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Abstract: We present a theoretical investigation of guided
second harmonic generation at THz frequencies in SiGe
waveguides embedding n-type Ge/SiGe asymmetric coupled
quantum wells to engineer a giant second order nonlinear
susceptibility. A characteristic of the chosen material system
is the existence of large off-diagonal elements in the y?
tensor, coupling optical modes with different polarization.
To account for this effect, we generalize the coupled-mode
theory, proposing a theoretical model suitable for concur-
rently resolving every second harmonic generation interac-
tion among guide-sustained modes, regardless of which y?
tensor elements it originates from. Furthermore, we exploit
the presence of off-diagonal y? elements and the peculiarity
of the SiGe material system to develop a simple and novel
approach to achieve perfect phase matching without requir-
ing any fabrication process. For a realistic design of the
quantum heterostructure we estimate second order nonlin-
ear susceptibility peak values of ~7 and ~1.4 X 10° pm/V for
diagonal and off diagonal y? elements, respectively. Embed-
ding such heterostructure in Ge-rich SiGe waveguides of
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thicknesses of the order of 10-15 pm leads to second har-
monic generation efficiencies comprised between 0.2 and
2 %, depending on the choice of device parameters. As a case
study, we focus on the technologically relevant frequency of
7.1 THz, yet the results we report may be extended to the
whole 5-20 THz range.
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1 Introduction

The electromagnetic frequency range between 5 and 20 THz
contains a rich variety of substance-specific vibrational
absorption lines, with countless envisioned applications in
astronomy, materials science and biosensing [1], [2]. The
lack of efficient and compact sources in this spectral range,
however, represents a bottleneck for the further develop-
ment of technologies such as heterodyne receivers and spec-
troscopic imaging. As a matter of fact, despite more than two
decades of research and with a singular exception achieved
leveraging a unique combination of parameters [3], [4],
a compact semiconductor laser emitting in the 5-20 THz
range has yet to be developed, the strong optical phonon
absorption in the Reststrahlen band of III-V compound
semiconductors constituting the main roadblock to quan-
tum cascade lasers (QCLs) in this spectral region.
Generation of radiation in the 5-20 THz range is
therefore usually obtained via optical rectification in non-
centrosymmetric crystals, exploiting the nonlinear optical
interaction among the different spectral components of
ultrashort VIS and near-IR laser pulses. Although the intrin-
sic nonlinearity of crystals in the THz range is incredibly
high [5], the generation of THz pulses with spectral con-
tent above 5 THz from crystals such as ZnTe and GaP is
hampered, again, by IR-active phonons. The same holds
when leveraging on GaAs and InGaAs based photoconduc-
tive antennas [6]. As an alternative, THz generation in gases
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such as nitrogen has been developed, based on nonlinear
optical frequency mixing in the laser-induced plasma of the
gas molecules. Broad bandwidths, covering the entire THz
gap up to 40 THz, have been demonstrated relying on this
approach [7]. To transiently break the molecule symmetry
and generate nonlinear effects, however, sophisticated high-
peak-power amplified laser systems emitting in the UV-VIS
are required [8].

The introduction of materials without IR-active THz
phonons, such as electric-gate-biased solid-state films [9],
liquids [10], organic polymers [11], and metal-based spin-
tronic THz emitters [12], [13], for nonlinear THz genera-
tion has granted improved efficiencies if compared to gas
molecule oscillations, mostly due to either the higher dipole
density of condensed matter, or to the smaller oscillator
mass of electron currents. All these mentioned nonlin-
ear down-conversion approaches still rely on strong laser
pulses emitting in the UV, VIS or near-IR to reach measurable
levels of THz radiation, and the intrinsic process efficiency
remains below 10~* in most cases [8].

High-harmonic generation from low-frequency quasi-
continuous wave (CW) optical pumps has also been stud-
ied, mostly leveraging the hydrodynamic oscillations of free
electrons in 2D as the nonlinear mechanism [14]. Graphene,
for example, provides strong intrinsic nonlinear coefficients
but has so far required the use of a THz free electron laser
pump to obtain measurable signals at high odd harmonics
due to its extremely small optical path length, typical of 2D
materials [15], [16]. We finally point out that the recent devel-
opment of novel CW THz gas lasers, in which molecular
roto-vibrations are selectively pumped by tunable mid-IR
QCLs to obtain population inversion in specific levels, rep-
resents a very promising approach to nonlinear frequency
manipulations in the THz domain; however only emission
frequencies up to 5.5 THz have been demonstrated so far
[17], [18].

As an alternative approach, here we investigate the
use of highly efficient second harmonic generation (SHG)
in waveguides (WG) obtained from epitaxial group-IV semi-
conductor films, embedding in their active region a stack of
n-doped asymmetrically coupled quantum wells (ACQWS).
The centro-symmetric character of the diamond lattice
implies a vanishing y? coefficient which suppresses SHG
in bulk systems [19]. However, leveraging on the asymmet-
ric character of the ACQW superlattice profile [20], [21],
giant x? values can be artificially engineered to activate
SHG. Moreover, the non-polar character of the bulk lattice
results in the absence of the Frolich interaction, thus giv-
ing access to the Reststrahlen band ubiquitously present in
III-V compounds.
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The proposed device could be optically pumped with
compact semiconductor lasers operating just below the
Reststrahlen band (<5 THz), as for instance multi-Watt ITI-V
based QCLs [22], thereby obtaining a relatively compact
semiconductor-based THz source covering the 5-10 THz
range.

An efficient coupling of a THz QCL source with the
frequency-doubling waveguide may be envisioned pro-
vided that the thicknesses of their active regions are com-
parable, so that their fundamental TM modes profiles are
well-matched. In this condition, one could exploit a back-
to-back alignment achieving an almost physical contact of
the two waveguide facets on the two neighboring chips. In
such a configuration, a fundamental mode at w/2, excited
at the entrance of the WG, transfers through SHG a signif-
icant power fraction to the w mode. This physical process
has been typically described within the so-called coupled
mode theory, which allows to evaluate the w/2 — w energy
exchange rates as a function of the distance travelled by the
pump beam inside the non-linear medium [23].

Leveraging on ACQWS tuned to feature doubly resonant
intersubband transitions (ISBT) at w/2, y? values of the
order of 10° pm/V in the mid-IR range have been demon-
strated using III-V compound semiconductors [24]-[27].
More recently, the non-linear active region has been cou-
pled to a metasurface environment to benefit from a large
field enhancement [28]-[30]. This approach has been repli-
cated in the SiGe material system, which features lower
epitaxy costs compared to compound semiconductors and
the overall opportunities of CMOS-compatibility, thus easing
mainstream applications of THz nonlinear optics. Focusing
on the mid-IR and exploiting ISBTs occurring in valence
subbands of p-type Si/SiGe [21] and Ge/SiGe [31] ACQWS, SHG
at 25-35 THz with y? values well above 10* pm/V has been
demonstrated.

In this work we theoretically investigate the potential
of non-linear SiGe WGs with embedded n-type ACQWs to
access via SHG the 5-10 THz region. As a case study, we focus
on the w operation frequency of 7.1 THz, which corresponds
to both an atmospheric transmission window relevant for
astronomy and to a vibrational line of water ice, and that
has been proposed to investigate the composition of pro-
toplanetary disks [32], [33]. Frequency-doubling of a III-V
QCL emitting at 3.55 THz would then allow one to design a
heterodyne receiver at 7.1 THz.

To properly account for the peculiarities of the band-
structure of high-Ge content SiGe alloys which give rise
to a non-diagonal y? tensor, we generalize the coupled-
mode theory for guided wave optics [34], removing several
approximations ubiquitously present in the literature and
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appropriate when dealing with simpler semiconductor sys-
tems. In the ‘Theoretical Methods’ section we provide an
in-depth yet broadly applicable description of our theoreti-
cal approach, suitable to simulate guided second harmonic
generation regardless of the chosen material system. We
then apply the model to a proposed high-Ge content SiGe WG
in ‘results and discussion,” evaluating the effect of various
design parameters on SHG efficiency, placing strong empha-
sis on the features inherent to the distinctive characteristics
of the material. In the same section we finally propose a
simple yet innovative approach to manage the well-known
phase mismatch problem in group IV WGs.

2 Theoretical methods

In this work, we theoretically investigate guided SHG lever-
aging ISBTs of L-point electrons occurring in n-type (001)-
Ge/Si;_,Ge, ACQWs. To this aim we investigate structures
with doubly resonant transitions among confined subband
states. As a first step, the subband eigenstates, their tem-
perature dependent population and the inter-subband oscil-
lator strengths have been estimated by means of a self-
consistent multivalley 1D Poisson-Schroedinger solver [35].
This information is then used to calculate the spectral shape
of the first y'; and second order optical susceptibility )(Zijk
i, j, k € {x, y, z}, which allowed us to estimate the SHG effi-
ciency y in slab WG devices containing the ACQW stack as
active medium. The calculation of x4 has been performed in
the framework of the coupled mode theory, generalizing the
approach described in Ref. [23] to account for multi-mode
interaction and TE/TM coupling, which in n-type (001)-Ge-
rich structures is allowed by the non-diagonal character of
the L-point effective mass tensor.

According to coupled mode theory, SHG depends on
the overlap integrals among propagating modes sustained
by the WG at w and w/2. To obtain these terms, we solve
the Maxwell equation for both TE and TM modes assum-
ing lossless media. This problem admits an analytical solu-
tion when the substrate, WG, and cover regions are each
constituted by a homogeneous medium. However, Ge-on-Si
epitaxy requires the introduction of a virtual substrate (VS)
layer between the silicon substrate and the Ge-rich ACQW-
region to accommodate the lattice mismatch between Si and
Ge [36], as detailed in the following section. Therefore we
relied on a numerical treatment to properly account for this
additional layer.

For simplicity we assume a slab-type WG geometry.
We set a reference frame where light propagates along z
and the x axis is chosen parallel to the growth direction,
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implying translation invariance in the (yz) plane. It follows
that the field amplitude E can be written as E(x) = AE(x)
where, following Ref. [34] the normalization constant A is
chosen in such a way that each mode carries a power flow
of |A|> W per unit length along the y direction. To calculate
the refractive index spatial profile, the permittivity tensor
Ejj with i € {x, y, z} in the ACQW active region has been
estimated using the effective medium approach described
in Ref. [37]. Thus, considering the individual contributions
of barrier and well layers we get

£ = (1—f)eb+few+Re{)(}j} forj = y,z ()

-1

1
£XX: <1_f+f_R{x2XX}> (2)
€p Ew Ew

where €, and g, are the relative permittivities of well and
barrier, respectively, and f is the ratio between the cumu-
lative thickness of the two QWs and that of the complete
ACQW module. Notice that in the above equations we have
also taken into account the contribution to £;; due to the real

part of the first order optical susceptibility tensor Re{ )(/1].
associated to the ACQWs and calculated at 77 K. Finally, £, in
the Si;_, Ge, barrier layer is obtained by linear interpolation
of the Si and Ge permittivity values.

We approach the problem of guided SHG according
to the coupled-mode formalism [38], expanding upon the
existing literature to tailor the modelling of SHG to the pecu-
liarities of the proposed material system. Specifically, we
drop the assumption of having only two interacting modes,
ubiquitously present in literature, considering instead the
coupling among all the WG sustained modes. This gener-
alization allows us to calculate the dynamical evolution
along the propagation direction of a generic modal power
distribution defined at the WG entrance z = 0. Moreover,
tracking concurrently all mode interactions becomes essen-
tial for Ge-rich quantum structures due to the presence of
significant off-diagonal elements in the }(zi]-k tensor, asso-
ciated to dipoles with a non-vanishing component in the
growth plane [39], [40]. Indeed, in parallel to SHG processes
originating from interactions among TM modes only, off-
diagonal terms like 2, and y%, couple modes with dif-
ferent polarizations, allowing SHG processes involving two
TE and one TM mode. On the other hand, we find ;(Zijk
elements with an even number of ‘x’ indexes to be zero, as
expected from symmetry considerations.

In this framework the spatial evolution of the z depen-
dent modal amplitude A is obtained solving the system of
coupled first-order differential equations given by
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where A, is the amplitude of mode m along reference
axis u, S is the modal overlap integral to be performed
in the active region featuring a non-vanishing )(liv,w’ w
is the frequency of the second harmonic, {w} and {w/2}
indicate the sets of guide-sustained modes at frequencies w
and w/2, respectively, over which the summations must be
performed; finally b,, is the propagation wavevector asso-
ciated to mode m, obtained solving the Maxwell equation.
The system includes an equation of the form of 3a for each
mode in {w} and one of the form of 3b for each in {w/2}.
Each equation features an absorption term and a sum of
coupling terms, describing the power exchange among the
guide sustained modes.

Regarding the absorption term, it “removes”
a-posteriori the assumption of a lossless medium [41],
the absorption coefficients a,, , for mode m and axis index
u obeying the following equation

_ o [Im{g,®}E, )
T B J B2 ,00

(@)

a

where y!is a multi-step function of x to represent the stack
of different layers (the dependence on  left implied), each
with its own electric permittivity, resulting from the joint
contribution of ISBTs in the active region and free carrier
absorption in the other layers. Specifically, we evaluated the
latter in the Si substrate for a background doping concentra-
tion of 5 X 10 cm~2 following Ref. [42].

Under the specific approximation of a slab-type WG,
the electric field of TE modes is parallel to y; in the general
case (TM mode and/or ridge WG), however, the orientation
of the electric field for both TE and TM modes is slightly
tilted with respect to the cartesian axis of reference (y and
X, respectively). We therefore let the indexes u, v and w run
over the entire {x, y, z} cartesian set. The resulting power in
mode m is thus given by the square modulus of the vectorial
amplitude A4,,.

Each coupling term results from the product of the field
amplitudes of the involved modes with the corresponding
2 element, the modal overlap integral and an exponential
term. The latter oscillates along the propagation direction
with a spatial frequency equal to Af =, — B, — B, [27].
It follows that if the difference of the propagation vectors
is nonzero the system manifests a back-and-forth modula-
tion in the power transfer between the pump mode at w/2
and the second harmonic mode at w, with a characteristic
dephase length L, = n/Ap. The main limitations to high
SHG efficiency are thus the existence of a phase mismatch
cumulated at the WG exit facet and the absorption depleting
the pump signal with a characteristic length of L, = l/a. A
comparison between these two spatial quantities indicates
which of the two effects limits the SHG efficiency for any
given configuration.

3 Results and discussion

The active region comprises a periodic repetition of n-type
ACQW modules featuring a pair of Ge QWs with thicknesses
of 5.8 and 15.5 nm, coupled by a 2nm Si;3Geg, tunneling
barrier. Adjacent ACQWS are separated by a 12 nm intrinsic
SijsGeg, spacer, thick enough that their coupling is negli-
gible. Given the recent developments in SiGe CVD epitaxy
[43], [44], such proposed design is challenging but realis-
tic. Figure 1a shows the L-band edge profile and the con-
fined eigenstates, marked as L,. Eigenstates L,, L,, and L,
are the ones involved in the doubly resonant transitions.
Figure 1b reports the resulting diagonal and off-diagonal
spectral shape of the y? tensor (solid) and of the imaginary
part of the linear susceptibility Im{ '} (dotted), calculated
at 77 K, assuming a 107 cm~2 n-type doping concentration in
the entire ACQW structure, corresponding to an N, equal to
2 x 10" cm~2, Results reported henceforth refer to this fixed
combination of doping and temperature; some exploratory
simulations obtained varying these two parameters are dis-
cussed in the Supplementary.
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Figure 1: Optical susceptibility of the active region. (a) L-point band-edge profile and subband eigenstates of the investigated asymmetric coupled
quantum well structure Ge/Si,;Geg,/Ge/Si,gGeg, (thickness 5.8/2/15.5/12 nm) calculated at 77 K. Dopant concentration in the wells and the tunneling
barrier is set to 1 X 10" cm=3. (b) Diagonal (xxx) and off-diagonal (yyx) spectral shape of the second order non-linear susceptibility tensor (solid).
Imaginary part of the linear optical susceptibility for TM (xx) and TE (yy) polarization is also shown (dotted).

The ratio between the modulus of off-diagonal and diag-
onal y? components and the ratio between Im{y!,,} and
Im{ y!,,} are both equal to the ratio between the TE and TM
oscillator strengths. The latter is given by (m; — m;)*/(2m;
+ my)?, representing the square ratio between the zz and
xx elements of the inverse effective mass tensor, whose
principal axis is along the [111] crystallographic direction
[45]. With a Ge longitudinal effective mass m; of 1.59 m,
and a transverse effective mass m; of 0.093 m, [46] such
ratio is equal to 0.21. This non-negligible value supports the
necessity of including the off-diagonal coupling terms in the
numerical modeling of optical non-linearities in WGs based
on this material system.

Since most of the carriers populate L,, the position
of the 2 resonance roughly corresponds to (L; — L,)/2,
while Im{ '} peaks at L, — L,. Equally spaced levels would
therefore result in y? and Im{ '} featuring their maxima
at the same energy. Detuning the double resonance [47], i.e.
shifting L, towards L, while keeping the distance between L,
and L, constant, blueshifts the Im{ '} maximum, therefore
reducing pump absorption. Starting from a perfectly double
resonant design with coupled QWs of 7.0 and 14.5 nm, we
tailor their thicknesses to obtain the most effective energy
detuning. We find the optimal values to be 5.8 and 15.5 nm,
placing the L, — L, transition at roughly 28 meV and the
L, - L, one slightly below 19 meV. We stress that the adopted
value of the FWHM of the ISBT, for which we assume a
Lorentian broadening, is an important parameter for the
evaluation of the SHG efficiency. A lower FWHM results
in sharper resonant features and higher maximum values
for y? and Im{y'}, impacting the overlap of the y? and
Im{ y'} spectra in detuned systems, reducing absorption at

w/2. In our calculations, every optical transition has been
assigned the same FWHM, corresponding to the value of
6.5 meV extrapolated from FTIR measurements performed
on similar samples [48].

At 77K we find that the 2, element reaches the
impressive peak value of 7.7 X 10° pm/V. This number is
of the same magnitude as those obtained for comparable
ISBT architectures featured by non-linear WGs operating in
other spectral windows (pioneering [49], [50] but also, more
recently [51], [52]). Notice that in Ge-rich devices the rela-
tively small value of the out-of-plane confinement effective
mass (0.13 m,) in the L subband favors high y? values. In
parallel, for a given carrier density, the 4-fold degeneracy
of the L-point band edge, in conjunction with the relatively
high value of the in-plane effective mass (0.32 m,), results
in a large density of states, lowering the Fermi energy. This
effect reduces the thermal quenching of the L, — L, tran-
sition, thus improving the temperature robustness of the
system.

Within the constraints given by the material system,
we now design a slab-type WG suitable for guided SHG. A
prime advantage of Ge-rich alloys is their possibility to be
epitaxially grown on a standard silicon substrate which,
featuring a smaller refractive index than germanium (3.4
and 4.0, respectively) directly acts as the bottom cladding
layer of the WG, air being the top one. Such growth requires
the introduction of VS between the silicon substrate and the
active region to reduce the threading dislocation density
(TDD) induced by the Si/Ge lattice mismatch. Among the
different strategies pursued in the last years, the current
consensus suggests the best results are achieved using a
thick germanium VS layer in conjunction with a reverse
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graded buffer i.e. a stack of SiGe layers with decreasing Ge
content [53], [54]. Given the extremely high average ger-
manium concentration of the active region comprising the
ACQWs (93 %) it is reasonable to assume the reverse grading
part to be of negligible thickness when compared to the
germanium VS and the ACQW region. We therefore omit
these graded layers in the calculations. The WG itself is thus
constituted by the combination of a germanium VS and the
ACQW region (see Figure 2a), modeled using equations (1)
and (2). To have confined modes for wavelengths around
85 pm (3.55 THz), given the refractive index of ~4, it is nec-
essary to reach a total WG thickness of about 10 pm. It has
been shown that increasing the thickness of the VS leads to a
significant reduction of the TDD thus improving the quality
of the material [55]. However, for a fixed total thickness of
the WG, such an increase would hamper SHG by reducing
the fraction of optical power in the ACQW region. In the
following the thickness of the germanium VS is therefore
fixed at 1 pm since this value is sufficient to reduce the TDD
to ~107 cm™2.

We assume the width of the WG to be much larger than
its total thickness, allowing us to treat the problem using
a 1D slab-type geometry, which is computationally much
faster than a 2D one. For a thickness of 10 pm at both w and
/2 the WG allows a single TE and TM mode. Upon decreas-
ing the thickness, TM; @w/2 disappears below 9.4 pm while
for larger thicknesses higher order modes start to be sup-
ported; specifically, TE,@w and TM,@w appear at approx-
imately 14.1 and 15.8 pm, respectively. Figure 2b shows the
normalized profiles of the square moduli of the electric field
for all the modes supported by a 12 pm thick WG except
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TE,@w which is not involved in SHG. In the figure we also
plot the refractive index profile seen by TM;@w (modes
at different energy and/or polarization experience slightly
different refractive indexes in the active region as detailed
in the theoretical section). We have numerically verified
that for ridge WGs of thickness ~10 pm featuring lateral
width >50 pm, the 2D modes can be treated with a 1D
approach. Figure 2c and d report the squared electric fields
for modes TM; @w and TM, @w/2, respectively, calculated in
a 12 pm thick and 50 pm wide ridge waveguide. Integrating
a squared electric field distribution along the y axis yields
a mode profile which is practically indistinguishable from
the one obtained in the slab configuration, as shown in
Figure 2b. Besides the electric field distribution, solving the
Maxwell equation yields the propagation wave-vector f for
each mode, allowing us to set an arbitrary power distribu-
tion among the modes at the WG entrance (z = 0) and calcu-
late its evolution along the propagation axis by integrating
Egs. (3).

Since the entrance facet in ridge WGs has a finite area,
SHG efficiencies are traditionally given in units of [% W™1],
under the weak signal assumption which neglects any sat-
uration effects. Switching to a slab WG, which is invariant
along y, requires a normalization of the efficiency along
such direction. g is then measured in units of [% pm W=1].

Since our model removes the weak signal assumption
and fully considers saturation effects, 4 must be referred
to a specific ‘probe’ input power (in units of [W/pm]), thus
yielding efficiencies in units of [%]. Specifically, throughout
this paper, we set a constant input power of 10 mW/pm
in either TM;@w/2 or TE;@w/2; SHG in TM@w is thus

(a) (b)
°  TE,@w?2 1D ™, @w
Air ™, @w/2 1D
o TM,@o 1D
integrated 2D
»
B X
> NI 3
e £2 )
®© - ~
= § \ m
=
[
- A
GeVS 1
Si substrate
0
—40 -20 0 20 40 40 =20 0 20 40
z[a.u] X [pm] y [nm]

Figure 2: Optical modes supported by the waveguide. (a) Multi-layer material stack of the non-linear waveguide, highlighting the ACQWs embedded
in the guiding region. (b) Refractive index profile of the slab WG along the growth direction. Normalized profiles of the square modulus of the electric
field for the TE, and TM, modes @w/2 (blue and orange, respectively) and the TM,@w (green) are also shown. The red curves represent the
corresponding profiles obtained integrating along y the modes of a 50 pm wide ridge-WG, shown for TM,@w and TM;@®/2 in (c) and (d), respectively.
Pump frequency is set at 3.55 THz.
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activated by x%,,, and x%,,, respectively. We calculate the
z-dependent efficiency u, for w photons in mode m as
|A,,(0,2)]?/|A(w/2,0)|%. For a ridge WG 100 pm wide, a con-
version factor of 1 is to be adopted to compare the SHG
efficiencies here reported as [%] with the traditional ones
expressed in [% W™1].

As apparent from Figure 2, /2 modes are weakly con-
fined, featuring significant leakage in the Si substrate. On
the other hand, @ modes are more tightly confined in the
Ge-rich region, thus experiencing larger effective refractive
indexes. This mismatch results in relatively short dephase
lengths (<100 um). It follows that increasing the thickness
of the WG improves the confinement of the w/2 modes, lead-
ing to smaller refractive index mismatches (Figure 3a) and
larger dephase lengths L, (Figure 3b). It is worth noticing
that a divergence in the dephase length between TM, @w
and TM, @w/2 can be in principle obtained for a well-defined
value of the WG thickness. Recalling that the refractive
index depends on Re{y'} and that Re{ ¥ (w/2)}>Re{ ¥ (w)}
since Im{ y'} peaks at w/2, it follows that there must exist
a given value of the total WG thickness where the confine-
ment of TM; @w/2 becomes strong enough that its effective
refractive index perfectly matches that of TM; @w. Accord-
ing to our calculations this occurs for a thickness of approx-
imately 32.5 pm, unfortunately a value currently unreach-
able by state-of-the-art epitaxy. As a matter of fact, although
we have numerically investigated WG thicknesses up to
20 pm, the largest experimentally accessible values are cur-
rently around 15 pm [43], [56].

A large L, boosts y, as shown in Figure 3c (3d) where
we plot the SHG efficiency associated to TM;@w as a func-
tion of propagation length and WG total thickness upon
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pumping TM; @w/2 (TE;@w/2). For dephase lengths shorter
than L, the optical power distribution between the pump
mode and the second harmonic mode TM;@w oscillates
along z. This regime is clearly distinguishable in the bottom
part of Figure 3c only, as in the top part, where L, surpasses
L,, pu, becomes capped by the absorbance of the active
region and oscillations are suppressed. A similar oscillatory
behavior is also observed in Figure 3d upon pumping the
TE,@w/2 mode, although the oscillations are now partially
quenched by the large difference between the absorption
coefficients of TE;@w/2 and TM, @w photons.

From a quantitative point of view, for a WG thickness of
15 pm the estimated SHG efficiency featured by a TM, @w/2
(TE,@w/2) pump reaches the value of 0.79 % (0.22 %), peak-
ing after a propagation length of 71 pm (126 pm). Notice
that the relative magnitude of the two efficiencies (x4) is
significantly lower than (y%,,/x%,,)* ~ 1/0.21* ~ 4.8% the
factor one would expect focusing exclusively on the y?
tensorial properties previously discussed. This discrepancy
highlights the relevant role of the different absorption coef-
ficients and dephase lengths associated to TE and TM pho-
tons. In particular, L, is significatively larger in TE since
Im{x!,,} and Im{ glyy} are in the same ratio of 4.8. As L,, is
also larger, it follows that the SHG process under TE, @w/2
pumping benefits from a longer propagation length, thus
partially compensating for the smaller y? element.

As previously mentioned, TM,@w starts to be sup-
ported for WG thicknesses above 15.8 pm. Broadly speaking,
its associated SHG efficiency y, is significantly lower than
that of TM; @w (y,) due to tinier modal overlap integrals S
(the mode profile of TM,@w features a node in correspon-
dence of TM; @w/2’s and TE,;@w/2’s maxima). Yet it would

(d)

1.50

1.25

1.00

100 200 300 400
z [pm]

Figure 3: SHG efficiency under TE and TM pumping. (a) Effective refractive indexes of the TM; modes @w/2 and @w and of the TE, mode @w/2, as
functions of the WG thickness. (b) Dephase lengths L, for TM; @w/2-TM; @w and TE; @w/2-TM;@w SHG. (¢) TM;@w/2-TM; @w and d) TE,@w/2-TM, @w
SHG efficiency as a function of waveguide thickness and propagation length. Pump frequency is set at 3.55 THz in all plots.
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be reckless to neglect TM, @ in the calculations, as it expe-
riences a different effective refractive index with respect
to TM; @w and may therefore benefit from more favorable
matching conditions. Figure 4a reports SHG efficiency in
TM,@w p, with a TM;@w/2 pump; considering a TE,; @w/2
pump instead, TM,@cw suffers from very unfavorable mis-
match conditions and the related efficiency is found to be
negligible. With respect to the TE@w modes, their excitation
requires the joint pumping of TM; @w/2 and TE, @w/2 due to
the y? symmetry properties previously discussed, a case we
have not investigated thoroughly.

Fixing the WG thickness to 15 pm, Figure 4b reports,
as a function of pump frequency and propagation length,
the combined SHG efficiency u obtained summing , and
Uy, when exciting TM; @w/2. Remarkably, although the pro-
posed ACQW design targets a 3.55 THz pump, SHG is non-
negligible for a large bandwidth around this frequency.
Such large bandwidth stems from the relatively large
FWHM of the active ISBTs, which however limits the peak
? value. It also highlights a discontinuity at approximately
3.7THz stemming from the appearance of TM,@w. This
enhances the overall SHG efficiency, as apparent from the
figure. The peak efficiency is obtained for a 3.8 THz pump
since increasing the photon frequency results in a tighter
mode confinement, overcompensating for the off resonance
x? value. Figure 4c shows the maximum SHG efficiency
along z as a function of w/2 and WG thickness. In this case the
appearance of TM,@w creates a discontinuity along the top-
left/bottom-right diagonal which separates the single-mode
WG regime from the multi-mode one. Similar results are
found when pumping TE, @w/2.

DE GRUYTER

So far, we have restricted this theoretical investigation
to slab-type WGs employing only silicon, germanium and
their alloys, avoiding more complex solutions such as grated
WGs to suppress phase mismatch [57] and double-surface
plasmon structures to improve TM-modes confinement [58].
We followed this guideline to avoid over-bloating the scope
of the paper, which is to evaluate the feasibility of SHG in the
THz rather than to determine an optimized design. To evoke
an idea of the possibilities, we will nonetheless conclude
by reporting a rather simple yet innovative approach to
refractive index engineering.

Employing the same exact ACQW and a similar WG
configuration, we now assume the epitaxy to be performed
on a GeOlI substrate instead of a standard Si one, the only
significant difference being the presence of a silicon diox-
ide layer in between the Si substrate and the 1 pum thick
Ge VS layer. In the following, we set the SiO, thickness at
1 pm and rely on Ref. [59] to model its optical properties,
tweaking equation (5) accordingly. The adoption of a GeOI
substrate has a negligible impact on TE modes, while it
causes radical variations in the TM ones because of their
boundary conditions. Specifically, no TM modes @w/2 are
supported by the WG up to thicknesses of approximately
14 pm, while TM modes @w experience smaller effective
refractive index, which can be exploited to tune the phase
mismatch in TE/TM SHG. Figure 5a reports the normalized
profiles of the square moduli of the electric field for TE; @w/2
and TM;@w, for a total WG thickness of 9.5 pm. Effective
refractive indexes are shown in Figure 5b as a function of
WG thickness, evidencing a crossing point at approximately
9.25 pm, which corresponds to a perfect phase match as
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0.00 0.25 0.50 0.75 1.00 125 1.50  0.00 0.25 0.50 0.75 1.00 1.25 1.50 0. 5
| [ il
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Figure 4: Mode and frequency resolved SHG efficiency. (a) TM,@cw SHG efficiency as a function of waveguide thickness and propagation length for a
pump frequency of 3.55 THz (TM,@w is supported only for thicknesses > 15.8 pm). (b) 3, TM,@w total SHG efficiency as a function of pump frequency
and propagation length for a WG thickness of 15 pm. (TM,@w is supported only for frequencies >3.65 THz). (c) Peak value along the propagation
direction of the Y., TM, @ total SHG efficiency. In all plots the TM,@w/2 mode is pumped at the WG entrance.
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Figure 5: Enhanced SHG efficiency using a GeOI substrate. (a) Refractive index profile and normalized square moduli of the electric field for the
TE,@w/2 and TM, @ modes when using a GeOl substrate. (b) Effective refractive indexes of the TE,@w/2 and TM, @ modes as functions of the WG
thickness. (c) Dephase length for TE,@w/2- TM,@w SHG as a function of the WG thickness. (d) TE,@w/2- TM,@w SHG efficiency as a function of

waveguide thickness and propagation length on an GeOI substrate.

indicated by the divergence of the dephase length plotted
in Figure 5c. Thus, at this particular WG thickness, the only
factor limiting SHG is the absorption from ISBTs in the active
region and free carriers in the substrate, allowing to reach
efficiencies >0.2 % as shown in Figure 5d. Notice that using
Si substrates, similar g values could be achieved only for
WG thickness above 15 pm (see Figure 3d).

4 Conclusions

We have calculated the efficiencies of guided SHG pro-
cesses in the THz spectral range for non-linear Ge-rich
SiGe WGs with embedded ACQWs. As an exemplificative
case we have targeted the scientifically relevant frequency
of 7.1THz, currently unreachable by conventional laser
sources, finding y? values at the 10° pm/V scale, result-
ing in efficiencies comprised between 0.2 and 2 % depend-
ing on the choice of design parameters, for interaction
lengths of the order of 100 pm. The studied material system
provides the clear advantages of lower costs and CMOS
compatibility over its III-V counterpart. Yet it also fea-
tures a conduction band structure resulting in a y? ten-
sor with significant, non-vanishing off-diagonal elements.
The proper treatment of the guided SHG has thus required
the development of a numerical model capable of concur-
rently tracking every y2-mediated interaction among all
the supported modes. Equipped with this model, we have
methodically discussed the peculiarities of SHG in non-
linear SiGe WGs and proposed a simple material-specific
approach which leverages on such peculiarities to boost the
SHG efficiency by effectively solving the phase mismatch
problem.

Although we picked the second harmonic frequency of
7.1 THz and tailored the ACQW design accordingly, we point
out that the entire 5-20 THz spectral range is accessible
by the chosen material system, the upward limit set by
the conduction band offset between wells and barriers of
~130 meV.

Furthermore, we point out that, since SHG is a special
case of the more general mechanism of sum frequency gen-
eration, the n-type Ge/SiGe ACQW architecture here inves-
tigated can be tailored towards this application as well.
The results of our calculations, combined with the recent
advancements in group-IV epitaxy, represent a first step
towards the experimental demonstration of SHG in the THz
using Ge/SiGe ACQWs.

Research funding: This work was supported by Regione
Lazio, program POR FESR 2014-2020, project n. A0375-2020-
36579, by Italian Ministerial grants PRIN 2022 “Strong light-
matter coupling manipulation in SiGe quantum wells at ter-
ahertz frequencies” CUP F53D23001190006 and “Germanium
quantum wells for sensing in the mid-infrared” CUP
D53D23002450001 and by Next Generation EU Grant PRIN
PNRR 2022 “INtegrable Thz si-basEd quaNtum caScade
opEration” CUP 153D23006680001.

Author contributions: All authors have accepted responsi-
bility for the entire content of this manuscript and approved
its submission.

Conflict of interest: Authors state no conflicts of interest.
Data availability: The datasets generated and/or analysed
during the current study are available from the correspond-
ing author upon reasonable request.



10 = E.Talamas Simola et al.: Asymmetric-coupled Ge/SiGe quantum wells for second harmonic generation

References

(1

(2

B3]

[4]

B3]

(6]

7

[8]

[

[10]

m

(2]

N3]

4]

(3]

[16]

071

[18]

9l

X. Li, J. Li, Y. Li, A. Ozcan, and M. Jarrahi, “High-throughput
terahertz imaging: progress and challenges,” Light: Sci. Appl.,

vol. 12, no. 1, p. 233, 2023.

H. Hirashita, et al., “First-generation science cases for
ground-based terahertz telescopes,” Publ. Astron. Soc. Jpn., vol. 68,
no.1, p. R1, 2016.

K. Ohtain, et al., “Far-infrared quantum cascade lasers operating in
the AlAs phonon reststrahlen band,” ACS Photonics, vol. 3, no. 12,
pp. 2280—2284, 2016.

K. Ohtani, et al., “An electrically pumped phonon-polariton laser,”
Sci. Adv., vol. 5, no. 7, p. eaau1632, 2019.

S.Zibod, et al., “Strong nonlinear response in crystalline quartz at
THz frequencies,” Adv. Opt. Mater., vol. 11, no. 15, p. 2202343,
2023.

M. Koch, D. M. Mittleman, J. Ornik, and E. Castro-Camus,
“Terahertz time-domain spectroscopy,” Nat. Rev. Methods Primers,
vol. 3, no. 1, p. 48, 2023.

N. Karpowicz, et al., “Coherent heterodyne time-domain
spectrometry covering the entire “terahertz gap”,” Appl. Phys. Lett.,
vol. 92, no. 1, p. 011131, 2008.

J. A. Fulop, S. Tzortzakis, and T. Kampfrath, “Laser-driven
strong-field terahertz sources,” Adv. Opt. Mater., vol. 8, no. 3,

p. 1900681, 2020.

A. Tomasino, et al., “Solid state-biased coherent detection of
ultra-broadband terahertz pulses,” Optica, vol. 4, no. 11,

pp. 1358 —1362, 2017.

Y. Chen, Y. He, Y. Zhang, Z. Tian, and J. Dai, “Systematic
investigation of terahertz wave generation from liquid water
lines,” Opt. Express, vol. 29, no. 13, pp. 20477 —20486, 2021.

C. P. Hauri, C. Ruchert, C. Vicario, and F. Ardana, “Strong-field
single-cycle THz pulses generated in an organic crystal,” Appl. Phys.
Lett., vol. 99, no. 16, p. 161116, 2011.

T. Seifert, et al., “Ultrabroadband single-cycle terahertz pulses with
peak fields of 300 kV cm—1 from a metallic spintronic emitter,”
Appl. Phys. Lett., vol. 110, no. 25, p. 252402, 2017.

J. Hawecker, et al., “Spintronic THz emitters based on transition
metals and semi-metals/Pt multilayers,” Appl. Phys. Lett., vol. 120,
no. 12, p. 122406, 2022.

V. Giliberti, et al., “Downconversion of terahertz radiation due to
intrinsic hydrodynamic nonlinearity of a two-dimensional electron
plasma,” Phys. Rev. B, vol. 91, no. 16, p. 165313, 2015.

H. A. Hafez, et al., “Extremely efficient terahertz high-harmonic
generation in graphene by hot Dirac fermions,” Nature, vol. 561,
no. 7724, pp. 507—511, 2018.

A. Di Gaspare, et al., “Electrically tunable nonlinearity at 3.2
terahertz in single-layer graphene,” ACS Photonics, vol. 10, no. 9,
pp. 3171—3180, 2023.

M.-H. Mammez, et al., “Optically pumped terahertz molecular
laser: gain factor and validation up to 5.5 THz,” Adv. Photonics Res.,
vol. 3, no. 4, p. 2100263, 2022.

A. Amirzhan, et al., “A quantum cascade laser-pumped molecular
laser tunable over 1 THz,” APL Photonics, vol. 7, no. 1, p. 016107,
2022.

J. A. Armstrong, N. Bloembergen, J. Ducuing, and P. S. Pershan,
“Interactions between light waves in a nonlinear dielectric,” Phys.
Rev., vol. 127, no. 6, pp. 1918 —1939, 1962.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

391

DE GRUYTER

M. Gurnick and T. DeTemple, “Synthetic nonlinear
semiconductors,” IEEE J. Quantum Electron., vol. 19, no. 5,

pp. 791—794,1983.

M. Seto, et al., “Second-harmonic generation in asymmetric
Si/SiGe quantum wells,” Appl. Phys. Lett., vol. 65, no. 23,

pp. 2969—2971,1994.

L. Li, et al., “Terahertz quantum cascade lasers with >1 W output
powers,” Electron. Lett., vol. 50, no. 4, pp. 309—311, 2014.

R. W. Boyd, Nonlinear Optics, 3rd ed. Salt Lake City, Utah, USA,
Academic Press, 2008.

C. Sirtori, F. Capasso, D. L. Sivco, A. L. Hutchinson, and A. Y. Cho,
“Resonant Stark tuning of second-order susceptibility in coupled
quantum wells,” Appl. Phys. Lett., vol. 60, no. 2, pp. 151—153, 1992.
S. Li and J. Khurgin, “Second-order nonlinear optical susceptibility
in p-doped asymmetric quantum wells,” Appl. Phys. Lett., vol. 62,
no. 15, pp. 1727—1729, 1993.

E. Rosencher, A. Fiore, B. Vinter, V. Berger, P. Bois, and J. Nagle,
“Quantum engineering of optical nonlinearities,” Science, vol. 271,
no. 5246, pp. 168 —173, 1996.

K. L. Vodopyanov, et al., “Phase-matched second harmonic
generation in asymmetric double quantum wells,” Appl. Phys. Lett.,
vol. 72, no. 21, pp. 2654 —2656, 1998.

J. Lee, et al., “Giant nonlinear response from plasmonic
metasurfaces coupled to intersubband transitions,” Nature,

vol. 511, no. 7507, pp. 65—69, 2014.

R. Sarma, et al., “Broadband and efficient second-harmonic
generation from a hybrid dielectric metasurface/semiconductor
quantum-well structure,” ACS Photonics, vol. 6, no. 6,

pp. 1458 —1465, 2019.

R. Sarma, et al., “An all-dielectric polaritonic metasurface with a
giant nonlinear optical response,” Nano Lett., vol. 22, no. 3,

pp. 896—903, 2022.

J. Frigerio, et al., “Second harmonic generation in germanium
quantum wells for nonlinear silicon photonics,” ACS Photonics,
vol. 8, no. 12, pp. 3573 —3582, 2021.

K. Malfait, C. Waelkens, J. Bouwman, A. De Koter, and L. B. F. M.
Waters, “The ISO spectrum of the young star HD 142527, Astron.
Astrophys., vol. 345, no. 1, pp. 181—186, 1999.

H. Matsuo, S. Shi, S. Paine, Q. Yao, and Z. Lin, “Atmospheric
windows from dome-A Antarctica for high angular resolution
terahertz astronomy,” in Light, Energy and the Environment 2018 (E2,
FTS, HISE, SOLAR, SSL), 2018.

A. Yariv, “Coupled-mode theory for guided-wave optics,” IEEE /.
Quantum Electron., vol. 9, no. 9, pp. 919—933, 1973.

Y. Bushy, et al., “Near- and far-infrared absorption and electronic
structure of Ge-SiGe multiple quantum wells,” Phys. Rev. B, vol. 82,
no. 20, p. 205317, 2010.

L. Colace, et al., “Metal —semiconductor —metal near-infrared light
detector based on epitaxial Ge/Si,” Appl. Phys. Lett., vol. 72, no. 24,
pp. 3175—3177,1998.

M. Zaluzny and C. Nalewajko, “Coupling of infrared radiation to
intersubband transitions in multiple quantum wells: the
effective-medium approach,” Phys. Rev. B, vol. 59, no. 20,

pp. 13043—13053, 1999.

J. R. Pierce, “Coupling of modes of propagation,” J. Appl. Phys.,

vol. 25, no. 2, pp. 179—183, 1954.

S. K. Chun and K. L. Wang, “Oscillator strength for intersubband
transitions in strained n-type Si, Ge;, quantum wells,” Phys. Rev. B,
vol. 46, no. 12, pp. 7682 —7690, 1992.



DE GRUYTER

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

M. Virgilio and G. Grosso, “Conduction intersubband transitions at
normal incidence in Si;_, Ge, quantum well devices,”
Nanotechnology, vol. 18, no. 7, p. 075402, 2007.

G. AlImogy and A. Yariv, “Second-harmonic generation in
absorptive media,” Opt. Lett., vol. 19, no. 22, pp. 1828 —1830, 1994.
D. K. Schroder, R. N. Thomas, and J. C. Swartz, “Free carrier
absorption in silicon,” IEEE J. Solid-State Circuits, vol. 13, no. 1,

pp. 180—187,1978.

E. Talamas Simola, et al., “Subnanometer control of the
heteroepitaxial growth of multimicrometer-thick Ge/Si-Ge
quantum cascade structures,” Phys. Rev. Appl., vol. 19, no. 1,

p. 014011, 2023.

E. Paysen, et al., “Three-dimensional reconstruction of interface
roughness and alloy disorder in Ge/GeSi asymmetric coupled
quantum wells using electron tomography,” ACS Appl. Mater.
Interfaces, 2024.

F. Stern and W. E. Howard, “Properties of semiconductor surface
inversion layers in the electric quantum limit,” Phys. Rev., vol. 163,
no. 3, pp. 816—835, 1967.

S. Gupta, D. Nam, J. Vuckovic, and K. Saraswat, “Room
temperature lasing unraveled by a strong resonance between
gain and parasitic absorption in uniaxially strained germanium,”
Phys. Rev. B, vol. 97, no. 15, p. 155127, 2018.

L. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, “Optimized
second-harmonic generation in asymmetric double quantum
wells,” IEEE J. Quantum Electron., vol. 32, no. 8, pp. 1334—1346, 1996.
C. Ciano, et al., “Control of electron-state coupling in asymmetric
Ge/SiGe quantum wells,” Phys. Rev. Appl., vol. 11, no. 1, p. 014003,
2019.

P. Boucaud, et al., “Detailed analysis of second-harmonic
generation near 10.6 pm in GaAs/AlGaAs asymmetric quantum
wells,” Appl. Phys. Lett., vol. 57, no. 3, pp. 215—217, 1990.

C. Sirtori, F. Capasso, J. Faist, L. N. Pfeiffer, and K. W. West,
“Far-infrared generation by doubly resonant difference frequency
mixing in a coupled quantum well two-dimensional electron gas
system,” Appl. Phys. Lett., vol. 65, no. 4, pp. 445—447,1994.

[51]

E. Talamas Simola et al.: Asymmetric-coupled Ge/SiGe quantum wells for second harmonic generation == 11

F. De Leonardis and R. A. Soref, “Efficient second-harmonic
generation in Si-GaP asymmetric coupled-quantum-well
waveguides,” J. Lightwave Technol., vol. 40, no. 9, pp. 2959—2964,
2022.

[52] J. Frigerio, A. Ballabio, M. Ortolani, and M. Virgilio, “Modeling of

[53]

[54]

[53]

[56]

[57]

[58]

[59]

second harmonic generation in hole-doped silicon-germanium
quantum wells for mid-infrared sensing,” Opt. Express, vol. 26,

no. 24, pp. 31861—31872, 2018.

M. Lodari, et al., “Lightly strained germanium quantum wells with
hole mobility exceeding one million,” Appl. Phys. Lett., vol. 120,

no. 12, p. 122104, 2022.

M. Myronov, et al., “Holes outperform electrons in group IV
semiconductor materials,” Small Sci., vol. 3, no. 4, p. 2200094,
2023.

0. Skibitzki, et al., “Reduction of threading dislocation density
beyond the saturation limit by optimized reverse grading,” Phys.
Rev. Mater., vol. 4, no. 10, p. 103403, 2020.

S. Assali, S. Koelling, Z. Abboud, J. Nicolas, A. Attiaoui, and O.
Moutanabbir, “500-period epitaxial Ge/Sij;3Geg g, multi-quantum
wells onsilicon,” J. Appl. Phys., vol. 132, no. 17, p. 175304,

2022.

T. Suhara and H. Nishihara, “Theoretical analysis of waveguide
second-harmonic generation phase matched with uniform and
chirped gratings,” IEEE J. Quantum Electron., vol. 26, no. 7,

pp. 1265—1276, 1990.

R. Kohler, et al., “Terahertz semiconductor-heterostructure laser,”
Nature, vol. 417, no. 6885, pp. 156 —159, 2002.

M. Naftaly and R. E. Miles, “Terahertz time-domain spectroscopy: a
new tool for the study of glasses in the far infrared,” J. Non-Cryst.
Solids, vol. 351, nos. 40—42, pp. 3341—3346, 2005.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2023-0697).


https://doi.org/10.1515/nanoph-2023-0697

	1 Introduction
	2 Theoretical methods
	3 Results and discussion
	4 Conclusions


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


