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1 Introduction 5

1 Introduction
In the past decades, the HgTe material system has become the most important
system for fast and sensitive detection of infrared and terahertz radiation.
In this system, the band gap is highly tunable covering wavelengths from
near infrared to the terahertz range [1–9]. Moreover, HgTe-based structures
provide access to the novel material class of topological insulators due to the
inverted band structure in HgTe [10–17]. In CdxHg1–xTe this can be achieved
by tuning the Cd concentration x below a critical value xc, which is xc ≈ 0.17
at a temperature T = 4.2 K [18, 19]. This allows an access to helical surface
states, which are a fingerprint for three-dimensional topological insulators.
Moreover, low-dimensional structures such as HgTe/CdHgTe quantum wells
(QWs) can be fabricated, whose band gap is also tunable between inverted
and non-inverted band ordering. This is done by varying the thickness d of
the quantum well, where QWs above the critical thickness of d ≈ 6.3 nm
exhibit a band inversion and, thus, provide access to one-dimensional helical
edge channels. These unique properties of HgTe-based systems led to the
observation of fascinating phenomena like Kane fermions in CdxHg1–xTe [19–
21], the quantum spin Hall effect [11, 12, 22] and helical edge photocurrents in
HgTe QWs [23]. Moreover, Lindner et al. recently proposed the possibility to
convert a topologically trivial HgTe QWs into a Floquet topological insulator
by applying circularly polarized intense terahertz radiation [24]. The resulting
chiral edge states are a fingerprint of topological insulators and could be proved
by the terahertz-radiation induced generation of helical edge photocurrents as
demonstrated in Ref. [23] for topologically nontrivial HgTe QWs. Thus, the
investigation of optoelectronics applying terahertz radiation to HgTe-based
structures is a highly interesting field of research. Consequently, this work is
devoted to studies of optoelectronic phenomena in HgTe QWs and CdxHg1–xTe
induced by terahertz radiation.
In the first part of this work photoresponses induced by intense terahertz

radiation in topologically trivial HgTe QWs have been studied under the con-
ditions suggested in Ref. [24]. The observed photocurrent shows a strongly
nonlinear dependence changing the current sign at a certain intensity and
featuring a superlinear dependence at high intensities. Analyzing the nonlin-
ear behavior revealed that it originates from the phenomenon of light impact
ionization. Due to this effect electron-hole pairs are generated by radiation
with photon energies much smaller than the band gap energy εg. Previously,

5



1 Introduction 6

light impact ionization has been observed in InSb crystals and other two- and
three-dimensional semiconductor systems [25–31]. In contrast to these previ-
ous works the product of momentum relaxation time τ and radiation angular
frequency ω is larger than unity in the framework of this thesis. On that condi-
tion, charge carriers reach high energies in the high-frequency radiation electric
field due to multiple collisions [32–34]. Moreover, unlike previous studies of
light impact ionization, the phenomenon is firstly reported while the Fermi en-
ergy is larger than the gap energy in the samples studied in this work. Under
this condition, electron gas heating is crucial to deplete the final states for the
impact ionization process in the conduction-band rather than just increasing
the number of electrons with an energy above the impact ionization threshold
energy [35, 36].
In the framework of this thesis, optoelectronics in bulk CdxHg1–xTe were

studied in addition to HgTe QWs. Here, also a strongly nonlinear photocur-
rent was detected. Strikingly, similar to the photocurrents observed in HgTe
QWs, this photocurrent features a change of sign with the radiation intensity
caused by light impact ionization. The fact that this effect is present also in
this material demonstrates the fundamental origin of light impact ionization.
Moreover, a surprising, helicity-dependent photocurrent contribution, i.e, the
circular photogalvanic effect (CPGE), has been detected in CdxHg1–xTe, even
though this effect is forbidden by symmetry in this material. In all previ-
ous works the point group symmetry of CdxHg1–xTe films has been supposed
to be Td, resembling the system’s crystallographic structure. However, the
CPGE is only possible in gyrotropic systems [32, 37], so the appearance of this
effect is symmetry-forbidden in systems belonging to the non-gyrotropic Td

point group. In order to explain the formation of the CPGE in CdxHg1–xTe
the films are considered to be strained causing a symmetry reduction of the
crystal and, consequently, the CPGE is possible.
The thesis is organized as follows: In Chap. 2, theoretical basics relevant

to this work are outlined: First, the HgTe material system, see Sec. 2.1 is
described. The properties of bulk HgTe are depicted as well as the specifics
of HgTe QWs and also a short description of CdxHg1–xTe films is given. In
the following section, see Sec. 2.2, a phenomenological description of nonlin-
ear optoelectric phenomena, in particular the photogalvanic effect (PGE) is
given. This description is supplemented with exemplary microscopic mech-
anisms for the linear photogalvanic effect (LPGE) in structures with C3v-
symmetry and the CPGE in n-type quantum wells with Cs-symmetry as well
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1 Introduction 7

as in helical edge states, which are present in topological insulators. Fur-
thermore, the photoconductivity effect is introduced phenomenologically and
the microscopical description of terahertz-radiation induced electron gas heat-
ing and µ-photoconductivity is given. The last section, Sec. 2.3, outlines the
specifics of impact ionization starting with general considerations and a short
description of this effect in dc fields concluding with the peculiarities of light
impact ionization. Chapter 3 is devoted to the properties of the samples inves-
tigated during this work and the corresponding measurement setup. Section
3.1 starts outlining the properties of the two HgTe QW wafers used in this
work and describes the characteristics of the four investigated CdxHg1–xTe
samples. Furthermore, in Sec. 3.2 the specifics of the setup are outlined in-
cluding the used radiation sources, the optical setup, as well as the electrical
signal detection.
The description of the experimental results starts with the presentation of the
data obtained for HgTe QWs in Chap. 4. The data for strongly nonlinear
terahertz-radiation induced photocurrent and photoconductivity detected in
the HgTe QW below the critical thickness are shown in Sec. 4.1. In the fol-
lowing Sec. 4.2, the results for the HgTe QW close to critical thickness are
presented. This is followed by a detailed analysis of both nonlinear photocon-
ductivity and photocurrent in Sec. 4.3. This analysis shows that the observed
nonlinearities are caused by the electron-hole-pair generation induced by light
impact ionization and the subsequent photogalvanic effect on photogenerated
electrons and holes. In Chap. 5 the results for CdxHg1–xTe samples are pre-
sented. Starting with a short presentation of the nonlinearities observed in
this material, see Sec. 5.1, the main part of this chapter is devoted to the
observed CPGE in CdxHg1–xTe. The experimental results corresponding to
this phenomenon are presented in Sec. 5.2 and are discussed and analyzed
in Sec. 5.3. The analysis suggests that the origin of the observed CPGE in
CdxHg1–xTe films is the symmetry reduction of the CdxHg1–xTe crystal due
to strain. In the last chapter, Chap. 6, the work is summarized and a short
outlook to further investigations is given.

7



2 Theoretical basics 8

2 Theoretical basics

2.1 HgTe-based structures

In this work different HgTe-based material systems are used, thus, this section
outlines the properties of bulk HgTe as well as the properties of HgTe QWs
and bulk CdxHg1–xTe.

2.1.1 Band structure of bulk HgTe

HgTe is a II-VI material which crystallizes in zinc-blende structure. In this
material the conduction band states are formed by p-states located at the
group VI atoms. Consequently, the valence band states are formed by s-like
states located at the group II atoms [38]. From this follows that the band
ordering around the Γ-point is inverted [10, 12, 39]. The conduction band in
bulk HgTe consists of the light-hole band LH1 from the Γ8 bands, while the
valence band consists of the heavy-hole band HH1 of the Γ8 bands. Between
conduction and valence band no band gap exists, but the heavy-hole band
maxima are displaced in k and thus, valence and conduction bands overlap by
∆ε [10], see Fig. 1(a). This together with the inverted band structure classifies
HgTe as a topological semimetal [42, 43]. The peculiar band structure is
caused by several corrections to the initial Hamiltonian Hint describing the
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Figure 1: Panel (a): Sketch of the valence band in HgTe along different k-directions
together with the conduction band (CB). Figure adapted from [40].
Panel(b): Sketch of the energy levels at the Γ point in HgTe without
consideration of relativistic effects (Hint), with additionally considering
the Darwin term (HD), the mass velocity correction(Hmv), and with con-
sidering the spin-orbit interaction (HSO). Figure adapted from Refs. [10,
39, 41].
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2.1 HgTe-based structures 9

system. These corrections are the Darwin term HD, the spin-orbit interaction
HSO, and the mass-velocity term HMV. In other II-VI materials, e.g. CdTe,
the corrections have only little influence on the bands, but they are crucial
for the band formation in HgTe. Since the atomic mass of the Hg atoms is
large, the mass-velocity correction term HMV lowers the Γ6 band to a similar
energy value as the Γ8 band. The spin-orbit interaction term HSO splits the
Γ8 band into a double-degenerated Γ8 and a Γ7. This splitting leads to a shift
of the s-like Γ6-band below the p-like Γ8 band and thus, to an inverted band
structure. The effect of the different corrections are sketched in Fig. 1(b). The
k-displacement of the heavy-hole band mentioned above is caused by k-linear
terms in the dispersion relation present due to the lack of an inversion center
in the zinc-blende structure.
In order to open a band gap in the topological semimetal HgTe and access

the whole range of dispersions from a trivial semiconductor to a Dirac-like
linear dispersion to an inverted band ordering, several techniques are used.
One possibility is the growth of thin HgTe QWs between CdTe barriers as
described in Sec. 2.1.2. A band gap in bulk HgTe can be also opened by
uniaxial strain yielding a three-dimensional topological insulator. [44, 45].
Another possibility to engineer the band gap is the substitution of a certain
fraction x of the Hg atoms with Cd atoms, forming CdxHg1–xTe films, which
is described in Sec. 2.1.3.

2.1.2 HgTe/CdTe quantum wells

In contrast to HgTe, bulk CdTe features a trivial semiconductor band struc-
ture, where the conduction band is formed by s-like states from the Γ6 band
and the valence band is formed by p-like states from the Γ8 bands. Just as in
HgTe, the band gap is smallest at the Γ-point in the Brillouin zone, see Fig. 2.
Fabricating a QW from HgTe with CdTe barriers (referred to as HgTe/CdTe
QW in the following) gives access to the peculiar properties of HgTe and makes
band gap engineering possible. The following considerations are done accord-
ing to Ref. [11].
At the Γ-point (k‖ = 0) of a HgTe/CdTe QW the three quantum well sub-

band states E1, H1 and L1 are formed. The L1 subband is split off from
the other two subbands and is neglected in the following considerations. The
state |E1,mJ〉 consists of a linear combination of the |Γ6,mJ = ±1/2〉 and the
|Γ8,mJ = ±1/2〉 states, where mJ is the total angular momentum quantum
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Figure 2: Sketch of the dispersion of bulk HgTe (a) CdTe (b) in the vicinity of the
Γ-point. Figure adapted from [11].

number. The H1 subband state, however, is formed by the |Γ8,mJ = ±3/2〉
states. At k‖ 6= 0, the states E1 and H1 can intermix. The effective Hamilto-
nian can then be derived and expressed in the basis of |E1, 1/2〉, |H1, 3/2〉 and
|E1,−1/2〉, |H1,−3/2〉:

Heff(kx, ky) =
H(k) 0

0 H∗(−k)

 , H(k) = ε(k) + di(k)σi, (1)

where σi are the Pauli matrices, di(k) can be deduced to

d1 + id2 = A(kx + iky) ,
d3 = M −B(k2

x + k2
y) ,

(2)

due to symmetry arguments and

ε(k) = C −D(k2
x + k2

y) . (3)

Here, A,B,C and D are material-specific expansion parameters, kx and ky are
the electron momentum components in the QW plane andM is the Dirac mass
parameter. The Dirac mass parameter describes the energy difference between
the two QW subbands E1 and H1 at the Γ-point and, consequently, the band
ordering. A positive M describes a ”normal” band ordering similar to CdTe
with the energies of the s-like E1-band above the p-like H1 at the Γ-point,

10
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Figure 3: Energies of the E1 and the H1 bands at k‖ = 0 as a function of the QW
thickness. Insets show an exemplary sketch of the dispersions of HgTe QWs
with d < dc, d = dc and d > dc. Note that the underlying calculations
were done for HgTe QWs with Cd0.68Hg0.32Te barriers [11] and the value
of dc changes with the barrier composition. Figure and insets adapted
from [11].

while M < 0 indicates an inverted band ordering with the H1 band above the
E1 band. In HgTe/CdTe QWs the Dirac mass parameter M depends on the
thickness of the QW dQW, see Fig. 3: In QWs smaller than a critical thickness
dc the band ordering of CdTe dominates and, thus, the Dirac mass param-
eter is positive and the E1-band lies above H1 yielding a semiconductor-like
behavior. In wider QWs, however, the band ordering of HgTe dominates, H1

shifts above E1, and, consequently, the QW exhibits M < 0. This regime be-
longs to the class of topological insulators. Here, helical pseudospin-polarized
edge states with a Dirac-like linear dispersion form at the interface between
the band-inverted HgTe/CdTe QW and a material with a topologically trivial
material (e.g. air). These states are topologically protected and are energet-
ically located in the band gap between the valence and conduction band. A
more detailed description of topological insulators can be found in Refs. [12,
15, 46]. At dQW = dc the Dirac mass parameter changes its sign and is equal
to zero. At this quantum well thickness, the system is effectively described by
the Dirac equation for massless particles [12] leading to a graphene-like linear
dispersion with a minimal band gap.
Note that real HgTe/CdTe QW barriers are typically made of CdxHg1–xTe

instead of CdTe and the Cd concentration x in the barrier also affects the exact
value of the critical thickness dc. Additionally, the band ordering in HgTe QWs
is dependent on temperature and strain. [47, 48]
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2.1 HgTe-based structures 12

2.1.3 CdxHg1–xTe films

Another possibility to open a band gap in HgTe, which is outlined shortly in
this section, is the replacement of a fraction x of the Hg atoms with lighter Cd
atoms. Due to the lower weight of the Cd atoms, this substitution reduces the
influence of the relativistic effects responsible for the band structure in HgTe
(see Sec. 2.1.1) [10]. The main consequence is the shifting of the s-like Γ6-band
to higher energies with increasing the Cd concentration [52], yielding the possi-
bility to smoothly tune the band structure with the Cd concentration x, similar
to the tunability of HgTe QWs with the thickness dQW, see previous section.
Consequently band gap values between εg = −300 meV and εg = 1.6 eV can be
achieved in CdxHg1–xTe films, depending on the Cd concentration. For a cer-
tain critical concentration xc the band gap vanishes (εg = 0) and a Dirac-like
linear dispersion is established. For x < xc, the band gap is negative yield-
ing a three-dimensional topological insulator, which makes the formation of
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Figure 4: Band gap energy versus temperature for CdxHg1–xTe films with Cd con-
centrations x = 0.25, 0.23, and x = 0 (HgTe). Inset shows the dependence
of the band gap energy on the Cd concentration at a temperature of 4.2 K.
The solid lines show the calculated dependencies according to Ref. [18],
while the data points show experimental values from Refs. [18] (circles),
[49] (diamonds and squares), [50] (triangles), and [51] (stars). The sketches
on the side represent the band structure for εg > 0, εg ≈ 0 and εg < 0.
Figure adapted from Ref. [19].
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2.2 Nonlinear optoelectric phenomena 13

topologically protected surface states with linear dispersion possible. For Cd
concentrations above the critical concentration, the CdxHg1–xTe film exhibits
a trivial semiconducting behavior. Furthermore, CdxHg1–xTe films exhibit a
characteristic temperature dependence of the band gap [18, 19], and, conse-
quently, the value of xc also depends on the temperature. The temperature
dependence is schematically shown for CdxHg1–xTe with different Cd concen-
trations x in Fig. 4. The inset depicts the dependence of the band gap energy
εg on the Cd concentration x at a fixed temperature of T = 4.2 K.

2.2 Nonlinear optoelectric phenomena

Illumination of a material with terahertz radiation can lead to direct electric
currents in the solid due to the alternating radiation electric field. These
effects are termed nonlinear, if they are proportional to the second or higher
order of the electric field. In this section nonlinear optoelectric phenomena are
described phenomenologically and examples of corresponding microscopical
models are given.
In the following, the radiation electric field is described by a plane wave

E(r, t) = E(ω, q)e−iωt+iq·r + E∗(ω, q)eiωt−iq·r, (4)

where ω is the angular frequency of the electric field, the asterisk marks com-
plex conjugation and q is the photon momentum.
Phenomenologically, the influence of electric fields on the current density

can be expanded in a series of powers of the radiation electric field E [53]:

jα(r, t) =
∑
β

[
σ

(1)
αβEβ(ω, q)e−iωt+iq·r + c.c.

]
+
∑
β,γ

[
σ

(2′)
αβγEβ(ω, q)Eγ(ω, q)e−2iωt+2iq·r + c.c.

]
+
∑
β,γ

[
σ

(2)
αβγEβ(ω, q)E∗γ(ω, q)

]
+ ...

(5)

Here, σ is the conductivity tensor, the summation indices α, β and γ take
the values of the Cartesian coordinates x, y, and z and c.c. denotes the com-
plex conjugate. Note that the equation is limited to second order effects for
simplicity, and third order effects are discussed in a special case later in this
section. The first part of Eq. (5) describes the linear response of the current
density j. This part averages to zero for an alternating electric field and, con-
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2.2 Nonlinear optoelectric phenomena 14

sequently, vanishes in the case of terahertz radiation as a source of the electric
field. Being proportional to e−2iωt, the second part in Eq. (5) describes second
harmonic generation. This effect is not a main subject of this thesis and there-
fore, it is neglected in the following. The third part in Eq. (5), however, has
no oscillatory contributions and, consequently, describes a dc current density
response to the ac radiation electric field. Since this part is mainly respon-
sible for the photocurrents measured in the experiments, the focus is put on
this part. The second-order conductivity σ(2)

αβγ(ω, q) corresponding to the dc
current can be expressed by a sum of the photon momentum-dependent and a
photon momentum-independent part: [53, 54]

σ
(2)
αβγ(ω, q) = σ

(2)
αβγ(ω) + σ

(2)
αβγ(ω, q) (6)

The two parts of Eq. (6) are then redefined:

σ
(2)
αβγ(ω) = χαβγ(ω), σ

(2)
αβγ(ω, q) = Tαδβγqδ (7)

Here, χαβγ is a third rank tensor and Tαδβγ is a fourth rank tensor. Using these
definitions and Eq. (6), Eq. (5) can be rewritten to

jα =
∑
β,γ

χαβγEβE
∗
γ︸ ︷︷ ︸

photogalvanic effect

+
∑
δ,β,γ

TαδβγEβE
∗
γqδ︸ ︷︷ ︸

photon drag effect

(8)

The first part of Eq. (8) describes the PGE, while the second part yields the
photon drag effect (PDE).
Note that the PGE is only possible in noncentrosymmetric systems, since

jα(−r) = −jα(r) can only be fulfilled for χαβγ = 0. The PDE, however, is
possible in both centro- and noncentrosymmetric systems due to its dependence
on the wave vector q [53].
In order to describe the polarization dependence of both PGE and PDE

the product EβE∗γ is mathematically rewritten into a real symmetric part{
EβE

∗
γ

}
= 1

2

(
EβE

∗
γ + EγE

∗
β

)
and an antisymmetric purely imaginary part[

EβE
∗
γ

]
= 1

2

(
EβE

∗
γ − EγE∗β

)
:

EβE
∗
γ =

({
EβE

∗
γ

}
+
[
EβE

∗
γ

])
(9)

In the following, the description is exemplarily done for the PGE, the charac-

14



2.2 Nonlinear optoelectric phenomena 15

terization of the PDE can be done in an analogue way. In Eq. (9), the first term
is real and symmetric, while the second term is purely imaginary and antisym-
metric. In order to describe the effect of circular polarization on the PGE,
χαβγ is reduced to a second rank pseudotensor ξαν using tensor contraction
with the totally antisymmetric Levi-Civita tensor ενβγ on the antisymmetric
part

[
EβE

∗
γ

]
[32]:

∑
β,γ

χαβγ
[
EβE

∗
γ

]
= i ·

∑
ν,β,γ

ξανενβγ
[
EβE

∗
γ

]
=
∑
ν

ξανi (E ×E∗)ν (10)

To summarize, the total photocurrent density related to the PGE can be de-
noted by

jα =
∑
β,γ

χαβγ
{
EβE

∗
γ

}
︸ ︷︷ ︸

linear photogalvanic effect

+
∑
ν

ξανi (E ×E∗)ν︸ ︷︷ ︸
circular photogalvanic effect

(11)

Here the first term describes the LPGE, while the second term describes the
CPGE. The LPGE is excited by linearly polarized radiation, and is allowed
only in non-centrosymmetric media of piezoelectric crystal classes, where χαβγ
has nonzero components. The CPGE, however, depends solely on the radiation
helicity and is not induced by linearly polarized radiation. Since the CPGE
depends on the second-rank pseudotensor ξαν , this effect is only allowed in
gyrotropic media [32].

2.2.1 LPGE in structures with C3v-symmetry

A simple microscopical model for the generation of the LPGE can be given for
structures belonging to the C3v-symmetry group. In such systems, no inver-
sion center is present and, thus, the elastic scattering is asymmetric even for
scatterers without anisotropy [55–57]. This can be written asWp,p′ 6= W−p,−p′ ,
where Wp,p′ is the probability that an electron with initial momentum p′ ob-
tains the momentum p after the elastic scattering process. The generation of
the LPGE can be visualized considering such asymmetric elastic scattering of
charge carriers on randomly distributed, but equally oriented triangle-shaped
wedges representing C3v-symmetry [32, 56, 58]. The wedges and the current
generation mechanisms are sketched in Fig. 5. In equilibrium, the carrier mo-
menta are randomly distributed along any direction. Application of an external
ac electric field E, e.g., the radiation electric field of terahertz radiation, re-
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(a) (b)E (α = 0) E (α = 90°)j j

Figure 5: Schematic illustration of the microscopic mechanism of LPGE generation
due to elastic scattering on triangle-shaped wedges. The radiation elec-
tric field E causes the charge carriers exemplarily sketched as electrons
(blue) to move (dotted arrows). Elastic scattering on the wedges causes
an alignment of carrier momenta (solid arrows) and, consequently, a pho-
tocurrent j (red arrow). Panels (a) and (b) show two different orientations
of the electric field vector E and the corresponding photocurrent j. Figure
adapted from Refs. [32, 56, 58].

sults in an optical alignment of the carrier momenta along the radiation electric
field1. This alignment of carriers is described by the second angular harmonic
of the distribution function f (2)

p ∝ |E|2 and does not result in a current by it-
self. The photocurrent is generated due to elastic asymmetric scattering of the
momentum-aligned carriers on the wedges, see Fig. 5. Direction and amplitude
of the photocurrent depend on the orientation of the electric field with respect
to the wedges: If the electric field is aligned parallel to the wedges’ base, the
photocurrent is generated in a direction normal to the electric field E due
to elastic scattering on the wedges, see Fig. 5(a). However, the photocurrent
direction is reversed for the electric field oriented normal to the base of the
wedges, see Fig. 5(b). This change of sign with the rotation of the electric field
results in a characteristic polarization dependence, i.e., the LPGE.

2.2.2 Exemplary microscopic models for the CPGE

In general, microscopic models of both LPGE and CPGE crucially depend on
the symmetry of the investigated structure as well as the polarization of the
incident radiation [32]. In order to visualize the phenomenological description
of the PGE explained above, two exemplary microscopic models of the CPGE
are described in the following.

2.2.2.1 CPGE in n-type quantum wells with Cs-symmetry As a first ex-
ample, a microscopic model considering inter-subband transitions between size-

1Note that the carriers get optically aligned parallel to the electric field only in the
regime of Drude absorption and intraband transitions [59, 60], which is typically relevant in
the terahertz range, but normal to the electric field for interband transitions [61].
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2.2 Nonlinear optoelectric phenomena 17

quantized subbands in n-type QWs belonging to the Cs point group symmetry
excited by normally incident radiation is described [32, 41, 62, 63]. In struc-
tures with these properties, the Hamiltonian has the form [41]

H = ~2k2

2m∗ +HSO . (12)

Here, m∗ denotes the effective mass and HSO is an additional term due to the
spin-orbit interaction. The spin-orbit interaction term can be written as [32]

HSO =
∑
γδ

βγδσγkδ , (13)

where βγδ is a second-rank pseudotensor, σγ are the Pauli matrices, and the
summation is done over the cartesian coordinates γ, δ = x, y, z. In structures
of the Cs point symmetry group, the term proportional to σzkx in Eq. (13)
is symmetry-allowed and leads to a splitting of the initially spin-degenerate
bands into spin subbands with the projection of the spin ms = ±1/2 on the
growth direction z (corresponding states are labeled |±1/2〉z in the following).
In order to simplify the model, only the first two conduction subbands E1 and
E2 are considered. The conduction band splitting can be described by [32]

εEν,±1/2(kx) = ~2k2
x

2m∗ ± β
(Eν)kx , (14)

where ν = 1, 2 denotes the subband index. The spin splitting of the conduction
subbands is visualized in Fig. 6. For circularly polarized radiation and inci-
dence normal to the QW plane, optical selection rules only allow transitions
between subbands including a respective spin-flip, i.e. ∆ms = +1 for right-
handed circularly polarized (σ+) radiation and ∆ms = −1 for left-handed
circularly polarized radiation (σ−). Consequently, for monochromatic left-
circularly polarized radiation with an angular frequency ω1 only the transition
at −k′x sketched in Fig. 6(a) is allowed due to selection rules and energy conser-
vation. This transition leads to an asymmetry of the electron/hole momentum
distribution in both the E1 and the E2 subbands, i.e. electric current contribu-
tions with different sign for both subbands. Typically, the energy separation
between the E1 and E2 subbands in n-type QWs is larger than the longitudinal
optical phonon energy ~ΩLO and, consequently, the relaxation time of the ex-
cited electrons in the E2 subband is very small due to the emission of phonons.
Thus, the current contribution from the E2 band can be neglected due to the
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Figure 6: Microscopic theory of the CPGE in a QW with Cs point group symmetry
considering the split first two conduction subbands E1 and E2. Dashed
black line shows the longitudinal optical phonon energy ~ΩLO Panel (a):
Photocurrent excited by left-circularly polarized radiation with photon en-
ergy ~ω1. Due to selection rules and energy conservation, only the sketched
transition (blue arrow) is allowed. The dominating current contribution
comes from the holes with momentum −k′x in the E1 subband (red), since
the electrons in the E2 subband relax very fast due to emission of optical
phonons yielding the current jx (red arrow). Panel (b): Photocurrent ex-
cited by right-circularly polarized radiation with the same photon energy
~ω1 as in Panel (a). Here, the optical transition takes place at k′x, and,
consequently the photocurrent reverses its sign compared to Panel (a).
Figure adapted from [32].

fast relaxation and the dominating current results from the holes in the E1
band, see red arrow in Fig. 6(a). Consequently, the photocurrent is dependent
on the relaxation time and group velocity of the holes in the E1 band. For
right-handed circularly polarized radiation, however, the transitions take place
at +k′x and, consequently, the photocurrent reverses its sign as compared to
the respective case for left-circularly polarized radiation, see Fig. 6(b). Note
that variation of the photon energy leads to a shift of k′x and can even lead to
a sign inversion of the photocurrent without the change of polarization [32].

2.2.2.2 Helical Edge Currents in Topological Insulators Recently, it has
been shown that helical edge channels in topological insulators can be probed
by measurements of the terahertz-induced photocurrent [23, 64, 65]. Since
helical edge photocurrents are also important for the discussion of some of the
results in this work, an underlying mechanism for helical edge photocurrents
in topological insulators is introduced below.
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Figure 7: Schematic of the generation of a helical edge photocurrent excited by right-
handed circularly polarized (σ+) radiation. Figure adapted from Ref. [23].

For the following model, pseudospin-polarized topological one-dimensional
edge states with linear dispersion are considered lying in the band gap between
parabolic valence and conduction bands, see Fig. 7. Note that this is the cor-
responding situation, e.g., for HgTe QWs slightly above the critical thickness,
see Sec. 2.1.2. The Fermi energy εF is considered to be in the bulk band gap.
Furthermore, the radiation is assumed to fulfill ~ω � εg, so that direct optical
band-to-band transitions are not possible.
If the Fermi energy is near the conduction band bottom, transitions from

helical edge states to the bulk conduction band (="photoionization of edge
states") are possible, see Fig. 7(a). For right-handed circularly polarized (σ+)
radiation, the probability of the optical transitions involving the spin-up band
with pseudospin s = +1/2 (red line in Fig. 7) is higher than the transitions
from the states with pseudospin s = −1/2 due to selection rules [64, 65], as
indicated by the thicker arrow in Fig. 7. This depletion of the edge states with
positive kx due to the dominant optical transition leads to an imbalance of
carriers in the k-space and, consequently, an electric current. For left-handed
circularly polarized (σ−) radiation , transitions from the spin-down band to the
conduction band are dominant and, consequently, the photocurrent direction
reverses its sign compared to excitation with σ+-radiation. To sum up, this
leads to a change of sign of the photocurrent for excitation by right- and left-
circularly polarized radiation, i.e., the CPGE.
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2.2.3 Third order effects - photoconductivity

In the phenomenological Eq. (5) the expansion has been limited to second or-
der effects. In general, effects proportional to the third order of the electric
field can also be efficiently excited, in particular in the case, where a static field
E(dc)(0, 0) and an electromagnetic wave, defined according to Eq. (4), inter-
act. This special case corresponds to photoconductivity phenomena, where the
static electric field E(dc)(0, 0) is caused by an external bias, while the electro-
magnetic wave comes from the incoming radiation, see also the experimental
setup in Sec. 3.2.2. Since a main part of this work is devoted to photocon-
ductivity data, this phenomenon is especially important. In this situation,
expanding similar to Eq. 5 leads to [53, 56]

jα(r, t) =
∑
βγδ

σ
(3′′)
αβγδEβ(ω, q)E∗γ(ω, q)E(dc)

δ (0, 0) . (15)

with the corresponding fourth-order conductivity tensor σ(3′′)
αβγδ. According to

Eq. (15), the resulting current is proportional to the amplitude of the static
electric field and the radiation intensity I ∝ |E|2(ω, q). Examples for the
microscopic mechanism of photoconductivity phenomena follow in the next
sections.

Electron gas heating and µ-photoconductivity Microscopically, terahertz
radiation-induced change of conductivity can take place due to changes in the
carrier density n, e.g. by electron-hole pair generation due to direct interband
transitions or light impact ionization, for the latter see Sec. 2.3. Apart from a
variation of the carrier density, photoconductivity effects can also be induced
by a change of the mobility ∆µ:

∆σ = |e|n∆µ (16)

Consequently, this type of photoconductivity is termed µ-photoconductivity.
The change in mobility is mostly caused by electron gas heating induced by
terahertz radiation and has been studied in various materials, e.g. InSb, GaAs,
and Ge[32]. The heating process is outlined in more detail in the following.
When terahertz radiation is absorbed by free carriers a strong heating of

the carrier occurs. With a carrier density n large enough, the electron-electron
scattering time τee is much shorter than the energy relaxation time τε. Conse-
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quently, absorption of terahertz radiation leads to an electron temperature Te
different from the lattice temperature Tlattice due to electron-electron scatter-
ing. The temperature Te fulfills the balance equation for bulk materials [32]

K(ω)Iεeff
~ω

= 〈Q(Te)〉n . (17)

Here, K(ω) is the absorption coefficient, which is proportional to the concen-
tration of free carriers n, εeff is the effective energy, which is released from an
excited carrier to the system of electrons in equilibrium and 〈Q〉 = 〈dε/dt〉
denotes the energy losses per unit of time for one carrier.
For weak heating, the normalized change of the conductivity ∆σ/σ0 due to

the change in mobility ∆µ can be approximated by [32]

∆σ
σ0

= 1
µ

∂µ

∂Te

∣∣∣∣∣
Te=Tlattice

∆Te, (18)

where σ0 denotes the dark conductivity σ0 = |e|nµ. Eq. (18) shows that the
sign of the µ-photoconductivity is determined by the sign of ∂µ

∂Te
. This term

is positive if, e.g., impurity scattering is the dominant scattering mechanism,
while ∂µ

∂Te
is negative in the regime of scattering by phonons [66, 67]. The

response time of µ-photoconductivity corresponds to the energy relaxation
time τε which typically is in the range of picoseconds to nanoseconds, being
much shorter than the pulse duration used in this work (≈ 100 ns). Due to the
fast kinetics of µ-photoconductivity, this effect is also used in fast terahertz
radiation detectors [68–71].
Note that the application of highly intense radiation can also affect the

lattice temperature Tlattice. The time scale of lattice-involving photoconduc-
tivity processes is usually longer than microseconds and, consequently, can be
distinguished from the fast kinetics of electron-temperature driven processes.
Furthermore, despite the high radiation pulse intensity used in this work, the
corresponding pulse energy is rather small, making lattice heating a negligible
factor.

2.3 Impact ionization in semiconductors

Because of its role in lightnings during thunderstorms impact ionization of
gases caused by a dc electric field is one of the most popular effects present in
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Figure 8: Panel (a) Sketch of a conduction band electron acquiring an energy larger
than the threshold for impact ionization. Panel (b): Sketch of the impact
ionization process: The electron (i) with ε > εi generates an electron-
hole pair (n and p) due to a collision with a valence band electron and
arrives in the state (f) after the collision. As indicated by the dashed
lines, energy and momentum conservation laws have to be fulfilled in this
process. Figure adapted from Ref. [72].

nature [32]. In semiconductors, the band-to-band impact ionization process as
well as the impact ionization of impurities are also one of the most important
carrier multiplication processes [32]. Moreover, impact ionization mechanisms
are a central part of this work. In the following, the principle of the impact
ionization process is exemplarily sketched on the simplified example of a semi-
conductor in an external dc electric field Edc considering a one-dimensional
model [67] and the corresponding impact ionization rate W is deduced. At an
external field strength high enough, a conduction band electron can acquire
an energy high enough to generate an electron-hole pair due to a collision
process. In the following, this ionization threshold energy is termed εi. The
aforementioned collision process is sketched in Fig. 8(b). The electron (i) with
ε > εi collides with a valence band electron and arrives at (f) generating an
electron-hole pair (n and p). Note that energy and momentum conservation
law have to be fulfilled in this process [67, 73]:

mnv
2
i /2 = mnv

2
f/2 +mnv

2
n/2 +mpv

2
p/2 + εg (19)

mnvi = mnvf +mnvn +mpvp . (20)
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Here, mn and mp are the effective masses of electron and hole, respectively, vi
and vf are the initial and final velocity of the electron, and vn and vp are the
velocities of generated electron and hole, as indicated in Fig. 8(b). For equal
velocities of all involved particles, i.e., vf = vn = vp, the minimum kinetic
energy for such an impact ionization process can be calculated from Eqs. (19)
and (20):

εi = mnv
2
i /2 = 2mn +mp

mn +mp

εg (21)

According to Eq. (21), the value of the threshold energy εi ranges between εg
and 2εg, depending on the effective masses. The rate of impact ionization W
is dependent on the number of carriers with an energy above that ionization
threshold εi. In a non-degenerate electron gas, the number of carriers with
ε > εi is proportional to the exponential factor

W ∝ exp
(
− εi
kBTe

)
, (22)

where kB is the Boltzmann constant and Te is the electron temperature. The
electron temperature can be determined from the energy balance equation,
which has the form [67]

eEdcvd = 3
2
kB(Te − T )

τε
, (23)

where vd is the electron drift velocity and τε is the energy relaxation time.
Assuming Te � T and neglecting the factor 3/2, the energy balance equation
Eq. (23) can be simplified to

eEdcvd ≈
kBTe
τε

(24)

and, consequently,

kBTe ≈ eEdcvdτε = eEdcl (25)

where l is the mean free path assuming dominant optical phonon emission with
l = vdτε and considering τε as constant. The ionization rate from Eq. (22) can
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then be written as

W ∝ exp
(
− εi
eEdcl

)
. (26)

Note that the dependence of the ionization rate on the electric field W ∝
exp(−E−1

dc ) suggested by Eq. (26) is only valid assuming that vdτε is indepen-
dent on the electric field.
Note that at a sufficiently high electric field, the generated electron, see

(n) in Fig. 8(b), has still an energy ε > εi and can again initiate an impact
ionization process rather than recombining with a hole (p). Consequently,
subsequent impact ionization processes lead to an exponential rise of the gen-
erated electron-hole pairs. This form of carrier multiplication is then termed
avalanche breakdown and is the key working principle, e.g., for the generation
of microwaves in impact ionization avalanche transit time (IMPATT) diodes
[32, 67, 74].
Note that the inverse process to impact ionization, the Auger recombination,

is also a very important process in semiconductors. Here, an electron-hole pair
recombines by transferring the energy released by the recombination process to
another electron [72, 74]. This process is a limiting mechanism for the carrier
lifetime and one of the most important nonradiative recombination processes.
Since the probability for this process increases with decreasing the band gap
due to energy-momentum conservation, the Auger recombination is, e.g., an
important limiting factor for efficiency of long-wavelength semiconductor lasers
[72].

Light Impact Ionization Besides the aforementioned impact ionization in
dc electric fields, the impact ionization process is also possible in ac fields.
Since high-power lasers have been available, the phenomenon of impact ion-
ization has been shown to be possible in gases and dielectrics even due to the
high-frequency ac electric fields of visible radiation [75–77]. Furthermore, the
effect was also observed in various two- and three-dimensional semiconductor
systems and excited by several radiation sources [25–31, 78]. If excited by
the electromagnetic field of radiation the phenomenon is termed light impact
ionization [33, 79]. The study of light impact ionization induced by the ac
electric field of intense terahertz radiation in low-dimensional semiconductor
structures is a central part of this work. In most cases, the light impact ioniza-
tion rate is determined by obtaining the probability, that an electron acquires
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the energy εi needed to generate an electron-hole pair. As stated in the previ-
ous section, this threshold energy depends on the band gap and the effective
masses of the involved particles due to energy and momentum conservation
laws, see Eq. (21). Typically, the energy ε acquired by the electrons due to
electron gas heating in the radiation electric field E, see also Sec. 2.2.3, is lim-
ited mainly due to the energy losses on phonon scattering. Impact ionization
processes induced by an ac field are classified in two regimes depending on the
value ωτ , where ω is the radiation angular frequency and τ is the momentum
relaxation time.
On the one hand, the regime with ωτ � 1 is termed the quasi-static regime.

Here, the charge carriers acquire the threshold energy εi in half of the period
of the electric field without a single collision. In this regime an increase of the
mean free path l results in an increase of carriers with an energy ε ≥ εi. It has
been shown that in this regime the ionization rate W is proportional to [32,
34]

W ∝ exp
(
− εi
eEl

)
, (27)

where E is the radiation electric field. The term eEl describes the energy,
which an electron obtains between two collision events.
On the other hand, for ωτ � 1 a system is in the high-frequency regime.

Considering the electric field of radiation in the terahertz range as a driving
force for the impact ionization, this regime is typically valid. In contrast to
dc impact ionization or the quasi-static regime, the high-frequency regime has
only been addressed in few works [25–31, 78].
In this regime, electrons do not follow the electric field any more due to

multiple collisions and, consequently, can acquire much higher energies than if
no collisions were considered in the energy acquisition process [32, 80]. Thus,
in contrast to the quasi-static and dc case, the increase of the mean free path l
results in a decrease of the energy acquired by the electrons and, consequently,
a reduction of the impact ionization rate. It has been shown that the impact
ionization rate W in this regime is described by [32, 34, 79]

W ∝ exp
(
−E

2
0

E2

)
, (28)

where the parameter E0 is termed characteristic electric field. Note that the
band-to-band light impact ionization process results in electron-hole pair gen-
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eration, despite the fact that the corresponding photon energy can be much
smaller than the energy gap. It has been shown that the characteristic electric
field E0 is proportional to the radiation angular frequency ω, i.e., the impact
ionization probability decreases with increasing frequency [32, 33].
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3 Methods

3.1 Investigated samples

3.1.1 HgTe/CdHgTe quantum wells

In order to investigate light impact ionization in semiconductors with different
band structures, HgTe/CdHgTe QWs were used. These samples were prepared
and grown in the group of Dr. Sergey Dvoretsky and Dr. Sergey Mikhailov in
the A.V. Rzhanov Institute of Semiconductor Physics, Novosibirsk, Russia.
As depicted in Sec. 2.1.2, band ordering and structure in HgTe/CdHgTe

QWs crucially depend on the HgTe layer thickness [11]. In this thesis two
samples with the HgTe QW layer thickness of 5.7 nm (wafer #E) and 6.6 nm
(wafer #F) were used. The samples were grown by molecular beam epitaxy
on (013) (wafer #E) and (001) (wafer #F) oriented GaAs substrates in similar
manner as depicted in Ref. [3]. The GaAs substrates were covered with 30 nm
thick ZnTe layers and 4 µm thick CdTe layers in order to completely relax the
strain caused by the lattice mismatch between HgTe and the GaAs substrates.
The QW barriers were made of CdxHg1–xTe with a Cd concentration x = 0.6

and a thickness of dbarrier = 30 nm for wafer #E and x = 0.7 and dbarrier =
39 nm for wafer #F, respectively. Cross-sections of both samples are shown in
Fig. 9(a) and 9(c).
The layer compositions described above result in the band structures calcu-

lated by Dr. Grigory Budkin from the Ioffe Institute in St. Petersburg, Russia
shown in Fig. 9(b) and 9(d) for wafer #E and wafer #F, respectively. While
wafer #E has a parabolic dispersion with a band gap of εg = 17.6 meV, the
dispersion of wafer #F is nearly linear around k = 0 with a much smaller band
gap of εg = 4.5 meV. In both samples the Fermi energy εF is much higher than
the band gap, with εF = 54 meV for sample wafer #E and εF ≈ 60 meV for
wafer #F.
In this work, square-shaped Van-der-Pauw geometry samples with a size

of 5×5 mm2 were used to study the photoresponse, see Fig. 10(a). In order
to make this possible, six ohmic contacts, four at the edges and two at the
middle of opposite edges were fabricated by indium soldering and numbered
counter-clockwise, see Fig. 10(b). Also, Hall bar structures with a semitrans-
parent gate were produced from wafer #E in order to study the Fermi level
dependence of measured signals. The 200 × 450 µm2 Hall bars were mod-
eled using photolithography and Br-based wet etching [81]. 30 nm SiO2 and
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Figure 9: Layer compositions and energy dispersion calculated by G. Budkin (Ioffe
Institute, St. Petersburg, Russia) for HgTe QW wafer #E (Panels (a) and
(b)) and wafer #F (Panels (c) and (d)), respectively. Figures adapted
from [35, 36]
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Figure 10: Panel (a): Photograph (top view) of the HgTe QW sample from wafer
#E with Cartesian coordinates x, y. Panel (b): Sketch of the sample
geometry with contact numbers and Cartesian coordinates x, y. Panel
(b) adapted from [36].
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Figure 11: Typical magnetotransport measurement at T = 4.2 K for a sample from
HgTe QW wafer #F in van-der-Pauw geometry. The red curve shows
the longitudinal resistance Rxx exhibiting Shubnikov-de Haas oscilla-
tions, while the black curve shows the transversal resistance Rxy. Figure
adapted from [36]

100 nm Al2O3 were used as an insulating oxide layer between the Ti/Au gate
electrode and the sample. Magnetotransport measurements done for sample
characterization at the temperature T = 4.2 K revealed carrier densities n and
mobilities µ being n = 3× 1011 cm−2 and µ = 2.5× 104 cm2/Vs for wafer #E,
and n = 1.7× 1011 cm−2 and µ = 5.7× 103 cm2/Vs for wafer #F, respectively.
A typical magnetotransport measurement is exemplarily shown in Fig. 11 for
a sample from wafer #F in van-der-Pauw geometry.

3.1.2 CdxHg1–xTe films

Another HgTe-based material system studied in this thesis are CdxHg1–xTe
films. Similarly to the HgTe QWs, these structures have also been grown by
the group of Dr. Sergey Dvoretsky and Dr. Sergey Mikhailov in the A.V.
Rzhanov institute of Semiconductor Physics, Novosibirsk, Russia.
These samples were grown on top of (013) GaAs substrates. 30 nm ZnTe

and 6 µm CdTe were used as intermediate layers between the substrate and
the CdxHg1–xTe film in order to obtain the crystal quality for the growth of
CdHgTe on top [83–87]. A sketch of the layer structure is shown in Fig. 12(a).
Square-shaped samples with an approximate size of 5× 5 mm2 were used and
contacts were fabricated by indium soldering at the sample edges and in the
middle of opposite edges.
As described in Sec. 2.1.3 the Cd concentration is a crucial factor deter-

mining the properties of CdxHg1–xTe. In this thesis, the experiments on
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Figure 12: Panel (a) Sketch of the sample layer structure of the used CdxHg1–xTe
films. The CdxHg1–xTe films are grown on a (013) GaAs substrate with
a CdTe and a ZnTe layer in between in order to relax strain stemming
from the lattice mismatch between CdHgTe and GaAs and, consequently,
to reach the desired crystal quality. Panels (b)-(e): Cd content in the
epitaxially grown layer for samples #A-#D as a function of the thickness
z starting from the end of the intermediate CdTe layer, respectively.
Figures adapted from [82]. Panel (f): Dependence of the band gap energy
εg in CdxHg1–xTe on the temperature T for Cd concentrations x of 0.15,
0.18 and 0.22 corresponding to the samples used in this work. The data
is calculated according to Refs. [18, 19]. Note that samples #A and #B
(x = 0.15) exhibit a negative band gap at liquid helium temperature and,
hence, the bands are inverted.

CdxHg1–xTe films were conducted on four different samples with Cd concen-
trations of x = 0.15 (Samples #A and #B) x = 0.18 (Sample #C) and
x = 0.22 (Sample #D). In samples #A, #C, and #D the active layer with
a constant Cd concentration x = 0.15, x = 0.18 and x = 0.22, respectively,
was surrounded by regions with growing Cd concentration. This is sketched
in Fig. 12(b),(d) and (e), where the Cd concentration x is shown as a function
of the growth direction z. In contrast, Sample #B with x = 0.15 was capped
by 30 nm Cd0.85Hg0.15Te and, consequently, lacks the gradual increase of Cd
concentration on the top. Note that the width dconductionq of the conduction
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channel with constant Cd concentration is in the range of several micrometers
in all samples. The actual set of samples allows access to different properties
of CdxHg1–xTe films, which can be characterized by the band gap energy εg.
Figure 12(f) shows the temperature dependence of the band gap energy εg on
the temperature T calculated according to Ref. [18] for the Cd concentrations
x relevant to samples #A to #D. While the band gap is positive in the whole
temperature range for samples #C and #D, εg changes its sign for #A and
#B at T ≈ 100 K. The negative band gap for εg / 100 K indicates an inverted
band ordering and, thus, formation of topological surface states [19]. In sample
#C, the band gap is close to zero for liquid helium temperature, which implies
that the energy dispersion is almost linear under this condition.

3.2 Measurement technique

In this chapter a brief description of the THz radiation sources, the optical
setup, and the electronics used for the detection of photocurrent and photo-
conductivity is given.

3.2.1 Sources of terahertz laser radiation

For the illumination of samples, two types of THz radiation sources were used
in this work: On the one hand a pulsed molecular gas THz laser and on the
other hand a cw molecular gas THz laser [32, 88]. Both lasers are pumped
by corresponding CO2 lasers: For the pulsed THz laser a pulsed transversely-
excited atmospheric pressure (TEA) CO2 laser with a pulse duration of 100 ns
and peak pulse powers up to megawatts was used as a pump source. For the
cw THz laser, however, a longitudinally excited cw CO2 laser with a power
of ≈ 50 W was used. In both cases the CO2 pump laser radiation is tunable
in the frequency range from approx. 27 to 33 THz. The pump radiation is
coupled into a resonator filled with molecular gas, where vibrational-rotational
transitions are excited and the rotational relaxation transitions are used to
emit laser radiation in the THz range. Note that some lines of the pulsed THz
laser are based on stimulated Raman scattering and a permanent electric dipole
moment in the gas molecule is essential for these lines [32, 89]. With both THz
laser systems several frequency lines between 0.6 and 8.5 THz can be emitted,
while the used molecular gases are NH3, CH3OH, CH3F,CH2F2, D2O and
CH2O2. Hereby, the accessible frequency lines are determined by the molecule
weight, i.e. heavier molecules generate radiation with lower frequency. This is
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Figure 13: Sketch of the laser resonators for the pulsed (Panel (a)) and the cw (Panel
(b)) THz laser. Adapted from [92]

because the rotational levels get closer for heavier molecules [90]. In both cases,
the transversal beam profile is Gaussian as checked by a pyroelectric camera
[91] and the frequency-dependent focused beam diameter dbeam defined as the
full width at half maximum of power is between is between 1.5 and 3.5 mm full
width at half maximum. While the working principle described above holds
for both, the pulsed and the cw THz laser, the differences of both systems are
pointed out in the following paragraphs.

Pulsed molecular THz laser In the pulsed THz laser the mid-infrared pulses
from the TEA-CO2 laser are coupled into the molecular gas-filled resonator by
focusing the radiation via a BaF2 lens through a NaCl window. The resonator
consists of a glass cylinder with gold-coated spherical Cu mirrors with an
in/outcoupling hole in the middle, see Fig. 13(a). On the output side, a TPX
(poly-4-methyl-1-penthen) window ensures absorption of the remaining mid-
infrared radiation stemming from the CO2 laser, while being transparent for
THz radiation. The pulsed THz laser emits pulses with a duration of ≈ 100 ns
with a frequency-line-dependent peak power in the range of several tens of kW,
measured by photon drag detectors [93].
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cw molecular THz laser On the other hand, in the cw molecular THz laser,
the radiation stemming from a cw CO2 laser is focused into the resonator via
a ZnSe lens through a ZnSe Brewster window and the cone of a gold coated
plane steel mirror, see Fig. 13(b). The resonator length in this type of THz
laser can be varied by changing the position of a silver coated dielectric z-
cut quartz mirror, which allows to control the mode structure and wavelength
emitted by the laser. An uncoated central z-cut quartz annulus acts as an
outcoupling transmission window for THz radiation. The cw THz laser emits
radiation with a power between 20 and 80 mW.

3.2.2 Experimental setup

In the following section the optical setups to modify THz radiation as well
as the electronic setup to detect THz radiation-induced photocurrents and
photoconductivity are outlined.

Manipulation of radiation intensity The radiation intensity was controlled
by a crossed linear polarizer setup. The initially linearly polarized THz laser
beam passes a rotatable first polarizer P1, while the angle between the trans-
mission direction of the polarizer and the electric field of the linearly polarized
emitted laser radiation is termed β. According to Malus’ law, the radiation
intensity I1 after passing the polarizer rotated by the angle β is then described
by

I1 = I0 cos2 (β) , (29)

while I0 denotes the initial intensity of the emitted radiation. After passing the
polarizer P1, the radiation passes a second polarizer P2, whose transmission
direction is fixed and parallel to the linear polarization of the initially emitted
laser radiation. This is done to ensure a fixed polarization at the output of
the polarizer setup. The radiation intensity I2 after passing both polarizers P1

and P2 is the described by

I2 = I0 cos2 (β) · cos2 (−β) = I0 cos4 (β) (30)

Manipulation of Radiation Polarization In order to modify the radiation
polarization, waveplates or grid linear polarizer are used. In experiments with
elliptically polarized light, the initially linearly polarized radiation was manipu-
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lated using rotatable quarter-wave plates made from x-cut crystal quartz. The
rotation angle of the quarter-wave plates is termed ϕ, while the polarization
remains unchanged for ϕ = 0, 90◦ and 180◦. For the quarter-wave plate’s ro-
tation angles ϕ = 45◦ and 135◦ the output polarization is right- or left-handed
circularly polarized, respectively. In the case of a rotating quarter-wave plate,
the Stokes parameters are varied according to

PL1(ϕ) = (cos(4ϕ) + 1) /2, PL2(ϕ) = sin(4ϕ)/2, Pcirc(ϕ) = sin (2ϕ) , (31)

while PL1 and PL2 define the degree of linear polarization and Pcirc defines
the degree of circular polarization. Note that the quarter-wave plate rotation
angle is also referred to as phase angle in this work.
In experiments with rotation of the linear polarization, this was achieved

either by the rotation of half-wave plates or by the rotation of a linear polarizer
placed behind a quarter-wave plate at ϕ = 45◦ providing circularly polarized
radiation. The rotation angle of the linear polarization is termed azimuth
angle α. Rotating the linear polarization, the corresponding Stokes parameter
are varied according to

PL1(α) = cos (2α) , PL2(α) = sin(2α). (32)

Note that the rotation angle of linear polarization α is also referred to as
azimuth angle in this work.

Calibration of Radiation Intensity In order to monitor the laser intensity
acting on the sample during the measurement a thin Mylar sheet was inserted
in the optical path acting as a beam splitter. The reflected radiation was then
focused onto a reference power detector, while the transmitted part is used to
illuminate the sample. By conducting calibration measurements with a second
detector at the sample position, see exemplary sketch in Fig. 14, the wavelength
and setup-dependent ratio between reflected and transmitted radiation power
could be determined and, thus, the reference detector signal could be matched
with the radiation power coming onto the sample. By measuring the spatial
beam profile with a pyroelectric camera the beam spot diameter could be
determined and, consequently, the radiation power P could be recalculated to
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Figure 14: Exemplary sketch of the setup for a calibration measurement. Adapted
from [92].

the corresponding intensity I. This was done by

I = P

π · dx · dy
= P

Abeam
, (33)

where dx and dy are the full width at half maximum values for the Gaussian
spatial beam profiles in x and y-directions, respectively, and A beam is the beam
diameter. A typical beam profile is shown for the frequency of f = 0.6 THz in
Fig. 15(b).

Measurement Configurations After passing the beam splitter and the op-
tical components used for radiation state manipulation, the THz radiation
originating either from the pulsed or the cw THz laser, see Sec. 3.2.1, is fo-
cused onto the sample in a cryostat using parabolic mirrors. A sketch of an
exemplary setup is shown in Fig. 15(a). In all measurements the samples were
illuminated under normal incidence. In this thesis three types of cryostats were
used: On the one hand a temperature-variable cold finger and a liquid helium
flow cryostat were used for measurements without magnetic field, on the other
hand a helium bath cryostat with a superconducting magnet was used being
able to provide magnetic fields up to ±7 T. Using these types of cryostats it
was possible to address a broad temperature range from room temperature to
≈ 2 K.
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Figure 15: Panel (a): Sketch of the measurement setup. Note that for the cw laser
a chopper was part of the optical components and the lock-in amplifier
was used, while in the pulsed laser setup the GHz oscilloscope was used.
Adapted from [94]. Panel (b): Typical beam profile measured by a pyro-
electric camera for the frequency of f = 0.6 THz.

Electronic setup The components in the experimental setup are connected
with a computer via GPIB (General Purpose Interface Bus), USB, or the
parallel printer port. The optical components like e.g. waveplates were rotated
using step motors. In the pulsed laser setup the photosignals are amplified and
then processed by a digital storage oscilloscope. On the contrary in the cw
system the laser radiation is chopped optically in order to use standard lock-in
technique for the signal processing.
All THz-induced photosignals were measured as a voltage drop over a load

resistor RL or directly over the sample and are amplified using low-noise pream-
plifiers. The voltage drop was detected by a GHz digital storage oscilloscope
(pulsed laser) or lock-in technique (cw laser). For photocurrent measurements
no external bias was applied and the measured voltage U is proportional to
the photocurrent J . For the photoconductivity measurements, in contrast, a
dc bias of ±300 mV was applied to the sample.
In order to eliminate the contribution of the photocurrent in the photo-

conductivity measurements the signal was measured for two bias polarities
(±300 mV) and the bias-independent photocurrent was eliminated by subtract-
ing the signals for both polarities and dividing by two. From the obtained pho-
toconductivity signal, the relative photoinduced change of conductivity ∆σ/σ
was calculated.
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4 Impact ionization induced by terahertz
radiation in HgTe quantum wells

In this chapter the results regarding terahertz-radiation induced impact ion-
ization in HgTe QWs are presented and discussed. Starting with the findings
for the sample with parabolic dispersion, the obtained photocurrents are out-
lined first, followed by the photoconductivity data, the results for the sample
with almost linear dispersion, and a subsequent discussion. All results in this
section are obtained using the pulsed terahertz laser (see Sec. 3.2.1).

4.1 Nonlinearities in HgTe quantum wells below the critical
thickness

The description of the results in terms of impact ionization in HgTe QWs starts
with the 5.7 nm wide QW (wafer #E), which exhibits a parabolic dispersion,
see Fig. 9.

4.1.1 Photocurrent

Firstly, the photocurrent data are outlined. Illumination of the bulk or the
edges of the HgTe QW with linearly or circularly polarized radiation led to
a complex photocurrent dynamics depending on the radiation intensity. In
Fig. 16 the evolution of this photocurrent is shown exemplarily for a radiation
frequency of f = 0.6 THz and circularly polarized light: At low radiation
intensities (Panel(b)) the photocurrent response just follows the reference laser
pulse (Panel (a)) with a negative sign. Increasing the radiation intensity a
change in the temporal shape was observed, see Fig. 16(c): At the maximum
of the excitation pulse (t = tmax, dashed vertical line), the photosignal rapidly
drops to zero. Thereafter, the photocurrent rises again before it follows the
excitation pulse and, consequently, vanishes. Increasing the radiation intensity
further, the photocurrent changes its sign at a certain radiation intensity Iinv
and, hence, becomes positive at t = tmax. At intensities I > Iinv, the positive
signal contribution dominates the photoresponse, which is shown in Fig. 16(d-
f).
This complicated photocurrent dynamic is caused by the change of the pho-

tocurrent sign with rising intensity: At the rising edge of the incident laser
pulse the intensity consequently rises with the time t, which results in the
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Figure 16: Panel (a): Temporal shape of a reference laser pulse in arbitrary units.
The vertical dashed lines indicate the time tmax of the maximum of the ex-
citation pulse. Panels (b-f): Temporal shape of the photocurrent excited
by illumination of the center of a sample from wafer #E with right-handed
circularly polarized radiation at different intensities with a frequency of
f = 0.6 THz. The photocurrent was measured diagonally between con-
tacts 3 and 6, see Fig. 10. At low intensities the photocurrent response
almost follows the reference pulse with a negative amplitude, while at
higher intensities a nonlinear positive contribution is observed resulting
in a sign change at an intensity of approximately 10 kW/cm2. Adapted
from Ref. [35].

dynamic photocurrent sign inversion. In contrast, at the falling edge of the
incident laser pulse the intensity decreases and the photocurrent dynamic is
roughly mirrored. Thus, the photocurrent peak emerges at t = tmax. Conse-
quently, the presented photocurrent signals in the following plots are always
recorded at t = tmax.
In further studies the helicity-dependence of the photocurrent described

above was examined. In Fig. 17(a) the intensity dependence of the photocur-
rent signal recorded at t = tmax is shown for right- and left-handed circular
polarization of the incident radiation illuminating the sample edge. The data
reveal that both polarization states result in a photocurrent sign inversion
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Figure 17: Panel (a): Intensity dependencies of the edge photocurrent excited by
right-handed (open circles) and left-handed (full circles) circularly polar-
ized radiation with a frequency of f = 0.6 THz in a sample from Wafer
#E. The photocurrent was measured between the edge contacts 1 and 6
while illuminating the corresponding sample edge, see Fig. 10. Panel (b):
Intensity dependencies of the photocurrent at the edge (blue, picked up
from contacts 1 and 6) and in the center (red, picked up from contacts
2 and 5) of a sample from wafer #E, see Fig. 10. The photocurrent was
excited by linearly polarized radiation with a frequency of f = 0.6 THz
illuminating the sample center. Panel (c): Dependence of the photocur-
rent in the sample bulk on the rotation angle of the quarter-wave plate ϕ
measured at the radiation intensity of I = 6.5 kW/cm2 for the radiation
frequency of f = 0.6 THz. The solid line shows a fit according to Eq. (34)
with the fitting parameters J0 = −1.0 µA, J1 = −1.1 µA, J2 = −0.3 µA,
and J3 = 0.1 µA. Adapted from Ref. [35].

at ICinv = 15 kW/cm2. Moreover, almost no difference between the signals
obtained for right- and left-handed circularly polarized radiation could be de-
tected. This independence of the photocurrent on the radiation helicity is
approved by the dependence of the photocurrent on the quarter-wave plate
rotation angle ϕ for an intensity of I = 6.5 kW/cm2 shown in Fig. 17(c). The
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Figure 18: Intensity dependencies of the photocurrent excited by linearly polarized
radiation with a frequency of f = 0.6 THz for sample temperatures of
T = 4.2, 60, and 90 K in a sample from wafer #E. The photocurrent
was measured between the central contacts 2 and 5, see Fig. 10, while
illuminating the sample center. The inset shows the intensity of sign
inversion ILinv as a function of the temperature dependence. Adapted
from Ref. [35].

data is fitted according to

Jx = J0 + J1PL1(ϕ) + J2PL2(ϕ) + J3Pcirc(ϕ) , (34)

with the Stokes parameters defined in Eq. (31). Again, no difference between
the photocurrents excited by right- and left-handed circularly polarized ra-
diation could be measured. A qualitatively similar intensity dependence as
for circularly polarized radiation was detected using linear polarization, see
empty blue squares in Fig. 17(b). Here, the inversion intensity has a higher
value ILinv ≈ 25 kW/cm2. Additionally the photocurrent was studied at tem-
peratures T from 4.2 to 90 K. The corresponding intensity dependencies are
shown in Fig. 18. The data reveal that the qualitative behavior of the pho-
tocurrent is retained at higher temperatures, while the inversion intensity rises
with temperature, see also inset in Fig. 18.
The detected insensitivity to the radiation helicity excludes the generation

of helical edge photocurrents as a driving force for the nonlinear photocurrent
described above. Furthermore, comparing the photocurrent picked up across
the sample obtained by illumination of the sample center and the photocurrent
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picked up at the sample edges under the same conditions revealed no measur-
able difference. This comparison is done in Fig. 17(b) for photocurrents excited
by linearly polarized radiation at the edges (blue empty squares) and in the
sample center (red full squares). This demonstrates that the photocurrent is
not even generated at the edges excluding edge mechanisms as the origin of
the nonlinear photocurrent. Below in Sec. 4.3 it will be shown that the nonlin-
ear photocurrent is caused by electron-hole pair generation due to light impact
ionization. The evidence for this has been obtained in the measurements of the
radiation-induced change of conductivity ∆σ/σ described in the next section.

4.1.2 Photoconductivity

A typical photoconductivity response pulse is illustrated in the inset of Fig. 19.
For all measured frequencies a positive photoconductivity signal was observed
and the pulse is twice times longer as compared with the photocurrent re-
sponse, see Fig. 16. Since they are in line with the recombination time
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Figure 19: Dependencies of the normalized photoconductivity ∆σ/σ excited by lin-
early polarized radiation in the center of a sample from wafer #E for
the radiation frequencies of 0.6 (blue triangles), 0.77 (red triangles), and
1.07 THz (black triangles) on the intensity I. The photoconductivity sig-
nal is picked up from the central contacts 2 and 5. The solid lines depict
the corresponding fits according Eq. (35) with the fitting parameters A
and I0. The inset shows the temporal shape of an exemplary photocon-
ductivity pulse (solid line) measured in the center of the samples using
linearly polarized radiation with a frequency of 0.6 THz and an intensity
of 57 kW/cm2. The dashed line shows a reference laser pulse. Adapted
from Ref. [35].
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known for HgTe QWs [95], these corresponding response times together with
the increase of conductivity indicate that this photoconductivity is caused by
electron-hole pair generation despite the fact that the photon energy ~ω is
much smaller than the band gap εg. Characteristic intensity dependencies of
the photoconductivity ∆σ/σ are shown in Fig. 19 for three different frequencies
of linear polarized radiation illuminating the sample center. The data show a
superlinear raise of the photoconductivity, while the nonlinearity decreases by
going to higher radiation frequencies. The data is fitted after

∆σ
σ

= A · exp
(
−I0

I

)
= A · exp

(
−E

2
0

E2

)
, (35)

with the coefficient A and the characteristic intensity I0 as fitting parameters,
the radiation electric field E, the radiation intensity I = (E2 · nω/2(Z0)), the
characteristic electric field E0, the vacuum impedance Z0, and the refractive
index nω. Measurements of the photoconductivity in the temperature range
from 4.2 to 90 K revealed that an increase of the temperature leads to a de-
crease of the nonlinearity, which manifests in an increase of the characteristic
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Figure 20: Intensity dependencies of the normalized photoconductivity ∆σ/σ ex-
cited by linearly polarized radiation with f = 0.6 THz in the center of
a sample from wafer #E. The data were obtained for temperatures of
T = 4.2, 60, and 90 K and the central contacts 2 and 5 were used, see
Fig. 10. The solid lines show fits after Eq. (35) with the fitting parame-
ters A and I0. The inset shows the temperature dependence of the fitting
parameter E0 ∝

√
I0. Adapted from Ref. [35].
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Figure 21: Half-logarithmic plot of the normalized photoconductivity ∆σ/σ induced
by linearly polarized radiation in the center of a sample from wafer #E
as a function of the inverse squared radiation electric field E−2. The
presented data for the radiation frequencies of 0.6 (blue triangles), 0.77
(red triangles), and 1.07 THz (black triangles) is the same as for Fig. 21.
Solid lines depict fits after Eq. (35) [see also theoretical Eqs. (51) and
(52).] using A and E0 as fitting parameters. The inset shows the fitting
parameter E0 extracted from the corresponding fits from panel (a) as a
function of the radiation frequency f . Adapted from Ref. [35].

electric field E0, see main figure and inset in Fig. 20. Replotting the data
from Fig. 19 in a half-logarithmic scale as a function of the inverse squared
electric field E−2 ∝ I−1 yields that the data are well described by Eq. (35)
especially for high radiation intensities, i.e. low E−2, see Fig. 21. At low in-
tensities, however a deviation is seen, which is attributed to a contribution of
µ-photoconductivity, see Sec. 2.2.3. Extracting E0 from the data in Fig. 21
revealed that the characteristic electric field rises linearly with the radiation
frequency, see inset in Fig. 21.
In Hall bar structures with semitransparent gate also the effect of the Fermi

energy εg on the photoconductivity was studied, see Fig. 22 for a radiation
frequency of f = 0.6 THz. The data demonstrates that increasing the Fermi
energy leads to a reduction of the nonlinearity, i.e. increase in E0. Note that
for all measured gate voltages the Fermi energy εg is above the band gap.
To sum up, illuminating the HgTe QWs with parabolic dispersion with in-

tense terahertz radiation results in strongly nonlinear photoresponses caused
by electron-hole pair generation with a photon energy below the band gap.
This process results in a nonlinear photoconductivity proportional to exp (−E2

0/E
2)
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Figure 22: Intensity dependencies of the normalized photoconductivity ∆σ/σ in-
duced by linearly polarized radiation with a frequency of f = 0.6 THz in
a Hall bar sample with a semitransparent gate from wafer #E. The solid
lines show fits after Eq. (35) [see also theoretical Eq. (51)] using A and
I0 ∝ E2

0 as fitting parameters. The inset shows the dependence of E2
0

on the Fermi energy. The Fermi energy was obtained from correspond-
ing magnetotransport measurements. Note that the values are given in
arbitrary units due to the fact that the intensity acting on 2DEG after
transmission through the gate is unknown. Adapted from Ref. [35].

with E0 ∝ f and a photocurrent inverting its sign with the radiation intensity.

4.2 Nonlinearities in HgTe quantum wells close to the
critical thickness

For further studies of the process of light impact ionization in HgTe QWs a
second wafer (wafer #F) with nearly linear dispersion was investigated, see
Sec. 3.1.1. Hereby, only photoconductivity results are presented since the pho-
toconductivity gives a more direct access to the electron-hole pair generation
caused by light impact ionization as the photocurrent. Note that the measure-
ments in this section were conducted at a temperature of 4.2 K, if not specified
differently. In this structure, the small band gap εg ≈ 4.5 meV is in the range
of photon energies ~ω provided by the pulsed terahertz laser. In the first part
of this section we will focus on the data obtained by radiation frequencies with
energies smaller than the band gap, i.e., ~ω < εg.
In the inset of Fig. 23 the temporal shape of the photoconductivity response

is shown for an excitation frequency of 0.6 THz and a radiation intensity of
48 kW/cm2. This exemplary temporal shape is characteristic for all measured
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Figure 23: Intensity dependence of the normalized photoconductivity signal ∆σi/σ
for the frequencies of 0.6 (blue triangles), 0.77 (red triangles), and
1.07 THz (black triangles) in a sample from wafer #F. The solid lines
show a fit according to Eq. (36) with the fitting parameters A, B, and
I0. Note that the photon energies for all frequencies is lower than the
band gap (~ω < εg). The inset shows the typical temporal shape of a
photoconductivity response for a frequency of 0.6 THz and an intensity of
48 kW/cm2. The magenta line shows an exponential decay fit according
to ∆σl/σ ∝ exp (−t/τl). Adapted from Ref. [36].

frequencies. The photoconductivity response consist of two parts differing by
response time and amplitude. The first part, in the following referred to as
∆σi/σ, has a very short response time in the nanosecond range, while the sec-
ond part ∆σl/σ has a substantially longer response time in the microsecond
range. At low intensities, ∆σl/σ dominates while at high intensities ∆σi/σ
makes the dominant contribution to the photoconductivity response. As it
is shown later on, ∆σi/σ corresponds to light impact ionization and, conse-
quently, the focus is put on this contribution in the following part, while ∆σl/σ
is discussed shortly at the end of this section. Because of the different response
times, the amplitudes of ∆σi/σ and ∆σl/σ could be extracted from the photo-
conductivity response as sketched in the inset in Fig. 23. In the main plot in
Fig. 23 intensity dependencies of ∆σi/σ are shown for three different frequen-
cies at a temperature of T = 4.2 K. The data reveal a superlinear dependence,
while the superlinearity decreases, when the radiation frequency is increased.
The data are fitted by

∆σ
σ

= A · exp
(
−I0

I

)
+B · I = A · exp

(
−E

2
0

E2

)
+BE · E2 (36)
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Figure 24: Dependency of the normalized photoconductivity ∆σi/σ on the inverse
squared radiation electric field for the frequencies of 0.6 (blue triangles),
0.77 (red triangles), and 1.07 THz (black triangles) in a sample from wafer
#F. The data are presented in a half-logarithmic plot. The solid lines
show fits according to Eq. (36). The dashed lines show fits after the
exponential term in the right hand side of Eq. (36) resembling the same
field dependence as Eq. (63). The inset shows the dependence of the
fitting parameter E0 on the radiation frequency. The solid line is a linear
fit after Eq. (63). Adapted from Ref. [36].

with the fitting parameters A, B, and I0, BE = B · nω/(2Z0) and the defini-
tions according to Eq. (35). The fits show that the nonlinearity defined by the
parameter I0 ∝ E2

0 decreases increasing the radiation frequency. Replotting
the data in a half-logarithmic plot with the inverse squared electric field E−2

on the abscissa shows that the exponential term in Eq. (36) describes well the
data at high radiation intensities, i.e. low E−2, see Fig. 24. However, at low
intensities, i.e. high E−2, a deviation from the exponential behavior is detected
and the photoconductivity signal is dominated by the term linear in E2 ∝ I,
see Eq. (36). The inset in Fig. 24 shows the dependence of the characteristic
electric field on the radiation frequency extracted from the fits for the main
figure. The rise of E0 with the intensity also demonstrates the decrease of
the superlinearity with an increase of the radiation frequency. Measurements
at higher temperatures revealed a decrease of the fitting parameter B and an
increase of the characteristic electric field, i.e. a decrease of the nonlinearity.
This is exemplarily shown for a radiation frequency of 0.6 THz and three dif-
ferent temperatures in Fig. 25. The data display that at a temperature of 70 K
the term linear in E2 ∝ I almost vanishes and the exponential term domi-
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Figure 25: Photoconductivity ∆σi/σ as a function of the inverse squared radiation
electric field E−2 measured for temperatures T = 10 K (blue squares),
30 K (purple circles) and 70 K (pink triangles) in a sample from wafer
#F. The data were obtained at a radiation frequency of f = 0.6 THz
and displayed in a half-logarithmic plot. The solid lines depict fits us-
ing Eq. (36), while the dashed lines show fits according to solely the
exponential term in right hand side of Eq. (36) which gives the same
field dependence as the theoretical Eq. (63). Insets show temperature
dependencies of the characteristic electric field E2

0 and the parameter B.
Adapted from Ref. [36].

nates. This is also confirmed by the insets in Fig. 25 showing the temperature
dependencies of the parameters E0 and B.
In addition to the results shown above, data for radiation frequencies with

photon energies larger than the band gap energy εg were obtained and are
discussed in the following. Exemplarily, Fig. 26 shows the intensity dependence
of the photoconductivity signal for the radiation frequencies 2 and 3.3 THz.
Here the qualitative behavior of the intensity dependence is different: For
the highest radiation frequency f = 3.3 THz a sublinear, saturating behavior
was detected with rising intensity instead of a superlinear behavior. This
saturation was also observed for f = 2 THz but here a superlinear behavior
again dominates at high intensities. For the fits in Fig. 26 a term was added to
Eq. (36) in order to consider the saturation and, consequently, the fit formula
reads

∆σi
σ

= C
I

1 + I/IS
+B · I + A · exp

(
−I0

I

)
, (37)
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Figure 26: Intensity dependencies of the normalized photoconductivity ∆σi/σ at a
radiation frequency f = 2 THz (violet diamonds) and 3.3 THz (green
hexagons) in a sample from wafer #F. The solid lines present fits ac-
cording to Eq. (37). Note that for both frequencies the photon energy is
larger than the band gap (~ω > εg). The inset shows a zoom-in for low
intensities. Adapted from Ref. [36].

with the coefficient C and the saturation intensity IS as additional fitting pa-
rameters. Concluding the experimental part devoted to HgTe QW the slow
photoconductivity signal component ∆σl/σ, see inset in Fig. 23, is shortly de-
scribed. This signal dominates the photoconductivity signal at low intensities
and is characterized by response times τ ≥ 300 ns, see inset in Fig. 27. For the
radiation frequencies of 0.77 and 1.07 THz an intensity dependence of ∆σl/σ
is shown in Fig. 27. Here, the data is fitted by

∆σl
σ

= Cl
I

1 + I/Il,S
+Bl · I (38)

with the coefficients Bl and Cl and the saturation intensity Il,S as fitting pa-
rameters. The increase of the response time from 300 ns at low intensity, see
lower inset in Fig. 27, to several µs at high intensities, see inset in Fig. 24 is
caused by the saturation which slows down the time dynamics of the signal.
Fig. 28 shows the intensity dependence of the long photoconductivity signal
for temperatures of 4 and 20 K and a radiation frequency of 0.6 THz. The data
demonstrate a strong reduction of ∆σl/σ with temperature, which is confirmed
by the inset in Fig. 28 displaying the temperature evolution of the fitting pa-
rameter Cl. This inset demonstrates that the slow photoconductivity signal
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Figure 27: Intensity dependence of the slow component of the normalized photocon-
ductivity ∆σl/σ excited by the radiation frequencies of 0.77 (red trian-
gles) and 1.07 THz (black triangles) in a sample from wafer #F. The solid
lines present fits according to Eq. (38). The left inset shows a zoom-in for
low intensities. The right inset shows the typical temporal shape of the
photoconductivity pulses obtained for f = 0.6 THz and a relatively low
intensity of I = 0.5 kW/cm2. The red line shows an exponential decay fit
according to ∆σ/σ ∝ exp (−t/τl). Adapted from Ref. [36].
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Figure 28: Intensity dependence of the slow component of the normalized photo-
conductivity ∆σl/σ excited by the radiation frequency f = 0.6 THz at
the temperatures of 4 and 20 K. The solid lines present fits according to
Eq. (38). The inset shows the temperature evolution of the parameter
Cl.
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vanishes for temperatures T ≥ 30 K. This fact together with the long response
times indicate that the signal is caused by the ionization of impurities. This
process is characterized by response times up to the microsecond range and
can be activated thermally resulting in no slow photoconductivity response at
higher temperatures.

4.3 Discussion

4.3.1 Nonlinear photoconductivity in HgTe quantum wells

The experimental photoconductivity data show the appearance of a terahertz-
radiation induced nonlinearity caused by the generation of electron-hole pairs,
despite the fact that the photon energy is much smaller than the energy gap.
This nonlinearity decreases with rising radiation frequency, see Fig. 21. The
observed decrease with the frequency excludes multi-photon processes as driv-
ing force for the nonlinearity, since the probability of this process is expected
to increase with the radiation frequency [32, 96, 97]. However, this frequency
dependence together with the observed exponential increase of the photocon-
ductivity signal ∝ exp(−E2

0/E
2), see Figs. 19, 21 and Eq. 35 is typical for the

process of light impact ionization, see Sec. 2.3 and Refs. [33, 79]. Consequently,
light impact ionization is considered as the driving force for the nonlinearity
in the following discussion.
In the following the underlying microscopic mechanisms responsible for the

formation of the nonlinear photoconductivity in HgTe QWs are outlined. The
discussion follows Refs. [35, 36]. As depicted in Sec. 3.1, the Fermi energy in
both studied HgTe QWs is much higher than the gap energy εg. Moreover,
the Fermi energy is also much higher than the impact ionization threshold
energy εi, see Sec. 2.3. Therefore, the ionization rate is not limited by the
absence of conduction band electrons with an energy ε ≥ εi but by the small
number of free states with low energy. Note that in most previous works
devoted to impact ionization, e.g. [32], the Fermi energy εF was much lower
than the impact ionization threshold εi and as a consequence, strong heating
of the electron gas was necessary to obtain electrons with an energy above the
threshold. In our case, heating is not substantial in order to get electrons with
energies above the threshold, but the key point is the depletion of the occupied
low-energy levels.
In the following, we assume that the main electron momentum relaxation

mechanism in HgTe QWs is the scattering by impurities with the corresponding
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scattering time τi(ε), whereas the emission of optical phonons with energies
εo = ~Ωo is the main energy relaxation mechanism. Additionally we consider
that the product of radiation angular frequency and momentum relaxation
time ωτ is larger than unity, which is valid for all experiments conducted in
this work.
In the experiments described above, the electric field of the incoming tera-

hertz radiation is polarized along the x-axis. Under these circumstances, the
kinetic equation can be written as

∂f(p, t)
∂t

+eE cos(ωt)∂f(p, t)
∂px

= −f(p, t)− f0(ε, t)
τi(ε)

−Stph− {f}+Stph+ {f} . (39)

Here, f(p, t) denotes the distribution function, p and e are electron momentum
and charge, v(ε) = ∂ε/∂p is the electron velocity at energy ε, f0(ε, t) is the con-
tribution of f(p, t) independent on the direction of p, and Stph− {f}+ Stph+ {f}
denotes the collision integral related to optical phonons. Note that the de-
tached terms Stph− {f} and Stph+ {f} also describe the number of electrons com-
ing into/leaving a state with momentum p in a unit of time considering the
interaction with optical phonons. The characteristic impurity scattering time
τi(ε) can also be written as τi(ε) = τi0g(0)/g(ε) [98] with the scattering time
on the conduction band bottom τi0 and the conduction band density of states
g(ε) = p(ε)/v(ε)π~2.
Assuming the main scattering mechanisms stated above, f(p, t) is approxi-

mately isotropic and can be written as f(p, t) = f0(ε) + f1(p, t) with a minor
anisotropic correction f1(p, t). The terahertz radiation induced electron gas
heating is assumed to be strong enough that the effective electron temperature
Te is higher than the phonon energy ~ΩO. Consequently, f0(ε, t) only varies
very slowly at energy scales around the phonon energy εO. On the other hand,
the electron gas heating is considered to be weak enough that the average elec-
tron energy does not achieve values much higher than the initial Fermi energy
εF. In the case of ε > εO, f0(ε) then fulfills the balance equation

D (ε) ∂f0

∂ε
+ εO
τph(ε)f0 (ε) [1− f0 (ε)] = 0 (40)

D (ε) = e2E2v2 (ε)
4ω2τi (ε)

,
1

τph (ε) = 4πεOe2g (ε)
ε̄p (ε) . (41)
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Here, D(ε) denotes the diffusion coefficient of electrons in the energy space, τph
(see [99]) is the characteristic phonon emission time, and 1/ε̄ = 1/ε∞ − 1/ε0,
while ε∞ and ε0 are the high- and low-frequency dielectric permittivities. In
Eq. (40), the first part characterizes the terahertz radiation-induced electron
gas heating, while the phonon-induced energy losses are described by the sec-
ond term. Solving Eq. (40) gives

f0 (ε) = 1
1 + exp [−L (ε)] , (42)

L (ε) =
εE∫
ε

εO
D (ε′) τph (ε′)dε

′, (43)

where the upper integration limit εE can be determined by the normalization
on the density

n =
∞∫

0

f0(ε)g(ε)dε. (44)

Due to the assumption of f0(ε) varying slowly on the scale of εO the same is
valid for 1−f0(ε). Consequently, from f0(ε) ≈ 1 follows 1−f0(ε) ∝ exp [−L(ε)].
This is fulfilled if |L(ε+ εO)− L(ε)| � 1, which is, according to Eqs. (42) and
(43), equivalent to ε2

O � Dτph.
In the case of ε < εO, however, the distribution function f0(ε) is character-

ized by

1
g (ε)

∂

∂ε

[
g (ε)D (ε) ∂f0

∂ε

]
+ 1
τ+
ph (ε)f0 (ε+ ε0) [1− f0 (ε)] = 0, (45)

where f0(ε+ εO) is determined from Eq. (40) and

1
τ+
ph

= 2π2e2εOg(ε− ε0)g(ε)
ε̄p(ε) ,

for a derivation of 1/τ+
ph see appendix of Ref. [35]. Equation (45) cannot be

solved analytically, but under the conditions ε2
O � Dτph and f0(ε) mentioned

above, the second term gets negligibly small and the distribution function can
be approximated as constant in the energy range below εO. Assuming ε = εO
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the distribution function can be determined using Eq. (42). If the electron gas
heating is not strong enough to lift the effective electron temperature above
the Fermi energy, the distribution can be approximated as f0 ≈ 1 in the whole
range of energies up to εE. At higher energies ε > εE, however, f0 ≈ 0 is valid.
From this considerations and Eq. (44) it follows

n ≈
εE∫
0

g(ε)dε, (46)

and, consequently, εE u εF in this case.
Since the Fermi energy in our samples is much larger than the ionization

threshold energy εi the ionization rate W is limited by the number of unoccu-
pied low-energy states ρ(ε) described by

ρ(ε) = 1− f0(ε) ≈ exp [−L(ε)] . (47)

The lower integration limit in Eq. (43) cannot be determined since it is depen-
dent on the exact characteristics of impact ionization. Thus, this limit as is
considered as a parameter ε∗. Therefore the dependences of the ionization rate
W on frequency and radiation electric field are broken down to exp (−L∗), i.e.

W = Wi · exp (−L∗) , (48)

where Wi is the probability of a single ionization event and

L∗ =
εF∫
ε∗

εO
D(ε)τph(ε)dε. (49)

Parabolic Dispersion For the 5.7 nm wide HgTe QW used in this work
(wafer #E) the energy dispersion is parabolic and analytically described by
the Bernevig-Hughes-Zhang model [11]:

ε(p) =
√
ε2
g/4 + p2εg/2m− εg/2 . (50)

Subsequently, the density of states g(ε), electron momentum p(ε) and electron
velocity v(ε) can be written as g(ε) = m(2ε+εg)/π~2εg, p(ε) =

√
2mε(ε+ εg)ε−1

g

and v2(ε) = 2ε(ε + εg)εg/m(2ε − εg)2, where m denotes the effective mass of
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electrons in the low-energy region of the conduction band. Substitution of
these expressions in Eq. (41), Eq. (49), and Eq. (48) leads to the following
equation for the ionization rate:

W = Wi · exp
(
−E

2
0

E2

)
, (51)

where

E2
0 = 8πΩ2

Oω
2m3/2τi0

ε̄
√2εg

εF/εg∫
ε∗/εg

(2z + 1)2

(z2 + z)3/2dz . (52)

Equations (51) and (52) confirm the experimental key results regarding the
photoconductivity measurements in wafer #E: The exponential increase of the
normalized conductivity ∆σ/σ with E−2, see Fig. 21, is reflected in Eq. (51),
considering ∆σ/σ ∝ W . The linear dependence of the characteristic field E0

on the radiation frequency, see inset in Fig. 21, is also theoretically confirmed
in Eq. (52). Moreover, the rise of the characteristic electric field E0 with the
Fermi energy εF depicted in the inset in Fig. 22 is also qualitatively described
in Eq. (52), but, on the other hand, cannot be analyzed quantitatively. This
originates from the fact that an increase of the upper limit of the integration
in Eq. (52) being proportional to εF also affects the lower limit proportional
to the parameter ε∗. Eventually, the increase of E0 with rising temperature T ,
see inset in Fig. 20, is not directly reflected in the equations, but reasonable
since the rise of the electron temperature is obtained at higher fields due to
increasing energy losses at higher temperatures.

Linear Dispersion For wafer #F, however, the band structure is almost lin-
ear, i.e. ε = vFp, where vF is the Fermi velocity. From this follows p(ε) = ε/vF

and, additionally, the density of states can be written as g(ε) = ε/π~2v2
F.

Note that, strictly speaking, impact ionization is strongly suppressed in sys-
tems with perfect linear dispersion due to the energy-momentum conservation
law. In the case relevant to this work, the Fermi energy is high, so holes belong-
ing to the region far away from k = 0 can contribute to the impact ionization
process. In this region, the dispersion deviates from the linear band structure,
which renders the impact ionization process possible. Applying the equations
for p(ε) and g(ε) to Eq. (41), the electron scattering rate on phonons can be
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rewritten as

1
τph(ε) = 4πεOe2

vF ε̄~2 . (53)

Above it has been considered, that the main momentum relaxation mechanism
is the scattering on charged impurities described by τi. Assuming a linear spec-
trum, the scattering rate on impurities can be described as τ−1

i (ε) = τ−1
iF (εF/ε).

Then, assuming the high-frequency limit ωτi � 1 relevant to the experiment,
the diffusion coefficient (see Eq. (41)) is given by

D(ε) = e2E2v2
FεF

4ω2τiFε
(54)

Applying Eqs. (53) and (54) to Eq. (43), L is given by

L = ε2
E − ε2

ε̃2 , (55)

with the definition of

ε̃2 = εv3
F~2εFE

2

8πε0τiFω2 . (56)

Defining Λ = exp(−ε2
E/ε̃

2), the distribution function from Eq. (42) can then
be written as

f0(ε) = 1
1 + Λ exp(ε2/ε̃2) , (57)

The parameter εE can now be eliminated by normalization on the density (see
Eq. (44)) using Eq. (57) and the density of states g(ε) = ε/π~2v2

F leading to

Λ = 1
exp(2πn~2v2

F/ε̃
2)− 1 . (58)

As discussed above the generation of electron-hole pairs due to light impact
ionization is mainly limited by the number of unoccupied states in the low
energy region ε � εE of the conduction band, described by ρ(ε) = 1 − f0(ε).
Using the approximations discussed above Eq. (47) it follows analogously

ρ(ε) ≈ Λ exp(ε2/ε̃2) . (59)
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From the condition of free unoccupied states in the low energy region, i.e.
ρ(ε)� 1 follows Λ� 1 and consequently it can be approximated

Λ ≈ exp(−2πn~2v2
F/ε̃

2) . (60)

Taking into account Eqs. (59) and (60) the free low energy states distribution
can be written as

ρ(ε) ≈ exp[−(2πn~2v2
F − ε2)/ε̃2] . (61)

Similar as stated above in the case of wafer #E with parabolic dispersion, it
is not possible to determine the exact ”low energy” region important for the
generation rate W . That is because the probability of an impact ionization
event Wi and the recombination rate of electron-hole pairs is unknown. By
analogy with above, the low energy range is denoted by ε∗. Consequently the
generation rate W is described by

W ∝ ρ2(εc) = exp[−2(2π~2v2
F − ε∗2)/ε̃2] , (62)

and, using Eq. (56),

W ∝ exp(−E2
0/E

2) , with E2
0 ∝ ω2 . (63)

The theoretical Eq. (63) describes well the experimentally observed nonlinear
dependence of the photoconductivity ∆σi/σ in wafer #F at high intensities,
see e.g. Fig. 24, considering ∆σ/σ ∝ W . The rise of the characteristic electric
field E0 with the temperature T , see Fig. 25, is also described by the theory
discussed above considering higher energy losses due to phonons at higher
temperatures, which causes a weaker terahertz-radiation induced electron gas
heating and, consequently, a higher E0. Furthermore, the observed increase of
the characteristic electric field E0 with the frequency ω, see inset in Fig. 24, is
theoretically confirmed in Eq. (63). This strong frequency dependence of the
light impact ionization process also explains why no superlinearity could be
detected for the highest measured frequency, see Fig. 26.
Overall, the results in terms of photoconductivity obtained for wafer #E and

wafer #F are very similar: Both samples show a nonlinear behavior propor-
tional to exp (−E2

0/E
2) at high intensities caused by the light impact ionization

discussed above. All features of this signal contribution are in line with the
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theory of light impact ionization discussed above. At low intensities both sam-
ples show a deviation from this exponential behavior which is supposed to be
caused by µ-photoconductivity, see Sec. 2.2.3. This is considered as a linear
contribution in the fit formulas, see Eqs. (36) and (37).
In wafer #F, however, other additional contributions were detected. For

radiation frequencies with photon energies larger than the gap energy (εg ≈
4.5 meV in wafer #F) also direct optical band-to-band transitions are possible
as an absorption mechanism. This was considered in the first term on the right
side of the experimental fit formula Eq. (37) as a linear, saturating contribu-
tion. At low intensities, the possible final states of direct optical transitions
are occupied due to the high Fermi level in wafer #F and, consequently, these
transitions are suppressed. As these final states become unoccupied due to
electron gas heating as discussed above, direct optical transitions become rel-
evant. At higher intensities these transitions saturate, which is a well-known
phenomenon [32].
Furthermore, a third contribution ∆σl/σ with much longer response time

was additionally observed in wafer #F, see Figs. 27 and 28. The long response
time together with the vanishing of the contribution at temperatures above
20 K indicates the ionization of impurities as source of this signal. At higher
temperatures, these impurities are already completely ionized thermally, which
leads to a vanishing of ∆σl/σ. Similarly, at low temperatures and high radia-
tion intensities, the impurities get completely ionized due to intense terahertz
radiation resulting in a saturation of the signal with rising intensity.

4.3.2 Nonlinear photocurrent in HgTe quantum wells

In our experimental setup, a homogenous sample without an inversion center
is uniformly illuminated by normal incident radiation. Under these conditions
the appearance of second order electric field effects is possible, see Sec. 2.2.
The experimental results in the previous section, see Fig. 17, demonstrate
a characteristic polarization dependence due to the LPGE for the measured
photocurrent, see Sec. 2.2 and Eq. 34, revealing that the CPGE provides no
significant contribution. In the following the microscopic origin of the LPGE
observed in the experiments is discussed referring to model and theory devel-
oped parallel to the experiments by E.L. Ivchenko and G.V. Budkin from the
Ioffe Institute, St. Petersburg [35].
This model considers the LPGE to be caused by the spatial displacement of
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carriers due to optical transitions, i.e. a shift photocurrent [37, 48, 56, 100–
104].
For the calculation of the shift photocurrent, Drude-like optical transitions

within the lowest conduction band c and the highest valence band v are con-
sidered. Since electron-hole pairs are generated due to light impact ionization,
see previous section and Sec. 2.3, the total photocurrent consists of the sum
of the electron photocurrent contribution in the conduction band j(c) and the
hole photocurrent in the valence band j(v) given by

j = j(c) + j(v) . (64)

According to Refs. [35, 37] the shift photocurrent j(l) with l = c, v is described
by

j(l) = 2ql
∑
k′k

Wl(k′,k)Rl(k′,k) . (65)

Here, Wl(k′,k) describes the transition rate from the state |lk〉 to the state
|lk′〉, ql is the charge of the corresponding carriers (qc = e, qv = |e|) and
Rl(k′,k) is the elementary shift due to the transition from |lk〉 to |lk′〉. Drude-
like intraband transition rely on the involvement of phonon or defect scattering.
In the following, defect scattering is considered as dominant mechanism for the
shift photocurrent generation by intraband optical transitions. Considering
the condition ωτ � 1 relevant to the experiment, the transition rate can be
calculated using Fermi’s golden rule for indirect transitions:

Wl(k′,k) = 2π
~
Nd|Mlk′,lk|2(flk − flk′)δ(Elk′ − Elk − ~ω) , (66)

Here, the matrix element can be written as

Mlk′,lk = Vl(k)− Vl(k′)
~ω

Ul(k′,k) , (67)

with the defect scattering matrix element Ul(k′,k), the effective massml corre-
sponding to either conduction (mc) or valence band (mv), the scattering defect
density Nd, the energy Elk = ~2k2/(2ml), the electron distribution function
flk and the matrix element of electron-light interaction Vl(k). The difference
between the carrier-light interaction matrix elements for the states |lk〉 and
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|lk′〉 can be expressed as

Vl(k)− Vl(k′) = ql~A0

mlc
e · (k′ − k) , (68)

where A0 is the amplitude of the radiation vector potential and e is the unit
vector of polarization. Using the theory from Ref. [102], the elementary shift
Rl(k′,k) can be written as

Rl(k′,k) = −Im [U∗l (k′,k) (∇k′ + ∇k)Ul(k′,k)]
|Ul(k′,k)|2

+Alk′ −Alk , (69)

where Alk represents the Berry connection. The contributions from the Berry
connections cancel out each other in the steady-state regime of photoexcita-
tion and, thus, are neglected in the following. The carrier-defect interaction
operator Ul is Hermitian, i.e.

U∗l (k′,k) = Ul(k,k′) , (70)

and it can be written

Rl(k′,k) = −Im [Ul(k,k′) (∇k′ + ∇k)Ul(k′,k)]
|Ul(k′,k)|2

, . (71)

Consequently, if the matrix element Ul(k′,k) is only dependent on the differ-
ence k′− k, the elementary shift Rl(k′,k) vanishes, since (∇k′ + ∇k)Ul(k′−
k) = 0. Thus, a special case is considered in the following, where Ul(k′,k) also
depends on the sum k′ + k and the matrix element Ul(k′,k) can be expanded
as follows:

Ul(k′,k) = U
(l)
0 + iU (l)

1,α(k′α − kα) + U
(l)
2,βγ(k′βk′γ + kβkγ) , (72)

where the Greek indices α, β, γ denote the directions x, y and U
(l)
2,βγ = U

(l)
2,γβ.

According to Eqs. (65), (66) and (67), the relevant shift contribution is propor-
tional to |Ul(k′,k)|2 Rlβ(k′,k). With Eqs. (71) and (72), this can be written
as

|Ul(k′,k)|2 Rlβ(k′,k) = 2U (l)
1,αU

(l)
2,βγ(k′α − kα)(k′γ + kγ) . (73)

However, in order not to overload the discussion of the experimental results
with cumbersome formulas, in the following only resulting equations for the
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shift photocurrent are given. For linearly polarized radiation with the electric
field E parallel to the x-direction passing a quarter-wave plate at angle ϕ, see
Sec. 3.2.2, the result is

jl,x =
(
χ

(0)
l,x + χ

(1)
l,xPL1(ϕ) + χ

(2)
l,xPL2(ϕ)

)
nlI, (74)

jl,y =
(
χ

(0)
l,y − χ

(1)
l,yPL1(ϕ) + χ

(2)
l,yPL2(ϕ)

)
nlI, (75)

where nl describes the electron or hole densities, respectively, and the Stokes
parameters PL1,L2(ϕ) are described by Eq. (31). Note that Eqs. (74) and
(75) agree well with the experimental fit equation (34) for the polarization
dependence shown in Fig. 17(c), considering J ∝ j. The coefficients χ(l)

i,α can
be written as

χ
(0)
l,α = 2ηl(I)

nl

qlml

~2
U

(l)
2,αγU

(l)
1,γ

U
(l)2
0

,

χ
(1)
l,α = ηl(I)

nl

qlml

~2
U

(l)
2,αγU

(l)
1,γ(2δαγ − 1)
U

(l)2
0

,

χ
(2)
l,α = ηl(I)

nl

qlml

~2
U

(l)
2,αβU

(l)
1,γ(1− δβγ)
U

(l)2
0

, (76)

with the radiation intensity I ∝ E2, and the absorbance

ηl(I) = Wl(I)~ω
I
. (77)

Here the term Wl(I) defines the absorption rate per unit area coming from
the respective carriers l. In our case the electron and hole densities are non-
equilibrium densities, thus the absorbance ηl(I) depends on the radiation in-
tensity. In the calculations leading to Eq. (76) the second and third expansion
terms in Eq. (72) were considered to be smaller than the k-independent term
U0. Further analysis demonstrated that the term ηl(I)/nl does not depend
on the carrier density nl under the relevant experimental conditions, which
supports the appearance of nl as a factor in Eqs. (74) and (75).
Since wafer #E is grown on (013)-oriented GaAs, there is no symmetry op-

eration besides the identity. Thus, there is no distinct axis in the quantum well
plane and, consequently, there are no symmetry constraints for the coefficients
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U
(l)
1,α and U (l)

2,α. From this follows that the coefficients χ(i)
c,α for the electrons in

the conduction band and the coefficients χ(i)
v,α for the holes in the valence band

are linearly independent, i.e., the photocurrent contributions coming from elec-
trons and holes do not have to be parallel to each other. During the process
of light impact ionization electron-hole pairs are generated as discussed in the
previous section. This leads to an increase of both the electron and hole carrier
densities in the conduction and valence bands, respectively. The photocurrent
in the x-direction can then be described by

Jx = χc,x(n0 + ∆n)I︸ ︷︷ ︸
Jc,x

+χv,x∆pI︸ ︷︷ ︸
Jv,x

, (78)

where n0 is the electron carrier density in the equilibrium, ∆n and ∆p are the
densities of generated electrons and holes with ∆n = ∆p ∝ exp(−I0/I), see
the discussion of light impact ionization in the previous section. Since most
of the experimental data was obtained measuring the photocurrent in the x-
direction the further discussion is done focusing on jx. Assuming linearly
polarized radiation with ϕ = 0 the coefficients χc and χv can be calculated
from Eq. (74)

χc,x = κ(χ(0)
c,x + χ(1)

c,x) , χv,x = κ(χ(0)
v,x + χ(1)

v,x) , (79)

where κ is the proportionality parameter between photocurrent Jx and cur-
rent density jx, which is determined by the exact geometry of laser spot and
sample. If |χv,x| > |χc,x| the hole photocurrent contribution rises faster with
increasing intensity than the electron contribution and, at a given intensity,
the hole photocurrent exceeds the electronic one. Considering opposite signs
for χc,x and χv,x the nonlinear, sign-inverting photocurrent can be fitted by
Eq. (78), see red curve in Fig. 29. The equilibrium carrier density n0 was
extracted from magnetotransport measurements, while the generated carrier
densities ∆n = ∆p are taken from the fit of the corresponding photoconductiv-
ity data according to Eq. (35), see black dashed curve in Fig. 29, considering
∆n = ∆p ∝ ∆σ/σ. The fit reveals that |χv,x| exceeds |χc,x| by an order of
magnitude. The assumption |χv,x|>|χc,x| done above is also confirmed by nu-
merical calculations done including phonon-involved optical transitions [35].
These shift photocurrent calculations based on the Bernevig-Hughes-Zhang
model [11] considering scattering by acoustic phonons in (013)-oriented HgTe
QWs [105] have demonstrated that the photocurrent established by holes in
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Figure 29: Photocurrent (red squares) and photoconductivity (black triangles) ex-
cited by linearly polarized radiation with a frequency of f = 0.6 THz
as a function of the radiation intensity. The signals were picked up at
the central contacts 2 and 5 in a sample from wafer #E, see Fig. 10.
The dashed black line shows fit according to Eq. (35) with the fitting
parameters A = 0.15 and I0 = 41 kW/cm2. The solid red line shows a
fit of the photocurrent according to Eq. (78). Here, the parameters A
and I0 are taken from the photoconductivity fit, the carrier density n =
3× 1011 cm−2 was determined by transport measurements, and the coef-
ficients χc = 3.4× 10−13 µAcm4/kW and χv = 8.2× 10−12 µAcm4/kW
are fitting parameters. The inset shows the intensity dependence of
the photocurrent measured diagonal between the contacts 3 and 6, see
Fig. 10, excited by linearly polarized radiation with a frequency of
f = 0.6 THz. The solid line displays a fit after Eq. (78) with the co-
efficients χc = 2.7× 10−13 µAcm4/kW and χv = 6× 10−12 µAcm4/kW as
fitting parameters. Figure adapted from Ref. [35].

the valence band can be an order of magnitude larger than the contribution
from electrons in the conduction band. The detailed analysis of these compu-
tations are out of scope of this work. Assuming circularly polarized radiation
(ϕ = 45◦ or ϕ = 135◦) instead of linear polarization, Eqs. (79) are simplified
to

χc,x = κχ(0)
c,x , χv,x = κχ(0)

v,x . (80)

In the experiments, a lower inversion intensity ICinv has been detected for cir-
cular polarization compared to the inversion intensity for linear polarization
ILinv, see Figs. 17(a) and 17(b). Comparing Eqs. (79) and (80), ICinv < ILinv is
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equivalent to
∣∣∣∣∣χ

(0)
v,x + χ(1)

v,x

χ
(0)
c,x + χ

(1)
c,x

∣∣∣∣∣ <
∣∣∣∣∣χ

(0)
v,x

χ
(0)
c,x

∣∣∣∣∣ . (81)

Additionally, different inversion points for the x-direction and diagonal direc-
tions were detected in the experiments, compare Fig. 29 and inset in Fig. 29.
This difference comes from the fact that hole and electron current are not
parallel due to the asymmetry caused by the C1-symmetry induced by the
(013)-oriented substrate, see also Eqs. (74) and (75). The observed larger in-
version intensity for the diagonal contacts Iinv, see inset in Fig. 29, compared
to the corresponding inversion intensity in the x-direction is equivalent to∣∣∣∣∣χv,xχc,x

∣∣∣∣∣ >
∣∣∣∣∣χv,yχc,y

∣∣∣∣∣ . (82)

Finally, the rise of the inversion intensity with increasing temperature, see
main figure and inset in Fig. 18, is also explained by the combined theory of
light impact ionization and the shift photocurrent: As the temperature rises
the ionization rate decreases due to increasing energy losses on phonons as
discussed for the photoconductivity results in the previous section. This leads
to less holes being created increasing the temperature at a given intensity, and,
thus, the inversion intensity rises with the temperature.
In summary, the results in this chapter demonstrate that the illumination of

HgTe QWs by intense terahertz radiation leads to the emergence of strongly
nonlinear photocurrents and photoconductivity. These effects arise in samples
with parabolic and almost linear dispersion and are caused by the phenomenon
of light impact ionization in the high-frequency regime, where ωτ > 1 is valid.
Moreover, this phenomenon is first reported in a system where the Fermi energy
is much larger than the energy gap. The theoretical model developed alongside
the experiments considers that in such systems electron gas heating is needed to
deplete occupied conduction band states in order to make the impact ionization
process possible.
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5 Circular photogalvanic effect in CdHgTe films

5.1 Nonlinearities in CdHgTe films

In the framework of this thesis, optoelectronic phenomena were also studied
in bulk CdxHg1–xTe in addition to HgTe QWs. These experiments have been
conducted in order to check if the nonlinearity, and, consequently, light impact
ionization is also a dominant mechanism in other structures. Indeed, a sim-
ilar picture was detected in CdxHg1–xTe sample #C measuring the intensity
dependence of the photocurrent excited by a high-power pulsed laser. This
is exemplarily shown for a radiation frequency of 3.3 THz and a temperature
of T = 4 K in Fig. 30. Similar to the results in HgTe QWs, see e.g. Fig. 17,
the photocurrent exhibits a change of sign with increasing radiation intensity.
Note that CdxHg1–xTe sample #C features an almost linear dispersion with
a small band gap of εg = 20 meV. This result demonstrates that the process
of light impact ionization is of a more general, fundamental origin. Since the
band gap is similar to the gap in the studied HgTe QWs and the photocur-
rent behavior is very close to the already discussed nonlinear photocurrents in
HgTe QWs, see Sec. 4.3.2, the nonlinear photocurrents in CdxHg1–xTe were
not investigated further. But surprisingly, in these samples also a contribution
of the CPGE was detected, which is discussed in the following section.
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Figure 30: Photocurrents between contacts 2 and 5 [see Fig. 10 (b)] as a function
of radiation intensity measured at T = 4 K in the CdxHg1–xTe wafer
#C with a Cd concentration of x = 0.18. Here, a pulsed laser at a
radiation frequency of 3.3 THz was used. The inset shows a zoom-in for
low intensities.
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5.2 Circular photocurrent

The CPGE was initially observed in samples #A and #B with a Cd concentra-
tion of x = 0.15 at liquid helium temperature. At these temperature, samples
#A and #B exhibit a negative band gap and, thus, topologically non-trivial
behavior. In Fig. 31 the photocurrent normalized by the radiation power is
shown as a function of the phase angle ϕ corresponding to the rotation of a
quarter-wave plate, as described in Sec. 3.2.2. These data were obtained for
cw radiation with a power in the range of a few mW and frequencies of 1.63
and 2.54 THz. The dependences are fitted by

J = Jc sin(2ϕ) + J0 + JL1
cos(4ϕ) + 1

2 + JL2
sin(4ϕ)

2 (83)
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Figure 31: Dependency of the photocurrents between contacts 6 and 3 (a) and 1 and
4 (b), see Fig. 10 (b), on the radiation helicity measured at T = 4 K in the
CdxHg1–xTe wafers #A and #B with an Cd concentration of x = 0.15.
Note that the photocurrents are normalized to the radiation power P .
As a radiation source a low power cw laser operating at frequencies 1.63
and 2.54 THz was used. The solid curves show fits according to Eq. (83).
The corresponding fitting parameters are shown in Tab. 1. On top of
the figure the polarization state is sketched for important phase angles.
Adapted from Ref. [82]
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The figure reveals that the total photocurrent is dominated by the circular pho-
tocurrent contribution proportional to Jc, which is characterized by a change
of sign for opposite helicities. Note that a second major contribution comes
from the polarization-independent offset photocurrent J0. The contributions
proportional to the degrees of linear polarization, namely JL1 and JL2, have
a significantly smaller amplitude compared to Jc and J0. Previous works al-
ready showed that polarization-independent photocurrents (J0) and photocur-
rents proportional to the degree of linear polarization (JL1, JL2) can be excited
by terahertz radiation in CdxHg1–xTe by photogalvanic and photon drag ef-
fects [32, 37, 56]. Circular photocurrent contributions due to photogalvanics
or photon drag effects, however, are forbidden by symmetry arguments in
CdxHg1–xTe crystals [82]. Thus, the origin of the observed circular photocur-
rent contribution is investigated further.
Since the Cd concentration of samples #A and #B (x = 0.15) is lower than

the critical one for T = 4 K their band ordering is inverted. Consequently,
these samples host topological two-dimensional surface states. The symmetry
of these two-dimensional states is reduced and, therefore, circular photocur-
rent contributions become possible. In order to verify if these surface states
play a crucial role in the generation of the observed circular photocurrent in
CdxHg1–xTe, measurements were carried out with samples #C having an al-
most linear dispersion at T = 4 K, and #D exhibiting a normal band ordering.
Note that the Cd concentration in both samples is higher than the critical one
for liquid helium temperature and, consequently, these samples do not host
topological surface states.
The corresponding measurement data is shown in Fig. 32, where a low-power

cw laser at the frequency lines f = 1.63 THz and f = 0.69 THz was used. Sur-
prisingly, the fit of the data according to Eq. (83) again reveals an large cir-
cular photocurrent contribution Jc. These results for the topologically trivial
samples #C and #D exclude the band inversion and the resulting topologi-
cal surface states as requirement for the circular photocurrent in CdxHg1–xTe
films. Further measurements with an high-power pulsed laser additionally re-
vealed that the circular photocurrent is also detectable at room temperature.
The corresponding data is shown in Fig. 33 for the samples #A and #C. Note
that at room temperature all CdxHg1–xTe samples used in this work exhibit a
normal band ordering and, thus, no topological surface states exist under this
condition.
To summarize the experimental part on CdxHg1–xTe films, the experiments
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Figure 32: Dependency of the photocurrents between contacts 1 and 4 (a) and 2 and
5 (b), see Fig. 10 (b), on the radiation helicity measured at T = 4 K in
the CdxHg1–xTe wafers #D (Cd concentration x = 0.22) and #C (Cd
concentration x = 0.18) excited by radiation frequencies of f = 1.63 THz
(Panel (a)) and f = 0.69 THz (Panel (b)). Note that the photocurrents
are normalized to the radiation power P . A low-power cw laser was
used as a radiation source. The solid curves show fits after Eq. (83).
The magenta dashed line in (a) shows the photocurrent contribution Jc
proportional to the degree of circular polarization Pcirc (first term in
Eq. (83)), the dashed blue curve depicts the contribution JL2 proportional
to the degree of linear polarization PL2 (last term in Eq. (83)). Both
dashed lines are shifted by the value of the offset photocurrent J0. The
corresponding fitting parameters are shown in Tab. 1. Adapted from
Ref. [82]

show that circular photocurrent can be generated by terahertz radiation in
CdxHg1–xTe films in samples with normal band ordering, in samples with an
inverted band ordering and in samples with almost linear dispersion. Since
the circular photocurrent contribution is also detected in samples above the
critical Cd concentration, the symmetry breaking in topological surface states
is excluded as a requirement for the photocurrent generation.
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Figure 33: Dependence of photocurrents between contacts 6 and 3 (a) and 2 and 5
(b) [see Fig. 10 (b)] on the radiation helicity measured at room temper-
ature in the CdxHg1–xTe wafers #A (Cd concentration x = 0.15) and
#C (Cd concentration x = 0.18). Note that the photocurrents are nor-
malized to the radiation power P . As a radiation source the high-power
pulsed terahertz laser (see Sec. 3.2.1) with a power of P ≈ 4 kW and the
frequency lines f = 2.02 THz (Panel (a)) and f = 0.78 THz (Panel(b))
was used. The solid black curves show a fit according to Eq. (83). The
corresponding fitting parameters are shown in Tab. 1. Adapted from
Ref. [82].

5.3 Discussion

Bulk CdxHg1–xTe crystallizes in zinc-blende structure and, thus, it is charac-
terized by the Td point group symmetry. On the one hand, this structure does
not have a center of inversion, which allows photogalvanic effects induced by
terahertz radiation. On the other hand, the material is not gyrotropic, which
forbids the appearance of the CPGE, see Sec. 2.2 and Refs. [37, 82]. In order
to make the formation of the CPGE possible in bulk CdxHg1–xTe, the sym-
metry has to be reduced further. In this work, static strain emerging from,
e.g., lattice mismatches at the interfaces is considered as the main cause of
this symmetry reduction [106]. Please note that in samples #A and #B at
low temperatures topological states are present, see Sec. 2.1.3 and Refs. [19,
107], which can also contribute to the CPGE as shown analogously for HgTe
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Sample Temp.,
T (K)

Frequency,
f(THz)

Jc/P
(nA/W)

J0/P
(nA/W)

JL1/P
(nA/W)

JL2/P
(nA/W)

#A 4.2 2.54 3600 5100 -300 150
#A 4.2 1.63 4500 2200 1400 260
#B 4.2 2.54 74 980 13 -12
#C 4.2 0.69 1200 -4200 -77 -2800
#D 4.2 1.63 100 1100 208 82
#A 300 2.02 1.8 7 2.3 1.3
#C 300 0.78 3.2 -9.9 9 1

Table 1: Fitting parameters Jc/P , J0/P , JL1/P and JL2/P used in Figs. 31-33 for
the fits according to Eq. (83).

2D topological insulators [23, 65]. The discussion below follows Ref. [82] using
the theoretical model developed in parallel to the experiments by G.V. Budkin
and S.A. Tarasenko from the Ioffe Institute in St. Petersburg, Russia.
Considering the first order in strain, the CPGE photocurrent density can

phenomenologically be written as a function of the strain tensor u in the
following way

jx′ = [χ1(uy′y′ − uz′z′)êx′ + χ2(ux′y′ êy′ − ux′z′ êz′)]IPcirc,

jy′ = [χ1(uz′z′ − ux′x′)êy′ + χ2(uy′z′ êz′ − ux′y′ êx′)]IPcirc,

jz′ = [χ1(ux′x′ − uy′y′)êz′ + χ2(ux′z′ êx′ − uy′z′ êy′)]IPcirc, (84)

where I is the radiation intensity, x′ ‖ [100], y′ ‖ [010], and z′ ‖ [001] are
the cubic axes, ê = q/q is the unit vector in the direction of the photon wave
vector q, and Pcirc is the degree of circular polarization defined according to
Eq. (31). The phenomenological coefficients χ1 and χ2 denote the photocurrent
contributions emerging due to normal and shear strain [106]. Hydrostatic
strain, however, is not considered, as this type of strain does not reduce the
crystal symmetry and, consequently, does not lead to the generation of a CPGE
contribution. In this work structures grown on (013) substrates have been
investigated. In this orientation, the strain tensor u has the four non-vanishing
components uxx, uyy, uzz, and uyz, considering the coordinates x ‖ [100], y ‖
[031], and z ‖ [013] corresponding to the orientation of the structure. The
values of uxx and uyy are identical and are generally defined by the lattice
mismatch between CdxHg1–xTe and the buffer layer (CdTe). The components
uzz and uyz can be calculated considering the minimum of the elastic energy
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[108]. In the experiments conducted for this work, the photocurrent was always
excited by normally incident radiation, i.e., ê ‖ z. Considering this geometry
and the coordinate frame defined above, Eqs. (84) simplify to

jy =
[
(χ1 + χ2)(uzz − uyy)

sin 2φ
2 + χ2uyz cos 2φ

]
IPcirc ,

jz = −χ1uyz sin 2φ IPcirc , (85)

where φ = arctan(1/3) describes the angle between [001] and [013]. Note that
the helicity-sensitive photocurrent detected in the experiments (see Figs. 31,
32, 33) always corresponds to the in-plane photocurrent jy in Eq. (85). The
setup and sample geometry used in this work do not allow a detection of the
out-of-plane component of the photocurrent density jz.
While the considerations done above purely rely on the symmetry analysis,

now a microscopical model of the photocurrent generation is given according
to Ref. [82]. For this, CdxHg1–xTe with an concentration x below the criti-
cal concentration xc is assumed, i.e. no topological states are considered as
present in the structure. Then the dispersion is non-inverted with the Γ8 va-
lence band below the Γ8 conduction band and the band gap εg is much larger
than the photon energy ~ω of terahertz radiation. The Fermi energy lies in
the conduction band and, consequently, free carriers are present. Due to these
circumstances, the radiation is absorbed by indirect optical transitions in the
conduction band, see Fig. 34. These Drude-like transitions include scattering
by phonons or defects in order to fulfill energy and quasi-momentum conser-
vation.
Theoretically, these kinds of transitions can be described by perturbation

theory in the second order and considering intermediate states during virtual
processes. The transition matrix element Mfi describing the real transition
from the initial state i = (k, s) with wave vector k and spin state s to the final
state f = (k′, s′) with the corresponding wave vector k′ and spin s′ is then
determined by the summation over all matrix elements of virtual transitions
via all possible intermediate states j:

Mk′s′,k,s = Mfi =
∑
j

(
VfjRji

εi − εj
+ RfjVji
εi − εj

)
. (86)

Here Vfj is the electron scattering matrix element from state j to f , while Rji
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Figure 34: Model sketch of the photocurrent generation caused by Drude-like indi-
rect optical transition. Terahertz radiation with angular frequency ω gets
absorbed while a phonon with angular frequency Ω is spontaneously emit-
ted/absorbed. In the case of circularly polarized radiation, the transition
probability for negative and positive k values is asymmetric as depicted
by thick and thin red arrows leading to a photocurrent. The asymme-
try in the transition probability is caused by the interference of pathway
matrix elements, see Fig. 35. Adapted from Ref. [82].

describes the electron-photon interaction matrix element from state i to state
j and εi is the energy in the state i. The majority of the absorption is caused
by transitions, where the intermediate states are located in the conduction
band, see Figs. 35(a) and 35(b). These transitions involve processes with pho-
ton absorption followed by subsequent scattering (Fig. 35(a)) and processes
with the opposite order (Fig. 35(b)). These two transition processes describe
the Drude absorption, but they are neither sensitive to the radiation helicity,
nor do they cause an asymmetry in the k-space, i.e., they do not generate a
photocurrent. Consequently, in order to describe the photocurrent generation,
also virtual transitions involving virtual states located in the valence band are
considered. Four of these possible transition processes including virtual transi-
tions via states in the heavy- and light hole band are shown in Figs. 35(c)-35(f).
These processes, however, are sensitive to the radiation helicity due to selection
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rules [109], unlike the transitions via virtual states in the conduction bands.
Since the band gap in the studied CdxHg1–xTe structures is small, the contri-
bution made by the transitions with intermediate states in the valence band
is comparatively larger. This follows from Eq. (86), where the denominator is
proportional to εg in the case of such a transition.
Separating the matrix element (Eq. (86)) into the parts coming from tran-

sitions from the conduction bands M (c)
fi and the corresponding part caused by

transitions via the valence bands M (v)
fi , it can be written:

Mfi = M
(c)
fi +M

(v)
fi (87)

The transition probability from the state i = (k, s) to the state f = (k′, s′)
can be calculated by the squared absolute value of the matrix element Mfi.
Consequently, it follows

|Mfi|2 =
∣∣∣M (c)

fi +M
(v)
fi

∣∣∣2 =
∣∣∣M (c)

fi

∣∣∣2 +
∣∣∣M (v)

fi

∣∣∣2 + 2Re
[
M

(c)∗
fi M

(v)
fi

]
, (88)

where the asterisk denotes the complex conjugation. Eq. (88) shows that
the transition probability depends on the two separate probabilities for the
transitions via virtual states in the conduction/valence band as well as on the
interference term 2Re

[
M

(c)∗
fi M

(v)
fi

]
. This term can only be nonzero in crystals

without an inversion center and causes the helicity-sensitive contribution of
the photocurrent, i.e., the CPGE [110]. As discussed above with symmetry
arguments, the CPGE can only emerge in strained CdxHg1–xTe structures.
The static strain results in a mixing of the states, which is sketched in Fig. 35
as a distortion of the valence bands.
The non-centrosymmetric structure of the CdxHg1–xTe crystal combined

with the strain-induced mixing of the states are the two prerequisites for the
CPGE in CdxHg1–xTe. The corresponding photocurrent is calculated consider-
ing these two factors and the electron scattering by acoustic phonons. Since the
band gap εg is much smaller than the energies of the higher conduction bands
and the split-off valence bands, only the first conduction band, the light-hole
band and the heavy-hole band are considered. The system is then described by
a six-band Kane Hamiltonian [10, 109]. The following microscopic calculations
of the matrix elements and, consequently, the photocurrent, is cumbersome and
described in [82]. For brevity, only the result for the in-plane photocurrent jy.
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Figure 35: Sketch of virtual intraband transitions excited by circularly polarized ra-
diation with different intermediate states. The red circles represent the
interaction between electron and photon, while the curved arrows show
the electron scattering. Panels (a) and (b): Virtual intraband transitions
with intermediate states in the conduction band. In (a) the absorption of
a photon is followed by subsequent scattering, while the reverse order of
processes is sketched in (b). Panels (c-f): Virtual intraband transitions
with intermediate states in the heavy- and light-hole bands. The distor-
tion of the valence band spectrum around k = 0 is caused by the mixing
of light-hole and heavy-hole states caused by static strain, which is crucial
for the emergence of the CPGE in zinc-blende crystals. Adapted from
Ref. [82].

is provided here. The calculations yield

χ1 = −64π
35

e3Neb

~2ω c nω

Ξcv

Ξc

P 3

ε4
g

, χ2 = −(5/3)χ1 , (89)

and, consequently, using Eq. (85):

jy = 64π
21

e3n0b

~2ωcnω

Ξcv

Ξc

P 3

ε4
g
·
[

2
5(uzz − uyy)

sin 2φ
2 − uyz cos 2φ

]
IPcirc . (90)

Here, n0 is the electron density, b is the valence-band deformation potential,
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nω is the refractive index of the CdxHg1–xTe structure, Ξc and Ξcv are the
conduction and interband deformation potentials, and P is the Kane parameter
[99]. Note that Eq. (90) is only valid for frequencies fulfilling ωτ � 1 and
~ω � εg, where τ is the relaxation time. The theoretical Eq. (90) describes
well the characteristic dependence on the phase angle ϕ, see Figs. 31-33, see
also Eq. (31). Additionally, the equation proposes a strong dependence of
the photocurrent on the band gap jy ∝ ε−4

g and an inverse proportionality
on the frequency jy ∝ ω−1. Please note that the helicity-dependent current
density jy is termed jc in the following and is related to the measured circular
photocurrent Jc by

jc/I = Jc/P · Abeam/(d · dbeam) , (91)

where Abeam and dbeam are area and diameter of the laser beam on the sample,
P and I are radiation power and intensity, and d is the width of the conducting
channel in the sample.
The results shown in the experimental part were obtained with samples

having different values of the Cd concentration x and, consequently, the band
gap εg [18, 19]: At constant temperature the band gap increases with the
Cd concentration and, according to Eq. (90) the circular photocurrent should
decrease. Exactly this behavior is seen in Fig. 36 where the normalized circular
photocurrent parameter obtained from fitting the data from Figs. 31-33 is
plotted against the Cd concentration. Note that the data was normalized to
the radiation frequency, as suggested by Eq. (90), where Jc ∝ ω−1 is proposed.
This normalization is justified as shown by the inset in Fig. 36, where the
circular photocurrent is plotted against the frequency following Jc ∝ f−1. The
corresponding data values for Jc, the band gap, and other properties are given
in Tab. 2. Additionally, Fig. 36 reveals that Jc increases by orders of magnitude
for all samples changing the temperature from room temperature to 4.2 K. This
is also in line with Eq. (90), since the decrease of the temperature leads to an
decrease of the band gap according to Refs. [18, 19] and, consequently, to an
decrease of the photocurrent, since Jc ∝ ε−4

g . However, note that Eq. (90) is
not valid for samples #A and #B at liquid helium temperature, since these
samples have a negative band gap under these circumstances. Due to this fact
the following discussion is given using the results at room temperature, where
Eq. (90) can be applied for all samples.
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Figure 36: Dependence of the helicity-dependent photocurrent contribution normal-
ized by radiation power and frequency on the Cd concentration x for the
temperatures T = 4.2 K (blue) and T = 300 K (red). In the inset the
dependence of the helicity-dependent photocurrent contribution normal-
ized by the radiation power is plotted against the radiation frequency.
At the temperatures T = 4.2 K (blue) and T = 300 K (red). The dashed
lines show a fit according to Jc/P ∝ f−1, see Eq. (90). Adapted from
Ref. [82].

Using the data obtained at room temperature, the value of the strain

u = 2
5(uzz − uyy)

sin 2φ
2 − uyz cos 2φ (92)

can then be estimated. This estimation is reasonable for the room temper-
ature data only, because at liquid helium temperature free carriers and the
photocurrent can be spread inhomogeneously across the sample. For the es-
timations, n0 was extracted from corresponding magnetotransport measure-
ments the band gap was calculated according to Refs. [18, 19] and the values
2m0(P/~)2 = 18.8 eV [111], b = −1.4 eV, nω = 4.6 [112], and Ξcv/Ξc = 0.3
[113] were used. Note that since Ξcv/Ξc is unknown for HgTe the values for
GaAs was used. The results of the estimation are presented in the last column
of Tab. 2. The values ranging from 1.6 × 10−7 to 6.9 × 10−6 are well below
the maximal strain umax estimated for HgTe in Ref. [108]. The result that
the values for the strain are many orders of magnitude smaller than umax is
reasonable, since the CdxHg1–xTe used in this work are rather thick (several
µm). In that case, the strain is strongest at the bottom interface, and de-
creases going in positive z direction (see sample sketch in Fig. 12). Note that
this estimation bases on the strain being the only source for the CPGE in the
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Sample x
f

(THz)
Jc/P

(nA/W)
jc/I

(µA/W)
n0

(cm−3)
εg

(meV)
u

(10−6)

#A 0.15 2.02 1.8 1.24 1.8× 1017 83 0.4
#B 0.15 2.02 1.4 1.0 1.3× 1017 83 0.5
#C 0.18 0.78 3.2 0.8 1.1× 1017 123 1.6
#D 0.22 2.02 0.7 0.2 4.1× 1016 182 6.9

Table 2: Experimental data for the helicity-dependent contribution of the normal-
ized photocurrent, the normalized circular photocurrent density jc/I =
Jc/P · Abeam/(d · dbeam), carrier densities n0, band gaps εg calculated ac-
cording to Refs. [18, 19] and the estimated strain u for samples #A-#D at
T = 300 K. Table adapted from Ref. [82].

studied CdxHg1–xTe films. Other symmetry-reducing mechanisms or interface
effects can also give contributions to the CPGE as well as topological surface
states in samples #A and #B at low temperatures.
Another possible contribution to the circular effect in CdxHg1–xTe films is

the circular photon drag effect (circular dynamic Hall effect), which was already
observed in GaAs QWs [114], bulk Te [115] and graphene [116, 117]. Here, mo-
mentum and angular momentum of the radiation are transferred to the charge
carriers. This effect is symmetry-forbidden in materials with Td point group
symmetry just as the CPGE, so the symmetry reduction via lattice deforma-
tion has to be considered. Using the theory of irreducible representation, the
helicity-dependent photon drag photocurrent density at normal incidence can
be written as [82]

j(cpd)
x = {αuyz + β[2uyz cos 4φ+ (uzz − uyy) sin 4φ]} qPcirc I . (93)

Here, q is the radiation wave vector and the parameters α and β are indepen-
dent constants. The ratio between the photon drag current amplitude and the
CPGE amplitude can be estimated as

j(cpd)

j(cpge) ∝
v̄

c

τ

~/εg
1
ζ
, (94)

with the characteristic electron velocity v̄ = P/~ and the scattering asym-
metry parameter ζ = Ξcv/Ξc = 0.3. For room temperature, the momentum
relaxation time in the investigated samples can be approximated by τ ≈ 50 fs
and the band gap is around εg ≈ 100 meV. For this values, Eq. (94) yields
j(cpd)/j(cpge) ≈ 0.1 and, thus, the circular photon drag current is considered to
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be an order of magnitude smaller than the CPGE contribution. Note that in
the experimental conditions of Refs. [114, 116, 117] the CPGE was suppressed.
To sum up this chapter, the results on CdxHg1–xTe demonstrate the symme-

try breaking in this structure, which causes the generation of a helicity-sensitive
photocurrent contribution, i.e., the CPGE. This has been demonstrated in sev-
eral CdxHg1–xTe films with different Cd concentration and at various temper-
atures. The experimental data are supported by a theoretical model based on
second-order perturbation theory. This model shows that the CPGE emerges
due to the interference of matrix elements belonging to Drude-like transitions
involving virtual states in valence and conduction bands.
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6 Conclusion
In this thesis terahertz-radiation induced optoelectronics were studied in HgTe-
based structures revealing several exciting results. It was demonstrated that
excitation of HgTe-based structures with intense terahertz radiation leads
to the appearance of strongly nonlinear photocurrent and photoconductiv-
ity. These effects are caused by the phenomenon of light impact ionization,
where electron-hole pairs are generated by terahertz radiation with a photon
energy much smaller than the energy gap. This phenomenon was observed
for the first time under the condition that the Fermi energy is larger than the
energy gap. Moreover, the experiments in CdxHg1–xTe films demonstrated
the appearance of a surprising CPGE, which is supposed to be caused by the
strain-induced symmetry reduction of the system. All of these experimental
results were shown and discussed in Chaps. 4 and 5.
Initially, the optoelectronic phenomena observed in HgTe QWs have been

discussed. Here, excitation by intense terahertz radiation results in a strongly
nonlinear photocurrent, which changes its sign with increasing radiation in-
tensity. This photocurrent was shown to be almost helicity-independent and
stemming from the sample bulk. Investigations in a wide temperature range
demonstrated that the nonlinearity decreases with an increase of the tempera-
ture. Further studies revealed that the nonlinear photocurrent is accompanied
by a corresponding photoconductivity, which shows a characteristic, nonlinear
intensity dependence proportional to exp(−E2

0/E
2). Investigations with dif-

ferent frequencies demonstrated that the characteristic field E0 is proportional
to the radiation frequency. These characteristic dependencies are a fingerprint
of light impact ionization in the high-frequency regime ωτ > 1 [34] and prove
this effect as the origin of the nonlinearity. Studies in QWs with almost lin-
ear dispersion demonstrated that light impact ionization is also possible under
these conditions. The data were discussed and analyzed applying the support-
ing theory by A.P. Dmitiriev and E.L. Ivchenko from the Ioffe Institute, St.
Petersburg, which has been developed parallel to the experiments [35, 36].
This theory demonstrates that light impact ionization also occurs in systems

with the Fermi energy higher than the impact ionization threshold energy. The
developed model considers electron gas heating as a mechanism for the deple-
tion of conduction band states, which are needed as final states of the impact
ionization process. Moreover, the theory shows that the nonlinear photocur-
rent observed in the experiment is a consequence of the PGE on the electrons
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and holes generated by the process of light impact ionization. Future studies
in this field should include samples with a semitransparent gate, where the car-
rier density could be reduced in order to suppress the contribution of impact
ionization. This could reveal contributions of other optoelectronic phenom-
ena induced by intense terahertz radiation, e.g., multiphoton absorption [32,
97, 118], tunneling ionization [91, 119, 120], or the generation of a Floquet
topological insulator [24].
In Chap. 5 the results obtained in CdxHg1–xTe films were presented. In

this structures, similar nonlinear photocurrents were detected, proving the
more general occurrence of light impact ionization. However, a surprising
helicity-dependent photocurrent was also detected in this material. Since the
CdHgTe material class crystallographically belongs to the non-gyrotropic Td

point group, such a CPGE should be forbidden in this material by symme-
try arguments. Various experiments revealed the formation of the CPGE at
different temperatures and Cd concentrations x and, consequently, excluded
the formation of topological surface states as a driving force of the helicity-
sensitive photocurrent. Furthermore, the data support the conclusion that the
reduction of the crystal symmetry due to strain causes the formation of the
CPGE. The theoretical model developed parallel to the experiments by G.V.
Budkin and S.A. Tarasenko from the Ioffe Institute in St. Petersburg sup-
ports the experimental data using second order perturbation theory and the
interference of transition matrix elements of virtual transitions in valence and
conduction bands [82]. In future studies of terahertz-induced optoelectronics
in bulk CdxHg1–xTe, the role of helical surface states in the generation of the
CPGE is an interesting topic for investigations.
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