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CMOS Integrated 32 A/W and 1.6 GHz Avalanche
Photodiode Based on Electric Field-Line Crowding
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Abstract—This letter presents a new Si CMOS linear-mode
avalanche photodiode (APD) based on an electric field distribu-
tion formed by field-line crowding. In this structure, a spherical
avalanching electric field is enforced by field-line crowding due
to the curvature of the half-sphere cathode (n-well). The electric
field extends radially and, therefore, the entire low-doped epitax-
ial layer serves as charge collection zone. This APD can provide
high responsivity and bandwidth due to its thick absorption
zone and drift-based carrier transport. Measurements using
a 675 nm laser source at 200 nW optical power show a
maximum bandwidth of 1.6 GHz while the responsivity is 32 A/W.
In addition, a maximum responsivity of 3.05 x 103 A/W at
5 nW optical power is achieved. Due to the high avalanche gain,
large bandwidth, and CMOS compatibility without any process
modification, this APD is a promising optical detector for many
applications.

Index Terms— Avalanche photodiode (APD), field-line crowd-
ing, CMOS integrated photodetector, spherical avalanching field.

I. INTRODUCTION

ETECTION of low-power, high-bandwidth optical sig-

nals is required in many optical systems such as opti-
cal communication, time-of-flight sensing, and biomedical
imaging. Due to the inherent gain of linear-mode avalanche
photodiodes (APDs), the use of integrated APDs instead of
standard pin photodiodes is interesting [1]-[3]. APDs fabri-
cated in a complementary metal-oxide semiconductor (CMOS)
technology have the advantages of low production cost and
integration capability with electronic circuitry for read-out and
signal processing.

Common design approaches towards integrated Si CMOS
APDs are based on p*/n-well [4]-[6] and n™/p-well [7], [8]
junctions. These devices demonstrate inevitably a trade-off
between bandwidth and responsivity for the long-wavelength
range (i.e. red and near-infrared light). The structures with
a thin depleted absorption region provide a high bandwidth
due to a shorter drift time of charge carriers. However,
the carriers generated underneath the thin absorption region
do not contribute to the output current resulting in a low
responsivity [9].
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APDs based on the concept of separate absorption and
multiplication regions were introduced to provide high respon-
sivity, however, the bandwidth of such structures is generally
limited by carrier drift time in a thick absorption
zone [10], [11]. In Reference [10] a maximum responsivity of
2.7 x 10* A/W for 5-nW optical power at 670 nm, and a max-
imum bandwidth of 850 MHz (R = 20 A/W) were reported.
The speed-optimizing technique of modulation doping was
used to improve the bandwidth to 1.25 GHz while maintaining
the same responsivity [12]. However, such bandwidth was
achieved at a reverse voltage of 115 V with the drawback
that the capability of the diode isolation from the circuits on
the same chip is not good enough. Reference [13] presented
a new structure called current-assisted avalanche photodiode
(CA-APD) with separate absorption and multiplication
regions. This APD employs two electrodes at the surface
with different potentials to create an electric field for drifting
the photogenerated electrons in the detection volume towards
the central multiplication region. A bandwidth of 275 MHz
and 13 A/W responsivity at 830 nm was reported for this APD.

Recently, [14] and [15] introduced an electric field-line
crowding based single-photon avalanche photodiode (SPAD)
fabricated in a CMOS process. They had to customize, i.e.
to modify, the fabrication process to use a shallow n-type
implant at the silicon surface between cathode and anode
to redistribute the electric field just below the silicon/silicon
dioxide interface at the surface of the device. A silicon photo-
multiplier (SiPM) used also a SPAD exploiting the field-line
crowding effect [16]. But transistors cannot be fabricated in
the special SiPM detector process.

In this work, we employ the field-line crowding concept to
design a new APD fabricated in a standard CMOS process
without any process modification. The APD uses a small
spherical avalanching n-well/p- epi junction at the center and a
thick volume in the p- epitaxial layer with lower electric field
around the avalanching region as absorption zone (Fig. 1). This
APD achieves a maximum responsivity of 3.05 x 10> A/W
at 5 nW optical power and a maximum bandwidth of 1.6 GHz
(R = 32 A/W) at 200 nW optical power for the wavelength
of 675 nm.

II. APD STRUCTURE AND TCAD SIMULATION

Fig. 1 shows the structure and doping regions of the APD
fabricated in 0.18 um high-voltage CMOS technology. The
cathode comprises an n™ region with a radius of 0.37 um
embedded in an n-well region with a radius of 0.6 um.
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p+ arld p-well (anode)

Fig. 1. Schematic 3-D drawing of the n™/n-well field crowding based Si
CMOS APD (not to scale).The APD is covered by an isolation and passivation
stack.

The cathode is concentrically enclosed by a p+ region (anode)
with an inner radius of 19 um. These regions are formed
on a low p-doped epitaxial layer (p- epi) with a thickness of
~24 um and a doping concentration of ~1.5 x 1013 cm™3,
The p+ substrate is also used as anode. The APD is covered by
the standard isolation and passivation stack. At the operating
voltage, a space-charge region is formed at the junction of the
n-well and p- epi region and its electric field distribution can
be derived from Gauss’s law. The derivation assumes that the
highly doped cathode is much smaller than the other device
dimensions and that it forms an abrupt transition into the
intrinsic layer. Based on these assumptions, the electric field
distribution in the p- epi layer is approximately [15]

(Vr + Vbi)dn
d? ’
where d,, is the cathode’s radius, V, is the operation voltage,
and Vp; is the built-in voltage. Accordingly, the electric field
peak is at the n-well/p- epi junction and decays by moving
radially away from the center at a rate of d~2 as can be seen
in Fig. 2 (b). At the p-substrate contactring, i. e. atr = 19 um,
the electric field has still a magnitude of 3500 V/cm. Below
the cathode at r = O um just at the transition to the p+
substrate (in a depth of 20 xm), the magnitude of the electric
field is still 5 kV/cm. In “diagonal” direction along the dashed
line in Fig. 2(a), is still 3 kV/cm at 25 ym away from the
origin of coordinates. This high electric field strength enables
fast carrier drift from a half sphere with a radius of about
20 um, whereas the APD of [10] had only an about 8 um
thick drift region [17], which limited the bandwidth by a small
contribution of slow carrier diffusion to 850 MHz.

The n-well radius is one of the most important factors
in determining the breakdown voltage as the electric field
strength depends on the curvature of the n-well/p- epi junc-
tion. A smaller cathode radius leads to a sharper field peak.
Accordingly, the breakdown and operating voltages decrease
by reducing the cathode radius [15], [16].

TCAD simulations were preformed using Silvaco’s
ATLAS [18] to obtain the electric field distribution inside the
structure. When the APD is biased in linear mode (below the
breakdown voltage), a spherical high electric field region is
formed near the cathode (around n-well region) which acts
as the multiplication region. The width of the multiplication
region is ~0.9 um. The electric field extends towards the

E(d) ~ (1
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Fig. 2. (a) 2D Plot of the electric field within the APD obtained by TCAD
simulations for a reverse voltage of 69 V. Arrows indicate the local electric
field direction. (b) Radial cross-section of the electric field in the structure
along the dashed line in sub-figure (a).

substrate and towards the surface anode but decreases by
moving radially away from the center (Fig. 2(b)). Accordingly,
the generated electrons and holes in the entire volume of the
epitaxial layer are promptly separated by the electric field, and
then the electrons are accelerated in the direction opposite
to the electric field vector arrows (Fig. 2(a)) towards the
multiplication region (cathode). Such a large thickness of the
absorption region and the drift-based carrier transport improve
the detector’s responsivity and speed performance for long
wavelengths, respectively.

It is worth mentioning that this APD can be integrated with
electronic circuitry on the same silicon chip as the used high
voltage CMOS technology provides different wells to isolate
the MOS transistors down to substrate potentials of —100 V.

III. MEASUREMENT RESULTS

Here the APD is evaluated in terms of some key perfor-
mance features such as gain, responsivity, and bandwidth.
The measurements have been performed on wafer at 25 °C
temperature regulated by a thermo chuck.

A. Currents, Gain and Responsivity

Fig. 3 illustrates the dark current and the photocurrent of the
APD at different optical powers measured using an electrom-
eter (Keysight B2987A). A 675 nm single-mode fiber with
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Fig. 3. Measured dark and photo currents as a function of reverse bias
voltage for different optical powers (5 nW, 50 nW, 100 nW, 200 nW).
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Fig. 4. Responsivity (left) and gain (right) as a function of reverse bias
voltage for different optical powers.

a core diameter of 5 um coupled with an optical attenuator
was used to provide different optical power. A calibrated
optical power meter was used to measure the optical power
on the device under test. The dark characteristics shows
the breakdown voltage of 70.7 V where the dark current
reaches 1 uA. Based on the photocurrent characteristics, the
gain and responsivity as a function of reverse bias voltage are
obtained from the following equations:

I(V) - Idark (V)
I(Vo) — Lgark (Vo)
I(V) — Tgark (V)
Optical Power ’

Gain(V) = (2)

Responsivity(V) = 3)
where I represents currents, and V( stands for a reference
voltage for unity gain.

Fig. 4 shows the gain and responsivity for 5 nW, 50 nW,
100 nW, and 200 nW optical powers. An unamplified respon-
sivity of 0.41 A/W at Vo = 1 V and a maximum responsivity
of 3.05 x 103 A/W at V = 70.5 V are achieved, which are
comparable to the results reported in Reference [10]. It is
observed that the gain and responsivity are independent of
the optical power in a wide voltage range (below 68.94 V)
where the gain is lower than 76.52 and the responsivity is
lower than 30.6 A/W. However, with increasing voltage, the
gain and responsivity achieved for higher optical power are
smaller compared to that for lower optical powers because
of the saturation effect of the multiplication process at high
optical powers due to partial screening of the electric field by

TABLE I

DEPENDENCY OF RESPONSIVITY AND GAIN ON
THE OPTICAL POWER AT V,, =70.5V

Parameters 5 nW 50 nW 100 nW 200 nW
Responsivity (A/W) 3.05x103 397 234 130
Gain 7.47%103 980 610 325

—70V

Frequency Response (dB)

.20 Hl—s69 v
---68V
.25 : : :
107 10° 10°

Frequency (Hz)

Fig. 5. Normalized frequency responses at 200 nW optical power for different
operating voltages.

many charges [19]. Table I contains the responsivity and gain
for different optical powers at V., = 70.5 V.

B. Frequency Response and Bandwidth

Fig. 5 shows the normalized frequency responses of the
APD at an optical power of 200 nW (4 = 675 nm) for
different gains, which were measured using a vector network
analyzer (Rohde&Schwarz ZNBS). A high voltage bias-tee
(Freq~5 MHz-18GHz) is used to supply the diode and send
the RF signal back to the network analyzer.

The maximum bandwidth of 1.6 GHz was measured
at V., = 69 V, corresponding to the gain and responsivity of
80 and 32 A/W, respectively. This APD shows a bandwidth
enhancement of ~ 90% compared to the results reported
in [10]. This is due to the large radius of the half-sphere high-
field region of about 20 xm compared to a thickness of the
drift region in [10] of only about 8 m, which lead to a small
contribution of slow carrier diffusion.

It is observed that the bandwidths at V, = 68 V and V, =
69 V show almost the same value because the electric field in
the absorption region, and consequently, the drift time doesn’t
vary significantly. The responsivity and gain of 10 A/W and
25 are repectively achieved at V., = 68 V. The bandwidth
drops at V., = 70 V which is because of the avalanche
build-up time. In fact, since the avalanche process takes
time, the higher multiplication factor increases the avalanche
build-up time and thus limits the bandwidth. This effect can
be clearly seen in Fig. 5 for the multiplication factor of ~300
(R = 115 A/W) which results in a bandwidth of 1.28 GHz.
However, as the optical power is 200 nW, the avalanche
build-up time effect is not significantly dominant, and thus
the bandwidth drop is low. The presented APD achieves
the gain-bandwidth product of 128 GHz and 384 GHz,
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TABLE II

PERFORMANCE COMPARISON OF LINEAR-MODE APDs (SM-APD: APD WITH SEPARATE ABSORPTION
AND MULTIPLICATION REGION; CA-APD: CURRENT ASSISTED APD)

Parameters Ref [10] Ref [9] Ref [6] Ref [13] Ref [12] This work
Technology 0.35 pum 45 nm 0.25 pm 0.35 pum 0.35 pm 0.18 um
nt/p-well Double p-well/ pT/n-well pt/n-well nt/p-well nt/n-well field
Structure SM-APD deep p-well APD APD CA-APD SM-APD crowding based APD
Area Round r=60 pm 20%20 pm? 10x10 pm? 40x40 pm? Round r=60 pm Round r=21 pm
Operating voltage 63V 20.8 V 122V 68 V 115V 69 V
Optical power 500 nW 100 W 1 mW 2 uW 2 uW 200 nW
Wavelength 670 nm 850 nm 850 nm 830 nm 670 nm 675 nm
Responsivity 20.5 A/W 0.56 A/W 0.2 A/W 13.17 AIW 20.5 A/W 32 AIW
Gain 50 23 16.7 43.9 50 80
Bandwidth 850 MHz 8.4 GHz 5.6 GHz 275 MHz 1.25 GHz 1.6 GHz
Gain-bandwidth product 42.5 GHz 193.2 GHz 93.5 GHz 12 GHz 62.5 GHz 128 GHz

corresponding to the gain and bandwidth of G = 80, BW =
1.6 GHz, and G = 300, BW = 1.28 GHz, respectively.

Table II shows a comparison of the key performance
parameters of the presented APD with various silicon pho-
todetectors fabricated in standard CMOS technologies. The
field-crowding APD reduces the optical power and increases
the avalanche gain as well as the bandwidth compared to
the other APDs. Furthermore, the breakdown voltage of the
suggested APD is comparable to that of the field-crowding
SPAD of 67.3 V [14].

IV. CONCLUSION

To the best knowledge of the authors, the first electric
field-line crowding linear-mode APD is presented. It is shown
that at the operating voltage, a spherical multiplication region
is formed around the n-well region (cathode). The electric field
extends to the detection zone, but gradually decreases with
moving radially away from the center. This results in a thick
fully depleted absorption zone in which the photogenerated
electrons drift towards the cathode. Due to such a thick
absorption zone, an unamplified and a maximum responsivity
of 0.41 A/W and of 7.47 x 103 A/W, respectively, at 5 nW
optical power are achieved, which are comparable to the
results reported in [10]. However, the maximum bandwidth
of 1.6 GHz is measured which shows ~90% improvement
compared to that reported in [10].
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