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Abstract

This simulation work, based on the design of an 850 nm In-
GaAs/AlGaAs quantum well (QWSs) vertical cavity surface emitting
laser (VCSEL), presents significant challenges, particularly due to the
limitations of device bandwidth at higher temperatures. We propose a
comprehensive modelling approach to optimize the dynamic perfor-
mance of a VCSEL structure with an oxide aperture diameter of 6
um, specifically to achieve higher bandwidth at lower bias currents.
The MATLAB simulation evaluates the variation of critical parameters,
such as threshold current, differential efficiency, output power, and
small-signal modulation, across a wide operating temperature range.
Our findings indicate that in static analysis, the threshold current
exhibits a positive temperature dependence, increasing with rising
temperature, while both differential efficiency and optical output power
decrease. Dynamic analysis reveals that although the 3-dB modulation
bandwidth reduces with temperature, the VCSEL maintains high-speed
performance exceeding 36 GHz at 20 °C and 24 GHz at 120 °C
under a bias current of 14 mA. The temperature dependence of the
modulation current efficiency factor (MCEF) provides insight into
optimizing VCSEL structures for reliable high-speed operation over
broad thermal conditions.

1. Introduction:

of integration into large arrays, and they play a critical role

Vertical cavity surface emitting lasers (VCSELSs), first pro-
posed by Iga in 1978, have significantly advanced in modern
optoelectronic devices [1], [2]. VCSELs serve as a domi-
nant light source in data centers, supercomputers and high-
performance computing (HPC) systems owing to their low
power consumption, cost efficiency, compact size and ease
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in today’s short-range optical interconnects [3], [4]. Despite
their advantages, the integration of VCSELSs into next genera-
tion data communication systems is challenged by restricted
modulation bandwidth and reduced efficiency under elevated
thermal conditions [5]. Among the range of VCSEL emission
wavelengths, 850 nm devices are particularly important, mak-
ing them ideal for short-reach data communication systems

(61, [71.

Temperature-related performance of VCSELSs is highly
dependent on the structural design parameters, including an
oxide aperture diameter, mirror reflectivity of the distributed
Bragg mirrors (DBRs), and gain-cavity detuning.
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The use of multi QWs, carefully strain - optimized detun-
ing, are among the strategies identified in previous studies to
mitigate this thermal performance degradation [8]. Together,
these factors strongly impact device efficiency and operational
stability under various temperature conditions [9]. However,
VCSELs inherently exhibit temperature sensitivity, with both
static and dynamic operational performance as temperature
increases. The impact of temperature on device behavior is
essential to ensure reliable operation, especially as networks
demand higher data rates [10].

In particular, with increasing temperature, the static pa-
rameters of the VCSEL - threshold current, output power, and
differential efficiency degrade due to increased non-radiative
recombination, reduced gain, and thermal rollover [11]. The
performance of VCSEL devices is very sensitive to temper-
ature changes. For example, studies have shown that the
threshold current of VCSELSs can increase by nearly twice its
value with increasing temperature from T=20 to 100 °C, while
slope efficiency can decrease by over 40% in this range [12].
Even at T=20 °C, the output power deviates from the linear
trend predicted by simple rate equation modelling, which does
not consider thermal effects.

Additionally, the output optical power increases with di-
ameters but increase thermal heating [13]. On the dynamic
side, increased operating temperatures cause a shift in the
resonant frequency and an increase in damping, thereby reduc-
ing the small-signal modulation bandwidth and modulation
current efficiency factor (MCEF) [3]. VCSELSs at room tem-
perature can achieve a small signal modulation bandwidth of
up to ~28 GHz at optimal biasing conditions. However, this
value decreases significantly at higher temperatures unless the
drive current is increased or the cavity structure is refined and
thermally optimized [5].

This work presents a simulation and analysis of the tem-
perature dependence behavior of 850-nm VCSELs with an
oxide aperture diameter of 6 um in the range of 20-120 °C.
Theoretical frameworks based on carrier and photon dynamics
equations, are used together with material parameters from
the literature [14] to analyze the optical output power, current-
voltage (LIV), and 3dB modulation bandwidth, which vary
with temperature. By comparing our simulation results with
experimental works, we identify the key design parameters
that most strongly impact the thermal stability of 850 nm VC-
SELs. These findings offer guidance for optimizing device
design to ensure reliable high-speed operation in thermally
challenging environments of advanced data communication
platforms.

2. Device design:

The VCSEL structure was designed for 850 nm emission
light using Matlab simulation. The DBR mirrors are made
by multiple thin layers with alternating low and high refrac-

tive indices. Each layer is a quarter of the target emission
wavelength. As shown in Figure 1(a), the top mirror com-
prise 20-pairs of p-doped layers Aly.9Gag 1 As/ Aly.15Gag gsAs,
while the bottom contains 35-pairs of n- doped layers of same
composition. Such a layered design minimizes electrical re-
sistance and also limits optical absorption. Two 30 nm thick
Alp9gGa0.02As layers are positioned just before oxidation
layers, providing confinement for both carriers and photons.

The 1.5-A-thick optical cavity employs five strained Ing o_5
Gag 95As QWs, separated by Aly3Gag7As barriers. A GaAs
buffer layer of 1.58 um thickness is placed below n-doped
DBRs to ensure mechanical stability. All the expitaxial struc-
tures are designed and grown on n+ GaAs substrate. In Figure
1(b) shows the calculation of the reflectance and the quality
factor (Q) as a functions of the number of DBR pairs for the
same structure design, where the Q-Factor is defined as the ra-
tio of the central wavelength (A,) to the linewidth AA [15] of
the cavity resonance of VCSEL. For a DBRs with 20-pairs, the
highest Q-Factor achieved is approximately 21.3x 10°, with a
corresponding reflectivity of 99.5%. Temperature significantly
affects nearly all physical processes in semiconductor laser
devices, including VCSELSs, making it essential to understand
how the fundamental parameters change with temperature.
Most of the electrical input energy is naturally converted to
heat within the laser [16]. To qualitatively assess these ther-
mal effects, the output optical power P,,; above threshold is
calculated by [17]:

) 2L
Pour = nd(qv)e Ti (I_Ilh) (D

where 1), is the differential efficiency, which is modeled
to decrease with temperature, A0 is the photon energy at 850
nm, q is the electron charge, I is the injection current and AT}
is the is the junction temperature rise with respect to the heat
sink temperature. T; is a characteristic temperature related
to thermal effects [18]. The differential efficiency 1y = n;
/0y, + oy depends on the internal quantum efficiency 7; ,
mirror losses o, and internal losses @; as in [11]. The active
region temperature rise is calculated AT; = Ry, (VI-P,y,) as
in [19], where V is the voltage across the device and IV is
the electric input power. These temperature-dependent effects
highlight the importance of efficient thermal management and
optimized VCSEL design to maintain stable operation across
a wide temperature range.

The dynamic performance of 850 nm VCSELs under vary-
ing temperature conditions is characterized by the interaction
between carriers and photons above the lasing threshold, typi-
cally described using rate equations. The S21 can be approx-
imated using a transfer function that models the system as
a second-order response with additional parasitic low-pass
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Figure 1. (a) Schematic cross section of VCSEL with 850 nm active medium enclosed between top and bottom DBRs, (b)
simulated reflectance (bule) and Q-Factor (red) vesus number of pairs of InGaAs/AlGaAs VCSEL structure.

filtering [20].
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where, f, is the resonance frequency, Y is the damping factor,
and f,, denotes the parasitic cut-off frequency, which arises
due to RC limitations in the device. At low temperatures of
20 °C, this transfer function exhibits a pronounced resonance
peak at lower bias currents due to reduced differential gain
and gain detuning, resulting in a lower f,. The pronounced
resonance peak refers to a sharp peak in the small-signal
modulation response S21, which appears under certain bias
and temperature conditions.

H(f) = const ) ()

Physically, it reflects a strong relaxation oscillation due
to efficient carrier-photon interactions in the VCSEL cavity.
At lower temperatures and low bias currents, the differential
gain is higher and the damping is lower, resulting in an un-
derdamped system with a strong resonant enhancement. This
peak diminishes as the temperature increases due to enhanced
damping, which flattens the modulation response. As the tem-
perature increases, f, increases while the threshold current
I;h decreases, which collectively enhance damping and lead
to a more uniform and less peaked frequency response, The
resonance frequency f, is related to the bias current I by [21],
[22]:

f,=D.

_ 1 [nl'vg dg/dn
D= 2ﬂ.,/Tva = &)

where I' is the optical confinement factor, v, is the group
velocity, q the elementary charge, v, the active region volume,

-1, 3

dg/dn the differential gain, and y is the transport factor. The
D-factor (or modulation current efficiency factor (MCEF))
is the relation between f, and /T — I;,. Large D- factors are
generally preferred for the high-speed operation of VCSEL
device [23].

This value is among the best reported to date, which
is credited to a smaller cavity size. The damping factor Y
determines how quickly the resonance decays, following a
quadratic dependence on the resonance frequency [24]. The
measured modulation response is often plotted in decibels to
reflect the logarithmic nature of signal attenuation and gain
[25].

3. Result and Discussion

In support of the above discussions, we carried out detailed
temperature-dependent electrical characterization of VCSEL
devices [26], [27]. Figure 2 shows the static characteristics of
an oxide-confined 850 nm QWs VCSEL with a 6 um aperture
diameter measured over temperatures ranging from 20 to
100 °C. The light output power and voltage versus current
(LIV) characteristics illustrate the typical device behavior with
increasing current and temperature (Figure 2a).

As the temperature rises, the threshold current shifts higher
and the output power decreases, which is clearly visible in
these curves. The extracted maximum differential efficiency
and threshold current as functions of temperature reveal a
steady decline in differential efficiency from 0.9 W/A at 20
°C to 0.67 W/A at 100 °C, while the threshold current nearly
doubles from 0.28 mA to 0.57 mA over the same range (Figure
2b).

The maximum output power similarly decreases with tem-
perature, dropping from approximately 8.3 mW at 20 °C to
5.7 mW at 100 °C, and the power conversion efficiency falls
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from around 83% to 55% (Figure 2¢). Finally, the threshold
current and current density both increase with temperature,
indicating higher carrier losses and reduced gain efficiency
at elevated temperatures; threshold current density rises from
about 1.1 kA/cm? to 2.3 kA/cm? between 20 and 100 °C
(Figure 2d). These trends are consistent with expected ther-
mal effects in semiconductor lasers, highlighting the need
for effective thermal management to maintain optimal device
performance. Figure 3 presents the simulated small-signal
modulation response (S21 in dB) of an InGaAs VCSEL with a
6 um aperture diameter, evaluated across a temperature range
from T=20 to 120 °C and bias currents between 2 and 14 mA.
The simulations extend up to 40 GHz to capture the device’s
high-frequency behavior. At T=20 °C, the VCSEL achieves a
maximum 3 dB modulation bandwidth approaching 36 GHz
for bias currents between 10 and 14 mA. As the temperature
increases, the modulation bandwidth gradually decreases due
to enhanced thermal effects impacting carrier dynamics and
material properties.

At T=40 and 60 °C, the 3- dB bandwidth moderately de-
creases to approximately 32-34 GHz and 28-30 GHz, respec-
tively, within the same current range. At 80 °C, the bandwidth
further reduces to about 27-30 GHz, reflecting typical thermal
roll-off behavior inherent in VCSEL devices. Even at elevated
T= 100 and 120 °C, the device maintains a 3 dB bandwidth
above 24 GHz for bias currents between T=10 and 14 mA,
indicating strong temperature stability suitable for high-speed
operation.

The simulation results consistently show that increasing
bias current enhances modulation bandwidth at each tempera-
ture, attributed to the rise in resonance frequency. However,
the bandwidth improvement saturates beyond approximately
12 mA due to the onset of nonlinear effects and thermal lim-
itations. These findings highlight the robust high-speed per-
formance of the 6 um aperture VCSEL across a broad tem-
perature range, affirming its suitability for practical optical
communication systems requiring stable and reliable opera-
tion under varying thermal conditions.

Table 1 presents a comparative analysis between the simu-
lation results of an 850 nm oxide-confined VCSEL (this work)
and experimental results reported in recent Multidisciplinary
Digital Publishing Institute (MDPI) studies. This comparison
serves to validate the predictive accuracy of the simulation
model by benchmarking it against established experimental
outcomes. Figure 4 illustrates the extracted 3 dB modulation
bandwidth (f3,5) of the VCSEL as a function of the square

root of the bias current above threshold (I—I,h)% , for various
ambient temperatures ranging from T=20 to 100 °C.

The linear fitting of the data confirms the square root
dependence of the modulation bandwidth on current above
threshold. The simulation is based on threshold currents I,
of 295 1A, 345 uA, 400 uA, 470 uA, and 575 pA for 20 °C,

40 °C, 60 °C, 80 °C, and 100 °C, respectively. Correspond-
ing MCEF values extracted from the linear slopes are 8.11,

7.78, 7.34, 7.00, and 6.56 GHz/ mA %, respectively. These
results indicate a gradual decline in MCEF with increasing
temperature, attributed to thermally induced degradation in
differential gain and carrier-photon dynamics. The highest
modulation bandwidth is achieved at T=20 °C and decreases
with temperature, consistent with the thermal sensitivity of
VCSEL performance. Nevertheless, the near-linear trend and
relatively high MCEF values even at T=100 °C highlight the
device’s robustness and suitability for high-speed optical inter-
connects under elevated thermal conditions. Figure 5 shows
the normalized D-Factor as a function of temperature for var-
ious bias currents ranging from 2 mA to 14 mA. It is clear
from this figure that D-factor decreases linearly with increas-
ing temperature and become more damped, leading to slower
modulation response. At 2 mA, the D-factor starts lower
and decrease more steeply, suggesting that low bias current
leads to poor high frequency performance, especially at higher
temperature. At higher bias currents from 10 to 14 mA, the
damping factor remains higher across the temperature range.
This implies better thermal stability and performance at high
currents. This behavior shows the effect of temperature on
modulation performance and confirms that the VCSELs is
sensitive to thermal effects.

4. Conclusion:

In summary, we proposed modeling and simulation of the
impact of temperature on 850 nm InGaAs/AlGaAs QWs VC-
SEL as efficient optical sources within short-reach distance
optical interconnects. The device performance demonstrates
that despite the degradation in modulation bandwidth at in-
creased temperature, the device maintains high-speed opera-
tion with a 3-dB bandwidth of 36 GHz at 20 °C under bias
current of 14 mA and confirming thermal stability up to 120
°C. Furthermore, by analyzing the MCEF behavior at various
temperatures, we identify strategies to improve the thermal
performance of VCSELs. This optimized design exhibits
strong applicability in thermally demanding applications such
as data centers and next generation photonic interconnects.
These results strongly support the suitability of the proposed
VCSEL structure for advanced practical applications. It’s
demonstrated thermal resilience and high-speed modulation
performance-maintaining over 24 GHz bandwidth even at
120 °C-make it highly relevant for integration into modern
data centers, photonic integrated circuits (PICs), and artifi-
cial intelligence (AI) interconnect systems. The Consistent
performance over a wide temperature range ensures reliable
operation in high-performance environments where thermal
control is difficult. As data-driven technology continues to
evolve, this design offers a promising solution for high-speed,
low-power optical links, making them an essential component
of next-generation optical communication infrastructures.
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Figure 2. LIV characteristics for the VCSEL with 6 pm aperture (a) and extracted values of the maximum differential
efficiency and threshold current (b), maximum output power and power conversion efficiency (c), as well as threshold current
and current density (d) at different temperatures between 20 and 100 °C.
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Table 1. Temperature-dependent efficiency and performance of 850 nm VCSELSs: Comparative analysis of simulated and
Measured Data.

Operating  Threshold  Optical  Differential

Study Temperature  Current Power Efficiency ( GHE//[riil/:\O 5) Ba(lgll\;v;)ith
“°C) (mA) (mW) (W/A) '
This Work 20-120  0.28-0.57 5.6-82  0.65-0.89 8.11-6.56 36-26
(simulated)
Cheng et al. [3] 25-85 1541 1855  0.20-0.35 5.12-3.21 20-15
Mutig. [12] 25-85 0628 2450 025045 4325 18-12
Du et al. [4] 25-85 1.55-370  12.62-3.5  0.30-0.45 6.19-4.41 18.5-11.9
Aziz et al. [14] 25-140 6-185  0.8-13.2  0.72-0.84  NotReported  32-11.5/20.3-14.1
Wenggg] etal 25-85  0.83-137 49-94  0.62-0.75  Not Reported 28-21/27-21
Aziz (20%;2]‘ Thesis. 55 140 1.1-18.5 27132  0.62-0.84  NotReported 32 (RT), 14 (140 °C)
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Figure 4. f3,5 of the VCSEL as a function of the square root

Figure 5. Normalized damping factor (Y/v/T) vs. temperature
of the bias current above the threshold at different term.

at various bias currents.
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