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Abstract: The plasmonic property of heavily doped p-type silicon is studied here. Although most of the plasmonic devices use
metal-insulator-metal (MIM) waveguide in order to support the propagation of surface plasmon polaritons (SPPs), metals that
possess a number of challenges in loss management, polarization response, nanofabrication etc. On the other hand, heavily
doped p-type silicon shows similar plasmonic properties like metals and also enables us to overcome the challenges pos-
sessed by metals. For numerical simulation, heavily doped p-silicon is mathematically modeled and the theoretically obtained re-
lative permittivity is compared with the experimental value. A waveguide is formed with the p-silicon-air interface instead of
the metal-air interface. Formation and propagation of SPPs similar to MIM waveguides are observed.
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1. Introduction

Optical waveguide devices are making their way to-
wards realizing low-cost high sensitivity and small-size
devices, leading to many applications such as biological, envir-
onmental and chemical applications['-3l. Most of these wave-
guide devices use a metal-insulator-metal (MIM) waveguide
to guide SPPs. Although metals such as gold and silver are
mostly used in plasmonic devices due to their small ohmic
losses and ability to confine light within considerable propaga-
tion length¥, at optical frequencies, metals suffer a huge optic-
al loss due to interband transitionsPl. Natural metals also
have a large real part of its complex dielectric permittivity com-
pared to dielectric, which causes a lot of problems in plasmon-
ic devices that require a nearly balanced polarization re-
sponsel®l, Besides, the optical properties of metals degrade
to a large extent when manufactured as thin films because
metal films have different morphologies compared to a bulk
metall”),

To overcome the above-mentioned limitations of metals,
another alternative material is proposed here which can sup-
port SPP propagation like natural metals. The plasmonic prop-
erties of natural metals can be described by its dielectric per-
mittivity, & and magnetic permeability, u. At optical frequen-
cies, magnetic permeability, y, is close to unity. Thus, the optic-
al behavior can fully be described by the dielectric permittiv-
ity, &8, The complex dielectric permittivity of metals has a neg-
ative real part and a positive imaginary part. Both the real
part and imaginary part is large in magnitude due to their
high carrier concentration (=102 cm-3). The large real part of
the dielectric permittivity compared to the dielectric permittiv-
ity of the insulator causes an unbalanced polarization re-
sponse in the MIM waveguidell. Also, the large value of ima-
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ginary part is the reason for a comparatively higher optical
loss. Thus, smaller values of both the real part and imaginary
part of the dielectric permittivity of metal would have been ad-
vantageous for the plasmonic applications.

Silicon, when doped over a certain carrier concentration,
shows negative real permittivity just like metals. Thus, it can
support SPP propagation at its interface with a dielectric. So,
it can be used to replace metals in the MIM structure. Both
the real part and imaginary part of the permittivity depends
on the carrier concentration which is tunable in this case of
doped silicon and thus can be reduced to a certain limit to
make the permittivity values smaller. Thus, both polarization
management and optical loss can be controlled to a great ex-
tent. For the process of nanofabrication, silicon on insulator
(SQI) is one of the key technologies nowadays. Since this
kind of waveguide has only silicon in its structure, it can be
treated in the same way as SOI structures. This will make the
structure complementary metal oxide semiconductor (CMOS)-
compatible and thus, will provide an easier way of fabrica-
tion.

2. Theoretical modeling of doped silicon

The p-silicon used here must be doped up to a certain car-
rier concentration in order to make it behave like metals. For
our design, it is assumed to be doped in the range of 1020 to
102" ¢cm-3. Carrier concentration in this range has been prac-
tically shown by Shahzad et al™®, Linaschke et all'%, Mizushi-
ma et all'l, Vina et all'Z, Ma et all'3], Miyao et al" and Jellis-
on Jr et all'sl. The highest carrier concentration of 2 x 1022 in
silicon has been reported by Nobili et all'9l. The complex relat-
ive permittivity of highly doped silicon can be described by
the Lorentz-Drude modell'7.,

£(w) = £ — wh /{W[1+i(1/wT)]}. (1)

If the real part and imaginary parts are separated, Eq. (1)
becomes
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Table 1. Modelling parameters of heavily doped p-silicon by the
Lorentz-Drude model.

Value for carrier Value for carrier

Parameter concentration of concentration of
6x 1019 cm-3 1x 1020 ¢cm-3
£ 11.7 11.7
e 1.60217662 x 10719 1.60217662 x 10719
M 50 50
Meft 3.5526595884 x 10731 3.5526595884 x 10731
T 1.2417416061807 x 10710 1.241741606180 x 10-10
o 5.3833134432 x 108 8.972189072 x 108

£(w) = (goo - w;r2/1 + wzrz) + i[wf,r/w (1 + wzrz)}, 2)

where w, is the plasma frequency, ¢, is the infinite fre-
quency relative permittivity or the background permittivity, t
is the electron/hole relaxation time, w = 2mc/A is the angular
frequency, c is the speed of light in vacuum and ; is the imagin-
ary unit. In the case of the highly doped degenerate intrinsic
semiconductors, wf) = Nez/eomeﬁ and 1 = umeg/e, where N is
the free carrier concentration, u is the electron/hole’s drift
mobility and mg; is the averaged electron/hole effective
massl'8. Usually, the angular frequency w > w, and wt >
1091, Thus, Eq. (2) can be rewritten as

£(w) = [£e — (0/weqT)] +i(0/w’T’%,), 3)

where o =~ eNy is the conductivity of the doped silicon and e
is the charge of an electron and ¢, is the free space permittiv-
ity. The infinite frequency relative permittivity or the back-
ground permittivity is the high-frequency limiting value that
is approximately 11.7 for silicon and is independent of the dop-
ing concentration% 211, Here, u = 50022 and mgz= 0.37my,
where my is the mass of the electron23l, The real part of the
complex permittivity becomes negative after a certain concen-
tration which can be calculated using Eq. (3). The values of dif-
ferent parameters of (3) for p-silicon carrier concentration of
6x 10" and 1 x 1020 cm-3 is shown in Table 1.

The relative permittivity of heavily doped p-silicon has
been experimentally measured by Shahzad et al. [ for carri-
er concentration of 6 x 10’ and 1 x 1020 cm~3. Comparison
between the values calculated from Eq. (3) and the experiment-
al value for carrier concentration of 6 x 10" and 1 x 1020
c¢m~3 has been shown in Fig. 1.

The percentages of error between the theoretically calcu-
lated value using the Lorentz-Drude model and the experi-
mentally obtained value by Shahzad et al at different
wavelengths for p-silicon carrier concentration of 6 x 10"
and 1 x 1029 cm~3 has been shown in Tables 2 and 3, respect-
ively.

From Fig. 1 and Table 2, it is observed that for a carrier
concentration of 6 x 10" cm3, the percentage of error
between the theoretical value and the experimental value is
very high (>160%) for wavelengths greater than 9.69 um,
high (40%) for wavelengths between 6.5 to 9.69 um and very
low (< 3.95%) for wavelengths less than 6.5 um. For a carrier
concentration of 1 x 1020 cm3, the percentage of error is
very high (>109.7%) for wavelengths greater than 26.23 um,
high (20.35%-34.33%) for wavelengths between 3.86 to
17.69 um and low (< 7.12%) for wavelengths smaller than
3.34 um.
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Fig. 1. (Color online) Comparison between theoretical value and experi-
mental value for carrier concentration of (a) 6 x 10 cm=3 and (b) 1 X
1020 cm-3,

The Lorentz-Drude model mainly provides the frequency
dependent dielectric permittivity of metals. In metals, electron-
ic transition from the valence band to the conduction band
takes place at a lower photon energy which is taken into con-
sideration while theoretical modeling of any material is done
using the Lorentz-Drude model. However, the band struc-
ture possessed by semiconductors like silicon is quite differ-
ent compared to those of metals and the energy gap
between the conduction band and valence band is also high-
er in semiconductors compared to metals. Thus, at lower
photon energy, the dielectric property of doped silicon giv-
en by the Lorentz-Drude model, considering the contribu-
tion from interband transition of electrons, does not match
with the experimental result as there is no interband trans-
ition practically. However, at higher photon energy, elec-
trons in the semiconductor can absorb the required energy
for interband transition just like metals. Thus, at higher
photon energy, the Lorentz-Drude model can provide us with
the more accurate values since the theoretical assumption re-
garding the interband transition also takes place practically.
This difference in the theoretically predicted value and the ex-
perimentally obtained value at low photon energy has been
depicted in Fig. 1. At higher photon energy, the theoretical
and experimental value matches with each other as pre-
dicted by the theory. Analyzing the data from Tables 2 and 3,
it is evident that the model shows a low percentage of error
for wavelengths smaller than 3.34 um. Thus, this model of
heavily doped p-silicon can be used for the plasmonic
devices, which work in the range of wavelengths smaller
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Table 2. Comparison of relative permittivity of p-silicon between the theoretical value and the experimental value for a carrier concentration of

6x 10" cm3.

Values of relative permittivity (real part)

Energy (V)  Wavelength (um) Percentage of error (%)
Experimental (Shahzad et al.l®) Theoretical (Lorentz-Drude model)

0.14 8.1 443 2.64 40

0.15 7.49 4.95 3.97 19.88

0.16 6.96 5.53 5.02 9.27

0.17 6.5 6.12 5.87 3.95

0.28 4.08 9.67 94 2.84

0.35 3.27 10.41 10.22 1.83

0.42 2.73 10.82 10.67 1.45

0.45 2.52 10.71 10.82 1.02

Table 3. Comparison of relative permittivity of p-silicon between the theoretical value and the experimental value for a carrier concentration of

1% 1020 cm-3.
Values of relative permittivity (real part)
Energy (V)  Wavelength (um) Percentage of error (%)
Experimental (Shahzad et al.l®) Theoretical (Lorentz-Drude model)
0.064 17.69 -44.85 -60.24 34.33
0.067 16.72 -39.97 -52.62 31.66
0.1 10.23 -17.14 -12.40 27.60
0.29 3.86 6.88 8.29 20.35
0.30 3.71 7.56 8.53 12.86
0.34 3.34 8.53 9.14 7.12
0.43 2.63 10.81 10.11 6.43
0.46 249 10.81 10.27 4.98
(@ 20 than 3.34 um, which is the case for most of the plasmonic ap-
— Wavelength = 1450 nm plications.
2 ol — Wavelength =1550 nm Heavily doped p-silicon can also be modeled at other carri-
I —— Wavelength = 1650 nm . . .
o er concentrations and wavelengths. The relationship of both
§ the real part and imaginary part of the permittivity with carri-
2720 er concentration and wavelength is almost linear. Fig. 2
£ shows the plot of relative permittivity against carrier concentra-
% a0} tion for different wavelengths.
[eN
2 3. Comparison with conventional plasmonic
é —60 - metals
Among the conventional plasmonic materials, gold and sil-
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Carrier concentration (10° cm™3) els for gold and silver are already available for use. The com-
plex dielectric permittivity of gold and silver has been determ-
b) 7 ined using both the Drude model and Lorentz-Drude model
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Fig. 2. (Color online) Relative permittivity (a) real part and (b) imagin-
ary part versus carrier concentration at different wavelength.

considering the effect of both free electrons and bound-elec-
trons in metals. The part on which free-electron effects act
sff)(w), can be expressed in the following form:
o

- 4

w(w—il)’ (4)
and the part on which bound-electron effects act e(rb)(w), can
be described by the Lorentz model in the following form:

k

f, wp
Z (5)
= (w2 -w?) + iwr,’
where w, refers to the plasma frequency, k refers to the num-
ber of oscillation with resonance frequency w,, dominant fre-
quency f, damping frequency I, and 1/7, is the lifetime.
Here Q, refers to the plasma frequency of the free-electron
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Table 4. Modelling parameters of gold and silver by the Drude and Lorentz-Drude model.

Parameter Value for silver (eV) Value for gold (eV)
Plasma frequency (hw,) 9.01 9.03

Damping constant () 0.048 0.053

Oscillator strength (f;) 0.845 0.760

Dominant frequency(f,)
Damping frequency ()
Resonance frequency (w,)

[0.065; 0.011; 0.840; 5.646]

[3.886; 0.452; 0.065; 0.916; 2.419]
[0.816; 4.481; 8.185; 9.083; 20.29]

[0.024; 0.010; 0.071; 0.601; 4.384]

[0.241; 0.345; 0.870; 2.494; 2.214]
[0.415; 0.830; 2.969; 4.304; 13.32]

Number of resonance 6 6
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Fig. 3. (Color online) Real part of relative permittivity for silver, gold 107 m
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Fig. 4. (Color online) Imaginary part of relative permittivity for silver

and gold, and p-silicon for different values of carrier concentration.

model having damping constant I, and oscillator strength f,.
Finally, the complex dielectric function can be described in
the following form:

&) = (w) + £ (w). (6)

Values of different parameters for obtaining the permittiv-
ity of gold and silver have been reported by Rakic et all24,
which are shown in Table 4.

Since the relative permittivity is a complex quantity, it
will have both real and imaginary parts. Fig. 3 shows the real
part of both gold and silver plotted along with the real part
of the permittivity of p-silicon for different carrier concentra-
tion.

From Fig. 3, it is observed that silver, gold and p-silicon,
all have negative real parts of the permittivity after a certain
wavelength. The real part of the complex permittivity for

107 m

Fig. 5. (Color online) Propagation of SPP along the silicon-air-silicon
waveguide.

both gold and silver is larger than the p-silicon. This is mainly
due to their high carrier concentration (=102 cm-3). The large
real part of the permittivity causes polarization mismatch in
many plasmonic devices when the interface is created with
an insulatorf20. 25,261, Thys, it is desirable to have smaller value
of real permittivity for having a balanced polarization re-
sponse. Since p-silicon has a comparatively smaller real part,
it will be advantageous in forming plasmonic devices com-
pared to both gold and silver.

Comparison between the imaginary parts of the dielec-
tric permittivity is shown in Fig. 4. The imaginary parts of the
permittivity of both gold and silver are much larger than that
of p-silicon even at a higher carrier concentration of p-silicon.
Since the large value of the imaginary part is responsible for
larger optical loss, plasmonic devices formed with p-silicon
will suffer much lower optical loss than the conventional met-
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Fig. 6. (Color online) Comparison of the transmittance between (a) the
silver and p-silicon waveguide and (b) the gold and p-silicon wave-
guide.

al plasmonic devices.

4. Waveguide formation and result analysis

A straight waveguide with a ring resonator is formed
with a silicon-insulator-silicon structure instead of MIM. The
waveguide is simulated and SPP propagation similar to the
MIM waveguide is observed. For simulation purposes, com-
mercial simulation software COMSOL Multiphysics was used.
Fig. 5 shows the normalized electric field distribution at
wavelength 1400 and 1800 nm respectively for the ring reson-
ator structure formed with the silicon-air-silicon waveguide.
From Fig. 5, it is clearly observable that SPPs are created and
propagated along the interface of p-silicon and air. Thus, we
can come to a conclusion that p-silicon can be used as a re-
placement of metal in plasmonic devices in order to support
SPP propagation.

The comparison of the transmittance in a straight wave-
guide formed with silver-air-silver and gold-air-gold with the
same structure formed with a silicon-air-silicon waveguide
with different carrier concentration is shown in Fig. 6 which
shows that, by doping the silicon up to a certain concentra-
tion, transmittance more than both the silver-air-silver and
gold-air-gold can be achieved. The doped silicon waveguide
can also be used to obtain transmission response of a notch fil-
ter similar to those of MIM waveguides by coupling the
straight waveguide with a ring resonator as shown in Fig. 5.
The notch type response of the ring resonator structure with
MIM waveguides and doped silicon waveguide is shown in
Fig. 7. The sensing characteristics of the ring resonator with
doped silicon can be utilized to use it as a refractive index
sensor by placing the sensing material in the ring waveguide.
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Fig. 7. (Color online) Notch type transmission response shown by ring
resonators using gold, silver and psilicon.
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Fig. 8. (Color online) Sensing characteristics shown by ring resonators

formed with heavily doped silicon.

The resonant wavelength shifts with the change of refractive
index, n, of the sensing material which is shown in Fig. 8. Simil-
arly, in most of the plasmonic devices, the metals like gold
and silver can be replaced by doped silicon of the required car-
rier concentration to enhance the performance of the devices
and to provide a more suitable way of fabrication.

5. Conclusion

A potential replacement of metals in plasmonic devices,
heavily doped p-silicon is modeled here. The modeling para-
meters are found out for different carrier concentrations of
p-silicon and the result is compared with the experimentally
obtained result for the carrier concentration of 6 x 10'° and
1 X 1020 cm=3. In both cases, the error percentage for
wavelengths smaller than 3.34 um has been found to be
< 7.12% which trends to decrease gradually as the
wavelength becomes smaller, since most of the plasmonic
devices operate in the range of wavelengths smaller than 2
um where the error percentage is expected to be much less
than the error obtained here. Thus, the mathematical model
can be considered as verified one for wavelengths smaller
than 3.34 um. The real part of the relative permittivity ob-
tained in the model shows negative permittivity for a carrier
concentration greater than 23 x 102 cm=3. Thus, it will be-
have like metal after doping with a carrier concentration of
than 23 x 102° cm~3 and can be used in plasmonic devices in-
stead of metal to guide SPPs, which is also observed here by
simulation. Hence, we can come to a conclusion that heavily
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doped p-silicon can behave like metal and can be used as a re-
placement of metals in plasmonic devices which will help us
to overcome optical loss, unbalanced polarization response
and nanofabrication challenges possessed by metals.
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