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Abstract

The avalanche photodiode (APD) is an optoelectronic detector with superior sensitivity that
typically requires a high operating voltage. Reducing the avalanche region size could lower
the breakdown voltage, but at the cost of increased excess noise. In this work, a scattering-
engineered APD (SE APD) is proposed to reduce the operating voltage while maintaining
a low excess noise merit. In SE APD, a special staggered-finger doping profile is used to
spatially separate the electron-ionization path and the hole-transport path via scattering
mechanisms, thereby enabling electron unipolar ionization. In SE APD, avalanche occurs at
a very low reverse bias of ~2 V in the current-gain—voltage test; an extremely low ionization
coefficient ratio (k-value) of 0.003 @ gain = 40 is verified by the noise power spectral density
test. A low temperature-dependent breakdown drift coefficient of ~10 mV /K is obtained,
indicating good thermal stability. Through comparative experiments, it is demonstrated that
the SE APD can increase the gain-bandwidth product by fivefold when compared with the
traditional APD structure. Furthermore, the width of the electron ionization multiplication
path should be moderate, allowing holes to scatter into the transport path while retaining
more electrons within the multiplication path.

Keywords: APD; excess noise; impact ionization coefficient ratio; scattering

1. Introduction

Due to its internal gain, the avalanche photodiode (APD) offers superior sensitivity
compared with a traditional photodiode (PD) [1,2]. This internal gain originates from
impact ionization, where multiplied electron-hole pairs are generated [3]. Liu et al. have
shown that simply transforming a PD into an APD by raising the bias voltage can signif-
icantly improve receiver sensitivity [4]. Therefore, APD is an important optoelectronic
device and can be widely used in long-haul optical communication, optical interconnection,
electronic—photonic integrated circuits, lidar, and so on [5-10].
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According to the local field theory established by McIntyre [11], the impact ionization
coefficient ratio k-value is important for APD since it decides the excess noise factor:

FM)=kM+ (1-k)(2-1/M) (1)
The excess noise power could thus be described as
(S%) = 2qIF(M)M?B (2)

In Equations (1) and (2) M is the avalanche gain, g is the charge quantity, I is the total
current participating in the avalanche process, and B is the bandwidth. Excess noise power
can degrade the signal-to-noise ratio and, in turn, affect the sensitivity performance, which is
the key merit of APDs. A lower k-value can also benefit the gain-bandwidth product (GBP)
of the APD device [12]. Ge-on-Si (Ge/Si) APD combines the advantages of low k-value in
bulk Si (k = 0.02) and Ge absorption at 1550 nm. Ge/Si APD is also compatible with the
CMOS platform, which is convenient for mass production [13]. Therefore, Ge/Si APD is a
promising candidate for PIC applications that usually require large-scale integration and
low power consumption. The operating voltage of Ge/Si APD is commonly lower than that
of III-V APD counterparts but is still higher than ~10 V [6,10,14], which brings challenges
to the design of the driving circuits and the power consumption.

There have been attempts to reduce the operating voltage of an APD by reducing the
avalanche-region size and carefully designing the electric-field profile. However, shortening
the avalanche region could increase the electric field to achieve prominent avalanche gain,
which could introduce bipolar ionization, raising k-value and the excess noise. In a report
about Si APD with only a 50 nm avalanche region and a —8 V operating voltage, the k-value
is confirmed to be 0.28, which is much higher than that of the bulk Si of ~0.02 [15]. In another
report regarding Ge/Si APD, a —7.2 V breakdown voltage and 8 x 260 Gb/s signal reception
have been realized, and a k-value of 0.06 was obtained by utilizing a gradient electric field
and an avalanche region of ~200 nm [16]. A similar cascaded electric-field method has also
been reported for III-V APDs [17,18]. Therefore, new mechanisms and avalanche-region
designs are urgently needed to achieve low-noise performance in low-operating-voltage
APDs with short avalanche regions.

In this work, a scattering-engineered APD (SE APD) is proposed to suppress excess
noise in low-operating-voltage APDs. In carefully designed Si avalanche structures with
tailored doping profiles, the electron ionization path and the hole transport path can be
separated by scattering mechanisms and so electron unipolar ionization can be realized.
To verify the theory, Ge/Si waveguide APDs with four different avalanche structures are
designed and fabricated using the standard CMOS process at United Microelectronics
Center Co., Ltd. (CUMEC). The avalanche properties are investigated and verified via a
current-gain-voltage (I-G-V) test, and it is found that a prominent gain can appear at a
mere ~2 V reverse bias. The excess noise experiments are carried out by a noise power
spectral density (NPSD) test system schematically depicted in Figure S1 (Supplementary
Material), and the k-value of each SE APD is analyzed. An extremely low k-value of 0.003
is obtained in the best-optimized SE APD. The electric field at representative gain points
for each APD is analyzed, and it is found that the best-optimized SE APD requires the
lowest electric field to achieve a given gain. By optimizing the SE APD structure, the GBP is
improved by five times when compared with APD with bipolar ionization. Additionally, a
low breakdown-voltage temperature-drift coefficient of ~10 mV /K is obtained in the SE APD
by a temperature-dependent G-V test, indicating good temperature stability. Low-voltage
and low-noise performance is achieved simultaneously in the proposed SE APD. This work
could provide significant insights into the future design of low-operating-voltage, low-noise,
high-GBP APDs.
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2. Materials and Methods

The holes have a much higher scattering rate than electrons in Si due to distinct
scattering mechanisms; as a result, the mean free path (MFP) values of electrons are much
longer than those of holes [19,20]. Compared with electrons, holes are easier to change
in terms of their traveling directions. The operation principle of SE APD is shown in
Figure 1a. In order to remove the bipolar ionization effect in the uniform electric field profile
of conventional APDs, this work proposes a non-uniform profile design, wherein holes
in the high-field region can be easily scattered into the low-field transport path without
triggering ionizations, while electrons experience ballistic-like ionizations in the high-field
region. The designed length of the high-field region should be longer than the hole MFP
(generally above 10 nm) and, at the same time, its width should be short enough (narrower

than the length) to secure the hole’s outward scattering.

(a)

¥ Scattering
Cathode

Impact lonization Path

Figure 1. Introduction to device operational principles and optimized structural design. (a) The
electric field distribution shifts from the original uniform state to a non-uniform pattern due to doping.
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In high-field regions, electrons exhibit a longer MFP, enabling high-efficiency impact ionization
multiplication. Meanwhile, holes, with their shorter MFP, are scattered into low-field regions for
transportation and collection. This approach enhances the unipolar ionization effect and reduces the k-
value. (b) The cross-section schematic diagram of the four designed APDs, of which the vertical views
of the avalanche structures (purple dashed rectangle) are shown in (¢) APD1 with finger-insertion
doping profile, (d) APD2 with finger-to-finger doping profile, (e) APD3 with 1D staggered-fingers
doping profile, and (f) APD4 with 2D staggered-fingers doping profile. In all structures, I = 950 nm,
w = 300 nm, and ¢ = 100 nm. The parameter g denotes the edge-to-edge spacing between adjacent
p- and n-doped fingers. For APD4, both the longitudinal and lateral spacings are equal to g. The
parameter g affects the length and width of ionization path and SE efficiency. The Ge absorber has
a width of 500 nm and a height of 260 nm. The Si waveguide connecting to the APDs is 450 nm in
width and 220 nm in thickness. The Si rib width is 700 nm and the thickness is 220 nm/70 nm. All
APDs’ length is 50 ym. The expected impact ionization path is denoted by yellow rectangles.

To validate the concept of SE APD, four Ge/Si waveguide APDs are designed and
fabricated, namely APD1, APD2, APD3, and APD4, in the following discussion. These
devices have a similar cross-sectional structure to that schematically depicted in Figure 1b,
yet the planar doping profiles in avalanche structures are different, as can be seen in
Figure 1c—f. The devices are designed as a separated-absorption-multiplication (SAM)
structure to eliminate the influence of photogenerated holes; a rib structure is employed to
minimize the electric field in the Ge absorber, which is prone to tunneling due to its narrow
bandgap of 0.67 eV [21].

APD1 is designed to compare with other APDs using scattering-engineering optimiza-
tion; the avalanche structure exhibits finger-insertion-type characteristics, which have been
shown to offer low-operating-voltage advantages [22]. The high-field active avalanche area
is expected to be in the intrinsic gap between n and p fingers, and there is no distinctive
electron and hole path. For APD2, the scattering-engineering structure is introduced. A
high-field electron ionization path is expected to be in the narrow intrinsic gap between n
and p fingers, where holes could be scattered into both sides of the finger pairs, where the
field is lower, to form a hole transport path. The doping finger width is 300 nm and cannot
be reduced further. As a result, the electron ionization path width in APD2 is much longer
than the MFP of holes, preventing an efficient scatter out of the holes and into the transport
path. Therefore, APD3 and APD4 are designed; the n and p fingers are staggered in the
longitudinal direction for APD3 and both longitudinal and horizontal directions for APD4
to form a narrower high-field electron ionization path between the corners of the n and p
fingers. The designs and intended outcomes of the above APDs are briefly given in Table 1
for ready reference. Here, “1D” and “2D” refer to the number of in-plane directions in
which p- and n-doped fingers are staggered. This geometrical distinction is reflected in the
dimensionality of the high-field impact-ionization path: in APD3, longitudinal staggering
produces a longitudinal impact-ionization path, while in APD4, a more oblique path, with
components in both in-plane directions, is shaped due to the 2D staggered doping structure.
The oblique path in APD4 is expected to form a longer and narrower high-field region that
could achieve better performance. All fingers are heavily doped to confine the electric field
and better investigate the properties of the avalanche area, which comes with the price of
full depletion becoming a challenge and with a low field inside or below the Ge absorption
region that could severely diminish the internal quantum efficiency (iQE) and the response
speed. However, the noise analysis and k-value test could better reveal the properties of
the novel avalanche structures, since the influence of avalanche within and below the Ge
absorber is excluded. Further reducing the doping finger length or doping level could
improve the iQE and the response speed.

https://doi.org/10.3390/photonics13111069


https://doi.org/10.3390/photonics13111069

Photonics 2026, 13, 1069

5o0f 14

Table 1. Avalanche region designs and intended functions of the proposed APDs.

Device Doping Fingers SE Efficiency k-Value

APD1 Insertion No High

APD2 Finger-to-finger Low High

APD3 1D Staggered Moderate Low

APD4 2D Staggered High Lowest
3. Results

The room-temperature I-G-V experiments are carried out to investigate the operating
voltages of each APD, as shown in Figure 2a—d. The avalanche gain is calculated per the
following equation:

= ¥

I and I; are the total current and dark current at a specific bias voltage, and I; and
I;; are the total current and the dark current at the unit gain point, which is 1V for each
device in this work. The unit gain point of 1 V is further confirmed by the temperature-
dependent G-V test in following discussions. Each device starts to avalanche when the
reverse bias exceeds 1 V and can achieve a prominent gain at a reverse bias of only ~2 V. The
gain curves of APD2, APD3, and APD4 experience a rapid rise at 2—4 V reverse bias, then
climb slowly at higher bias. This is because the MFP of electrons drastically decreases at
higher bias due to the increasing energy, and part of the electrons can be scattered into the
low-field transport region, thereby diminishing the avalanche gain in SE APD. In Figure S2
(Supplementary Material), as the incident power increases from —30 dBm to —16 dBm,
the maximum gain of all APDs drops by one order of magnitude. This phenomenon is
attributed to carrier scattering and the space charge effect and has been observed in many
reports [13,23]. For waveguide Ge/Si APD, incident photons are always mostly absorbed
in the initial several micrometers of the absorber, which would cause high carrier density
in APD, enhancing the space charge effect and the carrier scattering. Therefore, further
absorber designs achieving uniform photon absorption could lower the carrier density
and extend the dynamic range of the device; for example, distributed Bragg reflector or
slow-light structures can be introduced into the absorber to form more uniform resonant
incident power distribution and further achieve uniform photon absorption. Carrier density
in an avalanche region could be further decreased by adopting thicker top Si to improve the
dynamic range performance. Additionally, the responsivity (R@1550 nm) at unit gain for
APD1-4 is ~0.01 A/W; R could reach 1.28 A/W, 0.99 A/W, 1.22 A/W, and 1.43 A/W near
breakdown point. The low unit gain quantum efficiency (QE) ~0.8% could be attributed
to two major causes: Firstly, the rib structure decreases the coupling efficiency between
the waveguide and the APD devices if the coupling taper is not optimized, meaning that
the photon absorption rate could be severely reduced. Secondly, photogenerated electrons
diffuse under the Ge absorber and inside the p fingers, meaning that the iQE can be low due
to the recombination of photogenerated electrons. It is calculated that the iQE in this work
is about 78%, considering the minor electron diffusion length L, of ~8 ym (Supplementary
Material). Therefore, it is believed that the photon absorption rate (~1%) is the chief factor
limiting the QE. Furthermore, 473 nm normal incident I-G-V tests have been carried out as
shown in Figure S5 (Supplementary Material). The avalanche still occurs at only ~2 V with
measured iQE around 40-60% for the proposed APDs, indicating that QE is limited by the
photon absorption rate due to the low waveguide coupling efficiency, which can be improved
by optimizing the waveguide coupling structure in the future. Further optimization of
the taper design and the proper lower finger doping level could be expected to greatly
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improve the SE APD performance. The addition of reflectors or slow-light structure could

also improve the photon absorption rate.
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Figure 2. The I-G-V curve of (a) APD1, (b) APD2, (¢) APD3, and (d) APD4 at room temperature
under the incident power of —30 dBm at 1550 nm. The black dashed dot curves and the red solid
curves denote dark current and photocurrent, following the left axis. The blue dashed curves denote
the avalanche gain, following the right axis. The unit gain point is identified as 1 V and highlighted by
red dots (this is observed by the temperature-dependent measurement and will be described later).
The representative gain points are denoted by star (gain = 2), triangle (gain = 10), and circle symbols
(gain = 20). (e) The F—gain curve of APD1-4 compared with McIntyre’s local field model. The black
dashed lines represent the F—gain curve of different k-values in the local field model. The symbols
denote the experimental results, and the blue lines are the fitting results based on the experimental

results. APD4 exhibits the best low k-value merit.
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The dark current of APD1 is the highest at relatively high gain, nearly saturating
the photocurrent and potentially resulting in a low signal-to-noise ratio and degraded
sensitivity. The gain points of 2 for APD1, APD2, APD3, and APD4 are 1.56 V, 1.61 V,
1.78 V, and 1.84 V, respectively. The gain points of 20 are 3.9 V,7.4V,9.9 V, and 58 V,
indicating the best low-operating-voltage property of APD4 among the three SE APDs. The
operating voltage of APD1 is slightly lower, yet the k-value is a lot higher, as will be discussed
later. The breakdown voltages for APD1, APD2, APD3, and APD4 are about 6.5V, 8.5V,
10.5V, and 13V, respectively; the increasing trend is attributed to the increasing avalanche
path length and the scattering mechanism. A shorter avalanche path is associated with a
lower breakdown voltage and a higher electric field under given gain [24], and the holes’
scattering efficiency increases from APD1 to APD4, which means the hole ratio contributing
to avalanche is decreasing. As a result, higher voltage could be expected for APD2-4 to
realize breakdown, which is a bipolar ionization-induced phenomenon. At breakdown
points, the peak electric fields for APD1, APD2, APD3, and APD4 are 450 kV /cm, 490 kV /cm,
470 kV/cm, and 460 kV /cm according to TCAD simulations.

To investigate the noise performance and k-value of each APD device, NPSD exper-
iments at different gain values are carried out. The total noise results of APD1 to APD4
are presented in Figure S3a—d (Supplementary Material). The photocurrent at unit gain
is calibrated as 25 nA for APD1 and 50 nA for APD2, APD3, and APD4. Hence, a direct
comparison of the NPSD of these APDs is reasonable. The total noise of all devices is about
—102 dBm/Hz at unit gain. The total noise of APD1, APD2, APD3, and APD4 climbs to
—94 dBm/Hz, —94.5 dBm/Hz, —96.8 dBm/Hz, and —97.3 dBm/Hz at a gain of 40. The total
noise at other gain values drops from APD1 to APD4 as well, indicating the best low-noise
merit of APDA4.

The k-value of each APD device can be extracted from the NPSD results by calculating
the excess noise factor F(M) per the following equation [25]:

F(M) = Mk—2 (4)

M is the avalanche gain and k, is the linear fit slope of the net noise versus M in log-log
plot. Net noise, which equals the total noise minus the dark noise, can be deemed as excess
noise (S?). As is shown in Figure S4 (Supplementary Material), k, of APD1, APD2, APD3,
and APD4 are 2.42, 2.49, 2.30, and 2.19, respectively. By plotting the calculated F(M) in
reference to Mclntyre’s model curves corresponding to different k-values, as Figure 2e
displays, the k-value of each APD device can be obtained. It is more reasonable to compare
the results with McIntyre’s model over a higher-gain range to extract the k-value for each
APD, given the mismatch between the experiments and the model at the lower-gain range.
This mismatch is commonly reported in low-noise APD structures, suppressing impact
ionization of specific carriers, such as in digital-alloy APDs [26-28]. The k-values for APD]1,
APD2, APD3, and APD4 are approximately 0.08, 0.12, 0.03, and 0.003, respectively. In
general, the k-value decreases as the holes’ scattering efficiency increases, which suggests
that the concept of SE APD is functional. APD4 exhibits the lowest total noise and k-value
and the electron unipolar ionization is deemed to be achieved.

To better understand the carrier behavior in APD1 to APD4 and provide deeper in-
sights for the k-value results, the electric fields in the avalanche structure for each APD
corresponding to gain points of 2, 10, 20 denoted in Figure 2a—d are illustrated in Figure 3.
The electric field for the entire devices can be seen in Figure S10 (Supplementary Material);
the electric field is mainly concentrated in the avalanche regions. The electric field in APD1
mainly concentrates in the gaps between the fingers, forming a compact avalanche structure,
and there is no distinctive electron or hole path. The electric field in APD2 forms a high-field
electron ionization path between fingers and a low-field hole transport path on both sides of
the avalanche path. The electric field in APD3 and APD4 forms a narrow electron ionization
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path. At any gain point, the width of the high-field ionization path in APD4 is the narrowest,
which could better scatter the hole into the low-field transport path. Furthermore, the elec-
tric field in APD4 is the lowest at all gain points, which is beneficial for electron ballistic-like
ionization due to the longer MFP. At a gain of 20, the electric field in APD2/APD3 is the
highest ~4.5 x 10° V/cm, while that in APD4 is still the lowest ~2.5 x 10° V/cm. This can
also be seen in the energy bands along the ionization path for each APD in Figure S11
(Supplementary Material), where the slope of the bands is positively related to the electric
field. These merits help achieve the extremely low k-value in APD4.

Gain=2 Gain=10 Gain=20

Electric Field
(1e5 V/icm)

Figure 3. The vertical view of the electric field at the bias of gain = 2, 10, 20 in the periodic avalanche
structure unit in (a) APD1, (b) APD2, (c) APD3, (d) APD4. At each gain point, APD4 exhibits

the narrowest high-field ionization path and the lowest electric field. These characteristics promote
electron ballistic-like ionization while more effectively scattering holes into the low-field transport

path, thereby resulting in a low k-value.
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The frequency response experiments are carried out to estimate the 3 dB bandwidth
and GBP performance of the APD devices, as shown in Figure 4. I-G-V curves for each APD
under the same test conditions as those during the frequency response test are displayed in
the insets, and the corresponding gain values are extracted to calculate GBP. Note that the
incident power is set according to the minimum power that meets the test system sensitivity
requirement for each APD. The 3 dB bandwidth of all APDs increases and decreases as
bias climbs. The increasing trend is due to improved carrier transport efficiency and a
reduced RC constant, attributed to the longer depletion area, while the decreasing trend
is due to the increasing avalanche buildup time at high bias voltage and high gain. The
bandwidths at the highest gain points for APD1, APD2, APD3, and APD4 are 1.0 GHz,
0.6 GHz, 0.65 GHz, and 0.63 GHz, respectively. The highest GBP values for APD1, APD2,
APD3, and APD4 are 6 GHz, 6 GHz, 9.1 GHz, and 28 GHz. Further increasing bias voltage
could induce device failure. The superior GBP performance of APD4, together with the
lowest incident power that meets the system sensitivity, could also hint at a low k-value. A
theoretical model simulating the frequency response of APDs at unit gain points in this
work has been established as depicted in Figures S6 and S7 (Supplementary Material);
similar analytic models have been developed in other reports [29]. Due to the lack of core
fabrication parameters such as doping concentration from the foundry, the active region of
the designed p-i-p-i-n APDs in this paper is not fully depleted. Photogenerated carriers can
barely experience electric field, and thus only move via diffusion scheme in the undepleted
region, resulting in a slow speed that severely impacts bandwidth. The simulations indicate
that, by completely depleting the active region, the APD bandwidth can be improved from
the present sub-GHz level to approximately 20-30 GHz. This can be optimized by lowering
the doping or by shortening the finger length of APDs in this work; properly moving
avalanche structures below the Ge absorber could also work.
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Figure 4. The frequency response experiments under incident of 1550 nm of (a) APD1@~0 dBm,
(b) APD2@~—3 dBm, (c¢) APD3@~-5 dBm, and (d) APD4@~-7 dBm at different reverse bias
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voltages. The I-G-V curves under the same test conditions are exhibited in the insets. By optimizing
the scattering-engineering structure, the GBP is improved by approximately fivefold from 6 GHz in
APD1 to 28 GHz in APDA4.

The temperature-dependent G-V experiments from 300 K to 350 K are carried out
for all APD devices to verify the avalanche nature of gain as is depicted in Figure 5. The
G-V curves become strongly temperature-dependent above 1V, indicating that the unit
gain point is approximately 1 V. It turns out that the avalanche gain of all APD devices
declines as temperature increases; the negative relationship between gain value and tem-
perature could thus provide solid evidence for the avalanche nature of the observed gain,
because the phonon-assisted scattering hindering impact ionization is enhanced as the
temperature climbs. The temperature drift coefficient of the breakdown voltage is estimated
tobe 12 mV/K, 10 mV/K, 18 mV/K, and 9 mV/K, which are relatively low values com-
pared with the 5-50 mV/K that have been reported in studies regarding Ge/Si or III-V
APD [4,30], showing good temperature stability. Furthermore, the dark current of each
APD increases with rising temperature, as shown in Figure S8 (Supplementary Material),
which is attributed to the thermally generated dark current. It is estimated that minor
electron diffusion length changes from ~8 pym at 300 K to ~7 um at 350 K in this work
(Supplementary Material) [31-33], causing 4% decrease in iQE given the diffusion path
length of ~2 ym in APDs, which cannot evidently influence the gain curve. In addition, the
forward I-V curves in Figure S9 (Supplementary Material) exhibit conductivity characteris-
tics for all APDs in this work, further indicating the avalanche nature of the gain instead of
photoconductive gain.

(a) APD1 (b)

100 100
104 10
£ £
3 S
14 14
0.1 T T T T T T 0.1 T T T T
0 1 2 3 4 5 6 7 0 2 4 6 8 10
Reversed bias (V) Reversed bias (V)
(c) APD3 (d) APD4
100 . . . . TR 100 . . . . . .
g £
© ©
o G

0.1

T T T T

Reversed bias (V)

Figure 5. The temperature-dependent G-V curves from 300 K to 350 K under the incident power
of —30 dBm at 1550 nm for (a) APD1, (b) APD2, (c¢) APD3, (d) APD4. The G-V curves become

Reversed bias (V)
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strongly temperature-dependent above 1V, indicating that the unit gain point is approximately 1 V.
The negative relationship between gain value and temperature could thus provide solid evidence for
the avalanche nature of the observed gain; the temperature drift coefficient of the breakdown voltage
is estimated to be 12 mV /K, 10 mV/K, 18 mV/K, and 9 mV /K.

4. Discussion

Table 2 compares the typical characteristics of the best-optimized SE APD (APD4) in
this work with those of previously reported APD devices. The breakdown voltage, extracted
k-value, voltage at gain of 10 and corresponding incident power are summarized. These
results suggest that the scattering-engineering method provides a promising approach to
achieving low-noise avalanche multiplication while maintaining low operating voltage and
dark current. It is noteworthy that, in a recent simulation report, gate-assisted electric-field
modulation has also been investigated, predicting a low breakdown voltage of —0.8 Vin a
gated InGaAs APD through control of the electric field [34].

Table 2. Comparison of key performance parameters of the proposed SE APD and previously
reported APDs.

Incident
Material  Breakdown Voltage (V)
Ref. Platform  Voltage (V) k-Value @Gain =10 * (Iz;)];v;;
[34] InGaAs -0.8 - -1 -
[35] InAlAs =30 0.2 - -
[36] AlAsSb —40 0.005 - -
[37] Ge ~7.8 - ~7.8 -30.2
[38] Si —-15.5 - -15 -30.4
[16] Ge/Si -7.2 0.06 -6.5 —28
[39] Ge/Si -12.5 0.011 -9.8 -30
[40] Ge/Si —14 - -11 -25
This Work Ge/Si —-13 0.003 -25 -30

* The operating voltage at gain = 10 is extracted from the reported I-G-V characteristics at given incident power in
the table, in case of the impact on gain assessment.

It is important to declare that although the function of SE APD is realized via Ge/Si
waveguide structure in this work, the SE mechanism could also be applied to APD fabricated
on other material platforms like III-V APD, and even better outcomes can be expected in
materials exhibiting larger difference between the MFP of electrons and holes.

Circuit modeling for SE APDs could be helpful in optimizing the bandwidth perfor-
mance utilizing similar models in previous reports [41]. However, the staggered-finger
structures produce spatially non-uniform electric fields, with localized high-field multiplica-
tion paths coupled to surrounding low-field transport regions. Their spatial extent evolves
with bias, raising the difficulty of circuit modeling. Therefore, a quantitatively validated
circuit model remains an important direction for future work.

Modeling the avalanche gain or excess noise in APD is also a significant direction; the
proposed SE APD could, in principle, be investigated using Monte Carlo simulations, where
the two-dimensional carrier transport and scattering processes shall be explicitly taken into
consideration. By contrast, existing random path length (RPL) and recurrence models are
primarily developed for conventional APDs with one-dimensional multiplication regions, in
which carrier transport and scattering are incorporated in a simplified statistical manner to
improve computational efficiency. Extending these models to the proposed SE APD would
require substantial modifications to account for the two-dimensional carrier transport and
scattering mechanisms. Therefore, Monte Carlo simulations would likely provide a more
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appropriate framework for investigating the physical mechanism of the proposed SE APD
in future work.

5. Conclusions

In conclusion, SE APD is proposed and validated to reduce the operating voltage while
maintaining low excess noise. In SE APD, an avalanche occurs at a low reverse bias of ~2 V
under an incident of —30 dBm at 1550 nm. An extremely low k-value of 0.003 is achieved in
the best-optimized SE APD. The best-optimized SE APD requires the lowest electric field
to achieve a given gain. By optimizing the scattering-engineering structure, the GBP is
improved by about fivefold from 6 GHz to 28 GHz. The avalanche nature is proved by the
temperature-dependent gain—voltage test, and a low breakdown-voltage temperature-drift
coefficient of ~10 mV/K, representing good thermal stability, is obtained.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/photonics13111069/s1. Figure S1: The schematic diagram of the noise
power spectral density test system; Figure S2: The G-V curves of (a) APD1, (b) APD2, (c¢) APD3,
(d) APD4 under the incident of the 1550 nm laser of different power; Figure S3: The noise power
spectral density under gain ranging from 1 to 40 of (a) APD1, (b) APD2, (c) APD3, (d) APD4;
Figure S4: The slope of the net noise versus M in log-log plot k, of (a) APD1, (b) APD2, (c) APD3,
(d) APD4; Figure S5: The I-G-V test of (a) APD1, (b) APD2, (c) APD3, (d) APD4 under normal
incident of 473 nm; Figure S6: The experiment and simulated frequency response under unit gain@1
V of (a) APD1, (b) APD2, (c) APD3, (d) APD4; Figure S7: The simulated frequency response
components under unit gain@1 V of (a) APD1, (b) APD2, (c) APD3, (d) APD4; Figure S8: The
temperature dependent dark current results of (a) APD1, (b) APD2, (c) APD3, (d) APD4; Figure S9:
The forward bias I-V curves of APDs in this work; Figure S10: The electric field in entire devices in
this work at gain of 20: (a) APD1, (b) APD2, (c) APD3, (d) APD4; Figure S11: Energy band diagram
along the impact ionization path at gain of 20 for (a) APD1, (b) APD2, (c) APD3, (d) APD4.
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Abbreviations

The following abbreviations are used in this manuscript:

APD Avalanche photodiode

PD Photodiode

GBP Gain-bandwidth product

SE APD  Scattering-engineered APD
I-G-v Current-gain—voltage

NPSD Noise power spectral density
k-value  Impact ionization coefficient ratio

SAM Separated-absorption-multiplication
MFP Mean free path
iQE Internal quantum efficiency
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