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1. INTRODUCTION

THz detectors are one of the key devices in various THz applications, such
as THz science research, bio and chemical material identification, medical
imaging, security screening, and communication (Ferguson and Zhang,
2002). Early THz detectors are thermal detectors and semiconductor
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photoconductive detectors (Haller, 1994). Thermal detectors include
Lithium tantalate (LiTaO3) pyroelectric detector (Byer et al., 1975; Fukada
and Furukawa, 1981), deuterated triglycine sulfate (DTGS) pyroelectric
detector (Goss et al., 1984; Lal and Batra, 1993), and Si bolometer (Downey
et al., 1984; Richards, 1994). Doped Ge photoconductive detector (Haller,
1994; Haller et al., 1979), n type bulk GaAs detector (Gornik, 1984), and
homojunction and heterojunction interfacial workfunction internal pho-
toemission (HIWIP and HEIWIP) far-infrared detectors (Perera, 2006;
Perera et al., 2000) are typical semiconductor photoconductive detectors.
These devices are used in astronomy and astrophysics (Haller, 1994);
besides, DTGS and Si bolometer are used in FTIR to measure the transmis-
sion and reflection spectra of materials or the emission spectra of lasers.
LiTaOg3 detectors are used to calibrate the laser-emission power (Li. et al.,
2009a), and the array of which can also be used to characterize and analyze
the beam of lasers or image (Yang et al., 2008). Recently, using intersub-
band transitions in semiconductor quantum structures, THz quantum well
photodetectors (THz QWPs) have been demonstrated as fast, compact,
and easy integratable THz photon detectors (Cao, 2006; Cao et al., 2006;
Chen et al., 2006; Graf et al., 2004; Guo et al., 2009; Lake et al., 1997; Liu
et al., 2008, 2004; Luo et al., 2005; Patrashin et al., 2006; Tan and Cao, 2008;
Tan et al., 2010, 2009). Compared with THz thermal detectors, THz QWPs
are narrowband and fast response, which are suitable for laser-emission
characterization and THz communication (Grant et al., 2009).

As the extension of quantum well infrared photodetectors (QWIPs) in
THz range, THz QWPs have similar device performance and characteris-
tics with QWIPs. Based on GaAs/AlGaAs material system, there are two
types of QWIPs: photoconductive QWIP and photovoltaic QWIP. Reported
THz QWPs are mostly photoconductive detectors (Guo et al., 2009; Liu
et al., 2004; Luo et al., 2005; Patrashin et al., 2006). Because of good respon-
sivity and high sensitivity, photoconductive QWIPs are widely used in
focal plane arrays and multicolor detection (Gunapala ef al., 2000), while
photovoltaic QWIPs, which are low-dark current (Schonbein et al., 1996),
working at zero or near-zero bias and only existing in midinfrared range
(Schneider et al., 1996, 1997) so far, can be used to construct high thermal
resolution focal plane array (Schneider et al., 2003).

In this chapter, the working mechanism, simulation, design, and char-
acterization of THz QWPs are discussed systematically. Then, we intro-
duce some recent applications based on THz QWPs.

2. PRINCIPLE OF THz QWP

In 1985, infrared absorption by intersubband transition in GaAs/AlGaAs
multiple quantum well was first observed by West and Eglash (1985). After
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that, a new photon-detection technology based on intersubband transition
in quantum well was realized and studied by many researchers (Levine,
1993; Levine et al., 1990, 1987; Schneider et al., 2003). THz QWPs are the
extension of QWIP to THz range. In 2004, Liu ef al. (2004) realize the first
THz QWP. Since then, significant improvements in simulation and design
of active region (Guo et al., 2009; Liu et al., 2007a; Xiong et al., 2008), device
performance (Hewageegana and Apalkov, 2008; Luo et al., 2005; Patrashin
and Hosako, 2008; Schneider et al., 2009), and applications (Fathololoumi
et al., 2010; Graf et al., 2009; Luo et al., 2006) have been achieved.

According to different active region structures, electron distributions,
and transport mechanisms, there are two types of quantum well pho-
todetectors: photoconductive and photovoltaic. The active region consists
of periodic multiple quantum wells and barriers. Each period include a
doped GaAs layer (well) and a AlGaAs layer (barrier). The operation mech-
anism of THz QWPs is as follows: when THz waves are incident on the
active part of the detectors, the electrons on the bond state in the quantum
well absorb the THz photons and then get excited to the quasicontinuum
state, which is very close to the top of the barrier. With external bias, these
excited carriers (electrons) result in a photocurrent. The response peak is
determined by the energy-level spacing between the bond state and quasi-
continuum state, which can be tailored by barrier height, well width, and
doping density in the well. Usually, many wells (10-100) are required for
sufficient absorption. Conductive THz QWPs are promising detectors in
future high-speed THz wireless communication because of their simple
structure and high respond speed.

Because of different doping types, conductive THz QWPs can either be
n-type or p-type. In quantum wells, electrons are bound to the well only
in the growth direction of quantum wells; while in the direction normal to
the growth direction, the dispersion relation of electron is parabolic under
effective mass approximation for n-type, which is similar to free electrons.
Hence, n-type quantum wells can not absorb photons of normal incident
light, while p-type quantum wells can as a result of intervalence transitions
of holes. So, 45° incident, light-coupling geometry or grating coupler is
often used in n-type devices, and normal incident can be directly used in
p-type ones. However, because of other limitations such as low mobility,
the performances of p-type devices are far inferior to n-type ones. Recently,
many advances of n-type THz QWPs have been obtained (Guo et al., 2009;
Liu et al., 2007a; Luo et al., 2005; Patrashin et al., 2006; Schneider et al., 2009).

Detector responsivity is an important performance characteristic, usu-
ally written as (Beck, 1993; Liu, 1992)

Iphoto e

= = — 41
hod heo N8 photo/ (4.1)

i
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where w and @ are the frequency and the number of the incident pho-
ton per unit time, respectively, n = Nn@ is the total absorption quantum
efficiency, in which n® is the absorption quantum efficiency of single
quantum well, and N is the number of quantum wells in active region.
Sphoto 18 the photoconductive gain, which is

Trelax Ttrans + Tc l _ Pe l

7
Tesc + Trelax ~ Ttrans N Pc N

gphoto = (4-2)

where tyejax and tesc are the intersubband relaxation time and the escape
time from the quantum well, respectively. p. and pe are trapping or capture
probability when electrons with higher energy than barrier pass through
the quantum wells and the escape probability when excited electrons
escape the quantum wells, respectively.

Detectivity D* and blip (background limited infrared performance)
temperature are the two most important THz QWP characteristics. D* is
the signal (per unit incident power) to noise ratio normalized by the detec-
tor area and the measurement electrical bandwidth. The relevant noise
contributions are from (1) the detector itself (i.e., dark current) and (2) the
fluctuation of the photocurrent induced by background photons incident
on the detector.

When the noise is only because of dark current, using three-
dimensional (3D) carrier drift model and two-dimensional (2D) emission-
capture model (Schneider and Liu, 2006), we get the detector noise
limited D*

Ao Tc
D} = — , 4.3
det ™ 27 he /N NapLp (43)
and
A n Tscatt
et = —— , 4.4
det =™ 27 he NV Nop (44)
where A is the wavelength, N3p and Nop can be approximated by
myksT\>/? 2nhe Ky
N3p =2 - —), 4.5
3D < 2nh > P ReksT  koT, ®5)
and
kaT 2w he Ef
Nop = —5- - —, 4.6
D=2 exP( rkeT T kBT> (4.6)
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where m (my,) is the effective mass in the well (barrier), and A, is the cutoff
wavelength. Fermi energy and the electron density in quantum well satisfy

Np = (m/7h?)E;. 4.7)

In view of the balance between scattering escape and capture, Eq. (4.3)
and (4.4) are actually equivalent. However, they do show the physical pro-
cess from different perspectives. While Eq. (4.3) relates the detectivity to
the 3D effective carrier concentration and the capture process, Eq. (4.4)
addresses a 2D effective carrier concentration and a scattering (or emis-
sion) process. From Eqs. (4.3)-(4.6), the expected general behavior for a
photoconductor is seen, such as (1) a higher 7 or lower T lead to a higher
D*, and (2) A and T are the most sensitive parameters, being on the expo-
nent. Noting that  is proportional to the doping density and hence the
Fermi energy, there is an optimum value for E¢. The optimum value is
found by

d E¢
dE |:Efexp( * T)] =0, (4.8)

which gives the maximum D* when E¢ = 2kgT (Kane et al., 1992). This
condition dictates an optimum value for Np for maximizing D*.

The blip condition is defined when the photocurrent caused by the
background equals the dark current, and the temperature is called blip
temperature (Tpp). For operations at and lower than Ty, the detector
is said to be under blip condition, and then the maximum detectivity is
limited by the background.

In the blip regime, the background limited D}, is given by

Dr — Ap Ip
Plip ™ 4 e\ gp, pn”

(4.9)

where 1, is the peak detection wavelength, n, is the peak absorption,
and ¢ppp is the integrated background photon number flux (per unit
area) incident on the detector. For a given wavelength and if a detec-
tor is blip, DY, only depends on the absorption quantum efficiency and
the background photon flux. The electron lifetime becomes irrelevant in
this regime. Using three-dimensional (3D) carrier drift model and two-
dimensional (2D) emission-capture model, the blip temperature is found
to be determined by the following equations:

N _ (mksT _ 2mhe B¢ 410
N TscattPB, ph <—7Thz )GXP< kg T + kgT)’ (4.10)
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and

mpkpT\ >/? 27he¢  E
o= (28 (B )

_— 411
27 h? rcksT  kgT)’ ( )

where 11 is the peak absorption efficiency for one quantum well.

From Egs. (4.10) and (4.11), the most sensitive parameter is A, being
in the exponent. A high capture velocity (short scattering time), although
giving rise to a fast intrinsic response speed, leads to a low Tyy;p. It is inter-
esting to note that Ty, depends on the one well absorption, not the total
absorption, and that improving 7! has the same effect as improving 7c/Lp
and Tscatt. The practical values of 7. for QWIPs fall in the range of 1-10 ps.
Given A, 7., T, and ¢p, ph, Eq. (4.10) can be rewritten as

E¢ Ef\ 27 hc
ko exp <_kB_T) = (Constant) x exp( kaBT> . (4.12)

Noting n® « Np o Ef, one can adjust E¢ to maximize the left-hand-side of
the equation, which maximizes Tyjp. The optimum condition is E¢ = kgT,
which is different from the optimum condition for maximizing the detec-
tor limited detectivity by a factor of two (i.e., Ef = 2kgT). These predictions
have been verified experimentally for QWIPs in the 8-10 wm region (Yang
et al., 2009).

For completeness, the ideal (blackbody) background photon flux is
given by

o, = [ Qi [sin? 072 | GO LG, @13

where 0 is the field of view (FOV) full-cone angle, the photon irradiance is
given by

2c 2 he -1
Lg(A) = a |:exp ()»kBTB> — 1] , (4.14)

where T is the background temperature, and the device spectral lineshape
is modeled by

1
= ——. (4.15)

2
AA AA
1+ (ﬂ - —zxp)
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Presently, most THz QWPs are photoconductive detectors, covering
peak response frequency from 2 to 7 THz. The operation temperature is
still not very high, about 30 K or lower (Liu et al., 2007a).

3. THEORY AND SIMULATION OF THz QWP

3.1. Basics of simulation models

THz QWPs are designed with the same principle used in midinfrared
quantum well photodetectors. Quantum well photodetector is a unipole
device, which replies on intersubband transitions of electrons (holes).
Understanding the transport is important to predict the detector perfor-
mance. Several models have been proposed: (1) nonequilibrium Green
function based on quantum transport theory (Lake et al., 1997) and (2)
Monte Carlo method based on Boltzmann equation. Ryzhii et al. (1998)
used this method to study the dark current, I-V characteristic and the
nonlinear dynamics of carrier transport; Cellek et al. (2004) applied a
microscopic scattering model in the Monte Carlo simulation to solve the
problem of transition between local state and extented state; (3) rate equa-
tion method based on quasimicroscopic scattering model. Jovanovi¢ et al.
(2004) used this method to analyze the gain, photocurrent response, and
I-V characteristic of quantum well photodetectors.

Various scattering mechanisms and physics effects can be easily
included in the nonequilibrium Green function method, such as corre-
lation, depolarization and memory effect, and so on. But this method is
difficult to solve for complex structures because of its heavy computational
demand. Rate equations take into account microscopic scattering mecha-
nisms, but the quantitative results are still difficult to obtain because of
phenomenological parameters. Different scattering processes can be con-
veniently considered with Monte Carlo method. Considering all these
factors, Monte Carlo method is an effective method to design quantum
well photodetectors.

The numerical models for dark current include self-consistent drift-
diffusion model, self-consistent emission-capture model, and numerical
Monte Carlo model. The self-consistent drift-diffusion model developed
by Ershov et al. (1996, 1995) calculates the QWIP characteristics by self-
consistently solving three equations: (1) Poisson equation, (2) continuity
equation for electrons in the barriers, and (3) rate equation for electrons
in the quantum wells. The inclusion of the Poisson equation is especially
important for QWIPs with a small number of wells (<10) because the
field can be substantially different (often higher) for the first few peri-
ods starting from the emitter in comparison with the rest of the wells.
The continuity equation involves the current (expressed in the standard
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drift-diffusion form) and rates of thermal and optical generation and
of recombination. Using this numerical model, we were able to account
for the observed unusual capacitance behavior (Ershov et al., 1997b) and
explain the nonlinear photoconductivity at high excitation power using a
CO;, laser (Ershov et al., 1997a). In addition, the model has the capability
to predict transient and hence frequency characteristics (Ershov, 1996), as
well as photoresponse under localized IR excitation (Ershov, 1998).

Thibaudeau et al. (1996) presented a numerical model that extends the
simple emission-capture model presented before. The model allows the
electric field to be nonuniform, self-consistently determined by Gauss’ law.
The authors obtained better agreement with experiments than the simple
model. Ryzhii (1997) constructed an analytical model by solving Poisson’s
equation and an equation governing the electron balance in the quantum
well. Interesting functional dependencies of the responsivity on the num-
ber of wells and the photon excitation power were found. Jovanovic ef al.
(2004) constructed a quantum mechanical model considering all scatter-
ing processes, including emission and capture. The model results were
compared with experimental data on a GaAs/AlGaAs device and good
agreement was found.

Ryzhii and Ryzhii (1998) and Ryzhii ef al. (1998) carried out Monte
Carlo simulations on QWIPs, in particular their ultrafast electron-transport
properties. Cellek and Besikci (2004) and Cellek et al. (2004) also per-
formed such simulations, analyzing the effects of material properties on
the device characteristics. They found the evidence that the L-valley in
GaAs/AlGaAs QWIPs plays an important role in determining the respon-
sivity versus voltage behavior. Monte Carlo simulations shed light on the
hot electron distribution on top of the barriers, and they should provide
guidance to the optimization of QWIPs.

To end this section, although several models have been established,
with varying degree of complexity, and good agreement between mod-
els and experiments has been obtained, to formulate a true first-principle
QWIP model is a highly nontrivial task. This is because the QWIP is rather
complicated. Given the wide barriers and narrow wells, the transport
mechanism falls between ballistic and drift-diffusion; and because of the
high doping and high field, realistic calculations of scattering or trapping
rates are extremely complicated and have not been performed so far. The
situation becomes even more complicated to model for p-type structures
(Petrov and Shik, 1998).

3.2. Dark current

Photoconductive THz QWPs have features of simple structure, high-speed
response, and high sensitivity, which are suitable for high-speed detection
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applications (Cao, 2006). In this section, we will introduce two simple
models for the simulation of dark current in photoconductive devices: 3D
carrier drift model and 2D emission-capture model; then the dark current
curve of a THz QWP is simulated by an improved emission-capture model.

A good understanding of the dark current is crucial for design and
optimization of QWIPs because dark current contributes to the detector
noise and dictates the operating temperature. There are several common
assumptions or approximations made to define the physical regime for all
the discussions in this subsection. These are as follows: (1) the interwell
tunneling contributes negligibly to the dark current, (2) the electron den-
sity in each well remains constant (Liu et al., 1991), (3) the heavily doped
emitter serves as a perfectly injecting contact (Liu et al., 1997), and (4)
mainly one bound state is confined in the quantum well, including the case
where the upper state (final state of the ISBT) is in resonance or very close
to the top of the barrier. Assumption (1) is satisfied by requiring the barri-
ers to be sufficiently thick. Assumption (2) is a good approximation but is
not strictly valid especially at large bias voltages as shown experimentally
(Liu et al., 1991). Assumption (3) is expected to be valid for QWIPs with a
large number of quantum wells, consistent with experimental results. The
effect of contacts becomes important for QWIPs with a small number of
quantum wells as shown in simulations (Ershov et al., 1995). To produce
good detectors, condition (4) is required (Liu, 1993).

Here we first present two simple physical models, and then the simu-
lation results are compared with experimental data.

1. 3D carrier drift model: The first physical model calculates Jq,x by
directly estimating j3p. A 3D electron density on top of the barriers N3p
is estimated with only the drift contribution taken into account (diffusion
is neglected). The model was first presented in a very clear and concise
article by Kane et al. (1992). The dark current density is given by

Jdark = eN3pv(F), (4.16)

where v(F) is the drift velocity as a function of electric field F. The drift
velocity takes the usual form

uF

v (F) = (4.17)

where p is the low field mobility and wvg,t is the saturated drift velocity.
Usually THz QWPs are degenerately doped in the wells, i.e., the top of the
Fermi sea is higher than the energy of the lowest subband, so the only 2D
quantum well effect comes into the picture for the evaluation of the Fermi
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energy E¢. Assuming a complete ionization, the 2D doping density Np

equals the electron density within a given well, as a good approximation.
2. Emission-capture model: Scattering-assisted escape is the dominant

process for a typical QWIP, especially at low fields (Schneider and Liu,

2006). Electrons associated with the confined ground state in the well and

distributed on the 2D in-plane dispersion curve undergo a scattering event

to get out of the well and then become a 3D mobile carrier in the barrier.
The escape current density can be written as

. eNoxp
] e — 7 (418)
Tscatt

where Npp is a 2D electron density which only includes electrons on the
upper part (with energy greater than the barrier height) of the ground
state subband and tscatt is the scattering time to transfer these electrons
from the 2D subband to the nonconfined continuum on top of the barrier.
The standard THz QWPs having their barriers much wider than wells,
we neglect any superlattice miniband effects. The capture probability is
related to the relevant time constants by

pe = Ttrans (4.19)

7
Ttrans + Tc

where 7. is the capture time for an excited electron back into the well, and
Tirans 1S the transit time for an electron across one quantum well region
including the surrounding barriers. In the limit of p. « 1, i.e., Tc >> Ttrans,
as is true for actual devices at operating electric fields, the dark current
becomes

Nop 7
] dark = eL_
p Tscatt

u(F), (4.20)

where L, is the period length of the multiple quantum well structure,
which is the sum of the well and barrier widths L, = Ly + Lp. The quantity
Nop/Tscatt Tepresents the thermal escape or generation of electrons from
the quantum well, and 1/p. is directly proportional to the photoconductive
gain.

We theorectically simulated the dark current curves of THz QWP (ID:
V267) (Tan et al., 2009). The bias range is from 0.1 to 30 mV, and the temper-
atures are from 7 to 20 K. In the simulation, the saturated mobility is taken
as Usat = 1 x 107 cm/s; the energy of the ground state is E; = 4.25meV;
the barrier height is £}, = 0.87xeV; and the effective mass of electron is
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FIGURE 4.1 The I-V curves. Solid lines: mumerical results; dots: experimetal data.

m* = 0.067me and my, = (0.067 + 0.083x)me, where x is the Al fraction of
the barrier. The dark current curves are shown in Fig. 4.1, where the
theoretical results (solid lines) agree well with the experimental measure-
ments (dots) (Tan et al., 2009). In the temperature range of 7 to 20K, the
dark current of V267 increases quickly with increasing temperatures. The
range of the current density is from 107> to 107! A/cm? within the bias
range. The relation between dark current and temperature indicates that
the thermionic emission is the mainly dark current mechanism in THz
QWP (Celik et al., 2008; Tan et al., 2009).

In the simulating process for the dark currents, it is important to note
that a temperature-dependent mobility parameter was used to fit the I-V
curves. The fitted mobility versus temperature relation is shown in Fig. 4.2,
having a decreasing trend with temperature. This is opposite to the Hall
mobility (Stillman et al., 1970), which is of an ionized impurity scatter-
ing origin in the relatively pure GaAs materials at the temperature less
than 20 K. The reason for the discrepancy is surely related to the simplic-
ity of the model, neglecting processes such as field nonuniformity and
self-consistency.
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FIGURE 4.2 Vertical electron drift mobilities in the device structure versus device
temperatures (Tan et al., 2009).

3.3. Photocurrent

The distinct feature of photoconductive QWPs in contrast with the con-
ventional intrinsic and extrinsic photoconductors is the discreteness, i.e.,
incident photons are only absorbed in discrete quantum wells that are
normally much narrower than the inactive barrier regions. In this section,
we discuss the photocurrent caused by intersubband excitations in a QWP.

The photocurrent spectrum is an important characteristic of the device
performance, which gives the peak response frequency and the sensitivity
to the radiation. Compared with the wideband IR sources (such as Globar,
Hg lamp, and so on), THz QWPs are narrowband detectors.

We calculated the spectral response of a THz QWP designed for 7 THz
detection peak frequency (Cao et al., 2006). We incorporate the effect of
GaAs optical phonons which give rise to a strong absorption in the region
of 34-36 meV and result in an increase in reflection because of the large
refractive change around this region. Comparing the calculated spectral
shape with experiments, we show the improvement over the standard
expressions.

For QWPs, the total absorption coefficient n is usually defined as
the ratio of the absorbed electromagnetic energy per unit time, volume,
and the intensity of the incident radiation. For simplicity, we define a
dimensionless absorption coefficient normalized by the area A instead of
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the volume. The expression for 7 is given by

hw , 2
n= EZX] < nl(e/m")A - P’ > |

nn' kLl
X [f(En(k1)) = f(Ew (k)] x 8(Ep (k1) — En(ky) — hw), (4.21)
where I is the intensity of the incident radiation and is given by
I = (1/2)egcnoE}. (4.22)
Here ng is the refractive index of the material, taken to be real and constant,
and Ej is the electric field amplitude (Liu and Capasso, 2000). Expressing

A by Ep and changing the summation into a two-dimensional integration
(Liu and Capasso, 2000), we get

7T€2 Z 2 /dzk | n| |n/ |2
= < >
7 gocnowm*2 ~ (2m)?2 + Pz
[f(En) = f(En)IS(En — Eyy — how). (4.23)
The spectral current responsivity H; is given by
N = Iphoto/(hwq)i)/ (4.24)

where @; is the incident photon number per unit time. The photocurrent
Iphoto 18 given by

(1
Iphoto = I;ﬁoto/PC, (4.25)
where
D) o = ePinpe/N 426
lphoto = e®inpe/ (4.26)

is the photoemission current directly ejected from one well, N is the num-
ber of quantum wells, p. is the capture probability, and pe is the escape
probability for an excited electron from the well (Liu and Capasso, 2000).
Using Egs. (4.25) and (4.26), we get

e
Ri = %ngphotm (4.27)

where photoconductive gain is gphoto = Pe/PcN.
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Until now, we have assumed that the amount of absorption is the same
for all the wells and the absorption by the lattice is negligible (Ershov et al.,
1999; Jovanovic et al., 2004). However, this assumption does not hold for
the present case. In the reststrahlen region (34-36 meV), the absorption by
the optical phonons of GaAs is very strong, and the amount of absorption
for each well is not the same either. Therefore, ®; in Eq. (4.26) should be
replaced by ®(z), to take into account the difference between the incident
light and the light propagating in the QWIP. For simplicity, we take the
absorption of the middle well as the average absorption, and use the light
intensity I instead of the photon number ®, I = fiw®, then we have

Eﬁi = Tigph()to . (428)

Using the following standard expressions (Klingshirm, 1997), I(z) = I(z =
0)e20k@)z2/e [z = 0) = (1/2)egcn(w)E3 and I = (1/2)eocniE3, and I =
1y 2)80C111E%, where z is the distance from the middle well to the first well,
n; is the refractive index of air, and 7 (w) is the refractive index of the matter
in connection with Snells, law of refraction.

If we use a “single oscillator” model to simulate such absorption behav-
ior in the reststrahlen region (Blakemore, 1982), we can easily get the
complex refractive index

2 (o
(@) = (k1 — iK2) = Koo + szo(KO L (4.29)

Wio — w? + iZnypa)’

where kg is the low—frequency dielectric constant, x is the high-
frequency (optical) dielectric constant, wto is the resonant frequency, and
Yp is the damping coefficient. In addition, we have

n(w) = (1/V2)[(? + )2 + 11112, (4.30)

k(w) = (1/V2)[ (1 + k) —ie1]H2, (4.31)

Figure 4.3 shows the spectral variation of the real refractive index n(w) and
the extinction coefficient k(w) for GaAs at T = 8K, yielded from Egs. (4.30)
and (4.31) with hwro = 33.81 x (1 —5.5 x 107°T) meV, ko = 10.88, xo =
Koo X 1170 x (14 3.0 x 107°T) (Blakemore, 1982), and 2rhyp = 0.25meV.
The curves of n(w) and k(w) cross at the energy fiwro (33.3 meV), and again
at the energy hwro (36.2meV).
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FIGURE 4.3 Spectral variation of the real refractive index and the extinction coefficient
for GaAs at 8K (Cao et al., 2006), modeled by Egs. (4.30) and (4.31).
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FIGURE 4.4 Calculated absorption quantum efficiency versus photon energy for one
well with well width d = 12 nm and electron density 107 cm=3 (Cao et al., 2006).

In the experiment of THz QWIP (Liu et al., 2004) discussing the rest-
strahlen region, the device consists of 50 quantum wells made of 12-nm
GaAs wells and 40-nm Alg5GagosAs barriers. The center 10-nm region
of the wells was doped with Si to 1017 cm~3. The 45° edge facet geome-
try was used for photoresponse measurement and the polarization is p.
The applied voltage is only 0.4V and the voltage drop across a given
well is less than 2meV, which is negligible compared with the ground-
state energy. The absorption spectrum is calculated at zero bias as an
approximation (Liu et al., 2004). First, the absorption coefficient is calcu-
lated using Eq. (4.23) (Ikonic ef al., 1989; Liu, 1993), as shown in Fig. 4.4.
Here the ground state energy Eg = 14.2meV, and the first excited state
energy E; = 43.1meV is very close to the barrier height V4,. This optimum
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design (Liu and Capasso, 2000) will bring both a large absorption and a
rapid escape for the excited electrons. From the results of the calculation,
we can see that the peak detection wavelength (42.5 um) is in good agree-
ment with the design, and both bound-to-bound and bound-to-continuum
intersubband transitions contribute to the absorption.

Using Eq. (4.28), we get the calculated detector response shown in
Fig. 4.5, where the reststrahlen region (34-36 meV) is clearly seen. Com-
paring with experiments, the general shapes are similar and our model,
therefore, indeed represents an improvement over the standard expres-
sions. As an approximation, the calculated absorption spectrum at zero
bias is used. For the experiment, the bias voltage is low (given in Liu
et al. (2004). The polarization is p and the angle is 45°. Comparing exper-
imental and theoretical results in Fig. 4.5, quantitatively there is still a
significant difference in the relative response magnitudes above and below
the reststrahlen region. We point out that there are uncertainties in both
experiment and calculation. In the experiment, the overall shape and the
relative strength depend on how well the spectrometer system response
is corrected. This is done by using a reference detector assumed to have
a flat response, which is not very accurate over a wide spectral range.
For the calculation, the barrier height (band offset) has not been tested
in this very-low aluminum fraction regime. The barrier height value will

GaAs/AlGaAs THz QWIP, T=8K

ST Detector response at 8K
- S Experiment
st B[ 1
3 St i
c %]
2 el i
8l I ]
5 sl ]
5 &
8 X 1 L 1 v/'\/"\/\/V\A_AA
@ | Calculation 20 30 40 50 60 70 80 |
Photo energy (meV)
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FIGURE 4.5 Calculated and experimental photoresponse spectrum versus photon
energy (Cao et al., 2006). The THz QWIP consists of 50 quantum wells made of 12-nm
GaAs wells and 40-nm Alg o5sGaggsAs barriers.
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change the relative strength of contributions from bound-to-bound and
bound-to-continuum transitions, and therefore change the overall shape.
Moreover, many-body effects have not been included, which would have
moved the overall response to a higher energy and made a better fit in
the low-energy region (20-25meV). In the experimental curve, there are
some smaller features, for example, dips at 42 and 45 meV. These may be
caused by the weaker absorption of two-zone edge and AlAs-like phonons,
and they may also be caused because of the absorption associated with
the localized vibrational modes of Si-doped GaAs. A lot of investiga-
tions have been done on the absorption induced by Si-related defects in
doped GaAs (Chen et al., 1980; Spitzer and Panish, 1969), and the frequen-
cies of all the absorption bands of interest in their study is from 350 to
480cm~! (43.4-59.6 meV). In addition, there may be absorption resulting
from other localized phonon modes (Shen, 1984). We note that having an
intersubband transition in resonance with optical photons may lead to a
strong coupling and the formation of intersubband polarons. However,
because the doping density in the device analyzed here is not high and
the intersubband oscillator strength is not large because of the bound-to-
quasibound nature, the polaron splitting is expected to be about 1 meV or
less (Liu et al., 2003). We, therefore, neglect the effect of strong coupling.

A more detailed comment is in order regarding the AlAs-like phonons.
For alloys like AlGaAs, a more complex dielectric function should be
used to describe a two-mode oscillator for GaAs-like and AlAs-like optical
phonons. However, if we take a simple model of either additive or factor-
ized functions for the entire multiple quantum well stack, a very-strong
absorption would also result in the AlAs-like phonon region, which does
not agree with experiment. This is an issue to be resolved, i.e., how to
include the contribution of the AlAs-like phonon.

In conclusion, we have calculated and discussed the response spec-
trum of a THz QWP. Because of the optical phonon absorption in the
reststrahlen region, the refractive index n and the extinction coefficient k
change strongly. Considering all the changes, we have improved the usual
expression for i, and obtained better agreement with experiments.

3.4. Many-body effects

Because of the low-doping density, the many-body effects are usually
neglected in the design of midinfrared QWPs (Schneider and Liu, 2006).
However, for THz QWPs, because the energy difference between the
bound subband and the continuum is around 10 meV, notable error of
photoresponse peak position will be introduced without considering the
many-body effects (Liuetal.,2004; Schneider and Liu, 2006). The many-body
effects include the interactions among electrons and between electrons and
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other quasiparticles. Earlier investigations have shown that in QWIPs, the
electron-electron interactions can affect the optical response peak position
(Schneider and Liu, 2006). The other many-body interactions have influ-
ence on the linewidth and line shape of photocurrent spectrum (Xiong
et al., 2008). We studied the many-body effects on THz QWPs (Guo et al.,
2009). It is found that large differences between theory and experiment
are introduced without including the above many-body interactions in the
theoretical design. Our numerical results show that it is very important to
consider the many-body interactions for designing THz QWPs.

In general, because of the large degrees of freedom of a many-particle
system, many-body effects can only be treated with various approxi-
mation methods. For electron—electron interactions, the static exchange-
correlation and the dynamical depolarization (or local field) (Liu, 1994;
Zaluzny, 1993) and exciton-like effects are considered with local density
approximation (LDA) within the framework of density functional the-
ory. The depolarization and exciton-like interactions between the ground
and excited sublevels are photon-induced many-body contributions (Fung
et al., 1999). For the electron—quasiparticle interactions, the electron—
phonon and the electron-impurity scatterings are described by using a
simple model with two free parameters (Fu et al., 2003; Xiong et al., 2008),
the values of which are determined by fitting numerical photocurrent
curves to experimental data. Because of the low aluminum concentration
in barrier layers, the scattering between electron and interface roughness
is not considered.

The photocurrent spectra of two THz QWPs are calculated here; the
device parameters are the two devices labeled as V266 and V267 reported
in the studies of Liu et al. (2004) and Luo et al. (2005). Our numerical results
show that there is only one bound subband in the quantum well with only
the Hartree potential being considered. When the exchange-correlation
potential is taken into account, however, two bound subbands exist in the
quantum wells for the two THz QWPs, and the second subband is near
the top of the barrier. The static exchange-correlation and the dynamical
depolarization electron—electron interactions cause blueshifts of the pho-
toresponse peaks, and the calculated photocurrent peak positions agree
with the experimental data quantitatively. The shapes of the photocurrent
peaks are well described by the energy-dependent I' model that represents
the effects of the electron—phonon and electron-impurity scatterings. The
LDA functional for exchange-correlation potential adopted in this chapter
cannot properly describe the exciton-like many-body effect in THz QWPs.

The Hamiltonian for an electron in THz QWPs within the effective mass
approximation is

H=p P+ Vaw(@ + VH(®) + Vxe(2), (4.32)

1
2m*(z)
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where m* is the electron effective mass, p is the momentum operator, Vqow
is the well confinement potential, Vy is the Hartree potential, and Vi is
the exchange-correlation potential. The wave function of electrons in the
THz QWPs is expressed as a two-dimensional plane wave times a one-
dimensional envelope function along the growth direction, vy (r),z) =
exp (i) 'k|) ¢k (z), where 1 and k| are the in-plane coordinate and
momentum, k; is the quasimomentum limited to the first Brillouin zone
associated with the quantum well period, and ! is the subband index. With
the above approximation, the Schrodinger equation reads

o 1 ay ., v v B
"2 9z @ oz + Vow (@) + VH(Z) + V(@) | 91k, (2) = €1k, @1k, (2)-

(4.33)

The energy of the electron is Ey; = hzkﬁ /2m* + & ;. The electron charge
density is given by

2
7

pe (2) = le] Zf (Exper, T) |ok.1 (2) (4.34)
k1

where e is the electron charge, f is Fermi distribution function, ¢f is the

Fermi energy, and T is temperature. Once the density is known, the Hartree
potential Vg can be obtained by solving the Poisson equation

2

Pe (2) — pq (2)
—Vu@ =—""7—",
922

€

(4.35)

where pq (2) is the fixed ionized dopant density, and ¢ is dielectric con-
stant. In general, it is a difficult task to find the exact exchange-correlation
potential V.. In this chapter, the widely used LDA based on the density
functional theory is adopted through the following formula (Gunnarsson
and Lundqvist, 1976; Zhang and Potz, 1990):

4n2eaprs (z) \ 4

2 1/3
Vielz) = —o (271) [1 +0.054575 (2) In (1 + r“(‘j))}, (4.36)

where ag = eh?/e?m* (z) is the effective Bohr radius and rs=

T 173
[(3/471) (a3 pe(2)) 1] . The band structure of THz QWP is obtained

by self-consistently solving the above set of equations with plane-wave
expansion method.
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The absorption efficiency 5 can be derived from the Fermi’s golden rule

‘ 2
n (@) = eocnoa)m*zz/ @2n)3 7lp=10)

x [f (Exo, €8, T) — f (Exj €5, T)] 8 (AEg 0 — o), (4.37)

where ¢ is the vacuum permittivity, c is the speed of light, ng is the refrac-
tive index, and AEklO is the energy difference between the jth and the
ground subbands with depolarization and exciton-like effects included.
The expression for AEk 10 is (Ando et al., 1982)

- ,
AEj ;o= A (14 a0 — Brlo) s
2

o0
262 pop
0= Ao / dz / dz'gr,1 (2) ¢k () |
o0

—00

00
02D

2 2 5 0Vxe [o (2]
e [ dzpes @ g 2 TR
—00

ap (2)

Brio = (4.38)

Here oy ;0 and B ;o describe the depolarization and exciton-like effects,
respectively, and AEy g is the energy difference between 1 and 0 subbands
without the two dynamical many-body corrections. The photocurrent is
Lohoto = e®Pngphoto, Where @ is the incident photon number per unit time,
and gphoto is the photoconductive gain. On the assumption of energy-
independant ® and gphoto, the photon current Ippoto is proportional to the
absorption efficiency 5. For simplicity, the delta function in Eq. (4.37) is
replaced by a Lorentzian I'/ I:JT (Ek/]' —Exo — ha))2 + I‘Z], where I' is a small
constant. In Fu ef al. (2003) and Xiong et al. (2008), an energy-dependent
I' = a/E — hwto + b is used to take into account the effects of electron—
phonon and electron-impurity on the shape of photocurrent peak, where
a and b are parameters, and E is the electron energy measured from
the conduction band edge of (Al,Ga)As barrier. In this chapter, the same
expression of I is adopted to fit for the experimental results.

The band structures and photocurrents of two THz QWPs are calcu-
lated. In order to compare with the experimental results, the parameters
of the two THz QWPs, including the barrier and well widths, the bar-
rier height, and the doping concentration and position, are those reported
in the studies of Liu et al. (2004) and Luo et al. (2005). The effective elec-
tron mass is 0.067mg with mg the electron mass. The temperature is 8.0K.
To expand the envelope wave functions, 99 plane waves are used. The
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FIGURE 4.6 Band structures of V266 THz QWP (A) without and (B) with
exchange-correlations potential (Guo et al., 2009).

convergent criteria is |(ep; — epi—1)/eri| < 0.0005, with p; being the Fermi
energy at the ith iterative step, and the convergence is reached in the
condition of i £ 15 for all the calculations.

Figure 4.6 shows the band structure of V266 THz QWP with and with-
out the exchange-correlation potential. As shown in Fig. 4.6A, when the
Coulomb interaction is taken into account with Hartree approximation,
only one localized subband exists in the quantum well. The first excited
subband is in resonance with the top of the barrier, which is in accordance
with the design rule of bound-to-quasibound QWIPs. However, because
the quantum well is very shallow for THz QWPs, the neglect of exchange-
correlation potential will introduce large errors in design of THz QWDPs.
Because the exchange-correlation potential is negative, for V266 THz QWP,
the exchange-correlation interaction deepens the quantum well by about
6.3 meV, which makes the first excited subband fall into the quantum well
and be off resonance with the top of the barrier. The energy difference
between the ground and the first excited subbands increases by about
3.2meV for V266 THz QWP. Similar effects of exchange-correlation interac-
tion on the band structure of V267 THz QWP (not shown) are found. The
effects of Hartree potential on the band structures of V266 and V267 are
also explored. Because the Si dopants are doped in well layers, the elec-
trons and ionized dopants are spatially overlapped, which lowers the
Hartree contribution. The energy difference between the ground and the
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first excited subbands increases by 0.4 meV for V266 and 0.3 meV for V267
with Hartree potential being considered. The calculated results show that
the exchange-correlation interaction plays a key role in the design of THz
QWPs.

The theoretical and experimental photocurrent spectra for V266 and
V267 are shown in Fig. 4.7. In order to obtain some physical insights, dif-
ferent many-body interactions are taken into account step-by-step in our
calculations. The energy differences of response peak positions between
theory and experiment for V266 and V267 THz QWPs are 5.6meV (24.8%)
and 4.8 meV (36.0%) without including any many-body interaction. When
the static exchange-correlation potentials are taken into account, the differ-
ences decrease to 2.4meV (10.6%) and 2.6 meV (19.4%), respectively. The
further improvements of theoretical response peak positions are achieved
by considering the dynamical depolarization effects, and the discrepan-
cies are about 0.2meV (0.9%) and 1.1meV (8.2%) for V266 and V267,
respectively.

The exciton-like interaction plays a negative role in our calculations.
Earlier investigations show that the value of ;¢ is much smaller than that
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FIGURE 4.7 Calculated and experimental photocurrent spectra of THz QWPs, (A) for
V266 THz QWP and (B) for V267 THz QWP (Guo et al., 2009).
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of ay o in Eq. (4.38) (Helm, 2000; Liu et al., 2007b). However, our numeri-
cal results show that the value of B is in the same order of magnitude
as that of o ;0. The overestimate of exciton-like interaction in our work
originates from the following two reasons: (1) in the current expression
for Vx in Eq. (4.36), 3V [p (2)] /9p (z) is proportional to p (z)~%/°, which
will lead to unreasonably large values of 9V [p (2)] /dp () in barrier lay-
ers. (2) because of the low barrier height, in comparison with midinfrared
QWIPs, more portions of the wave function will extend into the barrier
layer. For the above two reasons, the integration value in Eq. (4.38) will be
overestimated. The value of ;o should be much smaller than that of o o
(Schneider and Liu, 2006). Therefore, for the present work, we leave out
the exciton-like contribution.

In conclusion, we have investigated the effects of exchange-correlation,
depolarization, and exciton-like interactions on the photon response spec-
tra of THz QWPs. Because of the decrease of energy difference between
the ground subband and the first excited subband, large relative errors are
introduced without including the above many-body interactions in the the-
oretical design. The exchange-correlation potential deepens the quantum
well. As a result, the ground subband and the first excited subband shift to
the lower energy region, and the energy difference between them increases.
Because the expression for exchange-correlation potential is inadequate in
the low electron density region and the leakage of wave function into the
barrier layer, the exciton-like interaction is overestimated. The discrepancy
between the theoretical and experimental photoresponse peak positions
decreases evidently by including the exchange-correlation and depolariza-
tion effects. Our numerical results show that it is very important to consider
the many-body interactions for designing THz QWPs.

3.5. Simulation and optimization of grating coupler

The ISBT selection rule requires a nonzero polarization component in the
quantum well direction (the epitaxial growth direction, z) (Schneider and
Liu, 2006). As mentioned earlier, 45° incident, light-coupling geometry
is usually used to acquire a nonzero polarization in z direction. How-
ever, this prevents the construction of two-dimensional (2D) focal plane
arrays, which need light incident normal to the devices (the QW planes,
xy plane). To solve this problem, it is useful to utilize gratings, as exploited
by Heitmann et al. (1982) to diffract the light and thus excite ISBT in Si
inversion layers. In the midinfrared region, large-format arrays with up to
1024 x 1024 pixels have already been demonstrated (Gunapala et al., 2005).
Recently, Patrashin et al. (2006) fabricated one-dimensional (1D) metal grat-
ings on the top of the THz QWPD, realizing device response under normal
incidence (Patrashin and Hosako, 2008).
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We utilized Modal method (Todorov and Minot, 2007) to simulate the
field distribution in the 1D metal grating THz QWP (Zhang et al., 2011). The
average intensity in device active region was obtained. Based on numerical
results, the optimizations of the grating including period and fill factor were
discussed, which led to high coupling efficiency and device responsivity.

Usually, GaAs/AlGaAs material system is used to fabricate THz QWPs.
The device is grown on semi-insulating (SI) GaAs substrate. From the bot-
tom to the top, there are bottom contact, multiple quantum wells and top
contact, shown in Fig. 4.8. The top and bottom contacts are n-doped GaAs,
and the multiple quantum wells consist of several tens of AlGaAs bar-
rier and n-doped GaAs well. The 1D metal grating is made of gold and
is defined using standard mirofabrication lift-off techniques. The period
of the grating is d, and the width of metal stripe is a.

The modal method is proposed by Todorov and Minot (2007). This
method combines the Rayleigh expansion method of the diffracted field
and the transfer matrix method of the multilayer, by which the electric
field distribution in the device can be obtained conveniently.

The field appears in the form of a Rayleigh expansion in the homoge-
neous layers outside the 1D grating:

o0
¥ (oy2) = Y el (Pne%z n Qne—iVnZ), (4.39)

n=—0oo
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FIGURE 4.8 Schematic of 1D grating THz QWP (Zhang et al., 2011).
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2
= a + %”, (4.40)

yn = /ek% —aZ — B2, (4.41)

where ¢ is any component of the field, ¢ is the dielectric function of the
material, kg is the wave vector in the vacuum, and «;, is the wave vector in x
direction. The x, y, and z direction are shown in Fig. 4.8. g = « is the wave
vector of incident wave in x direction. The conservation of the tangential
component of the wave vector at the grating surface leads to Eq. (4.40). 8
and y, are the wave vectors in y and z direction, respectively. (P,,Qy) is
the pair of amplitudes (see Fig. 4.8), and all the pairs in different layers
are connected with each other through transfer matrix. For the incident
area outside the device, Q, = 0 except Qp, and Qp = 1 if the amplitude of
incoming wave is set to be 1; while for the transmitted area, P, = 0 and
Qn=Th.

The field distribution can be obtained by solving the simultaneous
equations in different areas with the boundary conditions. For normal
incidence, only p polarization is need to be considered because no con-
tribution is from s polarization which is in parallel with the QW planes
makes no contribution. A typical field distribution (E, component) in 1D
metal grating THz QWP is shown in Fig. 4.9 (only E, component con-
tributes to the ISBT). Compared with the total thickness of the active region
(less than 5 pm), the GaAs substrate is much thicker, normally around
600 wm, which is also much longer than the wavelength. So an approxi-
mation of infinite substrate is taken in the calculation for simplicity, which
will not affect the diffractive characteristic of the grating.

In Fig. 4.9A and B, we can see a pair of stripes beneath the grating. This
indicates the diffraction occurs and the nonzero E, component appears,
which will cause the response of the detector. The field distribution in the
substrate is also given in Fig. 4.9. The periodic dark and light stripes are
similar with the multislit interference. In the following, we will discuss
the optimization of the 1D metal grating based on the E, in the active
region.

Two THz QWPs are considered here (Liu et al., 2008). The multilayer
is sandwiched between 0.4 and 0.8 pm of top and bottom contacts, doped
to 1.0 x 10'7. The structures are detailed in Table 4.1. The optimization is
discussed from the period 4 and the fill factor  (i.e., the ratio of metal stripe
width a and d).

Ly is the quantum well width, Ly, is the barrier width, N is the period
number of multilayer, [Al] is the Al fraction in the barrier, Ny is the doping
density in the well, and fy is the peak response frequency of the device.
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z = 0, which is the top of the device (Zhang et al., 2011).
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TABLE 4.1 The structure parameters of THz QWPs

Lw(A) L,(A) N [A] Ng(m™) Ff,(THz)

A 155 702 30 3% 6x10% 5.41
B 221 951 23 15% 3 x10% 3.21

The dielectric function is taken as follows (Blakemore, 1982):

2 2
w: Eg — &
() = — o : ) e [1 R = } (4.42)
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For GaAs, &5 =12.85, eoc =10.88, wro =27 x 8.02THz, 810 =27 x
0.06 THz, ép is the damping rate, depending on the doping density Np,

Drude frequency wp is
Npe2
wp = | (4.43)
E0EsM*

where e is the charge of electron, and m* is the effective mass of free
carriers.
The Drude model of metal is

2
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For gold, wy = 1.11 x 10* THz and 8y = 83.3ps~ L.

The thickness of 1D metal grating studied here is 0.38 pm, deposited
on the top of top contact. With these parameters, we calculate the average
intensity laverage Of Ez in the active region at the peak response frequency
fo, which are 5.41 THz and 3.21 THz for device A and B, respectively. The
expression of laverage iS

E,elt|>dV
Iaverage = C% (4.45)

where C is the constant of proportionality. It should be mentioned that,
because of the much smaller thickness of metal grating than the width,
most of the metallic losses are expected to occur along the walls parallel to
the xy plane. The perfect-metal approximation is not suitable anymore, so
we take the surface impedance boundary condition to take into account the
dissipation in the metal (Todorov and Minot, 2007). Figure 4.10A gives the
relation of I, average and the grating period at 50% fill factor. It can be seen that
the average intensities reach the maximum at 14.6 pm and 25.7 pm for A and
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FIGURE 4.10 At peak response frequency (A) laverage Versus the grating period under the
condition of 50% fill factor; (B) [average Versus the fill factor when the period of grating is
set to match the wavelength (Zhang et al., 2011).

B, respectively, which correspond to the wavelength of THz waves at fy in the
device material (in GaAs, 5.41 THz corresponds to 14.6 pm, and 3.21 THz
corresponds to 25.7 pm). Therefore, when the period of the grating equals
the wavelength in the device material, the coupling efficiency reaches the
maximum. Then, we fix the grating period according to the peak response,
and study the relation between average intensity and the fill factor. The
results are given in Fig. 4.10B. For device A, the maximum occurs at 54.5%
when the grating period is 14.6 pm; and for device B, it is 61.5% when the
grating period is 25.7 pm. The results are not 50%, which may be related to
the transmission and reflection of the multilayer. So the fill factor should
be determined according to the specific structure of a THz QWP.

To confirm these predictions, we fabricated three grating samples
(A-G12 with a 12-pm-period grating, A-G15 with a 15-um-period grat-
ing, and A-G20 with a 20-pm-period grating). At 0.15-V bias, the peak
responsivities are 0.128, 0.197, and 0.070 A/W for A-G12, A-G15, and A-
G20, respectively. It can be seen that, the 15-pm-period grating is the most
efficient one, which is in consistent with our prediction.

In conclusion, the Modal method is used to analyze the electric field
distribution in the 1D metal grating THz QWP, and the optimization of the
grating is also discussed based on the simulation. We find that, when the
period of the grating equals the wavelength in the material and a proper
fill factor is chosen (54.5% for A device, 61.5% for B device), the coupling
efficiency reaches a maximum, leading to high field intensity and high
detector’s responsivity. Moreover, we find that the thickness of substrate
is important for the field distribution, which may be caused by the cavity
effect. Further investigation is needed.
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4. DESIGN AND CHARACTERIZATION OF THz QWP

4.1. Design

The detection of THz waves is the one of the key technology of THz applica-
tions. To study the THz wave itself and its interaction with other materials,
various characterizations should be done, including spectrum measure-
ment, power calibration, beam analysis, and so on. Because of the specific
position in the electromagnetic wave spectrum, the study of THz range
developed slowly for a long time because of the lack of radiation sources
and detectors, and hence limited the methods that could be used for detec-
tion. In the recent 10 years, as the development of compact THz sources and
the detection methods, the methods for detection of THz waves improved
substantially (Tonouchi, 2007). Therefore, different sources and detectors
could be chosen, and various physical phenomena could be studied.

THz QWP is the extension of QWIP in THz range. The materials are
commonly GaAs/AlGaAs. The optimum QW parameter for a standard
QWIP is to have the first excited state in resonance with the top of the bar-
rier. Strong ISBT absorption and fast relaxation of excited electrons can be
both achieved in this structure. Therefore, the structure parameters should
be optimized in design. These strcture parameters are the quantum well
width, barrier width, doping density, barrier height (the Al fraction in
AlGaAs barrier), and the number of quantum wells. For THz QWP work-
ing at longer wavelength than QWIP, smaller barrier height and lower
doping density are required (to reduce the absorption by free carriers and
the dark current).

In 2004, Liu et al. (2004) demonstrated the first THz QWP with a peak
response at 71 THz (42 pm). The width of quantum well and barrier are
12nm and 40 nm, respectively. The Al fraction is 5%, and the number of
quantum wells is 50. The center 10nm of the quantum well and the top
(400nm) and bottom (700 nm) GaAs contacts are doped to 107 ¢cm—3 by Si.

The calculated parameters of barrier Al percentage and well width
for a given peak detection frequency (wavelength) are shown in Fig. 4.11
(Liu et al., 2004). A word of caution: the parameters used here, although
expected to be valid, are proven for midinfrared QWIPs and are not tested
in the low aluminum fraction region. From Fig. 4.11, it is predicted that the
THz frequency range of 1-8 THz is covered by QWIPs with low aluminum
fractions between 0.8 and 5.4%.

Figure 4.12 shows the calculated Ty versus the peak detection fre-
quency (Liu et al., 2004). For achieving the highest dark-current-limited
detectivity, if one follows the Ef = 2kgT rule, the density would become
very low for low temperatures (<« 80 K), making the absorption also low.
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FIGURE 4.11 Calculated parameters of barrier Al percentage and well width for a given
peak detection frequency (wavelength) (Liu et al., 2004).
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FIGURE 412 Calculated background-limited infrared performance (blip) temperature
versus peak detection frequency (Liu et al., 2004).

We, therefore, considered two cases in Fig. 4.12. The upper curve uses the
E¢ = 2kgT condition, while the lower curve starts with a higher absorption
(using higher doping) 0.5% at 10 THz and is reduced linearly down to 0.05%
at 1 THz. The trade-off here is that if the operating temperature is desired
to be as high as possible, the upper curve should be followed. However, if
a high absorption is needed, one should use the lower curve, which will
mean a somewhat lower operation temperature. Because for these very far-
infrared devices the doping densities are usually low, many-body effects
result in small energy corrections. However, because of the transition ener-
gies are also small, many-body effects need to be considered. The exact
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values depend on doping densities. The detection frequency in Fig. 4.12
should, therefore, be shifted to higher values by about 30% if these effects
are included. In general, to qualify as a good detector, there must be a
sufficiently high absorption. On one hand, a high doping is desirable for
achieving high absorption; but on the other hand, high doping leads to a
high dark current and low operating temperature. A trade-off must, there-
fore, be made for a given application. For most applications, it is desirable
to operate the detector under the blip condition for detecting weak signals.
In some applications involving a strong source such as a THz QCL, the
requirement is different. Here as long as the dark current is lower than the
signal photocurrent, photon noise limited detection is achieved. In such a
case, the detector operating temperature can be raised.

Having determined the quantum well and doping parameters, the next
design parameter is the barrier width. The barrier width should be suf-
ficiently thick so that the dark current is completely in the thermionic
regime, i.e., interwell tunneling should be negligible comparing to the
background photocurrent. The barrier thickness was chosen according to
Fig. 4.13 so that the interwell tunneling currents are less than 107> A /cm?,
which corresponds to the estimated background current.

For the number of quantum wells, because the absorption strongly
depend on the device geometry and the coupling method, generally a
large number of wells would give a high absorption. However, provided

1077 L X=3% ]
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FIGURE 4.13 Estimated direct interwell tunneling current versus barrier thickness for
three cases of barrier aluminum fractions of x = 1.5, 3, and 5%. Other parameters used
for the estimate are E; = 4.3, 8.6, and 14 meV, nyp = 0.3, 0.6, and 1.0 x 10! cm™~2, and
Lw = 22.0, 15.4, and 12.0 nm, for the three x values, respectively (Schneider and Liu,
2006).
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FIGURE 4.14 (A) Photoresponse spectrum and (B) low temperature bulk GaAs
transmission spectrum (Liu et al., 2004).
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a sufficient absorption is reached, a small number of wells is preferred for
high gain.

The photoresponse spectrum is shown in the upper part of Fig. 4.14
(Liu et al., 2004) for a bias voltage of 0.4V and a temperature of 8 K. For
reference, the bulk GaAs transmission is shown in the lower part of the
figure, measured at 15K on a 400-mm-thick GaAs substrate. The “dark”
reststrahlen region from 33 to 37meV resulting from optical phonon
absorption is clearly seen. We simulated the photocurrent spectrum (Cao
et al., 2006) theoretically by the improved photo response model, which is
in consistent with the experimental data above. As a result of the inter-
action between electron and phonon, the radiation with frequency in the
“dark” region cannot be detected by GaAs/AlGaAs THz QWPs. The mea-
sured dark current characteristics at various temperatures are shown in
Fig. 4.15 (Liu et al., 2004). The measured dark current slowly decreased to
less than 25K and stopped at about 15 K. These studies confirm that the
structure of QWPs is practicable in THz detection.
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FIGURE 4.15 Dark current characteristics at various temperatures (Liu et al., 2004).

In addition, Graf et al. (2004) demonstrated a THz quantum well
photodetector based on the quantum cascade structure, with the peak
response wavelength of 84um (3.57 THz), operating at 10-50K. The
responsivity at 10 K is 8.6 mA /w. Although the detectivity and the respon-
sivity are two orders of magnitude smaller than the THz QWP based on
photoemission, its noise level is relative low because of the cascade mech-
anism. Because of the potential of zero bias photovoltaic response, the
development of this type of detectors is also very interesting.

4.2. Measurement of photocurrent spectrum

Terahertz radiation bridges the gap between the microwave and optical
regimes. It is only 5 years since the first demonstration of THz QWP (Liu
etal.,2004), and a lot of researches are still needed. Before the measurement
of photocurrent spectrum, we test the I-V curves first, then analyze the
dark current mechanism and the temperature performance.

The temperature-dependent I-V properties are important characteris-
tics for terahertz QWPs. In the following, we measured the I-V curves with
300K background or the dark condition, and the relation between dark
current and temperature is also discussed. The active region of the device
is GaAs/AlGaAs multiquantum wells grown by MBE. The parameters of
the active region are shown in Table 4.2. It should be mentioned that the
doping in Table 4.2 is implemented at the center 10nm of the quantum
well by Si. The purpose of the wide barriers is to reduce the interwell tun-
neling (Liu ef al., 2007a). In a real device, the active region is between the
top and bottom contacts. The top and bottom contacts are usually 400 and
800 nm respectively, doped to 1 x 10'7 cm~3 with Si, which is relatively low
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TABLE 4.2  Structure parameters for the THz QWIPs
(Schneider and Liu, 2006)
Sample Ly (nm) Ly (nm) [Al] N4 (em™3) N
V265 11.9 55.2 0.05 1 x 107 40
V267 221 951 0015 3x10% 23

to reduce the contact layer free carrier absorption and plasma reflection in
the THz region (Schneider and Liu, 2006). Next, we will mainly introduce
the measurement and analysis of V267.

Mesa devices of different sizes were fabricated using standard GaAs
processing techniques. Because low temperatures are required for opera-
tion, a close-cycle cryostat with the lowest temperature of 3K is used to
cool the device. A source meter is used to provide the external bias, and
the current is also recorded at the same time. The bias range is from 1 to
30mV during the measurement.

The current-voltage curves under dark condition (solid) and under a
90° FOV 300-K background (dash) at the temperatures from 3.15 to 20 K are
shownin Fig.4.16. Because thermionic emission and field-assisted tunneling
were much stronger than interwell tunneling within the experiment temper-
ature range, we did not observe any current bottom-out behavior (Schneider
and Liu, 2006). As in Section 2. Tblip is a good figure-of-merit of a detector.
The measured Ty)ip of V267 is 12K. Sequential tunneling and thermionic
emission are two major dark current mechanisms in GaAs/AlGaAs bar-
rier structures (Levine, 1993), and the latter becomes dominant for thick
barrier structures. From the I-V curves in Fig. 416A, the I-T curves have
been obtained and shown in Fig. 4.16B. The dark current decreased by six
to seven orders of magnitude in accordance with the thermally activated
character of the thermionic emission (Celik ef al., 2008) when the device
was cooled from 20K down to 3.15K, which indicates that the use of the
emission-capture model, combined with the 3D carrier drift model, is rea-
sonable for describing the dark current of this detector. A steep drop of the
I-T curves when the device temperature <12 K has been observed, which is
consistent with the good performance when the device is operating at and
lower than Tyy;p. Next, we will introduce the measurement and analysis
the photocurrent spectra of 2 THz QWPs (V265 and V267).

The measured photocurrent spectra of V267 at different bias voltages are
givenin Fig. 417A. The operating temperature is 3.15 K. The peak response
is 3.2THz, corresponding to 93.6-um wavelength. Strong response also
exists in the range from 3 to 5.3 THz, which can be used to characterize the
THz radiation source in this region. In addition, the photocurrent spectra at
different operating temperatures under 30-mV bias are also measured, see
Fig. 4.17B. Upon increasing of the operating temperature, the photocurrent
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FIGURE 4.16 (A) Current—voltage curves of V267 under dark condition (solid)
and under a 90° FOV 300-K background (dash) at different temperatures; (B)
Current—temperature characteristic measured at selected bias voltages.
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FIGURE 4.17 Photocurrent spectra of V267 at (A) different bias voltages and

(B) different operating temperatures.

response decreases. The shape of the spectra doesn’t change significantly

because of the small temperature range of the measurement.

Photocurrent spectra of V265 at different bias voltages at 3.5K are
shown in Fig. 4.18. It can be seen that the peak response is 9.7 THz (wave-
length of 31.0 wm). The theoretical peak response is around 7 THz for the
structure of V265. The differences are caused by the phonon absorption
of GaAs, leading to a dark region from 32 to 37 meV. Stronger photocur-
rent could be generated with higher bias, so the amplitude of photocurrent

spectrum increases when the external bias is increased.
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FIGURE 4.18 Photocurrent spectra of V265 at different bias voltages at 3.5K.

4.3. THz QCL emission spectrum measured by THz QWP

We use a THz QWP to characterize the emission spectrum of a THz
QCL (Tan et al., 2010). The shape and peak of the emission spectrum are
acquired, and the relation of the emission power with driving current is
estimated, from which the current density range of lasing and the thresh-
old are obtained. The detection performance of THz waves from the THz
QCL by THz QWP is also studied at different temperatures. We found that
THz QWP is a good detector in characterizing the emission spectrum of
THz QCL. The emission spectrum is an important characterization of a
laser. Usually to measure the emission spectrum of a THz QCL, a Fourier
Transform Spectrometer is used. To reduce the absorption by the water
vapor, the spectrometer should be evacuated. A bolometer operating at
the liquid helium temperature is often used to measure weak signal. In
this section, we will mainly introduce the measurement of the emission
spectrum of a continuously THz QCL by a Fourier Transform Far-Infrared
Spectrometer operating at linear scan mode.

The structure of the active region of the THz QCL is given in the study by
Liet al. (2009b), and the sample ID is B1316 PKG3. Because low temperature
is required for the laser operation, we use a close-cycle cryostat to cool the
laser. The lowest temperature is 9 K. The radiation of the THz QCL enters the
FTIR through the windows of the cryostat and the spectrometer. The scan
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speed and the resolution of the FTIR are set to be 1.6 KHz and 0.25cm ™!,
respectively. The beam splitter is 6 um Mylar, and the detector is DTGS-PE.
The range of wave number is 100-160 cm™!, and the THz QCL is driven by
a DC bias at 10 K. We measured the emission spectra of the THz QCL at
different driving currents and operation temperatures.

THz QCL and THz QWP are both multiquantum well devices. Hosako
et al. (2007) suggested that THz QWP could be used to detect the emission
of THz QCL. In the following, we will use a THz QWP to characterize the
emission spectrum of a THz QCL.

Before the characterization of THz QCL using THz QWP, we discuss
the feasibility from the spectra (Tan et al., 2010). The photocurrent spec-
trum of the THz QWP at 3.15K under the illumination of a Globar is
shown in Fig. 4.19. In order to compare with the emission spectrum of
the THz QCL, the photocurrent signal is normalized, the inset shows the
same spectra on an expanded range. It can be seen that the response
peak of the THz QWP is 3.2THz. The response at 4.13THz is about
67% of the peak, and strong response occurs in the range of 3-5.3 THz
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FIGURE 419 Comparison of the photocurrent spectrum of the THz QWP and the
emission spectrum of the THz QCL. The operation temperatures are 3.15 and 10K for THz
QWP and THz QCL, respectively (Tan et al., 2010).
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(normalized amplitude >40%). The four emission peaks of the THz QCL are
4.022 THz (134.27 cm™1), 4.058 THz (135.48 cm '), 4.094 THz (136.68 cm™ 1),
and 4.130 THz (137.89 cm™!). The emission peaks are all in the region in
which the curve of the response of the THz QWP is relatively flat. More-
over, the responsivity of the THz QWP is about 0.4 A/W (Luo et al., 2005),
which is comparable with the mid-infrared QWIP with similar structures
(Levine, 1993). Therefore, the characterization of THz QCL with THz QWP
is practicable.

The characterization by THz QWP is similar to that by DTGS-PE. We
simply replace the DTGS-PE with the THz QWP as the FTIR system detector.

The I-V curve and the L-I curve of the THz QCL are shown in Fig. 4.20
(Tan et al., 2010). It can be seen that the current density range of lasing and
the threshold are the same as those measured by the DTGS-PE. The thresh-
old is 630 A/cm?. The main differences of the L-I curves are because of
the electrical noise. The area marked by pattern is the multipeak operating
region. The results indicate that the performance of the THz QWP in char-
acterizing the emission spectrum of the THz QCL is comparable with the
DTGS-PE. Improvements could be done on reducing the electrical noise.

The emission spectra of THz QCL working at different driving current
are shown in Fig. 4.21, where the solid line and the dashed line correspond
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FIGURE 4.20 The I-V curve (solid line) of the THz QCL and the P-I curves from THz
QWP (dashed line) and DTGS-PE (dash-dot line), respectively (Tan et al., 2010).
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FIGURE 4.21 The emission spectra of the THz QCL taken by the THz QWP (dashed line)
and the DTGS-PE (solid line) (Tan et al., 2010).

to measurements taken by DTGS-PE and THz QWP respectively. The spec-
tra are normalized and shifted in vertical axis for clarity. The spectrum in
dashed line is sharper than the one in solid line. The difference may be
from the artifact caused by the difference in preamplifiers and circuits. The
multipeaks and the blue shifts by the Stark effect are seen by both detectors
(Bastard et al., 1982; Williams et al., 2003).

The results above show that THz QWP is good at characterizing the
performance of THz QCL, and its high-speed response is much supe-
rior to traditional detectors. The measurements above establish the basis
of wireless communication based on THz QCLs and THz QWPs and the
time-resolved spectrum applications.

5. APPLICATION: THz FREE SPACE COMMUNICATION

It is anticipated that many new applications in the THz spectrum are pos-
sible if simple compact sources and detectors were readily available. Many
groups around the world are in the process of developing semiconductor
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FIGURE 4.22 The emission spectra of the THz QCL taken by the THz QWP working at
different temperatures (Tan et al., 2010).

sources and photodetectors for the THz spectrum (Belkin et al., 2008; Kumar
etal.,2009; Liu et al., 2008; Scalari et al., 2009). A demonstration of a sub-THz
analog transmission system was reported by Jastrow et al. (2008) at 300 GHz
using an electronic system. In this section, we present a demonstration of
an all photonic terahertz communication link operating at 3.8 THz using a
quantum cascade laser and quantum well photodetector (Grant et al., 2009).
The link consists of a quantum cascade laser transmitter and a quantum
well photodetector receiver. The link was used to transmit audio frequency
signal through 2m of room air. Carrier strength at the photodetector was
100 times greater than the noise level.

Figure 4.23 is a schematic representation of the link. At the left, a quan-
tum cascade laser housed in a vacuum dewar provides 3.8-THz radiation,
which is collected and collimated by a parabolic mirror labelled M1. The
laser transmitter was constructed from a multiple quantum well structure
described earlier (Luo et al., 2007) with a 1-mm-long and 100-pm-wide sur-
face plasmon waveguide formed on a semi-insulating GaAs substrate. A
reflecting mirror was formed on the back facet by first coating the facet with
an aluminium oxide insulator, to prevent short circuiting the electrodes,
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FIGURE 4.23 Schematic of link showing quantum cascade laser at left and quantum well
photodetector on right (Grant et al., 2009).

followed by evaporating a gold layer over the facet. The exit coupler of the
laser is the cleaved surface. M1 is a 50-mm focal length off-axis parabolic
reflector, whereas M2 is 76-mm focal length. Both mirrors are 50 mm in
diameter. The laser was mounted on an aluminum cold finger in a liquid
nitrogen dewar with the laser facet approximately 2mm from the low-
density polyethylene window. This permitted collecting a large fraction of
the diverging beam with an off-axis parabolic mirror. A temperature sen-
sor was mounted near the base of the QCL die and showed that the base
temperature was maintained at 78 or 77 K.

Care was required to align the four optical components, the QCL,
the QWIP, and the two mirrors. The initial alignment was performed in
air without the polyethylene windows. The photodetector was displaced
by 2mm using a translation stage and a visible laser beam was passed
through the photodetector location to the two mirrors and then to the laser.
Crude alignment was performed to ensure that the laser was near the focus
of each mirror and that the visible light was arriving at the QCL facet. The
optical coupling was quite sensitive to the position of the QCL which was
rather small. Sometimes, no coupling could be established after an optical
component was moved, and we used a piece of 50-mm diameter Plexiglass
pipe 200 cm long as a light guide. The QCL could then be focused on the
end of the light pipe, which was only 10 cm away from the mirror. After
a signal was established, the light guide could be removed, and there was
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still sufficient signal to allow optimizing alignment of the long path. The
position of the larger QW detector was not as critical.

A custom-made electronic pulse generator was fabricated to provide
low-duty cycle pulses of amplitude V. The maximum Vy required was
17V at a current of 2.6 A for a peak power of 43 W. The pulse width above
threshold was approximately 8 ns. Pulse repetition frequency was 455 kHz.
Total power injected was calculated from the recorded voltage waveform
and integrated to give an average power of 0.16 W or a peak-to-average
ratio of 268: 1. The generator contained power amplifiers that forced Vi to
follow the modulation voltage which we wanted to transmit, typically a sine
wave at 500 Hz or music. The optimum conditions for Vi and modulation
amplitude (V1) were found by transmitting a 455-kHz carrier modulated
by a 500-Hz sine wave while measuring the second harmonic at 1kHz.
Clipping by modulating less than threshold or more than saturation rapidly
increased the second-harmonic content of the detected signal. It was found
that the best V1 was about 1V peak-to-peak with Vi of 15V.

Numerical calculation of the Fourier transform of the expected pho-
tocurrent indicated that there should be a DC term, a modulation term,
and a large number of replications of the pulse repetition frequency. Each
replication would have a carrier plus modulation side-bands. The DC term
is proportional to the average laser power and for the low-duty cycle
pulses that we are using, the carrier amplitudes are equal to each other
and to the DC term. This is a central point in the demonstration. Even
though the laser was pulsed, the Fourier transform of the photocurrent
contains useful continuous-wave (CW) components with amplitude equal
to the average photocurrent. Further, the modulation side-bands contain
the Fourier transform of the time variations of V).

Experimentally, the 500-Hz basic modulation term could be easily
detected using a bolometer and lock-in amplifier. The 455-kHz pulse rep-
etition frequency was also easily detected using the QWIP and could be
observed on a spectrum analyzer as a typical amplitude modulated wave-
form. Figure 4.24 shows a typical nonmodulated spectrum measured at
the pulse repetition frequency after the transimpedance amplifier. The left
inset in Fig. 4.24 is an expanded spectrum of the laser measured using
an Fourier transform infrared (FTIR) spectrometer. Both were measured
while the QCL was being pulsed at 455 kHz with no modulation. Although
none of the modulation can be resolved using the FTIR, the central emis-
sion line width is at the FTIR resolution of 0.04 wavenumbers or 1.2 GHz.
The right inset shows the QW photodetector spectral responsivity overlaid
with the 126 wavenumber laser spectrum at the left. The RMS photocurrent
at the 455 kHz is two orders of magnitude greater than the noise level. The
noise level from 450 to 460 kHz originates in the custom-made laser driver
electronics and is not a fundamental limitation of the devices. Finally, the
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FIGURE 4.24 Spectrum of photocurrent measured after low-noise amplifier with insets
showing laser spectrum at left and photodetector responsivity at right. Photodetector
spectrum measured at temperature of 12K (Grant et al., 2009).

signal could be coupled to the antenna input of an AM radio (Sony ICF
2010) and music recovered.

The low-noise amplifier (LNA) has a transimpedance amplifier, a fil-
ter, and a buffer amplifier, as well as the photodetector bias circuit. The
capacitance of the cable from the cold section to room temperature was
measured as 160 pF plus the large QW photodetector capacitance of 88 pF
caused instability in high-speed amplifiers that we initially tried to use.
A general purpose operational amplifier with a 12-MHz gain bandwidth
product could be made stable in a 1-kQ2 transimpedance configuration.
This was followed by a 455-kHz center frequency, 10-kHz bandwidth fil-
ter, and a line driver amplifier to provide an effective transimpedance of
10 k2. Detector bias was introduced at the input of the transimpedance
amplifier. Typically, our measurements were performed with —20mV of
bias and 2 WA of total photodetector current. DC photocurrent was always
less than 0.1 mA, the resolution of the meter, which was used for moni-
toring bias current. Using the QW detector responsivity measured in (Luo
etal.,2005) of 1 A/W and the property of the Fourier transform of a narrow
pulse (with its low harmonics having the same amplitude as the average),
the average optical power can be determined. The recovered 455-kHz car-
rier current was 18 nA RMS from which we calculate the average optical
power to be 1.414 x 18 = 25nW.

Although there are many atmospheric absorption bands known in the
THz frequency region, we observed very little impairment of our link
owing to atmospheric absorption. The center frequency of the laser was
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3787 GHz as determined by FTIR measurement of the emission. Empirically,
we measured the air in our laboratory in Ottawa, Canada, and observed
that this frequency is at the upper edge of an essentially transparent region
of the electromagnetic spectrum that extends from 3700 to 3789 GHz. This
band is 89 GHz wide and is only one of many which we observe to be
essentially transparent in room air. We point out that while there are many
absorption bands because of water vapor, as much as 50% of the spectrum
space we observe is transparent or of low absorption. We used a 50-mm
diameter Plexiglass pipe as a gas cell and compared transmission through
room air with transmission through dry nitrogen and found no difference.
The only strong absorber that we observed was liquid water.

6. SUMMARY

We have introduced the principle, simulation and design method, and
device performance of THz QWPs. At the present time, various incoherent
detection methods (such asbolometer) and several coherent detection meth-
ods (such as THz TDS) are well developed and are used in spectroscopy
and imaging fields. Because of easy production of high quality and large
area uniform THz QWP materials, THz QWPs have great advantages in
high sensitivity and high resolution detection, especially in the construc-
tion of focal plane arrays. THz QWPs are also useful in the detection of
toxic materials and THz wireless communication. Because the characteris-
tic absorption lines of most molecules are in THz range, under a normal
continuous light source (such as high-voltage mercury lamp), monitoring
of toxic materials can be achieved by THz QWPs because of their high
spectrum resolution and high response speed. The monitoring ability can
be improved by multicolor THz QWPs, and multiple identifications at the
same time can also be achieved. It can be expected that the development
of high-performance, single-element detectors and focal plane arrays will
enable the THz communication and THz detection applications.
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