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The narrow bandgap of the low-energy near-infrared (NIR) polymer would lead to overlap between
adjacent energy levels, which is a major barrier to the preparation of Vis-NIR polymer bulk heterojunction (BHJ) photodetectors with small responsivity and photocurrent. In this study, a highperformance lateral inorganic-organic hybrid photodetector was constructed to eliminate this barrier
by combining GaN nanowires (GaN-NWs) with PDPP3T:PC61BM-based BHJ. In stage one, high-quality
GaN-NWs were synthesized by the catalyst-free CVD method. The mechanism for controlling GaNNWs morphology by adjusting the NH3 ﬂow rate was revealed. In stage two, the GaN-NWs with large
electron mobility were used to accelerate the transfer of photogenerated carriers in the BHJ layer. Finally,
compared with the BHJ device, the BHJ/GaN device demonstrated obvious improvements in responsivity
and photocurrent at the wavelength between 400 and 1000 nm. The responsivity and photocurrent
increased over 20-fold at the NIR band of 800e900 nm. Besides, owing to the energy level gradient effect,
the BHJ/GaN device has a response speed of 7.8/<5.0 ms, which increases over three orders of magnitude
than that of the GaN-NWs-based device (tr/tf: 7.1/10.9 s). Therefore, the novel device structure proposed
in this work holds great potential for preparing high-performance Vis-NIR photodetectors.
© 2022 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The visible to near-infrared (Vis-NIR) photodetectors based on
the polymer bulk heterojunction (BHJ) blend consisting of the
donor (hole transport material) and acceptor (electron transport
material), because of their advantages of ﬂexibility and large-area
processing, are widely used in ﬁelds, such as image sensing, bioimaging, and environmental monitoring [1e4]. In general, the
acceptor materials such as PC61BM and PC71BM provide visible
absorption by combining with the near-infrared (NIR)-absorbing
donor materials [5,6]. However, the narrow bandgap of NIR polymers limited the photoelectric conversion efﬁciency (low

photocurrent) [7e9]. Therefore, it is urgent to improve the
responsivity and the photocurrent of the Vis-NIR photodetectors at
the NIR band.
The high-quality inorganic semiconductor materials with high
mobility have been introduced into the organic layer to construct
organic-inorganic photodetectors [10e16]. For instance, Chen et al.
[12] developed a PANI/ZnO core-shell organic-inorganic photodetectors, which showed a responsivity of 0.56 mA W1 and a rapid
response speed of 0.11/1.45 ms. Yan et al. [13] combined an organic
interface with Ag NWs to suppress the dark current but enhance
the photocurrent/responsivity of TiO2-based photodetectors. Dong
et al. [14] utilized dual QD (ZnO and PbS) to enhance the response of
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opposite to the direction of the ﬂow of Ar/NH3 (Fig. S1). During the
reaction, the NH3 gas would diffuse into the quartz boat to react
with the gallium source successfully. The reaction follows the
following equation: [25]

the P3HT:PCBM-based UV-NIR photodetectors. Rim et al. [15] obtained high-performance UV-NIR phototransistors by accelerating
the electron transfer of the PBDTT-DPP:PCBM layer in the NIR band
with high electron mobility of the IGZO. In our previous work, ZnO
was doped into organic materials to construct organic-inorganic
lateral photodetectors (L-PDs) with excellent stability and fast
response speed [16]. However, the photocurrent of the resultant LPDs decreased because ZnO trapped the photogenerated electrons
and quenched the photogenerated holes. Hence, it is necessary to
ﬁnd a new inorganic semiconductor material to construct highperformance organic-inorganic L-PDs.
As one-dimensional inorganic semiconductor materials, the
GaN-NWs made of high-quality crystal with large electron mobility
show great potential for the preparation of photo-electric devices
[17e19]. For example, Zhang et al. [18] prepared an ultrasensitive
photodetector at the UV-A band with individual bi-crystalline GaNNWs. Song et al. [19] reported a self-powered Ti3C2Tx/GaN based
ultraviolet photodiode with large responsivity (284 mA W1) and
fast response speed (7.55 ms/1.67 ms), and the enhanced device
performance were mainly caused by photocarrier separation in
robust Schottky-junction-induced built-in electric ﬁeld. The
methods proposed to synthesize GaN-NWs mainly include molecular beam epitaxy (MBE), hydride vapor phase epitaxy (HVPE),
metal-organic chemical vapor deposition (MOCVD), and chemical
vapor deposition (CVD), among which the CVD method is preferred
due to its simplicity and low cost [20e23]. With the CVD method,
the GaN-NWs with various shapes can be synthesized by changing
the reaction temperature, source to substrate distance, and reactor
pressure [24]. The electrical performance of the GaN-NWs is
affected by their shape, size and surface morphology. The
morphology of the GaN-NWs determines their utilization potential
in preparing organic-inorganic hybrid photodetectors. In this work,
the high-quality GaN-NWs were synthesized without catalyst via
the CVD method. The size of GaN-NWs was effectively controlled by
changing the NH3 ﬂow rate. A physical model was proposed to
describe the growth of GaN-NWs. In the end, the device performance, especially the responsivity and the photocurrent, was
assessed after introducing the GaN-NWs into the BHJ layer.

Ga (g) þ NH3 (g) / GaN (s) þ 3/2H2 (g)

(1)

A stable gas ﬂow during the reaction process enables the full
contact between Ga droplets and the substrate surface [26]. It is
worth noticing that since the concentration of Ga droplets was
signiﬁcantly higher than that of the NH3, the continuous introduction of NH3 into the Ga droplet in the early reaction stage
promotes the formation of GaN nucleus, which would further grow
in the Ga-rich area at the later stage [26,27]
Device fabrication. The device fabrication process is shown in
Fig. 1. Firstly, the GaN-NWs were lightly detached from the quartz
boat with a needle. Secondly, the GaN-NWs (0.5 wt%) were mixed
with ethanol to prepare a GaN-NWs suspension. Before dropcoating, the suspension was vibrated to prevent the GaN-NWs
from sinking. The dosage of the drop-coated suspension was
controlled at about 150 mL. The drop-coating of the suspension was
repeated for 5 times (30 mL each time) to ensure the uniform distribution of the GaN-NWs on the quartz substrate. It should be
noted that before the drop-coating of the GaN-NWs, the quartz
substrate was heated at 90  C for 10 min to realize rapid drying of
the GaN-NWs suspension. In this way, the adhesion force between
the GaN-NWs and the substrate was also increased. For GaN/BHJ
device, the PDPP3T:PC61BM layer was prepared by hot drop-coating
at 90  C. The use of chloroform with a low boiling point (62  C)
enables the PDPP3T:PC61BM (1:1) solution to dry quickly without
changing the position of GaN-NWs on the substrate. Here, the
PDPP3T:PC61BM (0.2 wt%) solution was stirred at 90  C for over
12 h. The PDPP3T:PC61BM layer in the GaN/BHJ device could provide NIR spectral absorption and ﬁx the GaN-NWs via using the
long chain segment of polymer. The PDPP3T:PC61BM-based device
(BHJ device) was also fabricated by hot drop-coating (Fig. S5). The
BHJ layer annealed at vacuum (100  C) for 10 min to eliminate the
traps and obtain optimal ﬁlm orientation. The source and drain
electrodes of the device were prepared by thermally evaporating
Ag ﬁlm (100 nm). The channel length and width of the devices were
controlled at 40 mm and 1000 mm, respectively.
Measurements. The scanning electron microscope (SEM), X-ray
diffraction (XRD), Photoluminescence (PL) were used for the characterization of GaN-NWs by JEOL JXA-8100, Rigaku Smartlab 9 kW,
and Horiba Jobin Yvon iHR550, respectively. The high-resolution
transmission electron microscope (HR-TEM) images of the GaNNWs were obtained by JEM-2100F. The absorption spectra of
PDPP3T:PC61BM layer was measured by Shimadzu UV-3100 spectrophotometer. The thickness of the PDPP3T:PC61BM ﬁlm
(~900 nm) was performed on Dektak 150 (Veeco). The electrical
performance of the devices was tested in the air using a semiconductor parameter analyzer (Keeithley 2636B) with Cascade
probe station. The light sources for illumination were provided by
405 nm laser and Opolette 355 LD (20 Hz).
Calculation formulate. The responsivity (R) and the gain (G) of
a photodetector were calculated by the following equation: [18,28]

2. Experimental section
Materials. The ethanol (99%) and CHCl3 (99.8%) were purchased
from Sigma-Aldrich. Gallium (Ga, 99.99999%) and PC61BM were
bought from Aladdin and 1-Material, respectively. PDPP3T was
provided by Solarmer Materials. The purity of the argon (Ar) gas
and ammonia (NH3) exceed 99.999% and 99.9999%, respectively. All
the commercially available chemicals were used without further
puriﬁcation. The quartz substrates were used after ultrasonic and
plasma cleaning.
GaN-NWs growth process. The preparation of the GaN-NWs via
the CVD method was performed in a horizontal tube furnace
(Fig. S1). The quartz boat loaded with 0.025 g Ga was placed in the
center of the reaction chamber. The Ar gas with 15 sccm (standard
cubic centimeters per minute) was used as protective and carrier
gas during the whole reaction process, as shown in Fig. S2. When
the temperature reached 1050  C, a mixture of NH3 and Ar gas was
selected as the reaction gas, and the reaction process lasted for
30 min. The Ar gas ﬂow rate was maintained at 15 sccm, while NH3
ﬂow rate was different (15 sccm, 20 sccm, 25 sccm).
At a temperature above 29.8  C, solid Ga transformed into vapor
state. This Ga vapor was adsorbed on the quartz boat and gradually
condensed as nano-scale Ga droplets. When the temperature
reached 1050  C, the NH3 gas was introduced into the tube furnace
to react with Ga vapor. In order to avoid taking the gallium vapor
away, a quartz cover has been added, whose opening direction was

R¼

G¼

DIph
Pinc
hy
R
q

(2)

(3)

where DIph is the photocurrent, Pinc is the optical power incident on
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Fig. 1. The device fabrication process.

the channel, ℎ is the Planck constant, y is the frequency of light, and
q is the absolute value of the electron charge. Pinc ¼ LI  S, where LI
is the incident light intensity and S ¼ 3.2  105 cm2 is the light
illumination area.
Moreover, the speciﬁc detectivity (D*) of the device is related to
the noise current, which is mainly dark current shot noise [29].
Hence, the D* can be inferred as

R
D * ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2q  Jdark

3. Results and discussion
3.1. Physical property of GaN-NWs
Fig. 2 illustrates the physical properties of the GaN-NWs obtained via CVD method at 1050  C for 30 min (NH3 ﬂow ~ 15 sccm).
The EDS analysis results indicate that GaN-NWs only consist of Ga
and N elements (insert image of Fig. 2a). Meanwhile, the HR-TEM
images of the GaN-NWs (Fig. 2a-b) show that the interplanar
spacing is 0.28 nm and the adjacent atoms constitute an obvious
hexagonal structure (insert image of Fig. 2b). The SAED pattern of
GaN-NWs in Fig. 2c indicates that there are three crystal planes of

(4)

here, Jdark is the dark current density.

Fig. 2. (a)e(b) HR-TEM of GaN-NW, (c) SAED pattern, (d) SEM, (e) XRD, and (f) photoluminescence (PL) spectra. Here, the inset image in Fig. 2a is the energy dispersive spectrometer
(EDS) of the GaN-NWs, the inset image of Fig. 2b is the enlarged HR-TEM.
808
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GaN-NWs of ﬁne size can be obtained due to the lack of GaN nucleus at the outer surface of the GaN-NWs. At middle NH3 ﬂow rate,
the chance of the collision and reaction between NH3 and Ga vapor
on the outer surface increases, resulting in the formation of the
GaN-NWs secondary cores (Fig. 3e). However, the limited NH3 ﬂow
can only make the secondary cores form small particles (Fig. 3b). In
addition, the secondary cores of the GaN-NWs continue growing
with the increase of the NH3 ﬂow rate (Fig. 3f). The hexagonal
structure at the outer surface of the GaN-NWs in Fig. 3c validates
the physical model of the GaN-NWs growth. Meanwhile, it is worth
noticing that the growth in the size of the secondary cores is limited
since the GaN-NWs mainly grow along the Ga-rich direction. The
establishment of the physical model of the GaN-NWs growth will
provide theoretical guidance for synthesis in different GaN-NWs
diameters, which is conducive to the follow-up study of the GaNNWs photoelectric performance in practical applications.

(1 100), (011 0), and (101 0), and the crystal orientation is [0001].
According to SAED results, the GaN-NWs obtained by the catalystfree CVD method have typical hexagonal wurtzite type structure.
Interestingly, the [0001] orientation follows the “ABAB” stacking
sequence (Fig. 2c), suggesting that the synthesized GaN-NWs have
good crystal quality with monocrystals structure [30]. Besides, the
GaN-NWs are straight (length over 100 mm, diameter ~ 500 nm,
Fig. 2d) and are uniformly distributed on the substrate (Fig. S3). The
crystal structure of the GaN-NWs, as measured by the XRD (Fig. 2e),
can be further indexed to the hexagonal wurtzite structure. The
GaN-NWs used for testing XRD are randomly distributed, resulting
in many noise signals in the XRD pattern. Besides, limited by the
small mass of GaN-NWs used for testing XRD, the characteristic
peak intensity is relatively weak. A strong peak at 370 nm was
observed in the photoluminescence (PL) spectra of the GaN-NWs
(Fig. 2f) [31]. In addition, compared with the characteristic emission peak (3.4 eV) of the GaN ﬁlm [32], the emission peak (3.36 eV)
of the GaN-NWs experienced a red shift in energy. For lowdimensional materials, the red shift of the PL peaks is generally
affected by several factors such as strain, defects, stokes shift and
impurity [33,34]. The photon energy was calculated from the
equation: [35]

l¼

1:24
 103
Eg

3.3. Electrical performance parameters of L-PDs
The narrow bandgap of NIR polymer ﬁlms limits its ability to
obtain large photoelectric conversion efﬁciency in the NIR band,
which presents the low photocurrent and responsivity [7e9]. Highquality GaN-NWs usually have large electron mobility [17e19],
which promotes charge transfer. Hence, the GaN-NWs are combined with the NIR PDPP3T:PC61BM ﬁlm to improve the performance of L-PDs. The PDPP3T:PC61BM ﬁlm is a classical NIR-based
BHJ material, in which hole mobility (~0.04 cm2 V1 s1) of
PDPP3T is high and thus can promote the achievement of relatively
high photocurrent in organic material system [36]. In addition, the
diameter of GaN-NWs is selected as about 500 nm to prepare GaN/
BHJ device of relatively low surface roughness. The reason is that
when the GaN-NWs with large diameter are used in the GaN/BHJ
device, the following problems can arise: organic ﬁlms are difﬁcult
to cover the whole GaN-NWs; the roughness of the GaN/BHJ device
becomes very large due to the big GaN-NWs, leading electrodes
space to narrow or even overlap via thermal evaporation with
mask, which affects the electrical performance of the device.
The GaN/BHJ device and the BHJ device were fabricated on
quartz substrates (Fig. 4a and Fig. S5). Fig. 4b shows that both the
BHJ ﬁlm and the GaN-NWs/BHJ ﬁlm have broad absorption spectra
in the range of 300e1000 nm. In addition, the GaN-NWs for UVeVis
absorption spectra test have low concentration, leading to a very
weak absorption peak of the GaN-NWs (Fig. S6). However, absorption intensity of the GaN-NWs/BHJ ﬁlm enhances compared
with the BHJ ﬁlm probably because the surface of the GaN-NWs/
BHJ ﬁlm becomes rougher after introducing the GaN-NWs
(~500 nm). Zhang et al. have reported that GaN-NWs have the
strongest absorption near 200e350 nm, and still have large absorption near 350e450 nm, which guarantee the excitation and
generation of photocurrent under 400 nm light [18]. Based on the
above analysis, the 405 nm laser and Opolette 355 LD (20 Hz) were
selected as the light source to excite the photogenerated carriers in
this work. The ultraviolet photoelectron spectrometer (UPS) of
PDPP3T and PC61BM (Fig. 4c-f), was combined with the corresponding absorption spectra (Fig. S7) to obtain the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) energy levels (Table S1). The HOMO
levels are obtained from the valence band edges (Fig. 4c and e) and
the secondary electron cutoff (Fig. 4d and f), showing the HOMO
levels of the PDPP3T and PC61BM are 5.23 and 5.96 eV, respectively
(Table S1). The LUMO levels are determined by an optical bandgap
from the UVevis absorption spectra (Fig. S7) and the HOMO levels,
which shows that the LUMO levels of the PDPP3T and PC61BM are
3.87 and 4.12 eV, respectively (Table S1). Furthermore, a comparison of energy levels among different materials (Fig. 4g-i) shows

(5)

where l is the wavelength, Eg is the bandgap energy.
The above physical properties of the GaN-NWs show that highquality single crystals of nanowires can be obtained by a simple
CVD method, which is beneﬁcial for their practical application in
optoelectronic devices.

3.2. The mechanism of controlling GaN-NWs morphology
Fig. 3 and Fig. S4 demonstrate the effects of changing NH3 ﬂow
rates on the morphology of the GaN-NWs. At NH3 ﬂow rate of 15
sccm, synthesized GaN-NWs with small diameter (~500 nm) are
formed by hexagonal stacks (Fig. 3a). With the increase of the NH3
ﬂow rate, the diameter of the GaN-NWs became larger (~1.5 mm),
and the outer surface of the GaN-NWs was covered by ﬁne particles
(Fig. 3b). The increasing diameter of the GaN-NWs (~4.0 mm) leads
to an obvious disordered hexagonal structure in the outer surface
(Fig. 3c). The above results indicate that the morphology of the
GaN-NWs can be effectively controlled by changing the NH3 ﬂow
rate. In other words, further increase (or reduction) of the NH3 ﬂow
rate can be regulated to obtain larger (or smaller) GaN-NWs, and
this method therefore meets the size requirements of the GaN-NWs
in different application condition.
A physical model of this catalyst-free method was established to
explain how the growth of the GaN-NWs is affected by the NH3
ﬂow rates (Fig. 3d-f). In the reaction process, the GaN-NWs grow
along with the crystal orientation of [0001] after the formation of
GaN nucleus (Fig. 2c). At low NH3 ﬂow rate, the GaN-NWs mainly
grow towards the Ga-rich area [24,25]. This phenomenon is caused
by two reasons. The ﬁrst reason is that the Ga vapor continuously
accumulates at the Ga-rich area, which ensures supplement of
reactive Ga source and provides a favorable nucleation and growth
orientation. The second reason is that the Ga-rich area is located at
the top of the GaN-NWs during growth process, and there is only
slight Ga vapor in the outer surface of the GaN-NWs. In this case,
the formation of GaN nucleus is difﬁcult on the GaN-NWs outer
surface since the likelihood that the NH3 collides with Ga vapor is
low. When collided with the outer surface of the GaN-NWs, the Ga
vapor would bounce back into the tube furnace (Fig. 3d). Hence, the
809
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Fig. 3. SEM image of GaN-NWs reaches at 1050  C (30 min) with different NH3 ﬂow rate: (a) 15 sccm, (b) 20 sccm, and (c) 25 sccm. Schematic diagram of GaN-NWs growth
mechanism via catalyst-free CVD method with different NH3 ﬂow rate: (d) low, (e) middle, (f) high.

crystals instead of a smooth straight line. In addition, combining
Formula (5) and PL spectrum of the GaN-NWs (Fig. 2f), the characteristic emission peak (3.36 eV) of the GaN-NWs experiences a
red shift energy compared with emission peak (3.4 eV) of the GaN
ﬁlm [32], further indicating the existence of traps in the GaN-NWs.
The light-on current of the GaN/BHJ device (1.56  106 A) is
obviously larger than that of the BHJ device (3.6  108 A) due to
the high mobility of GaN-NWs (Fig. 5a-b). The big light-on current
in the GaN/BHJ device mainly comes from the GaN-NWs since the
light-on and light-off current of the GaN-NWs-based device
maintains at the same level as those of the GaN/BHJ device at
10.2 mW/cm2 (Fig. 5b, Fig. S10a). It can be noted that the ampliﬁed
light-on current (about 40-fold) is more conducive to the practical
application in ﬁelds such as image sensing.
The IeV curves of the two devices are quasi-linear (Fig. S8),
indicating that the devices are Ohmic contact [18,40]. That is to say,
our device can work normally under both positive and negative
biases, and its working voltage range will be more advantageous
than that of Schottky contact photodetectors [3]. Besides, the GaN/
BHJ device has signiﬁcantly higher photocurrent (DIph ¼ Ilight-on Ilight-off) than the BHJ device (Fig. S8, Fig. 5a-b). The DIph value
improvement of the GaN-NWs/BHJ device could be realized using
the energy level gradient between the GaN-NWs and BHJ material.
The possible mechanism is given as follows. For the BHJ device,

that the GaN-NWs have much larger energy gap width than the
organic materials, but slightly smaller conduction band (CB) than
the PC61BM with the lowest unoccupied molecular orbital (LUMO)
[37e39]. The matching of energy levels and the construction of
energy level gradient capture system among PDPP3T, PC61BM, and
GaN-NWs can effectively transfer photogenerated electrons, which
is the key to improve the performance of GaN/BHJ devices. In our
previous work [16], this method has been proved to be feasible by
constructing the energy level gradient capture system of ZnO/
PffBT4T-2OD/PC61BM. Next, the energy level gradient capture system is used to explain the performance improvement of GaN/BHJ
devices and clarify the key role of GaN-NWs in the devices.
The role of the GaN-NWs in the L-PDs was analyzed. As shown in
Fig. 5 and Figs. S8eS12, the switch on/off properties of the devices
under different light intensities were tested. It can be seen that both
the BHJ device and the GaN/BHJ device show excellent stability
(Fig. 5a-b), indicating that the devices can be used as photoswitches
in practical applications with the potential to withstand multiple
switching states. At the same time, it is worth noticing that the dark
current of the GaN/BHJ device (~1.41  106 A) exceeds 3-orders of
magnitude than that of the BHJ device (~8.0  1010 A), which is
mainly due to the existence of a large number of traps in the GaNNWs interfaces. The traps can be veriﬁed by the SEM morphology of
the GaN-NWs (Fig. 2d), which shows a line of stacking hexagonal
810
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Fig. 4. (a) Device structure of GaN/BHJ L-PD, (b) absorption spectra of PDPP3T:PC61BM (D/A ratio ¼ 1:1) and GaN-NWs/PDPP3T:PC61BM (D/A ratio ¼ 1:1). Ultraviolet photoelectron
spectrometer (UPS) spectra of valence band region: (c) PC61BM and (e) PDPP3T; UPS spectra of secondary electron cut-off region: (d) PC61BM and (f) PDPP3T. Schematic representation for the energy band alignments: (g) BHJ L-PD, (h) GaN/BHJ L-PD under 405 nm laser, (i) GaN/BHJ L-PD under NIR laser.

provide additional photogenerated holes to increase the DIph value
under 405 nm light. For another, the length of the GaN-NWs is longer
(>100 mm, Fig. S3) than the electrodes (40 mm), suggesting that the
GaN-NWs are connected to the electrodes. Considering that the
electron mobility in the GaN-NWs is higher than the BHJ ﬁlm, the
photogenerated electrons could transfer from the energy level
gradient of PDPP3T/PC61BM/GaN-NWs to the positive electrode
(1 / 3 / 4, Fig. 4h). The rapidly transferred photogenerated electrons (1 / 3 / 4) and photogenerated holes (5 / 2) via energy
level gradient decrease the concentration of the photogenerated
electron/holes in the BHJ layer. At this time, the donor/acceptor interfaces would separate more new photogenerated excitons to

combined with the energy band alignments of Fig. 4g, the photogenerated electrons of the BHJ device transfer from PDPP3T to
PC61BM via LUMO level (1). Since the PC61BM phase is discontinuous
in the BHJ, the photogenerated electrons are captured by PC61BM,
failing to transfer to the positive electrode [41]. In contrast, the
photogenerated holes transfer from the HOMO level of PDPP3T to
the negative electrode (2). For the GaN/BHJ device, due to the light
response of GaN-NWs to the 405 nm laser (Fig. 4h), there are two
possible aspects to enhance the DIph value simultaneously. For one
thing, the photogenerated holes would generate and transfer to the
negative electrode (5 / 2) via utilizing the energy level gradient
between GaN-NWs and PDPP3T. This means that the GaN-NWs can
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Fig. 5. The on/off switching properties of BHJ device (a) and GaN/BHJ device (b) exposed to the 405 nm laser with different light intensity, the dependence of the photocurrent (c), R
and Gain (d) on the light intensity, (e) the response time of the devices at the bias of 5 V @ 405 nm. The on/off switching properties of (f) BHJ device and (g) GaN/BHJ device under
different light wavelength illumination (0.1 mW/cm2). (h) The dependence of the R on the wavelength at the bias of 5 V under 0.1 mW/cm2. Here, the v in Fig. 5c is the exponent of
the exponential function ﬁtting, which meets the equation log(DIph) ¼ A þ v$log(LI). LI stands for the light intensity, and A stands for the coefﬁcient. The I represents light-on, the II
represents light-off. Besides, the different light wavelength in Fig. 5feh was provided by the Opolette 355 LD (20 Hz) continuous spectrum light source.

maintain the concentration of electron/holes, leading to a larger DIph
value in the GaN/BHJ device than that of the BHJ device. The effects of
different light intensities on the devices are characterized as shown
in Fig. 5c. The corresponding relationship between the photocurrent
and light intensity follows the power law [42]. By ﬁtting the
measured data in the curve, the corresponding exponent (v) of the
BHJ device and the GaN/BHJ device are 0.7 and 0.6, respectively,

indicating a complex process of electron-hole generation, recombination, and trapping at the GaN/BHJ interface [19]. The value of v
equals to one indicates a linear relationship between photocurrent
and light intensity. In other words, the smaller the v is, the easier it is
for the device to reach saturation under high light intensity. The
smaller v value of GaN/BHJ device may be caused by too many defects at the GaN/BHJ interfaces. The excessive defects mainly come
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Table 1
Key parameters of recently reported photodetectors, and a GaN/BHJ-based photodetector is also listed for the comparison.
Photodetectors

spectral response (nm)

LI (mW/cm2)

DIph (nA)

R (A/W)

D* (Jones)

Ti3C2Tx/GaN
GaN
MoS2/GaN
Se/PANI
Se/n-Si
PbS QD-P3HT nanowire
CH3NH3PbI3/PDPP3T
PDTP-DPP:PNDI-DPP10
PbS:P3HT:PCBM:ZnO
PDPP3T:PC61BM
PDPP3T:PC61BM/GaN

250e400
380
265
300e700
350e700
365e940
365e835
340e9600
330e1100
400e1000
400e1000

0.145
0.006
0.135
0.43
0.704
0.67
0.5
e
0.1
0.1
0.1

1000
0.002
10
2.5
62
20
8000
e
20
1.0
25.3

0.284
773
0.187
0.12
0.0374
e
0.025
0.049
5.6
0.33
7.9

7.1
e
2.3
3.8
1.0
2.1
e
2.4
1.0
5.7
6.4

 1013





1013
1011
1011
1012






1012
1012
1011
1010

tr/tf

Ref.

7.55 ms/1.67 ms
17.5/6.2 s
0.3/3.6 ms
4.5 ms/2.84 ms
235 ms/1.74 ms
0.16/0.12 s
e
e
160/80 ms
<5.0/7.9 ms
7.8/<5.0 ms

[19]
[43]
[45]
[46]
[47]
[48]
[49]
[50]
[14]
This work
This work

PC61BM/GaN-NWs (1 / 3 / 4, Fig. 4i) under NIR illumination.
Hence, the photogenerated electron transfer promotes the separation of more photogenerated carriers and increases the NIR
photocurrent. Comparing the light-on currents of the BHJ and GaN/
BHJ devices in Fig. 5f-g, the large light-on current of GaN/BHJ device
means that the existence of the GaN-NWs can provide a fast
transmission channel for carriers and promote their rapid transfer.
Hence, compared with the BHJ device, the responsivity and
photocurrent of the GaN/BHJ device in the NIR band (800e900 nm)
increase over 20-fold (Fig. 5f-h and Fig. S11). The key parameters of
recently reported photodetectors are summarized in Table 1. It can
be seen that for part of the performances, GaN/BHJ-based photodetectors are comparable to high-performance organic-inorganic
photodetectors and broad spectral response of photodetectors.
At last, the dependence of D* on the light intensity of the two
devices was characterized and the results are illustrated in Fig. S12.
It can be seen that the D* of the BHJ device is about one order of
magnitude higher than that of the GaN/BHJ device, and this
disparity is obviously smaller than that between the dark current of
two devices. This is because D* is not only related to dark current,
but also closely related to R. After the introduction of the GaN-NWs,
the increase of R could compensate part of the D*. In our future
work, we will prepare the GaN-NWs with smoother surfaces and
fewer defects to reduce the dark current. Meanwhile, an increase in
photocurrent will be achieved by further optimization of GaN such
as utilizing ﬂat GaN nanobelt (Fig. S4a) or size-changed GaN-NWs,
so as to improve the performance of the photodetector.

from two aspects. One is the surface defect of GaN-NWs, which has
been explained in the stacking GaN-NWs (Fig. 2d) and red shift of PL
peak (Fig. 2f); on the other hand, the defects may come from the
contact interface between GaN-NWs and BHJ layer since the relatively roughness of GaN-NWs brings large defects. Accordingly, the
organic-inorganic hybrid photodetector demonstrates superior
photocurrent capability. Meanwhile, due to its higher photocurrent,
the GaN/BHJ device has higher responsivity and gain than the BHJ
device (Fig. 5d).
The response speed of the devices is also characterized, which
contains the rise time (tr, from 10 to 90% of the full wave amplitude)
and the fall time (tf, 90-10% of the peak output value), as shown in
Fig. 5e, Figs. S9eS10. The semiconductor parameter analyzer
(Keeithley 2636B) combined with 405 nm laser were used to test
the response speed. Limited by the on/off modulation frequency of
the laser and the sampling frequency of the semiconductor
analyzer, 5 ms is the detection limit of our equipment. It can be seen
that the response speed of the devices is very fast (tr/tf < 8.0 ms).
Generally, the response speed of the GaN-NWs-based devices is
always slow (>1 s) [43]. In this work, the response time of GaNNWs-based device was tested as shown in Fig. S10b. Compared
with the GaN-NWs-based device (tr/tf: 7.1/10.9 s, Fig. S10b), the
response time of the GaN/BHJ device (tr/tf: 7.8/<5.0 ms) has
increased over three orders of magnitude due to the rapid separation of the photogenerated carriers at the donor/acceptor interface of BHJ layer. It is noted that the transfer path of photogenerated
holes in the GaN/BHJ device (5 / 2, Fig. 4h) becomes longer than
that of the BHJ device (2, Fig. 4g) under illumination, leading to the
rise time of GaN/BHJ device (tr ¼ 7.8 ms) lightly slower than BHJ
device (tr < 5.0 ms, Fig. 5e). Besides, the fall time of the photodetector is related to the number of photogenerated minority carriers
(e.g. photogenerated electrons) [42,44]. If the minority carriers in
the active layer cannot be eliminated or transferred quickly, the fall
time is difﬁcult to improve. For instance, photogenerated electrons
in BHJ device will transfer to PC61BM for storage (1, Fig. 4g), limiting
the collection by Ag electrodes. Compared with the BHJ device
(tf ¼ 7.9 ms), the transfer of photogenerated electrons in the GaN/
BHJ device can be accelerated via utilizing the energy level gradient
effect (1 / 3 / 4, Fig. 4h). As a result, the fall time of the GaN/BHJ
device increases up to 5.0 ms.
Furthermore, the spectral responses of the devices at different
wavelengths were measured (Fig. 5f-h and Fig. S11). Both devices
have light response in the wavelength range of 400e1000 nm, but
the GaN/BHJ device has much higher responsivity than the BHJ
device. It is well-known that the GaN-NWs cannot be excited by
NIR light due to the wide energy bandgap. Therefore, the light
response of the GaN/BHJ device and the BHJ device in the range of
800e900 nm can be attributed to the photogenerated carriers of
the BHJ ﬁlm. It is noted that the GaN/BHJ device can transfer photogenerated electrons via the energy level gradient of PDPP3T/

4. Conclusion
In this work, the Vis-NIR organic-inorganic hybrid photodetector with a broad spectral response (400e1000 nm) and fast
response speed (7.8/<5.0 ms) was obtained. The novel device
structure was constructed by combining the high-quality GaN-NWs
with the PDPP3T:PC61BM-based ﬁlm. A fast electron transport
channel in the GaN-NWs was formed to accelerate the transfer of
photogenerated carriers in the BHJ layer. Compared with the BHJ
device, the BHJ/GaN device has over 20-fold enhancement in both
the responsivity and photocurrent in the NIR band of 800e900 nm.
The strategy proposed in this research is expected to be applicable
to different organic composite systems with GaN-NWs, so as to
realize the wide application of high-performance Vis-NIR
photodetectors.
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