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FLEXIBLE ORGANIC PHOTOVOLTAICS

State of the art

Organic photovoltaic cells (OPVs) become a
promising alternative to the classical Si-based de-
vices or at least tend to occupy their own niche in
the field of photovoltaics. The principal advantages
of the OPVs relate to wet processes of the constitu-
ent layers that can be grown from solutions. This
makes them attractive as low cost devices compati-
ble with flexible substrates (due to relatively low
temperatures of the underlying processes).

This review outlines the possible solutions to
overcome the remaining drawbacks of the OPVs: i)
relatively low performance (some laboratory sam-
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ples reach ~10 % efficiency [1-4]) and ii) short age
of life [5; 6]. They both concern the nature of the
layers used, in particular: the active layer is thin
enough to ensure better light propagation (whereas
the light absorption suffers) and some interfaces are
degradable.

Modification of the technology including bulk
heterojunction (BHJ) as active layer [3, 6-8] and
inverted architecture (Fig. 1) [5, 9—12] improved the
total performance of the OPVs: BHJ increases the
light conversion, and the inverted structure avoids
using degradable interfaces and low work function
cathode contacting the air.

ACTIVE LAYER

ETL

TRANSPARENT SUBSTRATE

b

Fig. 1. Schematic representation of typical actual architectures of the OPV cells:
a — conventional; b —inverted. The structures are irradiated through the transparent substrate which is usually glass or
polyethylene terephthalate (PET) foil both covered with transparent conducting film of ITO (indium tin oxide)
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Active layer (BHJ)

The active layer plays the role of the current source due to its specific ability to maintain three principal
processes Fig. 2: @ — light absorption (with formation of exciton); » — migration of the exciton to the tran-
sition layer with the built-in electric field £ separating the charges; ¢ — collection of the charges by the op-
posite electrodes. The process competing to the charge separation is the exciton annihilation due to charge
recombination prior the charges reach the transition layer with built-in electric field.
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Fig. 2. Stages of the photovoltaic process:

a — the exciton generation by light; » — the exciton migration to the transitional layer with built-in electric field
separating the charges-constituents of the exciton; ¢ — collection of the separated charges at the opposite electrodes

This is the idea of the bulk heterojunction that
proposes the structure with the transition area pene-
trating through the whole space between two elec-
trodes (Fig. 3, b and c¢), which enlarges the hetero-
junction area as to that for the flat junction
(Fig. 3, a). There are two possibilities: 1) two bicon-
tinuous regions contacting only to its “own” elec-
trode each; ii) random distribution of the constitu-
ents over the bulk. The former morphology is appli-
cable in the case of hybrid organic-inorganic struc-
tures with nano species of low dimensional struc-
tures [9]. The other case (Fig. 3, ¢) needs further
requirements to the contacts: each of them should be
selective either hole-transporting (and electron-
blocking) or vice versa.

The most studied BHJ (commercially applicable)
is the one of regioregular poly (3-hexylthiophene)

(P3HT) with soluble fullerene of 1-(3-methoxycar-
bonyl)-propyl-1-phenyl-(6,6) C61 C61 (PCBM) [6; 7].

Hole and electron transporting layers (HTL
and ETL)

The hole and electron transporting layers (HTL
and ETL, respectively) are important charge separat-
ing components of the BHJ-based OPVs since they
conduct selectively only one type of charged carriers
to correspondent electrode.

Their electronic structures determine the open
circuit voltage [12], hereby making an influence on
the overall performance.

The principal question addressing in this review
concerns the specific fabrication of the ETL (low
work function electrode — cathode) for an inverted
OPV cell.

)

a

Fig. 3. Illustration to the evolution of heterojunction morphology for photovoltaics:
a — flat heterojunction; » — bulk HJ with separate contacts for each component;
¢ — bulk heterojunction with randomly distributed components
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ZnO:Al is used as effective ETL, the doping con-
centration corresponding to Fermi level position not
exceeding the value where intraband transitions are
possible within the conduction band (Fig. 4, a).
There is some contradicting data in the literature as
to the energy of the intraband transitions (as follows
from comparison of ¢ and b diagrams in Fig. 4).

One of the possible ways to improve the per-
formance is to increase the light absorption addition-

Conduction band

Valence band

ally to the active layer contribution. The latter is
restricted mainly within 400-700 nm range for
P3HT/PCBM BHJ.

One of the promising approaches for enhancing
the light absorption is to use light harvesting materi-
als like nano species placed both within the layers
and at interfaces to “trap” the incident photons via
plasmonic effects and additional scattering to in-
crease the optical path [13-18].

Fig. 4. Diagrams of ZnO electronic states:

a — schematic illustration of the intraband transitions associated with degenerate doping [23];
b — simulated by HSE hybrid functional method [24]

Nanoparticles as light harvesting components

The nanoparticles (NPs) of Ag and Au are used
thoroughly at various combinations for conventional
OPV structures.

These nanospecies have plasmon resonance spec-
trum overlapping with spectral sensitivity range of
the active layer [19; 20]. The Al NPs with blue
shifted plasmonic resonance (as compared to Ag and
Au NPs) are promising as light harvesting compo-
nent [21], and this role of Al NPs is evidenced in Si-
based devices [22].

The main scientific and technological questions
are whether light absorption beyond the sensitivity
range of the active layer can be increased via:

1) Placing Al NPs at the interface of active
layer/ETL in the inverted organic cell.

2) Increasing Al doping concentration in ZnO to
shift the Fermi level to lower work function of the
ETL.

The answer to this question is important for im-
proving the inverted OPV cell performance owing to
tandem structure [13] with broaden spectral range
without screening the main sensitivity of the active
layer. In conjunction with inverted geometry, the
yield is twofold: better performance and longer life.

© Kislyuk V. V., Kuznetsova O. Ya., 2018

Technological aspects

The global objective relates to OPV cells both of
enhanced performance and long life. One of the
possible solutions is to fabricate the photocathode
for the inverted OPV cell (see Fig. 1, b) with the
following features: 1) transparent in long wavelength
range of visible; ii) with strong light absorption in
short wave length edge of the visible and near UV;
iii) acting as electron conducting and hole blocking
layer; iv) having low work function.

The material chosen to meet these requirements
is AZO — Aluminum doped ZnO (Fig. 4 presents
the electron structure) with additional coverage of Al
NPs.

The technological task can be divided into two
steps: AZO layer preparation and synthesis of Al
nanoparticles. The nanoparticles can be redistributed
over the AZO layer or used in active layer. How-
ever, the latter is found to produce additional recom-
bination centers as it was observed for Au NPs
within the active layer.

AZO film preparation

The fabrication method is sol-gel described else-
where [25-29] as low cost and reproducible tech-
nique in many instances. The basic technology of
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ZnO:Al film preparation uses the following precur-
sors: Zn(CH;COOH),:2H,0 — zinc acetate di-
hydrate (ZnAc) and Al salt (AI(NO;); is more pre-
ferred (provided the low cost technology is pre-
sumed) and H,NCH,CH,OH — monoethanolamine
(MEA) as a stabilizer.

Some typical rout can be the following:

1. ZnAc is dissolved in ethanol (as a solvent with
the highest solubility of ZnAc) in concentration of
0,4 mol/L and stirred till clear and homogeneous
solution for approx. 30 min.

2. MEA is added drop by drop under intensive
stirring at room temperature to MEA:Zn*" molar
ratio of 1:1.

3. The solution of ZnAc and MEA is stirred to-
gether at room temperature for ~2h.

4. Aluminum  Nitrate, =~ Nonahydrate = —
AI(NO;);'9H,0 is added to the above solution in
1-5 wt% content for Al in ZnO, depending on the
desired conductivity of the final film.

5. The solutions are refluxed for 1h at 80 °C un-
der continuous magnetic stirring.

6. The final solution is spin-coated to a clean
ITO-glass substrate at 3000 rpm for 30 s. Then the
film is dried at 180 °C in inert atmosphere for
15 min.

7. The samples are annealed at 500 °C for 1 hour
in an inert medium.

Al nanoparticles coverage over the AZO film

There are several approbated technological routes
for the synthesis of Al NPs (as analyzed in the re-
view article [30], for instance). Since the principal
purpose is oriented toward low cost technology, the
preferable methods are those based on the synthesis
from the solutions [31-34]. Maziani method [31] is
often used to produce Al NPs in testing OPV struc-
tures to check the influence of the Al NPs on the
performance [21]. A prospective variant can be also
the synthesis of Al/Au nanosystems [34; 35] due to
twofold reason: i) Au NPs are successfully incorpo-
rated in OPV cells; ii) the Al/Au nanosystems are
found to posses paramagnetic properties, which is
promising for producing active layer with longer
lifetime of the excitons due to generating triplet
states under local field of the magnetic nanospecies.

Conclusion

Inverted organic photovoltaic structures are con-
sidered to be the most appropriate for flexible
sources of electricity due to the following reasons: 1)
degradable interfaces can be avoided; ii) low work
function electrode does not contact air, which allows
one to minimize the related aging effects. The tech-
nological rout based on: Zn(CH;COOH),2H,0 —
zinc acetate dihydrate (ZnAc) and Al salt (AI(NOs);
as precursors is proposed for a possible low cost

production of the transparent Al-doped transparent
ZnO electrodes. Metal-containing nanoparticles are
studied in view of their contribution to the overall
performance of the final OPV cells. Along with Au-
and Ag-based nanoparticles widely used by many
researchers as an additional plasmonic harvesting
element, the nanospecies containing aluminum are
discussed as promising components for the perform-
ance improvement.

The inverted organic flexible photovoltaic cells
can be used on transport, in particular at the cabin of
airplanes as additional power supplies, while a pas-
senger covers the window, the cover being equipped
with the flexible solar battery. Low weight of the
flexible substrate and low cost of their production
are advantage as to the Si-based PV modules.
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Kucaok B. B., Kysnenosa O. 5.
OPI'AHIYHI ®OTOBOJIbBTAIYHI EJIEMEHTU HA THYUKUX NIJIKJIA/IMHKAX

Y ecmammi poseasnymo cyuacui npobremu y eanysi cmeopenns gomogonemaiunux (PB) Oocepen enexmpuxu na
SHyuKux nioknaounxax. Ha niocmagi 6aeamvox excnepumeHmanoHux ceiouenb 3p00aeHO 8UCHOBOK NPO NEePCHeKmUs-
HICMb BUKOPUCAHHA iH8epmMOogaHux opeaniunux @B cmpykmyp 3 nposopum enekmpooom ZnO n1e208aHuM ATOMIHIEM
012 (homogoNLMAIYHUX NEPem8opIO8aUie 3 HU3bKOI cobieapmicmio uzomosients. Y ineepmoganux cmpykmypax @B
e/leMeHm OCBIMIIOEMbCA Yepe3 NPO30PUll Kamoo, AKULL € Mamepiaiom 3 HU3bKo pobomoro euxody. Ha 8iominy 6i0
MpaouyitiHoi cmpykmypu, 8 AKill oceimienHs 8i00y8acmvca uepes anoo, 8 IH8epmMoBaHill ceomempii mamepian 3 Manoo
Pobomoto 8uxo0y He MA€E NPAMO20 KOHMAKMY 3 HABKOIUWHIM cepedosulyeM, sike BUKIUKAE 11020 nepeoyacHe CMapiHHs.
Jlonysanna ZnO antominiem 0ae mMoxcaugicmos 0ociaeHymu 080x yinei: 1) niosuwenns enexkmponpogionocmi; 2) 3men-
wenHs pobomu 6uxody, wo, 6 8010 uepey, nokpauye epexmusuicmo DB enremenmy 3a60aKu 30LMbUIEHHIO HANPY2U
xonocmozo x00y. Oonax, npu O0OCMAamHbO BUCOKOMY PIGHI OONYSAHHSL MONCYMb GUHUKAMU HYMPIUHbO 30HHI ONMUYHT
nepexoou, wo € HeOaNCAHUM.

Jlooamkose niosuwennsa epexmusnocmi makux OB enemenmis modicause 3a60aKu uxopucmanuio Al-emicnux na-
HOYACMUHOK MIJIC NPO3OPUM eIeKMPOOOM Ma AKMUGHUM wapom. [Inasmonna cmyaa nOGIUHAHHA CEIMAA MAKUMU Ya-
TMUHKAMU JIeAHCUMb HA KOPOTKOX8UILOBOMY KPAr0 004ACmi CneKmpy (omouymaueocmi akmueHo2o wapy, momy euKo-
pucmanna Al nanouacmunok He 6yOe nepekpusamu OCHO8HO20 OianA3oHy cnekmpaibHoi egpexmusrocmi yux @B ne-
pemeoprosayis.

Bubpana mexnonoziuna nociioosHicms 6U20MOGIEHHs SHYUKUX (DOMOBOTMAIYHUX Odicepell eNeKmPUKU HAd OCHOGI
30/1b-2€/1b Memooy 0A€ MONCIUBICING CIBOPIOSAMU WAPU NPO30PO20 eNeKMPONPOGIOHO20 eNleKmpooy 3 Manoi pobo-
moio 6uxody. BukopucmanHs 0euieeoi mexnonozii cunme3sy 0Ji CMBOpeHHs neckux ma eHyukux @B Oowcepen enekmpuxu
€ NepcnekmuHUM OJisl WUPOKO2O iX BUKOPUCMAHHS HA MPAHCNOPMI (HANPUKIAO, 8 CAOHAX MIMAKIE) K 000aAmMKO8UX
ooicepeit HCUBTIEHHS.

KnrouoBi cnoBa: hoToBOMbTaIYHI enemMeHTr; Npo3opuii NpoBiaHui okeng; ZnO:Al; HAHOYACTUHKN.

Kislyuk V. V., Kuznetsova O. Ya.
FLEXIBLE ORGANIC PHOTOVOLTAICS

The current issues in the field of flexible organic photovoltaic cells (OPVs) are reviewed. The inverted OPVs with
conducting electrode of Al-doped ZnO electrode are argued on the basis of a numerous experimental evidences to be
promising for low cost photovoltaic converters. Additional performance improvement of the OPVs is due to Al-
containing nanospecies incorporated between the transparent electrode and the active layer. A technological rout is
proposed for production of the low cost flexible power supplies promising for transport applications (e.g. airplanes)
due to their light weight.

Keywords: photovoltaic cells; transparent conducting xide (TCO); ZnO:Al; nanoparticles.

Kucawk B. B., Ky3neunosa E. 51.
OPTAHNYECKHUE ®OTOBOJbBTANUYECKHUE 3JIEMEHTBI HA THBKUX INOJJIOKKAX

B o0630pe paccmompenvr akmyanvhvie npobnemuvl 6 obnacmu cozdanus gomosorvmaudeckux (DPB) ucmounuxos
INeKMPUYecmed Ha 2UOKUX NOOTONCKAX.

Ha ocnosanuu ananuza mmoocecmea IKCNEpUMEeHMAIbHLIX CEUOEMENbCMBOBAHUL COeNaH 8bl600 O NePCHeKmue-
HOCIU UCHOTb308AHUA UHEEPMUPOBAHHBIX opeanudeckux DB cmpykmyp ¢ npo3paunvim snekmpodom uz  ZnO nesupo-
BAHHBIM aNIOMUHUEM O YOMOBOTLMAUYECKUX npeobpazosameneli ¢ HU3KOU cebecmoumocmoio npouzgoocmsa. [o-
nonHumenvHoe nogviuienue spgexmusnocmu maxkux DB anemenmos 603modxcHo Onacodaps uchoavzoganuio Al-
CO0ePACAUUX HAHOUACUY MeHCOY NPO3PAYHBIM DNIEKMPOOOM U AKMUBHBIM cloeM. IIpednoscena mexnonozuieckas
noc1e008amenbHOCMb U320MOGIEHUs. SUDKUX POMOBOILMAUYECKUX UCHOYHUKOE INIeKMPUYecmea (Manoli cebecmoumo-
Ccmu U320MOBNEHUSA), KOMOPbLE AGNAIOMCA NEPCNEKMUBHBIMU 0TI UCHONb308AHUA HA MPAHCHOpMeE (HANpUMEp, 8 CaloHe
camonéma) u3-3a ux Manoui Maccwl.

KnroueBble cnoBa: boToBONbTaNYECKNE 3NIieMEeHTbI; MPO3payHbii NpoBoaawmin okena; ZnO:Al; HaHoYacTULbI.
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