184

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 11, NO. 1, JANUARY/FEBRUARY 2005

Novel Electrically Controlled Rapidly Wavelength
Selective Photodetection Using MSMs
Ray Chen, Student Member, IEEE, David A. B. Miller, Fellow, IEEE, Kai Ma, Student Member, IEEE, and
James S. Harris, Jr., Fellow, IEEE

Abstract—A novel electrically controlled tunable metal–semiconductor–metal (MSM) photodetector is introduced and experimentally demonstrated with 2.5-ns wavelength-switching access
time on a GaAs chip for switching between two wavelengths.
This detector has a demonstrated 20.1-dB ON/OFF contrast ratio
between the selected and the rejected wavelength and can resolve
179-GHz spaced wavelength-division multiplexing channels. In
addition, device wavelength switching is achieved with a differential input voltage swing of 1.65 V. This low bias voltage makes
it compatible with complementary metal-oxide semiconductor
(CMOS) control electronics for rapid switching.
Index Terms—Access network, dense wavelength division
multiplexing (DWDM), metal–semiconductor–metal (MSM)
photodetector, optical code division multiple access (OCDMA),
reconfigurable wavelength-division multiplexing (WDM) network,
telecommunication, tunable filter, tunable photodetector.

I. INTRODUCTION

R

APID wavelength tuning is potentially useful in modern
packet-switching optical networks [1]. Dynamic wavelength allocation in optical networks allows efficient bandwidth
usage in the presence of bursty Internet traffic [2]. Currently,
tunable transmitters rather than tunable receivers are more
widely considered in network designs because of the transmitters’ much shorter tuning times. Rapidly tunable photodetectors
(receivers) would also allow rapid wavelength reallocation and
could provide further flexibility in network designs. Conventional tunable photodetectors/filters are usually tuned
acoustically, mechanically, or thermally. Unfortunately, their
wavelength-switching access time ranges are relatively slow,
ranging from a few seconds to a few microseconds, depending
on the device’s working principle [3]–[6]. Tunable photodetectors based on electroabsorption and electrorefraction tuning
mechanisms have the potential to tune rapidly, but often they
have small tuning and working range and may require large
bias voltage that may prevent their integration with complementary metal-oxide semiconductor (CMOS) electronics [7].
Active tunable filters tuned by current injection might also
tune rapidly, but they have severe difficulties in wavelength
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stabilization and suffer from mode-hopping problems [8].
Cascaded Mach-Zehnder interferometers have also been designed as rapidly tunable wavelength filters and they have been
demonstrated to switch between wavelengths with 50-ns access
time [9], but the tuning range is only a few nanometers and the
insertion loss is high.
In this paper, we propose a novel electrically controlled
metal–semiconductor–metal (MSM) tunable photodetector
which could potentially switch wavelengths as rapidly as the
switching time of the electronic controller. This device has
multiple detector fingers and is operated under the illumination
of an optical beam interfering with a delayed version of itself.
The relative phase between the resulting interference fringes
and the device fingers is a function of the wavelength, and
the wavelength resolution of this tunable detector is set by the
amount of delay between the beams. When the wavelength is
tuned, the interference pattern moves across the device and
the relative phase between the interference pattern and the
device changes. Since the polarity of photocurrent of a MSM
device depends on the electrode biasing polarity, we can design
the polarity of the MSM electrode biasing pattern digitally to
reject certain interference patterns while responding to others,
thus determining the spectral response of the photodetector. In
addition, the low biasing voltages needed means this device
could also be integrated with CMOS electronics for rapid control of the spectral sensitivity to achieve an integrated system
on a chip. In this paper, we demonstrate device wavelength
switching with only 1.65-V biasing. In addition, this has a
wide potential tuning range. This controllable biasing goes
beyond previous proposals for fixed multifinger wavelength
detection [10].
II. DEVICE OPERATION PRINCIPLE
The key to the operation of this device is the interference of
a beam with a delayed version of itself on a multifingered detector. Fig. 1, which shows the apparatus used in our experiments, is one example way to do this. Many other methods to
set up such a wavelength dependent interference pattern are possible [10]. The apparatus in Fig. 1 generates a wavelength dependent interference pattern that lines up with the device fingers.
Adjusting the mirror positions also adjusts the channel spacing
between two wavelength-division multiplexing (WDM) chanand
are different,
nels to be separated. If in particular
the interference is between a beam and a delayed version of that
beam. With large delay, very fine wavelength discrimination can
be performed because the interference pattern can move very
rapidly with wavelength. The source beam in our experiments,
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Fig. 2. Photocurrent response of an MSM diode with and without optical
power.

in (2), where
and

,

,

Fig. 1. Michelson interferometer as both standing wave generator and WDM
channel spacing controller.

from the Ti-Sapphire tunable laser at the bottom of Fig. 1, is split
into two beams by the 50/50 beam splitter. The two beams travel
and , and are reflected
through arms of different lengths,
back by two mirrors. They then travel almost but, deliberately,
not exactly collinearly to get focused so that they overlap on the
device, forming an interference pattern. To understand the interference pattern formed on the device, consider for simplicity the
formed when two uniform beams of
interference pattern
equal intensity, one being a delayed version of the other, and
, are interfered at an angle in
both with wavelength
Fig. 1. If one beam, say the upper one in the figure, travels a
, then the relative
longer path by an amount 2
,
phase of the two beams is
where is the refractive index of the medium in which the
beams are propagating (here, air). The interference pattern in, the
tensity is given by (1), where
effective projected wavelength on the device, as can be seen in
Fig. 1.

(1)
. (For telecomwhere the approximation is valid for small
munication applications, the wavelength difference between
two WDM channels is insignificant compared to the wave. Ignoring constant terms in (1), the interference
length
pattern intensity for wavelength
can be expressed as

(2)
Note that the interference fringes will move in space as a function of wavelength assuming the path length difference
is fixed. In fact, we can move the pattern by half of
the period, phase shift, by changing the wavelength by a spe, i.e., choosing
cific value of
(3)
The key idea of the detector’s wavelength sensitivity and tunability is that we can set up the detector biasing and finger
spacing so that the detector is sensitive to one of the wavelengths
or
, but rejects the other one. In order to do that,
based on our design algorithm, we would like the interference
and
to be out of phase with
patterns formed by
one another as will be explained later in this section. As a result,
in Fig. 1
the required path length difference
, the channel spacing between
is inversely proportional to
two WDM channels, for fixed relative phase difference between
and
. Theretwo interference patterns formed by
fore, varying the path difference between the two beams controls the resolution, with smaller path difference giving larger
detectable channel separation. In our optical setup design, the
WDM channel spacing has no fundamental limitation, and, we
could use this optical setup to resolve very fine dense WDM
(DWDM) channels (e.g., less than 50 GHz).
Bipolarity is key feature of the MSM that we use to design the
tunable photodetectors. The measured I-V curve of the MSM detector is shown in Fig. 2, both with and without continuous-wave
(CW) light. As can be seen, the photocurrent has odd symmetry
about the zero voltage point. If the MSM photodetector is biased positively, the photocurrent flows from the biasing node to
the common ground node. However, if it is biased negatively,

186

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 11, NO. 1, JANUARY/FEBRUARY 2005

Fig. 3. Tunable MSM device, with interference patterns shown as a solid line
and a dashed line, for the two wavelength channels. (Note: each interference
pattern has a minimum of zero intensity.) Region III is illuminated by another
portion of the total signal beam, and is used to adjust the overall spectral
response to achieve a good ON/OFF contrast ratio between the selected and
rejected wavelengths. The spacing between interference fringes is controlled
by the incident angle of the two interfered beams to fit the width of the center
region of the device.

the photocurrent flows from the common ground node to the biasing node. This bipolar nature of MSMs can be used to weight
the photocurrent from different parts of the interference pattern
illuminated on the device to achieve wavelength sensitive photocurrent output.
Thegeneratedinterferencepatternisorientedtolineupwiththe
MSM fingers. We can then bias the two electrodes in the center
region of the device in Fig. 3 with opposite polarity to respond
to specific interference patterns. The width of the pattern in the
center region of the device, , as shown in Fig. 3, should be the
2
2 in this
same as the interference pattern period,
design. In practice, the width of a single interference fringe can be
controlled by the incident angle, in Fig. 1, of the two interfered
beams to fit the width of the switching part of the device.
is
For WDM applications, since the channel spacing
much smaller than , the width of a single fringe formed by
and
is approximately the same. The interference
patterns depend on wavelength, primarily through the spatial
phase of the pattern and, hence, this device can be a wavelength
sensitive photodetector.
or
To make a detector that can respond to one of
and reject the other using the electrode pattern of Fig. 3, we
both shine the interfering signal beams on the detector, and also
shine another controlled portion of the original signal beam
(with no interference) on Region III. This additional beam on
Region III is to obtain complete cancellation of the photocurrent from the rejected wavelength, as we will describe later. The
electrode in Region III is always positively biased and, hence,
always contributes a positive net photocurrent. If we would like
to enable the wavelength shown as the solid line interference
pattern (formed by ), while disabling the wavelength shown
),
as the dashed line interference pattern (formed by
we positively bias the electrode in Region I and negatively bias
the electrode in Region II. The positive photocurrent from the
portion of the beam on Region III cancels the net negative photocurrent that results from the dashed interference pattern (formed by
), thereby canceling all the photocurrent

. If we would like to enable the
for the signal beam at
while disabling the solid
dashed interference pattern at
interference pattern at , we can swap the biasing of Regions I
and II (while leaving the biasing of Region III always positive),
i.e., positively biasing Region II and negatively biasing Region
I with now overall cancellation of the net photocurrent for the
signal beam at . Therefore, by determining the biasing pattern applied on electrodes in Region I and II, we can select one
wavelength while deactivating the other. The spectral response
of the detector can be derived as follows.
The photocurrent
spatially integrated over one period of
theinterferencepatternformedby ,shownasthesolidsinusoidal
curve in Fig. 3, with the device positively biased in Region I and
negatively biased in Region II, can be derived in (4). In (4), the
is proportional to the wavelength
integrated photocurrent
weighted by the biasing of
dependent interference pattern
such that
in
the device electrodes. We choose
in (4). With this choice, the photocurrent spectral response
of a single MSM section with half of it positively biased and the
other half negatively biased, without considering any effect of the
Gaussian shape of the beams, is cosinusoidal in the wavelength
domain with center wavelength . In reality, for MSM devices
with equal finger and spacing width, the MSM fingers cover half
of the semiconductor surface such that the device will not sense
the whole interference pattern. If we take this into consideration in
the integral, the coefficient in front of the cosine term in (4) will be
reduced from 4 to 2.16, although this will not make any difference
to the device design

(4)
By adding another wavelength independent term from the
signal itself to (4) to nullify the device sensitivity on wavelength
, we can get the device spectral response of (5),
and a null sensitivity at
which has a maximum sensitivity at
. Therefore, we can discriminate wavelengths
and
between

(5)
In general, if this device is used to sense ON/OFF modulated signals from two WDM channels, at a given snapshot,
the overall photocurrent could be expressed in the following,
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Fig. 4. Simulation of the spectral response of the tunable photodetector
enabling 806.34 nm and disabling 806.77 nm. The optical path length
difference between the two interfered beams is 0.763 mm.



where

or

and

Fig. 5. Scanning electron microscopy photograph of the fabricated tunable
photodetector with 1 m finger spacing and width. The pattern in the center
region of the device is used to perform wavelength switching, while the fingers
in the left region are used for adjusting the spectral response to achieve a good
wavelength-selective contrast ratio. The right region is a dummy structure for
symmetry of the device.

or

.
(6)
An example device spectral response is simulated in Fig. 4.
The simulated device discriminates between its maximum spectral response at 806.34 nm and a null at 806.77 nm, (or vice
versa depending on finger biasing). The optical path length difference between the two interfered beams is 0.763 mm in this
simulation, as can be calculated from (3). We have experimentally demonstrated the cosinusoidal spectral response of a single
MSM section which is lined up with a single interference pattern period in [11], but we cannot usefully compare the present
simulation with experiment for this specific channel spacing because our Ti-Sapphire laser system could not be tuned sufficiently finely to resolve this spectral response curve. In addition,
in our actual devices, shown in Fig. 5, we deliberately designed
each of the MSM electrodes to have three fingers in each region
rather than one to reduce the effects of fabrication variations
between the Schottky barriers at each finger, which can lead to
slightly different responsivities between positive and negative
biasing.

Fig. 6. Photocurrent output of the device as the biasing pattern is changed to
select one wavelength or the other. The biasing pattern applied on the device
alternates every 5 ns to select between 806.34 and 806.77 nm. The device
wavelength switching access time is 2.5 ns and the ON/OFF contrast ratio
for selecting one wavelength while deactivating the other is 20.1 dB.





part of the device. This part of the device is biased to ground to
avoid contributing any noise to the signal photocurrent.

III. DEVICE STRUCTURE
The device in Fig. 5 is fabricated on a wafer with a 1
m thick undoped GaAs epitaxial active layer on a 0.3- m
Al Ga As barrier layer on a semi-insulating GaAs substrate. The fabricated device in Fig. 5 consists of fingers in three
regions—left, center and right. The center part, which performs
the wavelength switching, comprises two interdigitated sets of
three biasing electrodes and one comb-like current summing
electrode. All three parts have 1- m finger width and spacing.
The center part covers a 40 25 m area. The left side part
13 m area. This is used to adjust the overall
covers a 20
spectral response to achieve a good ON/OFF contrast ratio.
The right side part of the device, which is a dummy structure
device to increase the structural symmetry of the detector for
symmetrical ac response, is structurally the same as the left-side

IV. RESULTS AND DISCUSSION
To demonstrate the rapid switching ability of the device in
discriminating wavelengths, we used truly differential electrical
square waves, toggling every 5 ns between 1.65 V, to give
opposite and alternating bias on the two sets of electrodes in
the central region of the device in Fig. 5. The resulting detected
photocurrents are shown in Fig. 6 for each of the two chosen
wavelengths (806.34 and 806.77 nm). A 2.4-V dc bias voltage is
applied on the left region of the device of Fig. 5, and the optical
power fraction on this region is adjusted to give the best rejection
of the undesired wavelength (this setting is the same for both of
the traces in Fig. 6).
The device is directly mounted on a custom designed printed
circuit board (PCB) as shown in Fig. 7, without any chip
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Fig. 7. Tunable photodetector (circled), is shown directly mounted on a
custom designed printed circuit board with SMA connectors.

athalf-maximum(FWHM)oftheresponseunderthisopticalmeasurement is 270 ps. This FWHM value suggests that the MSM device on this wafer should be able to switch wavelengths in a few
hundreds of picoseconds if the electrical parasitic effects can be
eliminated. Therefore, a much shorter wavelength switching access time is expected by flip-chip bonding the devices on CMOS
electronics to reduce the packaging problems, and this will be the
subject of future work.
The channel spacing between the two wavelengths in these
measurements is 179 GHz (0.43 nm). This channel spacing is
the minimum available from the Ti-Sapphire laser used, and
does not represent any apparent limit for the device.
During the experiment, the effect of the Gaussian beam shape
is relevant. If the device was not placed at the center of the interference pattern, the switching always favors one side more than
the other as we would expect.
V. CONCLUSION

Fig. 8. Intrinsic response of the tunable photodetector measured with a
subpicosecond optical input pulse and electrooptic sampling of the output, with
1.65-V bias.

package, to eliminate any ringing from parasitic circuit elements of the package. All of the traces on PCB were designed
to be coplanar waveguides, connecting to SMA connectors to
reduce the unnecessary electrical coupling and energy reflection. We monitor the photocurrent trace of the device in the
time domain through a high speed oscilloscope with 50- input
impedance and with an internal 1 GHz low pass filter.
The OFF and ON currents under dc biasing are, respectively,
2.14 and 220
under these experimental conditions, and
the ON/OFF photocurrent contrast ratio is 20.1 dB under this
specific dc biasing and these interference fringes. (Note that the
photocurrent contrast ratio in decibels we calculated here is based
on ten times the logarithmic current ratio instead of 20 times the
logarithmic current ratio defined in usual electronic decibels definition. This is because this contrast ratio in photocurrent correspondsto 20.1-dBON/OFFcontrastratioinopticalpower.)This
ON/OFFcontrastratiounderdcbiasingisapproximatelythesame
as the ON/OFF contrast ratio in Fig. 6 after the ringing has settled
down. The device wavelength switching access time is 2.5 ns,
which is limited by the ringing, which we believe is from packaging issues (bonding wires).
We have also measured the optical impulse response of this device, biased under 1.65-V, using a subpicosecond mode-locked
laser and electrooptic sampling, as shown in Fig. 8; the full-width

A novel MSM tunable photodetector for two-wavelength
discrimination is proposed, theoretically modeled, and demonstrated. A 2.5-ns wavelength switching access time and
20.1-dB ON/OFF contrast ratio between the selected and
rejected wavelength of the device have been experimentally
demonstrated. This low bias voltage of the device (here 1.65
V) makes it compatible with standard CMOS control electronics to construct a chip-scale rapidly tunable photoreceiver.
We expect this kind of tunable photodetector discussed here
could be used as part of a future dynamic wavelength allocation
optical network, with switching much shorter than time scales
corresponding to packet lengths, or possibly even bit periods.
It could also enable rapidly tunable optical receivers for optical
code-division multiple-access networks.
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