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Thermal analysis of high-bandwidth and energy-efficient 980 nm VCSELs
with optimized quantum well gain peak-to-cavity resonance wavelength
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The static and dynamic performance of vertical-cavity surface-emitting lasers (VCSELs) used as
light-sources for optical interconnects is highly influenced by temperature. We study the effect of
temperature on the performance of high-speed energy-efficient 980 nm VCSELs with a peak wave-
length of the quantum well offset to the wavelength of the fundamental longitudinal device cavity
mode so that they are aligned at around 60 °C. A simple method to obtain the thermal resistance of
the VCSELs as a function of ambient temperature is described, allowing us to extract the active
region temperature and the temperature dependence of the dynamic and static parameters. At low
bias currents, we can see an increase of the —3 dB modulation bandwidth f_;45 with increasing active
region temperature, which is different from the classically known situation. From the detailed analy-
sis of f_34p versus the active region temperature, we obtain a better understanding of the thermal lim-
itations of VCSELs, giving a basis for next generation device designs with improved temperature

stability. Published by AIP Publishing. https://doi.org/10.1063/1.5003288

Vertical-cavity surface-emitting lasers (VCSELs) are
the typical light sources used for high-speed optical intercon-
nects (OIs) for data communication based on multi-mode
optical fibers. The goals for advanced VCSEL-based OlIs
include low energy consumption, low cost, efficient optical
coupling, and large direct current modulation frequency.'™
The high bit rate, energy efficiency, and temperature stability
of OlIs are achieved by the direct current modulation of small
oxide-aperture diameter VCSELSs that are biased at moderate
currents with simple non-return-to-zero on-off keying
data coding.*® Both the static and dynamic performance
of VCSELs and OI systems are strongly influenced by an
increase in the ambient temperature. In a VCSEL, a tempera-
ture increase can be caused by an ambient temperature
increase and, more importantly, by the internal heating of the
active region. Different approaches have been demonstrated
to decrease the internal VCSEL temperature by, for example,
a reduction of the thermal resistance, by minimizing the opti-
cal absorption, and by minimizing the series resistance.””
The thermal resistance and temperature sensitivity of
VCSELS are related to their structure and thermal conductiv-
ity of the constituent materials. The use of high thermal con-
ductivity materials for the distributed Bragg reflector (DBR)
mirrors and device layouts is helpful to achieve a high ther-
mal performance for VCSELs.

Heat transport in semiconductor lasers can be simulated
by numerically solving the heat conduction equation using
finite-element methods.'® The heat equation reads
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pCart A~ (—kAT) =0, (1)

where T (K) is the temperature, O (W/m?) is a heat source, o
(kg/m®) is the material density, C (J/kg-K) is the specific heat
capacity, and k (W/m-K) is the thermal conductivity of the
medium. The thermal behavior of semiconductor lasers is
very complex, since many parameters are functions of tem-
perature. The heat sources in VCSELs are more numerous
than those in edge-emitting lasers, where the non-radiative
recombination of charge carriers in the active region is the
dominate heat source. The important heat sources in VCSELs
are non-radiative recombination, reabsorption of spontaneous
emission in the active region, and Joule heating. The heat
flux distribution in the device is related to the voltage drop
across the active region and the DBRs.'' The voltage drop
across the active region is ~1.26 V for 980nm VCSELs (as
estimated from the real-space bandgap energy). The voltage
drop across the DBRs is caused by interface barriers, which
increase the resistance and the threshold voltage.12 The heat
transfer equation is solved by defining an initial constant
value of temperature T for all VCSEL materials.

The device structure of our VCSELs used in this work
is described in detail in Ref. 13. This structure employs
a—15nm room temperature quantum well (QW) gain peak
wavelength [based on a room temperature photolumines-
cence (PL) measurement of a QW active region calibration
sample] to etalon wavelength offset to improve our
VCSELs’ elevated temperature static and dynamic perfor-
mance.'* A contour plot of the temperature distribution in a
cross-sectional plane (r-z plane) of, for example, a 2.5 um

Published by AIP Publishing.
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oxide-aperture diameter 980 nm VCSEL is given in Fig. 1.
The continuous wave (CW) injection current is 1 mA, the
voltage is 2.064 V, and the output power is 0.233 mW. The
total dissipated heat in the VCSEL is 1.831 mW. Based on
the voltage drop across the active region and DBRs, the
active region heat source is calculated to be 4.02 x 10" W/
m’. So, 1mA of CW injection current causes the active
region temperature to increase by 3.427 °C.

The simulation results are just as expected. The active
region temperature is much higher than the ambient tempera-
ture. Since the static and high-speed modulation performance
of VCSELSs is decisively influenced by the active region tem-
perature, an accurate knowledge of the heat generation inside
the device is required. A precise determination of the active
region temperature T,.ye 1S very important for a good under-
standing of the device and to provide insight for the next
generation of device designs. A common method to obtain
Tinternal 18 the determination of the thermal resistance from
the emission spectra. According to Ref. 15, the thermal resis-
tance Ry, can be determined from Ry, = (AA/AP 4i5)/(AJ/AT).
From the fundamental mode peak emission wavelength, we
determine the cavity resonance wavelength shift rate versus
the dissipated power AA/APg4s, Where Py =1XV — Py,
and the heat-sink temperature variation is (AJ/AT). Then, we
can calculate the thermal resistance. This is an approximate
approach, as we ignore the bias current effect on the internal
heating upon obtaining AZ/AT. The thermal resistance can
be more precisely calculated from Ry, = AT/APg;, which
relates the average temperature change AT in the laser cavity
to a change AP g4 of the dissipated power. For this purpose,
the VCSEL is typically driven with electrical pulses up to a
few hundred nanoseconds, which are shorter than the thermal
time constant which is in the range of some microseconds.
With this method, no internal heating of the VCSEL by the
dissipated power arises and thereby no thermal wavelength
shift appears. In this work, we determine the cold cavity
peak wavelength by linearly extrapolating the peak wave-
length change with the CW dissipated power emission wave-
length g of the fundamental mode to the point of no internal
heating at P4 =0 mW. We start with emission spectra
measurements at different bias currents at an ambient tem-
perature Tympient =25 °C using our 2.5 um oxide-aperture
diameter 980 nm VCSELSs, from which we extract the funda-
mental mode peak emission wavelength. For each bias

1mA 25°C  Max: 28.437 °C

2.5 pm oxide-aperture @

Air 28 °C

27.5°C
BCB

27 °C
Bottom-DBR 26.5°C

Al, ,,Ga, As/Al, Ga, As 26 °C
GaAs Substrate 25.5°C

Min: 25°C

FIG. 1. The simulated temperature distribution T(r,z) of our 2.5 um oxide-
aperture diameter 980 nm VCSELs at a continuous wave (CW) bias current
of 1 mA.
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FIG. 2. The measured fundamental mode peak emission wavelength /p ver-
sus the CW dissipated electrical power P for different ambient tempera-
tures Tampiene for 980nm VCSELs. The points marked with circles are the
extrapolated wavelengths /, of the fundamental mode peak emission wave-
lengths without internal heating where Py =0 mW at the given ambient
temperature.

current, we calculate the dissipated power via Pgis=1
X V — Poy. Then, we plot the fundamental mode peak emis-
sion wavelength change versus the dissipated power. By
using simple linear extrapolation, we identify the peak emis-
sion wavelength A, of the fundamental mode without internal
heating at Pg4;ss =0 mW. This extrapolated cold cavity wave-
length from a CW measurement is identical to a measure-
ment of the peak wavelength in pulsed operation. We repeat
this procedure for different temperatures Tampien, resulting in
the plot in Fig. 2 to determine the ambient temperature
dependence of the active region and extract the /o values at
different ambient temperatures, as shown in Fig. 3. We can
easily see that /g linearly increases with ambient temperature
with a slope of 0.065 nm/K, as shown in Fig. 3. This analysis
gives us accurate values of the cavity resonance wavelength
shift rate versus the heat-sink temperature AA/AT.

As can be seen in Fig. 2, at all investigated ambient
temperatures Tympient, the fundamental mode peak emission
wavelength Ap increases linearly with the dissipated electri-
cal power Py but with different slopes. No curvature is
seen even for high dissipated power P ;. The slope of the
Ap versus Py curve is given by the cavity resonance
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FIG. 3. The wavelength J, of the fundamental mode peak emission wave-
length without internal heating at P4 =0 mW, determined by simple linear
extrapolation for different ambient temperatures Tympiene from the data in
Fig. 2. The slope (0.06543 nm/K) of the linear fit gives the value of the cav-
ity resonance wavelength shift rate versus temperature AA/AT.
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wavelength shift rate versus dissipated power AA/AP g,
which varies for each given ambient temperature. At ambient
temperatures Tympient Of 25, 35, 45, 55, 65, 75, and 85 °C, the
cavity resonance wavelength shift rate versus dissipated
power AJ/AP 4 is 0.360, 0.369, 0.385, 0.396, 0.412, 0.426,
and 0.440 nm/mW, respectively. These data allow us to derive
the dependence of the thermal resistance on the ambient tem-
perature. We can calculate now the thermal resistance using
Rin= (AMAP 4 )/(AAMAT). The extracted values of Ry, are
shown in Table I. The high thermal resistance of our small
oxide-aperture diameter VCSELSs results in large active region
temperatures and negatively impacts the high-speed modula-
tion performance. By using our ambient temperature-
dependent thermal resistance data, we can perform a basic
thermal effects analysis based on the VCSEL’s active region
temperature at different bias currents.

From the ambient-temperature-dependent thermal resis-
tance, we extract the active region temperature 7T,y for each
point in a given set of L-I-V curves within the linear L-I
regions. The active region temperature T,.. change with
increasing bias current can be estimated for the linear L-I
region usmg Tactive = Tambient + Rn X I X V =P, out)'15 This
gives us the possibility to perform a detailed analysis of the
thermal effects and extract the internal temperature-dependent
VCSEL parameters. Furthermore, we can exclude the influence
of internal heating in the examination of the L-I-V curves. By
measuring the L-I-V curves at certain ambient temperatures,
we obtain the output powers at certain currents (for example, at
1 mA). We can next calculate the active region temperatures by
repeating this procedure at other ambient temperatures. Finally,
the optical output power P, as a function of T, for each
individual bias current can be determined, as shown in Fig. 4.
Usually, the optical output power decreases with increasing
Tactive- Instead, our VCSELSs show a clear first increase in opti-
cal output power with increasing active region temperature
Taciive. The P, reaches a maximum as T, Increases but then
P, decreases with further increases in T,.;ye. This is due to
our VCSEL design where the peak PL gain from our quantum
well active region is offset from the cavity resonance wave-
length by about —15nm. This offset improves our VCSELSs’
high temperature performance in both static and high-speed
modulation operations.

Figure 5 shows the —3 dB modulation bandwidth f 345
change with the active region temperature T,.ye at different
bias currents. At low bias currents, we can see an increase of
f_s4g Wwith increasing internal active region temperature,

TABLE I. Thermal resistance Ry, for 2.5 um oxide-aperture diameter
980nm VCSELs at different ambient temperatures.

Ambient Thermal resistance
temperature (°C) Ry (K/mW)

25 5.496

35 5.643

45 5.878

55 6.05

65 6.29

75 6.51

85 6.72
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FIG. 4. Output power of the 2.5 um oxide-aperture diameter VCSEL versus
the active region temperature T,ye for different bias currents.

which is contrary to typical VCSEL behavior. Again, this
increase in f_34p is a result of the —15 nm gain peak-to-cav-
ity wavelength offset, which leads to a partial increase of the
differential gain with an increase in the active region temper-
ature. With an increase in the bias current, we find that ther-
mal effects mainly limit the bandwidth. At currents larger
than 2.4 mA and an active region temperature larger than
95 °C, the —3 dB bandwidth shows no increase with increas-
ing bias current. This means that the modulation bandwidth
is limited thermally at large currents. Improving the heat dis-
sipation by, for example, using novel VCSEL packaging
methods will lead to further improvement of the modulation
bandwidth f_5 4g at large bias.

In conclusion, we studied numerically and experimen-
tally thermal effects on the device performance of high-
speed energy-efficient VCSELs with an optimized quantum
well PL peak-to-cavity wavelength offset. We used a simple
model to obtain the VCSEL thermal resistance. The ambient
temperature-dependent thermal resistance in-turn enables us
to extract the internal active region temperature versus bias
current. A detailed analysis of the thermal effects allows us
to extract the temperature dependence of the internal
VCSEL parameters. From the modulation bandwidth f_34p
versus the internal active region temperature, we gain insight
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FIG. 5. —3dB small signal modulation bandwidth of the 2.5 um oxide-
aperture diameter VCSEL versus the extracted active region temperature

T aciive for different bias currents.
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into the thermal limitations of our high-speed VCSELSs. This
information is extremely useful for improving the device
designs of our next generation VCSELs to achieve further
improved temperature stability.
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