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Abstract

We present the simulation-guided design and experimental demonstration of high-speed
940 nm vertical-cavity surface-emitting lasers (VCSELs). Utilizing established device opti-
mization principles, a simulation study was conducted focusing on the number of oxide
layers and the aperture size, which predicted a maximum modulation bandwidth of over
35 GHz. To validate the simulation, a device with a 4-µm double-oxide aperture was
fabricated and characterized. Additionally, a Zn-diffusion process was incorporated during
fabrication to reduce p-DBR resistance and suppress higher-order transverse modes. The
fabricated device achieved an experimental modulation bandwidth of 34 GHz and demon-
strated successful 100 Gbit/s PAM-4 data transmission. The close agreement between the
simulated and measured performance highlights the successful practical integration of
these techniques for developing high-speed optical interconnects.

Keywords: vertical-cavity surface-emitting laser; 940 nm VCSEL; oxide-confined; high-
speed communication

1. Introduction
The demand for data transmission bandwidth is growing rapidly, driven by hyperscale

data centers, 5G/6G deployment, and data-intensive applications. Artificial intelligence
and machine learning workloads pose a particular challenge, requiring massive parallel
processing with low-latency, high-throughput interconnects [1,2]. As traditional copper
links fall short, energy-efficient optical interconnects become essential. This underscores
the need for advanced components like the vertical-cavity surface-emitting lasers (VCSELs)
studied here, capable of supporting high-speed communication and preventing bottlenecks
in next-generation computing and networks [3,4].

VCSELs have emerged as one of the most versatile semiconductor laser technolo-
gies due to their unique structural and performance advantages over conventional edge-
emitting lasers (EELs). Unlike EELs, which emit light from the cleaved chip edge, VCSELs
emit perpendicular to the wafer surface, enabling on-wafer testing, high fabrication yield,
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and straightforward integration into two-dimensional arrays [5]. In addition, VCSELs
typically exhibit low threshold currents, circular beam profiles, and excellent coupling
efficiency into optical fibers or free space. These characteristics have established VCSELs
as compact, energy-efficient, and cost-effective light sources for both data communication
and sensing applications [6–8]. Furthermore, enhancing the power conversion efficiency
of VCSELs remains a key area of ongoing research, aiming to further reduce the power
consumption of optical systems [9].

Among the available wavelengths, 940 nm VCSELs have gained particular importance
for applications such as 3D sensing, eye-tracking, biometric recognition, and automotive
LiDAR [10–13]. The 940 nm wavelength lies in the near-infrared region, where silicon-based
detectors provide high responsivity while minimizing interference from visible ambient
light [14]. This not only improves sensing accuracy in complex environments but also
ensures compatibility with CMOS technology, accelerating their adoption in consumer
electronics and automotive systems. When compared to the more mature 850 nm VCSELs,
which are widely deployed in short-reach optical interconnects [15–17], 940 nm devices
face unique material and design challenges. Specifically, achieving 940 nm emission
requires indium incorporation into the multiple quantum wells (MQWs), introducing
additional strain and growth complexity. Nevertheless, this adjustment enables precise
bandgap tuning and provides key advantages: higher indium composition enhances carrier
confinement and differential gain [18–21], which directly supports extended modulation
bandwidth and high-speed operation. Moreover, indium incorporation has been shown to
suppress the formation of dark-line defects (DLDs), one of the major reliability concerns in
III–V lasers, thereby significantly improving device stability and prolonging operational
lifetime [22,23]. Thus, while 940 nm VCSELs present greater epitaxial challenges compared
to 850 nm devices, they offer significant opportunities in next-generation applications
that demand both high-speed performance and long-term reliability. Indeed, advancing
VCSEL technology to meet the demands of future data networks remains a key research
focus, with recent efforts targeting both the enhancement of device characteristics and the
improvement of energy efficiency at high speeds [22,24,25].

While record-breaking bandwidths have been reported in the literature, the primary
goal of this work is not to claim a new performance benchmark. Instead, this study focuses
on the practical integration and experimental validation of established high-speed design
principles. Building on known scaling behaviors, we utilize simulations to guide the
selection of the oxide aperture size and the number of oxide layers, aiming to effectively
manage RC parasitics. Through this guided optimization, we demonstrate devices capable
of achieving a 3 dB small-signal modulation bandwidth exceeding 27 GHz across a wide
temperature range. To further bridge the gap between simulation and physical device
realization, a Zn-diffused region was strategically implemented during fabrication to
minimize p-DBR resistance and suppress transverse modes. Consequently, experimental
measurements confirm a bandwidth of 34 GHz and successful PAM-4 data transmission
at 100 Gb/s per lane. These results illustrate the effectiveness of combining established
structural optimizations with targeted fabrication techniques to deliver robust performance
for high-speed optical interconnects.

2. Device Structure Design
In this work, the 940 nm VCSEL is simulated using Crosslight PICS3D software to

analyze its structural design and performance. As shown in Figure 1, the epitaxial structure
is grown on a GaAs substrate and features a short cavity design with an optical length of
λ/2n, which is crucial for achieving high optical confinement and realizing high-speed
operation. This optical resonator is formed by top and bottom distributed Bragg reflectors

https://doi.org/10.3390/photonics13040353

https://doi.org/10.3390/photonics13040353


Photonics 2026, 13, 353 3 of 11

(DBRs). The bottom n-DBR consists of 34 pairs of n-doped Al0.08Ga0.92As/Al0.9Ga0.1As,
while the top p-DBR is composed of 17 pairs of the same materials with p-type doping.
With each layer’s thickness, d, following the quarter-wavelength design (d = λ/4n), the
DBRs provide the high reflectance required for optical feedback and laser oscillation,
which is fundamental to the device’s vertical emission and suitability for array fabrication.
Positioned at the center of this resonant cavity is the active region, composed of three pairs
of strained multiple quantum wells (MQWs). This MQW structure consists of 5.6 nm-thick
In0.195Ga0.805As quantum wells separated by 10 nm-thick Al0.2Ga0.8As barriers. We adopted
this strained MQW design to leverage its established advantages, including high differential
gain, low dislocation density, and a broad modulation bandwidth. To further enhance
device performance, an oxide confinement layer is incorporated within the top p-DBR. This
is achieved by selectively oxidizing a specific AlGaAs layer with a higher Al composition in
a high-temperature steam environment, thereby forming an oxide aperture and providing
outstanding lateral electrical and optical confinement, effectively funneling carriers into
the active region to reduce threshold current. While the initial device parameters were
optimized through the aforementioned simulation framework, a Zn-diffused region was
strategically implemented during the fabrication stage to further enhance experimental
performance [26]. This process was specifically employed to significantly reduce the
resistance of the top p-DBR layers, thereby decreasing the RC time constant for high-speed
operation while simultaneously suppressing the transverse modes of the VCSEL to improve
overall signal integrity.

Figure 1. Schematic illustration of 940 nm VCSEL structure.

3. Results and Discussion
The modulation bandwidth of a VCSEL is co-limited by its intrinsic carrier dynam-

ics and extrinsic electrical parasitics. These parasitics created an RC time constant that
fundamentally restricts the maximum speed. Therefore, managing these parasitic effects
is essential for high-speed operation. In the following sections, we utilize simulations
to systematically evaluate how standard structural parameters—specifically, the num-
ber of oxide layers and the aperture size—impact the RC limitation and the resulting
modulation bandwidth.

3.1. Number of Oxidation Layers

As an initial step in our structural evaluation, we investigate the impact of the number
of oxide confinement layers on the device’s high-speed performance by simulating and
comparing the modulation bandwidth under different structures that incorporate single-,
double-, and triple-layer oxide configurations. Figure 2a shows the schematic diagram of
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the oxidation layer function, and the left-hand side of Figure 2b–d illustrate the internal
standing wave optical field distribution for these three structures, indicating the position of
the oxide layers (gray regions) relative to the standing wave. As clearly shown, following
established VCSEL design principles, the oxide layers are strategically placed precisely at
the nodes of the standing wave’s electric field. Since the electric field intensity is minimal at
these nodal positions, the oxide layers cause only a slight disturbance to the optical mode
profile, leaving the macroscopic standing wave pattern essentially unaffected across the
various configurations. This positioning is critical as it minimizes optical scattering and
absorption losses, thereby preserving the high quality factor of the resonant cavity [27,28].

Figure 2. (a) The schematic diagram of the oxidation layer function. The optical field distribution
(where the gray shaded regions indicate the positions of the oxide layers) and frequency response of
the VCSEL with (b) one-layer, (c) two-layer, and (d) three-layer oxidation.

The motivation for exploring multi-oxide-layer designs is to reduce the parasitic ca-
pacitance that limits high-speed performance. While a single oxide layer already effectively
defines the current injection area, additional oxide layers can enhance the lateral confine-
ment of the electrical current. This stronger confinement effectively reduces the active
area of the p-n junction, thereby lowering the total device capacitance. However, this
approach involves a critical trade-off, as each additional layer tends to increase the total
series resistance and introduce more optical scattering loss from the additional aperture,
degrading the cavity’s Q-factor [27], while the benefits of capacitance reduction diminish.
Selecting the appropriate number of layers therefore requires managing these competing
effects to mitigate the overall RC time constant. The right-hand side of Figure 2b–d presents
the small-signal modulation response results that directly illustrate this trade-off. While the
modulation bandwidth increases with the injection current in all configurations, a direct
comparison reveals that the double-layer oxide configuration consistently exhibits the best
frequency response, achieving the highest modulation bandwidth across all tested current
levels. This result indicates that while the triple-layer structure may offer slightly lower
capacitance, its performance is ultimately hindered by the aforementioned detrimental
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factors of increased resistance and optical loss, which outweigh any marginal capacitance
benefit. Therefore, these simulation results indicate that a double-layer oxide confinement
structure provides the most favorable configuration for enhancing the high-speed modula-
tion capabilities of this particular VCSEL, a finding that aligns well with established design
trends observed in high-speed VCSELs [26,29–32].

3.2. Oxide Aperture Size

Following the selection of the design to a double-layer oxide structure, we conducted
a detailed investigation into the influence of the oxide aperture size on the VCSEL’s overall
performance. This analysis covers devices with apertures of 10, 8, 6, and 4 µm. The most
significant impact was observed in the high-speed modulation performance. As illustrated
in Figure 3, reducing the aperture size yields an expected and substantial enhancement in
modulation speed. A clear trend was observed where smaller apertures reached a higher
maximum bandwidth at a lower bias current. The maximum −3 dB bandwidth for the
10 µm device was 23.41 GHz, achieved at a bias of 18 mA, while the 4 µm device achieved
a significantly higher bandwidth of 35.68 GHz at a lower bias of 8 mA. This improvement
is attributed to two primary mechanisms that align well with standard VCSEL scaling
behaviors. First, a smaller aperture provides stronger current and optical confinement,
which leads to a higher carrier density in the active region and an enhanced differential
gain. Second, in accordance with established principles for high-frequency operation,
the reduced aperture size directly lowers the device’s parasitic capacitance. Shrinking the
aperture reduces the effective area for charge accumulation, decreasing the total capacitance.
This directly lowers the fundamental RC time constant, which enables a faster electrical
response and a higher modulation bandwidth.

Figure 3. Frequency response of 940 nm VCSEL under different aperture sizes. (a) 10 µm, (b) 8 µm,
(c) 6 µm, and (d) 4 µm.
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While beneficial for speed, shrinking the aperture also introduces inherent trade-offs in
the static characteristics. As shown in Figure 4a,b, the simulated Power-Current (P-I) curves
reflect these standard physical behaviors: devices with smaller apertures yield a lower
threshold current due to improved carrier confinement. However, this tight confinement
comes at a cost. The devices with smaller aperture sizes also exhibit an earlier onset of
thermal rollover, a well-documented consequence of higher current density and more
severe self-heating effects. This is consistent with the differential resistance, which increases
as the aperture shrinks.

Figure 4. Simulation results of (a) Power-Current (P-I) characteristics, (b) threshold current and
differential resistance, and (c) −3 dB bandwidth in different oxide aperture sizes.

The high-speed performance of the VCSELs under varying aperture sizes can be
further characterized by their modulation current efficiency factor (MCEF), often referred
to as the D-factor. This standard metric quantifies how efficiently the injection current is
converted into modulation bandwidth, and it is defined by the equation [33]:

MCEF =
f−3 dB√
I − Ith

, (1)

where f−3 dB represents the −3 dB bandwidth and Ith represents the threshold current.
As illustrated in Figure 4c, the MCEF is directly proportional to the slope of the linear fit
for each aperture size. It is immediately evident that the 4 µm aperture device exhibits
the steepest slope, indicating the highest MCEF among all simulated designs. A higher
MCEF is particularly desirable as it means a target bandwidth can be achieved with less
drive current, leading to lower power consumption. This strong correlation illustrates that
scaling down the oxide aperture not only achieves the highest absolute −3 dB bandwidth
but also translates to superior current efficiency in driving the high-speed modulation.
In essence, the analysis highlights a classic engineering trade-off inherent to VCSEL de-
sign: maximizing modulation efficiency (via smaller apertures) versus achieving higher
maximum output power and better thermal performance. Furthermore, while the 4 µm
design provides the most efficient choice for high-speed operation, pushing such a small
aperture to its absolute maximum bandwidth requires extremely high current densities.
In practical applications, this necessitates a careful balance to meet long-term commercial
reliability standards.

3.3. Temperature-Dependent Performance of 4-µm VCSEL Design

Because the 4-µm aperture double-oxide VCSEL exhibited the highest modulation
bandwidth among the evaluated designs, it was selected for a detailed investigation into
its temperature-dependent characteristics. The analysis evaluates the thermal stability
of the specific structure and how elevated temperatures impact the device’s static and
dynamic performance.
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As the ambient temperature increases from 25 ◦C to 85 ◦C, several degradation effects
are observed. As shown in Figure 5a, the P-I characteristics exhibit a higher threshold
current and a lower peak output power, which is a result of earlier thermal rollover. This
occurs because elevated temperatures reduce the material gain efficiency and exacerbate
both gain saturation and thermal carrier recombination, making the laser less efficient at
converting electrical current into light. Concurrently, the emission wavelength, shown in
Figure 5b, exhibits a predictable and clear redshift. Over the operating range from 25 ◦C to
85 ◦C, the peak emission wavelength shifts from 942.09 nm to 944.64 nm, corresponding
to a thermal tuning coefficient of approximately 0.0425 nm/◦C. This is a fundamental
semiconductor property attributed to temperature-induced bandgap shrinkage and an
increase in the refractive index of the cavity materials.

Figure 5. Temperature-dependent simulated performance of (a) power-current-voltage (P-I-V) char-
acteristics, (b) spectra, and (c) frequency response of the 4-µm VCSEL.

These underlying physical phenomena inherently degrade the high-speed modulation
capabilities. At elevated temperatures, several thermally activated mechanisms combine
to limit the device’s speed. Firstly, increased lattice scattering causes carrier mobility to
decrease, which impedes the efficient transport of carriers into the active region. Secondly,
non-radiative recombination processes, such as Auger and Shockley-Read-Hall, become
more significant. These processes consume injected carriers without generating photons,
which not only reduces the overall photon generation efficiency but also directly lowers
the differential gain of the quantum wells and can lead to increased carrier leakage. The
combination of these factors increases the damping of the system, causing the device to
respond more sluggishly to the modulation current. As a result, the relaxation oscillation
frequency is suppressed, leading to an inevitable decrease in the maximum modulation
bandwidth as temperature rises. Nevertheless, the device demonstrates robust thermal
stability. As shown in Figure 5c, even at a high operating temperature of 85 ◦C, the
VCSEL maintains a modulation bandwidth exceeding 27 GHz. This level of performance
at elevated temperatures confirms the viability of the optimized structure for practical
datacom applications in demanding thermal environments.

3.4. 940 nm VCSEL Measurements

Guided by our simulation analysis, a 940 nm VCSEL with a double-layer 4-µm oxide
aperture was fabricated. The 940 nm VCSEL epitaxial structure was first grown on an
n-type GaAs substrate using metal–organic chemical vapor deposition (MOCVD), followed
by a Zn-diffusion process. As previously discussed, this Zn-diffusion step was strategi-
cally employed to suppress higher-order transverse modes, thereby driving the physical
device’s multi-mode behavior closer to the idealized single-mode simulations. The fabrica-
tion process began with the P-type ring metal (Ti/Pt/Au), which was deposited using an
electron-beam evaporator. After the P-metal deposition, the mesa was etched down to the
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N-DBR using inductively coupled plasma-reactive ion etching (ICP-RIE), followed by a
wet oxidation process in a furnace tube. Subsequently, a ring-shaped N-type metal stack
(Au/Ge/Ni/Au) was deposited and annealed to form ohmic contacts. Benzocyclobutene
(BCB) was then spin-coated and cured to achieve planarization, after which it was etched
back using RIE. Contact holes for both the P and N electrodes were defined by photolithog-
raphy. Finally, Ti/Au was deposited to form a coplanar RF electrode. Figure 6a shows the
top-view optical microscope image of the completed device. It features a ground-signal-
ground (GSG) coplanar pad layout, which is specifically designed to minimize parasitic
inductance and ensure excellent signal integrity during on-wafer probing. Figure 6b shows
the corresponding optical spectrum measured at ambient conditions, exhibiting a dominant
peak wavelength of 941.54 nm. Figure 6c illustrates the P-I-V characteristics of the VCSEL
at ambient temperature, capturing the onset of thermal rollover. While a comprehensive
point-by-point validation across all regimes is constrained by the practical limits of ex-
treme device testing, these baseline static characteristics align well with the overall trends
predicted by our simulations.

Figure 6. (a) Top-view microscopic photograph of the VCSEL chip. (b) Optical spectrum of the
VCSEL at 25 ◦C. (c) Measured P-I-V characteristics of the VCSEL. (d) Frequency response of the
VCSEL and (e) PAM-4 eye diagram at 25 ◦C and 8 mA bias current.

The device was then characterized at room temperature. All high-speed characteriza-
tion was performed via on-wafer probing. A high-frequency GSG microwave probe (MPI
T67A GSG100) was used to deliver the DC bias and AC modulation signal from a bias tee
to the device pads. The optical output was collected using a customized cone-lensed multi-
mode fiber pigtail (~0.5 m length), which was actively aligned to the aperture for maximum
coupling efficiency. For small-signal measurements, the optical signal was analyzed by a
network analyzer (Agilent N5227B). For the back-to-back (BtB) PAM-4 transmission test,
the signal was generated by an arbitrary waveform generator (AWG, Keysight M8194A),
and the resulting optical eye diagram was captured by a digital communication analyzer
(DCA, Keysight N1046A). As shown by the small-signal modulation response in Figure 6d,
the VCSEL exhibits a peak −3 dB bandwidth of 34 GHz. This result validates the maxi-
mum bandwidth predicted by our simulation, demonstrating the practical feasibility of the
simulation-guided design. Leveraging this high bandwidth, we conducted a 4-level pulse
amplitude modulation (PAM-4) signal transmission test. A 100 Gbit/s PAM-4 signal was
applied to the VCSEL biased at 8 mA. The resulting optical eye diagram, captured by an os-
cilloscope, is depicted in Figure 6e. The diagram clearly shows four distinct, well-separated
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levels and wide-open eyes, which qualitatively indicate a high signal-to-noise ratio and
low signal distortion at this demanding data rate. Quantifying this excellent performance,
the measured transmitter and dispersion eye closure of PAM-4 (TDECQ) is 2.1 dB. This
successful transmission test verifies the device’s capability to achieve data rates exceeding
100 Gbit/s. It is important to transparently acknowledge the limitations of this current
experimental characterization. To demonstrate the absolute peak 34 GHz bandwidth and
100 Gb/s transmission, the 4-µm device was aggressively driven at 8 mA. Under such
severe electrical and thermal stress, the device suffered irreversible degradation after oper-
ating continuously for a period of time during the high-speed transmission testing. This
practical lifespan limitation aligns precisely with the expected reliability constraints at such
extreme current densities. Consequently, comprehensive experimental sweeps—such as
capturing multi-current S21 responses to fully map the thermal rollover—were not feasible
prior to device failure. Therefore, these high-speed results should be viewed strictly as
a preliminary proof-of-concept snapshot validating the absolute performance limits of
the design. Further optimization and multi-current mapping under safer derated condi-
tions would be required to co-optimize for power efficiency and long-term reliability in
commercial applications. Additionally, future studies will incorporate comprehensive S11
parameter extraction and equivalent circuit modeling to explicitly isolate and quantify the
impact of pad size, wire bonds, and matching circuits on the overall parasitic capacitance.
Nevertheless, this demonstrates its significant potential for next-generation high-speed
fiber-optic communication applications.

4. Conclusions
In this work, we present the simulation-guided design and experimental demonstra-

tion of 940 nm VCSELs tailored for high-speed applications. Building upon established
scaling principles, our simulations evaluated a double-layer 4-µm oxide aperture configura-
tion to effectively manage the trade-off between parasitic capacitance reduction and optical
loss, predicting a maximum bandwidth of over 35 GHz. To validate these predictions, the
device was fabricated with the strategic integration of a Zn-diffused region. This step was
specifically employed to reduce p-DBR resistance and suppress higher-order transverse
modes, effectively bridging the gap between idealized single-mode simulations and the
multi-mode physical device.

Experimental measurements demonstrated a peak −3 dB bandwidth of 34 GHz and
successful 100 Gbit/s PAM-4 data transmission. It should be noted that achieving these
milestones required an aggressive current density, which led to expected thermal degra-
dation during testing and constrained comprehensive multi-current characterizations.
Nevertheless, this proof-of-concept snapshot successfully demonstrates that combining
standard structural optimizations with targeted Zn-diffusion provides a practical pathway
to high-speed operation. This underscores the significant potential of these devices for
next-generation short-reach optical interconnects, provided future iterations co-optimize
for power efficiency and commercial reliability.
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