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ABSTRACT: We explore the photodetection properties of a
carbon nanofiber (CNF)-based p-CNF/n-Si heterojunction device
in the 400−800 nm wavelength range and investigate the changes
brought in by adsorption of CuNi (CN) nanoparticles on the
CNFs. The nanoparticles and CN-CNF nanocomposites were
synthesized by using chemical hydrothermal routes. The p-type
semiconducting nature of the CNFs and nanocomposites was
determined using X-ray photoelectron (XPS) and UV−vis
spectroscopies. The p-CNF/n-Si device is found to be better
than many carbon-nanotube-based devices in terms of its peak
responsivity (0.6 A/W) and gain (1.6), with an acceptably
moderate peak detectivity (1.3 × 109 Jones) at 450 nm and a −5 V bias. The p-CN-CNF/n-Si device displays an appreciable
enhancement in the photoresponse with respect to the p-CNF/n-Si device, with a peak responsivity of 2.8 A/W, peak detectivity of
9.4 × 109 Jones, and gain of 8. With the aid of valence band XPS and Raman spectra, the enhancement is explainable in terms of a
CN to CNF charge transfer and the resulting increase in the built-in potential at the heterojunction.

■ INTRODUCTION
Photodetectors are of paramount importance in various fields,
like communication, security, energy harvesting, aerospace,
defense, biochemical sensing, etc.1−9 Most of the commercial
photodetectors are fabricated using Si, Ge, and InGaAs.1,10

These photodetectors are, however, costly to produce.1 This
necessitates the development of low cost, preferably high-
performance, and broadband photodetectors. Carbon nano-
tubes (CNTs), which have adjustable band gaps and hence
broadband absorption, have emerged rapidly as an essential
component of photodetectors.11−14 Photodetectors based on
heterostructures of single- and multiwalled CNTs (SWCNTs
and MWCNTs) and Si, Ge, SiO2 or GaAs have been studied
for photodetection in optical and near-infrared spectral
ranges.1,10,15−19 However, CNTs come with their own
limitations, like moderate thermal stability and mechanical
strength,13,16,20 making it desirable to search for materials that
can provide improved photodetection properties on one hand
and better thermal and mechanical stability on the other. In
this regard, carbon nanofibers (CNFs) could be a suitable
alternative to CNTs, because, along with showing similar
optical properties,13,21 they possess a larger specific surface
area that could be beneficially utilized for photocarrier
generation and are cheaper and easier to produce.13,22,23 The
large active surface area and excellent conductivity of CNFs
have recently been utilized by combining CNFs with
biomolecules, polymers, and inorganic substances. To the
best of the authors’ knowledge, CNFs have hitherto not been
studied for their utility in photodetection. Hence, it is

intriguing to explore what kind of photodetection properties
a CNF-based photodetector can have.
As per the existing literature, functionalization of CNTs with

other nanostructures is known to improve the photodetection
properties of CNT-based photodetectors.16,18,24 In the cases of
metal (Ag, Au, and Cu) nanoparticles (NPs), e.g., a strong
plasmonic local field generated on the CNTs is reported to
enhance the photocurrent.16,18 Semiconducting TiO2 and CdS
NPs, on the other hand, enhance the photoresponse via a
charge transfer to the CNT layer in contact.24 For the
semiconducting adsorbent NPs, it is reported that a photon
can also be absorbed in the NP, resulting in the generation of
an excited electron that subsequently gets transferred to the
CNTs and adds to the photocurrent. Such a charge transfer has
recently been demonstrated by our group also between
Cu1−xNix alloy NPs and a C allotrope, viz., reduced graphene
oxide.25 It is intriguing to investigate whether adhesion of these
alloy NPs to CNFs produces, via charge transfer, any change in
the photodetection properties of the CNF-based devices being
explored.
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In this work, we (i) investigate whether a hitherto
unexplored C material, CNF, can show photodetection
properties when in a CNF/Si heterojunction configuration
and (ii) explore whether these properties can be enhanced by
adhesion of CuNi (CN) NPs on CNFs. For this exploratory
study, we have restricted the composition of Cu1−xNix to x =
0.5. The CN NPs and CN-CNF nanocomposites are
synthesized by using a chemical hydrothermal method. The
devices are prepared by spin-coating CNFs and CN-CNF
nanocomposites on n-type Si substrates and then depositing
appropriate metal contacts onto the heterostructures. The
CNF/Si device itself is found to exhibit photodetection
properties, with a performance that is better than many
CNT based devices. On the adhesion of CNs to CNF, a charge
transfer from CN to CNF is inferred, which results in an
increase in the built-in potential at the interface and therefore a

significant enhancement in the photoresponse with respect to
the CNF/Si device. The performances of the CNF/Si and CN-
CNF/Si devices are found to be good enough for practical
applications.

■ EXPERIMENTAL SECTION
Synthesis and Characterization of CN and CN-CNF

Nanocomposites. For the preparation of CN and CN-CNF
nanocomposites, CuCl2·2H2O, NiCl2·6H2O, and sodium
dodecyl sulfate (SDS) powders; CNF powders composed of
conical platelets; and triethanolamine, hydrazine hydrate, and
dimethylformamide (DMF) liquids were purchased from
Sigma-Aldrich. To synthesize CN nanoparticles, 5.13 mmol
of CuCl2·2H2O and 4.20 mmol of NiCl2·6H2O were first
dissolved in 10 mL of distilled water. After stirring this solution
for 10 min, 5 mL of triethanolamine and 2 mL of hydrazine

Figure 1. (a and b) TEM micrographs of CNFs at different magnifications and (c) the corresponding SAED pattern. (d and e) TEM micrographs
of CNFs with CN NPs adsorbates at different magnifications. The inset in d is the particle size histogram. (f) SAED pattern of the CN-CNF
sample. (g) EDX spectra of the CN-CNF sample. The inset of g displays the elemental composition.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c01546
ACS Omega 2024, 9, 27232−27247

27233

https://pubs.acs.org/doi/10.1021/acsomega.4c01546?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01546?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01546?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01546?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01546?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


hydrate were added as a surfactant and reducing agent,
respectively. Hydrothermal treatment of the resulting solution
was performed at 150 °C for 15 h. The black-colored product
formed in this process was filtered and washed several times
with distilled water and ethanol and then dried in a vacuum
oven for 12 h. The synthesized product was annealed in a tube
furnace at 800 °C for 2 h in the presence of Ar gas. The only
difference in preparing the CNF decorated (CN-CNF)
samples was that CuCl2·2H2O and NiCl2·6H2O were dissolved
in a CNF and SDS (CNF-SDS) solution instead of water.
Finally, the CNF and CN-CNF powders were dissolved in

DMF, and the solutions were kept for device preparation. The
structural and morphological characteristics of CNFs and CN-
CNF nanocomposites were studied by an analytical trans-
mission electron microscope (TEM) using a JEOL JEM-2100
microscope at an operating voltage of 200 kV. The microscope
was also used to record selected area electron diffraction
(SAED) patterns from the samples. The TEM was additionally
used to record the energy dispersive analysis of X-ray (EDX)
spectra of the CN-CNF sample to determine the quantitative

loading of CN NPs. The EDX spectrum was recorded by
scanning a 200 × 200 nm2 area. For determining the crystal
structure and chemical states, X-ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS) measurements were
performed using a Bruker D2 phaser second generation
diffractometer and a PHI5000 Versaprobe X-ray photoelectron
spectrometer, respectively. Raman spectra were taken using a
LabRam HR evolution Horiba spectrometer. UV−vis
absorption spectroscopy was performed on the samples using
a PerkinElmer Lambda 2 spectrometer in the wavelength range
300−1100 nm.
Device Fabrication and Characterization. For the

fabrication of heterostructure CNF/n-Si (CN-CNF/n-Si),
the CNF (CN-CNF) solution was spin coated onto a 1 cm
× 1 cm n-Si substrate at 1500 rpm for 200 s. Thin Al film on
the back side and multiple 2 mm2 Au contacts on the coated
side were deposited by thermal evaporation. For each case,
low-statistics I−V measurements were performed on four
devices. The four I−V curves were found to be similar. The
device with the best phototo-dark current ratio was chosen for

Figure 2. XRD patterns of CN NPs, CNF, and CN-CNF composites.
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further study. Cross-sectional field emission scanning electron
microscopy (FESEM) images of the devices were recorded
using a ZEISS MERLIN microscope. Optical responses of the
devices were measured in the laboratory under ambient
conditions using a broadband light source, a monochromator,
and a Keithley semiconductor parameter analyzer (4200A-
SCS). A 325 nm laser was also used to measure the current−
voltage (I−V) and current−time (I−t) characteristics of the
devices. Between the measurements, the devices were stored in
a vacuum to avoid environmental degradation.

■ RESULTS AND DISCUSSION
The TEM images of CNFs at different magnifications are
shown in Figure 1a,b. The images reveal that the CNFs are
cylindrical in shape, with a diameter of around 100 nm and a
length exceeding several micrometers. The SAED pattern of
CNF, as shown in Figure 1c, is composed of rings and some
bright spots. This verifies the polycrystalline nature of the
cone−platelet stacked CNFs. The rings are indexable as (002),
(101), (004), and (112) planes of CNF, according to a report
by Wei et al.26 Figure 1d,e show the TEM micrographs of the
CN-CNF sample at different magnifications. The figures
suggest that multiple-sized, nearly spherical particles are
sprayed all along the outer surface of the CNF. The inset of
Figure 1d displays the size distribution of the particles.
According to the inset, the particle size ranges from 40 to 100
nm, with a mean diameter of 54 nm. These nanosized particles
ought to be the CN NPs. The SAED pattern of the CN-CNF

sample is shown in Figure 1f. The pattern displays bright spots,
many of which are arranged tentatively around three circles, as
drawn with dotted lines in the figure. This suggests that even
this sample is polycrystalline in nature. The spots around the
innermost circle are likely to come either from the (004)
planes of CNF26 or from the (200) planes of CN. The middle
circle can be indexed as CNF (112).26 The outermost circle,
finally, can be indexed as CN (420) from JCPDS cards 04-
0836 and 04-0850. The rest of the scattered bright spots may
be considered to arise from the CN NPs. Thus, the TEM
images and the SAED pattern of the CN-CNF sample together
verify that the CN particles indeed decorated the CNFs on
their surface. The EDX spectrum of the CN-CNF sample is
displayed in Figure 1g, the inset of which shows the elemental
composition. As determined by EDX analysis, the CuNi NPs
are 10% of the CN-CNF composite.
The XRD patterns of the CN alloy nanoparticles, CNFs, and

CN-CNF nanocomposites are shown in Figure 2. The XRD
pattern of CN exhibits three prominent peaks at 43.8°, 51.0°,
and 75.0°. These peaks lie between the (111), (200), and
(220) planes of Cu (43.6°, 50.8°, and 74.4° according to
JCPDS card number 04-0836) and Ni (44.5°, 51.9°, and 76.4°
according to JCPDS card number 04-0850). This suggests that
the CN sample is a proper alloy of Cu and Ni. There is a very
small peak at 37.1°, which can be assigned to either CuO
(111)27 or NiO (111),28 and another at 62.7°, assignable to
NiO (111).28 This means that the sample contains these

Figure 3. (a) Survey XPS spectrum of CNFs, CN NPs, and CN-CNF nanocomposites. (b) High-resolution C 1s XPS spectra, deconvolutions, and
peak assignments for CNFs and CN-CNF nanocomposites. High-resolution XPS spectra, deconvolutions, and peak assignments for CN NPs and
CN-CNF nanocomposites in Cu 2p (c) and Ni 2p (d) regions.
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oxides but with amounts so negligible that they would affect
the results to any considerable extent.
The XRD pattern of the CNF samples has a prominent peak

at 26.2°, along with two tiny peaks at 43.9° and 54.4°. These
peaks are indexed as (002), (101), and (004) planes,
respectively, which correspond to the hexagonal graphite
structure of CNF.29,30

For the CN-CNF sample, all of the peaks corresponding to
both CN and CNF are present in the pattern, suggesting that
the CNFs have indeed been decorated with the CN NPs.
However, the intensity of the CNF (002) peak is very small.
The reason for the small C peak, even when the CN loading is
only 10%, lies in the atomic form factors for X-ray scattering.
The atomic form factors of Cu (∼24 Å−1) and Ni (∼22 Å−1)
in the 2θ range where the peaks occur is at least an order of
magnitude higher than the atomic form factor of C (∼3.5 Å−1),

as determined using a calculator available on a Web page.31

This leads to an order of magnitude smaller intensity of the C
peak than expected from merely considering the atomic
fractions.
Furthermore, the presence of several tiny peaks at 21.7°,

31.1°, 32.6°, 37.8°, 39.2°, 45.5°, and 55.2° can be attributed to
Ni(OH)2 (001),

32 CuO (110),27 Ni(OH)2 (200),
32 Cu(OH)2

(041), Cu(OH)2 (130), Cu(OH)2 (112), and Cu(OH)2
(061),33 respectively. These peaks indicate that the oxides
and hydroxides present in this sample are negligible.
XPS spectra of the three samples (CN, CNF, and CN-CNF)

were taken to find the chemical states of the elements present
and any possible charge transfer. Figure 3a displays the survey
XPS spectra of all three samples. The spectra have been
corrected to the adventitious C 1s peak at 284.4 eV. The
presence of a C peak in CNF; O, Cu, and Ni in CN; and C, O,

Figure 4. Raman spectra with peak fits for (a) CNFs, (b) CN NPs, and (c) CN-CNF composites. (d) A comparison between the CNF and CN-
CNF Raman spectra showing the peak shifts.
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Cu, and Ni in CN-CNF spectra imply that the samples are
prepared as intended. Figure 3b shows a comparison between
the C 1s-region high-resolution spectra (with their deconvo-
lutions and peak identifications) of the CNF and CN-CNF
samples. The y axis of the CN-CNF spectrum is multiplied 3.4
times for visual clarity. The CNF C 1s spectrum consists of a
peak at a binding energy (BE) of 284.39 eV, corresponding to
sp2 C (C�C), and another peak at 285.14 eV that can be
assigned to sp3 C (C−C). These peaks are expected in
CNFs.34,35 These peaks occur also for the CN-CNF sample
but at slightly lower BEs: C�C at 284.35 eV and C−C at
285.47 eV. This shift (with respect to the C 1s spectrum of
CNF) of roughly −0.05 eV is indicative of a transfer of
electrons (charge) from the CN NPs to CNFs. Shifts of this
magnitude are reported earlier for charge transfer among
different elements of a multicomponent alloy.36 If this negative
shift is due to a charge transfer from CNFs to CN NPs, it
should be accompanied by positive BE shifts in the 2p-region
high-resolution Cu and Ni spectra of the CN-CNF sample
with respect to the CN NPs.37 The CN-CNF C 1s spectrum
consists of an additional weak, broad peak at around 287.0 eV
that can be assigned to a C−O bond.35 A thin layer (accessible
with XPS) on the surface of the CN NPs is likely to have
oxidized and brings in the observed O component in the CN-
CNF C 1s spectrum.
The Cu 2p-region high-resolution XPS spectra, their

deconvolutions, and the peak assignments for the CN and
CN-CNF samples are shown in Figure 3c. For the CN sample,
the Cu 2p3/2 subregion consists of a peak at 931.37 eV,
corresponding to metallic Cu (Cu0), and another peak at
933.25 eV assignable to CuO (Cu2+); the corresponding 2p1/2
peaks occur at 951.12 and 953.00 eV.34 The presence of the
CuO peak is in line with the XRD results. For the CN-CNF
sample, these peaks are still present but are shifted by roughly
+0.5 to 931.80 and 933.82 eV in the 2p3/2 subregion and
951.57 and 953.32 eV in the 2p1/2 subregion. The Ni 2p-region
high-resolution spectra for the two samples are shown in
Figure 3d, together with their deconvolutions and peak
assignments. The Ni 2p3/2 subregion is composed of a metallic
Ni (Ni0) peak at 853.55 eV and a Ni(OH)2 (Ni2+) peak at

855.42 eV; the corresponding peaks in the 2p1/2 subregion
occur at 17.3 eV higher BEs.34,38 The spectra also contain
satellite peaks in both the subregions. The presence of the
Ni(OH)2 peak is justifiable from the XRD results. The
corresponding CN-CNF peaks are shifted by +0.9 eV with
respect to CN. The simultaneous negative BE shift in the C 1s
spectrum and positive BE shifts in the Cu and Ni spectra
confirm that electron (charge) transfer has taken place from
both of the elements Cu and Ni of the NPs to the C atoms in
CNFs on blending the NPs with CNFs.37

The occurrence of charge transfer, as inferred from the XPS
results, can be further strengthened if the same can be deduced
from another complementary technique. Raman spectroscopy
is one such technique that has been used to investigate any
charge transfer between a C allotrope and a substance in
contact25 and, so, has been performed on the CNF, CN, and
CN-CNF samples. The Raman spectrum of the CNF sample
and the peak fittings are shown in Figure 4a. A typical Raman
spectrum of C based materials features a characteristic peak at
∼1590 cm−1 (G-band) and another at ∼1350 cm−1 (D-band)
in case there are defects as well. The G band arises from the E2g
mode vibrations associated with in-plane stretching of the C−
C bonds, while the D band has its origin in the A1g mode
breathing associated with basal plane defects in the C−C
network.25,39,40 The CNF spectrum, accordingly, contains a
small D-band peak at 1338 cm−1 and a G-band peak at 1564
cm−1. The spectrum also has another, larger defect peak�the
2D peak25�at 2680 cm−1. 2D peaks larger than the associated
D peaks are reported earlier for C-based materials, like
graphene.41 The Raman spectrum of the CN NPs, along with
the peak fits, is shown in Figure 4b.
The spectrum comprises three distinct peaks. The initial

peak observed at 280 cm−1 can be attributed to the Ag mode of
CuO.42 The subsequent peak at 540 cm−1 can be attributed to
the 1P mode of NiO,43 and the third peak at 801.4 cm−1 is
likely to originate from Cu(OH)2.

41 The presence of these
oxide peaks is in accordance with the XRD and XPS results.
Figure 4c displays the deconvoluted Raman spectra of the CN-
CNF composite sample. Excluding the carbon D peak, which is
too small to be identified from the noise in the data, the

Figure 5. (a) Normalized UV−visible absorption spectra of CN NPs, CN-CNF composites, and bare CNFs. The inset shows an enlarged view of
the spectra. (b) Tauc plots for the CN, CN-CNF, and CNF samples. The dotted lines are to indicate the band gaps.
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spectrum consists of all of the (five) CNF and CN peaks at
nearby positions and hence asserts that the CN NPs have
successfully decorated the CNFs in the CN-CNF sample.
A comparison of the positions of the G and 2D peaks for the

CN and CN-CFN samples is shown in Figure 4d. After the
adhesion of CN NPs, the G peak blue-shifts by 5.4 cm−1, while
the 2D peak blue-shifts by 8.2 cm−1. The dissimilarity between
the extents of the shifts ensures that it is not a rigid shift of the
whole Raman spectrum and that the blue-shifts are genuine. It
is known that adsorption or contact of electron donating and
accepting molecules, clusters, NPs, and overlayers causes a shift
in the carbon Raman peak frequencies by an amount
proportional to the number of carriers injected, essentially
through orbital hybridization.37,44,45 The requirement of

matching the Fermi levels of the C structure and the adsorbate
leads to a transfer of charge (electron) across the interface.46 A
red (blue) shift signifies a softening (stiffening) of the Raman
band arising due to charge transfer from (to) the adsorbate to
(from) the C structure.37 The blue shifts observed in Figure 4d
thus are suggestive of the occurrence of charge transfer from
the CN NPs to the CNFs, in perfect agreement with the
inference derived from the XPS results. The direction of this
charge transfer is in consonance with the principle based on
electronegativities of the atomic species in contact in the
following manner: A relatively more electronegative atom or
functional group has a tendency to attract electrons toward
itself.47 The electronegativity of either of the adsorbate atoms
Cu and Ni here is ∼1.90, while it is 2.55 for C atoms.48 Based

Figure 6. (a) VBXPS spectra of the CNF and CN-CNF samples. The inset highlights the positions of valence band maxima with respect to the
Fermi level. (b) A schematic representation of the fabricated CNF/Si and CN-CNF/Si devices. (c) An optical photograph of the top of the device.
(d) Cross-sectional FESEM image of the CN-CNF/Si device. (e) Energy level diagram for p-CNF and n-Si. (f) The VBXPS spectra in the high
binding energy region highlighting the binding energies where the spectra flatten out. (g) Energy level diagram for p-CN-CNF and n-Si.
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on this simple principle, the CNFs would have the tendency to
pull electrons from the CN NPs, which will lead to a
(negative) charge transfer from the CN NPs to the CNFs.
With the objective of exploring the photodetection proper-

ties, it is imperative to investigate also the optical properties, of
the materials under study. Therefore, UV−vis absorption
spectra of the CNFs, CN NPs, and CN-CNF composites have
also been taken. The spectra between 300 and 900 nm
wavelengths are shown in Figure 5a. The absorption spectrum
of the CNF sample is featureless in the measured wavelength
range. This is possible because the UV−vis spectra of the
nearest materials SWCNT and MWCNT have also been
shown not to possess any peak in this wavelength range.49 In
the case of CN NPs, a single absorption peak is observed
around 400 nm, which lies roughly in the middle of the
reported absorption peak of Cu NPs at around 540 nm, and
that of Ni NPs at around 315 nm.50,51 This further verifies the
formation of bimetallic CN alloy NPs.52 The CN NP
absorption peak is present also in the absorption spectrum of
the CN-CNF sample almost at the same position, as can be
seen in the inset of Figure 5a. This once again asserts that the
CN NPs have been blended with CNFs in the CN-CNF
sample. The Tauc plots53 derived from the absorption spectra
are shown in Figure 5b. The plots are used to calculate band
gaps by linearly fitting the initial rise of the curves and
interpolating the linear fit to the wavelength axis. The line
corresponding to the metallic CN NPs just misses touching the
origin, perhaps because of the insulating CuO and NiO
components. The band gap of CNF is 1.23 eV, suggesting that
the sample is semiconducting and hence is usable as a
photodetector. A band gap of this order has been reported
previously for CNFs.54 The band gap of the CN-CNF sample
is slightly smaller (1.16 eV), likely due to the presence of

metallic CN NPs with the semiconducting CNFs. Thus, the
CN-CNF sample also can be used for photodetection studies.
The final task before making a photodetector from CNFs

and the CN-CNF sample is to check whether these
semiconductors are p-type or n-type. This was done by
recording and analyzing valence band XPS (VBXPS) spectra.
The VBXPS spectra of the two samples are shown in Figure 6a.
The valence band maximum (VBM) for each sample was taken
as the intersection point of the tangents, as shown in the inset
of Figure 6a. The VBM of the CNF sample is located 0.03 eV
below the Fermi level (EF), while that of the CN-CNF sample
is 0.27 eV below EF. Considering the band gaps (1.23 and 1.16
eV) for these samples as determined earlier, EF is very close to
the VBM in both cases. This implies that both the CNF and
CN-CNF samples are p-type semiconductors and suggests that
an n-type semiconducting substrate would be appropriate for
fabricating the desired devices. This is the reason why thin
CNF and CN-CNF layers are deposited onto n-Si substrates
for device fabrication. Figure 6b is a representative schematic
of the fabricated CNF/Si and CN-CNF/Si heterostructure
devices, as described in the Experimental Section. Figure 6c
shows an optical photograph of the top of the CN-CNF/Si
device. A cross-sectional FESEM image of the CN-CNF/Si
device, taken to represent both devices as they are prepared in
the same manner, is shown in Figure 6d. From the figure, the
thickness of the CN-CNF film can be determined as 65 nm.
The structure under each Au contact is a photodetector device.
The area of ∼2 mm2 of the Au contacts is also the active area
of the device. Energy levels of the adjacent p-CNF and n-Si
layers in the fabricated device can be drawn based on literature
values of the band gaps and work functions (ϕ).1,54,55 The
energy level diagram is shown in Figure 6e. Since the extrema
of the valence and conduction bands occur in different layers,

Figure 7. (a) I−V characteristics (b) and zero-bias band diagram of the CNF/Si device. (c) I−V characteristics (d) and zero-bias band diagram of
the CN-CNF/Si device.
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this will lead to the formation of a type II heterojunction.56 In
type II heterojunctions, the built-in electric fields are known to
separate carriers efficiently, resulting in enhanced photo-
currents and delayed carrier recombination.57 The changes in
the energy levels caused by the adsorption of CN on CNF can
be determined by noting the binding energy (BEF) at which
the VBXPS spectrum flattens on the high binding energy
side.58 The high binding energy side of the VBXPS spectra for
the two samples is shown in Figure 6f, where the BEF’s are
marked with crossings of linear fits to the spectra. The BEF
values for the CNF and CN-CNF samples are 15.8 and 15.2
eV, respectively. The smaller BEF value for the CN-CNF
sample suggests that its ϕ is larger by 0.6 eV than that of the
CNF sample.58 This ϕ enhancement is in agreement with the
report by Qi et al.,19 where the work function of CNTs
increases on decorating them with Au NPs. Changes in the
work function of a surface are caused essentially by any charge
transfer to (or from) an adsorbate, and the associated surface
dipole.59−63 In general, the sign of the change depends on the
relative electronegativity of the adsorbate: the work function
decreases when the adsorbate is less electronegative and vice
versa.59,63 This way, since the (common) electronegativity of
the adsorbate atoms Cu and Ni is less than that of the C atoms
on the CNF surface, the CNF work function should decrease.
However, it is also reported that the signs of the work function
changes are not always determined by the electronegativity
rule, i.e., by the direction of the charge transfer, and the
opposite may happen.61,63 So, the observed increase in the
CNF work function on CN NP adsorption is justifiably
relatable to the observed charge transfer. The energy levels as
modified on the adsorption of CN on CNF are shown in
Figure 6g.
Current−voltage (I−V) characteristics of the devices were

recorded at room temperature under dark white light
illumination and 325 nm UV laser illumination. The I−V
curves of the p-CNF/n-Si device are shown in Figure 7a. The
rectifying behavior in each case can be understood from the
corresponding band diagrams derived from Figure 6d,f.64 The
band diagram of the p-CNF/n-Si device under zero bias
conditions is shown in Figure 7b. The built-in potential (Vbi)
of 1.11 eV prevents the carriers on either side of the depletion
region from flowing, resulting in an ideally zero current. On
illumination by visible or laser light, additional carriers are
generated in the depletion region. These carriers recombine in
the depletion region itself in the absence of a bias, leading once
again to a negligible current. In forward bias, the depletion

region shortens and Vbi decreases, resulting in a forward
current typical of a p−n junction diode. The flow of the
additional carriers generated in the depletion region on
illumination then enhances the forward current further. In
reverse bias, the depletion region widens, and Vbi increases.
This makes the depletion region highly resistive, preventing the
current flow. However, a relatively large dark current (Id) of
5.6 × 10−6 A at −3 V flows due to the leakage of the minority
carriers. This large dark current is likely to be due to
nonuniformity of the CNF film and an imperfect CNF/Si
interface.65 Similar dark currents are reported for a CNT/ZnO
nanowire/p-Si device by Shao et al.66 The additional carriers
generated in the depletion region on illumination are swept
away additionally, increasing the reverse current further. The
photo-to-dark current ratio of the device is 13 at −3 V. This
can be considered a moderate value. By fitting the dark I−V
curve with the standard diode equation,58 the ideality factor η
is estimated to be 5.2. The device also has a similar
photoresponse under 325 nm UV illumination. The I−V
curves of the p-CN-CNF/n-Si device are shown in Figure 7c.
As can be seen, the photoresponse of this device is enhanced
significantly with respect to the CNF/Si device: the dark
current is reduced to 3.0 × 10−6 A (nearly half) at −3 V, and
the photo-to-dark current ratio is improved significantly to 157
(nearly 12 times) at −3 V. This improvement on the
adsorption of CN NPs on CNF can be understood with the
help of the corresponding band diagram shown in Figure 7d.
The enhancement in Vbi delays the carrier recombination,
which, in turn, magnifies the carrier separation efficiency and
results in an increased photocurrent in all of the scenarios.
However, η degrades slightly to increase to 5.5. The higher
value of η with respect to the bare CNF/Si device can be
ascribed to the possible enhancement in structural disorder
and interfacial defects58 arising due to the adhesion of the CN
NPs.
The dynamic (switching) photoresponses of the CNF/Si

and CN-CNF/Si devices under different applied biases and
using white light are shown in Figure 8a and b, respectively. In
accordance with Figure 7a and c, the photocurrent increases
with increasing bias for both devices, and the photocurrent
from the CN-CNF/Si device is enhanced compared to the
CNF device at all of the bias voltages. Figure 8c, a figure
derived from Figure 8a and b that shows a comparison
between the switching behaviors of the two devices at −5 V
bias, clearly marks the photocurrent enhancement from 1.0 to
2.4 mA on the adhesion of CN NPs on CNFs. Such a

Figure 8. Bias-dependent switching characteristics of (a) CNF/Si and (b) CN-CNF/Si devices. (c) A comparison between the switching properties
of the CNF/Si and CN-CNF/Si devices at −5 V bias.
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photoresponse enhancement is also reported for CNT-based
devices that were modified with cesium tungsten bronze
nanoclusters.10 Further, the photoresponses of the CNF/Si
and CN-CNF/Si devices under monochromatic (325 nm) UV
excitation are presented in Figure 9a and b, respectively.
Qualitatively similar behaviors, as with the white light, are
observable: (i) The photocurrent for each device increases on
increasing bias; the plot between photocurrent and bias voltage
for the CN-CNF device, as plotted in Figure 9c, illustrates this
clearly. (ii) The photocurrent is ∼2.5 times higher for the CN-
CNF/Si device than for the CNF/Si device.
The response (τr) and decay (τd) times constitute another

set of crucial parameters of a photodetector that determines
the switching speed. These times can be defined as the time
interval for the photocurrent to change respectively from 10%
to 90% and vice versa when the light is turned on and off.
Figure 10a and b demonstrate how these values are determined
for CNF/Si and CN-CNF/Si devices, respectively, under white

light. The estimated τr and τd values for the CNF/Si device are
200 and 220 ms, respectively. These values are significantly
better than those of the previously reported Cu−Ni alloy
nanoparticle-decorated graphene-based photodetectors67 and
are comparable with switching speeds reported in the
literature.10 The estimated τr and τd values for the CN-
CNF/Si device are, on the other hand, 220 and 60 ms,
respectively. This means, although the rise time remains almost
similar on the adhesion of CN NPs on CNFs, the decay time
shortens (improves) by a factor of ∼4. Thus, the CN-CNF/Si
device has switching properties much better than those of the
CNF/Si device. As the CN-CNF/Si device has a larger built-in
potential and hence a larger electric field across the depletion
region, the photogenerated carriers are more quickly swept
away on removal of the light, leading to a shorter decay time.19

There are three key figures of merit of a photodetector:58,68

(i) the responsivity R, a measure of the sensitivity of the
photodetector and given by

Figure 9. Bias-dependent switching characteristics of (a) CNF/Si and (b) CN-CNF/Si devices under 325 nm laser illumination. (c) Variation of
photocurrent with reverse bias for the CN-CNF device.
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=R J P( ) ( )/ ( ) (1)

with J = I/AD being the photocurrent density determined using
the photocurrent I and the device area AD, and P being the
incident optical power density; (ii) the detectivity D, that
measures the capacity of the photodetector to detect weak
output signals and is estimated using14,69−73

= ×
D

R A
qI

( )
( )

(2 )
D

1/2

d
1/2 (2)

and (iii) the gain G, a measure of the number of generated
electrons per photon and given by74−78

= ·
·

G R
h c
q (3)

where q, h, and c are the electronic charge, Planck constant,
and light speed, respectively. The formula used here for D is
based on the assumption that the dominant contribution to the
detector noise comes from the shot noise, which is
parametrized in Id. It is to be noted that an accurate
description of D must include contributions also from various
other noises, like Johnson noise, 1/f noise, generation-
recombination noise, and electrical noise from the circuit.79

However, based on several reports of use of eq 2, including
that by Zhang et al.14 for a similar magnitude of dark current,
the use of Id in estimating D has been followed in this work.
Spectral variations in the responsivities of the two devices

were recorded under different reverse bias conditions. Figure
11a shows the R spectra of the CNF/Si device. According to
the figure, the device shows a broadband photoresponse in the
visible to near-infrared (400−800 nm) range. In general, the

Figure 10. Photocurrent versus time curves of (a) CNF/Si and (b) CN-CNF/Si devices, showing the response and decay times.

Figure 11. Spectral responsivities of (a) CNF/Si and (b) CN-CNF/Si devices under different reverse bias voltages.
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responsivity increases with an increasing reverse bias. This bias
dependence of responsivity comes via the known bias
dependence of photocurrent from photodetectors.80 Further,
the spectra are divisible into two distinct response regions: (i)
400−600 nm, with a maximum responsivity of 0.6 A/W at 450
nm at a −5 V bias, and (ii) 600−800 nm, with another
maximum responsivity of 0.4 A/W at 650 nm at the same bias.
The enhanced responsivities in the 600−800 nm region are
likely to arise due to the absorption edge of the silicon
substrate.15 The midrange minima (0.1 to 0.3 A/W) in the
spectra are also considerably moderate and match well with
previous reports.17,19 The maximum responsivity is higher than
the previously reported values for CNT/Si heterojunction
photodetectors.1,15,17 This itself suggests that CNF-based
photodetectors have the potential to show a better photo-
response than CNT-based photodetectors.
The computed maximum values of D and G at 450 nm

under a −5 V bias are 1.3 × 109 Jones and 1.6, respectively.
The plots of D versus wavelength and G versus wavelength are
demonstrated in Figures S1 and S2 of the Supporting
Information. The maximum detectivity is moderate, while
the maximum G value is quite high. For the high G value, the
following mechanism is proposed: As mentioned earlier, CNF
is a relatively high-defect material, e.g., compared to the nearest
C allotrope CNT. This will lead to the formation of defect
induced midgap states.81 Immediately after photogeneration,
the charge carriers relax to these additional states. This
enhances the lifetime of the carriers and, thereby, reduces the
chances of carrier recombination.82 The trapped carriers are
then also available later for the electrical conduction, leading to
a high R, and hence high G of 1.6, of the CNF/n-Si device.
The bias-dependent spectral responsivity of the CN-CNF/Si

device is shown in Figure 11b. As for the CNF/Si device, the
spectral response is broadband and bias dependent, and the
spectra exhibit a peak at 450 nm for all bias voltages. The other
substrate-originated peak observable at 650 nm for the CNF/Si
device appears as a broad hump over a gradual tapering beyond
500 nm in the case of the CN-CNF device. The maximum
responsivity is 2.8 A/W at −5 V bias, which is higher than that
of the CNF/Si device. The calculated corresponding
(maximum) detectivity and G for the CN-CNF device are
9.4 × 109 Jones and 8, respectively, at 450 nm. The variation of
D and G with wavelength is shown in Figures S3 and S4 of the
Supporting Information, respectively. Thus, the CN-CNF/Si
device is superior to the CNF/Si device. Adsorption of CuNi

NPs on CNF, along with the charge transfer between the two,
is expected to increase the number of midgap defect states
further25 and therefore raise the G value to the observed 8 level
for the CN-CNF/n-Si device. The trap states are also
responsible for the observed large dark current on the order
of microamperes. A comparative plot of G versus wavelength
for CN-CNF and CNF devices is depicted in Figure S5 of the
Supporting Information.
The obtained values of R, D, and G for the CNF/Si and CN-

CNF/Si devices are compared with these values for other
reported C-based devices in Table 1.2−5,14,15,83−86 As can be
inferred, the responsivity and G, and hence the photoresponse
of the presently studied devices, are much better than the
earlier reported devices. The detectivities are also acceptably
moderate for these devices to be used as photodetectors,
although the performances overall are much inferior to the best
photodetection performances reported in the literature.
The mechanism behind the observed photoresponses of the

two devices can be understood with the help of the respective
band diagrams, which, in turn, can be drawn using the
corresponding energy level diagrams. The energy level diagram
(derived using the values of valence band maximum from the
corresponding VBXPS spectrum and work function from the
literature1,55) for the p-CNF/n-Si device is shown in Figure 6e.
The corresponding band diagram after zero biasing the device
is shown in Figure 7b. For this zero bias, the estimated built-in
potential is 1.11 V. In the absence of light (i.e., under dark
conditions), essentially the thermally generated carriers are
responsible for the (low) photocurrent (Figure 7a).87

Illumination of the junction with light produces a large
amount of photogenerated electron−hole (e-h) pairs, enhanc-
ing the photocurrent by an order of magnitude (Figure 7a).88

Increasing the reverse bias increases the built-in potential and
the depletion width, providing more photogenerated e-h pairs
for making up the current. This results in an increased carrier
collection rate and hence a further enhanced photocurrent with
increasing bias (Figure 7a).88 The energy level diagram for the
p-CN-CNF/n-Si device, as derived using the corresponding
VBXPS spectrum, is shown in Figure 6g. In this case, ϕ has
increased (from 4.95 eV for CNF) to 5.55 eV. Further, the
heterojunction formed is once a G of the desirable type II.
According to the band diagram (Figure 7d) derived from the
energy level diagram, the built-in potential in this case
increases to 2.02 V. The increased built-in potential, as
discussed earlier, results in the observed enhanced photo-

Table 1. Comparison of Device Performance with Other Carbon Based Photodetectorsa

device λ (nm) bias (V) R (A/W) D (Jones) G τr (ms) τd (ms) ref.

CN-CNF/Si 450 −5 2.8 9.4 × 109 8 200 220 this work
CNF/Si 450 −5 0.6 1.3 × 109 1.6 220 60 this work
CNTF/SLG/SiO2 920 −3 0.2 4.87 × 1010 0.43 0.07 0.08 14
MWCNT/Si 800 −9 0.32 3 × 1012 0.65 3 × 10−5 15
CNT/Si 950 −14 0.37 0.5 83
Bi2O3-MWCNT/Si 560 −6.5 1.37 8.5 × 1011 3 84
SWCNT/Si 650 −24 0.09 500 2
CNT/Si 950 −14 ∼0.9 ∼0.9 85
MWCNT-PANI/ITO 380 −3 0.009 12 × 1015 0.32 350 330 86
CNT/Si-waveguide 1550 −2 0.073 4
CNT/Quartz 2000 −0.5 0.62 0.4 3
CNT/SiO2/Si 1550 −1.5 1.5 5

aλ is the wavelength at which the responsivity (R) and detectivity (D) are a maximum. τr and τd are the response and decay times, respectively, of
the photodetector.
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response of the p-CN-CNF/n-Si device over the p-CNF/n-Si
device.
Finally, cycling tests of both the devices were performed for

20 on/off cycles under laser illumination at −2 V. The cyclic
test result for the CN-CNF/Si device is shown in Figure S6 of
the Supporting Information. The photocurrents are found to
be quite stable throughout the 20 cycles. The variation of
photocurrent versus the number of light cycles is depicted in
Figure S7 of the Supporting Information. This reveals good
retentivity of the device(s) after repeated on/off cycles.

■ CONCLUSIONS
The photodetection properties of a carbon nanofiber (CNF)-
based CNF/Si heterostructure device in the visible to IR range
and any change in these properties on adhesion of CuNi (CN)
nanoparticles to the CNF layer have been investigated. The
nanoparticles and CN-CNF composites were synthesized by
using chemical hydrothermal methods. The CNFs and CN-
CNF nanocomposites were then spin-coated onto n-Si
substrates to fabricate the CNF/Si and CN-CNF/Si devices.
From the TEM images, the nanoparticles are seen to be
adsorbed on the CNF surfaces. Peak shifts in the XPS and
Raman spectra suggest charge (electron) transfer from the
adsorbates to the CNFs. UV−vis and valence band XPS
spectra establish that the CNFs and CN-CNF composites were
p-type semiconductors. The peak responsivity (0.6 A/W) and
the G (1.6) of this device are found to be better than many
CNT-based devices reported in the literature. The peak
detectivity (1.3 × 109 Jones) of the device is also acceptably
moderate. Further, the performance of the CN-CNF/Si device
is superior to that of the CNF/Si device in that it has a better
peak responsivity of 2.8 A/W, a peak detectivity of 9.4 × 109
Jones, and a G of 8. The enhancements are attributable to the
charge transfer induced increase in the work function on
adsorbing the CN nanoparticles onto the CNF surface, leading
thereby to an increase in the junction built-in potential. It is
proposed that the high G values are due to the trapping of
charge carriers in defect induced midgap states, which must be
present naturally in CNF and get enhanced in number on
CuNi NP adsorption.
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