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Abstract: Broadband upconversion has various applications in solar photovoltaic, infrared and
terahertz detection imaging, and biomedicine. The low efficiency of the light-emitting diodes (LEDs)
limits the broadband upconversion performance. In this paper, we propose to use surface microstruc-
tures to enhance the electroluminescence efficiency (ELE) of LEDs. Systematical investigations on the
cryogenic-temperature performances of microstructure-coupled LEDs, including electroluminescence
efficiency, luminescence spectrum, and recombination rate, have been carried out by elaborating their
enhancement mechanism and light emitting characteristics both experimentally and theoretically. We
have revealed that the reason for the nearly 35% ELE enhancement of the optimized structure under
cryogenic temperature and weak injection current is the efficient carrier injection efficiency and the
high recombination rate in the active region. We also compare studies of the surface luminescence
uniformity of the optimized LED with that of the unoptimized device. This work gives a precise
description, and explanation of the performance of the optimized microstructure coupled LED at
low temperatures, providing important guidance and inspiration for the optimization of broadband
upconverter in the cryogenic temperature region.

Keywords: cryogenic LEDs; electroluminescence efficiency; broadband upconversion; surface
microstructure

1. Introduction

Since its invention in 1962, GaAs-based LEDs have been widely used in various applica-
tions such as lighting, display, communication, greenhouse agriculture, and aerospace [1–7].
In recent years, with the development of infrared and terahertz upconversion technologies,
this old topic has shown significant research value [8,9].

Among the many upconversion technologies, semiconductor photon frequency up-
conversion technology has shown great application potential due to its advantages in
high compactness, fast response speed, good uniformity, flexible and adjustable spectrum,
and free for readout integrated circuit (ROIC) [8]. In the past decades, researchers have
developed various types of upconversion devices, such as inorganic upconversion, or-
ganic upconversion and inorganic-organic hybrid upconversion devices. Among them,
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traditional organic upconversion devices are integrated with organic detectors and organic
light-emitting diodes, showing advantages such as high efficiency and low cost in the
near-infrared region [10]. However, its environmental stability is a major challenge, and
it is difficult to achieve upconversion in the mid-wave infrared and long-wave infrared
regions. [11,12] Another type of organic up-conversion device is realized by colloidal quan-
tum dot materials [13]. In principle, this type of device can achieve up-conversion from
near-infrared to very long-wave infrared band, but how to integrate long-wave infrared
upconversion devices still needs to be further explored, and the environmental stability,
signal-to-noise ratio and sensitivity of the device are still somewhat worse than those of
traditional semiconductor materials [14,15]. The organic-inorganic hybrid up-conversion
devices that have been reported are all concentrated in the short-wave infrared region, and
extending this approach to longer wavelength infrared is challenging [16,17]. In addition,
the stacked structure of organic-inorganic materials also faces challenges in device stability,
uniformity and carrier transport efficiency.

Up to now, up-conversion devices based on traditional inorganic semiconductor
materials have the longest development time, mature fabrication technology and stable
performance [18]. Researchers have successively achieved up-conversion in the near-
infrared, mid-wave infrared, long-wave infrared and terahertz bands based on GaAs-based
LEDs [19–22]. Since the LWIR up-conversion device that integrates GaAs-based LED
with a quantum well-infrared photodetector (QWIP) was proposed in 1995, it has been
developed for 8 years and successfully achieved long-wave infrared up-conversion thermal
imaging with a noise equivalent temperature difference (NETD) of less than 60 mK in
2003 [21]. Using the same technical route, the THz band upconversion device was also
reported in 2016 to successfully achieve THz upconversion pixelless imaging [22]. By
integrating quantum cascade detectors with LEDs, mid-wave infrared upconversion can
also be achieved under the action of an external bias [23]. What is even more surprising
is that using wafer bonding technology, lattice-mismatched InGaAs detectors and InSb
detectors can also be integrated with GaAs-based LEDs to successfully achieve near-infrared
upconversion and mid-wave infrared upconversion, respectively [19,20]. However, it is
not difficult to find that all of the above devices are narrow-band upconversion devices.
The development of a broadband upconversion device that can simultaneously achieve
near-infrared, mid-wave, long-wave, very long-wave infrared and terahertz band responses
will greatly increase its application range. It can also reduce its payload while improving
the compactness of the system.

An integrated HIWIP-LED (homojunction interface workfunction internal photoemis-
sion detector-light emitting diodes) device is a possible solution that can simultaneously
achieve broadband responses covering the infrared and terahertz bands [24]. However, the
operating temperature of HIWIP-LED devices is extremely low, and the hotspot problem
of the LED is obvious. There is still a lot of room for optimization and improvement of
the HIWIP-LED device. In 2021, the quantum ratchet upconversion devices proposed
by Bai et al. may solve the problems of low operating temperature and serious light-
emitting hot spots, but their upconversion efficiency is extremely low, and imaging cannot
be achieved [25,26]. In fact, the low efficiency of LED is the fundamental reason that limits
the efficiency of QRIP-LED devices. In addition, to achieve broadband upconversion with
wavelengths extended to terahertz, its operating temperature often needs to be as low as
liquid helium temperature. For example, the operating temperature of semiconductor up-
conversion devices such as HIWIP-LED and QWIP-LED that have been reported is ~4.2 K.
Although another QRIP-LED is expected to achieve an increase in operating temperature, it
will not be higher than liquid nitrogen temperature based on the working principle of the
quantum ratchet. So, improving the efficiency and luminescence uniformity of LED ports at
cryogenic temperatures is the prerequisite for achieving efficient broadband upconversion.

In this paper, we use an optimized LED structure to improve the quantum efficiency
of LED devices. We also design a thick cap layer for the preparation of a micro-nano
optical coupling structure to further improve the light extraction efficiency of the device.
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A microstructure surface is introduced to study the efficiency enhancement effect of the
optical coupling structure on the planar structure in detail from both experimental and
theoretical perspectives. At 10 K, the LED enhanced by the surface microstructure shows
an increase in electroluminescence efficiency of nearly 35%. In addition, we compare the
optimized LED with the unoptimized LED device in the previous QRIP-LED and discuss
in depth the intrinsic reasons for the significant improvement in its electroluminescence
efficiency, spectrum, and surface electroluminescence uniformity. The research results of
this work will provide direct guidance for the realization of high-efficiency broadband
upconversion devices and lay an important experimental and theoretical reference for the
realization of large-format broadband up-conversion imaging.

2. Device Structure and Fabrication

The optimized LED device with a conventional planar structure is shown in Figure 1a.
The overall device is a GaAs/AlGaAs double heterojunction structure with an additional
p-type GaAs cap layer.
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Figure 1. (a) The optimized LED device with a conversional planar structure. (b) The optimized
LED with surface microstructure. (c) The detailed parameters of the micro mesas. (d) schematic
diagram of the mask of the entire device. (e) A local pattern of the mask was used for surface
microstructure preparation.

The green area is the p-type doped GaAs active layer with a thickness of 400 nm, sand-
wiched between p-type AlGaAs and n-type AlGaAs. The detailed structural parameters are
as follows: the epitaxial structure is grown on a semi-insulating GaAs(100) substrate. First a
50 nm GaAs buffer layer (with Si-doped to 2.5 × 1018 cm−3) is grown, followed by a 250 nm
Al0.45Ga0.55As etch stop layer (with Si-doped to 2.5 × 1018 cm−3), above which is a 500 nm
n-type doped GaAs bottom contact layer (with Si-doped to 2.5 × 1018 cm−3), and then three
n-type AlGaAs barrier layers with different compositions and doping concentrations, from
bottom to top are 350 nm Al0.1Ga0.9As (with Si-doped to 2.5 × 1018 cm−3), 50 nm graded
AlGaAs (with Al graded from 0.1 to 0.3 and with Si-doped to 2.5 × 1018 cm−3) and 100 nm
of Al0.3Ga0.7As (with Si-doped to 1 × 1018 cm−3), followed by s 40 nm of intrinsic AlGaAs
with Al component graded from 0.3 to 0.15, on top of which is a 400 nm p-type GaAs active
layer (with Si-doped to 1 × 1018 cm−3). Growth continues with a completely symmetrical
set of AlGaAs structures consisting of 40 nm intrinsic graded AlGaAs (with Al graded
from 0.15 to 0.3), 100 nm p-type Al0.3Ga0.7As (with Be graded doped from 2 × 1018 cm−3

to 2 × 1019 cm−3), 50 nm graded AlGaAs (with Al graded from 0.3 to 0.1 and Be doped to
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2.5 × 1018 cm−3), and 350 nm Al0.1Ga0.9As (with Be doped to 2 × 1019 cm−3), and finally a
thick p-type GaAs cap layer (with Be doped to 2 × 1019 cm−3) is grown on top as the top
contact layer and micro-structure etching layer. The top electrode is n-type (Pd 25 nm/Ge
75 nm/Ti 30 nm/Au 200 nm) metal, and the bottom electrode is p-type (Ti 20 nm/Pd
50 nm/Au 200 nm) metal.

The optimized LED with surface microstructure is shown in Figure 1b. Except that the
surface is etched into a micro-mesa, the overall device is exactly the same as the standard
mesa structure. The size, period, and height parameters of the micro-mesa we selected
are typical structural parameters commonly used in up-conversion devices to achieve
efficient quantum well detector light coupling. These parameters are given in detail in
Figure 1c. The optical mask used for device preparation is shown in Figure 1d,e, where
(d) is a schematic diagram of the mask of the entire device, and (e) is a local pattern of the
mask used for surface microstructure preparation. The physical dimension of the overall
device and micro mesa is also indicated in Figure 1d,e.

The device preparation process flow chart is shown in Figure 2a. First, the LED
epitaxial wafer is protected by photoresist (ZA5214) and then cleaved. The divided wafers
are deeply cleaned with acetone, alcohol, and deionized water and then blown dry with
N2. Next, the device is spin-coated with E-beam resist (PMMA 950K), and the surface
microstructure square pattern with sides of 1.8 µm is exposed and developed using standard
electron beam lithography technology. Then, Cl2 and BCl3 are used to etch the surface
square microstructure, with an etching depth of about 1 µm, and the etching process is
monitored by the laser interference oscillation method. After micro-pattern etching, the
device is deeply cleaned again, and the photoresist is removed. Then, the mesa structure
of the LED is etched using standard photolithography and dry etching processes, and the
etching depth (about 3.3 µm) is also monitored in real-time using the laser interference
oscillation method. After the LED mesa etching is completed, the sample is deeply cleaned
again. After cleaning, the device is prepared for the top-ring and bottom-contact electrode
metals. We use standard photolithography, electron beam evaporation and standard
metal lift-off processes to prepare n-type (Pd 25 nm/Ge 75 nm/Ti 30 nm/Au 200 nm)
and p-type (Ti 20 nm/Pd 50 nm/Au 200 nm) electrode metals. Dilute hydrochloric acid
(HCl:H2O = 1:40) is used to treat the oxide layer before preparation, and rapid thermal
annealing (RTA: 380 ◦C, 60 s) is performed after preparation to form a good ohmic contact.
The fabricated LED devices are square mesa devices with a side length of 500 µm. The
prepared samples are cleaved and packaged, and then performance characterization can be
carried out.

The scanning electron microscope (SEM) image of the prepared microstructure device
is shown in Figure 2b, where the optical window area is evenly covered with the surface
microstructure. The detailed morphology of these microstructures is shown in Figure 2c,
where the side length of the square micro-mesa is about 1.8 µm, and the height is about
1 µm. As shown in Figure 2d, it is an optical microscope photograph of the prepared device
with a bonding Au wire. Due to the presence of the surface microstructure, under the
reflection of the microscope light, the device surface shows a pink color different from the
plane structure (as shown in Figure 2e). The device is a p-p-n-type double heterojunction
LED structure. Therefore, it can only be turned on by applying a forward voltage to the
p-n junction. After turning on, holes and electrons recombine in the active region to emit
near-infrared light. The I–V curves of the device at different temperatures are shown in
Figure 2f. The figure shows that when the temperature increases from 10 K to 100 K, the
turn-on voltage of the device gradually decreases, which is consistent with the law of
traditional light-emitting diodes. The main reason for the gradual decrease in the forward
turn-on voltage with increasing temperature is that the band gap of the GaAs bulk material
narrows with increasing temperature.
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Figure 2. (a) The device preparation process flow, in which the arrow points represent the flow
order. (b) The scanning electron microscope (SEM) image of the prepared microstructure device.
(c) Magnified SEM image of the prepared microstructure device. (d) Optical microscope photograph
of the prepared planar device without any microstructure. (e) Optical microscope photograph of the
prepared device with microstructures. (f) I–V curves of the device at different temperatures.

3. Results and Discussion
3.1. Electroluminescence Efficiency

The device measurements were all carried out in a cryostat, and the gas pressure in
the cryostat during the measurement was about 1 × 10−5 mbar. The electroluminescence
efficiency (ELE) of the OLED with planar structure and surface microstructure is shown in
Figure 3a,b. The ELE is obtained by dividing the obtained experimental electrolumines-
cence power by the driving current of the LED device. The electroluminescence power
on the device surface is measured by Thorlabs S130C (Thorlabs, NJ, USA) large area Si
slim photodetector together with the PM100D Compact Power and Energy Meter Console
(Thorlabs, NJ, USA). It should be pointed out that the measured power value at low temper-
atures needs to be calibrated. The calibration coefficient is achieved at room temperature.
The calibration method is as follows: First, we put the light-receiving surface of the detector
as close to the LED light-emitting surface as possible (with a distance of about 2 mm).
Since the device area is about 0.25 mm2 and the detector area is 1 cm2, we believe that the
detector collects almost all the LED surface EL power (Pout-RT). Next, we put the LED in a
cryostat and measured the device’s EL power (Pin-RT) by placing the Si detector close to the
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quartz window of the cryostat at the same room temperature. The calibration coefficient
was determined by comparing the Pout-RT and Pin-RT. The power measured outside the
cryostat at low temperature multiplied by the calibration coefficient is the actual EL power
of the device at low temperature.
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Figure 3. (a) Electroluminescence efficiency (ELE) of the OLED with surface microstructure. (b) Elec-
troluminescence efficiency (ELE) of the OLED with planar structure. (c) Efficiency comparison of the
two LED structures at different operating temperatures under the condition of weak current density
injection of 0.02 A/cm2. (d) The statistical results of calculated enhanced factor. (e) The cross-sectional
electric field intensities (|E|) distribution for the device with MS structure. (f) The cross-sectional
electric field intensities (|E|) distribution for the planar device. (g) Calculated wavelength-dependent
LEE of the two devices.
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The measuring results show that compared with traditional P-OLEDs, MS-OLED
devices have a significant improvement in ELE. When the temperature is 10 K, and the
injection current is 4 A/cm2, the ELE of P-OLED is about 1.2 mW/A, but the ELE of
MS-OLED is close to 1.6 mW/A, which is about 1/3 higher than the efficiency. When
the temperature is 100 K, and the injection current is 4 A/cm2, the ELE of P-OLED is
about 0.7 mW/A, but the ELE of MS-OLED is close to 0.85 mW/A, which is still more
than 10% higher. Figure 3c shows the efficiency comparison of the two LED structures at
different operating temperatures under the condition of weak current density injection
of 0.02 A/cm2. We can find that even at a weak injection current density, MS-OLED has
a certain efficiency improvement compared to P-OLED at different temperatures. To
further confirm the efficiency enhancement effect of microstructure, we calculated the
enhancement factor at various operating temperatures (10 K–100 K) and different injection
current densities (0.004 A/cm2–4 A/cm2), which is defined as the ratio of ELEs at the same
temperature and injection current density. The statistical results of the calculated enhanced
factor are shown in Figure 3d. Inspection of the figure reveals that MS-OLED devices have
obvious efficiency enhancement effects in all measuring temperature ranges.

However, as the temperature increases, the enhancement effect weakens. When the
temperature increases from 10 K to 100 K, the average value of the enhanced factor de-
creases from 1.35 to 1.15. We attribute this phenomenon to the increase in non-radiative
recombination rates such as SRH recombination and surface recombination. As the SRH
recombination law is known, the gradual increase in temperature will increase the SRH
recombination rate. Due to the etching of the micro-mesa structure, the specific surface
area of the MS-OLED device is larger than that of the P-OLED device. The increase in tem-
perature will increase the activity of SRH recombination centers and surface recombination
centers, thereby reducing effective radiative recombination, resulting in a decrease in the
overall internal quantum efficiency and microstructure enhancement efficiency. In order to
understand the microstructure enhancement effect more intuitively, we carried out the 3D
optical simulations with the finite difference time domain (FDTD) method to calculate the
LEE for devices with planar structure and MS structure. The cross-sectional electric field
intensities (|E|) distribution for the two structures are displayed in Figure 3e,f. The wave-
length of the dipole source is set at 820 nm, and the periodic boundary condition is used. It
is not difficult to find that most of the light is confined inside the planar device in Figure 3e.
In the MS-OLED, apparently, the LEE of the device is improved, and more photons can
escape from the active region of the LED. We calculated the wavelength-dependent LEE of
the two devices, and the results presented in Figure 3g show obvious enhancement when
the emitting wavelength is longer than 750 nm. At the wavelength of 820 nm, the LEE of
the MS-OLED is about twice that of P-OLED. The difference between the theoretical results
and the experiment may be caused by the surface leakage current since the device surface
has not been passivated. Moreover, the bandgap of the thick GaAs cap layer matches with
the emitting wavelength of the active layer, which may result in severe reabsorption of the
photons and decrease the enhanced effect.

3.2. Electroluminescence Spectrum

In order to demonstrate the superiority of the optimized LED devices in the up-
conversion devices, we compared the performance of P-OLED and MS-OLED with the
LEDs in the previous broadband up-conversion devices. Figure 4a shows the ELE of the
three LED devices. It is not difficult to find that the optimized LED has higher device
efficiency. The ELE of both MS-OLED and P-OLED is significantly higher than that of
ULED. In the measured current density range, the efficiency of OLED generally reaches
more than 5 × 10−4 W/A, while the ELE of ULED is less than 4 × 10−4 W/A even at a
very large injection current (20 A/cm−2). In addition, the turn-on current of OLED is more
than three orders of magnitude smaller than that of ULED, and it shows high ELE even
under weak current. The ELE difference is particularly obvious in the enlarged illustration
that was inserted. When the injection current is 4 A/cm−2, the efficiency of OLED is five
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orders of magnitude higher than ULED. OLED and ULED also show obvious differences in
the EL spectra.
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Figure 4b shows the emission spectra of the two devices. OLED shows a nearly
complete Lorentz line shape at 10 K, which meets the characteristics of standard LEDs.
The line shape of ULED is not particularly smooth, even at 10 K, which hardly meets the
characteristics of the Lorentz line shape. It can also be found that OLED has a smaller
Full Width at Hall Maximum (FWHM) than ULED. The above phenomenon is particularly
evident in the mapping results of Figure 4c–f. Inspection of the figures reveals that OLED
shows good monochromaticity and a small FWHM at a specific temperature or a specific
injection current. Moreover, a high emission spectrum intensity can be observed at 100 K
with an injection current of 1 mA.
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On the contrary, ULED shows poor monochromaticity under specific temperatures or
specific injection currents, and the FWHM value is large. Moreover, it can only emit light
effectively under high injection current (>40 mA), and the intensity of the emission spectrum
drops rapidly after the temperature rises. One possible reason is the poor quality of the
materials. The lack of long-range order in the atomic arrangement of local materials in the
active region may introduce lots of dislocation and defects, which leads to the appearance
of band tail states, resulting in poor monochromaticity and low ELE. In addition to the
low internal quantum efficiency of unoptimized devices, internal defects may also cause
the carriers involved in radiative recombination to not follow the standard Boltzmann
distribution. The result is that the EL intensity fluctuates significantly with the wavelength
(or energy). This fluctuation causes the discontinuity of the EL spectrum, which behaves in
an irregular and unsmooth spectral line shape, and it is difficult to approximate it with the
Lorentz function. The optimized device has a high internal quantum efficiency, and the
carriers involved in the luminescence are more composite with the standard Boltzmann
distribution, with high recombination efficiency and small recombination rate fluctuations.
Therefore, the EL spectrum of the optimized device is more regular and smoother.

3.3. Band Structure

The device structure of the above-presented ULED is derived from our previous QRIP-
LED device. In order to have a deeper understanding of the fundamental reason for the
performance enhancement of the optimized device, we calculated the band structure of
the QRIP-LED device and the recombination rate inside the device. In the band structure
calculation process, the ratio of conduction- and valence-band-offsets is assumed to be
6:4. Figure 5a,b shows the device band structure of the QRIP-LED device at 0 V bias and
2 V bias, respectively. In order to have a more intuitive inspection of the performance of
the ULED part, we have given a magnified picture of the ULED part. We can find that at
0 V bias, the device is not turned on, so the recombination rate in each functional layer
is 0. When the ULED is turned on, we can find that the recombination rate in the active
layer area of the device can be close to 3 × 1020 cm−3s−1. In comparison, we applied a
bias voltage of about 1.67 V in OLED to ensure the same electric field intensity as in the
ULED device. The device band structure diagrams at bias of 0 V and 1.67 V are shown
in Figure 5c,d, respectively. Similar to ULED, under 0 V bias, the LED is not turned on,
so the recombination rate in each functional layer is 0. However, when the energy band
becomes flat, and the device is turned on, we find that the recombination rate in the active
region of the device can reach about 3 × 1026 cm−3s−1. This value is 6 orders of magnitude
higher than that of the ULED device, which is the fundamental reason for the performance
improvement of the device shown in Figure 4a.

A detailed analysis of the device band structure shows that although the doping
concentration of the device active region is the same (1 × 1018 cm−3), the thickness of the
ULED active region is only one-fourth of the thickness of the OLED active region. In theory,
a thinner active region can give full play to the advantages of double heterojunction LEDs
and improve the internal quantum efficiency of LEDs. However, if the active region is
too thin, carriers may flow over the active region, thereby decreasing injection efficiency.
The poor electron-hole injection efficiency will directly affect the radiative recombination
efficiency of the active region. In addition, we can find that the energy of potential barriers
on both sides of the ULED active region is low, and the restriction effect on the carriers
in the active region is poor, resulting in a relatively low radiative recombination rate of
the device. The high potential barriers on both sides of the OLED active region can better
constrain carriers and increase the carrier concentration in the active region. The gradient
barrier structure design in OLED also improves the carrier injection efficiency. Under the
premise of thick active layer thickness, high heterojunction barrier and gradient barrier
design, the ELE of OLED is significantly better than that of ULED. However, it must be
pointed out that, in theory, the integral recombination efficiency of the OLED active region
is more than 6 orders of magnitude higher than that of ULED, which is somewhat different
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from the experimental results. We attribute this phenomenon to the design of the thick,
heavily doped cap layer structure in the OLED device. Although this structure provides
sufficient space for the processing design of the microstructure, it also causes relatively
serious reabsorption and sacrifices some ELE of LED devices.
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3.4. Electroluminescence Uniformity

The surface luminescence uniformity of the LED device was characterized and cap-
tured by the Andor CCD camera (iKon-M 934 BR-DD) (Oxford Instruments, Oxfordshire,
UK), and the results are shown in Figure 6. It can be found that the ULED device in
Figure 6a begins to emit obvious light at a current greater than 40 mA (4 A/cm2). Moreover,
the light emission of ULED is extremely uneven. Only a small area in the center of the
device can emit light.

Even if the injection current increases to more than 50 mA, the entire device surface
cannot achieve the whole surface uniform emission. This is another manifestation of low
LED efficiency. On the contrary, Figure 6b shows that OLED can emit light even at a very
weak injection current of less than 1 mA, and the light emission is extremely uniform. In
addition, we also found that under weak current conditions (<5 mA), some small light-
emitting hot spots appeared in the device. However, it is worth noting that these hot spots
are not particularly bright, and the intensity is not significantly higher than the intensity of
the entire device’s surface emission. When the injection current is 10 mA, the hot spotlight
emission is basically at the same order of magnitude as the background light intensity, and
the impact is almost eliminated. In Figure 6c, we found that as the temperature increases,
the luminous intensity of the device gradually decreases, which is consistent with the
previous efficiency and spectrum results.
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4. Conclusions

In conclusion, we proposed a surface microstructure coupled LED to improve the
performance. We grew a thick GaAs cap layer on the surface of the optimized LED device
for microstructure etching. A detailed process flow chart for device preparation is also given.
We studied in detail the enhancement of the electroluminescence efficiency of LED devices
with the surface microstructures. The results show that the electroluminescence efficiency
of devices with surface microstructures is 35% higher than that of planar structures when
the temperature is below 20 K. The microstructure enhancement effect will be somewhat
weakened due to the enhancement of non-radiative recombination of the device when the
temperature rises. This problem can be optimized by introducing a subsequent passivation
process. We also conducted an in-depth comparative study on the performance of the
optimized device with ULED at cryogenic temperatures. The results show that OLED
devices have a significant improvement in electroluminescent efficiency, emission spectrum,
and luminescent uniformity. Among them, at 4 A/cm2, the ELE of OLED is 5 orders of
magnitude higher than that of ULED and has a more regular and smooth luminescent
spectrum line shape. At the same time, the minimum turn-on current of OLED is 3 orders
of magnitude smaller than that of ULED. Finally, we compared the surface luminescence of
OLED and ULED devices. The experimental results show that the surface luminescence
of OLED is more uniform without overly bright luminescent hot spots, which is an ideal
candidate for upconversion devices. This work lays a solid foundation for the realization
of high-performance broadband upconversion devices and pixelless imaging.
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