
to the InP-based M-layer at the topmost epi-layer [10]. The
Ing 50 Aly 43 As-based APD incorporates a small p-type mesa
or Zn-diffusion region on top of the device for electric-field
(E-field) confinement and >10 Gbit/sec operations [11], [12].
In order to further reduce the avalanche delay time in the
M-layer for 25 Gbit/sec application, a thickness reduction in the
Ing 50Aly 45 As M-layer to less than 100 nm is necessary [9].
However, the maximum E-field in such a thin M-layer would
reach around 900 kV/cm for high-sensitivity operation, thereby
increasing the probability of edge breakdown at the periphery of
mesa. To overcome such problem, an inverted Ing 50 Aly 43 As-
based (N-side up) APD has been demonstrated [6], [13]. Since
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Fig. 1. (a) Conceptual cross-sectional view of the demonstrated structure A.
The simulated E-field distributions in (b) vertical (A-A’) and (c) horizontal
directions (C-C’).

the Ing 52 Alg 4gAs is placed near the top surface of such struc-
ture, the E-field at the M-layer is strongly influenced by the
topmost n-type mesa. The inverted APD structure imposes de-
sign constraint in the charge and passivation layers due to the
concerns of surface breakdown. In addition, the large active
mesa with Ing 55Gag 47 As absorption layer at the bottom of de-
vice is also an issue for the optical alignment during the chip
assembly process [14].

In this paper, we propose a novel N-side down APD
with the Ing 52Alg 43 As-based M-layer buried at the bottom
side of device. Compared with the traditional N-side down
Ing 50Aly 43 As-based APDs [11], [12], our new device struc-
ture incorporates one additional charge layer above M-layer.
By etching a mesa structure through the extra charge layer, the
E-field can be strongly confined within the center of M-layer.
It thus can consequently minimize the edge breakdown around
the periphery of mesa and reduce the dark current. Furthermore,
our demonstrated device is based on a simple top-illuminated
structure that includes a large active diameter of 30 ym (with
an optical window of 20 pm) for easy alignment, a reasonable
punch-through responsivity (0.7 A/W at 1.31 pum wavelength),
and a good 3-dB O-E bandwidth (22.5 GHz) under low gain
operations (Mg =~ 3). Furthermore, it can sustain the 3-dB
bandwidth of 15 GHz over a wide range of launched optical
power (—17 to +4.6 dBm) under a moderate gain (Mg =~5)
operation. High-sensitivity (—16 dBm) for error-free 28 Gbit/sec
operation at the 1.55 pm wavelength can also be achieved.

II. DESIGN OF DEVICE STRUCTURE AND FABRICATION

Figs. 1to 3 show the conceptual cross-sectional views of three
demonstrated device structures in this work and their simulated
E-field in vertical and horizontal directions. The simulation is
conducted through the use of commercial software (Silvaco).!
For simplicity, the cross-sectional views are not drawn in scale.
As shown, all these three devices (A to C) have the same

ISilvaco, Inc., 4701 Patrick Henry Drive, Bldg. 2, Santa Clara, CA 95054.
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Fig. 2. (a) Conceptual cross-sectional view of the demonstrated structure
B. (b) Photo of top-view of the fabricated devices. (c) The simulated E-field
distribution in horizontal direction (C-C”).
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Fig. 3. (a) Conceptual cross-sectional view of the demonstrated structure C.
The simulated E-field distribution in horizontal directions of (b) absorption layer
(B-B’) and (c) Multiplication layer (C-C”).

epi-layer structure, which is grown by molecular-beam epi-
taxy (MBE) chamber’ . From top to down, it is composed
of the p™-Ing 53Gag 47 As contact layer, p* -InP window layer,
p-type partially depleted Inj 53Gag 47 As absorber, two p-type
Ing 52 Alg 48 As charge layers, one intrinsic Ing 52 Aly 45 As field
buffer layer, one intrinsic Ing 50 Aly 43 As multiplication (M-)
layer, and N* Ing 50Alg.4gAs /InP contact layers. Here, the
partially depleted p-type absorber, which has a graded dop-
ing profile (top: 5 x 10 to bottom 1 x 10'7 cm~3) is used to
shorten the hole transit time, accelerate the electron diffusion
process, and increase the high-power performance of our APD
[15], [16]. Besides, two 12 nm graded bandgap layers (GBL)
are inserted between the interfaces of p-type Ing.53Gag 47 As/p-
type InP window layers and depleted Ing 53Gay 47 As/p-type
Ing 52 Alp 45 As charge layers. Our GBL is mainly composed of

Intelligent Epitaxy Technology, Inc, 1250 E Collins Blvd, Richardson, TX
75081.
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four Ing 50y AlyGay Asy 45—y based bulk layers with a fixed
layer thickness as 3 nm and four different bandgap wave-
lengths at 1, 1.2, 1.4, and 1.6 pm, respectively. Such design
can minimize the probability of hole trapping in the inter-
face of hetero-structures with bandgap discontinuity, which is
an issue for APD operated at the high-gain and high-power
regimes [17]. High-power performance is an important charac-
teristic for the modern APD based receiver under burst-mode
operation [6], which needs to tolerate the significant varia-
tion in the launched optical power and sustain the high-speed
performance.

Here, the total thickness of Ing 53 Gay 47 As absorber is 0.8 um
and the ratio of depleted versus p-doped region is around 0.86.
According to our E-field simulation results shown in Fig. 1, such
ratio would become 1.5 at around the optimized bias (—20 V)
for high-sensitivity operation. This number (1.5) is chosen to
balance the RC delay and internal carrier transit/avalanche-
delay time under low gain operation (Mg < 5), which is based
on our proposed bandwidth calculation model of APD [18].
The extracted RC- and transit time limited bandwidths of real
fabricated device will be discussed latter. In order to shorten
the avalanche delay time and meet the required high gain-
bandwidth product of demonstrated device for the application
of > 25 Gbit/sec operation with high sensitivity, a thin M-layer
(around 90 nm) is chosen in our device structure [9]. Although
such thin M-layer may accompany with a significant tunneling
current, the measured dark current of a well-fabricated APD
with our novel E-field confinement structure is low and in the
range of ~ 300 nA under 0.9 Vy,, bias, which will be discussed
in detail latter. The shot noise induced by such amount of dark
current should not be an issue for high-sensitivity >25 Gbit/sec
operation of our device.

Compared with the traditional N-side down Ing 59 Aly 45 AS
based APD [11], [12], there is one extra charge layer and mesa
structure, which are used to further reduce the E-field around
the periphery of multiplication (M-) layer and minimize the
probability of edge breakdown. As shown in Fig. 1(a), there is a
triple mesa structure with different diameters in our device. The
first mesa with a 30 pm diameter, is etched through the upper
charge layer and stop at the 60 nm Ing 59 Alj 45 As buffer layer.
Underneath the first mesa is the second mesa with a 45 pm
diameter, which includes the lower charge layer and M-layer
inside. 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 30 pum diameter. Fig. 1(b) and (c) shows
the simulated E-field distributions in vertical and horizontal
directions of our device at around optimized bias (—21 V) for
high sensitivity operation, which will be discussed latter. As
shown in Fig. 1(c), we can clearly see that the horizontal E-
field in the M-layer within the range of 30 um diameter is as
high as 1000 kV/cm, and it can be greatly reduced to around
618 kV/cm at the edge of second mesa. Fig. 2 shows structure
B with a mesa of 30 um for the field confinement of M-layer.
Compared to structure A in Fig. 1, the mesa etching depth of
structure B is shallower. The etching only involved the p-type
contact, p-type window layers, p-type absorber, and stopped at
depleted Ing 53 Gag 47 As absorption layer. This type of structure
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for field confinement of M-layer has been widely accepted in
the 10 Gb/s Ing 50 Al 45 As APD [12].

Fig. 2(c) shows the simulated horizontal E-field of the M-
layer for structure B. Clearly, the additional mesa etch through
the charge layer in our proposed novel device structure, as shown
in Fig. 1, can have a stronger E-field confinement and smaller
E-field in the periphery of M-layer (618 vs. 825 kV/cm).

The lower peripheral E-field could help reduce the edge
breakdown. Besides, a careful design of sheet charge doping
density in these two charge layers is important to prevent the
Ing 59 Al 45 As field buffer layer from reaching its critical E-field
(around 550 kV/cm [19]).

Fig. 1 (b) shows the simulated E-field distribution in the ver-
tical direction. We can clearly see that by properly adjusting
the doping density in those two charge layers, the E-field in the
buffer layer is around 300 kV/cm under —21 V bias. In addi-
tion, the corresponding E-field in the depleted Ing 55Gag 47 As
absorption layer is at 150 kV/cm, which is around its critical
field (150 kV/cm) [20] that may induce breakdown in the ab-
sorber layer and increase leakage current in the etched sidewall.
A further adjustment in charge layer doping density is nec-
essary to improve the device performance. In order to further
reduce the dark current from the Ing 53 Gag 47 As absorber, struc-
ture C has been fabricated, as shown in Fig. 3(a). Compared to
structure A, there is one more extra mesa between the p-type
and depleted Ing 53Gag 47As absorption layers in order to at-
tain E-field confinement in the absorption region. Fig. 3(b) and
(c) shows the simulated E-field in the horizontal directions of
depleted absorber and M-layer, respectively. By using such ad-
ditional mesa structure, the peripheral E-field in the absorption
region can be greatly reduced from 150 to 70 kV/cm. Never-
theless, compared with structure A, this mesa doesn’t benefit
the E-field confinement at the bottommost M-layer. As shown
in Fig. 3(c), the simulated E-field in the periphery of M-layer is
around 640 kV/cm, which is slightly larger than that of structure
A (640 vs. 618 kV/cm) as shown in Fig. 1(c).

We adopted the CH,/Hy/Ar dry etching technique that exhib-
ited a slow etching rate for the Inj 59 Alj 45 As material in order
to precisely control the depth of mesa etch. After the mesa etch
and p- and n-metal contacts, a thick (~ 5 pm) benzocyclobutene
(BCB) film was used in the passivation process to reduce the
dark current and to minimize the parasitic capacitance. An anti-
reflection (AR) coating at 1.31 ;m wavelength was deposited
on the surface of our device to enhance its responsivity perfor-
mance. Fig. 2(b) shows the top-view of our fabricated device
with 30 and 20 pum diameters of active mesa and optical win-
dow, respectively. A co-planar stripe (CPS) was integrated with
our device for on-wafer high-speed measurement. The layout
of our CPS was suitable for traditional wire bonding assembly
of the top-illuminated PDs or APDs, bringing cost advantage
compared to the flip-chip package that was used in some 25G
bottom-illuminated APDs [6], [7], [13].

III. MEASUREMENT RESULTS

Fig. 4 shows the measured dark current of structures A to
C where the trace of each device structure is indicated. It
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voltages and under different optical pumping power at 1.31 um wavelength.

can be clearly seen that both structures A and C have much
lower leakage current than that of structure B as discussed in
Figs. 1 to 3. In addition, the dark current of structure A was
even slightly smaller than that of C, which has an extra mesa
in Ingy 53 Gay 47 As absorber for E-field confinement as discussed
in Fig. 3, implying that the leakage current from our absorption
layer was not the major contributor in the total dark current of
both devices. Furthermore, the smaller dark current in structure
A might be attributed to the smaller E-field in the periphery
of M-layer than that of structure C (640 vs. 618 kV/cm), as
discussed in Figs. 1 and 3(c).

Fig. 5 shows the measured bias-dependent dark current and
photocurrent of structure A subjected to different optical pump-
ing power at the fixed optical wavelength of 1.31 pm, which
is the desired central wavelength for ER-4 application [1]. The
breakdown voltage (V) was at around 23.5 V and the cor-
responding dark current and operational gain at 0.9 Vy,, was
around 200 nA and 5.8, respectively. During our measurement,
we can assume a zero coupling loss from injected light onto our
active device. This is because that the spot size of launched op-
tical signal from lens fiber is much smaller than that of diameter
of active optical window (~ 2 vs. 20 um) and the anti-reflection
(AR) coating on top of our device can provide a nearly zero re-
flection at 1.31 pum wavelength. With a 0.8 um Ing 55Gag 47 As
absorption layer thickness in our device, the theoretically
maximum unit gain responsivity is around 0.58 A/W. The

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 24, NO. 2, MARCH/APRIL 2018

Structure (A) 20pw Structure (C) 20uw
0+ 0+
5 1" . e RS L -
T
@ -10 -10
(7]
§ -16V_Mg=2.5 -16V_Mg=3.8
3_20_ —_— -19V_MG=3.8 i 20{— .1gv_MG=5_0
x —— -21V_Mg=5.8 —— 21V Mg=75
30 sl S S B ol
0 5 10 15 20 25 30 O 5 10 15 20 25 30
Bandwidth(GHz) Bandwidth(GHz)
(a) (b)
Fig. 6. The measured bias dependent O-E frequency responses of (a) struc-

ture A and (b) structure C under 20 ¢W optical pumping power at 1.31 pm
wavelength.

measured responsivity at punch-through point (—7.9 V) of our
device (0.73 A/W) thus corresponds to 1.25 operation gain.
When the bias voltage is below punch-through point, the E-field
in the Ing 53 Gay 47 As absorber is nearly zero and the measured
small amount of photocurrent is mainly originated from the dif-
fusion current. As can be seen, no matter how large the optical
pumping power is, the small value (1 nA to 1 pA) of diffusion
current of each trace is almost the same. It implies that most of
the photo-generated carriers are recombined in the absorption
region and can’t be collected by the external circuits due the zero
E-field inside absorber. Besides, the shift of punch-through point
versus the optical pumping power is mainly due to the space
charge screening (SCS) effect induced by the photo-generated
carriers [21]. As can be seen, when the optical pumping power
gradually increases, the Vpt shifts toward larger values due to
that a higher bias voltage is necessary to compensate the space
charge field induced by photo-generated carriers [21].

Compared with the reported dark current at 0.9 Vy,,. of bottom-
illuminated APD for 25 Gbit/sec operation with a smaller mesa
size (20 vs. 30 pum) [6], the obtained dark current here was even
smaller (200 vs. ~300 nA). Nevertheless, our device exhibited
a lower responsivity performance than that of the reported data
from 25 Gbit/sec bottom-illuminated APD (0.7 vs. 0.9 A/W at
punch-through operations) [6]. This is because that the topmost
contact metal in flip-chip bonding structure can serve as a mir-
ror at the infrared wavelengths and result in a double pass of
launched optical signal through the Ing 53Gag 47 As absorber.
An enhancement in the responsivity performance can thus be
obtained.

A lightwave-component-analyzer (LCA) system was utilized
to characterize the dynamic performance of the device by mea-
suring the frequency responses of the scattering (S) parameters.
Such system was composed of a network analyzer (Anritsu
37397C), a well-calibrated electro-optics (E-O) modulator
(MOD) operated at 1310 optical wavelengths, and a tunable
semiconductor laser operated at 1310 nm as the light source for
this system. The adopted E-O MOD was provided by Sumitomo
(T.DEH1.5-40PD-ADC), which showed a 3-dB bandwidth of
30 GHz under 1310 nm optical pumping wavelength.

Fig. 6(a) and (b) shows the measured bias-dependent O-E fre-
quency responses of structure A and C, respectively. The mea-
sured 3-dB bandwidths of the two structures were very close
when being subject to the optical pumping power of 20 pW.
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Under low optical pumping power and low operation gain
(Mg =~3 at —16V) the measured 3-dB O-E bandwidths of
structure A and C were both as high as around 22.5 GHz. When
Mg reaches 6 ~ 7 (at —21 V), the 3-dB bandwidths of the
two devices degraded to around 15 GHz. As shown in Figs. 1
and 3, these two devices exhibited similar high-speed perfor-
mance despite that structure C possessed a larger diameter of
bottom active mesa than that of structure A (65 vs. 45 pm). The
bandwidth results also suggested a close value of RC-limited
bandwidth where the E-field was strongly confined by their top-
most active mesa with the same diameter of 30 ym. The detail
about their RC-limited bandwidth will be discussed later.

Maintaining highly linear performance of APD under strong
launched optical signal (+4.6 dBm overloaded optical power)
becomes an issue when the detected optical envelope with more
advanced modulation format e.g., PAM-4 (pulse-amplitude-
modulation with 4 amplitude levels) and for the application
of burst-mode APD based receiver [6], [22]. Fig. 7(a) shows the
measured bias-dependent O-E frequency responses of structure
A under optical pumping power as high as 2.9 mW (+4.6 dBm).
Fig. 7(b) shows the measured O-E frequency responses of the
same device under a fixed reverse bias as —20 V with two dif-
ferent optical pumping power for comparison (20 W and 2.9
mW). It was noted that the measured O-E bandwidth only de-
graded from 16 to 14 GHz over the wide range of launched
optical power (—17 to +4.6 dBm) under moderate gain opera-
tion (Mg = ~5), which indicates the highly linear performance
in our demonstrated APD structure.

Fig. 8 shows the multiplication gain versus the measured 3-dB
O-E bandwidths of structure A. The achieved gain-bandwidth
product (GBP) is around 161 GHz. We note that the GBP num-
ber is smaller than that of Ing 59 Aly 43 As-based APDs (161 vs.
~240 GHz) with similar M-layer thickness (~100 nm) [6], [23].
Such result can be attributed to that the undesired breakdown
in the Ing 53Gag 47As absorption layer under high gain opera-
tion (Mqg > 10), as discussed in Fig. 1(b). To well-control the
magnitude of E-field inside the Ing 55Gag 47As absorber is a
key issue, which determines the gain-bandwidth product per-
formance of Ing 59 Alg 45 As based APD [24]. A larger value of
GBP in our proposed device structure could thus be achieved by
further adjusting the doping density in our dual charge layers
to keep the E-field in Iny 55Gag 47 As absorption layer below its
critical field (~ 150kV/cm [20]) under V), bias.
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Fig. 8. The measured 3-dB O-E bandwidth versus multiplication gain of
structure A at 1.31 pm wavelength. The fitted line shows the gain-bandwidth
product.

a
@ . o
RC
3 PORT 1
[C,, PAD
R, TC, Simulation
T >mulaton L—
(b)
Physical Meaning Structure A | Structure C TURCY: 0. 153 20 301
c, Junction Capacitance (fF) 90.84 90.84
Ry Junction Resistance (kQ) >600 >600
Re Contact Resistance (Q) 6 7
Cp Parasitic Capacitance (fF) 13.8 0.5
PAD Simulated S-parameters of PAD,
Simulation by HFSS software
Frequency: 0 1GH: to J0GHz
Fig. 9. Equivalent-circuit-model used for RC-bandwidth extraction. (b) Mea-

sured (dotted line) and fitted (solid line) S parameters from near DC to 30 GHz
of structure A and C under a fixed bias (—20 V). The arrow indicates the increase
in the sweeping frequency. The inserted table shows the extracted values of the
components.

In order to investigate whether it is the carrier transit time
or RC-bandwidth limitation that dominates the speed of our
APDs, we performed the equivalent-circuit modeling technique
to extract the RC-limited bandwidth of our device, as shown in
Fig. 9(a). Here, the block of “Pad Simulation” represents the
simulated scattering (S) parameters of CPS in our device, as
shown in Fig. 2(b). The values used in fitting process are shown
in the Table inserted into Fig. 9(b), which shows the measured
and simulated frequency responses for the microwave reflection
coefficient parameter (S1;) under a —20V bias of structures A
and B; see the Smith chart. Clearly, the simulated and measured
results match very well, from 100 MHz to 30 GHz. Based on
the established equivalent circuit model, we can thus extract the
RC-limited frequency responses of structures A and C, which
are shown as solid line traces in Fig. 10. As can be seen, the
extracted RC-limited 3-dB bandwidth of structure A and C is
very close and at 33 and 36 GHz, respectively. The similar
RC-limited bandwidth of these two devices indicate that the
junction capacitance (Cy) is determined by the size of topmost
p-type mesa, which strongly confines the E-field in absorption
and M-layers as discussed in Figs. 1 to 3.

According to the measured net O-E bandwidth (22.5 GHz)
under low gain operation, the corresponding transit time limited
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Fig. 11. The measured BER curves vs. received optical power at (a) 25 and

(b) 28 Gbit/sec operations at 1.55 pm optical wavelength. The inset shows the
measured error-free 25 and 28 Gbit/sec eye-patterns under —17.2 and —16 dBm,
respectively.

bandwidth is around 31 GHz. This value is fairly close to our
extracted RC-limited bandwidth, which indicates the validity of
our bandwidth calculation model and design flow of optimized
APD epi-layer structure [18].

Fig. 11 shows the measured 25 and 28 Gbit/sec bit-error-rate
(BER) curves versus received optical power of structure A under
1.55 pm wavelength excitation. The inset shows the error-free
eye-patterns with —17.2 and —16 dBm optical received power
under 25 and 28 Gbit/sec operations, respectively. The opti-
cal pseudorandom binary sequence (PRBS) with 2!5 — 1 pat-
tern length was generated by use of a 1550 nm E-O modulator
(Sumitomo: T.DEH1.5-40PD-ADC) under 3.5 V peak-to-peak
radio-frequency (RF) voltage driving. The estimated extinction
ratio is around 6 dB. Here, the optical wavelength at 1.55 pm in-
stead of 1.3 m was chosen is due to that the modulator we have
on hand only can generate high-quality eye-patterns at 1.55 pym
wavelength. During eye-pattern measurements, our PD was in-
tegrated with a broadband (100 kHz to 65 GHz) amplifier (Cen-
tellax, UAOL65VM) through a microwave probe and coaxial
cable. The amplified O-E converted eye-patterns were then fed
into the bit-error-rate (BER) tester or sampling scope to record
their BER values and waveforms. The bias voltage applied to our
APD was set at —19 V, which corresponded to operation gain of
around 4 for the optimized sensitivity performance at 1.55 ym
optical wavelength. It was shown that the error-free sensitivity
of —17.2 (—16) dBm was achieved at 25 (28) Gbit/sec. The

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 24, NO. 2, MARCH/APRIL 2018

Structure (A) 20 pw
0 R0
—_ T et —vh == mm
g L Rty
§o W
5 —— 16V_Mg=26 m g
3 —VGT R
—— 2000w .20{—— -19V_Mg=4.1 i
—— 100pw — 21V_Mg=7.2
— -22V_Mg=121
-30 —C

0 5 10 15 20 25 30

20 25 30

, T T T
0 -5 -10 -1

5 Bandwidth(GHz)
Voltage (V)
(a) (b)
Fig. 12.  (a) The measured dark current and photocurrent of structure A versus

bias voltages and under different optical pumping power at 1.55 psm wavelength.
(b) The measured bias dependent O-E frequency responses of structure A under
20 ;W optical pumping power at 1.55 pm wavelength.

achieved sensitivity here may satisfy the specification for the
application of 100 GbE-ER4-lite [25], which requires a receiver
operated at 25 Gbit/sec and 1.31 pm optical wavelength with a
—19 dBm sensitivity under a BER value of 5 x 10~° instead of
error-free.

A higher sensitivity was expected by integrating our APD
chips with a 25 Gbit/sec trans-impedance amplifier (TTA) in the
100 Gbit/sec ROSA package. For most cases, the TIA amplifier
usually can provide a better S/N ratio than that of RF broad-
band amplifier for amplifying the weak photocurrent signal. In
addition, the sensitivity may be further enhanced by shifting the
wavelength of our eye-pattern measurement system from 1.55
to 1.31 pm wavelength. Fig. 12(a) shows the measured bias-
dependent dark current and photocurrent of structure A with
the AR-coating at 1.55 pm wavelength and subjected to dif-
ferent optical pumping power at such wavelength. Compared
with the measurement results of the same device structure but at
1.31 pum wavelength operation, as discussed in Fig. 5, the mea-
sured punch-through responsivity (~ 0.7 A/W) and operation
gain are pretty close. Here, the unit gain at 1.55 ;sm wavelength
is around 0.59 A/W, which is obtained through using the same
definition as the case of 1.31 um wavelength. This result indi-
cates that the responsivity is not an issue in the quality of our
measured eye-patterns across these two wavelengths (1.31 to
1.55 pm).

On the other hand, as shown in Fig. 12(b), the measured
bias dependent O-E frequency responses at 1.55 pm shows a
narrower 3-dB bandwidth (~ 13 vs. ~ 16 GHz) compared to
the operation at 1.31 um and under the same optical pumping
power (20 W) with the operation gain (Mg = 6 —7at—21V
bias). Such discrepancy in speed performance can be attributed
to different absorption depths in our p-type absorption region
[26] when the optical wavelength varies from 1.31 to 1.55 um
wavelength. It is a subject for future study. According to such
dynamic measurement results, we can thus expect that the sensi-
tivity performance of our device can be further improved under
1.31 pm wavelength operation due to the enhancement in speed
performance.

IV. CONCLUSION

In conclusion, we have demonstrated a novel top-illuminated
Ing 50 Al 45 As-based APD for > 25 Gbit/sec operation at

Authorized licensed use limited to: National Central University. Downloaded on May 19,2022 at 05:48:43 UTC from IEEE Xplore. Restrictions apply.



CHEN et al.: TOP-ILLUMINATED INj 52 ALy 45 AS-BASED AVALANCHE PHOTODIODE WITH DUAL CHARGE LAYERS FOR HIGH-SPEED

1.31 pm wavelength without using costly flip-chip bonding
package. By using dual charge layers with special mesa struc-
ture, the E-field can be strongly confined in the center of bot-
tommost Ing 50Aly 48 As based M-layer. Compared with ref-
erence device with different mesa etching depths for E-field
confinement, our device can have a much lower dark current.
By optimizing the depletion width in our partially p-doped
Ing 53Gag 47 As absorber to balance the RC-delay and internal
carrier transient time, our device that incorporates the active
mesa of 30 um show advantages including easy optical align-
ment, reasonable punch-through responsivity (~0.7 A/W), and
high-speed performance with 3-dB bandwidth of ~22.5 GHz
under low gain operation (Mg = ~3) at 1.31 um optical wave-
length. Furthermore, when the overload of optical power reaches
+4.6 dBm, our device still can sustain >20 GHz 3-dB band-
width. High-sensitivity of —16 dBm for error-free 28 Gbit/sec
operation can be achieved at 1.55 pm optical wavelength, which
can further be improved by integrating our device with a TIA in
a ROSA module and shift the measurement wavelength to 1.31
pm wavelength.
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