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Abstract—Terahertz quantum-well photodetectors (QWPs) rep-
resent a new and emerging photon-type detector in a terahertz
region. Recent progress in the development of terahertz QWPs is
reviewed. We first discuss the many-particle effects on the accurate
design of terahertz QWPs. Second, three types of light couplers for
terahertz QWPs are introduced. At resonant coupling frequen-
cies, the polarization of light field is effectively changed by the
light couplers to fulfill the selection rule of intersubband transition.
Meanwhile, the electric field intensities in the active multiquantum-
well region of terahertz QWPs are enhanced. The performance of
terahertz QWPs with these light couplers is improved significantly.
Finally, terahertz-QWP-based wireless communication and imag-
ing are demonstrated.

Index Terms—Imaging, light couplers, quantum-well
photodetectors (QWPs), terahertz, wireless communication.

1. INTRODUCTION

ERAHERTZ detectors are key components in a wide range
T of applications such as material identification, imaging, to-
mography, communication, etc. [1]. Various terahertz detectors
have been applied in these applications. The thermal terahertz
detectors such as Golay cell [2], room-temperature and cooled
bolometers [3], [4], and pyroelectric detectors [5] are used in
terahertz and far-infrared imaging and spectroscopy with a long
history. Semiconductor photoconductive antennas play an im-
portant role in terahertz time-domain spectroscopy systems [6].
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Fig. 1. (a) Device schematic and (b) conduction band profile of an n-type
GaAs/(Al,Ga)As 45° facet coupled terahertz QWP.

Combined with the time-delay sampling technique, the pho-
toconductive antennas gated by femto-second laser pulses can
detect the magnitude and the phase of a terahertz electric field
simultaneously. Schottky barrier diodes can be operated in the
temperature range of 4-300 K and used both in direct terahertz
detection and as mixers in coherent heterodyne detection sys-
tems [7]. Due to the absence of narrow band-gap materials in
nature with their interband transition frequencies in terahertz
range, there are no terahertz photon detectors based on inter-
band transitions. Two types of terahertz photon detectors have
been widely utilized for a long time [8], [9]. The first type is
the pair-breaking photon detectors made of low-temperature su-
perconductors, which are sensitive mixers in the low terahertz
range [8]. The second-type terahertz photon detectors are fabri-
cated by extrinsic semiconductors based on Ge, Si, GaAs, GaP,
etc., in which the electrons bounded by shallow-impurity cen-
ters at low temperatures can be excited to conductive bands by
terahertz photons [9].

Recently, terahertz quantum-well photodetectors (QWPs)
based on intersubband transitions have been realized [10], [11].
Fig. 1 presents a schematic of the typical 45° facet light-
coupling geometry and conduction band profile of an n-type
GaAs/(AlL,Ga)As terahertz QWP. The physical mechanism of
photon response of terahertz QWPs is the same as that of
QWPs working in the usual thermal infrared region. Under dark
condition, because the electrons are bounded to the quantum
wells and the direct tunneling between neighboring quantum
wells is blocked by the thick barriers, the device is in a high-
resistance state. When terahertz radiations are coupled into the
terahertz QWP, the bounded electrons in the ground subbands
are excited into the first excited subbands and continuum states,
a drift photocurrent flows through the biased terahertz QWP,
and the device is in a low-resistance state. Consequently, a
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TABLE I
COMPARISON OF MAIN FEATURES OF COMMON TERAHERTZ DETECTORS: NOTE THAT NOISE EQUIVALENT POWER (NEP) IS DETECTOR-AREA DEPENDENT

Operating NEP Response time Frequency
Detectors temperature (K)  (pW/Hz'?) ) (THz)
Golay cell [19] 298 200-400 >0.05 0.2-30
VOx bolometers
[20] 298 40 >0.01 1.0-10
LiTiO3 pyroelectric -
detectors [21] 298 400 >0.01 0.2-30
Schottky barrier . 110
diodes [21] 298 100 10 0.1-10
Superconducting .
hot-electron <42 l?;l t::ﬁi;?f ~2x10™" 0.1-10
bolometers [7] 4
Si bolometers [22] 4.2 ~0.1 >0.025 0.15-20
Pair-breaking close to . 10
detectors [21] <42 quantum limit 2x10 <2.0
Terahertz QWPs <200 <100 <10”° (Not 3070

[16]

measured yet)

For superconducting detectors used as mixers, the ideal quantum limit is hv (photon energy) in unit of W/Hz.

photoconductivity occurs, resulting in the detection of the tera-
hertz radiations. There are two differences between QWPs work-
ing in terahertz and mid-infrared. First, due to the small energy
difference between the ground and the first excited subbands,
many-particle effects are more important in terahertz QWPs.
Moreover, since the dark current in QWPs is mainly due to
thermal excitation and thermally assisted tunneling of localized
electrons in quantum wells, terahertz QWPs must be operated
at lower temperatures due to the decrease of barrier height.
Second, because of the subwavelength scale of device thickness
and a low doping concentration in quantum wells, intersubband
absorption efficiency is much lower for terahertz QWPs with
standard device geometries, and hence the need for enhance-
ment mechanisms discussed in the paper.

There are several other types of intersubband photodetectors.
Photovoltaic terahertz photodetectors based on quantum cas-
cade structures are expected to have low dark current [12]. The
terahertz single-photon detector composed by a single-etched
quantum-dot (QD) absorber and a single-electron transistor is
very sensitive in lower terahertz range (<0.6 THz) at temper-
atures below 1.0 K [13]. Traditional terahertz QD [14] and
quantum-ring (QR) [15] photodetectors were successfully fab-
ricated by using a self-assembled growth method. In comparison
with terahertz QWPs, the QD and QR photodetectors have sim-
ilar performance at low temperatures (<20 K). With increasing
temperature, the degradation in performance for QD and QR
photodetectors is slower due to the 3-D confinement of electrons.

In comparison with other terahertz detectors, intersubband-
transition-based terahertz QWPs display some specific features
[16]. Due to the intrinsic short lifetime of photon-excited elec-
trons, terahertz QWPs can be operated with high response speed
and therefore suited for high-frequency applications [16], [17].
Terahertz QWPs are narrow-band detectors because of the delta-
function-like joint density of states of intersubband transitions.

As aresult, filters are not required in some laser-based concealed
object imaging applications. The response peak frequency of a
terahertz QWP is determined by the energy difference between
the first and second subbands of the quantum wells, which can
be well designed and implemented with molecular beam epitaxy
(MBE) growth technique. The mature semiconductor process-
ing technique makes it possible to fabricate large-scale uniform,
high-resolution, and long-term stable focal plane array, which is
important for realizing real-time terahertz imaging systems. The
main characteristics of common terahertz detectors are listed in
Table I. The features of terahertz QWPs mentioned previously
make them attractive for potential applications such as terahertz
imaging, heterodyne detection, terahertz free space communi-
cation, etc.

In this paper, we first discuss the design principle of
GaAs/(Al,Ga)As terahertz QWPs. In comparison with the
QWPs operating in mid-infrared, because the energy differ-
ence between the first and second subbands of terahertz QWPs
is much smaller, many-particle effects play an important role
in band structures and response peak frequencies of terahertz
QWPs. Two main many-particle interactions, the electron
exchange—correlation potential, and the depolarization effect are
considered within the local density approximation (LDA) [18].
Low intersubband absorption efficiency due to the low elec-
tron doping concentration in the quantum wells is a key fac-
tor in limiting the performance of terahertz QWPs. In order
to improve the intersubband absorption efficiency, three light-
coupling schemes, metal diffractive grating couplers, metal—
cavity couplers, and surface plasmon polariton (SPP) couplers
are investigated. High efficient light couplers are expected to
effectively improve the responsivity and working temperature
of terahertz QWPs. Finally, the applications of terahertz QWPs
in wireless communication and concealed metal object imaging
are demonstrated.
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Fig. 2. Calculated and experimental photocurrent spectra of terahertz QWPs:
(a) for V267 and (b) for V266. V,.. denotes the exchange—correlation potential.

II. BAND STRUCTURES AND PHOTOCURRENT
SPECTRA OF TERAHERTZ QWPS

We first calculate the band structures and the photocurrent
spectra of two devices labeled as V266 and V267 reported in [10]
and [11]. The MBE layers consist of a 400-nm top contact layer
with Si doping concentration of 1.0 x 10'"/cm?®, N quantum
wells with L, -wide GaAs layers, L;-thick Al,Ga; _, As barri-
ers, and an 800-nm bottom contact layer doped with Si to 1.0 x
10'7/cm3. The central 10-nm-wide region of each quantum well
is doped with Si to N;. For V266, the parameters are N = 30, L,,
= 15.5nm, L, = 70.2 nm, x = 0.03, and N; = 6.0 x 10'6/cm?.
For V267, the parameters are N = 23, L, = 22.1 nm, L, =
95.1 nm, x = 0.015, and N; = 3.0 x 10'%/cm?®. The barrier
height is 0.87x eV [16]. The electron effective mass is 0.067my
with m being the free electron mass. The band structures and
the photocurrent spectra are determined by the parameters L,,,
x, and Ny. The barrier thickness L; is determined by the con-
dition that the direct interwell tunneling is effectively blocked.
The absorption efficiency is proportional to the quantum well
number N. Numerical design details are presented in [23].

The effects of the exchange—correlation potential and the de-
polarization interaction are explored [23]. For V266 and V267,
when the electron Coulomb interaction is considered in the
Hartree approximation, only one localized subband exists in the
quantum well, and the first excited subband is in alignment with
the top of the barrier, which is in coincidence with the design
rule of bound-to-quasibound QWPs [16]. However, when the
exchange—correlation potential is taken into account, the quan-
tum well becomes deeper, which increases the energy difference
between the ground subband and the first excited subband and
pulls the first excited subband deep into the quantum well. The
energy difference between the top of the barrier and the first
excited subband AFE is 3.2 meV for V266, and 3.0 meV for
V267. The measured photocurrent spectra of the two devices
indicate that the photon-excited electrons in the first excited
subband can escape into the continuum states via scattering
and electric-field-assisted tunneling mechanisms. With further
increasing the doping concentration in the quantum well, AE
increases. As a result, instead of escaping, most electrons in the
first excited subband are scattered back to the ground subband
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Fig.3. Calculated well width and barrier Al mole fraction for a GaAs/AlGaAs
quantum well (a) without and (b) with the exchange—correlation potential and
depolarization considered. The red dotted contour lines present the response
peak frequencies; the energy differences between the top of the barrier and the
first excited subband are shown by different colors. Si doping concentration in
the 10-nm central region of the quantum well is 4.0 x 1016/cm?.

via electron—phonon and other interactions. Therefore, for such
heavily doped terahertz QWPs, the localized electrons must be
excited to higher subbands, which leads to broadening and blue-
shift of the photocurrent peaks [24], [25]. At the same time, the
performance is degraded [24].

Theoretical and experimental photocurrent spectra for V266
and V267 are shown in Fig. 2 [23]. In order to obtain physical
insights, different many-particle interactions are considered step
by step in our calculations. The deviations of response peaks be-
tween theory and experiment for V266 and V267 are 5.6 meV
(24.8%) and 4.8 meV (36.0%) without including any many-
particle interaction. When the exchange—correlation potentials
are taken into account, the deviations decrease to 2.4 meV
(10.6%) and 2.6 meV (19.4%), respectively. Further improve-
ments of theoretical response peak positions are achieved by
considering the depolarization effects, and the discrepancies are
about 0.2 meV (0.9%) and 1.1 meV (8.2%) for V266 and V267,
respectively. The large remaining discrepancy between theory
and experiment for V267 may originate from the fluctuation of
Al fraction in barriers due to the small Al mole fraction (1.5%).

The optimal quantum-well parameters for a QWP are to have
the first excited subband in alignment with the top of the barrier
[16]. If this condition is satisfied, there is a large transition dipole
between the ground subband and the first excited subband; and
at the same time the photon-excited electrons in the first excited
subband can transport to the continuum states effectively. Fig. 3
presents the calculated response peak frequencies (red dotted
contour lines) and AE (color bars, 0.0 < AE < 2.0 meV)
in the GaAs/(Al,Ga)As quantum-well parameter space of x =
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0.5-4.0% and L, = 10-30 nm without and with considering
the many-particle interactions. The Si doping concentration is
set to Ny = 4.0 x 10'%/cm? in the central 10-nm region of
the quantum well. The many-particle interactions significantly
affect the band structures and the response peak frequencies,
especially for devices working in the lower THz range. For V266
and V267, the energy differences between the top of barrier and
the first excited subband are about 2.5 meV [23]. The measured
photocurrent spectra of V266 and V267 indicate that the photon-
excited electrons in the first excited subbands can transport into
the continuum states and contribute to photocurrent. However, if
this energy difference increases to about 3.0 meV, the electrons
in the first excited subband cannot escape into the continuum
states effectively [23], [24]. Therefore, it is expected that most
photon-excited electrons in the first excited subband can escape
from the quantum well to the continuum states with the value
of AF in the range of 0.0-2.0 meV via scattering and electric-
field-assisted tunneling processes. Therefore, it is expected that
most photon-excited electrons in the first excited subband can
escape from the quantum well to the continuum states with the
value of AF in the range of 0.0-2.0 meV via scattering and
electric-field-assisted tunneling mechanisms.

At present, the response frequencies of GaAs/(Al,Ga)As
terahertz QWPs cover a frequency range of 3.0-7.5 THz.
Terahertz QWPs working for a lower frequency range of 1.0—
3.0 THz have not been realized. As shown in Fig. 3(b), for
covering 1.0-3.0 THz the Al mole fraction will need to be less
than 1.5% for GaAs/(Al,Ga)As terahertz QWPs. It is therefore
important to control the accuracy and fluctuation of Al fraction
for the growth. Furthermore, because of the decrease of barrier
height, low Si concentrations in quantum wells are favored to
suppressing the dark current. We are carrying on research in
these directions.

III. LIGHT COUPLERS FOR TERAHERTZ QWPS

Light coupling is another key factor for better performance of
terahertz QWPs [16]. Since light absorption in terahertz QWPs
is due to intersubband transitions, the selection rule dictates that
terahertz QWPs cannot respond to normally incident light. We
study three types of metal-grating-based light couplers for ter-
ahertz QWPs. For simplicity, only 1-D gratings are considered.
All results for the case of 1-D gratings can be easily generalized
to the 2-D grating case. The metal grating period is in the X
direction, the length of metal strips is infinite in the Y direction,
and the quantum well growth direction is along the Z-axis. We
define a quantity +y, the normalized coupling efficiency of a light
coupler to that of a 45° facet coupling scheme

_ 2fff 1\’IQVVS|EZ|2 dv
S vaws|Eol? dv

where E is the electric field intensity in the multiquantum-well
(MQW) region of a terahertz QWP with a 45° facet coupling
scheme. The factor 2 in (1) accounts for the loss of 50% up-
polarized incident photons in the 45° facet coupling geometry.
Because of very low mole fraction of Al in the (Al,Ga)As bar-
riers and low Si doping concentration in the quantum wells, we
use a homogenous dielectric layer of GaAs to replace the MQW
structure, and we also neglect the contribution of intersubband
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Fig.4. Normalized photocurrent spectra of V266-G12, V266-G15, and the 45°
facet coupled device (Facet V266). The normalized photocurrent spectrum of
V266-G20 (not shown) is similar to that of V266-G15. The frequencies marked
by the vertical lines are the first-order diffraction mode frequencies of 12-pm
grating (blue) and 15-pm grating (red), respectively. (b) Peak responsivities of
V266-G12, V266-G15, and V266-G20. The inset to (a) is a schematic of the
grating-coupled terahertz QWP.

transitions to the relative permittivity. The approximation makes
the designs of light couplers and terahertz QWPs decoupled.
1-D and 2-D diffractive gratings were widely used as light
couplers of mid-infrared, far-infrared QWPs [26]-[28]. Three
different 1-D metal gratings with periods of p = 12.0 ym (V266-
G12), p = 15.0 pm (V266-G15), and p = 20.0 pm (V266-
G20) for the device V266 were fabricated and tested [29]. The
modal method [30] is employed to analyze the results. The
calculated frequencies of the first diffractive modes are 3.80,
5.28, and 6.27 THz for the three gratings, respectively. It is
shown that the photocurrent spectrum of V266-G12 is distorted,
whereas for V266-G135, the shape remains nearly the same and
only shows a small red shift. The vertical lines indicating the
positions of the first diffractive modes of the gratings are shown
in Fig. 4(a) to explain the distortion. According to our numerical
simulations, the incident lights with frequencies indicated by
the vertical lines are most efficiently coupled by the following
gratings: 5.28 THz for the 15-um-period grating (red dash—
dotted line) and 6.27 THz for the 12-pum-period grating (blue
dashed line). Due to this efficient coupling, a shoulder appears
around the blue vertical line in the spectrum of V266-G12,
and no significant distortion is observed for V266-G15. For
the case of V266-G20, the spectrum (not shown) is similar to
the 45° facet one. The possible reason is that the spectrum is
sharply peaked and, hence, the effect of the grating is not clearly
visible. Based on the spectra in Fig. 4(a), peak responsivities of
V266 with different gratings are acquired [see Fig. 4(b)]. At
0.15-V bias, the responsivities are 0.128, 0.197, and 0.070 A/W
for V266-G12, V266-G15, and V266-G20, respectively, which
are much higher than the responsivity of 13 mA/W reported
in [31]. Theoretical calculations show that the peak coupling
efficiency of an optimized metal grating is about three times
larger than that of 45° facet scheme [32]. However, the measured
peak responsivity of V266 with 45° facet coupling is about
0.3 A/W at temperature of 8 K and biased voltage of 0.15 V [11],
which is larger than that of V266-G15. The possible reason
for the discrepancy between theory and experiment may be the
extra Joule loss due to the imperfection of metal-semiconductor
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interface. Further investigations are needed to address the exact
reason of the discrepancy.

SPPs are electromagnetic excitations originating from the
collective motion of free electrons, which propagate along the
interface between a dielectric and a conductor and are con-
fined in the perpendicular direction [33], [34]. We proposed
SPP-based light couplers for terahertz QWPs [35]. Normally,
incident light can be coupled into SPP modes supported by the
top contact layers of terahertz QWPs by a 1-D metal grating.
The resonant coupling peak frequencies are determined by the
parameters of metal grating period p, metal strip width s, Si dop-
ing concentration n in the top contact layer, and the thickness
of the top contact layer a. Because the thicknesses of the active
MQW regions of terahertz QWPs are in subwavelength scale,
the evanescent and z-polarized electric fields related to the SPPs
have a large overlap with the MQW regions of terahertz QWPs.
Therefore, the SPP-based light couplers are expected to im-
prove the coupling efficiencies of terahertz QWPs significantly.
For SPP-based light couplers, the SPP modes are supported by
the trilayer air-n-doped GaAs—GaAs structures. In general, for
normally incident light, the metal grating provides momentums
of +£27wm/p with m = 1, 2, 3 ... [33]. However, due to the
disturbance from the metal strips on the trilayer structure, we
found that the momentums provided by the metal grating are
+27m/(p — s) [35]. The modes characterized by £m corre-
spond to two counterpropagating plane waves having the same
frequency. In the phase-matched condition of p = mA with A
the wavelength, the two counterpropagating plane waves form
standing wave patterns. When the values of the device parame-
ters p, s, n, and a are given, aided by the SPP dispersion relation
for the trilayer structure [34], resonant coupling frequencies are
determined. The electric-field distributions are numerically cal-
culated using an electromagnetic simulation software package
based on the finite element method (FEM) [36]. Fig. 5 presents
the calculated normalized photocurrent spectra for the 45° cou-
pling scheme and the SPP-based light coupler. The grating pa-
rameters are p = 16.0 ym and s = 8.0 um. The metal strips are
0.5 um thick. The Si doping concentration is 5.0 x 10*7/cm? in
the 0.4-pm-thick top contact layer. The Al mole fraction is 2.2%
in the (Al,Ga)As barriers. The width of the GaAs quantum wells
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is 15.0 nm, and the Si doping concentration in the central 10-
nm-wide regions of the quantum wells is 4.0 x 10'6/cm3. The
resonant coupling peaks shown in Fig. 5 correspond to different
values of m. The response peak of the terahertz QWP is designed
to match the second resonant coupling peak at 3.91 THz. There
is a large overlap between the response peak of the QWP and
the resonant coupling peaks induced by the SPPs. A maximum
value of about 30-fold enhancement of the coupling efficiency
is achieved in comparison with that of the 45° facet coupling
scheme.

Recently, strong interactions of a localized light field and in-
tersubband transitions in MQWs sandwiched between a metal
grating and a bottom metal layer have been systematically in-
vestigated [37], [38]. In such subwavelength metal cavity struc-
tures, the normally incident light coming from the grating side
is strongly compressed into the metal cavity at some resonant
frequencies determined by the geometry and material parame-
ters of the grating-MQWs-metal composite structures, and the
polarization of the field is effectively tuned to fulfill the in-
tersubband transition selection rule. In a metal-cavity coupled
terahertz QWP, a thin metal layer is inserted beneath the bot-
tom contact layer. A subwavelength cavity having high con-
finement factor is formed between the metal grating and the
bottom thin metal layer. We found that the resonant coupling
behaviors of a metal cavity are very different from those of a
metal grating (see Fig. 6) [32]. The relative dielectric constant
and the conductivity of gold, and the relative dielectric constant
of GaAs are set to —1.80 x 10%, 4.56 x 107 S/m, and 10.6,
respectively in our calculations. The FEM numerical resonant
coupling peak of the metal grating is at 5.48 THz [see Fig. 6(a)],
which is in accordance with the analytical solution of the first-
order diffractive mode frequency v = ¢/,/ep, where c is the
light speed in vacuum. However, in the metal-cavity coupled
terahertz QWPs, the original grating-determined resonant cou-
pling peak at 5.48 THz disappears, and two other resonant
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Fig. 7. Wireless audio signals transmission system based on a terahertz QCL
and a terahertz QWP. (a) Scheme of the terahertz transmission setup. (b) Time
traces of audio signals transmitted over the link, upper trace: modulator signal
and lower trace: received signal.

coupling peaks with their maximum values at 3.65 and 7.20 THz
emerge with the same grating parameters and the thickness of the
cavity & = 3.8 um [see Fig. 6(b)]. In comparison with the case
of metal-grating-coupled terahertz QWPs, the maximum cou-
pling efficiency increases by about an order of magnitude. The
waveguide effects of the metal cavity are responsible for the
changes of the resonant coupling behaviors. A ray propagation
method [39], [40] is successfully used to analyze the resonant
behaviors in the metal-cavity-coupled terahertz QWPs qualita-
tively. The theoretical maximum value of normalized coupling
efficiency +y is about 100 for the optimal metal cavity parameters
[see Fig. 6(c)].

For the metal-cavity- and SPP-based light couplers for
terahertz QWPs, at resonant coupling frequencies, the polariza-
tion of light field is effectively changed to fulfill the intersubband
transition selection rule. Meanwhile, the electric field intensity
in the active MQW regions of terahertz QWPs is substantially
enhanced, which indicates that a higher absorption efficiency
is expected for a low Si doping concentration in the quantum
wells. The tradeoff [16] between the responsivity and the oper-
ating temperature determined by the Si doping concentration in
the quantum wells needs to be re-evaluated.

IV. APPLICATIONS OF TERAHERTZ QWPS

Due to the intrinsic short lifetime of photon-excited elec-
trons [16], [17], terahertz QWPs are potentially suited for
applications in high-speed terahertz communications. We
demonstrated an audio terahertz wireless transmission link [41].
A terahertz quantum cascade laser (QCL) [42] is used as the
signal emitter and a terahertz QWP as the receiver. The exper-
imental setup is shown in Fig. 7(a). The lasing frequency of
the QCL is 4.1 THz. The audio signal from a MP3 player is
added to a dc current offset, and amplified by a power ampli-
fier (PA). The modulated bias voltage from the PA is used to
driven the QCL. The light amplitude from the QCL operated in
linear bias range is proportional to the drive bias voltage. The
modulated laser beam is collimated by an off-axis parabolic
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Fig. 8. Scanning terahertz imaging of a concealed metal key with a blackbody
source and a terahertz QWP. (a) Schematic of the terahertz imaging setup.
(b) Comparison of the concealed metal key between optical picture (left) and
terahertz images with different blackbody temperatures of 473, 423, and 373 K
(from left to right).

mirror. After a transmission distance of about 2.0 m, the laser
beam is focused onto the QWP. The photocurrent is amplified
by a transimpedance amplifier (TTA). A high-pass filter is used
to eliminate low-frequency noises. The 3-dB bandwidth of the
wireless link is about 580 kHz. The oscilloscope traces of the
modulated signal and the received signal are shown in Fig. 7(b).
The main signal features are well kept, and the audio signal is
reproduced via a loudspeaker on the receiving side.

By utilizing the narrow-band response feature of terahertz
QWPs, we presented a 2-D-scan terahertz imaging of a metal
key in an envelope assisted by a blackbody source [43]. A
terahertz QWP with a response peak frequency of 3.2 THz [10]
is placed on the 3.4 K cold finger of a close-cycle optical cryostat
with a high-density polyethylene window. The experiment setup
is shown in Fig. 8(a). The sample is placed at the focal plane
of an off-axis parabolic mirror (PM1) and mounted on a com-
puter controlled X-Y translation stage. In front of the sample,
we use a pinhole to reduce the background noise. After a chop-
per, the transmission signal is collimated by PM1 and focused
by PM2 onto the terahertz QWP. The photocurrent is amplified
by a low-noise amplifier (LNA), and then read out by a lock-in
amplifier (LIA) which is controlled by a computer for synchro-
nization with the X-Y stage. Fig. 8(b) presents three images of
the concealed metal key with different blackbody temperatures
of 473, 423, and 373 K. The corresponding signal-to-noise ra-
tios are 27, 17, and 10, respectively. As the signal-to-noise ratio
increases, the quality of the image becomes better. The spatial
resolution of the imaging system is ~1 mm, which is limited by
the scanning system.

V. CONCLUSION

In conclusion, intersubband-transition-based terahertz QWPs
have some specific features such as intrinsic high response
speed, narrow band response, and mature fabrication technique.
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They have potential applications such as terahertz imaging, het-
erodyne detection, terahertz free space communication, etc. Due
to the small barrier height and the energy difference between the
ground subband and the first excited subband, many particle in-
teractions play key roles in the band structure and the response
peak frequency of a terahertz QWP. Because the exchange—
correlation potential is negative, it increases the energy differ-
ence between the top of the barrier and the first excited subband
AE. A blue shift of the response peak is introduced by both
the exchange—correlation and depolarization interactions. Light
coupling is another key factor for better performance of terahertz
QWPs. Three types of light couplers are investigated. For the
metal-cavity- and SPP-based light couplers, at resonant cou-
pling frequencies, the polarization of light field is effectively
changed. Meanwhile, the electric field intensity in the active
MQW regions of terahertz QWPs is substantially enhanced.
Terahertz-QWP-based wireless communication and imaging are
demonstrated, which indicates that the terahertz QWPs have po-
tential applications in the aforementioned fields.

ACKNOWLEDGMENT

The authors would like to thank their colleagues and cowork-
ers for their contributions, especially Z. Chen and T. Zhou at
Shanghai Institute of Microsystem and Information Technology.

REFERENCES

[1] B. Ferguson and X.-C. Zhang, “Materials for terahertz science and tech-
nology,” Nat. Mater., vol. 1, pp. 26-33, Jan. 2002.

[2] S. Hargreaves and R. A. Lewis, “Terahertz imaging: Materials and meth-
ods,” J. Mater. Sci.: Mater. Electron., vol. 18, pp. S299-S303, Mar. 2007.

[3] J. Wei, D. Olaya, B. S. Karasik, S. V. Pereverzev, A. V. Sergeev, and
M. E. Gershenzon, “Ultrasensitive hot-electron nanobolometers for tera-
hertz astrophysics,” Nat. Nanotechnol., vol. 3, pp. 496-500, Jul. 2008.

[4] M. Tarasov and L. Kuz’min, “Concept of a mixer based on a cold-electron
bolometer,” JETP Lett., vol. 81, pp. 538-541, Apr. 2005.

[5] A. Dobroiu, M. Yamashita, Y. N. Ohshima, Y. Morita, C. Otani, and
K. Rawase, “Terahertz imaging system based on a backward-wave oscil-
lator,” Appl. Opt., vol. 43, pp. 5637-5646, Oct. 2004.

[6] M. Tani, K.-S. Lee, and X.-C. Zhang, “Detection of terahertz radiation
with low-temperature-grown GaAs-based photoconductive antenna using
1.55 pm probe,” Appl. Phys. Lett., vol. 77, pp. 1396—-1398, Jun. 2000.

[71 H.-W. Hubers, “Terahertz heterodyne receivers,” IEEE J. Sel. Topics
Quantum Electron., vol. 14, no. 2, pp. 378-391, Apr. 2008.

[8] G.H.Rieke, Detection of Light: From the Ultraviolet to the Submillimeter.
Cambridge: Cambridge Univ. Press, 2003.

[9] E. Burstein, J. J. Oberly, and J. W. Davisson, “Infrared photoconductivity

due to neutral impurities in silicon,” Phys. Rev., vol. 89, pp. 331-332,

Jan. 1953.

H. C. Liu, C. Y. Song, A. J. SpringThorpe, and J. C. Cao, “Terahertz

quantum-well photodetector,” Appl. Phys. Lett., vol. 84, pp. 40684070,

May 2004.

H. Luo, H. C. Liu, C. Y. Song, and Z. R. Wasilewski, “Background-

limited terahertz quantum-well photodetector,” Appl. Phys. Lett., vol. 86,

pp- 231103-1-231103-3, Jun. 2005.

M. Graf, G. Scalari, D. Hofstetter, J. Faist, H. Beere, E. Linfield, D. Ritchie,

and G. Davies, “Terahertz range quantum well infrared photodetector,”

Appl. Phys. Lett., vol. 84, pp. 475-477, Nov. 2003.

S. Komiyama, “Single-photon detectors in the terahertz range,” IEEE J.

Sel. Topics Quantum Electron., vol. 17, no. 1, pp. 54-66, Jan./Feb. 2011.

X. H. Su, J. Yang, P. Bhattacharya, G. Ariyawansa, and A. G. U. Perera,

“Terahertz detection with tunneling quantum dot intersublevel photode-

tector,” Appl. Phys. Lett., vol. 89, pp. 031117-1-031117-3, Jul. 2006.

G. Huang, W. Guo, P. Bhattacharya, G. Ariyawansa, and A. G. U. Perera,

“A quantum ring terahertz detector with resonant tunnel barriers,” Appl.

Phys. Lett., vol. 94, pp. 101115-1-101115-3, Mar. 2009.

H. Schneider and H. C. Liu, Quantum Well Infrared Photodetectors:

Physics and Applications.  Berlin: Springer, 2007.

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

8500508

R. Paiella, F. Capasso, C. Gmachl, D. L. Sivco, J. N. Baillargeon,
A. L. Hutchinson, A. Y. Cho, and H. C. Liu, “Self-mode-locking of
semiconductor lasers with giant ultrafast optical nonlinearities,” Science,
vol. 290, pp. 1739-1742, Dec. 2000.

W. Kohn and L. J. Sham, “Self-consistent equations including exchange
and correlation effects,” Phys. Rev., vol. 140, pp. A1133-A1138, Nov.
1965.

F. F. Sizov, V. P. Reva, A. G. Golenkov, and V. V. Zabudsky, “Uncooled
detector challenges for THz/sub-THz arrays imaging,” J. Infrared Millim.
Terahertz Waves, vol. 32, pp. 1192-1206, Apr. 2011.

N. Oda, “Uncooled bolometer-type terahertz focal plane array and camera
for real-time imaging,” C. R. Phys., vol. 11, pp. 496-509, Aug. 2010.

A. Rogalski and F. Sizov, “Terahertz detectors and focal plane arrays,”
Opto-Electron. Rev., vol. 19, pp. 346-404, Sep. 2011.

[Online]. Available: http://www.infraredlaboratories.com/

X. G. Guo, Z. Y. Tan, J. C. Cao, and H. C. Liu, “Many-body effects on
terahertz quantum well detectors,” Appl. Phys. Lett., vol. 94, pp. 201101-
1-201101-3, Apr. 2009.

M. Graf, E. Dupont, H. Luo, S. Haffouz, Z. R. Wasilewski, A. J.
SpringThorpe, D. Ban, and H. C. Liu, “Terahertz quantum well infrared
detectors,” Infrared Phys. Technol., vol. 52, pp. 289-293, Jun. 2009.

X. G. Guo, R. Zhang, H. C. Liu, A. J. SpringThorpe, and J. C. Cao, “Pho-
tocurrent spectra of heavily doped terahertz quantum well photodetectors,”
Appl. Phys. Lett., vol. 97, pp. 021114-1-021114-3, Jul. 2010.

K. W.Goossenand S. A. Lyon, “Grating enhanced quantum well detector,”
Appl. Phys. Lett., vol. 47, pp. 1257-1259, Sep. 1985.

J. Y. Andersson and L. Lundqvist, “Near-unity quantum efficiency of
AlGaAs/GaAs quantum well infrared detectors using a waveguide with a
doubly periodic grating coupler,” Appl. Phys. Lett., vol. 59, pp. 857-859,
Aug. 1991.

J. Y. Andersson and L. Lundqvist, “Grating-coupled quantum-well in-
frared detectors: Theory and performance,” J. Appl. Phys., vol. 71,
pp- 3600-3610, Apr. 1992.

R. Zhang, X. G. Guo, C. Y. Song, M. Buchanan, Z. R. Wasilewski,
J. C. Cao, and H. C. Liu, “Metal grating coupled terahertz quantum well
photodetectors,” [EEE Electron Device Lett., vol. 32, no. 5, pp. 659-661,
May 2011.

Y. Todorov and C. Minot, “Modal method for conical diffraction on a
rectangular slit metallic grating in a multilayer structure,” J. Opt. Soc.
Amer. A, Opt. Image Sci., vol. 24, pp. 3100-3114, Oct. 2007.

M. Patrashin and I. Hosako, “Terahertz frontside-illuminated quantum
well photodetector,” Opt. Lett., vol. 33, pp. 168-170, Jan. 2008.

X. G. Guo, R. Zhang, J. C. Cao, and H. C. Liu, “Numerical study on
metal cavity couplers for terahertz quantum well photodetectors,” [EEE
J. Quantum Electron., vol. 48, no. 5, pp. 728-733, May 2012.
H. Raether, Surface Plasmons.  Berlin: Springer, 1988.

S. A. Maier, Plasmonics: Fundamentals and Applications.
Springer, 2007.

X. G. Guo, R. Zhang, J. C. Cao, and H. C. Liu, “Surface plasmon enhanced
absorption in metal grating coupled terahertz quantum well photodetec-
tors,” unpublished.

COMSOL, Multiphysics modeling and simulation software. [Online].
Available: www.comsol.com

Y. Todorov, A. M. Andrews, I. Sagnes, R. Colombelli, P. Klang,
G. Strasser, and C. Sirtori, “Strong light-matter coupling in subwave-
length metal-dielectric microcavities at terahertz frequencies,” Phys. Rev.
Lett., vol. 102, pp. 186402-1-186402-4, May 2009.

Y. Todorov, L. Tosetto, J. Teissier, A. M. Andrews, P. Klang,
R. Colombelli, I. Sagnes, G. Strasser, and C. Sirtori, “Optical proper-
ties of metal-dielectric-metal microcavities in the THz frequency range,”
Opt. Express, vol. 18, pp. 13886-13907, Jun. 2010.

D. Rosenblatt, A. Sharon, and A. A. Friesem, “Resonant grating waveg-
uides structure,” IEEE J. Quantum Electron., vol. 33, no. 11, pp. 2038-
2059, Nov. 1997.

A. Sharon, S. Glasberg, D. Rosenblatt, and A. A. Friesem, “Metal-based
resonant grating waveguide structures,” J. Opt. Soc. Amer. A, vol. 14,
pp. 588-595, Mar. 1997.

Z. Chen, Z. Y. Tan, Y. J. Han, R. Zhang, X. G. Guo, H. Li, J. C. Cao,
and H. C. Liu, “Wireless communication demonstration at 4.1 THz using
quantum cascade laser and quantum well photodetector,” Electron Lett.,
vol. 47, no. 17, Aug. 2011.

H. Luo, S. R. Laframboise, Z. R. Wasilewski, G. C. Aers, H. C. Liu, and
J. C. Cao, “Terahertz quantum-cascade lasers based on a three-well active
module,” Appl. Phys. Lett., vol. 90, pp. 041112-1-041112-3, Jan. 2007.

T. Zhou, R. Zhang, X. G. Guo, Z. Y. Tan, Z. Chen, J. C. Cao, and H. C.
Liu, “Terahertz imaging with quantum well photodetectors,” unpublished.

Berlin:



8500508

X. G. Guo was born in Liaoning, China. He received
the Bachelor’s and Master’s degrees in physical elec-
tronics from Fudan University, Shanghai, China, in
1997 and 2000, respectively, and the Ph.D. degree
in microelectronics and solid-state electronics from
the Shanghai Institute of Technical Physics, Chinese
Academy of Sciences, Shanghai, in 2003.

He is currently an Associate Professor of the
Key Laboratory of Terahertz Solid-State Technology,
Shanghai Institute of Microsystem and Information
Technology, Chinese Academy of Sciences. His ma-
jor research interest includes terahertz semiconductor optoelectronic devices.

J. C. Cao was born in Jiangxi, China, in 1967. He
received the Ph.D. degree in electrical engineering
from the Southeast University, Nanjing, China, in
1994.

He is currently the Terahertz (THz) group leader
and Director of the Key Laboratory of Terahertz
Solid-State  Technology, Shanghai Institute of
Microsystem and Information Technology, Chinese
Academy of Sciences, Shanghai, China. From 1999
to 2000, he was a Senior Visiting Scientist at the
National Research Council, Ottawa, Canada. He and
his group members successfully developed THz quantum cascade laser and
its applications in THz communication and imaging, developed Monte Carlo
simulation method for THz quantum cascade lasers, developed THz-radiation-
induced semiconductor impact ionized model, and successfully explained the
absorption of strong THz irradiation in a low-dimensional semiconductor.
His current research interests include THz semiconductor devices and their
applications.

Dr. Cao received the National Fund for Distinguished Young Scholars of
China and the Natural Science Award of Shanghai (the Peony Award) in 2004.
He got the Excellent Teacher Award from Chinese Academy of Sciences twice
in 2006 and in 2011.

R. Zhang was born in Nanjing, China. He received
the Bachelor’s degree in biological physics from
Nanjing University, Nanjing, and the Doctor’s
degree in microelectronics and solid-state electron-
ics from the Shanghai Institute of Microsystem and
Information Technology (SIMIT), Chinese Academy
of Sciences, Shanghai, China, in 2006 and 2011,
respectively.

He is currently an Assistant Research Fellow of
SIMIT. His major research interests include terahertz
semiconductor devices and their applications.

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 19, NO. 1, JANUARY/FEBRUARY 2013

Z.Y. Tan was born in Hunan, China, in 1982. He re-
ceived the Bachelor’s degree in electronic science and
technology from Jilin University, Jilin, China, and
the Ph.D. degree in microelectronics and solid-state
electronics from the Shanghai Institute of Microsys-
tem and Information Technology (SIMIT), Chinese
Academy of Sciences, Shanghai, China in 2005 and
2010, respectively.

He is currently an Assistant Research Fellow of
SIMIT. His activities are mainly concerned with ter-
ahertz semiconductor devices and their applications,
particularly for the generation, transmission, and detection of terahertz light.

H. C. Liu (M’99-SM’05-F’07) was born in Taiyuan,
China. He received the B.Sc. degree in physics from
Lanzhou University, Lanzhou, China, in 1982, went
to the U.S. in the same year viathe CUSPEA program,
and received the Ph.D. degree in applied physics from
the University of Pittsburgh, Titusville, in 1987 as an
Andrew Mellon Predoctoral Fellow.

He was with the Institute for Microstructural Sci-
ences of the National Research Council of Canada
from 1987 to 2011. He is currently with the Shanghai
Jiao Tong University, Shanghai, China, as a “1000”
Chair Professor. He has published extensively in refereed journals with an
H-index of 38 and presented often in international conferences with about
90 plenary/invited talks. His major research interest includes semiconductor
quantum devices.

Dr. Liu has been elected as a Fellow of the Academy of Sciences—Royal
Society of Canada and a Fellow of the American Physical Society. He received
the Herzberg Medal from the Canadian Association of Physicists in 2000, the
Bessel Prize from the Alexander von Humboldt Foundation in 2001, the Distin-
guished Young Scientist Award (NSFC-B) in 2005, and the Changjiang Scholar
Award in 2008.




<<
  /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
  /CreateJDFFile false
  /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

  /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


