Finite Element Simulation
of Metal-Semiconductor—Metal Photodetector

Introduction

Low-temperature—grown GaAs (LT-GaAs), deposited by
molecular beam epitaxy, has been known for its ultrashort,
subpicosecond photocarrier lifetime and relatively high car-
rier mobility. Therefore, in recent years LT-GaAs has been the
material of choice for the fabrication of photonic devices such
as photoconductive switches, 2 both of the metal—semiconduc-
tor—metal (MSM)? and freestanding types,* for the generation
of subpicosecond electrical pulses for ultrafast device char-
acterization,” THz time-domain spectroscopy,® antennas for
the generation and detection of THz radiation,’ as well as for
optical photomixers.8-

Much effort has gone into achieving high efficiency for LT-
GaAs material and the design of optimal geometries for the
device structures; however, further performance improvement
of LT-GaAs—based photonic devices is expected by optimizing
the device contacts. Historically, LT-GaAs MSM’s have been
constructed with electrodes consisting of surface-contact metal-
lization such as, e.g., Ni-Au, Ti-Au, or Ti-Pd-Au.!° For decades
the properties of metal contacts to III-V semiconductors have
been intensively studied.!+12 From these studies it is well known
that a contact metallization that creates Schottky contacts on
conventional n-doped GaAs shows ohmic behavior on LT-
GaAs, even without annealing.!® The annealing of contacts to
LT-GaAs is restricted to temperatures below 600°C since higher
temperatures lead to a drastic change in the properties of the
LT-GaAs material itself. The speed of response for the ohmic-
type MSM photodetector is generally limited by the carrier
lifetime, which in the case of LT-GaAs is so short (~150 fs) that
the device capacitance sets the practical limit. Unfortunately, the
ultrashort carrier lifetime translates into relatively low mobility
of the LT-GaAs material, resulting in low-efficiency LT-GaAs
devices, as compared to other photodetectors, such as p-i-n
diodes.13 Recently, however, MSM devices with alloyedu’14
and recessed”1° electrodes have been found to exhibit improved
performance through optimization of the device contacts. Ref-
erence 14 reported a twofold improvement in efficiency using
alloyed contacts based on Au-Ge eutectic, and Ref. 15 reported
a 25% increase in sensitivity using recessed surface contacts.
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This article presents a finite element model to analyze
the photoresponse of two types of LT-GaAs MSM’s, both of
the same device geometry, but one with non-alloyed surface
contacts and the other with alloyed contacts. Based on experi-
mental work,' the simulated photodetectors consist of inter-
digitated conductors, patterned on a 1.5-um-thick LT-GaAs
layer, grown by molecular beam epitaxy at 250°C, followed
by in-situ isothermal annealing at 600°C. We can, therefore,
directly correlate our simulations with the experimental results
and understand the physical reasons for the improved photo-
response efficiency of the alloyed-contact LT-GaAs MSM’s
without sacrificing the response times. We demonstrate that
indeed the latter devices have better-than-twice the sensitivity
of the surface-contact structures and better-than-50% improve-
ment in response time. We further use our model to propose
the configuration of optimized devices.

Finite Element Model

The finite element simulations presented here were created
with the COMSOL Multiphysics® Finite Element Analysis
(FEA) software package!® using the generalized electrostatics
mode. In this mode, the equation of continuity is combined with
Gauss’s law, and the partial differential equation to be solved is

~ V- [0 +ege, /T)VV=TC|=py /T, (1)

where 0 and &, g( are the material’s conductivity and permit-
tivity, respectively, V is the electric potential, J®is an externally
sourced current density, o is the given space-charge density
at =0, and T is a time constant chosen to be large relative to
the maximum charge relaxation time of the system. For the
simulations presented here, J and p are set to zero and T was
chosen to be 1072 s. Increasing T above 102 s had no effect
on the results; making it too large, however, could result in an
ill-conditioned FEA formulation.

The model geometry is a two-dimensional cross section of
one of the photoconductive LT-GaAs channels plus the elec-
trodes. The results of the simulation are given per meter, and the
result is multiplied by the overall length of the channel, which
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is 147 pm. Figure 119.36 shows a schematic of the MSM top
view and cross section used for simulation. The model bound-
ary condition is electrical insulation everywhere, except for
the small spans, where the electrode intersects the boundary
and the condition is a fixed electrical potential. The actual
fabricated device!* had an area of 400 £m? and an electrode
finger width and spacing of 1 gm and 1.5 um, respectively.
The alloyed-electrode MSM consisted of a Ni-Au/Ge-Ni-Au
layer stack with 5-, 90-, 25-, and 50-nm thickness, respectively,
alloyed at 420°C for 90 s. The surface-contact device had a
Ni-Au layer with a thickness of 10 to 160 nm.

Electrodes

1.5-um LT-GaAs epitaxial layer
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Figure 119.36

Schematic top view of an MSM device and side view of one photoconductive
channel, with electrodes on each side.

Figures 119.37 and 119.38 show arrow plots of the electric
field and current density, created with COMSOL Multiphys-
ics®. The simulation results in Fig. 119.37 are for the alloyed-
electrode device, illuminated by 850-nm-wavelength light, with
a nominal alloy depth of L = 200 nm. The simulation results
in Fig. 119.38 are for the surface-contact device, with identi-
cal illumination conditions. The length of the arrows is scaled
according to the magnitude of the quantity they represent. We
note in Fig. 119.37 that for the alloyed device, the electric field
is uniformly distributed in the photoconductive region, and the
current density in this region decays as does the intensity of the
incident light. On the other hand, the surface contact device
in Fig. 119.38 shows a very different electric field distribution,
and the current is channeled entirely through the corner insets
of the electrodes.
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Figure 119.37
Arrow plots of the (a) electric field and (b) current density for the alloyed-

contact device with L = 200 nm. These plots were created using COMSOL
Multiphysics®.16
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Figure 119.38
Arrow plots of the (a) electric field and (b) current density for the surface-
contact device. These plots were created using COMSOL Multiphysics®.16
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For the FEA model, each device was divided into five sub-
domains, consisting of the two electrodes, the photoconductive
region, and the two LT-GaAs regions under the electrodes. For
simplicity, the two electrodes were assigned a conductivity o =
45.6 % 10° S/m, typical for Au. The conductivity profile of the
photoconductive region was calculated based on illumination
with 160 4W of continuous-wave light, consistent with the
experimental setup in Ref. 14. The transmission coefficient was
calculated as 43%, based on the LT-GaAs refractive index of
3.64 at 850 nm (Ref. 17), and the internal quantum efficiency
(QE) was taken as 1. These factors, in addition to 40% loss of
input power as a result of the reflectivity of the metal electrodes,
give G=1.77 x 1014 571, the overall (volume) carrier-generation
rate. By assuming that the carrier generation decays in the same
manner as incident 850-nm light with a penetration depth [ =
1 um, and integrating over the photoconductive volume, the
carrier generation at the surface was calculated to be Gg =
9.47 x 1023 (s » cm3)~1.

To relate Gg to 0, it is necessary to compute the resulting
steady-state carrier density. This was done by setting the gen-
eration equal to the Shockley—Read—Hall recombination rate,
simplified by assuming that the recombination centers are
located at the bandgap. The electron and hole concentrations
at the surface, ng and pg, respectively, can then be calculated as

no=po=m+2 - Gy T, @)
where 7; is the intrinsic GaAs carrier concentration and T is
the carrier lifetime. Taking for LT-GaAs at 300 K, n; = 1.8 x
100 cm=3, T = 150 fs (Ref. 5), and the mobility for photogen-
erated carriers to be i ~ 200 cm?/(V « s) (Ref. 1), we may then
compute the surface conductivity o = 2n = 1.8 mS/m, and,
subsequently, the conductivity profile

o=0," exp(TZ>, ©)

where z is the distance from the LT-GaAs surface.

So far everything said about our MSM FEA model applies
to both the alloyed and non-alloyed devices. The difference
between the two is the conductivity profile under the contacts.
In the case of the non-alloyed device, the conductivity of the
region under the contact is simply that of LT-GaAs, which is
essentially an insulator. In the case of the alloyed device, a
Ni-AuGe-Ni-Au layer stack forms the electrode. Subsequent
alloying at 420°C for 90 s causes Ge atoms to migrate into the
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LT-GaAs, with an expected penetration depth of L = 200 nm
(Ref. 18). As aresult, the conductivity at the interface between
the contact metallization and the alloyed LT-GaAs is that of Ge
and decays exponentially to the conductivity of LT-GaAs under
the contact. The o profile under the alloyed contact is therefore

Z
Opc = (GGe - O_LT) * €Xp (T) +OLT> @)

where 0. = 2.2 S/m and o1 = 1.15 x 10~8 S/m are the con-
ductivities of Ge and LT-GaAs, respectively.

One additional feature that requires some explanation is
the semicircular inset at the inside corner of each electrode
shown in Fig. 119.36. In the case of the alloyed-contact MSM,
this feature has no effect on results; it is, however, essential
for modeling the surface-electrode device since without it
there would be no lateral path for current. Figure 119.36 is not
to scale and the corner insets are exaggerated for clarity. The
actual radius used in our modeling was only 50 nm, based on
the simple estimation that the carriers generated near the edge
of the surface electrode may drift/diffuse into the insulating
region toward the electrode on the scale of the carrier mean
free path, equal in our case to ~66 nm, for a Fermi velocity of
4.4 % 10° m/s (Ref. 12) and T = 150 fs. A change of +50% in
this radius did not impact results of the model.

Results
1. Responsivity

For the alloyed-contact device, the responsivity predicted
by the model was 8.6 x 10~4 A/W, while the actual measured
value in Ref. 14 was 13.7 x 10~* A/W. For the surface-electrode
MSM, the corresponding simulation and experimental values
were 3.7 x 10~* A/W and 6.2 x 10~* A/W, respectively. Con-
sidering the approximations involved, the results of the FEA
model can be considered reasonably close to measured. The
responsivity is dependent on y, quantum efficiency, trans-
mission coefficient of LT-GaAs, alloy depth, and the contact
resistance. If we, for example, used a carrier mobility of only
4~ 320 cm2/(V « s), instead of 200 cm2/(V « s), we would get
full agreement between our model and the experiment. We note
here that although the relatively low values of u for LT-GaAs
have been well documented,3 some sources have reported 4’s
as high as 2000 cm?Z/(V ¢ s) (Refs. 19 and 20), depending on
the sample processing. For QE the range of numbers in the
literature spans from 1 (Ref. 21) to 0.07 (Ref. 5). We assumed
the ideal case of QE = 1. Our transmission coefficient was
calculated to be 43%, based on the refractive index of GaAs at
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850 nm, and, finally, the depth of alloying under the contacts
was taken to be 200 nm based on the expected (but not mea-
sured) depth stated in Ref. 14.

In view of the above, the responsivity ratio of MSM’s with
alloyed to non-alloyed contacts is of particular interest. The
FEA model yielded a ratio of 2.3, while the experimental value
in Ref. 14 was 2.2. Therefore, we may conclude that our model
does a good job of predicting the improvement in responsivity
obtained using photodetectors with alloyed contacts.

2. Capacitance and Transient Response

Typically, photoconductive devices turn on much faster than
they turn off since the rising part of the photoresponse limits
how fast optical energy is delivered to the photocarriers and
simply corresponds to the integral of the optical-pulse intensity.
The turn-off time, on the other hand, depends on the mecha-
nism of carrier sweep (Schottky type) or on the carrier lifetime
in the photoconductive region. In the case of LT-GaAs devices
exhibiting ohmic contacts, the latter is true; however, since T
is in the femtosecond range, the actual device turn-off time is
limited by stored charge and the equivalent lumped-element
resistive-capacitive (RC) time constant.

Table 119.1V shows the capacitance of the alloyed- and
surface-electrode devices in both the light-ON and light-OFF
states, as predicted by the FEA model. The higher capacitance
of the alloyed-contact MSM is expected from the device con-
figuration and suggests that its photoresponse signal should be
slower. However, the photoresponse measurements performed
in Ref. 14 actually indicate that alloyed devices exhibit some-
what faster turn-offs, while in both cases, the turn-on time is
about the same. The photoresponse transients in Ref. 14 show
a turn-off time constant of the alloyed device to be 1.8 ps and
2.8 ps for the non-alloyed structure. In terms of our model,
an improvement of the turn-off time in the alloyed-electrode
MSM’s can be understood if one considers the accumulated
charge at the boundary between the LT-GaAs photoconductive
region and either the alloyed or non-alloyed region under the

Table 1119.1V: MSM device capacitance in the OFF and ON states,
with or without an AR coating.

Surface contact Alloyed contact
OFF, no AR 10.2 (fF) 17.0 (fF)
OFF, with AR 10.7 (fF) 17.5 (fF)
ON, no AR 10.4 (fF) 15.6 (fF)
ON, with AR 10.5 (fF) 16.0 (fF)
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electrode surface. In the ON state, both devices have a signifi-
cant charge, accumulated at this boundary. In the case of the
surface-contact MSM, however, this boundary effectively goes
away when the device turns off, leaving the charge to dissipate
through the volume of the very highly resistive LT-GaAs. On
the other hand, in the alloyed-contact MSM case, the relatively
high conductance of the alloyed-contact volume makes possible
a much more efficient discharge of the equivalent capacitor.
Based on the ratio of sensitivities of the two devices, the effec-
tive ON-state resistance of the alloyed device is 2.2x lower than
that of the non-alloyed device. Thus, including the capacitances
listed in Table 119.1V, the ratio of the corresponding RC time
constants is 1.47 and should be the same as the ratio of the fall
times of the respective photoresponse transients. Note that the
experimentally measured ratio in Ref. 14 is 1.56, in excellent
agreement with the prediction of our model. As a result, despite
the larger geometrical capacitance, the alloyed-contact MSM is
actually faster than the surface-electrode structure, as indeed
was experimentally observed.

3. Device Optimization

The results of the FEA model are well correlated to experi-
mental values; therefore, the model may be used to predict
the effect of various parameters on MSM photoresponse
performance. In this section, we look at how such technologi-
cal parameters as the depth of the alloyed contacts, electrode
spacing, or additional antireflection (AR) coating, influence the
device’s performance.

Figure 119.39 shows the responsivity as a function of alloy
penetration depth L, which is the exponential spatial decay
constant of o under the alloyed contact [see Eq. (4)]. As the L
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Figure 119.39
Responsivity versus the alloy penetration depth for an alloyed-contact MSM.
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value decreases to zero, approximating the surface-type con-
tact, the point where the responsivity curve intersects the y axis
approaches the responsivity of the surface-electrode MSM. We
observe in Fig. 119.39 that for L > 200 nm the curve flattens, so
increasing L beyond 200 nm results in very little improvement.
The latter is fully understandable looking at Fig. 119.37(a) and
noting that at L = 200 nm the electric field is already fairly
uniform down through the photoconductive region. The electric
potential between the boundaries of the photoconductive region
is also uniform and equal to the applied electrode potential, so
current is strictly limited by the photoconductance.

Figure 119.40 shows the responsivity as a function of elec-
trode spacing, for both an alloyed- and a surface-contact MSM.
For the alloyed device, the relationship can be easily and pre-
cisely explained because the resistance of the photoconductive
channel is proportional to its length. Therefore, the respon-
sivity is proportional to current and, consequently, inversely
proportional to the channel length. For the surface-electrode
MSM, the relationship is not as simple due to the concentra-
tion of current at the corner insets of the electrodes, as seen in
Fig. 119.38. The corner insert will come into play only when
the spacing approximately equals the radius. As the spacing
decreases for the surface-electrode device, the electric field
gets pulled toward the surface. Therefore, carriers generated
far below the surface do not contribute to the sensitivity.
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Figure 119.40
Responsivity versus the electrode finger spacing for an alloyed-contact (solid
line) and surface-contact (dashed) MSM.

Finally, our FEA model predicts that an AR coating should
obviously improve the device responsivity by decreasing the
amount of reflected light, but, at the same time, the additional
dielectric material deposited on top of the photodetector
increases its capacitance. We observe a typical trade-off
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between the responsivity and speed. However, in the case
of the alloyed-contact structures our simulations show (see
Table 119.IV) that the actual increase in the capacitance is
less than 5%. As a result, a well-designed AR coating in such
structures clearly leads to an overall improvement in the photo-
detector’s performance by increasing the responsivity without
significant degradation in speed.

Conclusion

A simple FEA model, using the COMSOL Multiphysics®
software package, !0 has been developed to simulate the photo-
response of the MSM photodetector. The two experimentally
most-viable cases, namely devices with either alloyed- or non-
alloyed-surface contacts, have been studied and have demon-
strated that in both cases, both the photodetector responsivity
and the time-domain response can be very accurately simu-
lated. This approach also allows one to optimize the MSM
design, indicating that deposition on the photodetector surface
of an AR coating, while substantially increasing its responsiv-
ity, only marginally affects the photoresponse time constant.
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