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In the present paper, the concentration effect of near-infrared quantum cutting of Tm3+ ion in (Y1−xTmx)3Al5O12
powder phosphor is studied by means of experiments and calculations. In addition, the absorption spectra, visible-to-near-
infrared excitation and emission spectra, and fluorescence lifetimes are measured. It is found that (Y1−xTmx)3Al5O12
powder phosphor has a strong four-photon near-infrared quantum cutting luminescence of 1788.0-nm 3F4 →3H6 fluores-
cence of Tm3+ ion, when excited by 357.0-nm light. It is also found that the up-limit of the four-photon near-infrared
quantum cutting luminescence efficiency of (Y0.700Tm0.300)3Al5O12 powder phosphor is approximately 302.19%. To the
knowledge of the authors, this is the first time that a near-infrared quantum cutting efficiency up-limit exceeding 300% has
been reported. The results of this manuscript are valuable in aiding the probing of the new generation Ge solar cell.
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1. Introduction
Searching for new sources of energy has become one

of the most important projects of research throughout the
world, and the most ideal new energy source is currently so-
lar energy.[1–8] Solar energy is very abundant, and the energy
irradiated onto the Earth for 50 minutes can meet the energy
consumption needs of the entire world for an entire year. Solar
energy is also inexhaustible. At the same time, solar electric
power is also a very clean source of energy as it creates no
pollution whatsoever, thus solar electric power is praised as
currently the most ideal source of energy. However, there is
a great disparity between the utilization and reserve of solar
energy, due to the fact that solar cells have high cost and low
efficiency[2,3] as 70% of all energy losses are related to trans-
mission loss and thermalization loss. Therefore a prospective
method to enhance solar cell efficiency by quantum cutting is
the cutting of a high-energy photon into multiple low-energy
photons to adapt the solar spectrum, thus more effectively
matching the solar cell.[1–13]

At present, new theories, materials, techniques, designs,
and products related to solar cells have been developed at a
very rapid speed.[1–19] The development of germanium (Ge)
solar cells as a new type of solar cells with a narrow band-

gap width is very interesting, and has been used in germa-
nium, silicon–germanium, and cascade three-junction solar
cells.[4,13,17] The germanium solar cell has the characteris-
tic advantages of a small band-gap width of 0.67 eV: 300 K
(5404 cm−1 = 1850.5 nm).[1–8] And it can absorb almost all
near-infrared solar spectra quite effectively. Therefore, its
transmission loss is very small and almost negligible.[15] If
the solar spectra from ultraviolet to visible region can be con-
verted into near-infrared region at about 1800 nm by means
of quantum cutting, then the absorption efficiency of the Ge
solar cell will be greatly enhanced. Furthermore, the radiative
photon numbers can be very greatly enhanced by multiphoton
quantum cutting, so can the electron–hole pair numbers of the
Ge solar cell. It is also very possible that the opto-electricity
conversion efficiency of the Ge solar cell will be very greatly
enhanced, as it may have great acceleration effects on solar
cell project research.[20]

Ever since the second-order near-infrared quantum cut-
ting in YbxY1−xPO4:Tb3+, used for the development of Si
solar cells, was first reported by Vergeer and Meijerink in
2005,[2] the importance, application, and significance of the
near-infrared quantum cutting phenomenon have been widely
recognized.[1–25] Quantum cutting also is one of the impor-
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tant applications of rare earth.[21,25] Since 2007, near-infrared
quantum cutting has become an international hot research
topic. And about 80 relevant papers have been published in
a range of top journals.[2,5–12,26–30] However, regarding near-
infrared quantum cutting of about 1800-nm luminescence of
Tm3+ ion activator center, only six papers have been reported
up to now.[5,8,10,14,27] The present paper studies the concen-
tration effect of the near-infrared multiphoton quantum cut-
ting luminescence phenomena of (Y1−xTmx)3Al5O12 powder
phosphor. It is found for the first time that the up-limit of
the four-photon near-infrared quantum cutting luminescence
efficiency of (Y0.7Tm0.3)3Al5O12 powder phosphor is approx-
imately 302.19%. To the knowledge of the authors, this is the
first time that a near-infrared quantum cutting efficiency up-
limit exceeding 300% has been reported.

2. Experimental samples and experimental de-
vices
The samples used in our experiment were (A)

(Y0.9975Tm0.0025)3Al5O12, (B) (Y0.995Tm0.005)3Al5O12, (C)
(Y0.900Tm0.100)3Al5O12, (D) (Y0.800Tm0.200)3Al5O12, and
(E) (Y0.700Tm0.300)3Al5O12 powder phosphors. The Tm:YAG
powder samples were prepared through a solid-state reac-
tion. The starting materials were high-purity Y2O3 (99.99%),
Al2O3 (99.99%), and Tm2O3 (99.99%). The raw powders
were weighted according to the stoichiometric compositions,
and then it was sequentially mixed, ground, and pressed into
pellets. Finally, the powders were sintered at 1600 ∘C for 2 h
in a furnace in air.

The experimental equipment used was the Fluorescence
Spectrometer FL3-2iHR, produced by the Horiba-JY Com-
pany. The pumping light source was an Xe lamp. The visi-
ble detector used was an R2658p photomultiplier, which has
a very high sensitivity in a range from 250 nm to 1000 nm.
The infrared detector used was a solid state indium antimony
detector DSS-IS020L, which has a high sensitivity in a range
from 1000 nm to 5000 nm. For all of the experimental re-
sults, the experimental curves with the same wavelength in the
same figure can be compared directly in terms of fluorescence
intensity.

3. Absorption spectrum
Figure 1 shows the absorption spectrum of the

(Y0.700Tm0.300)3Al5O12 powder phosphor, which is measured
by a UV-3100 spectrophotometer (Shimadzu). It is found
that there is a series of absorption peaks located at (1695.5,
1625.0), (1202.0, 1175.0), 782.0, 683.5, 465.0, and 359.5 nm
respectively. It is easy to recognize that they are due to the
absorption transitions of 3F4, 3H5, 3H4, 3F3, 1G4, and 1D2

energy levels of Tm3+ ion respectively.[7,18] From Fig. 1, it

is also easy to see that the lowest Stark energy levels of 3F4,
3H5, 3H4, 3F3, 3F2, 1G4, and 1D2 energy levels of Tm3+ ion
are located at 1780.0, 1238.0, 804.0, 698.0, 662.0, 465.0, and
359.5 nm respectively. Moreover, it can be calculated from
the above experimental data that the gravity center of 3F4, 3H5,
3H4, 3F3, 3F2, 1G4, and 1D2 energy levels of Tm3+ ion are cen-
tered at 5911.9, 8342.5, 12790.6, 14517.7, 15105.7, 21505.5,
and 27816.5 cm−1 wave-number respectively.
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Fig. 1. (color online) The absorption spectrum of the
(Y0.700Tm0.300)3Al5O12 powder phosphor.

4. Experimental excitation spectra
First, we measured the visible excitation spectra of (B)

(Y0.995Tm0.005)3Al5O12, (C) (Y0.900Tm0.100)3Al5O12, and (E)
(Y0.700Tm0.300)3Al5O12 powder phosphors in a wavelength
range of 300 nm–710 nm, when the fluorescence received
wavelength is 800.0 nm, and the results are shown in Fig. 2. It
is found that the Tm:YAG powder phosphor has three groups
of excitation spectrum signal peaks in a range from ultravio-
let to visible, the main peaks of which are located at 357.0,
459.5, and 680.0 nm. It is easy to recognize that these are
respectively due to the 3H6 →1D2, 3H6 →1G4, and 3H6 →3F3

absorption transitions of Tm3+ ion.[7,18] In the figure, the
small 415.5-nm peak is noise, the small 658.0-nm peak is
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Fig. 2. (color online) Visible excitation spectra of (B)
(Y0.995Tm0.005)3Al5O12 (blue), (C) (Y0.900Tm0.100)3Al5O12
(red), and (E) (Y0.700Tm0.300)3Al5O12 (green) powder phos-
phors, when the fluorescence received wavelength is located at
800 nm.
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the 3H6 →3F2 absorption transitions of Tm3+ ion. B is the
excitation spectrum signal of the (B) (Y0.995Tm0.005)3Al5O12

powder phosphor; C*10 is that of (C) (Y0.900Tm0.100)3Al5O12

powder phosphor, which is magnified 10 times; E*100 is that
of (E) (Y0.700Tm0.300)3Al5O12, which is magnified 100 times.

Sequentially, we measured the excitation spectra of (B)
(Y0.995Tm0.005)3Al5O12, (C) (Y0.900Tm0.100)3Al5O12, and (E)
(Y0.700Tm0.300)3Al5O12 powder phosphor in a wavelength
range of 300 nm–850 nm, when the fluorescence received
wavelength is 1788.0-nm near-infrared wavelength, and the
results are shown in Fig. 3. It is found that the Tm:YAG
powder phosphor has four groups of excitation spectrum sig-
nal peaks from 300 nm to 850 nm, the main peaks of which
are located at 357.0, 461.0, 680.0, and 780.0 nm. It is easy
to recognize that they are respectively due to the 3H6 →1D2,
3H6 →1G4, 3H6 →3F3, and 3H6 →3H4 absorption transi-
tions of the Tm3+ ion.[7,18] In Fig. 3, B, C, and E are the
excitation spectrum signals of (B) (Y0.995Tm0.005)3Al5O12,
(C) (Y0.900Tm0.100)3Al5O12, and (E) (Y0.700Tm0.300)3Al5O12

powder phosphors, respectively.
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Fig. 3. (color online) Excitation spectra of (B) (Y0.995Tm0.005)3Al5O12
(blue), (C) (Y0.900Tm0.100)3Al5O12 (red), and (E)
(Y0.700Tm0.300)3Al5O12 (green) powder phosphors, when the
fluorescence received wavelength is located at 1788.0-nm near-infrared
wavelength.

5. Experimental luminescence spectra

First, the visible luminescence spectra of the (B)
(Y0.995Tm0.005)3Al5O12, (C) (Y0.900Tm0.100)3Al5O12, and (E)
(Y0.700Tm0.300)3Al5O12 powder phosphors are measured. The
357.0-nm 3H6 →1D2 excitation peak of the Tm:YAG powder
phosphor is selected as the excitation wavelength to measure
the luminescence spectra of 418 nm–700 nm and 700 nm–
1000 nm as shown in Fig. 4. It is found that a strong lumi-
nescence peak is located at (454.0 nm, 460.0 nm), a small
peak at (485.0 nm, 493.5 nm), a small peak at (660.5 nm,
669.5 nm), and a medium-sized peak at (785.0 nm, 801.0 nm)
for the Tm:YAG powder phosphor. It is easy to recognize
that these are respectively due to the luminescence transitions
of 1D2 →3F4, 1G4 →3H6, 1G4 →3F4, and 3H4 →3H6.[7,18]

In the figure, B is the luminescence spectrum signal of the
(B) (Y0.995Tm0.005)3Al5O12 powder phosphor; C*2.5 is that
of (C) (Y0.900Tm0.100)3Al5O12 powder phosphor, which is
magnified 2.5 times; and E*25 (or E*10) is that of (E)
(Y0.700Tm0.300)3Al5O12, which is magnified 25 (or 10) times.

The 680.0-nm 3H6 →3F3 excitation peak of the Tm:YAG
powder phosphor is selected as the excitation wavelength to
measure the luminescence spectra of 750 nm–1000 nm as
shown in Fig. 5. It is found that a medium-sized luminescence
peak is located at (784.5 nm, 804.0 nm) of 3H4 →3H6 fluores-
cence for the Tm:YAG powder phosphor. In Fig. 5, B is the
luminescence spectrum signal of (B) (Y0.995Tm0.005)3Al5O12

powder phosphor; C*10 is that of (C) (Y0.900Tm0.100)3Al5O12

powder phosphor, which is magnified 10 times; and E*100 is
that of (E) (Y0.700Tm0.300)3Al5O12, which is magnified 100
times.

Then, the infrared luminescence spectra of the (B)
(Y0.995Tm0.005)3Al5O12, (C) (Y0.900Tm0.100)3Al5O12, and
(E) (Y0.700Tm0.300)3Al5O12 powder phosphors are mea-
sured. In the same manner, the 357.0-nm 3H6 →1D2 exci-
tation peak of the Tm:YAG powder phosphor is also selected

450 500 550 600 650 700
0

0.2

0.4

0.6

0.8

1.0

1.2

800 10001500 2000 2500

F
lu

o
re

sc
en

ce
 i
n
te

n
si

ty
/
a
rb

. 
u
n
it
s

Luminescence wavelength/nm

B

C*2.5

E*25
E*10

C*2.5

B

B

E

C

1D2-
3F4

1G4-
3H6

1G4-
3F4

3H4-
3H6

3F4-
3H6

Fig. 4. (color online) Luminescence spectra of (B) (Y0.995Tm0.005)3Al5O12 (blue), (C) (Y0.900Tm0.100)3Al5O12 (red), and (E) (Y0.700Tm0.300)3Al5O12
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Fig. 5. (color online) The luminescence spectra of (B)
(Y0.995Tm0.005)3Al5O12 (blue), (C) (Y0.900Tm0.100)3Al5O12
(red), and (E) (Y0.700Tm0.300)3Al5O12 (green) powder phos-
phors, when the 680.0-nm 3H6 →3F3 excitation peak is se-
lected as the excitation wavelength.

as the excitation wavelength to measure the infrared lumi-
nescence spectra of 1200 nm–2800 nm as shown in Fig. 4.
It is found that there is a group of strong (1788.0 nm,
1900.0 nm, 2020.0 nm) luminescence peaks for the (C)
(Y0.900Tm0.100)3Al5O12 powder phosphor. It is easy to
recognize that it is due to the 3F4 →3H6 luminescence
transition.[7,18] In the figure, B, C, and E are the lumi-
nescence spectrum signals of (B) (Y0.995Tm0.005)3Al5O12,
(C) (Y0.900Tm0.100)3Al5O12, and (E) (Y0.700Tm0.300)3Al5O12

powder phosphors respectively. It is entirely achieved that
the signal intensity is reversed. The near-infrared lumines-
cence signal intensity of the (C) (Y0.900Tm0.100)3Al5O12 and
(E) (Y0.700Tm0.300)3Al5O12 powder phosphors is much larger
than that of (B) (Y0.995Tm0.005)3Al5O12.

The 680.0-nm 3H6 →3F3 excitation peak of the Tm:YAG
powder phosphor is also selected as the excitation wave-
length to measure the luminescence spectra of 1200 nm–
2800 nm as shown in Fig. 5. It is found that the (B)
(Y0.995Tm0.005)3Al5O12 powder phosphor has three groups of
small luminescence peaks located at 1478.0 nm, (1750.0 nm,
2022.0 nm), and 2352.0 nm. It is easy to recognize that
these are respectively due to the 3H4 →3F4, 3F4 →3H6,
and 3H4 →3H5 luminescence transitions.[7,18] Meanwhile,
it is found that the (C) (Y0.900Tm0.100)3Al5O12 and (E)
(Y0.700Tm0.300)3Al5O12 powder phosphors each have only
one group of strong 3F4 →3H6 luminescence peaks located at
1788.0, 1902.0, and 2020.0 nm respectively.

6. Experimental fluorescence lifetime measure-
ment results
The fluorescence lifetime values of the 460.0-

nm and 800.0-nm visible fluorescences of the (A)
(Y0.9975Tm0.0025)3Al5O12, (B) (Y0.995Tm0.005)3Al5O12, (C)
(Y0.900Tm0.100)3Al5O12, (D) (Y0.800Tm0.200)3Al5O12, and (E)
(Y0.700Tm0.300)3Al5O12 powder phosphors, are measured by

the Fluorescence Spectrometer FL3-2iHR, produced by the
Horiba-JY Company, and shown in Fig. 6 are those of (B)
and (C). In the measurements, the pumping sources are the
360-nm NanoLED semiconductor quasi-laser and pulse Xe
lamp. All fluorescence lifetime values of 460.0-nm and 800.0-
nm fluorescences are fit to the measured fluorescence lifetime
curves.[2,5–12] The fitting method is tail fit. The original point
is set after equipment response. It is found from the measure-
ments that the fluorescence lifetime values of 460.0 nm and
800.0 nm of (A) (Y0.9975Tm0.0025)3Al5O12 are τA(460 nm) =
29.18 µs and τA(800 nm) = 479.3 µs, respectively; those of
(B) (Y0.995Tm0.005)3Al5O12 are τB(460 nm) = 28.32 µs and
τB(800 nm) = 459.8 µs; those of (C) (Y0.900Tm0.100)3Al5O12

are τC(460 nm) = 11.37 µs and τC(800 nm) = 138.5 µs;
those of (D) (Y0.800Tm0.200)3Al5O12 are τD(460 nm) =
10.97 µs and τD(800 nm) = 115.2 µs; and those of (E)
(Y0.700Tm0.300)3Al5O12 are τE(460 nm) = 9.315 µs and
τE(800 nm) = 96.86 µs.
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Fig. 6. (color online) Variations of fluorescence intensity with flu-
orescence lifetime of the 460.0 nm (right) and 800.0 nm (left) vis-
ible fluorescence of (B) (Y0.995Tm0.005)3Al5O12 (blue) and (C)
(Y0.900Tm0.100)3Al5O12 (red) powder phosphors, when excited by
368.0-nm (right) and 680.0-nm (left) pulsed light respectively.

According to the literature about well-known infrared
quantum cutting, the energy transfer efficiency of the Tm3+

ion caused by cross-relaxation energy transfer is determined
by the following formula:[2,5–12]

ηtr,x%Tm ≈ 1−

∫
Ix%Tm dt∫

I0.25%Tm dt
, (1)

where I denotes the intensity, and x%Tm represents the Tm3+

concentration. In formula (1), it is assumed that the energy
transfer among the Tm3+ ions is very small when x = 0.25%,
which can represent the case of non-energy transfer.

Therefore it can be calculated that the theoretical en-
ergy transfer efficiencies of the 460.0-nm and 800.0-nm flu-
orescences are ηtr,0.5%Tm (460 nm) = 2.947% and ηtr,0.5%Tm
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(800 nm) = 4.068%, ηtr,10%Tm (460 nm) = 61.03% and
ηtr,10%Tm (800 nm) = 71.10%, ηtr,20%Tm (460 nm) = 62.41%
and ηtr,20%Tm (800 nm) = 75.96%, and ηtr,30%Tm (460 nm) =
68.08% and ηtr,30%Tm (800 nm) = 79.79%.

7. Analysis
From the above experimental data, the concentration ef-

fect of near-infrared quantum cutting luminescence phenom-
ena of (Y1−xTmx)3Al5O12 powder phosphor can be analyzed.
The variations of the normalized lifetime of 460-nm fluores-
cence and the normalized luminescence intensities of 1788-,
785-, 460-nm fluorescence with concentration of Tm3+ ion,
when excited by 357-nm light, are shown in the left of Fig. 7
by curves A (yellow), B (red), C (blue), and D (green) respec-
tively. In the same manner, the variations of the normalized
lifetime of 800-nm fluorescence and the normalized lumines-
cence intensities of 1788-, 785-nm fluorescence with concen-
tration of Tm3+ ion, when excited by 680-nm light, are shown
in the right of Fig. 7 by curves A (yellow), B (red), and C
(blue). It is clear that the lifetime decreases monotonically
with the increase of concentration, which means that the en-
ergy transfer increases monotonically with the increase of con-
centration. It is obvious that the 1788-nm near-infrared flu-
orescence intensity first increases and then decreases due to
the concentration quenching. It can also be seen that the visi-
ble fluorescence intensity decreases very fast with the increase
of concentration when the concentration is larger than 0.5%,
which means that the concentration quenching in the powder
is large.
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The schematic diagrams of energy level structure and
quantum cutting process of the (Y1−xTmx)3Al5O12 powder
phosphor are shown in Fig. 8.

The main quantum-cutting downconversion process orig-
inating from the 3H4 energy level is as follows.[23]
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Fig. 8. (color online) Schematic diagram of energy level structure and
quantum cutting process of (Y1−xTmx)3Al5O12 powder phosphor.

When the 3H4, 3F3, and 3F2 energy levels are ex-
cited, many Tm3+ ions may be populated at the 3H4 en-
ergy level, because of the rapid multiphonon non-radiative
relaxation from the 3F3 and 3F2 energy levels to 3H4. It
can be found that Tm3+ ion possesses a very effective
{3H4 →3F4, 3H6 →3F4} CR1: ETr31–ETa01 cross-energy
transfer process. Although its actual transition mismatch
+614.0 cm−1 is large, its reduced matrix elements U2

(0.1275,0.1311,0.2113) and (0.5375,0.7261,0.2382) of Tm3+

ion are extremely large,[7,18] therefore the cross-energy trans-
fer rate of {3H4 →3F4, 3H6 →3F4} CR1: ETr31–ETa01 is also
very large. For high-concentration Tm3+-doped YAG pow-
der phosphor, the population of 3H4 energy level may di-
rectly transfer to the first excited state 3F4 energy level mainly
through the {3H4 →3F4, 3H6 →3F4} CR1: ETr31–ETa01 cross-
energy transfer process. It results in the very effective two-
photon near-infrared quantum cutting of the 3F4 →3H6 fluo-
rescence.

Therefore the two-photon near-infrared quantum cutting
efficiency of 1788.0-nm 3F4 →3H6 fluorescence, when the 3F3

energy level is excited by 680.0-nm light, can be expressed as
follows:

ηCR,x%Tm(
3H4) = η3H4

· [1−ηtr,x%Tm(
3H4)]

+ 2η3F4
ηtr,x%Tm(

3H4), (2)

where ηCR,x%Tm(
3H4) is the two-photon near-infrared quan-

tum cutting efficiency, ηtr,x%Tm(
3H4) is the energy transfer ef-

ficiency of the CR1: ETr31–ETa01 cross-energy transfer, and
η3H4

and η3F4
are the luminescent efficiencies of the 3H4

and 3F4 energy levels of Tm3+ ion respectively. We assume
that η3H4

= η3F4
= 1, as assumed in most of papers about

near-infrared quantum cutting.[2,5–12] Therefore, the up-limit
of the two-photon near-infrared quantum cutting efficiency
of Tm3+ ion induced by the CR1: ETr31–ETa01 {3H4 →3F4,
3H6 →3F4} cross-energy transfer can be expressed as follows:

ηCR,x%Tm(
3H4) = 1+ηtr,x%Tm(

3H4). (3)

By calculation it is easy to obtain that
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ηCR,0.5%Tm(
3H4) = ηCR,0.5%Tm (680 nm) = 104.07%,

ηCR,10%Tm(
3H4) = ηCR,10%Tm (680 nm) = 171.10%,

ηCR,20%Tm(
3H4) = ηCR,20%Tm (680 nm) = 175.96%,

and
ηCR,30%Tm(

3H4) = ηCR,30%Tm (680 nm) = 179.79%.
The main quantum-cutting downconversion processes

originating from 1D2 energy level are as follows.[23]

When the 1D2 energy level is excited, many Tm3+ ions
may be populated at the 1D2 energy level because the 1D2

energy level is a metastable energy state. It can be found
that the Tm3+ ion possesses a very effective {1D2 →3F2,
3H6 →3H4} CR10: ETr75–ETa03 cross-energy transfer pro-
cess. Its actual transition mismatch −79.8 cm−1 is small,
and the reduced matrix elements U2 (0.0643,0.3065,0) and
(0.2357,0.1081,0.5916) of the Tm3+ ion are very large,[7,18]

therefore the cross-energy transfer rate of {1D2 →3F2,
3H6 →3H4} CR10: ETr75–ETa03 is very large. It is also found
that other cross-energy transfer processes have small transfer
rates compared with {1D2 →3F2, 3H6 →3H4} CR10: ETr75–
ETa03.

In conclusion, for high-concentration Tm3+-doped YAG
powder phosphor, the population of the 1D2 energy level may
directly transfer to the lower energy level mainly through the
{1D2 →3F2, 3H6 →3H4} CR10: ETr75–ETa03 cross-energy
transfer process, i.e., one population of the 1D2 energy level
may very effectively lead to two populations of the 3H4 en-
ergy level mainly through the {1D2 →3F2, 3H6 →3H4} CR10:
ETr75–ETa03 cross-energy transfer process. Consequently it
may also very effectively lead to four populations of the
3F4 energy level through the CR1: ETr31–ETa01{3H4 →3F4,
3H6 →3F4} cross-energy transfer process. It results in the
effective four-photon near-infrared quantum cutting of the
3F4 →3H6 fluorescence of Tm3+ ion.

The relative proportions of 357.0-nm peak to 680.0-nm
peak for the 1788.0-nm excitation spectrum and absorption
spectrum of (E) (Y0.700Tm0.300)3Al5O12 powder phosphor,
from Figs. 3 and 1, can be easily calculated to be 1.2768 and
0.2913. It is clear that the multi-photon quantum cutting of
1788.0-nm luminescence, when excited by 357.0-nm light, has
very large quantum cutting efficiency.

Therefore the four-photon near-infrared quantum cutting
efficiencies of the 1788.0-nm 3F4 →3H6 fluorescence, when
the 1D2 energy level is excited by 357.0-nm light, can be ex-
pressed as follows:

ηCR,x%Tm(
1D2) = {η1D2

· [1−ηtr,x%Tm(
1D2)]

+ 2η3H4
ηtr,x%Tm(

1D2)}
× {η3H4

· [1−ηtr,x%Tm(
3H4)]

+ 2η3F4
ηtr,x%Tm(

3H4)}, (4)

where ηCR,x%Tm(
1D2) is the four-photon near-infrared quan-

tum cutting efficiency, ηtr,x%Tm(
1D2) is the energy transfer

efficiency of the CR10: ETr75–ETa03 cross-energy transfer,
and η1D2

, η3H4
and η3F4

are the luminescent efficiencies of
the 1D2, 3H4, and 3F4 energy levels of Tm3+ ion respectively.
We assume that η1D2

= η3H4
= η3F4

= 1, as assumed in most
of papers about near-infrared quantum cutting.[2,5–12] There-
fore, the up-limit of the four-photon near-infrared quantum
cutting efficiency of the Tm3+ ion induced by both the CR10:
ETr75–ETa03 {1D2 →3F2, 3H6 →3H4} and CR1: ETr31–ETa01

{3H4 →3F4, 3H6 →3F4} cross-energy transfers can be ex-
pressed as follows:

ηCR,x%Tm(
1D2) = [1+ηtr,x%Tm(

1D2)]

× [1+ηtr,x%Tm(
3H4)]. (5)

By calculation it is then easy to obtain that
ηCR,0.5%Tm(

1D2) = ηCR,0.5%Tm (357 nm) = 107.13%,
ηCR,10%Tm(

1D2) = ηCR,10%Tm (357 nm) = 275.52%,
ηCR,20%Tm(

1D2) = ηCR,20%Tm (357 nm) = 285.78%,
and

ηCR,30%Tm(
1D2) = ηCR,30%Tm (357 nm) = 302.19%.

8. Conclusion
In the present paper, it is found that the (C)

(Y0.900Tm0.100)3Al5O12, (D) (Y0.800Tm0.200)3Al5O12, and
(E) (Y0.700Tm0.300)3Al5O12 powder phosphors possess in-
tense two-photon quantum cutting luminescence resulting
from the CR1: ETr31–ETa01{3H4 →3F4, 3H6 →3F4} cross-
energy transfer. It is found that their up-limits of the two-
photon near-infrared quantum cutting efficiencies are ap-
proximately 171.10%, 175.96%, and 179.79% respectively.
Moreover, it is found that the (C) (Y0.900Tm0.100)3Al5O12,
(D) (Y0.800Tm0.200)3Al5O12, and (E) (Y0.700Tm0.300)3Al5O12

powder phosphors have strong four-photon near-infrared
quantum cutting luminescences of 1788.0-nm 3F4 →3H6 flu-
orescence of Tm3+ ion, which results mainly from both
the CR10: ETr75–ETa03{1D2 →3F2, 3H6 →3H4} and CR1:
ETr31–ETa01{3H4 →3F4, 3H6 →3F4} cross-energy trans-
fers. Finally, it is also found that the up-limits of the
four-photon near-infrared quantum cutting efficiencies are
approximately 275.52%, 285.78%, and 302.19% for (C)
(Y0.900Tm0.100)3Al5O12, (D) (Y0.800Tm0.200)3Al5O12, and (E)
(Y0.700Tm0.300)3Al5O12 powder phosphors respectively. To
the knowledge of the authors, it is the first time that a near-
infrared quantum cutting efficiency up-limit exceeding 300%
has been reported.

Trupke and Green have theoretically derived that the
largest energy efficiency limit of the downconversion quantum
cutting solar cell is approximately 40%,[22] which is larger
than the Shockley–Queisser limit 30%.[15,22] It is important
to note that the work of Trupke and Green is based on two-
photon quantum cutting, of which the largest quantum cutting
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efficiency is close to 200%. However, for four-photon quan-
tum cutting, the largest quantum cutting efficiency may ap-
proach 400%. Therefore, it is entirely possible for the largest
energy efficiency limit of the quantum cutting solar cell to ex-
ceed 40%, thus reaching a higher value for four-photon quan-
tum cutting solar cell. It is valuable for helping to probe the
new generation solar cell that was proposed by Green.[20]
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