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Abstract

The optimum choice of the ligand that stabilizes tolloidal quantum dots and passivate the
surface is crucial for tuning the energy level aachain elusive. The atomic ligand passivation
with iodide remains superior over other surfacattreents. Herein, we applied the iodide ligand
to passivate the CdSe nanocrystals with an excitabsorption at 2.1 eV by a liquid-liquid

extraction process. We took the view of the changhe optical and structural properties upon
ligand exchange. Finally, we tested the perforraarfdhe iodide treated dots by employing it in

an inverted structure polymer solar cell based &HTP PCBM.

Keywords: Photovoltaic, CdSe Nanocrystal, surface passivatoatide ligand
I ntroduction
The needs for alternative clean energy sourceseigine race toward the synthesis and design of
efficient sunlight harvesting material. The fasteleping classes for the upcoming
technological revolution are those materials tlzet easily casted into a film from a solution [1-
8]. The advantages are being low-cost alternafmesophisticated high vacuum techniques, and
easy scalability into a large area utilizing diffiet coating routes include doctor blading, roll to

roll, and inkjet printing. Among these, organic daotive polymer feature a high absorption



coefficient of thousand times thinner films comghte the inorganic counterpart. The drawback
is their limited efficiency due to the minimal clyar generation as well as extraction when
assembled in the form of organic photovoltaic dev@PV [9]. Many approaches have been
adopted to improve the device performance, andfade of the constituent layers include the
use of low bandgap polymer, shape the morphologyhef active layer through thermal
annealing, use dopants to improve the absorptasiy the optimum choice of the electron or
hole transport layers at the electrode interfa®e-2P]. The additive should satisfy two criteria.
First, the energy levels should have an appropatiset concerning the donor and the acceptor.
Second, it can be used as an electron acceptaymar @r assist in the charge carrier transport.
Subsequently, the highest occupied molecular driffg®©MO) and the lowest unoccupied
molecular orbital (LUMO) of the additive are reedrto be intermediate to those of the donor
and the acceptor, creating a cascade energy barduse [23-26] Here, especially, QDs has
grasped the attention as an additive by their bapmdgnability through the quantum size effect
[27,28,37,29-36]. The commonly used QDs are cadnsalanide, which usually prepared by
the hot injection methods [38—44]. Upon synthdsisg-chain insulating organic ligands such as
tri-n-octylphosphine oxide (TOPO), oleic acid (OAhd hexadecylamine (HDA) usually act as a
capping agent for colloidal quantum dots. Althodlgbse ligands are essential to achieving the
optimum confinements, it represents a barrier agaharge carrier transport when employed in
the device fabrication. It then creates a tradeask between improving the carrier transport and
maintaining the quantum confinements. Recent trandguantum dot research apply short
ligands to replace the long insulating organic @agpagent. Among these, atomic ligand
passivation with iodide is reported as a supeligand to passivate the quantum dot surface
owing to the high charge carrier mobility and retbolding device efficiency [45-52]. In the
present work, we employed iodide as a surface yatgsn ligand to replace the original starting
capping agents, and we traced the change in therialaproperties upon the ligand exchange
process. Finally, we implemented the iodide treatets in the fabrication of an inverted
structure polymer solar cells based on regioredgatdy (3-hexylthiophene-2, 5-diyl) P3HT and
Phenyl-C61-butyric acid methyl ester (PCBM) in aaraf 1:1:1 (P3HT: CdSe: PCBM).



Materialsand M ethods

Materials: Cadmium oxide (CdO 99.99%), trioctylpplosie oxide (TOPO 99%) Selenium
(99.99%), and trioctyiphosphine (TOP 97%), Hexatlroine (HDA 98%), Oleic acid>09%)
and tetrabutylammonium iodide TBAP98%) are received from Sigma Aldrich. Phenyi-C
butyric acid methyl ester, PCBM {&1,40,, MW= 910.88, Purity > 99.5%) and regioregular
poly (3-hexylthiophene-2, 5-diyl) P3HT (with MW= 5®K, purity > 99.5%) are purchased
from Solarmer Energy, Inc. An aqueous solution a3, 4-ethylene dioxythiophene) doped
with poly (styrenesulfonic acid) (PEDOT: PSS, BawtClevios PH 500) is purchased from
Heraeus and filtered (0.45m Teflon filter) befoeuWe purchased the Organic solvents from
Alfa Aesar. All chemicals are used directly withaumy further purification.
CdSe Nanocrystal synthesis and ligand exchangem;5monodisperse, and highly fluorescent
We fabricated the CdSe nanocrystal-based on thefigaithn of those previously reported
techniques[53]. For Cd precursor preparation, wesdl k3 g (2.34 mmol) of CdO in 2 g (0.701
mol) oleic acid at 17&T. A mixture of 2 g (4.77 mmol) of TOPO and 2g (8otjrof HDA is
added to the solution and held at 4®dor nearly 5 min. Meanwhile, Selenium precursgr b
dissolving a 0.3 g (3.79 mmol) of selenium in 4 @BL8mmol) of TOP. The Cadmium solution
is loaded to a tri-neck flask and heated to°C3Cfollowed by the injection of the selenium
solution dropwise to the reaction mixture and lepatio 220°C for 15 min, during this time
CdSe in-situ indicated by the change in color ia thaction mixture. The heating mantle is
removed to allow cooling of the three-neck flask1@0°C then reinstalled to keep the bottle
flask at 100°C for approximately 5 minutes. Thacten is then rapidly quenched by cooling
the solution in a water bath. CdSe NCs are washaddispersion in hexane and ethanol,
followed by centrifugation. We repeated the wastutaps three times, and upon completion, all
solid residues are re-dispersed in hexane. Fandigaubstitution: A 0.1 M solution of tetra butyl
ammonium iodide (TBAI) in DMF is prepared with thelp of sonication and temperature to
speed the dissolution. CdSe QDs in hexane of tifpie20 mg/ml is then added and transferred
from hexane to DMF by continues shaking for a feinutes. After that, we removed the excess
hexane from solution, and we used isopropyl alcabaleposit the QDs. The deposited CdSe
QDs are then collected and dried under the flowiwbgen and re-dispersed in dichlorobenzene

for device fabrication.
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Fig.1.Cartoon drawing for the as-synthesized CdSe QDsrentbdide treated dots

Characterization: The optical absorption spectra in the wavelengtige between 250 and 800
nm are recorded in a quartz cuvette for the cadlogblution or coated on a glass microscope
slide for films with the aid of the UV-Vis spectiopometer (Jasco, Model 670). The emission
spectra are carried out using RF-5301PC Spectmofiimtometer, Shimadzu, operated with a
150W Xenon lamp and with an excitation wavelengthrd80 nm. Fourier transforms FTIR
spectra are recorded on pressed pellets madeeaaf @dSe nanocrystals (3mg) before and after
ligand substitution with TBAI at a different timaterval of 4, 6, 8 and 24 hours using a using
6300 Fourier transform infrared spectrometer in wevenumber range (400-4000 ¢mThe
particle size and shape are determined using arbeggiution transmission electron microscopy
(HRTEM, JEOL JEM- 2100 LaB6 operated at 200KV whilgh-resolution Gatan CCD bottom
camera, Orius SC200 and using the specimen titendEM-31630). For TEM measurements,
we spun a thin film of CdSe nanocrystal over a 3mesh size grid made from Cu to support the
particles during imaging.

Solar Cell Fabrication: For the photovoltaic cells, patterned 2.5cgss-indium tin oxide
(Fluorine doped tin oxide coated glass slides itbheet resistance of €¥square). For glass
cleaning, we used a detergent (Hellmanex, Hellnegd lt 8GC, in the ultrasonic bath followed
by deionized water for 15 min each. After washsmmnples are dried and treated with UV-ozone
in a plasma chamber for 15 min. The titanium diexidyer was prepared from Titanium (1V)
isobutoxide precursor in IPA (0.1M) under a nitroggmosphere. The Solution is spun on the
FTO glass substrate at 10 rps for 2 Sec, followe&® rps for 10 Sec. The deposited layer is
annealed at 18Q for 30 min, then left under ambient condition®might to allow the growing

of the TiQ, layer [54]. Before use, substrates are treated witygen plasma at 50 then



calcination at 500 for one hour. For the active layer, solution &HF: PCBM (1:2) in
dichlorobenzene with a final concentration of 15 Ingis prepared and leftover magnetic stirrer
at 60°C overnight and filtered before use. A solutiorttwé iodide treated CdSe quantum dots
in dichlorobenzene is prepared and mixed with tBelP PCBM solution in a ratio of (1:1).
Another solution of P3HT: PCBM is prepared and sgapfor a reference device. The solution is
crusted on the top of the Titayer at 1500 rpm for 15s and aged &@®fbr 10 min under a flow

of nitrogen. The thermal deposition of Mg®g completes the final device assembly as a top
metal contact. Solar cells based on this struciueeprepared in batches of (12 devices) for both
reference devices, and those contain CdSe QDsphdivoltaic cells are characterized in dark
and underl Sun solar simulator irradiation (100 ®/ Newport). A keithley 2400 source
meter is used to record the current density-volt&e characteristics. The external quantum
efficiency (EQE) is marked with a wavelength step Imm from 350-800 nm using
monochromatic light, and Si detector used for systalibration. The short circuit current Jsc
values are derived by integrating spectral EQEs emwaected in all J-V plots and tables

accordingly.
Resultsand discussion

In the present study, we took the view into ~ 5nmaiS€ colloidal quantum dots that are
originally capped with TOPO/HDA and we trace theamfges in the optical and structural
properties upon ligand exchange with the iodidardaywith a final goal to use it as an additive in
polymer solar cells based on P3HT: PCBM. The algmrpand emission properties are
presented in (Fig. 2a.) and showed a preservedoaxciabsorption and emission peaks, which
indicate that the QDs are remaining in the confiregime with a slight red shift in the emission
from (2.05 to 2.02 eV) when the dots come cldSae the supporting information S1). Fig. 2b
shows the TEM image (100 nm Scale bar) and thedi&ebution for the quantum dots (tiny
dark dots with tail ligand) before and after iodisigbstitution. The as-synthesized Qds appear
highly monodisperse with a size distribution ceadent ~ 5 nm and relatively large spacing
between particles results from the original buligahd used for the quantum dots growth
[1.1nm, 0.98 nm and 0.9 nm corresponding to TOPDAHnd OA respectively [55]. lodide
passivation on the other hand, offered scale smendto 0.1 nm denoted as atomic ligand

passivation in literature and resulted in high @gnpacking nanocrystals with small interatomic



spacing [45-52]. Similar observations have beedistuin different systems including short
mono- and a bidentate organic ligand. For examgilggnedithiol EDT ligand treatment of PbS
nanocrystals results in the center-to-center sgadh 1.6 nm in the EDT treated films
corresponds to the untreated one [56]. The reductidhe particle size could be due to the loss
of a certain amount of Cd and Se (one or two atolayers on the surface) upon ligand
exchange. Talapin et al. reported a similar obsemwdor pyridine treated CdSe QDs of particle
size (3-4 nm) compared to TOPO-CdSe QDs (5-6 nifl) [5
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Fig. 2. (a) Plot of the absorption and emission specttheénenergy range of the As-synthesized
and iodide treated CdSe nanocrystals exhibit tpemary absorption and emission feature
according to the quantum size effect. (b) The TEMge (100 nm scale bar, the figure inside is
20 nm scale bar) shows highly monodisperse pastidad the corresponding particle
distributions. It indicates a reduction in the natemic spacing and average particle size upon
iodide ligand exchange.

We are then employed the Tauc's equation to tlaekchanges in the energy bandgap of the
CdSe nanocrystals upon iodide ligand exchange.



ahv = A(hv — Eg)" (1)
Where(A) is constan{a) is the optical absorption coefficieiihv) is the energy of the incident
photons,(h) is Planck’'s constant amdvalue depends on the optical transition type @i
indirect electronic transitionhn takes the values (1/2,3/2) for direct allowedgdirforbidden,
and value (2,3) for indirect allowed and indireatifidden transitions, respectively. In the case of
CdSe QDs, the transition is an indirect allowed isenductor, anch value is chosen to b2
The Tauc's plot of ahv )? versus(hv) Shows an intermediate linear region (See the stipgor
information S2) and is used to extract the energydgap from the extrapolation of the linear
part with the x-axis, which is found to be 2.05 aNd 2.07 eV for TOPO/HDA and lodide
respectively. The calculated band gaps are thed tesestimate the particle sizes according to
two different models, the Effective Mass Approxiroat model (EMA) and the Polynomial
Fitting Functions PFF). The particle size is calculated based on thescéffe mass
approximation model according to the following etia[58];

1.8e2

4meEgR

h? [ 1 1
E,=E —[— N -
gn gb+8R2 me-i_m;1

(2)

Where Bn (NC) is the lowest energy electronic transition rianocrystals, (& ) is the bandgap
of bulk CdSe (1.74 eV), (R) is the average radiusanoparticles; m,) is the effective mass of
electron (0.13 ), ( my) is the effective mass of hole (0.45)nand € is the dielectric

constant[59]While the Polynomial Fitting Function®FF) applying the below equation[53]:

D = (1.6122 x 1072)A* — (2.657 X 10)23 + (1.6242 x 10~3)A% — (0.4277)A + (41.57) (3) (3)

WhereD (nm) is the size of a given CdSe QDs sample,Xand(nm) is the wavelength of the
optical excitonic peak of the corresponding samplee extracted values of the particle size in

all cases are collected in Table 1 for comparison.



Tablel

The calculated particle size of the CdSe QDs before and after ligand treatment as estimated by
EMA and PFF methods and as observed by HRTEM.

Samples 1 method EMA) 2" method PFF)(nm) HRTEM
(nm) (nm)
CdSe QDs/OA, TOPO,HDA 4.02 4.49 4.72
CdSe/lodide ligand 3.73 4.23 4.25
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Fig. 3. (a) The Fourier transform infrared spectroscopyliBhows the changes in the vibronic
modes upon treatment of the CdSe nanocrystal Wwéhddide ligand at a different time interval
of 4h, 6h, and 24 h indicate the depletion of tlikPO/HDA/OA and the successive substitution
by iodide ligand. (b) The X-ray diffraction patteshthe as-grownCdSe quantum dots and iodide
treated dots.

Since surface passivation determine the qualitypartbrmance of the colloidal nanocrystal and
crucial for the improvement of the charge carri@bitity, we offer the elaboration of the details
changes in the vibrational mode during substituébthe HDA/TOPO ligand with the iodide by

looking into account the Fourier transform infraggbctroscopy (FTIR) at different time interval
of 4h, 6h, and 24h. The full FTIR spectrum is présd in Figure 3a. It shows depletion in the
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peak intensities at 2924, 2857 Cihat are characterizing the C-H stretching vilrativhile the
band at 1260 cth is due to the bending mode of the C-H group. Jiheation modes located at
1600 cm' and 1700 ci are finger prints for the C=C and C=0 groups. Teerease in the
intensities of these two bands upon increasinghtigaeatment time and indicate the successive
removal of the oleic acid present in the systerhe Sharp peak at 3300 ¢rarose from the N-H
group from the hexadecylamine (HAD) ligand. The kwvag at the beginning with alcohol results
in a broad band at 3000-3700 ¢mf the O-H group. This band is then almost disappe after
long-time treatment [60,61]. Although of the coniius decrease in the peak intensities that are
characteristic of the TOPO/HDA/OA with the incre@séhe iodide treatment time, the final plot
still exhibits a week IR vibrational modes relaténl remaining traces of these primary
surfactants. Nevertheless, we see clearly thaeCp@antum dots became capped with the new
short iodide ligandrig. 3b. Shows the X-Ray diffraction pattern for the asthgsized quantum
dots and the iodide capped CdSe quantum dots. withdn of the diffraction peak appears
broader as usually obtained for QDs. The XRD pasténdicate that the QDs exhibit a wurtzite
phase. Both CdSe QDs samples showed diffractiok ped® =25.19, 41.94, 49.83, the
observed peaks are corresponding to (111), (22d)(2l1) plans of the cubic structure of CdSe
QDs. These peaks are well-matched with cubic stradicard No. 01-088-2346), which is in the
confirmation of the cubic structure of CdSe crystalVe further observe some additional peaks
in the XRD pattern due to the presence of anotlhas@ (impurities) in our sample, i.e® 2
=21.2 and 23.40. The diffraction peak a 221.2 might be impurities of Cd-oleic due to the
sample contain unreacted Cd-oleic precursor, whishd in excess and is challenging to
withdraw from the system. The diffraction peak @ 223.4 might be due to the impurities of
Se. Replacing (TOPO, HDA, OA) with (TBAI) ligand@lld not make any detectable changes

in the position of the reflection peaks [62]

We concluded that, for our final goal of integrgtithese quantum dots in the
photovoltaic device, the ligand exchange strategyeffective in preserving the quantum
confinement and rendered the intact between ths. &t then employed the iodide treated
CdSe nanopatrticles in the fabrication of the budtelojunction solar cell by preparing a mixture
blend of P3HT: PCBM: CdSe QDs. Our concept is toriate an inverted junction solar cell,
and we applied the etched ITO electrode (work fionct.7) as a substrate for our device. We

have then employed titanium dioxide layer as arcteda blocking layer followed by the
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deposition of the active layer blend P3HT:CdSe:PCBMI fully assemble the device structure,
we evaporated a layer of molybdenum (IV) oxide Mdkermally to serve as a hole-selective
layer and finally Ag as top metal contact. Figa4b) present the characteristics J-V and EQE
plots for the fabricated solar cell device. We caneg the photovoltaic performance for a set of
ITO/TIOX/P3HT: CdSe: PC60BM/MogAg devices (red color) with another set of a cohntr
devices ITO/TiIOx/P3HT: PC60BM/MofAg (Black color) respectively. We finally
summarized the extracted parameters from the J+¥ idaTable 2. The values of the. are
corrected based on the EQE measurements. Devite isdide capped QDs as an additive
(ITO/TiIOX/P3HT: CdSe: PC60BM/MogAg) indicates a value of 7 .53 mA&nfor the short
circuit currents), 580 mV for the open-circuit voltag¥«) and 47% fill factor FF) leading to

a final Power conversion efficiencyPCE) of 2.5 %. These values are compared with 6.48
mAcm? for Js, 600 mV forVeand 42% FF with a PCE of 1.9 % in the case of trolled
device (of ITO/TIOX/P3HT: PC60BM/MogAg). The 31% increment in the power conversion
efficiency is mainly corresponding to the increasehe values of thdy. and FF upon using
CdSe QDs as an additive in the device. Here, Cd®manystal could facilitate the charge
carrier's transport by bridging the separated wblamithin the active layer blend, which
accordingly results in more charge carrier’'s geti@na The device structure, including a TEM
image for the active layer blend and correspondiagd diagram calculated according to ref.
[63,64] is shown in Fig. 4c.

Table2

Device parameters measured under illumination

Active layer Jsc [mA/cm?] Voc [V] FF Rs (Q) Rsh(£2) PCE (%)
P3HT:PCBM 6.48t 0.01 0.6+0.01 0.42+0.02 300+10 125045 1.9998.2
P3HT:PCBM: CdSe 7.53t 0.03 0.58t0.01 0.47#0.01 200+10 189027 2.540.15
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Fig. 4. (a) The J-V characteristics of ITO/TiOX/P3HT:PC80EBdSe/MoQ/Ag (red) and
ITO/TIOX/P3HT:PC60BM/M0O3/Ag  (Black) Low temperatur studies of the
photoluminescence from colloidal CdSe nanocrygpaépared by the hot injection method in
liquid paraffin shown in dark and under AM1.5 illumations. (b) Spectral EQE characteristics of
both devices. (C) Representation of the cell stmecand the corresponding band diagram. It also
shows a cartoon drawing for the active layer withS€ QDs.(d) TEM image for P3HT:
PCBM:CdSe QDs

4. Conclusion
We synthesized a colloidal CdSe quantum dots (QBs)g the organometallic method and
employed it in the fabrication of inverted struetusolar cells. We applied using poly (3-
hexylthiophene) (P3HT), [6, 6]-phenyl C61 butyricich methyl ester (PC60BM) and TBAI
capped CdSe QDs (P3HT:PC60BM: TBAI capped CdSe @DK) heterojunction as an active
layer for OSCs were successfully prepared. Thegutiaic performances of the cells with the
(P3HT:PC60BM: TBAI capped CdSeQDs) are improved parad with the reference cells

11



(P3HT: PC60BM). It has been revealed that the tadeof TBAI capped CdSe QDs(size) on
(P3HT: PC60BM) can improve the performance of thgrepared OSCs. The measured PCE
value of the (P3HT:PC60BM: TBAI capped CdSe QDs)jickereaches up to 2.5 %, while it is
only 1.9% for the reference cell. We owe the pentamce improvement of the (P3HT:PC60BM:
TBAI capped CdSe QDs(size) device to the band nragcbetween the QDs and organic
materials of the active layer and increased suhfglsorption in the visible range.
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Manuscript Highlights:

e This paper highlights the role of the iodide ligand passivation on the surface modification
of colloidal CdSe nano crystal

e CdSe nanocrystals have been subjected to full optical and structural characterization to
trace the change upon surface passivation.

e The iodide treated CdSe dots are then tested in a polymer solar cell based on
P3HT:PCBM with an inverted structure.
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