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ABSTRACT Resonant behaviors and absorption enhancement of metallic grating-dielectric-metal (GDM)
microcavity are theoretically investigated. The GDM structure is treated as periodic unit cells of two
serially-connected metal-dielectric-metal (MDM) and air-dielectric-metal (ADM) waveguide resonators.
The resonant modes can be divided into three types: the LC mode, the TEM modes supported by the MDM
waveguide resonator, and the TEM-TM hybrid modes supported by the whole GDM structure. The resonant
frequencies of LC and TEM modes are independent on a small incident oblique angle. However, for the
TEM-TM hybrid modes, each mode splits into two branches with non-zero incident angles. Based on the
temporal coupled-mode theory, the intersubband absorption efficiency of multi quantum wells inserted into
the GDM microcavity is calculated and discussed qualitatively. We point out that the condition of critical
coupling is not the optimal condition for intersubband absorption efficiency when the metallic loss cannot be
neglected. An optimization procedure is given for the design of high performanceGDM-microcavity-coupled
terahertz quantum-well infrared photodetectors.

INDEX TERMS Terahertz photodetectors, microcavity, critical coupling, grating, waveguide, quantumwell.

I. INTRODUCTION
Since the first demonstration of quantum-well infrared
photodetector (QWIP) by Levine et al. [1]a, great progresses
have been achieved both in the device physics and the fab-
rication of large-scale focal-plane-array imagers working in
mid- and far-infrared regions (3-5 µm and 8-14 µm) [2].
In terahertz spectral region, because of the very small pho-
ton energy, there are no terahertz photodetectors based on
interband transitions of natural bulk materials. As important
photon-type terahertz detectors, terahertz QWIPs have been
realized in 2004 [3]. Advantages of single-element terahertz
QWIPs, such as high sensitivity and fast response speed,
have been demonstrated [4]–[6]. The prototype terahertz
pixel-less imager based onQWIP-LED (light emission diode)
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frequency up-converter has been realized [7]. Because of the
high-quality GaAs/AlGaAs multi quantum wells (MQWs)
and mature fabrication techniques [2], it is expected that
large-scale terahertz QWIP focal plane arrays will be fabri-
cated under the boost of terahertz imaging applications in the
near future.

For n-type QWIPs, the photon detection is based on
the intersubband transition of confined electrons in the
MQWs. The quantum selection rule of intersubband transi-
tion determines that the normally incident light (the prop-
agation direction perpendicular to the QW plane) cannot
excite such a transition. Brewster-angle incidence [2], fab-
rication of oblique incident facet [2], and grating [8]–[10]
are utilized to obtain the electric field component per-
pendicular to the QW plane, which can induce intersub-
band transitions. In terahertz QWIPs, because of the small
energy difference between the ground subband and the first
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excite subband, the electron doping concentration in QWs
is severely limited, which leads to the ultra-low intersub-
band absorption efficiency (IAE, <5%) [3]. Low IAE not
only weakens the responsivity, but also introduces addi-
tional generation-recombination noise [2]. Different type
microcavities composed of upper structured metal film
(one-dimensional (1D) grating or two-dimensional (2D) peri-
odic structure), MQW layer, and bottom metal mirror, have
been proposed and fabricated [4], [12]–[14]. In such a
microcavity-coupled QWIP, at some resonant frequencies,
the electromagnetic energy can be effectively funneled into
the microcavity and be localized in the subwavelength MQW
region [15]. Moreover, the direction of incident electric field
can be changed by the upper structured metal film along the
growth direction ofMQW. The above properties of microcav-
ity are more important for terahertz QWIPs because of low
IAE and deep subwavelength thickness of MQW absorption
layer.

There are many investigations on the optical properties of
the above microcavity-MQW structures due to the interaction
of resonantmodes and intersubband transitions. Todorov et al
developed and implemented a simulation tool for grating-
dielectric-metal (GDM) structures with high computational
efficiency based on modal method (MM) [16], [17], and
combined with a semi-analytical theory, the properties of
resonant modes, field enhancement, and IAE were system-
ically studied [17]. Further, the strong coupling phenomena
between the resonant modes supported by GDM microcav-
ity and intersubband transitions were thoroughly explored
both in theoretical and experimental aspects [18]–[20]. The
effects of critical coupling on absorption efficiency were
investigated and optimal conditions for improving absorption
were derived [21]–[24]. Palaferri et al designed and fabri-
cated a microcavity-coupled QWIP with a peak response
frequency of 9 µm and superior performance parameters
(high sensitivity, fast response time, and operation at room
temperature) [25]. Palaferri et al. [4], Chen et al. [26],
and Zheng et al. [27], [28] realized high-performance
microcavity-coupled terahertz QWIPs. Other interesting phe-
nomena related to the coupled microcavity-QW systems,
such as giant nonlinear coefficient at terahertz frequen-
cies [29] and bound states in continuum [30] have been
studied.

In the previous investigations on GDM structures, only
the transverse electromagnetic (TEM) modes supported by
the metal-dielectric-metal (MDM) section of GDM structure
are considered, and because of the discontinuity of refractive
indexes near the edges of metal strip, a MDM waveguide
resonator is formed [17]. For each mode, an effective refrac-
tive index is introduced. However, when the dimension of
metallic periodic structure is not very much smaller than the
wavelength, the effective refractive index is not always a
useful and predictive concept [31], [32].Meanwhile, for inter-
subband absorption efficiency (IAE), the difference between
the critical-coupling and the optimal conditions for IAE and
the role of metal loss are not well addressed.

FIGURE 1. Schematic of the metal-grating-MQW-metal structure (a), light
rays and the constant phase fronts (black dash lines) for the MDM
waveguide (b) and the ADM waveguide (c). P is the periodicity of grating
and S is the width of metal strip.

In this paper, we focus on two problems of
GDM-microcavity-coupled terahertz QWIPs, the origins
of resonant modes and the optimal condition for improv-
ing IAE. Based on the light-ray method [33], the dis-
persion relations of resonant waveguide modes of the
MDMwaveguide and the air-dielectric-metal (ADM) waveg-
uide are calculated. The GDM structure is treated as a
serially-connected MDM and ADM waveguides [34]. Due
to the mismatch of mode dispersions of the MDM and
ADM structures, two serially-connected MDM-waveguide
resonator and ADM-waveguide resonator are formed. Equiv-
alent circuit method (ECM) [35], [36], the COMSOLpackage
(version 3.5a) [37], and the MM [16] are used to explore the
optical properties of the GDM structure. A LC mode, TEM
modes, hybrid TEM-transverse magnetic (TM) modes, and
grating diffractivemodes can be excited by incident TMplane
waves. The temporal coupled-mode theory (TCMT) [38] is
used to discuss the optimization of IAE. The metallic loss is
always playing a negative role in the improvement of IAE.
A design and optimization procedure is given for design-
ing high-performance GDM-microcavity-coupled terahertz
QWIPs.

II. RESONANT-MODE FREQUENCIES OF THE
MICROCAVITY
Fig. 1(a) shows the microcavity structure considered in this
paper. In general, the microcavity is composed of a metal
grating, a subwavelength MQW structure grown along the x
direction, and a bottom metal mirror. In terahertz frequency
range, due to its excellent material quality, the GaAs/AlGaAs
material system is used to realize the MQW structure. Due to
the excitation of optical phonon and the intersubband transi-
tions, the refractive index of MQW is a complex function of
frequency. In this work, we focus on the origins of resonant
modes of the microcavity, therefore, we do not consider the
complicated dispersion behavior of the MQW, which is very
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important for the design and optimization of a device having
a given resonant frequency. Because the Al mole fraction in
AlGaAs barrier is very low (<5%) [2] in terahertz QWIPs,
for simplicity, a uniform 3-µm thick insulator layer having
a constant refractive index of 3.5-0.01i with i the imaginary
unit (the approximate value of GaAs refractive index at about
4.0 THz) is used to substitute the MQW layer. Such an
approximation is very helpful for exploring the origins of
the resonant modes and has no essential influence on our
main conclusions. Following Refs. [17], [34], themicrocavity
is treated as a periodic structure in y direction; each unit
cell is composed of two serially-connected MDM and ADM
waveguides. Due to the mismatch of mode dispersion rela-
tions supported by the MDM and ADM waveguides, the lat-
eral propagation modes in the MDM and ADM waveguides
will suffer strong reflection on the interface (marked by the
semi-transparent red bar in Figure 1(a)) between the MDM
and ADM waveguides. Therefore, two serially-connected
MDM and ADM resonators are formed. Based on such a
model, many resonant properties of the GDMmicrocavity are
well understood [17].

For TM incident waves (the electric field along y direc-
tion, perpendicular to the grating metal strips), due to the
dipolar interaction, the metal strip can be effectively excited
and behaves as a secondary wave source. Through such
a mechanism, the free-space TM waves can be effectively
coupled into the MDM and ADM resonators at the reso-
nant frequencies. It is expected that the resonant behaviors
are determined by the structural parameters of thickness h
of the dielectric layer (dispersion relations of MDM and
ADM resonant waveguide modes), the width S of metal strip
(the lateral dimension ofMDM resonator), and the periodicity
P (the lateral dimension of ADM resonator and the diffraction
modes of grating). Moreover, the interaction between the
MDM and ADM resonators cannot be ignored.

As shown in Fig. 1, for the 1D-GDM structure, only
the modes with electric fields perpendicular to the z axis
(TM modes) can be launched by the grating. Therefore,
the transverse-electric modes (electric fields parallel to the
z axis, TE) are not considered. For the MDM waveguide,
the TEMmode with zero cutoff frequency is the fundamental
mode. However, the TEM mode cannot be supported by the
ADM waveguide [39]. The TM modes with the electric field
perpendicular to the propagation direction and in xy plane
can also be supported by the MDM and ADM waveguide.
As shown in Figs. 1(b) and 1(c), the light-ray method [33]
is adopted to solve the eigenmode problem. As shown in
Figs. 1(b) and 1(c), PQ and MN are two parallel rays. For
guided modes, OP and QM must be two equiphase surfaces.
Therefore, the following condition must be satisfied for the
TM modes,
(k0n1L2 +8L +8U )− k0n1L1 = 2mπ, (m = 1, 2, 3 . . .)

(1)

where k0 = 2π /λ is the wavevector in vacuum with λ the
wavelength, n1 is the refractive index of dielectric in the

waveguide, 8L (8U ) is the additional reflection phase at the
bottom (upper) interface of waveguide, L1 (L2) is the optical
path of the blue (red) ray shown in Figs. 1(b) and 1(c), and m
is an integer. The optical paths L1 and L2 are

L1=PQ=h
(

1
sinϕ

− 2 sinϕ
)
, L2=OM=

h
sinϕ

(2)

where h is the thickness of waveguide. For the MDM waveg-
uide, 8L = 8U = π , the dispersion relations of TM modes
are expressed as

k0n1h sinϕ = mπ, (m = 1, 2, 3 . . .) (3)

For the ADM structure, the additional reflection phases
are [33]

8L = π, 8U = −2 tan−1

√
n21 cos

2 ϕ − n20
n1 sinϕ

(4)

where n0 = 1 is the vacuum refractive index. By substituting
Eq. (4) into Eq. (1), the dispersion relations of TM modes for
the ADM waveguide are

tan
(
k0n1 sinϕ −

2m− 1
2

π

)
=

√
n21 cos

2 ϕ − n20
n1 sinϕ

,

(m = 1, 2, 3 . . .) (5)

The RF module included in COMSOL package is used to
compute the reflection spectra of two GDM microcavities
with a very large duty cycle (29/30, L-GDM) and a very
small duty cycle (1/30, S-GDM). For perfect MDM and
ADMwaveguides, the guided modes cannot be excited by the
plane waves propagating perpendicular to the waveguide sur-
face. Therefore, the L-GDM (29/30) and the S-GDM (1/30)
structures are used to mimic the perfect MDM and ADM
waveguides, respectively. A plane wave propagating along
the x direction is set to drive the structure. Floquet periodic
boundary conditions are used in y direction, and on top of the
simulation domain, a perfect match layer is added to absorb
the reflection wave propagating along the x direction. Au is
used to construct the metal strip of grating and the bottom
mirror. The permittivity of Au is described by the Drude
model with the plasma angular frequency of 1.11× 1016 Hz
and the scattering rate of 8.33 × 1013 Hz [40]. The meshing
parameters and the air thickness above the grating are ver-
ified to assure the accuracy of numerical results. Fig. 2(a)
presents the reflection spectrum of L-GDM structure (MDM
waveguide). There are a high-reflectance background and a
series of reflection sharp dips due to the excitation of resonant
modes. For the S-GDM structure (ADM waveguide), there
is a broad reflection dip due to Fabry-Perot resonance and
a series of shallow dips superposing over the broad dip.
To further identify the resonant modes supported by the
MDM and ADM waveguides, Eqs. (1) and (5) are numeri-
cally solved to obtain the dispersion relations of waveguide
resonant modes and the results are shown in Fig. 2(c). There
are a fundamental TEM mode and a TM1 mode supported
by the MDMwaveguide and TM1 and TM2 modes supported
by the ADM waveguide in the frequency range of 0-16 THz.
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FIGURE 2. Reflection spectra of the GDM structure with a large duty cycle (29/30, L-GDM, mimicking
the MDM structure) (a) and with a small duty cycle (1/30, S-GDM, mimicking the ADM structure) (b),
(c) the dispersion relations of the MDM and ADM waveguides for the first two modes (lines) and the
computational data by using COMSOL package (scatters), and electric field (x-component)
distributions of the marked reflection dips (d) shown in (a) and (e) shown in (b).

The normalized mode electric-field (Ex) distributions at the
resonant frequencies corresponding to the marked reflection
dips shown in Fig. 2(a) are presented in Figs. 2(e) and 2(f),
from which the finite propagation constant β = 2πn/P
with n an integer can be determined. Once the value of β
is determined, the numerical dispersion relations of resonant
mode computed with the COMSOL package can be obtained,
which are depicted as scatters in Fig. 2(b). Except the first
dip for the L-GDM (MDM) structure, the numerical data are
in good agreement with the theoretical dispersion relations
calculated by solving Eqs. (1) and (5).

The first reflection dip marked by a green ellipse in
Fig. 2(c) does not originate from the TEM or TM modes
supported by the MDM structure because the data point is
not on any dispersion-relation curves. As shown in Fig. 2(d),
the mode electric field distributions of the first and sec-
ond reflection dips are very different, which further indi-
cates that the first reflection dip is not induced by
TEM-mode-induced resonance. Popov et al. [41] have shown
that shallow 1D metallic gratings can show a metamate-
rial behavior. This reflection dip is attributed to the LC
resonance supported by the GDM microcavity structure.
At low frequency, the ECM [35] is adopted to describe the
LC-resonant-induced reflection dip. The equivalent circuit of
the microcavity is shown in Fig. 3(a). The lumped impen-
dences in Fig. 3(a) for normally incident TM waves are [34]

Z1 = i
ωµ0

n1k0
tan (n1k0h) , Z0 =

√
µ0

ε0
(6)

Zg =
iπZ0

2k0n2eff ln
(
sin P−S

2P

) , neff =

√
n21 + 1

2
(7)

Zin =
ZgZ1

Zg + Z1
(8)

where Z1 is the impedance of the dielectric layer and
the bottom metallic mirror, ω is the angular frequency of

FIGURE 3. (a) Equivalent circuit of the microcavity and (b) the reflection
spectra near the first reflection dip calculated by using ECM and COMSOL
for (P = 30 µm, S = 29 µm) and (P = 35 µm, S = 30 µm), respectively.

incident wave, µ0 is the vacuum permeability, Zg is the
lumped impedance of the metal grating with large duty cycle
(P ⊂ S � P), Z0 = 377� is the vacuum impedance, ε0 is
the vacuum permittivity, neff is the effective refractive index,
and Zin is the input impedance of the microcavity. When Zin
is obtained, the reflection spectrum is calculated with the
expression

R (ω) = r (ω) r (ω)∗ , r (ω) =
Zin (ω)− Z0
Zin (ω)+ Z0

(9)

where R(ω) and r(ω) are the power and amplitude reflection
spectra, respectively.

Fig. 3(b) shows the reflection spectra of the GDM
microcavity with different duty cycle (29/30 and 30/35) at
low frequency range calculated by using the ECM and the
COMSOL package. Because the near-field effects (evanes-
cent high-order modes) are not considered in the ECM,
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FIGURE 4. Numerical false-color contours of reflection spectra of the microcavities with a fixed metallic strip
width of 30 µm and a sweeping of grating periodicity from 31 µm to 60 µm (a) and a fixed grating periodicity
of 60 µm and a sweeping of metallic strip width from 10 µm to 40 µm (b) calculated by using the MM,
(c) reflection spectra of microcavities with different parameter configurations, distributions of mode electric
fields at the marked reflection dips for different parameter configurations of P = 31 µm and S = 30 µm (d),
P = 45 µm and S = 30 µm (e), and P = 60 µm and S = 30 µm (f).

there are notable discrepancies of resonant frequencies and
power reflection amplitudes with different grating periodic-
ities and duty cycles (29/30 and 30/35) between the results
calculated by using the ECM and the COMSOL package.
Especially for the deep subwavelengthmicrocavity (h� λ0),
near-field effects will play key roles on the LC resonance.
Therefore, in the qualitative level, the numerical results
obtained from the ECM indicate that the first reflection dip
shown in Fig. 2(a) originates from the LC resonant mode.

For the L-GDM and S-GDM structures, the resonant
modes are solely supported by the MDM and ADM waveg-
uide resonators, respectively. However, in realistic situations,
in order to obtain a high excitation efficiency, an intermediate
duty cycle is superior. In such a GDM structure with an
intermediate duty cycle, the resonant behaviors are more
complicated. In Fig. 4(a), the reflection spectra (false-color
contours) of the GDM structure with a fixed metal strip
width and a sweeping of grating periodicity from 31 µm to
60 µm is computed by using the fast MM with an impedance
match approximation [16]. For the grating periodicity and
the frequency considered in this work, the impedance match
approximation should give correct results [16]. The home-
made code based on MM is thoroughly tested. Normally
incident TM plane waves is adopted to excite the structure.
The reflection spectra shown in Fig. 4(a) can be divided into
three regions, 1-6 THz, 6-14 THz, and 14-16 THz. In the first
and the third regions, the frequencies of the reflection dips
do not shift with the increase of grating periodicity, which
indicates that the mode electric fields are localized under-
neath the metal strip. Fig. 2(c) shows that the reflection dips
in the first and third regions correspond to the LC, TEM, and
TM1 modes supported by the MDM resonator, respectively.
On the contrary, in the second region, all the reflection dips

shift to lower frequencies with increasing the grating period-
icity. An anti-crossing behavior between the third and fourth
dips occurs with the parameter P in the range of 42-47 µm.
In Fig. 4(b), the reflection spectra (false-color contours)
of the GDM microcavity with a fixed grating periodicity
of P = 60 µm and a sweeping of metal strip width
S = 10-40 µm are presented. In the first and third regions,
the frequencies of the reflection dips monotonously decrease
with the increase of metal strip width. In the second region,
the reflection spectra show very complex behaviors. The
above results indicate that the resonant modes with their
frequencies located in the second region are not solely sup-
ported by theMDMorADM resonators. Fig. 4(c) shows three
reflection spectra with a fixed metal strip width of 30µm and
grating periodicities of P = 31, 45, and 60 µm, respectively.
Three groups of reflection dips are marked, (1, 4, and 8),
(2, 5, and 7), and (3, 6, and 9), and their electric field (Ex)
distributions are depicted in Figs. 4(d), 4(e), and 4(f), respec-
tively. The electric field distributions show that the first group
of dips (1, 4, and 8) correspond to the second-order TEM
modes. In the second and third groups, dips 2, and 3 cor-
respond to the third and fourth TEM modes, respectively;
dips 5, 6, and 9 correspond to the hybrid modes supported by
the GDM microcavity. Dip 7 is different from the other dips,
which corresponds to the grating-induced first diffraction
mode.

Incident-angle-dependent behaviors of resonant mode
do not only play key roles on the photoresponse of
microcavity-coupled terahertz QWIPs because the incident
terahertz radiation is a focused beam, but also provide addi-
tional information of the resonant modes. Fig. 5 shows the
reflection spectra of the GDM microcavity with P = 60 µm
and S = 30 µm at different incident angles. The frequencies
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FIGURE 5. Reflection spectra with different incident angles for the
microcavity with P = 60 µm and S = 30 µm.

of modes 1, 2 and 3 are incident angle independent. For the
LC resonant mode 1, because the thickness of the micro-
cavity is in deep subwavelength scale, for a small incident
angle, the incident-angle-dependent propagation effect can be
neglected. The dips 2 and 4 correspond to the first and second
TEM modes, respectively. There are no x components of the
wavevectors for the TEM modes, and the conservation law
of momentum must lead to the same propagation constant
for the forward and backward propagation modes, which
restricts the incident-angle-induced frequency splitting of the
two modes. The reflection dip 3 originates from the first
grating diffractive mode. For TM incident waves, the grating
introduces y-components of wavevector ky = 2πn/p+k0sinθ
with n = ±1, ±2, . . . and θ the incident angle. Therefore,
for non-zero incident angles, the forward and backward prop-
agation modes have different propagation constants, which
lifts the degeneracy existing in the case of normal incidence.
As shown in Fig. 4(f) (dip 9), the dip 5 in Fig. 5 is a TEM-TM
hybrid mode, thus a small effective x component of wavevec-
tor exists, which results in the splitting of dip 5. There are
two extra reflection dips at non-zero incident angles, which
originate from the even dark modes. The incident-angle-
dependent photoresponse of GDM-microcavity-coupled THz
QWIPs has been found experimentally [27]. For a larger
oblique angle, the angle-dependent behaviors obey the same
rule. In general, for the microcavity terahertz QWIPs, only
the normally incident case and the small oblique angle case
are considered. Therefore, the numerical results for larger
oblique angles (>10 degrees) are not included in Fig. 5.

III. CRITICAL COUPLING AND OPTIMIZATION OF
INTERSUBBAND ABSORPTION EFFICIENCY
IAE is a key figure of merit for terahertz QWIPs (enhancing
responsivity and suppressing generation-recombination
noise) [2]. There are several investigations on the IAE of
microcavity-coupled terahertz QWIPs based on numerical
calculations and quasi-analytical models [17], [23], [24].
Meanwhile, perfect absorbers and critical-coupling phe-
nomena have become a hot research subject for several
years [20]–[22]. We propose a qualitative model based on the
TCMT [38] to discuss the IAE of microcavity-coupled tera-
hertz QWIPs. The TCMT is a powerful framework to analysis

various mode coupling phenomena. However, the TCMT is
not a first-principle method, and the technical details are
encapsulated into the coupling and loss parameters. The
accuracy of TCMT is dependent on the coupling and loss
parameters. Therefore, the TCMT is usually used to qual-
itatively analysis the mode coupling behaviors and to fit
the experimental data and the rigorous numerical results.
A microcavity-coupled terahertz QWIP can be considered as
a one-port resonator including one resonant mode. The field
amplitude a of the resonant mode is [38]

da
dt
= iω0a−

(
1
τ0
+

1
τe

)
a+

√
2
τe
s (10)

where ω0 is the frequency of resonant mode, τ0 is the decay
time due to loss, τe is the radiation coupling time, and s is the
amplitude of input wave. The decay time τ0 can be divided
into two parts 1/τ0 = 1/τQW + 1/τm, where τQW and τm
are the decay times due to intersubband absorption and metal
loss, respectively. For simplicity, the free electron absorption
in the contact layers and other dielectric losses are lumped
into the metal loss decay time τm. The solution of Eq. (10)
is [38]

a (t) =

√
2/τes

i (ω − ω0)+
1/τ

eiωt − e
(
iω0−

1/τ
)
t

 (11)

where ω is the frequency of driven field and 1/τ = 1/τ0 +
1/τe is the total decay rate. In steady state and at the resonant
frequency ω0, the energyW stored in the resonator is

W = a (t) a (t)∗ =
2τ 2

τe
ss∗ =

2τ 2

τe
Pin (12)

where Pin is the input power. The intersubband absorption
efficiency can be expressed as

η =
2
τQW
×W ×

1
Pin
=

4τ 2

τeτQW
(13)

After some algebra, η can be transformed to

η =
4C

(1+ C)2
−

4C2

(1+ C)2 x
(x > C) (14)

where C = τ0/τe and x = τm/τe are the reduced total
and metal decay times, respectively. The values of C > 1,
C < 1 and C = 1 correspond to the over-coupled,
under-coupled, and critically-coupled cases, respectively.
Eq. (14) indicates that at a fixed value of reduced total decay
time C (corresponding to a fixed reflectance coefficient),
the value of IAE ηmonotonically decreases with the decrease
of reduced metallic decay time x. For given parameters
C and x, the reduced decay time of intersubband absorption
y = τQW /τe and the reflectance coefficient R can be
determined by

y =
Cx

x − C
(15)

and

R =
(
C − 1
C + 1

)2

(16)
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FIGURE 6. IAE as a function of reduced total and metal loss decay times
C and x . (a) False-color contour of intersubband absorption efficiency for
C = 0.1-20 and x = 0.1-50 and the reflection coefficient as a function of
C , (b) False-color contour of the reduced decay time y due to MQW
intersubband absorption (in logarithmic scale), and (c) IAEs as functions
of reduced metal loss decay time for C = 1.0 (critically coupled), 2.0 (over
coupled), and 0.5 (under coupled).

For critical coupling, zero reflectance is reached, which
is important for perfect absorbers. However, for terahertz
QWIPs, the intersubband absorption efficiency is the most
important parameter. The intersubband absorption efficiency
η with respect to parameters C and x is calculated and
depicted in Fig. 6(a) for η > 50%. There is a consider-
able region in which the value of IAE is larger than 50%.
For terahertz QWIPs, in order to suppress the dark current,
the doping concentration in the MQW is severely limited,
which results in the very low IAE (<5%) in traditional
45-degree-facet-coupled terahertz QWIPs [2]. Fig. 6(b)
shows the reduced decay time y (0.5 < y < 50) due
to intersubband absorption with respect to parameters C
and x. To achieve a large IAE of η > 50%, parameters
x and y should be in the ranges of x > 1 and 0.2 <

y < 5.0, respectively. Therefore, for a fixed value of C ,
the IAE will be always improved by reducing the metallic
losses introduced by themetallic grating structure, the bottom
metal mirror, and the top and bottom Ohmic contacts. For
terahertz QWIPs, the intersubband-absorption-induced decay
time cannot be very short due to low electron doping con-
centration in the MQW region. The TCMT results indicate
that the microcavity-coupled terahertz QWIPs have a good
property that in a broad range of y, the IAE is larger than 50%.
As shown in Fig. 6(b), for the same reflection coefficient
and the metal loss decay time, the under-coupled case is
more beneficial to enhance IAE and has a better tolerance
to the metal loss. The IAE is not explicitly dependent on the
radiation coupling time τe. However, τe is a key parameter
to determine the performance of device. A smaller value
of coupling (radiating) time τe will show a good tolerance
to poor-quality metals and enhance the response spectral
bandwidth. On the other hand, with the decrease of τe,
the intersubband-absorption-related decay time τQW must be

proportionally decreased to maintain high IAE, which can
be realized by increasing the electron doping concentration
in the MQW region. However, the high doping concentra-
tion will result in the fast increase of dark current and then
degrades the device performance.

The radiation coupling time of a resonant mode is inde-
pendent on the loss properties of materials composed of the
microcavity in the low-loss approximation. Instead, the struc-
tural parameters, the width of metal strip, the periodicity of
grating, the thickness of dielectric layer sandwiched between
the grating and the bottom mirror, and the height of metal-
lic strip, determine the radiation coupling time. The other
two decay times, τm and τQW , are related to not only the
metal loss and intersubband absorption, but also the mode
electric-field distribution. Despite there are many theoreti-
cal efforts to calculate the three parameters [17], [20]–[24],
it is still a hard task to find the optimal coupling condi-
tions theoretically for microcavity-coupled terahertz QWIPs.
Following the above discussions based on TCMT, a design
and optimization procedure can be given. Firstly, traditional
45-degree-facet-coupled terahertz QWIPs can be designed
and fabricated. The dependences of dark current and the
decay time τQW due to intersubband absorption on the doping
concentration are determined. Moreover, the peak response
frequency and then the averaged refractive index ofMQWare
obtained. To ensure the Ohmic contacts, minimal values of
doping concentration in the upper and bottom contact layers
and the thicknesses of the contacts should be reached, which
is beneficial for realizing high IAE. Secondly, from Fig. 6,
the structural parameters of the microcavity are optimized
to obtain the appropriate value of τe. Lastly, the metal loss
should be evaluated and further minimized.

IV. CONCLUSION
In summary, resonant behaviors and IAE enhancement of
GDM microcavity are theoretically investigated. The GDM
structure is treated as a periodic serially-connected MDM
waveguide and ADMwaveguide. Because of the mismatch of
mode dispersions between the MDM and ADM waveguides,
the MDM and ADM waveguide resonators are formed. The
mode dispersion relations of MDM and ADM waveguides
are calculated based on the light-ray method. The reflection
spectra of the GDM microcavity with very small and large
grating duty cycles are computed by using the RF module
integrated in the COMSOL package, respectively, and the
resonant mode dispersion relations are derived, which are
in good agreement with the theoretical dispersion relations
of MDM and ADM waveguides calculated within the light-
ray method. The ECM, the MM with an impedance match
approximation, and the COMSOL package are used to iden-
tify the origins of resonant modes supported by the GDM
structures. They are the LC mode, the first-order diffractive
mode, TEM modes supported by the MDM waveguide res-
onator, and the TEM-TM hybrid modes supported by the
whole GDM structure. The resonant frequencies of LC and
TEM modes are independent on incident oblique angle when
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the value of incident angle is not very large, which is benefi-
cial for improving the photoresponse of GDM-microcavity-
coupled terahertz QWIPs. However, for the grating diffractive
mode and the TEM-TM hybrid modes, each mode will split
into two branches with non-zero incident angle. Based on
TCMT, the IAE ofMQWs inserted into theGDMmicrocavity
is calculated and discussed qualitatively. We point out that
the condition of critical coupling is not the optimal one
for the enhancement of IAE when the metal loss cannot be
neglected. An optimization procedure is given for the design
of high performance GDM-microcavity-coupled terahertz
QWIPs.
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