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Abstract

ITI-V nanowires are fascinating quasi one-dimensional crystals, which have a huge
potential as optoelectronic devices. Typically they grew in the zincblende structure.
But a peculiarity of these nanowires is that they exhibit, depending of the growth
conditions, also the wurtzite structure. For wurtzite GaAs up to date the optical
gap is a topic of discussion. We perform polarization and position dependent as
well as resonant Raman scattering on GaAs nanowires in order to investigate the
optical gap of wurtzite GaAs. Resonant Raman scattering is non-destructive. It
is directly related to the electronic transitions; thus it is a good alternative to
photoluminescence to investigate the optical gap of wurtzite GaAs. Additionally,
the comparison of Raman resonance and photoluminescence peaks allows to dif-
ferentiate between direct and indirect band transitions. The measurements were
performed on pure wurtzite, pure zincblende and on wurtzite nanowires with iso-
lated zincblende insertions. The resonances of the TO, LO and 2L.O phonon modes
show consistently that the optical gap of wurtzite GaAs is E}Y 7 = 1.460 eV+3 meV
at room-temperature, 35+ 3 meV larger than the GaAs zincblende band gap. Due
to different scattering geometries (parallel and perpendicular to wire axis), we were
able to show, that the uppermost valence band has I'g and the lowest conduction
band I'; symmetry in wurtzite GaAs. In the wurtzite structure, GaAs exhibits
a splitting between the heavy and light hole band at the I' point. The splitting
between both bands is 65 meV. The resonance measurements on wurtzite GaAs
with zincblende insertion point out that the wurtzite/zincblende heterostructure
has a type-II band alignment. Thus, the zincblende insertions form quantum wells

for electrons in the conduction band. This explains the observation of different
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transition energies energies in optical measurements.

The E phonon, which is usually used as a fingerprint of the wurtzite structure, is
almost complete quenched at excitation wavelengths above 600 nm. The dielectric
polarization contrast for the coupling of light into the wire explains this observa-
tion and demonstrates the limits of Raman scattering.

The polarization dependent measurements show that the nanowire do not follow
the calculated Raman selection rules. This is a result of the nanowire geometry, es-

pecially the wire diameter, and of the dielectric mismatch with the environment.



Zusammenfassung

ITI-V Nanodréhte sind faszinierende quasi ein dimensionale Krystalle, welche beson-
ders fiir die Optoelektronik interessant sind. Die Dréhte haben normalerweise eine
zinkblende Struktur. Jedoch konnen diese, abhéngig von den Wachstumsbedin-
gungen auch eine wurzit Struktur aufweisen. Bei GaAs, welches eine wurzit Struk-
tur zeigt, wird die Energie der Badliicke bis heute diskutiert. In dieser Arbeit
wurde polarisations- und positionsabhingige, sowie resonante Raman Streuung
gemessen. Die Messungen wurden an reinem zinkblende, reinem wurzit, sowie
an wurzit Nanodrdhten mit zinkblende Einschliissen durchgefiirt, um die Ban-
dliicke von GaAs in der wurzit Struktur zu bestimmen. Die Resonanzen der
TO, LO und 2LO Phononen zeigen klar, dass die Bandliicke von wurzit GaAs
E}VZ =1.460eV 4+ 3meV bei Raumtemperatur ist. Damit ist die Bandliicke von
wurzit GaAs 35 + 3meV grofer als die Bandliicke von GaAs in der zinkblende
Strukutur. Durch die Wahl einer bestimmten Streugeometrie wird gezeigen, dass
das oberste Valenzband eine I'g und das unterste Leitungsband eine I'; Symmetrie
hat. Aufserdem haben die Messungen ergeben, dass sich das oberste Valenzband
in ein ['g und ein I'; aufspaltet. Der Energieunterschied zwischen beiden Béandern
ist 65 meV.

Die Resonanzen, gemessen an den wurzit Drihten mit zinkblende Einschliissen,
weisen darauf hin, dass die wurzit/zinkblende Heterostruktur ein Typ-II Het-
erolibergang bildet. Damit bilden die zinkblende Einschliisse Quantentopfe fiir
Elektronen im Leitungsband. Dies erklart die Beobachtung von verschiedenen
Bandliicken bei optischen Messungen an GaAs Nanodréhten. Die Messungen an

dem fiir wurzit GaAs charachteristischem E2 Phonon haben gezeigt, dass es ab
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einer Anregungswellenldnge von 600 nm, fast vollig verschwunden ist. Dies lasst
sich durch den dielektrischen Kontrast und damit durch die Einkopplung von Licht
in den Draht erkldren und zeigt zuséatzlich die Grenzen der Raman Spektroskopie.
Die polarisationsabhéngigen Messungen haben ergeben, dass die Nanodrahte nicht
den Raman Auswahlregeln folgen. Dies ergibt sich aus dem kleinen (50 — 200 nm)
Durchmesser der Drahte und dem verdndertem dielektrischen Verhéltnis zwischen

Draht und Umgebung.
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Abbreviations

AFM
BS
cCcD
cw
FR
GaAs
LBO
LO
MBE
NW
PL
QW
RRS
SEM
SF
SHG
SO
TE
TEM
Ti:Sa
T™
TO
VLS
Wz
ZB

Xiv

Atomic force microscopy
beam splitter

Charged coupled device
continuous wave

Fresnel rhomb

Gallium arsenide

Lithium Triborate
longitudinal optical
Molecular beam epitaxy
Nanowire
Photoluminescence
Quantum well

Resonant Raman scattering
Scanning electron microscopy
Stacking fault

Second harmonic generation
Spin orbit

transverse electric
Transmission electron microscopy
Titan : Sapphire

transverse magnetic
transversal optical
Vapour-liquid-solid
Wurtzite
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1 Introduction

In the recent years semiconducting nanowires have become highly interesting in the
field of nanotechnology [1-5]. Nanowires are quasi-one-dimensional crystals with
well defined diameters. Depending on the growth conditions [6] the diameters can
vary from a few to several tens of nanometers. Nanowires have a huge potential for
many different applications. They can be used as light emitting diodes, photode-
tectors and other optoelectronic devices [7-9]. Moreover, the low electron mass in
GaAs and the high-quality GaAs/(Al,Ga)As interface allow to produce high per-
formance electronic devices, e.g. high electron mobility transistor (HEMT) [10].
Another very interesting point is that nanowires are promising candidates to re-
place Silicon (Si) in integrated circuits. To this day integrated circuits, solar cells
and diodes are mainly based on Si. Si crystals have a lot of advantages; they
can be produced with high purity, in very large diameter boules and at low cost.
However, silicon has one main disadvantage its indirect bandgap, which results in
very weak light emission. In addition the miniaturization of Si-based integrated
circuits leads to problems with heat transportation, which prevent the production
of smaller and faster electronic devices.

Nanowires may posses varying crystal phase along the wire axis. Such semicon-
ductors as GaAs, Si, InAs, GaP, AlAs etc. typically crystallize in the zincblende
structure. Due to the lower surface energy of the wurtzite phase and the large
surface-to-volume ratio of nanostructures, nanowires may show a pure wurtzite, a
pure zincblende, or a mixture of zincblende and wurtzite phase [11-13]. Changing
the crystal structure from cubic (zincblende) to hexagonal (wurtzite) along the wire

axis gives the possibility of band structure engineering. As wurtzite nanowires show



1 Introduction

a different band gap than zincblende nanowires, an island of zincblende (wurtzite)
in a wurtzite (zincblende) nanowire, will enable the longtime storage of electrons
(holes). In order to realize such nanowire-based devices, we have to understand
the electronic properties of the nanowires, in particular the size and nature of the
band gap, which depends on the crystal structure. In this work we concentrate on
the investigation of GaAs nanowires.

GaAs crystallize in the zincblende structure. The band gap of zincblende GaAs
is 1.425eV at room-temperature. The optical gap of wurtzite GaAs is controver-
sial and a topic of discussion. Only the knowledge of the optical gap and the
band structure of wurtzite nanowires allows to progress new nanowire-based de-
vices in the field of optics, electronics and biological sensing [14]|. Currently a large
fraction of available studies place the wurtzite gap up to 20meV below the gap
of zincblende GaAs [15-18], while another fraction reported the wurtzite gap up
to 55 meV larger than the gap in the zincblende structure [19-25|. The published
findings observed in various experiments together with theoretical predictions from
ab-initio and semiempirical calculations are summarized in Tab. 1.1.

We use resonant Raman scattering applied with photoluminescence experiments
on pure wurtzite and zincblende GaAs nanowires to determine the optical gap of
wurtzite GaAs. Resonant Raman scattering is a non-destructive tool, directly re-
lated to the electronic states and allows to derive the band gap energy of wurtzite
GaAs. Choosing appropriate polarization conditions and excitation energies allows
a consistent assignment of the optically active transitions in wurtzite GaAs. Addi-
tionally, resonant Raman experiments with incoming light polarized perpendicular
and parallel to the wire axis enables to study the splitting between the heavy and
light hole band at the I" point of wurtzite GaAs [26].

In order to find an explanation for the varying gap energies in wurtzite GaAs
obtained by optical experiments, e.g. photoluminescence and resonant Raman
scattering, we perform resonant Raman scattering and photoluminescence experi-
ments on wurtzite GaAs nanowires with zincblende insertions. The combination
of PL and position dependent resonant Raman scattering allow us to investigate
the type of the band alignment for a wurtzite/zincblende heterostructure. In a
type II band alignment for example, luminescence originates mainly from indirect

band-to-band transitions. Raman resonances, in contrast, occur only for direct



Table 1.1 Experimental and theoretical reported bandgap energies of wurtzite GaAs by
different authors. For comparison: the bandgap of zincblende GaAs is 1.519eV at 0K
and 1.425eV at room temperature

YEAR | EXPERIMENTAL | LARGER | WURTZITE | TEMP.

GAP GAP (eV) (K)

2013 Kim et al. [25] equal 1.451 5

2013 Kim et al. [25] wurtzite 1.44 300

2012 Jahn et al. [29] wurtzite 1.47 300

2011 Ketterer et al. [26] equal 1.51 5

2011 Heiss et al. [15] zincblend 1.50 4.2

2009 Spirkoska et al. [19] wurtzite 1.54 10

2009 Moewe et al. [16] zincblend 1.51 4

2009 Hoang et al. [20] wurtzite 1.54 4

2007 Martelli et al. |21] (wurtzite) 1.52 10

2007 Zanolli et al. [18] zincblend 1.47 10

THEORY

2012 Belabbes et al. [30] wurtzite 1.46

2011 Heiss et al. [15] zincblend 1.49

2010 De et al. [17] zincblend 1.50

2007 Zanolli et al. [18] wurtzite 1.57

1993 | Murayama et al. [22] wurtzite

band transitions [27].

With polarization-dependent measurements we study the Raman selection rules of

thin zincblende nanowires. Additionally, we investigated the £ phonon and its in-

tensity as a function of the excitation wavelength. In comparison with zincblende
GaAs, wurtzite GaAs exhibit an EX phonon [27,28] Thus, it can be used as a

fingerprint of the wurtzite phase in nanowires.






2 GaAs: From Zincblende to
Wurtzite

To determine the band gap of wurtzite GaAs, one has to understand the main
differences between the zincblende and wurtzite crystal structure and the resulting

differences in the band structure and thus in the electronic properties.

(a) zincblende (b) wurtzite

A
C
A
E 1 (0o
v
B 5
g . A
H IL.
A
A KM
A
zincblende [170] [1120] a-axis wurtzite

Figure 2.1 Different GaAs crystal structures: (a) 4-fold coordinated zincblende and (b)
wurtzite stacking sequence. For clarity the Brillouin zones of the wurtzite and zincblende

structure are shown (adapted from Ref. [17]).



2 (GaAs: From Zincblende to Wurtzite

GaAs in the zincblende structure is very well known [27,31]. It is a III-V semicon-
ductor, consisting of gallium (Ga) and arsenic (As). Figure 2.1a show a scheme of
zincblende GaAs. The zincblende lattice has two face centered cubic sublattices
with the lattice parameter a = 5.6539 A [32,33]. In bulk form GaAs has a direct
bandgap at the I' point. The bandgap energy is 1.424eV at room-temperature
and 1.519eV at low-temperature. The valence band has I'y5 and the conduction
band I'; symmetry [31].

As mentioned before, ITI-V semiconducting nanowires often crystallize in the wurtzite
structure, which is metastable in bulk material [11,32]|. Because of the lower surface
energy of the wurtzite phase and the large surface-to-volume ratio of nanostruc-
tures, GaAs nanowires can show a pure wurtzite, a pure zincblende or a mixture
of zincblende and wurtzite phase [11].

The lattice of wurtzite GaAs consists of two hexagonal sublattices with lattice pa-
rameters a = 3.989 A and ¢ = 6.564 A [32,33]. Both crystal structures (zincblende
and wurtzite) are displayed in Fig. 2.1. The wurtzite and zincblende structures are
4-fold coordinated. They differ only in their stacking sequence: While zincblende
GaAs has an ABCABC... stacking sequence along the cubic [111] axis, wurtzite
GaAs has an ABABAB... stacking sequence along the hexagonal [111] axis. Their
close similarity results from their geometry, which differs only in the bonding of
their third nearest neighbor. Wurtzite GaAs has as zincblende GaAs, a direct
bandgap, but its value and the band symmetry at room-temperature are contro-
versially discussed. It is clear that the change of the crystal structure from cubic
to hexagonal means a modification in the band symmetry. In the zincblende and
wurtzite structure many high-symmetry points in the Brillouin zone are related to
each other, because of the similarities of the two crystals. But the wurtzite struc-
ture has one main difference: The unit cell in (0001) in wurtzite GaAs is twice the
length of the unit cell in the zincblende structure in the equivalent (111) direction.
As a result the L point in zincblende is zone-folded to the I' point in wurtzite in

the empty lattice approximation [17].



2.1 Electronic Properties of GaAs

2.1 Electronic Properties of GaAs

We will now demonstrate the influence of a large unit cell in real space on a band
structure in the zone folding approximation. A simple but impressive example
is shown for a superlattice consisting of a direct and indirect semiconductor in
Fig. 2.2. For simplicity both semiconductors have similar electronic properties and
the superlattice consists of monoatomic layers, which are grown layer by layer. In
this case the energy band structure is zone-folded at the point 2I1/2a, as shown in
Fig. 2.2 (dotted curves). For the indirect semiconductor, the zone folding causes
the conduction band minimum of the superlattice to be located at K = 0 and

therefore to a quasi direct transition [34].

(a) direct band gap (b) indirect band gap
|
I
[
2 2 /]
(NN Ll / |
> &5 7
o o[ |
C C
L (NN |
[
-7 T
~
2 | k -7 | k
0 211/2a 2/a 0 211/2a 2m/a
(100) (100)

Figure 2.2 Brillouin zone-folding effect in superlattice for a direct (a) and indirect (b)
band gap semiconductor, where the dotted curves show zone-folded bands schematically,
adapted from Ref. [34]



2 (GaAs: From Zincblende to Wurtzite

A prominent example for a superlattice consisting of direct and indirect band gap
semiconductors are GaAs and AlAs. AlAs is an indirect band gap semiconductor.
Therefore for a GaAs/AlAs supperlatitice, one may expect a quasi direct transi-
tion in the superlattice due to zone-folding effect in which the X point of AlAs is
folded to the I' point [34].

with SO no SO coupling  with SO

L, —— _—T — 7 I‘8C
A |_6C > —_ L =—=- I‘5C S—r
4,5C 9C
e < T T'se
FSC S — F15_<C 1C - F9C
7C F S —
ec 7C
Lsc L1c < T T
- 3C 8C
s Ly Tie Tic 7C
S - bandgap ng
8V ~ - I < T
- -1 =< 6v — v
7V 15V 1ﬂ1v 1ﬂ7v
L4,5V S L == '_FSV
- - 3V SN— T -
L6V : — F5V = —7T
9V
I T :
6V 1 =~ T T
v 7VC

zincblende <€ wurtzite

Figure 2.3 Scheme of the predicted correspondence between energy levels at the L and
I' points in zincblende and the I' point in wurtzite GaAs with and without spin orbit
coupling as shown in Ref. [17,22]. The gray lines represents the degenerated levels.

Coming back to wurtzite GaAs. Here the L point is folded to the I' point. Addi-

tionally, one needs to consider the spin-orbit coupling. The electron spin can be



coupled to the orbital angular momentum via the spin-orbit interaction [31]. Spin-
orbit coupling scales with the atomic number and is a relativistic effect. For semi-
conductor with heavier elements, such as Ga, As, Sb and Ge spin-orbit coupling is
significant and has to be included into the calculations of the band structure [31].
As example we use zincblende and wurtzite crystals. For certain individual states
in crystal the lacking inversion symmetry, spin-orbit coupling causes a splitting of
spin-up and spin-down states. This leads to Ey(—k) # Er(k) [17].

The spin splitting for zincblende and wurtzite crystals exist in a particular direc-
tion (k;, ky or k,) and can be determined by symmetry considerations [35]. The
spin splitting effect is much more prominent in wurtzite than in zincblende crys-
tals, due to the lower wurtzite crystal symmetry [17,36-42|, although both crystals
lack inversion symmetry. In order to understand the trend of the band structure of
both crystal, Fig. 2.3 shows the relationship between the zone-center states for the
I' and L point in wurtzite and zincblende structure with and without spin-orbit
coupling [17,22].

<)

(a) zincblende GaAs (b) wurtzite GaAs
q — 4
LA LA T
’ _—7 0 /
2 \\/ IS ?\
> -4t N\ > -4
I.% 6 I-EJ -6
€ | L
N N2

8 -8
-10 -10<
-12 -12 . > .
L T X K L M r A H

Figure 2.4 Band structure near the I' point for (a) zincblende (adapted from Ref. [43])
and (b) for wurtzite GaAs (adapted from Ref. [17]).
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The comparison of both crystal structures show that I'y, L; and L3 states in the
zincblende structure corresponds to I'1,I'3s and I's in wurtzite. At the top of the
valence band in wurtzite GaAs, the hexagonal crystal field splits the p-like I';5 state
of zincblende into a fourfolded degenerate I'g and a doubly degenerate I'; state [17].
Taking into account spin-orbit coupling the I'g, state splits into the I'g, heavy hole
and I'7, light hole state. As a result all zone-center valence bands in wurtzite belong
to either I';, T's or I'g symmetry [17,44]|. Due to zone folding, the conduction band
of wurtzite GaAs have besides the I'; state from zincblende a supplementary I's
band [17]. Theoretical predicted values for the splitting energy of both bands are
Acp = —23meV [22], Agp = 87meV [15] and Agp = 85meV [17]. The symmetry
line A(I' — L) in zincblende is transformed into A(I' — A) in wurtzite [17,45].
The predicted band structure of wurtzite GaAs calculated by De et al. is shown in
Fig. 2.4(b) [17]. For comparison, Fig. 2.4(a) shows the experimental bandstructure
of zincblende GaAs [43]. In Tab. 2.1 the predicted values for the effective masses

parallel and perpendicular to the wire c-axis and band energy are given.

Table 2.1 Effective Masses, zone-center states and calculated band energies of wurtzite
GaAs (from Ref. [17])

BAND ENERGY | m | my
SYMMETRY (eV)
Iy (heavy hole band) 0.000 0.134 | 1.026
['7 (light hole band) -0.120 0.200 | 0.197
I'7 (crystal field split-off band) -0.475 0.434 | 0.118
I'7 (conduction band) 1.588 0.082 | 0.090
I's (conduction band) 1.503 0.125 | 1.050

10



2.2 Photoluminescence Experiments

2.2 Photoluminescence Experiments

A versatile tool to study the electronic properties of GaAs nanowires are Photo-
luminescence experiments. Photoluminescence allows to determine directly the
band-to-band transition energy. The photoluminescence process is described by
three steps (Fig. 2.5):

e Excitation: An incident photon excites an electron-hole pair.

e Thermalization: The excited electron-hole pair relaxes non-radiative, to-

wards quasi-thermal equilibrium distributions.

e Recombination: The electron-hole pair recombines radiatively.

A electron
() relaxation

A\ N
A
[ ] conduction

band

w
"Ny
A

) valance

_ band

O~ relaxation
hole

Ny

excitation
uoneuIquiodal

<

Figure 2.5 Scheme of the photoluminescence process in a semiconductor

Taking into account a perfect semiconductor the electron-hole pairs will thermalize
and accumulate at the valence and conduction band extrema. There they recom-
bine radiatively [31]. The probability for the radiatively recombination is very high
for direct bandgap semiconductors with allowed dipole transitions. A prominent

direct bandgap semiconductor is GaAs. It is a strong emitter of bandgap radiation

11



2 (GaAs: From Zincblende to Wurtzite

and thus it can be used as light emitting diode.
In a band-to-band transition electrons recombine with holes. Therefore 7, is de-
fined as the radiative recombination time of one electron and one hole. The rate
of emission of photons by the recombination of electrons and holes is dependent
of their concentration n, and n, and is given by n.n;/7,.. The radiative recom-
bination time is dependent of the electron and hole energies and therefore of the
excitation (photon) energy. Thus, 7, is replaced by an averaged radiative recom-
bination time (7). In a PL experiment always an equal number of electrons and
holes are excited. Typically, the intrinsic carrier concentration n; and p; is very
low, thus it is easy to excite optically in an intrinsic semiconductor enough carriers
that n; = ny, >> n;p; [31]. Therefore n; and p; are negligible. The radiative recom-
bination rate is given by 1/7.,4 = n/ (1,.), where n = n, = n;. Additionally the
electron-hole pairs can also recombine nonradiative. The total decay rate (1/7)
is then:

1/Tior = 1/Tvaa + 1/ Tnonrad, (2.1)

with 1/7,0nreq the nonradiative recombination rate. The energy of electron-hole
pairs dissipates as heat via excitation of phonons in nonradiative processes [31].
To calculate the shape of a band-to-band PL spectra we use a direct bandgap

semiconductor with the gap £, and joint density of states
D; x (E — E,)"? (2.2)

The quasi-equilibrium distributions f. and f, can be approximated by Boltzman

distribution for low photoexcited density f. and fj,:
fnor fe ocexp[—E/(kpT)). (2.3)

The PL spectral shape is then given by substituting Eq. (2.1) and Eq. (2.2) into

the emission rate for the transition from conduction band to valence band [31]

Rcv = Acvfc(l - fv)a (24)

where f. and f, are the electronic occupancies in the conduction and valence band,

respectively. A., is the Einstein coefficient for two nondegenerated levels in a

12



medium with refractive index n, [31,46,47|.
The PL spectra shape is then:

Iy (o) = (hw — E,)?exp|—(hw — E,)/(kgT), forh > E, 25)
e B 0, otherwise '

hw is the emitted photon energy.
As an example we show in Fig. 2.6 the experimental PL spectra of GaAs measured

under a pressure of 29.4 kbar and at room temperature [31,48|. For the plot of the
PL spectra (Fig. 2.6) Eq. (2.5) was used with a temperature of 373 K, because of

laser heating.

Energy [eV]
1.7 1.8
T T | T
[
I
| GaAs
‘.' | (29.4Kb)
'
o
2 o
c
S |
S |
5 R
2 | \
= | \
(]
S .‘ \
‘ \
[} \
/
/ \
7 N\
I/ L L L I 1 L I‘H
750 700 650

Wavelength [nm]

Figure 2.6 Photoluminescence spectrum of GaAs at a pressure of 29.4 kbar and at room
temperature, adapted from Ref. [31,48]. The dashed line are the measurements. The

solid line was plotted using Eq. (2.5)
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2 (GaAs: From Zincblende to Wurtzite

2.3 Band Lineup in Heterostructures

Combining different bandgaps in a artificial material is called heterostructure. In
this work wurtzite nanowires with zincblende insertion are used. Due to the differ-
ent bandgaps of wurtzite and zincblende GaAs, they form a heterostructure. The
electron affinities determine the relative position of conduction and valence band
(band alignment) [49]. The relative positions of the bands lead to different types
of heterostructures. Type-I and type-II heterostructures are shown in Fig. 2.7.

(a) type-l heterostructure (b) type-Il heterostructure
vacuum vacuum
A _ A
S S
@ @
o o
S S
b +—
5 ©
[ w
Spatial coordinate Spatial coordinate

Figure 2.7 (a) type-I band alignment (b) type-II band alignment adapted from Ref. [49]

In a type-I heterostructure (straddled band lineup, Fig. 2.7(a)) the higher va-
lence band and lower conduction band edge belongs to the material with smaller
bandgap. Electron and holes will localize there. A type-II heterostructure has a

staggered lineup and thus electrons and holes will localize in different materials
[Fig. 2.7(b)].
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There are special names for various layer sequences of high and low bandgap mate-
rials, such as single heterointerface, quantum well (Fig. 2.8(a)), multiple quantum
well [Fig. 2.8(b)| and superlattice [Fig. 2.8(c)]. Nowadays such atomically precise
layer sequences are grown for different material systems as AlGaAs/GaAs/InAs,
InP/InGaAs or Si/SiGe [49]. The knowledge of the type of a wurtzite/zincblende

(a) (b) (c)

|| S LA FL e PLELFL L F

|| B0 B A E e R

Figure 2.8 Heterostructures with different layer sequence. (a) quantum well, (b) multiple
quantum well and (c) superlattice

GaAs heterostructure allows to design different heterostructures based only on one
semiconductor.

It is very interesting to study how type-I and a type-II band alignment affect res-
onant Raman and photoluminescence experiments, which are described in detail
below. To do so we assume a wurtzite nanowire with exactly one zincblende seg-
ment. For further considerations we use the calculated bandgap of wurtzite GaAs
by Belabbes et al. [30]. Ewz = 1.46eV at room temperature [30]. The zincblende
bandgap at room temperature is Ezp = 1.425eV [31]. At first we consider a type-I
band alignment as shown in Fig. 2.7(a). As the zincblende bandgap is smaller then
the wurtzite GaAs bandgap, in a type-I band alignment the zincblende structure
forms a quantum well for electron and holes. In this situation the electrons in the
conduction band recombine with holes from the valence band, which are located
in the quantum well. This is called a direct transition. It means for the PL and
resonant Raman experiments that all transition are direct [see Fig. 2.9(a)]. The

transition energy is dependent of the width of the quantum well [50]

Br2 /11
hw:EZB+—7T(———), (2.6)

2d? \m. my
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2 (GaAs: From Zincblende to Wurtzite

where d is the width of the quantum well, m, = 0.067-mg the mass of the electrons
in the conduction band and mj; = —0.082 - mg the mass of the holes in the valence
band [51|. From Eq. (2.6) we are able to calculate the transition energies dependent
of the width d of the quantum well. The results are shown in Fig. 2.9(b). As can
be seen the expected measurable transition energies are larger than the zincblende
bandgap and smaller than the wurtzite bandgap for a type-I band-alignment.

In a type-II band alignment [Fig. 2.7(b) and 2.10(a)|, we have a different situ-
ation. In the conduction band the electrons located in the zincblende quantum
well have the possibility to recombine with holes, which are located in the neigh-
boring wurtzite structure. This is called an indirect transition. The holes in the
zincblende segment and in the wurtzite valence band in a type-II band alignment
are not confined in the heterostructure. Therefore we have to rewrite Eq. (2.6)

in order to calculate the direct and indirect transition energy. It is for direct

transition
mr? /1
hw = Ezp + 5 \m. | (2.7)
(a) (b)

widthd 1.465 | | | |
¢ > 1460 — —Ez — — — — — — —
A > Zr4ss] e calculated transition-
= oM Bh.450] energy i
g 14450 ¢ ]
H_F o § -.5_. 1440} b . ]
51435 .. ]
Y > ©1.430} ®e¢ ]
Y | ¢<rn— '_1_425_ —E5 — — _.._..:’1'0_00_0 ]

0 10 20 30 40

Quantum well width d [nm]

Figure 2.9 (a) type-I band alignment for a WZ/ZB heterostructure with possible tran-
sitions (b) calculated transition energies in dependence of the quantum well width d.
The dashed line shows the zincblende bandgap energy and the wurtzite bandgap energy
calculated by Ref. [30]
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and for indirect transition

22
hw=FEzp — AFE, + % (mie) , (2.8)
where AFE, = 0.117eV is the band offset between wurtzite and zincblende GaAs
valence band edge position, taken from Ref. [30]. The results are shown in Fig. 2.10.
As can be seen in Fig. 2.10 for the direct transitions the energy is for a wide
quantum width slightly above the zincblende bandgap and for small quantum well
width even higher then the calculated bandgap of wurtzite GaAs by Ref. [30]. For
indirect transition, in contrast, the transition energies for wide quantum wells is
even below the bandgap energy of zincblende GaAs.

The particularity of resonant Raman scattering is that all measured resonances
are due to direct transitions [31,52]. PL experiments, in contrast, show mainly
indirect transition |[Fig. 2.10(a)] [29]. The combination of both techniques is an
ideal way to distinguish between direct and indirect transition [Fig. 2.10(a)| [52].

(@) (b)
widthd
1.54 I. T T T T ]
A 152f A o calculated direct |
> S 150f transition energy |
x M D 148 @ ]
A 2140k _A,.__________:
&= 144 | ° h
e 1492 — — _..:’L'OLOO_OQ_QQL.._. ]
u.F "'-F v A .
7, g 140 | R ELD ]
2 =S 1'22 ] A A calculated indirect
wv . - A ]
v & 13l A, transition energy ]
A
¢ B " 12(2) i AAAAAAAAAAAAA
Vi VT b

Quantum well width d [nm]

Figure 2.10 (a) type-II band alignment for a WZ/ZB heterostructure with possible tran-
sitions (b) calculated transition energies in dependence of the quantum well width d.
The dashed line shows the zincblende bandgap energy and the wurtzite bandgap energy
calculated by Ref. [30]
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3 The Resonant Raman Pro-

Cess

3.1 Vibrational Properties of GaAs

A solid consists of atoms, which have an average position. Since the atoms are
elastically bonded they can deviate from their average position. This means that
atoms in a crystal or solid vibrate at finite temperature around the equilibrium
position because of their thermal motion. If the atoms vibrates randomly, each
atom suffers random forces and the vibration immediately damps [34]. When each
atom vibrates with a small relative displacement from the neighboring atoms, the
vibration will continue. These modes are called lattice vibration. The quantized
mode of a lattice vibration is called phonon. The lattice vibrations depends on
the mass of the atoms and the symmetry of the crystal. The essential physics of
lattice vibrations can be best explained by a linear chain, see Fig.3.1. We consider
a one-dimensional chain, with two types of atoms as a model for semiconductors
with a diatomic base, such as zincblende GaAs. In this model the lattice have
alternating atoms A and B with a relative distance of a/2 (a is the lattice parame-
ter). Depending of the displacement of the atoms, different waves exist, which are
displayed in Fig. 3.1. For displacement vectors of each atom along the direction of
the wave vector, we have longitudinal acoustic (LA) and longitudinal optical (LO)
modes. Transversally polarized modes are modes with atoms moving with the

planes normal to the wave vector, called transversal acoustic (TA) and transversal
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3 The Resonant Raman Process

optical (TO) modes. We differentiate between transversal and longitudinal, as

wells as optical and acoustic waves.

acoustic
s
transversal
longitudinal
k=1/4 1t/ S S+1 s+2
optical

W transversa

-0 000 00 00 00 0 00

Figure 3.1 Visualization of optical and acoustic waves in a diatomical linear chain as
GaAs. The position of the atoms is marked with s,s + 1 and s + 2. For acoustic waves
the neighboring atoms move in the same direction; For optical waves the neighboring
atoms move in the opposite direction.

In a diatomic linear chain the atom A (B) with its mass M; (M) are connected
to each other by a spring constant (force constant) C'. The distance between the
nearest neighbor atoms at equilibrium is a/2. Defining the displacement of the
atoms from their equilibrium positions by wug, u1, us, us, ..., Us, Usy1, ..., for atom A

and v, v1, Vg, V3, ..., Us, Us1 1,..., the equation of motion of sth atom are:

d?u,

1 = C(vs + vs—1 — 2uyg) (3.1)
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3.1

d?v,
dt?
For the solution the plane-wave ansatz with different amplitudes U and V' for atom
A and B is used:

M, = C(us + uge1 — 205) (3.2)

Uy = Uetasa=wt) (3.3)

and
vy = Ve ilasa—wt) (3.4)

which yields the solution

2 _o( L1 11N 4 e
w(Q)a,o—C(M1+M2 FC M1+M2 M1M2sm <2> (3.5)

The indices a (o) belong to the — (+). Solution a(o) stands for acoustic (optical)
branch. w is dependent of the wave vector k, so the equation gives the dispersion

relation for a diatomic linear chain which is shown in Fig. 3.2.

(2C/(M,+M,)" .
(2c/m,)”

w(k)

acoustic
@c/m,) >

0 wavevector q 7i/a

Figure 3.2 Dispersion relation for a diatomic linear chain. The optical branch is over the
acoustic branch. At the zone boundary a frequency gap exists, where phonons are forbid-
den. The maximum frequency for the optical branch is given by winas = 1/2C/(My + M3)
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3 The Resonant Raman Process

The dispersion relation has (for each longitudinal and transverse mode) two branches.
The lower branch ["-" sign in Eq. (3.5)] is related to the acoustic mode. For the
acoustic mode w = 0 at the I' point and increase towards the zone boundary.
At zone boundary the frequency is Wycoustic(7/a) = \/m . The upper branch
["+" sign in Eq. (3.5)] is related to the optical mode and has at zone center the

largest phonon frequency wpae = /2C/(M; + Ms). The dispersion is parabolic
with negative curvature in the vicinity of the I' point. At the zone boundary
Woptical (/) = \/m A detail description of the calculation can be found
in Ref. [49,53,54] A three-dimensional crystal with p atoms in the basis, has 3p
phonon branches, three acoustic and (3p — 3) optical brunches [53].

WZ GaAs
7B GaAs D E— ZB GaAs
a b : -
LO A1LO , E1LO |
A1TO , E]TO |
0.03 | = Eh I T T T
TO 2 B I T~ =
| -
B ] | -7 7
7
S ol -
> 0.02 [ - 0.02 - -
= LA I
o |
7} B 1 B I .
S |
0.01 | A . 001 | E l -
|
L - L | _
|
[
T
A X T L

Figure 3.3 (a) Schematic dispersion relation of zincblende GaAs along I' — X. (b)
Schematic dispersion relation of wurtzite GaAs along I' — L as a result of the zone
folding of the zincblende dispersion.

Phonons are the quantized quasi particles of the lattice vibrations. Applying quan-

tum mechanics the lattice vibration (phonons) can be described by the harmonic
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3.1

oscillator. The discrete energy of the phonons are given by
1
Epp, = (n -+ 5) hw, (3.6)

where n denotes the quantum number of the state, which corresponds to the num-
ber of quanta Aw in the vibration. Applying the considerations to zincblende
GaAs with its diatomic base we expect three acoustic and three optical phonon
(one LO phonon mode and two TO phonon modes) branches. A schematic disper-
sion relation of zincblende GaAs is shown in Fig. 3.3(a). At the I" point zincblende
GaAs has two degenerated TO phonons modes and one LO phonon mode. The
TO-LO splitting, which results in a higher LO energy at the I' point is due to
the long range electric fields for the long-wave LO [31]. As we showed above in
wurtzite GaAs the L point is zone folded onto the I'" point. This affects not only
the electronic band structure, but also the dispersion relation of wurtzite GaAs.
The zincblende dispersion relation is folded along I' — L and the L point appears
at the I' point in wurtzite GaAs [see Fig. 3.3(b)] [55]. Additionally wurtzite GaAs
has four atoms per unit cell, so it exhibits nine optical phonon modes. Following
Ref. [56], group theory predicts an A; phonon mode polarized along z (z is equal
to the growth axis ¢), an E; phonon mode polarized in the zy plane, two E, and
two By. The A; and E; splits again into TO and LO phonon modes, as can be
seen in Fig. 3.3(b).
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3 The Resonant Raman Process

3.2 Macroscopic Theory of Raman Scattering

Raman scattering is the inelastic light scattering on optical phonons. In simple
terms Raman scattering can be described as the absorption of a photon, the emis-
sion of a photon and the creation (Stokes) or the absorption (Anti-Stokes) of a
phonon (see Fig. 3.4). Sir Chandrasekhara Venkata Raman observed the inelastic
light scattering and published it in 1928 [57,58]. For his work Sir Raman was
awarded with the Nobel price in 1930 and the effect was named after him.

.y Phonon

N - J— J— J— -

PETI 7
AR phonon -
P - - — _

A ave v NS>

incident scattered incident scattered
photon photon photon photon

Figure 3.4 Scheme of the Raman scattering process. An incident photon is absorbed. The
excited electron exchange energy with the lattice by creating (Stokes) (a) or annihilating
(Anti-Stokes) (b) a phonon and emitting a photon with lower (Stokes) (a) or higher (Anti-
Stokes) (b) energy. Dashed lines represent virtual states, solid lines correspond to real
states.

Raman scattering has many advantages. It is non-destructive, the light does not
have to be absorbed by the sample (as in fluorescence or photoluminescence ex-
periments) and it can be used for the investigation of molecules and crystalline

solids.
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Table 3.1 Optical Raman-active phonon modes in zincblende and wurtzite GaAs after
Ref. [31]

CRYSTAL PHONON | POSITION
STRUCTURE | MODE [em ™|
zincblende TO 267
LO 291
Ey (TO) 267
E; (LO) 291
wurtzite A; (TO) 267
A; (LO) 291
E} 259
Eé unknown

As we have shown above, wurtzite GaAs exhibits additional phonon modes. Using
group theory [27|, one is able to determine Raman-active phonons. They are
summarized in Tab. 3.1 for the zincblende and wurtzite crystal structure.
We describe the Raman process by the macroscopic theory of light scattering at
this point. An electric field E that is applied to a medium with a polarization P
related to the field by

P =¢ex;,.E. (3.7)

The components of P are given by
Pj = EOXjkEk' (38)

Here x ;i is the electric susceptibility, a second-rank tensor. Considering an elec-
tromagnetic field with a frequency w that incidents the medium and is described
by the plane wave

E(r,t) = E(k;,w;)cos(k; - 7 — wt). (3.9)

The polarization can be then written as

P(k,t) = P(k;,w;)cos(k; - 7 — w;t). (3.10)
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3 The Resonant Raman Process

This results in the following relation between the amplitudes of the polarization
and the electric field:

P(k;,w;) = eox(ki, w;) E(k;,w;). (3.11)

The light scattering is induced by a local change of the susceptibility y. In the
Raman process the light is scattered by lattice vibrations, so we describe the atomic
displacement by

u(r,t) = u(q,w,)cos(q - r — wyt), (3.12)

where w, and q are the angular frequency of the lattice vibrations and the wavevec-
tor. For small amplitudes of the lattice vibrations compared to the lattice constant,

the change of y can be expanded in a Taylor series as

X(ki, wi,u) = X(O)(k:i,wi) + <§—Z> u(r,t) + ... (3.13)
u=0

The susceptibilityy is then expressed by

Xjk = Xﬁ) + Xk, W+ Xk imWiUm + ooy (3.14)
With 5 62
Xk Xjk
i d Yikim = : 3.15
Xk, ( Sus )u:O and Xk, (5Uz5um)u:o ( )

It is clear that x,x; and X;xm are third-rank and fourth-rank tensors. Inserting

Eq. (3.14) in Eq. (3.11) the polarization can be written as

P(r.t,u) = PO(r t)+ PUD(r t ), (3.16)
with
PO (r, 1) = X ki, w) o E ki, wi)cos(k; - 7 — wit) (3.17)
and
P(mal)(,r7 tou) = (g_z) u(r, t)egE(kw;)cos(k; - r — w;t). (3.18)
u=0
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3.2

The term P can be rewritten using lattice vibration and it is related to Raman

scattering [34]

ou

x[cos(k; +q - 1T — (w; +wy)t + cos(k; —q - T — (w; — w,)t]

. 1
pnd) (r,t,u) = 560 <5X) u(q, wq)E(k;, w;) (3.19)
u=0 .

Eq. (3.19) shows that P("% consists of the Stoke shift wave with wave vectors
ks = (k; — @) and angular frequency ws; = (w; — w,) and of the anti-Stokes wave
with wave vector k,s = (k; + ) and angular frequency w,s = (w; + w,) [34]. In
simple terms, in a Raman experiment different scattered lines appear on both sides
of the laser line shifted by the phonon frequency. The shift is called Raman shift.
During the scattering the energy conservation law and momentum conservation
law hold:

w; = ws £ w, (3.20)

and
k;i=k,+q (3.21)

where + represents Stokes and — anti-Stokes scattering.
The intensity of the Raman scattered light is determined by PU"® [34]. As the
scattering intensity is defined by the Raman tensors 31, 34|, we discuss Raman

tensors first. One is able to describe the polarization due to the lattice vibrations

Xij by

Xij = XE?) + Z Xij Uk =+ Z Xigmtrty 4 0(u?), (3.22)
k k.l
where 5 52
Xij Xij
iin = s ikl = 3.23
ik ( Ou >u:o ok (5uk5uz > =0 (3:29)

X is the first-order Raman tensor and the term proportional to w represents the
first-order Raman scattering. The second derivative of y gives the second-order
Raman scattering. x;; is a third-rank tensor. Its non-zero components are de-

termined from the crystal symmetry [31,34]. For unpolarized light the Raman

27



3 The Resonant Raman Process

intensity for can be calculated following Ref. [59]:

3hALdQ

4
pPC Wy

I, = Xy * (g + 1), (3.24)
where p is the crystal density, n, is the occupation number of phonons (given by
Bose-Einstein statistics), df2 is the detector solid angle and L is the sample length
along the light wave vector k;. Typically in Raman experiments the measurements
are performed using polarized light. In this case the electric polarization, which

causes the scattering is given by

in ox i OXij i i
P (@) u(q,w,y)e’ = (5UZ) ur(q,wy)e; = (Xijr)u - €; ~ Ré-“i -ef. (3.25)
€' is the unit polarization vector of incident light. R is the Raman tensor. The
term e® - Pind) gives the scattered light intensity of the polarization direction e®

and the intensity in a Raman process is then

i k s|?
Isoc‘e ~Rﬂ'e|

(3.26)
The non-zero components are determined by the crystal symmetry. The Raman
selection rules are determined by the Raman tensor and it reflects the crystal
symmetry. In our case we deal with zincblende and wurtzite GaAs of the I'y5

phonons. For zincblende GaAs the Raman tensor has the following form [31]:

000 00 d 0d o
Rx)=10 0 d| ,Ry)=[0 0 0| ,Rz=]|d 0 0 (3.27)
0d 0 d 00 000

The Raman tensors are referred to the crystal axes x [100], y [010] and z [001].
These matrices describe the deformation potential scattering. As in this work the

Frohlich coupling is very important (see Chapter 3), the Raman tensor for the
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forbidden Frohlich coupling is shown below:

dp. 0 0
Rpvsniien =1 0 dp 0 |. (3.28)
0 0 dp

It can be easily seen that Frohlich coupling is only allowed for parallel polarization
of incident and scattered light (e;||es).

For wurtzite GaAs the Raman tensors are [56]

a 0 0 0 0 ¢
Ai(z)=10 a 0] ,Ei(x)=10 0 0
0 0 b ¢c 00

(3.29)
0 00 0 d o0 d 0 0
Ei(y)=10 0 c¢c| ,Ea2=1|d 0 0| ,Ee=|0 —d 0
0 ¢ O 0 00 0 0 0

Table 3.2 Raman selection rules for zincblende and wurtzite GaAs nanowires for different
scattering configurations. Note: The selection rules were calculated with respect to
nanowire axis, but they reflect the selection rules for bulk GaAs

CRYSTAL CONFIGURATION ALLOWED
STRUCTURE PHONON MODES
zincblende x(—,—)T T»(TO) T2 (LO)

x(z,2)x A(TO) E
wurtzite z(y,y)T E(TO)
z(z,y)T A(TO)
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3 The Resonant Raman Process

incident light X Using Eq. (3.26) allows to deter-
polarization of icident mine the allowed phonon modes of
or scattered light & = “F—3~, the wurtzite and zincblende nanowires
e ore y

for the backscattering configuration
k, Tl k (Fig. 3.5). For the Raman experi-

ments the nanowire is excited with

polarized light along and perpen-

dicular to the nanowire c-axis. The

Wz incident and scattered light is di-
[0001] rected along x. The observable phonon

modes, depending on the scatter-
Figure 3.5 Scheme of the backscattering configu-

; . . ) ing configuration, are summarized
ration used for Raman experiments in this work & & ’

in Tab. 3.2. The scattering geome-
try is described in the Porto notation: k;(e;, e,)k,, where ¢, , are the polarization

and k; ; the direction of the incident and scattered light.
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3.3 Microscopic Theory of Raman Scattering

3.3 Microscopic Theory of Raman Scattering

To describe the resonant Raman scattering in detail we have to consider the quan-
tum mechanical theory. Therefore we now study the microscopic interpretation of
Raman scattering and use the results to describe the resonant Raman process.
The Raman process can be described microscopically as followed: An incident
photon excites an electron from its ground state. A new exited state is created
by the interaction of the electron with a phonon. The electron then recombines
with a hole and a photon is emitted. When the incident photon energy is near
to the fundamental absorption edge, one my expect that the scattering intensity
increases. This process is called resonance Raman scattering and is displayed in
Fig. 3.6.

(a) (b)
conduction conduction
band band
how, a ho, hw,
%1 fH C
q
valance valance
band band

Figure 3.6 Quantum mechanical representation of Raman scattering adapted from
Ref. [34]. An incident photon induces interband transition, electron (a) or hole (b)
scattering via a phonon, emission of a scattered photon

The Raman process shown in Fig. 3.6 can be simply described in three steps:

31



3 The Resonant Raman Process

e an incident photon excites the semiconductor on an intermediate state by
creation an electron-hole pair. The process is due to the electron-radiation

Hamiltonian

e via electron-phonon interaction Hamiltonian, the electron-hole pair is scat-

tered into a second intermediate state by emitting a phonon
e the electron-hole pair recombines radiatively

The three steps are transferred into a Feynman diagram. Fig. 3.7 shows an example
of a Feynman diagram for the one phonon (Stokes) Raman process, adapted from
Ref. [31].

w
q
n n'
w, W
_____________ )
Propagators Vertices
—>( electron-hole pair
——————— photon @ ~clectron-radiation Hamiltonian H_,
A\ phonon D electron-phonon Hamiltonian H_,

Figure 3.7 Feynman diagram for the one phonon (Stokes) Raman process.

There are several rules for the drawing of the Feynman diagrams:

e Excitations (photon, electron-hole pair and phonon) are drawn by dotted,

solid and dashed lines and are called propagators
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e The interaction between these excitations is called vertex. It is indicated by
an intersection connecting two propagators. The e is used for the electron-

photon interaction and a O for the electron-phonon interaction.

e Propagators are drawn with arrows, which represents the creation or annihi-
lation at the interaction. An arrow leaving the vertex indicates creation and

an arrow towards a vertex indicates annihilation.
e The sequential progress of the interactions are from left to right.

e From one diagram, the remaining diagrams are drawn by changing the order

of the vertices.

Applying these rules on Fig. 3.7 the remaining diagrams can be easily obtained

and they are shown in Fig. 3.8.

ws
/‘ W
S )ﬁﬁ%ﬁ]ﬂf\f‘ (d)
n n

" nA Y 0
7 wl // l o )
© o noont
/,‘ W, /w|
s—eo 2
h n

Figure 3.8 Remaining five Feynman diagrams for the (Stokes) Raman process.
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3 The Resonant Raman Process

The calculation to transform the Feynman diagram into terms in the perturbation
expansion of the scattering probability is shown in Ref. [31] and Ref. [60] and can
be done as follows: An initial state ‘z> and a final state | f > is defined and the
scattering rate is calculated using Fermi Golden Rule. For simplicity we consider

as an example the case in Fig. 3.7. The Hamiltonian is given by
H=Hy+ H, + Hgy.

H,, is the interaction Hamiltonian for electron-lattice vibrations, which is describe
in detail below. H,, is the interaction Hamiltonian of electron-photon pair and
Hy = H, + H; is the sum of the electron and lattice vibration Hamiltonians. To
calculate the perturbation of the scattering probability from the diagrams, we

obtain from the first vertex

(n|Her(wi)|)
; [hw; — (En — E;)] (830

|n> is the intermediate state with the energy FE, and ‘z> is the initial state with
the energy FE; For absorption the term hw; of the energy denominator has + sign

and — sign for emission of the quanta. Using the second vertex leads to

Z <n’|Hel(wq)’n><n‘H€T(wi)|i>
[hw; — (Ey — E;) — hwy — (Ew — Ey)][hw; — (B, — E;)]

(3.31)

n,n’

where ‘n’ > is a second intermediate state. The term —hw, corresponds to the

emission of a phonon. The equation can be rewritten and we obtain

> (0| Hea(wg)[n) (n| Her (w1) 1) (3.32)

hw; — hwy — (B — Ey)|[hw; — (B, — E;)]

n,n’

By calculating the final (third) vertex term the total energy have to be conserved.

Therefore the energy denominator is given by

(3.33)
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As the electron returns to the ground state after Raman scattering, the final state

and the initial state are the same. This leads to
[Fuw; — hw, — hws).

From the energy conservation rule, one knows that the term have to be zero and
in the calculation of the scattering probability the term is replaced by the Dirac
delta function é[hw; — fw, — fuws]. The scattering probability is then given by

27T Z <O‘Her ws ‘n ><n’|Hel(wq)‘n><n‘HeT(wi)|i>
— (Ew — Ey)][hw; — (En — E3)] (3.34)

w(—w;, ws, W)

< [hw; — hw, — hwy).

For completeness the calculation have to be done for all diagrams. Therefore all
contributions are summed up. The initial state is ‘z> :‘ f > :‘O>, the ground state.
The result is then

_ 1) 5 (Ol st )
e ) = | D s sy~ (B — ol — (B — Eo)
O ) i) ) a0

hw; — hws —
|

+

[
+[<

(En — Eo)][—hws — (Ey — Eo)]
r(wa) [0 ) (0| Her(wy) |n) (| Her (wi) |0)
—hws — hwy — (B — Ey)][—hws — (B, — Ey)]
(O] Her (ws)| ’?<”’|Her wq !”><R\Hel w;)|0)  (3.35)
)
(£

3

oy — fuos — (Bvy — Bo)][~ oy — (En — Eo)]

[—hw
< W)|n’< | Her(wg)|n ><”\Her wi)|0)
[ — (BEw — Eo)|[—hwq — (En — E)]
<| | ) | Her(wg)[n)(n |Her w)[0) ‘2
[ hwq—hws—( w — Eo)][—fwy — (En — Ep)]
X 8]hewr — By — hs]

EQ
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3 The Resonant Raman Process

Following Loudon [61] the Raman intensity can be deduced using the same scat-

tering geometry as in the classical theory by Smith [59] (Eq. (3.24)):

_e'wV(ng + 1) LdQ
AR3MAdE M rww;

(1R [° + [REP + R, 17 (3.36)

m and e are the effective mass of an electron and the magnitude of the electronic
charge. V is the volume of the crystal M (1/M = 1/M; + 1/M>) is the reduced
mass of the lattice atoms and d is the lattice constant. n, is the phonon occupation
number. R, is the Raman tensor defined before. For zincblende type crystals it

is:
RZz(_wi’ Ws wq)

z 2 Y
Z { Pop=paPao + Hother terms| .
LW —wy — wp) (Wi — wa)

(3.37)

1
v
Pl = <0¢|Hel ’O> is the momentum matrix element for the light polarization y.
hwa:Ea—Eo andhwﬁzEg—Eg
=}, is defined by

—i Ei

(aHalB) = Zha—

=}, represents the deformation constant and is defined in Ref. [62]. ; is the
amplitude of the phonon in z direction. From Eq. (3.36) and following Loudon [61]
the scattering efficiency is about 107%. The discussion above shows the relation
between the macroscopic theory of Raman scattering and the quantum mechanical

results of the Raman tensor.
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3.4 The Electron-Phonon Interaction

Before we treat the resonant Raman scattering we want to show different coupling
mechanism between electrons and phonons that were represent in Eq. (3.35) by
the Hamiltonian H.;. In polar materials as GaAs there are two types of electron-
phonon interaction. Due to the relative displacement of atoms the optical phonons
results in a microscopic distortion of the crystal. This leads to a change in the
electronic energy. This interaction between electron and phonon is called defor-

mation potential. H, is given by
Hel = Dnyk(’LL/a()), (338)

where D, i is the optical phonon deformation potential for the energy band in-
dexed by n and k [31]. ag is the distance between two neighboring atoms and u
is the relative displacement between these atoms, associated with a zone-center
optical phonon. The deformation potential is a short-range interaction, because
it is independent of the phonon wave vector [31]. The Raman scattering intensity,
which is due to deformation potential, can be calculated by using the Raman ten-
sors, which are defined in above (Eq. (3.26)).

The second mechanism is the Frohlich coupling. In a polar lattice an LO phonon
(longitudinal displacement of ions) generates a macroscopic field. Electrons inter-
act with the electric field. The electric field is described by

ELO = —F’U,LO (339)

with
F=—[nNpw?o(ext — M) (4men) ™2, (3.40)

where wro is the LO frequency and ¢! and ¢;' are the high- and low-frequency
dielectric constants [31]. N is the number of unit cells per volume of the crystal
and uro is the displacement of the positive ion relative to the negative ion. pu is
the reduced mass

pr—1= M+ Myt
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3 The Resonant Raman Process

M;' and My "' are the masses of the two atoms inside the primitive cell. The

longitudinal field in Eq. (3.39) can be expressed as a scalar potential
(I)LO = (F/zq)uLO (341)

The interaction of this macroscopic Coulomb potential and an electron of charge

e is the Frohlich coupling. The Hamiltonian is given by
Hp, = (—e)®r0 = (ieF/q)uro. (3.42)
When the displacement u o is given by [31]
uro = (h/2N pwro)*/? (crexpli(q - r —wrot)] — c.c.) (3.43)

and the resulting Hamiltonian is
Hp, = Z(iC’F/q) (cfeapli(g - r —wrot)] — c.c.), (3.44)
q

where the coefficient Cr is

2mhw _ _ 1/2 -~
L0 h)| (dme) (3.45)

o0

cr = |

The Frohlich interaction can be calculated using macroscopic parameters such as
the dielectric constants.

Frohlich coupling is divided into allowed and forbidden scattering. The allowed
scattering is also called electro-optic (or interband) scattering. It follows the same
selection rules as the deformation potential scattering by LO phonons. Frohlich
interaction leads to the forbidden scattering. When the incident or scattered light
is near to a band to band transition the forbidden scattering makes a strong
contribution to the measured Raman scattering and have a very strong resonance

behavior [63,64].
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3.5 Resonant Raman Scattering

3.5 Resonant Raman Scattering

To describe resonant Raman scattering we use perturbation theory, see Eq. (3.35).Be-
cause of the uncertainty of the coefficients involved in Eq. (3.35), it is impossible
to determine the scattering efficiency. To analyze and to describe the resonant
Raman process, the term of the most important contribution is used in the follow-
ing and the other terms are treated as background and replaced by a constant, as
was done in Ref. [31,34]|. From the six Feynman diagrams, gives the one shown
in Fig. 3.7 the strongest contribution [31,34]. We assume that the initial state is
the ground state ’0> of the semiconductor with no electron-hole pairs excited. Its
energy is zero. The resonant intermediate state is denoted as ‘a> with the energy
E,. The scattering probability in the vicinity of E, for a given phonon mode is

then (after summing over wy to remove the delta function)

2

27 <O\Her(wz~)|a><a|Hel\a><a\Her(%)‘0>+(; , (3.46)

h (Ea - hwi)(Ea - th)

w(w;) ~

where C is the constant background. It can be seen, that whenever the denomina-
tors E, — hw; or E, — hw, in Eq. (3.46) become small, the scattering probability is
drastically enhanced. The case E, = hw; is named ingoing resonance and the case
E, = hwg is named outgoing resonance. Both resonance processes are displayed in
Fig. 3.9. For the resonance case (ingoing or outgoing) Eq. (3.46) diverges. This is
an unphysical situation, which can be avoided by assuming that the state ]a> has
a finite lifetime 7,, due to non-radiative and radiative decay processes. Therefore
E, is replaced by a complex energy E, —il', [65]. T'; is the damping constant and
it is defined by I'y, = h/7, [31]. The Raman scattering probability can then be

rewritten as

2

o (O] Her (wi)|a){a| Her|a) {a| Her(ws)|0) +Cl . (3.47)

wlw) 5 (Ea — h; — iTa)(Bq — hiws —iTy)

As in this work the resonant Raman scattering in the vicinity of absorption con-
tinua is very interesting, we consider a direct bandgap semiconductor with parabolic

conduction and valance bands. For simplicity we assume that the three matrix ele-

39



3 The Resonant Raman Process

ingoing outgoing
resonance

Figure 3.9 Scheme of resonant Raman process. (a) ingoing resonance (b) outgoing reso-
nance

ments in Eq. (3.47) are constant and the wavevectors of the incident and scattered
photon and of the phonon are negligible. The simplifications allow to write the

dependence of the Raman scattering probability on the incident photon energy hw;

as [31] 2
v (i)

Next we show, that resonant Raman scattering is interpreted as a modulation of

1 1 2
E, — hw; —ily B, — hw, — il

(3.48)

the dielectric function with respect to the phonon energy. Therefore we use the

1o
d(w) e dt

:% .

the Dirac delta function

and we get the following relation from Eq. (3.47):

Eq(k) — 1ﬁw —ir, Ea(k)l_ hoon in6[Eq(k) — hw] (3.49)

Following Ref. [31] and Ref. [34] the dielectric function is given by:

4meg \ mw

i) = e (22 S IPabO(Euld) — 1) (3.50)
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3.5 Resonant Raman Scattering

: (3.51)

4rre? 2 |P.,|?
r =1
r(w) * dmegm [zk: (thm,) E? —w?
where P,, is a constant and ¢, the dielectric constant. By comparing Eq. (3.49),
Eq. (3.50) and Eq. (3.51) one can see that the imaginary part of Eq. (3.49) corre-
sponds to the imaginary part of €; in Eq. (3.50). Assuming that the photon energy

is close to the fundamental absorption edges (E., = E, + h*k?/2p1) we obtain the

following relation:

i (m%) ) — e(w)]? (3:52)

If the phonon energy fw, is much smaller then w; and ws then Eq. (3.52) can
be rewritten as the first derivative of the dielectric function with respect to the

energy:
2

O€
OE

This result shows that the resonant Raman scattering can be seen as a form of

(3.53)

wphoc‘

modulation spectroscopy. By using the macroscopic theory of Raman scattering,
one can reach the same result. In the macroscopic picture the atomic vibrations
modulate the electric susceptibility and thus the dielectric function at the phonon
frequency. Assuming that the phonon frequency is smaller than the damping
constant of the electrons the resulting oscillation at the phonon frequency is over-
damped [31]. For this case (0x;;/du)o from the Raman tensor R can be regarded as
a derivative of y with respect to a static modulation u [31]. The Raman tensor R is
proportional to (0x/E,) if an optical phonon of amplitude u changes the bandgap
energy by 6F,. The dispersion of the Raman intensity is then proportional to
|0x/0Ey|? or |0e/0E,|* |31].

A further advantage of resonant Raman scattering on polar semiconductors such
as GaAs is that not only the one LO phonon mode is enhanced, but also higher-
order phonon modes shows a strong enhancement. An example for multi-phonon
scattering in GaAs is shown in Fig. 3.10. The Raman spectra shows the 1LO
phonon mode as well as higher order phonon modes. Leite et al. [66] demonstrate
that under resonance conditions up to nine LO phonons appear in CdS. To describe
the process we focus on a two-LO phonon excitonic scattering model, which has

been established by Garcia-Cristobal et al. [67]. In simple terms a photon excites
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[arb. units]
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Figure 3.10 Exemplary Raman spectra of a wurtzite GaAs nanowire in resonance condi-
tions. The phonon modes and the PL are marked.

an exciton on state |a>. The exciton relaxes then via two intermediate states (’ B >
and |7)), creating a LO phonon at each step [68]. The intermediate states can be
continuous unbound (c¢) or discrete bound (d) excitonic states (see Fig. 3.11) [67,68].
The exciton recombines under emission of a scattered photon. The process is shown
in Fig. 3.11. Note that all the states in the process in Fig. 3.11 are real except for
the first and last one away from resonance.
Due to energy conservation within the process, the incident photon can be written
as

Ephoton = Fegciton + Earo (3.54)

To give the scattering probability the intermediate state are considered as hydro-

genic Wannier excitons and the dipole approximation is used [69]:

wp; = Z <f‘Herb/aK = O><"}/,K = O‘Hel}ﬁ7[( _ K1>
B,y (hwy — hwaro — B, +ily) )
(B, K = Ki|Hala, K = 0){a, K = 0| H,,|1)

(hw, — hwro — Eg + i) (hw; — E, +i1,)
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3.5 Resonant Raman Scattering

where hw is the laser energy and E, g and I', g are the energy and width of the

corresponding states. The scattering intensity is given by
Lo o< Y |wpl? (3.56)
!

For example the scattering efficiency for resonant Raman scattering from 2LO
phonons at Fy + Ag at 100K for zincblende GaAs is shown in Fig. 3.12. As
can be seen the above theoretical model for excitonic intermediate states de-
scribes the experimental data very well. In contrast using free electron-hole pairs
(Fig. 3.12; dashed line) for the calculation, the theory does not describe the mea-
surements. The above considerations show that resonant Raman scattering is a

suitable method to determine the bandgap not only of wurtzite GaAs but also of

Excitonic LO

continuum
1
(
ﬁ \
\
®
B

BN

Y

Figure 3.11 Scheme of a multiphonon resonant Raman process for a two LO phonon
after Ref. [67]. 1. absorption of a photon and creation of an exciton. 2. subsequent
emission of two LLO phonons and relaxation of the exciton on the 1s excitonic state via
two intermediate states. 3. emission of a Raman scattered photon by relaxation of the
exciton on the ground state. Note: E = hA2K?((2M) with M = m, + my, and K is the
center-of-mass wavevector
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3 The Resonant Raman Process

novel materials or structures. By tuning the excitation energy, we can use the LO,
TO and 2LO resonant Raman profiles to find the bandgap energy. Additionally we
are able to gain information on the band structure by measuring the polarization

dependence of the resonances.

2.5

GaAs(001)
Z(x,x)z | Behs

ds/dn (107% sr™! em™)
5 i b
T

o
o

hw, (eVv)

Figure 3.12 Resonant Raman profile for 2LLO phonons at the Ey + Ag band gap of
zincblende GaAs adapted from Ref. [67]. The solid line is calculated taking into ac-
count excitonic effects. The dashed line is calculated using free electron-hole pairs as
intermediate states.
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4.1 Preparation of Zincblende GaAs Nanowires

The zincblende nanowires were grown by Steffen Breuer at the Paul-Drude-Institut,
Berlin. Typically, nanowires are grown on a substrate by molecular beam epitaxy
(MBE) using the vapor-liquid-solid (VLS) process. For the process one can use
the Au-assisted or self-assisted VLS. Here the self-assisted VLS process is used
to grow pure zincblende nanowires. A liquid Ga droplet, which act as a sink,
was deposited on a Si waver. The growth species from the vapour phase is than
collected by the Ga droplet |70]. The advantage of this method is that extrinsic
defects from catalyst droplets are avoided [70,71|. Additionally, instead of Au
deposition and removing oxide the native oxide was left on the Si substrates to
enable the formation of Ga droplets with appropriate dimensions [72]. A scheme
of the self assisted VLS process is displayed in Fig. 4.1. A Si substrate with a
thin SiOy film is produced. While As is desorbed, Ga forms liquid droplets (see
Fig. 4.1(b)), which are immobilized by existing or etched pinholes in the SiO, film.
The formed Ga droplets supersaturates with As and GaAs crystallize at the liquid
solid interface, Fig. 4.1c [70]. In zincblende structure the nanowires grow along the
[111] direction normal to the substrate. Depending on the growth condition, e.g.
the beam flux of Ga and As and the growth temperature and time, the resulting

wires vary in diameter and length.

45



4 Experimental Requirements

(a)

Figure 4.1 Scheme of the self-assisted VLS Growth of GaAs Nanowires: (a) Creation of
the Ga droplets. (b) Collection of Ga and As at the Ga droplets. (c) Crystallization of
Ga and As at the liquid solid interface.

The growth temperature was 580° C. (for details, see Ref. [72]). The resulting
nanowires have a high phase purity and average diameters of 60 nm. In Fig. 4.2 we
show scanning electron microscopy (SEM) micrographs of the zincblende nanowires
used in this work as a reference sample. The nanowires were grown vertically to
the substrate and, in contrast to the Au-assisted grown nanowires, they have a Ga
droplet at the top. The SEM images shows parasitic islands and tilted structures

between the bottom ends of nanowires

Figure 4.2 SEM micrograph of zincblende GaAs nanowires as-grown on Si substrate with
60 nm diameter.

For the Raman experiments on single GaAs nanowires, we used a micro-Raman
setup. In order to measure single wires we had to remove the wires form the

growth substrate and deposited them on a Si substrate with markers (markers
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allow to identify the wire at different optical experimental setups). To remove
the wires from the growth substrate, the substrate was ultrasonicated in 400 pl
ethanol and then the solution was dispersed on the Si substrate. In order to
realize separated nanowires on the substrate for single-nanowire experiments, the

solution was diluted.
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4.2 Preparation of Wurtzite GaAs Nanowires

The wurtzite GaAs nanowires were also grown at the Paul-Drude Institut by S.
Breuer and C. Somaschini on Si(111) by MBE using the VLS process. For wurtzite
GaAs nanowire with a high phase purity the Au-assisted VLS process is used.
Simplified, a liquid metal droplet, which act as a sink, was grown on a Si waver.
The growth species from the vapour phase is then collected by the metal droplet
[70]. The process is schematically displayed in Fig. 4.3. As can be seen in the first
step an Au droplets are created by deposition of a thin Au film on a Si waver and
subsequent annealing. The Au droplets collect the Ga and As, which are supplied
from the vapour phase [see, Fig. 4.3(b)]. Due to the supersaturation of the Au
droplets, the growth species (Ga and As) crystallize at the liquid solid interface.

(a) b . €4 goge

® o Au

Figure 4.3 Scheme of the Au-assisted VLS Growth of GaAs Nanowires: (a) Creation of
the Au droplets. (b) Collection of Ga and As at the Au droplets. (c) Crystallization of
Ga and As at the liquid solid interface.

An oxide-free Si (111) wafer was loaded into the MBE and anealed at 500° C' for
the growth of wurtzite GaAs nanowires. They grew along the [0001] direction and
normal to the substrate. A detailed description is given in Ref. [73]. On average,
the nanowires have a diameter of 50 nm and a length of 2.2 um as can be seen in
Fig. 4.4. Wurtzite nanowires taken from the identical sample were already analyzed

by photoluminescence, X-ray diffraction, and cathodoluminescence [29].
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Figure 4.4 (a) SEM micrograph of wurtzite GaAs nanowires as-grown on Si substrate
with 50 nm diameter in side view. (b) Magnification of the top region, which indicates a
tapering of the tip. Kindly provided by the Paul-Drude-Institut

As mentioned in the introduction the influence of zincblende insertions and stack-
ing faults are an explanation for the observation of different bandgap energies
for wurtzite GaAs, especially measured by photoluminescene (PL) experiments.
Therefore we study wurtzite GaAs nanowires with isolated zincblende insertions
and stacking faults. In Fig. 4.5 we show SEM micrographs of the "thicker" wurtzite
nanowires with zincblende insertions. The nanowires grow vertically to the sub-
strate and are tapered in the top region. They are pencil-shaped at their very
top and have an average diameter of around 200 nm in the middle part. At the
bottom the nanowires have a diameter of around 100 nm and they exhibit a length
of 10 um. However, shape and size of the nanowires were found to vary; mainly,
we observed a maximum of 220nm and a minimum of 120nm for the diameter
in the middle part of the wire, but some wires also show diameters below 50 nm.
These nanowires were also grown by molecular beam epitaxy (MBE) directly on
a Si (111) substrate, using the Au-assisted VLS process. They were annealed at
around 630 °C for 20 minutes before the Au deposition. A 0.6 nm thick layer of Au
was deposited in the growth chamber at 500 °C and annealed for 10 minutes under
As flux at the same temperature. By opening the Ga shutter the growth process
was started, with a beam flux of 400 nm/h for planar GaAs growth on GaAs (001)

substrates.
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Figure 4.5 (a) SEM micrograph of wurtzite GaAs nanowires as-grown on Si substrate
with 200 nm diameter in side view. (b) Magnification of the top region, which indicates
a tapering of the tip. Kindly provided by the Paul-Drude-Institut

The growth time was two hours, the V/III ratio is two. Similar growth conditions
lead to high quality GaAs NWs with predominant wurtzite crystal phase. [29,73,74].
The growth temperature of 500°C was kept for one hour. Then it was reduced
to 360°C without any growth disruption. Ramping down the temperature and
the growth at lower temperatures increase the radial growth rate and produce
nanowires with larger diameters, which enable an easier spectroscopic investiga-

tions on single, dispersed nanowires.

For the Raman experiments the nanowires have to be removed from the growth
substrate. To remove the wires from the growth substrate and for deposition
on a substrate, we use the same technique as described before for the zincblende
nanowires. After deposition we performed position dependent Raman experiments
and took AFM images of nanowires for a first characterization. The AFM images
were taken by a Park AFM. The position dependent Raman experiments were
performed on a Horiba XploRar with piezo XYZ stage. The AFM measurements
of the wurtzite nanowires used for the resonant Raman and PL experiments are

shown in Fig. 4.6(a) and (c). From the linescan along the wire axis [Fig. 4.6(b)]
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(b) linescan of wurtzite nanowire
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Figure 4.6 (a) AFM image of a wurtzite GaAs nanowire with a diameter of around
60nm. (b) linescan of the wurtzite GaAs nanowire. (¢) AFM image of a wurtzite GaAs
nanowire with a diameter of around 150nm in the middle part. (d) linescan of the
"thicker" wurtzite GaAs nanowire.

we obtain for the wire length 2.2 ym. and for the diameter 55 nm. The linescan of
the "thicker" wire [Fig. 4.6(d)] shows that the nanowire has an average diameter
of 200 nm at the bottom, of around 150 nm at the middle part and is pencil-shaped
at their very top and exhibit a length of 8.5 um.
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4.3 Experimental Setup

The intensity of Raman scattered light is very low compared to the intensity
of incident light. It is crucial to fulfill several experimental requirements in or-
der to receive suitable Raman spectra:. The light source has to be bright and
monochromatic with a narrow linewidth, else the elastically scattered light (10°
times stronger than the inelastic scattered light) outshines the Raman scattered
light. Additionally, the light source needs to be tunable in order to excite the wires
at different energies. A tunable continuous-wave laser with a narrow linewidth
fulfill these conditions. Here a Ti:sapphire-ring-laser system was used (Coher-
ent MBR-110). To suppress the Rayleigh scattered light and the detection two
monochromators in subtractive mode, that act as a bandpass for the Raman signal,
and a Si charged coupled device (CCD) were used. A scheme of the setup is shown
in Fig. 4.7.

Triple Spectrometer Ti:Sa Laser

Figure 4.7 Setup for resonance Raman experiments on single GaAs nanowires.

The setup consists of a fully tunable Ti:sapphire laser with an emission range form
690 nm to 1050 nm. The laser is pumped by a 18 W Verdi V-18 diode neodymium-
vanadate laser. Additionally, we have the possibility to double the frequency with
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the MBD-200 using a nonlinear crystal. [75]. For the nonlinear optical process,
called second harmonic generation (SHG), the laser beam was focused on the SHG
crystal (here: Lithium Triborate; LBO). The laser beam travelled through the
nonlinear medium and its frequency was doubled (for details see Ref. [75]). Thus
a second emission range from 425nm to 480 nm is available for excitation. The
peculiarity in this setup is that the frequency doubler is pumped by a continuous
wave (cw) laser. Typically pulsed lasers are used.

A small premonochromator in the setup cuts off possible plasma lines.

A Horiba T64000 triple monochromator system with a motorized XY stage was

used as Raman system. A scheme is displayed in Fig. 4.8.

T 64000 Triple Monochromator System si ccb

sample

Spectrometer

gratings

~ 7 excitation beam
intermediate

focussing lens

Double Monochromator

entrance

slit

Figure 4.8 Scheme of a triple monochromator system for Raman experiments

The laser light enters the system and is guided through a beamsplitter and an 100x
objective onto the sample. The backscattered light is collected by the objective
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and directed towards the triple monochromator. The double monochromator acts
as band-pass for the inelastic scattered light and cuts off the Rayleigh scattered
light. The third monochromator is the spectrometer and images the Raman spec-
trum on the Si CCD. The stray light rejection of 10~ allows to measure Raman
peaks very close to the Rayleigh scattered light. All measurements were performed
in backscattering configuration and at a constant laserpower of 3.5 mW. The po-

sition of the laser spot on the nanowire was controlled by a motorized XY stage.

B ® measured peak intensity
—fit 1

Peak intensity of CaF, [arb. units]
I
1

M IR R R RN R SR SR R
600 650 700 750 800 80 900 950 1000 1050

Wavelength [nm]

Figure 4.9 Calibration curve for the T64000. Measured phonon mode intensity of a CakFs
crystal depending of emission wavelength. Note, the intensity of the phonon mode is
independent of excitation wavelength for CakF,

In the resonance experiments the peak intensity depending of excitation wave-
length (energy) was measured. Therefore we had to tune the excitation wave-

length. The T64000 consists of different optical elements and of gratings which
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are optimized for a certain wavelength. Thus, the sensitivity (and consequently
the measured intensity) of the system is strongly dependent of the wavelength of
the incident light and scattered light (see Fig. 4.9). By that the intensity of the
measured phonon modes was calibrated using a CaF's crystal. CaFs has the advan-
tage that the intensity of its Raman active phonon (at 322 cm™!) is independent
of excitation wavelength. The Raman peaks were fitted by Lorentzians and the
intensities were determined by peak area integration.

For measurements in the visible range an Art-laser as excitation with various lines
between 454 nm and 657 nm and a Dilor-XY triple-monochromator as Raman sys-

tem were used. Its operation is very similar to the T64000.
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5 | Polarization-Dependent Ra-
man Experiments on GaAs

Nanowires

5.1 Raman Selection Rules of Zincblende

Nanowires

For the polarization-dependent measurements a Fresnel rhomb (FR), a half-wave
plate (A\/2) and an analyzer (A) were installed in the laser path, Fig. 5.1. The
incoming light with polarization direction e; passes a Fresnel rhomb rotating the
light to parallel e or to perpendicular e, polarization. The light passes a beam
splitter (BS) (70 : 30). Because the transmission of the beam splitter is polarization
dependent, we determined the laser power after rotating the light from ¢ to e;.
The half-wave plate rotates the incoming light e, by an angle ®. The scattered
light e, passes again the half-wave plate, which rotates the polarization back. In
front of the monochromator entrance is an analyzer, which selects the vertical
component of the scattered light. The advantage of the setup is that it allows
selecting any scattering geometry without putting or removing elements in the
light path or rotating the sample. To confirm that the setup works properly, we
start with polarization dependent experiments on bulk GaAs[100]. The selection
rules for bulk GaAs[100]| are calculated by Eq. (3.26), using the Raman tensor
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from Eq. (3.27) and are summarized in Tab. 5.1. As the TO phonon is completely
forbidden we measure the angular variation of the intensity of the LO phonon
mode (Fig. 5.2).

ES M BS 70:30

EJ_s, EllS

to monochromator

Ei”

Figure 5.1 Scheme of the setup for polarization dependent Raman experiments.

To calculate the theoretical azimuthal dependence of the LO mode we use Eq. (3.26).

For the parallel configuration we use

0
e = es = | cos[a] (5.1)
sinfal
and for perpendicular configuration
0 0
e; = | cosla] | , es = | —sin]a] (5.2)
sinlal cos|al.
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(a)

— calculated intensity

— calculated intensity

Intensity [arb. units]

(b)

incoming light

[010]

[100]

Figure 5.2 (a) Calculated (solid lines) and measured (dots) Azimuthal dependence of the
LO phonon intensity for e;|les (blue) and e; L es (black). (b) Scheme of the scattering
configuration.

Figure 5.2 shows the comparison of measured (dots) and calculated (solid lines)
azimuthal dependance of the LO phonon intensity. The measurements and the
calculations are in excellent agreement verifying that the setup is working properly.
The nanowires have a different set of axis. Therefore we calculated the selection
rules with respect to the wire axis following Eq. (3.26). The Raman selection rules
for zincblende GaAs nanowires are shown in Tab. 5.2. In order to calculate the
azimuthal dependence of the LO and TO phonon we have to take into account, that
cach Raman tensor in Eq. (3.27) represents one coordinate axis, namely x = [100],
y = [010] and z = [001]. Thus we have to transform the Raman tensors with

respect to the wire axis: 2/ := [011], the y-axis is y' := [211] and 2’ := [111]. For
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Table 5.1 Raman selection rules for backscattering geometries in zincblende bulk GaAs
on the [100] surface . dro denotes the non-zero Raman tensor elements for the LO
phonon. Note: the TO phonon is forbidden.

INCIDENT POLARIZATION | SCATTERED POLARIZATION | RAMAN
e; es INTENSITY
[001] [001] 0
[001] [010] d?(LO)
[010] [010] 0
[017] [017] d?(LO)
[011] [011] 0

the transformation we use the following rotation matrix:

Sl ©
S-St
S-S5

Then we calculate the transformed rotation tensors with
R(z,y,2) = TR(z,y,2)T"". (5.4)

The transformed Raman tensors are:

[ d Y
R/(X):ﬁ d 2d 2d ,R’(Y):% d —2d 0 |,
d 2d 2d —d 0 2
(0 —dd
R(Z)y=—|-d -d 0
(Z) 7
d 0 d

In order to compare the measured and calculated LO and TO intensities for dif-

ferent scattering configuration, we take Raman spectra in the same scattering
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Table 5.2 Raman selection rules for backscattering geometries for zincblende nanowires
. dro denotes the non-zero Raman tensor elements for the LO phonon. Note: the TO

phonon is forbidden.

SCATTERING ALLOWED
CONFIGURATION | PHONON MODES
x(z,2)T 8/9d*(TO) + 2/9d*(LO)
z(y,y)T 8/9d*(TO) + 2/9d*(LO)
x(z,y)T 2/9d?(LO)
z(y,2)T 2/9d*(LO)

geometry as shown in Tab. 5.2. The spectra are displayed in Fig. 5.3. As can

be seen in Fig. 5.3 the measurements do not correspond with the selection rules

shown in Tab. 5.2.
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e _

£ X(y,y)X
X(z,y)x
x(y,z)X

200 250 300 350 | 400

Raman shift [cm™]

Figure 5.3 Raman spectra of a single GaAs nanowires at different scattering configura-
tions at 1.722eV excitation
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5 Polarization-Dependent Raman Experiments on GaAs Nanowires

The main differences are:

e for z(z,2)T the TO phonon mode intensity is not stronger than the LO

phonon intensity
e for xz(y,y)T configuration we do observe a very weak TO phonon mode

e for x(y, 2)Z and z, (z,y)T configuration the LO phonon intensity should be

the same.

Applying Eq. (3.26) on the transformed Raman tensors we calculate the azimuthal
dependance of the zincblende GaAs nanowire, with respect to wire axis, in the same
way as have been done for bulk GaAs before. Figure 5.4 shows the calculated in-
tensity of the TO [Fig. 5.4(a)] and the LO [Fig. 5.4(b)|as a function of the angle ¢
from Fig. 5.1. To be able to compare the calculated azimuthal dependance shown
in Fig. 5.4 we measure the azimuthal dependance of the LO and TO phonon in
parallel and perpendicular configuration. The measurements are shown in Fig. 5.5.
The polarization dependent measurements show that the measured azimuthal de-
pendance of the TO and LO intensity is in clear disagreement with the calculated
azimuthal dependance of the TO (LO) phonon intensity in Fig. 5.4. These effect
has been measured in a lot of different studies [76-84]. It has been found, that
nanowires with diameters d < A, where A is the excitation wavelength, show a
dipolar anisotropy [76,84]. This means that the Raman intensity is only enhanced
along the wire c-axis in parallel configuration (Fig. 5.5). Additionally in z(y,y)T
configuration (incident light is perpendicular to the wire axis) the Raman inten-
sity is suppressed. The transmission of the electric field, at air/wire interface, is
strongly dependent of the angle between incident light and wire c-axis [76]. The
resulting effect is: when the light is neither polarized along nor perpendicular to
the wire axis, the angle ® (Fig. 5.1) is not preserved during transmission at the
interface |76].
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Figure 5.4 Calculated Azimuthal depen- Figure 5.5 Measured Azimuthal dependence
dence of the TO (a) and LO (b) phonon of the TO (a) and LO (b) phonon for e;||es
for e;|les and e; L es. The wire position is and e; L es. The wire position is indicated
indicated as gray rectangle. as gray rectangle.

Following Ramsteiner et al. [28] the ratio between the Raman intensity measured
with light polarized perpendicular and parallel to the wire axis is 1 to 10 at an
excitation energy of 1.7eV. To consider this behaviour in our calculations of the

azimuthal dependence of the TO and LLO phonon we set

0
e, =¢es= | cosla (5.5)
0.1sin[al.

Figure 5.6 shows the measured azimuthal dependence of the TO and LO phonon,
as well as, the calculated dependence by using Eq. (3.26), scaled by a factor. The

measurements and the calculation are in great agreement.
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Figure 5.6 Measured and calculated Azimuthal dependence of the TO (a) and LO (b)
phonon for e;|les. The wire position is indicated as gray rectangle.

In contrast looking at the measurements for crossed polarization (e; L eg), see
Fig. 5.7, the measured azimuthal dependence of the LO and TO phonon is still in
disagreement with the calculation (compare Fig.5.4 and Fig. 5.7).
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Figure 5.7 Measured Azimuthal dependence of the TO (a) and LO (b) phonon for e; L es.
The wire position is indicated as gray rectangle.
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The effect of the dipolar anisotropy causes that the angle between wire and incident
light outside of the wire is no longer preserved inside the wire for e¢; L e, config-
uration [76]. Thus, the Raman intensity of the TO and LO phonon is strongly
decreased [76]. But the shape of the azimuthal dependence should be symmetric
for the TO and LO phonon. This is not the case, see Fig.5.7. In literature there
are some studies, which try to explain this behaviour by the fact that incident
light and scattered light are not parallel, see Fig. 5.8 [85,86]. The measurements
were performed on InAs [86] and GaP [85] nanowires. To describe their results

they introduce a rotation matrix S.

incident light X The matrix S represents the rota-
polarization of icident tion about the nanowire axis z by
or scattered light vy-_F—- an angle §3.
eore, y

cos(f) —sin(B) O
S=|sin(B) cos(B) 0
0 0 1

zb
[111] (5.6)
The matrix S is multiplied by the

transformed Raman tensors R’. As

wz
[0001]

result, dependent of the angle S,

Figure 5.8 Scheme of the backscattering config- it is possible to calculated different
uration used for polarization dependent Raman

experiments. The arrows indicates the incident
and scattered light. Applying these consideration on our

patterns, see Fig. 5.9.

measurements it is possible to to

calculate the asymmetric shape of
the azimuthal dependence by using Eq. (3.26) and an angle 5. The angle 8 should
be the same for e; L e and for ¢;||e; configuration. This is not the case. To re-
produce our measurements we found for e; L e, configuration an angle of f = 16
and for e;]|es configuration an angle of 5 = 87. Thus the explanation is not
satisfying and should not be used to describe the asymmetric shape in e; L e,

configuration. Unfortunately we do not find any plausible explanation for the
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5 Polarization-Dependent Raman Experiments on GaAs Nanowires

measured azimuthal dependence. In our opinion it is necessary to perform further
polarization-dependent measurements, to understand and explain the observation
for the TO and LO phonon. To study the effect of the dipolar anisotropy the
measurement should be performed with nanowires with larger diameters and at
different excitation wavelengths. Additionally our experiments show that Raman,
especially polarized Raman experiments on nanowires, have to be performed with

great care.

-8 8 O
ccogqpee () § (J

B=0° B=30° B=60° B=90° B=120° B=150°

Figure 5.9 Calculated 8 dependence of the contribution to the backscattered Raman
intensity for a (110) GaP nanowire according to Eq. (3.26), adapted from Ref. [85]
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5.2 The E.I_)I Phonon Mode in Wurtzite GaAs Nanowires

5.2 The EY! Phonon Mode in Wurtzite GaAs

Nanowires

The wurtzite structure of GaAs shows, additionally to the TO and LO phonon
modes, the E phonon mode. Thus Raman scattering on wurtzite GaAs nanowires
can be used as an fingerprint of wurtzite crystal structure [87]. However, the ob-
servation of the EX phonon line is strongly dependent of the polarization of the
incident laser light. It is only observable for incoming light polarized perpendicular
to the wire axis [87], for nanowires grown along the c-direction. Beside that when
the nanowire radius-to-wavelength ratio decreases below a certain value, the opti-
cal transmission through the nanowire side facets is vanished and the EX phonon
line is not measurable [88,89].

In order to study this behaviour we performed energy (wavelength) dependent Ra-
man scattering on single wurtzite and as-grown GaAs nanowires with diameters
around 50nm. Figure 5.10 shows Raman spectra at different excitation wave-
lengths taken on as-grown GaAs nanowires. The spectra show the TO and LO
phonon modes. Additionally, at an excitation of 439 nm, a strong EL! phonon mode
is observable. However, when the excitation wavelength is increased to 461 nm or
568 nm the EL phonon mode is quenched.

Taking Raman spectra on single GaAs nanowires, with light polarized perpendicu-
lar to the wire c-axis (TE polarization) and at an excitation wavelength of 568 nm,
the quenching of the EY phonon mode is complete (Fig. 5.11). As shown by Ram-
steiner et al. 28], light enters and leaves the nanowire mainly through its side
facets with wavevectors perpendicular to the nanowire’s c-axis [90,91|. Thus, the
scattering geometry is similar for the measurements on the nanowire ensemble. In
order to measure the EY phonon mode the incoming light have to be polarized
perpendicular to the wire axis. Moreover, depending of the wavelength of inci-
dent light, the transmission through the side facets of the nanowire decrease or
increase [28]. This leads to the quenching of the EX phonon mode above a certain

excitation wavelength [28].
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Figure 5.10 Raman spectra of an ensemble of GaAs nanowires as-grown at different
excitation wavelengths with 50 nm diameter and 2.2 ym length.

To demonstrate this behaviour we perform Raman experiments at different exci-
tation wavelengths on the nanowire ensemble. Following the selection rules for
Raman scattering [27], for light polarized along the wire c-axis and backscatter-
ing through the side facets of the wire (TM polarization), only scattering by TO
phonons is allowed |Fig. 5.11(b)] [28]. Thus, the ratio between the TO and EL
intensity reflects the TE/TM ratio and hence the optical extinction in nanowires.
The EI/TO intensity ratio is shown in Fig 5.12. Additionally, we show the ratio
between the TE and TM, calculated by Ramsteiner et al. [28] (Fig. 5.12 solid line)
for nanowires with a radii of 22nm. As can be easily seen, the calculated curve
is in great agreement with the measured data. Hence, the quenching of the E!l
phonon is due to the vanishing optical transmission of TE polarized light near
650 nm excitation wavelength.

A second explanation is an antiresonance in the scattering efficiency observed for
bulk wurtzite CdS reported in Ref. [92]. But this explanation can not be used for
our observation, because measurements on wurtzite GaAs nanoneedles with radii
of 500 nm exhibits an E} phonon peak up to an excitation wavelength of 825 nm.

In contrast we do not observe an EX phonon mode between 700 and 900 nm for
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wurtzite GaAs nanowires with radii of 25 nm in the Raman spectra. The transmis-
sion of TE polarized light is suppressed by the strong dielectric contrast, as shown

in Ref. [28].

T T T T T T T
TO dispersed GaAs nanowires

LO x[zz]x

excitation wavelength
476 nm

Intensity [arb. units]

240 260 280 300 320 340
Raman shift [cm]

incident light

c-axis

TE

Figure 5.11 (a) Raman spectra of a single wurtzite GaAs nanowire dispersed on a Si
substrate at different excitation wavelengths and light polarized perpendicular to the
wire c-axis. (b) Scheme of the scattering geometry.
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5 Polarization-Dependent Raman Experiments on GaAs Nanowires

As a result the possibility of using Raman scattering to detect wurtzite GaAs by

the E phonon strongly depend of the radii of the nanowires and the excitation

wavelengths.
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Figure 5.12 Intensity of the EY! phonon mode normalized on the TO phonon mode inten-
sity. The calculated curve for the ratio between TE and TM is taken form ref. [28] and
scaled by a factor of 1.85 to take into account the different scattering efficiencies for E2H

and TO phonons
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6 | Resonant Raman Experiments

on GaAs Nanowires

6.1 Resonant Raman Experiments on Zincblende

Nanowires

Before we start to investigate the bandgap of wurtzite GaAs nanowires, we have to
characterize the zincblende nanowire, which we use as a reference sample. As the
nanowires have a diameter of 60 nm, we have to confirm that the small diameter
do not influence the resonant Raman experiments. Therefore we start with res-
onant Raman experiments on the zincblende nanowires. In the resonant Raman
experiments we measure the TO and LO phonon mode intensity as a function of
the excitation wavelength. The resonant Raman profiles are shown in Fig. 6.1.
The TO phonon is due to deformation potential interaction. Its resonant Raman
profile shows only an ingoing resonance [31,68|. The resonance maximum is at
1.425eV, exactly at the value of bulk GaAs. The LO phonon mode exhibits in-
going and outgoing resonances, due to Frohlich coupling, at 1.425eV and 1.46eV.
The separation between ingoing and outgoing resonance is one LO phonon energy
(35meV). This is in excellent agreement with measurement on bulk GaAs [27,31].
Our measurements show, that the small diameter does not affect the bandgap

energy of the wires.
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Figure 6.1 Resonant Raman profiles of the TO (upper panel) and LO (lower panel)
phonon for zincblende nanowires at room-temperature.
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6.2 Resonant Raman Experiments on Wurtzite GaAs Nanowires

6.2 Resonant Raman Scattering on Wurtzite

GaAs Nanowires!

In Fig. 6.2 a near resonant Raman spectrum of the single wurtzite GaAs NW is
shown with the typical Raman modes for GaAs, a transversal optical (TO) phonon
mode at 267 cm ™! and a longitudinal optical (LO) phonon mode at 293 cm™!. The
frequencies of the phonons are at the bulk position so we exclude strain and con-
finement effects. We also identify higher-order LO phonon modes in Fig. 6.2,
which indicates that the Raman scattering for the LO phonon involves excitonic
states [27].
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Figure 6.2 Raman spectra of a single WZ GaAs NW with 50 nm diameter and 2.2 ym
length at room-temperature at 1.59eV excitation.

!The section is taken from Ref. [74]. I did the measurements and wrote the results and
discussion under supervision of S. Breuer, M. Ramsteiner, L. Geelhaar, H. Riechert
and S. Reich who co authored the paper
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6 Resonant Raman Experiments on GaAs Nanowires

Finally, we observe photoluminescence around 855nm (1.45eV). This already
points towards the WZ optical gap being larger than the ZB bandgap. To inves-
tigate the exact resonance energy, we recorded Raman spectra as a function of
excitation energy around 855 nm. In the following, we concentrate on the LO, TO
and second-order LO resonance.

In the literature two models for the bandstructure of WZ GaAs nanowires are
discussed. The first model shows a splitting of the heavy hole hh (I'gy) and light
hole 1h (I'7y) band, as in Fig. 6.3a [26]. Alternatively discussed are a I'gy valance
band and two conduction bands with I'sc and I';c symmetry [93], see Fig. 6.3b.

The transition in Fig. 6.3a between the I'7y valance band (red arrow) and the
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Figure 6.3 Alternative schematic band structure at the I' point of wurtzite GaAs. (a) The
valance bands are formed by the gy, heavy hole and the I'7y light hole states. One of the
conduction bands has I'7¢ symmetry. The energetic position of the I'sc conduction band
is above the I'7¢ conduction band. Optical transitions are allowed for I'gyy — I'7¢ under
perpendicular and I'7yy — I'7¢ under both parallel and perpendicular polarization of the
incoming light. (b) The valance band is formed by I'gy state. the lowest conduction
band has I'sc symmetry.

['7¢ conduction band is allowed for light polarized along and perpendicular to the

wire c-axis, the transition between I'gy, valance band and the I'7¢ conduction band
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6.2

(blue arrow in Fig. 6.3a and b) is allowed only for light polarized perpendicular
to the wire c-axis [94]. Transition between I'qy valance band and I'sc conduction
band are allowed only for light polarized perpendicular to the wire axis [94]. The
two models differ strongly in the resulting optical selection rules.

In a resonant Raman process the enhancement from the ingoing resonance results
when the energy of the incident light matches an allowed optical transition. For
outgoing resonance an incoming photon hw; excites an electron to a virtual state
(Fig. 6.3a). The state relaxes by inelastic scattering with the lattice. The recom-
bination occurs again between real states and leads then to a Raman scattered
photon Aw, with a strongly enhanced signal (see Fig. 6.3) [27]. Polarized Raman
experiments will allow to distinguish between the band structures and to determine

the energetic positions of the bands.
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Figure 6.4 Resonant Raman profile of the TO mode from a single wurtzite GaAs nanowire
for incident light polarized perpendicular to the NW c-axis (black circles and full line).
For comparison the TO resonance profile (blue triangles and full line) for zincblende
GaAs NW is shown with light polarized along the wire axis. Both profiles were measured
at room temperature.
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In Fig. 6.4 we present the resonant Raman intensities of the TO phonon in WZ
(circles) and ZB (triangles) GaAs NWs.
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Figure 6.5 a: Resonant Raman profiles of the LO mode (incident light polarized per-
pendicular to NW c-axis) from a single WZ GaAs NW (black circles and full line) and
ZB GaAs reference sample (blue triangles and full line); b: 2 LO resonance profile for
incident light polarized perpendicular to the NW c-axis. All profiles were collected at
room-temperature.
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The TO phonon shows a single, ingoing resonance in ZB GaAs at the gap EZ® =
1.425 eV, due to deformation-potential, which is in excellent agreement with pub-
lished data. [68] Clearly, the resonance in WZ GaAs is shifted by 35 meV to higher
energies. This places EY* = 1.462¢€V, i.e., higher than in ZB wires. The LO res-
onance profile for the WZ nanowire (black) and for a ZB reference sample (blue)
are displayed in Fig. 6.5a. In contrast to the single resonance of the TO mode, the
LO profiles show an ingoing and outgoing resonance with a separation of one LO
phonon energy (36 meV, Ref. [68]). Compared to ZB GaAs, the resonances of the
WZ GaAs are again blue-shifted by 37meV. At the ZB GaAs bandgap neither for
incident light parallel nor perpendicular to the NW c-axis a resonance maximum
occur in the WZ wire.

Frohlich coupling gives rise to strong multiphonon bands for excitonic resonances,
see Fig. 6.2 [68]. Figure 6.5b shows the resonance profile of the second-order
LO mode. The separation between ingoing and outgoing resonance is 72meV, or
twice to LO energy, as can be seen in Fig. 6.5b. The ingoing resonance is at
1.459 eV i.e., the same energy as the LO and close to the TO resonance. The ob-
servation of an ingoing and outgoing LO resonance and the TO resonance profile
allow us to determine the exact optical gap of WZ GaAs. From the ingoing LO and
two LO resonance we estimate an optical bandgap energy of 1.459eV. The out-
going resonances yield an optical bandgap EYZ = 1.458eV. The TO resonance
is 1.462eV directly at the optical bandgap energy, as for ZB GaAs [68]. Com-
bining all these Raman experiments show clearly that the optical WZ bandgap
is 1.460eV + 3meV at room-temperature. Moreover the resonances in the range
from 1.38 eV to 1.54 eV are strongly polarized perpendicular to the wire axis. They
belong to I'gyy — I'7¢c or I'gyy — I'se transition, see Fig. 6.3. Transitions between
gy and I'se bands are expected to be very weak [26]. The strong 2LO resonance
at 1.46 eV is a clear sign of the I'g;y — ['7¢ transition. We also performed Raman
experiments with light polarized parallel to the NW c-axis in the energy range be-
tween 1.53 and 1.60 eV (z(z, 2)T configuration). The resonance profiles of the TO
and the one and two LO phonon modes in parallel configuration for the wurtzite
NW are displayed in Fig. 6.6.
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Figure 6.6 lh -c resonance profile from a single WZ GaAs NW at room-temperature for
light polarized parallel to the nanowire axis. TO intensity - squares, LO intensity - full
circles and 2LO intensity - open circles are reported.

The TO profile shows an ingoing resonance, which is typical for RRS by defor-
mation potential [68]. The LO and 2LO profiles show outgoing resonances, as
expected for RRS by Frohlich coupling [27]. The resonances are strongly polarized
parallel to the wire axis, that means that the resonant enhancement of the inten-
sity is now due to the resonant Raman process between I';¢ conduction and I';y,
valance (light hole) band (Fig. 6.3 red arrow) [94]|. From the maxima at 1.561eV
for the LO phonon, 1.596 eV for the two LO phonon and 1.527eV for the TO we
determine a transition energy F(I'7y — ['7¢) = 1.528€eV £ 3meV. This yields
to a splitting between heavy and light hole of 65 + 6 meV, much lower then the
103 meV observed by Ketterer et al. [26]. Note, however, that the discrepancy is
due to the smaller fundamental gap reported in Ref. [26].

From the determined values for E(I'y — I';) and E(I'; — I';) we calculate the
crystal field splitting A;. [95].

E(ng) == EO + Al + AQ (61)

and

A+ Ay N V(A — Ag)? + 8A2

E(F7v) = EO + 9 9 )
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with an average value for the two matrix elements Ay, and Ajz (required to de-
scribe the spin-orbit interaction) of typically 350 meV for wurtzite GaAs. The
crystal field splitting energy amounts then to A; ~ 110meV. Our calculated
value is in excellent agreement with the theoretical prediction A; = 122meV by
Murayama et al. [22]

Our result for the band gap energy of wurtzite GaAs assumes an exciton binding
energy (4meV) as found in zincblende GaAs. The differences in exciton binding
between the two crystal structures are expected to be small. Nevertheless, a bet-
ter knowledge of the excitonic properties of wurtzite GaAs is highly desirable to
remove the systematic uncertainty in the reported band gap energies. Note that
the heavy-light hole splitting is hardly affected by this uncertainty.

We now compare our resonance profiles and their interpretation to previous work.
Peng et al. observed a single resonance of the LO phonon at 1.56eV at room-
temperature and under polarization parallel to the wire axis [93]. It corresponds
to our resonance profile in Fig. 6.6 with the comparable resonance 1.561 eV for the
first-order LO. Ketterer et al. |26] found a similar resonance at 1.66 eV; the shift
to higher energies is due to the low-temperature (10 K) measurements in Ref. [26].
This resonance was assigned to the I'7yy — I'7¢ transition, compare to Fig. 6.3a,
in all three studies. We further confirm the F(I'7y — I'7¢) = 1.561 eV transition
energy from the 2LLO and the TO profile (see Fig. 6.6). Under perpendicular polar-
ization we observe an ingoing and outgoing resonance of the first and second-order
LO phonon corresponding to the I'gyy — I'7¢ transition at 1.462eV. In contrast,
Ketterer et al. [26] found the LO profiles in resonance with ZB transition energies.
Unfortunately, they do not show data in the 1.62 — 1.67eV energy range where
we expect the outgoing WZ E(I'gy — [';¢) resonance at low-temperatures. The
origin of the discrepancy remains unclear. A larger optical gap for WZ GaAs at
room-temperature is in excellent agreement with recent luminescence data [19-22|;
importantly, cathodoluminescence on similar nanowires found also a larger WZ
bandgap [29].
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6.3 Influence of Zincblende Insertions on Optical

Experiments?

Our resonant Raman experiments shows that the bandgap of wurtzite GaAs is
1.46eV. Still, one question remains: Why there are so many different values for
the bandgap of wurtzite GaAs (see Table 1.1)7

An explanation for the varying gap energies in wurtzite GaAs obtained by optical
experiments, e.g. photoluminescence and resonant Raman scattering, is the pres-
ence of zincblende insertions. Assuming a type-II band alignment, as described
by Jahn et al. [29] and Spirkoska et al. [19] for the WZ/ZB heterostructure, the
zincblende insertions form quantum wells in the conduction band. This would lead
to the observations of the additional Raman resonances between the zincblende
and wurtzite bandgap and various PL transition energies.

In order to investigate the band alignment we combine resonant Raman scatter-
ing as well as photoluminescence experiments on a GaAs nanowire that have WZ
structure with several ZB insertions. In order to determine the microstructure
of the GaAs NWs, the investigation by means of transmission electron microscopy
(TEM) was performed on a large number of individual wires. All investigated NWs
exhibit similar morphology that is shown on a representative TEM micrographs of
a single GaAs nanowires in Fig. 6.7. At the bottom [Figure 6.7(c)| the nanowire
have pure wurtzite structure with no or very few isolated stacking faults (SFs). In
the middle part [Fig. 6.7(b)| the nanowire have predominantly wurtzite structure,
but now zincblende insertions (marked as ZB in the figure) are detected, which
consist of nanometer-sized thin segments of zincblende GaAs material. Compared
with the bottom part, the number of isolated stacking faults is increased. In the
top part [Figure 6.7(a)| we still observe the predominant wurtzite structure, but
also a high density of zincblende insertion. The number of zincblende segments
is much larger than in the middle part. Additionally some of these segments ex-

hibit twinning and are defective. The extent and the defective condition of the

2Parts of the section are taken from Ref. [52], which is submitted and under review in
Phys. Rev. B. I did the measurements and write the results and discussion under
supervision of E. Grelich, C. Somaschini, E. Luna, M. Ramsteiner, L. Geelhaar, H.
Riechert and S. Reich who co authored the paper.
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bottom

[0001]

[1100]
[1120]

Figure 6.7 TEM images of the top (a), middle (b) and bottom (c) part of single GaAs
NWs. ZB marks zincblende segments, SF stacking faults, TP twin planes, WZ marks the
predominant wurtzite crystal structure.
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6 Resonant Raman Experiments on GaAs Nanowires

zincblende segments at the top part of the nanowire vary slightly from nanowire
to nanowire. Due to the different microstructure at the top, middle and bottom
part of the nanowire and taking advantage of the high spatial resolution of the
Raman scattering technique (about 0.7, um), we further analyze the properties of
all three parts of the NW.

We begin the investigation by position-dependent Raman scattering. Figure 6.8
shows an XY-map of the GaAs LO intensity overlayed with a sketch of the scat-
tering nanowire. The excitation energy is in resonance with the light hole lh
(I'7v — T'7¢) transition of wurtzite GaAs (E(I'7y — T'7¢)= 1.528 V) [26,74]. WZ
GaAs has a splitting of the lh and heavy hole hh band at the I' point of 65 meV
shown in Fig. 6.6 [74]. The additional Raman resonance allows us to distinguish

between zincblende and wurtzite phases in the wire.
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Figure 6.8 Raman map of the LO phonon intensity of a single WZ GaAs NW with 8.5 ym
length at room-temperature at 1.59eV excitation. The square is a sketch of the wire

As can be seen in Fig. 6.8 the bottom and the middle part of the wire have a

high Raman intensity corresponding to the wurtzite phase. The low intensity at
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the top of the wire shows that the zincblende phase is dominant. From figure 6.8
we extract single Raman spectra (solid lines in Fig. 6.8). The spectra show the
Raman peaks, as well as photoluminescence (PL). The combined Raman and PL
spectra are shown in Fig. 6.9, recorded at different positions along the axis of a
single nanowire. Because of the excitation at a photon energy only 160 meV above
the bandgap of zincblende GaAs, the spectra are dominated by broad PL bands
with the weaker Raman spectra visible as the superimposed narrow lines. First-
order Raman scattering by transversal optical (TO) and longitudinal optical (LO)
phonon modes is observed at 267 cm™! and 293 cm™!, respectively. In addition
resonant second-order Raman scattering by two zone-center LO phonons (2LO)

leads to a line at 585 cm™~!.
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Figure 6.9 Combined PL and Raman spectra recorded at different positions along the
growth axis of a GaAs NW for excitation at a photon energy of1.583eV. The vertical
dashed lines indicate the bandgap energies of ZB and WZ GaAs.
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6 Resonant Raman Experiments on GaAs Nanowires

The zincblende and wurtzite phase cannot be directly distinguished in the Raman
spectra, since the separations between the TO and LO phonon frequencies in both
phases are too small to be resolved in the present experiments. Furthermore, the
observation of the characteristic Fy phonon line in wurtzite GaAs is inhibited by
the strong dielectric polarization contrast in the range of photon energies used
in the present study. [28| Since there is no difference between the measured TO
and LO phonon frequencies and those of bulk GaAs, [31] we conclude that the
NWs are free of strain. The PL bands are observed at photon energies between
1.40 and 1.46eV. At the bottom and top of the nanowire, the PL peak energies
lie at 1.46eV and 1.42eV, respectively (see Fig. 6.9). In these cases very narrow
distributions of the PL peak energy are found for excitation at different positions
inside the bottom or top region of the nanowire. On the other hand, in the middle
part of the nanowire, the PL peak energy depends strongly on the exact position

along the nanowire axis.

T T T T T T T
1.46 - “......d ... | -
| I
145 | .
s‘ L
e 1M | S| eece . .
. K (
S *° o*|
§- [ ]
143} I / i
= | e |
o0 ® o°
() b
142 | poee o -
Y
I I \.
141 | | -
Bottom I MIDDLE " I Top
1'40 i | 1 1 1 1 | hd 1 1 1 1 | 1
0 2 4 6 8 10
Position on wire [um]

Figure 6.10 PL energy depending on NW position extracted from Fig. 6.8. The label at
the axis corresponds to the black lines indicated by markers in Fig. 6.8.
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In Fig. 6.9, we show two exemplary spectra from the middle part of the nanowire
with PL peak energies at 1.40 and 1.44eV, corresponding to the observed range
of variation. In accordance with our previous work, [74] the PL peak energies at
1.46eV (bottom region) and 1.42eV (top region) are attributed to band-to-band
recombination in zincblende and wurtzite GaAs, respectively. Furthermore, we ex-
tract spectra along the entire wire axis (from Fig. 6.8) and estimate the PL peak
position dependent of the position on the wire (Fig. 6.10). The changes of the
PL peak energy are highlighted again in Fig. 6.10. The sequence of GaAs crystal
structures observed in Fig. 6.10 via the PL is in excellent agreement with the TEM
images: Regarding the bottom region, our assignment is fully consistent with the
TEM analysis (Fig. 6.7) where we have mainly WZ structure and therefore we
expect a transition energy of 1.46eV. The variation of the PL peak energy in a
range from below (1.40eV) to above (1.44eV) in the middle part of the wire can
be explained by the capture of electrons in relatively narrow zincblende segments
and SFs. The electrons recombine with holes in adjacent wurtzite segments via
spatially indirect transitions, [19,29] in agreement with the structural information
obtained by TEM (Fig. 6.7) for the middle part of our nanowires, which leads to
the observation of various PL peak energies.

To verify our assignments and to obtain further evidence for the type II band
alignment in WZ/ZB heterostructures, we use resonant Raman spectroscopy. The
resonance profiles are shown in Fig. 6.11 for different positions along the axis
of a single NW. The efficiency of Raman scattering is enhanced when the en-
ergy of the incident (incoming resonance) or emitted (outgoing resonance) light
matches the energy separation of the valence and conduction band correspond-
ing to an optically allowed direct transition. The resonance profiles for scatter-
ing by TO phonons [see Fig. 6.11(a),(c),(e)] exhibit only an incoming resonance
maximum which is commonly observed for Raman scattering by the deformation-
potential mechanism. [31,68, 74| The resonance profiles for the LO phonon line
[see Fig 6.11(b),(d),(f)], in contrast, reveal both incoming and outgoing resonance
enhancements (separated by one LO-phonon energy of 36 meV), as expected for
Raman scattering induced by the Frohlich mechanism. [26,31, 68, 74]

The resonance profiles from the top part of the NW [Fig. 6.11(a),(b)| exhibit in-
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Figure 6.11 Raman intensity as a function of excitation energy for a single GaAs NW
recorded at the top (a)-(b), middle (c)-(d), and bottom (e)-(f) part of the NW. The
Raman resonance profiles for scattering by TO and LO phonons are shown in the upper
and lower panel. The solid lines are shown as a guide to the eye with their colors
indicating the the different origins (ZB: wide zincblende segments, WZ: wide wurtzite
segments, and ZB QW: thin zincblende segments and/or stacking faults).

coming and outgoing resonance maxima at 1.425 + 0.001eV (TO and LO) and
1.460eV (LO), respectively (see Tab. 6.1). This result can be explained by Ra-
man scattering dominated by the resonance with the fundamental bandgap of ZB
GaAs (Ezp = 1.425¢eV), in accordance with our above finding from the PL mea-
surements. The profiles from the bottom of the NW |cf. Fig. 6.11(e),(f)] can be
explained by the superposition of resonance enhancements in two different elec-
tronic modifications of the NW structure. We assign the stronger component with
maxima at 1.459eV (incoming: TO and LO) and 1.495eV (outgoing: LO) to
the fundamental bandgap in wide WZ GaAs segments (Ey,z = 1.460eV). [74]
The weaker component exhibits maxima at 1.443 £+ 0.001 eV (incoming: TO and
LO) and 1.476eV (outgoing: LO) and can be explained by Raman scattering in

material with an effective bandgap between E;p and Ey 4.
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Figure 6.12 2 LO Raman intensity as a function of excitation energy for a single GaAs
NW recorded at the middle part of the NW. The solid lines are shown as a guide to the
eye with their colors indicating the the different origins (ZB: wide zincblende segments,
WZ: wide wurtzite segments, and ZB QW: thin zincblende segments and/or stacking
faults).

Additionally, the resonance profile of the 2LO phonon is shown in Fig. 6.12 for the
middle part of the wire, which confirm the estimated transition energies from the
TO and LO resonance profiles. The measured resonance maxima for ingoing and
outgoing resonance are summarized in Tab. 6.1. Resonant Raman measurements
on a second position at the middle part of the NW are shown in Fig. 6.13. Again
we find resonance maxima at the zincblende (1.425eV) and wurtzite (1.46eV)
bandgap. Compared with Fig.6.11(c)-(d), now an additional resonance occur at
1.45eV.

In accordance with the PL results discussed above, we assign the second compo-
nent in Fig. 6.11(c)-(d) and Fig. 6.13 to narrow ZB segments and/or SFs. The
contribution of this component to the PL spectra from the bottom of the NW
(see Fig. 6.9) might be suppressed because of the preferential capture of carriers

in wider WZ GaAs segments with lower bandgap energy.
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Figure 6.13 Resonant Raman profiles of a single GaAs NW collected at room-temperature
at the middle part of the wire. a Resonant Raman profile of the TO mode; b Resonant
Raman profile of the LO mode. The position of the zincblende ZB and wurtzite WZ
resonances are marked. The green line shows the zincblende insertion resonant Raman
profiles.

The resonance profiles from the center of the NW [Fig. 3(c),(d)] can be explained
by a superposition of all components observed at the NW’s top and bottom with
their characteristic energies given in Table 6.1. Here, the contribution of the thin
ZB segments and/or SFs is the strongest one, which might be caused by a stronger
resonance enhancement induced by electronic confinement. Most importantly, the
effective bandgap deduced for thin ZB segments and/or SFs lies always above the
fundamental bandgap of ZB GaAs as deduced from several additional resonant

Raman profiles recorded at different NW positions. This result contrasts our find-
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Table 6.1 Measured Raman resonance energies for TO and LO phonon scattering in wide
zincblende (ZB) and wurtzite (WZ) segments as well as thin zincblende segments and/or
stacking faults (ZB QW) at different positions along the axis of a GaAs NW. Incoming
resonances are observed for both TO and LO phonon scattering, outgoing resonances
only for LO phonon scattering.

position ingoing resonance outgoing resonance phonon
on wire | zincblende wurtzite ZB QW | zincblende wurtzite ZB QW | mode
1.423 eV - - - - - TO
top 1.426 eV - - 1.460eV - - LO
1.424eV  1.459eV  1.439eV TO

middle 1.426eV  1.458eV 1.439eV | 1.461eV  1.494eV 1.474eV LO
1.423eV ~ 1.460eV 1.441eV | 1.495eV  1.531eV 1.512eV 2LO

- 1.459eV 1.443eV - - - TO
bottom - 1.459eV 1.442eV - 1.495eV  1.476eV LO

ings from the PL measurements where peak energies below the ZB bandgap can
be observed (Fig. 6.9). To understand the different behavior in PL and Raman

CB
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RRS
RRS

R
TH

Ny = “n

Figure 6.14 Qualitative model for the band-II alignment for ZB insertions in a WZ GaAs
nanowire. The red arrow shows direct band to band transitions in a RRS process. The
green arrows shows indirect transitions from the ZB insertions to WZ valance band in a
PL process.

experiments observed for the local ZB/WZ heterostructure formed by thin ZB seg-
ments and SFs in WZ GaAs, we compare the energy ranges of spatially indirect
and direct transitions. The corresponding energy diagram is schematically illus-
trated for a type II band alignment [19,29]. In this framework SFs are considered
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to behave electronically like ultimately narrow ZB segments. [19,29] For a specific

7B segment or a SF, the energy difference between an indirect PL transition and

a direct transition is always given by the energy offset in the valence band (AFE).
The corresponding maximal possible energy ranges for direct and indirect tran-
sitions are given by |Ezp,Fwz + AFE| and [Ezp — AE,Eyz|, respectively. The

widths of these energy ranges are determined by the confinement energies in the

conduction-band quantum wells (QWs) formed by the ZB segments and SFs (see

Fig. 6.14) with the upper (lower) limit approximating the case of SFs (wide ZB

segments). The particular peak positions and widths observed in either kind of

experiment reflect essentially the distribution of the ZB segment width inside the

specific optical probing area. Consequently, the different energy ranges observed

for the PL transitions and the Raman resonance maxima are consistent with the

type II band alignment proposed previously. [19,29]

For the sake of completeness one would have to consider in addition the spontaneous-
polarization induced electric fields in the local ZB/WZ heterostructures. The most

important impact of such finite electric fields would be a downshift of the energy

for indirect transitions, [29] but their energy range would still deviate from that

of the direct transitions observed by resonant Raman scattering.

Assuming alternatively a type I band alignment, the barrier heights for ZB quan-
tum wells would be very shallow, in the range of about 10 to 30 meV (Ewz—FEzp =

35meV) for both the conduction and valence band. In this case only one confined

quantum-well state is expected in both bands and the energy ranges for PL tran-
sitions and Raman resonance maxima would be essentially the same, even in the

presence of spontaneous-polarization induced electric fields. As a consequence, our

combined PL and Raman study provides clear evidence for the type II band align-
ment in ZB/WZ GaAs heterostructures.

Finally, we compare our resonance profiles and their interpretation to a previ-
ous work by Brewster et al. [68]. Their 2LLO resonance profile showed resonance

maxima at 1.425eV, 1.44eV, and 1.46 eV very close to this work. The authors sug-
gested an alternative explanation for the resonances based on excitonic resonances

and discrete and continuous states. We were able to measure the full TO resonance

profile; transversal phonons scatter only by deformation-potential interaction. The

TO resonance at 1.44eV rules out excitonic processes as the origin of this reso-
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nance. Our interpretation of a Raman resonance induced by zincblende insertion

is further confirmed by the LO profile that shows the same ingoing resonances as

2LO0.
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7 Conclusion and Outlook

We investigated the optical gap of wurtzite GaAs nanowires by means of reso-
nant Raman scattering and photoluminescence. From the resonances of the TO,
LO and 2LO phonon we determine the optical gap: E}? = 1.460eV 4 3meV
at room-temperature, 35meV larger than the zincblende band gap. Additionally,
the measurements show that the optical gap in wurtzite GaAs is formed by a I'g
valance band and a I'; conduction band.

Because in the wurtzite structure the L point is folded onto the I' point, the
conduction band exhibit a splitting into heavy- and light hole band. The energy
separation between both bands is 65 meV. For the exact position of the I's band
and thus the exact band gap of wurtzite GaAs non-optical experiments are highly
desirable. The resonant Raman scattering on thicker GaAs nanowires confirm the
determined optical gap in wurtzite GaAs (E}VZ = 1.460 eV +3meV) and the band-
structure described above. The TEM analysis of the second wurtzite nanowires
sample shows that the nanowire are at bottom part pure wurtzite and the con-
tribution of the ZB phase increasing towards the top of the nanowires. These
is confirmed by position-dependent resonance Raman experiments. Moreover the
measurements demonstrate that the wurtzite / zincblende heterostructure forms
a type-II band alignment of a predominantly wurtzite type wire. Zincblende in-
sertions forms quantum wells for electrons in the conduction band. The type-II
band alignment explains the observation of different transition energies in PL mea-
surements, due to indirect transitions. The experiments show that the possible
observable transition energies strongly depend on the width of the zincblende in-

sertion.
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7 Conclusion and Outlook

The type-II band alignment allows to build new nanowire-based light emitting
diodes. The energy of the emitted light could be tuned by varying the width
of the zincblende insertion in a wurtzite wire. Additionally, as the zincblende
phase forms quantum wells for electrons in the conduction band, nanowires with
zincblende insertions could be used for the longtime storage of electrons. Therefore
additional Raman and PL experiments on nanowires with well defined zincblende
insertion widths, have to be performed.

The zincblende nanowire with a diameter of 50 nm do not follow the Raman se-
lection rules. For that reason polarization-dependent and wavelength-dependent
measurements have to be performed with great care. The polarization dependent
experiments point out that the highest intensity for the LO and TO phonon ap-
pears for incoming and scattered light parallel to the wire axis. This is a result
of the one-dimensional geometry of the wire and the dielectric mismatch between
wire and environment.

Because the emitted light has a maximum intensity parallel to the wire axis, a
further possible application is to use the wires as waveguides for light. For the
realization of such devices polarization-dependent Raman scattering has to be per-
formed for wires with different diameters (larger and smaller than 60 nm).

The wavelength dependent Raman experiments demonstrate the quenching of the
E% phonon above an excitation wavelength of 600nm. This is explained by the
dielectric polarization contrast for coupling of light into the nanowire axis. This
means, that the dielectric polarization contrast have serious effects on light emit-
ting nanowire based devices. Additionally these work show that the combination
of Raman, resonant Raman and photoluminescence experiments is an ideal tech-
nique to determine the bandgap and allows to investigate the bandstructure of

new material semiconductors.
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