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Abstract

Ultraviolet (UV) light is a critical component of future technological products, having
applications in curing polymers, sensors, medical diagnostics, as well as in the sterilization of
pathogens — a need which is of prime importance to curtail the spread of diseases and possibly a
future pandemic. Solid state UV devices can replace existing sources, such as mercury lamps and
xenon lamps, by providing non-hazardous, scalable, easy to use, durable, compact and more
efficient performance. The Ill-nitride material system has established itself as the basis for
optoelectronic devices operating in the visible and ultraviolet (UV) wavelength range. While
InGaN-based devices have already been commercialized for visible light applications,
demonstrating a high external quantum efficiency (EQE) and wall-plug efficiency (WPE), the
adoption of AlGaN-based UV devices has been hindered due to their correspondingly lower
efficiencies. The primary reasons for the low efficiency of AlGaN LEDs include the low internal
guantum efficiency because of defects and dislocations in the device active region, inadequate
light extraction due to the primarily transverse-magnetic (TM) polarized light emission, and
inefficient carrier injection efficiency from the poor p-type doping of the wide band-gap materials.
In this work, we have investigated the design, epitaxy, fabrication and characterization of high
efficiency AlGaN devices operating in the mid and deep UV wavelength regime.

We used molecular beam epitaxy (MBE) to grow high-quality Mg-doped AlGaN layers
under slightly Ga-rich conditions. The unique growth conditions pinned the Fermi level away from
the valence band during epitaxy, which improved Mg incorporation by over an order of magnitude

as compared to conventional epitaxy. We demonstrated Mg-doped AlGaN layers having Al
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compositions up to 90% with resistivities several orders of magnitude lower than previous reports,
which is further supported by the dramatically improved EQE of LEDs with emission at 280 nm
grown using this technique.

Despite significantly improving the p-type doping, the disparity in the electron and hole
concentrations and mobilities is large for Si-doped and Mg-doped AlGaN, respectively. The
imbalance of the electron and hole injection to the active region can cause reduced injection
efficiency. To address this issue, we investigated different electron-blocking layers (EBLS) and
their positioning. We demonstrated that by placing the EBL before the active region as an n-type
EBL, instead of a conventional p-type EBL, the flow of electrons can be impeded without
hindering hole transport.

We have also utilized polarization-engineered tunnel junctions to increase the hole
injection from the p-contacts, which is a critical challenge for wide-bandgap AlGaN. The thickness
of the critical tunnel junction layer was optimized for an LED at 265 nm, and we demonstrated a
maximum EQE of 11%, the highest value ever reported for devices operating at this wavelength.
We also extended this heterostructure design towards shorter wavelengths. Extensive temperature-
dependent optical and electrical measurements of 245 and 255 nm LEDs indicate the pivotal role
of carrier overflow on device performance and efficiency.

This work provides a unique path for achieving high efficiency mid and deep UV LEDs
that were not previously possible. The techniques developed here can be extended to even shorter
wavelengths to maximize the efficiency of UV-C AlGaN light sources. Future work includes the
development of AlGaN mid and deep UV laser diodes and UV-C and far UV-C LEDs with

efficiency comparable to commercial blue LEDs.
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Chapter 1.  Introduction

1.1 Ultraviolet Light and Its Applications

Light in the ultraviolet (UV) range of the electromagnetic spectrum consists of high-energy
photons having a wavelength in between ~10 nm and ~400 nm. It is broadly divided into three
parts — UV-A (315-400 nm), UV-B (280-315 nm) and UV-C (<280 nm), depending on the
wavelength. These light sources have a variety of useful commercial applications including
sensing, curing of polymers, treatment of organic pollutants, and high-speed data storage. UV-B
and UV-C light also have the potential to cause damage to DNA, making human exposure
dangerous to them. This property, however, makes them crucial aids in the sterilization of
pathogens. Figure 1.1 shows the light spectrum with the effective range for sterilization marked.
Widespread adoption of such tools can play a vital role in curbing the spread of transmittable

diseases, and possibly prevent a future pandemic.

The Spectrum of Light
Visible Light | Intfrared
WA
200 §uom 400 780 Wavelength (am)
Peak Germicidal
Efficiency 264 nm

Figure 1.1: An illustration of the electromagnetic spectrum. The marked region indicates the
most effective wavelength range for sterilizing pathogens. (Source [1])



However, at present most sources of ultraviolet light rely on the use of mercury or gas
mixtures, which result in them being potentially hazardous, as well as quite bulky. Efficient
semiconductor based optoelectronic devices can provide safe, compact, reliable and easily scalable

sources of ultraviolet light, opening up new avenues for their application.

1.2 Light Emitting Diodes

Light emitting diodes (LEDs) are optoelectronic devices that use charge carrier
recombination to convert an electrical input into an optical output. As they are based on
semiconductor technology, these devices are easily scalable, have long lifetimes, are safe to use,
and their emission properties can be varied by changing the design and composition of the layers
comprising the device. The devices consist of a p-n diode that is specifically designed to maximize
radiative recombination. The structure can also comprise of different materials, to tailor the
emission properties. Holes are injected from the p-doped region of the semiconductor, and
electrons are injected from an n-doped region and they recombine within the device active region

to generate light. A schematic of an LED device is shown in Fig. 1.2.

o hole 2 p-type
-— active region
e electron n-type

substrate

Figure 1.2: Schematic of an LED. (Source [2])



The emission wavelength of an LED depends on the bandgap of the semiconductor where
recombination takes place, which is generally the active region. The wavelength can be changed
by tuning the composition of the active region, or by using quantum confinement effects. As an
LED relies on spontaneous emission, the emission spectrum is broad and incoherent, making the

full-width half-maximum (FWHM) of the emission peak an important parameter for comparison.

The electrical properties of an LED are dominated by the doping of the n-type and p-type
layers. Insufficient doping can result in delayed turn-on voltages and more resistive devices. These
factors would increase the energy losses incurred during operation, reducing the electrical to

optical energy conversion efficiency.

The internal quantum efficiency (IQE) of an LED is defined as the ratio of photons that are
generated through radiative recombination to the total number of electrons injected into the device,

as shown in Equation 1.1.

__ Photons generated in active region

IQF =

— . . (Equation 1.1)
Electrons injected to active region
As the IQE is a parameter that strongly depends on the material and its quality, it can be

characterized using the ABC model [3]:

IQE = B (Equation 1.2)

An+Bn2+Cn3



where n is the carrier concentration, A is the Shockley-Read-Hall (SRH) recombination
coefficient, B is the radiative recombination coefficient, and C is the Auger recombination
coefficient. The numerator in Equation 1.2 corresponds to the ratio of carriers that recombine to
produce light, and the denominator corresponds to the total carriers that recombine within the
active region. These parameters depend strongly on the composition and bandgap of the active
region, as well as the quality of the grown layers, such as the presence of defects. A high quality

active region is crucial to maximizing radiative emission and hence the IQE.

For the carriers injected into the device, not all of them will be injected into the active
region, as they can recombine outside it, or pass through it because of leakage paths. The injection
efficiency (IE) of an LED is defined as the ratio of electrons that are injected into the active region

divided by the total electrons injected into the device, as described in Equation 1.3.

Electrons injected into active region

IE =

— . . (Equation 1.3)
Electrons injected into device

Once light is generated within the device active region, not all of the photons are able to
escape due to internal loss mechanisms, absorption as well as total internal reflection. The ratio of
photons that can escape from the device and be collected, to the total number of generated photons

is defined as the light extraction efficiency (LEE), shown in Equation 1.4.

Photons emitted out of the device

LEE = (Equation 1.4)

Photons generated in the device



The external quantum efficiency (EQE) of an LED is defined as the ratio of photons emitted

from the device to the total carriers injected into it. It can be calculated as shown in Equation 1.5:

EQE = IQE X IE X LEE (Equation 1.5)

For practical applications of an LED, it is also important to know the energy conversion
efficiency of electrical to optical power. This parameter is defined by the wall-plug efficiency
(WPE) in Equation 1.6:

WPE = Power of optical output (Equation 1.6)

Power of electrical input

1.3 HlI-Nitride Semiconductors
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Figure 1.3: Bandgaps and lattice constants of Il1-nitride materials. (Source [4])

The I1I-nitride material system consists primarily of AIN, GaN and InN and their alloys.

The three binary semiconductors are direct bandgap materials with bandgaps spanning from 6.1



eV for AIN, to 0.7 eV for InN as shown in Fig. 1.3. These properties make them attractive
candidates for visible and ultraviolet optoelectronic devices, as well as for high-power electronic

devices. A summary of the material characteristics are provided in Table 1.1.

Table 1.1: Material Properties of wurtzite Il1-nitride semiconductors [5-7].

Property AIN GaN InN
Bandgap Eg (eV) 6.1 3.44 0.7
a (nm) 0.3111 0.3189 0.3544
¢ (nm) 0.4978 0.5185 0.5718

Spontaneous Polarization (C/m?)  -0.081 -0.029 -0.032
Piezoelectric Coefficient es3 (C/m?)  1.46 0.73 0.97
Piezoelectric Coefficient es; (C/m?)  -0.6 -0.49 -0.57

The Il1-nitrides are commonly used in their wurtzite crystal phase, as shown in Fig. 1.4.
However, the bonding in the structure is asymmetric, which results in a strong spontaneous
polarization field in the materials. The direction of this field is determined by the direction of the
crystal — it is directed towards the substrate for metal polarity and towards the surface for nitrogen
polarity. The polarization fields are further compounded by the effect of piezoelectric polarization
due to the large lattice mismatch between the individual binary compounds, which results in

mechanical stress during their epitaxial growth.
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Figure 1.4: Wurtzite crystal structure. (Source [8])

Furthermore, having the ability to controllably dope semiconductors is essential to realizing
practical devices. While GaN can be doped both n-type and p-type, using Si and Mg as donor and
acceptor impurities, respectively, it remains challenging for ultra-wide bandgap AlGaN alloys,

especially the p-type doping.

1.4 Polarization Field in I11-Nitrides

As mentioned previously, the Il1-nitrides have an inbuilt spontaneous polarization field due
to the strongly ionic nature of the chemical bonds and the asymmetric crystal structure, which
exists without an external electric field [9, 10]. This results in a net dipole moment within each
unit cell. The spontaneous polarization charge for the binary unit cells are included in Table 1.1
[6]. The spontaneous polarization field direction lies along the c-axis of the wurtzite crystal, with
the direction being dependent on the polarity of the crystal. For growth with a Ga-polar crystal
orientation the spontaneous polarization field points towards the substrate, while in the case of N-

polar crystals it points towards the surface.



Furthermore, as there is a significant mismatch in the lattice constants of the individual I11-
nitride binaries, as well as typical substrates, the grown layers are also put under either compressive
or tensile strain. The strain results in a piezoelectric polarization field which is aligned with the
spontaneous polarization for tensile strain, while it is opposed for compressive strain. The net

effect of the combination of the fields is shown in Fig. 1.5.
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Figure 1.5: Polarization direction and sheet charge density for AIGaN/GaN heterostructure

[11].

The presence of the strong polarization can result in the generation of huge charge densities
at heterointerfaces, which by using Gauss’ Law o = —V - P, will create an electric field of the MV
order within the active layer of devices that will have a profound impact on device performance.

It is also important to note that the vast difference in spontaneous polarization between AIN and



GaN, coupled with the relatively small mismatch in lattice constants, implies that for AlIGaN based
heterostructures spontaneous polarization will have a dominant effect, while for InGaN based
heterostructures piezoelectric polarization will be of more importance. Some consequences of the

polarization are elaborated on below.

1.4.1 High Electron Mobility Transistors

As can be seen from Fig. 1.5, it is possible to generate large electric fields within
AlGaN/GaN heterostructures, that result in the formation of 2D carrier gasses at the
heterointerface, depending on the stacking and orientation of the structure. The carrier
concentration of the 2D carrier gasses is very high from the large electric fields, and they have
extremely high mobility due to the absence of impurity scattering from dopants. These properties
have been utilized for developing high power and high speed transistors [12]. A schematic and
corresponding band-structure of a typical GaN high electron mobility transistor (HEMT) is shown

in Fig. 1.6.
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Figure 1.6: Structure and band-diagram of a typical AlIGaN/GaN HEMT [13].



1.4.2 Polarization Effects in Optical Devices

The band diagram of a typical Ill-nitride quantum well is shown in Fig. 1.7, with the
electron and hole wavefunctions also marked. The presence of the polarization fields results in a
strong band-bending within the quantum well that has a strong impact on radiative efficiency and
carrier dynamics under injection [14-17]. The presence of the electric field spatially separates the
wavefunctions of the holes and electrons within the quantum well, decreasing the probability for
radiative carrier recombination [18]. Another effect observed at high injections is the quantum
confined Stark effect, where a blue-shift in emission wavelength is seen as injection increases.
This is because initially at low injection the tilt of the bands reduces the effective bandgap,
however as the injection increases, the polarization field is screened by the injected carriers [17,

19]. This effectively flattens the bands, causing a blue shift in emission.
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Figure 1.7: Band diagram of a conventional Il1-nitride quantum well in equilibrium [20].

1.4.3 Polarization-Induced Doping
While an abrupt heterointerface manifests as a 2D sheet of a carrier gas, a layer with a
graded composition can create a mobile 3D carrier gas [21], as shown in Fig. 1.8. The polarization

charge is obtained from the gradient of the polarization field vector, so by varying the grading

10



different concentrations of carriers can be generated — for example a linear grading would result

in a uniform carrier concentration.
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Figure 1.8: Band-diagram of a compositionally graded AlGaN layer on GaN [21].

This technique provides a powerful tool for the doping of wide bandgap semiconductors,
where impurity doping may be challenging. It enables high carrier concentrations without
degrading mobility by impurity doping, and the generated carriers do not have an activation energy

like dopants, so they are able to conduct even at cryogenic temperatures.

1.4.4 Polarization-Engineered Tunnel Junctions

GaN-based tunnel junctions have been previously demonstrated and they have been also
incorporated in LEDs [22, 23]. However, these homojunctions require extremely high doping for
both the p-type and n-type layers to facilitate interband tunneling, and this proves challenging for
wide bandgap alloys. A technique around this is the polarization engineered tunnel junction [24-
27], shown in Fig. 1.9, which utilizes the heterointerface polarization charges generated to achieve
tunneling despite the poor doping and large bandgap of the materials. These tunnel junctions are

essentially double heterostructures, where the polarization charges generate a huge electric field
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and band-bending in the intermediate layer. The sheet charges compensate for the ionized impurity

charges in the depletion region, effectively narrowing the depletion region width.
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Figure 1.9: Energy band diagram of a p-n junction (top) and a polarization-engineered tunnel
junction (bottom) [26].

1.5 Current State of 111-Nitride Optoelectronic Devices

GaN has been intensively studied for several decades due to its promising properties for
electrical and optical devices [28-30]. Initially, the focus was on visible light devices consisting of
an InGaN active region. Such was the demand for these devices that for the invention of high-
brightness blue InGaN LEDs, Nakamura et al received the Nobel Prize in Physics in 2014 [31].
This breakthrough was a direct consequence of advances in the p-type doping of the IlI-nitride
materials [32, 33]. Soon after their emergence, GaN-based LEDs were rapidly commercialized,

and they have now largely replaced fluorescent bulbs and other similar light sources for lighting.

12



Apart from LEDs, other devices such as laser diodes (LDs) have also been demonstrated utilizing

InGaN.

Despite the advances in InGaN visible light sources, I11-nitride devices emitting in the UV
range have lagged. Due to the larger bandgaps required, these devices are commonly made
utilizing AlGaN. While the wall-plug efficiency of blue LEDs can cross 80% [34], to date the
efficiency of UV LEDs with emission below 265 nm is less than 10%. It has also remained
challenging to achieve electrically pumped laser diodes in this wavelength range. Recently, AlGaN
quantum well based laser diodes were demonstrated with emission below 300 nm [35, 36].
However, these devices can only operate in pulsed mode with extremely high threshold current
and very low output power. Nevertheless, these developments show the great potential for realizing

efficient AlGaN UV LEDs and lasers as household solid-state UV devices.

1.6 Challenges Facing AlGaN LEDs
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Figure 1.10: Plot of EQE of UV LEDs vs. emission wavelengths. (Source [37])
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Figure 1.10 shows a plot of the EQE of AlGaN UV LEDs versus their emission
wavelengths [37]. While tremendous efforts have been made in the past, the peak EQE measured
for a diode emitting at 275 nm is still only around 20% [38]. This value falls sharply at even shorter
emission wavelengths, with values less than 1% for emission below 250 nm. The corresponding
WPE of the UV devices is even lower, which is a far way off the benchmark WPE of ~30-40%
measured for conventional sources. There are several causes for the low efficiency of these devices

and unless they are all tackled, they will compromise device performance.

1.6.1 Role of Threading Dislocations on IQE

The low internal quantum efficiency is primarily a result of the huge density of threading
dislocations that are present on the epitaxial layers when grown on substrates having a lattice
mismatch (such as sapphire or silicon) [39, 40]. Furthermore, GaN cannot be utilized as a buffer
or contact layer as the AlGaN alloy would be under tensile strain, which might form cracks on the
surface [41]. The threading dislocations provide pathways for carrier leakage and sites for the non-
radiative recombination of carriers, lowering the device efficiency. Figure 1.11 plots the peak IQE
possible for different dislocation densities at several emission wavelengths in the UV. Typically
for AIN layers grown on sapphire, the dislocation density is of the order of 108 — 10° cm for high-
quality layers, which already restricts the efficiency to <70%. While the density of these defects
can be significantly reduced when the growth is performed on single crystalline AIN substrates,

these substrates remain prohibitively expensive for most commercial applications.
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Figure 1.11: Variation of maximum IQE for different dislocation densities at different
wavelengths. (Source: [42])

1.6.2 Low Extraction of TM-polarized Light

The emission from optical devices may be polarized either transverse-electric (TE) or
transverse-magnetic (TM). As TE-polarized light is emitted in the out-of-plane direction it can be
readily extracted for surface or backside emitting devices. However, TM-polarized emission is
emitted in-plane, which is relatively harder to extract. A schematic of the emission is shown in
Fig. 1.12(a). In AlGaN, the valence band maximum is split into three sub-bands, the heavy hole
(HH), light hole (LH) and the crystal-field split-off hole (CH) bands [41]. For a low Al content,
the HH and LH hole bands are above the CH band, and the resultant emission from carrier
recombination is mostly TE-polarized. As the Al content for the alloy increases, the CH moves up,
while the HH and LH bands shift downward, until there is a crossover at ~60% Al content [43].
For higher Al compositions (shorter wavelengths), carrier recombination primarily occurs in the

CH band, from which the photons generated are mostly TM-polarized. A schematic of the
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bandstructure for such high Al composition AlGaN is shown in Fig. 1.12(b). The predominantly
TM-polarized emission from deep UV LEDs incorporating such an AlGaN active region results in

light extraction efficiency <10% [44], shown in Fig. 1.12(c).
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Figure 1.12: (a) Schematic of extraction of light for TE and TM polarized emission [45]. (b)
Band structure for AIGaN with a high Al composition [46]. (c) Comparison of LEE for a planar
structure and different configurations of photonic crystal structures [44].

Apart from the difficulty of extracting the light, the high energy photons emitted from UV
devices can also be absorbed by the substrate if its bandgap is small enough. Therefore, if

absorptive substrates such as GaN or Si are used then substrate removal would be essential to

maximize efficiency.
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1.6.3 Poor p-type Doping

Another major challenge standing in the way of high efficiency AlGaN devices is the
injection of charge carriers, especially for devices operating at shorter wavelengths, where the Al
content required for the structure is higher. This is primarily due to the difficulty in the p-type
doping of these wide bandgap alloys. Magnesium has been established as the most viable p-type
dopant for Ill-nitrides, however the doping efficiency is very poor for AlGaN due to the high
activation energy for the Mg acceptor, which can reach up to 600 meV for AIN [47]. The activation
energies of Mg for different Al compositions are shown in Fig. 1.13(a). Therefore, to realize low
resistivity p-type conduction in AlGaN films, it is essential to incorporate enough Mg atoms so as
to form an impurity band for the hole transport [48, 49]. However, the formation energy for the
substitutional incorporation of Mg atoms into the crystal lattice increases as the Fermi level moves
closer to the valence band and when the Al content of the alloy increases, adversely impacting the
doping of the layers. This is shown in Fig. 1.13(b). From a growth perspective, the excessive
incorporation of Mg can degrade the crystal quality, and contribute to the formation of
compensating defects, nullifying the expected increase in hole concentration. The resistance of
devices is also quite high as low hole concentration makes it difficult to obtain a good ohmic

contact directly to p-doped AlGaN.
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Figure 1.13: (a) Activation energy of Mg acceptor dopant for different Al composition AlGaN
[50]. (b) Formation energy of Mg substitutional incorporation in AIN under N-rich and metal-
rich growth regimes [51].

1.6.4 Carrier Overflow from Active Region

Despite the difficulties facing the efficient p-type doping of AlGaN, on the other hand,
relatively high n-type doping, using Si as a dopant, can be readily obtained in n-type AlGaN films
even with high Al composition [52]. The electron mobility is also significantly greater than the
hole mobility [53, 54]. Therefore, there is a highly imbalanced electron and hole injection, leading
to significant electron overflow in the device active region and poor carrier injection efficiency
under moderate current injection conditions [55]. Such an issue becomes more severe for AlGaN

LEDs operating at shorter wavelengths, due to the further reduced free hole concentration.

1.7 Recent Developments in AlGaN UV LED Technology

1.7.1 Improvement of Material Quality

Typically, AlGaN UV LEDs are grown on sapphire substrates. Before the growth of the
device layers AIN is commonly used as a buffer layer. The lattice mismatch between AIN and

sapphire results in the formation of threading dislocations that play a critical role on IQE, as had
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been discussed above. Several techniques have been investigated including the growth of
interlayers [56], NHz pulsed flow technique in metal-organic chemical vapor deposition
(MOCVD) [57], migration enhanced epitaxy [58] and growth on nano-patterned substrates (NPSS)
[59], which also improves the light extraction as is schematically shown in Fig. 1.14(a). Epitaxial
lateral overgrowth (ELO) [60, 61] involves the regrowth of material on patterned substrates, and
an example is shown in Fig. 1.14(b). These techniques have helped to reduce the dislocation
density in the AIN layers to the 10’ cm™ order. Furthermore, bulk AIN crystals have been grown
by hydride vapor phase epitaxy (HVPE) [62], and they are commercially available, although the
substrates are extremely expensive and they often have deep-level defects that absorb UV light
[63], rendering them impractical for devices. An AIN single crystal wafer from Hexatech, Inc is
shown in Fig. 1.14(c), and it is seen to be a yellow-orange color as a result of UV-absorbing

defects.
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Figure 1.14:(a) Schematic of a growth on a patterned sapphire substrate [64]. (b) Cross-
sectional SEM image of AIN wafer grown using epitaxial lateral overgrowth [65]. (c) Image of
an AIN single crystal substrate produced by Hexatech, Inc. [66].
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Compared to other growth methods, MBE is more versatile as it enables growth of the
epilayer under conditions of excess metal on the surface. When AlGaN films are grown under such
conditions, they form Ga clusters within the epilayers that can provide sites where localized
carriers can recombine radiatively [67-70]. The presence of these clusters has a distinct effect on
the emission properties of these layers, enabling extremely high IQE, even on substrates with a

high dislocation density.

Recently, high temperature annealing of AIN layers has attracted significant attention as a
low-cost and relatively simple method of obtaining high-quality material. MBE growth of AIN
films, followed by high-temperature annealing has been shown to dramatically improve material
quality, even for very thin AIN layers [71]. The sputtering of Al(Ga)N films, followed by annealing
can also provide substrates with dislocation densities comparable to films grown epitaxially [72,

73]. UV LEDs have also been demonstrated on these sputtered films [74].

1.7.2 Approaches for Enhanced Light Extraction

Several techniques have been developed in the process flow for device fabrication to
improve the low light extraction of UV LEDs. Growth on patterned sapphire substrates, which can
improve material quality, also improves light extraction by reducing the total internal reflection of
generated light [75]. By encapsulating LED dies [76, 77], as shown in Fig. 1.15(a), the light
extraction from the device can be increased, while simultaneously alleviating heating issues. Work
has also been done on the removal of substrates for growth of Il1-nitrides, which can substantially

increase the extracted light for I11-nitride LEDs [78-80]. The removed epitaxial film, schematically
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shown in Fig. 1.15(b), can be transferred onto reflective and thermally conductive substrates to
further improve performance. Photonic crystals also promise alternative routes to improve LEE,
and their ability to guide light modes can be utilized for the development of lasers [44, 67, 81-86].
These photonic crystals can be either etched down as shown in Fig. 1.15(c), or they can be grown
bottom-up using selective area growth, as shown in Fig. 1.15(d). Reflective contacts have also
been used in bottom-emitting UV LEDs to reduce collection losses [38]. However, even if these
techniques are implemented, unless the absorbing contact layers commonly used in UV LEDs are

removed, their efficacy will be limited.
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Figure 1.15:(a) Schematic of an LED die with encapsulation [87]. (b) Schematic of an LED that

has had its substrate removed [88]. (c) Schematic of an LED with a photonic crystal etched into

the top contact layer [82]. (d) SEM image of a selective-area growth nanowire photonic crystal
[83].
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1.7.3 Advances in p-type Doping

GaN is commonly used as the p-type contact layer for UV LEDs, as it can provide a good
contact for hole injection. However, due to its comparatively smaller bandgap, it absorbs light in
the UV range. Therefore, it is critical to replace this layer with a transparent p-doped AlGaN

contact layer.

Extensive work has been done to realize low-resistivity p-AlGaN including using a high
nitrogen overpressure during growth [48], delta-doping [89], utilizing superlattices [90, 91], using
In surfactant [91], metal-modulation epitaxy [92], and polarization-induced doping [21, 93]. In
this thesis, we present the use of metal-semiconductor junction assisted epitaxy [94] using MBE,

which demonstrates record low resistivities even for AlGaN alloys with a high Al composition.

1.7.4 New Heterostructure Designs

The imbalance between the electron and hole injections into the active regions make it
necessary to utilize an electron blocking layer (EBL) within the device. This layer serves to confine
electrons to within the active region, preventing carrier overflow. However, for shorter wavelength
devices the inclusion of this layer is not trivial as the AlGaN system approaches compositions
close to AIN. Furthermore, this layer is often p-doped and placed after the active region, where the
band offset in the valence band between the EBL and the active region can further impede hole
injection to the active region. Alternative techniques of using the EBL such as the growth of a
superlattice have been demonstrated to improve efficiency [95-97]. In this thesis, we investigated
the effect of the EBL on device performance for a 280 nm LED, and we show that for AlGaN

devices an n-doped EBL placed immediately before the active region is more effective at
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improving device performance [98]. Such a design would decrease electron injection to the active
region, while maintaining the hole injection, thereby attaining a more equitable injection of

carriers.

The use of tunnel junctions as p-type contact layers has garnered attention due to its ability
to solve several problems associated with the p-type contact [99-102]. As the n-type doping of
AlGaN is relatively easier than p-type doping, highly conductive AlGaN layers that are transparent
to the emitted light can be utilized for the contacts. This would help to improve contact resistivity,
improve current spreading, and allow the use of lower resistivity reflective contacts. Tunneling
across an AlGaN homojunction is difficult due to the wide bandgap of the materials and the
difficulty in achieving high hole concentration, so polarization-engineering is commonly utilized
to significantly lower the barrier height for the tunneling of carriers [25]. In this thesis, we have
utilized the tunnel junction design to demonstrate high efficiency tunnel junction UV LEDs

emitting at 265 nm and 255 nm [103, 104].

1.7.5 AlGaN-based Nanostructures

Nanostructures are an important future direction for AlGaN-based devices, as they promise
high IQE due to the nearly perfect crystalline structure [105, 106], improved doping efficiency
[107, 108] and a high surface-to-volume ratio enabling enhanced LEE [109]. AlGaN nanowires
have been demonstrated with emission across the entire compositional range. These nanostructures
also typically grow with a core-shell structure, where the higher Al composition layer forms the
shell [67, 83, 110]. This layer can suppress non-radiative surface recombination in devices,

improving IQE. A cross-sectional TEM image of a nanowire is shown in Fig. 1.16(a) and Fig.
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1.16(b) displays an elemental map of the marked region. Selective-area growth (SAG) of nanowire
arrays has also been demonstrated [83], which enables the bottom-up formation of photonic crystal
arrays that can allow for improved extraction of light, like in Fig. 1.16(c), or for guiding the modes
of a laser [44, 111]. Nanostructures can also be grown on different substrates, which allows for the

possibility of integrating such devices on flexible or novel substrates [112, 113].
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Figure 1.16:(a) Cross-sectional TEM image of a spontaneously grown nanowire [114]. (b)
Elemental mapping of the marked region from Fig. 1.16(a). (c) SEM image of an SAG nanowire
photonic crystal.

1.8 Dissertation Overview
The primary objective of this dissertation is to understand and develop the techniques

required to grow and fabricate high efficiency AlGaN mid and deep UV LEDs.
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Chapter 2 describes the molecular beam epitaxial growth of the semiconductor structures
in this work. An overview of the growth technique utilized is presented along with descriptions of
commonly used characterization methods.

Chapter 3 presents the work published in [94], where we utilize the unique growth
environment of the MBE system to implement the metal-semiconductor junction assisted growth
technique. This growth method was used for the growth of p-doped AlIGaN epilayers with
extremely low resistivity <10 Q-cm even for an Al composition ~90%. The measured resistivities
were orders of magnitude lower than previously reported alloys with a similar Al composition. UV
LEDs with emission at 280 nm fabricated using this technique showed a great improvement in
external quantum efficiency, and lower turn-on voltage, as compared to devices grown using
conventional epitaxy.

Chapter 4 is a report on the investigation of the effect of the electron blocking layer on
device performance, published in [98]. Different types and thicknesses of EBLSs were compared to
study their effect on the performance of a 280 nm LED. An improvement in device efficiency is
observed for an n-type EBL placed before the active region, which can hamper hole injection to
the active region, while not impeding hole injection, thereby resulting in more balanced carrier
injection.

Chapter 5 is a report on the demonstration of a high-efficiency tunnel junction LED with
emission at 265 nm [104]. Different polarization-engineered tunnel junction designs were
investigated to study their effect on device performance. For the optimum tunnel junction design
with a 5 nm thick GaN layer sandwiched between highly doped n-type and p-type AlGaN layers,

a maximum EQE of 11% was measured, with a corresponding WPE of 7.6%.
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Chapter 6 presents a study on the electrical and optical emission properties of an AlGaN
tunnel-junction UV LED with emission at 255 nm [103]. The device operated with a maximum
EQE of 7.2% and WPE of 4%, with highly stable emission. This efficiency is two orders of
magnitude greater than previously reported tunnel junction UV LEDs at this short wavelength.
Temperature-dependent measurements were also performed to further study the device properties.

Chapter 7 describes the work on the further extension of tunnel junction UV LEDs to even
shorter emission wavelengths. A double-heterostructure design is implemented for emission at 245
nm. Different designs of the heterostructure were fabricated and measured, which along with
optical studies of the device active region, were used to examine the critical role of electron
overflow on the device efficiency.

Finally, chapter 8 presents some future directions towards further improvement of AlGaN
LEDs and for short-wavelength UV laser diodes. This includes the utilization of tunnel-junction
structures for maximizing current injection in UV laser structures, the use of nanostructures to
improve device performance, with a special emphasis on N-polar nanostructures, as well as

incorporating methods to lift-off the grown layers which can aid substrate removal.
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Chapter 2.  Methods

2.1 Overview
This section provides an overview of the molecular beam epitaxy system and the epitaxial
techniques used in this thesis. The principles behind the different characterization techniques used

for evaluating the grown layers and subsequently fabricated devices are also detailed.

2.2 Molecular Beam Epitaxy

Molecular beam epitaxy has been well established as a method for the epitaxial growth of
[11-V compounds and novel materials [115-120]. In an MBE, crystal growth takes place under
conditions of ultra-high vacuum (~10"*2 Torr). To establish such a low background pressure,
several pumps including cryo pumps and ion pumps are used to reduce the pressure of the growth
chamber. The panels of the system are also cooled using a constant stream of liquid nitrogen, which

helps to collect impurities on the walls of the chamber.

These systems contain several different elements contained in sources that all point towards
a substrate, mounted on a heater. During epitaxy, these sources are heated to slowly evaporate
material which emerges as a beam from the sources. The ultra-high vacuum environment enables
extremely long mean free paths for the evaporated atoms, so that they only react when the
elemental beams converge on the substrate [121]. The MBE used in this work was a Veeco Gen

930 MBE system, pictured in Fig. 2.1. The system is equipped with two cells containing Ga, two
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cells containing Al, one In cell, one Mg cell and one Si dopant cell. It should also be noted that
elemental nitrogen is produced by striking a plasma, using a radio-frequency (RF) assisted plasma

source, through a high purity nitrogen gas flow.

Figure 2.1: An image of the Veeco Gen930 MBE system used in this work.

To determine the amount of material being evaporated for a given source temperature, a
beam flux monitor (BFM) is used in MBE. Calibration of the source fluxes using the BFM is

crucial for ensuring the repeatability and control of grown structures.

Reflection high-energy electron diffraction (RHEED) is a powerful tool available in the used
MBE system, that can provide real-time in-situ feedback of the grown layer. The RHEED system
consists of an electron gun aimed at a very shallow angle to the substrate, and a phosphor screen.

During operation, the electron gun shoots electrons towards the substrate, where they glance off
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and present a pattern on the phosphor screen, schematically shown in Fig. 2.2. The shallow angle
that the gun is aimed at ensures that the electrons are diffracted by only the first few monolayers
present at the sample surface [122]. The observed patterns indicate the surface morphology and
crystallinity of the grown films. For certain crystalline samples, reconstructions can appear on the

surface providing an indicator of the growth conditions.

X- Axis
Electron Normal to Surface
Beam
Y- Axis
In Surface Plane
Incidence / Diffraction
Angle Diagram

Electron gun Sample Screen

Figure 2.2: Schematic of RHEED operation [123].

The MBE system used was also equipped with a pyrometer, used for calibrating the substrate

growth temperature across different samples, along with the substrate heater thermocouple.

2.2.1 Epitaxial Growth

Epitaxial growth using MBE is unique as it is a physical deposition method, where the
morphology, composition and structure of the grown layer are dependent on the surface kinetics
of adatoms and the thermodynamics of crystal formation [124-126]. The combination of these

factors results in three main growth modes: Volmer-Weber (VW) [127], Stranski-Krastanow (SK)
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[128] and Frank van der Merwe (FM) [129]. A schematic of the three growth modes is shown in

Figure 2.1.

adsorption
EvdM l desorption

Figure 2.3: Schematic representation of the film growth modes. (Source: [130] )

In the VW growth mode, the interaction between the impinging adatoms is stronger among
themselves than with the substrate, resulting in the clustering of the grown material. These clusters
form islands, and in certain conditions (such as under N-rich conditions and high temperature for
GaN) they can also form nanowires [131, 132]. This growth mode is commonly seen when there
is a large lattice mismatch between the substrate and the grown material. The SK growth mode is
an intermediate 2D-3D growth mode, where initially a wetting layer is grown in a layer-by-layer
manner, however beyond a certain critical thickness that is strongly dependent on the strain of the
grown layer, a transition to a 3D growth mode occurs. This growth mode has been utilized for the
growth of InGaN and GaN quantum dots [133-139]. FM growth is the ideal layer-by-layer growth
mode, observed in homoepitaxial and high-quality layers. This growth mode is preferred for

epilayers, and the films grown using this method have very low surface roughness.
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2.2.2 Advantages of MBE

Plasma-assisted MBE has the advantage of being a physical process, relying on impinging
nitrogen active species to react with the elements provided from the substrate, which allows the
flux of nitrogen to the substrate to be precisely controlled through the flow of nitrogen and the
plasma power applied. This in contrast to methods like ammonia-based MBE which rely on the
cracking of ammonia molecules on the substrate surface to generate nitrogen. The cracking of
ammonia is strongly dependent on substrate temperature, and its efficiency is also very low even
at elevated temperatures. Also, unlike methods like MOCVD and HVPE that utilize a high nitrogen
overpressure, in MBE it is possible to perform epitaxy under conditions of excess metal, which is

a completely unique growth regime.

For IlI-nitride devices, MBE has a huge advantage over MOCVD in the growth of p-doped
layers, as there is no need to anneal the doped layers after its growth. MOCVD requires the
annealing of p-doped layers to diffuse hydrogen out, so as to activate them, however the absence
of hydrogen in MBE negates the need for this process. The lower growth temperatures in PA-MBE

systems can also promote the incorporation of Mg dopants.

Apart from these advantages, in general MBE has a very low impurity concentration due
to the ultra-high vacuum environment. The lower growth rates of MBE compared to other methods
and the use of shutters to block the supply of material flux allow for the sub-monolayer precision
in controlling the thicknesses of layers. Nitride-based MBE systems also do not contain any toxic

or hazardous materials, unlike the extremely toxic precursors used in MOCVD.
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2.2.3 Challenges with MBE

Typically, the lower growth temperatures in MBE-grown materials results in a higher
density of point defects in grown layers. The presence of these point defects has been correlated
with the lower efficiency of MBE-grown devices as compared to MOCVD-grown devices [140,
141]. To overcome this problem, new high-temperature MBE systems have been developed,
enabling material growth, as well as annealing at temperatures up to 1800 °C. Utilizing one such
system, the Veeco GenXplor, my colleague Dr. David Laleyan had demonstrated thin, smooth,
high-quality AIN layers grown directly on a sapphire substrate through a multi-cycle anneal-

regrowth process [71].

The growth rates of materials are typically much lower in an MBE system, as compared to
an MOCVD system, so it is comparatively more difficult to grow thick buffer layers. Recently,
with the use of modified and improved sources, relatively high growth rates have also been

demonstrated using MBE [142], which are comparable or even higher than MOCVD.

2.2.4 MBE Growth of AlGaN

Prior to epitaxy, the substrates used must follow a rigorous cleaning procedure to minimize
contamination to the chamber, and to maximizing the yield and performance of devices. This
procedure is outlined in Appendix A. For the epilayers in this work, we utilized conditions where
there was an excess of metal flux as compared to the incoming active nitrogen species. This
resulted in an accumulation of metal on the sample surface during epitaxy. To confirm this, we

observed a dimming in the RHEED pattern during the growth of the AlGaN epilayers. This growth
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regime ensures good layer-by-layer growth with a smooth surface morphology, as could be

observed with a streaky RHEED pattern.

As the growth of the epilayers took place under slightly metal-rich conditions, this means
that the impinging metal flux was greater than the supplied nitrogen species. Due to the stronger
bond between Al and N, AIN is preferentially formed on the sample surface, and the remaining
nitrogen reacts with the gallium present on the surface. Excess gallium accumulates on the surface
forming a metal layer. Therefore, under this growth regime, the growth rate is limited by nitrogen,
while the composition of the alloy depends on the ratio of Al to N [69, 70, 115, 143, 144]. By
controlling these parameters, while ensuring that the gallium flux is enough to accumulate metal
on the growth front, we could vary the composition and emission wavelength of the grown layers.
However, prolonged growth in this regime can result in the formation of gallium droplets, as shown
in Fig. 2.4(a), as well as crystalline defects underneath them, like in Fig. 2.4(b), so the Ga metal
layer was periodically desorbed during the growth. This was done through an annealing process,
where the source shutters were closed, and the substrate temperature was increased by 50 °C. The
RHEED was then monitored to see the transformation from a dim, streaky RHEED pattern to a
bright, streaky pattern, which indicated that there was no excess metal present on the growth

surface. The substrate temperature was then ramped down, and the growth resumed.

33



Figure 2.4:(a) SEM image of Ga droplets on the surface of AlGaN immediately after growth. (b)
Crystalline defect formed at Ga droplet.

During epitaxy, the growth temperature is a critical parameter that affects dopant
incorporation, substrate morphology, adatom kinetics and the growth rate [145]. In this work, the
substrate temperature was set to 680-700 °C (calibrated to the pyrometer). The thermocouple
temperature used for pyrometer temperature varied from ~650-750 °C, with the wide variation a
result of changes in the MBE system, as well as variations between different sample wafers. At
higher temperatures, the Ga flux required to maintain a metal-rich growth regime was too high,

while lower temperatures had worse optical quality.

Two separate Al cells were used in the growth of the AlGaN layers to provide Al metal flux.
This was done so as to enable the rapid opening and closing of the cell shutters for obtaining sharp
hetero-interfaces between AIlGaN layers of different compositions, while avoiding any

interruptions during the growth.
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2.3 Optical Material Characterization Techniques

2.3.1 Photoluminescence Spectroscopy

Photoluminescence (PL) spectroscopy is commonly used to determine the emission
wavelength and composition of semiconductor samples [5]. The process works by photoexcitation
of the sample with a light source having a photon energy greater than the bandgap of the material.
This results in the generation of charge carriers in the sample, and the light emitted from the
radiative recombination of these carriers is collected and analyzed using a spectrometer. A

schematic of this process for a typical direct bandgap semiconductor is shown in Fig. 2.5.
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Figure 2.5: Schematic of the photoexcitation process in a semiconductor [146].

As the AlGaN alloys are wide bandgap materials, a Coherent Excistar XS500 ArF excimer
laser was used, having emission at 193 nm, for exciting the samples and a UV-sensitive charge
coupled detector (CCD) was used to measure their photoluminescence spectra. We also used a
neutral density filter to adjust laser power and measure spectra at different excitation powers.

While PL spectroscopy is a useful method to determine the emission wavelength of the grown
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layers, it was not very helpful in determining composition, as the growth regime used in this work
results in large potential fluctuations, which can cause the emission peak to be considerably

different than the expected bandgap of the material [68].

2.3.2 Time-Resolved Photoluminescence Spectroscopy

Time-resolved photoluminescence (TRPL) spectroscopy can provide information on the
recombination of charge carriers created by photoexcitation. For the measurements in this work,
we used a frequency-tripled Ti:Sapphire laser, tuned to 736 nm with an 80 MHz repetition rate and
100 fs pulse width. The emission was collected and analyzed by a 0.75m monochromator, using a

photomultiplier tube for detection. A schematic of the setup is shown in Fig. 2.6.
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Figure 2.6: Schematic of the TRPL setup.

2.3.3 Spectroscopic Ellipsometry
Spectroscopic ellipsometry of grown epilayers has been used to calibrate the growth rates

of the materials. In this method, elliptically polarized light of different wavelengths is reflected off
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the sample, and a detector is used to measure changes in the phase and amplitude of the individual
polarizations [147]. A schematic of the setup is shown in Fig. 2.7. This data can then be used to
calculate the refractive index and thickness of the layers by fitting it to a Cauchy model in a

wavelength range where the material is transparent.

Linearly Polarized Light
E p-plane

s-plane
Elliptically Polarized Light

plane of incidence , ST

Reflect off Sample

Figure 2.7: Schematic of the ellipsometry technique [147].

2.4  Structural Characterization Techniques

2.4.1 X-Ray Diffraction

X-ray diffraction (XRD) is a powerful method for determining the material quality, lattice
constants, strain and composition of layers grown using epitaxy. In XRD, the sample is hit with an
incident X-ray beam having a fixed wavelength. The X-ray photons scatter in the crystal lattice,
based on Bragg’s Law, diffracting constructively and destructively for different incident and
detection angles. This is shown in Fig. 2.8(a). The reflected photons are then collected at the
detector. Depending on the angle of incidence, collection, and the substrate orientation, the

intensity of the collected signal will vary, detailing information on the crystal.
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Atomic-scale crystal lattice planes

Figure 2.8:(a) Schematic of the XRD experiment [148]. (b) A Rigaku SmartLab XRD system.

This work used a Rigaku SmartLab XRD system, pictured in Fig. 2.8(b), for performing
coupled 20-w scans. These measurements can provide the lattice constant of the grown material,

and then Vegard’s law can be used for estimating the alloy composition.

2.4.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) involves focusing a beam of high-energy electrons
onto the surface of the sample, generating secondary electrons, backscattered electrons and X-rays,
which are then collected. From these, information regarding the sample surface, composition and
phase can be determined. SEM provides significantly better magnification than optical

microscopes, and it allows for the resolution of features in the nanometer scale range.

2.4.3 Scanning Transmission Electron Microscopy
Scanning transmission electron microscopy (STEM) has the capability of providing atomic

level resolution of materials, even providing data on the distribution of elements, defect density
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and crystal structure. In STEM, electrons with energy greater than 100 keV are transmitted through
a thin cross-section of the sample under investigation. High-angle annular dark-field (HAADF)
STEM collects incoherently scattered electrons, which can provide contrast that is sensitive to the
atomic number of the elements composing the material. This is critical for investigating the
heterojunctions studied. In this work, HAADF-STEM was performed on several samples by our
collaborators Dr. Jiseok Gim and Prof. Robert Hovden in the Materials Science and Engineering

department at the University of Michigan.

2.4.4 Atomic Force Microscopy

Atomic force microscopy (AFM) can provide detailed information of sample surfaces. A
small tip is attached to the end of a cantilever, which then oscillates close to the sample surface.
The difference in the interaction of the tip with the sample surface can provide information on the
height of features, phase, and surface roughness. In this work, a Bruker lcon AFM was used in
tapping mode in air to map the surface and determine the surface roughness of the grown AlGaN

layers.

2.4.5 Secondary lon Mass Spectrometry

Secondary ion mass spectrometry (SIMS) is a destructive technique which can be used to
determine the composition and thickness of different layers. A primary ion beam sputters material
from the surface of the sample, and the ejected secondary ions are collected using a mass

spectrometer. In this work, SIMS was performed on certain samples by EAG Laboratories.
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2.5 Electrical and Device Characterization Techniques
Details on the device fabrication can be found in Appendix B. This section describes the

measurement techniques used to characterize the fabricated devices.

2.5.1 Hall Measurements
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Figure 2.9: Diagram of the Hall effect [149].

Hall measurements using the van der Pauw configuration is a quick and efficient method
of determining the free carrier concentrations in doped semiconductor layers. These methods rely
on the Hall effect, where a current is injected through the sample, and a magnetic field is applied
in a direction perpendicular to current. The magnetic field causes the carriers to be deflected to
one side of the sample (perpendicular to both the magnetic field and the current), which results in
an electric field, and a corresponding voltage (the Hall voltage). Figure 2.9 shows a diagram of the

Hall effect in a semiconductor bar. The Hall voltage is given by Equation 2.1:

Vy = LBy (Equation 2.1)

ent
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where, Vy is the Hall voltage, Ix is the injected current, B; is the magnetic field, n is the carrier
density, t is the layer thickness and e is the electronic charge. The charge of the carriers determines

the polarity of the Hall voltage.

In this work, an Ecopia Hall Measurement System was used for determining the carrier
concentrations in the grown layers. This system also has the capability of heating the substrate to

500 °C, allowing us to measure the carrier concentration over a wide range of temperature.

2.5.2 Current-Voltage Measurements

As LEDs are essentially diode structures, their current-voltage (I-V) characteristics are an
important parameter in studying the device physics and performance. For an ideal diode, we would
see a sharp turn-on voltage close to the material bandgap, and there would be negligible reverse

bias leakage. Tunnel junction diodes are also expected to show similar characteristics.

In this work, we used both pulsed and continuous-wave (CW) sources for measuring the
current-voltage characteristics of devices. A Keithley 2400 SMU was used for CW measurements,

while an AV-1010B pulse generator was used for generating short duration voltage pulses.

2.5.3 LED Power Measurements
To determine device efficiency, it is critical to collect as much light as possible from the

samples. Here, we used a Newport 818-ST-2 UV photodetector with a Newport 1919-R power
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meter. The samples were placed directly on the detector, and then a bias was applied. The measured

power was then recorded, along with the voltage and current, to determine device efficiency.

2.5.4 Electroluminescence Spectroscopy

In electroluminescence (EL) spectroscopy, the device is first put under bias at a voltage
where there is light being emitted. A UV-transmissive fiber optic cable is then used to collect the
light, and it is analyzed through a UV-sensitive CCD. Through proper alignment of the collecting
fiber, it is possible to measure the EL spectra over several orders of magnitude of injection current

variations.
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Chapter 3.  Enhanced Doping Efficiency of Ultrawide Bandgap Semiconductors by
Metal-Semiconductor Junction Assisted Epitaxy

3.1 Author Contribution and Copyright Disclaimer

The contents of this chapter were published in Physical Review Materials in May 2019 [94],
for which 1 retain the right to include it in this thesis/dissertation, provided it is not published
commercially. The co-authors were Xianhe Liu, Zihao Deng, Walter Shin, David Laleyan,
Kishwar Mashooq, Eric Reid, Emmanouil Kioupakis, Pallab Bhattacharya, and Zetian Mi from
the University of Michigan. | designed, conducted and authored most of the work. X. L. and D. L.
contributed to the growth process. W. S., K. M., and E. R. contributed to the sample
characterization measurements. Z. D. and E. K. performed the simulations presented. The work
was supervised by Z. M., who contributed to the design of the experiments with P. B. and E. K. as
part of a collaboration. This work was supported by the National Science Foundation (Grant DMR-
1807984) and from the University of Michigan, College of Engineering. This research used
resources of the National Energy Research Scientific Computing Center (NERSC), a U. S.
Department of Energy Office of Science User Facility, operated under Contract No. DE-AC02-

05CH11231.

3.2 Background
Wide bandgap semiconductors such as GaN, AIN and their alloys have emerged as the

materials of choice for high power and high frequency electronic devices [150, 151], as well as a
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broad range of photonic devices including UV LEDs, lasers and solar blind photodetectors [152,
153]. Critical for the operation and performance of these devices is a precise control of the doping
level in the different layers of the structure. To date, however, it has remained extremely
challenging to achieve efficient p-type conduction of AIN and AlGaN with relatively high Al
content, which has been identified as one of the major obstacles to realize high performance
optoelectronic devices operating in the mid and deep UV spectra. Magnesium has been established
as the only viable p-type dopant of group Ill-nitride semiconductors [51]. However, it exhibits
very large activation energy (up to 600 meV) in Al-rich AlGaN [154-156], severely limiting the
doping efficiency and the realization of large hole concentration at room temperature. Extensive
studies have been performed to realize low-resistivity p-type AlGaN, including the use of a high
V/I1I ratio to suppress formation of compensating nitrogen vacancies, superlattices consisting of
alternating AlGaN layers, metal modulation epitaxy, Mg &-doping, indium as a surfactant and
polarization-induced doping, but with very limited success [47-49, 89-91, 157-169]. For example,
the lowest resistivity reported for p-type AlogsGaoisN epilayers [165] to date is well over 103

Q-cm, which is more than three orders of magnitude larger than that of Mg-doped GaN.

To achieve p-type AlGaN with large hole concentration and low resistivity, it is essential
to incorporate large densities of Mg-dopant atoms. At very large concentrations (~10%°-10%° cm3),
an Mg impurity band is expected to form, which enables hole hopping conduction [170, 171].
Moreover, the significantly broadened acceptor energy levels at large Mg-doping concentrations,
together with the band tailing effect, also reduces the ionization energy for a fraction of Mg-
dopants. In practice, however, it becomes more difficult to incorporate Mg into AlGaN with

increasing Al concentration, due to the larger formation enthalpy (lower solubility) for Mg
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substituting Al in the AlGaN lattice sites, compared to Ga [154, 172]. The formation energy for

various compensating point defects also depends critically on the position of the Fermi level [51,

154].
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Figure 3.1:(a) Schematic of conventional epitaxy. (b) Energy band diagram of the Mg-doped
AlGaN layer during conventional epitaxy. (c) Schematic of metal-semiconductor junction
assisted epitaxy, with the presence of a liquid Ga layer on the surface during epitaxy. (d) Energy
band diagram at the growth front of Mg-doped AlGaN during metal-semiconductor junction
assisted epitaxy, showing the pinning of the surface Fermi level away from the valence band
edge. (e) Calculated formation energy for Mg substitution in GaN, AIN, and AlpsGaosN as a
function of the separation between the Fermi level and the valence band with substitutional Mg
formation energies for the different growth processes indicated by their respective arrows.
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During conventional epitaxy, with Mg-dopant incorporation, the Fermi level shifts towards
the valence band edge, illustrated in Figs. 3.1(a) and (b), which significantly reduces the formation
energy for carbon, oxygen, and nitrogen vacancies [90, 154, 173, 174]. These defects have a strong
compensating effect and further degrade the structural, electronic, and optical properties of Mg-
doped AIGaN. In addition, the formation energy of N-substitutional and interstitial Mg
incorporation decreases drastically with Mg incorporation, and becomes comparable to that of
Al(Ga)-substitutional Mg incorporation when the Fermi level is positioned close to the valence
band edge, further limiting the doping efficiency and the achievement of large hole concentrations.
Evidently, some of the critical issues for achieving efficient p-type conduction of AlGaN can be
well addressed, if the Fermi level at the growth front can be tuned away from the valence band

during the epitaxy of p-type (Mg-doped) AlGaN.

To overcome these fundamental challenges, we investigate a unique epitaxial growth
process — metal-semiconductor junction assisted epitaxy — of ultrawide bandgap AlGaN.
Illustrated in Fig. 3.1(c), the epitaxy of AlGaN is performed in metal (Ga) rich conditions by using
plasma-assisted MBE. The excess Ga layer leads to the formation of a metal-semiconductor
junction during the epitaxy of Mg-doped AlGaN, which pins the Fermi level away from the valence
band at the growth front, illustrated in Fig. 3.1(d). In this unique epitaxy process, the Fermi level
position is decoupled from Mg-dopant incorporation, i.e., the surface band bending allows the
formation of a nearly n-type growth front despite p-type dopant incorporation, which is in direct
contrast to the fixed Fermi level position near the valence band edge during the conventional

epitaxy of Mg-doped AlGaN. As such, the formation energy for substitutional Mg is dramatically
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reduced, even when very large densities of Mg-dopant atoms are incorporated, which is
accompanied by a significant suppression of the formation of compensating defects. Epitaxy of
AlGaN under metal-rich conditions was reported previously. However, the role of Fermi-level
tuning at the growth front and the resulting effect on the enhanced substitutional incorporation of
Mg and suppressed compensating defect formation was not identified [54, 70, 175, 176]. Figure
3.1(e) illustrates the variation of the theoretically calculated substitutional formation energy, for
Mg in GaN, AIN, and AlosGaosN, with the energy separation between the Fermi level and valence
band maximum. By increasing the separation between the Fermi level and valence band, the
formation energy is reduced to only ~0.43 eV for metal-semiconductor junction assisted epitaxy
of AlGaN, which is ~1.6 eV lower than that during growth using conventional epitaxy (further
details on the simulations can be found in Appendix C). This powerful method simply relies on
the spontaneous formation of a metal-semiconductor junction at the growth interface by excess Ga
and does not involve any modification of the system under use. In this growth regime, the Al
composition of AlGaN can be controllably varied by tuning the Al material flux while keeping the
nitrogen flow rate constant. This is because the bond strength of Al-N is much stronger compared
to that of Ga-N [177, 178] and, as a consequence, Al-N will preferably form while any excess Ga
will accumulate on the surface to form the metal-semiconductor junction during epitaxy. Utilizing
this technique, we have demonstrated that Mg incorporation in AlGaN can be enhanced by nearly
one order of magnitude compared to the conventional growth process: Mg concentration ~2x10%°
cm™® was measured in Alo7sGaozsN for a moderate Mg flux of ~7x10® Torr. A significant
reduction of carbon impurity incorporation was also confirmed through detailed secondary ion
mass spectrometry (SIMS) measurements. Significantly, a free hole concentration of ~4.5 x10

cm was measured for AlosGao.1N, with resistivity values <5 Q-cm, which is nearly three orders
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of magnitude lower compared to previous reports [165]. Ultraviolet 280 nm light-emitting diodes
fabricated using the two methods demonstrated significant improvements in the device
characteristics and efficiency for the samples grown by metal-semiconductor junction assisted

epitaxy, as compared to the sample grown using the conventional growth mode.

3.3 Epitaxial Growth of Mg-doped AlGaN

The samples used in this work were grown on ~1 um AIN-on-sapphire substrates from DOWA
Holdings Co. Ltd. using a plasma-assisted Veeco Gen 930 MBE system. The Mg-doped AlGaN
epilayers were grown at a temperature ~700 °C (thermocouple reading), and the Al flux was varied
for samples with different Al compositions. The nitrogen flow was 0.4 standard cubic centimeter
per minute, with a forward plasma power of 350 W. For the samples that were grown using
conventional epitaxy, the Ga flux was adjusted such that the growth was under slightly nitrogen-
rich conditions. For the samples grown using metal-semiconductor junction assisted epitaxy, the
growth occurred under conditions of excess Ga. In such a growth regime the Al composition of
AlGaN can be controllably varied by tuning the Al material flux while keeping the nitrogen flow
rate constant. This is because the bond strength of Al-N is much stronger compared to that of Ga-
N [162] and, as a consequence, Al-N will preferably form while any excess Ga will accumulate on
the surface to form the metal-semiconductor junction during epitaxy. The RHEED pattern was
closely monitored during epitaxy to determine the growth condition. A relatively dim and streaky
RHEED pattern indicated that the growth was under metal-rich conditions, whereas a brighter

pattern with segmented streaks suggests the growth is in slightly N-rich conditions.
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Growth was initiated with an undoped AIN buffer layer, followed by ~30 nm undoped AlGaN
layer before the growth of the Mg-doped AlGaN layer. The thickness of the AlGaN layers for Hall
measurement was approximately 430 nm. For the samples grown for Hall measurements, the
growth is terminated with a ~2 nm p-GaN capping layer, which was subsequently etched in the

fabrication process for Hall measurements.

For the samples on which SIMS was performed, the grown structure consisted of several
AlGaN layers grown with different Mg fluxes, with undoped layers in between. The Mg flux used
in the different layers of the samples on which SIMS was performed was measured at different

temperatures before every growth, the BFM equipped in the MBE system.

The LED heterostructure consists of a 250 nm thick Si-doped Alo7GagsN layer, multiple
Alo.45GaossN/Alo.7GaosN quantum wells, 60 nm thick Mg-doped AlGaN layer, and 3 nm p-GaN
contact layer. The first 30 nm Mg-doped AlGaN layer was graded from an Al composition ~70%
to 50% to make use of polarization induced doping to maximize hole injection into the active
region, followed by a 30 nm thick Mg-doped AlosGaosN. An AlGaN electron blocking layer was
also incorporated to reduce electron overflow. The device active region was calibrated for emission

at ~280 nm.
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3.4 Effect of Growth Method on Mg Incorporation
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Figure 3.2:(a) Mg atom concentration versus depth obtained from SIMS measurements on Mg-
doped Alo.75Gag.2sN grown using metal-semiconductor junction assisted epitaxy and conventional
epitaxy. (b) Mg concentration versus the Mg flux for Mg-doped Alo.7sGao.2sN grown using metal-

semiconductor junction assisted epitaxy and conventional epitaxy. (c) Photoluminescence
spectra of a Mg-doped Alo.75Gao.2sN sample grown using metal-semiconductor junction assisted
epitaxy with band-edge peak and Mg-acceptor peak shown with arrows.

Two samples with nearly identical Al composition of ~75% were grown, with sample A grown
under Ga-rich conditions, using metal-semiconductor junction assisted epitaxy, to ensure complete
coverage of the substrate surface with metallic Ga during growth, while Sample B was grown
under nearly stoichiometric conditions using the conventional growth mode but with otherwise
identical conditions, e.g., the same growth rate and same Mg fluxes, for corresponding layers.
Subsequently, Mg concentrations were obtained using SIMS measurements. Figure 3.2(a) shows
the Mg atom concentration profile for the two samples, wherein the different Mg-doped AlGaN
layers are separated by undoped layers. It is seen that, with the use of metal-semiconductor junction
assisted epitaxy, Mg concentrations are significantly higher than those grown using the
conventional growth method. Variations of the Mg incorporation vs. Mg flux, measured as beam
equivalent pressure (BEP) for the two samples are further plotted in Fig. 3.2(b). For both samples,

Mg concentration increases with Mg BEP. However, the Mg atom density is over an order of
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magnitude higher for Sample A grown with metal-semiconductor junction assisted epitaxy, as
compared to Sample B using the conventional process. The maximum Mg incorporation achieved
for Sample A was ~2x10%° Mg atoms cm, without showing any sign of saturation. The
significantly enhanced Mg incorporation is attributed to the reduced formation energy for Al(Ga)-
substitutional Mg incorporation [51, 154, 174] when the Fermi level is pinned away from the
valence band edge by utilizing the metal-semiconductor junction at the growth front. The C-
impurity concentration was significantly reduced compared to MOCVD. For the sample grown
using metal-semiconductor junction assisted epitaxy, the carbon concentration is limited by the
measurement background of SIMS (~1x10% cm=). For comparison, carbon concentrations
~5x10% cm®to 2x10'® cm have been commonly measured in Al-rich AlGaN grown by MOCVD
[179]. The pinning of Fermi level at the growth front through metal-semiconductor junction
assisted epitaxy also leads to a significant decrease in the formation of point defects, which
explains the observation that undoped (Al)GaN layers grown under Ga-rich conditions showed
approximately three orders of magnitude higher resistivity compared to films grown under

conventional conditions [70].

We further studied the photoluminescence properties of the sample grown using metal-
semiconductor junction assisted epitaxy. A typical photoluminescence spectrum for a Mg-doped
Alo.75Gao2sN sample is shown in Fig. 3.2(c). A strong peak near the band-edge at ~255 nm (4.86
eV) was measured, accompanied with the Mg-acceptor related transition at ~298 nm (4.16 eV). It
has been previously reported that this emission originates from a donor-acceptor pair transition in
Mg-doped AlGaN epilayers [54]. The broad linewidth of the Mg-acceptor related transition and

its partial overlap with the band-edge luminescence emission indicates a very large spread of the
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Mg-acceptor energy levels, extending nearly to the valence band edge of AlGaN. Evidently, the
significantly enhanced Mg dopant incorporation can not only lead to the formation of an impurity
band for hole hopping conduction [49, 170], but more importantly, results in substantially reduced
activation energies for a portion of Mg-dopants, thereby enabling the presence of large hole carrier

concentrations at room temperature in AlGaN, that were not possible otherwise [180].

3.5 Low-Resistivity p-type AlGaN Layers
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Figure 3.3: Room-temperature Hall measurement data for Mg-doped AlGaN epilayers plotted

against Al composition, showing (a) free hole concentration, (b) hole mobility, (c) resistivity and
(d) resistivities of Mg-doped AlGaN layers obtained from literature and this work.
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By employing metal-semiconductor junction assisted epitaxy, a series of Mg-doped samples
with Al compositions varying from ~75% up to ~90% were grown. Atomic force microscopy
measurements indicated a smooth surface with roughness below 1 nm for all the samples. To
fabricate the samples for Hall measurements, metal contacts consisting of Ni (20 nm)/Al (100
nm)/Au (20 nm) were defined using photolithography and deposited by e-beam evaporation,
followed by annealing at 500 °C for 5 minutes in the presence of air. The thin p-GaN contact layer
was subsequently isolated and removed using plasma etching. Hall measurements were performed
on the samples, using the van der Pauw method, to determine the hole concentration, hole mobility

and resistivity of the AlGaN layers for temperatures ranging from room temperature to 500 °C.

The room temperature hole concentration is observed to monotonically decrease with
increasing Al content, illustrated in Fig. 3.3(a). Figure 3.3(b) shows variations of hole mobility
with the Al composition. The decrease in hole concentration and mobility with increasing Al
composition can be explained by a reduction in Mg incorporation for alloys with a higher Al mole
fraction due to the lower solubility of Mg and the increased formation enthalpy for Al-
substitutional Mg. Even for the incorporated Mg atoms, the increase in the activation energy of
the Mg-acceptor with increasing Al content further shrinks the free hole concentration. These
factors result in an increase in the resistivity for Mg-doped AlGaN layers with increased Al
composition, shown in Fig. 3.3(c). However even for Alo.9Gao.1N, the measured resistivity remains
below 5 Q-cm. The resistivity values of some previously reported Mg-doped AlGaN layers [94]
are plotted vs. Al compositions in Fig. 3.3(d), along with the resistivity of the AlGaN layers

obtained in this work. It is seen that the resistivities of Mg-doped AlGaN grown using metal-
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semiconductor junction assisted epitaxy is nearly one to three orders of magnitude lower compared

to previously reported results.
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Figure 3.4: Temperature dependent Hall measurement of Mg-doped AlGaN epilayers grown by
metal-semiconductor junction assisted, with Al content between 75% and 90%, for (a) hole
concentration, (b) hole mobility and (c) resistivity plotted against the inverse of temperature.

The variations of the hole concentration vs. temperature for Mg-doped AlGaN samples with
different Al compositions was also measured, illustrated in Figure 3.4(a). A low activation energy
(~10-20 meV) at temperatures less than 600 K is seen in these samples, which is characteristic of
hole hopping conduction in the impurity band and can also be partly explained that a portion of

the Mg dopants have significantly reduced activation energy, evidenced by the photoluminescence
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spectrum shown in Fig. 3.2(c). At higher temperatures, more Mg-dopants get activated,
contributing to holes in the valence band. This leads to a sharp increase in hole concentration at
elevated temperatures (>650 K), which is characterized by a large activation energy (~300-400
meV). Such activation energy values, however, are somewhat lower than those theoretically
expected for AlGaN alloys with Al compositions ~75-90%. This can be explained by the presence
of band-tailing effects and the significantly broadened acceptor energy level distribution, which
effectively reduces the activation energy for a portion of Mg-acceptors. The measured hole
mobility, shown in Fig. 3.4(b), has a monotonically decreasing trend with increasing temperature,
as expected due to an increase in phonon scattering. The resistivity, shown in Fig. 3.4(c), is first
observed to increase with temperature between 300 K and ~650 K due to the decrease in hole
mobility and relatively small change in hole concentration. At higher temperatures, when the Mg
acceptors get thermally activated, the dramatic rise in hole concentration results in the observed

decrease in resistivity.

3.6 UV LED Fabrication and Measurements

The significantly reduced resistivity of Mg-doped AlGaN, enabled by the unique metal-
semiconductor junction assisted epitaxy, is crucial to improve the efficiency of optoelectronic
devices operating in the mid and deep UV wavelengths. AlGaN UV LEDs emitting at ~280 nm
were grown using this approach and the device characteristics were compared with those of

identical LEDs grown using conventional epitaxy.

The UV LED fabrication process involves the use of standard photolithography, dry etching

and contact metallization techniques. The device mesa has an area 50 um % 50 pm. A Ti (40 nm)/Al
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(220 nm)/Ni (40 nm)/Au (50 nm) metal stack was deposited on n-AlGaN and annealed at 750 °C
for 30 seconds in nitrogen ambient to form the n-metal contact. A Ni (20 nm)/Al (100 nm)/Au (20
nm) metal stack was deposited on p-AlGaN and annealed at 500 °C for 5 minutes in air to form p-

metal contact.
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Figure 3.5:(a) EL spectrum for an UV LED grown using metal-semiconductor junction assisted

epitaxy. (b) I-V characteristics for LEDs grown using metal-semiconductor junction assisted
epitaxy and conventional epitaxy. (c) EQE versus current density for these devices.

A typical electroluminescence spectrum is shown in Fig. 3.5(a), with a narrow linewidth ~11
nm. The current-voltage characteristic is shown in Fig. 3.5(b), which exhibits a turn-on voltage of

~7 V for the LED grown using metal-semiconductor junction assisted epitaxy, while we see a turn-
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on voltage ~9 V for the conventional epitaxy sample. The higher turn-on voltage is likely a result
of the ineffective Mg-doping when using conventional epitaxy. The external quantum efficiency
(EQE) was further measured directly on wafer, without any packaging, substrate removal, or
cooling. Shown in Fig. 3.5(c), a maximum on-wafer EQE of ~4.3% was measured at room
temperature, which is significantly better than the LED device grown using the conventional
epitaxy process, which exhibits a maximum EQE of ~0.6%. This device performance is also better
than other previously reported AlGaN UV LEDs grown by MBE around this wavelength [54, 68,
70, 99]. The improved device-characteristics seen in the samples grown using metal-
semiconductor junction assisted epitaxy highlights the significance of efficient p-type conduction
on device performance. It is also worth noting that the measured EQE can be significantly
increased through proper packaging of devices to increase the light extraction efficiency, and by
employing more comprehensive techniques to capture all the emitted light, such as the use of an

integrating sphere.

3.7  Summary

In summary, it was demonstrated that by tuning the surface Fermi level using
metal-semiconductor junction assisted epitaxy, efficient p-type conduction can be achieved for Al-
rich AlGaN that was not previously possible. The presence of a metal-semiconductor interface at
the growth front pins the Fermi level away from the valence band edge, which can significantly
enhance Al(Ga)-substitutional Mg-dopant incorporation and further reduces the formation of
compensating point defects, as demonstrated in this work, both theoretically and experimentally.
It should also be noted that the presence of surface states, which are strongly affected by growth

conditions as has been previously described for both polar [181] and non-polar [182] surfaces, may
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further play a role in pinning the Fermi level away from the valence band, although the surface
state density structure at the elevated temperatures required for crystal growth has remained
unknown. As such, large concentrations of Mg-acceptors can be incorporated in Al-rich AlGaN,
which enables the formation of a Mg impurity band. Al-rich AlGaN epilayers, with resistivity
values below 1 Q-cm for Alo75Gao2sN and ~4 Q-cm for Alo.9Gao.1N have been measured, which
are essentially required for achieving high efficiency mid and deep UV optoelectronic devices.
Deep UV LEDs grown using this method showed a great improvement in external quantum
efficiency, and lower turn-on voltage, as compared to devices grown using conventional epitaxy.
Such a unique technique can be further extended for the epitaxy/synthesis of a broad range of
semiconductor nanostructures and heterostructures to achieve controlled dopant incorporation and

to fundamentally improve their structural, electronic, and optical properties.
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Chapter 4.  Effect of Electron Blocking Layer on AlGaN UV LED Efficiency

4.1 Author Contribution and Copyright Disclaimer

The contents of this chapter were published in the journal Optics Express in June 2019 [98],
for which 1 retain the right to include it in this thesis/dissertation, provided it is not published
commercially. The co-authors were Walter Shin, Xianhe Liu, and Zetian Mi from the University
of Michigan. I designed, conducted and authored most of the work. X. L. contributed to the growth
process. W. S. contributed to the sample characterization and fabrication. The work was supervised
by Z. M., who contributed to the design of the experiments. This work was supported by the

University of Michigan, College of Engineering.

4.2 Background

To date, AlGaN LEDs operating in the UV-B and UV-C bands still exhibit very low
efficiency, primarily due to the presence of large densities of defects and dislocations in the device
active region, poor current conduction, and inefficient light extraction [39, 40, 49, 69, 152, 183].
For example, it has remained difficult to achieve efficient p-type conduction in high Al content
AlGaN, due to several issues associated with Mg-dopant, including extremely high activation
energy (up to ~600 meV), poor solubility, and the tendency towards self-compensation through
the formation of point defects [51, 154]. The ineffective Mg-doping leads to very low
concentrations of free holes in Al-rich AlGaN [54, 91, 157]. On the other hand, electron

concentrations in the range of ~10'8-10'° cm™ can be readily achieved in n-type Al-rich AlGaN
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using Si as a dopant [52, 53, 184]. This large disparity in the electron and hole concentrations,
together with the difference in the carrier mobility (~25-50 cm?/V-s [53, 185] and ~1-5 cm?/ Vs
[94, 175] for electrons and holes in Al-rich AlGaN, respectively) leads to highly asymmetric
charge carrier transport properties of n and p-type AlGaN cladding layers employed in a mid and
deep UV LED structures. The resistivity of p-type (Mg-doped) AlGaN epilayers increases rapidly
with increasing Al content, with values generally in the range of 10~10* Q-cm for AlGaN layers
with over 70% Al composition. The corresponding resistivity values reported for n-type (Si-doped)
Al-rich AlGaN are nearly three to six orders of magnitude lower, for similar Al composition, in
the range of 0.01-1 Q-cm. Consequently, there is a significant electron overflow in the device
active region, which leads to poor carrier injection efficiency under moderate current injection
conditions. Such an issue becomes more severe for AlGaN LEDs operating at shorter wavelengths,

due to the further reduced free hole concentration.

To prevent electron overflow, a high Al composition p-type (Mg-doped) AlGaN EBL has
been commonly incorporated between the device active region and p-AlGaN layer [186-188]. Such
a technique has shown to be highly effective to reduce electron overflow and to improve the
efficiency of GaN-based visible LEDs [189-192]. To date, however, there have been few studies
on the effectiveness of this technique on the performance of mid and deep UV AlGaN LEDs [95-
97, 193, 194]. In wide bandgap AlGaN LEDs, the incorporation of a high Al composition AlGaN
EBL can severely compromise hole injection into the device active region, due to the large valence
band offset at the hetero-interface and the significantly reduced hole concentration with increasing
Al composition. The resulting increase in device resistivity also leads to undesired heating effect

and reduced wall-plug efficiency.
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In an effort to minimize electron overflow without compromising hole injection into the
device active region, we have studied the effect of various n-type EBLS, incorporated between the
active region and the n-AlGaN cladding layer, on the performance of high Al-content AlGaN UV
LEDs. The LED heterostructures were grown on sapphire wafer by plasma-assisted MBE and were
designed to operate at ~280 nm. The n-type EBL consists of Si-doped AIN/AIGaN short period
superlattices, which allows for effective cooling of “hot” electrons before their injection into the
device active region and therefore can minimize electron overflow. The polarization enhanced
doping through the use of the superlattice can simultaneously improve lateral conductivity and will
mitigate current crowding effects [68, 143]. Efficient injection of holes into the device active
region, on the other hand, can be achieved due to the absence of any potential barrier. Direct on
wafer measurements showed a maximum EQE ~4.4%, which is significantly higher compared to
that (~0.5-1%) of conventional mid-UV AlGaN LEDs grown by MBE [68, 84, 99]. The reduced
barrier to hole injection also contributes to a lower turn-on voltage for the n-type EBL samples.
The peak wall-plug efficiency is improved from ~0.5% to ~2.8%, when we switch from a p-type

EBL to an n-type EBL.
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4.3 Epitaxy of UV LED Structures
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Figure 4.1: Schematic illustration of AlGaN mid-UV LEDs with the incorporation of (a) a p-type
AIN/AIGaN superlattice EBL and (b) an n-type AIN/AIGaN superlattice EBL. Equilibrium energy
band diagram for the LED heterostructures with (c) a p-type AIN/AlGaN superlattice EBL and
(d) an n-type AIN/AIGaN superlattice EBL.

AlGaN mid-UV LED heterostructures were grown using a Veeco Gen 930 MBE system on
AIN-on-sapphire templates from DOWA Holdings Co. Ltd. The growth parameters include a
substrate temperature of 700 °C and a growth rate of ~150 nm/hr. The samples were grown under
slightly metal (Ga) rich conditions to enhance Mg dopant incorporation. Figure 4.1(a) illustrates
the schematic for the LED structure using a conventional p-type EBL (Mg-doped AIN/Alo7GaosN
superlattice). The LED heterostructure incorporating an n-type AIN/Alo7GaosN superlattice EBL
is shown in Fig. 4.1(b). All the growths were initiated with a ~50 nm undoped AIN buffer, followed
by a 300 nm thick n*-Alo7Gao3N contact layer. The active region consists of six periods of
Alo4sGaossN (~2 nm)/Alo7GaogsN (~5 nm) quantum wells. The p-AlGaN cladding layer consists
of Mg-doped AlGaN with Al content graded linearly from 70% to 50% in ~20 nm, followed by

the growth of ~20 nm p-type AlosGaosN and 2 nm p-GaN contact layer. Further details about the
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growth and composition control of the AlGaN epilayers can be found elsewhere [195]. The
measured internal quantum efficiency of the quantum wells is ~30-50%, as has been detailed in a
previous work [196]. SIMS measurements performed on the samples confirmed that differently
doped layers were well formed with extremely abrupt interfaces. Hall measurements using an
Ecopia HMS-3000 Hall measurement setup showed resistivity values of ~ 0.001 Q-cm and ~ 0.7

Q-cm for the n-type and p-type Alo7GaosN layers, respectively.

Table 4.1: AlGaN mid-UV LED samples with different EBL designs.

LED EBL Design
A 10x AIN:Mg (1.5 nm)/p-Alo.7GaosN (1 nm)
B 10x AIN:Si (1.5 nm)/n-Alo.7Gao.sN (1 nm)
C 20x AIN:Si (1.5 nm)/n-Alo7GaosN (1 nm)

Listed in Table 4.1, we have studied AlGaN mid-UV LEDs incorporating EBLs with different
thicknesses and dopants. Three representative designs, referred to as A, B, and C, are described
below. LED A has a p-type EBL which consists of ten periods of Mg-doped AIN (~1.5
nm)/Alo.7GaosN (~1 nm) superlattice placed between the active region and the p-AlGaN cladding
layer. 1-D Poisson-Schrddinger equations, considering the effect of the strong spontaneous
polarization present in these alloys, were used to generate the equilibrium band diagrams for the
different structures [197]. From the equilibrium band diagram shown in Fig. 4.1(c), a significant
barrier to hole injection is observed, which has a deleterious effect on the device performance,
especially at low voltages. The designs of LEDs B and C are identical to that of LED A, except
that the p-type EBL is replaced by an n-type EBL incorporated between the n-AlGaN cladding
layer and the active region. The n-type EBLs in LEDs B and C consist of ten and twenty periods

of Si-doped AIN (~1.5 nm)/Alo7Gao 3N (~1 nm) superlattice, respectively. The equilibrium energy
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band diagram for LED B is schematically shown in Fig. 4.1(d). It is observed that there is a reduced
barrier for hole injection to the active region, while presenting a barrier to electron injection to
minimize electron overflow. Similar effect is also seen from the energy band diagram of LED C

with twenty periods of n-type AIN/Alo7GaosN superlattice (not shown).

4.4 Fabrication and Characterization of Mid-UV LEDs
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Figure 4.2: 1-V characteristics for AlIGaN mid-UV LEDs measured at room temperature. Blue
curve: LED A with 10x p-AIN/Alo7GaosN superlattice EBL; Black curve: LED B with 10x n-
AIN/Alo7Gao 3N superlattice EBL; Red curve: LED C with 20x n-AIN/Alp.7Gao.sN superlattice
EBL. The inset shows a top-emitting 100 um * 100 um device from sample B at a current density
of ~50 A/cm?.

In the LED fabrication, Al (200 nm)/Au (100 nm) was first deposited as the p-metal contact,
followed by inductively coupled plasma reactive ion etching (ICP-RIE) to define mesas and to

expose the n*-AlGaN contact layer. A Ti (40 nm)/Al (120 nm)/Ni (40 nm)/Au (50 nm) metal stack
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was deposited to form n-metal contact. The device areal sizes varied from 40 um x 40 um to 100
um % 100 um. The measured current-voltage characteristics for LEDs A, B, and C are shown in
Fig. 4.2. It is seen that the best current-voltage characteristics are obtained for LED B with the
incorporation of ten periods of n-AIN/Alo.7Gao.3N superlattices, which has a turn-on voltage ~7 V.
Significantly, current density over 1 kA/cm? was measured at a moderate voltage ~13.5 V [84, 99].
The incorporation of 20 periods of n-AIN/Alo7Gao.3N superlattices (LED C), however, increases
the turn-on voltage, due to the large resistivity of the EBL. In both samples B and C with n-type
EBLs, the current-voltage characteristics are better than that of LED A, which has a p-type EBL.
The reduced hole injection into the active region with the use of a p-type EBL may contribute to
the increased turn-on voltage for LED A, which operates at ~12.5 V for a current density of 20
Alcm?. We also performed studies on AlGaN LEDs with the incorporation of thirty period n-
AIN/Alo7GaosN superlattice EBL as well as a 25 nm thick n-AIN EBL, which showed worse
current-voltage characteristics compared to LEDs B and C. In this study Al/Au was used as the p-
metal contact layer to enhance the light reflection and emission from the backside of the wafer
(sapphire) [198]. Better turn-on voltage is expected with the use of Ni/Au p-metal contact for these

devices, which would enhance current injection from the p-contact.
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Figure 4.3: (a) Normalized electroluminescence spectra measured at 100 A/cm? at room
temperature for LED A (10x p-AIN/Alo7GaosN superlattice EBL) and LED B (10x n-
AIN/Alo7Gap 3N superlattice EBL). (b) Spectral linewidths versus current density for LEDs A and
B. (c) Peak wavelength versus current density for LEDs A and B. The measurement error bars
are also shown in (b) and (c).

To measure the EL spectra of the fabricated LEDs, a Keithley 2400 SMU was used to apply
a CW bias, and the emission was collected using an optical fiber coupled to a high-resolution
spectrometer and detected by a charge coupled device detector. The normalized
electroluminescence spectra for LEDs A and B at a current density of 100 A/cm? are shown in Fig.
4.3(a). Variations of the spectral linewidth and peak emission wavelength with injection current
are further shown in Figs. 4.3(b) and (c), respectively. The devices with the n-EBLs show a
relatively narrow linewidth (~12 nm) and highly stable operation. Both the spectral linewidths and
emission wavelengths exhibit a negligible dependence on the injection current. For comparison,
the sample with p-type EBL (LED A) shows a broader electroluminescence spectrum (~22 nm)
than that of the sample with n-type EBL (LED B), despite identical device active regions. The
presence of a shoulder at ~292 nm, apart from the main peak at ~282 nm for the LED sample with
p-type EBL is explained by the presence of significant electron overflow and the resulting parasitic

emission from the p-AlGaN layer.
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Figure 4.4:(a) EQE (b) power density, and (c) WPE versus current density measured at room
temperature for LED A (10x p-AIN/Alo7Gao 3N superlattice EBL), LED B (10 n-
AIN/Alg.7Gap 3N superlattice EBL), and LED C (20x n-AIN/Alo7Gao3N superlattice EBL).

On-wafer EQE of unpackaged LED devices was measured at room temperature using a
Newport 818-ST2-UV silicon photodiode detector connected to a Newport Model 1919-R power
meter. To minimize heating effect, voltage pulses with a duty cycle of 1% and a period of 100 us
were supplied to the devices using an AV-1010B pulse generator. The measured EQE is expected
to increase significantly if the devices were packaged to optimize light extraction. The EQE plotted
against the current density is depicted in Fig. 4.4(a), for each of the LED samples. It is evident that
the EQE is significantly higher for the samples grown with an n-type EBL instead of a p-type EBL.
The maximum measured EQE is ~4.4% for LED B with ten periods of AIN/Alg7GaosN
superlattice n-EBL, while the EQE peaks at only ~1.3% for LED A with p-type EBL. This further
indicates the detrimental impact of p-type EBL on hole injection. As the thickness of n-type EBL
superlattice is increased to twenty periods in LED C, the peak EQE also decreases compared to
LED B, as a result of less efficient electron injection to the active region. Similar measurements
performed on LED samples grown with thirty periods of AIN/Alo7Gao 3N superlattice and with a

25 nm AIN n-EBL (not shown) showed a further decrease in EQE, confirming the important role
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of n-EBL on the device performance. For comparison, the EQE of previously reported LEDs
operating in this wavelength range grown by MBE is generally limited to ~0.5-1% [68, 143, 175].
With the use of a polarization-engineered tunnel junction to enhance hole injection, an EQE ~2.8%

was recently reported for an AlGaN LED operating at ~287 nm grown by MBE [99].

Variations of the output power vs. injection current were further studied. Shown in Fig. 4.4(b),
LED B exhibits a power density ~7.6 W/cm? at 60 A/cm?, which is almost a factor of five times
higher than that measured for LED A, which has a p-EBL. We also observe a significant droop in
the maximum EQE of the fabricated devices when operating at higher biases. This could be related
to the presence of electron flow under high biasing voltage, heating effect and/or Auger
recombination [199-203]. The wall-plug efficiency of these devices was also measured and plotted
in Fig. 4.4(c). The maximum wall-plug efficiency of the device with ten periods of the n-
AIN/AIGaN superlattice EBL (LED B) is ~2.8%, which is significantly higher than that (~0.5%)

for the LED with p-EBL (LED A).

45 Summary

Improved performance was reported previously for InGaN based visible LEDs with the use
of n-EBL, instead of p-EBL [191, 192, 199, 204]. However, the performance improvement is much
more dramatic for AlIGaN UV LEDs. In mid and deep UV AlGaN LEDs wherein poor p-type
conduction is a primary limiting factor for the device performance, the replacement of the
conventional p-type EBL by an optimally designed n-type AIN/AIGaN superlattice EBL can

reduce electron overflow without compromising hole transport and injection into the device active
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region, thereby better balancing the hole and electron injection to the device active region, while
simultaneously increasing the lateral conductivity of electrons and allowing for better current
spreading. The more balanced charge carrier transport allows for more efficient recombination in
the device active region, thereby improving device performance. Such a unique design is expected
to further improve the device performance for LEDs operating at 200-265 nm, wherein p-type

doping is further hindered due to the even higher Al content required for these shorter wavelengths.
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Chapter 5.  High Efficiency AlGaN/GaN/AlGaN Tunnel Junction UV LEDs

5.1 Author Contribution and Copyright Disclaimer

The contents of this chapter were published in the journal Photonics Research in February
2020 [104], for which | retain the right to include it in this thesis/dissertation, provided it is not
published commercially. The co-authors were Walter Shin, Jiseok Gim, Robert Hovden and Zetian
Mi from the University of Michigan. | designed, conducted and authored most of the work. W. S.
contributed to the sample characterization and fabrication. J.G. and R. H. collected the HAADF-
STEM images presented. The work was supervised by Z. M., who contributed to the design of the
experiments. This work was supported by the Army Research Office under the grant

W911NF19P0025 and the University of Michigan, College of Engineering.

5.2 Overview

According to the World Health Organization, health-care associated infections (HCAIS)
[205] and water-borne illnesses [206] are responsible for thousands of fatalities and billions of
dollars in costs each year. Sterilization of medical equipment and water supplies is now frequently
utilized to minimize the possibility of infections by neutralizing pathogens, and for this purpose
conventional mercury UV lamps have been widely used. Semiconductor optoelectronic devices
offer an alternative that is non-toxic, more compact, and more flexible in applications. The AlGaN
alloy system is uniquely suited for this purpose as the alloys are direct bandgap semiconductors

spanning from ~200 nm to ~365 nm in wavelengths. To date, AlGaN LEDs operating in the UV-
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C band (200-280 nm), which is of prime importance for sterilization, exhibit low efficiency, which
has been attributed to the poor light extraction associated with transverse magnetic (TM)-polarized
light emission [85, 207-209], low luminescence efficiency due to the presence of large densities
of defects [42, 210], and inefficient p-type doping [51, 90, 156]. These issues become more severe
for LEDs operating at shorter wavelengths which require a higher Al content in the device active
region. In this regard, intensive studies have been performed to improve the light extraction
efficiency by engineering the energy band structure [211, 212] and by utilizing nanostructures [44,
109, 213, 214]. Various techniques, including epitaxy on nano-patterned substrates and high
temperature annealing have also been developed to reduce the formation of defects [215-218].
Recently, EQE over 20% was reported for AlGaN LEDs operating at 275 nm, which, however,
had a low WPE of 5.7% [38]. To our knowledge, the best reported EQE for AlIGaN LEDs operating
at ~265 nm, an important wavelength for water purification and sterilization [219], is ~6.3% for
packaged devices grown using MOCVD [152, 220]. Direct on-wafer measurements, however,
typically result in lower efficiencies due to reduced light extraction/collection and severe self-
heating of the devices, with the best peak EQE of only ~2% at ~265 nm [221, 222]. The maximum
wall-plug efficiency of these devices is often much lower, which is fundamentally limited by the
large resistance and poor hole injection efficiency, due to the high resistivity of p-type AlGaN.
Moreover, the poor p-type conduction, together with the highly asymmetric hole and electron
injection efficiencies, can lead to parasitic carrier recombination outside the active region [193,
223], which further exacerbates the heating of the devices and can have a detrimental impact on
device performance [224-227]. While using p-GaN as the contact layer may partly alleviate the
issue of hole injection to the active region, it has an adverse impact on the light extraction

efficiency, due to the significant UV light absorption by GaN [228].
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A promising technique to improve hole injection is through the use of a tunnel junction
structure, wherein holes are injected into the valence band of the p-type layer by the interband
tunneling of electrons to the conduction band of an n-type layer. Using the tunnel junction
structure, the high resistance p-AlGaN layer can be replaced by a relatively low resistance n-
AlGaN contact layer, which further allows the use of a reflective Al ohmic contact to enhance the
light extraction for backside emitting devices [198, 229, 230]. Homojunction tunnel diodes in the
I11-nitrides have been previously demonstrated using highly doped GaN [22, 231, 232], however
the doping required for efficient interband tunneling of carriers becomes extremely difficult to
attain in AlGaN alloys due to their higher bandgaps and less efficient p-type doping. Such critical
challenges can be addressed, to a certain extent, through polarization engineering by incorporating
a thin layer of different composition between the n and p-type layers [23, 25, 233, 234]. Due to the
strong spontaneous and piezoelectric polarization, the sheet charges at the hetero-interfaces help
to better align the conduction band of the n-type layer with the valence band of the p-type layer,
while reducing the width of the depletion region. This results in a dramatic increase in the
probability of electron tunneling. Such a technique has been employed in visible LEDs [24] and
lasers [235], and has also been demonstrated using an InGaN-based tunnel junction for UV LEDs
grown using MBE [100, 229, 230] and GaN-based tunnel junction for UV LEDs grown using

MOCVD [236].

In this chapter, we demonstrate the use of a GaN polarization engineered tunnel junction

with a p-AlGaN/GaN/n-AlGaN structure, to realize high efficiency AlGaN LEDs operating at 265

nm. A series of samples with different GaN widths, and thicknesses of the top n-AlGaN contact
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layer were grown and fabricated, and their effect on device performance was thoroughly studied.
Through detailed optimization, we demonstrate LEDs having emission wavelengths ~265 nm with
a maximum EQE of 11%. The peak WPE was measured to be 7.6%. It is also observed that these
devices exhibit severe efficiency droop at relatively low current densities. The underlying causes
have been discussed. This work provides new insights on the performance improvement of AlGaN

deep UV LEDs.

5.3 Epitaxial Growth of LEDs
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Figure 5.1:(a) Schematic illustration of the tunnel junction LED structures. (b) Simulated
equilibrium band diagram for a representative LED using a 5 nm GaN layer. The different layers
used in the structure are labelled and shown with different colors.

The tunnel junction LED structures were grown in a Veeco Gen 930 PA-MBE system on 1
um thick AIN-on-sapphire substrates from DOWA Holdings Co. Ltd. A nitrogen flow rate of 0.6
SCCM, with an RF power of 350W was used throughout the growth. The growth rate is ~160
nm/hr for the AlGaN epilayers. The growth was conducted using metal-semiconductor junction
assisted epitaxy to enhance Mg-dopant incorporation and to reduce defect formation [94]. A

schematic of the LED structures is shown in Fig. 5.1(a). The growth was initiated with a ~50 nm
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thick AIN layer, followed by the subsequent AlIGaN growth. The initial ~500 nm thick
AloesGao.ssN layer was Si-doped to form the bottom n-contact. The Al composition of the AlGaN
was graded up from 65% to 85% in a thickness of ~20 nm immediately before the active region.
The active region consisted of four AlIGaN quantum wells with compositions ~60% designed for
peak emission at ~265 nm. The AlGaN barriers, with higher Al compositions, were grown with
decreasing thicknesses, from ~5 nm to ~3 nm closer to the Mg-doped AlGaN. A graded Mg-doped
AlGaN layer, with a thickness of ~20 nm and Al compositions varying from 80% to 65%, followed
the last quantum well. The grading down of the Al composition of the AlIGaN provides
polarization-induced doping which enhances the hole concentration [21]. A ~100 nm thick p-
AlossGao.ssN was then grown, followed by the GaN layer. Compared to the previously reported
InGaN-based tunnel junction UV LEDs grown by MBE [100, 229, 230, 237], there was no growth
interruption for the tunnel junction as the substrate temperature was kept the same as that for the
GaN and AlGaN layers. Following the growth of the tunnel junction, the top n*-AlosGaossN
contact layer was grown. Different design parameters, including the thicknesses of the GaN layer
and the top n*-AlGaN contact layer, are listed in Table 5.1. A one-dimensional Poisson-
Schrédinger solver was used to simulate the band diagram of a representative structure having 5

nm GaN width as shown in Fig. 5.1(b).

Table 5.1: List of tunnel junction LED structures.

Sample GaN Thickness Top n*-AlGaN Thickness
A 2.5nm 50 nm
B 2.5 nm 150 nm
C 5nm 150 nm
D 10 nm 150 nm
E 5nm 480 nm
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5.4 Structural Characterization of the LED Structure
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Figure 5.2:(a) HAADF-STEM overview of cross-sectional AlIGaN multilayers shows the
complete device structure. (b) High-resolution HAADF-STEM of the p-AlGaN/GaN/n-AlGaN
tunnel junction shows crystalline epitaxial growth with sharp interfaces for enhanced hole
injection by tunneling. (c) Atomic-resolution HAADF-STEM of AlosGagsN quantum wells
coupled to Alo.gsGao.1sN barriers with sharp epitaxial interfaces for carrier confinement.

HAADF-STEM on a representative sample confirms the AIGaN multilayer structure with p-
AlGaN/GaN/n-AlGaN tunnel junction and AlGaN quantum well layers, shown in Fig. 5.2(a). The
GaN layer (~5 nm) is epitaxially grown between the top n*-AlGaN contact and p-AlGaN layer
with sharp interfaces, as can be seen from Fig. 5.2(b). The ratio of HAADF STEM intensity

estimates ~64% =+ 6% less Ga in the p-AlGaN layers compared to the Ga concentration in the GaN
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layer. The high relative Ga content in the tunnel junction is expected to increase the efficiency of
charge carrier injection by tunneling. High-resolution cross-sectional STEM, shown in Fig. 5.2(c),
also confirms the epitaxial growth of four AlGaN quantum wells (~ 2 nm) with ~27% + 3.5%
higher content of Ga relative to adjacent AlGaN barriers (ranging from ~ 5 nm to ~ 3 nm) that
confine charge carriers. Fast Fourier transforms (FFT) of the atomic resolution HAADF STEM
images confirms the (100) lattice plane of AIGaN multilayers with an orientation that indicates

preferred growth along the [001] c-axis direction.

5.5 Tunnel Junction Design Optimization

All the 265 nm LED structures were fabricated using the same process to maximize emission
from the backside of the wafer. A BCIz/Cl plasma was first used to dry etch the samples down to
the bottom n-contact layer, with device mesas having an areal size of 40 um x 40 um. This was
followed by the deposition of an HfO2/SiO> dielectric distributed Bragg reflector (DBR) to
increase light reflection towards the backside of the wafer, and also serve as a surface passivation
layer. The thicknesses of HfO2 and SiO- layers are ~30 nm and ~45 nm, respectively, which were
calculated based on the measured refractive indices of the dielectric layers and an Alg.ssGao.ssN
epilayer, to maximize reflectivity around 265 nm. Openings were then etched into the passivation
layer for the deposition of metal contacts. A reflective top contact of Al (250 nm)/Au (50 nm) was
then deposited [198, 230], followed by a Ti (40 nm)/Al (120 nm)/Ni (40 nm)/Au (50 nm) metal
stack for the bottom n-contact. The metal contacts were annealed at 700 °C for 30 seconds in

nitrogen ambient.
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Figure 5.3:(a) I-V characteristics of tunnel junction LED samples A and B, with 2.5 nm GaN
layer width and different thicknesses, 50 nm and 150 nm respectively, of top n*-AlGaN contact
layer. (b) I-V characteristics of samples B, C and D grown with the same thickness of top n*-
AlGaN but different GaN layer widths of 2.5 nm, 5 nm and 10 nm, respectively. Variations of ()
EQE and (d) WPE with injected current density, for samples B, C and D.

Measurements were performed using an AV-1010B pulse generator, with a 1% duty cycle and
a 10 kHz repetition rate to minimize heating effect. A calibrated Newport 818-ST2-UV silicon
photodetector with a Newport Model 1919-R power meter was used to measure the device output
power. Shown in Fig. 5.3(a) are the current-voltage characteristics for samples A and B, which

have a 2.5 nm thick GaN layer between the highly doped AlGaN layers, but with different

77



thicknesses of the top n*-AlGaN contact layer. It is seen that the devices exhibit similar -V
characteristics under relatively low current densities. Higher current densities, however, can only
be measured in Sample B, which has a thicker (~150 nm) top n*-AlGaN contact layer. Slightly
higher efficiency was also measured for Sample B, compared to Sample A. We have subsequently
studied the effect of different thicknesses of the GaN layer within the tunnel junction on the device
efficiency, while keeping the top n*-AlGaN contact layer thickness at 150 nm. The GaN layer
thicknesses were varied from 2.5 nm (Sample B), 5 nm (Sample C) to 10 nm (Sample D). I-V
characteristics of these devices were measured and shown in Fig. 5.3(b). It is seen that Samples C
and D have slightly better turn-on voltage, compared to Sample B. The small difference between
the turn-on voltages of the different structures indicates that tunneling through the tunnel junction
might be dominated by trap-assisted tunneling [238, 239]. Studies on AlGaN/GaN based double
barrier resonant tunnel diodes have suggested that trapped charges at the hetero-interface are
responsible for the observed electrical characteristics [240]. It has also been shown previously that
a high concentration of impurity atoms at the tunnel junction interface can improve the turn-on
voltage of the tunnel junction by providing states enabling trap-assisted tunneling [241-243]. The
reduced turn-on voltage through trap-assisted tunneling improves the wall-plug efficiency of the
tunnel junction LEDs by facilitating carrier transport even at low biases. The measured EQE and
WPE are further shown in Fig. 5.3(c) and Fig. 5.3(d), respectively. A maximum EQE 9.8% was
measured for Sample C, whereas maximum EQE 7.4% and 6.2% were measured for Samples B
and D respectively, suggesting that a GaN layer thickness ~5 nm is optimum for the presented
tunnel junction structures. This could be due to the degraded material quality with the
incorporation of a thicker GaN layer, whereas a thinner GaN layer may not provide sufficiently

strong polarization. Moreover, a thicker GaN layer also increases the absorption of UV light
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emission from the device active region. A thick GaN layer would also present an obstacle to carrier
transport due to the increased distance that electrons would need to tunnel across. A peak WPE of

6.9% was measured for Sample C, shown in Fig. 5.3(d).

It is interesting to note that all the devices showed a strong droop even at relatively low current
injection of ~0.5-1 A/cm?, suggesting that the cause of the droop is independent of the tunnel
junction designs. Efficiency droop has been commonly measured for InGaN-based blue and green
LEDs at current densities ~5-10 A/cm? [244, 245]. The underlying causes for the efficiency droop,
including carrier delocalization, Shockley-Read-Hall (SRH) recombination, Auger recombination
and also device heating, have been intensively studied [202, 245, 246]. At low current densities of
~1 A/lcm?, device heating and Auger recombination are not expected to be significant. As studied
previously, the operation of GaN-based LEDs may deviate from low level injection conditions
even under relatively low current densities, due to the asymmetric charge carrier transport [223,
247, 248]. Due to the large activation energy for Mg dopant in Al-rich AlGaN, p-type conduction
is primarily mediated by hole hopping in the Mg impurity band at room temperature, which has
low mobility [94, 180]. For Al-rich AlGaN the electron mobility is typically on the order of 20-50
cm?V1-s1 [185], whereas the hole mobility is ~1-5 cm?V1-st [49], or lower, while the
corresponding maximum electron and hole concentrations are ~10*® cm™® and ~10'7-10'® cm®,
respectively. The resulting conductivity of the n and p-AlGaN layers is nearly three orders of
magnitude different. As a consequence, even at a small current density of 1 A/cm?, the device
operates in a regime that severely deviates from the low carrier injection condition. The resulting
electric field in the p-AlGaN layer, even at a seemingly small current density, affects the transport

of holes more severely than that of electrons, due to the large difference in their mobility values.
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This leads to a significant increase in charge carrier recombination outside of the device active
region, i.e., electron overflow to the p-AlGaN layer, at a small injection current. A similar effect
has also been measured in AlGaN nanowire UV-C LEDs [247]. Further, it should also be noted
that as the epitaxial growth of the entire LED structure was performed under slightly Ga-rich
conditions, it is expected that the distribution of Ga may not be uniform in the epilayers [68, 222,
249, 250]. It has been shown that these Ga-rich regions act as highly efficient radiative
recombination sites due to their ability to locally confine excitons. However, as the injected current
into the device increases, carrier delocalization will occur allowing carriers to recombine at non-

radiative recombination centers, also resulting in a decrease of device efficiency.

5.6 Characterization of Optimized Tunnel Junction Device
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Figure 5.4: 1-V characteristics of an optimized tunnel junction LED from sample E with a GaN
layer thickness of 5 nm and top n*-AlGaN contact layer thickness ~480 nm.
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Based on the studies above, a 265 nm deep UV-LED structure with a 5 nm thick GaN layer
in the p-AlGaN/GaN/n-AlGaN tunnel junction and ~480 nm thick top n-AlGaN contact layer
(Sample E) was grown and fabricated. The measured current-voltage characteristics are shown in
Fig. 5.4. A large current density of ~2,000 A/cm? was measured at 16 V, which is significantly
better than that measured in Samples A-D as well as tunnel junction UV-C LEDs reported
previously having emission at a similar wavelength [230, 236]. The high current density measured
for this sample suggests that optimization of the p-AlGaN/GaN/n-AlGaN tunnel junction by
adjusting the width of the GaN layer together with a relatively thick n-AlGaN top contact layer,

can significantly enhance the current injection and stability of deep UV LEDs.
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Figure 5.5 (a) Electroluminescence spectra measured at different injection currents for a
representative tunnel junction LED. The inset shows an electroluminescence spectrum measured
at 25 A/cm? current density with the intensity in log scale. (b) Variations of peak position (red
circles) and spectral linewidth (black squares) vs. injected current density.

Shown in Fig. 5.5(a) are the electroluminescence spectra of an LED from Sample E
measured at different current densities. The spectra were measured using CW bias supplied by a

Keithley 2400 SMU, collected using an optical fiber coupled to a high-resolution spectrometer and
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detected by a charge coupled device. Variations of the peak position and spectral linewidth with
current density are shown in Fig. 5.5(b). It is seen that the device first exhibits a small blueshift
from ~264 nm to ~260 nm with increasing current density, followed by a redshift at relatively high
injection conditions. The blueshift can be explained by the quantum-confined Stark effect. The
polarization field in AlGaN quantum wells is estimated to be ~370 kV/cm based on the shift
experimentally observed, assuming that an injected current density of ~100 A/cm? completely
flattens the bands in the quantum well, while not significantly affecting the emission wavelengths
due to heating. This is substantially less than the predicted theoretical value of 1.5-2.5 MV/cm [26,
251], indicating the compensation of the sheet charge by impurities or defects, and some degree
of relaxation in the AlGaN layers. The red shift at higher operating currents is likely due to heating
effect. Such a red-shift has also been reported previously for both AlGaN [224] and InGaN [252]
LEDs. The spectral linewidths stay nearly constant at ~13.5 nm at low current densities and
broadens to ~15.5 nm at relatively high injection conditions. It is also noticed that no significant

defect-related emission was measured in the UV-C LEDs, shown in the inset of Fig. 5.5(a).
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Figure 5.6:(a) Variations of (b) EQE and (c) WPE with injected current density for an LED from
sample E.

The measured EQE and WPE of the LED from Sample E are shown in Figs. 5.6(a) and (b),
respectively. A maximum EQE of 11% and WPE 7.6% was measured. The EQE measured here is
higher than comparable UV LEDs having emission at this wavelength [152, 220-222, 230, 236],
although still below the highest reported for LEDs at 275 nm [38], however the tunnel junction
devices studied here have a higher WPE due to the more efficient carrier injection from such a
structure, which also results in significantly lower turn-on voltages. It is also noticed that despite
the optimization in the tunnel junction structure design, efficiency droop is present at low current
injection. The external quantum efficiency of such a diode was fitted using the standard ABC
model [253, 254]. From the fitted curve (not shown), A, B and C parameter values of 1.6 x 107 s
11.1x10%cm3stand 7.4 x 10%" cm® st were derived. The estimated C value of 7.4 x 102" cm®
s is around three orders of magnitude higher than the previously reported Auger coefficient of
~10% cm® s for AIGaN quantum well heterostructures [203], which, together with the presence

of efficiency droop at very low current densities (~ 1 A/cm?), strongly suggests that other carrier
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loss mechanisms, such as electron overflow, other than Auger recombination is the main cause for

the efficiency droop of deep UV LEDs [223, 247].

5.7 Summary

In summary, we have studied the design, epitaxy, fabrication and performance
characteristics of p-AlGaN/GaN/n-AlGaN tunnel injected deep UV LEDs operating at ~265 nm.
Significantly improved current-voltage characteristics and efficiency was measured with the
incorporation of GaN layer thickness ~5 nm. The optimized AlGaN deep UV LED exhibited a
maximum EQE and WPE of 11% and 7.6%, respectively. The device performance, however,
suffers from efficiency droop even at relatively low current densities ~1 A/cm?. The underlying
cause is not likely due to Auger recombination, but instead could be related to electron overflow
due to the small hole mobility associated with hole hopping conduction in the Mg impurity band
of Al-rich AlGaN. To achieve high efficiency and high-power UV-C LEDs, it is therefore
important to improve the hole mobility and p-type conduction of AlGaN by improving the epitaxy

conditions, heterostructure design, and/or developing new p-type wide bandgap semiconductors.
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Chapter 6.  An AlGaN Tunnel Junction Light Emitting Diode Operating at 255 nm

6.1 Author Contribution and Copyright Disclaimer

The contents of this chapter were published in the journal Applied Physics Letters in
December 2020 [103], for which I retain the right to include it in this thesis/dissertation, provided
it is not published commercially. The co-authors were Jiseok Gim, Robert Hovden and Zetian Mi
from the University of Michigan. | designed, conducted and authored most of the work. J.G. and
R. H. collected the HAADF-STEM images presented. The work was supervised by Z. M., who
contributed to the design of the experiments. This work was supported by the Blue Sky research
program in the College of Engineering at the University of Michigan and National Science
Foundation (Grant DMR-1807984). The temperature-dependent measurements were performed in
a cryostat which Prof. Elaheh Ahmadi from the Electrical Engineering and Computer Science

Department allowed us to use.

6.2 Overview

Light within the UV-C wavelength range (< 280 nm) inactivates pathogens and can be used
for the prevention of spoilage of food [255] as well as for healthcare applications [256]. Such
critical applications have taken on an even more pressing need as UV-C light can effectively
contain the spread of infectious diseases, making it a vital tool against the next global pandemic.
Currently mercury and xenon lamps are primarily used for these applications. AlIGaN based deep

UV optoelectronic devices, however, are revolutionizing the industry, enabling much broader
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applications due to the absence of toxic materials, tunable emission wavelengths, significantly
reduced power consumption, and relative ease of installation and use. To date, emission in the 260-
280 nm range is commonly used for this purpose. Recent work has shown that emission at even
shorter wavelengths (higher energies), from 255 nm to 220 nm, can be more effective at
sterilization [257], while the reduced photon penetration depth in skin can avoid the deleterious
effects of human exposure to UV light [258]. At present, EQE over 20% has been measured for
UV LEDs with emission at 275 nm [38], and ~10% for LEDs at ~265 nm [104]. For LEDs emitting
at ~255 nm, EQE in the range of 1-3% has been commonly reported [216, 259-262]. With proper
device packaging, the highest reported EQE is only around 4.5% [76], with very limited WPE, less
than 4%, primarily due to the difficulty in p-type doping and the resulting of poor hole transport
[51, 156]. II-nitrides have highly asymmetric doping [263]: the hole mobilities and concentrations
of AlGaN are typically over one to several orders of magnitude lower than those for electrons [54,
94]. The vast imbalance in the electron and hole injection to the active region has several
detrimental impacts on device performance, including significantly reduced carrier injection
efficiency, severe electron overflow, and parasitic recombination outside the active region [223,
247, 248]. Recent studies further suggests that electron overflow, among other factors such as
Joule heating [227], Auger recombination [201, 203, 264-266] and carrier delocalization [267,

268], is a primary cause for the efficiency droop observed in UV LEDs [226, 247].

Tunnel junction structures [99, 101, 104, 230, 236, 269-271] have been investigated as an
alternative to resistive p-AlGaN contact layers and absorptive p-GaN contact layers [228] in UV
LEDs. The reduced resistivity of the n-AlGaN contact layer helps to increase carrier injection to

the active region and improve current spreading, leading to UV-C LEDs operating at 265 nm with
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EQE >10% [104]. Previous work has investigated the critical effect of the thickness of the tunnel
junction [104, 236] and doping of the p-AlGaN layers on device characteristics [100]. Earlier
studies on nitride tunnel junction structures have also shown that the transport of carriers across
the tunnel junction is primarily determined by trap-assisted tunneling [238, 242, 243, 272],
indicating the crucial role of incorporating defects around tunnel junction to maximize hole
injection. To date, however, there have been no demonstrations of tunnel junction UV LEDs
operating at wavelengths below 260 nm with an EQE of more than 0.1% [230, 269, 271]. MBE
offers distinct advantages over MOCVD for the growth of tunnel junction deep UV LEDs, due to
the much more efficient incorporation of Mg-dopant incorporation in wide bandgap AlGaN [94,
108, 273]. Moreover, by varying the growth conditions, nanoscale clusters can be formed in Al-
rich AlGaN [67-70, 110, 249], which can provide strong carrier confinement and therefore
effectively reduce nonradiative recombination as well as quantum-confined Stark effect (QCSE)

[68, 249, 274], resulting in high efficiency deep UV emission.

In this chapter, we report on a detailed study of the epitaxy and performance characteristics
of tunnel junction AlGaN deep UV LEDs operating at ~255 nm. The device heterostructure was
grown under slightly Ga-rich conditions by MBE to promote the formation of nanoscale clusters
in the active region [69, 275-277]. The device exhibits highly stable emission at ~255 nm, with
virtually no change in the peak emission for injection current density up to 200 A/cm?, which is
attributed to the radiative emission originating from highly localized carriers in Ga-rich regions
formed in the active region. With the incorporation of an AlIGaN/GaN tunnel junction, we have
demonstrated 255 nm deep UV LEDs with a maximum EQE of 7.2% and WPE of 4%, which are

nearly one to two orders of magnitude higher than those reported previously for tunnel junction
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LEDs operating at this wavelength [230, 269, 270]. Detailed temperature-dependent
measurements further suggest several critical factors that limit the device performance, including
charge carrier (hole) transport, electron overflow, and Joule heating. This work provides a

promising path for achieving high efficiency far UV-C LEDs that were previously challenging.

6.3 Device Structure Epitaxy and Structural Characterization
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Figure 6.1:(a) Schematic tunnel junction deep UV LED. The tunnel junction is shown in the
marked region. (b, ¢) Atomic scale HAADF-STEM images of an Alg7sGag.2sN layer showing the
presence of nanoscale Ga-rich layers due to compositional variation. The brighter regions
correspond to higher Ga content. FFT shows the superlattice peak (red arrows) associated with
atomic ordering in wurtzite AlGaN along c-plane direction. (d) SEM image of the sample surface
after epitaxial growth showing a smooth surface over a wide area. (e) High-resolution AFM
scan of the sample surface after epitaxial growth. (f) Photoluminescence spectrum of the sample
measured using a 193 nm laser for excitation at room temperature.
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Shown in Fig. 6.1(a) is the schematic of the AlGaN tunnel junction deep UV LED, which was
grown using a Veeco Gen930 MBE system equipped with a radio frequency plasma-assisted
nitrogen source. The device heterostructures were grown on AIN-on-sapphire templates from
DOWA Holdings Co. Ltd. A nitrogen flow rate of 0.6 sccm and an RF power of 350 W were used
throughout the growth, resulting in a growth rate of 160 nm/hr. First, a 500 nm thick bottom n-
Alo75Gao 25N contact layer was grown with a Si atom concentration ~3 x 10 cm. During this
growth, several steps of in situ annealing at elevated temperatures were performed, which can
significantly improve the structural and optical properties as shown by recent studies [71, 73, 74].
The n-AlGaN was then graded up from 75% Al composition to 90% over ~25 nm. Subsequently,
the active region was grown, which consists of four AlGaN QWs emitting at 255 nm, with the
barrier width decreasing from 6 nm to 3.5 nm. Simulations have shown that the reduced barrier
thickness closer to the p-doped side of LEDs can help improve device performance by increasing
hole injection into the quantum wells, thereby leading to more even charge carrier distribution in
the active region [278, 279]. Following the active region, a p-doped AlGaN EBL was grown, with
Al composition graded down from 90% to 75% over 20 nm. The graded down AlGaN layer results
in an enhanced p-type doping due to the strong spontaneous and piezoelectric polarization of
AlGaN [21], which can maximize the injection of holes. Prior to the tunnel junction, a 25 nm
highly doped p-Alo7sGao2sN layer was grown, followed by a 5 nm GaN layer. The Mg atom
concentration in the p-doped layers is estimated to be ~5 x 10* c¢cm?. Finally, a 150 nm thick
heavily doped n-Alo75Gao2sN top contact layer was grown, with an annealing step included after
the first 100 nm of growth. The incorporation of a thin GaN layer sandwiched between the p-

AlGaN and n-AlGaN top contact layers can significantly reduce the depletion width and enhance
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tunneling probability by taking advantage of the large polarization charges generated at the
interfaces [102, 280]. The growth was carried out under slightly Ga-rich conditions, which has
been previously shown to enhance dopant incorporation [54, 70, 94] and increase the internal
quantum efficiency of AlGaN heterostructures [68, 69, 249]. The enhanced luminescence
efficiency using this technique has been suggested to be a consequence of compositional
inhomogeneities present within the AlGaN [249]. Atomic-resolution HAADF-STEM shows the
ordering of Ga-rich atomic layers in the Alo7sGao2sN layer; it indicates the presence of
compositional non-uniformity within the layer and is consistent with previous reports [196, 249]
(Fig. 6.1 b, c). Low frequency background was removed to reduce contrast loss to thickness
variation. Fast Fourier transform (FFT) patterns of the HAADF-STEM images exhibit ordering of
Ga-rich layer along [001] direction; the peaks are forbidden in electron diffraction pattern of
wurtzite hexagonal symmetry. HAADF-STEM was collected using a Cs aberration-corrected
JEOL 3100R05 microscope (300 keV, 22 mrad) with a detector angle from 74 to 200 mrad. While
the Ga-rich growth conditions have distinct advantages, prolonged growth in this regime can lead
to the formation of crystalline defects due to the presence of gallium droplets on the sample
surface. To eliminate the excess Ga at the growth interface, the aforementioned annealing steps
were incorporated within the growth, wherein the sample temperature was raised by 50 °C above
the growth temperature, while keeping the plasma and source shutters closed. The RHEED screen
was monitored to ensure that the dim, streaky RHEED pattern during growth gave way to a
brighter, streaky pattern which signifies the desorption of excess metal at the growth interface
[275, 281]. A SEM image of the sample surface after cleaning following epitaxial growth is shown
in Fig. 6.1(d). The SEM does not show the presence of any droplets or defects on the sample

surface even over large regions, showing the advantages of the annealing process. A high-
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resolution AFM scan of the surface is shown in Fig. 6.1(e), depicting a very smooth surface with
RMS roughness below 0.5 nm. The PL of the sample measured using a 193 nm ArF excimer laser,
shown in Fig. 6.1(f), displays an emission with peak at 255 nm. The full-width half maximum is
around 20 nm, which is a result of emission not only from the active region, but also from the
graded layers surrounding the active region, as well as luminescence from the Mg-acceptor related

transitions in the p-doped layers.

6.4 LED Fabrication and Characterization

The devices were fabricated using standard photolithography, etching, and contact
metallization techniques. First, argon ion beam milling was used to define the device mesas, with
area 30 um x 30 um. The regions surrounding the devices were etched down to the bottom n-
AlGaN layer. This was followed by the deposition of a 300 nm thick SiO passivation layer. Vias
were then etched into the SiO> to allow for the deposition of Ti/Al/Ni/Au contacts to the top and
bottom n-AlGaN layers. The contacts were then annealed at 700 °C in a nitrogen ambient for 30
seconds. Finally, a thick reflective Al/Au contact pad was deposited over the devices to maximize
light reflection towards the backside of the substrate, where a detector was placed for power

measurements.
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Figure 6.2:(a) J-V characteristic of the tunnel junction deep UV LED. The inset shows an LED
under a CW bias injection current of ~10 A/cm?. (b) RT EL spectra measured at different
injection currents. Inset: EL spectrum at an injection current of 10 A/cm? measured from 200 nm
to 500 nm, showing the absence of defect-related emission. (c) Plot of the peak positions of the
EL spectra at different injected current densities. (d) Variation of the FWHM extracted from the
EL spectra recorded at different injected current densities.

The devices were first measured in continuous-wave (CW) operation conditions using a
Keithley 2400 SMU. The J-V characteristics of a representative device are shown in Fig. 6.2(a).
The device exhibits a sharp turn-on voltage, with negligible reverse leakage current. It is noticed
that the device has much improved current rectification, compared to previously reported tunnel

junction devices emitting at similar wavelengths [230], due to the reduced leakage current in the
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present devices. An image of a device operating at a current density of ~10 A/cm? is shown in the
inset, demonstrating extremely bright luminescence. The electroluminescence from the device was
collected using an optical fiber and analyzed through a spectrometer. The electroluminescence
emission spectra measured at different injection currents are shown in Fig. 6.2(b). The inset is a
scan over a wider range, confirming the absence of any defect-related emission at longer
wavelengths that were often observed in previous studies [269, 271]. The position of the
electroluminescence peak is plotted against injection current in Fig. 6.2(c), showing that the
emission peak position is highly stable with virtually no variation for injected current densities up
to 200 A/cm?, which is in direct contrast to the expected peak variation due to QCSE in AlGaN
quantum wells. This can be explained by the strong charge carrier confinement in the Ga-rich
nanoclusters in AlGaN quantum wells grown under slightly Ga-rich conditions by MBE. From
Fig. 6.2(d), an increase in the FWHM is seen with increasing injection current. While the increase
in FWHM is gradual up to ~10 A/cm?, at higher current injection the FWHM starts to rapidly
increase. This broadening of the linewidth occurs primarily on the longer wavelength side of the
emission peak, which can be explained by luminescence from recombination of carriers within the

graded p-doped region of the device.
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Figure 6.3:(a) EQE and (b) WPE of the tunnel junction deep UV LED vs. current density
measured under CW bias at room temperature. (¢c) EQE and (d) WPE of the tunnel junction deep
UV LED measured using pulsed bias with a 0.5% duty cycle. Error bars are provided.

To determine the efficiency of the device, the emitted light from the back of the sample
was collected with a Newport 818-ST2-UV photodetector with a calibrated Newport Model 1919-
R power meter, while the devices were probed using CW bias. As the light was only collected
from the back side of the substrate, there are some losses from emission on the top and sides of the
devices which were not included. Figures 6.3(a) and (b) show the variation of EQE and WPE,
respectively, with injected current density. The maximum EQE and WPE measured are 5.2% and
3%, respectively. These values are nearly one to two orders of magnitude higher than previously

reported tunnel junction devices operating at such short wavelengths [230]. The light extraction
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from the presented devices can be increased with proper packaging, which will further improve

the efficiency.

It is also noticed that the device exhibits severe efficiency droop with further increasing
current. As the samples were fabricated on sapphire substrates, heating is expected to be an issue.
To mitigate the heating effect, the device efficiencies were measured under pulsed conditions,
shown in Fig. 6.3(c) and (d). An AV-1010B pulse generator was used to bias the samples with a
0.5% duty cycle. A peak EQE of 7.2% and WPE of 4% were measured, respectively. Despite the
improved efficiency with reduced heating effect, the onset of efficiency droop is measured at a
similar level of injection current as that under CW biasing conditions, suggesting that Joule heating
may not be the primary cause for the efficiency droop. Recent studies have suggested that the
primary cause for efficiency droop of deep UV LEDs is directly related to electron overflow [223,
247, 248, 282]. In this study, it is observed that there is a direct correlation between the onset
current density of efficiency droop with the rapid broadening of the FWHM, shown in Fig. 6.2(d),
because of luminescence from recombination of overflowed electrons within the p-doped regions
of the device. This observation is consistent with the hypothesis that the overflow of electrons
from the active region is the primary cause of the efficiency droop, due to the highly asymmetric

electron and hole transport of AlGaN.
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6.5 Role of Temperature on LED Performance
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Figure 6.4:(a) J-V characteristics at different temperatures for a tunnel junction deep UV LED.
(b) Inverse of the ideality factor extracted from the J-V curves plotted against temperature. ()
EL spectra for a device at different temperatures, under the same injection current. (d) Variation
of the peak emission wavelength with temperature.

The device performance, including the J-V and EL emission, was further measured in the

temperature range of 100 to 400 K under CW biasing conditions. Shown in Fig. 6.4(a) are the
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current-voltage characteristics measured at different temperatures. The measured current at similar
bias shows a significant increase with temperature. The device remains operational even at low
temperatures, despite the high Mg acceptor ionization energy, which can be explained by the
involvement of tunneling transport of holes in the depletion region [49, 94, 273, 283]. Recent
studies suggest that the characteristic tunneling energy for hole transport is directly related to the
Mg acceptor activation energy of Al(Ga)N and can be significantly reduced with enhanced Mg
dopant incorporation, due to the Mg acceptor level dispersion at very high doping concentrations
[54, 273]. At room temperature, the ideality factor is derived to be ~5.8, which is comparable to
other Ill-nitride LEDs [283-285], in spite of the large bandgap and the presence of a tunnel
junction. The inverse of the ideality factor is plotted against temperature in Fig. 6.4(b). A
continuous decrease in the ideality factor is measured for the device as temperature is increased,
which can be explained by the growing dominance of diffusion current in the depletion region with
increasing temperature, due to the more efficient hole current injection. The electroluminescence
spectra were also measured at different temperatures at a similar current density around 50 A/cm?,
shown in Fig. 6.4(c). The peak position is plotted in Fig. 6.4(d), and an expected blue shift is
observed with decreasing temperature. The S-shaped temperature dependence of the curve is
consistent with the presence of significant alloy disorder and nanoclusters [286, 287] as a result of
the Ga-rich nanoclusters present in the active region (Fig. 6.1(b)). A small peak at ~290 nm is also
observed. This can be explained by the increased internal quantum efficiency at low temperatures
of the luminescence from overflowed carriers recombining within the p-doped region. At higher
temperatures, this peak is too weak to detect. This observation confirms that the UV LEDs have
severe electron overflow. Moreover, a sharp decrease in electroluminescence intensity was

observed in the range of 225 K to 400 K, which illustrates the significance of carrier delocalization
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and thermal effects in inhibiting efficient radiative recombination. The decrease in
electroluminescence at temperatures above room temperature exemplifies the importance in
conducting heat away from the active region when devices are operated at high current densities

for high-power applications.

6.6 Summary

In conclusion, we have demonstrated high performance tunnel junction deep UV LEDs by
using plasma-assisted MBE. The device operates at ~255 nm with a maximum EQE of 7.2% and
WPE of 4%, which are nearly one to two orders of magnitude higher than previously reported
tunnel junction devices operating at this wavelength [230, 269]. The devices exhibit highly stable
emission, with nearly constant emission peak with increasing current, due to the strong charge
carrier confinement related to the presence of Ga-rich nanoclusters. However, the device suffered
from efficiency droop at relatively low current densities. Detailed temperature-dependent
measurements suggest that the presence of severe efficiency droop of deep UV LEDs is largely
due to electron overflow. Furthermore, temperature-dependent measurements have shown the
impact of thermal effects on the electrical and emission properties of the device. The device

performance can be further improved with proper packaging and thermal management.
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Chapter 7. Electron Overflow of AlGaN Deep Ultraviolet Light Emitting Diodes

7.1 Author Contribution and Copyright Disclaimer
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experiments. This work was supported by the Blue Sky research program in the College of
Engineering at the University of Michigan and National Science Foundation (Grant DMR-

1807984).

7.2 Introduction

UV-C semiconductor LEDs are gaining much attention due to their ability to kill pathogens,
which is essential for water purification, food preservation, and surface sterilization [255, 256].
Their ease of use, small size, and low power requirements, compared to conventional mercury and
xenon lamps, will enable much broader and widespread application in combating, or even possibly
preventing another global pandemic. While conventional UV-C devices have been focused on 260-
270 nm wavelength range [256], recent studies suggested that even shorter wavelengths, i.e., ~200-

220 nm in the far UV-C, are not only more effective at sterilization but can significantly limit the
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dangers of human exposure to UV radiation due to the shorter penetration depth of higher energy
photons in skin [288]. To date, however, such devices exhibit extremely low efficiency, due to the
low IQE, insufficient light extraction, and the difficulty in p-doping of ultrawide bandgap AlGaN
materials [289-291]. In this regard, tunnel junction-based devices have garnered significant
attention, offering a route that can alleviate some of the critical issues associated with the low hole
injection by providing a conductive, transparent n-doped layer for enhanced carrier (hole)
injection, current spreading, and light extraction [99, 100, 104, 230, 236, 270, 292]. Large electric
fields within the tunnel junction layer can be created through polarization engineering, enabling
relatively narrow depletion widths despite the wide bandgap AlGaN materials [25, 26, 99, 100,
102-104, 230, 236, 270, 271]. To realize far UV-C LEDs, however, the Al composition of AlGaN
needs to tuned to be >75%, which causes serious issues for p-type as well as n-type doping [52,
293, 294]. These factors not only drastically reduce the probability of the inter-band tunneling of
charge carriers across the tunnel junction but also lead to extremely poor charge carrier
(particularly hole) injection. Consequently, the best reported EQE values is well below 0.1% for

AlGaN tunnel junction LEDs operating below 250 nm [270, 292].

Recently, significant advances have been made in the MBE of AlGaN and their device
applications. With the use of MBE, relatively efficient p-type conduction of Al-rich AlGaN has
been achieved through in situ surface Fermi level control under slightly Ga-rich epitaxy conditions
[49, 94]. This growth process also leads to the formation of Ga-rich clusters in AlGaN layers [68-
70, 103, 143, 196, 249], which provide highly localized sites for efficient radiative recombination,
thereby overcoming the efficiency limitation placed by dislocations [40]. To date, however, there

are few studies of tunnel junction AlGaN deep UV LEDs towards far UV-C emission [269].
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Moreover, the currently reported tunnel junction AlGaN deep UV LEDs generally display a
pronounced efficiency droop, even for operation at very low current densities, which limits their
high-power applications. Efficiency droop is a well-studied phenomenon in InGaN-based
optoelectronic devices, with the underlying causes including Auger recombination [201, 203, 264-
266], electron overflow [226, 247, 295], defect-related mechanisms, carrier delocalization [267,
268], and a combination of these factors [282]. However, the underlying cause for the severe

efficiency droop of AlGaN deep UV LEDs has remained largely unexplored.

In this chapter, we report on a detailed study of the design, epitaxy, and performance
characteristics of AlGaN tunnel junction deep UV LEDs. By incorporating a Mg-doped,
polarization engineered electron blocking layer, a maximum external quantum efficiency and wall-
plug efficiency of 0.35% and 0.21%, respectively, were measured for devices operating at ~245
nm, which are over one order of magnitude higher than previously reported tunnel junction devices
at this wavelength [270, 292]. Severe efficiency droop, however, was measured at very low current
densities (~0.25 A/cm?), which, together with the transverse magnetic (TM) polarized emission,
are identified to be the primary limiting factors for the performance of AlGaN deep UV LEDs.
Detailed electrical and optical analysis further suggests that the observed efficiency droop is
largely due to an electrical effect, instead of an optical phenomenon. This study provides new
insights on how to further improve the efficiency of UV-C and far UV-C LEDs that are relevant

for a broad range of applications including water and air purification and sterilization.
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7.3 Tunnel Junction UV LEDs Structure and Growth
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Figure 7.1: (a) Schematic of the different tunnel junction UV LED device structures fabricated.
(b) HAADF-STEM image of the complete device structure of Sample A. (c) Atomic-scale
HAADF-STEM image of the tunnel junction region. FFT shows the superlattice peak associated
with atomic ordering in wurtzite Al(Ga)N along c-plane direction. (d) Atomic-scale HAADF-
STEM image of the active region. FFT shows the superlattice peak associated with atomic
ordering in wurtzite AlGaN along c-plane direction.

AlGaN LED heterostructures were grown on commercial AIN-on-sapphire substrates

using a Veeco Gen 930 plasma-assisted MBE system. The epitaxy was performed under slightly
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Ga-rich conditions at a substrate temperature ~750 °C. Three different tunnel junction LED
designs, samples A-C, schematically shown in Fig. 7.1(a), were studied. All the structures consist
of an initial bottom n-AlGaN contact layer with a thickness of 500 nm. Immediately preceding the
active region, the Al composition of the n-AlGaN layer was graded up from ~85% to ~95%. The
active region consisted of a single 6 nm thick AlGaN quantum well emitting at ~245 nm. The use
of a single quantum well minimizes the issue of non-uniform carrier injection in the quantum well
active region. To pinpoint the effect of electron overflow, the design of the p-doped region was
varied between samples A-C. Sample A included a 25 nm Mg-doped AlGaN electron blocking
layer immediately following the active region, which was graded from an Al composition ~95%
to ~75%. Sample B is identical to sample A, except the AlGaN electron blocking layer is undoped,
relying solely on polarization-induced doping for generation of charge carriers (holes)[100].
Previous studies have shown that the scheme of compositional grading can enhance the effective
p-type doping of AlGaN layers [21, 280]. Sample C is identical to sample A except that the
compositionally graded AlGaN:Mg electron blocking layer is replaced with a uniform
Alo75Gao2sN:Mg layer of the same thickness. Following the AlGaN electron blocking layer, a 25
nm thick p-Alo75Gao2sN layer was grown for all three samples. Subsequently, a 5 nm thick GaN
layer was grown over the p-doped layer, followed by an n-doped Alo75Gao2sN layer, collectively
forming the tunnel junction. The thickness of the n-Alo.75Gao.2sN layer is 150 nm to allow adequate

current spreading.

Structural properties of Sample A were studied by using a JEOL 3100R05 microscope with

Cs aberration corrected STEM (300 keV, 22 mrad) and a ADF detector with 120 mm camera

lengths and a detector angle of 59 (inner) — 354 mrad (outer). The high-angle annular dark-field
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scanning transmission electron microscopy (HAADF-STEM) confirms the cross-sectional device
heterostructure for Sample A (Fig. 7.1(b)). Atomic-resolution cross-sectional STEM in Fig. 7.1(c)
reveals the GaN layer (~5 nm) epitaxially grown between the top n*-AlGaN and p-AlGaN layer.
The ratio of HAADF STEM intensity estimates ~75.0% +4.0% less Ga in the p-AlGaN layers
compared with the Ga concentration in the GaN layer. Figure 7.1(d) also shows the epitaxial
growth of AlGaN quantum well (~6 nm) with ~25.8% +3.6% higher content of Ga relative to
adjacent AlGaN barriers in the graded active region. The brighter atomic layers in the active region
corresponding to the Ga-rich layers reveals significant compositional non-uniformity in the
epilayers due to the use of slight metal-rich epitaxy conditions. Fast Fourier transform (FFT)
patterns of the HAADF-STEM images also exhibit ordering of Ga-rich layer along [001] direction,
which are forbidden in electron diffraction pattern of wurtzite hexagonal symmetry. The formation
of extensive nanoscale AlGaN clusters can provide three-dimensional quantum-confinement of
charge carriers, which was shown to dominate the EL of MBE-grown AlGaN UV LEDs[103] and
is the principle mechanism for the enhanced internal quantum efficiency for AlGaN grown by PA-

MBE[70, 144, 249, 296, 297].

7.4 LED Fabrication and Comparison

For the UV LED fabrication, firstly ion milling was used to etch down to the bottom n-
AlGaN layer to make the device mesas. 300 nm of SiO2 was then deposited using PECVD for
insulation. Reactive ion etching, with high selectivity between AlGaN of SiO2, was used to etch
vias in the insulation layer for the deposition of metal contacts. A Ti/Al/Ni/Au metal stack was

deposited onto the exposed top and bottom n-AlGaN for the device contacts. Annealing of the
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contacts was performed in a nitrogen ambient at 700 °C for 30 seconds. Al/Au metal contact pads

were deposited over the annealed device contacts for probing.

The electrical properties of the devices were measured under continuous-wave (CW) biasing
conditions using a Keithley 2400 SMU. The J-V characteristics of representative devices are
shown in Fig. 7.2(a). Sample B, which relies solely on polarization doping, is observed to be leaky,
while samples A and C show excellent rectifying characteristics. This indicates that a proper p-n
junction was not formed in sample B. Sample A exhibits a higher turn-on voltage as compared to
sample C; however the turn-on is significantly sharper for sample A. High electron overflow can
result in an earlier, but more gradual turn-on voltage for LEDs, indicating that electron overflow
is better controlled in sample A, due to the polarization engineered electron blocking layer [100].
Samples A and C show very similar characteristics at high forward bias, indicating that they have
similar device resistances. The ideality factor calculated for samples A-C are 7.74, 18.15 and
12.48, respectively. The relatively high ideality factors is a consequence of the presence of a tunnel
junction in the devices, as well as the hole transport being dominated by tunneling within an
impurity band [48, 94, 298]. However, since all three devices have identical tunnel junction design,
the significant differences in the measured ideality factors may be a result of other factors. Higher
ideality factors have been associated with insufficient doping, higher layer resistances and
increased electron overflow [283, 299]. From these measurements we conclude that the
polarization-engineered AlGaN:Mg electron blocking layer plays a crucial role in charge carrier

transport, and its presence is beneficial to improved current-voltage characteristics.
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Figure 7.2: (a) J-V characteristics of the different tunnel junction UV LED device structures. (b)
Room-temperature electroluminescence spectra measured for the different devices under current
injection densities ~40 A/cm?. The electroluminescence of sample B has been magnified by a
factor of 100. The inset shows a device from sample A under an injection current of ~100 A/cm?,
(c) Electroluminescence spectra measured at polarization angles of 0° and 90° for sample A (245
nm), shown as straight lines, and an identical device with emission at 265 nm, shown as dashed
lines. (d) Variation of electroluminescence intensity with polarization angle measured for sample
A (245 nm) in red, and an identical device with emission at 265 nm, in purple.

We further measured the EL spectra, shown in Fig. 7.2(b), under similar current injections
around 40 A/cm? for all three samples. The peak of the EL spectrum is measured at ~245 nm for
all the samples. Samples A and C exhibit relatively bright luminescence, however the
luminescence from Sample B is significantly weaker. The full-width half maximum (FWHM) is

measured to be ~15 nm for sample A, which is comparable to previously reported LEDs grown by
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MBE [99, 103, 104, 230]. Sample B has a similar FWHM, although it also exhibits a shoulder at
shorter wavelengths close to 235 nm, suggesting that there is significant recombination of charge
carriers within the higher Al content layers of the device. Sample C has a significantly broader
emission peak with FWHM over 25 nm. The wide emission peak is a strong indication of more
severe electron overflow in this device. Further, sample C also shows a relatively long tail as
compared to the other devices, which can be explained by emission from the Mg acceptor related
transition of the p-doped Alo.7sGao.2sN [94]. The inset of Fig. 7.2(b) shows a device from Sample
A under an injection current of 100 A/cm?. It is seen that there is a significant amount of light
being emitted from the edges of the device mesa, despite the metal contact completely covering

the top of the device.

We studied the emission polarization properties of sample A as well as an LED with an
identical structure but having emission at 265 nm. The samples were placed under a constant CW
bias corresponding to an injected current density ~50 A/cm?. A Glan-Taylor calcite polarizer with
a high-precision rotation mount system was placed on the sample top surface to resolve the
emission. Figure 7.2(c) plots the EL spectra for the two devices at polarization angles of 0° and
90°. A much larger change in intensity was seen for the 245 nm LED as compared to the 265 nm
device, suggesting a significantly larger degree of polarization. This is consistent with previous
studies that report the light emission becoming more TM polarized for higher Al compositions
[300]. The variation of the EL intensity, normalized to the minimum value for each device, with
polarization angle for the two devices is shown in Fig. 7.2(d). The degree of polarization was
measured to be -0.602 and -0.078 for the 245 nm and 265 nm LEDs, respectively, which confirms

a major shift towards emission that is dominantly TM-polarized with decreasing wavelengths. It
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is therefore expected that the device efficiency can be significantly enhanced by engineering the
polarization of the light emission to be more TE-like [46, 209, 301], by utilizing nanostructures

[44, 83, 84, 111, 153], and/or by removing the substrate [78, 302, 303].

The output power was measured from the bottom of the sapphire substrate using a Newport
818-ST2-UV photodetector with a Newport Model 1919-R power meter. The devices were probed
under CW biasing conditions. Figures 7.3(a) and (b) show the variation of EQE and WPE,
respectively, with current density for samples A and C. The maximum EQE and WPE were
measured for sample A, attaining 0.35% and 0.21% respectively, at a current density of 0.25
Alcm?. The peak EQE and WPE of sample A is over 50% higher than that of sample C. In fact,
the measured efficiency values are more than one order of magnitude higher than previously
reported tunnel junction devices at these wavelengths [230, 270, 271]. Sample B exhibited
extremely low efficiencies (~0.001%), due to the leaky I-V, which are not shown here. Given that
both samples A and C have identical active region and tunnel junction designs, the improved
performance of sample A can be well explained by the incorporation of a polarization engineered
p-AlGaN EBL layer, which can help reduce electron overflow and enhance the device efficiency.
This observation is also consistent with the enhanced electron overflow of sample C derived from
electrical analysis, as described above. The underlying cause for the severe electron overflow is
due the highly asymmetric electron and hole transport properties of Al-rich AlGaN [103, 104,

270], which fundamentally limits the maximum achievable efficiency of deep UV LEDs.
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Figure 7.3:(a) EQE vs. current density of Sample A and C, measured using CW bias. (b) WPE

vs. current density of Sample A and C, measured using CW bias.
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7.5 Optical Measurements of Active Region
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Figure 7.4:(a) Structure of the sample used for optical measurements. (b) Room-temperature
photoluminescence spectra for the structure measured using 193 nm excitation. (c) Intensity-
dependent photoluminescence spectra measured for the sample using quasi-resonant excitation
of the active region. (d) Relative EQE measured for optical emission at different excitation
powers. (e) Variation of peak position with excitation power density. (f) Plot of measured full-
width half maximum for the emission peak at different excitation power densities.
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It is also noticed that similar efficiency droop phenomena have been measured in AlGaN
LEDs operating at 255-280 nm wavelengths [103, 104, 270]. To further confirm if the observed
efficiency droop is due to an electrical effect, we studied the optical properties of the AlGaN
quantum well active region (~265 nm), schematically shown in Fig. 7.4(a), to determine if it plays
a significant role in the efficiency droop process. Figure 7.4(b) shows the PL spectrum measured
by exciting the sample using a 193 nm Coherent Excistar XS500 laser. It shows the presence of
two peaks, one located at ~240 nm originating from the high Al-content barrier layers, and another
at ~268 nm, originating from the quantum wells. To study only the luminescence from the quantum
wells, and avoid the effects of carrier transport between the wells and barriers, the sample was
resonantly excited using a frequency-tripled Ti:sapphire laser (~ 245 nm) with an 80 MHz
repetition rate and 100 fs pulse width. The excitation power was varied over several orders of
magnitude and the PL spectra are shown in Fig. 7.4(c). The relative EQE is shown in Fig. 7.4(d),
exhibiting no significant droop up to an excitation power of 2.4 kW/cm?, which corresponds to an
estimated carrier density ~2 x 10'® cm™ [203, 304, 305]. A negligible change in peak position was
seen over this wide excitation range, shown in Fig. 7.4(e), suggesting that the emission is a result
of the radiative recombination of highly confined and localized carriers. The linewidth of the
emission, plotted against excitation power in Fig. 7.4(f), remains almost constant throughout the

excitation range, showing negligible quantum-confined Stark effect.
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Figure 7.5:(a) Time-resolved photoluminescence decays at different excitation powers collected
for the sample used in optical measurements. (b) Plot of extracted carrier lifetime vs. excitation
power density.

TRPL transients were also collected at different optical excitation powers using a
thermoelectrically cooled fast hybrid photomultiplier tube. Some representative transients are
shown in Fig. 7.5(a), which exhibit an almost negligible change in their decay over the excitation
range. Figure 7.5(b) plots the extracted carrier lifetimes by using the stretched-exponential model
[196, 306]. The nearly invariant carrier lifetime (~0.3 ns) shows that the carrier recombination
dynamics do not change significantly over the excitation range, suggesting that higher order carrier
loss processes, e.g., Auger recombination, is not significant in the measured excitation power
range. Auger recombination would cause an increase in non-radiative emission and a decrease in
carrier lifetime when the excitation power is increased [203, 304, 305]. The carrier lifetimes
measured were comparable to previously reported high quality AIGaN epilayers grown by MBE
[307]. It is also noteworthy that the extracted carrier lifetimes are significantly lower than those
measured for AlIGaN quantum wells grown by metal-organic chemical vapor deposition
(MOCVD) [203], which can be explained by the strong quantum-confinement of charge carriers

in the quantum dot-like nanoclusters for samples grown by plasma-assisted MBE. Furthermore,
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no evidence of droop is observed in the optical measurements up to an estimated carrier density
~2 x 10%8 cm™, For comparison, previously reported blue-emitting InGaN quantum wells [305]
also did not display any efficiency droop up to carrier densities ~5 x 10 cm=3, which
approximately corresponds to injection current densities 5-15 A/cm?. Given the shorter carrier
lifetime measured in the presented AlGaN active region, this carrier density corresponds to a
higher current density than that observed in InGaN LEDs for the onset of efficiency droop [196,
305, 308, 309]. Therefore, it is reasonable to conclude the measured efficiency droop in
electroluminescence at ~0.25 A/cm? is not an optical phenomenon, but instead related to an

electrical origin, i.e., electron overflow.

7.6 Summary

In conclusion, we have demonstrated AlGaN deep UV tunnel junction LEDs operating at
~245 nm, which exhibit significantly improved efficiency compared to previous reports. Severe
efficiency droop was measured at low current densities. Detailed electrical and optical studies
suggest that the efficiency droop is directly related to electron overflow, instead of an optical
phenomenon. Moreover, the MBE grown AlGaN deep UV LED active region is characterized with
the presence of nanoscale clusters. The resulting strong three-dimensional confinement of charge
carriers can significantly reduce quantum-confined Stark effect, leading to highly stable and
efficient emission. Our studies further suggest that AlGaN deep UV LEDs with efficiency
comparable to InGaN blue-emitting quantum wells can be potentially achieved, if issues related to

electron overflow and TM polarized emission are effectively addressed.
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Chapter 8.  Summary and Future Work

8.1 Summary
The work presented in thesis addresses the physics, materials, and device engineering
challenges for achieving high efficiency mid and deep UV AlGaN UV LEDs, which are the only

alternative technology to replace conventional mercury/xenon lamps for water/air purification.

Chapter 3 discusses the technique of metal-semiconductor junction-assisted epitaxy that
was used to grow p-type Mg-doped AlGaN with a high hole concentration and low hole resistivity,
even for AlGaN compositions approaching 90% Al. UV LEDs grown using this method showed

considerably improved performance as compared to LEDs grown using conventional epitaxy.

Then in Chapter 4, to address the electron overflow of carriers out of the active region, due
to the significantly higher carrier concentrations and mobilities in n-type AlGaN as compared to
p-type AlGaN, different configurations of the electron blocking layer were investigated in UV
LEDs operating at ~280 nm. It was shown that an n-type EBL provides significantly more benefits
than the standard p-type EBL especially for UV LEDs. An n-type EBL can block the flow of
electrons to the device action region while not impeding the hole injection. Simultaneously the
incorporation of a superlattice n-EBL can further improve the lateral conductivity of electrons due

to the polarization-induced doping at the interfaces of the different layers of the superlattice.
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In Chapter 5, we introduced a tunnel junction structure for devices with emission at ~265
nm. For these high Al compositions, hole injection into the p-type region is a severe bottleneck to
device efficiency, and a tunnel junction can help mitigate this issue. Different designs of the tunnel
junction were grown, fabricated and measured to optimize device performance. Significantly
improved current-voltage characteristics and efficiency was measured with the incorporation of
GaN layer thickness ~5 nm. The optimized AlGaN deep UV LED exhibited a maximum EQE and

WPE of 11% and 7.6%, respectively.

Chapter 6 presents a detailed investigation of the electrical and optical properties of a high-
efficiency tunnel junction UV LED with emission at 255 nm. A maximum EQE of 7.2% and WPE
of 4% were measured for the devices, which are higher than previously reported tunnel junction
devices operating at this wavelength. The devices exhibited a nearly constant emission peak over
a wide current range, due to the strong charge carrier confinement in the Ga-rich nanoclusters
present in the AlGaN layers. Detailed temperature-dependent measurements suggest that the
presence of severe efficiency droop of deep UV LEDs is largely due to electron overflow.
Temperature-dependent measurements also elucidate the impact of thermal effects on the electrical

and emission properties of the device.

Chapter 7 consists of an investigation into the role of the electron blocking layer and
polarization-induced doping on the performance of 245 nm tunnel junction UV LEDs. Optimized
devices with a graded Mg-doped AlGaN EBL showed improved performance with a maximum
EQE of 0.25% and WPE of 0.13%. The optical properties of the AlGaN active region confirmed

that the emission observed originates in Ga-rich clusters present in these materials. Based on our
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results, electron overflow has a major impact on limiting device performance, which emphasizes

the importance of improving the p-type doping in AlGaN to have better performance UV LEDs.

8.2 Future Work

8.2.1 Using Nanostructures for AlGaN Devices

Throughout this thesis epilayers were used. However, nanostructures such as nanowires
and nanowalls provide several advantages over epilayers. These nanoscale structures have an
almost defect-free structure [105, 106] and their growth results in enhanced incorporation of
dopants [107, 108]. These structures also have a larger surface area available for emission,
resulting in an enhanced extraction of generated photons [109]. Furthermore, selective area growth
(SAG) provides a method of growing nanostructures only in designated regions of a wafer,
enabling the growth of photonic crystal arrays as well [44, 82, 83, 111]. These arrays of
nanostructures can enhance light extraction, make the emitted light directional, and guide light
modes of a laser. The growth mechanism of nanowires enables the growth of high-quality 111-

nitrides on amorphous substrates as well [310, 311].

AlGaN-based nanostructure devices have been previously demonstrated [67, 86, 107, 180,
214, 269, 270, 273, 312], however despite their promise, the efficiency remains low as compared
to planar devices. Significant progress can be made in this field if the issues of carrier leakage and
surface recombination are mitigated. Furthermore, N-polar AlGaN nanostructure devices can be
grown and fabricated. These devices show the potential to further improve device performance by
improving carrier injection. They have been demonstrated to suppress the droop in nitride LEDs,

even at high operating currents [313-317].
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We have performed some preliminary selective area growths of InGaN and AlGaN on N-
polar GaN substrates. These substrates were grown directly on sapphire by Dr. Ping Wang in a
Veeco GENxplor PA-MBE system. Following the substrate growth, the wafer was unloaded, diced
and then patterned using electron beam lithography to define arrays of openings in a Ti layer on
the surface. The nanowire growth was then performed in a Gen930 MBE system. An SEM image

of the nanowires is shown in Fig. 8.1(a). These nanowire arrays were then fabricated into devices.
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Figure 8.1: (a) SEM image of an N-polar nanowire array. (b) EL spectra of a green-emitting N-
polar nanowire LED.

The fabricated devices show strong luminescence, as shown in Fig. 8.1(b). The devices
also demonstrated excellent J-V characteristics and relatively high efficiencies for micron-scale
devices, which shows their potential to realize efficient microLEDs. Optimization of the pattern
design, nanowire epitaxy, and fabrication procedure are in progress to further improve the

performance of these devices.

Based on the promising results obtained in InGaN N-polar LEDs, we have also started

establishing the growth conditions for AlGaN structures emitting in the UV. Shown in Fig. 8.2(a)
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is an SEM image of an N-polar AlIGaN/GaN nanowire. The structure consisted of an initial 300
nm GaN layer followed by a 100 nm thick AlGaN layer with ~5% Al composition. We observe a
good selectivity and nanowire morphology. The PL spectrum shown in Fig. 8.2(b) confirms the
presence of AlGaN with a peak located at ~350 nm. The future steps in this project would be
further optimizing the emission wavelength, intensity and morphology of the AlGaN nanowires,

followed by the growth and fabrication of devices.
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Figure 8.2:(a) SEM image of N-polar AlGaN nanowires grown by SAG. (b) PL spectrum of
AlGaN nanowire array.

8.2.2 Extending Tunnel-Junction UV LEDs to Shorter Wavelengths

This thesis has already demonstrated tunnel junction based AlGaN UV LEDs down to 245
nm. However, shorter wavelengths close to 220 nm are more desirable from the perspective of
sterilization and safety. Therefore, further work needs to be done on increasing the efficiencies of
tunnel junction devices at even shorter wavelengths. We have also used a structure that is based
on the optimizations for a device with AlGaN layers around the tunnel junction with compositions
close to 60% Al [104]. However, the optimized thickness of the middle GaN layer is highly
sensitive to Al composition due to the strong spontaneous polarization of AIN. This would mean

that its thickness can be further optimized for higher Al compositions. Furthermore, as defect-
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assisted tunneling might already be playing an important role in the tunneling of carriers [238, 241,
243], this effect could be deliberately enhanced by introducing dopants such as Mg within this

layer.

8.2.3 Substrate Removal

Substrate removal has emerged as a technique for dramatically increasing the light extracted
from LEDs, while also enabling the integration of nitride semiconductor devices with other
substrates [78]. Our group has previously investigated the growth of AIGaN LEDs on graphene-
on-AlIN templates. The presence of the graphene layer could aid the peel-off of the epitaxially
grown layers, which can then be transferred onto other substrates and fabricated [302, 318, 319].
A schematic of possible lift-off processes involving a stressor layer (such as thick Ni) or laser lift-
off a shown in Figs. 8.3(a) and (b), respectively. Figure 8.3(c) shows a schematic of the transfer
process of the epitaxial layers onto another substrate following lift-off, and the final fabricated
device. The removal of the substrate will aid light extraction, and by transferring the epitaxial LED
layers onto a reflective metal substrate, the LEE will be further improved, while the metal can also

act as a contact and heat sink, aiding the high-power operation of these devices.
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Figure 8.3: Schematics of (a) the growth and peeling-off process of AIGaN DUV LED structure
on graphene. (b) The growth and laser lift-off process of AlIGaN DUV LED structure on
sacrificial layer/sapphire. (c) The device fabrication process of transferred AlIGaN DUV LED.

8.2.4 P-doping using Beryllium as Dopant
While magnesium is the standard acceptor dopant for the Ill-nitrides, there has been
previous work on the investigation of other dopants as well [154, 320-323]. Recent work has

shown that beryllium (Be) can be used as an acceptor dopant in AIN, with a predicted activation
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energy of ~340 meV [324, 325], as compared to 600 meV for Mg. The much-reduced activation
energies would result in orders of magnitude higher hole concentration at room temperature,

possibly solving the critical challenge of p-type doping in AIN.

8.2.5 Understanding the Carrier Dynamics in AlGaN UV Devices

In this thesis we have shown how the presence of Ga-rich nanoclusters in AlGaN layers,
which were grown by MBE under slightly Ga-rich conditions, largely determine the optical
emission properties of the material. However, further investigation is needed of the carrier
dynamics for capture, escape and recombination of carriers in these clusters [326]. The effects of
the non-uniform injection of electrons and holes may be mitigated by optimizing the carrier capture

in the highly localized nanoclusters.

8.2.6 Development of UV-C Laser Diodes Using MBE

Recently, AlGaN quantum well edge-emitting UV-C wavelength laser diodes have been
demonstrated [36]. These devices were grown on single crystal AIN substrates to minimize defects,
however for practical use they are prohibitively expensive. Due to the severe heating caused by
the large threshold current of these devices, they could only be operated for very short pulses.

Growing such short-wavelength lasers on sapphire substrates would be a remarkable achievement.

With the use of AlGaN nanowire arrays, low threshold surface emitting laser diodes have
been demonstrated previously [67, 83, 84, 111, 153]. For a two-dimensional AlGaN photonic
crystal array, at the band-edge the group velocity of light becomes zero, and a two-dimensional

cavity mode is formed in the photonic crystal. The photonic crystal itself serves as a diffraction
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grating, and the output beam is emitted from the surface. This allows for lasing even at relatively
low injection currents, which is critical for high Al content UV devices where it is quite difficult
to obtain high carrier concentrations. To achieve AlGaN UV laser diodes with high performance,

we aim to develop AlGaN nanowire photonic crystal surface emitting laser diodes.
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L _______|

Figure 8.4: SEM images of etched GaN ridges.

Apart from growing photonic crystals for guiding the light modes, ridge waveguide lasers
are also a possibility. A novel approach for growing bottom-up ridge lasers is through the growth
of a nano-wall, where the ridge is predefined, either by etching the substrate or through a mask as
in SAG. For this purpose, long ridges with extremely smooth sidewalls are crucial and they must
be patterned precisely. The initial design and preparation of ridge patterns on a GaN substrate is
shown in Fig. 8.4. The future directions of this project involve the optimization of the growth of

AlGaN on the patterned ridges, followed by the fabrication of devices.
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Appendix A Substrate Preparation for MBE Growth

The wafers used in this thesis were purchased from DOWA Holdings Co., Ltd. They were 2
inch in diameter, with 1 pum of AIN grown on it. The backside of the wafers was then coated using
sputtering with 2 um of molybdenum by Thinfilms, Inc. After receiving the wafers, they were then
diced into 1 cm x 1 cm pieces. A solvent clean is then performed on the samples. They are cleaned
in acetone and methanol for 5 minutes each, followed by rinsing the pieces in deionized water 5

times.

The pieces are then mounted onto a 3-inch Si carrier wafer using indium mounting. The
backside Mo on the pieces is completely covered in indium for this process to enable proper
adhesion onto the carrier wafer at the temperatures required for growth. Multiple pieces can be
mounted on the same carrier wafer to increase the yield from a single growth. Once the pieces are

loaded onto the carrier, they are ready to be loaded into the MBE system.

Initially the samples are loaded into the intro chamber where they are degassed at 200 °C for

90 minutes. They are then degassed in the prep chamber at 500 “C for 60 minutes. They are then

loaded into the growth chamber for growth.
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Appendix B Fabrication Procedure for AlGaN Epilayer LEDs

1. Sample cleaning
After growth the backside of the sample would be covered in In due to the mounting process, so
the sample needs to be cleaned prior to processing. The Mo layer on the back of the wafer also

needs to be removed for backside emitting devices.

a. HCI clean until all the indium is etched away from the backside.
b. Leave the sample in Aluminum Etchant Type A till all the Mo is etched away.
c. Solvent clean using acetone and methanol.

d. Rinse the sample using DI water

2. Mesa etching
The first step in the device fabrication involves defining the device mesas. The rest of the wafer is
etched down to the bottom n-AlGaN contact layer. This process is performed using either ion

milling or reactive ion etching (specified in text). Figure B.1 shows a schematic of the process.
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Device Mesa

Figure B.1: Etching to form device mesa.

Spin coat SPR 220 3.0 at 4000 RPM for 30 seconds. Pre-bake it at 115 °C for 60 seconds.
Expose using the MJB-3 contact aligner for 8 seconds. The exposure mask defines the device
mesas.

Develop the photoresist using AZ 726 for 45 seconds using a single puddle.

. Verify that the dimensions of the photoresist covering the device mesas are accurate using an
optical microscope.

Mount the samples onto a suitable carrier wafer using low temperature crystal bond.

Etch down to the bottom n-AlGaN contact layer using the Nanoquest lon Mill if using ion
milling, or Oxford ICP RIE if using reaction ion etching. The ion mill also has the added
capability of SIMS which allows for tracking the layer that is being etched.

Following the etching, clean the photoresist using remover PG.

. Verify that the etch depth is accurate using Dektak Profilometer.

3. Deposition of insulation layer

Once the mesas are defined, the sample is coated using 300 nm of PECVD SiO.. This ensures that

the top and bottom layer contacts will be insulated from each other. An image of the process is

shown in Fig. B. 2.
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Figure B.2: Schematic of the sample after deposition of insulation layer.

a. Solvent clean the sample using the procedure described in steps c) and d) from Section 1 on
sample cleaning.

b. Load the sample into the Plasmatherm 790 and deposit 300 nm of SiO; at 350 °C.

4. Etching of vias and contact deposition
Next, vias are etched into the insulation layer, where the device mesas are, and where the contacts
to the bottom layer are to be placed. Following the etching of the vias, contacts can be deposited

for both the bottom and top layers. An image of the process is shown in Fig. B. 3.

Figure B.3: Etching of vias and contact deposition.
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Solvent clean the sample using the procedure described in steps c) and d) from Section 1 on
sample cleaning.

. Spin coat SPR 220 3.0 at 4000 RPM for 30 seconds. Pre-bake it at 115 °C for 60 seconds.
Expose using the MJB-3 contact aligner for 8 seconds. The exposure mask defines the regions
where vias will be etched into the insulation layer.

Develop the photoresist using AZ 726 for 45 seconds using a single puddle.

Verify that the dimensions and alignment of the vias are accurate using an optical microscope.
Mount the samples onto a suitable carrier wafer using low temperature crystal bond.

Etch the insulation layer in the via regions using the LAM 9400.

Following the etching, clean the photoresist using remover PG.

Spin coat SPR 220 3.0 at 4000 RPM for 30 seconds. Pre-bake it at 115 °C for 60 seconds.
Expose using the MJB-3 contact aligner for 8 seconds. The exposure mask defines the regions
where the metal contacts will be deposited.

Develop the photoresist using AZ 726 for 45 seconds using a single puddle.

Verify that the dimensions and alignment of the device contacts are correct.

. For the bottom n-contact, Ti (40 nm)/Al (120 nm)/Ni (40 nm)/Au (100 nm) is deposited as the
metal stack using e-beam evaporation.

. Perform lift-off following the deposition using remover PG.

. The metal contacts are then annealed at 700 °C in nitrogen for 30 seconds.

. Steps i-l are then repeated for the top contact.

For the top contact, if the device has a p-contact layer, Ni (20 nm)/Au (100 nm) is used as the
metal contact, and if the device is a tunnel junction with an n-type top contact layer, Ti (40

nm)/Al (120 nm)/Ni (40 nm)/Au (100 nm) is deposited as the metal stack.
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Perform lift-off following the deposition using remover PG.

The metal contacts are then annealed at 500 °C in air for 60 seconds if the device uses a Ni/Au
top contact, and it is annealed at 700 °C in nitrogen for 30 seconds if it has a Ti/Al/Ni/Au top
contact.

The wafer is finally diced into dies for measurement.

129



Appendix C Supporting Information for Chapter 3

Section 1: Theoretical Calculations

Density functional theory calculations were performed with HSE06 hybrid functional [327]
and projected augmented wave method [328, 329], as implemented in Vienna Ab initio Simulation
Package (VASP) [330]. GW-compatible pseudopotentials were used, where Mg 3s, Al 3s3p, Ga
4s4p, and N 2p states were treated as valence electrons. The fraction of non-local Hartree-Fock
exchange in the hybrid functional is 0.30 for GaN and AlosGaosN, and 0.33 for AIN, giving their
band gap values of 3.51 eV, 4.65 eV, and 6.20 eV respectively, in close agreement with the
experiments [331-333]. Defect calculations were performed for GaN, AlosGaosN and AIN using
96-atom orthorhombic supercells [323] with 2x2x2 Gamma-center k-point grid and a plane wave
energy cut-off of 500 eV. Special quasi-random supercell (SQS) of AlosGaosN were generated by
Alloy Theoretic Automated Toolkit (ATAT) [334]. All structures were relaxed until the force on
ions is less than 0.02 eV A, with spin-polarization included for un-paired electrons. Corrections
to the charged defects were employed, based on Freysoldt scheme [335], which eliminates the

electrostatic interactions between image charges in the supercell approach.

For first principles calculations on the thermodynamics of Al(Ga) substitutional

Mg-dopant incorporation, we calculated the formation energy using [336]:
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Ef(Mgl) = E.(Mgl) — E;(ALGay_yN) + (Ec(X) + py) — (Ec(Mg) + ) +
q(Er + Eypi) + Ecorr (Equation C.1)

where E.(Mg}) is the total energy of the defective supercell containing one Al(Ga)-
substitutional Mg in charge state q and E;(A/, Ga;_, N) is the total energy of the perfect host
supercell. E.(X) and E;(Mg) are the total energy of Al(Ga)N and Mg in their bulk forms. py and
uyg are the chemical potentials of Al(Ga)N and Mg referenced to their elemental phase. Er is the
energy of the Fermi level in AlGaN referenced to its bulk valence band maximum. E_,,, is the
correction energy for the charged defects. For the atomic chemical potentials, we assumed

thermodynamic equilibrium of AlosGaosN, and suppressed the formation of MgsNo.

Bumg + 2uy < AH(Mg3N,) = —4.02 eV (Equation C.3)

where AH(X) denotes the formation enthalpy of compound X. Since out AlGaN films were
grown using metal-semiconductor junction assisted epitaxy, the calculations assume metal-rich,

N-poor growth conditions.

Unlike their binary counterparts, AlGaN alloys can host substitutional Mg on either the Ga
or Al sites, Mgga and Mg‘j\I respectively. To determine which sites are more energetically

favorable for Mg to occupy, we calculated the formation energy of Mg-dopants in 5 random Ga
sites and 1 Al site in the AlosGaosN supercell, and their values are summarized in Table C.1. While

the activation energies of Mg acceptors on different substitutional sites vary only by approximately
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0.1 eV, the formation energy of MgZ, (2.00 eV) is almost 2 eV lower than Mg}, (3.94 eV) under

Ga(Al)-rich conditions, indicating that Mg dopants prefer to substituting Ga rather than Al sites.

This emphasizes the difficulty of incorporating high Mg concentrations in Al rich AlGaN.

Table C.1: Formation energy and activation energy of neutral Mg dopants on different
substitutional sites on AlosGaosN under metal-rich conditions.

Site No. 1 2 3 4 5 6

Defect Mgs. Mge, Mage, Mgg, Mgg, Mgy,
Formation Energy (eV) 1.996 1937 1999 1963 1.899 3.944
Activation Energy (eV) 0.639 0.636 0.601 0.724 0.668 0.589

During the MBE growth process of AlGaN layers the growth temperature of the substrate
was 700 °C. At this growth temperature, the bandgap of AlGaN can be calculated using the Varshni
equation, and using typical parameters for Alo.7Gao.3sN [5, 337, 338] the bandgap is calculated to
be 4.65 eV. The electron affinity is calculated as 1.65 eV. For a liquid Ga metal layer, a work
function of 4.2 eV is assumed, and assuming a free hole concentration of 1018 cm in the p-type
AlGaN, the band structure at the growth interface is calculated as shown in Fig. C.1(a) and (b) for
the conventional and metal-semiconductor junction assisted epitaxy, respectively. During metal-
semiconductor junction assisted epitaxy, the presence of the Ga layer on the surface creates a
separation between the Fermi level and the valence band of ~2.2 eV at the growth front while it is

only ~0.12 eV for conventional epitaxy.
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Figure C.1: Band structure at the growth interface during the growth of Mg-doped AlGaN by (a)
conventional epitaxy and (b) metal-semiconductor junction assisted epitaxy.

For growth using metal-semiconductor junction assisted epitaxy, where the Fermi level is

pinned away from the valence band, the formation energy is only 0.43 eV. Using the formula [174]

E"(Mggr)

T ) and setting the growth temperature to 700 °C, we calculated an
B

nMg = Nyites 'exp(_

estimated Mg concentration in the AlosGaogsN to be 1.4x10%° cm?, if we assume the number of

Gasites n_,. in AlosGaosN to be 2.26x10% cm,

sites

Section 2: RHEED Pattern during Epitaxy

The RHEED patterns were monitored during the epitaxy of the layers to determine the
growth conditions in situ. A dim, streaky RHEED pattern indicates a smooth, metal-rich growth
surface, which was maintained throughout the growth. Growth using conventional epitaxy doesn’t
have a Ga metal layer on the surface, and the RHEED is typically characterized by the presence of
clear segments, signifying a rough surface morphology. Figures C.2(a) and (b) show SEM images

of samples grown using conventional and metal-semiconductor junction assisted epitaxy,
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respectively, while Figs. C.2(c) and (d) show the corresponding RHEED patterns for these

growths.

Figure C.2: SEM images of the sample surface of p-AlGaN grown using (a) conventional epitaxy
and (b) metal-semiconductor junction assisted epitaxy. RHEED patterns for (c) conventional
epitaxy and (d) metal-semiconductor junction assisted epitaxy.

The surface of the sample grown under the conventional growth mode is relatively rough
and it exhibits higher resistivity, compared to the Mg-doped AlGaN grown by
metal-semiconductor junction assisted epitaxy. It is important to mention that the amount of Ga
coverage should be properly optimized to achieve the best results as an excess amount of Ga during

the growth degraded the p-type conduction in the samples.
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Section 3: Mg Incorporation in AlGaN Epilayers

Incorporated Mg concentration vs. Mg flux for samples grown with three different Al
compositions are shown in Fig. C.3. These samples were grown using metal-semiconductor
junction assisted epitaxy to maximize Mg incorporation. For the same Mg flux used, a significant

decrease in the Mg incorporation is observed with increasing Al composition of the alloy.
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Figure C.3:Mg atom concentration plotted against Mg flux for samples grown using metal-
semiconductor junction assisted epitaxy with different Al compositions.
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