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Motivation rh) s

“Rule 7”
> IR Detectors are essential for a wide variety of 100 o Measured TIS
commercial and defense applications E o %‘%qq — Empirical model
< 1073
» Current state-of-the-art is Hg,Cd,_, Te (MCT) Z 1os 5
- mature, highly developed technology g 107 \g\
- dark current reduced to fundamental limits § jo- L.
« not much room for improvement é o Ave
» 10°12
» Most applications would benefit from better SNR 8 N | | %
« larger stand-off range 0:000 °ﬂ;’; xmm:_“:; 0:008
 detect lower temperature differences )
° faSter frame vaUISItlon t|meS Tennant, W., et al., J. of Electronic Materials, 37, 2008.

Tennant, W., J. of Electronic Materials, 39, 2010.

How can we make better IR detectors?




Strategies for better IR detectors 7l
Jairr = 4 m

Laboratories

Optimize detector material Decrease thickness

GaSb GaSb GaSb

But....
g - 1. T2SLs have weaker absorption than
e MCT
vl 2. Thinning the detector would lead to
C. Asplund, et al., IR-Nova Rept. irn054479-2 Incomplete phOtOﬂ absorptlon

Type |l superlattice (T2SL)
absorbers have many beneficial
material properties




How can we increase the absorption of thin e
detector layers?

Laboratories

» Use a nanoantenna (metasurface) to
couple incoming radiation to the thin

detector
* bound wave absorption
* traveling wave absorption

» Try to minimize energy absorbed by metal
layers.

» Nanoantenna (NA) design can be
changed from pixel-to-pixel allowing
adjacent pixels to have different spectral
or polarization response.

Standard Reticulated Detector Nanoantenna-Enabled Detector
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Example: Nanoantenna enhanced T2SL ) e,

Fabry-Pérot

cavity

<+ 1.85pum =»

-h=>

<« 21um =—»

Simulated Absorption

Laboratories

* 1.77 um thick absorber

* ~5% single pass absorption

e Can achieve nearly 100% absorption (~70%
in T2SL)

e Absorption band shifts with NA design

* Full-wave EM modeling is computationally

intensive.
* “Trial and error” design
1.0 o —— E/E,

' ——b=750nm ] 5
0.8 ——b =1150 nm A I :
sl [ [N X |
02p 4 0
oob— . . "’:::33::::;::” ‘‘‘‘‘‘‘‘‘‘‘ Einc

8 9 10 11

. (um) 9 um k

M. D. Goldflam, et al., Appl. Phys. Lett., vol. 109, 251103, Dec. 2016.




admittance

Systematic Approach to NA Design: 7 i
The Admittance Method impedancez

Laboratories
admittance Y=1/Z

Treat T2SL/NA system as transmission line

Compute NA admittance using FDTD simulation (hybrid version)
Add NA admittance in parallel to T2SL admittance

Make total admittance match admittance of free space

hwnh e

. Admittance of detector (Y 4.

40}

20 F

—real .
—L PEC Model
v = | * Detector is backed by P_E_C_ground plane.
inducti f> » Uses the complex permittivity of the
inductive dispersive T2SL absorber

.  Vanishingly thin PEC nanoantenna

5 6 7 8 9 10 11 12 13 14 15

wavelength (um)




admittance

Ideal Admittance of Detector Layer rh) e

60

40

20

a

L = detector material
thickness

v

Metal ground plane

PEC
ground
plane

»

inductive

Admittanc

detector (Y 4

of

—real

- Yiot = Yna + Yger

| / Yjer = itan(nk,L)

1
if Yy, = —itan(nk,L) + —

$

capacitive

then YtOt — E

- « Matched to free space: 100 %
absorption

9 10 11 12 13 14

wavelength (um)

15 S. Tretyakov, IEEE Electromagnetic Compatibility, 5, 61, 2016
Y. Radi, et al., PRA, 3, 037001, 2015

F. Costa, IEEE Electromagnetic Compatibility. 5. 67, 2016




Analytic Nanoantenna Admittances
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A=10 um
substrate=T2SL
patch array admittance wire array admittance
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 PEC model: ultrathin PEC patches & wires
« Patch array is capacitive, wire grid is inductive.
« We can use these to cancel the imaginary component of the detector layer.

S. Tretyakov, “Analytical Modeling in Applied Electromagnetics”, London, UK: Artech House (2003).




admittance

Example: Patch Array

Admittance of detector and patch array
1 pum period
* 90% duty cycle

>0 - patch admittance real
40 F patch admittance imag

| —— detector admittance real ||
30 b detector admittance imag ||
20 1 -
10 -

OF 7 -

20 — i
20T FDTD (Lumerical)
-30 . 1 . 1 . 1 . 1 . 1 .

4 6 8 10 12 14 16

wavelength (um)
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sum of admittances

reflected power

reflected power

absorber+patch admittance

Ex
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ample: Patch Array |
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: {  Close agreement
: between zero

! {  crossing of total
I

admittance and
reflection minimum.

vl FDTD (Lumerical)
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0.8+

0.6+

0.4+

0.2+

Hybrid Admittance Model Summary

Admittance of detector (Y yq)

60

40}

20 F

dmittance

AN

- 20
+ capacitive

—rreal
imag

capacitive

T~

nanoantenna 5 6 7

complete

absorption . . .
HER
HER

L + inductive

8 9 10 11 12 13 14 15

wavelength (um)

~——period = 0.7 um
period = 0.8 um
~——period = 0.9 um
~——period = 1.0 um
period = 1.1 um
period = 1.2 um
—period = 1.3 um
—period = 1.4 um
—period = 1.5 um

1.2+

nanoantenna
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We can use NA arrays on
either the inductive or
capacitive side of the bare
detector to make a near
perfectly absorbing detector.

~—period = 0.4 um
period = 0.5 um
~——period = 0.6 um
~——period = 0.7 um
period = 0.8 um
period = 0.9 um
—period = 1.0 um
—period = 1.1 um
—period = 1.2 um

L 12 13
lambda(microns)

14 15 16 5

T T T T
o] 7 8 9




Fully-analytic admittance method ) i
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Want to optimize these structures using an accurate analytic model

Requires development of advanced circuit model for NA array
» very complicated expressions (but still analytic & fast to
compute).

Benefits:
» provides design intuition - can guide numerical studies.
» can rapidly & accurately survey multidimensional parameter
space.
 array period & duty cycle
* metal thicknesses
* metal types




. . Air (g,) Sandia
Advanced Circuit Model w= g ) fes
. . A = metal
» Fast and accurate circuit model to let us $ thicg:si
design and optimize quickly ‘\h - spacer
> Based on the thin PEC analytic model’
» Increased _complexity to accurately model “real T i
world” devices, accounts for: -~ detecor
thickness
* Finite metal conductivity in
nanoantenna and ground plane. v
Au Ground Plane
. Flnlte .metgl patch thickness D = period
including field between metal Nanoantenna
elements " Y, = Y, + Gy + iwC,
Au [ Au p A
= (o O

Unequal permittivities above and
below patch layer.

Z

Z0
L e

account for effects of dielectric
spacer layer (G4 term)

* S. Tretyakov, “Analytical Modeling in Applied Electromagnetics”, London, UK: Artech House (2003).

-



Advanced Circuit Model

= Non-trivial to accurately account for the

non-idealities described on previous slide.

= Paper in preparation to describe in detail.

Nanoantenna
Y =Y, +JLGOI +iwC,
(o, 5 O :':‘ O
h L
Z, Z Z

C 7 \J 7 C

) Sandia
Air (g,) m National
Lahoratories

W = gap
A = metal
t thickness
\ h = spacer
Superlattice
L = detector
material
thickness
A 4
Au Ground Plane
—>
D = period

T

Y, =Y, +G, —iaC, , G; —iaC, =—ia)(go+g)1Dln[

278,

(]

)

~—ialg, +g)l DIn(Z—D],AIW<<1
n w

(8+6‘0)|n(ae)=(8+80)|n(a2)—8072'A/W

[(e/2,+1)/2]In(al/a°)/In(a /a’) ~1+0.67

elegy—1 Alw
ele,+1.5 A/w+0.035




Comparison of Circuit Model to Electromagnetic Codes(rh) &

w =100 nm
— <«

Au Au

$ A=100nm

. . . . w =100 nm N
Comparison of circuit model with PEC =1 h =50 nm
model and CST Microwave Studio =177 um

<+—>
D=1pum
Total Absorption o Ground
1 ' ' ~|----No patch, CST — Plane

. . D=1pm
— Circuit model H

----- CST Microwave Studio
A No patch, circuit model
1 I'.I .......... Cg Tretyakov, G i Yi =0

“1,' 1 j— Cg Tretyakov

Absorption

Excellent agreement
/N Y between the circuit
e o, . ._\"-n_______:_l_____:_ ___________ i model and CST.

6 7 8 9 10 11 12 13 14 15
Wavelength (um)

-~ ...
15

-
_____




Comparison of Absorption in T2SL Layer rh) pi

= Want to maximize absorption in the T2SL layer L=1.77 ym

0.8
— Absorber, circuit model
— Patches, circuit model
06 F k| Absorber, CST
----- Patches, CST
5 04 — Reflector, circuit model
*a ----- Reflector, CST
2 — Higher order modes, circuit model
;ﬁo 0.2
0 — i
_02 | ] ] | ] ] | | |
6 7 8 9 10 11 12 13 14 15
Wavelength (um)
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Use Circuit Model to Optimize T2SL Absorption (i




Circuit model test: smaller gap and ) e,
more dielectric

w=25nm
— <«

AU Au |4 A=100nm

\ h =100 nm
]. T T T T T ’% T T T
— Circuit model ‘ L=1.77 ym
08F | CST Microwave Studio i } i
.......... Tretya.kov ,’; 'E
o i |
3 0-6 Ak 7 Au Ground
£ : I- — Plane
2 i D=1pm
= 04f 1t ]
= 0.4 iRy
: ; — ".| | 3 —— J
8 9 10 11 14 15
Wavelength (um)

Much better accuracy that PEC model.




Moving to even thinner T2SL layers @ g=

Laboratories

Thickness = 0.9 um

Use circuit model to optimize absorption

]_ T T T T T I T I
i — Circuit model
0.8 --=--Thin approximation |
--------- Bare
0.6 _

Absorption

S

10 11 12 13 14 15
Wavelength (um)

Still able to achieve nearly 100% absorption
Single pass absorption of 0.9 um T2SL < 10 % !
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Summary ) fes

= Nanoantennas offer a promising route to improve IR detector
performance --- beat the “Rule 7”

= Nanoantenna enhanced detectors offer other advantages:
= can tune the spectral band of maximum absorption on a per-pixel basis

= can tune polarization dependence

= Hybrid admittance model developed to allow systematic design
of nanoantenna arrays

= Admittance model can also be viewed from the perspective of a Fabry-
Perot cavity

= Advanced circuit model developed for “real world” devices
= fast, accurate
= provided design intuition
= allows rapid optimization over key design parameters
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Patch Surface Impedance Elements rh) o

Laboratories

d Capacitance |Y,=Y,+G,-iaC, , G, ~iaC, :—ia)(go+5)1DIn[L}~—ia)(go+g)£Dln(2Dj,A/w<<1

/4 27a, V4 W

& — &'+ig" analytic continuation includes dielectric loss (without spacer layer) **

Alw = 0.127 intersection

43~ \
— ne/2
=w/4 (s+&)n(a)=(s+5)(a)-gmiw &, P
(&)
» Equivalent radius for equal permittivities S
Small asymptote
ai =ale ™™ < 2In(a)=2In(a¥ )-zA/w s0-
3.9 T T T T T T
a ~2[L+{2In(¢12) -1y - {2In(¢ 12)-1/4)¢* +0(¢°) |, ¢ =\[AI(aw) | Alw<0127 pee e 0 e
0e w ) . 6 oA > — Numerical (MOM) tw=1 th:S ________
a zm[l+§ /8+£°33/256+0(&°) |, &=4/e"™" Alw>0.127 O Parallel-Correction Fit_ 77ty = g
g5 e
:_.\U\O ------------------- tiw=0.1
. . ciae egs gj’ ----------------------- t/'w = 0.05
» Equivalent radius for unequal permittivities = "
AN
(integral equation solution) 7
.
le,—1 Alw [
[(¢/&,+1)/2]In(al/a’)/In(af* /a®) ~1+0.67 - 10 ,
eley+1.5 A/w+0.035 1 2 3 4567810 2 3 45678100
g, = ¢elg




Sandia
Patch Surface Impedance Elements (Cont.) ) o
M . . /
J Metallic losses small (K, current from continuity) - =
P=Y[2v[ =[ Z|K,[ds=2D[ " Z[K[dx  K,()=iof o.dx=ian(x)=ie[A,(x0)-A,(w/20)] Y T
%
2 2 (a3 _i i B — R;gﬁ:ﬁgﬁon sine
V= 2,0(eyt + D1 gy| T (12N Sinlaw/(2D)))-sin(aw/(2D) $=4V onpatches ¢ B o D
(72 112-4/ z)sin*(zw/(2D)) .
Usin(mw/(2D))

] Detector absorption due to higher-order modes with spacer layer h

P, :Lv oE*dV =D { a)g"¢? ds 2G, /(Da)g")~4h/D—EIn{cosh(7zh/D)+\/cosh2(7zh/D)—sinz(ﬂw/(ZD))}
he N [ B | T
50 E=&+IE
—Eln{sinh(ﬂh/D)+Jsinh2(ﬂh/D)+sin2(7m/(2D))/4}
- V4
AP, =lim, [P, =P |=G,[2v[
3 =0.01 nm
2 =0.025 mm
3 =0.05 M
2 e W= 005 mm 1000 - =0.1mm Patch metal losses
. : .
Loy . - are typically small
g D=1mm 5 . compared to
s g higher-order mode
5-:; O.lOg )
N 0.100 - g —— Numerical i(r;]tegr)ation abSOI’ptlon UnleSS
8 — - 7 - No spacer (h =0 . .
2T Nospacer(rady 3 | Aeproumate spacer layer is thick
3 Asymptotic form 2




Nanoantenna Optical Properties ) e

= The nanoantenna couples the incoming light to a Angular Insensitivity
confined mode with no reflection at the design Average Polarization
wavelength. o //\\ =
= Achieved with a single patterned metal layer. éﬂjf ll \\ —w
= No AR dielectric stack required | / \ —w
= The AR effect does not change with angle as it %EE /// \\\ —

would with a dielectric AR coat. ”? H

= Polarization independence over angular range of  °, ; > N
interest.

= Increase in EQE over bare material.

/ No reflection
T T T 1

—03.0303
—(03.0403
—Q2
—qQ1

10 11
Wavelength (um)

Total Absorption
2288

Absorber Absorption: Dashed

External QE (%): Solid Lines

3 9 10 11 12 13

Wavelength (um)




Comparison to Experimental Results rh)

Simulation of absorption in active layer

1 r

—Total
---Superlattice

= Demonstrated NA-thinned superlattice
photodetector for the first time

= 2 to 3x higher QE than conventional SL
photodetectors

e
®

e
o

Absorption
e
B

=  Similar dark current to conventional SL
photodetector of same thickness

o
N

ot
x
- -
ot
.t
st

.
..
.
.
.
‘e
-
ay
e
LTI

=  Good agreement between measured EQE

and simulated absorption in detector 8 85 Mim) o5 10
layer. 0.6
Measured EQE 60K
= How to further increase QE 0.5 /\\\ ek

= |ncrease absorber a

= Reduce optical losses

U

Optical losses may be
reduced by optimizing the
device parameters.

pectral QE
TN
N
/

External S
(@] (@]
= [N}

8 8.5 9 9.5 10
M. D. Goldflam, et al., Appl. Phys. Lett., vol. 109, 251103, Dec. 2016. Wavelength (um




Working to Higher EQE rh)

total absorption

absorber
absorption with a |
= 2000 /cm ‘

= |ncrease in absorption in the detector 1
increases EQE é 08

1 a =1000 /cm

o
o

= Use modeling tools to maximize
absorption in the absorber
= Can use patch or mesh designs or a hybrid.

absorber I3
absorption with a //

a =2000/cm

Absorption
o
F =N

S
N

= Designs may be capacitive or inductive.

8 7 9 1.0 1.1 12 ?3
' Wavelength (zm)

... We would like to optimize these structures

... using an accurate admittance model for

nanoantenna elements.
i » very complicated expressions (but

still analytic & fast to compute).

» provides design intuition - can
guide numerical studies.

» can rapidly & accurately survey
multidimensional parameter space.
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