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1 Introduction

The near-field and subwavelength aperture interactions have been largely studied during the last
years,' as well as the use of relevant photodiodes.>™ In such conditions, computer-aided design
modeling becomes more necessary. The finite elements method (FEM) has been proven useful in
the development of advanced nanoscale devices.>® The general framework of FEM discretiza-
tion, meshing and solver algorithms together with techniques for dealing with challenges such as
multiple time scales, shocks, and nonconvergence, is well known; these include load-ramping,
segregated iterations, and adaptive meshing. Recently, this method, based on mathematical mod-
els and using optimized mesh structures, has enabled the performance of advanced simulations
of a photodiode with subwavelength aperture.”” Installation of such nanoscale electro-optical
sensors on top of existing microprobes and cantilevers may bring higher performance to near-
field optics research by creating a new generation of advanced near-field scanning optical
microscopy (NSOM). In the last decades, both atomic force microscope (AFM) and scanning
tunneling microscope have made significant progress in the fabrication of their own tips.
Promising results optical imaging was reported, using a side pin-hole photodetector combined
with a tip'® or UV NSOM.!!

In Ref. 9, an initial three-dimensional (3-D) analysis of a conical NSOM detector was
presented. Basic electro-optic properties such as the I —V curve and optical responsivity
were presented. The construction and potential application of the device were discussed, together
with a detailed description of the simulation. A theoretical discussion of evanescent waves and
subwavelength resolution appears there too.

However, where semiconductor modeling is involved, the nonlinear nature of the drift-
diffusion equations means that full 3-D modeling of imaging is still a computational challenge.
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Instead a two-dimensional (2-D) model can be used to simulate a device whose orthogonal
dimension is significantly larger than its lateral dimensions—rods, wires, etc. In this paper,
we present a 2-D simulation of a trapezoid-shaped NSOM detector with a slit aperture whose
out-of-plane dimension is much larger than the cross-sectional dimension. The COMSOL
Multiphysics software package, based on the FEM, was employed. The device consists in
a silicon Schottky photodiode bearing a subwavelength top aperture. Such a nanoscale electro-
optical sensor, placed on an AFM cantilever’s edge, would insure collection of the topography
and the optical data. The electric response, while scanning a laser beam, was studied and
optimized by changing both device related specification. It is shown that high resolution of
the order of the wavelength is obtained. This is useful as a validation of the behavior of
the device in comparison to current standards and benchmarks.

2 Simulation Method

A detailed description of the simulation was presented in Ref. 9 for the 3-D pyramidal device.
The 2-D simulation is similarly performed; hence, the technical description is brought in this
section. Here, we discuss the few selected points, which are specific to the 2-D simulation.

2.1 Two-Dimensional Simulation Conditions and Process

Though 3-D simulations are ideal, many 2-D simulations have been performed in the past due to
constraints of computing power.'>”'® Sometimes, the applicability of the results was understood
to be limited to the qualitative aspects. However, in this work, we analyze the behavior of a
device whose orthogonal dimension is significantly larger than its lateral dimensions, so that
a 2-D model is more than sufficient to simulate its behavior. This detector has a large extent
in the z-direction, orthogonal to the plane of the simulation. Its aperture is thus a slit—subwa-
velength in the plane of the simulation, unconfined in the orthogonal direction. Accordingly, the
impinging radiation is incident in the plane of the radiation; the Gaussian beams employed are
2-D Gaussian beam.

The simulation was performed with the COMSOL Multiphysics, which uses the FEM. The
simulation couples the semiconductor and the wave optics modules using the optoelectronics
interface.

The semiconductor module computes the electronic transport and charge distribution within
the silicon using the drift-diffusion equations for the electron and hole densities in the semi-
conductor coupled to Poisson’s equation for the electric “band-bending” potential. These are
augmented by statistical mechanics to describe the effect of doping on the carrier charge pop-
ulation. Light—matter interactions, described ahead, occur primarily within the Schottky junc-
tion, which develops between the semiconductor bulk and metal surface. The junction is
a depletion layer, which develops in the semiconductor due to the difference in Fermi levels
between the two materials. The work function of the metal, the electron affinity of the semi-
conductor, and the doping level are input parameters. In addition, the phenomenon of thermionic
emission from the metal to the semiconductor is built as a boundary condition on the drift-
diffusion current, which determines the boundary conditions on the charge distribution.

The material chosen for the interior of the device was silicon, n-doped to a donor concen-
tration N, = 10'7 ¢cm™3 using analytic doping. Trap-assisted recombination was activated, with
default values. The sides of the device serve as the Schottky junction. This is realized using the
metal contact boundary condition with the rectifying junction option selected, together with
“thermionic emission.” The material chosen for the model was aluminum, which sets the
work function, and the external bias was set to the appropriate voltage. Together these determine
the boundary condition for the electric potential ¢

qV:EFm ZQ¢_¢)m» (1)

where @,, is the metal work function and V is the external bias. The Schottky junction only
extends along the upper section of the device. The rest of the exterior is given an insulating
boundary condition. This defines the boundary conditions relative to the semiconductor module.
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The wave optics module simulates the propagation of the electromagnetic wave using
Maxwell’s equations. On the entire outer surface of the device (excluding the ends), a perfect
electric conduction boundary condition was used, which imposes a Dirichlet condition on the
component of the electric field parallel to the surface. This affects a perfectly reflecting
boundary, i.e., a perfect metal. This is a good approximation, as the entering electromagnetic
wave decays entirely in the aluminum before penetrating through to the silicon in the interior.
In order to simulate photodetection, “optical transitions” were activated in the interior. This adds
a photogeneration source term to the convection—diffusion equations, which is proportional to
the intensity of the electromagnetic field. The interaction between the radiation and the silicon—
photodetection—involves indirect and direct interband transitions. The precise form of this term
is determined by Fermi’s golden rule, together with an empirical model for indirect absorption in
silicon, based on an empirical model of Green and Keevers.'”

The incoming optical excitation is affected at the upper surface using a port boundary con-
dition with the relevant value of the electromagnetic intensity. The lower surface is given an open
boundary condition using the scattering boundary condition selection. Finally, with regards to
the electric potential, the upper surface is given an insulating boundary condition, whereas the
lower surface is defined as a metal contact boundary condition with the ohmic contact option.

2.2 Polarization Aspects

This work reports on an incident transverse electric (TE) wave linearly polarized in the out-of-
plane direction. This restriction from the longitudinal polarization is a consequence of the large
extent of the device in this direction—absorption of this polarization is significantly stronger
than of waves polarized in the direction transverse to the slit. This is a familiar result from
the interaction of EM waves with wires and nanorods,'® where it serves as the basis for design
of many polarizers.

2.3 Metallic Boundaries and Surface Polariton-Plasmon Resonances

The exterior walls of the device are composed of a layer of aluminum (Fig. 1). In the upper
section of the device, this layer serves as the anode of the Schottky junction. In the simulation,
a perfect metal was assumed, i.e., a perfect electric conduction boundary condition was used,
which imposes a Dirichlet condition on the component of the electric field parallel to the surface.
Regarding the semiconductor component, the metal-semiconductor junction is modeled as a
boundary condition. The metal component itself has no thickness and does not model internal
bulk currents.
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121 Schottky 4 TE wave . Schottky TE wave
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Fig. 1 COMSOL simulation of the NSOM photodetector structure. (a) The depletion layer boun-
daries are marked by red dashed lines for a given bias of —0.5 V applied at the Schottky contact.
The TE wave components are indicated in the inset. (b) COMSOL simulation with the mesh
structure.
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Regarding the possibility of surface polariton-plasmon (SPP) resonances at the insulator to
metal interface, we can argue that only transverse magnetic (TM) electromagnetic waves can
excite such resonances. Assuming that the metal boundaries are modeled as perfect conductors,
this translates into the Dirichlet boundary condition on the electric field: £ = 0. This in turn
corresponds to zero impedance and vanishing skin depth, so that the electric field is entirely
excluded from the interior of the metal. In this limit, the conductance is infinite so that the
complex dielectric function is also infinite according the Drude equation '

e
€ = €real +J5 (2)

The SPP wave number'® is then reaching the total wavenumber k according

i w e, LPw
I c \e+eE, ¢

Ve =nZ =k, 3)

c
where ¢, is the dielectric constant of the surrounding dielectric and # is the index of refraction.
This implies the nullity of the normal component &k, . Combined with the requirement above that
the electric field is orthogonal to the surface, this leads to the conclusion that only beams at
perfectly glancing incidence can excite an SPP on the metal surface. The Gaussian beam prop-
agates along the negative y-axis but includes plane wave components along the other direction.
These are distributed in k-space (the “angular distribution”) with a Gaussian distribution of width
inverse to the waist. Due to the sloping sides of the device, glancing incidence, like other off-axis
component directions, is suppressed. On the other hand, the absorbance peak of a surface
plasmon is quite narrow,'® with regard to the angle of incidence, even for a real metal with non-
zero dissipation. Thus the radiation absorbed in the SPP channel, obtained by integrating the
product of the EM wave distribution with the SPP resonant peak, is expected to be quite small.
In summary, the TE polarization is the dominant channel for electromagnetic interactions for
this device architecture.

3 Electro-Optical Simulations Results

3.1 Two-Dimensional Scanning of Laser Beam lllumination

The NSOM detector is simulated in 2-D as a trapezoidal structure of 1.54-ym height, 2-ym
bottom width, and 150-nm top aperture diameter. As shown in Figs. 2 and 3, the device—iden-
tifiably by its trapezoid silhouette—is shifted horizontally across the vertical projected Gaussian
laser beam of 550-nm wavelength having a 0.69-um full width at half maximum (FWHM).
The color scale indicates the beam intensity as the electric field value (V/m). In Fig. 2, the device
is presented at its starting point, on the left side of the beam. The scanning proceeds when the
device is shifting to the right direction. In Fig. 3, the device’s position approaches the center of
the beam where it absorbs part of the intensity.

Our analysis consists in varying several parameters in order to optimize the photocurrent
response. The metal contact is 1-uym height from the top aperture (both sides of the trapezoid).
The ground electrode is at the bottom of the structure. The first class of parameters we will
consider is the device intrinsic specifications such as the silicon doping level and the metal
work function. Then, we will consider the influence of external parameters such as the bias
voltage, the radiant intensity, and the laser wavelength.

3.2 Photocurrent Detection Resolution

As discussed above, the FWHM of the impinging beam is 0.69 gm. In comparison, Fig. 4 shows
that the FWHM of the signal detected by the device is ~0.77 ym. This reflects geometric aver-
aging due to the finite width of the aperture—the FWHM is increased by an amount 1 to 2 times
the width, which is 150 nm in this case. It is to be stressed that the increased FWHM of the signal
is geometric and is less than that would be expected due to diffraction.

Journal of Nanophotonics 036002-4 Jul-Sep 2018 « Vol. 12(3)



Karelits et al.: Laser beam scanning using near-field scanning optical microscopy.. .

m
I»;.o | V/m x10®
25 1.2
2.0
15 o
Laser beam
10 v.erti.cal ;.)ower
Scanning trapezoid jrecribution
0.8
0.5 photodetector at
p starting position
|
e 0.6
-1.0
0.4
-1.5
-2.0
Scanning axis 0.2
-2.5
-3.0 1
] d 0

-35 -3 -25 -2 -15 -1 -05 0 05 1 1.5 2 25 3 3.5 um

Fig. 2 Initial conditions of the scanning process, with the device located on the left side of the laser
beam, incoming from above. The Gaussian laser beam has an FWHM of 1.1 um. The distance
from the top center of the photodetector to the beam center is 2 um.
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Fig. 3 Simulation result of the beam scanning, using a shifted trapezoid moving horizontally under
the vertical illumination. The distance from the top center of the photodetector to the beam center is
0.5 um.

3.3 Photocurrent Scan as a Function of Silicon Doping

Figure 4 shows the simulation of the current measured at the metal electrode by scanning the
detector across the laser beam as described above. The varying parameter is the doping level of
the n-type silicon. The simulation was performed under the following conditions: the metal
work function is 4.72 eV (Al), wavelength 4 is 550 nm, the voltage bias is —0.5 V, and the
electric field is 10° V/m equivalents to a radiant intensity is 0.15 W/m?. The doping is
reduced here from 10'® to 10'® cm™. An enhancement of the simulated current is obtained.
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Fig. 4 Current as a function of the photodetector’s position (zm), relative to the beam center, for
several doping values. The work function is 4.72 eV (Al), 4 is 550 nm, the voltage bias is 0 V, and
the radiant intensity is 0.15 W/m?.

3.4 Photocurrent Scan as a Function of Metal Work Function

In order to enhance the applicability of the study, the simulations were performed for several
contact metals. The considered elements are: aluminum (Al), tungsten (W), and gold (Au) with
respective work function values of 4.72, 4.97, and 5.82 eV. The scanning of the laser beam in
these conditions is presented in Fig. 5.

3.5 Photocurrent Scan as a Function of Bias Voltage

In Fig. 6, the bias voltage has been changed from 0 to —5 V in steps of —0.5 V. The simulation
was performed under the following conditions: silicon doping is 10'” cm™3, metal work function
is 4.72 eV (Al), 1 is 550 nm, and the radiant intensity is 0.15 W/m?.

We note here two contributions for the electric current, which are varying with the bias volt-
age: the minimum value attributed to the dark current /,,4 (taken for example at d = —2 ym),
and the maximum value [I,,,, corresponding to the laser beam center (d = 0 ym). In order to
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Fig. 5 Current as a function of the photodetector’s position (zm), relative to the beam center, for
several work function values. The simulation was performed under the following conditions: doping
is 10'7 ecm~3, 1 is 550 nm, voltage bias is —0.5 V, and radiant intensity in this case is 1 W/m?.
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Fig. 6 Current as a function of the photodetector’s position (zm), relative to the beam center, for
several bias voltage values. Doping is 10'7 cm~3, work function is 4.72 eV (Al), 4 is 550 nm, and
radiant intensity is 0.15 W/m?.
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Fig. 7 Iax lqark, @nd CF are all presented a function of the applied Vs, based on Fig. 6.

extract the detector’s selectivity to the photocurrent, we define the detector’s contrast factor
(CF) as

I —1
CF(%) = 100 x -max __“dark “)
( ) Imax+1dark

In Fig. 7, I jark» Imax» and the CF are plotted as function of the bias voltage. The less is the bias
voltage the more is the CF. An explanation will be developed later in the discussion.

3.6 Photocurrent Scan as a Function of Radiant Intensity

In order to evaluate the detector responsivity of the current, it was important to evaluate the
influence of the laser beam parameters namely the radiant intensity and wavelength. In
Fig. 8, the photocurrent scan was simulated as a function of several orders of magnitude of
the radiant intensity (0.15 to 15 W/m?). Surprisingly, the “dark” current (located at 4-2 ym)
is also sensitive to the radiant intensity. The beam seems to be larger at higher power.
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Fig. 8 Semilog plot of the photocurrent as a function of the photodetector’s position (zm), relative
to the beam center, for several radiant intensity values. The simulation was performed under
the following conditions: silicon doping is 107 cm~2, work function is 4.72 eV (Al), A is 550 nm,
and the voltage bias is —0.5 V.

It is conceivable that a larger beam illuminates the trapezoid from the sides below the metal
contact, and this contributes to a higher “dark” current.

As expected, the increase of the radiant intensity implies a linear increasing of the current.
Also, the photocurrent response should be consistent with realistic laser intensities as encoun-
tered in AFM systems. Of course, additional factors should be taken in account, including
different types of decay, absorption, and quantum efficiency.

3.7 Photocurrent Scan as a Function of Wavelength

Now for a given radiant intensity of 0.15 W/m?, the photocurrent response was studied for
wavelengths ranging between 400 and 1100 nm, by steps of 100 nm. Several interesting char-
acteristics are notable in Fig. 9. From 400 to 600 nm, the current values are seen to steadily
increase with the wavelength. However, jumps of the current are observed at 800 and
1000 nm revealing an oscillating phenomenon. The study was limited to 1100 nm,

8 - —=—400 nm
| —*—500 nm
7 4 550 nm
| ——600 nm
700 nm
| —+—800 nm
~———900 nm
| —*—1000 nm
4 ——1100 nm__|

Current (pA)

-20 -15 -10 -05 00 05 10 15 20
d (um)

Fig. 9 Current as a function of the photodetector’s position (zm), relative to the beam center, for
several wavelength values. The simulation was performed under the following conditions: doping
is 10'7 cm=3, work function is 4.72 (Al), the voltage bias is —0.5 V, and the radiant intensity is
0.15 W/m?,
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corresponding to nominal range, in which the absorption of silicon is significant. A further analy-
sis will be presented below in order to elucidate this point.

4 Analysis and Discussion

4.1 Semiquantitative Model of the Photocurrent

Assuming the photocurrent is due primarily to the drift of the photogenerated carriers in the
depleted layer and assuming a one-dimensional model for simplicity sake, the steady state photo-
current density J,,, (per unit area of the electrode area) is expected to increase with the depletion
layer width w like®

w | v
I =4 [ Gpn(a)dx = 4G (0) 3 (1 = ) )

0
where ¢ is the electron charge, G, (x) is the volume photogeneration rate proportional to the
radiant intensity, and a is the absorption coefficient of silicon, which is the function of the wave-
length. Assuming the Schottky is a one-sided abrupt junction, w decreases as the square root of

doping level N, and increases as the square root of reverse bias V., according the following
equation:

2¢ €
Wnm) = \/ﬁ;(‘/bi + |Vrev‘) ~ 114/ Vy; + |Vrev|' (0)

With ¢, is the silicon relative permittivity (=11.7) and N, is the silicon doping (10'7 cm™).
V4, is the built-in voltage of the Schottky diode defined as the difference between the Fermi
levels of the metal and the silicon. However, the w value is limited here by the detector aperture
of 150 nm. Above this limit, the depletion areas from both sides of the metal contact are reaching
each other and no further expansion is possible. This may explain why the CF of the photo-
current is decreasing while increasing V., above 1 V as shown in Fig. 7.

If the energy level reference is taken at the vacuum level, V}; can be expressed as the differ-
ence between the silicon Fermi level E,, and the metal Fermi level Ef e, = —®,, according to

1 1
Vbi = ; (EF,n - EF,metal) = g(EF,n + q)m) (7)

The silicon Fermi level is given by

N
Ep, = —ysi+ kT In =2, (8)
: N,
Thus we get
1 N
Vii = — (cbm —xsi + kT In —D), )
q N¢

where yg; = 4.05 eV is the electron affinity of silicon, or equivalently the depth of the edge of
the conduction band edge E .. Using the work function value of aluminum (®,, = 4.72 eV) and
the density of states value for silicon at 300 K (N = 2.8 x 10" cm™3), we get a value for V; of
0.543 V. Replacing Vy; by its value in Eq. (3) and taking into account the limitation on w of
83 nm, one finds a limiting value for V., of about —0.5 V. This is consistent with Fig. 7, in
which the currents depend on (the absolute value of) V., as a square root like function below
—1 V and as a linear function above —1 V. The linear trend of the current with the voltage bias is
due to the drift of photogenerated carriers.
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Since the dark current is zero at zero voltage (the thermal generation current is negligible), it
turns out that the CF is maximum (100%) at zero voltage and decay to a constant value as shown
in Fig. 7. This semiquantitative model is helpful to interpret the increase of the simulated current
with the decreasing of the doping level as shown in Fig. 4. Moreover, according to Egs. (3) and
(5), the depletion width w increases for metals with larger work function, with a square root
behavior at low voltage bias. This indeed is borne out in Fig. 5, where it can be observed
that the three elements show values of current, which increase with the value of their respective
work function.

4.2 Responsivity

As suggested from Fig. 8, one of the most important results expected from our simulation is
a pure linear relation between the maximum value of the photocurrent (d = 0 ym) and the irra-
diance, i.e., the radiant intensity per unit area of the detector surface. When developing electro-
optical devices and in particular nanoscale-based sensors, such a linear relation is of considerable
importance since it allows easy prediction of the current produced for any desired irradiance.
In Fig. 10, the plot of this relation is clearly displayed.

In order to evaluate the responsivity of the photodetector, it was important to quantify the
electrical field from the Gaussian laser beam, outside and inside the photodetector, through the
trapezoid aperture. The responsivity is the ratio between the current and the irradiance. We need
to estimate it from the slope of Fig. 10 and get around 0.66 pA/W /m?.

Figure 11 shows the vertical electrical field on top of the upper surface of the trapezoid.
Figure 12 shows its simulated values of the electric field all along the vertical line centered
at d = 0 um (no lateral shift). The horizontal red line represents the height (h = —0.5 ym),
in which the trapezoid’s top aperture stands and defined as an insulating boundary condition.
Between the field’s upper value of 1480 V/m (just above the aperture) and the field’s lower
value of 600 V/m (just under the aperture), there is a ratio of 40%, which is a significant
value. A clear distinction appears between the propagating field and the evanescent field at
the detector aperture (150-nm diameter).

4.3 Spectral Response

The last interesting check was to evaluate the behavior of the photocurrent as a function of the
wavelength, this time for several aperture diameters (A = 150, 300, 500 nm). As observed in
Fig. 13, the smaller the aperture is, the lower the current is. Also, there are two distinct areas: the

14
| —®—Irradiance

12 A

10 +

Current (pA)

] /./

0 2 4 6 8 10 12 14 16 18 20
Irradiance (W/m?)

Fig. 10 Photocurrent as a function of the irradiance. The simulation was performed under the
following conditions: Silicon doping is 10'7 cm=3, work function is 4.72 eV (Al), A is 550 nm,
and the voltage bias is —0.5 V.
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Fig. 11 Electrical field outside and inside the photodetector. The border at the aperture’s height is

represented by the horizontal red line. The vertical line is the path, in which the field values have
been measured in Fig. 12.
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Fig. 12 Laser beam electrical field outside and inside the photodetector. The border at the aper-

ture’s height is represented by the horizontal red line. Aperture diameter is 150 nm and the radiant
intensity is 0.15 W/m?,

left one, till A = 600 nm, where the current keeps the same shape of oscillations, and decreasing
with smaller aperture diameters. However, the right area shows some interference pattern but the
current is less sensitive to the aperture diameter. The attenuation of the current at very short
values of 1 (<450 nm) is due to strong absorption of light at silicon surface. We can see
that, in addition to this diffraction phenomenon, there is also an interference additional phenome-
non, shown in the right side of this figure; these oscillations may be due to the fact that part of
the electrical field is reflected by the detector, and interfering with the original laser beam as
simulated in Fig. 11.
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Fig. 13 Current as a function of the wavelength for several top aperture diameters. The simulation

was performed under the following conditions: silicon doping is 107 cm~3, work function is
4.72 eV (Al), the voltage bias is —0.5 V, and the radiant intensity is 0.15 W/m?.

Table 1 Recommended parameters of the photodiode and of the setup.

Sign Definition Recommended value

Device’s intrinsic specifications

D Doping concentration 106 cm=3
@, Metal work function 4,72 eV (Al)
A Top aperture diameter 150 nm

Setup external parameters

4 Bias applied voltage -05V
P Radiant intensity 0.15 W/m?
A Wavelength >600 nm

4.4 Optimization and Recommended Setup Values

Series of above simulations and analyses enable to forecast and optimize the behavior and
the accuracy of the NSOM photodetector for two different series of parameters: the device’s
specifications (doping, work function, etc.) and the setup parameters (external electrical field,
wavelength, etc.). This is why it was important to summarize all the recommended values in
Table 1. Summarizing above analyses, it appears that the highest measured current was obtained
for a doping of 10'® cm~3 (Fig. 4), for a work function of gold (Fig. 5) and a wavelength above
600 nm (Fig. 13). Regarding the work function’s preference, if the gold enables a higher current,
the aluminum is more suitable to work with silicon and is usually preferable from an evaporation
process point of view since less contaminating. This is why we kept the choice of aluminum in
Table 1. A low reverse bias (0.5 V) is recommended to get a high CF of the photocurrent
(Fig. 7).

5 Conclusion

In this paper, we have presented the electro-optical scanning of a vertical laser beam, using a
shifted photodetector with subwavelength aperture, in front of an illumination beam. This study
consisted in varying critical parameters—including the applied bias voltage (V), the doping
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concentration (D), the power of the light illumination intensity (P), the wavelength (1), the top
diameter aperture (A), and the metal contact work function (®,,)—in order to find the optimal
scanning conditions for integration of this variety of photodetector on a cantilever. If several studies
presented some ideas of photodetectors for NSOM purpose, this study enables an easy forecast of
the expected behavior of the device, as a function of internal and external parameters.
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