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Photoinduced Charge-Carrier Dynamics of Phototransistors
Based on Perylene Diimide/Reduced Graphene Oxide

Core/Shell p—n Junction Nanowires

Hojeong Yu, Piljae Joo, Dajeong Lee, Byeong-Su Kim, and Joon Hak Oh*

The tailored fabrication of multicomponent nanostructures that can exhibit
superior or unique optoelectronic properties compared with those of the
single-component system is highly desirable for fundamental studies

of charge transport mechanisms and novel applications with advanced
functions. To achieve efficient charge transport and high photorespon-

sivity, core/shell p—n heterojunction nanowires (NWs) are fabricated

using N, N -bis(2-phenylethyl)-perylene-3,4:9,10-tetracarboxylic diimide
(BPE-PTCDI) and reduced graphene oxide (rGO) in solution phase. BPE-
PTCDI/rGO core/shell NWs exhibit significantly enhanced photocurrent

and faster charge compensation rate under irradiation, compared with pure
BPE-PTCDI NWs. BPE-PTCDI NW core mainly acts as a light absorption layer,
whereas rGO shell functions as a charge transport channel and contributes
to a large electrical conductivity. Accordingly, the outstanding light-detecting
performance of BPE-PTCDI/rGO NWs results from the synergistic com-
bination of the favorable optical and electrical properties of each of the
constituent materials. Intriguingly, BPE-PTCDI/rGO NW organic phototran-
sistors (OPTs) show charge compensation behaviors opposite to those of
pure BPE-PTCDI NW-OPTs, which is interpreted with a model concerning
charge trapping energy levels. The results obtained herein demonstrate great
promise for use of carbon-based multicomponent core/shell nanomaterials

be employed for flexible and wearable
photosensors. In general, OPTs outper-
form conventional two-terminal organic
photodiodes in terms of light-detection
sensitivity and signal magnification capa-
bility, owing to the presence of an addi-
tional (i.e., third) electrode, which enables
amplification of the photocurrent without
inducing additional noise.%
Single-crystalline organic nanowires
(NWs) have recently been used for OPTs,
and nanowire OPTs (NW-OPTs) formed of
intrinsically defect-free and highly ordered
materials have shown great promise for
miniaturizing optoelectronic devices, com-
pared with bulk thin-film OPTs.38 Most
of the NW-OPTs have been fabricated from
a single-component system so far,”%1
and multicomponent NW systems have
been far less widely used for OPTs.[0]
Multicomponent nanoassemblies com-
posed of single-crystalline NWs in core/
shell geometry can provide a number
of additional advantages compared with
single-component system,['®1% including

in photodetectors, and the developed methodology provides insights into
the quantitative analysis of the photogenerated charge-carrier dynamics of

multicomponent semiconducting systems.

1. Introduction

Organic phototransistors (OPTs) based on photoconductive
organic semiconductors are promising platforms for low-cost
and large-area light-detection applications, and can potentially
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a larger photoconductive gain, a faster
photoresponse,'?l a longer charge-car-
rier lifetime,'®!7 and favorable exciton
dissociation dynamics at the core/shell
interface.l'¥ Therefore, the development
of OPTs based on core/shell NWs is highly desirable for high-
performance optoelectronic nanodevice applications as well as
fundamental study on charge transport dynamics.

2D carbon materials have been used for various types of
photodetectors in a broad wavelength/frequency range,?021]
and recently employed for the fabrication of hybrid core/
shell nanoassemblies,?? such as dioctyl-PDI/rGO,!® peptide/
graphene 2}l and Cg/rGO,*! to explore the merit of a multi-
plexed system. To date, however, there has been little pro-
gress on systematic study on the charge transport dynamics of
organic—graphene hybrid core/shell system, coupled with char-
acterization of their optoelectronic properties.

Here, we report multicomponent NW phototransistors
based on 1D core/shell p—n heterojunction nanomaterials,
which have been prepared using an n-type organic semicon-
ductor N,N”~bis(2-phenylethyl)-perylene-3,4:9,10-tetracarboxylic
diimide (BPE-PTCDI) and 2D reduced graphene oxide (rGO)
as the core and shell via a simple solution mixing method. In
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addition, the photoinduced charge-carrier dynamics of BPE-
PTCDI/rGO core/shell NWs has been thoroughly studied using
quantitative analysis methods. Although pure BPE-PTCDI
NW-OPTs have been found to show higher photoresponsivity
and gate-field-modulated external quantum efficiency (EQE)
than their thin-film counterparts in our previous study,”) their
charge-carrier mobility is still lower than that of 2D carbon
nanomaterials. On the other hand, rGO typically shows the low
absorption of visible light, which limits its application in photo-
detectors, despite its excellent charge transport capability.?27]
In this regard, BPE-PTCDI/rGO core/shell NWs may show
enhanced optoelectronic properties, owing to the synergistic
interplay of the core and shell materials. The photoinduced
charge-carrier dynamics has been investigated by analyzing a
number of parameters such as charge compensation rates,
photoresponsivity, photoswitching ratio, and EQEs, which have
been compared with those of the single-component system. In
particular, the charge compensation behaviors of BPE-PTCDI/
rGO NW-OPTs have been studied using a model concerning
additional charge trapping energy levels. These quantitative
analyses revealed that the BPE-PTCDI/rGO core/shell NWs
exhibit substantially improved optoelectronic performance such
as enhanced photocurrent and faster charge compensation
rates, due to the synergistic effect of the optical and electrical
properties of each of the constituent materials. This work dem-
onstrates usefulness of rational design of core/shell organic
nanomaterials for high-performance OPTs, and the developed
methodology provides insights into the quantitative analysis of
their photoinduced charge-carrier behaviors.

2. Results and Discussion

2.1. Fabrication and Characterization of BPE-PTCDI/
rGO Core/Shell NWs

BPE-PTCDI NWs were fabricated using a nonsolvent nucleation
method?® and the NWs were dispersed with mild agitation in
rGO solution using dimethylformamide (DMF) as the solvent (see
the Experimental Section). BPE-PTCDI/rGO core/shell NWs were
fabricated by utilizing van der Waals interactions between the
rGO sheet and BPE-PTCDI NW. Figure 1a, b shows representa-
tive scanning electron microscope (SEM) images of a pure BPE-
PTCDI NW and a BPE-PTCDI/rGO core/shell NW, respectively
(the average diameter and length of BPE-PTCDI/rGO NWs used
for device fabrication was approximately 860 = 310 nm and 83 +
33 pm, respectively). A typical transmission electron microscope
(TEM) image of a BPE-PTCDI/rGO NW is shown in Figure 1c,
and a magnified image is shown in Figure 1d, which indicates that
multilayer rGO sheets were wrapped around the BPE-PTCDI NW
core. Two mixing ratios (i.e., 1:1 and 2:1) of rGO sheets and BPE-
PTCDI NWs were tested to obtain rGO shell with different thick-
nesses. The rGO shell thickness was found to be 2.2 + 0.4 nm and
5.1 £0.7 nm from the mixing ratio of rGO sheet/BPE-PTCDI NW
of 1:1 and 2:1, respectively (see Figure S1, Supporting Informa-
tion). According to TEM analysis, this shell thickness corresponds
to approximately five and ten rGO layers, respectively.

The formation of a BPE-PTCDI/rGO core/shell NW struc-
ture was further investigated by UV-vis spectroscopy. The
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Figure 1. SEM images of a) BPE-PTCDI NW and b) BPE-PTCDI/rGO
core/shell NW. c) TEM images of BPE-PTCDI/rGO core/shell NW and
d) the magnified image of rGO shell.

UV-vis absorption spectra of BPE-PTCDI NWs, rGO sheets,
and BPE-PTCDI/rGO NWs are shown in Figure S2 (Supporting
Information). The pure rGO sheets showed the maximum band
absorption at =260 nm, whereas the BPE-PTCDI NWs more
strongly absorbed light in visible wavelengths, with absorption
peaks at 325, 480, and 685 nm. In the BPE-PTCDI/rGO NW
system, the maximum absorption peak arising from the BPE-
PTCDI part was shifted to 560 nm, which could be attributed
to the interaction between the BPE-PTCDI NW and rGO in the
core/shell geometry.[2-30]

2.2. Optoelectronic Performance of BPE-PTCDI/
rGO Core/Shell NWs

2.2.1. Electrical Performance of BPE-PTCDI/rGO Core/Shell NWs

To investigate optoelectronic properties of a single BPE-PTCDI/
rGO NW, we fabricated NW field-effect transistors (NW-FETs)
using a single rGO-wrapped BPE-PTCDI NW as the semicon-
ducting layer on n-octadecyltrimethoxysilane (OTS)-treated
SiO,/Si substrates in the bottom-gate bottom-contact configu-
ration (see the Experimental Section). Figure 2a shows a sche-
matic diagram of the device structure, together with a SEM
image of the device. The channel dimensions were estimated
from the width (W) and length (L) of the BPE-PTCDI/rGO
NW crossing the source and drain electrodes. The typical elec-
trical performances of pure BPE-PTCDI NW, BPE-PTCDI/rGO
core/shell NWs with different shell thicknesses (i.e., 2.2 and
5.1 nm) and pure rGO are presented in Figure 2b. The major
charge carriers could be switched from electrons (n-channel
FET) to both electrons and holes (ambipolar FET) by wrapping
rGO sheets onto BPE-PTCDI NW (Figure 2c). The pristine
BPE-PTCDI NWs exhibited well-defined unipolar n-channel
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semiconductor (CMOS)-like inverters formed
using identical BPE-PTCDI/rGO NWs as the

w 10 p- and n-channel semiconductors. The NW
L networks were deposited via drop casting of
T 14 a dispersed BPE-PTCDI/rGO NW solution,
covering interdigitated gold source and drain
8_ electrodes. A schematic diagram of the CMOS-
—~ like inverter is shown in Figure S3a (Sup-
ﬁ;g'gf':'m) N 101 ; porting Information). A common n-doped Si
- =~ gate functions as the input voltage Vjy, while
the p-FET is grounded as the driver and the
BPEPTOD 10.01 n-FET functions as the load transistor and
GO 22nm) Ny V, =10V provides a supply voltage of Vpp =-10 V. The
60 -30 0 30 60 voltage inversion was obtained with a max-
imum gain of 1.1 (see Figure S3b, Supporting
Ves (V) Information). This is comparable to that of
(C) S s (d) 4o other graphene-based inverters.13>:3l
-o- Electron mobility
-4 Hole mobility 3
+ s o -=- On/off ratio 110 2.2.2. Photoswitching Characteristics of
10l = e 107 ©  BPEPTCDI/IGO Core/Shell NW-OPTs
° + o 105
~ |/ # o 'g °.l = To investigate the optoelectronic properties
Sl . 5 g l10'8  of single BPE-PTCDI/rGO NWs, the pho-
=T = \{ 10°} o  toresponse of the BPE-PTCDI/rGO NW-OPTs
R B /R S W 8 l1o° upon on-and-off switching of polychro-
spErrconco B BPE-FTCDITGO SR matic light (A= 450—_(2350 nm, ).ma.x = 640 nm,
0.0 M " chell NW rGO] = 100 corlelshelll NVY #rGO10_1 Prax = 36 mW cm™) was monitored. Note

0 2 4 &6 0 2 4
Thickness of rGO (nm)

Figure 2. Device structure of a) single BPE-PTCDI/rGO NW-FET and the corresponding SEM
image. b) Typical /-V characteristics of pure BPE-PTCDI NW-FET, BPE-PTCDI/rGO core/shell
NW-FETs, and pure rGO-FET in n-channel operation (Vps = 10 V). c) Average hole and elec-
tron mobility (uy,, pe) and on/off ratio variations as a function of the thickness of rGO layer.
d) Average hole-to-electron mobility ratio (up/pe) and Dirac point variations as a function of
the thickness of rGO layer. The average values with the error bar of standard deviations were

obtained from 10 BPE-PTCDI/rGO core/shell NW-FETs.

performance. When the thickness of rGO shell was =2.2 nm
(=5 rGO layers), electron-dominant ambipolar charge transport
was observed, indicating that the core n-channel BPE-PTCDI
NW could clearly act as the channel layer. As the thickness
of rGO sheet was increased up to =5.1 nm (=10 rGO layers),
slightly hole-dominant ambipolar property, but with an average
hole-to-electron mobility ratio (p,/H.) nearly identical to =1 and
an average Dirac point of =0 V (Figure 2d), was observed due to
the enhanced effect of the electrical properties of the rGO shell
as the channel. However, the average ratio of hole and electron
mobilities of BPE-PTCDI NW/rGO core/shell NWs was still
slightly lower than that of pure rGO. This indicates that BPE-
PTCDI core may still affect the channel region. In addition,
the on/off ratio decreased rapidly as the rGO shell thickness
increased. It is common to observe such a low on/off ratio from
graphene-based FET devices, because of the absence of bandgap
in graphene.?132 The electrical behaviors of pure rGO-FETs
obtained from our control experiment were in good agreement
with those of other rGO-based FETs reported previously.3334
Their well-balanced ambipolar transport properties may
extend their applications to complementary metal-oxide
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that the maximum absorption wavelength of
the BPE-PTCDI/rGO NWSs (Aps. max = 560 nm)
was closely matched with the spectrum of
the polychromatic light, compared with pure
rGO sheets (A,ps, max = 260 nm) and pure
BPE-PTCDI NWs (Aps, max = 685 nm). Fur-
thermore, our control experiment using
rGO sheets revealed that the rGO sheets
themselves were not responsive to illumi-
nation (see Figures S4 and S5, Supporting

6

Information).

Interestingly, the photogenerated charge carriers in the BPE-
PTCDI/rGO NW exhibited opposite trends to those of pure
BPE-PTCDI NW-OPTs,”! as shown in Figure 3a,b. The BPE-
PTCDI/rGO NWs exhibited depletion behaviors under irradia-
tion with visible light and accumulation behaviors upon turning
off the light. Such photocurrent decay behavior under illumina-
tion has so far not been thoroughly investigated and even not
been frequently observed in multicomponent organic semicon-
ductor system. Similar photocurrent quenching was observed
from single-component inorganic semiconductors, due to the
metastable electronic states in the bandgap.’”] A continuous
decrease in the photocurrent was observed as a function of the
illumination time, which suggests the existence of metastable
states that can be occupied by photoelectrons. Huang et al.?®l
suggested the existence of accepter levels (i.e., a recombination
center and a hole trap center) in an inorganic photoconductor,
which leads to photocurrent quenching due to the absorption of
light with a photon energy smaller than the bandgap.

In this regard, these photocurrent quenching phenomena of
the BPE-PTCDI/rGO NWs may result from a number of factors
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Figure 3. Photocurrent responses upon on-and-off switching of the irradiation (polychromatic light, 36 mW cm™2) as a function of time for a) BPE-PTCDI
NW-OPT and b) BPE-PTCDI/rGO core/shell NW-OPT at transistor off-state; Vgs =0V, |Vps| =100 V c) Model for photocurrent quenching; excess holes
created by electrons excited to the defect state may facilitate the recombination of photogenerated charge carriers, leading to a decrease in photocurrent.

based on the existence of accepter levels in the core/shell system  exhibited higher off-state photocurrents compared with several
(note that there were no photocurrent quenching phenomena  nanoampere-scale off-currents of pure BPE-PTCDI NW-OPTs
in pure BPE-PTCDI! and rGO sheetsP®?: 1) The formation of a  in n-channel operation,”! which is attributed to the enhanced
depletion heterojunction layer due to the difference in the energy ~ charge transport properties of the m-conjugated network of the
levels can lead to a gradual decrease in current with illumination ~ rGO shell.'® Typically, single-layer graphene has a picosecond
time by capturing photogenerated charge carriers. Holes in the  photocarrier lifetime, with ultrafast charge recombination, !¢
depletion layer can recombine with photogenerated electrons  and the absorption of visible light in rGO sheets is much lower
induced at the core NW. 2) Surface defects
and/or interfacial traps in the core/shell
geometry and/or in the active layer/dielectric (a) 50 —T T (b) 5 —T—T—
interface introduce additional charge trapping —— off state — off state
energy levels in the bandgap.***!l Holes can 40| n-channel | al p-channel |
recombine with free electrons, leading to a
decrease in electron density, as described by —~
the photocurrent quenching model, shown in <
p q g ) £
)
=)

Figure 3c. When the illumination is switched
off, the number of excess holes decreases over
time and leads to an increase in the photocur-
rent due to the reduction in the recombina- 10t
tion rate. 3) Rapid photocurrent saturation via
the rGO shell can also lead to photocurrent

quenching after the illumination is turned on. 0 50 100 150 200 250 0 50 100 150 200 250
Time (sec) Time (sec)

2.2.3. Ch -Carrier D i BPE-PTCDI
arge-Carrier Dynamics of / (C) 22 . 70 (d)
rGO COI’B/SI’I@” NW-OPTs O off state, n-channel{

~ = linear fitting result
i f A\ off state, p-channel

- Ips (NA)

50 T — 5

O off state, n-channel
= exp. fitting result

& A off state, p-channel

X exp. fitting result

For a quantitative analysis, time response
of the BPE-PTCDI/tGO NW-OPTs to the
pulsed incident light at the transistor off-state
(Vgs = 0 V and Vpg = 100 V for n-channel
operation, and Vg =0 V and Vpg = -100 V
for p-channel operation) and at the transistor
on-state (Vgs = 100 V and Vpg = 100 V for
n-channel operation, and Vgg = -100 V and
Vps = =100 V for p-channel operation) were
investigated (see Figure 4a, b for the tran- . 150 20 . 12
sistor off-state). Under illumination, the 50 100 150 50 100 150
photogenerated charge carriers in the NW Time after irradiation (sec) Time after irradiation (sec)
core can significantly increase the charge

(wu)®| -

density in the rGO layer, as can be seen Figure 4.. Ti‘me response ofiqe BPE-PTCDI/rGO NW-OPTS to the pulsed_incidence_light (poly-

chromatic light, 36 mW cm™), measured at transistor off-state; a) Vgs =0V, Vps =100 V for
from the enhanced photocurrent of the n-channel operation b) Vgs =0V, Vps =-100 V for p-channel operation c) Charge depletion rate
core/shell NW (Figure S6, Supporting Infor-  calculations using Equation (1) and a least-squares linear fit. d) Time response calculations of
mation). The BPE-PTCDI/rGO NW-OPTs photocurrent quenching process using Equation (2), (3) and an exponential fit.
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than BPE-PTCDI (see Figure S2, Supporting Information).
Therefore, we can conclude that the rGO layers in our system
function as a charge transport channel and contribute to a large
electrical conductivity rather than an absorption layer. Accord-
ingly, the BPE-PTCDI/rGO NWs can be utilized as a photore-
sponsive material in OPTs, combining the favorable optical and
electrical performance of each of the constituent materials.

The initial photoresponses of BPE-PTCDI/rGO NW upon
light on-and-off switching were extracted to calculate the charge
depletion/accumulation rates using Equation(1):”!

1/2 1/2
rate:d—chdVT(t) __ 2LC d(Ip (1)) 1)
dt dt ,usatW dt

The reduction in the photocurrent with time after turning
on the light source is related to rapid recombination of pho-
togenerated charge carriers in the depletion region. The deple-
tion rates in the BPE-PTCDI/rGO NW-OPT were found to
be 1.31 x 10! cm™ s7! under n-channel operation (see the
round symbols with the linear fit shown in Figure 4c) and
3.61 x 10! cm™2 s7! under p-channel operation (see the ini-
tial stage of triangular symbols and the linear fit shown in
Figure 4¢) in the transistor off-state. The photocurrent under
illumination decreased in one step under n-channel operation,
whereas there were two steps in p-channel operation, with an
initial rapid charge decay process and a secondary slower decay
process. The charge decay curves of the photocurrents in the
transistor off-state can be described by

1(t)=Ioa + Al exp(—t/ 1) | )

I(t)= Iy + Al exp(—t [ 7,) |+ B[ exp(-t/7,) | (3)

where t is time, 7; and 7, are time constants, 4, is the dark
current, and A and B are scaling constants. Fitting the experi-
mental data showed that the charge quenching time of the
photocurrent under n-channel operation followed the monoex-
ponential decay behavior of Equation (2), whereas that of the
photocurrent in p-channel operation followed the second-order
exponential decay function in Equation (3). In the transistor off-
state, the charge quenching time constant was 7; = 117 s for
n-channel operation. In p-channel operation, the initial charge
quenching step of the photocurrent was 7; = 4 s and the sec-
ondary charge quenching time constant was 7, = 30 s, as shown
in Figure 4d. Note that the photocurrent under n-channel
operation was an order of magnitude higher than that under
p-channel operation. Under n-channel bias conditions, electron
transport occurs via both the rGO shell and the n-channel of the
BPE-PTCDI core; however, under p-channel bias conditions,
holes cannot be transported in the n-channel core and instead
undergo more rapid initial quenching. Such the second-order
photocurrent decay has also been reported in rGO-based pho-
totransistors under p-channel bias conditions.[1042]

After the light source was turned off, charge carriers were
accumulated with the rate of 3.12 X 10° cm™2 s7! in the n-channel
region and 1.45 x 10'© cm™ s7! in the p-channel region (see
Figure S7, Supporting Information). The increase in the photo-
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current with time after switch-off indicates that the recombina-
tion rate decreased. According to the charge-carrier dynamics
described in our previous research,’! pure BPE-PTCDI NW-
OPTs showed an accumulation rate of 2.76 x 10° cm™ s™! under
illumination and a recombination rate of 1.17 x 10° cm™ s7!
after the light source was turned off. It turns out that BPE-
PTCDI/rGO NWs exhibit faster charge compensation rates
(charge depletion/accumulation rates) upon light on-and-off
switching, compared with those (charge accumulation/release
rates) of the pure BPE-PTCDI NW-OPTs.

2.2.4. Photosensitivity of BPE-PTCDI/rGO Core/Shell NW-OPTs

We investigated the responsivity R and photocurrent/
dark-current ratio P and compared the photosensitivity with
that of pure BPE-PTCDI NW-OPT. R and P is defined by the
following equations:P!

R= IL}‘= (Ilight _Idark) @)
RHC Rﬂc

p=M 5)

I dark

where I, is the photocurrent, Py, is the incident illumination
power, Ly, is the drain current under illumination, and Iguu
is the drain current in the dark. The values of R and P for the
pure BPE-PTCDI NW-OPTs and BPE-PTCDI/rGO NW-OPTs are
plotted as a function of Vpg in Figure 5. We observed a max-
imum of R = 5.63 AW™! for the BPE-PTCDI/rGO NW-OPTs
under n-channel operation (for the pure BPE-PTCDI NW-OPTs,
we observed R = 3.97 AW™). The enhancement of the respon-
sivity is due to the synergistic interaction of the efficient
exciton dissociation!'®! and more rapid charge transport via the
rGO shell.1*18] On the other hand, similar maximum values
of P were obtained from both the pure BPE-PTCDI NW-OPT
(P = 17.6) and rGO/BPE-PTCDI NW-OPT devices (P = 17.5).
R was strongly affected by the presence of the rGO shell, whereas
P was not affected by the shell material. This is in line with our
previous findings that R is closely related to the intrinsic optical
properties of photoconducting materials, whereas P is more
dependent on the incident optical power density."!

The EQE (1) of the single BPE-PTCDI/rGO NW can be cal-
culated using the following expression:1*’]

_ (I].ight _Idark)hc (©6)

€ Pinc Aﬁfpeak

where h is the Plank constant, ¢ the speed of light, e the funda-
mental unit of charge, A the area of the transistor channel and
Apeak the peak wavelength of the incident light. Figure 6 shows
the EQE for the BPE-PTCDI/rGO NW-OPTs and pure BPE-
PTCDI NW-OPTs as a function of Vpg (with Vg = 0 V) under
n-channel operation. The BPE-PTCDI/rGO NW-OPTs exhib-
ited a relatively large EQE of 1 = 1090%, whereas the pure
BPE-PTCDI NW-OPTs exhibited 1 = 679% under the same
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optical power density of Py, = 17 mW cm™2.

(a) 50—
BPE-PTCDI NW
] Polychromatic Light

—=— 14 mWem™2

—_ -2 o— -2
< 30 —=—17 mWcm < 30} —— 17 mWcm
(= [
o —o— 36 mWcm™ o —e— 36 mWcm ™
== 20[ =20}

10 10

0 t f T
0 20 40 60 80 100
Vs (V)

BPE-PTCDI/rGO NW
Polychromatic Light

—=— 14 mWem™

0
0 20 40 60 80 100
Vs (V)

The BPE-PTCDI/rGO NW-OPTs can gen-
erate more photoelectrons than the pure
BPE-PTCDI NW-OPTs, achieving lower
power consumption. The EQE greater than
100% for the photoactive BPE-PTCDI/rGO
NW device indicates that the photomul-
tiplication effectively takes place.* Such
enhancement in all the optoelectrical param-
eters clearly demonstrates the synergistic
] effect of BPE-PTCDI/rGO core/shell NW
geometry.

3. Conclusion

BPE-PTCDINW |

—=—Rat 36 mWem™>

—A-P at 17 mWem>

" —a—P at 36 mWem™ 1 6
10 F T T T T 10 10
0 20 40 60 80 100 0
Vs (V)

Figure 5. Ips—Vps curves at Vs =0V and Vps = 100 V measured over a) BPE-PTCDI NW-OPT
and b) BPE-PTCDI/rGO core/shell NW-OPT in the dark and under polychromatic light irradia-
tion of increasing power density. Responsivity (R) and photocurrent/dark-current ratio (P) of

c) BPE-PTCDI NW-OPT and d) BPE-PTCDI/rGO core/shell NW-OPT.
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Figure 6. External quantum efficiency (EQE; 1) as a function of Vs of a)

pure BPE-PTCDI NW-OPT and b) BPE-PTCDI/rGO NW-OPT under poly-

chromatic light with irradiation power of 177 mW cm= at Vg5 =0 V and
Vos =100 V.
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2
10 We have synthesized BPE-PTCDI/rGO NWs

in the solution phase by exploiting conven-

tional van der Waals interactions. While

BPE-PTCDI NW core mainly acts as light

absorption layer, rGO shell functions as a
U charge transport layer and contributes to

large electrical conductivity. The BPE-PTCDI/
10° rGO NWs could also be utilized as ambi-
polar semiconductors for the implementa-
tion of CMOS-like inverters. Owing to the
synergistic interplay of the optical and elec-
trical properties of the core and shell mate-
rials, the charge compensation rate of the
BPE-PTCDI/rGO NW-OPT device was three
to five times higher upon light on-and-off
switching and the EQE of the BPE-PTCDI/
rGO NW-OPT device was approximately two
times larger than those of the pure BPE-
PTCDI NW-OPT. Interestingly, BPE-PTCDI/
rGO NW-OPTs showed charge compensation
behaviors opposite to those of pure BPE-PTCDI NW-OPTs. This
phenomenon was discussed in terms of the existence of charge
trapping energy levels. The work described here represents
an approach to obtaining p—n heterojunction multicomponent
nanomaterials and describes the quantitative analysis on the
charge transport behaviors, which will enable the development
of optoelectronic devices that exhibits ambipolar charge trans-
port behavior, a high photoresponsivity, and multiplication of
the photocurrent.

10"

4. Experimental Section

Preparation of BPE-PTCDI/rGO Core/Shell NWSs: BPE-PTCDI NWs
were fabricated with a nonsolvent nucleation method as reported
previously.?!l Graphene oxide (GO) was prepared with a modified
Hummers method,*>#¢l and chemically reduced in DMF solvent as
reported previously.*”] BPE-PTCDI NWs were dispersed with mild
agitation in rGO solution (0.3 mg mL™") for 15 min, followed by
centrifugation at 3000 rpm. The mixing ratio of dispersed rGO sheets and
BPE-PTCDI NWs was varied as 1:1 and 2:1, respectively. Freestanding
remnant rGO sheets were removed three times. The precipitated BPE-
PTCDI/rGO core/shell NWs were washed thoroughly with DMF solvent,
and redispersed in a clean DMF solvent.
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Fabrication and Characterization of BPE-PTCDI/rGO NW-OPTs: A
heavily n-doped Si wafer with a thermally grown 300-nm-thick SiO,
layer (G; = 10 nF cm™2) was used as the gate and the dielectric layer,
respectively. The bottom-contact electrodes were defined via conventional
photolithography on top of SiO,/Si wafers, and the SiO,/Si wafer was
modified by treating with n-OTS vaporized at 110 °C for 12 h. The BPE-
PTCDI/rGO NW dispersions were drop-cast on the prepared substrates to
fabricate bottom-contact BPE-PTCDI/rGO NW-OPTs. The current-voltage
(I-V) characteristics of the devices were measured in N, atmosphere by
using a Keithley 4200-SCS semiconductor parameter analyzer.
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Supporting Information is available from the Wiley Online Library or
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