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Abstract—In this work, we demonstrate a novel top-illuminated
avalanche photodiode (APD) with high-speed and wide dynamic
range performance for coherent lidar applications, which needs
simultaneous processing of weak light reflections from the object
and a strong optical local-oscillator (LO) signal at the receiving end.
By taking advantage of a partially depleted p-type Ing 53Gag. 47As
absorbing layer and a thin Ing 52Alg. 4sAs multiplication layer
(88 nm), the demonstrated APDs exhibit a wide optical-to-electrical
bandwidth (16 GHz) and high responsivity (2.5 A/W at 0.9 Vy,,)
near the saturation output current which is as high as >8 mA.
Furthermore, the measured low excess noise (k = 0.14) character-
istics of this device ensure its wide dynamic range performance. In
addition, it should be noted that the measured nonlinear behaviors
of these APDs are quite different from those of typical fast p-i-n
photodiodes (PDs), which always show serious degradation in their
O-E bandwidths at their saturation output. On the other hand, the
measured bias dependent 3-dB O-E bandwidth of the demonstrated
APDs can be pinned at 16 GHz without any degradation at around
the saturation current output. Such distinct nonlinear APD behav-
iors can be attributed to the space-charge-screening effect induced
gain reduction under high-power operation.

Index Terms—Avalanche photodiode, photodiode.

1. INTRODUCTION

HE development of lidar has been booming recently espe-
T cially for use in autonomous cars, robots, and unmanned
aerial vehicles, anywhere it is necessary to monitor both fast
moving and fixed objects in real time. 3-dimensional (3-D) lidar
plays a critical sensing role to attain this goal [1]. To date,
most of the commercially available lidar systems incorporate
the direct detection (DD) time-of-flight (ToF) sensors operating
at 905 nm [1], [2]. However, these sensors suffer from two
major problems. One is eye-safety, which limits maximum laser
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powers and hence operating range, and the other is potential
interference issues when the lidar systems of lots of cars are
operating simultaneously. By shifting the operating wavelength
from 905 nm to the telecommunication window (~1.51 pm), the
afore-mentioned eye-safety issue can be remedied [3]-[6]. Fur-
thermore, by introducing the well-developed coherent detection
scheme in the telecommunication window (1.31 to 1.55 pm), co-
herent lidar systems with improved signal-to-noise (S/N) ratios
and stronger immunity to interference have been successfully
demonstrated [3]-[6].

In contrast to a DD lidar system, which requires avalanche
photodiodes (APDs) operated in Geiger mode for single-photon
detection [7], a heterodyne or homodyne frequency-modulated
continuous-wave (FMCW) coherent lidar system usually needs
p-i-n photodiodes (PDs) with a wide optical-to-electrical (O-E)
bandwidth, high responsivity and high saturation power [4]-[6].
In these systems, strong optical pumping power (>10 mW) from
the local-oscillator (LO) source is usually preferred to enhance
the S/N ratio of the down-converted intermediate frequency
(IF) signal from p-i-n PD, which has high saturation output.
High-power waveguide type uni-traveling carrier photodiodes
(UTC-PDs), which are monolithically integrated with the semi-
conductor optical amplifier (SOA) have been developed and
successfully demonstrated [8], [9] for application in a coher-
ent communication system. However, for the coherent lidar
receivers, the optical aperture size of the waveguide type PD
is usually too small to capture the weak light reflected from the
object; the vertical-illuminated type PD is more suitable for such
applications. The sensitivity performance of the APDs in a DD
system can be around 8 dB higher (at 10 Gbit/sec operation)
than that of the p-i-n PDs. However, the saturation current of
the APD is usually much smaller than that of the p-i-n PD
under strong light pumping due to the process of additional
carrier multiplication in the APD’s active layer. This impedes
its application in coherent receivers. Nevertheless, in modern
chip scale [10] or photonic integrated circuit (PIC) lidars [5],
[11], the on-chip optical LO power is usually very limited and
most of the LO power must be allocated to the transmitting side
to compensate for the significant propagation and scattering loss
in free space for long range (hundreds of meter) sensing. APDs,
which have a wide-dynamic range and higher responsivity than
that of p-i-n PDs under a medium optical LO pumping power
(~1 mW) are thus highly desired for this kind of application.
In addition, the wide O-E bandwidth in these APDs may also
be preferred due that to in the advanced distributed feedback
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(DFB) or distributed Bragg reflector (DBR) lasers, the wave-
length ramping (sweeping) rate () can be as high as tens to
hundreds of GHz per us [10], [12]. For the case of ns to us
optical round-trip time (7R ) delay time in FMCW lidar driven by
the afore-mentioned light source, the corresponding homodyne
beating frequency (77 ) might range from between several GHz
to tens of GHz [13].

In this work, we demonstrate a novel vertical-illuminated
APD. The demonstrated APDs fabricated using a partially
depleted p-type Ings3Gaga7As absorbing layer and thin
Ing.520Alp.48As multiplication layer (88 nm) exhibit a wide
optical-to-electrical bandwidth (18 GHz at 0.9Vy,), large gain-
bandwidth product (459 GHz), low excess noise (k =0.14),and a
saturation current as high as 8 mA. These dynamic performances
are superior to those of the APDs reported in our previous work
[14] due to the downscaling of absorption layer thickness. The
measured bias dependent 3-dB O-E bandwidth of the newly
demonstrated APDs can be pinned at 16 GHz with a 2.5 A/W
responsivity at around the saturation current output and 0.9 Vy,,,
which differs quite a bit from the nonlinear behaviors of the
p-i-n PDs. Saturation in the DC output photocurrent of the
p-i-n PD is usually accompanied by serious degradation in its
O-E bandwidth. The excellent dynamic characteristics of the
demonstrated APDs give them the potential to replace p-i-n PDs
in chip-scale and PIC coherent FMCW lidar receivers [10], [11].

II. DESIGN OF DEVICE STRUCTURE AND FABRICATION

Here, the static and dynamic behaviors of two kinds of de-
vices (A and B) are studied in detail. Fig. 1(a) and (b) show
conceptual cross-sectional views of demonstrated devices A
and B, respectively, with their top-illuminated structure. Both
devices have the same design of epi-layer structure but different
absorption layer thicknesses in order to compare their high-
power performance. Note that this figure is not drawn in scale.
From top to bottom, the structure of both device is composed
of the pT-Ing 53Gag 47As contact layer, pT-InP window layer,
p-type partially depleted Ing 53Gag 47As absorbing layer, two
p-type Ing 52 Alg 48 As charge layers, one intrinsic Ing 52 Alg 48 AS
field buffer layer, one intrinsic Ing 50Alg 43 As M- layer, and N
Ing 52Alp.4sAs /InP contact layers. Here, the partially depleted
p-type absorber, which has a graded doping profile in the p-type
layer (top: 1 x 10'” tobottom: 1 x 10'7cm™3)is used to shorten
the hole transit time, accelerate the electron diffusion process,
and increase the high-power and linearity performance of our
APD [15]. In order to shorten the avalanche delay time, the
M-layer is thin, around 90 nm, in both device structures [ 15]. The
minimum M-layer thickness in our APDs is limited by the sig-
nificant Zener breakdown and huge dark current, which would
vanish the avalanche gain and the high-sensitivity performance
of the APDs. For more detail about the epi-layer structure and
the working principles of the demonstrated APDs, the interested
reader can refer to our previous works [16], [17]. Here, the
total thicknesses of the Ing 53Gag 47As absorption layers for
devices A and B are 0.4 and 0.8 pm, respectively. One of
the most effective way to minimize the space-charge-screening
(SCS) effect inside the active layers and enhance the saturation
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S. I. InP Substrate

Fig. 1. Conceptual cross-sectional view of the demonstrated (a) device A and
(b) device B. The radius of the active mesa is 12.5 pum, as specified in this figure.
(c) Top-view of the fabricated devices.

output current is to thin down the thickness of the depleted
photo-absorption layer in the fast p-i-n photodiode [18], [19].
Here, we want to investigate the influence of the depletion layer
thickness on the high-power performance of our demonstrated
APDs.

As shown in Fig. 1, the same triple mesa structure is adopted
for both devices A and B. The first mesa with a diameter of
25 pm is etched through the upper charge (field-control) layer
and stops at the 60 nm Ing 50 Alg 45 As buffer layer. The additional
charge layer in the upper mesa is expected to effectively confine
the strong electric (E)-field in the bottom M-layer within the
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Fig. 2. The measured dark current, photocurrent, and operation gain versus
bias voltages under different optical pumping powers of device A at the 1.31 um
wavelength.
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Fig. 3. The measured dark current, photocurrent, and operation gain versus
bias voltages under different optical pumping powers of device B at the 1.31 um
wavelength.

range of the 25 pm diameter. For detailed E-field distributions
for our device structure please refer to our previous work [16].
Fig. 1(c) shows the top-view of the device fabricated with a
25 pm diameter active mesa. The diameter of the active optical
window is 12 pym.

III. MEASUREMENT RESULTS

Figs. 2 and 3 show the measured bias-dependent dark current,
photocurrent, and operation gain of devices A and B, respec-
tively, subjected to different optical pumping powers at an optical
wavelength of 1.31 um. As can be seen, although both devices
have the same M-layer design and doping density in the charge
layers, there is some difference in their measured breakdown
voltage (Vy,,), found to be around —19.5 and —16.5 V for device
A and B, respectively. The smaller punch through voltage (V)
and larger Vy,, of device A suggest a shift in its charge layer
doping density toward lower values than for device B. Such a
discrepancy in doping density for different runs of APD wafer
growth may be minimized by further improving the growth
conditions. As can be seen, under 0.9 V. operation, Device
B has a higher responsivity than that of device A, because of its
thicker absorption layer (0.8 vs. 0.4 um). However, under V¢
operation, the responsivity of device A is even higher than that of
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Fig. 4. The measured bias dependent O-E frequency responses of device A
under a 50 W optical pumping power at the 1.31 pm wavelength.

device B. This might be attributable to the thicker Ing 53Gag 47As
absorber layer in device B which results in a lower E-field inside
its absorption region than is the case for device A when the
bias voltage just reaches V. This thus leads to the smaller
photocurrent and poorer responsivity of device B. Nevertheless,
when the reverse bias voltage is further increased, the carrier
(electron/hole) drift-velocity becomes saturated so that the mea-
sured responsivity is determined by the absorption efficiency and
multiplication gain rather than the carrier drift-velocity.

We assume a zero coupling loss and single-pass of injected
light into the absorption layer of our device. With a 0.4 (0.8) ym-
thick Ing 53Gag 47As absorption layer, the theoretical maximum
unit gain responsivity is around 0.4 (0.65) A/W at the 1.31 um
wavelength. Here, the photo-absorption constant used for the
Ing.53Gag 47As layer at such a wavelength is around 1.2 zm™'
[20]. The gain versus bias voltages of devices A and B un-
der different optical pumping powers (20, 50, 100, 500, and
1000— W) are also provided in the figures for reference. As
can be seen, there is a significant reduction in all the measured
operation gains when the reverse bias voltage is over Vy,, due to
the tremendous increase of dark current, which occupies most of
the measured total current (i.e., summation of photocurrent and
dark current). In addition, we can clearly see that the maximum
operation gain gradually decreases with increasing pumping
power. This phenomenon can be explained by the space charge
screening (SCS) effect induced by the photo-generated holes
in the undoped Ing 53Gag 47As absorption layer, which reduce
the net E-field and multiplication gain in the M-layer [21]. In
addition, the much higher operation gain attained by device A
under the same value of optical pumping power compared to
device B, can be attributed to the minimization of the SCS by
the thinning of the depleted absorption layer thickness [18], [19].
The influence of the SCS effect on the dynamic performance
of our demonstrated APDs under high-power operation will be
discussed in detail later.

Figs. 4 and 5 show the bias-dependent O-E frequency re-
sponses of devices A and B, respectively, measured under a
low optical pumping power at the 1.31 ym wavelength (50 and
20—puW for device A and B, respectively). Under such low opti-
cal pumping power, we can clearly see a gradual decrease in the
measured O-E bandwidths with an increase of the reverse bias
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Fig. 5. The measured bias dependent O-E frequency responses of device B
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voltage (operation gain). The maximum 3-dB O-E bandwidths
of devices A and B are around 18 and 15 GHz, respectively.
The degradation in the O-E bandwidth with the increase of
operation gain is very common in APDs, and can be attributed to
the increase of the avalanche induced delay time with the gain.
Two effective ways to minimize the delay time and enhance
the gain-bandwidth product of the APD are thinning down the
thickness of the multiplication layer (<100 nm) and choose a
material with a large electron/hole ionization coefficient ratio
for the multiplication layer [22].

The overall O-E 3-dB bandwidth of an APD under low gain
operation is determined by the carrier transport time and the
RC time constant. The equivalent circuit modeling technique
was used to investigate the dominant bandwidth limiting factor
in these two devices [23], [24]. Here, the RC-limited bandwidth
can be extracted by using the measured scattering parameters for
the microwave reflection coefficients (Sa2) [23], [24]. Fig. 6(a)
shows the equivalent circuit models adopted for fitting of the
Soo parameters of devices A and B. The fitted values for each
circuit element in devices A and B are shown in Table 1. During
the device modeling process for the extraction of extrinsic frc
of PD chips, the two artificial circuit elements; Rt and Cr, are
removed. This is because they are used to mimic the low-pass
frequency response of the internal carrier transient time [23],
[24]. The fitted and measured frequency responses for the Soo
parameters for Devices A and B are shown on a Smith chart in
Figs. 6(b) and (c), respectively. Clearly, there is a good match
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TABLE I
VALUES OF THE CIRCUIT ELEMENTS

Physical Meaning A B
C; Junction Capacitance (fF) 155 80
R; Junction Resistance (kQ) >600 >600
R¢ Contact Resistance (Q) 8 6
Cp Parasitic Capacitance (fF) 15 52
3t —— Measured 3t —— Measured
- — Fitting ) —— Fitting
&8 — RC delay time — RC delay time
T 0 —— Transit time 0 —— Transit time
Q
g 3 -3}
(=3
3
& 6l 6}
(@) (b) Device B
% M0 20 30 a0 5 0 10 20 30 40 50
Bandwidth (GHz) Bandwidth (GHz)

Fig. 7. The measured O-E, extracted RC-limited, transient time, and fitted
O-E frequency responses of devices (a) A and (b) B.
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Fig. 8. The measured DC output photocurrent versus input optical power of

(a) device A and (b) device B at the 1.31 pm wavelength.

between the simulated and measured results from 40 MHz to
30 GHz.

By use of the extracted equivalent circuit model and choos-
ing the proper values of Rt and Cr to fit the measured O-E
frequency response, we can then determine the internal tran-
sient time limited frequency responses of our device. Figs. 7(a)
and (b) show the RC-limited, measured O-E, fitted O-E, and
transient time limited frequency responses of devices A and B,
respectively. The bias voltages for device A and B is the same at
—13 V. Note that the RC-limited bandwidth exhibited by device
B is close to the transient-time-limited value of around 30 GHz.
This indicates that the total depletion layer thickness is nearly
optimized to balance the internal carrier transit time and external
RC-limited time constant for the case of a 25 p/m active diameter.
On the other hand, device A has an RC-limited O-E bandwidth,
and a wider 3-dB O-E bandwidth can be expected by further
downscaling its active diameter.

Figs. 8(a) and (b) show the dc output photocurrent versus
input optical power of devices A and B, respectively. The 1-dB
compression current of each device is specified on this Figure. As
can be seen, under a nearly Vy, bias, the dc saturation current
of device A is higher than that of device B (5 vs. 3 mA) due
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Fig. 9. The measured bias dependent O-E frequency responses of device A
under an optical pumping power of 1 mW at the 1.31 pm wavelength.
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Fig. 10. The measured bias dependent O-E frequency responses of device B
under an optical pumping power of 0.5 mW at the 1.31 ym wavelength.

to the thinner depletion layer thickness, as discussed above.
By assuming an output photocurrent of 1 mA with a uniform
distribution across the 12 um diameter of the active window
in both devices and a constant hole drift-velocity of 5.3 x 10*
m/sec [18] across the depletion layer, the calculated SCS E-field
induced by the photo-generated holes is as small as around 5.1
and 7.9 kV/cm for devices A and B, respectively [25]. Such
values are much smaller than the static E-field in the absorber
(>100 kV/cm) and multiplication layer (>900 kV/cm) under
near Vi, operation. The influence of the SCS effect on the drift-
velocity of the carriers in our device under high-power operation
should thus be negligible. Nevertheless, based on Mclntyre’s
model [26], the avalanche gain is very sensitive to the E-field in
the M-layer, especially under high-gain operation. Even such a
small change in the E-field will result in a pronounced variation
in the multiplication gain. This explains why we can still see such
a significant difference in the saturation current and operation
gain between devices A and B under high-power operation.

It is reported the for most high-speed p-i-n PDs, a saturation
in their dc output current is accompanied by serious degradation
in the O-E bandwidth and saturation in the photo-generated RF
power. Figs. 9 and 10 show the bias dependent O-E frequency
responses of devices A and B measured under saturated input
optical power (1 and 0.5 mW, respectively). As can be seen,
the 3-dB O-E bandwidths for devices A and B are pinned
at 16 and 13 GHz, respectively, under different reverse bias
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Fig. 11.  (a) The measured 3-dB O-E bandwidths versus multiplication gain
of device A at low (20 W) and high (1 mW) optical pumping powers. (b) The
measured O-E frequency responses of device A under low power (20 W) and
high gain operation.

voltages. These bandwidth values are close to the maximum
O-E bandwidths of both devices measured under low power
excitation, as shown in Figs. 4 and 5. The superior high-power
performance of our APDs compared to traditional p-i-n PDs can
be attributed to that the speed performance of the APD being
limited by the avalanche induced delay time rather than the
transit time across the depleted absorption region in the p-i-n
PD. As can be seen in Figs. 2 and 3, there is a significant
reduction in the operation gains of both devices with an increase
in the optical pumping power. In addition, the values of the
operation gain become much less sensitive to the reverse bias
voltage under high-power operation. These results explain the
enhancement in speed performance and the invariant 3-dB O-E
bandwidth of both devices under different bias voltages and
high-power operation. Although the gain reduction happens
under high-power operation, the achieved saturation current
(>5 mA) and responsivity (3.1 A/W) of device A under nearly
Vi, operation are superior to those of typical p-i-n photodiodes,
with a close value of bandwidth [18].

Fig. 11(a) shows the 3-dB O-E bandwidths versus operation
gains of device A measured under low (20 W) and high
(1 mW) optical pumping powers. As can be seen, for the low
pumping power case, our demonstrated device can achieve a
gain-bandwidth (GB) product as high as 459 GHz with a 38%
unit-gain external efficiency. On the other hand, there is a gradual
decrease in the values of the GB product gradually to 118 GHz
when the optical pumping power reaches 1 mW, which can be
attributed to the reduction in the multiplication gain versus the
increase of optical power, as discussed above. The achieved
high GB product (459 GHz) can be attributed to the aggressive
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Fig. 12.  Excess noise factor against gain of (a) devices A and (b) B.

downscaling of the M-layer and the absorber thicknesses and the
significant dead space effect inside the M-layer [27]. Further-
more, compared to the gain-bandwidth curves of typical APDs,
which usually exhibit monotonic decreases of bandwidth with
the increase of the multiplication gain [22], our devices exhibit
different trends in these curves. As can be seen, under very-high
operation gain (>30), the decrease in bandwidth vs. the gain is
gradually minimized. Fig. 11(b) shows the corresponding O-E
responses measured under high-gain and low power (20 pW)
operation. We can clearly see that the measured bandwidth
is pinned at around 3 GHz no matter how much larger the
gain is, thereby resulting in the high gain-bandwidth product
(459 GHz) we obtain. A possible mechanism for this phenomena
can be understood as follows. As shown in Fig. 1, the major
difference between our device’s structure and that of the typical
fast APDs is that there are an extra charge and thin (60 nm)
Ing.50Alp.48As field buffer layers above the 88 nm M-layer.
Under lower bias (gain), such a thin (60 nm) buffer layer is
not able to contribute to significant gain and the gain-bandwidth
curve thus behaves like a normal high-speed APD. On the other
hand, under a near Vi, bias, such thin layers begin to allow
significant multiplication gain. This can avoid the 88 nm M-layer
being pushed into the deep avalanche region for very high-gain
operation, thereby releasing the bandwidth reduction under near
Vi, operation. Using the Monte Carlo method to simulate in
detail and explain the distinct dynamic behaviors of this device
will be the direction of our future research [28].

Furthermore, the high GB product in an APD with a thin
multiplication layer is usually accompanied by little excess
noise and a small k-factor [27]. The noise floor in the APD
is usually determined by its shot noise, which is proportional to
the total current (dark current plus photocurrent) multiplied by
the excess noise factor (F) and the square of the multiplication
gain (M) [29] (FM?). A smaller k-factor can greatly reduce the
(FM?) product thereby lowering the noise floor in APD based
receivers for wide dynamic range performance. Fig. 12 shows
the measured excess noise (F(M)) versus multiplication gain (M)
of these two devices at 1310 nm wavelength. For details about
the excess noise measurement setup please refer to our previous
work [30]. The extracted k-factors for devices A and B are very
close at around 0.14 due to their same M-layer thickness as
88 nm. Comparison to the k-factor values (~0.15) reported for
Ing 52Alp.4sAs APDs with the same M-layer thickness (90 nm)
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as ours [15] shows our device to have comparable or smaller
k-factors due to its larger GB product, as discussed above.

The output saturation power of our demonstrated APD is
tested using a two-laser heterodyne-beating setup at the 1550 nm
wavelength. Figs. 13 and 14 show the measured photo-generated
RF power versus output photocurrent obtained under different
reverse biases. The measurement frequency was selected to be
around the 3-dB O-E bandwidth for both devices A and B
at 15 GHz. The ideal relation between the microwave power
and averaged photocurrent (solid line), with a 100% optical
modulation depth under a 50 €2 load, is also plotted for reference.
We can clearly see that the photo-generated RF power of both
devices A and B shows no significant saturation even when
the output photocurrent is above their dc saturation currents of
5 and 3 mA, respectively. This behavior is in contrast to the
typical high-speed p-i-n PDs, which always show saturation
in the photo-generated RF power when their output averaged
dc current is near saturation. In addition, under a small output
photocurrent (< 1mA), the nearly Vy,, bias of both devices would
lead to a photo-generated RF power far below the ideal power
values on a 50 2 load. On the other hand, when the output
photocurrent increases, all the traces measured under different
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reverse bias voltages merge together, which can be attributed to
the reduction in the avalanche delay time and enhancement of
the O-E bandwidth under high-power operation, as discussed in
Figs. 9 and 10. As can be seen, the highest output photocurrents
for maximum output RF power for devices A and B occur at
8 and 4 mA, respectively, and are limited by thermal failure,
due to the required high bias voltages. Overall, the high-speed
(16 GHz), high-responsivity (2.5 A/W at 0.9 Vy,;), high output
photocurrent (8§ mA), and low excess noise of the demonstrated
APDs demonstrate their strong potential for replacing fast p-i-n
PDs in coherent receivers. The photocurrent of the homodyne
beating signal in the receiving end is linearly proportional to the
responsivity of the photodetector [31]. The higher responsivity
(2.5 vs. 0.9 A/W) of device A can thus provide around 8 dB
higher RF beating power than those of commercially available
10 Gbit/sec p-i-n PDs under the same optical LO pumping power
of 1 mW. Although the saturation optical power of the p-i-n PD
is usually higher than 1 mW, significant enhancement of the
S/N ratio by further increasing the optical LO power in the p-i-n
based PD receiving end may not be feasible due to the very
limited optical LO power in the chip scale or PIC FMCW lidars,
as discussed in [5], [10], [11]. In short, the main advantage of
our proposed wide dynamic range APD is enhancement of the
S/N ratio in the coherent receiver with much less required optical
LO power.

Compared to the reported high-performance waveguide type
balanced APDs designed for homodyne coherent fiber commu-
nication [32], our demonstrated device A has a smaller 3-dB O-E
bandwidth (16 vs. 20 GHz at 0.9 Vy,;.) but a higher bandwidth-
responsivity product (183.6 vs. 147 GHz x A/W) and a much
higher RF power output (=5 vs. —15 dBm) under the same
optical pumping power (0 dBm). In addition, compared with the
reported dual-carrier injection APD designed for high-linearity
performance with a backside-illuminated structure [15], [33],
[34], our top-illuminated structures (for both A and B) can de-
liver a comparable 1 dB compression (90%) current (~1.4 mA),
as specified in Fig. 8, under M = 10 operation. The measured
responsivity of device B is comparable to that of such an APD
(~7 A/W) under M = 10 operation [15], [33], [34].

IV. CONCLUSION

In conclusion, we demonstrate novel top-illuminated APD
structures with excellent performance for coherent lidar appli-
cations. By downscaling the partially p-doped Ing 53Gag 47As
absorber to minimize the SCS effect in the multiplication layers,
we produce a device with faster speed performance and higher
saturation currents than those of references with a thicker ab-
sorber (0.8 vs. 0.4 um). Our demonstrated APD can achieve
a wide O-E bandwidth (16 GHz), high responsivity (2.5 A/W
at 0.9 Vy,), and low excess noise (k = 0.14) under a near
saturation output current (~8 mA at 1 mW pumping power).
Furthermore, such a device can eliminate degradation in the O-E
bandwidth and sustain high-speed performance at the saturation
output photocurrent due to the reduction in the operation gain
and shortening of the avalanche delay time with an increase in the
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optical pumping power. Such excellent dynamic performance is
in contrast to that of the high-speed p-i-n PD, which typically
shows serious degradation in the O-E bandwidth near the sat-
uration output photocurrent. The APDs demonstrated excellent
dynamic/static performance, opening up new ways to further
improve the performance of coherent lidar receivers.
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