Fabrication of bulk heter ojunction photovoltaic devices using
sublimable rhenium diimine complexes as photosensitizers

Hei Ling Wong', Kai Wing Cheng, Kitty Ka Yan Man®, Chung Yin Kwong?, Wai Kin Chan'*,
Aleksandra B. Djuri&¢®
[Department of Chemistry, the University of Hong Kong, Pokfulam Road, Hong Kong
(2] Department of Electrical and Electronic Engineering, the University of Hong Kong, Pokfulam
Road, Hong Kong
¥ Department of Physics, the University of Hong Kong, Pokfulam Road, Hong Kong

ABSTRACT

A series of chlorotricarbonyl rhenium (1) bis(phenylimino)acenaphthene (Re-DIAN-X) compl exes were used
as the photosensitizers for photovoltaic cells. Unlike other transition-meta -based photovoltaic sensitizers that can only
be prepared by sol ution method, these complexes are sublimable. Compared to other rhenium diimine compl exes based
on bipyridine or 1,4-diaza-1,3-butadiene ligands, these complexes have lower band gaps, which can be modified easily
by changing the structure of the ligand. It alows the preparation of blend of metd complexes in order to broaden the
sensitization region in UV-vis absorption spectrum. One of the complexes a so shows bipolar charge transport character
with relatively high charge carrier mobilities in the order of 10° cm?v™'s’. Multilayer heterojunction and bulk
heterojunction devices with fullerene as the electron accepting molecule were prepared. For the bulk heterojunction
devices, the fill factor and power conversion efficiency under AM 1.5 smulated solar light illumination were 0.51 and
1.29 %, respectively. The effects of changing the Re-DIAN/Cg film thickness, Re-DIAN/Cg, ratio and variation of
ligand structures in the bulk heterojunction devices were studied. The amount of photosensitizer and € ectron transport
molecules may strongly affect the balance between the photon absorption, exciton formation, dissociation, and charge
transport processes. Atomic force microscopic images showed that the complex dispersed evenly with fullerene
molecules in solid state.

1. INTRODUCTION

The use of organic materias to fabricate photovoltaic cells has attracted attention recently because of the
promising potentials to new solar cells.® Various photovoltaic cells based on both molecular and polymeric materials
have been reported. However, the majority of power conversion efficiencies for organic based photovoltaic devices
reported to date is less than 1 %.2 One of the major barrier to fabricate efficient organic photovoltaic cells is the
insufficient exciton dissociation at low bias. In order to design an efficient organic photovoltaic cell, the efficiency for
dissociation of excitons and the charge transport process should be improved. We previously showed that diimine
complexes based on d° transition metals could act as the photosensitizers® and charge transport molecules® with bipolar
character. These complexes show relatively long-lived excited states with metal-to-ligand charge transfer (MLCT)
character. Because of the presence of the heavy metal atom, the spin-orbit coupling could be efficient to favour
intersystem crossing. This leadsto the formation of long-lived triplet excited states. Therefore, the exciton formed may
have a longer lifetime after photoexcitation, and subsequent exciton dissociation processis favored.® d® transition metal
compl exes can be easily prepared and these can be synthesized with various diimine ligands. Many of these complexes
have good thermal and photochemical stability.
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2. RESULTSAND DISCUSSION

2.1 Synthesis

Chlorotricarbonyl rhenium (I) bis(phenylimino)acenaphthene (Re-DIAN-X) complex® was used as the
photosensitizer to fabricate photovoltaic cells. Synthesis of Re-DIAN-X is shown in Scheme 1.”

Bis(4-phenylimino)acenaphthene 1a:

A mixture of acenaphthenequinone (0.5g, 1 mole€), aniline (1.28g, 5 mole) and anhydrous zinc chloride (0.75g,
2 mole) was refluxed at 160°C. Additional aniline was added when gtirring became difficult because of evaporation of
aniline. After 4 hours, the mixture was cooled to room temperature and vigorously stirred with diethyl ether. The solid
was filtered off. The product was washed with diethyl ether several times and then air-dried. Bis(4-
phenylimino)acenaphthene zinc chloride was obtained. The solid was added to an aqueous solution of potassium
carbonate (6.25g in 6.25ml water) and the mixture was heated under reflux with vigorous stirring. After 2 hours, the
mixture was cooled to room temperature. The solid was filtered off and washed with water several times. The product
was recrystallized with ethanol and air-dried.

Bis(methyl phenylimino)acenaphthene 1b-h:

The syntheses of 1b-h were carried out under similar reaction conditions by using different substituted
aromatic aniline. The preparation of 1b is described as genera procedure. A mixture of acenaphthenequinone (0.5g, 1
mole), p-anisidine (0.74g, 2.2 mole) and anhydrous zinc chloride (0.75g, 2 mole) was refluxed in 20 ml glacial acetic
acid at 145°C. After 30 minutes, the mixture was cooled to room temperature and filtered off. The product was washed
with acetic acid and diethyl ether several times and then air-dried. Bis(methyl phenylimino)acenaphthene zinc chloride
was obtained. The solid was added to an aqueous solution of potassium carbonate (6.25¢g in 6.25ml water) and the
mixture was heated under reflux with vigorous stirring. After 2 hours, the mixture was cooled to room temperature. The
solid was filtered off and washed with water several times. The product was recrystallized with ethanol and then air-
dried.

Chlorotricarbonyl rhenium (1) bis(phenylimino)acenaphthene 2a-h:

The syntheses of Re-DIAN-X (2a-h) were carried out by similar procedures. Ligand (1a-h) (0.5 g, 1 mole) and
rhenium pentacarbonyl chloride (0.46 g, 1 mol€) in 20 ml toluene were refluxed a 140°C under nitrogen atmosphere for
overnight. The mixture was cool ed to room temperature and filtered off. The solid was washed with toluene and dried in
vacuum. These complexes can be conveniently purified by sublimation under high vacuum (280°C at 10°° mbar).

2.2 Optical properties

In order to determine the charge carrier mobility of the complex, athin film (440 nm) of Re-DIAN sandwiched
between 1TO and gold electrodes was prepared by vacuum sublimation. The hole and electron carrier mobilities of the
complex were studied by the conventional time-of-flight experiment.®A pulsed nitrogen laser (337 nm, pulse width = 4
ns) was used as the light source. The transient photocurrent profiles showed typica non-Gaussian charge transport
characteristics that were dispersive in nature. The electron and hole carrier mobilities of the complex were determined
tobe 2.5 x 10° and 2.3 x 10° cm?V"'s™, respectively. These results agree to our previous report that rhenium complexes
exhibited bipolar charge transport character.* The electron deficient DIAN ligand and the rhenium metal centre may act
as hopping sites for el ectron and hole transport, respectively.
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Scheme 1. Synthesis of Re-DIAN-X

2.3 Photovoltaic properties

Two types of multilayer photovoltaic devices were fabricated by vacuum sublimation. The first type was
multilayer heterojunction device 1TO/CuPc/Re-DIAN-X/Cgf/Al (Type A device in Table 1) in which copper
phthalocyanine (CuPc) and fullerene (Cq) were used as the hole and electron transport molecules, respectively. The
second type of device consists of multilayer bulk heterojunction ITO/CuPc/Re-DIAN-X:Ce/Cq/Al (Type B device in
Table | and Table II) in which Re-DIAN-X and Cg were co-deposited in the same layer (Figure 2). In this type of
device, Cg molecules are able to capture electrons more efficiently once excitons are formed.” The thickness of both
CuPc and Cg layers were kept at 10 nm, and the thickness of Re-DIAN-X (or Re-DIAN-X:Cs mixed layer) was varied
from 25 to 100 nm. ITO glass substrate with a sheet resistance of 20 Q/sq was used as the anode and aluminium
(thickness = 40 nm) was used as the cathode. 1TO substrates were cleaned by wet cleaning procedure. It consisted of
first rubbing with cotton and toluene, cotton and ethanol, and cotton and acetone. Then, they were ultrasonic in
deionised water with glass-detergent for 10 minutes, deionised water for 10 minutes, ethanol for 5 minutes, and acetone
for 5 minutes consecutively. 1TO substrates were rinsed by deionised water before they were immersed into the next
solvent in each step. The cleaning steps in ultrasonic bath were repeated until the substrates were clean. The substrates
were dried in an oven. UV ozone trestment was carried out for 15 minutes before use. It was found that the ITO surface
treatments improve the device performance, mainly by changing the short circuit current. This treetment can remove
insulating organic contaminating layer on the ITO surface. The change in the concentration of defects and traps a the
interface may enhance the carrier collection efficiency.
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The current-voltage (1-V) characteristics of different photovoltaic devices under AM 1.5 spectra illumination
with power = 100 mW/cm? are shown in Figure 1, and their performance data are summarized in Table | and Table 1. In
the multilayer heterojunction device (Type A device), the open circuit voltage V., short circuit current I, and fill factor
FF [(Imax X Vima)/(Isc X Voe), With 15 and Vs corresponding to the point of maximum power output] were measured to
be 0.56 V, 0.42 mA/cm?, and 0.32, respectively (Device 1). The overal conversion efficiency of the power of the
incident light into electrical power is given by the #,, which is defined as 1, = (1<Vo.FF)/P, where P isthe incident light
power. The calculated #, of this device was 0.07 %. The relaively poor performance may be due to the limitation of
exciton dissociation at the Re-DIAN-X/Cg junction and the lower absorption by Re-DIAN-X than Cg. On the other
hand, the photovoaltaic performances of multilayer bulk heterojunction devices were gresatly improved (Type B devicein
Table | and Table I1). The V., I, FF, and #, of the device with Re-DIAN:Cg, ratio = 1:1 (50nm) (Device 6) were 0.51
V, 5.07 mA/cm?, 0.51, and 1.29 %, respectively. The simple three-layered Re-DIAN-X sensitized photovoltaic cells
show improved performance compared to previously reported CuPc/Cy, heterojunction devices.™

Table 1. Performance of photovoltaic devices with different Re-DIAN-X derivatives in different conditions. All devices were
irradiated with AM 1.5 spectral illumination with power = 100 mW/cmm?. The device active areais 0.13 cm?.

Device Structure? X Thickness of active I Voe FF 1o (%)
layer (nm) (mA/cn) (%)
1 A 4-H 25 0.42 056 0.32 0.07
2 A 4-Cl 25 0.53 057 0.23 0.07
3 A 3-CR; 25 0.23 054 0.19 0.02
4 A 3-CR; 40 0.01 057 0.7 0.001
R S A e A 40 ] 001 . 061 015 0001
6 B 4-H 50 5.07 051 051 1.29
7 B 4-OCH; 50 3.25 046 0.53 0.79
8 B 4-CH; 50 2.84 052 0.50 0.73
9 B 4-Br 50 2.59 050 04 0.56
10 B 4-Cl 50 3.30 050 043 0.71
11 B 3-CR; 50 2.61 048 04 0.55
12 B 4-CF; 50 2.71 044 054 0.64
13 B 4-F 50 2.75 0.47 0.48 0.62

& Type A device sructure: 1TO/CuPc(10nm)/Re-DIAN-X(25-40nm)/Cgy(10nm)/Al(40nm), Type B device structure:
ITO/CuPc(10nm)/Re-DIAN-X:Cgo [1:1] (50nm)/Ceo(10nm)/Al(40nm)

Table 1. Performance of photovoltaic devices with different film thickness and ratio of Re-DIAN:Cg. The device structure is
1 TO/CuPc(10nm)/Re-DIAN:Cgy( 25-100nm)/Cgo(10nm)/Al(40nm). All devices were irradiated with AM 1.5 spectral illumination with
power = 100 mW/cm?. The device active areais 0.13 cm?.

Device Thickness of Re-DIAN:Cq Ratio of ls Voc FF #p (%)
Codeposition layer (nm) Re-DIAN:Cq (mA/en?) (V)

14 25 1.9 4.13 0.37 0.49 0.74

15 50 1.9 2.67 0.37 0.40 0.40

16 75 1.9 1.48 0.30 0.39 0.17
w0 19 229 030 046 031

18 25 37 4.03 0.42 0.45 0.76

19 50 37 272 0.44 0.52 0.62

20 75 37 2.93 0.46 0.43 0.58
210 37 003 030 012 0001

22 25 11 3.02 0.47 0.33 0.46

23 50 11 5.07 0.51 0.51 1.29

24 75 11 4.34 0.42 0.42 0.76

25 100 11 3.23 0.46 0.32 0.47
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Table 111. Summary of power conversion efficiency with different film thickness and ratio of Re-DIAN:Cg in Table I1.

Amount of Re-DIAN Ratio of Power conversion efficiency (%) with different
in Re-DIAN:Cglayer Re-DIAN:Cgo
(%) thickness (nm)
25 50 75 100
10 1.9 0.74 0.40 0.17 0.31
30 3.7 0.76 0.62 0.58 0.001
50 11 0.46 1.29 0.76 0.47
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Figure 1. Current-voltage characteristics of photovoltaic devices with different Re-DIAN:Cg ratio in device structure
1 TO/CuPc(10nm)/Re-DIAN:Cgy(50nm)/Cgo(10nm)/Al(40nm) in the dark or under illumination with AM 1.5 simulated solar radiation.

The effects of changing the Re-DIAN/Cq, film thickness and Re-DIAN/Cq, ratio are summarized in Table |1
and Table I1l. When the Re-DIAN/Cq, ratio was 1:9, the highest power conversion efficiency was observed in the
device with 25nm thickness (Device 14). For devices with Re-DIAN/Cg ratio = 3:7, maximum power conversion
efficiency was observed when the thickness was 25nm (Device 18). For devices with Re-DIAN/Cq ratio = 1:1, highest
power conversion efficiency was observed when the thickness was 50nm (Device 23). These results clearly show that
the amount of photosensitizer and electron transport molecules may strongly affect the baance between the photon
absorption, exciton formation, dissociation, and charge transport processes. Also, Cg plays an important role in the
exciton dissociation process. Although Re-DIAN itsdlf is also a good hole and dectron carrier, the electron transport
process is gtill dominated by the Cg molecules, which has an dectron carrier mobility of 1.3 cm?V’s™.*? In order to
improve devices performance, determining exciton diffusion length and optimising the thickness of each layer should
be achieved.

Proc. of SPIE Vol. 5520



A series of Re-DIAN-X complexes were used to fabricate photovoltaic cells. The effect of variation of ligand
structures in multilayer bulk heterojunction devices was studied (Type B device in Table ). Figure 2 shows the UV-
visible absorption spectrum of Re-DIAN-X derivatives in chloroform. These complexes show broad absorption bands
that cover most of the visible region in the range between 430 and 600 nm. The maxima absorption peak at around 500
nm is assigned to be the MLCT [d,(Re) to z*(DIAN)] eectronic transition. The absorption peaks of complexes with
electron-withdrawing groups are red shifted while the absorption peaks of complexes with e ectron-donating groups are
blue shifted in the UV-vis spectrum with respect to the Re-DIAN complex. It was found that dectron withdrawing
group could stabilize ligand and results in lower band gap. The electron donating groups did not have significant effect
on the HOMO energy level. In Table 1V, the difference between bandgaps by absorption spectrum is very small. The
exciton dissociation in photovoltaic process may not have significant effect in different Re-DIAN-X complexes.
Therefore, the power conversion efficiencies of these Re-DIAN-X complexes are very similar (Type B device in Table

).
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Figure 2. Structure of the three-layer photovoltaic cell and UV-vis absorption spectrum of the Re-DIAN-X complexes in chloroform.

Table IV. Absorption peak position and bandgap of Re-DIAN-X complexes in chloroform.

Complex X Amax Bandgap by absorption spectrum @

(nm) (ev)
2a 4-H 503 2.47
2b 4-OCH; 493 2.52
2c 4-CH; 500 2.48
2d 4-Br 511 2.43
2e 4-Cl 509 244
2f 3-CF; 518 2.40
29 4-CF, 516 2.41
2h 4-F 508 244

& The bandgaps were estimated from absorption spectrum in chloroform.
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2.4 Tapping mode AFM images

Efficient charge separation and transport strongly relate to even dispersion of Re-DIAN and Cg,. Figure 3
shows the tapping mode atomic force microscopy (AFM) images of different Re-DIAN:Cg blends (50 nm) fabricated
on ITO substrates. All samples were prepared by vacuum deposition on unheated substrate. It is expected that there is
no significant difference between bulk and surface morphol ogies. Phase contrast AFM image provides information on
the difference in viscoelagticity between materids. It was used to study the miscibility of blends in polymer
photovoltaic cells.** The thin film with 1:1 ratio [Figure 3(a)] shows approximately 30 nm features size, and its phase
image clearly indicates that the “peaks’ are of different chemical nature from the surrounding “valeys’. Since the
exciton diffusion length in organic materials is typicaly small, such small feature size would favor exciton separation
and subseguently yield higher efficiency. The height and phase images dearly show that smaller aggregations were
formed by either one type of molecules compared to other thin films with different Re-DIAN:Cq, ratio. These
observations suggest that the rhenium complex and fullerene molecul es are highly compatible with each other.® For thin
films with 1:9 and 9:1 Re-DIAN:Cq, ratio, either Cq [Figure 3(b)] or Re-DIAN [Figure 3(c)] constitutes the major
component in the thin film, and the aggregates are greater than those in Figure 3(a). However, the roughnesses of these
films arerelatively small.

Figure 3. Tapping mode AFM images (left: height; right: phase) of Re-DIAN:Cg, blends with different ratio: (a) Re-DIAN:Cgp = 1:1;
(b) Re-DIAN:Cg = 1:9; (c) Re-DIAN:Cq, = 9:1. The full scale of al imagesare 1 pym x 1 um.
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3. CONCLUSION

A series of chlorotricarbonyl rhenium (1) bis(phenylimino)acenaphthene (Re-DIAN-X) complexes were
synthesized. These complexes were used as the photosensitizers to fabricate photovoltac cells. These complexes have
low band gaps and good processibility. One of the complexes also shows bipolar charge transport character with
relatively high charge carrier mobilities. Efficient multilayer bulk heterojunction photovoltaic devices with simple
structures were fabricated based on rhenium diimine complexes. The active layer consists of a blend of rhenium
complex and fullerene that were co-deposited by vacuum sublimation. The fill factor and power conversion efficiency
under AM 1.5 simulated solar light illumination were 0.51 and 1.29 %, respectively. The effects of changing the Re-
DIAN/Cq film thickness, Re-DIAN/Cq, ratio and variation of ligand structures in the bulk heterojunction devices were
studied. The amount of photosensitizer and electron transport molecules may strongly affect the balance between the
photon absorption, exciton formation, dissociation, and charge transport processes. Atomic force microscopic images
showed that the complex dispersed evenly with fullerene molecules in solid state. Improved performance can be
achieved by determining exciton diffusion length, optimizing the thickness of each layer and fabrication of more
sophisticated devices.
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