Nanoscale metal-semiconductor-metal photodetectors with subpicosecond
response time fabricated using electron beam lithography
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Metal-semiconductor—metal photodetectors (MSM PDs) with finger spacing and width as
small as 25 nm have been fabricated using high-resolution electron beam lithography.
Measurements using an electro-optic sampling system show that the fastest detector has a full
width at half-maximum response time of 0.87 ps and a 3 dB bandwidth of 510 GHz. Monte
Carlo simulation of detector response time is studied and compared with experimental data.
Finally, scaling rules for high-speed MSM PDs are proposed.

L. INTRODUCTION

Recently, much progress has been made in high-speed
metal-semiconductor—metal photodetectors (MSM PDs),
since they are very attractive for optical communication,
future high-speed chip-to-chip connection, and high-speed
sampling.”®> MSM PDs can be classified according to
whether their speed is intrinsically limited by the carrier
transit time between the fingers or the carrier recombina-
tion time. Certainly, the speed of the detectors will be lim-
ited by the R—C time constant if it is larger than the transit
time or the recombination time. Usually, transit-time-
limited detectors are fabricated on high-quality semicon-
ductors and have a sensitivity several orders of magnitude
higher than that of recombination-time-limited MSM PDs.
However, in the past, the transit-time-limited MSM PDs
generally were much slower than the recombination-time-
limited MSM PDs, because it was difficult to fabricate
small fingers.

As fabrication technology advances, the finger spacing
of a MSM PD can be reduced to nanometer scale. The
smaller the finger spacing, the shorter the intrinsic re-
sponse time for the transit-time-limited MSM PDs, and the
higher the sensitivity for the recombination-time-limited
MSM PDs. Therefore, the difference in speed and sensitiv-
ity between the transit-time-limited and recombination-
time-limited MSM PDs is getting smaller. Furthermore,
the finger width is another important factor for high-speed
MSM PDs. The narrower the finger width, the less the
detector capacitance and the shorter the external response
time.

Previously, the fastest transit-time-limited GaAs MSM
PD reported has a finger width of 0.75 ym and finger
spacing of 0.5 pm, an impulse response of 4.8 ps full width
at half-maximem (FWHM), and 2 3 dB bandwidth of 105
GHz.* The fastest recombination-time-limited MSM PD
on low-temperature {LT) grown GaAs reported previ-
ously had a finger width and spacing of 0.2 sm, a FWHM
of 1.2 ps, and a 3 dB bandwidth of 375 GHz.® The fastest
MSM PD on crystalline silicon reported previously had a 4
um single gap and a 3 dB bandwidth of 22 GHz.’

In this article, the fabrication of MSM PDs with finger
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spacing and width as small as 25 nm on bulk and LT
GaAs, and crystalline Si is reported. Monte Carlo simula-
tion of the impulse response of nanoscale MSM PDs and
scaling rules for high-speed MSM PDs is presented. Fi-
nally, the subpicosecond characterization of the nanoscaie
MSM PDs is reported.

il. FABRICATION

Three different substrates were studied: bulk GaAs, LT
GaAs, and crystalline silicon. The bulk GaAs substrate is
semi-insulating (SI) GaAs with a carrier concentration of
~1.5%107 ecm™?, electron mobility of 6500 cm?/V s, and
resistivity of 5 107 Q cm. The LT GaAs was 1 pm thick
and grown at 210 °C and annealed at 600 °C for 1 h. The Si
substrate was p-type with a doping concentration of
8% 10" cm 3,

For high-speed measurements, the detectors were fabri-
cated with coplanar striplines of Ti/Au (50 nm/200 nm
thick) with a linewidth of 16 um, a spacing of ¢ ym, and
a characteristic impedance of 75 1. The transmission lines
and alignment marks for electron beam lithography
(EBL) were defined using photolithography and lift-off.
The nanoscale MSM PDs were fabricated using EBL and a
lift-off technique. The fabrication steps consist of electron
beam resist coating, direct electron beam writing, develop-
ment, metal evaporation, and a lift-off process. First, poly-
methymethacrylate (PMMA)} was spun on the substrate.
For MSM PDs with finger pitch smaller than 200 nm, a
single layer PMMA with thickness from 40 to 70 nm was
used; for finger pitch greater than 200 nm, double layer
PMMA was used, with 2 70 nm thick layer of 100 K
molecular weight PMMA on the bottom, and a 70 nm
thick layer of 950 K molecular weight PMMA on the top.
The double iayer scheme is designed to achieve undercut in
the resist for easier lift-off. Each layer of PMMA was
baked at 160 °C for over 12 h after spinning. Interdigitated
line patterns were exposed in the resist using a custom-
built high-resolution EBL system converted from a JEOL-
840 scanning electron microscope operated at 35 kV.'® The
exposed PMMA was developed in 2-Ethoxyethanol:
methanol (3:7 by volume). After exposure and develop-
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FiG. 1. Scanning electron micrographs of MSM PDs of (a) 50 nm finger
spacing and 50 nm finger width, and (b) 25 nm spacing and 25 nm width.
The metals are Ti/Au.

ment, metals (Ti/Au) were evaporated onto the samples
and were lifted-off in acetone. The total metal thickness is
from 15 to 30 nm for single layer resist and 50 nm for
double layer resist, respectively. Figure 1 shows scanning
electron micrographs of (a) MSM PDs of 50 nm finger
spacing and width and a detection area of 10 pm X 10 pum,
and (b) MSM PD with finger spacing and width of 25 nm.

iil. MODELING AND SCALING

A Monte Carlo simulation program has been developed
for simulating the intrinsic impulse response of transit-
time-limited MSM PDs.” Figure 2 shows the intrinsic re-
sponse time versus the finger spacing of transit-time-
limited MSM PDs on GaAs and Si. Although the response
time of a Si MSM PD is longer than that of GaAs, due to
the heavier electron effective mass, the intrinsic response
time of a 85i MSM PD with a 25 nm finger spacing can
reach 1 ps and the 3 dB bandwidth can be 450 GHz (ex-
cluding hole current), very promising for application in
Si-based optoelectronics. In the simulation, it was assumed
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FiG. 2. The calculated intrinsic response time vs finger spacing on GaAs
and Si MSM PDs.

that the maximum velocity of carriers is the saturation
velocity, 2X 107 cm/s for GaAs and 1% 107 cm/s for Si
This certainly can be an underestimation for the MSM
PDs of sub-100 nm finger spacing, because of electron ve-
locity overshoot. This fast device operation due to carrier
velocity overshoot is a unique feature of nanoscale MSM
PDs.

Parasitic capacitance of a MSM PD can be a limiting
factor to its speed. Detector’s capacitance was calculated
using conformal mapping.11 For a given detector area and
finger pitch size, the smaller the finger width, the smaller
the detector’s capacitance. When the finger width is very
narrow, however, the series resistance of metal fingers may
become comparable to the load resistance and therefore
increase R—C time constant. Nanoscale metal lines on Si0,
substrate were fabricated and their resistances were
measured.® The thin metal line resistance is greater than
that calculated from bulk resistance due to metal surface
scattering. The total series resistance of a detector were
therefore calculated from the measured line resistances and
its geometry.

Based on the simulation and the calculation of detec-
tor’s capacitance and series resistance, general scaling rules
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F1i. 3. Calculated intrinsic and external impulse responses of a GaAs
MSM PD with 25 nm finger spacing and width. The detecior tolal area is
1 gm X1 gm. The detector capacitance of 1.2 fF and the load resistance
of 50 & were used to calculate the external response.
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Fi:. 4. Response of a LT GaAs MSM PD with 300 nm finger spacing and
width at 1.5 V bias.

for designing high-speed MSM PDs can be summarized.
(1) For decreasing the intrinsic response time of transit-
time-limited MSM PDs, the finger spacing should be re-
duced. (2) For reducing the MSM PD’s capacitance, the
ratio of finger width to finger spacing and/or detector’s
active area have to be reduced. {3) For cutting off the tails
in the impulse response of MSM PDs, the hole current
must be reduced or eliminated. And (4) for reducing metal
finger resistance, it is preferable to use shorter fingers and
thicker metal.

According to the scaling rules and the fabrication capa-
bility, the intrinsic and external impulse responses of a
GaAs MSM PD with 25 nm finger spacing and width and
1 pmX 1 um area (Fig. 3) was simulated. The detector
capacitance is 1.2 fF. It was assumed that the load resis-
tance is 50 ), the series resistance is not important since it
is smaller than the load resistance.® The FWHM intrinsic
response time of the detector is 0.16 ps, and the FWHM
external response time is .25 ps. The current peak in the
response is due to electrons and the long tail is due to holes
that move much slower than the electrons. Fourier trans-
forms of the external responses with and without hole cur-
rent show that the detector’s 3 dB bandwidth is 400 GHz,
and when the hole current is eliminated, 3 dB bandwidth is
over 1.8 THz.

IV. EXPERIMENTAL RESULTS

High-speed measurement was performed using an
electro-optic sampling system consisting of a 100 fs
colliding-pulse mode-locked dye laser with a wavelength of
620 nm and a repetition rate of 100 MHz."> The 100 fs
laser pulse is splitied into two: one for exciting the MSM

Relative time delay (ps)

FIG. 5. Response of a bulk GaAs MSM PD with 100 nm finger spacing
and width at 1.5 V bias.

PDs and the other for sampling the electrical signal gen-
erated by the exciting pulse. The sampling utilizes the
Pockel effect in LiTaO, tip placed 250 yum from the detec-
tors. By changing the relative delay between the exciting
pulse and the sampling pulse, the response of a MSM PD
can be mapped out.

MSM PDs on LT GaAs with different finger spacings
and widths, 100, 200, and 300 nm, were tested. The 300 nm
detector has a FWHM of 0.87 ps (Fig. 4) and 3 dB band-
width of 510 GHz. The impulse response time of the PDs
becomes progressively worse as the finger spacing and
width become smalier. The calculated intrinsic transit
time, R-C time constant, measured FWHM, and 3 dB
bandwidth of these detectors was tabulated in Table 1. The
R-C time constant is the product of the calculated detector
capacitance and the impedance of the transmission line {75
). The resistance of metal fingers is not important in this
case because it is smaller than the transmission line imped-
ance. As shown in Table I, for the 300 nm LT GaAs MSM
PD, the measured FWHM is shorter than the intrinsic
transit time, but longer than R—C time constant; therefore,
its speed is dominated by the carrier recombination time of
the LT GaAs. On the other hand, for LT GaAs MSM PDs
with finger spacing and width of 100 and 200 nm, the
measured FWHM responses are longer than 0.87 ps and
the intrinsic transit time, but comparable to the calculated
0.67 R~C constants. This implies that they are limited by
the R-C time constant.

A MSM PD on bulk GaAs with 100 nm finger spacing
and width was also tested. The impulse response has a
FWHM of 1.5 ps (Fig. 5) and 3 dB bandwidth of 300
GHz. The fact that this MSM has almost the same re-

TaBLE I. Theoretical and experimental data of MSM PDs with different structures on LT GaAs, bulk GaAs, and Si.

Semiconductor LT GaAs Bulk GaAs Bulk Si
Finger spacing/width (nm) 100/100 200/200 300/300 100/100 100/100
Intrinsic transit time (ps) 0.4 (.8 1.1 0.4 2.7
R-C(In2) time constant {ps) 1.56 1.04 0.52 1.56 1.56
Measured response {ps} 1.6 1.0 0.87 1.5 10.7
Measured bandwidth (GHz) 280 440 510 300 41
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FIG. 6. Response of a Si MSM PD with 100 nm finger spacing and width
at 1 V bias.

sponse time as that on LT GaAs with the same device
dimension indicates that the speed of this 100 nm MSM
PD on bulk GaAs is limited by the R-C time.

Impulse response of a 8i MSM PD with 100 nm finger
spacing and width is shown in Fig. 6. The FWHM is 10.7
ps and the 3 dB bandwidth is 41 GHz. The response time
of the Si detector is much longer than the estimated R-C
time and the transit time. It is suspected that this is either
due to leakage current since the active region is not isolated
and the laser beam may illuminate the area outside the
detector, or due to diffusion current from the carriers gen-
erated deep inside the semiconductor since the light ab-
sorption length of 8i is ~3 pm. Investigation is still in
process. Nonetheless, to our knowledge, this is the fastest
MSM PD on crystalline Si ever reported.

VY. SUMMARY

In summary, using a custom-built EBL system, MSM
PDs with finger spacing and width as small as 25 nm on
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several semiconductor substrates were fabricated. Subpico-
second characterization using electro-optic sampling
showed that the fastest MSM PDs had FWHM response
times and 3 dB bandwidths, respectively, of 0.87 ps and
510 GHz on LT GaAs; 1.5 ps and 300 GHz on bulk GaAs;
and 10.7 ps and 40 GHz on bulk 8i. Based on Monte Carlo
simulation, calculation of capacitance and resistance, and
experimental data, scaling rules for achieving high-speed
MSM PDs were propesed.
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