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Hole transport properties of three different side chain poly(triarylamines) have been determined by means
of the analysis of steady-state current-voltage characteristics using co-planar diode structures. The inter-
pretation is based on space-charge limited models with field-dependent mobility. Mobilities between ~10~8
and 10~ %cm?V~ ! s~ ! are obtained. The highest mobility is achieved for poly(tetraphenylbenzidine) devices

and the lowest for poly(triphenylamine) devices. Electron-rich methoxy substituents increase the mobility of
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transistors is also given.

poly(triphenylamine)s. A comparison of the mobility values with those obtained using organic field-effect
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1. Introduction

Triarylamines (TAAs) comprise an important class of hole con-
ducting materials (HTM) that are widely used in organic photo-
voltaics [1] or light emitting diodes [2]. Polymeric TAAs (PTAAs)
exhibit enhanced processing properties compared to their low
molecular weight analogs, and crystallization is impeded which is a
prerequisite for the long term stability of such devices [3]. Classifi-
cation can be made by distinguishing simple poly(triphenylamine)s
PTPAs and poly(tetraphenylbenzidine)s PTPDs, in which the active
group is composed of two TPA units. Also, main chain polymeric
structures can be compared to side-chain architectures. Polymeric
side chain triphenylamines exhibit enhanced solubility and living
polymerization methods can be employed in order to synthesize
defined molecular weights and narrow molecular weight distribu-
tions [2,4,5]. Recently, amorphous side chain polytriarylamines
polymers have been used as hole conducting building blocks for the
synthesis of donor-acceptor block copolymers and large differences
in the device performance were found as a function of the hole con-
ductor and the molecular weight [4,6].

The charge carrier mobility of organic electronic materials can
be determined by a variety of methods, including time-of-flight [7],
analysis of space-charge limited currents (SCLC) in steady-state con-
ditions [8], interpretation of transients in dark injection SCLC, [7]
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measurement of transient electroluminescence [9], and analysis of
organic field-effect transistor (OFET) performance [10,11]. Alterna-
tively, mobility-related parameters can be extracted from ac capaci-
tance measurements [12]. The adopted technique to measure mobility
has to be selected in relation to the final device structure. In order to
gain information of the hole mobility in a photovoltaic device, tech-
niques capable of measuring transport vertical to the film plane
should be used. This excludes the analysis of OFET mobility and makes
the interpretation of steady-state current-voltage (J-V) character-
istics a simple, straightforward method.

The aim of this work is the measurement of the hole mobility of
different polymeric triarylamines in diode device architectures. It is
generally known that TPA based hole conductors exhibit lower charge
mobilities than the analogous TPD materials, but no report exists in
which such materials with comparable polymer architectures are
compared. We thus seek to explore the influence of the substitution
pattern on the final transport parameters.

2. Materials and device preparation

The structures analyzed in this work are drawn in Fig. 1. Three
polymers are used, namely poly(vinyltriphenylamine) PvTPA, poly[bis
(4-methoxyphenyl)-4’-vinylphenylamine| PvDMTPA, and poly[N,N’-bis
(4-methoxyphenyl)-N-phenyl-N’-4-vinylphenyl-(1,1’biphenyl)-4,4’-
diamine| PvDMTPD. The polymers were prepared by nitroxide med-
iated radical polymerization allowing the preparation of well-defined
and narrow-distributed materials. The molecular weights of PVTPA,
PvDMTPA and PvDMTPD are 39.0 kg/mol, 23.0 kg/mol and 22.4 kg/mol,
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Fig. 1. Chemical structures of analyzed donor polymers.

and the polydispersity indices are 1.23, 1.51, and 1.24, respectively. The
higher-occupied molecular-orbital (HOMO) levels of PvTPA is 5.2 eV and
PvDMTPA and PvDMTPD both show the same value of 5.0eV, as
measured by cyclic voltammetry in solution. All polymers exhibit a glass
transition temperature T, of 150 °C, 129 °C and 163 °C, respectively.
Devices of co-planar structure indium-doped tin oxide ITO/HTM/Au
(diode configuration) were prepared under standard conditions in
ambient atmosphere (clean room). Pre-patterned ITO glass plates were
extensively cleaned, using chemical and UV-ozone methods, just before
the deposition of the organic layers. Solutions of the polymers where
prepared in chloroform (32 mg of polymer in 1.5-2 ml of chloroform)
and the spin speed was 1000 rpm. The thickness of the organic films,
deposited by spin coating from a chloroform solution, was determined
using an Ambios XP1 profilometer, resulting in film thicknesses between
90 nm and 280 nm. No annealing treatments were applied. Au was
thermally evaporated to a layer thickness of 70 nm using temperature
controlled sources and an evaporation chamber integrated in an inert
atmosphere glove box (0.1 ppm O, and H,0). J-V characteristics were
registered using a Keithley 2400 electrometer.

3. Transport model and results

The measured J-V characteristics in polymer and small-molecule
electronic devices in reverse and forward bias direction up to
approximately the built-in potential Vp; often exhibits ohmic
response. This behavior is believed to be caused by additional leakage
currents flowing in parallel with useful currents responsible for the
device operation, Jior = Joper + Jieakage- FOI VOItages more positive
than Vj; an increase in current indicates the potential-driven en-
hancement in charge carrier injection. For the studied hole-transport-
ing materials, the device current is determined by the transport of
holes since the potential barrier at the anode is sufficiently low to
form ohmic contacts. Under this assumption the hole transport is
space-charge limited (SCLC) because the material is considered to be
undoped. J-V characteristics can be analyzed by means of the ap-
proximation of Murgatroyd [13],

9¢
Joper = g2 V2 exp(089/V /) M

Here V corresponds to the operating voltage (subtracting the built-
in voltage, V= Vyi,s — Vi), L represents the layer thickness, € stands
for the permittivity of the organic layer (e~ 3¢g, for most polymers),
Lo is the zero-field hole mobility, and 7 the field coefficient. These last
two parameters are related to the field dependence of the mobility
[14,15]

W(E) = py exp(yVE), )

which is in agreement with the Poole-Frenkel effect [16] and hopping
transport models in an energetically and spatially disordered system
[17,18]. For the calculation of the Murgatroyd's approximation the
electrical field in Eq. (2) can be stated as E=V/L and considered to be
constant along the active layer thickness.

Fig. 2 shows an example of the J-V characteristics of the analyzed
hole-transporting materials. A leakage current is observed in the low
and reverse bias region, which can be approximated by an ohmic
contribution in addition to the operating current of Eq. (1). At more
positive potentials the onset current is situated around 0.5-1.8 V, de-
pending on the material of the layer. The variation is usually attributed
to changes of Vj,; caused by differences between the ITO and Au effective
work functions, which might be largely altered by the presence of
interface dipoles [19]. In case of PvTPA we found V}; values around 1.8 V.
This parameter results lower (Vp;~0.5-0.9V) for PvDMTPA, and
practically disappears (V,;=~0V) when PvDMTPD is used. Since the
ITO work function (~4.7-5.0 eV) fairly aligns with the polycrystal Au
work function (~5.1eV) [20], one can infer that contacts between
PvDMTPD molecules and ITO or Au do not form significant interface
dipoles able to shift energetic levels. Therefore the electronic levels of
the contact materials align with the HOMO levels of the organic layers
(5.2-5.0eV). The influence of interface dipoles would be more
pronounced in case of PvTPA-based devices, which results in V,;>1 V.
However, it is also evident in Fig. 2 that leakage current is higher for
PvTPA than that observed for PvDMTPD-based devices. High leakage

PvDMTPD

Fig. 2. Measured J-V characteristics (dots) and fitting curve (line) of the polymers of
Fig. 1. Analysis is based on Eq. (1) and an additional ohmic leakage current which
dominates at low voltages. Correlation coefficient resulted in all cases R > 0.996, and
relative errors of parameters obtained from fitting were always below 4%.
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currents might hide the actual operating current onset being the
obtained V,;>1V just an apparent value rather than a real one.

As one can observe in Fig. 2, there are large differences in the
current exhibited by PvTPA and that of other two polymers. Fitting by
using Eq. (1) matches experimental data as observed in Fig. 1, which
informs on the agreement between SCLC approach [Eq. (1)] and the
experimental J-V characteristics. For fitting purposes an ohmic leakage
current has been assumed flowing in parallel to Joper. The results are
summarized in Table 1. Simpler structures such as PvTPA exhibit low
zero-field mobility values of the order of 5x10~°cm?V~1! s™1,
whereas PvDMTPA and PvDMTPD show enhanced values in the
range of 1079-1078cm?V~! s~ 1. As encountered for other hole
conducting polymers [21] the field coefficient y [Eq. (2)] lies within
the order of 10~ 4m!2v—12,

4. Discussion

The charge carrier mobility tiy of PvTPA, PvDMTPA and PvDMTPD
increases from 5.3x 10~ 1°cm?V~ !5~ 't0 7.7x 10" °cm?V~ ! s~ 'and
finally to 1.0x10~8cm?V~ ' s~ !, respectively, for devices of similar
thickness (around 220 nm). Interestingly, the mobility of PvDMTPA is
more than three times higher than that of PvTPA, which is ascribed
to the electron-enriching effect of the methoxygroups in PvDMTPA.
Since the molecular weights of PvTPA and PvDMTPA do not differ
excessively (39 kg/mol and 23 kg/mol, respectively), molecular
weight seems not to affect the hole mobility of these materials con-
siderably, and the differences should the related to above mentioned
electron-enriching effect. Unlike in conjugated polymers [22], the
molecular weight of a side chain polymer is unlikely to affect the
charge transport properties. The highest mobilities are achieved in
devices made of PvDMTPD, and thus the common trend of a higher
hole mobility in TPD based materials compared to the TPA analog is
also seen here [23,24].

It is also interesting to compare our results listed in Table 1 with
those resulting from alternative methods. A common technique to
evaluate mobility in organic materials makes use of an organic field-
effect transistor (OFET) configuration. Instead of a transport across the
active layer (diode configuration), OFET measurements are performed
in a planar structure. As usually recognized, mobility extracted from
OFET (uge field-effect mobility) always results superior than that
obtained from diode structures [25]. It has been recently demonstrat-
ed that such discrepancy is related to the improvement in mobility
caused by the high increment of carrier concentration achieved in
OFETs at high gate voltages [25]. Mobility is believed to be highly
dependent on the charge carrier density as derived from hopping per-
colation models in disordered systems [26]. In our case such difference
between mobility calculated using diode and OFET architectures is also
found (Fig. 3). The i extracted in our analysis results some orders of
magnitude larger than 1. However, it is worth noticing that the general
trends are indeed reproduced. In both types of configurations (OFET and
diode) PvDMTPD exhibits the highest mobility values. The mobility
calculated for an electrical field of 10 MV m™~! by means of Eq. (2) are
also plotted in Fig. 3 for comparison. Such electrical field value cor-
responds to that encountered in usual operation of solar cells (around
1V in 100 nm-thick layers). This entails that one can expect mobi-
lities values around 10~ %cm?V~ ! s~ ! when PvDMTPD is employed as
hole transporting material in operating photovoltaic devices.

Table 1
Mobility parameters resulting from fits for J-V characteristics in Fig. 2.

HTM Uo (cm?/Vs)  y (m'2/N'2)  Thickness (nm) gy (cm?/Vs)
PVTPA 53x1071° 6.4x10~4 277 3.1x10°°
PYDMTPA  7.7x10° 40x10% 204 25%10°°
PvDMIPD  1.0x10~% 14x10~4 220 85%107°

The OFETs were prepared by spincoating the materials the same way as described in
Ref. [27]. The mobility was extracted in the saturation regime.
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Fig. 3. Comparison of the mobility values resulting from fits, calculated for usual operating
conditions using Eq. (2) for 10 MV m~ !, and those reported for OFET configurations.

5. Conclusions

The analysis of space-charge limited currents (SCLC) in steady-state
conditions of several polytriarylamine-based diodes has allowed us to
extract mobility-related parameters of hole transport. We have given a
comparison between TPA and TPD based amorphous side chain polymers
and encountered that devices made from poly(tetraphenylbenzidine)
exhibit a mobility of 1076cm?V~"! s~ ! in usual operating conditions
(~1 Vin 100 nm-thick layers), which is around two orders of magnitude
higher compared to that of the TPA polymer (~10~8cm?V~1s~1). When
methoxygroups are attached at the para position of the TPA polymer,
the mobility results 5 times greater. The OFET mobilities of the same
materials result in values that are two orders of magnitude higher,
however the same trend is reproduced.
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