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Studies of High-Speed Metal-Semiconductor—Metal
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Abstract—A GaAs/AlGaAs/GaAs heterostructure metal—
semiconductor-metal ghotodetector (HMSM), with an active
area of 100 x 100 pm?, has been developed and studied. The
measured rise time of the device is 30 ps. More importantly,
the measured fall time is as short as 23 ps, which is the shortest
reported for an MSM photodetector of similar size. The ob-
served ultrafast response is attributed to the reduction of both
the carrier transit time and the device capacitance due to the
incorporation of the AlGaAs barrier layer. The HMSM is found
to have a smaller saturation capacitance and saturates at a much
lower bias voltage in comparison with the conventional MSM
photodetector (CMSM). At a bias of 10 V, the full width at half
maximum (FWHM) of the temporal response of the HMSM is
more than 20% smaller than that of the CMSM. In addition, it
is found that the peak impulse response for the HMSM is sub-
stantially larger than that of the CMSM under the same oper-
ation condition. Two-dimensional simulations and equivalent
circuit analysis have been carried out to interpret the observed
phenomena and to provide insight into the underlying physics.

I. INTRODUCTION

HE MSM interdigital photodetector has attracted a
great deal of attention for application in optical com-
munication and interconnects because of its simple pro-
cessing requirement and high performance [1]-[4]. Based
on an interdigitated Schottky contact structure, the MSM
photodetector has low dark current [S], [6], very short
response time [7]-[11], and process compatibility with
high-performance field-effect transistors (FET’s) [1], [2],
which make it suitable for monolithic intergration of op-
toelectronic circuits.
One of the main challenges for MSM photodetector de-
velopment is to obtain a short pulse response time without
degrading responsivity. In general, the speed of a normal
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MSM photodetector is largely limited by the capacitance
(RC constant) and by the transit time of the photocarriers
traveling across the active region. Fast trapping of pho-
tocarriers in proton-implanted regions reduces the re-
sponse time considerably, unfortunately at the expense of
reduced sensitivity. Transit time could be reduced by nar-
rowing the spacing between the contacts, but this in-
creases the capacitance and requires high-resolution elec-
tron-beam lithography. A straightforward approach to
reduce the capacitance and shorten the response time of
the devices is to shrink the active area [12] and to use
submicrometer lithography. From the application point of
view, however, a large active area is often required, for
instance, for interconnects between chips and circuit
boards. In order to obtain high response speed, a large
bias to the MSM photodetector is preferred since both
transit time [13] and capacitance are reduced with increas-
ing bias. However, it is obvious that the bias is limited
by the dark current and bias compatibility in a monolithic
integrated circuit.

Various MSM photodetector designs using different
compromises between the transit time and RC constant [6]
have been reported in the literature, with the extreme case
being a single gap in a coplanar strip transmission line
[14] which showed subpicosecond rise time but very low
sensitivity. Although successful in reducing the rise time,
most of the designs have yielded a fall time that is typi-
cally much longer than the rise time, and this is the lim-
iting factor for high bit rare operation.

In this paper, we report a GaAs /AlGaAs /GaAs sand-
wich heterostructure MSM photodetector (HMSM) [15].
With this structure, both the transit time and the RC con-
stant are reduced, and the saturation capacitance and the
saturation velocity within the entire active region are
reached at much lower bias in comparison with a com-
parable conventional MSM photodetector (CMSM). The
fall time and rise time at a bias of 10 V are reduced more
than 30% and 20%, respectively. The measured mini-
mum fall time is only 23 ps, which is about the same as
the rise time of 30 ps and is the shortest fall time ever
reported for an MSM photodetector of 100 x 100 um?.
As this result is close to the rise time of 18 ps of the sam-
pling head used in our measurements, the actual intrinsic
response speed could be even higher had the system par-
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asitics been eliminated by, for instance, the use of elec-
trooptical sampling techniques. As the emphasis of this
work is not on establishing the record of absolute speed,
but on the comparative advantages of HMSM over CMSM
for its response speed and responsivity, the limitation on
absolute speed determination is not deemed critical.

Equally important, we show that the peak value of the
impulse response of the HMSM is higher than that of the
CMSM mainly due to the shorter charging and discharg-
ing time, although some of the photocarriers do not con-
tribute because of the heterobarrier in the HMSM. With
this design, the tradeoff between response speed and sen-
sitivity is considerably minimized.

II. DEVICE STRUCTURE AND DESIGN CONSIDERATIONS

The basic structure of the HMSM, grown by Molecular
Beam Epitaxy (MBE), is shown in Fig. 1. To reduce the
transit time of the photocarriers, a wider bandgap material
is employed between the active layer and the substrate to
prevent the slow and deep photocarriers generated in the
substrate from reaching the electrodes. To effectively cut
off the deep photocarriers, the thickness of the active layer
must be thinner than the absorption depth (about 1.5 um
for the incident light with a wavelength of 850 nm in
GaAs). This is in contrast with some earlier work where
a thick barrier layer was buried several micrometers be-
low the surface to reduce the substrate parasitics [16]. The
thickness of the barrier layer must be thick enough to
block the slow photocarriers. Taking all these considera-
tions into account, we designed and fabricated the HMSM
with a vertical structure consisting of a 1-um undoped
GaAs active layer and a 1-um Al 3 Gag ; As barrier layer
on an undoped GaAs substrate. The interdigital metal
(Ti/Pt/Au) Schottky contacts were formed by using
standard bilayer photolithography and a liftoff process.
The active area of the device is 100 X 100 pm?. Consid-
ering that the saturation velocity of the photocarriers is
around 1 X 10" cm /s, wider spacing will result in a longer
transit time while a narrower spacing leads to a larger RC
constant and higher dark current. A finger width and spac-
ing of 1 and 3 um, respectively, were chosen in this work.
A CMSM with the same layout was fabricated as a stan-
dard for comparison.

III. RESULTS AND DiSCUSSION

The optical impulse responses of the HMSM and
CMSM at a bias of 10 V are shown in Fig. 2. The optical
pulse was generated using a dye laser with a FWHM of
5 ps at a wavelength of 830 nm. The repetition period of
the pulse train is 13 ns and the incident optical power is
0.3 mW. The output signal was sent through an
HP11612A (26.5 GHz) Bias-T to the SD-26 Sampling
Head of a TEK11802 Digital Sampling Oscilloscope,
which has a rise time of 18 ps. The measured rise time
(10% to 90%) is 32 ps and the fall time (90% to 10%) is
29 ps for the HMSM, while for the CMSM, the rise time
is 42 ps and the fall time is 43 ps. The ringing observed
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Fig. I. The basic structure of the HMSM with a 1-um GaAs active layer,
a 1-um AlGaAs barrier layer, and a GaAs substrate. The shadowed part on
the top is contact metal. The area surrounded by the dashed line is the
active region.
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Fig. 2. Pulse response of the HMSM and the CMSM measured at a bias
voltage of 10 V.

on the falling edge of the response may be attributed to
LRC circuit resonance. It is believed to have some effects
on quantitative results but not on the main conclusions
drawn from our experimental results, according to the
SPICE simulations briefly described later in this section.

Fig. 3 shows the rise and fall times of the impulse re-
sponse as a function of bias voltage. The fall time of the
CMSM decreases with increasing bias up to 20 V while
the fall time of the HMSM approaches its saturation value
at a much lower bias. As can be seen, both the rise time
and the fall time of the HMSM are significantly shorter
than that of the CMSM within the bias range of 0-24 V,
especially so in the low bias range. This clearly makes
HMSM more attractive for applications.

The AlGaAs barrier layer impedes the slow photocar-
riers generated deep in the substrate, where the electric
field is also weak, from being collected by electrodes,
leading to a reduced transit time and a suppressed falling
tail. Moreover, we find in measurements and calculations
that with this AlGaAs barrier the capacitance of HMSM
is also reduced substantially. The measured capacitance
as a function of applied bias is shown in Fig. 4(a). This
displays a similar bias dependence as the fall time versus
bias curves shown in Fig. 3(b), indicating that the RC
constant is playing a more important role than the transit
time in impulse response. The capacitance measurement
was carried out by means of an HP8510 network analyzer.
A widely used equivalent circuit model for MSM photo-
detector was employed for extrapolating the parameters.
The measured S;; parameters under illumination were fit-
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";E, E:E “ Equations (1) and (2) describe the one-dimensional ca-
& & pacitance as a function of the applied bias. Since the prac-
tical MSM photodetector is a planar device, as shown in
2 2 Fig. 1, the field region, in reality, will extend deeper and
0 ]; 2018 2 ¢ 6 12 18 deeper into the substrate as bias increases, despite the fact
ias Voltage (V) Bias Voltage (V) .. .
(a) (b) that the reachthrough condition is already reached at the
Fig. 3. (a) Rise time of the impulse response versus bias voltage. (b) Fall surface. A higher saturation bias is therefore expected
time of pulse response versus bias voltage. compared with one-dimensional conﬁguration due to the
existence of the weak field region deep in the substrate.
03 The insertion of the AlGaAs layer in the HMSM pro-

vides a nonabsorbing layer which has very low intrinsic
carrier concentration, and a barrier which effectively
blocks both types of photocarriers in the substrate. Con-
sidering that the carrier concentration in the AlGaAs layer
could be a few orders of magnitude smaller than that in
the GaAs surface layer, the barrier layer can be depleted
at a bias even lower than that required to deplete the sur-

Tilumination
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Capacitance (pF)
=)

S

"0 6 12 18 24 Yo e 1 face layer. This is supported by our simulation results
Bias Voltage (V) Bias Voltage (V) which will be discussed later. Due to the blocking effect,

. @ _ ® " although the applied field still extonds through the barrier
Fig. 4. (a) Capacitance versus bias voltage measured under illumination.

(b) Capacitance for the CMSM measured both in the dark and under illu- to the substrate undemeath’ the overall‘ net Ch?rge in the
mination. substate hardly changes and thus contributes little to the
capacitance. Therefore, once the depletion region extends

. . . o to this barrier layer, the measured capacitance drops to its
ted by iteratively varying the values of the circuit ele- Y P P

. saturation value. Consequently, we have a lower capaci-
gle{nts in the frequency range of 0.04 MHz through 26 tance and a lower saturation voltage for the HMSM as
zZ.

shown by the lower curve in Fig. 4(a).

Although it predicts the correct trend of capacitance
variation with bias, (1) only takes into account the deple-
tion capacitance contributed by charges associated with
doping Np. When the active area is illuminated, the po-

larization of the photocarriers also contribute to the ca-
ack » nnlace tho alastaie £,1 12 -

Two physical models commonly used to approximate
the capacitance of the MSM photodetector are based on a
one-dimensional (1D) approximation [17] or a two-di-
mensional (2D) conformal mapping technique [18]. For a
1D approximation, when the applied bias V is smaller than

the reachthrough voltage Vg, the capacitance of two back-
ol Y~ N SN

;.
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Fig. 5. (a) A cross section of the HMSM photodetector. (b) For a device
with a heterostructure depicted in (a), the depletion capacitance could be
estimated in terms of the parameters defined in (b). Separating the contri-
butions of the GaAs active layer and the AlGaAs barrier layer to the de-
pletion capacitance, and simplifying them as parallel-plate condensers,
yields (b).

by the active layer and C, is the capacitance contributed
by the barrier layer and C = C; + C,. Denoting C, as
C, for the CMSM, and Cy, for HMSM, we can calculate
them, in reference to (3), by

€
C., = —31L__ 4
c2 L+ 2L, 4)
and
EY

Cur = G;I 5)

=y, + 2L,

€52

where L is the physical spacing between two adjacent
electrodes as defined previously, L, is the thickness of the
active layer, and L, is a structure-dependent effective
spacing for the capacitance contributed by the barrier
layer. €, and e, are the dielectric constants for GaAs ac-
tive layer and AlGaAs barrier layer, respectively. Since
€1/€m > 1, Cy, will be always smaller then Cc,. This
is proven by our experimental results, illustrated in Fig.
4(a), and by our two-dimensional simulation which was
carried out using our General Purpose Semiconductor De-
vice Analyzer (GPSDA) [19]. Fig. 6 shows that the bar-
rier layer has a very low carrier concentration, and the
active layer of the HMSM is thus much more easily de-
pleted than that of the CMSM. It also shows that the car-
riers in the substrate are effectively blocked from the ac-
tive layer. The simulated capacitances as a function of
bias qualitatively agree with the experimental results.
Based on the equivalent circuit for the MSM photodetec-
tor and the device parameters extracted from the network
analyzer, -a transient state simulation of MSM photode-
tector has been made using SPICE. The simulated fall
time as a function of bias is in good agreement with the
measured curves in the high-voltage range, while at low
bias the simulated fall time is smaller than the experimen-
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Fig. 6. Electron concentration along the device depth at the middle of the
finger gap for both the HMSM (solid lines) and the CMSM (dotted lines)
obtained by two-dimensional simulation.

tal results. This is because, at low bias, the photocarriers
move at a velocity much lower than their saturation ve-
locity, and therefore the response speed at this point is
mainly dependent upon the transit time rather than the RC
constant.

Conformal mapping was used to more accurately esti-
mate the depletion capacitance of the MSM photodetector
since it takes the 2D effect into consideration. With this
approach, the capacitance of the interdigitated MSM pho-
todetector is given by

_ K@)
KK

el + ¢) (O]

where e, = ¢j¢,, and K (k) is a complete elliptic integral
of the first kind,

g'}r/Z do

K (k) _
o Ja - k% sin’ ¢)

=~

[

[wd

8

3
|

k' =vJa -k}

where W is the finger width, L is as defined above. Here,
we should notice that, by taking the two-dimensional ef-
fect into account, the width and length of the electrodes
contribute to the capacitance differently, unlike the situ-
ation in the 1D approximation. The capacitance given by
(6) is now the gap capacitance of electrodes per unit length
and the contribution of the electrode width is already in-
cluded in the equation. An assumption of the absence of
electrical charge in the system has been made for this ap-
proach. Therefore, it could only be used as a good esti-
mation of the device capacitance when the active region
of the device is undoped and fully depleted. For a device
with the parameters in our device layout, the calculated
capacitance by this approach is 0.1 pF, which agrees well
with the measured saturation capacitances.

The dependence of the impulse response on the incident
light intensity was also investigated in this work within
the incident power range of 0.1-10 mW at different bias
voltages. As expected, the FWHM of the impulse re-
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Fig. 7. The dynamic responsivity R versus bias voltage.

sponse broadens as the incident light intensity increases
due to the contribution of the photoinduced capacitance
and longer transit time caused by the weakened electric
field as discussed previously.

The incorporation of the AlGaAs barrier layer, by
impeding the photocarriers generated deep in the substrate
from being collected by the electrodes, causes a reduced
dc responsivity. From the application point of view, how-
ever, the dc responsivity is not as important as the peak
value of the impulse response for a photodetector. For a
device which has a smaller capacitance, and in turn a
higher charging rate, a higher peak value for a given
charging time is expected. The photocarriers which are
collected at the electrodes after the photocurrent peak do
not contribute as much to the pulse detection, and there-
fore cutting them off will not reduce the sensitivity of the
device. If we take the peak response over incident power
as a measure of the responsivity of the photodetector in
impulse response, and denote it as the dynamic respon-
sivity Ry, then it is obvious that R; depends not only on
the total number of photocarriers, but also the charging
rate. The greater the charging rate, the higher the R;. Fig.
7 shows the measured dynamic responsivity R; versus bias
voltage, indicating that R; for the HMSM remains higher
than that for the CMSM for the range of bias used in the
experiment. Based on these results, we can state that the
tradeoff between the response speed and the dynamic re-
sponsivity can be reduced with the HMSM design.

IV. ConcLusion

Ultrafast MSM photodetectors based on a GaAs/
AlGaAs /GaAs heterostructure were studied. This new
type of MSM photodetector has a smaller saturation ca-
pacitance, in comparison with conventional MSM pho-
todetectors, and is able to reach this value at a much lower
bias, both in the dark and under illumination. The mea-
sured fall time is 29 ps at a bias of 10 V, and the minimum
fall time is only 23 ps for an HMSM photodetector with
a moderate active area of 100 X 100 um?. The peak value
of the impulse response for the HMSM remains higher
than that for the CMSM within the whole range of test
bias voltage from 0-24 V. With this structure, both the
transit time and the RC constant are reduced. Moreover,
the response speed is improved without degrading the
sensitivity of the temporal response. This type of MSM
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photodetector provides a new alternative in obtaining an
optimized MSM technology.
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