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Abstract—This paper presents a CMOS-integrated linear-mode
avalanche photodiode based on electric field-line crowding (EFLC-
APD) to form an effective multiplication zone and a wide absorption
zone. The EFLC-APD possesses a hemispherical avalanching elec-
tric field at the n-well/p- epi junction formed due to the curvature
of the half-sphere cathode. A lower electric field extends radially
across the entire volume of the EFLC-APD towards the substrate
and towards the surface anode. Because of such a distribution of
the electric field, electrons photogenerated within the whole volume
drift towards the cathode. Therefore, the EFLC-APD provides
a large sensitive-area to total-area ratio while offering high re-
sponsivity and bandwidth for red and near-infrared light due to
its thick absorption zone and drift-based carrier transport. It is
shown that the electric field distribution can be modified by the
design parameters such as cathode radius and diode size in addi-
tion to doping profiles. The EFLC-APD achieves a responsivity-
bandwidth (R-BW) product of 49.5 % -GHz, corresponding to the
responsivity and bandwidth of 33 A/W and 1.5 GHz, respectively, at
the wavelength of 850 nm. In addition, a maximum responsivity of
3.05 x 103 A/W at 2 nW optical power is achieved for the red and
near-infrared spectral range. Noise characterization resulted in an
excess noise factor F = 6 measured at an avalanche gain of 56.7.
Due to the high sensitive-area to total-area ratio, high responsivity,
large bandwidth, and CMOS compatibility, this APD is a promising
optical detector for many applications.

Index Terms—CMOS integrated avalanche photodiode, linear-
mode avalanche photodiode, field-line crowding, spherical
avalanching field, near-infrared light.

1. INTRODUCTION

HE ability to detect low-power optical signals is one of
T the main challenges in the field of applied optical sensors.
The internal amplification makes linear-mode avalanche pho-
todiodes (APDs) interesting optical detectors for many optical
systems that require low light detection such as optical wireless
communication (OWC) [1], [2], [3], [4], light detection and
ranging applications (LIDAR) [5], [6], and imaging sensors [7],
[8]. The use of APDs integrated with electronic circuitry by com-
plementary metal-oxide semiconductor (CMOS) technology has
become attractive in optical systems.
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Si CMOS integrated APDs typically use a planar n™/p-well
or a pT/n-well junction to provide a space-charge region as
detection zone and a high field region for multiplying the
photo-generated carriers. The thickness of the detection region
in these APDs is in the order of hundreds of nanometres [9], [10],
[11], [12], [13], [14]. These structures achieve good results in
terms of bandwidth because of a thin depleted absorption region.
Ref. [13] reported a bandwidth of 8.4 GHz for an APD based on a
p-well/deep n-well structure, and Ref. [14] achieved a bandwidth
of 12 GHz for a spatially modulated APD. However, these APDs
suffer from low responsivity due to the non-contribution of
carriers generated under the thin absorption region to the output
current. The maximum responsivities of the APDs reported
in [13] and [14] for a wavelength of 850 nm are respectively
0.56 A/W and 0.03 A/W.

A so-called reach-through design concept was proposed to
widen the absorption region, and thereby improve the respon-
sivity [15], [16], [17], [18]. These thick APDs provide a space-
charge region with a thickness in the range of 10 ym. A maxi-
mum responsivity of 2.7 x 10* A/W for 5-nW optical power at
670 nm was reported in Ref. [16]. The main drawback of such
structures is their limited bandwidth due to the higher carrier
drift time in a thick absorption zone. The maximum bandwidth
reported in Ref. [16] is 850 MHz. Ref. [19] used a modulation
doping technique for speed optimization to enhance the band-
width to 1.25 GHz while maintaining the high responsivity but
at a high reverse voltage of 115 V, where the diode could not
longer be well isolated from the circuits on the chip.

Besides, in these planar structures, the photo-sensitive area is
limited by the area of the p/n junction. In fact, carriers generated
in the peripheral volume have a low probability of moving
through the multiplication region and of leading to avalanche
events, which leads to a limited sensitive-area to total-area
ratio. In addition, they require a (virtual) guard ring to prevent
premature edge breakdown due to a locally concentrated electric
field at the edge of the junction, which further degrades the
ratio of sensitive-area to total-area [20], [21], [22], [23]. This
sensitive-area limitation is more substantial when the APD is
downsized, in which the peripheral region is comparable to the
dimensions of the photo-sensitive area [24].

Ref. [25] proposed a current-assisted avalanche photodiode
that can collect charges generated in the peripheral volume.
Two electrodes at the surface with different potentials are em-
ployed to form a drifting electric field for guiding the electrons
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photogenerated in the peripheral volume towards the cen-
tral multiplication region. This APD exhibits a high ratio of
sensitive-area to total-area, however, achieves a maximum band-
width of 275 MHz and 13 A/W responsivity at a wavelength of
830 nm.

Refs. [26], [27], [28] employed a charge-focusing concept to
collect peripheral charge carriers in designing of single-photon
avalanche photodiode (SPAD). In [26], [27], a customized fabri-
cation process was utilized, involving a shallow n-type implant
between the cathode and anode. This modification aimed to re-
distribute the electric field just below the silicon/silicon dioxide
interface at the surface of the device, specifically to reduce the
dark count rate. Ref. [29] presented a silicon photomultiplier
(SiPM) that utilizes a SPAD based on the field-line crowding
effect. However, transistors cannot be fabricated in the special
SiPM detector process.

Recently, we presented a new Si CMOS APD based on
the field-line crowding concept, which can be fabricated in a
standard CMOS process without any process modification [30].
The EFLC-APD possesses a small hemispherical multiplication
region around the n-well/p- epi junction and a thick depleted
volume in the p- epitaxial layer with a lower electric field to guide
charge carriers from the whole diode volume towards the multi-
plication region. This structure provides a maximum bandwidth
of 1.6 GHz with aresponsivity of R =32 A/W at a wavelength of
675 nm while having a high sensitive-area to total-area ratio. The
superiority of the EFLC-APD at down-scaling with maintaining
the overall sensitivity and providing a large sensitive-area make
it a very promising candidate to be used in array sensors.

In this article, we study the performance of the EFLC-APD
for near-infrared light and improve the frequency response using
electric field modification. TCAD simulation is used to study
the effect of design parameters on the electric field distribution
across the structure and consequently on the performance. The
distributed field throughout the structure results in high band-
width and responsivity due to providing a thick absorption region
and drift-based carrier transport.

II. APD STRUCTURE

Fig. 1 shows a schematic 3-D drawing with the doping re-
gions (a) and the top view (b) of the EFLC-APD fabricated in
0.18 pm high-voltage CMOS technology. The cathode of this
APD consists of a hemispherical highly-doped n™ region with
a radius of 0.37 um embedded in a half-sphere n-well region
with a radius of rw. The round implant regions are made by
using polygons with very short side lengths as well as 0, 90 and
135° angles that form the circle. The cathode is connected to the
cathode pad with a track in metal layer 3 with a width of 2 ym
as shown in Fig. 1(b). It should be noticed that the metal line
used to connect the cathode to the cathode pad passes through the
isolation layer on top of the active area. Since metal is an opaque
material, therefore this area is practically no longer contributing
to the absorption region, which degrades the sensitive-area to
total-area ratio. The ratio of the area under the metal to the entire
active area volume would be around 3.3% given by 252 The

192 xm
cathode is surrounded by a p™ and p-well ring (inner radius =
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Fig. 1. (a) 3D schematic drawing (not to scale) and (b) top view of the fabri-
cated EFLC-APD. The APD is covered by a standard isolation and passivation
stack (not shown).

ra) used as an anode ring. These regions are formed at the surface
of a lightly p-doped (~1.5 x 10'3 cm~?) epitaxial layer (p- epi)
with a thickness of ~24 um. The pT substrate is also used as
a substrate anode. On the top of the silicon, there is a standard
isolation and passivation stack to protect the fabricated device
from environmental influences.

When the EFLC-APD is reversely biased, a hemispherical
space-charge region forms around the cathode, which extends
towards the substrate and the anode ring as the operating voltage
increases. The electric field distribution of the space-charge
region can be obtained from Gauss’s law under two assumptions:
the dimension of the highly doped cathode is much smaller than
the whole diode volume, and it forms an abrupt transition into the
intrinsic layer. Accordingly, the one-dimensional electric field
in spherical coordinates is:

Vi + Vi )rw
%7 (1)

where V},; is the built-in voltage, V. is the operation voltage, and
rw is the cathode’s radius. According to 1, in reverse direction, a
spherical high electric field region forms at the n-well/p- epi
junction, and extends towards the substrate and towards the

anode ring but decays by moving radially away from the center
at a rate of d 2.

E(d) ~

III. TCAD SIMULATION

In order to study the electric field distribution inside the
structure, TCAD simulations were performed using Silvaco’s
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Fig. 2. (a) 2D plot of the electric field distribution across the EFLC-APD
(rw = 0.6 pum, ra = 19 pm) at V,. = 69 V, corresponding to a gain (M) of
80. The breakdown voltage is 70.7 V. Vector arrows represent the local electric
field direction. (b) Radial section of the electric field along the vector d in the
structure.

ATLAS [31]. Fig. 2(a) shows a 2D plot of the electric field
within the EFLC-APD at an operating voltage of 69 V. It can
be seen that a high field (E > 2 x 10° V/cm) region with a
width of ~0.9 um forms around the cathode, which is called
multiplication region. This high field provides enough kinetic
energy to create avalanche events due to impact ionization.

The electric field decreases by moving radially away from
the center towards the substrate and towards the anode ring,
but it is still in the range of thousands of V/cm at 25 um
away from the origin of coordinates as shown in Fig. 2(b).
This electric field accelerates the photogenerated electrons in
the direction opposite to the vector arrows and guides them
towards the multiplication region. Due to such a distributed
electric field throughout the structure, absorbed photons in the
entire epitaxial layer have a very high chance to cause impact
ionization by electrons drifting to the cathode, which results in
a high sensitive-area to total-area ratio. Consequently, the large
thickness of the detection zone provides high responsivity for
long wavelengths, and the drift-based carrier transport mecha-
nism enhances the detector’s speed performance.

The distribution of the electric field changes with the radius
of the n-well (rw) while the doping (implantation energy and
dose as well as thermal budget) remains constant. Fig. 3(a)
illustrates the electric field distribution for different n-well radii
at a constant doping concentration. It can be seen that as the
radius of the n-well decreases, the strength of the electric field
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Fig. 3. (a) Radial cross-section of the electric field in the EFLC-APD with
ra = 19 pm for different n-well radii. (b) Lateral cross-section of the electric
field at the silicon surface of the EFLC-APD with rw = 0.6 pgm. Simulations
are done at an operating voltage of 69 V, 73.5 V, and 80 V for rw = 0.6 pum, rw
= 0.7 pm, and rw = 0.8 pm, respectively, which all correspond to a gain of 80.

increases in the multiplication region (see the inset in Fig. 3(a))
and decreases in the detection zone (see Fig. 3(a) especially for
d = 10 to 25 pm). This is due to the fact that by decreasing
the n-well radius, the curvature of the n-well region becomes
sharper, leading to a higher electric field at the n-well/p-epi
junction. Therefore, it should be considered that in order to
provide enough electric field in the detection zone, EFLC-APDs
with a larger size need an n-well with a larger radius.

Furthermore, the use of the anode ring redistributes the elec-
tric field in the lateral direction. Fig. 3(b) shows the lateral
cross-section of the electric field at the silicon surface of the
EFLC-APD structures with and without the anode ring. It can be
seen that in the EFLC-APD with the anode ring, the electric field
increases around the anode and then sharply drops. However, in
the case there is no anode ring, the electric field is weaker, but
could extend wider in the lateral direction. Here, the radius of
the anode ring of ra = 19 pm is about the same as the vertical
thickness of the effective intrinsic region (note: the pT substrate
diffused a few pm into the grown 24 pum epi layer during the
epitaxy and during the CMOS process) which is perfectly fitted
to get the spherical shape.

It should be noted that changes in electric field distribution
lead to different frequency responses of the diode. In fact,
the frequency response is determined by the transit time of
photogenerated electrons to reach the cathode. The transit time
depends on the carrier drift distance and the drift velocity,
which is proportional to the local electric field strength. The
electric field gradually decreases (below the threshold required
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Fig.4. Normalized frequency responses at A = 850 nm for different (a) n-well
radii and (b) diode sizes, extracted from TCAD simulations. Simulations are
done at an operating voltage of (a) 69 V, 73.5 V, 80 V for rw = 0.6 pm, rw =
0.7 pm, rw = 0.8 pm, respectively, and (b) 60 V, 64 V, 69 V for ra = 12 pum,
ra = 15 pm, and ra = 19 pm, respectively. Note: these voltage values were
selected to achieve a gain of 80 for each respective configuration.

for saturated drift velocity) by moving radially away from the
center. Accordingly, the bandwidth is limited by the drift time
of photogenerated electrons absorbed in the thick absorption
region far away from the center in the diagonal direction.

In order to study the influence of the electric field distribution
on the frequency response, Fig. 4 represents the frequency
response for the different n-well radii (rw) and different diode
sizes (ra). The bandwidths achieved by the EFLC-APDs with
a ra of 12 and different rw values of 0.6, 0.7, and 0.8 pum are
1.5, 1.54, and 1.59 GHz, respectively. The slight increase in
bandwidth observed for the diodes with a larger n-well radius can
be attributed to the slightly higher electric field in the detection
zone, enabling faster carrier transit. According to Fig. 4(b), the
speed can be improved by reducing the size of the diode, but at
the cost of reducing the active area. The EFLC-APDs with an
rw of 0.6 um and different sizes of 19, 15, and 12 um achieve
bandwidths of 1.23, 1.35, and 1.5 GHz, respectively. This is be-
cause as the size of the diode decreases, the electric field strength
distributed across the detection region increases and in addition,
the radial carrier drift distance shortens. Furthermore, the effect
of these parameters on the breakdown voltage is discussed in the
following. Accordingly, such parameters should be optimized
based on the requirements of the intended application.

IV. MEASUREMENT RESULTS

Here, some key performance characteristics such as break-
down voltage, gain (M), responsivity (R), bandwidth (BW),
and noise of the EFLC-APD are discussed. We have performed
the measurements on wafer using a wafer prober at a constant
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Fig. 5. Dark reverse characteristics for (a) different cathode radii with ra =
19 pm, (b) different diode size with rw = 0.6 pm.

temperature of 25 °C with probe heads. A Keysight B2987A
electrometer was used to supply the voltage and measure the
current.

A. Breakdown Voltage

As it was explained before, the distribution of the electric field
within the structure changes as the radius of the n-well varies
that leads to different breakdown voltages. Fig. 5(a) illustrates
the dark characteristics of the EFLC-APDs with different n-well
radii. The EFLC-APD with rw = 0.6 pm exhibits a breakdown
voltage of 70.7 V, where the dark current reaches 1 pA. It is
important to note that the presented APD is designed to operate
at substrate potentials of about —69 V. However, the high-voltage
(HV) CMOS process used for fabrication offers different wells
to isolate the MOS transistors, enabling substrate potentials as
low as —100 V. As a result, the high operating voltage of the
EFLC-APD does not hinder the integration of such APD with
readout circuits on the same silicon chip. It seems that the current
is saturated at a current level of ~50 nA. This is because of
high contact and series resistance. As the cathode is very small,
there is only one contact via in the cathode, which makes a high
contact resistance. Furthermore, we applied the biasing voltage
only on the anode ring, not at the reverse substrate contact as
we used a diced chip mounted on an insulating holder for the
measurement. Therefore, there is a series resistance between the
anode and cathode in the present device. It is, however, possible
to reduce the series resistance by using a large-area p+/p-well
anode contact at the silicon surface.

It can be seen that a larger n-well radius results in a higher
breakdown voltage. This is because the electric field strength in
the multiplication region (i.e., around the n-well) lowers with
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increasing the n-well radius, and accordingly a higher operating
voltage is required to provide the same avalanche gain. As a
result, the operating voltage can be lowered by reducing the n-
well radius. However, shrinking the n-well region is limited by a
technology-associated design rule. The advanced, smaller-node
technologies offer smaller n-well radii. In addition, they provide
higher doping concentrations. Therefore, it is possible to design
EFLC-APDs with lower breakdown voltage in advanced smaller
node CMOS technologies. Of course, less lateral spread of the
space-charge region and a reduction of the drift velocity will be
the consequence. A high bandwidth, then, requires a reduction
of the light-sensitive area (radius) or multi-dot structures with
many cathode dots.

In addition, the breakdown voltage is influenced by the radius
of the anode ring as the lateral electric field distribution inside
the structure varies for different anode ring radii as mentioned in
Section II. Fig. 5(b) shows the dark characteristics of the EFLC-
APDs with different anode ring radii. It can be seen that by
decreasing the anode ring radius, the breakdown voltage lowers.
In fact, by reducing the anode radius from 19 pm to 12 pm, the
breakdown voltage changes from 70.7 V to 60.5 V. This is due
to the fact that by decreasing the diode size, the electric field is
distributed over a smaller volume, leading to a higher intensity
in the multiplication and detection zone.

B. Gain and Responsivity

The photodetection characterization of the EFLC-APD has
been done for red (A = 675 nm) and near-infrared light (A =
850 nm). A multi-mode fiber with a lensed tip is used to provide
a spotlight with a radius of 12.5 pm, which is smaller than the
radius of the active area so that the total light was irradiated into
the active area and all incident photons had the chance to be
detected.

Fig. 6(a) shows the responsivity as a function of the reverse
bias voltage at a low optical power (op) of 2 nW, obtained from
the photocurrent characteristics, where the dark current has been
subtracted. It can be seen that this APD shows almost the same
responsivity for A = 850 nm as it was obtained for A = 675 nm
in [30]. An unamplified responsivity (M = 1) of 0.42 A/W for
850 nm at Vo = 1 V is achieved, which corresponds to the
quantum efficiency of 61.4%. It should be mentioned that not
every incident photon is transmitted into the silicon due to the
non-zero surface reflectivity of the Si/isolation and passivation
stack interface, which degrades the responsivity. Nevertheless,
a maximum responsivity of 3.05 x 10®> A/W at op = 2 nW and
V=70.5V (rw = 0.6 uym, ra = 19 ym), which corresponds to
a gain of 7.26 x 103, is achieved for both wavelengths (see the
spectral response in Fig. 6).

Fig. 6(b) shows the spectral responsivity of the EFLC-APD
with rw = 0.6 ym and ra = 19 um at op = 2 nW for different
gains. We used a Digikrom CM110 monochromator that swept
the wavelength from 400 nm to 900 nm by steps of 1 nm, coupled
with an optical attenuator to set the optical power at a constant
value of 2 nW. The dependence of the photodiode responsivity on
wavelengthisas R =17 - %, where 7 is the quantum efficiency.
It can be seen that the responsivity is linearly proportional to
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Fig. 6. (a) Responsivity as a function of reverse bias voltage at op = 2 nW.
(b) Spectral responsivity at op = 2 nW for different gain M. (c) Responsivity
at 850 nm as a function of reverse bias voltage for different optical powers.
Measurements are done for the EFLC-APD with rw = 0.6 pm and ra = 19 pm.

the wavelength. This is because as the wavelength increases,
the energy per photon becomes smaller, but each photon is
still able to generate a carrier as long as the photon energy is
larger than the bandgap energy. As a result, the responsivity
is higher at longer wavelengths. However, at long wavelengths
a considerable portion of the transmitted photons is absorbed
in a deep depth where the electric field is very weak or non-
existent to drive carriers towards the cathode. Therefore, the
dominant transfer mechanism shifts from carrier drift to carrier
diffusion, giving room to carrier recombination and resulting in
a decrease in responsivity. In addition, there is an influence of
the optical transmission through the isolation and passivation
stack. The spectral responsivity shows an almost flat shape at
long wavelengths (650 nm < A < 900 nm) with an unamplified
maximum value of 0.44 A/W at A =770 nm at M = 1. Such high
unamplified responsivity at long wavelengths is due to the thick
detection zone as expected from the TCAD simulation results. It
is shown that a maximum responsivity of 3.05 x 103 A/W at the
gain of 7.26 x 103 is achieved for near-infrared wavelengths.



6801509

(a)

Frequency Response (dB)

- - =1=850 nm
108 10°
Frequency (Hz)
(b)

-30

Frequency Response (dB)

——ra=12 um
108 10°
Frequency (Hz)
(c)

-30

o

T

g 0 bMMWu

2 ‘M.‘,*

7]

(]

o

>-10F

Q

c

(V]

2 ——R=33 AW

I | R=196 AW

i 20 : :
10° 10°

Frequency (Hz)

Fig.7. Normalized frequency responses of (a) EFLC-APD with rw = 0.6 um
and ra = 19 pum for two wavelengths at M = 80. (b) EFLC-APD with rw =
0.6 pm and two diode sizes of ra = 12 pum and ra = 19 pm at A = 850 nm
and at M = 80. (c) EFLC-APD with rw = 0.6 um and ra = 12 pm at different
responsivities at A = 850 nm.

Fig. 6(c) illustrates the dependency of the responsivity on the
optical power. At different optical power, the maximum achiev-
able responsivity is different. In fact, the maximum achievable
responsivity is lower at higher optical power because of the satu-
ration effect of the multiplication process at high optical powers
due to partial screening of the electric field by many charges.
Maximum responsivities for 850 nm of 196 and 48 A/W, both
corresponding to the operating voltage of 70.5 V, are achieved
at the optical powers of 200 nW and 1 W, respectively.

C. Frequency Response and Bandwidth

The frequency response of the EFLC-APD (rw = 0.6 um, ra
= 19 um) was measured for the two wavelengths of 675 nm and
850 nm with an optical power of 200 nW as shown in Fig. 7.
Measurements were done using a vector network analyzer (Ro-
hde & Schwarz ZNB8), which received the RF signal through a
high voltage bias-tee (Freq ~5 MHz—18 GHz). The maximum
bandwidth of 1.6 GHz for rw = 0.6 ym and ra = 19 um is
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achieved at A = 675 nm and V= 69 V, corresponding to the gain
of 80 and responsivity of 32 A/W which demonstrates ~ 90%
improvement compared to the results reported in Ref [16]. This
is because the electric field is distributed across a larger thickness
of about 20 ;sm compared to a thickness of the drift regionin [16]
of only about 8 um, which left some contribution of slow carrier
diffusion. Therefore, the contribution of slow carrier diffusion
in this APD is significantly lowered compared to that of the
APD in [16]. Nonetheless, the EFLC-APD uses the concept of
separate multiplication and absorption region to achieve high
responsivity with the inevitable bandwidth limitation by carrier
drift time in a thick absorption zone.

The frequency response measured for the same EFLC-APD at
A =850 nm shows a maximum achievable bandwidth of 1.2 GHz
at the same gain (M = 80) and responsivity (R = 33 A/W). This
bandwidth is 400 MHz lower compared to that obtained for
a wavelength of 675 nm as reported in [30] due to the larger
penetration depth of 850 nm light. However, the bandwidth is
still 350 MHz larger than reported in [16] for 850 nm. This is due
to the fact that more of the photons with longer wavelengths are
absorbed deeper and thus the transit time of the photogenerated
electrons to reach the cathode is higher.

It should be noticed that the frequency response is determined
by the transit time of photogenerated electrons to reach the
cathode, which could be reduced by shortening the carrier drift
distance and increasing the electric field intensity. Since in
this APD, the electrons generated in the peripheral volume are
guided towards the multiplication region, and even the electrons
generated far away from the cathode contribute to the photocur-
rent; thus, the frequency response is expected to improve by
reducing the size (ra) of the EFLC-APD.

Fig. 7(b) presents the normalized frequency response of the
EFLC-APDs with two different sizes (ra = 12 pym and ra =
19 pm) at A = 850 nm and M = 80. It can be observed that
by reducing ra from 19 pym to 12 pm, the bandwidth increases
from 1.2 GHz to 1.5 GHz. This improvement is attributed to
the electron drift time reduction due to the shortening of the
radial carrier drift distance as well as to the increase in the
electric field strength distributed across the detection zone as
discussed in Section II. Since the responsivity remains the same
for both structures, the APD with ra = 12 um achieves a higher
R-BW product. It is worth mentioning that we could enhance
the bandwidth by shrinking the EFLC-APD while maintaining
its responsivity. An important aspect that should be pointed out
is that, due to the high sensitive-area to total-area ratio, it is
possible to provide enough active area when it is downsized.

We should note that the bandwidth drops at higher respon-
sivity because of the avalanche build-up time effect. In fact, at
the maximum responsivity, we have the highest multiplication
factor, and as the avalanche process takes time, the avalanche
build-up time is high, which causes a bandwidth decrease. In
order to demonstrate this effect, Fig. 7(c) shows the frequency
response at the maximum responsivity of 196 A/W correspond-
ing to the gain of 466 at the optical power of 200 nW. It shows
that the bandwidth is reduced to 760 MHz. However, for this gain
and optical power, the effect of avalanche build-up time is not
strongly pronounced (compared to 1.5 GHz bandwidth at a gain
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Fig. 8. Bandwidth vs. gain of EFLC-APD with rw = 0.6 gm and ra = 12 ym
at the optical power of 200 nW. The dashed line represents the gain-bandwidth
product of 1 THz [32].

of 80, we lose only a factor of about 2 in bandwidth). We expect
higher bandwidth reduction at higher gains (at lower optical
powers). Accordingly, based on the intended application, the
trade-off between bandwidth and sensitivity can be optimized.
For instance, in applications that work at low frequencies, one
can utilize the maximum responsivity. Fig. 8 shows the band-
width versus gain at the optical power of 200 nW. Bandwidths
of 1.5, 1.06, and 0.76 GHz are obtained for gains of 80, 300, and
466, respectively. It can be seen that the bandwidth decreases
with increasing gain. The dashed line in Fig. 8 represents a
gain-bandwidth product of 1 THz that shows the gain-bandwidth
product limit [32]. The left point (see Fig. 8) at M = 80 and a
bandwidth of about 1.5 GHz approaches the bandwidth limit
determined by the carrier drift time through the thick absorption
zone.

D. Noise Characteristic

The signal-to-noise ratio enhancement, achieved by avalanche
gain, is actually compromised by a gain dependent noise compo-
nent. Models like the Mclntyre’s theory [33] or the dead-space
model [34], [35] are well established to predict the APD excess
noise factor F for devices with uniform electric field. However,
for EFLC-APDs, these models are not applicable, since the elec-
tric field is predominately non-uniform (see Fig. 2a). Hence, in
the following section, the noise characteristics of the EFLC-APD
is studied experimentally.

The noise characterization method utilized in this study was
based on the approach presented by [36]. Essentially the power
spectral density (PSD) of the APD’s photocurrent, stimulated by
a laser source in DC mode, is measured for different avalanche
gains (M). For this experiment, a 642 nm single-mode laser
(Thorlabs, LP642-SF20) was used to exclude the effect of mode
noise. Various values of M were obtained by adjusting the
operating voltage while measuring the photocurrent using an
electrometer (Keysight B2987A). The APD is reverse-biased
by applying a negative voltage to the anode, while the cathode
is connected to a transimpedance amplifier (TIA LMH3440,
Rp = 28Kk() and BW = 200 MHz, both measured). The TIA
provides the necessary amplification to the photocurrent noise
level to be distinguishable from the spectrum analyzer noise
floor (R&S FSP, noise floor ~ —155 dBm/Hz up to 500 MHz).

6801509

8 . .
o Popt=31nw a
| APom=63nW m
6 o P =127aw F
opt oA
- v Pop‘=502nW L a [s]
-4 A7 oy
L A o
OA
2 A
.Y ..
0

10 20 30 40 50 60 70
M/1

Fig. 9. Measured excess noise factor at A = 642nm. A relatively narrow
dynamic range of the measurement system required a variety of optical power
levels to cover a reasonable span of M.

However, it also poses an additional noise source, that was
taken care of by calibration, done in post-processing. For every
measured data point of M, the PSD was acquired (averaged
over 5 sweeps from 10 MHz to 100 MHz with 10 kHz resolution
bandwidth) with and without light. Their difference equals the
PSD of the photocurrent. This calibration method is insufficient,
if the photocurrent’s PSD is much smaller than the TIA PSD,
hence the system sensitivity was defined so that the APD noise
has to be equal to the noise of the measurement system. The
mean PSD of the TIA with connected APD, biased at —1 V,
without light, was ~ —127 dBm/Hz (generally a higher diode
capacitance elevates the TIA noise spectrum, however for the
presented APD the capacitance at smallest bias voltage is al-
ready dominated by the PCB parasitics, so the TIA PSD was
effectively constant for all bias states up to a saturation limit,
which is explained further below). A measurement run started
by positioning the fiber (mode field diameter ~ 5 ym) above
the center of the APD surface. In fact, the fiber was adjusted
to the position of maximum photocurrent. The photocurrent is
measured at M = 1 (V,, = —1 V), which gives the reference
value for the calculation of M. After that, the bias voltage is
set to a starting value (determined by the system sensitivity
and the optical power) and then increased in small steps. For
every voltage point, the photocurrent /4pp (i.e., M) and the
PSD is measured. At the end of each run another photocurrent
measurement at M = 1 is done to ensure that the fiber is still
properly positioned. Referring to [36], the excess noise factor F
can be calculated for every data point by

o PSDcalRterm

= 2
2qMIapp 2. @

where ¢ is the electron charge, R;,, is the input resistance
of the spectrum analyzer (50 2) and PS D, is the mean value
of the calibrated PSD in the interval from 10 MHz to 100 MHz.

The result of the excess noise measurement is illustrated in
Fig. 9. A variety of optical power levels was necessary to cover a
reasonable span of M while respecting the dynamic range of the
measurement system. Multiplied photocurrent levels had to be in
therange of ~0.4 to 1 A, in order to be utilizable. The measured
points within the dynamic range resulted in excess noise factors
of 2, 4 and 6 at gains of 17.8, 39, and 56.7, respectively. It
is important to mention that due to the non-uniform electric
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TABLE I
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Parameters Ref [16] Ref [38] Ref [19] Ref [25] Ref [13] Ref [30] This work This work
Technology 0.35 pm 0.25 pm 0.35 pm 0.35 pum 45 nm 0.18 pum 0.18 pum 0.18 pum
nt/p-well pt/m-well nt/p-well pt/m-well Double p-well/ nt/n-well nt/n-well nt/n-well
Structure RT-APD APD RT-APD CA-APD  deep n-well APD  EFLC-APD  EFLC-APD  EFLC-APD
Active area r=30 pm 10x10 pm? r=30 um 40x40 pm? 20%20 pm? r=19 pum r=12 pum r=19 pum
Operating voltage 63 V 122V 115V 68 V 20.8 V 69 V 60 V 69 V
Optical power 500 nW 1 mW 2 uW 2 uW 100 pW 200 nW 200 nW 200 nW
Wavelength 670 nm 850 nm 670 nm 830 nm 850 nm 675 nm 850 nm 850 nm
Gain 50 16.7 50 439 23 80 80 80
Responsivity 20.5 A/W 0.2 A/W 20.5 A/W 13.17 AIW 0.56 A/W 33 A/W 33 A/W 33 A/W
Bandwidth 850 MHz 5.6 GHz 1.25 GHz 275 MHz 8.4 GHz 1.6 GHz 1.5 GHz 1.2 GHz
R-BW product  17.4 &-GHz 1.1 &:GHz 256 & GHz 36 &-GHz 47 & GHz 528 &-GHz 49.5 & GHz 39.6 & GHz

field, present in the EFLC-APD structure, neither Mclntyre’s
theory [33] nor the dead-space model [34], [35] can be utilized to
account for the excessive noise observed in these diodes. These
models are derived for structures with uniform electric fields.
Nevertheless, due to a wavelength dependence of the dead-space
effect [37], higher excess noise has to be expected for increased
wavelength.

V. COMPARISON

The excess noise factors obtained are comparable to those [36]
of the planar n+/p-well APD in 0.35 pm high-voltage (HV)
CMOS with a uniform electric field [16]. F of this 0.35 pum
HV APD was 6 at M = 50 and about 6.5 at M = 60. When
we compare the thickness of the multiplication region (where
E > 2 x 10° V/cm), it is 0.73 um in the 0.35 yum HV APD
and about 0.9 pm in the EFLC 0.18 ym HV APD (both for M
= 60). A thicker multiplication region is generally better for a
lower excess noise. But the crowding of the multiplied carriers
towards lower radius (like the crowding of the field lines when
they approach to the inner end of the multiplication region) ob-
viously counteracts this advantage of the thicker multiplication
region.

To better highlight the contribution of this work over the
state-of-the-art, Table 1 shows a comparison of the key per-
formance parameters of the EFLC-APD with various silicon
photodetectors fabricated in standard CMOS technologies. It
should be noted that the achieved maximum bandwidth of
1.5 GHz shows 77% and 550% improvement compared to results
reported in Ref. [16] and [25] for wavelengths of 670 and
830 nm, respectively. This APD additionally shows a responsiv-
ity improvement of 60% and 240% compared to results reported
in Ref. [16] and [25] respectively. Furthermore, the presented
EFLC-APD achieves a responsivity-bandwidth product of 49.5
% -GHz, corresponding to the responsivity and bandwidth of R
= 33 A/W and BW = 1.5 GHz, respectively, which shows a
significant improvement compared to the literature according to
Table I.

VI. CONCLUSION

A characterization of the electric field-line crowding-based
avalanche photodiode is presented. It is shown that a hemispher-
ical electric field distribution formed across the entire volume
of the EFLC-APD leads to a thick hemispherical detection
zone in which the electrons generated in the entire volume
are accelerated towards the cathode. The EFLC-APD achieves
a maximum responsivity of 3.05 x 10° A/W in the red and
near-infrared spectral range due to its thick absorption region.
Furthermore, because of the high electric field distributed over
the structure, it provides a maximum bandwidth of 1.5 GHz at A
= 850 nm, that is an improvement of 77% and 550% compared to
results reported in Ref. [16] and [25], respectively. In addition,
the EFLC-APD shows the responsivity-bandwidth product of
49.5 %‘GHZ, which represents a significant improvement over
the state-of-the-art. Also the excess noise was investigated, F=6
was measured at a gain of 56.7. Especially for range-finding
sensors, which use near-infrared light, this APD should be well
appropriate.
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