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Abstract 

The emission of high-energy photons by low-energy photoexcitation is known as photon 

upconversion (UC). Efficient UC in the solid state is desirable owing to its application in photovoltaics 

and bio-imaging. In this study, we realized solid-state UC with 100 times higher efficiency than a 

conventional system by discovering a novel UC mechanism in bilayer organic semiconductor 

heterojunctions. The UC occurred through spin inversion during the charge separation and 

recombination at the interface. The key to the success was the triplet formation at the interface, as this 

could avoid the loss process during triplet diffusion, which is a problematic issue in conventional 

systems. As a result of this finding, efficient UC from near-infrared to visible light on flexible thin 

films under LED light excitation was made possible. 

 

Main text 

Photon upconversion (UC) is a process that captures low-energy photons and re-emits high-energy 

photons through a sequence of energy transfer steps. The potential applications of UC include the 

recovery of wasted low-energy photons for photovoltaics and photocatalysis, as well as bio-sensing 
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and photodynamic therapy using near-infrared (NIR) light, which offers the advantage of high 

penetration in living tissues.1 Among the numerous UC mechanisms, triplet–triplet annihilation (TTA) 

has attracted substantial attention because it can be realized by non-coherent photoexcitation such as 

sunlight.2 The common steps of TTA UC are as follows: Firstly, a low-energy photon is absorbed and 

a triplet exciton is formed by intersystem crossing inside a sensitizer molecule. Subsequently, triplet 

energy is transferred from the sensitizer to an emitter molecule, and the TTA forms one singlet exciton 

with high energy. Finally, UC emission occurs in the emitter molecule. TTA UC has been studied 

intensively to date; however, the greatest challenge remaining is that solid-state UC, which is 

necessary for real device applications, is inefficient,3,4 with an external quantum efficiency (EQE) of 

less than 0.1%.5 Moreover, other problems such as the necessity of strong laser excitation and the use 

of minor metals, rare-earth or toxic elements must be overcome simultaneously.2 

In this study, we realized efficient solid-state UC with 100 times higher EQE than a conventional 

system by discovering a novel phenomenon in which UC could be observed in bilayer organic 

semiconductor heterojunctions. The UC occurred through triplet formation from photogenerated free-

charge recombination (Figure 1a). The key to this mechanism was spin inversion from a singlet to a 

triplet during the charge separation and recombination at the interface. As a result of this novel 

mechanism, efficient UC from near-infrared to visible light on flexible thin films without minor metals, 

rare-earth or toxic elements by LED excitation was made possible. 

Figure 2a presents an image of UC emission from rubrene/Y6 bilayers by 850 nm LED irradiation. 

Rubrene is a well-known TTA emitter and an electron donor, whereas Y6 has recently been developed 

as an efficient non-fullerene acceptor (NFA) in the field of organic photovoltaics (OPVs) and can 

absorb NIR light (Figure 1c).6 Bright yellow emission by NIR excitation could be observed on the 

bilayer. The emission spectrum of the rubrene/Y6 bilayer film in Figure 2b had the same shape as the 

rubrene photoluminescence (PL) in Figure 1c. Furthermore, the pristine rubrene film did not exhibit 

any emission peaks upon 850 nm LED irradiation. Therefore, the emission with a peak top of 565 nm 

by the 850 nm irradiation in the rubrene/Y6 bilayer film was certainly UC emission originating from 

the donor/acceptor (D/A) interface. The value of the apparent anti-Stokes shift, i.e. energy difference 
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between the lowest energy absorption peak of the sensitizer and emission peak of the emitter, was 

high, at 0.71 eV.  

The excitation intensity dependences of the UC emission were investigated on rubrene/Y6 and 

rubrene/ITIC-Cl, which is another NFA.7 The results of the bilayer films in Figure 3a followed the 

typical tendency of TTA UC. The UC emission increased quadratically at lower excitation intensities, 

whereas it increased linearly at higher intensities because TTA became the main decay channel under 

the high triplet concentration condition.8 The intersection of the two fitted lines represents the 

threshold intensity of the UC (Ith), and Ith of the rubrene/Y6 and rubrene/ITIC-Cl bilayer films were 

70.6 and 111 mW/cm2, respectively. These values were smaller than those of conventional UC 

systems.1 The internal quantum efficiencies (IQEs) of the UC emission on the bilayer films were 

calculated using the rubrene PL as a reference. The IQEs of the rubrene/Y6 and rubrene/ITIC-Cl in 

the saturated region were 0.57% and 1.58%, respectively. 

To boost the UC efficiency further, the emissive dopant DBP was introduced into the rubrene layer 

by means of the co-deposition technique.9 The peak top shifted from 565 nm in the undoped 

rubrene/ITIC-Cl film to 606 nm in the 0.5% DBP-doped bilayer film owing to the energy transfer from 

the rubrene to the DBP. The calculated IQE of the 0.5% DBP-doped bilayer film in the saturation 

region was 2.53%. This increase in the IQE by DBP doping was a result of the absolute PL quantum 

yield of the emitter layer increasing from 39.7% in the pristine rubrene film to 71.2% in the 0.5% 

DBP-doped film. In particular, the EQE of the UC in the rubrene + 0.5% DBP/ITIC-Cl film was very 

high, namely 2.30% at 152 mW/cm2, which was more than 100 times more efficient under a smaller 

excitation intensity than that of recently reported solid-state UC systems.5 This was because of the 

large absorbance of the NFA layer as well as the high IQE in the novel system. 

To elucidate the UC mechanism at the D/A interface, the UC emission under different applied 

voltages was investigated in a photovoltaic device with a rubrene/ITIC-Cl bilayer as the active layer. 

UC emission excited by 750 nm LED irradiation was clearly observed at 0.94 V, which was the open-

circuit condition (OC) of the device, as illustrated in Figure 4a. It was steeply quenched under a 

smaller applied voltage than the OC. The reason for the quenching was that photogenerated charges 
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were extracted to the electrode under a smaller voltage than the OC. The results demonstrated that the 

origin of the UC emission was photogenerated charge recombination at the D/A interface. The peak 

intensity of the UC emission was plotted in the same graph as the J–V curve of the rubrene/ITIC-Cl 

bilayer photovoltaic device under 1 sun irradiation, as illustrated in Figure 4b. We observed a 

difference in the voltage dependence: the photocurrent increased continuously even under a negative 

bias voltage, whereas the UC emission was almost quenched at less than +0.5 V. Charge 

recombination in OPVs can be classified as geminate recombination (GR) from the charge transfer 

(CT) state, which is Coulombically bounded at the D/A interface prior to complete free charge 

separation, and bimolecular recombination (BR) from free charges.10 GR exhibits strong voltage 

dependence even in the negative voltage region, whereas BR is the dominant recombination 

mechanism near the OC.11 Therefore, steep quenching near the OC strongly suggests that the origin 

of the UC at the interface was BR from free charges. 

The novel UC mechanism at the interface according to the experimental results is depicted in Figure 

4d. Firstly, the S1 excitons that were formed following the absorption of low-energy photons in the 

NFA sensitizer layer were separated to the CT state at the D/A interface using the HOMO energy 

offset between the rubrene and NFAs (Figure 1d). Note that the CT state had two spin states: singlet 

and triplet, which are denoted as CT1 and CT3, respectively.12 The CT state formed immediately 

following charge separation was CT1 owing to the spin-selection rule and the GR from CT1 did not 

contribute to UC emission, as discussed in the previous paragraph. Subsequently, charge pairs were 

separated to form free charges with a random spin state. The process thus far was exactly the same as 

the photoconversion mechanism of OPVs. However, in contrast to OPVs, the bilayer films did not 

have electrodes; thus, the free charges eventually recombined to form a CT state again. The CT1 and 

CT3 formation rates were 25% and 75%, respectively, owing to the spin-selection statistics of free 

charge recombination.12 The energy of CT3 could be transferred to T1 of the rubrene, following which 

the TTA formed S1, and finally, high-energy UC emission from the rubrene layer could be observed. 

The key process of the novel UC system was triplet formation by spin inversion of the CT state during 
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charge separation and recombination at the D/A interface (Figure 4d), whereas the triplet is formed 

by intersystem crossing in the sensitizer molecule in conventional UC (Figure 4c). 

This critical difference in the mechanism solves the problems of conventional solid-state UC. The 

solid-state UCs reported to date have been inefficient as a result of non-radiative triplet annihilation 

occurring in the sensitizer layer during inefficient triplet diffusion.5 To avoid these loss pathways, in 

most cases, the sensitizer is dispersed in matrix materials.3,4 However, the dispersion decreases the 

absorbance of the sensitizer layer significantly. In contrast to conventional UC, in the novel UC system, 

the excited state diffusing in the sensitizer layer was a singlet, and a triplet was only formed in the 

emitter layer near the D/A interface. Therefore, triplet loss never occurred in the sensitizer layer, which 

means that a pristine film with a large absorbance could be used for the sensitizer. As a result, about 

90% of incident photons were absorbed in the Rub/ITIC-Cl bilayer, whereas only a small percentage 

can be utilized in dispersed films in conventional UC systems.5 This difference as well as the high IQE 

resulted in a 100 times increase in the EQE in the novel UC system compared to conventional systems. 

Furthermore, the triplet formation at the D/A interface means that intersystem crossing inside 

sensitizer molecules by the heavy atom effect is unnecessary for UC. The sensitizer molecules used in 

this study did not contain minor metals, rare-earth, or toxic elements, such as Pd, Ir, Pt, Yb, Os, Cd, 

or Pb.1 This finding is a paradigm shift for UC because a large variety of “normal organic 

semiconductor materials” that have already been developed for organic electronics applications can 

be used to realize UC provided that the energy levels of the materials meet the requirements for each 

energy transfer step. 

Moreover, triplet formation by charge separation and recombination offers the advantage of a small 

energy loss in UC because recent reports have proven that charge separation is possible with a 

minimized energy difference between S1 and the CT state of less than 50 meV,13-15 which is far smaller 

than the typical energy loss for intersystem crossing of approximately 0.3 eV.2 Our results support this 

point as the CT state emission in the rubrene/Y6 OLED device almost overlapped with the S1 emission 

of Y6, indicating that the energy difference between S1 and the CT state was negligible. This enabled 
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a small total energy loss in the UC: the energy difference of the emission peak top between S1 of the 

Y6 and T1 of the rubrene was only 0.14 eV.16 

 Finally, efficient UC in the bilayer thin film enabled the demonstration of bright yellow UC 

emission on a flexible substrate by NIR LED excitation, as depicted in Figure 4e. UC on flexible thin 

films is important for future applications in flexible solar cells, as well as bio-imaging or optogenetics 

applications in living organisms. Furthermore, strong laser excitation is not necessary in this system 

because a high EQE can be achieved under a small excitation power density. We anticipate that the 

significant advances of our findings will expand the applicability of UC and open a new research field 

based on spin inversion at the organic semiconductor interface. 
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Figure 1. (a) Schematic of bilayer films and UC emission. (b) Chemical structures and (d) energy 

levels of rubrene, Y6, and ITIC-Cl. (c) Normalized absorption (ABS) and PL spectra of rubrene, Y6, 

and ITIC-Cl in thin films. 
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Figure 2. (a) Photograph of experimental setup in spectrofluorometer. (b) UC emission from 

rubrene/Y6 bilayer (orange) and pristine rubrene (gray) films irradiated by 850 nm single-color LED 

at power density of 108 mW/cm2. The inset depicts magnified views of the UC emission spectrum of 

the pristine rubrene film. 
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Figure 3. (a) Incident light power density dependence of UC emissions in rubrene/Y6 (green) and 

rubrene/ITIC-Cl (blue) bilayer films. (b) Quantum efficiency of UC emission as function of incident 

light power densities in rubrene/Y6 and ITIC-Cl bilayer films. (c) UC emission from rubrene/ITIC-Cl 

(blue) and rubrene + DBP 0.5%/ITIC-Cl (purple) bilayer films irradiated by 750 nm single-color LED 

at power density of 61.4 mW/cm2. The inset depicts the chemical structure of DBP. (d) Quantum 

efficiency of UC emission as function of incident light power densities in rubrene + DBP 0.5%/ITIC-

Cl bilayer film. 

 

0

0.2

0.4

0.6

0.8

1

500 550 600 650 700

1.E+02

1.E+03

1.E+04

1.E+05

1.E+06

1 10 100

IQ
E
 (

%
)

Light power density (mW/cm2)

N
o
rm

a
li
z
e
d
 P

L
 i
n
te

n
si

ty
 (

a
.u

.)

Light power density (mW/cm2)

IQ
E
 (

%
)

Wavelength (nm)

ITIC-Cl/
Rubrene

ITIC-Cl/
Rubrene

+DBP 0.5%

(b)

(c) (d)

E
Q

E
 (%

)

DBP

Light power density (mW/cm2)

P
L
 i
n
te

n
si

ty
 (
c
p
s)

(a)

1.67

1.01

ITIC-Cl

Y6

1.00

1.57

102

103

104

105

106

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 20 40 60 80 100 120 140 160 180

ITIC-Cl

Y6

0

0.5

1

1.5

2

2.5

0

0.5

1

1.5

2

2.5

3

0 20 40 60 80 100 120 140 160



 11 

 

Figure 4. (a) UC emission from rubrene/ITIC-Cl bilayer photovoltaic device under applied bias, with 

incident light of 750 nm single-color LED at power density of 61.4 mW/cm2. (b) J–V curve of 

rubrene/ITIC-Cl bilayer device under AM 1.5, 100 mW cm−2 irradiation, and plot of peak intensity of 

Figure 4a. Schematic of mechanisms of (c) conventional UC and (d) UC at organic semiconductor 

interfaces. (e) Images of UC emission by patterned NIR LED irradiation (750 nm, 8.6 mW) on flexible 

thin film. 

Wavelength (nm)

1.04 V

0

40000

80000

120000

160000

-6

-4

-2

0

2

-0.6 -0.3 0 0.3 0.6 0.9 1.2

JV

max

GR

BR

J-V curve under 1 sun

UC peak intensity
P
L
 i
n
te

n
si

ty
 (
c
p
s)

Applied voltage (V)

C
u
rr

e
n
t 
d
e
n
si

ty
 (
m

A
/c

m
2
)

0

50000

100000

150000

200000

500 520 540 560 580 600 620 640

0.1 V

0 V

0.1 V

0.2 V

0.3 V

0.4 V

0.7 V

0.94 V

0.84 V

0.74 V

0.64 V

0.54 V

0.24 V

(b)(a)

P
L
 in

te
n
sity

 (c
p
s)

Spin inversion 
at D/A interface

S0

Sensitizer
/acceptor

Emitter
/donor

T1

S1

Free 
chargeS1

S0

E

CT1

Charge 
separation

CT3

Recombination

25%

75%

S0

Sensitizer Emitter

T1

S1

S1

S0

E Intersystem 
crossing

T1

Triplet 
energy 
transfer

(c) Conventional UC route (d) UC at organic semiconductor interface

(e)


