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A novel broadband sensitized near-infrared emitting phosphor, Eu,SiS4:Er>*, was developed as promising
solar spectral converter for Si solar cells. Eu,SiS4:Er®* has broadband absorptions ranging from 250 nm to
550 nm which can efficiently facilitate the UV-green part of the solar photon flux spectrum and exhibits
intense NIR emission of Er®*, perfectly matching the maximum spectral response of Si solar cells. The NIR

integrated emission intensity of Eu,SiS4:0.02Er>* is 6.14 times as intense as that of a dual-mode solar
spectral converter CaLaGasSg0:0.01Ce>*, 0.06Pr>*. These results demonstrate that Eu,SiS4:Er** phosphor
is a promising candidate used as solar spectral converter.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that the spectral mismatch between the solar
photon flux spectrum (prominent in the UV-Vis region) and the
optimal spectral response of Si solar cells (~1000 nm) is one of
the main reasons limiting the efficiency of Si solar cells [1]. The
spectral modification through downconversion has been regarded
as an effective route to improve the performance of Si solar cells
[2]. Up to now, much work has been done to develop solar spectral
converter. For RE3*-Yb3" (RE =Tb, Pr, Tm, Ho and Nd) co-doped
materials [3-7], the RE>* ion has only narrow and weak excitation
band in the UV-Vis region because of parity forbidden 4f-4f tran-
sitions. So, these kinds of solar spectral converters are still far from
practical application. Recently, much attentions have been paid on
broadband solar spectral converter through host sensitization [8]
or codoping Eu?* [9,10], Ce** [11,12] and Bi>* [13,14] with allowed
4f-5d, 'Se-3P, transitions. Unfortunately, most of them still suffer
from relative narrower excitation bandwidth. In addition, their
excitation band mainly locate in the 200-500 nm region. So, the
green-red light (1 = 500 nm) which is the most intensive part of
the solar photon flux spectrum cannot be absorbed. Consequently,
novel full-spectrum (200-600 nm) solar spectral converters with
broader absorption bands and intense NIR emission would be
desirable for enhancing the efficiency of Si solar cells.

In this paper, we have developed a novel broadband sensitized
near-infrared emitting phosphor Eu,SiS4:Er®* under N,/CS, reduc-
ing atmosphere by solid-state reaction. Although NIR photolumi-
nescence properties of Eu,SiS4:Er®* has been reported [15], the
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synthesis method is too complex and time-consuming, and the
concentration-dependent emission intensity (986 nm) has not
been studied. In this letter, Eu,SiS4:Er>* has broadband absorptions
ranging from 250 nm to 550 nm, and exhibits intense NIR emission
of Er**, perfectly matching the maximum spectral response of Si
solar cells. The NIR integrated emission intensity of Eu,SiS4:0.02-
Er’* is 6.14 times as intense as that of a dual-mode solar spectral
converter CalaGasSg0:0.01Ce3*, 0.06Pr**  (CLGS0:0.01Ce>",
0.06Pr>") [16]. We believe Eu,SiS4:0.02Er>* could be a promising
luminescent material used as solar spectral converter.

2. Experimental
2.1. Synthesis of samples

All powder samples of Eu,SiS4:Er>* were synthesized by con-
ventional solid-state reaction. EuS, and Er,S3; were prepared from
Eu,03 (99.99%), and Er,Os; (99%) under N,/CS, reducing atmo-
sphere at 1000 °C for 3 h, and 1200 °C for 6 h, respectively. The sto-
ichiometric amounts of materials EuS, Si powder (Alfa Aesar,
99.9%), and Er,S; were thoroughly mixed in an agate mortar, and
then the mixture was transferred into crucibles and sintered at
950 °C for 6 h under flowing N5/CS, gas in horizontal tube furnace.
CLGS0:0.01Ce3*, 0.06Pr>* was prepared according to Ref. [16].

2.2. Characterization

The phase purity of the final samples was characterized by pow-
der X-ray diffraction (XRD) on Bruker D8 advance X-ray diffrac-
tometer with Cu Kot (4 =1.5405 A) radiation at 40 kV and 40 mA.
The diffuse reflection spectra were recorded on a Varian Cary
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5000 UV-Vis-NIR spectrophotometer equipped with double out-
of-plane littrow monochromator. The photoluminescence excita-
tion (PLE) and photoluminescence (PL) spectra at room tempera-
ture were measured by FSP920-combined Time Resolved and
Steady State Fluorescence Spectrometer (Edinburgh Instruments)
equipped with a 450 W Xe lamp, TM300 excitation monochroma-
tor and double TM300 emission monochromators, thermo-electric
cooled red sensitive PMT and R5509-72 NIR-PMT in a liquid nitro-
gen cooled housing (Hamamatsu Photonics K.K). The spectral reso-
lution for the steady measurements is about 0.05 nm in UV-VIS
and about 0.075-0.01 nm in NIR.

3. Results and discussion

Fig. 1 shows the XRD patterns of the Eu,SiS4:xEr’* (x = 0, 0.004,
0.007, 0.01, 0.02, 0.04, 0.06). The results indicate that all the
diffraction peaks of samples can be indexed to a pure Eu,SiS4
(JCPDS 70-4996). No other phase can be detected, indicating that
the dopants have no obvious influence on the crystalline structure
of the host. The lattice parameters of Eu,SiS4:xEr’* (x = 0.02, 0.04,
0.06) with high concentration of Er>* were calculated by MDI Jade
5.0 software. Table 1 shows the lattice parameters of Eu,SiS4 [17]
and Eu,SiS4:xEr** (x=0.02, 0.04, 0.06). It is obviously seen that
with the increasing concentration of Er3*, the lattice parameters
gradually decreases. It is consistent with the substitution of smal-
ler Er®* (effective ionic radius 0.89 A for CN = 6) for Eu®* (effective
ionic radius 1.17 A for CN = 6) [18]. The results confirm that Er**
have incorporated into the Eu,SiS, host lattice.

High absorption efficiency is very important for luminescent
materials. Fig. 2(a) shows the diffuse reflection and PLE spectra
of Eu,SiS4:0.004Er>*. It is obvious that Eu,SiS,:0.004Er>* shows
an intense and wide absorption band in the range of 250-
550 nm, ascribed to the host absorption, and a platform of diffuse
reflectance in the wavelength range of 550-1200 nm. In addition, it
should be noted that no sharp absorption peak of Er>* is observed
in the diffuse reflection and PLE spectra. The result is in agreement
with that reported in the Ref. [15]. Therefore, intense NIR emission
of Eu,SiS4:Er’* should be expected because Eu,SiSs:Er** has an
intense and wide absorption band in the range of 250-550 nm.

The PLE and NIR emission spectra of Eu,SiS4:0.004Er’* are
shown in Fig. 2(b). The PLE spectrum (Aer; = 986 nm) presents a
broad band ranging from 250 nm to 550 nm. It is attributed to
the 4f7 — 4f°5d! transition of Eu?* and consistent with the diffuse
reflection spectrum (shown in Fig. 2). By comparing the NIR
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Fig. 1. Powder XRD patterns of Eu,SiS4:XEr>* (x = 0, 0.004, 0.007, 0.01, 0.02, 0.04, 0.06).

emission spectrum of Eu,SiS4:0.004Er>* (Jex =400 nm) and the
NIR emission spectrum of Eu,SiS4 (Jex = 400 nm), the presence of
the NIR emission of Er’* (820 nm, 986 nm and 1150 nm) in the
NIR emission spectrum of Eu,SiS4:0.004Er’>* suggests that the
existence of energy transfer (ET) from Eu?* to Er’*. In addition,
the existence of the 4f” — 4f°5d! transition of Eu?* in the PLE
spectrum of Er** (Jem =986 nm and Zem = 1150 nm) also indicates
that ET from Eu?* to Er** occurs.

In order to optimize the NIR emission of the Er’* ion, the
concentration-dependent emission intensity of Eu,SiS;:XEr* was
studied. Fig. 3(a) presents the NIR emission spectra of Eu,SiSs:
xEr®* (x =0, 0.004, 0.007, 0.01, 0.02, 0.04, 0.06) (/cx =400 nm) and
Fig. 3(b) exhibits the effects of the concentration of Er** on the
NIR integrated emission intensity of Er**. It is obviously seen that
with increasing Er** concentration, the NIR integrated emission
intensity of Er** increases initially, then reaches a maximum at
x=0.02 and lastly decreases because of the concentration
quenching.

Fig. 4 presents the energy level scheme of Eu?* and Er** in Eu,-
SiS4, showing the NIR emission mechanism of Eu,SiS4:Er3*. As
shown in Fig. 4, the energy difference between the lowest 5d
excited level (~17,500 cm™') of Eu®* ion [15] and the “Foj, level
(~15,200 cm ™) of Er** ion is about 2300 cm~!. It was reported that
the maximum vibration frequency for thiosilicate is ~630 cm™!
[19]. Therefore, it is reasonable that ET occurs from the lowest
5d excited level of Eu** ion to the “Fg; level of Er** ion by assis-
tance of about 3-4 phonons. After the *Fojy, *loj2, and “I11, levels
are populated via ET and non-radiative relaxation, the NIR emis-
sion centering at 820 nm, 986 nm, and 1150 nm can be obtained,
ascribed to the 419/2 - 4115/2, 4111/2 - 4]15/2, and 4F9/2 - 4113/2 transi-
tions, respectively.

As an ideal solar spectral converter, it should convert visible
photons into ~1000 nm photons, perfectly matching the maximum
spectral response of Si solar cells. Fig. 5 shows spectra of Eu,-
SiS4:0.02Er>* and CLGS0:0.01Ce>*, 0.06Pr>*, the solar photon flux
spectrum and the spectral response of c-Si. CLGS0:0.01Ce*",
0.06Pr>* is a promising dual-mode spectral-converting material.
As shown in Fig. 5, Eu,SiS4:0.02Er>* has intense wide excitation
band extending from 250 to 550 nm. Table 2 shows the spectral
properties of Eu,SiS4:Er’* and previously reported solar spectral
converter [8-14]. It is obviously seen that the main absorption
bands in previously reported solar spectral converter are mostly
less than 500 nm. Comparatively, Eu,SiS,:Er** has a broader
absorption band (250-550 nm). The broad excitation bandwidth
was desirable in practical application because more high-energy
photons in the strongest region of the solar photon flux spectrum
can be converted into NIR photons. Moreover, Eu,SiS4:0.02Er>*
has intense NIR emissions centering at 986 nm and 1150 nm.
Under 400 nm excitation, the NIR integrated emission intensity
of Eu,SiS4:0.02Er>* is 6.14 times that of CLGS0:0.01Ce>*, 0.06Pr>".
These results demonstrate that Eu,SiS4:Er®* phosphor is a promis-
ing candidate for enhancing the performance of Si solar cells. In the
future, it should be combined with Si solar cell in order to give evi-
dence on the extent to which the performance of Si solar cell will
be improved. The solar spectral converter should be located on
the front surface of Si solar cell in the experiment, and it is electri-
cally isolated from the Si solar cell. The incident high-energy pho-
tons in the UV-Vis region (250-550 nm) can be absorbed and
converted into NIR photons (~1000 nm) by the solar spectral con-
verter, then the converted NIR photons can be effectively absorbed
by Si solar cell. The charge thermalization of Si solar cell generated
by the absorption of high-energy photons will be greatly
decreased. This results in an increased spectral response of Si solar
cell in UV-Vis spectrum region. Consequently, the performance of
Si solar cell will be improved. Therefore, from the viewpoint of
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Table 1
The lattice parameters of Eu,SiS, [17] and Eu,SiS4:XEr®* (x = 0.02, 0.04, 0.06).

Lattice parameters Eu,SiS, [17]

EuySiS4:0.02Er>*

Eu,SiS4:0.04Er>* Eu,SiS4:0.06Er>*

a (A) 6.524 6.518 6.507 6.494
b (A) 6.591 6.584 6.583 6.576
c(A) 8.205 8.177 8.171 8.153
V(A® 334.99 332.93 331.78 330.59
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Fig. 2. (a) The diffuse reflection and PLE spectra of Eu,SiS,:0.004Er>*; (b) PLE and
NIR emission spectra of Eu,SiS,:0.004Er>".
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Fig. 3. (a) The NIR emission spectra of Eu,SiS4:xEr’* (x = 0, 0.004, 0.007, 0.01, 0.02,
0.04, 0.06) (Zex = 400 nm); (b) the inset shows the NIR integrated emission intensity
of Er** as a function of Er*>* concentration.

spectral characteristics, Eu,SiS4:Er>* could be a promising lumines-
cent material used as solar spectral converter.

4. Conclusions

To summarize, a novel broadband sensitized near-infrared
emitting phosphor, Eu,SiS4:Er®*, was developed as promising solar
spectral converter for Si solar cells. It has broadband absorptions
ranging from 250nm to 550 nm, and exhibits intense NIR
emission of Er’*, perfectly matching the maximum spectral
response of Si solar cells. The NIR integrated emission intensity
of Eu,SiS4:0.02Er>* is 6.14 times as intense as that of a dual-mode

Fig. 4. Energy level scheme of Eu?* and Er’* in Eu,SiS4, showing the NIR emission
mechanism of Eu,SiS4:Er3*.
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Fig. 5. (a) Spectra of Eu,SiS4:0.02Er** and CLGS0:0.01Ce**, 0.06Pr>*, (b) solar
photon flux spectrum, spectral response of c-Si.

Table 2

PLE and PL of different solar spectral converters.
Solar spectral converter Excitation band Emission Reference

(nm) (nm)

BaGd,(Mo00,),:Yb3* 260-375 1000 [8]
SrAl,04:Eu®", Yb** 260-420 980 [9]
Sr3Gd(POy4)s:Eu?*, Yb>*  280-440 975 [10]
LSCAS:Ce**, Yb>* 375-500 980 [11]
Y5Al504,:Ce", Nd3* 300-525 1064 [12]
YVO,:Bi**, Yb3* 280-370 1039 [13]
Gd,05: Bi®*, Yb** 300-400 977 [14]
Eu,SiS4:Er?* 250-550 986 This work

solar spectral converter CLGS0:0.01Ce**, 0.06Pr>*. We believe
Eu,SiS4:Er** could be a promising luminescent material used as
solar spectral converter.
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