Downloaded via UNIV OF CALIFORNIA BERKELEY on August 6, 2018 at 17:42:39 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

ACS AuthorChoice

Nl \NO ETTERS @ Cite This: Nano Lett. 2018, 18, 14421447 pubs.acs.org/Nanolett

Self-Assembled PCBM Nanosheets: A Facile Route to Electronic
Layer-on-Layer Heterostructures

Hamid Reza Barzegarf’i'§’ I %

. Nicolas Boulanger,i Alex Zettl,m'|| Ludvig Edman,**
and Thomas Wagberg™

Christian Larsen,

"Department of Physics, University of California, Berkeley, California 94720, United States
*Department of Physics, Umea University, SE-901 87 Umea, Sweden
$Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

IKavli Energy NanoSciences Institute at the University of California, Berkeley and the Lawrence Berkeley National Laboratory,
Berkeley, California 94720, United States

© Supporting Information

ABSTRACT: We report on the self-assembly of semicrystalline
[6,6]-phenyl-Cg,-butyric acid methyl ester (PCBM) nanosheets at
the interface between a hydrophobic solvent and water, and utilize
this opportunity for the realization of electronically active organic/
organic molecular heterostructures. The self-assembled PCBM
nanosheets can feature a lateral size of >1 cm?® and be transferred
from the water surface to both hydrophobic and hydrophilic surfaces
using facile transfer techniques. We employ a transferred single
PCBM nanosheet as the active material in a field-effect transistor
(FET) and verify semiconductor function by a measured electron
mobility of 1.2 X 1072 cm? V7! s7! and an on—off ratio of ~1 X 10* We further fabricate a planar organic/organic
heterostructure with the p-type organic semiconductor poly(3-hexylthiophene-2,5-diyl) as the bottom layer and the n-type
PCBM nanosheet as the top layer and demonstrate ambipolar FET operation with an electron mobility of 8.7 X 10™* cm? V™' 57!
and a hole mobility of 3.1 X 10™* cm® V™' 57",
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he organic heterostructure in the form of a well-designed the PCBM nanosheets can be easily transferred to both

stack of thin layers of electronic molecular materials with hydrophilic and hydrophobic surfaces and that a transferred
specific function is a crucial building block in a plethora of large-area nanosheet can feature a high electron mobility of 1.2
emerging organic devices, including light-emitting diodes, X 1072 em® V7' s7! in a FET device despite being fabricated in
ambipolar field-effect transistors (FETs), and solar cells.'™® close contact with water under ambient-air atmosphere. We
The fabrication of well-defined planar heterostructures is finally demonstrate the viability of the approach for the
however dependent on that the deposition of each layer does realization of planar organic heterostructures through the
not damage the underlying stack, which is a requirement that is transfer of a hydrophobic PCBM nanosheet on top of a
challenging to achieve with often preferred low-cost solution- hydrophobic solution-processed poly(3-hexylthiophene-2,5-
based processes, as it commonly implies the employment of diyl) (P3HT) film. The solution-processed molecular hetero-
orthogonal solvent systems or sacrificial layers.>**™'* A few structure features ambipolar and balanced transport of electrons
successful attempts at solution-based fabrication have been and holes, where the hole transport is provided for by the
reported, including Langmuir—Blodgett, Langmuir—Schaefer, bottom P3HT while the electron transport is effectuated by the
and liquid—liquid interfacial deposition,M_17 but the wvast top PCBM layer. We accordingly introduce a novel solution-
majority of the current fabrication of planar organic based method for the fabrication of organic heterostructures,
heterostructures is executed using high-temperature vacuum where hydrophobic layers can be deposited directly on top of
deposition.7’18’19 For some applications, this is a significant each other and where each layer performs a specific electronic
drawback, as vacuum-based fabrication is concomitant with a function.
comparatively low throughput, poor material utilization, and Figure lab provides a schematic illustrating the synthesis of
high cost.”’ the PCBM nanosheets. A drop of a dilute PCBM-in-chloroform
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Figure 1. Schematic description of PCBM nanosheet fabrication. (a)
Deposition of PCBM-in-chloroform solution in the form of a thin
droplet on the surface of deionized water. (b) When the chloroform
solvent evaporates (white arrow), the PCBM concentration in the
droplet increases. Once the PCBM solution supersaturates, the PCBM
molecules self-assemble into nanosheets at the edge of the shrinking
(black arrow) droplet. (c) Photograph showing light-brown PCBM
nanosheets floating on DI-water in a Petri dish. The inset shows a
close-up of the highlighted PCBM sheet. (d) Schematic of methods to
transfer PCBM nanosheets onto FET substrates with hydrophilic
surface and hydrophobic surface. The PCBM nanosheets are deposited
onto the hydrophilic substrates by withdrawing the substrate from the
DI water, and on the hydrophobic substrates by submerging the
substrate into the DI water.

solution is gently deposited onto the surface of deionized (DI)
water positioned in a Petri dish. The solution spreads out and
forms a thin surface layer on top of the DI water. As the
chloroform evaporates away, the PCBM solution at the edges of
the shrinking top layer becomes supersaturated at which point
the PCBM molecules begin to self-assemble into a nanosheet
(Figure 1b). The photograph in Figure lc shows semi-
transparent light-brown PCBM nanosheets floating on top of
the DI water, following complete evaporation of the chloroform
solvent. The inset in Figure lc shows a close-up of a PCBM
nanosheet, which reveals that the surface area of a typical
nanosheet can be larger than 1 cm”.

Figure 2a shows a high-resolution TEM image of a typical
PCBM nanosheet, with the corresponding fast Fourier
transform (FFT) displayed in the inset. The FFT comprises

distinct spots and ring-shaped features, which are assigned to
crystalline and amorphous regions, respectively. In other words,
the PCBM nanosheet features a semicrystalline structure. The
semicrystalline nanosheet structure is further confirmed by the
selected area electron diffraction data presented in Figure SI1.
Figure 2b presents a higher-magnification TEM image of the
area indicated by the dashed rectangle in Figure 2a, which
visualizes PCBM molecules arranged in a crystalline hexagonal
pattern (indicated by dashed hexagons) surrounded by
amorphous PCBM regions. To establish the crystalline order,
the bright spots of the FFT pattern were used for the
reconstruction of the structure shown in Figure 2c. We find that
this selected reconstructed structure indeed comprises PCBM
molecules arranged in a hexagonal crystalline pattern.

We propose that the lower symmetry of the PCBM molecule
in comparison to the fullerene Cg, (that is due to the side
chains) hinders a longer-range crystalline growth®' ~** and note
that the semicrystalline PCBM nanosheet structure is similar to
that reported for PCBM nanoribbons.'® Moreover, due to the
comparatively short nanosheet-growth time in the current study
(typically less than a minute) this effect is more pronounced for
the herein presented structures.

Water contact-angle measurements demonstrate that the
bottom surface of the PCBM nanosheet is more hydrophilic
than both its top surface and the top surface of an all-
amorphous spin-coated PCBM film (see Table S1, for summary
of results). These results thus suggest a preferential orientation
of the as-synthesized nanosheets with their side-chains facing
toward the water surface. We rationalize these findings with
that the PCBM side-chains are more hydrophilic than the Cq,
core, partially because of the existence of electronegative
oxygen atoms. Such a preferential orientation of PCBM
molecules in the vicinity of a polar solvent has also been
theoretically predicted.'

The PCBM nanosheets were measured to feature a mean
thickness of 63 nm with a standard deviation of 23 nm, as
derived from measurements on 62 different nanosheets.
Considering the reported PCBM—PCBM intermolecular
distance of 1.5 nm,'®*' a nanosheet is composed of
approximately 20 PCBM bilayers stacked on top of each
other. We observe that PCBM nanosheets deposited on SiO,/
Si substrates display clear color variations from brown, over
purple and blue, to green, when the nanosheet thickness
increases from 22 to 115 nm.

In order to examine the electronic properties of the
nanosheets, we employed a FET device architecture. Select

Figure 2. (a) High-resolution TEM image of a synthesized PCBM nanosheet. The inset presents the corresponding FFT with the combination of
bright spots and the rings revealing a semicrystalline nanosheet structure. (b) Magnified TEM image of the area indicated by the dashed square in
(a). The dashed hexagons indicate areas where the PCBM molecules are arranged in a crystalline hexagonal pattern. (c) Reconstructed image using
solely the bright spots in the FFT pattern in the inset in (a). For comparison the same areas in (b,c) are highlighted by hexagons.
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PCBM nanosheets were deposited onto p-Si/SiO, FET
substrates by simply “fishing” them up from a clean DI water
surface. Two distinctly different SiO, surfaces were prepared
and evaluated: (i) a hydrophilic surface prepared by exposure to
ultraviolet ozone (UVO) and (ii) a hydrophobic surface
prepared by exposure to hexamethyldisilazane (HMDS) vapor.

The hydrophilic substrate was easily submerged into the DI
water without disturbing the water surface. This allowed for a
“fishing” of floating PCBM nanosheets from below, as shown in
Figure 1d (left), thus forming a configuration where the
bottom-layer of the PCBM nanosheet faces the hydrophilic
SiO,. The hydrophobic substrate instead displaces the DI water
surface when immersed, which allows for a “dry” deposition, as
depicted in Figure 1d (right). This results in a configuration
with the top-layer of the PCBM nanosheet facing the
hydrophobic SiO,. All of the synthesis and transfer steps up
to this point were performed under ambient-air atmosphere.

After deposition, the PCBM nanosheet on the p-Si/SiO,
substrate was dried under vacuum, where after the source and
drain Au electrodes were evaporated on top of the nanosheet to
complete the FET fabrication. The transistor channel featured a
width of Wp = 1 mm and a length of Lg = 50 ym, as defined by
aligning a shadow-mask onto the PCBM nanosheet before the
evaporation. A photograph of a complete FET device is shown
in Figure S2 with the dashed red rectangle indicating a
transistor channel fully covered by a PCBM nanosheet. We also
prepared two sets of reference FET's by fabricating spin-coated
PCBM FETs under identical conditions as the PCBM-
nanosheet FETs and the recorded transistor data are
summarized in Table S2.

The electrical characterization of the FETs was performed
under a dry N, atmosphere. Figure 3a presents typical transfer

(a) ° 80V (b)
10°F { 4
=10k &
2 JfF & =
L10°E 8 Ja
. Ve = 80V 1=
10° L 3 e Hydrophobic
W‘ e Hydrophilic
10 - : ; 0
0 20 40 60 80 0 20 40 60 80
Vs [V] Vs [V]

Figure 3. (a) The transfer characteristic of a typical hydrophobic
(green squares) and hydrophilic (blue circles) PCBM-nanosheet FET.
The inset displays the drain-source voltage (Vpg). (b) The output
characteristics of a typical hydrophobic PCBM-nanosheet FET with
the gate-source voltages (V) presented in the inset.

curves for a hydrophobic (green squares) and a hydrophilic

(blue circles) PCBM-nanosheet transistor. Average values for

the Ion/Iope ratio of ~10* and ~10° were recorded for the
hydrophobic and hydrophilic devices, respectively. Typical
output characteristics for a hydrophobic PCBM-nanosheet FET
is shown in Figure 3b, and they reveal a linear increase of the
drain-source current (Ipg) at low Vpg values and a well-behaved
current saturation at high Vi values.

The electron mobility (4,) and the threshold voltage (Vi)
were extracted from the transfer measurements, following a
procedure described in the experimental section. Only devices
displaying a nanosheet coverage of the transistor channel of
>90% were considered for the calculation of y,. (Note that the
calculation of y, assumed a full channel coverage and that our
procedure thus results in a slight underestimation of the true
value for y,.) Table 1 presents the y, and Vi obtained from a
total of 62 different PCBM nanosheet devices with the
corresponding histogram distributions depicted in Figure S3.

The PCBM nanosheet on the hydrophobic substrate featured
a higher . and a lower V; than the PCBM nanosheet on the
hydrophilic substrate with the hero hydrophobic device
featuring a high electron mobility of 1.2 X 107> cm® V™' 57\,
The lower Vi of the PCBM nanosheet (and the spin-coated
PCBM, see Table S2) on the hydrophobic substrate implies
that the HMDS treatment successfully passivated the dangling
bonds on the SiO, surface and effectively reduced the amount
of trap-states at the interface.”*

We mention that the high electron mobility was obtained on
PCBM nanosheets synthesized under ambient air conditions
and in close contact with water; previous studies on spin-coated
PCBM films prepared under inert N, atmosphere have
reported a mobility value in the same range (see Table
§3).%%73> This implies that the drying step successfully
removed traces of water and solvent trapped within the
nanosheet structure during fabrication.” Tt should further be
noted that the presented molecular self-assembly method is
~20 times more material efficient than conventional spin-
coating.

The synthesis of PCBM nanosheets on the surface of water
allows for the realization of well-defined planar heterostruc-
tures, which would otherwise be difficult or impossible to
achieve through sequential deposition from orthogonal solvent
systems.””** In this context, we do note that Morita et al. have
successfully fabricated electronically active bilayer structures,
comprising spin-coated PCBM and poly(3—hexylthiogihene—Z,S—
diyl) (P3HT) nanosheets as the two distinct layers.”

Here, we begin by spin-coating a 15 nm thick film of P3HT
on top of a Si/SiO, substrate. FETs based on solely the spin-
coated P3HT film exhibits hole-only conduction characteristics,
as shown in Figure S4 with a measured average hole mobility
() of 1.6 X 1073 cm® V™! 57! (see Table 1). This spin-coated
P3HT film comprises a highly hydrophobic surface, which
facilitated for a “hydrophobic” transfer of the PCBM nanosheet

Table 1. Average Transistor Performance for the PCBM Nanosheet, the P3HT Thin Film, and the Bilayer P3HT/PCBM, with

the Standard Deviation in Parentheses”

interface no. of devices
hydrophilic/PCBM 37
hydrophobic/PCBM 25
pristine P3HT 22
ambipolar P3HT/PCBM 4

“The hero-device mobility is presented in bold.

electron

He [em® V7157
2.7 x 107% 1.2(+0.6) x 1073
1.2 X 1072 5.8(+3.2) X 1073

8.7 X 107* 5.1(+24) x 107

1444

hole
Vy [V] Hy [em® V71 s7'] Vy [V]
21(x14) - -
15(£5) - -
- 1.8 X 107 1.6(+0.1) x 107 —18(+5)
13(x7) 3.1 x 107 1.9(+0.8) x 107 —7(+4)
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Figure 4. (a) The transfer and (b) output characteristics of an ambipolar PBHT/PCBM-nanosheet bilayer FET. The gate-source voltage is indicated

at the corresponding current—voltage trace in (b).

with its top side facing the P3HT film (see Figure 1d, right). In
this device structure, the bottom P3HT layer is expected to
transport holes while the top PCBM nanosheet should
transport the electrons. The bilayer FET architecture was
finalized by evaporating Au drain and source electrodes on top
of the P3HT/PCBM bilayer.

Figure 4a shows the transfer characteristics of a P3HT/
PCBM-nanosheet bilayer FET, which demonstrates clear
ambipolar behavior. Depending on the electrode bias, either
electrons, holes, or both are conducted in the transistor
channel. In the first quadrant (positive Ing and V), the
increase in Ing when Vg > 35 V is due to improved electron
transport through the PCBM nanosheet. In contrast, the
increase in Ing at Vigg < 35 V is due to improved hole transport
through the P3HT layer. At Vg = 35 V, the Ipg of 43 nA is
carried by both electrons and holes and thus being ambipolar.*
A similar behavior but with reversed charge and voltage polarity
can be observed in the third quadrant (negative I and V).
The values for y;, and . were calculated using the transfer data,
and the data presented in Table 1 demonstrate a well-balanced
ambipolar device. A similar balanced performance is observed
in the output data in Figure 4b, where a well saturated and fairly
symmetrical current behavior is obtained in both the first and
third quadrants.

In conclusion, large-area and semicrystalline PCBM nano-
sheets are synthesized in a facile manner on a water surface.
The synthesized nanosheets feature a high electron mobility of
1.2 X 107> cm? V™! 571, The demonstrated facile transfer of the
PCBM nanosheets onto various surfaces paves the way for the
fabrication of planar heterostructures comprising PCBM and
other 2D materials, as manifested in the demonstration of a
functional ambipolar transistor comprising a PCBM nanosheet
on top of a spin-coated P3HT film.

Methods. The PCBM nanosheets are synthesized at a DI
water/chloroform interface. A solution of PCBM (>99.5%,
Solenne BV) in chloroform (anhydrous, containing 0.5—1%
ethanol stabilizer, Sigma-Aldrich) with concentration of 1 mg
mL™" is prepared and heated at 65 °C. Approximately 100 uL
of the PCBM solution is gently placed at the surface of DI
water (at room temperature) in a S cm wide beaker. The
PCBM solution spreads on the surface of water and forms a
floating thin droplet. As chloroform gradually evaporates the
solution supersaturates and a thin PCBM nanosheet starts to
form from at the edge of the droplet (as schematically shown in
Figure la,b). We note that a small 0.5—1 vol % ethanol
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stabilizer, mixed into the chloroform, was found to aid in the
formation of thinner droplets of the PCBM/chloroform
solution on top of the DI-water, producing larger PCBM
nanosheets. Chloroform typically comes with ethanol addition
as a stabilizer (and can be used as is); however, synthesis of
PCBM nanosheets with chloroform containing amylene
stabilizer will benefit from the ethanol addition.

The desired PCBM nanosheets (with the right size and free
of visible cracks and/or holes) are then transferred to a new
beaker containing clean DI water; a clean glass slide is
submerged in the water close to the desired PCBM nanosheets
and is tilted so that it is located below the nanosheets. As the
glass slide is pulled out of the beaker, the nanosheets stick to
the surface of the glass slide. The glass slide, covered with the
PCBM nanosheet, is then gently submerged in the fresh water
in a new beaker until the PCBM nanosheet is released from the
glass slide and floats on the surface of the water. For TEM
measurements PCBM nanosheets were transferred to a lacey or
quantifoil TEM grid and dried in ambient temperature. TEM
imaging was performed using a JEOL 2010 (with LaB4 gun)
operated at 80 keV. The contact angle measurements were
performed with an optical tensiometer (Attension Theta). The
contact angle was recorded at 15 frames per second and was
determined within 1 s of adding a 1-2 yL drop of DI water to
the PCBM nanosheet surface in order to avoid evaporation
effects.

Substrates of p-doped Si with a 200 nm thermally grown
SiO, layer were used for the FET fabrication, and two different
batches of substrates were used for device fabrication. The first
batch was placed in a UV-ozone (UVO, model 42-220, Jelight
Company Inc.) for S min in order to prepare a hydrophilic
surface and the second batch was sequentially treated by a
hexamethyldisilazane (HMDS, Sigma-Aldrich) vapor (in a
beaker positioned on a hot-plate at 140 °C) for S min to
prepare a hydrophobic surface. The PCBM nanosheets are then
transferred to the UVO or HMDS treated FET substrate as
described in the text and Figure 1d. We find that a wrinkle and
crack free transfer of PCBM nanosheets (see inset in Figure S2)
onto the hydrophobic (HMDS treated) surface was most
successful when the substrate was submerged into the water
with an angle of 65—75° with respect to the water surface. We
note that not following such a process can lead to wrinkled
PCBM sheets as observed on the TEM grid in Figure SS. For
the pristine P3HT and the ambipolar devices, a 15 nm P3HT
(regioregular, average M, = 54,000—75,000 g mol ™}, Sigma-
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Aldrich) film was first deposited onto the SiO, substrate by
spin-coating from a 7 mg mL™' solution in chlorobenzene
(anhydrous, Sigma-Aldrich) followed by a 15 min annealing at
120 °C. The PCBM nanosheets were then sequentially
deposited onto the P3HT surface by the method described
above. All PCBM-nanosheet FETs were dried for 16 h at 100
°C in a vacuum oven before electrode evaporation of 50 nm Au
source/drain electrodes. The Au was evaporated through a
shadow-mask aligned to form FET channels with the deposited
PCBM nanosheet. The channel dimensions, defined by the
shadow mask, were L = 50 ym and a W = 1 mm. [-V
measurements on FETs were performed in a N, atmosphere
([0,] < 1 ppm, [H,0] < 1 ppm) using a semiconductor
characterization system (SCS-4200, Keithley). The u, and Vi
were obtained by fitting the measured transfer characteristics in
the saturation regime to

VIos =

where Cg is the gate capacitance.

The thickness of the PCBM nanosheets were measured on
the FET devices after the I—V characterization in close
proximity to each measured channel using a stylus profilometer

(DektakXT, Bruker).

CoW;
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