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ARTICLE INFO ABSTRACT

Keywords: An effort has been made to determine the majority carrier and drift carrier lifetimes in the promising spin

FeFHtrz)Z(trz)](BF4) crossover molecule [Fe(Htrz)(trz)](BF4) (where Htrz = 1H-1,2,4-triazole) plus polyaniline composite. The

ISDP;H Crf;.ssover molecule current voltage and capacitance voltage characteristics of the [Fe(Htrz)x(trz)](BF,) plus polyaniline composite
olyaniline

were studied at both the low spin state at T = 320 K and the high spin state at T = 380 K. In these composites, the
drift carrier lifetimes are in excess of microseconds, and there are indications that the majority carriers are holes.
While the drift carrier lifetime is much lower when the [Fe(Htrz)s(trz)](BF4) plus polyaniline composite is in the
low spin state, there are indications that for at least one polyaniline composite, the carrier mobility is much
higher in the low spin state so that the mobility is consistent with the higher conductivity of the low spin state.

1. Introduction

When a complex compound involving transition metals with usually
3d*-3d” electronic configuration, is thermally induced, it undergoes a
change in spin multiplicity, and are thus known as spin crossover
compounds [1]. In addition to responding to changing temperature, the
spin state, in spin crossover molecules, also can change in response to an
external stimuli such as pressure, light or electric field [2-8]. Such spin
crossover molecules could be an important addition to molecular elec-
tronics as they provide a facile read mechanism in combination with an
organic ferroelectric [9] because the change in spin state is often asso-
ciated with a change in conductance. In recent years, spin crossover
molecules have been successfully utilized, in combination with organic
ferroelectrics, to fabricate non-volatile voltage controlled memory de-
vices [9-11]. Some of the important criteria for the fabrication of mo-
lecular devices based on spin crossover molecules have been outlined
[9], but it is very clear that the high resistance of most spin crossover
molecular films is a key impediment to a competitive molecular
nonvolatile memory devices.

A recent study on [Fe(Htrz),(trz)]1(BF4) (where Htrz = 1H-1,2,4-tri-
azole) demonstrated that the addition of the semiconducting polymer
polyaniline leads to a low on state resistance [12]. This resistance well
below 1 Q cm makes [Fe(Htrz)s(trz)](BF4) plus polyaniline composites
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potentially very suitable for competitive molecular memory applications
[9]. [Fe(Htrz)o(trz)]1(BF4) (where Htrz = 1H-1,2,4-triazole) [12-20,22,
25] is among the more commonly studied spin crossover molecules
based on iron [12-25], with a spin transition temperature somewhat
above room temperature (i.e. 330-380 K) that is accompanied by a
conductance change. Some electrical measurements on [Fe(Htrz),(trz)]
(BF4) have revealed that the conductivity in the low spin state is higher
in comparison to the high spin state [19,20,22,25], which has been
attributed to the lower activation barrier in the low spin state [20]. Just
the same it should be noted that there are other studies that indicate the
reverse, that is to say that the conductivity in the high spin state is higher
than the low spin state [12,15] suggesting that [Fe(Htrz)2(trz)](BF4),
may have multiple thin film phases.

Considering the promise of [Fe(Htrz),(trz)](BF4) plus polyaniline for
organic device applications [12], it should be noted that polyaniline can
be synthesized into three different oxidation states: pernigraniline,
leucoemeraldine, and emeraldine (half-oxidized). Of these different
polyanilines, the emeraldine form is environmentally and chemically
stable, and is conductive in the salt form but not in the base form [26].
The emeraldine base form is less conductive than the salt form, with a
resistance greater than 10° Q em [26], thus essentially dielectric. Yet
the emeraldine base form of polyaniline can be protonated through
doping, with a protonic acid, rendering it more conductive [27,28].
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Thus the more insulating polyaniline polymers are converted to the
conductive form by introducing charge transfer complexes within the
electron donors and electron acceptors inside the polymer chain
[27-29].

While composites of [Fe(Htrz),(trz)](BF4) with semiconducting
polymer polyaniline (whose structures are shown in Fig. 1) has an
atypically low on state resistance, as just noted [12], not much else is
known about the transport properties of these composites. We, there-
fore, studied the current-voltage, capacitance-voltage, and transfer
characteristics of the combination of [Fe(Htrz)s(trz)](BF4) plus poly-
aniline composite at both the low spin state (at T = 320 K) and the high
spin state (at T = 380 K).

2. Methodology

Two types of polyaniline were used in this study to show the contrast
between the different routes to doping polyaniline. Polyaniline 1 was a
5000 g/mol polyaniline synthesized in-house. This polyaniline 1 was
synthesized into the emeraldine salt form using HCl and was not
undoped into the base form and then redoped with acid. 10 mL of 1 M
hydrochloric acid (HCI) containing 0.25 M ammonium persulfate was
added to 30 mL of 0.25 M aniline in water at 0 °C, as described elsewhere
[30]. The mixture was stirred for 6 h and was allowed to sit overnight at
room temperature. The resulting dark green precipitate was collected
and then washed thoroughly with 1 M HCl, ethanol, and water.

Polyaniline 2 was a polyaniline that was synthesized from the pur-
chased polyaniline emeraldine base (Sigma Aldrich 556459-25G) and
was further doped with p-toluene sulfonic acid to the emeraldine salt
form, this polyaniline emeraldine base was converted to the salt form
using 0.5 M p-toluenesulfonic acid [31,32]. While HCI is often used for
doping, it has a tendency to form side reactions and has low stability.
P-toluene sulfonic acid was used instead because sulfonic acid dopants
improve processibility, yield, and electrical properties [29].

[Fe(Htrz),(trz)](BF4) was synthesized as reported in Kroeber et al.
[14]. To obtain [Fe(Htrz)s(trz)](BF4) plus polyaniline 1/polyaniline 2
composite solutions, 5 + 1 mg of [Fe(Htrz),(trz)](BF4) plus 5 + 1 mg of
either polyaniline 1 or polyaniline 2 were mixed with 4 ml of distilled
water. Composites rich in polyaniline (i.e. close to a 1:1 ratio of SCO to
polyaniline) are seen to have the highest conductance, although less
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Fig. 1. (a) The schematic structure of [Fe(Htrz),(trz)](BF,4). (b) The schematic
structure of polyaniline (PANI). Hydrogen is omitted for clarity.
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impressive on to off conductance ratios compared to composites more
rich in [Fe(Htrz)s(trz)](BF4) [12].

To make the films, [Fe(Htrz)s(trz)](BF4) plus polyaniline 1/poly-
aniline 2 composite solutions were drop casted on prepatterned elec-
trodes from Fraunhofer Institute for Photonic Microsystems (IPMS),
designed for organic field effect transistor (OFET) fabrication. These [Fe
(Htrz),(trz)]1(BF4) plus polyaniline composite films were dried to be free
of solvent prior to the device measurements. The current-voltage,
capacitance-voltage characteristics, and transistor measurements were
performed on an OFET from Fraunhofer Institute for Photonic Micro-
systems (IPMS). The data were collected using 4200A-SCS parameter
Analyzer and cryogenic lakeshore probe station, in the absence of
illumination.

3. Results and discussion

Fig. 2 shows the voltage-dependent current characteristics of [Fe
(Htrz),(trz)]1(BF4) plus polyaniline. As seen in both Fig. 2a and b, for
both [Fe(Htrz)s(trz)](BF4) plus polyaniline 1 and polyaniline 2, the
conductance of the high spin state (at T = 380 K) is lower than the low
spin state (at T = 320 K), as has been seen in [Fe(Htrz)s(trz)](BF,4) alone
[19,20]. The difference in conductivity is attributed to polyaniline 1
being synthesized as the emeraldine salt form, while polyaniline 2 was
obtained by converting the emeraldine base to the salt form via doping
with p-toluenesulfonic acid. The optimal degree of doping of the poly-
aniline is ~20% [33], but it is challenging to control the extent of doping
during the conversion process. Thus, there is a potential for under- or
over-doping, which could lower the conductivity of the polymer [33].
Over-oxidation of the polymer could also lead to a reduction in the
conductivity [34]. Other potential contributors to the noted difference
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Fig. 2. The I(V) characteristics of (a) [Fe(Htrz),(trz)]1(BF4) plus polyaniline 1
compared to (b) [Fe(Htrz),(trz)1(BF,4) plus polyaniline 2. Blue color refers to
the measurement at T = 320 K (the low spin state) and red color refers to the
measurement at T = 380 K (the high spin state).
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include the differences in size and morphology, and the arrangement of
polymer chains between the two polyanilines used in this study [35,36].
As noted above, the high conductance is seen with polyaniline to [Fe
(Htrz)o(trz)1(BF4) ratios close to close to a 1:1 [12] although as seen
here, this may depend on the choice of polyaniline.

The comparison of I(V) characteristics of [Fe(Htrz),(trz)](BF4) plus
polyaniline 1 with [Fe(Htrz),(trz)](BF4) plus polyaniline 2 elucidates
the fact that the conductance at the low spin state is significantly higher
for [Fe(Htrz),(trz)1(BF4) plus polyaniline 1 than [Fe(Htrz),(trz)]1(BF4)
plus polyaniline 2. In other words, the on-state resistance of the low spin
state is smaller for [Fe(Htrz),(trz)]1(BF4) plus polyaniline 1 than [Fe
(Htrz),(trz)1(BF4) plus polyaniline 2. The higher conductance before
heating in comparison to after heating has been observed in other spin
crossover systems such as [Fe(HB(pz)s3)2] [37].

The capacitance versus voltage, C(V) measurements at 1 MHz for [Fe
(Htrz)2(trz)1(BF4) plus polyaniline are shown in Fig. 3a and b. In both
[Fe(Htrz)o(trz)]1(BF4) plus polyaniline 1 and [Fe(Htrz)(trz)]1(BF4) plus
polyaniline 2 composites, the capacitance at the high spin state is greater
than the capacitance at the low spin state. This result suggests that the
amount of charge trapping is greater in the high spin state in comparison
to the low spin state. The nature of the C(V) curve for the low spin state
in both cases of [Fe(Htrz)s(trz)](BF4) plus polyaniline 1 and [Fe
(Htrz)o(trz)1(BF,4) plus polyaniline 2 suggests that with the increase in
voltage the amount of charge trapping decreases. The phenomenon of
charge trapping is also supported by the fact that the trapped charges
have some role to play in inducing the hysteresis in capacitance-voltage
characteristics [38] as observed in Fig. 3.

From the capacitance versus voltage and the current versus voltage
data above, we can estimate the drift carrier lifetime. The conductance
for the measurements involving low frequency is defined as [39-45]:
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Fig. 3. The capacitance versus voltage, C(V), characteristics of (a) [Fe
(Htrz),(trz)1(BF4) plus polyaniline 1 versus (b) [Fe(Htrz),(trz)1(BF,4) plus pol-
yaniline 2. Blue color refers to the measurement at T = 320 K (the low spin
state) and red color refers to the measurement at T = 380 K (the high
spin state).
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and the diffusion capacitance, Cp, is given as [39-45]:

Gy 3
Cp = w\/i(\/lJrcozr2 - 1) 2

Here, ‘r’ is the carrier lifetime and ‘@’ = 2 z f is the angular fre-
quency, f being the frequency. Rewriting equation (2), we obtain the
expression for carrier lifetime 7 as:

: (((CbgoﬁyH)z—])é .

[

As shown in Fig. 4a and b, the carrier lifetime of the high spin state is
higher in comparison to the carrier lifetime of the low spin state for both
of the [Fe(Htrz),(trz)](BF4) plus polyaniline 1 and [Fe(Htrz),(trz)]1(BF4)
plus polyaniline 2. The dipole changes across the spin transition and
higher carrier lifetime of the high spin state in comparison to the low
spin state could possibly be due to the reorientation of the molecular
electrostatic dipoles at a higher temperature or the spin configuration.
The larger intrinsic electric field associated with the larger dipole in the
high spin state suppresses recombination. Additionally, exciton recom-
bination could be suppressed because of forbidden spin flip transitions.
Whatever the reasons, carrier lifetime behavior is significantly higher in
the high spin state than the low spin state for [Fe(Htrz)2(trz)](BF4) plus
polyaniline, as observed in Fig. 4.

As shown in Fig. 5, the drain current for [Fe(Htrz),(trz)](BF4) plus
polyaniline, in the low spin state (at T = 320 K) is higher than the high
spin state (at T = 380 K) which is consistent with the I(V) characteristics
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Fig. 4. The carrier lifetime versus voltage of (a) [Fe(Htrz),(trz)](BF,4) plus
polyaniline 1 compared with (b) [Fe(Htrz),(trz)1(BF,) plus polyaniline 2. Blue
color refers to the measurement at T = 320 K (the low spin state) and red color
refers to the measurement at T = 380 K (the high spin state). The carrier life-
time at T = 320 K was scaled as labeled.
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Fig. 5. a) The source to drain current transfer char-
acteristics of Fe(Htrz),(trz)1(BF,4) plus polyaniline 1.
Source to drain currents are plotted for gate voltages
ranging from —20 V to +-20 V at 15 V source voltage.
The blue and red curves indicate the drain current at
T =320 K and T = 380 K respectively. Drain current
versus gate voltage of Fe(Htrz)»(trz)]1(BF,) plus poly-
aniline 1 at b) low spin state (T = 320 K) and c) high
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shown in Fig. 2a for Fe(Htrz),(trz)](BF4) plus polyaniline 1. The shape of
the drain current versus gate voltage curve in Fig. 5 indicates that the
hole and electron charge trapping is not equal. As the largest source to
drain currents are seen with negative gate voltages and decrease with
positive gate voltages, as shown by the drain current versus gate voltage
shown in Fig. 5b and c. This suggests that the hole carrier concentration
is greater than the electron carrier concentration. Although unproven,
the nature of the curve in Fig. 5 suggests that the thin films of Fe
(Htrz)o(trz)1(BF4) plus polyaniline are p-type and the majority carriers
are holes. This is consistent with the suggestion that Fe(II) spin crossover
complexes tend towards cationic [46].

As shown in Fig. 5b and c, the magnitude of the slope of drain current
versus gate voltage of Fe(Htrz),(trz)1(BF,4) plus polyaniline 1 at the low
spin state (at T = 320 K) and at the high spin state (at T = 380 K) is in
order of ~107° and ~1077 respectively. The formula for obtaining the
field effect mobility ‘4’ used in the prior study [47] is given by:

L di
T WGV dv, )

H

where, the transistor parameters ‘L’ is the channel length, ‘W’ is the
channel width and ‘C;’ is the gate dielectric capacitance per unit area.

Considering all the transistor parameters to be constant at the high
spin state and the low spin state for Fe(Htrz),(trz)](BF4) plus polyaniline
1, the field effect mobility becomes proportional to the slope of drain
current versus the gate voltage. Since the magnitude of the slope of the
low spin state (at T = 320 K) is higher than the high spin state (T = 380
K) for Fe(Htrz)s(trz)]1(BF,4) plus polyaniline 1, the mobility for low spin
state (T = 320 K) of Fe(Htrz),(trz)](BF4) plus polyaniline 1 is greater.
For Fe(Htrz)y(trz)1(BF4) plus polyaniline 1: (iy_350 x)x107>, (Ur_380 k)X
1077.

Thus the carrier mobility of Fe(Htrz),(trz)]1(BF4) plus polyaniline 1 at
the high spin state (T = 380 K) is significantly smaller in comparison to
the low spin state (T = 320 K) i.e., pr_300 x > fir—380 x> YeU, as shown in
Fig. 4a, in the case of Fe(Htrz)(trz)](BF4) plus polyaniline 1, the carrier
lifetime at the low spin state (T = 320 K) is much smaller in comparison
to the high spin state (T = 380 K). So while the drift carrier lifetime in
the high spin state is nearly 3 x 10° times larger than the drift carrier
lifetime in the low spin state, higher mobilities may more than
compensate for low drift carrier lifetime. For the case of Fe(Htrz),(trz)]
(BF4) plus polyaniline 2, analysis of the transistor curves in a like
manner has, so far, not been possible.

Unlike drift carrier lifetime which measures every charge carrier,
transistor mobility tends to be dominated by the most mobile carriers.
The much higher transistor mobility seen here suggests that the

conductivity in the low spin state should be higher than the high spin
state. As shown in Fig. 2a, the conductance at the high spin state is lower
than the low spin state for Fe(Htrz)s(trz)](BF4) plus polyaniline 1 and
consistent with the lower carrier mobility of Fe(Htrz),(trz)](BF4) plus
polyaniline 1 in the high spin state. In fact, the complex interplay be-
tween carrier mobility and carrier lifetime, which both contribute to the
overall conductance may explain why some [Fe(Htrz)s(trz)](BF,4) thin
films have the conductivity in the low spin state higher in comparison to
the high spin state [19,20,22,25], while other studies have the con-
ductivity in the high spin state is higher than the low spin state [12,15].
The complexity of this interplay between lifetime and mobility is
brought into clarity by noting that the drift carrier lifetime of Fe
(Htrz),(trz)]1(BF,4) alone (without polyaniline) could be as high as 100
ms. This is a much larger carrier lifetime than noted here (Fig. 4), but for
Fe(Htrz),(trz)]1(BF4) thin films, without the addition of polyaniline, the
conductivity is considerably less [12].

4. Conclusion

We have studied the voltage-controlled transport properties of the
combination of [Fe(Htrz),(trz)]1(BF4) plus polyaniline composite at both
the low spin state (at T = 320 K) and the high spin state (at T = 380 K).
The conductance at low spin state (at T = 320 K) was higher than the
conductance at the high spin state (at T = 380 K) for both the polyaniline
(polyaniline 1 and polyaniline 2) plus [Fe(Htrz),(trz)]1(BF4) composites.
It is clear that the conductance changes expected with [Fe(Htrz),(trz)]
(BF4) [19,20] are retained with the addition of polyaniline and that the
composite can act as a thermal or optical switch. The results of this study
also demonstrated that the type of polyaniline (polyaniline 1 or poly-
aniline 2) plays an important role in the transport properties of the Fe
(Htrz)o(trz)](BF4) plus polyaniline composite. In terms of obtaining low
on state resistance, the combination of Fe(Htrz),(trz)]1(BF4) plus poly-
aniline 1 was better in comparison to the combination of Fe(Htrz),(trz)]
(BF4) plus polyaniline 2 as the conductance was higher for Fe
(Htrz)o(trz)](BF4) plus polyaniline 1 than Fe(Htrz)s(trz)](BF4) plus
polyaniline 2 (Fig. 2). Synthesis that enables better control of the pol-
yaniline additive is indicated by the better conductance of Fe
(Htrz)o(trz)](BF4) plus polyaniline 1 than Fe(Htrz)y(trz)](BF4) plus
polyaniline 2, which was not directly evident from prior work [12], but
could be inferred. Additionally, the influence of different factors that
could affect the conductance might be controlled by a number of ways
such as: i) changing the Fe(Htrz),(trz)](BF4) to polyaniline ratio, ii)
modifying the polyaniline through doping or chain length and iii)
changing the thin film deposition technique and solvent, thus changing
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the molecular arrangement and packing. The results of this study further
validate that one route to the problem of high impedance of spin
crossover molecules, considered for device applications, would be the
addition of other organics like polyaniline [12] and 7,7,8,8-tetracyano-
quinodimethane (TCNQ) [46] to increase the conductance.
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