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Recently synthesized small molecule tellurophenes containing ring-appended pinacolboronate (BPin)
side groups possess remarkable guest-free air-stable solid-state phosphorescence, structure-based color-
tunability and aggregation induced enhanced emission. The charge transport, doping and luminescence
behavior of thin transparent films of a tellurophene with BPin groups positioned at the 2,5-positions (B-
Te-6-B) was investigated. Film formation played a critical role in determining the hole mobility and the
photoluminescence (PL) lifetime. Drop-coated films showed the strongest crystallinity, the highest PL
quantum yields and a hole mobility (up) of 1.1 x 10~* cm? vV~! s~ which places tellurophenes in a select
group of high mobility phosphorescent emitters. B-Te-6-B was also found to spontaneously form high
aspect-ratio microwires upon drop-casting from supersaturated solutions. Oxidative doping in solution
by a N(CgH4Br)3[SbClg]/LiNTf, reagent combination (Tf = SO,CF3) increased conductivity by 2-4 orders of
magnitude without inducing a color change in the films, while exposure to iodine vapor induced a
dramatic change in color together with a 4-6 order of magnitude change in the conductivity. The optical
transparency, facile electrical doping and relatively high hole mobilities of B-Te-6-B in solution processed
thin films offer promise for the use of tellurophenes as host-free emissive layers and hole transport layers

in organic optoelectronic devices.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Oligothiophenes and polythiophenes are among the most
widely studied organic semiconductors due to the combination of
high absorption coefficients, good charge transport properties in
solution-processed thin films and good performance in electronic
devices such as organic field effect transistors and organic pho-
tovoltaics (OPV) [1—7]. Some drawbacks of solution processed
neat films of oligothiophenes and polythiophenes include low
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luminescence quantum yields rendering them unacceptable as
emissive layers in organic light emitting diodes (OLEDs), hole
mobilities lower than acene-type organic semiconductors, and
poor absorption of red and infrared photons (needed for high
efficiency solar cells). With a view toward modifying and
improving upon the optoelectronic properties of oligothiop-
henes — siloles, germoles and selenophenes have been synthe-
sized and tested [8—11]. II-conjugated organic small molecules
containing one or more carbon atoms in the ring substituted by a
heavier atom such as Si, Ge and Se have received significant
attention in recent years due to the beneficial effects expected
from the high polarizability of the heavy atom [12—17]. These
effects include a higher dielectric constant (and refractive index)
that follow directly from the Clausius-Mosotti equation as well as
more red-shifted optical transitions. Substitution of the S atom in
thiophenes with their heavier element congeners selenium and
tellurium has also been found to result in a tripling of the value of


mailto:pkar1@ualberta.ca
mailto:erivard@ualberta.ca
mailto:kshankar@ualberta.ca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.orgel.2016.10.001&domain=pdf
www.sciencedirect.com/science/journal/15661199
www.elsevier.com/locate/orgel
http://dx.doi.org/10.1016/j.orgel.2016.10.001
http://dx.doi.org/10.1016/j.orgel.2016.10.001
http://dx.doi.org/10.1016/j.orgel.2016.10.001

154 A. Mohammadpour et al. / Organic Electronics 39 (2016) 153—162

the non-resonant electronic second hyperpolarizability (y)
compared to thiophene, which is of interest for non-linear optics
[18]. A wider electronic band-width and improved carrier trans-
port parameters are also expected due to the higher polarizability
and the stronger electronic coupling resulting from intermolec-
ular Te-Te interactions [19,20].

In 2014, our team reported on the bright room temperature
phosphorescence from a tellurophene containing ring-appended
pinacolboronate (BPin) side groups (B-Te-6-B; Fig. 1), and
extended this in 2015 to a broader class of tellurophenes and
benzotellurophenes with color-tunability of the emission [21,22].
The photoluminescence behavior in these compounds was
rendered unusual by the observation of the still-rare aggrega-
tion-induced enhanced phosphorescence (AIEP) (a special case of
aggregation-induced enhanced emission) [23—27], the high
ambient stability of the observed phosphorescence emission to
oxygen and the essential participation of the boron-based BPin
groups in the emission process. The rarity of room temperature
solid-state phosphorescent organic compounds [28,29] is
underscored by the relatively few examples of organic com-
pounds known to show this effect. The ambient-stability, solu-
tion-processability, solid-state phosphorescence and optical
transparency of tellurophenes renders them particularly attrac-
tive for use as undoped, singlet-doped and triplet-doped phos-
phorescent matrix emitters in OLEDs [30], and as triplet exciton
transporters in bulk heterojunction OPVs to overcome the
exciton diffusion bottleneck [31—33]. We report herein on the
film formation, charge transport behavior and dopability of the
B-Te-6-B tellurophene.

2. Experimental section

B-Te-6-B was synthesized according to procedures reported
elsewhere [34], while all other reagents were obtained from com-
mercial sources and used as received. In this work, we examined
three different processing schemes for preparing tellurophene thin
films, namely, thermal evaporation, spin coating, and drop coating.
Evaporation was performed in a PVD-75 system from Kurt J. Lesker
equipped with 4 ceramic crucibles surrounded with tungsten fila-
ments. Evaporation of B-Te-6-B started at 65 °C and thin film
deposition was completed at 80 °C at a chamber pressure of
2.5 x 107° Torr. For both spin coating and drop coating, tetrahy-
drofuran (THF) (99.5%, Fisher Scientific) was used as the solvent to
dissolve the B-Te-6-B. Different concentrations of tellurophene
were tested ranging from 40 mg mL~! to 72 mg mL~! with a typical
volume of 50 pL used for both spin-coating and drop-coating.
Fluorine-doped tin oxide (FTO) coated glass slides with a conduc-
tivity of 8 Q sq~!, bare single crystal Si wafers and thermal oxide-
coated heavily doped Si wafers were adopted as substrates for
film formation and electrical studies. For some of the samples, a
spin-coated and dehydrated film of Poly(3,4-ethylenedioxythi-
ophene)-poly(styrenesulfonate) (PEDOT:PSS) (1.3 wt % dispersion
in Hy0, conductive grade, Sigma Aldrich) was coated on the FTO
substrates prior to tellurophene deposition. For both two-terminal
and three-terminal electrical measurements, a back-gated field
effect transistor configuration was employed using the tellur-
ophene film as the active layer, thermally grown SiO, as the gate
dielectric and n**—Si as the gate electrode. The oxide thickness was
200 nm, the channel length was 50 pm and the channel width was
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Fig. 1. Optical images for drop coated B-Te-6-B films (cast at 40 mg mL™") taken at magnifications of (a) 25x and (b) 50 x; (c) shows the molecular structure of the B-Te-6-B
tellurophene and (d) dark injection transients for drop coated B-Te-6-B films measured at three different voltages.
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500 um. For oxidative doping of the B-Te-6-B films, ~0.2% of
N(CgH4Br)3[SbClg] (Across Organics, 95%) and 0.1-0.2 mM Li(CF5._
SO;)2N (Alfa Aesar, 98+%) were added to the drop-casting solution.
Doping was also performed by exposing previously cast B-Te-6-B
thin films either at room temperature or on a hot plate at 60 °C
to iodine vapors in an air-tight jar for different periods of time
ranging from 2 to 90 min. The vapor phase iodine exposure resulted
in saturation at room temperature in about 75 min, while the
saturation occurred at 60 °C in less than 10 min.

Tellurophene films prepared by the three schemes were char-
acterized using different optical and electrical techniques. Steady-
state photoluminescence (PL) spectra were collected using a Var-
ian Cary Eclipse fluorescence spectrophotometer. A baseline sample
of quartz was used to determine characteristic peaks for the B-Te-6-
B films. The PL peak at ~550 nm was later analyzed using quantum
yield (QY) measurements and lifetime measurements. Quantum
yield measurements were performed using a Varian Cary Eclipse
spectrofluorometer but with the use of fiber optic cables for illu-
mination and the sample was held in an integrating sphere. The
sample was illuminated with 337 nm light and the system gain was
set to be as close as possible to saturating at 337 nm without
actually reaching saturation. This allowed us to calculate the inci-
dent number of photons. Two tests were done per sample: one with
the tellurophene sample in the path of the beam and the other with
the sample removed from the path of the beam, but still in the
integrating sphere. Similar background measurements with blank
quartz were also done; as well as a scan with an empty integrating
sphere. The results were then combined together with self-
absorption and waveguiding corrections to find the quantum
yield of the sample using the methods explained in Monkman et al.
[35] and Garbuzov et al. [36]. Lifetime measurements were per-
formed with a VSL337 nitrogen laser from Spectra-Physics whose
output consisted of 337 nm pulses 3.5 ns in duration at a frequency
of 20 Hz. We illuminated the sample with the N; laser, making sure
any direct reflections would be blocked and not measured by our
system. The PL decays were collected using a high speed photo-
multiplier tube (PMT) coupled to a high speed oscilloscope. The
transient response at 530 nm was best fit to a dual-exponential
curve and the two time constants were extracted. Optical images
were acquired using ZEISS AX10 Lab microscope with different
magnifications ranging from 2.5x to 50x. Raman spectra were
collected with a Nicolet Almega XR Raman Spectrometer. Excitation
was produced by a 532 nm laser operating at a power of 24 mW. An
Olympus 10x objective with a numerical aperture of 0.25 and a
100 pm pinhole aperture were used, and the spot size was 2.1 pm.
For dark injection measurements, application of the voltage step
and recording of the dark injection transients were performed us-
ing a Keithley 4200 semiconductor parameter analyzer equipped
with a Model 4225 ultra-fast pulse measurement unit (PMU). The
rise time of the voltage step used was as small as 70 ns.

3. Results and discussion

3.1. Effect of film formation technique on charge transport,
absorption and luminescence

Fig. 1(a) and (b) are optical micrographs for B-Te-6-B thin films
drop cast from 40 mg mL~! solutions in THF which show strikingly
good crystallinity with large monocrystalline domains, which is
quite rare, since the vast majority of phosphorescent materials and
their films are amorphous [37—39]. Even when crystallinity is
present, polycrystalline films of small molecule organic semi-
conductors typically consist of grain sizes in the tens of nanometers
or sub-micron range [40—43]. The exceptions are high performance
thin films of linear acene-type small molecules where grain sizes

>1 mm are now routinely obtained [44—46]. The Van der Waals
interactions involved in generating the morphology and crystal-
linity of organic semiconductor films are extremely sensitive to
molecular structure and casting methods, due to which robust
methods to manipulate the crystalline packing of m-conjugated
small molecules for optimal electronic properties, are much needed
[47]. In this context, the ability of tellurophenes to spontaneously
form millimeter-sized grains in drop-cast thin films without
recourse to confined crystallization, controlled deposition, anti-
solvent methods or solution shearing, is quite significant [48,49].
Closer examination of the grain boundaries (cf. Fig. 1(b)) indicates a
number of low angle grain boundaries and even some where the
alignment extends across grains, suggestive of longer range
ordering. It is well-documented that high crystallinity, longer range
ordering and low angle grain boundaries are strongly correlated
with superior charge and energy transport in thin films of 7-con-
jugated small molecules [50,51]. Furthermore polytellurophenes
have been reported to have field effect hole mobilities of
1074-10"3 cm?v~! s7! [52]. Therefore, we examined charge
transport in B-Te-6-B films using time-resolved dark injection (TR-
DI) measurements, which allowed us to both deduce the ohmicity
of the contact and measure the carrier mobility [53].

TR-DI (schematic illustration provided in Fig. ST in Supporting
Information) involves measurement of the transient current in
response to a voltage step and has significant advantages compared
to the competing Time-of-Flight (TOF) technique for mobility
measurement for thin organic films wherein there exists the need
for a film thickness much larger than the penetration depth of the
laser light and the transit time in dispersive materials is not easily
discernible [54]. In TR-DI, a characteristic peak is observed at a time
tp; due to space charge limited carrier transport (SCLC), from which
the carrier mobility (u,) may be extracted from its expression [55],
pp = 0.786L%[tpV, where L is the film thickness and V is the
magnitude of the applied voltage step. The results of the TR-DI
measurements are shown in Fig. 1(d). Since a positive voltage
step was applied at the FTO/PEDOT:PSS contact, hole injection is
implied. p-type conduction in the B-Te-6-B films was also verified
in three-terminal measurements by modulating the channel con-
duction between bottom contacted source-drain electrodes using a
back-gated electrode (See Supporting Information Fig. S2). While
conduction is suppressed at positive values of gate bias and almost
entirely suppressed at Vgs = 100 V, conduction in the channel is
dramatically enhanced at negative values of gate bias, which is
indicative of preferential hole conduction in the B-Te-6-B thin films
(Supporting Information Figs. S2a and S2b). Despite clear modu-
lation of channel conduction by gate bias, the observed three-
terminal electrical behavior falls short of field-effect transistor
(FET) behavior since the Ip—Vps curves neither show a clear
threshold voltage nor exhibit saturation for high values of drain
bias, which we attribute to strong trapping and space charge effects
in the films. From the expression for up, the hole mobility was
calculated to be 1.1 x 1074 cm?v~! s7! for drop-coated B-Te-6-B
thin films. The contact injection efficiency is given by the ratio of
the transient current in Fig. 1(d) to the space charge limited current
that exists at longer time durations, and was found to exceed 90%
indicating an ohmic contact with the FTO electrode. Electron
transport was measured using TR-DI by application of a negative
pulse at the FTO contact. Even though this measurement is non-
ideal due to the non-ohmicity of the contact for electron injec-
tion, it was still possible to probe electron transport in drop-coated
B-Te-6-B films because the contact injection efficiency and trapping
phenomena exercise only a limited influence on the value of the
measured mobility [56]. These measurements (Supporting Infor-
mation Fig. S11) show that a precise peak in the SCLC transient is
not easy to determine since the current response plateaus after
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roughly 10 ms, due to which the transit time is difficult to estimate
reliably. Such behavior is characteristic of highly dispersive electron
transport and g, was estimated to lie in the range 107% —
10 8ecm?v-1s1,

There is a concerted move in the OLED field to move to non-
doped devices based on emissive phosphorescent neat films (self-
host design) in order to mitigate interlayer mixing, to overcome
phase segregation in the doped layer, to lower drive voltages by
eliminating guest molecule-induced deep carrier traps, to avoid the
need for very wide bandgap hosts for blue emission and to improve
electron injection by avoiding host materials with shallow LUMOs
[57,58]. However, the host-free non-doped device strategy requires
good carrier mobilities in neat films of the emissive phosphor,
which has been substantially difficult to achieve. For neat films of
bis(2-phenylpyridinato-N,C? )iridium(acetylacetonate) ((ppy)aIr(-
acac)) which is a phosphorescent green emitter used as both host
and guest in PHOLEDs, Tsuzuki and Tokito determined a relatively
high hole mobility of 2.4 x 10~ cm?V~! s~! compared to fac-tris(2-
phenylpyridinato-N,C?)iridium (Ir(ppy)s) neat films wherein both
electron and hole transport were found to be too dispersive to
reliably estimate a mobility [59]. Subsequently, Peng et al. reported
a mobility of ~10~3 cm? V-1 s~ for both electrons and holes in neat
films of the phosphorescent host green emitter [bis(4,6-di-fluo-
rophenyl)pyridinato-N,C? Jiridium(N,N'-diisopropylbenzamidine)
((Fppy)2Ir(dipba)) [60]. In this context, our observation of a hole
mobility of ~10~% cm? V! s~! in neat films of a small molecule
tellurophene with an unoptimized molecular structure, is quite
remarkable and points to the excellent potential of tellurophenes
for usage in organic electronic devices.

Fig. 2 shows the results of TR-DI measurements in evaporated
and spin-coated thin films. In the inset of Fig. 2(a), the optical
micrograph at 10x magnification suggests islands of B-Te-6-B on
the substrate, but the evaporated film is actually continuous as seen
in the 50x optical micrograph in the inset of Fig. 2(a), also
confirmed by cross-sectional SEM imaging (Supporting Information
Fig. S10). The apparent islands are merely regions of the film con-
taining larger grains and taller features. Estimates of the film
thickness using ellipsometry (Supporting Information Fig. S7). and
backed up by a quartz crystal monitor for evaporated films
(~80 nm), were more reliable than thickness measurements by
cross-sectional field-emission SEM. This is because the low subli-
mation temperature (~65 °C) in high vacuum (~1 mTorr) of the B-
Te-6-B films rendered them susceptible to thickness reduction due
to sublimation during chamber loading and imaging in ultrahigh
vacuum. Using ellipsometry, the spin-coated films were estimated
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. T T
10° 10° 10 10°
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to have a thickness of 205 nm (Supporting Information Fig. S8). By
extracting the characteristic times for dark injection in Fig. 2(a) and
(b), and using them in the expression of u, (as mentioned previ-
ously), we obtained a hole mobility of 5.1 x 10~7 cm? V~' s~ ! for the
evaporated film and 7.9 x 1071% cm? V-1 57! for the spin-coated
film. We thus observe by comparison with the results shown in
Fig. 1(d) that charge transport deteriorates by several orders of
magnitude as the film formation method is varied from the large
crystalline grain-forming drop-casting technique to thermal evap-
oration and spin-coating. Spin-coating is a rapid and highly non-
equilibrium process that does not lend itself to the growth of
crystals, and therefore results in films with the poorest charge
transport. The correlation between film morphology and opto-
electronic properties extends to photoluminescence quantum
yields and lifetimes as shown in Table 1. Graphs of the time-
resolved PL as well as detailed fitting data are provided in the
Supporting Information Figs. S3—S5. Drop-coated films have the
highest PL quantum yields approaching 12% and also exhibit
significantly longer lifetimes than spin-coated films for both of the
long-lived components in bi-exponential decays, which we attri-
bute to enhanced crystallinity in the drop-coated films that restricts
intramolecular rotation and suppresses vibrational non-radiative
relaxation pathways. Evaporated films present a slightly curious
case, wherein the charge transport and PL quantum yield are
inferior to drop-coated films but the lifetime components are
longer. The origin of this behavior is unclear to us at this time.
Further increases in the PL quantum yield will be enabled if the
molecular structure is modified such that rotation of the boron-
containing sidegroups is suppressed. A more rigid emitter with
the boronate esters locked in place would reduce non-radiative
decay pathways for excited states.

Thin film samples of drop-coated, spin-coated and thermally-
evaporated B-Te-6-B were also prepared on transparent fluorine-
doped tin oxide (FTO)-coated glass substrates. The optical ab-
sorption spectra and steady-state PL spectra of drop-coated, spin
coated and thermally evaporated films of B-Te-6-B are shown in
Fig. 3 while the corresponding excitation spectra are shown in
Supporting Information Fig. S6. Thermally-evaporated film sam-
ples were studied using regular transmittance mode. However,
because of the translucency of drop-coated film samples, their
optical absorption was measured using an integrating sphere. As
shown in Fig. 3(a), the drop-coated films exhibit an absorption
edge at ~380 nm, red-shifted by nearly 10 nm from the corre-
sponding absorption edge in spin-coated films due to a larger
conjugation length in the highly crystalline drop-coated films

-2.40

(b)

-2.454

-2.50 4
DI

Log (current)

-2.55

T
0.0 0.1 0.2 0.3 04
Time (s)

Fig. 2. Dark injection transients for (a) evaporated and (b) spin-coated B-Te-6-B thin films. The insets in (a) and (b) correspond to optical micrographs of the respective film

morphologies.
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Table 1

PL quantum yields, lifetimes, and goodness of fit data for drop-coated, spin-coated and thermally evaporated tellurophene films.

PL quantum yield

Drop-Coated 11.5%
Thermally-evaporated 3.4%
Spin-Coated 1.7%

Lifetimes (us) Goodness-of-fit (Adj. R-square)
t; = 95.87, t = 18.31 99.858%
t; = 118.83, t; = 23.66 99.553%
ty = 78.66, t; = 10.76 90.818%
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Fig. 3. (a) Absorption spectra and (b) PL spectra of drop-coated (40 mg/mL), spin-coated (40 mg/mL), and thermally-evaporated tellurophene films.

(also confirmed in Supporting Information Fig. S6a). The drop-
coated films also display a richer vibronic structure with peaks
at ca. 310 nm, 340 nm and 370 nm as seen in Fig. 3(a). The
evaporated films show a very strong Urbach tail [61,62] of sub-
bandgap states extending to 500 nm, which is indicative of a
large amount of disorder in the films. For PL measurement, thin
films were deposited on a quartz substrate in order to minimize
the interference of the substrate luminescence. The PL spectra in
Fig. 3(b) under 350 nm excitation show that undoped drop-
coated B-Te-6-B films have a strong emission peak at ~560 nm.
The same emission peak is present in evaporated B-Te-6-B films,
albeit weaker and blue-shifted. It is worth mentioning here that
this tellurophene (and related BPin-functionalized analogues)
show an amazing ambient stability of phosphorescent emission.
For example, two different tellurophene films of B-Te-6-B pre-
pared nearly one year apart, have identical luminescence spectra
(not shown here). The sensitivity of the phosphorescence life-
times to the type of packing present may allow mechanical force-
induced luminescence sensing using tellurophene compounds
[63].

3.2. Spontaneous formation of microwires

An intriguing observation in this study is the spontaneous for-
mation of microwires following drop-casting from saturated solu-
tions of B-Te-6-B in THF (72 mg mL™!) as demonstrated in Fig. 4.
Such a spontaneous formation of microwires has also been
observed for other crystalline small molecule organic semi-
conductors such as Alqs [64,65], diaminoanthraquinone [66], per-
ylene derivatives [67], etc. The density of formation of microwires
was found to be a strong function of the type of substrate used.
Fig. 4(c) shows microwires fusing to form a continuous film. Sparse
microwires were formed on clean Si surfaces (Fig. 4(a) and (c))
while an extremely dense nucleation of B-Te-6-B microwires was
observed on FTO and SiO, surfaces (Fig. 4(b), (c), 4(e) and 4(f)),
which in turn could point to a relationship between surface energy
and microwire nucleation.

3.3. Doping of B-Te-6-B films

We also examined chemical doping of B-Te-6-B films to
modulate their conductivity. Two different doping strategies were
examined. The first involved using oxidative doping by
N(CgH4Br)3[SbClg] with a small amount of lithium bis(tri-
fluoromethanesulfonyl)imide, LiNTf, (Tf = SO,CF3) introduced into
the solution from which the films were cast. This is a technique that
has been effectively used to increase the conductivity of small
molecule hole transporting organic semiconductors such as N, N'-
diphenyl-N, N'-bis (3-methylphenyl)-1, 1’-biphenyl-4, 4’-diamine
(TPD) and 2,2’,7,7'-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-
pirobifluorene (spiro-OMeTAD) as well as to dope polymers such as
polythiophenes, polypyrrole, polyisoprene and polyacetylene to
render them conductive [68—71]. The particular recipes used by us
leaned heavily on the ones used in previous reports to dope small
molecule hole transporters in high efficiency solid-state solar cells
[72—74]. The I-V characteristics (red curve in Fig. 5(a)) showed a
two- to four-order magnitude increase in the conductivity of drop-
coated N(CgH4Br)3[SbClg]-doped B-Te-6-B films. The UV—Vis
spectrum of N(CgH4Br)3[SbClg]-doped B-Te-6-B films (Supporting
Information Fig. S12) is similar to that of the undoped films at short
wavelengths with an absorption edge at ~385 nm, but then mani-
fests a different behavior for longer wavelengths (>500 nm) in the
form of a steadily increasing absorption, which is characteristic of
the behavior of free carriers. Furthermore, the films do not exhibit a
perceptible change in the macroscopic color of the drop-cast films.
On the other hand, exposure to iodine vapors (second doping
strategy) for even a few minutes at room temperature produces a
dramatic change in color from transparent with a yellowish tinge
for undoped films as seen in Fig. 5(c)—a deep orange in Fig. 5(d).
Longer duration exposure to I for 20 min at high temperatures
results in a further change in color to deep red (green under a dark
background) as seen in Fig. 5(e). In the following text and figures,
heavy I, doping is used to refer to conditions that result in intensely
colored films while moderate doping produces less intense color. B-
Te-6-B films were heavily doped with I, by exposing them to I,
vapor for 15 min at 110 °C. These changes in color are seen as
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Fig. 4. Optical micrographs of tellurophene microwires formed by drop-casting from supersaturated B-Te-6-B solutions (72—75 mg mL~") on to various substrates, (a), (b) and (c)
correspond to bare Si, FTO:glass and patterned SiO,/Si substrates respectively while (d), (e) and (f) present the corresponding images at higher magnification.

intense new absorption bands in the UV—Vis spectra and are also
accompanied by dramatic changes in the electrical conductivity
(blue curve in Fig. 5(a)), which increases by four-to-six orders of
magnitude over that of the undoped films. Visually, the drop-
coated film sample became strongly reddish (green under a dark
background) when iodine doped whereas thermally-evaporated
film samples did not show a visible color change. A small incre-
ment in the absorption of the thermally-evaporated sample after I,
doping might be an indication of poor doping.

Iodine doping of thiophene oligomers results in a two-three
order change in the electrical conductivity and an increase in op-
tical absorption. I, doping completely quenches the luminescence
of doped B-Te-6-B samples (Supporting Information Fig. S6b).
Iodine doping of organic semiconductors can occur due to one of
the following three phenomena (which can co-exist and also
overlap): (i) Intercalation of iodine atoms into the m-stack between
molecular layers, as occurs in pentacene [75] together with the
formation of charge transfer complexes due to interaction between
weakly donating conjugated molecules and iodine acceptors as
occurs in single walled carbon nanotubes [76] and graphene [77]
(ii) Radical ion salt formation due to massive charge transfer and
(iii) p-doping due to iodine acting as an oxidizing agent as occurs in

trans-polyacetylene and other conjugated polymers [78]. In Sup-
porting Information Fig. S12, the signature long wavelength ab-
sorption of free carriers is observed for N(CgH4Br)3[SbClg]-doped
films but not for iodine doped ones (Fig. 5(b)), allowing us to dis-
count possibility (iii). A direct chemical reaction between iodine
and B-Te-6-B was ruled on the basis of NMR analysis of products of
reacting iodine with B-Te-6-B for 24 h in toluene at room tem-
perature (Supporting Information Figs. S13—S16). Closer inspection
of the optical spectra (Fig. 5(b)) of moderately doped and saturation
doped B-Te-6-B films reveals strongly increased absorption be-
tween 440 nm and 500 nm, presumably due to the absorption of
molecular iodine [79]. However, the absorption of the I,-doped
films extends to 700 nm while the absorption of ultraviolet photons
with wavelengths <400 nm, is also strongly enhanced. Such
behavior is typically due to the formation of charged polyiodide
species, as is evidenced by the presence of triiodide (I3) and pen-
taiodide (I5 ) species in the Raman spectra of the iodine doped B-Te-
6-B (reported below), and is also further backed up by the obser-
vation of high conductivity in saturation I, doped B-Te-6-B films in
Fig. 5(a) [80—82].

Iodine doping of thiophene oligomers (n = 2—5) resulted in a
three-four order of magnitude increase in the conductivity along
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the tellurophene specific peaks.

with an absorption peak in the visible [80,83]. Oligoselenophenes
(n = 2—5) showed a conductivity of 107°-10~3 S cm~! following
vapor phase iodine doping [77]. The higher conductivities were
obtained for a larger number of repeat units and the conductivity
values were similar to those obtained for doped oligothiophenes
[84]. Therefore, the conductivity of ~0.001 S cm™! obtained for an
iodine-doped tellurophene monomer in this study (Fig. 5(a))
compares favorably with prior studies.

3.4. Raman spectra of B-Te-6-B films
Raman spectra for iodine doped and undoped B-Te-6-B films

formed by drop-coating were obtained to analyze the presence of
charged polyiodide species, and are shown in Fig. 6. In the

100 cm~'-300 cm ™! frequency window, the iodine doped B-Te-6-B
exhibits distinct peaks at 162 cm~' and 175 cm~.. We attribute
intercalated charged triiodide (I3) species to the peak at 162 cm™!
[85—87] and charged pentaiodide (I5) species to the peak at
175 cm™~! [82,88]. Higher frequency Raman spectrum for B-Te-6-B,
shown in the inset, exhibits tellurophene-specific peaks; these may
be assigned to out-of-plane C-H deformation at 669 cm~, out-of-
plane C-H bend at 852 cm~! and 928 cm™!, in-plane C-H defor-
mation at 1167 cm™, ring stretch at 1474 cm~!, and C-H stretches at
2852 cm™}, 2895 cm~!, and 3002 cm™! [89-92].

4. Conclusion

Recently synthesized small molecule tellurophenes have shown
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remarkable luminescence properties such as air-stable phospho-
rescent emission, structure-tunable emission color and aggregation
induced enhanced phosphorescence. However their charge trans-
port properties have remained unknown. In this report, we studied
charge transport and doping in solution processed thin films of the
small molecule tellurophene B-Te-6-B. We found that the process
of film formation plays a critical role in determining the optoelec-
tronic properties of the resulting B-Te-6-B films. While all films
were found to be p-type, drop-coated films showed the highest
hole mobility of 1.1 x 1074 cm? V! s~! while the hole mobilities of
the thermally evaporated and spin-coated films were found to be
orders of magnitude lower. Likewise, drop-coated films also had
the highest PL quantum yields and PL lifetimes longer than that of
spin-coated films. Such a strong film formation dependency of the
optoelectronic properties was related to crystallinity as drop-
coated films were found to be the most crystalline of the three
types of films with a morphology that consisted of large crystalline
grains with low angle boundaries. Drop-casting from supersatu-
rated solutions of B-Te-6-B in THF was also found to result in the
spontaneous formation of high aspect ratio microwires. Two
different types of chemical doping strategies were studied. Doping
by N(CgH4Br)3[SbClg]/LiNTf, reagent combination was found to
have relatively no effect on the color and optical absorption of the
films while increasing film conductivity by 2-4 orders of magni-
tude. Doping by exposure to iodine vapors resulted in dramatic
changes in color and optical absorption accompanied by a 4-6 order
of magnitude increase in the electrical conductivity of the B-Te-6-B
films. On the basis of Raman spectra, the presence of intercalated I3
and I5 is confirmed, which is a likely cause for the enhancement of
electrical conductivity. In addition to their potential use as phos-
phorescent emissive layers in sensors and light emitting devices,
the present work shows that undoped small molecule tellur-
ophenes have a comparable or higher hole mobility than spiro-
OMeTAD (~10~% ecm? V-1 s71) [93], and could therefore function
as transparent hole transporters in OPVs and OLEDs. Furthermore,
the molecular structure of B-Te-6-B is not optimized for charge
transport. Optimization of molecular design might result in further
increases in charge carrier mobility rendering them relevant to a
broader range of electronic applications.
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Figure S1: Schematic of the measurement setup for time-resolved dark injection. We
acknowledge use of the oscilloscope image from jjbeard [Public domain], via Wikimedia
Commons. In our set-up, a Keithley 4200 semiconductor parameter analyzer equipped with
two ultrafast 4225 PMUs, was used to perform both the pulse generation and scope functions.
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SI. Three-terminal electrical measurements of B-Te-6-B films
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Figure S2a: Drain current vs. drain-source bias curves for different values of gate bias (V).
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Figure S2b: Plots of the square root of the drain current versus gate bias curves for different
values of drain source bias (Vpy).
SII. Time-resolved PL
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Figure S3: Measured time-resolved photoluminescence of drop-coated B-Te-6-B thin films
along with biexponential fits to the observed decay. The table in the inset shows the fit
parameters including the goodness of the fit.
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Figure S4: Measured time-resolved photoluminescence of spin-coated B-Te-6-B thin films
along with biexponential fits to the observed decay. The table in the inset shows the fit
parameters including the goodness of the fit.
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Figure S5: Measured time-resolved photoluminescence of thermally evaporated B-Te-6-B
thin films along with biexponential fits to the observed decay. The table in the inset shows
the fit parameters including the goodness of the fit.

SHI. Excitation Spectra of B-Te-6-B films
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Figure S6: Measured excitation spectra of (a) drop-coated (red curve), spin-coated (blue
curve) and thermally evaporated (black curve) and (b) drop-coated (purple curve), I, doped
drop-coated (red curve) and thermally evaporated (black curve) thin films of B-Te-6-B. The
PL emissions were monitored at 547 nm and 500 nm in (a) and (b) respectively.



SIV. Ellipsometry of B-Te-6-B thin films
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Figure S7: Extracted refractive index (n), extinction coefficient (k) and thickness (79.5 nm)
of thermally evaporated B-Te-6-B thin films by fitting ellipsometric data to a multi-layer

model incorporating surface roughness and void fraction while assuming the tellurophene film
to exhibit Cauchy dispersion.
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Figure S8: Extracted refractive index (n), extinction coefficient (k) and thickness (205.1 nm)
of spin-coated B-Te-6-B thin films by fitting ellipsometric data to a multi-layer model
incorporating surface roughness and void fraction while assuming the tellurophene film to
exhibit Cauchy dispersion.



SV. Cross-sectional FESEM images of B-Te-6-B films

Drop Coated
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Figure S9: Field emission scanning electron microscope (FESEM) image of the cross-
section of a B-Te-6-B film drop-coated on to a FTO-coated glass substrate.
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Figure S10: Field emission scanning electron microscope (FESEM) image of the cross-
section of a B-Te-6-B film thermally evaporated on to a FTO-coated glass substrate.



SVI. Electron transport measurements in tellurophene films
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Figure S11: Dark injection transient for a drop coated B-Te-6-B film measured by the
application of a —40 V pulse at the FTO electrode.

SVII. Additional UV-Vis spectra showing the effect of doping of B-Te-6-B films
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Figure S12: UV-vis spectra of drop-coated B-Te-6-B films showing the effect of oxidative
doping by N(C¢H4Br);[SbCle]/LiNTH;,



SVIII. Solution phase reaction of B-Te-6-B with I,
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Figure S13: Reaction between iodine and B-Te-6-B in toluene at room temperature.
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Figure S14: 'H NMR spectrum of the reaction mixture in CDCIl3 upon removal of the
volatiles; spectra data is consistent with no reaction between I, and B-6-Te-B.
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Figure S15: BC{'H} NMR spectrum of the reaction mixture in CDCls upon removal of the
volatiles; spectra data is consistent with no reaction between I, and B-6-Te-B.
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Figure S16: "'B{'H} NMR spectrum of the reaction mixture in CDCl; upon removal of the
volatiles; spectra data is consistent with no reaction between I, and B-6-Te-B.
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