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ABSTRACT: Fluorescence-voltage/single particle spectrosco-
py (F-V/SPS) was employed to study exciton—hole polaron
interactions and interfacial charge transfer processes for pure
poly(3-hexylthiophene) (P3HT) nanoparticles (NPs) and com-
posite PZHT/PCys,BM NPs in functioning hole-injection devices.
F-V/SPS data collected on a particle-by-particle basis reveal an
apparent bistability in the fluorescence-voltage modulation curves
for composite NPs of P3HT and [6,6]-phenyl-Cg;-butyric acid
methyl ester (PCgoBM) that is absent for pure PBHT NPs. A pro-
nounced deep trapping of free electrons photogenerated from the
composite P3HT /PCsBM NPs at the NP/dielectric interface
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and hole trapping by fullerene anions in composite P3HT/PCzBM NPs under photoexcitation lies at the basis of this finding. The deep
electron trapping effect reported here for composite conjugated polymer/fullerene NPs presents an opportunity for future application of

these NPs in nanoscale memory and imaging devices.

H INTRODUCTION

Since the introduction of the conjugated polymer/fullerene bulk
heterojunction (BHJ) concept over a decade ago," the past decade
has witnessed a burgeoning of research in the field of organic
photovoltaics (OPVs).> The BHJ structure has also been employed
as the active layer in ambipolar organic field eftect transistors
(OFETs) to provide both p- and n-channel functionality in the
same device.” The primary photoexcitation in conjugated polymers
is a Coulombically bound electron—hole pair (exciton) due to the
low dielectric constant and significant electron—phonon interac-
tion in organic materials. When blended with electron acceptors
such as fullerene, an ultrafast electron transfer process from the
polymer (donor) to fullerene (acceptor) generates a charge trans-
fer state (charge-transfer exciton), which can further dissociate into
free charge carriers (hole and electron polarons) or recombine back
to the ground state.*> Considering the many excitations under
optical stimulation, a situation arises where excitons and free carri-
ers are present at the same time in the active layer of BHJ-based
devices. Investigation of the optoelectronic processes and interac-
tions involving these excitons and polarons are crucial, since they
play a major role in determining device function and performance.®
In addition, charge trapping due to extrinsic species, such as inter-
face states and dopants, and intrinsic species, such as aggregates and
excimers, is an important consideration as well” Hence, investiga-
tion of the interactions between polarons and excited states as well
as the charge trapping at interfaces within the BHJ structure and
between the BHJ structure and other device layers (i.e., materials)
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present in a functioning device is of great significance.* However, the
coexistence of excitons, polarons, charge-transfer states, as well as
other chemical intermediates, in combination with the nanostruc-
tured complexity and heterogeneity of conjugated polymer bulk
films, hampers the development of an in-depth understanding of
how the coexistence and interactions between these species affect
device function. Single molecule and single nanoparticle spectros-
copy methods have been effective tools in removing complications
caused by the study of bulk materials.” In particular, fluorescence-
voltage/single molecule spectroscopy and fluorescence-voltage/
single particle spectroscopy (F-V/SMS and F-V/SPS) have proven
to be very useful tools in revealing the nature of intermediate
states associated with fluorescence blinking, and the interactions be-
tween excitons and polarons. Specifically, singlet and triplet exciton
quenching by hole golarons in single conjugated polymer molecules
and nanoparticles,"~'* and quenching of singlet excitons by triplets
have been investigated."> Light-assisted hole injection from hole-
transporting layers into single conjugated polymer chains has
recently been reported.'® F-V/SMS and F-V/SPS involve recording
single molecule/nanoparticle fluorescence intensity transients while
applying a triangular bias modulation on a device. These devices are
basically hole-only capacitor devices or functioning diodes,'*"”
where the applied bias controls hole injection and removal kinetics
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Figure 1. Device structure of a nanoparticle based hole-only capacitor device (left) and laser confocal scanning image (right, 10 x 10 um?) of 50 wt %
PCgoBM blended P3HT NPs in a hole-only capacitor device at zero bias collected under 488 nm excitation from an Ar" laser with a power of 7.2 W/cm”.

The scale bar indicates counts per 5 ms.

at the interface of a hole transporting layer (HTL) and the single
molecules/nanoparticles.

Herein, the F-V/SPS technique was applied to the study of
pure and S0 wt % PCgBM blended P3HT NPs embedded in
hole-only capacitor devices. The F-V/SPS technique was specifi-
cally applied to investigate the interaction between photogener-
ated excitons, photogenerated holes and electrons (free charge
carriers through charge transfer from P3HT to PCBM), and
injected holes (through applied bias) on a particle-by-particle
basis for both pure P3HT NPs and composite P3HT /PCsBM
NPs. In addition, charge trapping at the HTL/NP interfaces as
well as the NP/dielectric interfaces was investigated. The devices
were built on top of optically transparent ITO—glass substrates
coated with dielectric layers on which the polymer NPs were
deposited by spin coating. The devices were then finished by
thermal deposition of N,N'-bis(3-methylphenyl)-N,N'-diphenyl-
benzidine (TPD) as a hole transporting layer that forms an elec-
trical contact between the NPs and the gold top electrode. The
device is schematically represented in Figure 1. In the case of these
hole-only capacitor devices, with the molecules or NPs located at
the dielectric interface, the fluorescence of these nanomaterials
actually reports on the charging and discharging of the NPs and
the NP/dielectric interface. When the hole concentration in the
NPs and at the NP/dielectric interface is high, the fluorescence
signal will be strongly quenched (forward bias operation, i.e. ac-
cumulation mode, or zero bias in the case of the composite NPs)
while for vanishing hole concentrations the fluorescence signal
will be unquenched (reverse bias operation, i.e. depletion mode).
As such, the fluorescence-voltage signal can be interpreted as an
optical derivative of a capacitance—voltage measurement, as will
also be shown in the data presented herein. The distinction be-
tween pure P3HT and composite P3HT/PCg,BM NPs is impera-
tive here, since the composite P3HT/PC4s,BM NPs enable the
continuous photogeneration of holes and electrons even under de-
pletion mode.

The F-V/SPS data reported in this paper show that (i) 84% of
pure P3HT NPs exhibit injected-hole-induced quenching of P3HT
fluorescence due to energy transfer to holes present at the TPD/
P3HT interface'”'*'® and/or hole injection into the P3HT
NPs,'>!*1618721 (5i) quenching of P3HT emission in nearly all
of the 50 wt % PCsBM blended P3HT NPs can be eliminated
under negative bias (hole depletion), as observed by P3HT fluo-
rescence recovery, indicating removal of holes on the polymer
backbone before exciton quenching can occur, (iii) F-V/SPS data
for all pure P3HT NPs and 50 wt % PCzBM blended P3HT
NPs exhibiting low modulation depth do not show hysteresis,
while (iv) almost all of the SO wt % PC4,BM blended P3HT NPs

exhibiting moderate to high modulation depth do show hysteresis
in the fluorescence-voltage sweeps. The variability in modulation
depths for observations i, i, and iii indicates that there are highly
complex and heterogeneous energy and hole transfer processes
occurring at the TPD/NP and NP/dielectric interfaces. The lack of
hysteresis indicates that hole movement during hole sweep-in and
sweep-out under bias is sufficiently fast and is not hampered by, for
example, deep hole trapping. These observations are similar to
those for previously studied poly[2-methoxy-5-(2'-ethyl-hexyloxy)-
1,4-phenylene vinylene] (MEH-PPV) NPs and MEH-PPV single
molecules.”>**** However, in the presence of PC¢BM (i.e., com-
posite PZHT/PC4,BM NPs), the fluorescence-voltage modulation
data for single NPs clearly shows a strong hysteresis that can be
attributed to significant electron trapping at the NP/ dielectric inter-
faces. These data show that efficient photogeneration of free charge
carriers in the composite PZHT /PCg,BM NPs under illumination can
actually lead to a build-up of interfacial charge (with associated
interfacial dipoles) that not only strongly affects the interfacial charge
transfer process at the nanometer scale but also leads to a charge-
storage behavior. Our results correspond well with the memory
functions (via optical programming and electrical erasing) demon-
strated in bulk P3HT/PC¢BM and P3HT/CdSe based OFET
devices, which are caused by an electron trapping—detrapping
mechanism.*>** The interfacial charge trapping also suggests possible
applications in optical sensing and charge coupled devices (CCD).****
Thus, the charge-storage effect reported here presents an opportunity
for future exploration of conjugated polymer/fullerene NP applica-
tions in nanoscale memory and imaging devices.

B EXPERIMENTAL SECTION

The conjugated polymer/fullerene composite NPs were fabricated by
a reprecipitation method as reported in our previous work.”® The hole—
injection device was assembled bottom up with a metal—insulator—
semiconductor geometry as shown in Figure 1. The multilayer device
was fabricated on top of a commercially available patterned indium tin
oxide (ITO) coverslip (Evaporated Coating, Inc., S0 Q/0). A 200 nm
thick SiO, insulating layer (ACI Alloys) was deposited through an
e-beam evaporation system (Therminoics) followed by spin coating of a
100 nm poly(methyl methacrylate) (PMMA, Sigma Aldrich) layer from
toluene. The PMMA layer helps to isolate the NPs from the SiO, layer
and improve the NP photostability."* On top of the PMMA, a thin layer
of 10—20 nm of polyvinyl alcohol (PVA) was spin coated from a water
solution to make a hydrophilic surface favorable for further spin coating
of an aqueous NP suspension. This assembly, to a large extent, ensures
a close contact between the NPs and the hole-transporting layer. After
the spin coating of the NPs suspensions, the device was transferred
into a N, filled glovebox and dried in a N, atmosphere for 2 days. The

20851 dx.doi.org/10.1021/ja207244z |J. Am. Chem. Soc. 2011, 133, 20850-20856



Journal of the American Chemical Society

< 10
> (a)
7 o VVWVVWWA—
& a0
@ o0l ® Pure P3HT NP, 84% n
m
E
(=]
-
@
E
3
_§ Composite NP, 80%
2
- 200
i P T TR T T
2
E
| composite NP, 20% W
200
oil 20 40 60 80 100 -10 -5 5 10

]
Voltage (V)

Figure 2. Typical fluorescence transient modulations (dwell time:
10 ms) of the representative majority of the (b) pure and (d) 50 wt %
PCsoBM blended P3HT NPs while repeatedly applying a triangle bias
sequence (a) at a sweep rate of 4.0 V/s to the device in 12—102 s. Panels
¢ and e present the modulation of a minority of pure and 50 wt %
PC¢BM blended NPs that show both fluorescence quenching at
positive bias and recovery at negative bias, respectively. The type and
percentage of NPs displaying different modulation behavior are shown
as an inset. Panels f—i depict corresponding time averaged fluorescence
modulation plots as a function of applied bias voltage for the transients
shown in panels b—e. The arrows in panels f—i signify the direction of
the bias scan. The corresponding fluorescence modulation character-
istics at a higher sweep rate of 40 V/s collected for the same NPs are
given in Figure S2 (Supporting Information). Note that the background
fluorescence intensity is ~$ counts/10 ms under the excitation power of
0.72 W/cm? used for the pure P3HT NPs and ~15 counts/10 ms with
the excitation power of 7.2 W/ cm? for the composite NPs.

hole-transporting layer of N,N'-bis(3-methylphenyl)-N,N’-diphenylbenzi-
dine (TPD, Sigma Aldrich) and the electrode of Au (Cerac, 99.999%) were
deposited with thermal evaporation under high vacuum (<10~ Torr) with
thicknesses of 50 and 100 nm, respectively. Devices were wired inside the
glovebox using silver epoxy (Dynaloy Inc.) and finally encapsulated using
UV-curing epoxy (Dymax) and a top protective coverslip to ensure the
long-term photostability of the NPs. The F-V/SPS measurement was
carried out on a home-built laser confocal scanning microscope (LCSM),
which has been described previously elsewhere.” Briefly, the fluorescence
image was first collected with LCSM under 488 nm excitation when the
sample was raster scanned across the focused laser beam (Figure 1). The
fluorescence vs time traces for individual NPs were obtained by positioning
a chosen NP into the laser beam and recording the fluorescence transients
while under continuous laser excitation, with a power of 0.7 W/cm? for the
pure P3HT NPs and 7 W/cm” for the 50 wt % PCgBM blended P3HT
NPs. Then, the fluorescence-voltage modulation experiment was conducted
by applying a repeatedly triangular waveform of bias voltage, achieved with
a programmable wave function generator (Fluke), while acquiring the
single particle fluorescence time transient. The data acquisition was in
turn synchronized to the applied bias cycles, allowing for the synchronous
averaging of the data as a function of time and bias over many cycles.

B RESULTS AND DISCUSSION

Figure 2 displays the bias-induced fluorescence modulation
behavior of both pure P3HT NPs and 50 wt % PCyx,BM blended
P3HT NPs acquired by applying a periodic triangular voltage
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Figure 3. 50 wt % PCsoBM blended P3HT NPs fluorescence transients
obtained while modulating a triangle bias sequence across the device.
Transients in parts a and b displaying low fluorescence recovery under
negative bias were acquired from the same nanoparticle under different
sweep rates indicated in the figures. Transients in parts ¢ and d showing
strong fluorescence recovery were also taken from the same nanoparticle.
The right column exhibits corresponding time averaged fluorescence—
voltage curves (e—h) derived from the scans in the left column (a—d).
The arrows in parts e—h signify the direction of the bias scan.

sequence (Figure 2a) on the hole—injection capacitor device in
which these NPs are embedded. During the experiments, two
types of modulation behavior were exhibited by each type of NPs.
Pure P3HT NPs show either only fluorescence quenching at
positive bias (~84% of NPs) (Figure 2b) or fluorescence quench-
ing at positive bias together with fluorescence recovery at negative
bias within a voltage cycle (Figure 2c) (~16% of NPs). For S0 wt %
PC4oBM blended P3HT NPs, ~80% of the NPs only exhibits
fluorescence recovery at negative bias, while ~20% shows fluo-
rescence recovery at negative bias together with fluorescence
quenching at positive bias within a voltage cycle, as demonstrated
in Figures 2d and e and 3. These observations are discussed
below. Averaging these data over a number of bias cycles and
replotting as a function of applied bias yields the fluorescence
modulation vs bias curves displayed in Figure 2f—i. Minor or no
hysteresis is observed for the pure NPs (Figure 2f and g) at the
bias scan rates used in this study (4.0V/sand 40V/s) and implies
rapid hole injection and removal rates. These data indicate fast
reaction of mobile holes in the device to the electrical field and
only shallow hole trapping (if any) near the TPD/P3HT NP
interface.'”*! In comparison, the data in Figure 2h and i for the
50 wt % PC4xBM blended NPs show the occurrence of sig-
nificant hysteresis, as discussed further below.

The majority (~84%) of the pure NPs show the modulation
behavior depicted in Figure 2b and f. The fluorescence intensity
reduces gradually and almost linearly upon applying positive bias to
the device, while no detectable intensity enhancement is observed
at negative bias. The fluorescence quenching at positive bias,
ranging from 5% to 40%, is attributed to a combination of charge
transfer and energy transfer mechanisms between holes injected in the
device at positive bias and singlet excitons that are optically excited
in the P3HT NPs."*'* The ineficient quenching of fluorescence
for the pure NPs can be attributed to the following aspects: (i) hole
transfer from TPD to P3HT is isoergic in energetics rather than

exoergic;lg’21 and (ii) there is a limited quenching volume of
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390 nm” for single excitons by holes in conjugated polymers,'”"!

considering the much larger volume of NPs (diameter of ~30 nm
in the present case). In addition, the low modulation observed for
virtually all P3HT NPs and some of the P3HT/PCsBM NPs
(discussed below) could indicate field-induced modulation of the
NP fluorescence. Previous investigations have shown electric
field-induced conjugated polymer fluorescence quenching by ex-
citon dissociation in the presence of an electric field in metal/
polymer/metal devices. While this is a potential mechanism that
can account for the absence of hysteresis, fluorescence quenching
in both forward and reverse bias would be expected in that
case.”” At negative bias, holes are removed from the device
(depletion). The majority (~84%) of the pure NPs do not show
obvious fluorescence recovery under these conditions, indicating
negligible presence of free charge carriers in these NPs. While it is
well-known that if photoinduced free charge carriers (P3HT™
and P3HT ) can be formed in pure P3HT materials, a fluores-
cence intensity increase would be expected in the reported ex-
periments due to hole (i.e, quencher) removal at negative bias.
Only ~16% of the pure NPs exhibit both fluorescence quenching
and recovery modulations, as illustrated in Figure 2¢ and g. This
observation indicates the presence of an oxidized state of P3HT
(i.e., P3HT"/anion) in these NPs due to either intrinsic free
charge carrier formation or photooxidation. Yields of free charge
carrier generation for P3HT have been reported to be in the range
of 5% to 30% under photoexcitation in the absence of electron
acceptors,”®*” which can explain our observations of recovery at
negative bias for a fraction of pure NPs. The occurrence of par-
tially oxidized NPs is expected to be minimal given that care has
been taken in eliminating oxygen and water from the device to
ensure NP photostability. The instability observed for some NPs
is discussed in the Supporting Information (Figure S1).

Considering the 50 wt % PCyxBM blended P3HT NPs, the
majority (~ 80%) does not exhibit fluorescence quenching at po-
sitive bias as shown in Figure 2(d) and Figure 3. With the
presence of PC¢oBM, the fluorescence of P3HT in the composite
NPs is strongly quenched due to an ultrafast electron transfer
process from P3HT to PC4,BM, which is much faster than the
energy transfer process between singlet states and holes.® This
ultrafast charge transfer process combined with resultant short
fluorescence lifetime® probably hampers further exciton quench-
ing by injected holes. In addition, the injected hole concentration
near the TPD/NP interface might be low due to electrostatic
repulsion from photogenerated holes and low bias applied to the
device. A fraction (~ 20%) of the blended NPs demonstrate fluo-
rescence quenching of ~10—50% at positive bias in addition to
recovery at negative bias (Figure 2e and i). The difference in fluo-
rescence modulation at positive bias observed for the S0 wt %
PCgoBM blended NPs could be ascribed to heterogeneities of the
distribution of components in the NPs e.g. phase separation, slight
variations in composition between different NPs, or different local
environment of the NPs in the device that may lead to changes in
the energetics of interfacial charge and/or energy transfer.

‘When negative bias is applied to the device, nearly all the S0 wt %
PC4oBM blended P3HT NPs show obvious fluorescence recov-
ery ranging from 10% up to 100% (Figure 3a—d). This observa-
tion provides clear evidence of the presence of free charge
carriers (P3HT" and PC4BM ) due to photoinduced charge
transfer from P3HT to PCsBM in the composite NPs. In the
current case, P3HT is oxidized to its cation (P3HT", quenched
state) via charge transfer to PC4oBM under photoexcitation. The
P3HT" cation is reduced to its emissive state (under excitation)

by hole removal at negative bias. The observation of fluorescence
recovery for the oxidized P3HT when applying negative bias is to
some extent in analogy to that found for photooxidized MEH-
PPV single molecules, for which the photochemical species are
suspected to be MEH-PPV'/0,~ (OH)."* However, specific
to the 50 wt % PC4,BM blended P3HT NPs, additional trends in
the bias-induced fluorescence modulation are observed at nega-
tive bias. First, in the negative bias region, the photooxidized
MEH-PPV single molecule fluorescence recovery shows a pro-
nounced plateau, caused by a rapid and reversible single electron
transfer process in a two-level system (oxidized and reduced
species). >'* In comparison, the composite NP data display a
gradual modulation behavior as a function of applied bias, es-
pecially for NPs exhibiting small fractions of fluorescence recov-
ery with respect to the baseline (zero bias) fluorescence; see
Figure 3a, b, e, and f. This gradual modulation behavior as op-
posed to an ON/OFF switching between two discrete states as
found for single molecules or NPs'*'* can be explained by the
presence of multiple P3HT molecules in the NPs that exhibit
charge transfer to PC4oBM in the NPs or energy/charge transfer
across the TPD /NP interface at different times and with different
rates. Second, as shown in Figure 3¢, d, g, and h), for the blen-
ded NPs, stronger hysteresis at slower sweep rates as opposed to
faster sweep rates (as observed for MEH-PPV single molecules
and NPs"*'*'?) is observed, and this hysteresis effect is found
mostly for NPs showing strong fluorescence intensity recovery at
negative bias. Thus, for the 50 wt % PCg,BM blended P3HT
NPs, the observed hysteresis is strongly related to the modulation
depth. Composite NPs (~27%) showing weak recoveries, as por-
trayed in Figure 3a and b, do not show a significant hysteresis for
the sweep rates used (i.e., 40 V/s and 4.0 V/s in Figure 3e and f,
respectively), implying a rapid hole removal and retrieval pro-
cess, probably due to only shallow charge traps at the TPD/NP
interface or an absence of charge trapping at the NP/dielectric
interface due to a low population of free charge carriers being
generated in these specific NPs.">*"*° The lower population of free
charge carriers in these NPs may be due to compartmentalization
(phase separation) of P3HT and PC4,BM in the NPs or low
presence of PCBM in these NPs. In addition, there may be
poor contact of the NPs with the TPD/Au electrode. However,
the 50 wt % blended NPs showing strong modulation behavior
(~53%), i.e. large fraction of fluorescence recovery with respect
to the baseline (zero bias) fluorescence when studied under a
(low) sweep rate of 4.0 V/s, exhibit a large hysteresis, as shown in
Figure 3d and h. Specially, as shown in Figure 3¢ and d, a large
anticlockwise hysteresis was observed at a slow sweep rate
(4.0 V/s). This observation is quite distinct from that found for
previously investigated photooxidized MEH-PPV single mol-
ecules or NPs, in which higher sweep rates typically yield larger
clockwise hysteresis due to slow interfacial kinetics; that is, the
oxidation/reduction process is cycled too rapidly to be able to
reach equilibrium."*" Although these two systems seem analo-
gous in terms of photochemically formed species, ie., P3HT"/
PCgBM  for the composite NPs under photoexcitation in this
work and MEH-PPV"* /anions in photooxidized MEH-PPV single
molecules,">"* significant differences should be noted. In the
composite NPs, emissive excitons coexist with a large amount
of free charges, including P3HT"; PC4BM ", originating from
charge transfer from P3HT to PC4oBM; and P3HT , originating
from direct P3HT exciton dissociation,”®*" all of which impose
significant effects on interfacial charge transfer processes and
trapping. Furthermore, Drori et al. have shown that a ground state

20853 dx.doi.org/10.1021/ja207244z |J. Am. Chem. Soc. 2011, 133, 20850-20856



Journal of the American Chemical Society

charge transfer complex (GSCTC) is formed inside the optical gap
of P3HT and PC4,BM, where the resulting charge transfer excitons
can generate polarons that can become trapped at the polymer/
fullerene interfaces.> This mechanism may have a contribution in
the observed modulation behaviors and variation in hysteresis
observed for the 50 wt % PC4,BM blended P3HT NPs. The con-
tribution is however difficult to quantify, since it strongly depends
on the intrachain conjugated polymer morphology.*® The specifics
of these processes will now be further discussed by means of the
data and schematics presented in Figure 4.

Starting from 0 V and sweeping to +10 V, holes injected into
the TPD layer are expected to be accumulated near the TPD/di-
electric and TPD /NP interfaces at sufficiently high positive bias
voltage. Hole accumulation and trapping most likely occur at
these interfaces; albeit, the traps are shallow (Figure 4b).'>*"*
Several studies have shown that fullerene anions can act as ef-
fective deep hole traps.”* It is therefore likely that a fraction of the
population of photogenerated holes and/or electronically in-
jected holes remain trapped by proximal PCsoBM anions. When
cycling back from +10 to 0 V, photogenerated holes in the com-
posite NPs and holes in TPD are gradually removed with de-
creasing positive bias, bringing the device toward hole depletion.
Holes in shallow traps are quickly removed as well (Figure 4c). As
a result, the population of P3HT cations is gradually reduced to
neutral P3HT molecules, which can be observed by a fluorescence
increase with respect to the baseline fluorescence as the bias
evolves to negative voltages. Continuing to reverse bias from 0 to
—10 V, more and more photogenerated holes are removed from
the NP until the fluorescence recovery reaches a plateau when the
applied bias exceeds —5 V. At that point, the device appears as
being fully depleted from photogenerated and previously injected
holes. During this process, there is still photogeneration of holes
and electrons, but holes are quickly removed from the device.
Thus, an excess of electrons is built up near the NPs and NP/di-
electric interfaces (Figure 4d). Previous literature reports have
extensively documented that electrons can be deeply trapped at
organic/dielectric interfaces, or even in the bulk of the dielectric,
and that PC¢oBM is a deep electron trap as well.*>** In these cases,
anticlockwise hysteresis in capacitance—voltage data was typically
observed.**® In addition, when comparing the forward sweep
curve obtained at 4.0 V/s, particularly from —10 to 0 V (forward
sweep), with the corresponding fast scan curves obtained at 40 V/s,
a negative shift is evident for the slow scan curve in the data re-
ported herein. Similar observations have been reported previously
for capacitance—voltage measurements on polymer—dielectric
two-terminal and three-terminal devices.***” Several reports have
also been made where capacitance—voltage measurements were
completed on P3HT and P3HT/PC4,BM two-terminal and three-
terminal devices under illumination.”> >* Strong hysteresis was
observed in all of the reports and was attributed to a build-up of free
carriers due to photoinduced charge transfer from P3HT to
PCgoBM or spontaneous exciton dissociation in the absence of
PC4oBM, that results in trapping of electrons at the organic/di-
electric interface. This assignment was supported particularly well
in the report by Lancaster et al., where a control experiment was
also completed while optically exciting the device outside of the
P3HT absorption band. In that case, no accumulation and trapping
of electrons was observed due to the low exciton generation rate
near the organic/dielectric interface.”* On the basis of these
literature reports, it is thus reasonable to assign the observed anti-
clockwise hysteresis at lower bias sweep rates for the single composite
P3HT/PCBM NPs to the trapping of photogenerated free
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Figure 4. (middle panel) Data plot displaying time averaged fluores-
cence intensity modulation percentage vs voltage curves collected for the
same S0 wt % PCgBM blended P3HT nanoparticle at sweep rates of
4.0 V/s (black) and 40 V/s (red). The red dashed line indicates the
baseline fluorescence modulation percentage (at zero bias). The blue
arrows show the direction of the voltage scan (starting from 0 V). The
four circles on the black curve indicate the conditions that are being
represented by the cartoons. The pink ellipsoid represents a nanopar-
ticle, and the white squares indicate electron trap sites. The red and black
“+” symbols represent bias injected holes and photogenerated holes,
respectively, while the black “—” symbols represent photogenerated
electrons.

electrons at the P3HT/dielectric interface and/or on PC4BM.*®
The absence of hysteresis at higher sweep rates is attributed to the
absence of deeply trapped electrons, where the fast bias sweep
itself prevents electrons from becoming deeply trapped, presum-
ably through quick recombination with injected and photogene-
rated holes. Palacios et al. have made comparable observations
for poly(9,9-di-n-octylfluorene-alt-benzothiadiazole) (FS8BT) NPs
embedded in an electrochemical cell."

Detrapping and removal of electrons is expected to occur
during the forward sweep (from —10 to +10 V). During the for-
ward sweep, holes start to accumulate in the polymer NPs (as
evidenced by the decreasing fluorescence signal) and can recom-
bine with trapped electrons (Figure 4a). In addition, the electric
field in the device during the forward sweep will help to detrap
electrons. However, electrons are not likely to be injected back into
the NPs or TPD layers, so the removal of electrons by recombina-
tion with holes is limited by the rate at which photogenerated and
injected holes reach the organic/dielectric interface.**” As shown
in the middle panel of Figure 4, the reverse sweep (+10to —10V)
under slow scan conditions is shifted to positive bias compared to
the faster scan experiment, probably because of hole trapping by
PCg4oBM anions in the composite NPs given that this effect was
not observed for pure NPs.>*

In summary, the hysteretic data observed for single composite
P3HT/PC4oBM NPs under illumination in the hole-only capa-
citor devices discussed above clearly indicate electrically bistable
behavior due to electron trapping at the organic/dielectric
interfaces and hole trapping by fullerene anions in composite
P3HT/PCqBM NPs under photoexcitation. These experi-
mental results are promising for future applications of donor—
acceptor composite NPs in photocontrolled memory devices,
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metal—insulator—semiconductor (MOS) imaging devices, and
photoresponsive OFETs, with the potential for nanoscale or single
NP device elements.

Bl CONCLUSION

Memory functions via optical programming and electrical
erasing have been reported for bulk P3HT/PC4BM and
P3HT/CdSe based devices and attributed to electron trapping—
detrapping near the organic/dielectric interface and on the
electron acceptors present in these blended materials.”*** In
the present paper, fluorescence-voltage/single particle spectro-
scopy (F-V/SPS) was employed to study exciton—hole polaron
interactions and interfacial charge transfer processes for indivi-
dual pure P3HT nanoparticles (NPs) and composite P3HT/
PC¢BM NPs in functioning hole-injection devices. F-V/SPS
data collected for individual NPs reveal an apparent hysteresis in
the data for composite P3HT/PCgBM NPs that is attributed
to the deep trapping of photogenerated free electrons at the
organic/dielectric interface and hole trapping by fullerene anions
in composite P3HT/PCg,BM NPs under photoexcitation. This
investigation of charge trapping based on single NPs opens the
door for novel approaches to understanding the charge-storage
mechanism on the nanometer scale and future applications of
composite conjugated polymer NPs in nanoscale memory and
photoresponsive devices such as light activated switches and light
induced amplifiers.
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