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ABSTRACT: Although flexible monolithic bifunctional devices % Detection + Lighting ’
are significant for next-generation optoelectronic devices, it is quite

—
challenging to realize them. In this work, a flexible monolithic \ : t .( ..\. :
device with both functions of emission and self-driven detection | N N °r1°—. |
has been proposed and demonstrated successfully. By a quick o :_w——‘\
electrochemical etching method, the device is created using a lift- : ! ]

off (In,Ga)N film detaching from the epitaxial silicon substrate.
The Si removal is beneficial for releasing stress and reducing the

Photocurrent density

I
Qoo ]
internal polarization effects under bending conditions, keeping the & | . 0... : J
electroluminescence peak wavelength quite stable. With good o \
flexibility, the monolithic bifunctional device can maintain both 0 3 6 9 12 <
stable detection and emission performance under bending Curvature (m™) Extra electric field

conditions. Furthermore, two functions of detection and lighting

of the flexible monolithic device can not only be realized separately but also simultaneously. This means that the flexible monolithic
device can detect and emit light at the same time. With the advantages of miniaturization and multifunctionality, this work paves an
effective way to develop new monolithic multifunctional devices for both self-driven detection and wearable intelligent display.

1. INTRODUCTION easily damaged. In general, some conventional integrated
devices are often realized by transceiver separation chips,

Light-emitting diodes (LEDs) are highly energy-efficient and
which have some problems such as low efficiency, weak

long-lasting, making them ideal for various applications such as

indoor and outdoor lighting.'~ With the advantage of ultralow compactness and poor robustness.”” Therefore, it is still very
energy consumption, self-driven photodetectors (PDs) are the attractive but extremely challenging to realize a single-piece
indispensable devices in various applications, such as optical flexible device with both functions of emission and self-driven
communications, remote sensing, industrial automation, and detection."®

environmental monitoring.” Self-driven nanotechnology aims In our previous works, we proposed an electrochemical
at building a self-driven system that operates independently, (EC) etching method to detach GaN-based materials.'”'® In
sustainably and wirelessly.” In general, the dual functions of this work, we detach the (In,Ga)N film from the original Si
photoemission and detection are operated by two separate substrate by the EC method and transfer it to a flexible,
devices of LED and PD rather than a single monolithic device, conductive substrate. The flexible conductive substrate was
which requires additional power supply eqéuigment, making the obtained by sputtering indium—tin oxide (ITO) on a
system more cumbersome and expensive.” = Furthermore, the polyethylene terephthalate (PET) substrate. Then a flexible
monolithic device can greatly enhance the adaptability and monolithic bifunctional device is fabricated successfully based
largely reduce the volume and weight of the system.” Hence, on the lift-off (In,Ga)N film. The light response performance
due to the increasing demand for multifunctionality, under different incident light powers and the influence of the

portability, and miniaturization, the ability of integrating the
PD and LED into a single monolithic device is essential for the
next-generation optoelectronic devices.”"’

In addition, the (In,Ga)N materials have the advantages of
long lifetime and small size," > as well as the direct and tunable -
band gap.'' However, the general epitaxial substrates for Rec_e“'ed: October 27, 2023
growing (In,Ga)N materials are rigid, which means that they Revised:  January 15, 2024
are quite difficult to be used for preparing flexible devices.'>"” Accepted:  January 24, 2024
Furthermore, because of withstanding large mechanical Published:  February 3, 2024
deformation under bending conditions,"* the preparation
processes for the flexible monolithic bifunctional device are

flexible substrate on the detection and emission performance of
the device are investigated. Importantly, the two functions of
detection and lighting are realized simultaneously for the
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Figure 1. (a) Epitaxial structure of (In,Ga)N thin films. (b) Flowchart of preparing the flexible device. (c) Side view STEM image of the GaN-
based film after EC etching. (d) Enlarged STEM image of the (In,Ga)N/GaN MQWs. AC-STEM images of the (e) GaN and (f) (In,Ga)N

crystals.

flexible monolithic device. This work provides a valuable
approach to develop flexible detection and emission mono-
lithic devices.

2. EXPERIMENTAL PROCEDURE

2.1. Preparation of the (In,Ga)N Film. In Figure 1a, we
grew the GaN-based epitaxial structure on Si (111) using metal
organic chemical vapor deposition (MOCVD). Following the
growth direction, the epitaxial structure includes an AIN
nucleation layer [~330 nm, T (growth temperature) ~ 1080
°C], a (AL,Ga)N multilayer buffer (~600 nm, T = 1050 °C),
an unintentionally doped GaN layer (~800 nm, Tg = 1020
°C), and a Si-doped n-GaN layer (~2800 nm, [Si] ~ 8 X 10"
ecm™¥; Tg = 1020 °C). It is followed by 9-period (In,Ga)N/
GaN multiple quantum wells (MQWs) of approximately 3/9
nm (Tg & 750 °C), a Mg-doped p-(Al,Ga)N electron-blocking
layer (EBL) of ~30 nm ([Mg] ~ 1 X 10*° cm™; T ~ 940
°C), a Mg-doped p-GaN layer (~60 nm, [Mg] ~ 3 x 10"
em™; Tg ~ 940 °C), and a heavily Mg-doped p-GaN contact
layer (~20 nm, [Mg] ~ 2 X 10*° cm™3; Tg ~ 940 °C).

After MOCVD growth, S nm/5 nm Ni/Au metal was
deposited on the surface of the 2 in. sample to prepare the
current spreading layer (® in Figure la). The sample was
divided into 15 X 15 mm sized fragments, which were cleaned
with acetone and isopropyl alcohol for 10 min, respectively.
Then the lithography processes were performed to obtain
electrodes of regular size and shape for current expansion.
After that, the annealing process was carried out to make the
nickel—gold alloy layer have both high transparency and
electrical conductivity.

2.2. Fabrication of the Flexible (In,Ga)N Film and the
Monolithic Device. The Sn/Pb alloy was melted to connect
the Si and conducting wire with an electric soldering iron
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(Figure 1b). In order to avoid corrosion of the Sn/Pb alloy
during the EC process, epoxy resin was used to cover the Sn/
Pb alloy but expose wires. The Pt sheet and sample were
immersed in 1 mol/L nitric acid (HNO;) during the EC
process solution, serving as the anode and cathode,
respectively. Further details can be found in the refs 17,19.
Before the transfer process, the silver paste was smoothed on
the top surface of the indium—tin oxide (ITO) layer. After
being detached from the Si substrate, the (In,Ga)N film was
transferred to the surface of a silver paste. Then, the sample
was kept at 130 °C for 30 min to solidify the silver paste.

2.3. Characterization and Measurement Methods. In
order to characterize the photoelectric response, the PD
characteristics were measured by using a semiconductor
parameter measuring instrument (Agilent B1S00A). The
light-emitting diodes (LEDs) were used as lighting sources
for the detection measurements. As a key parameter, the
responsivity (R) of the PD is calculated by the following
equation

In
R= P
Sdevice'Pinc ( 1 )
P, is the incident optical power density, and I, is the

optical response current. The effective area of the device
(Sgevice) is 0.04 cm?. Electroluminescence (EL) spectra were
achieved by a current injection. To characterize the
morphology and element distribution, spherical aberration-
corrected scanning transmission electron microscopy (AC-
STEM, Talos F200X, FEI) with high-resolution energy-
dispersive X-ray (EDX) imaging was used.

https://doi.org/10.1021/acsomega.3c08503
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3. RESULTS AND DISCUSSION

Figure lc illustrates the distinct (In,Ga)N/GaN and (Al,Ga)-
N/GaN interfaces within the (In,Ga)N/GaN MQWs, (Al,Ga)
N EBL, and p-GaN areas, underscoring the agreement between
the epitaxial structure and the design. Moreover, the distinct
lattice fringes observed in (In,Ga)N and GaN crystals (Figure
1d—f) signify excellent crystallinity in the active region.

As the detection measurements can be accomplished at 0 V
bias, the monolithic device is proposed to have the function of
self-driven detection.”’ > The photocurrent (In) gradually
increases with the increase in incident light—power intensity
(Pyne), demonstrating a dependency on the light power (Figure
2a). When the P, is about 1.8 mW cm™?, the responsivity (R)
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Figure 2. (a) Photoswitching behaviors of the monolithic bifunctional
device under 365 nm illumination with different incident power
densities. (b) Photocurrent density and responsivity as a function of
the incident light-power density. (c) Photoresponse curve of the
device under illumination at a zero-voltage bias.

can reach 231.3 yA W' (Figure 2b). The limitation of the
number of electron hole pairs in the device, coupled with the
increase in carrier scattering and charge recombination rate
caused by self—heatin§, results in the response current density
tending to saturation.”" According to eq 1, the increasing speed
of I, is smaller than that of P,,, leading to a decreased R
(Figure 2b). The key parameters contain the rise time (t,,.) for
the photocurrent increasing from 10 to 90% of its peak value
and the decay time (f;) for that decreasing from 90 to
10%.>%%° Figure 3c illustrates that the rise and fall times are 66
and 91 ms, respectively.

In addition, to demonstrate the flexibility and stability of the
self-driven PD, bending experiments of the device are
completed, as shown in Figure 3a. When bending the PD
under different curvature conditions, the clear and stable light-
switching behavior can still be achieved (Figure 3b).
Furthermore, the photocurrent density generated at a
curvature (K) of 11.2 m™' can remain about 68.3% of the
photocurrent density generated in the flat state (Figure 3c).
Therefore, the PD has good flexibility and stability in the
bending states.

In order to characterize the luminous performance, the
luminous power of the device under different bending states
was measured, as shown in Figure 3a. The clear EL spectra
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Figure 3. (a) Schematic bending model of the flexible bifunctional
device. (b) Photoswitching behaviors of the flexible bifunctional
device under 365 nm illumination under different bending states (K).
(c) Photocurrent density of the device as a function of curvature (K)
under illumination at a 0 V bias.

demonstrate that the flexible device has another function of
illumination (Figure 4a). When the bending curvature of the
film increases from 0 to 11.2 m ™', the cyan EL peak wavelength
remains quite stable, only shifting 0.4 nm. In addition, the
effective luminous area of the device is 0.094 cm? When the
bending curvature of the substrate is 0, 7.9, and 11.2 m~}, the
luminous power is around 224.9, 145.4, and 134.7 yW cm™?,
respectively (Figure 4b). In other words, the optical power of
the flexible device generated at the curvature of 11.2 m™' can
remain at about 60% of the maximum value generated in the
flat state. Therefore, the flexible device can still have good
luminous performance in a large bending state.

Figure 5 illustrates the schematic diagrams of the measure-
ment models and energy bands of the (In,Ga)N films under
irradiation. When external light radiation is applied (Figure
Sab), the photogenerated electrons and holes begin to flow
(Figure Sc). When the (In,Ga)N film is bent and then
stimulated by UV pulses (Figure Sb), the piezoelectric charges
can be generated at the ITO/(In,Ga)N interface,”’ causing the
energy band to be bent upward (red curve in Figure 5d). This
curved band state can result in slower carrier transport,
resulting in a decrease in the optical responsivity (Figure 3c).
When the forward bias is applied to the two electrodes of the
device, electrons and holes are injected into the active region
of the MQWs to emit light by combination (Figure Se). It is
clear that the transport directions of the detection and lighting
processes are opposite. When we bend the (In,Ga)N film and
then apply a forward bias, the same curved energy band state
can slow down the carrier transport (Figure 5f), resulting in a
decrease in the luminous power of the device (Figure 4b).
Moreover, the removal of the epitaxial Si substrate by the EC
method is beneficial for releasing stress, leading to reduce the
internal polarization effects.”® Hence, the EL peak wavelength
can remain quite stable under bending conditions (Figure 4a).

To realize the two functions of detection and lighting at the
same time, when the flexible device is in the detection state
(Figure Sa), the forward bias is also applied to its two
electrodes to make it emit light (Figure 6a). As clearly shown
in Figure 6a, the flexible device can achieve an obvious optical
switching response and stable luminescence, which proves that
the device can successfully have stable detection performance
even under a luminescence condition. In addition, under the
stimulation with the same incident optical power densities, the
direction of photocurrent under a luminescence condition is
opposite to that under a nonluminescence condition. In order
to investigate the relationship between the photocurrent
direction and voltage, the device under a low voltage was
measured (Figure 6b). When the voltage is very small (0.1 V),
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Figure 4. (a) EL spectra of the flexible monolithic device with different K. (b) Light power of the flexible bifunctional device with different K. To
make it more accurate, the results are the average data of those measured three times.
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Figure 5. (a) Schematic diagram of measuring the flexible
bifunctional device in the flat state. (b) Schematic diagram of
measuring the flexible bifunctional device under bending. The energy
band diagrams of (c) the flat device and (d) the bent device are
obtained under illumination. The energy band diagrams of (e) the flat
device and (f) the bent device under the current injection. For a
clearer illustration, the 9-period (In,Ga)N/GaN MQWs are simplified
as 3-period MQWs in the schematic energy band diagrams.

the direction of the photocurrent is similar to that under 0 V
bias. When the voltage is increased to 2.4 V, the photocurrent
direction reaches a critical value. As the voltage continues to
increase, the direction of the photocurrent will change from
downward to upward. This is because under luminous
conditions, the direction of the transport of electrons and
holes in the device is affected by the applied electric field and
the incident light. When the voltage is low, the impact of the
incident light is greater, and the electrons and holes move
normally (Figure 6¢). When the voltage continues to increase,
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current injection, with the extra biases of (d) 2.5 and (e) 2.6 V for
lighting.

the effect of the applied electric field gradually increases to
affect the movement direction of carriers, resulting in a change
in the direction of the response current (Figure 6d). As the
applied electric bias increases, more photogenerated electrons
and holes are driven to produce a higher photocurrent (Figure

6e).

4. CONCLUSIONS

In this work, the (In,Ga)N film is detached from the original Si
substrate by the EC method to realize a flexible monolithic
bifunctional device successfully. Such a flexible device has both
functions of emission and self-driven detection under different
bending conditions. The EL peak wavelength of the device
remains quite stable under different bending conditions,
resulting from stress release and reduced internal polarization
effects. Thanks to the good flexibility, the monolithic device
can maintain both stable self-driven detection and emission
performance under large bending condition. To meet the
requirements of miniaturization and multifunctionality, the
flexible monolithic device can perform two functions of
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detection and lighting at the same time. Due to the
requirements of affordability, compactness, and energy
efficiency, the versatility of flexible monolithic bifunctional
devices can extend to wearable solid-state lighting, communi-
cation, and monitoring applications.
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