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ABSTRACT: By using the time-dependent three-dimensional coupled-wave theory (3D-CWT), the transient analysis of photonic-crystal
surface-emitting lasers (PCSELs) with double-lattice photonic crystals is performed. By optimizing the size of the PCSELs and the
shape of the double-lattice photonic crystals, the resonance frequency is increased, and the damping (photon lifetime) is decreased,
which enables over 40 GHz intrinsic 3 dB modulation bandwidth of the PCSELs. 100 Gb/s open eye under non-return-to-zero (NRZ)
modulation is demonstrated by using such PCSELs. The large bandwidth enables single-lane 200 G optical transmission under four-level
pulse-amplitude modulation (PAM-4). This study shows the design principles of large-bandwidth PCSELs and promises PCSELs to be
an ideal candidate for the application of high-speed, high-power, free-space optical communication.

1. INTRODUCTION

Semiconductor lasers, such as vertical-cavity surface-
emitting lasers (VCSELs), and distributed feedback (DFB)
lasers are essential for high-speed optical transmission.
Surface-emitting lasers, for example, VCSEL, have the ad-
vantages of near-circular far-field pattern, convenient testing,
compact structure, low cost, etc. Currently, the 3 dB bandwidth
of directly modulated VCSELs exceeds 33 GHz for 850 nm [1],
35 GHz for 980 nm [2], and 29 GHz for 1060 nm VCSEL [3].
Single-channel non-return-to-zero (NRZ) transmission rates
are increased to 106.25 Gb/s for 850nm VCSEL [1,4] and
128 Gb/s for 1060 nm VCSEL [5]. Single-channel four-level
pulse-amplitude modulation (PAM-4) transmission rates based
on 850nm and 1060nm VCSELs surpass 100 Gb/s [1,5].
More than 200 Gb/s PAM-4 transmissions for 850 nm VCSELs
over 100 Gb/s for 940 nm, and 144 Gb/s PAM-4 transmissions
for 1060 nm VCSELSs based on advanced electronic technolo-
gies have been verified [5—7]. However, the output power of
high-speed VCSELSs is limited to the milliwatt level, which
limits their application requirements.

Photonic-crystal surface-emitting lasers (PCSELs) have a
transverse resonator, and the light emits from the surface. PC-
SELs offer advantages of high power, single-mode, and nar-
row linewidth [8,9]. The highest single-mode power in the
continuous-wave output reached 50 W [10], and the prediction
for the power of 500 W—1 kW was proposed [11]. Nevertheless,
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research has been expanded into 1.3 pm [12] and 1.5 um [13]
long-wavelength PCSELs, as well as electrical-injection tera-
hertz (THz) PCSEL [14], high-brightness PCSELs [15], and
ultrafast photonics of PCSEL [16].

Due to the advantages of PCSELs, PCSELs present oppor-
tunities for high-speed long-distance fiber optical communica-
tion and free-space optical (FSO) transmission [17, 18], and
have the potential to enhance the performance of space commu-
nication systems, including space-to-ground links, deep-space
links, and inter-satellite links [19]. Previous studies have con-
ducted frequency response and bandwidth measurements of
PCSELs [20-22]. The results show that the bandwidth of PC-
SELs exceeds 4 GHz. The experiment of FSO transmission
based on PCSEL with the rates of 480 MHz and 864 MHz has
been verified [17]. The bandwidth of watt-class PCSEL with
the size of 500 um x 500 um watt-class PCSEL is increased to
several GHz levels, and the transmission rate of 10 Gbit/s with
the distance of 5 km is achieved [18]. A comprehensive analy-
sis of the time-dependent three-dimensional coupled-wave the-
ory of PCSEL is given [23], which provides a methodology for
analyzing the high-speed performance. The simulation of PC-
SEL with the design of ellipse double lattice photonic crystal
holes and the device size of 300 um x 300 pum is conducted.
On the other hand, mode control is a significant issue for PC-
SELs [13,24,25]. To confine the mode distribution and opti-
cal field, previous studies have employed various approaches
such as reflective surfaces at the boundary of the resonant sur-
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face [26], external reflection outside the photonic-crystal region
and inside the device [27], one-dimensional gratings [28], or
photonic crystals confined by energy band [13]. These state-
of-the-art structures serve as powerful methods for achieving
high-speed modulation when reducing the size of devices.

However, in the above studies, the sizes of the PCSELS are
no less than 200 wm, or additional structures are introduced, to
keep enough lateral optical confinement and lasing. In addi-
tion, none of the works have considered how to tune the pho-
ton lifetime and the damping to increase the 3 dB modulation
bandwidth of the PCSELs. Therefore, in this paper, we use
double-lattice photonic crystals to reduce the size of the PC-
SEL to 100 um to improve the high-speed performance. The
smaller size leads to a larger D factor and a larger resonance
frequency of the PCSELs. We also tune the distance between
the double lattice and the diameters of the double lattice to in-
crease the in-plane loss. The increased in-plane loss leads to
a smaller photon lifetime and damping. The larger resonance
frequency and smaller damping together result in a larger 3 dB
modulation bandwidth. The structure of the paper is as follows:
in Section 2, we introduce the design principle for high-speed
PCSELs and our design of PCSELs. In Section 3, we calcu-
late the output power, modes, and small signal response of the
PCSELs by the three-dimensional coupled-wave theory (3D-
CWT) method [23] and show the eye diagram by using such
PCSELs. We realize over 40 GHz intrinsic 3 dB modulation
bandwidth of the PCSELs and over 100 Gbit/s single-lane op-
tical transmission under NRZ modulation. The last is the sum-
mary.

2. FINITE-SIZE COUPLED-WAVE THEORY

Calculation tools for PCSELs include the Plane Wave Ex-
pansion Method (PWEM), Rigorous Coupled-Wave Analysis
(RCWA), and Finite-Difference Time-Domain (FDTD).
PWEM and RCWA face challenges when being applied to
finite-sized structures, while FDTD simulations of large
devices demand extensive computational resources. 3D
coupled-wave equations that consider vertical field distri-
bution, making it applicable to a variety of PC structures,
double circular [13], double elliptical [15], double elliptical-
circular [17], triangular [29] lattices, etc. This method
effectively highlights the coupling effects among vectors in
three-dimensional space. 3D coupled-wave equations for finite
sizes are described as [30]
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where R, S,, Ry, and S, are amplitudes of basic waves in
the direction of +x and +y; § is the deviation from the Bragg
condition; « is the modal loss; C'is the 4 x 4 matrix and is the
sum of C1p, Csp, and C,.q4, corresponding to the coupling of
basic, high orders, and radiative waves. The modal loss « is
calculated by solving the equations using the finite differential
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method [29] and is affected by the finite device size L?. The
modal loss « is calculated by solving the equations using the fi-
nite differential method [29] and is affected by the finite device
size L?. « is the sum of the vertical loss o that is perpendic-
ular to the photonic-crystal resonance surface and the in-plane
loss of the surface o/, that is the vertical part of modal loss. o
can also be given by the following expressions [30]:

2

The vertical loss and in-plane loss are calculated by the ratio
of vertical direction power P, to the in-plane power escaping
from edges Pg [30]:
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Based on the above calculations, the losses of the lasing
modes can be determined and converted into photon lifetime.
In the next section, the photon lifetime will be optimized to de-
crease the damping, in turn, increase the bandwidth, and bite
rate.

Rate equations describing carrier-photon interactions are
linked with coupled-wave equations in time-dependent equa-
tions. Because of this, the gain can be calculated from the
spatial carrier distribution, which is then incorporated into
the coupled-wave equation to determine the field distribution.
Since the photon number at a given spatial point can be
described by the field amplitude, R,, S, R,, and S, the
photon number can be calculated and subsequently introduced
into the rate equations, thereby giving feedback to the carrier
distribution. The time-dependent coupled-wave equation is
expressed as follows [23]:
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where n is the group index; g is the gain related to carrier den-
sity; «, is the internal material loss; 7;,s is the rate of index
changing and is neglected; fi1, fo, fs, and fy are the noise re-
lated to spontaneous emission. The rate equation associated
with carriers is expressed as follows [23]:
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TABLE 1. Parameters for simulations.

Parameter Symbol Value Source
Period of photon’ic cells e 277 From Ref, [23]
(constant lattice)
Maximum Gain Gmax 2000 cm™! From Ref. [23]
Absorption Coefficient 9o —5000 cm ™! From Ref. [23]
Transparency Carrier Density Ny 1.5 x 10"¥ em ™3 From Ref. [23]
Current Spread outside o 25 From Ref. [23]
the Electrode
Carrier Lifetime Te 1.5ns From Ref. [23]
Diffusion Constant of Carrier Dy 100 cm?/s Typical value; From Ref. [23]
Spontaneous Emission Factor B 1 x10* Typical value; also used in Ref. [23]
Internal Loss of Materials Qin, 5cm™! Typical value; From Ref. [23]
Optica.l Conf.inement Factor T active 0.066 Calculated by the transfer matrix method
(in Active Layer)
Optical 'Conﬁnement Factor Tpe 0.2273 Calculated by the transfer matrix method
(in PC Layer)
Group Refractive Index Ng 3.485 Calculated by the transfer matrix method
Effective refractive index Nefy 3.3832 Calculated by the transfer matrix method

where the photon density U is [23]:

o 28O NefrMyg Fuctive

U
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here, N is the carrier density, d,.v. the active layer thickness, 7.
the carrier lifetime, D the diffusion coefficient of the carriers,
I ,csive the optical confinement factor in active layers, £ vacuum
dielectric constant, and n. the effective index. The following
simulation of dynamic characteristics is performed based on the
numerical solution of the equations.

3. PCSEL DESIGN

3.1. The Structure and the Lattice Type of the PCSELs

The structure of double-lattice is favorable for suppressing
higher order feedback and is much more possible to achieve
single-mode operation [31]. A larger area corresponds to lower
in-plane loss, which will be verified in the calculation in Sec-
tion 3.3. For the device with a large area and elliptical double-
lattices as reported in [15], a one-dimensional coefficient is
reduced, and a two-dimensional coefficient is maintained to
let field distributions be flat and lights “spread” in the res-
onator [15]. However, it can be inferred that for smaller area
devices aiming to achieve high-speed operation with higher in-
plane loss and weak capability to confine the optical field, the
field distribution should be concentrated as much as possible.
To obtain a more rigorous and subsequent high-speed charac-
teristics analysis, the simulated material structure (Figure 1) de-
signed for 940 nm in [23], which proposes the time-dependent
coupled-wave model, is used. By giving an average index of
the photonic-crystal layer n,., the corresponding longitudinal

91

n-Cladding (AlGaAs)

AlGaAs

Active Layer
AlGaAs

e

GaAs

—

Photonic Crystal Layer

p-Cladding (AlGaAs)

FIGURE 1. Schematic cross-section of the PCSEL. T is the lattice con-
stant and dr is the horizontal distance between two holes.

electric field distribution is calculated and plotted in Figure 2.
Parameters for calculations and part of the different parameters
attributed to different selected n,,. are listed in Table 1. It can
be observed that the photonic crystal layer, after “etching” the
photonic-crystal lattice, exhibits a lower refractive index which
enhances field confinement. This results in a narrower-waist
field distribution with the peak shifted closer to the active layer.
To further strengthen confinement and increase both the optical
confinement factor in the active layer and the photonic-crystal
layer, we set the average refractive index of the photonic-crystal
layer to be close to that of the p-cladding layer. Based on the
proposed “epitaxial” structure, the methodology of design of
a high-speed 940 nm PCSEL by optimization of the relaxation
oscillation frequency and damping will be proposed in this sec-
tion.

The measurement results show a 3 dB bandwidth of 4 GHz
in [18]. In this paper, the optimized results suggest that the
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FIGURE 2. The index and longitudinal field distribution of the PCSEL.

3 dB bandwidth can be further enhanced through the methods
introduced above, which are summarized as follows: (1) re-
ducing device sizes to increase the D-factor and the resonant
frequency (f,), (2) optimizing the design of the double-lattice
photonic-crystal to decrease the photon lifetime and optimize
the damping.

Unlike realizing larger output power of PCSELSs, this work is
based on material layers in [23] and aims to further enhance the
3 dB bandwidth of the PCSEL. A key requirement is to increase
the optical confinement factor to increase D-factor and the res-
onance frequency. A larger optical confinement factor can be
achieved by tuning of n,,., which can be realized by increasing
the total fill-factor of the photonic-crystal layer. In our design,
the optical confinement factor is 0.066, which is slightly smaller
than previously reported value of 0.085 in [13] and larger than
the value 0f 0.044 in [23] and 0.4 in [18]. The confinement fac-
tor of the typical VCSEL is ~ 0.038 [32]. Therefore, a larger
optical confinement factor of the PCSEL is beneficial to realiz-
ing an equal or larger 3 dB bandwidth compared to that of the
VCSEL.

3.2. Design Principles for High-Speed PCSELs

The intrinsic transfer function of lasers from general rate func-
tions is expressed as [32-34]:

f2
H(f)=Co ———F—, (7
fR=fr+idy
where
1 niractivevgaN
fr=D\I—-1ILp, D=_—\|—F— (8
2m aVax
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where Cj is a constant, f, the relaxation frequency, D the D-
factor, v the damping, I, the threshold current, 7; the internal
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FIGURE 3. The overall loss of the three PCSELs as the function of the
side length. The loss increases exponentially as the size decreases.
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efficiency, v, the group velocity, an the differential gain, V,
the volume of active layers, 7, the photon lifetime, x the trans-
port factor, € the gain compression factor related to nonlinear
gain effects, vy the bias of damping caused by carrier lifetime,
7a N the differential carrier lifetime, R;p the spontaneous emis-
sion rate, and IV, the photon density. A large f, and a small
are beneficial to a large 3 dB modulation bandwidth [34]. f,. is
determined by the D-factor and the current above the threshold,
and ~y varies with the K-factor, which is approximately linearly
related to 7,. According to formula (8), to achieve a larger f.,
it needs to reduce the V, but increase I',.4,. and increase the
injection current above the threshold current. A larger D-factor
enables a larger f,. at lower bias currents. Therefore, reducing
the device size is necessary.

Besides, the loss (photon lifetime) can be modified by tuning
the area fill factor and relative distance between two photonic-
crystal holes “dr”. The optimized method is that by increasing
the loss, photon lifetime and damping decrease, and it is possi-
ble to obtain a larger 3 dB modulation bandwidth as referenced
from [35-37]. However, it should be noted that the loss can-
not always help the 3 dB modulation bandwidth to increase for
high-speed lasers [35].

3.3. Numerical Results

Here, we optimize the photonic-crystal structure to have a large
relaxation frequency and a small damping. The relationship
between loss and size of the PCSEL with the same photonic
crystal cell is calculated and shown in Figure 3, to analyze the
impact of the size of the PCSEL. For the same photonic-crystal
structure, the loss increases exponentially as the device size de-
creases. Although a smaller size helps large relaxation oscilla-
tion frequency, it leads to increased leakage of optical energy,
complicating the achievement of stable optical modes and las-
ing. Due to the significant exponential increase in loss when
the size is smaller than 100 pm and the corresponding decrease
in vertical loss ratio, the simulation dimensions are determined
to be 100 um x 100 pm.

Figure 4(a) presents the total loss, defined as the sum of verti-
cal radiation loss and edge loss [30], under varying relative fill
factors and the distance between the two holes in one crystal

WWwWw.jpier.org



Progress In Electromagnetics Research, Vol. 180, 89-101, 2024

PIER

@ F 06

o
9

Structure |
°

Horizontal Distance dlr (

3
Fill-Factor of Smaller Hole (%)

148 g 0.6

05 112
0. 75 8
2

39 .3

<
n

&
98]

Horizontal Distance dr (
o
s

Vertical Loss Ratio (%)

1
Fill-Factor of Smaller Hole (%)

FIGURE 4. (a) The total loss (the sum of vertical radiation loss and edge loss) under different fill factors and horizontal distances between two holes.
The optimal total loss is concentrated within a banded region, which lies between the areas of excessive high and low losses. (b) The vertical loss
(surface emission loss) ratio under different fill factors and horizontal distances between two holes. The vertical loss is dominant if the ratio is larger
than 50%. The circular, square, and triangular symbols correspond to structures I, II, and III.

TABLE 2. Parameters of different structures of circular double-lattice.

Structure of Double- I I I
Lattice
Side Length of PC 100 pm
Side Length of PC- 277 nm
Lattice

Structure Pattern

O

O

Lowest Loss 50.09 cm™! 33.96 cm™! 13.46 cm™
Photon Lifetime 2.32 ps 3.42 ps 8.63 ps
Vertical Loss Ratio 51.61 % 70.06 % 80.62 %

lattice. Excessive large in-plane loss leads to more leakage at
the edge of the plane, and it is not suitable for the confinement
of the optical field, while excessive small loss makes it difficult
to conduct high-speed operation. The optimal total loss is con-
centrated within a band region, positioned between the regions
of excessively large and small losses. Figure 4(b) illustrates
the vertical loss (surface emission loss) ratio for different rela-
tive fill factors and the distance between the two holes in one
crystal lattice. Since vertical loss represents the output lasing,
a larger value is desired to enhance output power. The vertical
loss becomes the dominant loss when its ratio exceeds 50%.
However, the mode selection is governed by edge loss when
edge loss dominates [30]. Therefore, we select three kinds of
circular double-lattice structures with different losses, that can
be converted to the photon lifetime. The vertical loss ratio of
all three structures exceeds 50%. Parameters of different struc-
tures of circular double-lattice are shown in Table 2.

The mode with the lowest loss is referred to as “mode A”,
the next lowest loss mode excluding numerical artifacts [26] as
is referred to “mode B”. “mode C”, and “mode D” are located
at the bands with shorter wavelengths.

Figures 5(a), (e), and (i) illustrate the wavelengths corre-
sponding to the losses of various modes calculated by solv-
ing the coupled-wave equations for PCSELs with 100 um side
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length. The lowest losses of the three devices are 50.09 cm™*,
33.96cm™!, and 13.46 cm ™, respectively, and the correspond-
ing photon lifetimes are 2.32 ps, 3.42 ps, and 8.63 ps, respec-
tively. The total loss shows the threshold gain, where a shorter
photon lifetime corresponds to a larger threshold gain. The
mode with the lowest loss is referred to as “mode A” and the
next lowest loss mode excluding numerical artifacts [26] as re-
ferred to “mode B”. “mode C” and “mode D” are located at
the bands with shorter wavelengths. As the minimum loss de-
creases, the bandgap expands, causing mode A to redshift away
from the central wavelength, and the loss difference between
mode A and mode C increases. Mode A has the lowest loss
and becomes the lasing mode, while mode C is called leaky
mode [30] which makes it hard to establish a stable photon den-
sity distribution. Second higher-order mode B is often located
at a shorter wavelength. Calculated photonic-crystal band di-
agrams for structure I, II, and III are shown in Figures 5(b),
(f), and (j). In addition, for lasing modes, field intensities are
shown in Figures 5(c), (g), (k), and far-field (FF) patterns are
shown in Figures 5(d), (h), (I). The field intensity distribution
and FF pattern of the lasing mode exhibits a single lobe, in con-
trast to the multiple lobes typically associated with higher-order
modes.
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FIGURE 5. Relationship between loss and wavelength for structures (a) I, (e) II, and (i) ITI. The calculated band diagrams for structures (b) I, (f) II,
and (j) III are presented, with modes A, B, C, and D identified. Calculated field intensity for structures (c) I, (g) I, and (k) III. Calculated far-field
pattern of lasing mode for structures (d) I, (h) II, and (1) III. These results show single lobes rather than the multiple lobes associated with higher-order

modes.

TABLE 3. Relaxation oscillation frequencies of different structures

with the current of 6 A.

Relaxation Oscillation
Frequency (GHz)
Area I 1I 1
100 um x 100 pm | 2631 | 27.97 | 14.65
300 um x 300 pm | 13.57 11.40 | 10.79
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4. HIGH-SPEED PERFORMANCE ANALYSIS

4.1. Numerical Results Based on Time-Dependent 3D-CWT

The values of the parameters used for the following time-

dependent simulation are shown in

Table 1. Figure 6 illus-

trates the temporal evolution of carriers of the 100 pm x 100 pum
and 300 um x 300 um size PCSELs with structures I, II, and
IIT for the same current of 6 A. The current densities of the

100 pm x 100 um and 300 pm X

6.7 x 108 A/m? and 1.0 x 10% A/m?

300 um size PCSELs are
, respectively. The relax-

ation oscillation frequencies which are obtained from Figure 6
are listed in Table 3. The relaxation oscillation frequencies
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FIGURE 6. At current of 6 A, the temporal evolution of carriers indicates that the response rate of a 100 um x 100 um device is faster than that of a
300 um x 300 um device. The carrier density changes of 300 um x 300 um are plotted as the black line and 100 um x 100 um is plotted as the red
line at the same current but different current densities. (a) is for structure I, (b) is for structure II, and (c) is for structure III.
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FIGURE 7. Carrier density temporal changes of three structures with the current (a)—(c) far above the threshold (2 A), and (d)—(f) close to threshold
(0.08 A). (a) and (d) are for structure I, (b) and (e) are for structure II, and (c) and (f) are for structure III.

of the 100 pm x 100 um devices are larger than those of the
300 um x 300 wm devices. Larger relaxation oscillation fre-
quency is beneficial to realizing a larger 3 dB modulation band-
width; therefore, smaller-sized (100 x 100 um) devices are con-
sidered in subsequent calculations.

The relaxation oscillation frequencies (f,.) can be estimated
from Figure 7. At2A, f, are 16GHz, 17.38GHz, and 18.94GHz
for structure I, structure II, and structure III, respectively. At
0.08A, f, are 0.47GHz, 0.95GHz, 1.46GHz for structure I,
structure 11, and structure III, respectively.

Figure 7 and Figure 8 illustrate the temporal carrier density
and power changes for three structures at different currents,
including the current approaching the threshold (0.08 A) and
the current above the threshold (2 A). The relaxation oscilla-
tion frequencies can be estimated from Figure 7. At2 A, f, are
16 GHz, 17.38 GHz, and 18.94 GHz for structure I, structure
I, and structure III, respectively. At 0.08 A, f, are 0.47 GHz,
0.95 GHz, 1.46 GHz for structure I, structure II, and structure
III, respectively. When the D-factor is constant, the relaxation
oscillation frequency is proportional to the current above the
threshold, which is consistent with the results of the compari-
son. Moreover, structure I1I has the lowest relaxation frequency
at2 A, but at 6 A structure | has the lowest relaxation frequency
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(obtained from Table 3). Simulations in the next section reveal
that the lowest relaxation frequency corresponds to the lowest
3 dB bandwidth both at 2 A and 6 A. In addition, structure III
has the highest damping estimated from Figure 7(c) at 2 A and
takes the shortest time to be carrier-density-stable both at 0.08 A
and 2 A. Larger damping brings faster flatting of the curve of
frequency response under the large current of 4 A for structure
III, which will be verified in the next section. In addition, it
can be observed at 2 A from Figure 8 that the structure with
a shorter photon lifetime exhibits higher power efficiency but
lower high-speed frequency response. The device with higher
power efficiency has larger amplitudes of optical signals, which
is beneficial to the opening of eye diagrams under high-speed
transmissions.

Figure 9 presents the photon density distribution after the
power and carrier concentrations have stabilized, further con-
firming that all structures I, 11, and III achieve stable lasing. At
higher currents above the threshold, the photon density distribu-
tion covers a larger area, leading to some leakage in the carrier
diffusion region outside the PC region. Edge loss increment
weakens the confinement ability to optical fields of the pho-
tonic crystal resonator, resulting in leakage of optical fields.
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with these three photonic-crystal laser structures, and the cen-
tral wavelength of the main peak is around 940 nm with less
than 2 nm difference from the designed wavelength for the three

Figure 10 shows the spectrum of three structures at 2 A.
Spectrum is calculated by performing the Fourier analysis on
the power-time curves. Here, single-mode lasing is achieved
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structures. Figure 11 illustrates the power-current relationships
for three structures. Structures I and II show higher power effi-
ciency, while structure III with the lowest threshold gain shows
the lowest power efficiency. The threshold currents can be es-
timated by the curve, which are 0.08 A for I with the highest
threshold gain, 0.07 A for II, and 0.05 A for III with the lowest
threshold gain.

4.2. Small Signal Response and f; ;5 Bandwidth

In the calculation of time-dependent 3D-CWT for three struc-
tures, the small signal response is calculated by loading the
small-amplitude sinusoid signal on the bias current above the
threshold when the carrier density, photon density, and power
are stable. Figure 12 shows the calculated small signal response
values of the three PCSELs with the photon lifetime of 2.32 ps,
3.42ps, and 8.63 ps under different bias currents. Based on
the fitted curves, the fs54p bandwidths of structure I (2.32 ps)
and structure II (3.42 ps) under 6 A bias current are 33 GHz and
31 GHz, respectively. Under a larger bias current before the
thermal saturation, the f34g bandwidth can be still larger.

The f34p bandwidth increases as the photon lifetime and
damping decreases, which is attributed to larger losses. This
phenomenon can be observed in the figure of frequency re-
sponse, where a shorter photon lifetime (2.32 ps) leads to a
sharp peak at a lower current. Conversely, with a longer pho-
ton lifetime (8.63 ps), the associated losses are reduced, and
the damping effect increases, requiring lower bias currents to

97

achieve a peak in the frequency response. In addition, the f34p
bandwidth of the device with a longer photon lifetime of 8.63 ps
does not increase when the bias current increases from 2 A
to 4 A, due to the dramatic decline of the frequency response
caused by the suppression of high damping.

To verify accuracy of the calculation, the intrinsic frequency
response of different photon lifetimes (2.32ps, 3.42ps, and
8.63 ps) at different currents above the threshold is calculated
by the formula (7), and the 3 dB bandwidth is estimated. Re-
sults are shown in Figures 13(a), (b), and (c), which illustrate
that lasers with smaller photon lifetime and larger injection cur-
rent are capable of obtaining the largest 3 dB bandwidth. For
Tp = 2.32ps, the large current injection (12 A) is conducted,
and more than 40 GHz 3 dB bandwidth is obtained when the
curve approaches flatness.

There are limitations on the 3 dB bandwidth. Figure 12
shows that the f3 45 bandwidth increases approximately linearly
in the low-current region but exhibits saturation at large cur-
rents. This observation confirms that even without consider-
ing thermal effects, the f54p bandwidth does not linearly in-
crease without limit. Due to the rapid decline in the frequency
response curve after the resonance peak, devices with longer
photon lifetime and larger damping are more prone to band-
width saturation as the current increases. The maximum f34p
bandwidth is calculated by [32]:

2v2

—. (10)

faag =
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The predicted intrinsic f34g bandwidth of structure I is over
90 GHz, which is comparable to that of the VCSEL. However,
it should be pointed out that thermal and parasitic effects will
reduce the f54g bandwidth [18]. Figure 14(a) shows the result
of the parasitic frequency response, which is based on the calcu-
lation of the parasitic frequency response as referenced in [18].
Figures 14(b) and (c) present the frequency response results,
considering both intrinsic and parasitic effects, for structure
I at large and small current, respectively. At current of 6 A,
the 3 dB bandwidth is reduced to 29 GHz with parasitic effect.
Parameters are wire inductance L (0.1 nH), series resistance R
(172.9 m), and capacitance C (16.7 pF), which are referenced
to [18]. As illustrated in Figures 14(b) and 14(c), the f3 4 with
parasitic effect at 6 A experiences larger reduction than that at
0.75 A. This is attributed to the stronger parasitic effect at larger
frequency.

In the previous section, the power characteristics are ana-
lyzed. It indicates that at a given current the power decreases as
loss increases. Given the focus on achieving high-speed modu-
lation and the potential of long-distance transmission, the trade-
off between power and bandwidth is to be considered. A rea-
sonable approach for it is photon lifetime tuning.
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4.3. Large Signal Response

As shown in Figures 15(a) and (b), 60 Gb/s NRZ eye diagrams
are simulated for PCSELs with the photon lifetimes of 2.32 ps
and 3.42 ps under the same current. Itis verified that the PCSEL
with the photon lifetime of 2.32 ps exhibits better signal clarity
and integrity than that of 3.42ps. This is because the larger
bandwidth device results in a faster rise time [38]. As shown
in Figures 15(c) and (d), eye diagrams for the large-bandwidth
PCSEL (photon lifetime of 2.32 ps) are simulated under differ-
ent bias currents. By using a larger current, the quality of the
eye diagram is improved with a smaller overshoot and larger
opening. This is because the larger current leads to a larger f3 4
bandwidth resulting in a shorter relaxation oscillation time, and
also the larger current leads to a larger damping effectively sup-
pressing the overshoot. In Figure 15(¢), the 100 Gb/s NRZ eye
diagram under 8 A bias current is realized.

A larger damping is beneficial to a flat frequency response
and reduces the overshoot at lower current levels. From formu-
las (8) and (9), by increasing K-factor and resonance frequency
fr, damping can be increased. A larger K-factor can be realized
by a larger photon lifetime, which can be achieved by optimiz-
ing the lattice of the photonic crystal. A larger f, can be real-

WWwWw.jpier.org



Progress In Electromagnetics Research, Vol. 180, 89-101, 2024

PIER

(a) 60Gb/s, 6A, rp=2.32ps (b) 60Gb/s, 6A, tp=3.42ps

— —
NN S\ A

b X/

\

LA =y

Time (ps) Time (ps)
(c) 60Gb/s, 8A, tp:2.32ps (@ 60Gb/s, 4A, tP:2432ps
g 30 =
E 20 g
333‘ 10 RN g 2N > e
\ 74 N\ A N ‘\ N -‘:Ar ¥/ 52
EINY O | © N N
4 7 % 2R
ERNYY /o /o 2 285\
0 — A~ f— & ==
5 g
A~ —30+ T T . a
0 10 20 30
Time (ps)
(e) 100Gb/s, 8A, 1,=2.32ps

Time (ps)

FIGURE 15. NRZ eye diagrams. (a) 60 Gb/s eye diagram of the PC-
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ized by a larger D-factor, which can be achieved by optimizing
the epitaxial design to increase the optical confinement factor.
However, the damping should be optimized, because too large
damping will lead to a decrease of the 3 dB bandwidth.

5. CONCLUSIONS

We have performed the output power, modes, and small signal
response of the PCSELs with double-lattice photonic crystals
via the 3D-CWT method and introduced the design principle for
the high-speed PCSELs. We show that the resonance frequency
of the PCSELSs can be increased by reducing the size of the PC-
SELs, and the photon lifetime and the damping of the PCSELs
can be decreased by optimizing the distance between the double
lattice and the diameters of the double lattice. The large reso-
nance frequency and small damping lead to over 40 GHz intrin-
sic 3 dB modulation bandwidth of the PCSELs and enable over
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100 Gbit/s single-lane optical transmission under NRZ modula-
tion. Our calculation is based on the classical PCSELs design;
therefore, further enhancement of the 3 dB modulation band-
width can be expected by

- optimizing the epitaxial design to increase the optical con-
finement factor,

- further decreasing the size of the PCSELs to decrease the
volume,

- optimizing the lattice of the photonic crystal to decrease
the photon lifetime, so as the damping,

- introducing the coplanar electrodes to decrease the capac-
itance.

We believe that the proposed device can be a promising candi-
date for high-speed, high-power, free-space optical communi-
cation.
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