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Brief History of Thermal Energy Harvesting

Network for Photovoltaic | Technology

ﬁnanoHUB

Year Discovery Significance Innovators

1712 Atmospheric Engine Pumping water out of mines Thomas Newcomen

1776 Steam Engine Mechanical workhorse of industrial revolution James Watt

1870 Kirchoff’s law of thermal Establishing centrality of blackbody in thermal radiation = Gustav Kirchoff
radiation

1879 Stefan-Boltzmann law Calculating total radiated power Josef Stefan

1900 Planck’s law of blackbody Calculating radiation power spectrum Max Planck
radiation

1956 Thermophotovoltaics Converting thermal radiation into electricity Henry Kolm

1960 Laser Provides intense, monochromatic optical power Schawlow & Townes

1962 Solar Cell Efficiency Limits Provided a target for PV and TPV research Shockley & Queisser

1979 Gallium antimonide cell Provides suitable bandgap for TPV Lew Fraas

2014 Photonic radiative cooling Provides nearly ideal radiative cooling Shanhui Fan
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Key Concepts from Prior Research oroHUB

= Carnot efficiency of heat engines

* Planck blackbody limit: centrality of blackbody in thermal
radiation

= Shockley-Queisser limit of photovoltaics
= Additional losses at every step in practice
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Energy Landscape Today

| Lawrence Livermore

Estimated U.S. Energy Use in 2013{~97.4 Quads — National Laboratory
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Source: LLNL 2014. Data is based on DOE/EIA-0035(2014-03), March, 2014. If this information or a reproduction of it is used, credit must be given to the Lawrence Livermore National Laboratory
and the Department of Energy, under whose auspices the work was performed. Distributed electricity represents only retail electricity sales and does not include self-generation. EIA reports
consumption of renewable resources (i.e, hydro, wind, geothermal and solar) for electricity in BTU~-equivalent values by assuming a typical fossil fuel plant "heat rate." The efficiency of electricity production
is calculated as the total retail electricity delivered divided by the primary energy input into electricity generation. End use efficiency is estimated as 65% for the residential and commercial sectors 80%

for the industrial sector, and 21% for the transportation sector. Totals may not equal sum of ¢ due to ind: LLNL-MI-410527
of raw energy wasted in 2013!
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Too much parasitic loss in commonly
used devices, like ovens and light bulbs

Fuel Losses

Wall Loss.

Opening Loss

Useful output
(heat to load)

Cooling
water loss
and/or conveyor

Thermal image of an incandescent -
bulb. Much of the energy is emitted as
infrared. The IR heats the glass, which
conducts the heat to the surrounding
air, producing convection.

Overall luminous efficiency
1.9%
21%
100 W tungsten incandescent |2.6%
2.3%
3.5%

40 W tungsten incandescent

60 W tungsten incandescent

glass halogen

quartz halogen

The chart above lists values of overall luminous efficacy
and efficiency for several types of general service, 120-
volt, 1000-hour lifespan incandescent bulb
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Make Solar Energy Economical oroHUE

= Key Challenges:
* Novel earth-abundant materials
= Reliable, low-cost packaging techniques
= Energy storage (daily and seasonal)

= How simulations can help:

= Provide predictions of performance of realistic, novel PV materials
(e.g., using DFT)

= Predict and optimize lifetime energy production (e.g., using ADEPT)

*= Design electrolyzers and fuel cells (e.g., using FEM multi-physics)

Lewis, N.S. 2007. Toward Cost-Effective Solar Energy Use. Science 315(5813): 798-801. DOI: 10.1126/science.1137014
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WHAT IS NANOHUB AND §4?

= An open-access science gateway

a major resource for

for cloud-based simulation tools computational
and resources in nanoscale nanotechnology
science and technology. -

otal Users

= Stanford Stratified Structure
Solver (54) is a frequency domain
code to solve layered periodic
structures.

300000

oo | LGSt 12 months
Over 300k/year!

200000 t

150000

= An input control file scripted in
LUA outputs Absorption Spectrum enabled by the HUBzero platform for

using S-matrix Method simulation, learning, and

collaboration 0
Feb00 Feb03 Feb06 Feb09 Feb12
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SETUP FOR HANDS-ON WORK

= Wireless ESSID: UNITE-9980; password: 78841109
» Nanohub login:

» Create account via ‘Signup’ link in upper right

» Login with institutional login, Facebook, or
LinkedIn

» Bug reporting site
* https://nanohub.org/

* (upper right) help link
= Get the hands-on files

SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017 @


https://nanohub.org/
http://MAPP.eecs.berkeley.edu/2016-02-04--MAPP-Berkeley-workshop-scripts.tgz

Step 1. Reach Maximum Temperature %”n%

Network for Photovoltaic

from Solar Heat ¥ nanoHUB

Key tool(s):
= S4sim
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Selective Absorber: %npt

Maximum Thermal Transfer Efficiency % .onus
2200 > Thermal Transfer Efficiency
2000 0.8 '
~ €edl
1800 - 107 e = Ba — =
2 1600 log '
2 149 05 ¢ Spectrally-averaged absorptivity
© 1200 0.4§ dl
51000 N, / d)\/ d(:? (A, 0) sin 295}
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0.1 _ ™2 (2hce(N, 0) sin 20
400_0 . . _3 0 €= ﬁ d)\/ de{ hc/}\k’)l“ 1] }

10' 10° 10
Concentration (suns)
P. Bermel et al., Ann. Rev. Heat Transfer (2012).
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Best Commercial Selective Solar

Absorbers: T=400 K (1 sun)
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THERMAL EMISSIVITY

Lot
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SOLAR RADIATICON

TINGX SOLAR
ABSORFTION

TINOX THERMAL (THERM)
EMISSION AT 100°C

BLACK ABSORBER
EMISSION AT 100°C

REFLECTION
TINOX energy

http://www.almecogroup.com/en/pagina/16-solar
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Selective Solar Absorbers at ook

T=1000 K (100 suns) 1§ nanokuB
<= Antireflection s, | mmm—
itz I B
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s 02 i
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Thickness (nm)

Reflective Back

9 Layer Optimization Yields: N, =85%; 0.=95%; €=17% D. Chester et at., Opt. Express 19, A245 (2011).

Reflective Back Reflective Back Reflective Back

P. Bermel et al., Energy Environ. Sci. (2016)
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Selective Solar Absorbers ‘ﬁ’npt
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215 nm;

300 um

300 nm | Ag

Schematic of the structure for selective absorber based on
Si substrate with 215nm Si;N, front anti-reflection coating
(ARC) and 300nm Ag back reflection layer. Heights are
not to scate.Tian et al., Appl. Phys. Lett. (2017)

August 6, 2017 . . .
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Photonic Simulations with
84

o =Full-wave photonic
I ' simulations of arbitrary
, layered media,

iIncluding thin-film and
crystalline PV cells

,,,,,

Layer2 | —z
; - : ~ / - ] dl
Layeri - [ SN _~
Layer M-1 V. Liu, S. Fan, Comp. Phys.
Layer M Comm. 183, 2233 (2012)

https://nanohub.org/tools/s4sim/
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https://nanohub.org/tools/s4sim/
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S-Matrix Method: Advantages ConoHUE

= No ad hoc assumptions regarding structures
= Applicable to wide variety of problems

= Suitable for eigenmodes or high-Q resonant modes at single
frequency

= Can treat layers with large difference in length scales
= Computationally tractable enough on single core machines

August 6, 2017 ] ] )
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S-Matrix Method: Disadvantages

nanoHUB

= Accurate solutions obtained more slowly as the following
Increase:

= Number of layers

= Absolute magnitude of Fourier components (especially for metals)
= Number of plane-wave components (~N3)

= Relatively slow for broad-band problems (time-domain is a
good alternative)

August 6, 2017 ] ] )
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Photonic Simulations with
534
Accuracy improves systematically
with computing power
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V. Liu, S. Fan, Comp. Phys. Comm. 183, 2233 (2012)
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S4: Lua Control Files onoHUB

Obtain a new, blank simulation object with no solutions:

S =S4 NewSimulation()

Define all materials:

S:AddMaterial (' name’, {eps_real, eps_imag})

Add all layers:

S:AddLayer (' name’, thickness, 'material_name’)

Add patterning to layers:

SiggtL?yerPatternCircle(’Iayer_name’, "inside_material’, {center_x, center_y},
radius

August 6, 2017 , . .
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S4 FMM Formulations onoHUB

= Specify the excitation mechanism:

S:SetExcitationPlanewave (
{angle_phi, angle theta}, —— phi in [0,180), theta in [0, 360)
{s_pol_amp, s _pol phase}, —— phase in degrees
{p_pol_amp, p_pol_phase})

= Specify the operating frequency:
S:SetFrequency (0. 4)
= QObtain desired output:

forward_power, backward _power = S:GetPoyntingFlux (' layer_name', z_offset)
print (forward_power, backward_power)

August 6, 2017 , . .
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S4. Output
€3 Simulate @ ;:::;::i:?m.

F{esult:ltest - @

freq

Transmission through multilayer stack matches analytical expression

August 6, 2017 , . .
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S4: Output

about this focl
€ Simulate s RS
Questions
Result:ltest = @
i a
0.8 - _
&F
—
05 —
0.4 —
0.2 —
| [ T [ |
03 04 ns 0&

Transmission through 1D square grating of silicon and air

August 6, 2017
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Quesfions

ev+(i-17step 1

= Transmission from Fig. 4 of Tikhodeev et al.,
Phys. Rev. B 66, 045102 (2002).

August 6, 2017 , . .
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S4sim: Output Window

25

. (B[ =1E]
File
& simulate Click to download
the results -~
Result: |Resulted Curve
. \
Select output type g —— transmission_flux_wacuun
) — reflection_flux_vacuum
. — incidence_flux_vacuurn
0.8 — &
Label and
coordinates of the
selected curves
05 Select curves shown
reflection_flux=_wacuum
\ 043873 @ 720 ﬂ
0.4 — k
Click on x or y axis to
02 . select the parameter
ranges and view option. =
Hide Difference
Show Average
Toggle Renarme
D —
T T T T T T ‘ T T Raise Delete
400 L=} 800 1000 Lower

1 result

wavelength (nm}
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S4sim Example: PV Front Coating nonoHUB

b) .

Number of front coating layers

Relative permittivity Real In;a Real Irga Real Imga
432 0 237 O 180 O
912 0 571 O
143 0
6

Thickness (nm)
Layer 1 60 82.3 91.0
Layer 2 38.9 53.1
Layer 3 29.9
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S4sim Example: PV Front Coating

27

(@) 1 y . . . (b)y 1 - . . : : :
I I ! . ——0 front coatings
—1 front coating
0.8 — 0.8 ——2 front coatings |
g = 1 — 3 front coatings
-— T T =S f
0] ‘ I .E i
® 0.6 | ﬂ - g 0.6
wv | w
S | T 5
@ 04 ‘ ‘ ! 0 front coatings | % 0.4
g U J 1 front cocﬁn.g - é
<C 0.2 ' \ & & f 2 front coatings| 0oL
2l \ ! })\\ A i
0 1 | 1 | 1 | 1 | 1 | 1 & \M&g&d 0 | | | | | | y l‘ .
300 400 5800 600 700 800 <900 1000 1100 300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Results from M. Ghebrebrhan, P. Bermel, Y.
Avniel, J. Joannopoulos, and S. Johnson,
Optics Express 17, 7505-7518 (2009).
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Direct Thermal Emission Measurement System o

ﬁnanoHUB

P
=L 1. Heater/Emitter

Chamber
Cu Tubing

H. Tian et al., Appl.
Phys. Lett. (2017)

PM 1: \_ PM 2:

D=3"; EFL=4" D=4, EFL=4"

The sample is heated by the heater, and the emitted light is collected and guided by the Cu tube, transmitted
through a CaF, window, reflected by three off-axis parabolic mirrors (PM 1, 2, and 3, Edmund Optics) to a Fourier
Transform InfraRed (FTIR) spectrometer with a mercury cadmium telluride detector and KBr beam splitter (Thermo
Fisher Nicolet 670).

August 6, 2017 ] ] )
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300 um SI Experiment & Simulation at Roo

Measurement (solid lines) and
simulation (dashed lines) of the
emissivity of selective absorbers
with (red lines) and without (black
lines) front coating at room
temperature. Measurements
performed by a Lambda 950
spectrophotometer with an
integrating sphere (Labsphere). The
thicknesses of Si;N,, Si and Ag are
215nm, 300 um and 300nm
respectively.

H. Tian et al., Appl.
Phys. Lett. (2017)

SPRuQumids+Fdbionics, San Diego, CA - Peter Bermel
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Temperature
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300

Emittance

um Si Experiment & Simulation

0.8 T—

0.6 1

0.4 +

0.2 1

~without Si;N, AR q’ga}ing

Emittance

0.0 +——

10
Wavelength [um]

at High Temperatures oZgj%f‘fi

(ny nanoHUB

1.0

0.8

0.6 1

0.4 1

0.2+

with Si,N, AR coatifg

0.0

10
Wavelength [um]

High spectral selectivity is observed at 468 °C in both samples, with a cutoff wavelength of approximately
1.3 um. Higher short-wavelength emittance is both predicted and observed for the structure with a SizN,

H. Tian et al., Appl. Phys. Lett. (2017)

AR coating

30
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Thin Si film optimization targeted @ 550 °C s nanonus

Emissivity for selective absorbers 1
with different Si thicknesses.

Optimal Si;N, thickness is used
for each curve which is 80 nm. 0.8}
The temperature is set at

I

550°C and the F-P interference 7
around the Mid-IR is smoothed >0.6
out for more clear comparison. 2 o
Less MWIR absorption is g
experienced for thinner layers of Wwo4-

silicon because all samples are in
the intrinsic regime, and free

o
w

carrier absorption dominates. 0.2 :g: oam. ,\Q \)m
Si 20 um
0.1 —Si 300 um — T
H. Tian et al., Appl. Phys. 5 5 um.Sij

Lett. (2017) = 1 Wavelenzgth (um) ) ° °

August 6, 2017 . . .
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Optimization Summary for 550 °C

{n) nanoHUB

0.8 1 1 1 1 1 1 1 I I

Dependence of solar thermal transfer
efficiency n, for different Si thicknesses on
the concentration. The Si;N, thickness is
fixed at 80nm, and the temperature is 550C.

0.7

T

. 1 ) 0.6
Thinner layers of silicon experience less
reradiation; however layers which are too 0.5t
thin have less absorption, which puts an >
upper bound on 7. S04
O
3=
L

—1 O UM
S| 10 UM

Si 20 um ]
—Si 300 um

T

H. Tian et al., Appl. Phys. Lett. (2017) 0.2

o
—i
T

10 20 30 40 50 60 70 80 90 100
Concentration
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Step 2: Reach Below Ambient £%n
Temperatures under Sunlight ¥ nonoHUB

Key tools:
= RadCool

33 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



Radiative Cooling for Passive Thermal
Management

3 K microwave background

Photonic Crystal

g

Transmittance (percent)
L= & Z
| .,.' 5= R ;
; ' \:‘; : \y
“i R
] ! ! ! : % ;

=]
k=]
T

o 2 E] 4 5 & T 8 4 112 12 14 15
Wavelength (microns)
L TR TSV Sy S W S
X X On X
* o cox cox Absarbing Mulcecule 0

. -30
® Photonic crystal

The sky transparency window S Bigaar sillea
allows radiative cooling outdoors 60

Questions:
1. Any alternative coolers to PhCs? 00 00
2. What is the temperature reduction and i 025 05 075 1
performance improvement by applying e (8 ym-13 pm)
radiative cooling to hybrid or STPV systems? Zhu, Linxiao et.al Proceedings of the National
Academy of Sciences 112.40 (2015): 12282-12287.

&0

34 SPIE Optics+Photonics, San Diego, CA - Peter Bermel
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Most PV cells experience heating from Ehnot

Network for Photovoltaic § Technology

sub-bandgap absorption S nanoHUB
| | | | 300 1 1 | |
1 1
:;;h\. "‘ _'f|§_|./';:'" _ Heat from \V4
2075 T S AR N Sub-BG photons
S AR £ 200 .
= CIGSY L 1 Y =
S 0.5} v otk =
8 C‘aTe S A\ \4
2 0.25 ‘AM 1.5G GaAs / ro chi 1007 -
3| 1] }“I"\ ,IA\“' ,' ‘\ \‘:vl \\\‘ V
O L'V I L O :

500 1000 1500 2000 2500 GaAs CIGS S'i Cd'Te
wavelength (nm)

In c-Si cells, degradation processes with activation energy of 0.85 eV are accelerated almost a factor of 2 for every 10
K temperature difference

X. Sun et al., IEEE J. Photovolt. (submitted, July 2016)
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Radiative coolina on PV devices o7 nanoHUB
Radiative cooling of solar absorbers using a visibly

transparent photonic crystal thermal blackbody

Linxiao Zhu®', Aaswath P. Raman®™', and Shanhui Fan®?

“Department of Applied Physics, Stanford University, Stanford, CA 94305; and *Ginzton Laboratory, Department of Electrical Engineering, Stanford
University, Stanford, CA 94305

Edited by John B. Pendry, Imperial College London, London, United Kingdom, and approved August 18, 2015 (received for review May 19, 2015)
pdie sillica alva rrire

AR *
p-doped Si p-doped Si p-doped Si
- A Al

Bare absorber Bare absorber +silica Bare absorber +silica
PhC

W

 Silica/silica PhC layer should at least preserve the solar absorption of
the absorber

 Silica/silica PhC layer is expected to enhance the thermal emittance at
the IR window

36 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



Radiative coolina on PV devices

Radiative cooling of solar absorbers using a visibly
transparent photonic crystal thermal blackbody

37

x>

Linxiao Zhu®!, Aaswath P. Raman®', and Shanhui Fan®?

University, Stanford, CA 94305

£

2075

g

3

a

< 05 Bare

oy

5

2 |

% 005  AM1.5 Solar Photonic crystal |

|_u Spectrum
0 . , :
0.3 0.6 1 1.5

Wavelength (um)

Solar absorption of the three

structures

——
3Department of Applied Physics, Stanford University, Stanford, CA 94305; and “Ginzton Laboratory, Department of Electrical Engineering, Stanford
Edited by John B. Pendry, Imperial College London, London, United Kingdom, and approved August 18, 2015 (received for review May 19, 2015)

2075}
e

2

2

S 057 Atmospheric
% transmittance
025}

L
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Wavelength (um)

Emissivity spectra of the three
structures at the IR window
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Experimental setup Lhnpt

ﬁnanoHUB

Zhu, Linxiao et.al Proceedings of the National Academy
of Sciences 112.40 (2015): 12282-12287.

Periodicity: 6 um;
Depth: 10 um,;

Low-density polyethylene
.ﬁ.IuTinized Mylar 1 Solar absorber

Wood Clear The container allows control over convection
“frame Polystyrene acrylic

38 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



Effects of radiative cooling

o=l D
o [ I

Temperature (' C)

20 ¢

39
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e,
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With convection

Zhu, Linxiao et.al Proceedings of the National Academy of Sciences 112.40 (2015): 12282-12287.

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

(n) nanoHUB
1 1000
1 900
1 800
g
w
500 @
(o
5
Planar silica £
250 T
=
us Photonic crystal o =
12-00 13:00
12:00 13:00 14:00
Time of day

August 6, 2017



Network for Photovoltaic § Technology

Benefits of radiative cooling extend across %ig’np

many PV technologies and installations ¢ nanoHUB
4001 vlv/o ccl>olingl | V
Enhanced _ A < 3807 /V,
thermal radiation fff 10 € S. Cooling s > 360F N
/ ”
gl THR-Cooling ' /&y | = aur 57 1
Glass AS &R COO“ng / ,Il 320‘V/ (@) -
Polymer 2 6k A | —
o _@ _ 1=+ R. Cooling
= 4F ' @-—" . X /A S.&R. Cooling LA
Polymer < > 201 N O |
Tedlar L IR e MR - - w ’/9' -
° @/———E Bt 1o-g,:g/@ s
I I I ___E-——E——
0 GaAs CIGS Si CdTe 0 > 3 4 F

1 2 3 4 5
Concentration Factor

X. Sun et al., IEEE J. Photovolt. (submitted, July 2016)
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Self-Consistent Modeling of Radiative %i%,n L
Cooling for Passive Thermal Management ERORS

Cooling ﬁ:ﬂ&ﬂOHUB
Emitter Pepmie: emission power from thermal emitter at T¢

F —1 P,qd cenr: radiative recombination of the PV diode at T
emitter—diode —

Pt electrical output power from PV diode (SQ Limit)

P, qq: radiation power from the cooling emitter at T,

Thermal
emitter
(1500 K)

P, tm: radiation power from atmosphere (300 K)

P.,nv: convection power at the exposed surface

R = Acoo!er/Acell (Area ratio]

Heat spreader : | Pemit(Te, E > Eg) + R+ Pagm
= out(TC) + Prad,cell(TC) + R - Prgq (TC) + (2R — 1) - Peopy

Aceu Prad Patm + PSOlaT

Acooler

Z. Zhou et al., SPIE Conf. Proc. (2016).

41 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



Radiative Cooling Reduces Temperature
and Improves Performance Substantially

450

300

42

Network for Photovoltaic § Technology

- 65
No radiative cooling E
- —eo— Ideal (8-13 um) - —, 507
—o—Ideal (2.5-40 um) o’
8 554 —e—Ideal (813 ym) -
7y —eo—Ideal (2.5-40 um)
_E No radiative cooling
e 907 —T_,,=300 K -
- L]
1 r——rry 45 r——rry
10 100 1000 10 100 1000
AICooIer',ACeII ACooIerIACeII

Z. Zhou et al., SPIE Conf. Proc. (submitted).

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

August 6, 2017
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Methods ("¥nanoHUB

= Radiative cooling — a passive technique that dissipates heat into remote
space via thermal radiation

= Develop a simulation tool, RadCool, to model radiative cooling

Outer Space (3K)

—  Atmosphere

Thermal radiation

Radiative
Cooling Device
Earth Surface (300K)

a3 Fig uredr-Radiative-eeoling concept August o, 2017



System overview S{if nanoHUB

:-va_cu:m_ m 2 N N Heat spreader
I =
I Thermal ——
emitter pr—
| (1s00k) [l =
: =74
Pemit = Pabsp' .

Figure 4. Schematic of the TPV system with a radiative coc

Equilibrium heat transfer analysis: Pyps + Patm + Psun = Praga + Pradcen T Pout + FPeov

44 [3] Z. Zhou, gpétgbﬁx&gﬁogﬁ@@ag%@%@t&/ﬁ_%%mm&thermophotovoltaic systems," Proc. of SPIE, vol. 9%:&&%,19017



Simulation tool - input

45

P Heat Load

Type: | AM1.5G

Input intensity: gl (rm)  intensity (W/m°2+rm)

10.5 6.5540E-0Z
311.0 8 292ZE-02
311.& 8 4020E-02
312.0 9 33TeE-0Z2
3125 9 8934E-02
313.0  1.0733E-01
313.5  1.0757E-01
314.0  1.19e9e-01
314.5 1. 30e0E-01
315.0 1.3625E-01
3155 1.1838E-01
316.0 1. 2343E-01
6.5 1. 5036E-01
317.0  1.7158E-01
317.5 1. 8245E-01
318.0 1. .7594E-01
318.5 1. 8591E-01
319.0 2 .0470E-01
3195 1.9529E-01
3E0.0 2. 0527E-01

The file format should hase two colurnns: Waselengths in nanometers and Intensity values.

Area (rZ): |0.0081

Solar cancentration: |1

Cooler = |

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

Network for Photovoltaic § Technology

%ﬂpt

(n) nanoHUB

dAe(D)Iyp15(4)

- Heat load phase
|2 = Solar absorption power
o
P, = conc.x A *
0
*Assuming incidence angle is 0
£

August 6, 2017



Simulation tool - input

ii%’n d

Network for Photovoltaic § Technology

nanoHUB

ﬂ Cooler

Cooler material:lSnda—Iime glass + silicon wafer stack

5 Cooler phase

i Ll ium)
Input emittance spectrum: 0310028

oOoooooo oo oo oo oo o oo dO

312168
314324
. 316435
. 318680
3208381
323097
. 325328
C32TET3
328836
.332113
. 334407
.336716
339042
.341383
343741
346114
. 348504
350910
. 353333

Odey

896250
.T8T023
. 838882
. 759998
.BT6888
.T22004
851017
.T22916
541889
LBTTITL
.TB3T1T
.B25153
.B16326
565734
.BR336T
524137
E36585
498932
5909904
453531

oOoooooo oo oo oo oo o oo oo

20deq

904486
942645
. 908Ee2
JB17TEE
924015
. BOBT50
842043
853051
. BE2BE35
640253
.E05Z99
500315
. B30833
.T32190
. BE1463
. BO0DZSD
. TEBEE3
477688
CTEETE3
CTRTIRO

oo oooooooo o oooooooo

40deq

oo oooooooo o oooooooo

. 959446

959539

.839120

939255
B64441
670351
681211

.5E3330

828202

541620
512825
552137

800929

. 525156
473210
476174

684342

483503
CT02121
. 631991
The file format shauld hawe two colurmns:

{17 Diffusive surface; Wavelengths in micrormeters, angular averaged enittance values,
(2% Specular surface; Wavelengths in micrometers and emissivity spectra at specific angle (0=, 20, 40, G0, 70, S0, §5=).

E0deqg

ooooooo oo oo oo oo oo

. B45263
929142
. BZ0051

814679
00717
B20279
650045
681554

.580609

619413

557108

EB6389
630627

J511121

674769

. 495176

493501

484830
CEB26TE4
. 499765

TOdeqg

ooooooo oo oo oo oo oo

.TRT351
756411
733958

635530
815702
B12852

505843
573876

811011

CBeT222
CBed332

B12556

.527930
.510551
CETE276

623019

533851
.T3de74
488668
. 705254

80deqg

ooooooo oo oo oo oo o oo oo

594742
601370
541831
515034

633704

568516
584444
.576205

657420

CA2EETT

3T29TT

.535362
412026
.475435
414612
456604

330981

416920
. 365475
614939

=~ ® Thermal radiated power

368734

354381

338308

382479

(413576

403688

324001 P

.413784

260641 T'ad

246036

375821 o0
244650

2043419

358143

s = | dcos6O
213635

388002

307925

208891 0
404911

d}'IBBg‘

oOoooooo oo oo oo oo o oo oo

*Izg IS the spectral radiance of

Area(m“Z}lﬂ.ﬂDﬁ1

< Heat Load |

46

Environment >

a blackbody at temperature T

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

August 6, 2017



simulation tool - Input

ﬁ Environment

&tmosphere ] &mbient temperature ] Chamber temperature ] Transmission spectrum ]

Atmosphere type: |MODTH.*—".N data: midlatitude winter day j
[ t at trgm: [Wlium)  frans
hput atm spectrum 0sco 000000 —
4.500  0.00000
4. 545 0.11272
4 EE0  0.14095 F|

The file farmat should hawve two columns: Wavelendgths in micrometers and transmittance values.

Conyection coefficient (Wm~2k): |3.4221

Thermal Conductivity (me*Kj:ll].l]l]l]ElZﬁzldl

sample holder area (m=2): |I].I]I]5

Sample holder length (mj:ll].l]1

= Cooler |

Simulate = |

47 SPIE Optics+Photonics, San Diego, CA - Peter Bermel

Network for Photovoltaic l Technology

(n) nanoHUB

Environment Phase

= Absorbed thermal radiation from the
atmosphere

Patm

= | dQcosf

0.0)

dAlgpe(4, Q) eqem (4, )
0

= Conductive Power

Peog = K * (T - Tchamb)

= Convective Power

Pooy =2 xh,x A % (T_Tchamb)

August 6, 2017



Simulation tool - output

£) simulate

Result: | Solar irradiance plot

[rradiance™m™ 2 nm)

200

Solar irradiance plot

Emittance of the sample
Emittance of the sample * atmospheric transmittance

1500( Transmission spectrum

sample/smbient temperature
Convective Power (W)
Conductive Power (W)

10000 Radiated Power (W)

Input Power (W)

Cuitput Power

Radiative Cooling Fraction
Report

Dawnload

o]
[ U [ U |

0 1 2
wavelengthium)

1 result

48

« Environment

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

%ﬂpt

Network for Photovoltaic echnology

(n) nanoHUB

- The steady-state temperature
T of the sample Is determined
by:

Prad (T) o Patm (Tamb) o Psun

-+ Peodcov =0

August 6, 2017
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Experimental verification ¥ nanoHUB
Cooler Temperature
2935 T ' .
2 - Experimental data
L .. Simulated | = Area ratio of the heat
3 .l VT load and the cooler: 1
C : i = Cooling material: silicon
D e, Experimental™ N _ wafer with soda-lime
c "4 glass
QL s Y = Transmission spectrum:
- A polyethylene film
281 | e N
Pl "y Ambient temperature on the
| day of the experiment: ~290K
280

ty  to+10  t,+20 t,+30 t,+40 t,+50 to+ 60

49 SPIE(Optics.+Phc$onics, San Diego, CA - Peter Bermel August 6, 2017
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Network for Photovoltaic § Technology

Conclusions/future work o oHUR

= RadCool successfully models radiative cooling system in a graphical interface

= More experiments need to be done to confirm the generality of the system and
modeling approach

= RadCool can be connected directly with the existing TPV model
= The radiative cooling technique is not limited to TPV systems

= Potential applications include solar cell cooling, infrared detectors,
and sensitive electronic devices that are used outdoors.

50 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



Step 3: Combine Hot and Cold Objects for £&not

oooooooooooooooooooo

Maximum Efficiencies 3 nanoHUB

Key tools:
= TPXsIim
= TPVexpt

51 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



What Makes TPV Different from PV?

52

Photon Source

Distance

Receiver Type

Bandgap

K Photovoltaics \

\ PV ceII efﬁmency /

TPV system efficiency

Krhermophotovoltaics\

Thermal
emitter

E,=0.6-1.1 eV

- = Tory
.

\ TPV cell efficiency j

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

Network for Photovoltaic [ Technology

grﬁ;’nanoHUB

August 6, 2017



23% Demonstrated TPV Electric Generation ‘ﬁg’n
Efficiency with Spectral Control =" e

(n) nanoHUB
3 1.0 25 -
E 0.9 5 %_5 04 4 Tmm ~25°C
BE07° £8e2
IR S5 %o
5 € 0.6 - gO =21
© T 0.5 - T 20 -
8 < 0.4 - Spectral PS5 19-
& 2£0.3 - / Filter Control SEL 18-
~ 2 0.2 - / Efficiency: 2o W17 - ‘= Filtered MIM
€01 - MIM ~ 60% EE 16+ MM
% O-D I |:lllter - TD f? T 15 T T T T
1 1100
Wavelength (um) Radiator Temperature, Tgagiaor (CC)
Reflection spectrum for optical Efficiency in converting

filter and receiver radiation to electricity
B. Wernsman et al., IEEE Trans. Electron Dev. 51, 512 (2004)

53 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



Photon Recycling Can Greatly Reshape Lot
High Temperature Thermal Emission

nanoHUB

Front view

. o 4
Layers &2
- _;:'-'..5" .é:ib Front view (07) Side view (457}
\ "':«.\,\. .::-\.\,\. 4 - ) =1 I| '1_- — 4
N Emitter + stack: A Emitter + stack:
ooy, —. Maodel AT — . Model
— 1 B = i RN — Measured IR — Measured
ey o e @ [
- - E 3- | e - S S 3
e o : i il hcx I| | Nﬁ'-&.-“.
= v | ;
e E L j a
= = I | i [ Il |
i . —i!' | l . 5 : L3
b a1 1 .
E |'II!: il Ii .I"| A I | AR [\
= il TILEL ' TTRER
g h | HAma . Wall |
2 14 - - - — — — — — — — I I + — 4 - — — 1
: = | i F Emitter {bare) Tij"Tn l_;|},' I"_ 1 1_ Emitter i::-a“eﬁ"u_" !1I M I . }
Cross-section I L AN MR )
II| -1.'_|"I Eye response ol L e Eye response \ CRYINE
. L ' YO Aol v
llic, Bermel et al., Nature 0 - : , , , , 0

Nanotechnol. (2016) 400 500 600 700 800 400 500 600 700 800

Wavelength (nm) Wavelength {nm)

54 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



TPV Efficiencies May Approach 52%* at %
N

Reasonable Temperaturest =%~ =
Material Choices: GaSb Si GaAs 12 | nanoHUB
1200 : 0.7 ) . 1.1 ' 50 S]O-— Bloc’ik‘)\odyemission(T=13OOK) ]
{;‘,;:-Y ‘\‘g 8-— ! _|
2 /
A Y -
—~ 1000 140 5
O é ar ,’, Selective emission 7]
5 2-—,” o _
800 N P L
0 1 2

Energy (eV)

*Using highly selective emitters shown above,
with MOVPE-grown GaSb TPV cells
TWorld record n = 23% at 1050 °C

Temperature (°
o)
-
(-

N
-
o

B. Wernsman et al., IEEE Trans.
Electron Dev. 51, 512 (2004)

200

02 04 0608 1 12 1.4
TPV Bandgap (eV)

55 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



PHYSICS AND MATH

ﬁy

Layer 1
Layer2

Kirchoff's Law:

» (Emissivity = Absorptivity) »

J{p’):fdA [

2qc £(A

JEQE(A) | q{n2+le§dee E/miTy |
A% exp(he/ART) —1 o

{eqlw";"mkfd . 1},

(1)

AmRi el

Layeri = / E'-'I" = a'-ll‘
Layer M-1 % /
Layer M ;
| 4
As
%DT;Z .
dark V.
QcC > V
light Maximum
[ sa power
rectangle
SPIE Optics+Photonics,|San Diego, CA - Peter Berrnel

PV current

¥

Voo, open circuit voltage

lsc, short circuit current
FF, fill factor = max. power rectangle

VOC : |SC

Power conversion efficiency

P.

inc

Dark Current

_ useful radiated power  [/ga(d)d/
e = total radiated power ﬁafﬁ.{d]d‘l
- _m‘E;ﬂhx{i, Ts)dA
- JIE‘JEJ{Ehﬁ(i, Tg:ldj.

Radiation Efficiency

- _fﬂmda’-. £(A)/ {,-'Ij lexp (he /AKT ) — ]|}
Jo dA[{A° [exp (he/AKT) —1]}

Average Emissivity

PURDUE ﬁ@mﬁus ©



TPXSIM: A SYSTEM-LEVEL MODELING TOOL

> High Efficiency Thermophotovoltaic System el
File

Input
1] Ry

Selective Emitter ] Filter ] System Parameters ]

Upload an emittance file?: & 1—'_] no

The file format should hawve 2 columns: Wavelengths in nanometers and Emittance Walues

Top ] Cavity | Bottom | —_

Coating: |Die|eu:tri|: mAirror j

Add a chirping function?: & _!- Yes

Chirping Functinn:lExpDnential j

i 1900-4500
Enter Chirping Range:
hiz iz the range of wavelengths over which chirping function is to be applied.

0.5
Constant Yalue:
Enter a constant walue you need as the power of the exponent 5 the number of whickh wou want the logarithm £ the slope of the linear function

Tatal Mumber of Layers: IEE g | -
Choose the even function: I(LHj“n j

| ] |

Simulate = |

PURDUE

SPIE:; OpticsPhotonics, San Diego, CA - Peter Bermel

noHUB O



WHAT ARE THE BEST CASE EFFICIENCIES?

0.01945

Contour plot showing the combination of filter bandgap and PV
bandgap leading to maximum efficiency Or, just an emittance plot

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

= Unprecedented
Efficiency of 33.89%
is achievable for a
filter band gap of
0.37 eV and PV band
gap of 0.75 eV

Why is this meaningful?

Ongoing Research in Birck Nanotechnology
center will use these predictions to
experimentally fabricate and characterize
these structures




» TPV efficiency simulation

TPVexpt

e Based on TPVtest

* Considers complex rectangular geometries for heater,
emitter, and PV diode

- O X| TPV efficiency simulation

* Considers non-idealities (e.g., series/shunt resistance)
* Phased GUI with overhauled “System” tab

Emitter width {mm

)i
)
Emitter length (mrmi: |10
) |10
):

Emitter thickness (nm): |3

= Filter

simulate > | < System |

Wavelength (nm)

- Ox
File File
°Selecu’ve emitter eSystem eSimuIate
Heater/Emitter ] P Diode ] mignment] Result-lEmmance j @J
Heater temperature C:III]I]I]K m
iy
Emitter temperature: C:lll]l]l]K @ E
=
Room temperature: ﬁ:||3l]l]|< 208
@
Heater length (mm |2? = &
E=I
Heater width (mm |2? = —_—
Wpa

59

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

(n) nanoHUB

August 6, 2017
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View Factor/Geometry

* View factor: F 4_,p 1s the proportion of the radiation
which leaves surface A that strikes surface B

* View factor from cell to emitter for power calculations

Definitions: X =x/z; N=n/z; Y = ylz;
S=&z;04=38,— X;; Byy= Ny - Y]

2

1 2 2
Ay A PIPIP

I=1k=1j=11

> [(—1)“”***”6@,.-, B,]

1

Oy
(1+Bi)"”

where G(oy, Bi) = 51; {a.-,-(l + %) tan™ [ ] — By tan™ By

View factor calculation for rectangle to rectangle in a
parallel plane. All boundaries are parallel or perpendicular

to x and & boundaries [2].

Network for Photovoltaic § Technology

nanoHUB

August 6, 2017
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View Factor Implementation

Heater, emitter, and cell modeled as rectangles
Emitter physically attached to heater

Heater area broken up into four rectangles for
calculations

Sum of rectangle view
factors is equal to heater
view factor

N
co |
L)I
%DI
a |
o |
g i
A

|

ol

Accounts for thickness

of emitter and
Method of calculating heater view factor. The back

heater radiation rectangle represents the heater (dark blue). The

light blue rectangle represents the emitter.

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

grﬁ;’nanoHUB

August 6, 2017
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View Factor Effect on Output

Heater center <-coordinate (mm): II]_
Heater center y-coordinate (mm): II]_
Emitter center <-coordinate (mm): II]_
Emitter center y-coordinate (mm): II]_
FY diode #-coordinate (mmj:ll]_

FW dinde center y-coordinate (mmj:ll]_

Cellfemitter separation (mm): |1

Simulation 1

Heater center x-coordinate (mm
Heater center y-coordinate (mm

Emitter center x-coordinate (mm

Py diode =-coordinate {mm

Fv diode center y-coordinate (mm

T

1B
)8
B
Emitter center y-coordinate (mm):
)8
i
I

Cellfemitter separation {mm

Simulation 2

Result: | Efficiency

|
0.03 —
=
L)
< 0.06 —
=
=
LL
004 —
I I
#1 #2

Simulatian

Efficiency results. Simulation 1 results in
higher efficiency due to a greater view
factor (better alignment)

O TE " UPULSTTTIUTUTTILS, odlT UICyU, UCA =T T1CT DTTTTTCT

Network for Photovoltaic | Technology

nanoHUB

August 6, 2017
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Shunt/Series Resistance

* Fill factor (FF) determines series resistance_Curent
the efficiency ot PV cell Ry A
Ideal cell has series 'LC‘) W D rosictance Voltage

. R
resistance of 0 €2 and >
shunt of 00 Q2 .

Parasitic series and shunt

Non-idealities decrease FF [6] resistances in PV cell model [6].

VDCISCFF VDC — IH(VQC — {]?2) R_"_-I RSH
n=——— FF = s = — Yoy = —
Pi VDC +1 RCH RCH
2 2
s Voc + 0.7FF, 5
FF =FF,y(1 —11r¢) +— 31 — 1—-1.1r5) + —
0 {( 5) 5.4 }{ VDC Ty ( 5) 5.4

SFETE UPULSTETIUWINLS, SAIT UIEYU, CA = FTLIET BETITIET

Network for Photovoltaic § Technology

nanoHUB

August 6, 2017
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Shunt/Series Effect on Output

Series Resistance

Shunt Resistance

Ideal case (simulation 1)

aeries Resistance:

ahunt Resistance:

Series only (simulation 2)

o

A0

1_
l]_

Series Resistance: |0

shunt Resistance: | 200

Shunt only (simulation 3)

Series Resistance:;

shunt Resistance:;

Series and shunt (simulation 4)

1

200

Result: | Efficiency

0.12 —

Efficiency

0.11 —

# #2 #3 #
Simulation

Efficiency values with varying series and shunt
resistances. Default program values with
emitter-cell distance of 0.1 mm.

SPIE Optics+Photonics, San Diego, CA - Peter Bermel

Network for Photovoltaic | Technology

nanoHUB

August 6, 2017



Step 4: Improving Low-Bandgap ook

Network for Photovoltaic § Technology

Photovoltaic Cells 3 nanoHUB

Key tool(s):
= ADEPT
= MEEPPV

65 SPIE Optics+Photonics, San Diego, CA - Peter Bermel August 6, 2017



66

Drift-Diffusion Model

= Electrostatics (Poisson’s equation):
V.eVV =—(p—n+ NS—N,;)

= Charge conservation:.
on 1

== vVv-J, +U._
ot q
P__1v. 41U,
ot q

= Current from drift & diffusion terms:
J, = ()44 E(X)+D,

dn
J,=ap()u,E(x)—agD, ™

S. Selberherr: "Analysis and Simulation of
’ IE Opt Diego, CA - Pgte

Semicondudétor Hevices® Sdrinaer. 1984

Network for Photovoltaic § Technology

nanoHUB



Solar Cells: Ideal IV Characteristics == ety
nanoHUB
I,=1, ( oA lksT _ 1) L, =1 (quD/kBT ) 1) I,
I, 1
h= B — LscVoc 't
E, E,
........... V
Superposition
principle =10V =0
-1
- M Maximum
/ power
rectangle
B =1 Vp = 0

P =1_V <0
=1 V =-1.V, FF b 67

August 6, 2017 | P
%t sp1e Gifes Rotonics, A D
SPIE Optics+Photonics, San Diego, CA - Peter Bermel
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Maximum Short Circuit Current

Example: Silicon E; = 1.1eV. Only photons with a wavelength < 1.12 um
will be absorbed.

17
5 X 10
Nﬁ4_ / <E l
/ E;
A | solar
_ 2
JSC|maX =44 mA/Cm Spectrum

P, =100 mW/cm’ (AM1.5G)

—
L]
1

Photon Flux (Photonsicm
M

DD
—L

1 —W
2 3 4

Wavelength (um)

August 6, 2017 SPIE Optics+Photonics, San Diego, CA - Peter 68
Bermel

Network for Photovoltaic § Technology
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Open-circuit Voltage and Efficiency

k. T 1 P IV, FF
[TOT:IO(qu/kBT_ 1)- I Voo = B |n[%} h = Zow — Lsc”oc
0

q P P

mn mn

Example for silicon photovoltaics:

P 40" 063" 0.8

— s -12 h: out — 2
[,=1"100" A P 100 0.20
[ = 090" 44" 10 =40 mA

(40x10°%)
V.. =0.0261In =0.63
oc k 1x10 %
69
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Increasing the Efficiency

nanoHUB
h= E = LscVoctt
E, E,

1) Increase the short circuit current from 40 towards 44

2) Increase V. (decrease Fy) =2 '”(i )

(D nz\
h _quW VJ

SPIE Optics+Photonics, San Diego, CA - Peter 70
August 6, 2017 Bermel



Efficiency of Silicon Solar Cells (PERL Architecture)

rear contact o ce

Joo =415 mAIcm®  (94%)

— s 10-12

Martin Green Group UNSW - Zhao et al., 1998 (25% at 1 sun)

August 6, 2017 SPIE Optics+Photonics, San Diego, CA - Peter 71
Bermel
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JSC - VOC trad e'Off oooooooooooooooooo i P rechnolosy
nanoHUB

Carnot emission

L0

—_—
[ —

1) Smaller bandgaps give higher
short circuit current

0.9 Boltzmann

0.8 o
thermalisation

g
<

2) Larger bandgaps give higher
open-circuit voltage

o
=N

3) For the given solar spectrum,

fraction of incident solar radiation
<o
wh

0.4
an optimum bandgap exists.
0.3
0.2
13 . - N
01 Shockley-Queisser Limit
----- numerical power out
0'00.'5 1 1.5 2 2.5 3 35 SPIE Optics+Photonics, San Diego, CA7 Peter

Bermel
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Network for Photovoltaic 'echnology

A D E PT 2 nanoHUB

P
| T

Example: [Simple PN junction =
Network for Photovoltaic echnology

‘i%’npt

Dinput %

Input [nise  tenpk=300
mesh =100 wk=1/1/0.7,/0.5 xres=100

" . About this fool
be snf=1el7 spf=lel7 sph=1el7 sah=1el7 Ll @simulate @ Questions?

slager n+ emitter
layer egel.12 chis=d 05 ks=11.T nc=3.18e18 nw=1 Ble1g

N tm=0. 15 nd=1e19 up=T3165, Te-3 un=114B8, Te-2 2_File=sisen.a
+ aa=-1 ead=-1

Rssult:[Energy Band Diagram :] @

*lager p layer
layer  eg=l.12 chi=4.05 ke=11.7 nc=3.19¢19 nv=1.81el8

o tn=180 na=Ee15 up=44170.9-2 un=1266 a file=sisen a
+ can=-1 ead=-

I-v wstart=0 vstop=0.8 dv=0.02

solve  itma-100 delmal. e-6 B e s

info=&

output

Energy (eV)

‘Aboutthis fool
Questions?

Sl o @ simulate

Result: [Electric Field

See the ADEPT user manual for details about this input

T L) T T T

Paosition (um)
ﬂ Energy Band Diagram index = 0-Bias_=_Equilibrium_V

60000 — f
—

Electric Field (V/cm)

9 - FORNANOT

an MCN project

Home MyHUB Resources Members BExplore About 0 1 2

Pasition {urn)

=

j Electric Field index = 34-Bias_=_0.6600_V
L 1 ] Options...

Resources « Tools + ADEPT 2.0 » About

Available on nanoHUB.org via:
https://nanohub.org/tools/adeptnpt/

August 6, 2017 ) . .
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ADEPT Input deCk NNNNNNN oooooooooooo Y petbe

e '0 nanoHUB
@ input Create a new input D i

Example: | Mew

b

- Upload an input deck from your local computer |

=

|ﬂ|:||.-|t Ex Up'ﬂad
Dowinload Download this input deck to your local computer
AlGass/Gass N-P Heterojunction
CIGSs cell
simple c-3i solar cell in dark
aimple c-5i solar gl in light

List of pre-loaded example input decks. Try them for

some quick simulation samples!

= Upon opening ADEPT 2, a blank input page will
appear, awaiting your input file.

= |f upload/download does not work, one reason could
be “pop-up” blocking by your internet browser.

August 6, 2017 , . .
SPIE Optics+Photonics, San Diego, CA - Peter Bermel
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ADEPT: Running a simulation

amestiLbelte el T his is your entire input file. You can edit it here.

templk=300
rx=1000 wt=1/1/0.7/0.5

snf=-1 spf=1e3 sph=-1"=nh=-1

n+ emitter

eg=1. 03 chi=4.05 ks=11.7T nc=2 8el9 nw=2 652189

tm=0.3 nd=6el9 vp=52. 8 wn=80.1 a file=sisen. =

al=0 ap=0.099%-30 an=0. 28e-30 taup. shr=33. Te-5 taun. shr=33. Te-6

geaa=-1 ead=-1

*lawver N lawver

Finally, click here to begin Simulate >

Network for Photovoltaic

simulation

= Keep in mind that ADEPT 2 is FORTRAN 77 based. The
format of certain input may cause unexpected error.

* Please refer to “ADEPT 2 User Manual” for more
Information regarding how to write an ADEPT input deck.

August 6, 2017 , . .
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ADEPT: While simulation is

running

£ simulate

»» plot successfully processed!
Processing plot: carrier

»» plot successfully processed!
Processing plot: potent

»» plot successfully processed!
Processing plot: recombl

»» plot successfully processed!
Processing plot: recombi

»» plot successfully processed!
Processing plot: efieldl

»» plot successfully processed!
Processing plot: efieldZ

»» plot successfully processed!
Processing plot: deping

»» plot successfully processed!
Processing plot: ehband

This window dynamically displays output.
Sometime, an error occurs and a notification will
be shown here.

This is a simulation progress bar. It shows

P~

approximately how much simulation is done.

Flofting bias point 0 F 52 ..

= |[n ADEPT, an

Ao |

entire simulation consists or two parts:

ADEPT simulation and PLOTA output generation.

August 6, 2017

SPIE Optics+Photonics, San Diego, CA - Peter Bermel
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EEnot
ADEPT: Output g NPL

" FnanoHUB
Click “input” to go back to input page. Worry not! 0

Fesult:

Fe+1

de+1

Density (focmd)

e+

Your old simulation results will be saved until

Excess Carrier Concentration

you close ADEPT 2.0.

Excess Carrier Concentration

Carrier Concentration
Electrostatic Potential
Recombination
Electric Field

Cioping Concentration
Energy Band Diagram
Optical Generation
Carrier hMobility

)

Click here for a complete list of output plots

P

& results Foameters...

All

Simulation = #2

kInput = “itle simple c-5i solar cell in light misc tempk=300 mesh  nx=1000 wit=1/1/0.7/05 ..

SPIE Optics+Photonics, San Diego, CA - Peter Bermel
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ADEPT: Output e NPL

ﬁnanoHUB

@ simulate Download the plot as CSV or PDF image €

Result: |Electric Field = [l
= W Zooim #2 ! Click on the plot and drag to “Zoom”
£ 100000 - i
= 1
= i :
i I “Zoom” reset
o 50000 — !
5 :
a - 1
w \ .

I:I N — 1

I ! I ! -I ! I ! I !
-2 a 2 4 B
Fosition [urm)

Electric Field index = 0-Bias_=_Equilibrivm_Y

—

; |  Options...

'

Click “play” to look at this output quantity at different bias

August 6, 2017 , . .
SPIE Optics+Photonics, San Diego, CA - Peter Bermel



ADE

PT: Output

Axis Options x
O Legend

Network for Photovoltaic | Technology

%i‘:nanoHUB

o @
=]
&

79

ﬁﬂimula ¥ 2] Label: |Density (fcma) o] [/ Excess Electron Concert
E Minimutm: |—3.394‘I1EE+1 7 = Excess Hole Concentratic
Result: |Elec:tri|: Field A % <) M |4 935867e+17 &
‘ & Fn:urmat:l.-‘-‘-.utn =
| — : ) Scale: # Linear - Logarithmic
= Il
< 100000 . ; ;
< Click on axis to format it s
= -
[ ' -
L 1 1
& 50000 — : :
5 ; : :
= i . . : Curve formatting
0 — Flayer 3ettings x
L Loop: 4 Play once and stop ' EI
~ Flay continuously
Electrnc Field in
- |I Speed: Slower | L Faster
| | Options...

August 6, 201 . ey RPN P T
BIS3-CEGUENTCE SISGIEY Sluiidis 1/ ¢

Cptians...
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ADEPT: Output

= Qutputs include electrostatic (Poisson) solution:

- S About this tool
93|mmat9 Q Questions:
Result:lEIectrostatic Potential j L@
0|
=)
= #
= —
il
B 0
o
=
=
13
=
iz
ai)
w
Y
[ u T u I
1] 5 10
Pasition {um )

- Electrostatic Potential index = 0-Bias_=_Equilibrium_V

D ] Cptions...

Simulation = #2

}Layer Thickness (um) = 10
Al T
LT

< Parameter |

August 6, 2017 , . .
SPIE Optics+Photonics, San Diego, CA - Peter Bermel
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ADEPT: Output
= Energy band diagram

+1%  About this tool

aSimmatE Q Quesfions =
e

' ¢
gl

ResultlEnergy Band Diagram

o —
Z
% ................................................................................
= J
w
bt
] U T U T
0 5 10
Fosition {um ) It
> Energy Band Diagram index = 0-Eias_=_Equilibrium_4
m ] Options...

Clear One  Clear All

2 results

Simulation = #2
» Layer Thickness (um) = 10
Al T
1T

< Parameter

r £ ~

August 6, 2017 , . .
SPIE Optics+Photonics, San Diego, CA - Peter Bermel
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%ﬂpt

ADEPT: Output

= Carrier concentrations: (7 nanoHUB
[sowrao e | ospiorer |

a Simulate Aboutthis tool

uestions

Reszult: |Carrier Concentration j L@
o
| =l
1E15
&
g " —
=
Z 1E10
“
=
=4
]
L]
1E5
I T T T T
0 5 10
Fosition {um ) It
> Carrier index = 0-Bias_=_Equilibtium_Y
[ ] Options...

2 results Clear One  Clear All

Simulation = #2

k Layer Thickness (umj = 10
Al T |
LT

< Parameter |

- S 2 R

August 6, 2017 , . .
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ADEPT: Output Lot

= And finally, realistic I-V curves: fshnanoHUB
N O - 1 )

- About this tool
aSImUIatE GQuestions =
Result: IIN Characteristic j @
o
0.04 —
[
£
=2
=
S .02 -
=
]
Total current
-1.293e-09A7/cme @ 0.6163Y
D —
R
[ u T T T T T
a 02 04 05
Yaltage (V) It

August 6, 2017
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MEEPPV: User Interfaces ogg;gg,n

nanoHUB

0 Simulation Option

*» Upon opening MEEPPV,
a simulation option page
will appear, allowing

users to select between Input
using a graphical user parameters
Interface and uploading h
a- Contr0| flle- Simulation Cption: |Use Graphical Interface 1 t at .
Lo <~ describe
¢ Click on the button ' enlar call
below to proceed to the Upload
second page. control file
similar to the
MEEP

2 Interface



https://nanohub.org/tools/meeppv
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Graphical User Interface

ﬁ Input. Parameter I

Input Features ] Back Reflector ]

Dimensinn:IZD Solar Cell

Input Lattice Constant: @ I-_J no

+——1op/3

Input wavelength: @ ™ |no

simu

Glass cover

Click here to select
D solar cell for
ations You will be directefl to

AR coating

Mumber of Wavelength: |2I]1

4+

Silicon Thickness (nm): |2I]I]I]

AR Thickness (nm): |70

AR Index:|1.92
TeAtured: @ I-_J no
Inverse Opal Fhe: @ = |no

Burried Oxide: @ = |no
Back Reflector: @ w» yes

Mote: Glass thickness (nm) is assumed to be
Zero when running the simulation.

Active 51 material

Back Reflector

v

= Simulation Option

Simulate = |

~ |

thiS page 1t the
graphical user
Interface (first option)
IS selected.

*» Users can input

parameters that
describe the solar cell
features as well as the
simulation domain.

Network for Photovoltaic § Technology

nanoHUB



MEEPPV Input

File

i [HEI

ﬁ Input. Parameter

Input Features ] Textu.r:ed ] Inverse Opal Phc

] Back

Dimensian: IZD Salar Cell

Input Lattice Constant: @ -_] no

ki

Input wavelength: @ == |no

Mumber of Wavelength: IZI]1

silicon Thickness (nm): |2000

AR Thickness (nm): |70

&R Index:|1.92

Textured: @ yes
Inverse Opal Phc: @ jwm yes
Burtied Oxide: @ ™ |no

Back Reflector: @ — pm yes

Mote: Glass thickness (nm) is assumed to be
Zero when running the simulation.

v

Glass cover

WW
’ WAVAVAVANVAVY

Active Si material

« Simulation Option

‘ Back Reflector

Simulate = |

Solar cell
schematic
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Graphical User Interface

Feature tabs will appear when
the on/off button is turned on.
Click on each tab to input more
solar cell's features.

ﬁlnput Parameter

Click on the on/off
button to include the

fAantiwroe to0o tho Ay

Click here to go
back to the first

page.

Input Features ] Textu;ed ] Inverse‘gpal Phc ] Back

Dimension: IZD Solar Call

Input Lattice Constant: @ #= | no

hd

Input wavelength: @ = | no

Mumber of Wavelength: |2l]1

4]

Silicon Thickness (nmi): [2000

AR Thickness (). |70

&R Index: |1 92

> Toxtured: @ Jm yes
> Inverse Opal Fhc: @ ~m yes

3 Burried Cxide: @ =™ | no

changes with respect to
feature’s on/off button.

Mote: Glass thickness (nm) is assumed to be

> Back Reflector @ o yes

zero when running the sirmulation.

v

\

< Jimulation Option

Glasz cover

Active Si material

AT A A AN
ANV AV

SRR

| Back Reflector

Simulate = |

Network for Photovoltaic § Technology

nanoHUB
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Graphical User Interface

“* More input parameters under each feature tab

Network for Photovoltaic echnology

%ﬂpt

nanoHUB

ﬂlnput Parameter

ﬂlnput Parameter

ﬂlnput Parameter

Input Features 1 Textuied ] Inverse Opal Phe ] Back

Textured Thickness (nm): IZSI]
Width of random feature (nm): |5I]

< Simulation Option |

Glass cove

R caati
AAA

Active Si m)

ke

Back Refle

Input Features ] Texturad Invers%OpaI Phe ] Back

Radius (nm):|25l]

Epsilon within the Phc: |1

Mumber of Opal Layers:lﬁ

*=]

< Bimulation Option |

Glass cover

R coati
AAAAAY.

Active Si material

Back Reflector

Input Features  Back Reflector ]

Back Reflectar Material: IPEITECT Metal

Grating: @ _i-| yes

Grating thickness (hir): |BI]

Grating Period (nr): 600

Duty Cycle: |0.5

Perfect Metal

Glass cover

AR coating

Active Si material

Back Reflector

Perfect Metal

Aluminum
Silwer

< Simulation Option |

Simulate =

Finally, click here to begin

cimiilatinnm




Text-Based (Scheme) Interface o@:gi%»n

nanoHUB

£ Input Parameter

Create a A
Example: | Mew - ﬂ

mew «— __—1Upload a control file from j

T |your computer |

2D Solar Cell ' '
30 soiar cel e | Pre-loaded examples of
> control files. Try them for some

Input: | ¢}

o . guick simulation samples.
¢ This interface will appear

files) from the first page is selected.

% If upload/download does not work, one reason could be “pop-
up” blocking by your internet browser.
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Text-Based (Scheme) Interface

Network for Photovoltaic § Technology

rdefine-param
pdefine—param
rdefine-param
rdefine-param
rdefine-param
rdefine-param
rdefine-param
rdefine-param
pdefine—param

gratingthickness 0.0) -

nsilicon 3. 679)

naluminum 2. 80)

ksilicon 0.00406) \? This Is your entire

k=lumirom 2. 0751354064874 control file. You can

nsilwer 0. 1426280

ksilwer 5. 207116) edit it here.

yperiods 4)
zperiods 4)

|/

Choose "Upload™ to upload vour script from local disk

Mumber of processars:

Walltime:

1

2h

< simulation Option |

Click here to @‘in
simulation

almulate =

nanoHUB

+» Note that the input file is written in Scheme language.

s For more details and tutorial on writing control file with Scheme, please

refer to: http://ab-initio.mit.edu/wiki/index.php/Meep_Tutorial
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Text-Based (Scheme) Interface

This window
dynamically
displays output.
Sometimes, an
error occurs and
a notification will
be shown here.

£ simulate

block, center = (-2 25,0,0)

size (0.14.4,4)

azies {1_. D_. D:'.- |:|:|.: 1.: D:'_. I:|:|_, |:|_. l:'

dielectric constant epsilon diagonal

block, center = (-0.18.0,0)

size i4,4,4)

axes (1.0,0), (0,1,0), (0,0,1)

dielectric constant epsilon diagonal

block, center = (2. 07,

size (0.5,4,4)

axes (1.0,0), (0,
i1.82,

block, center = (1
size (0,0.5,4)
axes (1.0,0
block, center = (1.
size (0,0.5, 4}
axes (1.0,0
block, center = (1.
size (0.0.5,4)
axes (1,0,0)
block, center = (1.
size (0,0.5, 4}
axes (1,0,0), (0

1.
{

1.
{

.07

0%, (0,0,1)
5.0

03, (0,0,1)
0.5, 0
1,00, (0,0,1)
,-0.5, 01
L1.00, (0,0, 1%
,-1.5, 01
1,00, (0,0,1)

time for set epsilon = 0.0693E41 s

time for set conductivity
time for set conductivity
time for set conductivity

0. 00679207
0. 00771049
0. 00674415 =

oo

creating output file ". frun-eps-000000. 00 hE". ..

(3. 6864, 3. 6864, 3. 6864]

(13. 535,13 535,13 535)

&hort

Network for Photovoltaic | Technology

nanoHUB



Output

) simulate

s Cutput

i
¢l

on t£ig
field
run 0O
fluxl
fluxd
fluxl
fluxl

fluxl

Dutput

_| Error
-l trans

refl

trans guotient
refl gquotient
absorption
Animation

run-eps-000000.00

Input

meepresults tar.gqz

Download

(L

Click here for different
output figures.

fluzl:,
flu=l .,
fluxl:,

0. 4479166ET,
0. 454166667,
0. 460416667,

your old
simulation
results here.

You can review

4 00EEETOEETA0Te-6, -4 0035E0E0TEI11Te-6 I
4. 960005175 TE8 T2 -6, -4 Skt
6.130514115685652:-6, -6.1

7. 7 ssaansieatiooce-s. 7.4 Click “clear” to clear all or one of the

E7, 9. 29973196951981e-6, -9.3

simulation results.

E5

v w

Clear One  Clear All

92

MpuT roraneter | .

Click here to go back to

iNNi1it naae

Network for Photovoltaic l Technology

nanoHUB
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Generating Graphics

Result: | Animation

Network for Photovoltaic § Technology

1) nanoHUB

€) simulate
X @
=]
2%
23
17 Player Settings
e’ ) Loop: % Flay once and stop
~ Flay continuously
L '
R Speed: Slower | L Faster
I DF%{ns...

Click play to see the

animati f fields
propag%rough the

solar cell

Image sequence
display optipn

— |




MEEPPV: https://nanohub.org/tools/meeppv

- £)Simulate

poa )
©
o
=
-
=
=
o
o
S
Le
&l

o8l &

— 2
- > A"
o ‘J e Y
A= N 2

L3

O

animat

.I.

L "]

ons


https://nanohub.org/tools/meeppv

MEEPPV Output

Absorption Spectrum

randomness =0
textured

08l decayf = 10e6 |

Absorption
o
L&) )

0.4} -

D.E ] ] ] ] ] ]
400 500 600 700 800 9S00 1000 1100
Wavelength (nm)
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Downloading Data

Download current results to

your local computer
w1
1

_\ “Zoom”

< Input Parameter

T ' T
BO0 snn\

Wavelength (nm)

fis Options x
| Label: loss
Format: |.ﬂ\utn -
Scale: # linear - logarithmic
[ Axis Range:
7 {k‘ kanual fnif |0.133101329575
max |0. 7368533002453
wr Automatic S o

IcCk on axis to

Network for Photovoltaic § Technology

1) nanoHUB



MEEPPYV: Post-processing in MATLAB

Jsc Graph (Multiple trials)
Br : — = : : m 8
/\/_/_/_—_i:'
£ T
= 3}
@)
0 ! 16
i
£ 2}
o
2 o
L
4
0 0.2 0.4 0.6 0.8
Degree of Corelation, f
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Summary

* MEEPPV performs full-wave electromagnetics simulations of
photovoltaic devices

*» Two interfaces to control the input:

¢ Graphical user interface — allows graphical feedback on
device design

*» Text-Based (Scheme) interface — allows greatest degree
of control, designed for experts

“Output
% Can generate graphics, including line plots (with
adjustable axes) and field distributions (either at a single
time, or as a movie)

* Can download raw data as text or csv for further analysis
** Any problems handled through nanoHUB help interface

Network for Photovoltaic § Technology

nanoHUB
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Future Capabilities $onanoHUB

= Jupyter Notebooks
= MATLAB-based version of ADEPT
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