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Open-circuit Voltage in Inverted Polycarbazole: Fullerene Bulk
Heterojunction Solar Cells

Rania Alqurashi', Jonathan Griffin !, Abdullah Alsulami ', Alastair Buckley
! Department of Physics and Astronomy, University of Sheffield, Hicks Building, Hounsfield Street, S3 7RH, UK

ABSTRACT

The correlation between cathode work function and open-circuit voltages (V) in inverted polycarbazole: fullerene
(PCDTBT: PC;,BM) bulk-heterojunction solar cells has been investigated by post-annealing of tin-indium oxide (ITO)
electrodes. ITO work function is seen to change from 4.2 eV to 4.5 eV without the need to insert additional interfacial
layers with annealing temperature up to 400°C. The best device performance was obtained at room temperature with
ITO work function of 4.2 eV with V. of 0.89 eV, J,. of 8.06 mA.cm’z, FF of 64.70 % and PCE of 4.62 %. Together
with previously published results, we are able to extract two regimes of V,,. dependence on cathode work function. First,
a linear relationship when the cathode work function exceeds the lowest unoccupied molecular orbital (LUMO) of
PCBM and second a constant V. regime when the ITO work function reduces below the LUMO level. These results

provide general guidelines for cathode contact design in inverted polymer solar cells.

1. Introduction

Polymer solar cells (PSCs) are an attractive class of next-generation photovoltaics, because they are
mechanically flexible, lightweight, and compatible for roll-to-roll fabrication [1]. A high power conversion efficiency
(PCE) exceeding 10 % has recently been reported for single-junction inverted polymer solar cells [2]. Indeed, the
majority of highly efficient PSCs certified and reported to date are employing narrow-bandgap polymer donors as well
as an inverted structure, in which an indium-tin oxide (ITO) bottom-electrode serves as an electron collector. While
narrow-bandgap polymer donors enhance the photocurrent generation [3], the inverted structure has advantages
compared to the standard structure in terms of device stability [4] and manufacturability [S]. However, tuning the ITO
work function (WF) to minimize the mismatch with the lowest unoccupied molecular orbital (LUMO) energy level of
the acceptor molecules remains a great challenge for fabricating highly efficient PSCs. This is because the overall PCE
is dependent on the open-circuit voltage (V,.). Understanding the correlation between the electronic structure of ITO
and V. is extremely beneficial in device engineering and contact design.

At the open circuit condition, a potential difference between the anode and cathode electrodes forms as a
results of the accumulation of free-photogenerated carriers [6]. It outweighs the build-in potential by equalizing the
generation and recombination currents. Hence, the system reaches a quasi-equilibrium state, and the V. is defined by
the potential difference formed. However, early works have reported the weak dependence of V. on the work function
of particular electrodes when an ohmic contact forms. It is instead influenced by other factors; the acceptor strength [7],
light intensity [8], processing conditions of the blend layer [9][10], donor oxidation potential [11], and temperature
[12]. This is mainly attributed to the observation of Fermi level pinning across the interface. Taking into account those
factors, a new V. definition has been proposed by Sacarber et al [13], who correlate the open circuit voltage to the
donor-acceptor band gap (Eg) dictated by the energy onset between the HOMO level of polymer donors and the LUMO

level of acceptor molecules.



The origin of Fermi level pinning is explained through integer charge transfer (ICT) [14][15] between the
electrode and the organic material. In the ICT model the Fermi level pins when the electrode work function exceeds the
polaronic energy level of polymer donors, facilitated by spontaneous charge transfer into empty states near the
interface. This integer charge transfer leads to the formation of an interfacial dipole layer [16][17]. An implication of
the charge transfer at both the anode and cathode interfaces can be a loss in the achievable V. [18][19] due to the
induced trap-assisted recombination [20]. The energetic disorder that arises from the weak-ground states interaction
between the polymer donor and acceptor molecules within the bulk heterojunction layer can also affect V. [15] [17]
[21]. Furthermore, the degree of disorder in the blend film influences the amount of voltage loss, in which the splitting
of the electron and hole Fermi levels is reduced by restricting the accumulation of carries into the tails of the density of
states [22], giving rise to the radiative recombination [19].

In the case of non-ohmic contact, the vacuum level regulates the energy level alignment and V. is determined
by the difference between electrodes work function [23][16]. There will be no charge transfer, and the energy level
alignment across the interface follows the Schottky-Mott limit [17]. Consequently, V. becomes sensitive to the height
barrier for charge extraction. Note that so far, the majority of progress made in understanding the origin of V. in
polymer solar cells has considered only hole extraction. Our work investigates the changes in ITO work function with
the open circuit voltage of inverted polymer solar cells considering the electron extraction.

In this work, we are able to tune the open-circuit voltages of inverted PSCs based on poly(N-9’-heptadecanyl-
2-7-carbazole-alt-5,5-(4°,7°-di-2-thienyl-2’-1’-3-benzothiadiazole) (PCDTBT) and [6,6]-phenyl-C-; butyric acid
methyl ester (PC,(BM) blended heterojunction (BHJ), by thermal annealing of ITO electrodes with no interfacial layer
inserted. The best device performance was obtained at room temperature; V. of 0.89 eV, J. of 8.06 mA.cm’, FF of
64.70 % and PCE of 4.62 %. Ultraviolet photoelectron spectroscopy (UPS) and x-ray photoelectron spectroscopy
(XPS) studies justify the increase in ITO work function by 0.3 eV upon annealing is a result of the induced metallic

defect states.

2. Experimental

2.1. Materials

Indium-tin oxide (ITO) coated glass substrates with sheet resistance of 15 ohm/square were purchased from
Ossila Ltd. The polymer donor PCDTBT and acceptor molecules PC,0BM were provided by Ossila Ltd and used as

received.

2.2. Device Fabrication and Characterization

A schematic of device configuration of inverted PCDTBT: PC;,BM solar cells reported here is shown in
Figure 1(a). However, pre-patterned ITO coated substrates were sequentially cleaned in a hot water bath of various
detergents; Hellmanex, deionized water and isopropanol for 10 m each and blow-dried under nitrogen flow. The pre-
cleaned substrates were annealed at range of temperatures up to 400°C in air. The blend solution of PCDTBT: PC;(BM
(1:4 wt %) prepared in chlorobenzene was spin-coated directly onto ITO electrodes. The blend film (90 nm) was dried
at 80 °C for 15 m. Then, the top anode contacts of MoO; (20 nm) and Al (100 nm) layers were thermally evaporated in

a vacuum chamber (107 Pa), respectively. The current density- voltage (JV) characteristics of the cells were measured



in ambient under the illumination of a simulated solar light with 100 mW.cm™ (AM1.5) using a solar simulator

(Keithley, 92251 A-1000). All measurements were undertaken at room temperature.

2.3.  Interfacial Characterization

The UPS and XPS measurements were performed under ultrahigh vacuum using a Kratos ultra AXIS
photoelectron spectrometer. He I emission line (21.22 eV) and monochromatic Al K a line (1486.6 eV) were used as
excitation sources for UPS and XPS, respectively. All UPS spectra were recorded at normal emission angle under room
temperature. Vacuum level shifts were determined from UPS spectra at low-Kinetic energy onset (secondary electron
cut off) with - 9 sample bias. The sample preparation for UPS/XPS measurements followed the same procedure for

device fabrication.

3. Results and discussion

Figure 1(b) illustrates the photovoltaic characteristics of inverted PCDTBT: PC,,BM solar cells upon
annealing of ITO electrodes. The devices exhibit generally good JV curves with no S-shaped kinks even when the
annealing temperature increases. It is known that the appearance of S-shaped kinks are the result of interface
degradation at cathode-polymer interfaces [24], formation of dipole interfacial [25], height barrier for hole injection
[26], and surface recombination velocity of majority charge carriers [27]. However, the absence of this deformation
confirms the good quality of diode characteristics obtained, which is reported here for the first time. Indeed, ITO only
devices reported in literature for inverted BHJ PSCs previously show very poor performance [28][29][30][31]. An
implication of this result is the sensitivity of ITO electrodes to the pre-treatment conditioning.

Furthermore, having no S-shaped kinks are crucial to distinguish the reason of lowering fill factor upon
annealing (see S1 in the supporting information). The fill factor is known to be regulated by charge carrier transport and
is given by FF = Py, / V. Js., where P, is the maximum power delivered by the solar cell. A clear shift in JV curves
towards low V. is observed with increasing annealing temperatures from 25 °C to 400 °C while only small changes are
observed for J.. The reason of V. reduction will be discussed later on. However, a correlation between the short circuit
current and series resistance was established as a function of ITO annealing (see S2 in the supporting information). The
series resistance in our devices is a sum of ITO sheet resistance and interfacial resistances at both electrodes. We have
made a quick experiment to measure the sheet resistance of annealed ITO using a multimeter. It has been found that
ITO sheet resistance is somewhat constant for low temperatures up to 300 °C. At high temperatures from 300 °C to 400
°C, changes in ITO resistance are equivalent to a 20 % increase of the initial value, which is in an agreement with
Bhatti et al. work [32]. They measured the sheet resistance of annealed ITO thin films by a four-point probe and
explained the rise in the sheet resistance at temperatures > 300 °C by the filling up of oxygen vacancies. An evidence

of the introduction of defects upon annealing is seen in our XPS results and will be discussed in details later.
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FIG. 1. (a) Typical device configuration of inverted solar cells with no cathode interfacial layers inserted. (b) Current
density vs voltage (J-V) curves for inverted PCDTBT: PCBM devices as a function of ITO annealing temperatures.

Table 1. The average values of device parameters; open-circuit voltage, short-circuit current, fill factor, power
conversion efficiency, series and sheet resistance of inverted PCDTBT: PCBM solar cells fabricated with no insertion
of cathode buffer interlayers.

ITO Ve (V) (£0.05)* e FF PCE R, Ry,
Treatment Average Max (mA.cm?) (%) (%) (Q.cm?) (Q.cm?)
9250 C 0.85 0.89 8.04 63.7 4.52 28.0 737
100° C 0.81 0.86 773 61.7 3.99 16.0 672
200° C 0.80 0.83 7.89 60.8 3.84 15.0 698
300° C 0.71 0.76 8.43 58.5 3.65 12.0 568
400° C 0.70 0.72 8.24 57.7 3.55 14.0 576
"Mo0;-Al 0.89 10.70 66.0 6.28
“PEN 0.91 11.71 57.0 5.94 2.7 474
YpCP-EP 0.88 08.76 56.9 5.48 6.7 597

" The maximum standard deviation error of ten devices with four working pixels for each annealing condition.

3 Reference of inverted devices fabricated in our lab, onto non-annealed I'TO substrates. Inverted devices have the
structure of ® ITO/MoOs-Al/PCDTBT:PC;,,BM/MoO+/Al taken from Ref [33],

9 ITO/PEN/ PCDTBT:PC,BM/Mo0O5/Ag taken from Ref [30],

and ¥ ITO/PCP-EP/ PCDTBT:PC;,BM/MoO3/Al taken from Ref [31].

The average and best device parameters as a function of annealing temperatures are summarized in Table I.
The reference here is assigned to devices fabricated on un-annealed ITO substrates, so-called as 25°C. It can be seen
that thermal annealing has a negative effect on device parameters except the short-circuit current. Therefore, the best
performance was observed for devices fabricated at 25°C; 0.89 eV, 8.04 mA.cm’Z, 63.68 %, and 4.52 % were obtained
for V., Ji., FF and PCE, respectively. Considering J., a reduction of 4 % in the initial value was observed at low
temperatures < 200° C. For high temperatures (> 200° C), J,. was slightly improved by 5 %. This can be attributed to
the changes in the series resistance (R;). R; is reduced from 28.0 Q.cm®at 25°C to 16.0 Q.cm”at 100°C resulting in
reduced J. from 8.04 to 7.73 mA.cm™. A further reduction in R, at 300°C (»12.0 Q.cmz) increases J,. up to 8.43
mA.cm™. Despite of the slight enhancement in J at high temperatures, the power conversion efficiency was not

enhanced due to the significant reduction in the fill factor; FF of 58.5 % and PCE of 3.65 % were obtained at 300° C.
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The V. of devices is gradually reduced upon thermal annealing with measured values of 0.86 V and 0.76 V for
samples annealed at 100°C and 300°C, respectively. To understand the origin of V. reduction, we investigate the work
function of blank ITO substrates. Figures 2(a) shows the changes in the low kinetic energy region of the UPS spectra.
The WF of non-annealed ITO is found to be 4.20 £ 0.03 eV. For ITO annealed at 100°C, the WF is slightly increased to
4.28 £0.03 eV. A further increase to 4.35 £ 0.03 eV and 4.47 + 0.04 eV is observed for 200°C and 300°C, respectively.
However, an unexpected reduction in ITO work function of 4.44 + 0.05 eV is found when it was annealed at 400°C,
suggesting different source of surface chemical reaction that will be discussed later on.

Furthermore, the electronic structure of ITO/PC;,BM interface was investigated. For unannealed substrates,
the HOMO edge of spin-coated PC;(BM layer is located at 1.74 + 0.02 eV near the Fermi level as shown in Figure 2(b).
This is deeper than the recent reported HOMO position by 0.12 eV applying similar approach [34], this may attribute to
the different sources of PC7BM used. However, the HOMO edge of PC;(BM is slightly lifted up to 1.72 £ 0.02 eV
when deposited onto ITO annealed at 100°C. When deposited onto ITO annealed at higher temperatures, the HOMO
edge remains unaffected, suggesting there is negligible charge transfer between PCBM and ITO [35].

In Figure 2(c), the XPS spectra provides evidence of the chemical reaction undergone onto the surface of blank
ITO. The peak position of O 1s core level that corresponds to In-O bond is at 529.78 eV for non-annealed ITO, which is
in agreement with the literature [36][37]. There are negligible shifts in the binding energy (E;) with low temperatures,
whereas shifts of 0.15 eV and 0.13 eV towards lower E, are observed for 300°C and 400°C, respectively. These shifts
associate with increased peak intensities and disappearance of the characteristic shoulder at 530.99 eV. The observed
shoulders at lower energies are likely to be due to C-O and C=0 containing species adsorbed onto the surface. High
temperatures annealing effectively removes these species from the surface by breaking them down and being released
as gas. The shift in the peak position at higher temperatures could be due to ITO reducing its oxidation states, creating

metallic defect states and hence making the WF shallower.
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FIG. 2. UPS spectra (a) at the low kinetic energy region showing changes in the work function of blank ITO, (b) the
corresponding valence band region near the Fermi level at ITO/PCBM interface during ITO thermal annealing. (¢c) XPS
spectra of oxygen narrow scan (O 1s) for blank ITO as a function of thermal annealing.

The correlation between the open circuit voltages and substrate work function is examined. Care was taken to
demonstrate the effect of cathode interfacial modification reported previously only for PCDTBT: PC,,BM based
inverted solar cells. The data is extracted from Ref [30]'[31][33]. In Figure 3, it can be seen that there are two
distinguished features. First, the independence of V. on the WF. This is observed for work function values less than
4.30 eV. We have seen earlier that unannealed ITO devices were obtained an average V. of 0.85 +0.05 eV (WF; 4.20
+0.03 eV). Contrary, a maximum V. of 0.88 eV (WF; 4.30 eV), 0.89 eV (WF; 4.10 eV) and 0.90 eV (WF; 4.0 eV)
were reported for modified ITO with PCP-EP [31], MoOs-Al [33] and PFN [30] thin layers, respectively. The second
feature is the proportionality of V. with the WF. This is realized when ITO WF is higher than 4.30 eV. With respect to
the high efficiencies obtained for modified ITO devices (see table I), their best V. falls within the range of errors
calculated for our devices. This is true even for worse modified ITO devices. The threshold work function is, within

error the same as the LUMO energy level of PC;,BM.
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FIG. 3. Dependence of the open-circuit voltage on the substrate work function for inverted PCDTBT: PCBM solar cells
fabricated on modified ITO electrodes with buffer interlayers (triangles) taken from Ref [30]-[31]-[33], and thermally
annealed ITO electrodes without interfacial layer (circles) indicating our work. The solid line indicates the fitted curve.
The dotted-vertical line indicates the LUMO energy level of PCBM.

4. Conclusion

In Summary, the open circuit voltages of inverted polycarbazole: fullerene solar cells have been examined in
terms of interfacial design. This is achieved by thermal annealing of blank ITO. The changes in ITO work function
detected by UPS appear to correlate with the reduction observed in V. although our devices exhibit good JV curves.

When compared to existing literature, a threshold work function that is equivalent to fullerene LUMO is seen, and

6



should be overcome to realize high V.. However, it is still not known whether a further reduction in substrate work

function is required for the realization of the very highest V.
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