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Abstract : A monolithically integrated optoelectronic receiver is presented. A silicon-based photo-diode and receiv-
er circuits are integrated on identical substratesin order to eliminate the parasitics induced by hybrid packaging.
Implemented in the present deep sub-micron MS/ RF (mixed signal ,radio frequency) CMOS,this monolithically
OEIC takes advantage of several new features to improve the performance of the photo-diode and eventually the

whole OEIC.
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1 Introduction

The demand for high volume data transmis-
sion in ashort time in the present age of informa-
tion has brought on a huge need for optical inter-
connection,which has been proven to be the best
way to transmit data at extremely high speeds.
Nowadays, the area of optoelectronic devices is
dominated by compound semiconductor materials,
due to their intrinsic characteristics. Since most
transmitted data are processed on silicon chips,
chips on different materials have to be packaged
together to realize the whole optical interconnec-
tion system. Hybrid packaging either by wire
bonding or by flip-chip bonding has introduced
several undesired effects, which inevitably limit
the utility and performance of the system.Because
of the disadvantages mentioned above,the indus-
try has been relentless in its quest to integrate the
functions of optoelectronic systems onto a single
chip. Monolithic integration on compound semi-
conductor substrate has been put into practical use
for many years[” , but integration on silicon in
general I1C processes is preferred because of its
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low-cost and large-scale integration, especially in
LAN (local area network) and VSR (very short
reach) applications. The motivation and potential
to realize such full integration in CMOS has in-
creased markedly as the speed of CMOS circuits
has made them viable candidates for Gbit rate da-
ta communication'®®" . In this paper ,we review the
issues associated with fabricating photo-diodes in
CMOS. Some new features offered by present MS/
RF CMOS are employed to improve the perform-
ance of such photo-diodes. The front-end circuits
of fiber communications are integrated with this
novel photo-diode,including TIA’ s (transimped-
ance amplifiers) and LA’ s (limiting amplifiers) .

2 Design of photo-diodes in MY RF
CMOS

Fabricating a high performance photo-diode
in CMOS is regarded as the bottleneck in realizing
a monolithically integrated receiver, because the
design technique of such an optoelectronic device
is restricted to a narrow space not only by the op-
tical properties of the material but also by the
technology process. Fortunately, CMOS processes
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themselves are continually progressing. Many new
features have been added to the basic process in
order to expand the available functions. They can
also be taken advantage of in the design of photo-
diodes. In this section,we frame the problem by
describing important features of the silicon mate-
rials and semiconductor process technologies as
they relate to the problem of realizing photo-di-
odes.

The optical properties of silicon are well
known. In particular, the absorption coefficient
@) with a gradual onset owing to silicon’ s indi-
rect bandgap structure is of primary importance.
In contrast, the absorption onsets of direct
bandgap materials are more abrupt. This unique
feature causes the absorption length (1/0) to vary
significantly with wavelength ,and to be much lar-
ger than that of direct bandgap materials for
wavelengths in the vicinity of the bandgap. The
photon absorption process creates electron-hole
pairsin the bulk silicon; but only those generated
inaregion of electric field,or close enough to dif-
fuse into the region,can contribute to the output
photo-current. Otherwise, they will eventually re-
combine in the absence of an electric field. Com-
pared with the field-aided drift component ,diffu-
sion-based carriers are transported at a much slo-
wer velocity, which will significantly affect the
time-response of the photo-diode.

The basic photo-diode is a simple pn junction
with a depletion region width W. For an incident
optical power ( Pot) ,the photo-generated current
(1) isrelated to the responsivity (R) by

lg = RPot (D)
e _
R = Popt =N hc (2)
_ a e
N =(1- Pa«)e "[1- 1+chJ (3)

wheren is the external quantum efficiency,and L
is the minority carrier diffusion length in the re-
gion with a relatively low doping rate. As de-
scribed in Egs. (1 3),L and 1/0 are characteris
tic lengths associated with photo-generated carri-
ers. For W on the order of 1/0 ,most photo-gener-
ated carriers are collected by the electric field,
and the diff usive component can be ignored. With
the carriers drifting with the aid of the field,the
photo-diode can operate at a very high speed. Un-
fortunately, the absorption length is about 14 m
for a wavelength of 850nm,which is much deeper

than the junction depth that can be achieved in a
normal CMOS process. Therefore, the diffusive
component will contribute alarge part to the pho-
to-generated current and will consequently intro-
duce an undesired effect on the time-response of
the photo-diode.

2.1 Double photo-diode in CMOS

As mentioned above,if the generated current
purely contained drifting carriers, a better time-
response would be attained. But unfortunately,
CMOS processes are specialized for the fabrica-
tion of electric circuits. The source/ drain implant
process we usually use to make the photo-diode
can only form a depletion region with a depth of
about 3 m ,for its high doping level of about 10"
cm®. Therefore, the time-response will be inevi-
tably degraded by the slow transporting of the dif-
fusive carriers generated in the bulk silicon. Meth-
ods for boosting the speed of CMOS compatible
photo-diodes focus on how to eliminate these dif-
fusive carriers. Such a method is illustrated in
Fig 11,
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Fig.1 Cross section of interdigitated photo-diode
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As shown in Fig. 1,a photo-diode is imple-
mented in a process identical to the formation of a
p-type MOSFET.A p"* region with an interdigita-
ted lateral structure is designed as the anode of
the photo-diode,which is originally implanted to
form the source and drain of the MOSFET. Anin-
terdigitated structure is employed to broaden the
depletion region,and makes as many of the photo-
generated carriers as possible drifting. Another di-
ode formed by an n-well and p-substrate also plays
an important role in this structure. Called a
screening diode,this diode prohibits the diffusive
carriers generated in the bulk from contributing
to the total generated current. This kind of
screening scheme obviously trades responsivity for
speed, because a large part of photo-generated
carriers have been discarded. Fortunately,the de-
generation of responsivity is not a serious problem
in LAN and VSR applications, where the power
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fade in the fiber is much less than in long haul
transmission applications.

2.2 Nove photodiode implemented in MY RF
CMOS

Thanks to the rapid development of CMOS
technology, we have many new ways to invent
new photo-diodes. Having been predominant in
digital circuit fabrication for many years, CMOS
processes are attracting more and more attention
inthe area of MS/ RF circuits. The deep-n-well is
added to mitigate the influence of switching noise
generated by digital circuits on the friable analog
or RF part on the same chip. In conjunction with
newly developed STI (shallow trench isolation)
technology ,this new feature can significantly im-
prove the perf ormance of CMOS-compatible pho-
to-diodes. One example of novel structures based
on MS/ RF CMOSisgivenin Fig.2,where a tradi-
tional DPD (double photo-diode) is surrounded by
an STI circle and then buried in a deep-n-well.

hv
GND Cathode Anode U Cathode GND

Protective

n type

Deep n well

p substrate

Fig.2 Cross section of novel photo-diode in MS/ RF
CMOS

Compared with conventional DPDs, this no-
vel structure has improvements in many as
pects® .

(1) Dark current :Some dark current is inevi-
table because it isimpossible to get a perfectly de-
fect-free silicon substrate. However ,the dark cur-
rent can be mitigated by isolating the laterally dif-
fusive random carriers. Through the use of STI
and the deep-mrwell , the magnitude of the dark
current is only about 1/5 of that in DPDs without
these new features.

(2) Responsivity : Poor responsivity has been
regarded as the main shortcoming of DPDs. It can
be enhanced when an STI wall isintroduced,since
the photo-generated carriers are restricted inside
the circle,where they can be efficiently used. The
experiment has shown that the responsivity of the
novel structure is 0. 066A/ W, compared to only
0. 017A/ W in conventional DPDs™ .

On the other hand, the concentration index

variation in the nwell will increase the photo-di-
ode capacitance,which may degenerate the band-
width of the receiver circuit.

3 Receiver circuit design

The front-end of an optical receiver circuit u-
sually consists of a TIA and an LA.

A regulated cascode (RGC) configuration is
employed to realize the TIA. It has been proved
that RGC can more effectively isolate the photo-
diode capacitance from the bandwidth determina-
tion than other structures'® . As shown in Fig. 3
(a) ,M1 and M2 make up the RGC input stage,
significantly enhancing the input gm,and conse-
quently pulling the pole decided by the photo-di-
ode capacitance and the input impedance out of
dominance. The feedback resistor R: is applied
from the output stage (M4) to the drain of M1,
which not only boosts the output gm but also effi-
ciently buffers the current at the input.
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Fig.3 (a) Schematic diagram of an RGC TIA; (b)
Schematic diagram of one stage of an LA

The LA consists of an input stage, a gain-
stage and an output buffer. The gain stage is com-
posed of 6 serially connected differential ampli-
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fiers,one of which is givenin Fig.3 (b).All these
differential amplifiers are loaded by active induc-
tors consisting of an M OSFET operating in satu-
ration plus a gate resistor ,in order to broaden the
bandwidth.

4  Chip design and measurement re-
sults

A monolithically integrated optoelectronic
receiver isimplementedin TSMC 0.29 m MS/ RF
CMOS technology. A chip photograph is shown in
Fig.4. The photo-diode is designed with an octag-
onal lateral configuration, which introduces less
capacitance than a square one.

DT N Limiter o

Fig.4 A monolithically integrated optoelectronic re-
ceiver

The OEIC was tested with a sinusoidal modu-
lated optical input with an incident power of
60Q W at a wavelength of 850nm. The measured
transient response is shown in Fig. 5. An ampli-
tude of nearly 20mV is achieved at the output of
the OEIC,which means that a transimpedance of
about 56dB - Q is attained by the front-end cir-
cuits.

Fig.5 Transient response of the OEIC at 150M Hz

Figure 6 shows the frequency response of the
monolithic optical receiver. Only a 400M Hz 3dB-

bandwidth has been achieved. The degeneration
of the bandwidth can be attributed to the incre-
ment of the photo-diode capacitance. More effort
should be devoted to the design of the TIA circuit
infuture work.
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Fig.6 Frequency response of the OEIC

Acknowledgements The authors would like to thank
Prof . Wang Zhigong, Prof. Li Zhiqun,and Xue Zha-
ofeng of the Institute of RF & OEIC,Southeast U ni-
versity for their support in this project.

References

[1] Choi J,SheuB J,Chen O T C.A monolithic GaAs receiver for
optical interconnect systems. |EEE J Solid-State Circuits,
1994 ,29(3) :328

[2] Zimmermann H. Integrated high-speed, high-sensitivity pho-
todiodes and optoelectronic integrated circuits. Sensors and
Materials,2001,13(4) :189

[3] Woodward T K, Krishnamoorthy A V.1Gbit/s CMOS photo-
receiver with integrated detector operating at 850nm. Elec-
tron Lett,1998,34(12) :1252

[4] Mao Luhong, Chen Hongda, Wu Ronghan, et al. Simulation
and design of a CMOS-process- compatible high-speed Si-pho-
todetector. Chinese Journal of Semiconductors,2002,23(2) :
193 (in Chinese) [ CMOS

,2002,23
(2) :193]

[5] Huang Jiale, Mao Luhong, Chen Hongda,et a. Research of
MS/ RF CMOS-process-compatible photodetector. Chinese
Journal of Semiconductors, 2005 ,26 (10) :1995 (in Chinese)
[ , s , .MS/ RF CMOS

. ,2005,26(10) :1995]

[6] Park SM,LeeJ, Yoo HJ.1-Gb/s 80-dBQ fully differential
CMOS transimpedance amplifier in multichip on oxide tech-
nology for optical interconnects. | EEE J Solid-State Circuits,
2004 ,39(6) :971

[7] Sackinger E, Fischer W C. A 3-GHz 32-dB CMOS limiting
amplifier for SONET OC-48 receivers. | EEEJ Solid-State Cir-
cuits,2000,35(12) :1884



2 Chen Hongda et al. : Monalithically Integrated Optoelectronic Receivers

327

0 29 m MY RF CMOS

1 1,1
(1
(2
: ; ; CMOS
EEACC: 4250; 2560B
. TN303 DA
( :2002A A 312240 ,2003A A 312040)

. Email :gaopeng @semi. ac.cn
2005-10-12 ,2005-10-31

100083)
300072)

MS/ RF(

: 0253-4177(2006) 02-0323-05

( :60536030)

/

) CMOS

c 2006



