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ABSTRACT: Charge-carrier transport property of the con-
ducting dendrimer films composed of p-phenylenevinylene
with generation numbers of two and three as a dendron and
triphenylamine as a surface group, which were prepared by
spin-coating from the chloroform solutions, was investigated
by a time-of-flight technique. For both dendrimer films, hole-
carrier transport took place preferentially compared with
electron-carrier transport, and typical dispersive hole-carrier
transport was observed. The hole-carrier drift mobilities of
the two-generation dendrimer film were one order of magni-

tude larger than those of the three-generation dendrimer film.
The difference of the hole-carrier drift mobilities between the
two-generation and three-generation dendrimers was due to
the difference of the molecular geometric structure and/or
the difference of the molecular weight ratio of nitrogen atom
in the triphenylamine unit to the dendrimer molecule. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 123: 3090-3097, 2012

Key words: soluble conducting dendrimers; generation;
time-of-flight technique; drift mobility

INTRODUCTION

Electronic and optoelectronic devices using organic
materials as active elements, for instance, organic
light-emitting diodes (OLEDs), organic field-effect
transistors (OFETs), organic photovoltaic cells
(OPVs), and so forth, have recently received a great
deal of attention from the standpoint of potential
technological applications as well as fundamental
science.'” Those devices using organic materials
have attracted considerable interest because the
devices exhibit potentially unique features such as
light weight and flexibility.®'’ Hence the OLEDs
have already found practical applications in small
sized displays such as mobile phones, digital camera
finders, and car audios.!! However, they are still
under development for large-sized flat panel dis-
plays and lightings. To achieve the above goal, it is
significantly important to form uniform and smooth
thin films without roughness and pinholes. Shirota
and coworkers'*™"” have proven that amorphous
molecular materials are excellent materials for use in
OLEDs because they form uniform and smooth thin
films without pinholes. As the amorphous molecular
materials, star-shaped compounds have been devel-
oped such as families of 4,4',4"-tris(diphenylamino)-
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triphenylamine,'*'* 1,3,5-tris(diphenylamino)ben-

1516 and  1,3,5-tris[4-(diphenylamino)phenyl]-
benzene.'” These star-shaped compounds are particu-
larly useful for charge-carrier transport and emission
materials for OLEDs.

Another advantage of the amorphous molecular
materials is that the isotropic optical and charge-car-
rier transport properties are obtained.'®* Organic
materials based on n-conjugated systems such as oli-
gothiophenes are known to show highly anisotropic
electronic properties.”*'** This point has been
clearly demonstrated on OFETs based on thin films
of oligothiophenes for which their high hole-carrier
mobility is obtained when the oligothiophene
molecules are oriented perpendicularly to the
substrate.>?'?2 However, such an orientation is det-
rimental for OLEDs because it strongly reduces the
efficiency of charge-carrier transport through the
film thickness.'®2° To solve this problem, the use of
amorphous molecular materials with three-dimen-
sional m-conjugated molecules is suggested by
Shirota and coworkers'"™" and Roncali and co-
workers.'®° The materials they previously prepared
exhibited mostly nondispersive photocurrent decay,
and their hole-carrier drift mobilities varied from
107° to 1072 [em?/(V-s)] by a time-of-flight (TOF)
technique.11 However, the thin films with those
amorphous molecular materials have been prepared
by sublimation in vacuum deposition systems.

On the contrary, it is well-known that m-conju-
gated polymer materials such as poly(3-alkylthio-
phene)s,®> poly(p-phenylenevinylene)s,**>® and so
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Figure 1 Chemical structures of (a) two-generation dendrimer (G2-PV-TPA) and (b) three-generation dendrimer (G3-PV-

TPA) used in this study.

forth can prepare the thin films from the solutions
with spin-coating, casting, dipping, and ink-jet
techniques without the vacuum system. This is
significantly important because the thin films can be
prepared with large area easily. However, these
n-conjugated polymers are not the three-dimensional
materials. Thus, we decided to focus on den-
drimer,?*® which consists of a core, branching unit
termed dendron, and surface group as the three-
dimensional macromolecular materials.

In this study, we attempted to characterize the
charge-carrier transport property of the dendrimer
films composed of p-phenylenevinylene dendron
with two and three generations and triphenylamine
surface group (Fig. 1) by using the TOF technique.
The TOF technique is a useful tool to evaluate the
charge-carrier transport property through the film
thickness. For TOF characterization, sandwich cells
of ITO/dendrimer/Mg—-Al were prepared, where the
dendrimer films were formed from the chloroform
solution.

EXPERIMENTAL
Materials

The chemical structures of the two- and three-gener-
ation dendrimers, G2-PV-TPA and G3-PV-TPA, are
shown in Figure 1(a,b), respectively. The dendrons
are constructed from p-phenylenevinylene, and the

surface groups are from triphenylamine. The synthe-
sized procedure was reported previously.” The
calculated molecular weights, the weight and num-
ber average molecular weights and the polydisper-
sity indices are listed in Table I. The weight and
number average molecular weights and the polydis-
persity indices are estimated by gel permeation
chromatography (GPC) with use of THF as eluent
and polystyrene standards for calibration. The
dendrimers are estimated to be mixtures of trans-
and cis-conformations. Those dissolve in chloroform
up to concentrations of 15 mg/mL.

Preparation of cells

The cells of indium-tin-oxide (ITO), dendrimers, and
alloy of Mg and Al (Mg-Al), ITO/(G2-PV-TPA or
G3-PV-TPA)/Mg-Al, were prepared as follows:
First, solutions of the dendrimers were prepared in
chloroform at concentrations of 10 mg/mL. The ITO
substrates were masked, patterned, and cleaned by
sonication in 0.2M aqueous NaOH and deionized
water. Dendrimer films were prepared from the
chloroform solutions onto the cleaned ITO substrates
by spin-coating. The spin coater used was an Able
Co. SP-1 spin programmer. The thickness of the den-
drimer films was adjusted to 1 um by a rotation
speed of 800 rpm. The thickness was confirmed on a
Tencor P-10 surface profiler after cutting a portion of
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TABLE I
Calculated Molecular Weights (M), Weight-Average
Molecular Weights (M,,), Number-Average Molecular
Weights (M,), and Polydispersity Indices (M,,/M,) for
the Dendrimers

G2-PV-TPA G3-PV-TPA
M 4229 8689
M,* (x10%) 45 7.7
M,? (x10%) 43 7.2
My /M, 1.05 1.07

? Determined by GPC using THF as eluent.
Standard polystyrene samples were used for the calibration
of the molecular weight.

the films. Next, a vacuum evaporator was used for
the thermal evaporation of the alloy of 10 wt % Mg
and 90 wt % Al (Mg-Al) onto the desired ITO glass
plates deposited with dendrimer films.

Measurements

TOF measurements for the cells of ITO/dendrimer/
Mg-Al were carried out with a conventional setup
as described by Chen et al’® A pulsed N, laser
(337.1 nm, pulse width 0.7 ns) having output of 150
W /pulse was used to generate photocarrier in the
dendrimer films. The measurements were performed
at 25°C in vacuum condition (10~ Torr). The current
generated as a result of photocarrier drift was col-
lected across a 50 Q resister upon application of an
external bias voltage for periods of 250 ps. The
charge-carrier drift mobility was determined by the
following relation:

LZ
ToV

n= 1)

where p is the charge-carrier drift mobility, L is the
thickness of the dendrimer film, V is the applied
bias voltage, and Ty, is the transit time derived from
the double logarithmic plot of the photocurrent
decay (Scher-Montroll plot).*!

UV-vis absorption spectra were measured on a
Shimadzu UV-3100PC spectrophotometer. The meas-
urements were performed on 50 nm thick dendrimer
films prepared by spin-coating with the rotation
speed of 2500 rpm from 0.5 mg/mL chloroform sol-
utions on glass substrates. Contribution from absorp-
tion of the glass substrate was corrected by subtract-
ing from each absorption spectrum the glass
substrate spectrum.

RESULTS AND DISCUSSION

Table I represents the calculated molecular weights
(M), the weight and number average molecular
weights (M., M,) and the polydispersity indices
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(M,/M,) for the G2-PV-TPA and G3-PV-TPA den-
drimers. For both dendrimers, the M,,/M, values
are close to 1, implying that the comparably mono-
dispersed dendrimers are obtained. The difference
between M and M, or M, for G2-PV-TPA is quite
small, whereas the difference between M and M,, or
M, for G3-PV-TPA is comparably large. Since My,
and M, are the converted molecular weights with
the standard polystyrene, one can estimate that the
difference would be large with increasing the molec-
ular weight.

Before evaluation of charge-carrier transport prop-
erty by the TOF technique, it is important to confirm
the fact that the photocarrier generation takes place
due to the irradiation of N, laser light. UV-vis
absorption spectra for G2-PV-TPA and G3-PV-TPA
dendrimer films with 50 nm thickness are shown in
Figure 2. For both dendrimer films, two typical
absorption peaks are observed centered at 300 and
370 nm, the former being due to the triphenylamine
surface group, and the latter to the p-phenyleneviny-
lene group.” It is obvious that the absorption bands
for the triphenylamine and p-phenylenevinylene
groups include the 337.1 nm wavelength of the N,
laser light, confirming that the light absorption takes
place by the N, laser irradiation.

By illuminating the N, laser light from the ITO
side of the ITO/dendrimer/Mg-Al cells, photoex-
cited charge-carriers of hole and electron would gen-
erate at the surface of the dendrimer film. In case
where a positive bias voltage is applied to the ITO
side, the hole-carrier drifts from the ITO side to the
Mg-Al side and photocurrent of positive sign will
be observed. On the other hand, the electron-carrier
drifts and photocurrent of negative sign will be
observed as a negative bias voltage is applied to the
ITO side. Photocurrent decays obtained from the
ITO/G3-PV-TPA/Mg-Al cell are shown in Figure
3(a,b). Figure 3(a) indicates the photocurrent decay
at applied bias voltage of +50 V, and Figure 3(b) the
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Figure 2 UV-vis absorption spectra for thin films of G2-
PV-TPA and G3-PV-TPA.
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Figure 3 Profiles of photocurrent decays for the ITO/G3-
PV-TPA/Mg-Al cell at applied bias voltage of (a) +50 V
and (b) —50 V; (a) indicates hole-carrier transport and (b)
indicates electron-carrier transport.

photocurrent decay at applied bias voltage of —50 V
to the ITO side. Both Figure 3(a,b) show the photo-
currents due to the drifts of hole- and electron-car-
rier, respectively. The fact implies that the photocar-
rier generation takes place at the surface of the
dendrimer film by absorbing the N, laser light.
When the positive bias voltage (+50 V) is applied to
the ITO side, much larger photocurrent is observed
compared with the case where the negative bias
voltage (—50 V) is applied to the ITO side. This is
the result that the hole-carrier transport takes place
preferentially compared with the electron-carrier
transport. It is well-known that both p-phenylenevi-
nylene and triphenylamine moieties show typical
hole-carrier transport properties.”'"'****”  Hence,
the result is considered to be reasonable. Figure 4(a)
shows the photocurrent decays of ITO/G3-PV-TPA/
Mg-Al and ITO/G2-PV-TPA/Mg-Al cells at applied
bias voltage of +25 V to the ITO side. The photocur-
rent for the ITO/G2-PV-TPA/Mg-Al cell is quite
larger than that for the ITO/G3-PV-TPA/Mg-Al
cell below 10 ps, implying that the efficiency of hole-
carrier hopping in the G2-PV-TPA film is quite
higher than that in the G3-PV-TPA film. The photo-
current decays for both dendrimer films shown in
Figure 4(a) are typically dispersive, implying that
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the charge-carrier transport properties are typical
conducting-polymer-film type.'"*?® As shown in
this figure, dark current of each cell seems to be
small enough to be negli§ible. Figure 4(b) shows the
double logarithmic plots® (Scher-Montroll plots) of
the photocurrent decays for both cells by applying
+25 V to the ITO side, which are modified from
Figure 4(a). The transit times (T\), which are the
intercept of two tangential lines before and after the
inflection point,'"**2#3%%1 are observed for both
cells. This is indicative that the hole-carriers travel
across the dendrimer film and finally arrive to the
Mg-Al side at Ty. Though the inflection points are
observed for both dendrimer films, the characteris-
tics of the photocurrent decays are significantly dif-
ferent. In the case of the ITO/G2-PV-TPA/Mg-Al
cell, the photocurrent value kept almost constant
below the inflection point (about 3 ps), and the clear
inflection point is observed at about 3 ps. On the
other hand, the photocurrent value for the ITO/G3-
PV-TPA /Mg-Al cell decreases even below the inflec-
tion point (i.e., 14 ps), and the unclear inflection
point is observed at about 14 ps. One of the assump-
tions that the inflection point becomes unclear for
the ITO/G3-PV-TPA/Mg-Al cell is that some
amount of hole-carriers quench before arriving to
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Figure 4 (a) Profiles of photocurrent decays for the ITO/
G2-PV-TPA/Mg-Al and ITO/G3-PV-TPA/Mg-Al cells at

applied bias voltage of +25 V, and (b) double logarithmic
plots of the photocurrent decays (Scher-Montroll plots).
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Figure 5 Double logarithmic plots of photocurrent decays
(Scher-Montroll plots) for the ITO/G2-PV-TPA /Mg-Al cell
at applied bias voltage of (a) +25 V, (b) +20 V, (c) +12V,
and (d) +4 V.

the Mg-Al electrode in the G3-PV-TPA film. The
double logarithmic plots for the ITO/G2-PV-TPA/
Mg-Al cell in the range of the applied bias voltage
from +25 V to +4 V are presented in Figure 5(a—d).
The inflection points are able to be observed in the
range from + 25 V to + 12 V. The inflection point
shifts to the longer time with decreasing applied
bias voltage, being indicative that the hole-carrier
transport velocity becomes small with decreasing
applied bias voltage. Besides the result, it becomes
difficult to distinguish the inflection point as the
applied bias voltage becomes +4 V as shown in
Figure 5(d). The fact that the inflection point
becomes unobservable with decreasing applied bias
voltage implies that some amount of the hole-
carriers quench before arriving to the Mg-Al elec-
trode since the hole-carrier transport velocity
becomes significantly slow, which is the same tend-
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Figure 6 Inflection point (Ty) as a function of applied
bias voltage for G2-PV-TPA and G3-PV-TPA.

ency as the ITO/G3-PV-TPA/Mg-Al cell shown in
Figure 4(b).

The values of the inflection points (Ty) for both
cells are plotted as a function of applied bias voltage
in Figure 6. The Ty values for both cells decrease
with increasing applied bias voltage, indicating that
the hole-carrier transport velocity becomes fast with
increasing applied bias voltage. Also, the Ty, value
for the ITO/G3-PV-TPA/Mg-Al cell is approxi-
mately three times larger than that for the ITO/G2-
PV-TPA/Mg-Al cell at each bias voltage. The T,
values for the ITO/G2-PV-TPA/Mg-Al cell are
below 7.5 ps, whereas those for the ITO/G3-PV-
TPA/Mg-Al cell reach to about 20 ps. This indicates
that the hole-carrier transport velocity in the G2-PV-
TPA film is faster than that in the G3-PV-TPA film.

Figure 7 represents the current values at Ty ()
for both cells as a function of applied bias voltage.
Ii, for the ITO/G3-PV-TPA/Mg-Al cell increases lin-
early with increasing applied bias voltage. The
increase in I, for the ITO/G3-PV-TPA/Mg-Al cell is
considered to be due to increase in the hole-carrier

120———

100}
I G2-PV-TPA
80

60

1

l (nA)

40

1

G3-PV-TPA

20

0 10 20 30 40 50 60
Applied voltage (V)

Figure 7 Photocurrent at Ty, (I) as a function of applied
bias voltage for G2-PV-TPA and G3-PV-TPA.



TIME-OF-FLIGHT MOBILITIES FOR DENDRIMERS

[ x104]
2—

| ! T ! T ' U ' U

G2-PV-TPA
1.5

1
L

Mobility (cm2/V-s)

G3-PV-TPA

O30 20 30 40 50 60
Applied voltage (V)

Figure 8 Hole-carrier drift mobility (1) as a function of
applied bias voltage for G2-PV-TPA and G3-PV-TPA.

transport velocity with increasing applied bias volt-
age. In contrast, I, for the ITO/G2-PV-TPA/Mg-Al
cell increases with increasing applied bias voltage
with a quadratic curve. The current value is consid-
ered to be represented by two factors, which are the
transport velocity and the density of the charge-car-
rier shown in eq. (2).

Surface group

(a)

n-Cojugated dendoron

Charge-carrier
F’ transport

(b) n-Cojugated dendoron

-carrier ' s
W ¥ )
transport ' AV

(C) n-Cojugated dendoron

- carrier
transport

Figure 9 Schematic representations of charge-carrier
transport systems for conducting dendrimers with molecu-
lar geometric structures of (a) planar-, (b) cylindrical-, and
(c) globular-shape.
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Iocnu% (2)

where [ is the current value and 7 is the density of
the transporting charge-carrier. In eq. (2), w(V/L) is
the transport velocity and is presumed to increase
linearly with increasing applied bias voltage. Thus,
the quadratic curve observed from the ITO/G2-PV-
TPA/Mg-Al cell is due to increase not only in the
hole-carrier transport velocity but also in the density
of the hole-carrier arrived to the Mg-Al side with
increasing applied bias voltage. The I, values for the
ITO/G2-PV-TPA/Mg-Al cell are considerably larger
than those for the ITO/G3-PV-TPA/Mg-Al cell. One
can consider that there are two reasons of the result.
One is that the hole-carrier drift mobility of the G2-
PV-TPA film is larger than that of the G3-PV-TPA
film, the other is that the density of the hole-carrier
drifting across the G2-PV-TPA film is larger than
that across the G3-PV-TPA film.

The hole-carrier drift mobilities, which are deter-
mined from eq. (1), for both cells as a function of
applied bias voltage are depicted in Figure 8. The
drift mobilities in the G2-PV-TPA film are approxi-
mately three times larger than those in the G3-PV-
TPA film in the range of applied bias voltage from
12 V to 25 V. Particularly, the drift mobility of G2-
PV-TPA reaches 1.7 x 10~* ecm?/(V-s) at 25°C. This
is indicative that the charge-carrier hopping takes
place more efficiently in the G2-PV-TPA film rather
than in the G3-PV-TPA film. One of the hypotheses
for the difference of the drift mobility between G2-
PV-TPA and G3-PV-TPA is due to the difference of
the molecular geometric structure between the
dendrimers. In case of a planar-shaped structure, the
efficiency of charge-carrier hopping is presumed to
be higher than those of globular- and cylindrical-
shaped structures, because the mean distance
between the planar-shaped molecules can be the
smallest among the planar-, globular-, and cylindri-
cal-shaped molecules in principle. Figure 9 illus-
trates the molecular geometric structures of the
dendrimers and their charge-carrier transport
systems. Meier et al.** reported that the molecular
geometric structures of the first two generations for
the p-phenylenevinylene dendrimers surrounded by
the alkyloxy surface groups such as hexyloxy
or dodecyloxy group exhibit the planar shapes. In

TABLE II
Diameter (D), Height (H), and D/H Ratios of the
Dendrimers Obtained by MM3 Calculation Technique

G2-PV-TPA G3-PV-TPA
Diameter (D)/A 46.7 56.5
Height (H)/A 9.6 13.1
D/H 49 43

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Molecular Weight Ratios of Nitrogen Atom and
Triphenylamine to the Dendrimers

G2-PV-TPA G3-PV-TPA
Mn/Mp* (1071 6.9 6.7
Mrpa/MpP (x107?) 4.0 39

@ My indicates the calculated molecular weights of nitro-
gen atoms in the dendrimers. M, indicates the calculated
molecular weights of dendrimers, G2-PV-TPA and G3-PV-
TPA.

° Mrpa indicates the calculated molecular weights of tri-
phenylamine units in the dendrimers.

contrast to this, the higher generations are assumed
to be the cylindrical shapes due to steric hindrance
of the molecules.” The molecular geometric struc-
tures for the G2-PV-TPA and G3-PV-TPA den-
drimers are evaluated by molecular mechanics
program 3 (MM3) calculation technique as listed in
Table II. The diameter (D) to height (H) ratio (D/H)
for the G2-PV-TPA molecule is higher than that for
the G3-PV-TPA molecule. This is indicative that the
molecular geometric structure of G2-PV-TPA shows
more planar than that of G3-PV-TPA. Thus, the
larger hole-carrier drift mobilities for G2-PV-TPA are
induced by higher degree of planar-shaped structure
compared with G3-PV-TPA. Another possibility
for the difference of the drift mobilities between
G2-PV-TPA and G3-PV-TPA is the difference of the
composition for the dendrimer molecule. There is a
possibility that the nitrogen atom in the triphenyl-
amine unit promotes the hole-carrier transport prop-
erty, implying that the hole-carrier drift mobility
would increase with increasing the molecular weight
ratio of the nitrogen atom to the dendrimer mole-
cule. Hence, the ratios for molecular weights of
nitrogen atom (My) and triphenylamine unit (Mpa) to
the dendrimer molecule (Mp) are determined as
shown in Table III. The My/Mp and Mtpa/Mp values
for G2-PV-TPA are higher than those for G3-PV-TPA,
indicating the possibility that the higher hole-carrier
drift mobilities for G2-PV-TPA compared with those
for G3-PV-TPA are due to the higher molecular weight
ratio of nitrogen atom in the dendrimer.

It is to be noted that the hole-carrier drift mobili-
ties for both dendrimer films decrease with increas-
ing applied bias voltage as shown in Figure 8. Since
the dark currents are enough small to be negligible,
the negative electric field dependences are explained
by disorder formalism as follows.""*?® One can
assume that the charge-carrier transport in disor-
dered systems takes place by hopping through a
manifold of localized states subject to the fluctua-
tions of both hopping site energy and intermolecular
wavefunction overlap and that both the hopping site
energy and the intermolecular distance follow the

Journal of Applied Polymer Science DOI 10.1002/app
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Gaussian distributions. The disorder is known to be
obtained for a variety of amorphous molecular
glassy films.'*>%

The hole-carrier drift mobilities of the dendrimers
used in this work are on the orders of 10> and 10~*
(cm?/V-s) by the TOF technique. The hole-carrier
drift mobility of poly(p-phenylenevinylene) is
reported to be in the range of 107° (cm?/V-s) at
25°C, %4 indicating that the drift mobility of the
poly(p-phenylenevinylene) is one order of magni-
tude smaller than that of G2-PV-TPA. Lee et al.*
also reported that the hole-carrier drift mobilities of
poly(p-phenylenevinylene)s having a series of fluo-
rene side chains are in the range from 107 to 10~ *
(cm?/V-s) at 25°C. The drift mobilities obtained for
the dendrimers are included in this range. The com-
parisons between the dendrimers and several
poly(p-phenylenevinylene)s indicate that the den-
drimers are useful for the electronic and optoelec-
tronic devices. The dendrimers used here also
exhibit enough solubility to prepare the thin films
with the solution processes. Hence, these are candi-
dates for hole-carrier transporting materials toward
large-sized OLEDs. In particular, the G2-PV-TPA
dendrimer is a strong candidate because of the com-
parably large drift mobility.

CONCLUSIONS

Charge-carrier transport property of the conducting
dendrimer films composed of p-phenylenevinylene
with generation numbers of two and three as a den-
dron and triphenylamine as a surface group, G2-PV-
TPA and G3-PV-TPA, prepared by spin-coating
from the chloroform solutions was investigated by
the TOF technique at 25°C. For both dendrimer
films, hole-carrier transport took place preferentially
compared with electron-carrier transport. Besides
this, typical dispersive hole-carrier transport was
observed for both dendrimer films. The hole-carrier
drift mobilities of the G2-PV-TPA film were on the
order of 107* (cm?/V:s), whereas those of the G3-
PV-TPA film were on the order of 10™° (cm?/V-s).
The difference of the hole-carrier drift mobilities
between G2-PV-TPA and G3-PV-TPA was due to the
difference of the molecular geometric structure and/
or the difference of the molecular weight ratio of
nitrogen atom in the triphenylamine unit to the den-
drimer molecule. The higher diameter to height ratio
was obtained for the G2-PV-TPA molecule compared
with G3-PV-TPA. Also, the higher molecular weight
ratio of the nitrogen atom was obtained for G2-PV-
TPA rather than G3-PV-TPA.

The results of the TOF study strongly indicate that
the dendrimers used in this work are effective for
hole-carrier transporting materials of large-sized
OLEDs.
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