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We present the detailed numerical analysis and characterization of SiGe/Si
heterojunction electro-optic modulator at 2pm, 4.3um, and 5pm
wavelengths. We investigate the band, the refractive index, and the carrier
injection efficiency of SiGe/Si heterojunction PIN electrical structure. Numerical
investigations are carried out on the key geometrical parameters, doping
concentration, Ge content. The results show that the modulated voltage of
SiGe/Si PIN heterojunction modulator is lower 50% than that of Si modulator
under the same modulation effect. In order to eliminate the absorption losses of
SiO, in mid-infrared, the punch Mach—-Zehnder optical structure is established
and researched. The research present that the modulator has the short 500 um
phase shifters and the low V, L, of 0.042 Vcm under forward bias voltage, and
the extinction ratio is greater than 12.81dB. The high-speed transmission
characteristics are shown to have clean eye diagrams up to 40 Gbps in mid-
infrared.

KEYWORDS

electro-optic modulator, SiGe/Si heterojunction, mid-infrared, mach-zehnder
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Introduction

Silicon-based photonic modulators in the near-infrared (NIR) have received a lot of
attention in the last decade; however, to meet the growing demand for transmission
capacity, it is necessary to extend the wavelength to the mid-infrared (MIR) spectrum of
2-20 pm. The MIR band is expected to be used in applications such as environmental
monitoring, bio sensing, and free optical communication [1-5]. Silicon on insulator
(SOI), the most studied platform in the NIR and MIR, has been demonstrated in recent
years with several low-loss silicon MIR waveguides operating at 2-8 um [6-11]; several
MIR passive and active devices have also been demonstrated, including grating couplers
[12, 13], multimode interferometers (MMI) [7, 14], Array Waveguide Gratings (AWG)
[15], and germanium-tin photodetectors [16], which make MIR communication possible.
However, the oxide layer of the SOI platform has great absorption in the MIR, so many
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research mechanisms have overcome this problem by designing
waveguides. In 2016, Penades designed a suspended MIR SOI
waveguide SWG device, which has a waveguide transmission loss
of 0.85 dB/cm at 3.8 pum wavelength by optimizing the structure
size and fabrication process of the waveguide [17]. The design of
this suspended waveguide structure well avoids the high loss of
the device due to the contact between the waveguide and BOX,
and the experiment also has been demonstrated the great
of MIR
wavelength applications. Meanwhile, some other silicon-based

potential subwavelength grating devices for
platforms with extended spectral transparency have been
reported in the MIR, such as sapphire-on-silicon [18], silicon-
on-germanium platforms [19], using SiGe on a silicon substrates
[20], and so on.

At present, the modulation rate of modulators with
traditional silicon materials has been reached to 50 Gb/s, but
it is difficult to further increase the modulation rate. Compared
with Si material, SiGe material has higher carrier mobility, been
compatible with CMOS process, and strong Electric Absorption
(EA) effect. The SiGe material is an ideal material, which has the
advantages of large modulation bandwidth, high modulation
efficiency, high extinction ratio and low insertion loss, and
has a bright application prospects in the MIR. The plasma-
dispersion-effect, which changes the refractive index of the
material by changing the carrier concentration in the material,
is currently the most practical modulation mechanism in silicon-
based modulators. In 2018, Wang designed a silicon modulator
based on the plasma-dispersion-effect operating at 2pum
wavelength [21]. Although their research showed that the
the
modulation rate of the device needs to be further optimized.

modulator can be operated at 2um wavelength,
At the same time, compared with the modulator based on Group
IV materials, this silicon modulator has the characteristics of
compatibility with CMOS process and low cost, but its
modulation performance is still far from enough [22]. The
above results show that the use of modulators based on the
plasma-dispersion-effect in the NIR has the advantage of
compatibility with CMOS processes, there are still many
problems for applications in the MIR. For example, in the
MIR, because of the opacity of Si material and the strong
absorption of SiO,, how to select the waveguide material and
develop the waveguide structure with low loss have become the
key problems in the research and development of the MIR
modulator. In 2011, Nedeljkovic’s research showed that the
plasma-dispersion-effect is more significant in the MIR than
in the NIR. In this case, the carriers injection will lead to higher
loss of devices operating in the MIR [23]. Especially for the
Mach-Zehnder structure, the optical loss caused by carrier
absorption will also reduce the extinction ratio of the device.
We design and simulate a SiGe/Si heterojunction PIN
modulator with the punch Mach-Zehnder structure, and the
detailed numerical analysis and characterization are carried out
at 2 um, 4.3 pm, and 5 pm. After many simulation optimizations
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on the size of the modulator, and the most suitable parameter
settings are obtained, the design of this Mach-Zehnder
modulator mainly consists of two parts. In order to reduce
the absorption of SiO, in the MIR and reduce the overall loss
of the modulator, an air layer is formed between the flat plate
layer of the MZ modulator and the buried SiO, layer by etching.
Compared with silicon, the carrier injection type MZ modulator
designed in this paper has a waveguide region composed of SiGe
material, and a large number of carriers can be injected into the
waveguide region at the same applied bias voltage.

Theory and structure

Plasma-dispersion-effect refers to the phenomenon of
introducing free carriers into the optical transmission medium
and changing the optical properties of the optical transmission
medium. For silicon-based materials, the effective refractive
index and absorption coefficient of the silicon waveguide can
be changed by introducing free carriers into the silicon
waveguide and doping a certain concentration of P-type and
N-type. Theoretically, the modulation rate of silicon-based
electro-optic modulator based on plasma-dispersion-effect can
reach more than several tens of GHz or more. At present, silicon-
based high-speed electro-optic modulator is basically designed
based on the plasma-dispersion-effect.

In order to quantitatively calculate the effective refractive
index of silicon material for optical signals, we need to consider
the distribution of carriers in silicon. The distribution of carriers
in silicon material should consider the doping region and
concentration, carrier drift and diffusive motion under the
applied bias, etc. The overall effective refractive index change
on the basis of non-perturbation index can be calculated from the
total carrier density as follows:

e _n + __r
w \ metiefue | mpw+tie/uy

€

Em —
n+ik =

1

where n,p are the carrier densities of electrons and holes,
the
unperturbed material; m,m, are the effective masses of

respectively, and ¢, is dielectric constant of the
electrons and holes, respectively; u,,u, are the mobilities of
electrons and holes.

Assuming a specific wavelength of the composite refractive
index, the extension of the Drude model described above can also
be derived from the variation of the carrier density of most
semiconductors. However, the model of Soref et al can more
accurately describe the effect of carrier density on refractive index
in silicon. In this model, Soref introduces the wavelength of the
optical signal passing through the silicon material as an
important influence factor. The effective refractive index and
absorption coefficient change with the wavelength of the optical
signal. Obviously, this model is more accurate than Drude [24].
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According to the experimental results of refractive index and
optical absorption spectrum obtained by Soref et al., the
empirical formula for the change of refractive index and
absorption coefficient are obtained [25, 26]:

An = —(e2A/8n*Pegn) [AN, [m?, + AN, /m’, ]
A = —(83){2/47r2c380n) [AN, /mu, + AN, [m’)]

2
3)

In the above equation, e is the electronic charge, & is the free
space permittivity, n is the refractive index coefficient of the
material, m.is the effective mass of electrons in free carriers, and
meis the effective mass of holes. Most of the current research on
the application of this dispersion effect has been focused on the
communication optical band range. In 2011, Nedeljkovic used a
similar approach to Soref and extended the variation of the free
carrier dispersion effect from 1.3 m to 14 um [23]. The Soref
empirical formula for the refractive index and absorption
coefficient for A = 2 um are simplified as follows:

An = An, + Any,

=191 x 107" x AN%*? +2.28 x 107 x AN} (4)
Aa = Aa, + Aay,

=322 x 107 x AN 1+ 6.21 x 1072 x AN} (5)

where n is the real part of the refractive index and « is the
absorption coefficient; An, is the change in refractive index due to
electrons and Any, is the change in refractive index due to holes;
Aa, is the change in the absorption coefficient due to electrons
and Aw, is the change in the absorption coefficient due to holes;
N, is the concentration of electrons (cm™) and N, is the
concentration of holes (cm™).

Since SiGe material is an alloy of Si and Ge, the refractive
index of SiGe can be expressed as [27]:

(6)

Nsige = N + 0.37x + 022x2

where x represents the magnitude of Ge content in SiGe.
Therefore, when A = 2pum and x = 0.2, the approximate
formula for the plasma-dispersion-effect of SiGe can be

expressed as:
Angige = An, + Any,
=—[1.9928 x 1072 (AN,)***
+2.23628 x 107" (AN;,)**"'] 7)
Aagice = Aa, + Aay,
=3.3028 x 10 (AN,)"'* +6.2928 x 107 (AN}
®)

From (Eq. 7, 8), it can be seen that in the MIR, the absorption
coefficient change Aay, of electrons is slightly smaller than that of
holes Aa,, but the refractive index change Any, of holes is much
larger than that of electrons An,. For laterally injected PIN
structures, both electrons and holes are particularly important.
Compared with Si materials, SiGe materials have more significant
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the SiGe/Si
heterojunction can enhance the electron and hole injection

plasma-dispersion-effect,  and designed
efficiency in the waveguide.

For the silicon-based electro-optic modulator based on the
plasma-dispersion-effect, we control the injection efficiency of
free carriers into the waveguide by adjusting the forward bias
voltage of PIN junction to change the carrier concentration and
the effective refraction of the waveguide. The relationship
between the effective refractive index difference of the
waveguide and the phase shift of the optical signal passing

through the waveguide [28] is shown in (Eq. 9):

_Anef f-2nL

Ag p

)
where L is the modulator length; A is the optical wavelength; and
Aneffis the effective refractive index difference. The nt-phase shift
can be achieved by adjusting the voltage, which is defined as V.

The distance from the doped region to the ridge waveguide
region has a great influence on the attenuation of the optical
signal. The carrier absorption loss [28] is related to the imaginary
part (k) of the effective refractive index within the ridge
waveguide, as shown in (Eq. 10):

_ank

3 (10)

o

Due to the inherent carrier absorption loss of SiO, in the
MIR, the design of the device structure becomes a key factor in
reducing device losses. The design of small size is also very
important, because larger device size often leads to higher
capacitance of the device, which limits the modulation rate of
the device or causes the device to have higher modulation loss. To
these SiGe/Si
heterojunction MZ modulator with a lateral PIN structure.

overcome problems, we demonstrate a
The electrical structure of the SiGe/Si PIN heterojunction
modulator is shown in Figure 1. When optical wave is
propagated into the modulation region of the modulator,
which is also absorbed by the SiGe modulation region, and
the amount of absorption depends on the forward bias voltage
of modulator. The lateral PIN structure has a narrow intrinsic
SiGe/Si region to achieve high extinction ratios at low voltage.
The main purpose is to reduce the overall power consumption of
the device and improve the modulation efficiency.

In Figure 1A, the blue area represents SiGe, the orange area
represents Si, the green area represents SiO,, the yellow area
represents the metal electrode, and the gray area represents air.
In Figure 1B, the cross-sectional width of the device is W, H is the
height of the ridge waveguide, & is the height of the slab, Wy is the
distance between the ridge waveguide region and the doping
concentration region, and W, is the width of the ridge
waveguide. The SiGe/Si heterojunction ridge waveguide based on
SOI substrate has a SiGe/Si layer with a thickness of 220 nm/500 nm
on the top and a SiO, buried oxide layer with a thickness of 2 um at
the bottom. Air layer of suspended waveguide structure has also
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FIGURE 1

Electrical structure of SiGe/Si PIN heterojunction modulator. (A) three-dimensional schematic and (B) cross-sectional schematic.

FIGURE 2

SiGe/Si waveguide structure process flow diagram. (A) SiGe/Si heterojunction Ol substrate. (B) SiGe/Si heterojunction ridge waveguide
structure. (C) Lithography. (D) Suspended SiGe/Si heterojunction waveguide structure.

been used in silicon modulator, but this structure is prone to collapse
when other layers are made on top of the waveguide layer. We
designed the structure not only to reduce the absorption loss of SiO,
layer, but also can better support the top waveguide and prevent the
collapse of the top structure. In the actual fabrication process, low
refractive index materials, such as deposition SizN,, can be used in
the upper cladding layer (air layer) on the device to play the role of
isolation and protection.

The metal is connected to the anode (P+) and cathode (N+),
as showed in Figure 1B. The doping concentration of N+ and P+
ranges from lel7 cm™ to 1el9 cm™?, and the I region is N-type
doping of lel5cm™.
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FIGURE 3
Optical structure of SiGe/Si PIN heterojunction modulator.
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As shown in Figure 1, a PIN modulation structure with Si/
SiGe/Si heterojunction is designed in this paper. The new
suspension structure can effectively reduce the modulation
power consumption and improve the modulation efficiency of
the device. Using SiGe heterojunction structure, not only reduce
the absorption loss of SiO, layer, but also can better support the
top waveguide and prevent the collapse of the top structure. The
structure is compatible with CMOS process, and the process flow
of the waveguide structure is shown in Figure 2.

Figure 3 shows the schematic optical structure of SiGe/Si PIN
heterojunction MZ modulator, which is belonged to Mach-
Zehnder optical modulation structure [29]. By applying the
forward bias voltage to the upper arm of the phase shifter, the
refractive index of the waveguide region is changed to achieve
modulation. In order to reduce the device loss and size, the length
of the phase shifter is set to 500 um based on previous design
experience.

Optimization

In Figure 1, the electrical structure is designed consists of
highly doped P-type and N-type Si, and intrinsic N-type SiGe.
The structure can be equivalently considered as having a Pn
heterojunction and an nN heterojunction. Since the PIN is
working, the carriers of I-region come from the electrons of
N-region and the holes of P-region, respectively, and the barrier
height is the key to affecting the injection efficiency of electrons
and holes. Therefore, it is particularly important to analyze the
Pn hole barrier height and the nN electron barrier height in this
structure. According to previous research of our group [30], at a
certain temperature, for Pn heterojunctions, the lower doping
concentration of P-region, the smaller hole barrier height; the
smaller band gap, the larger intrinsic carrier concentration, the
smaller hole barrier height; the larger Ge content, the smaller hole
barrier height. For nN heterojunctions, the lower doping
concentration of N-region, the higher doping concentration of
n-region, the smaller electron barrier height; the larger band gap
of n-region, the smaller intrinsic carrier concentration, the
smaller electron barrier height; the smaller band gap of the
N-region, the greater intrinsic carrier concentration and the
smaller electron barrier height; the smaller Ge content, the
smaller electron barrier height. After a forward bias voltage is
set on PIN device, the balance between the original carrier offset
and the diffusion movement is destroyed, and PIN device is in the
non-equilibrium state. Since the doping concentration of
I-region is small, I-region has a high resistance, and both the
P-region and the N-region are highly doped, so the resistance is
very low. Therefore, the forward bias is basically in the I-region.
The forward bias generates an electric field to the built-in electric
field in the I-region opposite, thus the electric field is weakened in
the I-region, reducing the space charge and the barrier height.
Since the hole barrier height of Pn heterojunction and the

Frontiers in Physics

05

10.3389/fphy.2022.1019113

—40%

1.40E+019

1.20E+019

1.00E+019 o

8.00E+018 |
6.00E+018 |
4.00E+018 -

2.00E+018 |

Carrier concentration(cm'3)

0.00E+000 |

-2.00E+018

- T .
0.0 0.5 1.0 15 2.0
Forward bias(V)

FIGURE 4
Relationship between Ge content and carrier injection
concentration.

electron barrier height of nN heterojunction are all small in
the equilibrium state, the barrier height of Si/SiGe/Si is first
flattened, so that I-region of PIN device has greater carrier
injection under the same applied voltage.

Using the commercial numerical simulation software
CHARGE, MODE and INTERCONNECT based on Lumerical
Company, the electrical and optical performance optimization
and high-speed photoelectric ~modulation performance
simulation of the designed MZ modulator are carried out. In
this work, the CHARGE tool was used to calculate the change in
carrier concentration in the waveguide region. The calculated
carrier concentration was inserted into the MODE tool to solve
the optical transmission properties of SiGe waveguides under
fundamental mode conditions. Finally, insert the results
calculated by the MODE tool into the INTERCONNECT tool
to form a complete MZ modulator by cascading devices, and
analyze the performance of the SiGe heterojunction MZ
modulator under high-speed signals.

It can be concluded from (Eq. 6) that the refractive index of
SiGe material is proportional to Ge content. The change in Ge
content will directly lead to the change in refractive index and the
energy band of SiGe material. Figure 4 shows Ge content versus
the carrier injection concentration in the waveguide region at a
forward bias voltage of 2 V. It can be seen from the figure that the
carrier concentration of SiGe/Si PIN heterojunction modulator is
significantly higher than that of Si modulator. The carrier
concentration in the waveguide region increases rapidly with
increasing Ge content after the forward bias voltage is higher
than 0.7V, and with a Ge content of 40%, the carrier
the
1.32e19cm™’at a bias voltage of 2V. However, a large

concentration  in waveguide region is about
amount of carrier injection in the waveguide region will result

in the higher carrier absorption loss.
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FIGURE 5
Simulation curve of Ge content and absorption coefficient at
2 pym wavelength.

Figure 5 shows the relationship between Ge content and the
absorption coefficients at 2 um wavelength. It can be seen from the
figure that due to the increase of Ge content, the absorption
coefficient of phase shifter continues to increase. It can also be
seen from formula (Eq. 3) that when the input wavelength is
constant, the absorption coefficient of phase shifter will increase
with the increase of refractive index of SiGe material. At the same
time, when the refractive index of SiGe material is constant, so the
Ge content is constant, and the absorption coefficient of phase
shifter will increase with the increase of input wavelength.

Therefore, in order to reduce device loss, we choose the Ge
content to be 20%. Under forward bias voltage of 2 V, the carrier
injection concentration of waveguide region can be up to
7.2e18 cm™.

The effect of different doping concentrations on the
modulator performance is simulated, as showed in Figure 6A.

1.40E+019

10.3389/fphy.2022.1019113

Figure 6A scans the relationship between the carrier injection
concentration of SiGe waveguide region and the forward bias
voltage under the doping concentration of 1e17 cm~1el9 cm™.
It can be seen from the figure that the carrier concentration of
SiGe waveguide region increases rapidly with increasing the
forward bias voltage when the voltage is higher than 0.7 V.
The carrier injection concentration of SiGe waveguide region
also increases with the increase of doping concentration under
the same bias voltage. Accordingly, due to the large number of
carriers injection, it is inevitable that the waveguide region will
have a higher carrier absorption loss. Figure 6B is based on the
Soref model, and the effect of electrons and holes on An (the
effective refractive index difference coefficient) is calculated. It
can be seen from the calculation results that when the doping
concentration reaches to lel8cm™ or more, the effective
refractive index difference coefficient will reach to 107
Therefore, in order to avoid high loss of device, the carrier
concentration of P-region and N-region is finally selected as
lel8 cm™.

Next, the position of P-region and N-region was optimized
by simulation, as showed in Figure 7. From the empirical formula
of the plasma-dispersion-effect, it can be known that electrons
and holes have different abilities to change the refractive index
and absorption coefficient of SiGe waveguide region, so
determining W, can appropriately reduce the transmission
loss of the device. By parametrically scanning the effect of
different W, on the carrier injection concentration of SiGe
waveguide region, it can be seen from the figure that when
the doping concentration of P-region and N-region are
the
waveguide region decreases continuously with the increase of
W,. At the same voltage, the smaller W, the higher the
transmission loss of the device, due to the increased carrier

lel8 cm™, carrier injection concentration of SiGe

injection concentration of SiGe waveguide region. When Wj is
greater than 0.8 pum, the carrier injection concentration of SiGe
waveguide region changes little, while W is less than 0.8 pm, the
carrier injection concentration increases rapidly in SiGe

——1E19cm
——5E18cm
——1E18cm
——5E17cm
——1E17cm

1.20E+019 -

3
3
-3
1.00E4019 - 5
3

8.00E+018 |

6.00E+018 -

4.00E+018 |

2.00E+018

Carrier concentration(cm")

0.00E+000

-2.00E+018

T
0.0 05 10 15 20

Forward bias(V)

FIGURE 6

ole
electron|

10" 10° 10°

AN(cm ‘)

(A) Relationship between doping concentration and carrier injection concentration. (B) Variation curve of carrier concentration and An.
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waveguide region. Therefore, it is necessary to select a
compromise value in the range of 0.6~1 um, and finally Wj is
selected as 0.8 um.

After the above simulation analysis, we determined that Ge
content is 20% in the SiGe alloy material, the doping
concentration of the P-region and N-region are lel8 cm™, the

24
—=—Si-TEO
23| —=—si-TE1
5] ——SiGe-TEO
27| ——sice-TE1
214
2.0
&
2 19

|

T T T T T T
200 300 400 500 600 700

10.3389/fphy.2022.1019113

I region is N-type lightly doped, the doping concentration is
lel5 cm ™, and the distance W, between the doping region and
SiGe waveguide region is 0.8 pm. Next, we mainly carried out the
simulation optimization of the system based on the single-mode
and single-bias waveguide to find the optimal size of the SiGe
waveguide. The ridge-type waveguide structure is adopted, and
the optical field energy can be limited in SiGe waveguide layer.
Respectively, we obtained the relationship between the effective
refractive index and the ridge width (W,) of Si waveguides and
SiGe waveguides with Ge content of 20% at 2 pm, 4.3 um and
5 um, as shown in Figure 8.

It can be seen from the figure that the effective refractive
index of waveguide increases continuously with the increase of
the width of waveguide. At 2 um wavelength, when W, increases
to 600 nm, the effective refractive index of waveguide with the
high-order modes has a sharp increase trend. Similarly, when the
operating wavelength is 4.3 um and 5pm, W, increases to
1500 nm and 1800 nm, respectively. At this time, there is a
rapid increase of high-order modes, while the change region
of fundamental-order modes is gentle. Therefore, as the
waveguide width increases, it will inevitably cause the
appearance of higher order modes in the waveguide, which
affects  the
characteristics of waveguide. However, the reduction of W,

single-mode and  single-bias  transmission

will also make the waveguide unable to completely limit the
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5 pm wavelengths.

optical field energy, resulting in energy leakage from waveguide,
and also increase the transmission loss of waveguide. Therefore,
in order to obtain a single-mode and single-bias transmission
waveguide with lower loss, W, is set to 600 nm, 1500 nm and
1800 nm at 2 pm, 4.3 um and 5 pm wavelengths, respectively.

After the ridge waveguide width are confirmed at 2 pm,
4.3 um, and 5pum wavelengths, in order to further optimize
the size of the ridge waveguide to obtain a waveguide
structure with low transmission loss, the optimization of the
slab height is also an important part of the waveguide design. It
will also affect the ability of the waveguide to limit the optical
field energy. We simulated the relationship between the carrier
absorption loss and the phase shift of SiGe waveguide with
different slab height at 2 um, 4.3 um, and 5 um wavelengths,
as showed in Figure 9.

For the PIN modulation structure, the phase shift and loss
mainly come from the distribution of the optical mode field and
the carrier absorption of waveguide region. Figure 9A shows the
simulation results of the phase shifter at three slab heights (h =
110 nm blue, 100 nm red and 90 nm black) at 2 pm wavelength.
It can be seen from the figure that at 2V forward bias voltage,
when A = 110 nm, the waveguide has the smallest loss, which is
about 0.704 dB/cm. When h = 90 nm, its loss is only increased by
about 0.026 dB/cm compared with & = 110 nm. But compared
with & = 110 nm, the phase shift of the device increases by about
0.25, which means that under the same voltage, when / = 90 nm,
the waveguide can realize 7 phase transitions, and the required
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voltage is smaller than h = 110 nm. At this time, the absorption
loss of waveguide is only increased by 0.026 dB/cm. Figure 9B
shows the results of scanning for four slab heights (h = 250 nm
blue, 200 nm red, 150 nm black and 100 nm green) at 4.3 um. It
can be seen from the figure that the waveguide has the largest
phase shift at 1 = 100 nm at the forward bias voltage of 2 V. At
this time, the absorption loss of waveguide is about 0.52 dB/cm,
which is only 0.07 dB/cm higher than that when /& = 250 nm.
Similarly, Figure 9C shows the results of scanning for four slab
heights (h = 250 nm blue, 200 nm red, 150 nm black and 100 nm
green) at 5 um. As shown in the figure, at the forward bias voltage
of 2 V and h = 100 nm, the absorption loss of waveguide is about
0.65 dB/cm. However, with the increase of the slab height, some
carriers that should be injected into the waveguide region will
leak into the slab region, which will lead to the reduction of the
refractive index of waveguide region. Therefore, for the
waveguide at 2 pm wavelength, we choose h = 90 nm. For the
waveguide at 4.3 um wavelength and 5um wavelengths, we
choose i = 100 nm.

After determining the ridge waveguide size, the waveguide
optical field simulation result is shown in Figure 10, which shows
that when the input wavelength is 2 um, 4.3 pm and 5 pm, the
optical field energy is almost limited in the waveguide center.
These show that the optical signal can be transmitted with low
loss in the designed waveguide.

After the above simulation analysis of the size of the ridge
waveguide, it is determined that when the wavelength is 2 pm,

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.1019113

Feng et al.

FIGURE 10
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Distributions of optical fields of waveguides at (A) 2 um, (B) 4.3 um and (C) 5 um wavelengths.

TABLE 1 Comparison of different modulator sizes.

Modulator type A um W, /nm

Si PIN MZ [31] 2.165 550

Ge PIN MZ [32] 38 2700

Ge PIN MZ [33] 38 2700

SiGe PIN MZ 2 600

SiGe PIN MZ 43 1500

SiGe PIN MZ 5 1800

W, = 600 nm, h = 90 nm, H = 220 nm. At 4.3 pm wavelength,

W, = 1500 nm, h = 100 nm, H = 500 nm. At a wavelength of
5um, W, = 1800 nm, h = 100 nm, H = 500 nm. It can be seen
from Table 1, when the wavelength is 2 um, the etching depth

of the modulator designed in this paper is 130 nm which is
easy to achieve in the preparation process compared to the
modulator with an etching depth of 170 nm reported in
reference 31. Comparing the device structures operating at
wavelengths of 4.3 uym, 5um and 3 pm, both W, and H are
smaller than those reported in the reference. The reduction of
structure dimensions is conducive to reducing the device area,
thereby reducing the power consumption of the device. At the
same time, the optical signal can be transmitted with lower
loss in our designed waveguide structure by simulation.
Moreover, W, is much smaller than the data of reference,
and more carriers can be injected into the waveguide region

Frontiers in Physics

h/nm H/nm Wy/um Year of
publication
50 220 0.5 2018
1300 3000 6 2018
1200 3000 6 2017
90 220 0.8 This work
100 500 0.8 This work
100 500 0.8 This work
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under the same bias voltage, which is more conducive to the
realization of modulation.

According to the above optimized parameters, SiGe/Si PIN
heterojunction modulator and Si modulator are simulated, and
Figure 11 shows the relationship between the carrier injection
concentration and the forward bias voltage of SiGe/Si PIN
heterojunction modulator and Si modulator at different
working wavelengths. It can be seen from the figure that
SiGe/Si PIN heterojunction modulator has a larger carrier
injection concentration than Si modulator under the same
voltage. When modulation voltage is 2 V, the carrier injection
concentration of SiGe/Si PIN heterojunction modulator reach to
1.0e19 cm~3, which is far more than 8.83e18 cm™ of Si modulator
at 2um wavelength. According to the change in carrier
concentration required for modulation is 1.0e18 cm™, the
modulation voltages of SiGe/Si PIN heterojunction modulator
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and Si modulator are respectively 0.84 V and 1.71V at 2 pm
wavelength, then the modulated voltage of SiGe/Si PIN
heterojunction modulator is lower 50.8% than that of Si
modulator under the same modulated effect at 2um
the of SiGe/Si PIN
heterojunction modulator and Si modulator are respectively
0.86 V and 1.77V at 4.3 um wavelength, then the modulated

voltage of SiGe/Si PIN heterojunction modulator is lower 51.4%

wavelength; modulation  voltages
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than that of Si modulator under the same modulated effect at
4.3 ym wavelength; the modulation voltages of SiGe/Si PIN
heterojunction modulator and Si modulator are respectively
0.87V and 1.83V at 5um wavelength, then the modulated
voltage of SiGe/Si PIN heterojunction modulator is lower
52.5% than that of Si modulator under the same modulated
effect at 5um wavelength. As the input optical wavelength
continues to increase, the carrier injection concentration is
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Optical eye diagrams of SiGe/Si PIN heterojunction modulator at 40 Gbps for (A) 2 ym, (B) 4.3 um and (C) 5 ym wavelengths.

constantly decreasing. From equations (2) and (3), it also can be
seen that with the increase of the input optical wavelength, the
effective refractive index difference coefficient will continue to
decrease, because the carrier injection concentration of
waveguide region is decreased with the increase of optical
wavelength. Therefore, as shown in Figure 11, under the same
voltage, the longer optical wavelength, the lower the carrier
injection concentration of SiGe/Si
modulator, but it is still higher than that of Si modulator.

PIN  heterojunction

Performance characterization

Based on the above optimization results, the static
transmission characterizations of SiGe/Si PIN heterojunction
modulator are got. Figure 12A shows the optical transmission
spectrum of modulator at 2 um wavelength. It can be seen from
the figure, when the modulation voltage is 0.84 V, the maximum
modulation depth of modulator near the center wavelength is
65 dB. At this time, the extinction ratio is 12.81 dB, the insertion
loss is 3.4 dB, and the modulation efficiency is about 0.042 Vcm.
Figure 12B shows the optical transmission spectrum of
modulator at the wavelength of 4.3 um. At the modulation
voltage of 0.86V, the maximum modulation depth of
modulator near the center wavelength is 52 dB. At 4.3 um
wavelength, the extinction ratio is 12.36 dB, and the insertion
loss is 3.02 dB. The modulation efficiency is about 0.043 Vem.
Figure 12C shows the optical transmission spectrum of the
modulator at a wavelength of 5um. When the wavelength of
modulator is 5 pum wavelength, the modulation voltage is 0.87 V,
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and the modulator has a maximum modulation depth of 50 dB
near the center wavelength. The extinction ratio of the modulator
is 12.22 dB, the insertion loss is 3.0 dB, and the modulation
efficiency is about 0.0435 Vcm. The results show that SiGe/Si PIN
has
characteristics and the absorption loss of SiO, is eliminated in
the MIR.

The high-speed transmission characteristics of SiGe/Si PIN

heterojunction modulator good static modulation

heterojunction modulator under ideal conditions are simulated.
Figure 13A-C, show the eye diagram of SiGe/Si PIN
heterojunction modulator are at 40 Gbps with CW input
signals for 2 um, 4.3 ym and 5 pm wavelengths, respectively. It
can be seen from the figure, the eye diagram can be presented
very well at 40 Gbps modulation rate. When the modulation
voltage is 0.84 V, the dynamic extinction ratio of SiGe/Si PIN
heterojunction modulator is 8.86 dB at 2 um wavelength; When
the modulation voltage is 0.86 V, the dynamic extinction ratio of
SiGe/Si PIN heterojunction modulator is 1.17 dB at 4.3 um
wavelength; When the modulation voltage is 0.87 V, the
dynamic extinction ratio of SiGe/Si PIN heterojunction
modulator is 4.91 dB at 5pum wavelength. The results show
that SiGe/Si PIN heterojunction modulator has good high-
speed modulation characteristics and achieve the modulation
rate of 40 Gbps in the MIR.

Table 2 compares the performance of the modulator between
this work and other work of the references. It can be seen from
the table that the modulator of this work can achieve a
transmission rate of 40 Gbps, and the modulation efficiency of
the modulator is significantly better than that reported in
reference 34; compared with the modulation depth of the
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TABLE 2 Performance comparison of different modulator.

10.3389/fphy.2022.1019113

Modulator type A/pum Modulation rate/Gbps Modulation ER/dB Modulation depth/dB Year of
efficiency/V-cm publication
Ge PIN MZ [32] 3.8 20 >30 2018
Si PN MZ [34] 2 20 2.68 5.8 2018
Si PN MZ [35] 2 125 43 2018
Si PN MZ [29] 2 40 9.2 57 2021
SiGe PIN MZ 2 40 0.042 8.86 65 This work
SiGe PIN MZ 4.3 40 0.043 1.17 52 This work
SiGe PIN MZ 5 40 0.0435 491 50 This work

modulator reported in the reference, the SiGe heterojunction
modulator of this paper can achieve a modulation depth of up to
65 dB. Especially at the operating wavelength of 2 pum, the
extinction ratio of the SiGe heterojunction MZ modulator is
close to the result reported in reference 29, but the modulation
depth is better.

Conclusion

We introduce a SiGe/Si PIN heterojunction modulator with
punch structure based on plasma-dispersion-effect, which can
operate at three wavelengths: 2 pm, 4.3 pm and 5 pm. We plan to
study the traveling wave electrode and the high-speed characteristics
of the modulator in the next work. Based on the theoretical analysis,
the electrical and optical characteristics of modulator are simulated,
and the structural parameters are optimized. An excellent SiGe/Si
heterojunction electro-optic modulator is obtained in the MIR. The
SiGe/Si heterojunction electro-optic modulator has the maximum
modulation depth of 65dB, the extinction ratio of 12.81 dB, the
dynamic extinction ratio of 8.86 dB, and the modulation efficiency of
0.042 Vem at 2 um wavelength; when the working wavelength is
4.3 um, the modulation depth is 52 dB, the extinction ratio is
1236 dB, the dynamic extinction ratio is 1.17 dB, and the
modulation efficiency is 0.043 Vcm; at the wavelength of 5 um,
the modulator has the modulation depth of 50 dB, the extinction
ratio is 12.22 dB, the dynamic extinction ratio is 4.91 dB, and the
modulation efficiency is 0.0435 Vem. The modulator can achieve a
modulation rate of 40 Gbps at 2 um, 4.3 um and 5 um wavelengths.
At the same time, the SiGe/Si heterojunction modulator has the
smallest insertion loss at 5 um wavelength, which is about 3 dB.
SiGe/Si PIN heterojunction modulator with punch structure has
good static and high-speed modulation characteristics, the
absorption loss of SiO, is eliminated and the modulation rate of
40 Gbps is achieved in the MIR. This modulator provides a solution
for MIR communications in the future.
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