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Abstract: We present a single stack active region design for terahertz emission by difference
frequency generation in quantum cascade lasers. The active region contains a single design,
which is based on multiple optical transitions within one period. This results in both a giant
nonlinearity and an ultra-broad optical gain. The provided optical gain spectrum is broad
enough to support two distinct mid-infrared modes with a significant spectral separation. For
dual-emission, the waveguide contains a buried, index-coupled distributed feedback grating.
This grating is based on a sampled approach to provide selective feedback for two mid-
infrared modes at λ1=8.39 μm and λ2 = 9.38 μm. Simultaneously, the manifold of possible
transitions within the active region is designed to provide a peak nonlinear susceptibility of
|χ(2)| = 29 nmV−1 at the conversion to 3.8 THz. The device emits up to 210-μW THz power
at room temperature with a nonlinear conversion efficiency of η = 2.05 mWW−2.

Index Terms: Quantum cascade lasers, terahertz sources, nonlinear optical effects in
semiconductors.

1. Introduction
Theterahertz (THz) range offers many interesting applications in sensing and scanning [1], yet the
few available sources lack the convenience of a compact, efficient and easy to operate device.
An emerging technology for semiconductor based THz sources is THz by difference-frequency
generation (DFG) in quantum cascade lasers (QCLs) [2]. The crucial part is the utilization of an
active region for the mid-infrared (MIR), which operates well at room temperature [3] contrary to
its direct THz counterpart [4]. QCLs emitting in the MIR are well established and easily generate
several watts of output power, which perfectly qualifies them to serve as optical pumps for a nonlinear
process such as DFG. The nonlinear medium in DFG-QCLs is the active region itself, as the same
electron states used for the optical transitions can be designed to possess giant nonlinear properties
[5], [6]. This allows for monolithic integration of the nonlinear medium, which leads to a compact and
robust device design with no external components. Additionally, the intracavity nonlinearity results
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Fig. 1. Schematic drawing of the device with a single stack active region (green). Generated THz
radiation (blue) leaks from the active region into the low-loss substrate. The front facet is polished to
30° to compensate for the Cherenkov angle of the substrate guided THz.

in a large spatial overlap with the high field intensities of the MIR pump wavelengths within the
cavity, yielding a higher conversion efficiency than external cavity nonlinearities.

For the THz extraction, state of the art devices rely on Cherenkov phase matching (CPM) [7].
This allows the THz mode to leak from the highly absorbent active region and propagate in the low-
loss semi-insulating substrate, which leads to a significantly higher output power due to enhanced
extraction of the generated THz radiation as depicted in Fig. 1. As two MIR wavelengths are required
for the nonlinear conversion process and their energy spacing corresponds to the generated THz
frequency, the necessary gain requires a much broader spectral width in the MIR than a conventional
single wavelength QCL provides. A common approach to address this problem is implementing two
separate active regions stacked on top of each other. This is a unique possibility of the QCL, as due to
its unipolar nature both active regions are supplied with the same current by the cascading electron
scheme. In such stacked active region concept, each active region is optimized for one single
wavelength while additionally providing a giant nonlinear susceptibility χ(2). As the index-guided
modes overlap multiple stacks of the active region, the resulting sum optical gain is broad enough
to support dual-emission. However, this approach is prone to lasing at unwanted wavelengths as
the sum gain shifts the gain peaks away from the desired resonances and induces gain peaks
at undesired wavelengths. Lasing at these unwanted wavelengths have to be suppressed with
selective feedback mechanisms at the cost of energy. Furthermore, the resulting nonlinearity is
the sum of two different sets of intersubband transitions, which makes it impossible for the MIR
pumps to be resonant with both integrated nonlinearities at the same time. Single stack active
region designs significantly simplify the active region by fitting all requirements into a single design
for the active region, but so far have demonstrated moderate nonlinear conversion efficiencies [8].
We present a single stack active region, which provides the advantage of a compact design and an
improved nonlinear conversion efficiency.

2. Device Design
The demonstrated active region consists of a single design, which provides both optical gain and
a giant nonlinearity. Compared to active region designs which are used in the stacked active
region approaches, this design provides an ultra-broadband MIR gain to support two wavelengths
simultaneously. Considering the intersubband structure of the design, this is achieved by creating a
two-fold optical transition with the same upper laser state (1) utilizing two separate lower laser states
(2) and (3) with equally strong transitions, as depicted in Fig. 2. For the sake of comparison, we
use stack A of the stacked active region approach from reference [9] and modify with the presented
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Fig. 2. Subsequent periods of the nonlinear active region design using AlInAs/GaInAs lattice-
matched on InP. The thicknesses in nm are 4.3/1.8/0.7/5.3/0.9/5.4/1.1/4.8/1.4/3.7/1.6/3.5/1.5/3.3/1.8/
3.1/2/2.9/2.4/2.9/ 2.6/2.7/3/2.7 where underlined thicknesses represent doped layers (2 x 1017 cm−3).
The three bold wave functions indicate the main optical transitions, which are used in this design, with
one upper state (1) and two lower states (2) and (3).

design strategy. This allows a direct comparison of both design strategies in terms of theoretical
properties and experimental values. The isolated upper laser state is created by a thin well adjacent
to the injection barrier as in the well-known bound-to-continuum design [10]. Thus, the complex
equation for intersubband gain of multi quantum well structures [11] can be well approximated by
taking into account only the upper laser state (1) with multiple lower laser states

g (ωi ) = ωi

c · neff (ωi )
�N
�ε0

�
(∑

n

|e · z1n |2
(ωi − ω1n − i · �1n )

)
(1)

where ez1n , ω1n and �1n are the dipole matrix element, frequency and broadening of the transition
between the upper laser state (1) and laser state n . The broadening of the transitions is assumed
as �1n = 12.5 meV. In the presented active region, the resulting intersubband gain is designed to
provide equal optical gain for the two optical modes in the spectral region of 8.5 μm and 9.5 μm.

Calculations of the intersubband gain are shown in Fig. 3. At the design field strength of
48 kVcm−1, the gain profile results in a symmetric and relative flat MIR gain profile. This is crucial,
as any surplus of gain in unwanted regions needs to be suppressed at the cost of pump energy. Due
to finite electron transport in the active region, the active region bias further increases past reach-
ing the design point. Therefore, the design is investigated for bias strengths above and below the
intended operation point. At field strengths below the optimum of 48 kVcm−1, the optical transition
for the shorter wavelength is stronger, resulting in a higher optical gain for the shorter wavelength.
This characteristic inverts with a higher applied bias. While an equal gain is achieved at the design
field strength, the optical gain shifts towards longer wavelengths at higher field biases, favoring the
longer mode.

Simultaneously, the manifold of possible intersubband transitions within one period results in
a second order nonlinear susceptibility χ(2) [12] which can be as large as 39.7 nmV−1 [13]. The
largest contribution to this nonlinear susceptibility is by the strongest transitions between the discrete
electron states, which are the optical transitions itself. Thus, the THz frequency with the highest
conversion efficiency corresponds to the anticrossing of the two lower laser states (2) and (3) of
Fig. 2. Assuming most of the electron population in the upper laser state (1), the second-order
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Fig. 3. Calculated spectral gain at different applied bias fields. The active region shows a symmetric
gain profile at the designed bias field of 48 kV/cm (red). Below the design field strength, the calculated
gain profile shows an asymmetric distribution with a higher optical gain around 8.5 μm. Towards higher
bias fields, this characteristic is inverted with a significant favoring of optical gain in the spectral region
of 9.5 μm.

nonlinear susceptibility can be simplified to

χ(2)
xxx (ω3 = ω1 − ω2) ≈ �N

e3

�2ε0

z12z31z23

(ω3 − ω23 + i�23)

(
1

ω1 − ω13 + i�31
+ 1

−ω2 + ω12 + i�21

)
(2)

where �N is the population inversion density, ezij , ωij and �ij are the dipole matrix element, the
frequency and broadening of the transition between states i and j. By utilizing only one active
region design, both pumps can achieve perfect resonance to this monolithic integrated nonlinearity.
The peak nonlinear susceptibility is calculated to reach χ(2) = 29 nmV−1 for the resonant case,
assuming �21 = �31 = 12.5 meV and �23 = 4 meV. This value is higher by a factor of 1.25
compared to other design strategies involving multiple transitions within one period [8]. For an
efficient MIR to THz conversion, a high spectral purity of the MIR pump wavelengths is essential.
Furthermore, the very broad gain spectrum of the optical active medium requires selective feed-
back in order to achieve lasing at distinct wavelengths. This is achieved by a distributed feedback
(DFB) grating. The grating is realized as an index-coupled grating, where the real part of the re-
fractive index is varied along the propagation direction through a patterned InGaAs layer with a
higher refractive index than the surrounding InP. The structured grating is buried beneath the upper
wavecladding for optimum coupling. As two MIR wavelengths are required, a sampled grating is
used to achieve dual response at the desired wavelengths [14]. Furthermore, an additional phase
shift at the center of the grating is introduced, which leads to a single central mode at a defined
wavelength [15].

3. Fabrication
The first epitaxial step includes the lower wave cladding (3 μm n-InP, doped 1.5 × 1016 cm−3), active
region and the InGaAs DFB layer grown by molecular beam epitaxy (MBE) on semi-insulating InP.
For the active region, the design for one period is grown 66 times in order to achieve a total thickness
of 4.4 μm. The DFB layer consists of 400 nm n-InGaAs doped with 1.5 × 1016 cm−3 and the
grating is structured by electron beam lithography and subsequently etched by reactive ion-etching
(RIE). Additional overgrowth was performed by metalorganic chemical vapor deposition (MOCVD)
to complete the structure with an upper 3 μm InP wavecladding doped with 1.5 × 1016 cm−3

and a 50 nm highly doped InGaAs contact layer. Afterwards, the laser is processed as a conventional
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Fig. 4. Calculated gain at the designed bias field and the corresponding electroluminescence mea-
surement of the sample. In accordance to the electroluminescence, the grating is designed to provide
selective feedback for two central modes at 8.38 μm and 9.4 μm with equal optical gain gL (blue).

edge emitter with a ridge width of 20 μm and cleaved into bars of 4.5 mm. Both facet ends are
anti-reflection coated with a multilayer system of AlF and ZnS to achieve low reflectance for both
MIR wavelengths simultaneously. In order to extract the generated THz radiation, the front facet is
polished to 30° to compensate for the Cherenkov angle of θC ≈ 20◦.

4. Results
First, electroluminescence (EL) samples are processed and measured to examine the gain profile
of the structure. In Fig. 4 the calculated gain and the measured EL spectra are compared. Overall,
the measurement shows good agreement with the calculation. The spectral broadness of the EL
indicates a significant broader gain profile than the referenced stacked active region design [9]. The
DFB gratings are designed in accordance with the EL curve with two central modes at 8.38 μm
and 9.4 μm. The separation of both wavelengths is designed to result in a difference frequency at
3.8 THz. From the comparison of the EL spectrum with the calculated modes, it can be seen that
at the design field strength both MIR modes are supported equally by the provided optical gain.
The spectral region between the two modes shows no additional gain peaks. Subsequently, THz
DFG-QCLs in the CPM configuration were fabricated with a length of 4.5 mm and a ridge width of
20 μm.

Spectral measurements in the MIR yield two distinct peaks as depicted in Fig. 5. The wavelengths
at 8.39 μm and 9.38 μm are well within the range of the refractive index calculation and correspond
to the modes selected by the grating. In the range of the longer mode, an additional lasing peak is
found at a shorter wavelength of 9.31 μm with an attenuation of -16 dB. Considering the ridge width
of 20 μm, it can be shown that this wavelength is the 1st order lateral mode to the ground mode
at 9.38 μm. Although not desired for the MIR pumps, it is irrelevant to the THz spectrum. The 1st

order lateral mode will not contribute to a nonlinear conversion process due to the lack of spatial
overlap with a second wavelength which is required for DFG. Spectral THz measurements show
single mode emission at 3.77 THz and is plotted in Fig. 6. The THz frequency corresponds to the
spectral separation of the MIR pumps. No additional THz frequencies are found in the spectrum,
which further indicate the lack of spatial overlap of the 1st order lateral mode with a second mode.

Power measurements of the device are shown in Fig. 7. All power measurements are recorded
at room temperature, while the device was working in pulsed mode with a pulse width of 50 ns and
a repetition rate of 25 kHz. The setup consists of two off-axis parabolic mirrors and appropriate
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Fig. 5. Spectral measurements of the MIR output of the device show emission of two distinct wavelengths
at 8.39 μm and 9.38 μm in accordance with the dual-response of the sampled DFB grating.

Fig. 6. Spectral measurements of the generated THz radiation show single mode emission at 3.77 THz
at room temperature. The THz frequency is in perfect accordance to the spectral separation of the MIR
pumps.

detectors for the MIR and THz. All measurements are corrected for filter transmission, as this
characteristic is well known. Furthermore, a correction for collection efficiency of 70% of the setup
was applied. This is an approximation, as the exact collection efficiency is difficult to determine
accurately and is likely to be lower in the case of THz detection, due to the divergent far field.
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Fig. 7. Power measurements of the MIR emission yield a combined optical peak power of 1 W. Optical
filters were used to separate the optical power of both pumps. An unequal distribution of optical power
is found, as the short wavelength reaches rollover point at 1/4 of the maximum power of the long wave-
length. The optical power of the generated THz is measured with the onset of the second wavelength
and peaks at 210 μW.

Fig. 8. Plotting the emitted THz power over the power product P (λ1) × P (λ2) yields a nonlinear con-
version efficiency of 2.05 mWW−2. This high nonlinear conversion efficiency is attributed to the high
nonlinear susceptibility of the active region.

For the MIR measurements, an optical high pass filter was used to separate both pump wave-
lengths. While dual-emission is achieved over almost the entire operation range, the optical power
is distributed unequally with a significant favoring of the longer wavelength towards higher currents.
Considering threshold currents, it is found that the shorter wavelength has a smaller threshold, but
a lower external quantum efficiency and a lower total optical power. This behavior is in accordance
to the gain analysis of Fig. 3. At lower field biases, the short wavelength is provided with more
gain leading to an earlier threshold of this wavelength. Operating past the optimum field bias of
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48 kVm−1, the gain shifts towards the longer wavelength region leading to a higher optical output
power of the corresponding wavelength. The power measurement of the generated THz radiation
was recorded with a calibrated Golay cell. A total power of 210 μW is recorded. As can be seen
from Fig. 8, this translates to a nonlinear conversion efficiency of 2.05 mWW−2. Compared to
DAU-type devices, this is an improvement of the nonlinear conversion from 0.8 mWW−2. Besides
the increased nonlinear susceptibility χ(2), the use of a larger volume of nonlinear medium and a
shorter wavelength pairing leads to an improved modal overlap compared to the DAU device from
[8]. Both design improvements eventually contribute to a larger nonlinear conversion efficiency.

5. Conclusion
In conclusion, we have demonstrated that it is possible to use a single active region design to
achieve both optical gain and a giant nonlinearity. With multiple optical transitions within one period,
the resulting optical gain is broad enough in order to support two distinct wavelengths, which can be
selected with a sampled DFB grating with dual-response. As only one active region design is used,
perfect resonance of both MIR pumps with the monolithic integrated nonlinearity can be achieved,
which eventually translates into a higher nonlinear conversion efficiency. With this design strategy,
we have achieved an increased nonlinear susceptibility of |χ(2)| = 29 nmV−1 with a corresponding
increased conversion efficiency of 2.05 mWW−2. At room temperature, the device emits up to
210 μW while operating in pulsed mode. Compared to the reference, this is a significant increase
in both absolute THz power and nonlinear conversion efficiency. Current state of the art THz DFG
QCLs achieve mW level THz output power mainly through sheer optical MIR power but with nonlinear
conversion efficiencies below 1 mWW−2 [13], [16]. We have demonstrated a design strategy leading
to a significant higher nonlinear conversion efficiency at a relatively small cost of optical power in the
MIR, potentially increasing THz power beyond these state of the art devices. Further optimization
includes the design field strength at higher biases. Although this will further increase the disparity of
threshold currents of the two MIR pumps, the absolute THz power will eventually be higher based
on a more uniform distribution of optical power among the two MIR optical pump modes.
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[7] K. Vijayraghavan et al., “Terahertz sources based on Čerenkov difference-frequency generation in quantum cascade
lasers,” Appl. Phys. Lett., vol. 100, 2012, Art. no. 251104.

[8] K. Fujita et al., “Terahertz generation in mid-infrared quantum cascade lasers with a dual-upper-state active region,”
Appl. Phys. Lett., vol. 106, no. 25, pp. 16–20, 2015.

[9] K. Vijayraghavan et al., “Broadly tunable terahertz generation in mid-infrared quantum cascade lasers,” Nature
Commun., vol. 4, 2013, Art. no. 2021.

[10] J. Faist, M. Beck, T. Aellen, and E. Gini, “Quantum-cascade lasers based on a bound-to-continuum transition,” Appl.
Phys. Lett., vol. 78, no. 2, pp. 147–149, 2001.

[11] C. Jirauschek and T. Kubis, “Modeling techniques for quantum cascade lasers,” Appl. Phys. Rev., vol. 1, no. 1, 2014,
Art. no. 011307.

[12] R. W. Boyd, Nonlinear Optics. Orlando, FL, USA: Academic, 2008.

Vol. 9, No. 3, June 2017 1503509



IEEE Photonics Journal Single Stack Active Region Nonlinear Quantum

[13] Q. Lu and M. Razeghi, “Recent advances in room temperature, high-power terahertz quantum cascade laser sources
based on difference-frequency generation,” Photonics, vol. 3, no. 3, Jul. 2016, Art. no. 42.

[14] Q. Y. Lu, N. Bandyopadhyay, S. Slivken, Y. Bai, and M. Razeghi, “Widely tuned room temperature terahertz quantum
cascade laser sources,” Appl. Phys. Lett., vol. 101, 2012, Art. no. 251121.

[15] J. Buus, D. J. Blumenthal, and M.-C. Amann, Tunable Laser Diodes and Related Optical Sources, vol. 1. New York,
NY, USA: Wiley, 2005.

[16] Q. Lu, D. Wu, S. Sengupta, S. Slivken, and M. Razeghi, “Room temperature continuous wave, monolithic tunable THz
sources based on strain-balanced mid-infrared quantum cascade lasers,” Sci. Rep., vol. 6, pp. 1–16, 2016.

Vol. 9, No. 3, June 2017 1503509



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /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 <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


