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Abstract: The enhancement in responsivity of photodiodes (PDs) or avalanche photodiodes
(APDs) with the traditional flip-chip bonding package usually comes at the expense of degradation
in the optical-to-electrical (O-E) bandwidth due to the increase of parasitic capacitance. In
this work, we demonstrate backside-illuminated In0.52Al0.48As based APDs with novel flip-chip
bonding packaging designed to relax this fundamental trade-off. The inductance induced peak in
the measured O-E frequency response of these well-designed and well-packaged APDs, which
can be observed around its 3-dB bandwidth (∼30 GHz), effectively widens the bandwidth and
becomes more pronounced when the active diameter of the APD is aggressively downscaled to
as small as 3 µm. With a typical active window diameter of 14 µm, large enough for alignment
tolerance and low optical coupling loss, the packaged APD exhibits a moderate damping O-E
frequency response with a bandwidth (36 vs. 31 GHz) and responsivity (3.4 vs. 2.3 A/W) superior
to those of top-illuminated reference sample under 0.9 Vbr operation, to attain a high millimeter
wave output power (0 dBm at 40 GHz) and output current (12.5 mA at +8.8 dBm optical power).
The excellent static and dynamic performance of this design open up new possibilities to further
improve the sensitivity at the receiver-end of the next-generation of passive optical network
(PON) and coherent communication systems.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Given the ever-increasing demand for high bandwidth in modern communication networks,
especially in the 5 G and cloud networks, the development of passive optical network (PON)
technology has become crucial. An IEEE task force is currently standardizing the 50 G PON
specifications required to meet the demands of continuously increasing data traffic [1,2]. In
addition to the issue of chromatic dispersion encountered at 50 Gbit/s, which can be significantly
mitigated by operating around the 1.31 µm optical window with a negligible dispersion-free
wavelength spectrum, two other major issues remain to raising PON rates from 10 to 50 Gbit/sec.
The first is to maintain the link budget and the second is to identify components that have sufficient
bandwidth and linearity and are mature enough to be used in PON systems. One possible way to
improve the link budget and cost-effectiveness in 50G-PONs is to use low-cost directly modulated
lasers (DML) and avalanche photodiodes (APD) [1]. In the receiver-side of 50 G PONs, it is
highly desirable to use high-speed and wide dynamic range APDs [2] embedded in a burst-mode
receiver because of the large tolerance in the received optical power level [3]. Moreover, as
compared to using p-i-n PD counterparts in the receiver, the APD can provide better sensitivity
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performance leading to a larger link budget. In addition to the intensity modulation and direct
detection (IMDD) scheme, coherent communication schemes have become an alternative solution
for >100 Gbit/sec data communication [3,4]. In a coherent receiver-end, APDs can provide better
sensitivity performance with a lower optical LO pumping power than those of the traditional
p-i-n PDs [5,6]. However, in order to meet the needs for such high-speed operation (> 50
Gbuad), both the absorption and multiplication layer thicknesses in the traditional In0.52Al0.48As
based APDs must be aggressively downscaled, which limits the responsivity performance for
wide bandwidth performance (>30 GHz) [7,8] and is accompanied by a pronounced leakage
current (∼1 µA) [8]. In order to improve the responsivity performance in high-speed APDs, a
backside-illuminated structure with a flip-chip bonding package is usually preferred [9]. With
such a scheme, the topmost metal contact of the APD can serve as a reflector enhancing the
photo-absorption process. However, in comparison to the top-illuminated reference device, the
flip-chip bonding packaged device usually has a higher responsivity but less bandwidth due to the
additional parasitic capacitance after packaging. Some alternative solutions, such as the addition
of refracting facets [10] or the installation of a 45° mirror beneath the APD chip [7], have been
demonstrated to fold the optical absorption path and minimize the package induced parasitic
capacitance. However, the integration of a flip-chip bonding package with a well fabricated
substrate lens is still a very attractive alternative because it offers the largest alignment tolerance
and minimum size after package among all the reported PD/APD packaging technologies [9]. In
this work, we demonstrate a In0.52Al0.48As based backside-illuminated APD with a novel flip-chip
bonding package which is designed to relax the fundamental trade-off between responsivity and
bandwidth. After optimizing the layout on the Aluminum Nitride (AlN) carrier for flip-chip
bonding, significant peaking in the measured optical-to-electrical (O-E) frequency response is
observed for an APD with a very small active diameter (3 µm), which arises due to the additional
inductive effect of our well-designed planar circuit. With a reasonable active window diameter of
14 µm for low optical coupling loss, the packaged device exhibits a more moderate damping O-E
frequency response and superior bandwidth (36 vs. 31 GHz) and responsivity (3.4 vs. 2.3 A/W)
to those of the top-illuminated reference device under 0.9 Vbr operation. In terms of high-power
performance, with this device package, we are also able to attain a record-high millimeter wave
output power (0 dBm) at 40 GHz with a high saturation current (12.5 mA at +8.8 dBm optical
power) among all those reported for high-speed APDs. Compared with our previous work
[11], this study gives a more detailed discussion of our flip-chip bonding package and further
improvements in the bandwidth and MMW output power. The excellent performance in terms
of speed and saturation current of this device ensure its applicability for advanced high-speed
receivers in PON or coherent system.

2. Design and fabrication of the device structure

A conceptual cross-sectional view of the device structure is shown in Fig. 1(a); please note that for
clarity, the device is not drawn to scale. The exact doping density values and the thickness of each
layer are also specified here. The topmost layer is a p+ -In0.53Ga0.47As contact layer, followed by
a p+ -InP window layer, a p-type partially depleted In0.53Ga0.47As absorber, composite p-type
In0.52Al0.48As/InP charge layers, a dual intrinsic In0.52Al0.48As multiplication (M-) layer, an
n-type In0.52Al0.48As charge layer, a thick InP collector (transport) layer, and the bottommost
InP n+ contact layer. The layers are grown on a semi-insulating (S.I.) InP substrate. To satisfy
the demands for APD bandwidth, the thicknesses of the absorber and total M-layer are further
decreased, as explained in our previous work [5]. Typically, in the traditional APD structure, this
increase in bandwidth would come with a degradation in the responsivity and cause a rise in
the dark current [7,8]. To alleviate the trade-off between speed, dark current and responsivity,
we implemented a dual M-layer structure [5,12,13]. This structure divides the M-layer into two
segments, labeled as the 1st and 2nd M-layer in Fig. 1(a), with an added charge control layer
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between them. This design results in a stepped electric field profile, with the majority of the
avalanche process confined to the extremely thin 2nd M-layer, which has the highest E-field
across the entire epi-structure. This leads to a short avalanche delay time, high GBP, and low
excess noise. Compared to the traditional APD’s direct scaling down of a single M-layer to the
same thickness as our 2nd M-layer, the inclusion of the 1st M-layer in our design can effectively
suppress the tunneling leakage process resulting in lower overall dark current.

Fig. 1. (a). Conceptual cross-sectional view of the fabricated device; (b) simulated band
diagram of the demonstrated dual M-layer APD; (c) top-views of fabricated device B before
and after flip-chip bonding packaging. The doping density unit in (a) is cm−3

To prevent edge breakdown, a composite charge layer design (In0.52Al0.48As/InP) is utilized to
ensure that the electric field at the bottom (2nd) M-layer’s side wall reaches zero [14]. To alleviate
the RC-limited bandwidth constraint and increase the APD’s active diameter for better alignment
tolerance in the APD package, an InP collector layer is incorporated beneath the M-layer. The
use of an InP layer rather than an In0.52Al0.48As based collector layer enables a larger overshoot
electron drift-velocity [15], resulting in a relaxation of the trade-off between the device active
area and the RC-limited bandwidth.

Furthermore, the p-side up structure of our design can provide better output saturation power
than the inverted p-side down APD structure [5], mainly because the bottom-most InP substrate is
in close proximity to the second M-layer with the highest E-field, which provides more effective
heat sinking for the device. Figure 1 (a) shows the quintuple mesa structure with the 14 µm
first mesa used in our devices. For more detailed information about our epi-layer and device
mesa structures, please refer to our previous work [5]. Figure 1 (b) shows the simulated band
diagram of our demonstrated APD under 0.9 Vbr operation. As can be seen, by properly adjusting
the doping density in each charge layer, most of the electric (E)-field can be confined in the
thin 1st and 2nd M-layers for a pronounced avalanche process, as discussed above. Moreover,
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the E-field in the other layers is also well controlled at less than their critical fields, to avoid
the occurrence of undesired breakdown processes in the absorption and collector layers. The
flip-chip bonding package of the demonstrated APD is implemented on the AlN carrier substrate,
which has excellent thermal and microwave characteristics. The layout of the metal pads on the
carrier substrate usually plays an important role on the net optical-to-electrical (O-E) bandwidth
of the packaged PD or APD module [16]. Altogether, the influence of different layouts on the
speed performance for three kinds of device structures was investigated. All three devices shared
the same epi-layer structure, as shown in Fig. 1 (a). Devices A and B had different flip-chip
bonding package layouts while device C was the top-illuminated reference sample [5]. Figure 1(c)
shows photos of the metal pads on the AlN carrier, and top-views of device B, before and after
flip-chip bonding. Both devices A and B adopt the co-planar waveguide (CPW) structures in
the design of the metal pads on the AlN carrier and InP substrates but the geometric sizes are
different. The sizes and names of every part of the metal pad layout of device B are specified in
Fig. 1 (c). In the layout of device A, we increased the lengths of the center metal stripes (AL and
WL), narrowed their widths (Ac), and widened the widths of the air gaps (Ap and Wp) in order
to increase the characteristic impedance and effective inductance (per unit length) of the CPW
transmission lines [17]. This layout compensates for the RC-limited bandwidth of the active PD
parts so that an improvement in the high-speed performance of device A can thus be expected,
which will be discussed later.

3. Measurement results

Figures 2(a) through (c) show the bias-dependent dark current, photocurrent, and operation
gain of devices A to C, respectively, which were measured at an optical wavelength of 1.31 µm
under various optical pumping powers. The measured breakdown voltage (Vbr) was observed
to be approximately -26 V, for all three devices. The APDs demonstrated here show a much
lower dark current (around 0.2 vs.> 1 µA at 0.9 Vbr) compared to those reported for other APDs,
with close values of 3-dB O-E bandwidth [7,8]. This improvement in the dark current can be
attributed to the unique design of the cascaded M-layer and the addition of a special composite
charge layer, as illustrated in Fig. 1, which eliminates edge breakdown [14]. At a low optical
pumping power of 10 µW and an optical wavelength of 1.31 µm, the measured responsivity of
device A to C is around 3.4, 3.1 and 2.3 A/W, respectively. The devices (A and B) with flip-chip
bonding packages have a higher responsivity (3.4 vs. 2.3 A/W) due to the folding of the optical
absorption path through the topmost metal contacts which function as reflectors. By assuming
the responsivity measured at the punch-through voltage (Vpt) as the unit gain of each device,
the corresponding gain of devices A, B, and C at 0.9 Vbr is 6.93, 6.88, and 7.67, respectively.
At the same optical pumping power (-20 dBm), we can clearly see that the maximum gain for
device A is more than ten times larger (150 vs. 14 [18]) than that of its III-V [8] and Si-Ge [18]
counterparts, as well as having a higher responsivity. This enhancement in performance can be
attributed to the lower dark current and the more prominent avalanche process enabled by our
dual M-layer design. The gain versus bias voltage of our device at various optical pumping power
levels (ranging from 1 to 1000 µW) is also included in Fig. 2 for reference. As can be seen, there
is a dramatic reduction in the operation gain when the optical pumping power increases from 1 to
50 µW due to the space-charge screening effect in the absorption layer [13]. Nevertheless, the
operation gain remains nearly invariant at higher optical pumping power levels (> 100 µW). This
is indicative of its good linearity performance for coherent receiver applications, which usually
need to be operated under mW optical local oscillator (LO) pumping power levels [12].

Figures 3 and 4 show the bias-dependent O-E frequency responses of all three devices
measured under low (10 µW) and high (1 mW) optical pumping powers, respectively, at the
1.55 µm wavelength. As can be seen, the measured 3-dB bandwidths for devices A, B and C are
around 36, 27 and 30 GHz respectively. Device B experienced a degradation in O-E bandwidth
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Fig. 2. Measured dark current, photocurrent, and operation gain versus bias voltage under
different optical pumping powers at the 1.31 µm wavelength for all three APDs: (a) Device
A, (b) Device B and (c) Device C.

(27 vs. 30 GHz) compared to reference device C under the same bias of 0.9 Vbr, which can be
attributed to the flip-chip bonding package-induced parasitic capacitance, as discussed earlier. On
the other hand, device A, with the optimized flip-chip bonding layout, not only demonstrated the
highest responsivity (3.4 vs. 3.1 and 2.3 A/W) but also exhibited the widest 3-dB bandwidth (36
vs. 27 and 30 GHz) among the three devices. Moreover, compared with the high-performance
Si/Ge APD counterparts with the same 14 µm window size [18], which operate at around the same
responsivity 3.5 (6.5) A/W, the 3-dB O-E bandwidth of our demonstrated device A is superior
(36 (28) vs. 28 (22) GHz). On the other hand, under high (1 mW) optical power illumination,
these three devices (A to C) can maintain invariant 3-dB O-E bandwidths of 36, 27 and 30 GHz at
0.9 Vbr, respectively. Overall, the excellent static, as discussed in Fig. 2, and dynamic high-power
performance indicate the good linearity and wide dynamic range of the demonstrated APDs for
coherent receiver applications.

Fig. 3. Bias dependent O-E frequency responses of Devices (a) A (b) B, and (c) C measured
under a low 10 µW optical pumping power at the 1.55 µm wavelength.

The superior O-E bandwidth performance of device A compared to device B is mainly due
to the further optimization of the layout of both the metal pads integrated with the active PD
and on the AlN carrier substrate, as illustrated in Fig. 1 (c). The inductive peaking effect arising
from the layout of device A effectively compensates for the RC-limited bandwidth, which leads
to an enhancement of the net O-E bandwidth. Similar concepts have been applied in the metal
pad design of backside-illuminated high-speed and high-power PDs for bandwidth enhancement
[19,20]. The measured frequency responses of the reflection coefficient of S parameters (S11)
for devices A and B with different active mesa diameters before flip-chip bonding are shown in
Fig. 5. As can be seen, device A produces a longer trace on the Smith Chart than does device B,
in the same frequency sweeping range (40 MHz to 40 GHz), due to the increase of its WL.

Figures 6 (a) and (b) show the measured S11 parameters of these two devices (A and B) with
different active diameters of 10 and 14 µm, respectively, after flip-chip bonding, respectively. We
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Fig. 4. Bias dependent O-E frequency responses of Devices (a) A (b) B, and (c) C measured
under a high 1 mW optical pumping power at the 1.55 µm wavelength.

0 5 10 15 20 25 30 35 40

-9

-6

-3

0

3

 Device C 
1mW

Bandwidth(GHz)

(c)

 0.8Vbr_32GHz_0.95 A/W

 0.9Vbr_32GHz_1.30 A/W

 0.93Vbr_26GHz_1.55 A/W

 0.95Vbr_22GHz_1.80 A/W

0 5 10 15 20 25 30 35 40

-9

-6

-3

0

3

 0.8Vbr_27GHz_1.30 A/W

 0.9Vbr_27GHz_1.87 A/W

 0.93Vbr_22GHz_2.44 A/W

 0.95Vbr_17GHz_3.32 A/W

(b) 1 mW
Device B

Bandwidth(GHz)
0 5 10 15 20 25 30 35 40

-9

-6

-3

0

3

R
es

po
ns

e 
(d

B
)

1mW(a)
Device A

Bandwidth(GHz)

 0.8Vbr_36GHz_1.7 A/W

 0.9Vbr_36GHz_2.47 A/W

 0.93Vbr_31GHz_3.08 A/W

 0.95Vbr_21GHz_4.00 A/W

Fig. 5. The measured frequency response of the reflection coefficients of S parameters (S11)
for devices A and B which have different active mesa diameters, before flip-chip bonding.

can clearly see that regardless of the change in the size of the active mesa, device A exhibits
longer trace lengths than does device B, as expected. Furthermore, the device A traces are
closer to the outer boundary of Smith Chart, the implication being that the whole packaged
APD module behaves more like an ideal capacitor with superior RF characteristics to those of
device B. Figure 6 (c) shows the simulated S11 traces on the Smith chart of devices A and B with
the same active mesa diameter of 14 µm. The trend of the simulation results clearly matches
the measurement results. In the simulation, the passive metal pads on the InP and AlN carrier
substrates are simulated as 3-D structure, for full-wave analysis with the HFSS tool [21]. On
the other hand, the equivalent circuit model is applied to simulate the core part of the active
APD, which can be directly extracted by the fitting process of the measured S11 parameters of
the APD as shown in Fig. 5. The S parameters of the whole packaged module can be obtained
by combining the S parameter matrix for the extracted equivalent circuit model with the 3-D
full-wave analysis results [22,23].

Figures 7 (a) and (b) show the 3-D structure of device B used for the full-wave analysis and
the extracted equivalent circuit model. The inserted Table shows the extracted values of circuit
elements. In order to study the influence of the active mesa diameter on the bandwidth of
the packaged module, samples of device A with 3 different diameters (3, 10, and 14 µm) were
fabricated and tested. Figures 8 (a) to (c), respectively, show the bias-dependent dark current,
photocurrent, and operation gain under various optical pumping powers for device A with 3
different active mesa diameters as specified. The optical wavelength was fixed at 1.31 µm. As
can be seen, when the active mesa diameter is downscaled to 3 µm, there is a significant increase
of the coupling loss and degradation of the responsivity.
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Fig. 6. The measured S11 parameters of Devices A and B with different active diameters of
(a) 10 and (b) 14 µm after flip-chip bonding packaging, and (c) the simulated traces with an
active diameter of 14 µm.
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Fig. 7. (a) The 3-D structure of device B used for full-wave analysis and (b) the extracted
equivalent circuit model. The inserted table shows the extracted values of the circuit
elements.

Fig. 8. The bias-dependent dark current, photocurrent, and operation gain obtained under
various optical pumping powers at the 1.31 µm wavelength for devices A with active mesa
diameters of: (a) 3, (b) 10, and (c) 14 µm.
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Figures 9 (a) to (c) depict the measured bias-dependent O-E frequency responses of the three
devices described above, under an optical pumping power of 1 mW at the 1.55 µm wavelength. As
can be seen, the package induced resonance is most pronounced for device A with its miniaturized
size (3 µm diameter), among these three devices. On the other hand, for the devices with larger
active diameters (10 and 14 µm), the measured O-E frequency responses show moderate damping.
Compared with the light damping trace for the 3 µm diameter APD, such moderate damping
indicates that the extra noise induced by the peaking of the frequency response for bandwidth
enhancement has been well balanced. Furthermore, this supports the idea that the flip-chip
bonding structure of device A has been optimized for APDs with popular sizes of active diameter
(> 10 µm), with consideration of low-loss coupling and easy optical alignment for the package.

Fig. 9. Bias dependent O-E frequency responses measured under a high 1 mW optical
pumping power at the 1.55 µm wavelength for Device A with different active mesa diameters
of: (a) 3, (b) 10, and (c) 14 µm.

Figures 10 (a) to (c) show the photo-generated MMW output saturation power measured with
the heterodyne beating setup at a beating frequency of 40 GHz for device A with 3 different active
diameters, 3, 10, and 14 µm, respectively. All exhibit very close values of saturation current at
12 mA and a maximum output RF power of around 0 dBm under 0.9 Vbr. This corresponds
to a high launched optical power at +8.8 dBm for device A with a 10 µm active diameter. The
MMW power achieved at 40 GHz should be the highest ever reported in high-speed APDs at
telecommunication wavelengths [5,6,24–28]. Figure 11 (a) shows the measured 3-dB bandwidth
versus multiplication gain (MG) of device A with active diameters of 10 and 14 µm and device C.
The values of the gain-bandwidth product (GBP) under MG= 10 and the extremely high gain
of these three devices are all specified. It can be clearly seen that, with our optimized flip-chip
bonding layout, we can have improvements in the GBP under high-sensitivity operation (MG= 10)
as compared to those of top-illuminated reference sample (device C) and with an unprecedentedly
large maximum GBP of up to 0.9 THz. Figure 11 (b) depicts the corresponding measured O-E
frequency responses under low input power (10 µW) for Device A with 10 and 14 µm, and Device
C with 14 µm active window diameters. Table 1 shows the benchmark reported for device A
and for other high-speed APDs. Here, the values of the bandwidth and responsivity, which
appear in parentheses, represent the measurement results obtained from the same APD but at
a higher reverse bias voltage (> 0.9 Vbr). In addition, in the bottom row, the test conditions
specified for optical input and RF output saturation power performance, for each different device
are specified in parentheses. The optical saturation represents the maximum input optical power
value which leads to saturation of the output photocurrent. The optical overload stands for the
damage threshold for maximum input optical power onto the APD. Thanks to the novel dual
M-layer design with the optimized flip-chip bonding package, with device A, we can attain the
lowest dark current, very-high bandwidth-responsivity product, and largest saturation optical
power with the highest MMW output power at 40 GHz among those reported for APDs.
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Fig. 10. Measured photo generated RF power versus photocurrent, at a frequency of 40 GHz
for heterodyne beating under different Vbr for Device A with different active mesa diameters
of: (a) 3, (b) 10, and (c) 14 µm.
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Device A with 10, 14 µm and Device C with 14 µm active window diameters.

Table 1. Benchmark high performance APD performance
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4. Conclusions

In conclusion, by combining our dual M-layer design with our advanced flip-chip bonding
package, which is aimed at balancing the 3-dB bandwidth and heavy damping of O-E frequency
responses for moderate sized (∼14 µm) APDs with low optical coupling loss. The demonstrated
device simultaneously exhibits a low dark current (175 nA), wide 3-dB bandwidth at 36 GHz,
high responsivity 3.4 A/W, high saturation current of 12 mA, and high MMW output power (0
dBm at 40 GHz) under operation at 0.9 Vbr.
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