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Abstract: A complementary metal-oxide-semiconductor (CMOS)-compatible carrier-injection plas-
monic micro-ring modulator (CIPMRM) is designed and analyzed theoretically. The CIPMRM has a
compacted footprint of 49.3 pum? (R = 2 pm), a bit rate of 36.5 Gbps, insertion loss of —9.8 dB, a static
extinction ratio of 21.7 dB, and energy consumption of 4.40 pJ/bit as 2.2 V peak-to-peak voltage is
applied at 1550 nm. Besides, the method of resonance tuning by carrier concentration is proposed to
compensate for the wavelength mismatch between the CIPMRM resonance and the laser, resulting
from temperature and line width variation of the CIPMRM. This method has a faster response time
and a greater ability to shift the resonant wavelength compared with the method of thermo-optic
resonance tuning. The proposed scheme provides a route for realizing the compacted size modulator
for optoelectronic integration.

Keywords: plasmonic modulator; CMOS; carrier-injection; resonance tuning

1. Introduction

Over the past decade, there has been an increasing desire to realize nanophotonic
devices, which are convenient for optoelectronic integration because of their high integra-
tion. Plasmonics is a promising approach to achieve nanophotonic devices, and it can be
utilized to merge the photonic and nanoelectronic devices. The plasmonics is a surface
electromagnetic wave formed by free-electron oscillation of metal when inspired by light.
It has two properties that can be used to design the device. The plasmonics can break the
diffraction limit as the light guild at sub-wavelength scale, which is utilized for designing
nanophotonic devices. Besides, the evanescent wave caused by electron oscillations leads
to a strong electromagnetic field at the surface of the metal, which enhances light-matter
interaction [1,2]. Therefore, research on plasmonics has been a flourishing field, including
various passive and active devices [3—-6]. Among them, plasmonic modulators would be
highly desirable for shortening the shift length from a millimeter to a few microns.

Several active materials are utilized in plasmonic modulators, including transparent
conductive oxides (TCO), electro-optic polymers, and graphene. As a metal-insulator-oxide
layer (MIS) architecture is used, the permittivity of TCOs can be tuned by changing the
carrier density near the insulator layer. Due to the strong surface field of the plasmonic
wave, the shift length reduces to a few microns [7]. Various theoretical investigations
predict its bandwidth to be tens of GHz. However, the bandwidth of the plasmonic
modulator with TCO hardly exceeds 3 GHz at present [8-12]. Plasmonic modulators with
electro-optic polymers based on the Pockels effects in nonlinear polymer have developed
rapidly in recent years. Plasmonic Mach-Zehnder modulators and plasmonic micro-ring
modulators with electro-optic polymers operating at over 100 GHz are realized [13,14].
The plasmonic modulator with graphene is another method for wavelength modulation,
which is realized by tuning the Fermi level with gate voltage. It would have high-speed
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modulation for its high carrier mobility with a compacted size [15-17]. Although these
three kinds of plasmonic modulators have an excellent performance, they are not fully
compatible with the standard CMOS process. As a result, these may impede integration
with electronic devices. Plasmonic modulators based on silicon are also investigated.
However, the bandwidth is limited to 3 GHz [18,19]. Therefore, it is still a challenge to
achieve zero-change CMOS-compatible plasmonic modulators with compact size and
outstanding performance.

Silicon is the preferred CMOS-compatible material to change the refractive index
by manipulating carrier density (free carrier dispersion effect) [20]. Silicon-based carrier-
injection modulators are first proposed. Due to the limiting mode, the early carrier-injection
modulators present poor bandwidth and energy consumption [21]. Later, silicon-on-
insulator (SOI) substrates used in silicon photonics improve the performance of the mod-
ulators. A carrier-injection plasmonic micro-ring modulator (CIPMRM) is proposed and
investigated theoretically in this work. Mode is limited further by plasmonic architecture
to improve the modulator performance. Besides, a method of resonance tuning by in-
jected carrier concentration is proposed to solve the resonance shift caused by temperature
fluctuation and manufacturing deviation. Compared with the method of thermo-optic
resonance tuning [22], it has faster responsiveness and better tuning ability. Meanwhile,
this method avoids local high temperature from heating resistance. Therefore, the size
of CIPMRM would not limit the free spectrum range (FSR) and the local temperature.
CIPMRM provides a way to overcome the shortcomings of micro-ring modulators (MRMs).
Besides, CIPMRM is a zero-change CMOS fabrication process. It has a compact footprint of
49.3 um?, a bit rate of 36.5 Gbps, insertion loss (IL) of —9.8 dB, static extinction ratio (ER) of
21.7 dB, and energy consumption of 4.40 pJ/bit as 2.2 V peak-to-peak voltage is applied.

The remainder of this paper is organized as follows. In Section 2, the structure
and physical mechanism of CIPMRMs are presented. Section 3 discusses the effects of
modulation width on the performance of the CIPMRMSs. Section 4 proposes the method of
resonance tuning by carrier concentration as temperature and line width change. Finally,
the key findings are discussed and summarized in Section 5.

2. The Structure and Operating Principle of CIPMRM

The silicon waveguide mode couples to the CIPMRM eventually. To increase the
coupling efficiency, the mode of silicon waveguide couples to the near silicon waveguide
first and then tapers into the CIPMRM by plasmonic taper (IL is about 1 dB). Coupling
efficiency reaches 90% as the coupling distance is 160 nm and the coupling length is 3.5 pm
(3D-FDTD simulated, where the PML is adopted as the boundary condition). A 340 nm SOI
substrate is utilized in this work, and the width of the silicon waveguide is 300 nm. Figure 1
shows the structure of the plasmonic modulator. It is a ridge waveguide with a 100 nm
slab height. A 5 nm oxide layer and a 100 nm copper layer cover the ridge that forms the
plasmonic waveguide. The plasmonic is inspired by transverse electric (TE) mode. The
distance between the electrodes grown on the slab and the ridge is 1um. A highly doped
concentration of 5 x 102’ /cm?® in P++ and N++ is used to form a PIN junction.

The free carrier dispersion effect causes the effective refractive index to change as the
forward voltage is applied at the PIN junction. By altering the effective refractive index of
the waveguide, the wavelength of 1550 nm will be on and off the resonant state. Eventually,
it transforms the electronic signal into an optical signal. The Lumerical commercial software
is used in this work. The complex refractive indices of Cu, SiOy, and Si at 1550 nm are set
as follows: Cu: 0.282 + 11.048 [23], SiO,: 1.445, and Si: 3.46.
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Figure 1. Schematic drawing of the carrier-injection plasmonic micro-ring modulator (CIPMRM).

3. Carrier-Injection Plasmonic Micro-Ring Modulator

Figure 2a presents the normalized electric field distribution in a plasmonic waveguide.
It can be seen that as the width of the plasmonic waveguide increases, more electric field
distributes in silicon. The energy distribution ratio is shown in Figure 2b.
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Figure 2. (a) The normalized electric field distribution in the plasmonic waveguide as the width
varies from 100 nm to 300 nm; (b) the ratio of energy distribution in the plasmonic waveguide as
the width varies from 100 nm to 300 nm; (c) the change in ng¢ and loss with varying plasmonic
waveguide width.

As the width of the plasmonic waveguide increases from 100 nm to 300 nm, the ratio
of the normalized energy distribution in silicon increases from 53.6% to 66.6%, and the
ratio of the normalized energy distribution in SiO, decreases from 25% to 14.7%. Therefore,
the plasmonic waveguide loss decreases from 0.75 dB/um to 0.47 dB/um as the width
increases from 100 nm to 300 nm (shown in Figure 2c). As the plasmonic waveguide is
widened, the refractive index decreases from 3.23 to 3.18. The decreasing refractive index
results from the lower impact of the plasmonic metal.

Soref realized the silicon modulators by injecting a carrier as the forward voltage at
the PIN junction. The little difference in the refractive index between the silicon and highly
doped silicon induces the large mode, which causes poor modulation speed and high
energy consumption. SOI substrates result in a significant improvement in the performance
of the modulators for limiting the mode field. Here, the plasmonic waveguides further
limit the mode. The effect of mode size (plasmonic waveguide width) on modulators is
discussed in the following section.

Figure 3a displays the transmission curve with wavelength for different widths of
CIPMRMs at 1 V (“off-state”) and 1.13 V (“on-state”). The resonant peaks shift as the
refractive index changes, which is caused by the variation in the modulator width. The
minimum transmission value is achieved as the energy coupled in CIPMRMs is close to
the loss there. Therefore, the transmission increases from —34.65 dB to —21.9 dB when the
waveguide loss decreases from 0.76 dB/pum to 0.47 dB/pm. The decreasing waveguide
loss results from the waveguide width increases. The insertion loss of CIPMRMSs decreases
from —11.5 dB to —9.3 dB as the modulation width increases from 100 nm to 300 nm.
This situation results from two reasons. Low-loss plasmonic micro-rings benefit from
modulating for their high quality factor. Besides, the resonant wavelength shifts further
for the widened CIPMRMs. Because the carrier concentration is mostly the same at 1.13 V
(1.9 x 10 /cm?), more energy is distributed in the modulation region, which would boost
the effects of the injected carrier on the mode.



Photonics 2022, 9, 272 50f12

0466 nm __2.0x10"

—20 X V7 D<; ”'E pre-emphasized voltage(1.8 V) ="
4oE=—1Vv—113V , , S ’1

0 1500 1550 1600 = {

A_30150 nm ?)ﬂ? -\- K? ~ K—/. 51.5}1019 f .,--"J.. l

% _go— 1V T——1.13V S Jl ,

z 1500 1550 1600 o l \

S 200nm 3 |/ without pre-emphasized voltage ‘
-20 ; }K 7 § ?(7 : Pl 7 = /

T bty 1y : , £ 1.0x10” | \

(% s 1500 1550 1600 8 i& .

S e ks ‘ H |

—1v——114v 3 [ A \

—40 - : , 2, /

. 1500 1550 1600 £50x10° Jf ! 1|
o300 TNV WYY - 1_
40— v 113V ,

1500 1530 1600 0 100 200 300 400

Wavelength (nm) Time (ps)
(a) (b)
2‘0><|_019 0.4 P - N
P 02 e E=1.12 pJ/bit 100 nm
5 0.0% - - - - o
= o 5 10 15 20 %,
S 1.6x10%} N E=1.41 pJ/bit 150 nm
i 02F v e asssn s
g ooy 5 10 15 20 250 o
Q < 04 22
5 1.2x10%" NP E=1.98 pJ/bit 200nm| o
O S 02/, .. >
g £ 00 : : : o 35
E 5 1
5 oo 3 0'401 5 0 15 20 5,5
Qs 02k E=2.64 pJ/bit 250 nm
2 0.0 - - - - -l
@ 0 5 10 15 20 25
£ 4.0x10%! 04 ?
' 02F . E=3.14 pJ/bit 300 nm
. . . . . . . 0.0 . . : —()
0 10 20 30 40 50 60 0 5 10 15 20 25

Time (ps) Time (ps)
(c) (d)

Figure 3. (a) The transmission curve as “on-state” and “off-state” voltage is applied; (b) the change
in carrier concentration with time for different voltage conditions of the CIPMRM,; (c) the change
in carrier concentration with time for different widths of CIPMRMs; (d) the IV-t curve for different
widths of CIPMRMs.

Pre-emphasized voltage is a conventional measure for reducing the drifting time. To
explain the effects of the pre-emphasized voltage, the curve of the carrier concentration
with time is shown in Figure 3b for different voltage conditions. It can be seen that the
rise time decreases from 400 ps to 15 ps as the 1.8 V pre-emphasized voltage is applied.
The fall time of both is 18 ps. The relation curve of injected carrier concentration with time
is approximated by a similar straight line when the pre-emphasized voltage is applied.
However, it is a curve with slower slopes for its counterpart. It illustrates that as the pre-
emphasized voltage is applied, the recombination has litter effects on carrier concentration.
However, the number of carriers injected per unit time and the recombination condition
together determine the injected carrier concentration as the rise time is long. Therefore, it
would be a curve with slower slopes.
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Figure 3c shows the change in injected carrier concentration with time for different
widths. The transit time represents the modulation speed of CIPMRMs. The carrier transit
time reduces from 55 ps to 20 ps as the width of the modulator decreases from 300 nm
to 100 nm. As the minority carrier drifts into the modulation region, it diffuses from the
bottom of the waveguide to the top. The rise time represents a linear relationship with
modulator width, which means that the narrowing modulator leads to a shorter transit time.
Two changes occur in the falling carrier concentration curve. The carrier concentration
decreases linearly with time at first. It represents the carrier drifting process from the
bottom of the waveguide to the slab. Then the curves fall as exponential forms, mainly
representing the diffusion process of the injected carrier from the top waveguide to the
bottom, and then drift into the slab. It is shown as the effect of waveguide width on
the carrier transit time. The modulation rate representing the least time for transmitting
a signal is estimated by the transit time. A pre-emphasized voltage of 1.8 V is applied
until the aiming injected carrier concentration (1.13 V) is achieved, and then the voltage
decreases to that value. Finally, a 0 V voltage is applied to make the injected carrier return
to its initial state, and then the voltage is restored to 1 V (initial state). In this process,
the energy consumption caused by pre-emphasized voltage is primary, and static energy
consumption (1 V) can be ignored. Figure 3d shows the energy consumption, and it is
calculated by the integration of the VI-t curve. The energy consumption increases from
1.12 pJ /bit to 3.14 p]/bit as the width of modulators increases from 100 nm to 300 nm.
Reduced energy consumption is caused by the shorter time of the pre-emphasized voltage.
So far, the benefits of the narrow modulation region have been illustrated and proved.

4. Resonance Tuning Method by Injected Carrier Concentration

MRMs face the problem of resonant wavelength shifting when the temperature and
waveguide width change. Thermal tuning is a traditional measure for guaranteeing the
resonant wavelength at 1550 nm due to the thermo-optical property of silicon. However, the
poor tuning ability of the silicon thermo-optical property limits the micro-ring modulator
size. In this subsection, a resonant turning method by the carrier concentration is proposed
and investigated.

4.1. Temperature Effects

Figure 4a presents the wavelength shifts of CIPMRMs (200 nm width) as temperature
changes. The resonant wavelength shifts from 1555.7 nm to 1561.7 nm as the temperature
rises from 280 K to 360 K (0 V voltage is applied). However, as 1.1 V voltage is applied,
the resonant wavelength shifts from 1549.7 nm to 1551.3 nm, which is attributed to more
carriers flowing into the waveguide when the temperature rises. If the proper voltage
condition is selected (“off-state”), the resonant wavelength will be set at 1550 nm for
utilizing the carrier concentration to offset the effects of temperature on the refractive
index. Figure 4b shows the “on-state” and “off-state” transmission curves at 1550 nm for
different temperatures. The insertion loss of the CIPMRM is almost the same (from —9.6 dB
to —9.9 dB) in different modulation conditions. Because of the effects of injected carrier
concentration, the resonance intensity increases first and then decreases when different
“off-state” voltages are applied. The extinction ratio of the CIPMRM increases from 19.9 dB
to 37.75 dB and then decreases to 30.7 dB.

Figure 5a shows the change in injected carrier concentration with time. A pre-
emphasized voltage of 2.2 V is applied for boosting the carrier drift until the aiming
carrier concentration is achieved. In Figure 5a, as the temperature rises from 280 K to 360 K,
the transit time increases from 26.4 ps to 29.1 ps because the rising temperature impairs
the carrier mobility. The modulation rate is estimated by the carrier transit time, which
varies from 34.3 Gbps to 37.8 Gbps. The energy consumption is calculated in Figure 5b.
The energy consumption increases from 4.12 pJ /bit to 4.78 pJ/bit when the temperature
rises from 280 K to 360 K. The longer rise time causes an increase in energy consumption.
The performance parameters of the CIPMRM at different temperatures are listed in Table 1.
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Table 1. The performance of CIPMRMs for different temperatures.
Temperature Insertion Loss  Extinction Ratio Bit Rate Energy Consumption
K) (dB) (dB) (Gbps) (p)/bit)
280 —9.6 19.9 37.8 412
300 —9.7 21.7 36.5 4.40
320 —9.8 25.7 35.5 4.52
340 —9.85 37.75 35.3 4.65
360 -9.9 30.7 34.3 4.78

Transmission (dB)

(=]
T

4.2. Line Width Effects

Figure 6a shows that the resonant wavelength shifts as the temperature changes for
photonic MRMs. The resonant wavelength is 1550 nm when the temperature is 360 K. As
the temperature falls from 360 K to 280 K, the resonant wavelength shows a blue shift,
which ranges from 1550 nm to 1545 nm. It is estimated that the wavelength shifts by
0.075 nm /K. Figure 6b presents the resonant wavelength shifts from 1530 nm to 1565 nm as
the waveguide width ranges from 405 nm (—10%) to 495 nm (+10%). The temperature will
rise 466 K at least if the resonant wavelength is tuned by heating the modulator, and it will
affect the normal operation of the device. One way to solve this issue is to reduce the FSR
to a point where it is less than the shift of the wavelength. However, it will limit the size of
MRMs.
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Figure 6. (a) The resonant wavelength shifts with the temperature variation; (b) the resonant wave-
length shifts with the line width variation.

The resonance method by injected carrier concentration can solve this dilemma as
the line width varies. The variation in the line width changes the refractive index, and
it shifts the resonant wavelength. Figure 7 shows the error of the refractive index for a
+10% waveguide width variation. The change in the refractive index in the plasmonic
waveguide is less than that in the photonic one because the plasmonic distribution is less
insensitive to the waveguide width. Another benefit lies in the huge waveguide loss of
the CIPMRMSs. Because a large carrier is injected to compensate the line width error, the
loss from the carrier will influence the resonance intensity. Having enough waveguide loss
will weaken the effects of the injected carriers on resonance intensity. Therefore, the loss
of the CIPMRM: s is indispensable for achieving the resonance tuning method by carrier
concentration.
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Figure 7. (a) The error of refractive index for different silicon waveguide widths; (b) the error of
refractive index for different plasmonic waveguide widths.

Figure 8a illustrates the method of resonant tuning by carrier concentration for line
width variation. The resonant wavelength shifts from 1550 nm to 1565 nm as the line
width ranges from 180 nm (—10%) to 220 nm (+10%). The resonance intensity changes
slightly (—23.7 dB ~ —28 dB) as the width ranges from 180 nm to 220 nm. The resonance
intensity is related to the relationship between micro-ring loss and coupling energy. The
increasing waveguide widths result in a decreasing coupling gap. Therefore, the coupling
efficiency changes slightly with the line width. Besides, the plasmonic waveguide loss
decreases slightly from 0.56 dB/pm to 0.53 dB/pm as the width increases from 180 nm to
220 nm. Therefore, the resonance intensity is almost the same as the line width changes
from —10% to 10%. By changing the initial voltage, the effect of the injected carrier offsets
the increasing refractive index as line width increases. As a result, resonant wavelength sets
at 1550 nm. The resonance intensity is near —20 dB for 220 nm plasmonic waveguide width.
It is attributed to the loss of the massively injected carrier when 1.17 V voltage is applied.
The “on-state” voltage is applied to shift the resonant wavelength away from 1550 nm
for modulation (shown in Figure 8b). It presents the insertion loss and extinction ratio of
CIPMRMs. The resonance intensity first increases and then decreases because of the impact
of injected carrier concentration. As a result, line width error induced by lithography can
be solved by voltage condition initialization (“on-state” voltage and “off-state” voltage
condition).

Figure 9a shows the change of carrier concentration with time for different widths
of CIPMRMs. In Figure 9a, the modulation rate is estimated by the carrier transit time.
The energy consumption is calculated in Figure 9b. All the results are listed in Table 2. It
can be seen that the modulation rate varies from 30.3 Gbps to 36.5 Gbps, and the energy
consumption varies from 3.61 p]/bit to 4.4 pJ /bit.



Photonics 2022, 9, 272 10 of 12

0 0
20 ; ' \/ ' \/ y 180
nm
—~ 40 H
a ! | 63 . ' —1V—115V
s LA 1500 1550 1600
b7 i § 0
2 i 20 WW‘
E ,|—-5% -20+
40}
é 0% 401 y \ 190 nm
g +5% el ——1.065V ——1.19V]
+10% _Cg 1500 1550 1600
— L ' L ~— 0
1500 1550 1600 g 20
Wavelength (nm) ‘a ol : i; ; ;; V i; 200 nm
@ —40f
= —1.11V—-1.22V,|
0 a _60 L L L
% 1500 1550 1600
= 0
;2/ -20 40| i 210nm
s 6ol _ ——1.145V——1V,
2 1500 1550 1600
5 0
2 40t
g IS B VNS
= —-10% @1V —-5% @1.065V 320 nm
0% @1.11V +5% @1.145V 40} 117V 106\
-+10% @117V . 60 117V 1
1500 1550 1600 1500 |1550 A 1600
Wavelength (nm) Wavelength (nm)
(a) (b)
Figure 8. (a) The method of resonant turning by carrier concentration for different line widths; (b) the
transmission curve of “on-state” and “off-state” for different line widths.
3x10" 0.50 30
wag®l B ——180nm
I T 0% ;?//M’. s
e E=3.61 pJibit
) 10 2 2 1 00— s 10 5
410 o 0.50 30
- . —=—190 nm
307 o M A 190 nm
e 240" o e 0sp s
Sl e Ty E=4.38 pJ/bit
c - ) ) ) i N ) y ‘ ‘ ‘
£ 0 10 ) 30 4 0005 5 10 5
H
Saaosf e E— ——200m 2 30 s
T .g 025 /,7' %200 nm 58
P . S o 1 @
L0 . T £ '/ E=4.40 pI/bit S
< 19, . O i
o 07 10 20 0 40 0005 5 10 5"
Q
8 4x0° e ——2100m 0.0 30
S o e e 210nm
310 o T 05t A 15
2X10° | e . 4 / E=4.02 pJibit
oL ‘ ‘ ‘ ‘ P ‘ ‘ ‘
107 10 20 30 40 000 0 5 10 15 00
3001 —220mm 030 30
200 v .\.\'\'\-\.\ ! 025 /:7 220 nm s
pagl T d E=4.10 pJibit
0 10 2 2 10 00— 5 10 5
Time (ps) Times (ps)

(a) (b)

Figure 9. (a) The change of carrier concentration with time for different widths of CIPMRMs; (b) the
VI-t curve for different widths of CIPMRMs.
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Table 2. The performance of CIPMRMs for different line widths.
Line Width Insertion Loss  Extinction Ratio Bit Rate Energy Consumption
(nm) (dB) (dB) (Gbps) (p)/bit)
180 -9.3 16.1 31.2 3.61
190 -9.3 16.3 321 4.38
200 —9.8 21.7 36.5 4.40
210 —8.9 27.1 34.1 4.02
220 —6.6 10.4 30.3 4.10

References

5. Discussion and Conclusions

Photonic micro-ring modulators and Mach-Zehnder modulators are two kinds of
commercial silicon modulators based on the CMOS process. The proposed CIPMRMs with
the resonance tuning by injected carrier concentration provide another technology route
for achieving a practical compacted modulator. Compared with thermo-optic resonance
tuning, it achieves faster responsiveness because the variation in the carrier concentration
is faster than that in the temperature. Besides, carrier concentration has better resonance
tuning ability, and the micro-ring size is not limited by the temperature and free spectrum
range. Although the plasmonic waveguide loss decreases the quality factor of the micro-
ring resonator, which needs a more injected carrier to modulate, the energy consumption
of CIPMRMs has a magnitude equal to that of MZMs [24]. In addition, the insertion loss
of the CIPMRMs can be reduced in two possible ways. First, decreasing the plasmonic
waveguide loss by increasing the oxide layer thickness would decrease the insertion loss.
Second, decreasing the micro-ring size leads to lower insertion loss. This work will be
proved in the future.

In summary, a fully CMOS-compatible CIPMRM based on a Cu-5iO,-5Si plasmonic
waveguide is proposed and demonstrated. It has a compact footprint of 49.3 um?, a
modulation rate of 36.5 Gbps, insertion loss of —9.8 dB, a static extinction ratio of 21.7 dB,
and energy consumption of 4.40 p]/bit as 2.2 V peak-to-peak voltage is applied. A method
of resonance turning by injected carrier concentration is proposed in this work. The effective
index is insensitive to the line width error in the plasmonic waveguide. Therefore, the
resonant shift due to the £10% line width variation can be tuned by carrier concentration.
CIPMRMs provide a route for realizing the compacted size modulator for optoelectronic
integration.
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