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ABSTRACT: The formation of interfacial midgap states due to the
reduction of buckminsterfullerene (C60) to amorphous carbon upon
subsequent vapor deposition of Al is confirmed using Raman
spectroscopy and X-ray, ultraviolet, and inverse photoemission
spectroscopies. We demonstrate that vapor deposition of Al results
in n-type doping of C60 due to an electron transfer from Al to the
LUMO of C60, resulting in the formation of midgap states near the
C60 Fermi level. Raman spectroscopy in ultrahigh vacuum clearly
identifies the presence of the C60 anion radical (C60

•−) as well as
amorphous carbon created by further degradation of C60

•−. In
contrast, the interface formed by vapor deposition of Ag shows only
a slight Ag/C60 interfacial charge displacement with no evidence for
complete metal-to-C60 electron transfer to form the anion radical or
its further degradation products. These results confirm previous speculations of metal-induced chemical damage of C60 films after
Al deposition, which is widely suspected of decreasing charge collection efficiency in OPVs, and provide key insight into charge
collection at metal/organic interfaces in such devices.
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1. INTRODUCTION

The electronic properties of organic/metal interfaces are of
critical importance in organic electronics, as they dictate the
rates of charge injection in organic light emitting diodes
(OLED) and charge collection in organic photovoltaic (OPV)
devices.1−9 In the case of thin film photovoltaics, interfacial
phenomena at electrode/organic interfaces can dramatically
affect the distribution of electric fields vital for charge collection
in the device. As an example, modeling of the photocurrent in a
typical C60-containing OPV has shown that the C60/Al interface
is a dominant contributor to electric field distribution inside the
device and that this interface also contributes as an exciton
dissociation site.10

The correlation between the properties of the metal/organic
interface and OPV device performance is also reflected in the
open circuit voltage (VOC). Standard theory predicts that the
maximum VOC is given by the offset between the quasi-Fermi
levels for holes and electrons. Thus, as the offset between these
two levels increases during charge transport across the interface,
the photovoltage increases.11 If one ignores the effects of carrier
generation and diffusion on VOC, the metal−insulator−metal
(MIM) model predicts the maximum VOC achievable to be the
work function difference between the two contacts (ΔΦcontacts).
This asymmetric device behavior is ideally assumed to be due
to the different rates of charge injection at the two contacts into
the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) of the donor and
acceptor, respectively.11−13 However, measured VOC values

have been shown to be extremely sensitive to the interfacial
energy levels at the metal/organic interface in both planar and
bulk heterojunction devices.5,7,13−16 Therefore, in reality, the
VOC observed does not depend simply on ΔΦcontacts; in other
words, alignment of the energy levels cannot be predicted a
priori and must be measured at each metal/organic interface.
Direct measurement of the energetics of the metal/organic

interface have shown deviations from the ideal Schottky-Mott
contact behavior.3,4,17 Such deviations have been attributed to
various interfacial phenomena that result in observed vacuum
level shifts (ΔEvac); these interfacial phenomena might include
charge transfer, formation of interface states due to chemical
reactions or metal/semiconductor proximity, or redistribution
of electronic charge at the electrode surfaces.18−21 Such
interactions may affect the depletion width at the contact,
altering the sharpness of the potential gradient and, thus,
perturbing the electric field for charge collection.
Al/organic interfaces have become increasingly important in

OPV devices, since Al is commonly used as a low work function
metal for electron extraction from acceptors.22 Previous studies
of thin films of C60 on Al surfaces have shown the formation of
a pronounced interface dipole (∼0.7 eV) resulting from an
electron transfer between the low work function Al and the
high electron affinity (EA) C60 that leaves positive and negative

Received: February 19, 2013
Accepted: June 4, 2013
Published: June 4, 2013

Research Article

www.acsami.org

© 2013 American Chemical Society 6001 dx.doi.org/10.1021/am400640x | ACS Appl. Mater. Interfaces 2013, 5, 6001−6008

www.acsami.org


charges on Al and C60, respectivly.
23 In this case, the metal

Fermi level is essentially pinned against the C60 LUMO, making
a contact with very little energy loss. In contrast, for devices in
which Al is evaporated onto a C60 thin film, the resulting VOC
values are considerably smaller than the predicted maximum,
suggesting the formation of a contact with an energy barrier
between the Fermi level and LUMO.24−28 Two possible causes
have been proposed to explain these results: (i) damage of the
C60 layer due to Al cathode evaporation and (ii) parasitic
exciton quenching at the Al/organic interface.24,29,30 It is noted,
however, that these conclusions come from the indirect
observation that exciton blocking layers, such as bathocuproine,
result in improved device performance and not from direct
evidence for charge transfer at the Al/C60 interface. Therefore,
the goal of this work is to gain a better understanding of both
the electronic structure and reaction chemistry that govern the
interface of a C60 thin film upon vapor deposition of Al using a
combination of surface Raman spectroscopy and photoelectron
spectroscopy.
Raman spectroscopy has been successful in determining

reaction pathways and products formed at interfaces between
solid-state organics and low work function metals in previous
work from this laboratory. Studies have included metallization
of the organic semiconductor tris(8-hydroxyquyinoline)alumi-
num (Alq3)

31,32 and smaller model molecules such as trans-
stilbene,33 benzene,34,35 and pyridine35,36 with Ag, Al, Ca, and
Mg. These studies have provided considerable insight not only
into the complex chemical identity of reaction products formed
from low work function metal deposition but also into the
mechanisms by which they form. A general theme of this
reaction chemistry is metal-to-organic electron transfer leading
to the formation of metal−organic adducts (Alq3-Mg/Al/Ca,
trans-stilbene-Al, and benzene-Mg/Al/Ag)31−34 as well as
unexpected reduction products and other chemical entities
such as benzyne (benzene-Ca),35 pyridyne (pyridine-Ca),35 and
4,4′-bipyridine (pyridine-Mg).36 For many systems, amorphous
carbon (Alq3-Ca/Mg/Al, benzene-Ca, and pyridine-Ca/Mg/
Al)31,32,35,36 is also observed to form through what are
presumed to be radical intermediates resulting from the initial
electron transfer. Given the extensive literature on the
vibrational spectroscopy of fullerenes,37−40 including many
studies on the reaction and intercalation of reactive metal
species with C60,

41−45 Raman spectroscopy is an excellent
choice of technique for characterization of reaction chemistry at
the Al/C60 interface. These two classes of techniques,
vibrational and electron spectroscopies, provide a powerful
combination with which to fully elucidate the chemical and
electronic nature of the Al/C60 interface.

2. EXPERIMENTAL SECTION
2.1. Materials. Ag sample stubs were machined in-house from 12.5

mm dia polycrystalline Ag rods (99.9985%, Alfa Aesar). These
substrates were mechanically and chemically polished according to
previously described procedures.46 Smooth, clean substrates so
produced were mounted in stainless steel holders and introduced
into the vacuum chamber through a load lock chamber and outgassed
overnight at pressures <1 × 10−6 Torr. After thorough outgassing, the
samples were transferred to a closed-cycle liquid He-cooled cryogenic
arm (DE-204B, Advanced Research Systems) and cooled to 150 K.
The substrate temperature was monitored and maintained with a
cryogenic temperature controller (Model 34, Cryo-Con) and a K-type
thermocouple mounted in close proximity to the sample holder.
C60 (99+%, MER Corporation) was vacuum-sublimed three times

prior to use. C60 was outgassed at 400 K at pressures ≤1 × 10−9 Torr

for 1 h. 50 Å thick films (6.6 × 1014 molecules/cm2) were deposited
from a Knudsen cell using 2−2.5 A of current at 600 K, resulting in a
rate of 0.5 Å/s.

Al or Ag metal films were postdeposited onto these C60 films from
Al2O3-coated Ta boats (ME9-A0-M0-M5, R. D. Mathis Co.) in 5 Å
increments (2.0 × 1015 atoms/cm2 of Ag and Al, assuming bulk metal
densities) up to 20 Å in mass thickness. All film thicknesses were
monitored using a quartz crystal microbalance and thickness monitor
(Model TM-400, Maxtek Inc.) cooled to liquid N2 temperatures to
ensure a sticking coefficient of unity. Metal film thicknesses are
reported as mass thickness values throughout. Al wire (Sigma-Aldrich,
99.999%) and Ag foil (Sigma-Aldrich, 99.9%) were slowly outgassed at
pressures <10−8 Torr until they melted, formed a ball, and began to
evaporate (∼8 h).

H2SO4 (EMD, 98%), HClO4 (EMD, 70%), HCl (EMD, 37%),
CrO3 (Alfa Aesar, 98+%), and NH4OH (EMD, 28−30%) were used as
received. Water (>18 MΩ resistivity, <8 ppb total organic content)
was purified using a Waters Milli-Q UV Plus purification system.

2.2. Instrumentation. All thin films (C60, Al, Ag) used in these
experiments were deposited and subsequently analyzed in a custom-
built ultrahigh vacuum (UHV) chamber described previously.31,32 Base
pressures for surface preparation were maintained at <3 × 10−10 Torr
with working pressures never exceeding 10−9 Torr. The working
pressure of the sample analysis chamber was maintained at or below 5
× 10−11 Torr.

Raman spectroscopy was performed using the previously described
optical arrangement32,35 consisting of a Nd:YVO4 diode laser
(Coherent Verdi 2W) excitation source at 532 nm and a single
monochromator system with a spectral bandpass of 5 cm−1 utilizing a
Newton EM-CCD detector (Andor Technology DU971P−BV.) The
laser radiation was made p-polarized with respect to the plane of
incidence using a CVI Laser Optics Fresnel rhomb half-wave retarder
and was incident on the surface with a power of typically 25−30 mW
in a ∼1.2 mm dia spot. The resulting excitation power density of ∼2
W/cm2 is well below the flux of ∼5 W/cm2 required for
photopolymerization as previously reported by Rao et al.47

Spectral peak fitting was performed using 100% Gaussian peaks.
Peak frequencies for C60 were fit on the basis of frequencies from
Dong48 (±5 cm−1), with fwhm values of 15 cm−1 (±10 cm−1) and
relative intensities of ±20%. Amorphous carbon product modes were
fit using four broad bands with peak frequencies (±20 cm−1), fwhm,
and relative intensities (±50%) as outlined by Ferrari and Robertson.49

Reaction product bands were fit with single broad peaks and were
allowed to vary in frequency by ±15 cm−1, fwhm by ±50 cm−1, and
intensity by ±50%. Fits were deemed acceptable for χ2 values >0.99.

XPS, UPS, and IPES measurements were carried out in a UHV
chamber with base pressure of ∼10−10 Torr. The He I (21.22 eV) and
He II (40.8 eV) photon lines from a discharge lamp were used in UPS,
with an experimental resolution of 0.15 eV. IPES was operated in the
isochromat mode using a previously described setup.50 The resolution
in the IPES measurements was 0.45 eV. The Fermi level reference was
established for both UPS and IPES measurements on a freshly
evaporated Au surface. XPS was done with the Al Kα line of a dual
anode source, with a resolution of 0.8 eV.

3. RESULTS AND DISCUSSION

3.1. Raman Spectroscopy. Previous studies of Al
deposition onto organic thin films from this laboratory31,36

have shown that reaction chemistry is initiated by electron
transfer, leading to the formation of amorphous carbon (a-C).
C60 behaves as an electron acceptor and can form anion radicals
with up to six electrons.51 Both solution phase Raman spectro-
electrochemistry52,53 and C60 alkali metal doping experi-
ments54−56 have correlated a shift to lower frequency of the
Ag (2) mode (1467 cm−1 in the pristine film) to reduction of
C60 (i.e., formation of C60 radical anions). The magnitude of
this shift can be used as a semiquantitative measure of the
number of electrons transferred to C60, with a 6−7 cm−1
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decrease in frequency of this band per electron transferred per
C60.
The Raman spectrum of a pristine 5 ML film (50 Å) of C60 at

150 K is shown by the black lines in Figures 1a and 2a. A

summary of peak frequencies and assignments for C60 and its
reaction products can be found in Table 1. Fifteen bands in this
spectrum are assigned to C60 including two nondegenerate Ag
modes (near 495 and 1467 cm−1) and eight 5-fold degenerate
Hg modes (near 269, 428, 708, 772, 1100, 1250, 1423, and
1572 cm−1).42,48 The remaining four bands are assigned as
combination modes, the [Hg (4) − Hg (2)] at 350 cm−1, the
[Gg (3) + Hg (1)] at 1082 cm−1, the [Hg (2) + Hg (6)] at 571
cm−1, and one additional F1u band at 533 cm−1 which is not
normally Raman active. Several of these modes appear as
overlapping doublets in the spectrum due to activation of
normally Raman-inactive modes due to the broken symmetry
caused by the presence of 13C.48 The frequencies of all bands
observed are consistent with those reported previously for C60
films, demonstrating that no reaction chemistry occurs between
C60 and the underlying Ag substrate.37−40

Figure 1a also shows Raman spectra for this C60 film after
vapor deposition of 5 (blue), 10 (green), 15 (gold), and 20 Å

(red) of Al. Although some spectral characteristics of the native
C60 film are maintained, new spectral features can also be
distinguished: three new broad bands of moderate intensity at
1317, 1366, and 1525 cm−1 and a weak, broad band centered
near 600 cm−1. Three of these new bands (600, 1317, and 1525
cm−1) are only seen for Al thicknesses of 10 Å or higher. In
addition, the four low intensity modes of the native C60 at 353,
571, 1101, and 1251 cm−1 become indistinguishable from the
noise at progressively higher Al thicknesses, most likely due to
the formation of an opaque overlayer of Al. One additional
spectral feature of note is the shift of the Ag (2) mode of C60
from 1467 to 1460 cm−1 for all Al thicknesses. As noted above,
this shift of 7 cm−1 corresponds to an average of one electron
per C60 transferred from Al in this composite film. Nishinaga et
al. showed a similar one-electron transfer from Ge to C60 when
the two were codeposited via molecular beam epitaxy; their
resulting composite film was also shown to have semi-
conducting properties.41

For Al thicknesses greater than 5 Å, broad bands appear at
1317 and 1525 cm−1; these are assigned to the D and G bands,
respectively, of amorphous carbon (a-C).49,57,58 As a result,
spectral fitting of these C60/Al spectra can be performed to
provide further insight into the nature of the a-C formed. This
was accomplished here using the fitting procedure outlined by

Figure 1. (a) Raman spectra for a pristine 5-ML C60 film before
(black) and after deposition of 5 (blue), 10 (green), 15 (gold), and 20
(red) Å of Al with inset of the region around 1467 cm−1 showing the
shift in the Ag (2) mode. (b) Normalized Raman intensity as a
function of Al coverage for the C60 Ag (1) mode at 493 cm−1 (blue
triangle), the C60 Ag (2) mode at 1460 cm−1 (inverted blue triangle),
the a-C D-band at 1317 cm−1 (red square), the a-C G-band at 1525
cm−1 (red circle), and the reaction product band at 1366 cm−1 (red
diamond). The position of the Ag (2) mode (black diamond) as a
function of Al coverage is plotted on the right axis.

Figure 2. (a) Raman spectra for a pristine 5-ML C60 film before
(black) and after deposition of 5 (blue), 10 (green), 15 (gold), and 20
(red) Å of Ag with inset of the region around 1467 cm−1 showing the
lack of shift in the Ag (2) mode. (b) Normalized Raman intensity as a
function of Ag coverage for the C60 Ag (2) mode at 1467 cm−1 (blue
diamond), Hg (3) mode at 709 cm−1 (blue square), Hg (1) mode at
269 cm−1 (blue triangle), and Gu (4) + Hu (1) combination band at
1312 cm−1 (blue circle). The position of the Ag (2) mode (black
diamond) as a function of Ag coverage is plotted on the right axis.
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Ferrari and Robertson49 that requires two Gaussian bands to fit
the D band (near 1249 and 1317 cm−1) and the G band (near
1450 and 1525 cm−1). Although the most rigorous curve fitting
treatment for a-C utilizes an asymmetric Breit-Wigner-Fano
(BWF) line shape,59−61 it has been shown that use of two
simple Gaussians for each of the D and G bands adequately
accounts for the asymmetric line shape observed in the spectra
of carbon films.49,57,58

From these fits, an integrated peak area ratio of the D to G
bands, I(D)/I(G), of 0.2 is obtained for Al thicknesses >5 Å. In
conjunction with this value, the G band peak frequency of 1525
cm−1 suggests that the a-C is predominantly sp2 in nature with
only ∼20% sp3 character.49 In addition to the D and G bands, a
weak, broad band is seen near 600 cm−1, characteristic of
hydrogen-free a-C.57 It is noted that similar carbonaceous
products have been observed previously in reactions of liquid Al
infiltration of C60 powder at 750 °C under reduced pressure.62

In this study, domains of nanocrystalline graphite (0% sp3

character) were identified using transmission electron micros-
copy and Raman spectroscopy. In a related study by Nishinaga

in which Al and C60 were codeposited,41 insulating films were
reported that were likely due to decomposition of C60 to a-C as
reported here; however, the presence of a-C was not
substantiated by Raman spectroscopy in this study.
Figure 1b shows plots of normalized Raman intensities for

five spectral bands as a function of Al coverage: two bands
represent the behavior of unreacted C60, the Ag (1) band at 493
cm−1 and the Ag (2) band at 1467 cm−1, and three bands at
1366 (discussed below), 1317, and 1525 cm−1 (a-C) represent
the behavior of the reaction products. The intensities in these
plots are normalized to the highest intensity observed for each
band across the range of Al thicknesses studied, including zero
Al coverage. The decrease in normalized intensity of the native
C60 bands and the increase in normalized intensity of the
reaction product bands confirm the consumptive conversion of
C60 into reaction products, including a-C, since the product
bands increase at the expense of the native C60 bands.
One final spectral feature of note is the broad band at 1366

cm−1, which is observed most clearly at an Al thickness of 5 Å.
This band clearly indicates that reaction chemistry has
occurred, but a definitive assignment for this band has not
been achieved. One possible explanation is the broadening and
shift to lower frequencies of F1u (4) modes, which are normally
only IR-active but which may become Raman active in the
spectrum due to broken inversion symmetry upon metal
deposition.63 These bands have been previously observed in the
IR spectrum of RbC60 and CsC60 powders produced by
cosublimation64 and were attributed to metallo-fulleride
polymers. However, no other normally IR-active bands are
observed in these Raman spectra, possibly due to spectral
overlap of the Raman active and IR active modes. This
explanation is also inconsistent with the large intensity of this
band in the spectra in Figure 1a. The only other spectral
evidence in support of polymerization is the broadening
observed near the Ag (2) mode at 1460 cm−1, which can be
seen clearly in the spectrum of C60 after deposition of 5 Å Al.
Similar broadening has been observed in Raman spectra from
metallo-fulleride polymers.64−66 However, this explanation does
not rationalize the high intensity of the 1366 cm−1 band. In
total, the evidence for polymerization is, at best, inconsistent
and incomplete, thereby precluding definitive assignment of the
1366 cm−1 band to metallo-fulleride polymer formation.
In addition to the proposed electron transfer mechanism,

other possible explanations for the observed reaction chemistry
include photochemical reaction by the incident laser beam and
thermal reaction by the hot evaporated Al atoms. The lack of
any apparent chemistry of the pristine C60 film greatly decreases
the probability of any laser-induced photochemical reaction
chemistry upon deposition of Al onto C60,

67 further supporting
our proposed metal-to-C60 electron transfer mechanism.
However, additional evidence is needed to eliminate thermal
reaction as an explanation for the results with Al.
Previous studies in this laboratory have shown vapor

deposited Ag to be more inert toward metal-to-organic electron
transfer than Al.31,34,36 This difference in reaction chemistry can
be exploited to provide useful control experiments to further
support the proposed electron transfer reaction pathway. If this
chemistry is in fact due to Al-to-C60 electron transfer and Ag is
unreactive toward this electron transfer reaction, deposition of
Ag should not result in formation of either C60

•− or a-C. These
control experiments were conducted as follows.
Figure 2a shows spectra from a 5 ML C60 thin film before

(black trace) and after vapor deposition of 5 (blue), 10 (green),

Table 1. Raman Peak Frequencies and Assignments for a 5
ML C60 Thin Film before and after Ag and Al Deposition

frequency (cm−1)

pristine
C60

C60 with 20 Å
Al

C60 with 20 Å
Ag assignmentsa,b

269 267 269 Hg (1)
341 Hu (1)

350 346 Hg (4) − Hg (2)
402 Gu (1)

429 428 428 Hg (2)
495 492 495 Ag (1)
533 525 526 F1u (1)

551 2 × Hg (1)
573 569 573 F2g (1)

682 2 × Hu (1)
709 705 708 Hg (3)
772 769 772 Hg (4)

794 2 × Gu (1)
825 Hg (5) − Hg (1)
861 2 × Hg (1)
961 Gu (1) + Hu (2)

1079 1079 Gg (3) + Hg (1)
1101 1100 Hg (5)

1140 Hg (2) + Hg (4)
1182 F1u (3)
1211 Ag (1) + Hg (3)

1251 1251 Hg (6)
1270 Ag (1) + Hg (4)

1317 a-C (D-Band)
1312 Gu (4) + Hu (1)
1342 F2g (3) + Hg (2)

1366 unidentified reaction
product

1406 F1g (2) + Hg (1)
1425 1424 1423 Hg (7)
1467 1460 1467 Ag (2)

1525 a-C (G-Band)
1573 1571 1570 Hg (8)
1684 1684 Hg (2) + Hg (6)

aC60 assignments taken from ref 48. bAmorphous carbon assignments
based on ref 49.
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15 (gold), and 20 Å (red) of Ag. Deposition of Ag does result
in the appearance of new bands not observed in the spectrum
of the pristine film, but significantly, none of these new bands is
attributable to a-C and the lack of any frequency shift in the Ag
(2) band substantiates the assertion that degradation of the C60
film is not due to thermal reactions induced by hot evaporated
metal atoms. Given that the evaporation temperature of Ag is
almost 200 K higher than that of Al,68 rendering the evaporated
Ag atoms more energetic than the correspondingly evaporated
Al atoms, the absence of any reaction chemistry with Ag
suggests that thermally induced reactions do not occur.
The new bands observed upon Ag deposition accompany an

overall increase in spectral intensity for all bands suggesting
surface enhancement (SERS) from Ag nanoparticles on the C60
film surface. The new bands include 12 overtone/combination
bands, another characteristic of SERS of these systems,69−72 the
[2 × Hg (1)] at 551 cm

−1, the [2 × Hu (1)] at 682 cm
−1, the [2

× Gu (1)] at 794 cm
−1, the [Hg (5) − Hg (1)] at 825 cm

−1, the
[2 × Hg (2)] at 861 cm−1, the [Gu (1) + Hu (2)] at 961 cm−1,
the [Hg (2) − Hg (3)] at 1140 cm−1, the [Ag (1) + Hg (3)] at
1211 cm−1, the [Ag (1) + Hg (4)] at 1270 cm−1, the [Gu (4) +
Hu (1)] at 1312 cm

−1, the [F2g (3) + Hg (2)] at 1342 cm
−1, and

the [F1g (2) + Hg (2)] at 1406 cm−1. Three normally Raman-
inactive modes are also observed, the Hu (1) mode at 341 cm−1,
the Gu (1) mode at 402 cm−1, and the F1u at 1182 cm−1 (see
Table 1).48 Figure 2b shows plots of normalized intensity of
four bands representative of the behavior of the C60 bands as a
function of Ag thickness. Three of these bands, the Hg (1) at
269 cm−1, the Hg (3) at 709 cm

−1, and the Ag (2) at 1467 cm
−1,

are normal Raman modes for C60 and are observed prior to Ag
deposition. However, one band, the [Gu (4) + Hu (1)] at 1312
cm−1, is a combination band not observed in the pristine C60
film without SERS.
Almost all bands exhibit a significant increase in intensity by

a factor of ∼3.5 for a Ag thickness of 20 Å due to SERS.69−72

Although previous work on the SERS behavior of thin films of
C60 deposited onto noble metals has been published,69−71 no
previous work on the postdeposition of Ag onto thin films of
C60 has been reported. Interestingly, the intensity variations of
the Ag (2) band deviate slightly from those of the other bands.
The Ag (2) band shows a slight decrease in intensity after
deposition of the first 5 Å of Ag followed by enhancement of
the intensity at higher Ag thicknesses. This difference in
behavior appears to be due to the convolution of band
symmetry effects with surface enhancement, since the two Ag
(1) combination modes [Ag (1) + Hg (3)] and [Ag (1) + Hg
(4)] at 1211 and 1270 cm−1, respectively, are also unusually
low in intensity.
The absence of both a frequency shift of the Ag (2) mode

and new bands attributable to reaction products clearly indicate
that reaction chemistry similar to that observed for Al
deposition on C60 does not occur with Ag. Nonetheless, a
more subtle change in the C60 spectrum in the form of band
broadening throughout the spectrum is observed and, as
explained below, does indicate some electronic changes in the
C60 film upon Ag deposition. In fact, the observed spectral
broadening can result from multiple contributions. One
predominant source of asymmetric broadening to the low
frequency side of many of the C60 bands arises from the natural
abundance of 13C (1.108%) and its consequent effect on peak
frequencies. ∼66% of the C60 molecules in the film exist as
13C12C59 leading to a second pronounced set of peaks at slightly
lower frequency. This source of broadening would be expected

to be the same for films with Ag and Al. A second source of
broadening is the asymmetric low frequency broadening which
has previously been observed in SERS spectra of C60 deposited
onto roughened noble metal surfaces.53,72,73 Broadening of this
nature can be seen through the entire spectrum upon
deposition of Ag onto C60 (Figure 2a) in close agreement
with previous C60 SERS studies. This additional contribution to
broadening is thought to be due to interaction of the π*
electron levels of C60 with the 4d electron density of the Ag
nanoparticles, which is predicted to result in a frequency
decrease due to partial population of the π* levels.48,70,73,74 The
weak Ag−C60 interaction can be viewed as a partial charge
displacement from Ag to C60, in agreement with previous UPS
studies of C60 thin films (0.25−2 ML) deposited onto Ag.70,75

It was determined in these previous studies that, although the
electronic structure of C60 remains essentially unchanged, new
interfacial electronic states arise in the HOMO−LUMO band
gap of C60 that signify a substantial interfacial interaction
between Ag and C60. These previous photoelectron measure-
ments are further substantiated by ab initio calculations that
show a small 0.2 electron per C60 transfer from Ag to C60.

76

In total, the difference in reactivity observed for these two
metals can be explained by consideration of the electro-
negativity of the metal adlayers: 1.5 eV (Al) versus 1.9 eV
(Ag).68 This suggests that the Ag atoms or metal clusters are
less likely to exchange electrons with the C60 film. Figure 3 is a

schematic that illustrates the proposed differences in interaction
for the two metals. Figure 3a indicates the picture for Al in
which Al+ and C60

•− as an interfacial salt are formed as the
result of complete metal-to-C60 electron transfer. Figure 3b
illustrates the case of charge displacement for Ag in which
electron density from Ag is delocalized into new interfacial
electronic states of the C60 film without formal electron
transfer.

3.2. Electron Spectroscopy. In light of the clear evidence
for the presence of a-C and electron transfer at the C60/Al
interface, we can consider the energetics with new insight.
Figure 4a shows the UPS results for a 100 Å film of C60 before
and after deposition of 2 and 5 Å Al, and Figure 4b displays the
IPES spectra for the 100 Å C60 film before and after deposition
of 5 Å Al. Figure 4c shows the carbon (C 1s) XPS spectra for
the same films represented in Figure 4a. The UPS data for the
C60 film in Figure 4a has an onset of states at −1.4 eV below
the Fermi level while the IPES data in Figure 4b has the onset
of unoccupied states beginning at ∼0.8 eV above the Fermi
level. The electronic gap, which is relevant for charge transfer

Figure 3. Schematic of the proposed interactions between C60 thin
films and vapor deposited metals. (a) Al-to-C60 charge transfer
resulting in formation of C60

−•/Al+ salt and (b) charge displacement
altering the electronic states of both Ag and C60.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am400640x | ACS Appl. Mater. Interfaces 2013, 5, 6001−60086005



between C60 and Al,3,8,9,22 is the difference between the onsets
of HOMO and LUMO of the C60 and, from these data, is
estimated to be 2.2 eV. The separation between the first and
second HOMO peaks is 1.35 eV in Figure 4a, with an average
fwhm of 0.6 eV, consistent with previous reports by
Lichtenberger et al.77 In the XPS spectrum in Figure 4c, a
single, narrow peak is observed for the C60 C 1s at 285.1 eV.77

Figure 5a gives the energy band diagram for a film of C60 and
Al, assuming vacuum level alignment (i.e., the materials have
not equilibrated via interface formation).

Previous reports of photoemission studies of C60 with various
metals of different work function have concluded that the
Fermi levels of both the C60 film and the substrate align upon
formation of the interface.78,79 Given that the Fermi level
position of bulk Al is closer to the vacuum level than the C60
LUMO, one would expect LUMO level mixing with Al states,
with little change to the HOMO of the C60. Electrons are
expected to flow from the Al to the C60 (reduction of the C60

film), causing a shift of the vacuum level as the system reaches
thermal equilibrium (Figure 5b).
As shown by the Raman spectral results (Figure 1), charge

transfer reactions within the film are complete after deposition
of the first 5 Å of Al. For the 5 ML C60 films studied here, the
entire C60 film is reduced by one electron with only 5 Å of Al
deposited on the basis of the full 6−7 cm−1 shift observed in
the Ag (2) mode. This result suggests that the Al atoms
penetrate the entire depth of this 5 ML film. Results by Weaver
also suggest that Al penetrates a C60 film, indicating that the
interfacial region is a unique phase.80 Upon deposition of Al,
the photoemission cutoff (left panel of Figure 4a) shows a shift
that indicates a lowering of the vacuum level (i.e., decrease in
the work function), consistent with a decrease in electron
density on the metal side of the interface, i.e., possible partial
electron transfer to the C60 molecules.4 The energy window
near the Fermi level shows a significant change in the density of
states of the C60 film, with broadening and extension of states
to near the Fermi level, consistent with partially or fully
reduced C60.

80,81 The separation between the first and second
HOMO peaks is still on the order of 1.3 eV, indicating little
change to the valence structure of the C60 film. Previous reports
have also demonstrated a broadening of the HOMO peaks,
which has been suggested to be due to two unique
environments probed by PES: (i) the Al/C60 charge transfer
and (ii) bulk C60.

80 The IPES data in Figure 4b show a
continuum of empty states associated with Al and the Al−C60
system, which extend to the Fermi level. The C 1s peak of C60
in Figure 4c shifts by 0.2 eV toward lower binding energies,
consistent with an increase in negative charge density in the
near-surface region of the C60 film as well as with the small shift
observed in the valence spectra. The fwhm of the peak also
increases significantly from ∼0.9 to 1.2 eV, which has been
reported for amorphous carbon species,82 consistent with the
Raman spectral results. Reports of C60 deposited onto Al
substrates have linked shifts in the C 1s binding energy with
electronic interactions confined to the first layer of C60 on Al.83

A similar shift in binding energy was also observed by Ohno et
al., with a calculated charge transfer of 0.2 electrons per C60
molecule from the Al film.83

Figure 5c shows the result of the interfacial charge transfer
on the open circuit voltage. The blending of the C60 LUMO
with nearest neighbor Al atoms due to charge transfer results in
the formation of localized a-C. The presence of this a-C phase
represents a localized energetic step that decreases the
separation between the Fermi level for holes and electrons at
the electron-extracting contact, leading to a reduction in

Figure 4. Electron spectroscopy for a 100 Å C60 film before (black) and after (red) Al depositions: (a) ultraviolet photoelectron, (b) inverse
photoemission, and (c) X-ray photoelectron spectra.

Figure 5. Energy band diagrams of the C60-Al interface. (a) Before
interface formation, assuming vacuum level alignment; (b) electrons
flow from the Al to the C60 to reach thermal equilibrium; (c) impact of
interfacial charge transfer on the open circuit voltage in an organic
photovoltaic.
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photovoltage. Intercalation of Al into the C60 film further
hinders electron extraction, leading to a further decrease in
open-circuit voltage. In fact, there have been multiple reports of
electrical shorts in C60-Al devices, with open-circuit voltages on
the order of 10 mV.84,85

4. SUMMARY

In conclusion, the properties that make C60 a favorable material
for use as a molecular acceptor layer (i.e., n-type semi-
conductor) also allow it to accept electrons from evaporated Al
during device fabrication. This electron transfer initiates
degradation chemistry of the C60 film into a Al+/C60

•− salt
and a-C. The presence of these reaction products leads to the
formation of proposed interfacial gap states in the energy
region between the C60 HOMO and LUMO. These states are
directly observed in electron spectroscopy, and their presence
alters the energetics of charge collection at the metal/organic
interface, contributing to less than ideal device performance.
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