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Weak light absorption of graphene has limited the responsivity of graphene-based photodetectors. On the other
hand, the slow response of PbSe as a mid-infrared range (MIR) detector makes this type of detector unsuitable as a
commercial detector. Here, we report a fast MIR detector based on hybrid graphene—PbSe nanorods. For this
purpose, a few-layer graphene piece was synthesized using a simple, scalable, and economical method on a cobalt
layer, the synthesized graphene was transferred onto interdigitated copper electrodes, and then synthesized nano-
rods were spin coated on the transferred graphene. Strong and tunable light absorption in the quantum dot layer
creates electric charges, which are transferred to the graphene, and due to the high charge mobility of graphene
and long trapped-charge lifetimes in the quantum dot layer, they recirculate many times. The fabricated device
has high speed and responsivity. The gain of fabricated detectors based on hybrid graphene quantum dots is 10.3
times more, their response time is 14.3 times faster, and their responsivity is 10 times more than conventional
nanorod-based detectors. From the point of view of spectral selectivity, tuning the size of the nanorods helps
optical detection from the IR to mid-IR.  © 2015 Optical Society of America

OCIS codes: (040.5160) Photodetectors; (040.1880) Detection; (160.4236) Nanomaterials; (160.5140) Photoconductive materials;
(160.5335) Photosensitive materials; (260.3060) Infrared.

http://dx.doi.org/10.1364/A0.54.006386

1. INTRODUCTION

Graphene is a two-dimensional sheet/structure of carbon
atoms, forming a honeycomb lattice with hybridized bonds,
with unique electrical and physical properties [1]. The most
interesting electrical properties are high carrier mobility and
ballistic transport of charge carriers and half-integer quantum
Hall [2-5]. The electrical properties and the low absorbance of
graphene make it potentially an ideal transparent conductor
where transparency and high conductivity is required [6].
Stiffness, mechanical or flatness stability [7], and high thermal
conductivity [8] are the other properties of graphene. These
properties have made graphene a suitable candidate for many
applications, such as various sensors [9,10], high-frequency

[20,21], or microcavities [22,23]. However, the key factor in
obtaining ultrasensitive graphene-based photodetection is fab-
rication of the detector with high gain and the ability to provide
multiple electrical carriers per single incident photon. Because
of the high transparency of few-layer graphene, the gain is not
high in graphene-based photodetectors. Here, we present a new
hybrid graphene—PbSe photodetector that exhibits ultrahigh
photodetection gain, high quantum efficiency, and high sensi-
tivity. The key functionality of this detector is the application
of PbSe nanorods as strong light-absorbers that are spectrally
tunable and help facilitate transferring photogenerated charges

at higher speeds.

transistors [11,12], and optoelectronic applications such as
photodetectors [13] and transparent conductive electrodes
for solar cells [14] or flat panel displays [15].

So far, the rapid development of graphene-based photode-
tection has focused on enhancement of the absorption of light
in graphene, for example, by exploiting the thermoelectric

effects [16-18], metallic plasmonics [19], graphene plasmons

1559-128X/15/206386-05$15/0$15.00 © 2015 Optical Society of America

2. EXPERIMENT

A. Synthesis of Graphene

In this experiment, a quartz wafer (5 cm x 2.5 cm) was used as
the substrate to deposit 200-nm-thick films of Co by electron
beam evaporation. The electron beam evaporation process
started when the pressure of the chamber reached below
10° Torr at 100°C The synthesized Cobalt films were
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annealed under a vacuum pressure of 10-® Torr at 500°C or 4 h
in a tube furnace. Then the obtained sample was loaded into a
sputtering system to deposit solid carbon film on the cobalt
thin film. The DC magnetron sputtering system had been
evacuated to a base pressure of 3 x 10 Torr, and the sput-
tering was done at a working pressure of 10 Torr and an Ar
pressure of 25 SCCM. The thickness of the carbon layer was
recorded as 2 nm. Thermal annealing of the amorphous carbon
was performed for the synthesis of graphene in a tube furnace at
900°C under high vacuum for 45 min. The graphene was trans-
ferred onto interdigitated electrodes using a polymethyl meth-
acrylate (PMMA) layer. In this process PMMA was spin coated
on the graphene film grown on Co/quartz and cured at 180°C.
Then wafer was dipped into a nitric acid and hydrofluoric acid
solution (1:1) at room temperature. In this case, the etching
rate was 30 and 20 A per second for cobalt and quartz, respec-
tively, and after 5 h, when the Co layer was completely removed
and the quartz substrate partially etched (thickness of about
36 pm), the detached graphene film was placed in a water bath.
The PMMA/graphene film was washed with deionized water
and placed on the interdigitated electrodes and dried, and then
the PMMA was dissolved by acetone.

B. Synthesis of PbSe Nanorods

Pb(Ac)2 (1 mmol) was dissolved in oleylamine (OLA) (10 ml)
in a 250 ml three-neck flask under vacuum. Selenium (1 mmol)
and sodium borohydride (0.1 g) were dissolved in 5 ml of
2-propanol and injected at a temperature of 110°C into the
Pb(Ac)2-OLA gel. The temperature was stabilized at 110°C
for 20 min during the growth. The precipitate was redispersed
in hexane and then washed several times with ethanol and
2-propanol and dried at 50°C for 2 h. To exchange the surface
coordinated OLA with thioacetamide (TAA), 15 mg of syn-
thesized PbSe and 30 mg of TAA were dispersed in 20 ml of
2-propanol and stirred for 18 h at room temperature. The sol-
ution was centrifuged at 6000 rpm for 10 min, and precipitate
was redispersed in 2-propanol and washed five times with etha-
nol and 2-propanol. The obtained material was spin coated
on graphene transferred onto interdigitated electrodes, and the
device was dried at 100°C for 12 h.

C. Characterization

X-ray diffraction (XRD) (Siemens D500 instrument) of the
graphene and PbSe samples was recorded from 2° to 70°. The
thickness and morphology of the prepared graphene were
determined by an atomic force microscope (dual scope ¢-26
scanning probe and optical microscope), and the nanostructure
of quantum dot (QD) samples was observed by field emission
scanning electron microscopy (SEM; Tescan model MIRA3).
UV/visible absorption spectra of the samples were recorded
by employing a PG Instruments Lid. T70 UV/visible
spectrophotometer.

3. RESULTS AND DISCUSSION

The broad (002) peak at 26 = 22° can be detected in Fig. 1,
which depicts an interlayer distance of 0.4 nm according to the
Bragg relation (2d sin @ = #4). This is 0.334 nm in graphite,
and it indicates the complete exfoliation and destruction of the
ordered layered structure of graphite.
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Fig. 1. XRD pattern of the synthesized graphene.

The XRD pattern of the PbSe nanorods was indexed to a
cubic phase with lattice parameters of 2 = 6.05 A (Fig. 2). The
intensity and positions of the peaks are in good agreement with
the values reported in the literature (JCPDS 05-0592). All the
diffraction peaks could be indexed to (111), (200), (220),
(311), (222), (400), (331), and (420) reflections of the face-
centered cubic PbSe structure. With reduction of the crystalline
size toward the nanometer scale, a broadening in the diffraction
peaks is observed, and the width of the peak directly correlates
to the size of the nanocrystalline domain due to the Debye—
Scherrer relation. The size of the synthesized nanoparticles is
estimated to be about 28 nm by the Debye—Scherrer relation.

Figure 3 presents the Fourier transform IR (FT-IR) spec-
trum of PbSe nanorods and graphene. The spectrum [Fig. 3(a)]
confirms the existence of absorption bands in the range 3—-5 pm
for PbSe nanorods. Also, weak absorption bands for graphene
can be observed in the range 3—5 pm [Fig. 3(b)]. The sheet
resistance of the synthesized graphene is 2 kQ/sq. Figure 4
shows the topology of synthesized graphene using atomic force
microscopy (AFM). As seen in the AFM image, the thickness of
the synthesized graphene layer is about 2 nm, and the deposited
layer is almost homogenous.

The SEM image of the PbSe nanorods is displayed in Fig. 5
and shows that the morphology of the synthesized materials is
rodlike. The average size of the materials is about 50 nm.

The device is fabricated with a graphene sheet, which is
transferred onto interdigitated electrodes and sensitized by
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Fig. 2. XRD pattern of the synthesized PbSe Nanorods.
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Fig. 3. FT-IR spectrum of the synthesized (a) PbSe nanorods and
(b) graphene.
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Fig. 4. Typical atomic force microscopy image of the synthesized
graphene.

Fig. 5. SEM image of the synthesized PbSe nanorods.

PbSe nanomaterials. Graphene is the carrier transport channel,
and the nanorods are used as the photon absorbing material
[24]. Konstantatos ez al. have published similar research work
in which graphene decorated with PbS QDs on top of a silicon/
SiO, wafer has been used for fabrication of a phototransistor
[24]. They have proved that the graphene provides a gate-
tunable carrier density and polarity that enable tuning of the
sensitivity of the transistor and increase its speed. PbS QDs
act as near-IR absorber at a range of 1-3 pum, and operation
of their hybrids with thiols as photodetectors without graphene
is relatively fast. In this study PbSe is used for operation at
3—5 pm wavelengths. PbSe does not have a fast response, and
here we improved its operation with TAA passivation and the
improved material applied on the graphene that was on the
interdigitated electrodes for fabrication of the mid-IR range
(MIR) photodetector. In contrast to what has been shown pre-
viously in graphene-based detectors, where photocurrent gen-
eration occurs at the interface of graphene and metal contacts,
or in the vicinity of a p—n junction, these structures are photo-
responsive over a large area, a feature of importance in most
sensing applications [24]. In our structure graphene is used
on the interdigitated electrodes. Here electrons can inject from
the electrode to the graphene, and then they can transfer from
the graphene to the nanorods. Electrons can be tunneled
between rods and then they can transfer to another electrode.
The fabricated device based on PbSe nanorods capped by
the OLA ligand do not show sensitivity on IR illumination
(A = 3 pm), which is possibly related to the long chain of
OLA. By replacing OLA with TAA, the photosensitivity of the
detector becomes higher. Figure 6(a) depicts /—V characteris-
tics of the photodetector device fabricated based on PbSe
nanorods capped by TAA both in the dark and under IR illu-
mination (4 =3 pm). Applying graphene under nanorods
causes an increase in the dark current and photocurrent
[Fig. 6(b)], which indicates high responsivity and low sensitiv-
ity of the fabricated device based on graphene nanorods.
With a bias voltage of 5 V, the detector based on TAA-

capped PbSe nanorods demonstrates a dark current density
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Fig. 6. 7-V characteristics of the fabricated detectors based on the
synthesized (a) PbSe—TAA nanorods and (b) hybrid graphene—PbSe—
TAA nanorods under IR illumination with a power of 6.6 pW
(4 = 3-5 pm).

of 1.5 pAmm™ and photocurrent density of 3.7 pAmm™
[Fig. 6(a)]. Also, in the same conditions, a dark current density
of 27.40 pAmm~2 and photocurrent density of 50 pAmm™
are observed for the device based on hybrid graphene-PbSe
nanorods capped with TAA [Fig. 6(b)]. The results indicate that
hybrid graphene—PbSe increases responsivity by a factor of 15.

The photosensitivity of a detector (§) can be described by
S = (R; - R;)/R;, where R, and R; are the electrical resistance
in the dark and under IR illumination, respectively [25]. The
photosensitivity of the fabricated detectors is calculated to be
1.47 and 0.82 for PbSe nanorods capped with TAA and hybrid
graphene-based TAA-capped PbSe, respectively. According to
the results obtained, the photosensor fabricated using TAA-
passivated nanorods exhibits high sensitivity over a large varia-
tion in bias. Furthermore, photoconductive gain (G) is defined
as the ratio of the number of electrons collected per unit time to
the number of photons absorbed per unit time [25]. By apply-
ing responsivity values of 0.56 and 7.6 AW~ (for a source with
power of 6.6 pW and 5 V bias voltage) and wavelength of 3 pm
to the expression, the estimated gain of the devices based on
PbSe nanorods passivated by TAA is 0.3, and it increases to
3.1 when graphene is used as a carrier channel in these
structures.
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Fig. 7. Photocurrent transient response of fabricated detectors
based on (a) PbSe-TAA and (b) hybrid graphene—PbSe—~TAA under

illumination of light with a wavelength of 3 pm and power of

3% 107 W /cm?.

The device made using PbSe-TAA exhibits a rise time
of 400 ps [Fig. 7(a)], and this time for the graphene-based
detector is 28 ps. The results show the response time of
the graphene-based detector is 14.3 times faster than the
PbSe-TAA detector. In fact, graphene is the carrier transport
channel, and the nanorods are used as the photon absorbing
material in this work. The response time measurement was per-
formed using IR light illumination and an optical chopper with
a stable rotating speed that periodically interrupted the light
beam. The chopper wheel was mounted in front of the detec-
tor, and the photodetector response time was measured when
illuminated with discontinuous 3—5 pm IR light at a maximum
motor speed of 1 kHz [26].

4. CONCLUSION

In this work, PbSe nanorods passivated by OLA ligands were
synthesized by a thermal decomposition method. The long-
tailed OLA ligands were exchanged for shorter TAA ligands.
A few-layer graphene piece was prepared by the sputtering
method, and the prepared materials were used for fabrication
of the MIR detectors. The results illustrate that the detector
fabricated from hybrid graphene-PbSe nanorods shows a fast
response with high responsivity. The gain of detectors fabri-
cated based on hybrid graphene nanorods is 10.3 times more,
their response time is 14.3 times faster, and their responsivity is
10 times more than conventional nanorod-based detectors.
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