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Dynamical simulations of single-mode lasing in large-area
all-semiconductor PCSELs

Mindaugas Radziunas, Hans Wenzel, Ben King, Paul Crump, Eduard Kuhn

Abstract

We perform modeling and dynamic simulations of all-semiconductor photonic crystal surface-
emitting lasers (PCSELSs). A two-dimensional photonic crystal consists of a GaAs layer with InGaP
features, repeating periodically in both lateral directions. In our dynamic simulations, we demon-
strate for the first time that photonic crystals with large isosceles triangular features, having a
base angle close to 71.5°, enable suppression of higher-order modes and achieve single-mode,
high-quality lasing in large-area all-semiconductor PCSELs under moderate and even high pump
levels.

Photonic crystal (PC) surface-emitting lasers (SELs) are devices engineered to achieve single-mode
operation and a narrow far-field emission pattern by utilizing a photonic crystal structure [1} 2]. Unlike
existing high-power PCSELs, which feature a PC layer composed of periodically arranged air voids
[1L 2], this letter investigates the potential of employing all-semiconductor PC layers, which could be
beneficial for enhancing the efficiency and manufacturabillity of PCSELs. The refractive index contrast
between the two materials in these PC layers is significantly lower than that in semiconductor/air-void
PCs. As a result, the coupling of counter- and cross-propagating fields in all-semiconductor PCs is
relatively weak. However, it can still be effectively harnessed in large-area devices, where it enables
large field intensities in the central region of the PC layer, with only minimal field losses at the lateral
edges of the domain. We also aim to use large PC features that are adequately separated from one
another, with fill factors f = Af/a2 close to 0.5 providing large coupling to the vertical field. Here, a
is the lattice constant (the edge length of the square unit cell) and Ay is the area of the feature. While
large values of f are expected to enhance field coupling, manufacturing processes requires sufficient
separation between neighboring features. Given these requirements, employing dual-lattice PCs de-
fined by a pair of similar, non-overlapping features shifted by a\/§/4 along the diagonal of the unit cell,
as explored in the best semiconductor/air-void PCSELs [3] [4], is hardly possible in all-semiconductor
PCSELs due to the reduced vertical field coupling. The use of right-angle isosceles triangular fea-
tures (RIT), as suggested in pioneering works on PCSELs [5], leads to a pronounced coupling of
counter-propagating fields and results in only a modest suppression of higher-order modes in large all-
semiconductor cold-cavity PCSELs [6, [7]. This suppression may be insufficient when operating these
PCSELs under high-pumping conditions, as it is compromised by carrier spatial hole burning (SHB)
[4] and heating-induced changes in the model parameters, particularly when the PCSEL is operating
in continuous-wave (cw) mode. In our theoretical work [8], we proposed using stretched isosceles tri-
angles (SIT), which are symmetric with respect to the diagonal of the PC unit cell, have a base angle
closetoarctan3 ~ 71.5° and f ~ 3/8. Mode calculations conducted for cold-cavity, finite-sized PC-
SELs in [8] indicated that the higher-order mode gain discrimination AG in PCSELs with SIT features
can exceed 10 cm ™! for devices of size L = 1 mm and remain as high as 1 cm™! for 3mm devices.
Here, the size factor L defines the dimensions of the PCSEL in both lateral directions fora L X L
square cavity. The improved mode discrimination at large L is achieved by weakening the 1D Her-
mitian coupling strength, which leads to increased losses at the edge of the finite-size device, which
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M. Radziunas et al. 2

are disproportionately large for higher-order modes. In this letter, we investigate the above-threshold
behaviour of large all-semiconductor PCSELs utilizing either RIT or SIT features within the PC layer,
while maintaining the same vertical structure of the PCSEL itself. Our results demonstrate that, at
higher bias currents, the expected operation of RIT-PCSELs is characterized by multiple modes, lead-
ing to degradation in the quality of emission. In contrast, SIT-PCSELs can maintain strong side-mode
suppression and emit a high-quality beam characterized by single-mode operation, even at elevated
bias levels.

The above-threshold behaviour of PCSELs is simulated using a dynamical model based on a three-
dimensional coupled-wave theory [5] [9]. Similarly to [9], the field equations are represented by a
system of four linear PDEs in one temporal and two spatial dimensions, within the in-plane domain
Qu=1[0,L] x [0, L]:

iatE(xvya ) [D +Z(C AB } bp’
Ey(0,y,t) = Ey(L,y,t) = E3(x,0 t) = Ey(x, L,t) =0,

00, 0 (=10
o= () (0 0)

The 4-component complex field function E consists of the complex, slowly-varying amplitudes of
counter-propagating fields along the x- and y-directions, represented by (£, Es) and (E3, Fy), re-
spectively. The four field components satisfy non-reflecting boundary conditions at the edges of ()1,
which implies that all fields exiting ()1, are fully lost beyond the domain boundaries. v, in is the
group velocity, derived according to [7], Fg, represents spontaneous emission [7, [10], while C is a
complex (4 x 4)-field coupling matrix, introduced in, e.g., [5} 9], efficiently estimated using analytical
expression-based algorithms [6] [11]. It depends on the shape and fill factor of the PC feature as well
as the vertical structure of the entire PCSEL. Finally, A is a spatially-distributed relative propagation
factor,

(1)

AB(N) = koAn(N) + 3[g(N) — a] —iD. 2)

It accounts for the carrier-dependent logarithmic gain g(/N), the square-root-like refractive index
change A,,(N), and the total field loss «, which includes the scattering loss, the modal waveguide
absorption, and the (linear with V) free-carrier absorption in the active layer [7]. kg = 27/ )¢ is the
central wavevector, (A\g = aneg: central wavelength, n.g: effective refractive index). Linear operator
D models Lorentzian-shaped gain dispersion and can be realized by a set of ODE’s [12]. During sim-
ulations, the action of (discretized) D can also be interpreted as an infinite impulse response digital
filter, which aids our numerical schemes by smoothing out small discontinuities that may otherwise
arise and persist in hyperbolic PDEs. Possible parameter dependencies on temperature [13] leading
to thermal lensing, e.g., are neglected in this study.

As in [9, [10], the dynamics of the spatially distributed carrier density N(x,y,t) is governed by a
diffusive carrier rate equation

ON =V, - (DyVL)N+ L — R, (N) — Ry(N,E), 3
Ry, =% + BN? + ON%, " Ry o RIE* - (¢9(N) — 2D)E]. ®)

Here, V| = (g’) e is the elementary charge, d is the thickness of the active zone (AZ), and (-) de-
notes the standard dot product of two vectors. The proportionality coefficient in the stimulated recom-
bination term Ry depends on the normalization of the field function E, v, d, neg, and the refractive
index nay in the AZ [[7,[9]. In contrast to [9),[10], our rate equation (3) incorporates cubic spontaneous
recombination R, (with 7y representing the carrier lifetime due to Shockley—Read—Hall recombina-
tion, and B and C' denoting the spontaneous radiative and Auger recombination coefficients), spatially
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Simulations of single-mode lasing in large-area all-semiconductor PCSELs 3

distributed carrier diffusion D = p,(po+N)On¢r (V). Here, 11, po, and p are the mobility of holes
in the AZ, their equilibrium density, and conductivity, respectively [14]. To determine the bias current
density j(z,y,t) = (p0,¢p)|.=az in the AZ, we solve the Laplace equation V- (p(x,y, 2)V)p, = 0
for the quasi-Fermi potential ¢, in the three-dimensional p-doped region ()cs. This involves using the
Fermi voltage ¢ (V) at the interface to the active zone (AZ) (estimated at actual N according to the
Unger approximation [15]), the applied voltage U at the contact, and homogeneous Neumann condi-
tions at the remaining boundaries of ()cs. Since the problem is linear, the major computations can be
performed in advance for a set of elementary boundary conditions. The required j is then generated as
a linear combination of these elementary solutions for each actual distribution of /V obtained during the
time-domain calculations [16]. In contrast to the fixed distribution j typically used in carrier rate equa-
tions, our approach provides a more accurate description of inhomogeneous current spreading and
accounts for bias readjustments when the SHB of carriers is well pronounced [14]. In the following ex-
amples, we used the parameters \g = 1.07 pm, p1, = 2.788 x 10°m?/Vs, py = 1.47 x 10" m~3,
c/vg = 3.782. Other parameters and the vertical structure of the device are as in [7]. Unlike in [8],
this structure does not include a distributed Bragg reflector (DBR), avoiding the need for additional
adjustments to the field phase at the DBR. As a result, approximately equal power is expected at both
the top and bottom surfaces of the simulated PCSEL.

Before simulating the dynamics in PCSELSs, we first calculate the spectra of the field equations (),
which are linear with respect to E when the distribution of Af is fixed. By setting A3 = 0, neglecting
F,,, and assuming E = O(z, y)emt in (1), we obtain a spectral problem for the vector-eigenfunctions
© and the complex eigenfrequencies 2. We solve this problem on a reduced domain (). C (1., which
corresponds to the contact region with an area of |Q.| = Lz. Here, L. represents the side length of
the square contact considered in this work. The blue dots in Fig. [1{b) represent most important €2,
calculated for a finite-size PCSEL with a PC layer defined by RIT features with the base 0.8v/2a, see

2
panel (a). RS2 is the relative frequency of the corresponding mode, and A\ = —20%2 i the mode’s
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Figure 1: (a): RIT feature in the unit cell of the PC. (b): Eigenfrequencies of the spectral problem with
AS = 0in the square (). with L, = 1.6 mm (blue), same device with ignored cross-coupling terms
of C (green/orange), and of C alone (magenta). Red box/circle: fundamental/first higher order mode.

wavelength detuning from \g. G = QSQ/vg determines the mode’s threshold gain, or more precisely,
the spatial average of g(N') — a that must be reached for the mode to begin lasing. Notably, in a well-
pumped PCSEL, the distributions of N and g(V) have their highest values within the lateral contact
region .. This must be considered when estimating the threshold current Iy, ~ ed|Q¢|Rsp(Nin).
The constant Ny, is determined from the equation vg(g(Nin) — ) = 23, where € is the fun-
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M. Radziunas et al. 4

damental mode frequency, calculated using the reduced PCSEL area (). In addition to the main
eigenvalues, Fig. b) displays two (of the four) lowest-threshold eigenfrequencies (¢ of the complex
matrix C, which serve as accumulation points for complex €2 in large-area PCSELs. The gain thresh-
old for the fundamental mode (a red box in Fig.[T[b)) in the finite-size PCSEL under consideration is
already approaching that of {2, which is the eigenfrequency of C with the smallest imaginary part.
Therefore, increasing the PCSEL area results only a minor decrease in the threshold gain, but further
reduces the already small gain gap, AG, between the fundamental mode and the first higher-order
mode (a red circle in the same figure). Besides the modes converging toward {2cq (large empty bullet
at A\ =~ 1.57 nm), many other higher-order modes are essentially one-dimensional. These cluster at
the green and orange bullets, representing modes of a related problem where the coupling of cross-
propagating field components (off-diagonal 2 x 2 matrix blocks of C) has been intentionally excluded
[11].
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Figure 2: (a): Mapping of normalized optical spectra (color-coded on a log scale) and the mean, mini-
mum, and maximum emitted beam power at the n-doped side (solid and dashed red lines) as functions
of the total bias current [ in the L = 2 mm RIT-feature-based PCSEL with L. = 1.6 mm. Only spec-
tral peaks with suppression < 50 dB are shown. (b): Optical spectra for selected /, offset by 80 dB
for clarity. Dots: relative wavelengths and damping of modes at 200 A.

Next, we performed simulations of the dynamical PCSEL model (T}3) for a series of up-tuned voltages
U. For each given voltage, we simulated 10 ns-long transients and evaluated the bias current I, emis-
sion intensity, and optical spectra at one (n-doped side) vertical edge of the PCSEL using the second
half of each transient. The results for a L = 2 mm RIT-based PCSEL with a L. = 1.6 mm-large
contact are shown in Fig. 2| Notably, due to the minimal gain discrimination between the fundamen-
tal and higher-order modes, single-mode lasing was observed only very close to the threshold. At
higher currents, single-mode operation was lost, as evidenced by the noticeable separation between
the minimum and maximum emitted beam intensities (thin dashed lines in panel (a)) and the broad-
ening of the optical spectrum around the main peak (depicted by the dark colors in the same panel).
Typical broadened spectra for I = 100, 200, and 300 A are displayed in panel (b) of the same figure.
Strong and broad spectral lines correspond to the wavelengths A\ of multiple closely-spaced low-32

DOI 10.20347/WIAS.PREPRINT.3156 Berlin 2024



Simulations of single-mode lasing in large-area all-semiconductor PCSELs 5

modes, indicated by dots in the upper part of panel (b), calculated for I =200 A. A blue A\-shift in
these hot-cavity modes compared to the cold-cavity modes in Fig.[T[b) arises from the refractive index
change function A, (V). The bias current-induced nonuniformity of A3 implies further perturbations
of the relevant complex mode frequencies {2.

Due to the weak refractive index contrast in the all-semiconductor PC layer, the magnitude of the
1D-coupling elements in C (which provide direct coupling between £ with E5 and E5 with F,) is an
order of magnitude larger than that of any other 2D-coupling elements in this matrix. In similar PCSELs
with semiconductor-air-based PC layers, this ratio is approximately three. This significant difference
complicates the manipulation of 3€2¢ while maintaining adequate mode gain discrimination when
utilizing similar RIT-shaped and most other isosceles triangular features of the PC [8]. The primary
contribution to the 1D coupling in these triangular-feature-based PCSELs arises from the strong direct
coupling of the fundamental counterpropagating waves, resulting in large elements in the 1D coupling
submatrix C1p defined in, for example, [5} 9]. It has been demonstrated in [8] that careful selection of
the isosceles triangular features can reduce these 1D coupling elements in C. Specifically, for PCSELs
featuring SIT structures with a base of \/§a/2 and a height of 3\/§a/4, the submatrix C,p vanishes
entirely. On the other hand, 32 for the PCSELSs with the vertical structure [7] considered in this work
is small. While this reduces the lasing threshold, it also hinders the achievement of the desired steep
slopes in the power-current characteristics during current-tuning calculations.

1 = o ° ®1 ] . T © 1
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0.8 - .o }‘)
(D 30 B . % ..'_
<06 0 :bb ,
g £ 25t we T
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Figure 3: Same as in Fig. for a PCSEL with a SIT-defined PC.

First, we consider a SIT with the base 0.76a and the base angle of 68.758° (see Figl3|a)), which does
not completely nullify Cp but effectively reduces the 1D-coupling within C to a level comparable with
its other elements, while maintaining significant 23Qco = 14.7 cm ™. Comparing panels (b) of Figs.
and |3} calculated with the same PCSEL structure but different PC features, shows that the SIT-based
PCSEL yields a slightly smaller GG for the fundamental mode, a 20-fold increase in the gain gap AG
to the first higher-order mode, and a fivefold increase in the gap to the major 1D-modes, clustered
at the green/orange bullets in these diagrams. For moderate AG ~ 1.5cm™!, simulations predict
single-mode lasing over wide injected current ranges, even without additional structural optimization
of the PCSEL.

The dynamics observed during parameter-tuning simulations of the SIT-based PCSEL structure are
shown in Fig.|4l Aside from the PC feature, all parameters and the calculation procedure were identical
to those in the RIT-based PCSEL case shown in Fig. |2l Since (2 of the fundamental mode is slightly
lower in the SIT-based structure (cf. panels (b) of Figs.[T]and[3), this configuration has a lower threshold
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Figure 4: Same as in Fig. for a PCSEL with a SIT-defined PC.

current, reduced carrier density, and a smaller A,,(/V)-induced blue shift of the lasing wavelength in
the hot-cavity PCSEL compared to the RIT-based structure. At higher currents, the emitted power in
both cases is nearly identical (compare the red current-power characteristic lines in panel (a) of Figs.
and [4). However, the SIT-based structure demonstrates a clear advantage: extended intervals of bias
current in which the PCSEL maintains single-mode emission, with all other modes suppressed by at
least 50 dB. This single-mode operation occurs near the lasing threshold and at currents above 140 A.
Spectra for these single-mode regimes at I = 200 and 300 A are shown by the red and blue curves
in Fig. b). For intermediate currents (I € [20, 140]A), the simulations reveal irregular multimode
lasing. This regime is characterized by broad spectra and visible intensity fluctuations, as indicated by
the dark lines in the color-coded spectra, the separation of dashed red lines in panel (a), and the black-
line spectra for I = 100 A in Fig.[4(b). Notably, the substantial separation of major higher-order modes
in SIT-based PCSELs, see, e.g., red dots at the top of panel (b), allows distinct mode identification in
the optical spectrum, even during multimode operation (see the separate spectral lines for I < 80 A in
Fig. 4|b)). This separation is not achievable in RIT-based PCSELs, where modes are densely packed.

Enhanced single-mode lasing can be achieved by using modified SIT (MSIT) features with a base
of 0.75a and base angle 70° as considered in [8], optimized to enhance AG at the expense of
reduced 3Qco. These MSIT features imply AG = 1.2cm™? for L. = 2.5 mm-PCSELs, though
with notable field losses at the PC layer edges, since 2S¢y ~ 7.62 cm~ ! is visibly less than the
fundamental mode gain G’ ~ 8.5cm™!. Output power is lower than in RIT- or SIT-based lasers (cf
different lines in Fig. [5fa)) but shows stable operation with minimal power fluctuations and excellent
side mode suppression (> 60dB SMS) over most bias currents, see red dots in the same panel.
Selected spectra, including one with the reduced SMS at I = 600 A are shown in Fig. [B|b). The
presence of only a few spectral peaks indicate a perfect suppression of almost all higher order modes.

In conclusion, we have simulated the above-threshold behavior of all-semiconductor L. > 2 mm PC-
SELs using a 2+1 dimensional PDE model based on 3D coupled-wave theory and a diffusive carrier
rate equation, enhanced with an inhomogeneous current-spreading model. For a RIT-feature-based
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Figure 5: (a): Emission power (lines) and SMS (dots) as functions of bias I in the L = 3 mm MSIT-
PCSEL with L, = 2.5 mm (red) and corresponding SIT/RIT-PCSELs (blue/green). (b): Spectra for
selected / in MSIT-PCSEL (lines), and wavelengths/damping of the main modes for / = 200 A (dots).

PCSEL, our simulations predict multimode operation just above the threshold current. In contrast,
simulations of similar SIT-feature-based PCSELs show that the increased mode gain gap AG in the
cold-cavity design supports single-mode operation over a wider range of bias currents, including high-
pumping regions where high-power beams are expected. The simulations employed the basic vertical
configuration of the PCSEL [7], where the field is nearly symmetrically redirected to both sides of the
PC layer. The incorporation of a DBR, together with precise adjustments to its separation from the
active region and PC layer [8], should not only double the emitted power but also facilitate further
optimization of 32 and the fundamental mode gain (&, while maintaining a significant mode gain
gap AG even in large-area all-semiconductor PCSELSs.
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