Chapter 2
Terahertz and Infrared Quantum
Photodetectors

2.1 Introduction

The importance and the application vastity of terahertz and infrared photode-
tectors are clear for every one working in this field. Infrared photodetectors are
interesting components in optical communications, thermal imaging and sensor
networking. Recently infrared photodetectors have been the focus of much
attention due to its potential use in far-infrared imaging as well as room tem-
perature operation, which is of interest from user’s point of view. Conventionally
all objects radiate most of its energy in the form of infrared and terahertz waves,
for observing objects and physical activity in dark conditions one must monitor
the infrared spectra. It is usually customary to use the 3—5 um infrared window
in military applications, 815 um window in thermal imaging and >20 um in
THz applications such as medical diagnostics. More study is done on finding
proper material for detecting the infrared spectrum. However the detection
of long-wavelength infrared (e.g. 10 pm) radiation requires a small gap
(Eg ~ 0.1 eV). Such small-bandgap materials are well-known to be more dif-
ficult to grow, process, and fabricate into devices than are larger bandgap
semiconductors [1]. This problem is more critical in THz wavelengths in a
manner that it is actually impossible to detect THz radiations via interband
optical transitions. Intersubband transitions are a suitable alternative to cover the
infrared and THz spectra. On these lines to remove the present problems,
improve the detecting parameters and for integrating it with other optoelectronic
devices, optimizing the trade-off between Responsivity and Detectivity, spectra
engineering and obtaining to suitable detecting parameters at room temperature,
photodetector structures are developed from bulk to quantum wells (QWIP) and
dots (QDIP).

In this chapter we study different structures of QW and QD terahertz-infrared
photodetectors. The main aim in design of all structures is to overcome the chal-
lenging subjects in long-wavelength signal detection. Section 2.2 covers the general
concepts and definitions about detector principles. Section 2.3 discuses about the
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terahertz and infrared quantum cascade detectors (QCDs) and at the end of this
section two novel dual-wavelengths photodetectors will be presented. In Sect. 2.4, a
terahertz quantum well photodetector based on two-photon absorption will be
introduced. Section 2.5 gives the brief review on quantum dot long-wavelength
photodetectors and also a new quantum dot terahertz photodetector based on the
concept of defect will be proposed. EIT-based photodetection and possible struc-
tures for long-wavelength photodetector based on physical electromagnetically
induced transparency phenomena (EIT) will be introduced in Sect. 2.6.

2.2 Detector Principles

Detecting light means generating an electrical signal (current or voltage) as
function of the incident light intensity. The incident photons in a photodetector
generate electrons. The number of electrons passing through the device is relevant
to the number of photons. This relevance is “the overall quantum efficiency” and
expressed as [2]:

Ne
Mot = 77~ (2.1)
ol Np
Since determining the number of electrons and photons is practically almost
impossible, measuring the ratio of the output electrical current per incident optical
power which is called the responsivity R parameter, is preferred:
I JeN, Je

R=_—

e _ " 2.2
P, hch, hc’?mt (2.2)

where e, h, ¢ and 4 are the electron charge, the Planck’s constant, the speed of light
and the wavelength of the incident light, respectively. Three probabilities are
involved in determining the overall quantum efficiency: the absorption probability
of an electron passing through the active region that is defined as the following
quantum efficiency format:

Nabs = 1 - eiad (23)

where o is the absorption coefficient and d the thickness and the escape proba-
bility, p. which is the fraction of electrons excited by absorbing incident photons,
contributing to electrical current- and the capture probability, p. are expressed in
the gain format (like the photoconductive gain in QWIP):

Pe
= Pe 2.4
= N (2.4)

where N is the number of periods in a multiple period QWIP structure.
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2.2.1 Noise Affects

The photodetection process is inevitably affected by noise. A part of photodetector
output current is correlated to the intensity of the input light (signal current) but the
other part of this current has no correlation with the incoming light. This is defined
as “Signal-to-noise-ratio” S/N:

Ii n.
§/N =2 (2.5)

noise

The power of the input light needed to produce the same signal strength as
produced by noise sources is defined as noise equivalent power (NEP):

P

NEP = ——
S/N

(Inoise =R NEP) (26)

Need to mention that NEP is directly proportional to v/AAf, which is unrelated
to the material properties. Therefore it is more convenient to compare different
detectors with the quantity:

VAN
- NEP

*

(2.7)

which is defined as the detectivity. A larger detectivity means a smaller NEP and
hence a more sensitive detector. In above equation A is the detector’s surface and
Af the electrical bandwidth. Inserting Eq. 2.6 gives:

R/AAS

I noise

D" = (2.8)

The normalized detectivity is expressed in units of “Jones” (cm v/Hz /W). The
important origins of noise current in a photodetector are: Johnson noise, 1/f noise
and shot noise due to current flowing through a device. The shot noise is corre-
sponded to dark current noise (without illumination) or photon noise. The 1/f noise
becomes unimportant in photodetectors if measuring characteristic frequencies are
set high enough. In a resistive device, the thermal motion of electrons makes
Johnson noise:

Proise = 4kgT - Af (29)
For an ohmic device, the current and voltage noise spectral densities are:

5 AksTAf

l

= 4kg TRAf (2.10)

noise,J R ’ Unoiseﬁj

where R is the device resistance. For Johnson noise limited case, the
detectivity is:
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RoA
4kgT

Dj(v) = R(v) (2.11)
In QWIPs, dark current noise and photon noise are rather important than
Johnson noise. In QCDs, dark current is absent so Johnson noise is dominant at
high temperatures.
The generation-recombination noise mean square current that dark current /g,
makes is described by:

iz = 4egnoise1darkAf (212)

noise,dark

In the conventional photoconductors, there is almost no difference between
noise gain gnoise and the photoconductive gain, but for QWIPs they are different.
For the current limited case the detectivity can be described as:

R(v)
\Y uegnoise-]dark

The background blackbody radiation generates a current, Jgg. This current
produces noise as well as the dark current. The Jyg is given by:

dDpq (4 dDgg (v
Jo = e / ntm(z)%()dx =e / nmt(v)z—j()dv (2.14)

D (v) = (2.13)

BG (V)

where 42 v is the background photon flux spectral density. The blackbody

emissivity is described as:

2hv3 1
K(v, Top)dv = —;,ﬂidv
¢ v —1 (2.15)
2hc2 1 '
K (4, Typ)dd = = ——di
A e*8Tob
by
do e
hv - dPsa(v) = nsinzi - K(v, Top)
h dcpdv(,l) ) (2.16)
TVC . % = TCSiHZE . K(i, Tbb)

where Ty, is the blackbody temperature and © is a full cone of view (FOV) angle.
Putting Jy.x and (2.4) in (2.13), we obtain:

Dy p(v) = RE)

\/ue2gnoise fn(v’)wa—c‘fwdv/
1’[(\1) (2. 17)

hv\/ugm,ise fn(v’)dq)(“i—gv,(v’)dv’




2.2 Detector Principles 95

2.2.2 Background Limited IR Performance

Temperature has various effects on the different noise sources. For constant &
temperature increases Johnson noise. Although increasing temperature decreases
R in semiconductors, Johnson noise likewise increases with temperature. The
effect of temperature on the dark current is the same then dark current noise also
increases with temperature. The temperature has approximately no effect on
photon noise until device temperature below the temperature of the environment.
In photodetectors, there exists a temperature, below which photon noise
becomes dominant and above that the other noise sources have dominance. This
temperature is indexed by background limited IR performance, Ty p. Since the
different noise sources are independent thus the total detectivity is given by:

. i

tot —
\/4]?(})3AT + uegnoise (Jdark + e fn(v/)(@a—(;’(v)dvl>

(2.18)

v

2.2.3 Quantum Cascade Detectors

In these detectors, there are two options for a light-induced electron: relaxing to
ground state, or tunneling into the next period. Following equation is given for
responsivity of this type of photodetectors:

Ae  Ppe
R =—n— 2.19
hcnabs N ( )
In extracting above equation, the probability of the electron to be captured by
the next-period ground state, p. is assumed unity. The escape probability, p. is

determined by the fraction of light-induced electrons tunneling to the next period.

2.2.3.1 Model of the Electronic Transport Through QCD Structure
and Derivation of the Essential Relations

The zero voltage resistance, RyA (where Ry is the resistance of the pixel and A the
area of the pixel) is one of the important figures of merit in photovoltaic detectors
to characterize the dark current in the absence of optical excitation. It has dis-
cussed that due to the well and barrier widths, only interactions between electrons
and LO phonons should take into account [3]. On the other hand, due to suffi-
ciently high energy difference between the energy levels, one can omit the effect
of interaction between electrons and acoustical phonons [4] and also electron—
electron interaction because of subband separation in the cascade structure which
is in the range of LO phonon.
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The transition rates are evaluated due to the interaction between electrons
and optical phonons according to Ferreira and Bastard [5]. Starting from an
initial state of wave vector k and energy E in the subband i, the transition rate
SZe(E) towards the subband j (in S™') is obtained through the integration of a
matrix element involving a standard electron—optical-phonon Hamiltonian. This
integration involves all the possible final states of energy E =+ hwpo in the
subband j, where hiwro is the energy of a LO phonon, the plus or minus sign
accounting for absorption or emission of LO phonons, corresponding to
superscript a or e, respectively. Transitions rates Sj; and Sj; are linked by the

following equation [3]:
SY(E) = S§(E + hoxo) (2.20)

The transition rate from an initial state |i, ;) to all final states lf, kf> due to
longitudinal-optical-phonon emission at 7 = 0 K is equal to [5]:

2n
1 meéwio / 17(Q)
—_= do————= 2.21a
T; thsp Zf: 0 ( )
0
2, g2 12
0 = (K +KF 2kikjcos 0) (2.21b)
where
2m*
k]% = klz + _I’;l (Si — & — hWLo)7 (222)
8;1 =¢l—¢! (2.23)

where &5, and & are the high-frequency and static relative permittivities of the
hetero-layer. 17(Q) is defined as:

fi(o / dz / A77,(2) 15 (2)e 2 7D 152 (2.24)

which is equal to §;; if O = 0 and which decays like 0! at large Q values. Since
the optical-phonon dispersion is neglected in our calculations, the transition rate
for phonon emission at nonzero temperature is obtained from (2.21a, 2.21b) by
multiplying the zero-temperature result by (1 + n), where n is the thermal pop-
ulation of optical phonons:

n= [exp {h;:;o] - 1}1 (2.25)

The global transition rate Gj; between the subband i and subband j is the sum of

the two transition rates for absorption of LO phonons (ij) and emission of LO
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all the

initial states of energy E are filled at thermal equilibrium by the Fermi—Dirac
occupation factor f. The electronic promotion from a subband i to a higher subband
j (.e., j > i) is calculated in the following manner. The integration on all these
states is now performed on the subband i:

phonons (ij) In order to calculate the global transition rates Gj; and Gy,

+00

Gt = / SUEN(E)[1 — [(E + hono)newD(E)E  (2.26)
Ej—hwro
G5 = / SSEV(E)L — F(E + hono)] (1 + nop)D(E)E — (227)

AE) and f(E+ hwyo) are the Fermi-Dirac occupation factors at E and
(E 4 hwro), D(E) is the two-dimensional density of state of the subband i and ¢ is
the minimum of energy of the subband j. Of course, similar expressions can be
written in the case of electronic transfers from a subband i to a lower subband j and
Nopt 1 the Bose-Einstein statistic function which accounts for the phonon
population.

In order to continue the modeling discussion, we consider the QCD structure
introduced by Koeniguer et al. [3] which is presented in Fig. 2.1.

Two consecutive cascades a and b are represented in Fig. 2.2. Figure 2.1
present the most significant transitions where the intracascade and intercascade
transitions are separately illustrated in parts (a) and (b), respectively where the
solid-line arrows show the main transfer rates between one cascade and the fol-
lowing one and the dashed-line arrows represent other minor transitions. The
typical value of transitions rates between two neighboring levels are between a few
10?° and 10> m~? s~ ', corresponding to transition times between a few ps and a
few tens of ps for a temperature of 80 K. These transitions are now limited to a few
10" m™2 s~ at the same temperature (and a corresponding transition time greater
than 1 ps due also to the low amount of electron promotion to higher subbands for
satisfying the Fermi—Dirac distribution). This shows that the electronic mobility is
higher inside a cascade than between two consecutive cascades by several orders
of magnitude. Finally, the resistance of a QCD is completely determined at 80 K
by a few intercascade cross transitions, namely Ef — EZ and E} — EZ. The
optimization of a QCD requires decreasing these transitions rates, thus increasing
the resistance and decreasing the noise. This is possible by a separation of the
wave functions, but at the expanse of a lower optical matrix element, and a lower
response. All the challenge of the QCD design consists of mastering this trade off.

The global current density can be evaluated by counting the electronic transitions
between the two consecutive cascades. As a consequence, transition rates
from cascade A to cascade B (two successive period) are not equal to the
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Fig. 2.1 Presentation of a
period of a typical QCD
structure. a Conduction band
diagram and wave function
associated with each energy
level of a period and b Prin-
ciple of a detection [3]
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reciprocal transitions rates from cascade B to cascade A. This global current density

is given by:

T=q> > " [Gy(V) = Gi(V)] (2.28)

leA jeB

Let us consider two subband i and j associated, respectively, with cascades
A and B. The introduction of two quasi-Fermi levels implies the differentiation of
the two Fermi occupation factors in Egs. 2.25 and 2.26. G} and Gj; can be eval-

uated by:
Gy(V) = / SHEA(E)1 — f3(E + hovo)|nenD(E)dE (2.29)
g—hwro
Gy(V) = / SS(EN3(E)[1 — fa(E + iono)] (1 + nope) D(E)AE (2.30)

&

where f4 and fp are the Fermi—Dirac occupation factors associated with quasi-
Fermi level E4 and EZ. Considering Eq. (SG(E) = S5(E + horo) the difference is

then equal to:
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Fig. 2.2 Major transition rates of two consecutive cascades of the real device at 80 K. a The
main transition rates inside each cascade (only the transition rates greater than 10°® m~2 s~ are
represented) and b the main transitions between the cascades: solid lines concern the major

transition (greater than 4 X 10" m~2 s7"), whereas dashed lines represents the other main
transitions (greater than 1 x 10" m~2 s7! and lower than the major transitions) [3]

GA(V) — G5(V) = / SH(E)a(E)[1 - y(E)\dE (231)

gi—hwro
where
a(E) = nopf (E)[1 — f5(E + horo)]D(E),

) (E) 7fB<E+ hO)Lo)[l —fA(E)](l +I’l0pl) (232)
T T RET  f5(E + howo)lna
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Without any applied voltage, the term a(E) is equal to a“/(E) given by:

a(E) = nopf (E)[1 — F(E + o) D(E) (2.33)

Expressing the Fermi—Dirac functions, y(E) is simplified into:

EE—E} —qV
P(E) = exp (kB—T> = exp(kBT> (2.34)

where T is the temperature of the sample and kg the Boltzman constant.

We recall that in the context of infrared photovoltaic detection, applied biases
are very small. The Johnson noise is related to the resistance at 0 V: Ry. In this
calculation, it is then justified to linearize:

q

1 —9(E) =~ Tl

—V (2.35)

This leads directly to the linear I(V) behavior of the structure at low bias,
through the multiplication by the constant a®/ (calculated with no applied voltage).
For little variations of the voltage, the difference can be approximated by the
following equation:

+00
%
GA(V) — G4(V) ~ / S;;(E)ufqlf—TdE
g—hawro b (236)
~ G4V =0V
i ik kBT

Finally, global current density is so evaluated by the formula:
_qZZGUk - (2.37)
icA jeB

where the term G, is defined by the sum of Gj; and Gj; calculated without any
applied voltage. RyA can be finally deduced from the last equation:

kg T
7 ZieA ZjeB Gjj
The linear absorption coefficient, «(w) for the intersubband transitions can be
clearly calculated as follows [6]:

RoA = (2.38)

w,uce2| m kBT 1 +exp[(Er — E;)/ksT)
() = | M| 5L
n, effnh 1+ exXp [(EF — Ef) /kB T]
(2.39)
% h/fin

(Ef —E — hw)2—|—(h/rin)2
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where E = (= AE) = E; — E;, E; and Ey denote the energy levels for initial and
final states, respectively. Also, My, u, Lesr, n, and 7i, are the dipole matrix ele-
ment between initial and final states, the permeability, the spatial extent of
electrons in subbands, the refractive index and the intersubband relaxation time,
respectively.

For all types of quantum detectors [7] the responsivity is given by:

N
re

where # is the collection efficiency involving the photon absorption probability
and the photoexcited electron transfer probability and A the wavelength. One can
assume the parameter 7 to be the external quantum efficiency of the device which
corresponds to the ratio between the number N, (electrons stored in the capacitor
of the readout circuit) and the number N, (incident photons during the same time):
1 = N¢/Nph. Introducing the number N, of excited electrons in the whole QCD
structure (that is in the N periods), the external quantum efficiency can be written
as the product of two ratios: f = N./N, and o = N¢/Npp.

A
NeNph

n (2.41)

f gives the proportion of the excited electrons which are finally stored in the
external capacitor with respect to the quantity of infrared-excited electrons: f is
the so-called photoconductive gain composed of N = 40 periods, 40 excited
electrons are needed to generate one electron only in the readout circuit. This
defines a maximum photoconductive gain of 1/40 = 2.5%. « is the ratio between
the number of excited electrons in the entire device, which corresponds to the total
number of absorbed photons in the entire structure, and the total number of
incident photons: « is the absorption coefficient, also called quantum efficiency in
the community of mid-IR detectors.

From responsivity and resistivity values, we can deduce the Johnson noise

limited detectivity given by:
RoA
D* = R(A)\/——= 2.42
O 242)

where R(7) is the peak responsivity, Ry is the device resistance at null bias, A is the
mesa area and T the temperature of the sample.

2.2.4 Effects of Number of Periods and Doping Density
on the Detector Parameters

Quantum efficiency in a multiple period QWIP structure is expressed as [2]:
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sin2 ©@

P (2.43)

where N is the number of periods. If we assume, that #,,, is much smaller than 1,
the e™ can be approximated by 1 — x. Therefore we have:

;2
sin” ©
Naps = Noop s ® < N (2.44)
Thus responsivity will be:
R 1 N x 1 tant (2.45)
o< o = constan .
Havs y N

As seen in above equation, the responsivity is independent of the number of
periods, N. However the noise gain changes with N as:

&noise X l/N (246)

Therefore the background photon limited detectivity Dj; p varies as:

DELIP :f(%, gnoise) o8 \/N (247)

In a QCD, responsivity is again constant but the device resistance R, will
increase with N and hereby the Johnson noise limited detectivity, D} will change
as:

D x VN (2.48)

It should be mentioned that Df; , the same behavior. Stacking N periods of a
detector structure together means putting N current (noise) sources in series leads
reduces the total noise by the \/N. Increasing the number of periods does not
change the BLIP temperature Ty p, but increases the total detectivity Dy, by V/N.

In a similar way it is shown for small absorption, the absorption and then

responsivity rises linearly in doping density, ng as:
R x ng (2.49)

The background photon limited detectivity Dy, ;p changes as:

D}y p < /s (2.50)

Although in QWIP, the dependence of dark current on doping density is
explicit, but since the transport system in QCD contains the large number of
electronic states so there is no a simple and clear expression for the device con-
ductance G = 1/R,. Howbeit the population of the different states is determined
by doping, the overlap of the states wavefunctions mainly determines the detector
overall performance. Koeniguer et al. [3] have reported a model for a QCD
structure, to simulate the ny dependence of RyA and therefore Dj.
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2.2.5 Quantum Dot Infrared Photodetectors

In what follows, the calculation of detector parameters of this photodetectors is
described. The peak responsivity in quantum dot infrared photodetectors (QDIP) is
given by:

Y e
Rp = (E) NyPe8s (251)
where hv and g are photon energy and optical gain which is given by Beck [8] in
terms of the fill factor F, capture probability p. and number of QD layers N,
respectively and given as:

1 —be

= 2 2.52
e (252)

8

Also, the absorption quantum efficiency #, can be expressed in term of high-
field domain length ¢ as follows:

= (1—e) (2.53)

Finally escape probability is expressed in the following relation:

pe = [1 + T‘(V)] _], (2.54)

Tr

where 1, and 7, are recapture life time and tunneling time which is given by Levine
[9] in terms of the dot size Lp, phase velocity of an electron near the first excited
state v and transmission coefficient 7(v), respectively as:

21
- T(v)

(2.55)

Tt

The dark current in a QDIP, as a function of applied bias V is given by [10]:
Idark(V) = evd(V)nmml(V)A (256)

where v4(V) is the average electron drift velocity in the barrier material, ny is the
concentration of electrons excited out of the quantum dots by the thermionic
emission and tunneling, and A is the detector area. Here:

w(v) = L9 .57
ntolal(v) = n3D(V) + ”dot(v)a (258)

where the three-dimensional electron density nsp (V) can be estimated by Liu [11]
in terms of the barrier effective mass m, and thermal activation energy
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E,(= hc/Aeuroft ), which equals the energy difference between the top of the barrier
and the Fermi level in the dot as:

kgT\ Eo
nip =~ 2<mb 5 )ekfﬂ (2.59)

27h?

Also, the zero-dimensional electron density which can tunnels through the
barrier ngo (V) was calculated in [12] and illustrated in Eq. 2.60.
Voo
(V) = [ NuaEY(E)T(E,V)IE (2.60)
0
In the calculation of Eq. 2.59, we assumed that the transmission coefficient
T(v) is unit for E > V. In Eq. 2.60, Ny is density of states of the quantum dots.
The total noise for a photodetector can be expressed as sum of generation-
recombination (shot) and the Johnson (thermal) noise terms. The Johnson noise is
not included in the calculation, since it is generally much less than the shot noise
[13-15]. The photoconductor current shot-noise can now be obtained using the
optical gain g (valid for small quantum dot capture probability, i.e., p. = 1):

In = 4elgai gAY, (2'61>

where Af is the bandwidth. Now the specific detectivity D* of QDIP at different
temperature and applied biases is obtained from the peak responsivity and current
shot-noise [12] as follows:

D* = RO\/Actt A /i, (2.62)

where A is the absorption effective cross-section area. Finally one can calculate
the noise-equivalent temperature difference NEAT as [14]:
2
NEAT = i,kT3/. / hcAg sin®(Q/2) / R(A)W(2)dA (2.63)
2
where Q is optical field of view, Ty is the black body temperature, 4; and 4, are

the integration limits that extend over the responsivity spectrum and W(21) is the
blackbody spectral density which is obtained as:

W) = (ZHCZhMS)(eXp(hC/AkTB) -1 (2.64)

2.3 Terahertz and Infrared Quantum Cascade Detectors

Quantum cascade structures are relatively new structure in the field of QWIP
which are introduced to reduce the dark current owed to the bias-free operation
(photovoltaic operation mode). Thus the capacitor loading problem in the focal
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plane arrays due to the dark current and the dark current noise problem are
minimized.

Quantum well infrared photodetectors (QWIPs) have been developed in the
recent years from the fundamental-physics point of view towards fabrication of
large area focal plane arrays [1, 16, 17]. In principle, the QWIPs operate in two
electronic transport modes: photoconductive and photovoltaic. The first operation
mode requires external bias voltage to conduce the electrical current where the
excited electrons tunnel out of the quantum wells in the presence of the electric
field and are gathered as a measure of incident light. The limiting factor in this
mode of operation is the presence of dark current which bound the device per-
formance to low temperatures. The typical applied electric fields are about several
10 kV/cm which are the direct result of a trade-off between high quantum effi-
ciency (the capture probability of photo-excited carriers) and low noise. The
problem of dark current is a motivation for developing low dark current and
appropriate quantum efficiency (the second operation mode).

Beside the mentioned problems, the carrier transport mechanism in photocon-
ductive mode involves both 2D and 3D electron states in well and continuum,
respectively, between which the modeling of carrier transition has its own theo-
retical complications [18, 19]. The diffusion of electrons from 3D to 2D states (and
vice versa) is a particularly difficult theoretical problem. That is why most models
use adjustable parameters such as the capture time [20] or the capture probability,
affecting the photoconductive gain [21].

The second types of photodetectors, i.e., photovoltaic photodetectors, do not
require external bias voltage and thus suffer very little or even no dark current.
Therefore, there is no generation-recombination noise in the dark condition (and
therefore the capacitors in the focal plane arrays are not filled by dark current).

A conceptual schematic of a photovoltaic photodetector structure fabricated by
Kastalasky et al. [22] is presented in Fig. 2.3a. The operation principle of this
device is based on electron capture from a miniband which terminates with a
blocking barrier. Since the electron current is blocked by the blocking barrier in
the lower miniband, only electrons of higher energies (in the upper miniband)
have enough energy to pass through the barrier and thus the photo-induced current
is created without need to bias voltage. Goossen et al. [23] have introduced a
different structure (Fig. 2.3b) in which the device capacitance depends to the
carriers flowing through the depletion layer. A quantum well-based structure with
asymmetrically doped double barriers composed of GaAs/AlAs/AlGaAs material
compositions is schematically plotted in Fig. 2.3c [24]. The photo-excited elec-
trons from the lower to the upper miniband tunnel out of the quantum well with a
finite probability through the AlAs barrier. There are two probabilities whether the
excited electrons transport to left or right side. The spatial field in the AlGaAs
layers causes an electric current to the right side and most of carriers are relaxed
in their path to the quantum well place in the right-hand side of Aly3Gag;As
layer. The general concept of this transport mechanism is illustrated in Fig. 2.3d.
Figure 2.3e also presents a similar structure to the structure in Fig. 2.3c but with a
reduced barrier height. The photovoltaic operation of this structure is driven by a
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tunneling barrier and a modulation doped induced internal electric field [25, 26].
The detectivity parameter of this structure is three times lower than the reported
values for photovoltaic infrared photodetector operating at the same wavelength
(10.5 pm). Low detectivity of this structure may be relates to the non-optimized
internal electric field.

A new four-zone structure for QWIP has been proposed by Schneider et al.
(Fig. 2.4) where each period of the active region consists of four independent
zones: (1) excitation zone, (2) drift zone, (3) capture zone and (4) tunneling zone
[28, 29]. The photo-excited carries in the excitation zone are transported in the
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quasi-continuum band edge of the drift region. Then the carriers are relaxed to the
capture zone and fill the quantum well by tunneling. This contributes to a pho-
tocurrent without any external bias voltage.

Quantum cascade structure are of the well-known structures for effective
transport mechanism. A photovoltaic intersubband quantum cascade photodetector
(QCD) has been introduced in Ref. [30] which operates without any bias voltage
and hence suffers no dark current. The optical and electrical transport specifica-
tions of these structures confirm the suitability for small pixel-large array
applications. The main design purpose of the QCD is creation of a bias-free photo-
induced electron displacement through the cascaded quantum states. Thus, a
comprehensive study is required to get familiar with the carrier transport process in
these structures. Generally quantum cascade devices have been described with
kinetic model band making use the Monte Carlo simulation [31].

2.3.1 Dual Color Mid-Infrared Quantum Cascade
Photodetector in a Coupled Quantum Well Structure [32]

Beside the positive and negative points of the mentioned structures, simultaneous
detections of two or more wavelength can be an interesting feature. Several
applications are predicted for multi-wavelength detection such as reducing the
number of false positives through detection of infrared radiations of an object [33].
Also, dual-wavelength imaging in terahertz and mid-IR region is another inter-
esting feature of multi-wavelength detection [34].

In this section, we introduce a QCD structure which is capable of detecting two
simultaneous wavelengths (9.94 and 5.88 pm).

Figure 2.5 shows the respective QCD structure. This structure is composed of
40 periods of coupled AlGaAs/GaAs QWs. The first QW is n-doped in order to
populate its first level of energy El in the conduction band with electrons. The
second well is as the capturing well, attached to main active well. The absorption
of a photon at energy hv = E¢ — E| and hv = E; — E transfers an electron from
ground state towards sixth and seventh excited states. The first transition will be
transported after coupling in the second well of the transport path constructed by
superlattice structure. The second transition will be captured to the second well by
release of a LO phonon and will be transported through the same transport path
constructed by superlattice structure.

Table 2.1 provides the global transition rates G,; for novel QCD structure, the
number of transitions per second and per square meter from the fundamental level
1 to the level j, with j = {2,...,7}, in the neighboring cascade. For temperatures
80, 120, 250 K, the results have been obtained.

Figure 2.6 presents a typical example chosen to illustrate the quality of the
modeling: the experimental RoA of the device as a function of 1000/7, where T is
the temperature of the sample.
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Fig. 2.5 The schematic of
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transition rates in relation to
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Figure 2.7 shows the absorption spectra performed at 120 K temperature. The
two peaks can be easily linked to an intersubband transition between two energy
levels and the different transitions are identified on this figure: the peak at 9.94 pm
and other at 5.88 pm corresponds to the transition from level E1 (ground state) to
levels E6 and E7 (sixth and seventh excited states), respectively.

Figure 2.8 illustrates the responsivity spectra calculated at 120 K for two
wavelengths. We found two responsivities: Rpea,1 = 67.5 mA/W, Rpeax2 =
118.5mA/W, at 1 = 6.82 um and at 4 = 12.35 um, respectively.

The detectivity spectrum at 120 K for two wavelengths is shown in Fig. 2.9.
Taking RoA = 70 Qcm? we obtained at 120 K: D'(1 = 12.35) = 1.2 x 10%J,
D'(). = 6.85) = 6.89 x 10’ I.
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For two different temperatures (80, 250 K) the detectivity spectrum for two
wavelengths are represented in Figs. 2.10 and 2.11, respectively.

2.3.2 A Dual-Color IR Quantum Cascade Photodetector
with Two Output Electrical Signal

Recently, there has been a great deal of interests in the fabrication of multicolor
detectors to enhance the performance of detection, in particular, for discrimination
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of objects and imaging under varying atmospheric conditions [35]. As mentioned
before the different wavelength regions are associated with different practical
applications, detecting an object’s infrared emission at multiple wavelengths can be
used to reduce the number of false positives. The possibility to have dual wave-
length operation is also very attractive in the THz and mid-IR regions for appli-
cations like dual wavelength imaging [34]. In order to get response in several
wavelength ranges in QWIPs, there are several procedures. One approach is to build
several stacks of square quantum wells with different peak response wavelengths
[36—43]. The response due to different wavelengths can be achieved either by
contacting each stack separately in a constant bias or by controlling the bias across
the stacks to sequentially activate different stack. The other approach is to use
asymmetric or coupled quantum well structures where the transitions from the
ground state to several excited states are allowed [44—46]. The advantage of
the latter approach is that it requires only one set of quantum wells which makes the
fabrication relatively simpler. In this case, the photoexcited carriers are extracted by
controlling the bias across the device. In spite of all achieved developments in
multi-color detection, there are several important deficiencies such as bias-
dependant wavelength detection, difficulties in simultaneous detection of wave-
lengths and identical output current path associated with all detected wavelengths.

In this section, we introduce a detector structure based on quantum cascades
which is able to detect two different wavelengths simultaneously through two
independent output current paths. The two under consideration structures consists
of own left and right paths that each path can detect specified wavelength with
associated active region. In first structure, the N consecutive periods in each path
was studied however, for second structure, we have considered only one period
with single main active region for both left and right parts.

The first proposed structure for DC-QCD consists of two separated N-period
GaAs/AlGaAs heterostructures containing specified active regions and subsequent
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transport ladders in each period to detect wavelengths in completely independent
output current paths. A 200 A Al 40Gag goAs layer is used as spacer layer between
two sections. The energy levels and associated wave functions for considered
structure as well as 3D view of the QCD structure are illustrated in Fig. 2.12 in one
period of the device. All QWs and barriers are made of GaAs and Al 40Gag goAs,
respectively (except for active region of right path which is composed of
Alp1Gag9As). The layer widths in one period from left to right (active region and
ladder) in the left path starting with active well layer are: 63/60/17/30/23/30/29/30/
36/30/46/30 and 63 A, respectively.
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The right path (in the right-hand side of thick Alp40Gag goAs layer) consists of
N successive periods with layer widths of 88/60/23/38/28/30/34/35/88 A,
respectively in one period starting with the active well. The peak detection
energies of the DC-QCD, which corresponds to the intersubband transition ener-
gies between ground and first excited state in each active region was calculated to
be 185 meV (6.74 pm) for left path and 107 meV (11.70 pm) for right path.

The second proposed structure for DC-QCD consists of only one active region
(stepped quantum well) and with two transport ladders that extract the photo-
excited carriers through two side of active well. Figure 2.13 represents the con-
duction band profile, energy levels and the wave functions associated with each
energy level for considered structure.

Barriers, QWs and two steps are made in Aly40GaggoAs, GaAs and
Aly»,Gag 7gAs, respectively. The layer sequence in A starting from the first
quantum well from left to right is as follows: 63/36/46/32/36/32/29/36/21/33/18/
60/42/52/30/60/25/30/30/30/38/30/48/30/64. The intersubband transition energies
between ground-first excited state and ground-second excited state in active region
were calculated to be 140 meV (8.88 um) and 223.7 meV (5.56 pm), respectively.
The advantage and disadvantage of such structure with only one period are dis-
cussed at the end of section. Figures 2.14 and 2.15 presents the resistivity at 0 V
(RpA) as a function of 1000/T for right and left path of two proposed structure,
respectively.

The short width for right paths in two structures leads to high intercascade
transition rates, so the values of RyA are low for these two paths in comparison
with left parts with high values of RyA. Figure 2.16 presents the linear absorption
coefficient, a(w) for the intersubband transitions of considered structures.

Figure 2.17 depicts the peak responsivity for two different structures of pro-
posed DC-QCD.
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Fig. 2.13 Conduction band profile and wavefunctions for second structure
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Finally, from responsivity and resistivity, it can deduce the Johnson noise
limited detectivity. Figure 2.18 presents detectivity spectrum for one period of two
considered structures in 7 = 80 K.

The extracted RyA figures for right and left paths of first and second structures
are considered for only one period but the whole resistance of the device is directly
proportional to N (RoAtoai = N X RoAgne-perioa) and decrease exponentially with
doping concentration. So, for second structure, the obtained RoA is N times smaller
than the device resistance for the first structure, resulting in lower induced
potential. On the other hand, the detectivity parameter is relative to N; it means
that the detectivity for the first structure is v/N times larger than for the second
structure. Since the main limitation of quantum cascade detectors is a low response
with respect to photoconductive detectors, the main challenge is to design a
structure with higher response keeping the same dark current level. This goal is not
achievable by increasing the doping concentration since the resistance of the
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Fig. 2.15 RyA for a left path (a) 10°
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device decreases dramatically with doping concentration. Another approach is the
reduction of the number of periods. In this way, an improvement is expected and
high responsivity values are achievable for such structures with small number of
periods. So, in quantum cascade based detectors, there is a tradeoff between
detector parameters meaning that good structure design leads to proper perfor-
mance of the devices.

2.4 Terahertz Quantum Well Photodetector Based
on Two-Photon Absorption [47, 48]

Nonlinear coefficient for second-order susceptibility resulting from intersubband
transitions in QWs increases with three orders of magnitude in comparison with
host material GaAs [49]. In particular, for two-photon intersubband transitions,
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nonlinearities are six orders of magnitude stronger than the bulk GaAs [50, 51].
The QWIP which is exploited for this, designed for wavelengths at 8—12 um with
two bound subbands |1),|2), and one equidistant continuum resonance |3) where
an electron is excited into the continuum by two infrared photons and hence
produced photocurrent is a quadratic function of the incident power (Fig. 2.19a)
[50]. This nonlinear behavior introduces a new quadratic detector device in con-
trast with the linear power dependence QWIPs [52]. Excellent sensitivity for
quadratic detection has been achieved, with nonlinear optical signals appearing at
power densities as low as 0.1 W/ecm? [50]. Since the parasitic time constants
arising from the device capacitances or resistances are not influencing the
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nonlinear process, temporal resolution of two-photon QWIPs is only restricted by
the sub-ps intersubband and phase relaxation times.

Lately too much attention has been paid for nonlinear THz detectors because of
their applications in femtosecond lasers based THz technology and room tem-
perature based nonlinear detection [53-55].

The structure of two-photon THz-QWIP is made of an active region (consisting
20 GaAs QWs of 18 nm width with central Si-doping of 1 x 10'7 cm™ and
70 nm width Al sGagosAs barriers) sandwiched between two n-type GaAs
contact layers with 400 and 700 nm thicknesses. As usual the coupling of the THz
radiation into the active region was accomplished using 45° facets [52]. Compu-
tations for the chosen structural parameters reveal an operation wavelength slightly
less than 50 pm [47].

By using the linear photocurrent spectroscopy which is carried out by a FTIR
spectrometer at low temperature and various bias voltages, spectral properties
were analyzed (Fig. 2.20). Considering the linear excitation from the ground state
into the continuum for the 0.1 V bias voltage the photocurrent begins in at photon
energies around 380 cm ™' (Fig. 2.19b: the parity forbidden selection rule is not
satisfied due to the applied electric field and the state |3) being in the continuum)
and eventually this leads to an increase of photocurrent around the cutoff energy.
At the 0.5 V bias voltage a significantly steeper increase in the cutoff energy (due
to the odd parity of the applied electric field) along with moves towards the lower
energies is observed. Because of two-photon excitation being negligible at the low
intensities as well as the state |2) being completely confined in the QW at this field,
no signal is generated at the energy of the |1) — |2) transition. However at 0.94
and 1.5 V bias voltages, the barrier leakage at the energy of |2) (due to Fowler—
Nordheim tunneling into the continuum) allows that carriers can escape from the
second state of QW with finite probability (Fig. 2.19¢) thus induces a pronounced
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peak at 235 cm™' (42.5 um). The Reststrahlen band (due to strong optical-phonon
induced absorption in the GaAs substrate) suppresses the response towards higher
energies. A significant photoresponse between the Reststrahlen band and the |1) —
|3) transition energy is occurred above 300 cm ™' It is worth mentioning that there
are a number of narrow dips in the spectral shape above the Reststrahlen band
which are caused by two-phonon absorption, typical for THz QWIPs, whereas a
Fano lineshape is observed if the active region is involved in the two-phonon
transition [56].

Based on the investigations of /-V curves at varying temperatures for two-
photon THz-QWIP (Fig. 2.21), the detector is still BLIP (background limited
performance) at 25 K if the bias is less than 1 V.

Quadratic detection is being investigated through the measuring of the photo-
current as a function of incident power where a free-electron laser (FEL) excites
the transition at a wavelength of 42 pm. The two-photon THz-QWIP is biased at
500 mV and below in order to suppress the tunneling-induced linear photocurrent
contribution. The final state of the two-photon transition is aligned with the con-
tinuum. Figure 2.22 shows the photocurrent / versus the incident power P of the
FEL where the photocurrent increases quadratically with the incident power,
followed by saturation behavior. The intensity dependence is described by the
equation [57]:

ISat
[ = SP? 2.
S W(SP2> (2.65)

where § represents the quadratic contribution to the photocurrent, Ig,, the satura-
tion current, and W Lambert’s W-function. This is an approximation where the
photoconductive gain depends linearly and the dark current exponentially on the
local electric field inside the active region.
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2.5 Quantum Dots THZ-IR Photodetector
2.5.1 An Overview of Quantum Dot

The introduction of quantum wells in the early 1970s was a turning point in the
direction of research on electronic structures [58]. A quantum well is a very thin
layer of a semiconductor sandwiched between two layers of another semicon-
ductor with wider energy gaps. The motion of electrons in a quantum-well
structure is bound in two directions if the thickness of the quantum well layer is of
the order of the de Broglie wavelength [15].

In the 1980s the interest of researchers shifted toward structures with further
reduced dimensionality: one-dimensional confinement (quantum wires) [59] and
zero-dimensional confinement (quantum dots). Localization of carriers in all three
dimensions breaks down the classical band structure of a continuous dispersion of
energy as a function of momentum. Unlike quantum wells and quantum wires, the
energy level structure of quantum dots is discrete.

To demonstrate useful QD-based devices several requirements need to be ful-
filled [60]:

1. Small QD size and sufficiently deep localizing potential for observation of
zero-dimensional confinement.

2. High density of QDs and a high filling factor.

3. Low dislocation density material.

The QD size should not exceed a lower and an upper size limit dictated by the
population of energy levels. The minimum QD size is the one that ensures exis-
tence of at least one energy level of an electron or a hole or both. For instance, for
the InAs/AlGaAs system, the critical diameter of the QDs is ~3-5 nm, whereas
this value is about 1 nm for the GaN/AIN system [15].
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Several methods have been used for fabrication of QD structures. Depending on
the thicknesses associated with the potential confinement, the energy of the in-
tersublevel transitions can exhibit resonances varying from the mid-infrared to the
far infrared spectral range [61]. Post-growth patterning of quantum dots and
transferring of the pattern to the semiconductor layer by etching was one of the
earliest implemented methods [62]. Another method is selective growth of a
compound semiconductor with a narrower bandgap on the surface of another
semiconductor with a wider bandgap.

These techniques have been successfully applied to study the transport prop-
erties of quantum dots [63]. First observations of intersublevel transitions in the far
infrared have been reported in the early 1990s, either in InSb-based electrostati-
cally defined quantum dots [64] or in structured two-dimensional electron gas [65].
In the latter cases, the intersublevel transitions were resonant in the far infrared
because of the large lateral sizes of the quantum dots.

One of the most popular ways to realize quantum dots is to rely on a
spontaneous formation process. This can be achieved in the so-called Stranski—
Krastanow growth mode [66] that occurs during the epitaxial growth between
lattice-mismatched semiconductors. The quantum dot formation is driven by the
strain accumulated in the epitaxial layer. Above a given critical thickness of the
wetting layer (WL), islands with scales ranging in the nanometer range are
spontaneously formed. This growth mode can be successfully obtained by different
growth techniques, including molecular beam epitaxy, chemical vapor deposition,
or metal-organic chemical vapor deposition. To date, the most studied type of
self-assembled quantum dots is the InAs/GaAs system, which can be considered as
a model system [67]. An atomic force microscope image of the InAs island size
distribution is shown in Fig. 2.23 [15].

However, since the key parameter which governs the growth is the lattice-
mismatch between the semiconductors (7% in the case of InAs on GaAs),
self-assembled quantum dots can be easily obtained with other materials like
germanium and silicon [68]. The interest for self-assembled quantum dots relies
not only on the easy formation process but also on their potential applications

Fig. 2.23 An atomic force InAs/GaAs(001)
microscope image of InAs
islands on GaAs(001) [15]
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Fig. 2.24 Cross section image of an InAs quantum dot embedded into a GaAs matrix obtained
by transmission electron microscopy [62]

due to their compatibility and their possible integration with standard III-V and
IV-IV electronics.

The shape, size and compositions of the quantum dots can be significantly
modified during regrowth or post-growth annealing or by applying complex
growth sequences [15]. In the case of the InAs/GaAs heterosystem, self assembled
quantum dots with various shapes have been reported in the literature; including
lens shaped quantum dots [69] square-based pyramids [70] or elongated pyramids
[71]. Different aspect ratios, defined as the height divided by the base or diameter,
have also been reported. The lens-shaped quantum dots are usually rather flat, with
an aspect ratio of the order of 1:10, with typical dimension of 2.5 nm height and
25 nm diameter [69]. The pyramids exhibit facets with higher index planes and
higher aspect ratios (1:2). Transmission electron microscopy (TEM) structural
characterizations show that the InAs dots grown on GaAs roughly have a lens-
shaped geometry with a low aspect ratio of ~0.1 as seen in Fig. 2.24 [61].

The composition, the strain—relaxation, the interdiffusion and the segregation
are strongly dependent on the growth parameters, like the temperature, the ratio
between the III-V elements fluxes, the capping procedure etc. It is therefore very
difficult to compare quantitatively the results which have been reported in the
literature so far. The electronic spectrum of the dots is dependent on all these
parameters, and in turn is expected to vary from one system to another.

One drawback of the self-assembled quantum dots as compared to lithography-
defined quantum dots is their size distribution, which can put a limitation for device
application. The size dispersion, which is inherent to the Stranski—Krastanow
growth mode formation, is generally of the order of a few percent around the mean
size. The mean size can evidently be varied during the growth process, which opens
in turn a route to tune the energy of the confined energy levels [61].

Multiple-layer stacking of islands is often required when implementing QDs in
the active region of optical devices to obtain enough interaction between the
confined electrons and the electromagnetic field. In this case, a spacer layer
determines the size and density of QDs. Below a certain thickness of the spacer
(GaAs in this example), the islands align themselves according to the bottom layer
and their size increases as we move toward the upper layers. Increasing the
thickness of the spacer may result in independent growth of islands with nearly
constant size and density in different layers [15].
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However another route to tailor the electronic spectrum of the dots is to rely
on the electronic coupling that can be achieved by vertical coupling of the
quantum dots. This vertical coupling is possible due to the vertical alignment
driven by the strain-field induced by one quantum dot. Electronic coupling
between stacked layers provides more flexibility for wave function engineering in
quantum dots, as it is routinely achieved with quantum wells. The stacking of
quantum dots corresponds to the transition between artificial atoms to artificial
molecules [61].

Intersublevel transitions offer also great opportunities for the development of
new devices in the mid-infrared. By analogy with quantum well intersubband
photodetectors, one of the first device applications that have been proposed was
the realization of quantum dot infrared photodetectors for infrared detection and
imaging. Clearly, one of the anticipated advantages of using quantum dots instead
of quantum wells is related to the difference in capture and relaxation mechanisms
between the dots and the wells. This should result in an improved responsivity, a
lower dark current and a higher operation temperature. Besides, the polarization
selection rule for intersublevel absorption differs between quantum dots and
quantum wells. Normal incidence operation can therefore be expected with
quantum dots. Quantum dots allow also the study of original structures and
geometries like lateral quantum dot photodetectors which cannot be investigated
with quantum wells [15].

2.5.2 An Overview of Quantum Dots Photodetectors

Detection of terahertz wave like any other electromagnetic radiation may be done
by coherent or incoherent techniques. Coherent detection systems such as Schottky
diode mixers, nonlinear optical crystals or coatings and gated photoconductive
antennas, or switches usually accomplished along with frequency conversion. The
coherent techniques despite of good sensitivity need a high degree of sophistica-
tion and instrumentation. Incoherent detectors involve heat based devices such as
bolometers or those made with pyroelectric crystals. These types of detectors are
generally slow and operate at low temperatures. Detectors based on Semiconductor
materials (such as doped Ge detectors [72] and photoconductive detectors
triggered by femtosecond optical pulses [73]) and heterojunction (such as het-
erojunction interfacial work function internal photoemission detectors [74], and
high-electron mobility transistors operating in the plasma-wave regime [75]) have
been also studied and characterized. More recently, quantum-confinement based
detectors [76] consist of quantum-well infrared photodetectors (QWIPs) and
quantum dot infrared photodetectors (QDIPs) have generated interest. It was
observed that a QDIP consisting of a multilayered self-organized In(Ga,Al)
As/Ga(Al)As quantum dot active region can detect a broad range of infrared (IR)
wavelengths [77-80]. Mid-infrared photoconductivity at around 3 pm has also
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been studied for delta-doped InAs/AlGaAs quantum dots for subbands to
continuum transitions [81, 82].

The advantages of QDIPs result from three-dimensional carrier confinement in
quantum dots. The associated advantages include:

(1) Intrinsic sensitivity to normal incidence light.

(2) Long lifetime of photoexcited electrons due to reduced electron—phonon
scattering.

(3) Low dark current due to three-dimensional quantum confinement and reduced
thermionic emission.

Intersubband absorption in zero-dimensional quantum dot structures has
advantages in optical applications compared with two-dimensional quantum well
structures. This is due to their sharp delta-like density of states, the reduced
intersubband relaxation times and so lower detector noises in these nanostructures
[81, 82]. Intersubband absorption of GaAS-based quantum dot structures has been
extensively investigated in recent years. For example, infrared absorption has been
reported for charged InGaAs quantum dots for wavelengths higher than 20 pm,
and for doped InAs dots in the range of 10-20 pum, respectively. Long-wavelength
infrared detection is one of the major applications of self-assembly grown semi-
conductor quantum dots [83]. Most of long-wavelength infrared detectors are
generally limited to the peak position wavelength range of 4-9 um [84, 85]. A
study of the intersubband absorption in InAs/GaAs quantum dots has been done in
[84]. The long-wavelength infrared intersubband absorption in Ing3Gag;As/GaAs
multiple quantum dots is reported in [83]. With variation of the number of mon-
olayers (between 10 and 60), the peak position wavelength varies in range
A ~ 8.6-13 um. While these QDs have been demonstrated successfully in mid-
infrared wavelength photodetectors, the promise of new applications at longer
wavelengths in the far-infrared (30-300 pm) or terahertz (1-10 THz) region of the
spectrum is providing motivation to extend their operating wavelength [86].

The first observation of mid-infrared photoconductivity with InAs quantum dots
was reported in 1997 [61, 81]. Far infrared photoconductivity (17 um) in self-
organized InAs quantum dots was reported in 1998 [87]. The photoresponse
remained however very noisy due to the high temperature of the measurement
(90 K) and could not be observed for a bias larger than 0.5 V. A short wavelength
InGaAs photodetector with InGaP barriers is investigated by Kimet et al. [88]. The
photoconductivity was measured at normal incidence. At the peak wavelength
of 5.5 um, the responsivity was 130 mA/W and the detectivity was 4.74 x
10" cm Hz"?/W at 77 K. This figure of merit remains however lower more than two
orders of magnitude as compared to GaAs/AlGaAs QWIPs operating at the same
wavelength. The reported InAs/GaAs QDIP in [89] has peak at 10 pm and operates
at normal incidence. A peak detectivity of 7 x 10° cm Hz"*/W is achieved at 30 K.
This value remains much weaker than the achieved value with state of the art
quantum well infrared photodetectors. The detectivities of 6 x 105, 5 x
10® cm Hz'?/W are obtained at room temperature and 80 K, respectively at 9 pm
for far infrared photodetector using self-assembled InAs quantum dots [90].
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Several groups have reported some results for QDIPs with AlGaAs barriers.
Liu et al. have embedded 50 layers of InAs quantum dots with AL 33GaggsAS
barriers. The reported results have shown that the AlGaAs barriers induce blue
shift. At 80 K, a responsivity of 0.1A/W has observed at 5 pm and bias voltages of
~3 V [91]. Another approach consists on using an Al ;Gag;As current blocking
barrier between the contacts and the active region where detectivity values,
D" ~3 x 10° cm Hz"*W at 100 K, were measured for a peaked photoresponse
around 3.75 pm [92, 93]. Using AlGaAs blocking barriers, a detectivity of
D" ~10'" cm Hz'”/W at 77 K with a photoresponse peaked at 6.2 pm and a
0.7 V bias is reported with responsivity of 14 mA/W [94]. The same authors have
reported an InAs QDIP that utilize Ing;5GaggsAs strain—relief cap layers [95].
This device exhibit normal-incidence photoresponse peaks at 8.3 or 8.8 um for
negative or positive bias, respectively. At 77 K and —0.2 V bias, the responsivity
is 22 mA/W and the peak detectivity D" is 3.2 x 10° cm Hz"?/W. The highest
responsivities have been achieved using lateral quantum dot infrared photode-
tectors where the carrier transport is shifted to a neighboring channel with high
electron mobility. Lee et al. [96] have reported a responsivity of 4.7 A/W at low
temperature (10 K) for a 9 V applied bias for the first time.

Recently, Chu et al. [97] have demonstrated an 11 A/W responsivity associated
with a resonant photoresponse around 186 meV (6.65 pm) using an InGaAs
channel layer. A Ge quantum dot photodetector has been demonstrated using a
MOS tunneling structure [98]. The responsivities of presented photodetector in the
case of five-period Ge quantum dot are 130, 0.16 and 0.08 mA/W at wavelengths
of 820, 1,300 and 1,550 nm, respectively. The device with 20-period Ge quantum
dot introduces the responsivity of 600 mA/W at 850 nm and the reported room
temperature dark current density is 0.06 mA/cm?. The optimized growth of mul-
tiple (40-70) layers of self-organized InAs quantum dots separated by GaAs
barrier layers in order to enhance the absorption of quantum-dot infrared photo-
detectors (QDIPs) is investigated in [80]. In devices with 70 quantum-dot layers, at
relatively large operating biases (smaller than 1.0 V), the dark current density and
the peak responsivity are 107> A/cm? and ~0.1-0.3 A/W measured for temper-
ature ranges 150-175 K, respectively. The peak detectivity varies in the range of
(6 x 10°-10"" cm Hz"*/W) for temperature range (100200 K).

A resonant tunneling quantum-dot infrared photodetector has investigated
theoretically and experimentally in [12]. In this device, the transport of dark
current and photocurrent are separated by the incorporation of a double barrier
resonant tunneling heterostructure for each quantum-dot layer. The proposed
device uses Ing4GaggAs—GaAs quantum dots and has implemented using
molecular beam epitaxy. The introduced system was designed to operate at room
temperature and 6 um. Also the measured data exhibit a strong photoresponse
peak at 17 pum. The dark current in the tunneling based devices are almost two
orders of magnitude smaller than those in conventional devices. Measured dark
current values are 1.6 x 107 A/cm? at 80 K and 1.55 A/ecm? at 300 K for 1 V
applied bias. Measured values of peak responsivity and specific detectivity are
0.063 A/W and 2.4 x 10'° cm HZI/Z/W, respectively, under a bias of 2 V, at 80 K
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for the 6 um response. For the 17 pm response, the measured values of peak
responsivity and detectivity at 300 K are 0.032 A/W and 8.6 x 10° cm Hz"*/W
under 1 V bias.

In In(Ga)As/GaAs quantum dots, the intersublevel energy spacings or the
energy difference between the dot and continuum states is normally 40-60 meV,
which corresponds to the mid-IR and FIR wavelength ranges. In the other words,
the upper cutoff wavelength for detection with QDIPs is limited to less than 25 pm
[79]. Therefore, the dot heterostructure and/or the dot size need to be engineered
for detection at longer wavelengths and in the terahertz range. Bhattacharya and
his coworkers [99] have reported the performance characteristics of tunnel QDIPs,
incorporating Ing¢Alp4As/GaAs self-organized quantum dots of reduced size in
the active region, which exhibit spectral response with peak and cutoff wave-
lengths of 50 and 75 pm (~4.0 THz), respectively. The conduction band diagram
of an Ingyg¢Aly4As/GaAs quantum dot layer and the associated resonant tunnel
heterostructure for this structure are shown in Fig. 2.25a.

A single 60 A thick Aly ;Gag 0As barrier is incorporated before each dot layer to
form a quantum well with well-defined final states for the photoexcited electrons.
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Fig. 2.25 a Single period conduction band schematic diagram and AFM image of In0.6A10.4As/
GaAs dots; b schematic heterostructure of T-QDIP grown by molecular beam epitaxy [99]
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The width of the well region and the composition of the barrier can be varied to
tune the final states in resonance with the resonant state of the double barrier
heterostructure. For detection of terahertz radiation, the energy spacing between
the confined state in the dot and the quasibound states in the well has to be of the
order of 10 meV or less. This transition is illustrated in Fig. 2.25a. To achieve this,
the Ing ¢Alp4As/GaAs quantum dots have been grown in the active region of the
devices, instead of the more conventional InAs dots. Incorporation of Al into the
dot material serves two purposes. First, due to the larger band gap of InAlAs,
compared to InAs, the bound state energies are closer to the GaAs barrier energy,
and hence to the quasibound states in the well. Second, due to the smaller
migration rate of Al atoms on the growing surface during epitaxy, the Al-con-
taining islands (dots) are smaller in size compared to InAs dots and the dot
confined states are higher in energy.

In this study, the density of Ing gAly 4As dots (~3 x 10" ecm™?) is generally an
order of magnitude larger than that of InAs dots, which helps to absorb more of the
incident radiation. The schematic heterostructure of T-QDIP is shown in
Fig. 2.25b.

The energies of the bound states are indicated in Fig. 2.25a. The quantum dots
are also doped with Si such that the bound states are occupied.

The dark current density of the device, with the smaller sized InAlAs dots as a
function of bias voltage and temperature, is shown in Fig. 2.26. The dark current
densities at a bias of 1 V are 4.77 x 107%,2.03 x 107 and 4.09 A/em” at 4.2,
80, and 150 K, respectively. These values are very low compared to other terahertz
detectors [74, 100]. This low dark current density is due to the existence of the
double barrier tunnel heterostructure. For comparison, the dark current densities in
a device with larger sized dots, measured at 80 K, are also included. It is apparent
that devices with larger dots are more suitable for high temperature operation.

The spectral response of the tunnel-QDIP with smaller dots at 4.6 K, with bias
of 1.0 V, is shown Fig. 2.27a. The peak responsivity is about 0.45 A/W and the
wavelength corresponding to this peak is around 50 pm which agrees with the
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Fig. 2.27 Measured spectral (a) 0.5
responsivity of T-QDIP at
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calculated energy difference between the QD bound state and the quasibound state
in the well of 24.6 meV (50.4 pm). The cutoff wavelength is ~75 pum, which
corresponds to ~4.0 THz. The transition between the dot state and the state in the
well is expected to be sensitive to normal incidence or s-polarized radiation. This
has been verified earlier in QDIPs [79]. In the dot-well system, the states in the
well are no longer z confined, but also have a radial component. The dark region
(dip) in the spectral response centered at (36 um) is due to longitudinal optical
phonon absorption in GaAs. This same phenomenon has been observed by other
GaAs based detectors [74, 101]. The spectral response appears to be fairly broad.
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The transition is believed to be from the dot bound states to quasibound states in
the well and the spectral width of such transitions will not match the observed full
width at half maximum (FWHM) of ~ 35 pum, which corresponds to 23 meV. The
observed linewidth is attributed to size nonuniformity of the self-organized dots
which give rise to linewidths of ~30-40 meV in the interband photoluminescence
spectra. Figure 2.27b, ¢ show responsivity spectra at higher temperatures from a
device with the larger sized InggAlp4As dots. The long-wavelength response is
shifted to shorter wavelengths. The device can be operated at a temperature of
150 K, which is high compared to other photon-based terahertz detectors. In order
to achieve 1-3 THz operation at reasonably high temperature the dot size needs to
be reduced, the size uniformity improved, and the tunnel heterostructure needs to
be further optimized to keep the dark current low. The dot size can be reduced by
increasing the Al content in the dots and by reducing the growth temperature.

The specific detectivity (D) of the devices at different temperatures and
applied biases is obtained from the peak responsivity R, and noise density spectra
S;. The latter is measured with a dual channel fast Fourier transform (FFT) signal
analyzer, which displays a FFT spectrum of voltage versus frequency, and a low
noise preamplifier. A thick copper plate is used as a radiation shield to provide the
dark conditions for the measurements. The value of D" is calculated from:

D" = RyA'? /8! (cm Hz'? /W) (2.66)

where A is the illuminated area of the detector. The measured D* values are
1.64 x 10® and 4.98 x 10" cm Hz"*/W at 4.6 and 80 K, respectively, under a
bias of 1 V.

Hofer and his coworkers have done a work [101] with goal of obtaining
emission from interdot transitions in the THz region from quantum dots [102]
and from quantum dot cascade emitters [103]. They reported a quantum dot
photodetector with two response peaks due to interdot transitions and dot-
continuum transitions. Two samples have been used for the investigations. One
has 30 dot layers (sample A) and other has 20 layers (sample B). The dot
layers of both samples are embedded into a GaAs Matrix of 10 nm width
which—for sample B—is Si-doped so that each dot is filled with about one
electron. Sample B is provided additionally with thin AlAs layers of 1 nm
thickness, 1 nm spaced from the dots to restrict the vertical current (Fig. 2.28).
From the relatively small distance between the dots the states in the dots must
couple vertically [104].

The measurements show a nonlinear asymmetric behavior with turn-on-volt-
ages of 0.5 and —0.14 V for sample A and 0.66 and —2.5 V for sample B. The
dark current is of the order of mA. Sample B shows a smaller dark current than
sample A due to the AlAs barriers. The 300 K photoluminescence data-depicted
in Fig. 2.29 show for both samples sharp peaks at 994 meV and at 1,021 meV with
a FWHM of 57 and 54 meV whereas the intensity for sample B is 7 times higher
than for sample A. This can be attributed to the AlAs barriers which improve the
carrier capture.
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The spectral dependence of the photoresponse of the detector structure is
measured using a standard FTIR spectrometer with a glow-bar infrared source. The
samples are measured in normal incidence geometry. In Fig. 2.30 the measured
transition from the ground state of the quantum dots to the continuum of samples B
and A is depicted. As it is expected the higher transition energy for sample B
compared to sample A can be seen since the electrons have to be excited into the
higher lying lowest miniband of the AlAs—GaAs superlattice.

In fact, there is an energy difference of 27 meV between the peaks of the two
samples. This is in exact agreement with the calculation of the miniband dispersion
relation done in the envelope function approximation [105]. The lowest energy
level of the first miniband lays 27 meV above the GaAs band edge. Sample B
shows also a large signal at zero bias which we ascribe to the built in field between
the ionized donors next to the dots and the electrons in the dots. The GaAs matrix
of sample A is not doped. Therefore there is no photoresponse signal at the
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unbiased state. Figure 2.30 shows for sample B that the signal is getting smaller at
higher bias voltages. This is due to the higher dark current which makes the signal
smaller. Measurements in a lower frequency range show a broad peak with several
features around 55 meV—Fig. 2.31—which can be interpreted as interdot tran-
sitions (see also Pan et al. [106]).
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The strong normal incidence response supports the interpretation that the
observed peaks are from optical transitions in the quantum dots rather than from
the two-dimensional wetting layer. Sample A does not show this peak due to the
larger dark current in this sample. In contrast to Chu et al. [107] and Pan et al.
[106], in this report interdot transitions and bound to continuum transitions for the
same sample possible due to the GaAs—AlAs superlattice miniband which reduces
the dark current and noise of the detector [108, 109].

For detecting virus, explosives and bio-images with their molecular vibration
frequency locating at the 0.1-30 THz frequency range [110-114], a detector which
can detect far infrared wavelength is necessary. Although QDIPs have advantages
on detecting infrared light, the detection range is limited to the middle infrared
(from several micrometers to tens of micrometer). The quantum ring infrared
photodetectors (QRIPs) have the potential of high response speed, longer life time,
low dark and noise current, and much better three-dimensional confinement than
those of QDIPs; it also exhibits the far infrared wavelength detection ability [115].
Lee and his coworkers [116] have demonstrated the In(Ga)As quantum ring ter-
ahertz photodetector which has a cutoff wavelength at 175 pum.

In this work QDs and QRs are grown on semi-insulating (100) GaAs substrate
using VG V80H MKII solid source MBE equipped with valved craker sources
under As, beam. The structure consisted of 800 nm n+ GaAs/50 nm GaAs/2ML
InAs QD annealing at 520°C for 10 s/1.14 nm GaAs capping layer/50 nm GaAs/
400 nm n+ GaAs (Fig. 2.32). After two steps annealing (Fig. 2.33), the QR
structure is completed (Fig. 2.34). The first annealing step of InAs QD is to make
the QDs with uniform size and density. The second annealing step after the
deposition of GaAs capping layer is to let the In atoms out-diffuse from the central
QDs and form the QRs.

The thickness of the GaAs capping layer is the important factor for the QRIPs
detection wavelength [116].

Figure 2.35 shows PL spectra of various samples with different GaAs capping
layer thickness. The thinner the capping layer, the closer the PL peak energy is to
the GaAs bandgap. It means that there is opportunity to detect the long wavelength
infrared radiation.

structure [116]
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2.0 ML InAs anneal 10s 520C
50nm GaAs
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Figure 2.36 shows the responsivity of QRIP at a bias of 80 mV and temperature
8 K. It is very clear from the figure that the QRIPs can detect infrared signal at
three ranges, i.e., 45-75, 75-100 and 100-175 pum.

The overview presented above about QDIP shows that there are several chal-
lenges in terahertz spectra photodetection which can be categorized as follow:

1. In general, the detection range of QDIPs is limited to mid-infrared.
2. In order to achieve terahertz operation in dot-well system, the dot size needs to
be reduced.
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3. Using the 2D states in quantum terahertz photodetection systems leads to
decreasing the optical gain and so responsivity.

4. The practical realization of terahertz quantum dot photodetector needs some
efforts to be done.

2.5.3 Ultra-High Detectivity Room Temperature THz-IR
Photodetector Based on Resonant Tunneling Spherical
Centered Defect Quantum Dot

There are several interesting published works to overcome the existing problems in
terahertz and long wavelength photodetection. One of the important features of
these devices is the ability of detectors in operating at room temperature. Unfor-
tunately, there have not been a suitable proposal for working in room temperature
and holding acceptable other characteristics until now. For this reason in this part
we describe a quantum dot-based structure for operating at room temperature as
well as other high-level characteristics.

According to traditional quantum size effect idea, operating in intersubband-
long-IR wavelengths requires large size of quantum structure which leads to low
sheet density of quantum dots in each layer in optoelectronic devises. On the other
hand, the absorption peak weakens when the resonant frequency is shifted to lower
energies (long wavelengths). The maximum reported value for absorption coeffi-
cient is about 1.7 x 10*cm™" at 45 um resonant wavelength [117]. It is obvious
that these problems degrade device performances [118]. So it will be interesting to
obtain long wavelength transition resonances without increasing the size of the
quantum structure and increasing of the absorption peak in lower energies [119].
We show that with introducing a defect in center of quantum dot, it will be
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possible to increase the absorption coefficient of the proposed structure without
increasing the dot size [119-123].

The next motivation of this section is to explore the possibility of extending the
detection wavelength of QDIP to terahertz wavelengths. Improving the QDIPs’
performance depends fundamentally on minimizing the leakage (dark) current
which plagues all light detectors. Three major factors contribute to the existence of
the dark current. First factor is the sequential tunneling from between quantum
wells through the barrier layer. The tunneling actually has to be mediated by a
‘third party’, such as a phonon or another electron and is fairly independent of
temperature and is thought to dominate below 30 K. Especially in the quantum dot
structures, this term is much negligible due to phonon bottleneck effect. Secondly,
there is thermally assisted tunneling or field induced emission, which involves
thermal excitation within the well followed by tunneling into the continuum. The
final contribution is called thermionic emission in which there is direct excitation
into the continuum band. It is found that both of the sequential tunneling and the
thermionic emission contributions to the dark current increase as the wavelength of
the detector extends from the mid- to the far-infrared [86, 124].

In conventional bound-continuum terahertz photodetectors, the electron energy
level will be closer to the top of the quantum well. In fact, the energy of the
incoming photons may be of the order of the thermal broadening of the electron
distribution. Therefore all the mentioned contributions to the dark current may be
expected to increase [86, 124].

Intersubband transitions in GaN-based hetrostructures have been the topic of
extensive researches for their advantages. Broad wavelength range and high-
temperature operation are available in these structures [10]. In this part, we
introduce a GaN-based resonant tunneling spherical centered defect quantum dot
(RT-SCDQD) to increase the responsivity, decrease the dark current and
enhancement of the detectivity in THz range. It will be shown that the responsivity
increases due to increasing the absorption coefficient in SCDQD structure. Since
the deep intersublevel transitions, which are achievable in wide conduction band
offset material (GaN/AlGaN), increase the activation energy, so the second and
third terms of the dark current are going to be decreased. In order to collect the
electrons from deep excited level, a double barrier structure, which resonances
with this level is jointed to the quantum dot structure. This structure cancels the
escape of ground state electrons through the tunneling, leading to ultra small
ground state dark current.

2.5.3.1 Centered Defect Quantum Dot-Based Photodetector Structure
and Simulations

The introduced basic cell structure, resonant tunneling spherical centered defect
quantum dot (RT-SCDQD), for room temperature THZ IR-photodetector is
illustrated in Fig. 2.37a [125]. In this structure, we consider a spherical quantum
dot with radius b. Then a spherical defect with radius a inserted in center of dot
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Fig. 2.37 Potential distribu- (a)
tion of RT-SCDQD, a 3-D
scheme and b potential dis-
tribution [125]

Potential

a b ¢ d € PRadius

[119]. Finally a resonant tunneling double barrier is attached to the system. Also,
for mathematical evaluation of the structure potential distribution of the introduced
structure is illustrated in Fig. 2.37b. The introduced structure is based on AlIGaN/
GaN heterostructure.

The introduced centered defect quantum dot structure (Fig. 2.38a) may be
implemented with a method based on current implementation technologies (MBE,
Ton implantation and Stranski—Krastanov) [126]. In this method, first, a thin layer
with thickness of 2x dot radius (GaN) is grown on the substrate by MBE
(Fig. 2.38b). Then a ~200 nm x 200 nm window is introduced on grown dot
layer by masking technique. Defect material particles (Ga + N + Al) are bom-
barded to considered defect region in dot by ion implantation technique. The
temperature in annealing form is applied for defect construction. By applying
controlled temperature and due to the inherent strain between layers and substrate,
the layers can become separated as quantum dot islands just like Stranski—
Krastanov mode (Fig. 2.38c).

In this section mathematical formulation for description of the electrical and
optical properties of RT-SCDQD is presented. For this purpose effective mass
approximation in spherical coordinate is considered. The Schrédinger equation in
the case of slowly varying envelope approximation in spherical coordinate is given
as follows.
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(a)

(b) Ga+N+Al

Fig. 2.38 a SCDQD structure, b Ion implantation of defect, and ¢ forming of defected quantum
dot islands [119, 126]
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=EY(r,0,9)
(2.67)
where

my O0<r<a Vo 0<r<a
m; a<r<b 0 a<r<b

mt = mi b<r<c and  Vi(r) = Vo b<r<c
m; c<r<d 0 c<r<d
my; d<r<e Vo d<r<e
my e<r 0 e<r

are effective mass and potential distribution, respectively. Using the standard
method based on separation of variables the following solution for wave function
is proposed.

"Pngm = Rn[(r)Y[m(O, (Z)) (2.68)

Considering the proposed solution for wave function, the angular dependent
term as spherical harmonics is given in the following [127].
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20+ 1) (¢ —m)1]?

pin(0.9) = (17 |2 prcos g, (269

After substituting of Eq. 2.68 into 2.67 and mathematical manipulation the
radial part of the wave function is solution of the following differential equation.

ffu 3’:+ {2;7[15— Vi(r)]r® — 00 + 1)}R ~0. (2.70)
Solution of Eq. 2.70 for E < Vy, is given as:
[Cmiz(kor)]\/% 0<r<a
[Crji (ks )+C12nz(k1r)]\ﬁ a<r<b
. [cm(kzr)]\/% + [Cooki(kar)] /2 b<r<c7 o)
[C31ji(ksr) + ngnl(kﬂ)]\/Z c<r<d
{C4111 (kar) \/‘-I- Cupki(kyr ]\/Z d<r<e
[Csiji(ksr) + C52n1(k5r)]\/: e<r
Also, for E <V, we have:
[Covji(kor)] /2 0<r<a
[Cuvji(kir) + Cunl(klr)]\/% a<r<b
I TGN [czzk](kzr)]\ﬁ b<r<c
[C31ji(k3r) + Caony(k3r)]y /2 c<r<d
[C4111 k4r)\/% + C42k,(k4r)} f d<r<e
[Csji(ksr) + Csany(ksr)] e<r
where
Ko = /2 (Vm b <r<a
Ky = \/m O<r<a
Kl = ZY;E a<r<b
K2 72"12(;22715) b<r<c-
K3 = 2’Z§E c<r<d
Ky = (‘;2)2 ) d<r<a
Ky = (/2% e<r
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In above equations n, ¢, and m are integer values. Now, for extraction of the
eigenvalues, eigenfunctions and the transmission coefficient of the proposed sys-
tem, the obtained solution for the Schrodinger equation should satisfy the fol-
lowing normalization and boundary conditions.

00
/ dr PR, (r) = 1
0

R0<r<a(a> = Ra<r<b(a)

1 dRo<r<a — LdRa<r<h|
mg r r=a mj r =
Ra<)<b(b) Rb<r<c(b)

Wll] dRa<rr<h —p = mL;dRh<rr<c r—b
Rb<r<<(c) = Rc<r<d( )

1 de<»<z — LdRc</'<d|
m; dr r=c my dr r=¢
Rc<r<d(d) Rd<r<e(d)

1 dRe<r<a — 1 dR¢/<r<e|
mz dr r=d -
Rd<r<e(e) = Re<r(e)

1 dRy</ <. _ 1dR, -, ?
mz dr r=e — m; dr "=

Now, based on the boundary conditions, we develop and use the transfer matrix
method (TMM) to obtain the transmission coefficient for the proposed system. For
this purpose, we rewrite the boundary conditions in the form of dynamic matrices
as follows

[Ciy Co
= P172 X
L C12 | Cx
Co C3
ol ~ P e
L C22 | | C32 ]
_ : - : (2.74)
C3 Cy
= P3’4 X
| C32 | | Ca2 |
Cy Cs
=Pys5 X ;
| Ca2 | Csy
where
Puus1 =D
X my K, . T myKy
(n;(h‘,,r)t,(x“,] r)— Wn,(xur)t,(lc,‘“ r)) (E) (n;(lcur)k,(lc,‘“ r)— mnl(lcur)k,’(lcﬁlr))
X . X fu=1=r=>
(’" )i r) )i r)) 3) (m K 1) fj;<»»-.,r>k/<xu+1r>) fu=3=r=d

= 1/ (i(ur)m(ur) = ji(<ur)m (kur))
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for even values of u, respectively.

Thus, after multiplication of all matrices obtained in previous relations, one can
find the following transfer matrix describing input—output relation of the proposed
structure.

Cn Cs
=M x , 2.75
[ Ci2 ] [ Cs (2.75)
where M = P15 X Py3 X P34 X Pys.
In order to calculate the transmission coefficient of resonant double barrier, for
description of the forward and backward traveling waves for obtaining of the

propagation matrices, we must explain the Bessel Functions interms of the
Hanckel forms as follows:

Cuji(kir) + Ciomy(kir) = OCHH,(I) + OClel(z)

. O @ (2.76)
Csiji(ksr) + Csam(ksr) = asiHy ' + osoH ™
Considering ji(x) = 1 (H,(l)(x) + Hl(z) (x)),nl(x) =41 (H,(l)(x) - H1<2> (x)) [127]

and Eq. 2.76 the transfer matrix relation (Eq. 2.75) can be converted as follows:

[“”] =T x {“5‘}, (2.77)
12 52
where

_ (1/ ) (M1 + M) +i(Miy — My1)  (Myy — Ma) — i(Miz + My)
(M + M) +i(Miy — M) (M + M) — (M, — M) |

So, the transmission coefficient can be obtained as follows:

1

TE)=——. 2.78
® = (2.78)
After extraction of the sublevel energies, their corresponding wave functions
and the transmission coefficient are obtained. Also, the linear absorption coeffi-
cient (a(w)) for the intersublevel transitions can be clearly calculated by com-
puting the optical susceptibility through the density matrix approach [85, 117, 128]

as follows:
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cx(a)) VA;‘ZZT\/"Z |d1]| X {f ( )} X VZJF(CZ+Q))2 (2.79)

where ,e, Vo,c, &, &, |d[j‘(: ’(t//j|r\lpi>‘),f(E),yij(l/rl-j),a)ij are photon fre-
quency, electron charge, volume of quantum dot, speed of light, permittivity of
vacuum, relative permittivity of semiconductor, dipole transition matrix element
(electron transition i — j), Fermi—Dirac distribution, relaxation rate (inverse of
relaxation time), and transition frequency (resonance frequency between two
electronic states), respectively. In above equation Lorentzian broadening is con-
sidered [83, 128]. The Fermi energy level is obtained by inverse numerical
solution of the following equation [129].

Ny :VEZ{I + exp|(E; — F.)/ksT]} ", (2.80)

where Ny, V,, E;, F., kg and T are electron density, volume of spherical dot,
sublevel energy, Fermi energy level, the Boltzman constant and temperature,
respectively. To determine precisely the Fermi energy level in calculating the
above equation, all of the energy levels within a dot should be included.

The simple schematic view of the QDIP based on RT-SCDQD cells is shown in
Fig. 2.39. The RT-SCDQD layers are separated by un-doped GaN spacer layers.

The material and structural parameters of the proposed RT-SCDQD based THZ
IR-photodetector are given in Table 2.2 [15, 130-132].

In the following, optical and electrical simulated results of the introduced
RT-SCDQD based THZ IR-photodetector are presented and discussed. The sim-
ulation consists of two parts. First, we investigate the linear absorption coefficient
of the introduced SCDQD structure and the effect of parameters of the introduced
defect on enhancement of the absorption coefficient is studied. In this study the
effect of defect size on the energy levels, wave functions, dipole matrix element
and absorption coefficient is discussed. In the second section we describe the
performance of the RT-SCDQD photodetector. The effect of defect and double

Fig. 2.39 Schematic view of Spacer
the QDIP structure based on ]
RT-SCDQD [102]




142 2 Terahertz and Infrared Quantum Photodetectors

Table 2.2 Material and structural parameters of RT-SCDQD based THZ IR-photodetector [15,
130-132]

Al,Ga; _ N parameters Unit Value

Electron effective mass (m") mg 0.252x + 0.228

Band gap (Ey(x)) eV 6.13x + (1 — x) x 342 — x(1 — x)
Band offset (AEc(x)) eV 0.7 x [Eg(x) — Eg0)]
Typical Relaxation time (7) fs 100

Number density of carriers (V) m™3 1 x 10**

Electron mobility (x) cm™2/Vs 2 x 10°

Electron saturation velocity (v) m/s 2 x 10°

Recapture life time (z,) S 1 x 10712

Surface density of QD(Zqp) 1/m? 1 x 10"

Band width (Af) Hz 1

Radius of detector (r) pm 200

Relative dielectric constant (&) - 8.5x + 10.4(1 — x)
Number of QD layers (Ngp) - 10

Capture probability (p.) - 0.001

Fill factor (F) - 0.35

barrier resonant tunneling structure on improvement of responsivity and detec-
tivity is provided.

In Fig. 2.40, we illustrate the effect of defect size on ground and first excited
states. The defect mole fraction is considered as a parameter. It is observed that
with increasing of the defect size the energy levels are increased but difference
between the energy levels is decreased. The illustrated decreasing in difference of
energy levels with increasing defect size is related to the fact that the ground
energy level is affected more than the first excited level [119]. Finally with
increasing of the mole fraction difference between energy levels also is decreased.

Fig. 2.40 Energy levels 300
(ground and first excited
states) versus defect sizes (A)
with different mole fraction
of introduced defect

(b =170 A, xb =0.3) [125]

Energy [mev]

Defect Size [A]
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Fig. 2.41 Wave functions <102
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The electron wave function of the structure is illustrated in Fig. 2.41. The wave
function inside defect with increasing of defect size is decreased. With increase of
defect size, peak of the wave function is shifted to the right hand side within
distance between defect and dot. This phenomenon is due to potential barrier effect
on electron wave function that is concluded to shifting of the maximum probability
of electron [119].

In the Fig. 2.42, the effect of defect size and mole fraction on dipole transition
matrix element is investigated. As it is observed with increasing the defect size and
also defect height the dipole transition matrix element is increased [119].
Decreasing of the matrix element in large defect size is owing to tunneling leakage

Fig. 2.42 Dipole transition
matrix element ((Y;[r|\/,))
versus defect width

(b =70 A, xb = 0.3) [125]

Dipole Transition Matrix Element [m]

3.8
0

Defect Size [A]
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Fig. 2.43 Absorption coeffi- x 108
cient (Ground state — First 9 ‘ 71, 2784 Tam
excited state) versus pump sl A e a0, 3=53.10um
photon energy i
(b=280,x,=03,x,=0.1) 7t ]
[125] :
T of f
= —
g
g 4r 1
2
< 3t 1
2 L N
1 L N

oL -
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Energy [ev]

of the wave functions into dot barrier and defect. So, there is an optimum value of
defect size for maximum matrix element.

In Fig. 2.43 the effect of defect size on SCDQD absorption coefficient is pre-
sented. The absorption coefficient is calculated for ground to first excited state
transition. It is shown that with increasing of the defect size, the absorption peak is
increased and a red shift is observed. The observed red shift is due to pushing the
energy levels up and decreasing the difference between energy levels. As it
mentioned before, increasing the defect size increases the dipole transition matrix
element and hence increases the peak of absorption coefficient. It is noticeable that
the absorption peak increases despite of shifting to lower energies.

Table 2.3 shows the absorption coefficient peak in different defect and dot sizes
for the same resonance wavelength. It is found that with the larger defect size,
higher absorption coefficient is achievable in small dot size.

As it is observed the SCDQD has large absorption coefficient at long wave-
length in the small quantum dot size, thus we use this structure as a basic THZ IR-
photodetector cell (Fig. 2.39).

Now based on the proposed basic cell in the following, we present simulated
results of the THZ-IR photodetector system. Table 2.4 illustrates the optimal
parameters used for obtaining characteristics of the THZ-IR photodetector.

Table 2.3 Absorption

coefficient peaks (Ground Structure parameters Absorption(1/m)
state — First excited state) a(A) b(A) A(pm)
for different SCQD-structural 55 70 3353 734 % 10°
parameters 40 70 82.98 6.79 x 10°
(= 0.3,xg = 0.1) [125] : e

30 79 82.09 5.68 x 10°

20 90 80.62 3.04 x 10°

0 100 80.59 1.05 x 10°
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Table 2.4 Design

- . - Structure parameter Unit Value
parameters for simulation of
THZ IR-photodetector based a M 55 x 10710
on RT-SCDQD [125] b M 70 x 10710
c M 90 x 10710
d M 110 x 1071°
e M 130 x 107°
Defect mole fraction (xg) - 0.1

Barrier mole fraction (x,) - 0.3
Operation temperature K 83

Spacer layer width M 130 x 107'°
Applied voltage v 2

Fig. 2.44 Absorption quan- 0.4
tum efficiency of RT-SCDQD
based THZ-IR photodetector 035} ]
versus photon energy [125] 03
0.25 E
= 02 i
0.15 4
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Absorption quantum efficiency versus photon energy is illustrated in Fig. 2.44.
It is shown that there is a maximum value at 83 pm. It is clear that there is direct
relationship between maximum value of the absorption coefficient and the quan-
tum efficiency.

The calculated tunneling probability for the RT-SCDQD basic cell is illustrated
in Fig. 2.45. The proposed double barrier parameters are designed such that the
resonance energy to be close to first excited state of the quantum dot.

Responsivity of the introduced structure is illustrated in Fig. 2.46. It is observed
that the reported large value related to the following factors.

1. For the proposed structure the calculated quantum efficiency is increased
considerably due to larger absorption coefficient.

2. Probability of electron escaping is increased in the proposed system owing to
decrease of the collection time of electron using resonant double barrier.

3. Optical gain for the proposed photodetector is increased considerably due to
inherent properties of quantum dots.
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Fig. 2.45 The tunneling probability of RT-SCDQD versus photon energy [125]

Fig. 2.46 Responsivity of 7000
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Dark current curves of RT-SCDQD based THZ-IR photodetector versus bias
voltage at various temperatures is illustrated in Fig. 2.47. It is shown that with
increasing of the temperature the appeared dark current is increased strongly. This
increase in the dark current basically related to thermionic effect.

For the proposed system the detectivity is illustrated in Fig. 2.48. The illus-
trated detectivity is considerable higher than reported values in similar situations.

The calculated detectivity and NEAT parameters of proposed structure
(RT-SCDQD-THZ-IR photodetector) are compared with conventional structure
(QD-THZ-IR photodetector) in Table 2.5. It is shown that the proposed complete
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structure considerably has large detectivity, low NEAT and narrow spectra com-
pared the other case. The small line width of escaping probability which is con-
sequence of the resonant tunneling double barrier as it is obvious in Fig. 2.45 yield
to narrow line width in RT-SCDQD IR-photodetector detectivity spectra.

The reported ultra high value of detectivity and low value of NEAT are related
to two basic effects. One is responsivity which in the proposed structure is
increased due to enhancement of the absorption coefficient in SCDQD compared
other quantum dots without defect. Second effect related to decrease of the dark
current in the proposed structure. Decreasing of dark current in the proposed
structure is done owing to the following reasons.

1. Increasing of the barrier height, concluding to decrease of the thermionic term
in the dark current. This subject may be introduce some difficulty in electron
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Table 2.5 Calculated detectivity, noise-equivalent temperature difference and full-width at half
of the maximum of proposed RT-SCQD_THZ IR-photodetector and conventional QD_THZ IR-
photodetector at 83 and 300 K [125]

Structure parameter D" [em Hz""W] D" [ecm HZ"* /W] NE.-T FWHM
83 K 83 um 300 K 83 um (pm)
Conventional QD structure ~ 2.03 x 10'° 5.92 x 107 555 x 1072 46
(QD-THZ-RPD)
Structure (RT-SCDQD-HZ- 5 x 10'° 229 x 10° 1.02 x 1077 106
IRPD)

Table 2.6 Design parameters for simulation of proposed RT-SCQD_THZ IR-photodetector and
conventional QD_THZ IR-photodetector [125]

Structure Unit  Proposed QD structure Conventional QD structure
parameter (RT-SCDQD-THZ-IRPD)  (QD-THZ-IRPD)
A M 55 x 107"° -

B M 70 x 1071° 95 x 10710

c M 90 x 107'° -

D M 110 x 107" -

E M 130 x 107'° -

Defect mole fraction (xg) - 0.1 -

Barrier mole fraction (xy) - 0.3 0.1

Operation temperature K 83 83

Spacer layer width M 130 x 10710 40 x 10710
Applied voltage v 2 10

collection in photodetector, which is removed using double barrier element that
resonances with first excited state of dot.

2. Using double barrier element in the proposed system, introduces ultra low
ground state dark current also.

Finally the proposed photodetector is examined at room temperature. It is
observed that the calculated result shows interesting value which illustrates
capability for working at room temperature (Table 2.5). This is so interesting and
well large value compared previous reported results. The proposed structure
illustrates ultra high value compared traditional bound to continuum transition
based THZ photodetectors [124]. It can be understood that in this structure we
decreased considerably the dark current owing to tuning of intersubband transition
to mid conduction band offset to decrease thermal effect (variation of Fermi level
and thermionic emission from level to continuum band) and finally extraction and
collection of electrons through resonant tunneling double barrier structure. Also, it
should be mentioned that the proposed defect in quantum dot increased consid-
erably responsivity of the structure.

Parameters of the proposed structure and conventional structure are given in
Table 2.6 for comparison.
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In this section the proposed structure for basic block of IR photodetectors
were evaluated completely and different features investigated. It was shown that
the proposed unit cell have excellent advantages for room temperature
photodetectors.

2.5.4 Terahertz Photodetector Based on Intersublevel Optical
Absorption in Coupled Quantum Dots

In a quantum dot infrared photodetector (QDIP) [77], electronic transitions
between energy states can lead to terahertz radiation detection [99]. When the
layers are closely spaced in the coupled quantum dot devices, the level splitting
takes place due to vertical electronic correlation. This feature plays an important
role in determining the electronic and optical properties of multiple self-assembled
quantum dots. The multi-confined levels can be explained by the appearance of
level splitting due to vertical electronic correlation. There are four important
factors that contribute to level splitting: quantum—mechanical coupling (happen
when the QDs are stacked closely together), strain (system does not contain a
symmetry plane parallel to the base of the QDs and strain does not affect the two
QDs in the same way), piezoelectric potentials (origins from the nonzero off-
diagonal shear-strain tensor elements) and finally indium migration during the
epitaxial growth.

In the field of infrared photodetector, the absorptions in strongly vertically
coupled QDs are based on the inter-subband transitions due to the energy level
splitting in the same QDs, have many advantages as following. Firstly, two-color
inter-subband absorptions based on the energy level splitting can be easily
controlled by adjusting the thickness of spacer. Two-color inter-subband
absorptions based on the different size of QDs are limited by the random dis-
tribution of QDs and it is difficult to control the absorption peaks. Large-size
QDs consequentially lead to little full factor and low quantum efficiency. Sec-
ondly, the structure of vertically coupled QDs has much stronger normal inci-
dence absorption [133] than that of uncoupled QDs. Thirdly, most devices suffer
from low gain or responsivity resulting from the presence of only one quantum
dot plane or different size of QDs but these problems could be ameliorated with
improving shape and size uniformity of quantum dots and also by adding more
quantum-dot planes, so we can use quantum dots planes with coupling in vertical
direction. Finally, the coupled quantum dots are too much attractive as the base
of the detector structures for detecting the terahertz electromagnetic spectrum
[134]. The associated infrared absorption would correspond in this case to an
intersublevel transition between the splitting energy levels of vertically coupled
dots.

Figure 2.49 shows the schematic view of two typical QDs-stacks that each of
them consists of two InAs quantum dots (pyramid or dome shaped) with 0.3-nm-
thick wetting layer.
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Fig. 2.49 Cross section of the two coupled quantum dot structures with pyramid and dome
shaped QDs

In order to theoretically understand the nature of the electronic and optical
properties of coupled quantum dots, a first step is to determine the strain distri-
bution in the dot structures and in the matrix material, as the next step, the
calculated strain serves as an input to electronic structure calculations. The driving
force for vertically self-organized growth is known to be the interacting strain
fields induced by the islands. The strain modifies the effective confinement volume
in the device, distorts the atom bonds in length and angles, and hence modulates
the local band structure and the confined states. The hydrostatic component of
strain, for example, usually shifts the conduction and valence band-edges of
semiconductors; biaxial strain, on the other hand, modifies the valence bands by
splitting the degeneracy of the light- and heavy-hole bands; therefore the strain
distribution profoundly affects the electronic and optical properties of the
assembly of dots by modifying the energies and wave functions of the electron and
hole confined states.

Simulation results show that the top dots increase the strain of the lower dots.
This strain increasing is more in dome shaped quantum dots. Because of the
special geometry type of dome shaped QD, the upper dot completely cover the
lower dot that leads to increasing the coupling effect between quantum dots.
Calculated results indicate that the magnitudes of the strain components depend
on the geometries and the spacer thicknesses between coupled quantum dots.
Because of the presence of strain, the lattice constant is changed and the
symmetry of the crystal is reduced, so the bandstructure of semiconductors is
generally altered. By taking into account the influence of the strain distributions
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and solving the three-dimensional, effective mass single band Schrodinger
equation, the energy levels and wavefunctions in coupled quantum dots may be
calculated. Here, only the effects of the quantum—mechanical coupling and strain
in energy level splitting have been considered and main focus is about electron
ground state splitting. Figure 2.50 shows the level splitting for two different
QDs-structures with pyramid or dome shaped QDs as a function of spacer
thickness.

It is clear that as the dot separation is narrowed, the dots interact strongly with
each other mechanically through the strain field as well as quantum mechanically
through wavefunctions overlaps, so the energy level splitting increases. For
smaller quantum dots, the coupling effects is more, therefore the levels splitting
increase for coupled quantum dots with smaller sizes. The geometry type of
quantum dots has straight influence in the rate of energy level splitting. Thanks
to high amount of strain field in dome shaped quantum dots, separation
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increasing between splitted energy levels expected in compared with pyramidal
shape dot.

The typical calculated ground state splitting is about 0 — 41 meV
(0 — 10 THz) and therefore the strongly vertically coupled QDs are promising
for fulfill the terahertz range detection due to their energy level splitting. In
coupled quantum dots based photodetectors, the sizes of quantum dots, distance
between coupled QDs, the geometry types of dots and finally the material
composition help designer to detect the special wavelength in terahertz spectrum
region.

2.6 Terahertz and Infrared Photodetector Based
on Electromagnetically Induced Transparency

The noise source and the dark current inhibit the correct detection of the low-level
terahertz signals. A great deal of research has gone into the elimination of the
noise source in photodetectors [27, 135]. Until now in practical implementations
efforts are usually limited to cooling of the designed devices, which is hard from a
practical point of view. The environment temperature controlling is critical and a
hard problem especially in room temperature due to high-level dark current. The
target radiation detection is limited by the thermionic emission dark current. The
photon energy in the terahertz level detection may be in the order of the thermal
broadening of electron distribution (KT ~6 meV at 77 K and 25 meV at 300 K)
[1, 86].

However in the electromagnetically induced transparency (EIT) based pho-
todetection [136—138], the electrons are not directly excited by terahertz radi-
ation. On the other hand the absorption characteristic of a short-wavelength
probe optical field is affected by terahertz radiation. In this system, the
important thermionic dark current can be nearly cancelled out. In this part, the
terahertz detection based on EIT process is studied in a multi-level atomic
systems which finally realized by quantum well structures. The mathematical
background for these structures is developed and then it is shown that the probe
field absorption can be controlled by the electromagnetic control and terahertz
radiations.

2.6.1 Electromagnetically Induced Transparency Phenomena

During the past two decades, quantum coherence (atomic phase coherence)
effects have exhibited many physically interesting phenomena such as electro-
magnetically induced transparency (EIT) [139]. The control of linear and non-
linear optical properties of a material system using resonant electromagnetic
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fields has become more and more important in recent years. EIT has proved to be
a powerful technique that can be used to eliminate the effect of a medium on a
propagating beam of electromagnetic radiation, while retaining the large and
desirable nonlinear optical properties associated with the resonant response of a
medium [139-141]. Recent remarkable applications include ultraslow light pulse
propagation and light storage in atomic vapour systems. The occurrence of EIT
in other configurations has also been predicted theoretically. Most of this work
has been investigated in the atomic vapour systems, although an extension of
these ideas to solid-state systems would be more promising. In the next part the
electromagnetically induced transparency are discussed theoretically.

2.6.1.1 Atom-Field Interaction Hamiltonian

An electron with charge e and mass m interacting with an external electromagnetic
field is described by a minimal-coupling Hamiltonian as [140]:

H =[P —eA(r, N 4eU(r,t) + V(r) (2.81)
where P is the canonical momentum operator, A(r, f) and U(r, 1) are the vector
and scalar potentials of the external field, respectively and V(r) is an electrostatic
potential that is normally the atomic binding potential. In this section, we first
derive this Hamiltonian from a gauge invariance point of view, before reducing
it to a simple form suitable for describing the interaction of a two-level atom
with the radiation field. We examine the problem of an electron bound by a
potential V(r) to a force center (nucleus) located at ry. The minimal-coupling
Hamiltonian for an interaction between an atom and the radiation field can be
reduced to a simple form by using the dipole approximation. The entire atom is
immersed in a plane electromagnetic wave described by a vector potential
A(rg + r, 1):

A(ro+r,t) = A(t) exp(iK - (ro + 1)) (2.82)
= A(t) exp(iK - ro)(1 +iK-r+---)

This vector potential may be written in the dipole approximation, k-r < 1, as:
A(ro+r,t) =2 A(t) exp(iK - r9) (2.83)

The Schrodinger equation for this problem (in the dipole approximation) is

given by:

2 ie 2
{Zh—m[v — Ao, r)} +V(r)}lp(r, 1) = ih%l!(r, 1) (2.84)

where we are working in the radiation gauge, in which:
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U(r,t)

=0
(2.85)
V-A=0

We have added the term V(r) in the Hamiltonian which arises from the elec-
trostatic potential that binds the electron to the nucleus. For simplicity in Eq. 2.84
we define a new wave function as:

Y(r,t) = exp [%A(ro, t)} D(r, 1) (2.86)

By inserting Eq. 2.85 into Eq. 2.84 we have:

ih®(r,t) = HO(r,1) (2.87)
where
H=H,+ H, (2.88)
p2
Hy = m +V(r) (2.89)
Hy = —er-E(ry-1) (2.90)

In the above equations H, is the unpertubated Hamiltonian and H; is the
pertubated Hamiltonian, respectively.

2.6.1.2 Equation of Motion for the Density Matrix
In many situations we may not know |¢) only know the probability P that the
system is in the state |¢). For such a situation, we define the density operator p as

[140]:

p= 5" Py)(¥ (2.91)

We obtain the equation of motion for the density matrix from the Schrodinger
equation as:

. i
9) = —Hlo) (2.92)
With taking the time derivative of p we have:

p=_Pollo)o] + o) (@l (2.93)

where P, is time independent. By using Eqgs. 2.92 and 2.93 we have:
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_ i
h

In the above equation we have not included the decay rates of the atomic levels
due to spontaneous emission. The decay rates can be incorporated in the above
equation by a relaxation matrix [", which is denoted by the equation:

p=—[H.p] (2.94)

(n|T[m)=7,6mm (2.95)
With this addition, the density matrix equation of motion becomes:

p="H.pl 5 {T.p} (2.96)

where {I', p} = I'p + pI'. In general, the equation of motion becomes as:
i

1
7 a (Hikaj - piKij) -5 (Fikpkj + pikrkj)c (2.97)

pij: )
k

2.6.1.3 Coherent Trapping: Dark States

It is possible to cancel absorption or emission under certain conditions. This
interesting phenomenon in which a coherent superposition of atomic states is
responsible for a novel effect is coherent trapping. If an atom is prepared in a
coherent superposition of states, it is possible to cancel absorption or emis-
sion under certain conditions. So these atoms are then effectively transparent
to the incident field even, the presence of resonant transitions. We discuss
the effect of coherent trapping and dark state in three-level atomic systems.
Figure 2.51 shows the three level atomic systems where the dark states are
shown.

The Hamiltonian for the system, in the rotating-wave approximation, is
obtained by:

Hy + H, (2.98)
Hy = hw,|a){a| + howy|b) (b] + hwe|c){c]| (2.99)
Fig. 2.51 Interaction of ‘a>
three level atomic systems
with two single mode fields v,
Vi
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Hl = 7§(QR1€7W167”}1[|Q> <b| + QRzef“"Ze*”zﬂa) <C|) + H.c. (2100)

where Qg e~ and Qg,e 2 are the complex Rabi frequencies associated with the
coupling of the field modes of frequencies vy, v; to the atomic transitions |a) — |b)
and |a) — |c). The atomic wave function can be written as:

W) = Cu(1)ea) + Cy(r)e ™) + Ce(r)ec) (2.101)

The probability amplitudes C,(¢), Cy(¢), and C.(f) can be derived from the
Schrodinger equation 1h|‘I’> = H|Y¥) as:

i

C, = 5 (Qrie ™ Gy + Qe C) (2.102)
Co=3 (Qrie ™™ C,) (2.103)

. i —i
Ce =5 (Qroe ) (2.104)

By the analytical solution we can find the probability amplitudes as:

C,(t)=0
1
Cb(f) == ﬁ
Ce(t) = \%e*"‘ﬂ (2.105)

It is clear that the population is trapped in the lower states and there is
no absorption even in the presence of the electromagnetic field. This means
that the absorption can be changed by this method. In the present three-level
atom, coherent trapping occurs due to the destructive quantum interference
between the two transitions. Finally the wave function for this system is
obtained as:

. QRz(t)e_i‘/’2|b> — Qg (t)e_i’/’l |C>

(1))
\ Q) + %o

We discussed the phenomena of coherent population trapping in three-level
atom system in which the lower levels are prepared in a coherent superposition
state. The other related phenomenon is the EIT. When a pair of near-resonant laser
fields interact with the three levels (lambda type), in the condition of two-photon
resonance, the populations are coherently trapped in the two lower levels. At this
two-photon resonance point, the atom is in a dark state and decoupled with the

(2.106)
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applied fields, so the fields transmit the medium without absorption and the EIT
occurs. Figure 2.52 shows the three-level atomic system which EIT phenomena
are happens.

Due to no absorption at the transparency point, EIT is applied to various low
light nonlinear optical processes. The linear and nonlinear susceptibilities have
been resonantly enhanced because of the coherent control of quantum states.
Based on EIT, various kinds of four-wave and six-wave mixing with high quantum
efficiency are investigated.

The dipole moment in quantum mechanics is defined by P = e(\¥'(¢)|r|'¥'(¢)). In
this case we obtain dipole moment as [1, 27]:

P = papba + Packea + Pepfeb + C-C. (2.107)

where p;; = (i|r|j) is the matrix element. In the selection rules theory the transition
|c) — |b) is not valid, so pp. = e, = 0. The probe frequency and the transition
|a) — |c) frequency are different (p,, — 0) so the dipole moment can be written
as:

P(v) = papra + C.C. (2.108)

On the other hand we can write:
P(z,t) = 80/ dtx(t)E(z,t — 1) (2.109)
0

where E is flat wave across the z axis, therefore:
E(z,1) = 1/2Ee ") L cc. (2.110)

Finally we obtain the dipole moment as:
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%/dri - i0=0)—ke) | il )kz))
0
:TE( / urdT e~ i(vt—kz) + / —urdT e(” kz)
0 0
_ gk —l vi—kz) i(vt kz))
= 22 (U=)e 0 4 (v)e
_7[( ) —i(vi—kz) +ec.c.
(2.111)
By using Eqgs. 2.107 and 2.110 we obtain:
E .
%X(V)e"(”"“) + C.c.=ppppa + C.C. (2.112)
In a system with atom density N, we write:
SoE i
DA™ = (pun) Mo (2.113)
And finally the susceptibility is equal:
2 *  —ivt
1(V) = —Na(Papgona) € (2.114)

SoE

For solving above equation we should find the p,, from density matrix, so in the

three-level atomic system the total Hamiltonian and density matrix can obtain as
[136, 140]:

Vb 0 — %QPCH'M
H=h|0 Ve e (2.115)
_%Qpe—iv;’t _%ch—i\’pl Va
. . [ —i i —ive
Pab = _(lvab + yab)pab - EQ d (paa pbb) +§ch Ltpcb (2116)
] : i —i, i iv
Pcb = _(lvcb + ycb)pcb - EQPe ptpca + EQCe Ctpab (2117)
7 : : —1v, i —i,
Pac = _<lvac + Vac)pac —iQce C[(paa - pCC) + EQPC p[pbc (2118)

With the using Eq. 2.113 we obtain optical susceptibility as:
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W (y) = iNag? (i[Ap = Ac] + V)
eoli[(ip + 7ab) (i[Ap — Ac] + 7ep) + Q2 /4]

The linear response of atom for resonant light determined by the first order of
susceptibility as [140]:

7 (2.119)

7D =y iy (2.120)

The real and imaginary parts of the susceptibility are proportional to absorption
coefficient and refractive coefficient, respectively, so we can write:

o = wpnoy’ /e (2.121)
B = wpnoy'/2c (2.122)

Imaginary and real parts of susceptibility for interaction of three level
atomic system with two single mode fields are shown in Fig. 2.53. In the case
when to field are resonant because of the dark state and coherent trapping and
related EIT phenomena the absorption and refractive characteristic are modi-
fied. It is illustrated that we can change the absorption and transmission
coefficient of electromagnetic field by another electromagnetic field names
control field.

2.6.2 EIT-Based Photodetection

The terahertz photodetection system based on EIT phenomena is schematically
shown in Fig. 2.54. This system involves a 4-level atomic system interacting
with three fields of control, probe and terahertz electromagnetic signals
[136, 138].

The total Hamiltonian in the rotating-wave approximation (keeping only energy
conserving terms in Hamiltonian) and in the ignored counter rotating terms case
[140], is given as follows:

H=Hy+H, (2.123)

where
Hy = Iy |1) (1] 4+ hewa |2) (2] + hws|3) (3| + hiwg|4) (4] (2.124)
Hy = hQp|1) (4] + % [2) (4] + hQura [2) 3] (2.125)

Here Q,, Q. and Qg are the Rabi frequencies associated with the coupling of
the field modes of, probe, control and terahertz signals to the atomic transition
states 2—4, 4-1 and 3-2, respectively. If some mathematical rearranging and
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Fig. 2.53 a Imaginary and
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Fig. 2.54 Schematic of tera-
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manipulation is done, we can obtain the following analytical density matrix
time development equations which handle this 4-level atomic system [136,
138, 140]:

par = — [iAp + 7a1] par + QP11 +iQcpry — iQppaa (2.126)
po1 = —[i(Ap = Ac) + 721 pa1 + iQmrp3; + iQcpay — QP2 (2.127)
P31 = —[i(Ap + AR — Ac) +731] p31 + iQurp2 — iQpp34 (2.128)

where A, = v4 —Vp, Ac =v4 — V. and AR = vz — Vg are detuning corre-
sponding to probe, control and terahertz signals, respectively. The differential
matrix equation can be solved as follow:

R=-MR+A (2.129)
io
where A= | 0 | and
0
(iAp + 741) —i€), 0
0 —iQR li(Ap 4+ Ar — Ac) + 73]
Also, V41, 721, V31, Qc and Qg are decay rate of density matrix equations, Rabi
Pa
frequency of infrared and control field, respectively, and R = | p,; |. The exact
P31
analytical solution is:
R(t) =M'A (2.130)

The optical susceptibility of probe field is obtained by:

2Na@2/80h |:y21 + l(Ap — Ac) +ﬁ:|

o

(024 (it + 740] [1(8g — A) + 7] + Tl

I = (2.131)

where €, and N, are the Rabi frequency of the probe field and the atomic density,
respectively. One should note that the transmission coefficient is proportional to
the imaginary part of the calculated susceptibility. In our calculation, the envi-
ronment temperature effect on the system operation is added by Er = %KT where
E7 K and T are the thermal energy, the Boltzmann constant and temperature in
Kelvin, respectively. This energy should be added to the signal energy. On the
other hand, the exact behavior of 4-level atomic system can be determined by
calculating zeros and poles of matrix M or calculating zeros and poles of p4;. In
the case of without detuning, that is all fields are coupled, we have:
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V41

2 2
poles(py) = { "1+ /% ang zeros<p41>={v‘“+g“‘ (2.132)

5 5 V4 — QR
var =/ + O

V41
If Qr—o = poles(py;) = § Va1 + Q; and zeros(py,) = {:41 (2.133)
Vol — Q 41

C

However in the presence of detuning, the locations of zeros and poles change
and the response of the system is completely different. The important case is, when
Ar = A. we have the following result:

V41

2 o2
poles(py) = ¢ Y41 V% + QR and  zeros(p,,) = {V‘“ + O (2.134)

> > var — QR
var — /€ + Qg

In this section, simulated results including the optical susceptibilities and
transmission coefficient in the different proposed atomic systems are presented and
discussed. First, we illustrate the effects of infrared and control fields on the real
and imaginary parts of the optical susceptibility for 4-level structure (Fig. 2.54) in
Fig. 2.55a, b. In Fig. 2.55a, b, it is shown that for a given control field, when the
magnitude of infrared field increases the spectrum of the imaginary and real parts
of the optical susceptibility are displaced and changed. In the presence of control
field, an Autler—Townes doublet is created and when the infrared field is applied,
Autler—Townes doublet broadens and another peak appears in the central part of
the spectrum of doublet, so three peaks are appeared in the susceptibility spectra.
This broadness and central peak increase with increasing of the infrared field
intensity. This behavior was expected from the calculation of poles and zeros
(Eq. 2.132). As we know, this central peak disappears, when the infrared field is
switched off.

It is clear that, the transmission and reflection coefficients are proportional to
imaginary and real parts of the susceptibility, respectively. The effect of infrared
and control fields on the transmission coefficient of the probe field for 4-level
system is shown in Fig. 2.56. It is observed that the Autler—Townes doublet is
created with the definite control field and is broadened with increasing of the
control field. In the presence of IR field, central absorption peak appears. Thus,
measuring of the optical wavelength absorption illustrates the infrared signal level.

Figure 2.57 shows the effect of different IR intensity on the transmission
coefficient spectrum. It is observed that with increasing IR intensity the trans-
mission coefficient at central peak also decreases. When IR intensity becomes
comparable with control field the width of Autler—Townes doublet increases and is
considerable. This behavior was expected from the calculated poles and zeros
(Eq. 2.132). It is clear that with changing the IR field intensity, position of the
poles and zeros are changed and so the splitting of doublet changes also.
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Fig. 2.57 Transmission
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Fig. 2.58 Schematic of
4-levels atomic system with
detuned fields [136, 138]

In previous simulations, we assumed that all fields are on resonance and there is
not any detuning. However if we consider nonzero detuning for applied electric
fields (Fig. 2.54), so, we have the following scheme illustrated in Fig. 2.58.

In this case the position of poles and zeros are changed and so the imaginary
and real parts of the susceptibility as well as the transmission coefficient should be
changed. The appeared central absorption peak shifts left or right according to
positive or negative detuning (Fig. 2.59). It is interesting when A = A, the
central absorption peak is fixed and does not change (Fig. 2.59). Therefore, with
control of the control field detuning effect of IR signal level on optical absorption
peak displacement can be ignored.

Figure 2.60 shows two different situations. When all three fields are on resonance
(AR = 0), there is an absorption exactly in central part of the transmission band
(dashed line). If the IR field is a long-wavelengths infrared field and the probe field
an optical field, so, the absorption characteristic of the short-wavelength probe field
on resonance translate the absorption characteristic of IR field. These features make
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the present system suitable for a kind of detector. If IR field detuning becomes
Ar =~ Q. and other fields are on resonance a new transparency appears near the
maximum absorption of the system. Thus it is also possible to turn absorption into
transparency.

Figure 2.61 shows the effect of environment temperature on the transparency
spectrum of the probe field. The effect of the environment temperature is the same
as detuning effect. It is shown that wavelength of the central absorption changes
with temperature. It is observed that 7 nm shift of wavelength for 30°C of
temperature fluctuation. When refractive index of material increases
(Mrefractive = 1 — 3.5 (for GaAs)), the wavelength temperature coefficient decrea-
ses (AA/AT =0.23nm/°C — 66pm/°C) that is so excellent from practical
implementation point of view.
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Fig. 2.61 Transmission
coefficient versus wavelength
with different environment
temperatures [136] (Q. =
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Fig. 2.62 Schematic of
5-levels atomic system [136]
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In this part, we investigate interaction of IR, control and probe signals in the
case of 5-level atomic system which is proposed in Fig. 2.62. Figure 2.63
shows the effect of infrared radiation on 5-level atomic system. In this system
two equal infrared signals are used. In this system control field introduces the
Autler-Townes doublet in the real and imaginary parts of the susceptibility as
well as the splitting of doublet is proportional to the control Rabi frequency. In
the presence of IR field, two new doublets are observed in the band gap. In the
next part, we illustrate exact result in some schemes. For managing of thermal
problems in detectors, we propose the schematic of 5-level atomic system. In
this system the effect of environment temperature is added to the incoming
energy of photon and this is like having detuned in the fields. If we consider
Ar = A in Fig. 2.62, we can cancel out this temperature dependency. In this
system, we use two equal states for the incoming IR radiation. This means that
the thermal energy that added to the two IR radiations and the detuning of two
IR is the same.
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Fig. 2.63 a Real and X107
b imaginary parts of suscep- ‘
tibility versus wavelength
with infrared radiation on 2t
(solid line) and infrared radi-
ation off (dashed line) [136]
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As disused in the above the optical susceptibility in a five-level atomic system
for the probe field can be obtain as:

P51 = —[(iAp) + v51] P51 + iQcp3; + i1y — iQppss (2.135)
P31 = — [i(Ap —Ac) + V31]P31 +iQcps; + iRr2p41 — K035 (2.136)

par = —[i(Ap — Ac + Ar2) + 741] Py + iQurop31 + iQuR1P2 — iQppys  (2.137)

pa = —[i(Ap — Ac + Ao — A1) + 721 P21 + iQR1 g1 — iQpprs (2.138)
2
m IZNKJZ/Soh |:L2L3 + Q% + L3L_£122:|
= i (2139)
[L4L3L2 + LyQy + LQ; + %12}
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Fig. 2.64 Transmission
coefficient versus wavelength
with different environment
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where L[ = [l(Ap — Ac + A] — Az) + Vba}’ L2 = [I(Ap — Ac =+ A]) —|— ’}/’da], L3 =
[i(Ap — Ac) + 7a] and Ly = [i(Ap) + 7¢a)- In this system, we show that the
improper effect of environment temperature on signal energy is reduced. Finally,
we cancel out the effect of environment temperature by introducing another atomic
system.

Figure 2.64 shows the effect of environment temperature on the operation of
this system. The environment temperature energy is added to both of IR radiations.
If two infrared radiations are selected to be same therefore effect of thermal energy
can be eliminated. It is observed that with increasing the temperature from
T = 0 K (dashed line) to T = 300 K (solid line), one of the central doublet shifts
more but the other one shifts as little as 4 nm. If in this case we try to increase the
refractive index of mater from 1 to 1.35 [Rrefraciive = 1 — 3.5 (for GaAs)], the
wavelength shift reduces to 1.1 nm.

Simulated results for the 5-level atomic system presented that in spite of some
limitations, this system shows some promise in canceling out the effect environ-
ment temperature. In the above atomic systems, we minimized the environment
temperature effect on the operation of the systems and cannot cancel out exactly
the environment temperature effect.

Figure 2.65a shows the schematic of 6-level atomic system. In this system, we
have two control fields and two IR fields, which both IR fields and control fields
are the same. We should isolate the environment thermal energy from incoming
infrared radiation. The effect of environment temperature is like a detuning in IR
field. If we use two IR fields, we can cancel the effect of detuning, because their
thermal energies are the same. This 6-levels system may be realized with an
asymmetric multi-quantum well structure such as Fig. 2.65b, c.

According to discussed problems the optical susceptibility in 6-levels atomic
system, can be written by [136, 138, 140]:

Per = —[(iAp) + v61] Pe1 + iQc1p31 + iQe2p4y + iQpp1; — iQppes (2.140)
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Fig. 2.65 a Schematic of
6-level atomic system,

b realization of 6-level
atomic system with quantum
well, and ¢ the effect of
coupling well on splitting of
energy levels [136]

(b)

(0
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P31 = —[i(Ap — Act) + 731] P31 + Q1961 + iQuR1P21 — QP36
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pa = —[i(Ap = At — A1) + 721] P21 + iQr1 931 — iQp P16

L)
a1 =

2N@2/Soh {—L4L5 + 7912;:[145]

i ] L
R 4 e

\ L

169

(2.141)
(2.142)
(2.143)

(2.144)

[*Lxﬂxzmgxzkz} + [*Lxllzﬂxzkz] + {*L.%ifjﬂlzm] + [—L3L4L5] + [—L4Q£2] + [_L5Qc2‘l] + [*ngzﬂxzkz] + {*Q%lem}

LiL

1

(2.145)
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where Ly = [i(Ap — A — Ari) +721), Lo = [i(Ap + Act + Ar2) + 761], Lz =
[iAp 4+ va1)s La = [i(Ap — Act) + 731] and Ls = [i(Ap + Acz) + 751]-

We show that the operation of the photodetector design based on this atomic
system is completely independent from the environment temperature.

Now, we show that using 6-level atomic system the effect of environment
temperature completely can be removed. This behavior of the new structure is very
interesting from the room temperature terahertz detectors point of view. Fig-
ure 2.66 shows the effect of these two IR signals on the optical susceptibility. If
one of the control fields is on, Autler—Townes doublet is generated and when the
other control field becomes also active, Autler—Townes splits more. In the pres-
ence of IR fields, we see a small broadness of Autler—Townes doublet. Also it is
observed that a sharp impulse in the band gap generated which magnitude of it
changes with the Rabi frequency of infrared signal.

Fig. 2.66 a Real and x10°
b imaginary parts of suscep- ‘
tibility versus wavelength

—~
£
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[
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Fig. 2.67 Transmission
coefficient versus wavelength
with different infrared radia-
tions [136]
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Figure 2.67 shows the effect of different infrared radiations on this atomic
system. In this system in the presence of IR signal, it is observed that a sharp
impulse generated between the Autler—Townes doublets which magnitude changes
with IR radiation. So really IR-photodetector operation is obtained.

Figure 2.68 shows the effect of different environment temperatures on the
system operation. It is observed that in presence of temperature two other
absorption peaks are appeared and with increasing the applied temperature the
observed peaks are broadened. Also, we found that the appeared peak in the central
part of the spectrum is independent of temperature. This is interesting for room
temperature operation.

In the above section some of simulated results for IR photodetectors based on
EIT process were proposed and it was observed that room temperature operation
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can be concluded. We think that the proposed structures can be realized by
quantum wells and dots.

In the conventional infrared photodetectors, the incoming photon or the
environment temperature directly excites the ground state electrons to higher
energy levels and in the presence of electric field, these electrons are collected as
a photocurrent and thermionic dark current [86, 136, 138]. Therefore in high
temperature and terahertz applications, the dark current inhabits the correct
detection of signal [136, 138]. However in our proposed EIT-based photode-
tector, the electromagnetic field of terahertz infrared radiation interfere with the
electromagnetic field of short-wavelength (1-2 pm) probe field and modify the
absorption characteristic of probe field. Therefore the incoming terahertz IR light
and the environment temperature do not directly excite electrons, but affect the
absorption characteristics of short-wavelength probe optical field. In fact we
convert the incoming terahertz IR signal to short-wavelength optical field through
EIT phenomena [138, 140], where such problems are not critical in this rang of
detection.

In many aspects the eigen-states in quantum well are like atomic systems
[140, 141]. In the atomic systems if two fields are coupled and interfere with
each other and one of them be strong, so the optical stark effect is created. There
is a shift in absorption characteristic, so we see two new absorptions where there
was transparency. In this case we say the atomic states are splitting and this is
known as an EIT. However in quantum well structures the stark effect can be
created with the coupling two wells and the EIT like condition may be appeared
[140, 141].

Figure 2.69 shows a 4-subbands asymmetric double quantum well structure. In
Fig. 2.69a an infrared field is applied between states 2, 3 and a probe field is
applied between states 1, 4. The barrier potential between two well is too thick that
two wells and their wave functions are separated (un-coupled). In other word all
states are localized. In this case there is no coupling between infrared field and
probe field and therefore the EIT like condition is not happen. Thus we are not able
to control the absorption characteristic through infrared field. In Fig. 2.69b the

(a) ®
_____ — —~—-—~-‘a>
13 14 I o O .
VIR VIR ‘C>
) ‘2> Vp : ‘d> Vp
v ‘1> 4 \b)

Fig. 2.69 a Asymmetric double quantum well with too thick barrier (uncoupled wells) and
b asymmetric double quantum well with thin barrier (coupled wells) [136]
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barrier potential (V) between two well is thin (coupled wells) and the eigen-states
be in the same energy or in the range of electron—LO phonon scattering or elec-
tron—electron scattering, so the wave functions of two wells can see each other
through thin barrier (resonant-mode). These two states (|4), |3)) are combined and
split by (3]|Vy|4), so the two new states (|a), |c)) are created. This effect is like to
stark effect in an atomic system which is introduced by strong pump field. In the
following we show the EIT like pattern can be observed in this quantum well
structure.

Using the density matrix formalism, we begin to describe the dynamic response
of the proposed 4-subband quantum well structure. By adopting the standard
approach (this method has described the results in several experimental papers
[142—-144] and has been used in several theoretical papers [145—147]) under the
electro-dipole and rotating-wave approximations, we can easily obtain the time-
dependent density-matrix equations of motion as follows:

Vb O _Qpei\'pl _queivPl
_ 0 Vd —Qrre™® —kQrelr!
H=h —Qpeiiljpt —QIRCJ?IRI Ve 0 (2140
—qQpe ™" —kQre "R 0 V4
. . Ws 1 ]
Pap = —1 (Ap + 7 + l—"clb) Pab + Zqupbb - quppaa (2147)
+ ikQIR P gy — €2 Py
pap = —i(Bp — A + Tap) pay + QR P, + kQur P (2.148)

- igppdc - tippda
; i(Ap — 25 4 Tep)pep + Qo pyp + €2
b = —1 - — b T 1 i
Pcb P b )Pcb pPbb 1R Pdb (2.149)
- tiPpca - iQPpcc

pac = —(ia)s + raC)ﬂae - iQppab + tiPpbc - iQIRpad + ikQIdec (2150)

. . w / i
Pog = —i (AIR _ 5 ch) Ped T 1Qppra + QR P g

2 (2.151)
— IR P — TKQUR P,
. . ws . .
Pad = *I(AIR + a5 + Fad)pad + i€ ppa + kR Pyq (2.152)
- ikQIRpaa - iQIRpac
where g = Vap — Vep, Vo = 2550, v = 2 and Ay = vg — vy, AR = V) — UIr.

The population and dephasing decay rates are added phenomenologically in the
above density matrix equations. The population decay rate for subband |j) (due
to LO-phonon emission events) is denoted by 7;. The total decay rates are
given by:
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1—‘cb =" + ”/Sgh7
_ dph
Fab = Ya+ Vab -
dph
Cab =7+ 70 (Pa = Vea + Vaa)s (2.153)
T = 72 + 7 +V§§h7rcd =Vc+)’d+“/ggh and

Taa =70+ 70+ 7%

In these expressions y; (determined by electron—electron, interfaces roughness,
and phonon scattering process) is the dephasing decay rate of the |i) < |j) tran-
sition. In this case the probe field interacts with both the sub band transitions
|b) < |c) and |b) < |a) simultaneously with the Rabi frequencies Q, and ¢Q,
(¢ = /U 1s dipole moment of relevant transition). On the other hand the
terahertz-infrared field interacts with both |d) < |c) and |d) < |a) with the Rabi
frequencies Qr and KQ, (where K = p,q/t,q is dipole moment of relevant
transition). The optical susceptibility can be written as:

_ i _ 2Na(@gbpab =+ qubpcb)
80E Sogph

1 (2.154)

where Q, and N, are the Rabi frequency of the probe field and the carrier
density, respectively. The environment average thermal energy is considered as
follows:

3
Ethermal = EKT (2.155)
where K and T are the thermal energy, the Boltzmann constant and temperature in
Kelvin, respectively. The effect of the above energy on the system operation is
considered by adding this energy to the signal energy as follow:

ET = EIR + Ethermal (2156)

This section shows simulated results including transmission coefficient in
proposed 4-subband quantum well structure. The transmission coefficient of probe
field is proportional to the imaginary part of susceptibility [140]. Figure 2.70
shows the transmission coefficient of this structure. According to the matrix
density equations, when the IR radiation is off, we will see two sharp absorption
(Autler-Townes doublet) in the system transmission coefficient which are related
to the transition, |b) < |a) and |b) < |c) respectively. The width of this Autler—
Townes doublet is proportional to the splitting energy ({3|Vy|4)).

Figure 2.71 shows the effect of IR radiation on transmission coefficient of
probe field in proposed asymmetric quantum well system. In the presence of IR
radiation, a new sharp absorption is created in between the Autler—Townes doublet
(for K =1, g = 1 where K and ¢ are the dipole moments). Solving the Schro-
dinger equation for this 4-subbands quantum well shows that the splitting energy is
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not so much (10-100 meV), so the magnitude of dipole moments K and g are
closer to one.

Figure 2.72 shows the effect of IR intensity on the transmission coefficient of
optical probe field. It is clear that the magnitude of this new absorption is sensitive
to the infrared intensity. Therefore this asymmetric double quantum well structure
can be used as a novel basic cell for terahertz-photodetectors.

Figure 2.73 shows the effect of IR-detuning on the transmission coefficient.
When detuning is zero (IR field and probe field are coupled to the center of states
|a) and |b)) there is no absorption in the transmission coefficient. In fact due to
symmetric case of system, the interaction of optical electromagnetically field with
two states are the same and cancel out each other. Otherwise when the IR field and
probe field are detuned, the new sharp absorption peaks are observed and their
magnitudes are sensitive to the IR intensity.
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If we are able to change the dipole moment ratios, we can see some interesting
cases. Figure 2.74 shows the effect of IR signal on the transmission coefficient for
K = 2.5 and g = 1. It is clear that the new peak appears in center of spectrum and
its magnitude is related to the IR intensity. In this case the interaction of elec-
tromagnetically field with two states is different and can not cancel out each other.
Therefore a new absorption peak can be occurred.

There is another interesting case. Figure 2.75 shows the effect of IR radiation
on the transmission coefficient when the IR field is resonant with the transition
energy |d) < |a) or |d) < |c) (detuning = £50%). We see a new sharp trans-
parency in the spectrum where there was absorption. Figure 2.76 shows the
magnitude of this new transparency is changed when the IR intensity changes.

Finally we investigate the effect of environment temperature on operation of the
proposed quantum well structure. The environment thermal energy may be added
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to the incoming target IR signal and this effect inhibits the correct IR detection in
the conventional photodetectors. However we show that this problem is not critical
in our proposed EIT-based 4-subbands asymmetric quantum well structure. In the
EIT-based structure the environment thermal energy cannot directly excite elec-
trons (state |b) is populated but state |d) is not) but it causes some detuning in IR
field. Figure 2.77 shows the effect of environment temperature on the transmission
coefficient. If we couple IR without detuning, the environment temperature is
added to IR signal and case a detuning (for7 = 0K — 300K, A1 =~ 80 nm). Now
the effect of room temperature variations is considered. The 4 nm shift of wave-
length for 20°C of room temperature variation is observed. It should be mentioned
that when the refraction index of material increased (rrefractive = 1 —
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3.5(for GaAs)), the wavelength temperature coefficient can be decreased
(AA/AT = 0.2nm/°C — 60pm/°C) that is so excellent from practical imple-
mentation point of view.

2.6.3 Terahertz Quantum Cascade Photodetector Based
on Electromagnetically Induced Transparency

In spite of the numerous reports on QCDs especially in mid-infrared region, there
is still lack of studies in terahertz quantum cascade devices since the thermal
energy directly excites the ground state electrons to higher energy levels and in the
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presence of transport ladder, leads to thermionic dark current [1, 27, 86, 135]. This
problem deteriorates the performance of QCD.

A great number of the reported works on QCDs up to now are generally
realized in III-V material system [3, 148]. However due to special features of
GaN-based material system such as large conduction band offset in III-nitride
heterostructures (which provides operation at much shorter wavelengths than other
III-V QCDs), l-nitride heterostructures are highly suitable for implementation of
such devices. On the other hand, the large lattice mismatch between AIN and GaN
(as a deficiency) is not an impediment in QCDs since the barriers throughout the
structure must be thin to obtain strong coupling between the wells.

Also, the improvement in the device performance due to the use of a phonon
ladder is expected to be largely enhanced in the III-nitride material system, where
the LO—phonon interaction is an order of magnitude stronger than in other III-V
materials.

One can utilize the interference effect between the terahertz electromagnetic field
and the short-wavelength probe field in a QCD active region to modify the
absorption characteristic of probe field and achieve to coherence based photo
detection [150]. Therefore, the incoming terahertz signal and the thermal energy do
not directly excite ground state electrons and the thermionic dark current cancels
out. In fact, we interpret the absorption of incoming terahertz signal as the absorption
of short-wavelength probe signal by means of EIT Phenomenon [140, 150].

The EIT-based QCD considered in this section is a GaN/AlGaN heterostructure
where the first quantum well of the period is n doped in order to populate the first
energy level E1 in the conduction band with electrons (the nominal doping con-
centration of 5 x 10'' cm™ has been considered). Figure 2.78 presents wave
functions associated with each energy subband, in one period of the device. The
layer widths in one period from left to right (active region and ladder) are: 20, 16,
10, 22, 10, 30, 20, 6, 20, 6, 20, 7, 20, 8, 20, 10, 20, 11, 20, 13, 20 and 15 A,
respectively.

Fig. 2.78 Schematic of the
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In Fig. 2.79 the active region of the QCD structure is schematically presented
of which consist two coupled asymmetric quantum wells. The probe and THz
signal wavelengths have been considered to be about 1.55 and 40 pm, respec-
tively. It should be noted that the mid barrier inside the shallow well in
Fig. 2.78 is placed to control the THz signal wavelength as a freedom degree of
design.

In the interaction picture, the total Hamiltonian for this 4-subband quantum
well structure can be written as [140]:

Vb 0 —Que™’  —gQe™!
0 A —Q[Reilet —leRei"IR’
H=h| . (2.157)
Qpe P Qme Ve 0
—que_iVP’ —kQIRe_ile’ 0 Vq

It is assumed that the Rabi frequencies of the probe signal (Qp) and THz-signal
(Qry,) to be real. Using the density matrix formalism, one may describe the
dynamic response of the proposed 4-subband quantum well structure. Under the
electro-dipole and rotating-wave approximations (this method has described the
results in experimental reports [142—-144] and has been used in several theoretical
papers [145-147]), the time-dependent density-matrix equations of motion can be
obtained as [140]:

Pab = —[i(Ap + @5/2) + Tav] o + iqQp b — 19204

| . (2.158)
+ IkQR Py — €2 Pyc

pev = —li(Ap — @5/2) + Teplpety + iQp i, + iR Pt (2.159)
- tippca - iQPpCC

b = _[i(A 2) + Facl pae — iQppap — i€

Pac = —[i(Ar + @s/2) + Taclpge — iQppap — iQrPu4 (2.160)

+ QR Pe + TKQUR Py



2.6 Terahertz and Infrared Photodetector 181

Pab = —i(Ap + AR + Tan) pap + iQR Pt + iKQUR Py

, _ (2.161)
— i pgc — 19QpPga

Paa = —[i(Ar — 05/2) + Taal pga — iqQpap — KR Py

: . (2.162)
+ leIRpaa + lQIRpca

pac = _[iws + rﬂc]pac - iQPpab + tippbc - iQIRpad + iledec (2163)
where  wg = Vap — Vb, Vo = (Vab + Vep)/2, V) = (Vaa + Vea) /2, Ap = Vo — Uy,
Arp, = vy — v, and g = u,/ttey, K = W/ tteq- In the above density matrix

equations the total decay rates are denoted by I';. In terms of the density matrix
notation, the optical polarization is expressed as [140]:

P(z,t) = [@ab(ﬂab(z,t) +¢.¢) + Peb(Pev(zy + C-C)} (2.164)

where g is dipole moment matrix element between sates |i), |j). The linear
susceptibility can be calculated from the optical polarization as follows [140]:

o 2N /ool [9F (LiLe + Q) + 93 (—KQRQR + gLsLa + gKQy) |
P Lil,Ls + LyQ% + Ly + K2QF,

(2.165)

where L; = [i(Ap — ws/2) + Fcb]7 L, = [i(Ap + ATHZ) + de], L; = [l'(Ap+
ws/2) + Tap], K = pga/pae and q = piap/ pp-

The transmission coefficient of probe field is proportional to the imaginary part
of susceptibility [149, 150].

Figure 2.80 shows the simulated transmission coefficient of probe field.
According to the matrix density equations, when the terahertz radiation is off
(Fig. 2.80a), two sharp absorption (like Autler—Townes doublet in atomic
system) are appeared which are related to |b) < |a) and |b) < |c) transitions,
respectively. The energy gap between two absorption peaks is proportional to the
splitting energy (E;—Es3). Figure 2.80b—d show the effect of terahertz radiation
intensity on transmission coefficient. In the presence of terahertz radiation, a new
sharp absorption is created between the two absorption peaks (interferential
state). It is clear that the magnitude of this new absorption is sensitive to the
terahertz intensity. Therefore this asymmetric double quantum well structure can
be used as a novel active-region cell for terahertz photo-detection. In this feature,
the THz signal does not manipulate the active region carriers directly (unlike the
conventional THz quantum well photo-detectors) but the interference of the
probe and THz signals modifies the absorption coefficient of the active region.
This phenomenon may be described as the translation of the THz to probe short
wavelength. Thus the cascade ladder coupled to the interferential state of the
active region extracts the probe-excited carriers and transport them to consequent
period.
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As previous discussions, in a photovoltaic detector, the zero voltage resistance,
RpA (which characterize the dark current-measured in the absence of illumination-
and the deduced Johnson noise limited detectivity) should be calculated from
RoA =kpT/@* Y icn > _jes Gij» where the term Gj; is the phonon mediated global
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Table 2.7 Quantities of the three largest transition rates for three sample temperatures in m~ s~

Temperature (K) Gl G2 G3

80 0.83 x 107 1.1 x 10" 23 x 108
100 0.6 x 10'® 1.7 x 10" 32 x 10°
120 5.7 x 10'8 1.1 x 10" 1.8 x 10'°

transition rate from a subband i of a cascade A to a subband j of a cascade B
(in m™2 57" [4, 5]. RoA can usually be described with an activation energy Ea,
corresponding to the energy of the transition responsible for electron transfer from
one contact to the other.

Figure 2.81 presents the resistivity at RyA as a function of 1,000/T where T is
the temperature of the sample for the structure. The inset of the Fig. 2.68 sche-
matically illustrates the three largest G;; quantities (G1, G2 and G3) obtained in the
simulation where the values are reported in Table 2.7 in 80, 100 and 120 K as
sample temperatures.
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