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First-principles pseudopotential density functional calculations are reported for hydrogen- and oxygen-
related defects in crystalline pentaceneA@,). It is shown that defects that perturb a carbon atom so as to
remove itsp, orbital from participation in ther system give rise to a state in the gap. One such defect is
formed by addig a H atom to create a,gH,5 molecule with one fourfold C atom. In the neutral-charge state
a single electron occupiesmorbital having reduced amplitude on the perturbed carbon atom. Charged defects
correspond to addition or removal of an electron from this orbital. The possibility that these defects give rise
to the bias-stress effect in pentacene-based thin film transistors is discussed.
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A large number of studies performed over the last severahdependent exchange-correlation energy functiChalhis
decades have focused on the structural and electronic proppproach was employed in recent calculations of the surfaces
erties of point defects in tetrahedrally coordinated inorganienergies for polyacenéb A plane-wave basis is employed
semiconductors. As a result, the basic low-energy structuravith a cutoff energy of 50 Ry. Calculations have been per-
modifications (interstitials, vacancies, antisitebave been formed for both isolated molecules and bulk systems. Calcu-
identified and transition levels in the band gap as well adations for defects in crystalline pentacene employed the tri-
formation energies within prescribed ranges of the atomiglinic lattice vectors determined by Campbelial® using
chemical potentials have been calculatédn comparison to  x-ray diffraction. The lattice vectors were kept fixed, but the
research on inorganic semiconductors the identification antiternal coordinates of the atoms in the unit cell were al-
characterization of chemical defects in organic semicondudowed to relax. The resulting internal coordinates for bulk
tors is not a widely pursued activity and less is known about
defects in those materialsThis Rapid Communication pre-
sents models and calculations for chemical defects that give 1 2 3
rise to localized gap states in pentacene, a prototype organic . 4
semiconductor. Of particular interest are those defects cre- ' 0 "an Tan Tan't)
ated by the addition of one or more H atoms to the pentacene 2) Rl S, S, S, S, M

- ¢V VYV VYV VT
molecules. And though the focus here is on pentacene, the
underlying mechanism giving rise to the gap states is ex- 8
pected to be general and to apply to other small-molecule

organic semiconductors as well as semiconducting polymers.

Pentacene (£H1,) is a planar molecule composed of five b
benzene rings fused along their sides, as shown in Fay. 1 , .“‘"
To form the bulk triclinic crystal these molecules are ar- 5 G
ranged in a herringbone pattern with two molecules in each b) “3‘« ¢
unit cell. Several different pentacene polytypes ekit. A€ s
They differ only slightly in their molecular packing and ex- &5
hibit_simila_lr s_ingle-particle energy band_ gafis9-2.2 eV.b t‘&
First-principles total-energy calculations have been per-
formed for several types of defects. The first of these is
formed by addig a H atom to the molecule to convert a C-H ¥
unit to a C-H unit, thereby creating a £8H,5 molecule, as o) P ﬂ:&hfxc“( )
depicted schematically in Fig.(H). In this type of defect, oY . »’

which will be denoted as a C-Hlefect, one of the C atoms
becomes fourfold coordinated and so does not participate in

&

the 7 system. Also studied is the defect formed by replacing FIG. 1. (8) A single pentacene molecule £l,,) consists of 5

one of the H atoms by an oxygen atom, to create,#1¢O

benzene rings. In each molecule 14 of the 22 C atoms are bonded to

molecule in which there is a C-O double bond. This will be, other C atoms and to one hydrogen atom. The four inequivalent
denoted as an Qdefect. The calculations discussed below atoms are numbered 1-4. Other H atoms are related by symme-

indicate that both of these defects will give rise to gap stategy. (b) A C,,H,5 molecule is shown next to a perfect pentacene

in pentacene crystals.

molecule in crystalline pentacene. The added H atom is located in

Geometry-optimization and total-energy calculations site 1. This is termed a C-Hdefect.(c) A single G,H;s molecule
were performed within the local density functional théory (dihydropentaceneis shown here. The two C-Hunits are posi-

using first-principles pseudopotentialsand a spin-
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tioned on sites 1 and 8.
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pentacene are in good agreement with experirient.

Let us first consider an isolated pentacene molecule to . . . . -
which one additional H atom is added to create gHgs . .
molecule. The H atom can be added on any one of four sites o ® . . O J ® ® .
labeled 1-4 in Fig. (&). The most stable £H,5 molecule is ® ® ® ® ®
formed by adding the H on site number 1, and additions on " - . = . -
sites 2, 3, and 4 lead to structures that are higher in energy by . . \ . .
0.13, 0.64, and 0.72 eV. For the fourfold C atom to achieve
tetrahedral coordination a distortion of the molecule is re-
quired. This results in a nonplanarf,5 molecule. How-
ever, the energy difference between planar and nonplanar
configurations of the isolated,gH;s molecules is less than X " = = *

0.02 eV/molecule. For the £LH,50 molecules, formed by ~ . @ . @ .. . ® .
replacirg a H atom by an oxygen atom on one of the four
sites, a very similar trend in the relative energies is obtained. B, e e ? ® . O
Substitution on site 1 results in the most stable structure. . . . .
Substitution on sites 2, 3, and 4 results in structures higher in @

energy by 0.11, 0.55, and 0.72 eV. The similarity in the po- \

sition dependence of the defect creation energies for the Oy
C,,H;5 and G,H;350 molecules is a consequence of the fact
that the = bonding is perturbed in the same way in each FIG. 2. Contour plots of ther-gap wave functions for SHs
case: In both systems the, orbital on the perturbed C (top) and G,H;50 (bottom. In each case the plane of the plot is
atom no longer participates in thesystem once the defect is located 1 bohr above the plane of the molecule. Atom positions
present. This is clear in the case of the s molecule  (projected onto this planeare indicated. C atoms are denoted by
where the perturbed C atom becomes fourfold coordinatedkolid circles. The H atoms are denoted by solid squares. In projec-
For the G,H;30 molecule a strong double bond is formed tion, the H atoms in the C-Hunit in site 1 appear closer to the C.
between the O and C atom, and this effectively decoup|eghe O atom in site 1 is denoted by a gray circle. Note that in both
this C p, orbital from the moleculatr system. The gap-state orbitals there is very little Weight on the perturbed C atom. In _the
wave functions for the §Hy5 and G,H,40 molecules are neutral-charge statg these orpltals would be oc_cupled py a single
shown in Fig. 2. We will refer to these statesagap states electron and ther.e is a net spin. Becquse thg spin density |s.spread
since they haver character and reside within the highest out over the entire molecule, the spin-polarization energy is ex-
occupied and lowest unoccupied molecular orbiEBDMO- pected to be small, on the order of 0.1 eV.

LUMO) gap of the unperturbed pentacene molecule. It is

seen that these two orbitals are very similar in character antbrs may be employed as sensors of humitfity.is therefore

that thep, orbitals of the perturbed C atoms do not partici- worth noting that dissociation of ¥0 may give rise to both
pate in either state. One may view thesegap states as C-H, and C-HOH defects, and it is possible that the forma-
superpositions of occupied and empty=* orbitals of the tion of these defects affects the properties of such devices
perfect molecule; this combination of orbitals produces aupon exposure to humid air.

node on the perturbed C atofhSuch-gap states are there- Calculations have also been performed for isolated mol-
fore expected to be a characteristic feature of defects in orecules containing two C-Hdefects: i.e., dihydropentacene
ganic semiconductors in which a @, orbital is removed (CxH;g). A variety of possible structures were considered,
from the 7r system. and the lowest-energy structure obtained is one in which the

The C-H, defect is a representative of the class of defectswo C-H, defects are located on sites 1 and 8. In the lowest-
in which the defining characteristic is the removal of £ energy configuration the molecule is folded by 28° as shown
orbital from thew system. Another member of this class is in Fig. 1(c). This distortion lowers the energy by 0.11 eV/
formed by attaching an OH group ta C atom to create a molecule compared to a structure having mirror symmetry in
C,,H1s0 molecule. In this defect, which may be termedthe plane. This energy reduction is quite small, and the inter-
C-HOH, a C atom becomes fourfold coordinated andpifs actions between the impurity and neighboring pentacene
orbital is removed from ther system. Calculations for an molecules make it unlikely that such a large distortion would
isolated G,H;50 molecule confirm the presence ofragap  persist when the molecule is embedded as a dilute impurity
state of character similar to those shown in Fig. 2 for thein crystalline pentacene. Therefore, in the calculations of de-
C,,H;5 and G,H;50 molecules. Consequently, the presencefect formation energies in crystalline pentacene discussed
of C,,H;150 molecules in bulk pentacene is expected to givebelow, a symmetric dihydropentacene impurity molecule is
rise to electrically active gap states. There have been sonmmployed.
recent experimental studiésof pentacene in which deep  We now turn to the calculations performed for defects in
levels were attributed to the presence of oxygen, but no spesrystalline pentacene. The defects are modeled with a tri-
cific structural models for the defects were proposed. Or<linic unit cell containing two molecules in each cell, one
ganic semiconductor device characteristics are known to bdefect molecule and one,¢;, molecule. The formation
sensitive to air exposure. Indeed, pentacene thin-film transisnergies of the C-Hdefect (G,H5), the dangling bond

C-H,
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defect (G,H,5), and the dihydropentacene defect4;)  and, hence, depends on the Fermi energyp-type condi-

are determined with respect to bulk pentacene and a reservdiPns E,(Er) =Epn+2[EF—E(+/0)] and in n-type condi-

of H with chemical potential £,;). Neglecting corrections tONSEy(E¢)=E,,—2[Er—E(0/—)] so that wherkg is be-
arising from changes in the zero-point vibrational energfies, 10w the (+/0) transition level or above thed/-) level the

the formation energy of the neutral CyHlefect isQ(u,)  €NErgy cost of breaking a pair is reduced. o
=—0.2eV-Apuy. In this expressionA uy= uy— 2E(H,) We may em_ploy these results to dlscyss the possibility
and E(H,) is the energy of a K molecule at rest in the Lhat the form?ftlon 0;; charg(;ac_i Cottlefects is re(ljate?] to the .
vacuum. According to this result, it is exothermic by a small |asjstre§s € i%tlgo ser\:jg n pentacentel akr]] ﬁt eL ol(rjganlc
amount to move H from a Hmolecule to form the C-4  S€Micon uctor§’*®According to Knippet al, the thresho

defect in bulk i The f i £ dihvd voltage shifts seen in pentacene thin-film transistors follow-
ctect In bulk pentacene. The formation energy of diny ro'ing the application of a gate bias stress can be accounted for
pentacene i) (uy)=—1.4eV—-2Auy. Therefore, when

) s ~' by the accumulation of charge at the interface between pen-
the zero-point energy correction is included the predicteq;cene and the dielectric. The magnitude of the shift requires
exothermicity of the reaction £H,4+Hy—CoHigis ~1.1  hat the interface state density created by the stress be on the
eV. For the dangling bond defect the formation energy isyrder of 16%cn? (Ref. 17. The reactions
Q(uy)=3.5eV+Auy: i.e., it costs 3.5 eV per H atom to

remove H from pentacene and form, kholecules in the 2h* 4+ CyoH 6+ CooH1—2(CyoHig) * D
vacuum. It is clear from these formation energies that reac;

tions leading to the addition of H are more likely than those

leading to loss of H. It is also important to note that for 2h™ + CyH1gO+ CoHis— (CooH1s0) T+ (CooHig) T (2)
pentacene depositions that are performed using aatrier

gas at temperatures and pressures such that.2is greater lead to hole trapping and the formation of charged defects. In

principle, these reactions can give rise to charge at the inter-

than—1 eV, one can expedto the extent that equilibration X !
between pentacene and molecular hydrogen can be assumd@ce: As discussed above, the reaction energy depends on the
electron chemical potentiakEg) and is reduced dsg moves

a significant quantity of dihydropentacene in the resulting

material. For a carrier gas pressure of 1 atm this condition ofPards the band edge. The first reaction proceeds by trans-
2A y is met for temperatures up to about 400%C. ferring a proton from one molecule to a neighbor, thereby

For the C-H and Q, defects positive- and negative- crgating two charged C;j—kjefects: and re_moying two holes.
charged states are formed by the removal or addition of a s hydrogen abstraction reaction, which is alﬁé_mmon re-
electron from ther-gap states. The transition levels are val-2¢tion of positively charged hydrocarbon molecufess rel-
ues of the electron chemical potentidg) for which the e\{ant when th.ere IS an excess of H in the SVSteT“- MO.St of
energies of defects having different charge states are (’-:Jﬁual.t_h'S EXCESS H 1S _normally_ paired and hence _electrlcally Inac-
The calculated(+/0) level for the C-H defect occurs at tive, but application of a field and the reduction of the Fermi
about 0.34 eV above the valence-band maximum and thl{gvel drives the reaction to the right. In the second reaction a

(0/—) level occurs at about 0.80 eV. Thus the neutral defecP’0ton is transferred from a,G8H,0 molecule to a neigh-
is stable over a 0.5-eV-wide range of the electron chemic oring pentacene molecule. Threshold shifts were seen for

potential. It may therefore be of interest to perform electron- oth positive and negative gate voltages, implying that both
spin-resonance experiments on hydrogenated pentacene §f9atively and positively charged defects can be created by
other hydrogenated organic semiconductors. The correspon 1€ st_resé._ In this conFexlt It E noted that ellectr(IJn trap:jplng
ing transition levels for the Qdefect are located at 0.18 and ¢@" 9'V€ ng_e_ to negatively chargeg,H;s molecules under
0.62 eV relative to the valence-band maximum. The formal-lyPe conditions. . .

One may employ the law of mass action to estimate the

tion of C-H, and Q, defects may act as compensation . X .
mechanisms for botp- andn-type doping. In each case the fraction (S) of pentacene molecules on which a single €-H
it is present if a fractiorfP) of the molecules have a pair

formation energy is reduced, and hence the number of suct! > o L
electrically active defects increases as the electron chemicQf C-H2 units present. Under equilibrium conditions at tem-
potential moves towards the band edges. peraturer,

The energy of the structure with paired G-Hefects may _plr2 _
be compared with that in which the two neutral G-ttefects S=Pextd ~ Ep(Er)/2KksT].
are located on separate molecules in the crystal, and it i8/hen a large concentration of holes is preséstijs shifted
found that it is energetically favorable for C;ldefects to be to the valence-band edg&r=0. With E(+/0)=0.34 eV
located on the same molecule. The energy reduction arisingne then findsE,(E¢)~0.36 eV, and so for a temperature
from this pairing of neutral defects &,,=1.04 eV. (The  T~300K the result isS~103pP*2
corresponding pairing energy obtained in calculations for The density of pentacene molecules in a single layer is
isolated molecules is 1.13 @V. Because the HOMO and 4x10'%cn?. It is reasonable to assume the interface charge
LUMO for the C,,H; molecule lie below and above those is spread over several layers, so that the effective molecular
for the perfect molecule, molecules having a 1-8 pair ofdensity is~10'%cn?. Therefore, the scenario in which a
C-H, units are not electrically active, and so most of thecharge density of & cn? results from the thermal creation
extra H will not give rise to gap states. The pairing energyof charged C-H defects undep-type conditions requireP
depends on the charge state of the unpaired,Qefects >0.1. This result suggests that a significant fraction of
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CyHi6 molecules must be present in the pentacene to ac- In summary, it has been proposed that electrically active

count for the effect. This conclusion is qualitative because a/ap states will be a characteristic feature of &-#,, and

uncertainty in the pair breaking energg,(Er), as small as C-HOH defects in organic semiconductors because these de-

0.1 eV translates into an uncertaintySof almost a factor of ~ fects remove a @, orbital from ther system. It was shown

10. Nonetheless, it is clear that a field-induced creation ofat C-H defects prefer to form pairsi.e., GoHig mol-

charged G,H;s molecules should be considered as a possibl@wlc‘j33 andhtha; the_elner?yl r(_aqwred.ch) brﬁak rt}heze pi!rs def—

mechanism producing bias stress in pentacene. Experimen gnds on the Fermi level. It is possible that the breaking o

evidence for the existence of,@l in pentacene has been ese pairs and the formation of_charged defects gives rise to
. 51 220116 ; the bias-stress effect observed in pentacene.

obtained recentl$??! In addition, the possible presence of

C,,Hi6 can be inferred from analysis of the chemical precur- We are grateful to D. Biegelsen and R. Street for stimu-

sors that are employed in the synthesis of pentatene. lating discussions.
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