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Abstract

Due to the large conduction band offset of nearly 2eV between GaN and AIN, group
IIT nitride semiconductor heterostructures are of great interest for optoelectronics based
on intersubband transitions (ISBTs). These properties allow the extension of the ISBT
wavelength range into the near infrared.

In this work near infrared ISBTs in GaN/AIN heterostructures were investigated for
samples grown by both plasma assisted molecular beam epitaxy (PAMBE) and metal-
organic vapor-phase epitaxy (MOVPE). It was shown in the experiment that a 15 A thick
quantum well (QW) absorbs light around 800 meV (1.5 um). The highest ISB absorption
energy for PAMBE samples in this work is 890 meV (1.39 um) and 834 meV (1.49 pm) for
MOVPE. Those results show that both growth techniques are appropriate to achieve short
ISBT wavelengths.

As group III nitrides are non-centrosymmetric, strong piezo- and pyro-electric fields
occur in GaN/AIN heterostructures; they lead to intrinsic asymmetries in the electronic
potential of a multi quantum well (MQW) structure and give rise to nonlinear optical
phenomena. Based on the photoinduced polarization detection mechanism, ISB detectors
were designed and investigated. Photovoltaic responses, which originate both from linear
absorption as well as from step two-photon absorption were measured. These prototype
photoinduced polarization photodetectors work up to room temperature. The frequency
response obtained with a modulated telecommunication laser diode showed a signal up to
3 GHz.

A narrow-band electro-optic modulator prototype working around 1.5 wm based on the
depletion of a GaN/AIN MQW region is also presented.

Those results on modulation and fast photovoltaic detection at 1.55 um illustrate the
application potential of group III nitride ISB devices as electro-optic detectors and mod-
ulators for long-haul optical fiber telecommunication.
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Chapter 1

Introduction

1.1 Historical overview

Since the demonstration of the first transistor made of Germanium (Ge) by John Bardeen,
Walter Houser Brattain and William Bradford Shockley in December 1947, the research
field of semiconductors has literally exploded. From the early seventies on, Silicon (Si) was
the preferred material for the fabrication of transistors and rectifiers due to its superior
electrical properties as compared to Ge. The third classical semiconductor is Gallium
Arsenide (GaAs), a compound of Gallium and Arsenic in which the saturated electron
velocity and mobility exceeds the values found in Si. Therefore, GaAs devices can be
operated at higher frequencies than Si. In addition GaAs has a direct bandgap, allowing
for efficient photon-electron interactions. Already in 1955 Rubin Braunstein of the Radio
Corporation of America (RCA) first reported on infrared emission (electroluminescence) of
GaAs and in 1962 Nick Holonyak Jr. created the first light emitting diode (LED) emitting
visible light in GaAs;_,P,. In 1957 Herbert Kroemer proposed heterostructures using
sequences of thin semiconductor layers with different bandgaps. With this technique,
Zhores Alferov demonstrated the first GaAs/Al,Gaj_,As continuous wave semiconductor
laser 1970 in the Soviet Union.

Heterostructures allow to design semiconductor layers with a one-dimensional confine-
ment of the carrier wave functions, leading to quasi-two-dimensional electron (hole) states
in the conduction (valence) band called subbands. Dingle et al.| [1974] published experi-
mental evidence of quantized levels associated with the confinement of carriers. West and
Eglash [1985] from Stanford University investigated heterostructures consisting of a thin
GaAs layer (called quantum well, QW) sandwiched between two Al 3Gag.7As layers (called
barriers); they were the first to measure the absorption between two conduction subbands,
which later became generally known as intersubband (ISB) absorption, and the inverse
dependence between peak ISB absorption energy and QW thickness. Since then the field
of conduction band ISB transitions (ISBTs) was widely explored, initially in unstrained
GaAs-AlGaAs and in InGaAs-InAlAs grown on InP and later on also in InGaAs-AlGaAs,
InGaAs-AlAsSh, and in AlGaN-GaN heterostructures. Levine et al. [1987] demonstrated
the first quantum well infrared photodetector (QWIP) and eight years later, Faist et al.
[1994b] reported on the first quantum cascade laser (QCL).

Tiede et al. [1928] were the first to synthesize Aluminum nitride (AIN); the first
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report on the synthesis of Gallium nitride (GaN) is by Johnson et al. [1932]. Those early
group III nitrides synthetizations were however only in the form of powder, very small
crystals or needles. In 1968, J. Tietjen’s group at the RCA worked towards a full color
image using LEDs. Red GaAs based and yellow-green Gallium Phosphide (GaP) based
LEDs being available, the missing link was a blue LED, for which the wide bandgap
semiconductor GaN was a promising candidate. Maruska and Tietjen/ [1969] successfully
applied the growth technique known as Hydride Vapor Phase Epitaxy (HVPE), previously
used to prepare GaAs, GaP and GaSb, to GaN using a [0001] orientated single crystalline
sapphire substrate; this is the first report on single crystalline, colorless GaN. Although
non intentionally doped, those GaN films showed n-type conductivity and typical electron
concentrations of 1 — 5 x 1019 cm™3. The group at RCA processed a device consisting of
insulating-to-n-type GalN layers and an indium surface contact, the first GaN LED. Its
emittance around 480 nm was due to Zn acceptor levels in GaN [Pankove et al., 1971alb].
In the same year, Dingle et al.| [1971] from Bell Labs investigated GaN layers grown on
sapphire with a reduced electron concentration of about 10'” cm™3 and showed that GaN
is a direct bandgap semiconductor with a lowest exciton state of 3.474 eV at 2 K. The lack
of a lattice matched substrate, the high intrinsic n-type doping, and problems with p-type
doping however remained major challenges in the development of single crystalline group
ITI nitride heterostructures and retarded their development in comparison to other III-V
material systems.

Yoshida et al. [1983] proposed a growth technique using an intermediate AIN layer
between sapphire and GaN reducing the impact of the lattice mismatch between substrate
and epilayer. [Amano et al. [1989] succeeded on GaN p-type doping with Magnesium
which led to the demonstration of the first GaN p-n junction LED by the same group
[Akasaki et al., 1991]. Since then, the interest in wurtzite single crystalline group III
nitrides increased rapidly again. Their wide band gap range between 0.7eV for InN and
6.2eV for AIN, strong bond strengths, and high electron mobility [Ambacher et al., 1999
made group III nitrides the material of choice for solid-state light emitting devices in the
blue and ultraviolet and for high power high frequency high electron mobility transistors
(HEMTSs).

Nakamura et all [1994] at Nichia Chemical Industries, Tokushima, manufactured the
first Indium Gallium nitride (InGaN) high-brightness blue LED (450 nm), followed by
LEDs emitting at 525nm (green) and 590 nm (yellow) [Nakamura et al., [1995]. The first
blue InGaN laser emitting at 417nm was reported by Nakamura et al. [1996]. Khan
et_al. [1993b] reported on a metal semiconductor field effect transistor (MESFET) in
GaN and on an HEMT based on a GaN/Al,Ga;_;N heterostructure [Khan et al.. 1993a].
Moreover different groups demonstrated solar-blind UV-detectors [Munoz et al., 2001].
Today Nichia and Osram have a commercial production of GaN based LEDs and Fujitsu
fabricates GaN/Al,Ga;_,N HEMTS.

1.2 Motivation and outline of this thesis

In the GaAs/AlGaAs or the Ings2Alp4sAs/Ing53Gag.a7As systems, the ISBT operation
range is limited towards high energies by the conduction band offset (CBO) of 1.0eV re-
spectively 0.52eV [Vurgaftman et al., 2001]. Semtsiv et al. [2007] demonstrated a short



1.2 Motivation and outline of this thesis 3

wavelength QCL emitting at 3.05 um using strained AlAs/Ing73GagarAs layers. An al-
ternative to reach shorter ISB wavelengths is the Ings50GaggsAs/AlAsg56Sbg.4 System
lattice matched to InP with a CBO of 1.6eV [Georgiev and Mozume, 2001], with which
a quantum cascade detector operating at 2.04 pm was realized [Giorgetta et al., 2007].
Compared to the heterostructures mentioned above, GaN/AIN not only offers a larger
CBO of almost 2eV, but also the shortest ISB scattering time: due to the strong electron
optical phonon interaction and large electron effective mass of group III nitrides, it is in
the sub-picosecond range [Heber et al., 2002].

The GaN/AIN system therefore opens the field of ISBT towards the near infrared;
Suzuki and Tizukal [1997] conducted a theoretical feasibility study for near infrared (NIR)
ISBTs in GaN QWs sandwiched between Al,Ga;_,N barriers, concluding that ISBT wave-
lengths of 1.55 wm can be realized. This prospect of fast and robust optoelectronic devices
at the long haul fiber telecommunication wavelengths of 1.55 um and 1.3 pm has recently
incited the interest for ISBTs in group III nitrides.

First experiments on GaN/AIN ISBTs where carried out at Bell Labs. ISB absorp-
tions of MBE grown samples with QW thicknesses ranging from 30 A down to 10 A, and
Al,Gaj_;N barriers with an Al content between 45% and 80% were investigated by Gmachl
et_al. [2000a,b, 2001] and reported to cover wavelengths from 4.15 um down to 1.41 pm.
lizuka et al. [2002] measured ISB absorptions between 2.2 um and 1.3 pm for MBE grown
GaN/AIN MQW structures. Kishino et al. [2002] showed that in theory, the shortest
ISBT wavelength in a GaN QW sandwiched between AIN barriers is 1.07 um, as the sec-
ond subband comes to lie into the continuum for QWs thinner than four monolayers (one
GaN ML corresponds to 2.59 A). A systematic experimental and theoretical study on NIR
ISBTs in GaN QWs was conducted by [Tchernycheva et al. [2006].

Tizuka et al.l [2000] observed a relaxation time around 150 ps for ISBTs at 4.5 pm. Heber
et al. [2002] report a value of 370fs at 1.55 pm. Hamazaki et al.l [2005] also investigated
ISBT relaxation at 1.55 um by pump and probe experiments and reported on absorption
bleaching attributed to a phase space filling of the upper subband and a carrier cooling
process in the lower subband, having relaxation times of 140fs respectively 300—400 fs.
Time resolved two color pump and probe measurements in a superlattice showed spec-
tral holes separated by the LO phonon energy (92meV) due to the electron-LO phonon
coupling [Wang et al., 2006]; a homogeneous ISBT linewidth broadening in the order of
50meV was found.

Vertical transport in group III nitrides heterostructures was studied theoretically and
experimentally by Bykhovski et al. [1995], Hermann et al. [2004], Kikuchi et al. [2002],
and (Golka et _al.| [2006]; Although some groups measured negative differential resistance
(NDR), its origin is not clear as the transport is influenced by the high defect density at
the interfaces.

Recently, ISB emission at 2.3 pm originating from a second harmonic generation pro-
cess was observed by Nevou et al. [2007]. A quantum dot detector working at room
temperature around 1.38 um was presented by Doyennette et al. [2005]. The first QW
detector was presented by Hofstetter et al. [2003].

This work focuses on light detection based on ISBT in group III nitrides heterostruc-
tures. Owing to the novelty of ISBT in nitrides, it is based on absorption and photovoltaic
detection measurements of simple structures to extract elementary working principles and
parameters necessary for the future development of nitride ISB photodetectors.
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It was found that the photovoltaic detection scheme in those detectors is based on
optical nonlinearities, namely photoinduced polarization. Sample series were investigated
to identify the influence of different parameters affecting the photoinduced polarization
process such as number of periods, QWSs, and barriers and cap layer thicknesses.

Chapter 2| starts with an introduction into the group III nitride system. Important
parameters, such as the internal fields (which are not present in GaAs or InP based system)
are discussed and the relevant electrical and optical parameters are given. Chapter 3
describes the theoretical aspects used to design and analyze the structures investigated in
this work. In chapter [4, the simulation of the conduction band is described. Chapter |5
contains a description of the sample preparation and used measurement setups.

In chapters 6 and [7/ absorption measurements and in chapter [§ photovoltaic (PV)
measurements are presented. A summary is given in chapter [9.



Chapter 2

Group III Nitrides

In the first part of this chapter, an overview of the crystalline structure of group III
nitrides is given, and some electrical and optical properties are discussed. GaN is the
most studied group III nitride compound, but compared to GaAs, there is still relatively
little known [Strite and Morkog, 1992]. Even for GaN material parameters, values reported
in the literature can vary depending on the growth method and material quality. As for
InN, a less mature group III nitride compound, researchers only recently agreed to a
bandgap value of 0.7eV [Wu et al., 2003]. The focus of this work lies on GaN, AIN and
their alloys, however some optical parameters of InN are included for completeness. Boron
nitride, which at the moment is not a common constituent of device fabrication, is not
discussed in this work.

The second part of the chapter discusses the epitaxial growth using plasma assisted
molecular beam epitaxy and metal-organic vapor-phase epitaxy.

2.1 Material properties

Although AIN, GaN and InN can exist in the cubic zincblende () phase, only the hexag-
onal wurtzite () phase is thermodynamically stable. In the wurtzite phase, group III
nitrides form a continuous alloy system with direct bandgaps. In figure 2.1/ the bandgap
energies of some common semiconductors are depicted as a function of lattice constant.
InGaN alloys cover the whole visible range.

The large bandgap difference of 2.72eV (300 K) between AIN and GaN leads to a
large conduction band offset which makes it possible to achieve ISBT energies of up to
1eV. Nitride structures are usually grown on SiC-6H (silicon carbide) or AloOs (sapphire)
substrates. With lattice constants ag of 3.0806 A for SiC-6H respectively 2.748 A for
Al,O3 [Ambacher, 1998], both substrates are not lattice matched to GaN or AIN, which
causes a compressive strain of the epilayer. Due to the 30° cell rotation between GaN
and sapphire, an inplane lattice constant of as.,/v3 = 4.759/y/3 = 2.748 has to be
considered for the lattice mismatch of GaN on sapphire. Recently, GaN substrates became
commercially available, but they are rarely used due to their high costs and still high defect

density in the range of 105 cm™2.
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Figure 2.1: Left: bandgap versus lattice constant of common III-V semiconductor. Right:
bandgap versus lattice constant for group III nitrides. Direct bandgaps are marked by a
solid line, indirect by a dashed line.

2.1.1 Crystalline structure

The wurtzite crystal structure (space group P63mc) consists of alternating ABAB se-
quences of bilayers made of two closely spaced hexagonal layers of Ga and N atoms in the
c-direction [0001], as seen in figure 2.2/ on the left. The wurtzite hexagonal crystal structure
of group III nitrides can be described by the edge length ag of the basal hexagon [1120], the
height of the hexagonal prism ¢y and the internal parameter ug, defined as the anion-cation
bond length along the [0001] axis. The ratio ug/co is a measure of the non-ideality of the
actual crystal in comparison to an ideal wurtzite structure with ug/co = 3/8 = 0.375. As
seen in the right panel of figure 2.2/ showing the unit cell of GaN, ug and c¢g are directly
related: the longer wg is, the greater is ¢g. Thus, the ratio cy/ag is another measure for
the crystal non-ideality and equals \/ZS/ 3) = 1.633 for an ideal wurtzite crystal.
o

-~

a
A \R) U | .
60

o

Figure 2.2: Left: hexagonal structure of wurtzite GaN with A, B bilayers. Right: wurtzite
GaN unit cell. Ga-atoms are red (dark), N-atoms are blue (bright). ¢y and ay are the
lattice constants, ug is the anion-cation bond length.

A wurtzite structure is asymmetric in the [0001] direction, which by convention is given
by the vector pointing from the cation (Ga, Al, In) to the nearest neighbor anion (N) in
positive c-direction. As seen in figure 2.3, the closely spaced bilayers {0001} are different
in the [0001] and the [0001] direction. GaN has polar faces: in the [0001] direction it is
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Ga-face and in the [0001] direction N-face. The terminology of Ga- or N- face should not
be confounded with termination which is a surface property; a Ga-face crystal grown in the
[0001] direction can be terminated with nitrogen [Ambacher, 1998]. Ga-face and N-face
GaN have different chemical properties; the latter has a rougher surface [Hellman| 1998,
Rouviere et all, [1997], which is also easier attacked chemically than Ga-face GaN [Gao
et al.,2004]. The crystal face depends on several factors such as substrate preparation and
growth conditions, as described by [Sarigiannidou et al.| [2006], Seelmann-Eggebert et al.
[1997], Sumiya et al.| [1999] and Yoshikawa and Xul [June 2002].

Ga-face N-face

P
[0001]

Psp
[0007]

Substrate Substrate

Figure 2.3: Left: Ga-face crystal in the [0001] direction. Right: N-face crystal in the

[0001] direction. Ga-atoms are red (dark), N-atoms are blue (bright). Ps, stands for the
spontaneous polarization vector discussed in section 2.1.2.

In table 2.1, parameters describing the crystal structure of group III nitrides are sum-
marized. For Al,Ga;_,N alloys, the lattice constants can be linearly interpolated between

AIN GaN InN sapphire
ao [A] 3.112 3.189 3.533  4.758 [1]
co [A] 4.982 5.186 5.693  12.991 [1]
co/ag 1.601 1.624 1.611 —
Bond length Ryeta1—n, o [A] [2]  1.892 1.949 2.156 —
uo/co 0.798 0.376 0.379 —
Bohr radius ag [3] 5.814 6.040 6.660 —
Electron mass 0.4myg 0.2myg 0.11my —
Monolayer thickness [A](bulk) — 2.5928 [4] — —
Optical phonon [meV] 99 91.2 73 —

Table 2.1: Wurtzite nitride parameters taken from T.evinshtein et al! [2001], except [1]:/Am-
bacher [1998], [2]: Mattila and Zunger [1999], [3]: Rernardini et al! 1997, [4]: Tchernycheva
et_all [2006].

AIN and GaN as a function of the Al content x [Ambacher et _all 2000]:

ap(z) = 3.189—0.077z (2.1)
co(z) = 5.186 —0.203x
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2.1.2 Polarization in wurtzite nitride structures

In absence of an external electrical field and of any deformation due to stress, the hexagonal
wurtzite phase exhibits an electrical polarization along the [0001] axis called spontaneous
polarization (Ps,). At the microscopic scale this means that the centers of gravity of
charges of opposite signs (positive for the metal atoms, negative for Nitrogen) within
an unit cell do not coincide, resulting in a parallel orientation of dipoles in the [0001]
directions [Zheludev, 1971]. Group III nitrides lack an inversion symmetry along the c-axis
and are therefore polar crystals; hence, they are pyroelectric. Pyroelectric phenomena are
associated with a change of Py, due to a change in temperature. For AIN, the change of P,
with temperature is Ps,/dT = 7.50C/K/m?; this comparably small value is an advantage
for high power and high-temperature applications [Ambacher et al., 2002]. In this work,
P, is considered to be temperature independent. As seen in figure 2.3, Py, points from
the N- to the Ga-atom and is therefore negative for Ga- and Al-face and positive for N-face
crystals. The magnitude of Py, depends on the non-ideality of the crystal (ratio ug/co)
and increases from GaN to InN to AIN. The spontaneous polarization in C/m? for the
Al,Ga;_,N alloy as function of the Al content  can be approximated by [Ambacher et al.,
2002):

Popaican(z) = —0.090z — 0.034(1 — z) 4 0.021z(1 — z). (2.3)

Because a pyroelectric crystal has neither a center of symmetry nor a rotation axis, or
at most a single rotation axis that is no inversion axis, all pyroelectrics are also piezoelec-
tric; the inverse is not true. Wurtzite group III nitrides exhibit an additional piezoelectric
polarization Ppje., when stress is applied. As GaN, AIN, and InN all have different lattice
constants and are not lattice matched to the sapphire substrate, strain induced piezoelec-
tric polarization occurs in almost all group III nitride heterostructures; it is up to ten
times larger than in other III-V compounds [Bernardini et al., [1997].

Just like in a dielectric, where the electric polarization is related to the electric field
via the susceptibility, the polarization charge per unit area in a crystal Ppiczoi = dijr0jk
(specified in three components) is linearly related to all components of a general stress
oi; (specified by a second-rank tensor with nine components) via the piezoelectric moduli
diji (27 components). Using the symmetry relation between the piezoelectric moduli
(based on the crystallographic point group), a reduction of the independent piezoelectric
moduli can be achieved. Hooke’s law states that for small stresses, the amount of strain
is proportional to the magnitude of the applied stress, so the deformation of a crystal €y
due to stress o; can be described by o; = Cjj€;, where the stiffness or elastic constant Cj;
is a 6x6 matrix for the wurtzite structure. The biaxial strain (deformation in z direction)
is €, = (¢ — ¢p)/co and the deformation in the plane €, = €, = (a — ag)/ag, where ag and
co are the unstrained lattice parameters. An elaborated theory is presented in general by
Nye [1976] and specifically for group III nitrides by [Ambacher et al.l [2002].

Often the piezoelectric constants ej; = dj;C; and not the piezoelectric moduli dy; are
used to describe piezoelectric properties of group III nitrides. Due to the symmetry of the
wurtzite crystal, there are only three independent piezoelectric constants ess, e3; and e1s;
e15 is caused by shear stress and is not further discussed, since Ppe., is not related to it.
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With

est = (Cn+ Crz)dsi + Cizdss (2.4)
e33 = 2C13d31 + Cszdss (2.5)

the piezoelectric polarization can be written as
Ppiezo = e33€; + 631(633 + Ey)- (26)

For biaxial strain, the use of the elastic constants C73 and C33 leads to

CcC—C 013 a — ap
=213 , 2.7
co C33 ap 2.7)
and therefore o
a —ag 13
Ppiezo =2 a0 (631 - 6330733) (28)

for the wurtzite phase.

In table 2.2 the parameters used in the calculation for P, and values for P, are
listed; those values were taken from Vurgaftman and Meyer| [2003], nevertheless there is
still a discussion going on about the exact values.

AIN GaN InN

Py [C/m?] -0.090 -0.034 -0.042
d31 [pm/V] -2.1 -1.6 -3.5
d33 [pm/V] 5.4 3.1 7.6
[

[

es1 [C/m?]  -0.536 -0.527 -0.484
ess [C/m?]  1.561 0.895 1.058
Ch1 [GPa] 396 390 223

012 [GPa] 137 145 115
C13 [GPa) 108 106 92
Cs3 [GPa] 373 398 224

Table 2.2: Spontaneous polarization P, piezoelectric moduli dj;, piezoelectric constants
ek, and elastic constants Cj; for GaN, AIN, and InN [Vurgaftman and Meyer, 2003].

The left panel of Figure 2.4 shows the spontaneous polarization P, of Al;_,Ga,N
along with the computed piezoelectric polarization for a pseudomorphically grown GaN
(respectively AIN) layer on an Al,Ga;_,N layer as a function of the lattice constant ag
of the Al;_,Ga,N buffer. Pseudomorph stands here for a layer grown with the lattice
constant a of the underlying layer.

Due to the larger lattice constant of GaN in comparison to AIN, GaN grown pseu-
domorphically on AIN is compressively strained, whereas AIN grown pseudomorphically
on GaN is tensile strained, see also figure 2.4 to the right. Py, remains negative for all
Al-contents x; Ppjez, is always positive for a GaN (tensile strain) and negative for an AIN
layer (compressive strain). The magnitude of Ppje., increases with strain, and is thus a
function of the lattice mismatch. For an N-face crystal, both the spontaneous and the
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piezoelectric polarization vectors have the opposite direction compared to a Ga-face crys-
tal. Computed values of Ppc., are 0.037 Cm™2 for a fully strained GaN layer on relaxed
AIN, and -0.049 Cm~2 for AIN on GaN. The spontaneous polarization P, is lowest for

GaN, higher for InN and highest for AIN.

Buffer lattice constant a [A]

3.18 3.16 3.14 3.12 Compressive
0.04 Strain
T T - ==
e T — S Unstrained
£ 0007 -]
ISR Iy .-
2 ool e I -
2 0.04 =7 == Py of GaN _
N - 7 T — e Al .Ga N
E 0.06 piezo V.5 .5 | Relaxed
£ e = = Ppie OFAIN
-0.08 - — P_, of AlLGa, N
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-0.10 1 | 1 |
0.0 0.2 0.4 0.6 0.8 1.0 Tensile
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Figure 2.4: Left:
Al,Ga;_.N layer.

Al,Ga,_,N buffer Al content

Ppiczo for a strained GaN respectively AIN layer and P, for an
Right: sketch of a pseudomorphically grown layer under compressive

strain (top panel) and tensile strain (bottom panel).

The dashed line in figure 2.4/ depicts the linear interpolation of Ppe., for ternary
Alp 5GagsN calculated using

AlGaN/AIN

piczo () 0.026(1 — z) + 0.0248z(1 — =) (2.9)
AlGaN/GaN
Ppiezo (r) = —0.0525x + 0.0282x(1 — ), (2.10)

where z is the Al concentration [Ambacher et al.,2002]. Calculations for the piezoelectric
and elastic constant for ternary alloys are found in/Ambacher et all |[1999].

The different polarizations in adjacent layers induce a fixed charge density at the
interfaces. Those polarization induced interface charges can be estimated as follows. The
charge density pp associated with the divergence of the polarization in space is

pp = —VP. (2.11)

For homogeneous top/bottom layers, P is constant in the layers and has a discontinuity
at the interface where the fixed two dimensional polarization charge density o is found.
For an area .S, the charge o x S can thus be calculated using Gauss’ theorem:

o xS = / ppdv = —/ V Pdv = —j{ PAS = (1Pup| — | Protom]) x S (2.12)
|4 1% S

Again assuming an abrupt interface and homogeneous layers, the total bound interface
charge density is given by
7= |Prapl — | Protom| = | PLSZ., + PL?| — |Bpettom . photiom). (2.13)

piezo D prezo

For Ga-face Al,Ga;_,N/GaN heterostructures o is positive Ambacher et al2002].
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In n-type heterostructures, free electrons will compensate the positive o (for example
during the cooling process after growth). Those electrons form a two dimensional electron
gas (2DEG) localized in a 3 — 4 A wide interface region [Bernardini and Fiorentini, 2000].
For a gap-state-free interface the maximal sheet carrier density of the 2DEG is o /e, where
e is the electron charge; even for non-intentionally doped structures it is about 10'3 cm=2.

Figure 2.5 gives an overview of the different strain states of an AIN/ GaN heterostruc-
ture grown metal faced. If the polarization induced sheet carrier density o is positive, as
for AIN on GaN (panels a, b, c), free electrons are accumulated at this interface and a
2DEG is formed. If on the other hand o is negative, as is the case for GaN on AIN (panels
d, e, f) free electrons will move away from the interface and holes will accumulate at the
interface. As stated before, P, is always negative as opposed to Ppje., Which is negative
for compressive and positive for tensile strain, wherefore both polarizations enhance each
other in a strained AIN layer and attenuate one another in a strained GaN layer. Panels
c and f depict the case of a strain compensated AIN/GaN MQW structure grown on an
Al,Gaj_,N buffer, with z corresponding to the overall Al content of the MQWs; each
layer in the SL is strained in comparison to the Al,Ga;_,N layer.

[0001]

@ '\ @
GaN Psp
relaxed l
Relaxed+0 -0 Relaxed
GaN sp
relaxed ¢
® ®
GaN g’pe"sp
GaN o strained AN
buffer GaN buffer
relaxed l
© ®
GaN éppepsp
AlGaN strained - AlGaN
buffer GaN PpePsp buffer
strained T ¢

Figure 2.5: Internal polarization in heterostructures; the direction, where the electrons
will move to are indicated by an arrow. Left: AIN grown on GaN (a,b,c); a 2DEG forms
at the interface. Right: GaN grown on AIN (d,e,f); a two-dimensional hole gas forms at
the interface. Except for panels a and d, both layers are pseudomorphically strained to
the buffer material.

The internal electric field due the internal polarizations is Fjn: = Piot/€o€r, where
€, is the static dielectric constant and P, the sum of Py, and Fj, in the particular
layer [Bernardini and Fiorentini, 1998]. Those combined polarization effects lead to huge
built-in electrostatic fields and affect the optical and electrical properties of multi-layered
nitride structures, for example by inducing a quantum confined Stark effect [Fiorentini
et al., [199Y]

Ppiczo is a function of strain; the grade of relaxation however depends on the composi-
tion and the thickness of the strained layer [Bykhovski et al.| 1997, Einfeldt et al.] 2001.
In general, a tensile strained AIN layer will relax sooner than a compressively strained
GaN layer of the same thickness. Ppje., and therefore o is not a linear function of the
strain; an approximation based on experimental results is found in Ambacher et al.|[2000.



12 Group III Nitrides

For calculations in this work, layers are assumed to be pseudomorphically strained if not
otherwise stated.

2.1.3 Electrical and optical parameters

Wurtzite phase AIN, GaN, and InN are direct bandgap semiconductors: their conduction
band minima lie in the I" valley. The direct bandgap energy of GaN was already measured
in the seventies by Monemar! [1974] and by Dingle et al. [1971]. For AIN it was measured
by Yim et al.l [I973] or Perry and Rutz| [1978] in the seventies and later by Brunner et al.
[1997]. Several groups have calculated the bandstructure of nitrides, for example (Chris-
tensen and Gorezycal [1994] and [Suzuki et al.| [1995]. As already mentioned, there is still
a discrepancy in the literature concerning some material parameters.
The temperature dependence of the bandgap energy F, can be approximated by the
Varshni formula
aT?
T+

using the Varshni coefficients o and § [Vurgaftman and Meyer, 2003].

Table 2.3 lists the I' valley bandgap energy at 0 K and the Varshni parameters of
AIN, GaN, and InN. At room temperature, the indirect bandgap energies relative to the
I" valley valence band maximum are Fj;;, =4.5-5.3eV and F4=4.7-5.5eV for GaN, and
Ey, =6.9¢eV and E,=7.2¢eV for AIN.

The T valley bandgap energy for Al;_,Ga,N can be approximated by a parabolic
dependency upon the Al content = [Vurgaftman and Meyer, 2003]:

E,(T) = E,(0) (2.14)

Ey(x) = (1 —2)E4(GaN) + xE4(AIN) — (1 — x)b (2.15)

where the values of the bowing parameter b found in literature vary from 0.53 to 1.5 eV [Vur-
gaftman and Meyer, 2003]. Recently, Buchheim et al. [2005] reported a value of 0.9eV.
An investigation on the influence of biaxial and uniaxial strain on the optical bandgap is
found in Wagner and Bechstedt [2002].

There is still some incertitude about the value of the band offset at a GaN/AIN het-
erostructure. Bernardini and Fiorentini [1998] calculated the type I valence band offset
(VBO) as function of strain for an AIN layer strained on GaN, and for a GaN layer
strained on AIN. In the first case they found a VBO of 0.2eV (leading to a CBO of
2.54eV at 0K) and in the second case a VBO of 0.85eV (CBO of 1.89eV). A detailed
experimental study of ISB absorption in GaN/AIN SL was conducted by Tchernycheva
et al. [2006], where a CBO of 1.65 — 1.75 eV resulted in the best fit to the measured data.

GaN AIN InN
E, (0K/300K) [eV] 3.510 / 3.438 6.250 / 6.158 0.78 / 0.586
o [meV/K] 0.909 1.799 1.994
3 [K] 830 1462 624
e~ affinity y [eV] 4.1 (1] 2.140.3 [2] -

Table 2.3: Bandgap parameters taken from [Vurgaftman and Meyer| [2003], except for [1]:
Pearton et al.l [1999], [2]: Wu et al.| [1998§].
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In this work most GaN/AIN MQW structures were assumed to be strained to the AIN
buffer. For conduction band simulations, a CBO of 1.9eV, was used, which is also nearly
consistent with the electron affinities listed in table 2.3l

The ideal wurtzite crystal is an optically anisotropic uniaxial crystal: the ordinary
(E L c) dielectric function €, = €, = ¢, differs from the extraordinary (E || ¢) dielectric
function €, = €., where ¢ corresponds to the growth direction which is parallel to [0001].
The dielectric function was among others studied by Buchheim et al.l [2005] and Wagner
and Bechstedt [2002]. Brunner et al. [1997] and Yu et al.l [1997] have studied the refractive
index close to the absorption edge for Al,Ga;_.N and GaN.

In this work, most of the optical characterization was done in the wavelength range
of 1.3 um—2 um, where for bulk material the investigated crystals are transparent and the
imaginary part of e(w) is zero.

€0(0)  €(00) €(0) e(00) n
GaN  9.28 5.18 10.2 5.31  2.3-2.335
AIN 7.76 4160 9.32 435 2.03-2.15

Table 2.4: Experimentally obtained dielectric constants taken from Moore et al. [2005]
for AIN and from [Shokhovets et al. [2003] and [Azuhata et al. [1995] for GaN; refractive
indices were taken from Hui et al.l [2003a], Levinshtein et al.l [2001].

The refractive index for Al,Gaj_,.N layers with different Al concentration was mea-
sured by Hui et al. [2003a] at 1.5 pum; it can be expressed by

n(1500nm) = 0.4312* — 0.735z + 2.335. (2.16)

In analogy to the dielectric functions, the refractive indices are different for optical fields
perpendicular and parallel to the c-axis. Hui et al. [2003b] found an index difference of
Ne — N = 2.357 — 2.315 = 0.042.

The refractive indices of sapphire at 1.55 um are n, = 1.74618 and n. = 1.73838 [int,
b].

2.2 Growth

Today, most nitride based commercial optoelectronic devices are grown by metal-organic
vapor-phase epitaxy (MOVPE). However, for structures with layer thickness of a few MLs,
molecular-beam epitaxy (MBE) is advantageous due to the lower growth temperature,
which produces more abrupt interfaces than MOVPE. The samples investigated in this
work were synthesized either by plasma-assisted molecular-beam epitaxy (PAMBE) or by
MOVPE. Typical growth rates for MOVPE are in the range of 2 um/h for GaN. In the
case of PAMBE, the maximum growth rate (limited by the activation rate of the nitrogen
plasma) is about 1 um/h.

The substrate for both epitaxies was sapphire. The lattice mismatch of GaN (16%)
and AIN (13.5%) towards sapphire results in a high dislocation density of the order of
10° cm~2. Figure 2.6 shows the in-plane arrangement of an AIN layer on sapphire. Due
to the cell rotation a reduced sapphire lattice constant asqp/ V3 = 2.748 is used for the
calculation of the lattice mismatch.
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AIN

Figure 2.6: Schematic representation of the in-plane atomic arangement in the case of a
(0001) AIN film grown on c plane sapphire [Jain et al., 2000]. Black: III-plane of AIN,
white: O-plane of sapphire

To reduce the high defect density, either a thick GaN or AIN layer is deposited first
by MOVPE on the sapphire, serving as pseudo substrate. Most MOVPE samples inves-
tigated were grown on a thick GaN buffer deposited on a sapphire substrate, whereas for
PAMBE samples AIN on sapphire templates were used. For the MOVPE samples with
GaN pseudo substrates, strained epilayers containing Al are thus under tensile stress. For
PAMBE samples with AIN pseudo substrates, strained epilayers containing Ga are un-
der compressive stress. As the overall Al content of the investigated epilayers is generally
higher than the Ga content and strained layers crack easier under tensile stress than under
compressive stress, PAMBE samples seldom cracked.

As already discussed, group III nitrides can be grown in both metal or nitrogen face.
MOVPE grown GaN layers grown on sapphire are always Ga face. In the case of PAMBE,
the layer polarity can be chosen by varying the growth conditions of the buffer layer. In
general, MQW structures with Ga polarity present a lower interface roughness than their
N polarity counterparts [Sarigiannidou et al., 2006]. All samples investigated in this work
are Ga-faced.

Despite the recent substantial progress in the growth of group III nitrides, there are still
difficulties remaining, for example the high background doping of GaN or the feasibility
of doping Al,Gaj;_,N layers with high Al content: the doping efficiency of donors and
acceptors decreases drastically as the Al content and band gap of Al,Gaj_,N increases.
The ionization energy of Si in Al,Ga;_,N increases from 20 meV to 54 meV between 0%
and 20% Al content [Jain et al | 2000]. [Zhang [2002] investigated the microscopic origin of
the doping limits in wide gap semiconductor. A high doping level of 2x10' cm ™2 in GaN
gives an electron concentration that is independent of the temperature |Gotz et al |, [1996h].
For the structures studied in this work, GaN layers are Si doped to 1 — 10 x 10'? cm™3,
wherefore all donor electrons can be assumed to be active.

2.2.1 Plasma assisted molecular beam epitaxy

All PAMBE samples were grown at CEA in Grenoble. The growth chamber is equipped
with standard effusion cells for Ga, Al, In and Si; active nitrogen was provided by an RF
cell.

PAMBE growth of group III nitride layers is based on the use of a metal excess that
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segregates on the growing surface and decreases the surface energy of the (0001) layer.
This excess metal is denoted ’surfactant’ since it changes the energetic equilibrium at the
growing surface without modifying the composition of the material. Growing very thin
layers of GaN and AIN (the samples investigated in this work have layer thicknesses of
7.5A~ 150 A) requires a good control of the interface and also an optimization of the
growth conditions for both materials.

GaN Due to the smaller Ga-N binding energy, GaN has a lower decomposition tem-
perature than AIN. It is crucial to determine growth conditions compatible with both
AIN and GaN to optimize the GaN/AIN interface. The best GaN structural quality is
achieved under GaN-rich conditions with two ML of Ga excess segregating at the growth
front |[Adelmann et al., 2003]. There is a broad growth window where two ML of GaN are
dynamically stable on the growth front at temperatures between 700 an 750°C where Ga
desorption is active. However, even within this window, the quality of the GaN/AIN was
found to be particularly sensitive to the Ga/N ratio. The strain fluctuation induced by Si
doping and by the presence of AIN barriers favors the formation of V-shaped pits, even in
layers grown with two ML Ga-excess [Hermann et al., 2004, Nakamura et al., 2002]. The
suppression of these defects can be achieved by an enhancement of Ga flux so that growth
is performed at the limit of Ga accumulation.

AIN A two-dimensional growth of AIN is achieved under Al rich conditions. However,
Al is not desorbed from the surface at the standard growth temperatures for GaN (700
750°C). To prevent Al accumulation at the surface, the growth is interrupted periodically
under nitrogen. Alternatively to growth interruptions, Ga can be used as a surfactant
for the growth of AIN, with the Al flux corresponding to the Al/N stoichiometry and an
additional Ga flux to stabilize the surface. Since the Al-N binding energy is much higher
than the Ga-N binding energy, Ga segregates on the surface and it is not incorporated
into the AIN layer. The lowest interface roughness has been achieved by using Ga as a
surfactant during the growth of AIN without growth interruptions [Sarigiannidou et al.)
2006].

On the other hand, while analyzing the quality of the GaN/AIN interface it was ob-
served that overgrowth of GaN QWs with AIN at high temperatures results in an irregular
thinning of the QW thickness due to the exchange of Ga atoms in the GaN layer with
Al |Gogneau et al., 2004]. This process is thermally activated and limits the growth to
temperatures below 720°C.

In conclusion, best interface results were achieved at a substrate temperature of 720°C,
growing AIN at the Al/N stoichiometry without growth interruptions and using Ga as a
surfactant during the growth of AIN barriers. Under these conditions, the samples present
a flat surface morphology with an rms surface roughness of 1.0-1.5 nm, measured in an area
of 5x5 um?. Furthermore, high-resolution transmission electron microscopy (HRTEM)
showed homogeneous QWs with an interface roughness of about 1 ML [Sarigiannidou et al.,
2006].

Figures 2.7 and 2.8 show atomic force microscopy (AFM) surface images of GaN
/ AIN SLs grown on GaN and AIN templates by PAMBE. In both cases the rms surface
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2.3nm

Figure 2.7: AFM of sample E890 grown on a GaN buffer; the right panel shows a magni-
fication.

roughness remains around 1nm in a surface of 5x5 pm?. The samples present the charac-
teristic surface of GaN layers, with atomic terraces and spiral hillocks. The hillock density
is systematically higher in the samples grown on AIN templates, which indicates a higher
density of screw dislocations. Figure [2.8 to the right shows the TEM image of a sample
grown on an AIN on sapphire template. The MQW region consists of five periods with
15A QW and 15 A thick AIN barriers.

5.9nm

Figure 2.8: Left: AFM of sample E888 grown on AIN substrate. Right: TEM image of a
five period SL sample grown on an AIN buffer (E882).

In order to reduce the defect density and the piezoelectric polarization, it is interesting
to grow the GaN/AIN SL sandwiched between Al,Ga;_,N layers with an Al mole fraction
close to the average Al content of the SL. The difficulty in growing thick Al,Ga;_,N
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Figure 2.9: AFM of sample E740 grown on an Al 35Gag.g;N buffer layer; the inset shows
a magnification.

layers (>20nm) lies in the smaller surface mobility of AIN as compared to GaN. For an
Al mole fraction smaller than 35% the growth can be performed under Ga-rich condition
without deterioration of the surface morphology and crystalline quality. For the growth
of Al,Ga;_,N with more than 50% Al, a deterioration of the surface morphology when
growing under Ga excess is observed. In order to maintain a good crystalline quality,
the substrate temperature is reduced to about 680°C, the Ga flux is reduced and an
additional flux of In is used as a surfactant. In is not incorporated in the layers if the
grown temperature is kept higher than 650°C. Figure 2.9)shows AFM images of the surface
of an SL grown and capped with Alg 35Gag.gsN layers. The rms surface roughness is 1.7 nm.
In the magnified image, atomic-step terraces are observed.

2.2.2 Metal-organic vapor-phase epitaxy

The metal-organic vapor-phase epitaxy (MOVPE) samples investigated in this work were
grown at EPF Lausanne. Growth was carried out in an AIXTRON 200/RF-S MOVPE
reactor on 2” c-plane sapphire substrates. The growth usually started with the deposition
of a 2 um thick GaN buffer or pseudo-substrate layer grown at 1075° C. The active region, a
GaN/AIN SL, was then deposited at low temperature (885-935° C). Using In as a surfactant
leads to a general improvement of the crystalline structure [Nicolay et al) 2666} while only a
small amount (< 2%) is incorporated into AIN barriers; therefore, some of the investigated

samples have Alggglng goN barriers.

One difficulty of MOVPE AIN growth is the high reactivity of Al with ammonia: they
already react before reaching the substrate, complicating the growth of thick AIN layers.
Nevertheless AIN on sapphire pseudo substrates are commercially available. They are

normally grown in specific reactors at a higher temperature and slower growth rate than
normally used in MOVPE.

As experiments showed, the interface quality for an SL grown pseudomorphically on
GaN is inferior to an SL grown strained on AIN. So the later MOVPE structures studied
in this work were grown on AIN pseudo substrates [Nieolayet-al; 2007].
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2.2.3 Dislocations and defects

Despite of the continuous progress in nitride growth technology, group III nitride structures
still have a high defect density in the range of 10 cm™2. Dislocations and defects are
formed due to lattice mismatch. Figure 2.10/ shows a TEM measurement of a sample

grown on sapphire. It is seen that threading dislocations formed in the AIN buffer layer

GaN top layer 37 nm
QW region 125 nm

GaN buffer 700 nm

AIN buffer 1160 nm

Sapphire
Figure 2.10: TEM image of a sample grown on sapphire substrate

and in the GaN layer cross the QW region and terminate at the free surface.

Many groups have studied different types of defects both theoretically, for example Van
de Walle and Neugebauer| [2004], and experimentally by deep level transient spectroscopy,
for example|Gotz et al. [1994, [1996a] or Pearton et al. [1999]. Defects manifest themselves
also in the photoluminescence at various energies [Reshchikov and Morkoc| 2005]. In the
photovoltaic measurements presented in this work, the signature of various defects was
observed as well, however no thorough investigation of their nature was carried out.
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Chapter 3

Theoretical Background

In this chapter the relevant basic physic principles concerning discrete states in a confined
potential are given. The second part deals with nonlinear phenomena in optics.

3.1 Electron wavefunctions in quantum wells

Intersubband photodetectors are based on ISB absorption in a QW. Thus, the ISB ab-
sorption coefficient in a single-particle, one band model is discussed using Fermi’s golden
rule; a more detailed discussion can be found in [Helm [2000], Kittel [1996], Schwabl [1998],
Sze [1981], or Bastard [1988].

3.1.1 Schrodinger equation

The Schrodinger equation describes the space- and time-dependence of quantum-mecha-
nical systems.

According to the correspondence principle, physical quantities are assigned to operators
in quantum mechanics [Schwabl, 1998]. This results in the following assignments:

h
Momentum p — ?V (3.1)
Energy £ — ihgt . (3.2)

Applying the correspondence principle to the Hamiltonian of a particle in a potential V()
and taking into account that the state of a quantum mechanical system is described by a
wave function 1 (r,t) results in

2 2
E= P V) — g = (5 V). 63

2m

This is the Schrodinger equation

L 0
zhaw(r,t) = Hy(r,t) (3.4)

h?
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where H is the Hamiltonian. Provided that H is time independent, the wavefunction can
be separated in a space-independent and a time-independent part: ¥(r,t) = f(t)v(r).
This leads to the time-independent Schrodinger equation

Hy(r) = Ep(r) (3.6)

which is an eigenvalue equation with eigenstates ¢ (r) and eigenvalues F.

3.1.2 The envelope function model

According to the Bloch theorem, the total electron wave function ¥ (r,t) at the I point
(center of the Brillouin zone) is the product of a Bloch function w, (r) varying on the scale
of the host material’s crystalline periodicity and an envelope function f,(r) which is a
plane wave varying slowly compared to u, (r):

(1) = Sl ) exp(—i ), (3.7

where 7 is the quantum number, E,, the energy eigenvalue and f,, () the envelope function,
which depends on the QW potential and externally applied fields. Considering that the
Hamiltonian is time independent and assuming that the lattice-periodic Bloch function
u, (1) remains the same in the QW as well as in the barrier material, the solution to the
Schrodinger equation reduces to the envelope function f,(r). For a free motion in x and
y direction (with z being the growth direction), where k = (ky, ky,0) and V(r) = V(2),
the envelope function can be separated:

_ Leikr P

where A is the sample area. Inserting equation (3.8) in equation (3.6) leads to the one-
dimensional time-independent Schrédinger equation

_h2 d2 d2 ikr _hQ ikr d2 ikr
_ n,keikr¢n(z)-
Along the z axis, (3.9) becomes
hod?

For a minimum in the dispersion relation, the total eigenenergy for a free particle in
the = — y plane is quadratic in k:
Wk
2m*

E(n,k) = E, + (3.11)

where m* stands for the effective mass and the subband energies E, depend on the po-
tential V(z). In samples consisting of thin films of different materials A respectively B,
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(3.10) needs to be solved for each material and the boundary conditions at the interface
& = ZAB;

B
Lodon ), (3.12)

m*B dz

dey

A _ B
¢n (zAB) - ¢n (ZAB) and m*A E

(zaB) =

must be fulfilled: the wavefunction has to be continuous and the probability current needs
to be conserved across the interface. For the simple case of a symmetric finite single QW,
(3.9) can be solved analytically. For most real structures, however, no analytical solution
exists and ¢,, and FE, are obtained by numerical simulation.

3.1.3 Intersubband absorption coefficient of a single quantum well

In a two dimensional system with discrete energy states where only the ground state is
occupied, the transition rate Wy from the ground state |1;) to a final state [1)) under the
influence of an external electromagnetic wave with frequency w is given by Fermi’s golden
rule:

Wig = (il B oo 5) P (B — B — ), (3.13)

where H' = 55 (A-p+ p- A) is the interaction Hamiltonian and m* the effective mass

based on the one-band effective-mass model. A is the vector potential of the electric field
FE which is described by a plane electromagnetic wave with an amplitude Ej:

E . .
E(r,t) = Epecos(q-r — wt) = 708 (el(q""_“’t) + e_z(q"'_“’t)> , (3.14)

where q is the propagation vector, and e the linear polarization vector perpendicular to
q. Using F = _g—tA leads to

Eoe

E
A(r,t) = ——sin(qg - r — wt) = tooe
w

o elam=wht 4 ce. . (3.15)

If the characteristic length of the electronic system is much smaller than the wavelength

of the radiation, H' can be simplified using the dipole approximation: A and p commute,
e

resulting in H' = -5 A - p. For ISBTs, this condition is almost always met; the QWs
studied in this work have thicknesses of 10-20 A whereas the wavelength of the radiation

is 1-2 um. Therefore, (3.13) can be rewritten as

212
2r e“Ej

Wit = 2

|(Yile - plyy)[?0(By — B; — hw). (3.16)
Using (3.7), the matrix element (1;|e-p|¢¢) can be split in two parts due to the significantly
slower variation of the envelope function f, as compared to the Bloch function wu,:

(Yile-plir) = e (u|pluy)(ful fur) + € - (wwlww) (Fulpl for) (3.17)

If the initial and final state lie in different bands (v # v/), the overlap integral of the
Bloch function (u,|u,s) vanishes and only the first term remains. It therefore describes
interband transitions, whose dipole matrix elements (u,|p|u,s) are built on the Bloch
functions [Rosencher and Vinter, 1998]. If the initial and final states lie in the same band
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(v = V), the first term vanishes and (u,|u,) = 1. The second term describes hence
ISBTs, whose dipole matrix elements (f,|p|f./) are given by the envelope functions. The
ISB dipole matrix element of the envelope function (3.8) is

<fnk’e : p’fn’k’>

. o 3.18
= % /d3rezkr¢;(2) [expx + eypy + ezpz] elk ngsn’(z)' ( )
Due to the particular form of the envelope function, ISBTs are only allowed between states
having the same wave vectors k;y = k:g;y; for transitions between different initial and final
states (n # n’) only the term proportional to e, does not vanish. In semiconductor het-
erostructures, this polarization selection rule only allows optical transitions if the electric
field has a component perpendicular to the semiconductor layers. This reduces the dipole

matrix element describing ISB transitions in a one band model to

(lpalr’) = pn = / 0261 (2)ps o (2). (3.19)

In an ideal QW with a symmetric potential, the wavefunctions ¢ are also symmetric
and have either an even or odd parity; the dipole matrix element (3.19) becomes zero if
¢n and ¢,y have the same parity. This is known as the parity selection rule.

A commonly used quantity in spectroscopy is the dimensionless oscillator strength

2 _2mTwyry

N2 2
)= —=" |(n|p, =" nn 2
Fant = |l )| (2l (3.20)

obeying the sum rule

where f,y is positive for n < n’ (absorption) and negative for n > n’ (emission). The
definition of the oscillator strength has to be adapted for multiband or nonparabolic mod-
els [Sirtori et al., 1994].

Based on the dipole matrix element (3.19), the absorption coefficient o can be cal-
culated. In general, « is defined as the ratio between absorbed electromagnetic en-
ergy per volume V' and time (hw x W;;/V) and the intensity of the incident radiation
(I =1/2 x egenER). In the case of a quasi-two-dimensional system (for example a QW)
a two dimensional absorption coefficient asp is defined. As opposed to the three dimen-
sional « which has the dimension of inverse length, asp is dimensionless. If the sum over
all possible initial and final states n,n’ (considering emission and absorption) is taken into
account, aop is given by

_hw 2m e "2
a2p _MZ;hKn‘m"‘A'p‘n> X (3.22)
n,n’ ki .

[f(En(k)) - f(En’(k))] 5(En’(k) - En(k) - hw),

where f(E,) is the occupation in state n given by the Fermi-Dirac distribution. Expressing
A with (3.15) and I by Ey, applying the polarization selection rule and changing the
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summation over k into a 2D-integral leads to

me? 2

aop = E X
eocnwm*? £~ (2m)?
n,n

(3.23)
[ Ll ) (5 = 1(50)) (Es — By — o),

Assuming a parabolic in-plane dispersion (3.11), the integration over the Fermi-Dirac
distributions can be solved analytically. Additionally, the ¢ function is replaced with
a Lorentzian with a full width at half maximum (FWHM) of 2I" to take into account
the finite lifetime of the excited state. Assuming w,,s ~ w [Helm, 2000] the absorption
coefficient is

Ep—En

e2kpT 1+e *87T L/
Qo2p = fnn’ In “E, . (324)
2epcnh 7127; 14 e% (B — Ep — hw)2 +1I7?

In ISB structures, often only the transition between the ground state and the first
excited state of the QW, which has the largest oscillator strength, is of interest. For this

transition, using In (—) ~ %, (3.24) simplifies to
nsc’h f 2 tT=0 (3.25)
a — a = . .
2D 2epcnm* 12 (BEy — By — hw)? 4+ T2

Density of states and Fermi level

For a three-dimensional semiconductor, the energy dependent density of states is [int), @

dN3p _ 22£m*3/2 [ — E,, (326)
dr hem
where FE. is the conduction band edge.

To achieve ISB absorption in a QW, it usually has to be degenerately doped, so that
the Fermi level is between the first state £ and the second state Fy of the QW. Assuming
a complete ionization of the donors, the 2D doping density equals the 2D sheet carrier
density ns which is related to the Fermi level in the QW by

m*

s = Er — Eq). 3.27
n h27r( ja 1) (3.27)

The QW ground state can also be populated by other means than doping, such as pumping
electrons from the valence band into the QW ground state by illuminating the semicon-
ductor with radiation having an energy equal or greater than the optical bandgap in the
QW. In the work presented here, however, only the doping technique was used.

Manybody effects

The theory described so far is based on the assumption that carriers are far apart from
each other and do not interact. In heavily doped semiconductors, this simplification can
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lead to significant errors. To improve the simulation of ISBTs, the interactions between
carries, so-called manybody effects, must be taken into account.

The shift of the ISBT E15 can be expressed by Fio = E12(1+a—0). The depolarization
shift a and the excitonic shift § are computed following the theory elaborated in [Helm
[2000].

External radiation excites not only electrons from the first state into a higher lying
state in the QW, but leads also to a modulation of ns. This collective oscillation of
the electron plasma screens the external infrared field and results in an increase of the
transition energy. The frequency or depolarization shift o describing this phenomenon is
given by

o= 267 / R [ / o) (3.28)

ecoFr2 J oo .

The excitonic shift 5 (decrease of the ISBT energy) originates from the Coulomb
interaction between the excited electrons and quasi-holes left behind in the ground state,
forming a pair similar to the excitonic electron-hole pair, and is given by

5 = -2 " deon(eponp e (3.29)

Vie = — (T)l/g mf(n) x (3.30)
[1 + 0'727134r3(n) In <1 + Tf&)ﬂ 871‘66620&*3

n o= n(z)= ”:;T;m [1+e%} s (2)]2 (3.31)

re = [‘gra*sn(z)]_l/g; (3.32)

Ve is the exchange-correlation potential, and the dimensionless parameter 75 is the mean
electron distance normalized to the effective Bohr radius a* = % and characterizes
the electron gas. ¢;(z) are the wavefunctions in the QW and n(z) is the three dimensional
electron density.

The values of o and (8 can be estimated using the computed wavefunctions ¢1(z)
and ¢2(z) taken from a simulation of an AIN/GaN MQW structure with the Schrédinger-
Poisson solver chand. n(z) was determined by equaling [ n(z) to the 3-dimensional electron
concentration in the QW, assuming that only the first state is occupied. For a sheet
carrier density of ny, = 7.5 x 1012 cm™2 and a transition energy of 800 meV, a = 0.07 and
B = 0.05. In this work however, the dependency of the ISBT's on the doping level was not
investigated; experiments covering this subject can be found in Helman et al. [2003].

Geometry factors

Due to the polarization selection rule, ISBTs only interact with the component F, of an
electrical field parallel to the growth axis c. To ensure that E, is not zero when measuring
ISB-related quantities, special sample geometries are used.
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Figure 3.1: Reflection amplitudes calculated with the Fresnel equations at an AIN to
air interface (left) and at an air to AIN interface (right) for TE and TM polarized light
(nan = 2.03, ngir = 1).

In this work, multipass waveguides (MPW) (see section [5) are used. To compare
the calculated aop with experimental results, the sample geometry needs to be taken
into account. In an MPW, the electric field component interacting with an ISBT is
E, = Eysin ©, O being the angle between the growth axis z and the propagation direction
of the optical beam, and Ey the TM polarized field component. The TM intensity is
therefore I = 1/2 x cnegFEZsin? ©. The increase of effective interaction length between
optical beam and QW has to be taken into account by a factor 1/cos ©. For an MPW
the transmission is therefore

o2 e
T = e—NQWNpa2D7§'£s@ — e—ocL’ (3‘33)

where Ngw is the number of QWs and Np the number of passes through the sample. As
ISBTs do not interact with TE polarized radiation due to the polarization selection rule,
TrE can be used as baseline for ISB absorption and the absorbance can be extracted as
al = ID(TTE/TTM)

The standing wave pattern of the electric field in the waveguide must also be considered.
The Fresnel equations describe the reflection and refraction of light (here given for non
magnetic materials):

Eoy, sin(0; — ©;) Eo: 2sin Oy cos O;

= - — (3.34)
Eoi )¢ sin(©; + 6;) Eoi ) g sin(©; + 6y)
Ey, tan(Q; — 0;) Eo; 2sin ©; cos O;

_ tanl® — Bi) — : (3.35)
EOi P tan(@t + @1) EO’L' P Sln(@i + @t) COS(@Z‘ — ®t)

The subscript ¢ stands for the incident, r for the reflected and ¢ for the transmitted
(refracted) part. S denotes the reflection/transmission perpendicular (TE) and P parallel
(TM) to the plane of incidence. In figure 3.1, the amplitude and phase of the reflected
field is shown for an AIN/air interface as a function of the angle of incidence ©;. Coming
from the AIN side (as is the case in the MPW) total reflection occurs at an angle of 29.5°.
The Brewster angle, where the TM reflexion R, is zero, is 26.2°.

The standing wave pattern of the intensity (SWI) for TM polarized light with a free
space wavelength of 1.5 um in a GaN/AIN sample is seen in figure 3.2. The period of
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Figure 3.2: TM SWI in an MPW of a typical GaN/AIN sample with a 50 nm thick AIN
cap layer. Left: metal coated sample surface. Right: uncoated sample surface.

the SWI in z direction is Acos ©/2n = 295nm for a 45° MPW with an AIN active region
on sapphire with an incidence angle ©® = 37° and a refractive index of n = 2.03. For
a typical sample consisting of AIN buffer and cap layers and 40 periods of 5nm AIN
barriers and 1.5 nm thick GaN QWs, the absorption therefore also depends on the optical
overlap of the SWI and the active MQWs. To calculate the optical overlap, two different
sample configurations with different boundary condition are taken into account, one with
a metal coated surface, the other without metal. At the metal-semiconductor interface,
the intensity of TM polarized light has a maximum, whereas at the air-semiconductor
interface, the reflected TM polarized light undergoes a phase shift of 121.5° for an AIN
on sapphire MPW (for an angle of incidence © = 37°). Averaging the integral of the SWI
over the active region ¢ as 1/t ft SW I results in a coupling factor C' of 1 for the uncoated
sample and 0.86 for the metal coated sample, shown in figure 3.2. For a sample with a
thick active region, the standing wave effect is averaged out (C' = 1). For a metal coated
sample without cap, the crest of the SWI overlaps with the active region, wherefore C' can
be nearly two if the active region is thin.

3.1.4 Intersubband transitions in group III nitrides

In group III nitrides, ISBTs occur in transistor structures, where the transistor’s GaN
channel has a triangular potential with a 2DEG formed by the internal piezo and pyro-
electric fields at the interface to the overlying Al,Ga;_,N barrier. An experimental study
of ISBTs in such structures was done by Hofstetter et al. [2002]. Assuming that the elec-
tric field in the triangular potential is constant, the barrier is infinitely high, and that the
2DEG does not penetrate into it, the energy of the quantized electron states in the 2DEG
can be estimated using the triangular potential approximation [Stern and Das Sarmal

1984]:
GRS E TN
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where F; is the j-th energy level and F' the constant electric field in the triangular channel.
The accessible ISBT energy range depends here on the Al concentration of the Al,Gaj_,N
barrier and the relaxation grade of the structure, which both influence F' and hence also
the ISBT.

The sheet carrier density in the triangular channel can be approximated following [Am-
bacher et al. [1999]. Subtracting carriers screened by a Schottky contact at the sample
surface from the maximal sheet carrier density +UT($) induced by the internal fields results
in a sheet carrier density

+o(z)  eoe(z)
e de?

where d is the distance between the Schottky contact and the Al,Ga;_,N/GaN interface,
®p is the Schottky barrier height, ¢(x) is the average static permittivity of the Al,Ga;_,N
barrier, AE¢ is the CBO between Al,Gaj_,N and GaN, and Ep is the Fermi level.

Another way to achieve ISBTs in GaN/AIN structures are MQWs. The internal fields
in a QW or barrier in a MQW system are influenced by the presence of the adjacent
layers. The interface charge density o;,¢ is now a function of the barrier and QW thickness
[Bernardini and Fiorentini, [1998]:

[e®p + Er — AE¢], (3.37)

Ng =

Gint = (PAIN _ pGaNy taiN +tGaN (3.38)
o ot ot Tt uNeGaN + tanean

where t 4;n and tg,n are the barrier respective QW thicknesses. The internal electric field
in the QW depends thus on that of the barrier and vice versa, so for an infinite GaN/AIN
MQW, the internal fields in the GaN QW and the AIN barrier can be approximated
by [Bernardini and Fiorentini, 2000, Lefebvre et al., [1999]:

A A
F.GaN _ tAlN(’ PstaN - ‘ Ppcz?gzjg - ’ PsplN - ‘ Ppiéﬁ) ) (3 39)
mt €EAINtGaN + €GaNtAIN
i tean(| PAN |+ PAN | — | PGeN | 4 | PGeN |)
int T y (340)

€AINtGaN + €GaNTAIN

where €gan OF €41 1S €g€stqr for the GaN QW or AIN barrier respectively.

In figure [3.3), the internal fields in the AIN barrier and in a GaN QW (for a fixed QW
thickness) are plotted as a function of barrier thickness, using (3.39) and the material
parameters given in section 2.1.2. The curves to the left were computed for an active
region fully strained on an AIN buffer (P];‘}éjz\g = 0). To the right F;,; for a 15A and a 35A
QW once strained on AIN and once on GaN (ngzj\ol = 0) are shown.

Since the voltage drop over the active region V' = > (tgoan FGan — tain Fain) has to be
zero, the second part of figure [3.3| depicting the internal field in the barrier is redundant
and only shown for completeness.

It is also seen that Fj,; in the QW increases but saturates for thicker barriers; this
can be explained by the increasing separation of two adjacent QWs, leading to a reduced
screening of the interface charge densities. In an unstrained GaN QW (MQW grown
pseudomorphically to GaN), Fj,; is greater than in a QW being strained to AIN (top
right). The reason for this is that PS%“N and ngé\of are pointing in opposite directions and

attenuate each other in a pseudomorphic GaN QW on AIN. In AIN barriers, PS*;‘QIN and
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Figure 3.3: Internal field in the GaN QW and AIN barrier for QW thicknesses of 15, 20,
25, 30, 35 A. Left: layers strained on AIN; the upper part shows the internal field in the
QW, the lower part in the barrier. Right: comparison of the internal fields of a 15A and
a 35 A QW and barriers strained on AIN and GaN as a function of barrier thickness.

Pﬁéjzvo have the same sign, resulting in a larger FiﬁéN for strained AIN barriers than for
unstrained ones.

In a real MQW structure, which is some 100 nm thick and not far away from the surface,
the assumption of an infinitely thick MQW structure does not hold anymore. There is
an additional conduction band bending due to the buffer and cap layer and possibly a

Schottky barrier height. Fj,; is therefore not the same for all QWs in the MQW.

Stark shift In contrast to InP or GaAs based system, electronic levels in group III
nitride material systems (grown on c plane sapphire) are intrinsically Stark shifted due
to the internal fields, as shown in the left panel of figure 3.4. An external field screens
or enhances the internal fields, reducing or enhancing the intrinsic Stark shift. Applied
external fields will almost always be significantly weaker than the internal fields having
an amplitude of the order of 5-10 MV /cm.

The right panel of figure 3.4 shows the ISB energy Fio as function of the internal
field. For a typical internal field of 8 MV /cm, the Fjo transition is blueshifted by 80 meV
compared to the hypothetical zero internal field case.

3.2 Photodetector physics

A photodetector is a responsive element that transforms incoming radiation into another
signal (mechanical or electrical), which can be further amplified and processed. In general
photodetectors are divided into two groups, following the process of transduction. In a
thermal detector, the incoming radiation leads to a temperature change in the detector
which induces for example a measurable change in detector resistance (bolometric effect).
Such detectors generally have a spectrally broad photoresponse. In a photon detector,
incident photons are absorbed producing free charge carriers which change the electrical
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Figure 3.4: Stark shift in a 15 A GaN QW between AIN barriers computed with calcul-
bande. Left: conduction band diagram with typical nitride internal fields (solid lines) and
with zero internal fields (dotted line). Right: ISBT energy E12 as function of internal field
in the QW.

characteristics of the detector [Wolfe and Zissis, 1985].

All structures investigated in this work are photon detectors. Although the emphasis
of the work is on understanding the working principle of structures and not on device
performance, some basic figures for infrared photodetectors are given here.

The quantum efficiency n = N; is the ratio of generated electrons N. per number of
photons Np falling on the detector during an observation period. Usually, the detector
efficiency is characterized by the responsivity R, which measures the ratio of the electrical

output A to the monochromatic optical input P;:

A e N,
he eN,
P, = —N, A = 3.42
AT P “ T ( )

It has the units of A/W or V/W and is, as opposed to the quantum efficiency, a function
of the illumination wavelength A. e is the electron charge, ¢ the vacuum speed of light,
7 the observation period and a a factor which depends on the working principle of the
photon detector.

3.2.1 Rectification voltage and two photon absorption in asymmetric
quantum wells

Nonlinear optics (NLO) describe the behavior of light in nonlinear media, in which the
polarization P responds nonlinearly to the electric field E. NLO are most studied in
nonlinear crystals such as lithium niobate or potassium dihydrogen phosphate. In the late
eighties, [Rosencher and Bois [1991], Rosencher et al. [1989, [1990] investigated second order
optical effects of ISBTs in GaAs-AlGaAs step QWs with an asymmetric QW potential
and huge second-order optical nonlinearities compared to bulk nonlinear crystals. Those
optical nonlinearities are mainly due to the large dipole matrix elements of ISBTs, on
which the second-order optical susceptibility has a quadratic dependence. The structures’
ISBTs were around 10 um, allowing for characterization with a CO» laser.
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Figure 3.5: calcul-bande simulations of QWs with asymmetric potentials. Left: step QW.
Right: biased QW. ¢ is the displacement between the wave functions’ center of gravities.

Figure 3.5/ shows two typical designs for an asymmetric QW potential; the symmetry
is broken by a step in the material composition (left), or by the application of an external
bias voltage (right). The mean electron displacement §, which is the spatial difference
between the center of gravities of the two involved wavefunctions (for example d12 =
(ha|2[tha) — (b1]2|1b1)) is 10.99 A for the step QW but only 0.6 A for the biased QW. The
simulations are based on an artificial material with a CBO of GaN and AIN and an ISBT
energy around 800 meV, but with no internal fields.

Asymmetric ISBT designs such as step QWs cannot be transferred directly to group
IIT nitrides due to their internal fields. Furthermore, it is difficult to grow graded barriers
in the group III nitride system. However, the internal fields lead to a built-in asym-
metry of the potential; in a GaN QW, the symmetry is broken by default (even in the
absence of an external field), making it a prominent candidate to study optical nonlinear-
ities. A theoretical discussion of piezoelectric field enhanced optical nonlinear effects in a
GaN/Al,Ga;_,N QW structure was published by [Liu et al. [2000]. Another theoretical
optimization of continuously graded Al,Ga;_,N QWs aiming at optical rectification (OR)
at 1.55 um and second harmonic generation (SHG) at 5.1 pm is presented by Radovanovic
et al.l [2004]. The first observation of ISB SHG in group III nitrides at 2.13 um is reported
by Nevou et al.l [2007].

The response of an NLO medium can be described by expressing the dipole moment
per unit volume, or polarization, P as a power series in the field strength E of the applied
optical field:

P(t) = eoxME ) + eoxP E#)? + eox P E®)? + ..., (3.43)

where y() is the linear, y(?) the second order and x(® the third order susceptibility [Boyd,
2003]. Second order nonlinear polarization occurs only in non-centrosymmetric crystals,
such as wurtzite crystals, as opposed to third order nonlinear polarization which can be
found in both centrosymmetric and non-centrosymmetric crystals.

The second order nonlinear polarization P(?) = eqx? E(t)? with E(t) = Epe ™t +
Epe ™2t can be written as

P(2) (t) :€0X(2) [Ege—%wlt + Ege—inQt + 2Ege—i(w1+wg)t (344)
2EEje” 17wt 4 cc] + degx P By B,
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For wy = w1 = w in an asymmetric QW [Rosencher et al., 1989],

P® = eox§) () E3e?™! + cox (w) B2 + c.c., (345)

where X;i) is the second-order susceptibility, results in SHG and is not further discussed

in this work. The second term does not depend on time, resulting in a DC electric field
described by the optical rectification (OR) coefficient X(()Q) (w). In a two level QW, X(()Z) can
be computed based on generation-recombination processes [Rosencher et al. [1990]: under
illumination electrons are excited at the resonance frequency wis from |1) to |2) at a rate

G192 from where they scatter back into |1) at a rate Rjo:

G12 = TLgDO'lQ(I) (346)
Rip =2, (3.47)
T12

where nsp is the total three dimensional carrier density in a QW and ns is the 3D carrier
density in [2). ® = E?ng.n/(2Zohw) is the photon flux and Zy = % = 1/(epc) the
vacuum impedance. In steady state, R1o = G12 and

No = T12 X n3D012®, (3.48)

where 715 is the ISB relaxation time. o9 is the absorption cross section per electron in a
QW:
2 r
Q2p e‘wi2 o

pr— pr— -4
12(w) Ng €0CNGaN Hiz (hwia — hw)2 + T2’ (3.49)

where 2I" is the FWHM of the homogeneous broadening, o the dipole matrix element
and ngen the refractive index of the GaN QW. As the polarization P is the sum of all
dipoles p; per volume (P = ﬁ > i),

Péz) = n2 X qd12 = T12n3p012P X d12¢. (3.50)

Applying the definition P(§2) = eox((]Q)E?nt and setting w = w12 (resonance) leads to the
maximal OR coefficient
3

(2) & T
= —1II bl
X0,maz 260hn3DF (3 5 )
I = (3.52)

This result is also obtained with the functional density matrix formalism [Rosencher et al.
1990).

The photoinduced steady state polarization PO(Q) can be measured as voltage drop Vi eq
over the total number of QWs times the QW width (ngw x tow):

NthQW % P(Q) Sin2@

V. = 3.53
rect €0€s,GaN 0maz 65 @ ( )
2Nowtow (2 sin® ©
V, = — = Z 3.54
rect €s,GaNNGaN 0,maz cos©’ ( )

(3.55)
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Figure 3.6: calcul-bande simulation of a 15A GaN QW with AIN barriers. The internal
field is 9MV/cm in the QW and 2.7MV/cm in the barriers. d;; are the displacements
between the center of gravities of wavefunction ¢ and j.

where I = ® x hw = 1/2 x n/ZyE? is the optical intensity, €5 gqan the static permittivity of
GaN and sin? ©/ cos ©, the geometry factor as discussed in section 3.1.3. The rectification
voltage Vi.ect is proportional to the factor II x 7, the number of QWs Ngw, the doping
density n3p and the optical input intensity I.

Figure 3.6 shows the simulation for a 15 A GaN QW between 50 A AIN barriers. The
respective values of transition energies, dipole matrix elements, mean electron displace-
ment and oscillator strengths are listed in table 3.2.1. For a [1) to |2) transition, II is
20.4 A3 compared to computed values of 131.8 A® for a graded QW [Radovanovic et al.,
2004] or 10.45nm3 for a step GaAs/AlGaAs QW in the 8-12 um range [Rosencher and
Bois, 1991]. In a graded or step QW the factor II can be optimized by carefully adapting
the QW shape. The structures investigated in this work consist of plain QWs and have
therefore a smaller 415 compared to the optimized theoretical structures cited above. Also,
they operate around 1.5 um, where p is smaller compared to ISBT's at longer wavelengths,
resulting in smaller II.

Transition Energy [eV] p[A] 7 [ps] 6[A] TI x 7 [A%ps] f

AFE 0.787 3.54 0.08 1.627 1.6931 0.57
AFE3 1.323 -0.24 048 -10.1 -0.28 0.0044
AFE1y 1.544 0.11 039 -11.2 -0.053 0.0012
AFEsy 0.757 -2.39  0.17  -12.83 -12.46 0.25

Table 3.1: Parameters extracted from the calcul-bande simulation presented in figure [3.6.
1 is the dipole matrix element, 7 the scattering time, d the scattering time, IT x 7 the
figure of merit, and f the oscillator strength.
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A closer look at figure 3.6/ shows that the ISBT of AFE;5=787meV is very close to
AFE5,=757TmeV. As ISBTs have a line width on the order of 10-15% of AE, AFEi5 can
be considered to be in resonance with AFs4. This gives rise to two photon absorption
(TPA) from |1) via |2) to |4), another NLO process. Photons are either simultaneously
(coherent TPA) or sequentially (incoherent TPA) absorbed. Under ideal conditions the
TPA rate scales as the square of the excitation intensity. This dependence can intuitively
be understood if one considers that the TPA process requires two photons to coincide in
space and time. Together with third harmonic generation and self-focusing, coherent TPA
absorption belongs to the x(® processes (see (3.43)). Khurgin and Li [1993] discuss x*)
for different GaAs/AlGaAs QW shapes. Rapaport et al. [2003] determined experimentally
the saturation intensity, the nonlinear refractive index, and the nonlinear absorption for
the GaN/Al,Ga;_;N system. In Dupont et al. [1994], Liu et al. [2002], Maier et al.
[2004, 2006], Schneider et al. [2005], and Zavriyev et al.| [1995] QWIPS based on TPA are
presented.

Similar to the absorption coefficient of the linear one photon absorption, asp (see
section 3.1.3)), a nonlinear two-dimensional absorption coefficient asp describing the TPA
process can be derived. Incoherent TPA is strictly speaking not an NLO effect; never-
theless, it leads to a quadratic dependence on the excitation intensity. In a three level
system, electrons are excited by linear absorption from [1) to |2) and in a second linear
absorption process from |2) to |3). For a system with three equidistant, discrete energy
levels at T' = 0, where only the ground state is occupied, one finds

62h F23
f23 2 T2
(Eg — Fy — hw) + F23

asp = ng (3.56)

2egcnm*
Here ng is the sheet carrier density in the intermediate state |2) (see (3.48)) and 2I'93
the Lorentzian FWHM of the homogeneously broadened |2) to |3) transition. By using
ng = T1202p® with ® = I /(hw) being the photon flux per unit area, (3.56) can be written
as

€2h F23
(Eg — Fy — hw) + F23

04721163 = DT T12 (3.57)

X
hw 2egecnm*

At resonance hw = AFE1o = AFEbs; taking into account the geometry factors discussed in
section [3.1.3), (3.57) becomes

eh \° I fia fo3sin?®
e = —— | —Tg=— N,Now . 3.58
Q2p = Ms <Qeocnm* ) hw 12 I'5T93 cos® 7 QW ( )

Sometimes the dephasing time T;; = h/(2T;;) is used instead of the FWHM 2T';;.
Assuming homogeneous broadening, the transition rate Wi3 and thus the absorption
o p for coherent TPA is [Schneider et al., 2007]

(1| H'[0h2) n{ad] ')
E2 — E1 — hw

e’h ? I fiz  fo3 sin? ©
C = s s T J23 N N ‘ .
Qop n (n 2eocnm*) hw (2012)2 T3 cos© 7 QW (3.60)

2

2
- §(Es — Ey — 2hw) (3.59)

2P _
Wi =
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At resonance,
ne 112713

c
(&% =«
2P 2P 27‘12T23

describes the relation between coherent and non-coherent absorption.

(3.61)

Conclusion It was shown that in an asymmetric MQW, the displacement between
the center of gravities of the wavefunctions results in a measurable photovoltage if ground
state electrons are excited into a higher state of the QW. An interesting structure to
investigate this phenomenon is the GaN QW, which is intrinsically asymmetric due to the
internal fields of group III nitride heterostructures.
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Chapter 4

Design and Simulation

In this chapter, the simulation programs used in this work to design ISB structures are
presented. The second half of the chapter introduces the classical ISB photodetector
schemes of the quantum well infrared photodetector and the quantum cascade detector,
followed by a discussion of the photoinduced polarization detection mechanism used in the
group III nitride photodetectors.

4.1 Simulation programs

Within the scope of this work, two different Schrodinger-Poisson solvers were used, the
software calcul-bande written by J. Faist and cband, a program written by M. C. Foisy in
1990 at Cornell university originally intended for transistor structures. calcul-bande is an
implementation of the transfer matrix method combined with a Poisson solver to obtain
a self consistent Coulomb potential. Nonparabolicity of the in-plane carrier dispersion is
taken into account through an energy-dependent effective mass [Sirtori et al., 1994]. For
this work calcul-bande was used to calculate the states in a GalN single QW between two
AIN barriers. The initial potential was calculated using (3.39). The energy dependence of
the effective mass was taken from Tchernycheva et al.| [2006].

cband was used to simulate more complex structures due to its superior convergence
for long structures compared to calcul-bande. cband calculates the internal fields based on
the structure and a relaxation factor.

4.2 Common ISB photodetector designs

The most common design for ISB infrared photodetectors is the photoconductive (PC)
quantum well infrared photodetector (QWIP), shown schematically on the left panel of
figure 4.1. Another design is the photovoltaic (PV) quantum cascade detector (QCD),
on the right of figure [4.1. The active region of a QWIP consists of several identical QWs
separated by significantly thicker barriers. Using material composition and layer thickness,
the QW is designed such that the second quantized electron level is in resonance with
the barrier’s conduction band. The thick barriers reduce dark current by oppressing the
coupling between the QW'’s ground states. Since QWIPs are symmetric structures, the
application of an external bias is required (PC operation mode) to obtain a photoresponse.
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Photoexcited electrons from the QWs are then contributing to the three dimensional
photocurrent I3p in the continuum above the barriers. A QCD, on the other hand, has
a built in asymmetry, and needs no external bias to obtain a photoresponse; it is a PV
detector. The active region of a QCD consists of an active (doped) QW, where conduction
band electrons are excited from the ground state to a higher state by absorbing photons.
The excited carriers are extracted by an extraction region consisting of a chirped SL, from
where they are injected into the ground state of the next period’s active QW. For the
QWIP as well as for the QCD, the contact layers are usually made of QW material doped
so that their Fermi level is aligned with the Fermi level in the QW. The working principle
of QWIPs and QCDs are widely explored for detectors working in the MIR and the FIR
and lately also in the NIR in InP and GaAs based systems.

SN ™

QCD

Figure 4.1: Left: schematic conduction band diagram of a QWIP under an external
voltage. Right: schematic design of a photovoltaic QCD.

GaN QWIP Currently, a QWIP detector design cannot easily be applied to the
AIN/GaN system for several reasons: the internal fields, originating from the spontaneous
and strain induced polarizations (see section!2.1), impede the resonant alignment of a
QW’s electron state with the continuum, as it is preferable for a QWIP. To ease design, the
barriers should also consist of ternary Al,Ga;_,N, whose composition is a key parameter to
obtain a specific ISBT energy. In nitrides, however, the internal fields depend among others
on barrier composition, making the design less simple. Finally, the mobility and hence the
drift velocity of electrons in Al,Ga;_,N layers drops with increasing Al content [Anwar
et_al’ 2001]. Assuming perfect growth and interfaces, the second discrete state of only a
very thin (2-3 ML of 2.59 A) GaN QW sandwiched between AIN barriers is close to the
continuum.

The left panel of Figure 4.2 shows a QWIP design in the Al,Ga;_,N/GaN system.
The contact layers and the 12 A thick QWs consist of GaN, the 30 A thick barriers of
50% Al.Gaj_,N. Even with such thin QWs and ternary barriers, the second exited state
does not lie in the continuum. Furthermore, the internal fields of this structure lead to
an upward conduction band bending towards the cap layer, lifting the QWs close to the
surface and their ground states above the Fermi sea; those QWs cannot contribute to
the photocurrent. Towards the substrate, the active region’s conduction band is bent
downwards; a 2DEG and thus a triangular potential forms at the interface between the
last AIN barrier and the GaN buffer layer. This band bending also makes the contact
layers hard to align with the Fermi level of the active region. Finally, the doping density
required for a given Fermi level is elevated in GaN due to its heavy effective electron mass,
impeding the application of a homogeneous electric field across the active region.
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Figure 4.2: cband simulations of group III nitride photodetectors. Left: QWIP with GaN
QWs and Aly5GagsN barriers detecting at 630 meV. Right: QCD with GaN QWs and
AIN barriers detecting at 600 meV.

GaN QCD The right panel of figure 4.2 shows a GaN/AIN QCD design with an
ISBT energy of 600 meV. The active region consists of a 26 A thick active GaN QW n-
doped to 10" cm™3 followed by an extraction cascade formed by a five period regular
SL with undoped, 12.5 A thick GaN QWs and AIN barriers. All layers are strained on a
50% Al,Gai_,N buffer. Since the internal fields in the QWs and barriers have to cancel
out each other (see also section [3.1.4)), an asymmetric extraction cascade is formed. The
energy difference between the ground states of two adjacent QWs equals the GaN LO
phonon energy of 90 meV, except for the last step where it is close to twice the phonon
energy. The alignment between the extractor and the active QW is crucial, as the QCDs
efficiency drops if the extractor’s uppermost ground state is out of resonance to the active
QW’s excited state. In group III nitrides, it is difficult to achieve a precise alignment,
as already small changes in the internal field strengths (caused for instance by partial
relaxation of the active region) can change the electron eigenenergies. Furthermore, the
precision of the Schrodinger-Poisson simulations is at the time insufficient for QCD design
due to uncertainties regarding the material parameters (discussed in section2.1). Also, the
tunneling probability through an AIN barrier is lower than through a comparable AlGaAs
barrier because of the high effective AIN electron mass of 0.4mg. Figure 4.3 shows the
tunneling probability 7, between the second states of two 15 A QWs separated by an AIN
barrier as function of the barrier width ¢, and calculated following Capasso et al. [1986]
using

8m*m

AE
T, = V) (4.1)
The remaining barrier height AFE for the second state was estimated to 830meV. T,
decreases exponentially from 0.013 %o for a 1.5 nm barrier to 8.6x10727 for a 10nm

barrier. The main difficulties however lie in the high defect density, which not only leads
to leakage currents, but masks the tunneling process.

Nevertheless, some QWIP samples with different Al contents in the Al,Gaj;_,N
barriers and a QCD sample following the above described design were grown. Those
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Figure 4.3: Tunneling probability as a function of AIN barrier thickness. From the simu-
lation of a 1.5 nm QW, the remaining barrier height was taken to be 0.83eV.

samples were processed at TU Vienna into mesas with diameters of 6 pm and 12 pm, in
order to minimize the effective number of defects within one mesa. The characterization
of the QWIP samples is found in section 8.1. For the QCD sample no photovoltage could
be measured.

Photoinduced polarization Due to the problems described above, a detector de-
sign which does not rely on resonant tunneling or photoconductivity is desirable for group
IIT nitrides. The approach taken in this work is based on the photoinduced polarization
discussed in section [3.2.1, for which the product of the displacement of the wavefunctions
center of gravity values (6 = (1 ¢|z[1s) — (15]2[t;)), the squared oscillator strength u? and
the scattering time 7 of the final state is a figure of merit (Il7). II7 is strongly dependent
on the QW asymmetry; the internal fields of Al,Ga;_,N/GaN heterostructures, often
complicating the design of quantum structures, are for once an advantage as they lead to
intrinsically asymmetric QWs, enlarging the displacement §. As for QWIPs and QCDs,
the ultimate speed limit for this detection scheme is given by the scattering time 7, which
was measured by [Heber et al. [2002] to be on the order of 370 fs for GaN.

4.3 Photoinduced polarization detector design

The main intention of this work is to take advantage of the high conduction band offset
between GaN and AIN, allowing for ISBTs in the NIR, while maintaining a simple detector
design. This section describes the impact of different design aspects on photoinduced
polarization.

Figure 4.4/ shows self consistent cband simulations of two regular MQW structures
with 15 A (left) respectively 30 A (right) thick GaN QWs and AIN barriers. The QW
doping level is 10?0 cm™2 and the structures are strained to an AIN buffer, giving rise to
piezoelectric polarizations in the GaN QWs only. For the 15 A QW SL, the thin barriers
lead to delocalized wavefunctions. This delocalization increases the vertical current leakage
through the second state, attenuating the photoinduced dipoles. Thus detector structures
based on photoinduced polarization should have sufficiently thick barriers.
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Figure 4.4: cband simulations of regular AIN/GaN SLs with 15 A (left) and 30 A (right)
layers. The asymmetric potential is caused by the internal fields.

A thick QW has a lower ISBT energy and a higher IT7 due to the greater displacement
and, more important, the higher dipole matrix element. A study on the ISBT between
the QW ground state |1) and a final state |f) of a structure with GaN QW thicknesses
ranging from 15 A to 35 A sandwiched between 50 A AIN barriers based on calcul-bande
simulations is presented in figure 4.5. To the left the simulated magnitude of the dipole
matrix element p;¢ and the displacement d;f is depicted; the right panel shows the figure
of merit II7. Note that the parity rule, which interdicts ISBTs between wave functions of
equal parity in a QW, is not valid in a GaN QW due to its broken symmetry; ISBTs can
take place between all states.

For a |1) to |2) ISBT w12 and 62 increase for decreasing QW thickness (decreasing
ISBT energy); for a 25 A QW, II7 is three times larger than for a 15 A QW. For a |1) to [3)
ISBT pq3 is still increasing with decreasing QW thickness, the displacement 013 however is
larger in the thinnest QW. This is because in a 15 A QW, |3) is situated in the triangular
potential close to the continuum. This state is also less confined than it would be in a
thicker QW and has thus a longer scattering time 7. This argumentation also holds for
a |1) to [4) ISBT in a 20 A and 25 A thick QW, where a partial recovery of the figure of
merit can be observed.

Besides the QW thickness, other factors play a role for photoinduced polarization. The
voltage across an MQW structure due to photoinduced polarization is linearly proportional
to the figure of merit II7, the number of periods Ngw and the carrier population n3p in
the QW ground state. Except for Ngy, these parameters depend on the internal fields
which again depend on the chosen buffer layer, the interface quality, the overall Al,Ga;_,N
content of the active region and hence the strain state of the layers.

Most photodetector samples investigated in this work were grown pseudomorphically
on AIN and capped with AIN, wherefore a 2DEG forms at the active region/cap interface
and a 2D hole gas at the active region/buffer interface (the opposite to figure’s/4.2l QWIP
structure simulated on GaN).
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Figure 4.5: calcul-bande simulations for different QW thicknesses between 15 A and 35 A.
Left: magnitude of dipole matrix elements p;y and displacements ;1 for the first four
states in a QW. Right: figure of merit II7 for the first four states in a QW. The lines
between data points are a guide to the eye.

4.4 Sample geometry

As already discussed in section [3.1.3, ISBTs can only interact with light polarized per-
pendicularly to the QWs (parallel to the c-axis). This must be taken into account when
choosing a sample geometry for ISB experiments. The Brewster configuration shown in
the right panel of figure 4.6/ was used for some of the first ISB absorption measurements.
The light is coupled into the sample’s active region through the surface at the Brewster
angle Op = arctan(nsqmp/Nqir). This configuration is only suitable for structures with a
high absorbance Ngow X asp, as the field passes only once through the active region, and
the field fraction polarized perpendicularly to the QWs is small due to the steep angle
©3 of the field vector in the active region. For an AIN/sapphire sample, ©; = 63.8° and
O = 26.2°, wherefore sin? ©3=20% of the TM polarized field fulfills the ISB polarization
selection rule allowing it to interact with ISBTs.

An alternative geometry shown in the left panel of figure 4.6/ is the 45° multipass
waveguide (MPW) where the sample edges are polished into two parallel facets. The
impinging field is coupled perpendicularly through one 45° facet into the sample, undergoes
total reflections at the sample/air interfaces (provided that the refractive index of the
sample is larger than /2), and couples out through the other facet. In 45° MPWs,
sin? 45°=50% of the TM polarized field intensity is perpendicular to the QWs and for an
MPW of length L and thickness d the field undergoes Np =~ L/d passes through the active
region.

For Al,Ga;_,N on sapphire MPWs, the different refractive indices of the Al,Ga;_,N
epilayer (2.03 < nep; < 2.3, depending on overall Al content) and the sapphire substrate
(nsupy = 1.74) must be taken into account. The field at the sapphire/epilayer interface
undergoes an additional refraction, wherefore the angle between field propagation vector
and c-axis is reduced from 45° to arcsin(ngyp/nepi x sin45°); for an AIN epilayer (a good
approximation if the buffer layer is AIN), the angle is 37° and the fraction of TM polarized
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Figure 4.6: Left: 45° multipass waveguide; due to different refractive indices of the
Al,Gay_,N epilayer and the sapphire substrate the light undergoes an additional refrac-
tion at the sapphire/active region interface. Right: Brewster angle configuration.

field intensity perpendicular to the QWs reduces to 36%. Furthermore, the epilayer acts
as a Fabry-Pérot (FP) etalon leading to FP resonances in the transmitted field (see (5.1)).
As the epilayer is significantly thinner than the substrate, Np ~ L/d stays valid.
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Chapter 5

Experimental Setup

After describing the sample processing from wafer to device in the first section, the mea-
surement setup used for spectral absorption and photosignal measurements as well as for
frequency response characterization is presented.

5.1 Sample preparation

All samples investigated in this work were grown on a sapphire substrate. The MQW
region was then deposited either on a thick AIN buffer or on a GaN layer. Samples
had typical dimensions of 7mmx4mmx0.4mm. The samples were polished into 45°
MPWs (described in section 4.4) for both absorption and PV measurements. To minimize
scattering losses, the backside of the sapphire substrate was polished as well. This was
done with an Allied TechPrep polishing machine using diamond lapping films with different
grain sizes down to 1 um, resulting in smooth surfaces at wavelengths of 1-2 pm.

For electro-optical measurements such as electromodulated absorption (EMA) or PV
measurements, 800 um wide contact stripes covering the whole sample width of about
4mm were evaporated. Those contact stripes were either placed directly on the cap layer
or on an intermediate 50 — 100nm thick SigN4 or SiOg layer, which was deposited in
an Oxford Plasmalab80. As 50nm insulator layers often exhibited a significant leakage
current due to pinholes, a 100 nm thick insulator layer was deposited on most samples.

For EMA measurements (see section [5.2)), Ti/Au Schottky contacts were evaporated
on the intermediate insulator layer (metal-insulator-semiconductor (MIS) contact). It was
found that a Ti/Au contact evaporated on AIN is Schottky, therefore no intermediate layer
is needed in this case.

Ohmic contacts were evaporated directly on the cap layer (metal-semiconductor (MS)
contacts). Generally, Al is used as ohmic contact on GaN due to its small barrier height of
0.17V towards GaN (Au on GaN, in comparison, has a barrier height of 5.1 V) [Moham-
mad, 2005] (see also appendix Al). As it is not practicable to evaporate Al directly on GaN,
Ti/Al/Ti/Au respectively Ti/Al/Ni/Au was used for ohmic contacts. The first Ti layer
ensures a good adhesion between contact and semiconductor, the Al layer diffuses into the
semiconductor for an Ohmic contact behavior, the second Ti (or Ni) layer is a diffusion
barrier between Al and Au, and the final thick Au layer is required for wire bonding. After
evaporation, the samples were annealed at 860 °C for one minute in an No atmosphere.
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At TU Vienna (Austria), some samples were processed into mesa structures using stan-
dard photolithography and reactive ion etching, with sizes ranging from a few 100x 100 pm?,
down to 6x6 um?. To permit wire bonding of the smaller mesas, extended bond contacts
were processed.

Figure 5.1: Picture of a sample on a submount. The background grid has a spacing of
5mm. Two stripe contacts were evaporated on the right side of the sample; on the sample’s
left side, mesa structures were evaporated.

All samples were mounted on copper submounts of 19 x 7 x 1.5mm?, as shown in
figure 5.1, As the sapphire substrate does not lend itself to soldering, varnish was used
to fix the samples. The contacts were wire bonded to gold-ceramic pads which were also
glued with varnish on the copper submount.

5.2 Spectral measurements

Transmission as well as most photovoltaic measurements were performed with a Bruker
IFS66 Fourier transform infrared (FTIR) spectrometer. For low temperature measure-
ments the sample’s copper submount was placed in a liquid He flow cryostat. The colli-
mated beam from the IFS66 is focused with a parabolic mirror onto one of the sample’s 45°
facets. As the external mirror has a focal length of 7.6 cm as compared to the IFS66s in-
ternal sample compartment with a focal length of 16.1 cm, the external setup’s focus is 4.5
times smaller and more intense compared to the focus of the internal sample compartment.

For transmission measurements, the beam is collected from the samples’ other 45°
facet and focused on an external MCT detector with two additional parabolic mirrors, as
shown in figure 5.2, To compensate the beam offset generated by the 45° MPW, the last
two parabolic mirrors and the detector are mounted on an xy-stage.

Figure 5.3 shows the transmission of sample E1208, measured in the sample compart-
ment, with different combination of sources, beam splitters, and detectors of the IFS66.
The sample was placed perpendicularly into the optical path of the FTIR, so that no
ISBT absorption is measured. The typical setup for low energies consists of a MIR glow-
bar source, a KBr beam splitter and a Mercury Cadmium Telluride (MCT) detector; below
1700 cm ™!, the transmission is cut off by the sapphire substrate. The NIR range (where
the ISBT in this sample takes place) is covered by a halogen lamp, a CaFy beam splitter
and again the MCT detector. With a Si detector, this setup is extended into the visible.
For the UV (high energies), a deuterium source in combination with the CaFg beam split-
ter and a GaP detector is used; this allows to measure the bandgap absorption of GaN
around 30000 cm ™.
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Figure 5.2: Schematic drawing of the external beam condenser. The collinear light coming
from the FTIR is focused by a parabolic mirror on the sample facet; for transmission, the
light is recollected from the other sample facet with another parabolic mirror and focused
on the detector by a third parabolic mirror.

The modulation of the transmission seen in figure (5.3 is due to Fabry-Perot (FP)
oscillations in the epilayer. For radiation propagating at an angle © towards the epilayer’s
growth direction, the period A oc 1/A; — 1/X;_1 of the FP oscillations is linked to the
epilayer thickness d by

1 J
— = . 5.1
Aj 2dn cos(O) (5.1)
Adapting (5.1) for common spectroscopic units results in
P — (5.2)

d [um]n cos(©)

In figure 5.3, n=2.03 (refractive index of AIN), ©® = 90°, and A = 1270cm~! results in
d = 1.9 um, which is in reasonable agreement with the nominal d of 1.775 um for this
sample.

5.2.1 Absorption

ISB absorption was measured with two different methods. The first is rapid scan trans-
mission (applied to samples with high doping densities), the second is electromodulated
absorption (EMA), a lock-in/step scan detection technique allowing to measure absorption
changes on the order of 0.1% [Faist. et al|[1994a] which is applied to weakly doped samples
with thin or insulating cap layers. In both cases the sample is measured in transmission
(MPW).

For rapid scan absorption measurement, the transmission is measured in TM (Trpr)
and TE (Trg) polarization using a polarizer and normalized with the background trans-
mission. As ISBTs do not interact with TE polarized radiation (due to the polarization
selection rule, introduced in section 3.1.3), Trp can be used as baseline for ISB absorp-
tion and the absorbance can be extracted as In(Trg/Tras). In group IIT nitride samples,
this normalization leads to a modulation of the absorbance spectrum due to the stronger
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Figure 5.3: Perpendicular transmission of E1208 for different spectrometer source / beam-
splitter / detector combinations, as stated in the figure.

intensity of the FP oscillations in TE polarization, impeding the precise peak energy and
FWHM extraction of weak ISB absorptions. The reason for the stronger FP oscillations
in Trg is the weak TM reflection at the epilayer/sapphire interface, as the radiation prop-
agates through this interface at an angle close to the Brewster angle for a 45° MPW. If
only the ISBT peak energy is of interest, it is therefore advantageous to directly extract
it from Tppy.

During EMA measurements a square wave voltage with a negative amplitude, a duty
cycle of 50%, and a frequency in the 10kHz range was applied between the Schottky and
a reference contact stripe (figure 5.4). The QWs closest to the contact are periodically
depleted and therefore ISB absorption is analogously periodically reduced. Light from the
IFS66 is guided through the MPW below the MIS contact and detected by an external
detector (see also figure 5.2). The modulated signal of the detector is then amplified by
a lock-in amplifier (LIA) where it is demodulated in phase with the voltage square wave
and fed back into the IFS66, whose mirror is moved in discrete steps at intervals longer
than the LIA’s integration time. This measurement (AT') is normalized with a rapid
scan transmission measurement (7") of the sample under zero bias, yielding the differential
transmission AT'/T', which is proportional to the absorbance.

— O

Cr/Au \ |
Canl —
= depleted region
SL
Buffer

Figure 5.4: Sample processed for EMA measurements. The region beneath the Schottky
contact (in this figure a SigN4 MIS contact) is periodically depleted.
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Figure 5.5: Measured spectral power density of the IFS66 internal halogen light in the focus
point of the external beam condenser. The red (dashed) curve is a calculated blackbody
at 3000 K.

5.2.2 Photovoltage

For PV measurements, the sample itself serves as detector for the IFS66 spectrometer. The
electric signal coming from the sample is amplified with a Stanford Research SR570 low-
noise preamplifier and then fed into the external detector port of the IFS66. Measurements
were normally carried out at an amplification of 200nA/V or 1pA/V. The DC input
impedance at this amplification is 1002 and the 3dB bandwidth is 200 kHz in the high
bandwidth and 20 kHz in the low noise mode.

The intrinsic PV spectral shape is obtained by dividing the measured PV with the
combined spectrum of the radiation source and the optics (mirrors, beam splitter, win-
dows). Figure 5.5/ shows the spectrum of the IFS66 NIR source with CaFs beamsplitter
measured with an Ophir thermopile detector (2A—SH) compared to an ideal blackbody at
3000 K with the same power. The measured source spectrum is maximal around 8000 cm ™
whereas the ideal blackbody peaks at 5900 cm~!. This discrepancy is caused by the halo-
gen lamp’s quartz housing, which absorbs light at low energies.

For ISBTs with their narrow linewidths, the spectral shape of the measured PV does
not deviate much from the intrinsic PV.

5.3 Frequency response

A crude estimation of the low frequency PV response is given by the peak value of the spec-
tral PV as a function of the FTIR’s mirror velocity and thus its scanning frequency. As the
mirror position in a Fourier transform spectrometer is usually determined by measuring
the intensity oscillations of a HeNe laser at 15798 cm~! modulated by the spectrometer’s
interferometer, the mirror velocity can be expressed as frequency of the HeNe laser os-
cillations. If the mirror has a 'velocity’ of akHz, a signal at bem™! is thus sampled at
a frequency of b/15798 cm™! x akHz. As the IFS66 allows for scan velocities of up to
100 kHz and the measured signals are around 7000 cm ™!, this method works for modula-
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tion frequencies up to around 50 kHz.

For higher frequencies and more precise results, samples were illuminated with a mod-
ulated semiconductor laser emitting at 1.55 pm (6450 cm™1). As the electric cabling of the
cryostat strongly influences the signal for frequencies above 0.1 MHz, temperature control
is abandoned for high frequency measurements and the sample on its copper mount is sol-
dered to a BNC mount. One contact is directly soldered to the BNC center pin, the other
is connected via the copper mount to the BNC ground plate, as shown on the top right
panel of figure 5.6l This measurement requires that the PV response of the investigated
sample at the laser wavelength of 1.55 um is sufficiently strong at room temperature.

Cu Faraday cage
3 GHz Signal generator
Roschi-Rhode
Laser diode driver :
temperatLIJS(controller IEI—E Hublzlr?gz;Lner

1.55 pym laser diode
NTT |:|_|

- |

35 m optical fiber

Huber-Suhner Parabolic mirrors

= ISB

detector
38 dB amplifier

Sonoma 317
e OF ——

Spectrum analyzer 26 dB amplifier
Agilent E4403B MITEQ AFS-5

Figure 5.6: Left: frequency response measurement setup. The radiation of the modulated
semiconductor laser is guided through an optical fiber and focused on the sample with
parabolic mirrors. The PV signal is amplified and visualized by a spectrum analyzer.
Right: picture of BNC submount (top), schematic view of sample surface (bottom).

The left panel of figure 5.6] shows the measurement setup used for frequency response
measurements: the semiconductor laser diode (NEL NLK1554STB DFB) is sinusoidally
modulated through a bias-T (Huber and Suhner) with a Rhode & Schwarz SML signal
generator. The signal generation part of the setup, consisting of laser diode, signal gen-
erator, ILX LDC 3724B laser diode driver and temperature controller, and a bias-T, is
shielded by a copper Faraday cage at 30 m distance from the sample to prevent electrical
crosstalk. The laser radiation is then guided through 35m of optical single mode fiber
and focused on the sample’s 45° facet below the contact (either a mesa or a stripe) with a
parabolic mirror. The PV signal detected by the sample is amplified by a 38 dB Sonoma
317 and, for frequencies above 100 MHz, a 26 dB Miteq AFS5-001-02000-30-10P-4 low
noise preamplifier, and measured with an Agilent E4403B spectrum analyzer.
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Chapter 6

Absorption Measurements

In this chapter the ISB absorption of MBE and MOVPE grown samples is presented and
discussed.

6.1 Rapid scan absorption for MOVPE and PAMBE grown
samples

The PAMBE and MOVPE samples listed in table [6.1 were measured in rapid scan trans-
mission, as described in section 5.2.1, and compared with simulated ISBT energies. In
table [6.1 the nominal growth parameters of the measured samples are summarized; there
is an uncertainty of the doping level of a factor two for PAMBE and of +25% for MOVPE.
Samples whose name begins with A are grown by MOVPE in Lausanne; those whose name
begins with E are grown by PAMBE in Grenoble. As mentioned before (see section 2.2)),
the active region of MOVPE samples (except A1334, which is grown on AIN) is grown on
a thick GaN layer deposited directly on sapphire whereas the growth for PAMBE samples
starts on an AIN on sapphire template. The active region is a 40 period MQW structure
for the PAMBE samples, and 30 period MQW structure (except A767 and A1334 which
have 10 periods) for the MOVPE samples.

Figure 6.1 shows the peak energy of the measured ISB absorption of the Fy5 transition
as a function of the QW thickness as listed in table [6.1] along with transition energies
obtained with calcul-bande simulations. From the simulations, a decrease of the peak
energy with increasing QW thickness is expected. The decrease of E15 in the simulation
for QW thinner than 7.5 A is due to the fact that the second state is in the continuum, a
further decrease of the QW thickness only shifts the ground state to higher energies.

The measurements roughly follow the simulation curve. The deviation between sim-
ulation and measurement is due to variations of the growth parameters, such as layer
thicknesses and interface roughness. Furthermore, the strain state of the active region has
an influence on the ISBT energy as well as on the FWHM of the absorption spectrum. To
determine the strain state, the grade of relaxation was determined for some samples using
high resolution X-ray and reciprocal space mapping. However, this work does not contain
a systematic investigation of this subject.

In table 6.2, the ISBT peak position along with the FWHM are listed. The FWHM
of the MOVPE samples were read out of the transmission measurements, the ones for
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Sample Buffer [um], QW [A], mat, Barrier [A], Cap [nm],

mat n [108em=3) mat mat
20, 30,
AG40 2, GaN 14, GaN, 5 Alp.ggIng 02N AlgggIng 2N
A658 2, GaN 18, GaN, 5 20, AIN 30, AIN
A663 2, GaN 16, GaN, 5 20, AIN 30, AIN
A699 2, GaN 10, GaN, 5 50, AIN 30, AIN
20
AT67 2, GaN 18, GaN, 5 : -
a & Alp ggIng.02N

A1334 1, AIN 12, GaN, 2 30, AIN 45, AIN

0.27 150
E662 ’ 25, GaN, 100 25, AIN )

Alp 35Gag.e5N Alg 35Gag.esN

0.27 150
E666 ’ 17.5, GaN, 100 17.5, AIN ’

Alp 35Gag.e5N Alp 35Gag.e5N

0.25 180
E728 : 10, GaN, 10 20, AIN )

Alp 35Gag.e5N Alp 35Gag 5N
E1293 1.1, AIN 15, GaN, 10 50, AIN 50, AIN
E1296 1.1, AIN 20, GaN, 10 50, AIN 50, AIN
E1291 1.1, AIN 95, GaN, 10 50, AIN 50, AIN
E1297 1.1, AIN 30, GaN, 10 50, AIN 50, AIN
E1295 1.1, AIN 35, GaN, 10 50, AIN 50, AIN

Table 6.1: Nominal growth parameters of PAMBE (Exxx) and MOVPE (Axxx) samples.

PAMBE samples from the absorbance. E666 shows a double peak spectrum, so in this
case the FWHM was taken from a Lorentzian spanning both peaks. As seen in figure 6.1,
rapid scan absorptions taken from MOVPE samples (on GaN) show smaller ISBT peak
energies than from PAMBE samples (on AIN) with the same QW thickness. This is seen
for example for sample A640 which has a 14 A QW and peaks at an ISBT energy of
5307 cm~! in comparison to E1293, QW thickness of 15 A and an ISBT at 5940 cm™—'. A
possible reason for the lower F15 in MOVPE sample is the sharper QW /barrier interface
of PAMBE samples. This results in a lower QW ground state for the latter as compared to
MOVPE samples with rougher interfaces. The difference in the interface quality is caused
by different growth conditions on GaN on sapphire substrate [Nicolay et al., 2007] and can
be resolved by choosing AIN on sapphire template for MOVPE .

To achieve ISBT at 6450 cm™!(800 meV, 1.55um) in MOVPE samples, several ap-
proaches besides thinner QW were investigated. Active regions with high AIN concentra-
tion were grown, sample A699 has 50 A AIN barriers (10 A GaN QW) and peaks at an
ISBT of 6725cm™!. The active region can additionally be grown on an AIN on sapphire
template, as it is usually done for PAMBE samples. Using this approach, an ISBT energy
of 6125 cm™! was achieved for a QW of 12 A (A1334).

To obtain a clearer picture of the QW thickness influence on the sample character-
istics, a series (E1291-E1297) of samples only differing in the QW thickness was grown.
The 1.1 um buffer and 50 nm cap layers as well as the 50 A barriers are AIN. Figure [6.2
shows the TM polarized transmission (top) and the corresponding absorbance (bottom)



6.1 Rapid scan absorption for MOVPE & PAMBE samples 51

11 T

1.0+~

E,, PAMBE -
m E,,MOVPE

0.9~ ® Simulation (calcul-bande)

0.8 —

0.7 —
[

Peak ISBT energy [eV]

0.5 L1 | | | | | |
5 10 15 20 25 30 35

QW thickness [A]

Figure 6.1: Rapid scan ISB absorption peak energies E15 as function of QW thickness of
various PAMBE and MOVPE samples along with a calcul-bande simulation. The red line
connecting the simulation data points is a guide to the eye.

Sample Peak absorption position FWHM

[em™!] [meV] [um] [em~Y]
A640 5307 658  1.88 680
A658 5370 666  1.86 925
A663 5525 685 181 800

A699 6725 834 1.49 1230
AT67 4920 608 2.04 470

A1334 6125 760 1.6 1020
E662 0184 643 1.93 680
E666 5677 704 1.76 987
E728 7200 890 1.39 880

Table 6.2: Rapid scan absorption peak position F1o and FWHM of the MOVPE (Axxx)
and PAMBE (Exxx) samples shown in figure 6.1.
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of this series, with different ISB absorption peaks corresponding to the E1o, F13, and F14
transitions. The higher order transitions are stronger in thick QWs as the absorption a; s
is proportional to the dipole matrix element u% §x 1/ E12f, wherefore F13 is not visible for
the 15 A QW and Ej4 for both the 20 A and 15 A QWs. Furthermore, those transmission
spectra show that the parity rule is not valid for asymmetric QWs, allowing the E13 ISBT.

Energy [eV]
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Figure 6.2: TM transmission (top) and corresponding absorbance (bottom) of the PAMBE
grown sample series with different QW thicknesses.

Table 6.3/ lists the peak absorption and linewidth energies of this sample series. Due
to their strong ISB absorption, the absorption approximation 1 — e~ ®r ~ oL, which is
valid only for L < 1 can not be applied here; as the transmission is therefore no longer
Lorentz shaped, the listed ISBT linewidths were taken from the absorbance (see bottom
panel of figure [6.2). The relative linewidth 2I'/ E15 of the absorbance is increasing with
decreasing QW thickness: for the sample with the thinnest QW it is 11%, for the sample
with the thickest QW it is 8%:; this is due to the greater effect of interface roughness on
transition energy for thinner QWs. The samples differ by 5 A (~ 2 ML) in QW thickness.
As the spectrum for a given QW width has its peak at the energy where the adjacent
QWSs’ spectrum is at half its maximum value, the interface roughness is estimated to be
in the range of 1 ML. The sheet carrier densities listed in table [6.3 were calculated with
Fermi’s golden rule using the integrated measured absorbance I,; and the dipole matrix
elements 19 calculated with calcul-bande.

The bottom panel of figure 6.2/ depicts the absorbance of the different samples. Al-
though the dipole matrix element u increases for decreasing QW thicknesses, this trend
is not clearly seen in the measurements due to the nonuniform doping density of the se-
ries: sample E1291 (25 A QW) has the highest sheet carrier density of 9.2x10'? cm™2, and
sample E1297 (30 A QW) has the lowest of 5x10'2 cm~2.

Figure 6.3 gives a summary of the measured ISBT peak positions for the different
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Sample E1293 EI296 E1291 E1297 EI1295
QW [A] 15 20 25 30 35
Es [em™!] 5940 5460 5230 5045 4890

[meV] 736 678 649 626 606

[m] 1.68 1.83  1.91  1.98 2.046
FWHM Ej [em™!] 632 478 432 385 400
Iz [cm™!] 950 98 1950 1015 1835
12 [A] 3.5 3.7 4.2 4.3 4.4
N [102em—2] 5.7 6 9.2 5 8.6
n3p [10¥em™3] 3.8 3 3.7 1.7 2.5
Ei3 [em™!] - 9195 8640 8600 8177
FWHM Ei3 [em™] - 700 570 500 470
E4 [cm™!] - - 10800 10900 10580

Table 6.3: Peak absorbance of samples with different QW thicknesses. The peak energies
for higher ISBT were read out of the TM transmission; due to undulation of the transmis-
sion, the FWHM of those weak absorptions are only accurate to 10%. I, is the integrated
absorbance from the measurement, p1o2 the computed dipole matrix element and ng the
sheet carrier density calculated with Fermi’s golden rule using I,z and p12.

samples as a function of QW thickness along with theoretical ISBT obtained with calcul-
bande. For the Fjs transition, simulation and experiment are in good agreement. For
higher states they are correct to within 10%. This discrepancy can be explained by the
neglected depolarization shift and the uncertainties concerning the non-parabolicity effects.
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Figure 6.3: Fho, F13, E14 of E1293, E1295, E1291, E1297, and E1295 along with computed
ISBT energies obained with calcul-bande. The lines are a guide to the eye.

Conclusion The transmission of samples with different QW thicknesses was mea-
sured. For PAMBE samples, the obtained F1o ISBT energies are consistent with calcul-
bande simulations. Compared to simulations, MOVPE samples had lower transition ener-
gies when grown on GaN buffers; later it was found that this discrepancy disappeared for
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samples grown on an AIN buffer [Nicolay et al., 2007].

The relative absorbance linewidths of the first PAMBE samples investigated in this
work were around 17%; later PAMBE samples had relative linewidths of down to 11% at
800 meV. To achieve such characteristics, a QW layer thickness of about 6 ML or 15A,
along with an interfacial roughness below one ML is required. Although this relative
linewidth is still wide when for example compared to the 4.7% of an InP based 5 um QCD
[Graf et al., 2006], a clear improvement was observed.

High ISBT energies of 834meV (MOVPE) and 890meV (PAMBE) were observed.
Therefore, both growth techniques are adequate to obtain ISBTs at the telecommunication
wavelengths of 1.55 um (800 meV).

6.2 Rapid scan absorption of samples with Al,Ga;_,N bar-
riers

As already discussed in chapter 4 a classical QWIP has a bound-to-quasi-bound transition
with the second electron level being in resonance with the continuum. However such a
resonant state is not easily obtained in a GalN QW due to the sawtooth potential of the
barriers.
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Figure 6.4: TM transmission taken with the spectrometer internal NIR source and the
CaFs beam splitter for samples with 100% and 70% Al,Gaj_,N barriers and measured
with the MIR source and KBR beamsplitter for the sample with 60% Al,Ga;_,N barriers.

In order to investigate the feasibility of a quasi-bound upper state in a GaN/Al, Ga; N
heterostructure, PAMBE grown samples with different Al content in the barriers were in-
vestigated. The GaN QW thickness was held constant at 12.5 A whereas the barrier Al con-
centration was 60% for E1089, 70% for E1103, and 100% for E1104. As seen in figure 6.4)
the ISBT energy shifts as expected from 6927 cm™! to 5180 cm ™! to about 3700 cm ™" with
decreasing AIN content. The ISBT spectrum broadens with decreasing peak energy, which
is an indication that the second state is approaching the continuum [Liu, 1993]. Addi-
tionally, there are higher levels contributing to the absorption spectrum in E1089. The
sharp decrease of the transmission for this sample towards lower energies is caused by the
absorption edge of sapphire; therefore it is also useless to continue the series towards lower
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barrier Al contents, as the ISBT originating from a 12.5 A QW would then be masked by
the sapphire absorption.

Conclusion It was shown that the ISBT energy decreases for decreasing Al content
in the barrier. For a barrier Al content of 60%, the ISB transmission is widely broadened
as the upper level is getting closer to the continuum. However a clear bound-to-continuum
transition was not observed due to the triangular barriers formed by the internal fields,
impeding the design of a QWIP structure.

6.3 Electromodulated absorption of MOVPE samples

An alternative technique to normal rapid scan transmission measurements is the EMA
technique described in section 5.2.1. To obtain significant results with EMA, it is crucial
that the cap layer of the sample is an insulator to prevent a short-circuit between the two
contacts where the modulation voltage is applied. The optimal situation is therefore a thin
AIN cap layer; however, for samples with thin (about 5nm) non-insulating Al,Ga;_,N
caps, an absorption modulation could still be achieved if the external field was applied to
a Schottky contact.

EMA measurements depend also on the internal fields. As discussed in section 2.1.2,
a 2DEG forms at Ga-face AIN/(Al)GaN interfaces, including the AIN cap/active region
interface. This 2DEG may screen the externally applied electrical field from the free
carriers in the active region, thereby strongly decreasing their modulation. The experiment
showed that for an active region grown on GaN, an AIN cap layer up to 30 nm still allows
to probe the active region using EMA, resulting in a Lorentzian shaped ISB absorption.
A sample with a 100nm AIN cap however resulted in a broad EMA spectrum at around
4000 cm ™! which originates from the 2DEG at the interface between the active region and
the cap.

In this section the EMA spectra of the three MOVPE grown samples described in
tablel6.4 are discussed. The QWs are Si-doped to nominally 5x10'¥cm ™3 while the barriers
are nominally undoped. Given that the MQW active region is grown on a GaN buffer,
all three samples are tensile strained with the AIN content of the active regions being
80% AIN (A699), 56% AIN (A663), and 53% Alp.gsIng 92N (A767). Under inspection with
a microscope, samples A633 and A699 show cracks, implying a partial relaxation of the
epilayers, as opposed to sample A767 which has no cap layer and therefore a lower AIN
content; the left panel of figure [6.5 shows an optical microscope image of A699 where the
cracks are clearly visible.

Sample Cap QW / barrier [A] # periods Barrier

A699 30 nm AIN 10 / 50 30 AIN
A663 30 nm AIN 16 / 20 30 AIN
A767 No cap 18 / 20 10 Al[).ggIno.()QN

Table 6.4: Structure parameters for MOVPE samples investigated by EMA.

For EMA absorption measurements all three samples were polished in 45° MPWs.
On sample A663 and A699, two Ti/Al/Ti/Au (15/200/15/400 nm) ohmic contact stripes
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of 0.5x6mm? were evaporated and annealed followed by the evaporation of a Ti/Au
(10/400 nm) contact of the same size in between. On sample A767, two Ti/Au contact
stripes served as reference contacts. As A767 does not have an insulating AIN cap, the
third contact evaporated between those two contacts was underlayed by a SisN4 layer
which was once 50 nm thick and once 100 nm thick (see section 5.2.1)).
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Figure 6.5: Left: optical microscope picture of the surface of A699; the cross is an aligne-
ment mark. Right: EMA of samples A767, A663 and A699 at 300K measured with a
modulation amplitude of -2 V. Sample A767 was measured once with a 50 nm SigNy4 layer
and once with a 100 nm SizNy4 layer on the cap.

Figure 6.5/ shows the EMA spectra of all three samples measured with a modula-
tion amplitude of -2V. Sample A699 peaks at the highest wavenumber (6726 cm™1!),
followed by sample A633 (5523 cm™!) and sample A767 (4906 cm™!), corresponding to
the expected correlation with the nominal QW thicknesses of 10A (A699), 16 A (A663),
and 18 A (A767). The FWHM of the absorption curves are 1170 cm™" (A699), 630 cm™"
(A663), and 490 cm ~! (A767). The absorption spectrum of the uncracked sample A767 is
symmetric as opposed to the asymmetric spectra of the cracked samples A663 and A699.
The different absorption strengths are caused by the varying insulator thickness between
the metal contact and the active region, the decreasing oscillator strength for higher ISBT
energies and the standing wave intensity (SWI) in the QWs probed by EMA. In the case of
A767, the EMA signal is three times stronger when measured with a 50 nm cap compared
to a 100 nm cap. This factor is to one part due to the linear potential drop of the external
field across the insulator, to the other part due to the lower overlap between the SWI and
the active region: as the SWI has a maximum at the metal/cap interface and a minimum
150 nm below, this overlap is lower for a 100 nm cap than for a 50 nm cap given that only
the topmost QWs are probed by EMA.

Conclusion EMA of MOVPE samples peaking at wavenumbers up to 6726 cm ™" is
demonstrated. Two different metalizations were used for the reference contacts: Ti/Au
and Ti/Al/Ti/Au. Both resulted in comparable EMA spectra, wherefore the (more com-
plex) Ti/Al/Ti/Au metalization was abandoned in later processes. Furthermore it was
seen that a thinner insulating cap leads to stronger EMA absorption.
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6.4 Electromodulated absorption for different external fields

During EMA measurements an external field is periodically applied to the sample. A
higher voltage amplitude not only enhances the absorption strength but also modifies the
already built-in electric field, which in turn can change the ISBT energy via Stark shift.

EMA measurements were carried out with sample A767: it is uncracked and therefore
strained pseudomorphically to the buffer; its cap layer consists of a 100 nm insulating SigN4
layer resulting in a low leakage current of about 0.1nA in reverse direction, permitting
efficient carrier modulation by the applied external field.
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Figure 6.6: Left: EMA spectra of A767 for different voltage amplitudes. Right: Peak
EMA (top) and EMA peak position energy (bottom) as a function of applied bias.

Figure 6.6/ shows the EMA spectra of A767 for various voltage amplitudes from 3 to
-6 V. The EMA gets stronger with increasing amplitudes (negative or positive) as seen in
the top right panel of the same figure; this is due to the greater modulation depth and the
increased modulation edge in the structure. There is a shift in the EMA peak position
for voltage amplitudes from -2 to -6 V because of a partial screening of the internal field
and hence a reduced Stark shift; for positive voltages, there was no measurable shift (see
bottom panel) due to the increased leakage current in this direction and hence less efficient
carrier modulation. Due to the differential measurement method ((T,v — Tov)/Tov) the
increase of the EMA signal or the shift can not directly be read out of the slopes shown
in figure 6.6/ to the right.
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6.5 Comparison of electromodulated and rapid scan absorp-
tion

As shown in section [3.1.3, the absorption strength depends on the doping level in the
active QW. This is why for samples with a low QW doping density the ISBT absorption
can be too weak to be characterized by a rapid scan 45° MPW measurement, requiring the
more sensitive, but also more complex EMA method. To compare those two techniques
two samples (E728 and E740) with an identical active region of 40 periods of 20 A thick
AIN barriers and 10 A thick GaN QWs, but with different doping levels in the QWs were
grown on a Si-doped Aly 35Gag.gsN buffer layer. The QWs of E728 are nominally doped
to 5x10' cm™3 whereas the QW doping level for E740 is nominal 1x10' cm™3; both
samples are capped by an Aly35GaggsN layer, which is 5nm thick for the lower doped
E740 and 180 nm thick for E728. The conductive Aly 35Gag gsN cap layer for E740 needs to
be thin in order to allow EMA measurements. An AIN concentration of 35% was choosen
so that the growth can still be performed under Ga-rich conditions (see section 2.2.1)),
which facilitates the growth process.

Figure 6.7/ shows high resolution X-ray diffraction of the two samples along with sample
E739, which differs from E740 by a thicker cap layer of 140 nm Aly 35Gag.gsN. The nearly
identical 0002 reflection of the three samples reveal the good reproducibility of the growth,
and its distinct SL satellites are a sign for good material quality. Also, the extracted
average period of 2.9340.04 nm is in good agreement with the nominal value of 3nm. As
the average Al-content of the SL is close to the one of the cap and buffer layers, the zeroth
order of the SL is overlapping with peaks of the Aly35GaggsN layers. Reciprocal space
mapping revealed that the whole structure is strained to the AIN layer deposited before
the Al 35GaggsN layer on the sapphire substrate.

10° g—r—————————

AlGaN

SL AIN

0

Count rate [1/s]

10-3 p N 1 . 1 N 1 N 1 N 1
30 32 34 36 38

Diffraction angle 26 [ °]

Figure 6.7: High resolution X-ray diffraction w — 20 scans of the (0002) reflection of
samples E728, E739 and E740 along with a simulation.

Samples E728 and E740 were then polished into the standard 45° MPW geometry.
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Figure 6.8: Top: polarized rapid scan transmission measurement for samples E728 and
E740. Bottom: EMA of E740 taken beneath a MIS contact. All measurements are taken
at room temperature.

Two Cr/Au electrical contacts were evaporated directly on the cap of the lower doped
E740 and a third in between on a 50 nm thick intermediate SiO9 layer. In figure (6.8 the
room temperature absorption spectra of E728 and E740 are shown, measured in rapid scan
transmission using a polarizer in between the spectrometer NIR source and the samples.
As expected, the transmissions are fully TM polarized. Additionally, the EMA of E740
was measured using a rectangular voltage pulse train with a 50% duty cycle, a repetition
rate of 13kHz, a baseline of 0V and a peak to peak amplitude of -2 V. The absorption
peak energies of the two samples lie in good agreement at 7200 cm~! (893 meV, 1.39 pum)
for E740 and at 7100cm™! (880 meV, 1.41 um) for E728. The FWHM of the rapid scan
absorption is 880cm™! (110meV, 2I'/Es = 12.3%) for E728 and 1000cm~! (120 meV,
2I'/E19 = 14.1%) for E740, whereas the EMA of E740 has a slightly smaller FWHM
2I' = 780 cm ™! (98 meV, 2I'/E1 = 10.9%).

The absorbance aL of the rapid scan absorption measurements is twice as strong for
E728 than for E740. Given that the number of passes through a QW Np x Now =
10 x 40, the ISBT oscillator strength s = 3.06 A and the optical overlaps with the SWI
(C =1.486 for E740 and C =1.43 for E728 beneath an air/semiconductor interface) are
almost identical for both samples, this implies that their electron sheet carrier density ng
differs by a factor of two, which disagrees with the factor of five between the nominal doping
densities. Calculating oL at the resonance based on the nominal sheet carrier density ng
using Fermi’s golden rule results in aunq. L. = 0.55 for E728, which is in good agreement
with the measured value In(Trg maz /T M maz) = 0.51. For E740, this calculation results
in amagL = 0.11, which differs from the measured In(Trg maz/TrMmaz) = 0.26. This
implies that the doping of E740 is 2.4 times higher than the nominal value.

The absorbance of E740 obtained with EMA is about 260 times weaker than the one
obtained with rapid scan transmission. This is due to an only partial depletion of the
QWs and a probing of only the first few periods, which also explains the smaller linewidth
of the EMA spectrum: due to inhomogeneities between individual QWs, SL structures
tend to have broader linewidths with increasing number of contributing QWs.
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Conclusion Although the samples E728 and E740 were fabricated 12 growth runs
apart from each other, their absorbance spectra agree, which indicates good material qual-
ity and reproducibility. The spectral shape obtained from EMA and rapid scan measure-
ments correspond well to each other; the EMA absorption strength is difficult to compare
with the one obtained with rapid scan transmission due to EMA’s partial depletion of
the active region. However, this shallow depletion can be helpful to obtain additional
information on the conduction band profile, as discussed in the following chapter.
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Chapter 7

Probing the Band Structure using
Electromodulated Absorption

As brought up in the previous chapter, this chapter discusses absorption measurements of
short (two to ten period) SL PAMBE samples. It is shown that the free carrier density
in the top most QWs can be modulated and the band structure can be probed by an
external electrical field. ISBT energies of samples having an identical active region but
different strain states are compared. In the second part a possible application of a five
period sample as electro-optical modulator is discussed.

7.1 Electromodulated absorption of samples with two, five
and ten periods

As already mentioned in the previous sections two assumptions are taken when comparing
EMA signal strength to the computed absorption strength: the QWs are not fully depleted,
whereby just a part of the sheet carrier density contributes to the EMA and only the
topmost section of the active region is probed by the external electric field. To get a better
insight in the EMA method, two sets of samples described in figure [7.1l and table 7.1l with
two, five, and ten periods were grown by PAMBE on a sapphire substrate; once on an AIN
template, once on a GaN template. One period consists of a 15 A AIN barrier and a 15 A
GaN QW nominally doped to 10 cm™3. Between the template and the active region, a
300 nm thick GaN contact layer doped to 5 x 10’7 cm™ was deposited for both sets; this
results in compressive strain for the samples grown on an AIN template and in tensile
strain for the samples grown on a GaN template, except for E890 (ten periods on GaN),
which shows cracks on the surface, indicating a partial relaxation of the active region.
The samples were then polished into 45° MPWs followed by the evaporation of an metal
semiconductor (MS) contact stripe directly on the last AIN layer and a metal insulator
semiconductor (MIS) contact stripe on an intermediate 100 nm thick Si3Ny layer (see also
section 5.2.1)); both contacts have a Ti/Au (5/200 nm) metalization.

EMA of MIS contact Figure 7.2/shows EMA measurements of the GaN template
samples illuminated below the MIS contact while applying a modulated square voltage with
an amplitude of -2V; here, negative voltage stands for a lower potential at the illuminated
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Figure 7.1: Structure of the short SL samples; the active region is either grown on a 10 um
GaN or on a 1 um AIN template.

Sample E882 E885 E887 E888 E889 E890
Periods 5 2 5 10 2 10
Template AIN GaN GaN AIN AIN GaN

Table 7.1: Template material and number of periods of the short SL samples. One period
contains a 15 A GaN QW and a 15 A AIN barrier.

contact compared to the dark reference contact. Although the QW and barrier thicknesses
and doping of the three samples are identical, two different absorption peak energies
are measured: the samples with five and ten periods have a narrow absorption peak at
6850 cm ™! (850meV, 1.46 um) with a FWHM of 509 cm™! and 523 cm™! corresponding
to the simulated E; ISBT energy of a 15A GaN QW; the two period sample, on the
other hand, exhibits a broader absorption peaking at 4500 cm™! (560 meV, 2.2 um). This
absorption is attributed to the 2DEG located at the interface between the lowest AIN
barrier and the underlying GaN contact layer and is therefore named 2DEG absorption.

As these samples resemble a GaN channel HEMT with its Al,Ga;_,N barrier replaced
by an AIN/GaN SL, approximate values for the 2DEGs Ejo transition can be calculated
with the triangular potential approximation (3:36). Assuming a strained Aly 5GagsN/GaN
interface and a constant electric field F' in the active region results in F' = 5.3 MV /m and
E1s = 620meV (5000cm™!). This is in reasonable agreement with the measured EMA
peaking at 520meV (4500cm™!). The large linewidth of the measured 2DEG absorption
spectrum is caused by additional 2DEG transitions into higher lying states.

The different absorption spectra with respect to the number of QWs can be explained
by conduction band bending and total SL thickness. Contacts on the AIN cap lead to
an upward band bending at the top of the SL, and the area probed by EMA corresponds
to the edge of the depletion region below the contact. Figure 7-3)shows the schematic
conduction band of a two period sample (left) and a five period sample (right).

For the two period sample, the upward band bending due to the Schottky barrier fully
depletes both QWs already at zero applied field, so that free electrons are transferred to
the 2DEG: the external electric field modulates the charge in the 2DEG and only the
ISB absorption in the 2DEG is observed. For the five and ten period samples, the two
topmost QWs are also fully depleted by the upward band bending, whereas the rest of
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Figure 7.2: Room temperature EMA measured with the MIS contact for the two, five,
and ten period samples grown on a GaN template
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Figure 7.3: Schematic drawing of the conduction band of a sample with a two period
(left) and five period (right) SL. Due to the Schottky barrier on the sample surface and
the resulting upward band bending, ISB absorption only takes place in the 2DEG (single
'QW’) for the two period structure, whereas for the five period structure ISB absorption
mainly takes place in the SL, where a total of three QW contribute to the absorption.
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the SL remains in ’flat band’ condition. In this case, the external electric field modulates
the charge in a minimum of three QWs. We conclude this because the 2DEG absorption
is not observed for the ten period sample, and shows up only weakly for the five period
sample.

EMA of MS contact In the following experiment the MS contact was illuminated
and the MIS served as reference contact. In this configuration the Schottky barrier of the
MS contact leads to an even more distinctive upward band bending of the topmost QWs.
Figure 7.4 shows the normalized EMA measurements of the samples grown on a GaN (left)
and on an AIN template (right). For the two period samples the measurements obtained
while illuminating the MIS contact are also depicted. By comparing those spectra the
following statements can be made: for the sample with ten periods, the ISB absorption
in the QWs is dominant and the 2DEG absorption is not observed up to a modulation
amplitude of —6V; the depletion region remains therefore always smaller than the SL
thickness (32nm). For the MS measurement of the five period sample with a 17nm thick
active region, absorption in both the SL and the 2DEG are visible, hence the depletion
region reaches the 2DEG. In the two period sample, finally, the 2DEG signal becomes
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Figure 7.4: EMA of the samples having a QW of 15 A grown on a GaN (left) and on an
AIN template (right). For the two period samples EMA measured with illumination of
the MIS and MS contact is shown. For five and ten period samples only EMA measured
while illuminating the MS contact are shown.

the dominant feature of the absorption spectrum, whereas the SL signal is almost entirely
absent. For the samples grown on GaN buffer a high positive voltage amplitude of 12V
applied to the MIS contact introduces a reduction of the conduction upward bending in
the SL, electrons are moving towards the sample surface. Those electrons give now rise to
an absorption shoulder around 6850 cm™! in the SL.

The 2DEG signal beneath the MS contact peaks at a lower energy than the one below
the MIS contact. This is due to a decrease of the Stark shift beneath the MS contact,
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which is caused by the increased conduction upward band bending in comparison to the
MIS contact. Additionally, the 2DEG EMA peak shifts as function of the external voltage
amplitudes. This can be assigned to an increase (positive amplitudes) or decrease (negative
amplitudes) of the zero field Stark shift (see section [6.4).

This effect was not measured for the ISB transition at 6850 cm™!. This indicates that
the states in a triangular potential are easier Stark shifted in comparison to a state in a
rectangular QW. This feature is explained by the substantial diagonal component of the
ISBT in the 2DEG.

EMA as a function of modulated charge density Figure 7.5/ shows the inte-
grated EMA I, as a function of the sheet carrier density ng, calculated following Fermi’s
golden rule using the measured peak absorption Ec.k, the simulated dipole matrix ele-
ments (112 sim and the number of passes Np = 10. The lower curve represents a single
absorbing QW at 600 meV, corresponding to the two period sample with the completely
depleted SL; the upper curve is calculated for a SL with four QWs absorbing at 850 meV,
corresponding to the ten period sample with its two topmost QWs completely depleted
(see also figure [7.3) under the assumption of a 20 nm modulation depth.

Sample Ia,meas [GV] Epeak [GV] H12,sim [A] Ns [Cm_Q]
E885 (2 periods)  2.7x107% 0.60 3.88 2.2 x1013
E890 (10 periods)  2.1x10~* 0.85 3.54 1.5 x10'2

Table 7.2: Parameters used for the calculation of the absorbance for the two and ten period
samples with a GaN template under an MS contact. I, meqs is the measured integrated
EMA, E,cqr the measured peak EMA energy, (12 sim the simulated dipole matrix element
and ns the sheet carrier density.
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Figure 7.5: Computed value of the integral over the absorbance as a function of sheet
carrier density.

As Iy meas = 2.7 X 10~%eV for the two period sample and Iy meas = 2.1 X 10~%eV for
the ten period sample, the sheet carrier density n, taken from figure!7.5 is approximately
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9 x 10'% ecm~2 for four QWs contributing to EMA and 1.25 x 10'2 cm~2 for the two period
sample’s 2DEG. The nominal n, of the ten period sample is however 1.5 x 1012 cm ™2, and
the ng of the 2DEG is 2.2x 10'3 cm 2 according to CV measurements (refer to appendix [E).
This leads to the conclusion that only about 6% of the free carriers are modulated by the
applied field and therefore contribute to the EMA, both for the SL and the 2DEG.

Conclusion It was shown that besides measuring weak absorptions, the EMA tech-
nique can also be used to investigate the conduction band profile close to the surface
and to influence its shape. It was seen that only carriers in a well defined depth that
depends on the insulator thickness, contact conduction band bending, and external field
modulation amplitude contribute to the signal. These findings are later used to design an
electro-optical modulator described in section (7.2l

7.1.1 Comparison of samples grown on GalN and AIN template

As mentioned above, two different sets of samples were grown, one on a GaN and the
other on an AIN template. The samples grown on AIN template have a broader EMA
spectral shape in comparison to samples grown on GaN (figure [7.4). Although both sets
have the same nominal QW thickness of 15 A , the EMA of the five period GaN template
sample peaks at 6850 cm ™! whereas the five period AIN template sample peaks around
6170cm™!, as is seen in figure [7.6. The ISBT of E966, an AIN template sample with a
reduced QW thickness of 12.5 A, peaks at nearly the same energy than the 15A QW GaN
template sample E887; this further corroborates the influence of the template material on
the ISBT energy.
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Figure 7.6: EMA measurements showing an ISBT shift between E885 (AIN buffer) and
E887 (GaN buffer) for a QW thickness of 15 A. E966 (AIN buffer) has nominal a 12.5 A
QW. The low energy peak is the 2DEG absorption.

The direction of this shift qualitatively agrees with an estimated Stark shift caused
by the internal fields. In GaN QWs grown on GalN the internal fields and thus the Stark
shift are maximal. In a strained GaN QW grown on AIN the spontaneous polarization Py,
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and the piezoelectric polarization Pp.., attenuate each other, resulting in a weaker Stark
shift.

Computing the ISBT energy E12 for a 15 A QW with calcul-bande, once with an internal
field Fjp: = 6.95 MV /cm (GaN template) and once for Fjp; = 6.14 MV /cm (AIN template),
results in a shift of only 12meV. In comparison to the measured shift of 84 meV, this shift
is 7 times smaller. There are other effects, which may red-shift the ISBT energy in a
strained QW in comparison to a relaxed QW. In the case of biaxial strain the ratio ¢/co
(see (2.7)) for a strained GaN QW increases, leading to about 1% thicker QW. This
template dependent red-shift was however not further investigated because E885, E887,
and E890 were the only available PAMBE samples grown on GalN templates investigated
at the time.

Note that the described phenomena lead to a smaller ISBT energy for a PAMBE grown
sample on AIN. With MOVPE the opposite is the case: samples grown on AIN templates
show higher ISBT energies than those on GaN/sapphire. The AIN buffer leads to better
interface quality; the QW ground state is not lifted up [Nicolay et al., 2007]. This effect
is stronger than the Stark shift, explaining the discrepancy between MOVPE and MBE.

7.2 Modulator prototype

In figure 7.7/ the EMA of the five period sample E887 is shown for a modulation voltage
amplitude of —1V. It is largest around the ISBT at 6850 cm~! (850meV). To find out
which bias polarity reduces the ISB absorption, rapid scan transmission measurements
where carried out while applying a DC bias voltage to the sample. To compensate the
lower sensitivity compared to EMA measurements, the voltage amplitude was set to £6 V;
the obtained differential transmission (7_g — T'6)/7T shown in figure 7.7 is however still
noisier than the —1V amplitude EMA measurement. At the ISBT energy, the negative bias
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Figure 7.7: Differential transmission of E887 measured at the MS contact. The EMA
AT is obtained with a voltage square wave with —1V amplitude and a 0V baseline, the
rapid scan AT by subtracting the transmission measured with a +6V bias from the one
measured with a —6V bias.
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Figure 7.8: Schematic conduction band diagram of an electro-optical modulator using ISB
transitions in a GaN/AIN SL. The applied voltage is 0V for the left panel, —2V for the
right panel.

rapid scan transmission 7_g is higher compared to the positive bias rapid scan transmission
T6, meaning that negative bias voltages quench the ISB absorption. This is consistent
with the band bending induced by the bias voltage: as seen in figure [7.8), the conduction
band is already slightly lifted towards the contact at zero bias due to the Schottky barrier;
therefore, the topmost QWs are above the Fermi level, have a negligible ground state
population and do not contribute to the ISB absorption. When a negative voltage is
applied to the contact, this upward bending is enhanced, more QWs are lifted above the
Fermi level and the ISB absorption is weaker compared to zero bias. This behavior can
be used as electro-optical modulator: at 0V, the absorption at the ISB energy is stronger,
the modulator is in its off-state (normally off). When applying a negative bias voltage,
the absorption diminishes, the modulator is in its on-state. A speciality of this design is
its spectral selectivity: the transmitted light is only modulated at energies close to the
ISBT energies (both from the QW and the 2DEG).

Based on the spectral EMA measurements, the range for the number of periods of such
a modulator can be determined: as seen in figure 7.4, the 2DEG at the active region/buffer
interface is not modulated for bias voltages up to 6 V in the case of a ten period sample.
In a thick SL of ten or more periods, the lowest lying QWs (towards the buffer) do not
contribute to the EMA. For the two period sample, the ISBT absorption is only weakly
modulated, the conduction band bending (introduced by the Schottky barrier) lifts up the
ground states of the QWs close to the surface. Consequently, a sample having between
five and ten periods is an appropriate choice.

A rough estimation of the ’on-off ratio’ is obtained from the rapid scan transmission
measurement: for a —6V bias, the transmission is 1.5% lower than for a +6V bias,
corresponding to an on-off ratio of 20 x1og(1/0.985) = 0.13 dB. This value can be improved
using an appropriate waveguide, as discussed in the next section.
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7.2.1 Waveguide

To increase the on-off ratio of the SL/2DEG electro-optical modulator presented in the
previous section, the five period SL can be embedded in a ridge waveguide. Although this
does not improve the absorbance difference Aa = o, — vy, the ratio between the on-
and off-state absorption (e~2**) becomes considerably larger due to the increased optical
interaction length L between the optical field and the active region in a ridge waveguide
compared to an MPW.

In a lateral ridge waveguide, which can be described as a laterally confined dielectric
slab waveguide, the active region is embedded in a core layer sandwiched between two
layers with lower refractive indices in order to confine the radiation. For the modulator,
the GaN contact layer (n=2.3) is the dense waveguide core (to which the SL is attached).
The confinement on the substrate side is provided by an AIN (n=2.1) buffer layer. On top
of the active region, an SiOs (n=1.47) insulator layer is deposited, followed by a Ti/Au
metalization.
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Figure 7.9: Simulation of the fundamental TM mode for E966.

Due to the AIN buffer and the five period repetitions, E966 is a promising candidate
for a ridge waveguide modulator. Figure [7.9/ shows a one dimensional slab waveguide
simulation of sample E966 calculated with the Schrédinger solver calcul-bande adapted to
solve the one-dimensional wave equation of a TM mode obtained from Maxwell’s equations
in the absence of sources. According to the simulation, only one TM mode propagates
in this waveguide. It has an effective refractive index n — ik = 2.10 — 4.01 x 10~*
resulting in waveguide losses of ayy = 47/A x k = 35.2 ecm~! for A\ = 1.43um. The
overlap between the active region and the TM mode is C'=0.36%; this low value is not
surprising comparing the SL thickness of 12.5 nm to the effective wavelength in the active
region, which is 1430nm/2.2=650nm (2.2 is the refractive index of the active region).
To estimate the performance of the modulator, the 3D modulation absorbance difference
Aasp is calculated based on the rapid scan transmission of sample E966 in figure (7.7,
from which the differential absorption efficiency is taken to be An = 0.02. Using

sin? ©

An = AO{QD X m X Np X NQW (71)
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results in a dimensionless differential QW absorbance Aasp = 1.55 x 1072, where © = 37°
is the propagation angle in the active region for a 45° MPW, N, = 10 is the number of
passes and Ngw = 3 is the number of periods affected by the applied voltage. The factor
cos O seems to give an unphysical result when © — 90°, as is the case in a ridge waveguide;
this is because aap is the absorption constant for light passing through one QW, resulting
in an infinitely long passing length for © = 90°. Therefore, a bulk absorption constant
Aazp with An = Aasp X L/cos® is defined to calculate the differential absorption
efficiency of a ridge waveguide [Liul, 2000]. For one QW,

L, A sin? ©
= A0p X ——
0s© cos®’

Aagp X (72)
¢

results in Aagp = 5167cm™!, where L, = 3 x 10~7cm is the length of one period, and

© = 90° is the propagation angle in the ridge waveguide. For a waveguide length of

Ly = 0.2mm, the on-off ratio is calculated to be 20 x log(eNewAasp CLug) = 9.7dB, and

the waveguide losses 20 x log(e~%ws Lws) = —6dB.

Conclusion An electro-optical modulator was proposed based on a transistor like
structure. Although the device was tested in MPW geometry, this modulator could clearly
influence the transmission of light in a narrow band around 800meV. To improve the
modulation depth of this prototype, future work will concentrate on placing the modulator
structure in a ridge waveguide.
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Chapter 8

Photodetectors

In this chapter, samples giving rise to a photovoltaic response are discussed. Most of them
were grown by PAMBE. As shown in section [3.2.1, the photovoltage is proportional to the
number of QWs Ngw, the QW thickness tgw, the QW 3D doping density n3p, and the
figure of merit Il 7. To verify this theoretical dependences and to investigate the influence
of individual structure parameters on II 7, three sample series, each with a single varying
parameter, were grown.

As PV measurements on processed mesa structures resulted in weaker signals with
nearly identical spectral shape compared to unetched stripe contact structures, most sam-
ples were not etched into mesa structures, so that no conducting Al,Ga;_,N or GaN
buffer layer is required. However PV measurements across two top contacts require that
the cap has a low conductivity, otherwise the contacts are short circuited. The growth
conditions of both PAMBE and MOVPE changed several times, wherefore a comparison
across different sample series is not always possible; a short discussion on the influence of
the PAMBE growth temperature on the PV signal strength can be found in appendix [I.

8.1 Comparison of mesa and stripe process

In this section, the PV measurements of a sample processed into mesas with an etched
bottom contact and into stripes without etching are compared.

The investigated sample E740 has an active region consisting of a 40 period SL with
10A GaN QWs doped to 2.4x10" ecm~2 and 20 A AIN barriers sandwiched between a
5nm cap and a 250nm buffer, both Al 35GaggsN. This conductive buffer layer allows
a vertical contacting of the active region with a mesa process. One half of E740 was
processed into (200 x 400) um? mesas; a Ti/Au contact was evaporated on the mesas and
an ohmic Ti/Al/Ti/Au on the etched area in between. On the other half, Cr/Au contact
stripes were evaporated on the unetched sample surface. Both pieces were then polished
into 45° MPWs for optical characterization.

Figure 8.1l shows the normalized PV signal for both the mesa and the stripe process
along with the TM polarized transmission measured with a 45° MPW. The two processes
give rise to a PV signal of almost the same spectral shape, despite the different contact
areas and number of passes in the active region.

At 10 K the PV peaks at 7320cm™! (915 meV, 1.39 um) for both processes and has a
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Figure 8.1: Normalized PV and TM transmission of E740 at different temperatures. Left:
mesa process PV. Right: stripe process PV. For comparison, the transmission is shown in
both panels.

FWHM of 720cm™! (90meV). The PV signal for the mesa process is smaller than for the
stripe process (not visible in figure8.1)), which is consistent with the stripe process’s higher
number of passes in the active region. The defect signal at 10000 cm™"! is stronger for the
stripe process, which is possibly due to the thicker Al,Gaj_,N buffer layer in comparison
to the remaining buffer for the etched mesa process. The transmission peaks close to the
PV and has an asymmetric shape, the latter being an indication of a small growth rate
drift (see also section 6.5)), which also explains the twin peaks of the PV signal. The PV
is highest at 10 K, and drops to about half of this peak value at 50 K, where it remains for
higher temperatures. At 300K, the PV of the mesa process is redshifted by 50 cm™! with
respect to the stripe process.

Current [A]

Voltage [V]

Figure 8.2: I-V measurement of the E740 mesa process at different temperatures.

Figure 8.2l shows the measured I-V curves of the mesa process for different temper-
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atures; they are determined by the active region (not like in the stripe process). As
expected, the resistance decreases with increasing temperature. Additionally, photocon-
ductive measurements were taken while applying a bias voltage across the active region;
no PC gain was seen, however the noise increased significantly.

Conclusion The PV signal of a mesa process has a nearly identical shape compared
to the one measured with a stripe process, but the stripe process leads to a stronger signal
due to its larger area and longer interaction length, wherefore most subsequent samples
were not processed into mesa structures.

8.2 Different thickness of AIN barriers

To study the influence of different AIN barrier thicknesses on PV, a series of samples was
grown by PAMBE with identical structure parameters except for the barrier thickness, as
listed in table 8.2, The QWs are 15 A thick and nominally doped to 10 ¢cm ™3, the buffer
(1.1pm) and cap (50 nm) material is AIN, and the number of QW /barrier periods is 40.
To mask the influence of growth conditions changing with time, the series was not grown
in sequence with increasing barrier thickness. It was however not possible to have identical
growth conditions for all samples, as a higher overall Al content in the active region requires
a higher growth temperature as well as growth interruptions between consecutive layers:
whereas the 7.5 A and 15 A samples E1206 and E1209 were grown without interruption,
samples E1211 (30 A) and E1210 (70 A) have an interruption of 1s and sample E1208
(150 A) one of 55 (see also section 2.2).

Sample E1206 E1208 EI209 EI210 E1211
Barrier width [A] 15 150 7.5 70 30

Peak position [em~!] 6350 6370 6700 6350 6295
FWHM [cm™] 1065 1030 1680 770 1050

MQW AIN content 50% 90% 33% 82% 67%

Table 8.1: Nominal AIN barrier thickness and measured PV peak position and FWHM
of E1o taken from the right panel of figure 8.3 for samples E1206 — E1211. The last line
gives the overall AIN content of the active region.

Measured spectral PV  For temperature dependent PV measurements, the samples
were cooled down to 10 K and then heated to the measurement temperature. Figure [8.3
shows the measured PV signal at 150 K, where the signal is strongest for all samples but
E1211. On the left panel, the spectra are shown as semilogarithmic plot, the right panel
shows the main peak normalized to one on a linear scale. All samples have a PV peak
at about 6350 cm ™', which is in good agreement with the simulated E15 = 6340 cm ™!
of a 15A QW. The shoulder around 10000cm~" is due to an ISBT into a higher lying
state in the QW and the peak at 12600cm™! is a replica of the 1 — 2 ISBT. Those
features are discussed in section 8.9. The broad peak around 20000cm™! is due to the
yellow band in the GaN QW [Reshchikov and Morkoc, 2005]. The PV signal is strongest
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Figure 8.3: Left: measured PV spectra at 150 K of the sample series with barrier thickness
ranging from 7.5 A to 150 A. Right: the same spectra normalized by the blackbody of the
spectrometer NIR source and normalized to one.

for samples E1210 (70 A) and E1208 (150 A); this shows that the PV is not connected
to interwell tunneling processes, as the tunneling probabilities across one barrier for the
second electron level estimated using (4.1) is negligibly small: 2.4x1073 for the 150 A
barrier respectively 7.5x10~19 for the 70 A barrier.

As seen in the right panel of figure 8.3, the PV of sample E1209 (7.5 A barrier) peaks
at 6700cm™!, whereas all other samples peak around 6350 cm™!. This shift is caused
by the relaxation of E1209’s active region: it has an overall AIN content of 33%, and is
therefore highly strained to the AIN buffer as opposed to samples with thicker barriers
having a higher overall AIN content. Relaxation of a GaN QW grown pseudomorphically
on AIN reduces the magnitude of the piezoelectric field Fj;e., in the QW, leading to a
stronger internal field in the QW (see also (3.39)) and thus a higher ISBT energy. The
larger amount of broadening of sample E1209 also indicates a gradual relaxation.
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Figure 8.4: Peak ISBT height for samples with different AIN barrier thicknesses as a
function of temperature.

In figure 8.4/ the temperature dependence of the F1o transition peak height is depicted.
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Figure 8.5: calcul-bande simulation of a 15 A GaN QW between AIN barrier of different
widths. Left: conduction band and squared electron wavefunctions. Right: ISBT peak
energy position Fq9 and figure of merit II7.

For all but one sample (E1211), the PV is strongest around 150K. This temperature
dependence often occurs for PAMBE grown sample on AIN. A possible explanation is
that due to photoionization of metastable defects in the AIN barriers and cap layer the
conductivity varies with temperature. However transmission measurements taken in the
Brewster angle configuration at different temperatures did not show any temperature
dependent features (see figure B.1 in appendix B).

Comparison of measurements and simulations Figure 8.5 shows calcul-bande
conduction band profile simulations for samples 1206, E1208, E1210, and E1211. Sample
E1209 with the thinnest barriers of 7.5 A is not discussed, since its thin AIN barriers allow
the states to couple, leading to a higher tunneling probability and leakage currents and
therefore to a lower device performance. The conduction band potential was obtained using
(3.39), under the assumption that the active region is fully strained to the underlying AIN
buffer. As expected, a thicker barrier leads to a stronger internal field Fj,; in the QW and
to a weaker Fj,; in the barriers, resulting in a weaker confinement of the higher states.
The more pronounced triangular shape of the QW potential lowers the QW’s ground
state. This also leads to a redshift of the QW interband transitions which is visible in the
photoluminescence measurements presented in appendix DL Given the computed increase
of the internal field in fully strained GaN QWs for increasing AIN barrier thickness, one
would expect an analogous increase of the ISBT peak position energy, as seen in the right
panel of figure 8.5, The measured peak position does indeed blue shift for increasing AIN
barrier thickness; however with 7meV between E1211 (30 A barrier) and E1210 (70 A
barrier), and 2.5 meV between E1210 and E1208 (150 A barrier), those shifts are weaker
than the computed ones of 25 meV respectively 10 meV. This discrepancy may be explained
by different growth parameters and a partial relaxation of MQW structures with lower
overall AIN content.

The PV amplitude is proportional to the figure of merit II7 (see also section 3.1.3),
of which the computed values for this sample series are shown on the right panel of



76 Photodetectors

figure8.5. For barrier thicknesses above 30 A, IT7 decreases due to the smaller displacement
between the wavefunctions caused by the lowering of the left barrier which shifts the upper
wavefunction to the left. For identical sample dimensions and doping density, only Il and
the optical overlap C' of the active region with the SWI needs to be taken into account.
For the samples with 15 A and 30 A thick barriers, C' is approximately 0.5; for samples
with thicker barriers, C' is close to 1, as the SWI’s nodes and antinodes are averaged out.
A multiplication of the factor IIT with C' would predict a signal increase of 21%, 90% and
15% for the samples with barriers widths of 30 A, 70 A and 150 A as compared to the
15 A barrier sample. Although this trend is visible in the experiment (see figure 8.4), it
varies with temperature. This could be caused by the impedance mismatch between the
current amplifier and the samples; the measured temperature dependence of the sample
impedance differs between the individual samples of the series. This however cannot easily
be modeled due to the complex current path between the two contacts evaporated on the
sample cap. An adapted process consisting of an epitaxial lift-off would allow to contact
the active region from the cap as well as from the buffer side. This would most likely
result in a reduced device capacitance and parasitic resistances and hence in an increase
in device performance as compared to the planar process.

Conclusion Both theory and experiment show that the PV signal strength depends
on the barrier thicknesses. The reason for this is the dependence of II 7 on the internal
field in the QWSs, which again depends on the barrier thickness. For the investigated
series with 15 A thick GaN QWs and AIN barriers ranging from 15 A to 150 A, the PV is
maximal for barrier thicknesses around 70 A.

8.3 Different number of periods

In an ideal MQW structure, neglecting the conduction band bending at MQW and
buffer/cap interfaces, all QWs are subject to the same internal electric field and strain; the
illumination induced polarization P is identical in each QW. For a structure with Now
QWs, the macroscopic photovoltage is thus proportional to P x Ngyw . To investigate this
relation in the experiment a series of samples with 10 periods (E1133), 40 periods (E1131)
and 100 periods (E1132) was grown. The QW and barrier thicknesses are 15 A, the AIN
buffer and cap layers are 1.1 um respectively 50 nm thick.

Figure 8.6/ shows the TM polarized transmission and the PV signal of all three samples.
As expected, both the absorption and the PV amplitude get stronger with increasing
number of periods. Due to the active region relaxation process becoming stronger for
SLs containing more GaN, there is high energy tail in both PV and transmission forming
for samples E1131 and E1132. A relaxation of the GaN QWs leads to a decrease of the
internal fields and hence to an increase of the ISBT. This broadening is maximal for E1132
and minimal for K1133.

With identical sample structures and dimensions, the absorbance should increase lin-
early with the number of periods (factors 1, 4, 10 in comparison to the 10-period sample).
However, the measured absorbance area is 2.7 times larger for the 40-period sample and
8.5 times larger for the 100 period sample, as seen in the right panel of figure 8.6. The
increase of the integrated PV signal is even less linear: compared to the ten period sample,
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Figure 8.6: Left: TM transmission and PV of samples with 10 (E1133), 40 (E1131)
and 100 (E1132) periods, measured at room temperature. Right: normalized integrated
absorbance and PV as a function of number of periods.

the PV is 7.4 times stronger for the 40-period sample and 30 times stronger for the 100
period sample.

Periods Ideal factor Norm. I, Norm. Ipy
10 (E1133) 1 1 1
40 (E1131) 4 2.7 7.4
100 (E1132) 10 8.5 30

Table 8.2: Overview of integrated absorbances and PV signals. The measured integrated
absorbance and PV spectra are normalized to the value obtained with the 10-period sam-
ple.

As the internal fields have an impact on the PV (see section'8.2), the explanation for
this behavior is most probably found in the different field domains of the SL. There is an
additional band bending at the interfaces to the cap and buffer layer, which depends on
the choice of buffer and cap layer and hence internal fields. Here (AIN buffer and cap) the
first few QWs (towards the buffer) are lifted up, whereas the top most QWs immerse in
the 2DEG at the cap/SL interface. Those field variations will have a stronger impact on
a few period sample than on one with 100 periods, which is consistent with the stronger
deviation from PVoc Ngw between 10 and 40 periods (factor 1.85) compared to the one
between 40 to 100 periods (factor 1.6). This indicates also that the PV signal mostly
originates from the domain where the internal field is uniform in the sample.

Conclusion It was shown in theory and experiment that, as opposed to QWIPs
and QCDs, not only the absorbance, but also the PV signal and hence the responsivity
increases with the number of QW /barrier periods. This shows that for a detector based
on photoinduced polarization, a high number of periods is crucial to obtain a strong PV
signal.
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8.4 Different GalN QW thickness

In this section a series of MBE samples grown at Cornell University, Ithaca, USA, is pre-
sented. Growth started with a 500 nm thick Al,Ga;_,N buffer (Si doped to 5x10Ycm™3),
whose Al content was determined with high-resolution X-ray diffraction. The active re-
gion consists of a regular SL of 20 periods with AIN barriers and doped GaN QWs, and
is partly relaxed. The cap layer is 100 nm thick and has the same Al content as the buffer
layer. Buffer and cap Al content, QW and barrier thickness, and QW doping density are
listed in table 8.4. For the measurements, the samples were polished into 45° MPWs and
two ohmic contact stripes (Ti/Al, 40/400 nm) were evaporated onto the cap layer.

Sample Buffer / cap QW Barrier QW doping

Al content  [A] [A] [cm ™3]
gs1709 90% 22 23 5% 1019
gs1752 98% 38 19 8x10%
gs1758 100% 17 18 1x10%0

Table 8.3: Buffer/cap Al content, QW and barrier thicknesses and QW doping concentra-
tion of samples gs1709, gs1752 and gs1758 grown at Cornell University.

Measured spectral PV  Figure 8.7 presents the ISB room temperature absorbance
along with the PV measured at 10K of gs1709, gs1752 and gs1758. For a broad PV
spectrum such as obtained for gs1752, the influence of the FTIR blackbody spectral shape
can not be neglected anymore, so all PV spectra were normalized with the blackbody
spectrum of the FTIR internal NIR source.
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Figure 8.7: Room temperature absorbance (hanging from the top axis) and PV normalized
with the blackbody of the FTIR internal NIR source (10 K) for samples gs1709 (22 A QW),
gs1752 (33 A QW) and gs1758 (17A QW).

For the two samples with thinner QWs, the PV as well as the absorbance have one
distinct peak; for gs1752 with a QW thickness of 38 A the PV spectrum has three peaks,



8.4 Different GaN QW thickness 79

but the absorbance has only one. The PV peaks can be assigned to the transitions from
the first into the second, third and fourth state respectively in the wide QW. The decrease
of the PV amplitude for higher final states f is less pronounced than the one of the
absorbance. This is because the PV is proportional to the squared dipole matrix element
p? . (lower for higher final states f) and also to the displacement times the scattering
time [(¢¢|z]vr) — (1]z]1)| x Ty (ILif71y). E13 shows up as a small shoulder in the PV
spectrum of gs1709. In the spectrum of gs1758, this transition is not visible anymore.

Based on the theory presented in section 3.2, the PV amplitude between the first and
the second state should scale with the QW thickness; it should be maximal for gs1752
and minimal for gs1758. As seen in figure 8.7, the measurement does not quite follow
this picture: gs1709 with a QW thickness of 22 A has a lower PV than gs1758 with a QW
thickness of 17 A. This can be explained partly by the lower doping density of gs1709; also,
the interface quality differs between the individual samples, possibly due to the different
Al contents of cap and buffer layer.

Especially for samples gs1752 and gs1758, absorption and PV (not shown in the fig-
ure) did not disappear for TE polarized radiation. This deviation from the polarization
selection rule also indicates a high interface roughness.

Influence of defects on the PV Unlike the PAMBE samples grown at CEA in
Grenoble, the Cornell samples showed temperature dependent transient behavior during
onset of illumination with the spectrometer NIR source. These effects are possibly related
to persistent photoconductivity (PPC) and optical quenching (OQ). At low temperatures,
electrons can be photoionized from deep defect levels in the bandgap into the conduction
band. Once an electron is optically excited into the conduction band, the deep level
undergoes a lattice relaxation, forming an energy barrier which hinders the excited electron
to return to its original state; a PPC is created. OQ arises when valence band electrons
are optically excited into mid-gap states. When such a defect has trapped a valence band
electron, it relaxes and builds up an energy barrier, hindering the recombination of the
trapped electron with a valence band hole; the thus created holes can now recombine with
conduction band electrons. At higher temperatures (above 60 K-150 K) those defects are
not metastable, and have no impact on the PV anymore.

Zeisel et al. [2000] has studied PPC in AIN, where the deep levels were assigned to
Si. [Ursaki et al. [2003] investigated PPC and OQ in GaN, and suggests that the deep
defect involved in PPC is situated about 2eV below the conduction band and the one
involved in OQ about 1eV above the valence band edge. They also found that the defect
related to PPC undergoes a larger structural transformation after the excitation of an
electron than the one related to OQ. Additionally they observed that OQ takes place on a
faster time scale than PPC. Finally Li et al. [1998] concluded that in an Al,Ga;_,N/GaN
heterostructure the electrons giving rise to PPC are photoionized from deep level impurities
in the Al,Gaj_.N barrier band gap.

Figure 8.8 (left half) shows the PV of gs1758 at different temperatures as function
of time. Time was measured from the onset of the illumination with the spectrometer’s
internal white light source. After each measurement, the sample was heated up to 313 K
in order to maintain identical starting conditions. At temperatures below 100 K, the PV
jumps abruptly to about half of its maximum value upon illumination, increases more
slowly up to a maximum, and decreases with an even higher time constant again. Those
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Figure 8.8: Left: transient PV of gs1758 for different temperatures while illuminating
the sample with a halogen lamp. Right: idem with a silicon wafer used as optical filter.
Sample illumination starts at t=0.

transients have the signature of two different time constants and disappear at temperatures
above 120 K.

The same experiment was carried out a second time, while the impinging light was
filtered with a Si wafer. Only light with energies up to 9091 cm~! (1.127eV) reached the
sample, deep defects with energies greater than 1.127eV were hence not activated. As
seen in the right half of figure 8:8,the transient effects disappeared, which is an indication
for metastable mid-gap state in the active region.

Conclusion The Cornell series shows that for thicker QWs higher lying states con-
tribute to the PV signal. However, it is not possible to directly compare those MBE grown
samples with the ones grown by PAMBE due to the different material quality. The latter
manifests itself dramatically by PPC and OQ effects observed with the Cornell series.

8.5 Different Al,_,Ga,N barriers

To obtain photoconductive QWIP operation, a bound to quasi-continuum transition from
the first to the second electron state in the QW is required. To bring the second state of a
reasonably thick GaN QW (> 10 A) close to the continuum, a ternary Al,Ga;_,N barrier
is required. This section presents the PV spectra of samples with different Al contents in
the barrier. As absorption measurements already showed in section 6.2, it is however not
possible to bring the second state of a GaN QW in clear resonance with the continuum
due to the saw tooth shape of the conduction band edge.

All samples consist of 40 periods and are grown on an 85 nm thick GaN contact layer
deposited on an AIN/sapphire template. The barriers are 75 A thick to exclude coupling
between the ground states. The QWs are nominally 12.5A (5 ML) thick and are mod-
erately doped (10' cm™3) in order to allow a potential drop over the active region if an
external field is applied. The growth ended with a 75 A Al,Ga;_,N barrier. No additional
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Figure 8.9: Left: TM transmission (300 K, hanging from the top axis) along with nor-
malized PV spectra at 10K, for samples with different Al;_,Ga,N barriers. For sample
E1089 a Lorentz fit spanning the ISB signal is also shown. The signals at higher energies
are defect signals. Right: I-V measurements taken at 15 K.

cap layer was grown to allow for annealed ohmic top contacts which diffuse into the active
region and reduce the band bending at the top of the active region. Table 8.5/ lists the
nominal Al content of the Al,Ga;_,N barriers for the investigated series.

Sample E1089 E1102 E1103 E1104
Al content  60% 80% 70%  100%

Table 8.4: Nominal barrier Al content for samples with Al;_,Ga,N barriers.

Stripe contacts In a first process, Ti/Au contact stripes were evaporated directly
on the sample surface; the samples were then polished into 45° MPWs. The left panel of
figure 8.9 shows the normalized PV response obtained at 15 K between two such contact
stripes, along with the TM transmission presented in section [6.2. Sample E1102 has an
inferior Al, Gaj_,N barrier material quality, leading to a grayish sample color and therefore
no measurable absorption.

The PV signal of sample E1104 (AIN barrier) which has a clear bound-to-bound tran-
sition is the strongest. For E1103 (70% Al), the PV signal is five times lower, for E1102
(80% AIN, inferior material quality) it is eight times lower. For E1089 (60% AIN), the
PV is dominated by defects and the ISBT signal is only a small shoulder; it has a broad
absorption, indicating that the QW’s second state is close to the continuum. For E1103
(70% AIN), defects are still visible in the PV spectrum but are weaker than the ISBT
signal. For the two samples with higher AIN content in the barrier, the defect signal is not
visible at 15 K. Lowering the Al content in the barrier introduces additional defect levels
causing the high energy PV signal.

The I-V curves in the right panel of figure 8.9 show that a decreasing Al content
leads to a lower resistivity, due to the lower barrier height and the increased barrier
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material conductivity. Since the I-V curves were measured in the lateral stripe contact
configuration, the resulting resistance is not only determined by vertical transport in the
active region. As the barrier Al content is the only difference between the samples, the
differences in the IV characteristics are due to the different barrier Al contents.

Except for £1102, which has an inferior material quality, the PV signal is stronger for
samples with higher Al content in the barrier. A PV signal based on the dipoles formed
during a photoinduced polarization process is smaller for a more conducting barrier which
favors recombination of the dipole charges between the QWs. If the second states is close
to the continuum, as for E1089, this effect is even stronger: the low barrier height further
enhances the leakage current.

Mesa process This series was also processed in small mesa structures to measure
a photoconductive signal. Mesa diameters of 6-12 um were chosen to reduce the number
of defect states in a single device. However, no PC signal could be measured across the
available temperature range from 10 K up to room temperature.

Conclusion The PV signal is strongest for pure AIN barriers, where the resistance
is maximal and the defect density minimal. However, no photoconductive signal was
measured, as samples with their upper state close to resonance with the continuum had
a low Al content in the barrier and therefore a high defect density and low resistance.
This shows that photoinduced polarization is a robust and reliable detection mechanism
for group III nitride ISB photodetectors.

8.6 Different cap thicknesses

In the previous sections, only the influence of parameters describing the active region
such as number of periods, barrier and QW thicknesses, and barrier material have been
discussed. Here, the influence of how the PV signal is measured at the surface is discussed.
Figure 8.10/ shows a possible equivalent circuit of a typical sample grown on an AIN buffer
and capped with another AIN layer, with an illuminated signal contact and a dark reference
contact. The active region is modeled by a capacitance C, in parallel to a resistance R,.
While the region beneath one contact is illuminated, dipoles are forming, giving rise to a
PV. Due to the insulating AIN buffer and cap layer the active regions under the contacts
are capacitively coupled. This circuit is however only a draft and not sufficient to conduct
meaningful simulations. In this section only the capacitance C¢,p of the cap and therefore
the capacitive coupling between the active region and the contact is investigated. For this
purpose a series of samples with different AIN cap layer thicknesses listed in table 8.5/ was
grown; all samples have the same active region with 15 A GaN QWs and 50 A AIN barriers
grown on a 1.1 um thick AIN buffer.

Figure 8.11 shows the TM polarized room temperature transmission along with the
PV obtained for samples having a 25nm or thicker cap at 150 K. For the sample with
a 7nm cap, no PV was observed. The PV shoulder at 10000 cm™! is due to the higher
order Fi3 and the peak at 13000 cm™! is a replica of the Eio ISBT, whereas the broad
peak around 20000 cm™! is a defect signal. In transmission, the Ej5 ISBT absorbance is
in good agreement with the Fi2 PV peak. The integrated absorbance of sample E1301
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Figure 8.10: Equivalent circuit for an illuminated sample with AIN buffer and cap layers.

Sample E1300 E1301 E1297 E1299
Cap [nm] 7 25 50 100
Integrated absorbance I, [cm™!] 740 2850 1130 997

Table 8.5: Nominal cap layer thickness and integrated absorbance of E1300, E1301, E1297
and E1299.

(25nm cap) is 2.5 times larger than for the other samples (see table 8.5), indicating a
higher doping density.

The signal measured at the contact is V' = q/Clo, where ¢ is the photoinduced polar-
ization electron charge and Cy, is the combined capacitance consisting of Cy,r, C; and
the cap capacitance Ceop = €0€aiNA/teap With an area A and a cap thickness t.q,. For
identical active region, ISBT energy, absorbance, cap material, and contact area A, the PV
is proportional to 1/Ceqp X teqp. The left panel of figure8.12 shows the PV peak response
as function of temperature for a 25 nm, 50 nm, and 100 nm AIN cap, the right panel shows
the PV peak response as function of cap thickness at 150 K and 300 K. Given the higher
absorbance of E1301, its PV peak value was divided by 2.5. For temperatures above 70 K,
the expected increase of PV signal for thicker caps is observed. At lower temperatures,
the PV peak response of the 25nm cap sample E1301 is strongest. As already seen in
section 8.2, the PV is strongest between 70 K and 150 K.

Conclusion In the device configuration with two contacts on an insulating cap layer,
the capacitive coupling between active region and contact layer is a function of the cap
layer thickness. It was shown that, as predicted by theory, the PV signal increases if the
cap layer thickness is augmented.

8.7 PV response measured with a laser

To measure the frequency response of a sample, the setup described in section!'5.3 is used.
The measurement was done with sample E1065, as it fulfills the setup requirements: the
sample does not need to be cooled down and is sensitive at 1.55 um. E1065 was grown by
PAMBE and its active region consists of a 40 period SL of GaN QWs and AIN barriers
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Figure 8.11: Spectra of linear TM transmission at 300 K and logarithmic PV at 150 K of

samples with varying AIN cap thicknesses.
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with a nominal thickness of 15A. The Si doping density in the QWs is 1029 cm 3. This
active region is sandwiched between a 1.1 um thick AIN buffer and a 50 nm thick AIN cap.
High resolution X-ray diffraction measurements of the SL confirmed a period of 3.1 nm
(see appendix [C)); reciprocal space mapping showed an average relaxation of about 80%.
Figure [8.13 shows the spectral PV obtained from a stripe contact along with the TE and
TM transmission. The transmission is fully TM polarized, peaks at 6300 cm~! (1.58 pm,
785meV) and has a FWHM of 216 meV; the PV peaks at 6650 cm~! (1.5 um, 825meV)
and has a FWHM of 119 meV. Also, the room temperature PV signal is sufficiently large
for frequency response measurements.
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Figure 8.13: PV at different temperatures and room temperature transmission of E1065.

After evaporation and connection of additional mesa contacts (no etch process) the
sample was mounted on a BNC connector and placed in the measurement setup as de-
scribed in section 5.3. The left panel of figurel8.14/shows the normalized frequency response
obtained for various signal (illuminated) and reference (dark) contacts. While illuminating
the stripe contact using a (300 um)? mesa as reference, no distinct corner frequency is ob-
served and the response decreases over the whole investigated frequency range. When the
(300 um)? mesa is illuminated using the stripe as reference, the response is flat up to about
1 MHz. Hluminating the (300 um)? mesa using a (200 um)? mesa as reference results in an
initial increase of the response towards higher frequencies up to about 10 MHz, followed by
a decrease from 40 MHz on. Illuminating the (200 pm)? mesa using the (300 um)? mesa as
reference results in a similar response, except that the initial signal increase is not present
in this case. For frequencies above 100 MHz, the measurement noise increases significantly;
this is because of the lower gain of the amplifier used for frequencies above 100 MHz as
well as the increased crosstalk at higher frequencies.

Given the complex shape of the frequency response and the complicated current path
between two contacts evaporated on the sample cap, the measured data is not sufficient
to extract an unambiguous equivalent circuit describing the frequency response.

When illuminating a mesa contact, the signal drops by roughly 20dB per frequency
decade above a certain corner frequency, despite the different low frequency responses. In
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Figure 8.14: Frequency response of E1065. Left: various contacts (Im: (300 pm)?, mm:
(200 um)?, stripe: (0.8x3) mm?). Right: detailed mm mesa spectrum measured with an
external modulator; the inset shows the spectrum analyzer trace at 2.937 GHz.

figure 8.14/to the right the frequency response of a (200 um)? signal mesa with a (300 pm)?
mesa as reference taken with a long integration time is depicted; for this measurement,
the laser diode was not modulated directly, but with an external electro-optical Mach-
Zehnder modulator. Although the signal decreases for frequencies above 20 MHz, it was
visible up to 3 GHz, which is the upper limit of the Agilent E4403B spectrum analyzer’s
measurement range. The FWHM of the signal is determined by the resolution of the

spectrum analyzer.

Conclusion Illuminating a (200 um)? mesa contact, a PV signal is seen up to fre-
quencies of 3 GHz. The shape of the frequency response strongly depends on the contact
configuration and size. For the larger stripe contact, the response is significantly weaker
towards high frequencies due to its higher contact capacitance. Considering that the in-
vestigated samples where not at all optimized for high frequency operation and had a
significant impedance mismatch towards the readout circuit, this is a promising result
for high frequency photodetectors in the NIR based on ISB photoinduced polarization in
group III nitride MQW structures.

8.7.1 Rectification voltage amplitude

In this section an estimation of the PV signal amplitude due to photoinduced polarization
is presented based on the theory discussed in section [3.2.1.
In figure 8.15! the rectification voltage is plotted as function of intensity using

2Now Nptow (2 sin? ©
Vi = o POWL O Zo (8.1)
€5,GaNTGaN ’ cos ©
3
2 e T
X(()ﬂ)mw = 2€0hn3Df/’L%25127 (82)

where Np = 10 is the number of passes, Now = 40 the number of QWs, tow = 15 A the
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QW thickness, © = 37°, €5 gan = 10.2, the static dielectric function of GaN, ng,n = 2.33
the refractive index of GaN, nzp = 10?0 cm™2 the 3D carrier density, 7 = 370fs the
scattering time, I' = 40 meV the ISBT HWHM, p12 = 3.5 A the dipole matrix element
and § = 1.7 A the displacement between the electron wavefunctions.
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Figure 8.15: Computed rectification voltage as function of intensity.

An input intensity of 6x 107 W/m? given by a 6 mW laser focused on a spot of 10x 10 pm?

results in a computed value of 135 uV; experimentally, a room temperature voltage sig-
nal amplitude of about 10 4V was measured under laser illumination for E1065. As the
maximal PV signal of E1065 at 150 K is 13 times stronger than at 300 K, the correspond-
ing PV response under laser illumination illumination at 150K is 130 xV; this is in good
agreement with the computed value of 135 V.

8.8 MOVPE samples

Besides the PAMBE grown samples discussed so far, samples grown by MOVPE at the
EPF Lausanne aiming at short wavelength ISBT photodetection were characterized. For
this, three different active regions were designed, as shown in figure 516!

A699 A1003 A1077

60nm
30nm) J
20nmE (

: 30X
1'nm 1o mm 1.5nm
5nm 6 nm 3nm
2 um 2 um 2um

[]ALO, []AlN B GaN

AlLO,

Figure 8.16: Structure of MOVPE samples A699, A1003 and A1007.

All samples are grown on a 2 um thick GaN buffer, but the active region consists of
different overall Al,Ga;_,N contents. A699 has a 30 period active region of 50 A AIN
barriers and 10 A thick GaN QWs with an overall AIN content of 83%. For the similar
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A1003, the active region consists of 60 A AIN barriers and 15 A thick GaN QW. A1077
has five periods of 30 A AIN barrier and 15A GaN QW followed by a 20nm AIN layer
to keep the AIN content at an acceptably high value of 82%; this stack is then repeated
six times. All three samples where processed into 45° MPW with contact stripes on the
surface. A699 was additionally etched into a mesa structure with the bottom contact on
the etched surface. For A1077 mesa contacts were evaporated on the cap without etching.
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Figure 8.17: Left: PV response of A699 measured with the stripe process for different
temperatures. Right: normalized PV response of A699 of the stripe process in comparison
with the signal obtained with different mesas (at 15K), along with the EMA (300K) of

the stripe process.
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Figure 8.18: PV response for different temperatures. Left: stripe contact on A1003. Right:
stripe and mesa contact on A1077.

PV spectra The spectral PV responses shown in this section are measured under
identical conditions. The left panel of figure 8.17| shows the PV spectra of sample A699
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using a stripe contact configuration. At 100K, where the PV is strongest, the signal
peaks at 6780cm ™! and has a FWHM of 1400cm™!. The right panel shows again PV
spectra of A699, but this time for two processed mesas. Mesa 2 is about 1cm farther
from the 2” wafer center than mesa 1; the differing spectral shapes of their PV indicate a
spatial inhomogeneity of the wafer’s layer thicknesses. For the larger stripe contact, those
inhomogeneities are averaged out, resulting in a smoother, broader and more symmetric
signal. Due to the shorter interaction length, the PV is weaker for the mesa process than
for the stripe process. The electromodulated absorption of A699, also shown on the right
panel, is in good agreement with the PV.

The left panel of figurel8.18 shows the PV of sample A1003 obtained with the stripe con-
tact configuration. At 300 K, where the signal is strongest, the signal peaks at 6480 cm ™"
and has a FWHM of 1360 cm~!. The right panel shows the PV of sample A1077. The
signal is maximal at 200 K, where it peaks at 6540 cm™! and has a FWHM of 1600 cm ™.
For A1077, PV was measured for a stripe and for a mesa configuration (without etching);
the spectra are identical, except that the signal is weaker for the smaller mesa contact.

Sample A699 A1003 A1077
Peak Epplcm~1] 6780 6480 6540
FWHM [em~!] 1400 1360 1600

Table 8.6: Measured peak position and FWHM of MOVPE samples A699, A1003 and
A1077.

Table 8.6/ recapitulates the peak energies and the FWHMSs of the three MOVPE sam-
ples. The relative spectral linewidth is about 22% for those samples, which is higher than
for most PAMBE grown samples.

This is probably caused by the different strain relaxation for samples grown on GaN
(as it is the case for the MOVPE samples presented in this section). High resolution X-ray
measurements of sample A699 performed at the Fraunhofer IAF (shown in appendix C)
showed a gradual relaxation of the MQW region. Although not investigated, this is most
probably also the case for the other two MOVPE samples, as their overall AIN content in
the active region is similar to A699.

Frequency response The MOVPE samples were mounted on a BNC adapter in
order to investigate their frequency response using the setup described in section 5.3.
Figure 8.19 shows the responses obtained for the stripe contact for sample A1003 and
A1077 along with the response obtained for a mesa contact on the border of A1077. The
weak signal of A1003 is nearly buried in the noise floor. A1077 has a strong signal for low
modulation frequency and a slow roll-over for frequencies above 1 MHz, which can not be
fitted by a first order low pass (see figure 8.19). This behavior which is not consistent
with the responses obtained from E1065 (see figure 8.14) can be explained by the active
region of A1077. There is an additional capacitive coupling between the five period MQW
regions caused by the intermediate 20 nm thick AIN layer, which influences the frequency
response.
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Figure 8.19: Frequency response obtained from a stripe contact of A1003 and of a stripe
contact and mesa contact of A1077. The curved line depicts a first order low pass.

Conclusion PV signals around 6600cm~! (818 meV) were measured up to room
temperature for MOVPE grown samples with a high overall Al content in the active region.
For one sample (A1077), the frequency response at room temperature is flat up to 1 MHz
and a signal is observed up to 15 MHz. Future work concentrates on the improvement of
the frequency response by optimizing the growth conditions using an AIN buffer.

8.9 PV originating from higher levels

As seen in many PV spectra so far, there is sometimes an additional shoulder, or peak, or
both at energies above the E15 ISBT energy. Samples grown on AIN having thicker AIN
barriers, for example E1208 (150 A), E1210 (70 A) or samples E1293, E1299 and E1301
having all 50 A thick barriers but different cap thicknesses show a distinct shoulder around
9500cm ™! and an additional peak at twice the Eyo ISBT energy. The shoulder has its
origin in the Fy3 ISBT; it is most dominant in samples with thick barriers, because the
figure of merit IIT of the optical rectification for an Fj3 ISBT in a 15 A QW is increasing
with increasing barrier width: for thicker barriers, the displacement §13 as well as the dipole
matrix element w13 and the scattering time 731 are larger. The left panel of figure 8.20
shows the calculated values of IIT and E3 of a 15 A QW for different barrier thicknesses.

The right panel of figure 8.20/ shows the normalized (with the blackbody of the internal
spectrometer NIR source) PV spectrum of the sample E1299 at 150K in a logarithmic
scale. The exact energy of the Fi3 ISBT cannot be extracted unambiguously since the
shoulder is nearly buried in the E1o signal slope.

The signal peak at twice the energy of E15 could be caused by the Fq14 ISBT. However,
given the equal energies of Ejo and Fay, also two photon absorption (TPA, see section
3.2.1) with a real (E2) in-resonance mid-state may take place. Although this effect ab-
sorbs photons at the F1o ISBT energy, its nonlinear nature leads to additional signals at
harmonics of Ejs in the FTIR spectrum. Thus, the presence of a PV signal at 0cm™!
further corroborates the assumption that TPA occurs.

A TPA absorption with a real resonant mid-state can not easily be measured since
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Figure 8.20: Left: computed (calcul-bande) It and E13 of a 15 A QW for different barrier
thicknesses. Right: measured PV spectra at 150 K of E1299 with 50 A AIN barriers and
15A GaN QWs.

the absorbed photons have the same energy (Ej2 = Ea4) as the ones absorbed by the
linear absorption Ejs. Maier et al. [2004] measured photocurrent in a QWIP based on
TPA. This special GaAs based QWIP has three equidistant levels, of which the third is
in resonance with the continuum. At low bias voltages the QW can still be considered to
be symmetric hence the linear F13 ISBT is forbidden; as electrons excited into the second
state do not contribute to the photocurrent across the barriers due to their very small
tunneling probability, the 3D QWIP photocurrent originates from electrons excited by a
FE15, Es3 TPA. In this low voltage regime, the photocurrent has a quadratic dependence
on the illumination intensity. At higher bias voltages, the second state in the QW becomes
resonant with the continuum, electrons excited to the second state tunnel through the low
remaining barrier and contribute to the 3D photocurrent. Therefore, the high bias voltage
regime photocurrent has a linear dependence on the intensity.

In the case of photoinduced polarization processes in AIN/GaN MQW structures such
a separation of the two absorption processes and hence PV is not easy to achieve. Neither
the PV signal coming from TPA nor from the linear absorption can be ’switched off’ to
investigate only one phenomenon. It is hence not straight forward to distinguish between
a linear and a quadratic PV regime.

To separate fundamental (linear absorption) from the harmonic signal (TPA), the sig-
nal can be Fourier transformed as it is done by default in an FTIR. Assuming a monochro-
matic PV signal F'(w), its time domain counterpart f(¢) (corresponding to the Michelson
interferogram measured by an FTIR spectrometer) can be written as

f(t) = (aapI sin(wot) + ¢) x (BI?sin(wot) + d), (8.3)

where the first factor corresponds to a linear absorption with the absorption coefficient
a2p, the second factor to the quadratic TPA with the intensity independent absorption
coefficient = agp/I, where aop describes the TPA process and is proportional to the
intensity. A Fourier transformation of f(¢) results in a convolution of the two signals in
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Figure 8.21: PV at E15 and 2 x Ey5 = E14. Left: TPA PV peak at E15 and Es4 as function
of PV peak at 1o for sample E1208 under white light illumination. Right: PV spectrum
for sample E1206 illuminated with a 1.55 um DFB laser.

the frequency domain
F(w) = %{agpl[é(w—wo) — (w4 wp) + ¢]x* (8.4)
BI?[6(w — wp) — 8w + wo) + dl}.
When calculating the convolution, the signal becomes:
% F(w) =2a0p B+ cd + (aspd — BI¢) x I[6(w — wo) — 6(w + wp)]— (8.5)
azp BI? [§(w — 2wp) — 0w + 2wp)]

For 81 = asp < asp, the fundamental signal at wg is proportional to I and the
harmonic signal at 2wy is proportional to I2.
Comparing asp to asp leads to

agp I c®wyz 5 Ti (8.6)

Q2D N hw €pcn 23 F23

as was derived in chapter(3.2.1. For low intensities, agp/asp = 100-1000. The fundamental
signal can hence indeed be assumed to be proportional to I and the harmonic signal to
I%.

In a first experiment the non-linear response of sample E1208 at 150 K under white
light illumination (FTIR internal source) was investigated. To obtain various low input
intensity levels, the NIR source was further attenuated using different metal grids. The
left panel of figure 8.21 shows the peak value of the signal at the harmonic 2wy = E14/h
as function of the peak value at the fundamental frequency wg = F12/h. The signal at
Fh4 was multiplied by 100 in order to plot it on the same scale than the linear signal Es.
The quadratic dependence of the Fy4 signal is an indication that it is indeed caused by a
nonlinear TPA process.
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In a modified version of the above experiment, the FTIR white light source was re-
placed by a semiconductor laser operating at 1.55 um (6470cm™~!). For this experiment
sample E1206 with barrier thicknesses of 15 A AIN was used since E1208 (150 A barrier)
showed strong saturation effects while illuminated with the high laser intensity (20 mW
focused on a 10 um diameter spot). Figure 8.21 to the right shows the laser PV signal of
E1206 for different laser drive currents. There is a PV signal at 6500 cm ™!, corresponding
to the wavelength of the semiconductor laser, and an additional signal at its harmonic
(13000 cm™~!, 775nm), at which energy no 'real’ light falls on the sample; the harmonic
signal can thus not originate from a linear absorption process. The shift in the spectra
are due to the warming of the laser caused by the increased drive current; the width of
the peaks is given by the measurement resolution.

| | | |
41— A Measurement —

— Fit: -0.43 +0.068 /-0.000221 i

Peak height PV E,, [a.u.]
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Figure 8.22: Fundamental peak energy as function of laser drive current along with a fit.

Figure 8.22| shows the peak value of the fundamental signal as a function of laser drive
current. The fit shows a sublinear increase of the fundamental signal with increasing laser
intensity. This is in agreement with the term (aopdl — B1%c) of (8.5) assuming high
intensities where BI%c is not negligible anymore, and further corroborates that a TPA
process takes place.

The attenuation of the fundamental signal increase can also be illustrated with two
processes: assuming a two step absorption from FEj through Fs to Ey, electrons excited
from the second state Fo into the fourth state F4 are missing in FEs, thus the Fi5 PV
signal is attenuated. Furthermore, the photoinduced polarizations from the Fjs and the
Ey4 ISBT have opposite signs, wherefore the (stronger) Ejo signal is attenuated by the
F14 signal.

Conclusion In the spectral PV of samples having thicker barriers, different signals
could be assigned to the F15 and the E13 ISBTs. In a 15 A thick QW, there is a PV signal
peak at twice the energy of E1o of the fundamental ISBT. This signal is an artifact caused
by a nonlinear two photon absorption process into the fourth state E4 via the resonant
second state Fo with E9 = FEoq.
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8.10 Photodetector design guidelines

Based on the previous section, the following guidelines for a detector based on photoin-
duced polarization at the fiber telecommunication wavelength of 1.5 um can be given:

For an AIN/GaN MQW structure, a GaN QW thickness of 15 A results in a ISBT
of 800 meV (section [6)

For a thick MQW active region, a barrier thickness of 30 A results in a maximal II7
and thus a maximal PV signal (section 8.2)

The PV signal strength is proportional to the number of QW /barrier periods in the
active region (section 8.3)

The PV signal strength is proportional to the doping density
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Chapter 9

Conclusions

In this work, near infrared (NIR) intersubband transitions in GaN/AIN multi quantum
wells (MQW) were investigated. The samples were grown by either plasma assisted molec-
ular beam epitaxy (PAMBE) or metal-organic vapor-phase epitaxy (MOVPE). Strong and
spectrally narrow intersubband absorption, light modulation, as well as fast photovoltage
measurements confirmed that optoelectronic components in the fiber telecommunication
wavelength range can be fabricated based on this material. Furthermore, our results
indicate that both growth techniques are appropriate to achieve short wavelength ISBTs.

In contrast to most traditional applications of group III nitrides, the intrinsically asym-
metric electron potential of GaN QWs, which is caused by strong internal piezo- and
pyro-electric fields, could in this work be used to our advantage. The slight diagonality of
ISBTs in group III nitride heterostructures gives rise to extremely interesting non-linear
optical properties. As a first successful demonstration, we used this asymmetry for the
design and the fabrication of photodetectors based on photoinduced polarization: due
to the broken symmetry in a GalN QW, ISB photoexcited electrons form dipoles which
lead to a measurable effect called optical rectification. In our sample geometry, optical
rectification manifests itself as a photovoltage (PV), which can be detected up to room
temperature. This is true for both PAMBE and MOVPE grown MQW structures. The
size of the observed signals agrees well with theoretical predictions. In the course of the
work, the influence of several device parameters on the photovoltage was investigated and
design guidelines are presented.

More particularly, we achieved relative ISB absorption linewidths on the order of 11%
for transition energies in the 800 meV (1.55 um) range. To achieve such characteristics,
a QW layer thickness of about 6 monolayers or 15 A, along with an interfacial roughness
below one monolayer is required. At 200 K, where photovoltage responses were maximal, a
voltage of 130 1V could be achieved. In addition, we tested such a device under illumina-
tion with a modulated 1.55 pm laser diode and obtained a maximum frequency of 3 GHz at
room temperature. Although our experiments did not involve a sophisticated reduction of
parasitic effects, this result clearly demonstrates the high-speed capability of GaN-based
intersubband devices. In future experiments, we therefore plan to further improve the
device by acting on both the size of the produced signal (number of periods, doping) as
well as on a reduction of the parasitics (cap and barrier layer thickness, epitaxial lift-off,
RF strip-line contacts).

In a different line of research, we investigated the optical non-linearity of ISBTs in
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GaN QWs in terms of two-photon absorption. Although the process involved in these
experiments is an incoherent step-like process, it has a clear signature in the intensity
dependent absorption coefficient. Since the spectral response of the photodetector was
measured in a Fourier transform spectrometer, the non-linear absorption and detection
process leads to a pronounced signal at twice the incoming photon energy. In addition,
the signal at the fundamental frequency showed a large saturation effect which could be
explained via a two-step absorption involving three resonant energy levels of the QW.

We finally demonstrated a prototype of an electro-optical modulator using a transistor
like structure, whose Al,Gaj_,N barrier was replaced by a five period SL. Although the
device was tested in multipass waveguide geometry, this modulator could strongly influence
the transmission of light in a narrow band around 800 meV. To improve the modulation
depth of this prototype, future work will concentrate on placing the modulator structure
in a ridge waveguide.

Overall, this work contributed a substantial amount of work to reveal the fundamental
working principles of optoelectronic ISBT structures in group III nitrides. The acquired
know-how builds a base for future fast electro-optical devices in the NIR.
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Appendix A

Band Alignment and Metal Work
Function

Metal-semiconductor contacts exhibit a certain electrical resistance. In the absence of
any surface states and surface Fermi level pinning, the band structure at the metal-
semiconductor interface aligns in a way that the Fermi level of the metal and the semi-
conductor are aligned. Depending on the work functions of both materials, this leads to
a band bending of the semiconductor. This bending is described by

q®Psm = q®Pm — xs (A.1)

where ® g, is the barrier height for a metal n-semiconductor interface, ®,; the metal work
function and yg the electron affinity of the semiconductor.

Metal @y [V] Pganv—nr [V]

Ga 3.96 -

Al 4.28 0.17
Ti 4.33 0.17
Ni 5.15 1.04
Au 5.1 0.99

Table A.1: Metal work function and Schottky barrier height for a metal n-GaN interface
taken from Mohammad' [2004].

Table Allists the work function and barrier heights of metals normally used for electrical
contacts on n-GaN.

The conduction band offset between n-GaN and and the insulators SiOg (y = 1.1eV)
and SizNy (x = 1.8eV) was deduced to be 3.6 eV [Cook et al., 2003b] and 2.4 eV respec-
tively [Cook et al.l 2003a].
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Appendix B

Brewster Angle Transmission

Sample E1208 (presented in table 8.2) with a MQW active region consisting of 15 A GaN
QW and 15 A AIN barrier was measured in the Brewster angle configuration for different
temperatures. Figure [B.1 shows the obtained transmission spectra.

Transmission

5000 10000 15000 20000
Wavenumbers [cm'1]

Figure B.1: Transmission in the Brewster angle configuration as a function of temperature
for sample E1208.
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Appendix C

X-ray

This appendix shows X-ray measurements of:

e Sample E1065 performed at CEA Grenoble; the sample is described in table 6.1.

e Sample A699 performed at IAF Freiburg; the sample is described in section 8.7,
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Figure C.1: Sample E1065. Left: X-ray measurement and fit. Right: reciprocal space
mapping.
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Figure C.2: X-ray measurement of sample A699.



Appendix D

PL Measurement

This appendix shows photoluminescence measurements of:

e The sample series with different number of periods presented in section [8.3.
e The sample series with different barrier thicknesses presented in section 8.2.
e The sample series with different well thicknesses presented in section 8.4l

e The sample series with different cap thicknesses presented in section 8.6.
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Figure D.1: Photoluminescence of sample series with different barrier thicknesses.



118 PL Measurement

10° T T T T T
T T T T T T T T T
—— E1132 (100) r 7]
10°F—— E1131 (40) 4 - E1293 (50) -
E1133 (10) L ——E1300(7) ]
';:\ ’; _ —— E1301 (25) _
% 10°k | s [ —E1299 (100) ]
= 2 L ]
2 B [ ]
[0) c - .
= o | ]
- 10k E £ r 5
o ot ]
o [ 7]
| :— :
101 Il Il Il Il Il 28 30 32 34 36
30 32 34 36 38 40
Energy (eV) Energy (eV)

Figure D.2: Photoluminescence of sample series with different number of periods (left
panel) respectively different cap thicknesses (right panel).
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Figure D.3: Photoluminescence of sample series with different well thicknesses [nm].
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Appendix E

CV Measurement

This appendix presents the capacitance-voltage (CV) measurements of sample E888 and
E889 presented in table [7.1. The sample surface was contacted with KOH and no surface
etching was performed. The CV measurements of sample E889, which has a 2nm cap
and a 6nm GaN/AIN active region grown on GaN shows a carrier density peak at 8 nm
corresponding to the 2DEG at the interface between the active region and the GaN bottom
contact layer. The carrier density of sample E888, which has a 2nm cap and a 30nm
GaN/AIN active region grown on a GaN contact layer, has no distinct features and lies
around 1.2 x 101 cm ™2 corresponding to the QW doping of 1 x 10 cm™3; as the resolution
of the CV measurement is lower than the QW thickness of 1.5 nm, the measurement is
basically a flat line.
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l —
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Figure E.1: CV measurement of samples E889 (left) and E888 (right).
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Appendix F

Resonant Tunneling Diode Design

In figure F.1 the conduction band structure cband simulation of a resonant tunneling diode
(RTD) is shown. In order to reduce the influence of the internal fields, the injector and
collector are not made of GaN, but of a regular SL. There is a miniband forming in both
the injector and the collector which is broken in the middle by a thinner QW. Under the
application of an external bias, the injector and extractor miniband are brought in and
out of resonance with the ground state of the thinner QW, and the electrons are tunneling
through the first’ barrier into the ground state of the thinner QW. Such a structure (E926)

20

-
(6]

N
o

o
o
|

Energy [eV]

-0.5 | | | | |
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Distance [A]

Figure F.1: cband simulation of the RTD structure E926.

was grown by PAMBE in Grenoble. Figure [F.2 shows the sample structure and figure F.4
the X-ray measurements of E926.

The sample was then processed into small mesa structure with ohmic top and bottom
contacts, which diffuse in the SL and minimize further conduction band bending. Unfor-
tunately no negative differential resistance could be seen in the investigated temperature
range from 10K up to room temperature.

In figure [F'.4 the polarized transmission of the RTD sample is seen. The ISB absorption
originates from the SL injector and collector region.
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Figure F.2: Design of the RTD structure E926.
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Figure F.3: X-ray measurement of sample E926.
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Appendix G

Input return loss S11

For sample E1065 the electrical input return loss S11 was measured with a network an-
alyzer. The sample was first mounted on an SMA (not the previously discussed BNC)
adapter, then a 100x100 pm? mesa was soldered to the adapter signal and one stripe
contact to the ground.
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Figure G.1: Reflection amplitude and phase of E1065.
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Figure G.2: Resistance and capacitance of E1065.
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As seen in figure I(3.2] the device resistance is highest for low frequency. Its complex
value is negative; it is therefore capacitive and probably determined by the cap layer.
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Appendix H

Multipeak Absorption

Samples with a thick active region consisting of many SL periods often give rise to a
multipeak absorption. The reason for this modulation of broad absorption spectra is
not fully understood. Tchernycheva et al| [2006] assign this broadening to monolayer
fluctuations in thin QWs.

Sample E1132 (described in table 8.3) with 100 periods has a broad multipeak trans-
mission spectrum. To further investigate it, a 5 mm long 90° waveguide was polished. The
NIR source was then focused on this facet via an external aperture to minimize stray light.
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Figure H.1: TM transmission of E1132 at room temperature in a 90° waveguide for dif-
ferent angles of incidence.

The form of the dip in the TM transmission which is due to the ISB absorption is a
function of the angle of incidence.
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Appendix I

Different Growth Temperatures

Those samples were examined as a function of growth temperature. It was not important
to obtain an overall high PV peak amplitude but to compare the PV strength among the
three samples, so the backside was not polished (leading to a smaller peak value due to
scattering).

The active region of those samples consists of 15 A GaN QWs and AIN barriers. Buffer
and cap layer are AIN. Ti/Au contact stripes were directly evaporated on the unetched
cap.

Sample Ell174 E1176 E1178
Growth temperature [°C] 720 725 730

Table I.1: Growth temperature of samples E1174, E1176, and E1178.

As seen in figure [[.1/is the PV maximal for E1174, the sample with the lowest growth
temperature.
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Figure I.1: Different growth temperatures. Left: PV peak height as function of tempera-
ture. Right: PV spectra at 200 K.



