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Abstract: A detailed experimental analysis of the impact of device topology on the performance
of 1550 nm VCSELSs with an active region based on thin InGaAs/InAlGaAs quantum wells and a
composite InAlGaAs buried tunnel junction is presented. The high-speed performance of the lasers
with L-type device topology (with the largest double-mesa sizes) is mainly limited by electrical
parasitics showing noticeable damping of the relaxation oscillations. For the S-type device topology
(with the smallest double-mesa sizes), the decrease in the parasitic capacitance of the reverse-biased
pn-junction region outside the buried tunnel junction region allowed to raise the parasitic cutoff
frequency up to 13-14 GHz. The key mechanism limiting the high-speed performance of such devices
is thus the damping of the relaxation oscillations. VCSELs with S-type device topology demonstrate
more than 13 GHz modulation bandwidth and up to 37 Gbps nonreturn-to-zero data transmission
under back-to-back conditions at 20 °C.

Keywords: vertical-cavity surface-emitting lasers (VCSELs); wafer fusion; optical modulation; long
wavelength; short cavity; 1550 nm; MBE

1. Introduction

Near-infrared vertical-cavity surface-emitting lasers (VCSELs) are standard sources
for short- to medium-range interconnects, starting from single-mode (SM) board-to-board
(0.3-1 m distance) to multi-mode intra-datacenter ones (1-500 m) [1]. For distances above
500 m and a bit error rate (BER) of 1012, the power penalty due to modal and chromatic
dispersion and mode partition noise, being typical for multi-mode VCSELs [2], becomes
prohibitive [3]. Hyper datacenters are typical examples for using SM fibers for short dis-
tances to be supported by Wavelength Division Multiplexing (WDM) [4]. Long-wavelength
(LW or short-wavelength infrared, SWIR) VCSELSs allow to appreciably increase the dis-
tance covered by SM fibers [4] in the next generation of datacenters [5]. C-band VCSELs
have the potential for 50 Gbps non-return-to-zero (NRZ) operation and show low latency.
The power consumption of both NRZ and four-level Pulse Amplitude Modulation (PAM4)
is lower as compared to that of DFB-lasers operating at the same wavelength [5]. C-band
VCSELs can support 200 GbE operation [4]. In addition, LW VCSELs are very attractive for
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Spatial Division Multiplexing (SDM) based on multicore fibers (MCF) or few-mode fibers
(FMF) [6-8].

The development of LW VCSELs is challenging due to critical limitations inherent to
InAlGaAsP/InP and InAlGaAs/GaAs material systems. The main problems of monolithic
(grown in a single epitaxial process) GaAs-based VCSELs are the lack of active regions,
providing efficient radiative recombination in the targeted spectral range while maintaining
a pseudomorphic growth mode, and an abrupt increase in free-carrier absorption as the
wavelength increases. At the same time, the small refractive index contrast and low thermal
conductivity of ternary and quaternary solid alloys lattice-matched to InP used in the
distributed Bragg reflectors (DBRs) as well as the ineffective current confinement (air-
gap aperture) are key problems of monolithic InP-based LW VCSELs. This high thermal
resistance impairs the heat removal from the active region and leads to a rapid increase
in the laser internal temperature. As a result, the poor temperature stability of monolithic
1550 nm InP-based VCSELs limits not only the maximum output power (about 1.6 mW at
20 °C) but also the high-speed performance (about 4 GHz) as well [9].

Today, the creation of high-speed 1550 nm VCSELs is related to two major tech-
nologies. The first one is based on InP-based active regions along with specific hybrid
(metal-dielectric) DBRs, e.g., developed by the TUM/ Vertilas team [10]. The second one is
wafer-fused VCSELs. By this technology, pioneered by the ETH team, AlGaAs/GaAs-based
DBRs with InP-based active regions are fused. The second approach allows realizing reli-
able LW VCSELs, satisfying the GR-468-CORE Telcordia qualification test [11]. In addition,
high-contrast gratings (HCG) and micro-electro-mechanical system (MEMS) technologies
to create 1550 nm VCSELSs were developed [12-15].

Using the first technology, by replacing only one semiconductor InP-based DBR by a
dielectric mirror integrated with a Au-heatsink, a —3 dB modulation bandwidth as large as
12 GHz at 25 °C and 10 GHz at 85 °C [16] was achieved. Open eyes of 25 Gbps at 20 °C and
error-free data transmission up to 85 °C at 12.5 Gbps using NRZ signal modulation were
demonstrated [17]. This type of VCSEL [18] presents an interesting alternative for creating
large monolithic VCSELs arrays with high power (in the watt regime). In fact, recently,
Vertilas announced SWIR VCSEL arrays (800 emitters) that emit 8 W of quasi-continuous
power [19,20] suitable for eye-safe 3D sensing applications, such as face recognition in
mobile phones or illumination.

Using short-cavity concepts (vertical microcavity design with two dielectric mirrors)
made it possible to increase the modulation frequency of a 5 pm device to 17 GHz with a
maximum output power of 3.5 mW [21]. Minimizing the volume of the mode to increase
the D-factor (by reducing the optical cavity length and BT]J size) and reducing the parasitic
capacitance of the reverse-biased p-n junction to increase the parasitic frequency cutoff
(by applying the double-mesa structure and reducing the size of the mesa-containing BT])
made it possible to demonstrate a 23 GHz [4,22-27] small-signal modulation bandwidth
and 50 Gbps data transmission speed in a back-to-back (BTB) configuration without equal-
ization or forward error correction [24]. The maximum SM output power (with a side mode
suppression ratio of 4045 dB) is about 1.6-3.0 mW for VCSELs with 3—4 BT]s [24,26-28].
The minimum DC power consumption is below 10 mW [24,29] due to the low differential
resistance (~60 Ohm) and ultra-low threshold current (~1 mA for 4 um buried tunnel junc-
tion devices). The 40 Gbps monolithic Coarse Wavelength Division Multiplexing (CWDM)
C-band VCSEL arrays enable multicore, multi-level WDM for terabit board-to-board and
rack-to-rack parallel optics (terabit-capacity active optical cable) [30]. To date, the total
data throughput of 700 Gbps across a 7-core fiber is demonstrated for 20 GHz modulation
bandwidth short-cavity VCSELs [31]. It should also be noted that a record SM output
power of up to 8 mW has been demonstrated for larger (7 pm) BT] diameters by insertion
of mode-selective mirror losses and inhibition of spatial hole burning [32]. However, this
approach is associated with strong deterioration of the modulation bandwidth due to the
increase in the mode volume.
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Wafer-fused VCSELs demonstrate large single-mode output power (>6 mW at 20 °C) [33-35].
The modest high-speed performance of 1550 nm range WF VCSELs [34-36] is noticeably
inferior to short-cavity VCSELs fabricated by the TUM/ Vertilas team. It is related to the long
cavity (~3A) as well as the device topology inherent to short-cavity VCSELs with minimized
mode volume. The change from a semiconductor DBR design to a dielectric/metal mirror
allows the TUM/ Vertilas team to reduce the active volume by a factor of 5 [21,37]. The
differential gain is increased by enhancing the strain-induced mismatch.

In this paper, we provide a study of continuous-wave (CW) and dynamic charac-
teristics of 1550 nm SM VCSELs, fabricated by wafer fusion of molecular-beam epitaxy
(MBE)-grown structures. The same static and modulation performances as compared to
previous records for WF metalorganic vapor-phase epitaxy (MOVPE)-grown VCSELSs are
demonstrated for large-type device topology. Optimization of device topology as well as
structure design allows us to reach modulation bandwidths of 13 GHz and 37 Gbps data
transmission rate (in BTB configuration for NRZ modulation) at room temperature.

2. VCSEL Structure and Fabrication

Undoped DBRs consisting of 22.5 and 35.5 pairs of Aly9Gag1As/GaAs layers are
used to confine an InAlGaAs/InP optical cavity with the length of 2.5A. The optical cavity
and DBR structures were grown by MBE on a Riber 49 mass production 4-inch system
at Connector Optics LLC. We excluded using an n-InGaAsP layer due to possible prob-
lems with the reliable formation of ohmic contacts and the resulting additional potential
barriers for carriers, which might lead to higher operating voltages and an increased
temperature dependence of the current—voltage characteristics [38]. The longitudinal dis-
tribution of electromagnetic field intensity as well as the schematic cross-section of the
microcavity region are presented in Figure 1. We used 10 of the 2.4 nm thick compressively
strained Ing 74Gag 26 As QWs grown with 1.44% lattice mismatch, ¢, separated by 7 nm thick
Ing 53Alp.16Gag 31 As barrier layers lattice-matched (e = 0.02%) to InP as the active region. It
should be noted that for the MOVPE-grown 1550 nm WF VCSEL, tensile-strained barriers
(e = —0.8%) were previously used together with compressively strained thick InAlGaAs
QWs (e = 1.0%) [34] to compensate the total stress of the active region. The optical cavity
and DBR thicknesses were chosen such that the cavity resonance was shifted to a longer
wavelength by ~20-30 nm relative to the active region gain peak (so-called gain-to-cavity
detuning, GCD). Previously, it was shown that small GCD allows one to increase the
D-factor by better matching the differential gain peak in respect to the gain peak [28].
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Figure 1. The 1550 nm InGaAs QW-based WF VCSEL: longitudinal distribution of electromagnetic
field intensity of the fundamental mode and refractive index (left panel) and zoom of the refractive
index and doping profile of the optical cavity (right panel). The schematic cross-section of the
microcavity region shows the distributed Bragg reflector, intracavity contact layer, active region,
tunnel junction. The n-InGaAs layer close to the QWs is used to obtain an ohmic contact to the lower
n-doped IC layer, to reduce free-carrier absorption and to control the etching process to stop at high
doping level (selective wet etching). Dependence of the effective refractive index contrast Aneg on
the etching depth ALty of the composite TJ. Figure 1 is adapted, with permission, from Ref. [39].
2023, IEEE.
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Buried tunnel junctions (BTJs) are used for transverse current/optical confinement.
Usually, both for MOVPE- and MBE-grown 1550 nm VCSELs, n*/p* AlGalnAs TJs are
used to minimize internal optical losses [34,35]. For the MBE regrowth of TJs, a problem
related to the oxidation of InAlGaAs surfaces during T] mesa etching occurs. In gen-
eral, hydrogen cleaning procedures [40,41] can resolve this problem if an RF plasma
source is installed into an MBE system providing atomic hydrogen. Here, we used
our original composite (multi-component) In(Al)GaAs TJ] (n**/p**/p*™ 37 nm thick
Ing 53Gag 47As/Ing 53Gag 47As /Ing 53Alp 16Gag 31 As) aimed to eliminate the hydrogen clean-
ing process during the MBE regrowth of TJs. The success of n*GalnAs/p* AlGalnAs TJs for
1550 nm VCSELs was previously attributed to the Burstein-Moss effect in n*-InGaAs [31].
Using photolithography and wet etching of a surface relief the composite TJ is formed,
which is a set of circular mesas with a well-controlled diameter and etching depth ALfy.
The surface relief of the T] layer was overgrown by MBE with a top n-type IC layer with a
modulated doping profile. The surface relief parameters provide a compromise between
the small mode volume required to increase the VCSEL high-speed performance and a large
single-mode output power. In contrast to MOVPE growth [42], there is no planarization of
the surface relief of the T] during the MBE overgrowth process; thus, the height difference
of the overgrown surface persists ALsg and coincides with the initial etching depths of the
TJ layers ALty. Calculations within the effective refractive index model [43], presented in
Figure 2, indicate that even at relatively small etching depths ALty of the composite TJ, a
stronger lateral waveguide effect (effective refractive index contrast An.g) is realized than
for the case of near-IR oxide-confined (In)AlGaAs/GaAs VCSELs [44]. This fact significantly
limits the size of the BT] mesa, at which stable SM lasing can be realized for LW VCSELs.
However, an atomic force microscopy (AFM) analysis (cf. Figure 2) shows an increase in the
lateral sizes of the surface relief (about 1.5-2.0 times), accompanied by a lateral smoothing
of the interface with the height difference after the T] regrowth. As a result, an efficient
waveguide with a gradient refractive index profile is formed, which makes it possible to
significantly reduce the optical confinement factor (I'-factor) for high-order modes. This
reduction contributes to SM lasing at larger BT] sizes due to an increase in the difference in
the modal gain between the fundamental mode and high-order modes [45]. However, for
small diameters of the BT], it is also necessary to consider the drop in the I'-factor for the
fundamental mode, which is accompanied by an increase in the level of optical losses in
the non-pumped peripheral part of the active region. As a compromise, we formed circular
mesas with a diameter of 6 um and an etching depth of ~20 nm. The choice of the doping
level of the n-InP overgrowth layer is associated with the search for a compromise between
low electrical resistance to reduce the effect of self-heating, an increase in the VCSEL energy
efficiency, and a low parasitic capacitance Cp, of the reverse-biased p*n-junction region
outside the BT] mesa to improve the parasitic cutoff frequency and thus laser dynamics.
The series resistance Rs describing the longitudinal current flow through the BT] region is
predominantly determined by the highly resistive p-InAlAs emitter. At the same time, the
spreading resistance Rsp, which considers the lateral current flow through IC-layers, de-
pends on the electrical resistance of the n-InP layers. The capacitance Cp, is the space-charge
capacitance arising between the p**-InGaAs and the heavily doped n-InP contact layer and
depends on the donor concentration of the overgrown InP and the bias voltage [46]. For an
average doping level of 1 x 10'® cm 3 of the n-InP overgrown layer (excluding the area
for a highly doped contact layer), the spreading resistance Rsp is about 30 Ohm, and the
operating voltage does not exceed 2.5 V. However, the huge capacitance Cp, (up to 1.5 pF)
limits the parasitic cutoff frequency to several GHz. Reducing the n-InP layer doping down to
1 x 107 em =3 of the overgrowth contributes to an expansion of the space-charge region and
consequently reduces the capacitance Cp, [17]. This allows a significant boost of the modulation
bandwidth for the short-cavity VCSEL design [24]. However, WF VCSELSs are characterized by
a more extended device topology, which, together with the need for precision etching, leads to a
dramatic increase in spreading resistance Rsp. As a compromise, we reduced the doping level
of the n-InP overgrown layer to 5 x 10" em~2 and exploited a different device topology.
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Figure 2. The 1550 nm InGaAs QW-based WF VCSEL: Dependence of the effective refractive index
contrast Aneg on the etching depth ALty of the composite TJ (left panel); an atomic force microscopy
image of the overgrown surface and schematic cross-section of the WF VCSEL heterostructure in the

microcavity region (right panel).

The number of InGaAs QWs was increased from 7 to 10 to increase the modal gain.
The total mechanical strain of the active region was increased by minimizing the barrier
thickness (from 12 nm to 7 nm) and no strain compensating barriers were used. Although
MBE allows one to reach a record pseudomorphic strain in QWs (up to 3.5% [47]), it
is supported by tensile-strained barriers [48]. As a result, partial stress compensation
in the active region is realized [49]. Such a large compressive strain in QWs is related
to an increase in the Al mole fraction [50] and nonradiative Shockley—Read-Hall (SRH)
recombination [51,52]. The latter authors decreased the QWs strain to 1.2-1.7% [28] and
aimed to decrease the Al mole fraction and changed to use weakly (¢ = —0.02%) tensile-
strained (Alg274Gag203Ing 503As) barriers. Here, we decreased the compressive strain in
relation to InAlGaAs QWs, and at the same time, we eliminated the SRH loss using
quaternary InAlGaAs QWs.

The serial resistance as well as the selectivity in the wet etching of the mesa were
increased by using the bottom n-InGaAs and top n-InP layers instead of the bottom n-
InGaAsP and top n-InGaAsP contact layers.

Finally, we implemented a composite BT] (n** /p™™ /p** Ing 53Gag 47As/Ing 53Gag ayAs/
Ing 53Al0.16Gag 31As TJ) as compared to the previous n**/p™™ Ing 53 Aly20Gag 27As TJ. The
doping level of the n-InP overgrown layer was reduced, aiming to increase the modulation
performance [48,53,54].

To summarize, the design of the WF VCSELSs presented here shows some fundamental
changes compared to previous MBE-grown 1550 nm WF VCSELs [35].

Scanning transmission electron microscopy (STEM) images of a WF VCSEL structure
and a transmission electron microscopy (TEM) image of the active region are presented
in Figure 3a. The TEM studies were carried out using a JEM-2100F transmission electron
microscope with an accelerating voltage of 200 keV. The samples in the cross-sectional
geometry were prepared using a standard method by cleaving the structure along (110)
planes, the “face to face” gluing of 2 pieces (by epoxy resin), and the subsequent grinding
of both (110) sides. At the final stage, the samples were thinned by Ar* ions at energies of
3—4 keV at an incidence angle of 7 degrees (by Nanomill 1050). These structural studies
were performed using equipment of the Joint Research Center “Materials science and
characterization in advanced technology” (registration No.: 3317) of the Ioffe Institute.
According to the TEM data, after double wafer fusion, no noticeable smearing of the
heterointerfaces of the strained quantum wells in the active region was observed. In
addition, no formation of dislocations and other extended defects, as well as air voids
associated with fused interfaces, were detected. One can find the details about the VCSELSs
fabrication process in previous publications [35,42]. Figure 3b shows a schematic view of
the device with the double-mesa structure.
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Figure 3. The 1550 nm InGaAs QW-based WF VCSEL: (a) STEM/TEM cross-sectional images;
(b) schematic cross-section of device. Figure 3b is adapted, with permission, from Ref. [39]. 2023, IEEE.

The 1st mesa was formed by dry etching (inductively coupled plasma, ICP) the top
DBR. The second one by two-step wet etching of the InAlGaAsP/InP cavity. Silicon
nitride was used for insulation and as a protection/phase-matching layer deposited on the
top DBR.

The ohmic contacts (Ti/Pt/Au) were formed by a standard lift-off process. A GSG
contact configuration was used. Two types of devices with unequal mesa sizes (marked as
L-type and S-type topologies) were fabricated and studied.

The sizes for L-type topology were similar to those used for our previous MBE-grown
1550 nm WF VCSEL design [35,39]: the diameter of the 1st mesa was chosen to be 20 um,
while the sizes of the 2nd mesa were chosen to be ~35 pm x 25 um. In the case of the S-type
topology, the mesa sizes were significantly smaller to provide less parasitic capacitance of
the VCSELs, and the capacitance C;, increases with the mesa size. The diameter of the 1st
mesa was 12 um. The sizes of the 2nd mesa were lowered to ~22 um x 17 um. As a result,
the parasitic capacitance Cp was decreased as compared to L-type topology. It should be
noted that it is very difficult to separate the reverse-biased junction capacitance C, from
the forward-biased junction capacitance Cj, because they are connected in parallel. Thus,
only the capacitance C,, which includes both components (Cj and Cp), was estimated.
Evaluating the capacitance C,, we reconstructed the equivalent circuit (solution of the
inverse problem from Sj; data) in the frequency range up to 20 GHz. As a result, the
substitution of L-type to S-type device topology revealed a drop in the Cy, value from 1 pF
to about 0.5 pE.

To summarize, the device topology as well as the structure design were modified
compared to previously MBE-grown 1550 nm WF VCSELSs [35] to improve the modulation
performance and to keep the large output power.

3. Results and Discussion
3.1. Static Characteristics

The CW light output power—current—voltage (LIV) characteristics were measured
using a low-voltage Keithley 2400-LV sourcemeter and a calibrated photodiode Thorlabs
SC122C. Figure 4a depicts the CW LIV characteristics for 1550 nm WF VCSELs with L-type
device topology measured at various heatsink temperatures. At 20 °C, the lasers show a
threshold current Iy, less than 2 mA, with a slope efficiency (SE) of more than 0.45 W/A
(equivalent to ~36%). The threshold voltage is 1.07 V. The maximum wall plug efficiency
(WPE) is ~20%. The thermal rollover current I, is ~19 mA, which limits the maximum
output power of ~4.8 mW. Increasing the BT] size allows to increase the saturation current
and the maximum output power, but at the same time the mode volume rises, which
deteriorates the VCSELs modulation performance. In addition, the BTJ size is affected
by the etching depth ALgr of the TJ: an increase in the ALgg value limits the maximal
BT] diameter for maintaining single-mode lasing. Thus, an increase in the BT]J size (up to
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7-8 pm) in combination with the planarization effect during MOVPE overgrowth (to reduce
the index guiding for higher-order transversal modes) made it possible to increase the SM
output power of WF VCSELs to more than 6 mW [33,35]. An additional increase in the ;o
value can be achieved by increasing the thermal conductivity of the device. This depends
not only on the size of the BT]J in our VSCELs but also the thermal conductivity of the
bottom DBR and the bottom IC layer. The thermal heat management and planarization in
the MOVPE overgrowth enabled the demonstration of 1550 nm range short-cavity VCSELs
with an output power of 6.7 mW at a BTJ size of 5.5 pm [55]. An increase in the bottom
AlGaAs/GaAs DBR thermal conductivity can be realized by increasing the Al content in the
bottom DBR. Influences of AlGaAs heterointerface roughness on the VCSEL performance
should be studied additionally. It should be noted that a further increase in output power
requires the use of special methods for the creation of mode-selective mirror losses in order
to provide SM emission for even larger BT] diameters [32]. However, an increase in the
BT] size leads to an abrupt increase in the mode volume and a decrease in the modulation
bandwidth.

The threshold current of L-type devices is comparable to that for MBE-grown wafer-
fused 1550 nm VCSELs based on thin InGaAs QWs and n*/p*-In(Al)GaAs BTJs with a
similar optical cavity design (Iy, = 1.4 mA, SE = 0.51 W/A for an 8 um BT]J diameter [35]),
indicating a relatively low level of excess optical losses caused by optical absorption in the
composite In(Al)GaAs BT]. Note that WF VCSELs based on thick InAlGaAs QWs and an
n*/p*-In(Al)GaAs BT] fabricated by fusing MOVPE-grown wafers are noticeably inferior
in terms of the threshold current for comparable mirror losses (I, =4.3 mA, SE=0.44 W/A
for 1490 nm WF VCSELSs with a 7 um BTJ diameter [34]; Iy, = 4.1 mA, SE = 0.52 W/A for
1560 nm WF VCSELs with a 7 um BTJ diameter; and Iy, = 4.7 mA, SE = 0.46 W/A for
1580 nm WF VCSELs with a 7 um BTJ diameter [33]).
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Figure 4. CW LIV characteristics of 1550 nm InGaAs QW-based WF VCSELs with 6 pm BT] diameter
measured in CW regime at 20-80 °C: (a) L-type device topology; (b) S-type device topology. The
right-hand side shows lasing spectra at 20 °C and at various drive currents. Figure 4b is reprinted,
with permission, from Ref. [39]. 2023, IEEE.
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It should be noted that short-cavity VCSELs with a single mesa and 3A-long cavity
(2.1 um effective cavity length) demonstrate the threshold current and voltage are about
1 mA and 1 V. The rollover current is about 14 mA, which limits the maximum output
power to ~3 mW for a 5 um BT] diameter [21]. The maximum WPE is about 20%. The
change to a double-mesa design allows one to increase the output power (to about 4.5 mW)
and WPE (to 28%) for the 5 um BTJ diameter [28,56] by optimization mesa capacitance,
thermal management, and output mirror losses (change from CaF, /ZnS to AlF3/ZnS pairs).
The Lo is ~17 mA.

Figure 4a, right, shows the lasing spectra at 20 °C. A Yokogawa AQ6370C-10 optical
spectrum analyzer was used to measure the VCSELs emission spectra. The side mode
suppression ratio (SMSR) exceeds 45 dB across the whole range of drive currents.

As the temperature rises to 70 °C, the maximum output power decreases to 2.1 mW,
the threshold current increases to 6 mA, and the WPE is 9%. The maximum temperature
where lasing occurred is 95 °C. Above 50 °C, an abrupt increase in the output power (so
called LI kinks) appears as the drive current increases close to the lasing threshold. This
effect is apparently associated with a saturable absorber effect in the unpumped parts of
the active region (depending on the TJ etching depth), which previously was observed for
1550 nm WF VCSELs based on thin InGaAs QWs and an In(Al)GaAs TJ [39] and studied
in detail for 1300 nm WF VCSELs based on an InAlGaAs superlattice and a composite
In(Al)GaAs TJ [57].

The CW LIV characteristics for 1550 nm WF VCSELs with S-type device topology mea-
sured at various heatsink temperatures are shown in Figure 4b. The differential efficiency
exceeds 0.27 W/A. The threshold current and voltage are 2.1 mA and 1.1 V. The largest
WPE is about 11%. This decrease in differential efficiency restricts the maximum output
power to 3.4 mW. The rollover current is 17 mA. The lower output power as compared to
the L-type device topology can be explained by an increase in thermal resistance caused
by the decrease in the second mesa size (increased self-heating). The reduction in the
differential efficiency might be caused by an increase in light scattering in the top DBR,
caused by the decrease in the first mesa size (excess in-plane optical losses). The lasing
spectra measured at 20 °C demonstrate again single-mode lasing with an SMSR better than
45 dB for drive currents of 4-16 mA (cf. Figure 4b, right panel).

At 70 °C, the threshold current increases to 3.9 mA. As a result, the maximum output
power and WPE values are limited to 1 mW and 6%, respectively. The maximum operating
temperature of these devices is about 95 °C, in contrast to the L-type device topology.

One can see some wiggles in the LI curves for both device types (cf. Figure 4, left
panel). Previously, a similar LI behavior was reported for 1300 nm WF VCSELs [58] as well
as for 1570 nm WF VCSELs [59], but the reasons for this behavior were not discussed. It
looks like mode hopping, but as was mentioned before, devices demonstrate an SM lasing
in the current range studied. Moreover, polarization switching was also not observed. We
suppose that this effect is related to the contribution of emission that has gone toward the
substrate and is back-reflected at the lower semiconductor-air interface (in the case of using
bilaterally polished GaAs substrates and/or after thinning the substrate), which is partially
returned to the microcavity. A change in the external temperature or internal temperature
(with increasing current) leads to a variation in the emission wavelength and the optical
length of the external cavity that appears between the lower DBR and the substrate—-air
interface and, as a consequence, to a change in the output power.

3.2. Small-Signal Modulation

To analyze the electrical reflection (S1; parameter) and small-signal modulation re-
sponse (51 parameter), a Rohde & Schwarz ZVA 40 network analyzer and a 25 GHz New
Focus 1434 photodetector were used. The VCSELs emission was coupled to a single-mode
fiber (SMF) and detected by a Newport 1414-50 photodetector with a 25 GHz bandwidth.
A 65 GHz Anritsu V255 bias tee and 40 GHz Picoprobe 40A-GSG-125-P RF probe were
used to modulate the VCSELs current. A three-pole transfer function characterizing the
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laser response to sinusoidal modulation of the drive current at a given frequency f: H(f) «
RE/(FR? — f2 + jy(F/2m0))(1 + j(f/ fp)), where fr is the relaxation resonance frequency, v is
the intrinsic damping factor, and f}, is the parasitic cutoff frequency, was used to extract the
key intrinsic parameters of the VCSEL.

To minimize the error in recovering the laser intrinsic parameters from the Sy; data,
the cutoff frequency was independently determined from the VCSEL equivalent electrical
circuit, and the parameters were extracted from the Sy; data. Carrier injection through
intracavity contacts forces to use an equivalent circuit with distributed parameters, which
in turn makes the inverse problem nontrivial (convergence to different local minima). A
slight increase in the number of lumped elements in the VCSEL equivalent circuit can
potentially improve the quality of the experimental data fit [17]. Figure 5 depicts the results
of the small-signal frequency analysis and the intrinsic modulation parameters determined
from the measured Sy (f) for lasers of L-type topology at 20 °C.

The —3 dB modulation bandwidth f_34p is 6 GHz at a drive current of 4.5 mA and
saturates at ~8 GHz (see Figure 5c). The modulation current efficiency, calculated by
MCEF = f_345/(I — I,)*?, is 3.6 GHz/mA®>. These results compare well with data for 1550 nm
WE VCSELs based on thick InAlGaAs QWs and an In(Al)GaAs TJ [34]. If one increases the
drive current above 6 mA, the fg value then exceeds the modulation bandwidth and yields
around 12 GHz. The D-factor, determined as D = fr /(I — I,)*%, is 3.2 GHz/(mA)">.
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Figure 5. The 1550 nm InGaAs QW-based WF VCSEL with 6 um BT] diameter and L-type device
topology: (a) measured (points) and fitted (solid lines) Sy; versus frequency dependencies for different
drive currents; (b) parasitic cutoff frequency as function of drive currents extracted from microwave
reflection S11; (¢) fr and modulation bandwidth as function of the square root of the drive current
above threshold; (d) damping versus fg? value. The temperature is fixed at 20 °C.
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Figure 5d shows the dependence of the intrinsic damping factor y on the square of
the relaxation resonance frequency fr2. Because the contribution of spontaneous emission
to the lasing mode beyond the laser threshold and the effects of self-heating and gain
saturation at large drive currents can be neglected at moderate photon densities, one
can characterize the y(fRz) dependences by linear fit: y = K fR2 + Yo, Wwhere g is the
damping offset. As a result, the K-factor is determined to be 0.46 ns, which exceeds the K
value for 1550 nm VCSELs based on thick InAlGaAs QWs and an InAlGaAs TJ [34] and
1550 nm WF VCSELs based on InGaAs QWs and an InAlGaAs TJ [36], showing similar
differential efficiencies. The extracted large damping can be related to a combination
of lower mirror loss and higher internal optical loss (to obtain comparable differential
efficiency) and/or to higher gain compression in the thin InGaAs QW-based active region
as compared to that for the thick InAlGaAs QW-based active region. The simulation of
511(f) shows that the main contribution to the parasitic cutoff frequency stems from the
parasitic capacitance of the reverse-biased p*-n junction region (outside the BTJ region).
As the forward voltage increases, the space-charge capacitance decreases, leading to an
increase in the parasitic cutoff frequency and saturation at ~5 GHz at voltages above 1.6 V
(see Figure 5b). In the case of the dominance of only electrical parasitics, the maximum
achievable modulation bandwidth is more than 18 GHz (according to the expression
f —3dB parasitics = (2 + v/3) fp), which significantly exceeds our experimental values of f _34g.
In the case of the dominance of thermal effects, the maximum achievable modulation
bandwidth depends on the maximum attainable relaxation resonance frequency at drive
currents near the thermal rollover, and should lie in the range 15-18 GHz (according
to the expression f_34p thermal = v/(1 + v/2) fr). In the case of the dominance of only
damping, the maximum achievable modulation bandwidth is determined by the K-factor,
and also exceeds 18 GHz (according to the expression f _34p damping = 21,/2/K). Thus, we
assume that the high-speed performance of the lasers in the L-type topology is limited by
a combination of the first and third mechanism, which leads to a strong decrease in the
resonance peak amplitude and overestimation of the intrinsic damping factor.

Lasers of S-type device topology are significantly different in their dynamic character-
istics (see Figure 6a,b). Although the dependence of the relaxation resonance frequency
fr on the square root of the drive current above the threshold shows a behavior similar
to the lasers of L-type topology, an increase in the MCEF-factor up to 4.5 GHz/mA?>
is observed (see Figure 6¢). The D-factor is still about 3.3 GHz/mA%°, which indicates
the same differential gain for both device topologies for a fixed BT] size. The K-factor is
estimated to be 0.45 ns (see Figure 6d). The estimated f 34 damping and f 348 thermal Values
are 20 GHz and 18 GHz, respectively.

Modeling the S11(f) dependence revealed a strong drop in the parasitic capacitance
of the reverse-biased p*n-junction region induced by a notable decrease in the second
mesa size. As a result, the rise in the f_34p parasitics Up to 13-15 GHz becomes possible
which coincides to results for double-mesa short-cavity VCSELs [28]. As a result, the
—3 dB modulation bandwidth f_34p reaches 13 GHz at drive currents larger than 12 mA
(see Figure 6¢). This value of the modulation bandwidth is a record for 1550 nm VCSELs
fabricated by the WF technology independent of the growth technique, type of active
region, and TJ [34-36]. Our modulation bandwidth differs from the record value of the
modulation bandwidth (22-23 GHz) for 1550 nm hybrid short-cavity VCSELs [4,22,23,27]
mainly due to a smaller mode volume, higher parasitic frequency, and/or larger differential
gain of the highly strained InAlGaAs QW-based active region in Refs. [4,23]. By carefully
optimizing the doping profile of the n-InP overgrowth layer, we managed to find a variant
of the intermediate device topology, leading to a parasitic frequency of more than 15 GHz,
in which the first mesa does not significantly affect the device static characteristics. It
should be noted that the mode volume minimization is associated with a decrease in the
output power, so it is necessary to find a balance between high-speed performance and SM
output power. A further increase in the modulation bandwidth seems to be associated with
an increase in the resonant frequency and a decrease in damping.
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Figure 6. The 1550 nm InGaAs QW-based WF VCSEL with 6 um BT] diameter and S-type device
topology: (a) measured (points) and fitted (solid lines) Sy; versus frequency dependencies for different
drive currents; (b) parasitic cutoff frequency as function of drive currents extracted from microwave
reflection S11; (¢) fr and modulation bandwidth as a function of the square root of the drive current
above threshold; (d) damping versus fR2 value. The temperature was fixed at 20 °C. Figure 6a,c are
reprinted, with permission, from Ref. [39]. 2023, IEEE.

3.3. Large-Signal Modulation

The modulation signal was generated by an SHF 12105A bit-pattern generator (BPG),
amplified by an 11 dB amplifier (SHF 827 B) followed by a tunable 3 dB attenuator. A
pseudorandom binary sequence with a word length of 27 —1 was chosen. The emission of
the VCSEL was coupled to the cleaved end of a 3 m SMFE. An isolator was used to suppress
the optical back reflections. A 33 GHz Tektronix DPO7OE1 optical probe (used for a VCSEL
with L-type device topology) and a 42 GHz Thorlabs RXM42AF optical probe (used for a
VCSEL with S-type device topology) were used to convert the optical signal to an electrical
signal. The electrical signal was measured by a Tektronix 59 GHz real-time oscilloscope
(DPO759025X).

Clear open eye diagrams (Figure 7, left panel) were obtained for the 1550 nm WF
VCSELs with L-type and S-type device topologies. The bit error ratio (BER) characteristics
for crosstalk (bathtub curves) are shown on the right-hand side of Figure 7 and can be used
to extract the jitter. By applying a 14 mA bias current and 300 mV modulation voltage, an
NRZ data rate of 25 Gbps for an L-type VCSEL under BTB condition at 20 °C was achieved
(left-hand side in Figure 7a). There is 0.3UI (12 ps) of eye opening and 70% total jitter
(28 ps) at BER = 10~!2 (right-hand side in Figure 7a). By applying a 16 mA bias current and
300 mV modulation voltage, an NRZ data rate of 37 Gbps for the S-type VCSEL under BTB
condition at 20 °C was observed (left-hand side in Figure 7b), which is the largest data rate
for 1550 nm WF VCSELs until now, to the best of our knowledge [34,35]. We observed a
0.25 UI (6.75 ps) of eye opening and 75% total jitter (20.3 ps) at BER = 10~12 (Figure 7b, right
panel). The maximum bit rates shown here are expected to increase, once some changes to
the measurement equipment have been made.
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Figure 7. (a) Eye diagram (left) and bit error ratio (right) bathtub curve for a data rate of 25 Gbps
for a 1550 nm InGaAs QW-based WF VCSEL with 6 um BTJ diameter and L-type device topology
across a 3 m SMF; (b) the eye diagram (left) and bit error ratio (right) bathtub curve for a data rate
of 37 Gbps for a 1550 nm InGaAs QW-based WF VCSEL with 6 um BT] diameter and S-type device
topology across a 3 m SME. The temperature of measurements was 20 °C. Figure 7b is reprinted, with
permission, from Ref. [39]. 2023, IEEE.

4. Conclusions

A detailed experimental analysis of the impact of device topology on the performance
of 1550 nm VCSELs with an active region based on thin InGaAs/InAlGaAs quantum wells
and a composite InAlGaAs BTJ] was performed. The VCSELSs structures were fabricated by
wafer fusion of InP-based optical cavity structures with two AlGaAs/GaAs DBRs grown by
MBE. Optimization of the composite InAlGaAs BT] allowed us to find a balance between
the mode volume and the single-mode output power. Moreover, doping adjustments of the
overgrown n-InP layers help to find a compromise between low electrical resistance and
high parasitic cutoff frequency. The high-speed performance of the lasers of L-type device
topology (with the largest mesa sizes) is mainly limited by electrical parasitics and shows a
noticeable damping of the relaxation oscillations. An analysis of S11(f) in the S-type device
topology (with the smallest mesa sizes) leads to the conclusion that the key mechanism
limiting our high-speed performance is the damping of the relaxation oscillations. The
record values of the modulation bandwidth (13 GHz) and data transmission (37 Gbps in
BTB configuration for NRZ direct modulation) are achieved at 20 °C for our 1550 nm WF
VCSELs. The high output power and dynamic performance demonstrate the potential
of our 1550 nm InGaAs QW-based WF VCSELs for large distance transmission systems
(i.e., beyond ~1 km), where a high bit rate SM emission is required. Such lasers provide the
basis for narrow WDM systems (with 5 nm channel spacing). Our monolithic VCSEL allows
to realize high-capacity and compact short-reach optical interconnects for datacenters and
arrays for 3D sensing and illumination applications. Another possible market of single-
mode LWIR VCSELs is gas sensing tunable diode laser spectroscopy (TDLS).
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