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Athermalization of the Lasing Wavelength in Vertical-Cavity

Surface-Emitting Lasers

Lars Persson,* Filip Hjort, Giulia Cardinali, Johannes Enslin, Tim Kolbe, Tim Wernicke,
Michael Kneissl, Joachim Ciers, and Asa Haglund*

A concept for vertical-cavity surface-emitting lasers (VCSELs) is proposed and
demonstrated to obtain a lasing wavelength with unprecedented temperature
stability. The concept is based on incorporating a dielectric material with a
negative thermo-optic coefficient, dn/dT, in the distributed Bragg reflectors
(DBRs) to compensate the positive dn/dT of the semiconductor cavity. In a
short cavity, the optical field has a significant overlap with the DBRs, and the
redshift of the lasing wavelength caused by the semiconductor cavity can be
compensated by the negative dn/dT of the DBRs. Here, proof of this concept
is presented for optically-pumped VCSELs emitting at 310 nm, demonstrating
a lasing wavelength that even blueshifts by less than 0.1 nm over an 80 °C
range with a maximum slope of —3.4 pm K~'. This is to be compared with a
redshift of 1-1.5 nm over the same temperature range reported for Ill-nitride
blue-emitting VCSELs. Furthermore, this method can also be implemented in
VCSELs with longer cavity lengths by including a dielectric layer between the

these wavelength-sensitive applications,
vertical-cavity = surface-emitting lasers
(VCSELs) are the preferred laser type,
since they have a lasing wavelength
which is set by the cavity resonance
rather than the gain peak and the cavity
resonance shifts less with increasing
temperature.l’]

Even though VCSELs are much more
temperature-stable than other lasers, the
lasing wavelength of most VCSELs red-
shifts with increasing temperature.l®) The
wavelength shift with temperature for I11-
nitride VCSELSs has so far only been re-
ported for blue-emitting VCSELs and typ-
ical values lie within the range of 12-18.5
pm K171 The reason for this redshift
is that semiconductor materials have a

semiconductor and the DBR. The approach used here to obtain a
temperature-stable lasing wavelength is generic and can therefore be applied
to VCSELs in all material systems and lasing wavelengths.

1. Introduction

Lasers in applications such as gas sensing,[!! atomic clocks,!?]
and fiber-optical communication systems[**] would greatly ben-
efit from having a temperature-stable lasing wavelength. For
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positive thermo-optic coefficient, dn/dT,
in their transparency window, and an in-
crease of the refractive index with tem-
perature increases the optical thickness
of the cavity.

Current solutions to avoid the inherent redshift caused by the
semiconductor material include temperature-stabilizing feed-
back loops and power-hungry thermo-electric coolers.!'2] How-
ever, these solutions can be both expensive and bulky and an in-
herently temperature-stable VCSEL would be desired.

This could be achieved by the inclusion of materials with a neg-
ative dn/d T in the cavity to compensate the redshift caused by the
semiconductor, a strategy often used to achieve athermal passive
components such as ring resonators and waveguides.!3-1¢] The
sign of a material’s dn/dT is set by two competing processes.!'”]
With an increased temperature, thermal expansion reduces the
material density, lowering the refractive index. At the same time,
the atomic bonds weaken, leading to a higher electron polariz-
ability of the material and an increased refractive index. If the
first effect dominates, the material will have a negative dn/dT.
This can for example occur in the dielectrics SiO,,'81 TiO, 18191
and Ta,0;.[*) The dn/dT of these dielectric materials heavily de-
pends on the deposition method and parameters. It was recently
proposed theoretically to use TiO, as a passive cavity, and as one
of the two materials in the distributed Bragg reflector (DBR) in
a VCSEL which has the active region within the epitaxial DBR.[*!
However, this leads to a three-fold reduction of the confinement
factor when compared to an active region placed in the cavity be-
tween the DBRs.[*l To the best of our knowledge, this proposal
has not been experimentally verified.

© 2023 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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In this paper, we propose an alternative design for a
temperature-stable laser and demonstrate this both experimen-
tally and theoretically for a 2.54 AlGaN-based UV VCSEL with
two dielectric DBRs. Our approach is based on using a standard
semiconductor cavity with quantum wells (QWs) and a dielectric
material with a negative dn/dT, in our case HfO,. In a short cav-
ity, implementing HfO, in the dielectric DBRs is sufficient to ob-
tain a temperature-stable lasing wavelength. When using longer
cavities, that is, to reduce the thermal resistance, then it is neces-
sary to also place HfO, between the semiconductor cavity and the
dielectric DBR to achieve full compensation. These approaches
are applicable to VCSELs emitting at any wavelength as long as
materials with negative dn/dT can be incorporated in the cavity
or DBRs.

2. Analytical Design Formula for Athermal
Resonance Wavelength

The redshift observed in most I1I-nitride VCSELs can be well es-
timated by considering the temperature dependence of the lon-
gitudinal resonance wavelength of a Fabry-Perot cavity!®!

dApp Ao di,
dT ~ @ dT’ (1)

c

where 7, is the average refractive index of the cavity. In Equa-
tion (1), the thermal expansion of the cavity as well as the wave-
length dispersion are neglected. In spite of this, Equation (1) pro-
duces a value of ~15.7 pm K~!, when only considering a GaN
cavity with di_/dT ~ 7.9 x 107> K™, which is close to the exper-
imentally reported values for IIl-nitride cavities of 12-18.5 pm
K171 Even though Equation (1) reproduces the redshift of
most II-nitride VCSELSs, it still doesn’t capture important sub-
tleties within the VCSEL structure, such as mirror composition
and cavity length.

The effect of two DBRs on the wavelength of the longitudi-
nal modes, 4,,, is twofold: first, an effective cavity length, L =
L +L,+L,, where L, , is the phase penetration depth of the
top (t) and bottom (b) DBR,®! has to be accounted for, and sec-
ond, the detuning between the longitudinal mode and the center
wavelengths of the DBRs, 4,,, has to be considered,>*!l which
results in

2, Ly

Ay = — ) 2
m+2nc(Lw//lt+Lpb//1b) 2)

where m is the mode number (a positive integer). From Equa-
tion (2), it is possible to derive an expression for the longitudinal
mode shift with temperature, see Section S1 (Supporting Infor-
mation). If the top and bottom DBRs are identical (L, = L, = L,
and A, = A, = Appg) this shift is given by

M _ dagp/dT + (ZLpo/Lc)d;lDBR/dT
dT — 1+2L,/L, '

G)

where the subindex 0 indicates values at room temperature,
dAgp/dT is given by Equation (1), dAppe/dT =~ 2(d,dn, /dT +
dydny, /dT) is the shift of the center wavelength of the DBRs
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with temperature,’] and subindex L/H refers to the low/high
refractive index materials in the DBR. As can be seen in Equa-
tion (3), there are in principle two ways in which a temperature-
stable resonance can be obtained, both relying on the use of
materials with a negative dn/dT. First, if the cavity of the VC-
SEL is short, the penetration depth of the optical field into the
DBRs relative to the total cavity length, L,/L,, becomes signifi-
cant and the resonance shift of the DBR center wavelength must
be considered when determining the overall shift of the longitu-
dinal cavity mode. By choosing dielectric materials with negative
dn/dT so that dApge/dT < 0, the positive redshift caused by the
semiconductor cavity, d4;,/dT, can be compensated to produce
a temperature-stable resonance wavelength, dA/dT = 0. Second,
if the cavity is long, then the penetration depth becomes insignifi-
cant in relation to the cavity length, L, /L. ~ 0, making the influ-
ence of the DBRs negligible. In this case, it is still possible to pro-
duce dA/dT = 0 by incorporating a thick dielectric spacer layer
with a negative dn/d T within the cavity to compensate for the pos-
itive dn/dT of the semiconductor, so that dA/dT ~ dA,/dT = 0.

3. UVB VCSEL Design and Characterization

We demonstrate a temperature-stable lasing wavelength from a
ultraviolet B (UVB)-emitting (280-320 nm) VCSEL using the first
approach with a short AlGaN cavity length and two dielectric
DBRs, with one dielectric material having a negative dn/dT. The
devices we investigate here are optically pumped UVB-VCSELs
emitting around 310 nm, which were recently demonstrated by
our groups.?”! The device layout and the cavity structure, to-
gether with the standing optical field within the cavity, are shown
in Figure 1. The Al,,Ga,,N cavity has an optical thickness of
2.5A. The active region consists of three 2-nm-thick Al,,Ga,gN
quantum-wells (QWs) with 5-nm-thick Al ;Ga, ;N barriers. The
cavity is defined by two dielectric HfO,/SiO, DBRs, realized by
a substrate removal technique using electrochemical etching of
AlGaN sacrificial layers.[?2l A 10-nm-thick HfO, spacer layer is
added between the cavity and bottom DBR in order to better align
the QWs with the antinode of the optical field and to control the
resonance wavelength.[2] It should be noted that the short cavity
length leads to a significant part of the optical intensity distribu-
tion overlapping with the DBRs, which have a negative dn/dT,
as can be seen in Figure 1b. The dn/dT for the materials used
in this work, SiO,, HfO,, and Al Ga,_,N are shown in Figure 2
for a wavelength of 310 nm (close to the lasing wavelength of the
fabricated VCSELs). More information about the measurement
and modeling of n(T) can be found in the Experimental Section.

Under optical pumping these VCSELs lase at a few different
wavelengths simultaneously due to filamentation.?°! However,
all of these laser lines shift similarly with temperature as shown
in Section S3 (Supporting Information). In Figure 3, the mea-
sured optical spectrum as a function of substrate temperature is
shown for one of these lasing lines for a pump power of 25 %
above the threshold pump power density of 2 MW c¢m™ at room
temperature. Over a temperature range from 22 °C to 80 °C, the
wavelength shifts by less than 0.1 nm. The maximum slope of the
shift is —3.4 pm K™! between 30 and 50 °C. This wavelength shift
is to be compared with values for blue-emitting VCSELs, which
are positive and range from 12 to 18.5 pm K71, that is, shifting
by 0.7-1.1 nm in the same temperature range.”'!] This means
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Figure 1. a) Schematic structure of the UVB VCSEL. Figure adopted from Ref. [20]. b) Optical field intensity (red) and the refractive index (black) along

the vertical direction of the 2.51 cavity.
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Figure 2. Refractive index change with temperature, An(T), at 310 nm.
More details can be found in Experimental Section.
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Figure 3. Emission spectrum of the UVB VCSEL for different substrate
temperatures.
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that the measured values of the wavelength shift is more than a
factor 7 smaller than reported values.l”"'!] Thus, we show that it
is possible not only to reduce the expected redshift from a VC-
SEL due to its semiconductor cavity, but even overcompensate it
and demonstrate a blueshift with increasing temperature. In the
following section, we will discuss the quantitative agreement of
the wavelength shift based on Equation (3) using the measured
refractive index data.

4. Simulated Temperature Dependence of the
Resonance Wavelength

In order to verify and understand the athermal emission wave-
length concept implemented for the UVB VCSEL, the resonance
wavelength shift as a function of temperature, AA(T), was cal-
culated by Equation (2) and simulated using the effective index
method (EIM).[**] The results are displayed in Figure 4. Note that
the changing standing wave due to temperature-induced refrac-
tive index changes is taken into account in the EIM simulations.
If the influence of dn/dT of the dielectric materials in the DBRs
is omitted, thatis, dn/d T is set to zero, the resonance wavelength
redshifts linearly with increasing temperature at a rate of 4.3 pm
K1, see Figure 4a. In order to mimic some of the effects of an epi-
taxial mirror, dn/dT of the dielectric materials is set to the value
of Al (Ga,,N, 5.9 x 10~ K~'. This results in an even larger lin-
ear increase of the resonance wavelength, 6.9 pm K=', which is
in good agreement with Equation (1). However, by including the
measured dn/dT for HfO,, the behavior changes drastically. The
resonance wavelength now shifts minimally between room tem-
perature and 50 °C and reproduces the athermal behavior that
was observed experimentally. Thus, the dn/dT of the dielectric
DBRs greatly influences the thermal shift of the resonance wave-
length. This is also reflected by Equation (2) as seen in Figure 4a.
The refractive index is not only affected by temperature, but also
by carrier concentration which increases at higher temperatures
due to an increased threhsold. The impact of the carrier concen-
tration on A is small in comparison with the effect of HfO, since
the QW thickness constitutes a very small fraction of the overall
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Figure 4. Simulated wavelength shift as a function of temperature, AA(T), of the UVB VCSEL. a) lllustrating the impact of dn/dT of HfO, on AA(T) by
using the measured value for HfO, of dn/dT = -2.1 x 107* K~ and for SiO, of dn/dT = 8.1 x 1078 K=" (black triangles and solid orange line) and
comparing it to two artificial cases where dn/dT of HfO, and SiO, is set to that of Aly ;Gag 4N, 5.9 x 107> K~ (dashed line with red squares), and to 0
K=" (solid line with red squares). The measured A4(T) extracted from Figure 3 is shown for comparison. b) The impact of different cavity lengths when

using the measured values of dn/dT for HfO, and SiO,.

cavity length, see Section S4 (Supporting Information) for fur-
ther discussion.

The fabricated UVB VCSELs with an athermalized lasing
wavelength had a short cavity length of 2.51 to increase the in-
fluence of the negative dn/dT of HfO, in the DBRs. Figure 4b
shows the simulated temperature-induced wavelength shifts for
this 2.54 cavity, but also for larger cavity lengths assuming the
same negative dn/dT in the HfO,. Already for a 54 cavity length,
the influence from the HfO, is greatly reduced and the wave-
length shift increase with temperature is almost linear, as is ob-
served in most reported I11-nitride VCSELs./-11]

In general, the simulations are able to predict the measured
AX(T) well up to 50 °C, but a discrepancy is observed for tem-
peratures exceeding 50 °C, as shown in Figure 4a. The reason for
this can be understood by referring to Figure 2, where it is shown
that the measured An(T) of HfO, gradually shifts more slowly for
temperatures above 50 °C. However, the measured wavelength
shift with temperature in Figure 4a suggests that the negative
dn/dT of the HfO, used in the VCSELs DBRs persists up to 80
°C. As the negative dn/dT of HfO, is not sufficiently investigated
in literature, we can only speculate about the actual reasons. We
believe that the discrepancy arises from the different substrates
on which the HfO, was deposited. The refractive index measure-
ment was performed on a 400-nm-thick HfO, layer deposited on
a Si substrate, whereas the device DBRs were on AlGaN mem-
branes. Since the thermal expansion coefficient of AlGaN, 4.2—
5.7 x 107 K~1,[2526] ig significantly larger than that of Si, 2.6 x
1076 K~1,[27] the HfO, layers in the devices will have more tensile
strain, and potentially a lowered refractive index compared to the
ones on Si.l'2!7] Another reason could be that in a multilayered
stack, as the DBR, annealing of the layers during deposition or
processing and built-in strain(!?l might influence the exact val-
ues of dn/dT.

5. Athermalization of VCSELs with Long Cavity
Lengths

Using a short cavity length and a dielectric material with negative
dn/dT in the DBR is efficient to athermalize the lasing wave-
length of the VCSEL. However, a short cavity leads to a laser with

Laser Photonics Rev. 2023, 2300009 2300009 (4 of 6)

higher thermal resistance and thus stronger self-heating.[7-282]
This will be an even more pronounced issue in UV-emitting
VCSELs due to the poor thermal conductivity of AlGaN com-
pared to GaN, which is used in the cavity of blue VCSELs.*"
The increased operating temperature degrades the device perfor-
mance in several ways. Heating detunes the gain spectrum with
respect to the resonance and reduces the peak gain through a de-
creased radiative recombination, and an increased non-radiative
recombination, carrier leakage and broadening of the carrier
distribution. In addition, high temperatures also reduces the
device lifetime.

Therefore, to reduce thermal resistance, a longer cavity length
should be used. However, when using longer cavities, the pene-
tration depth of the optical field into the DBRs becomes small in
comparison with the total cavity length. To achieve an athermal-
ized lasing wavelength, we propose to include a thick dielectric
spacer layer in the cavity, having a negative dn/dT. Preferably, this
spacer layer should be placed on the top side of the cavity to not
impede heat dissipation through the substrate. For an electrically
driven VCSEL, current can still be injected in this type of struc-
ture through intracavity contacts as are commonly used in III-
nitride VCSELs. Figure 5 shows the wavelength shift as a func-
tion of temperature obtained from effective index simulations for
different HfO, spacer thicknesses added on top of a 104 AlGaN
cavity. As seen, an HfO, thickness of 2.54 produces a temperature
stable behavior between 22 and 80 °C. This can also be predicted
by the simple expression in Equation (1), that is valid for a long
cavity length, namely

“)

dipp Ao di, Ay L dn, dn;\ 0
dT = @, dT ~ L7, -

= car tar

where L,, = L.+ L, is the combined length of the semiconductor
cavity, L., and the dielectric spacer layer, L,. From Equation (4), we
get for a 104 AlGaN cavity that the HfO, spacer thickness should
be

__dn/dT s 5
T dnydT T 7 ©)
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Figure 5. Simulated wavelength shift as a function of temperature, AA(T),
for a UVB VCSEL with a 104 cavity length and a HfO, spacer within the
cavity with negative dn/dT.

This simple expression is very effective to design long-cavity
length VCSELs with an athermal resonance wavelength. To
achieve athermalized VCSELs with good performance over a
wide temperature range, the active region should have a small
gain peak shift with temperature to minimize the change in de-
tuning over the temperature range of interest. Note that keeping
the lasing wavelength fixed can cause an increased detuning be-
tween the resonance and gain at higher temperatures, leading to
a slightly higher threshold, as discussed in Section S5 (Support-
ing Information). This approach also works to athermalize elec-
trically driven VCSELs with significant self-heating as discussed
in Section S6 (Supporting Information).

6. Conclusion

We have demonstrated a concept for achieving an athermal-
ized lasing wavelength in VCSELSs, implemented for an optically
pumped UVB VCSEL. The approach is based upon incorporat-
ing a material with a negative dn/dT in the DBR to compensate
the positive dn/dT of the AlGaN cavity. A short cavity length of
2.54 was used to ensure a significant overlap between the optical
field and the HfO, layers in the DBRs. This leads to an efficient
compensation of the increasing round-trip phase shift with tem-
perature in the AlGaN by the decreasing round-trip phase shift
with temperature in the DBRs. The fabricated VCSEL showed a
wavelength shift of less than 0.1 nm over a temperature range
from 22 °C to 80 °C with a maximum slope of -3.4 pm K=! be-
tween 30 and 50 °C. For highly efficient VCSELs, a long cavity
length is however required for better heat dissipation. To achieve
an athermalized lasing wavelength also in such devices, a HfO,
spacer layer could be added between the AlGaN cavity and the
DBR. The concepts proposed and demonstrated here for obtain-
ing a temperature-insensitive lasing wavelength are generic and
can be applied to VCSELs in all material systems and with all
lasing wavelengths.
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7. Experimental Section

Determination of Temperature Dependent Refractive Index: To design
and fabricate a VCSEL with an athermal lasing wavelength requires knowl-
edge of the exact dn/dT of all the materials used. For the dielectric materi-
als used in this work, SiO, and HfO,, temperature-dependent ellipsometry
was used to determine dn/dT, and the results are shown in Figure 2 for a
wavelength of 310 nm (close to the lasing wavelength of the fabricated VC-
SELs). The measurements were performed on a 1000-nm-thick SiO, film
and a 400-nm-thick HfO, film, both deposited on Si. In the temperature
range 22-50 °C dn/dT was positive for SiO,, 8.1 x 1078 K~1, whereas it
was negative for HfO,, 2.1 x 1074 K~ 1.

To estimate dn/dT of Al,Ga;_,N, the measured refractive index data at
room temperaturel®'l was spectrally shifted with the same amount as the
measured bandgap, Eg, shifted with temperature. Temperature-dependent
photoluminescence (PL) measurements were used to extract £,(T) for Al
contents of x = 0.2 (QWs), 0.5 (barriers) and 0.6 (cavity).

The temperature dependent PL measurements were performed us-
ing an unprocessed, as-grown UVB VCSEL structure using a frequency-
quadrupled Nd:YAG laser laser emitting at 236.5 nm with a repetition rate
of 0.5 kHz, a pulse width of 925 ns, and a spot size diameter of 30 pm.
Details of the PL measurements are provided in Section S2 (Supporting
Information). The resulting change in refractive index as a function of tem-
perature, An(T), at 310 nm was shown in Figure 2 for the different ma-
terials. Refractive index was not only affected by temperature, but also
by free-carrier concentration.[32] This effect was estimated using a self-
consistent Schrédinger—Poisson k-p formalism using Fermi-Dirac band
population(®3] and was concluded to be small. More details can be found
in Section S4 (Supporting Information).

Device Characterization: To measure the lasing wavelength shift with
temperature, the UVB VCSELs were mounted on a heated stage. The VC-
SELs were optically pumped using a pulsed 266 nm laser with a pulse
duration of 0.55 ns and a repetition rate of 20.5 kHz with a pump spot
diameter of 30 pm and the VCSEL's emission spectra were analyzed at dif-
ferent stage temperatures using a spectrometer with a resolution of less
than 30 pm. The substrate temperature was changed in 2 °C steps.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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