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position on the external quantum
efficiency of reduced graphene oxide/carbon
nanoparticle based photodetector used for human
body IR detection

Mohammad Sahabul Alam,ab Monny Akter Boby,b Farzana Aktar Chowdhury,c

Hamad Albrithende and Mohammad Abul Hossain *f

Here, we developed an efficient infrared (IR) detector comprising reduced graphene oxide (RGO) and

carbon nanoparticles (CNPs) for detecting human body IR radiation under ambient conditions. The

RGO/CNP nanocomposite thin-film based photodetectors were assembled via a simple solution-phase

cost-effective route with different concentrations of RGO solution while keeping CNP concentration

constant. Three RGO/CNP nanocomposite photodetector devices were fabricated with three different

concentrations of RGO (keeping CNP concentration constant) and their photoresponse properties have

been studied. The devices showed a sharp response to IR radiation emitted by the human body at room

temperature having a wavelength of nearly 780 nm. I–V characteristics, radiation current responsivity,

and time response curves as well as their external quantum efficiencies have been studied and

explained. We measured two important parameters, namely, IR responsivity (Rl) and external quantum

efficiency (EQE) of RGO/CNP based IR detector devices. Our annotations show that Rl and EQE

increase with increasing concentration of GO in RGO/CNP nanocomposites as expected. This simple

and inexpensive approach based on the integration of RGO and CNP could also be useful for the

design of other potential optoelectronic devices such as photosensors for use in auto-doors to permit

the entrance of human bodies only and in spaceships or robots to identify the existence of humans on

Mars and the Moon.
1. Introduction

Graphene, a single atomic layer of two-dimensional carbon
crystal, where each carbon atom is bound to another one in
plane by sp2 hybridized bonds. Since the discovery of graphene,
numerous research work has been performed on it.1,2 Many
experimental demonstrations have revealed graphene’s extraor-
dinary mechanical, thermal, optical, electronic and optoelec-
tronic properties.3–5 Because of these exceptional properties,
graphene is considered as a potential candidate for future
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generation electronic devices,6–11 energy storage devices,7,12

sensitive chemical sensors,8 biomedical applications13 including
biosensing,14 bioimaging,15 thermal management,9,16 and
composite materials.7,8,17 Despite having many fascinating
properties, pristine graphene is not an efficient material to be
used in optoelectronic devices such as photodetectors as it is
a zero-bandgap semiconductor.18–20 Due to its zero-bandgap
nature, the light absorption capability of graphene is very
weak. It absorbs only 2.3% of light in the wide range of the
visible spectrum. As a consequence, it shows very poor photo-
responsivity (�10�2 A W�1), which in fact impedes its applica-
tion in optoelectronic devices.21,22 However, derivatives of
graphene such as chemically converted graphene or graphene
oxides (GOs) have the advantage of an open band gap and large-
scale production.23 This advantage of GO has created a center of
attention in science and technology as potential candidates for
future applications of photocatalysts,24 ultraltration
membranes,25,26 and optoelectronic devices such as photode-
tectors.27–31 The synthesized GOs are electrically insulating32–35

but these can be made conductive by annealing or chemical
reduction into reduced graphene oxide (RGO),36–40 which
partially recovers the physical structure of pristine graphene.
This journal is © The Royal Society of Chemistry 2019
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Usually, the interaction of light with carbon based nano-
materials (carbon nanoparticles and graphene) results in a huge
absorption of photons in the range 700–1100 nm and hence,
heat is produced due to the creation of phonons owing to the
strong sp2 bond in the nanostructures.41 The electronic band
gap of GO can be changed over a wide range (2.2 to 0.5 eV) by
altering the amount and type of oxygen-containing groups (by
chemical or thermal reduction), which indicates a transition
from insulator to semiconductor (usually it is called RGO).42 In
most cases hydrazine is usually used for the chemical reduction
of GO into RGO but its toxicity and explosiveness pose
a problem.43,44 On the other hand, thermal reduction is mostly
performed only at high temperatures (300–1100 �C),43–45 which
is not suitable for practical applications of GO.43 Recently we
reported a cost effective practical route to grow device quality
RGO thin lms on glass at low percolation temperature (�200
�C) without using reagent via a simple solution casting
process.43,44

Carbon-based nanomaterials such as carbon nanoparticles
(CNPs) are considered as promising green materials and an
alternative to traditional uorescent nanocrystals for applica-
tions in bio-, optical, and photoacoustic imaging.46–50 Besides
these, CNPs have extraordinary electrical and optical proper-
ties.51 Therefore, incorporating the outstanding optical and
electrical properties of CNPs and the feasibility of RGO by the
development of hybrid structures could help to make excep-
tional physical properties and render a potential pathway for
developing high performance graphene-based material devices.

In this work, we report the inuence of growth conditions on
the development of RGO/CNP based human body IR radiation
detectors comprising both RGO and CNP. The IR radiation
emitted by the human body at room temperature has a wave-
length of approximately 780 nm.52–54 Our RGO/CNP thin-lm
based human body IR detectors work well due to their band
gap matching to the absorption at 780 nm of the photon
wavelength. Such a detector will be highly applicable to identify
the existence of human beings in any place such as Mars, the
Moon etc.

2. Experimental
2.1. Materials

CNPs were synthesized by following the procedure reported
elsewhere.51 Commercial grade diesel was collected from an oil
station in Dhaka City of Bangladesh. Carbon nanomaterials
were synthesized from the incomplete combustion of diesel
with controlled air oxygen. At rst, diesel was taken in a clean
lamp and was red. A special type of round bottom ask of glass
was placed over the ame of the lamp to prevent an excess of air
oxygen. During the burning of diesel, black colored materials
were prepared, which were deposited inside the ask. Deposited
materials were collected in a dry bottle and stored in
a desiccator.

GO was synthesized with Marcano’s improved method.55

Graphite akes and KMnO4 were purchased from Alfa Aesar and
Kanto Chemical, respectively. A PTFE membrane lter with
a 0.45 mm pore size was purchased from Millipore. Polyester
This journal is © The Royal Society of Chemistry 2019
hollow ber (Tetoron, 90 dtex, 38 mm) was purchased from
Teijin Fibers. A mixture of concentrated H2SO4/H3PO4 (180 mL/
20 mL; 9 : 1) was added to a mixture of graphite akes (1.5 g)
and 9.0 g KMnO4. The mixture was heated with stirring at 50 �C
for 14 h, which then was cooled to room temperature and
poured onto ice (200 mL), which had been treated with 30%
H2O2 (1.5 mL), with further cooling in an ice bath as an
exothermic reaction occurred. The mixture was ltered through
polyester ber to yield dark purple solution, which was centri-
fuged (3750 rpm for 5–15 h), and the supernatant was decanted
away. The remaining gray solid was dispersed in water (90 mL)
using sonication, and ltered through the polyester ber. The
ltrate was centrifuged and the supernatant decanted away.
This washing protocol (dispersion using sonication, ltration,
and centrifugation) was repeated with concentrated HCl (90
mL) and ethanol (90 mL) then again with water, concentrated
HCl, and ethanol. The new yellow residue was coagulated by
treating it with diethyl ether, and ltered through a PTFE
membrane to yield a yellow solid. The solid obtained on the
lter was vacuum-dried overnight at room temperature,
affording 0.4–0.6 g of dark-colored product. CNP solution in
DMSO (10�7 mol L�1) was mixed with 1 mg mL�1 concentrated
GO solution; and thereby, a homogeneous solution was readily
obtained.
2.2. RGO/CNP nanocomposite based device fabrication

Glass substrates were purchased from Nisshin EM Corporation,
and were cleaned in an ultrasonic bath with deionized water,
acetone and IPA for 15 minutes, in each case. The sample
preparation was quite easy and simple. First chemically and
ultrasonically cleaned glass substrate was dried with a nitrogen
gas ow. Aer that, the glass substrate was kept in the oven.
Then the GO/CNP solution was drop cast on the substrate and
annealed at a temperature of 200 �C for 30minutes to obtain the
RGO/CNP lm. The casting of the solution was controlled
carefully due to a concern that over dropping might result in
thicker lms. The obtained thin lm was chemically and ther-
mally stable, homogeneous and well-adhered to the substrate as
well. Table 1 presents the specications of the three prepared
RGO/CNP thin lms.
2.3. AFM measurements

In order to study the surface morphology of the GO and CNPs
individually, certain amounts of low concentration GO/CNP
suspension was rstly drop cast onto freshly cleaved mica
substrate and spin coated (5000 rpm for 30 seconds) and heated
at 100 �C for 10 minutes. Aer that, the samples were loaded
into the microscope. Atomic force microscopy (AFM) measure-
ments were performed using a Tapping Mode AFM (Veeco V)
with an antimony doped silicon cantilever (model: TESPA). Mica
substrates were purchased from Nisshin EM Corporation.
Resolution for topography measurements was 512 512 points at
1 Hz frequency. Fig. 1(a, b) and 2 were produced using the
program WSxM.56
RSC Adv., 2019, 9, 18996–19005 | 18997
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Table 1 Specifications of the devices

Devices Concentrations of solution Heat treatment

1 1.00 mg mL�1 (GO) with 10�7 mol L�1 (CNP) 30 minutes annealing at 200 �C
2 0.50 mg mL�1 (GO) with 10�7 mol L�1 (CNP) 30 minutes annealing at 200 �C
3 0.25 mg mL�1 (GO) with 10�7 mol L�1 (CNP) 30 minutes annealing at 200 �C
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2.4. Optical measurements

The transmittance of the lms was studied using a spectroscopic
Ellipsometer (WVAZE, J. A. Woollam inc) capable of measuring
the transmittance of polarized light. In that system, the incident
angle of the light on the samples surface was 0�. The system has
a wide range spectrum in the range 300–2500 nm. The absolute
intensity of the transmitted beam was divided by the source
intensity without a sample to extract the transmittance (T).
2.5. IR response study

The room temperature DC transport measurements were
carried out using a standard two-probe technique. A ‘Keithley’
Fig. 1 (a) An AFM image of exfoliated GO and CNPs deposited on mica
a mica substrate, (c) a 2D line profile recorded along the red dotted line o
line on the graphene sheet in (a).

18998 | RSC Adv., 2019, 9, 18996–19005
2401 source meter unit was used for current measurements as
a function of time (at 2 V power supply) under radiation emitted
by a human body. Two indium electrodes were fabricated on
RGO/CNP thin lms at approximately 2 mm distance. Body
current was measured with time by holding one hand in close
proximity to the lm at different distances from the device.

3. Results and discussion

In order to show the achievement of single-sheet GO and indi-
vidual CNPs, a droplet of low concentration GO/CNP suspen-
sion was dropped onto the mica substrate for AFM
measurements. Fig. 1(a) shows an AFM image of single GO
substrate. (b) A magnified AFM image of isolated CNPs deposited on
n the CNP dots in (a), and (d) a 2D line profile recorded along the green

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) An AFM topography image of GO film on glass substrate of concentration 1 mg mL�1, (b) an AFM topography image of RGO/CNP
nanocomposite (device-1).

Fig. 3 Optical transmittance as a function of photon wavelength for
three different RGO/CNP devices. Concentrations of GO were 1 mg
mL�1, 0.5 mg mL�1 and 0.25 mg mL�1 for device 1, 2, and 3, respec-
tively. Concentration of CNP was kept constant in all cases, which was
10�7 mol L�1.
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akes as well as isolated CNPs. A magnied AFM image of
Fig. 1(a) is presented in Fig. 1(b), where isolated CNPs of
different sizes are clearly visible. A 2D line prole was recorded
along the red dashed line in Fig. 1(a) and presented in Fig. 1(c),
which shows that the size distribution of isolated CNPs varies
from 1 to 3 nm. Another 2D prole was recorded along the green
solid line in Fig. 1(a) and presented in Fig. 1(d). The prole
indicates that the thickness of the GO sheet is approximately
1 nm, which roughly conrms the detection of a single GO
sheet.

Fig. 2(a) shows an AFM topography image of GO thin lm
used in this study. The average thickness of the lm obtained by
AFMmeasurement is 35.2 nm and the surface root mean square
(RMS) roughness is 2.79 nm. It is noteworthy that the lm
thickness exceeds the thickness of a single layer of graphene
oxide of �1 nm, demonstrating that the prepared lm consists
of multiple layers of GO. Fig. 2(b) shows the AFM surface
morphology of one of the RGO/CNP based IR detector devices
(device-1). The image shows homogeneous deposition of the
RGO/CNP nanocomposite on the glass surface. These
measurements show a simple synthetic strategy for anchoring
single-nanoparticle systems on RGO.54 The average thicknesses
are 27.5 and 22.3 nm and the corresponding RMS roughness are
1.48 and 1.25 nmmeasured directly by AFM for the device-2 and
device-3, respectively.

Fig. 3 demonstrates the optical transmittance spectra for all
three samples in the photon wavelength range between 300 and
2500 nm. The RGO/CNP nanocomposite lms show roughly
horizontal transmittances of photon wavelength regime start-
ing from 2500 down to 1750 nm for sample-1 (device-1), 2500
down to 1200 nm for sample-2 (device-2), and 2500 down to
750 nm for sample-3 (device-3), showing transmittances from
82 to 90%. At around 800, 700, and 500 nm a sharp absorption
This journal is © The Royal Society of Chemistry 2019
takes place for sample-1, sample-2, and sample-3, respectively,
where transmittance reaches approximately down to zero. The
absorption of light at 800 nm for sample-1 approximately
corresponds to the wavelength of IR radiation emitted by the
human body at room temperature. This indicates that sample-1
has a band gap which lies close to the IR radiation of wave-
length 780 nm emitted by the human body at room tempera-
ture, making it an interesting candidate for application in IR
sensing devices.

A schematic diagram of an IR detector device for electrical
measurement is shown in Fig. 4(a). The current–voltage
RSC Adv., 2019, 9, 18996–19005 | 18999
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Fig. 4 (a) A schematic illustration of the device configuration for IR response studies, (b) I–V characteristics curve with and without IR irradiation
of one of the RGO based IR detector devices and (c) one of the RGO/CNP nanocomposite based IR detector devices.
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characteristics of the IR detector devices with and without IR
irradiation are shown in Fig. 4(b) and (c). Dark current (ID) and
the current due to human body IR radiation (Il) were measured
at room temperature where the Il current data was measured
aer 5 minutes of continuous human body radiation exposure.
The current (Il) was calculated by subtracting the dark current
(ID) from the irradiation current [Il ¼ Iirradiation � ID]. In all
irradiation current measurements, a hand was used as an IR
source.

In order to explore the electrical contact between RGO and
CNPs in the nanocomposite, the I–V properties (Fig. 4(c)) of one
of the fabricated devices were measured (device-1) under IR
radiation emitted by the human body. As a control experiment
we also measured I–V properties (Fig. 4(b)) of a RGO based IR
detector. Fig. 4(b) shows that there is no signicant current
change on IR irradiation by the hand, demonstrating a very low
IR response in the RGO lm. However, a linear I–V curve (rep-
resenting the ohmic contact) was obtained with the same IR
irradiation for the RGO/CNP nanocomposite device (device-1),
indicating that there is a strong interaction between RGO and
19000 | RSC Adv., 2019, 9, 18996–19005
CNPs in the nanocomposite (Fig. 4(c)). The current also
increases on IR irradiation of the RGO/CNP based nano-
composite. In the above cases, the source of IR radiation (hand)
was kept 2 cm away from the device at room temperature. The
starting value of the sweep voltage was 0 volts and the stop
voltage was 4 volts. From the above graph (Fig. 4(c)), we see that
the radiation current rises signicantly when the source (hand)
of IR radiation was brought into a close vicinity of the detector.
It is seen from Fig. 4(c) that the current due to radiation is
approximately 5 times higher than the dark current.

We also investigated time-resolved IR response for three
different devices under radiation from a human hand at a bias
voltage of 2 V. When the hand is placed in the proximity of the
device (IR at ON state), current starts rising immediately and
reaches the saturation value. The RGO/CNP nanocomposite
based detector shows good response under IR radiation from
a hand and this phenomenon continued repeatedly and is
presented for 3 cycles in Fig. 5(a). It demonstrates persistent IR
response with less deviation. When the hand is put away from
the device (IR is at OFF state), the current promptly recuperates
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Time-dependent IR response study of the RGO/CNP nanocomposite under radiation due to a hand, (b) rapid growth and decay of the
current due to a hand in repeated proximity and removal for device-1 (blue), device-2 (red), and device-3 (green).
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to its initial value. It means the radiation-current retention time
(RRT) is very poor. The RRT is dened as the time a radiation
current can be sustained in the sample aer the IR is switched
OFF. The rise and fall of the current due to a hand in repeated
Fig. 6 (a) Exponential rise of current with time for device-1, device-2, an
points presented in (a). In all cases, the source of radiation (hand) was k

This journal is © The Royal Society of Chemistry 2019
proximity and removal (12 cycles) is presented in Fig. 5(b). The
device demonstrates excellent cyclability, which is a key feature
for measuring the permanence of the device under prolonged
application.57
d device-3 respectively; (b–d) exponential fit to the experimental data
ept at a distance of about 2 cm away above the detector.

RSC Adv., 2019, 9, 18996–19005 | 19001
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The continuous current rising was detected under IR radia-
tion due to a hand by the three different devices as a function of
time and plotted in Fig. 6(a). It is seen from Fig. 6(a) that the rise
of the current persists for quite a long time of about 10 minutes.
Aer that, it goes to a saturated regime. The growth curve
consists of faster and slower parts. These effects are due to
transient current and capacitive effects. These two effects can be
calculated by tting the growth curve with an exponential
function and working out for the time constants.57 The growth
of current due to IR radiation by hand as a function of time ts
well with the eqn (1) of exponential growth:

It ¼ I0 + C(1 � exp(�t/sC)) + D(1 � exp(�t/sD)) (1)

where t is the time when IR is switched ON (hand proximity to
the detector) and current starts rising and becomes saturated,
sC and sD correspond to rst and slow time constants, respec-
tively, I0 is the dark current when IR is switched OFF (hand away
from the detector), C and D are scaling constants which repre-
sent fast and slow contribution, respectively, for the net IR
current saturation.57–59 In the time-dependent current rising
Fig. 7 (a) Variation of maximum IR current with distance for three devic

19002 | RSC Adv., 2019, 9, 18996–19005
curves (Fig. 6(a)), two sections are found in all three devices
which provide two time constants sC (47 s) and sD (356 s). The
RGO/CNP detector responds immediately aer putting the
hand in proximity to the device and then the current boosts in
about 600 s before saturation.

We also observed in Fig. 6(a) that the higher the concentra-
tion of graphene oxide is, the higher the current under IR
irradiation is. The increase of current with increasing concen-
tration of graphene oxide matched with the expected outcome.
The higher is the concentration of the GO materials in the
solution, the higher the thickness of the RGO/CNP based
devices/lms. The higher current is related to the band gap (or
thickness of the lms) of the composite materials. The band gap
of the RGO/CNP nanocomposite is inversely proportional to the
square of the RGO/CNP lm thickness (Eg � 1/d2).60–62 The
quantum size effect could be a probable reason for the change
in the band gap with varying thickness of RGO/CNP thin
lms. This can be elucidated in the following way. The
thin RGO/CNP lms (nanoscale range) are considered as
one-dimensional conned or low-dimensional systems or
es; (b–d) linear fit to the experimental data points presented in (a).

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 EQE vs. concentration of GO in the solution of the detector
devices.

Table 2 Parameters for IR detectors

Devices Rl (A W�1) EQE (%)

Device-1 0.40 64.32
Device-2 0.26 41.81
Device-3 0.08 13.22
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quantum-dimensional structures (quantum well) where elec-
tron motion is limited in one direction (for example Z-direction
or the thickness direction) and electrons can move freely
(innite or unlimited motion) in the other two directions (for
example X- and Y-direction). The size of this quantum-
mechanical object or quantum well is comparable to the elec-
tron de Broglie wavelength.62 In such a quantum-well, the
electronic properties are usually different from those of bulk
materials and hence low-dimensional effects become percep-
tible. In this low-dimensional system, the quantum-mechanical
laws direct different processes and the energy spectrum, which
describes the electron motion in the conned region, becomes
discrete and thus the band gap of a semiconductor becomes
size dependent.62

For one-dimensional materials, quantum connement of
electron motion increases the electron minimum energy. In the
case of nanometer length, the distance between two energy
levels increases when the size of the lm thickness (i.e. the
connement direction thickness) decreases, as described by
DEg z (h2/2md2),60–62 where d is the thickness of the layer andm
is the effective mass of an electron. This equation can usually
elucidate the band gap increase with decreasing lm thickness
(or vice versa) in the nanometer scale range.60–62

The variation of radiation current as a function of distance
between source and detector were also studied. Fig. 7(a) shows
the variation of current for the three devices as function of
distance. The radiation current decreases with increasing
distance (Fig. 7(a)). During this work, the source of radiation
(hand) was kept at distances of 2, 3, 4, and 5 cm away from the
detector. The linear t to the experimental data points for three
devices of Fig. 7(a) are presented in Fig. 7(b–d), respectively. We
observed that the value of current strongly depends on the
concentration of GO solution as well as the distance between
the source of radiation and the detector.

The GO concentration dependent EQE of the devices is
shown in Fig. 8. It should be mentioned here that the concen-
tration of nanoparticle was kept constant for all devices at
10�7 mol L�1. We observed that the EQE increases linearly with
increasing concentration of GO in the solution as expected.

Two important parameters, radiation-responsivity (Rl) and
external quantum efficiency (EQE), were calculated to demon-
strate its detection efficiency. The Rl is dened as the ratio of
output current to the incident energy of IR radiation on the
effective area of a detector,63 whereas the EQE is another factor
which measures the quality of performance of a radiation-
detecting device and is dened as the number of electrons
perceived per incident photon. The two parameters, Rl and
EQE, can be assessed by using eqn (2) and (3).63,64

Rl ¼ Il

IS
(2)

EQE ¼ hcRl

el
(3)

where, Il is the photocurrent (Iirradiation � Idark), I is the intensity
of the incident light, S is the effective illuminated area, h is
Planck’s constant, c is the velocity of light, e is the electronic
This journal is © The Royal Society of Chemistry 2019
charge, and l is the wavelength of the incident photon.65,66 The
experimental results are summarized in Table 2.

We calculated two important parameters, Rl and EQE, for all
three devices and found 0.40, 0.26, and 0.08 A W�1 and 64.32%,
41.81%, and 13.22%, respectively. The acquired data were very
much reproducible for all devices with no degradation of the
device performance. Our fabricated devices have band gaps
which lie very close to the IR radiation emitted by the human
body (�780 nm) at room temperature, which is why they did not
respond to other sources with wavelengths other than 780 nm.
The working principle of RGO/CNP devices under IR irradiation
can be explained by the principle of photon excitation. Under IR
irradiation on devices, the number of photons absorbed or
dissipated by the RGO/CNP thin lm provides the subsequent
number of photoelectrons. The incident photon energy can be
calculated by the eqn (4)

E ¼ hc/l (4)

where the terms have their usual meanings. The wavelength of
IR radiation emitted by the human body at room temperature is
780 nm, this gives the energy of IR radiation of E ¼ 1.59 eV.43,57
4. Conclusion

The synthesis of RGO/CNP nanocomposites and their IR
response properties are reported. The GO was synthesized by
Hummers’ modied method and CNPs were synthesized from
RSC Adv., 2019, 9, 18996–19005 | 19003
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diesel. The structural and morphological information of the
sample properties were studied using AFM. In this work, three
devices were fabricated with three different concentrations of
GO, where CNP concentration was kept constant at
10�7 mol L�1. The current responsivity of the GO detectors was
found to be 0.40 AW�1, 0.26 AW�1 and 0.08 AW�1, respectively,
whereas external quantum efficiencies of 64.32%, 41.81%, and
13.22% were obtained for the devices 1, 2 and 3, respectively, for
an incident IR wavelength of 780 nm emitted by the human
body. Recently, Chowdhury et al. have reported IR response of
3mAW�1 and an external quantum efficiency of 0.48% for an IR
detector made-up using a GO/CNP composite [AIP Advances].54

Here we report that the RGO/CNP nanocomposite based IR
detectors show improved performance in terms of IR respon-
sivity and external quantum efficiency as compared to the re-
ported GO/CNP based IR detector.54 All these results evidently
demonstrate that the RGO/CNP nanocomposite could be one of
the primary potential materials for sensing IR radiation emitted
by human body.
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