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Hybrid inorganic–organic solar cells typically combine a transition metal oxide and organic absorber to
form the donor–acceptor pair. Here, we explore the use of a rare earth oxide to function as the inorganic
component of a hybrid solar cell. Oxidized neodymium (Nd2O3) particles are combined with [6,6]-phenyl
C61 butyric acid methyl ester (PCBM) to form the solar cell active layer. The short circuit current and open
circuit voltage are both enhanced compared to pure PCBM. In addition, the photoinduced absorption
decay rate increases, and photobleaching is observed. This provides evidence for charge transfer between
the organic and rare earth inorganic components.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

A variety of solar cell structures have been explored that com-
bine organic materials with transition metal oxides. Examples of
such hybrid solar cells include dye sensitized solar cells [1], which
incorporate transition metal oxide nanoparticles (usually TiO2)
with an organic dye absorber and solid organic hybrids which com-
bine transition metal oxide nanoparticles and polymer absorbers
[2]. Transition metal oxides have relatively high electron affinity
so that their valence band lies below the LUMO level of the organic
material, and the oxide acts as an electron acceptor [3]. Recently,
there has been increased interest in rare earth oxides for electronic
applications [4]. In contrast to transition metal oxides, rare earth
oxides are thought to have relatively low electron affinities [5,6].
They have been used to lower the work function of TiO2 field emit-
ters [7], and to modify band bending in gate dielectrics for high
density integrated circuits [8]. Calculations show that rare earth
oxide band-gaps cover a large range of energies, similar to the tran-
sition metal oxides [9,10]. This suggests that rare earth oxides
could find applications in hybrid organic–inorganic solar cells.
Because of the low electron affinity, however, they would function
as the electron donor, rather than the electron acceptor.

Here we provide evidence for charge transfer between a rare
earth oxide and an organic acceptor by measuring the optical
response of a new type of hybrid solar cell. Oxidized neodymium
particles (Nd2O3) are combined with [6,6]-phenyl C61 butyric acid
methyl ester (PCBM) to form the active layer of a bulk heterojunc-
tion solar cell. The short circuit current and the open circuit voltage
both increase with the addition of the rare earth oxide particles,
with an optimum weight ratio of 1:6 Nd2O3:PCBM giving the larg-
est improvement. Time resolved pump probe measurements show
that the charge dynamics of the Nd2O3 doped PCBM differs consid-
erably from the pure PCBM, with the appearance of new photoex-
citation peaks, an increase in the decay rate of the photoexcited
signal, and the onset of ground state photobleaching (PB). Taken
together, these results suggest that charge transfer occurs between
the PCBM and the Nd2O3, forming a novel hybrid rare earth oxide
solar cell.

2. Experimental methods

2.1. Sample preparation

For rare earth material, we use Neodymium powder (Sigma
Aldrich �40 mesh,P99% trace metals basis). In this form, the Nd
oxides readily to form the sesquioxde Nd2O3 [11]. Hybrid bulk het-
erojunction solar cells are fabricated using the following proce-
dure. 15 mg of PCBM (Sigma Aldrich ([6,6]-phenyl C61 butyric
acid methyl ester > 99%) is added to 1 ml of chlorobenzene and
the solution stirred for 24 h. 200 ll of the solution is combined
with a given mass of Neodymium powder and the solution stirred
again for 24 h. ITO coated glass slides (Sigma Aldrich, 15–25 X/sq)
are diced into 1 cm2 squares, and patterned using tape masking
and HCl etchant. The sample is then rinsed in deionized water,
and sonicated in acetone and isopropyl alcohol (IPA) for 30 min
each. Next, the sample is cleaned in 2% Micro-90 soap water (Cole
Parmer) for 30 min, rinsed in deionized water 3 times for 10 min
each, and then sonicated in methanol for 10 min. Finally, samples
are air dried and baked in a conventional oven for 10 min at
100 �C. For the samples fabricated using an electron blocking layer,
a thin layer of PEDOT:PSS is spin coated at 5000 rpm for 1 min, and
the sample then annealed in 100 �C for 30 min in a conventional
oven. Aluminum top contacts are deposited using electron beam
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evaporation. The layer thicknesses were determined using a
Dektak profilometer. The measured layer thicknesses were: 10–
20 nm for PEDOT; 500–550 nm for the active layer; and 60 nm
for the aluminum top contact.

2.2. Optical characterization

For absorbance measurements, the material is dispersed in
chlorobenzene and drop-cast onto a clean glass substrate, and
spectra are measured using a Lambda 950 UV/Vis/NIR Spectropho-
tometer from Perkin Elmer. A baseline measurement of chloroben-
zene on glass shows no discernable absorption from the solvent.
IPCE and photocurrent measurements are done while the sample
is kept in vacuum in an optical cryostat. The light source for
photocurrent spectra is a Newport 66885, 1000 W halogen lamp
filtered by a diffraction grating monochromator (Delta Nu
DNS-500). Incident wavelength is calibrated using an Ocean Optics
spectrometer. The light is chopped at 13 Hz and the AC photocur-
rent detected using a lock-in amplifier. Current–voltage character-
istics are measured under illumination by an Olympus TH 4–100
source. The power at 550 nm is measured to be 2.156 mW/cm2

using a Thorlabs PM100A Si photodiode.
Transient absorption pump–probe spectroscopy (TAPPS) mea-

surements are performed using the following procedure. The out-
put from a femtosecond Ti:sapphire regenerative amplifier
(Clark-MXR, CPA, wavelength = 775 nm, pulse duration K 150 fs,
pulse energy � 1 mJ at 1 kHz repletion rate) is doubled and used
to pump a non-collinear optical parametric amplifier (NOPA) to
generate the 530 nm pump beam for TAPPS. The 530 nm output
is pulse-compressed to �30 ± 5 fs and attenuated to below 1.0 lJ
in pulse energy. The diameter of the pump laser beam on the sam-
ple is about 1 mm giving a maximum fluence of �100 lJ/cm2. Part
of the CPA output is separated and used to pump a 3 mm-thick
sapphire plate and generate supercontinuum white-light
(420–1600 nm). The white-light radiation is used as probe source
for TAPPS, dispersed, and detected by a linear array CMOS detector
in the wavelength range of 430–730 nm. The transient absorption
(TA) signal is measured as the change in absorbance with and
without the pump beam excitation (DOD). The time delay between
pump and probe pulses (Dt) is variable between 0 and 1.5 ns by
moving a retroreflector on a computer-controlled translation stage
which reflects the pump beam.

3. Results and discussion

As a first step, optical absorption measurements are performed
on the Nd2O3, PCBM and the Nd2O3/PCBM mixture (Figure 1). The
Figure 1. (a) Absorbance of Nd2O3 powder. (b) Absorbance of Nd2O3:PCBM mixture (sol
transition of Nd2O3, from the highest occupied spd-level to the lowest unoccupied f-level (
reader is referred to the web version of this article.).
absorption spectrum measurement of the neodymium powder is
shown in Figure 1a. A series of peaks are seen, whose positions
strongly agrees with the atomic Nd3+ transitions observed for
Nd2O3 [12,13]. In addition, an absorption edge is observed near
620 nm (2 eV), beyond which the absorbance steadily increases.
As shown in the inset, this most likely corresponds to the valence
band to f-band transition in the Nd2O3. Figure 1b compares the
absorption spectra of pure PCBM with the spectra of a 1:6 weight
ratio mixture of Nd2O3:PCBM. At long wavelength, the spectra
are similar, but beyond the absorption edge of the Nd2O3, the
absorption increases more rapidly in the mixture, suggesting that
light absorption in both Nd2O3 and PCBM occurs.

Figure 2a shows a series of photocurrent spectra measured for
bulk heterojunction solar cells made with different fractions of
Nd2O3 added to the active region. In all cases, the photocurrent
roughly follows the absorption spectra shown in Figure 1b. The sig-
nal increases substantially with the addition of the Nd2O3 com-
pared to the pure PCBM. The largest increase is observed for a
weight fraction of 1:6 Nd2O3:PCBM. At higher concentrations, the
signal again decreases, and eventually drops below that of pure
PCBM. The current–voltage characteristics for the hybrid solar cells
are shown in Figure 2b measured under illumination from a tung-
sten halogen light source. Similar to the photocurrent spectra, the
white light photocurrent increases with the addition of Nd2O3 par-
ticles compared to pure PCBM. Figure 2c plots the open circuit volt-
age (left axis) and short circuit current (right axis) as a function of
Nd:PCBM weight ratio. There is a pronounced peak in both values
for a weight ratio of 1:6, the same value that gave the maximum in
the photocurrent spectrum.

One possible cause for the increase in photo-output is that the
Nd2O3 preferentially blocks the flow of electrons into the ITO hole
collecting contact. If this were the case, the Nd2O3 would be affect-
ing only current flow into the anode and not affecting charge dis-
sociation and transport in the bulk of the sample. To test this
hypothesis, we fabricated another set of devices in which a
10 nm PEDOT:PSS blocking layer was deposited onto the ITO
before depositing the active layer. Because the PEDOT:PSS layer
efficiently blocks the flow of electrons into the ITO contact, any
additional blocking by the Nd2O3 should be negligible. Figure 3
shows the results of the (a) photocurrent spectra and (b) cur-
rent–voltage measurements under constant illumination for the
devices containing the PEDOT:PSS layer. The effect of the PED-
OT:PSS can be seen in the large increase in the open circuit voltage
compared to the samples with no PEDOT:PSS. The addition of the
PEDOT:PSS layer also causes a substantial increase in the short cir-
cuit current for the sample containing PCBM alone. However, there
is still a clear improvement in both the short circuit current and the
id red line) and pure PCBM (dashed black line). Inset: Lowest energy band-to-band
after Ref. [9]). (For interpretation of the references to colour in this figure legend, the



Figure 2. (a) Incident photon to current efficiency (IPCE) of the rare earth hybrid solar cells as a function of wavelength for different Nd2O3:PCBM weight ratios. (b) Light
current–voltage measurements for the same set of devices. (c) Open circuit voltage (left axis, red line) and short circuit current density (right axis, blue line) as a function of
Nd2O3:PCBM weight ratio. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

Figure 3. (a) Incident photon to current efficiency (IPCE) and (b) light current–voltage measurements for a similar set of devices as in Figure 2 but having a PEDOT:PSS
blocking layer at the anode.
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open circuit voltage for the addition of the Nd2O3. The maximum
improvement is observed once again for a weight fraction of 1:6
Nd2O3:PCBM.

To better understand the mechanism behind this increase in
photo-output, we performed TAPPS measurements on both pure
PCBM films, and the 1:6 Nd:PCBM sample. The TA spectra of pure
PCBM at different delay times are shown in Figure 4a for the low
wavelength regime (450–500 nm) and in Figure 4b for the high
wavelength regime (590–710 nm). The window between 500 nm
and 580 nm is not shown since it is dominated by the pump beam
response. In agreement with the literature, the TA spectrum of the
PCBM film shows only positive photoinduced absorption (PA) [14].
Peaks are observed near 700 nm, 670 nm, and 475 nm. Figure 4c
and d shows the results of the same TAPPS measurement per-
formed on the Nd2O3:PCBM mixture, with 1:6 mass ratio. The re-
sults are similar to the pure PCBM in that a positive PA signal is
established immediately (<200 fs) and a maximum is observed
around 700 nm. In Nd2O3:PCBM, however, two additional maxima
are observed around 600 nm and 455 nm. Figure 5a shows the
TA signal for the two samples measured at 488 nm as a function
of time. It can be seen that the TA signal decays more rapidly with
the Nd2O3 present than in the pure PCBM. After �150 ps, the TA
signal for the Nd2O3:PCBM sample changes sign and becomes neg-
ative. This change in sign is also observed in the long wavelength
regime, implying that the TA signal consists of both PA and PB
contributions.

In combination with the photocurrent measurements, the TA
measurement implies that charge transfer is occurring between
the Nd2O3 and the PCBM following photoexcitation. This in turn re-
sults in new phototransitions that are dependent on the presence
of Nd2O3. For a proper understanding of the charge transfer, knowl-
edge of the electron energy levels and electron affinity for Nd2O3 is



Figure 4. Transient absorption spectra for pure PCBM detected in the (a) 450–500 nm range and (b) the 590–710 nm range, and for 1:6 Nd2O3:PCBM over (c) 450–500 nm and
(d) 590–710 nm.

Figure 5. (a) Normalized transient absorption kinetics measured at 488 nm for the pure PCBM (blue dots) and the 1:6 Nd2O3:PCBM mixture (red dots). (b) Proposed band
diagram showing the photo-induced charge transfer process. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.).
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needed. In rare earth oxides, the charge occupies two sub-sys-
tems—itinerant spd states, and localized f-states [9,10]. This means
that there are three levels involved in photoexcitation, the valence
band, the f-state band, and the conduction band. There is a lack of
agreement in the literature on the correct values for the energy
separating these bands in the rare earth oxides. Our experiments
show an absorption edge in the Nd nanoparticles near 2 eV. This
corresponds fairly closely to the valence band to f-band transition
energy predicted in Ref. [9] of 2.13 eV, so in our analysis we follow
the calculations given there. The exact value for the Nd2O3 electron
affinity is unknown. However, photoemission measurements of
lathinum oxide give a value of around 2 eV [5], and this value is
also typically assumed for the other rare earth oxides [6]. From
this, a proposed charge transfer mechanism is illustrated in Fig-
ure 5b. The low electron affinity means that the valence band edge
of the Nd2O3 lies above the HOMO level of the PCBM. Photoexcita-
tion in the PCBM can then result in electron transfer from the
Nd2O3, resulting in an enhanced photocurrent, and the ground
state bleaching signal. The PB signal has a rise time of �200 ps
and lasts much longer than the maximum delay time of the TAPPS
apparatus (1.5 ns). Given its long rise time, it is impossible that the
PB signal is induced directly by photoexcitation in Nd2O3. Such
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long-lasting PB signal was observed in P3HT/PCBM blend and
attributed to polaron migration [15], the charge transfer process
in organic solar cells. Furthermore, no TA signal was observed in
a measurement of pristine Nd2O3 using the same pump wave-
length (530 nm), which supports the interpretation of the negative
TA signal to charge transfer, and not direct absorption by the
Nd2O3. The photo-spectral measurements in Figure 2 also show
that the photocurrent of the hybrid solar cell increases in the short
wavelength regime, corresponding to energies above the Nd2O3

absorption edge. This suggests that some of the enhancement is
due to absorption in the Nd2O3, followed by charge separation into
the PCBM. According to our energy diagram in Figure 5b, this
requires charge transfer from the f-band of the Nd2O3, although
these states are normally thought to be localized. It is likely that
some additional unknown charge transfer mechanism is required.

The photocurrent measurements in Figure 2 show that a 1:6
ratio provides the optimum device performance. This is most likely
due to a balance between increasing charge transfer, and reduced
conductivity and absorbance caused by increasing Nd2O3 concen-
trations. A quantitative prediction for the optimum concentration
would require a more complete model for the device behavior.
Despite the improvement provided by the Nd2O3, we note that
the efficiency of our solar cell devices is very low. The present
Letter has focused on the charge transfer process between the
PCBM and the Nd2O3, and not on optimizing the device parameters.
Recent experiments on pure PCBM samples show that it is possible
to observe much higher photocurrents if the PCBM layer is made
sufficiently thin (�50 nm), and by including an electron selecting
layer at the top contact [16]. It is likely that by making these
changes we would also observe much higher photocurrents in
the hybrid Nd2O3/PCBM devices.
4. Conclusion

In conclusion, we have observed evidence for charge transfer
between a rare earth oxide donor and an organic acceptor in a
novel type of hybrid solar cell. Nd2O3 particles act as an electron
donor following photoexcitation of PCBM, and this provides a
means to increase the photo output. The low electron affinity,
and range of band gaps of the rare earth oxides make them an
intriguing system for photovoltaic device applications. Although
the efficiency of the resulting solar cell is very low, it is hoped that
further work on understanding the energy band levels in these sys-
tems and optimizing device thickness and contact materials will
lead to improvements in the device characteristics.
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