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Abstract—There has been significant recent progress towards the
realization of multi-Gbps optical receivers fully integrated into
standard CMOS processes. Although CMOS photodetectors
exhibit performance inferior to discrete photodetectors, they
offer the potential for a low-cost highly-integrated solution that
suits growing and emerging applications in short-reach optical
communication. Past work has focused on using the pn-junctions
and depletion regions available in standard CMOS process flows
to eliminate, minimize, or cancel the slowly diffusing
photocarriers that usually limit the bandwidth of CMOS
photodetectors. However, if considered simply as a form of ISI,
the slowly diffusing carriers can be dealt with using the same
signal processing tools in wide use for other wireline
communication applications, including decision feedback
equalization. A combination of spatially-modulated light
detection, analog equalization, and modest decision feedback
equalization appears to offer a path towards data rates in excess
of 10-Gbps using integrated photodetectors. Nanoscale CMOS is
particularly well suited to the implementation of such signal
processing functions.  Measured results of photodetectors
implemented in a standard 65-nm CMOS process are presented.

Keywords-optical communication, CMOS photodetectors,
decision feedback equalization, nanoscale CMOS

. INTRODUCTION

Short-reach optical interconnect is finally coming of age.
Wide deployment of optical communication began in the 80’s
carrying traffic for wide-area networks over fiber links
kilometers in length. In the late 90’s optical cabling began
seeing use in local area networks at distances of less than a
kilometer. The trend has continued to the present day when
rack-to-rack connections within data centers and computing
clusters employ optical cabling with lengths on the order of 10
meters. Although predictions of optical links between silicon
dies just a few centimeters apart have been greatly exaggerated
over the past decade [1], it now appears that optical links of
only a few metres will enter the consumer market within 5
years.

There are fundamental reasons for these trends. The reach
and robustness of high-speed electrical interconnect is
increasingly limited by crosstalk. To reduce crosstalk, metal
shielding is required, increasing the cost and reducing the
flexibility of electrical cables. For example, the reach of
10GBASE-T ethernet cabling is limited by crosstalk,
particularly when many cables with active links are bundled
together. To increase the reach of 10GBASE-T, new Cat-7
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cabling is under development with improved electrical
shielding and attendant increases in cost, weight, and stiffness.
In the meantime, a competing optical ethernet standard,
10GBASE-LRM, offers longer reach and lower power
consumption per link.

By contrast, advances in optical technologies have
improved the robustness, convenience and cost of optical
interconnect.  Optical fibres, of course, are immune to
crosstalk.  New fibres have been developed with improved
flexibility and inexpensive optical connectors can now offer
high density and easy installation. Compared with copper
cabling, optical cabling permits improved airflow for cooling in
rack-mounted equipment and their light weight eliminates the
mechanical stresses that cause failure in electrical connectors.

The number of links required in data centres and for
consumer connectivity far exceeds the number required in past
decades for long-haul optical infrastructure. Hence, the trend
towards short-reach optical links foretells high volumes for the
semiconductor components of optical transceivers.  For
example, volumes for active optical cables alone are projected
to reach 70 million units by 2013'. Other growing and
emerging applications include FTTx, communication within
automobiles and airplanes, and light-on-board interconnect.
However, the need to convert electrical signals into light at the
transmitter and light into current at the receiver has made it
impossible to devise optical transceivers that are entirely
integrated in standard CMOS. Transmit lasers are particularly
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Figure 1. (a) A typical optical receive path solution. (b) A fully-
integrated CMOS optical receiver
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difficult to integrate, and are likely to remain separate
components in the foreseeable future. On the receiver side,
high-speed photodetectors are the most difficult components to
integrate.

A typical optical receiver solution comprises three
components, as shown in Fig. 1(a), with a discrete
photodetector, BICMOS transimpedance amplifier (TIA), and
finally a CMOS die incorporating a clock and data recovery
unit (CDR) and data processing. It is certainly possible to
integrate the TIA in CMOS, but the photodetector generally
remains discrete.  This permits the photodetector to be
implemented in an optimized semiconductor material providing
high optoelectronic responsivity.

There has been some success integrating the photodetector
and TIA in customized manufacturing processes. For example,
a SiGe BICMOS process may be modified to permit the
fabrication of PIN photodiodes combining excellent
responsivity and bandwidth directly alongside the TIA [16]. A
solution with the photodetector implemented on-die with
CMOS circuitry is reported in [7] with excellent performance
for single-mode fiber links. However, it employs a proprietary
process flow and the technology is not easily applied to the
multimode or plastic optical fibers most common in short-reach
optical applications.

This paper focuses upon the growing body of work on high-
speed photodetectors realized in standard CMOS processes
directly alongside receiver circuitry, as shown in Fig. 1b. This
offers the potential for a compact and low cost receiver
solution, avoiding the signal integrity challenges and yield
losses associated with hybrid integration of the photodetectors
and TIA. This paper also considers how these integrated
receivers might be implemented in nanoscale CMOS where
high-throughput processors may benefit from optical 1/0.

Il.  BACKGROUND

A. Basics of Photodetection

Photodetection occurs when incident photons are absorbed
in a semiconductor, producing an electron-hole pair. The
absorption is a stochastic process governed by the Beer-
Lambert law; the depth at which each photon is absorbed is a
random variable with an exponentially-distributed probability
density function (PDF) having a mean penetration depth, d,.
The PDF expressed in terms of the distance below the surface
of the semicondurcor, X, is

pa(X)==—— M

The mean penetration depth, do, depends upon the
semiconductor used and the wavelength of light. The most
common wavelength () for short-reach optical communication
is around 850 nm since low-cost VCSELS can be used as light
sources at this wavelength for transmission over multimode
fibre. At A =850 nm, the most popular semiconductors for use
in photodetectors are Ge, GaAs, InGaAs, and InP, which have
mean penetration depths in the range of 0.1 to 1.0 um. By

contrast, silicon has a mean penetration depth of dy = 18 um
at A =850 nm.

Typically, a diode under reverse bias is used to absorb the
photons (the photodiode). Electron-hole pairs generated in the
intrinsic region of the diode are quickly swept to the diode
terminals by the reverse electric field resulting in a reverse
current through the diode proportional to the absorbed light
intensity.

When a photon is absorbed in a doped region of the
photodetector, there is little or no electric field acting on the
resulting carriers.  They diffuse from areas of greater
concentration to areas of lesser concentration at a velocity
much slower than carriers swept by an electric field. Some
electrons and holes generated in this way recombine within the
semiconductor, and therefore do not result in any current at the
photodetector terminals. Other carriers do eventually emerge,
but the resulting diffusion current persists for microseconds
after the initial arrival of a light pulse, resulting in intersymbol
interference (ISI) if used for multi-Gbps communication.

Clearly for high-speed operation, it is desirable to ensure
that the intrinsic (depleted, high-electric-field) region of the
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Figure 2. CMOS photodiodes in standard CMOS: (a) n+/p-substrate
junction; (b) n-well/p-substrate junction



photodiode coincides with the areas where most charge carriers
are generated. If a silicon photodiode is illuminated from
above, as shown in Fig. 2, the depletion region must span 10’s
of um to satisfy this requirement, which is impossible to
achieve in modern standard CMOS processes. Diffusion
currents are, therefore, the main speed limitation of CMOS
photodetectors.

B. Photodetector Specifications

Doubling the power of incident light doubles the number of
photons and the number of electron-hole pairs generated when
they are absorbed. Hence, current in the detector, lge, is
proportional to incident light power, Pjgy, With a constant of
proportionality, R, called the responsivity.

Jget = R-Plignt 2)

If all photons are absorbed in a detector, each delivering the
energy hc/A and generating a single elementary charge, g, to
the detector terminals, its responsivity would be Ag/hc. The
quantum efficiency, n, of a photodiode is the ratio of its
measured responsivity and the maximum possible, (Ag/hc) =
0.7 A/W for 850-nm light.

R = nAg/he 3)

Commercial photodetectors for 850-nm light made of Ge,
GaAs or InP exhibit responsivities in the range of 0.6 — 0.7
A/W. The responsivity of CMOS photodetctors is lower since
significant recombination is observed amongst carriers
generated in doped regions. Responsivity can be improved
significantly, however, if very high reverse bias voltages are
applied to the photodiodes so that the depletion regions are
large and any photocurrent is amplified by avalanching.

The capacitance of a photodiode, Cpp, is also an important
consideration for high-speed operation.  Again, a wide
depletion region is desirable since that provides the lowest
possible capacitance.

In summary, the narrow depletion region of pn diodes in
standard CMOS generates a relatively high capacitance for
high-speed application and is too narrow to capture most
incident photons. Carriers that are instead generated in doped
regions either recombine reducing dc responsivity, or result in
slow diffusion currents that limit bandwidth. These effects are
all generally exacerbated in nanoscale CMOS where doping
levels in the active devices are high resulting in very narrow
depletion regions.

I1l. CMOS PHOTODETECTORS

A. Simple photodiodes

The most common CMOS photodetector used for high-
speed operation is a simple reverse-biased diode. For example,
a n+/p-substrate diode may be used as shown in Fig. 2(a).
Alternatively, one may use the diode formed between an n-well
and the surrounding p-substrate as in Fig. 2(b) (e.g. [2], [3]).
Assuming the p-substrate is lightly doped, a wide depletion
region is formed. Having a process that incorporates a very
lightly-doped p-type epitaxial layer is beneficial since that

maximizes the width of the depletion region and, hence, the
photocarriers generated within it. Responsivities on the order
of 0.3 A/W and photodiode capacitances of approximately 0.5 -
1 pF have been reported in 0.18-um CMOS for this type of
detector using standard supply voltages for biasing [3], [4].
Both responsivity and capacitance are improved by using
higher reverse-bias voltages [6].

Since the current comprises a complex combination of drift
currents and electron and hole diffusion currents in all three
dimensions, its frequency response does not exhibit a first-
order -20-dB/decade response. Instead, it exhibits a slow
rolloff in the range of 3 — 10 dB/decade [5]. For example,
although 3-dB bandwidths on the order of 1 — 10 MHz are
typical in 0.18-um CMOS [3], [4], [5], the relative attenuation
at 1 GHz is still a modest 20-30 dB.

The photodiode’s cathode and anode must be periodically
contacted as shown in Fig. 2. Note that by contacting the diode
at frequent intervals (small values of I, I, and I) the
photodiode’s intrinsic bandwidth is improved since the series
resistances inside the photodiode are minimized. Also, the
added junction sidewalls aid in collecting fast photocurrent. In
fact, if | or I, and |, is minimized, most of the fast drift current
will flow laterally between neighbouring p and n-type regions
[11]. However, more of the photodiode surface is then shielded
from light by the contacts” metallization reducing responsivity.
Hence, layout influences the photodiode’s tradeoff between
speed and responsivity [4].

B. Shielding diffusion currents

Several techniques are available to reduce the slow
diffusion currents arriving at the photodiode terminals; all
improve photodiode intrinsic speed at the expense of decreased
responsivity. The general approach is to isolate the photodiode
junction from the substrate where the slowest diffusing carriers
appear.
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Figure 3. A CMOS npn structure using a buried deep n-well. The
n+/p junction near the surface may be used as a photodiode with the
deep n-well shielding it from diffusing charge carriers generated by
photon absorbtion in the p-substrate. Alternatively it can be used as

an npn phototransistor where the base region is not electrically
contacted, and photocurrent is amplified by bipolar junction transistor
action.



A deep n-well may be used for this purpose, as shown in
Fig. 3 [11]. Alternatively, a simple p+/n-well photodiode has
been used where the reverse bias between n-well and p-
substrate shields the photodiode from carriers generated in the
p-substrate [8], [19]. In a CMOQOS silicon-on-insulator process,
the buried oxide provides an effective shield and lateral
photodiodes are employed [9], [10]. In all cases, most of the
photons (i.e. all those that penetrate more than about 1 - 2 um)
do not result in diode current and responsivity is less than 0.1
A/W.

C. Spatially-modulated light (SML) detector

An alternative approach to mitigating the effect of slow
diffusing carriers is the so-called spatially-modulated light
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Figure 4. A CMOS SML photodetector: (a) cross-section; (b) layout of a
75 um x 75 pum detector in 0.18-um CMOS; (c) prototype photo; (d)
measured net responsivity (exposed — covered photodetector) of the

fabricated SML detector.

(SML) detector [14]. An SML detector is comprised of
alternately covered and exposed pn junctions as illustrated in
Fig. 4(a). All covered pn junctions are connected in parallel,
and so are all exposed junctions. No drift current will arise in
the covered photodiode, but carriers absorbed deep in the p-
substrate may diffuse in any direction and be collected by
either the covered or exposed junctions. The result is that the
exposed photodiode conducts both drift and diffusion currents
whereas the covered photodiode conducts only diffusion
currents. Subtracting the two currents with a differential circuit
roughly cancels the slow diffusion currents resulting in a faster
response [14]. However, not only is one-half of the incident
light reflected away from the photodetector, much of the
generated photocurrent is now ignored by subtraction resulting
in substatially lower responsivity.

A prototype SML detector layout and die photo are shown
in Fig. 4(b) and (c). Metal-1 is used for the diode contacts and
metal-2 is used to cover alternating diode fingers. The
measured net responsivity (exposed — covered current) is
plotted in Fig. 4(d) as a function of reverse bias voltage. At 2-
V reverse bias, 0.136 A/W is measured in the exposed
photodiode and 0.083 A/W in the covered one for a net
responsivity of 0.053 A/W.

The cancellation of the diffusion currents is more precise if
the structure has a smaller spatial periodicity (I and I, in Fig.
4(a)). In an effort to optimize the cancellation, a checkerboard
pattern of alternating covered/exposed junctions is employed in
[13] which, in combination with a very high reverse bias
voltage of 14 V, enabled low-BER operation up to 10 Gbps.

D. Phototransistors

Usually used for light sensing applications rather than high-
speed communication, phototransistors provide better
responsivity than simple photodiodes in a CMOS process. A
bipolar junction transistor is exposed to light and photocarriers
generated in the base region act as a base current, which is then
amplified by the transistor action providing increased
responsivity. A npn example is shown in Fig. 3 utilizing a deep
n-well. In this case, the p-type base region is not electrically
contacted, and a positive bias voltage is applied between
collector and emitter. Note that diffusive carriers generated
below the deep n-well in the p-substrate are not collected.
Alternatively, a pnp device may be formed even when no deep
n-well is available. ~ The generally slow speed of BJTs in
standard CMOS has led most researchers to forgo this detector
in favor of those with higher intrinsic speed, but the
responsivity of simple CMOS photodiodes in nanoscale CMOS
may be so poor that phototransistors may be needed. A
phototransistor is characterized up to high frequencies in 65-nm
CMOS later in this paper.

E. Summary

Photodetectors realized in CMOS generally exhibit a
tradeoff between responsivity and speed. A simple pn junction
exhibits an impulse response with a long tail due to slow
diffusive carriers generated deep below the depletion region.
The junction may be shielded from below by additional
depletion regions or a buried oxide layer. Alternatively, the
diffusive currents may be sensed and cancelled as in an SML
detector. In both cases, decreased responsivity is the result.



IV. TRANSIMPEDANCE AMPLIFIERS

In the last section, it was shown that high-speed CMOS
photodetectors can exhibit responsivities roughly one order of
magnitude lower than those of discrete photodetectors and
capacitances up to one order of magnitude higher, both of
which makes transimpedance amplifier design very difficult.

A few works have employed a regulated cascode input
stage to present the photodetector with a very low input
impedance [17], but since regulated cascodes introduce
additional noise they are more often avoided. Instead, research
has focused on developing high-gain shunt-shunt feedback
transimpedance amplifiers. In [20], a two-stage amplifier
employs negative Miller capacitances to provide high gain and
bandwidth. Up to 4 stages have been used to provide the
required gain [18].

V. EQUALIZATION OF CMOS PHOTODETECTORS

With the possible exception of SML detectors under
extremely high reverse bias voltage [13], photodetectors in
standard CMOS processes require equalization to achieve data
rates of 5+Gbps. Linear equalization has been applied to both
a standard CMOS photodetector [3] and SML detectors [12],
[15], [17], [28], [20]. Decision feedback equalization (DFE)
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Figure 5. (a) Pulse responses at 5 Gbps for CMOS photodetectors in a 0.18-um
process followed by an analog equalizer: a standard n-well/p-substrate
photodiode (squares), and a SML detector (circles).

(b) Receiver model used to evaluate the efficacy of the DFE with CMOS
integrated photodetectors.

will also be considered here.

A. Linear Equalization

Compared to the SML detector, a standard n-well/p-
substrate photodetector has much better responsivity. When
combined with linear equalization, a receiver with good overall
sensitivity is possible (-19 dBm at 3 Gbps in [3]). Since its
intrinsic bandwidth is on the order of a few MHz, the equalizer
must accurately compensate for the photodiode’s response over
several decades of frequency to accommodate multi-Gbps
operation. This necessitates a high-order equalization filter [3].

On the other hand, SML detectors can exhibit intrinsic
bandwidths on the order of 1 GHz. This combined with a high-
frequency rolloff of roughly 5 dB/decade suggests that a SML
detector’s intrinsic bandwidth can be extended to accommodate
5 Gbps operation with only modest equalization. For example,
in [20] only a single RC-degenerated stage was used to achieve
5-Gbps operation. In that case, the electrical (RC) bandwidth
at the TIA input and the receiver’s input-referred noise became
the limiting factors — not the photodetector’s slow diffusive
carriers.

B. Decision Feedback Equalization (DFE)

Rather than wusing a linear equalizer to provide
amplification at frequencies where CMOS photodetectors are
providing poor SNR, a DFE can be used to compensate for
frequency-dependent losses without noise enhancement. To
study the potential for this approach, a standard CMOS n-
well/p-substrate photodiode and SML detector in a 0.18-um
CMOS technology are modeled following the approach in [5]
and incorporated into the model shown in Fig. 5(a). Shown in
Fig. 5(b) are normalized 5-Gbps pulse responses for the
standard and SML detectors. For these plots, a TIA input
resistance of R;, = 160 Q is assumed, along with Cpp = 1 pF
for the standard photodiode and Cpp = 0.5 pF for the SML
detector (since the active area is split between the covered and
uncovered photodiodes). Analog equalizers are also included
as described above in section V-A. For the standard
photodiode, three first-order equalizers were connected in
parallel [3]. For the SML detector, a simpler equalizer with 1
zero and 2 poles was assumed [20]. In both cases the pole and
zero locations were chosen to provide a maximally-flat overall
link response.

The pulse responses in Fig. 5(b) include markers at time
intervals of 1 Ul at 5 Gbps, for reference. Notice that the ISI is
mostly postcursor, and in the case of the standard photodiode
persists over many symbol periods. Hence, performance
continues to improve steadily as the number of DFE taps is
increased. However, for the SML detector with analog
equalization, only 1 post-cursor ISl term is significant,
increasing to 2 when the data rate is doubled to 10 Gbps.
Hence, the data rate can exceed 10 Gbps with only 2 DFE taps.
However, the amplitude of the plotted pulse responses are
normalized; since SML detectors have inferior dc responsivity,
they demand a more sensitive (lower-noise) TIA.
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Figure 6. (a) Maximum achievable data rate (MADR) for a n-well/p-
substrate photodiode followed by an analog equalizer and DFE. (b)
Maximum achievable data rate (MADR) for a SML photodetector
followed by an analog equalizer and DFE.

The maximum achievable data rate (MADR)? is plotted in
Fig. 6(@ and (b) for the standard and SML detectors
respectively when followed by a DFE with a varying number
of taps. Since the standard photodiode has a longer pulse
response, more taps are required to effect a significant
improvement. A SML detector, on the other hand, has the
potential operate above 10 Gbps with only a few taps of DFE,
although at lower sensitivities.

VI. 65NM CMOS PHOTODETECTOR CHARACTERIZATION

In a constant-field scaling regime [21], it is clear that
distinct advantages are offered by photodetectors in larger
feature-size CMOS processes. Higher supply voltages and
lower doping levels give rise to wider depletion regions,
increasing responsivity and decreasing junction capacitance.
Hence, photodetectors in finer feature-size CMOS processes
require TIAs with more gain, lower input resistance, and lower
input-referred noise. As a result, extensive work has been done
on CMOS photodetectors in technologies ranging from 0.8-um
to 0.13-um CMOS, and little work has been done in sub-100-
nm CMOS. However, in sub-100-nm nodes, doping profiles

> The MADR is the data rate at which data dependent jitter
(DDJ) for a PRBS (2'-1) pattern after application of the DFE
is 0.3 Ul,,. DDJ is determined in the presence of the DFE by
sweeping receiver sampling phase with constant tap weights.

Figure 7. CMOS photodetector array in a standard 65-nm CMOS process.

are more complex, supply voltage scaling is muted, and the
trends are less evident. Moreover, integrated optical receivers
may prove very useful in nanoscale CMOS where systems are
often limited by 1/0 bandwidth.

A test chip was developed to characterize the performance
of photodetectors in a 65-nm CMOS technology. A die photo
is shown in Fig. 7. Two types of phtodiodes were tested, both
60 um x 60 pum in size: a simple n+/p-substrate photodiode, as
shown in Fig. 2(a), and a phototransistor as in Fig. 3.

A. Measurements

In order to more accurately measure the responsivity and
frequency response of the integrated photodetectors, an
amplifier and 50-Ohm buffer is integrated alongside the test
structures. An overall block diagram and schematic of the
measurement circuit is shown in Fig. 8. All measurements
were made with a supply voltage of 1.3V resulting in a
photodetector reverse bias voltage of 670 mV.

An electrical test of the entire amplifier chain was
performed so that its gain could be deembedded from the
photodetector measurements. Its design is simple and not
optimized for low power. It comprises a common source first
stage with shunt-shunt feedback to provide a low input
impedance, three more common-source stages for more gain,
and finally a 50-Ohm output buffer to interface with test
equipment. A dc transimpedance gain of 1kOhm a 3-dB
bandwidth of 2GHz were measured. Since this bandwidth far
exceeds that of the measured photodetectors, a flat magnitude
response was assumed when plotting the frequency response.

Measurement results from the standard n+/p-substrate
photodiode are plotted in Fig. 9. A dc responsivity of just over
0.03 A/W, a 3-dB bandwidth of 2.5 MHz and a high-frequency
rolloff of 5 dB/decade are observed. Measurements of the 65-
nm npn (n+/p-tub/deep n-well) phototransistor are shown in
Fig. 10. It exhibits of 3-dB bandwidth of only 150 kHz and a
rolloff of 9 dB/decade, but an impressive dc responsivity of
0.34 A/W, comparable to the very best obtained from any
CMOS high-speed photodetectors. Hence, if the improved
transistor speed available in 65-nm CMOS can be leveraged to
provide better equalization, multi-Gbps operation should be
possible using either photodetector. A summary of the results
is provided in Table I.
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VIl. CONCLUSIONS

Although sophisticated equalization is how commonplace
in other wireline receivers, so far only linear equalization has
been used to combat the intrinsic bandwidth limitations of
CMOS photodetectors. Decision feedback equalization offers
potential for significantly higher data rates. Implementing such
a receiver in nanoscale CMOS may require new photodetector
structures, such as phototransistors, to provide reasonable
responsivity.
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Figure 10. Characterization of a n+/p-tub/deep n-well npn
phototransistor in 65-nm CMOS.

TABLE I. SUMMARY OF 65-NM CMOS PHOTODETECTOR
MEASUREMENTS
DC 3-dB
Photodetector Responsivity Bandwidth Rolloff
[A/W] [MHz]
n+/p-substrate
photodiode 0.03 25 5 dB/dec
n+/p-tub/deep n-well 0.34 0.15 9 dB/dec
phototransistor
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