
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 6

/1
8/

20
26

 7
:1

7:
51

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Molecular engine
State Key Laboratory of Materials Processin

Materials Science and Engineering, Huazho

Wuhan 430074, China. E-mail: ppeng@hus

† Electronic supplementary informa
10.1039/d0na00981d

Cite this:Nanoscale Adv., 2021, 3, 1096

Received 24th November 2020
Accepted 30th December 2020

DOI: 10.1039/d0na00981d

rsc.li/nanoscale-advances

1096 | Nanoscale Adv., 2021, 3, 1096
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fullerene broadband photodetectors†
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Bin Su and Fang-Fang Li *

Broadband photodetectors fabricated with organic molecules have the advantages of low cost, high

flexibility, easy processing and low-temperature requirement. Fullerene molecules, due to their electron

accepting and photoinduced electron transfer properties, are potential materials for photodetectors.

However, fullerene has a narrow light absorption spectrum range, and realization of large-area fullerene-

based broadband photodetectors remains a challenge. Herein, we broaden the absorption wavelength

range of fullerene through molecular engineering, i.e. adding a donor molecule, nickel

tetraphenylporphyrin (NiTPP) with strong visible light absorption capacity, onto the fullerene cage to

form a donor–acceptor dyad (NiTPP-C60). Moreover, large-area nickel porphyrin–fullerene (NiTPP-C60)

single-crystal arrays were prepared by applying a liquid-bridge induced assembly method. Combining

the excellent visible light absorption properties of porphyrin and the good electron transport

characteristic of fullerene, photodetectors fabricated with NiTPP-C60 single-crystal arrays show a fast

photoelectric response with son < 0.09 s at 350 nm, son < 0.10 s at 425 nm and son < 0.08 s at 530 nm,

and the highest responsivity of 11.9 A W�1 at 425 nm. This study provides a new strategy toward the

fabrication of high-performance fullerene broadband photodetectors and presents a versatile method

for the design of large-area well-aligned organic single-crystal arrays for practical electronic applications.
1. Introduction

Photodetectors are devices that convert light signals into elec-
trical signals, which have broad applications in optical inter-
connection techniques, light-wave communications, circuits,
and high-resolution imaging.1–5 According to the working
wavelength range, photodetectors are generally classied into
narrowband photodetectors and broadband photodetectors.
Narrowband photodetectors can accurately detect a specic
light through material selection and optical path design.
Broadband photodetectors have a wide detection range, and
a single device can achieve multi-spectral detection functions.
With the increasing application requirements, photodetectors
that can only detect a single wavelength no longer satised the
criteria for multiple detections. Although assembling multiple
sets of narrowband detection systems could be applicable, it is
costly due to the device packaging and chip integration.
Therefore, researchers have paid attention to broadband
photodetectors to control the integration cost and simplify the
assembly process, and applied them in digital photography,
optical sensing, and night vision applications.6–13
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Traditional broadband photodetectors are prepared from
inorganic semiconductor materials (such as Si, MoS2 and
InGaAs), whereas, the materials are expensive and the
manufacturing process is complicated.14,15 Compared to inor-
ganic semiconductors, organic small-molecule semiconductors
have attracted considerable attention in optical detection
applications, because of their cost-effectiveness, exibility,
amenability to roll-to-roll large area producing, compatibility
with plastic substrates, tunable molecular structures, and
broader light range response.13,16–20

Fullerene (C60), as an electron acceptor with fast photoin-
duced charge transfer properties, is a promising candidate for
organic photodetectors. For example, C60 single-crystal arrays
and microribbons have been prepared through solvent-assisted
methods and exhibited an excellent photoresponse and high
photoresponsivity.21,22 However, the weak visible light absorp-
tion and high electronic transition energy levels (HOMO /

LUMO) of C60 limit its application in broadband photodetec-
tors. To realize a fullerene broadband photodetector, a material
with strong absorption in the visible light region was selected to
form a heterojunction with fullerene, thereby broadening the
absorption spectrum of the device.23–26 For example, Peng and
co-workers successfully achieved an excellent broadband
optical response from the ultraviolet to the near-infrared region
by constructing a fullerene (C60)/AlClPc planar heterojunction
structure.23 It showed a high responsivity of 94.4 A W�1, and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 UV-vis absorption of C60, NiTPP, and NiTPP-C60 in o-DCB.
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a detectivity of �1.5 � 1013 Jones. Gong et al. prepared a bulk
heterojunction structure based on a donor–acceptor (D–A)
conjugated polymer PBBTPD and tri-PC61BM, which achieved
light detection in the wavelength range from 350 nm to
2500 nm, and showed a responsivity of 5 � 10�2 mA W�1 at
800 nm and detectivity higher than 1011 Jones.27 Lu et al.
fabricated a planar heterojunction of CuPc/C60, which exhibited
a responsivity of 0.094 A W�1.25 However, the contact area
between the donor and acceptor in a planar heterojunction
structure is small, which greatly limits the photoelectric
conversion efficiency of the device. For bulk heterojunction
structures, the transportation of charge carriers to the electrode
is sensitive to the morphology and particle size of the material.28

A large particle size will result in a small contact interface area
of the donor and acceptor and low efficiency of exciton disso-
ciation, while, if the particle size is too small, the numbers of
particles will increase and the transportation of carriers will be
restricted.

Thus, we propose to connect an electron donor unit pos-
sessing strong absorption in the visible light region to fuller-
enes to form a single-molecule D–A intramolecular
heterojunction. In this way, the excitons generated by light
absorption are dissociated inside the molecules, and the
generated carriers are also transported within the molecules,
which fundamentally avoid the inuence of phase separation
between the donor and acceptor on the dissociation of exci-
tons.29–35 Porphyrin molecules are macrocyclic conjugated
electron-rich compounds that can act as electron donors and
exhibit strong absorption in the visible light region.36,37 By
contrast, fullerenes are electron-decient molecules that can act
as electron acceptors38 and show strong absorption in the UV
region. Modication of a fullerene cage with a porphyrin
structure through covalent bonds to form a D–A dyad molecule
could realize broad spectral absorption. Moreover, fullerene–
porphyrin dyads were found to exhibit photoinduced electron
transfer properties,39–42 making them promising candidates for
broadband photodetectors.

The photoelectric performance of fullerenes depends heavily
on their morphology and crystallinity. Highly ordered crystal-
line fullerene micro/nano-structures can dramatically enhance
the photoresponse performance. One-dimensional (1D) crys-
talline fullerene structures are of particular interest for opto-
electronic devices due to the presence of effective channels for
charge transportation, enabling a superior optical and electrical
response.43,44 However, the preparation of large-area and highly
ordered fullerene micro/nanostructure arrays is challenging
and has rarely been reported. One-dimensional fullerene
structures obtained from the solution process are generally
discontinuous C60 crystals or oriented in one direction at
a random position,44–46 which is unfavorable for the fabrication
of large-scale integrated devices and impedes their practical
applications. Thus, the synthesis of large-area and long-
distance ordered fullerene-porphyrin dyad single crystalline
arrays is desirable for high-performance broadband
photodetectors.

In this work, a fullerene–nickel tetraphenylporphyrin dyad
(NiTPP-C60) was synthesized and assembled to a large-area
© 2021 The Author(s). Published by the Royal Society of Chemistry
single-crystal microwire array by the “liquid bridge induced
assembly” (LBIA) method.47–49 For comparison, crystalline
microwire arrays of C60 and NiTTP with different concentrations
were prepared as well. The average width of the microwires
increases with fullerene concentrations. Attributed to the
complementary spectra of C60 and NiTPP in the UV-Vis region,
the devices fabricated with NiTPP-C60 microwire arrays as
a light-absorbing layer show an excellent broad-spectral
response. The performances of the NiTPP-C60 photodetector
are superior to those of C60 and NiTPP detectors. The strategy
presented here provides a clue for future design and synthesis
of functional fullerenes and their large-scale 1D crystal arrays
for broadband photodetectors with a spectral response from the
ultraviolet to the visible region and even to the near-infrared
region.
2. Results and discussion

The fullerene–porphyrin dyad (NiTPP-C60) was synthesized
according to a previous report.50 UV-vis-NIR spectroscopy is one
of the most convenient techniques to study the optical
absorption characteristics of materials. Fig. 1 shows the UV-
visible absorption spectra of C60, NiTPP, and NiTPP-C60 in
dichlorobenzene (o-DCB). C60 exhibits a strong absorption in
the ultraviolet region at 336 nm and a weak absorption in the
visible region at 404 nm. For NiTPP, a strong absorption peak
appears at about 418 nm, which is the Soret absorption band
generated by the electron transition of the porphyrin molecule
a1m(p)–eg(p*). Another absorption peak around 530 nm is a Q-
band absorption peak generated by an electron transition
between the porphyrin molecules a2m(p)–eg(p*). The absorption
spectrum of NiTPP-C60 can be seen as a combination of the
absorption spectrum of C60 and NiTPP. NiTPP-C60 exhibits
absorptions in the range of 300 to 600 nm, indicating its
potential application for broadband photodetectors.
Nanoscale Adv., 2021, 3, 1096–1105 | 1097
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Fig. 2 (a–c) SEM images of an asymmetric infiltrating template. (d) Assembly process of one-dimensional microwire arrays of NiTPP-C60.
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To obtain a large-scale photodetector device, a liquid-bridge
induced assembly method was applied.51–53 A designed micro-
pillar template (Fig. 2a–c) was used to prepare large-area micro-
wire arrays. The width and height of the microcolumns are 5 mm
and 15 mm, respectively, and the spacing between two adjacent
microcolumns is 20 mm. Notably, the sidewall of the micro-
column template is modied with hepta-
uorododecyltrimethoxysilane (FAS) molecules to make its
wettability different from the top, which is a key to microwire
crystallization. o-Dichlorobenzene (o-DCB) was chosen as the
solvent to dissolve NiTPP-C60 for the subsequent crystallization
due to its high solubility for fullerene derivatives and slow
evaporation rate. Fig. 2d displays the self-assembly process of the
microwire arrays. 15 ml of the NiTPP-C60 solution with respective
concentrations of 0.5, 1, and 2 mg ml�1 was carefully dropped
onto the substrate, followed by gentle covering with a template.
The assembled device was then put in an oven for evaporation (80
�C). Single-crystal microwire arrays were successfully crystallized
aer 12 h. During the preparation process, the fullerene solution
is conned in the gaps of the microcolumns, and the top of the
lyophilic microcolumn is to adjust the position and size of the
microwires, which allow fabrication of large-scale, high-
crystallinity and highly ordered microwires.52

The optical and scanning electron micrographs of the assem-
bled structures of NiTPP-C60 display a large-area and orderly
1098 | Nanoscale Adv., 2021, 3, 1096–1105
arrangedmicrowire array (Fig. 3a–f and S1 in the ESI†). The size of
the microwires is uniform and no apparent defects or ruptures are
present in SEM and optical images. NiTPP-C60 microwires
prepared from 1 mg ml�1 solution display smoother surfaces and
edges than those from 0.5 mg ml�1 and 2 mg ml�1 NiTPP-C60,
which are critical to achieve fast electron transport within the
microwire to promote efficient conversion of an optical signal into
an electrical signal, thus achieving high device performances. For
comparison, the microwire arrays of C60, and NiTPP at the
concentrations of 0.5, 1 and 2 mg ml�1 were prepared as well by
the same procedures as described for NiTPP-C60 (Fig. S2 and S3†).
It is found that the microwire arrays prepared from 1 mg ml�1

solution exhibit bettermorphology with fewer defects. Notably, the
width of microwires is an important parameter for calculating the
responsivity of a photodetector, and thus, we prepared ve
samples at each concentration and randomly selected ten micro-
wires from each sample to count the width. We found that the
microwire width is controlled by fullerene concentrations. As the
concentration of NiTPP-C60 increases from 0.5 to 2 mg ml�1, the
major width distribution increases from 3.15 to 3.5 mm (Fig. S4†).
The same tendency was observed for C60 and NiTPP microwires
(Fig. S5†). The width statistics of C60, NiTPP and NiTPP-C60

microwires with different concentrations are listed in Table S1.†
The structure of NiTPP-C60 microwires prepared from 1 mg

ml�1 solution has better morphology and was further
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optical (a–c) and SEM (d–f) images of NiTPP-C60 microwire arrays at concentrations of 0.5 mg ml�1, 1 mg ml�1 and 2 mg ml�1,
respectively. (g) 3D-AFM and height distribution images of NiTPP-C60 microwires at a concentration of 1 mgml�1 (h) HRTEM and corresponding
FFT images of NiTPP-C60 (1 mg ml�1) microwire.
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characterized using a three-dimensional (3D) atomic force
microscope (AFM) andHRTEM. As shown in Fig. 3g and S6,† the
crystal has a at, clean, and smooth surface with a uniform
thickness of�90 nm, and the height difference of the microwire
in the longitudinal direction is less than 3 nm, which lay the
foundation for the high-speed migration of electrons in the
microwire.54 AFM tests on C60 and NiTPP microwires prepared
from 1 mg ml�1 solution were also performed. Both microwires
show smooth, at surfaces and a uniform height of �90 nm,
© 2021 The Author(s). Published by the Royal Society of Chemistry
reecting the high crystallinity of the microwires (Fig. S7†). The
HRTEM image of NiTPP-C60 microwires (Fig. 3h) demonstrates
the preferred growth orientation of fullerene molecules. It
shows clear lattice planes with a measured d value of 9 Å. The
fast Fourier transformation (FFT) image (inset image) displays
regular single-crystal diffraction spots, implying that the as-
formed microwires are highly crystalline.

Photodetection measurements were performed to study the
applications of NiTPP-C60 microwire arrays in broadband
Nanoscale Adv., 2021, 3, 1096–1105 | 1099
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Fig. 4 (a) Schematic diagram of the photodetector device based on
microwire arrays grown from 1mgml�1 NiTPP-C60 and (b) SEM images
of the corresponding device.
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photodetectors. The device structure fabricated with microwire
arrays and the corresponding SEM image are shown in Fig. 4.
Gold (Au) as an electrode material was deposited on both ends
Fig. 5 I–T curves of the NiTPP-C60 (1 mg ml�1) microwires measured a
under different optical power intensities. Single-cycle optical response of
density, (d) 425 nm light and 1.05 mW cm�2 density, (f) 530 nm light and
cm2 for all photoelectric detection devices, and VGS ¼ VDS ¼ 10 V.

1100 | Nanoscale Adv., 2021, 3, 1096–1105
of the microwires by a thermal evaporation method (Fig. 4a).
The effective area between two Au electrodes that directly affects
the performance of the device can be determined by the width
and the valid numbers of microwires. The numbers of effective
microwires can be counted through the SEM image in Fig. 4b.

The photocurrent–time (I–T) diagram of the NiTPP-C60

microwire device shows long-term stable photoelectric response
characteristics under a periodic light stimulation at 350 nm,
425 nm, and 530 nm, respectively (Fig. 5a, c and e). An increase
in optical power density can activate more electron–hole pairs
in the microwires and lead to a larger photocurrent. The
photocurrent under a 425 nm light source (�530 nA) is more
signicant compared with that under 350 nm (�326 nA) and
530 nm (�150 nA) light sources, which agrees well with the
strongest absorption of NiTPP-C60 at 425 nm. The fast photo-
response of the detector to the three light sources was
t room temperature with (a) 350 nm, (c) 425 nm and (e) 530 nm light
the device (b) under 350 nmUV light and 0.75 mW cm�2 optical power
1.14 mW cm�2 density. The effective light-receiving area is 5.84 � 10�5

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Responsivity of NiTPP-C60 (1 mg ml�1) microwires (a) at 350 nm, (c) 425 nm and (e) 530 nm under different optical power densities. Rise
and decay time of NiTPP-C60 (1 mg ml�1) microwires (b) at 350 nm, (d) at 425 nm and (f) at 530 nm light under different optical power densities.
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demonstrated in the single-cycle I–T curves and the response
time is 0.08–0.1 s (Fig. 5b: 350 nm, 0.75 mW cm�2; Fig. 5d:
425 nm, 1.05 mW cm�2; Fig. 5f: 530 nm, 1.14 mW cm�2). The
photocurrent–voltage (I–V) curves of the devices measured in
the dark and under irradiation with three wavelength light
sources display a linear relationship between the current and
voltage (Fig. S8†), indicating that the microwire arrays are in
ohmic contact with the gold electrodes, which is favorable for
current input and output.

Correspondingly, the photoelectric detection performances
of C60 and NiTPP microwire arrays were also tested. The
assembly process and the structures of the devices are the same
as those of NiTPP-C60 (Fig. S9a and S10a†). The effective
numbers of the microwires between two Au electrodes can be
intuitively obtained from SEM images (Fig. S9b and S10b†). As
can be seen from the absorption spectrum, C60 only shows
strong absorption in the ultraviolet region at �340 nm. There-
fore, the photoelectric response characteristics of the C60

microwire arrays were measured only at 350 nm UV light on/off
(Fig. S9c†). The device showed stable light/dark current during
© 2021 The Author(s). Published by the Royal Society of Chemistry
multiple cycle tests, a fast photoresponse of �0.09 s and a high
photocurrent of �270 nA (Fig. S9d†) at an optical power density
of 0.75 mW cm�2. NiTPP has two absorption peaks in the visible
light region. Therefore, the photoelectric responses of the
NiTPP microwires to blue-violet light at 425 nm and green light
at 530 nm were explored. The switching performance of the
NiTPP microwire-based photodetector is demonstrated in the I–
T curve in Fig. S10c–f.† The response is fast, stable and
repeatable, showing a response time of �0.09 s to the pulsed
light at 425 nm and �0.15 s at 530 nm. The photocurrents are
�358 nA at 425 nm under 1.05 mW cm�2 optical power density
and �100 nA at 530 nm under 1.14 mW cm�2 optical power
density. Comparing the results obtained from C60, NiTPP and
NiTPP-C60, it was found that molecular engineering by modi-
fying C60 with NiTPP not only broadened the light detection
range but also enhanced the intensity of photocurrent.

The performances of photodetectors are reected primarily
by the response time and responsivity. Responsivity (R) is the
photocurrent passing through the effective illumination area of
Nanoscale Adv., 2021, 3, 1096–1105 | 1101
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a detector at unit optical power, which can be expressed by eqn
(1):

R ¼ Il � Id

PS
(1)

Il is the photocurrent, Id is the dark current, P is the optical
power density, and S is the effective illumination area of the
device. For microwire arrays, the effective illumination area can
be calculated using eqn (2):

S ¼ L � W � n (2)

L is the distance between the electrodes, W is the average width
of the microwires, and n is the number of effective microwires.
The W values of NiTPP-C60 microwires can be obtained from
Table S1,† and the values of L and n can be obtained from the
SEM image of the device in Fig. 4b. The value of Swas calculated
as 5.84 � 10�5 cm2, which was then substituted into eqn (1) to
plot the responsivity–optical power density curves (R–P) under
three light sources (Fig. 6a, c and e). The highest responsivity of
the detector under three illuminations is calculated as 8.92 A
W�1 (350 nm), 11.9 A W�1 (425 nm), and 3.11 A W�1 (530 nm),
respectively. Notably, the responsivity decreases as the optical
power density increases (Fig. 6a, c and e) because the respon-
sivity is the ratio of the average output current to the average
Table 2 Photoelectric performance parameters of fullerene-based broa

Materials
Light source
(nm) Pin [mW cm�2]

PDPP3T/PTB7/PC71BM 680 —
850 —

VTP/PC71BM 650 100
P3HT/PTB7-Th/PC71BM 550 0.016
PCBM/CsPbBr3 447 3.5
C60/Cu2O 405 45

532 45
C60/AlClPc 450 —

650 —
808 —

TIPS-PEN/C60 350 1.5
650 1.5
720 1.5

NiTPP-C60 350 0.34
425 0.51
530 0.41

Table 1 The comparison of photoresponse performances of the C60,
NiTPP and NiTPP-C60 photodetectors

Materials
Light source
(nm) Pin [mW cm�2] son (s) soff (s)

R
[A W�1]

C60 350 0.34 0.09 0.10 4.91
NiTPP 425 0.51 0.20 0.10 4.02

530 0.41 0.30 0.18 1.34
NiTPP-C60 350 0.34 0.09 0.14 8.92

425 0.51 0.09 0.10 11.9
530 0.41 0.11 0.09 3.11
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power of the incident light. The numbers of photoelectrons
generated by light excitation will remain unchanged aer
reaching the maximum, as will the average output current.
However, the average power density of the incident light is
constantly increasing. Therefore, the R–P curve shows a down-
ward trend, and a similar phenomenon was observed from C60

(Fig. S11†) and NiTPP (Fig. S12†) microwire photodetectors.
Under the same experimental conditions, the responsivity of the
NiTPP-C60 microwire photodetector is 2–3 times higher than
that of C60 and NiTPP photodetectors (Table 1, Pin: power
density, son: rise time, soff: decay time R: responsivity). This is
ascribed to the structural advantage of NiTPP-C60, which
provides a transport path for electrons through C60 and holes
through NiTPP, thereby preventing the recombination of the
dissociated electrons and holes. The electrons aer being
accepted by the fullerene dri rapidly in the microwire under an
external electric eld. Thus, the D–A heterojunction structure of
fullerene and metalloporphyrin can increase the electron
mobility and enhance the photoelectric properties.

Response time curves of the NiTPP-C60 photodetector under
different light sources/power densities are given in Fig. 6b,
d and f. A fast photoelectric response was observed during the
ascent process (red curve, rise time: 0.08–0.16 s) and the decay
process (black curve, decay time: 0.08–0.20 s). The photodetec-
tors based on C60 (Fig. S11†) and NiTPP (Fig. S12†) microwire
arrays also exhibit fast light response characteristics. The
response time mainly relies on the dri velocity of carriers,
which is largely affected by the arrangement of molecules
within the crystals. Highly ordered molecular arrangement and
the fewer defects in the microwires lead to fast movement of the
electrons, thereby accelerating the response times. From the
analysis and comparison of two crucial performance parame-
ters of the three photodetectors (Table 1), we can draw the
following conclusions: (i) the combination of the excellent light
absorption characteristics of porphyrin molecules and the good
electron transportation properties of fullerene molecules
account for the high photocurrent of NiTPP-C60, (ii) the highly
dband photodetectors

son (s) soff (s) R [A W�1] Ref.

— — 0.25 55
— — 0.29
0.35 0.4 0.23 56
— — 0.172 57
— — 0.1 58
0.05 0.01 — 26
0.135 0.015 —
2.44 � 10�4 5.48 � 10�4 94.4 23
2.28 � 10�4 3.79 � 10�4 3.27
5.02 � 10�4 6.23 � 10�4 2.65
0.78 0.82 165.5 24
0.91 0.89 149.5
0.94 1.21 22.5
0.09 0.14 8.92 This work
0.09 0.11 11.6
0.11 0.09 3.11

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Energy level diagram and charge transport mechanism of the
NiTPP-C60 photodetector.
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crystalline microwires arrays are responsible for the rapid light
response of photodetectors, and (iii) the D–A intramolecular
heterojunction facilitates exciton dissociation and charge
carrier transportation. The results of fullerene-based broad-
band photodetectors are compared in Table 2. Our device shows
a higher responsivity55–58 and faster response time24,56 than most
of the fullerene heterojunction devices.

In order to well understand the excellent photodetection
performances of the manufactured NiTPP-C60 photodetector,
a possible mechanism is proposed here. According to the
HOMO–LUMO values of C60 and NiTPP,23,59 the energy level
diagram of the NiTPP-C60 intramolecular heterojunction is
shown in Fig. 7. When the NiTPP-C60 device was exposed to
light, both NiTPP and C60 could absorb photons to generate
excitons, which quickly dissociated to electrons and holes. The
electrons in NiTPP LUMO spontaneously transferred to the
LUMO of C60, while the holes remain in the HOMO. The holes
generated in C60 spontaneously transferred to the HOMO of
NiTPP, while the electrons remained in the LUMO. Under an
external electric eld, electrons generated by light excitation in
the D–A molecules can be quickly absorbed by C60 and dri
rapidly in the highly crystalline microwires to the negative
electrode, and holes move along the NiTPP to the positive
electrode, thus forming photocurrent, which effectively prevent
the recombination of excitons.
3. Conclusion

In summary, a fullerene molecular broadband photodetector
was successfully constructed through molecular engineering.
The addition of a nickel porphyrin onto the fullerene cage not
only broadens the absorption range, but also promotes effective
and fast charge carrier transfer. Large-area single-crystal arrays
of NiTPP-C60 are realized by the liquid bridge induced assembly
method, which makes the fabrication of integrated devices
possible. The NiTPP-C60 broadband photodetector exhibited
superior performances, mainly a fast response (350 nm: son <
0.09 s; 425 nm: son < 0.10 s; 530 nm: son < 0.08 s) and high
responsivity (350 nm: 8.92 A W�1, 425 nm: 11.6 A W�1, 530 nm:
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.11 A W�1), which are attributed to the high crystallinity,
ordered molecular arrangement, efficient exciton dissociation
and excellent charge carrier transport properties. This work
brings ideas for the design of fullerene-based large-scale
broadband photodetectors. By extending the conjugation
length of porphyrin, the absorption would be extended from the
visible to the NIR region. We believe that molecular engineering
represents a general strategy for the preparation of molecules
needed for broadband photodetectors.
4. Experimental section
Substrate pre-treatment

The SiO2 (300 nm)/Si substrate was soaked in a H2SO4/H2O2 (v/v
¼ 3 : 1) solution for three hours, cleaned with acetone, ethanol,
and deionized water, respectively under ultrasonication for ten
minutes, and then dried with argon. The treated substrate was
immersed in octadecyl trichlorosilane (OTS) solution for half an
hour and then dried with a xenon lamp.
Preparation of NiTPP-C60, C60 and NiTPP solutions

1 mg, 2 mg and 4 mg NiTPP-C60 powder was dissolved in 2 ml of
o-dichlorobenzene, respectively under ultrasonication for two
hours, and then the solution was ltered to obtain clear NiTPP-
C60 solutions with concentrations of 0.5 mg ml�1, 1 mg ml�1

and 2 mg ml�1, respectively. 0.5 mg ml�1, 1 mg ml�1 and 2 mg
ml�1 solutions of C60 and NiTPP solutions were prepared by the
same procedure.
Preparation of C60, NiTPP and NiTPP-C60 microwire arrays

15 ml of each NiTPP-C60, C60 and NiTPP solution was gently
dropped onto the treated SiO2/Si substrate. Then, a template
was horizontally covered on the substrate to prepare a device,
which was placed in an oven at 80 �C for 12 hours.
Photoelectric measurements

A test platform is mainly composed of a probe station, Keithley
2611B source meter, Charge-coupled Device (CCD), display,
light source, and TTL signal generator. A combination of the
display and the monocular microscope with the CCD can
magnify the image of the area between the electrodes of the
photodetector, so that the probe can come into contact with the
electrodes more accurately. The probe and the photodetector
electrodes form a loop which is connected to the Keithley 2611B
digital source meter. The source meter provides stable bias
voltage and time counting, and collects photocurrent and dark
current data of the devices. The TTL signal generator is used to
output a square wave signal and connect the light source to
control the switch of the light source to obtain data such as
photocurrent rise/decay time. Specically, in this experiment,
the gate voltage (VGS) and the bias voltage (VDS) are both set to
10 V. The TTL signal generator was set to provide a square wave
signal with a frequency of 0.0005 kHz, which controlled the
light source to turn on and off for 1 second, and repeated the
cycle.
Nanoscale Adv., 2021, 3, 1096–1105 | 1103
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