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ABSTRACT: Semiconducting single-walled carbon nanotube/fullerene bulk hetero-
junctions exhibit unique optoelectronic properties highly suitable for flexible, eflicient,
and robust photovoltaics and photodetectors. We investigate charge-transfer dynamics
in inverted devices featuring a polyethylenimine-coated ZnO nanowire array infiltrated
with these blends and find that trap-assisted recombination dominates transport within
the blend and at the active layer/nanowire interface. We find that electrode modifiers
suppress this recombination, leading to high performance.

- - ‘)‘v

- - - - --—-;b
- e @ = aE -»-----‘b

KEYWORDS: nanocarbon, fullerenes, bulk heterojunction, charge transfer, mechanism

1. INTRODUCTION photodetection performance of previous devices and use them
Low-dimensional carbon allotropes, including single-walled as platforms to characterize charge-transfer dynamics. Using
carbon nanotubes (SWCNTs) and fullerene derivatives, have light-induced electron paramagnetic resonance, light-intensity-
been studied extensively in the past decade due to their dependent current—voltage scans, and ultrafast pump—probe

superlative physical and chemical properties that offer

significant potential for thin-film photovoltaics," ™ optoelec-
. 79 10,11 12

tronics, capacitors, thermoelectrics,©~ and wearable

techniques, we study charge-transfer dynamics within the
SWCNT—fullerene blend at the interfaces between the active

devices."*'> Nanocarbon bulk heterojunctions (BHJs) con- layer and the electrodes, and at the complex interfaces involved
sisting of electron-donating semiconducting single-walled in the nanostructured electron transport layer (ETL). Our
carbon nanotubes (s-SWCNTs) and electron-accepting full- results reveal that trap-assisted recombination dominates charge

erenes have attracted much attention due to their broadband
spectral photoabsorption, high carrier mobility, and robust
chemical, thermal, and mechanical stability."®"*° Recent

transfer within the SWCNT —fullerene blend and at the ETL/

active layer interface, in contrast to bimolecular recombination

advances in device architecture and material processing have commonly observed in organic and organic—inorganic hybrid
enabled the production of SWCNT—fullerene BH] devices photovoltaics.zz_24 We further delineate the interfacial
exhlb;gnzllg superior photodetection and photovolt‘alc perform- parameters necessary for maintaining high voltage and high
ance.””" However, the charge-transfer dynamics between

SWCNTs and fullerenes remains undclear in these novel current in these devices and identify several areas for future

architectures, and understanding these dynamics will be crucial
to further advance their performance for renewable energy and

improvement of device performance.

sensing applications. Received: February 18, 2015
In this work, we demonstrate inverted SWCNT—fullerene Accepted: March 23, 2015
BHJ devices that match or exceed the photovoltaic and Published: March 23, 2015
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Figure 1. High-performance inverted SWCNT—fullerene photovoltaics and photodetectors. (a) Schematic architecture of the SWCNT—fullerene
BH]J device incorporating a ZnO nanowire array as the ETL. (b) Dark and illuminated current—voltage sweeps of the device in (a). (c) Absorbance
and external quantum efficiency (EQE) of the device in (a), with a response in the visible regime from the fullerene and in the NIR regime from the
SWCNTs. (d) Absorbance and detectivity of the device in (a) plotted against the detectivity of a device without SWCNTs. A marked response is
seen in the NIR from multiple SWCNT chiralities denoted by their chiral indices (1,m).

2. EXPERIMENTAL SECTION

Electron Paramagnetic Resonance (EPR) Measure-
ments. Samples were prepared inside a nitrogen-filled
glovebox and were dissolved in 1,2-dichlorobenzene (1,2-
DCB). After the samples were stirred overnight, 200 uL of
testing solution was added to a quartz EPR sample tube within
the glovebox. EPR measurements were carried out on an EMX
spectrometer at 9.4 GHz at 5 K in an Oxford ESR900 cryostat.

Preparation of ZnO Nanowire Arrays. Prepatterned
indium tin oxide (ITO) glass substrates (0.25 in’, 20 Q/sq.,
Thin Film Devices) were cleaned by ultrasonic treatment in
aqueous detergent (Alconox), deionized water (DI water),
acetone, and isopropyl alcohol sequentially, followed by a UV-
ozone treatment. ZnO nanowires were grown on the ITO
substrates by a two-step method previously reported.”> ZnO
seed layers were prepared by spin-coating 0.3 M zinc acetate
and ethanolamine in 2-methoxyethanol and annealing at 180
°C for 10 min in an N, atmosphere. This process was repeated
twice followed by annealing in air at either 350 °C for 30 min
or 400 °C for 1 h to form a uniform seed layer. The substrates
were subsequently immersed into the nanowire growth solution
in an autoclave for 60, 90, 120, and 210 min at 95 °C. The
growth solution has equal concentration (0.025 M) of zinc
acetate and hexamethylenetetramine in DI water. As-grown
ZnO nanowire array substrates were thoroughly rinsed with DI
water and isopropanol, annealed at 300 °C for 30 min, and
briefly sonicated to remove larger nanowires.

SWCNT Solution Preparation. Semiconducting single-
walled carbon nanotubes were prepared from solutions of
HiPco SWCNTs (Nanolntegris) sonicated in 1% (w/v)
sodium cholate in deionized water by a 0.125 in. tip horn
ultrasonicator at 12 W for 60 min. Solutions were subsequently
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sorted by electronic type using density gradient ultra-
centrifugation,26 and purified samples were characterized for
electronic-type purity as previously reported.”>*” A 1:4 ratio of
sodium dodecyl sulfate to sodium cholate at an overall
surfactant loading of 1% (w/v) was used to isolate HiPco
SWCNTs with semiconducting purities of at least 97%. Note
that electronic-type purity determination for semiconducting
HiPco SWCNTSs is restricted to ~98%, above which
discrimination of the metallic M,; transitions that overlap
with semiconducting S,, transitions is limited. The aqueous
solutions of surfactant-encapsulated s-SWCNTs were mixed
with ethanol, acetone, and isopropanol, subsequently, and
vacuum-filtered on a Nylon membrane to remove surfactants
and excess density gradient material. The solid-filtered films
were dried and peeled off for use in blend solutions.
Approximately 1 mg of s-SWCNTs on a 0.75 in. diameter
filter was necessary for the film to be thick enough to peel off
successfully.

Nanocarbon Blend Solution Preparation. The fullerene
derivative (6,6)-phenyl-C,,-butyric acid methyl ester (PC,,BM,
American Dye Source) and poly(3-hexylthiophene-2,5-diyl)
(P3HT, Ossila) were used as purchased. Solutions of s-
SWCNTs in 1,2-DCB were sonicated with P3HT at a ratio of
2:1 SWCNT:polymer. The solution was then filtered to remove
large aggregates and combined at a concentration of 2 mg/mL
with PC;;BM (40 mg/mL) in 1,2-DCB and stirred at 45 °C
overnight.

Device Fabrication and Characterization. Polyethyleni-
mine (PEIE, Mw: 70000 g/mol, Aldrich) was dissolved in
water at a concentration of 35—40 wt % and further diluted
with 2-methoxyethanol to a weight concentration of 0.4, 1, and
2%. PEIE was spin-coated onto the ZnO nanowire arrays at
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Figure 2. Charge-transfer dynamics in the SWCNT—fullerene blend. (a) EPR and L-EPR spectra containing only PC,,BM and blends of PC, BM
with 1 wt % P3HT. (b) EPR and L-EPR spectra of PC,;BM with 3 wt % SWCNTs and 1 wt % P3HT with the laser on and after the laser was turned

off. 1

exc

=532 nm, T = S K. Spectra were shifted along the y-axis for better visual comparison.

4000 rpm for 1 min to obtain optimal thickness, with varying
thickness layers spin-coated at alternative speeds. Active layer
solutions were spin-coated onto the PEIE functionalized ZnO
nanowire arrays at 600 rpm for 60 s in a N,-filled glovebox. The
substrates were annealed at 120 °C for 10 min to ensure the
infiltration of the active layer into the nanowire arrays. MoO,,
(S nm, Aldrich, 99.99% trace metals basis) and 100 nm Ag were
thermally evaporated through shadow masks at a base pressure
of 5 X 107 Torr at rates of 0.1 and 1 A/s, respectively. The
device area was masked and defined by the overlap between the
top and bottom electrodes which was 1.2 mm? Current
density—voltage (J—V) plots were taken by a Keithley source
generator under illumination from a calibrated solar simulator
(xenon lamp, Newport) with an intensity of 100 mW/cm? and
an AML1.5 filter. The photoresponsivity and photodetectivity
measurements were carried out on a Newport system with an
Oriel monochromator (300—700 nm xenon lamp, 700—1100
nm, Tungsten Lamp). For photovoltaic performance measure-
ments, the short circuit current density was corrected based on
integration of the external quantum efficiency against the
AMI.5G solar spectrum using the Open Photovoltaics Analysis
Platform (www.opvap.com). The device cross-section was
characterized using a Leo 1550 field emission scanning electron
microscope (SEM).

Work Function Measurements. The work function values
of the interfaces within the devices were determined by
ultraviolet photoelectron spectroscopy (UPS) measurements
on a Thermo Scientific ESCALAB 250Xi with a 21.2 eV He(I)
source at an energy step size of 0.05 eV, base pressure of 8 X
107"° mbar, and a pass energy of 2 eV. Gold foil was used to
calibrate the instrument. The secondary electron cutoff for the
various layers was determined on application of a —10 V sample
bias by fitting curves from five measurements of each sample.

3. RESULTS AND DISCUSSION

A schematic structure of an ordered nanocarbon BH]J
photovoltaic device is shown in Figure la, where the zinc
oxide (ZnO) nanowire array (Figures S1 and S2 of the
Supporting Information) is grown on an ITO substrate,
subsequently coated with PEIE, next infiltrated with the
SWCNT-PC,;BM blend (Figure S3), capped with a
molybdenum oxide (MoO,) hole-transport layer (HTL), and
then a silver (Ag) anode. The nanocarbon BH]J blend features
s-SWCNTs purified through density gradient ultracentrifuga-
tion (DGU) with a diameter range of 0.8—1.2 nm,**** a broad
chiral distribution,””** and semiconducting purity exceeding
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97%.2%*"*” These SWCNTSs have previously been shown to
result in stable, high-performance SWCNT—fullerene photo-
voltaics and photodetectors.””" Characteristic dark and
illuminated current density—voltage (J—V) curves of the
champion nanocarbon BHJ devices are shown in Figure 1b,
in which the dark saturation current density (J;) at zero bias
voltage is 3.0 X 107> mA/cm’ The illuminated J—V curve
exhibits a photovoltaic response with an open-circuit voltage
(V,c) of 0.74 V, a short-circuit current density (J,.) of 10.4 mA/
cm?, a fill factor (FF) of 0.42, and power conversion efficiency
of 3.2% under AM 1.5 1 sun illumination. (The average power
conversion efficiency gives 2.5% under AM 1.5 1 sun
illumination, which is measured over 100 devices.) We
previously demonstrated that the performance of these cells
is largely determined by the device architecture and
morphology, described by nanowire height and electrode
work function. The polychiral nature of semiconducting
SWCNTs prepared by DGU affords broad-spectral absorption,
as seen in Figure lc. Here, the absorption and external
quantum efficiency (EQE) are plotted against each other,
showing high absorption in the visible from the fullerene and
absorption throughout the near-infrared (NIR) from the
SWCNTs. We note that the absorption and EQE spectra
deviate beyond 1250 nm, indicating that many of the SWCNT
chiralities absorbing at these wavelengths do not have the
adequate type-II band alignment with the fullerene to support
exciton dissociation and are thus effectively inactive.
Furthermore, potential artifacts from the illumination source
in the near-IR have been accounted for by comparing EQE
response using multiple source lamps (Figure S4).

The wavelength-dependent broad photodetectivity of poly-
chiral s-SWCNTs in the devices upon zero bias voltage is
shown in Figure 1d. The photodetectivity (D*) is calculated
based on R; and J; according to eq 1,

% R,
(2q])"? (1)

where Jg is the dark current, g is the fundamental charge, and R,
is the wavelength-dependent photoresponsivity. The nano-
carbon detector exhibits D* > 10'* Jones from 400 to 650 nm
and a peak detectivity of 2 X 10'* Jones at S00 nm, as shown in
Figure SS. This detectivity is almost 2 orders of magnitude
greater than that of CNT/Polymer-based photodetectors (~3
X 10" Jones at 500 nm)>**" and also exceeds that of low-donor
concentration PC,;BM/P3HT photodetectors (Figure S5). In
the NIR range, the photodetectivity of the nanocarbon BHJ
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Figure 3. Charge-transfer dynamics at the cathode and anode interfaces. (a) Dependence of V. on MoO, and PEIE thickness. (b) Dependence of ],
on MoO,, and PEIE thickness. (c) Proposed flat-band diagram of SWCNT—fullerene BHJ, where the V,_ according to the metal—insulator—metal
model is determined by the work function difference between MoO, and ZnO/PEIE.

devices is 1.1 X 10! Jones (1 = 888 nm), 0.3 X 10" Jones (4 =
986 nm), and 0.5 X 10" Jones (1 = 1035 nm), respectively,
which is consistent with the photoabsorption spectrum of
nanocarbon devices, as shown in Figure 1d. The photodetector
performance shows a dependence on applied bias and ZnO
nanowire length, as seen in parts a and b of Figure S6,
respectively. An optimal ZnO nanowire height of 60 nm is
observed,* indicative of a balance between enhancement of
charge extraction from increased surface area and recombina-
tion from the increased surface traps. In comparison to the
nanocarbon photodetectors, PC,;BM/P3HT BH]J devices do
not exhibit the same photoresponse under NIR illumination
(1100 nm), as shown in Figure 1d and Figure S6c.

Despite recent advances in the photovoltaic and photo-
detection performance of SWCNT —fullerene BHJs, the details
of charge-transfer dynamics in these systems are largely
unknown. Additionally, to obtain significantly high concen-
trations of SWCNTs in organic solvents, dispersant polymers
are often used.***"** In our BHJ blends, we use the hole-
conducting polymer poly(3-hexylthiophene-2,5-diyl) (P3HT),
which is widely known as an electron donor itself to both
fullerenes and SWCNTs.>>™>" To investigate the possible
effects of the dispersant polymer in charge transfer, light-
induced electron paramagnetic resonance (L-EPR) spectrosco-
py was used. Figure 2a shows the EPR spectra of PC,;BM
alone, which displays only noise with and without 532 nm laser
photoexcitation. Figure 2a also shows EPR spectra of PC,;BM
with ~1 wt % P3HT, the typical amount used to disperse s-
SWCNTs in our blends. A weak X-band signal can be seen
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under dark and illuminated conditions; they come from few
charge transfer through PC,;BM-P3HT bulk heterojunction
under very low P3HT concentration.*® However, both of these
signals are far weaker than those seen in the blend of PC, BM
+ 3 wt % s-SWCNTs + ~1 wt % P3HT in Figure 2b. Charge-
transfer dynamics in the strong L-EPR spectrum under 532 nm
photoexcitation in Figure 2b is indicative of polaron formation
in the X-band spectrum. This signal likely originates from a
negative (PC,BM~) polaron since the DGU-purified s-
SWCNTs have been shown to display negligible X-band EPR
signals.39 After switching off the laser source, another EPR
spectrum was recorded (blue trace in Figure 2b), and part of
the L-EPR signal persists, suggesting the presence of long-lived
photoexcited charge carriers. From these data, it is clear that the
formation of these carriers depends on the presence of the s-
SWCNT donor, not on the low concentrations of the
dispersant P3HT polymer. This result contrasts previous
experiments where a low concentration of SWCNTSs did not
significantly affect the EPR signals from a P3HT—-SWCNT—
PCBM blend.*® Thus, the blends used in this work are unique
in that the SWCNTs behave as the primary donor component
rather than P3HT.

We previously demonstrated that the V. in conventional
geometry SWCNT-fullerene BHJ solar cells is best described by
the metal—insulator—metal model,>*' where the work
function offset between the cathode and anode determines
the V. across the cell. In parts a and b of Figure 3, we show the
dependence of the V. and J,. on the PEIE and MoO, layer
thicknesses. In these figures, a fixed MoO,, thickness (S nm) is
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used while varying the PEIE thickness, and vice versa (where
the PEIE thickness is fixed at 13.5 nm). A strong dependence of
both parameters on MoO, and PEIE thicknesses is evident,
with a 0.4 V increase in the V,_ from no MoO, to a thickness of
S nm and an increase of 0.2 V upon the addition of PEIE. As
both materials are insulators, performance falls at higher
thicknesses (Figure S8), indicating optimal thickness values for
each. These trends are similar to ZnO nanowire array-based
inorganic quantum dot solar cells,** where the differences of
optimum thicknesses can be attributed to a smooth nanocarbon
active layer. Work function measurements on the electrodes
and interfacial layers (Figure S9) lead to the band diagram in
Figure 3c. The deep work function of MoO,, greatly modifies
the work function of Ag and aligns well with the valence band
of the smallest band gap SWCNTs in the blend at 4.8 eV. Note
that the work function of MoO,, reported here is measured on a
film of MoO, deposited on silver and exposed briefly to
ambient conditions before returning to vacuum during
measurement. Previous measurements of the work function
of MoO, have led to values that exceed the work function
reported here.**** However, these previous experiments were
done on neat MoO, films that have not been exposed to
ambient conditions. In contact with other materials, electron
extraction occurs from the MoO,, film, allowing it to behave as a
hole-transport material.*** The work function measured here
thus represents the effective Fermi level of the contact seen by
the BH]J blend in a real device since this extraction has occurred
on deposition onto the silver film and on subsequent ambient
exposure. Though the PEIE shows a shallow work function and
modifies the surface of the ZnO nanowires, a difference of only
0.2 eV is observed since the lowest unoccupied molecular
orbital (LUMO) level of PC,;BM at 4.1 €V sets a limit on the
voltage across the cell. A similarly limited 0.2 eV shift has been
observed in other organic Sphotovoltaic blends incorporating
PC,;BM and ZnO/ PEIE.* Thus, the inverted architecture
adheres to the metal—insulator—metal model, and PEIE and
MoO, of appropriate thicknesses are essential to maximizing
device V..

To gain more insight into the role of the PEIE-coated ZnO
nanowires, the light-intensity dependence of ] and V. was
studied, as shown in Figure 4a,b. Here, devices with a planar
ZnO seed layer, a ZnO nanowire array, and a PEIE-coated ZnO
nanowire array are compared. The light-intensity-dependent
current J,. in Figure 4a is fit to the power-law relation (eq 2),

Jo < I )

where I is the light intensity and the exponent « is related to
charge-transfer dynamics within the system.23’46 For all three
device architectures, a is close to 1, indicating that the short-
circuit current is not limited by space-charge effects,**’
variations in mobility between the two active layer
components,” or bimolecular recombination.””**> The ZnO
nanowire array shows a slightly enhanced current at all
intensities over the ZnO planar structure, but the enhancement
is much greater when PEIE is coated on the ZnO nanowire
structure.

The role of PEIE in current enhancement is clarified with the
light-intensity-dependent V. measurements in Figure 4b. Here,

the V. data are fit to the relation of eq 3,
V,,xSInI 3)

where I is the light intensity and § is the slope of the relation. A
slope equal to kT/q (=26 mV at room temperature) is
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Figure 4. Charge-transfer dynamics at the active layer/ETL interface.
Light-intensity dependence of (a) J. and (b) V,. of SWCNT—
fullerene BHJs. (c) Differential transmission signal as a function of
probe delay from transient absorption measurements showing
increasing carrier lifetime with increasing ZnO nanowire height.

commonly seen in organic donor—acceptor BH]J blends and has
been attributed to bimolecular recombination acting as the
dominant recombination mechanism under open-circuit
conditions.”® In contrast, conventional silicon photovoltaic
cells display a slope of 2kT/q (~52 mV at room temperature),
where trap-assisted recombination dominates in the open-
circuit case.”>*® For the ZnO planar device architecture, we
observe a slope of 42 mV at room temperature, indicative of
trap-assisted recombination within the active layer. This
behavior could arise from traps in large fullerene domains or
in the percolating network of SWCNT's with various band gaps.
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Reducing such traps in either the SWCNT or fullerene network
would likely enhance charge extraction from the blend. In the
case of SWCNTs, these data suggest that there may be an
optimal collection of SWCNT chiralities with fewer species
than the wide distribution presented here. Such a distribution
would have more than one chirality to enhance light absorption
but would lack the optically inactive chiralities that increase the
number of traps in the SWCNT network without contributing
to photocurrent. On the basis of the EQE spectrum, the specific
chirality combination would be efficient to enhance the
photocurrent for the SWCNT—fullerene heterojunctions. For
the ZnO nanowire array devices, the slope increases drastically
to 200 mV and a reduction in V. is observed at all light
intensities. A similar increase in slope has been observed when
incorporating ZnO nanowires in other thin-film photovoltaic
technologies and is indicative of an increase in trap-assisted
recombination at the interface between the active layer and the
ZnO nanowire array.”” While the ZnO nanowires have
enhanced surface area that can enhance charge extraction, the
increase in interfacial area also increases the propensity for
recombination.

Upon the addition of PEIE, the drop in V,. from increased
surface recombination can be overcome, resulting in voltages
that reach parity with the planar ZnO layers at higher light
intensities. Thus, the data indicate that PEIE suppresses surface
recombination from the addition of the ZnO nanowires,
enabling their use to enhance charge extraction from the BHJ
blend. Figure 4c shows femtosecond pump—probe data for
samples with various ZnO nanostructures coated with PEIE.*
In this measurement, the pump pulse wavelength is 780 nm
(within the absorption line of the fullerene and the S,, exciton
state of the SWCNTSs) with an energy fluence of 90 uJ/cm?.
The probe pulse is tuned to 1030 nm, within the absorption
line of the lowest exciton state (S;;) of the studied SWCNTs.
We note that both pulses are far below the band gap energy of
ZnO to avoid any direct response from the ZnO ETL. For each
sample, the differential transmission of the probe (normalized
change of the probe transmission by the pump) is measured as
a function of the probe delay time with respect to the pump
pulse. Using single-exponential fits to the data, we extract the
carrier lifetimes presented in Table 1. PEIE-coated ZnO

Table 1. Carrier Lifetimes of PEIE-Coated ZnO Layers with
Various Structures

interface material carrier lifetime (ps)

no ZnO 0.67
ZnO thin film 1.16
ZnO NWs (60 nm) 1.67
ZnO NWs (720 nm) 2.75

nanowires enhance the carrier lifetime over the planar structure
by successfully suppressing surface recombination at the active
layer/ETL interface. This enhancement likely stems from the
reduction of the cathode work function (Figure S9) that has
previsolusly been shown to reduce the trap-induced recombina-
tion.

4. CONCLUSIONS

In conclusion, we have demonstrated an inverted device
architecture of nanocarbon SWCNT—fullerene blends utilizing
a ZnO nanowire array that show high photovoltaic and
photodetection performance. We studied the charge-transfer
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dynamics of the blend itself, the cathode and anode interfaces,
and the unique ETL involving PEIE-coated ZnO nanowires.
We find that the SWCNT's and fullerenes alone rather than the
dispersant polymer dominate charge transport, and that the
thickness of the cathode and anode surface modifiers must be
tuned to maximize the voltage across the cell. Furthermore, we
find that trap-assisted recombination dominates in the system,
in contrast to bimolecular recombination seen in organic
photovoltaics. Thus, further advances in reducing traps within
the active layer and at the interfaces is expected to increase
performance. Finally, PEIE is shown to effectively passivate the
surface traps introduced by the ZnO nanowire network,
allowing the high surface area electrode to aid in charge
transfer out of the blend. This charge-selective interfacial
modification strategy provides a promising pathway for the
fabrication of solution-processed nanocarbon optoelectronic
devices with high efficiency and long-term stability.
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