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High Speed and High Responsivity Avalanche Photodiode
Fabricated by Standard CMOS Process in Blue Wavelength Region*

Koichi ITYAMA'®, Member, Takeo MARUYAMAY, Senior Member, Ryoichi GYOBU', Takuya HISHIKI,

SUMMARY  Quadrant silicon avalanche photodiodes (APDs) were fab-
ricated by standard 0.18 um CMOS process, and were characterized at
405 nm wavelength for Blu-ray applications. The size of each APD el-
ement is 50 x 50um?. The dark current was 10pA at low bias voltage,
and low crosstalk of about —80dB between adjacent APD elements was
achieved. Although the responsivity is less than 0.1 A/W at low bias volt-
age, the responsivity is enhanced to more than 1 A/W at less than 10 V bias
voltage due to avalanche amplification. The wide bandwidth of 1.5 GHz
was achieved with the responsivity of more than 1 A/W, which is limited
by the capacitance of the APD. We believe that the fabricated quadrant
APD is a promising photodiode for multi-layer Blu-ray system.
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1. Introduction

Optical communication has been realized in long-haul com-
munication, and recently board-to-board and chip-to-chip
optical interconnection have been actively studied. In or-
der to realize optical interconnection, it is necessary to in-
tegrate optical devices such as light sources, optical wave-
guides, photodetectors with electronic circuits. Ge photo-
diodes on Si substrate have been actively studied by uti-
lizing CMOS compatible process for a long wavelength re-
gion [1]-[4], while Si photodetectors and Si photoreceivers
have also been realized by standard CMOS process for short
wavelength region [5]-[10]. Si photodiodes fabricated by
standard CMOS process are very attractive devices for cost
effective systems such as short optical interconnection and
optical sensing applications because of easy monolithic inte-
gration with electronic circuits on Si substrate. In [5]-[10],
the Si photodiodes and photoreceivers were characterized
only in 830 ~ 850 nm wavelength region, and the maximum
bandwidth of a few GHz and the maximum avalanche gain
of more than 100 were achieved. We have also designed
and realized avalanche photodiodes by standard CMOS pro-
cess (CMOS-APD) and have characterized at 830 nm wave-
length [11]-[14]. The avalanche gain of more than 100 was
achieved at less than 10V bias voltage, and the maximum
bandwidth was 8.4 GHz at the avalanche gain of about 10
and the responsivity of about 0.02 A/W. The gain-bandwidth
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Fig.1  Optical disk system.

product of 280 GHz was achieved [13].

The other possible application of the CMOS-APD is
Blu-ray systems [15]-[17]. In Blu-ray systems, a laser diode
emitting at 400nm wavelength range is used as a light
source, and a quadrant Si PIN photodiode (PIN-PD) is used
for photodetection as shown in Fig. 1. The reflected light
from the optical disk is detected by the quadrant PIN-PD
through a cylindrical lens. The cylindrical lens is used so
that the reflected light is circular shape for in focus and is
ellipse shape for out of focus as shown in the right figure
in Fig. 1. Then automatic focusing is realized by adjusting
the height of the focusing lens so that the detected optical
powers of four PIN-PD elements A, B, C and D satisfy the
relation of P4 - Pp = Pg - Pc, where P4, Pg, Pc and Pp are
the detected optical power of PIN-PD elements A, B, C and
D, respectively.

In current Blu-ray systems, a Si PIN-PD with the re-
sponsivity of about 0.3 A/W at 405 nm wavelength is used
for photodetection. Since the data rate for 1x readout speed
is 36 Mbps, 12x readout speed, for example, is 432 Mbps,
which requires at least 200 MHz bandwidth for photodi-
odes. In [15], avalanche photodiodes were fabricated and
were characterized in 300 ~ 1000nm wavelength range.
At 430 nm wavelength, the responsivity is 0.18 A/W at zero
bias voltage and is increased to 4.6 A/W at 19.1 V bias volt-
age due to avalanche amplification, which corresponds to
the avalanche gain of about 25. However, no frequency re-
sponse and bandwidth were reported. In [16], CMOS pho-
todiodes were fabricated and were characterized at 400 nm
and 638 nm wavelength. At 400 nm wavelength, the high re-
sponsivity of 0.23 A/W was achieved by antireflection coat-
ing on the photodetection area, and the rise time of 1.0ns
and the fall time of 1.1 ns were achieved for 1 kQ load resis-
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tance and 3V bias voltage. However, no avalanche amplifi-
cation was reported in this device.

In future Blu-ray systems, multi-layer optical disks will
be used to increase the disk capacity. In this case, the re-
flected optical power from each layer is very low because the
layers are semi-transparent, and then highly sensitive pho-
todiodes at 400 nm wavelength range are required for pho-
todetection. Although APDs are promising devices, conven-
tional APDs require high voltage (about 150 V) to achieve
large avalanche gain, and then integration with electronic
circuits is difficult. The CMOS-APD has a feature of high-
speed and high avalanche gain at low bias voltage, and there-
fore, is very attractive in multi-layer Blu-ray systems. We
reported tentative responsivity and bandwidth of CMOS-
APDs at 405 nm in [17]. The responsivity was 0.071 A/W at
zero bias voltage and was enhanced to 2.61 A/W (avalanche
gain of 36.8) at 9.1 V bias voltage due to avalanche amplifi-
cation, and the bandwidth was 300 MHz, which was limited
by uncalibrated frequency response of a blue laser.

In this paper, we characterize quadrant CMOS-APDs
fabricated by standard CMOS process in blue wavelength
region. Quadrant structure is widely used in optical disk
system for automatic focusing of the laser beam as described
above. The fabricated quadrant CMOS-APDs are low dark
current of 10 pA for low bias voltage, and the crosstalk be-
tween CMOS-APDs is very low. The bandwidth of 1.5 GHz
is achieved with the responsivity of more than 1 A/W.

2. Structure

Figure 2 is a photograph of the CMOS-APD fabricated by
standard 0.18 ym CMOS process. The CMOS-APD is quad-
rant structure and four APD (APD-A, APD-B, APD-C, and
APD-D) are formed. Nine electrodes in the bottom of the
photograph are PADs for biasing and RF probing, where the
PADs labeled “G” are the GND PADs and the PADs labeled
“S” are the signal PADs for biasing and RF probing. The
PAD size is 72 x 72 um?.

Figure 3 shows sample photographs of the photodetec-
tion area of the fabricated quadrant CMOS-APDs. Each
APD has interdigital electrode structure, and the electrode
spacing L; is 24.64 um and 7.52 um for (a) and (b), respec-
tively. The direction of the electrodes are decided to shorten
wiring length to the PADs shown in Fig.2. Figure 3 (a)
and (b) are the pMOS-type and the nMOS-type structure,
respectively, and the detailed structure is explained below.
The size of each APD element is 50 x 50 ,umz, which is
the same size with the Si PIN-PD used in current Blu-ray
systems. The separation between adjacent APD elements is
4 ym and 10 um for (a) and (b), respectively.

Figure 4 shows the structure of the fabricated pMOS-
type CMOS-APDs; (a) and (b) are the structure with the
electrode spacing Ly = 7.52 um and L; = 24.64 um, respec-
tively, and (c) is the schematic band diagram, where closed
circles and open circles are electrons and holes, respectively.
The interdigital anode and cathode electrodes are formed
on the p*-layer and the n*-layer on the Nwell, respectively.
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Fig.2  Photograph of fabricated quadrant CMOS-APD.
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Fig.3  Photograph of photodetection area of fabricated CMOS-APD.

The cathode electrodes are connected to GND and the an-
ode electrodes are negative biased. The p*-layers on the P-
substrate are electrically connected to GND to form guard
ring. The light with 405 nm wavelength is illuminated from
the top of the APD and is absorbed through the silicide-free
p*-layer on the Nwell. From optical property of intrinsic
Si[18], the absorption length of Si at 405 nm wavelength is
about 100 nm. Although the thickness and the doping con-
centration of the Nwell, the n*-layer and the p*-layer are
not disclosed from manufacturer, the thickness of the n*-
layer and the p*-layer is deduced to be 100 ~ 200 nm. Then
most of the illuminated light is absorbed in the p*-layer and
the Nwell. The holes photo-generated in the p*-layer imme-
diately contribute to the photocurrent via anode electrode
on the p*-layer, and the electrons photo-generated in the
p*-layer are diffused toward the interface between the p*-
layer and the Nwell and then drifted toward the n*-layer,
and contribute to the photocurrent. The holes and the elec-
trons photo-generated in the Nwell are drifted toward the p*-
layer and the n*-layer on the Nwell, respectively, and con-
tribute to the photocurrent. The electrons photo-generated
in the P-substrate travel toward the n*-layer on the Nwell,
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Fig.4  Structure and band diagram of pMOS-type CMOS-APDs.

and the holes photo-generated in the P-substrate travel to-
ward the p*-layer in the guard ring because of the built-
in potential barrier between the P-substrate and the Nwell
as shown in Fig.4 (c), and the electrons and the holes are
recombined by the guard ring structure and do not con-
tribute to the photocurrent. In this structure, high electric
field is applied around the interface between the p*-layer
and the Nwell as shown in dashed region in Fig. 4 (c), and
then the electrons photo-generated in the p*-layer and the
holes photo-generated in the Nwell are multiplied due to
avalanche mechanism during drifting toward the n*-layer
and the p*-layer, respectively.

Figure 5 shows the structure of the fabricated nMOS-
type CMOS-APDs; (a) and (b) are the structure with the
electrode spacing Ly = 7.52um and L; = 24.64 um, re-
spectively, and (c) is the schematic band diagram, where
closed circles and open circles are electrons and holes, re-
spectively. The interdigital anode and the cathode electrodes
are formed on the p*-layer and the n*-layer on the Pwell,
respectively. The anode electrodes are connected to GND
and the cathode electrodes are positive biased. The p*-layer
on the Pwell, the p*-layer on the P-substrate, and the n*-
layers on the deep Nwell (DNW) are electrically connected
to GND to form guard ring. The light with 405 nm wave-
length is illuminated from the top of the APD and is ab-
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Fig.5  Structure and band diagram of pMOS-type CMOS-APDs.

sorbed through the silicide-free n*-layer on the Pwell. Al-
though the thickness and the doping concentration of the
DNW, the Pwell, the n*-layer and the p*-layer are not dis-
closed from manufacturer, the thickness of the n*-layer and
the p*-layer is deduced to be 100 ~ 200 nm, and is compa-
rable to the absorption length of Si at 405 nm as described
above. Then most of the illuminated light is absorbed in
the n*-layer and the Pwell. The electrons photo-generated
in the n*-layer immediately contribute to the photocurrent
via cathode electrodes on the n*-layer, and the holes photo-
generated in the n*-layer are diffused toward the interface
between the n*-layer and the Pwell and then drifted toward
the p*-layer on the Pwell, and contribute to the photocur-
rent. The electrons and the holes photo-generated in the
Pwell are drifted toward the n*-layer and the p*-layer on
the Pwell, respectively, and contribute to the photocurrent.
The holes photo-generated in the DNW travel toward the p*-
layer on the Pwell, and the electrons photo-generated in the
DNW travel toward the n*-layer in the guard ring because
of the built-in potential barrier between the Pwell and the
DMW, and the holes and the electrons are recombined and
do not contribute to the photocurrent. The electrons photo-
generated in the P-substrate travel toward the n*-layer in the
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guard ring because of the built-in potential barrier between
the Pwell and the DNW, and the holes photo-generated in
the P-substrate travel toward the p*-layer in the guard ring
because of the built-in potential barrier between the DNW
and the P-substrate, and the electrons and the holes are re-
combined and do not contribute to the photocurrent. In this
structure, high electric field is applied around the interface
between the n*-layer and the Pwell as shown in dashed re-
gion in Fig. 5 (c), and then the holes photo-generated in the
n*-layer and the electrons photo-generated in the Pwell are
multiplied due to avalanche mechanism during drifting to-
ward the p*-layer and the n*-layer, respectively.

In the CMOS-APDs, the bandwidth is enhanced by
decreasing the electrode spacing because the carrier tran-
sit time to the electrodes is decreased at the sacrifice of the
responsivity due to increased illumination blocking area by
electrodes. To confirm the influence of the electrode spac-
ing on the bandwidth and the responsivity, we fabricated
CMOS-APDs with different electrode spacing as shown in
Figs.3, 4 and 5. No antireflection coating is formed on
the photodetection area because antireflection coating is not
provided in standard CMOS process.

3. Characterization

In characterizing the CMOS-APDs, a laser light with
405 nm wavelength was illuminated from the top of the
CMOS-APDs via SI-9 optical fiber, which is multimoded
for 405 nm wavelength. The output facet of the SI-9 fiber
was aligned about 100 um upper from the surface of the
CMOS-APDs, and the beam size on the photodetection area
was about 20 um as a result.

Figure 6 (a) shows the dark current of the pMOS-type
and the nMOS-type CMOS-APDs with the electrode spac-
ing Ly = 24.64 um. The dark current is about 10 pA at low
bias voltage for both the pMOS-type and the nMOS-type
CMOS-APDs, which is comparable to the dark current of
commercial Si PIN-PDs, and is drastically increased when
the bias voltage exceeds 6 V and 8V for the pMOS-type
and the nMOS-type CMOS-APDs, respectively. The break-
down voltage is about 8 V and 9V for the pMOS-type and
the nMOS-type CMOS-APDs, respectively. The dark cur-
rent characteristics is the same irrespective of the electrode
spacing L. Figure 6 (b) shows the -V characteristics under
light illumination. The wavelength of the light is 405 nm
and the incident optical power is 10 uW. The current is al-
most constant when the bias voltage is below 4V and 6 V
for the pMOS-type and the nMOS-type CMOS-APDs, re-
spectively, and is gradually increased; especially when the
bias voltage is above 7 V and 8 V for the pMOS-type and the
nMOS-type CMOS-APDs, respectively, the current is sig-
nificantly increased due to avalanche amplification, which
occurs around the interface between the the p*-layers and
Nwell for the pMOS-type CMOS-APD and between the n*-
layers and the Pwell for the nMOS-type CMOS-APD.

Figure 7 shows the responsivity against the bias volt-
age obtained from Fig. 6 (b). The responsivity at low bias
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voltage is less than 0.1 A/W and is about half of commercial
Si PIN-PD at 405 nm. The low responsivity at low bias volt-
age is attributed to surface reflection due to no antireflection
coating. However the responsivity is significantly increased
due to avalanche amplification, and the responsivity of more
than 1 A/W is achieved, which is about 10 times larger than
the responsivity of commercial Si PIN-PD. The avalanche
gain of more than 10 is easily achieved and the maximum
avalanche gain of 100 is achieved by carefully adjusting the
bias voltage. The responsivity is enhanced by increasing the
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electrode spacing L, because of decreased number of the in-
terdigital electrodes which blocks light absorption.

Figure 8 shows the /-V characteristics of all the APD
elements of the quadrant CMOS-APD when a light is illumi-
nated to only the APD-A. Figure 8 (a) and (b) are the results
for the pMOS-type and the nMOS-type CMOS-APDs, re-
spectively. Large current is measured for the APD-A due to
efficient light absorption. The current of the APD-B, APD-C
and APD-D are slightly increased. The reason of the slight
current increase is not clear yet, and may be misalignment
of the light illumination or insufficient isolation between
the APD elements due to common GND PAD structure as
shown in Fig.2. However the current of the APD-B, APD-
C and APD-D is four orders of magnitude smaller than the
current of the APD-A, which indicates that the crosstalk is
—-80dB.

Figure 9 shows the C-V characteristics for (a) the
pMOS-type and (b) the nMOS-type CMOS-APDs. The
capacitance of the CMOS-APD with the electrode spacing
L; = 24.64 um is slightly larger than that with L; = 7.52 um
because of larger pn-junction area due to small number of
the interdigital electrodes. The capacitance of the pMOS-
type CMOS-APD is slightly larger than that of the nMOS-
type CMOS-APD at low bias voltage. The difference in the
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Fig.9 C-V characteristics for pMOS-type and nMOS-type CMOS-
APDs.

capacitance may be due to different doping concentration of
the Nwell and the Pwell. However the capacitance of the
pMOS-type and the nMOS-type CMOS-APDs are almost
the same for the bias voltage above 5V, and finally the ca-
pacitance of about 2 pF is achieved near the breakdown volt-
age. The CR-limited bandwidth of the CMOS-APD is then
estimated to be 1.6 GHz for 50 Q load resistance.

Figure 10 shows the frequency response at 8§ V bias
voltage for (a) the pMOS-type and (b) the nMOS-type
CMOS-APDs. A laser diode with 405 nm wavelength is
used as a light source and the laser is directly intensity mod-
ulated by the RF signal of a network analyzer (Agilent tech-
nology, E8363B). The frequency response of the laser is cal-
ibrated with a high-speed GaAs PIN-PD with nominal band-
width of 30 GHz (Albis Optoelectronics AG, PQW-30A-S).
The vertical axis is normalized to the signal magnitude at
low frequency range. The bandwidth is enhanced with de-
creasing the electrode spacing L, due to decreased carrier
transit time, and the bandwidth of about 1.5 GHz is achieved
for the pMOS-type and the nMOS-type CMOS-APDs with
the electrode spacing L, = 7.52 um, which is limited by the
capacitance as shown in Fig. 9.

Finally we summarize the relation between the respon-
sivity and the bandwidth at 405 nm wavelength, and the re-
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sult is shown in Fig. 11. Closed and open squares are the re-
sults for the pMOS-type CMOS-APD, and closed and open
circles are the results for the nMOS-type CMOS-APD. The
CMOS-APD with the electrode spacing Ly = 7.52 um has
wider bandwidth than that with L; = 24.64 um due to de-
creased carrier transit time, and the pMOS-type CMOS-
APD is slightly faster than the nMOS-type CMOS-APD. As
described in Sect. 2, the holes photo-generated in the p*-
layer immediately contribute to the photocurrent via elec-
trodes on the p*-layer, and the electrons photo-generated in
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the p*-layer travel toward the n*-layer via Nwell and then
contribute to the photocurrent in the pMOS-type CMOS-
APD. In the nMOS-type CMOS-APD, the electrons photo-
generated in the n*-layer immediately contribute to the pho-
tocurrent via electrodes on the n*-layer, and the holes photo-
generated in the n*-layer travel toward the p*-layer via
Pwell and then contribute to the photocurrent. Since the drift
velocity of electrons is faster than that of holes, the pMOS-
type CMOS-APD is faster than the nMOS-type CMOS-
APD.

The horizontal axis of Fig. 11 is scaled with the respon-
sivity, and the responsivity is related to the avalanche gain.
Hence Fig. 11 is basically the same with the gain-bandwidth
characteristics. In usual APDs, the bandwidth is increased
with the gain in low gain region due to increased drift ve-
locity by increased bias voltage, and is then decreased with
the gain in high gain region by increased avalanche build-
up time. However the relation shown in Fig. 11 is flat with
the responsivity. This is because the bandwidth is lim-
ited by the CR-limited bandwidth for Ly = 7.52 um, and
is limited by the carrier transit time-limited bandwidth for
Ly = 24.64 um, and the CR-limited bandwidth and the car-
rier transit time-limited bandwidth are narrower than the
avalanche build-up time-limited bandwidth.

4. Conclusion

In conclusion, quadrant Si CMOS-APDs were fabricated by
standard 0.18 yum CMOS process and were characterized at
405 nm wavelength for Blu-ray application. The photode-
tection size of each CMOS-APD is 50 x 50,um2, and inter-
digital anode and cathode electrodes are formed on the sur-
face of the CMOS-APD. The dark current is 10 pA at low
bias voltage and the breakdown voltage is about 8 V and 9V
for the pMOS-type and the nMOS-type CMOS-APDs, re-
spectively. The responsivity is less than 0.1 A/W at low bias
voltage, and is increased to more than 1 A/W near the break-
down voltage due to avalanche amplification. The crosstalk
between APD elements is as low as —80 dB. The capacitance
near the breakdown voltage is 2 pF for both the pMOS-type
and the nMOS-type CMOS-APDs. The bandwidth is en-
hanced with decreasing the electrode spacing, and the max-
imum bandwidth was 1.5 GHz for the pMOS-type CMOS-
APD, which is limited by the CR-limited bandwidth. The
bandwidth is independent of the responsivity because the
bandwidth is limited by the CR-limited bandwidth for nar-
rower electrode spacing and by the carrier transit-time band-
width for wider electrode spacing, and the 1.5 GHz band-
width is obtained with the responsivity of more than 1 A/W.
The results show that the quadrant CMOS-APD is very at-
tractive device for Blu-ray application.
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