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Oxygen and water-related impurities in Cg, crystals: A density-functional theory study
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Despite the importance of impurity effects for the use of the prototype organic semiconductor Cg, in modern
electronics, the atomic-scale mechanisms which underlie several key oxygen-induced modifications of Cg
crystal properties remain elusive. Here we use first-principles calculations to address varying, and, in cases,
seemingly conflicting experimental data on oxygen or water incorporation in crystalline Cqy. We clarify the
role of several oxygen- and water-related configurations, including spin-polarized physisorbed structures,
chemisorbed geometries, and polymer precursors, in the creation of deep traps, shallow traps, or resonances.
The role of annealing is thus clarified in producing a hierarchy of impurity-related effects in Cg.

DOI: 10.1103/PhysRevB.82.045201

I. INTRODUCTION

The molecular crystals of the carbon allotrope fullerene
Ceo, also known as fullerites, have been recognized over the
years as a prototype environment to probe fundamental
mechanisms of transport and optoelectronic processes. More-
over, relatively high carrier mobilities and high electron af-
finity make fullerites the materials of choice for applications
in electronic devices, such as field-effect transistors' or
photovoltaics.> However, the physical properties of organic
semiconductors in general, and fullerites in particular, are
often susceptible to significant modification due to insertion
of extrinsic species.* Numerous experiments have long
reported*~'¢ evidence for the sensitivity of fullerites to incor-
poration of impurities, such as oxygen and water.

Oxygen may be absorbed in Cg crystals either in molecu-
lar form, or, following annealing at elevated temperatures, in
chemisorbed configurations of atomic O. Oxygen insertion is
accompanied with decrease of conductivity, which in certain
cases, and similar to other organic semiconductors,!’2 re-
lates to the appearance of levels*7:9-11.13:.14.1621 iy the energy
band gap of fullerites. Computational studies?>* have
probed the stability of chemisorbed O impurities on indi-
vidual fullerene molecules. A resolution of the origins of
impurity-related degradation, however, can be attained only
with pertinent studies on Cg, crystals, wherein there are en-
hanced possibilities of adsorption and, concomitantly, of
more complex impurity effects.

In this paper we probe with extensive first-principles cal-
culations oxygen- and water-related effects on individual Cg
molecules, but also in crystalline Cg, supercells. We outline
the sequence of reactions that may lead from physisorbed O,
molecules to chemisorbed O atoms on fullerenes under an-
nealing. Both nondissociated oxygen molecules in Cg crys-
talline voids and certain chemisorbed structures generate lev-
els in the energy band gap of Cg, creating thus shallow and
deep energy traps for charge carriers. In contrast, water mol-
ecules have minimal effect on the electronic properties of
Cyo crystals, unless conditions favor hydrolysis and forma-
tion of isolated hydroxyl groups on fullerene molecules.
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II. METHOD

The results were obtained using the density-functional
theory (DFT) code VASP (Ref. 25) with ultrasoft
pseudopotentials?®® and a local-density approximation?’
(LDA) exchange-correlation (xc) functional. Selected calcu-
lations were also performed with a generalized-gradient ap-
proximation (GGA) xc-functional.”® Unless stated otherwise,
the results we present below are LDA values. The cutoff for
the plane wave basis was set to 300 eV. Calculations for
impurities in crystals employed supercells with 4 Cg, mol-
ecules in a face-centered cubic (FCC) arrangement and 3
X3 X3 k grids.?? Electronic densities of states (DOS) were
obtained with k-sampling through the tetrahedron method.?"
Barriers were obtained with the nudged elastic band (NEB)
method,?' based on experience with calculations of activa-
tion energies in various systems.3>33

The selection of an LDA functional, instead of a GGA
approach, relates to how these two classes of DFT function-
als perform in the case of graphitic systems. In particular, it
is known that while GGA calculations fail to account for any
binding between graphite layers,>** LDA studies obtain
graphite interlayer distances and binding energies which are
in satisfactory agreement with experimental values, even
though van der Waals interactions are not included explicitly.
The relatively satisfactory LDA description of the energetics
and electronic properties of carbon-based systems extends
also to fullerites and carbon nanotubes.>* Methods, such as
the GW scheme,® that go beyond the LDA and yield energy
band gaps in better agreement with experimental values are
not employed here because at present they require excessive
computational power, especially in the case of large defect
supercells.

III. RESULTS AND DISCUSSION

An understanding of the stability of oxygen impurities in
fullerites presupposes knowledge of equilibrium structures of
oxygen species on isolated Cg, molecules. The most stable
configurations of atomic O on a fullerene molecule are
shown in Fig. 1. In agreement with previous studies,?>?* the
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FIG. 1. (Color online) Oxygen impurities on a Cg, molecule: O
bridges (a) on a (6,6) bond and (b) a (6,5) bond. (c) O bridge
between two Cgy molecules. [Carbon: gray, Oxygen: dark gray (red)
spheres]

lowest energy structures correspond to O bridges above (6,6)
and (6,5) Cg, bonds. Within LDA (GGA) the (6,5) structure
is only 0.03 eV (0.02 eV) lower than the (6,6) configuration.
Other metastable O geometries are the endohedral configu-
ration with O at the center of the fullerene, and O chemi-
sorbed in bridge configuration inside the Cg, cage. The en-
ergies of these structures are 4.42 and 3.11 eV, respectively,
higher than that of the (6,5) bond.

The adsorption of molecular oxygen can lead to several
different types of configurations. First, as shown in Fig. 2(a),
the molecule can physisorb above a (6,6) bond with a bind-
ing energy of 0.5 eV. The molecule can then get attached?* to
the fullerene in the form of Fig. 2(b). The energy gain and
barrier of this process are 0.75 and 0.67 eV, respectively.
Subsequently, the attached molecule can dissociate to a pair
of carbonyl groups or a pair of vicinal (6,5) O bridges. The
energies of these structures, which are depicted in Figs. 2(c)
and 2(d), are lower than that of Fig. 2(b) by 0.93 and 2.30
eV, respectively. A similar sequence of transformations takes
place over defects of graphene and carbon nanotubes.’” The
activation energies for the (b) to (c) and (b) to (d) transfor-
mations are 1.45 and 1.40 eV. Overall, the reaction energies
and barriers indicate, in agreement with experiments,®3 that
increasing the annealing temperature during exposure of Cg
to molecular oxygen can enable first the adsorption of non-
dissociated O, species, followed by the dissociation to very
stable chemisorbed pairs of vicinal O atoms.

Atomic O impurities in crystalline Cg, can reside on one
fullerene molecule, or serve as bridges between two neigh-
boring molecules.**~*3 In fact, O-related bonds can serve as
anchors between other graphitic systems, such as carbon
nanotubes,* and the surrounding chemical environment. The
most stable O configuration in Cg fullerite is the intermo-
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FIG. 2. (Color online) Adsorption of an oxygen molecule on a
Cgo molecule: (a) physisorbed and (b) chemisorbed O, molecule,
(c) pairs of vicinal carbonyl groups, (d) pairs of vicinal (6,5) O
bridges. [Carbon: gray, oxygen: dark gray (red) spheres]

lecular bridge (IB) of the type of Fig. 1(c). Compared to this
structure, the energy increases by 0.6 eV when the O bridge
is replaced by a C-C intermolecular bridge and the O impu-
rity moves to a vicinal (6,5) position on one of the moieties
of the Cgy dimer. Other structures with nondimerized mol-
ecules and an O atom on an individual Cg, have energies
higher than that of IB by 1.0-1.1 eV. An intermolecular
C-O-C bridge configuration with no direct intermolecular
C-C bonds is less stable than IB by 1.6 eV.

Figure 3 depicts the electronic densities of states (DOS)
for pristine Cg crystals and for fullerites with an O impurity
of the type of Fig. 1(c). The calculated energy band gap (1.07
eV) is significantly less than the experimental value (which
is more than* 2.1 eV), a well-known limitation of DFT ap-
proaches. With respect to impurity-related effects we note
that the IB of Fig. 1(c) creates resonancelike DOS peaks at
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FIG. 3. Electronic densities of states (DOS) for pristine Cg
crystal (shaded), and for crystalline Cg, with O impurities of the
type of Fig. 1(c) (solid line). Zero of energy is set at the valence
band (VB) maximum.
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FIG. 4. (Color online) Formation of intermolecular O, bridges
in a Cg, crystal. The energies of configurations (a) and (b) are
approximately the same as those of O, molecules in octahedral and
tetrahedral voids, respectively. [Carbon: gray, oxygen: dark gray
(red) spheres]

the top of the valence band, as well as states between the
highest-occupied molecular orbital (HOMO) and HOMO-1
bands. DOS results for O bridges on individual Cg, mol-
ecules have minimal differences with respect to the DOS of
pristine fullerite. Overall, the presence of exohedral atomic O
impurities, either in the core of Cg, dimers, or on individual
Cgo molecules does not create defect levels in the energy
band gap of the host fullerene crystal.

As noted above, the energies of configurations with an
oxygen atom inside the C¢, cage are significantly higher (by
more than 3.11 eV) than those of structures of Figs. 1(a) and
1(b). Nevertheless, O atoms that are trapped inside a
fullerene molecule during synthesis or other special condi-
tions, such as irradiation, can remain in endohedral configu-
rations for a prolonged period of time due to high energy
barriers of escape. Indeed, the calculated activation energy
for transformation of endo- to exohedral O configuration is
so high (about 3.0 eV) that the process is not operative at
room or moderate temperatures. The presence of these
trapped oxygen species introduces distinct peaks in the ful-
lerite DOS, with the most important feature the appearance
of shallow traps about 0.05 eV above the valence band maxi-
mum.

When oxygen enters a Cg crystal in molecular form it can
occupy the center of crystalline voids. In agreement with
suggestions from experimental data,'>* we found that the
octahedral voids are more efficient (by 0.23 V) O, trapping
sites than the tetrahedral positions. In both octahedral and
tetrahedral lowest-energy configurations, the O, molecule re-
tains its gas-phase 2up magnetic moment and is aligned
along the crystalline (111) direction. Other stable nondisso-
ciated O, structures are shown in Fig. 4. These intermolecu-
lar bridges are formed in the tight space between neighboring
Cgo molecules. The bridges of Figs. 4(a) and 4(b), which
have O-O bonds stretched to 1.48 A, are comparable in en-
ergy to octahedral and tetrahedral structures, respectively.

Annealing of a Cg crystal with O, molecules can enable
first the attachment of the impurity molecule to fullerene
species, or even the complete dissociation and chemisorption
in the form of atomic O. In particular, an impurity configu-
ration of the type of Fig. 2(b) is more stable than octahedral
O, structures by 0.65 eV. Heating at higher temperatures can
lead to dissociation of the O, entity and creation of atomic O
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FIG. 5. Electronic densities of states (DOS) for pristine Cg
crystal (shaded), and for crystalline Cgy with O, molecules in the
tetrahedral (solid line) and octahedral (line with squares) voids.
Zero of energy is set at the valence band (VB) maximum. The

impurities introduce pairs of defect levels (DB1 and DB2) in the
Cgo energy band gap.

bridges. These processes lead to significant drops of 2.5-3.0
eV in energy when compared to octahedral trapping.

As shown in the DOS plots of Fig. 5, O, molecules
trapped at octahedral or tetrahedral Cg, voids introduce pairs
of defect levels in the fullerite energy band gap. These levels
lie deep inside the band gap and can act as efficient traps of
charge carriers. Deep traps are created also when O, species
form bridges of the type of Fig. 4. When the O, molecule
reacts with Cg, to form impurities of the type of Figs. 2(b)
and 2(d) the traps disappear, but new features emerge in the
DOS plots. Specifically, resonancelike peaks (denoted R1
and R2 in Fig. 6) appear at the valence band maximum and
conduction band minimum, suggesting an important role of

250
VB
200
S o R1 DB2
8
& il
§m : \I\”\ﬁ““ DB1 R2
w {' * A
p- ’ “H m {
Hl ’
. | ul““hlm m ““ W |
-1 05 05 1 15 2
E(eV)

FIG. 6. Electronic densities of states (DOS) for pristine Cg
crystal (shaded), for crystalline Cqy with O, molecules in the impu-
rity configuration of Fig. 4(b) (line with squares), and for a Cg
crystal with a defective molecule of the type shown in Fig. 2(d)
(solid line). Zero of energy is set at the valence band (VB) maxi-
mum. The impurities introduce pairs of defect levels (DBI and
DB?2) in the Cgq energy band gap, or resonances (R1 and R2) at the
VB maximum and conduction band (CB) minimum.
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FIG. 7. Electronic densities of states (DOS) for crystalline Cg
with no impurities (shaded) and with vicinal H and OH impurities
on a Cgy molecule (solid line). Zero of energy is set at the valence
band (VB) maximum.

chemisorbed O impurities in carrier scattering and, concomi-
tantly, mobility degradation of the host crystal.

Similar to oxygen, H,O molecules can be absorbed intact
in the octahedral or tetrahedral voids of Cg crystals, with the
former being more favorable energetically by 0.1 eV. When
they retain a molecular form, water-related impurities intro-
duce only very small changes in the DOS plot of crystalline
Ceo- In contrast, a pair of vicinal H and OH impurities at-
tached on nearest C atoms of a Cg, molecule creates a dis-
crete peak at the top of the valence band. The corresponding
DOS results are shown in Fig. 7. The most stable structure
for the H-OH pair is the one with the corresponding C atoms
across a (6,6) bond. The energy of this configuration is about
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0.1 eV lower than that of an H,O molecule in an octahedral
void. Though first-principles calculations for lower concen-
trations of impurities are presently impractical, the results of
Fig. 7 suggest that at the dilute limit the H-OH impurities
may introduce a shallow hole trap in fullerites.

As noted above, experimental reports about the effect of
O, and H,O0 impurities on the electronic spectrum of Cg are
varying. Specifically, some experiments have linked the pres-
ence of oxygen impurities to deep traps’°~!! in the fullerite
energy band gap, while other works have found that shallow
traps*?! are formed under exposure to air. In addition, there
are also reports® which proposed that exposure to oxygen
creates no levels in the fullerite band gap. The results of this
work elucidate the atomic-scale details behind these varying
observations by identifying several different oxygen-related
configurations which can indeed account for formation of
deep traps, shallow traps, or no traps. Likewise, the results
described above are consistent with observations!> of a mini-
mal effect of intact water impurities, but also identify hy-
drolysis as a process that may lead to resonances or shallow
traps in fullerites.

In summary, we have the described the energetics of oxy-
gen adsorption on Cg, molecules and the atomic-scale details
of oxygen and water insertion in Cg crystals. The impurities
give rise to various distinct configurations which can account
for experimental observations of creation of carrier traps,
deep or shallow, in Cg fullerite.
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