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Abstract: A novel application of near-infrared quantum splitting (NIR QS) that splits one
ultraviolet-visible photon into NIR multiphotons can be developed for solar energy con-
version. In this paper, we theoretically investigate the underlying mechanism of NIR QS in
Ho®* single- and Ho**-Yb®** dual-doped -NaYF4 by modeling and solving rate and power
propagation equation system. The highest quantum efficiency is estimated to be 257%
among studied systems. The total amount of output NIR photons may be increased to meet
the purpose of potentially enabling a Si-cell with a photoelectric conversion efficiency en-
hancement. This paper could benefit for further exploring a promising NIR QS system in the
exciting field of photonic devices and materials.

Index Terms: Near-infrared quantum splitting (NIR QS), downconversion (DC), Holmium
rare-earth (RE) material, NaYF, phosphor, solar cell, theoretical model.

1. Introduction

The main energy loss in the single-junction Si-cell for converting solar energy to electricity is related
to the mismatch between the solar spectrum and the band-gap energy of Si-cells. Particularly, the
incident solar spectrum exhibits its maximum at around 550 nm and strong contributions from
ultraviolet (UV) to the blue spectral region of relatively high photon energy. For photons with energy
lower than the band gap, the energy cannot be absorbed, whereas for photons with energy larger
than the band gap, the excess energy is lost by thermalization of hot charge carriers. The spectral
mismatch limits energy conversion efficiency of Si-cells [1]. It is obvious that one problem still to be
solved is how to modify the incident solar spectrum to fit well with the Si-cells’ spectral response.
The solar spectral converting entities convert the wavelengths where the spectral response is low to
wavelengths where the spectral response is high, consequently, using photoluminescent converting
materials to modify the incident solar spectrum, particularly on the high photon energy side, is
therefore significant [2]-[5]. Near-infrared (NIR) multiphoton quantum splitting (QS) has been first
achieved in the vacuum UV spectral region of Pr3*-doped fluorides [6]-[8]. If one UV-visible photon
can be split into NIR multiphotons, a novel application for NIR multiphoton QS will be developed in
the exciting field of solar energy conversion. Downconversion (DC) phenomena have been inves-
tigated in many systems, such as RE>*=Yb®" (RE = Yb, Tm, Ce, Nd, and Pr) couples [9]-[12],
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Fig. 1. (a) Energy level scheme and NIR two-photon QS mechanism in Ho®" single-doped -NaYF,
system. (b) Energy level scheme and NIR two-photon QS mechanism in Ho®"-Yb®** dual-doped
B-NaYF,4 system, showing ET and DC processes.

however, in most of those systems where NIR luminescence originates from Yb®! ion through a
first-order energy transfer (ET) from RE3" rather than a QS process. It seems that there are
presently few related studies on NIR multiphoton QS, particularly NIR three-photon QS, and thus,
the main mechanisms of NIR QS are rarely available.

Recently, some promising phenomena, including NIR multiphoton QS in Ho** single- and Ho®*—
Yb®* dual-doped 5-NaYF,, have been reported in experiments [13]-[16]. While in this paper, we
detailedly investigate the theoretical model system and the underlying mechanism of NIR multi-
photon QS in Ho®**' single- and Ho®"—Yb** dual-doped 3-NaYF, based on the spectroscopic data.

2. Theoretical Model

The theoretical rate and power density equations models of the RE-doped system for fiber and
waveguide amplifiers have been previously presented [17]-{23]. In our paper, we investigate the
NIR multiphoton QS model of Ho®" single- and Ho®*-Yb®" dual-doped 3-NaYF, systems by pro-
posing the rate and power density propagation equations. The NIR multiphoton QS system of Ho®*
single and Ho®"-Yb®" dual doped is equivalent to the system of pump-excitation-transition where
the population rate equations show the NIR multiphoton QS process of the Ho®*' single- and Ho®"—
Yb%* dual-doped systems and the power density propagation equations show absorption and
reemission of input solar light during transmission within the layers of spectral downconverting.
These theoretical models are based on experimental values from literatures and calculated in
MATLAB.

2.1. NIR Two-Photon QS in Ho** Single- and Ho**—Yb*" Dual-Doped
B-NaYF, System

The diagram of energy levels, the relevant absorption, emission transitions, and spontaneous
emission in Ho®" single-doped 3-NaYF4 NIR two-photon QS system are shown in Fig. 1(a). When
excited by blue photons into the (°Kg,°F3) level under 480-nm excitation followed by fast nonra-
diative relaxation (NR) to the (°Sy,%F,) level, the (°S,,5F4) state of Ho®" ion populated by fast
multiphonon relaxation can efficiently emit a 985-nm NIR photon through the (582,5F4) — 5lg tran-
sition (first step). Subsequently, the electrons in ®lg level induce another relaxation by emission of
an 1180-nm photon (second step). When directly excited by blue photons into the (58275F4) level
under 535-nm excitation, the sequential two-step transitions of the second and the third occur,
where the %lg level acts as the intermediate level.

The diagram of energy levels, the relevant absorption, emission transitions, spontaneous emis-
sion, and ET process in Ho®"—Yb®" dual-doped 3-NaYF, NIR two-photon QS system are shown in
Fig. 1(b). Under excitation of 480 nm, the (582,5F4) state of Ho®" ion populated fast by phonon-
assisted NR can efficiently excite the 2F5/2 state of Yb®" to emit a 985-nm photon (first step)
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through the resonant cross-relaxation (CR) process: Ho®" (°S,, 5F,) + Yb3+(2F7/2) — Ho® (°lg) +
Yb®* (?Fs,2) (CR1). Subsequently, the electrons in the ®l level induce another resonant CR process
that yields a 985-nm photon (second step): Ho®' (°ls) + Yb®" (°F7/2) — Ho>" (°lg) + Yb3* (3F°/2)
(CR2), due to their nearly equivalent energy gaps 10 000 cm~'.

A group of rate equations (1), (3), (5), and (7) and power density propagation equations (10) and
(12) are made up of Ho®" single-doped 3-NaYF4; NIR two-photon QS system and a group of
equations (2), (4), (6), (7)—(9), (11), and (13) are made up of Ho*'-Yb** dual-doped 3-NaYF, NIR
two-photon QS system as follows:

%:WmNerAmNg—WMM7W13N1 )
88_1\:1 = WoiNo + AxyNo — WigNy — WisNy 4 CoraNo N5 @)
% = Was Nz + Ao Nz — Wa1No — Ax1 No 3)
% = WaoNg + AgoN3 — WorNo — Apt Nz + Cer1NaNs — CeraNoNs (4)
% = AszNy + WizN;y — WapN3 — AzoNs 5)
% = AazNy + WizNy — WaaN3 — AzoN3 — CeriN3Ns ®)
% = WiaNy — AgsNy )
% = WesNe + AssNo — WsNs — Cor1 NaNs — CeraN2Ns (8)
aa—l\;G = WssNs — WesNs — AgsNe + Cer1 NaNs + CeraN2Ns )
w =[04a1(A)Ns + 031 (A)Ng — 14(A)Ni — 13(A) N1 Pp(2, \) — apPp(2, M) (10)
w = [032( M) N3 + 021 (M) Na — 014(AN) Ny — 013(A\)N1]Pp(Z,A) — apPp(2, \) (11)
w = [032(A)Ng + 021 (A Nz — a12(A) Ny — 023(A)Ne]Ps(2, A) — asPs(2, A) (12)
w — [o65(A\)Ns — 056(A)Ns] Ps(2, A) — arsPs(2, ) (19)

where Ni(°lg), Nao(°l), N3(°S2,5F4), Na(*Ks,%F3), Ns(*F7/2), and Ns(°Fs)2) are the population
densities of relevant energy levels of Ho*" and Yb®*', and N; (i,j = 1-6) is dependent of the
thickness of doping layer z. A; (i,j = 1-6) are the respective spontaneous transition rates and
nonradiation transition rates between energy levels i and j. oj(\) (i,j = 1-6) is the absorption and
emission cross section of the transition between the energy levels / and j. P,(z, ) and Ps(z, \) are
the corresponding input solar power density and output light power density. «, and «as are the
scattering loss and are assumed as a frequency-independent constant for simplification. C,1 and
Cero are the ET coefficient describing processes of CR1 and CR2 and are linearly increasing
functions of Ho®" ion concentrations according to the theory of the resonant ET [24], i.e.,

Ccri = Ccrz = 8.00 x 107 (Nyoz, — 1.0 x 10%) 2.0 x 1072 (14)
Wj (i,j = 1-6) is the transition rate between energy levels j and j and can be expressed as

_ UU()‘)P(Z7 )‘)

Wi ) = Ay

(15)

where h is the Planck’s constant, vj is the bandwidth, and A is the effective cross-sectional area.
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Fig. 2. (a) Energy level scheme and NIR three-photon QS mechanism in Ho** smgle doped -NaYF4
system. (b) Energy level scheme and NIR three-photon QS mechanism in Ho®**—Yb%" dual-doped
B-NaYF, system, showing ET and DC processes.

Total Ho®", Yb%" concentrations Nyos+ and Nypz, are assumed to be constant within the
whole Ho®" single- or Ho®"-Yb®" dual-doped -NaYF, system that satisfy the conservation
conditions

Z N,‘(Z) — NH03+ =0 (16)

6
Z Ni(z) — Nyps+ =0. (17)
pr

4

-

2.2. NIR Three-Photon QS in Ho** Single- and Ho**/Yb** Dual-Doped

B-NaYF, System

The schematic energy level diagram of Ho®* single-doped (3-NaYF, system depicts the sequen-
tial NIR three-photon QS process, as shown in Fig. 2(a). When excited by blue photons into the
(*Gs,5Lg) level under the 287-nm excitation followed by fast NR to the 3D3 level, the 3Dg state of
Ho®* ion populated by fast multiphonon relaxation can efficiently emit a 985-nm NIR photon through
the 3D3 — (3K875F2) transition (first step). The excited 3D state of Ho*" is the long-lived level
because of the large energy gap of D3 — 3G, (around 2800 cm~') but small maximum phonon
energy of NaYF, host lattice (around 400 cm~"). Following the (582,5F4) states populated by the
phonon-assisted NR from the excited (°Ksg, 5F») states, relaxation to the 5lg level radiatively occurs
by emission of a 985-nm photon (second step). Finally, the °lg level relaxes by emission of an
1180-nm photon (third step), completing a process of NIR three-photon QS. When directly excited
by blue photons into the (58275F4) level under 535-nm excitation, the sequential two-step transi-
tions of the second and the third occur, where the °lg level acts as the intermediate level. The
typical energy gaps of around 2900 and 3500 cm~' enable radiative decay to dominate over
multiphonon relaxation of the (°S,,5F,) and 5lg states. Hence, these levels serve as intermediate
levels of the NIR three-photon QS process.

The schematic energy level diagram of the Ho®*-Yb®" dual-doped 3-NaYF,4 system depicts the
sequential NIR three-photon QS, ET, and DC processes, as shown in Fig. 2(b). Under excitation of
287 nm, the 3D3 state of Ho®" ion populated fast by phonon-assisted NR can efficiently excite the

52 state of Yb®" to emit a 985-nm photon (flrst step) through the resonant CR process:

(°D3) + Yb¥* (?F7/5) — Ho®" (°Ks, 5F2) + Yb* (*Fs/2) (CR1). Following the (°S,5F,) states
nonrad|at|vely populated from the excited (3K8, SF,) states, the resonant ET could effectively occur
to yield a 985-nm photon (second step): Ho®' (>Sz, °F4) + Yb* (°F7/2) — Ho%' (%ls) + Yb3* (Fs )
(CR2) due to their nearly equivalent energy gaps 10 000 cm~'. Another 1180-nm NIR photon
emission can be sequentially induced by Ho®*" spontaneous (third step): H03+(5I6) — H03+(5IS).
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When under the 535-nm excitation, the sequential two-step transitions of the second and the third
occur.

A group of rate equations (18), (19), (21), (23), (25), and (27), shown below, and power density
propagation equations (30) and (32), shown below, are made up of Ho®*" single-doped 3-NaYF,
NIR three-photon QS system and a group of equations (18), (20), (22), (24), (26), (28), (29), (31),
and (33), shown below, are made up of Ho®* —Yb®*" dual-doped 3-NaYF, NIR three-photon QS
system as follows:

ON;

o = Waila + Aot Ne — Wighs — Wigh (18

% = WaoN3 + AsoNg — WoiNo — Axi No (19)

% = WaoN3 + Aso N3 — WayNo — Azi No+CeroNa N7 20)

% = AugNy — Wao N3 — AsoNs + WisNs 1)

% = AysNy — Wao N3 — A3 Ns + WisNs — CopaNa N7 22)

% = WisaNs + AsaNs — Wiz N, (23)

% = Ws4N5 + AsaNs — WasNy + CcriNs N7 (24)

% = ApssNe — WsaN5 — AsaNs (25)

% = AesNo — WsaNs — AsaNs — Cori NsNy (26)

% = WieN;y — AesNe 27)

aa—l\f = Wa7Ng + Ag7Ng — W7gN7 — CepaNsN7 — Cepi NsNy (28)

% = WrgN7 — We7Ng — Ag7Ng + CcriNsN7 + CoraNs N7 (29)

w = [061(N)Ns + 031 (M) N3 — 016(A) Ny — 013(N) N4 Pp1 (2, A) — apPp(2, \) (30)

w = [05a(A)Ns + 032( M) N3 + 021 (M) Na — 016(N) N4 Pp1 (2, A) — apPp(2, \) 31)
w = [054(A) N5 + 032(A) N3 4 21 (A\)No — o12(A) Ny — 023(A\)No — 045(A\) Ny Ps(z, \)

— asPs(z,\) (32)

%j)\) = [0g7(A)Ng — 078(A\)N7]Ps(2,\) — asPs(2, \) (33)

where Ni(%lg), Na(®lg), Na(°S2,5F4), Na(*Ks,5F2), Ns(°Ds), No(*Gs,5Le)N7(°F7)2), and Na(*Fs)2)
are the population densities of relevant energy levels of Ho>" and Yb3". N; (i = 1-8), A; (i,j = 1-
8), oji(N) (i,j =1-8), Pp(z, ), Ps(z,\), ap, as, Ccri, Ccra, Wj (i,j =1-8), and the satisfied
conservation conditions of total Ho®*", Yb3" concentrations Nuos., Nyss. are consistent with
pervious definitions.

2.3. System Modeling

For calculating NIR multiphoton QS systems in Ho®' single- and Ho®*"-Yb®" dual-doped
B-NaYF4, we consider an initial time-independent steady-state 9n;/0t =0 and can numerically
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TABLE 1
Spectroscopic parameters for NIR multiphoton QS in Ho®* single- and Ho®**—Yb®* dual-doped 3-NaYF,

Parameter (Symbol) Value (Unit)
Scattering loss coefficient (a) 1 (db/m)
Scattering loss coefficient (o) 1 (db/m)
Ho® 287 nm absorption cross section (o;) * 5.74x10°% (m?)
Ho®* 480 nm absorption cross section (o ) 1.61x10°%% (m?)
Ho®* 535 nm absorption cross section (o;5) 7.31x10% (m?)
Ho3* 985 nm radiation cross section (o) 1.63x1022 (m?)
Ho%* 985 nm radiation cross section (o) # 1.71x10°%% (m?)
Ho®* 1180 nm radiation cross section (o) 3.21x1022 (m?)
Ho3* spontaneous emission rate (Ag) 2325.41 (3'1)
Ho®* spontaneous emission rate (Ay) 253.38 (s
Ho®* spontaneous emission rate (A65)## 935.32 (s
Ho®" spontaneous emission rate (A,)# 389.13 (s
Ho®* spontaneous emission rate (Ag)# 165.32 ()
Ho®" spontaneous emission rate (A,,)* 560 (s
Yb** 980 nm absorption cross section (o) * 1.32x102* (m?)
Yb®* 980 nm absorption cross section (N ) 1.39x10%* (mz)
Yb3* 980 nm radiation cross section (065) 1.40x102* (mz)
Yb3* 980 nm radiation cross section (a;,) 1.40x10%* (m?)
Yb** spontaneous emission rate (Ag)* 15000 (s')
Yb3* spontaneous emission rate (A,;) * 15000 (s™)
Initial effective input power density (Ppo1) 0.175 (W/m?)
Initial effective input power density (Ppo2) 0.540 (W/m?)
Initial effective input power density (Ppo3) 0.494 (W/m?)
Initial output power density (Pso) 0.540 (W/m?)

#and **especially refers to NIR two-photon and three-photon QS system, respectively.

solve the population rate equations by virtue of Newton’s iterative method. The power density
propagation equations form a system of coupled differential equations that can be numerically
solved by means of fourth-order Runge—Kutta methods with boundary conditions, i.e.,
Ppi (z=0,\) = Proi (i=1-3) and Ps(z =0,)\) = Ps. The spectroscopic parameters [13]-{16]
used in calculation are listed in Table 1.

We choose 287, 480, and 535 nm as the center excitation wavelength of the Ho®* ion and 980 nm
as the center radiation wavelength of the Yb®" ion, respectively. For accurately calculating the
effective absorption of the input solar spectrum in the system, the Ho®" excitation linewidth at around
287, 480, and 535 nm should be taken into account. Incident solar spectrum is normalized for the
case of complete absorption of incident solar emission in the spectral region corresponding to the
287-, 480-, and 535-nm excitation bands of the Ho®" ion. The overlap coefficient I';(\)(i = 1-3) of
the Ho®" excitation spectrum and the incident solar spectrum is defined as

JIE (NdA
A

" [lso.(M)dA
A

where IL .(\)(i = 1-3) are the Ho®" excitation peaks near the 287-, 480-, and 535-nm center
excitation wavelength, respectively, and Is,.()\) is the solar spectrum in the 250- to 600-nm range.

Li(A) (34)
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Fig. 3. (a) Ho®** excitation spectrum and incident solar spectrum for calculation of T'i(A). (b) Normalized
power density spectrum for calculation of the relation Ppoq : Ppoz : Ppos : Psp = 0.39: 0.98: 0.94: 0.42.

T'1(N), T2(A), and T'3(\) are calculated as 35%, 43%, and 41%, which means such proportion of
incident solar energy can be effectively absorbed in the NIR QS system, as shown in Fig. 3(a). For
simulating, we set Pyo = 500 mW/m? as the initial input power density incident at 287 nm.
Employing the spectrum of normalized solar power density [25], the initial effective input power
density Py, of 175 W/m?, the Ppoo of 540.3 W/m? incident at 480 nm, the Ppao of 494.1 W/m?
incident at 535 nm, and the initial output power density Pso of 540 W/m? are calculated by I’ Pp1o,
2.511'2Pp10, 2.411'3Pp10, and 1.08P,1o, respect|vely, as shown i |n Fig. 3(b). Initial N3, Nyps., and
z are set to be 1.0 x 105, 1.0 x 10% ions/m®, and 5.0 x 103 m, respectively. The effective ab-
sorption of input solar spectrum in the NIR QS system we analyzed above is taken into account in
MATLAB simulation. Finally, we obtain the power density P()) of each system and can acquire the
corresponding photon flux density N(\) by using the following relation:

P(z,))
he
where h is the Planck’s constant, and c is the velocity of light in a vacuum.

For evaluating the effect of solar spectrum DC, we define the total QE (n) of the NIR multiphoton
QS model of Ho®" single- and Ho*"—Yb3" dual-doped 3-NaYF4 systems

N(z,\) = 10°%(W-m=2.s7") (35)

1500 1500

A=200 _A=200
(z )‘) 1500 o 1500 (36)
| Nin(z,X\)dX | Nin(z,\)dA
A=200 A=200

where Noyt(A) is the output spectrum of the total photon flux density, respectively. N, () is the input
spectrum of photon flux density; Nz, () is the absorption spectrum of the Ho®* photon flux density
at 287, 480, and 535 nm; and N;(\) is the output spectrum of Yb3* photon flux density at around
980 nm, respectively.

2.4. Results and Discussion

Nouwt(A) are shown in Fig. 4. For the Ho3t-Yb3+ dual-doped system, it can be found that the
obvious absorption peak at around 287 and 535 nm and 480 and 535 nm in the two- and three-
photon QS mechanisms, respectively, and the emission peak at around 980 nm is both observed in
these multiphoton QS mechanisms. Fig. 4 directly indicates the effective ET and DC processes. We
can further find that the peak value of the 980-nm emission band is nearly two times as great as that
of the 278- and 535-nm absorption bands and three times as great as that of the 480- and 535-nm
absorption bands, respectively, which illustrate that one UV photon is split into two or three NIR
photons, as correspondingly shown in Fig. 4(a) and (b). Fig. 4 illustrates that in virtue of the NIR QS,
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Fig. 4. (a) Modified spectrum of NIR two-photon QS in Ho®* dual-doped 3-NaYF, system. (b) Modified
spectrum of NIR three-photon QS in Ho®"—Yb®* dual-doped 3-NaYF,4 system.

TABLE 2
Theoretical valuated efficiency limit for each NIR QS system

Ho®* single- Ho®* single- Ho®* -Yb®* dual- | Ho%*-Yb®* dual-
doped two- doped three- doped two- doped three-
photon QS photon QS photon QS photon QS
(%) 129% 147% 178% 257%
(in this paper)
n (0/0) 0, o, [ o,
(in literature) 110% 124% 182% 246%

the total number of output photons at around 980 nm that forms the modified solar spectrum is
greatly boosted relative to the normalized solar spectrum that is directly incident at Si-cells, wherein
the Si-cell may obtain more energy. Therefore, the total amount of the NIR photon output increases
to meet the purpose of increasing the photovoltaic conversion efficiency of Si-cells are to be
expected.

Based on the host material of 5-NaYF,, a variation of theoretical QE is dependent on the
concentration of Ho®**, Yb®" ions and thickness of the ion doping layer. Through optimizing con-
centration and thickness in modeling, a maximum total QE in Ho®"—Yb3* dual-doped three-photon
QS is calculated to be 257%, which is much more than 178% in Ho®*-Yb3* dual-doped two-photon
QS, under Nyos. of 6.3 x 1025 ions/m®, Nyss. of 1.0 x 1026 ions/m®, and a fixed thickness of
doping layer (z) of 5.0 x 10~2 m. From the aforementioned results, it is quite obvious that the total
QE of the Ho®" single-doped system, including the two- and three-photon QS, is enhanced by
cooping Yb®* ions. Based our models and analyses, we summarize theoretical efficiency limits for
each system from our models and referenced documents [13]-[16] in Table 2.

3. Conclusion

In this paper, we have established an efficient and novel system for simulating the NIR multiphoton
QS in the Ho®" single- and Ho®**—Yb®" dual-doped 3-NaYF4. The ET and DC mechanisms of
theoretical models based on the rate and power density propagation equations are studied and
numerically solved by using MATLAB, and the total high QE limit of each system is acquired. The
models indicate that efficient NIR QS 3-NaYF, : Ho®"—Yb®" may significantly improve the potential
application in increasing the photoelectric conversion efficiency of Si-cells. Further development of
an efficient NIR three-photon QS could open up a new approach toward efficient Si-cells with total
QE approaches of up to 300%.
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