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In view of the emergence of wide ranging applications in the areas such as environmental
monitoring, medical diagnostics, defense, security and sensing etc., it is indispensable to develop
resourceful mid-infrared photodetectors. In this article, we present potential design considerations
exploiting plasmonic effects in the conventional heterojunction mid-infrared detectors, optimized
for their operation in 8—14 um spectral range. Design issues concerning GaAs-AlGaAs based
plasmonic photodetectors are investigated using modal expansion method (MEM) in conjunction
with Rayleigh expansion. Simple but insightful fitting expressions useful for designing practical
photodetectors are presented. The effects of crucial design parameters on the photodetector
performance are discussed in detail. Using metallic grating based plasmonic element, about 20 fold
absorption enhancement is predicted, which is comparable or greater than that recently reported for
InAs (Quantum Dots) and GaInNAs (Quantum Well) detectors. Photodetector designs showing
considerable improvement in the responsivity and the specific detectivity, compared to their
nonplasmonic but otherwise identical counterpart are presented. © 2011 American Institute of

Physics. [doi:10.1063/1.3548896]

. INTRODUCTION

Surface Plasmon (SP) based photodetectors operating in
the mid-infrared spectral region (A ~ 8—14 um) have recently
attracted much interest; see, e.g., Refs. 1-5 and the references
cited therein. The interest is primarily motivated perhaps due
to their applications in diverse areas such as night vision, mis-
sile tracking, medical diagnostics, environmental monitoring,
and astronomy research, just to name only few. Free carrier
absorption based HEterojunction Interfacial Workfunction In-
ternal Photoemission (HEIWIP) photodetectors have shown
admirable performance in the mid-infrared region.® These
photodetectors operating up to about A = 18 ym and showing
peak responsivity about A =10 um suffer from extremely
low photo response and the stringent cooling requirement.
Overall performance of these photodetectors is primarily lim-
ited due to extremely low optical absorption (~1%) in the
active region (emitter), which is an inherent characteristic of
free carrier mechanism. In order to make these photodetectors
more efficient and cost effective for their mid-infrared opera-
tion, the issue of low optical absorption needs to be
addressed. Present article address this issue and establish that
the performance of heterojunction based mid-infrared detec-
tors (e.g., HEIWIPs) can be improved significantly by utiliz-
ing the concept of metallic corrugation mediated surface
plasmon enhanced absorption. Metallic corrugation in the
form of periodic grating (it is to be mentioned that the peri-
odic metallic grating exhibit superior enhancement than the
nonperiodic grating’) plays the dual role of top metal contact
as well as the light concentrator through plasmonic coupling
of the exciting infrared radiation and the collective electronic
oscillations at the interface of mediums with opposite permit-
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tivity, e.g., metal and dielectric. Optical enhancement is
facilitated by the surface wave induced optical field confined
near interface. This field is characterized by its maximum at
the interface and an exponential decay with the distance from
it. Presence of the plasmonic element actually under suitable
conditions modify the local electromagnetic environment and
strengthen the light-matter interaction, which results in the
enhancement of optical processes such as optical absorption.
Surface plasmon enhanced optical activity is of immense in-
terest due to its role in improving the performance of optoe-
lectronic devices e.g., photodetectors, solar cells, LEDs, and
semiconductor lasers. Since surface plasmon induced electric
field decays exponentially with the distance from the inter-
face, these are characterized by low field penetration depth.
The implementation of plasmonic enhancement scheme in a
real device therefore requires the placement of device active
region within the penetration depth. This ensures a reasonable
spatial overlap between the surface field and the active
region, which is required for efficient light-matter interaction.
This situation is ideally suited for heterojunction based photo-
detector where active region can be positioned immediately
next to the plasmonic element. We would like to mention that
the active region in conventional Quantum Well/Quantum
Dot (QW/QD) designs is placed at a substantial distance from
the top surface where plasmonic element can normally be
placed. The feasibility of the proposed scheme for optical
field enhancement in heterojunction based photodetectors is
discussed elsewhere in this manuscript. The working mecha-
nism in the plasmonic version remains similar to the conven-
tional heterojunction photodetector except that the interaction
occurs within a sub wavelength scale here. Since direct light-
SP interaction is not feasible due to their dispersion proper-
ties, metallic corrugation Bragg scatter the incident light
wave and produce series of component waves traveling in the
different directions corresponding to different diffraction
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orders. In-plane momentum of the component waves differ
from that of the incident wave by integral multiples of magni-
tude of the corrugation vector |G| = 2nn/A, where n=0,
*1, =2..., and A is the period of metallic corrugation. Cor-
rugation induced momentum modulation removes inherent
momentum difference of Photon-SP pair and thus increase
the effective area of light collection compared to the groove
size of the corrugation. By careful adjustment of the design
parameters, metallic corrugation derived absorption peaks
can be matched with the responsivity peaks of bare (nonplas-
monic) photodetector. This is to be emphasized that the inte-
gration of metallic corrugation enhance device responsivity
without causing any adverse impact on the photodetector
speed.® Therefore, all advantages of conventional designs
remain present in the plasmonic version also. Additionally,
the integration of plasmonic element with HEIWIP structures
operating in the mid-infrared region is particularly favorable
as the required feature sizes (~um) can be obtained using
photolithography rather than comparatively expensive e-
beam lithography, that must be used for the visible region.
Metallic corrugation patterned as a periodic grating used for
this purpose have been investigated for SP mediated resonant
absorption in the visible region for a multilayered plasmonic
structure,’ grating optimization for the efficient SP excitation
at 633 nm'® and 476 nm,"" and for designing improved
HgCdTe® and angled incidence quantum-well infrared photo-
detectors.'? However, the efforts are mostly concentrated on
a specific wavelength or a specific detection mechanism. The
optimization and design considerations suggested for visible
wavelength range may not be valid for infrared region, pri-
marily due to the significant difference in the dielectric con-
stant of commonly used noble metals in the visible and the
infrared regions. For example, Drude model based dielectric
constant of gold at A =633 nm is —0.296 + 0.040 i, whereas
the dielectric constant is —75.314+1884 i and
—259.38 +128.59 i at A=35 and 10 um, respectively. There-
fore, the design considerations suggested for visible region
are not directly relevant for designing heterojunction based
plasmonic detector operating in the mid-infrared region. The
present article provides: (I) Design considerations to capital-
ize on the metallic corrugation mediated field enhancement
for improving the performance of conventional heterojunc-
tion (HEIWIP) photodetector in the mid-infrared (8—14 pum)
region, (II) Expressions for absorption/response peak tuning
and its dependence on the geometry of plasmonic element,
which are useful tool for crude estimation of the design pa-
rameters for customized photodetector structure, (III) Estima-
tion of the improvement in the photodetector figures of merit
for the experimentally feasible set of parameters.

The manuscript is organized as follows. Section II pres-
ent the details of the theoretical formulation and the structure
analyzed in this work. Section III present results and discus-
sion. Conclusions are finally outlined in Sec. I'V.

Il. THEORETICAL MODEL

Schematic of the representative structure and the system
of coordinate adopted for this work is shown in Fig. 1. This
structure mimics a conventional heterojunction photodetec-
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tor (see, e.g., Ref. 6) except the presence of a periodic metal-
lic grating. The multimedia structure consists of vacuum at
the top, followed by the metallic grating (plasmonic ele-
ment), p-doped GaAs (emitter or active region), undoped
Al Ga,_As (barrier), and undoped GaAs (substrate). For
brevity, each constituent medium will be referred as MED-j
(j=0,1,2,3,4), the index-j labeling the corresponding me-
dium number counted from the top (j =0 — vacuum). Each
constituent medium is characterized by its dielectric function
(&) and thickness (h;). MED-j (j # 1) are considered to be
homogeneous along x-direction and MED-j (j=1) which
constitute the plasmonic element is inhomogeneous and con-
sists of alternating metallic ridges and dielectric grooves of
widths a;, and a, respectively. Each system interface is
defined by its vertical position (z=z;, i: 0, 1, 2, 3, e.g,
i=0— vacuum-grating interface). The dielectric function in
the plasmonic medium (j = 1) is described as:

€1(X, ) = em(w)F(x) + €1 — F(x)]. (1a)

Here F(x) is the characteristic step function whose value
is 1 when x belongs to the metal (ridge) and O when x belongs
to the dielectric (groove) and €y, (¢,) is the dielectric function
of the metal (groove) region. Frequency/wavelength depend-
ent dielectric function of the metal is calculated using Drude-
Lorentz model based complex dielectric function defined as:

%
olo+ (/0]

Here w is excitation frequency, w, is plasma frequency,
and 7 is relaxation time of metal electrons. Present analysis
includes both the real {Re[e,(w)]} and the imaginary
{Im[e,(w)]} parts of the complex dielectric function. Gold
(Au), which is one of the most widely used plasmonic metal
in practical devices, preferably due to its chemical stability

em(@w) =1— (1b)

4

a,

h,$

h,$

GaAs (Doped)

GaAs

FIG. 1. (Color online) The schematic of a typical heterojunction structure
considered for the analysis in this work. This mimics a typical HEIWIP
structure without plasmonic element. The structure consisting of vacuum
followed by the metallic corrugation, GaAs (doped), Al,Ga;_As and the
GaAs (undoped) substrate constitutes a multimedia system. The interface
positions are labeled as z;, where i (=0,1,2&3) denotes the corresponding
interface and h; (j=1, 2 and 3) denotes the thickness of the propagation
layers, a,,, and a, denote widths of the metallic and grooved part of the corru-
gation, 0 is the angle of incidence, which is measured with respect to the z-
direction. For the definiteness, the metal is considered to be gold.

Downloaded 14 Mar 2011 to 131.96.4.90. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



043108-3 M. S. Shishodia and A. Perera
in the ambient conditions is the plasmonic metal considered
throughout this work. The values of Drude parameters w,
and 7 for gold are 3.39 x 10" s™! and 1.075 x 10~ '* s
respectively.'® Although dielectric in the groove is consid-
ered as vacuum here (¢, = 1), the analysis applies to any ar-
bitrary dielectric and can be easily incorporated in the
present formulation.

The dielectric function of doped-GaAs is modeled using
Drude model for free carriers and the multioscillator model
for optical phonons in accordance with Ref. 14 as:

op W7 (€s — €cx)
olo+(i/7)]]  0io—w* —iwy’

In Eq. (lc), €5 and eg are the high frequency and the
static dielectric constants of the intrinsic semiconductor,
), and 7 are the plasma frequency and carrier lifetime, wro
and y are the transverse optical phonon frequency and
phonon damping coefficient. The doping rates are included
in the model by considering the effect of doping concentra-
tion on carrier plasma frequency (wp) through relation,
wp = W, where m* and N, are the carrier
effective mass and doping dependent free carrier concentra-
tion, €, and € are vacuum permittivity and static dielectric
constant, and q is the elementary charge. The values of the
parameters used for these calculations are:'*'> e, =10.89,
€=1290, 1=12x 107" s, fiwro =33.25 meV, 7iy=0.25
meV, m* =0.50 mg Whole multimedia system is treated to
be isotropic and homogeneous along y-direction.

The structure is excited from vacuum side (dielectric
constant €,) by the plane wave of wavelength A and wave
vector Ko(|Ko| = 27/2) at an angle of incidence # measured
relative to 4 z-axis. Since nonzero electric field in the direc-
tion normal to the interface is required for plasmonic excita-
tion, this being zero for transverse electric (TE) wave, the
excitation electromagnetic wave is considered to be trans-
verse magnetic (TM) described as:

e(w) = €oc{1 — (1c)

E(x,z,0) = (E,,0,E,)exp| — i(y/eo ksx + /e k,z + wt)],
(2a)

H(x,z,w) = (0,H,,0)exp[ — i(y/eo kxx + veo k,z + ot)].
(2b)

The nonzero field components Ey, Hy, E, in Egs. (2a
and 2b) are not independent and are coupled through
Maxwell’s equations as follows:

Edxz,0) = - On0)
weve z 20)
E,(x,7,0) i OHy(x,z,m)
X,Z,®) = —
e Weye Ox

Here €, and e stands for vacuum permittivity and the
dielectric constant (or relative permittivity) of the corre-
sponding medium. Additionally, H, satisfy the following

é (X) _ { Dml exp[iﬁml(x - A)] + le eXP[_iﬁm/(X - A)]u
A7\ Dyexplify(x — A — am)] + Fgexp[—ifiy(x — A — an)],
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wave equations in the grating (Eq. 2d) and the homogeneous
(Eq. 2e) mediums, respectively,

82 82
{ﬁ 53 072 + kz €(x, )] HY(X, z,0) =0, (2d)
* .,
el | ) <0 (2¢)

Here H, and H, are related as Hy = /(u,/ey) Hy, p,
and €, stand for vacuum permeability and permittivity,
respectively, and k,, in the respective medium j is defined
by k) = /ejkg — k2, with ky, = kosin0 + |G|. Remaining
symbols in Egs. (2a—2e) have their standard physical defini-
tions. Evidently, once Hy is known from the solution of Egs.
(2d and 2e), other nonzero field components (E,, E,) can be
calculated from Eq. (2c). Electromagnetic field in the inho-
mogeneous plasmonic element/metal grating is computed
following the approach originally developed by Sheng
et al.'® within the physical constraints of the field continuity
conditions and Bloch-Floquet theorem. This method known
as modal expansion method (MEM) first requires solving the
grating dispersion equation to find out the eigenvalues of
the electromagnetic eigenmodes in the grating region. The
eigenmodes must satisfy the boundary conditions at the lat-
eral interfaces (metal/vacuum) along y-z plane. This means
the continuity of Hy and [(OH,/0x)/€], which ensures the con-
tinuity of the tangential components of the magnetic field
(Hy) and the electric field (E,) respectively. In MEM, the
electromagnetic field in the grating region (MED-1) is
expressed as the basis set of eigenmodes of an infinite peri-
odic structure, obtained from the periodicity condition.
Using MEM, the field Hy) (x,z, ®) can be written as:'’

1xza) Zil

exp ikS)Z)—i—Bgl)exp(ikS)z)].
(32)

Here kipdeﬁnes grating eigenmodes characterized by
the index /=0,1,2,... oo, labeling the eigenmodes in their
increasing order. These eigenmodes appear as the infinite
complex solutions of the following nonlinear dispersion
relation: "’

2
et sin( Byt s )~

+cos (27;/\sin()> =0,

where

08 (B nsami)cos(Byagr)
(3b)

€mf
Q= g Bt = Emké - (kZ/)27

€xBmi 7 (3c)
By = Egké - (kzl)za A =ap +ag,

for 0 < x < ap

for a, < x < A’ (3d)
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with
D =1, (3e)
o — 1+Q exp(ifmam) — expli(keA — ﬁglag)] (3f)
I — . . )
™1 — Qrexp(—ifyam) — expli(lkeA — fya,)]
D., = (1 + Ql)exp(iﬁmlam) + (Ql — 1)exp(_iﬁmlam)le
el — )
20
(3g)
Fo o (Q — Dexp(ifmam) + (& + 1)exp(—ifmam)Fo
gl — .
20,
(3h)

In order to calculate k,;, Eq. (3b) is solved numerically.
Noticeably, the solution of Eq. (3b) is the most sensitive part
of these calculations. It is essential to ensure that no modes
are missing in the computation as this will lead to the noncon-
vergence in the computation. In the present analysis, solutions
with precision ~1 x 10~'* were obtained and the modal den-
sity was in accordance with Ref. 18. Once grating eigenmodes
k,, are known, the electromagnetic field in all the mediums
can be written as the general solution of Maxwell’s equations.
The equations governing the electromagnetic field distribution
in different mediums of the considered system are:

HO (x, 2, »)

— A@expli — k©
v = A%expli(kex — k;”z)]

+5 " Bexplitkax +k02)),  (4a)
n

H (x,z,0) = 3 & (x)[A exp( —ik!}'z) +B{exp(ik(}'2)],
!

(4b)

H(szw

¢ ZA Jexp{i[knx — k(2 (z — )]}

+Y BPexpilkax +k2(z ~z)]},  (do)

H§,3 X,Z,0) ZA exp{ifkumx — k&) (z — 2,)]}

+ Z Bn‘ exp{1[ X + kin)(z —2)]},  (4d)

(Z —73)]}. (de)

(4
Hy xza)

ZA exp{l X —

The coefficients A’s and B’s in Egs. (4a)—(4e) are the
amplitudes of forward and reverse propagating waves,
respectively. Summation in these equations extend from —oo
to 4+-00. Superscript on these coefficients denotes correspond-
ing medium number (j) and the subscript denotes order
n=0,*1,*2... of the diffracted wave. Additionally, the
boundary condition that no reverse propagating wave exists
in the last medium (j=4) is implemented. This makes the
reflection amplitude coefficient zero in that medium. The set
of Egs. (4a)—(4e) provides field distribution in the individual
medium. The field distribution must obey the conditions of
continuity of the tangential field components Hy, and E, at
the interfaces, which corresponds to the continuity of H, and
(OH,/0z)/e. These boundary conditions produce a set of two
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algebraic equations at each interface. For example, the field
continuity at z =z, (which correspond to the vacuum-grating
interface) produce:

~3rAl -
[

~(1)
3 rVexplik b B, = A3y,
!

(5a)

( z() /60 0 Z kz[ In

~(1)
+ 5 KT exp(ik'h)B, = —k{AQ5,.  (Sb)
1

Field continuity at the lower grating-homogeneous layer
interface at z = z; produce:

2T exp(iké?hl)AE“

+Zr,n -

)
A® _exp(k!?h)B, =0, (5¢)

Zk

I

_( zn /62> n2>

Field continuity at the interface z = z, produce:

exp 1kZ, h))A

Z kzl ln

+ (k2 /ez>exp<lki,3hz> B =0. (5)

o) ()
A@exp(ikPhy) +B, — A®) — B exp(ik'?hs) = 0, (Se)
, e
(k52 /e2) (A exp(ikiyho)] — (7 /e2) B,

_(3) )
— (kY /e3) A — B, exp(ikPh;)] =0. (5D

Field continuity at the last interface z = z3 produce:

®3)

Aexp(ik(Jhs) + B, — AP =0, (52)

) _(3)
(k) /e3) AP exp(ikPhy) — B, ] — (K /ey)

In Egs. [(52)—(5d)], I is defined as:

AY = 0. (5h)

A
r fi):ij &i(x)exp(—ikynx)dx, (51)
Ao
NEE |
1(3) _ XJO eri(();)) exp(—ikynx)dx
1A , .
AT

For improved computational efficiency, the following
transformation is used:

L) ‘
BY =B, exp(ikVh)), forj = 1,2 & 3.  (5k)

The system of Egs. (5a)—(5d) exhibit unique solutions
for amplitude coefficients A’s and B’s. This system of linear
algebraic equations is solved numerically using built-in func-
tions available in Matlab 7.5.0 (R2007b). It is to be
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emphasized that, as the summation extends from —oo to +o0,
an exact field treatment of the problem corresponds to the
solution of an infinite number of algebraic equations. There-
fore, practically, the number of equations (say N) needs to be
truncated and this limit is determined by ensuring the conver-
gence of reflection (R), transmission (T), and absorption (A)
defined as:

k) [a)" K0 (B[
Sk a0 R

A =1—(T + R).

For present calculations, truncation beyond n~ 20
(N=2n + 1 =41) normally does not involve any truncation
error and, therefore, n > 20 is used throughout the analysis.
Computationally, there exists a wide length scale where
period ~ wavelength and the grating height ~10s of nano-
meters. The approach used here is versatile as it can be used
for the variety of photodetectors and can be easily extended
to the different wavelength ranges and also to the different
material systems. The responsivity is calculated using,
R =nqAi/hc where h is Planck’s constant, # is the total quan-
tum efficiency. The total quantum efficiency (#) is calculated
as the product of absorption efficiency (7,) and internal pho-
toemission efficiency (7;) assuming full collection efficiency
which is generally the case for these devices. The absorption
efficiency (17,) is calculated using, n, = 2kohyIm[e;(w)]
|E|2 /E2, where E is the electric field of the electromagnetic
wave in the emitter region, E, is the electric field of the
incident plane wave, h;, is the thickness of the emitter. The
internal photoemission efficiency (7,) is calculated using the
model described in Refs.19 and 20.

lll. RESULTS AND DISCUSSION

In this section, results of our investigations concerning
design considerations for heterojunction based plasmonic
photodetector structure shown in Fig. 1 are presented. The
structure mimics a conventional HEIWIP detector without
metallic grating.® Unless mentioned otherwise, following
parameters have been used for present analysis: angle of
incidence 0=0°, fill factor f(=a,/A)=0.5, h, =100 nm,
h; = 120 nm, emitter doping=1 x 10'* cm>. The values of
basic semiconductor parameters for GaAs/Al,Ga,_As are
used from Ref. 15. These parameters are typical of the prac-
tical devices and are completely accessible from experimen-
tal point of view. As mentioned in Sec. I, penetration depth
of the field is a decisive parameter for designing an active
plasmonic device. For plasmonic approach to be feasible, de-
vice active region must be placed within the penetration dis-
tance measured from plasmonic element. For the structure
under consideration this can be visualized from Fig. 2 where
variation of the z-component of the electric field intensity
|E,|* as a function of the distance from metal-emitter inter-
face is plotted for various metallic heights (h; =30, 40, 50,
60, 80, 100, and 150 nm) and period (A) 2.8 um of the corru-
gation for excitation radiation of wavelength (A)=10 um.
The filed decay exponentially with the distance from the

J. Appl. Phys. 109, 043108 (2011)

1 hi(nm) :
—30-—4050
— 60 80— 100
| |214 \ — 150
EZ
7k

0 100 200 300 400 500
Depth (nm)

FIG. 2. (Color online) The variation of the electric field intensity |E,|* of
the z-component of the electric field E, as a function of the distance from the
metal/emitter interface for the excitation of a plane wave of wavelength
A=10 um for different metal heights (h;) and the grating with period
(A) =2.8 um. Noticeably, the strong field exists up to ~300 nm (shown by
shaded region). This shows the practicability of the proposed approach for
these structures.

metal-emitter interface as is anticipated for surface confined
waves. For the structure under consideration, the penetration
depth defined as the distance for e ' decay is about 250 nm
on the average. The shaded part indicates the region of exis-
tence of strong surface field. Interestingly, magnitude of the
field and its penetration increases with the metallic height
(hy) up to about 100 nm, where both becomes independent of
any further increase in h;. This situation is ideally suited for
heterostructure based photodetector where typical effective
active region thickness after etching is approximately 100
nm and plasmonic element can be placed just above this.
Next we calculate absorption spectra for the structure
shown in Fig. 1 with metal dimensions appropriate for mid-
infrared region. Spectra for three different grating periods
(A=2.8, 3.2 & 3.6 um) are shown in Figs. 3, 4, and 5, respec-
tively. For each case, the dependence of spectrum on metallic
height (h;) is also included. For sake of comparison, absorption
spectra for bare structure (nonplasmonic) are also shown. The
main features of these spectra are: (i) Appearance of resonant
absorption peaks spanning mid-infrared spectral window, (ii)
Blue-shift of resonant wavelength A, with increasing metallic
height h; till A, becomes independent of further increase at a

hi (nm): .0 —20—30
A=2.8 pm 40— 50 — 60 — 100 — 120

0.2

8

g

e

§ 0.1

.2 >
Y| DR

6 12 18

Wavelength (um)

FIG. 3. (Color online) The calculated absorption spectrum for the structure
shown in Fig. 1 for A =2.8 um and for different grating heights. The absorp-
tion for the structure without grating is also shown here (dotted curve). It
can be seen that the absorption peak can be fine tuned by varying the grating
height. Larger the thickness, shorter is the absorption peak wavelength.
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A=3.2 pm h, (am): - 0—20—30—40
— 50 — 60 —100 —120|
0.2r
Q
2
<
2
)
3
< 0.1
0.0 R emsemen et S
6 12 18

Wavelength (um)

FIG. 4. (Color online) The calculated absorption spectrum for the structure
shown in Fig. 1 with A=3.2 um and for different grating heights. The
absorption for the structure without grating is also shown here (dotted
curve). The absorption peak can be fine tuned by varying the metal height.
Larger the thickness, shorter is the absorption peak wavelength.

characteristic wavelength, (iii) Red-shift of resonant wave-
length A, with increasing grating period A, (iv) Substantial
absorption enhancement in the presence of plasmonic element
relative to the bare structure, (v) Increased peak asymmetry to-
ward shorter wavelengths. It is to be mentioned that although
results are shown only for the normal incident wave (0 =0°),
absorption peak position remain almost unaffected with
increase in 0 as kgsinf still remains significantly smaller
relative to the primitive grating vector magnitude (27t/A).

Resonant absorption originated from plasmonic interaction
can be utilized for improving the figures of merit of proposed
photodetector. The observed effects of metallic height h;
including blue-shift in Figs. 3, 4, and 5 can be best explained
by analyzing the variation of resonant wavelength A, with me-
tallic height. As shown in Fig. 6, this peak wavelength variation
can be fitted into a mathematical expression of the form:

Ap = hoexp[—(hi/H)| + As. (7

hy(mm): -~ 0—20 A=3.6 um
—30—40
S —100—120
g
=)
2
< 0.1
(0,0 b
6 12 T
Wavelength(nm)

FIG. 5. (Color online) The calculated absorption spectrum for the structure
shown in Fig. 1 with A=3.6 um, and for different grating heights. The
absorption for the structure without metallic grating is also shown (dotted
curve). Absorption peak can be fine tuned by varying the grating height.
Larger the thickness, shorter is the absorption peak wavelength.
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FIG. 6. Calculated absorption peak wavelength A, dependence on the gra-
ting height (h;) as a function of different grating periods, A =2.8, 3.2, and
3.6 um. The corresponding exponential fittings are also shown (scattered
points) for each case. The blue-shift and the saturation of the peak wave-
length A, are explained in terms of the Rayleigh anomaly. We note that the
resonance blue shifts as the grating height is increased and then becomes in-
dependent of further increase of grating height h;.

Here Ao, A; and H are fitting parameters and can be
assigned physical meanings. We attribute % the role of max-
imum peak wavelength, H the role of saturation peak wave-
length, and A, the role of characteristic metallic height for
blueshift. The list of fitting parameters for three different
grating periods (A =2.8, 3.2, and 3.6 um) is presented in
Table 1. Evidently, A and A increase with the grating period
while H decrease with the grating period. This means that
the longer the grating period, the higher the rate of blue-shift
with metallic height. We would like to mention that the satu-
ration of peak wavelength beyond a particular grating height
was recently also reported by Gadson ez al.*' in the visible
region (A =400—800 nm). We attribute the saturation of the
peak wavelength to the appearance of Rayleigh anomaly.
Rayleigh anomaly corresponds to the rapid variation in the
amplitudes of diffraction orders due to the onset (evanes-
cent-propagating) or disappearance (propagating-evanescent)
of higher order modes. This occurs at a characteristic wave-
length called Rayleigh wavelength Az. For wavelengths
shorter than Ag, higher order modes becomes propagating.
For wavelengths above Ay, higher order modes becomes
evanescent, which does not contribute to the absorption. To
show this more convincingly, calculated absorption spectra
considering zeroth and all modes are shown in Figs. 7 and 8

TABLE 1. List of the fitting parameters of expression, A,=Aqexp[—(h;/
H)] +A; and Rayleigh wavelength Ax calculated using analytical {k{{r]
= AVe[1 F (egsin0/+/€)]} and computational approach (discussed in
Sec. II).

Grating Characteristic Calculated Analytical
Period Height Ao As AR AR
A(pm) H (nm) (pm)  (um) (pm) (um)
2.8 14.23 13.66 9.46 9.20 9.24
32 13.37 14.22 10.70 10.60 10.56
3.6 12.28 15.10 11.97 11.90 11.80
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FIG. 7. The calculated absorption spectra for the structure shown in Fig. 1
with grating period A =2.8 um and grating height h; =30 nm. Results are
shown for zeroth mode (dotted curve) and all radiative modes (solid curve).
Arrows indicates Rayleigh wavelength (left) and the peak wavelength
(right). Absorption changes suddenly at Rayleigh wavelength (9.2 um) due
to the redistribution of energy into different modes. Below Rayleigh wave-
length, onset of higher order radiative modes occurs.

for two different grating periods (A =2.8 and 3.2 um) and
fixed metallic height (h; =30 nm). Evidently, the wave-
length where zeroth order efficiency starts differing from
that due to all order efficiencies can be noticed clearly at
A=9.2 and 10.6 um for A=2.8 and 3.2 um, respectively.
Surprisingly, these wavelengths are very close to the above
calculated saturation wavelength A for these cases. As a fur-
ther confirmation to the fact, Rayleigh wavelengths are also
calculated using analytical expression:'

M = AVEll F (Veosind/Ve)). (8)

Analytically, calculated data are included in Table 1. In
Eq. (8), =1 represent the diffraction order, A is the grating
period, €, is the dielectric constant of the incident medium
(j=0), € is the dielectric constant of the last medium (j =4).
For normal incidence (0 = 07), +1st and —1st order Rayleigh
wavelength will be same. Rayleigh wavelength for higher
order modes will appear outside the range of our present in-
terest. Rayleigh wavelength for A =3.2 um grating is 10.6
um, which is also as expected analytically. It can be seen
that Rayleigh wavelength remains unaffected by the varia-
tion in metallic grating height. Noticeably, the sharp fall in
the vicinity of a particular wavelength on the left side of res-
onant peak is present for all grating periods. Two curves dif-
fer only in the short wavelength end up to a particular
wavelength beyond which two curves are identical. It can be
seen from the basic grating equation that the number of
modes for shorter wavelengths will be more. Diffraction
angle for higher order waves gets smaller as the wavelength
decrease. This can also give rise to different resonant posi-
tions and absorption values. The role of grating period A in
resonant wavelength A, tuning is summarized in Fig. 9 for
gratings of different height (h; =30, 60 and 120 nm). The
variation can be best described by a simple straight line
equation of the form:

Ap(um) = u x A(um) +c. )
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FIG. 8. The calculated absorption spectra for the structure shown in Fig. 1
with grating period A=3.2 um and grating height h; =30 nm. Results are
shown for zeroth mode (dotted curve) and all radiative modes (solid curve).
Arrows indicates Rayleigh wavelength (left) and the peak wavelength.
Absorption changes suddenly at Rayleigh wavelength (10.6 yum) due to the
redistribution of the energy into different modes. Below Rayleigh wave-
length, onset of higher order radiative modes occurs.

Here u and c denotes the slope and the intercept, respec-
tively, u values being 2.78, 2.97, 3.21 and c values being
3.27, 1.41, 0.32 for h; =30, 60 and 120 nm, respectively.
Higher the grating height, higher the slope but lower the inter-
cept. The peak wavelength shift is caused by the change of
Brillouin zone size resulting from the change in the magni-
tude of the Bragg vector K (=mn/A) with changing A. The
change in K leads to a change in the magnitude of the SP
wave vector, kg, = (¢/c) sin0 + 2 K, and hence the change in
the resonant wavelength, A, =2n/ky,. The variation of peak
absorbance on the grating period and the grating height is
shown in Fig. 10. It can be seen that the peak absorption is in-
dependent of the grating period but depends strongly on the
grating height. The effect of emitter thickness on the resonant
wavelength A, is shown in Fig. 11 for different grating
heights. Interestingly, resonant wavelength X, is independent

14F __calc. o Fitting
- (@):h;=30 nm
12| ():h1=60 nm

(©):h1=120 nm

10

Peak Wavelength (um)

2.0 25 30 35 40
Grating Period (um)

FIG. 9. The calculated absorption peak wavelength X, as a function of gra-
ting period A. Results are shown for three different grating heights (a)
h; =30 nm, (b) h; =60 nm, and (c) h; =120 nm. The peak wavelength A,
has a linear dependence on the grating period A. The corresponding linear
fittings are shown by empty circles. Such a linear variation bears signifi-
cance due to its role in designing detector with desired peak wavelength.
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FIG. 10. The calculated peak absorption as a function of grating period A.
Results are shown for three different heights of the grating (a) h; =30 nm,
(b) h; =60 nm, and (c) h; = 120 nm. Maximum absorption remains almost
constant with the grating period but strongly depends on the grating height.

of the emitter thickness except a moderate dependence for
very small metallic heights. This is important from design
point of view as emitter thickness does not affect resonant
wavelength and hence can be chosen independently. The reso-
nant wavelength can be tuned by controlling the geometry of
plasmonic element. The quantitative estimation of absorption
enhancement as a function of emitter thickness for three dif-
ferent wavelengths (A= 10, 11, and 12 pm) is presented in
Fig. 12. It can be seen that the enhancement is more at A =11
um since this is close to the resonant wavelength for A =3.2
um and h;= 60 nm. (see Fig. 5). For practical emitter thick-
ness range, absorption is significantly increased which is
about 20 fold relative to the nonplasmonic device. We would
like to mention that this enhancement is comparable to the
recently reported absorption enhancement for InAs QD photo-
detectors using two-dimensional hole array (2DHA),! and for
GaInNAs QW based MSM photodetector’> where enhance-

Grating Period, A=2.8 um

= 1 T ——n o .
2 (@) hy=30 nm
<
en
5
2 1ot
= (b) h;=60 nm
f‘? -------------------------------------------
~

ol () h1=120 nm

50 100 150 200

Emitter Thickness (nm)

FIG. 11. The calculated peak wavelength A, as a function of emitter thick-
ness h,. The plots for A =2.8 um and grating heights, (a) h; =30 nm, (b)
h; =60 nm and (c) h; =120 nm are shown. Evidently, peak wavelength is
independent of the emitter thickness except a moderate dependence for very
small metallic height. The peak wavelength therefore can be tuned by plas-
mon element.
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A=3.2 um, h4=60 nm
Wavelength (A)

(a): 11 um

(b): 12 um

(c): 10 um

()
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Absorption Enhancement
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FIG. 12. (Color online) Estimated absorption enhancement as a function of
emitter thickness h, for proposed plasmonic detector with A=3.2 ym and
h; =60 nm. Plots for three excitation wavelengths (a) A=11 pum, (b) A =12
um, and (c) A= 10 um are shown. It can be seen that the enhancement is
more at A =11 pm since this is close to the resonant wavelength for A =3.2
um and h;= 60 nm (see Fig. 4). For practical emitter thickness range absorp-
tion is significantly increased which is about 20 fold relative to the nonplas-
monic counterpart.

ment factor ~20 and 16 have been reported. The increased
asymmetry of the absorption peak with increased grating
height can be attributed to the merger of resonant peak posi-
tion with Rayleigh wavelength. Sharpness of the absorption
peaks can be further tuned by varying groove aspect ratio (ra-
tio of grating height and the groove width).

The calculated responsivity (R) data for the structure
shown in Fig. 1 considering grating with period (A) =2.8 um
and metal heights (h;) =30, 60, and 120 nm are presented in
Fig. 13. In these calculations, internal quantum efficiency and
absorption efficiency have been estimated based on the
method described in Refs. 19 and 20. Responsivity is calcu-
lated using R = ngqA/hc where 7 is the quantum efficiency and
remaining symbols have their standard physical definitions
and values. For comparison purpose, the responsivity data for

10°F A=2.8 pm

@

—_
(=}
S

(a):h1=30 nm
(b): hj=60 nm
(c): hy=120 nm
(d):h;=0 nm

6 12 18
Wavelength (um)

Responsivity (mA/W)
)

FIG. 13. The calculated responsivity (R) for the structure shown in Fig. 1
considering grating with period A =2.8 um and metal heights h;= 30, 60,
and 120 nm. For comparison purpose, R without plasmonic element (h; =0
nm) is also shown in the figure. Responsivity is calculated using R = nqi/hc
where 7 is the quantum efficiency and remaining symbols have their stand-
ard physical definitions and values. For the chosen set of plasmonic element
parameters, a significant improvement relative to the conventional designs is
evident.
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FIG. 14. The calculated specific detectivity (D*) estimated using parameters
for the structure shown in Fig. 1 considering grating with period A =2.8 um
and metal heights h; =30, 60, and 120 nm. For comparison purpose, D*
without plasmonic element (h; =0 nm) is also shown in the figure. For these
estimations, photosensitive area (S = 1.6 x 10> cm?), typical for fabricated
HEIWIP detector is used (Ref. 6). Similarly, a realistic noise-current density
(Lyoise =2 X 10’14A/ VHz) value, recently reported for experimentally
measured HEIWIP device at 4.2 K is assumed (Ref. 6).

the bare structure (without plasmonic element) is also
included in the figure. Figure shows that the calculated peak
responsivity for the bare structure is 28.39 mA/W at A =12.1
um. Moreover, the responsivity values estimated for the devi-
ces with plasmonic element are: 957.94, 863.15, and 633.21
mA/W, respectively, for hj= 30, 60, and 120 nm. Higher
responsivity for the devices with plasmonic element relative
to the bare device is resulted from the plasmonic effects. Since
the parameters used for these calculations are experimentally
accessible and typical for HEIWIP structures, the theoretically
predicted plasmonic enhancement should be manifested by a
real photodetector device.

Finally, the effect of plasmonic element on another cru-
cial figure of merit used to characterize photodetector per-
formance, namely, specific detectivity (D*), which depends
on the responsivity (R), the photosensitive area (S), and the
noise current density (I,,ise) Of the photodetector (D" =R S/
Lhoise) 18 investigated. The data for plasmonic element with
period (A)=2.8 um, and metal heights (h;) =30, 60, and
120 nm are presented in Fig. 14, where for the sake of com-
parison D* without plasmonic element (h; =0 nm) is also
included. For present calculations, photosensitive area
(S=1.6x10"" cm?), which is typical for fabricated
HEIWIP detector is used.® Similarly, a realistic noise-current
density (Inoie =2 x 1071*A/+/Hz) value, recently reported
for experimentally measured similar HEIWIP device at 4.2
K is assumed.® This can be concluded from Figs. 13 and 14
that a significant improvement in the detector figures of merit
such as the responsivity and the specific detectivity are
achievable by integrating a plasmonic element in the form of
metallic grating.

IV. CONCLUSIONS

Using detailed numerical investigations based on modal
expansion method, we have established the feasibility of
metallic corrugation based plasmonic element for enhancing
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the performance of heterojunction based conventional
mid-infrared photodetector. Through proper selection of the
dimensions of plasmonic element, about 20 fold enhance-
ment of optical absorption is predicted. The dimensions of
plasmonic element are shown to have strong effect on the de-
tector figures of merit, e.g., optical absorption, responsivity,
and detectivity. Simple expressions for designing customized
photodetector have been presented, which can act as the
crude expressions for designing photodetector without per-
forming complicated computation. Theoretically calculated
results are shown to provide about an order enhancement of
responsivity and detectivity with optimized parameters. Pres-
ent investigations in the backdrop of the facts that required
plasmonic element for heterojunction detector can be: (i)
positioned near active region, (ii) fabricated using optical
lithography, (iii) integrated without adversely affecting the
time response, suggests possible realization of heterojunction
based plasmonic mid-infrared photodetector.
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