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We have successfully synthesized rare-earth doped gadolinium molybdate; Gd2(MoO4)3:Re3+ (Re3+ = 
Eu3+, Tb3+,Tm3+and Er3+/Yb3+) nanophosphors for solar cell application as a broad spectral converter 
from ultraviolet (UV) to near infrared region (NIR) in a single host lattice using facile solid state reaction 
method. The gross structural analysis, surface morphology and microstructural studies of these 
nanophosphors have been investigated by x-ray powder diffraction (XRD), scanning electron microscopy 10 

(SEM) and transmission/high-resolution   transmission electron microscopy techniques (TEM/HRTEM), 
respectively. The photoluminescence (PL) and time-resolved spectroscopic (TRPL) methods have been 
used to explore the striking luminescence properties of synthesized nanophosphors. The 
Gd2(MoO4)3:Eu3+ nanophosphor exhibits hypersensitive red emission (616 nm) at excitation wavelength 
in range of 250-475 nm corresponding to 5D0-

7F2 transition. The Gd2(MoO4)3:Tb3+ and 15 

Gd2(MoO4)3:Tm3+nanophosphors demonstrate strong green emission at 541 nm and deep blue emission at 
453 nm upon excitation wavelength of 378 nm and 266 nm, respectively. Moreover, upconversion 
characteristic of Gd2(MoO4)3:Er3+/Yb3+ nanophosphor exhibits the strong green emission at 545 nm and 
red emission at 657 nm corresponding to 4S3/2-

4I15/2 and 4F9/2-
4I15/2 transitions respectively. Furthermore, 

Gd2(MoO4)3:Er3+/Yb3+upconversionnanophosphor emits in NIR spectrum region at 994 nm upon 980 nm 20 

excitation wavelength. Hence, the obtained PL emission results with lifetime in millisecond reveal that 
these nanophosphors could be futuristic promising broad spectral converter phosphor which may possibly 
integrate with the next-generation Si-solar cell to enhance the efficiency of the cell. 

1. Introduction 

Energy is directly related to the currency of any country. No, 25 

doubt, it is always in huge demand, but unluckily, always in short 
supply and insufficient to match the unparalleled population 
explosion and our changing comfort lifestyle. Undeniably, we are 
facing an energy crises and it has become the most important 
commodity. The energy consumption will be almost doubled in 30 

2050 as compare to the energy consumption in 2001.1-

2Consequently, the renewable energy sources which can provoke 
the sufficient energy to meet worldwide energy demand have 
attained huge attention.1-5The sunlight is most important out of all 
renewable source of energy which can directly convert into heat 35 

and electricity. Moreover, sunlight is plentiful source of energy; 
available almost everywhere in word without any cost.5The 
photovoltaic cell which converts sunlight directly into electricity 
is a most prominent renewal source of energy. But, the 
photovoltaic cell is contributing limited portion of energy 40 

demand. Therefore, over past decades, the significant efforts have 
been done to development of efficient photovoltaic cell. Still, the 
efficient and economic cost conversion of sunlight into electricity  

remains a challenging task.6-8Therefore, the photovoltaic cell is 
contributing limited portion of energy demand.  Commercial 45 

availability and economic approach of crystalline and 
polycrystalline solar cell are dominating photovoltaic market till 
date.9-10 Therefore, the immense research has been devoted to 
developed efficient and low cost crystalline and polycrystalline 
solar cell in past few decades.  50 

A major drawback of Si-solar cell exists that it doesn’t utilize full 
solar spectrum during falling the sunlight on the surface Si-solar 
cell which limits its energy conversion efficiency. It is well 
established that the solar spectrum has photons ranging for 250-
2500 nm (ultra violet to infrared) at air mass 1.5 global (AM 55 

1.5G). But, photovoltaic cell only utilized a small portion of solar 
spectrum which is attributed only photons that match to the band 
gap of material.11In general; there are two kind of loss in solar 
cell that limits its efficiency. One is the photons having energy 
higher than band gap (UV radiations) are not efficiently used; the 60 

excess energy of photons is dissipated in form of heat. Secondly, 
the photons with low energy (IR radiation) are not absorbed by 
solar cell and these are transmitted. It is observed that the 70% 
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losses in solar cell are related to these losses known as spectral 
mismatch. One of the promising way to address this issue by 
using the downshift (DS) or upconversion(UC) materials as a 
spectral converter to minimise these losses (thermalisation and 
non-absorbed losses). The downshift material can absorbed the 5 

photons having high energy and emits photons having lower 
energy in visible which are subsequently absorbed by solar cell 
without any heat dissipation. Upconversion materials absorbed 
two photons having energy less than band gap of solar cell and 
converted into a utilized photon (having energy in visible 10 

spectrum region) which is absorbed by solar cell. This approach 
to minimise the thermalisation and non-absorbed losses by 
applying luminescent layer on solar cell is termed as third 
generation solar conversion.5Although, there are many materials 
have been proposed as luminescent concentrator for the 15 

enhancement of solar cell efficiency. The lanthanides doped 
materials are most suitable materials for solar spectral converter 
due to their electron rich energy level structure which offer a 
superficial photon management. Therefore, significant effort have 
been dedicate for enhanced the efficiency of solar cell via 20 

modification of solar spectrum using trivalent lanthanide doped 
materials.12-23 

Among various trivalent lanthanides ions (Ln3+), the materials 
doped with Eu3+/Er3+ ions (downshift/upconversion phosphors) 
have gained more inquisitiveness as a spectral converter. These 25 

materials can emit photons in visible spectrum which are useful 
in solar cell application to create electron-hole pair. Moreover, 
the host lattice containing d-block transition element (like 
tungstate and molybdate) have advantage over other host lattice 
that the excitation band is broad due the charge transfer (CT) in 30 

O-Mo or O-W bond in UV region, which is sufficiently 
transferred to trivalent lanthanide ion.24Further, the Gd2(MoO4)3 
host matrix possess beneficial properties such as high refractive 
index, high thermal stability, low toxicity and high photochemical 
stability.  35 

In present investigation, we have synthesized Gd2(MoO4)3:Re3+ 
(Re3+ =Eu3+, Tb3+,Tm3+,Er3+/Yb3+) nanophosphors for proposed 
solar cell application where these nanophosphors act as a spectral 
converter nanophosphor. These nanophosphors have capability to 
absorb light in broad range from UV to IR and can be emit red, 40 

green and blue emission in visible and NIR regions.  The 
Gd2(MoO4)3:Eu3+ downshift nanophosphor demonstrates that the 
photoluminescence emission peak at 616 nm (hypersensitive red 
emission) upon broad excitation ranging from 250-475 nm. 
Moreover, other two downshift nanophosphors Gd2(MoO4)3:Tb3+ 45 

and Gd2(MoO4)3:Tm3+ exhibit the emission peaks at 541 nm and 
453 nm which represent strong green and deep blue emission, 
respectively. Furthermore, the upconversion 
Gd2(MoO4)3:Er3+/Yb3+ nanophosphor shows strong green 
emission at 545nm and red emission at 657 nm, respectively. 50 

Additionally, the Gd2(MoO4)3:Er3+/Yb3+ upconversion 
nanophosphor  exhibits emission at 994 nm (NIR region) upon 
980 nm excitation wavelength, which is merely reported in 

literature. Thus, Gd2(MoO4)3:Re3+ (Eu3+, Tb3+,Tm3+,Er3+/Yb3+) 
nanophosphors could be efficiently used as a spectral converter, 55 

which can absorbed light in 250-475 nm/NIR spectrum region 
and could emit in visible and NIR region which is highly desired 
for the modification of Si-solar cell spectrum. Hence, the 
obtained result provides a new podium of Gd2(MoO4)3:Re3+ 
(Re3+= Eu3+, Tb3+,Tm3+, Er3+/Yb3+) nanophosphors to examine in 60 

details about its interesting photoluminescence properties for 
proposed  Si-solar cell applications . 

2. Experimental 

2.1 Materials 

The precursores; Y2O3 (99.99%), Eu2O3 (99.99%), 65 

Tm2O3(99.99%), Tb24O7 (99.99%), Er(NO3)3:5H2O (99.99%), 
Yb2O3(99.99%) and (NH4)6Mo7O24:4H2O (AR grade, 99%) were 
purchased from Sigma-Aldrich.  All reagents were of analytical 
(AR) grade and used as received without further purification. 

2.2 Synthesis of Gd2(MoO4)3:Re3+(Re3+=Eu3+, Tb3+, Tm3+, 70 

Er3+/Yb3+) Nanophosphor: 

A facile solid state reaction was used for the synthesis of 
Gd2(MoO4)3:Re3+(Re3+ = Eu3+, Tb3+, Tm3+, Er3+/Yb3+) which can 
be easily scaled-up in large quantities. In order to optimized the 
concentration and temperature, first we have synthesized the red 75 

emitting Gd2-x(MoO4)3:Eux
3+ (x = 0.1 to 0.5) nanophosphor using 

solid state reaction method. According to stoichiometric ratio, the 
starting materials: Gd2O3, Eu2O3, and (NH4)6Mo7O24:4H2O were 
taken. After precise weighting of these materials, the materials 
were properly crushed in an agate mortar for homogeneous 80 

mixing. Further, the homogeneous mixture was kept into an 
alumina crucible and heated in a box furnace at the temperature 
of 1000oC for 3hrs. The doping concentration of Eu3+(x=0.1 to 
0.5) was varied in order to attain the optimum dopant 
concentration for strongest red emission and it is observed that 85 

the x= 0.2 is the optimum concentration. Furthermore, in order to 
compare the luminescence intensity with sintering temperature, 
Gd1.8(MoO4)3:Eu3+phosphor was heated at 800oC, 900oC, 1000oC 
and 1100oC, respectively.  The green and blue nanophosphors 
were also synthesized by doping different rare-earth ions (Tb3+ 90 

and Tm3+). The Tb3+ was doped to achieve the green emission 
and Tm3+ for blue emission. Similarly, the upconversion 
nanophosphor Gd2(MoO4)3:Er3+/Yb3+(Er3+=5 mol% and Yb3+= 10 
mol%) have also been synthesized by solid state reaction method 
keeping same ambient as for downshift nanophosphor. In this 95 

method, the yield of material is more than 90% in all cases 
(downshift and upconversion nanophosphors) with a high degree 
of homogeneity throughout the mass. The versatility of this 
method is such that one could easily synthesized large quantities 
of homogeneous rare earth doped nanophosphor with a narrow 100 

size distribution. 
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2.3 Characterization  

The crystal structure analysis was investigated by using x-ray 
powder diffraction (XRD) with Bruker AXS D8 Advance x-ray 
diffractometer, using Cu Kα1 radiation (λ = 1.5406 Å). The 
surface morphology was studied by using Carl ZEISS EVOR-18 5 

equipment at 10 kV operating voltage. Transmission electron 
microscopy (TEM) and high-resolution transmission microscopy 
micrographs (HRTEM) were recorded by using Tecnai G2 S-
Twin transmission electron microscope with a field emission gun 
operating at 300 kV. The Edinburgh spectrometer was used for 10 

photoluminescence (PL) and time-resolved photoluminescence 
(TRPL) spectroscopy, where xenon lamp acts as source of 
excitation. To estimate the absolute luminescence quantum 
efficiency of the QC phosphors, an integrating sphere equipped 
with an Edinburgh spectrometer (model F900) instrument has 15 

been used, and then by measuring the integrated fraction of 
luminous flux and radiant flux with the standard method, 
quantum efficiency has been evaluated. The NIR PL emission 
and PL mapping of nanophosphor was performed using a 
WITech alpha 300R+ confocal PL microscope system, where 375 20 

and 980 nm diode laser act as source of excitations. 

3. Results and discussion 

A facile solid state reaction method has been used to the synthesis 
of Gd2(MoO4)3:Re3+ (Re3+=Eu3+, Tb3+, Tm3+, Er3+/Yb3+).The x-
ray diffraction (XRD) technique has been carried out for the gross 25 

structural investigation and phase purity of nanophosphor. The 
XRD pattern of Gd1.8(MoO4)3:Eu0.2

3+downshift nanophosphor is 
illustrated in Fig. 1(a). The XRD result reveals that the 
nanophosphor has orthorhombic crystalline structure with space 
group Pba2. The estimated lattice parameters for the 30 

Gd1.8(MoO4)3:Eu0.2
3+ nanophosphor are a = (10.1631±0.0023)Å, 

b= (10.1132±0.0021)Å and c= (10.74±0.0027)Å, which is 
comparable with the existing  Gd2(MoO4)3host (JCPDS card 
no.20-0408). The estimated crystallite size of 
Gd1.8(MoO4)3:Eu0.2

3+ nanophosphor is ~28 nm using standard 35 

Scherrer formula. The XRD patterns of Gd2-

x(MoO4)3:Eux
3+downshift nanophosphor for different 

concentrations (x=0.1 to 0.5) are demonstrated in Fig. S1 (see 
supporting information).The lattice parameters for all the variants 
of Gd2-x(MoO4)3:Eux

3+ nanophosphors, (x = 0.1 to 0.5) were 40 

calculated from the observed d-values through a least square 
fitting method using computer program based unit cell refinement 
software.25 The unit cell volume is estimated from these 
parameters and exhibited  in Table S1. It is observed that the unit 
cell volume increases for the Eu3+-doping concentration up to a 45 

value of 0.2 and then after this it started to decrease. The decrease 
in unit cell volume decreases the inter-ionic distance between the 
Eu3+ ions which leads to increase in non-radiative emission which 
decreases luminescence intensity. Furthermore, the obtained 
results of different concentrations (x=0.1 to 0.5) of Gd2-50 

x(MoO4)3:Eux
3+ nanophosphors with their unit cells parameters 

are in consistent with obtained PL emission results. Therefore, 
the emission intensity is maximum for doping concentration x= 
0.2.  The Fig. S2 exhibit the XRD patterns of 
Gd1.8(MoO4)3:Eu0.2

3+downshift nanophosphor at different 55 

sintering temperature (800oC, 900oC, 1000oC and 1100oC)26. The 
obtain XRD patterns of   Gd1.8(MoO4)3:Eu0.2

3+ nanophosphor at 
different sintering temperature reveals that the relative peak  
intensity of Gd1.8(MoO4)3:Eu0.2

3+  increases when the sintering 

temperature increases from 800 to 1000 oC  and above 1000 oC  , 60 

the secondary phases start to appear as result it affects the PL 
intensity of Gd1.8(MoO4)3:Eu0.2

3+nanophosphor, which is further 
discussed in details in PL section. The Fig. 1(b) demonstrates the 
XRD pattern of Gd2(MoO4)3:Er3+/Yb3+ upconversion 
nanophosphor. The XRD patterns of Gd1.8(MoO4)3:Tb0.2

3+ and 65 

Gd1.8(MoO4)3:Tm0.2
3+ downshift nanophosphors is also illustrated 

in Fig. S3 (see supporting information). 

 

 

 70 

 

 

Fig. 1:  The XRD pattern of (a) Gd1.8(MoO4)3:Eu0.2
3+ downshift 

nanophosphor and (b)Gd2(MoO4)3:Er3+/Yb3+ upconversion 
nanophosphor.  75 

The scanning electron microscopy (SEM) has been used to 
explore the investigations on the surface morphology of 
synthesized nanophosphors. Fig. 2(a) exhibits the SEM image of 
Gd1.8 (MoO4)3:Eu0.2

3+downshift nanophosphor. For the more 
details about the microstructure analysis of 80 

Gd1.8(MoO4)3:Eu0.2
3+nanophosphor, transmission electron 

microscopy (TEM) and the high-resolution transmission electron 
microscopy (HRTEM) has been performed. The TEM of 
Gd1.8(MoO4)3:Eu0.2

3+downshift nanophosphor is demonstrated in 
Fig. 2(b). The TEM image shows that the average particle size of 85 

nanophosphor is ~24 nm. The size distribution histogram of 
Gd1.8(MoO4)3:Eu0.2

3+ downshift nanophosphor is shown in Fig. 
S4 (see supporting information).The HRTEM image of selected 
individual nanoparticle (marked in Fig. 2(b)) has also been shown 
in Fig. 2 (c). The Fig. 2(d) represents that the HRTEM image of 90 

nanophosphor which exhibits the clear lattice fringes without any 
distortion, which confirms that the nanophosphor has good 
crystal quality. The estimated d-spacing is precisely measured ~ 
0.46 nm from Fig. 2 (d), which is analogous to the d-spacing 
corresponding (021) plane (JCPDS card no. 20-0408). Moreover, 95 

the selected area electron diffraction (SAED) pattern of 
Gd1.8(MoO4)3:Eu0.2

3+nanophosphor is also performed. The Fig. 
S5 (see supporting information) demonstrates the SAED pattern 
of Gd1.8(MoO4)3:Eu0.2

3+ which clearly exhibits that nanophosphor 
is highly crystalline. Further, the energy dispersive x-ray analysis 100 

(EDAX) analysis was performed for the element detection. The 
Fig. S6 (see supporting information) EDAX spectrum of 
Gd2(MoO4)3:Eu3+ nanophosphor which conform the presence of 
Gd, Mo, O and Eu elements. Moreover, the element analysis for 
the upconversion nanophosphor is also performed. The EDAX 105 

spectrum of Gd2(MoO4)3:Er3+/Yb3+ upconversion nanophosphor 
is shown in Fig. S7(see supporting  information) which conform 
the presence of Gd, Mo, O, Er and Yb elements. 
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Fig. 2: (a) The SEM image of Gd1.8(MoO4)3:Eu0.2
3+ downshift 10 

nanophosphor, (b) TEM image of Gd1.8(MoO4)3:Eu0.2
3+ downshift 

nanophosphor, (c) the typical HRTEM image of selected 
individual particle which is marked by red circle in (b), and (d) 
the HRTEM image of Gd1.8(MoO4)3:Eu0.2

3+ downshift 
nanophosphor which exhibits the clear lattice fringes without any 15 

distortion.  

Further, the PL and TRPL have been carried out to explore the 
spectroscopic characteristic of synthesized nanophosphor to 
examine the feasibility of this nanophosphor for proposed 
spectral converter application. The photoluminescence excitation 20 

(PLE) spectrum of Gd1.8(MoO4)3:Eu0.2
3+downshift nanophosphor 

is illustrated in Fig. 3(a). The excitation spectrum has a broad 
band around 290 nm and sharp peaks in range of 350-475 nm. 
The broad band ~290 nm is due to the energy charge transfer 
between Mo-O. It is well known that the transition metal 25 

containing host matrix(like VO4
3-, NbO4

3- ,WO4
2- and MoO4

2- 
group containing host matrix) have additional advantage over the 
other host matrix that the scan absorb broad range in UV 
spectrum region due to the charge transfer between the electron 
deficient transition metal ion and electron rich oxygen ion.24,27 

30 

Therefore, the energy transfer between the transition metal atom 
and oxygen is very important factor to enhance the luminescent 
properties of inorganic phosphor. The sharp peaks are 
characteristics of the f-f transition within 4f6 electron shell of 
Eu3+ ion in the host lattices. The two strong excitation peaks at 35 

395 nm and 465 nm is attributed to the7F0-
5L6 and 7F0-

5D2 
transitions of Eu3+ ion, respectively.28 The Fig. 3(b) depicts the 
emission spectrum of Gd1.8(MoO4)3:Eu0.2

3+downshift 
nanophosphor at excitation wavelength 395 nm. The emission 
spectrum shows hyperfine red emission at 616 nm with quantum 40 

efficiency ~84%. The emission peaks at 589 nm, 596 nm, 616 
nm, 623 nm and 701nm are attributed to5D0-

7F1, 
5D0-

7F1, 
5D0-

7F2,
 

5D0-
7F2 and5D0-

7F4 transition, respectively. The strong red 
emission of nanophosphor has been obtained by optimising the 
doping concentration of Eu3+ ion. Fig. 3 (c) reveals the variation 45 

in luminescence intensity with doping concentration of Eu3+ ion. 

It has been observed that the luminescence intensity increases 
with increase in doping concentration of Eu3+up to 10 mol%. 
However, with furthermore increase the Eu3+concentration, the 
luminescence intensity start decreases and it decrease rapidly 50 

after 20 mol% concentration. The decrease in luminescence 
intensity with increase in Eu3+concentration is due to the decrease 
in distance between two Eu3+ ions in host matrix. This decreases 
in distance between the Eu3+ ions reduces the probabilities of the 
radiative transitions of Eu3+ ions due to the mutually interaction 55 

the shortened distances between two Eu3+ ions at high doping 
concentration and its leads to non-radiative emission which 
decreases luminescence intensity. Therefore, obtain result 
suggests that the 10 mol% concentration is optimised doping 
concentration. Besides, the Gd1.8(MoO4)3:Eu0.2

3+nanophosphor 60 

has been sintered at different temperature (800 to 1100°C) for 
optimization the sintering temperature for luminescent intensity. 
The variation in luminescence intensity with sintering 
temperature has been shown in Fig. S8  (see supporting 
information). It has been observed that 1000°C is optimum 65 

temperature having highest luminescent intensity. Further, the PL 
emission intensity of Gd1.8(MoO4)3:Eu0.2

3+ downshift 
nanophosphor  is decreases at 1100°C and above.  The decrease 
in PL emission intensity at 1100°C is due the formation of 
secondary phases at high temperature which was earlier observed 70 

in XRD pattern of Gd1.8(MoO4)3:Eu0.2
3+ downshift nanophosphor 

at 1100°C. The Fig. 3 (d) exhibits the emission spectra of 
Gd1.8(MoO4)3:Eu0.2

3+downshift nanophosphor at different 
excitation wavelength. It exhibits that 395 nm excitation 
wavelength has maximum emission intensity which signify that 75 

395 nm is prominent excitation wavelength for maximum 
emission intensity. The purposed energy level diagram for 
Gd1.8(MoO4)3:Eu0.2

3+ downshift nanophosphor have been 
illustrated in Fig. S9 (see supporting information) which 
explicated the downshift mechanism for luminescence process in 80 

Gd1.8(MoO4)3:Eu0.2
3+nanophosphor. 

 

 

 

 85 

 

 

Fig. 3:(a) the excitation spectrum of Gd1.8(MoO4)3:Eu0.2
3+ 

downshift nanophosphor at emission 616 nm, (b) the PL emission 
spectrum with quantum efficiency ~84% of Gd1.8(MoO4)3:Eu0.2

3+ 90 

downshift nanophosphor at excitation 395 nm wavelength, (c) PL 
intensity variation with doping concentration of Eu3+in Gd2-

x(MoO4)3:Eux
3+downshift nanophosphor and (d) PL emission 

spectra of Gd1.8(MoO4)3:Eu0.2
3+ downshift nanophosphor at 

different excitation wavelength. 95 

Page 4 of 9RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |5 

Moreover, the photoluminescence properties of 
Gd1.8(MoO4)3:Tb0.2

3+ and Gd1.8(MoO4)3:Tm0.2
3+ downshift 

nanophosphors have been also carried out to explore the 
spectroscopic characteristic of synthesized nanophosphor to 
examine the feasibility of this nanophosphor with different 5 

dopant for proposed spectral converter application. The Fig. S10 
(see supporting information) exhibits the photoluminescence 
properties of  Gd1.8(MoO4)3:Tb0.2

3+  and Gd1.8(MoO4)3:Tm0.2
3+ 

downshift nanophosphors. The Fig. S10(a) demonstrates the 
emission spectrum of Gd1.8(MoO4)3:Tb0.2

3+ downshift 10 

nanophosphor having strong green emission at 541nm upon  378 
nm excitation wavelength. Fig. S10(b) demonstrate the excitation 
spectrum of Gd1.8(MoO4)3:Tb0.2

3+ downshift nanophosphors at 
emission 541nm. The emission spectrum of Gd1.8(MoO4)3:Tm0.2

3+ 

downshift nanophosphor is illustrated in Fig. S11(c). The 15 

emission spectrum of Gd1.8(MoO4)3:Tm0.2
3+ downshift 

nanophosphor shows hypersensitive blue emission at 453 nm 
upon 266 nm excitation wavelength. Fig. S10 (d) reveals the 
excitation spectrum of Gd1.8(MoO4)3:Tm0.2

3+ downshift 
nanophosphors at emission 453 nm,.  The TRPL technique is an 20 

imperative and non-destructive tool which has been used to 
determine the decay lifetime of nanophosphor. The lifetime data 
of nanophosphor is very important and it help to decide the 
suitable application of nanophosphor applications. The Fig.S11(a) 
(see supporting information) demonstrates the decay profile of 25 

Gd1.8(MoO4)3:Eu0.2
3+ downshift nanophosphor at emission 616 

nm upon 395 nm excitation wavelength for 7F0-
5D2 transitions of 

Eu3+ ion. The inset in Fig. S11(a) exhibits the exponential fitting 
parameters of decay profile of Gd1.8(MoO4)3:Eu0.2

3+  downshift 
nanophosphor. The decay profile has been best fitted to the 30 

double exponential function as described in equation (1). 29 

I(t)=A1exp(-t/τ1)+A2exp(-t/τ2)                                           (1) 

Where τ1 , τ2, A1 and A2 are the decay lifetimes of the 
luminescence and weighting parameters, respectively. 

The obtained parameters after double exponential fitting are listed 35 

in inset of Fig. S11 (a). The decay lifetimes of 
Gd1.8(MoO4)3:Eu0.2

3+ downshift nanophosphor are τ1 ~ 0.56 ms 
and τ2 ~ 0.81ms. The average decay lifetime of 
Gd1.8(MoO4)3:Eu0.2

3+ nanophosphor is τav~0.64 ms which is 
measured using equation (2) as described below.  40 

��� = 	 (����
	 + �	�	

	)/(���� + �	�	)                              (2) 

Therefore, the achieved PL and TRPL results suggest that 
Gd1.8(MoO4)3:Re0.2

3+(Re3+ = Eu3+, Tb3+ and Tm3+) downshift 
nanophosphor is meet the stringent criteria of Si-solar cell and it 
is highly suitable for Si-solar cell as well as other display and 45 

biological applications. The CIE colour co-ordinates of 
Gd1.8(MoO4)3:Re0.2

3+(Re3+ = Eu3+, Tb3+ and Tm3+) are exhibited 
in Fig. S11 (b) (see supporting information). The symbolic marks 
A (x=0.66, y=0.33), B (x=0.34, y=0.60) and C (x=0.14, y=0.11) 
demonstrate the CIE colour co-ordinates for 50 

Gd1.8(MoO4)3:Eu0.2
3+, Gd1.8(MoO4)3:Tb0.2

3+ and 
Gd1.8(MoO4)3:Tm0.2

3+ emission, respectively. 

In order to explore the upconversion nature of 
Gd2(MoO4)3:Er3+/Yb3+ nanophosphor, we have also performed 
the PL spectroscopy of synthesized upconversion nanophosphor. 55 

Conceptually, the upconversion is a process in which the 
consecutive absorption of two photons of lower energy (IR 
spectrum region) and emission of a higher energy photon (visible 
spectrum region).30The upconversion materials are particular in 
interest for solar cell application because these materials are 60 

utilized of IR spectrum region of the solar spectrum which is 
transmitted by solar cell.15,31-36The emission spectrum 
Gd2(MoO4)3:Er3+/Yb3+upconversion nanophosphor upon 
excitation wavelength 980 nm have been demonstrated in Figs. 4 
(a &b).Fig.4 (a) exhibits the strong green emission at 545 nm and 65 

red emission at 657 nm, which are attributed to 4S3/2-
4I15/2 and 

4F9/2-
4I15/2 transitions, respectively. Additionally, the emission 

spectrum also demonstrates a weak emission centred at 
wavelength 525 nm attributed to 2H11/2-

4I15/2transition. Moreover, 
Gd2(MoO4)3:Er3+/Yb3+upconversion nanophosphor has strong 70 

emission at 994 nm, as shown in Fig. 4(b), which is merely 
reported in literature so far as per best of our knowledge. This 
emission is also efficiently contributing to enhance the solar cell 
efficiency because of the fact that the energy of these photons are 
very near to the band gap of solar cell. The CIE colour co-75 

ordinates of Gd2(MoO4)3:Er3+/Yb3+ nanophosphor corresponding 
to upconversion emission at 980 nm excitation wavelength is 
exhibited in Fig. 4(c) with values x=0.29 and y= 0.68.  

 The Fig. 4(d) represents the schematic diagram for upconversion 
process in Gd2(MoO4)3:Er3+/Yb3+ nanophosphor. In Gd2 80 

(MoO4)3:Er3+/Yb3+upconversion nanophosphor, Yb3+ ion act as 
sensitizer and Er3+ used as dopant, which provide the emission. 
The Yb3+ is used for sensitizer because it can absorb broad NIR 
region as compared to the Er3+ ion. In case of upconversion, both 
Yb3+ and Er3+ ions absorbed incident photons of 980 nm 85 

wavelength.  

However, absorption across the 2F7/2-
2F5/2 transition in Yb3+ ion 

has more photons compare to absorption across the 4I15/2-
4I11/2 

transition in case of Er3+ ion. Therefore, Yb3+ ion absorbed most 
off the incident photons. Furthermore, Yb3+ ion also can 90 

sufficiently transfer energy to Er3+ because energy of 2F5/2 level in 
Yb3+ ion is similar to energy of 4I11/2 level of Er3+ ion.28 The 
excited Yb3+ ion relax to ground state and transfer energy to 
neighbour Er3+ ion. Therefore, the excited Er3+ ion absorb energy 
for Yb3+ ion and promoted to higher excitation state which 95 

increase the population in higher energy state. Otherwise, Er3+ 
ion can absorbed simultaneously two low energy photons and 
which drives Er3+ to higher energy state. The excited Er3+ ion 
relax to ground state produces upconversion and emits strong 
green colour emission corresponding to 4S3/2-

4I15/2 transition 100 

whereas red emission in case of 4F9/2-
4I15/2 transition.  
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Fig.4: (a) and (b) the emission spectra (range 450-750 and 900-10 

1020)of Gd2(MoO4)3:Er3+/Yb3+upconversion nanophosphor at 
excitation wavelength 980 nm, (c) the CIE colour co-ordinates of 
Gd2(MoO4)3:Er+/Yb3+upconversion nanophosphor which exhibits 
a green emission and (d) the schematic for proposed 
upconversion process in Gd2 (MoO4)3:Er3+/Yb3+ nanophosphor. 15 
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Fig. 5: (a) optical image of  Gd1.8(MoO4)3:Eu0.2
3+ downshift 

nanophosphor on glass slide, (b) the PL mapping image of the 25 

selected region (marked by red square in Fig (a)) 
Gd1.8(MoO4)3:Eu0.2

3+ downshift nanophosphor excited at 
excitation wavelengths of 375 nm. (c) optical image of  
Gd2(MoO4)3:Er3+/Yb3+ upconversion nanophosphor on glass 
slide, (d) the PL mapping image of the selected region (marked 30 

by red square in Fig (c)) Gd2(MoO4)3:Er3+/Yb3+ upconversion 
nanophosphor excited at excitation wavelengths of 980 nm. 

Furthermore, the PL emissions of Gd2 (MO4)3:Eu3+and 
Gd2(MoO4)3:Er3+/Yb3+  nanophosphor are also compare with 
other similar host systems with same dopants (GdPO4: Eu3+ , 35 

GdBO3: Eu3+, GdPO4: Er3+/Yb3+ and GdBO3: Er3+/Yb3+).  The  
Fig. S12 (a) (see supporting information) demonstration the 

emission spectra of Gd2 (MO4)3:Eu3+, GdPO4: Eu3+ and GdBO3: 
Eu3+downshift nanophosphor under the excitation wavelength 
395 nm. The  Fig. S12 (b) (see supporting information) exhibits 40 

the emission spectra of Gd2(MoO4)3:Er3+/Yb3+GdPO4: Er3+/Yb3+ 
and GdBO3: Er3+/Yb3+upconversion nanophosphor at excitation 
wavelength 980 nm. The obtain result are shown in Fig. S12 
reveals that Gd2 (MO4)3host lattice based nanophosphor have 
high emission in both downshift as well as upconversion which is 45 

may be due to efficient energy transfer from host lattice to 
activator as compared to other similar host lattice systems. 

Moreover, the PL mapping of downshift as well as upconversion 
nanophosphors are performed for the conformation of uniform 
emission from nanophosphor. Fig. 5 (a) exhibits the optical image 50 

of Gd1.8(MoO4)3:Eu0.2
3+ downshift nanophosphor on glass slide. 

The PL mapping of red mark area in optical image Fig. 5 (a) 
under exciation wavelength 375 nm is demonstrates in Fig. 5(b). 
The Fig. 5 (b) clearly shows that the nanophosphor have uniform 
PL emission from nanophosphor. The optical image of 55 

Gd2(MoO4)3:Er3+/Yb3+ upconversion nanophosphor is illustrated 
in Fig. 5 (c). The Fig. 5(d) reveals the PL mapping image of 
Gd2(MoO4)3:Er3+/Yb3+ upconversion nanophosphor of marked 
region in Fig. 5 (c) under excitation wavelength 980 nm. The 
obtained result reveals the uniform distribution of 60 

photoluminescence emission intensity in 
Gd1.8(MoO4)3:Eu0.2

3+ downshift as well as Gd2(MoO4)3:Er3+/Yb3+  

upconversion nanophosphors. 

 

 65 

 

 

 

 

 70 

 

 

 

 

Fig. 6: (a) and (b) demonstrates the schematic diagram of 75 

proposed Gd2(MoO4)3:Re3+(Re3+ =Eu3+, Tb3+, Tm3+ and 
Er3+/Yb3+) nanophosphor (downshifts and upconversion) as a 
broad spectral converter from UV to NIR in order to enhanced 
the efficiency of Si-solar cell. 
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The Gd2(MoO4)3:Eu3+ downshift nanophosphor can absorb 
photon of high energy in range of 250-475 nm and give strong 
red emission. The Si-solar cell cannot be utilised photons falling 
in this range of energy because of thermal losses. The 
Gd2(MoO4)3:Eu3+downshift nanophosphor can easily absorb the 5 

photons falling in this region and emits in visible spectrum region 
which can easily absorb by Si-solar cell for electron-hole pair 
generation. The NIR region is also not absorbed by solar cell 
because in NIR region solar cell is transparent. The 
Gd2(MoO4)3:Er3+/Yb3+upconversion nanophosphor absorb NIR 10 

region and emits in visible spectrum region which can easily 
absorbed by Si-solar cell. Therefore, the efficiency of Si-solar 
cell could be enhanced by coating a thin layer of downshift 
nanophosphor in front side and upconversion nanophosphor layer 
on back side of Si solar cell. The  15 

Figs. 6 (a &b) demonstrate the proposed spectral converter for 
Gd2(MoO4)3:Re3+(Re3+ =Eu3+, Tb3+, Tm3+ and Er3+/Yb3+) 
nanophosphor in order to enhanced the efficiency of Si-solar cell. 
Thus, the obtained spectroscopy results reveal that the  
Gd2(MoO4)3:Re3+(Re3+=Eu3+,Tb3+,Tm3+ and Er3+/Yb3+) 20 

nanophosphor could be a good choice as spectral converter for 
upcoming next generation Si-solar cell application. 

4. Conclusions 

We have successfully synthesized Gd2(MoO4)3:Re3+( Re3+ = Eu3+, 
Tb3+ and Tm3+) (downshift) and Gd2(MoO4)3:Er3+/Yb3+ 25 

(upconversion) nanophosphors by customized solid state reaction 
method which can be easily scale-up in large quantity. The 
structural and microstructure studies exhibit that nanophosphor 
have orthorhombic crystal structure with average size in the range 
of ~24-28 nm. The  Gd2(MoO4)3 has advantage over other host 30 

matrix that the excitation band is broad due the charge transfer in 
O-Mo in UV spectrum region, which is sufficiently transferred 
energy to trivalent lanthanide ions. The 
Gd2(MoO4)3:Eu3+downshiftnanophosphor demonstrates 
hypersensitive red emission at 616 nm corresponding to 35 

excitation in the range of 250-475 nm. The 
Gd2(MoO4)3:Er3+/Yb3+upconversionnanophosphor shows strong 
green emission at 545 nm upon an excitation of 980 nm. The co-
doping of Yb3+ions assistance for the broad absorption in NIR 
region due to the Yb3+ion can absorbs broad NIR region as 40 

compared to the Er3+ion. Furthermore, 
Gd2(MoO4)3:Er3+/Yb3+upconversionnanophosphor demonstrates 
emission at 994 nm, which is merely reported. Moreover, the 
TRPL spectroscopy demonstrates a PL lifetime in τav~0.64 ms 
which is assured the potential applications of the proposed 45 

nanophosphor as a broad spectral converter. Thus, the obtained 
PL and TRPL spectroscopy results of synthesized nanophosphor 
legitimates its potential use as a broad spectral converter for next 
generation Si-solar cells.       

 50 
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