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Abstract: (200 Words)

[11-Nitrides, due to their large conduction band offset and fast transition speeds, are
promising constituents for intersubband (1SB) devices. In addition, IlI-Nitrides are
characterized by a very large phonon energy (90 meV). This makes them ideally suited to the
realization of near room temperature operating THz lasers. The objective of this program has
been to demonstrate the potential for using Il1-Nitrides to realize a room temperature
operating terahertz intersubband laser.

As part of this contract, a comprehensive model of intersubband transitions was
developed that takes into account the important effects of strain on bandstructure and piezo-as
well as spontaneous- €electric fields. Interband photoluminescence and intersubband
absorption measurements were performed to help develop the modeling. We demonstrated
the shortest MOCV D-grown Il1-Nitride intersubband absorption wavelength of 1.5 um as
well as the longest intersubband wavelengths of 5.3 um, by any growth technique. In addition
to investigating the optical properties we fabricated and tested both resonant tunneling diodes
and quantum well infrared photodetectors in order to investigate quantum transport in I11-
Nitrides. Based on the refined I11-Nitride intersubband models designs were also developed
for room temperature terahertz emission via optical pumping. Electrical injection designs
were also proposed for both polar and non-polar growth orientations.
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1.Introduction & Summary

[11-Nitrides, due to their large conduction band offset and fast transition speeds, are
promising constituents for intersubband (ISB) devices. The first demonstration of
intersubband transitions in this material system was grown by Molecular Beam Epitaxy
(MBE). Later, MBE-grown material has shown ISB transitions (ISBTs) covering the 1-2 um
regime. In contrast, early attempts at Metalorganic Chemical Vapor Deposition (MOCVD)
grown material had largely failed to demonstrate intersubband transitions in this regime.
Thus on of our first goals was to develop the MOCVD growth of 11-Nitride ISB devices. In
this report, we demonstrate a new pulsing technique realized by MOCVD to show that
MOCVD has the capability of achieving ISB transitions at 1.5 um — the lowest ISBT
wavelength ever achieved by MOCVD. Moreover, we have optimized high quality
AlGaN/GaN SL and demonstrated |SB absorption as high as 5.3 um — the highest ISBT
wavelength ever achieved by MOCVD, MBE or any other growth technique. With these
demonstrations, we have proven MOCVD as a reliable means of growing high quality I11-
Nitride |SB devices.

Before ISB transitions could be demonstrated, we first had to develop appropriate theory
that includes effect of strain on bands and piezo-as well as spontaneous- electric fields. In this
report, we present our recent progress on theory/simulation and experimental
accomplishments. We also explain our research map to go from the mid-infrared range to the
THz one. The goa of demonstrating a THz emission with a quantum cascade structure based
on Il1-Nitride material is investigated with different methods. We are currently working on
absorption and emission by optical pumping for alight-matter coupling. In the same time, we
are working on transport and resonant tunneling in GaN/AlGaN material. This carrier
transport is a key requirement to realize a good emitting structure. For the moment, the
increase of the wavelength is proposed by different designs for the absorption and for the
optical pumping.

Base upon our developed theory, we came up with a design for ISB absorption at 1.55
um. However, achieving ISB transitions via MOCVD grown I11-Nitride materia required
development of a new pulsing technique specifically designed targeting GaN/AIN
superlattices. This unique pulsing technique enabled us to achieve high optical and structural
quality SLs characterized by atomic force microscopy, scanning electron microscopy,
photoluminescence, and X-ray diffraction.® After this world's first demonstration of 1SB at
1.5 um?®, we have developed the theory, and came up with a design for 1SB absorption at 5.3
um. Achieving ISB transitions in mid-infrared range required development high quality
growth technique specifically designed targeting GaN/AIGaN superlattices. In conclusion, we
have demonstrated I1SB transitions from 1.5 to 5.3 um for the first time in the world by
MOCVD.*

This report is composed of two main parts. The simulation & design section concentrates
on our primary designs. This section tries to show how we interpret the experimenta results
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and in the same time give some designs and propositions for the next stage of emission in
particular. The second main part, concentrates on the actual results obtained with high quality
material grown by MOCVD. These results are for the moment focused on absorption
measurements. At the end a future work section summarizes our plans for moving forward
and realizing |SB lasers.

2.Simulation and Design

Realizing a THz quantum cascade laser based on I11-Nitride multi-quantum-well structure
requires understanding both the material characteristics as well as the device performance
factors. A complete theory and simulation background is thus necessary to develop device
designs and understand the material system of GaN/AlGaN. A quantum cascade laser is
composed of three different steps, the injection, the emission and the extraction. Each step is
independent physics-wise, and requires extensive study to realize an optimum design.
However, they can be treated separately before integration into the final laser structure. The
emission is studied by both absorption measurements and optical pumping measurements. To
study the injection and tunneling, we are devel oping a resonant tunneling diode (RTD). In this
section, we present the different device designs we are developing to help demonstrate the
three different steps of a QCL, the injection, the emission, and the extraction. At thistime, this
work is largely targeting an intermediate wavelength. However the experience, technological
development, and other skills we are developing in this work, are applicable to longer
wavelengths. Once a solid basis is developed we will work on extending our results towards
THz regime. In this section we explain the current status of our work and our approach for
reaching the THz regime.

2.1. Intersubband Absorption

Intersubband absorption measurement is a primary means to demonstrate intersubband
optical transitions in our GaN/AIGaN material.’> This experiment is a first step to precisely
know if our materia quality and superlattice interfaces are good enough to form intersubband
levels.

In order to measure the intersubband absorption we send a broad spectral range source
(black body) towards the multi quantum well structure and collect the light from the other
end. Using a FTIR we can collect the spectrum of the light transmitted through the sample,
normalizing to the background spectrum we can determine the absorption. Using s- or p-
polarized light, the absorption thanks to the MQW intersubbands are identified. The absorbed
light energy should correspond to the energy between the two confined electronic states of the
well. As a consegquence, we should see the intersubband absorption via this transmission
experiment. A more detailed description of the measurements are included in the
experimental section (Section 3.7).

This experimental step is crucial to validate our simulation/design as well as the material
guality. As a consequence, this primary experiment will have to be done for each aluminum



content studied. However, moving straight to THz is difficult due to absorption of Sapphire at
THz wavelengths requiring substrate removal (discussed more in Section 3.1)

2.1.1 Intersubband Absorption at Short Wavelengths (1-2 pum)

The aluminum content of the first structure we studied corresponds to a GaN well and
AIN barrier (i.e. a binary-binary superlattice). This material has been chosen for the high
capability in CQD to grow such material by MOCVD. This first experiment serves as an
initial demonstration to validate our approach to reach longer wavelength and move into the
THz range.

The band offset between AIN and GaN is Egse = 1.75€V. In absence of an external
electrical field and of any deformation due to stress, the hexagona wurtzite phase exhibits
(polarization along the [0001] axis) so called spontaneous polarization (Pg,). Simply because
at the microscopic scale, the centers of gravity of charges of opposite signs are not in the
center of the bound. In addition, due to the lattice mismatch (2.4%) between the superlattice
layers, a piezoelectric polarization appears in GaN/AIN multi quantum well structure. It is
necessary to take both of these effects into account in our simulations. Our simulation achives
this via the introduction of an internal electric field applied to the wells and to the barriers.
Figure 1 presents the conduction band of a superlattice with 17 A GaN wells and 30 A AIN
barriers. This multi quantum well structure's band profile shows the significant effect of this
internal electric field creating a triangular shape to the wells. In this figure, we represent the
square moduli of the wavefunctions of the multi quantum well structure. We find out two
bound states in the quantum well separated by AE = 830meV. The vertical red arrows
correspond to the intersubband absorption. Experimental results are described in Section 3.7.

2.0
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Figure 1: Band diagram of a muti-quantum well structure consisting of 17 A thick GaN
wells and 30 A thick AIN barriers.



2.1.2 I ntersubband Absorption at Longer Wavelengths (3-6 pm)

With GaN/AIN material, the absorption limitation is about A = 2.5 um. In order to reach
longer wavelength and consequently to reach THz (30-200pum), we need to change the
aluminum content of the barrier.® Indeed, decreasing the aluminum content leads to decrease
the well/barrier band offset. For example, with a 33% aluminum content the band offset is
Eottset = 0.58eV. Figure 2 presents the band diagram of a a multi quantum well structure with
20 A GaN wells and 40 A Alg33Gage/N barriers. Two bound states are present in each
guantum well separated by an energy of AE = 410meV, which corresponds to an intersubband
absorption at 3 um. This structure is an important step in our research project because we are
switching from GaN/AIN to GaN/AlGaN. Going from binary-binary to binary-ternary
interfaces complicates the growth. The growth quality needs to be optimized to obtain a good
guality GaN/AlGaN multi-quantum well material.

Enargy (o¥)

-300 400 40D

AE 41 0meV 2

Figure 2: Band diagram of a multi quantum well structure with well in GaN of 20 A and
barriersin Algs3Gag /N of 40 A.

With such an auminum content, we can design structures in the mid-infrared range, 3-
6um. For longer wavelength, we need to decrease again the aluminum content further. The
development of lower aluminum content AlGaN/GaN superlattice is currently in progress,
and the preliminary results are discussed in the experimental section (Section 3.5).

In parallel to these absorption measurements, we are also developing other experiments
to observe intersubband emission, rather than absorption, of light. This approach is presented
in Section 2.4.

2.2. Photoluminescence
Photoluminescence (PL) is a powerful tool to characterize a multi quantum well
structure. This experiment alows us to determine the difference in energy between the



confined states in the conduction and valence bands. In the experimental section (Sub-Section
3.4.5), we present additional PL results obtained for our GaN/AIN structures.

Photoluminescence is largely an inter band phenomena, as such in order to understand he
PL it is necessary to also model the behavior of the valence band. We performed simulations
of the PL energy calculating the confined energy of the heavy hole in the valence band and
the first electronic confined state in the conduction band.

|
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Figure 3: Photoluminescence spectra of 7.5 A GaN well and 30 A AIN barrier multiquatum
well structure. Simulation of a 7.5 A GaN well and 30 A AIN barriers

Figure 3 above shows the good agreement between theory and experiment. The
experimental PL energy is located at 4.51eV and the calculated one is 4.57eV. The small
difference of only 60 meV is attributed to the uncertainty of the well and barrier widths.

For samples with different capping layers (see Sub-Section 3.4.5), we found an
increasing wavelength PL peak intensity by increasing the cap layer thickness. With
increasing capping layer thickness, the peak position also blue-shifts. Structurally, the sample
also becomes more cracked with thicker AIN capping due to strain-relief mechanism. We are
currently trying to interpret this blue-shift by an effect of strain reduction due to crack
formation..

In conclusion, PL measurement can be a useful tool to characterize the confinement and
the design of the quantum well structure, but in the same time, we may evaluate the strain
between the GaN and AIN layers in our superlattice’” We have redized a reliable
theory/simulation to correlate the experimental PL results with the theoretical calculations.

2.3. Polar vs. Non-Polar Growth Orientations
As discussed above, the large spontaneous and piezoelectric polarizations inherent in
polar c-plane growth have a significant effect on the resulting band structure. The use of
different growth planes for the intersubband experiments has been proposed since the
beginning of the studies on GaN/AlGaN material. The fabrication of high-quality nitride
9



epitaxial layers, grown in either (0001) c- or, more recently, non-polar {1150} a- and {JleO}
m-plane directions (Figure 4) using either GaN templates, free-standing GaN substrates,
and/or LiAlO, substrates have been reported.®

The growth orientation has strong electronic implications when it comes to nitride
superlattices and quantum wells. The intrinsic property of GaN-based structures grown aong
the main symmetry direction c-plane is a large electric field induced by piezoelectric and
spontaneous polarization, which significantly alters the conduction band profile (as presented
in the absorption section, Section 2.1). On the other hand, the non-polar m- and a-plane
orientations of the crystal cancel the spontaneous polarization and therefore considerably
lower the intrinsic electric field strength, making the design less sensitive to variations of the
polarization fields. Another advantage of using a non polar growth orientation could be
decreased tunneling across the barriers — one consequence of the high electric fields could be
the increase of the tunneling mechanisms across the barriers, which may have a negative
impact on intersubband emitters.’

¢-plane (0001) m-plana (1100)

. A’f"k——l—. .
RS i3 1 et
A Jﬂ o . y [0010) # '

Figure 4: Crystallographic structure of GaN and AIN. Sketch of the crystallographic plane.

Several groups have demonstrated that GaN-based quantum wells grown on the nonpolar
m- and a-planes exhibit photoluminescence characteristics that are consistent with a lack of
polarization-induced electric fields. The emission wavelength from an m-plane heterostructure
was blue-shifted relative to the comparable structure grown on c-plane GaN. Furthermore, the
radiative lifetimes in the m-plane structure were one to two orders of magnitude shorter than
for the c-plane structure.

We performed simulations in both cases, one taking into account the internal electric field
due to the spontaneous and piezoel ectric effects and another one without any internal electric
field. A comparison of the two structuresis shown below in Figure 5.
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Figure 5: Band diagram and square moduli of the wavefunctions for a 30 A GaN well and
40 A Alg33GagesN multiquantum well structure with (without) the effect of internal electric
field on left (on right).

In Figure 5, the interest in growing on a non-polar plane is clearly demonstrated. First,
the effective barrier width for the second level in the quantum well is thinner in the case of
multi quantum wells grown on a c-plane than on plane without internal electric field. As a
consequence, the confinement potential for the high lying energy levels is reduced due to
tunneling through the triangular barriers due to the internal electric field. Secondly is negative
argument of c-plane growth: as represented in Figure 5, the wavefunctions are distorted in
presence of an internal eectric field. The shape of the wavefunctions is not symmetric
anymore regarding the center of the quantum well. As a consequence, the optical dipole
matrix element of the intersubband transition is decreased and leads to a lower optical
coupling. To finish with, the last argument in favor of a- and m-plane growth concerns the
ability to design structures with an important number of quantum wells. In conventional THz
guantum cascade laser, one period is composed of at least four quantum wells, however the
design can be much more complicated in order to obtain the best injection and extraction
which lead to high performance lasing effect.

In the experimental/growth section, we develop our current research status for these
different growth planes.

2.4. Optical pumping experiments

We have aready started a theoretical study to design an optically pumped structure. This
experiment should be the first demonstration of an intersubband emission with a GaN/AIN
structure. In a similar approach as for the absorption, we are using a GaN well and AIN
barrier to growth availability (this may change as the AlIGaN/GaN structures are optimized).
Asafirst step, we expect to observe spontaneous emission, after which a stimulated emission.
Due to the GaN/AIN SL materials used, we expect to design a structure emitting in the near-
infrared region, in order to demonstrate our capability to observe an intersubband emission
and validate our experimental set-up.

11



The principal of optical pumping is bringing electrons into the upper e ectronic subband
via absorption of light from an externa laser source. The excited electron, on an upper
subband, is expected to relax in a lower subband radiatively. To realize the optica pumping
experiments in an intersubband structure, there are two methods. First is to pump the electron
from the valence band to the conduction band, that is to say an interband pumping, in our
material with a Cadmium vapor laser whose wavelength is around 3.6 €V. Second method is
to use a laser with a wavelength fitted for an intersubband pumping from a subband in the
conduction band to another subband in the same band. In the section, we will discuss the best
way to follow via quantum efficiency.

2.4.1 Design of different structures

Figure 6 represents the first design proposed for an intersubband emission with GaN/AIN
material by optical pumping of the subband levels. In this figure, we represent a vertica
straight arrow which corresponds to the intersubband pumping process for subband 2 to
subband 9. Emission is designed to occur between subbands 9 and 7, which leads to an
emission around 1.65um. After emission, electrons are extracted from this lower level by a
primary cascade. For the moment, the extraction is not fully studied. In this configuration, for
the intersubband pumping, we need to use a Y AG laser (pump around 1.12 pm).
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Figure 6: Optical pumping design emitting at 1.65um. We represent the conduction band
and the square moduli of the wavefunctions, the red straight arrow correspondsto the
intersubband pumping from subband 2 to 9, the wavy arrow stands for the radiative
emission and the blue arrows corresponds to the extraction of carriersfrom the lower
subband.

The second structure, we have designed, is made of barriers with a lower aluminum
content, designed for longer wavelength emission. In order to reach longer wavelength we are
using Alo33Gaye7N barriers and GaN wells.
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Figure 7 : Optical pumping design emitting at 7 um. We represent the conduction band and
the square moduli of the wavefunctions, the yellow straight arrow corresponds to the
interband pumping from the valence band to a subband of the conduction one, the wavy
arrow stands for the radiative emission and the blue arrows corresponds to the extraction of
carriersfrom the lower subband.

Asin the absorption experiment, changing the aluminum content leads to a different band
offset between the barriers and the wells. Figure 7 represents the conduction band of the multi
guantum well structure and the square moduli of the wave function. Pumping is expected to
occur from the valence band to the upper subband in the conduction band. Emission occurs
between two subband spaced in energy of 170meV which corresponds to 7um. The extraction
is achieved by emission of LO-phonon. This design is still under progress especially to reach
different wavelengths with the same aluminum content. The pumping part is not optimized
yet.

2.4.2 Quantum efficiency
The quantum efficiency is defined for such an experiment by the following expression™:

A T
A, T8

e

n=a

where a is the absorption coefficient in the multipass waveguide, 4, the wavelength of the
pump, Ae the wavelength of emission, 7z the lifetime of the upper level of the radiative
transition and 73, the radiative lifetime transition, reported to be 27 ns.

Using this expression, we first observe that the quantum efficiency is directly linked to
both wavelengths of pump and emission. Obviously, the pump wavelength has to be higher
than the emitted one, but the closer it is, the higher the quantum efficiency. So preferably, we
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would want to use intersubband pumping compared to the interband one. Intersubband
pumping also avoids over-filling the lower subbands

For the first design, targeted to emit at 1.65 pm, the quantum efficiency is calculated. We
determine the scattering lifetime of subband involved in the radiative transition. We assume,
in a first approximation, the main scattering process is the emission of LO-phonon from the
upper level to the lower ones. We calculate the scattering time thanks to this expression™:

1_mea, s I L AN AC)
T 2n’e, 45 Q

where Q= (k*+k? — 2k k, cosg)"?

With k? = k* + —-hw)
Theresults are in the following table:
Ui (sY 9-7 9-4 9-2 ‘ 7-4 ‘ 7-2
LO phonon 4.5 24 58 7.7 2.6
scattering 10% 10% 10" 10% 10"

Table 1: Scattering time for from subband i to subband j by emission of LO-phonon

Thanks to these results, for the particular structure presented in Figure 6, we find a
quantum efficiency of n = 0.35uW/W.

2.4.3 Experimental set-up

This experiment has never been realized in the CQD. As a consequence, we need to build
a setup and adapt it to the intersubband specificities. For the intersubband pumping, we need
to send the light into one facet of the sample and collect the emitted light from the other facet.

14



/ = Laser

Spectro

|
|
| |
|
l \
1
[ {

———

- — —
Q"II‘I‘I1'\IP I\nlrl::\-r -

Figure 8 : Sketch of the optical pumping set-up for an intersubband pump and
intersubband emission

The design of this setup is still under consideration, however a preliminary layout is
shown above in Figure 8. We plan to make this experiment at low temperature in order to
remove most of the thermal excitation, so we are in the process of buying a new cryostat with
appropriate windows. This requires the windows be a close as possible to the sample, and
that they be suitable for THz transmission as we move to longer wavelengths.

Processing of such a device has still to be clarified. We may form cavities as in other
semiconductor lasers.

2.5. Resonant tunneling diode (RTD)

The redization of a resonant tunneling diode is an important experiment to provide
evidence for the transport in a quantum structure. This point has to be demonstrated and
studied with GaN/AlGaN material because it is a key parameter for the realization of a
quantum cascade laser in GaN/AlGaN. It is actually resonant tunneling which allows the QCL
stages to be chained together and allows injection of carriersinto upper subband.

The principle of a resonant tunneling diode is depicted in Figure 9 below. A resonant
tunneling diode corresponds to one quantum well between two heavily doped layers. When an
electric field is applied, the current flowing through the structure increases to reach a peak
(Ipeak)- In @ second step, there is a negative differentia resistance to reach a current lyaiey. The
observation of this peak and valley current is the main experimental evidence for the resonant
tunneling occurring in the diode.
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Figure 9 : Sketch of aresonant tunneling diode under different electric field

2.5.1 RTD Design

We took areported design made out of GaN/AIN?, with 300nm GaN Si doped 5x10'%cm
3 10A AIN / 7.5A GaN undoped / 10A AIN 500nm GaN Si doped 5x10*¥cm™ on an AIN
buffer layer and on sapphire.

Figure 10: Band structure of an RTD and the square moduli of the wave function for a
300nm GaN Si doped 5x10"%cm, 10A AIN / 7.5A GaN undoped / 10A AIN 500nm GaN Si
doped 5x10"cm™ on an AIN buffer layer and on sapphire.
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Figure 10 represents the conduction band of the resonant tunneling diode and the square
moduli of the wavefunction. This figure just represents the quantum well confinement and
does not take into account the doping level in the contact layers. We need to develop a self
consistent Schrédinger-Poisson simulation to be able to entirely calculate this structure. This
program is the main part of our future work for the simulation section.

2.5.2 Realization of the RTD

Our first attempt to realize a RTD was using a GaN/AIN material due to the growth
maturity of it in CQD. This design is made of thin AIN barriers and a 7.5A thick GaN well.
The sharpness of the interfaces between the two materials is a key parameter for the success
of this experiment. As presented in Figure 11, the first growth presented a high surface
roughness (9 A) after the growth of the active layer. This value is higher than the well width,
so we have serious doubt about the presence of quantum well in this structure. As such, the
first results are inconclusive. Soon, we will redo the experiment. In the same time, we will
focus our attention on lower auminum content barrier RTDs. Lower barriers has the
advantage of reducing the strain between the wells and barriers making it easier to realize
better interface for such thin layers.

Roughness Analysis

Image Statistics

Img. Z range 8.056 nm
Ing. Mean 0.00003 nmu
Img. Raw mean 0.00003 nm
0.50 Ing. Rws CRql 0.911 nm
Imy. Ra 0.685 nm
Ing. RWax 8,096 nmM
Img. Srf. area 1.009 pw’
Img. Srf. area diff 0.928 x

.25 Bou Statistics
Rus CRq2
HMean roughness (Ral

Max height CRmax)
Max peak ht [(Rp)

T o
1] 0.25 0.50 . 1.00pm

Figure 11 : Roughness analysis for the RTD sample after the active region growth (10A
AIN / 7.5A GaN undoped / 10A AIN 500nm GaN Si doped 5x10"®cm™ on an AIN buffer
layer and on sapphire)

2.6. Conclusion

In conclusion, we are developing different experiments to realize a THz quantum cascade
structure. We are validating our approach and our material by measuring the intersubband
absorption for different aluminum contents. At the same time, we are developing a new
experiment to observe an intersubband emission in a nitride structure by optical pumping.
And finally, resonant tunneling in order to successfully demonstrate injection for a quantum
cascade laser will be investigated viaRTD devel opment.
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Concerning the ssimulation and design part, we have to improve our model by coupling
the Schrodinger and Poisson equations in order to take into account the doping effect in our
structure. Thisimprovement is necessary not only for the absorption measurement but also for
the optical pumping structures. We need to develop and simulate more designs to emit from
the near infrared range to the far infrared one.

In a near future, we need to design and develop electrical pumping structure for the
emission with different aluminum content and finally find the best one, in terms of material
quality to reach the THz range.

3. Experimental approach

A pulsed metal-organic chemical vapor deposition technique has been developed for the
growth of high quality AIN/GaN superlattices (SL) with intersubband transitions at optical
communications wavelengths. The tunability of the AIN and GaN layers thickness is
demonstrated. Indium is aso shown to act as a surfactant and help improve the SL surface and
structural quality. Using this technique, we have grown a variety of different superlattice
structures for intersubband absorption. We have also investigated the effects of capping this
superlattice. The superlattice capping layer thickness is shown to be crucial for intersubband
(ISB) transition characteristics. We have also studied the effects of barrier- and well-doping
on the | SB absorption.

3.1. Substrate Investigation: Transmission of Sapphire and SiC templates

In the near infrared range, the template consists of a high-quality AIN layer grown on
double-side polished (001) sapphire substrate. We have investigated the absorption of our
template using a Fourier transform infrared spectrometer. In performing this investigation a
strong absorption was notices at the wavelengths of interest. This absorption was deduced to
arise form the sapphire substrate. Figure 12 represents the transmission spectrum of a
sapphire substrate in the range 1 um to 27 um. The light is observed to be totally observed in
the range from 7.5 um to 26um. As a consequence, the use of sapphire substrates is not
suitable for a continuous study from near-infrared to the THz range. Additionally since
effective optical wave-guiding at THz wavelengths is difficult to achieve with out the use of
metal waveguides, the substrate will become past of the laser cavity. Thus, if sapphireis used
as a substrate, it will be necessary to completely remove the substrate during the processing
(discussed in more detail in Section 0).

However, we have studied another substrate material suitable for the GaN/AlGaN growth
— 6H-SIC. We used the same technique to measure the transmission in the range 1um to
60um. This materia absorbs in a windows from 6um to 14um. For the same reason as for
Sapphire, this substrate is not suitable for a continuous study (increasing continuously the
wavelength) as described in the ssimulation section. However, it may prove promising at THz
wavelengths.
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Figure 12: Transmission spectra of a sapphire substrate from 1um to 27um.
Transmission spectra of a SiC substrate from 1um to 60um.

Due to the substrate issues, and the desire to investigate non-polar device designs, we
have decided to purchase GaN substrates. We have ordered c-, a, and m-plane GaN
substrates from Kyma Tech. The substrates were recently received and growth optimizations
are in progress. Meanwhile, we are improving the active layer growths on c-plane sapphire
substrates.

3.2. Growth of Very High Quality AIN/Sapphire Templates

We have developed a novel pulsing technique to realize high quality AIN on sapphire.
Optimization of the low temperature buffer layer is realized in harmony with the pulsing
parameters (such as deposition times and flow rates).

10 pm 5 um I pm

0 0 0
Figure 13: AFM images of high quality AIN grown on sapphire. (a) (10 pm x 10 pum), (b) (5

MM X 5 pum), and (c) (1 um x 1 pm) areas have root mean sguare (RMS) roughness of 1.38,
1.33 and 1.35 A, respectively

Figure 13 shows the AFM images of high quality AIN grown by our pulsing technique.

The root-mean-sgquare (RMS) of (10 um x10 pm), (5 pm x5 pm), and (1 pm x1 pm) is 1.38,
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1.33, and 1.35 A, respectively. The atomic steps and their clear parallel orientation are seen in
Figure 13 that demonstrates the atomic smoothness.

Photoluminescence and X-ray diffraction studies are realized, and shown in Figure 14.
Inset shows the symmetric (002) (full-width-at-half-maximum (FWHM) of 40 arcsec) and
asymmetric (105) (FWHM of 142 arcsec) omega/2theta scan of the AIN/sapphire template.
These values are the state-of-the art results that enabled us to achieve high quality materials.
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Figure 14: Room temperature normalized photoluminescence of high quality AIN/sapphire
template. I nset shows the symmetric (002) (full-width-at-half-maximum (FWHM) of 40
arcsec) and asymmetric (105) (FWHM of 142 arcsec) omega/2theta scan of the
AlN/sapphire template.

3.3. Regrowth of Very High Quality GaN on AIN/Sapphire Templates

We have realized high quality GaN regrowth on our novel AIN/Sapphire templates. For
the sake of comparison, GaN samples were grown on AIN/LT-AIN buffer/sapphire templates
and directly on LT-GaN buffer/sapphire substrates. Table 1 shows the electrical and structural
properties of GaN layers deposited on both templates. Higher mobility and lower X-ray full-
width-at-half-maximum (FWHM) indicates the superior quality of GaN on AIN/LT-AIN
buffer/sapphire templates over on LT-GaN buffer/sapphire ones.*® Atomic force microscopy
(AFM) aso demonstrates much smoother surface with clear evidence of atomic steps for
GaN/AlIN/sapphire (Figure 15).
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Table 1. Properties of unintentionally doped GaN on L T-GaN buffer/sapphire and
AIN/LT-AIN buffer/sapphire.

Unintentionally Background Mobility (002) RMS  Surface
doped GaN on Carr. Conc. (cm™) | (cm?/V-s) FWHM (arcsec) | Roughness (A)
LT-GaN -1.95x10" 188 380 2.14
buffer/sapphire
AIN/LT-AIN -4.25x10™ 541 220 1.74
buffer/sapphire
10 um 5 um I um

Figure 15: AFM images of high quality GaN grown on AlN/sapphire. (a) (10 um x 10 pm),
(b) (5pm x5 pum), and (c) (1 um x 1 pm) areas have root mean square (RMS) roughness of
3.47, 2.44 and 1.27 A, respectively.

3.4. Growth of AIN/GaN Superlattices

Molecular beam epitaxy has been successfully used to realize intersubband AIN/GaN SLs
absorbing at optical communications wavelengths. However, there are very few reports of
intersubband absorption in metalorganic chemica vapor deposition (MOCVD) grown
AIN/GaN SLs, especialy in the in near-infrared, and even fewer leading to absorption lower
than 2 um. Today, most nitride based commercial optoelectronic devices are grown by
MOCVD, and that is the growth technique available to us to complete this project. Thus, there
isawide interest to realize high quality 1SB absorption by MOCVD.

3.4.1 Overview of the Pulsed Growth Technique

AIN/GaN SL, despite the lattice mismatch of 2.4%, can be realized crack-free and be
grown pseudomorphically.** However I11-Nitrides are piezoelectric materials, in conventional
c-plane growth; these highly strained layers generate multi-MV/cm electric fields.*® Thus,
interface or SL thickness fluctuations degrade the absorption quality significantly.'® Another
problem is AIN/GaN or GaN/AIN interface stability, and their dependence on (GaN or AIN)
template.'®'” Moreover, the embedded GaN layer gets thinner during subsequent AIN
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growth.’®* All these observations necessitate further MOCVD growth studies. To overcome
the limitations of MOCVD growth, we propose and analyze a novel pulsed deposition
technique for realizing AIN/GaN SLs, and demonstrate |1SB absorption at telecommunication
wavelengths.

Using conventional MOCVD growth, parasitic pre-reactions ° between the TMAI and
NH; necessitate lower pressures and smaller V/III ratios. The lack of auminum adatom
mobility aso urges higher growth temperatures for AIN growth. In contrast, GaN typically
obtains higher quality when grown under higher pressures and larger V/III ratios with
moderate temperatures. The challenge in realizing high-quality SLs for 1SB transitions is to
find growth conditions that work simultaneously for both of these materials and yield well
defined interfaces. One way to deposit GaN with a high V/III ratio while decreasing the
parasitic pre-reactions when depositing AIN, is to use temporal separation of TMAI and NH3
(or pulsing). This enhances the surface adatom migration of both the GaN and AIN and
maximizes the growth efficiency.?
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Figure 16: The growth sequence of AIN/GaN SL. One period consists of two main
deposition phases: (1) AIN deposition, which isrealized via pulsing TMAI and NH3to
enhance aluminum adatom mobility (steps (1) and (11)), and (2) conventional GaN
deposition (step (111)), which isrealized by conventionally supplying TMGa and NH3
simultaneously. Step |V nitridizes the surface. 2
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The proposed SL deposition technique has two stages AIN grows, and GaN growth which
each consist of two different steps for a total of four different steps as shown in Figure 16:
Steps (1) and (11) result in AIN deposition, and may be repeated several times to obtain thicker
AIN layers. The separate introduction of the group Il and V precursors into the growth
chamber in an aternating sequence enhances the diffusion length of aluminum adatoms
leading to higher quality material. Step (I11) deposits GaN using conventional bulk deposition
to ensure a high V/11I ratio. Step (V) nitridizes the surface before aluminum deposition for
the next SL period. This step prepares the surface for AIN regrowth by eliminating the excess
galium on the interface that may otherwise form an AlGaN interlayer, thus degrading the
interface sharpness. Thicker GaN layers may be realized by either varying the length of the
bulk-like growth step (Step (111)) or by repeating steps (111) and (1V). By using this pulsed SL
deposition technique, the V/111 ratio for AIN is decreased whereas that of GaN is maximized.
This allows for a much higher AIN growth rate and aluminum adatom mobility than would be
achieved with conventional growth. A typical sketch of the SL is given in the inset of Figure
18(a).

3.4.2 Effects of Indium on the SL Quality

In order to further enhance the adatom mobility and realize high-quality SLs, the use of
indium (as a non-incorporating surfactant) is investigated. TMIn, is supplied along with
TMAI and TMGa, as shown in Figure 16, to increase the mobility of the aluminum and
gallium adatoms.

Figure 17. Left) the (1um x 1um) AFM of the SL surface without TMIn, Right) the (1um x
1um) AFM of the SL surface with TMIn.

Figure 17 show the atomic force microscopy (AFM) images of the surface of a SL grown
without and with TMIn flow, respectively. The (1um x 1pm) root-mean-square roughness
decreased from 1.6 to 1.2 A with the introduction of an indium surfactant. The dark spots in
the AFM, corresponding to surface termination of screw-type dislocations, also decreased. In
order to assess the structural properties, open detector omega/2theta (002) X-ray diffraction
(XRD) scans are performed. When TMIn isintroduced as in Figure 16, the full-width-at-half-

23



maximum of the first and second order SL satellite peaks decrease significantly. All these
results demonstrate that indium acts as a surfactant (indium incorporation is less than %2) and
improves the overall SL quality using this technique.

3.4.3 Tunability of AIN and GaN Layersin the SL

Tunability of the well (GaN) and barrier (AIN) thickness are studied by growing
AIN/GaN SL (as in Figure 18(a) inset) via varying the number of AIN pulses (steps (1) and
steps (I1)), GaN pulses (Steps (111) and (1V)) or the amount of GaN deposition time (for a
single GaN pulse). XRD is used to characterize the SL. The angular separation between
satellite peaks are used to calculate the SL period.?” The average aluminum composition was
calculated via X, = (Cuyau — Co J/(Co = Co ) Where C2,and C, are the free-standing
lattice parameters of GaN and AIN, and C,.,, is the average lattice constant of the SL

determined from X-ray analysis.?
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Figure 18: (a) AIN thickness versus number of AIN pulsesfor TMAI duration of 2 sec.

I nset shows a cross-sectional diagram of a SL. (b) GaN thickness versus number of GaN
pulsesfor TMGa duration of 2 sec. I nset showsthe (1um x 1um) AFM SL surface without
TMIn, (c) GaN thickness versus TMGa duration for a single GaN pulse. I nset showsthe
(Ipm x 1pum) AFM SL surface with TMIn.

Fifty periods of various SL samples are grown, and layer thicknesses are deducted. The
Figure 18(a) displays the AIN thickness dependency on number of AIN pulses. Similarly,
GaN thickness dependency on GaN pulses and GaN deposition time are plotted in Figure
18(b) and (c), respectively. AIN (or GaN) thickness was found to be a linear function of AIN
(or GaN) pulses. However, the linear fit to GaN thickness (Figure 18(b)(c)) intersect ordinate
below abscissa which is attributed to the thinning of the GaN wells at high temperatures while
AIN is being deposited.18 Consequently, for the linear fit to AIN thickness (Figure 18(a)), the
intersection with ordinate is above abscissa. However, a linear deposition growth rate with
respect to AIN (or GaN) pulses and GaN deposition time is determined that makes this
technique feasible for controllable AIN/GaN SL.

Realizing different 1SB devices requires tunability of the individual well (GaN) layer for
a constant barrier (AIN) thickness. Keeping the AIN barrier thickness at 3.1+0.2 nm, we have
varied the GaN thickness as 0.8, 2.6 and 3.5£0.2 nm via changing the GaN deposition time
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from 4, 9, and 11 seconds, respectively. XRD was employed to evaluate GaN and AIN
thicknesses of the SLs. Fine satellite peaks were observed as shown in Figure 19 below.
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Figure 19: (002) Omega/2Theta XRD scans of (a) 50 periods of {0.8 nm GaN with 3.1 nm
AIN} (b) 50 periods of {2.6 nm GaN with 3.1 nm AIN} (c) 50 periods of {3.5 nm GaN with
3.1 nm AIN}.

3.4.4 Effects of Doping on Optical and Structural Quality

Doping the well n-type is realized via the introduction of SiH, aong with the
metal organic cation sources (Steps (1) and (111)). SLs with the same amount of dopants either
in the barrier- or well- are grown and no significant structural differences were observed by
XRD or AFM.
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Figure 20 : (002) Omega/2Theta XRD of 50 period of {1.9 nm-thick GaN with 3.1-nm thick
AIN} for different well n-doping levels.
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In order to study the effect of doping on ISB absorption and assess the SL quality grown
by our technique, we have grown 50 periods of {1.9 nm GaN with 3.1 nm AIN} SL on 600
nm AIN/c-sapphire with well doping levels of non-intentionally-doped ~10'°, slightly-doped
10", and highly doped 10" cm™. Figure 20 above shows the (002) XRD Omega/2Theta scan
for the SLs with different doping levels. No significant structural degradation with well-
doping is observed.

3.4.5 Effects of Capping on the Optical and Structural Quality

The capping of the SL (50 periods of {1.8 nm-thick GaN / 3.1-nm thick AIN}) has been
studied via photoluminescence (PL). Room temperature PL measurements are realized via
frequency doubled Argon-lon laser at 244 nm. Figure 21 shows the PL spectra of uncapped,
30, and 100 nm (AIN) capped SLs whereas inset shows the XRD (002) omega/2Theta scans.
Uncapped SLs are crack-free whereas few edge cracks are observed for the 30 nm capping,
and become more prominent for the 100 nm capping (not shown). Thus, the significant blue
shift observed with increasing capping is attributed to partial strain relief via crack-formation.
Consequently, XRD satellite peaks are better defined for (crack-free) uncapped sample with
respect to (cracked) capped ones. With the crack-formation, no significant period change is
observed, however, the 0" order peak of SL moved towards the AIN template peak — an
indicator of strain relief occurring. The PL intensity increases for capped SLs, which we
attribute to the partial doping effect via band-bending due to the AIN capping layer.®
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Figure 21: Room temperature PL of 50 period {1.8 nm-thick GaN / 3.1 nm-thick AIN} SL
with different AIN capping thicknesses (uncapped, 30, and 100 nm). I nset shows (002)
omega/2theta XRD of the SL with the different capping thicknesses.
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3.5. Effects of Growth Temperature and GaN Well Width on the Optical
and Structural Quality

Room temperature photoluminescence (PL) measurements are realized via frequency
doubled Argon-lon laser at 244 nm. Figure 22 shows the room temperature PL intensity as a
function of wavelength for 50 periods of {1.5-nm-thick GaN/3-nm-thick AIN} grown at three
different Ts (900, 970, 1035°C). A blueshift and an intensity decrease in PL with decreasing
SL growth temperature are observed. Figure 22 inset displays the dependency of PL energy
and intensity on GaN well width (for a constant 3.0-nm-thick AIN barrier). A decrease in PL
energy and intensity is observed as well gets thicker. This behavior is characteristic of
strained material. In a strained material, as the well thickness increases, the electron and hole
wave functions are confined in the triangular part of the well due to the quantum-confined
Stark effect. As a consequence, the overlap between the two wavefunctions decreases
resulting in decreased recombination efficiency and thus PL intensity.
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Figure 22: Room temperature photoluminescence intensity as a function of wavelength for
three different growth temperatures, 900, 970 and 1035°C for 50 periods of {1.5-nm-thick
GaN/3-nm-thick AIN}. Wells are n-doped to 1x10"®cm, I nset shows the experimental (and
calculated) photoluminescence energy as a function of well width (for the same barrier
thickness and growth temperature (Ts) of 1035°C).

A theoretical model is developed to simulate inter- and intersub-band energy levels to
compare with the experimental observations.®* The model solves the Schrodinger equation
taking into account the band non-parabolicity using the energy-dependent effective-mass
approach in the highly strained band profile. Parameters used for the ssimulation are the
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conduction and valence band offsets, the energy bandgap, and the strain. The strain is taken
into account by applying an internal electric field to the wells and barriers. The superlattice is
aperiodic structure, thus the internal electric fields applied to the GaN wells and AIN barriers
depends on the polarization discontinuity, and the well and barrier thicknesses??%
Polarization constants for the binary well and barrier are taken from reference [27]. Figure 22
inset displays the experimental and theoretical PL energy as afunction of the GaN well width.
The interband simulations and PL experiments are in reasonably good agreement, however, a
shift in energy between simulation and experiments is observed. This discrepancy of our
experimental results with theory can be accounted for strain non-uniformities and interface
guality. The simulation assumes a uniform strain across the structure whereas in redlity,
partial relaxations shall occur at the AIN-GaN interfaces leading to interfacial roughness.
Another reason for interface degradation is GaN thinning, which will be addressed in the next
sessions.
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Figure 23: (002) omega/2theta XRD of the SL with four well thicknesses (all n-doped of
1x10%%cm™) of 1.5, 2.7, 4.3 and 7.0 nm, employing 3-nm-thick barrier thickness. All SL are
grown at growth temperature (Ts) of 1035°C (solid). The XRD of 1.5- and 2.7-nm-thick
wells grown at 900°C are also shown (dashed). I nset shows the GaN thickness as a function
GaN deposition time for three different growth temperatures, 900, 970 and 1035°C.

X-ray diffraction studies were realized by high resolution Panalyticalk MPD-Pro
system. Figure 23 shows the (002) omega/2theta XRD scans of the SLs with different well
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thicknesses (1.5, 2.7, 4.3, and 7.0 nm) grown at 1035°C (solid line). For the well thicknesses
of 1.5 and 2.7 nm, XRD scans of SLs grown at 900°C are also plotted. The satellite peaks are
observed to be narrower for the SLs grown at lower Ts. Figure 23 inset displays the GaN
thickness dependency on GaN deposition time. Fifty periods of various SL samples are
grown, and layer thicknesses are deducted as follows. The angular separation between
satellite peaks are used to calculate the SL period.?® The average aluminum composition was

calculated via X, =(Cuyeu — Co )/ (Co = Coy ) Where C2,and CS, are the free-standing
lattice parameters of GaN and AIN, and C,.,, is the average lattice constant of the SL
determined from X-ray analysis.®®

The linear fit to GaN thickness (Figure 23 inset) at 1035°C intersect ordinate below
abscissa which is attributed to the thinning of the GaN wells at high temperatures while AIN
deposition.*® However, for SLs grown at 900 and 970°C, linear fit to GaN thickness intersect
ordinate almost at origin. These demonstrate that the interface quality is better for SLs grown
at lower temperatures, mainly due to decrease in thinning of the GaN wells at lower
temperatures.

3.6. Growth of AlIGaN/GaN Superlattices

AlGaN/GaN SL are required to go further into the THz regime. Lower aluminum content
of AlGaN should aso enable lower strains, and higher quality. Figure 24 presents the
complete tunability of AlGaN from pure AIN to GaN. Optica transmission and
photoluminescence demonstrate the quality of the epilayer.
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Figure 24: Left) UV Optical transmission of Al,Ga;.xN for different Al composition. Right)
UV Photoluminescence of the samples. These figures demonstrates our complete tunability
in the AlGaN range.
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Figure 25 shows XRD and TEM of 13x{500A Aly-GasN / 50A GaN} on
GaN/Sapphire. A high quality SL layer, many satellite peaks as well as sharp interfaces are
observed.
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Figure 25: Left) XRD of 13x{500A Alg.GaogN / 50A GaN} on GaN/Sapphire. Right) TEM
of the SL sample. These figures demonstrate the high quality AlGaN/GaN SLs achieved.

In order to study the ISB transitions, several samples were grown with different well
thicknesses (1.2 nm, 2.6 nm, 3.7 nm, and 5.1 nm) employing a constant barrier thickness of
2.9 nm. The active region consists of 50 periods of GaN wells with Aly2GaysgN barriers. All
samples also have a 30 nm thick Al0.2Ga0.8N capping layer. The same structures were also
grown with doped wells (Si: 1x1018 cm-3) to study the effects of doping.

In order to assess the structural properties of the superlattices, open detector
omegal/2theta (002) X-ray diffraction (XRD) scans are performed. Figure 26 represents the
XRD plots for the four different well thicknesses. In Figure 26, the narrowest peak located at
20.7° corresponds to sapphire substrate, the peak at 18.2° corresponds to AIN, and the O™
order and 1% order superlattice peaks are also present. The average aluminum composition
was calculated from the angular difference between the AIN peak and the 0" order of the
superlattice. ° Once the average aluminum content was determined, we extracted the period
of the superlattice from the spacing of satellite peaks.®* The inset of Figure 27 shows the
calculated superlattice period as a function GaN growth time. By varying the GaN growth
time (and keeping the AlGaN barrier thickness constant), a linear change in the GaN well
width is observed, from the slope of which a GaN growth rate of 0.64 A/sis extracted. The y-
intercept then corresponds to the barrier thickness (which was held constant), evaluated to be
2.9 nm. By using this fixed barrier thickness together with the superlattice period and average
composition, we are able to confirm the aluminum composition in the Al 20GaggoN barriers.
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Figure 26: Omega/2theta (002) X-Ray diffraction (XRD) of superlattices with four different
well thicknesses: from top to bottom these are 1.2 nm, 2.6 nm, 3.7 nm and 5.1 nm GaN.
Wellsare Si doped to 1x10"®cm. The barriers for all samples are 2.9 nm-thick Alg,GaggN.
Inset: superlattice period (from XRD analysis) as a function of well growth timeis used to
extract the GaN growth rate and determine the well thicknesses.

Photoluminescence (PL) measurements were performed at room temperature using a
frequency-doubled argon-ion laser emitting at 244 nm for excitation. The peak PL energy
corresponds to the fundamental interband transition in the multi-quantum-well structure.
Figure 28 plots the PL intensity as a function of energy for 1.2 nm, 2.6 nm, 3.7 nm, and 5.1
nm GaN well thicknesses (wells are Si doped 1x1018cm-3) and 2.9 nm Al0.2Ga0.8N barrier
(barriers are undoped). As expected, a redshift of PL emission is observed as the well
thickness increases and the confined electron and hole states move towards the bottom of the
wells. As the well width increases, the PL shifts until the sample with 5.1 nm thick well, it
exhibits peak PL emission at 3.33 eV. Generally the bulk bandgap energy of GaN is taken to
be 3.44 eV.1 In the case of these Aly2GaysN/GaN superlattices, the peak PL emission energy
is below the bandgap energy due to the strain in the material. In addition, the intensity of the
PL emission decreases significantly with increasing well width; this behavior is also
characteristic of strained material. In a strained material, as the well thickness increases, the
electron and hole wave functions are confined in the triangular part of the well due to the
guantum confined Stark effect. As a consequence, the overlap between the two wave
functions decreases resulting in decreased recombination efficiency and thus PL intensity. A
Gaussian fit was performed on the PL emission peaks revealing a full width at half maximum
(FWHM) for the 1.2 nm, 2.6 nm, 3.7 nm, and 5.1 nm GaN well thicknesses of 111.5 meV,
102.5 meV, 127.5 meV, and 172.5 meV, respectively. The FWHM tends to increase with
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well-width except for a minor inconsistency for the first two FWHM values, likely due to
inhomogeneous broadening from such thin well widths. These FWHM values are sufficiently
narrow so as to imply good quality of the superlattice materia grown. The quality of the
sample is aso highlighted by the absence of any yellow peak in the PL emission, generally
attributed to nitrogen vacancies or impurities.
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Figure 27: Photoluminescence (PL) intensity as a function of energy for four different
GaN wdll thicknesses: 1.2 nm, 2.6 nm, 3.7 nm, and 5.1 nm — all with a constant 2.9 nm
Alg>GaggN barrier thickness. Superlattice consists of 50 periods where each well is S
doped to 1x10™ cm™. I nset: Comparison theory/experiment photoluminescence energy as a
function of well width.

In order to interpret the PL results, we performed simulations of the electron and hole
confinement in the conduction and valence bands. We solved the Schrodinger equation taking
into account the band non-parabolicity using the energy-dependent effective-mass approach in
the highly strained band profile. Parameters used for the simulation are the conduction and
valence band offsets, the energy bandgap, and the strain. The strain is taken into account by
applying an internal electric field to the wells and barriers. A rough estimation of the strain is
achieved via linear interpolation of the constants used for binary/binary SLs. The superlattice
is a periodic structure, thus the interna electric fields applied to the GaN wells and
Alo>,GapgN barriers depends on the polarization discontinuity, and the well and barrier
thicknesses. Polarization constants for the binary well and for the ternary barrier are taken
from reference [27]. The inset of Figure 27 displays the experimental and theoretical PL
energy as a function of the GaN well width. The interband ssimulations and PL experiments
are in reasonably good agreement, however, a shift in wavelength between simulation and
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experiments is observed. This dight discrepancy of our experimental results with theory and
with experimental results reported in reference [31] can be accounted for by uncertainties in
the layer thicknesses (error bars one monolayer (ML)) and strain in the AlIGaN/GaN structure
(error 5%). Indeed, the simulation assumes the structure is fully strained with respect to the
barrier material (Alp2GapsgN) whereas in the rea structure there may partial relaxation
occurring at the Alp2GagsN on GaN interfaces, interfacial roughness, or incomplete relaxation
at the AlIGaN/AIN template interface. Further investigations, like XRD reciprocal space
mapping may be able to provide a better estimate of the true strain.

We aso performed the same PL experiments for the undoped samples. These samples
have the same superlattice structure as the doped samples, however there is a dight redshift in
PL emission with respect to the doped samples. This shift to lower energy for the undoped
samples can be attributed to the partial carrier screening of the internal electric field.

3.7. Intersubband Absorption and Discussion

Samples were prepared for 1ISB absorption measurements by dicing to allow transverse
optical access to the layers. Broad-band light from a blackbody source, either p- or s
polarized, was incident perpendicular to one side facet of the samples, traveled along the SL
region and went out from the other facet. The infrared transmission was measured at room
temperature using a Fourier transform infrared spectrometer (FTIR). The difference between
the absorption of p- and s-polarized light was used to identify the I|SB absorption.

3.7.1 Effect of capping thickness and doping on | SB absorption

Figure 28 displays the transmission of the p-polarized light for uncapped, 30, and 100 nm
capped SLs, as well as undoped, well-doped, or barrier-doped samples. For uncapped
samples, a weak absorption is observed. With 30 nm capping, the absorption is significantly
increased. This is attributed to the unintentional doping generated by band bending with AIN
capping,? and supports the increase in PL intensity observed. With thicker capping (100 nm),
the absorption increased further. However, the strain relaxation via cracking is believed to
lower the ISB transition energy causing a red-shift (Figure 28). Irrespective of n-doping in
barrier or well, ISB transition energy increased (blueshifted) with the addition of doping, due
to many-body effects.®® In conclusion, ISB absorption as low as 1.53 pm - the lowest
wavelength reported by MOCVD - is realized and this technique is shown to be appropriate
for near-infrared intersubband absorption.
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Figure 28: Relative (p-polarization) transmission of undoped, well- or barrier-doped, and
uncapped, 30 or 100 nm capped 50 period {1.8 nm-thick GaN / 3.1-nm thick AIN} SL.

3.7.2 Effect of Growth Temperature on | SB absorption

Samples were prepared for 1ISB absorption measurements by dicing to allow transverse
optical access to the layers. P- or s- polarized white light was incident perpendicular to one
side facet of the samples, traveled along the SL region and went out from the other facet. The
infrared transmission was measured at room temperature using a Fourier transform infrared
spectrometer. The difference between the absorption of p- and s-polarized light was used to
identify 1SB absorption. Figure 29 displays the (p-polarized) transmission of the SLs with
well widths of 1.5, 2.2 and 2.7 nm (with AIN barrier width of 3.0 nm). Figure 29 shows that
lower Tsresultsin a higher |SB absorption energy, and a narrower absorption feature. Figure
29 inset shows the effect of Ts and well width on ISB energy. Wider wells and higher Ts lead
to lower intersubband energies. Wider wells decrease the separation between first and second
electronic state leading to lower ISB energy.
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Figure 29: Transmission as a function of wavelength for three different growth
temperatures, 900, 970 and 1035°C for 50 periods of {1.5-nm-thick GaN/3.0-nm-thick AIN}.
WEells are doped to 1x1018cm-3. I nset shows intersubband transition energy as a function
of growth temperature for well thicknesses of 1.5, 2.2, and 2.7 nm.

3.7.3 Effect of Well Width on | SB absorption

Figure 30 displays the (p-polarized) transmission of the SLs with well widths of 1.5, 2.7,
4.3, and 7.0 nm. The absorption feature (attributed to transition from first to second electronic
state) redshifts with increasing well width. This is related to electron states getting closer to
the each other as the well gets thicker. For wells of 4.3 and 7.0 nm, another absorption feature
with higher energy is observed. This is attributed to the transition from the first to the third
electronic state. With the varying well width, intersubband absorption is tuned from 1.5 to 2.2
pm.

The ISB absorption wavelength as a function of well width was simulated; a comparison
with the experimental data is shown in Figure 30 inset. The simulation data is in a good
harmony with the experimental one for thinner wells, however, as the well width increases,
simulated and experimentally-measured |SB energies begin to differ. This could be attributed
to degradation in SL quality for thickest wells. When XRD scans of SLs with 1.5- through
7.0-nm-thick wells are compared (in Fig. 3), it is noticed that satellite peaks get narrower
from 1.5- through 4.3-nm-thick ones, but degrades for 7.0-nm-thick one. This is related to
growing GaN thicker than critical thickness in AIN/GaN SL. The discrepancy of our
experimental data with the simulation one can be accounted for strain non-uniformitiesin and
interface quality of the SL.
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Figure 30: Transmission as a function of wavelength for four well thicknesses of 1.5, 2.7,
4.3 and 7 nm. For all cases, AIN barrier thickness and growth temperatureis 3.0 nm and
1035°C, respectively. I nset shows theoretically-calculated and experimentally-observed | SB
absorption energies as a function of well width (for the transition from the first state to the
second state where other transitions are possible).

The effect of n-type doping on SLs and its dependence on Tsis investigated via growing
doped and undoped SLs. No significant structural differences are observed by XRD or atomic
force microscopy for AlGaN/GaN SL samples (not shown), similar to our previous work.*?

In summary, AIN/GaN SLs grown at lower Ts are shown to have less thinning of the
GaN well and to possess narrower XRD satellite peaks. Higher Ts and wider wells decrease
PL energy and the I1SB absorption energy of AIN/GaN SLs. Well width and the growth
temperature are shown to be key parameters for AIN/GaN SLs absorbing in near-infrared.
Theoretical modelling and simulations are realized to validate experimental observations.

3.7.4 Intersubband Absorption in GaN/AlGaN SLsup-to 5.3 um

Intersubband absorption measurements were realized using a Bruker IFS 66V vacuum
Fourier Transform Infrared spectrometer, with an internal blackbody source, and a cryogenic
mercury-cadmium-telluride detector. Samples were cut into 4 mm long bars and 45° angle
facets were polished on both sides in order to form a multipass waveguide. A wire-grid
polarizer was inserted into the beam-path just before the sample to select either p- or s
polarization for the incident light. Figure 31(a) presents both p-polarization (solid line) and s-
polarization (dashed line) raw transmission data for the sample with doped 2.6 nm wells and
2.9 nm barriers. For both polarizations, we observe 100% absorption above A = 6.1 pm — this
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is attributed to absorption in the sapphire substrate. This absorption represents a significant
limiting factor in the development of longer wavelength devices. An absorption edge is aso
observed in the p-polarization at a wavelength of 4.5 pm whereas no corresponding
absorption is observed for s-polarization verifying this feature as | SB absorption. For the well
width of 1.2 nm, no ISB absorption feature is observed; this agrees with theory as only one
bound state is present in thiswell, and thus no 1SB absorption should occur. For the remaining
three well widths, the negative logarithm of the ratio of the two spectra (p-polarization and s-
polarization) normalized by the open beam are plotted in Figure 31(b), this corresponds to the
ISB absorbance. The ISB absorbance peaks at 4.5 um, 4.9 um, and 5.3 um for the 2.6 nm, 3.7
nm, and 5.1 nm well widths, respectively. The increasing well width redshifts the 1SB
absorption peak as the two first confined states of the well become closer in energy. For the
2.6 nm thick well we observe a broader absorption peak compared to the two wider wells (3.7
and 5.1 nm). For the 2.6 nm well width, some oscillations appear around 6 pm in the
absorbance, these are attributed to the normalization with s-polarized spectra close to the
sapphire cut-off. For each of the two wider wells we observe one prominent absorption
feature that can be fitted with Lorentzian functions (dashed lines), characteristic of I1SB
transitions. Lorentzian functions do not perfectly fit the experimental curves around 6 um due
to the normalization. Furthermore, the decrease of ISB absorption intensity as the well width
increases is explained by the decrease of quantum confinement for the second subband
compared to the fundamental state reducing the optical dipole matrix element.
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Figure 31: (a) Salid lineisthe p-polarization transmission for 2.6 nm well width and
2.9 nm barrier with, wells are Si doped to 1x10'® cm™®, the dashed line correspondsto s-
polarization transmission for the same sample. I nset: | SB absorption wavelength asa
function of well width — experimental results (squares) and simulation (circles) for a fully
strained structure. (b) From left to right, 1 SB absorbance for 2.6 nm (red), 3.7 nm (blue),
and 5.1 nm (magenta) well widths. Lorentzian fits are shown (dashed lines) for the 3.7 and
5.1 nm well widths.

The ISB absorption wavelength as a function of well width was smulated; a
comparison with the experimental datais shown in the inset of Figure 31(a). A very good fit
is obtained for the thinnest well (2.6 nm), but the discrepancy increases as the well width
increases. It may be explained by the variation behavior of the background and then, the
normalization (error 5%). Plus, this discrepancy is attributed to uncertainties in interna
electric field and conduction band offset as the two subbands are located in the triangular part
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of the well for thicker wells (error 5%). Further studies of these two parameters are required
to minimize this discrepancy.

In summary, AlGaN/GaN SLs absorbing from 4.5 to 5.3 pum were aso grown,
processed, and characterized. Effects of growth temperature, well width, doping, and capping
were studied. RTD and QWIP designs based on AIN/GaN and AlGaN/GaN were devel oped,
tested, and are still being pursued. Optical and electrical pumping designs were developed
from mid-infared to THz range. 5.3 pum is the longest IlI-Nitride based intersubband
absorption wavelength either by MBE or MOCVD. Longer wavelengths are not possible
without using alternative substrates due to the absorption cutoff at 6 um of the sapphire
substrate.

3.7.5 Multi-pass Geometry

Another setup is multi-pass structure that uses 45 degrees multipass waveguide (Figure
28), and has been studied in order to achieve higher absorption. Samples were polished in a
holder using grinding, lapping and polishing disk with diamond suspension from 45 pm to 1
pm. Light is sent through one edge and reflects multiple time inside after which it is gected
form the other polished facet. The measurements setup is still being improved to reproduce
results with polished samples. Polishing has been carefully achieved as light diffusion may be
one of the reasons for the initial difficulties realizing absorption using the multi-pass
geometry. With processing optimization, smooth surface has been realized as can be seen in
Figure 33.
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Figure 33: Sample edge before and after polishing (optical micrograph).
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3.8. Conclusion

In summary, a pulsed MOCVD deposition technique for high optical and structural
guality AIN/GaN SL is introduced. Indium is shown to improve the surface and structural
quality. Tunability of AIN and GaN thicknesses is demonstrated. Intersubband absorption at
1.53 um is achieved at room temperature, via MOCVD grown material. Lower (red-shift) and
higher 1SB transition energy (blue-shift) is observed in strain-relaxed and well- or barrier-
doped SLs, respectively. AIN/GaN SLs grown at lower Ts are shown to have less thinning of
the GaN well and to possess narrower XRD satellite peaks. Higher Ts and wider wells
decrease PL energy and the ISB absorption energy of AIN/GaN SLs. Well width and the
growth temperature are shown to be key parameters for AIN/GaN SLs absorbing in near-
infrared. Theoreticall modelling and simulations are realized to validate experimental
observations.

We have studied Alg2GaysN/GaN superlattices grown by MOCVD with various well
thicknesses via XRD, PL, and polarization dependant ISB absorption measurements. A
theoretical model was developed taking into account strain in binary/ternary superlattices to
correlate with both experimental interband emission and 1SB absorption results. Ultimately
we demonstrate tunability of ISB absorption from 4.5 to 5.3 pum in a GaN/Alg,GaysN
superlattice. 1SB absorption was demonstrated in the wavelength range of 1.53 pum to 5.3um.
These demonstrations are important steps towards employing GaN/AlGaN SLs in longer
wavelength | SB devices.

4. Conclusion and Future Work

4.1. Conclusion

We presented in the status of the simulation and design portion of the work and laid out a
road map for continued development. We will work on 1SB emission experiments by optical
pumping in GaN/AlGaN material. This experiment/simulation part needs to be carried out
closely with the material counterpart in order to provide close feedback between the two
components. In each part of the report, we presented the importance of the experimental
results.

The physics of a quantum cascade laser needs to be well understood as awhole to realize
such a device. The three parts, injection, emission and extraction are currently being studied.
The injection is via design and experiments of resonant tunneling. The emission is by both
absorption theory and design and for the moment emission by different designs by optical
pumping. The extraction is also already studied by developing optical pumping designs to
bring the carriers out of the lower subband. The increase of the wavelength isin the same time
carried out with different design in absorption and optical pumping.

From the standpoint of growth, a novel pulsing technique has been developed to realize
high-quality superlattices by MOCVD that successfully demonstrated intersubband absorption
at 1.53 um. Thisisworld’s lowest wavelength ISB transition ever achieved by MOCVD. We
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have This has proved MOCVD as a reliable deposition technique for Nitride ISB devices.
Doping is shown to blueshift the ISBTs. Besides, strain-relief via crack-formation is observed
to red-shift the ISBTs. The correlation between material growth & characterization and
theoretical predictions are studied. In summary, high quality GaN/AIN SLs are redlized
demonstrating the strong capabilities of MOCVD as a promising deposition technique for
THz. We have studied Alo,GaggN/GaN superlattices grown by MOCVD with various well
thicknesses via XRD, PL, and polarization dependant ISB absorption measurements. A
theoretical model was developed taking into account strain in binary/ternary superlattices to
correlate with both experimental interband emission and ISB absorption results. Ultimately
we demonstrate tunability of ISB absorption from 4.5 to 5.3 pum in a GaN/Alg,GaysN
superlattice. This demonstration is an important step towards employing GaN/AlGaN SLs in
longer wavelength ISB devices.

4.2. Future Work

AlGaN layers specifically designed for longer wavelengths will be realized and
integrated into AIGaN/GaN SLs. Growth on both polar and non-polar free-standing GaN
substrates will be realized. Resonant tunneling diode based on AlGaN/GaN structure will be
achieved as well. Good quality interfaces should be dightly easier to realize since the lattice
mismatch is reduced. Processing including photolithography, etching and metal deposition
will also be optimized for THz lasers. A contact study will be realized in order to reach alow
specific contact resistance (p<10® Q.cm?). Metals, metals thicknesses and annealing
temperature will be optimized using Transmission Line Measurements (TLM). Ti/Al/Ni/Au
are the most promising contact but Ti/Au and Ti/Al/Au/Ti/Au will be studied as well.

We will investigate free-standing polar and non-polar substrates for defect reduction.
AlGaN/GaN interfaces will be improved by defect reduction and growth optimization. We
will demonstrate resonant tunneling in an AlGaN/GaN structure grown by MOCVD. After
that, absorption in the THz regime in AlGaN/GaN structures will be realized. Infrared and
THz emission by optical pumping in AlGaN/GaN multi-quantum-well structures will be
investigated. Growth on polar and non-polar GaN substrates will be realized for higher quality
AlGaN/GaN SLs and to facilitate THz laser processing. We will develop THz laser
processing including wafer bonding, substrate removal, and metal waveguide. We will
conclude with the demonstration of e ectroluminescence from AlGaN/GaN laser structures.

Meanwhile, theoretical approach of more complex devices such as detector and later
quantum cascade laser will be realized. We likely will develop a design based on a
depopulation by LO phonon. Theoretical comparison between devices grown on polar
substrate and devices grown on non-polar substrate will be done. This will require a more
powerful solver taking into account Poisson field and many-body effects such as
depolarization excitonic shift.
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