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Chapter 1

Introduction

The idea of "materials of semiconducting nature" was first mentioned by Volta
in 1782.[1,2] However, the term "semiconductor" in todays sense was introduced
much later by Weiss in 1910.[1,3] The first to describe a semiconductor effect was
Faraday in 1833. He realized that, contrary to metals, the conductivity of silver
sulfide increases with temperature.[1,4] This was corroborated by Hittorf in 1851.[1,
5] However it took nearly 100 years until this phenomenon could be described
theoretically by Wilson, who developed the model of filled and empty energy bands
to explain the difference between metals, insulators, and semiconductors in 1931.[1,
6,7]

Since then the semiconductor technology developed rapidly. The theoretical basis
to explain the rectifying effect of semiconductors, discovered by Braun in 1874, was
given by Schottky and Mott in 1939. They developed a model for the presence of
a potential barrier in a metal-semiconductor junction.[8,9] In 1938 Hilsch and Pohl
were the first to show that electronic signals can be amplified and switched with
a three-electrode crystal,[10] followed by the implementation of the first bipolar
transistor in 1947 by Bardeen and Brattain, and the first commercially available
silicon devices in 1954.[8,9] In 1958 the first integrated circuit as well as the first
tunneling diode was presented.[9,11] The first semiconductor lasers were developed
around 1962.[9]

Today semiconductors find application in various electronic and optoelectronic de-

vices, for example in light-emitting diodes (LEDs), bipolar transistors, high-electron
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mobility transistors (HEMTS), and solar cells.[12] Significant progress was achieved
with the use of GaN.[13] Due to its wide band gap, GaN permits the production of
lasers and LEDs in the blue to ultraviolet wavelength range.[13,14]

However, for several applications including distributed Bragg reflectors (DBRs),
a second semiconductor combined in heterostructures with GaN is needed. The
requirements for this second semiconductor are a close proximity of the lattice
constants and concurrently a substantial refractive index contrast to GaN.[12] For
this purpose, over the past decade especially ternary nitride semiconductor alloys
attracted significant attention. For example in Al,Ga;_,N a refractive index con-
trast to GaN can be achieved with a high Al content, only. However, in that case
a lattice mismatch between GaN and Al,Ga;_,N is inevitable, leading to tensile
strain.[15, 16] Consequently dislocations and cracks are generated, regardless of
whether GaN or AIN is used as buffer material.[15,17-19] These defects negatively
affect the implementation of optoelectronic devices and are only containable by

elaborate stress engineering.[18, 20]

In contrast to Al,Ga; ,N and In,Ga;_,N, Al;_,In,N can be grown nearly lattice-
matched (LM) to GaN.[15,21] According to Vegard’s law, at room temperature
lattice matched-conditions of Al;_,In,N to fully relaxed GaN are achieved at an
In content of ~ 17.5%.[16, 22] Concurrently at that In content, Al;_,In,N ex-
hibits a substantial refractive index contrast to GaN.[15,21] Thus, the forma-
tion of dislocations and cracks, and their critical effects on device properties may
be avoided.[15] LM Al;_,In,N/GaN multilayers, assembled to high reflectivity
DBRs, are used to implement resonant-cavity LEDs, optically pumped polariton
lasers, and serve as optical cavities in vertical cavity surface emitting lasers (VC-
SELs).[15, 17-19, 21, 23-33] Furthermore applications of GaN/Al;_,In,N hetero-
structures in HEMTs are considered.[34-36] In these transistors, the commonly
used p-n homojunction is replaced by a heterojunction consisting of two semicon-
ductors with different band gaps. This requirement is met by Al;_,In,N as well,
since the band gaps of GaN and LM AlygsIngsN at room temperature amount
to approximately 3.4eV and 4.4€V, respectively.[23,37] Recently even the growth
of p-type Al;_,In,N layers lattice-matched to GaN was achieved.[38] All of these
properties make Al;_,In,N especially attractive for applications in electronic and

optoelectronic devices.



The quality of Al;_,In,N materials depends, however, sensitively on strain and com-
positional fluctuations. For example, tensile strain occurring at GaN/Al;_,In,N
interfaces was attributed to In surface segregation, causing the formation of dis-
locations.[19] Also the large Stokes shifts of up to 1eV measured on Al;_,In,N
were attributed to fluctuations of the In content.|[15,39-42] Even small In fluctua-
tions affect the local band gap, photoluminescence, carrier scattering, and sponta-
neous polarization, hence changing the properties of quantum heterostructures or
HEMTs.[15,41-43] For layers thicker than the critical thickness for the formation of
V-shaped defects, compositional fluctuations were found in connection with thread-
ing dislocations and V-shaped defects.[44-48] It is therefore of high importance to

identify and control strain and In composition fluctuations in Al;_,In,N.

Furthermore, thus far mostly polar c-plane grown Al;_,In,N layers were inves-
tigated, but recently growth along non-polar directions has attracted significant
interest [49-52| due to the absence of out-of-plane electric fields caused by piezo-
electricity and spontaneous polarization mismatch.[53] It is known that the presence
of surface states and the Fermi level position at the growth surface critically affect
atomic processes during growth, such as the incorporation of dopants and impuri-
ties.[54,55] Hence, in order to achieve controlled growth conditions along non-polar
directions, an accurate knowledge of the electronic structure of Al;_,In,N non-polar

surfaces is necessary.

Therefore, in this thesis different LM Al;_,In,N/GaN heterostructures with layer
thicknesses below the critical thickness for the development of V-shaped defects [4§]
are investigated by cross-sectional scanning tunneling microscopy and spectroscopy,
force and near-field optical microscopy, and transmission electron microscopy. The
aim is to identify strain and compositional fluctuations. In addition the presence of
defects and their influence are investigated. Moreover, the electronic properties of
Al _,In,N(1010) surfaces are studied with the focus on surface states. A pinning

of the Fermi level is investigated and the electron affinity is discussed in detail.

The thesis is structured as follows: In Chaps. 2 and 3 an overview of the theoretical
and experimental concepts, which form the basis of the analyses and measure-
ments presented in this thesis, is given. Investigations of the energetic position

of the cation derived surface state on Al;_,In,N(1010) surfaces by cross-sectional



Chapter 1 Introduction

scanning tunneling spectroscopy in combination with density functional theory cal-
culations are presented in Chap.4. In addition, a polarity dependent Fermi-level
pinning by the surface state is identified. The fitting of simulated to experimen-
tally obtained tunnel spectra suggests an unexpectedly large electron affinity, which
is discussed in Chap.5. Strain and compositional fluctuations of nearly lattice-
matched AlggiIng19N/GaN heterostructures are investigated in Chap.6. Cross-
sectional scanning tunneling microscopy images of the (1010) cleavage surface re-
veal height modulations in the vicinity of the AlggiIng 19N layers. Selected area
electron diffraction patterns show spatial fluctuations of the ¢ and a lattice con-
stants. The height modulations at the cleavage surface and the local changes of
the lattice constants are assigned to alternating compressive and tensile strained
domains, arising from compositional fluctuations. The strain additionally gives rise
to steps in the Al;_,In,N/GaN layers on the (1010) cleavage surface, which are
investigated in Chap. 7. In Chap. 8 it is deduced that strain and dislocations at the
interfaces lead to height differences between Al;_,In,N and GaN on the cleavage

surface. In Chap.9 a summary is provided.

10



Chapter 2

Theoretical background

2.1 Scanning tunneling microscopy

The scanning tunneling microscope (STM) invented by Binnig and Rohrer [56-58]
consists of a metal tip, which is brought close to the surface of a semiconducting or
metallic sample. A voltage is applied between them, enabling electrons to overcome
the vacuum barrier between tip and sample by tunneling.[59] Thus, a tunnel current
flows that depends exponentially on the tip-sample separation. By scanning the
tip over the sample this exponential dependence allows to obtain an image of the
sample’s surface. Hence, the STM allows direct real space access to the electronic
and geometric properties of a surface, enabling for instance the investigation of

isolated steps, defects, and impurities.[59]

2.1.1 One dimensional tunneling effect

To begin with, the tunneling effect in the one dimensional case is recalled here.[60]
The vacuum gap between the metal tip and the semiconductor sample can be
described as a rectangular potential barrier of height V4 localized spatially between
—a and +a:
Vo, |z] <a
Vig)={"° 2 (2.1)

0, otherwise.

11
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Figure 2.1: One-dimensional tunneling effect for an electron traveling from x = —oo

in +x direction. (a) Rectangular potential barrier of height Vj. (b) Real part of
an incoming plane wave whose energy is lower than the potential barrier height
(E < Vb). In quantum mechanics the wave can enter the classically forbidden area
with an exponentially decaying probability density function |¥(z)|? (c). Hence for
sufficiently narrow barriers the wave exhibits a non-zero probability density behind
the potential barrier.

An electron approaching the barrier can be described by a plane wave with energy
E. If the kinetic energy of the electron is lower than the potential barrier height 0 <
E < Vj, in classical mechanics the wave would be reflected at the barrier completely.
In quantum mechanics, however, the wave can enter the classically forbidden area
with an exponentially decaying probability density function |¥(z)|?. Hence for
sufficiently narrow barriers the wave exhibits a non-zero probability density behind

the potential barrier, which the electron can thus overcome (cf. Fig. 2.1).

In order to solve the time independent one-dimensional Schrédinger equation pre-
sented in Eq.2.2 [61]

HU(z) = EV(z), H= —%82 +V(2), (2.2)

12
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where H is the Hamiltonian, F the electrons’s energy (i.e. the eigenvalues), ¥U(x) the
wave function (i.e. the eigenfunction), m the electron mass, and ki the reduced Plank
constant, the three areas in Fig. 2.1 labeled I, II, and III are evaluated separately.
Let ¢*® be a plane wave with wave vector k and normalized amplitude propagating
from x = —oo towards © = +00. When the wave encounters the potential barrier in
ik'x

71k1)

area [ it is partly reflected (Ae . The remaining part of the wave, B, e *, enters

area IT and again is partially reflected at the right side of the barrier (B_e~%'®).
The part of the wave Ce** which passes into area III, continues with reduced
amplitude in 400 direction. The wave functions in the three areas consist of the

superposition of incoming and reflected wave, respectively [60]

Uy (x) = €™ + Ae k",

Uy(z) = Bye®™ + B_e™*'®, (2.3)
\I/IH(IL') = Ce“"x,
with wave vectors
2 _p_y 2.4
k—ﬁ( - V(z)). (2.4)

In areas I and III the potential V' (z) is zero, simplifying Eq. 2.4 to

kE=\—%E ,|z|>a. (2.5)

In area II, the region of the potential barrier, V(z) exhibits the value V4. Since in
this area £ < V} applies according to definition, &’ becomes complex (cf. Eq. 2.6).
Thus, the wave function within the barrier region becomes real and shows an ex-

ponential decay.

, 2m 2m .
k:\/ﬁ(vo*E):\/ﬁ(E*Vo):m 2| < a. (2.6)

As the current has to be conserved overall, the wave function and its derivation has
to be continuous. Therefore four continuity conditions can be established at the
walls of the barrier x+ = —a and x = +a from which the amplitudes A, B,, B_,

and C are determined. |A|? is identified as the reflection coefficient R, while |C|?

13
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is equal to the transmittance T:[61]

4E(Vo — E)
4E(Vy — E) + V2 sinh?(2ak)”

T=|C)P= (2.7)
Thus, in contrast to the classical prediction, indeed the wave exhibits a non-zero
probability to transmit through the potential barrier. Hence, the electron tunnels
through the barrier. For ka > 1 it can be deduced that the tunneling probability
decreases exponentially with the width 2a of the potential barrier and with the

square-root of the effective potential barrier Vo — E.[61]

Transferred to the tunneling microscope, area I represents the metallic probe tip
while area III can be associated with the (metallic) sample. In order to achieve a
more realistic treatment, in the following many electrons are considered instead of

one.

2.1.2 Tunnel current

In 1961 Bardeen described tunneling in a metal-insulator-metal tunneling junc-
tion of a many particle system using time-dependent first-order perturbation the-
ory.[62] The application to the scanning tunneling microscope followed by Tersoff
and Hamann in 1983.[59, 63] They treated the surface exactly while modeling the
electronic wave-functions of the probe tip as a spherical s-orbital state. For low
temperatures and biases the tunnel current was found to be proportional to the

local density of states of the semiconductor surface, only.

Bardeen [62] defined separate potentials for the tip (V;(r)) and the sample (Vi(r)),
which drop smoothly to zero in the respective other region. Since he neglected
electron-electron interaction, single-electron Hamiltonians (cf. Eq.2.2) can be de-
fined for tip and sample individually. The associated eigenfunctions ¢(r) and ,(r)
are called tip states and sample states, respectively. Then the tunnel current con-
sists of the transfer of electrons from tip into sample states and vice versa. Further,
it is assumed that the occupation probabilities of tip and sample are constant and
independent of each other. It is supposed that tip and sample are in thermal equi-

librium, respectively.[64] Thus, occupation probabilities of the tip and sample are

14



2.1 Scanning tunneling microscopy

described by Fermi-Dirac statistics

1
" exp((E — Ep)/kgT) + 1’

f(E) (2.8)
with temperature T', Fermi energy Er and Boltzmann’s constant kg. The transition
probability of an electron in the tip at energy level E; tunneling into a state 1, in

the sample with an energy Fj is characterized by Fermi’s golden rule [65, 66]
27
[l = flMts|2p7 (2~9)

where M, is the tunneling matrix element between 1, and 15 and p is the density
of final states. The total transition rate is obtained by summing over all states.
In order to obtain the tunnel current, the total transition rate is multiplied by the

elementary charge e, yielding

_ 2me

I=— Y FE)L = f(B + V)| My[*3(E; - E,), (2.10)

t,s

where V' is the applied voltage. The d-function ensures the energy conservation.
Bardeen showed that the tunneling matrix element can be described by [62]
h? — =
Ma= o [ a8 90, - :90), (211)

2m

with the surface integral lying entirely inside the vacuum region between tip and

sample.

Tersoff and Hamann applied this formalism to scanning tunneling microscopy.[59,
63] In the limit of low temperatures and voltages the tunnel current (Eq.2.10) can

be rewritten to

2m
I= feﬁ/; |Mis|?0(E, — Eg)d(Ey — Er). (2.12)

Then, in order to calculate M5, Tersoff and Hamann approximated the tip and

surface wave functions, 1, and 1),. The surface wave function is evaluated by a

15
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tip

Y

Ty

surface

Figure 2.2: Tersoff and Hamann approximated the tip as a spherical state. d
symbolizes the shortest distance between tip and surface, while R denotes the
radius of the spherical approximation of the tip and r¢ its center of curvature. The
image is adapted from Ref.[63]

Fourier series expansion

U= 72 ag - expl(w? + [Ral) 2] - expliRa ), (2.13)
G

with Qg being the sample volume. x = h~'(2m®)'/? is the inverse decay length of
the wave functions into the vacuum, with ® being the work function. Kq is defined
as EH + C_j, where EH is the surface Bloch wave vector of the surface state, and G
is a surface reciprocal-lattice vector.[59] The tip apex can be approximated as a
sphere with radius R and center 7 as shown in Fig.2.2. d symbolizes the shortest
distance between tip and surface. Based on this assumption the wave functions of

the tip are approximated by
Py = Q7 PekR B (k|7 — ) e ol (2.14)

with € being the tip’s volume. By expanding the tip wave function in analogy
to the surface wave function and assuming that the work functions ® of tip and
sample are equal, the tunneling matrix element is derived to

2

h B
My = 5 —dmi ' V2R - exp(kR)s(7). (2.15)

16



2.1 Scanning tunneling microscopy

Substituting the matrix element into Eq. 2.12 yields the tunnel current

I =320 12V 2Dy (Ep) R?x~* - exp(26R) ZW )?6(Es — Eg),  (2.16)

where D; denotes the density of states per unit volume of the tip. The summation
over the surface states expresses the local density of states (LDOS) per unit volume
of the sample’s surface at Er, p(7o, Er). The tunnel current is thus proportional
to the applied voltage and the LDOS of the sample’s surface at the position of the
tip

I o< Vp(, Er). (2.17)
Consequently an STM image is mainly determined by the behavior of p(7, Er)
without influence of the tip. By only taking the distance d between tip and sample
in normal direction z into account, the local density of states near the Fermi energy

can be expressed as

p(Fo, Er) = p(z,y, 2, Er) = p(x,y,2 = 0, Bp) - >, (2.18)

with x being the inverse decay length x = where B is the barrier height.

hz )
Thus, for low temperatures (7' =~ 0 K) and low voltages (V' < ¢), the tunnel current

(cf. Eq.2.17) can simply be expressed as

I=1-e 2, (2.19)

2.1.3 WKB approximation of the tunnel current

For larger voltages and temperatures a simple planar tunneling model based on
Wenzel-Kramers-Brillouin (WKB) approximation, can be applied.[67] In this model
the matrix element is approximated by a transmission factor, which yields a tunnel

current of

eV
I = / ps(r, E)pi(r, E — eV )TdE, (2.20)
0

17
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()

Figure 2.3: (a) Tunneling barrier if the work functions of tip ®; and sample @5 are
different. (b) Tunneling barrier if additionally a tunnel voltage is applied between
tip and sample. The image was modified from Ref.[68]

where T is the tunneling transmission probability [68]

T x exp (—Qd qu)) . (2.21)

This equation applies for equal work functions of tip and sample ® and if no voltage
between tip and sample is applied (V' = 0). However, in the majority of cases the
work functions of tip, ®;, and sample, ®,, cannot be assumed to be equal. Without
a tunnel voltage applied, tip and sample are in thermal equilibrium.[67] Hence,
their Fermi levels align and the potential barrier, so far assumed to be rectangu-
lar, becomes trapezoidal, as shown in Fig.2.3(a). Nevertheless, for simplicity the
trapezoidal barrier also in this case is approximated as a rectangular barrier with
average height ® = (&, + ®,)/2. If in addition a voltage is applied between tip and
sample, the energy level of the tip shifts upwards or downwards depending on the
polarity of the applied voltage. If a positive voltage V is applied at the sample,
the energy level of the tip shifts upward by eV as shown in Fig. 2.3(b). For a state
at energy E the tunnel barrier height thus changes to ® = ® + eV/2 — E, with
0 < E < eV. Consequently, electrons located at an energy £ = eV inside the tip,
experience a reduced barrier height of ® — eV//2 and are thus more likely to tunnel
from the tip into the sample. (Vice versa, if a negative voltage is applied between
tip and sample, tip states are shifted downwards compared to the Fermi energy

of the sample. Thus electrons from occupied states in the sample are enabled to

18



2.2 Simulation of the tunnel current

tunnel into empty tip states.) Overall, if this considerations for the effective barrier

height are taken into account, the transmission (Eq.2.21) results in [67,68]

2(1\/2777/\/o1>s+o1>t eVl )
h 2 2

(2.22)

T(E,eV,r) x exp (—

For lower electron energies E, the transmission probability thus decreases exponen-
tially, due to the higher barrier these states experience. Additionally it should be
noted, that in analogy to the interpretation of the one-dimensional tunneling ef-
fect, the transmission probability exponentially depends on the width of the tunnel

barrier d, i.e. on the tip-sample separation.

2.2 Simulation of the tunnel current

Calculations of the tunnel current in this thesis are performed as described in
Ref.[69]. A potential difference between tip and semiconductor induces a space
charge region within the semiconductor. Depending on the polarity of the po-
tential difference, an upward or downward band bending in the semiconductor is
caused.[70] The expansion of the space charge region into the semiconductor and
its magnitude depend on the physical properties of the semiconductor. For instance
the doping concentration influences the screening of the potential at the surface.
However, the band bending can be influenced by other factors such as intrinsic or
extrinsic surface states.[70] Hence, in a first step the electrostatic potential and
the charge carrier distributions are calculated by numerically solving the Poisson
and continuity equations simultaneously. Second, the carrier concentration and the
potential distribution along the central axis through the tip apex are used to derive

the tunnel current in a one-dimensional parabolic band approximation.|71]

2.2.1 Derivation of the tip induced band bending

In order to obtain the electrostatic potential and the charge carrier distributions,
three coupled partial differential equations, the Poisson equation and two conti-

nuity equations, are solved in three dimensions.[69] The Poisson equation for the

19
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electrostatic potential ¢(xz,y, z) at the position (x,y, z) is defined as

566 [p(w,y,2) = n(2,y,2) + N — Ny] =0, (2.23)
0cr

with the vacuum permittivity g and the relative permittivity of the semiconductor
e n(z,y,z) and p(z,y,2) describe the electron and hole concentration at the
position (z,y, 2), respectively. The density of ionized donors N;i and acceptors Ny
can be calculated by [72]

Nsr = ND{l + 2exp[(EF — E‘D)kBjjn’il7

(2.24)
Ny = Np{l+2exp[(Ex — Ep)kgT]} !,

where, Np and Ny are the donor and acceptor concentration and Fp and £ denote
the energy level of donors and acceptors, respectively. The continuity equations for

electrons and holes are 73]

1

I

(2.25)

I

V.-Jo—eR
AV

—e 0
bteR=0

b

with R being a time-averaged generation or recombination rate. J, and fp are the
current densities for electrons and holes, respectively, each consisting of a drift and

diffusion term

1

= e[unn(z,y, 2)E + D,Vn(z,y, 2)],

=

(2.26)

L

e[upp(l': Y, Z)E - DpvP(w> Y, Z)]

kel
I

tn and pp, are the electron and hole mobilities and D,, and D,, are their diffusion
coefficients. Mobilities and diffusion coefficients are connected by the Einstein
relation D,y = (kgT/e)fine)- With E = —V¢, the continuity equations are

transformed to

(2.27)

20



2.2 Simulation of the tunnel current

Assuming thermal equilibrium, the net recombination rate R can be described by
[74]

R(Iayvz) =B- [n(x.y,z)p(@y,z) _n0p0]7 (228)
where ny and py are the number of electrons and holes in thermal equilibrium, and

B is the bimolecular recombination coefficient. For direct band gaps B can be

approximated by [75, 76]

300K\ */? E 2 nm?
B=3-107% £ 2102t —. 2.29
( T ) (1.5 e\/> S ( )

In order to solve the three coupled differential equations (Eq. 2.23 and Eq. 2.27), the
differential operators are replaced by their respective difference operator, following
Selberherr’s discretization approach.[77] The resulting equations can be found in
Ref.[69]. In order to account for the Pauli exclusion principle in quantum dots
which may occur near the surface, additionally a quantum correction in the drift
and diffusion model (Egs. 2.26) is needed. Therefore a repulsive potential is added
in the discretization of the continuity equation for electrons and holes.[78] At the
borders of the simulated three-dimensional grid, Neumann boundary conditions are

applied. At the semiconductor’s surface the interface condition
- (Dvac - Dsemi) =0 (230)

is applied, with 77 being the normal vector of the surface and D= —c06: V¢ the
dielectric displacement density. o refers to the surface charge density. Thus, at the
semiconductor’s surface the electrostatic potential is obtained by solving

99

E0Er—=—

0z

9%
=0 0z

—o=0. (2.31)

semi

The initial values for the electrostatic potential in the semiconductor and in the
vacuum are set to zero, while the potential of the tip is set to a constant value ¢yp.

The electrostatic potential of the tip is defined relative to the semiconductor [70]

Sip =V + (Er — Ec — x + O) /e, (2.32)
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where V is the voltage applied between tip and semiconductor, x the electron
affinity of the semiconductor, and ®; the work function of the tip. The part in
parentheses is called the contact potential A¢ and describes the work function
difference between tip and sample.[70] The electron and hole concentrations in the

parabolic band approximation [73]
(2.33)

respectively, are used as initial values for the carrier densities. [/, is the Fermi-
Dirac integral, Fr the Fermi energy, F¢ the minimum of the conduction band and
Evy the maximum of the valence band. N¢ and Ny describe the effective density of

states of the conduction and valence band, respectively.
N — QﬂmeﬁyckBT 3/2
c=2 2 )

QWm,effﬂvk'BT 3/2

(2.34)

with meg ¢ being the density of states effective mass for electrons, meg v the density
of states effective mass for holes, and h being Planck’s constant. The electron

1/3 is the product of the effective masses of the

effective mass meg.c = (mj-ms-mj)
ellipsoidal energy surface along the principal axes, while the hole effective mass is
calculated from the light and heavy hole masses megyv = (ml*hg/ ’ mZhS/ 2)2/ 3. The
concentration of electrons and holes mainly depends on the position of conduction

and valence band edges relative to the Fermi energy.

2.2.2 Derivation of the tunnel current

The tunnel current is computed in a one-dimensional approach following Refs. [71,
79]. The total current I = A - J is composed of the tunnel area A and the current

density J = Jy + J¢, which is separated into a valence band and a conduction band
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2.2 Simulation of the tunnel current

component, given by [71]

mee Ep JE 5 5 E+o¢(Ev—E)d D
JV7_27r2h3 /Em;p O(Ev — )/E W D(W),

mee [Er E+o/(Ec—E) (2.35)
Jo=——-2 / dE ©(E — EC)/ dW D(W)

T 9253
2m*h EF tip E

where ©(F) is the step function limiting the contributions to the integrals to ener-
gies below the valence band maximum and above the conduction band minimum,
respectively. a = megy/me and @’ = meg,c/m. are the density-of-states effective
masses for valence and conduction band divided by the electron mass, respectively.
D(WW) denotes the transmission coefficient at energy W = E — % normal to the

sample’s surface in the WKB approximation.[79]

D(W) = exp (—2‘/271We /Od[V(z) - W]1/2d2> (2.36)

Note, this definition of the transmission coefficient applies for any potential which
changes sufficiently slow with the position. The integration over a constant poten-
tial would yield Eq. 2.22.

The vacuum barrier used for the derivation of D(W) is the sum of a term derived
from the solution of the Poisson equation in the vacuum region and an image force

term [71,80]
e2ln?2 d?
Vige(2) = —1.15— = = 2.37
() 2 8meod z(d — z) (237)
This term reduces the vacuum barrier near the surface of the tip and the semicon-

ductor in order to account for image charges.

In analogy, for the calculation of the transmission through the space charge region
in the semiconductor near the surface, the term [V (z) — W] in Eq. 2.36 is replaced
by [Ec — W].[81]
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Figure 2.4: Band diagram of the tip (left) and the semiconductor (right) separated
by the distance d. The band gap of the semiconductor is denoted Ey. Eyv and Eg
are the valence band maximum and conduction band minimum, respectively. A
potential difference between tip and semiconductor induces a band bending near
the surface of the semiconductor, shifting Eyy and E¢ upward compared to the
bulk values Evy, by and Eg, puk.-The electrostatic potential at the surface of the
semiconductor is denoted ¢@gu¢. The Fermi level of the semiconductor and the tip
are labeled Er and Ep + eV, respectively. @ is the work function of the tip and
X the electron affinity of the semiconductor.

2.2.3 Components of the tunnel current

The tunnel current can be divided into ten components. Which case applies depends
on the electrostatic potential at the surface of the semiconductor ¢gy.¢, on the Fermi
level position Eg of the semiconductor, and on the Fermi level position of the tip
Ey + eV, as shown in Fig. 2.4 for a positive surface potential. E, denotes the band
gap of the semiconductor. Ey pyx and E¢ pux are the valence and conduction band

edges in the bulk, respectively.

First, tunneling into or out of the conduction band is discussed. All possible con-
figurations are presented in Fig.2.5, where occupied states are depicted in dark
blue while empty states are shown in blue-gray. In Fig.2.5(a)-(c) upward band
bending is shown. If a positive voltage V is applied, electrons can tunnel out of
occupied tip states into empty states in the conduction band of the semiconductor.

Electrons in the tip with an energy E > (E¢ puk + €dsuf) can overcome the vacuum
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(@
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Figure 2.5: Different configurations of tunneling into or out of the conduction
band with occupied states depicted in dark blue while empty states are shown
in light gray. (a) For the case of an upward band bending and a positive volt-
age applied between tip and semiconductor, electrons in the tip with an energy
E > (Ec pulk + edsurt) can overcome the vacuum barrier and directly tunnel into
the conduction band. (b) Electrons with an energy Ec puk < E < (E¢ bulk+€@surf)
additionally have to cross the space charge region. (c) If a negative voltage is ap-
plied at upward band bending, a conduction band current occurs for degenerately
doped semiconductors. (d) For a downward band bending, the conduction band is
dragged below the Fermi level at the surface of the semiconductor which leads to
an accumulation of electrons in the conduction band. At negative voltages these
electrons can tunnel out of the accumulation zone into empty tip states. (e) At
positive voltages electrons in the tip can tunnel into empty conduction band states
of the semiconductor.
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barrier and directly tunnel into the conduction band as shown in Fig.2.5(a). In
contrast electrons with an energy Ecpux < E < (Ecpuk + €psmt) have to cross
the space charge region in addition to the vacuum barrier (cf. Fig.2.5(b)). For
negative voltages (V < 0) upward band bending only leads to a conduction band
current, if the semiconductor is degenerately doped (cf. Fig.2.5(c)). In this case
the Fermi level is situated within the conduction band. Thus, the conduction band
in the bulk exhibits occupied states from which electrons can tunnel into empty
tip states. Configurations of a downward band bending in the semiconductor are
illustrated in Fig.2.5(d) and (e). If the bands are bend down far enough, the con-
duction band is dragged below the Fermi level at the surface of the semiconductor.
This leads to an accumulation of electrons in the conduction band of an n-type
semiconductor. In p-type semiconductors this phenomenon is called inversion. If
a negative voltage is applied between tip and sample (cf. Fig. 2.5(d)) electrons can
tunnel out of the accumulation zone of the semiconductor into empty tip states. At
positive voltages electrons in the tip can tunnel into empty conduction band states
of the semiconductor (cf. Fig.2.5(e)).

The valence band current can be divided into five analog components that are
outlined in Fig.2.6. In Fig.2.6(a)-(c) downward band bending is illustrated. At
negative voltages electrons occupying the valence band with energy E < (Evy, pux +
eV) can overcome the vacuum barrier and tunnel into empty tip states. This
configuration is shown in Fig.2.5(a). Electrons in the valence band exhibiting an
energy (Ev, pux + €V) > E > Ey pux additionally need to overcome the space
charge region of the semiconductor (cf. Fig. 2.5(b)). If a positive voltage is applied
at downward band bending, a valence band current only occurs if the Fermi level
is below the valence band edge. As shown in Fig.2.5(c), in this case empty states
exist in the valence band, into which electrons can tunnel from the tip through the
vacuum barrier and the space charge region. In Fig.2.5(d) and (e) upward band
bending is shown. If the valence band at the surface of the semiconductor is pushed
above the Fermi level, a depletion of the valence band (i.e. an accumulation of holes
at p-type surfaces, called inversion in n-type semiconductors) occurs. For V > 0,
electrons can tunnel out of the tip into the hole accumulation zone (cf. Fig. 2.5(d)).
At negative voltages, electrons with an energy (Er + eV) < E < Ep can tunnel

from occupied states in the valence band into empty tip states.
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(a) V<0 ¢surf<o

¢surf>0

Figure 2.6: Different configurations of tunneling into or out of the valence band. (a)
For a downward band bending and at negative voltages, electrons occupying the
valence band with energy E < (Ev, puk + €V') can overcome the vacuum barrier
and tunnel into empty tip states. (b) Electrons in the valence band exhibiting an
energy (Ev, puk + €V) > E > Ey, puk additionally need to overcome the space
charge region of the semiconductor. (c¢) For V > 0 valence band tunneling only
occurs if the Fermi level is below the valence band edge Er < Ey pu. In this case
empty states exist in the valence band, into which electrons can tunnel from the
tip through the vacuum barrier and the space charge region. (d) Upward band
bending can lead to an accumulation of holes in the valence band at the surface
of the semiconductor. For V' > 0 electrons can tunnel out of the tip into this hole
accumulation zone. (e) For V' < 0 electrons with an energy (Er +¢eV) < E < Ep
can tunnel from occupied states in the valence band into empty tip states.
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2.3 Transmission electron microscopy

The resolution of a microscope, regardless of whether it is a transmission electron
microscope (TEM) or an optical microscope, depends on the wavelength A of the
incident beam.[82] The minimal distance d between two features that can still be
distinguished in the image of a microscope is given by the Abbe diffraction limit
(83]

i-—2 (2.38)

nsind’

where n is the refractive index and ¥ the diffraction angle. Thus, d decreases linearly
with decreasing wavelength. Hence, by replacing the photon sources of optical
microscopes by electrons exhibiting a much smaller wavelength, the microscope’s
resolution improves significantly. The de Broglie wavelength of electrons with a

correction for relativistic effects is given by [83]

h

A= :
\/QmoEo(l + 275#)

(2.39)

where h is Planck’s constant, mg the rest mass of electrons, ¢ the speed of light,

and Fy = eV is the kinetic energy of an accelerated electron.

In a TEM the electron beam with electrons of wavelength A, produced by the
electron gun, is directed to the sample by the magnetic lenses. After transmission
through the sample, the electron beam is projected onto a screen. The resulting
image shows the interaction between the electron beam and the sample and thus
contains information about the morphology, crystallography, and composition of
the sample. The image contrast depends on the deflection of the primary electrons
at the atomic nuclei, i.e. on the sample’s thickness, on its density of atoms, on
the atomic number, and on the energy of incident electrons. Assuming elastic
interaction, the number Ng of electrons deflected after passing the sample with
thickness s is given by [83]

el

Ng = N - exp (—AS> , (2.40)

where Ng is the number of incident electrons and A is called the mean free path
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of elastic scattering and can be approximated by [83]

8eoEy\ > mtan? ¢
Ay = — 2 2.41
1 (Z) - (2.41)

7 is the atomic number of the nucleus the electron interacts with, Ny Avogadro’s
constant, p the density of atoms within the sample, and « the acceptance angle. The

acceptance angle selects all electrons deflected into a narrow solid angle segment.

2.3.1 Selected Area Electron Diffraction Mode

For the selected area electron diffraction mode (SAED) of the transmission electron
microscope the sample is illuminated by a defocused and therefore parallel electron
beam.[82] After passing the sample and the objective lens, a selected area aperture
limits the field of view of the beam.[83] Thereby the resulting diffraction pattern

originates from a small selected area of the sample in the order of few nm, only.[83]

In the sample the incoming beam is partly reflected at the lattice planes. Reflected
waves from different lattice planes interfere with each other [84] and constructive

interference can be found according to Bragg’s law at
.0
n-A= thkl - Sin 5, (242)

with dp; being the distance between two lattice planes and g the angle between
the lattice plane and the incident wave. n is a positive integer that gives the order
of diffraction. dp; can be determined from Eq. 2.42 if the wavelength and the angle
of incidence are known. Additionally, the structure factor and thereby forbidden
reflections have to be considered. In TEM measurements the diffraction angle 6 is
given by .

0= I (2.43)
with 7 being the radial distance from the central reflection within the diffraction
pattern and L being the camera length, i.e. the distance between the sample and
the detector. Due to the lenses in the TEM, L is the product of the magnification

by the projective lenses and the focal length of the objective lens.[83] Usually 6
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is not calculated, but rather calibrated by using the diffraction pattern of a well-
known reference sample [83] such as gold. Because of spherical aberration, which
increases with diffraction angle, measured values of r are systematically lower than

theoretically expected values.|[83]

In order to derive lattice constants of wurtzite structure crystals from SAED images,
the theoretical determination of the lattice plane distances dy; is elucidated first.
Theoretically the distances dyi; between lattice planes for the primitive hexagonal

crystal system can be obtained from the equation [83]

1
iy = =
V(B + bk + k) +

(2.44)

with a and ¢ being the lattice constants of the hexagonal crystal system. h, k and
[ are Miller’s indices and depend on the orientation of the sample. For hexagonal
crystal systems often Miller-Bravais indices instead of Miller indices are used for
the description of lattice planes. The Miller-Bravais indices are denoted (hkil),
where i = —(h + k) is redundant.[85,86] This four-fold labeling makes symmetri-
cally equivalent lattice planes apparent, since they are generated by permutations
of the first three indices.[87] For example equivalent m-planes are described by
(1010), (0110) and (1100) in the hexagonal crystal. Note, the Miller-Bravais in-
dices must not be confused with Weber symbols [grst| that denote directions in
four-fold indexing. Directions in four-fold [grst] and three-fold [uvw] labeling can
be converted into each other by using ua; + vdy + wé = qdy + rds + sds + t¢ and
inserting @3 = —(d, + @2) and s = —(q + r).[88] @, dy and ¢ are the lattice vec-
tors that define the unit cell, as indicated in Fig.2.7(a). This yields the relations
[83,88]

g==Q2u—-v), r= 1(21} —u), s= —l(u +v), t=w. (2.45)

3 3 3

The advantage of using four-fold indices is that the directional vector [grst] is
perpendicular to the lattice plane (¢rst). Generally in the hexagonal crystal this
does not apply for three-fold notation.[85, 87] Besides the directional vectors dj,
da, @3, and ¢ two lattice planes are shown in Fig2.7(a). An m-plane (1010) is
illustrated in light blue and an a-plane (2110) is colored in purple. The unit cell is
highlighted by thick black lines.
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()

[1000]

Figure 2.7: Hexagonal crystal system. (a) The limits of the primitive hexagonal unit
cell are marked by thick black lines. The directions are given as four-fold indexes.
Two lattice planes, an m-plane (1010) and an a-plane (2110) are highlighted. (b)
Positions of atoms in the hexagonal closed packed (hcp) structure. Compared to
the primitive hexagonal structure (black spheres) one atom per unit cell is added
at the position (2/3,1/3,1/2) (purple spheres) in the hep structure.

Materials like GaN and Al;_,In,N crystallize in the hezagonal close packed (hcp)
structure shown in Fig2.7(b). Compared to the primitive hexagonal cell, the hep
unit cell contains an additional atom at the position (2/3,1/3,1/2). In Fig2.7(b)
atoms of the primitive hexagonal structure are depicted as black spheres while the
additional atoms of the hep structure are colored in purple. The additional atoms
in the closed packed structure change the interplanar spacing. Hence, a correction
factor Py, that includes the position of the additional atom in the unit cell, has
to be considered for the calculation of the lattice-plane distances. This yields for

the lattice-plane distance dj,;; of the hep structure [83,89)
/ 2 1 1
At = dpkt * Prts Pawt = §h + §k + 51' (2.46)

Thus, the smallest lattice-plane distance in ¢ direction changes to gy, = 1/2- doo1 =

1/2 - ¢, while the distance between nearest a planes di;, = 1 - di1g = /2 - a does

not change. The corrected distance between m-planes yields dy, = 2/3 - djgo and
610 = 1/3 . dom, with d100 and dOlO being ‘/§/2 - a.
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Figure 2.8: (a) TEM diffraction pattern of AlpgiIng19N, along the [1010] ([210])
zone axis, indexed according to Ref. [87]. The inset shows a magnification of the
diffraction spot framed by the white square. The green squares symbolize the geo-
metric centre of the detected diffraction points. (b) Same diffraction pattern with
enhanced contrast. Kikuchi lines and weak additional diffraction spots appear.
The Kikuchi lines are marked by the green lines. Their symmetry centre does not
completely coincide with the central diffraction peak (0000).

Returning to the determination of lattice constants from SAED, an example of a
diffraction pattern of a wurtzite structure Al;_,In,N sample is shown in Fig2.8(a).
The diffraction pattern was measured along the [1010] zone axis, revealing diffrac-
tion spots of ¢- and a-planes. Due to the selection rules of the hep structure, the
reflections where [ is odd and h + 2k is a multiple of three, are missing.[87] Note,
because of the negligible atomic scattering amplitude of nitrogen, the rules for the
hep structure can be applied.[90,91] The same diagram with an enhanced contrast
is shown in Fig2.8(b). First, weak Kikuchi lines (marked by green lines) are vis-
ible,[92] which arise from multiple, and thus incoherently scattered electrons.[87]
The Kikuchi lines match the lines presented in Ref.[93] and Ref.[94]. Since the
symmetry center of the Kikuchi lines does not completely coincide with the cen-
tral diffraction peak (0000), it can be assumed that the sample was slightly tilted
against the intended zone axis.[83,87] A tilting leads to sets of weak diffraction
spots shifted relative to the primary diffraction spots in Fig2.8(b). The additional
diffraction spots become visible if the Bragg condition is nearly fulfilled by a second
set of lattice planes.[83] From such diffraction patterns the lattice constants ¢ and
a can be determined by measuring the distance between adjacent major spots in

0001) and (2110) reciprocal directions. Then, according to Eq.2.46, ¢! equals
g
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2- A, while a™! is given by 2+ A, (cf. Fig2.8(a)).

2.3.2 Algorithm for the identification of peak positions in
SAED images

In order to determine the distance between adjacent spots in diffraction patterns,
the center of each diffraction spot has to be identified. To begin with, the diffraction
pattern or image f(x,y) is smoothed by computing the convolution of the image

with a Gaussian kernel g(z,y;t) to reduce the image noise.
L(z,y;t) = g(x y;t) «f(z,y)

Z Z (m,n;t)f(x —m,y —n) (t>0), (2.47)

m=—M n=—N

1 m? + n?
g(m,n;t):ﬁexp o )

with M and N being the width and the height of the image in pixel (px). ¢ is

the width of the Gaussian distribution. For the later analysis ¢ = 8 px was chosen,

which is much smaller than the spot size and hence ensures, that the shape and
in particular the center of the spots remains rather unchanged, while spikes are

removed.

In a second step, the background caused by inelastic scattering, has to be sub-
tracted.[83] Figure 2.8(b) illustrates the distribution of the background in the im-
age. In the center the background is much higher than closer to the edges and even
higher than the diffraction peaks at the edge of the pattern. Therefore the subtrac-
tion of a constant background would remove most of the diffraction spots as well.
Instead a spatially modulated background p(z, y) has to be calculated for each pixel
(z,y). p(x,y) is derived in analogy to Eq.2.47, but with a broader Gaussian kernel
(t = 20px) and an area of 40 x 40 pixels. The broader Gaussian kernel and the
large area reduce the impact of diffraction peaks on the background determination.

Afterwards a root-mean square of the background subtracted diffraction pattern
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for the whole image is calculated by

7=\ T Do (L) — l o)) (2.48)

z=1 y=1

All background subtracted image points L(z,y) — pu(z,y) whose values are below

o0, are considered as noise.

From the remaining pixels of L(x,y) the diffraction points are isolated according
to the rules of blob detection.[95] In the case of SAED images for simplicity a blob
can be defined as an area that is significantly brighter than its neighborhood. First
of all, the image is scanned for local maxima, defined as those pixels (z,y) where
the z value of all eight adjacent pixels is lower. These local maxima are the seeds of
a blob each. Then all other pixels are assigned to the blobs by the following three
rules: (1) If a pixel has one or more higher neighbors that all belong to the same
blob, the pixel also is part of that blob. (2) If the pixel has more than one higher
neighbor and those neighbors belong to different blobs, the pixel is considered as
background. (3) If a pixel has at least one higher neighbor which is part of the
background, the pixel also has to be part of the background.[95]

When the blobs, respectively the diffraction spots, are isolated, the geometric centre

of each blob is calculated according to [96]

Zolet ), Bl ), (2.19)

where z,; and y,; are the x and y positions of the i-th pixel of a blob. Here the

Ts =

masses m; equal 1 for all pixels. In Fig2.8(a) the detected geometrical centers are
marked by the green squares. Finally the averaged distances between the geometric

centers reveal the half lattice constants a and ¢, as described in Sec. 2.3.1.

2.4 Scanning near-field optical microscopy

The scanning near-field optical microscope (SNOM) is an optical microscope that

can resolve structures beyond the Abbe diffraction limit (cf. Eq.2.38) by utilizing
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the fact that reflected light exhibits two components. Instead of the propagating
component that is known as far-field, the evanescent component which is related to
the near-field is probed.[97] The information about the evanescent component can
be collected by bringing a small aperture with an optical fibre close to the surface.
The distance between optical fibre and surface, as well as the diameter of the fibre,
needs to be smaller than the wavelength of the reflected light.[97] With this method
the resolution is limited by the geometry of the aperture instead of the wavelength

of the illuminating light.

SNOM images in this thesis were obtained with a scattering-type SNOM instead
of an aperture-SNOM. The scattering-type SNOM is based on an atomic-force
microscope (AFM), which is operated in tapping mode. The frequency is adjusted
so that the cantilever is excited to a sine wave oscillation just below its resonance
frequency [97, 98|

K — &

=1 —9= 2.50
w i (2.50)

where K denotes the spring constant of the cantilever, §z its displacement and m its
mass. [ is the force experienced by the cantilever. When scanning over the surface
the resonance of the cantilever changes depending on the interaction between its
apex and the sample. Cantilever and sample are attracted by the long range van
der Waals’ forces and capillary actions, while they are repulsed by the short range
coulomb force. The resulting force between two atoms (one at the cantilever apex

and one at the sample’s surface),[97]

A B

Frm =

(2.51)
depends on the distance d between cantilever apex and sample. A and B are con-
stants. The deflection of the cantilever is recorded using a laser beam reflected at its
backside.[68] In order to keep the oscillation amplitude of the cantilever constant, a
feedback circuit adjusts the distance between cantilever apex and sample, changing
the interaction force.[68] This way the topography at a constant force gradient is
imaged.[68]

In order to obtain optical information about the surface, the AFM is extended

by an additional laser beam which is focussed on the surface below the cantilever
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apex. The tapping mode of the AFM leads to a modulation of the laser beam with
the tapping frequency.[98] The guiding of the laser beam inside the microscope is
constructed as a Michelson interferometer. The incoming laser beam is separated
into two equal beams by a ZnSe window. One beam is focussed on the sample
and is scattered there. The backscattered beam is interfered with the other beam,
which in the meantime passes a reference beam path. The interfered beam is
guided to a liquid nitrogen cooled MCT (Mercury-Cadmium-Telluride) detector
and demodulated by a lock-in amplifier.[98] The linear component of the signal
corresponds to the far-field. The optical near-field signal exhibits a non-linear
dependence and is obtained from the components of higher harmonic order (n >

2).|98|

The near-field signal obtained in this manner primarily shows a material contrast
[99-102] determined by the dielectric constant.[103] In addition, the near-field signal
is sensitive to strain.[98,104, 105] Overall, with this kind of microscope, the topo-
graphic information (with AFM) and the optical near-field image (with SNOM) of

a surface are obtained simultaneously.

2.5 Stress and strain

Heterostructures, such as those investigated here, contain non-lattice matched lay-
ers. This induces deformations of the lattice. Deformations of a material are
expressed by strain, while stress describes internal forces in a material. Stress is
defined as force per area and thus has the dimension of pressure. Stress can induce
strain and vice versa. Within the elastic framework, this effect is described by
Hooke’s law, which in Voigt notation is given by

‘g (2.52)

I:

@}

with 7 being the stress tensor, C' the elastic stiffness tensor, and ¢ the strain ten-
sor.[106] The strain coefficients e,,, €, and e, describe distortions along the re-
spective axes, while e,,, £,, and €., specify changes of the angles between the
basis vectors (shear strains).[106] In the wurtzite structure the = and y axes are

associated with an a and the perpendicular m direction, respectively. With the
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z axis oriented parallel to the ¢ direction, the elastic stiffness tensor has only five

independent components and is reduced to [107]

C’11 012 C(13 0
C’12 Oll C(13 0
Ciz Cis Cz3 0
0 0 0 Cu O
0 0 0 0 Cu O

0O 0 0 0 0 &“uw

o O O
o O o O

c- (2.53)

The elastic constants of wurtzite structure GaN, AIN and InN are summarized in
Tab.9.1. The values of GaN were measured by Polian et al. [108] using Brillouin
scattering, while the elastic constants of AIN and InN were derived by Wright [109]
using density-functional-theory calculations. The elastic constants of AlygiIng 19N
are calculated by linear interpolation between the values of AIN and InN. Thus,

the elastic stiffness tensor for GaN is

390 145 106 O
145 390 106 O
106 106 398 0O

o O O O
o O O O O

C = GPa. 2.54
=GaN 0 0 0 105 ( )
0 0 0 0 105
0 0 0 0 0 1225
The respective elastic stiffness tensor for AlggiIng 19N is
363 133 105 O 0 0
133 363 105 O 0 0
105 105 355 0 0 0
Cawstmany = 0 9 0 103 0 o |F* (2.55)
0 0 0 0 103 O

0 0 0 0 0 115

In an orthotropic material the components of the inverse elastic stiffness tensor,
S, are associated with the Young’s moduli E; along axis ¢, the shear moduli Gy

in direction j on a plane with normal direction ¢, and Poisson’s ratios v;; by the
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\ | GaN  AlInN | | GaN AIInN [ [ GaN AlInN |
Ey (GPa) | 324.08 300.30 || Gip (GPa) [ 122.50  103.09 || v | 0.323  0.303
B, (GPa) | 324.08 300.30 || Gi3 (GPa) | 105.00 103.09 || 113 | 0.180  0.210
B3 (GPa) | 356.00 300.30 || Gy (GPa) | 105.00 115.21 || v53 | 0.180  0.210

Table 2.1: Young’s moduli E; along axis 4, shear moduli G;; in direction j on a
plane with normal direction ¢, and Poisson’s ratios v;; for GaN and Algg1Ing.19N
calculated from the inverse stiffness tensors.

relation
om0 0 0
B B0 0
s=| # "% = 0o (2.56)
= 0 0 0 & O 0
0 0 0 0 G%l 0
0 0 0 0 G%z

Thus, in order to derive these constants, the elastic stiffness tensors of GaN and
Algs1Ing 19N are inverted and Young’s moduli, shear moduli and Poisson’s ratios
are calculated for both materials, respectively. The derived values are presented in
Tab. 2.1.

The strain coefficients ¢;, with j = zz,yy, 2z, 2y, yz, zz, of the Al;_,In,N/GaN
heterostructures are obtained as outlined in the following: In heterostructures stress
develops at the interfaces between different materials if the lattice constants do not
match. In the general case of Al;_,In,N, with x being the In content, grown on
c-plane GaN, stress in @ and m direction occurs if the a lattice constant of GaN and
Al;_,In,N differs by Aa. Since the distance between lattice planes in m direction
linearly depends on the a lattice constant (d = v3/2 - a), the strain coefficients e,

and €y, in a and m direction are equal:

Ad  V32-Aa  Aa
W T Ve @ o (2:57)
Thus, they are defined as

QAL _ (1 paz)InptaN — AGaN

(2.58)

Exx = Eyy = 0GaN
al
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2.6 Polarization

In contrast, in ¢ direction stress only develops if the ¢ lattice constant of Al;_,In,N
changes within an Al;_,In,N layer, for example due to variations Az of the com-

position. Then the strain coefficient ¢,, in ¢ direction is calculated by

CAl_(zramyInzxazN — CAL_;IngN

(2.59)

€2z =
CAl_oIn:N
For homogenous layers (Axz = 0) this component is zero. It is assumed that no

shear stress exists. Thus the strain coefficients €, €,, and €, are zero.

With this information the stress for each orthogonal-anisotropic spatial direction is
calculated by substituting C'

C ol g 10N (Eq.2.55) and the components ¢; (Eqgs. 2.58
and 2.59) into Eq. 2.52.

2.6 Polarization

The total macroscopic polarization P of a solid is composed of a spontaneous po-
larization Py, of the equilibrium structure and a strain-induced piezoelectric polar-
ization P, [107]

P=P,+P, (2.60)

—S

Waurtzite structure nitride semiconductors, exhibit a spontaneous polarization along
the [0001] direction, only. They thus exhibit one single polar axis.[107] Despite
the presence of the spontaneous polarization, the electric field in the bulk of the

semiconductor remains zero [110]

D-P

&r€o

By = =0. (2.61)
This is due to the dielectric displacement field D, with V- D = e - (p — n), where
e is the elementary charge and p and n are the hole and electron densities, which
compensate the spontaneous polarization. Thus, in the bulk the electrical displace-
ment field counteracts the spontaneous polarization (D = P,). At the surface of
the semiconductor the discontinuity of the displacement field (D,,, = 0) induces
an electrical field and thus a space charge region near the surface.[110] The electric

field in the region of this two-dimensional electron gas depends on the material
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parameters as well as on the surface conditions, i.e. the type of atomic plane (anion

or cation plane) and the presence of surface states.[110,111]

The strain-induced piezoelectric polarization in Voigt notation is given by

P, =cc (2.62)

pz

and depends on the strain coefficients €;, whose derivation has already been dis-

cussed in Sec.2.5. ¢ symbolizes the piezoelectric tensor.[106] In wurtzite structure

semiconductors the tensor exhibits three non-vanishing components e;3, es3, and

e15:[106, 107]

0 0 0 0 e5 O

0 0 O e5 0 0. (2.63)
0

€31 ez e33O 0

1sy
Il

The strain-induced, piezoelectric polarization can thus be calculated according to
Eq.2.64.
€15€x2
r,= €15Ey2 (2.64)
€31(Ean + Eyy) + €332
The piezoelectric coefficients ej5, e3;, and es3 for wurtzite structure GaN, AIN
and InN are presented in Tab.9.1. The coefficients for different compositions of

Al;_.In,N may be derived by linear interpolation between AIN and InN.

2.7 Concepts of roughness analysis

2.7.1 Power-Spectral Density

The power-spectral density function displays the spatial frequency spectrum of the
roughness of a profile. Ideally it shows the complete frequency spectrum although
in reality it is band-limited, meaning that it is limited by the spacing of the profile’s
discrete data points. Nevertheless, the derivation of the PSD is the most reliable

way to determine the roughness of a surface.[112]

40



2.7 Concepts of roughness analysis

A height profile can be interpreted as the superposition of an infinite number of sine
functions with different amplitudes and frequencies. A non-infinite profile therefore
can be described by a finite Fourier series. The PSD is defined as the square of the

Fourier coefficients of the height profile z or of the auto-covariance function:[112]

K(m), —N/2<m < N/2, (2.65)

§ Zn672m7rm/N

n=0

= (3)

where Py(m) is the m-th term of the PSD, N is the number of the profile’s data
points z,, and 79 is the distance between them. The factor K (m) equals 1/2 at the
ends (m = £N/2) of the PSD and is 1 everywhere else.

The PSD spectrum is used to obtain the profile’s roughness R and correlation length
cp. In frequency domain, the PSD spectra obtained in this thesis, can be described

by an exponential decay
G(f) = (wa/b) - exp(—bk), k = 2nf, (2.66)

with a Lorentzian function real-space equivalent,[113] which can be written as

[114]

60 =myp

b is the half width at half maximum and a/b* the maximum of the Lorentzian

(2.67)

function. The correlation length ¢, is a measure of the extent of surface features
and hence can be defined as the half width at half maximum b of the Lorentzian
function. The roughness R is a measure of the intensity of a certain feature and
can be derived from the amplitude of the Lorentzian function (\/W)

In order to derive R and cr,, the PSD spectrum in frequency domain is plotted in
logarithmic scale and selected regions of the spectrum are approximated by straight

lines with slope m and y-axis intercept 9. Following Eq. 2.66, m and yq are defined

1n(G(f)) = In (%“) 4 (—2nb) f. (2.68)
w_/ m

Yo

Thus, ¢, and R can be calculated from the slope m and the y-axis intercept yo of
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the fitted linear functions:

m
C, = b= 27,
. 1 (2.69)
R2=_ = _¢Ww
b2 wb
Error propagation yields
A
ACL = —7m7
2m (2.70)

1 1
A = 7A - *A . 7}}0.
R (m T %) R

2.7.2 Auto-Covariance and Auto-Correlation Function

The auto-covariance function (ACF) is a measure of the correlation of the roughness
of a surface. It is computed by the sum over the multiplication of all points z; of the
height profile with the points z;,; that are shifted by the so called lag length . At a
certain lag length the mirror symmetrical auto-covariance function G(I) is defined

as:[112]
N

GU)=—> 2z, l=-N+1,..-101,.. N-1, (2.71)

i=1
where N is the number of data points. Since the sum over ¢ only adds up to N —1
the number of summands decreases with increasing [. Nevertheless every term is
divided by N which decreases the values of G(I) linearly from G(0) to G(£N F 1).
The normalized auto-covariance function G(I)/G(0) is called the auto-correlation

Sfunction.

Positive values of the ACF indicate a correlation. Anti-correlation leads to negative
values of G(I).

The value 4/G(0) equals the definition of the rms-roughness R as the root-mean-

square deviation of the values z; from the mean height of the profile

(2.72)
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2.7 Concepts of roughness analysis

The correlation length ¢f, of the ACF is defined as the value where the function G(1)
drops to 1/e of its value G(0) for the first time, with e being Euler’s number.

2.7.3 Cross-Covariance and Cross-Correlation Function

The cross-covariance function (CCF) shows the correlation between two different
profiles a and b of the same length. Contrary to the auto-covariance function the
cross-covariance function is not mirror symmetrical. The CCF G, (1) for a certain

lag length is defined as:
] N
Gan(l) = ; Zay 2oy l=—N+1,.,-1,0,1,..,N —1, (2.73)

where z,, and zp, are the i-th height values of the two profiles a and b. N is the
number of data points of the profiles. A peak in the CCF at a lag length [ is caused

by a structural correlation of the profiles a and b in that distance.

43



Chapter 2 Theoretical background

44



Chapter 3

Experimental details

3.1 Cross-sectional scanning tunneling microscopy

All scanning tunneling microscopy (STM) measurements in this thesis were per-
formed with an Omicron VT system at a pressure of ~ 2 x 107 mbar. The
microscope was operated in the constant-current and in the point spectroscopy

mode.

3.1.1 Sample preparation and cleavage

For cross-sectional STM investigations samples are cut from a wafer into rectan-

2 and thinned to 100-150 m by grinding and

gular shaped pieces of ~ 2 X 4mm
subsequent polishing. Afterwards Au contacts are sputtered onto one half of the
sample from both sides. By discharging a capacitor at several points across the
Au layer, Au is merged with the underlying semiconductor. This provides ohmic
contacts. The sample is glued to a small cube of stainless steel with an electrically
conducting two-component adhesive. In this geometry the sample can be installed
in a sample holder (cf. Fig.3.1(a)) and is electrically contacted from both sides.
After preparation the sample holder with the sample is directly installed into the
load lock attached to the vacuum chamber of the scanning tunneling microscope,

in order to minimize contaminations.
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Figure 3.1: (a) The thinned and Au-contacted sample is glued to a cube of stainless
steel and installed in a sample holder. (b) Cleaved sample in the analysis chamber
of the scanning tunneling microscope.

The cleavage of samples in ultrahigh vacuum (p < 1078 Pa) yield clean (1010)
surfaces. For cleavage the upper part of the sample is pushed against a cleavage
tool which applies uniform pressure to the sample. Ideally the cleavage plane is
atomically flat and located slightly above the cube of steel. The freshly cleaved

surfaces are investigated by STM without interruption of the vacuum.

3.1.2 Tip preparation

For all STM investigations in this thesis tungsten tips are used. The tips are
manufactured by electrochemical etching with sodium hydroxide solution (NaOH):
A tungsten wire with a diameter of 0.25nm is placed in a holder and is thread
through a platinum loop holding a thin film of diluted NaOH solution. A small
piece of wire of about 3-4mm protrudes below the ring. The top of this lower

section of the tungsten wire is used as tip.

In order to perform a controlled etching process, a voltage is applied between the
tungsten wire and the platinum loop. With the tungsten wire as the anode, W is
oxidized to WO3 ™ (cf. Eq.3.1).[115]

cathode: 6H50 + 6e~ — 3Hyy) + 6(0OH) ™,
anode: W) + 8(OH)~ — WO?~ + 1H,0 + 6e, (3.1)
overall: W, + 2(OH)~™ + 2H,0 — WO3Z™ + 3Hy,
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3.2 Cross-sectional atom force microscopy and scanning near-field optical microscopy

Short pulses of reversed voltage are applied in order to dissolve the oxide in the

liquid, and thereby preventing it from depositing onto the tungsten wire.[116]

Once the diameter of the wire is etched thin enough, the wire tears and the bottom
section with the etched tip drops down. It is absorbed by shaving cream filled into
a beaker glass in order to avoid damaging the tip. The tip is cleaned from shaving
cream and residues from etching in warm distilled water and ethanol. Afterwards
the tip is installed in a tip holder and directly transferred into the vacuum cham-
ber of the scanning tunneling microscope in order to minimize contamination and

oxidation.

The shape of the tip is strongly influenced by the thickness and concentration of
the NaOH film inside the platinum loop. For example etching the tip with a film
that exhibits only a low concentration of NaOH results in a slow etching process. If
the NaOH concentration of the film is too high, large bubbles form that may lead
to a non-uniform shape of the tip. The best results were achieved for a 2 molar
NaOH solution and a NaOH film of less than 0.7nm thickness. Tungsten tips
etched with this setup typically exhibit a radius of curvature at their apex of about
10nm.[117,118§]

3.2 Cross-sectional atom force microscopy and

scanning near-field optical microscopy

For cross-sectional atomic force microscopy (AFM) and scanning near-field opti-
cal microscopy (SNOM) investigations, a scattering-type SNOM (NeaSNOM from
Neaspec) at the Fraunhofer Institute for Laser Technology (ILT) is used.[98] For
probing the optical signal an IR broadband laser developed at Fraunhofer ILT is
used.[119] Tt is tunable between 9 pm and 16 pm wavelength at several mW.

The cleaved samples already measured by STM are investigated cross-sectionally.

The measurements were performed on air.
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3.3 Cross-sectional scanning transmission electron

microscopy

For cross-sectional STEM measurements samples are prepared by ion beam milling.
A final cleaning is performed with low energy Ar™ ion bombardment (0.5eV) at
liquid N5 temperature using a Fischione Nanomill system. Structural investigations
were performed using a FEI Titan STEM equipped with a spherical aberration

corrector at the condenser plane.[P2]

3.4 Sample specifications

All three investigated Al;_,In,N/GaN heterostructures were grown by MOVPE
on an AIXTRON 200/4 RF-S system at Ecole Polytechnique Fédérale de Lau-
sanne (EPFL) in the Advanced Semiconductors for Photonics and Electronics Lab
(LASPE). The layer thicknesses and the In contents were determined by high res-
olution X-ray diffraction (HRXRD). In all samples In contents between 17.9% and
20% were found. At this In content the Al;_,In,N layers are almost lattice-matched
to GaN along the a direction.[19] Each Al;_,In,N layer is unintentionally n-doped
with a carrier concentration of presumably ~ 10! cm™3.
samples include two Al;_,In,N/GaN distributed Bragg reflector (DBR) structures
and one Al;_,In,N/GaN heterostructure with five Al;_,In,N layers.

The three investigated

3.4.1 A2314

The Alpgolng20N/GaN distributed Bragg reflector structure consists of 42 pairs
of 48.6nm AlggolngooN followed by 36.5nm GaN, deposited onto a 1um thick
GaN [Si: 3 x 10*® cm™®] buffer layer. The heterostructure was grown on a c-plane
GaN Lumilog substrate with a carrier concentration of ~ 3 x 10®¥cm™. The
GaN interlayers are unintentionally doped (< 10* cm™3). HRXRD measurements
suggest an In content = of 20 4+ 0.5%, which is slightly reduced at the Al;_,In,N-
to-GaN interface. At the interfaces between GaN and the deposited AlggolngooN,

a two-dimensional electron gas (2DEG) is expected to occur with a density of
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3.4 Sample specifications

<«—— GaN substrate —— :<— 1pm GaN buffer —»Z

Figure 3.2: Al;_,In,N/GaN DBR heterostructure. In sample A2314 42 pairs of
48.6nm Al;_,In,N followed by 36.5nm GaN are deposited on a 1pm thick GaN
buffer layer grown on c-plane FS-GaN. In A2688 the Al;_,In,N layers exhibit a
thickness of 45 nm while the GaN layers are 41.5 nm thick. Al;_,In,N is depicted
in gray, while GaN is illustrated in blue.

42 x Al In,N/GaN

[1010]
[0001]

[1210]

~ 2.5 x 10 ecm™2. The structure is illustrated in Fig.3.2, where Al;_,In,N is
depicted in gray, while GaN is illustrated in blue.

3.4.2 A2688

The second distributed Bragg reflector structure was grown on a double side-
polished Sumitomo c-plane free-standing GaN [Si: > 10" cm™3| substrate. 42
pairs of 45nm Al;_,In,N followed by 41.5nm GaN were deposited onto a 1pm
thick GaN buffer layer (cf. Fig.3.2). Again the GaN interlayers are unintention-
ally doped. In analogy to sample A2314, a 2DEG is expected to develop at one
interface. HRXRD measurements reveal that the In content in Al;_,In,N fluctu-
ates from period to period and/or within an Al;_,In,N layer between 20.5% and
17.9%.

3.4.3 A3162

The Alpg1Ing19N/GaN heterostructure consists of five repetitions of 31 nm thick
Al g1Ing 19N layers separated by 105nm thick GaN [Si: 8 x 10*" em™?] layers as is
shown in Fig. 3.3. The sample was grown by MOVPE at a temperature of 740 °C.
The heterostructure was deposited on a 500 nm thick GaN [Si: 3 x 1018 cm~3] buffer
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GaN capping

AlggIng ;oN
GaN

GaN buffer

[0001]

GaN substrate —
[1210]

[1010]

Figure 3.3: GaN/Alpg1Ing 9N heterostructure. Five repetitions of of 31nm
Alg.g1Ing. 19N separated by 105nm GaN are deposited on a 500nm thick GaN
buffer layer grown on c¢-plane FS-GaN and capped by a 1 pym GaN layer.

layer grown on a c-plane free standing (FS) GaN Sumitomo substrate and capped
by a 1pm GaN [Si: 5x 108 cm~3] layer. In the HRXRD measurement no indication
of indium loss at interfaces or intermixing was found. An In content of 19.15+0.5%

was determined.
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Chapter 4

Electronic properties of the
Al;_,In,IN(1010) surface

Text and images in this Chapter are adapted from [P1] (cf. list of own publications,
p. 187).

The increasing interest in growth on non-polar planes, driven by the absence of
out of plane electric fields, caused by piezoelectric and spontaneous polarization
mismatch, raises the question of the electronic properties of m-plane surfaces. It is
known that the presence of surface states and the Fermi level position at the growth
surface critically affect atomic processes during growth, such as the incorporation
of dopants and impurities.[54,55] However, current knowledge about the electronic
structure of non-polar surfaces is limited to GaN and InN, only.[120-124] Hence,
the lack of knowledge of the electronic structure of Al;_,In,N non-polar surfaces is
detrimental for achieving controlled growth conditions along non-polar directions.
Here, the electronic structure of Al;_,In,N(1010) cleavage surfaces is investigated
by cross-sectional scanning tunneling microscopy (STM) and spectroscopy (STS)

combined with density functional theory (DFT) calculations.

4.1 Experimental results

A cross-sectional view of a cleavage surface of sample A2314 is shown in Fig.4.1 in
which from left to right the GaN buffer layer and the first six AlggoIngooN/GaN
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Al golng ,,N/GaN DBR

GaN buffer

[1010]
J‘[ﬁom]

[1210]

150nm

Figure 4.1: Cross-sectional STM overview image of the AlygolngooN/GaN dis-
tributed Bragg reflector heterostructure A2314 measured at +3.8V and 100 pA.
In the STM image the AlygolngooN layers appear brighter than the surrounding
GaN. On the left hand side part of the GaN buffer is visible. The image is adapted
from [P1].

pairs of the DBR heterostructure can be identified. The AlggglngooN layers appear
brighter than the surrounding GaN. Scanning tunneling spectra were measured
at the Aly_,In,N layers of this surface and various cleavage surfaces of samples
A2314, A2688, and A3162. The black dots in Fig. 4.2 show an example of an I(V)
tunnel spectrum that was obtained on A3162. All measured spectra show a typical
semiconducting behavior, with a tunnel current at positive and negative voltages,
separated by an asymmetric ~ 3V wide voltage range, where no tunnel current is
detected. This is the signature of the band gap of the semiconductor.[71] Here, the

onset voltages of the tunnel current are at +2V and —1V, respectively.

In order to interpret the measured tunnel spectra, simulations of the tunnel current
with a 3D finite difference calculation are performed. The electrostatic potential
is computed for a tip-vacuum-semiconductor system by solving the Poisson equa-
tion and additionally the continuity equations for electrons and holes following the
methodology in Refs. [69,78] as is described in Chap. 2.2. The simulated tunnel cur-
rents are shown in Fig. 4.2 as lines for both unpinned and pinned Al;_,In,N(1010)

surfaces.
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Figure 4.2: Scanning tunneling spectroscopy measured on the AlggiIng19N(1010)
surface in sample A3162. The experimental data is represented by the black dots
measured at a tip-sample separation fixed by a set voltage of —3.6V and a set
current of 150 pA. The lines illustrate calculations of the tunnel current assuming
no intrinsic surface state within the band gap (red) and an empty surface state at
Ec — 1.8eV, which pins the Fermi energy (blue). All simulations are performed
for the same tip-sample separation. The image is adapted from [P1].

The unpinned case, where no surface state is included in the calculation, is rep-
resented by the red solid and dashed lines. Without pinning, the electric field
between tip and semiconductor penetrates into the semiconductor and induces a
band bending. At negative voltages the tip-induced downward band bending drags
the conduction band edge Ec below the Fermi energy (Er), inducing an electron
accumulation in the conduction band. The electrons in this accumulation zone can
tunnel into the tip at negative voltages corresponding to energies within the band
gap (cf. Chap.2.2.3, Fig.2.5(d)). Hence, a tunnel current flows at small negative
voltages already. This calculated accumulation tunnel current (7,..) fits well to the
measured data. Note, the tip-sample separation and the electron affinity were used
as fit parameters to adjust the tunnel current at negative voltages. At positive
voltages electrons are expected to tunnel from the tip into the empty conduction
band. However, because of the n-type doping the calculation without pinning yields
a too high tunnel current I and an onset voltage too close to zero (cf. Chap. 2.2.3,

Fig.2.5(a) and (b)). Hence, it does not describe the measured onset around +2V.
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For calculating the pinned case an intrinsic empty surface state was added 1.8 eV be-
low the conduction band edge with a FWHM of 0.2 eV and a density of 7x10'3 cm 2.
This concentration value corresponds to the concentration of In atoms in the surface
layer, where the dangling bond state is localized (see below). For the calculation
of the pinned surface the same tip-sample separation is used as for the unpinned
surface. The simulated tunnel spectra of the pinned surface are illustrated by the
blue solid and dashed lines in Fig.4.2. The pinning removes the tip-induced band
bending and thus at negative voltages no accumulation of electrons in the conduc-
tion band occurs. Thus the current is solely given by tunneling from the valence
band into the tip (Iv pin), which is however too small (cf. Chap.2.2.3, Fig. 2.6(a)).
At positive voltages the midgap pinning shifts the onset of electrons tunneling from
the tip into the conduction band (Icpm) to higher voltages. This model provides
a good description of the tunnel current at positive voltages for a surface state
1.8¢eV below the conduction band edge. Thus, the best fit is obtained for an un-
pinned surface at negative voltages (solid red line in Fig.4.2) and a surface pinned
by a surface state at positive voltages (solid blue line in Fig.4.2). This suggests
a polarity-dependent pinning by the empty intrinsic surface state, in analogy to
GaN(1010) surfaces.[124]

4.2 DFT calculations of the Al;_,In,N(1010)

surface

In order to identify the origin of the midgap surface state, first principles calcu-
lations within DFT were performed using the local density approximation (LDA)
and the projector augmented wave approach (PAW).[125,126] In a first step the
c-lattice constant (along (0001)) has been optimized for a 32 atom bulk supercell,
which is biaxially strained in the basal plane to GaN and where the group-III sub-
lattice is occupied with 3 In (and 13 Al) atoms, reflecting the In composition. Then
the m-plane surfaces are modeled using slabs of 16-monolayers AIN with the afore-
mentioned lattice constant. A plane-wave energy cutoff of 450 eV was used and the
position of the atoms in the 8 topmost monolayers (MLs) was fully relaxed. The

In semicore d states are treated explicitly as valence electrons, and the triply
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Figure 4.3: (a) Band structure of the Algg3Ing17N(1010) surface. Sy denotes the
occupied N-derived surface states, Sy, the In-derived unoccupied surface state,
and Sp) the unoccupied Al-derived surface states. Gray dots denote the projected
band bulk structure of AIN at the lattice constant of AlygsIng17N. The upper and
lower dashed horizontal lines at 4.4eV and 0eV mark the bulk CBM and VBM
of AIN at its optimum lattice constant, respectively. The absolute position of the
corresponding band structures has been obtained by aligning the bulk ionization
potentials to the vacuum level. (b) Total density of states (DOS). (c), (d), (e)
show the charge density of the Spj, Si, and Sy states, respectively. Al In, and
N atoms are shown as medium-sized blue, large-sized purple, and small gray dots,
respectively. The image is adapted from [P1].

coordinated lowermost Al and N atoms were passivated with pseudohydrogen atoms
of partial charge 1.25 and 0.75, respectively. In the top layer one Al is replaced by an
In atom. By modifying the lateral size of the supercell (i.e., n x m, n and m denote
the repetition along (1120) and (0001), respectively) the surface In composition is
effectively changed within the whole range between pure AIN and pure InN.

Figures 4.3(a) and (b) show the calculated band structure and density of states
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(DOS), respectively, for the example of a 2 x 3 surface unit cell with one In atom
replacing a surface Al atom (corresponding to an In composition of 16.7% in the
surface layer). In the band structure various states can be identified: Within the
band gap a band of states (labeled Sy) occurs at energies between 0 and 0.5eV.
The charge density of these states shown in Fig.4.3(e) reveals that this band of
states corresponds to the filled nitrogen dangling bonds with p orbital character.
The next state in the band gap (Sp,) 2.4€V above Ey corresponds to the empty
dangling bond above the In atom as visible in Fig.4.3(d). Finally, several surface
states appear near the conduction band edge (labeled Sa;). Figure4.3(c) shows
the charge density of the highest one. These states correspond to the empty Al
dangling bonds. Both, the empty In and Al dangling bond states have a mixed s

and p orbital character.

The blue dots in Fig.4.4 illustrate the calculated energy minima of the lower-
most empty In/Al-derived surface state Sy, as a function of the In composition x
of Al;_,In,N. The energies of the surface state minima are given relative to the
valence band edge of pure AIN. The valence and conduction band edges shown as
black and gray curves, respectively, were derived using composition-dependent bow-
ing parameters calculated using a tight-binding (TB) model for the compositions
marked by crosses.[127] The blue symbols illustrate that the lowermost empty dan-
gling bond state is within the fundamental band gap for In compositions = < 0.6.
For pure InN the empty surface state is within the conduction band in agreement
with previous calculations and experiments.[54,122] For pure AIN the surface state

is located at midgap, consistent with previous calculations.[12§]

4.3 Analysis of tunnel spectra obtained on the
Al;_,In,N(1010) surface

In order to compare the calculated results with the experiments, a large number
of spectra, acquired on different cleavage surfaces of all three heterostructures with
different W tips, was analyzed. All spectra exhibit similar onset voltages. In order
to extract the energetic position Egsg of the lowermost empty surface state, each

spectrum was simulated using the energy position Fgg, the electron affinity, and
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Figure 4.4: Energy position of the lowest empty cation derived surface state on
All,rlnzN(loiO) surfaces as a function of the In composition x. The conduction
(Ec, gray) and valence band (Ev, black) edges were taken from Ref.[127]. Blue
dots show the calculated energy position of the empty cation-derived surface state.
This state is the In-derived dangling bond (Al-derived surface states are signifi-
cantly higher in energy), except for pure AIN where it is the Al-derived dangling

bond. The green diamonds and red triangles show the energy of the surface state
FEgs extracted from scanning tunneling spectra with the help of tunnel current
simulations for AlggoIngooN and AlygiIng 19N layers in heterostructure A2314,
A2688, and A3162. The dark framed symbols with error bars show the respective
average values. The image is adapted from [P1].

the tip-sample separation as fit parameters (cf. Chap.5). This procedure is done in
analogy to that discussed above for the spectrum shown in Fig. 4.2. The best fit of
the onset voltage of the tunnel current at positive voltages is used as criterion to
extract the energy of the lowest midgap surface state. The green diamonds and red
triangles show the obtained surface state energy for the AlyggIng N layers in A2314
and A2688 and for the AlygiIng 19N layers in A3162, respectively. The respective
average values are Fc — 1.80 £ 0.56eV and Eg — 1.82 + 0.41eV. They are shown
as dark framed symbols with error bars. The energy values of the surface state
are measured relative to the conduction band edge Ec. In contrast, the calculated
surface state energies are most accurate relative to the valence band edge Ey. Thus,
if the experimental band gaps are larger than the calculated ones in Fig. 4.4, the
experimental values of the surface state energy shift 1:1 upward relative to the
calculated ones. Indeed, there are indications from experiments that the real band

gap of AlgsiIng 19N is 4.2eV,[129] i.e. 0.5V larger than the calculated one. Hence,
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our experimental data points may need to be shifted up to 0.5eV upward relative
to the calculated ones. Independent of this uncertainty, the experimental results

agree well with the calculated energy minima of the lowest empty surface state.

At this stage the origin of pinning is addressed. Although cleavage steps on the
surface were frequently observed, the concentration of step states (assuming one
state per lattice constant) is one order of magnitude lower than the surface density
of In dangling bonds (Sp,). Hence, the steps cannot induce an extrinsic pinning.
The polarity dependent Fermi level pinning is only due to the intrinsic In surface

dangling bond state.

4.4 Conclusion

The electronic structure of All_zlan(IOTO) surfaces was investigated by cross-
sectional scanning tunneling spectroscopy and density functional theory calcula-
tions. The calculations yield empty Al and/or In-derived dangling bonds states
within the band gap for In compositions smaller than 60%. The energy of the low-
est empty In-derived surface state was extracted from tunnel spectra acquired on
lattice matched Al;_,In,N layers with In compositions of z = 0.19 and z = 0.20 to
be Ec — 1.82 £ 0.41eV and Ec — 1.80 £ 0.56 eV, respectively, in good agreement
with the calculated energies. Based on these results it can be concluded, that under
growth conditions the Fermi level is pinned by the In-derived dangling bond state
for In compositions smaller than about 60%. For larger In concentrations no Fermi

level pinning is present.
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Chapter 5

About the electron affinity

Scanning tunneling spectroscopy of the Aly_,In,N layers was performed on numer-
ous cleavage surfaces of the samples A2314, A2688, and A3162, as was described
in Chap.4. The tunnel current depends on various parameters of the probe tip
(e.g. the geometry and work function) and the investigated semiconductor (e.g. the
carrier concentration and surface states) as well as on the tip-sample separation.
Besides all of these, the electron affinity is a crucial parameter, since it affects the
onset and slope of the tunnel current. In order to fit simulations to the experimen-
tally obtained tunnel spectra of Al;_,In,N, an accurate knowledge of this parameter
is required. However, a literature survey reveals that even for well-known materials
such as GaN a broad range of experimentally and theoretically obtained values were
reported for the electron affinity and a commonly accepted value is not established
yet despite the importance for semiconductor interfaces in general. An overview of
the numerous values of x is given in Tab.5.1 for n-type GaN, AIN, and InN. For
GaN the literature values range from 2.1 to 4.26 eV, for AIN from < 0 to 2.16¢€V,
and the values of InN fluctuate between 4.6 and 5.8 €eV. Thus, deviations of more
than 50% can be found. Therefore a general definition of the electron affinity is
provided in the first part of this chapter, followed by a detailed survey and critical
analysis of the methodologies used to derive the different electron affinity values
of GaN, AIN, and InN presented in Tab.5.1. Finally the influence of the electron
affinity on the tunnel current is discussed in detail. Based on this, an estimation
of the electron affinity is derived from fits of the simulated tunnel current to the

measured I(V) spectra of Al;_,In,N.
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Chapter 5 About the electron affinity

Xaan [eV] ‘ xai [eV] ‘ Xm [eV] ‘

2.1 — 4.1[130]* < 0[131]* 5.7[132]4

4.16 — 4.26[133]> | 0.6 £ 0.3[134) 5.8[135]¢

2.740.3[134]* | 2.16 & 0.3[136]* 5.5[137]°

4.02 — 4.10[138]> | 1.9+ 0.2[139]* | < 4.7]140]f

3.240.2[141]2 ~ 1.9[142]* | 4.7 (4.6)[143]*
3.5 4 0.1[144, 145]* | 0.25 £ 0.3[146]*
3.1+ 0.2[146]
3.4 40.1]147)°
2.8 4-0.1[148]*
3.8 (3.3)[143
3.18[149]8 1.01[149]8

2UV-photoemission spectroscopy (UPS)

®C-V and I-V measurements on GaN Schottky barrier diodes

¢deep-level optical spectroscopy (DLOS) + vacuum referred binding energy (VRBE)
dyia Fermi level stabilization energy, Frg

“scanning photoelectron spectroscopy (PES)

feonductive AFM I-V characteristics

9DFT calculation

Table 5.1: Compilation of values for the electron affinity x in eV for n-type GaN,
AIN; and InN found in recent literature. Experimental values (a-f) were obtained
by various methods as indicated in the footnotes. Theoretical values (g), obtained
by DFT calculations, are listed in the last row.

5.1 Definition of the electron affinity

The electron affinity x of a semiconductor is defined as the energy difference
between the conduction band minimum and the vacuum energy at the surface
X = Fvac — Ec,[150] or physically speaking, it is defined as the energy required to
move an electron from the bottom of the conduction band at the surface of the
semiconductor to the vacuum right outside the semiconductor.[151] The electron
affinity is considered to be a material constant which, in contrast to the work func-
tion, does not depend on the doping of the semiconductor. However, x needs to

be measured at the surface and is thus critically affected by surface conditions. It
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5.2 Electron affinity of GaN

depends on the exact atomic structure as well as on impurities and contaminations

on the surface. Hence, it rather could be considered as a property of the surface.

5.2 Electron affinity of GalN

The first values of the electron affinity of GaN, xqan, were measured by Pankove
et al. [130] in 1974 on degenerate n-type and semi-insulating GaN. Photoemission
measurements on these GaN surfaces of unknown orientation, heat-cleaned by elec-
tron bombardment, revealed a lower and upper limit (4.1 > ygan > 2.1eV) for the
electron affinity. In 1996 Bermudez et al. [134] investigated GaN(0001) — (1 x 1)
surfaces, cleaned in UHV by Ga deposition and subsequent annealing. The electron
affinity was derived from photoemission spectroscopy (UPS) measurements to be

Xaan = 2.7 £ 0.3¢eV by evaluating the equation
X=hv—W — E,, (5.1)

with E, being the band gap of the semiconductor, hv being the photon energy
and W being the energy difference between the energy onset of photoemission and
the valence band maximum (VBM). Later in the same year, this value was revised
t0 Xaan = 3.2 £ 0.2eV after surface states near the band edges, formed by the
Ga adlayer on GaN(0001) surfaces cleaned by N sputtering and annealing, were
removed by O absorption.[141] In the UPS spectrum, the oxygen adsorption shifts
the measured VBM to higher binding energies. Thus, W is reduced in Eq. 5.1.

A similar value of ygan = 3.5 £ 0.1V was found by Wu et al. [144,145] in 1998
using UPS, also on reconstructed GaN(0001) — (1 x 1) surfaces, cleaned by nitrogen
sputtering and annealing in UHV. With the same method Grabowski et al. [146]
found a slightly lower value of xgan = 3.1 +0.2eV on cleaned (0001) surfaces in
2001. Two years later, in 2003, again a lower value of ygan = 2.8 £ 0.2eV was
determined by Tracy et al. [148] with UPS on GaN(0001) surfaces. Their sam-
ples were cleaned by chemical vapor cleaning (CVC), which involved annealing in
ammonia. Afterwards indication for a stoichiometric surface was found in x-ray
photoelectron spectroscopy (XPS) measurements. Nevertheless, an absorption of

the polar ammonia molecules, leading to a surface dipole layer, was considered as
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an explanation for the low value of x. In 2012 Lin et al. [143] found electron affini-
ties of 3.8 eV and 3.3 eV with UPS on annealed, unreconstructed and stoichiometric
GaN(0001) (Ga-polar) and GaN(0001) (N-polar) surfaces, respectively. To remove
the Ga adlayer, the (0001) surface was treated with HCI beforehand. Due to the
small (unintentional) doping of the investigated samples, the low carrier concen-
tration may be to small to completely screen spontaneous polarization fields at the
surface. The large difference in the electron affinity measured for the two surfaces,

was related to the different polarization at the opposite polar surfaces.

Another method to determine the electron affinity of GaN, is to investigate GaN
diodes with Au, Cr, or Ni as Schottky barrier contact and Al as ohmic contact by
current-voltage and capacitance measurements. Then ygan can be calculated as
the difference between the work function of the metal (Au, Cr, Ni) and the barrier
height obtained from I-V and C-V measurements. If surface state-induced charges
at the junction, metal induced gap states, and chemical reactions at the interface
are neglected,[133] values of xgan = 4.26eV and 4.06 — 4.07 eV were obtained by
this method from I-V measurements by Hacke et al. [133] in 1993 and Kalinina
et al. [138] in 1996, respectively. C-V measurements yielded xg.n = 4.16eV and
4.02 — 4.10eV, respectively, if the barrier height is assumed to be independent of
the electric field in the junction.[133] Hacke et al. used Au contacts, while Kalinina
et al. obtained similar results by investigating diodes with Au, Cr, and Ni contacts

as Schottky barrier.

The electron affinity of n-type GaN [Mn: 2x 106 cm~3| was obtained by Korotkov et
al. [147] using the vacuum referred binding energy (VRBE) model. First the Mn ac-
ceptor level E4 with respect to the valence band edge was determined with absorp-
tion measurements in combination with deep-level optical spectroscopy (DLOS).
Afterwards the electron affinity was derived to be 3.4eV by using the relation
XcaN = Evree + Ea — E,, with Eygpp being the theoretically derived vacuum

referred binding energy.

Another purely theoretical value of the electron affinity of GaN was given by Moses
et al. in 2011.[149] For non-polar, relaxed surfaces they obtained ygan = 3.18 eV
using density functional theory (DFT) with the Heyd-Scuseria-Ernzerhof XC func-

tional.
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5.3 Electron affinity of AIN

The electron affinity of AIN, xan, was solely determined on reconstructed AIN(0001)
—(1 x 1) surfaces. In 1996 Bermudez et al. [134] investigated thin AIN films grown
on GaN(0001) — (1 x 1) surfaces by UPS using Eq.5.1. An electron affinity of
xanw = 0.6 £ 0.3eV was found, questioning prior suggestions of a negative elec-
tron affinity (NEA) being an intrinsic property of AIN.[131] In 1998, with the same
technique, Wu et al. [136] found a significantly higher value of yay = 2.16+0.3eV
on the AIN(0001) — (1 x 1) surface. Later, in 1999, under consideration of an Al
termination of the AIN(0001) — (1 x 1) surface, the same group determined yan to
be 1.9 £0.2¢eV.[139] In analogy to GaN [141] it was assumed that the Al dangling
bonds induce surface states near the valence band, altering the determination of
the VBM. Here, bulk sensitive UPS (higher photon energies) was used instead of O
deposition on the surface in combination with surface sensitive UPS. However, ad-
sorption of O lead to the same result for yan. On this account, in 2001, Bermudez
revised his result of xaiy = 0.6+0.3eV and, together with Wu and Kahn, published
a recommendation to use 1.9 + 0.2eV as a reliable value for xan.[142] Grabowski
et al. [146] found a much lower value of xainy = 0.254+0.3eV in 2001, also measured
with UPS. As reason for the discrepancy to earlier values, Grabowski suggested
that the lower yan is due to the cleaner surface without O contamination. How-
ever, such surfaces typically exhibit Al adlayers, whose surface states alter the UPS

spectrum and lower the measured electron affinity.

Moses et al. derived a theoretical value of the electron affinity in 2011 in analogy to
GaN. With DFT calculations of non-polar, relaxed surfaces they obtained xan =
1.01eV.[149]

5.4 Electron affinity of InN

In order to determine the electron affinity of InN different techniques were applied.
Wu et al. [132,152] and Li et al. [135] both reported an electron affinity of InN
determined via the Fermi level stabilization energy (Egs), arising from irradiation

induced defects. In semiconductors Ers "defines the average dangling bond energy
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with respect to band edges".[152] It was assumed to be located at a constant energy
of 4.9 €V below the vacuum level for all ITI-V semiconductors, which was determined
by applying the amphoteric defect model.[153,154] Using the band offsets between
InN and GaN,[155] the band edges of InN were determined relative to Erg and thus

to the vacuum level, yielding xmn ~ 5.7¢eV.

In 2008 a value of xp,n = 5.5eV was estimated from cross-sectional scanning pho-
toelectron microscopy and spectroscopy (SPEM/S) on the (1120) surface of InN
by Wu et al..[137] An undoped InN/GaN/AIN heterostructure was cleaved in situ
to obtain a clean non-polar a-plane. PES was measured on GaN and InN and the
valence-band maxima were identified. The valence band offset between the materi-
als was determined, followed by the calculation of the conduction band offset AF¢
under consideration of the band gaps. Afterwards the electron affinity of InN was

estimated by XN = Xaan + AEq, assuming xgan = 3.5¢eV.

In 2011 Spyropoulos-Antonakakis et al. [140] proposed an upper limit for the elec-
tron affinity of c-plane InN of xp,n < 4.7¢V. InN nanocrystals were investigated
with conductive AFM using a Pt/Ir coated tip in contact mode. Assuming the
formation of a Schottky barrier between InN and the Pt/Ir tip, I-V characteris-
tics were used to calculate the Schottky barrier height (SBH). Then, the SBH as a
function of metal, semiconductor, and metal-semiconductor interface characteristics

suggests an electron affinity below 4.7¢eV.

Finally, the electron affinity of polar InN(0001) (In-polar) and InN(0001) (N-polar)
was measured in 2012 with UPS by Lin et al. [143] to be xun = 4.7€V and 4.6eV,
respectively. Beforehand the samples were cleaned by ez-situ HCl and KOH wet
etching and subsequent in-situ annealing, leading to unreconstructed and stoichio-
metric surfaces.[156] In contrast to GaN the difference between both values for xi,n
measured on the (0001) and on the (0001) surface is low. This was explained by the
high electron concentration in unintentionally doped samples, effectively screening

spontaneous polarization fields at the polar surface.
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5.5 Discussion

The variety of experimentally obtained values for the electron affinity has differ-
ent reasons: Since x can be measured at the surface of a semiconductor, only, the
results are particularly sensitive to surface conditions. First, cleaning the samples
from contamination is difficult. Additionally not all measurements were performed
in UHV making any cleaning meaningless after a short time.[140] Usually even in
UHYV the surfaces are not stoichiometric, because of annealing, decomposition, or
adsorption. Only cleaved m or a surfaces are stoichiometric, while the (0001) and
(0001) surface require an elaborate cleaning process to become nearly stoichiomet-
ric.[143, 145,148, 156]

Most values were obtained on reconstructed (0001) — (1 x 1) surfaces where Ga,
Al or In adlayers were observed on the surfaces.[157] Calculations confirmed the
stability of those adatoms reconstructions.[54,158] They induce electronic states ex-
tending into the band gap.[54,128,158,159] It was demonstrated that these surface
states can influence surface sensitive measurement techniques that rely on the deter-
mination of band edges [134,139,142] and thus, alter the obtained electron affinity.
Native contamination by oxides or carbon can lead to similar effects.[144,160] On
uncleaned AIN surfaces impurity atoms even can lead to the measurement of a
negative electron affinity.[131] It was shown that a lowering of , in the case of AIN
down to negative electron affinities, can be deliberately induced by Cs deposition
onto the surface.[130, 161]

Second, (0001) and (0001) surfaces, where most values were obtained, are polar
surfaces that exhibit spontaneous polarization fields. Both surfaces present signifi-
cant differences.[162] Depending on the carrier concentration the polarization fields
are screened at the surface, leading to different degrees of influence on the electron
affinity. It was shown that values obtained on (0001) and (0001) surfaces can de-
viate up to 0.5¢V. Only one value of y was measured on a non-polar InN(1120)
cleavage plane.[137] However, the stated ym~ was derived relative to xgan, yet

obtained on the polar c-plane.

The theoretically derived electron affinities,[149] are similar to the measured values.

However, a comparison can only be drawn with reservations, since the majority
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of measurements was carried out on polar surfaces while only non-polar, relaxed
surfaces are computed. According to DFT calculations the difference in the electron
affinity between the m- and a-plane is less than 0.1eV. However, no specification
was given about the difference in x between non-polar (m- and a-planes) and the
polar (c-plane) surfaces. Furthermore it is well known that theory provides rather
strongly shifted empty states. Hence, the theoretically obtained y values need to

be taken with caution.

The difficulties of the measurement of the electron affinity on c-planes are profound
and include contaminated and/or reconstructed non-stoichiometric surfaces with
surface states inside the gap as well as polarization fields at the surface. In combi-
nation with the lack of measurements on clean, non-polar stoichiometric surfaces,
where no surface states or only the empty ones are present within the band gap, it
becomes evident that a bulk-like y is hardly identifiable. In view of this situation

the electron affinity of group III-nitride semiconductors needs to be reassessed.

5.6 Influence of the electron affinity on the tunnel

current

In order to understand the influence of y on the tunnel current, the equations needed
for the calculation of the electrostatic potential and the tunnel current in Chap. 2.2
are recalled. According to these equations, x critically affects both, electrostatic
and tunnel current calculations. On the one hand, x influences the contact potential
A¢p = Ep — Ec — x + @, needed for the calculation of the electrostatic potential (cf.
Eq.2.32). On the other hand, when calculating the tunnel current, x determines
the height of the vacuum barrier and hence influences the transmission coefficient
(cf. Eq.2.36).

In order to quantify the influence of x on the tunnel spectra, tunnel current simula-
tions of n-type GaN are performed using a lower and upper limit of x = 2.1eV and
4.1eV, respectively, according to the values obtained by Pankove et al. [130]. The re-
sulting spectra are shown in Fig. 5.1(a) as black (y = 2.1eV) and blue (x = 4.1eV)
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curves. Both spectra were simulated using a tip work function of ®; = 4.0eV. Al-
though the electron affinity is the only difference between the two simulated tunnel
spectra, they differ tremendously. The onset voltages at both, positive and negative
voltages, move to smaller voltages with increasing x. At higher voltages the two
spectra intersect. From that point on the tunnel current is significantly larger for

a smaller y.

Without an external voltage and for x = 2.1eV, the contact potential A¢ is ap-
proximately 1.9 eV. Thus, the tip induces a large upward band bending. In contrast,
for x = 4.1eV, the contact potential is approximately —0.1eV and thus, a small
downward band bending is present. At negative sample voltages (V' < 0) an ac-
cumulation current occurs if the conduction band bends below the Fermi energy
(cf. Chap.2.2.3). For the case of y = 2.1eV the larger contact potential results
in an onset voltage of the accumulation current at larger negative voltages. At
positive voltages (V' > 0) the band bending and thus the onset voltage is mainly
determined by the surface state of GaN.[124] Thus, in the special case of GaN, the
onset voltage of the conduction band current /¢ (cf. Chap.4) is nearly independent

of the electron affinity.

The height of the tunnel barrier decreases with a smaller electron affinity. This is
exemplarily illustrated in Fig. 5.1(b) and (c), where the band diagrams and tunnel
barriers for x = 4.1eV and x = 2.1eV are shown for a sample voltage of —3.0V. As
a result of the smaller tunnel barrier, the slope of the tunnel spectra in Fig.5.1(a)

is steeper for xy = 2.1eV than for 4.1eV.

For the contact potential and the shape of the tunnel barrier the work function of
the tip is as important as the electron affinity. Figure 5.1(d) shows the band diagram
for an electron affinity of x = 2.1eV and a tip work function of &; = 2.0eV. The
corresponding tunnel spectrum is shown in red in Fig. 5.1(a). The contact potential
in this case is identical to the one in Fig.5.1(b). The onset voltages of both tunnel
spectra are thus equal. However, since the height of the tunnel barrier is lower
than in Fig. 5.1(b) and even lower than in Fig. 5.1(c), the slope of the corresponding
tunnel spectrum is considerably larger and the tunnel current increases by several

orders of magnitude.
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Figure 5.1: (a) Simulation of the tunnel current of GaN. The spectra were simulated

with the lower and upper limit of the electron affinity given by Pankove et al.[130]:
2.1eV (black and red) and 4.1e¢V (blue), respectively. The red curve shows the
tunnel current if in addition the tip workfunction is lowered from 4.0 to 2.0eV.
All other parameters remain constant. (b)-(c) Band diagrams at —3.0V for (b)
x = 4.1eV, & = 4.0eV, (c) x = 2.1eV, &y = 4.0eV, and (d) y = 2.1V,
®y = 2.0eV. With a negative voltage applied, the bands are dragged down and an
accumulation current occurs if the conduction band bends below the Fermi energy
(cf. Chap.2.2.3). Since in (c), because of the large contact potential, first the tip-
induced upward band bending has to be compensated, the tunnel current has a
much higher onset than in (b). However, because of the lower tunneling barrier in
(¢), the tunnel probability of electrons tunneling from the accumulation zone into
the tip is higher. The contact potential in (d) is identical to the one in (b). Since
the height of the tunneling barrier is clearly lower than in (b) and even lower than
in (c), the slope of the corresponding tunnel spectrum is considerably larger.
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5.7 Estimation of the electron affinity of
Alo.glIno_lgN USiIlg STS

Since nothing is known about the composition dependence of the electron affinity of
Al;_.In.N, in a first approximation a linear change between the electron affinities
of AIN and InN is assumed. However, the large range of values of the electron
affinity of AIN and InN, listed in Tab. 5.1, impede the derivation of the electron
affinity xaimn of Al;_.In,N. For instance, a linear interpolation of y s~ with an
In content of 19%, leads to values between 1.08 ¢V and 2.85¢eV.

In order to fit the simulated to the experimentally obtained tunnel spectra, mea-
sured on the Aly_,In,N layers of samples A2314, A2688, and A3162, even larger
values of xaimn ranging from 3.3eV to 4.1 eV were required, assuming a work func-
tion of the W tip of 4.0eV. Two simulated spectra fitted to the experimentally ob-
tained ones are exemplarily shown in Fig. 5.2. The experimentally obtained spectra
represented by black and red symbols were measured on samples A3162 (set point:
V =-3.6V, A=150pA) and A2688 (VV = —3.0V, A = 100 pA), respectively. The
simulated tunnel currents for electron affinities of 4.1eV and 3.3eV are shown as
green and blue lines, respectively. Note, besides the electron affinity, the In-derived
surface state was used as additional fit parameter (cf. Chap.4) as well as the tip-
sample separation, due to the different set points during acquisition of the spectra.

All other parameters, including the work function of the tip were kept constant.

Simulated spectra were fitted to every experimentally obtained tunnel spectrum in
the same manner. The average value of the electron affinity needed for the best fits
is XAlInN = 3.5+0.1eV.

The electron affinity determined in this experiment does not match the values
obtained by linear interpolation of the previously reported electron affinities of
AIN and InN (cf. Tab.5.1). This discrepancy suggests that the electron affinity
without deviations from stoichiometry, metallic adlayers, or detrimental surface
states in the band gap, is larger than the previously found values on polar surfaces.
A clear conclusion requires, however, a critical reassessment of the electron affinity.
In particular the determination of its composition dependence is necessary, since a

linear dependence may be inaccurate.

69



Chapter 5 About the electron affinity

10° T T T T T T ]
e A3162 :
i e A2688 |
10 x=4.1eV 3
g — x=3.3eV 7]
g 107
g
O
1073
10+ I B R B
0
Voltage [V]

Figure 5.2: Examples of fitted spectra for the highest and lowest value of xaimN-
The spectra represented by black and red symbols are measured on samples A3162
(measured at V = —3.6 V and A = 150pA) and A2688 (measured at V = —-3.0V
and A = 100 pA), respectively. The curves were fitted with electron affinities of
4.1eV and 3.3eV, depicted by green and blue lines, respectively. The tip-sample
separation of the fitted spectra is different.

5.8 Conclusion

For the simulation of tunnel spectra of Al;_,In,N an accurate knowledge of its elec-
tron affinity is required. The composition dependent electron affinity x of ternary
compound semiconductors usually is obtained by linear interpolation between the
binaries. However, a literature survey reveals that for y v and 1.~ a broad range of
values was reported. These values were mostly obtained experimentally on contam-

inated and/or non-stoichiometric polar surfaces, and hence are difficult to assess.

In order to fit simulated tunnel spectra to experimentally obtained ones (acquired
on non-polar (1010) surfaces), an average value of yain = 3.5+0.1eV was needed.
This value of the electron affinity is larger than the value obtained by linear inter-
polation of the binary electron affinities reported in literature. On the one hand
this discrepancy indicates that the electron affinity on contamination free and sto-
ichiometric surfaces may be larger than on polar surfaces. On the other hand the
assumption of a linear dependence of the electron affinity on the composition may
be inaccurate. However, in order to validate these assumptions, a determination of

the composition dependence of the electron affinities is necessary.
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Chapter 6

Strain and compositional
fluctuations in Al g;Ing 19N /GalN

heterostructures

Text and images in this Chapter are partially adapted from [P2] (cf. list of own
publications, p. 187).

In this chapter strain and compositional fluctuations of nominally lattice-matched
Alpg1Ing 19N /GaN heterostructures are investigated by cross-sectional scanning tun-
neling microscopy (STM) and selected area electron diffraction (SAED) measure-
ments using scanning transmission electron microscopy (STEM). To begin with,
in Sec.6.1 (1010) cleavage surfaces are investigated by STM. The roughness of the
surface of a lattice-matched sample is investigated by calculating the power-spectral
density (PSD), the auto-covariance (ACF), and the cross-covariance (CCF) func-
tions. The presence of strain induces height modulations governed by three rough-
ness components at the cleavage surface. A subsequent analysis of SAED patterns
in Sec. 6.2 indicates changes in the ¢ and a lattice constants and hence strain is
present in a and ¢ direction. The surface height modulations are compatible with
a relaxation of alternatingly compressive and tensile strained domains, indicating
compositional fluctuations. Changes of the a lattice constant are traced to inter-
face misfit edge dislocations. The misfit dislocations induce steps increasing the

roughness within the Algg;Ing 19N layers.
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6.1 Investigation of AljgIng 19N layers by STM

6.1.1 Cleavage surfaces of GaN/AljgInggN

heterostructures

Cleaving the samples in ultrahigh vacuum as described in Chap. 3.1.1 exposes clean
(1010) surfaces, providing a cross-sectional view of the complete heterostructure.
However, flat cleavage surfaces were obtained only for samples with Al;_,In,N lay-
ers grown nearly lattice-matched to GaN, i.e. for samples with an In content around
19%. For lower In contents (~ 15%) the surfaces were found to be extremely rough
with elevations of several hundred nm. Those surface presented a high step density
and a large convex curvature in the region of the AlpgsIng 5N layers. In conse-

quence, the Al gsIng 15N layers could not be observed in STM measurements.

Nearly lattice-matched samples on the other hand exhibit flat cleavage surfaces
with a low step density. An example is presented in Fig.6.1(a), where a large scale
STM image of the (1010) cleavage surface of sample A3162 is shown. The scan area
has a size of (2.5 x 15.7) ym? and includes, from left to right, the GaN substrate, the
GaN buffer layer, the five pairs of AlygiIng19N/GaN layers, and the GaN capping
layer. The interfaces are indicated by dashed lines in the magnification shown in
Fig.6.1(b). The AlggiIng 19N layers appear brighter than the surrounding GaN.
This contrast is further discussed in Chap.8. On the otherwise flat surface broad
height modulations are present, giving rise to dark and bright stripes extending
diagonally through the complete heterostructure (indicated by the white arrows in
Fig.6.1(a)). At larger magnifications additional contrast fluctuations on a smaller

length scale are discernable in the AlggiIng 19N layers.

6.1.2 Height profiles of GaN/Aljg;Ing 19N heterostructures

In order to quantify the different contributions to the contrast fluctuations, first the
STM images were rectified according to Ref. [163], to remove the non-linear distor-
tions present especially at large scan ranges. Second height profiles with a length

of 14 pm are measured parallel to the Alyg;Ing 19N layers along the [1210] direction

72



6.1 Investigation of AlygiIng 19N layers by STM

g
) '
= § =
= T
172] [
2 £
@ g

<

o

500 nm

Figure 6.1: (a) Cross-sectional STM overview image of the AlygiIng19N/GaN het-
erostructure measured at —4.0V and 100pA. The AlpgiIng 19N layers appear
brighter than the surrounding GaN. Note the presence of long range contrast fluc-
tuations indicated by the white arrows and additional fluctuations at smaller scale
within the Alpg1Ing19N layers. (b) Magnification of the area in the rectangle in
(a). The complete epitaxial structure can be recognized from left to right: GaN
substrate, GaN buffer layer, 5x (31nm Alpg1Ing 9N / 105nm GaN), and GaN
capping layer. The interfaces are indicated by dashed lines. The black dashes
at the bottom indicate the spatial positions along the growth direction where a
roughness analysis was performed. The image is adapted from [P2].
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Figure 6.2: Height profiles measured along the [1210] direction within each layer.
The profiles are offset for clarity. Two roughness features are visible in the profiles
of the Alpsi1Ing 19N layers, small spikes (red box) and a broad modulation, that
also appears in the buffer layer (blue box).

within each layer. The height profiles are extracted on the substrate, the buffer layer
near the substrate (buffer I position), the buffer layer near the first Algg;Ing 19N
layer (buffer II position), all five Alyg1Ing 19N layers, and on the capping layer at the
spatial positions marked by black dashes at the bottom of Fig. 6.1(b). The profiles
are presented in Fig. 6.2 (offset against each other for clarity). The substrate (black)
and the buffer layer near the substrate (red) are almost flat and exhibit few and
irregularly distributed elevations, only, with root mean square (rms) roughnesses of
R =0.36 + 0.05nm and 0.20 £ 0.01 nm, respectively. However, in the buffer layer
close to the first AlpgiIng 19N layer (green, R = 0.43 £+ 0.07nm), a broad height
modulation (marked by the blue rectangle in Fig.6.2) appears. It corresponds to
the broad dark and bright stripes highlighted by white arrows in Fig.6.1(a). The
profiles extracted on the five AlggiIng 19N layers exhibit an average roughness of
0.56 £ 0.05nm and show the same broad modulations, especially pronounced in
the first AlggiIng19N layer (blue profile). Additionally smaller contrast fluctua-
tions are superimposed on the broad height modulations in the AlggiIng 19N layers,
marked by the red rectangle in Fig.6.2. In the capping layer (dark blue) only a
broad modulation with a lower spatial frequency is detected, causing a roughness
of ~ 0.49 nm.
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Figure 6.3: Power spectral density vs. spatial frequency f calculated from height
profiles measured within (a) the buffer layer close to Alps1Ing.19N and (b) within
the first Alpgi1Ing 19N layer. The gray curves are fits to the experimental data as-
suming three different exponential decays with different intensities and correlation
lengths. The three exponential decays correspond in real space to three types of
features discussed in the text. The red, green and blue colored lines show the indi-
vidual decays and indicate the respective spatial frequency ranges. (b) is adapted
from [P2].

6.1.3 Roughness analysis

In order to separate the different roughness contributions a detailed roughness

analysis of the height profiles is performed for each layer.

Power-spectral density

First of all, the power-spectral density (PSD) of each profile is calculated as de-
scribed in Sec.2.7.1. From the PSD the correlation lengths ¢, and the roughnesses

R are derived.

Two examples of the PSD spectra, extracted from the height profiles at the buffer
IT position and the first AlygiIng 19N layer, are presented in Fig.6.3(a) and (b),
respectively. The spectra are shown in logarithmic scale as a function of the spa-
tial frequency f. No peaks are detected in the PSDs, thus, the roughness does
not exhibit periodic features. The PSDs of all layers exhibit three regions with a
roughly exponential decay (linear in logarithmic scale) with different slopes as is
indicated by the colored lines: from 0.0nm~! to 0.004nm™* (red), from 0.004 nm~*
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to 0.02nm™! (green), and from 0.02nm™* to 0.06 nm™" (blue). At spatial frequen-
cies larger than 0.06 nm~! almost constant PSD values occur (white noise). Hence,
each PSD can be best described by the sum of three exponential decays shown as

gray line.

Each exponential decay corresponds in real space to a Lorentzian shaped roughness
component, with its specific correlation length ¢, and rms roughness R2. It should
be recalled that ¢;, is a measure of the extend of surface features and R describes
their intensity. ¢, and R are given by the half width at half maximum and by
the maximum of the Lorentzian function, respectively. Hence, by fitting the sum of
three exponential decays to the PSD of every layer, the roughness R and correlation
length ¢y, are derived for the three frequency ranges with the equations defined in
Sec.2.7.1. The resulting values are presented in Fig. 6.4 using the same line colors

as in Fig. 6.3.

The central result is that the rms roughnesses of all three roughness components
are significantly larger within the Al g;Ing 19N layers compared to the surrounding
GaN. The feature labeled F1 has the largest correlation length. This component
extends also into the buffer and the capping layer, indicated by a significantly
higher roughness at the buffer II position and in the capping layer compared to the
substrate and the buffer I position. The correlation lengths cr,p are 133 £ 11nm
in the AlygiIng 19N layers and between 100 and 250 nm in the surrounding GaN.
This component is directly visible in the STM images as broad height modulations
marked by white arrows in Fig.6.1(a). Note, the large correlation length with only
small rms roughness measured on the substrate is indicative of the typical cleavage

surface of unstrained GaN. This effect is not connected to the Alyg1Ing 19N layers.

The other two components labeled F2 and F3 are again more intense on the
Algs1Ing 19N layers. The average correlation lengths of the AlggiIng 19N layers are
cr,re = 39.2+ 3.2nm and ¢, ps = 10 & 1.1 nm, respectively. They can be discerned

in the STM images as the small contrast features in each AlggiIng 19N layer.
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Figure 6.4: (a) Roughness R and (b) correlation length ¢f, extracted from the power
spectral densities of the different layers shown according to the growth sequence
(horizontal axis) within the GaN /Al g1Ing 19N heterostructure. The three different
components of the roughness are labeled F1 (red), F2 (green), and F3 (blue). The
image is adapted from [P2].
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Figure 6.5: Auto-covariance functions of each height profile. The curves are offset
for clarity. In the AlpgiIng.19N layers a correlation peak with a periodicity of
approximately 600nm (F1) is found (cf. dashed line). A weaker correlation peak
appears repeatedly with a distance of approximately 225 nm (F2).

Auto-correlation analysis

In order to quantify the average distance between the features the auto-covariance
function (ACF) is derived from the height profiles according to the definition in
Chap. 2.7.2. The resulting ACFs G({) are presented in Fig.6.5 as a function of the
lag length [ with the respective line colors of the height profiles (Fig.6.2). For a

better visibility, the curves are offset by 0.4 nm?.

The ACFs of the substrate and the buffer I position are almost flat, indicating no
relevant spatial correlation of the roughness. The capping layer shows one distinct

correlation peak at a lag length of approximately 3750 nm, only.

The ACF of the AlygiIng 19N layers and at the buffer II position exhibit several
broad elevations. The first elevation is indicated by the dashed line in Fig. 6.5. This
feature has a spatial periodicity of approximately 600 nm and can be associated with

the F1 component of the roughness.

In the ACFs of the Alyg1Ing 19N layers a second feature with a much smaller spatial
frequency is present. It is visible particularly well in the fifth AlggiIng 19N layer
and exhibits a peak-to-peak distance of approximately 225nm. This feature can
be attributed to the F2 component. No information about the F3 component is

visible in this analysis.
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Figure 6.6: (a) Cross-covariance functions between line profiles of adjacent layers.
The curves are offset for clarity. (b) Shift of the central peak of the CCF plotted
against the distance of the measured profiles relative to the substrate. Black: sub-
strate - buffer I, red: buffer I - buffer II, green: buffer I - 1st Al g1Ing 19N, blue: 1st
Alo_glhlo_lgN - 2nd Alo'gllno'lgN7 llght blue: 2nd Alo'gllno'lgN - 3rd Alg‘gllno‘lgN,
magenta: 3rd Alolgllno'lgN - 4th Alo'gllno'lgN, yellow: 4th Alo'gllno_lgN - 5th
Alg.g1Ing.19N, ochre: 5th Alyg1Ing19N - capping layer

Cross-correlation analysis

In order to investigate the correlation of structural features between the layers,
the cross-covariance functions (CCF) between height profiles of adjacent layers are
derived according to the definition in Sec.2.7.3. The CCFs are calculated between
the profiles of substrate and buffer I position, buffer I and buffer II position, buffer
IT position and the first AlygiIng 19N layer, as well as between all five AlygiIng 19N
layers and between the fifth Al g1Ing 19N layer and the capping layer. In this manner
eight cross-correlation functions are obtained from the nine profiles. The resulting
CCFs are presented in Fig.6.6(a) as a function of the lag length [. The curves are

offset for clarity.

Almost no correlation is visible between the substrate and the buffer (black).
Within the buffer layer (red) a weak correlation is detectable. All other CCFs
show a distinctive peak at negative lag lengths. The peak shifts from larger neg-
ative lag lengths of [ & —220nm in the CCF between the buffer I and II position
towards a lag length of almost zero for the correlation between the fifth Alg g;Ing 19N
and the capping layer. The shift of the central correlation peak can be attributed
to the diagonal orientation of the broad height modulation through the entire het-

erostructure. In order to quantify the angle, the summed shift of the peak position
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is plotted in Fig. 6.6(b) against the lateral distance of the respective profile relative
to the substrate. A linear regression reveals a slope of 0.61 4+ 0.05 and hence an
angle of (31.38+0.04)°. For comparison the average angle between the dark stripes
and the [0001] direction in Fig. 6.1 is found to be (31 + 4)°. Furthermore this cor-
roborated the attribution of the main feature in the correlation functions to the F1

roughness component.

The angle of ~ 31° suggests, that the F1 feature is orientated along a semi-polar
plane in the wurtzite structure. In the STM image of the (1010) surface only
the projection of the semi-polar plane is visible, thus the exact plane cannot be

determined.

A thorough inspection of the CCFs shows that smaller characteristics cannot be
observed. Thus, the expansion of F2 and F3 in [0001] direction is restricted to one
Algg1Ing 19N layer and does not extend through the intermediate GaN into adjacent

A10_811H0'19N layers.

6.2 Investigation of AljgIng 19N by STEM and
SAED

In order to obtain a deeper insight into the origin of the different roughness compo-
nents, the GaN/Aljg1Ing 19N heterostructure (A3162) is investigated by scanning
transmission electron microscopy (STEM) using selected area electron diffraction
(SAED). From SAED measurements the a and c lattice constants of Alg g Ing 9N
and GaN is spatially resolved.

A cross-sectional STEM image of the GaN/Alyg1Ing 19N heterostructure is shown
in Fig. 6.7. The Alyg1Ing 19N layers appear as dark horizontal lines that are straight
and even. The upper half of the image shows the GaN capping layer, while the
lower half shows the GaN buffer layer and the substrate. The dark dots below the
first AlpgiIng 9N layer were caused by the electron beam and originally were not

present in the sample.
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Figure 6.7: STEM image of the GaN /Al g1Ing 19N heterostructure. From bottom
to top the image shows the GaN substrate and buffer layer, the five Alggi1Ing 19N
layers with the GaN interlayers and the GaN capping layer. The Alggilng 19N
layers appear as dark horizontal lines. 200 x 15 SAED patterns were measured in
the area framed by a white rectangle.

In order to probe the spatial distribution of the lattice parameters in the GaN/
Algg1Ing 19N heterostructure, 200 x 15 SAED patterns are obtained in the area
marked by the white box in Fig. 6.7. The diameter of the electron beam was set to

approximately 10 nm.

Figure 6.8(a) and (b) illustrate two examples of such obtained electron diffraction
patterns for GaN and AlggiIng 19N, respectively. The diffraction patterns show the
typical reflections of wurtzite structure along the [1010] zone axis. The peak sepa-
rations along the reciprocal space direction [0002] and [1210], A, and A, yield the
inverse of the ¢ and a lattice constants, respectively, as is described in Chap.2.3.1.
The well-known GaN ¢ (518.6 pm) and a (518.6 pm) lattice constants,[164] are used
to obtain a calibration factor for the conversion of A, and A, from pixels into

lattice constant values.

Figure 6.9 presents the spatial distribution of the obtained local ¢ and «a lattice

constants in the area covering the GaN buffer (bottom), the first Alpg1Ing 19N layer
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Figure 6.8: Examples of electron diffraction patterns along the [1010] zone axis
acquired (a) on the first GaN interlayer and (b) on the first AlygiIng 19N layer.
The electron beam had a diameter of 10nm. The peak separations along the
reciprocal space direction [0002] and [1210], A, and A,, yield the inverse of the ¢
and a lattice constants, respectively. (b) is adapted from [P2].

and the following GaN interlayer (top). Although the AlggiIng 19N layers are nom-
inally lattice-matched to GaN in a direction, Fig.6.9 shows a clear contrast, i.e.
differences in lattice constants. The a and ¢ lattice constants of the AlggiIng 19N
layer deviate from those of GaN by +2pm and —4 pm, respectively. Thus, the ¢
and a lattice constants appear to be 0.75% smaller and 0.59% larger in Aljg,Ing 19N

than in GaN, respectively.

Furthermore, a spatial modulation of both lattice constants is discernable, par-
ticularly well in the GaN layers. This modulation is investigated by a roughness
analysis similar to the one described in the previous section. However, because of
the low resolution of the images in Fig. 6.9, at small spatial frequencies the PSD
consists of insufficient data points to provide meaningful information. Therefore
the respective autocorrelation functions (G(1)/G(0)) are computed and shown in
Fig.6.10 for the ¢ (black) and a (red) lattice constants. For better visibility the
ACEF of the ¢ lattice constant is offset by +1. The modulation is clearly visible with
peak to peak distances of of 350nm and 125nm for the ¢ and a lattice constants,

respectively.

The wave lengths 2w of these modulations is extracted by fitting sine waves to the
autocorrelation functions. w is the separation between adjacent points of inflection.
Since the roughness analysis of the STM measurements was done on the basis of
Lorentzian functions, w is converted into the half width at half maximum of the

Lorentzian function. This is done by equalizing the separation of the points of
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Figure 6.9: Spatial distribution of the ¢ (upper frame) and a (lower frame) lattice
constants of the first Aly giIng 19N layer and the surrounding GaN determined from
selected area electron diffraction patterns measured by STEM in cross-sectional
geometry. The AlggiIng19N layer exhibits a clear contrast with a lower ¢ and
higher a lattice constant with respect to GaN. In addition a spatial modulation of
both lattice constants is visible. The image is adapted from [P2].
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Figure 6.10: Normalized autocorrelation functions G(1)/G(0) of the spatial distri-
bution of the a (red) and c (black, offset by +1) lattice constants along the [1210]
direction within the GaN buffer layer. The image is adapted from [P2].

inflection of the sine and Lorentzian functions. Hence the correlation length of the
Lorentzian is given as ¢y, = 7311) For the ¢ and a lattice constants ¢, values of
147 + 13nm and 49 + 4nm are obtained, respectively. This suggests that the F1
and F2 roughness components can be associated with fluctuations of the ¢ and «a

lattice constants, respectively.
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6.3 Discussion

6.3.1 Stress relaxation at the surface

First the roughness component F1 appearing as broad height modulation in the
STM images is addressed. It resembles the modulation observed by Chen et al
in InGaAsP/InGaP superlattices.[165] This modulation was explained by elastic
relaxation of the surface caused by strain due to compositional fluctuations and
thickness variations of the superlattice layers. In analogy, here the broad height

modulations are assigned to strain relaxation.

The surface of a homogeneously strained sample would relax in the shape of one
large convex curvature in contradiction to the observations. Alternating domains
of compressive and tensile strain, however, exhibit a wavy inward and outward
relaxation as is observed here. Those domains can be caused by compositional
fluctuations in the AlpgiIng 9N layers. Because of the different lattice parameters
of AIN (¢ = 498.2pm, a = 311.2pm [166]) and InN (¢ = 569.3pm, a = 353.3pm
[167]), a compositional fluctuation in Al;_,In,N leads to a fluctuation of its a and
¢ lattice constants. In this case, lattice-matching between AlggiIng 9N and GaN
(¢ = 518.6pm, a = 318.9pm [164]) can no longer be presumed. Locally the a
lattice constant of Al;_,In,N is larger (smaller) than ag.ny where the In content is
higher (lower) than 19%. In ¢ direction lattice-matching between Al;_,In,N and
GaN is not relevant. However, if the composition of Al;_,In,N changes locally,
the ¢ lattice constant within an Algg;Ing 19N layer changes accordingly. Thus, a
compositional fluctuation leads to stress in both crystal directions, that may relax
at the cleavage surface. Indeed, compositional fluctuations were found in connection
with threading dislocations in similarly grown Al;_,In,N/GaN heterostructures. It
was observed that those threading dislocations not only exhibit In rich pit centers,
but show a stress related wide zone of In segregation around them.[46] In a distance
of approximately 100 nm from the dislocation core a variation of the In content of
5% was still measured. A density of the threading dislocations of ~ 4 x 107 cm—2
was given,[19] which is in line with the spatial frequency of the dark and bright
stripes of the broad height modulations. Thus, a similar compositional fluctuation

is assumed here.
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In order to corroborate this interpretation of strain relaxation at the cleavage sur-
face due to compositional fluctuations, calculations are performed with Autodesk
Simulation Mechanical 2016, based on ALGOR, by finite element modeling. A
2.4 x 2.4 x 10 um?® GaN sample is modeled with five 30 nm thick layers of Al;_,In,N
separated by 100 nm thick GaN interlayers. A GaN capping layer of 1 pm thickness
is added. The Al,_,In,N layers consist of cuboid domains of 300 x 300 x 30 nm?
with alternatingly less and more In than in the lattice-matched case. This leads to
alternating tensile and compressed domains, respectively. The size of the domains
was chosen in accordance with the experimentally observed distance of 600 nm be-
tween adjacent modulation minima (cf. Fig.6.1(a)). In the calculation only the

cleavage surface is set to relax freely. All other surfaces are fixed.

In order to calculate the strain due to compositional fluctuations, stress tensors of
Algsi—azIng194a-N and AlggiyazIng19-a.N, with 0 < Az < 0.19 are assigned to
the alternating cuboid domains, respectively, giving each Al;_,In,N layer the look
of a chessboard, as is shown in Fig.6.11. The figure illustrates the modeled sample
without the capping layer for providing a clear view. In the AlygitazIng 954N
layers, cuboids with In contents of 0.19 + Az and 0.19 — Az are marked in blue and
red, respectively. GaN is depicted in green. The total amount of In and Al within
the sample is kept constant, since the deviations +Az and —Azx from the nominal

In content occur equally.

The stress tensors are calculated using Hooke’s law (Eq.2.52) as is described in
Chap.2.5. In order to calculate the required strain coefficients, €., €y, and €.,
first the lattice constants a and ¢ are obtained for the different compositions of
Alpg1+azIn0 1952, N by linear interpolation between the lattice constants of AIN
and InN. Then stress in ¢ direction for Alygit+a.Ing195a,N is derived relative to
the lattice-matched composition AljgiIng 19N, respectively. For a compositional

fluctuation of Az = 0.05 the strain coefficients in ¢ direction are

CA10,861H0.14N — CA10,811H0.19N _ 50704 — 51147

€22,14%In = = —000707
4% CA]O.8IIHO.19N 51147 (6 1)
CAly 76Ing.24N — CAly.g1Ing. 19N 515.04 — 511.47 ’
- = = +0.0070.
Eaz, 201 CAlp.g1Ing.19N 511.47

Negatively and positively signed strain coefficients represent tensile and compres-
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Alp g1-axIng 19:axN

Al g1+axIng 19-4xN

AlInN layers
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GaN substrate
& buffer layer

Figure 6.11: Modeled sample, shown without capping layer.  Areas col-
ored in green symbolize GaN (substrate, buffer and the intermediate layers).
Al _(g+az)IztazN layers consist of equally distributed cuboids with different In

contents x + Az, 0 < Az < 0.19. Blue and red cuboids represent In contents of
0.19 + Az and 0.19 — Az, respectively.



6.3 Discussion

sive strain in Alggi+azIn01954:N, respectively. The strain coeflicients in a and m
direction are derived by calculating the mismatch of the a lattice constant between
GaN and Alpg14+azIng 1954, N for each composition. A variation of the In content

of Az = 0.05 leads to strain coefficients of

QAAlg.g6Ing.14aN — AGaN 317.01 — 318.9

z2,14%In — = = —00058,
Foz,14%1 aGax 318.9 62
N —dean 321.26 — 318.9 :
Eam2a%tin = —010L ;“N dGaN _ SRy = H0.007d.
GaN .

These strain coeflicients are inserted into Eq. 2.52, and the resulting stress tensors

—3.612 4.405
—3.612 4.405
T14%In = —3.709 » T24%In = 4.039 ’ (63)

are applied to the respective cuboid domains shown in Fig.6.11.

The out of plane component of the resulting displacement for Az = 0.05, which
corresponds to the relaxation observed on the m plane (1010) in the STM image,
is illustrated in Fig.6.12(a). Blue (red) indicates areas where the sample surface
relaxes inward (outward), corresponding to the tensile (compressed) domains. The
resulting peak to valley amplitudes and rms roughnesses R of the relaxed surface
are shown in Fig.6.12(b) for a varying In content from Az = 0 to 0.19. The
amplitudes and roughnesses increase linearly with increasing compositional fluctu-
ation, reaching for reasonably expectable In fluctuations of Az = 0.05 roughnesses
of 0.24nm. This roughness value is, however, somewhat too low to explain the

observed roughnesses of R = 0.56 & 0.05 nm. This suggests additional effects.

It was proposed that the compressive and tensile strained domains contain more
and less atomic layers than the average AlggiIng 19N layer, respectively.[165] Such
additional layers can be introduced by, e.g. threading dislocations (TD). As was
mentioned above, in similar grown samples a TD density of ~ 4 x 107 cm™2 was
reported.[19] Thus, in addition to a fluctuation of the In content, also a thickness
variation of the Algg14azIng 1954, N layers is considered. For a compositional fluc-

tuation of Az = 0.05 additional unit cells are assumed in A10_81,0_05In0'19+0'05N
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Figure 6.12: (a) Color-coded image of the calculated out of plane relaxation at the
(1010) cleavage surface for five Alj_,In,N/GaN(0001) pairs embedded in GaN,
where each Alj_,In,N layer consists of alternating cuboids with an In content of
14% and 24%. The relaxation of the surface, represented by the black lines, is
magnified by a factor of 50. (b) Peak to valley amplitude and roughness of the
relaxed surface of the Alggi+azIng19:a.N layers as a function of the composi-
tional deviation Az from the nominal In content of 19%. (c) Same, but now for
Alp 81+0.05In0.1970.05N with in addition different increased or reduced numbers of
atomic layers in the compressed and tensile domains, respectively. Adapted from
[P2].
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domains. The same number of unit cells is subtracted in domains with the com-
pOSitiOIl A10'81+0'05In0'19_0'05N. The helght of 30nm of each A10'81i0‘051n0'19¢0'05N
cuboid remains unchanged. This assumption alters the stress coefficients in ¢ di-

rection, only, which are calculated by

’ 30 - (1 + {-:ZZ) tn- CAlo.s150.05In0.19+0.05N — 30
zZz 30 )

(6.4)

where n gives the number of deviating unit cells in ¢ direction from the ideal com-
position of AljgiIngi19N. Since €, and €, only depend on the differences of the
a lattice constant between GaN and AlggitazIng 1954, N, they are not altered by
additional or less atomic layers in ¢ direction. Figure6.12(c) illustrates the result-
ing peak to valley amplitudes and roughnesses of the relaxed surface as a function
of the thickness variation. This effect leads to height modulations in agreement
with the experimentally observed roughness component F1. This suggests that the
contrast of the F1 component is primarily given by strain relaxation of alternating
domains with compositional fluctuations and thickness variations. Note, the cal-
culated strain relaxation extends into the surrounding GaN layers, although they

have no compositional fluctuations. This is in agreement with the observation.

These two effects directly influence the topography of the sample. However, com-
positional changes and strain also influence the local electrical properties of the
sample. On the one hand, the tunnel current depends on those electrical proper-
ties and on the other hand strain induced piezoelectric fields may occur. These

(electrical) effects are discussed in the following sections.

6.3.2 Strain induced piezoelectric polarization

Since GaN and Al;_,In,N crystallize in the wurtzite structure, they exhibit a sin-
gle polar axis, resulting in a net spontaneous electrical polarization along [0001].
As was described in Sec. 2.6, those spontaneous polarization fields induce electrical
fields at the interfaces, only. However, these fields are not visible in the exper-
imentally obtained STM images due to the large height difference between GaN
and AlggiIng 19N (cf. Chap.8). In contrast, on strained surfaces additionally a

piezoelectric polarization is induced.
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Figure 6.13: Color coded images of the three simulated components of the electric
field on the (1010) cleavage surface (m-plane). The electric field was calculated
from the strain-induced piezoelectric polarization based on the simulation of the
strain relaxation for a compositional variation of Az = 0.05 described in Sec. 6.3.1.
Note, only the y-component, which is one order of magnitude weaker than the two
other components, is measurable with the STM.
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In order to calculate those piezoelectric polarization fields, all six m-plane strain
components (Ezz, Eyys 22y Euzs Eyzs Exy) are extracted from the Autodesk simulation
of the strain relaxation (with Az = 0.05). Thus, six matrixes are obtained, each
consisting of ¢ x j strain values describing the (1010) surface. Then the strain-
induced piezoelectric component P, of the polarization is calculated following
Eq.2.64 for each point (i,5). The resulting electric field is assumed to be parallel

and proportional to the piezoelectric polarization

P, (6.5)

with €y being the electric permittivity in vacuum and x. being the electric sus-
ceptibility. x. is related to the relative permittivity €, by x. = ¢, — 1, which is
material-specific. The three resulting components of the electric field at the relaxed
m-plane surface are shown in Fig.6.13. The in-plane components in [0001] and
[1210] directions exhibit fluctuation ranges of 9.0 x 10" Vm ™" and 3.0 x 107 Vm ™,
respectively. The out of plane component in [1010] direction shows a lower fluctu-
ation of 6.0 x 105 Vm~! between areas with different In contents, only. Essentially
only the out of plane component can influence the tunnel current in STM mea-
surements. However, since the electric field between STM tip and semiconductor
surface typically is in the order of 10° Vm™!, the STM is insensitive to the weak
strain induced piezoelectric polarization. Hence, this effect does not contribute to

the modulation of the surface.

6.3.3 Changes of the tunnel current due to compositional

fluctuations

Next, changes of the tunnel current due to compositional fluctuations in Algg;Ing 19N
are addressed. Therefore the tunnel current is simulated (cf. Sec.2.2) for different
In contents. Since a compositional fluctuation of 5% is assumed, the tunnel current
is calculated for Alyg1Ing 19N, Alggslng 14N, and Alg 7¢Ing 24N compositions. The rel-
evant material parameters were obtained by linear interpolation between the values
of AIN and InN (cf. Tab.9.1) and are summarized in Tab. 6.1. The band gaps were
adapted from Schulz et al. [127] (cf. Fig.4.4), derived with composition dependent
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H Alpgelng.1aN  AlggiIng 19N A10A761H0A24N‘

AR 112 3.72 3.40
Me/mMo 0.291 0.278 0.265
mp/mo 4.901 4.716 4.530
Ep [eV] E,—015  E,—015 E,—0.14
€ 9.45 9.79 10.13
X [eV] 2.4 2.6 2.8
i [cm?/ V] 426 471 516
iy [cm?/Vs] 25 28 32

Table 6.1: Material parameters for different compositions of Al;_,In,N. The values
are obtained by linear interpolation between the material parameters of AIN and
InN listed in Tab.9.1. The band gaps are calculated by Schulz et al. [127] using
composition dependent bowing parameters. For the calculation of the electron
affinities values from Refs. [142] and [132] are used.

bowing parameters. For the electron affinities of AIN and InN values of 1.9 [142]
and 5.7 eV [132] were chosen, respectively.

At this stage, the change of the tunnel current due to the influence of the composi-
tional fluctuation on the different material parameters is addressed. The band gap
of Al;_,In,N changes strongly with compositional fluctuation because of the large
difference between the band gaps E, of InN (0.7¢eV) and AIN (6.2¢V). Because of
the n-type doping, at negative voltages an accumulation current (cf. Chap.2.2.3)
arises that is orders of magnitude larger than the tunnel current related to tun-
neling out of the valence band. Thus, the tunnel current at negative and positive
voltages is dominated by electrons tunneling out of or into the conduction band,
respectively. The onset and magnitude of these tunnel currents depend rather on
the position of the Fermi level relative to the conduction band edge than on the
position of the valence band. Thus, the influence of the band gap on the tunnel

current is negligible in this case.

A significant influence on the tunnel current is exerted by the electron affinity y.
A locally smaller (larger) In content leads to a smaller (higher) value of x, which
increases (decreases) the tunnel current at high voltages (cf. Chap. 5). However, as
was discussed in Chap. 5 reasonable doubt about the accuracy of the chosen values
of the electron affinities exist. In particular the electron affinity of AIN might be

larger, which would decrease the difference between xany and xmn. Consequently
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the difference of the tunnel current for different In contents would be smaller.
Furthermore it is uncertain if the compositional dependence of the electron affinity

is linear.

For a compositional fluctuation of 5% all other parameters have a minor influence

on the tunnel current, only.

In order to obtain the height difference in the STM image due to the influence
of different In contents on the tunnel current, the tip-sample separation was used
as fit parameter. Figure 6.14 shows the resulting tunnel current at a set voltage
of Vo = —4.0V (cf. Fig.6.1) as a function of the tip-sample separation for GaN
(blue), Alggelng1aN (red), AlpsiIng1oN (black), and Alyz6Ing 24N (green). The
set current of 0.1nA is marked by the gray horizontal line. According to this
simulation the required tip-sample separations are 1.51 nm, 1.57 nm, and 1.62nm
for In contents of 24, 19, and 14%, respectively. Consequently a compositional
fluctuation of 5% results in a change of the tip-sample separation of Ad = 0.05nm
compared to a uniform composition. However, because of the uncertainty of reliable
values of xamn, the theoretically obtained change in the tip-sample separation of
Ad =~ 0.05nm can be taken as an upper limit. Thus, in agreement with other
works,[168, 169] electronic effects of the different In compositions result in height
changes one order of magnitude smaller than changes due to the strain relaxation
of the surface. Hence, electronic effects can be neglected. Note, with a higher
(lower) In content, the tip-sample separation becomes smaller (larger), resulting in
depression (elevation) in an STM image. This effect partly counteracts the height

change in the STM images due to strain relaxation.

6.3.4 Dislocations

At this stage we turn to the roughness component F2. The SAED measurements
shown in Fig.6.9(a) illustrate that the a lattice constant is 0.59% larger in the
Algg1Ing 19N layer than in GaN. Such a misfit strain is typically relieved by an
interface dislocation network, with an average separation of edge dislocations with
a-type Burgers vector of ~ 54nm. This value agrees well with the correlation

length of the F2 component. Furthermore dislocations with a-type Burgers vector
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Figure 6.14: Simulated tunnel current as a function of the tip-sample separation at
a set voltage of —4.0V for GaN (blue), Al 76Ing 24N (red), Alps1Ing 19N (black),
and Alpgelng 14N (green). The curves comply with a set current of 0.1nA at tip-
sample separations of 1.29nm, 1.51 nm, 1.57 nm, and 1.62 nm, respectively. Thus,
the difference in tip-sample separation due to a compositional variation of 5%
amounts to ~0.05 nm.

will primarily affect the a lattice constant. Hence, we attribute the roughness

component F2 to the presence of interface edge dislocations.

The presence of interface edge dislocations is corroborated by the increasing ap-
pearance of monoatomic steps within consecutive AlggiIng 19N layers in analogy
to interface edge dislocations at the InN/GaN interface.[81] The steps lead to an
increased roughness within the Alyg;Ing 19N layers compared to the surrounding
GaN. Therefore, the roughness component F3 with ~ 10 nm correlation length can
be associated with the atomic steps seen on the surface. The development of steps

within consecutive AlygiIng 19N layers will be further discussed in Chap. 7.

6.4 Conclusion

Strain and compositional fluctuations in a nominally lattice matched Al g;Ing 19N/
GaN heterostructure were investigated by STM and SAED measurements. STM
measurements of the cross-sectional (1010) cleavage surface revealed pronounced
height modulations at the Alpg;Ing 19N cleavage surface whereas the GaN substrate
exhibited a flat, smooth surface. By calculating the PSD from STM height profiles,
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the correlation lengths and rms-roughnesses of three different components (F1,
F2, and F3) of the height modulation were identified (cf. Fig.6.3). F1 appears
on the buffer layer close to the AlygiIng 19N layers and extends through all five
Algg1Ing 19N layers and weakly into the capping layer. It gives rise to the broad
height modulations showing up as diagonally running stripes. In the Alyg;Ing 19N
layers this component exhibits an average correlation length of 133 £ 10nm. The
components F2 and F3 are mainly detectable in the Alyg1Ing 19N layers with average

correlation lengths of 39 + 1nm and 10 & 1 nm, respectively.

Electron diffraction patterns revealed a contraction (dilatation) of the ¢ (a) lattice
constant of AlpgiIng 9N relative to GaN by 0.75% (0.59%). In addition spatial
fluctuations of the ¢ and a lattice constant were found with correlation lengths of
147+ 13 nm and 49 + 4 nm, respectively. The fluctuations were associated with the
F1 and F2 roughness component observed by STM, respectively. The third feature
F3 did not appear in the STEM measurement.

It is demonstrated that strain due to compositional fluctuations induces the rough-
ness and height modulations at the cleavage surface and local changes of the lattice
constants. The strain relaxes at the cleavage surface leading to height modulations.
The three roughness components can be attributed to (i) alternatingly compressive
and tensile strained domains arising from compositional fluctuations, (ii) interface
misfit edge dislocations, which strain primarily the a lattice constant, and (iii)

surface steps.
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Chapter 7

Defects in Al{_,In,N

The analysis of the roughness of the Al;_,In,N layers in Chap. 6 indicated the pres-
ence of defects at the Al;_,In,N/GaN interfaces. Therefore, this chapter addresses
the types of defects and their spatial distribution detectable on cross-sectional cleav-

age surfaces.

7.1 Experimental results

On every cleavage surface of the investigated samples surface steps occur within
the Al;_,In,N layers. As an example Fig. 7.1(a) presents a cross-sectional overview
consisting of a mosaic of STM images acquired on a (1010) cleavage surface of the
AlggoIng 29N /GaN distributed Bragg reflector heterostructure A3214. In this image,
the formation and termination of steps and terraces can be observed particularly
well. From left to right the image shows the GaN substrate, the GaN buffer layer,
and part of the AlggyIng2N/GaN DBR heterostructure. The interface between
substrate and buffer layer appears as fine dark line. Several horizontally aligned
steps are visible in the DBR structure. These steps are slightly inclined from the
[0001] growth direction. In addition, large steps are present in the GaN substrate
and the GaN buffer layer. These are commonly observed on (1010) cleavage surfaces
of GaN pseudosubstrates.[170,171] In order to highlight the edges of the steps,
Fig. 7.1(b) shows the directional derivative of the STM image along the [1210]

direction. In this image steps appear either as bright (downward steps seen from
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Figure 7.1: (a) Cross-sectional overview consisting of a mosaic of constant-current

98

STM images of the Al golng20N/GaN distributed Bragg reflector heterostructure
A3214 measured at —4.0V and 5pA. From left to right, separated by dashed
lines, the GaN substrate, the GaN buffer layer, and the first part of the 42 pairs of
Alp goIng.20N/GaN layers are shown. (b) Derivative of (a) along the [1210] direction
used to highlight the steps. Positions where needle-shaped terraces and steps arise
are marked by black circles, while light blue circles point to positions where steps
and needle shaped terraces terminate in (a) and (b).
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Figure 7.2: Averaged cross-covariance functions calculated from height profiles of
the first eight Alggolng 2N layers obtained in the directional derivative image. The
cross-covariance functions were obtained in the upper and lower part of Fig. 7.1(b)
separately and averaged for each AlyggIngooN layer.

top to bottom) or as dark lines (upward steps). The origins of the steps and narrow
terraces in [0001] growth direction are marked by black circles in Fig.7.1(a) and

(b), while light blue circles point to positions where they terminate.

In the area of the GaN pseudosubstrate only few steps are present. At the in-
terface between substrate and GaN buffer layer however, a series of paired up
and down steps appear, forming needle-shaped terraces. Some of the terraces
already terminate within the buffer layer, but the majority continues into the
Al golngoN/GaN DBR layers. Behind the buffer layer in the region of the first
pair of Alggolng20N/GaN layers, many additional steps appear. In the subsequent
AlggoIng2oN/GaN layers the number of newly formed steps apparently decreases.
After three pairs of Algolng20N/GaN layers, a saturation of the step density is

reached.

A particular feature of the step morphology is that the steps and needle-shaped
terraces seem to be frequently offset at the Alggglng2oN/GaN interfaces. This
leads to a stair-like shape of the steps. In order to unravel this step structure,
height profiles of the directional derivative of the first eight Alygolng 9N layers are
obtained in the upper and lower half of Fig.7.1(b), respectively. From the eight
height profiles the seven cross-covariance functions (CCF) of adjacent profiles are
calculated as described in Chap. 2.7.3. The resulting CCFs for the upper and lower
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half of the STM image are averaged for each AlygolngooN layer and are shown
in Fig.7.2. All CCFs exhibit their largest peak at small negative lag lengths of
—7.4£1.5nm. With a layer separation of 85 nm this indicates an average inclination
of ~ 5.0° with respect to the [0001] direction. In general the amplitude of the peak
increases with layer number, reaching a saturation after about three layers. This

reflects the increase and saturation of the step density described above.

A higher resolved STM image of the (1010) cleavage surface of the DBR sample
A2688 is presented in Fig.7.3(a). It shows a part of the Al;_,In,N/GaN DBR
structure. Again, black circles mark examples of the origin of a step, while blue
circles mark positions where steps terminate. The steps are emphasized by the
derivative along the [1210] direction in (b). The image corroborates that within
the DBR structure, about as many steps are formed as terminate. The height
profile in Fig.7.3(c) was obtained on an AlygolngsoN layer along the white box
illustrated in (a). The step height covers a range from one (ga ~ 0.28 nm) to
three monolayers (ML). Additionally a height shift of %ML is found that probably

is caused by a stacking fault.

7.2 Discussion

The particular step structure is the result of the interaction of the crack tip propa-
gation during the cleavage process, with the mechanical properties of the different
layers, defects, and strain present in the material. In a first approximation, the
elastic constants of GaN and Al golngooN can be assumed to be rather similar.

Hence, the step structure is primarily governed by defects and strain.

For the further discussion one has to distinguish between the steps which are defin-
ing needle-shaped terraces and those in the AlggolngooN/GaN layers. The needle-
shaped terraces appear to form primarily at the GaN buffer/GaN pseudosubtrate
interface. The dark contrast at the interface points toward a local carrier depletion.
This suggests that at the GaN buffer/GaN pseudosubstrate interface impurities in-
duce deep levels reducing the concentration of free electrons. These impurities
disturb and locally strain the GaN. Strain is known to lead to irregularities in the

crack propagation during cleavage and thereby to steps.[172-176]
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Figure 7.3: (a) Cross-sectional STM image of the Al;_,In,N/GaN distributed Bragg
reflector heterostructure A2688 measured at —5.0V and 100pA on the (1010)
cleavage surface. Black circles mark some examples of the origin of a step, while
blue circles mark positions where these steps terminate. The image corroborates,
that within the DBR structure, about as many steps are formed as terminate. (b)
Derivative of (a) along the [1210] direction used to highlight the steps. (c) Height
profile obtained along the white box illustrated in (a). The step height covers a
range from one (@a ~ 0.28nm) to three monolayers (ML). The height shift of
%ML probably is induced by a stacking fault.
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In contrast the presence of the stair-like shaped steps within the Alggolngo9N/GaN
layers point to a different physical origin. Figure 7.3 indicates that the stair-like
shaped steps consist rather of individual steps formed at the AlygolngooN/GaN
interfaces and annihilating at the following GaN/AlggoIng N interface. Similar
steps at InN/GaN interfaces were connected to the presence of dislocations.[81]
Dislocations usually form during growth at interfaces of non-lattice matched lay-
ers. This type of dislocations were found to induce 1ML high steps at InN/GaN
interfaces and exhibit a Burgers vector of the type a/3 (1120).[171] The dislocations
were attributed to the relaxation of strain induced by the lattice mismatch between
GaN and InN.[81] Similar effects can be expected at Alggolng20N/GaN interfaces.
Although the AlggolngooN layers are nominally lattice matched to GaN, the dif-
ferent thermal extension coefficients as well as fluctuations or deviations from the

intended In concentration lead to somewhat strained layers.

Indeed the roughness analysis in Chap. 6 suggests the presence of an interface dislo-
cation network giving rise to the roughness component F2. The correlation length
of this roughness component suggests an average separation of the misfit disloca-
tions of ~ 40nm. The average step density within the AlygglngooN layers yield an
average step separation of ~ 45nm. This agrees well with the estimation of the

misfit dislocation separation.

7.3 Conclusion

Surface steps occurring on (1010) cleavage surfaces of Alggolng20N/GaN DBR het-
erostructures were investigated by cross-sectional STM. The steps were found to
be slightly inclined from the [0001] growth direction. Cross-covariance functions of
adjacent AlggglngogN layers indicate that the step density reaches a saturation af-
ter three pairs of AlggoIngo9N/GaN layers. At the Alygolng20N/GaN interfaces the
steps appear to be frequently offset. However, highly resolved STM images suggest
that these stair-like shaped steps actually consists of individual steps forming at the
AlggoIng 20N /GaN interfaces and annihilating at the following inverted ones. Those
steps could be attributed to the presence of dislocations forming during growth at

the interfaces due to strain.
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Chapter 8

Contrast between GaN- and

Al,._{In,N-layers

The STM images of the Al;_,In,N/GaN heterostructures presented so far (Figs. 4.1
and 6.1) exhibit a strong contrast between the two materials. The Al;_,In,N
layers appear brighter than the surrounding GaN. Thus the tip is retracted and the
corresponding height values obtained in the constant-current mode on Al;_,In,N
are larger than on GaN. The physical origin of this contrast is investigated in this

chapter.

8.1 Experimental results

In order to identify the physical origin of the contrast between Al;_,In,N and GaN
different experimental observations are summarized. First, attention is drawn to
Fig. 6.1 presented in Chap. 6.1. The uppermost part of the image is reproduced in
Fig. 8.1 with a height profile measured at the position marked by the horizontal
white line. The height profile in Fig.8.1(b) shows, from left to right in growth di-
rection, part of the GaN substrate, the GaN buffer layer, the five Algg1Ing10N/GaN
layers, and part of the GaN capping layer. The interfaces between these sections
are indicated by red dotted lines. Compared to the surrounding GaN, the average
elevation of the AlygiIng 19N layers amounts to approximately 3.5 nm, as indicated

by the blue lines. Note, the interface between substrate and buffer layer appears as
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Figure 8.1: (a) Cross-sectional STM image of the Algg1Ing19N/GaN heterostruc-
ture A3162, measured at —4.0 V and 100 pA. (b) Height profile in [0001] direction
measured at the position of the horizontal white line in (a). The image and the
profile show from left to right a part of the GaN substrate, the GaN buffer layer,
the five Alpg1Ing 19N/GaN layers, and part of the GaN capping layer. The height
difference between GaN and the Alggilng19N layers amounts to approximately
3.5nm.

a small bump, only and the small peaks after the last AlggiIng 19N layer are caused

by a weak double tip and thus are not of interest.

Furthermore, the same cleavage surface is examined with a scanning-near field op-
tical microscope (SNOM) based on an atomic-force microscope (AFM). The prin-
ciples of both microscopes are elucidated in Chap.2.4. AFM primarily probes the
topography of a surface without contributions of electrical properties. The optical
signal, in contrast, is virtually independent of the topography. The AFM image in
Fig. 8.2(a) shows three Algg1Ing 19N layers (on the leftmost side, in the middle, and
on the rightmost side) and the intermediate GaN layers. Again, the AlygiIng 19N
layers appear brighter and are therefore higher than the surrounding GaN. In order
to quantify the topography, a height profile perpendicular to the Algg;Ing 19N layers
is averaged in the area marked by the white box in (a). The average height profile
is shown in Fig. 8.2(b). The red dashed lines mark the approximate positions of the
interfaces between AlggiIng 19N and GaN. The interfaces were identified using the
peak positions and the nominal thicknesses of the layers of 30 nm Algg1Ing 19N and

105nm GaN. As indicated by the blue lines, the height profile reveals again a
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Figure 8.2: (a) Topography of three AlggiIng 19N layers (on the leftmost side, in
the middle, and on the rightmost side) and the intermediate GaN layers measured
by AFM. (b) Height profile averaged in the area marked by the white box in (a).
The dashed red lines mark the approximate positions of the interfaces between
Alg g1Ing.19N and GaN. The profile reveals a height difference of ~ 3.5 nm between
Alg.g1Ing 19N and GaN. (c) Optical near-field image (second harmonic amplitude)
of the same section shown in (a). The scale is arbitrary. (d) Corresponding height
profile. Only a weak difference in the intensity of the second harmonic amplitude
between AlggiIng19N and GaN is detectable. The images were measured by F.
Gaussmann at the Fraunhofer Institute for Laser Technology (ILT).

height difference of ~ 3.5 nm between AlygiIng 19N and GaN.

Simultaneously to the AFM image, an optical near-field image (second harmonic
amplitude) was obtained. In the optical amplitude signal presented in Fig.8.2(c)
the Alpg1Ing 19N layers can barely be distinguished from the surrounding GaN. The
corresponding profile (Fig. 8.2(d)), shows only a weak intensity in the regions of the
Algg1Ing 19N layers.
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50nm

Figure 8.3: Cross-sectional STM image of the Alyj_,In,N/GaN DBR structure
A2688 measured at —4.0 V and 100 pA. Black solid and dashed lines indicate the
location of the first three Al;_,In, N and GaN layers. The buffer layer is visible on
the far left side. The first Al;_,In,N layer is only partially visible. In the upper
part steps from the buffer layer extend uninterrupted into the DBR structure. In
parts the second layer is still translucent for the underlying steps, while from the
third layer up the height of the Al;_;In,N dominates the contrast. The brightest
dot in the center of the image is an impurity and hence not of interest.

Second, other cleavage surfaces exhibited a vanishing contrast. An example of a
partial vanishing of the outward protrusion is presented in Fig.8.3. The constant
current STM image shows a section of sample A2688 measured at —4.0V and
100 pA. On the far left side a part of the GaN buffer layer is visible, followed
by the beginning of the DBR structure with alternating layers of Al;_,In,N and
GaN. Black lines indicate the location of Al;_,In,N and GaN layers. The first
Aly_,In,N layer is only partially visible. In the upper part of the image no interface
between GaN buffer layer and Al;_,In,N can be seen. Instead steps from the buffer
layer extend uninterrupted into the DBR structure (see arrows, the other perfectly
horizontal lines are due to tip instabilities). In parts the underlying steps still can
be observed in the second Al;_,In,N layer. From the third layer on the topographic
height of the Al;_,In,N layers dominates the contrast. The bright white area in

the centre of the image is an impurity (dust) on the surface and is not of interest.

Third, an inversion of the contrast between Al;_,In,N and GaN is shown in Fig. 8.4(a).

The STM image was measured on a different cleavage surface of the Alg g;Ing 190N/GaN
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Figure 8.4: (a) Cross-sectional STM image of the Alg g1Ing 19N/GaN heterostructure
A3162 measured at —4.0 V and 100 pA. Algs1Ing.19N layers are depressed. (b) The
height profile, obtained in the area marked by the white dashed box in (a) reveals a
height difference of ~ 1.2nm between Algg1Ing 19N and the GaN interlayers. The
first Alp.g1Ing.19N layer lies ~ 1.6 nm deeper than the buffer layer.

heterostructure A3162 at —4.0V and 100 pA. In this image the AlygiIng 19N lay-
ers exhibit lower height values than the surrounding GaN. The height profile in
Fig.8.4(b) was obtained in the area marked by the white dashed box in (a). It re-
veals a height difference of ~ 1.2 nm between AlygiIng 19N and the GaN interlayers.
Compared to the GaN buffer layer, the first Alyg;Ing 19N layer lies deeper, with a
height difference of ~ 1.6 nm.

8.2 Discussion

Although all STM images shown above were acquired under identical conditions
(—4.0V, 100 pA), the contrast between Al;_,In,N and GaN occurs in various forms.
In most cases Al;_,In,N protrudes outward. However, the magnitude of the protru-
sion can change dramatically. A maximum height difference of ~ 3.5nm between
Algg1Ing 19N and GaN was found whereas lower and even vanishing protrusion were
observed on other cleavage surfaces. Additionally it was found that the height

contrast can be reversed.

The contrast between the Al;_,In,N and GaN layers can be caused by electric
and/or mechanical properties of the materials. In order to determine the physical
origin of the contrast, first of all the influence of the different material properties

on the tunnel current is investigated. Therefore the simulation of the tunnel cur-
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rent for GaN and Al;_,In,N presented in Chap.6.3.3 is recalled. This simulation
revealed that in order to maintain a set-point of —4.0V and 100 pA for GaN and
Alyg1Ing 19N, the tip-sample separation changes by 0.28 nm at most. Thus, the
impact of the different electrical properties of Al;_,In,N and GaN on the tunnel
current is too small to account for the contrast observed experimentally. A pure
electronic origin would also be in conflict with the contrast reversal at identical
tunnel conditions. This is corroborated by the SNOM measurement. In the optical
signal the difference between AlggiIng 9N and GaN is weak, indicating the dom-
inance of the topographic structure on the STM image contrast. In addition the
height difference between Al;_,In,N and GaN observed in the AFM image matches
the value obtained from the STM image of the same sample almost exactly. Con-
sequently, the contrast between Al;_,In,N and GaN is dominated by mechanical
properties of the surface. Figure 8.3 suggests that in STM images at negative volt-
ages Aly_,In,N only exhibits a contrast to GaN if it mechanically protrudes from
the surrounding GaN. Otherwise the two materials cannot be distinguished by STM

at negative voltages.

The formation of protruding Al, ;In,N layers compared to GaN might be caused
by an outward relaxation of the biaxially strained Al,_;In,N layers at the cleavage
surface. A compressive (tensile) strain would lead to an outward (inward) relax-
ation. Assuming a reasonably homogeneous Al;_,In,N layer, the strain should thus
lead either to an outward or inward relaxation, which is in conflict with the contrast

reversal.

Thus, most likely the contrast between the AlygiIng 19N and GaN layers arises
from the cleavage process. The morphology of the cleavage surface reflects the
path of the crack tip through the material during the cleavage process.[177-179)
Height changes in the topography relative to the intended cleavage plane indicate
deflections of the crack tip. Such deflections can be caused by defects, at interfaces
due to different mechanical properties of the two materials, or by strain. Indeed
strained material cleaves with high step densities [172] and in XSTM steps occur
preferentially at strained layers.[173-176] In addition dislocations are likely present
at the interfaces, which also leads to additional steps. The cleavage behavior at
the Al;_,In,N/GaN interfaces can be attributed to the sum of these effects, which

govern the contrast of the Al;_,In,N layers.

108



8.3 Conclusion

8.3 Conclusion

In constant-current STM images of AlygiIng19N/GaN heterostructures a strong
contrast was detected between the two materials. Generally the Al g1Ing 19N layers
appear brighter than GaN with height differences of up to 3.5nm. However, on
other cleavage surfaces those protrusions were lower and even vanished in separate

areas, or the contrast was found to be reversed.

Based on AFM and SNOM images, the contrast between Al g1Ing 19N and GaN was
attributed to mechanical properties of the cleavage surface. This was corroborated
by simulations of the tunnel current, which indicate that the electrical properties of
the two materials cause a height difference in STM images one order of magnitude
smaller than the measured protrusions. It was concluded that during the cleavage
process the crack tip is deflected from the intended cleavage plane at the interfaces

by defects or strain, forming the height changes in the topography of the surface.
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Chapter 9

Summary

In this thesis different lattice-matched Al;_,In,N/GaN heterostructures were in-
vestigated with the aim to deduce strain, compositional fluctuations, defects, and

electronic properties on cross-sectional m-plane Al;_,In,N cleavage surfaces.

The electronic properties of All_zlnzN(loiO) surfaces were investigated by cross-
sectional scanning tunneling spectroscopy in combination with density functional
theory calculations. The calculations revealed empty Al and/or In-derived dangling
bond states at the surface, which were calculated to be within the fundamental
bulk band gap for In contents smaller than 60%. For In contents of x = 0.19 and
x = 0.20, the energy of the lowest empty In-derived surface state was extracted
from tunnel spectra acquired on All_IInIN(loiO) cleavage surfaces to be Eg —
1.82 4+ 0.41eV and Ec — 1.80 £ 0.56 eV, respectively, in good agreement with the
calculated energies. In addition, a polarity dependent Fermi-level pinning of the
surface state was identified. Based on these results it was concluded, that under
growth conditions the Fermi level is pinned by the In-derived dangling bond state
for In contents smaller than about 60%. For larger In contents no Fermi level

pinning is present.

In order to fit simulations to the experimentally obtained tunnel spectra, an aver-
age value of the electron affinity yamn of 3.5 £ 0.1eV was necessary. A thorough
literature survey of theoretically and experimentally obtained values of the electron
affinities of GaN, AIN, and InN revealed two issues. First, a broad range of values

was reported for the electron affinities with deviations of more than 50%. Second,
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the values needed for the simulations are larger than the value obtained by linear
interpolation between the binary electron affinities yan and ymn reported in lit-
erature. This discrepancy indicates either a non-linear compositional dependence
of xamn, or a difference of the electron affinity on non-polar surfaces and reported
values obtained on polar surfaces. Both assumptions make a reassessment of the

electron affinity necessary.

Strain and compositional fluctuations in an Alyg1Ing 19N/GaN heterostructure were
investigated by cross-sectional scanning tunneling microscopy and selected-area
electron diffraction measurements. The cross-sectional (1010) cleavage surface was
found to exhibit height modulations in the vicinity of the Alyg1Ing 19N layers. Three
different roughness components of the height modulations were identified with cor-
relation length of 133 + 10nm (F1), 39 + 1nm (F2), and 10 £ 1nm (F3). The first
component gives rise to a broad height modulation that extends from the buffer
layer through the Aljg1Ing19N/GaN layers into the capping layer. The two other
roughness components were mainly detectable in the AlggiIng 19N layers. Electron
diffraction patterns showed a contraction (dilatation) of the ¢ (a) lattice constant of
Alg g1Ing 19N relative to GaN by 0.75% (0.59%). Furthermore spatial fluctuations of
the ¢ and a lattice constant were found, which could be associated with the rough-
ness components F1 and F2, respectively. The height modulations at the cleavage
surface and the local changes of the lattice constants could be assigned to strain
due to compositional fluctuations. It was shown that F1 arises from alternatingly
compressive and tensile strained domains, due to compositional fluctuations, relax-
ing at the surface. F2 and F3 were attributed to interface misfit edge dislocations,

which strain primarily the a lattice constant, and surface steps, respectively.

The presence of interface misfit dislocations were also found to induce surface steps
occurring on (1010) cleavage surfaces of Alggolng2oN/GaN DBR heterostructures.
These steps appear to form at the Alg ggIng20N/GaN interfaces and annihilate at the
following inverted ones. The calculation of cross-covariance functions of adjacent
Al goIng 20N layers indicated that the step density reaches a saturation after three

pairs of Aljgolng20N/GaN layers.

The effect of In fluctuations in lattice-matched Al;_,In,N/GaN heterostructures

could be directly imaged in real space. Previously the presence of In fluctuations
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could only be inferred from large Stokes shifts, photo-reflectance, and -luminescence
measurements. Moreover the expansion of the compositional fluctuations was spec-
ified and its influence on the ¢ and a lattice constants could be shown directly.
These fluctuations, in combination with the detected dislocations developing at the
Al;_,In,N/GaN interfaces, may critically affect the performance of optoelectronic

devices.

Furthermore, a strong contrast between Al;_,In,N and GaN was present in constant-
current scanning tunneling microscopy images of the cleavage surfaces. Based on
atomic force and scanning near-field optical microscopy images, and simulations
of the tunnel current, the contrast between AlggiIng 19N and GaN was attributed
to mechanical properties of the cleavage surface. It was concluded that the height
changes are due to defects and strain at the interfaces, which lead to deflections of

the propagating crack tip from the intended cleavage plane during cleavage.
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Material parameters

parameter H GaN AIN InN
B, [oV] 3.510[37] 6.25(37] 0.78[37]
lattice constant [pm]
aat T = 300K 318.9[37] 311.2[37] 354.5[37]
cat T = 300K 518.5[37] 498.2[37] 570.3(37]
c/a 1.626 1.601 1.612
effective mass
m) 0.186mo[180]  0.322m,[180] ~ 0.065m[180]
mt 0.209m0[180]  0.329m0[180]  0.068mq|180]
Me.pOS 0.201my 0.327my 0.067mg
mh 1.76mo[181]  3.68mo[182]  1.56my[181]
mll 1.76mo[181]  3.68mo[182]  1.56mq[181]
My 1.69mo[181]  6.33mo[182]  1.68mo[181]
miy 0.14mg[181]  0.25m[182]  0.11m,[181]
Mk DOS 1.807my 5.421myg 1.710my
dielectric constant e 10.00[183] 8.5[183] 15.3[183]
electron affinity x [eV] 2.1 —4.26* <0-—216* 46 —5.8*
donor ionization energy Ep [eV] | Ey—0.03[164] E,—0.17[184] E,—0.05
acceptor ionization energy E4 [eV] || 0.026]164] 0.5[184]
mobility
ftn [em?/ Vs 500[183] 300[183] 1200[183)
p [em?/ Vs 20[183] 14[185] 90
elastic constants |[GPa)
Cn 300 + 15[108] 396 [109] 223 [109)]
Cha 145+ 20[108] 137 [109] 115 [109]
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parameter GaN AIN InN

Chs 106 + 20[108] 108 [109] 92[109]

O3 308 +20[108] 373 [109] 224[109)]

Cu 105+ 10[108] 116 [109] 48[109]
piezoelectric coefficients [Cm |

€33 0.73[186] 1.55[187] 0.97[186]

esn 0.49[186]  -0.58[187]  -0.57[186]

€15 -0.40[188] -0.48[187] -0.57°
spontaneous polarization [Cm™2]

P, 0.020[186]  -0.081[186]  -0.032[186]

Table 9.1: Material parameters for wurtzite structure GaN, AIN and InN used for

tunnel-current simulations and finite element modeling calculations.

aFor references cf. Chap.5 "About the electron affinity".

PThe value of e;5 given in Ref. [186] is set identical to that of e3; by Ref. [189].
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