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In this work, we propose a rare-earth-based ceramic thermal emitter design that can boost
thermophotovoltaic (TPV) efficiencies significantly without cold-side filters at a temperature of
1573K (1300°C). The proposed emitter enhances a naturally occurring rare earth fransition using
quality-factor matching, with a quarter-wave stack as a highly reflective back mirror, while sup-
pressing parasitic losses via exponential chirping of a multilayer reflector transmitting only at short
wavelengths. This allows the emissivity to approach the blackbody limit for wavelengths overlap-
ping with the absorption peak of the rare-earth material, while effectively reducing the losses asso-
ciated with undesirable long-wavelength emission. We obtain TPV efficiencies of 34% using this
lavered design, which only requires modest index contrast, making it particularly amenable to fab-
rication via a wide variety of techniques, including sputtering, spin-coating, and plasma-enhanced
chernical vapor deposition. © 20714 AIP Publishing LLC. [hitp://dx.doi.org/10.1063/1.4895932]
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Studied spectral emissivity and TPV efficiency for a multi-
layer rare-earth doped ceramic emitter, such as Erbium
Aluminum Garnet (ErAG):

Top period-chirped . n -

* Effect of adding e e n,
dielectric mirror as a
back reflector instead of
refractory metals to
reduce parasitic losses.

ErAG wafer

* Effect of using integrated ~ eaba
. . ' 4
chirped filter on top to ! V.
reduce sub-bandgap -y A
P URDUE Bottom highly-reflective dielectric mirror @5"
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TAELE 1. TPV efficiency for different ErAG emitter designs. Although all designs display overall efficiencies higher than seen for metal substrates, the best
overall performance comes from the chirped filter + shifted rugate filter at 33.839%.

ErA{3 emitter d (pum) #(%o)at 1323K #(Fay at 1573K Haa (Fadat 1573 K E(Fayat 1573K Top/bottom layers
AR +rugate filter 125 12.6 19.18 41.4 5.09 1/1

AR +rugate filter 250 12.05 18.63 37 9.26 /1
(2-matched +rugate filter 125 17 24.32 514 6.12 321
(-matched + rugate filter 250 15.34 22.58 44.53 10.44 3721
Chirped filter + shified rugate filter 250 25.55 33.80 T0.85 6.11 Chirped 26/21
Chirped filter only 250 2546 32.94 70.85 6.11 Chirped 26/21
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From the tools menu launch

(Thermophotonics Selective Emitter

~ Simulation”, or simply click
https://nanohub.org/tools/tpxsim

Thermoelectric Power Generator System =
Optimization and Cost Analysis

Thermophotonic Selective Emitter ® G About the tool:

STh LTl TPXsim is a GUI-based tool to calculate the

Thin-Film and Multi-Element Thermoelectric = emittance spectrum using th? _S_matrlx

Devices Simulator approach and TPV system efficiency for a
rare earth-based multi-layer structure

Time-dependent gate oxide breakdown Lab emitter.

Learn more:

* Bermel, Peter, et al. "Design and global
optimization of high-efficiency

TRANSpull: computes pulling coupled to thermophotovoltaic systems." Optics

transport properties of single molecules - express 18.103 (2010): A314-A334.

* S4: Stanford Stratified Structure Solver

* https://nanohub.org/tools/s4sim
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Traction Force Microscopy
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Objective

We will compute the emittance spectrum, the radiation
efficiency and the TPV efficiency for the different
structures mentioned in the paper.

Approach
* We will describe the selected structure using the GUI.

* Perform an optical simulation to obtain the absorption
spectrum which is the same as the emittance spectrum
according to Kirchhoff’s law of thermal radiation.

e Perform electrical simulation to obtain a theoretical
estiamtion of the TPV system efficiency.
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About this faol
n Input Questions
Y

Selective Emiter |(Eilter 1) Systam Paramsters |

Upload an emittance file?: @ -___j no

Enter Here.

At should have 2 columns: Wavelengths in nanometers and Emittance Walues

|. 54 Simulation Fara

Coating: |Die|ectric Mirrar

Add a chirping function?: @ :‘b yes

Chiring Function: |Exponential \ \ .

1900-4500
Enter Chirping Range: I
Thiiz is the range of wavelenigths over which chirging fun L5 to ke applied.

0.5
Constant Walua: I
Enter a constant value vou need as the power of the exponent / the number ich vou want the Ioganthm

.
Total Number of Layers: |25
Choose the even function: |(LH)“ :
| ErAG cavity
Refrative Index of material with Higher Refractive Index (H): |2
Thickness of the material in nanometers:|133.?5
Depasition Rate in Atearsec: |0.580722222 4

Heater

1 Simulate » | @*
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|. Parts Of The Selective Emitter ] II. 54 Simulation FParameter

Coating: |r‘-".nti—reﬂeu:tinn coating

Specify the refractive index and
thickness of the top and bottom
AR coatings to be 1.35268 and

Thickness of Top anti-Reflection Layer in nanumeters:l?_'ﬂ 58 &

Refractive Index of the material: |1 Jo268 ‘

259.9 nm, respectively. The

thickness is 1/4 at 1470 nm.

I. Parts Of The Selective Emitter ] Il. 54 Simulation Farameters ]

Top ] Cavity ] Eloﬂnm]

Selective Emitter Cavity material:lErhium Aluminium Garnet

Enter the text file here

Specify the ErAG cavity
thickness in micrometers (125

and 250 forcases 1 & 2
respectively).

Chioose "Ll 0 upload your script from local disk

Thickness Of The Cavity (micmmeters):lZﬁl]

o
@a-
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|. Parts Of The Selective Emitter ] IIl. 34 Simulation Parameters ] S I t d I t . .
elect a alelectric mirror

rop | cevy | Eoten | top coating, disable

Coatingl]| Dielectric Mirrar

chirping and change the
circled parameters.

Add a chirping function?:

[1300-4500 Click simulate.
This iz the range of wavelengths over which chirping function is to be applied.
0.5
a constant value you need as the power of the exponent § the nurnber of which you want the logarithm [ the slope of the linear function
Tatal Bumber of Layerd |3 ﬂj
I:\ J
Choose the odd functiorl | L{HLy*n j

Refrative Index of material with Higher Refractive Index (

Thickness of the material in nanaometers: [ 183.75

Deposition Rate in .-’-‘«reafsec:ll].ﬁﬁl]?ZZZZZ

Refrative Index of material with Lower Refractive Index (LK

Thickness of the material in nanometers: | 259.66

Deposition Rate in .&.rEBISEI::Il].ZIIH?????B

Simulate = |
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d’%‘bnﬁ}ef} Q-matched ErAG emitter

|. Parts Of The Selective Emitter ] II. 54 Simulation Parameters ]

Tnp] Cauity‘ Boftom ]

Select a dielectric mirror
Cu:uatin(lDieleu:triu: mAirrar )

bottom coating, disable
&Add a chirping function?:

chirping and change the
T circled parameters.

This iz the range of wavelengths over which chirping function is to be applied.
0.5

Enter a constant value you need as the power of the expanent £ the number of which yau want the logarithm £ the slope of the linear function
Total Mumber of Layerg: |21 ﬂ_

B

Choose the odd funu:tiu:u‘ |L|:HL]|"n )

Refractive Index of material with Higher Refractive Index [

| 4

Thickness of the material (hanometers): |[183.75

Deposition Rate in P.reafsen::ll].ﬁﬂl]?zzzzz

7\
Refractive Index of material with Lower Refractive Index (L 1.414

Thickness of the material (nanometers):

Deposition Rate in ﬁ.reafseu::ll].Zdlﬂ?????ﬂ

Simulate = Il:r-

FT‘
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Top ] Cavity ] Bottom ]

Costing;[Dielectric Mirror Select a dielectric mirror
filia-shiping funchion @ top coating with enabled

Chirping Function: | Exponential Chirping and Change the
|1900-4500

Enter Chirping Range: 1
ping 4 Thiz iz the range of wavelengths over which chirping function is to be applied. Circ I ed pa ram ete rs.

0.9
Constant Value:l

r a constant walue you need as the power of the exponent ! the number of which you want the logarthim
Total Mumber of Layers |26 ﬂ -
Choose the even function: | (HL)"n |~

=
Refrative Index of material with Higher Refractive Index [HQZ )

Thickness of the material in nannmeters:|133.?5

Deposition Rate in .ﬁ.reafseczlﬂ.ﬁﬁl]?zzzzz

Refrative Index of material with Lower Refractive Index {Ly1.414 )

Thickness of the material in nanometers: | 254,

Deposition Rate in Areadsec: |I].243?????B /£

Simulate =
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s32MCM  specify the emitter temperature
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o Input .Ab-:-uT this tool

Questions
Selective Emitter ] Filter ] System Parameters ]
Upload an emittance file?. @ = |no
Enter Here.
Try different
o The file farmat should hayve 2 columns: Wavelengths in nanometers and Emittance Yalues
emitter
temeratures
|. Parts Of The Selective Emitter wG4d Simulation Parameters ]
e.g. 1573 K
Emitter Temperature: 1573K )
and 1323 K
Maximum Fourier Expansion Drders ﬂj
|default
Eeduced units -= Period: Tyvpe in & number oF the ward “default™.
Default means to set the period to 0.9 * wavelength_rnin.
If wou zet it 1o 1, the frequency will have a unit of cihm, where ¢ is the speed of light.
rinimum Wasvelength (hm): |HI]I]
FAa=imum Wavelength (nm): |5I]I]I]

Simulate = |
-
&
=

f+"l
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c%%ncn Remove or control the rugate filter
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ﬂ Input.

Selective Emitter  Filter ] system Parameters ]

Add afiter @ jw yes

Type of Filter: |Hugate filter

High Index: |1.91

Selective Emitter | Filter ] System Parameters ]

Low Indesx: |1 39
Bandgap: II].E?E\.F add aﬂlter?:
) \

Mumber of periods (bilayers): |2I]\

Mumber of materialsim): IE \
Relative Range: |l].3 \

First Layer Thickness: |I] \

Shift the rugate filter bandgap to 0.37 eV and

keep other parameters to their default values

PURDUE (v



o MCN Specify system parameters
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Selective Emitter ] Filter system Parameters ]

E=ternal quantum_efﬂciency:lﬂ.ﬂz

Band Gap:ll].?ﬁ

roam_temp: ﬁ:llBl]l]K

Device [deality Factor: |1 JdA

W Factnr:|u.55

Dark Current Density (microf&mperes per cm™2): Il].l]l]11
&dd a Contour Flot for variations in Bandgaps?™ @ -_j no

&dd a Contour Plot For Different number of Layers?: @ -;i no

Use the default values of system parameters and click
simulate
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Simulation Results

£ simulate

@

About this tool

Questions

Result: | Efficiency

e

Emittance Spectrum

Reflection Spectrum of the Filter
Cutoff wavelength (nm)
Efficiency

Average Emissivity

Radiation Eficiency

0.2 | Control File

Efficiency 'With Mumhber Of Layers

0.21

= Total Time for the Deposition of Top L
= Total Time for the Deposition of Botto
= Mesh

TR

Efficiency Contour FPlot

Diowenload

PURDUE

8 simulate

h

Result:lEfﬂciency

02—

=
=
|

Efficiency

018

017

Select different

output options

from the scroll
down menu

I
#

Simulation



sEpNCN Change ErAG thickness
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ﬁ Simulate O about this tool
Input

Quesfions

Hesult:IEmiﬂanCE Spectrum |. Parts Of The Selective Emitter | Il. 54 Simulation Parameters | I

Top ] Cavity ] Eottom ]

05 — Selective Emitter Cavity material:lErhium Aluminium Garnet

E - Enter the text file here
o

= 0E —

= |

=

=

@ |

=

g 0.2 —

] Choose "Upload” to uplosd your script from local of

T T I T T T Thickness Of The Cayity (micrumetersj;|125
1000 2000 3000 _ £
Wavelength (nm)

Simulate = |

Simulation = #2
E List of all simulations that you have performed so far.
N

Click to activate this cantral,

Change
< Inp thickness

and click
simulate

Click all to view multiple outputs
PURDUE on a single graph




Emittance

cgoNCN Compare with predictions

nancHUB.org
ErA{3 emitter d (pum) #(%o)at 1323K #(Fay at 1573K Haa (Fadat 1573 K E(Fayat 1573K Top/bottom layers
AR +rugate filter 125 12.6 19.18 414 5.00 111
AR +rugate filter 250 12.05 18.63 37 9.26 /1
, %y About this tool
. ESImUIatE Questions =
Emittance spectrum
Reszult: |Emittan|:e Spectrum j @
| - o
0.8 —
. o
E 0E —
2 - &
= " —
< 04+
E |
£
W 0.2 -
I U [ U I U I U 1
1000 2000 3000 4000 500
Wavelength (nm) I
2 results Clear One  Clear All

Simulation = #2
A (um) lehi[:kness Of The Cavity (micrometers) = 250




C%%ncn Compare with predictions
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ErA{3 emitter d (pum) #(%o)at 1323K #(Fay at 1573K Haa (Fadat 1573 K E(Fayat 1573K Top/bottom layers

AR +rugate filter 125 12.6 19.18 5.00 111
AR +rugate filter 250 12.05 18.63 9.26 /1

bout this o
8 simulate (?) e
Questions >
F{esult:lEfﬁciency j (3
ores 4 0 |
] =]
0.192
= i
< 0191 &
(=] E—
= -
LU
0.19 -
0.1858 —
|
T T ' T T T
150 200 250

Thickness Of The Cavity (micrometers)

2 results Clear &l

Simulation = #2
» Thickness Of The Cavity (micrometers) = 250
[

aboutthis ool
8 simulate (?) out this oo
Questions ¥
F-!esult:lF-!adiation Efficiency -
nsz | H® n
7 =l
=
()
5041
(&)
5 &
" —
S 04
o
E -
fas]
o
0.33 —
_ ]
' I i | ' |
150 200 250

Thickness Of The Cavity (micrometers)

W

2 results Clear All

Simulation = #2
» Thickness OF The Cavity (micrometers) = 250
[

 — o—
The small discrepancy is because the tool does implement a random
PURDUE change in the layers thicknesses as deduced from experimental -4
evidence Al




cgoNCN Compare with predictions
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ErA{s emitter d (m) n(%)at 1323 K n(Fayat 1573K Haa (Fadat 1573 K E(Fh)at 1573 K Top/bottom layers
(-matched 4+ rugate filter 125 17 24,32 514 6.12 321
(-matched 4+ rugate filter 250 15.34 22.58 44,53 10.44 321
@simiate T
Emittance spectrum
Result: IEmiﬁance Spectrum j @
! | 0
E g 0.3 i oj
08 E 5 05 —
E = &
- Z 0.4 —
8 060 E
k= i
= S —
M 04T T T T T T T T . 1
1000 2000 3000 4000 500
YWavelength (nm) I
0.2 H Clear One  Clear All
EL N I FETRr TP Simulation = #2
0 : : F Thickness Of The Cavity (micrometers) = 250
1 2 3 4 5 | n |
A (jm)
PURDUE E"



C%%ncn Compare with predictions
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ErA{s emitter d {pm) n(%)at 1323 K n(Fayat 1573K Haa (Fadat 1573 K E(Fh)at 1573 K Top/bottom layers
(-matched 4+ rugate filter 125 17 6.12 321
(-matched 4+ rugate filter 250 15.34 10.44 321
@smuas Yy @ O
Result IEmCiEﬂCB-' A @ Result: IHadiatinn Efficiency - &
0,245 —
= n asa|| ® n
| a 3z o
024 &
En ; S 05— i
D : P i &
E " — § T " —
o 0.235 - 2 pas -
o
§ = |
023 - 045 -
I 1 SID I EDIEI I 25|E| I 1 5|D I 2E|ID I 25|D
Thicknegs Of The Cavity (micrometers) I Thickness Of The Cavity (micrometers)

2 results Clear One  Clear All 2 results Clear One  Clear All

Simulation = #2 Simulation = #2
» Thickness Of The Cavity (micrometers) = 250 » Thickness OF The Cavity (micrometers) = 250
[ [

=
L=

The small discrepancy is because the tool does implement a random
PURDUE change in the layers thicknesses as deduced from experimental -4
evidence Al
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Compare with predictions

nancHUB.org
ErA{s emitter d (m) n(%)at 1323 K n(Fayat 1573K Haa (Fadat 1573 K E(Fh)at 1573 K Top/bottom layers
Chirped filter + shifted rugate filter 250 23.55 33,89 70.85 6.11 Chirped 26/21
Chirped filter only 250 2546 32.94 70.85 6.11 Chirped 26/21
E Simulate About this tool

Emittance/Reflectance

Emittance spectrum

uestions =

Result: |Emittance Spectrum

0.8

0.6

0.4

0.2

= @

Filter
reflectance

Filtered
region

Emittance

Emmisivity (Unitless)
1

o
&

I
1000

2 results

Simulation = #2

A (Casbf

A (pm)

PURDUE

I
2000

I
3000
Wavelength (nim)

I
4000

Clear QOne

rAdd a filter? = yes
5 an| .

(=

F

Clear All




5?)%”58{2 Compare with predictions

ErAG emitter

d () wi%)at 1323 K n(F)at 1573K Mo (Fa)at 1573 K E(Foyat 1573K Top/bottom layers

(2-matched 4 rugate filter
(2-matched +rmgate filter

3 Simulate

125 17 6.12 321
250 15.34 10.44 321

" P TR - About this tool
it € simulate @

Questions

Questions >

Hesult:lEfﬂciency

A @ F-!esult:lF-:adiatiUn Efficiency

0338 — n
s ozs -l ™
| O B
0.337 — J c i
S =
g | R
(1) 72 -
= 0.336 — & =
= — =
w = = _
0335 — =
(v
- 0715 —
0334 | = u
T T T T
no ¥es no yes
Add a filter? | Add a filter?

Z results

Simulation = #2

Clear Cne  C

Simulation = #2

»Add a filter? = yes
[

FAddd a filter? = yes
[

[
L=

PURDUE

The small discrepancy is because the tool does implement a random
change in the layers thicknesses as deduced from experimental
evidence Y

]

(|

EE |

lear all

o
>



Future work

* Simulate other naturally-selective rare earth
materials.

* Optimize the number of layers for the
maximum TPV efficiency.
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