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Carbon-phototransistor with a structure of vertically grew graphene nanosheets embedded carbon
(GNEC) film is fabricated through an electron-assisted sputtering-deposition method. This hetero-
junction phototransistor of GNEC/n-Si exhibits broad detection range (from 450 nm to 1200 nm), high
photoresponsivity (1.298 x 10* A/W), and rapid response to on-off optical signals (4.91 ps). Driven by the
source-drain voltage applied to the GNEC film, electrons recycle in the circuit before recombination,

which enhance drastically the usage efficiency of photo-induced carriers. Besides, GNEC film contains a
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large amount of graphene edges, which may serve as electron pump in the photovoltaic process based on
the e-h separation in the p-n junction. The GNEC/n-Si phototransistor improves the responsivity of ~10
order compared with that of photodiode mode.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene and other 2D materials have emerged as promising
photodetectors because of their fast transport speed [1], broad-
band response [2,3], band-gap engineering [4], etc. Among
various structures, phototransistor has the advantage of fast
response [5] and gate modulations [G]. However, phototransistor
based on pure graphene exhibited low responsivity(R) due to the
lack of electron trapping centers. Therefore, graphene hetero-
junction combined with other 2D materials [7], perovskite [8],
quantum dot [9] and silicon [10] have been explored. Among them,
graphene/Si heterojunction is simple and efficient [11—14] and the
high-performance graphene/silicon phototransistor had been ach-
ieved [14]. These phototransistors are based on chemically vapor
deposited (CVD) or mechanically exfoliated graphene. Thus, the
fabrication processes are expensive and complicated. In addition,
they showed strong dark currents (>10~> A) because of the ultra-
high conductivities of CVD graphene or perfect graphene, limiting
their applications in photodetection. Therefore, it is necessary to
develop a cheap and convenient technique for fabricating high-
performance phototransistors.
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On the other hand, carbon films deposited by sputtering tech-
niques have the potential for wafer-level-production due to its
large deposition area (up to 8 inch), fast growing rate and simple
target. But the traditional amorphous carbon (a-C) films exhibit low
photoresponsivity below 0.2 A/W [15]. Recently, graphene nano-
sheets(GNs) embedded carbon (GNEC) films was fabricated by
electron-assisted sputtering technique [16]. GNEC films consist of
high density of standing structured GNs [17], which have excellent
properties in tribology [18] and strong magnetic properties [19].

Herein, we proposed a GNEC film/silicon phototransistor fabri-
cated through an electron-assisted sputtering-deposition method
electron cyclotron resonance (ECR) sputtering technique. GNEC
film contains a large amount of graphene edges, which serves as
electron pump in the photovoltaic process. Different from the
photodiode mode adopted in previous studies [ 16,20], an additional
source-drain voltage (Vsp) is added on the device. When e-h pair is
separated by a photon, the electron will be trapped by graphene
edge and driven into the external circuit by Vsp. This phototran-
sistor exhibits broad detection range (from 450 nm to 1200 nm),
high photoresponsivity (1.298 x 10* A/W), and rapid response to
on-off optical signals (4.91 ps).
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2. Experimental details
2.1. Samples preparation

GNEC film samples were prepared by ECR plasma sputtering
system (see Fig. S1. in the Supporting Information for details). The
structure and function of this system were elaborated in our pre-
vious reports [16,20]. Several samples were prepared in the ranges
of low energy electron irradiation (substrate bias < 80 eV). A mi-
crowave power of 500 W was delivered into the chamber to
generate a plasma, and a magnetic field was applied to enhance the
plasma density. In a high vacuum argon ion (Ar") plasma atmo-
sphere, carbon atoms from the glassy carbon target are bombarded
by plasma ions. Meanwhile, the positive deposition bias
(Vaep = 80 V) causes electrons to be attracted to the substrate. After
acceleration, the active electrons provide the formation energy of
sp? bonding in the carbon nanostructure. The deposition time was
about 15—25min, and the thickness was about 40—70 nm. High
density GNs grow vertically on the SiO; surface.

2.2. Device preparation

The GNEC films deposited on SiO, was immersed in a 10% hy-
drofluoric acid solution and the sample was transferred. Fig. 1
shows the basic architecture of the GNEC/n-Si phototransistor.
Fig. 1(a) illustrates the electrode distribution of GNEC/n-Si hetero-
junction. The phototransistor, a micron-scale device, has three
electrodes: source, drain and gate electrodes [21,22]. The source-
drain voltage Vsp is applied to the top parallel Au/Ti electrodes.
The SiO layer prevents the electric leakage between the electrode
and n-Si. The electrode evaporated on the back of device acts as
gate voltage (Vgqre). In Fig. 1(b), a rectangular window was etched to
allow the GNEC film contacting with n-Si to form heterojunction.
The area of GSEC/n-Si heterojunction is exposed to incidental
laser(the effective area of GNEC is 2.3757 mm?, the laser spot radius
is 1.5 mm). A mask was applied to avoid illumination beyond the
device. The Lakeshore TTPX low temperature vacuum probe station
was used to providing stable bias or current (see Fig. S3 in the
Supporting Information for details). The I/V curve of the device was
tested in conjunction with a Keithley 4200 semiconductor charac-
terization analyzer under the dark and illuminated conditions.

2.3. Samples morphology

Raman spectroscopy (HORIBA, wavelength of 532 nm) and high-
resolution transmission electron microscopy (TEM, FEI Titan3
Themis G2) were used to analyze the characterization of carbon
films. Electron energy loss spectrum (EELS, Gatan Quantum ER/
965P) was obtained in the TEM system. The EELS was analyzed by
deducting the background signal during a baseline alignment
processing.

Fig. 2 illustrates the structure of GNEC film and the high-
resolution TEM image of GNEC film coated under low-energy
electron irradiation at despsition voltatge Vgep = 80 V. Fig. 2(a)
shows the structure of GNEC film deposited by electron-assisted
sputtering technique. Fig. 2(b) is the high resolution TEM image
of the cross-section of the sample. It verifies that GNs grow verti-
cally from substrate to top. The thickness of the GNEC film on Si is
measured as approximately 53 nm. The top protection layer of
metal platinum was deposited only during the preparation of cross-
section sample by FIB to protect the film from damages caused by
focused ions (see Fig. S2 in Supporting Information for details).
Fig. 2(c) is the plan-view TEM of GNEC film. The GNs is marked with
the red box, and the regions of amorphous carbon is marked with
the green box. In the FFT image of red box, two clearly Laue points
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appear corresponding to (0001)* facet of multilayer graphene. The
reciprocal lattice distance d*(0001) = 5.51/2 nm~! = 2.755 nm™~,
and the interplanar distance d = 1/2.755 nm = 0.363 nm, corre-
sponding to the (0001) facet distance of multilayer graphene. The
FFT of a-C marked with the green box shows no Laue points. The
embedded GNs in the film are dominated by sp?, a yellow arrow
extends in the direction of the curve from the green illustration of
the same scale. The calculated interlayer spacing of the GNs edge is
also 0.33 nm through the surface roughness resolution curve.
Fig. 2(d) shows the Raman spectrum of the GNEC film. It exhibits
obvious D and G peaks and also 2D peaks. The intensity ratio of D
peak and G peak (Ip/lg) is 2.36. Unlike the perfect graphene, the
intensity of the D peak is proportional to the probability of the
formation of a hexagonal ring, which means that the crystal
structure is ordered. Hence, the high Ip/I¢ ratio represents sp® hy-
bridized long-range order structure, and a larger number of crys-
tallization occurs in film. Fig. 2(e and f) show the spectrum of EELS
under the same condition. The low energy region loss spectrum
where the peak at 25 eV illustrates the existence of GNs. The high-
energy part of EELS spectrum shows the existence of sp? bond. 7*
peaks occurs in the vicinity of 285 eV, which indicates the presence
of sp? bonds. The peak at 292 eV of the ¢* band shows the presence
of a crystal structure [23].

3. Results and discussions
3.1. Photo-responsivity performances

Fig. 3 shows the high performance of GNEC/n-Si phototransistor.
Fig. 3(a)—(d) show the Isp -Vsp curves for various incidental power
(P) of GNEC/n-Si at 600 nm, 850 nm, 915 nm and 1000 nm. The
electrodes measured are source and drain electrodes in Fig. 1(b).
The photocurrent roughly follows the photoconductor character-
istic which is roughly symmetric on two sides of Vsp = 0 V. The
curve is not strictly linear since the transport channel is p-n junc-
tion but not a pure conductor. The fluctuation of I-V curves is
possibly caused by the noises of the environment, such as the fan in
the heat sink of laser. Since the device area is rather small, the
noises may causes a tiny vibration of the contact probe to the
electrode. Such small fluctuation does not affect the photocurrent
measurement and can also be observed in other Van de Waals
heterojuction photodetector [24,25]. The dark current at Vsp = 2 V
is 4.85 pA, while the photocurrent is 0.11 mA under 13.33 pW
600 nm laser. The dark current is in the order of 10~° A since there
are a few free electrons and holes in GNEC film driven by Vsp to
form dark current. Under illumination, e-h were separated by
photon excitation and flew into the Vsp circuit to form photocur-
rent. The GNEC/n-Si phototransistor can generate considerable
photo-response in the near-infrared region (1000 nm).

Besides, the effects of Vgqee On the Isp-Vsp curves were investi-
gated. Fig. S4 shows the dependence of Isp-Vsp curves and open-
circuit voltage (Voc) on the Vgate. Since the conduction channel is
a heterojunction in this case, the device is different from the con-
ventional transistor [22]. The V¢aee increases the depletion zone of
the p-n junction. Hence, it does not enhance the responsivity but
change the position of Voc. When Vg,ee increases from 0 Vto 0.5V,
Voc increases from 0 V to 0.34 V.

The Power-dependent photocurrent (source-drain photocur-
rent) and R curves at Vsp = 2 V are represented in Fig. 4(a)—(d). The
R increases from 3801.98 A/W of 1000 nm laser to 1.298 x 10% A/W
of 600 nm laser, which R at 450 nm is 357 A/W. The phototransistor
has a broad detection range (from 450 nm to 1200 nm). The
detection range is beyond the normal silicon in the near-infrared
region due to the narrower band gap of graphene nanosheets
compared with n-type silicon. Fig. 4(a) shows the R under 600 nm
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Fig. 1. Illustration of the structure of the GNEC/n-Si phototransistor device. (a) The diagram of the GNEC/n-Si phototransistor device with bias. (b) Top-view optical image of GNEC/
n-Si phototransistor device. Source and drain Au/Ti electrodes was fabricated by electron beam lithography (EBL) method. Red window on SiO, was etched to allow GNEC film to

contact with the n-Si. (A colour version of this figure can be viewed online.)

laser increases from 7.98 to 1.2529 x 10% A/W as the incident power
P decreases from 13.33 uW to 5.44 nW, while the photocurrent I,
decreases from 0.11 mA to 0.76 pA. Fig. 4(b) shows the R under
850 nm laser increases from 5.21 to 6993.41 A/W as the incident
power P decreases from 8.78 uW to 5.44 nW, while the photocur-
rent Ipp decreases from 0.65 pA to 0.38 pA. Fig. 4(c) shows the R
under 915 nm laser increases from 4.34 to 7419.76 A/W as the
incident power P decreases from 0.13 pW to 5.44 nW, while the
photocurrent Iy, decreases from 0.58 pA to 0.40 pA. Fig. 4(d) shows
the R under 1000 nm laser increases from 7.34 to 3801.98 A/W as
the incident power P decreases from 0.13 pW to 5.44 nW, while the

photocurrent Iy, decreases from 0.11 mA to 0.28 pA. The R at the
GNEC film/-Si heterojunction contact interface was calculated with
photo-current (I, = Isp — Iyqr) and P [6] R = I, /P. Fig. 4(e and f)
show the contour map of R as a function of Vsp (0 V-2 V) and
wavelength (450 nm—1200 nm) at P = ~20 nW. The wavelength
ranges from 450 to 1200 nm with an interval of 15 nm. The R has
the peak of 1.25 x 10% A/W at the wavelength of 600 nm (Vsp = 2 V).
The NEP is 2.236 x 107 W/Hz"? and the specific detective D*
reaches to 2.836 x 10'® Jones (see Table S2 from Supporting In-
formation for details).
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Fig. 2. The film contains a lot of vertically grown GNs embedded in amorphous carbon. (a) The structure diagram of GNEC film. (b) High-resolution TEM micrographs of 80 V GNEC
film cross-section sample prepared by focused ion beam (FIB). (c) Plan-view TEM image of GNEC film with V., = 80 V. Insets show the FFT images and the detailed profile along
orange arrow. (d) The Raman spectrum and (e) and (f) The EELS of the GNEC film under the same condition. (A colour version of this figure can be viewed online.)
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Fig. 3. The photocurrent performance of the GNEC/n-Si phototransistor. (a, b, ¢, d) Isp-Vsp curves for various incidental power of GNEC/n-Si at 600 nm, 850 nm, 915 nm and

1000 nm. (A colour version of this figure can be viewed online.)

3.2. Discussion: p-n junction transistor and possible mechanism

Fig. 5 shows the motion of carriers in the device during the
response of the switching pulse signal. Red circles represent
negatively charged electrons, and green circles represent positively
charged holes. Black dashed circle means the original position of
carriers. The device is a p-n junction transistor with three elec-
trodes (source, drain and gate). The conduction channel of the
transistor is not a conductor but a p-n junction in this case. Since
the light absorption ability of graphene and other carbon materials
are not good [26,27], a p-n junction is introduced by n-Si which can
improve the light-matter interaction and induce more carriers. The
high-performance of the device is mainly due to the p-n junction
transistor structure, which drives the photon-separated electrons
into the external circuit and electrons recycle in the circuit before
recombination. Meanwhile, the graphene edges may possibly serve
as electron pumps in the photovoltaic process. Fig. S5 shows the
principle of electron trapping at edges of GNs. At a representative
monolayer GN, along the width direction, bond length at edges was
shortened compared with that of bulk due to the automatically
relaxation towards lower energy [28]. The effective atomic poten-
tial to neighbor electrons at the edges was lowered compared with
those in bulk. In energy space, mid-gap energy states in the vicinity
of Fermi-level were generated at edges (edge states) as identified
by STM/S experiment [29]. It does not exist only at bare zigzag edge,
but also at hydrogen-terminated edges [30], defective edges
[30—32] and oxidized edge (see supporting information). Since the
potential wells at edges were lowered, they tend to trap itinerate
electrons at edges. In GNEC film, a large amount of standing
structured GNs provide high density of edges which can serve as
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electron trapping centers. The edge electron traps are shallow (near
the Fermi-level) and hydrogenation-insensitive (as shown in
Fig. S5). According to our DFT calculation and the Bond-order-
length-strength correlation (BOLS) corrected Hubbard model [28],
the edge states of bare zigzag edge and H-zigzag both appear in the
vicinity of Fermi-level (E = 0). Although the strong dangling 3-bond
at zigzag edge can be easily saturated, the localized T-states (p,
electron) which was induced by the local bond contraction and
potential well depression, are insensitive to the hydrogenation
[28,33]. The theoretical model of edge quantum trapping is stated
in supporting information.

Fig. 5(a) illustrates the formation of a heterojunction when no
external bias is applied. After the combination of n-type silicon and
GNEC film, a potential barrier is spontaneously generated due to the
difference in Fermi-energy levels (see band diagram in supporting
information). Electrons flew from n-Si to GNEC film due to the high
chemical potential of n-Si, and the heterojunction was formed. A
built-in electric field (V};) in the junction area was generated. GN
edges store a few electrons and electron-hole pair combines
together. Fig. 5(b) shows that in darkness, Vsp drives the electrons
and holes of GNEC film to flow separately and to form Ig4. But the
Idark is low since most carrier pairs remain combined. Fig. 5(c and d)
describe the high-gain mechanism of the GNEC/n-Si phototransis-
tor mode. The electron-hole separation (Fig. 5(c)) and electron
recycling (Fig. 5(d)) happen almost simultaneously under illumi-
nation. Fig. 5(c) shows that in incident power condition, the
electron-hole pair quickly separates after obtaining photon energy.
Electrons and holes flew oppositely across the pn junction due to
the built-in voltage Vj;. Fig. 5(d) shows that GNs edge pump re-
leases the original electron and stores newly generated electron
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Fig. 4. The photoresponse performance of the GNEC/n-Si phototransistor. (a, b, ¢, d) At Vsp = 2 V, P-dependent R and source-drain photocurrent (I,,) of GNEC/n-Si at 600 nm,
850 nm, 915 nm and 1000 nm. (e) The contour map of R as a function of Vsp (0 V-2 V) and wavelength (450 nm—1200 nm, P = ~20 nW). (f) Spectral response at Vsp = 2 V of GNEC

film. (A colour version of this figure can be viewed online.)

alternatively. In the phototransistor mode, an additional source-
drain voltage (Vsp) is added on the device. When e-h pair is sepa-
rated by a photon, the electron will be trapped by graphene edge
and driven into the external circuit by Vsp. The electrons will
recycle in the circuit before recombination due to the ultrafast
velocity of electrons and the graphene edges may serve as pumps in
this situation. Hence, the R of phototransistor mode achieves >10*
improvement compared with the photodiode mode. The incident
photon conversion efficiency (IPCE) can be calculated as [13,34].

hCUph - ]dark)

IPCE =
qAPin

x 100%

where h, ¢, and q represents Planck constant, velocity of light, and
electron charge, respectively. J4qrk represents dark current density,
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and Jp, represents photocurrent density. Py, represents incident
power density. The GNEC/n-Si phototransistor exhibits the photo-
responsivity of 1.25 x 10* A/W under the 600 nm laser. According
the formula, the IPCE of this situation is 2.58 x 10%%. The IPCE ex-
ceeds far from 100% was achieved. Fig. 5(e) shows that, when light
is off, the separated electrons and holes are gradually recombined
into electron-hole pairs.

3.3. Time response

We have tested the dynamic switching response of the device.
Frequency response of a 5 kHz optical signal is measured by an
oscilloscope, as shown in Fig. 6(a). A diode laser (Coherent OBIS)
was modulated on/off with 50% duty cycle by a 5 kHz square
waveform generated by a function generator (Keysight 33,600 A).
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Fig. 5. Possible high-responsivity mechanism of the GNEC/n-Si phototransistor device. (a) Junction formation of GNEC/n-Si transistor. (b) Dark current caused by a few free
electrons and holes flow driven by Vsp. (c)The electron-hole separation and (d) electron recycling happen almost simultaneously under illumination. (c) A large amount of electron-
hole separation under illumination; (d) Vsp drives the photon-separated electrons into the external circuit and electrons recycle in the circuit before recombination. GN edges may
serve as electron pumps in this process. (e) Part of carriers recombinate when light is off. (A colour version of this figure can be viewed online.)

The rise/fall time of the modulated diode laser was 10 ns. The
switching transient response waveform of acquisition device is
dependent on the frequency of continuous square wave pulse
signal. The OFF pulse signal in Fig. 6(a) corresponds to the Vsp in the
dark condition in Fig. 5(b).

At the same time with the pulse ON signal, the photo-response
voltage of the device increases. Fig. 6(b) shows the rise stage in the
rising photo-voltage response which lasts for 7g. The rising time
(7R)is as fast as 4.91 ps. The vertical GNs form the electron channels.
The photovoltage (red line) of the device affected by a pulsed rise
signal as a function of t by fitting the experimental data with a
function, which is written as:

[=Ax (1—exp(—t/TR)) (1)

Fig. 6(c) illustrates the end stage of peak falling edge of the
response (7p = 26.2 ps). The red lines in Fig. 6(c) is obtained by
fitting the experimental data, which is written as:

I=A; x exp(—t/p) (2)
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when the incident square wave signal is 5 kHz, the rising peak and
the falling peak edge generate in synchronization.

In Fig. 6(a), it can be seen that the response curve has a capac-
itive effect, i.e. the photovoltage increases to a high value when
light is just on and falls down gradually during the ON period. That
is due to the pn junction inside the device serving as a capacity. The
excellent light-conducting properties allow the device to maintain
the accurate and stable switching performance at room tempera-
ture. Since the built-in potential difference generated in the het-
erojunction has an efficient isolation operation for light-induced
electron-hole pairs, the lifetime of carrier recombination is pro-
longed [6]. The electron tunnel probability gradually decreases as
the built-in barrier thickness decreases.

3.4. Comparisons

Fig. 7 shows the comparison of performance with previous
photodetectors (see Table S2 in the Supporting Information for
details), such as SWIR(Graphene photodetectors) [35], GNEC film/
p-Si [16], Schottky-graphene/Si heterojunction [36], Tunable
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Fig. 7. The dependence of the R on the response time (7,;s.) of our device, compared
with those of typical reported hybrid graphene photodetector/phototransistors
including other materials (e.g. ZnO, GaAs, MoS2, perovskite). The corresponding
reference number (in square brackets) and the peak wavelength (in parentheses) are
labelled in respective text. (A colour version of this figure can be viewed online.)

Graphene n/p-Si [37], Perovskite + NGQDs + GO [38],
(C4HgNH3),PbBr4/Graphene [8], ZnO Nanoparticle-Graphene [39],
Graphene/GaAs [40], and Graphene-MoS,-Graphene [41]. Gra-
phene/Si heterojunctions photodiode has responsivity of 11 A/W
[14,37]. Phototransistor with a structure of a nitrogen-doped gra-
phene quantum dots (NGQDs)—perovskite composite layer and a
mildly reduced graphene oxide (mr GO) layer, exhibits high
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photoresponsivity (1.92 x 10* A/W), and response time to
ON—OFF(=10 ms) [38]. The ZnO nanoparticle—graphene core—-
shell structures shows an maximum photoresponsivity 640 A/W at
375 nm, the response time (<1 ms) [39]. 2D (C4HgNH3),PbBr4
perovskite/graphene photodetector at a wavelength of 510 nm
shows high responsivity (~2100 A/W) [8]. Self-driven graphene/
GaAs has R 5.97 mAW~! and corresponding detectivity is 1.1 x 10!
cmHz%*W~1 [40]. Graphene—MoS,—graphene layer device has the
photocurrent external quantum efficiency of 55% (corresponding to
a photoresponsivity of 0.22 A W1) at wavelength of 488 nm [41].
The performance (R = 1.2 x 10* A/W and t = 4.91 ps) of this work is
outstanding among the references.

Unlike the plane graphene, high-density GNs in GNEC film plays
an important role in carrier transport. Vertically structure of GNs
exert the ability of graphene edge quantum traps capturing and
retaining carriers. Compared with the GNEC/n-Si [20] and GNEC/p-
Si [16] photodiode in previous reports, the device in this manu-
script is a phototransistor. In the previous photodiode mode, there
are only two electrodes - GNEC film and Si substrate. The photo-
separated electrons and holes drift oppositely through the p-n
junction due to the built-in electric field, to form the photocurrent.
In contrast, in the phototransistor mode in this work, an additional
Vsp is added on the device. When e-h pair is separated by a photon,
the electron will be trapped by graphene edge and driven into the
external circuit by Vsp. The electrons will recycle in the circuit
before recombination due to the ultrafast velocity of electrons and
the graphene edges serves as pumps in this situation. Hence, the
responsivity of phototransistor mode achieves huge improvement.
Besides, the difference between the GNEC/p-Si and the GNEC/n-Si
mainly come from the formation of the p-n junction with or
without external bias (see Table S3).
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4. Conclusions

In summary, we have resolved the GNEC films with a three-
dimensional structure in which high-density vertical GNs are
embedded between a-C. A large number of electrons recycled in the
Vsp circuit before recombination based on the e-h separation in the
p-n junction. It enhances drastically the usage efficiency of photo-
electrons. Compared with GNEC/Si diode and other graphene 2D
materials photovoltaic detectors, the GNEC/n-Si phototransistor
shows markedly outstanding performance. The highest photo-
responsivity can reach to 1.298 x 10* A/W at 600 nm. The hetero-
junction phototransistor exhibits broad detection ranging from
450 nm to 1200 nm. Fast response time of 4.91 s is achieved as
well. The change of the gate-voltage affects the Voc of the device. In
addition to the separation of the photo-generated carriers due to
the built-in potential field of the p-n junction, the Vsp voltage in-
creases the total transport of carriers. This research provides a
wafer-level-produced and low-cost preparation idea for future in-
depth research on weak detection.
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