reduced, the switching offset of the second stage must be adjusted,
which can be accomplished by reducing the supply voltage. This
permits reduction of the first stage transimpedance gain, thereby
maintaining high bandwidth operation. Reduced supply further-
more drops the off-chip drive voltage to ~ 40mV, resulting in
cleaner off-chip signalling, e.g. ~ 125mV for V,, = 3.3V.

2
average power,uW (x10 )
2 3 4
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T 1Gbit/s

bit error rate

250 ps/div

T T T T T
-8 7 -6 5 -4 -3
average power,dBm

Ts2oi.
Fig. 4 Bit error rate characteristics at 1 Gbit/s and 850nm from receiver
circuit

Inset: eye diagram obtained at 10s persistence on sampling oscillo-
scope at BER = 107

The off-chip signal was amplified and low-pass filtered with a
3dB cutoff frequency of 933MHz prior to taking the bit error rate
(BER) and eye pattern data shown in Fig. 4. A BER of 107 is
obtained at an average optical input power of —6.3dBm. The bias
conditions for such operation were V,, = 2.2V, V, (driver) = 3.2V,
Ve = —0.86V and V,,, = 10V. Under these conditions, while oper-
ating at 1 Gbit/s, the current drawn from supply for two complete
receivers including everything except the follower of Fig. 3 was
1.26mA, suggesting a single pre-amplifier dissipation of < 1.5mW.
At V,, = 3.3V, static dissipation increases to ~ 6mW/receiver. The
minimum BER obtainable at 1.25Gbit/s was 10-. The sensitivity
of the receiver improves somewhat at lower bit rates, with a BER
of 10 requiring an average input power of —8.6dBm at 622Mbit/
s, and —14dBm at 155Mbit/s. The relatively high input optical
powers required for these measurements can be attributed to the
low responsivity of the shallow n-well detection region. Most of
the carriers collected by the n-well orginate in the substrate, with
test diodes showing a responsivity at 850nm of ~ 0.25A/W. How-
ever, far fewer carriers are collected to the p-diffusion/n-well active
diode, which exhibits a voltage dependent responsivity of ~ 0.01-
0.04A/W near junction breakdown (~ 10V). While the relatively
high levels of average power required to operate these receivers
may appear daunting, it should be noted that in many LAN and
interconnect applications, optical power is not in short supply.

In summary, we present the first operation of a fully-integrated
optical receiver made entirely within a standard production
CMOS process, operating to 1 Gbit/s at a wavelength of 850nm.
Our results bode well for the use of standard CMOS processes in
many new optoelectronic applications.
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GaAs-based, 1.55..m high speed, high
saturation power, low-temperature grown
GaAs pin photodetector

Yi-Jen Chiu, S.Z. Zhang, S.B. Fleischer, J.E. Bowers
and U.K. Mishra

A novel 1.55um high speed (> 20GHz) and high saturation power
(> 10mW) pin photodetector grown on a GaAs substrate is
reported. By utilising low-temperature grown GaAs, the
photodetectors can detect 1.55um light with high bandwidth
owing to the short carrier trapping time.

Introduction: For optical fibre communication, the wavelengths
widely used are in the range of 1.3-1.6pm, which utilise Ge-,
GalnAsP- or InP-based materials. AlGaAs/GaAs is a well devel-
oped material and such photodetectors have been integrated with
high performance integrated circuits; however, its higher bandgap
characteristics (E, = 1.42eV, A < 0.78um, short wavelength
absorption) restrict application to datacom communication.
Recently, two groups [1, 2] showed that low-temperature grown
GaAs (LT-GaAs) can absorb long wavelength light due to mid
gap defects or As precipitates. Also, it was shown [3] that a sub-
picosecond carrier trapping time was observed for 1.56um light
excitation. LT-GaAs material has been used to make high speed
photodetectors [4, 5] with bandwidths > 350GHz demonstrated
for travelling wave and MSM photodetectors at wavelengths <
0.82um. However, high speed performance at long wavelengths
has not yet been investigated. In this Letter, we demonstrate the
first high speed, high saturation power 1.55um pin photodetectors
utilising LT-GaAs grown on GaAs substrate.

Growth and fabrication: A waveguide photodetector (WGPD) was
designed and fabricated. Fig. 1 (top) shows a schematic diagram
of the coupling facet of the devices. The optical waveguide was
formed by a pin heterostructure (bottom of Fig. 1) which was
grown in an MBE system. A 3um Al sGagsAs layer is used for the
icolation of the optical waveguide from the bulk GaAs. The n- and
p-type cladding layers (Al,,Ga,sAs) were doped with Si and Be
respectively. Two kinds of LT-GaAs layer (170 and 350nm thick-
ness) are utilised as the absorption region (i-layer), where the
growth temperature was 215°C with As,/Ga equivalent beam pres-
sure ratio of 12. The subsequent in situ annealing was at 590°C for
10min. Standard processing was used for device fabrication [5).
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Measurement and results: An optical component analyser (HP
8703A, 0.13 ~20GHz) was used to measure the frequency
response. The external light source was a 1.55um laser diode. The
generated microwave signal was collected by a 40GHz bandwidth
probe.

\
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3um Alg 5Gag sAs

038/1
Fig. 1 Facet view of pin photodetector

Insert: material growth structure

Two different lengths of photodetector (denoted A and B) were
fabricated. Photodetector A was 2pum wide and 35pum long (170nm
thick LT-GaAs). As shown in Fig. 2, the frequency response vari-
ation is within 2dB from DC to 20GHz. Different power levels of
excitation (0.75-11mW) reveal identical responses without satura-
tion. As seen in the inset of Fig. 2, the generated microwave power
shows a quadratic relation with the optical power at 20GHz, indi-
cating that the photocurrent has a linear dependence on the opti-
cal power up to 20GHz The measured external quantum
efficiency was ~ 0.1%. The low efficiency is due to the low absorp-
tion coefficient combined with the short device length. To increase
the quantum efficiency, a longer waveguide was designed. Photo-
detector B, with width = 2um, length = 300um (350nm thick LT-
GaAs) was designed to improve efficiency. This device has a quan-
tum efficiency of 1%. As seen in Fig. 3, the frequency response has
~ —4dB rolloff at 20GHz. The solid curve is the theoretical calcu-
lation which agrees quite well with the experiment. One important
fact is that the response for different powers shows no nonlinear
(power saturation) effects up to 20GHz.
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Fig. 2 Frequency response of photodetector A (30um long)
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Analysis and discussion: For the theoretical calculation (solid curve
of Fig. 3), we adopt a distributed photocurrent model. The distrib-
uted photogenerated charge is excited as light travels through the
waveguide. The model includes the velocity mismatching between
the optical wave and microwave, the carrier trapping time in LT-
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GaAs and microwave loss and boundary reflection of the input
and output ends. A 300fs carrier trapping time is assumed. The
response shows little dependence on the carrier trapping times for
a change from 100fs to 1ps. It reveals that the factors affecting the
bandwidth will not include the trapping time. The measured
microwave loss has a 3.5dB drop up to 20GHz and the velocity
mismatch factor (¥, Vocrowar) 1 ~2. The loss and velocity mis-
match are responsible for the limited bandwidth. A travelling
wave type design would improve the performance.
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Fig. 3 Measured and theoretical frequency response of photodetector B
(300 pim long) at different excitation powers

theory
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The low efficiency (0.1% and 1% for photodetectors A and B,
respectively) is due to short carrier trapping time and low absorp-
tion coefficient. A modal absorption coefficient of ~110cm was
measured by comparing different lengths of photodetectors. The
corresponding absorption length is ~ 100um. Therefore, to achieve
a high absorption, the length should be increased to several hun-
dreds of micrometers; however, the efficiency should be at the
expense of bandwidth. To improve the bandwidth-efficiency prod-
uct, the growth and annealing temperature should be optimised.

Summary: We have successfully fabricated a novel LT-GaAs pin
photodetector operating at 1.55um. High speed and high satura-
tion excitation power characteristics show that the LT-GaAs
material has a potential for long wavelength detection in the opti-
cal fibre communication system and for integration with GaAs
integrated circuits.
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Linear and sensitive CMOS position-
sensitive photodetector

A. Mikynen and J. Kostamovaara

A CMOS position-sensitive photodetector (PSD) optimised for
outdoor applications is presented. The PSD operates similarly to
a four quadrant PSD, but instead of being fixed, its gap tracks the
light spot as it moves. Test results show a significantly better
performance as compared to conventional PSDs.

Introduction.: Full custom CMOS technology makes it possible to
implement optical detectors with good electro-optical properties
and to customise their construction in order to achieve the best
possible performance in a particular application [1, 2]. A linear
and sensitive CMOS position-sensitive photodetector (PSD), opti-
mised for outdoor measurements, is reported here. Outdoors PSDs
are typically used to measure the angular deviation 6 of a remote
object with respect to the optical axis of a receiver, as depicted in
Fig. 1. Typically, a lateral effect photodiode (LEP) or a four-
quadrant (4Q) photodiode is used as a PSD. The 4Q PSD com-
posed of four adjacent photodiodes has low noise and correspond-
ingly high resolution, but as the receiver must be defocused in
order to achieve the appropriate measurement field L, it tends to
be very susceptible to light spot nonuniformities. Outdoors, such
nonuniformities are caused by atmospheric turbulence which usu-
ally deteriorates the high resolution of the 4Q PSD. An LEP is
much noisier, due to the low interelectrode resistance, but is less
sensitive to atmospheric turbulence since the received beam can be
accurately focused on the detector surface. Experiments have
shown that outdoors the LEP provides a much better resolution
than the 4Q PSD [3]. The resolution of a PSD, such as an LEP
capable of using a highly focused light spot, is also less affected by
the shot noise of the background illumination due to a smaller
active area required to cover the same measurement field (I7?
against 41?) [4]. In this Letter, we demonstrate that it is possible
to combine the best properties of the LEP and the 4Q PSD, thus
obtaining a high resolution and good linearity without introducing
susceptibility to atmospheric turbulence, and that such a PSD can
be successfully implemented using standard industrial CMOS tech-
nology.

2 b el sl e e sy e el e

Fig. 2 Operation principle and construction of proposed PSD

Implementation: The operation mode of the proposed PSD is simi-
lar to that of the 4Q PSD with the exception that the position of
the gap tracks the light spot electrically within the active area of
the PSD (Fig. 2). The sensor is composed of a dense area array of
CMOS compatible photodiodes which are alternately connected to
the row and the column current lines, while these are in turn con-
nected to two separate MOS transistor arrays which are used to
divide the array into four separate areas, as depicted in Fig. 2. The
high accuracy (<<um) of the photodetector array geometry is used
to establish good integral linearity, while its high resolution is
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based on the ‘subspot’ interpolation using the inherently nonlin-
ear but highly sensitive 4Q principle. Note that a small light spot
can be used due to a small gap step, which means a low turbu-
lence sensitivity and lower background noise contribution as com-
pared with a conventional 4Q PSD.

lens object

2 //Vﬂ,»/ >
PsD || 2

v

- f e >>f
8= x/f
4Q detector

LEP R=10kQ/O

light spot —
0 =
Fig. 1 Sensing principle and PSDs used for measuring angular displace-
ment of remote object

The standard deviation of the lateral displacement of the meas-
ured centroid positions is

o~ K/SNR (1)

where the scale factor K equals L and nD/4 for an LEP and the
proposed PSD, respectively [4]. The signal-to-noise ratio (SNR)
here is defined as the ratio between the rms-values of the total
photocurrent and that of the noise current related to one quadrant
or edge contact. Note that in case of an LEP, the scale factor K is
determined by the extent of the measurement field, whereas in the
case of the proposed PSD, the scale factor of the interpolator is
roughly equal to the size of the light spot D, which in this case
does not limit the extent of the measurement field and is typically
much smaller than the measurement field. Thus, the resolution of
the proposed PSD (standard deviation G) compared to an LEP
(6.£p), assuming equal responsivity and size of measurement field,
is

N Drn i,
" L4inep
where i, and i, ., are the noises of the proposed PSD and the
LEP. Since D/L and i,/i,;;», might both typically be in the order
of 0.1, the resolution of the proposed PSD could well be two
orders of magnitude better than that of an LEP.
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Fig. 3 Lateral transfer characteristics of interpolator

O = 2.7um

The PSD was implemented using standard 1.2pm CMOS
technology, and was composed of 100 x 100 well-substrate
photodiodes occupying a total area of 2.5 X 2.5mn?. The array
pitch was 25um and the fill factor was 68%. In the prototype, the
transistor gates were driven by the logic output signals from a

11th June 1998 Vol. 34 No. 12 1255



