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Abstract

AlGaN alloys have emerged as the most promising semiconductor compounds for deep-
ultraviolet (DUV) applications. Indeed, electronic bandgap engineering can be per-
formed by changing the alloy composition, enabling the production of semiconductor
light sources covering most of UVA, UVB and UVC spectra. The main interest in push-
ing the emission wavelength toward such short wavelengths relies on the wide variety of
applications ranging from the biomedical field, for dermatological therapy (i.e. psoria-
sis, vitiligo), to UV curing (mainly UVA and UVB), to plant illumination systems for
green-houses (UVB), and water/surface purification and disinfection (UVC and below).
The main limitation of a realistic implementation of deep-UV emitting devices relies in
the thermal management. Several studies have reported an output power conversion
efficiency for blue-VCSELs and UVB-LEDs lower than the 10%, meaning that all the
input power that is not converted into optical power is dissipated into heat. Even more
challenging is the implementation of UV-emitting vertical-cavity surface-emitting lasers
(VCSELs). In fact, the poor refractive index difference and hole transport properties
prevents the use of AlGaN distributed Bragg reflectors (DBRs). On the other hand,
VCSELs based on dielectric DBRs exhibit mediocre heat conduction properties, leading
to dramatic increases of the cavity temperature. In fact, no emission below 340 nm is
reported for a VCSEL. Thus, it is straightforward to notice how thermal management
is a crucial issue for the development of UV-emitting devices. In this master thesis,
the thermal characteristics of UV-emitting thin-film flip-chip LEDs and VCSELs are
studied by analysing different device geometries, in order to enhance the thermal dissi-
pation through the structure and study the thermal effects in terms of cavity resonance
shifts for the VCSELs, aiming to provide concrete inputs for the optimization of the
thermal management of the next generation of deep-UV emitting devices. In the first
part of this work the temperature profile and the heat flow in UVB/UVC VCSELs
and UV-emitting thin-film flip-chip LEDs is simulated in COMSOL Multiphysics by
implementing 2D and 3D steady-state simulations. Different geometries are explored
for each device in order to minimize the temperature rise in the active region and im-
prove the heat flow from the active region toward the heat sink. The heat capability
of the different devices is then studied by calculating the thermal resistance, used as a
figure of merit to compare all the different geometries. The second part of the thesis is
aimed at studying the effects of temperature rise in the cavity of a VCSEL in terms of
temperature induced resonance wavelength shift. A one-dimensional transfer matrix
method is implemented to solve the Helmholtz’s equation along the VCSEL optical
axis and extract the standing wave pattern. The temperature profile along the optical
axis is extracted from the thermal simulation implemented in COMSOL and used to
update the refractive index of each layer of the resonator according to the thermo-optic
coefficient of the corresponding material. Different VCSEL structures are investigated:
UVB and UVC emitting VCSELs with a double dielectric DBR scheme and a blue
VCSEL with hybrid DBR configuration. In the latter case, the calculated shift rate
is compared to literature values, obtaining great accordance between simulations and
measurements.
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1 | Introduction to III-nitride
opto-electronics

Group-III nitride semiconductors and their alloys have been recognized among the most
promising materials for opto-electronic devices operating in the short-wavelength region.
Thanks to the possibility of tuning the electronic bandgap by varying the composition of
the alloys, they are able to cover a wide range of emission wavelengths from the near infrared
down to the ultra-violet region of the optical spectrum. There are several characteristics
of nitride compounds which make them particularly attractive for photons emitting devices,
including Light-Emitting Diodes (LEDs) and Laser Diodes (LDs).
The large difference in electronegativity between nitrogen and the elements of the III group
leads to the formation of very strong chemical bondings, which makes the obtained compound
highly chemically stable and optimal for harsh environment applications.
The main challenge of heterostructures based on III-nitride materials relies on the lack of
lattice-matched substrates. A high density of dislocation defects is present in the epitaxial
structure due to the mismatch between the lattice parameters of substrate and epilayers, with
a consequent formation of a strained film upon deposition [1]. In non-optimized heterostruc-
tures the dislocation density is typically of the order of 1010cm−2. Threading dislocations
(TDs) act as acceptor-like levels in which electrons can be trapped, generating an electric
field by which holes are attracted recombining with electrons non-radiatively, thus reducing
the radiative recombination efficiency and the Internal Quantum Efficiency (IQE) [2]-[3].
Differently from other conventional materials for opto-electronic applications, like silicon or
gallium arsenide which crystallize in a zinc-blend diamond-like cubic structure, III-nitride
compounds crystallize in their most stable form in a wurzite structure, in which nitrogen
atoms are placed at the lattice sites of a hexagonal close packed (HCP) structure and the
group-III atoms occupy half of the tetrahedral sites available in the lattice. This wurzite
crystal structure is both non-centrosymmetric and polar, leading to the formation of very
strong spontaneous and/or piezoelectric-induced polarization fields along the c-axis (∼ 10
MV/cm). In devices with quantum wells (QWs) active regions, the generated polarization
fields are large enough to spatially separate electrons and holes toward opposite sides of the
QW reducing the overlap between electrons and holes wave functions, with a consequent
reduction of the radiative recombination efficiency, photon emission rate and causing a red
shift of the photoluminescence peak (quantum confined stark effect) [4]-[6].
Ultraviolet light is the portion of the non-visible light spectrum which comprises wavelengths
ranging from 400 nm down to 100 nm. A further classification is based on the interaction
of the light with the biological environment and its transmittance through the atmosphere:
UVA (400-320 nm) in non-germicidal and is partly transmitted through the atmosphere,
UVB (320-280 nm) is germicidal, irritant to human skin and it is mostly absorbed by the
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atmosphere, while UVC (280-200 nm) is absorbed, strongly germicidal and ozone producing.
The last class comprises the VUV (Vacuum UV, 200-100 nm) which is highly attenuated in
air and can be used only in vacuum conditions.
AlGaN alloys have emerged as the most promising semiconductor compounds for deep-
ultraviolet (DUV) applications. Indeed, electronic bandgap engineering can be performed
by changing the alloy composition, enabling the production of semiconductor light sources
covering most of UVA, UVB and UVC spectra (∼ 200-363 nm) [7]. The main interest in
pushing the emission wavelength toward such short wavelengths is motivated by the large
variety of applications of ultraviolet-emitting devices ranging from the biomedical field, for
dermatological therapy (i.e. psoriasis, vitiligo, cutaneous T-cell lymphoma), to UV curing
for their high efficiency in catalyzing chemical reactions (mainly UVA and UVB), to plant
illumination systems for greenhouses (UVB), and water/surface purification and disinfection
(UVC and below) exploiting the strong germicidal capabilities of deep-UV radiation.
One of the main limitations of a realistic implementation of deep-UV devices lies in the
thermal dissipation. Several studies have reported an output power conversion efficiency for
blue-VCSELs and UVB-LEDs lower than the 10 % [8], meaning that all the input power
that is not converted into optical power is dissipated into heat. Even more challenging is the
implementation of UV-emitting vertical-cavity surface-emitting lasers (VCSELs). In fact,
the poor refractive index difference and poor hole transport properties of nitride materials
prevents the use of AlGaN distributed Bragg reflectors (DBRs). On the other hand, VCSELs
based on dielectric DBRs exhibit mediocre heat conduction properties, leading to dramatic
increases of the cavity temperature. In fact, only few nitride-based vertical-cavity structures
with emission wavelength in the UV range have been reported so far: Onishi et al. (2015) [9]
demonstrated CW lasing at 420 nm for an electrically injected GaN based VCSEL at room
temperature, Liu et al. (2016) [10] demonstrated an optically pumped VCSEL structure
based on an AlGaN cavity with a bottom electrically conductive DBR and emitting at 374
nm. The lowest reported wavelength for an AlGaN-based device have been obtained by Chen
et al. (2010) [11], in which an emission wavelength of 343.7 nm have been achieved for an
optically pumped cavity based on 3D AlGaN nanopillars. Therefore, it is straightforward to
notice how thermal management in UV-emitting LEDs and VCSELs is a crucial issue for the
developing and the future implementation of such kind of devices.
The scope of this thesis work is then to study the thermal characteristics of AlGaN-based
UV-emitting thin-film flip-chip LEDs and VCSELs exploiting different device geometries to
enhance the thermal dissipation in the proximity of the active region toward the heat sink and
study the thermal effects in terms of cavity resonance shifts for the VCSELs, giving reliable
and concrete inputs for the design of the next generation of deep-UV emitting devices.

1.1 Light-emitting devices: light generation mechanisms

Before proceeding with the thermal simulations of the semiconductor devices studied in this
thesis work it is useful to have a small introduction to the theory behind light emission in
light-emitting diodes and surface-emitting diode lasers.
From a quantum-mechanical description of the materials one can derive the allowed energy
levels that electrons can occupy in a solid by solving the Schrödinger’s time-independent equa-
tion, which is an eigenvalues equation whose solutions are the eigenvalues (energy levels) and
eigenfunctions (wavefunctions) of the electronic population in the solid. In semiconductive
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materials the energy band structure is characterized by a forbidden energy gap which sepa-
rates conduction and valence band. When energy greater than the forbidden gap is provided
to the material it may cause the promotion of electrons from the valence to the conduction
band, inducing the passage of the atomic state from the fundamental to an excited level. The
passage of one electron to the conduction band leaves a vacancy in the valence band carrying
a positive charge (i.e. holes). When a photon with energy higher (or at least equal) than
the forbidden gap is absorbed by the material one electron-hole couple is generated. The
electron-hole couple may be characterized by a certain binding energy due to the electro-
static Coulombic attraction between the opposite charge associated with the two particles.
The generated bound state between electron and hole is identified as an exciton. A sketch of
the transition from valence to conduction band is shown in figure 1.1.

Figure 1.1: Energy band diagram of a direct bandgap
semiconductor, showing a transition of one electron from
a valence band bound state to a free-carrier state in the
conduction band. Image from [12].

The generated electron in the conduction band can recombine with one hole releasing an
energy equal to the difference between the two energy levels. If this energy is emitted as a
photon we talk about radiative recombination. This carrier recombination mechanism can be
exploited to build light emitting devices. Non-radiative recombination phenomena does not
produce emission of radiation and they comprises Auger recombination and Shockley-Read-
Hall recombination.
To summarize, four basic electronic recombination/generation mechanisms exists in a semi-
conductor [12]:

• Spontaneous recombination (photon emission, Rsp): one electron in the conduction
band decays spontaneously to the valence band causing the emission of a photon with
energy equal to the difference between the two energy levels. If a large number of
such events occurs it would produce a relatively incoherent emission of light, because
of the random emission time and directions. Spontaneous recombination is the main
mechanism for LEDs operation, in which feedback is missing and no amplification of
the signal occur.

• Stimulated generation (photon absorption, R12): in which the absorption of photons
with energy greater (or at least equal) to the bandgap causes the promotion of electrons
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from the valence to the conduction band, with the consequent formation of electron-hole
couples (i.e. excitons).

• Stimulated recombination (coherent photon emission, R21): it is the opposite process
of stimulated generation. One incident photon perturbs the electronic system causing
the relaxation of one electron from the conduction to the valence band (electron-hole
couple recombination) with the consequent emission of an additional photon with same
wavelength and phase of the impinging one. Stimulated recombination is at the basis
of the operation mechanism of lasers, in which the presence of positive gain layers
produces a positive feedback mechanism inducing the resonance of the radiation inside
the cavity.

• Non-radiative recombination (Auger or defects/trap-assisted): are a set of recombina-
tion mechanisms which does not produce photon emission. On the contrary, the excess
energy is dissipated mainly as heat.

Non-radiative recombination phenomena must be minimized in light emitting devices, in
order to enhance the radiative mechanism and increase the conversion efficiency and, conse-
quently, the optical output power.

Figure 1.2: Sketch of the main radiative and non-
radiative recombination mechanism in semiconductors.
Image from [13].

1.2 Light Emitting Diodes (LEDs)

Light emitting diodes are pn junction based devices which are able to emit light upon injection
of current in forward bias conditions. As already introduced in section 1.1, radiation is
generated by spontaneous recombination mechanisms resulting in an incoherent light emission
over a relatively broad range of wavelengths. The peak emission occurs around an energy
value corresponding to the band-gap energy, so emission wavelength can be tailored by a
proper choice of the materials.
The LED can be considered as a transducer, able to convert injected electrical energy into
output optical power by the physical mechanism of electroluminescence. When a forward bias
is applied to a pn junction, electrons in the n-side of the junction are injected into the p-side
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where they became minority carriers. The same injection mechanism can be applied to holes,
which on the contrary moves from the p-side toward the n-side of the junction. The excess
minority carriers have a density much higher than the thermodynamic equilibrium value, so
that they recombine with the corresponding majority carriers with consequent emission of
light [14].

Figure 1.3: Schematic representation of the electron-
hole recombination mechanism in pn-junction LED. Im-
age from [15].

In order to increase the radiative recombination rate and minimize non-radiative phe-
nomena, the excess injected carrier density should be higher in the regions where the optical
recombination is desired. In standard p-n junction based LEDs carriers are distributed along
the whole diffusion length and they can recombine in both the two diffusion region and the
space-charge region (i.e. at the interface between p- and n- side). As a consequence, emitted
photons can be reabsorbed by the material and they do not contribute to the output optical
power. In order to increase the efficiency usually an asymmetric junction is exploited, in
which the thin surface layer is less doped than the substrate [16]. To increase the output
efficiency and reduce the re-absorption of the emitted radiation several alternative solutions
can be used. In general, the active region of a LED can be composed by different structures
[13]:

• a depletion region of a p-n junction obtained by a junction between two regions of
the same material with opposite doping (i.e. homojunction), like in standard LED
technology;

• a small bandgap region sandwiched between two wide bandgap regions, forming a double
heterostructure p-n junction;

• a quantum well (QW) or quantum dot (QD) region embedded between two external
barriers. The structure can be seen as a heterojuction but the reduced dimensions of
the central region give rise to quantization of the energy states and confinement effects,
which can be exploited to tailor the emission properties of the device.

Exploiting a double heterojunction design or the confinement effects in QWs or QDs, elec-
trons remain trapped in the central region with narrower bandgap, thus increasing the carrier
concentration inside the active region. Being the active region characterized by a smaller
bandgap compared to the external layers, the emitted photons cannot be absorbed by the
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wide bandgap cladding layers and they are able in principle to reach the surface of the device.
In such way carrier recombination rate is enhanced and the output efficiency is drastically
increased.

1.2.1 Carrier generation and recombination in the active region

For the purpose of this work we will focus the attention on thin-film LEDs, in which the
active region is epitaxially grown by alternating thin layers of wide and narrow bandgap
materials. The active region is then composed by one or several QWs in which the injected
carriers remain trapped and recombine radiatively. Indeed, only a fraction of the total in-
jected carriers actually remain trapped in the small bandgap region and this percentage is
referred as injection efficiency (ηi) [16].
Consider for simplicity a double-heterostructure LED composed by a narrow bandgap intrin-
sic region sandwiched between two wide bandgap doped regions, as shown in Figure 1.4. The
current density in the active region is described by a dynamic process governed by a rate
equation, according to which the time evolution of the carrier density is a function of the
generation term Ggen, accounting for radiative and non-radiative recombination processes as
well as carrier leakages, and a recombination term Rrec:

dN

dt
= Ggen −Rrec (1.1)

The generation rate Ggen can be easily calculated as:

Ggen = ηiI

qV
(1.2)

where I is the total injected current, q is the elementary charge and V the volume of the
active region.
The total recombination rate can be written as the sum of different contributions:

Rrec = Rsp +Rnr +Rl (1.3)

where Rsp is the spontaneous emission rate describing the spontaneous recombination with
consequent emission of radiation, Rnr is referred to non-radiative processes (Auger recom-
bination, SRH recombination), Rsp is the spontaneous recombination term describing the
perturbation on the system by incident photons and Rl is linked to carrier leakage from the
QW region by thermally activated processes. In general, the main contribution to current
leakage is due to the non-zero tails of the Fermi-Dirac distribution according to which the
energy levels in the conduction bands are populated. Under the effect of temperature the tails
of the distribution are enhanced and a fraction of the electrons trapped in the potential well
are able to escape, giving a contribution to leakage current and thus reducing the injection
efficiency. To reduce the leakages in AlGaN-based devices an electron blocking layer (EBL)
is usually added in close proximity of the active region, by inserting a thin layer of material
with wide-bandgap acting as a potential barrier for high energy electrons, preventing electron
leakage toward the p-side cladding layers with a consequent decrease in the leakage current
[17], [18].
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Figure 1.4: Band diagram of a forward biased double-
heterostructure diode. Image from [19]

1.2.2 Photon generation and radiative efficiency

In steady-state conditions (i.e. dN/dt=0) the carriers generation rate equals the recombina-
tion rate

Ggen = ηiI

qV
= Rsp +Rnr +Rl (1.4)

where the stimulated recombination rate has been neglected, approximation which is ac-
ceptable in standard LED technology, whose operation relies on spontaneous recombination
phenomena. On the contrary, the stimulated recombination term must be taken into account
in laser physics where the stimulated recombination mechanism plays a major role in the
emission.
Since the dependence of Rl and Rnr on I is not well-know, for simplicity the radiative effi-
ciency is introduced. This term is defined as the ratio between the spontaneous emission rate
and the total generation rate

ηr = Rsp
Rsp +Rnr +Rl

−−→ Rsp = ηr
ηiI

qV
. (1.5)

The spontaneous emission rate Rsp describes the number of photons generated by spontaneous
emission per unit volume and unit time. Therefore, the spontaneously emitted output optical
power can be simply calculated by multiplying Rsp by the energy per photon (hν) and the
volume of the active region V:

Psp = hνV Rsp = ηiηr
hν

q
I (1.6)

The total output power is then obtained by multiplying Psp by the collection efficiency ηc.
The collection efficiency defines the fraction of photons that are actually collected by the
detector. In fact, not all the emitted photons from the active region are able to reach the
surface and being emitted. Due to the refractive index difference between the substrate and
the surrounding environment (air) part of the emitted photons are reflected back into the
device by total internal reflection (TIR) at the surface, reducing the output optical power.
TIR is a major issue in LEDs. Novel structure have been exploited in order to reduce the TIR
at surface, including surface roughening [20] or substrate microstructuring [21]. However, the
TIR phenomenon is limited in nitride based devices with respect to the case of III-arsenide
based devices, characterized by a bigger refractive index and smaller critical angles. Thus,
the main limitation in ultraviolet LEDs is more related to the challenges in the surface mi-
crostructuring, losses in the substrate and polarization of emitted light. All these problems
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can be partly reduced by using the thin-film flip-chip geometry.

1.2.3 Thin-film flip-chip (TFFC) LEDs

One of the main solutions to increase the external quantum efficiency is the use of a different
design to enhance light extraction and collection.
One of the most used structures is the thin-film LED (TF LED), which is characterized by
an epitaxially grown active region based on multiple quantum wells, for high carrier injection
efficiency, sandwiched between two external wide bandgap layers. The small thickness of the
resulting device compared to the top surface area guarantees that only a negligible part of the
generated light is emitted from the lateral walls, so that the majority of the light is directed
toward the top surface, enhancing the extraction efficiency.
The output efficiency can be further improved by using the flip-chip design. This technique
can be applied on both standard and thin-film LEDs and it exploits substrate removal steps
after which the device is flipped and bonded to the carrier chip. In such way the n-side
surface is completely exposed and the light extraction efficiency is enhanced. The p-side is
therefore metallized to double function as a reflector and p-contact.
Several techniques can be used for substrate removal, but the application depends on the
materials used in the device:

• Standard Wet Etching is typically used for in IR or visible-emitting devices (based on
GaAs/InP alloys). For deep-UV applications this technique is usually avoided since
nitrides are practically inert to wet etching, thus alternative solutions for substrate
release are required;

• Laser lift-off (LLO) has been efficiently used for visible emitting blue devices based
on GaN, but the exposed surface after substrate release is relatively rough and a poor
control of the thickness is achieved. In addition, in AlGaN-based devices the stress
induced in the device may generate cracking and thermal decomposition of AlGaN
leaves Al-residues that are difficult to remove. Thus, it is in general avoided in deep-
UV applications but it results to be quite efficient in long wavelength emitting devices;

• Chemical mechanical Polishing (CMP) is based on the combination of mechanical abra-
sion and chemical etching of the substrate. This technique has good performance but
the substrate is not reusable. This is particularly to be avoided when using nitride-
based expensive substrates, like AlN, and it does not offer the precise thickness control
required for VCSELs processing;

• Electro-Chemical Etching (ECE) is a new technique that has been recently demon-
strated to work also on AlGaN-based material, achieving complete etching of a sacri-
ficial AlGaN-based layer with really smooth surfaces and good thickness control. This
is the technique used in the devices studied in this work to perform substrate removal
prior to the flip-chip bonding, both for the LEDs and VCSELs.
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1.3 Vertical-Cavity Surface-Emitting Lasers (VCSELs)

The main requirement for any laser structure are a pump source (in general pumping can
be induced by optical injection by means of an external laser or current injection through
electrical contacts), an active medium for light amplification by stimulated emission and a
resonator, which provides optical feedback.
Semiconductor lasers are light emitting devices with semiconductive gain medium. The gain
medium is designed and properly chosen in order to amplify radiation over a specific range
of wavelengths. When sufficiently pumped, by either electrical or optical energy, enough
electrons present in the material are excited to higher energy levels to achieve the inversion
of population condition. In this state, higher energy levels are more populated than lower
energy states, where the carrier density is reduced. This condition is required to have lasing,
since only in population inversion the active region provides gain, i.e. the stimulated emission
is larger than the absorption. Above a certain threshold of pumping, the resonant cavity
provides sufficient positive feedback for the amplification to overcome the losses and lasing
can be established. The obtained generated light is mostly coherent and characterized by a
very narrow linewidth.

Figure 1.5: Simple structure of a laser resonant cav-
ity. The laser cavity is in a standard Fabry-Perot
configuration, with emission from the edge of the
device. Image from [19].

There are two main types of semiconductor lasers, which can be classified according to
the direction of propagation of the light with respect to the epitaxial growth direction:

• Edge-Emitting Lasers (EELs), in which the output beam is emitted through one of the
cleaved facets perpendicular to the plane of the epitaxial layer;

• Vertical-Cavity Surface-Emitting Lasers (VCSELs), in which the output light beam is
emitted perpendicularly to the epitaxial plane.

In standard edge-emitting lasers the light propagates perpendicularly to the epitaxial
structure and emerges from one of the two cleaved facets which act as reflectors. The non
symmetric waveguide results in an elliptical and highly-divergent output beam. Due to the
long cavity the emission is typically multi-mode. High output powers are in general easily
achievable, making EEL the most used choice for high-power applications.
On the contrary, VCSELs are characterized by a light propagation perpendicular to the epi-
taxial layer. The mirrors of the resonant cavity are then composed by Distributed Bragg
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Reflectors (DBRs), which are characterized by an alternating stack of high and low refractive
index materials. The light is emitted from either the top or bottom surface of the device,
resulting in a circular, symmetric and low-divergent output beam, making it possible to
collimate the light beam by a simple lens. The really short cavity allows for longitudinal
single mode emission, but the output power is significantly smaller than the one obtained
for standard edge-emitting devices. The vertical emission and the small dimensions of VC-
SELs allow for easy integration with standard opto-electronics and device testing right after
growth, before wafer dicing. In addition, single VCSELs can be combined and integrated
in two-dimensional arrays, allowing for higher output optical power maintaining a relatively
high quality of the total output light beam.

1.3.1 VCSEL structure

As already anticipated in the previous section, in a VCSEL the resonant cavity is defined by
an active gain region sandwiched between two DBR mirrors. The gain section is responsible
for the amplification of the signal emitted by the MQWs based active region. The epitaxial
structure is in general grown by Metal Organic Chemical Vapor Deposition (MOCVD) or
Molecular Beam Epitaxy (MBE) in order to obtain high-quality layers of controlled thick-
ness.
The pumping can be obtained either optically by an external laser with shorter wavelength
than the emission one or electrically, through electrical contacts for current injection. In the
latter case the current path is defined by current confinement strategies, such as the creation
of an oxide aperture by lateral oxidation or ion implantation.
The generated light resonates in the cavity by multiple reflections at the top and bottom
mirrors and it is emitted from one of the two DBRs, properly engineered to be less reflective.
In general, a VCSEL can be designed to emit either from the top DBR by using a top ring
contact or from the bottom of the device through a transparent substrate. In figure 1.6 a
typical structure of an electrically pumped VCSEL is illustrated.

Figure 1.6: Schematic layer structure and operating principle
of a VCSEL. Electrical injection is achieved by a top ring
contact, which allows the emission from the top surface by
the central hole. Image from [22].
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1.3.2 Distributed Bragg Reflectors

In a VCSEL the mirrors of the resonant cavity are two distributed Bragg reflectors (DBRs).
The structure consist of a stack of alternating layers with high and low refractive index, each
one of a thickness corresponding to one-quarter of the wavelength in the material. Due to the
vertical geometry where the thin active region only gives a small amplification per roundtrip,
a high number of DBR pairs are required to achieve high reflectivity and so high gain. The
maximum reflectivity is achieved at the Bragg wavelength which is defined starting from the
grating period Λ:

λB = 2Λneff (1.7)

where neff is the effective refractive index of the grating. Consider a DBR stack composed
by MBt,b pairs of layers with alternating high and low refractive index, respectively indicated
by n̄1 and n̄2. The index sequences can be expressed as n̄c| (n̄1|n̄2)MBt |nair for the top
mirror and n̄c| (n̄1|n̄2)MBb |n̄1n̄s for the bottom mirror, where nc is the refractive index of the
cavity and n̄s is the refractive index of the substrate. At the Bragg wavelength λB the peak
reflectivity can be computed as [23]

Rt,b =
(

1− bt,b
1 + bt,b

)2

(1.8)

with
bt = n̄s

n̄c

(
n̄1
n̄2

)2MBt

and bb = n̄2
1

n̄cn̄s

(
n̄1
n̄2

)2MBb

(1.9)

The two refractive index n̄1 and n̄2 are the refractive indexes of the layers in the DBR stack,
while n̄c and n̄s are the refractive indexes associated to the cladding layer (i.e. the cavity in
a VCSEL) and substrate.
The broad range of wavelengths that are reflected back from the DBR is called stop-band
and it can be calculated as:

∆λstop ≈
2λB∆n̄B
π〈n̄gr〉

(1.10)

where 〈n̄gr〉 is the spatial average of the group index n̄gr = n̄−λdn̄/dλ and ∆n̄B = |n̄1−n̄2| is
the refractive index difference between the two layers of each DBR pair. Thus, the stop-band
is proportional to the refractive index step of the grating and to achieve high reflectivity over
a wider range of wavelengths materials with high difference in refractive index are preferred.
Near the Bragg wavelength the phase of the reflectivity varies almost linearly. Such reflection
can be approximated by a discrete mirror reflection (req) placed at a distance Leff from the
beginning of the DBR. In this picture, the reflectivity can be written as

r = |req|e−jφ = |req|e−j2βrLeff (1.11)

so that the effective length can be obtained from the phase change as

leff = −1
2
dφr
dβ

= λ2

4π〈n̄gr〉
dφr
dλ

(1.12)

According to the Coupled Mode Theory (CMP), which is a perturbative approach in which
the coupling between modes is reflected into a perturbation of the refractive index of the
material, and assuming lossless mirror (

√
R ≈ 1) the latter expression reduces to

leff ≈
tanh (κLB)

2κ =
√
R

2κ =
√
R

2κ =
√
RλB

4∆n̄B
≈ λB

4∆n̄B
(1.13)
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where LB is the total length of the DBR mirror and κ = 2∆n̄B is the coupling coefficient of
a quarter wavelength stack.
The total effective length of the cavity is then calculated as the sum of the length of the inner
cavity and the penetration depth of the field in the DBRs: Leff = L+ leff,t + leff,b, where L
is the length of the inner cavity. From the effective length, finally, the spacing between the
different allowed cavity modes can be estimated

∆λl ≈
λ2

2Leff 〈n̄gr〉
(1.14)

It is straightforward to notice how in a VCSEL single longitudinal mode emission is easily
achievable. Being the cavity epitaxially grown, the thickness of the inner cavity is small
leading to a big spacing between the different resonant modes in the cavity, so that only one
cavity mode falls within the reflectivity curve of the DBR and the spectral gain bandwidth
(i.e. lasing mode).

1.3.3 Confinement factor and threshold gain

Because of the small thickness of the active gain region the overlap between the standing
wave pattern and the gain region must be considered in order to calculate the average gain of
the cavity. For that purpose, the relative confinement factor (or gain enhancement factor) is
introduced and defined as the average intensity in the active region normalized to the average
intensity over the whole inner cavity of the laser [24]

Γr = L

da

∫
da
|E(z)|2dz∫

L|E(z)|2dz . (1.15)

The gain condition for lasing can be obtained by the first Barkhausen round-trip condition
(i.e. in order to sustain resonance the round-trip gain in absolute value is equal to unity:
|RT | = 1), such that at threshold the modal gain equals the cavity losses (mirror + material)

gth = αm + 〈αi〉 = αa + 1
Γrda

[
αi (Leff − da) + ln 1√

RtRb

]
(1.16)

where da is the thickness of the active region, αa refers to the internal losses in the active region
and αi is in general the spatial average over the locally varying loss coefficient, where weighting
with the standing wave intensity has to be applied. The latter contains scattering and
diffraction loss components and free-carrier absorption contributions in doped semiconductors
[22].
Once the threshold gain is known, the photon lifetime can be calculated as

1
τ

= da
Leff

vgrΓrgth ≈ vgr
[
αi + 1

Leff
ln

1√
RtRb

]
= vgr (〈αi〉+ αm) (1.17)

where the group velocity of the laser mode is vgr = c/〈n̄gr〉. In equation (1.17) a further
approximation is imposed by considering αa � gth and da � Leff , conditions which are
usually satisfied in conventional VCSELs.
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1.3.4 Threshold current

Once the threshold gain is calculated, the threshold current can be obtained. The gain for
a MQWs based active region can be expressed by a simple three-parameters logarithmic
formula which expresses the dependence on the carrier density [19]:

g(n) = g1ln
n+ ns
nt + ns

(1.18)

where g1 is a fitting parameter, n is the carrier density, ns is a shift imposed to force the
natural logarithmic to be finite at n=0 (so that the gain equals the unpumped absorption
due to band-to-band transitions), and nt is the transparency carrier density (i.e. such that
g(nt = 0)). If we restrict the model only to non-negative gains the latter formula can be
further approximated to a two-parameter expression:

g(n) = g0 ln n

nt
(1.19)

with g0 as a fitting parameter as well.
Assuming no off-set between gain peak and resonance wavelength the current density can be
calculated as

jth = qda
ηIτsp

nth (1.20)

where q is the elementary charge, da is the active region thickness, nth is the threshold carrier
density and ηI is the carrier injection efficiency. The other parameter appearing in equation
1.20 is the spontaneous recombination lifetime τsp, which depends on the carrier density:

1
τsp(n) = 1

τsp,r(n) + 1
τsp,n(n) = A+Bn+ Cn2 (1.21)

with A,B and C coefficients related to non-radiative interface or surface recombination, ra-
diative bimolecular recombination and Auger recombination, respectively.
The threshold current is finally calculated by multiplying the threshold current density jth
by the active region area Aa:

Ith = jthAa = qVa
ηIτsp

nth = qVa
ηI

(
Anth +Bn2

th + Cn3
th

)
(1.22)

where Va = Aada is the active volume. Being the threshold current directly proportional to
the active region area, it is straightforward to observe that for small active region volumes
really low threshold current can be achieved.
In Figure 1.7 the gain as a function of the carrier density is shown. When threshold is reached
the gain remains constant at the value it reaches at threshold, causing the carrier density to
remain constant as well. Above threshold any increase in current turns to emitted photons
and no carrier density increase is observed. This situation is clearly shown in Figure 1.8,
where the carrier density as a function of the injected current is represented.

In order to better understand the meaning of laser threshold, some further considerations
can be done. In general, the condition to sustain resonance are known as Barkhausen round-
trip conditions, which are not satisfied by one single mode but several longitudinal modes
are allowed in the cavity. Among all the allowed modes just few of them satisfy the laser
threshold condition RT = 1. Below threshold an increase in the current lead to an increase
in the carrier population and gain. When the laser threshold is reached the gain does not
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Figure 1.7: Gain curve versus carrier
density.

Figure 1.8: Carrier density versus in-
jected current.

increase anymore with current and it is clamped to its threshold value, so that an increase
in the current results in an increase of the emitted photons. This situation is expressed
schematically in figure 1.9. Notice that the graphs in figure shows the spectral gain for an
edge-emitting laser, since the spacing between the longitudinal modes in a VCSEL is smaller
than the gain curve width, but the theory behind the laser operation is exactly equal in the
two cases.

Figure 1.9: Spectral gain evolution for increasing injected current
for an EEL laser.

1.3.5 Output power and Quantum Efficiency

Above threshold, the output power emerging from either the top or the bottom mirror of the
laser resonator increases linearly with driving current [19]:

Pb,t = ηd t,b
~ω
q

(I − Ith) (I > Ith) (1.23)

where the quantity ηd t,b is the differential quantum efficiency defined as the fraction of in-
jected electron that produces coherent emission from the top or bottom mirror and can be
experimentally measured by calculating the slope of the P-I curve. As illustrated in Fig-
ure 1.10, below threshold the generation of photons is dominated by spontaneous emissions
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processes, while above threshold the stimulated emission dominates and the spontaneous
emission is clamped at its threshold value.

Figure 1.10: Output power versus driving
current curve. [19]

1.4 Heat transport in semiconductor devices

Heat is one of the main limiting mechanism of the performance of opto-electronic devices. In
fact, all the power dissipated by heat (or more in general by non-radiative phenomena) could
potentially contribute to the output optical power. Thus, minimizing the temperature is one
of the key points in improving the output performance of photonic devices.
The thermal problem is critical in deep-UV emitting devices. Power conversion efficiency in
such kind of devices is still limited to a maximum of 10% for blue-VCSELs and UV-emitting
thin-film flip-chip LEDs, while no lasing below 340 nm have been reported for AlGaN based
VCSELs. Thus, a good thermal management in UV-emitting devices is crucial to push the
emission to shorter wavelengths and to exploit the advantages of deep-UV light.

1.4.1 The Heat Equation

Heat transport in semiconductive devices is described, under steady state conditions, by the
heat equation, which is a second order partial differential equation describing the distribution
of heat in space:

∇ · (κ∇T ) = −Qtot (1.24)

where κ is the thermal conductivity, T is the temperature increase computed with respect
to the heat sink temperature T0. The term Qtot comprises all the heat sources and it can be
written as the sum of different contributions [25]:

Qtot = QJoule +Qoptical +Qrec +Qcapt/esc

= σ−1||J||2 + αWopt + EgRnr + ∆C/V C
cap
n/p

(1.25)

Let’s analyse each term separately. The first term QJoule is referred to Joule heating dissipa-
tion mechanism. The generated heat is in general proportional to the electrical conductivity
σ and the injected current density J: when a current flows into a resistance it generates a
temperature increase proportional to the square of the current. The self heating mechanism
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by Joule effect is particularly critical in nitride based devices due to the high resistance of
the cladding layers, so a careful control on the cavity self-heating is required when consid-
ering electrically injected devices. Joule heating is the major heating effect in LEDs, while
the UV VCSELs still relies on an optical pumping mechanism such that the contribution of
Joule heating is not present and the main contribution to the heat is due to non-radiative
recombination processes. The second term Qopt is related to optical absorption mechanisms,
in which intra-band and free carrier absorption are included through the absorption coeffi-
cient α and Wopt is the 3D modal power density profile. Non-radiative phenomena, including
Auger and Shockley-Read-Hall (SRH) recombination, are included in the third therm Qrec
where Rnr describes the non-radiative recombination rate and Eg is the energy gap of the
material. The last term models the contribution of carrier escape/capture, with ∆C/V being
the conduction-valence band offset and Cn/p is the corresponding capture/escape rate. In
principle, also Peltier and Thomson effects should be included in the heat equation, but they
are negligible with respect to the other thermal phenomena [25] and thus can also be not
included in the total heat equation.

1.4.2 Temperature effects in VCSELs

VCSELs are more than other types of emitting devices sensitive to temperature effects. The
temperature rise in VCSEL cavities due to self-heating effects, Joule heating and carriers non
radiative recombination will induce a drastic reduction of the laser output performance.
Three main temperature-induced effects can be summarized for a VCSEL as a consequence
of the increasing temperature in the cavity:

1. Increase in the threshold current density. The main contribution is found to be Auger
recombination, vertical carrier leakage in the MQWs active region [26] and detuning
between gain peak and resonance wavelength;

2. Thermal roll over, which is the reduction of the output power with increasing temper-
ature. The self-heating in VCSELs cavity limits the output power of such devices to
below 20 mW [27], [28];

3. Detuning between the gain peak and the resonance wavelength. In a VCSEL the emis-
sion wavelength is determined by the resonance peak which falls under the gain peak.
With increasing temperature in the cavity both the resonance wavelength and the gain
peak experience a red shift. The shift, however, occurs at different rates so that the
detuning between these two quantities determines the VCSEL output performance.

Let’s proceed analysing each effect and its dependence on the increasing temperature
separately.

Increase in threshold current density

The threshold current density in VCSELs is the nominal value of injected current necessary
to induce lasing. Above threshold the number of higher energy states is much more popu-
lated with respect the the fundamental level so that the inversion of population condition is
achieved and the stimulated recombination dominates over the spontaneous recombination
mechanism.
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The temperature dependence of the threshold current can be obtained by studying the tem-
perature dependence of the quantities appearing in the expression of the threshold current
reported in equation 1.22. Considering that around threshold the main recombination mech-
anism is the spontaneous recombination and expliciting the expression for the carrier density
at threshold, equation 1.22 reduces to:

Ith '
qVa
ηI

Bn2
th = qVa

ηI
B

(
Ntre

〈αi〉αm
Γg0

)2
(1.26)

where ntr ∝ T , g0 ∝ 1/T and αi ∝ T [19]. Therefore, it can be concluded that the threshold
current density has an overall exponentially increasing behaviour with temperature.
Any other recombination mechanism, such as Auger or SRH recombination, as well as carrier
leakages will enhance the above described temperature dependence. In fact, an increase in
temperature increases the vertical leakage of carriers, such that electrons trapped in the QW
region gain sufficient energy to escape from the potential well and are injected in the con-
tact layers of the cavity where the recombination of carriers does not contribute actively to
the output optical power. So the amount of carriers injected in the cavity must be higher to
achieve the same carrier population in the QW so that the threshold current increases as well.

Thermal roll-over

The thermal-roll over mechanism is defined as the premature saturation of the output power
with increasing bias current, under CW operation. In fact, increased heat in the cavity
reduces the total amount of power that can be converted into optical power reducing the
efficiency of the device. Thermal roll-over is one of the main limitations of nitride based
emitters, whose optical power is limited by the non-optimized dissipation of heat in the de-
vice.

Detuning between resonance wavelength and gain peak

The major problem related to the increasing temperature in the cavity is the red shift of the
resonance wavelength in the cavity with increasing temperature. The resonance wavelength
of the resonator is shifted toward higher wavelengths as temperature increases. This is a
direct consequence of the increase in the refractive index of the material. This leads to an
increase in the optical length of the cavity and thereby a longer resonance wavelength.
The gain peak experiences also a red shift but the rate is reduced compared to the shift of
the resonance wavelength. The gain peak shift is indeed directly related to the band gap
shrinking with increasong temperature. The emission of light from the QW will then occurs
at lower energies which corresponds to higher wavelengths.
The detuning between gain peak and resonance wavelength will then directly affect the op-
tical properties of the device. In fact, if the wavelength of the resonator does not fall in
correspondence with the gain peak the output optical power will be drastically reduced with
respect to the maximum achievable power with a consequent reduction in the efficiency.
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1.4.3 Thermal effects in LEDs

Similar effects as the ones reported for the VCSELs affect the LEDs technology. The high
temperature rise in the active region is, in this case, mainly related to Joule heating effects.
The relatively high n- and p- contact resistances lead to high operating voltages in UV LEDs
with a consequent self-heating in CW operation [29]. This self-heating has as main conse-
quence the saturation of the output power, which results to be limited as the temperature
in the device increases (i.e. analogous effect to the thermal roll-over for the VCSELs). The
maximum achievable output power is then limited to few milliWatts in CW operations, while
relatively higher values can be obtained in pulsed operation regimes where the P-I character-
istic shows an approximately linear trend [30].
The second temperature effect in LEDs is the red shift of the peak wavelength, which shifts
toward higher values [31]. This is due to the band gap narrowing with increasing tempera-
ture, which leads to the absorption and then emission of photons with lower energies. Thus,
above RT the emission wavelength results to be shifted. Other secondary effects includes the
reduction of the PL peak and the broadening of the full-width at half maximum (FWHM) of
the emission peak [31]. The latter effect is mainly related to the increase in near-band edge
(NBE) transition probability due to the presence of defects. The defects density increases
with increasing temperature due to the difference in the thermal expansion coefficient of the
epi-layers with a consequent increase in the relative strain between the thin films [32].
The optimization of the thermal resistance is in the case of LEDs mainly related to the device
packaging which offers a great flexibility in the design. Due to the low thermal conductivity
of sapphire (3.5 Wm−1K−1), which is commonly used as substrate in UV emitting LEDs, the
flip-chip design is usually exploited to allow for the bonding of the device to an AlN carrier
chip [8],[33]. AlN is indeed characterized by a higher thermal conductivity leading to a better
heat spreading toward the heat sink.
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2 | Thermal simulations of UV-
emitting VCSELs and LEDs

In this chapter the thermal properties of UV-emitting VCSELs and LEDs are studied. The
heat flow in the device and the maximum temperature achieved in the active region are sim-
ulated in COMSOL Multiphysics, by means of 2D and 3D steady-state simulations.
The results obtained for the initial structure are then used as starting point to modify the
geometry in order to achieve a better thermal dissipation of the heat in the device.
The thermal resistance for each geometry is then calculated and used as a figure of merit to
compare the different designs.
Three different type of devices are analysed in the following: optically pumped UVB-VCSELs,
with an AlGaN based cavity, optically pumped UVC-VCSELs, with a similar structure to the
one used for the UVB lasers but the cavity is AlN-based, and UVB emitting LEDs. In the
latter case, four designs are studied to better manage the current crowding effect established
between the p- and n-electrode.

2.1 UVB Vertical-Cavity Surface-Emitting Lasers (VCSELs)

Vertical-Cavity Surface-Emitting Lasers (VCSELs) are semiconductor-based laser diodes which
emit light normal to the device surface. These devices have gained a great attraction in the
past few years due to their capability of single-mode emission, circularly symmetric Gaussian
beam profiles, small divergence angles, low threshold currents and simple packaging. At the
same time, the VCSEL design provides a relatively easy 2D array integration and low man-
ufacturing costs, compared to their edge-emitting counterpart.
The thermal behaviour of the device plays a crucial role in the optimization of the output
performance of the laser. In lasers composed of a resonant cavity made by wide-bandgap
materials with a double dielectric DBR configuration, the low thermal conductivity of the
materials is responsible for the drastic reduction of the vertical heat transport through the
bottom DBR mirror with a consequent increase in the cavity temperature and so of the ther-
mal resistance. On one hand, the use of dielectric materials increases the miniaturization
capability (a lower number of layer is required to reach the same reflectivity of an epitaxial
DBR). On the other hand, due to the very low thermal conductivity of the materials, the heat
transport in the vertical direction from the active region toward the heat sink is drastically
reduced. The self-heating generated in the cavity leads to an increase in the non-radiative
carrier losses and an increase in the threshold current, a reduction of output power, a shift
of the lasing wavelength, and a decrease of the slope output efficiency and the differential
quantum efficiency [26], with a consequent reduction of the performance in CW operation.
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Additionally, the operating lifetime of semiconductor lasers usually decrease exponentially
with temperature. Therefore, a good thermal management in the structure is required to
increase the lifetime of the device and increase the efficiency.

2.1.1 Double dielectric DBR structure

One of the biggest challenges for UV-emitting VCSELs lies in the need for high reflectivity
DBRs. Dielectric mirrors as replacements for epitaxially grown thermally conductive DBRs
have many advantages from an optical point of view. The high refractive index contrast
between the materials composing the DBR allows for using a lower number of pairs with
respect to their epitaxial counterpart, achieving easily a very high reflectivity (∼ 99%) and
a wide stop-band.
The structure of the UVB-emitting VCSEL studied in this section is reported in Figure 2.1.
The use of a double dielectric DBR structure requires a modification of the technological
process due to the impossibility to grow the cavity directly on the dielectric materials. For
that purpose, the laser cavity is first epitaxially grown on an AlN or sapphire substrate. The
DBR, corresponding to the bottom mirror in the final structure, is deposited by sputtering
on top of the epitaxial structure. Finally, the metal stack required for the bonding is de-
posited on the DBR mirror and it composed of Au(200 nm)/Ti(10 nm)/SiO2(20 nm)/Al(50
nm). The 50 nm thick Al layer is used to increase the reflectivity of the bottom DBR and to
reuse part of the optical pump power not absorbed by the active region. A thin SiO2 layer
is used to separate Al and Au and avoid interdiffusion of the materials. At this point, the
substrate is released by electrochemical etching (ECE) of a sacrificial layer. The advantages
of using ECE for substrate removal with respect to the conventional lift-off process relies on
the possibility of a better control in the cavity length and for a reduced roughness of the
top cavity surface, reducing the scattering losses at the interface between the top surface of
the cavity and the DBR. In the VCSEL processing, usually the sacrificial layer consist of
an Al0.37Ga0.63N laye, on top of which an Al0.11GaN/Al0.37GaN superlattice is grown. The
presence of the superlattice in contact with the laser cavity allows to enhance the etching at
the top surface obtaining a very smooth profile, essential to minimize the losses.
After the ECE step the structure is flipped upside down and bonded to the Au covered silicon
carrier. After the bonding process, the top DBR mirror is deposited on the AlGaN cavity. In
this way, the AlGaN cavity becomes completely enclosed between two dielectric DBR mirrors,
composed of a stack of alternating SiO2(53.8 nm)/HfO2(36.8 nm) layers.
The cavity is designed to emit in the UVB-range at 320 nm and it is composed by an active
region consisting of five Al0.2Ga0.8N/Al0.5Ga0.5N QWs, sandwiched between two Al0.6Ga0.4N
layers.
If on one hand the optical properties of dielectric DBRs are superiors in the UV range, the
poor thermal conductivity of the dielectric materials used for the DBRs inhibits the vertical
heat transport from the active region toward the heat sink, leading to a dramatic increase in
the cavity temperature.
In the following, the heat flow and the temperature profile are calculated for different designs,
in order to study the improvements of the thermal performance of the device, reducing the
thermal losses and increasing the output power and the efficiency of the laser.
The thermal resistance of the different structures (Rth=∆T/Pdiss) is then calculated and
used as a figure of merit to compare the different structures from a thermal perspective.
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Figure 2.1: UVB-VCSEL structure with double dielectric DBR and 2.5λ cavity length.

Structure modelling

The simulations are carried out by using the commercial tool COMSOL Multiphysics in
steady-state conditions. As the VCSEL structure is symmetric around the z-axis (perpendic-
ular to the emission surface), a 2D axisymmetric geometry is used: half of the device is built
in two dimensions and it is rotated around the z-axis to build the 3D structure.
A particular attention must be devoted to the modellization of multi-stacked structures, in
which the multiple interfaces between the thin layers acts as additional scattering centers
by interfacial phonons reducing the overall thermal conductivity with respect to the bulk
materials. Thus, both the DBR and QWs region can be modelled as effective layers with
anisotropic thermal conductivity [34], calculated as:

κth,L = κ1d1 + κ2d2
d1 + d2

; κth,V = d1 + d2
d1
κ1

+ d2
κ2

(2.1)

where d1 and d2 are the thicknesses of the two layers of the stack and κ1 and κ2 are the
associated thermal conductivities. Isotropic thermal conductivity is assumed for all the other
layers.
The small thickness of the active region with respect to the cavity cladding layers allows
to lump all the heat sources in the active region [35], as a disk of diameter d=20 µm and
thickness 85 nm. The heat source is passed to the simulator in terms of power density per
unit volume. The total dissipated power is assumed to be equal to 0.1 W [36] and the power
density is obtained simply by dividing the dissipated power by the total volume of the active
region:

Pdensity = Pdiss
Vactive

= 3.7467× 1015W/m3 (2.2)

The power density is kept constant in all the simulations in order to be able to directly
compare the temperature for the different structures.
The boundary conditions are set in the heat source section of the simulator:

• an initial temperature of 293.15 K is set as initial condition in the whole simulation
domain;
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• the temperature is fixed to the ambient temperature (293.15 K) at the bottom surface
of the device;

• all the other boundaries are assumed to be thermally insulating.

Thermal conductivities

The two main parameters that affects the thermal behaviour of the device are the thermal
conductivities of AlGaN, since it regulates the heat flow in the cavity, and of HfO2 that influ-
ence mainly the heat flow through the DBR mirrors. SiO2, even though is present close to the
cavity has a thermal conductivity that is slightly varying around 1.4 Wm−1K−1 depending
on thickness and deposition conditions, such that the thermal properties of the DBRs are
dominated by the thermal conductivity of HfO2.
In the case of AlGaN, the thermal conductivity is strongly dependent on the alloy composi-
tion. It can be calculated from the thermal conductivities of the binary compounds which
forms the alloy (AlN and GaN), by a non-linear interpolation law [37]:

κAlxGa1−xN =
[1− x
κGaN

+ x

κAlN
+ x (1− x)

Ck

]
(2.3)

where the thermal conductivity of GaN is assumed to be κGaN=130 Wm−1K−1 and the ther-
mal conductivity of AlN is set equal to κAlN=350Wm−1K−1. The parameter Ck=3.2Wm−1K−1

arises from the lattice disorder and it describes the random distribution of Ga and Al atoms
in the lattice.
The trend of the thermal conductivity as a function of the Al composition is plotted in Figure
2.2. It presents a minimum around an Al molar fraction x=0.5 and it tends to the value of the
binary compounds at the extremities. The drop of the thermal conductivity from the binary
compounds values is due to the increasing scattering by acoustic phonons with increasing
concentration of foreign atoms in the lattice, that acts as additional scattering centers reduc-
ing the overall thermal conductivity.
These calculated thermal conductivity values are the lowest values found in literature for the
AlGaN alloy, thus the obtained simulations represents a worst case in term of AlGaN thermal
conductivity.

The thermal conductivity of hafnium dioxide is strongly dependent on the thin-film thick-
ness, which influence mainly the grain size of the poly-crystalline film, and on the substrate
on which the thin film is deposited.
The thermal conductivity values found in literature ranges from 0.052 Wm−1K−1 for dielec-
tric thin-films deposited by e-beam evaporation [38] to 17 Wm−1K−1 for HfO2 in its bulk form
[39]. The oxide layers in the DBR are deposited by sputtering, so in order to obtain results as
realistic as possible the thermal conductivity of HfO2 is set equal to κHfO2=1.2 Wm−1K−1,
corresponding to the measured value by Lee et al. [40] for HfO2 thin-films deposited by DC
magnetron sputtering.
All the dimensions of the layers and the thermal conductivity values of the different layers
are summarized in Table 2.1.
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Figure 2.2: Thermal conductivity of AlGaN as
a function of the aluminum composition.

Layer Material Diameter
[µm]

Thickness
[nm]

κth [W/mK]

Top DBR SiO2/HfO2 82-302 900 κL=1.4196
κV=1.312

Top AlGaN Al0.6Ga0.4N 80-300 210.6 12.5327
Active region Al0.5Ga0.5N/

Al0.2Ga0.8N
80-300 85 κL=12.654

κV=12.459
Bottom AlGaN Al0.6Ga0.4N 80-300 33.4 12.1639
Bottom DBR SiO2/HfO2 80-300 990 κL=1.3196

κV=1.312
Hafnium diox-
ide (Bottom
DBR)

HfO2 80-300 24.4 1.2

Aluminium Al 66-286 50 237
Silicon dioxide SiO2 66-286 20 1.4
Contact Ti/Au/Ti 66-286 520 κL=305.65

κV=208.79
Peripheral part
of the contact

Au/Ti 300 310 κL=307.5

κV=220
Substrate Si 300 300 000 130

Table 2.1: Simulation parameters for the double dielectric DBR structure. The values in bold
text indicates the dimensions that are varied in the simulations performed as a function of the
mesa width (80-300 µm) and AlGaN inner cavity thickness (329-8225 nm). For the diameter
also the range of variation is indicated, while the thicknesses represents the initial values of
the AlGaN cavity layers. All the dimensions not in bold text are kept fixed throughout all
the simulations.
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Simulation results

The thermal performance of the structure under analysis is studied in terms of temperature
profile and heat flow for different geometries.
As initial condition a pumped region of radius ractive=10 µm and a mesa of radius rmesa=60
µm are considered. The temperature profile is shown in Figure 2.3. The arrows, in pro-
portional scale, represents the heat flux. The maximum temperature achieved in the active
region is of 559 K. This dramatically high temperature is a consequence of the double DBR
configuration, whose really poor thermal conductivity inhibits the heat flow from the active
region toward the substrate. Looking at the heat flow diagram (arrow plot), it can be ob-
served that the dissipation occurs mainly laterally through the AlGaN cavity, whose thermal
conductivity is low but higher than the one of the two DBR mirrors, and vertically through
the bottom DBR mirror.

Figure 2.3: Temperature profile and heat flux in the UVB VCSEL
with double DBR structure for ractive=10 µm and rmesa=60 µm.

The simulation is then repeated iteratively by varying the design parameters and the
effect in terms of maximum temperature in the cavity are studied as a function of different
geometrical parameters:

• the active region radius is varied in the range 2.5 ÷ 25 µm. The active region is identified
as the pumped region, related to the dimensions of the pumping laser beam. These
simulations are mainly aimed at studing how much the VCSEL can be pumped before
reaching dramatic temperatures in the cavity;

• the mesa radius iis varied in the range 40 ÷ 150 µm, to study the lateral heat flow
mainly through the cavity layer toward the edges of the mesa;

• the cavity length is increased up to 25 times its initial value. Both the top or bottom
AlGaN cladding layers are varied accordingly to investigate the heat spreading in the
cavity.

Influence of active region dimension The simulations are run for increasing active
region radius, keeping the mesa size and the inner cavity length fixed to their initial values
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(rmesa=60 µm , tcavity=329 nm). The active region is defined as a disk whose size is dependent
on the dimension of the laser spot used to pump the VCSEL.
The active region radius is increased from 2.5 µm up to 25 µm and the pumped optical power
density is kept constant to the value specified in equation (2.2). The corresponding plot is
shown in Figure 2.4. Keeping the power density constant, a wider active region produces
an increase in the total dissipated power in the cavity with a consequent increase in the
maximum cavity temperature. This behaviour is confirmed by the simulations in which the
temperature in the cavity shows a steep increase as the pumping region width increases up
to approximately 10 µm, while it shows a sort of saturation for bigger active region sizes.
The saturation of the maximum temperature at bigger pumped region width reflects the fact
that the heat transport is enhanced for wider contact areas.
The thermal resistance is a figure of merit of the whole device used to describe the ability of a
homogeneous material to conduct the heat. It is calculated as the ratio between the increase
in temperature in the cavity with respect to the initial temperature (293.15 K) and the total
dissipated power:

Rth = ∆T
Pdiss

(2.4)

The calculation is repeated for increasing active region width and the resulting plot is shown
in Figure 2.5. Keeping the dissipated power density constant, an increase in the active re-
gion width produces an increase in the total dissipated power. Thus, the thermal resistance
reduces with increasing active region size. This results is not straightforward. In fact, one
would expect a raise in the thermal resistance for wider active regions, since an increase in
the dissipated power leads to an increase in the cavity temperature. The observed behaviour
is the opposite and it is an indication of the fact that a bigger surface area enhances the heat
dissipation. The increase in temperature with the active region size is then smaller than the
increase in dissipated power, with a consequent reduction of the thermal resistance. In con-
clusion, the heat dissipation is more efficient for bigger active regions, but the temperature
reached in the cavity is still too high.

Figure 2.4: Maximum temperature in the
cavity as a function of the active region
radius for the double DBR configuration.

Figure 2.5: Thermal resistance as a func-
tion of the active region radius for the
double DBR configuration.

Influence of mesa size The thermal behaviour of the VCSEL as a function of the mesa
radius is now studied. The active region radius is kept fixed at ractive=10 µm. Looking at the
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temperature profile in the structure simulated at the fixed simulation parameters reported in
Figure 2.3, it can be observed that the reduction in temperature occurs in few micrometers
at the borders of the active region. Thus, being that the mesa size is relatively big compared
to the active region width, the temperature reduction is expected to not be significantly de-
pendent on the mesa dimensions. The predicted behaviour is confirmed by the simulations,
in which the mesa radius is varied in the range 40 ÷ 150 µm. The results of the simulation
are plotted in Figure 2.6: a decrease in the maximum temperature reached in the cavity is
observed for smaller mesas and the trends saturates for bigger mesa sizes, but the obtained
reduction in temperature is not significant. A maximum reduction in temperature of 0.0387
K is observed by increasing the mesa radius from 40 µm to 150 µm.
The trend of the thermal resistance as a function of the mesa size is plotted in Figure 2.7.
Also in this case, no significant dependence on the mesa size is observed since the reduction
in temperature with increasing diameter of the mesa is not effective.

Figure 2.6: Maximum temperature in the
cavity as a function of the mesa radius
for the double DBR configuration, for
ractive=10 µm.

Figure 2.7: Thermal resistance as a func-
tion of the mesa radius for the double
DBR configuration, for ractive=10 µm.

Influence of cavity length The last simulation is devoted to the study of the effects of
the cavity length on the thermal behaviour of the device. A shorter cavity is preferable to
have single-longitudinal mode operation, a better longitudinal optical confinement factor and
lower absorption loss, but at the same time it leads to a reduction in the heat dissipation
capability. A longer cavity will produce a more effective spreading of the heat reducing the
maximum temperature achieved in the active region.
In the simulations the cavity length is increased by increasing either the top or bottom AlGaN
cladding layers. The AlGaN cavity is increased up to 25 times the nominal value reported in
Table 2.1.
The results of the simulation are shown in Figure 2.8. It can be observed that the curve
obtained by varying the top AlGaN shows a monotonically decreasing behaviour with in-
creasing cavity length, while the one obtained varying the bottom AlGaN layer saturates at
longer cavity lengths. In the first case, the active region is kept closer to the bottom DBR
and the path the heat has to travel from the active region toward the substrate is smaller,
thus producing a more effective reduction in temperature.
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Figure 2.8: Maximum temperature in the
cavity as a function of the cavity length for
the double DBR configuration. The two
curves are obtained by varying separately
the bottom and the top AlGaN cladding
layers of the cavity.

In Figure 2.9 and 2.10 the thermal resistance as a function of the cavity length is plotted
varying the top and bottom AlGaN layer, respectively. The trend of the thermal resistance
follows the behaviour of the temperature in the cavity and it is an indication of the better
thermal behaviour of the system for longer cavity lengths. Thus, the most effective way to
reduce the temperature in the cavity and achieving a better dissipation of heat is achieved
by varying the top AlGaN cladding layer.

Figure 2.9: Thermal resistance as a func-
tion of the cavity length for the double
DBR configuration, obtained by varying
the top AlGaN cladding layer.

Figure 2.10: Thermal resistance as a func-
tion of the cavity length for the double
DBR configuration, obtained by varying
the bottom AlGaN cladding layer.

Comparison with epitaxial bottom DBR

It is interesting to compare the obtained results for the double DBR configuration with a
structure in which the bottom DBR is epitaxially grown, in order to have an idea of how
much the thermal performance of the device is worsened in the first case.
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The advantage of a dielectric DBR is in the superior optical properties. The high refractive
index difference between HfO2 and SiO2 allows to reach high reflectivity over a wide range of
wavelengths and reduced number of DBR pairs. The use of an epitaxial DBR is characterized
by better thermal performance, due to the higher thermal conductivity of the materials with
respect to the dielectric SiO2/HfO2 DBR, but the optical properties are not optimal, in terms
of reduced reflectivity and narrower stop-band.
The epitaxial DBR used in the simulation is composed by an alternating stack of AlN
(37.2nm) and Al0.6Ga0.4N (33.9 nm) layers. Due to the relatively small refractive in-
dex difference between the materials which composes the DBR layers a higher numbers of
AlN/Al0.6Ga0.4N pairs are required to achieve high reflectivity. A reasonable choice is to use
40 pairs, although even in this case a ∼ 99% of reflectivity is difficult to achieve [41].
The thermal conductivities of the materials are taken from literature values. The thermal
conductivity of epitaxially grown AlGaN is modelled as for the cavity by means of the non-
linear interpolation law reported in equation (2.3). The thermal conductivity of AlN is set
equal to 200 Wm−1K−1 [42].
It is worth to notice that the AlN cannot be grown on top of gold or silicon. Thus, the silicon
carrier is replaced by a sapphire substrate, with a 300 nm thick layer of AlN on top [43]. All
the other simulation parameters are kept equal to the previous simulations.
The temperature profile and the heat flow for an active region radius ractive=10 µm and a
mesa radius of rmesa=60 µm are shown in Figure 2.11. Compared to the previous design the
total temperature in the cavity is drastically reduced achieving a maximum temperature of
361 K. The high thermal conductivity of the AlN layers in the epitaxial DBR acts as heat
spreaders increasing the lateral heat flow through the bottom DBR.

Figure 2.11: Temperature profile and heat flow in the VCSEL with bottom epitaxial
DBR.

2.1.2 Recessed metal design: addition of a thermal shunt ring

The main problem related to the uninterrupted double dielectric DBR structure is that there
is no high thermal conductivity material in contact with the cavity and the heat flow toward
the heat sink is reduced, causing a dramatic increase in the cavity temperature.
In order to improve the heat dissipation one solution is to add a thermal shunt ring in order
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to put a metal with high thermal conductivity closer to the active region [28]. The thermal
shunt is inserted by etching a ring in the bottom DBR structure before the flip-chip proce-
dure, in which the inner ring of the shunt is put in correspondence of the perimeter of the
active region in order to do not influence the optical field in the cavity.
The structure under analysis is shown in Figure 2.12. After the etching of the thermal shunt
ring the Al/SiO2/Ti/Au contact layers are deposited on the bottom DBR. The obtained
structure will be flip-chip bonded to the 300 nm thick Au contact previously deposited on
the silicon substrate. Thus, an air gap will remain trapped in the thermal shunt ring, that
will not be completely filled with metal. In the obtained structure the Al layer is directly in
contact with the cavity, reducing the path for the heat to flow from the active region to the
substrate.
Different modifications are then investigated in order to try to improve the thermal perfor-
mance:

• removal of the SiO2 layer;

• removal of the Al layer;

• filling the air gap with gold.

Figure 2.12: UVB-VCSEL structure with a thermal shunt ring.

Comparison with uninterrupted bottom DBR

The simulations performed for the structure with the uninterrupted bottom DBR are repeated
in the case of the structure with the thermal shunt and the obtained results are compared
between the two structures in terms of temperature decrease and thermal resistance as a
function of active region size, mesa dimension and cavity length.
The first simulation is run at fixed simulation parameters, for an active region of radius 10
µm and a mesa of radius 60 µm. The temperature distribution in the structure is shown in
Figure 2.13. The presence of the air gap in the shunt inhibits the heat flow, thus the heat is
mainly dissipated through the gold ring closest to the active region. A temperature reduction
of 2 K is achieved with the introduction of the thermal shunt.

Influence of active region dimension The simulation is run by increasing the active
region radius in the range 2.5 ÷ 20 µm. The shunt inner ring is placed in correspondence of
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Figure 2.13: Temperature profile in the VCSEL in the recessed metal design, for an active
region of radius ractive=10 µm and a mesa radius of rmesa=60 µm.

the active region boundary and its size is also increased during the simulation.
In Figure 2.14 the maximum temperature in the cavity as a function of the active region
size is reported. It can be observed that the effect of the thermal shunt is more effective for
smaller pumped region sizes, so for smaller injected power, reaching maximum reduction in
temperature of 42 K for an active region of radius 2.5 µm. For bigger sizes of the pumped
region the reduction in temperature with the addition of the thermal shunt appears to be not
effective. The minimum reduction in temperature occurs for an active region of radius 20 µm
and it corresponds to a decrease in temperature in the thermal shunt structure of only 1.3 K
with respect to the temperature achieved in the uninterrupted DBR structure.

Figure 2.14: Comparison between the
maximum temperature in the cavity as a
function of the active region radius with
and without the thermal shunt ring.

Influence of mesa size The simulation is run by varying the mesa radius in the range 40÷
150 µm. The results of the simulation are shown in Figure 2.15 and Figure 2.16, in terms
of maximum temperature and temperature increase in the cavity. The calculations are also
are compared with the results for the uninterrupted bottom DBR design analysed in Section
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2.1.1.
The results shows that in the structure with the thermal shunt ring the maximum tempera-
ture in the cavity actually increases with increasing mesa width. This behaviour is due to the
presence of the air gap. Air is characterized by a very poor thermal conductivity (0.02527
Wm−1K−1), so the heat is mainly conducted through the gold metallic layer around the air
gap. When the mesa size is increased, the outer gold ring is moved away from the active
region boundary reducing the section of the region through which the heat can flow. The
maximum temperature increase is still not significant, and that confirms the initial hypothesis
according to which the heat is mainly dissipated in the vertical direction through the bottom
DBR.

Figure 2.15: Comparison between the
maximum temperature in the cavity as a
function of the mesa radius in the UVB
VCSEL structure with and without the
thermal shunt ring.

Figure 2.16: Comparison between the
maximum temperature decrease in the
cavity as a function of the mesa radius
in the UVB VCSEL structure with and
without the thermal shunt ring.

Influence of the cavity length The last simulation is performed for increasing cavity
length. The cavity length is varied by either increasing the top and bottom AlGaN layers.
The thickness of the cladding layers of the cavity are increased up to 25 times their nominal
value reported in Table 2.1.
The results are plotted in Figure 2.17 and Figure 2.18. The most effective way to reduce the
cavity temperature is to vary the top AlGaN cladding layer, keeping in this way the active
region closer to the metallic contact of the shunt.

Removal of SiO2/Al layer

In the structure with the thermal shunt an Al/SiO2/Au metal stack is deposited on the bot-
tom DBR before flipping the structure and bonding it to the bottom gold contact deposited
on the Si carrier. The effects of the removal of Al and SiO2 layers are investigated in this
section. The presence of the SiO2 layer, due to its small thermal conductivity (κth,SiO2=1.4
Wm−1K−1), prevents the heat to flow toward the gold contact. The removal of the oxide layer
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Figure 2.17: Comparison between the
maximum temperature in the cavity as
a function of the AlGaN thickness in the
UVB VCSEL structure with and without
the thermal shunt ring, varying the top
AlGaN cladding layer.

Figure 2.18: Comparison between the
maximum temperature in the cavity as
a function of the AlGaN thickness in the
UVB VCSEL structure with and without
the thermal shunt ring, varying the bot-
tom AlGaN cladding layer.

is then expected to improve the thermal performance of the device reducing the maximum
temperature achieved in the cavity. Without the oxide the cavity is directly in contact with
the metallic contact which is characterized by a high thermal conductivity and the maximum
temperature in the cavity is expected to reduce.
The Al layer is used for its high reflectivity to increase the total reflectivity of the bottom
mirror. The presence of Al allows for using a lower number of layers in the bottom DBR
ensuring at the same time a high reflectivity. The simulation is run by simply removing the
Al layer without increasing the bottom DBR thickness. The results of the simulation are
shown in Figure 2.19-2.23. The removal of the oxide layer actually improves the thermal
performance of the device reducing the maximum temperature achieved in the cavity. The
removal of the Al does not introduce significant differences, since the thermal conductivities
of Al and Au are comparable and heat is dissipated efficiently. Therefore, the presence of
the Al does not affect the thermal behaviour of the device. On the contrary, the removal of
the Al layer would require an increase in the bottom DBR thickness, actually worsening the
thermal performance of the device.

Filling the thermal shunt with gold

In the recessed metal design, the air ring present in the shunt actually reduces the effec-
tive thermal conductivity of the shunt, due to the poor thermal conductivity of air (0.02527
Wm−1K−1 at 300 K). An improvement of the structure involves filling the air gap with gold
in order to enhance the heat dissipation toward the substrate.
The results of the simulation are reported in Figure 2.24. The temperature appears to be
reduced of 2 K at fixed simulation parameters (ractive=10 µm, rmesa=60 µm) with respect to
the initial structure. Thus, the recessed metal design, either with the air gap or completely
filled with Au, is not an effective solution to improve the heat dissipation in the UVB VCSEL
structure with double dielectric DBR.
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Figure 2.19: Comparison between the
maximum temperature in the cavity as a
function of the active region radius with
and without the thermal shunt ring.

Figure 2.20: Comparison between the
maximum temperature in the cavity as a
function of the mesa radius with and with-
out the thermal shunt ring.

Figure 2.21: Comparison between the
maximum temperature decrease in the
cavity as a function of the mesa radius
with and without the thermal shunt.

Heat spreading layer

Due to the poor control on the thermal performance by using standard thermal management
techniques, an alternative structure including an high thermal conductivity heat spreading
layer in the cavity placed between the top AlGaN cavity contact and the top DBR is now
investigated.
The choice of the materials is a critical challenge in this case. In fact, as the heat spreader is
in contact with the cavity the material used affects directly the resonance of the radiation in
the resonator and so the distribution of the optical field. In particular, two main requirements
must be satisfied for a good heat spreader:

• high lateral thermal conductivity;

• transparency in the UV range.

As material of choice two different options are studied in the following: AlN, which is not ab-
sorbing at 320 nm and characterized by a high thermal conductivity if epitaxially deposited,
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Figure 2.22: Comparison between the
maximum temperature in the cavity as a
function of the top AlGaN cladding layer
thickness with and without the thermal
shunt ring.

Figure 2.23: Comparison between the
maximum temperature in the cavity as a
function of the bottom AlGaN cladding
layer thickness with and without the ther-
mal shunt ring.

Figure 2.24: Temperature profile in the VCSEL in the recessed metal design with the thermal
shunt filled with Au, for an active region of radius ractive=10 µm and a mesa radius of
rmesa=60 µm.

and CVD diamond films, quite expensive technology but with superior thermal characteris-
tics and very low absorption in the UVB range due to the wide bandgap of diamond.

Alluminum nitride AlN is characterized by a really high thermal conductivity even in
thin-film form (∼ 200 Wm−1K−1 [36]). This property makes it a really promising material
for thermal management applications. The presence of a thin-film of AlN in contact with the
cavity enhances the lateral heat spreading toward the side of the mesa drastically decreasing
the maximum temperature reached in the cavity.
In Figure 2.25 the thermal profile of the structure with an AlN layer of thickness 250 nm is
shown. The heat flow is represented by the arrow plot (in proportional scale), showing that
the heat transport is mainly conducted through the high thermal conductivity AlN layer, so
that the importance of the bottom DBR from a thermal perspective is reduced.

34



Figure 2.25: Temperature profile and heat flux in the UVB VCSEL structure with a 250nm
thick AlN heat spreading layer.

In figure 2.26 the maximum temperature in the cavity achieved by increasing the AlN
spreading layer from 50 nm up to 600 nm is represented. By adding the AlN heat spreading
layer the temperature in the cavity is reduced, but a relatively thick layer of AlN is required
to achieve reasonably low values of temperature with a consequent reduction in the optical
performance.

Figure 2.26: Influence of the AlN heat
spreader: maximum temperature in the
cavity as a function of the AlN heat
spreading layer thickness.

CVD diamond films As alternative material to AlN as heat spreading layer for UVB
VCSELs application a thin diamond film is investigated. Diamond has a nominal energy gap
of 5.5 eV making it transparent to UV radiation and a really high thermal conductivity value,
which exceed 2000 Wm−1K−1 in its bulk form.
High quality diamond thin-films can be easily produced and integrated into a VCSEL cavity
by direct deposition of the film by CVD or bonding of thin diamond wafers. The thermal
conductivity of CVD diamond is certainly reduced compared to the thermal conductivity
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value of bulk diamond, but it is still sufficiently high to be considered a good candidate as
heat spreader (κth ∼ 800 Wm−1K−1 [44]).
In Figure 2.27 the temperature profile and the heat flux in the UVB VCSEL structure with a
250 nm thick diamond layer is shown. Even for a thin layer the lateral heat spreading toward
the edge of the mesa is efficient. The lateral heat flow is enhanced as the thickness of the
diamond layer is increased, reaching sufficiently low temperature for a thickness of 600 nm
(figure 2.28).

Figure 2.27: Temperature profile and heat flux in the UVB VCSEL structure with a 250nm
thick diamond heat spreading layer.

Figure 2.28: Influence of the diamond
heat spreader: maximum temperature in
the cavity as a function of the diamond
heat spreading layer thickness.
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2.2 UVC Vertical-Cavity Surface-Emitting Lasers (VCSELs)

The thermal behaviour of deep-UV VCSELs emitting in the UVC range, are studied in
this section. The structure is analogous to the one used for the UVB-emitting lasers and
composed by a double dielectric DBR design with the cavity completely enclosed between
the DBR stacks. It is composed by a 2.5λ long aluminium nitride cavity, and an active
region consisting of five QWs (Al0.7Ga0.3N/Al0.3Ga0.7N) designed to emit at 275 nm. Both
the bottom and top DBR are composed by a stack of ten pairs of SiO2/HfO2(45.82 nm/29.88
nm), where the SiO2 is in contact with the cavity. For the bottom DBR an additional
SiO2/HfO2 (45.82 nm/48.3 nm) pair is added before the Al mirror to adjust the phase for
the reflection on the Al layer. The final epitaxial structure is summarized in Table 2.2.

Layer Material Diameter
[µm]

Thickness
[nm]

κth [W/mK]

Top DBR 10×SiO2/HfO2 121 757 1.3
Cathode AlN 120 120.4 200
Active region Al0.7Ga0.3N/

Al0.3Ga0.7N
120 111.2 14.3

Anode AlN 120 60.1 200
Bottom DBR 11×SiO2/HfO2 757 1.3
Aluminum mir-
ror

Al 113 202 237

Silicon dioxide SiO2 113 20 1.4
Titanium Ti 113 10 21.9
Gold contact Au 113 200 317

600 300 317
Titanium Ti 600 10 21.9
Carrier Si 600 300 000 130

Table 2.2: Simulation parameters for the UVC-VCSELs design.

As in the previous case, both the active region and the DBRs are modeled as effective
layers of anisotropic thermal conductivity, calculated as expressed in (2.1). Calculations
shows that for both the materials the thermal conductivity can be considered isotropic.
The dissipated power in the active region is considered to be equal to 0.1 W for a pumped
region of 10 µm, the power density is calculated accordingly by dividing the total dissipated
power by the active region volume:

Pdensity = 2.8640× 1015W/m3 (2.5)

Due to the slightly smaller power density with respect to the UVB VCSEL structure, the
temperature can not be directly compared with the previous configuration. The better ther-
mal performance can be indeed studied in therms of thermal resistance.
The heat sources are placed in the active region and the power density is kept fixed in all the
different simulations.
As boundary conditions the following rules are imposed:

• an initial temperature of 293.15 K is set on the whole simulation domain;
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• a fixed temperature of 293.15 K is set on the bottom surface of the silicon carrier;

• thermal insulation on all the other boundaries.

Simulation results

The heat flow and the temperature profile in the structure are studied.
In Figure 2.29 the temperature distribution in the device for a 2.5λ cavity is shown, the arrow
plot (in proportional scale) represents the heat flow. It can be observed that the temperature
in the cavity is drastically reduced due to the presence of AlN cladding layers which acts as
heat spreaders increasing the lateral heat transport toward the edge of the mesa. In this case,
a thermal conductivity of κth=200 Wm−1K−1 is used for AlN [36]. The value of the thermal
conductivity is reduced with respect to the bulk value (i.e. 350 Wm−1K−1) due to the small
dimensions of the AlN cavity external layer, so that the thin-film value is used.

Figure 2.29: Temperature distribution and heat flow in the UVC-VCSEL design for a 2.5λ
cavity.

The temperature can be further reduced by increasing the cavity length, as shown in figure
2.30. As the cavity is increased the temperature in the active region drastically reduces.
The better thermal performance of the UVC design can be observed by comparing the thermal
resistance with to the one obtained for the UVB design (Section 2.1.1). The thermal resistance
as a function of the cavity length is shown in Figure 2.31. In the UVC VCSEL design, with
AlN-based cavity, the thermal resistance results to be halved with respect to the UVB design.
This is an indication of the big influence the thermal conductivity of the cavity layer material
have on the heat dissipation properties of the structure.
In contrast to the behaviour observed in the UVB design, in this case the reduction in
temperature by varying the cathode or the anode is comparable. This is an indication of
the fact that, as the thermal conductivity of the cavity is increased, the main dissipation
mechanism is the lateral heat spreading in the cavity.

As already introduced in the previous section, the aluminium layer under the bottom
DBR is used to enhance the reflectivity of the bottom mirror allowing for using a reduced
number of pairs in the bottom DBR. The removal of the Al layer is now studied. For that
purpose in order to achieve a high reflectivity required for the bottom mirror the DBR pairs
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Figure 2.30: Maximum temperature in
the cavity as a function of the cavity
length for the UVC-VCSEL design.

Figure 2.31: Thermal resistance as a func-
tion of the cavity length for the UVC-
VCSEL design.

are increased to fifteen.
As shown in Figure 2.32, where the temperature profile in the design without Al layer is rep-
resented, the temperature behaviour is dramatically worsened. The increase of the bottom
DBR thickness reduces the vertical heat flow toward the substrate resulting in an increase
in the temperature reached in the active region. The worsening of the performance can be
studied in term of thermal resistance, which is increased by 15%.

Figure 2.32: Temperature distribution and heat flow in the UVC-VCSEL design for a 2.5λ
cavity without the Al layer.

An increased cavity length is therefore required in this design in order to reach a rea-
sonable temperature in the cavity. The study of the maximum temperature and thermal
resistance as a function of the cavity length are reported in Figures 2.33 and 2.34. As the
cavity length increases the main heat transport mechanism occurs in the lateral direction
through the AlN cavity and the reduction of the thermal performance due to the presence of
the thicker bottom DBR is attenuated. So that the temperature reached in the active region
for a longer cavity is approximately equal to the one achieved for the design with the Al layer.
The simulations are implemented by varying either the cathode or anode side of the cavity.
As in the case of UVB VCSELs, the increase of the top side of the cavity will produce a more
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effective heat spreading. However, in this case the decrease in temperature is limited to few
Kelvins and this reduction is more effective for longer cavities. This behaviour leads to the
conclusion that the material in the cavity plays a major role in the heat spreading capabilities
of the device. In fact, being AlN much more thermally conductive then AlGaN, it acts as a
heat spreading layer enhancing the heat flow in the lateral direction.

Figure 2.33: Maximum temperature in
the cavity as a function of the cavity
length for the UVC-VCSEL design with-
out the Al layer.

Figure 2.34: Thermal resistance as a func-
tion of the cavity length for the UVC-
VCSEL design without the Al layer.
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2.3 UVB thin-film flip-chip LEDs

In this section the thermal characteristics of UVB-emitting light-emitting diodes is studied.
UV-LEDs have gained a lot of attraction in the last few years due to the wide range of
applications in which they can be employed, such as UV curing, water purification and gas
sensing.
Thanks to the thin-film technology, in which the active region is composed by an epitaxially
deposited stack of quantum wells, the output performance of such devices has experienced a
boost. In fact, in thin-film devices the edge region becomes a negligible fraction of the area of
the LED, resulting in an enhanced collection efficiency [45]. Moreover, being the dimensions
reduced, the photons travels a shorter path inside the device so that the reabsorption of light
is minimized.
Here, UVB-emitting thin-film LEDs, realized in a flip-chip technology are studied. The
thin-film design is implemented as in the case of VCSELs by substrate removal through
electrochemical etching of an AlGaN-based sacrificial layer. In such way, the top surface
is completely exposed increasing the emission surface area and resulting in a better power
conversion efficiency. In the case of LEDs, in general a single sacrificial layer is composed of
Al0.37Ga0.63N is used.
First, a simple two-dimensional simulation is performed to study in first approximation the
thermal behaviour of the device. Then, 3D simulations are implemented in COMSOL Multi-
physics in order to simulate more complex structures in which both the mesa and the contacts
are realized in a fin-shape for a better current spreading.

2.3.1 2D simulations

The structure considered in the following is an AlGaN based device with a square-shaped
mesa (Figure 2.35). The epitaxial structure with relative composition and thicknesses of
the different layers is summarized in Table 2.3. The active region is composed by three
Al0.21Ga/Al0.33GaN quantum wells emitting in the UVB-range with a peak wavelength of 310
nm. A passivation dielectric layer 500 nm-thick is then deposited by sputtering or Plasma-
Enhanced Chemical Vapor Deposition (PECVD) of SiO2 to stabilize the mesa after the ECE
and passivate the sidewalls.

The active region is modeled as in the case of the VCSELs structure as an effective layer
with anisotropic thermal conductivity, calculated according to equation (2.1). All the other
layers have been considered separately with the nominal thermal conductivity of the material
composing the structure as summarized in Table 2.3.
The thicknesses of the device with respect to the thickness of the substrate allows to lump all
the heat sources in the active region. Due to the lack of measurements for the UV-LEDs the
total dissipated power is taken from [46] by simply subtracting the measured optical output
power from the electrical input power in the device. The obtained power density is calculated
accordingly by dividing the total dissipated power by the total active region volume:

Pdiss = 0.159W → Pdensity = 7.3944× 1013W/m3 (2.6)

Notice that the so calculated power density is kept constant for all the different designs in
order to be able to compare the different heat dissipation capabilities.
The following boundary conditions are used:
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Figure 2.35: Section of the LEDs with the square mesa design used for the 2D simulations.

Layer Material Doping Thickness
[nm]

κth [W/mK]

Shield layer Al0.5Ga0.5N 430 1.4
n-AlGaN Al0.5Ga0.5N Si (2×1018) 1067 11.9904
First barrier Al0.33Ga0.67N Si 40 13.2996
Active region 2×Al0.33Ga0.67N 5 κth,L=13.2996

3×Al0.21Ga0.79N 2 κth,V=17.088
Last barrier Al0.33Ga0.67N 15 13.2996
EBL Al0.8Ga0.3N Mg 25 18.6457
p-SL Al0.50Ga0.50N Mg 158 11.9904
GaN-cap GaN Mg 20 130
p-contact Pd 50 71.8

Au 50 317
n-contact Ti 20 21.9

Al 80 237
Ti 40 21.9
Au 100 317

Leveling Au 334 317
Top bondpad Au 600 317
Bottom bond-
pad

Au 600 317

Ti 10 21.9
Carrier chip Si 390000 130

Table 2.3: Epitaxial structure of the thin-film LED with relative simulation parameters.
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• a constant temperature of 293.15 K is imposed on the bottom surface of the carrier
chip, to model the heat sink;

• an initial temperature of 293.15 K is set over the whole simulation domain;

• all the other boundaries are considered to be thermally insulating.

The first simulation is run at fixed simulation parameters in order to study the temperature
distribution and the heat flow in the device. For that purpose a total AlGaN thickness of
1047 nm and a bondpad width of 70 µm is considered.
The results of the first simulation are shown in figure 2.36. A maximum temperature of
≈480 K is reached in the central region of the device, between the two gold bondpads. In
all the other parts of the active region, the thermal spreading is enhanced by the vicinity of
the maximum temperature region to the gold pad efficiently conducting the heat toward the
substrate.
The most efficient way to increase the heat extraction from the device is to increase the
gold pad width under the mesa in order to increase the contact area between the maximum
temperature region and the gold pad. If on one hand this would be better for a thermal
perspective enhancing the dissipation of heat, on the other hand it would require a better
alignment accuracy during the bonding process. Having a wider bondpad would lead to an
increase in the possibility of creating a short cut between the two contact. Reducing the
bondpad width will require a lower accuracy during the bonding process, reducing in this
way the risk of shortcuts between p and n electrodes. For that reason, a trade off between a
good thermal dissipation and a small alignment accuracy is required.

Figure 2.36: Temperature profile and heat flow in the UVB-LED structure, for a bondpad
dimension of 70 µm. The arrow plot (proportional scale) in figure shows the heat flow along
the different layers of the epitaxial structure.

As shown in Figure 2.36, the heat is mainly dissipated through the p-contact toward the
substrate. In order to enhance the heat dissipation the thickness of the Au layer in the p-
contact can be increased in order to increase the area through which the heat flows. For that
purpose, the simulation is repeated for increasing thickness of the gold layer in the p-contact
from the initial thickness of 50 µm up to 300 µm, since not particular restrictions on the
p-contact thickness are required during the processing of the device. The maximum temper-
ature as a function of the Au thickness for a bondpad width of 70 µm is shown in figure 2.37.
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The figures also reports the simulation results for a thickness of the SiO2 passivation layer of
600 nm, which corresponds to a situation in which the gap between the p-contact and the gold
bottom pad in completely filled with dielectric material. It is important to notice how the
maximum temperature reduces significantly in this second situation. Increasing the thickness
of the SiO2 in order to put in contact the dielectric layer with the gold bottom pad enhances
significantly the vertical heat flow toward the substrate enhancing the heat dissipation even
for small thicknesses of the Au layer. In fact, by increasing the oxide thickness a maximum
reduction in temperature of 149 K is achieved.

Figure 2.37: Maximum temperature as a
function of the Au layer thickness in the
p-contact for two different thickness of the
SiO2 passivation layer.

The first two-dimensional simulation is run taking as simulation parameters the top n-
AlGaN thickness as indicated in Figure 2.35. In opposition to the VCSELs case in which a
long cavity reflects in the possibility of multi-mode emission and a shift of the resonant wave-
length, for the LEDs no particular requirements must be applied on the nAlGaN thickness.
The results of the simulations are shown in figure 2.38. Also in this case the simulation is
performed for two values of SiO2 thickness. The results shows an approximately linear tem-
perature decrease with increasing AlGaN thickness for both the dielectric layer thicknesses,
evidencing once more how the vertical heat transport is the main dissipation mechanism in
this structure.

2.3.2 3D simulations

In order to have a much more comprehensive study of the temperature characteristics of
LEDs, 3D simulations are performed for different designs aimed at reducing current crowd-
ing. In Figure 2.39 a top view of the structures implemented in this section is shown.
The current flow through the device is not vertical, resulting in an increase of the current
crowding at the edge of the mesa. One of the main contribution to the heat in LEDs is the
Joule heating effect, thus it is straightforward to think that where the current crowding is
enhanced the temperature would increase, causing a non uniform temperature profile with a
consequent non uniform emission of light. This effect must be in general minimized in order
to have good output performance.
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Figure 2.38: Maximum temperature as a
function of the AlGaN thickness in the p-
contact for two different thickness of the
SiO2 passivation layer.

To have a better current spreading the contacts are shaped in a fin-like structure (designs 2,
3 and 4 in Figure 2.39), the mesa is shaped accordingly to the p-contact shape.
A first simulation is implemented for a rectangular mesa design in order to compare the re-
sults with the 2D simulations already performed.

Figure 2.39: Top view of the LED structures implemented in the
3D simulations.

Rectangular mesa

The first design is a three-dimensional extension of the 2D structure, characterized by a rect-
angular mesa of dimensions 160 µm × 190 µm, while the device dimensions are 300 µm ×
250 µm. The epitaxial structure is equal to the one described in Table 2.1.
Some simplifications on the structure are done with respect the the 2D case in order to
simplify the simulation. P-contact and n-contact, being composed by a stack of different
materials are considered as effective layers with anisotropic thermal conductivity calculated
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according to equation (2.1). In addition, due to the small dimensions of the epitaxial layers
with respect to the lateral dimensions of the device an auto-generated mesh is not applicable
in this case and a user-defined mesh needs to be defined. For that purpose, looking at the 2D
simulation of the temperature profile it can be noticed that in each layer of the structure the
temperature gradient mainly occurs in the lateral direction, while in the vertical direction the
temperature is almost constant. Thus, more mesh points are required along the horizontal
direction with respect to the vertical one. For that purpose a 2D triangular mesh is used in
correspondence of the bottom side of the n-contact and the obtained distribution is sweeped
vertically along the whole structure of the device. In the substrate, a three-dimensional tetra-
hedral mesh is used.
In Figure 2.40 a top view of the mask sequence used for the fabrication is shown. The first
design is characterized by a width of the left bondpad (under the mesa) of 70 µm so that the
results at fixed design parameters can be compared to the one obtained in the 2D simulations.
The simulations are then repeated iteratively for increasing bondpad width and AlGaN thick-
ness to study how the temperature can be reduced by tuning the dimensions of the two layers.

Figure 2.40: Top view of the device structure, with a
rectangular mesa design.

The first simulation is performed at fixed parameters:

• bondpad width: 70 µm

• AlGaN thickness: 1067 µm

The result of the simulation is shown in Figure 2.41 and Figure 2.42 for a SiO2 thickness of
500 nm and 600 nm, respectively, where the temperature profile is represented from a top
view of the device. A slightly smaller temperature with respect to the results of the 2D sim-
ulation is observed, but this can be simply explained by the fact that in the 2D case the heat
spreading in the lateral direction along the y-axis was not considered, so the obtained results
appeared to be overestimated. The results shows accordance with the previous simulations
and the maximum temperature is achieved in the central region of the device between the
two bondpads and mainly dissipated through the gold pads.

The simulation is then repeated varying the bondpad width and the AlGaN thickness
in order to study the influence on the maximum temperature and eventually tune the two
parameters in order to reach a tradeoff between a small alignment accuracy and a reasonable
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Figure 2.41: Temperature distribution in
the rectangular mesa LED for a SiO2
thickness of 500 nm.

Figure 2.42: Temperature distribution in
the rectangular mesa LED for a SiO2
thickness of 600 nm.

temperature in the device.
In figure 2.43 the maximum temperature in the device is plotted as a function of the top
AlGaN layer thickness, which is increased from 0.5 µm up to 1.5 µm. The plot reports the
results for two values of SiO2 thickness. It can be noticed that as the AlGaN thickness is
increased the maximum temperature decreases as well with an almost linear behaviour like
in the 2D case. The simulations shows a really weak dependence of the temperature on the
AlGaN thickness as the SiO2 thickness is increased up to 600 nm confirming that the main
mechanism of heat spreading in the device occur in the vertical direction rather than in the
lateral one. Thus, even if the SiO2 is characterized by a very poor thermal conductivity
(κth,SiO2=1.4 Wm−1K−1) the most efficient way to reduce the temperature is to increase the
thickness of the dielectric passivation layer.
In figure 2.44 the temperature is represented as a function of the bondpad dimension. It can
be easily notice that for a SiO2 of thickness 600 nm the temperature is randomly varying
around an average value of 318.3 K so that the maximum temperature is clearly independent
from the bondpad dimension. This solves the problem of the alignment accuracy, so smaller
bondpad can be used ensuring at the same time a good heat spreading.

E-shaped p-contact

In the second design a more complex geometry is implemented by using a fin-like structure
with three mesa fins and a similar shaped p-contact. The structure is modelled in order to
have the fin width exactly equal to the spacing between the fins, while the n-contact fins are
modelled in order to have a 5 µm space from the p-contact in order to avoid shortcuts be-
tween the two contacts. A representation of the mask layout for the processing of the device is
shown in Figure 2.45. All the other dimensions are kept equal to the rectangular mesa design.

The simulation results for the second design at fixed simulation parameters are shown
in Figure 2.46 and Figure 2.47, where the temperature distribution of the device is shown.
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Figure 2.43: Maximum temperature as a
function of the top AlGaN thickness for
two thicknesses of the SiO2 layer and fixed
bondpad width (70 µm).

Figure 2.44: Maximum temperature as a
function of the bondpad width for two
thicknesses of the SiO2 layer and fixed to-
tal AlGaN thickness (1067 nm).

Figure 2.45: Top view of the device structure
in the E-shaped p-contact design.

The maximum temperature is in this case observed in the central region of the fins, while
the presence of the Au bondpad (n-contact) efficiently removes the heat at the extremities of
the fins. This clearly shows how this structure is actually not only better from an electrical
perspective but also from a thermal point of view. In fact by dividing the mesa in several
fins the lateral heat spreading in the y direction is enhanced.

The simulation is repeated for increasing AlGaN thickness and increasing bondpad width.
The results are shown in Figure 2.48 and Figure 2.49, respectively. In this case, the depen-
dence on the AlGaN thickness appears to be weaker than in the design with the rectangular
mesa achieving a maximum reduction of 30 K by increasing the AlGaN thickness from 0.5
µm up to 1.5 µm.

Symmetric E-shaped p-contact

To reduce the current crowding also on the left side of the mesa a symmetric E-shaped con-
tact is implemented, adding fins electrodes also on the other side on the mesa. A top view
of the structure is shown in figure 2.50.
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Figure 2.46: Temperature distribution for
the LED design with E-shaped p-contact
for a SiO2 thickness of 500 nm.

Figure 2.47: Temperature distribution for
the LED design with E-shaped p-contact
for a SiO2 thickness of 600 nm.

Figure 2.48: Maximum temperature as a
function of the AlGaN thickness for the
LED design with E-shaped p-contact, for
two thicknesses of the SiO2 layer and fixed
bondpad width (70 µm).

Figure 2.49: Maximum temperature as
a function of the bondpad width for the
LED design with E-shaped p-contact, for
two thicknesses of the SiO2 layer and fixed
total AlGaN thickness (1067 nm).

Figure 2.50: Top view of the device structure
in the symmetric E-shaped p-contact design.
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The temperature profile is shown in Figure 2.46 and Figure 2.47. For a SiO2 thickness of
500 nm the maximum temperature is achieved in the correspondence of the left fins extremi-
ties. This is reasonable since they are connected only to the gold pad under the mesa so that
the heat is dissipated only through that path. The right fins are in between the two pads
and the heat is dissipated through both of them resulting in a lower temperature. A further
reduction in temperature is observed (Tmax = 378 K) with respect to the previous design
with E-shaped mesa. The temperature reduction is however mainly due to the shorter fins
length, which enhances the heat dissipation through the gold bondpad under the p-contact.

Figure 2.51: Temperature distribution for
the LED design with symmetric E-shaped
p-contact for a SiO2 thickness of 500 nm.

Figure 2.52: Temperature distribution for
the LED design with symmetric E-shaped
p-contact for a SiO2 thickness of 600 nm.

In Figure 2.53 the maximum temperature is extracted as a function of the AlGaN thick-
ness. The dependence is weaker in this case compared to the design with fins only on one
side of the mesa, achieving a maximum reduction in temperature of 23.5 K.
To study how much the alignment accuracy can be reduced, the simulations are implemented
by varying the bondpad lateral dimension. The results are shown in Figure 2.54. Also in
this case increasing the thickness of the SiO2 layer allows to reduce the bondpad dimension
without effects on the heat dissipation capability of the device.

90◦ rotation of symmetric E-shaped p-contact

The last design studied in this chapter is obtained by rotating the p-contact 90◦. A top view
of the structure is shown in Figure 2.55.

For a SiO2 thickness of 500 nm (Figure 2.56) the maximum temperature is achieved in
the left part of the mesa, while the heat is efficiently dissipated in all the other regions due to
the vicinity to the gold pad. It can be noticed that by rotating the bondpad, the temperature
achieved in the device is increased with respect to the previous designs, but it is still lower
than the device with rectangular mesa.
As the thickness of the SiO2 passivation layer is increased to 600 nm (Figure 2.57) and the
dielectric passivation layer is put in contact with the gold bottom bondpad the temperature
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Figure 2.53: Maximum temperature as a
function of the AlGaN thickness for the
LED design with symmetric E-shaped p-
contact, for two thicknesses of the SiO2
layer and fixed bondpad width (70 µm).

Figure 2.54: Maximum temperature as
a function of the bondpad width for the
LED design with Symmetric E-shaped p-
contact, for two thicknesses of the SiO2
layer and fixed total AlGaN thickness
(1067 nm).

Figure 2.55: Top view of the device structure in the
rotation of the symmetric E-shaped p-contact design.

drastically reduces, reaching a temperature of 298 K, which is indeed comparable to the am-
bient temperature.

The simulations are repeated for increasing AlGaN width and bondpad dimensions. No-
tice that also in this case the bondpad shorter dimension is varied, so that the variation
occurs in the y direction in this case. Thus, varying the bondpad width does not directly
affect the alignment tolerance that is related to the dimensions along x.
The results of the simulations are shown in figures 2.58 and 2.59, respectively. It is evident
from the temperature study that for this design the most efficient way to dissipate heat is to
increase the thickness of the SiO2, so that both the dependence on the AlGaN thickness and
bondpad dimension become negligible.
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Figure 2.56: Temperature distribution for
the LED design with 90◦ rotation of the
symmetric E-shaped p-contact for a SiO2
thickness of 500 nm.

Figure 2.57: Temperature distribution for
the LED design with 90◦ rotation of the
symmetric E-shaped p-contact for a SiO2
thickness of 600 nm.

Figure 2.58: Maximum temperature as a
function of the AlGaN thickness for the
LED design with 90◦ rotation of the sym-
metric E-shaped p-contact, for two thick-
nesses of the SiO2 layer and fixed bondpad
width (70 µm).

Figure 2.59: Maximum temperature as
a function of the bondpad width for the
LED design with 90◦ rotation of the Sym-
metric E-shaped p-contact, for two thick-
nesses of the SiO2 layer and fixed total
AlGaN thickness (1067 nm).

Thermal resistance calculation

The temperature behaviour for the different designs described so far can be compared by
studying the trend of the thermal resistance associated to each device:

Rth = ∆T
Pdiss

(2.7)

Where ∆T is the temperature increase in the LED, calculated as the difference between the
maximum temperature achieved in the active region and the ambient temperature (293.15
K), and Pdiss is the total dissipated power in the active region (W).
The calculations for an oxide thickness of 500 nm are reported in figure 2.60 and 2.61. Even if
it reaches higher temperatures the square mesa design is the one characterized by the lowest
thermal conductivity: at equal dissipated power density, the heat generated in the active re-
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gion is higher than in the other designs due to the bigger contact area between the p-contact
and the mesa.

Figure 2.60: Thermal resistance as a func-
tion of the AlGaN thickness for the differ-
ent designs for a SiO2 layer thickness of
500 nm.

Figure 2.61: Thermal resistance as a func-
tion of the AlGaN thickness for the differ-
ent designs for a SiO2 layer thickness of
500 nm.

A way to reduce efficiently the thermal resistance is to increase the thickness of the SiO2.
In fact, the results reported in figures 2.62 and 2.63 shows a reduction of approximately one
order of magnitude for all the different designs.

Figure 2.62: Thermal resistance as a func-
tion of the AlGaN thickness for the differ-
ent designs for a SiO2 layer thickness of
600 nm.

Figure 2.63: Thermal resistance as a func-
tion of the AlGaN thickness for the differ-
ent designs for a SiO2 layer thickness of
600 nm.

Even if the thermal resistance is drastically decreased with increased dielectric layer thick-
ness, it is still too high compared to the typical thermal conductivities of UVB LEDs. Recent
studies on such devices report a thermal conductivity ranging in the interval 37 ÷ 154 K/W
[29], according to different designs, confirming the necessity of additional improvements un-
der a thermal perspective in order to further reduce the thermal resistance of our devices.
The great difference between the simulation results and the literature values for such kind of
devices can be also explained by the fact that the computations of the thermal resistance in
this work are computed by taking as a reference the maximum temperature achieved in the
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active region. A more accurate and realistic result can be obtained by taking a sort of average
of the temperature in the active region. With respect to the VCSEL case, the temperature in
the active region is now strongly varying in the horizontal direction, so that the computation
of the thermal resistance is strongly sensitive to the choice of the reference temperature for
the calculations. These calculations are, however, not implemented in the following and can
be taken as a future step for the developing of this work.
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3 | Transfer matrix method for
thermo-optical simulations of
VCSELs resonance

In this chapter a one-dimensional transfer matrix method is implemented in Matlab to study
the temperature induced shift in the resonance wavelength. The resonance wavelength ap-
pears to be red-shifted as the cavity temperature increases. Two types of results are studied
in the following.
An initial simulation for a constant temperature profile at 300 K in the whole resonator
is studied and the resonance wavelength is extracted. The second set of simulations are
implemented for a varying temperature profile along the optical axis. It is extracted from
the COMSOL simulations performed in the previous chapter and the average temperature
in each layer is calculated. This is then used to update the thermo-optic coefficient of the
corresponding layer. A the end, the obtained resonance wavelength is compared to the one
relative to the constant temperature profile to calculate the shift-rate.
The second type of simulations are repeated at increasing power density. From the COMSOL
simulations it is observed that the temperature achieved in the cavity is perfectly linear with
increasing dissipated power density in the active region for all the structures under analysis.
The simulation is then repeated iteratively for increasing dissipated power and the corre-
sponding resonant wavelength trend with power is reported.

3.1 The Transfer Matrix Method (TMM)

The transfer matrix method is a powerful tool for the design of optical cavities. It can be
used more in general to study propagation in any multilayered structure by analysing the
interaction of reflected and transmitted wave at each interface of the stack.
Assuming linearly polarized waves in a one-dimensional scalar approach the Helmholtz’s
equation must be solved [22]. It is a second order differential equation:

d2E(z)
dz2 + γ2E(z) = 0 (3.1)

where E(z) is the phasor of the transverse electric field component. The complex propagation
constant can be computed as

γ = βm − i
αm
2 (3.2)

where the real part βm = 2πn̄m/λ is related to the refractive index of the m-th layer of the
stack, while the imaginary part αm is related to losses and it it is assumed do be grater or

55



equal than zero everywhere in the cavity except for the QW region where the presence of
gain lead to αm < 0.
Light propagating in a multilayered structure experience multiple reflection events each time
it meets a surface, where it can be either reflected back into the current medium or transmitted
in the next layer of the stack. In each layer the total electric field can be computed as the
superposition of a forward propagating wave, travelling toward positive value of z, and a
backward propagating wave travelling in the opposite way. Assuming a stack composed by
M layers, the electric field in the layer zm < z < zm+1 caN be written as

E(z) = E+
m (z) = E−m (z) = E+

me
−iγm(z−zm) + E−me

iγm(z−zm) (3.3)

where E+
m and E−m are the complex field amplitudes of the waves at interface posed at z = zm.

The complex amplitudes can be calculated by imposing as boundary conditions the continuity
of electric and magnetic field transverse components, obtaining:

E+
m =

(
γ+
mE

+
m+1 + γ−mE

−
m+1

)
eiγmdm (3.4)

E−m =
(
γ−mE

+
m+1 + γ+

mE
−
m+1

)
e−iγmdm (3.5)

with dm thickness of the m-th layer of the stack and the abbreviations:

γ+
m = γm + γm+1

2γm
(3.6)

γ−m = γm − γm+1
2γm

(3.7)

have been introduced.
Equations (3.4) and (3.5) can be written in a more compact way in a matrix form:(

E+
m

E−m

)
= T̄m

(
E+
m+1

E−m+1

)
(3.8)

where T̄m is the Transfer Matrix of the system.
The above explained set of equations are known as Transfer Matrix Method and it will be
used in this chapter to study the resonance of the radiation in VCSELs cavities.

3.2 Matlab implementation of the TMM

The TMM is used to calculate the distribution of the z-component of the electric field in the
cavity. The used model is one-dimensional such that only the field along the optical axis of
the device is considered.
The input of the program is a .txt file containing the structure and the relevant parameters
for the given material. The structure is defined layer by layer, each one specified by a different
material. The general structure of a layer is defined in the following way:

Material Thickness Thermo-optic coefficient Temperature (QW)

The first word specifies the material of the layer, the second one is the thickness expressed
in nanometers, then the thermo-optic coefficient is defined and the last parameter is the
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temperature of the layer. The text in brackets (QW) is used to specify if the defined layer
is a QW region. If the string ’QW’ is read at the end of the line, than the absorption is set
to 0 and the confinement factor is set to 1. The structure is read layer by layer and all the
parameters are saved.
The main parameter which defines the thermal behaviour of the system is the thermo-optic
coefficient, which is defined as the derivative of the refractive index with respect to the
temperature. The thermo-optic coefficients of SiO2,HfO2, Al and Al0.7Ga0.3N are computed
by interpolating data extracted from literature. The lack of measurements for AlGaN at
different compositions leads to the necessity of a more general definition for the thermo-optic
coefficient of AlGaN which is strongly related to the Al composition of the alloy. In Appendix
A the derivation of the thermo-optic coefficient for all the Al composition of AlGaN alloys
as a function of the wavelength and the temperature is reported. All the calculated values
are extracted and used to update the refractive index of the corresponding layer according
to the temperature specified in the input file.
At this point, the electric field distribution can be computed. For that purpose, the z axis
is discretized in infinitesimal elements each one of length 0.05× 10−9m. In order to find the
resulting electric field the Helmholtz equation is solved:

∇2E(z) + k2E(z) = 0 (3.9)

where k is the wavenumber and E(z) the electric field. The Helmholtz’s equation is there-
fore an eigenvalue equation whose solutions are the eigenvalues (resonance wavelengths) and
eigenvectors (z-component of the field). The problem is solved by building a matrix A of
size n× n, with n number of elements along z. This matrix is a sparse matrix in which only
the elements along the main diagonal and the first two adjacent diagonals are non-null. The
eigenvalue equation associated to the matrix A (AΨ (z) = 0) is solved through the matlab
command:
[ tmp.eigVectors, tmp.eigValues ] = eigs(A, tmp.solutions, ’sm’)
where tmp.solutions is a variable containing the number of eigenvalues to be computed, in
this case it is set to 2, while ’sm’ specifies the type of eigenvalues to be computed (’sm’ =
smallest magnitude). The correct eigenvalue is then selected by taking the one with smaller
imaginary part. In fact, the imaginary part is related to the absorption and so to the losses.
The associated eigenvector is the electric field distribution in the cavity (i.e. standing wave)
and it is extracted according to the index corresponding to the selected eigenvalue.
The obtained eigenvalue corresponds to the correction to the resonance wavelength, which is
updated according to the following formula:

λnew = λ0
1−Re{ξ} (3.10)

where λ0 corresponds to the initial guess for the resonance wavelength defined at the beginning
of the algorithm and ξ is the calculated eigenvalue of the matrix A, solution of the Helmholtz’s
equation. The calculated resonance wavelength is used as initial guess for the computation
of the field by updating the wavenumber k appearing in equation 3.9. At this point the
Helmholtz’s equation is solved again and the relative error is computed by subtracting this
final value to the initial guess, in modulus. The procedure is repeated in loop until a certain
tolerance is reached: |λ0 − λnew < 10−3|.
From the obtained field and resonance wavelength several other quantities, characteristic of
VCSELs resonance and operation, are computed. These quantities include:
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• longitudinal confinement factor;

• cavity loss;

• threshold gain;

• photon lifetime;

• slope efficiency.

3.3 Results

The Transfer Matrix Method presented in the previous sections is used to study the thermal
behaviour of the VCSELs resonance for different structures. In particular, UVB, UVC VC-
SELs and GaN based blue VCSELs are analysed. Due to the lack of measurements on the
first two kind of devices the comparisons with measured values are reported only for the case
of blue-VCSELs. The results of the simulations show great accordance with the experimental
results reported in literature.
The simulations are repeated for each structure in the case of short and long cavity showing
a reduced rate of shift of the wavelength for the two cavity length. In fact, for longer cavities
the temperature reached in the active region is drastically reduced leading to a smaller shift
in the emission wavelength.

3.3.1 GaN-based blue-emitting VCSELs

Figure 3.1: GaN-based VCSEL structure emit-
ting at 420 nm (blue range of the light spec-
trum), with GaN cavity and hybrid DBR con-
figuration (top dielectric DBR and bottom epi-
taxial mirror). Image adapted from [47].

In order to analyse the correctness of the results a first simulation is performed on the
GaN-based blue-emitting VCSEL studied in [47],[48]. The VCSEL structure under study is
shown in Figure 3.1 and it is composed by a GaN-based cavity designed to emit at a nominal
wavelength of 420 nm. The structure is characterized by a n hybrid DBR configuration, with
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a top dielectric DBR composed of a stack of 7 pairs of SiO2(71.4 nm)/TiO2(40.1 nm) layers
and a bottom epitaxially grown DBR made by 42 pairs of GaN(42.17 nm)/Al0.8In0.2N(45.65
nm) layers. The device is electrically pumped and the current injection is implemented
by using intracavity contacts through a layer of conductive oxide (ITO), while the current
confinement is performed by using a SiO2 aperture of width 4 µm. The temperature profile
is first simulated in COMSOL Multiphysics and extracted. The average temperature in each
layer is then calculated and used to update the refractive index of the layer. In Figure 3.2
the temperature profile and the staircase approximation are shown.
Due to the bottom epitaxial DBR the temperature achieved in the active region is significantly
lower than the one reached in the UV-VCSELs with double dielectric DBR scheme. In fact, as
III-nitride materials have better thermal conductivity the heat is efficiently dissipated toward
the substrate.
The obtained thermal profile shows good agreement with the results reported in the paper.

Figure 3.2: Temperature profile extracted from COMSOL and staircase approxima-
tion for the blue-emitting VCSEL from [48].

The simulation is performed initially for a constant temperature of 300K in the whole
structure and then it is repeated in the case of space varying temperature. The shift rate
dλ/dT is computed by the ratio between the difference between the resonance wavelengths
in two cases and the difference between the maximum temperature in the cavity and 300K.
In table 3.1 the results for the GaN based blue VCSEL are reported.
The obtained resonance shift is computed accordingly:

dλ

dT
= 0.1952nm

67K ≈ 0.029nm/K (3.11)

Literature values for GaN-based blue VCSELs ranges from 0.012[49] nm/K to 0.06[50] nm/K.
Thus, the value obtained from the simulations is comparable with the typical experimentally
measured shift of the wavelength with temperature which confirms the correctness of the
approach.

The temperature profile has been calculated starting from a dissipated power in the ac-
tive region of 5× 1016 W/m3, value obtained from calculations of the Joule heating effects in
the structure [48]. The total dissipated power is then approximately 0.045 W. In figure 3.3
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const T = 300K T profile from COMSOL
Resonance wavelength [nm] 419.9992 420.1944
Threshold gain in QWs [cm−1] 79458.2227 79273.335

Table 3.1: Resonance wavelength and threshold gain for the blue emitting VCSEL
structure for a constant temperature along the optical axis of 300 K and for the
temperature profile extracted by COMSOL.

the resonance wavelength as a function of the dissipated power is reported. A linear trend
of the resonance wavelength is observed in the case of the blue VCSEL. This behavior is
straightforward since the thermo-optic coefficient for all the layers in the cavity is assumed
to be constant with temperature.

Figure 3.3: Resonance wavelength as a
function of the dissipated power in the ac-
tive region for the blue VCSEL structure
with hybrid DBR configuration [48].

3.3.2 UVC-VCSELs

The temperature-induced resonance wavelength shift is now studied for the UVC VCSEL
structure analysed in section 2.2. The TMM is implemented for two lengths of the cavity:
2.5λ and 10λ.
A first simulation is run by keeping all the layers in the structure at a fixed temperature of
300 K. In this case, as initial guess wavelength the nominal lasing wavelength is taken, such
that λ0=275 nm.
Some considerations on the Matlab code must be done before proceeding with the analysis
of the results. For longer cavities the spacing between the different longitudinal resonant
modes in the cavity is smaller compared to the 2.5λ cavity. Thus, for a 10λ cavity the code
is extremely sensitive to the choice of the initial guess wavelength. In fact, using λ0 =275
nm leads to a resonance wavelength of 265.8916 nm, which corresponds to the 9.5λ resonance
mode. This result is wrong, since the threshold gain of this second mode is higher than the
one corresponding to the 10λ mode. In order to reduce the sensitivity of the code in all
the simulations for long cavities the number of eigenvalues computed by the eigs command
during the solving of the Helmholtz equation is set equal to 1 (i.e. tmp.solutions=1).
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In order to have a more comprehensive understanding of the structure for longer cavities
also the secondary resonance modes (i.e. 9.5λ and 10.5λ) are studied in terms of resonance
wavelength and threshold gain. The obtained values for a constant temperature of 300 K are
reported in table 3.2. It can be observed that in the case of a 10λ cavity the threshold gain
of the 9.5λ cavity mode is comparable with the lasing one. Since the lasing mode is the one
characterized by the lowest threshold gain it is interesting to keep track of them in order to
observe potential mode switching at higher temperatures.

2.5λ cavity 10λ-cavity
λ2.5 λ9.5 λ10 λ10.5

Resonance wavelength [nm] 275.0431 285.1334 275.0092 265.8917
Threshold gain in QWs [cm−1] 1377.8066 1724.4839 1378.2385 2904.4564

Table 3.2: Resonance wavelength and threshold gain of different longitudinal
modes for two lengths of the cavity in the UVC VCSEL structure for a constant
temperature along the optical axis of 300 K.

The simulations are now repeated by extracting the temperature profile along the optical
axis of the VCSEL in COMSOL. The obtained curve is then approximated with a staircase
profile in order to obtain the average temperature in each layer of the multi-stack. These
values are then used in the TMM solver to update the refractive index of the different layers
according to the respective thermo-optic coefficient.
In Figure 3.4 and Figure 3.5 the temperature profile for the UVC VCSEL with 2.5λ and
10λ is reported and superposed with the staircase approximation obtained by averaging the
temperature profile in each layer of the stack.

Figure 3.4: Temperature profile along the
optical axis in the UVC VCSEL with a
2.5λ cavity and relative staircase approx-
imation.

Figure 3.5: Temperature profile along the
optical axis in the UVC VCSEL with a
10λ cavity and relative staircase approxi-
mation.

The results for the resonance wavelength and the threshold material gain are reported
in Table 3.3. The wavelength shift with respect to the constant temperature profile or the
2.5λ cavity is 1.33 nm corresponding to a shift rate of approximately 6.1× 10−3 nm/K. The
corresponding resonance shift is smaller in the 10λ cavity since the temperature achieved in
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the active region is smaller, corresponding approximately to a shift rate of 3.2×10−3 nm/K.

2.5λ cavity 10λ-cavity
λ2.5 λ9.5 λ10 λ10.5

Resonance wavelength [nm] 276.0083 285.312 275.233 266.181
Threshold gain in QWs [cm−1] 1373.1889 1735.7198 1378.1737 1735.7198

Table 3.3: Resonance wavelength and threshold gain of different longitudinal
modes for two lengths of the cavity in the UVC VCSEL structure using a varying
temperature profile extracted from the COMSOL simulations.

At this point a simulation for increasing dissipated power in the active region is performed.
The results are plotted in Figure 3.6 and Figure 3.7 for the 2.5λ and 10λ cavity respectively.
The resonance wavelength in the cavity is studied with increasing dissipated power in the
cavity. The trend shows an initial quadratic dependence on the power, which then tends to
a more linear behaviour for higher dissipated power. This trends reflects the variation of the
thermo-optic coefficient with temperature. In fact, the variation in the coefficient is much
more pronounced at lower temperatures showing an approximately linear behaviour at high
temperatures.

Figure 3.6: Resonance wavelength as a
function of the dissipated power in the ac-
tive region, for the UVC-emitting VCSEL
with 2.5λ cavity.

Figure 3.7: Resonance wavelength as a
function of the dissipated power in the ac-
tive region, for the UVC-emitting VCSEL
with 10λ cavity.

3.3.3 UVB VCSELs

The second device whose resonance frequency shift is investigated is the UVB VCSEL. The
structure is the same implemented for the thermal simulation in COMSOL and the temper-
ature profile is extracted and shown in Figure 3.8. The temperature profile along the optical
axis is then used to update the refractive index of the corresponding layer according to the
relative thermo-optic coefficient. The thermo-optic coefficient of the dielectric materials of
the stack are kept fixed at -5×10−5K−1 assuming a negligible dependence with temperature.
While the thermo-optic coefficient of the cavity layers are computed by applying the proce-
dure described in Appendix A.
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Figure 3.8: Temperature profile along the
optical axis for the UVB VCSEL structure
with a 2.5λ cavity.

The calculated resonance wavelength is simulated for constant temperature profile at
300 K and with varying temperature profile extracted from the COMSOL simulations. The
results, in terms of resonance wavelength and threshold gain are reported in table 3.4.
The temperature-induced shift can be calculated as follows:

dλ

dT
= 1.5641nm

258.67K = 0.006nm
K

(3.12)

const T = 300K T profile from COMSOL
Resonance wavelength [nm] 318.8312 320.3953
Threshold gain in QWs 871.0097 877.4599

Table 3.4: Resonance wavelength and threshold gain for the UVB-emitting VC-
SEL structure for a constant temperature along the optical axis of 300 K and for
the temperature profile extracted by COMSOL.

The resonance wavelength shift is simulated for increasing dissipated power in the active
region. The results are shown in Figure 3.9. Differently from the UVC case the trend of the
resonance wavelength with increasing power density shows a saturation at high dissipated
power. The result is not straightforward since the trend of the maximum temperature in the
cavity with increasing dissipated power is linear. The saturation at high injected power is
then related to the thermo-optic coefficient which appears to be almost constant at higher
temperatures, so that the refractive index of the materials in the active region are approxi-
mately constant and that induces the saturation of the resonance wavelength.
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Figure 3.9: Resonance wavelength as a
function of the dissipated power in the ac-
tive region, for the UVB-emitting VCSEL
with a 2.5λ cavity.
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A | Thermal parameters of mate-
rials

In the following, a brief summary of the literature values for the parameters used in the
simulations is reported. It is the result of the bibliographic research conducted before the
beginning of the simulation activities aiming at defining a reasonable range of variation for
the parameters of interest.
The main parameter which contributes to the thermal behaviour of the device is the thermal
conductivity, which describes the capability of a material to conduct heat. In general, the
thermal conductivity appears to be strongly dependent on the thickness of the layer and on
the substrate onto which the film is deposited, dependency which is a direct reflection of the
grain size or of the order of the crystal lattice. For that reason, the first section is devoted
to the study of the thermal conductivity for AlGaN and HfO2. The values for different sub-
strates, deposition techniques and temperatures are investigated in order to assign a realistic
value to model the thermal behaviour of the device under consideration.
The discussion then proceeds with a brief overview on the temperature dependence of some
optical parameters, refractive index and thermo-optic coefficient, which are used in the opti-
cal simulations for the implementation of the TMM to study the resonance wavelength shift
with temperature in Chapter 3.

A.1 Thermal conductivity

The thermal conductivity is an intrinsic property characteristic of each material, defined
as the proportionality constant between the heat flux and the temperature gradient in the
material, according to the Fourier’s law for heat conduction:

q = −κ∇T (A.1)

where q is the heat flux density (W/m2), ∇T is the temperature gradient (K/m) and κ is
the thermal conductivity (Wm−1K−1).
The thermal conductivity of sputtered SiO2 thin-films appears to be slightly reduced with
respect to the bulk value (1.4 Wm−1K−1), so that a thermal conductivity of 1.4 Wm−1K−1

is assumed in all the simulations. On the contrary, the thermal conductivity of HfO2 and
AlxGa1−xN have found to be strongly varying with thickness, deposition technique and sub-
strate, such that a more accurate analysis on the range of variation is required.

65



A.1.1 Hafnium dioxide (HfO2)

Thermal conductivity of hafnium dioxide appears to be strongly dependent on the film thick-
ness and on the substrate onto which the film is deposited. This dependency is a reflection
of the dependency on the crystalline order of the dielectric film. The thinner the film is the
smaller the grain size of the amorphous/polycrystalline film would be. Smaller grains results
in more boundaries, so that the increasing scattering by phonons at grain boundaries causes a
reduction in the thermal conductivity. The sensitivity on the substrates resides in the lattice
mismatch between the film and the substrate. The more the mismatch the more strained
the film would be upon deposition with a consequent increase of the scattering phenomena
by the presence of defects, resulting in a strong reduction in the thermal conductivity of the
layer.
In Table A.1 the thermal conductivity values for HfO2 found in literature for different depo-
sition techniques and different substrate are reported.
A proper choice for the thermal conductivity of HfO2 is 1.2 Wm−1K−1. In fact, HfO2 in the
DBR of the VCSEL structures is deposited by sputtering on SiO2. Both SiO2 and HfO2 are
intrinsically amorphous materials so that no order is present.

Ref. thickness [nm] deposition technique κth
[
Wm−1K−1]

[51] bulk NA 1.63
[52] 10 ALD 1 ± 0.06
[53] 256 e-beam evaporation κL = 0.08 , κV = 0.39
[38] 0.257-0.495 e-beam evaporation κV = 0.052
[54] 200 ALD 4.1 ± 0.6
[55] 90 RF magnetron sputtering 2.54 ± 0.12
[40] 500-2000 dc sputtering ∼ 1.2
[56] 5.6 ALD 0.49

20 0.95
[39] 500-2000 thermal 0.07-0.02

bulk evaporation 17

Table A.1: Thermal conductivity values of HfO2 thin film for different film thickness. NA=
Not Applicable; NS=Non Specified

The highest values for thermal conductivity are registered for sputtered films, by either RF
magnetron sputtering [55] or DC sputtering [40]. In fact, among all the different deposition
techniques used for deposition of dielectric materials sputtering is the one that allows for the
most ordered structure.
The lowest values are, on the contrary, reported for thermal [39] or e-beam evaporation
[53]-[38].
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A.1.2 Thermal conductivity of AlxGa1−xN for different alloy compositions

Aluminium gallium nitride (AlGaN) is a ternary alloy composed starting from nitride-based
binary compounds (GaN and AlN). The major property of ternary and quaternary alloys is
the possibility to tailor both optical and electrical properties by changing the composition of
the compound.
Thermal conductivity of ternary alloys is strongly dependent on the composition. The two
extreme values, corresponding to an Al composition of x=0 and x=1, assumes the values of
the binary compounds by which the alloy is composed (GaN and AlN, respectively). Moving
from the edges toward the center of the curve, the thermal conductivity is strongly reduced
reaching a minimum in correspondence of an aluminium composition of approximately 0.6.
The strong reduction in the parameter can be explained by the presence in the lattice of an
increasing quantity of foreign atom with respect to the composition at the border, causing
an increase in the scattering with a consequent reduction of the heat transport and thermal
performance.
In figure A.1 the thermal conductivity as a function of the Al molar fraction is shown. The
samples are 0.1 µm-thick AlxGa1−xN films grown on c-plane sapphire by hydride vapour
phase epitaxy [57].

Figure A.1: Theoretical and experimental
thermal conductivity of AlxGa1−xN as a func-
tion of the Al molar fraction [57].

In figure A.2 the thermal conductivity of AlxGa1−xN calculated with the virtual crystal
model is represented [58]. Theoretical results are compared with experimental measurement
performed by 3ω technique. The thermal conductivity shows an abrupt reduction from an
Al fraction of x=0 to x=0.1, followed by a gradual approach to the minimum, which occurs
approximately at x=0.6. For Al fractions greater than 0.9 the thermal conductivity starts
to increase again, approaching the bulk AlN value. The lowest values of thermal conduc-
tivity are observed for an Al molar fraction between 0.1 and 0.9, which is an indication of
the increasing phonon scattering mechanism as the concentration of alien atoms in the host
material increases.

Sztein et al. [59] calculated the thermal conductivity as the sum of two contributions:
the electronic contribution is calculated by solving the Boltzmann Transport equation (BTE),
while the phononic component is calculated using Callaway’s model. Results are shown in
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Figure A.2: Thermal conductivity of
AlxGa1−xN as a function of the Alu-
minum composition x from [58].

Figure A.3: Thermal conductivity of
AlxGa1−xN as a function of the Alu-
minum composition x from [59].

figure A.3, observing the typical behaviour of the thermal conductivity of AlGaN alloy. Sim-
ulations shows also a reduced thermal conductivity with increasing temperature, due mainly
to an increase in the scattering by phonons.

In figure A.4 and A.5 the thermal conductivity as a function of the composition and
of the temperature is shown for a sample of thickness 1.2 µm [59]. The minimum value is
observed for an Aluminum composition around 0.5. While the experimental value for x=0.2
is approximately 14 Wm−1K−1.

In [61] the thermal behaviour of AlxGa1−x N alloy samples grown by metalorganic vapor
deposition on sapphire (0001) substrates is studied. The results are shown in figures A.6 and
A.7, the results appears to be in accordance with the measured data obtained by Koh et. al.
(2016) [60].

In figure A.8 the thermal conductivity of AlGaN as a function of the Aluminum composi-
tion is shown. The thermal conductivity of the alloy is modeled by a non-linear interpolation
law starting from the thermal conductivity values of GaN (κGaN=130 Wm−1K−1) and AlN
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Figure A.4: Thermal conductivity of
AlxGa1−xN as a function of the Alu-
minum composition x from [60]. Also
experimental results obtained by other
groups are shown in figure.

Figure A.5: Thermal conductivity of (�)
1.2 µm and 0.2 µm AlxGa1−xN for dif-
ferent alloy compositions as a function of
the temperature [60]. The other sym-
bols correspond to the results for (×)
Al0.18Ga0.82N, (O) Al0.2Ga0.8N and (4)
Al0.44Ga0.56N obtained in [61].

Figure A.6: Thermal conductivity of
AlxGa1−xN (O) as a function of the Alu-
minum composition x from [61]. Also the
results of ref. [62] for AlxGa1−xAs are re-
ported.

Figure A.7: Thermal conductivity of (×)
Al0.18Ga0.82N, (�) Al0.2Ga0.8N and (O)
Al0.44Ga0.56N as a function of the temper-
ature [61].

(κAlN=350 Wm−1K−1), according to the following formula [37]:

κx =
(1− x
κGaN

+ x

κAlN
+ x(1− x)

Cκ

)
(A.2)

where x is the Al composition and the parameter Cκ describes the lattice disorder due to the
random distribution of Ga and Al atoms in the lattice. This approach is also the one used to
extract the thermal conductivity values in the thermal simulations performed in Chapter 2

In figure A.9 the thermal conductivity of AlxGa1−xN calculated in [63] is shown. It is
computed as the sum of two contributions: the lattice thermal conductivity is calculated
by the virtual crystal model, while the electronic contribution results from the solution of
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Figure A.8: Thermal conductivity of
AlxGa1−xN as a function of the Aluminum
composition [37]. The experimental data are
taken from [61] and [58].

the Boltzmann Transport Equation (BTE). The resulting curve presents a minimum at an
Aluminum molar fraction x=0.4, corresponding to 60 Wm−1K−1.

Figure A.9: Thermal conductivity as a func-
tion of Al mass fraction for AlxGa1−xN, in the
temperature range of T=300-1000K [63].

In Table A.2 the maximum and minimum values found in literature for different AlxGa1−xN
composition are summarized, showing the wide range of variation of the alloy thermal con-
ductivity.

x κth,min [Wm−1K−1] κth,max [Wm−1K−1]
0.2 17.62 > 60
0.5 11.9904 ∼ 60
0.6 12.1639 ∼ 60

Table A.2: Maximum and minimum values of thermal
conductivity for different compositions of AlGaN.
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A.1.3 Thermal conductivity of AlN

Alluminium nitride is a III-V semiconductive compound characterized by wide band-gap (∼
6.2 eV) and high thermal conductivity, characteristic which makes AlN a promising candidate
as heat spreader material for electronic and opto-electronic applications. The nominal value
of thermal conductivity for single crystal bulk AlN is of 350 Wm−1K−1, but this value is
drastically reduced of more than one order of magnitude if the AlN is deposited in thin-films
and it is strongly dependent on the film thickness and on the nature of the substrate. The
most common deposition techniques for thin-films AlN are Molecular Beam Epitaxy, Chemi-
cal Vapour Deposition, Ion Beam Assisted Deposition, Ion Beam Sputtering and Magnetron
Sputtering. Except from MBE and (metalorganic) CVD, all the other techniques do not have
epitaxial growth. The obtained film are then polycrystalline, with lower crystalline quality
with consequent reduced thermal and optical characteristics.

Epitaxial AlN

The thermal conductivity of epitaxial thin film is in general approximately one order of
magnitude smaller than the nominal value for the crystalline bulk material (350 Wm−1K−1).
In Table A.3 the literature values for epitaxially grown AlN thin-films are reported.
Very few articles have been found in literature for epitaxially grown AlN thin-films, and the
values of thermal conductivity appears to be strongly dependent on the film thickness and
on the substrate nature.

Ref. Thickness [µm] κth [W/m K]
[64] 1 0.48-25.2
[65] 200 374 ± 9

204 341 ± 6

Table A.3: Thermal conductivity of epitaxially
grown AlN thin-films.

In [64] the thermal conductivity of AlN thin films on different subrates are measured by
the thermal-wave mirage technique. The AlN films were grown by plasma source molecular
beam epitaxy on Si(111), Si(100), Al2O3(0001) and Al2O3(11̄02), with a nominal thickness
of 1 µm. The higher value of thermal conductivity was found to be 25 Wm−1K−1 for AlN
films deposited on Al2O3(11̄02). The results confirms that the thermal conductivity mea-
surements are strongly correlated to the morphology of the thin films, which is dependent on
the substrate onto which the film is deposited.
The higher thermal conductivity is referred to AlN deposited on Al2O3(11̄02), which have a
columnar structure consisting of high quality single crystals. The lower values is registered
for AlN on Si(111), indicating that the microstructure of the thin film is not so favourable,
result that is confirmed by X-ray spectroscopy data which presented a very broad peak and
high background signal.

In [65] the thermal conductivity of AlN thin-films is measured by 3ω measurements. The
samples consist of single crystal AlN thin films grown by Physical Vapour Transport (PVT)
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and Hydride vapour Phase Epitaxy (HVPE). The maximum room-temperature thermal con-
ductivity (374 Wm−1K−1) is measured for a 200 µm thick sample deposited by PVT. These
results are significantly higher than the previous one, confirming the higher crystal quality
of thicker samples.

A.1.4 Sputtered AlN

Sputtering is one of the most used deposition techniques for aluminum nitride thin-films.
The thermal conductivity of AlN thin-films is strongly dependent on the thickness of the
film: it decreases rapidly as the film thickness, and so the grain size, is reduced. The grain
size is proportional to the film thickness if the process conditions are kept constant during
the deposition. As a consequence, the scattering at grain boundaries is enhanced for thinner
films, leading to a decrease in the thermal conductivity.
As the grain size reduces, the phonon scattering at grain boundaries increases, with a conse-
quent reduction of the thermal conductivity.
The literature values for thermal conductivity of sputtered AlN thin films are summarized in
Table A.4.

Ref. Thickness [nm] κth [Wm−1K−1]
[66] 200-2000 1.83 - 76.5
[67] 200-940 11.8-55.3
[68] 100-1050 1.7-4.5
[69] 300-1000 5.4-17.6
[70] 100-300 5.6-8.4

Table A.4: Literature values of thermal con-
ductivity for sputtered AlN.

In [66] AlN thin-film are deposited on single-crystal (001) silicon substrates by RF re-
active magnetron sputtering. The sample has a thickness variable up to 2000 nm to study
the size effects and the thermal conductivity is measured by 3ω measurements. The thermal
conductivity appears to be strongly dependent on the film thickness. The results are reported
in Table A.5.
The results shows that the thermal conductivity strongly increases with the film thickness
and this dependence weakens gradually at bigger thicknesses. The increase in thermal con-
ductivity with the film thickness is primarily due to the increase in the grain size.

In [67] the thermal conductivity of sputtered AlN thin-films deposited by reactive mag-
netron sputtering, with thickness 200 nm and 940 nm, is measured by the 3ω technique.
The lower boundary found for the two thickness is respectively 11.8 Wm−1K−1 and 55.3
Wm−1K−1. Also in this case, the dependence of the thermal conductivity on the thickness
of the film is observable. The reduction in thermal conductivity of the film with decreasing
thickness is due to the presence of an amorphous layer at the interface between AlN and Si,
composed by small and randomly oriented grains.

In [68] the thermal conductivity of AlN thin-film in a thickness range between 100 nm and
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Film thickness κth [Wm−1K−1]
200 1.83
500 32.3
1000 48.1
2000 76.5

Table A.5: Thermal conductivity of
sputtered AlN thin-films for different
film thicknesses [66].

1050 nm are measured. The samples are deposited by RF reactive sputtering on Si(111) sub-
strates. The thermal conductivity measurements are performed at room temperature using
the pulsed photothermal reflectance technique. The obtained thermal conductivity appears
to be approximately of 1.5 Wm−1K−1 for thicknesses lower than 400 nm, and reaches a max-
imum of 3-5 Wm−1K−1 for film thicknesses around 800 nm - 1 µm.

In [69] the thermal conductivity of AlN thin-film deposited on silicon by RF reactive
magnetron sputtering is measured by the 3ω technique. The obtained thermal conductivity
values ranges from 5.4 Wm−1K−1 for samples of thickness 300 nm and 17.6 Wm−1K−1 for
1000 nm thick films.

In [70] the thermal conductivity of submicron-thick AlN films are calculated by a modified
ac-calorimetry technique. The samples are deposited on glass by magnetron sputtering with
an inductively coupled plasma.
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A.2 Refractive index and thermo-optic coefficient

One of the main challenges in the simulation procedure is to find the values of the parameters
for all the different compositions of AlGaN alloy. In fact while for the thermal conductiv-
ity and refractive index several studies have been performed, the thermo-optic coefficient of
AlGaN at different composition have not been deeply investigated in literature. The main
problem resides in the fact that the refractive index and so the thermo-optic coefficient are
depending not only on the composition of the alloy and on the temperature, but also on the
wavelength of the radiation propagating inside the medium. For that reason it is really hard
to find values specific for all the cases investigated in this thesis. Thus, a more general way
to define such strongly varying parameter must be introduced.
For that reason, in order to properly define the structure the model proposed by Tisch et al.
(2001) [71] is implemented in matlab in order to extract the refractive index of the material
for different composition, temperatures and wavelengths (n (x, T, λ)). From the calculated
trend representing the refractive index as a function of temperature for a given wavelength,
the thermo-optic coefficient at different temperatures is extracted by a simple mathematical
differentiation procedure by calculating point by point the slope of the refractive index versus
wavelength curve. In such way, the thermo-optic coefficient and the refractive index at dif-
ferent temperatures, Al composition and operating wavelength can be calculated as required.
The refractive index as a function of the photon energy, composition and temperature is
derived in an analytical form by the following equation:

n (E, x, T ) =
[1

2

(
εr (E, x, T ) +

√
εr (E, x, T )2 + εi (E, x, T )2

)]1/2
(A.3)

the dielectric function of AlxGa1−xN below the band gap is computed by the analytical
formula:

ε (E, x, T ) = C (x, T ) + A (x, T )
E

3/2
g (x, T )

2−
√

1 + y −
√

1− y
y2 (A.4)

with y (E, x, T ) = [E + iΓ (x, T )].
The model parameters A (x, T ), C (x, T ), Γ (x, T ) can be computed by simple analytical
expressions:

C (x, T ) = 2.49 + 2.27× 10−3T − 1.80× 10−6T 2

−
(
0.74 + 4.61× 10−3T − 5.33× 10−6T 2)x

A (x, T ) = [ 79.30− 8.37× 10−2T + 6.73× 10−5T 2+(
18.99 + 0.13T − 1.76× 10−4T 2)x+ 37.51x2 ] eV 1.5

Γ (x, T ) =
[
−8.69 + 4.13× 10−2T + (248.24− 0.19T )x2]× 10−3eV

(A.5)

The dispersion of the refractive index is then computed by analytically differentiating the
expression for the refractive index versus the energy, obtaining the following expression:

dn
dE (E, x, T ) = 1

2n(E,x,T )
A(x,T )

y2E2.5
g (x,T ) [ 1

2
√

1−y −
1

2
√

2+y−
+ 2
y (2−

√
1− y −

√
1 + y) ]

(A.6)

The results reported in [71] are reproduced with great agreement, so only the results for the
composition and wavelength of interests are reported in the following.
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A.2.1 Results

The thermo-optic coefficient of AlGaN as a function of the temperature is studied. For the
purpose of this thesis, the results are reported only for the AlGaN composition of interest in
the case of a UVC-VCSEL. The treatment is straightforward for all the other compositions
and radiation wavelength.
The VCSEL structure emitting at 275 nm is composed by an AlGaN cavity with the following
molar fraction of aluminium: x=0.3 for the QWs, x=0.7 for the barriers, and x=1 (i.e. AlN)
for the external layers of cavity.
In figures A.10-A.10 the refractive index as a function of the wavelength for an aluminum
molar fraction of x=0.3, x=0.7 and x=1, respectively, is represented.

Figure A.10: Refractive index of
AlxGa1−xN for an aluminium molar
fraction x=0.3. [71]

Figure A.11: Refractive index of
AlxGa1−xN for an aluminium molar
fraction x=0.7. [71]

Figure A.12: Refractive index of
AlxGa1−xN for an aluminium molar
fraction x=1.

At a wavelength of 275 nm, which corresponds to the resonance wavelength of the UVC-
VCSEL design, the AlN is transparent while Al0.3Ga0.7N is absorbing. The temperature
behaviour of the refractive index for energies below and above the band-gap energy is op-
posite. Below the wavelength corresponding to the energy gap of the considered material
the refractive index decreases with temperature (i.e. negative thermo-optic coefficient), while
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above the before mentioned wavelength the refractive index increases with increasing tem-
perature (i.e. positive thermo-optic coefficient). Different is the behaviour for AlN in which
there is an inversion of the curves corresponding to 250 K and 300 K, resulting in a change
of sign of the thermo-optic coefficient around 270 K.
The corresponding thermo-optic coefficient as a function of the temperature is calculated for
the wavelength of interest (i.e. 275 nm for the UVC-VCSELs). The obtained plot is shown
in figure A.13. The above mentioned behaviour is confirmed by the calculation such that the
thermo-optic coefficient of Al0.3Ga0.7N is negative in the whole range of temperature studied,
the parameter for Al0.7Ga0.3N is always positive, while the thermo-optic coefficient for AlN
changes sign around 270 K.

Figure A.13: Thermo-optic coefficient as
a function of temperature for different Al-
GaN compositions, for an emission wave-
length of 275 nm.
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