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Infrared (IR) photodetectors play an important role in many fields such as industry, medicine, security, etc.
Achieving high response and maintaining stability in the device performance while reducing materials cost
are required for the practical use of optical sensors. This study presents the development of a low-cost but
high-performance IR photodetector based on a hybridization of up-conversion microparticles of
NaYF4:Tm,Yb (UCMPs) and reduced graphene oxide material (RGO). In this combination, UCMPs play the
role of absorbing photons from 980 nm excitation light, generating electron—hole pairs, which are useful
for sensing applications. Meanwhile, RGO acts as a charge collector or a charge transport layer because
of its high mobility, good electro-conductivity, and large surface area. Through various characterization
experiments in dark and light conditions, the analysis results confirm that our devices show sensitivity to
IR light with excellent operation stability up to 30 days even stored in ambient conditions. Overall, the
combination of UCMPs and RGO materials promises to increase the ability to absorb infrared light, the
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Introduction

In the recent years, photodetectors have played an important
role in optoelectronics,® fire safety, medical,> and military**
applications. Particularly, optoelectronics has attracted many
studies and reports on developing ‘specialized’ photodetectors.
It is worth noting that most of them indicate the great potential
of material hybridization and optimization.>™ Due to the
working principle, the performance of the photodetectors are
mainly dependent on the quality of the active materials, which
absorb photons and convert them into an electrical signal.
Hence, the materials are used as optoelectronic components
that need to meet requirements such as high sensitivity
(precision), good response (signal-to-noise differentiation), and
long-term stability.

Currently, low-dimensional semiconductors such a quantum
dots (QDs), up-conversion luminescent materials**** and two-
dimensional materials with variable band gaps (like
graphene®'**® and molybdenum disulfide (MoS,)**°) are
receiving much research attention because of their surface
properties and optical properties. Among them, graphene
derivatives from graphene oxide (or reduced graphene oxide,
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optical sensitivity of the photodetector.

RGO) are attracting a lot of attention from researchers, mainly
because of low cost, environmental friendliness, ease of
synthesis, and the band gap of these ultrathin materials (just
a few layers of carbon atoms) can be tuned by controlling the
number of chemical functional groups on their surface
(through fabrication conditions and reducing agents).”!
However, RGO has some significant challenges, such as fast
carrier recombination, low photocurrent, and weak light
absorption. Thus, increasing the photodetector's capacity for
reaction is a crucial challenge that many researchers are inter-
ested in.*”*® To address this, scientists have developed hybrid
materials using RGO that combine a range of inorganic and
organic substances such as metal oxides, semiconductor
nanoparticles, organic polymers, up-conversion luminescent
micro-materials (UCMPs), and so on. Since UCMPs have
outstanding chemical and physical properties, such as high
photobleaching resistance, low background autofluorescence,
and low toxicity, they have been of interest to many researchers
for the fabrication of infrared photodetectors.

NaYF, doped with rare earths (such as Yb**, Tm**, Er*", etc.)
operate based on the anti-Stokes shift process, in which the
sequential absorption of two or more photons with longer
wavelengths leads to emission of photons shorter wavelengths.
Lanthanide-based UCMPs include a host material and lumi-
nescent centers that act as activators, such as erbium (Er**) and
thulium (Tm®"), and here, NaYF, serves as one of the most
suitable host materials. Due to its low phonon energy capable of
non-radiative ~ multi-phonon  inhibition. In particular,
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lanthanide ion-doped UCMPs are chemically stable, less
harmful, have high thermal stability, and exhibit luminous
efficiency. In order to enhance the IR sensing performance, this
study focuses on the fabrication and characteristic properties of
the hybrid infrared photodetector based on RGO and Tm,Yb-
doped UCMPs (NaYF,:Tm,Yb). Here, the 4f" electronic config-
uration of the lanthanide-doped ions provides a multi-energy
level system with a longer lifetime in the excited state for the
generated charge carriers to transfer the RGO layer. Therefore,
UCMPs act as absorbers and RGO can act as a transport layer for
the charge carriers generated from UCMPs. Specifically, under
the excitation light of 980 nm, UCMPs with 4f" electronic
configuration of lanthanide-doped ions provide a multi-energy
level system with a longer lifetime in the excited state for the
generated charge carriers to transfer to the RGO layer. From
there, under the effect of the electric field, electrons move to one
electrode, and holes move to the other electrode, creating
a photocurrent. Currently, according to the most extensive
survey, there has been no study combining UCMPs with RGO
for use in infrared photodetectors. Therefore, this study has
utilized the current signal instead of the optical signal based on
UCMPs and RGO materials. Combining the above two materials
promises to improve the ability to absorb light in the infrared
region and the optical sensitivity of infrared sensor compo-
nents. In this study, the infrared photodetector based on the
combination of NaYF,;Tm,Yb UCMPs and RGO shows the
current-voltage characteristic result between —1 and +1 Vis 7.2
x 10° A, and the maximum response is 1.8% under 1 V voltage
and 980 nm LED illumination.

Materials & experimental
Materials

All chemicals and reagents with high grade were used. Chlo-
roform (CHCl;), stearic acid (C;,H35COOH, >99.9%), sodium
hydroxide (NaOH, >99.5%), sodium fluoride (NaF, >99.9%),
ethanol (C,Hs;OH, >99.9%) were supplied by Merck-Germany,
oleic acid (C;;H33COOH, >99.0%), yttrium nitrate hexahydrate
(Y(NO3)3-6H,0, >99.9%), ytterbium nitrate pentahydrate
(Yb(NO3);-5H,0), thulium nitrate (Tm(NO;);-5H,0) were
provided from Sigma-Aldrich, ethanol (C,HsOH, >99,99%
purity, Chemsol), hydrazine hydrate solution (NH,NH,, Sigma
Aldrich), graphene oxide (GO, 99% purity, Sigma Aldrich),
tetrahydrofuran (C,HgO, 99.5%, China).

Preparation of the materials and IR photodetectors

The hydrothermal synthesis of UCMPs was carried out in two
stages: (i) the dopant preparation using rare-earth stearate (see
Fig. S1a, ESIT) and (ii) the preparation of NaYF,:0.5Tm,30Yb
microparticles by the reported hydrothermal method**® (see
Fig. S1b, ESIY).

The synthesis of RGO thin films and fabrication of photode-
tectors are illustrated in Fig. 1. In the first stage, GO (0.5 mg
mL™") in ethanol solvent was spray-coated onto a heated glass
substrate and reduced with hydrazine vapor at 60 °C for 18 h.
After that, the sample was cleaned with water and dried on a hot
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Fig. 1 Fabrication process of IR photodetector based on RGO and
UCMPs.

plate (at 120 °C for 2 h), forming the RGO layer.*® Next, the silver
electrode was sputtered onto the RGO channel with a thickness of
50 nm, and the sputtering parameters, including pressure,
power, current, deposition rate, corresponded to 2.2 x 10~ torr,
10 W, 31 mA, 329 V, and 0.71 A s, respectively. Besides,
a mixture of isopropyl alcohol and tetrahydrofuran, with a ratio of
1:1, was prepared to disperse UCMPs. Then, 1 mg of UCMP was
added to 1 mL of the mixture solution to obtain a good dispersion
for spray-coating, which was performed and followed by drying at
100 °C for 30 min to completely evaporate the solution.

Characterizations

The crystal structures of UCMPs, RGO and UCMPs/RGO were
observed by X-ray diffraction (XRD) performed on the DS§
Advance-Bruker diffractometer (operating at 40 kV, 100 mA with
the Cu-Ka radiation source (A = 0.154 nm)). Raman spectra were
recorded by Raman spectrometer (Xplora One, HORIBA) with
the excitation source at wavelength 532 nm, the capacity of 5
mW, and the acquisition time was adjusted to 15 s for each
spectrum. The surface morphology was examined using
a scanning electron microscope (FESEM, Hitachi S-4800). The
optical properties of the nanorods were determined through
photoluminescence spectroscopy (PL) and Diffuse Reflectance
Spectroscopy (DRS). Photodetector characteristics were investi-
gated through the current-voltage (I-V) and time-dependent
current measurements (I-t), which were recorded by the
system Keithley 2400. Light source (35 W LED, 980 nm, Lumi-
xtax) is used for IR sensing under a bias of 1 V.

Results and discussions
Structural characteristics and surface morphology

In this study, X-ray diffraction (XRD) measurements were per-
formed as shown in Fig. 2a, which shows the characteristic
diffraction peaks of RGO and hybrid UCMPs/RGO samples. The
pattern of the UCMPs/RGO hybrid sample shows diffraction
peaks consistent with the hexagonal structure of UCMPs, which
are located at 26 = 17.25°, 30.03°, 30.92°, 34.80°, 39.75°, 43.59°,
46.57°, 52.27° and 53.23° corresponding to (100), (110), (101),
(200), (111), (201), (210), (102) and (300) planes, respectively;
here, the crystallization of UCMPs is referenced to the JCPDS
card number 16-0334 (see Fig. S2, ESIt).*** In addition, that
pattern displays the typical characteristic diffraction peak of

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra07919a

Open Access Article. Published on 27 January 2025. Downloaded on 11/1/2025 5:39:19 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

=
S’

(100)

(1)

{002)

ybrid

Intensity (a.u.)

002)

P

10 20 30 40 50 60
2Theta (?)

=3
~

Intensity (a.u.)

RGO

400 800 1200 1600 2000 2400
Raman shift (cm™)

Fig. 2 (a) XRD patterns and (b) Raman spectra of RGO and hybrid
UCMPs/RGO.

RGO at 24.4°°*%¢ The XRD pattern shows no other peaks,
indicating the absence of contamination chemicals in our
samples.

To confirm the formation of RGO, Raman spectroscopy was
carried out, as shown in Fig. 2b. The Raman spectrum of the
UCMPs/RGO hybrid sample has five prominent peaks with high
intensities at wavenumbers of 245 cm ™%, 298 ecm™*, 350 cm ™Y,
490 cm ™, and 600 cm ™', indicating the hexagonal phase of
UCMPs (Fig. S3, ESIf). Furthermore, this Raman spectrum
displays two characteristic signals of RGO: the disorder band
arising from the graphite edges (D band) at around 1385 cm™*
and the in-phase vibration of the graphite lattice (G band) at
wavenumber 1575 cm™ '.3%¥373 Consequently, the Raman
results agree with that of XRD, and they both confirm the
successful formation of the UCMPs/RGO hybrid sample.

To characterize the active channel's morphology, field
emission scanning electron microscopy (FESEM) and trans-
mission electron microscopy (TEM) measurements were per-
formed. Fig. 3a and b show FESEM images of RGO and UCMPs,
respectively. The FESEM images show clear contrast between
areas with thick and thin RGO layers. The UCMPs present
a branched structure with a particle size of >200-1000 nm.
Additionally, the TEM images of the UCMPs/RGO hybrid
sample in Fig. 3c and d show that the UCMPs are evenly
distributed on RGO, indicating their uniform distribution.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 FESEM images of (a) RGO and (b) UCMPs; (c) and (d) TEM image
of the UCMPs/RGO hybrid.

Optical properties

To prove that charge transfer occurs between UCMPs and RGO,
this study measured the photoluminescence spectroscopy (PL)
of UCMPs and hybrid UCMPs/RGO samples (Fig. 4). When
UCMPs are excited with the 980 nm IR light, their PL spectrum
presents various emission peaks at wavelengths of 365, 375,
451,475, 646, 693, and 790 nm that correspond to the transition
levels *P; — *Hg, 'D, — *Hg, 'D, — °F,, 'G, — *Hg, 'Gy — °Fy,
F; — Hs, and *H, — *Hg, respectively.®>*> Here, the 4f orbital
is shielded by the 5s and 5p shells, which results in intense
absorption and emission. Along with emission peaks at 365,
375, 451, 475, 646, 693, and 790 nm on the PL spectra of the
hybrid UCMPs/RGO sample exhibits lower emission intensity
than that of UCMPs. The lack of hole can promote non-radiative
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Fig. 4 PL spectra of UCMPs and hybrid UCMPs/RGO.
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recombination processes leading to an increase of the rate of
energy loss as heat. As a result, the luminescence efficiency
decreases.

Characteristic properties of IR photodetectors

Fig. 5a shows the schematic structure of the IR sensing device
based on UCMP/RGO hybrid material. As mentioned, the RGO
component acts as the transport layer, and the UCMPs act as the
photo absorber and the charge carrier donator to RGO via their
energy-level alignment. The characteristics of the properties of
photodetectors are tested under the voltage range of 0 to +1 V
and the 980 nm light excitation, as shown in Fig. 5b and c. Here,
the figure reveals (i) an excellent ohmic contact between RGO
and Ag electrodes that could provide the linear I-V curve (with
low noise) and (ii) a clear increase and a recovery of the device
current when the IR light was on and off, respectively.

The response characteristics of our photodetectors based on
RGO and hybrid UCMPs/RGO are shown in Fig. 6 and 7,
respectively. To control the response of the photodetector, the
lighting conditions are guaranteed to not change, and a light
chopper is used to control the light exposure. The response
capacity of the photodetector is calculated according to eqn (1),
in which I4a.k is recorded without lighting, and Ij;g, is recorded
at the end of the illumination period.*

Response = [(Ilight - Idark)/ldark] x 100% (1)

For devices based on RGO and hybrid UCMPs/RGO with the
same conditions (illumination time of 50 s, voltage of 1 V, and

a)
) UCMPs

AT o,

View Article Online
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980 nm-light illumination). For the same 50 s illumination
period, Fig. 6a displays the hybrid UCMPs/RGO and the RGO
device reaching the response maximum 1.8% and 0.4%,
respectively. Moreover, the response percentage of the hybrid
UCMPs/RGO photodetector is higher than the RGO photode-
tector (see Fig. 6b). This difference shows that the absorption
capacity of UCMPs decreases electron-hole pair recombination,
increasing device response by as much as 2.4% and 0.02%
571.44,45

To compare the response of the RGO and UCMPs/RGO
hybrid-based photodetectors, the devices were studied under
different illumination cycles and the identical illumination
conditions of wavelength 980 nm and a 1 V voltage. Fig. 7a
shows the response characteristics of RGO based photodetector
under a 980 nm wavelength with illumination times of 20 s,
30s,40s,50s,60s,70s,80s,and 90 s. The response of RGO in
range of 0.23% and 0.63% can be explained that RGO has a very
small bandgap, enabling it to respond under 980 nm wave-
length light.**** However, RGO has high mobility, which leads
to a relatively high recombination rate. Fig. 7b presents the
response of UCMPs/RGO hybrid devices with increasing illu-
mination time under 980 nm excitation. For the UCMPs/RGO
hybrid device, when increasing different illumination times in
8 cycles from 20°s, 30 s, 40 s, 50 s, 60 5, 70 s, 80 5, and 90 s. The
response percentage of the hybrid device increased linearly with
the illumination time from 1.25% to 2.4%. This shows that the
photo responsiveness of the hybrid device is higher than that of
the RGO device. Fig. 7c and d shows the response of the UCMPs/
RGO hybrid device with illumination times of 30 s and 70 s for
multiple cycles under the same excitation wavelength of
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(a) Schematic structure of the IR photodetector based on UCMPs/RGO; (b) /-V characteristics of hybrid UCMPs/RGO in dark and light

conditions; (c) comparing the -V curves of RGO and hybrid UCMPs/RGO under 980 nm LED illumination.
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with 30 and 70 s of exposure, respectively.

980 nm. This shows that the response time and return time after
the same illumination time and multiple consecutive cycles
remain unchanged. Therefore, this illustrates that the photo-
detector has a very stable response.

In addition, this study also investigated the response of the
photodetector after 30 days of preparation. The time-resolved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photocurrent of the UCMPs/RGO hybrid after 30 days of fabri-
cation is presented in Fig. 8a. As shown here, the response
current of the latter device reached a value of 0.14% when
illuminated by an excitation of 980 nm for 50 s. Due to the
oxidation of the surface of the photosensitive material in
ambient conditions, which hinders the movement of
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Fig. 8 Response of (a) hybrid UCMPs/RGO; (b) hybrid UCMPs/RGO in
the same cycles after 30 days manufactured under a 980 nm
illumination.

photogenerated electrons or increases the recombination of
electron-hole pairs, the number of photons converted into
electrical signals is reduced, causing the signal to be weak,
thereby leading to a decrease in the response of the sensor.
Although the response decreased significantly, the high stability
and good reproducibility of the sensor are shown in Fig. 8b.
This can confirm that the fabrication process and design of the
photodetector have achieved consistency after 30 days of
fabrication.

Furthermore, the two important parameters, responsivity (A
W) and detectivity (Jones), have been calculated using the eqn
(2) and (3):

Table 1 Comparison of responsivities of other photodetectors

View Article Online
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Responsivity (R) = —/————= 2
ponsivity (R) = "2 @)
When I, is the current measured in the dark condition,
Liign is the current after 50 s turning on the light, P is the inci-
dent light intensity and 4 is the effective device area (0.3 cm?) in

the given order.

4\

) ®)

2el, dark

Detectivity (D) = R(

From these formulas, we calculated the responsivity and
detectivity to be 162 x 107> A W' and 244 x 10 ° Jones,
respectively.

Besides, the response time of the photodetector is defined as
the time to reach 90% of its maximum photocurrent, while the
recovery time is defined as the duration for the photocurrent to
return to 10% of its highest value (Fig. S4, ESIT).* Therefore, the
response time achieved is 55 s and the recovery time is 175 s
under 980 nm excitation light.

In this study, a comparison of the sensor's response under
wavelengths shorter than 980 nm was conducted. This is shown
in Fig. S5 (ESIT). It shows that the photodetector's response at
980 nm is 0.91%, with no signal detected at 480 nm and 510 nm,
indicating that the sensor does not effectively respond to these
shorter wavelengths. Because the 980 nm wavelength has
energy (1.26 eV) that matches the energy levels of Yb*" and
Tm?*", it creates a special resonance with the 980 nm wave-
length, while wavelengths of 410 nm and 580 nm are not
compatible. This allows the upconversion process to occur in
UCMPs, where the optical sensor based on the UCMPs/RGO
hybrid operates according to the mechanism discussed in the
following section.

The results of the photodetector and its comparison with
some other reported devices are presented in Table 1. Although
the performance of this hybrid UCMPs/RGO device is not the
best, it still outperforms several other devices.

Optical sensing mechanism

The combination of reduced graphene oxide (RGO) transfer
layer, and upconverted NaYF,:Tm,Yb materials (UCMPs) results
in a highly sensitive, stable photodetector. When UCMPs are
excited by wavelength of 980 nm, the absorption of the two- or

Materials structure Wavelength (nm) Responsivity (A W) Ref.
Graphene/GaAs 980 0.00597 50
UCNPs/MoS, 980 1254 51
UCNPs on CdS 980 2.15 x 10° 52
Si0,@UCNPs on CdS 980 0.118

Graphene/HfO,/a-MoS, From 473 to 2712 5.36 53
UCNPs/graphene/SiO,/Si 661 84.52 54
Graphene/Al,O; 880 8x 1073 55
Metal-graphene-metal 1550 6.1 x 1073 56
UCMPs/RGO 980 162 x 1073 This work

2732 | RSC Adv,, 2025, 15, 2727-2736
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Fig. 9 Charge-transfer mechanism of hybrid UCMPs/RGO.

three-photon phenomenon in UCMPs leads to the generation of
an increasing number of electrons in excited states. The unique
characteristic of discrete energy levels in rare-earth-doped up-
conversion materials is highly useful for achieving a highly
sensitive photodetector. However, UCMPs have no direct charge
driven pathways between those particles; indeed, they need
RGO as a charge transport layer to contribute charges to the
device channel. Therefore, the RGO film has a high electrical
mobility, which acts as a bridge for charge transfer between the
UCMPs and the silver electrodes. Under the dark condition of
1 V (applied to the silver electrode), holes move toward the
negative electrode, generating an electric current. The charge
transfer mechanism of the infrared optical sensor based on the
hybrid material UCMPs and RGO is shown in Fig. 9. When the
active material is excited by 980 nm light, it generates a positive
current due to electrons remaining in metastable states, leading
to a reduction in the Fermi level of the graphene layer. This
explanation is supported by the photoluminescence spectra of
UCMPs and the hybrid UCMPs/RGO in Fig. 4.

Conclusions

In summary, we successfully combined RGO and UCMPs for IR
light detection. In this study, the hybrid photodetector showed
a high photocurrent, high efficiency, and good stability. The
mechanism behind that was explored, and it originates from
the charge transfer between UCMPs and RGO under light
exposure, which raised the electron-richness in the active
channel. Furthermore, due to the high chemical stability of
UCMPs, the RGO layer got protection, and that allows the
hybrid channel to operate more efficiently (faster response and
recovery along with a long lifetime). This was evidenced by the
investigation of the stability of the material and the long-term
performance of the device. Here, the consistent response over

© 2025 The Author(s). Published by the Royal Society of Chemistry
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time highlights the potential of UCMPs/RGO hybrid materials,
confirming the feasibility of RGO and UCMPs materials for
highly reliable and efficient optical sensors, leading to further
advances in optoelectronics and sensing technologies.
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