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Abstract: We present a semi-analytical model that can accurately explain the working principle
behind the recently reported electrically injected Ing »Gag g As/GaAs monolithic nano-ridge lasers
and more importantly show how the model can be used to study the effect of device parameters
on the spectral behavior, the slope efficiency and the threshold gain. We show that mode beating
between the fundamental mode and a higher order mode is fundamental in the operation of
these lasers. Analytical expressions for codirectional mode coupling are used in developing the
round-trip laser model. Results from analytical expressions are verified by comparisons with
simulations and the model is supported later by measurement results.
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1. Introduction

Since its inception [1], the field of silicon photonics has garnered significant attention [2—4]
and continues to expand rapidly, driven by its vast potential to leverage the matured silicon
complementary metal-oxide semiconductor (CMOS) processing technology and its capability in
addressing the ever-increasing demand for large bandwidth. These features have opened avenues
for high production yield and substantial reduction in cost, particularly in optical interconnects
applications [5-7].

But there is one major Achilles heel in the field of silicon photonics: silicon is an indirect
bandgap semiconductor; hence a poor light emitter. This has led to the exploration of different
mechanisms to integrate high gain direct bandgap III-V materials on silicon including hybrid
flip-chip bonding [8], heterogenous die-to-wafer bonding [9-11] and transfer printing [12—14].
Compared to these approaches, the monolithic integration of III-V materials on silicon is
deemed the ultimate integration technique with regard to cost effective integration and scalability.
However, the large mismatch in crystal lattice constants, thermal expansion coefficients and
polarity between silicon and most III-V compounds leads to misfit defects, threading dislocations
and planar defects, severely affecting the carrier lifetime, and thereby hampering efficient light
emission [15]. To mitigate these issues, extensive work has been conducted over the last two
decades utilizing buffer layers to confine defects and prevent them from reaching the active region
[16-19] and using different versions of selective area growth [20-23].
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By employing selective area growth over confined regions to restrict defects in narrow oxide
trenches, followed by the outgrowth of III-V material for high modal gain using nano-ridge
engineering [24], optically pumped Ing,Gag g As/GaAs multi-quantum well nano-ridge lasers
emitting around 1020 nm have been demonstrated [25]. By increasing the In content in the
quantum wells ( Ing45Gag 55As ) in an Ing25Gag 75As nano-ridge base, the lasing emission was
extended to the O-band (1300 nm) [26]. Given the small dimensions of these devices, electrical
pumping has so far proved very difficult but was recently demonstrated exploiting a mode beating
effect to reduce losses [27]. Continuous-wave lasing at room temperature was demonstrated for
these nano-ridge laser arrays with emission wavelength around 1020 nm. In these lasers, three
Ing>GagpgAs quantum wells (QW’s) were used as gain material in a GaAs base and an InGaP
passivation layer was used to effectively suppress surface recombination. GaAs p-i-n diodes were
realized by a heavily doped n-type Si surface on which the n-type GaAs trench region is grown
as well as a p-type GaAs top layer. The p-type contact is formed by an array of tungsten plugs
that pierce the InGaP cap and land on the p-type GaAs while the n-type contact is formed by a
tungsten contact that lands on the n-type Si. The pitch of the p-type contact grating is carefully
designed to create a loss dip that enables laser operation. The loss dip originates from beating
between the fundamental mode and a higher order mode.

Here, we present a semi-analytical model for these electrically injected Ing,Gag s As/GaAs
nano-ridge lasers. The model helps not only in understanding the internal operation of these
devices but also in optimizing the cross-section of the device and the contacting scheme to obtain
low threshold gain and a predefined emission wavelength. We find that beating between two
modes of the nano-ridge is central in the lasing operation. This mode beating is very sensitive to
small effective index changes. In that respect, more accurate laser parameters and optimized
device dimensions can be obtained by the model. In the organization of this paper, we will
employ a step by step approach starting with the derivation of analytical expressions for mode
coupling in a nano-ridge waveguide in the second section, developing a round-trip laser model
in section 3 and verifying the model with experimental results in section 4. We close with a
conclusion in section 5.

2. Coupling between modes in a nano-ridge waveguide

We consider a nano-ridge waveguide with a periodic array of tungsten plugs (with a contact pitch
of 4.8 pym and permittivity of —4.31 + i21.89 around 1035 nm) for current injection, integrated
on top as shown in Figure 1(a), and having a cross-section as shown in Figure 1(b), with relevant
parameters defined in Table 1. The indicated doping profile is not taken into account at this stage
and will be used in section 3. Computing eigenmodes with Lumerical MODE solver [28] at a
wavelength of 1.035 um yields multiple higher order modes with different effective indices, as
depicted in Figure 1(c). The first mode, which is the fundamental quasi-TM (transverse magnetic)
mode, is more extended in the vertical direction and hence has larger leakage loss to the silicon
substrate. The second mode is the fundamental quasi-TE (transverse electric) mode, which will
be discussed further in this paper due to its lower leakage loss and highest confinement factor.
This has also been verified in [25]. The others are higher order TEM modes, where "TEM"
represents hybrid modes that are partially TE and partially TM.

Table 1. Parameters for GaAs nano-ridge cross-section in Fig. 1(b)

a (nm) b (nm) ¢ (nm) d (nm) e (nm) f (nm) g (nm) h (nm)

490 400 265 125 100 100 222 308

Using the FDTD solver, we evaluated the power decay for the TEOO mode travelling through
this structure by putting a modal source at z = 0 and power monitors at z = 50 ym and z = 100
um. Figure 1(d) shows the spectrum for the power attenuation calculated by recording the power
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Fig. 1. (a) Schematic of a nano-ridge waveguide with a tungsten metal grating, A=4.8 um
and A,;;=100 nm (not to scale). (b) Cross-sectional schematic of the nano-ridge waveguide
at a position of a tungsten metal plug (indicated by the red dotted line in (a)) with dimensions
shown in Table 1 and doping levels of 2 x 1018 cm™3 for p-GaAs, 1 x 10! cm™3 for p+
GaAs, 2 x 1018 ¢cm™3 for n-GaAs and 1 x 10! cm™3 for n+ Si. (c) Modes supported in a
nano-ridge transversal cross-section calculated by Lumerical FDE solver at a position where
there is no metal plug. (d) Calculated power decay of the TEOO mode from power monitors
placed at z = 50 um and z = 100 um. (e) Mode beating pattern from the interference of the
TE00 and TEMO02 modes with a beating length of 1.6 pm at 1.035 pm wavelength showing
low intensity zones just below metal contacts.

decay of the TEOO mode between the monitors at z = 50 ym and z = 100 um. We can clearly
see dips in the transmission spectrum. Inspecting the longitudinal field pattern at 1.035 um, the
wavelength with the lowest attenuation, we notice an interference pattern with a beating length
of 1.6 um as shown in Figure 1(e). Further inspection reveals that this pattern originates from
beating between the TEQOO and TEMO02 modes and results in a reduced overlap with the lossy
metal.

Now, having this background information from the numerical simulations, this section will
be devoted to the derivation of appropriate analytical expressions explaining these phenomena.
These results will be crucial in developing the round-trip laser model in the next section.

Considering two dominant modes in the nano-ridge waveguide, the total electric field in the
waveguide is given by

E(x,y,2) = E1(Q)U1(x,y)e P1? + Ex(2) Ua(x, y)e P2 1)
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where U (x,y) and U(x, y) are the transversal mode profiles of the two dominant modes of the
unperturbed waveguide, 81 and B, are the unperturbed propagation constants of the modes and
E; and E; are the mode amplitudes.

Using the Helmholtz equation for the total electric field and assuming a periodic perturbation
A € of the relative permittivity, we can derive the following coupled wave equations [29].

dE\(z) . K ‘ [AeU2dA &} . [ AeU U, dA ®
i Pl 2 B el el 4 B —
dz 280 [URdA 2B [ U?dA
dE>(2) ; K3 : [AeU3dA &3 JEra. [ AeU U, dA 3
- j VgL 2 ;0 —
dz 2B " [URdA 2B [ U3aA
where « is the free-space propagation constant.
Now, we can expand the periodic perturbation, A €, in a Fourier series of the form
I=+00 5
Ae(x,y,z) = Z Ae(x, y)e_fl(T)z 4
[=—c0

where [ (ZT") are the spatial harmonics of the perturbation with a fundamental period A (as shown

in Figure 1(a) and [ is an integer.
We can then readily express (2) and (3), by keeping only the slowly varying terms, as

dE(2) . . (B1—Bo—12E)z

dz —jK11E) = jkiaEpe/ PPN R ©)
dE . 7T

dzz(z) = ik Ey — jko Ey B BIHE ) (6)

K2 [ AegU? dA
2p; [U?dA °
integer for which 8 — 8, = lzx”.

As A¢ = Ae_; for a perturbation with symmetry around z = 0, k12 = k21 provided that we
have normalization of modes with respect to power according to ; f/ Ul.2 dxdy = 2w, where
i = 1,2, yo is the permeability of free space and w is angular frequency.

k11 and ko are the self-coupling terms originating from the difference in the effective indices
between the modes of the perturbed and the unperturbed waveguide. k1> and k31 determine the
coupling between the modes.

As the interference between the TEOO and the TEMO02 modes is the root cause of the beating
pattern shown in Figure 1(e), we analyzed the power coupling from the TEOO mode to the TEM02
mode when we launch the TEOO mode at z = 0. In that case, the normalized power of the modes
at a position z from the source can be calculated by solving the coupled differential equations, (5)
and (6), for the electric field of the modes. The powers in the TEOO and the TEMO02 modes
respectively become

Kg ‘/AE,[U] Uz dA

KngelUledA
T on T2 YT T
281 [URdA

2, [URdA

where k; = K1y = Ky = i=1,2,and [ is the

2
o) -
P1(2) = |cos(s2) —j sin(s2) e~ 2mB): 7
K 2 <
R
3 (e B3 B P 2 2
where § = ftmugfers g o B fts x5 = v kpi, B = Zpt and
27rn2

ﬁ2: 1
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Fig. 2. Comparison between analytical results and simulation results of: (a) TEOO and
TEMO2 mode power spectra at different positions along the length of the nano-ridge
waveguide. (b) TEOO and TEMO02 mode power at zero detuning wavelength at different z
positions from the source.

Note that all the terms 3, &, s, 81, B> and the coupling coefficients are wavelength dependent.
n, and n, are the unperturbed effective indices of the two modes in the nano-ridge.

Exporting electric field data, effective refractive indices for the two modes and permittivity data
from a mode solver (Lumerical Mode) and calculating overlap integrals by performing numerical
integration in Matlab (considering a complex perturbation with a rectangular Ae profile as in
Fig. 1 (a)), we evaluated the coupling coeflicients and calculated the power spectrum of the two
modes at different positions from the source and compared these results with FDTD simulation
results.

Figure 2(a) shows a comparison between the analytical results and the simulation results for the
power in the TEOO and TEMO02 modes in the 920 — 1200 nm wavelength range at different positions
along the length of the nano-ridge. Figure 2(b) shows the comparison for the maximum power of
the modes (at the wavelength of zero detuning) at different positions along the nano-ridge length.
We can observe from these graphs that around the 1.035 ym wavelength, where the coupling
between the TEOO and the TEMO02 modes occurs, the results from the analytical expressions and
the simulations are in good agreement. In addition, Figure 2(b) shows that in the first 60 ym
length span, there is a rapid decline in the power of the TEOO mode and a progressive increase in
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the TEM02 mode power. Beyond this position, the interference created between the two modes
creates low intensity zones below the metal plugs that effectively decrease not only the loss due
to the metal absorption but also the coupling between the modes. Hence, a sort of quasi-zero
loss equilibrium condition is reached beyond this position where the two modes propagate in
tandem sustaining the beating pattern and where the power decreases gently. The other peaks
appearing in the TEOO mode numerically calculated transmission spectrum stem from beating
patterns created in a similar manner due to coupling from the TEOO mode to other higher order
modes of the nano-ridge.

3. Round-trip laser model

To develop a model for the round-trip gain, we start from the left facet and consider the general
case where the TEOO and TEMO02 modes are launched with normalized amplitudes of a; and a;
as shown in Figure 3. The modes propagate a length L and reach the right facet with normalized
amplitudes all and a’2. Upon reflection, the modes have amplitudes b/l and b’2, changing to blll
and b'z' when reaching the left facet after a further propagation over a length L. The round-trip is
finalized with a reflection, resulting in amplitudes b, and b,.

a !1—>

i =

¢ »|
™~ L =l

Fig. 3. Schematics showing longitudinal cross-section (along the dashed blue line in
Figure 1(a)) of a nano-ridge waveguide with metal plug grating and end facets for round-trip
laser model.

Utilizing the results obtained in the previous section, we then find

by a
=RXTXRxTXx ©)
by @
where T = (cos sL — /2 sin sLye B+ R —j*2 sin (sL)e /(B+F)L adR < |2
! sin (sL)e /E-R)E (cossL+ 4 sinsLye AR r1

The reflection coefficients at the facets are defined as:

rl./=_: i=1927 j=1’2’ k=1’2'
Ul =0 ki

We evaluated these reflection coefficients by FDTD simulations to be rj; = 0.60, rjp = 71 =
0.24 and rp, = 0.82 at the 1.035 um wavelength.

The other parameters are as defined in section 2, except that the propagation constants now
also include gain and extra losses. The extra losses are due to scattering, leakage to the substrate
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and free-carrier absorption in the doped regions i.e.

U? dA
Bi= @ +Jérigm _Jéad,i —j%%i, I = —fQ/WUizldA Jd=1,2.

T’} and I'; are the transverse confinement factors for the TEOO and the TEMO02 modes in
the three Ing,GagpgsAs quantum well (QW) regions respectively hence the designation QW in
the overlap integrals. The material gain for the quantum wells is denoted as g;,, @41 and @42
correspond to losses associated with free-carrier absorption in the doped regions and a; | and
a; are the losses due to scattering and leakage to the substrate for the TEOO and the TEMO02
modes respectively.

The scattering and substrate leakage losses were determined from loss measurements of
undoped nano-ridge waveguides without the tungsten plugs using the Hakki-Paoli method [30].
A loss of 8 + 0.5 cm™! was found for a 3.5 mm long device. Similar results were obtained for
varying waveguide sizes and device lengths. Losses due to coherent scattering into non-guided
modes caused by the periodic tungsten contacts are assumed to be small compared to other
loss mechanisms. This is because the pitch is several times larger than the working wavelength,
leading to low coupling efficiencies from higher-order diffraction. This assumption is further
supported by the results in section 2, where we demonstrated good agreement between FDTD
simulations and analytical expressions that do not account for such scattering phenomena.

The free-carrier absorption losses in the doped regions for the TEOO and the TEM02 modes
were calculated with the FDE mode solver by introducing the imaginary part of the refractive
indices of the doped materials. We used the doping profile shown in Figure 1(b), which is based
on TEM images for the physical dimensions and an estimation of the carried density through
Scanning Spreading Resistance Microscopy (SSRM) and the growth recipe used. Data for the
absorption coeflicients of phosphorus doped n-Si [31], silicon doped n-GaAs [32], and carbon
doped p-GaAs [33,34] were used to set up the refractive indices of the materials in the solver.
The losses due to free-carrier absorption thus obtained are 5.2 cm™! and 11.6 cm™! for the TE00
mode and the TEMO02 mode respectively.

Now, to further simplify terms, we can write (9) as

by X1 X2 |ar
= (10)
by X1 Xxn||a

where the 2 X 2 matrix on the right side is the product of the four 2 X 2 matrices on the right side
of (9). Lasing will occur for an eigenvalue 1 of this matrix. This insures that the electric field
exactly replicates itself after a round-trip. Under this condition,

X11X22 — X12X21 — X171 — X220 +1 =0 (11)

Using 11, we calculated the threshold gain to be 792 cm™! for a device with length of 1502.4
um. To obtain this value, we employed an iterative process that starts with a certain gain value
and solves for the eigenvalue magnitude and then makes small changes in the gain until we obtain
an eigenvalue magnitude of 1. Figure 4(a) shows the calculated eigenvalue magnitude and phase
vs. wavelength, at threshold. For the wavelengths marked by red points, the round-trip phase
equals an integer multiple of 2x. The point at 1035.65 nm satisfies the laser condition. The
eigenvector of the round-trip matrix with an eigenvalue of 1 provides the specific combination
of the amplitudes a; and a; necessary for lasing in the cavity. Our analysis reveals that this
combination consists of 89% of the TEOO mode power and 11% of the TEM02 mode power at
z = 0, resulting in lasing at a wavelength of approximately 1.035 pm.
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Fig. 4. (a) Eigenvalue magnitude and phase (points in red color have zero phase (at
intersections of the green lines and the pink line) and a magnitude close to 1). (b) Contour
plot showing the dependence of the FWHM of the eigenvalue magnitude on the real and
imaginary parts of k12 = k31.

In addition, the full width at half maximum (FWHM) of the round-trip gain is a critical
parameter in determining the multi-modal nature of the laser as it affects the gain margin. To
that end, we investigated the dependence of the FWHM of the eigenvalue magnitude on the real
and imaginary parts of the coupling coefficient between the modes, 12 = «»1. By changing the
real and imaginary parts of the coupling coefficient around the calculated value at threshold of
(0.01386 — i0.01985) ,um‘l, we can see from Figure 4(b) that there is, in general, a decrement
in the FWHM as we decrease the real part of the coupling coeflicient, the effect being more
pronounced when the magnitude of the imaginary part is smaller. Again, we can notice that for a
magnitude of the imaginary part less than 0.025 um~', the FWHM decreases with the imaginary
value. This decrement is more prominent for larger real values. Beyond an imaginary value of
0.025 um™!, the impact is weaker as can be seen from the contour plot.

The model gives us the opportunity to study the effect of different device parameters on the
threshold gain and the emission wavelength. For instance, by changing the height of the GaAs box
(indicated by letter a in Figure 1(b)) from 460 nm to 520 nm, keeping the ratio of the dimensions
g (the distance from the top of the upper QW to the top of the GaAs box) and 4 (the distance
from the top of the trench to the bottom of the lowest QW) constant at 0.72, the wavelength
which leads to the lowest loss interference pattern between both modes changes from 950 nm to
1120 nm. This helps us in choosing device dimensions that lead to a substantial overlap with the
previously measured gain peak of the nano-ridges which is around 1020 nm [25,35]. In addition,
when sweeping the height from 460 nm to 520 nm there is an associated increase in the threshold
gain from 745 cm™' to 881 cm™! as depicted in Figure 5(a).

The impact of the GaAs box height on the threshold gain is determined by a cumulative
effect of variations of several factors, which include the coupling coefficients (shown in
Table 2), the confinement factors in the QW’s (shown in Figure 5(b)), the reflection scattering
coeflicients (shown in Figure 5(c)), the power of the TEQO and the TEM02 modes comprising the
eigenvector(shown in Figure 5(d)) and the free-carrier absorption losses in the doped regions
(shown in Table 2). The changes in the coupling coefficients are in turn caused by changes in
the mode overlaps with the metal contact and the wavelength dependent imaginary part of the
refractive index of tungsten. Among these factors, we can notice that an increase in the box
height is associated with a decrease in the confinement factor of the TEOO mode (Figure 5(b))
and a decrease in the power of the TEMO02 mode of the eigenvector (Figure 5(d)), which has the
larger facet reflection compared to the TEOO mode. Moreover, there is a slight decrement in the
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(I"2). (c) Reflection scattering coefficients at lasing wavelengths. (d) Proportion of the power
of the TEOO and the TEMO02 modes at the left facet.

Table 2. Coupling coefficients and losses in doped regions for varying
nano-ridge box heights (a in Fig. 1(b)) at lasing wavelengths

a K11 K12 = K21 K22 g @
(nm) (umh) (um™) (um") (em™)  (em™!)
460 0.0073 - i0.0106 0.0139 - i0.0201  0.0295 - i0.0425  5.00 1225
470 0.0072-i0.0104 0.0136-i0.0197  0.0286 - i0.0415  5.00  12.65
480 0.0071-i0.0102 0.0137-i0.0199 00297 —i0.0429 509  11.76
490 0.0071-i0.0102 0.0139-i0.0198  0.0302-i0.0432  5.17 11.59
500 0.0071-i0.0100 0.0141 —i0.0198  0.0309 - i0.0435 514 1147
510 0.0071-i0.0099 0.0142—i0.0196  0.0314 - 0.0435  5.05 11.83
520 0.0073-i0.0098  0.0145-i0.0195 0.0322—i0.0433  5.17 12.44

magnitude of the imaginary part of the coupling coefficient between the modes (kj» = 1) that
leads to a decrement in the eigenvalue magnitude. All these factors bring about an increase in the

threshold gain.

Meanwhile, we also calculated the differential quantum efficiency considering optical power
detection by a wide area detector using

2P ous

Na

- L L
Tiga Jy (Pri + Po1)dz + Taga [ (Pra + Pra) dz

12)
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where, P,,; is the total normalized power of the two modes out of one facet, Py and Py, represent
the normalized power of the forward propagating TEOO and TEMO02 modes respectively, and g,
is the threshold gain. Pj; and Pp; depict the normalized power of the modes in the backward
direction. 7, is the differential quantum efficiency. An injection efficiency of 100% was assumed
in the calculations.

Figures 6(a) and 6(b), respectively, show the differential quantum efficiency and the FWHM of
the eigenvalue magnitude spectra as we vary the GaAs box height. The differential quantum
efficiency values are relatively low due to the large device length of 1.5 mm. We notice that there
is a small increment in the FWHM as we increase the box height. This variation arises from
the changes in the coupling coefficient between the modes (k12 = k»;) as discussed earlier in
this section and shown by the contour plot in Figure 4(b). The slight increase in the FWHM is
attributed to either an increase in the real part, a decrease in the imaginary part, or by a combined
effect of both factors in the coupling coefficients (k12 = k71), as can be noted from Table 2.

@ 11.8 (b) 8
7.8}
76

’57.4—

10.4 .
460 470 480 490 500 510 520 460 470 480 490 500 510 520
a (nm) a (nm)

Fig. 6. (a) Differential quantum efficiency. (b) FWHM of the eigenvalue magnitude spectra.

4. \Verification of model with experimental results

In this section, we will use the results of the round-trip model discussed in section 3 to study
laser emission spectra and threshold gain values for different contact pitches and to compare
these results with measurement results from fabricated devices. As briefly explained in the
introduction, the growth mechanism, the material stack and device dimensional parameters of
these GaAs nano-ridges were exhaustively described in previous works [24,25,27,35]. One
particular parameter that is of high significance is the trench width (f in Figure 1(b)). Nano-ridges
with larger trench width have larger height (a in Figure 1(b)) and width (b in Figure 1(b)).

By inspecting the transmission electron microscopy (TEM) images of a transverse cross-section
of nano-ridge lasers for detailed device dimensions, we calculated mode effective refractive
indices, electric field data, reflection scattering coefficients, free-carrier absorption losses due to
dopants and mode confinement factors using FDTD and FDE simulations. The laser cavity is
realized by two facets, which are formed by dry etching and having an angle of 12° [27].

We first investigated the dependence of the spectral properties of an 80 nm trench nano-ridge
on the metal contact pitch. From our model, we found that the loss spectrum for the TEOO
mode shows a minimum as a result of mode beating between the TEOO and the TEMO1 modes.
The lasing wavelengths evaluated by our model for contact pitches of 4.7 ym, 4.8 ym and 4.9
um are shown in Fig. 7(a). We then compared these with the measured lasing wavelengths
of electrically-injected nano-ridge lasers having 80 nm trench width and contact pitches of
4.7 um, 4.8 um and 4.9 yum. The measured emission wavelengths for the lasers versus the
contact pitches and the corresponding spectra are shown in Figs. 7(b) and 7(c) respectively. All
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spectral measurements were conducted at a drive current of 20 mA, with light collected through a
horizontal coupling scheme using a lensed single-mode fiber, which was connected to an optical
spectrum analyzer.
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Fig. 7. (a) Model result showing blue shifting of lasing wavelength as we increase the
contact pitch from 4.7 ym to 4.9 um. (b) Measured lasing wavelength versus contact pitch
for the spectra in 7(c) showing blue shifting upon increasing contact pitches. (c) Measured
spectra for electrically injected nano-ridge laser samples having 80 nm trench width and
contact pitches of 4.7 um, 4.8 ym and 4.9 um.

One can observe from the results of the model in Fig. 7(a) and the measurement results in
Fig. 7(b) that there is around 40 nm blue shifting of the spectra for the model and around 30
nm blue shifting of the spectra for the measured devices as we increase the contact pitch from
4.7 um to 4.9 um. In that sense, we can confirm that the model and the experimental results
are in agreement. The blue shift originates from the increase in the difference between the
effective indices of the TEOO and TEMO2 modes as a function of wavelength in the expression
for the detuning parameter (9) in section 2. However, we can also notice from Fig. 7(b) that even
for devices having the same trench width and contact pitch there is a variation in the emission
wavelengths (around 10 nm for the 4.9 um contact pitch and around 5 nm for the 4.7 um contact
pitch). This could emanate from slight variations in the device dimensions along the length of
the nano-ridge as a result of wafer non-uniformity [27]. We have already seen in the previous
section that small changes in the height of the nano-ridges alone can lead to large spectral shifts
of the lasing wavelength (around 30 nm change in the peak wavelength for 10 nm change in the
height). In addition to this, the differences in the emission wavelengths between the model and
the measured spectra could be attributed to the small variations in the refractive index between
the actual material stack and the values taken from the material data base of the solvers.

Additionally, we also explored the effect of the threshold gain on the lasing properties of
measured devices on two dies from the same wafer having 80 nm trench nano-ridges. To that
end, we extracted the dimensions of 3 devices on die 1 having contact pitches of 3.6 ym, 4.8 um
and 5.4 um and repeated this for 3 more devices on die 2 and used our model to determine their
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threshold gain. Figures 8(a) and 8(b) show the calculated threshold gain vs. device length for the
80 nm trench nano-ridges on die 1 and die 2 with contact pitches of 3.6 um, 4.8 ym and 5.4 ym.
The plots also reveal the mode that, in combination with the fundamental TEOO mode, creates the
beating pattern responsible for minimizing losses at specific contact pitches.
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Fig. 8. Calculated threshold gain for 80 nm trench nano-ridge devices on two dies with
contact pitches of 3.6 um, 4.8 um and 5.4 ym. Included also are the corresponding higher
order modes that are coupled with the TEOO mode.

To accommodate possible variation of the device length during the etching operation, we
calculated the threshold gain values over a range of 5 ym for 1.5 mm length devices. As we
slightly change the device length, we can see from Figures 8(a) and 8(b) that the threshold
gain also varies in a periodic fashion with the lowest threshold gain values occurring when we
have integer multiples of the beating length fitting in the device length. In this scenario, there
is constructive interference between the forward wave beating pattern and the backward wave
beating pattern ultimately ensuring the contacts are positioned at the points of lowest intensity. It
is important to note that altering the device length also changes the relative position of the right
hand side facet with respect to the last metal plug. The eigenvector (combination of the modes
involved in the beating) also changes as we change the length of the device and hence plays a role
in the overall threshold gain. Furthermore, the loss that orignates from the mode overlaps with
the metal contact is a crucial factor in these devices. This loss manifests itself in the imaginary
part of § in Eq. (9) through the self-coupling coefficients (ki1 and k2;). We can observe from
Table 3 that the magnitude of the imaginary values are higher for «»; compared to x;; owing
to the larger mode overlaps with the metal contact for the higher order modes in contrast to the
fundamental TEOO mode. The imaginary part of «; is in turn the smallest for the TEMO1 mode
and the highest for the TEMO02 mode. This contributes to the lower threshold gain values found
for the devices with 4.8 um contact pitch that rely on the TEOO/TEMO1 beating pattern.

Table 3. Coupling coefficients for devices in Fig. 8 at lasing wavelengths

Die A Coupled K11 K12 = Ko| K22
(um)  mode (um™) (um™) (um™)
1 3.6 TEMO2  0.0040 —i0.0051  0.0103 —i0.0134  0.0280 — i0.0364
1 4.8 TEMO1 0.0025 —0.0036  0.0050 —{0.0070  0.0098 —i0.0139
1 5.4 TEMO3 0.0022 —i0.0032  0.0068 —i0.0097  0.0236 — i0.0337
2 3.6 TEMO02  0.0045 —i0.0056  0.0118 —i0.0145  0.0320 —i0.0394
2 4.8 TEMO1 0.0026 —i0.0037  0.0052 —i0.0072  0.0103 —i0.0144
2 5.4 TEMO3 0.0023 —i0.0032  0.0071 —40.0101  0.0252 - i0.0356

Figure 8 reveals that the threshold gain is indeed smallest over a large length span for the 4.8
pm contact pitch devices, which have been found lasing. On the contrary, the 3.6 ym and 5.4
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um devices are not lasing for these particular devices and this may originate from the relatively
larger threshold gain values.

5. Conclusion

We presented a semi-analytical model for electrically injected monolithic nano-ridge lasers. We
derived analytical expressions that explain the codirectional coupling between the modes in a
nano-ridge waveguide with a tungsten metal contact grating on top and verified the results by
using 3D FDTD simulations. The interference pattern created between the fundamental TEOO
mode and a higher order mode results in low intensity zones below the metal plugs that effectively
decrease not only the loss due to metal absorption but also the coupling between the modes,
leading to a low loss equilibrium condition where the power in the two modes decreases gently.
We showed how the round-trip model helps in investigating the spectral behavior, the threshold
gain and the slope efficiency of lasing devices. Taking detailed device dimensions from the
transmission electron microscopy (TEM) images of cross-sections of nano-ridge samples, the
dependence of the emission wavelength on the contact pitch and the effect of the threshold gain
on the lasing behavior were studied and compared with experimental results. There is, in general,
a good agreement between the model and the experimental results albeit with some variation
in the lasing wavelengths that could arise due to fabrication variations and uncertainty in the
refractive indices data.

We believe that the semi-analytical model can be readily adopted to other device architectures
that exploit loss dips originating from a beating between the fundamental mode and higher order
modes.
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