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Infrared (IR) to visible up-conversion devices made by incorporating IR detectors with visible emitting
units can directly convert IR light into visible light. They are currently of great significance in engineering
monitoring, medical imaging and night vision imaging applications. Up-conversion devices without
complex readout circuits can be fabricated entirely using organic or inorganic materials. Additionally, the
construction of organic/inorganic hybrid devices has also been accomplished. Strong absorption of IR
light and efficient emission of visible light can be achieved by novel IR up-conversion devices based on
organic emitting units and inorganic quantum dot photodetectors. Organic/inorganic up-conversion

Received 7th January 2024, devices act as an effective substitute for the previous infrared imagers that consist of semiconductor

Accepted 3rd May 2024 photodiode arrays connected with readout circuits. In this review, which is the first of its kind, the
characteristics and design principles of up-conversion devices are described. The merits and defects of

up-conversion devices with all kinds of semiconductor materials are analysed in a critical way. Finally,
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1 Introduction

Infrared (IR) light imaging has been generally applied in optical
information and communication technologies.'™ IR light
signals can be captured using photodetectors and then con-
verted into electrical signals. As an indispensable detection
part, photodetectors are connected to an imaging display via a
complex external circuit.*® In recent decades, scientists have
been working on optical up-conversion devices, which convert
invisible IR light directly into visible light without external
circuits.”® The optical up-conversion devices consist of detector
units and light emitting diodes (LEDs), and are widely applied in
night vision systems, infrared cameras, medical equipment, etc.”"

Traditional IR detectors are usually made of III-V com-
pounds or silicon semiconductors, and the IR imaging system
is constructed by the combination of a signal amplifier, a
readout circuit and a display system.">** Although traditional
semiconductors play an important role in the field of photo-
diodes, the fabrication of traditional IR devices is costly due to
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the challenges and opportunities encountered by these materials and devices are summarized.

complex epitaxial growth and lattice matching requirement of
compound semiconductors.”>"> Recently, organic/inorganic
colloidal quantum dots (CQDs) and organic/inorganic hybrid
perovskite semiconductor materials have been used to fabricate
high performance up-conversion devices,'®™*® which have the
characteristics of a simple process and a low cost. They are
expected to become an effective substitute for traditional
semiconductor devices."**

Recently, greatly advanced up-conversion devices of various
vertical structures have been reported.>*** IR photodetectors
with high sensitivity and fast-response have been achieved by
integrating narrowband sensitive materials, and organic light
emitting diodes (OLEDs) have also been acquired with full-
color luminosity and high efficiency due to desirable manu-
facturing benefits.>*>® Color-tunable organic light-emitting
displays have been successfully applied to IR visualization.?
Organic devices are usually fabricated by using a vacuum
thermal deposition method, and the formation of organic films
is not limited by diversified substrates. Thus, flexible and large-
area up-conversion devices will be obtained easily.*® Yet the IR
detection wavelength of organic materials is still focused on the
near-infrared (NIR) range, and is usually limited to 1 pm.*"3?
In order to acquire high efficiency up-conversion devices,
inorganic detectors integrated with OLEDs are fabricated, due
to the dual advantages of inorganic detection performance with
organic lighting efficiency.*® High-gain IR-to-visible organic-
inorganic up-conversion devices can be integrated with a
photon-to-photon conversion efficiency of over 1000%, which
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is orders of magnitude greater than that of rare-earth ion
activated inorganic upconversion materials (~10%).>*

In 2002, the first organic/inorganic up-conversion device inte-
grated with a TiOPc absorber layer and OLEDs was constructed,*®
which demonstrated the successful fabrication of an organic/
inorganic hybrid. Another organic/inorganic hybrid up-conver-
sion device was fabricated by using an InGaAs/InP IR detector
and OLEDs, which was not affected by the lattice matching.*®
Novel thin-film devices consist of quantum dots and perovskite
semiconductor photodiodes, which have a simpler preparation
process and are more cost-effective.’® In 2011, as a hybrid
infrared imager, an up-conversion device directly integrated
with a PbSe quantum dot IR sensitizer and phosphorescent
OLEDs was reported by Kim et al. for the first time. This device
can detect IR wavelengths up to 1.5 um, and its maximum
up-conversion efficiency at 1.3 um is 1.3%.>” Not only has NIR
been upconverted to visible light but short-wave IR (SWIR)-to-
visible up-conversion devices have also recently appeared with
promising results.*®?°

IR-to-visible optical imaging systems based on photodetec-
tors and OLEDs can be divided into pixel imaging and pixel-less
imaging.*®*" A large number of traditional IR imaging devices
are pixelated, and the pixel imaging as a mature imaging
method possesses multiple pixel units which are independently
arranged in a plane to form a pixel array.*>** The advantages of
the pixel-less scheme are simplification of the device structure
and suitability for novel up-conversion devices.***’

To sum up, organic photodiodes have excellent lumines-
cence performance, but the ability for absorbing IR light is
limited. In contrast, inorganic photodiodes can be used as
an IR photosensitive layer, but their luminescence efficiency
is insufficient. Therefore, a high performance up-conversion
device based on OLEDs and inorganic CQD photosensitive
units is desirable for IR imaging purposes. In this paper,
various designs of organic CQDs and organic/inorganic hybrid
up-conversion devices are reviewed with respect to their devel-
opment and research status. The important up-conversion
mechanisms are clarified, and the challenges and prospects
of IR up-conversion devices are analyzed. This paper is expected
to provide the basic and advanced information to researchers
working in this booming field of organic/inorganic hybrid
upconversion materials.

2 The mechanism of optical up-
conversion devices

Traditional IR imaging devices consist of IR detectors soldered
to a silicon-based readout circuit via an indium column
(Fig. 1a)."**” As the imaging principle declares, IR light is
converted into electrical signals, and then the electrical signals
are processed to visual images via an external reading circuit
and a pictorial display. Therefore, the manufacturing process of
this device is very complex.*®*° However, a new conversion
device may be achieved comprising of IR detectors and LEDs,
and the schematic diagram is shown in Fig. 1b.°® An LED is
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Fig. 1 (a) Schematic diagram of the connection between the detector and
the reading circuit (infrared input and a Si read out circuit). (b) Schematic
diagram of a thin film infrared-to-visible conversion device.

attached to the top of a photodetector through an intermediate
connection layer, which allows the conversion of an IR light
signal into photocarriers within the IR-sensitive layer of the
detector. After photo-carriers are injected into the LED, the
latter converts electrical signals to light signals.’® In this way,
IR can be directly converted into visible light without the aid of
external circuits so as to simplify the imaging process.

Up-conversion devices consist of two different diodes pre-
sented back-to-back as shown in Fig. 2a. Fig. 2b shows various
functional layers in typical up-conversion devices. It’s hard for
holes to overcome the high barrier as holes are resisted at the
interface of the anode by the hole-blocking layer. Thus, holes
cannot be transferred to the active layer of photodetectors
except under a huge reverse bias.’’”>* On the other hand,
electrons from the cathode cannot be transferred to the anode,
and thus an electron-blocking is designed at the interface of the
emitting layer to avoid a short circuit. Visible light cannot be
emitted from the LED, this is called the off-state (Fig. 2c).
A large number of charged carriers are generated under the
IR light hitting onto the surface of the detector, and
then photocarriers are separated to produce electron current.
Photogenerated holes are transferred to the emitting layer and
photogenerated electrons are transferred to the anode under
the effect of a built-in and external electric field. Therefore,
photo-excitation occurs in the emitter layer by combining
photogenerated holes and electrons from the cathode, which
is called the on-state (Fig. 2d).**>

2.1 Photodetector device characterization

The responsivity (R), defined as the ratio of photocurrent to
incident light intensity, is used to illustrate the response effi-
ciency of the photodetector to light signals. It is expressed as,

R— [pholocurrcnt o Ilighl — Lgark (1)

Power;, Pi,A

where Ihotocurrent 18 the photocurrent, Power;, is the incident
light power, ljjghe and Igak are the currents with and without
light signals, P;, is the incident light intensity density, and A is
the area of the photodetector. Responsivity has been used to

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Schematic diagram of photodiodes. (b) Schematic diagram of the up-conversion device structure. (c) and (d) Schematic diagram of the
upconverters working without IR (c) and with IR (d) illumination, respectively.

evaluate the ability of photodetectors to convert incident light
signals into electrical signals.

The quantum efficiency (QE) is used to characterize the
photon-electron conversion efficiency, which is defined as
the probability that an incident photon produces a contribu-
tion to the detector current. It is expressed as,

Nog = Nearrier _ Iph —e _ hCIph — @ "R (2)
F 7 Night  Piigni + (hv) — eAPy €l

where I, is the photocurrent, Pjig1, is the incident light power,
h is the Planck constant, v is the frequency of incident light,
c is the speed of light, 4 is the wavelength of incident light, and
e is the elementary electron charge.

The detectivity (D) is a measure of the signal-to-noise ratio
for evaluating the performance of photodetectors, expressed as,

R g Ae
Inoise\/E he - Inoise\/E

where I,ise iS the noise current of the device; the dark current
of the device is usually considered as the primary source of
noise, while B is the detection bandwidth of the device.

D ®)

2.2 Up-conversion device characterization

Up-conversion efficiency, as a key parameter for optical up-
conversion devices, refers to the ratio of the number of emitted
visible light photons to the number of incident photons.
It is expressed as,

‘[/Nboutlp (/l)d)L
_ Photonoy ) R(A)hc (4)
e = Photony,  4inPin

he

where I,(4) and R(A) are wavelength dependent output photo-
current and responsivity of the photodetector, respectively.
Aout @and Z;, are the wavelengths of outgoing and incoming
lights, respectively. P;, is the incident light power.

This journal is © The Royal Society of Chemistry 2024

3 Infrared to visible up-conversion
devices
3.1 Organic up-conversion devices

Various organic materials have been used in optical applica-
tions that are best known for OLEDs with continuous develop-
ment of organic electronics.’*™® Some narrow energy gap
organic materials were used as IR photosensitive layers because
the absorption wavelength reaches 1 um.>>*® The organic up-
conversion devices can be formed by integrating the OLEDs and
organic photodetectors,>"*" which were generally designed as a
big sandwich structure with a photodetector unit, an inter-
mediate connection layer and a light emitting unit (PD-ICL-
LED) (Fig. 2b).®> The structural design of organic up-conversion
devices is very flexible, and full-color imaging display can be
achieved by selecting peculiar organic materials. The advan-
tages of the organic up-conversion devices are their simplified
fabrication process and low cost.®***

3.1.1 Single emitter organic devices. In 2017, a full-color
optical up-conversion device was proposed by integrating NIR
organic photodetectors and thermally activated delayed fluores-
cence (TADF) OLEDs.®® The structure of this device is shown in
Fig. 3a, and NIR light conversion to full-color visible light was
achieved.®®®” A new narrow bandgap material was developed,
viz., organic sensitive material (ING-T-DPP) doping PCBM,
which showed strong capture ability in the range of visible to
NIR.°® Fig. 3b shows materials of TADF, (4CzIPN, 1), (2CzPN, 2),
and (4CzTPN-Ph, 3), emitting green, blue, and red lights
respectively. More interesting, the up-conversion exhibited that
NIR could be converted to white light. The luminance-voltage
characteristics and EL spectra of these all organic up-
conversion devices are shown in Fig. 3c. The full color emitting
is achieved through the selection of different organic lumines-
cent materials.

According to the structural characteristics of photoelectric
imaging systems, it is vital that electrical signals are used
for computer processing and machine vision.*"*® Therefore,

J. Mater. Chem. C, 2024, 12, 7833-7844 | 7835
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Fig. 3 (a) Schematic diagram of the organic up-conversion device based on narrow-band-gap infrared photosensitive materials and TADF-OLEDs. (b)
Chemical structures of organic semiconductor materials. (c)—(f) Luminance—voltage characteristics and EL spectra of optical up-conversion devices with

an active area of 4 mm?2.%° Copyright 2017, American Chemical Society.

the applications of both optical imaging and electrical proces-
sing have been considered recently. In 2021, an organic up-
conversion device with dual optical and electronic reading was
reported (Fig. 4a)."® The IR detection wavelength could reach
up to 1400 nm, and the visual imaging function was effectively
acknowledged in the NIR band. The device structure is shown
in Fig. 4d. The organic material 8-hydroxyquinoline aluminum
salt (Alq;) was used as the fluorescent emitting layer, and MoOj3
as the hole injection layer,”® which was connected with an
organic photodetector. Fig. 4c shows the working mechanism
of the photocarrier transferring through energy bands under the
effect of electric field and IR irradiation in recommended light
centers. MoO; has a low energy position such that its conduc-
tion band energy level is close to the highest occupied molecular
orbital (HOMO) energy level of NPB acting as an effective hole

injection layer.”* Organic photodetector devices based on bulk
heterojunctions consisted of a sensitive polymer and a fullerene
derivative. The organic bulk heterojunction largely expanded the
IR absorption range.”>”* The function of NPB as an interlayer is to
upgrade the signal-to-noise ratio of the up-conversion imager,
hence the device can provide sensitive electrical signal reading.
With a minimum detectable level of light intensity of 1 mW em™>
for optical reading, the series imager retained similar electronic
properties to a single organic photodetector with added benefits of
SWIR visualization. The up-conversion efficiency of the device
reached 0.15% at 3 V, and the active imaging area was 2 cm®
The device, in addition, encompassed a multitude of application
scenarios, including environmental monitoring and pollution
detection, as well as optical imaging of tissue samples and tracking
biological heartbeat characteristics.
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Fig. 4 (a) Schematic diagram of imager with dual electronic and optical readouts. (b) Absorption spectrum of OPD and emission spectrum of visible
OLED. (c) Working mechanism of upconversion device. (d) Material stacks of the upconversion device and corresponding model of equivalent circuit. (e)

Diagram of energy levels.*® Copyright 2021, Wiley-VCH GmbH.

7836 | J Mater. Chem. C, 2024,12, 7833-7844

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4tc00083h

Published on 07 Mee 2024. Downloaded on 18.02.26 06:42:26.

Journal of Materials Chemistry C

@)
o N s 0449 O~ on
eo
AP 000wl SRR
Nt ) Hy 'SO; S0;H SO;H SOsH 'S0 SoH
gty H H
5Q-880 TMPE iy b i b
PCBM s ()
Pedot:PSS
(b) OLED
Lec [ A8 ®®  ictrode
Al, 100 nm Ca, 10nm (C) o 8
R O e e | °
SY+Li*CF,50; o bl
+TMPE, 70 n S%,90nm 8 ® Vllizme

QUPD, 30 nm

Pedot:PSS HTL, 75 nm
$Q-880 : PCBM, 72 nm

Ti0,, 35 nm
1m0

Glass substrate

Fig. 5 (a) Organic materials of thin films. (b) Schematic diagram of
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Organic devices can also be fabricated by using solution
processes in addition to vacuum thermal evaporation. In 2019,
Karen et al. proposed a solution-processed organic up-
conversion device (Fig. 5b).”> The IR wavelength of 980 nm
was converted to visible yellow light, and photon-to-photon
conversion efficiency was around 1.6%. The OLED part in this
work was solution processed by using a fluorescent poly
copolymer-based material. Recently, high performance color-
tunable OLEDs have been reported with rapid progress, which
contributes to different ideas of device designs.”®

3.1.2 Tandem emitter organic devices. Tandem OLEDs
have attracted much attention, which are merged by two or more
luminous units to increase the display luminous efficiency.”” The
key part of tandem devices is the charge generation layer (CGL)
between different luminescent units, which is normally designed
as a PN junction. The main function is to promote the separation
and transport of electrons and holes.”® As shown in Fig. 6, the
intermediate connection layer has a specific energy level in order
to generate electrons and holes in the CGL. Electrons are trans-
ferred along the lowest unoccupied molecular orbital (LUMO)
levels of the electron transfer layer to unit 1, while holes
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EL Unit 1
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Fig. 6 Schematic of vacuum energy levels of each unit of tandem
OLEDs.”” Copyright 2016, WILEY-VCH Verlag GmbH.
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are transferred to unit 2 along the HOMO levels of the hole
transfer layer.

Lu et al. proposed a novel tandem organic up-conversion
device. Fig. 7a shows two structures including a conventional
up-conversion device with one emitting unit and a tandem
organic up-conversion device with two emitting units.”® The
CGL as an IR photosensitive layer was located at the inter-
mediate of the emitting layers, which can detect IR light and
transfer photocarriers. Photogenerated carriers can be effec-
tively separated in CGL, and then injected into the upper and
lower light emitting units respectively (Fig. 7b).®° The tin(iv)
2,3-naphthalocyanine dichloride, SnNcCl, was doped in Cg as
a photosensitive layer for IR absorption. The photocarriers can
be separated and transmitted effectively because the blend of
organic materials had several defect states. The up-conversion
device could detect IR light at 980 nm which was converted to
520 nm visible with a 4.8% up-conversion efficiency. The device
had an excellent closing effect without IR light, (Fig. 7c and d).
With the help of the tandem structure, the upconversion
efficiency of the device was significantly improved, more than
twice that of the control device as shown in Fig. 7e.

Another NIR tandem up-conversion device exhibiting an
obvious light multiplier effect internally due to tandem OLEDs
has proven to be an efficient strategy to enhance luminescence
efficiency.®’ This work used a narrow band polymer material,
which is a blend film consisting of PDPP3T and PCBM. Acting
as an active layer of the photodetector, it has strong absorption
in the NIR region. Be(pp),: Ir(ppy)z(acac) acted as the emitting
unit and Li,CO3/AI/HAT-CN acted as the CGL of tandem OLEDs,
respectively. TAPC acts as the connection layer to integrate up-
conversion devices. This device was turned on at 850 nm NIR
spectrum. The structures of different up-conversion devices are
shown in Fig. 8b. The brightness and current density climb
monotonically, reaching saturation at higher voltages under IR
irradiation. The rise of saturation brightness and current
density is closely related to the input IR power intensity
(Fig. 8d). As shown in Fig. 8e, different light emitting units in
up-conversion devices cause disparate external quantum effi-
ciency (EQE). The EQE of Al is obviously higher than those of
A2 and A3. It is related to the fact that the photosensitive layer
in device Al can absorb more green light than others, because
device A1 provides double brightness when the visible light
penetrates through the photosensitive layer. A2 and A3 have the
same lighting units, but the device is arranged in the reversed
order. The fabrication of A4 device further verifies the contribu-
tion of the green emission unit to the EQE of tandem devices.

This series of designs proves the photodetector and photo-
electric mutual auxiliary mechanism between OLEDs.®*> As
visible photons pass through the light-sensitive layer, one part
is reabsorbed and the others are transmitted to the outside. The
absorbed photons are again converted into photocarriers, and
excitations are synthesized repeatedly in the luminescence unit.
The total cyclic mechanism is shown in Fig. 8c. These devices
based on the tandem OLEDs have higher up-conversion effi-
ciencies. The up-conversion efficiency was as high as 29.6%,
being more than twice the efficiency of a single device.

J. Mater. Chem. C, 2024,12, 7833-7844 | 7837
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In summary, organic up-conversion devices benefit from the
excellent emission performance of OLEDs. However, the detec-
tion unit consists of organic materials usually have a limited
detection range of wavelength and poor detectivity, thereby
constraining their photon-conversion efficiency.

3.2 Inorganic quantum dot up-conversion devices

An inorganic up-conversion device can be fabricated by inte-
grating the inorganic photodetectors with inorganic LEDs.*?
Various inorganic QD semiconductor materials have been

7838 | J Mater. Chem. C, 2024,12, 7833-7844

widely applied in photodiodes by simple solution processes.
It has attracted much attention because of their excellent
photoelectric properties as zero-dimensional materials. Addi-
tional merits include strong absorption in the range of visible
and IR and adjustable response wavelength.%4™%”

NIR to visible solution-processed QDs up-conversion devices
have been reported.®*°° The up-conversion was successful on
two previous different architectures of forward and inverted
structures.”®> Photogenerated electrons and holes were
captured respectively as shown in Fig. 9. In these two device
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structures, the luminescence and detection units are QD
materials. Both QDs devices reached fast switching perfor-
mance. The maximum photon-to-photon conversion effi-
ciency reached over 3% and 6%, respectively. It has saturation
luminous intensity work at low voltage bias. These results
strongly indicate that the functional layers are competent
for the up-conversion process due to their high color satura-
tion, huge sensitivity ability. QD materials are excellent choices
for the fabrication of up-conversion devices with simple
processes.

The blocking layer acts as an important part of the up-
conversion device, whose function is to limit the charge carrier
injection and interface charge generation, also to reduce the
influence of noise current. Adding silver ions into the electron
transport layer to enhance the tunneling of carriers was an
effective strategy reported by Zhou et al. It was different from
all previous electron transport layer or hole-blocking layer
designs (Fig. 10a).”* High photocurrent was supplied under

Visible light 1

IR illumination due to the enhancement of tunneling of holes
and the capture of photogenerated electrons by Ag nano-
particles (Ag NPs), as well as the efficient combination of the
photogenerated holes and cathode electrons in the light emit-
ting region. The device also achieved high saturation light
intensity and bright green light emission at low reverse bias
(Fig. 10c and e).

A photodetector absorption layer of PbS CQDs integrated
with a light-emitting diode layer of CdSe/ZnS CQDs was
achieved by solution-process, and the combination of MoO,/
poly-TPD was used as the interface connection layer for the first
time. This up-conversion device possesses a high NIR light to
visible conversion efficiency of 6.5% and a low turn-on voltage
of 2.5 V. Additionally, the photodetector can be integrated with
flexible substrates. As for all CQDs devices, it is a promising
candidate for low-cost and flexible photodiodes. However, the
key of multilayer solution treatment is that the latter layer
structure is selectively prepared on the basis of the solvent used
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Fig. 10 (a) Schematic diagram of device structure and infrared to visible light conversion mechanism. (b) Absorption spectrum of QDs. (c) L-V
characteristic curves. (d) Up-conversion efficiency. (e) Schematic of on/off states.®® Copyright 2020, SpringerNature.
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in the previous layer, which limits the fabrication of QDs
luminescence layer. Besides, a large number of defects in the
QDs films are also adverse for the luminescence efficiency.”* ™’

3.3 Inorganic PDs & OLED up-conversion devices

Inorganic QDs detectors integrated OLEDs have been reported
as an effective combination strategy for NIR imagers, and
appeared to be a solution to the questions of the early photo-
detector imaging devices.">*® In previous studies, inorganic
PIN photodiodes and inorganic quantum well photodiodes with
OLEDs have achieved successful up-conversion phenomena.
However, the fabrication of detectors requires complex epitaxial
growth and large-area application is unideal.”>'°® Therefore, the

View Article Online
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up-conversion devices integrated with QDs detector and OLEDs
came into being. Inorganic QDs materials were used as the
photosensitive layer of up-conversion devices due to their excel-
lent properties and simple processes.

In 2011, Kim et al. reported a hybrid up-conversion device by
integrating a PbSe nanocrystal NIR layer with OLEDs, which has
an IR sensitivity to 1.5 pm and an up-conversion efficiency of
1.3% (Fig. 11a, d and €).*”'*" The important role of ZnO as the
hole-blocking layer was clearly proved by comparing devices
with and without the ZnO layer (Fig. 11c). The absorption
wavelength was controlled by adjusting the size of the QDs
(Fig. 11b)."°*'%* Although the conversion efficiency was low,
it initiated a novel idea for the combination of QDs and OLEDs
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and created an innovative platform for organic/inorganic
hybrid devices.

However, it is difficult to obtain a high efficiency up-
conversion device by simply integrating a photodetector with
OLEDs.>*'%%1% yy et al. reported that a high-gain IR-to-visible
up-conversion device which consists of a QDs photodetector
and OLEDs by connecting a phototransistor.>® It achieved an
up-conversion efficiency over 1000% and a faster response
speed, which can be ascribed to integration of a vertical
phototransistor between the photodetector and OLEDs, the
device structure diagram is shown in Fig. 12a. A perforated
porous ITO film as a source electrode is shown in Fig. 12c.

A three-terminal device was proposed consisting of a photo-
detector, a transistor and OLEDs. This device has a high photon
to electron efficiency and the current through the OLEDs can be
modulated. During the device operation, IR photons passed
through the ITO gate electrode to the PbS active layer and
generated photocarriers. Electrons from the ITO source elec-
trode injected into OLEDs through the Cg, channel layer to
achieve emitting. Fig. 12b shows the device work states with
and without IR illumination. Fig. 12d shows the band diagrams
to explain the physical mechanism of the vertical up-conversion
device at work-off state. Under the device work-on state,
the photogenerated carriers stacked at the surface of HfO,
dielectric layer, and the function of the transistor was embodied.

View Article Online
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The electrons in Cg, gradually increased, and the high photo-
electric gain was reflected (Fig. 12f).

To summarize, hybrid up-conversion devices that integrate
inorganic PDs and OLEDs can leverage the exceptional detec-
tivity of inorganic PDs and the excellent emission capability of
OLEDs. These devices exhibit a broad range of infrared detec-
tion wavelengths and high quantum efficiency, making them
highly desirable for up-conversion applications.

4 Conclusions and outlook

Up-conversion devices composed of organic and inorganic
CQDs materials are emphatically exemplified. The performance
and structure characteristics of these devices are introduced.
IR up-conversion devices are proposed to reduce the IR imaging
cost and improve imaging efficiency. Their performance
has been continuously improved, with the IR-to-visible up-
conversion efficiency significantly updated. Most of the reports
published so far are summarized in Table 1.

As the early type of up-conversion devices, PIN and quantum
well photodetectors integrated OLEDs were made of III-V
compound semiconductors or other traditional semiconductor
materials. Although their infrared detection wavelength can
exceed 1.5 pm, their work voltage is very high and the lattice

Table 1 Summary of the main typical up-conversion devices (the dates are arranged in chronological order)

Device structure

j'NIR }‘Vis
(nm) (nm) Lpax (cd m™) npp (%) Ref.

All-organic 1 ITO/PVK:TNFDM/Alq;/Mg:Ag/Ag 810 530 — — 61
devices 2 ITO/SnPc:Cgo/ TAPC/Irppy;:CBP/3TPYMB/LiF/Al 890 525 853@15V 2.7 21
3 ITO/CIAIPc:C,,/TAPC/CBP:Ir(ppy)s/Bphen/LiF/Al 780 525 1553@7 V 6 63
4 ITO/ZnO/ING-T-DPP:PCBM/o-NPD/TADF-OLEDS 810 512, 75, 150, 0.11, 65
(R,B,G)/TPBi/Liq/Al 480, 45@10V 0.04,
584 0.07
5  ITO/NPB/CBP:Ir(ppy),(acac)/B4PyPPM/Liq/Al/NPB/CBP: 980 520 124@6 V 4.8 79
Ir(ppy).(acac)/B4PyPPM/Liq/Al
6  ITO/Cgo:PbPc/NPB/TADF-DPEPO/2PXZ-OXD/Bphen/LiF/Al 808 530 10°@15V Over 100 69
7 ITO/TiO,/SQ-880:PCBM/M005/TPD/Alq;/Ca (10 nm)/Al (100 nm) 980 540 313@10 V 0.27 31
or Ca (2 nm)/Au (8 nm)/Alq;,
8  ITO/ZnO/PDPP3T:PCBM/TAPC/Be(pp),:Ir(ppy),(acac)/ 850 520 1504@12 V 29.6 81
Be(pp),/Li,CO;/Al/HAT-CN/TAPC/Be(pp),/Li,CO3/Al
9 ITO/TiO,/Cs0:Cy7-T/M0O3/B-NPB/Alq;/LiF/Al 830 540 14@10 V — 72
10 ITO/TiO,/SQ-880:PCBM/Pedot:PSS/QUPD/SY/Ca/Al 980 575 760@7.5 V 1.6 75
11 ITO/ZnO/PBDTT-BTQ:PCBM/m-MTDATA/TAPC/CBP:Ir(ppy)s/ 1000 520 7 @12V 0.8 59
TPBi/LiF/Al
12 ZnO/PCBM:donor/MoO;/NPB/Alqs/LiF/Al 940 520 ~10% 0.15 10
All-inorganic 13 ITO/ZnO/HgTe CQDs/Ag,Te CQDs/PEDOT:PSS/TFB/CdSe@ZnS 520 500@15V 10 38
devices CQDs/ZnMgO/Ag
14 ITO/PEDOT:PSS/TFB/CdSe QDs/ZnO/PbS QDs/Al 970 624 330@10 V 3.35 91
15 ITO/ZnO/PbS QDs/TFB/CdSe QDs/ZnO/Al 970 624 155@15 V 6.3 92
16 ITO/ZnO/Ag/ZnO/PbS QDs/Mo03/CQDs/ZnO/Ag or ITO 940 520 2100@12V 6.5 93
Inorganic PDs & 17  n-Si/ITO/NPB/CBP:Ir(ppy);/TPBi/LiF/Al 900 473, 10°@20V 9.2 30
OLEDs devices 514,
544
18  Au/n-Ge/ITO/NPB/CBP:Ir(ppy)s/TPBi/LiF/Al 1880 526 — 7 39
19 n-InP/InGaAs/p-InP/Cso/CuPc/NPB/Alq;:C545T/Alq;/LiF/Al/Ag 1500 520 1580@11.5V 1.5 106
20 InGaAs/InP p-n-p-HPT/Cgo/CuPc/o-NPD/Alq;:C545T/Alqs/LiF/Al/Ag 1500 564 — 59 50
21 InGaAs/Gas 30-QWs/MoO;:CuPc/NPB/C545T:Alq;/Alqs/LiF/Al 980 520 1264@20 V 0.81 49
22 ITO/ZnO/PbSe QD/TAPC/CBP:Ir(ppy);/3TPYMB/Al 1300 520 8@15V 1.3 37
23  InGaAs/Gas 60-QWs/M0O;:CuPc/NPB/C545T:Alq;/Alq,/LiF/Al 930 520 6050@20V 4 100
24 ITO/n-GaAs/InGaAs QWs/p-GaAs/MoO;/NPB/CBP:Ir(ppy)s/BCP/Alqs/LiF/Al 980 510  7900@15V 4.8 99
25 ITO/ZnO/PbS QD/HfO,/porous ITO/Ceo/Bphen/TCTA:Ir(ppy)s/NPB/Mo/Al 1042 520 — 1591 34
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matching needs to be considered during the preparation pro-
cess. Organic materials usually have the characteristics of
an amorphous structure, so their preparation process is not
limited by lattice matching requirement and it can be readily
deposited on arbitrary substrates by a simple vacuum coating
method. Additionally, tandem OLEDs as high efficiency emitting
devices are used as a promising candidate in up-conversion
devices. However, the IR wavelength detection boundary is barely
satisfactory because of the limitation of organic semiconductor
bandgaps. By contrast, the novel design by combining organic and
inorganic materials appear to be more popular. Inorganic QD
materials have multiple advantages; one of the key properties is
that their absorption bands can be readily adjusted. They can
be prepared by a simple solution process and have lower costs.
Theoretically, the up-conversion devices integrating inorganic
QDs and OLEDs can reflect the common advantages of both,
and PD-OLEDs can achieve efficiency pixel-less imaging. The
up-conversion devices based on QD photodiodes and OLEDs
can continue to develop with the rapid progress of QD and
OLED semiconductor materials.

So far, the IR-to-visible conversion efficiency of up-
conversion devices is still below expectation, which can be
attributed to the weak signal of IR emissions, as well as
problems in the optical-electrical-optical signal conversion
process, such as carrier transport influenced by carrier traps
and defect states. In order to obtain high performance up-
conversion devices, the high responsivity of photodiodes is of
paramount importance. The potential solutions involve utiliz-
ing triode tubes to amplify the signal or employing tandem
device structures to optimize the quantum efficiency. Besides,
the interface of semiconductor films and charge connection
with gain structures need to be considered, by capitalizing on
the mature theory of metal-semiconductor, inorganic and
organic semiconductor interfaces. The top electrode of up-
conversion devices can be considered as a transparent electrode
to improve the ability of IR to visible light detection. Moreover,
phosphorescent OLEDs and TADF-OLEDs with higher external
quantum efficiencies are very favorable as the emitting units,
and the IR absorption wavelength needs to be further pushed
into the middle- and far-IR range.

There is still significant work to be accomplished prior to
the commercialization of up-conversion devices, potential chal-
lenges are anticipated during array or pixelated preparation
owing to the complex lithography and cleaning procedures
associated with handling and preparing multi-layered inorganic
and organic films. These challenges could result in suboptimal
yields for large-scale production. Furthermore, practical applica-
tions necessitate additional improvements in both device effi-
ciency and long-term operational stability.
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