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We have investigated the doping mechanism of pentacene with iodine and its impact on the structure and on
the electronic properties of single crystals, powders, and thin films in a large range of iodine concentration
up to six iodine per pentacene (PEN) molecule (I/PEN). Three regimes of doping have been identified.

In the low doping regime I/PEN< 0.05, the pristine pentacene structure of single crystals is maintained.
Electron spin resonance (ESR) evidences a Pauli susceptibility, that is, the characteristic fingerprint of
delocalized holes in the valence band of pentacene. In the intermediate doping regimd/@EN < 2.0),

iodine diffuses between tha,p) planes of the pentacene structure and forms an intercalate. Charge transfer
between iodine and pentacene is witnessed by both-i% and IR signatures of PENcations and related
species, for example, cation dimers (PBNand typical Raman signatures of the Bnd k= species. Spin

pairing of pentacene cation radicals is further supported by the observation of a thermally activated behavior
of the ESR spin susceptibility. In the heavy doping regime<(2PEN < 6), all traces of structural order
vanish, indicating that iodine penetrates within tlagb( planes of the intercalate in a disordered manner,
forming an amorphous-like material. This high degree of disorder results in increased charge localization.
Most spin/charge species are ESR-silent and only a limited fraction (a few percents) exhibits a Curie-like
susceptibility. Because of disorder, the macroscopic conductivity of doped pentacene single crystals does not
exceed a few S/cm at 300 K.

I. Introduction (NiPcl) which are model materials in this respéétn this case,

Sj h K of Karl L . Ik b one can obtain massive charge transfer from the donor to the
Ince the work o K"?lr et al.pentacene is well known to be acceptor lattice and “true” metallic conductivity. However, the

a good molecular semiconductor with hole mobilities of several doping procedure from the vapor phase does not usually lead

hundreds c#iV-s at low temperatures. It is thus natural to try to highly crystalline samples; the polyiodide phase remains

to gsspuate Fhas Weaﬁ donor mollecule dw':h an qccept(()ir, SUChisordered and the opportunities of charge transfer are limited
as lodine, to induce charge transfer and electronic conduction.,, 5 fay percent of the donor molecules. Pentacene, iodine-

These experiments were successful with other donor moleculesdoped from the vapor phase, enters this last category

. . 5 _ 1 .
SUCh. as6 pery'eﬂ%’? nickel phthalocyaniné? copper phthalo For pentacene, a few experiments performed on polycrystal-
cyanine, tetrathiofulvalene (TTF},and related compounds, line films, powders, and amorphous films doped with iodine
tetrathlotetracene (TTT). based matefialand, of course, have already been publish&d1* They showed that, in the first
conju_gated polymers (\.Nh'Ch act both as dpnors and acceptors).stages of doping, the structure of pentacene is not changed too
A review on these subjects can be found in the book by one of much, in such a way that iodine intercalates betweenatis (

10 .
us=m o . . .. layers of pentacene molecufg<Electron spin resonance (ESR)
In iodine-doped organic semiconductors, only under specific experiments were also carried out in iodih& as well as in

circumstances_ co_rresponding toa well-defined s_toichiometry, alkaline-doped pentacefe!® (potassium and rubidium) which
does the polyiodide phase organize together with the donorghowed that two undefined types of spins are present on the
lattice and form a radical-ion salt. Several examples of this pentacene lattice because of charge transfer. They also dem-
ordered behavior can be found in ref 10, including copper gnsirated that ohmic conductivities about-lDO S/cm at room
phthalocyanine-iodide (CuPcl) and nickel phthalocyanine-iodide temperature result from the iodine as well as from the alkaline
doping.
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' ' ' an example of the absorptiemesorption process in a single
doping period dedoping period crystal of 1.3 mg. In this typical case, the doping kinetics at
293 K involves times about 10100 h. In situ ESR experiments
1 . - ., ] have also shown that the homogeneity of a single crystal of a
o few hundreds of nm thick, with respect to the dopant concentra-
. . tion, involves dedoping times at 293 K of approximately 10 h.
' The stability of the doped samples depends on the composi-
. tion. For I/PEN= 4, the material is stable at 293 K, while in
the intermediate range & I/PEN =< 3, one-third of the iodine
content is desorbed within times of about 10 h or more. This
observation is very similar to the case of perylepg23
L L 3. Spectroscopic CharacterizationOptical spectroscopy in
1 10 100 the UV—vis was performed on a Varian Cary 50 spectropho-
Time (hours) tometer. The pentacene film onto oriented PTFE (0.8 cn)
Figure 1. Doping and dedoping of a pentacene single crystal in ambient Was placed in a quartz cell. Conductivity was measured
atmosphere and iodine vapor. The iodine concentration was obtainedsimultaneously on the sample between two gold electrodes
from weight measurements. deposited on top of the PTFE/glass substrate (adnterdigit
spacing) using a Keithley 2400 electrometer. At titrve 0, an
organized in the following manner: Section Il is dedicated to iodine grain (0.5 mg) was dropped in the quartz cell which was
the description of the doping procedure, the samples, and thesubsequently closed and the iodine vapor progressively doped
various methods used for the study of the structure, spectro-the sample until saturation was reached after ca. 15 h of doping.
scopic, magnetic, and transport properties. Section Il is It was verified that the absorption of the iodine vapor in the
dedicated to the experimental results. We first discuss the optical cell is negligible with respect to that of the doped thin
evidences for charge transfer obtained from the spectroscopicfilms.
and the structural points of view and subsequently present the Raman spectroscopy was performed on pristine and doped
impact of doping on the magnetic and transport properties as apentacene powders using a Krypton ion laser at a wavelength

lodine concentration , I/PEN

o

AL m -

function of iodine concentration in the samples. of 568.188 nm. The Raman scattering was analyzed by using a
) . “Spex, Triplemate” monochromator 1879 coupled to a cooled
Il. Experimental Section CCD camera. The samples were investigated in the® 180

1. Sample Preparation.Pentacene powder was purchased bagkscgttering mode using the toluene spectrum as a frequency
from Aldrich and purified twice by gradient sublimation before Ccalibration. _
use. Single crystals were grown by vapor transport of pentacene FT-IR measurements were pgrformed by using a photoacous-
under a thermal gradient. To this aim, the purified pentacene tic Spectrometer based on a DigiLab FTS 7000 FTIR spectro-
powder was sealed in a glass tube filled with a gas mixture Photometer coupled to a MTEC 300 photoacoustic detector
including hydrogen. Oriented pentacene thin films were grown (Photoacoustics Inc). The method is based on the comparison
on oriented poly(tetrafluoroethylene) (PTFE) substrates by high Of the photoacoustic response of the sample with that of an
vacuum sublimation using a KurLesker evaporator system  infrared “blackbody%*

at a base pressure of>4 10-7 mbar and deposition rate of 1 4. X-ray Diffraction. X-ray diffraction was performed on a
nm/min. Experimental conditions used to prepare the substratesSiemens D5000 diffractometer i,(20) mode using CtrKq
are presented elsewhéfe. radiation ¢ = 1.5405 A). XRD acquisition was performed

The X-ray diffractograms of powders and single crystals immediately after doping and weighting of the samples with
exhibit thedgo; = 14.15 A reflection which is characteristic of ~an acquisition time of 30 min, a time scale during which the
the bulk polymorph with a triclinic structure previously identi- ~iodine loss by the sample is negligible (vide supra).
fied in the literature® Thin films grown onto oriented PTFE 5. Electron Spin ResonanceThe ESR experiments have
substrates with a substrate temperaftye 65 °C give rise to been performed between 4 and 400 K with an ESP300 E or an
the bulk polymorph characterized loljo; = 14.5 A which has ER200D spectrometer (BRUKER) operating at X-band (ca. 9.8
also been identified by transmission electron microsc8py. GHz) equipped with a TE102 rectangular cavity and an

2. Doping Procedures.The samples were doped in three “Oxford” ESR900 cryostat. The temperature measurements were
different manners: (i) from a pure saturated vapor of iodine, performed by inserting an AuFe/Chromel thermocouple close
that is, after preliminary degasing of the samples (powders andto the sample location. Quartz sample tubes were designed so
single crystals), (ii) by using a mixture with an inert gas (single as to allow in situ iodine insertion and pumping, as well as
crystals), or (iii) in mixture of iodine vapor and ambient sample degassing. Care was taken to avoid signal distortion by
atmosphere (thin films). In powders or single crystals, the iodine over-modulation or microwave power saturation. The weak
concentration in the sample was deduced from the weight of signals (thin films and single crystals) were accumulated as
the sample before and after doping. In films or single crystals, required. The spin concentration of single crystals and powders
the doping was monitored by the growth of the electron spin was assessed (within ca. 220% error) by weighting the
resonance (ESR) signal. When concentrations are given in thesamples and by calibration against a standard material (VARIAN
text or in the figures, they always result from a direct weighting. pitch) with ESR parameters (line widttfactor) similar to those
In the other cases, only the doping period is indicated and the of doped pentacene at RT.
concentration is determined indirectly. The control of the doping 6. Conductivity Measurements.The conductivity of penta-
process from the vapor phase is rather difficult. The lack of cene single crystals doped with iodine was measured in the four
control of the homogeneity of the sample could result in probes geometry. Four gold contacts (interdigit distance of 600
misinterpretations of the experimental data. The present work um) were deposited by thermal evaporation under vacuum.
has considered these kinetic problems carefully. Figure 1 gives During deposition, the substrates were cooled at liquid nitrogen
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Figure 3. Evolution of the Raman spectrum of iodine-doped poly-
crystalline powders as a function of increasing concentration of iodine.
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Figure 2. Evolution of the optical absorption spectra of a 50-nm-  polyiodide ions, such ag1and k™, and the formation of cation

thick film of pentacene onto PTFE grown & = 70 °C upon iodine radicals PEN. Polyiodides such ast and k~ are reported to

doping from the vapor. The spectra have not been shifted along the show strong absorption bands between 360 and 438 e

ordinate axis. The progressive shift to higher absorbances is due to th

€spectrum of Figure 1 exhibits two absorption components in
increased reflectivity and scattering of the doped films (see text). P 9 P P

this range (370 and 407 nr#.
Figure 3 represents the intensity of the Raman spectra of
ped pentacene powders. For1I/PEN < 6, the spectra are
qualitatively similar and demonstrate lines very typical of the
polyiodide specie$® mixed at low iodine concentration with
the lines of the pristine pentaceffe?’ The Raman spectra in
Figure 3 are significantly different from that reported for
perylenel,.q,3 Deplano et al. have collected a large number of
polyiodides, the structures and Raman spectra of which are
reasonably well establish@elThe linear symmetric tri-iodide
chain (FI—1)~ is expected to give a Raman peak around 110
cm~1, whereas the asymmetric tri-iodide chains suchrals Is
expected to yield a Raman peak at 167 énBoth these values
agree fairly well with the observed peak positions in Figure 3,
A. Spectroscopic and Structural Evidences for Charge that is, 104 and 162 cm, which are observed for all doped
Transfer. In this section, we will successively describe the samples (see Figure 3).
consequences of charge transfer on the optical and structural Polyiodides with composition higher thag~lare usually
properties of the doped materials, that is, the spectroscopicfound in the form of a combination between br I3~ with
evidences of the various polyiodides, the cationic species molecular b. For instance,st” is either observed in the form of
involving the cation radical PEN the delocalized conduction 137+l or I7+(12).25 In the present case, we note the absence of
electrons, and finally the crystal structure in doped single a clear Raman peak corresponding to molecular iodine,for
crystals. ~ 200 cntl. This implies that, regardless of the composition,
1. Spectroscopic Signatures of the Various Species Formedthe molecular iodine;lis always associated to either or I3~
upon lodine DopingFigure 2 depicts the evolution of the optical to form polyiodides. The peak positions reported forih the
absorption spectrum of 50-nm PEN films grown onto oriented form I3™l, that is, 164, 135, and 106 crh are very close to
PTFE as a function of increasing doping time. the ones observed in our case, that is, 162 and 104.ddnly
The undoped PEN filmsTg = 70 °C) exhibit the expected  the peak at 135 cni is not clearly visible in the present case.
absorption spectra characterized by the vibronic progression withThe comparison with (trimesic acid,O);0rH™ 15~ is more
origin at 690 nm-° Upon doping, we observe the following pertinent since this compound shows two peaks similar to those
modifications of the spectrum: (i) the disappearance of the in Figure 3 at 162 and 104 crh2425|n this latter material,d~
undoped PEN absorption bands, (ii) the emergence of two is described as a linear chain of the typel(i-1,). These results
narrow bands centered at 990 nm (A band) and 880 nm (B suggest that the dominant polyiodides formed in doped penta-
band), (iii) the development of a broad structured band in the cene correspond to linear chains ef and k= which cannot
range 306-600 nm, and (iv) an increase of the apparent be clearly distinguished in the present case.
absorption background. No significant change in the optical It is also important to notice that some of the lines of the
absorption spectra was observed fpr> 15 h, indicating a pure pentacene spectrum disappear as the doping proceeds. It
saturation of film doping. Thus, according to previous results is the cas# for the intermolecular mode at 137 cfnand for
this doping time corresponds likely to I/PEN 6. the two intramolecular lowest frequency symmetric modes at
(a) Spectroscopic Signatures of Polyiodiddde first band 186 and 192 cml. The X-ray diffraction spectra of §2 will
appearing in the UVvis spectra upon doping is centered at also show the fading of the pristine structure, which disappears
500 nm and is attributed to molecular iodiH€2 This absorption completely for I/PEN~ 2.
loses its relative importance as the doping proceeds in favor of  (b) Spectroscopic Signatures of Localized PERations and
several other bands which are all related to charge-transferRelated Specied.he spectra in Figure 2 reveal absorption lines
events from iodine to pentacene, namely, the formation of centered at 407 990 (A band) and 880 nm (B band). According

temperature to avoid structural damage by diffusion of gold in do
the bulk of the single crystals. The samples were mounted on
a specific holder and the contacts were connected using thin
gold wires fixed with silver paste. The measurements were
carried out using a source measure unit, SMU 237, and a digital
multimeter, DMM 2000, both from Keithley Instruments Inc.
The conductivity was measured at room temperature and, in
some cases, as a function of temperature, by cooling down to
77 K. The measurements of the conductivity of pentacene films
were described in section 11.3.

I1l. Results and Discussion.
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to Szczepanski et a8 the pentacene cation radical PEM 8 — —_—

2
8

752

characterized by three absorption bands at 426, 946, and 842 7L (@) ?
nm. We therefore attribute the first two bands at 407 nm and
990 nm to the?A, — 2By, and the?Aq4 < 2By transitions of o
isolated PEN radicals, respectively. In ref 28, the 842-nm band
has been attributed to a vibronic satellite of fthe, <— 2Bg
transition separated from the band origin by 1392 &mhich
corresponds to the energy of the@—C symmetric stretching
mode?® In our case, the fact that the 880-nm band increases in
intensity while the 990-nm band decreases and vanishes after
60 min of doping suggests a different origin of this band. Rather,
the kinetics in Figure 2 supports a mechanism of conversion of
the PEN radicals in a different species giving rise to the
absorption at 880 nm. In analogy with TTF-halide systéhi8,

this new species corresponds very likely to dimers of the type ' P '
(PEN"), which appear progressively as the concentration in :
PEN" cations increases with increasing iodine concentration.
This hypothesis is further supported by the presence of dimers
(nonequivalent molecules from a symmetry point of view) in
the starting crystal structure of the undoped matéfi@iven

the slipped-parallel configuration of the pentacene molecules
in the bulk crystal structure of the pristine material, one would
expect a blue shift (Davydov shift) of the dimer transitions with
respect to the sole cation since the transition dipoles are parallel. ‘ ;
The magnitude of the observed blue shift between the A and B i i Yo A
bands, that is, 0.14 eV, is fully consistent with this picture of 1200 “ie0 1800
dimers. From the thermodynamic point of view, the formation Wavenumber (cm™)

of dimers is likely to be favored by Coulombic interactions
between the two permanent dipoles of adjacent (PEN)
pairs. The ESR measurements presented in the next section will
further support the existence of localized PEbations and 4
related clusters (dimers). The 880-nm band could also be related
to PENT cations. However, this assignment seems less relevant
for two reasons, namely, (i) the lower probability of oxidizing
twice the same molecule with a single electron transfer to iodine
and (ii) the higher energetic cost.

Typical signatures of the PENcations are also visible in
the IR spectra of Figure 4. The absorption was calculated by M/
using a reference photoacoustic spectrum consisting of a black 0 AV IAN A ~ S
reference that absorbs nearly all the incident infrared light. 2000 2500 300 3500 4000
Additionally, a smooth baseline was subtracted to facilitate the wavenumber  (cm”)
readout. Most lines appearing upon doping coincide with the Figure 4. FT-IR spectra of pure and iodine-doped polycrystalline
vibrational modes of the radical PENbbtained in previous powders of pentacene. The spectra_l domgi_n has been_ divi_ded into three
spectroscopic studies on isolated PEMNs in an argon parts (a, b and c). To compare the intensities of the wbratnonal modes,
matrix283132Table 1 lists the positions of the new lines and _the ba;elmes were subtracted and all spectra were rer}orm_allzed to the

. . . i intensity of the absorbance peak of the CH stretching vibration at 3047
compares them to the vibrational absorptions of the isolated g1 (see text). The new band frequencies related to doping are listed
pentacene cations in the works of Szczepanski é¢ ahd in Table 1. (b represents here the response of the spectrometer to a
Halasinski et af! Most of these new lines are strongly coupled blackbody reference).

to thesr-conjugated electron system. New peaks appear at 1964
2553, 2728, and 2769 cmh that is, within a spectral range

where no pentacene peaks are expected. They can be attribute dges and no terraces (see Figure 5). The coarsening of the film

to overtones .Of the catllon peaks. . morphology is the main origin for scattering and diffuse
(c) Scattering and Diffuse Reflectity. The growth of the reflectivity. The occurrence of charge transfer upon increasing
apparent absorption background in the visible and in the near goping time also enhances diffuse reflectivity and explains the
UV is attributed to (i) the coarsening of the film morphology rise of the background in the UWis domain. Diffuse reflec-
and (i) the increase of the diffuse reflectivity upon doping. tivity does not imply a metallic character of the films, which,
The coarsening of the surface is clearly observed by AFM in view of our ESR and conductivity measurements (vide infra),
(see Figure 5) which evidences a significant increase of film is not achieved in our samples (no evidence for a Drude edge
roughness as well as a swelling of the pentacene microcrystal-is observed).
lites upon doping with iodine, typically from 8 nm to 36 nm The increase of the background in the YWis domain is
RMS roughness aftel h of doping. It has to be stressed that reproducible and reversible upon dedoping. Indeed, from a
the doped film morphology is clearly distinct from the pristine structural point of view, the initial morphology in terms of grain
films which exhibit well-defined microcrystals with sharp edges size and shape is recovered after dedoping with an RMS
and molecular terraces fofs > 70 °C. Instead, the films roughness almost identical to the pristine pentacene films.

Absorbance log(l/1,)

; YA, /\*J N
800 900 1000 1100 1200
Wavenumber (cm™)

w IN 3} . <
= T
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1501

Absorbance log (I/1,)
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Absorbance lo
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N

'obtained for a doping tim& = 15 h show swollen domains
ithout any indication for crystalline order, that is, no sharp
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Figure 5. Comparison of the morphology of a 50-nm pentacene thin film deposited onto oriented PTEE &5 °C before (a) and after (b)
doping with an iodine vapor for 1 h. Please note the different scales far dixes, underlining the important swelling of the pentacene domains

by iodine.

TABLE 1: Principal IR Bands for Pen * Cations Observed 0.7 — < . . . T .
in Doped Polycrystalline Pentacene Powdefs 0l © ]
v(cm™) » ' 1
P cation cation = 03¢ )
doped power (Szczepanski et ab.) (Halasinski et al9 E» 04l ]
752 e |
789 g 03p 1
s
933 934 = ]
1016 | o
1132 0o} © o 0 1
1173 1174.9 L ] : ' ' '
1234 1232.8 ot 2 3 4 5 6
1277 I/PEN
1303 1306 Figure 6. Absorbance of the pentacene-8 stretching mode at 3074
1362 cm1, measured with respect to a blackbody, as a function of the doping
1366 1365.8 concentration. The apparent absorption decrease is due to the increase
1367.2 of the IR reflectivity of the sample (see text).
1372 1372.5
1398 1395.7 . increase of the IR reflectivity of the doped samples because of
ﬁ%g ﬂg'g 1424,1401, 1394 the existence of a variety of delocalized “band” excitations in
1526 ' the pentacene sublattice. Concomitantly, the apparent absor-
1545 15495 bances of intramolecular vibrations are seen to decrease because
1964 of the loss of incident infrared light by the increased reflectance
2550 of the sample.
2728

2769 To qu_antify this effect, we present, in Figure 6, the measured
absorption of the CH stretching vibration at 3047 ¢émAt
aFor comparison, the vibration frequencies of matrix isolated |/PEN = 2, this absorption has reached its minimal value and
pentacene cations reported in other works are also li8tedference does not change significantly upon higher doping concentration.
28.° Reference 31. The G-C stretching modes around 1400 chare the most
However, the initial birefringence of the oriented pentacene films sensitive to the doping process. Indeed, according to theoretical
is lost after dedoping. Also, the terraces of the microcrystals calculations’® these vibrations are strongly coupled to extra
are smeared out after dedoping. This suggests that the dopingcharges and here their sensitivity to doping witnesses the
process is not strictly reversible from a structural point of view efficiency of the charge-transfer process.
and significant disorder at the molecular scale is left in the 2. Structure of Doped MaterialS.he spectroscopic experi-
microcrystallites after dedoping. The fact that the roughness of ments showed the buildup of polyiodide species, as they are
the films returns to its initial value after dedoping is consistent entering the pentacene host structure. However, an important
with our explanation for diffuse reflectivity and scattering. question with respect to the crystal structure has to be answered:
The increase of diffuse reflectivity of the samples upon doping where does the iodine go, and what do we know about its
has also been observed in the IR range on polycrystalline organization with respect to the pristine crystal structure of
powders. As the iodine concentration increases, the baseline ofpentacene?
the unprocessed spectra (not shown) is significantly shifted in  Figure 7 depicts the evolution of the X-ray diffractogram of
a reproducible way: the higher the concentration, the lower the a pentacene single crystal upon iodine doping. The initial
overall apparent absorption. We attribute this effect to a broad structure of the single crystals is characterized by (0) O
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] ] ) Figure 8. Room-temperature ESR spin susceptibility of a thin film
Figure 7. X-ray diffractograms of pure and doped pentacene single (50 nm) as a function of the doping time (empty circles). The ESR
crystals. For 0.2< I/PEN =< 2 iodine per pentacene, two lamellar  |ine has been analyzed using two Lorentzian components as shown in
structures coexist and correspond to the intercalate and the pristinethe inset: a narrow one (empty squares) peak-to-peak width, ~
pentacene. Peaks marked with a star correspond to the iodine intercalateg G centered ag = 2.005 and a broad one (filled circles) witkH,,

~ 30 G centered a = 2.004.

reflections (1= | = 4) with ¢ = 1.41 + 0.02 nm and it petween iodine aggregates and pentacene molecules (or clusters).
corresponds to the structure determined by Holmes ¥tfebr The increase of the overall reflectivity was the reason to suspect
I/PEN = 2, the samples consist of two phases: (i) the undoped {he presence of holes delocalized over pentacene layers, while
material and (ii) an iodine intercalate characterized by (%0 yjsiple and infrared lines were assigned to the possible existence
reflections (2= | < 6) as observed by Minakata et*IThis of localized hole radicals (PEN and dimers (PEN),. These
intercalate is characterized by = 1.82 & 0.04 nm which species are clearly assigned in the following section through
corresponds to the sum of the width of the pentacene layer (1.41g|actron spin resonance (ESR) experiments and electrical
nm) plus the van der_ Waals diar_’neter of the intercalated iodine conductivity measurements.
layer (0.43 nm). This observation suggests thatdnd b 1 Ejectron Spin Resonance (ESRhere is no ESR signal
polyiodide chains evidenced by Raman spectroscopy are lying iy, the pristine pentacene. The presence of an ESR ligelase
parallel to the 4,b) planes of the pentacene single crystals. The {5 the free electrorg-value in doped samples is thus the
intensity of the nonintercalated pentacene structure is Progres-consequence of the presence of unpaired holes on the pentacene
sively decreasing at increasing iodine concentration until the gjecules. In turn, the presence of different types of counterions
concentration of I_/PEN; 2.2 is reached. At I/IPEN- 2.2, the (1=, 127, 157, 1s~, etc.) located in various parts of the materials
intensity of the intercalated compounds also decreases. Itang more or less correlated to the holes creates the conditions
disappears for the heavily doped samples of composition I/PEN ¢4, 5 large variety of spin behaviors in the doped materials.
=5.7. The ESR response of powders, thin films, and single crystals
Assuming that iodine is organized in the form of a close- has been studied at various doping stages. The kinetics of iodine
packing of tri-iodide chains, we can derive a composition of doping has been recorded at room temperature for the various

the intercalate PEN({)}z which changes to PENg) for close-  samples. Besides the investigation of the doping mechanism
packed polyiodide chains of infinite length.Accordingly, that these studies could allow, they have been used to calibrate
samples with I/PEN> 2.0 do not correspond to intercalates the jodine content of the conductivity experiments. The analysis

and the iodine must also be present within tag)(layers of of the temperature dependence of the ESR spin susceptibility

the priStine structure. Then, the pO'yIOdlde phase is hosted within favored the emergence of a common qua“tative picture valid
a tridimensional mode of organization, and the unsolved X-ray for all samples. Accordingly, it was possible to classify the spin
diffraction pattern supports the picture of a disordered phase. pehaviors according to three types of spin susceptibility and
These facts, strengthened by the indications from other two types of ESR line shapes. These are closely related to three
experiments, will have important consequences. From zero todoping regimes defined from the structural and spectroscopic
approximately one iodine atom per pentacene, part of the investigations: low iodine content (I/PEN 0.05), intermediate
lamellae of the doped pentacene crystal maintain the samerange (0.2< I/PEN < 2), and high doping range (I/PEN 5).
electronic structure as pristine pentacene, with an in-plane (a) Doping Kinetics and ESR Line Shajiée inhomogeneous
bandwidth of about 0.8 e¥.Holes are transferred to these high character of the spin population is also reflected in the ESR
mobility zones. However, these charges are not necessarilyline shape which appears as composed of at least two contribu-
tightly bound to the polyiodide. This will result in electrical  tions: a broad one and a narrow one, as already observed in
conduction, Pauli susceptibility contribution, and infrared and the work of ref 17 for potassium doped pentacene. In the limiting
visible light reflectivity. As the raise of the iodine ion case of the lightly doped single crystal (I/PEN0.05) of Figure
concentration is leading to a more tridimensional and disordered 9a, we have recorded a single Lorentzian line centerep=at
polyiodide structure, this will in turn favor the localization of ~ 2.003 with a peak-to-peak line widthHy, ~ 1.5 G over the
holes by increasing the correlations between the polyiodide whole temperature range. The anisotropy of the ESR signal of
counterions and the transferred holes on the pentacene latticethis single crystal indicates a periodic angular dependence of
Evidences for these localization processes will be given in part the g-tensor within the 4,b) plane, thus confirming that the
B where the results of ESR experiments are discussed. crystal structure is not significantly distorted in the low doping
B. Magnetic Signature of Charge Transfer and Transport regime. This narrow component appears somewhat broader
Properties. The spectroscopic investigations of doped pentacene (half-width at half-maximumAHy»: 3 to 4 G) in the powder
in section A have demonstrated the efficiency of charge transfer and in single crystals at higher doping concentrations.
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2,004

although we consider here a broader doping range and several
types of materials including single crystals and oriented poly-
crystalline thin films.

A common qualitative picture could be drawn from the overall
results obtained on the different samples, as illustrated in Figure
9. At very low iodine content (I/PEN< 0.05), the spin
susceptibility is almost constant with temperature, being of the
Pauli type except for a small Curie tail at low temperature. At
intermediate doping (0.2 I/PEN =< 1), the susceptibity is
dominated by a thermally activated behavior whereas for the
high doping range (I/PEN> 5) a Curie-like behavior is
observed. Accordingly, the spin susceptibility was modeled with
three-components, a Pauli susceptibility, a Curie component,
and a thermally activated component typical for a singfieplet
equilibrium as given in the following equation:

X=X T T T 3+ expTyT)

(i) Low lodine Concentration (I/PENc 0.05). In the low
iodine limit (I/PEN =< 0.1), the pristine structure of pentacene
is maintained (see section Ill, A.4) and the high reflectivity of
the samples suggests that delocalized holes are formed by charge
transfer between iodine and the valence band of pentacene.
Accordingly, the Pauli-like contributionyp, is considered as
originating from these delocalized holes.

The value ofyp ~ 3 x 10°® emu/mol visible on Figure 9a
concerns a single crystal at doping concentrations lower than
0.05 iodine atom per pentacene. In this range, the Pauli
contribution looks essentially independent of the doping con-
thin films) is centered ay = 2.004-2.007 depending on the  centration (see Table 2). The observed valug-i$ comparable
sample and on the temperature. This higher valug refflects  to previous estimations of a Pauli-like susceptibility in iodthe
the presence of heavy iodine ions at the proximity of these latter or in potassium heavily dop&tipentacene.
spins, which shifts the free electron line through spambit If we assume thagp is essentially due to a 2-D electron gas
coupling. Indeed, the broad line corresponds to spins which aredelocalized within the pentacene layers of the pristine (undoped)
more correlated to the iodine ion species from which they structure, the order of magnitude g$ and its independence
originate. It is thus natural to attribute the narrow component with respect to the concentration can be predicted theoretically
to more delocalized holes and the broad component to morefrom the well-known Pauli susceptibility per mole for a 2-D
localized species, especially radical cations and related clusterselectron gas”

Figure 8 represents the evolution of the ESR intensity of the
two lines as the doping proceeds in thin films. We observe that (2)
the total magnetic susceptibility reaches a maximum after a few
hours of doping and then decreases again. In terms of inducedwith the bandwidth of 0.8 eV of ref 36 we can estimate the

810°

610° ¢

2,003

g-factor

2,002

ESR spin susceptibility. 7 (emu/mol)

)

200

Temperature, T (K)
Figure 9. ESR spin susceptibility of doped pentacene: (a) single crystal
for I/PEN = 0.05; (b) polycrystalline powder for I/PEN 1; (c)

polycrystalline powder for I/PEN= 5.98. Continuous lines are the
results of the fits using eq 1.

0 100

The broad componenf\H;, =8~ 12 G,and upto 30 G in

1o = ttg"NI2AE

Per radical per iodine, we observe that it never exceeels%,
indicating that most spins are ESR-silent.

order of magnitude ofyp of 2 x 1075 emu/mol, that is,
corresponding to a density of states at the Fermi level of the

The time dependence of the ESR susceptibility in Figure 8 order of 0.3 states/e¥EN for both spin polarizations. In the

suggests the following mechanism of doping. First, Pelicals

present low doping range, the estimated valueg@ifre 1 order

are randomly generated in the samples and their concentrationof magnitude lower than this estimation. This is again attributed

increases upon increasing doping. The low value of the slopeto the highly inhomogeneous character of doping: large parts

for the linear dependence with iodine concentration is certainly of the samples are undoped as evidenced through XRD.

due to (i) the inhomogeneous doping in the sample (preferen- The estimated Curie constant (per mole of pentac&aey

tially the surface) as well as (i) the solvation barrier that must Nxug%ks, wherekg is the Boltzmann constant and is the

be overcome to induce doping. As the spin concentration is fraction of pentacene radicals, is about16muK/mol. Related

further increased, cation dimers (Pgnand related species are  to S= 1/2 localized spins, it corresponds to a molecular fraction

formed. Given the inhomogeneous character of the doping x; of radicals about a few 10.

process, it is certain that larger spin clusters of different sizes In addition to the previous two components of the susceptibil-

but with dominant antiferromagnetic correlations do also ity, the low temperature behavior of samples with I/PEN.03

contribute to the magnetic behavior, so that the apparent ESRand I/PEN= 0.053 requires a third contribution for a satisfactory

susceptibility decreases with increasing iodine doping. Finally, fit. For the sake of consistency with the procedure adopted in

the spin susceptibility reaches a plateau at high doping which the next section (intermediate doping range), a thermally

corresponds mainly to a population of localized spins as shown activated contribution has been used. The obtained activation

in the following. energy is about 2030 K, that is, much lower than reported for
(b) Temperature Dependence of the Magnetic Susceptibility. intermediate doping (see below).

The overall ESR picture presents significant similarities with (ii) Intermediate Doping Range (0.2 I/PEN =< 1.0). A

the work of ref 17 performed on potassium-doped pentacene,thermally activated behavior is clearly observed at intermediate
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TABLE 2: Parameters Obtained from the Fitting of the ESR Susceptibility of lodine-Doped Single Crystals and Powders of
Pentacene (0.0k I/PEN < 5.98) Using eq 1 Given in the Text

X (PEN-L) %0 (emu/mole PEN) C, (spin pairs/PEN) To (K) C: (emu/mol PEN)
crystal low doping 0.015 (2.80.1)x 106 (3.5+0.3)x 10°°
0.030 (3.9£ 0.2) x 10°® (2.4+£0.2) 10 (29+ 2) (1.84+ 0.5) x 10
0.053 (3.0 0.1) x 10°® (2.0+0.1) 10 (21+ 1)

powder intermediate doping 0.21 (106160.1) x 1076 (1.1+0.5)10° (373+13) (7.7£0.8) x 107
1.0 (63+9) x 107 (2.040.1) 102 (344+9) (5.3+0.3) x 1073

high doping 5.25 (44 1) x 107 (6.0£0.1) 103 (487 35) (7.7£0.8) x 1073

5.98 (9.840.3)x 1076 (1.2+£0.1) 103 (383 20) (2.0+£0.1) x 102

doping range in powders (Figure 9b). According to the results clusters significantly correlated to iodine ions from which they
gained from optical spectroscopy, this third contribution may originate and (ii) a minority of more delocalized ones which,
be attributed to the presence of dimers of the type {lRen  at least at low doping, are transferred to the pentacene valence
Therefore, its temperature dependence is expressed as a-singletband and contribute to a narrow line and a Pauli susceptibility.
triplet equilibrium. The susceptibility data corresponding to 2. Conductiity MeasurementsHomogeneity is even more
single crystals and powders have been fitted to eq 1 and theimportant in conductivity measurements than in any other
corresponding fitting parameters are reported in Table 2. The experiment because four probe measurements in a planar
value of C; per pentacene moleCf = 2Nxug?ks) yields a configuration are very sensitive to the existence of a dopant
fraction x, of independent spin pairs per pentacene molecule accumulation at the surface.
about 103—-102. The singlet-triplet gap,To, gained from the For these reasons, we have only used very thin single crystals
various fits yields a mean value of 35920 K. (from 50 to 70-nm thick) and very low doping kinetics (less
It has, however, to be stressed that the overall temperaturethan 1% I/PEN per hour). The validation of our results comes
dependence of the spin susceptibility in this doping range is mainly from the fact that the same results are obtained for single
very similar to that observed, for instance, in antiferromagnetic crystals as for 50-nm polycrystalline films grown on PTFE.
1-D chains consisting of an odd number of spins, as demon- |n all samples, whatever the crystallinity (thin film, pressed
strated by Fisher and Bonn& Accordingly, and in the light  powder, single crystal), the conductivity values never exceed a
of the disordered nature of the iodine in the samples, we may few Scm2 at room temperature. The similar behavior is also
also attribute the temperature dependence of the susceptibilityohserved for all samples as the doping proceeds: a conductivity
to spin clusters with a given distribution of sizes. In this maximum is observed by ca. I/PEN 3 ~ 4, followed by a
perspective, the variouk values obtained from the fitting with  continuous decrease (Figure 10).
eq 1 may simply reflect the evolution of the size distribution of | Figure 11, a first conductivity measurement is presented
spin clusters with increasing doping in the samples. on thin films of 50 nm, grown on oriented PTFE substrates at
From the estimated Curie constahy the molecular fraction  differentTs, In this case, the doping kinetic is fast and the doping
x1 of S= 1/2 localized spins is ranging between a few 1 is homogeneous through the whole film thickness. In ref 19,
afew 10°%. As for the low doping stage in single crystals, this  the electron diffraction patterns of similar films elaborated at
again has to be noticed as being very small with respect to thejfferent substrate temperaturéswere given. The correlation
concentration of iodine in this intermediate range, indicating petween the conductivity values and the diffraction pattern is
that most spins are paired and ESR-silent. obvious: the higher the cristallinity of the pristine film, the lower
(iif) High Doping Range (& I/PEN). At high iodine content,  the conductivity that can be obtained by doping. This implies
the Curie contribution is dominating the spin susceptibility that the doping process takes advantage from the structural
(Figure 9c). We attribute it to the presence of localized pentacenedefects, grain boundaries, stacking faults, and so forth. What is
cation radicals. also important is the decrease of the conductivity at increasing
The fractionx; (eq 1) of localized spins does not vary iodine concentration above I/PEN 3. In the same Figure 11,
appreciably for 1< I/PEN =< 6. Again, this number is very  we have reported the spin susceptibility of a similar film
small with respect to the doping concentration. A Pauli-like determined by double integration of the ESR line at room
susceptibility is still present at this stage, being of the same temperature. We clearly see that the onset of conductivity
order as in the previous range. decrease corresponds closely to the onset for the decrease of
The estimated spin concentrations of localized spin speciesthe total ESR susceptibility of the films. We attribute these
in the different samples are always 3 orders of magnitude lower observations to the increasing role of disorder at very high
than the iodine content. It is inferred that most of the spins are doping levels which is believed to lower the mobility of the
paired and do not contribute to the ESR spin susceptibility in charges in the system.
this temperature range. Such a broad distribution of spin clusters Figures 10 and 12 concern the conductivity of slowly doped
and Ty values gives very often a final contribution to the spin single crystals; here, the samples have been weighted before
susceptibility rather constant over a broad range of temperatureshe measurements and the iodine concentrations are known.
as observed in disordered carb¥hand in disordered doped  Except at very low doping concentrations, the conductivity of
conducting polymer$?4! Accordingly, the Pauli contribution  doped pentacene is essentially temperature independent (within
that is gained from the fit, when the sample is highly disordered, 1 order of magnitude) between 100 K and 300 K. According to
is probably not related to the conduction electrons evidencedthe ESR results, the conductivity probes the simultaneous
at low doping. propagation of two types of carriers: a majority of localized
In conclusion, both by analyzing the temperature dependenceholes moving by hopping from site to site and a minority of
of the spin susceptibility and by studying the ESR line shape, more delocalized holes. The presence of a conductivity mini-
we have shown the existence of a broad distribution of spin mum in the temperature dependence of samples doped at I/PEN
carriers which can be roughly divided into two classes: (i) the > 1 reflects the competition between these two mechanisms:
more localized ones, radicals, dimers, and more complex spinhopping at high temperatures and diffusion of more coherent
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IV. Conclusion

This work has demonstrated the existence of three distinct
doping regimes. In the low doping regime I/PENO0.05, the
structure of the pristine pentacene is maintained and the charge
transfer from pentacene to iodine involves the formation of
delocalized holes in the valence band of the narrow gap
pentacene crystal. These delocalized holes are mainly character-
ized by a typical Pauli susceptibility.

In the intermediate doping regime 02 I/PEN < 2, an
intercalate is formed which coexists to some extent with
undoped PEN regions in the crystals. "YVis and IR spec-
troscopies witness the existence of localized PEhtions and

Figure 10. The conductivity of doped pentacene single crystals was POSSibly (P_EN)Z di_mers_ WhiCh are formed at increaSi_”g iOdiUe
measured as a function of the iodine concentration, I/PEN, determined concentration. Spin pairing between pentacene cation radicals

by weighting the samples.
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is further supported by a thermally activated susceptibility with
an activation energy in the range 35000 K, which depends

on the size distribution of the spin clusters, that is, with the
doping level. In this regime, Raman spectroscopy indicates that
the dominant polyiodide species consist of linear chaingof |
and k.

In the high doping regime, that is, for I/PEN 2, iodine
penetrates thea(b) planes of pentacene in a disordered manner.
This situation is primarily due to the doping dynamics, which
does not favor the setup of sufficient order in the polyiodide
phase. Disorder is the condition for increased charge localization
underlined by a dominant Curie magnetic susceptibility and a
limited conductivity which does not exceed fewcsi1.

The consequence of the buildup of the “polyiodide glass” is,
on the one side, the possibility of iodine partial desorption and,
on the other, hole trapping close to the less mobile ionic species
of the polyiodide.
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