The investigation of photoelectric phenomena in the terahertz fre-
quency range is a powerful tool to study nonequilibrium processes in
low-dimensional structures. In this work, non-linear high frequency
transport phenomena in graphene driven by the free-carrier absorp-
tion of electromagnetic radiation are explored. It is demonstrated
that in the presence of adatoms and/or a substrate, as well as in the
vicinity of graphene edges the carriers exhibit a directed motion in
response to the alternating electric field of the terahertz radiation.
Moreover, it is shown that these photoelectric phenomena can be
giantly enhanced if graphene is deposited on a substrate with a neg-
ative dielectric constant. Novel models of the photocurrent genera-
tion are developed to describe the nonequilibrium processes in the
purest two-dimensional material. The experiments together with
the theoretical considerations give access to fundamental properties
of graphene.
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1 Introduction

With the realization of graphene [1], the first truly two-dimensional crystal of
carbon atoms, A. K. Geim and K. S. Novoselov launched an avalanche of ac-
tivities in science and technology leading to the nobel-prize in 2010. One of the
reasons for the immense interest in graphene is the linear coupling between the
charge carrier energy and momentum [2]. Resulting from its crystallographic
structure, the energy dispersion of graphene resembles that of massless re-
lativistic particles described by the Dirac equation [3]. Consequently, many
unusual features appear in graphene, e. g. an extraordinary high electron mo-
bility making graphene valuable for studies of phase coherent phenomena [4-7],
a zero energy Landau level resulting in a half-integer quantum Hall effect which
is unique for monolayer graphene [8,9], a two-state degree of freedom due to
the presence of two equivalent valleys which was suggested to be used in val-
leytronics [10], Klein tunneling [11-14], etc. (for review see e. g. Refs. [15-17]).
These and many other phenomena result in a huge amount of potential ap-
plications [18], but on the way out of the labs straight into mass production
and industrial applications, plenty of room for research and investigations on
graphene is still given.

Most of the peculiarities listed above manifest in transport phenomena which
are linear in the electric field and in the focus of research. In contrast, the
transport phenomena which are nonlinear in the electric field are much less
studied in graphene. In general, these effects result from the redistribution of
charge carriers in the momentum and energy space, which were driven out of
equilibrium by an alternating electric field provided, for instance, by external
radiation. The radiation may cause both ac and dc current flows whose mag-
nitudes are nonlinear functions of the field amplitude. Most of these effects
are not peculiar for graphene and have been observed also in ordinary semi-
conductor systems, such as e. g. conventional two - and three - dimensional
semiconductors [19,20] as well as carbon based systems like carbon nanotubes
and carbon films (for review see, [21]), before.

Considering graphene, the nonlinear transport phenomena which arise in re-
sponse to an optical high frequency (HF) electric field have attracted attention

just recently. The basic difference is that the effects are strongly enhanced in



2 1 INTRODUCTION

graphene compared to their ordinary counterparts in semiconductors, basically
due to the high electron velocity and the linear dispersion in graphene. More-
over, the microscopic mechanisms of these phenomena can be quite different
in graphene. Among them can be found e. g., second - and third harmonic
generation [22-24], frequency mixing [25], time-resolved photocurrents [26,27]
as well as the photon drag - and the photogalvanic effect [28,29] (for review
see [30]). The two latter effects result in dc currents being proportional to
the squared amplitude of the ac electric field of terahertz (THz) laser radia-
tion. The THz radiation induced photocurrents have proven to be a powerful
tool to study nonequilibrium optical and electronic processes in semiconduc-
tors and provide information about their fundamental properties (for review
see [19,20]).

The main part of this thesis is aimed to the investigation of the nonlinear HF
photoelectric phenomena in graphene resulting in a dc photocurrent. One of
these phenomena is the magnetic quantum ratchet effect. Ratchets are sys-
tems which exhibit, due to their built-in asymmetry, a directed motion when
they are driven out of equilibrium by an alternating force. Examples have
been observed in various scientific fields (for review see [31,32]). In graphene,
being almost perfectly two-dimensional and highly symmetric, any ratchet me-
chanism is expected to be absent. However, it is demonstrated that when the
symmetry is reduced by e. g., a substrate and/or adatoms, the Dirac electrons
moving in an in-plane magnetic field drive a ratchet current. A shift of the
electron orbitals leads to asymmetric carrier scattering for counter-propagating
electrons. Hence, the periodic driving from THz radiation results in a directed
ratchet current which indicates that orbital effects appear even in this purest
possible two-dimensional system and gives access to the structure inversion
asymmetry (SIA) in graphene.

In addition to the magnetic field induced currents, the chiral edge photocur-
rents induced in the vicinity of the edges of graphene are demonstrated. It is
shown that the second order correction of the electric field results in a directed
current restricted to a narrow channel close to the sample’s edge. The investi-
gations give direct access to the edge transport properties of graphene which
are usually masked by the bulk transport properties.

Finally, the enhancement of the nonlinear photoelectric phenomena in gra-



phene within the spectral region of the reststrahl band of the substrate is
demonstrated. The reststrahl band is characterized by a negative dielectric
constant and almost perfect reflectivity. The strong modification of the local
electric fields, acting on the carriers in graphene, due to the reflection at the
substrate lead to anomalous spectral dependencies of the photocurrents which
are amplified/ suppressed depending on the polarization state of the radiation.
The modifications are described by a macroscopic Fresnel formalism what is
remarkable since the studied epitaxial graphene samples are situated within
atomic distances from the substrate.

In addition to the nonlinear photoelectric phenomena in graphene, the helicity
sensitive detection of THz radiation by field effect transistors is demonstrated.
The mechanism behind the generation of the dc response in a FET is quite
different compared to that of the phenomena studied in graphene. However,
the photosignals are several orders of magnitude higher. Consequently, the
FETs show great potential as sensitive THz detectors. While the response to
linearly polarized radiation has been addressed recently, the response which
is sensitive to the helicity of circularly polarized THz radiation has not been
observed so far.

The dissertation is organized as follows: In Chapter 2, the theoretical back-
ground which is necessary to study the nonlinear photoelectric phenomena
in graphene is presented. The experimental methods are discussed in Chap-
ter 3, containing an overview of the used sources of THz radiation as well as a
description of the radiation’s polarization state and methods for its variation.
This is followed by the experimental setups and an overview of the investigated
samples. Chapter 4 is devoted to the investigation of the magnetic quantum
ratchet effect in graphene. A detailed experimental investigation is presented
which is followed by a microscopic model and theory. In Chapter 5, the ex-
perimental observation of the chiral edge photocurrents is presented which is
followed by a semiclassical theory. The reststrahl band assisted photocurrents
are presented in Chapter 6. The experimental findings are discussed in terms
of the phenomenological theory and qualitatively reproduced within a macros-
copic Fresnel formalism. Finally, in the appendix of the thesis the helicity

sensitive THz detection by field effect transistors is discussed.
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2 Theoretical background

In the first chapter, the theoretical background of nonlinear HF photoelec-
tric phenomena in graphene is presented. It starts with an introduction to
the crystallographic and electronic properties of graphene, the monoatomic
layer of carbon atoms. Therefore, the crystal structure resulting in a linear
rather than a parabolic band structure is addressed. Moreover, the differ-
ences between the relativistic carriers in graphene and that in conventional
two-dimensional (2D) electron or hole systems in semiconductor nanostruc-
tures are summarized. Subsequently, different optical absorption mechanism
in graphene are presented.

Afterwards, the nonlinear HF photoelectric phenomena are introduced. First,
a general description of the nonlinear response of the current density to an ac
electric field oscillating with a frequency lying in the THz range is given. Sub-
sequently, the focus is shifted towards the effects which are proportional to the
squared amplitude of the radiation’s electric field, i.e. the dc photocurrents.
Three classes of phenomena are presented to give an idea how an ac THz field

can be converted into a directed dc current.

2.1 Crystallographic and electronic properties of gra-

phene

Discovered as the first perfect 2D crystal [1], graphene owes it’s fundamental
physical properties to its crystal structure. Due to sp? hybridization each
carbon atom forms ¢ bondings to three nearest neighbor atoms with relative
angles of 120°. The remaining p, (7) orbital is decoupled from the hybridized
orbitals and is delocalized over the entire crystal. As a result, the atoms
assemble in the peculiar honeycomb lattice structure. The graphene lattice
can be described by a unit cell with two atoms A and B, each of them arranged
periodically in a triangular sublattice (Fig. 1 (a)). In real space, the primitive
vectors are given by a; = %(3, \/§) and ay; = %(3,—\/§) where a = 0.142
nm is the distance between nearest neighbors. In the reciprocal space the
corresponding primitive vectors A} and A, are determined from the condition

a; - Aj = 2md;; leading to A: = ?,)—Z (1, \/5) and ffz = g—g (1, —\/5) As a result,
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the first Brillouin zone of the honeycomb lattice is a honeycomb lattice as well.
A closer look onto the six points at the corners of the Brillouin zone reveals
that two different groups of equivalent points are present which are denoted
as K and K’. While points belonging to one group can be interconnected with
the reciprocal lattice vectors, these vectors cannot connect the K with the K’
points (see Fig. 1 (b)).

energy

K(E€=+1) K'(&=-1)

momentum

Figure 1: Honeycomb lattice of sp? hybridized carbon atoms in real (a)
and momentum (b) space. (c) shows band structure of graphene close
to the Dirac cones at K and K’ with associated lattice pseudospins o

and chiralities n (grey and green cones).

Although graphene is experimentally available only for almost one decade, it
has been theoretically investigated for the first time more than half a century
ago [2]. P. R. Wallace derived the relation between energy £ and momentum
k of a carbon monolayer within a tight binding approximation up to second
order nearest-neighbor hopping;:

9t'a? 3ta’

1 +)\Tsin(39k)> k2. (1)

E/\:il = 3t/ + )\h’UF’k| — (

Herein, A is the band index where "+1” stands for the conduction band (anti-
bonding, 7*- orbitals) and ”-1” for the valence band (bonding, 7~ orbitals), ¢
is the nearest neighbor hopping amplitude (hopping between A and B sublat-
tice), ¢’ describes next nearest neighbor hopping (hopping within either A or
B sublattice), vp = 3ta/2 is the Fermi velocity and 6, = arctan™' [k, /k,] is



6 2 THEORETICAL BACKGROUND

the angle in the momentum space. In the vicinity of K- and K’-points Eq. (1)

can be rewritten in the form
Be sy = Mgk, (2)

by neglecting next nearest neighbor hopping. This relation is commonly used
to describe graphene’s band structure and reveals a linear connection of energy
and momentum which was confirmed experimentally, for instance in Ref. [33].
The band dispersion is equal to that of ultrarelativistic particles with zero
rest mass mg, usually described by the Dirac equation instead of Schrédinger’s
equation [3]. Therefore, close to the K- and K’-points the carriers in graphene
behave like relativistic particles with single-particle Fermi velocities in the
order of 10® cm/s [16] and are often denoted "Dirac fermions”, whereas K and
K’ are often referred to as the "Dirac points”. Moreover, it follows from Eq. (2)
that at the K- and K’-points where |k| = 0, conduction and valence bands
touch each other identifying graphene as a zero band-gap semiconductor or a
semimetal. The band structure of graphene reveals several peculiarities which
can be explained in terms of an effective Hamiltonian for spinless graphene

carriers near the Dirac points [17]:
HII = hop (ko™ + Ehyo?). (3)

Herein, 0¥ are the Pauli matrices describing the "sublattice” pseudospin quan-
tum number o = +1. In addition, £ describes the two equivalent valleys at
the K- (£ = +1) and K’-points (¢ = —1) which are called the "Dirac cones”.
Their presence reveals a two-fold valley degeneracy for graphene which is of-
ten referred to as the "valley” pseudospin. Although both pseudospins can be
represented by Pauli matrices, they are independent of the electron spin.

The peculiar lattice and band structure of graphene leads to several new pheno-
mena. For instance, the presence of the sublattice pseudospin leads to a novel
chirality quantum number 7, also called helicity, which is described by the

projection of the pseudospin onto the direction of motion of the carriers [17]:
k-o
Mo =~ (4)
| K|

Thus, the chirality quantum number is 7 = +1 (-1) for particles within the con-
duction (valence) band (see different colors in Fig. 1 (c)) at the K-point, and
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vice versa at the K’-point. In elastic scattering processes the chirality quantum
number is conserved. This gives rise to the absence of intervalley scattering
in pristine graphene and is the origin of Klein tunneling according to which a
massless Dirac particle is fully transmitted, under normal incidence, through
a high electrostatic barrier without being reflected [11-14]. Many other pe-
culiar phenomena have been reported so far and are nicely reviewed, e. g. in
Refs. [15-17].

To summarize, graphene’s electronic properties differ significantly from that of
conventional 2D semiconductor heterostructures. First, graphene is a gap-less
semiconductor. While in common semiconductors 2D electrons or holes can
only be studied in separately doped structures, in graphene both regions can
be achieved within the same system by varying the Fermi level, e. g. by gating.
Second, graphene particles are chiral, that of common semiconductor systems
are not. This opens the door to completely different effects and physics. Third,
graphene shows a linear dispersion relation rather than a quadratic one like con-
ventional 2D semiconductors do. This gives rise to a vanishing effective mass of
particles in graphene whereas carriers in conventional systems exhibit usually
a finite effective mass. Finally, the carrier confinement in graphene is perfectly
two-dimensional since the layer is exactly one atom thick (= 0.345 nm). By
contrast, the confinement in heterostructures or quantum wells is usually in
the order of a few nanometers or more and therefore, depending on the number

of occupied subbands, not perfectly two-dimensional.

2.2 Optical transitions in graphene

Besides the peculiar electronic properties, graphene shows also interesting opti-
cal properties. Most outstanding is the almost frequency independent absorp-
tion of intrinsic graphene which assumes ma &~ 2.3% in vacuum [34]. Therein,
« is the fine-structure constant. However, for reasons shown below, the gra-
phene samples investigated in this thesis are typically of n- type doping with
Fermi energies of several hundreds of meV. In these structures, the condition
EprT/h >> 1 is valid and electrons can be considered as free carriers. Conse-
quently, depending on the Fermi - and the photon energy, additional absorption

mechanisms become important.
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thhEZEF 2EF2ha)Dh EEF Epzha)ph

Figure 2: Scheme of possible transitions in graphene for Er > 0: (a)
direct interband transition, (b) indirect interband transition, (c) indi-
rect intraband transition. Red arrows indicate electron-photon interac-
tion, Blue dashed arrows represent electron scattering by impurities or
phonons. Initial (Final) states are shown by red (blue) circles. Grey

circles indicate virtual states.

In Fig. 2, the three different absorption regimes relevant for the conditions

mentioned above are illustrated:

e direct interband transitions:
In the case when the photon energy exceeds twice the Fermi energy,
hw,y, > 2EF (Fig. 2 (a)), the absorption of a photon results in the exci-
tation of a final electronic state k.

e indirect interband transitions:
If the condition 2Er > hw,, > Er is valid (Fig. 2 (b)), direct interband
transitions are not possible. Assisted by electron scattering on phonons
or impurities, an electronic state in the conduction band can be excited

as far as energy- and momentum conservation are fulfilled.

e indirect intraband transitions:
If the photon energy is lower than the Fermi energy (Fig. 2 (c)), the
Drude-like free carrier absorption leads to indirect intraband transitions
via intermediate states which are accompanied by electron scattering on

phonons or impurities.



2.3 Second order photoelectric effects 9

As it turns out, at THz frequencies (fuv,y, ~ 10 meV), the latter regime becomes
dominant. In this case, the ac or high frequency conductivity, describing the

electric current in response to the radiation’s electric field, is given by:

1+ 2wt
op—————
01+(wr)2’

(5)

o(w) =

what is known as the Drude-Lorentz law of high-frequency conductivity [35].
The imaginary part of the conductivity indicates that the carriers lag behind
the electric field of the radiation since they need roughly the time 7 to accel-
erate in response to the change of the alternating field. This phenomenon is

also called retardation and increases with higher angular frequencies w.

2.3 Second order photoelectric effects

The aim of the thesis is to study dc photocurrents which result from the redis-
tribution of a carrier ensemble in momentum space which was excited out of
equilibrium by the absorption of THz radiation. In order to describe dc currents
in response to an optical ac electric field it is convenient to use the coordinate
and time-dependent electric current density j(r,t) = o - E(r,t) and expand it
in series of powers of the electric field E(r t) = E(w, q) exp (i(—wt + qr)) +
E*(w, g) exp (i(wt — gr)) [30]:

j(rt) = [ongﬂ (w, q)e ™ witiar 4 c.c.]

+ [US@:)VEﬁ (w, @ E,(w, g)e 221 4 c.c.} (6)

2 *
+ [aéngﬁ(wa Q)E,y(w, q) + :| .

Herein, g is the photon wavevector, Greek subscripts represent Cartesian co-
ordinates and c.c. stands for the complex conjugate. The first term in Eq. (6)
describes the response which is linear in the electric field. The second term
oscillates with 2w and is known as the second harmonic generation. Effects
related to the first two terms are out of scope of this thesis. In the focus are
processes characterized by the second order nonlinear conductivity Uéz)y. These
processes result in a static response which shows a quadratic dependence on

the radiation’s electric field E(r,t), in other terms a linear dependence on the
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radiation’s intensity I oc |E(r,t)[2.

Without any knowledge of the microscopic details, it is convenient to use sym-
metry arguments in order to characterize these effects upon variation of the
radiation’s polarization and its angle of incidence. Considering a spatial inver-
sion 7 — —, the vector of the electric current density j(,¢) changes its sign
while the quadratic combination Eg(w, q)E(w, g) in the third term of Eq. (6)

does not. Hence, second order effects are only allowed either if the second-
2
aBy
spatial inversion is not compatible with the symmetry of the system. The first

order conductivity o, (w, @) changes its sign upon spatial inversion or if the
condition is achieved if the conductivity tensor has components coupling to
the photon wavevector q which changes its sign upon spatial inversion. The
latter one is allowed if the studied system suffers a lack of inversion symmetry.

Thus, the electric current density can be decomposed in two parts:

i(r.t) = 0,7, (w. 9 By, ) B (w, @) (7)
= [78),(@,0) + Pasp ()| Balw, B} (w, ), (®)

(2)
aBy

the photon wavevector and describe the class of photogalvanic effects (PGE).

The first term contains all contributions to o, . (w, 0) which are independent of
The contributions which emerge due to the linear coupling to the photon
wavevector are described by the fourth rank tensor ®,4,,(w). Such effects
belong to the class of the photon drag effect (PDE). Both effects are discussed
in the following.

2.3.1 The photon drag effect

The idea of a dc current flow in response to the photon momentum (second
term of Eq. (8)), in other terms the radiation pressure, was introduced in
1935 [36]. In 1954, the effect was studied in the classical frequency limit of
photon energies which are small compared to the typical electron energy [37].
In that work, the dc current is described as the result of the joint action of the
radiation’s electric and magnetic field and was denoted as the ac dynamic Hall
effect. The effect was studied in epitaxial graphene in Ref. [28] as the classical

limit of the PDE for photon energies which are small compared to the Fermi



2.3 Second order photoelectric effects 11

energy (E,, << Ef) in doped graphene samples. It was also shown that in the
quantum limit of the drag current (E,;, < Ep) the dynamic Hall contribution
o EgB7, describing the coupling of the complex amplitudes of E and B, can
be written in the form of a photon drag effect oc gsEgE7. The PDE was also
observed in response to direct interband transitions [38], but this mechanism

is out of scope of the present discussion.

(a) (b)
E
A
qx jx el
N
" SRR
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: /oo !
| .
E qph: E kx
i i > 1
< q. ] ‘12a :

Figure 3: (a) Model of the PDE for a parabolic band-structure caused
by Drude absorption, (b) schematic illustration of processes responsible
for the drag current in doped graphene samples: red arrows denote
electron-photon interaction, blue arrows stand for electron scattering

by phonons/impurites.

A simplified scheme of the photon drag effect for a parabolic band structure
and in response to Drude absorption is depicted in Fig. 3 (a). By taking
into account the photon wavevector g, the excitation of an initial state (k
= 0) into final electronic states f; and fy is done via a virtual state v with
k # 0. The lack of momentum between virtual and final states is provided
by scattering processes, e. g. by acoustic phonons. The energy of acoustic
phonons can be neglected in the THz range because it is small compared to
the corresponding photon energies £,,. Scattering events providing ¢; and
¢2 appear with nonequal probabilities (see arrows of different thicknesses in
Fig. 3 (a)). As a consequence, f; and f, get asymmetrically excited leading
to an imbalance of carriers in k-space, in other terms to a directed dc current

Jz- Although this model is oversimplified it describes the underlying processes
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behind the photon drag effect. In graphene, the PDE was studied within the
quantum frequency range (E,, < Er) in Ref. [29] for doped systems where the
intraband absorption process is more complex. A scheme for possible pathways
is depicted in Fig. 3 (b). The Drude absorption appears via electron-photon
interaction (red arrows) and is followed by an additional electron scattering
process (blue dashed arrows) since energy and momentum conservation laws

are violated otherwise.

®) s

.4 hoo, q
g 227
\E(:)) .2 y]k" \E%;L»;A

P

circ€z

Figure 4: (a) experimental geometry of Egs. (9) and (10); contribu-
tions to j, and j, due to the linear (b) and circular (c) photon drag

effects.

Phenomenologically, the symmetry analysis of Eq. (8), considering the Dyg,
symmetry point group representative for a pristine graphene layer without
substrate reveals the current density for the photon drag current in response

to elliptically polarized radiation [29]:

. Ew 2 + E 2 EJ: 2 E 2

Jx :TIQz (%) + T2Qm (%) ) (9)
, E,E* + E'E . A

Jy :T2QLE (yfy) - TlePcircez(|E£B|2 + |Ey|2> (1())

Therein, (xy) is chosen as the plane of the graphene sheet and (zz) as the plane
of incidence (see Fig. 4 (a)). It follows that the PDE requires oblique incidence
of radiation, since ¢, vanishes for normal incidence. The linear photon drag
current, described by T; and T; is present in both longitudinal (|| x) and
transverse (|| y) directions. By contrast, the circular photon drag current
being sensitive to the degree of circular polarization, P.,.., and described by
Ty is present only in transverse direction. The equations reflect the main
features of the PDE: i) the current is coupled to the presence of an in-plane
component of the photon wavevector ¢, and ii) the current is proportional to

the squared amplitude of the radiation’s electric field E(r,t). Here it’s worth
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mentioning that any reduction of the symmetry does not change the general
form of Eqs. (9) and (10).

2.3.2 The photogalvanic effect

While the PDE is related to the linear coupling of the photon wavevector to

the symmetric part of the conductivity tensor in Eq. (8), also its asymme-
2)
afy
related phenomena are the so called photogalvanic effects and are possible in

tric part, 0,4 (w,q = 0), may lead to the generation of a dec current. The
noncentrosymmetric media only, such as e. g. graphene on a substrate, and
are forbidden in perfectly symmetric systems like pristine graphene. Similarly
to the PDE, the PGE was observed as early as the 1950’s, but was correctly
identified as a new phenomena in 1974 [39]. Up to now, linear and circular
PGE have been studied in e. g., bulk materials, Si-MOSFETs and quantum
wells (for review see [19,20]). Phenomenologically, for the Cg, point group
symmetry, which is representative for graphene on a substrate, and the same
experimental geometry as considered above the current density can be written
as [29]:

E,E* + E*E,

, E,E* + EE, R
Jy = 0= e Pearebal| Bl + | By ) (12)

Therein, x; (x.) describes the linear (circular) PGE. It turns out that the po-
larization dependence is similar to that of the PDE. The basic difference is
that the PGE requires a z - component of the radiation’s electric field instead
of an in-plane wavevector component, restricting it’s observation to oblique
incidence as well. As a consequence, both effects are hard to distinguish from
each other concerning their dependencies on the radiation’s polarization state
and the angle of incidence. The observation of the photogalvanic effect in gra-
phene is most likely under conditions where the photon drag effect is reduced,

e. g. at high radiation frequencies [29].

Microscopically, in the quantum frequency range the dc current driven by the
PGE results from a quantum interference of two processes: i) Drude-like in-

direct optical transitions, described by the transition matrix element M. ’S‘)’%’
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\J/ zy W

Figure 5: (a) experimental geometry of Eq. (11) and (12); contribu-
tions to j, and j, due to the linear (b) and circular (c) photogalvanic

effects.

which are linear in k and ii) indirect intraband transitions with intermediate
states in distant bands represented by M. lg)ku which are almost independent
of k. The scheme of possible pathways of transitions is shown in Fig. 6 for
parabolic bands of a Si-MOSFET (a) and the linear dispersion of graphene
(b). A transition from an initial k; to a final k; electronic state is possible
only due to the interference of both effects. The total transition rate is given
by [40]:

1 1 2 1) 2
Wig b o< My + ML P = My P+ M2 P+ Re[ M) M2, ).

(13)

Herein, only the last term, Re[M, k;)k M ,ii) |, which describes the quantum in-
terference, is linear in k. The first term is an even function of the wave vector,
whereas the second term is independent of k. Hence, only the interference of
both processes results in an imbalance of the carrier distribution in the k-space
and thus, in a dc photocurrent.

Considering graphene, the distant energy bands necessary for the interference
are formed from o-orbitals. It was shown that o-orbitals form a deep valence
band which is separated from the m-orbital valence band by roughly 10 eV [41].
Consequently, the PGE in graphene arises due to the interference of two tran-
sitions: i) Drude-like intraband transitions similar to that presented in Fig. 3
(b) and ii) indirect interband transitions via virtual states in the distant energy
band (see Fig. 6 (c)).

Since it was shown in Ref. [30] that M ™) and M have different parity under
z — —z reflection, the interference restricts itself to a system where the z —
—z symmetry is broken. As a consequence, in pristine graphene the PGE is

expected to be absent. However, if graphene has lost its spatial symmetry
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Figure 6: Pathways of intraband (a) and interband (b) transitions
in conventional semiconductors; (c) indirect intraband transitions in

graphene via intermediate states in distant bands.

with respect to +z, a dc photocurrent can appear which is proportional to
the squared amplitude of the radiation’s electric field. The lack of spatial
symmetry is often discussed in terms of structure inversion asymmetry (SIA).
The perfect honeycomb lattice with its flatness suffers a lack of SIA. However,
if graphene is synthesized on a substrate or in the presence of adatoms, ripples,

edges, etc., the system looses it’s symmetry and the PGE is allowed.

2.3.3 The magnetic field induced photogalvanic effect

Besides the photon drag and photogalvanic effect, which require either an in-
plane momentum or a normal-to-plane electric field component, also a class of
second order photoelectric effects was discovered which are related to an in-
plane magnetic field known as the magnetic field induced photogalvanic effect
(MPGE) [42]. Apart from microscopic details, phenomenologically the current
density within the linear approximation in the magnetic field strength B can
be written as:

Jo = Z Popyu B (E’YEH —; EVEM) + Z XaﬁwBﬁé'yE(Z)Pcirc- (14)

Byw By

Herein, ® is a fourth rank pseudo-tensor which is symmetric with respect to

~v and p describing contributions to the de current being sensitive to linearly



16 2 THEORETICAL BACKGROUND

® By B0 Eq+TR)
B —\
Fy
FL[
7 impurities QB |y
X

Figure 7: Microscopic mechanism of the MPGE caused by (a) spin-
dependent scattering in Zeeman split spin-subbands (b) a diamagnetic

shift of the electron wavefunction in an asymmetric QW.

polarized radiation. The second term of Eq. (14) contains the regular third-
rank tensor x,s, describing contributions due to circularly polarized radiation.
Depending on the point group symmetry of the studied system, ® and x need
to be analyzed in terms of symmetry arguments as done above for the PDE
and the PGE in order to transform Eq. (14) into Cartesian coordinates and to
study the direction of j,, as well as its dependence on the radiation’s polari-
zation state.

The most characteristic feature of the MPGE is the linear dependence of the
current density on the in-plane magnetic field B. Numerous microscopic me-
chanisms depicting the influence of the magnetic field have been discovered.
All of them require asymmetric carrier scattering with respect to £k in order to
convert THz radiation into a dc current. The asymmetric scattering, described
by the scattering matrix element Wy, ,, can be caused for instance by spin-
related phenomena [43] or by the direct influence of the in-plane magnetic field
onto the electron orbitals which is often discussed in terms of a diamagnetic

shift [44]. In the following, these two mechanisms are introduced.

Spin-related phenomena: In systems with strong spin-orbit coupling, the

scattering matrix element Wy looks as follows [45]
ka,ki - WO + Zwa,ﬁo_a(ki + kf)v (15>
ap
where W, describes conventional symmetric carrier scattering, the second-rank

pseudo tensor w,p represents the asymmetric spin-dependent scattering and
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04 is a Pauli-matrix component. The model of the dec current generation is
depicted in Fig. 7 (a) for a spin degenerated parabolic dispersion and Drude
absorption. The linear coupling between spin (o) and momentum (ky, k;) leads
to spin dependent scattering within spin-up and spin-down subbands and re-
sults in asymmetric population of each subband with respect to £k. This spin
accumulation can be seen as two fluxes of spin polarized electrons 4./, of op-
posite directions. However, the total electric current is zero. This mechanism
is known as the zero bias spin separation [45].

In order to convert the spin fluxes into a spin-polarized electric current, the
spin degeneracy need to be lifted, for instance by an in-plane magnetic field.
The spin up and spin down subbands get energetically separated by the Zee-
man energy Ey = gu,B and thus, are unequally occupied. As a result, the
spin fluxes 2./, due to the asymmetric scattering do not cancel each other any
more, leading to a directed dc electric current which is the result of the MPGE

and linear in B.

Diamagnetic contributions: In systems which are characterized by spatial
inversion asymmetry (SIA), such as e.g. (001)-oriented QWs grown from zinc-

blende-type compounds, W, &, is given by [44]

Wik, = Wo+ Y wasBalki + ki), (16)
aB

where B, is the applied in-plane magnetic field which couples linearly to the
carrier momentum. A model system of the dc current generation due to a
diamagnetic shift is depicted in Fig. 7 (b). The spatial asymmetry is given
by a doping layer which is placed apart from the center of the QW reducing
the symmetry of the system in z-direction. In this particular geometry the
magnetic field is applied along the y-direction. If an alternating electric field
supplied by THz radiation acts on the carriers, they start to move back and
forth. The motion in the magnetic field results in a Lorentz force F which
shifts right (left) moving electrons down (up). The up-shifted electrons scat-
ter with lower probability than those which are down-shifted towards the ¢
layer. Thus, within a period of time of the electric field the carriers exhibit a

directed motion leading to a dc current. Since the orbital shift is provided by
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the Lorentz force F; = (e/c)[v x B], the current is typically linear in B.

The specific mechanism which is responsible for the MPGE is determined by
the system under study. In Ref. [46] spin related contributions to the MPGE
were studied showing that spin-polarized currents can be strongly enhanced in
QW systems with a high electron g-factor (InAs) or dilute magnetic semicon-
ductors (DMS) where the exchange interaction between electrons and para-
magnetic ions causes an additional contribution to the Zeeman energy known
as the giant Zeeman splitting. By contrast, in Ref. [47] it was shown that
also the diamagnetic shift can yield a significant contribution to the MPGE
in samples which are characterized by a strong structure inversion asymmetry.
The magnetic field induced photogalvanic effects have proven to be a powerful
tool to study semiconductor heterostructures, but so far, these effects were not

observed in graphene.
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3 Experimental methods

This chapter is devoted to the experimental methods required for studies of
photoelectric phenomena in graphene. At first, the generation of THz radiation
by optically pumped molecular THz lasers and free electron lasers (FEL) is pre-
sented. Therefore, the underlying effects are explained and the buildup of the
devices is shown. Subsequently, the description of the radiation’s polarization
state by the Stoke’s parameters and techniques allowing their manipulation are
presented. This is followed by the description of the experimental setups where
the used optical components, the measurement techniques, and the calibration
of the laser systems and - beams are discussed. Finally, the studied samples
are presented. Two groups of samples are investigated in the framework of
this thesis and hence, their production and preparation methods are explained
briefly. Sample parameters which are of importance to explain experimental

results are introduced at the end of this chapter.

3.1 Sources of high-power THz radiation

The photoelectric phenomena which are in the focus of this thesis are the
result of the light-matter coupling in response to radiation with frequencies
ranging from around 100 GHz up to some tens of THz. The corresponding
photon energies are roughly situated between 1 and 100 meV. Nowadays, a vast
amount of sources of coherent radiation for this range of the electromagnetic
spectrum is available. Two sources of high-power THz radiation were chosen
for the experiments: i) the optically pumped molecular THz laser [48] providing
discrete laser lines in the THz range and output powers of tens of kW and ii)
the free electron laser [49], which offers an almost continuously tunable output
spectrum from the near- to the far- infrared region. Both sources of THz
radiation have proven as powerful tools to study photoelectric phenomena [19].
In the following, the used radiation sources and the basic principles leading to

coherent emission of THz radiation are briefly introduced.
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3.1.1 Optically pumped molecular THz lasers

The emission of IR/THz laser radiation from molecular transitions was realized
in the mid of the 1960s with the development of HCN and H»O lasers [50,51].
The first optically pumped molecular THz laser was realized in 1969 for contin-
uous wave (cw) operation [48] and in 1974 extended to pulsed operation [52].
The scheme of the optical transitions leading to population inversion in a
molecule is sketched in Fig. 8 (a). Two vibrational levels vy and v, of different
energies are split up into various rotational levels (E,.,; << FE,3) with angu-
lar momentum J and K being it’s projection onto the symmetry axis of the
molecule. The typical energy separation of the rotational levels in molecules is
smaller than kgT ~ 25 meV and hence, corresponds to THz photon energies.
By optical pumping with a CO, laser providing laser lines between approx-
imately 9.2 and 11.2 pum (E,, ~ 4kgT) [53] rotational levels in the higher
energetic vibrational state v; are excited leading to population inversion in
both vibrational bands. This population inversion relaxes by emitting photons

with energies within the THz range (see arrows in Fig. 8 (a)).
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Figure 8: (a) Optical transitions in a molecule between vibrational
states v; and 1o which are split up into rotational levels: resonant
pumping leads to population inversion between rotational states in both
vibrational levels and to emission of THz radiation. (b) available laser
lines for pulsed (red) and cw (blue) operations together with corre-

sponding output intensities.
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With that principle, plenty of resonant transitions can be achieved by the
choice of the molecule and the variation of the pump frequency. Moreover,
in the case of high pump power (P, ~ MW) additional laser lines may
appear due to the level broadening in the presence of a high electric field
[54,55]. In addition, assisted by stimulated Raman scattering molecular levels
can be excited which are distant from the excitation energy depending on the
excitation frequency and the gas pressure of the active media [19]. A summary
of all laser lines available for the experiments is presented in Fig. 8 (b). It
indicates that the optically pumped molecular THz lasers cover the spectral

range between 0.6 and 30 THz with several discrete laser lines.
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Figure 9: Schemes of (a) pulsed and (b) cw optically pumped mole-

cular THz lasers.

Depending on the pump source, either cw or pulsed laser radiation can be
generated. Schemes of both types of molecular lasers are depicted in Fig. 9.
To generate pulsed THz radiation a pulsed transversely excited (TEA) COq
laser [56,57] serves as a pump source providing pulses with approximately
100 ns duration and powers in the order of tens of MW. With a BaF, lens
the pulses are coupled through a NaCl window into a resonator containing the
active media which is built up of a glass tube and two spherical Cu mirrors at
each end. The resulting THz pulses are coupled via a TPX window into the
free space. The THz pulses have the same temporal shape as the excitation

pulses and the typical output power is in the order of tens of kW.
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To achieve cw operation, MIR radiation from a longitudinally excited CO,
laser [58] is coupled through a ZnSe Brewster window into the THz resonator
by a ZnSe lens. Here, a gold-coated steel mirror and a semi-transparent silver
coated z-quartz mirror form the resonator of the laser. The output power
which can be achieved with the cw laser is typically in the order of tens of
mW. Both types of molecular THz lasers have proven as a powerful tool to
study the nonlinear photoelectric phenomena in graphene [28,30] and were

used for the majority of the experiments presented in this thesis.

3.1.2 The free electron laser FELIX

Another source of coherent THz radiation is the free electron laser [59-61].
The emission of radiation results from relativistic electrons which oscillate in

a magnetic field.

mirror

electron beam

THz beam

Figure 10: Scheme of a FEL: an electron beam oscillates in a per-
pendicular magnetic field of a Wiggler magnet array (dashed line) and

emits THz radiation.

The scheme of a FEL is depicted in Fig. 10. A beam of relativistic electrons

(v & ¢) is coupled into an alternating magnetic field of the so called Wiggler
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magnet array. The electrons follow an oscillating trajectory with a periodicity
given by the Wiggler period A\, due to the action of the magnets. This elec-
tron oscillations lead to the emission of radiation. The determination of the

radiation’s wavelength A can be found e. g. in Ref. [62] and follows to:

Aw

A= —
272

(1+K3/2), (17)
including the relativistic correction v = (1 — (v/c)2)71/2 and the Wiggler
strength K, = eBy,\,/2mmoc?. Consequently, the laser wavelength can be
tuned by the Wiggler periodicity A, the magnetic field strength, or the ki-
netic energy of the electron beam. The radiation pattern is almost perfectly
directed in the direction of motion of the electron beam [63]. A microbunch-
ing process resulting from the interaction of the relativistic electrons with the

electromagnetic wave leads to the emission of coherent radiation [53].
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Figure 11: Outline and dimensions of the free electron laser FELIX.

For the experiments, the free electron laser facility FELIX [64] situated at the
FOM Institute Rijnhuizen in The Netherlands, was chosen. FELIX was built
in 1999 and consists of two FEL lasers covering the total frequency range from
4.5 up to 250 um. A scheme of the laser facility is shown in Fig. 11. The
laser consists of an electron injector and two radio frequency linear accelera-
tors (linacs). The first linac provides electron beams with energies up to 25
MeV, the second one delivers beams up to 50 MeV. Wiggler magnet arrays

are connected after both the first and the second accelerator yielding radiation
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ranging from 5 to 30 um and from 25 to 250 pm, respectively. The output
power can be tuned from 0.5 up to 100 MW within a picosecond micropulse
and the overall degree of linear polarization is > 99% for the FEL radiation.
The tunability in a wide frequency range and the high output power makes
the free electron laser attractive for experiments on nonlinear photoelectric

phenomena in graphene.

3.2 Variation of the light’s polarization state

As discussed in the previous chapter, the photoelectric phenomena under study
show complex dependencies on the radiation’s polarization state. Both linearly
and circularly polarized radiations may result in a directed electric current. As
mentioned above, THz laser radiation is almost perfectly linearly polarized.
Therefore, it is inevitable to manipulate the polarization state of the THz ra-
diation. In this section, at the beginning, the description of the polarization
state by the Stokes parameters [65] is presented. Only this formalism yields
a full description because it includes unpolarized radiation states as well. Af-
terwards, experimental methods to vary the radiation’s polarization state are

discussed.

3.2.1 The Stokes parameters

The Stokes parameters are a set of four values which fully describe the polariza-
tion state of electromagnetic radiation. A method to introduce the parameters
is shown in Fig. 12 (a-c) considering four linear polarizers aligned along x, v,
+45° and -45° and two filters being sensitive to the intensity of either left- or

right handed circularly polarized radiation, respectively.

The transmitted intensity I of a laser beam through the six filters defines the

Stokes parameters as follows:

So =1, + 1, (18)
S1 =1, — 1, (19)
Sy = Ii45 — 145, (20)
Sy = Lpight — et (21)



3.2 Variation of the light’s polarization state 25

@ ® g, © @)
+ N
E, /

]
tE E

E,

'~<

~
/E

Ix SZ = 145° - I-45° Se = IR IL

S, =

y

Figure 12: Set of vectors describing the second (a), third (b) and
fourth (c) Stokes parameter. (d) Poincaré sphere describing all possible

polarization states on its surface.

The first Stokes parameter, Sy, describes the light’s total intensity I. The
second, S7, and third parameter, S5, define the state of linear polarization. In
detail, S; indicates whether the polarization is primarily oriented along the z-
or y-direction. S reveals the components which are aligned in between. The
fourth parameter, S3, yields whether the polarization state has any elliptically
or even circularly polarized components and vanishes if the radiation is purely
linearly polarized. Instead of intensity, also the corresponding electric field

components can be used for the description [65]:

So = E,E! + E,E}, (
S, = E,E: — E,E., (
Sy = E,E! + E,E}, (24
Sy = i(E,E! — E,EY). (

Below will be shown that this presentation allows one to recalculate the Stokes
parameters into experimentally available parameters such as rotational angles
of quarter- and half-wave plates. By choosing S;_3 as the axes of a three-
dimensional coordinate system, each polarization state can be described by a
point on the surface of the 3D sphere (see Fig. 12 (d)). Linearly polarized
radiation states are situated in the S;-Sy plane of the surface. Circularly po-
larized states are located at the poles (4|S3|) of the sphere and in between the

elliptically polarized radiation states can be found. This sphere is known as
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the Poincaré sphere [66]. In order to describe the full polarization state the

parameters are normalized:

\V/S%+ 82+ 53 (26)

So

Thus, if p equals unity the wave is fully polarized whereas in the case it vanishes
the radiation is completely unpolarized. In between the wave is partially po-
larized. Hence, the Stokes parameters deliver a full description of all possible
polarization states. In the following methods to vary the Stokes parameters

are presented.

3.2.2 Variation of the Stokes parameters by waveplates

A method to vary the radiation’s polarization state is to use birefringent ma-

terials. In the THz range, z-cut crystal quartz can be applied for instance.
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Figure 13: (a) Geometry of rotation of the linear polarization plane
by a A/2 plate and (b) the final polarization states with respect to the
rotational angle 6 of the plate. The final azimuth angle of the linearly

polarized radiation is o = 26.

The scheme of the variation of a linearly polarized beam is depicted in Fig. 13.
An incident electric field vector E;, which is rotated with respect to the crystal-

lographic axis ¢ of a quartz plate under a certain angle ©, can be divided into
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an ordinary beam FE |, which is aligned perpendicularly to ¢, and an extraordi-
nary beam Ej, which is aligned parallel to the axis. For THz frequencies, the
refractive index n of quartz is different for E, and E} and thus, both parts
of the beam propagate with different velocities. The resulting phase shift A¢
between the beam components after passing a plate with a certain thickness d

can be calculated as [67]:
A¢p = (2md) /X - An, (27)

with An = n., —n, being the difference of refractive indices for the extraordi-
nary (eo) and ordinary (o) beam, respectively. If A¢ equals /2, the plate acts
as quarter-wave / A/4-plate and produces circularly polarized radiation. In the
case A¢ = 7, the plate acts as a half-wave / A/2-plate and rotates the pola-
rization plane of linearly polarized radiation. Experimentally, the polarization
state is varied by the rotation of quarter- or half-wave plates. In the case of a
half-wave plate, this results in the rotation of an incident electric field vector
E; by an angle o which is twice the rotational angle  of the plate (see Fig. 13).
In the case of a quarter-wave plate, E; is converted into an elliptically, or even

circularly polarized state depending on the rotational angle ¢ (see Fig. 14).
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Figure 14: (a) Geometry of conversion of originally linearly into ellip-
tically polarized radiation by a A/4 plate and (b) the final polarization

states with respect to the rotational angle ¢ of the plate.
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Using Egs. (22) to (25), the Stokes parameters for vertically polarized radiation

(E;|ly) and clockwise rotation of the wave plate can be rewritten in the form:

Si E.E, — E,E, ~ cosdp+1

= — = —cos?2 28
S, VI 5 cos 2a, (28)
S, E.B+E,E:  sindg

I = = sin?2 29
S I 5 sin 2a, (29)
Sy i(E.E; — EyEY)

= = = —sin2p = —P... 30
S, Vi sin 2¢ (30)

It can be seen that by using half-wave plates, the second and third parameter
can be varied, whereas with the help of a quarter-wave plate also the fourth
Stokes parameter, often denoted as the degree of circular polarization P,
can be manipulated. This conversion allows the direct identification of the

Stokes parameters from polarization dependent measurements.

3.2.3 Refractive index of crystal quartz

For crystal quartz, An depends strongly on the frequency. Thus, the plates
considered in the previous section show only a narrow bandwidth. In order
to design plates for a certain frequency the spectral dependence of An is of

importance.

(a) (b) 0.8

transmission
o
>~

50 100 150
wavelength ( um )
Figure 15: (a) Analysis of quartz plates with two polarizers in a FTIR

spectrometer. (b) transmission spectra of a quartz plate for parallel

(red) and crossed (blue) polarizers.
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Different results where obtained in Refs. [68,69] (see blue and red dots in
Fig. 16). In precedent experiments to the thesis, the spectral dependence of
An was investigated with a Fourier Transform Infrared (FTIR) spectrometer.
The scheme of these experiments is seen in Fig. 15(a). Plates of different
thicknesses d were mounted between two polarizers. The first one ensures that
solely linearly polarized radiation is shined on the quartz plates. The plate was
rotated in a way that the final angle between the crystal axis ¢ with respect
to the linearly polarized radiation achieved 45°. A full spectra were recorded
for two orientations of the second polarizer: i) in parallel and ii) perpendicular

with respect to the first one.
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Figure 16: Spectral dependence of An (grey dots) compared to the
data taken from Refs. [68] (red dots) and [69] (blue dots).

The spectra measured for one of the plates are presented in Fig. 15 (b) for
parallel (red) and crossed (blue) polarizers. Crossing points of both curves,
indicated by black circles, represent circularly polarized radiation where A¢ =
(2m + 1) - /2. For these frequencies, the plate acts as A/4-plate. Extrema
indicate linearly polarized radiation. Here, A¢ = (2k + 2) - m/2 and the plate
acts as A/2-plate. From these curves the values of An can be calculated using
Eq. (27). The results of all available plates are shown in Fig. 16, indicated
by the grey dots. The derived data fit well to that of Ref. [69]. With that
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knowledge, A/4- and \/2-plates were designed for every desired frequency by
matching the corresponding thickness of the plate. The plates were produced
by the company TYDEX (194292 St.Peterburg, Russia).

3.2.4 Variation of the Stokes parameter by Fresnel rhomb

Another tool to vary the Stokes parameters is a Fresnel romb. It utilizes the
principle that when light is shined on an interface under the critical angle 6.
of total internal reflection, there is a relative phase change of 7/4 between the
electric fields of s- and p-polarizations referring to the components polarized
perpendicularly and parallel to the plane of incidence [70]. By aligning a series
of interfaces under the conditions of total internal reflection, the phase shift
between the two polarizations can be tuned at discretion. Utilizing this effect,

broadband devices to vary the radiation’s polarization state can be produced.
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Figure 17: Basic principle of a quarter wave Fresnel rhomb (a) and

final polarization states (b) for E; aligned horizontally and clockwise

rotation of the rhomb around its optical axis by an angle ¢.

For the experiments, a ZnSe quarter-wave Fresnel rhomb from II-VI Inc. (375
Saxonburg Blvd., Saxonburg, PA 16056-9499, United States) was used. In
Fig. 17 (a), the scheme of such a rhomb is sketched. Linearly polarized radia-
tion entering the rhomb under ¢ = 45° results in circularly polarized radiation.
Here it’s worth mentioning that in the experiments, E; is aligned horizontally

and the rhomb is rotated clockwise around . The resulting polarization states
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for these conditions are shown in Fig. 17 (b). With that method, the Stokes

parameters are varied in the same way as by rotating a quarter-wave plate.

3.3 Experimental Setups

After discussing the sources and optical components which are of interest for
the photocurrent experiments, the experimental setups are presented next.
The optically pumped molecular THz laser is located at the THz center in Re-
gensburg, Germany and can be used at room, as well as at cryogenic temper-
atures. The FELIX free electron laser was situated at the FOM Rjihnhuizen,
The Netherlands, but meanwhile has been transferred to Nijmegen. In simi-
lar quasi-optical setups photocurrent experiments have been performed. Both

setups are introduced in this section.
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Figure 18: (a) Scheme of the setup used for experiments with a pulsed
optically pumped molecular laser. (b) Time-resolved THz pulse de-
tected with a photon drag detector and recorded with a GHz oscillo-
scope. (c) Spatial distribution of the focused THz beam recorded with

a pyroelectric camera.

A typical setup for experiments with a pulsed optically pumped molecular THz
laser is sketched in Fig. 18 (a). The computer triggers the pulsed TEA-CO,
laser and collects the data from a GHz storage oscilloscope which is connected



32 3 EXPERIMENTAL METHODS

by GPIB. A mid-infrared photon drag detector PD5M which is mounted in
combination with a beam splitter after the CO, laser measures a reference pulse
which is used to trigger the oscilloscope. A far-infrared photon drag detector
PD5F is located together with a second beam splitter after the FIR resonator
in order to monitor the power of the THz pulse. A time resolved THz pulse
recorded with the GHz oscilloscope is plotted in Fig. 18 (b) for A = 90 um.
Thin mylar layers are typically used as THz beam splitters and the final ratio
between transmitted and reflected radiation depends on the thickness of the
layer and the frequency [71]. The transmitted part of the THz radiation is
used for photocurrent experiments. After the beam splitter, attenuators and
polarizers are mounted before the radiation is focused on the sample with the
help of parabolic gold mirrors of different focal lengths. Alternatively, the
radiation can be coupled into an optical cryostat to measure photocurrents at
liquid helium temperature and in presence of magnetic fields up £ 7 Tesla.
The parabolic mirrors lead to almost Gaussian beam profiles (see Fig. 18 (c))
with typical full widths at half maximum in the order of 1 - 3 mm? depending
on the focal length of the mirror. The beam profiles are recorded with a
pyroelectric camera from Spiricon. In order to calibrate the beam stage with all
components a second photon drag detector is mounted at the sample position
and from the ratio of both PD5F signals the incident power at the sample can
be calculated [19]. Finally, photocurrent signals are measured as voltage drop
over 50 €2 load resistors and fed into low-noise 20 dB amplifiers with a typical
bandwidth of 300 MHz. These signals are measured with the GHz oscilloscope
and collected by the computer.
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Figure 19: (a) beam stage used at FELIX. (b) shows time dependent

structure of micro - (red lines) and macropulses (blue envelope).
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At the FELIX the laser beam is guided from the resonators located in the
basement of the institute to the laboratories. A scheme of the beam stage
used in the laboratory can be seen in Fig. 19 (a). A KRS5 beam splitter in
combination with a photon drag detector PD5M was used for power moni-
toring. Attenuators and a Fresnel rhomb were mounted afterwards and the
transmitted radiation was focused onto the sample leading to beam profiles
similar to that of the molecular THz laser. The time structure of the outcou-
pled radiation beam is depicted in Fig. 19 (b). Micropulses of approximately
2 ps duration separated by 1 ns in time form pulse trains or macropulses with
durations up to 5 us. These macropulses are separated by 100 ms in time from
each other. At FELIX, only room temperature measurements were performed
and the signals were measured via an amplifier with 20 MHz bandwidth. Both
frequency and polarization of the laser radiation can be tuned by the mea-
surement unit. The alignment of the electric field vector of the radiation is
provided in three different orientations, that are horizontal, vertical, and 45°

with respect to each other.

3.4 Graphene samples

In the final section of this chapter, the investigated graphene samples are in-
troduced. Up to now, several techniques have been developed which allow the
production of wafer-sized graphene samples. Among them are the epitaxial
growth of graphene on silicon carbide (SiC) [72] and the chemical vapor de-
position (CVD) method [73]. Both type of samples were used to study photo-
electric phenomena and thus, their production- and characterization methods

are briefly described.

Most of the epitaxial graphene samples (denoted as Epi-1 - Epi-6) under inves-
tigation are distributed from the group of Prof. Dr. Rositza Yakimova at the
Linkoping University, Sweden. The details of the growth process can be found
in Ref. [74]. Also a sample grown in the group of Prof. Dr. Thomas Seyller
at the University of Erlangen is investigated (Epi-7). The epitaxial growth of
monolayer graphene can be done by annealing silicon carbide at T~ 2000 °C
in argon atmosphere leading to the sublimation of SiC and recrystallization

of carbon. Precise control of growth conditions, as well as careful selection
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Figure 20: (a) Layer profile of epitaxial graphene; (b) picture of sample

Au - pads

Epi-2 with bonding scheme; (c¢) dimensions and contact geometry of the

samples.

of crystal-type, -face and -orientation are required for the growth of a single
graphene layer. The underlying SiC is available in numerous polytypes [75]
where in all of them the fundamental repeating unit is a tetrahedron formed
by three silicon atoms sp® bonded to a carbon atom. The polytypes emerge
due to different crystal lattices and stacking orders. The investigated samples
were produced from 4H-SiC which assembles in a hexagonal crystal lattice and
four basal planes within a unit cell following an ABCB stacking order. This
polytype offers two surfaces, that are the carbon (0001) and silicon (0001) faces
where only the latter allows a manageable growth of monolayer graphene by
silicon desorption. All investigated samples are grown on the Si-face, where a
graphene-like layer is formed at the interface between graphene and SiC. This
layer, known as the buffer-layer, has the same honeycomb lattice structure as
the graphene layer but is partially covalently bonded to the substrate with
some open bonds, denoted as dangling bonds, remaining (see Fig. 20 (a)). In
contrast to the graphene layer, it is electrically inert with a band gap of ap-
proximately 0.3 eV [76].

For the investigation of photocurrents in graphene, squares with dimensions of
5 x 5 mm? were patterned using standard electron beam (e-beam) lithography

and oxygen plasma etching (see Fig. 20 (c)). Metallic contacts on the periphery
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sample | n (4K) | n (300K) | p (4K) | p (300K) | Er(4K) | Er (300K)
(1012 cm™2] [cm?/Vs] [meV]

Epi-1 3.8 3.4 1550 930 215 227

Epi-2 2.3 2.5 2800 1420 176 183

Epi-3 1.1 1.3 2760 1700 121 135

Epi-4 0.9 1.1 6150 2600 112 122

Epi-5 7.3 7.0 1350 910 314 308

Table 1: Carrier density n, mobility i, and Fermi energy Er of various

epitaxial graphene samples at 4.2 K and room temperature.

of graphene were produced by straightforward deposition of Ti/Au (3/100 nm)
through a lithographically defined mask, followed by lift-off. Samples Epi-1 -
Epi-5 where encapsulated in a polymer film as described in Ref. [77], consist-
ing of a spacer thin film of positive e-beam resist poly(methylmethacrylate-co-
methacrylate acid), commercially known as PMMA /MMA [MMA (8.5) MAA,
Microchem Corp.] followed by an active poly-methyl styrene-co-chloromethyl
acrylate traded as ZEP520 polymer (Nippon Zeon Co. Ltd). For comparison,
the surface of samples Epi-6 and Epi-7 remained unprotected and prone to
uncontrolled contamination from the ambient atmosphere. Finally, the sam-
ples were glued onto chip carriers and electrically contacted by Au wires (see
Fig. 20 (b)).

The sample out of Prof. Yakimova’s group were characterized by the co-
workers in the group of Prof. Dr. Sergey Kubatkin at the Chalmers University
in Gothenburg, Sweden, in terms of carrier type, concentration and mobility
using van der Pauw measurements at room temperature and 7" = 4.2 K, em-
ploying magnetic fields up to B = £5 T (see Table 1). Most notably, all these
samples were found to be n-doped due to the charge transfer from SiC [78].
The low temperature carrier (electron) concentration was found to be typically
~ 10 — 15% lower compared to its room temperature value, probably due to
thermally excited carriers in the SiC substrate. The room temperature mo-
bility of the large samples is typically smaller than that at low temperatures

what can be attributed to phonon scattering [79]. The unprotected samples
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showed a slow drift of carrier concentration and mobility on a time scale of

months.

(@) graphene

(b)

Figure 21: (a) Layer profile of CVD-grown graphene; (b) pictures of
sample CVD-2.

CVD grown graphene samples were provided from two groups. One sample
(CVD-1) was provided by Prof. Dr. Junichiro Kono and co-workers from
the Rice University in Houston, United States. Details about the growth and
transfer process of these samples can be found in the supplementary material of
Ref. [80]. The resulting graphene layer was of 1.2x1.2 cm? and is deposited on
a 300 nm SiO, insulating layer (see Fig. 21 (a)). For electrical measurements
eight electrodes were defined in the corners and at the middle point of the sides
of the square shaped graphene layer by e-beam deposition of 3 nm Ti and 80 nm
Au trough a laser-cut shadow mask. Each of the electrodes had 200x200 pm?
lateral dimension. Typical room temperature mobilities achievable with this
method are, in accordance to our co-workers, between 500 to 750 cm? / Vs
and hence, significantly lower as for epitaxial graphene.

A second CVD grown sample (CVD-2) was provided by the group of Prof. Dr.
August Yurgens from the Chalmers University in Gothenburg, Sweden. This

sample was produced in a similar growth process but is smaller in size (5 x 5
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mm?). A picture can be found in Fig. 21 (b). This sample was also glued on
a chip carrier and mechanically bonded. The co-workers predicted a similar

mobility as for sample CVD-1 from resistance measurements.
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4 Magnetic quantum ratchet effect

After discussing the theoretical background and the experimental methods, in
the following chapters the focus is set on the experimental observation of the
photoelectric phenomena in graphene. In this particular chapter it is demon-
strated that carriers in graphene, which is characterized by a spatial asym-
metry, exhibit a directed motion when they are driven out of equilibrium by
a periodic force in presence of an in-plane magnetic field. The chapter starts
with the experimental observation of magnetic-field dependent photocurrents
in various graphene samples in response to linearly - and circularly - polarized
radiation. The investigation reveals that the current scales linearly with i) the
in-plane magnetic field and ii) the squared amplitude of the radiation’s electric
field and hence, belongs to the class of magnetic field induced photogalvanic
effect introduced in Section 2.3.3. Subsequently, a theoretical explanation for
the magnetic field induced photocurrent is worked out. First, a model is pre-
sented showing that the current emerges solely if the graphene samples are
characterized by a structure inversion asymmetry. The asymmetry results in
non-equal transport properties of counter-propagating electrons in an in-plane
magnetic field and gives rise to classify the current as a ratchet current [31].
The model is followed by a brief introduction of the microscopic developed by
Sergey A. Tarasenko. Within a semiclassical formalism, the current is derived
by solving the Boltzman kinetic transport equation assuming asymmetric car-
rier scattering in graphene. The results of first principles calculations done by
Jaroslav Fabian and Martin Gmitra assuming hydrogen adatoms as a source
for the asymmetry are briefly summarized and allow the estimation of the
strength of the asymmetric scattering. Consequently, all experimental findings
are compared to the developed theory and result in the discussion of the origin
of the asymmetric carrier scattering under the experimental conditions. As it
turns out, the magnetic quantum ratchet effect is direct noninvasive tool to

quantify the structure inversion asymmetry in graphene.
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4.1 THz photocurrents subjected to an in-plane mag-
netic field

The magnetic field induced photocurrents are studied in unbiased graphene
samples under illumination with THz radiation from the pulsed molecular laser
providing pulses of roughly 100 ns duration and discrete laser lines in the THz
range (see Section 3.3). The samples are mounted in the optical cryostat in
order to study the photocurrents in a wide temperature range. The current is
measured perpendicular to the magnetic field B, and the radiation is shined

under normal incidence (—z direction) on the sample.
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Figure 22: Photocurrent density j, measured perpendicularly to the
magnetic field B, obtained by illuminating sample Epi-1 at 4.2 K with
a radiation frequency of 2.02 THz. j, is plotted versus B, for an electric
field of 10 kV/cm aligned in parallel (red) and perpendicular (black) to

B,. The experimental geometry is depicted in the inset.

First of all, by illumination without magnetic field under normal incidence
of linearly polarized radiation no current is observed for most of the studied
samples. This is in agreement with Egs. (9) to (12) which yield that both, pho-

ton drag - and photogalvanic effects are absent for the point group symmetry
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Figure 23: Perpendicular photocurrent j, obtained by illuminating
sample Epi-1 at 4.2 K, f = 2.02 THz and F = 10 kV /cm under variation
of the azimuth angle « (see inset) of the radiation’s electric field for
+/ — 7 Tesla. The full lines are fits after Eq. (31).

Cgy. However, in some studied samples photocurrent signals appear even under
normal incidence of radiation indicating that the symmetry of these samples
is reduced. The focus is set on the samples which show no signal at normal
incidence and zero magnetic field. A magnetic field dependence of the current
density j,., measured at 4.2 K in the epitaxial graphene sample Epi-1, obtained
by illumination with pulsed radiation at a frequency of 2.02 THz is plotted in
the main panel of Fig. 22 for an electric field amplitude of 10 kV /cm. It can be
seen that by applying an in-plane magnetic field a photocurrent j, is observed
which scales linearly with B. A reversion of the sign of the current is observed
by switching the polarity of the magnetic field resulting in a symmetric de-
pendence with respect to +=B. Moreover, the current is proportional to the
squared amplitude of the radiation’s electric field and the signals repeat the
temporal shape of the excitation pulses very well (not shown). As it is indi-
cated in Fig. 22, the current is observed for two alignments of the electric field,

that is perpendicular (along z- direction, red symbols) and in parallel (along
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y- direction, black symbols) to the magnetic field B. For the two orientations

of FE the currents differ in magnitude.
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Figure 24: Temperature dependence of the polarization dependent
(j1) and - independent (j2) photocurrent for |By| = 7 Tesla and f =
3.34 THz, measured by illuminating sample Epi-1. The inset shows the
frequency dependence of j; for a momentum scattering time 7 = 3.32x
10~"s. The dashed line is a guide for the eye, its description can be

found in the main text.

The dependence of j, measured in the same sample at B, = £7 T and T =
4.2 K upon variation of the alignment of the electric field E is shown in Fig. 23.
The orientation of E is described by the azimuth angle a which is defined as
the angle between the electric field vector and the z- axis. The plot shows
that the current develops a maximum for a equal zero degree corresponding
to E1 B, and oscillates with the second harmonic of the azimuth angle a. The

overall dependence can be fitted after
Ju = J1cos2a+ ja, (31)

indicated by the full line in Fig. 23. Equation (31) demonstrates that j, con-
tains two contributions: i) a polarization dependent part of the current density,

Jj1, and ii) a polarization independent part, js, as well.
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Figure 25: (a) Main panel shows temperature dependence of j; and
Jjoobtained by illuminating sample Epi-2 at f = 3.34 THz. Inset shows
polarization dependence at 4.2 K and a fit after Eq. (31). (b) shows
temperature dependence of carrier density n and mobility p obtained

by transport measurements.

Both parts of the current are studied in terms of their temperature dependence
and the result is presented in Fig. 24. At low-temperatures, the polarization
independent current j, is higher by a factor of four compared to the pola-
rization dependent part j;. It stays constant up to roughly 60 K and then
decreases by an order in magnitude up to room temperature. By contrast, j;
stays constant up to approximately 100 K and decreases to similar values as
7o at room temperature. Besides the temperature dependence, j7; shows also a
dependence under variation of the excitation frequency. The inset in Fig. 24
reveals an overall decrease of j; with increasing frequency. At the highest radi-
ation frequency, no polarization dependent current was observed. The dashed

line serves as guide for the eye and is a fit after oc 1/(1 + (w7)?).
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A set of experimental data obtained by illuminating another epitaxial gra-
phene sample Epi-2 is presented in Fig. 25. The polarization dependence of
the current, measured at 4 K for = 7 T, can be fitted by Eq. (31) as well show-
ing a maximum for E1 B, corresponding to o = 0°. Under variation of the
temperature, j; stays constant up to approximately 100 K and decreases up to
room temperature by an order in magnitude. Consequently, it shows almost
identical behavior as observed in sample Epi-1. By contrast, the polarization
independent current j, depends only weakly on the temperature and shows
different behavior as in sample Epi-1. Additional temperature dependent Hall
measurements, shown in Fig. 25 (b), reveal a smooth increase (decrease) of the

carrier density (mobility) with increasing temperature.
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Figure 26: Magnetic field dependencies of j, obtained for a = 0°
in various samples for a laser frequency of 3.34 THz. The data were
obtained at T' = 150 K. The red squares are data obtained for sample
CVD-1 and measured at 4.2 K. The curve is multiplied by a factor 3.

The magnetic field dependence of sample Epi-2 can be found in Fig. 26 to-
gether with that of other investigated samples. For all curves, the excitation
frequency is 3.34 THz and the electric field is aligned perpendicularly to the
magnetic field (« = 0°). As a result, the samples Epi-1, Epi-2 and Epi-3 be-
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ing encapsulated in a polymer have the same polarity but differ in magnitude.
The uncoated epitaxial sample Epi-6 is of the same order of magnitude but
of opposite polarity. The current observed in the uncoated sample CVD-1
grown by the chemical vapor deposition method showed only weak responsi-
vity with a current which is approximately lower by a factor of 100 compared
to the highest signals and could be observed only at low temperatures. All
other curves were derived at 150 K. Consistently, different signs were observed
for two different groups of samples. While the samples which are uncovered
and their surface is sensitive to the environment exhibit a negative slope, the

samples which are encapsulated in PMMA show a positive slope.
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Figure 27: Parallel photocurrent j, excited at room temperature and
2.02 THz in sample Epi-6 by circularly polarized radiation providing
clockwise and counterclockwise rotating electric fields. The inset shows

-circ

Jgr¢ = [jlo+) — j(o-)] /2 measured in sample Epi-4 at 4.2 K by exci-
tation with 3.34 THz.

Besides the sensitivity to linearly polarized radiation, also the illumination
with circularly polarized radiation results in a photocurrent in the presence
of an in-plane magnetic field. Figure 27 shows the magnetic field dependence
of the photocurrent j, in sample Epi-6, measured in parallel to the magnetic

field B, at room temperature for an excitation frequency equal to 2.02 THz.
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For both right-handed (o) and left-handed (o_) circularly polarized radiation
providing clockwise - and anticlockwise rotating electric fields, a photocurrent
is present which scales linearly with the magnetic field. A change of sign is ob-
served by reversing the rotational direction of the electric field, in other terms
by switching the radiation’s helicity. A helicity dependent current was also
observed in sample Epi-4 at 4.2 K and 3.34 THz. The inset in Fig 27 shows
the linear dependence of j;"c describing the sensitivity to the radiation’s heli-
city. However, the helicity dependent current vanishes at higher temperatures
and lower excitation frequencies. In all other samples, a parallel photocurrent

sensitive to the radiation’s helicity was not observed.

4.2 Microscopic model and theory

After the observation of the magnetic field induced photocurrents in graphene
its microscopic mechanism is worked out. Following Section 2.3.3 a possible
microscopic origin of the MPGE can be caused by spin related phenomena.
However, due to the electrons low-effective mass the spin-orbit coupling is
vanishingly weak in graphene and the spin-dependent origin of the photocur-
rent becomes ineffective. The second mechanism described in there considers a
shift of the electron orbitals due to the Lorentz force which results in asymme-
tric electron scattering in quantum wells with structure inversion asymmetry.
As shown in Chapter 2.1, graphene is highly symmetric and the confinement
in a graphene sheet is nearly two-dimensional. On a first glance, also orbital
mechanism leading to a magnetic field induced photocurrent are expected to
be weak. The situation changes when graphene loses its spatial symmetry due
to the presence of a substrate and/or adatoms. Under these circumstances, a
novel phenomenon denoted as the magnetic quantum ratchet effect may ap-
pear and lead to the directed current in the in-plane magnetic field.

The physics of the magnetic quantum ratchet current is depicted in Fig. 28.
THz radiation, incident normal to the graphene plane, provides an ac electric
field which moves the carriers in the graphene sheet back and forth. At a
certain time t1, where the electric field points to the right, the motion of the

electrons perpendicularly to the in-plane magnetic field deforms the electron
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orbitals in such a way that their center of mass is shifted upwards. In the
classical picture the diamagnetic shift of the electron orbitals is a consequence
of the Lorentz force. Half a period later, at ¢t = ¢; + T'/2, the electrons are
driven to the left and their orbitals are shifted slightly downwards, indicated

by the red areas in Fig. 28 representing the carrier density.

Figure 28: Dirac electrons drive a ratchet: Red spheres show car-
rier densities shifted up (down) for left (right) moving electrons in the
presence of an in-plane magnetic field. The asymmetric scattering by
hydrogen adatoms leads to a directed motion which is depicted as a

ratchet and pawl mechanism.

As far as the graphene sheet has equivalent up- and down-surfaces, in other
terms it is symmetric with respect to £z, the shift does not affect the motion
of the carriers moving to the left or to the right and hence, within an oscilla-
tion period T of the ac electric field no net electric current emerges. However,
in the case that z — —z symmetry is broken due to unequal up- and down-
surfaces, e. g. in the presence of hydrogen adatoms, electrons with up- and
down- shifted orbitals exhibit different transport behavior. In detail, the left
moving electrons having their center of gravity shifted towards the adatoms
(red sphere in Fig. 28) feel a stronger scattering potential from the hydrogen
as the right moving electrons which are shifted downwards. By averaging over
a period in time, the motions to the left and to the right do not cancel each
other any more and result in one way traffic for carriers in graphene driven by
an external electric field. The inevitable underlying spatial asymmetry of the

system leading to the rectification of the particle flow gives rise to classify the
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effect as a ratchet effect [31,32]. Therefore, a ratchet and pawl mechanism is
used in Fig. 28 in order to depict the one-way particle flow which can be ro-
tated only in one direction from moving carriers. In the model of the magnetic
quantum ratchet effect, hydrogen adatoms are chosen for reasons shown below
to induce the z — —z asymmetry which can be understood as a structure
inversion asymmetry. In general, the dc current generation is not necessarily
restricted to hydrogen adatoms since every kind of substrate or adatom can
cause the asymmetric electron scattering leading to the rectification.

The microscopic model of the magnetic quantum ratchet effect implies already
its basic features. Since the current is caused by the orbital shift, which is a
consequence of the quantum mechanical analogue of the classical Lorentz force
F; = q(E+ (v x B)), it depends linearly on the magnetic field B. Moreover,
the radiation’s ac electric field is involved twice because it causes the oscillat-
ing motion of the electrons in the graphene sheet and also F}, is proportional
to E. Consequently, the effect is linear in the squared amplitude of the radi-
ation’s electric field, in other terms in the light’s intensity. In the following,
the semiclassical theory of the magnetic quantum ratchet effect, developed by
S. A. Tarasenko and presented in [80], is introduced and the basic ideas are
highlighted. Furthermore, the equations describing the current formation and
its dependencies on the radiation’s polarization state, magnetic field and other
fundamental parameters are presented.

As discussed above, the magnetic quantum ratchet effect originates from the
interplay of the ac electric field and the asymmetric electron scattering in
the in-plane magnetic field previously considered for inversion channels in Si-
MOSFETSs and semiconductor quantum wells [44,81,82]. The general expres-

sion for the electric current density is given by
j=4e) vf(pt). (32)
p

Herein, e is the electron charge, the factor 4 accounts for the spin and valley
degeneracy in graphene, p is the momentum, v = de/dp is the velocity, ¢ is the

kinetic energy, and f(p,t) is the carrier distribution function. In the case of
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E,, << Ep, the distribution function can be found by solving the Boltzmann

kinetic equation [83]:

% +eE(t) - %Z’t) = Stlf(p,1)] . %)

Here, E(t) = E exp(—iwt) + E* exp(iwt) is the ac electric field oscillating at
the angular frequency w, and St[f(p,t)] is the collision integral. For elastic

scattering, it assumes the form

_27r

Stlf (. 0)] = 7= > (V) (0, 1) = f(p. 1)) (= = &), (34)
o

where the angular brackets denote impurity ensemble averaging and V, is the
matrix element of electron scattering between the initial and final states with
the momenta p and p’, respectively. The ratchet current emerges only in the
case of asymmetric electron scattering in presence of the in-plane magnetic field
as a consequence of structure inversion asymmetry. In the presented model,
STA is a consequence of hydrogen adatoms on top of carbon atoms which cause
a o — 7 hybridization around the Dirac points [84]. Formally, the asymmetric

scattering is described by the matrix element

Zro€

Vorp = Var — By(pe + 1)) Vo (35)

EreMoC

where 2., is the coordinate matrix element between the 7- and o-band states,
£ro 18 the energy distance between the two bands, my is the free electron mass,
and c is the speed of light. V. is the intraband- and V, the interband-matrix
element of scattering at zero magnetic field. Without magnetic field the second
term in Eq. (35) vanishes and V,y, stays symmetric with respect to £p. In
presence of an in-plane magnetic field however, the linear coupling between B,
and p, leads to the asymmetry of electron scattering in momentum space and
hence, to the ratchet current.

Equation (33) can be solved by expanding the distribution functions in series
of powers of the electric field. The first order correction to the equilibrium
distribution function oscillates at the radiation field frequency and does not
contribute to any dc electric current. The dc current is mainly determined by
the second order corrections in E being proportional to the squared ampli-

tude of the radiation’s electric field. For the experimental geometry where the
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magnetic field is aligned along the y-direction and the radiation is shined in -z

direction onto the sample, the calculations yield

Jo = Mi(|E,* — |E, ") B, + M| E|*B,.

(36)
jy = My(E,E} + E,E%)B, + M3i(E,E; — E,E%)B,.

For the particular case of scattering by short-range defects and degenerate
statistics, relevant for the highly doped samples under study, the parameters
M, My and M3 assume the form

1202¢ 256 (Vir Vo) T2Ep

M, = 37
! Mo ene(V2) 1+ (wr)?’ (37)

402¢ 270 (Vin Vo) (1 — W72 /2)72E
M2 _ < - > ( / )2 F : (38)
g Ere (V2) 1+ (wr)
M — 60220 (Vir Vo) wriEp
T mmeere (V2 1+ (wr)][1 + (wr/2)?]

where a = €2 /(hc) is the fine-structure constant, 7 is the momentum relaxation

(39)

time, and Ep the Fermi energy. Equation (36) reveals a linear dependency
on the magnetic field as well as a quadratic on the electric field and hence,
reflects the main features of the magnetic quantum ratchet effect. This is a
direct consequence of the quantum mechanical Lorentz force analogon which
is linear in B and quadratic in E and drives the ratchet current. On the other
hand, a complex dependence on the radiation’s polarization state can be seen
as well and Eqgs. (37) to (39) yield a connection to sample parameters such as
the momentum relaxation time and Fermi energy, as well as to the radiation
frequency w. In the following, the coincidence between theory and experiment

is discussed.
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4.3 Discussion

From Eq. (36) it follows that both currents, flowing perpendicular and in par-
allel to the magnetic field, show a complex dependence on the radiation’s
polarization state. Using the Stokes parameter introduced in Section 3.2.1,

Eq. (36) can be rewritten as follows:

Jr = Mi(|E[* = |E,[*) B, + M| E* B,
= (M, S, + M,Sy)B,.

jy = Mi(E,E} + E,E})B, + Msi(E,E; — E,E})B,
= (M5, + MsSs)B,,.

(40)

It turns out that the current flowing perpendicular to the magnetic field, j,, is
sensitive to the first (Sp) and second (57) Stokes parameter. This means that
it consists of two parts: one being sensitive solely to the radiation’s intensity
and independent on the polarization state, and a second contribution which
varies with the alignment of the linear polarization state. Using the angular
expressions for the Stokes parameter from Eqgs. (28), this part of the current
oscillates with the second harmonic of the azimuth angle o. Exactly such a
behavior is experimentally observed (see Fig. 23) where the overall polarization
dependence was fitted after j, = 71 cos2a + jo. The current flowing parallel
to the magnetic field, j,, is driven by the third (S2) and fourth (S3) Stokes
parameter. For left- and right handed circularly polarized radiation, the con-
tribution proportional to the third Stokes parameter vanishes and the current
is purely driven by the phase shift between E, and E, components described
by S3 = i(E,E; — E,E}) or in other terms, by the radiation’s helicity. This
contribution has been observed experimentally (see Fig. 27) where the parallel
ratchet current changes its sign by inverting the rotational direction of the
radiation’s electric field. From Eq. (39) it follows that the sensitivity to the
rotational direction of the ac field reaches a maximum at wr ~ 1. This is in
agreement with the experiments where the helicity dependent contribution to
the parallel current was observed in sample Epi-4 for the highest excitation
frequency, showing the highest mobility and consequently, the highest relax-
ation time 7. For sample Epi-6, where the contribution was also observed, no

transport data is available. By contrast, for the linear photocurrent j; the mi-
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croscopic theory predicts a different frequency behavior. Equation (37) reveals
a decrease of the current with increasing frequency (see dashed line in the inset
of Fig. 24). This is confirmed by the experimental data.

The microscopic model and theory of the magnetic quantum ratchet effect
presented above are solely based on the excitation of carriers in response
to the THz radiation. The asymmetry of electron scattering in presence of
the in-plane magnetic field lead to different transport properties for counter-
propagating electrons. This connection of the current to the transport proper-
ties is reflected in the temperature dependence of the perpendicular ratchet
current. The polarization dependent ratchet current j; shows almost identical
behavior in all studied samples by staying constant up to a certain temperature
and decreasing by an order in magnitude up to room temperature (see Figs. 24
and 25 (a)). Equation (37) shows that j; depends on the momentum relaxation
time 7 and the Fermi energy Fr, both of them being temperature dependent.
Indeed, the decrease of the current goes along with a decrease of the sample
mobility (see Fig. 25 (b)) and consequently, the momentum relaxation time.
From Table 1 the values of 7 can be calculated to 3.32 x107!* s (4.93 x10~!4
s) at 4.2 K to 2.11 x107™ s (2.58 x107'* s) at room temperature in sample
Epi-1 (Epi-2). However, while the momentum relaxation time decreases by
roughly a factor of 2 up to room temperature, j; decreases by almost on order
in magnitude. Hence, a full quantitative description of the temperature de-
pendence of j; with Eq. (37) is not possible yet, but the effect of the transport
behavior of the electrons in graphene on the ratchet current is clearly present.
The current which is independent on the polarization state, jo, shows different
dependencies under variation of the temperature in samples Epi-1 and Epi-2.
In contrast to j;, which is solely a consequence of the excitation of carriers
and described by the model shown above, the relaxation of carriers may lead
to additional contributions to j, which are not described by the model of the
magnetic quantum ratchet effect at all. In conventional semiconductor nano-
structures, the relaxation contribution to the electric current depends on the
mechanism of inelastic scattering [44, 85] and is out of scope of the present
discussion.

As the next step, a quantitative analysis of the ratchet current is presented. In

order to calculate the magnitude of j; from Eqgs. (36) and (37) the matrix ele-
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ment 2z, ~ 0.15 A and the energy ., ~ 10 eV can be taken from [86]. Fermi
energy Fr and momentum relaxation time 7 can be taken from Table 1. Thus,
the missing parameter is the matrix element (V,.V,,)/(V2) for asymmetric
electron scattering as a consequence of structure inversion asymmetry. In order
to estimate the relevant structure asymmetry quantities, hydrogen adatoms on
graphene are considered as prototypical sp® bonded adsorbent sitting on each
carbon atom. First-principles calculations of the electronic band structures
of graphene with hydrogen adatoms have been performed by J. Fabian and
M. Gmitra [80]. The calculations reveal V;, ~ 3.5 ¢V as the mixing between
o and 7 carbon orbitals and V., ~ 3.6 eV as the mixing between the 7 or-
bitals in the presence of hydrogen adatoms giving the total orbital mixing to
(Vir Vo) /{VZ) ~ 1. The reason for the strong mixing is the hybridization
of the p, orbitals with the orbitals of the adatoms (s for hydrogen), and sub-
sequent mixing with the o orbitals. With that values, the current can be
calculated to j ~ 1 pA/cm at the magnetic field B = 7 T, an electric field
amplitude of 2F = 10 kV/cm and an angular frequency w = 2.1 x 10'® rad/s.
The current density j;, measured in the experiment for the same conditions, is
~ 18 A /em, see Fig. 25. The estimation for the current density at 7' = 260 K
gives j ~ 0.7 pA/em vs ~ 2.6 pA/cm measured in the experiment. Conse-
quently, the simplified model reveals amplitudes which are within an order of
magnitude compared to the experimental data.

In the microscopic theory, the presence of adatoms is considered to be the ori-
gin of the asymmetry. This might be the case in the uncovered samples under
study which are sensitive to the environment. As it was mentioned in Chap-
ter 3.4 the samples which are exposed to ambient conditions show a drift in
carrier density and mobility. The chemisorbtion of adatoms is most probably
the reason for this and could also be responsible for the asymmetric scatter-
ing leading to the magnetic quantum ratchet effect. The opposite sign of the
ratchet current observed in the protected samples affirms the strong influence
of the environment. In this group of samples, rather the protection layer in-
stead of adatoms influence the symmetry of the system. However, it was shown
in [77] that the polymer coating has no influence on the transport in graphene.
It is more likely that the buffer layer can be responsible for the asymmetry

in electron scattering in that systems. The buffer layer is known to interact
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strongly with the graphene layer (see e. g. [87-89]) and may considerably in-
crease SIA. To get an upper limit for this interaction the ratchet current for
an asymmetric bilayer-like structure was calculated as well (see supplementary
material in [80]). The estimation reveals an enhancement of the ratchet current
by two orders of magnitude compared to single-layer graphene and indicates
that even small interaction between two layers should enhance the magnetic
quantum ratchet effect. However, large area epitaxially grown bilayer samples
are not available at present and clarifying investigations remain a future task.
Another hint for a substantial role of the buffer layer is the enhancement of
the ratchet current in epitaxial graphene on SiC compared to the low magni-
tude of the signal detected in the CVD grown graphene sample. As discussed
in Section 3.4, in the CVD growth process graphene is transferred onto an
insulating SiO, layer and the interaction between both layers is known to be
significantly smaller [90]. Hence, the absence of the buffer layer may lead to
the observation of the weaker ratchet current in CVD grown graphene.

Finally, as shown in Fig. 26, the encapsulation of the graphene surface in a
polymer leads to a consistently opposite sign of the ratchet current. While
the transport parameters are almost independent of this method of post-
growing treatment [77], the structure inversion asymmetry and consequently,
the ratchet current is strongly affected. Equations (36)-(39) show that the
change of sign can only be dedicated to the coupling of the current to the ratio
between asymmetric and symmetric scattering matrix elements (V. Vi) /(V2)
which is a direct measure of SIA. While the sheer existence of the ratchet cur-
rent is a proof that macroscopic graphene samples exhibit a space inversion
asymmetry, each specific adsorbent, substrate or cover layer may imprint its
specific quantitative signature on the SIA in graphene. Consequently, the mag-

netic quantum ratchet effect can serve as tool to study this material property.
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5 Chiral edge currents

Subsequent to the dc photocurrents subjected to an in-plane magnetic field,
in this chapter the nonlinear transport in the vicinity of the edges of macros-
copic graphene samples is investigated. According to Sections 2.3.1 and 2.3.2,
the illumination of graphene at normal incidence results in zero current since
neither the photon drag effect nor the photogalvanic effect are allowed under
that circumstances. However, further reduction of the system’s symmetry, e. g.
in the vicinity of edges, may allow contributions to the photogalvanic effect
even at normal incidence [91]. These contributions are studied in this chapter.
At first, the experimental observation of the THz radiation driven chiral edge
currents in graphene is presented. It is shown that under normal incidence of
radiation a photocurrent appears which stems solely from illumination of the
edges. The experiments are followed by the microscopic theory developed by
M. M. Glazov and S. A. Tarasenko which is briefly summarized. It is demon-
strated that the current emerges solely in a nanometer-sized channel at the
sample’s edges and vanishes in the interior area. The polarity of the current
reveals that the carrier type changed from n to p-type within this channel
what is agreement with Raman experiments. Allowing the determination of
the edge scattering times, the terahertz radiation driven chiral edge currents in
graphene open an experimental access to microscopic edge properties, which

can usually not be separated from bulk properties.

5.1 Edge current experiments

The investigation of the high frequency transport in the vicinity of the graphene
samples has been done with the optically pumped molecular THz laser from
Section 3.3. The edge current experiments were performed at room tempera-
ture by applying sub-ns pulses to the unbiased sample which was mounted at
a x —y stage to adjust the relative beam position at the sample. The direction

of incidence of radiation is the —z direction (see inset in Fig. 29).

Figure 29 shows the result of an edge current experiment obtained by illu-
minating the epitaxial graphene sample Epi-5 with a radiation frequency of

2.02 THz and a laser peak power of 14 kW. The laser beam was adjusted
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Figure 29: Photocurrent J at normal incidence in the edge’s vicinity
observed in sample Epi-5 as a function of the angle ¢ which is the
rotational angle of a corresponding quarter-wave plate. The solid line
is a fit after Eq. (41). The inset shows the experimental geometry and

the ellipses on top illustrate the polarization states for various ¢.

between two ohmic contacts by avoiding the illumination of the contact pads.
The radiation’s polarization state was varied with the help of a quarter wave
plate according to Section 3.2.2. The photosignal was measured between the
two contacts and picked up as a voltage drop over a 50 €) load resistor. As
it can be seen, the illumination of the samples edge results in a photocurrent
which varies with the polarization state. Most notably, it changes its sign
by switching the radiation’s helicity from o, to o_ at phase angles ¢ = 45°
and ¢ = 135°, respectively. The overall dependence is more complex and well
described by:

J(p) = Jasin2p + (Jp/2)sin4p — Jo cos® 2p + &
- JAPcirc(SD) + JBSQ(SU) + JC;S&(QO) =+ §

In the latter equation the Stokes parameter are introduced. The first term

(41)

given by the coefficient .J, is proportional to the radiation helicity and reverses
its sign by switching the radiation’s handedness from left to right as it was

observed experimentally. The second (J o Jg) and third (J o« Jo) terms
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change with degree and orientation of the linear polarization but vanish for
circularly polarized radiation. The observed offset £ is smaller than, or at least

comparable to Ja, Jp, and Jo (see Fig. 29).
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Figure 30: Photocurrent J4 in sample Epi-5 as a function of the laser
spot position. The laser spot is scanned along y and the current is
picked up from two contact pairs at the top (red circles) or bottom
(blue full circles) sample edges aligned along x (see inset). Dashed lines
represent the laser beam spatial distribution, which is measured by a
pyroelectric camera, scaled to the current maximum. The inset shows

a similar scan obtained in another epitaxial graphene sample.

An evidence that the photocurrent stems solely from the sample’s edge is
presented in Fig. 41. In order to prove this, the laser spot was scanned across
the samples edge and for accuracy, a full polarization dependence was measured

like the one shown above and J4 extracted by fitting Eq. (41) to the data. In
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that way a detailed spatial profile of the helicity driven photocurrent J4 was
recorded which is the only contribution which reverses the current direction
upon switching the radiation helicity from o, to o_. For circularly polarized
light (Pure = £1 and S; = S5 = 0) and £ = 0, the current is solely determined
by the first term in Eq. (41). The scan across the sample’s edge along the y
axis reveals that J4 forms a peak which is centered around the sample’s edge,
and decreases close to zero if the beam is moved to the center of the sample (see
Fig. 30). The comparison of the spatial distribution with the independently
recorded beam profile of the laser spot (full and dashed line in Fig. 30) reveals
that the signal just follows the Gaussian intensity profile. At the opposite pair
of contacts, a similar spatial profile of the helicity driven current is detected by
scanning the spot across the opposite edge. However, the peak is of opposite
polarity and exhibits a magnitude which is larger by a factor of two. The
distance between the two peaks fits perfectly to the size of the sample which
is 5 mm in square. This observation clearly demonstrates that the current is
caused by the illumination of the sample edges. Moreover, it shows that the

helicity driven current changes its direction for opposite edges.

Similar behavior was observed in the CVD grown graphene samples as it is
shown in Fig. 31 for sample CVD-2 which was excited with laser radiation at
f = 3.34 THz and as well a peak power of 14 kW. The circular photocurrent
J4 exhibits peaks at the sample’s edges which are of opposite polarity. In
the interior of the sample no current was observed. The spatial distribution
of J, also fits well to the beam profile. In contrast to the epitaxial samples,
the magnitude of the current is lower by an order of magnitude. The overall
polarization dependence (see inset in Fig. 31) is also described by Eq. (41).
In this sample, a stronger polarization independent part £ as in the epitaxial
samples is present, but the circular photocurrent .J4 is clearly detected at the

sample’s edge.

The results presented above show that the current direction at a specific edge
depends on the light’s helicity and is counter-propagating at opposite edges.
Indeed, investigations on all accessible contact pairs yield a remarkable behav-
ior of the circular edge photocurrent: it forms a vortex winding around the

edges of the square shaped samples and shows chiral behavior in that sense
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Figure 31: Spatial distribution of the circular photocurrent J4 for
sample CVD-2 excited with a frequency of 3.34 THz. The current was
picked up in the same way as for Fig. 30. The data are extracted
from polarization dependencies as shown in the inset which refers to

the currents peak position at y = 9.4 mm.

that it reverses its direction upon switching the radiation’s helicity from right-
to left-handed. The current direction for o, (red arrow) and o_ (blue arrow)
circularly polarized radiation and the magnitude of J4 for various contact pairs
are shown in Fig. 32 for the samples Epi-5 (a) and Epi-1 (b). This behavior
was identified by centering the laser spot at the maximum signal between two
contacts and recording a full polarization dependence showing that the derived

amplitudes differ within the same order of magnitude for all contact pairs.
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Figure 32: Amplitudes of J4 in A measured between various contact
pairs for sample Epi-5 (a) and Epi-1 (b). Red and blue arrows show the
current direction for o4 and o_ polarizations, respectively carried out
at f =2 THz and P = 14 kW.

5.2 Microscopic theory

All experimental results were observed under normal incidence of THz radia-
tion. Hence, the observation that a photocurrent occurs only if the laser spot
is adjusted to an edge agrees with the symmetry analysis: As shown above,
at normal incidence the photon drag effect is forbidden at any symmetry, the
photogalvanic effect is only allowed if the (g, symmetry considered for gra-
phene on a substrate is further reduced. Consequently, the observation of a
photocurrent at normal incidence of radiation is a clear manifestation of the

symmetry reduction of the system, in this case, due to the edges.

A microscopic process activating the edge photocurrent generation is illustra-
ted in Fig. 33. It involves the action of the light’s electric field of circularly
polarized radiation on the free carriers in the vicinity of a graphene edge. Be-
low it will be shown that solely the second order E-field correction results in a
directed current. The carriers follow the trajectory of the electric field leading
to a time dependent motion. Assuming a clockwise rotating electric field (o)
acting on holes in graphene, the resulting trajectory of the carriers leads to
a net motion towards the edge (in —z direction ), and at the same time to a
motion in +y direction as well. Considering diffusive scattering at the edge,
a net carrier flow emerges due to the action of the electric field. This carrier

flow changes its direction when a counterclockwise electric field (o) acts on
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Figure 33: Action of circularly polarized radiation onto carriers in the
vicinity of graphene edges accompanied by diffusive scattering at the

graphene edge. The mean free path is indicated by .

the carriers. As a result, a helicity dependent current emerges which reverses
its direction upon changing the radiations degree of circular polarization (see
different colors in Fig. 33). Carriers which move in +z-direction scatter as far
as they exceed the mean free path [ and do not contribute to the dc current.
Thus, the current is restricted to a narrow channel in the vicinity of the sam-
ple’s edge with a width of approximately the mean free path of the carriers.

The microscopic description of the mechanism can be treated classically since
the typical photon energies (fuv,;, ~ 10 meV) used in the experiments are much
smaller than the characteristic energy of carriers (Er ~ 100 meV). The theory
of the current generation was developed by Sergey A. Tarasenko and Mikhail
M. Glazov in the framework of the Boltzmann kinetic equation and will be
briefly introduced in the following. In this approach, the electron (hole) dis-
tribution is described by the function f(p,x,t) which depends on the carrier
momentum p, coordinate xz (x > 0 for a semi-infinite layer) and time t. The

exact form of the distribution function can be found by solving the Boltzmann

equation:
af af of

where E(t) = Epe ! + Eje™“! is the electric field of the radiation, v = vp/p

is the electron velocity, v &~ 10° m/s is the effective speed, ¢ is the carrier
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charge (¢ = +]e| for holes and —|e| for electrons), and Q{f} is the collision
integral. Expanded in series of powers of the electric field the distribution

function follows to

f(p,z,t) = folep) + [fi(p, 2)e ™ + c.c] + falpyz) + ..., (43)

yielding a static contribution fy(g,) which is the equilibrium distribution func-
tion with €, = vp being the electron energy. The first order correction f; o |E)|
oscillates with frequency w and does not contribute to a dc current. Only the
second order correction fy oc |E|? results in a directed electric current along
the structure edge. Being sensitive to terms which are quadratic in the electric
field reveals that the photocurrent is linear in the light’s intensity. The total

electric current is given by:
J, =4 q/ dxz fa(p, x)vy, . (44)
0
P

Herein, the factor 4 accounts for the spin and valley degeneracy of the graphene
lattice. The solution of Eq. (42) considering the scattering integral Q{f} for
diffusive scattering and fulfilling boundary conditions concerning particle- as
well as energy and momentum conservation can be found in [92]. The total
photocurrent follows to:

33,2
q T 10 wT .
Jy= - - E, x Ej].
Y 21h2[1 + (wT)2] [3 1+ ((m’)?l[ o X Egl.+
71— (wr)?
14— Eo.E; ., + EoyEy . (45
( T 6 1+(w7‘)2> X (EoxEg, + Eoy ) (45)

The helicity-driven current is given by the first term because i[Ey x Ef], =
— P, for our geometry where the light propagates along —z. This term is pro-
portional to the fourth Stokes parameter. The second term yields the current
caused by linearly polarized radiation and vanishes for circular polarization. In
the case of elliptically polarized light, Ey.Eg, + EoyEp, o< (1/2)sindp = S,.
Both contributions to the current are proportional to the squared amplitude of
the radiation’s electric field. The coincidence between the experimental find-
ings and the results obtained from theoretical considerations is discussed in

the following chapter.
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5.3 Discussion
Equation (45) yields two contributions to the electric current, one being sen-
sitive to linearly polarized radiation and a second one being sensitive to the
radiation’s helicity. Both of them are clearly detected in the experiment and

correspond to the first (o< J4) and second (o Jp) terms in the empirical

Eq. (41), see Fig. 29. The focus is now shifted towards the helicity dependent

contribution to the total current presented by Eq. (45). Although a linear
contribution was observed as well, it is out of scope of the present discussion.

Further information can be found in Ref. [30].
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Figure 34: Photocurrent J4 measured for different edge segments.
Lines are fits to Eq. (45). The fitting parameters 7/10~'*s for sam-
ple Epi-5 and Epi-Al are indicated by numbers. The inset shows the
measured circular photocurrent J4(w7) at one of the edge segments of
sample Epi-5 (open circles) together with the fit after Eq. (45). The
data point at wr = 4.4 is obtained applying the pulsed CO» laser.

As shown above (Fig. 32), the circular current forms a vortex around the square
shaped samples and reverses its sign upon switching the radiation’s helicity. As

it was experimentally shown, the amplitudes differ for all investigated edges
The amplitudes are plotted in Fig. 34 for

between different contact pairs.
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sample Epi-5 (blue circles) and Epi-1 (red triangles) together with Eq. (45) for
circularly polarized light. The blue and red curves (full lines) are calculated
using the bulk scattering times determined from Hall measurements (see Sec-
tion 3.4), that are 7 = 2.8 x 107 s for sample Epi-5 and 7 = 2.0 x 1074 s
for sample Epi-1. It can be seen that the experimentally derived values of Ju
scatter around the bulk value. For some of the contact pairs already perfect
quantitative agreement is achieved with these curves. However, for other edge
segments the values deviate significantly. This is a consequence of the strong
non-linear dependence of J4 on the scattering time 7. Indeed, the variation
of 7 by only +15 % changes the current amplitude by almost +50 %. By
small variations of the scattering time a coincidence between the measured
amplitudes of J4 and the calculated curves can be found. Consequently, this
allows the determination of the local scattering time 7 for every edge segment.
The best fits are shown by the dashed lines and constitute a map of scattering
times along the edge. Scattering times smaller /larger than the average bulk
scattering time most likely reflect primarily fluctuations of the local scattering
time and hence, inhomogeneities in the distribution of scatterers.

By comparing the edge currents obtained in epitaxial graphene to that in CVD
grown graphene it turns out that the amplitude in the latter one is lower by
an order of magnitude. From Table 1 it follows that the carriers in the epitax-
ially grown graphene samples exhibit mobilities around 1000 cm?/Vs at room
temperature. By contrast, the mobility of the CVD samples was estimated
by the co-workers to approximately 500 - 750 ¢cm?/Vs what is in accordance
with the literature and significantly lower than the values in the epitaxially
grown samples. Following Eq. (45), the lower mobility and consequently the
lower momentum relaxation time result in the huge difference in the current’s
amplitude.

The current’s frequency dependence is strongly non-monotonic as it is demon-
strated by the curves in Fig. 34 which are fitted by Eq. (45). The w7- depen-
dence for a single edge segment with a scattering time 7 equal to 2.3 - 107 s
is presented in Fig. 34 by the open dots. The additional measurements re-
veal an in increase of J4 with the radiation frequency. This is in agreement
with Eq. (45) which predicts zero current at zero frequency and a maximum

at wr ~ 1. For higher frequencies the current vanishes what was also shown
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experimentally. The inset of Fig. 34 shows additional results at wr ~ 4.4 ob-
tained by excitation with a pulsed CO, laser. An edge current contribution
was not observed at the highest frequency yielding An overall good agreement
between Eq. (45) and the experimental findings.

Quantitatively, Eq. (45) yields that the overall polarity of the circular edge
current should be negative (positive) for holes (electrons) due to the cubic
dependence on ¢ and the minus sign. However, consistently opposite signs of
J4 are observed for the n-doped samples. This at a first glance surprising
result agrees with results from spatially resolved Raman spectroscopy experi-
ments on graphene flakes [93] and antidot lattices [94]. There it was carried
out that the doping in the vicinity of graphene edges can change from n to p
type and vice versa. This is in accordance with the observed sign of the photo-
current, which is generated in a narrow edge channel comparable to the mean
free path (= 10 — 20 nm) and has opposite sign for electrons and holes, see
Eq. (45). In the case of epitaxial graphene, the difference in the conductivity
type can be also understood from the details of the sample fabrication. It was
already pointed out above that epitaxial graphene on SiC(0001) is n-doped due
to charge transfer from the interfacial buffer layer [78], while so-called quasi-
free-standing graphene, lacking such buffer layer and sitting on a hydrogen
terminated SiC(0001) surface, is p-doped [95]. Similar effects on the transition
from n- to p-type of doping at the edges of graphene flakes on SiO,, which
were attributed to the difference in the work functions of graphene and the
substrate has been reported [96]. While the origin in the change in doping
is not perfectly understood yet, the chiral edge currents clearly indicate that
the transport in a narrow channel close to the edges is dominated by holes.
Consequently, a transmission from n- to p-type conductivity is present in the

vicinity of graphene edges.
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6 Reststrahl band assisted photocurrents

In the past chapters, two new photoelectric phenomena, observed at under
normal incidence of radiation, have been investigated. In this chapter, it is
demonstrated that the nonlinear HF photoelectric phenomena can be enhanced
in graphene on a substrate with negative dielectric constant. Therefore, the
observation of the photocurrents under oblique incidence of radiation in the
frequency range of the reststrahl band of the substrate is presented. First, the
experimental results done at the FELIX free electron laser are summarized. As
a result, within the spectral region of the substrate’s reststrahl band a strong
amplification of the linear - and a suppression of the circular photocurrent is
observed. While the microscopic origin of the current can explained in terms
of the photon drag - and the photogalvanic effect, this quite unusual frequency
dependence is not expected. Within the framework of a macroscopic Fresnel
formalism, the resonance as well as the suppression of particular contributions
to the current are explained by a strong modification of the local electric fields
acting on electrons that are confined in the graphene layer. As an impor-
tant result, the observed reststrahl band assisted photocurrents demonstrate
that nonlinear photoelectric phenomena can be giantly enhanced by a proper

combination of the spectral range and the substrate material.

6.1 Photocurrent experiments

The experiments for the investigations of photocurrents in epitaxial graphene
on SiC in the spectral region of the substrate’s reststrahl band have been per-
formed at the FELIX free electron laser described in Section 3.1.2. Due to
its tunability and high output power, FELIX is the perfect tool to study the
photocurrents within that spectral region which can be identified from Fig. 35.
Therein, the reflection spectra of graphene (red line) and SiC (dashed line)
are presented, measured with a standard Fourier Transform Infrared (FTIR)
spectrometer. Within the reststrahl band, the substrate is highly reflective due
to the excitation of optical phonons and is restricted by the Eigenfrequencies
of the transverse optical phonons (Awro =~ 99 meV) and the longitudinal op-
tical phonons (hwro ~ 120 meV). The reflectivity spectra of graphene on SiC
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shows only small deviations close to hwro (see dotted line in Fig. 35) and is at-
tributed to the substrate phonon-induced surface plasmon-polariton formation

in epitaxial graphene [97].

A (um)
13 12 11 10 9 8
100 substrate 175
¥ (SiC)
- 75 {5.0
>
= S
x
£ 50 125
3 /' 3
% |
P25 et — 0.0
e~
ha)TO ha)LO
—
0 1 1 1 1 _
100 120 140 160
fico (meV)

Figure 35: Reflection spectra of silicon-carbide (dashed) and graphene
(red). The dash-dot line is the difference in reflectivity of both spectra
and the grey area refers to the Reststrahl band of the substrate.

The geometry of the photocurrent experiments is depicted in the inset of
Fig. 36. The angle of incidence € of the radiation is defined with respect
to the sample normal which is the z-axis. The angle a describes the align-
ment of the electric field vector with respect to the plane of incidence which
is the (xz) plane. The photocurrent has been measured in two directions: i)
perpendicular to the plane of incidence which is denoted as the transverse pho-
tocurrent ij , and ii) parallel to the plane of incidence which is referred to as

the longitudinal photocurrent j=.

Under oblique incidence of radiation, a photocurrent was observed in all in-
vestigated samples which vanishes at normal incidence. The temporal shape
of the current recorded with an oscilloscope repeats that of the micropulses of
the laser radiation which is provided in picosecond micropulses separated by
two nanoseconds very well. Figure 36 shows the spectral dependence of the

transverse current j[ at |§] = 30° obtained by illuminating sample Epi-1. The
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Figure 36: Spectra of the linear transverse photocurrent ij un-
der oblique incidence of radiation measured in sample Epi-1 at
room temperature. j; is presented by averaging after j; =
(7( =+30°) — j(6 = —30°)) /2. Blue and red curves indicate differ-
ent alignments of electric fields described by the angle @ = +45°. The
inset shows the experimental geometry and definitions of angles 8 and
«. The dashed line is the reflection spectrum from Fig. 35 and the grey
area is the Reststrahl band of the SiC substrate indicated by the trans-
verse (hwro ~ 99 meV) - and the longitudinal optical phonon energy
(hwro =~ 120 meV). Dots are data points taken from [29] and belong to
the right hand scale.

radiation is linearly polarized and the electric field is aligned along ov = 445°
(blue curve) and a = —45° (red curve). The current is averaged over two
symmetric angles of incidence equal to £30° (for details see figure caption) to
exclude any errors from possible misalignments. As a result, the transverse
linear photocurrent is present in the whole investigated spectral range. Most

remarkably, the current changes its sign at 10.3 and 12.4 pym corresponding
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Figure 37: longitudinal photocurrent j~ measured in sample Epi-
1 along z-direction under excitation with linearly polarized radiation.
The electric field is aligned along z-direction corresponding to a = 0°.
The inset shows the experimental geometry, the grey area represents
the reststrahl band of the SiC substrate.

to photon energies hw,, of 99 and 120 meV. In between, the current exhibits
a peak and is stronger by an order of magnitude compared to its values at
shorter or longer wavelengths. The whole spectrum including the resonance
changes its sign by mirroring the alignment of the electric field vector from
a = +45° to a = —45° and is therefore, an odd function of . The inver-
sion of the angle of incidence with respect to the sample normal results in a
change of sign of the current as well (not shown). The current is linear in
the light’s intensity and varies after jzf = Lsin2asinFE;, where L is a di-
mensionless prefactor. A remarkable coincidence yields the comparison of the
photocurrent with the reflection spectra of the sample which is plotted as the
dashed line in Fig. 36 for better comparison. It turns out that the resonance
of the current is connected to the spectral region where the reflectivity of the
substrate R(w) reaches unity. The resonance of the current is almost centered
within the reststrahl band of the substrate and the changes of the current’s
sign coincide with the transverse optical phonon energy (fiwro ~ 99 meV) and
the longitudinal optical phonon energy (hwro ~ 120 meV) of the substrate.
The result is in agreement with the data taken from Ref. [29], where similar

behavior of the transverse photocurrent is observed in response to a Q-switch
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COq laser providing several discrete laser lines between approximately 9 and
11 pm. The data, indicated by the red squares in Fig. 36 show a change of
sign for an almost identical photon energy and an increase of the photocurrent
by an order of magnitude. However, only a narrow spectral region close to

hwro ~ 120 meV is investigated in that work.

HﬁO%H&OQ Jy ! I (arb. units)

130

--------------------------- > -0.35 0.35
N { 0.3
(0]
g
2 0.0 _
> 3
2o =
Q = =
5] (20 BTN (b) ha) 129 meV 103 'e
[ <
g 103 5
SEE o-ll6meV | S
1 A M 0.0
o | (¢) hw=116 meV 1-03
0° 45° 90° 135°  180° 0° 45°  90° 135° 180°

Angle ¢ Angle ¢

Figure 38: Transverse photocurrent in response to elliptically polar-
ized radiation. (a) shows frequency scans for different angles of ¢ with
resulting polarization states on top. The right panel shows polarization
dependencies for fuw,y at 116 (b) and 129 meV (c), respectively. Full

lines are fit functions after the Stokes parameter. All data are obtained

at 6 = —30°.

In addition to the transverse current, the illumination with linearly polarized
radiation results also in a photocurrent in longitudinal direction. Figure 37
shows jL excited with an electric field aligned along the plane of incidence
(v = 0°), averaged over §# = £30°. A similar resonance is present compared
to that detected in the transverse direction, again accompanied by a double
change of sign. Overall, the current varies with jX = Lcos2asinfEZ and

vanishes for v = £45° (not shown).
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The transverse photocurrent shows also sensitivity to elliptically polarized ra-
diation. Dependencies of the current obtained by the rotation of a Fresnel
rhomb according to Section 3.2.4 and the resulting polarization states for var-
ious rotational angles ¢ can be found in Fig. 38. For ¢ equal to 45° and 135°
circularly polarized radiation is produced, described by the circular degree of
polarization which oscillates with o sin2¢. In contrast, the degree of linear

polarization oscillates with o< sin 4. Polarization dependencies for two differ-
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Figure 39: Spectra of the circular transverse photocurrent j?f un-
der oblique incidence obtained in sample Epi-1 at room tempera-
ture. The circular photocurrent was measured for right (o%) and
left (0~) handed circularly polarized radiation and averaged after
jyc = (j(o*) —4(c7)) /2. Blue and red curves indicate different an-
gles of incidence. The grey area is the reststrahl band of the SiC sub-
strate obtained from reflectivity measurements (dashed line) and indi-
cated by the phonon Eigenfrequencies of the transverse optical phonons
(hwro ~ 99 meV) and the longitudinal phonons (Awro ~ 120 meV).

Dots are data points taken from [29] for intensity calibration.
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ent photon energies are shown on the right hand side of Fig. 38. The transverse
photocurrent can be fitted by a superposition of linear and circular contribu-
tions after j, = j. 475 = [(L/2) sin4p+C sin 2] sin 0 Eg. At huw,, = 116 meV
(Fig. 38 (c)) the linear contribution proportional to o sin4y is dominant. In
contrast, for fuw,, = 129 meV (Fig. 38 (b)) the current oscillates rather with
o sin2p and is sensitive to circularly polarized radiation. A transition from
a dominating linear to circular current can be seen from the 2D color plot on
the left hand side of Fig. 38. Blue (yellow) colors indicated positive (negative)
amplitudes of the transverse current. The color map indicates that the current
oscillates with oc sin4¢ for hw,, < hwpo and with o< sin 2¢ for hw,, > hwro.
A sharp transition from a linear to a circular photocurrent can be observed
at hwpn, = hwro = 120 meV. The data were taken at an angle of incidence 6
equal to —30°.

The spectral dependence of the circular transverse photocurrent jyc obtained
by applying right (0) and left (¢~) handed circularly polarized radiation to
the sample is shown in Fig. 39. The current results from averaging over (o)
and is plotted for § = £30°. It turns out that in contrast to the linear pho-
tocurrent which is strongly enhanced between hwro and hwpo, the circular
photocurrent is rather suppressed within the reststrahl band of the substrate.
For larger photon energies the circular contribution is higher in magnitude than
the linear current. The data are again in agreement with that taken from [29].

In longitudinal direction, a circular photocurrent was not detected.

6.2 Phenomenological analysis

Following Sections 2.3.1 and 2.3.2, the generation of the photocurrent under
oblique incidence of radiation can be devoted to both the photon drag effect
and the photogalvanic effect. Indeed, it was shown in Ref. [29] under similar
experimental conditions, that the photocurrent emerges as a result of the su-
perposition of both phenomena. Without going into microscopic details, the

phenomenological equations reveal a couple of features which coincide with
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the experimental findings. In the experimental geometry considered above

they can be rewritten as follows:

GPPE _Trg (B2 + 1B, 1) + Tan(|Eal? — |E, ), (46)
jyPP =Tq,(E,E} + E3E,) + T'q,i(E,E} — E,E), 47)

for the PDE and

J2 P = X (B.E; + B, B.7), )
it =X (B.E} + E,E.") + vi(E.E; — E,E."), (49)

for the PGE. Herein, F is the electric field acting on electrons, T, T and X are
coefficients describing, respectively, the PDE and PGE currents proportional
to the linear polarization given by symmetrical combinations of electric field
components. The two remaining coefficients correspond to the circular PDE
(T") and PGE (7) currents. These contributions reverse the direction upon
switching the photon helicity P. = i(E x E*) - q/q. Thus, it follows from
Egs. (46) and (48) that j, is sensitive to linearly polarized radiation only. In-
deed, in the longitudinal direction, no circular photocurrent has been observed.
By contrast, the transverse current j, has both linear (see Fig. 36) and circu-
lar contributions (see Fig. 39). Furthermore, both longitudinal and transverse
current reverse their direction upon inversion of the angle of incidence of the ra-
diation with respect to the sample normal (see Fig. 39). This can be dedicated
to the inversion of the in-plane component of the photon wavevector ¢, for the
PDE, and to the reversion of the out-of-plane component of the electric field
E. in the case of the PGE. All observed agreements with the phenomenological
equations remain unchanged over the entire investigated spectral region.

While Egs. (46) to (49) reflect most of the experimentally observed features,
they do not explain the observed resonance (suppression) of the linear (circu-
lar) photocurrent. In the frequency range E,, < Ep and room temperature,
the microscopic mechanism is expected to be the same over the entire studied
spectral region. Consequently, both the PDE and the PGE arise in response
to Drude-like intraband absorption processes where a smooth dependence on
the radiation frequency is expected. This is observed outside the substrate’s
reststrahl band where both linear and circular photocurrents are almost inde-

pendent on the photon energy. However, in this absorption regime no resonant
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process is expected being responsible for the resonance/suppression inside the
band. Also all prefactors of the phenomenological equations have smooth fre-
quency dependencies [28,29].

A possible origin of the unusual frequency dependence of the current is most
likely the modification of the local electric fields acting on the carriers in gra-
phene. Indeed, one can expect drastic modifications of the in-plane and out-of-
plane radiation electric field components for frequencies within the reststrahl
band of the substrate which is characterized by a negative dielectric constant
of the material. Under oblique incidence of radiation, an electromagnetic wave
is reflected at the substrate leading to an interference of both incoming and
reflected wave. Thus, the electric field acting on the carriers in the graphene
layer and driving the electric current would rather be that resulting from the
interference instead of that of the incoming wave. In the following section, the
analysis of the modified electric fields within a macroscopic Fresnel formalism

is presented.

6.3 Fresnel analysis of the local electric fields
The reststrahl band of a polar crystal, such as SiC, is characterized by a neg-
ative dielectric constant €, which is given in its general from by [35]

€0 — €0

1 — (w/wro)? — iwl' w2,

e(w) =€ + (50)
Herein, wro and I' are the frequency and the damping of the transverse op-
tical phonon, £y and ¢, are the low- and high-frequency dielectric constants,
respectively. The complex dielectric function and, consequently, the complex
refractive index v/ = n + i, determine the frequency dependence of the elec-
tric field components. Here n is the real part of the refractive index and s its
imaginary part, often referred to as the extinction coefficient. Within the rest-
strahl band, € is negative and the material highly reflective due to a non-zero
imaginary part. Consequently, an incoming electromagnetic wave gets almost
perfectly reflected.

In Sections 2.3.1 and 2.3.2, the photon drag - and the photogalvanic effect are

considered in response to single electromagnetic waves acting on the carriers
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in graphene. This is reasonable for graphene synthesized on a substrate which
is transparent in the investigated frequency region. However, in the present
case when the substrate is highly reflective within the reststrahl band, the
local electric field components responsible for the current generation may be
considered as a superposition of that of the incoming and the reflected wave

rather than that of a single wave. A scheme of the electric fields acting on the

6 RESTSTRAHL BAND ASSISTED PHOTOCURRENTS

carriers in graphene is depicted in Fig. 40 (a).
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dependence of the linear (solid) and circular (dashed) photocurrents.
(b) Photon drag effect. (c) and (d) Photogalvanic effect caused by the
electric field in the SiC side, E, and in the air side of the air/SiC inter-
face, E°“*  respectively. The insets show components of the electric field

and photon wave vector considered in the corresponding calculations.
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(a) Scheme of interfering incoming (gn.) and reflected

waves (grep) acting on graphene on SiC. (b)-(d) Calculated spectral
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The spectral dependence of the photocurrent in response to the superimposed
electric fields can be determined from the modified in-plane and out-of-plane
electric field components, E™ and E°“, of the interfering waves. These were
calculated by L. E. Golub in the framework of a macroscopic Fresnel formal-
ism [98] under the following assumptions: i) the graphene layer does not affect
the radiation’s electric field and ii) all prefactors in Eqs. (46) to (49) describ-
ing, respectively, the PDE and PGE are smooth functions of the radiation
frequency. To obtain the frequency dependence of the required electric field
the corresponding Fresnel transmission coefficients for oblique incident radia-

tion were calculated, given by

p— 2 cos b, | (51)
Ve —sin? 6, + cos b
2 )
ty Ve cosfo (52)

B \/5—sin2«90+€C0590.

for s (perpendicularly) - and p (parallel) - polarized components of the electric
fields. At an oblique incidence of radiation on the dielectric media with (w)
the wavevector component in the surface plane is ¢, = (w/c) sin § is continuous

while the normal wavevector component inside the medium ¢ = (w/c)(n+is)

where
(¢ —sin? )2 + " + &' — sin? 0
g —sin?6p)2 + &”* — (¢ — sin® 0
WV ) ( ) o

2
Here ¢’ and ¢” are the real and imaginary parts of the dielectric function,
respectively.
As a result, the in-plane electric field components which are continuous at the

air/SiC interface follow to
Eﬂ? = tPEOP(n + 1%)57 Ey = tsE057 (55)

where Ey,, Ey, are the corresponding parts of the incident wave amplitude and

==1/ \/ n2 + 2 + sin® fy. In contrast, the normal-to-plane component E, is
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discontinuous at the air/SiC interface [70]. Therefore, its values inside F* and

outside the substrate E°* were calculated as the limiting cases:
E" = —t,Ey,sin0=, E°“ =cE™ (56)

With that knowledge, the photocurrent contributions can be calculated. For
the photon drag effect, the in-plane wave-vector - and electric field components

yield
. w .
ij = sin 0P| By |?
x [(nT + 3T") Re(tit,) + (3T — nT") Im(t5t,)] E, (57)
]yC’ :(A_J sin 90PC|E0|2
c
x [(T —nT") Re(tit,) — (nT + »1") Im(t}t,)] =. (58)
for the linear and circular photon drag effect. P, = (Eo,Ej, + EosEg,) /| Eol?,
and P, = i(Eo,Ej, — EosEg,)/|Eol? describe the linear and circular degree of
polarization.
For the photogalvanic effect, depending on the out-of plane electric field com-

ponent F., two solutions were derived. First, at the air side of the air/SiC

interface, Fo%:

jy = —sin 0P| Eo|* [x Re(t3t,) + v Im(t;t,)] 2, (59)

j§ = —sinOy P Eo|* [y Re(tit,) + y Im(tt,)] 2, (60)
and second, for the field in the SiC side of the interface, F":

jy = —sin6B| Eo|* [x Re(tye*ts) + vy Im(tre™t,)] 2, (61)

jyc = —sin 0y P.|Eo|? [y Re(thets) + x Im(the*t,)] E. (62)

The spectral dependencies of all possible contributions are plotted in Fig. 40
(b) - (d) in response to linearly (blue) and circularly polarized radiation (red).
For the calculations, the following parameters were used: €y = 30°, v/x = 0.9,
T'/T = 18, the damping constant I' = 0.01 wyo obtained from the reflection
data, and SiC high- and low-frequency dielectric constants ., = 6.52, g9 =
9.66, respectively (see Ref. [99]). The agreement of the calculations and the

experimental observations is discussed in the following section.
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6.4 Discussion

The calculations presented above clearly reveal strong modifications of the
photocurrents within the reststrahl band of the substrate. By analyzing the
contributions separately it turns out that the photon drag current reflects two
of the main features of the experimental observations, that is the suppression of
the circular and the resonance of the linear photocurrent (see Fig. 40 (b)). The
suppression of the circular photocurrent follows from Eq. (58). In the case of
a non-zero imaginary part of tyts, present for a negative ¢, real- and imaginary
parts have different signs for circularly polarized radiation and cancel each
other. This can be understood as the modification of the circular polarization
state into an elliptically polarized state due to the reflection at the substrate
and the interference. As a results, the circular photocurrent is reduced within
the reststrahl band. By contrast, the linear photocurrent described by Eq. (57)
is enhanced because real- and imaginary part of ¢;¢; add up. However, while the
enhancement and suppression are well explained in terms of the photon drag
effect, they do not describe the double change of sign of the linear contribution.
This can be explained taking into account the PGE current. Considering first
the contribution derived for the electric field in air (Fig. 40 (d)), the linear
PGE shows two sign inversions close to hwro and Awro and a broad resonance
covering the entire reststrahl band. However, the circular contribution behaves
almost identical what is not observed experimentally. For the electric field £
within the substrate, Fig. 40 (c¢) reveals that the current appears only in the
vicinity of hwro where both contributions show a sharp resonance peak. Such
a behavior is not observed in the experiments and hence, this contribution
is neglected. In order to achieve an overall agreement between theory and
experiment the current is calculated as a superposition of the photon drag -

and the photogalvanic effect considering solely E2** for the latter effect.

The result of the calculations performed with the parameters introduced above
is presented in Fig. 41 (b) together with the experimental data (a). Blue (red)
curves represent the linear (circular) photocurrent. Both calculated curves
where normalized onto the maximum value of the linear photocurrent in order

to compare relative amplitudes. By that, a good agreement between theory
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Figure 41: Spectral behavior of the linear (solid lines) and circular
(dashed lines) photocurrents. (a) Experimental results calculated after
Jy = (4y(0 = —=30°) — j,(0 = +30°)) /2. (b) Calculated photocurrent
for electric field components E,, E,, E%% and the parameters given in

the maintext.

(right panel) and experiment (left panel) is achieved. The main features, such
as the sign changes of both photocurrents, the suppression of the circular and
the enhancement of the linear photocurrent, are reproduced. Outside the rest-
strahl band, both currents depend only weakly on the radiation frequency.
Moreover, the ratio between circular and linear photocurrents fits well to the
experimental data. Within the reststrahl band, the linear dominates the cir-
cular current and outside it is vice versa. Comparing Fig. 41 to Fig. 40 (b)
and (d) it turns out that within the resonance, the linear current is strongly
dominated by the PDE whereas outside the resonance the main contribution
comes from the PGE. For the circular photocurrent, the PDE is dominating
in the whole studied spectral range.

The described agreements are achieved within a macroscopic formalism. Thus,

it is tempting to assume that the electric field in the vicinity of a surface is de-
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termined by the Fresnel formulas. In fact, the calculations have been performed
assuming interfaces of fictitious homogeneous dielectric media described by di-
electric functions. In the field of optics this assumption is usually valid since
the wavelengths of light as well as penetration depths of evanescent waves
exceed interatomic distances by several orders of magnitude. On an atomic
length scale, however, the physics could be quite different at surfaces, because
the local polarizability of the single atomic layer may deviate from the bulk
values. These simplifications, the fact that influences of graphene on the op-
tical fields were disregarded and possible charge transfer between graphene
and SiC [78] induced by the E.-electric field may be responsible for remain-
ing discrepancies. It is also worth mentioning that the features of the current
that would result from the E- component are not observed at all and were
disregarded. This is rather unexpected since epitaxial graphene is deposited
in the vicinity of atomic distances around 0.2 nm on top of SiC. Under that
assumption, the primarily acting electric field onto the charge carriers trapped
in the perfectly two-dimensional crystal graphene is that at the air-side of the
air/SiC interface, E2*.

Finally, the complex spectral behavior of the dielectric constant ¢ within the
reststrahl band, see Eq. (50), results in the enhancement of particular electric
field components. As an example, the E, F, product changes by a factor of 8.4
upon variation of radiation frequency from w lying outside the reststrahl band
(w = 0.5 wro) to that within the reststrahl band (w = 1.2 wro) and leads
to the resonance/enhancement of the linear photocurrent. This demonstrates
that nonlinear HF photoelectric phenomena in 2D crystals can be giantly en-

hanced when they are deposited on a substrate with a negative ¢.
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7 Conclusion

To summarize this work, several nonlinear high frequency transport pheno-
mena were observed and investigated in graphene under THz laser excitation.
The results demonstrate that driven out of equilibrium by an ac electric field,
carriers in graphene exhibit a directed motion in response to the second order
electric field correction. The observation of the phenomena in graphene show
that the nonlinear electric field corrections yield significant contributions to
the current density even in the purest two-dimensional materials. The stu-
dies of the nonlinear HF photoelectric phenomena give access to fundamental
properties of graphene and may serve as a model system for investigations of
other 2D crystals.

In the first part of this work, the magnetic quantum ratchet effect was experi-
mentally observed and theoretically explained. It has been demonstrated, that
the carrier motion in response to an electric field in presence of an in-plane
magnetic field results in an orbital shift of the electron wavefunction, though
graphene is almost perfectly two-dimensional. In the case of a spatially asym-
metric system, for instance if graphene is synthesized on a substrate or due to
the chemisorbtion of adatoms, this shift leads to different mobilities for coun-
terpropagating carriers and finally, to the rectification of an ac electric field
into a dc current. The observation of the ratchet current is a strong evidence
that structure inversion asymmetry is present even in graphene. In parallel,
a microscopic theory was developed which is assisted by first-principle calcu-
lations of the band-structure of graphene in the presence of hydrogen atoms
being the source of the asymmetry. The simplified model describes all experi-
mental findings and allows the recalculation of the ratchet current within the
same order of magnitude compared to the experimental values. As the mag-
netic quantum ratchet effect is sensitive to the sign and strength of the STA it
can serve as tool to explore its origin which may lead to better understanding
in graphene spintronics [100-103] and ferromagnetism [104,105]. A future task
is to study various graphene systems, such as e. g. bilayer and intercalated
epitaxial graphene as well as monolayer graphene grown from the carbon face
of SiC, for which strong modifications of the ratchet current can be expected.

Besides the magnetic field induced photocurrents, photoelectric phenomena
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have also been studied in the vicinity of edges. In the second part of the
thesis it was demonstrated that the illumination of the edges of macroscopic
samples results in chiral photocurrents in response to the second order electric
field correction. The effect is directly coupled to electron scattering at the
graphene edge and vanishes in bulk graphene. It was shown that the current
emerges solely in a narrow 1D channel with a width of roughly the mean free
path of the carriers. The semiclassical theory based on the Boltzman kinetic
equation reveals a transmission from n-type doping in the interior region of
the sample to p-type doping within the edge channel. The agreement between
theory and experiments allows the determination of the edge scattering times
which deviate from the "bulk” scattering time for each specific edge segment.
Consequently, the chiral edge currents give an experimental access to the trans-
port properties in the vicinity of graphene edges which are hard to study in
common transport experiments. While the effect should exist in any 2D ma-
terial, the specific properties of graphene, i. e. the high velocity of massless
Dirac fermions, facilitate the experimental observation. An interesting aim for
future research is to access the quantum regime where novel phenomena may
occur [106, 107].

Finally, the enhancement of the nonlinear high frequency transport pheno-
mena in graphene deposited on a substrate with a negative dielectric function
was demonstrated. It has been shown that, within the spectral region of the
reststrahl band of the substrate, the amplification of particular electric field
components leads to a resonance of THz radiation induced photocurrents. The
modification of the local electric fields acting on the carriers in graphene was
explained within a macroscopic Fresnel formalism. Consequently, the investi-
gation of the photocurrents in graphene in the spectral region of the reststrahl
band of the substrate give access to the local electric fields acting at atomic
distances. Moreover, the findings demonstrate that optical and optoelectronic
phenomena can be giantly enhanced in strictly 2D systems deposited on a
substrate with a negative . While in the present case the effect is restricted
to a narrow spectral region, artificial structures with negative e, for instance
metamaterials [108,109], may serve to study the broadband enhancement of

the effects making use of the higher orders of the electric field in 2D systems.
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8 Appendix

8.1 Helicity sensitive detection by field effect transistors

Terahertz science and technology hold a great promise for progress in diverse
scientific areas and have a wide application potential in environmental moni-
toring, security, biomedical imaging and material characterization, see e.g. [19].
Most of the these applications require sensitive, but robust room temperature
THz detectors with fast response time. Recently, field-effect-transistors (FETSs)
have been demonstrated as promising detectors of THz radiation (for review
see e. g. [110]). The operation principle is based on the nonlinear properties
of the two-dimensional (2D) plasma in the transistor channel. Most promising
are the facts the FETs may serve for broadband room temperature detection
from tens of gigahertz up to terahertz with very high sensitivity (5 kV/W) and
low noise equivalent power below 10 pW/v/Hz [111]. Moreover, they can also
be integrated on chip electronics and combined into matrices using standard
ITI-V or silicon complementary metal-oxide-semiconductor (CMOS) technol-
ogy [112].

While plasma based compact THz receivers are in focus of current research,
the dependence of the voltage response on the radiation’s polarization state
is not yet exhaustively studied. The problem of radiation coupling and an-
gular response to the linearly polarized radiation has been addressed recently
by several groups [113]. However, no studies on the detector’s response to
circularly polarized radiation have been carried out so far. Exactly this is the
goal of this chapter. It will be shown that for a certain design of the FETSs
the photoresponse has a substantial contribution which is proportional to the
degree of circular polarization of the incident radiation. The generation of the
photoresponse as well as its polarization dependence will be described in the
framework of an extension of the Dyakonov-Shur (DS) model of rectification by
FETSs [114]. The observed helicity dependent photoresponse in FETs provides
the basis for a sensitive all-electric characterization of THz radiation’s polari-
zation state and, therefore, can be used for the development of new methods

of THz ellipsometry applying FET detectors.
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8.1.1 Dyakonov-Shur model of broadband THz detection

In this section, the plasma nonlinearities based model of THz detection, pro-
posed by Dyakonov and Shur in 1993 [115] is briefly reviewed. The basic
idea is that a directed current in a two-dimensional electron fluid confined in
the channel of a FET should be unstable because of the generation of plasma
waves. The channel acts as a resonator for the plasma waves and under certain
conditions they can be amplified due to the reflection at the device boundaries.
The amplified charge carrier density oscillations were predicted to lead to the
generation of far infrared radiation. Three years later, Dyakonov and Shur
proposed that driven by an external ac electric THz field FETs can be used as
detectors, mixers and frequency multipliers [114] as well. Nowadays, exploiting
the mechanism of Dyakonov and Shur, FETs have proven to be a powerful tool

for THz detection and emission (for review see e. g. [110]).

Figure 42: Schematic illustration of a FET operating in detection
mode. The ac electric field induces an alternating voltage U,. between
source and gate electrode. The gate voltage Uy is applied between source
and gate. The detector response Usp is induced between source (x =

0) and drain (x = L) contacts.

The schematic geometry of a FET operating in the detector mode is illustrated
in Fig. 42. The external ac electric field is fed into the transistor channel and
acts as a source of an alternating voltage U,.. In a circuit diagramm, this
voltage source is connected in series together with the gate-voltage U, between

the gate and the source-side of the channel (z = 0), whereas at the drain side
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of the channel (z = L), the voltage is zero. Hence, the boundary conditions

are:

U(0,t) = Uy + Uycos(wt) = Uy + Uk, (63)
Jj(L,t) =0. (64)

Herein, Uy = Uy — Uy, is the gate-to-channel voltage swing, which is given by
the difference in the applied gate voltage U, and the threshold voltage of the
transistor channel Uy,. Equation (64) reveals that the current at the drain side
of the channel is zero.

In Ref. [115] the detector response Usp was derived in a hydrodynamic approx-
imation, where the 2D electron gas was treated as a 2D electron fluid. The

basic equations describing the 2D electron fluid are the Euler equation,

ov, v, e 0U,
e— = — —_—, 65
ot v ox Mepf O (65)
the continuity equation,
Uy O(Up - ve
04 Wo v (66)

ot ox

and the relationship between the surface carrier concentration n, and the gate-

voltage swing given by
ns = CUy/e. (67)

In Eq. (65), v, is the electron velocity, m.ss is the effective mass of the elec-
trons and e is the electron charge. Together with Eq. (66) they describe the
phenomena of shallow water waves [116] and where used as an analogon to
derive the detector response Usp.

As it was discussed in [114], a FET can operate in different regimes which are
determined by the product of the radiation frequency w and the momentum
relaxation time 7 of the electrons in the channel. For wr >> 1, the damp-
ing of the excited plasma oscillations is small and they propagate through the
channel. For a short sample, they are reflected at the channel edge and under
certain conditions interfere constructively. This results in resonant features of

the detector response and can be observed at low temperatures [117].
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In the common regime, achieved at room temperature where w7 is much smaller
than unity, plasma oscillations are overdamped. They decay close to the drain
side of the channel within a characteristic distance denoted as the leakage
length [ = \/20/7, where ¢ is the conductivity of the channel and C is
the gate-to-channel capacitance per unit length. In this regime, Usp becomes
a smooth function of the frequency and the transistor acts as a nonresonant

broadband THz detector. The detector response was calculated in [118§]

Usp _ 1/4 <%)2 fw), (68)

Uy Uy
and is proportional to U?, in other words to the radiation’s intensity. The

frequency dependence of the response, f(w) looks as follows

2wt
w =14+ — =, 69
) =14 (69
and is a smooth function of the radiation’s frequency in the considered regime

of detection.

8.1.2 Sample and Setup

For studies of THz detection by field effect transistors commercially available
GaAs/AlGaAs high electron mobility transistors (HEMTs), Fujitsu FHX45X
[119], were investigated. The transistor channel has a gate length L, of 150 nm
and a gate width W, of 280 pum. The dimensions of the device are shown in
Fig. 43 where the position of source (S), drain (D) and two gate (G) pads is
sketched. For optical experiments, the HEMTs were glued on a 14 PIN socket

and connected to the contact pads with bonding wires.

The channel transfer characteristic determined for a source-drain voltage Usp
of 100 mV is shown in Fig. 43. At zero gate bias, the channel is open and
the current is in the order of 10 mA. By applying a negative gate voltage the
current decreases and the channel closes at a threshold voltage Uy, of around

-500 mV.
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Most of the experiments were carried out at the pulsed optically pumped mo-
lecular THZ laser presented in section 3.3. In addition, a cw methanol THz
laser was used providing a single line at 2.5 THz. The setup of this laser is
depicted in Fig. 44. The continuous radiation is modulated with the help of an
optical chopper in order to use lock-in amplifiers. The photoinduced signals
are directly fed into the amplifiers via an 10 MS2 input resistance and synchro-
nized with the reference signal supplied from the chopper system. The lock-in
amplifiers are connected by GPIB to a computer which collects the data. All
other components are aligned similar to the beam stage of the pulsed laser and

calibration as well as beam profiling can be done in the same way.

Furthermore, in order to study the FET response also in the microwave range
a commercially available Gunn diode from Spacek labs. Inc. providing fre-
quencies between 80 and 110 GHz served for illumination. The radiation can
be modulated with a PIN-switch diode in order to use lock-in technique as
described above. The output power of the device is typically in the order of
10 mW.

10}

-500 -400 -300 -200 -100 0
Ug(mV)

-600

Figure 43: Transfer characteristic of GaAs/AlGaAs HEMT measured
at Usp = 100 mV. Insets shows channel dimensions and contact pads

for source (S), drain (D) and gate (G) contacts.
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Figure 44: Setup of the cw methanol laser.

8.1.3 Experimental Results

The scheme of the photoresponse measurements of the biased field effect tran-
sistors is depicted in Fig. 45 (b). The photovoltage Usp between source and

drain contacts is measured as a voltage drop over a 50 €) load resistor.

The illumination with linearly polarized radiation results in a photovoltage
which depends strongly on the gate-bias U,. Fig. 45 (a) shows the gate voltage
dependencies of the GaAs/AlGaAs-HEMT’s photoresponse measured at dif-
ferent radiation frequencies in the range of 0.1 to 2.5 THz. For all frequencies,
only a small response is observed at zero gate bias which increases by applying
a negative gate-voltage. For the lowest frequencies, Usp shows a maximum at
Uy ~ —450 mV which is close to the threshold voltage (see Fig. 45 (c)). The
maximum shifts to lower values of U, for higher frequencies. The data also
show that at high frequencies, the signal switches its polarity at a certain value
of U, and the gate-bias of the inversion point diminishes with raising frequency.
The curve obtained for 0.1 THz is given in arbitrary units on the right hand
scale. The left ordinate shows that in general, the detector response decreases
with increasing frequency (curves for 1.1, 2.0 and 2.5 THz are multiplied by
integer factors 5, 2 and 10, respectively). Here it’s worth mentioning that the
detector response saturates at high radiation intensities. This problem was ad-
dressed recently in Ref. [120] and is out scope of this thesis. For all presented
measurements, the detector response is studied in the linear dynamic range

where it shows a linear dependence on the radiation’s intensity.
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Figure 45: (a) Gate voltage dependence of the photovoltage induced
in the GaAs/AlGaAs-HEMT by linearly polarized radiation. The data
for frequencies f = 1.1, 2.0, 2.5 THz are multiplied by factors 5, 2, 10,
respectively. The signals are read out after the inverting amplifier with
a voltage amplification of 20 dB. The upper curve measured with the
Gunn oscillator at 0.1 THz refers to the right ordinate, (b) Experimental
geometry, (c) transfer characteristic of the GaAs/AlGaAs-HEMT.

A peculiar dependence on the orientation of the electric field vector is obtained
by varying the linear polarization state with a half-wave plate. The final result
is shown in Fig. 46 for various frequencies and gate voltages. For the special
design of the GaAs/AlGaAs-HEMT, a maximum at o &~ 45° and a minimum
at a &= —45° is observed by excitation with 0.1 and 1.1 THz and a gate bias
close to the threshold of the device (see left inset in Fig. 46). These two
dependencies can be fitted after

Usp = Uy (U, f) cos*(a + 6,), (70)

where « is the azimuth angle defined in the right inset of Fig. 46, and 6,
is the phase angle, depending on the special alignment/geometry of bonding
wires and metalization pads. A good agreement of the angular dependence is
achieved with U;(Uy, f) > 0 and the value of the phase angle 0; = 47°.

However, at higher values of U, the dependency changes (see main panel of
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Figure 46: Photovoltage as a function of the azimuth angle a. Solid
line shows the fit to Eq. (71). The dot-dashed and dashed lines dis-
play individual contributions proportional to U;(Ug, f) and Us(Us, f),
respectively. The left inset shows the polar plot of Usp(a) measured
for f = 0.1 THz, U, = —400 mV (squares) and f = 1.1 THz,
Us = —500 mV (open circles) together with the corresponding fits to
Eq. (70). The maximal signals for f = 0.1 THz and 1.1 THz are nor-
malized to 1 and 0.5, respectively. The right inset shows the picture
of the transistor with bonding wires and defines the angle o. On top

the polarization direction corresponding to various azimuth angles is
plotted.

Fig. 46). A negative photoresponse is present at a = —45° and a fit after
Eq. (70) is not valid any more. In order to interpret the experimental data the

photoinduced signal can be represented as a sum of two contributions:
Usp = Uy (Ug, f) cos*(a + 01) + Us(Us, f) cos*(a + 6s), (71)

with Uy (Uy, f) and Uy (Ug, f) being of opposite sign. The sign of Uy (Uy, f)
and the value of the phase angle 6; = 47° introduced above remain unchanged

for all applied gate voltages. However, at high gate voltages a second contri-
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bution appears showing a negative value of Uy (Uy, f) and 6 ~ —50°. The two
contributions are indicated by the dashed lines in Fig. 46.
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Figure 47: (a) Photoresponse as a function of the gate voltage, mea-
sured for right- (o) and left- (o_) circularly polarized radiation with
f = 1.1 THz. Inset shows the data for f = 0.8 THz. This data are
normalized by the maximum signal in response to oy radiation. (b)
Helicity dependence of the photovoltage measured for radiation with
f = 0.8 THz. Solid line shows the fit to Eq. (72). The dashed and
dot-dashed lines display individual contributions proportional to the
parameters Uy and Ugp, respectively. The ellipses on top illustrate the
polarization states for various values of ¢. The inset shows the photo-

signal pulse traces measured for o} and o_ radiation.

Besides the dependence upon variation of the linear polarization plane, the
photoresponse shows also sensitivity to the radiation’s helicity. Fig. 47 (a)
shows Ugp versus the gate voltage measured for right (o) and left (o_) handed
circularly polarized radiation at f = 0.8 (inset) and 1.1 THz (main panel),
respectively. The data show that at relatively low bias voltages, for which a
dominating contribution of the signal proportional to U; (Uy, f) is detected, the
photoresponse is insensitive to the radiation’s helicity. At higher negative bias
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voltages, however, the values and even the sign of the signal becomes different
for o, and o_ polarized radiation.
An overall dependence on the variation of the radiation’s ellipticity is shown

in Fig. 47 (b). The result can be well reproduced by the equation:
Usp = Ua(Uy, f) sin(2¢) + Ug(Us, f) cos®(2¢ + ) + Uc, (72)

with Uy, Ug, Uc and 6 as the fitting parameters. This equation shows that
the photoresponse is caused by a superposition of i) the signal proportional
to the degree of circular polarization Pu. = i(E,E; — E E))/ |E|> = sin2¢
(first term) and ii) signals determined by the degree of linear polarization
of elliptically polarized light (second term) which vanish if the radiation is
circularly polarized. Here, FE is the radiation’s electric field. The inset in
Fig. 47 (b) shows the typical photoresponse pulses for right- and left-handed
circularly polarized radiation. The pulse traces demonstrate that the transistor
allows the time resolved detection of a fine structure of the laser pulses with
short spikes of the order of nanoseconds. The response time of the transistor
is limited by the time resolution of the setup and thus, it is 2 ns or less. The
same response times were observed at U, = Uy,. The time constant is given
by the cut-off frequency which is 10 GHz. The practically achievable time
resolution, however, is RC-limited by the design of the electric circuitry and
by the bandwidth of cables and amplifiers.

While the detector response to linearly polarized radiation and it’s angular
dependence has been discussed recently by several groups, the helicity sensitive
detection of THz radiation by FETs has not been reported so far. In the
following, it will be shown that the observed photoresponse, as well as its
polarization dependence can be well described in the frame of the generalized
model of THz detection by FETs which was introduced above.

8.1.4 Theory and Discussion

Following chapter 8.1.1, at room temperature the field effect transistor acts
as nonresonant detector. Indeed, estimations reveal that for the experimental
conditions the value of wr is between 0.04 and 1 and hence, plasma oscilla-

tions are overdamped and decay in the vicinity of the source or drain contact.
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In order to achieve a nonresonant detector signal, the radiation needs to be
coupled to the transistor channel through either the source-gate or drain-gate
contacts to induce an alternating voltage. Since the channel length of the in-
vestigated FETs is much shorter than the radiation’s wavelength, there is no
direct interaction of the electromagnetic radiation with the electron gas in the
channel and the radiation needs to be coupled by effective antennas formed by
the metallic contact pads and/or bonding wires.

In the case when the radiation is coupled solely to one end of the channel,
for instance to the drain end, it induces an ac voltage with an amplitude
Uq between the drain- and gate-contacts and the photoresponse is given by
Usp = Uj - F(Uy) [110]. Herein, F(Uy) describes the dependence of the re-
sponse on the gate voltage and is valid for positive values of the gate voltage
swing, Uy — Uy, which are not too close to zero. The amplitude of the input ac
voltage Uy is related to the incoming radiation intensity I and the antenna’s
sensitivity Bq(w) as U2 = f4(w) - I. Thus, the photoresponse can be presented

in the form
USD = Bd(w) : Fd(Ug) - . (73)

So far, it was considered that the radiation induces an ac voltage only at
one end of the channel. In order to interpret the experimental results, the
radiation is assumed to be coupled to both, the source-gate and the drain-
gate contacts. Consequently, the coupling of the radiation to the transistor
channel can be modeled by two effective antennas, one of them producing an
ac voltage between drain and gate (Uqg) as considered above, and another one
between source and gate (U;) which are of opposite sign. The resulting ac
currents, induced at the opposite ends of the channel, will decay within the
characteristic leakage length . If the gate length of the device L, is much larger
than the leakage length [, the photovoltage is generated in a region on the order
of [ near the contact and there is no interference between the currents induced
at opposite sides of the channel. Hence, the corresponding contributions to
the total photoresponse are independent and of opposite polarity. The total

photoresponse is given by the superposition of both contributions:

Usp(Ug) = [Bs(w) Fs(Ug) + Ba(w) Fa(Ug)] - C(w) - I, (74)
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where C'(w) is the parameter describing the frequency dependence of the pho-
toresponse, whereas (s and 4 are frequency dependent sensitivities of the
source-gate and drain-gate effective antennas, respectively. The functions
Fy4(Ug) and Fy(Ug) describe the gate bias dependencies of the photoresponse
generated at the source and drain sides of the channel.

In Ref. [113] it was shown that at low frequencies (< 100 GHz) the radiation
is coupled to the transistor mainly by bonding wires, whereas at higher fre-
quencies (> 100 GHz) the metalization of the contact pads plays the role of
the antennas. From Fig. 46 it follows that at f = 0.1 THz the photoresponse
exhibits a maximum when the radiation polarization is aligned along the line
connecting the gate and drain contact wires (see inset) giving rise to the as-
sumption that at low frequencies the radiation is basically coupled to the drain
side of the channel. Hence, the upper curve in Fig. 48 can be attributed to
the photoresponse generated at the drain side only, Fy(Uy), i.e. B4 (0.1 THz)
= 1 and f; (0.1 THz) = 0. In contrast, at high frequencies, the radiation is
expected to be coupled to the channel primarily through the contact metallic
pads. This enables coupling to the source side of the channel which, obviously,
should lead to an opposite sign of the signal. Indeed, the photoresponse at

2.5 THz is negative in most of the gate voltage range.

In order to reproduce the experimental data with Eq. (74), Fy(U,) is cho-
sen to be negative in the whole range of U, and represented by the dashed
line in Fig. 48 (b). This function describes the case where the radiation is
solely coupled to the source side of the channel, i.e. 83 = 0 and s = 1. By
choosing Fy(Uy) and Fy(U,) in these forms, the detector response for each
frequency can be calculated after Eq. (74). A good agreement between the
calculations, shown in Fig. 48 (b), and the experimental results, adapted from
Fig. 45 and shown in panel (a), is achieved with that assumptions. The inset in
Fig. 48 demonstrates that the increase of the radiation frequency consistently
decreases the efficiency of the drain-gate antenna, [3(w), and increases the
coupling by the source-gate antenna, f5(w). At intermediate frequencies the
photoresponse is a superposition of two signals generated at the drain- and the
source-side of the channel. This becomes also apparent in experiments with
linear polarization of radiation. As seen in Fig. 46, at a frequency of 1.1 THz

and U, = —650 mV, the polarization dependence of the photoresponse is well
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Figure 48: (a) Experimental results adapted from Fig. 45 for com-
parison. (b) Gate voltage dependence calculated after Eq. (74) and
assuming C'(w) = 1. The inset shows fitting parameters [Ss(f) and

Ba(f) as a function of the radiation frequency.

fitted by the sum of the two contributions (dot-dashed and dashed curves).

The existence of two photosignals at opposite ends of the channel may also ex-
plain the helicity dependent photoresponse. So far, the case when the leakage
length [ is sufficiently small compared to L, was assumed. In that situation, the
ac currents generated at both sides of the channel do not interfere. However, if
[ is of the order of the half of the gate-length, [ ~ L,/2, there is a region where
the ac currents generated at the source and drain could coexist. It was shown
in Ref. [121] that in this case the ac current resulting from the interference of
the two independently induced currents is sensitive to their phase difference, &.
Such a phase difference is present when source- and drain-antennas are excited
by orthogonal electric fields of circularly (or elliptically) polarized radiation. In
the investigated structures, source- and drain-effective antennas show maximal
sensitivity for polarization directions differing by about 90°. Consequently, the

ac currents generated at source and drain will interfere and have a phase shift
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¢. It was shown by in Ref. [121] that, if L, is comparable to [, Eq. (74) modifies
to:

AU = [ﬁs(w) - Fy(Uy) + Ba(w) - Fa(Uy)

(75)
/(@) - Fu(Ug)Ba(w) - Fa(Uy) sin(€) exp(—Lg/1)] - 1

where the last interference term is sensitive to the radiation’s helicity (sign
of £) and the characteristic leakage length [. In the case of linearly polarized
radiation £ equals zero and Eq. (75) reduces to Eq. (74).

Under the present experimental conditions, the characteristic length is fre-
quency dependent and can be estimated to 76 nm (0.8 THz) and 89 nm
(1.1 THz) being in the same order as the half of the gate length L, = 150 nm.
Hence, the ac currents induced at opposite ends of the channel can interfere and
the detector response becomes sensitive to the radiation’s helicity. As it follows
from Fig. 48, for f = 1.1 THz the contributions of source-gate and drain-gate
antenna become equal at Uy, = —565 mV, where f4(w)- Fy(Uy) = Ba(w)- Fa(Uy).
Thus, only the interference term in Eq. 75 remains and the photoresponse is

expected to change its sign when the helicity of the radiation is reversed. Ex-
actly this is observed at 1.1 THz in Fig. 47(a) and also at 0.8 THz in Fig. 47(b).
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8.1.5 Conclusion

To summarize, a helicity dependent contribution to the photoresponse of a FET
was observed by illumination with circularly polarized radiation. In particular,
signals of opposite polarity for right- and left handed circularly polarized ra-
diation was observed. The observation gives rise to an extension of the model
from Dyakonov and Shur in such a way that the radiation is fed by two ortho-
gonal antennas to both ends of the transistor channel inducing ac currents of
opposite sign which interfere in a short device (I = L,/2). The interference is
sensitive to the phase shift between the two currents and hence, to the helicity
of the radiation.

Consequently, (i) the optimization of the transistor design and (ii) the proper
choice of the gate voltage, for which the response due to the linearly polarized
radiation vanishes, should allow the construction of a detector element with
the responsivity just proportional to the radiation helicity, i.e. to the corre-
sponding fourth Stokes parameter. Combining such a detector element with
two conventional FETs yielding a response to the linearly polarized radiation
and, consequently, to the remaining Stokes parameters should permit the com-
plete characterization of radiation polarization in an all-electric manner. By
the proper choice of the gate voltage, such room temperature detectors can be
tuned to any radiation frequency in the THz range and are characterized by a
nanosecond time resolution.

Such a detector system for the all electric detection of the radiation’s pola-
rization state was developed based on the linear- and circular photogalvanic
effect in semiconductor nanostructures [122]. However, the observed transistor
photoresponse is by several orders of magnitude higher than that one of the
existing system. Thus, the field effect transistors could be used for a polari-
zation detector system with much higher sensitivity. Finally, just recently the
graphene based field effect transistors were realized for THz detection [123].
With its high electron mobility, the graphene-FETs may serve as resonant de-
tectors even at room temperature. Therefore, the realization of a graphene
based polarization detector system might be a promising future task for THz

ellipsometry.
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