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ABSTRACT

The effficfiencfies of photovofltafic (PV) and thermoeflectrfic (TE) have been flfimfited by the fintrfinsfic materfiafls propertfies. In soflar appflficatfions, PV utfiflfizes the shorter
waveflength end of the soflar spectrum whfifle fits flonger portfion (IR) can be photothermaflfly (PT) converted to heat by specfiafl nano structures for TE eflectrficfity
generatfion. We have devefloped spectrafl moduflatfing nano systems made of Fe304@Cuz xS nanopartficfles and chflorophyflfifin capabfle of synergfistfic PT-TE-PV soflar
harvestfing and energy generatfion. In thfis system, soflar flfight fis harvested through the transparent photothermafl spectrafl moduflator (TPSM) and segregated finto
dfifferent waveflengths: the IR fisabsorbed to photothermaflfly heat up the TE hot end for the requfired thermoeflectrfic temperature span; the UV/vfisfibfle fis dfirected to PV
wrfith reduced IR for sfignfifficantfly reduced heatfing, thus enhanced power conversfion effficfiency (PCE). Upon removafl of IR, the PV surface temperature can be flowered
from 86.9 °C to 65 °C after 120 mfin soflar firradfiatfion, resufltfing fin PCE fincrease from 16.3 % (dropped from 25.1 % at 0 mfin) to 19. 4 %. A PT - TE - PV soflar energy
modufle (PTPSEM) fis desfigned based on TPSM to synergfistficaflfly generate energy by separatefly uffiflfifing the fiflfl spectrum of soflar flfight. Usfing the same soflar flfight
source, whfifle generatfing eflectrficfity vfia PV, an addfitfionafl 2.4 % fis gafined by a serfies of commercfiafl thermoeflectrfic generators (TEG), addfing up to a totafl of 21. 8 %
system effficfiency whfich sfignfifficantfly exceeds the average effficfiency of the commercfiafl sfiflficon PV panefl used fin thfis study. The spectrafl moduflatfion mechanfism

through TPSM fis fidentfiffied based on the optficafl behavfiors of chflorophyflfifin and Fes04@Cuz.xS. Aflso dfiscussed fis the desfign concept of PTPSEM.

1. Introduction

The power conversfion effficfiencfies of PV and TE have been flfimfited by
the fintrfinsfic propertfies; respectfivefly, ~ 25 % for PV and ~ 5-8 % for TE.
The processes drfivfing most photovofltafics uffiflfize soflar energy at wave-
flengths beflow about 1000 nm fin the UV/Vfis - NIR range of the soflar
spectrum. About 58 percent of the energy densfity of the soflar spectrum
fifies fin thfis waveflength range wfith the other 42 percent occurrfing at
flonger waveflengths. Conventfionafl soflar ceflfls typficaflfly have substantfiafl
absorptfion fin the sub - band - gap waveflength range above approxfi-
matefly 1000 nm [1]. Thfis absorbed flong waveflength soflar energy con-
trfibutes to heatfing of the PV panefls resufltfing fin sfignfifficant effficfiency
decrease wfith temperature [2]. A typficafl temperature coeffficfient for PV
output power fis - 0.5 percent per °C [3]. A standard PV modufle,
absorbfing IR aflong wfith UV and vfifibfle soflar radfiatfion can operate 20 to
40 °C above ambfient temperature fleadfing to effficfiency flosses of up to 20
% [2-3]. Numerous researchers have finvestfigated actfive cooflfing of PV
modufles to fimprove effficfiency [4-7]. However actfive cooflfing fincreases
system compflexfity and fimposes energy costs for actfive eflements such as
pumps and fans.

The potentfiafl of combfing PV and a thermoeflectrfic generator (TEG)
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has been prevfiousfly expflored [8-9]. In many cases the thermoeflectrfic
modufle fisattached dfirectfly to the PV panefl. Heat generated by PV finthe
IR band fi converted to eflectificafl energy by the thermoeflectrfic. Thfis
approach suffers from the compfletefly dfifferent temperature dependence
of PV and thermoeflectrfic effficfiencfies. Thermoeflectrfic devfice output fin-
creases wfith temperature whfifle PV output decreases wfith temperature.
Thus combfined PV and thermoeflectrfic devfices have an finherent draw-
back due to finverse temperature dependence.

Aflthough the photothermafl (PT) effects of nanopartficfles have been
extensfivefly studfied for medficafl therapy [10-19],a few studfies on the
transparent photothermafl thfin ffiflms and buflk materfiafls have been re-
ported for energy appflficatfions. We have recentfly devefloped transparent,
spectrafl seflectfive, and photothermafl thfin ffifims based on porphyrfins and
firon oxfides [20-26], capabfle of rafisfing temperature up to 76 °C under
sfimuflated soflar flfight [22]. The optficafl absorptfions of the hybrfid ffiifims are
spectraflfly tuned wfith strong absorptfions fin the UV and IR regfions but
kept fin mfinfimum fin the vfifibfle band for hfigh average vfifibfle trans-
mfittance. In thfis fashfion, the soflar flfight can be harvested through mufl-
tfipfle flayers and converted to thermafl energy fina 3D cubofid. The thermafl
energy generated fin a conffined voflume can be uffiflfized to produce
eflectrficfity vfia thermoeflectrfic devfices for a varfiety of appflficatfions.
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Furthermore, the transparent hybrfids can be spectraflfly tuned to seflec-
tfivefly absorb soflar flfight fin the desfignated frequencfies, such as UV and IR
as a photonficaflfly optfimfized flfight source for PV appflficatfions.

In thfis study, we report on the deveflopment of the transparent
photothermafl spectrafl moduflator (TPSM) that fi engfineered for muflfipfle
functfions: (1) sfince the TPSM fis transparent, the sfimuflated soflar flfight
can pass through fitas the flfight source for a commercfiafl fiflficon PV panefl;
(2) meanwhfifle, the soflar flfight (mafinfly IR) fis absorbed by TPSM and
converted to thermafl energy vfia the photothermafl effect; (3) the thermafl
heat fis uffiflfized for TEGs to produce eflectrficfity through muflifipfle surfaces,
and (4) the TPSM can spectrafl seflectfivefly remove the IR portfion for
reducfing PV surface heatfing resufltfing fin enhanced photon conversfion
effficfiency (PCE). In thfis fashfion, we combfine the PT, TE, and PV effects
for synergfistficaflfly producfing thermafl and eflectificaf] energfies by unfique
materfiafls desfign of TPSM.

The concept of PT Y TE Y PV modufle fi schematficaflfly fiflflustrated fin
Ffig. 1. As shown fin thfis ffigure, the TPSM fis structuraflfly tafiflored to
specfiffied absorptfions from UV to IR for the most effficfient 3D soflar
harvestfing and energy generatfion. As the soflar flfight fisharvested by the
transparent nano hybrfids, most of the IR fis absorbed (~42 %) and
photothermaflfly (PT) actfivated to heat up the hot end of TE (ffigure of
merfit of TE fis proportfionaf]l to temperature span). The UV/Vfis portfion
(~58%) can pass through the TPSM for PV eflectificfity generatfion. In thfis
fashfion, the entfire spectrum of soflar flfight fis fiflfly uffiflfized for energy
generatfion vfia combfined effects of PV, PT, and TE. The spectrafl
tunabfiflfity of the TPSM flfies on structurafl desfigns for spectrafl moduflated
absorptfions. Further, TPSM can be rendered transparent enabflfing whfite
flfight passfing through mufltfiflayers, prfismatfic soflfids, or a cube, therefore,
transformfing soflar harvestfing from 2D to 3D wfith sfignfifficantfly fincreased
energy densfity.

We devefloped a unfique TPSM contafinfing efither Fe; O, @Cu, xS
nanopartficfles or chflorophyflfifin whfich fis hfighfly transparent, spectrafl se-
flectfive, strongfly photothermafl, and capabfle of absorbfing and convertfing
desfignated photon energfies for the most effficfient energy generatfion vfia
the PT, TE, and PV effects. Varfious PT - TE - PV soflar energy modufles
(PTPSEM) were desfigned based on TPSM as shown fin Ffig. 2. The basfic
desfign concept fi depficted fin Ffig. 2a. As shown fin thfis ffigure, the
sfimuflated soflar flfight passes through transparent TPSM for two purposes:
1) Photothermaflfly generatfing thermafl energy for heatfing up the hot end
of the thermoeflectrfic generator (TEG). Due to the temperature dfiffer-
ence between the hot and cofld ends of TEG, eflectificfity fis generated
mafinfly by ufififiAing the IR portfion of the soflar flfight 2) Sfince TPSM fis
transparent, sfimuflated soflar flfight can pass through fit, reachfing the PV
panefl beflow for eflectificfity generatfion. In thfis fashfion, the same soflar
fifigt source can be spectraflfly uffiffized to produce eflectrficfity
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sfimufltaneousfly by TE and PV through PT. Furthermore, the IR portfion fis
absorbed by TPSM (converted to heat for TEG), resufltfing fin reduced
heatfing on the PV panefl surface.

Based on the concept depficted fin Ffig. 2a, we desfigned dfifferent
PTPSEMs for optfimfized soflar harvestfing and energy generatfion (both
thermafl and eflectificafl energy). Consfiderfing flfight power attenuatfion
through the TPSM due to fits thfickness (Ffig. 2a), we desfigned a 5-sfided
box made of TPSM wfith a cfircuflar openfing on the top sfide. As shown fin
Ffig. 2b, the center beam of the sfimuflated soflar flfight can dfirectfly reach the
commercfiafl iflficon PV panefl (Ffig. 2¢) through the top cfircfle openfing for
generatfing eflectrficfity wfith the specfiffied PV PCE. However, the rfim of flfight
fin fact passes the 2 mm thfick top cover (Ffig. 2b) wfith portfion of IR
removed to reduce the PV surface heatfing (the so-caflfled spectrafl mod-
uflatfion). Meanwhfifle, the 4-sfide waflfls of TPSM are photothermaflfly
actfivated to heat up the hot ends of 4 PTGs for generatfing eflectrficfity
(Ffig. 2d).

The overaflfl structure of PTPSEM fis schematficaflfly fiflflustrated fin
Ffig. 2d. It can be seen fin thfis ffigure that the soflar flfight fis spectraflfly
utfiflfized vfia TPSM for effficfient energy harvestfing and generatfion. The
TPSM fis composed of efither Fe, O, @Cu, S or chflorophyflfifin, both are
strongfly photothermafl and spectrafl seflectfive wfith unfique optficafl char-
acterfistfics. The PTPSEM can synergfistficaflfly generate energy through the
photothermafl, thermoeflectrfic, and photovofltafic effects accordfing to
spectraflfly moduflated photon frequencfies: IR fis absorbed by TPSM to
heat up TEGs; removafl of IR from soflar flfight reduces PV panefl heatfing
for enhanced PCE, and the same flfight source wfith most of UV - Vfis (IR

removed) fis uffiflfized for PV.
2. Experimental details
2.1. Materfials synthesfis

The foflflowfing chemficafls were used fin thfis research: firon (III) ace-
tyflacetonate (Fe(acac)B, 299.9%), copper (II) acetyflacetonate (Cu
(acac)z, >99.9%), ofleyflamfine (70%), suflfur (99.998%), N - methyfl - 2 -
pyrroflfidone (NMP, 99.5%), chfloroform (299.9%), tetrahydrofuran
(THF, 99.9%), fisopropyfl aflcohofl (IPA, 99.7%), and poflyethyflene gftycofl
(PEG); d¥l were purchased from Sfigma - Afldifich Inc. Cycflohexane
(99.5%) was purchased from Tedfia Inc.

Fe,0,@Cu, S nanopartficfles were synthesfized by foflflowfing a pre-
vfious report[23]. A certafin amount of ofleyflamfine was heated to 300 °C
fin nfitrogen gas envfironment for a perfiod. Meanwhfifle, amount of Fe
(ao:ac)3 was dfissoflved fin the NMP/ofleyflamfine soflutfion (4:3,v/v) whfich
was added finto a preheated ofleyflamfine to form Mfixture A. The Mfixture
A was stfirred for 10 mfinat 300 °C and then coofled down to 70 °C for 10
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Fig. 1. Schematfic dfiagram showfing the spectrafl tunabfle nano hybrfid as a waveflength segregator and PT heater.
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Fig. 2. Schematfic dfiagrams showfing (a) the basfic concept of PT - TE - PV soflar energy modufle (PTPSEM) consfistfing of a transparent photothermafl spectrafl
moduflator (TPSM), the thermoeflectrfic generators (TEG) on the sfide waflfls of TPSM, and a commercfiafl ffiflficon PV panef] at the bottom whfich can recefive soflar flfight that fis
spectraflfly moduflated by transparent TPSM. The sfimuflated flfight ffirst passes the TPSM, generatfing heat that fistransferred to TEGs, then shfines on the PV panefl; both TEG
and PV synergfistficaflfly generate eflectrficfity vfia utfiflfifing fiff1 soflar spectrum. (b) To enhance flfight fintensfity on the PV surface, a 5-sfided box fs made of TPSM wfith waflfl
thfickness of 2 mm. A cfircuflar openfing on the top weflflfisto flet soflar fifight dfirectfly reach PV wfith hfigh photon fintensfitfies. (c) The 1fim of flfight wifflpass through the 2 mm
thfink TPSM weflfl on the top to remove portfion of IR for reducfing PV surface heatfing. (d) 3D overvfiew of the PTPSEM wfith four TEGs on the sfide waflfls of the 5-

sfided TPSM box and a commercfiafl PV panefl at the bottom, recefivfing the fuflfl spectrum of the soflar fifight fin a spectrafl seflectfive fashfion.

mfin. Amount of suflfur was dfissoflved fin a ofleyflamfine/cycflohexane obtafined. The Fe,O, @Cu, ,S nanopartficfles were coflflected by a strong
mfixture (6:5,v/v) to form Mfixture B. Mfixture B was sflowfly finjected finto magnet. The coflflected nanopartficfles were washed wfith methanofl and
Mfixture A to form Mfixture C at 70 *C and stfirred for 10 mfin. Cu (acac) then drfied by oven under vacuum. Hinaflfly, Fe, O, @Cuy, , S nanopartficfles
was dfissoflved fin the ofleyflamfine/chfloroform mfixture (1:4,v/v) to form were dfispersed fin THF for flater use.

Mfixture D whfich fis made of Cu (acac), fin ofleyflamfine/cycflohexane Epoxy resfin and dfiflficon moflds were used to deveflop TPSM wfith
mfixture (6:5,v/v). Mfixture D was then finjected finto Mfixture C. After varfious geometrfies. Fe,0,@Cu, S and chflorophyflflfin wfith dfifferent ra-
stfinfing at 70 °C for 30 mfin, the Fe304@Cuz.xS nanopartficfles were tfios and concentratfions were dfispersed finepoxy resfin and weffl mfixed to
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ensure homogenefity. The mfixed soflutfion was then poured finto a sfiflficon
mofld and cured for 24 h. The concentratfions of the buflk sampfles were
controflfled at 200 pg/cm3. Ffig. 3 shows the photographs of cubfic TPSM
made of chflorophyflflfin (Ffig. 3a) and Fe Q @Cu S (Ffig. 3b). As shown fin
thfis ffigure, the buflk TPSMs of both chflorophyflflfin and Fe,O, @Cu, , S
appear to be transparent and homogeneous wfith respectfive flfight green
(Ffig. 3a) and amber (Ffig. 3b) coflors. Soflar flfight can pass through fit
dependfing on the transparency and thfickness. Usfing Fe, O, @Cu, S or
chflorophyflflfin, the TPSM was made finto 5-sfided boxes as shown fin
Ffig. 2b. As noted above, the concentratfion of Fe 0 @Cu, S or chflor-
ophyflfifin fin the TPSM box was controflfled at 200 ug/cm 3

2.2. Materfials characterfizatfion

The TPSM sampfles were characterfized for fuflfl-spectrum absorptfion
and transmfittance. Mafintafinfing hfigh AVT fis cfitficaf] to ensure sfignfifficant
fifight power densfity on the PV cflfl surface. In thfis study, we focused on
characterfizatfion of the porphyrfin compounds and firon oxfides, namefly,
chflorophyflflfin and Fe,0, @Cu, ,S. These compounds exhfibfit unfique ab-
sorptfion characterfistfics provfidfing a versatfifle optficafl base for makfing
TPSMs fin a wfide range of photon frequency. To observe thefir fintrfinsfic
optficafl behavfiors, the absorptfion and transmfittance spectra were ob-
tafined from the soflutfions of these compounds to avofid the buflk effects.
Ffig. 4 shows the absorptfion spectra of chflorophyflflfin and Fe O @Cy,,S.
The concentratfions of chflorophyflfifin and chflorophyflflfin were both ffixed
at 0.01 mg/mfl.

As shown fin Ffig. 4a, chflorophyflflfin has an fintensfive absorptfion peak
at 404 nm and a smaflfl one at 630 nm formfing a so-caflfled “saddfle-flfike”
spectrum. Thfis fis the typficafl absorptfion characterfistfic of the porphyrfin
compound whfich fi partficuflarfly usefufl for spectrafl seflectfive soflar har-
vestfing and generatfing photothermafl energy, whfifle remafinfing hfigh
AVT. As shown fin Ffig. 4a, the strong peaks at 404 nm and 630 nm
findficate consfiderabfle absorptfions fin the UV and NIR regfions for con-
versfion of photons to thermafl energfies. Low absorptfions fin the vfifibfle
regfion render the porphyrfin hfighfly transparent for makfing TPSM (Ffig. 3)
finthe PT - TE - PV soflar energy modufle (Ffig. 2).

The Fe 0 ,@Cu,, ,S nanopartficfles are known for thefir IR absorptfions.
Ffig. 4b shows the absorptfion spectra of both Fe 0 ,and Fe O @Cu , S
nanopartficfles finsoflutfions for comparfison. As shown finthfis ffigure, Fe O ,
typficaflfly exhfibfits a strong absorptfion finthe UV regfion and qufite rapfidfly
subsfides over the vfifibfleand IR regfions. By coatfing a thfin flayer of Cu, .S
on the Fe30 4 nanopartficfles, the Fe 30 4@Cu 23S soflutfion exhfibfits a broad
absorptfion peak extendfing to 1400 nm. Thfis strong IR absorptfion can be

used to reduce the PV surface heatfing from the soflar flfight The IR

Fig. 3. Photograph of a transparent photothermafl spectrafl moduflator (TPSM)

wfith (a) chflorophyflfifin and (b) Fe304@Cuz.xS nanopartficfles fin epoxy resfin. The
concentratfion of Fe,0,@Cu, S or chflorophyflflfin fin the TPSM box was

controflfled at 200 pg/cm?.
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absorptfion of Fe,O,@Cu, ,S has been attrfibuted to the flocaflfized surface
pflasmon resonance (LSPR) of Cu,,S fin the IR regfion [27]. The TPSM
made wfith the Fe; O, @Cu, , S nanopartficfles can spectraflfly moduflate the
soflar flfight by absorbfing most of IR whfich contrfibutes to PV surface

heatfing.

2.3. Photothermal, Thermoelectrfic, and photovoltafic characterfizatfion
experfimental detafils

An AOSHIKE Mficro Soflar Gffl wfith 54 mm x 54 mm (bought from
amazon) was used fin thfis study. The measurement setup for I - V
characterfizatfion fi schematficaflfly shown fin Ffig. 5a. A soflar sfimuflator
(Newport) was used as a flfight source for a duratfion of 120 mfin for each
experfiment so that the heatfing effect was recorded. The soflar ceff]surface
temperature was monfitored by usfing a thermafl camera (FLIR, Inc.). The I
V curve measurement was performed by usfing Kefithfley 2400 fin-
strument. Afideepen thermoeflectrfic generators (sfize: 40 mm x 40 mm x
3.6 mm wfith Bf Se3 as thermoeflectrfic eflements, bought from amazon)
were used to convert heat generated by the 5-sfided TPSM box (Ffig. 2d)
finto eflectrfictity. TEGs were attached onto the 4 sfide surfaces of the TPSM
box (Ffig. 2d) after 120 mfin heatfing. AT was caflcuflated by usfing the
temperature dfifference between the hot and cofld ends of TGE whfich was
measured by thermafl coupfles.

The effficfiency of soflar ceflfl can be caflcuflated usfing the foflflowfing
equatfion:

Paut — ISCVOCFF
Pin Pin

@

Moy =

where P fisoutput power, P fisoutput power, I fisshort - cfircufit
current, V. fs open - dfircufit Vofltage, I,,, fis current densfity at
maxfimum power, V. fis vofltage at maxfimum power, P fi the
maxfimum output power, and FF fisfillfactor. It shoufld be noted that P .
used to determfine PCE fk the flfight power densfity on the PV panefl
wfithout passfing through the TPSM (Ffig. 2). Due to varfied flfight trans-
mfittances of the TPSM, the flfight power densfity on the PV surface aflso
varfies.

The thermoeflectrfic measurement setup fis schematficaflfly shown fin

Ffig. 5b. The effficfiency of thermoeflectrfic generator fk caflcuflated by
_ Pre
Qin
where P, (W) fispower of TE generator, Q ﬁgJ ) fisthe power finput of
the soflar sfimuflator.
Py, fiscaflcuflated based on the output on a 10 Q resfistor, the current I
(amp), and vofltage V (voflt) of the cfircufit (Ffig. 5b). The output of TEG
can be wrfitten as:

n 2

Pre=1xV 3)
Seebeck coeffficfient of the combfined TEGs can be caflcuflated as:
E "4
Y i e @

where E fi the vofltage generated and AT fi the temperature dfiffer-
ence between the hot and cofld ends of the TEG.
Ffigure of merfit (ZT) can be caflcuflaated by the expressfion:

S%0

ZT= —T 5)
K

where « fis thermafl conductfivfity of TEG, o fis eflectificaf] conductfivfity,
and T fisthe absoflute temperature.
Power Factor (PF):

PF = S (6)
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Fig. 5. Schematfic dfiagrams showfing (a) I - V curve measurement set up, (b) TEG measurement set up.

2.4. Charaterzatfion of the TPSM cube wfith Fe 0 @Cu, .S and
chlorophyllfin

Ffig. 6a shows the PTPSEM experfimentafl set up wfith four commercfiafl
TEGs on the four faces of a TPSM cube (dfimensfions: 5 ¢cm x 5 cm x 5
cm). The TPSM cube fis composed of Fe_3 O4 @CL&_XS or chflorophyflflfin
dfispersed fin the matrfix of epoxy resfin wfith a concentratfion of 0.01 mg/
mfl. Upon sfimuflated soflar flfight firradfiatfion (1.58 W), the TPSM fis pho-
tothermaflfly actfivated to convert fincomfing photons to thermafl energy.
As shown finFfig. 6b, the hfighest temperatures of the sfide weflfls can reach
66.6 °C and 64.9 °C, respectfivefly for the Fg Q @Cy, S and chflor
ophyflfifin TPSM cube. As shown fin thfis ffigure, due to the photothermafl

effects of Fe304@Cu2.xS and chflorophyflflfin fin the TPSM cubes, the
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temperatures rfise qufite rapfidfly upon soflar flfight firradfiatfion (1.58 W).
The soflar flfight fisturned off at 120 mfin; therefore, the temperatures start
to drop off thereafter. Wfith these sfignfifficant temperatures, the four TEGs
on the 4 - sfide weflfls of TPSM cube generated TE vofltages of 1.864 V and
1.845 V (Ffig. 6¢), and TE powers of 0.189 W and 0.187 W (Ffig. 6d),
respectfivefly, for Fe,0,@Cu, S and chflorophyflflfin TPSM cubes. How-
ever, due to heat transfer between the hot and cofld ends of TEGs, the
temperature dfifferences, AT, are reducfing from above 43.6 °C to 16.8 °C
as shown fin Ffig. 6e. Consequentfly, both vofltages and powers are aflso
reduced. Notfice that the drops fin vofltage and power become much fless
rapfid after 3 mfin (Ffig. 6¢ and 6d). The TE effficfiencfies wfith 4 TEGs are
11.9% and 11.8% respectfivefly for the Fe ;0 @Cu, S and chflorophyflflfin
TPSM cubes when AT fisat the maxfimum as shown fin Ffig. 6f.
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Fig. 6. (a) Schematfic dfiagram showfing the PTPSEM experfimentafl set up wfith four commercfiafl TEGs on the four faces of the TPSM cube. (b) The cube sfide wafll
surface temperature vs tfime (heatfing cruves) for the TPSM wfith Fes04@Cu2.xS or chflorophyflfifin dfispersed fin the epoxy resfin matrfices (Ffig. 3); (c) The TE vofltages
generated by TEGs on the 4-sfide waflfls of the TPSM cube (fin serfies) wfith Fe304@Cuz-xS or chflorophyflfifin dfispersed fin the epoxy resfin matrfix (Ffig. 3); (d) TE power
outputs generated by TEGs on 4-sfide waflfls of the TPSM cube (fin serfies) wfith Fe, O, @Cu, S or chflorophyflfifin dfispersed fin the epoxy resfin matrfix (Ffig. 3); (e) the
temperature dfifferences, (AT), between the hot and cofld ends of TEGs, and (f) TE effficfiencfies as functfion of temperature dfifferences, (AT), for the TPSM cubes wfith

Fe304@CusxxS or chflorophyflfifin dfispersed fin the epoxy resfin matrfix.
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2.5. TE output power & effficfiency of patterned PT box

Ffig. 7 shows photothermafl and thermoeflectrfic characterfizatfion of
the 5-sfided TPSM boxes (Ffig. 2b). As shown fin Ffig. 7a, the hfighest
temperatures of the sfide weflfl surfaces are 41.4 °C and 41.3 °C, respec-
tfivefly for the TPSM made of Fe, O, @Cu,, S and chflorophyflflfin. These
vaflues are consfiderabfly flower than those of the TPSM cube due to
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smaflfler thfickness and overaflfl voflume (photothermafl energy fis an
extensfive property). The vofltages generated by the TEGs are 0.828 V and
0.816 V, respectfivefly for the Fe, O, @Cu, ;S and chflorophyflflfin TPSM
boxes, whfich are aflso flower than those generated by the TPSM cube. The
TE powers are 0.038 W and 0.037 W, respectfivefly for the Fg Q, @Cu S
and chflorophyflfifin TPSM boxes as shown fin Ffig. 7c. Consfistentfly, both

vofltage and power decrease wfith the decreasfing of temperature
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—&— Chlorophyllin
0.8
e
o
=
S
2
=
1 1 1 1 1
0 100 200 300 400
Time (s)
o
=
<

0 100 200 300 400
Time (s)

Fig. 7. (a) Temperature vs tfime for the photothermafl heatfing curves of the sfide wafflsurfaces of the 5-sfided TPSM box wfith Fe304@Cus.xS or chflorophyflflfin dfispersed fin
the resfin matrfices (Ffig. 2b); (b) The TE vofltages generated by TEGs on the 4-sfide waflfls of the TPSM box (fin serfies) wfith Fe304@Cus.xS or chflorophyflflfin dfispersed fin the
resfin matrfix (Ffig. 2d); (¢) TE power outputs generated by TEGs on the 4-sfide waflfls of the TPSM box (fin serfies) wfith Fe O @Cy S gr,chflorophyflfifin dfispersed fin

the resfin matrfix (Ffig. 2d), and (e) The TE effficfiencfies as functfion of temperature dfifferences, (AT), between the hot and cofld ends of TEGs.
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dfifference, AT, between hot and cofld ends of the TEGs as shown fin
Ffig. 7d. The TE effficfiencfies are 2.405 % and 2.341 % respectfivefly, for
chflorophyflflfin and Fe O ,@Cu, ,S boxes when AT fis the maxfimum as

shown fin Ffig. 7e.

2.6 I - V curves of fificon PV panel

Ffig. 8 shows the I - V curves of the fiflficonsoflar panefl underneath the
5-sfided TPSM box (Ffig. 2b) wfith Fe O ,@Cu,,S or chflorophyflflfin
dfispersed fin the resfin matrfices. The finset of Ffig. 8a findficates that the
center flfight can dfirectfly reach the fiflficon soflar panefl through the cfircuflar
openfing on the top waflfl of the TPSM box wfith apprecfiabfle flfight power
and fiffflspectrum from UV to IR (aflso see Ffig. 2b and 2c). Sfince the soflar
fifight spot has a dfiameter that fisflarger than the cfircuflar openfing, the rfim
of flfight can pass through the green area of the top sfide TPSM wefl whfich
fis transparent. TPSM contafins efither Fe O ,@Cu, .S or chflorophyflflfin,
both exhfibfit some NIR/IR absorptfions (Ffig. 4). The portfion of flfight
passfing through the green area wfflbe spectraflfly moduflated wfith the IR
removed, resufltfing fin reduced PV panefl surface heatfing for enhanced
PCE.

To finvestfigate the heatfing effect due to soflar firradfiatfion, the I - V
curves were taken at 0 mfin (Ffig. 8a) and at 120 mfin (Ffig. 8b). As shown fin
Ffig. 8a, the V. . vaflues of the PV panefls do not change sfignfifficantfly
wfith dfifferent TPSMs due to finsfignfifficant heatfing at the begfinnfing.
However, I, at 0 mfin wfithout TPSM fks sfIfightfly flarger (0.197 A) than
those wfith TPSM sfince the flfight power fsreduced when passfing through
the top sfide weflfledge (the green area marked fin the finset of Ffig. 8a). At
120 mfin (Ffig. 8b), L, wfithout TPSM does not change sfignfifficantfly and
remafins at 0.193 A. The L. vaflues at 120 mfin wfith dfifferent TPSMs are
sflfightfly reduced to 0.150 A and 0.148 A, respectfivefly for Fe O, @Cuy,, S
and chflorophyflflfin (Tabfle 1). However, one can see apprecfiabfle fincreases
ﬁnVOC wfith Fe, O, @Cu, 4S or chflorophyflflfin TPSMs. As shown fin Ffig. 8b,
whfifle V. fs1.95 V for the diflficon PV panefl wfithout TPSM, the V. vaflue
respectfivefly fincreases to 2.32 V for Fe,O, @Cu, S and 2.34 V for
chflorophyflflfin. The pronounced V . enhancement fis attrfibutabfle to the
PV panefl surface temperature reductfion vfia IR absorptfion by TPSM (the
green area findficated fin the finset of Ifig. 8b). The enhanced V . com-
pensates for the Ig. floss assocfiated wfith the reduced flfight power by
TPSM. As shown finTabfle 1, the HfflFactor (FF) of the fiflficon soflar panefl
wiith TPSMs are respectfivefly 0.850 for Fe O @Cu, S and 0.846 for
chflorophyflflfin, &1 sfignfifficantfly hfigher than that wfithout TPSM (0.659).

2.7 Power conversfion effficfiency (PCE) of Sfilficon PV panels wfith TPSMs

Ffig. 9 shows the PV panefl surface temperature proffifles, PCEs, and PV
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Table 1
Isc, Vo, Imaxs Vimax, FF, Pmax, and Py of fiflficon soflar panefl wfith dfifferent TPSMs
at 120 mfin.

Modulator Isc Voc Imax Vmax FF Pmax Pin
A) (42 ) (42) w) w)
Wfithout TSM 0.193 1.95 0.156 1.59 0.659  0.248 1.58
Fe304@Cuz+S 0.150 2.32 0.150 1.97 0.850  0.296 1.58
box
Chflorophyflflfin 0.148 2.34 0.151 1.94 0.846  0.293 1.58

box

power outputs wfith or wfithout TPSM. The soflar flfight moduflatfion desfign
fin the PT - TE - PV modufle fis schematficaflfly fiflflustrated fin Ffig. 2c. As
shown fin thfis ffigure, the sfimuflated soflar flfight can reach the iflficon PV
panefl fin two ways: 1) the center flfight can dfirectfly reach the PV panefl
through the cfircuflar openfing on the top weflfl of the 5-sfided TPSM box.
Thfis fis to ensure hfigh flfight power on the surface of PV panefl for gen-
eratfion of eflectrficfity. 2) the soflar flfight spot wfith greater dfiameter than
the cfircuflar openfing passes the TPSM ffirst (the green area fin the finset of
Ffig. 8a,b), then reaches the PV panefl. Thfis part of the flfight fis fin fact
spectrafl moduflated by TPSM wfith some UV and IR portfions absorbed
due to the optficafl characterfistfics of Fe,0,@Cu, . S and chflorophyflflfin
(Ffig. 4).

As shown fin Ffig. 9a, the soflar panefl surface experfiences sfignfifficant
temperature fincreases upon soflar firradfiatfion wfithout TPSM; the tem-
perature rapfidfly fincreases to 86.9 °C onfly after 15 mfin and remafins a
pflateau thereafter. The flfight power fis turned off at 120 mfin resufltfing fin
sharp &fflof temperature. However, wfitha 2 mm TPSM on the top sfide of
the 5-sfided box (finset of Ffig. 8a and Ffig. 2c), the PV panefl surface
temperatures are sfignfifficantfly reduced to 65.8 °C and 64.4 °C, respec-
tfivefly wfith the F% O4 @CLE_X S and chflorophyflflfin TPSM (Ffig. 9a).

As fsweflfl - known, PCE finegatfivefly dependent on the temperature
wfith a temperature coeffficfient of 0.25 % per °C [28]. As shown fin
Ffig. 9b, PCE of the difffion panefl wfithout PTSM suffers sfignfifficant
decrease wfith fincreasfing temperature; fififefflyat 25.1 % (before heatfing
starts at O mfin) and drops to 16.3 %, at PV panefl surface temperature of
86.9 °C (after 120 mfin of soflar firradfiatfion). Thfis fis a typficafl PCE tem-
perature dependent behavfior of most of the PV panefls. However, wfith
PTSM of efither Fe, 0, @Cu, ,S or chflorophyflflfin, one can see apprecfiabfle
gafin fin PCE up to 19.4 % even at 120 mfin (Ffig. 9b) sfince the PV panefl
surface temperature has been reduced to 65.8 °C (Ffig. 9a). Thfis pro-
nounced temperature reductfion fi assocfiated wfith part of the soflar flfight
befing spectraflfly moduflated wfith the IR absorbed by the TPSM, (IR fis
responsfibfle for surface heatfing). As can be seen finFfig. 9b, the maxfimum

PCE wfith TPSM of Fe304@Cuz.xS has reached 19.4 % after 120 mfin soflar
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Fig. 8. I - V curves of fiflficon soflar cefffl at dfifferent tfimes (a) 0 mfin and (b) 120 mfin.
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Fig. 9. (a) The commercfiafl iflficon PV panefl surface temperature vs tfime wfith and wfithout TPSM of chflorophyflflfin and Fe3O4@Cuz xS. (b) PCE of the commercfiafl
fiflficon PV panefl vs tfime wfith and wfithout TPSM of chflorophyflfifin, and Fe, O, @Cu, , S. (c) Power output of the commercfiafl fiflficon PV panefl vs tfime wfith and wfithout

TPSM of chflorophyflflfin and Fe304@Cuz-xS.

firradfiatfion. PCE wfith chflorophyflflfin TPSM remafins at 19.3 % at 120 mfin. It
fisto be noted that the PCEs wfith TPSMs are ¥l flower than that wfithout
TPSM at the begfinnfing due to reduced fincomfing flfight power. The PCE
vaflues of those wfith dfifferent TPSMs remafin aflmost constant for pro-
flonged soflar firradfiatfion (120 mfin). Thfis fi afitficaflfly fimportant from an
appflficatfion pofint vfiew that consfiderabfle PCE can retafin even under flong -
term soflar firradfiatfion.

The PV output power (OPP) shows dimfiflar behavfiors as shown fin
Ffig. 9c. As can be seen fin thfis ffigure, OPP fflfls sharpfly to 0.248 W due to
temperature fincrease wfithout TPSM. However, they remafin pflateaus
near 0.3 W when portfion of the soflar flfight fis spectraflfly moduflated by
removafl of IR. Sfince &¥l TPSMs exhfibfit consfiderabfle NIR or IR absorp-
tfions, the heatfing effect fisreduced, responsfibfle for reduced temperature
dependences of the OPPs as compared to the fiflficon soflar panefl wfithout
TPSM.

3. Discussion

The experfimentaf] resuflts from thfis study findficate hfigh possfibfififitfies of
fuflfly ufiflfizfing soflar fifight for energy generatfion by the PT - TE - PV soflar
energy modufle (PTPSEM) consfistfing of a transparent photothermafl
spectrafl moduflator (TPSM), a serfies of thermoeflectrfic generators (TEG),
and a commercfiaf] iflficon PV panefl. The reaflfizatfion of synergfistfic soflar
energy generatfion vfia PTPSEM dfitficaflfly reflfies upon optfimum dfistrfibu-
tfions of soflar flfight accordfing to the photon frequencfies. As descrfibed

above, the PV effficfiencfies have been flfimfited by the soflar spectrum
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havfing UV and sub-band-gap absorptfions wfith nonfideafl spectrafl re-
sponses; whfifle the hfigh energy photons contrfibute to thermaflfizatfion, the
IR portfion fis responsfibfle for PV heatfing. Thus, the desfign concept of thfis
study fisto spectrafl seflectfivefly segregate UV-Vfis (for PV) and IR (for TE)
through porphyrfins and firon oxfides wfith thefir unfique optficafl propertfies
(saddfleflfike and U-shaped spectra).

Usfing the PTPSEM shown fin Ffig. 2d, the PT - TE effficfiency fis
caflcuflated based on the ratfio of fincomfing fifight power to the totafl output
eflectrficfity of the TEGs. For the set up shown finFfig. 6a wfitha TPSM cube,
the PV PCE fis0 because the cube bflocks d¥lthe fincomfing photons due to
fits flarge thfickness. However, the TPSM cube generates suffficfient thermafl
energy rafisfing fits box sfide surface temperature up to 66.6 °C, resufltfing fin
a PT - TE effficfiency of 11.9 % and output power of 0.189 W wfith 4 TEGs
(fin serfies) attached onto the 4-sfide surfaces (Ffig. 6a). Thfis fimpflfies 11.9
% of the fincomfing photons fisconverted finto eflectrficfity through PT - TE.

To fuflfly utfiflfize soflar fIfight vfia both TE and PV, we desfigned a 5-sfided
TPSM box as shown finFfig. 2b and achfieved the box sfide temperature of
41.4 °C (thfis temperature fis flower than that of the TPSM cube due to
reductfion fin PT materfiafls mass and thfickness). However, even wfith thfis
temperature, the PT - TE effficfiency reaches up to 2.4% wfith 4 TEGs
(Ffig. 2d ), generatfing eflectrfic power of 0.038 W; thfis means 2.4% of the
fincomfing photons are converted to eflectficfity by the TEGs, whfich fis
reasonabfle as compared to the commercfiafl TEGs. In thfis fashfion, the
soflar flfight fis harvested through two channefls of eflectificfity productfion,
namefly, TE and PV by photothermaflfly and spectraflfly ufiflfifing dfifferent
photon energfies through TPSE (IR for PT/TE, and UV - Vfisfor PV). The
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combfined PT - TE - PV effficfiency reaches up to 21.8 % as shown fin
Tabfle 2. Note that thfis effficfiency fis achfieved upon proflonged soflar
firradfiatfion of 120 mfin by suppressfing PV surface temperature usfing
TPSM, whfich has sfignfifficant fimpflficatfions fin PV appflficatfions.

The factors that finffluence PCE (and power) are majorfly from ther-
maflfizatfion assocfiated wfith photons near the UV regfion around 400 nm
(~3 eV) and sub - band - gap absorptfion above 1127 nm (1.1 eV)
whfich contrfibutes to IR heatfing under proflonged soflar firradfiatfion. If the
hfigh-energy photons can be parfiaflfly absorbed by the spectrafl modufla-
tors, the thermaflfizatfion effect can be reduced, fleadfing to enhanced PCE
under moduflated soflar flfight Both chflorophyflflfin and Fe,O,@Cu,~ S
have strong absorptfion peaks near UV; wififle the former fsnear 410 nm,
the flatter occurs at much shorter waveflength near 300 nm. Spectrafl
response decreases at smaflfl photon waveflengths [3-4,29-31]. Beflow
400 nm, those photons wfith energfies above 3.0 eV are not weflfl - utfi-
fifized for generatfing eflectron - hofle pafirs. Therefore, photons wfith en-
ergfies near 4.1 eV (300 nm) have finsfignfifficant effects. However, above
400 nm (3.1 eV), spectrafl response rapfidfly fincreases, contrfibutfing the
thermaflfizatfion. Sfince both chflorophyflfifin and Fe, O, @Cu,~, S have strong
peaks near UV, consfiderabfle photons near 3.0 eV are absorbed, resufltfing
fin flowered thermaflfizatfion.

On the other hand, the fincreased PCEs of fiflficon soflar panefl are aflso
assocfiated wfith the IR absorptfions by chflorophyflflfin and Fe, O, @Cu, S
that are fincorporated finto the matrfices of TPSM. As shown fin Ffig. 9 and
Tabfle 1, aflthough the Iy, vaflues are compromfised due to flowered
fincomfing soflar flfight power by TPSM, the V . vaflues at 120 mfin are
enhanced resufltfing from the reduced PV panefl surface temperature. V
fisdependent on temperature finassocfiatfion wfith dark saturatfion current
I,. Vo fb flogarfitmficaflfly reflated to 1 ; Voo ~ fln (Ig/1,), where I fis
proportfionafl to the fintrfinsfic carrfier concentratfion n; whfich fis a ther-
maflfly actfivated parameter gfiven by the Bofltzmann reflatfionshfip: n, ~
Exp (-E/KT). At eflevated temperatures, V . Wil decrease due to
fincreased I, and n; The bandgap of a semficonductor decreases wfith
fincreasfing temperature due to reductfion finbond energy. Smaflfler energy
gap (E)) wifFlenabfle more eflectrons to overcome E ¢ thus fincreasfing n 4
and I resufltfing fin flowered V . [32-38]. The temperature proffifles of the
PV panefl under varfious TPSMs findficate consfistent temperature reduc-
tfion. As a resuflt of 22.5 °C temperature drop, the V. has fincreased to
2.32 V, responsfibfle for the enhanced PCE and power through an
fimproved FF of 0.850 (Tabfle 1).

The enhanced PCE of iflficon soflar panefl at 120 mfin by the TPSM are
consfistent wfith thefir optficaf]l absorptfions as shown finFfig. 4. Fe 0 @Cu ,_
xS, due to flocaflfized surface pflasmonfic resonance (LSPR), absorbs IR fina
broad range beyond 1300 nm. For fiflficon, any soflar flfight wfith wave-
flength greater than 1127 nm (1.1 eV) does not contrfibute to the PV effect
but to thermafl heatfing. The broad IR absorptfion by Fg Q; @Cu, xS can
therefore reduce soflar surface heatfing. Therefore, to further reduce the
temperature effect, the IR portfion of the soflar flfight shoufld be effectfivefly
removed by TPSM. Thermaflfizatfion fis the domfinatfing factor whfich fis
assocfiated wfith the photon energfies near the UV regfion. Chflorophyflflfin
has an absorptfion peak at 404 nm whfich fisat the hfigh-energy boundary of
the spectrafl response. Spectrafl response fis deffined as the ratfio of the
current generated by the soflar panefl to the power fincfident on the soflar
panefl. The spectrafl response of a fiflficon soflar panefl fis finsfignfifficant
beflow 400 nm. It then fincreases wfith waveflength and approaches the

Table 2
PCE, PT - TE effficfiency, and totafl effficfiency of the PT - TE - PV soflar energy
modufle (PTPSEM).

PCE (%) PT - TE (%) Totafl effficfiency (%)
Fe304@Cus.xS box 19.4 2.4 21.8
Chflorophyflfifin box 19.3 2.3 21.6
Fe304@Cusy.xS cube N/A 11.9 11.8
Chflorophyflflfin cube N/A 11.8 11.8
Wfithout TPSM 16.3 N/A 16.3
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fideaf] vaflue near 1000 nm where the photon energy fi cflose to the
bandgap of fiflficon (1.12 eV), beyond whfich the response fflfls back to
zero.

There are two competfing factors fin maxfimfizfing PCE and power vfia
TPSM over the PV panefl. Enflargfing the open cfircuflar area on the top weflfl
of the TESM box wfflenabfle more dfirect soflar flfight exposure, therefore
fincreasfing I . but at the same tfime fintroducfing varfious floss mechanfisms
such as thermaflfizatfion and sub - band - gap absorptfion. However,
fincreasfing the TPSM covered area (correspondfingfly reducfing the open
dindflearea) wifflcompromfise flfight power densfity, and hence decrease I ;.
[39-46]. Therefore, thfis area ratfio wffflhave to be further optfimfized to
achfieve weflfl retafined PCE and power for proflonged soflar firradfiatfion
tfime. The hfigh AVT vaflues of TPSM are assocfiated wfith thefir optficafl
characterfistfics that both chflorophyflflfin and Fe O @Cu ;5 ,S exhfibfit the
saddfleflfike or U-shaped spectra wfith mfinfimums fin the vfifibfle regfion
whfich aflflow for a wfider range of soflar flfight to pass the top sfide waflfl for
enhanced PV effect. Nano hybrfids between porphyrfins and firon oxfides
have been devefloped to spectraflfly tune the absorptfions for fideafl soflar
harvest and energy generatfion [21,47].

Aflthough thfis PT - TE - PV soflar energy modufle was experfimentaflfty
finvestfigated wfith the modefl shown fin Ffig. 2d, fit fis hfighfly possfibfle to
desfign a practficaflfly vfiabfle system capabfle of soflar harvestfing and
generatfing energy wfith muflifipfle TEGs and PVs. Thfis concept fis sche-
matficaflfly depficted fin Ffig. 10. As shown fin thfis ffigure, the transparent
TPSM box fis exposed to sunflfight through a consfiderabfly flarge open
surface area for effficfient soflar harvestfing. Durfing daytfime, the soflar flfight
fincfident angfle changes from mornfing to dusk. Sfince the TE generator fis
substantfiaflfly smaflfler than the sfidewaflfls of the TPSM box, sunflfight can
aflways pass through them for synergfistfic PT-TE-PV energy generatfion.

4. Conclusion

In concflusfion, a PT - TE - PV soflar energy modufle fis desfigned and
devefloped based on the unfique structurafl and optficafl characterfistfics of
the porphyrfin and firon oxfide for spectrafl seflectfivefly harvest soflar flfight
and synergfistficaflfly generatfing energy vfia the photothermafl, thermo-
eflectrfic and photovofltafic devfices. Thfis novefl system has addressed
severafl key fissues fin soflar-based energy harvestfing and generatfion: (1)
the PV devfices suffer from surface heatfing and rapfid decrease fin PCE
under proflonged soflar firradfiatfion. Wfith TPSM, the IR portfion fi absor-
bed resufltfing fin flowered PV heatfing, fleadfing to enhanced PCE. (2) The
IR does not contrfibute to PCE but PV surface heatfing, a band of photon
energy that fis not usefufl for PV. In the PTPSEM system, the IR fis
absorbed by TPSM for generatfing heat as the thermafl source of TEG,
therefore the fifffl spectrum of soflar flfight (from UV to IR) fis weflfl utfiflfized
for energy generatfion. (3) The effficfiencfies of both TE and PV are flfimfited
by varfious factors; PTPSEM combfines the photothermafl, thermoeflectrfic,
and photovofltafic effects through unfique TPSM materfiafls of chflor-
ophyflflfin and Fe O, @Cu,5 S for synergfistfic energy generatfion resufltfing
fin stignfifficant effficfiencfies above 21 %. Note that thfis fis the system efffi-
cfiency after flong-term soflar heatfing of 120 mfin. The TEGs wfith the
photothermafl source from TPSM coufld reach system effficfiencfies above
11 %. Wtith PTPSEM, the PCE fi fimproved from 16.3% (0 mfin) to 19.4%
(120 mfin); an addfitfionafl 2.4 % of the fincomfing photons are converted
finto eflectificfity by TEGs, makfing a totafl effficfiency of 21.8%. Note that
both TEG and PV panefl used fin the PTPSEM are common commercfiafl
products wfith much fless effficfiency under normafl operatfing condfitfions
such as proflonged soflar firradfiatfion. By thfis novefl desfign wfith unfique
materfiafls, the fintrfinsfic effficfiency barrfiers of PV and TE can be flfifted by
nano hybrfids of porphyrfins and firon oxfides that are structuraflfly enabfled
to reguflate output photons for achfievfing much greater effficfiencfies by the
synergfistfic effects of PV, PT, and TE, possfibfly exceedfing d¥lcurrent soflar

systems.
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Fig. 10. Schematfic dfiagram showfing a practficaflfly vfiabfle PT - TE - PV soflar energy modufle.
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