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Abstract—The thinning of the multiplication (M) layers in high-
speed avalanche photodiodes (APDs) is an effective way to boost the
gain-bandwidth product (GBP) and reduce excess noise. However,
such downscaling usually comes at the price of a huge leakage
current (>1 µA) induced by direct tunneling through the final
thin M-layer (<100 nm) and degradation of the RC-limited band-
width due to the decrease in the thickness of the depletion layer.
In this work, we demonstrate how a p-side up top-illuminated
APD structure with a thick InP collector layer buried below the
thin and cascaded In0.52Al0.48As based multiplication layer can
effectively relax the trade-offs among the dark current, RC-limited
bandwidth, multiplication gain, and avalanche delay time. This
advanced device structure is then applied and the performance of
APDs with different thin M-layer thicknesses (<50 nm) explored.
Under 1.55 µm wavelength excitation, a device fabricated with
a large active window (mesa) diameter of 10 (20) µm and an
optimized M-layer thickness exhibits a dark current as low as
∼0.4 µA and a high responsivity (2.8 A/W; gain = 9.3) at 0.9 Vbr.
This device also exhibits excellent dynamic performance, including
a wide optical-to-electrical bandwidth (44 GHz at 0.84 A/W), an
extremely large GBP of 1.03 THz, and a high saturation current
(12 mA), which corresponds to a large millimeter-wave (MMW)
output power (∼0 dBm) at 45 GHz. The exceptional speed per-
formance coupled with the wide dynamic range and simple top-
illuminated structure opens up new possibilities to further enhance
the sensitivity of 50 G passive optical networks (PONs).

Index Terms—Avalanche photodiode, p-i-n photodiode.

I. INTRODUCTION

OVER the last 20 years, high-speed avalanche photodiodes
(APDs) have played a vital role in the development of the

Ethernet Passive Optical Network (EPON) and 10 G-EPON. The
commercially available In0.52Al0.48As based 10 G APDs can
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usually provide an 8 dB higher sensitivity than that of their p-i-n
photodiode (PD) counterparts [1], [2], [3]. However, the 3-dB
bandwidth demonstrated by such APDs under moderate gain
operation (∼10) is insufficient to meet the bandwidth require-
ments for 50 G operation (>30 GHz) in the next generation of
50 G-PON, offering less pronounced benefits for the sensitivity
of 50 G APD based receivers [4], [5]. It has been demonstrated
that the sensitivity at the receiver-end can be improved by the
incorporation of complex equalizer integrated circuits (ICs) and
high-power PDs, which are hybrid [6] or monolithically inte-
grated with the semiconductor optical amplifier (SOA) [7], [8],
[9]. However, both the additional ICs and pre-amplified SOAs
require large extra bias currents which will lead to a significant
increase of overall power consumption in the receiver-end [9],
[10]. Moreover, the additional amplified spontaneous emission
(ASE) noise in the SOAs may result in only a marginal improve-
ment in receiver-end sensitivity [9].

Differently from III-V semiconductor based APDs, the Sili-
con (Si)/Germanium (Ge) counterparts, have demonstrated su-
perior dynamic and static performance [4], [5], [11], [12], [13],
[14], [15], [16] for >106 Gbit/sec transmissions per lane. Such
excellent performances of Si/Ge APDs can be attributed to
the fact that the Si-based multiplication (M-)layer has a larger
ratio of electron over hole ionization coefficients than those of
the III-V M-layers, such as In0.52Al0.48As [5]. Nevertheless,
interface defects between the Ge and Si active layers in this
kind of APD can have an adverse effect on their reliability in
harsh environments, e.g., under high optical power illumination
(∼mW). APDs for 50 G PON applications should be capable
of handling high optical powers since the optical launch power
in the 50 G fiber channel is 5 to 6 dB larger than that in a 10
G-EGPON channel (∼11 vs. ∼6 dBm) [17]. A larger optical
power around the 1.3 μm wavelength is essential to compensate
for the degradation in sensitivity in the receiver-end and the
higher fiber propagation loss than in the 10 G PON at the 1.55μm
wavelength. In other words, the 50 G APD requires high-power
performance superior to that of the 10 G APD to satisfy the
requirements for the afore-mentioned applications. In order to
sustain the bandwidth necessary for 50 G PON applications
while improving the saturation power, a thinning of both the
absorber and depleted M-layers in the APDs is necessary, but
this comes at a cost, a lower responsivity, poorer RC-limited
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Fig. 1. (a) Conceptual cross-sectional view of the demonstrated APD. The vertical (AA’) and two horizontal dotted lines (BB’ and CC’) are specified for the
electric (E)-field simulation. (b) Top-view of the fabricated device. The inserted table shows details of the thickness and doping density of each charge and
multiplication layer.

bandwidth, and higher dark current. In our previous work, we
relaxed these trade-offs by the incorporation of a cascaded M-
layer into thin APDs [15], [18], [19]. We demonstrated that such
a design can suppress the leakage current and enhance the multi-
plication gain, compensating for the low unity-gain responsivity
(0.3 A/W), thereby producing a device that can sustain a wider
bandwidth performance under moderate gain operation (MG =
∼7). In this work, we explore the thinnest possible M-layer in an
APD of this design. The maximum bandwidths (44 vs. 30 GHz)
and GBP values (1.03 vs. 0.76 THz) [15] can both be further
boosted, with an acceptable low dark current, by aggressively
downscaling the thickness of the M-layer from 90 [15] to 50 nm.
Moreover, a high saturation current (12 mA), which corresponds
to a large millimeter-wave (MMW) output power (∼0 dBm)
can be realized at a higher operating frequency, 45 vs. 40 GHz.
The remarkable performance of our APD structure with its thin
M-layer paves the way to further enhance the speed and receiver
sensitivity performance of the photoreceivers needed for 50 G
PON systems.

II. DEVICE STRUCTURE DESIGN AND FABRICATION

Fig. 1(a) shows a conceptual cross-sectional view of the
structure of the demonstrated device. Note that these figures
are not drawn to scale. The epi-layer structure, from top to
bottom, is composed of a p+-In0.53Ga0.47As contact layer, p+-
InP window layer, p-type partially depleted In0.53Ga0.47As ab-
sorber layer, composite p-type In0.52Al0.48As/InP charge layers,
dual intrinsic In0.52Al0.48As multiplication (M-) layers, n-type
In0.52Al0.48As charge layer, thick InP collector layer, and bot-
tommost InP n+ contact layer, grown on a semi-insulating (S.I.)
InP substrate. In order to further improve the APD bandwidths
while sustaining the same responsivity performance as obtained

in our previous work [15], we reduce the total thickness of the M-
layers but keep the In0.53Ga0.47As absorber layers unchanged.
In the traditional APD structure, with a single M-layer inside,
enhancement of the bandwidth through M-layer downscaling
usually comes at the cost of an increase in the dark (tunneling)
current [4], [5]. Here, a cascaded (dual) M-layer structure is
utilized to release the trade-off between the speed, dark current,
and responsivity [15], [18], [19]. The M-layer is divided into
two parts, specified as the 1st and 2nd M-layer in Fig. 1(a),
with an extra charge layer in between. This design results in a
stepped electric field profile with most of the avalanche process
confined to the extremely thin 2nd M-layer, which has the
highest E-field across the whole epi-structure. The use of a
stepped E-field can effectively reduce the k-factor (hole over
electron impact ionization coefficient) in the APD. Here, the
hole impact ionizations are suppressed because of the lower
E-field encountered as they travel back toward the absorption
layer. The smaller k-factor offered by this dual M-layer design
encourages a higher multiplication gain and a larger GBP [20]
than those obtained with the traditional APD design with the
same M-layer thickness. In our previous work [21], we used
dual In0.52Al0.48As M-layers with different thicknesses of 60
and 90 nm. That APD exhibited bandwidth-responsivity product
(∼180 GHz×A/W) and k-factor (∼0.14) values close to those of
traditional high-performance In0.52Al0.48As APDs with a single
M-layer, with a thickness of only 90 nm [4]. This is similar to the
working principles utilized in the impact-ionization-engineered
(I2E) APD structures [22]. The impact ionization process is
localized in the materials with the narrowest bandgap within
the M-layer, which is composed of hetero-junctions between
several different bandgap materials. Unlike the I2E structure,
our M-layer adopts a homo-junction design but takes advantage
of several charge layers and different doping densities to localize
the avalanche process in the region which has the highest E-field.
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Furthermore, compared to directly downscaling the single
M-layer in the traditional APD to the same thickness as our
2nd M-layer, the incorporation of the additional 1st M-layer
can effectively suppress tunneling leakage thereby providing a
lower overall dark current. Here, we investigate an APD with
two M-layers with different total thicknesses (1st+ 2nd M-layer
thickness). The total thicknesses of the M-layers in Devices A
and B are 50 and 40 nm, respectively, as shown in Fig. 1(a). The
thicknesses and doping densities of the 1st and 2nd M-layer and
all the charge layers in these two devices are detailed in the table
inserted in Fig. 1.

A composite charge layer (In0.52Al0.48As/InP) design is
adopted to minimize the electric field at the side wall and
suppress edge breakdown [23]. Selective chemical wet etching is
used between these two layers to precisely etch away the charge
layer above the M-layers and zero the E-field at the side wall.
The simulated E-field distribution in such a structure will be
discussed later; see Fig. 1(b) to (d).

In addition, the thick InP collector layer buried below the thin
M-layer relaxes the burden imposed on the RC-limited band-
width, allowing for a further enlargement of the APD’s active
diameter and alignment tolerance in the APD package. The InP
layer also provides a larger overshoot electron drift-velocity than
can be achieved using a In0.52Al0.48As based collector layer
[24], [25], which can further relax the trade-off between the
device active area and the RC-limited bandwidth. Overall, in
contrast to the traditional high-speed APD [1], [2], [3], [4] and
uni-traveling carrier photodiodes, our novel APD structure can
effectively relax the trade-offs among the RC-limited bandwidth,
multiplication gain, and avalanche delay time when operated at
the avalanche region [25]. The insertion of an n-type charge layer
between the thin In0.52Al0.48As cascaded M-layers and thick
InP collector layer acts to manipulate the E-field distribution
and maximize the O-E bandwidth of our device, which will be
discussed later.

Fig. 1(a) shows the triple mesa structure used in our devices.
As can be seen in the figure, three kinds of devices with three
different first p-mesa diameters (20, 22, and 24 μm) were
fabricated. The extraction of the internal carrier response time
for the demonstrated APD epi-layer structure [15] will also
be discussed in more detail later. Take the 24 μm device for
example. During device fabrication, the 1st mesa with a 24 μm
diameter was etched through the p-type absorber layer, followed
by selective wet etching which stopped at the InP field control
(charge) layer. A thin 34 μm diameter 2nd mesa was formed
by the InP charge layer just above the first M-layer. Finally,
we etched through the M-regions down to the N+ contact layer
to construct a 40 μm diameter 3rd mesa. A detailed view of
the mesa structure is shown in Fig. 1(a). The electric-(E-) field
distribution within the device, under the breakdown (Vbr) and
punch through bias voltage (Vpt), was simulated using the
Silvaco Technology Computer Aided Design (TCAD) tools.1 As
shown in Fig. 2(a) and (b), proper selection of the doping density
in the charge layers excludes an undesired breakdown process
for the E-field on the AA’ axis of devices A and B. This indicates

1Silvaco, 2811 Mission College Boulevard, 6th floor, Santa Clara, CA 95054.

Fig. 2. Simulated E-field distributions of (a) devices A and (b) B in the vertical
(AA’) direction. The horizontal E-field distributions on the (c) BB’ and (d) CC’
axes of device A are also specified. The dotted lines in (c) and (d) correspond to
the edges of the mesa shown in Fig. 1.

that the E-field in the absorption and collector layers is much
less than their corresponding critical fields (In0.53Ga0.47As:
150 kV/cm; InP: 500 kV/cm [26]). The calculated E-fields in
the 2 bottom M-layers in the horizontal direction (BB’ and
CC’) at the breakdown voltage (Vbr: −20.2 V) are depicted
in Fig. 2(c) and (d), respectively. We can clearly see that, in the
20 μm diameter device, the horizontal E-field (840 kV/cm) in
the bottom M-layer is well confined within the range of the top
p-mesa, and it can be reduced to nearly zero at the edge of the
bottommost M-layer, as discussed above. Fig. 1(e) shows a top
view of the fabricated device with a 24 (14) μm diameter active
mesa (window).

III. DEVICE MEASUREMENT RESULTS

The bias-dependent dark current, photocurrent, and operation
gain of APDs with two different M-layer designs, labelled device
A and device B, measured under various optical pumping powers
at the optical wavelength of 1.55 μm, are shown in Figs. 3 and
4, respectively. Each device structure has 3 different window
(mesa) size diameters, as discussed above, and the measured
values of the Vpt and Vbr are all specified in the figures. Here,
the value of Vpt is defined as the data point at around the “knee”
of the I-V curve, where the slope of the tangent is equal to 1.
The Vbr value corresponds to the reverse bias voltage when the
leakage current reaches 10 μA.

As can be seen, the devices fabricated with our cascaded
M-layer design, exhibited a dark current of around ∼400 nA
at 0.9 Vbr, lower than that reported for the APDs used for
106 Gbit/sec applications (>1 μA at 0.9 Vbr) [4], [5], [11],
[14]. In the case of device A, under an optical pumping power
of 10 μW and bias of 0.9 Vbr, the measured responsivity of
all three devices was around 2.8 A/W. The corresponding gain
was around 9.3. Here, the chosen unity-gain responsivity of
our fabricated device is around 0.3 A/W, which is close to the
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Fig. 3. Dark current, photocurrent, and gain versus bias voltage measured under different optical pumping powers at a wavelength of 1.55 µm for device A with
different active window diameters: (a) 10 and (b) 14 µm.

Fig. 4. Dark current, photocurrent, and gain versus bias voltage measured under different optical pumping powers at a wavelength of 1.55 µm for device B with
different active window diameters: (a) 10 and (b) 14 µm.

responsivity (0.33 A/W) measured at around Vpt, assuming
nearly zero optical coupling loss for a single pass of injected
light into the absorption layer [15]. For reference, the figures also
show the gain versus bias voltage for different optical powers
from 1 to 1000μW. When the reverse bias voltage is greater than
the Vbr, there is a significant reduction in the measured operation
gains due to a massive increase in the dark current. Here, under
the same optical pumping power values (∼10μW), the measured
maximum gain and responsivity of our demonstrated ones are
much larger than those reported for their III-V [14] and Si-Ge
[11], [12], [13] counterparts.

This is due to the lower dark current and more pronounced
avalanche process induced by our cascaded M-layer design,
accompanied by the superior GBP performance to that of tra-
ditional APDs, as will be discussed later. However, the re-
sponsivity and gain of device B, measured under the same
test conditions, i.e., same normalized bias (to Vbr) and optical
pumping power, are slightly less than those of device A, in
all three devices. Take the devices with a 14 (24) μm window
(mesa) diameter for example. Under a 10 μW optical pumping
power, the maximum gains for device A and B are 105 and
90, respectively. Moreover, compared with the performance of
high-speed APDs reported in our previous work [15], which had
a similar cascaded M-layer design but with a greater M-layer
thickness (90 vs. 50 nm), there is a degradation in the maximum
gain (105 vs. 150). These results indicate that there is a decrease

in the overall multiplication gain under the same effective bias
(normalized to Vbr) with the thinning of the total thickness of the
cascaded M-layer. On the other hand, a thinner M-layer usually
produces a shorter avalanche delay time and a wider bandwidth.
Optimization of the M-layer thickness to maximize the GBP
performance of our APDs will be discussed later.

Figs. 5 and 6 show the O-E frequency responses of devices
A and B, respectively, measured at the 1.55 μm wavelength,
under low (0.01 mW) optical pumping powers, and different
bias voltages. The corresponding responsivity of each trace is
specified in the figures. It can be clearly seen that devices A
and B exhibit close 3-dB bandwidth values under the same
normalized bias to Vbr. When the diameter of the active mesa
is 20 μm, the maximum 3-dB bandwidth under a low gain
operation (MG = 2.8; responsivity of around 0.84 A/W) is
44 GHz for device A and 41 GHz for device B. The slightly
faster speed performance of device A can be attributed to the
thicker depletion layer and wider RC-limited bandwidth than
those of device B, as will be discussed later. On the other hand,
when the bias reaches Vbr, the avalanche delay time rather than
the RC becomes the major bandwidth limiting factor in both
devices, in which case, device B has a wider bandwidth (11
vs. 10 GHz) than device A. This reversal can be attributed to the
thinner M-layer in device B, which results in a shorter avalanche
delay time and faster speed performance, as expected. Here, the
bandwidth and responsivity demonstrated by device A, with its
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Fig. 5. Bias dependent O-E frequency responses of device A measured under a low 10 µW optical pumping power at a wavelength of 1.55 µm with different
active window diameters: (a) 10 and (b) 14 µm.

Fig. 6. Bias dependent O-E frequency responses of device B measured under a low 10 µW optical pumping power at a wavelength of 1.55 µm with different
active window diameters: (a) 10 and (b) 14 µm.

TABLE I
PERFORMANCE COMPARISON OF DIFFERENT TYPES OF APDS

simple top-illuminated structure, is even better than that of its
back-side illuminated III-V counterpart, which has a smaller
(14 vs. 20 μm) active mesa diameter [14]. The responsivity
performance of a back-side illuminated structure is usually better
than a top-side illuminated structure, because of the folding of
the optical absorption path caused by the topmost contact metal
which acts as a reflector. The superior bandwidth-responsivity
product of our APD confirms that our unique cascaded M-layer
design can provide an intrinsically larger GBP value than is
possible with the traditional single M-layer structure [1], [2],
[3], [4]. Not only does this compensate for the lower unit gain

responsivity (0.3 vs. 0.5 A/W) but it also produces a wider O-E
bandwidth (44 vs. 42 GHz) under a larger operation gain (2.8
vs. 1.5). Table I shows the benchmark values reported for the
high-performance APDs used for 28 or 56 Gbaud applications
[11], [14], [27], [28], [29], [30]. Here, only APDs with a vertical-
illuminated structure are listed. This type of structure is more
popular with industry because it allows for a much larger optical
alignment tolerance during device packaging than edge-coupled
(waveguide) structures do [12], [13], [31]. The numbers in
brackets in this table indicate the testing of APDs under different
bias voltages.

Authorized licensed use limited to: National Central University. Downloaded on March 27,2025 at 04:49:44 UTC from IEEE Xplore.  Restrictions apply. 



WU et al.: THINNING OF CASCADED MULTIPLICATION LAYERS IN APDs FOR HIGH-SPEED AND HIGH-POWER-TOLERANT PERFORMANCE 695

Fig. 7. Bias dependent O-E frequency responses of device A measured under an optical pumping power of 1 mW at the 1.55 µm wavelength with different active
window diameters: (a) 10 and (b) 14 µm.

Fig. 8. Measured 3-dB O-E bandwidth versus multiplication gain for:
(a) device A and (b) device B.

The measured responsivity of our device is smaller (1.9
vs. 3.53 A/W) than that of its top-illuminated Si-Ge counter-
parts with backside reflectors under the same operation speed
(∼28 GHz). This result suggests that, to compete with Si-Ge
APDs, whose Silicon based M-layers are intrinsically superior
to those of most III-V materials, it is preferable for our dual M-
layer APD design to be combined with a back-side illuminated
structure [29], [30]. Comparison with the benchmark values
shows that our cascaded M-layer APD design combined with an
advanced flip-chip bonding package for backside-illumination,
as described in a previous work [30], demonstrates the largest
bandwidth-responsivity products among all those reported for
III-V or SiGe APDs [11], [14], [27], [28], [29], [30]. As previ-
ously discussed, in addition to the bandwidth and the responsiv-
ity, the high-power performance of an APD is another important
parameter for 50 G PON network applications because of the
increase in the optical launch power (>10 dBm) in the fiber
channel. The high-power measurement results (at 1 mW) for
device A are given in Fig. 7. As can be seen, device A can sustain
a maximum 3-dB bandwidth over 40 GHz with the same active
mesa diameter of 20μm. The consistent high-speed performance
indicates that our novel APD structure has good linearity across
a wide range of optical pumping powers. Figs. 8(a) and (b)
depict the gain bandwidth products (GBP) of devices A and B,
respectively, measured at a low optical pumping power (10μW).
The devices have the same active mesa diameters of 20 or 24μm,
respectively. As can be seen from the results, very high GBPs
of 1053 and 1000 GHz can be achieved for devices A and B,

Fig. 9. Blue box: artificial RC-network mimicking the internal carrier response
time limited frequency response. Red box: equivalent-circuit-model representing
the physical structure of the APD. VCCS: Voltage controlled current source.

respectively, with the same unity-gain responsivity of 0.3 A/W.
The obtained GBP values (1053 GHz) are much larger than those
reported for high-speed In0.52Al0.48As based APDs with a single
M-layer (∼320 GHz) [4], [32] or for cascaded M-layer designs
(∼750 GHz) [15], and even better than that of Si/Ge APDs
(1033 GHz) [13] under the same extremely high-gain operating
conditions. This excellent performance confirms that the GBP
limitation encountered in traditional high-speed III-V APDs can
be relaxed by aggressively downscaling the thickness of the
cascaded M-layer to 50 nm, while retaining an acceptable low
dark current (<1 μA). Note that, rather than directly reducing
the thickness of the single M-layer as in the traditional APD
structure, an extra 1st M-layer is added in our deign to provide
a lower tunneling leakage current.

Such high GBP values also imply a small k-factor and low
excess noise in our APDs. Detailed measurements of excess
noise for devices A and B should be carried out in future [21].

Furthermore, in contrast to most high-speed APDs [1], [4],
[15], which usually report a plateau in the bandwidth vs.
gain curve under low gain operation (<10), our traces show a
monotonous decrease of bandwidth with the increase of opera-
tion gain. This can be attributed to the large increase in the thick-
ness of the collector layer which balances the RC-limited and
internal carrier response time and leads to further improvement
of the net O-E bandwidth (44 vs. 30 GHz [15]). However, as the
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Fig. 10. Measured (blue line) and fitted (red line) S22 parameters from near dc to 40 GHz under a fixed dc bias (0.6 Vbr) for device A with different active
window diameters: (a) 10 and (b) 14 µm and (c) for device B with a 14 µm active window diameter.

multiplication gain increases, the multiplied electrons with high
excess energy injected from M-layer tend to induce an undesired
avalanche process in the thick collector layer, which diminishes
the plateau region.

Comparison with device A shows that further downscaling of
the thickness of the M-layer in device B (50 vs. 40 nm) does
not lead to improvement of the GBP. As can be seen in Figs. 5
and 6, although device B has a slightly larger bandwidth than
that of device A under Vbr bias, it exhibits a smaller GBP. This
can be attributed to the fact that the multiplication gain is less
pronounced in device B, with its extremely thin M-layer, than
in device A, as shown in Figs. 2 and 3. On the other hand, as
demonstrated in a previous work [15], a high-speed APD with
the same In0.53Ga0.47As absorption layer design but greater total
cascaded M-layer thickness (M1+M2) of 90 nm could exhibit a
larger maximum gain (150 vs. 105) but a smaller GBP value (760
vs. 1053 GHz) than those of its 50 nm counterparts. Overall,
the dynamic and static measurement results for APDs with 3
different cascaded M-layer thicknesses suggest that the optimum
value for maximizing GBP performance would be at around
50 nm.

The net 3-dB O-E bandwidth (f 3dB) of APDs is determined
by the internal carrier response time 1/ft and the RC time
constant1/fRC

. Its value can then be calculated using the fol-
lowing equation:

1

f2
3dB

=
1

f2
RC

+
1

f2
t

(1)

Here, 1/ft includes the carrier transit, diffusion, and build up
time in the avalanche process [33]. Regarding with their RC-
limited bandwidths (fRC), they are extracted by performing the
equivalent circuit modeling technique [15]. During such mod-
eling process, the simulated microwave reflection coefficients
(S22) of established circuit model are used to fit the measured
S22 of our APD device [15]. Fig. 9 shows the details of adopted
circuit model. In region 1 (within the blue box), an artificial
RC-network (Rt, Ct) is applied to mimic the internal carrier
response time (1/ft) limited frequency response. Region 2 in the
red box represents an equivalent circuit model of the physical
structure of the APD. During RC modeling, the two circuit
elements, Rt and Ct, in region 1 are removed for extraction
of the extrinsic fRC of the APD, as described in detail in our
previous work [30]. Table II shows the fitted values for each
circuit element. The fitted and measured frequency responses

TABLE II
VALUES OF THE CIRCUIT ELEMENTS

for the S22 parameters for device A with two different window
diameters (10 and 14 μm) are shown in the Smith charts in
Fig. 10(a) to (b). For comparison, the fitted and measured S22

frequency responses of device B with a 14 μm window diameter
are also included in Fig. 10(c).

There is obviously a close match between the simulation and
the measurement results. In addition, compared to device B,
device A has a slightly shorter length of S22 trace, which implies
that it has a smaller device capacitance due to thicker M-layer.
However, it is possible to determine the internal carrier response
time limited frequency responses of our device by carefully
selecting the values of Rt and Ct in our established circuit model
to fit the overall O-E frequency response.

Fig. 11(a) and (b) show the measured O-E, fitted O-E, ex-
tracted RC-limited, and internal response time limited frequency
responses obtained under a bias of 0.6 Vbr for device A with two
different window diameters. Fig. 10(c) shows the same traces
but for device B with a 14 μm window diameter for comparison.
Here, the “RC delay” frequency responses are extracted from
the proposed equivalent circuit model and the measured S22

traces, as illustrated in Figs. 9 and 10. The “Measured” frequency
responses stand for the measured net O-E frequency responses.
The “Internal” frequency responses, which include the carrier
transit, diffusion, and build up time in the avalanche process,
are obtained from the artificial RC network of Rt and Ct, as
shown in Fig. 9. During the modeling process, the RC-delay
and internal frequency responses are multiplied and the values
of Rt and Ct tweaked to fit the measured net O-E responses. The
multiplied traces (RC delay × Internal) represent the “Fitted”
traces in these two figures. As can be seen, device B has a slightly
poorer RC-limited bandwidth, as expected, which accounts for
its smaller net O-E bandwidth than that of device A. Further-
more, under low gain operation, the RC-limited bandwidth of
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Fig. 11. Measured O-E, extracted RC-limited, internal response time, and fitted O-E frequency responses for device A with different active window diameters:
(a) 10 and (b) 14 µm and (c) for device B with a 14 µm active window diameter. Both devices are under the same bias of 0.6 Vbr.

Fig. 12. Measured O-E, extracted RC-limited, internal response time, and fitted O-E frequency responses for device A with different active window diameters:
(a) 10, (b) 14 µm and (c) for device B with a 14 µm active window diameter. Both devices are under the same bias voltage of 0.85 Vbr.

device A with the 20 μm active mesa diameter is quite close to
the internal limited bandwidth.

These results suggest that the total thickness of the depletion
layers in the 20 μm active mesa diameter devices is optimal for
balancing the internal carrier response time and external RC-
limited bandwidth under low gain operation (0.6 Vbr). Fig. 12
shows the results for the same cases as in Fig. 11 but with the
application of a higher bias voltage reaching 0.85 Vbr to devices
A and B, for a moderate gain (6.3; 1.9 A/W) with a bandwidth
of ∼30 GHz as is essential for 50 G PON applications.

We can clearly see that the dominant bandwidth limiting factor
in these two devices has become the internal response time. The
modeling results indicate that it might be preferable to shorten
the width of the collector layer in the device to obtain a more
balanced speed performance from low to moderate (3 to 7) gain
operation [15]. However, this thick collector design provides a
smaller junction capacitance, which can usually lower the noise
current from the integrated trans-impedance amplifier (TIA) and
benefit the sensitivity performance of the whole receiver module
[34]. The next step in future work is a more detailed investigation
of the sensitivity performance of this APD design with different
collector layer thicknesses.

Moreover, as shown in Fig. 12, when the bias voltage is
0.85 Vbr, the shapes of the measured and fitted O-E frequency
responses do not match perfectly. This can be attributed to the
fact that under high gain (>10) operation, the avalanche build
up time becomes more pronounced and its frequency response
cannot be described by a single time constant (STC) Rt, Ct

network, as shown in Fig. 9 (region 1). A 3rd order network

Fig. 13. Extracted (1/fRC)2 versus measured (103/f2
3dB) for devices A

and B under 2 different bias voltages (0.6 and 0.85 Vbr).

describing the carrier response time, as discussed in a previous
work [33], is necessary to get better fitting results.

Fig. 13 shows the values of (1/fRC)
2 versus (103/f2

3dB) for
both kinds of APDs (A and B) fabricated with different mesa
diameters. Here, to have a neat x-axis label, the (1/fRC)

2 is
written as (2πR× C)2. The internal carrier response time can
then be obtained using Equation 1 from the fitted RC-limited,
measured net O-E bandwidths for each device (see Figs. 10 and
11), and the intercepts along the y-axis in Fig. 12. Here, the factor
of 1000 scaling of the y-axis has been chosen to bring its values
into the range between 0 and 1. Take device A for example.
The ft values obtained at bias voltages of 0.6 and 0.85 Vbr are
approximately 63 and 40 GHz, respectively.

Authorized licensed use limited to: National Central University. Downloaded on March 27,2025 at 04:49:44 UTC from IEEE Xplore.  Restrictions apply. 



698 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 43, NO. 2, JANUARY 15, 2025

Fig. 14. Measured photo-generated MMW power versus photocurrent for device A with different active window diameters: (a) 10 µm and (b) 14 µm, at a
frequency of 45 GHz under different bias voltages.

These values closely match the internal response time lim-
ited bandwidth obtained using the equivalent circuit modeling
technique, as can be seen in Figs. 11 and 12.

Fig. 14 depicts the photo-generated RF output power mea-
sured with a heterodyne beating setup at a frequency of 45 GHz
for device A with two different active mesa diameters (10 and
14 μm) at several different bias voltages.

The heterodyne-beating system is composed of two 1.55 μm
wavelength free-running lasers, which have a 45 GHz (0.36 nm)
spacing in their central wavelengths. The pink line in the figure
shows the ideal relationship between the microwave power and
the average photocurrent with a 100% optical modulation depth
under a 50 Ω load, for reference. It can be seen that the value
of the saturation photocurrent exhibited by these two devices is
almost the same, 12 mA, for maximum output millimeter wave
power at a bias of around 0.95 Vbr. For example, the measured
responsivity of device A with a 10 μm active window diameter
under a saturation output RF power of (−0.77 dBm), which
corresponds to a high optical launch power of +8.5 dBm, is
around 1.7 A/W.

Compared with the high-power performance of APDs re-
ported in our previous work [15], our new APD device A design,
which has the same active mesa diameter of 24 μm, not only
exhibits a higher saturation current (12 vs. 11 mA at 0.95 Vbr) but
at a higher operating frequency (45 vs. 30 GHz). This significant
improvement in the saturation current-bandwidth product is
mainly due to the aggressive downscaling of the thickness of the
cascaded M-layer and the lower Vbr (20.2 vs. 26 V). These two
characteristics enhance the speed performance and reduce the
device heating originating from the product of the operating bias
voltage and output photocurrent, respectively. These improve-
ments give the demonstrated APD structure strong potential
to meet the requirements of the 50 G PON photo-receivers
which need to handle strong light illumination. From Table I, we
can clearly see that our device with its simple top-illuminated
structure exhibits a state-of-the-art GBP, good capability for
handling high optical power illumination, large mesa size, small
capacitance, and has a record-high saturation current-bandwidth
product among all those reported for high-speed APDs [16],
[27], [35].

IV. CONCLUSION

In this work, we describe our unique In0.52Al0.48As based
APDs with a cascaded M-layer and composite charge layer
inside. The M-layer thickness is downscaled to around 50 nm
to improve the high-speed performance while minimizing the
increase in the tunneling dark current. Moreover, in order to
allow a large active window (mesa) size while maintaining a
small junction capacitance for high-sensitivity performance, a
thick and fully depleted InP collector layer is buried below
the thin M-layer. Greater optical alignment tolerance and better
device heat sinking can be obtained with this simple p-side up,
top-illuminated structure, even with a large active mesa diameter
of 20 μm. This APD exhibits a wide 3-dB O-E bandwidth
(44 to 28 GHz) from a low to moderate multiplication gain
(responsivity of 0.84 to 1.9 A/W), low dark current (∼400 nA),
low capacitance (34 fF), an extremely large GBP of 1.03 THz,
and a high saturation current (∼12 mA), which corresponds to
a large millimeter-wave (MMW) output power (−0.77 dBm)
at 45 GHz. Furthermore, the measurement results suggest that
further downscaling of the cascaded M-layer thickness (<50 nm)
would not benefit the GBP of the device given that the multipli-
cation gain becomes less pronounced under the same normalized
bias (to Vbr). Overall, the demonstrated APD with its optimal
M-layer thickness and remarkable dynamic/static performance
opens up new possibilities to further enhance the sensitivity of
the photoreceivers in a 50 G PON system, with a reduction in
power consumption.
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