n

Check for
updates

Research Article Vol. 33, No. 13/30 Jun 2025/ Optics Express 27929 |

Optics EXPRESS , NN

Advanced characterization and parameter
extraction of electrically injected InGaAs/GaAs
nano-ridge lasers monolithically integrated on
silicon

ANDUALEM ALI YIMAM,!" DAVIDE CoLuccl,':2
CHARLES CAER,2:*® DIDIT YUDISTIRA,2

YANNICK DE KONINCK,2?* HUSEYIN SAR,?

MARINA BARYSHNIKOVA,2 PETER VERHEYEN,?
JORIS VAN CAMPENHOUT,2 BERNARDETTE KUNERT,?2
DRIES VAN THOURHOUT,' ® AND GEERT MORTHIER'

! Department of Information Technology (INTEC), Photonics Research Group, Ghent University-imec,
Technologiepark-Zwijnaarde 126, 9052 Ghent, Belgium

Zimec, Kapeldreef 75, 3001 Heverlee, Leuven, Belgium

3 Present address: Centre Suisse d "Electronique et de Microtechnique SA (CSEM), CH-2002 Neuchdtel,
Switzerland

4 Present address: NVidia Corporation, Roskilde 4000, Denmark
“ayimam.yimam @ugent.be

Abstract: The static and dynamic characteristics of electrically injected monolithic nano-ridge
lasers emitting around the wavelength of 1030 nm are comprehensively investigated, providing
critical insights into their performance and identifying pathways for future improvement. Key
laser parameters such as the D-factor, the K-factor, the differential gain and the gain compression
factor are extracted. Recombination coefficients and carrier escape times are determined by
taking the effective carrier capture times derived from the small-signal modulation response.
Additionally, the impact of the nano-ridge box size on the recombination coefficients is evaluated,
highlighting the role of structural design in optimizing device performance and reliability.
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1. Introduction

Silicon photonics has emerged as a transformative technology platform for addressing the
increasing demands of high-bandwidth, power-eflicient, and cost-effective optical interconnects
in data centers, telecommunications and high-performance computing. It leverages the well-
established complementary metal-oxide-semiconductor (CMOS) fabrication processes, ensuring
scalability and lower production costs [1]. However, silicon’s indirect bandgap limits its ability
to efficiently emit light, necessitating the incorporation of III-V materials, which exhibit superior
optical gain and carrier recombination properties. Various techniques have been explored over
the years to integrate I1I-V materials with silicon, including flip-chip bonding [2], die-to-wafer
bonding [3-5], and transfer printing [6,7].

On the other hand, scalability and cost-effectiveness make the monolithic integration of
III-V materials on silicon a highly attractive solution for large-scale production. However, this
approach presents significant challenges due to the large mismatch in crystal lattice constants,
thermal expansion coefficients and polarity, all of which contribute to defect formation and hinder
efficient laser performance [8]. To overcome these issues, various techniques have been explored,
including the use of thick buffer layers [9,10] and aspect ratio trapping [11,12]. More recently,
nano-ridge engineering has emerged as a promising strategy, leveraging selective area growth into
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trenches and aspect ratio trapping to confine defects, followed by the outgrowth of high-quality
III-V nano-ridges beyond the trenches [13]. This method has enabled the demonstration of
optically pumped lasers emitting at wavelengths around 1020 nm [14] and 1300 nm [15].

Despite these advances, electrically injecting such small devices while maintaining low
metal contact losses remained a major challenge for some time. However, this hurdle was
recently overcome through the exploitation of a mode-beating effect [16], leading to the
demonstration of continuous-wave lasing around 1030 nm at room-temperature for electrically
pumped Ing>GaggAs/GaAs quantum well nano-ridge lasers. Notably, these devices were
fabricated on standard 300 mm Si (001) wafers entirely within a CMOS pilot manufacturing line,
highlighting their compatibility with existing semiconductor fabrication processes. Furthermore,
we recently introduced a semi-analytical model that provides deeper insights into the operating
principles of these lasers [17]. This model enables a comprehensive analysis of how various
device parameters influence the spectral behavior, the slope efficiency and the threshold gain,
offering a valuable tool for optimizing future designs.

In this work, we conduct a comprehensive investigation of the static and dynamic characteristics
of these lasers, offering key insights into their performance and potential areas for improvement. To
enhance clarity and understanding, we present a full characterization of a single device throughout
the paper while also including data from additional devices to illustrate the dependence on
structural parameters.

Section 2 covers the static characterization of the device, while Sections 3 and 4 focus on
extracting fundamental laser parameters such as the D-factor, the K-factor, the effective carrier
capture time, the differential gain, and the gain compression factor using small-signal modulation
response and relative intensity noise (RIN) measurements. Finally, in Section 5, we determine
the recombination coefficients and carrier escape times based on the effective carrier capture
times obtained from the small-signal modulation response measurements. Additionally, we
analyze how the nano-ridge box size influences defect-related, radiative, and Auger recombination
coefficients, emphasizing the critical role of structural design in optimizing device performance.

2. Static performance characterization
2.1. Structure

Figure 1 illustrates the structure of the nano-ridge laser. The active region consists of three
Ing,Gap gAs quantum wells (QWs), embedded within a GaAs barrier. The n-type contact is
formed by a tungsten plug that connects to a heavily doped n-type Si substrate, which in turn is
electrically linked to the n-type GaAs region extending from the V-groove through the trench to
the nano-ridge box. The p-type contact is achieved via a periodic pattern of tungsten plugs that
penetrates the top InGaP layer, making contact with the p-type GaAs. The period is carefully
chosen to induce mode beating between the fundamental and a higher-order mode along the
device length, creating low intensity zones beneath the metal plugs. Nano-ridges with wider
trench widths (denoted by ’c’ in Fig. 1) exhibit larger box heights (’a’) and widths (’b’). Detailed
descriptions of the device design and operational mechanisms of the nano-ridge lasers can be
found in [16] and [17]. For the characterized devices in this work, the laser cavity is formed by
one cleaved facet and another facet formed by dry etching, which has an angle of 12° with the
vertical axis [16].

2.2. Characterization

For the light-current-voltage (LIV) characterization, the lasers are operated under direct current
(DC) conditions at room temperature. The emitted laser light is collected from a cleaved facet
using a lensed single-mode fiber (SMF), which is connected to a power meter. Figure 2(a)
illustrates the voltage and light output as function of the drive current for a device with a cavity
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Fig. 1. Schematic of a nano-ridge laser stack and a high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image of an 80 nm trench nano-ridge
cross-section. In the schematic, the deposited oxide which is present in the layer stack is
omitted for easier visualization.

length of 1.25 mm. From the IV curve, the turn-on voltage is found to be around 1.4 V, while the
light-current (LI) plot indicates a threshold current of 7 mA.
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Fig. 2. (a) Current versus voltage and optical output power characteristics. (b) and (c) are
100 nm span spectra and and a 10 nm span 2D spectra at different current levels respectively.
(d) SMSR of the lasing mode versus the drive current.

Using the same setup, the lensed fiber is connected to an optical spectrum analyzer (OSA)
with a resolution of 0.03 nm to measure the laser spectra over a 100 nm span at various bias
currents, as shown in Fig. 2(b). A 2D plot of the spectra around the lasing wavelength is depicted
in Fig. 2(c). The 2D plot demonstrates single-mode operation with no mode hopping. The
corresponding side-mode suppression ratio (SMSR), shown in Fig. 2(d), approaches 40 dB at a
drive current approximately three times the threshold current.
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3. Small signal modulation response measurements

For the measurement of the small signal modulation response, a DC bias current together with a
small-signal modulation is injected into the laser diodes via a high-speed microwave picoprobe.
Laser emission is again collected from the cleaved facet via a single mode lensed fiber, which is
connected to a 1.6 GHz balanced photodetector. The electrical output from the photodetector is
then sent to a network analyzer.

The modulation response of the laser, considering the effects of carrier transport is expressed
as [18]:

w,?

H(w) =

(@~ + oy )1 + jarry) W
where 7; is the effective carrier capture time, w, is the angular resonance frequency and v is the
damping factor.

Figure 3(a) shows the measured modulation response of the device discussed in the previous
section for current injection levels above the threshold, ranging from 8 mA to 9.2 mA in
increments of 0.2 mA. The figure also includes curve fits based on Eq. (1), from which the key
laser parameters of f, = w, /27, 7, and y were extracted.

Table 1. List of characterized nano-ridge lasers along with their key characteristics

Device Die Length Ly, Trench width Contact pitch ay g an
No. No. (um) (mA) (nm) (um) (em™h) (em™h) (em™h)
1 1 1239 7.6 100 4.6 6.1 8.5 17.2
2 1 1288 7.0 100 4.8 6.1 8.5 16.5
3 2 1248 7.0 100 49 6.1 8.5 17.0
4 1 1299 10.0 100 5.4 6.1 8.5 16.4
5 3 1804 9.9 80 5.4 6.8 8.5 11.6
6 3 1798 11.0 80 5.4 6.8 8.5 11.6
7 3 1796 12.0 100 4.6 6.1 8.5 11.8
8 3 1798 11.4 100 5.4 6.1 8.5 11.8
9 3 1799 9.5 100 49 6.1 8.5 11.8

Employing a rate equation analysis, the increase in the resonance frequency and the damping
rate with current above the threshold can be quantified using the D-factor and the K-factor [19]:

1 Tv.g’
fr=DVI=Ty whete D= mlves'/x )
s qV
vy =Kf.2+yy where K =4rn* (T,, + L,) 3)
Vg(g /x)

where 7; is the injection efficiency, I is the optical confinement factor, v, is the group velocity, V
is the active region volume, g is the elementary charge, g’ is the differential gain, 7, is the photon
lifetime and ¢ is the gain compression factor considering average photon density in the cavity.
x = 1+ 75/7, is the transport factor where 7, denotes the carrier escape time from the quantum
wells. A more detailed discussion on the carrier escape time will be presented in Section 5.
Figure 3(b) shows the extracted resonance frequencies plotted against the square root of the
bias current minus the threshold current. A linear fit to this data, based on Eq. (2), yields a
D-factor of 1.072 GHz/mA!/%. Figure 3(c) presents the damping factor as a function of the
square of the resonance frequency. From a linear fit using Eq. (3), the K-factor is determined to
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Fig. 3. (a) Small-signal modulation responses of device 3 in Table | at bias currents above
threshold, with corresponding curve fits. (b) Extracted resonance frequencies as a function
of the square root of the bias current minus the threshold current. (c) Extracted damping
factors versus f,2. (d) Extracted effective carrier capture times at bias points above the
threshold current. (e) Effective carrier capture times at bias points above threshold for the
devices listed in Table 1.

be 0.618 ns, corresponding to a damping-limited maximum bandwidth of 14 GHz. Furthermore,
the extracted effective carrier capture times are around 115 ps as shown in Fig. 3(d).

Using the same procedure, D-factors, K-factors and effective carrier capture times were
extracted from S21 measurements performed on eight additional devices. The key laser and
structural parameters of these devices are summarized in Table 1. The characterization results
depicted in Figs. 3(a) through 3(d) correspond specifically to device 3 from the list. The summary
of the extracted D and K-factors will be discussed in the next section, while the effective carrier
capture times are presented in Fig. 3(e). With the exception of one outlier, the lasers exhibit
effective carrier capture times predominantly within the range of 100-125 ps. These effective
capture times reflect a combination of carrier transport and carrier capture effects [20]. Notably,
the extracted effective carrier capture times are slightly higher than the typical range of 20-100
ps reported for quantum well lasers [18]. This deviation is likely due to the sparse placement of
the metal plugs in the device’s contacting scheme, which results in significant carrier transport
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times. These prolonged transport times contribute to the overall effective carrier capture time in
the quantum wells, ultimately affecting the dynamic properties of the lasers.

4. Relative intensity noise measurements

For the relative intensity noise (RIN) measurement of the nano-ridge lasers, we employed
the subtraction method due to the lack of instrumentation capable of directly measuring RIN
around the emission wavelength of 1030 nm. In the experiment, the laser emission is again
collected using a single-mode lensed fiber, which is connected to a 1.6 GHz photodetector with a
transimpedance gain of 16 x 10° V/A. The DC photocurrent is monitored via the integrated
monitor outputs of the photodetector. The receiver’s output is then passed through a DC blocker
(SHF DCB-65B) to block any DC components, with the AC output routed to a 44 GHz electrical
spectrum analyzer (ESA) for analysis.

To implement the subtraction method, we conduct two experiments with the laser source on
and off. When the laser is on, the measured signal Ny includes noise contributions from the
laser itself, as well as shot noise from the photodetector Ngp,; and thermal noise Nogr from the
optical receiver and the ESA. When the laser is off, the detected signal corresponds solely to the
thermal noise of the system, which is independent of the laser power level. The laser RIN is now
given by [21]:

Nozv(é )(]—c)l\gf}ﬁ(/‘ ) _ Nijor
Peiec

RIN(f) = (€]
where G(f) is the amplification power gain, Af is the resolution bandwidth of the ESA, Ny, =
2ql4.R; is the photodetector shot noise power density, /;. being the photocurrent and Ry, the load
resistance ( 50 Q). P = chRL is the average electrical power of the photodetector.

Once the RIN is obtained via the subtraction method, the resulting spectra are fitted to curves
based on a model derived from the rate equations incorporating Langevin noise sources [18,19].

RIN(f) s+ f? 2h
Af = 167T(AV)ST (@mxTa) + _V (5)

4= P

where 7 is the differential carrier lifetime, (Av)sy is the modified Schawlow—Townes linewidth,
v is the optical frequency, 4 is the Planck constant and % is the standard quantum noise limit at
a laser output power of P.

Figure 4(a) shows the evaluated RIN of the same device characterized in the previous sections
(device 3 in Table 1) for current injection levels above the threshold, ranging from 7.5 mA to 9
mA in 0.25 mA increments. The figure also includes curve fits based on Eq. (5), which provide
key laser parameters: f;, v, (Av)sy and y 7, at various injection levels. Figure 4(b) plots the
resonance frequencies f, against (1 — ', yielding a D-factor of 1.056 GHz/mA /2. Figure 4(c)
illustrates the damping factor versus f2, resulting in a K-factor of 0.648 ns. Figure 4(d) presents
the extracted modified Schawlow-Townes linewidths, while Fig. 4(e) shows the differential carrier
lifetimes at various bias levels above the threshold, assuming a transport factor of y ~ 2, derived
from reflection coefficient (S11) measurements, which will be discussed in the next section.
Finally, Fig. 4(f) shows a comparison of the D and K factors evaluated from S21 and RIN
measurements for the devices listed in Table 1. The plot demonstrates a strong agreement and
consistency in the extracted D and K values, with the exception of a few K values that deviate.
This observation is supported by a root mean square error (RMSE) of 0.036 for the D values and
0.132 for the K values. The few deviations in the K values are likely due to inaccuracies in the
curve fitting process.

Using Eqgs. (2) and (3), the differential gain and the gain compression factors for the devices
listed in Table 1 can be determined. This evaluation requires reasonably accurate estimates of key




Research Article Vol. 33, No. 13/30 Jun 2025/ Optics Express 27935

Optics EXPRESS

(@ -100 b
/’ , "/,\»\\ ®) D = 1.056 GHz/mA "2
" - 15
-105 / / }mA A/Q/.b. ]
S VA AV AV
T -110 1agmn, w2sph = [ 125
=) #5mAs” 0 7B5As S 5
Z 115 |- 7, s 7 S AmA = 1
Z. 7, 7 7 8A5nTA [
= - Y e
&2\ %
P 0.75 %  Measured
125 [ e ;’Feafj“red Fitted
e ‘ 1tte 05
-130 05 07 09 1.1 13 15
0 0.5 1 1.5 2
Frequency (GHz) \/(I-Ith)(mA )
c F T T Y d)
© 32 K = 0.648 ns ol ®
3t
S
~ 28 = hd
N 8 [ J
3 =
O 26 =
Taal s 6 .
) °
22+ %  Measured
Fitted 4 o o
2k
0.5 1 15 2 ' : : : ' : '
) > 75 775 8 825 85 875 9
f (GHz") Current (mA)
®) Q’“l.3
<12 @® From RIN
gL
S ® |e®FromS21
=R . .
(&) 034 1% e ° 8
o
032} ® £09 ¢ °
0.3 ® .
- 09
£ 028 Zos e e o ¢
- L4 :07 [ hd
0.26 . 2 06 8§ ° o ® ]
° S0 e o $ ®
0.24 ° w 0.50
° 0.4
0.22
75 775 8 825 85 875 9 1 2 3 4 5 6 7 8 9
Current (mA) Device No.

Fig. 4. (a) RIN curves at bias currents above threshold, with corresponding curve fits. (b)
Extracted resonance frequencies as a function of the square root of the bias current minus the
threshold current. (c) Extracted damping factors versus fr2. (d) Modified Schawlow Townes
linewidths at bias points above the threshold. (e) Extracted differential carrier lifetimes at
different bias levels above the threshold. (f) Comparison of D and K factors extracted from
S21 and RIN measurements for devices listed in Table 1.

parameters, including the injection efficiency, the active region volume, the optical confinement
factor, the group velocity and the photon lifetime.

The injection efficiencies for different contact pitch devices were evaluated using the technology
computer-aided design (TCAD) Poisson solver in Synopsys Sentaurus software [22], with the
results presented in Fig. 5(a). The QW active region volumes were determined by analyzing
transmission electron microscopy (TEM) images of transverse cross-sections of nano-ridge lasers
with 80 nm and 100 nm trench widths. These dimensions were also used to calculate the optical
confinement factors and group velocities for the fundamental quasi-TE (transverse electric) mode
of the waveguide cross-sections, employing the Lumerical MODE solver [23]. The optical
confinement factors are depicted in Fig. 5(b). Finally, the differential gain values were calculated
using Eq. (2) and are presented in Fig. 5(c). These values are in the range of 4.3 to 7 x 1071% cm?.
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In the calculation of the differential gain, we have again considered a transport factor of y ~ 2
which is found from the reflection coefficient (S11) measurements discussed in the next section.

The gain compression factors can also be determined using Eq. (3), provided the photon
lifetimes are known. Calculating the photon lifetime involves accounting for total cavity losses,
which originate from various sources, including metal contact absorption losses, mirror losses,
scattering and leakage to the substrate losses, and free-carrier absorption losses in the doped
regions.

The absorption loss in the metal contacts depends on the mode-beating pair involved in the laser
operation, as discussed in Section 2, and is subject to fabrication variations. To accommodate
these variations, an error margin is introduced, with metal contact absorption losses estimated in
the range of 10 - 20 cm™! [16,17]. The laser cavity is formed by two facets: one is a cleaved
facet, while the other is created by dry etching with an angle of 12° as mentioned in Section 2.
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Fig. 5. (a) Injection efficiency vs. current density for different contact pitch devices
evaluated using the TCAD Poisson solver. (b) Confinement factors for 80 nm and 100 nm
trench width nano-ridges evaluated by Lumerical FDE MODE from TEM cross-sections of
samples. (c) Evaluated differential gain and gain compression factor values for the devices
listed in Table 1 at threshold.
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Mirror losses are evaluated using the reflectivities of the cleaved and etched facets, calculated
through Lumerical FDTD simulations based on dimensions obtained from TEM cross-sections.

Scattering and substrate leakage losses were derived from loss measurements of undoped
nano-ridge waveguides, as reported in [17]. Free-carrier absorption losses in doped regions
were computed using the FDE MODE solver by incorporating the imaginary components of the
refractive indices of the doped materials, also detailed in [17]. Table 1 summarizes the evaluated
losses, including losses from doped regions (), scattering and substrate leakage losses (a; ),
and mirror losses (a;;).

Using these total cavity losses, the photon lifetimes are calculated while accounting for the
error margin associated with metal contact absorption losses. Based on these photon lifetimes,
the gain compression factors are determined using Eq. (3) and are presented in Fig. 5(c). It can
be seen that the gain compression factors lie between 1.8 and 4.4 x 10~!7 cm? and tend to be
higher for the longer cavity devices in Table 1 (devices 5 to 9). One of the factors contributing to
gain saturation is spatial hole burning, induced by a standing wave pattern that creates a refractive
index grating along the cavity [24]. The increase in the gain compression for the longer devices
(devices 5 to 9) may be attributed to enhanced spatial hole burning, as longer cavities support
more standing wave nodes and antinodes. Notably, previous studies have also reported a rise in
the gain compression factor with increasing cavity length for Ing ,Gag g As/GaAs quantum well
lasers [25].

5. Extraction of recombination coefficients

For the extraction of the recombination coefficients of the nano-ridge lasers, a fully calibrated
subthreshold reflection coefficient (S11) measurement was performed using a network analyzer
to evaluate the input impedance. Taking the extracted effective carrier capture time from the
modulation response, the differential carrier lifetime and the carrier escape time for quantum
well lasers can be extracted from the real part of the input impedance by using [20]:

Ry (l +ja)—T‘[T" )

Tq+Te

Z(w) =Ry + — 6)

Te

(1 +jwty)(1 + jwTy) + jw

where Z is the input impedance, R; is frequency and bias independent series resistance and R, is
frequency and bias dependent resistance associated with the differential laser impedance. The
other parameters are defined in the previous sections. R; is extracted to be 5.1 Q from an S11
measurement performed on the device discussed in the previous sections (device 3 in Table 1) up
to 10 GHz, as shown in Fig. 6(a). By taking the extracted effective carrier capture of 115 ps from
the small signal modulation response measurements in Section 3, S11 measurements were then
performed for the same device, allowing the extraction of R;, 7; and 7, at subthreshold current
levels up to 3.5 mA. Figure 6(b) illustrates the extraction of these parameters at a bias current of
2 mA.

After determining the differential carrier lifetimes at various bias points, the carrier density
can be calculated by [26]:

1
ni f, Ta(h)dl
qV

where N is the carrier density and / is the bias current.
With a subthreshold injection efficiency of 80%, obtained from electrical simulations (Fig. 5(a)),
and the active region volume determined from TEM cross-sections of the samples, the carrier

density was calculated for each bias current, as shown in Fig. 6(c). The recombination coefficients
were subsequently extracted by analyzing the differential carrier lifetime as a function of the

N(I) = @)
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Fig. 6. (a) Extraction of R from an S11 measurement up to 10 GHz (b) Extraction of Ry, 7,
and 74 at / = 2 mA (c) Calculated carrier density at each bias point. (d) Extraction of A, B
and C coeflicients (e) Extracted A,B and C coefficients versus the trench width. (f) Extracted
carrier escape times versus the bias points for the different trench width nano-ridge lasers.

carrier density, using the standard recombination formula [26].

1

B — 8
A+ 2BN + 3CN? ®)

74(N) =
where A, B and C are recombination coefficients associated with defects, radiative recombination
and Auger recombination respectively. Figure 6(d) illustrates the extraction of the recombination
coefficients by employing Eq. (8). A summary of all extracted parameters for this device is
presented in Table 2.

To assess the impact of the trench width on the recombination coefficients, three groups of
devices with trench widths of 60 nm, 80 nm, and 100 nm were characterized, each comprising
three devices. To minimize fabrication-related variations, the electrical characterizations were
performed on adjacent devices within the same die on which device 3 in Table 1 is located.



Research Article Vol. 33, No. 13/30 Jun 2025/ Optics Express 27939 |
Optics EXPRESS A N \

Table 2. List of extracted parameters for device 3 in Table 1

T Te g & A B C
(ps)  (ps) (107'%em?) (1077 cem?) (108 /s) (1070 cm3/s) (10728 cm®/s)
115 125 4.66 2.57 2.08 9.95 6.18

Among the nine characterized devices, one with 80 nm trench width and all those with 100 nm
wide trenches function as lasers, while the rest operate as light-emitting diodes.

Figure 6(e) illustrates the dependence of the A, B, and C coefficients on the trench width.
Notably, the A coeflicient appears to increase with trench width, possibly due to the presence
of confined threading dislocation defects being trapped closer to the trench opening (or the
nano-ridge volume) as the trenches widen or worse InGaP surface passivation at the lower {111}
facets. Additionally, nano-ridges with 100 nm trenches exhibit lower C and higher B values.
This may be attributed to device heating from hot spots near the sparse metal plugs, which likely
decreases as the device volume increases.

For the Ing,GapgAs/GaAs material system, the A coefficient is generally expected to be
negligible while reported values for B and C vary [18,27]. When we compare the extracted
coefficients with the reported values in [27], the B values for the 60 nm and 80 nm trenches are
generally in good agreement except for one device, which is about twice as high, but for the 100
nm trenches, our values are up to four times larger. On the other hand, our extracted C coefficients
are typically one to two orders of magnitude higher. It is worth noting that these references use
the standard approach of extracting recombination coefficients based on a single-carrier-level rate
equation model originally developed for bulk active region lasers. However, as shown in [28], this
bulk analysis may not be valid for quantum well lasers due to the influence of carrier populations
in the barrier and separate confinement heterostructure (SCH) regions. By accounting for carrier
transport effects, [28] demonstrates that the corrected recombination coefficients can differ
significantly—yielding B values approximately twice as high, and C values around 100 times
larger than those obtained using the bulk model. This may offer a reasonable explanation for the
higher B and C values we have observed in our nano-ridge lasers. In evaluating the recombination
coefficients, it is also important to note that the thickness of the three quantum wells was used as
the effective active region thickness.

At a threshold carrier density of approximately 2 x 10'® cm™3, defect-related recombination
accounts for less than 5% of the total threshold current in the nano-ridge lasers with trench widths
of 60 nm and 80 nm, and remains below 10% for 100 nm trench widths. This result underscores
the effectiveness of aspect ratio trapping and nano-ridge engineering in mitigating defect-related
losses. Consequently, these techniques enable the integration of high-quality III-V nano-ridge
structures on silicon substrates, offering a promising pathway for advancing monolithic IT1I-V on
silicon photonic devices.

The extracted carrier escape times are shown in Fig. 6(f). With the exception of one outlier,
the measured values range from 110 — 130 ps, yielding a 7,/7, ratio close to unity. This aligns
with the findings reported in [29] for Ing25Gag75As/GaAs quantum well lasers and directly
impacts the differential gain discussed in the previous section. A 7,/7, ratio near unity reduces
the differential gain by a factor of two compared to the bulk counterparts, which may explain the
lower D-factor and the higher K-factor values observed in Fig. 4(f). In [19], it was shown that for
Ing2Gag g As/GaAs quantum well lasers, the K-factor increased from 0.24 ns to 0.6 ns simply
by increasing the carrier transport time through a wider SCH layer. Increasing the resonance
frequency and reducing the K-factor to enhance the modulation bandwidth and improve the
damping-limited maximum bandwidth require shorter effective carrier capture times. Therefore,
transitioning to a continuous contact scheme with smaller 7, values could enable faster laser
performance.
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6. Conclusion

In this study, the static and dynamic characteristics of monolithic nano-ridge lasers were analyzed,
revealing several critical insights into their behavior.

Effective carrier capture times extracted from S21 measurements were predominantly between
100 to 125 ps, exceeding typical quantum well laser values. This increase is attributed to the
sparse placement of metal plugs in the contacting scheme, which leads to longer carrier transport
times. This underscores the critical impact of contacting configurations on carrier transport
dynamics and overall device performance.

Relative intensity noise (RIN) measurements yielded D-factors of approximately 1 GHz/mA/?
and K-factors ranging from 0.5 to 0.8 ns, consistent with values derived from S21 measurements.
Using these results, differential gain values in the range of 4.3 to 7 x 107!® ¢cm? and gain
compression factor values in the range of 1.8 to 4.4 x 1077 cm® were evaluated.

Finally, recombination coefficients were extracted for nano-ridge lasers with trench widths
of 60 nm, 80 nm and 100 nm, revealing the effect of device geometry on the device behavior.
Wider (100 nm) trench nano-ridges showed higher A coefficients, likely due to trapped threading
dislocations near the trench opening (or the nano-ridge volume) or degrading surface passivation.
Additionally, devices with wider trenches (100 nm) exhibited lower C coefficients and higher B
coefficients, potentially due to reduced heating effects as the device volume increased. More
importantly, it was demonstrated that defect-related recombination accounted for less than 5%
of the total threshold current in nano-ridge lasers with trench widths of 60 nm and 80 nm, and
less than 10% for those with 100 nm trenches. These findings emphasize the effectiveness of
aspect ratio trapping and nano-ridge engineering in suppressing defects, enabling the integration
of high-quality III-V nano-ridge structures on silicon substrates and advancing the development
of monolithic III-V on silicon photonic devices.

Compared to the values reported in [27], our extracted B coefficients for the 60 nm and 80 nm
trenches are largely consistent , while those for the 100 nm trenches are up to four times higher.
Our C coeflicients are typically one to two orders of magnitude larger. This discrepancy may
stem from the limitations of bulk-based models used in prior studies, which, as shown in [28],
underestimate extracted recombination coefficients in quantum well structures by neglecting the
influence of carrier populations in the barrier and SCH regions.

The extracted carrier escape times are mostly within the range of 110 — 130 ps, yielding a 7,/7,
ratio close to unity. This has reduced the differential gain by a factor of two compared to the bulk
counterparts, lowering the modulation bandwidth and increasing the K-factor. Thus, adopting a
continuous contact scheme with smaller 7, values could enhance the laser performance.
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