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A Flash-Induced Robust Cu Electrode on Glass Substrates

and lts Application for Thin-Film ULEDs

Jung Ho Shin, Jung Hwan Park, Jeongmin Seo, Tae Hong Im, Jong Chan Kim,
Han Eol Lee, Do Hyun Kim, Kie Young Woo, Hu Young Jeong, Yong-Hoon Cho,

Taek-Soo Kim, II-Suk Kang, and Keon Jae Lee*

A robust Cu conductor on a glass substrate for thin-film ULEDs using the
flash-induced chemical/physical interlocking between Cu and glass is
reported. During millisecond light irradiation, CuO nanoparticles (NPs)

on the display substrate are transformed into a conductive Cu film by
reduction and sintering. At the same time, intensive heating at the boundary
of CuO NPs and glass chemically induces the formation of an ultrathin

Cu,O interlayer within the Cu/glass interface for strong adhesion. Cu
nanointerlocking occurs by transient glass softening and interface fluctuation
to increase the contact area. Owing to these flash-induced interfacial
interactions, the flash-activated Cu electrode exhibits an adhesion energy of

displays based on individual chip transfer
have already been demonstrated in a
150 inch commercial TV on the Consumer
Electronics Show (CES) 2020. However,
due to the time-consuming and expensive
process of multimillion individual chip
transfer for UHD TV, chip-based WLED
has limitation in the mass production of
low-cost ULED displays. In contrast, thin-
film ULED based on mass transfer of more
than 10 000 LED chips in one time has
great potential to reduce the product price
of ULED panels.’4 Although many inno-

10 | m~2, which is five times higher than that of vacuum-deposited Cu. An
AlGalnP thin-film vertical pLED (VLED) forms an electrical interconnection
with the flash-induced Cu electrode via an ACF bonding process, resulting
in a high optical power density of 41 mW mm=2. The Cu conductor enables
reliable VLED operation regardless of harsh thermal stress and moisture
infiltration under a high-temperature storage test, temperature humidity
test, and thermal shock test. 50 X 50 VLED arrays transferred onto the
flash-induced robust Cu electrode show high illumination yield and uniform
distribution of forward voltage, peak wavelength, and device temperature.

Inorganic-based micro-light-emitting diodes (ULLEDs) have
attracted significant attention for next-generation displays that
can replace conventional organic light-emitting diodes (OLEDs)
and liquid crystal displays (LCDs) because of their fast response
time, high power efficiency, and outstanding stability.! fLED

vative studies of thin-film WLED technolo-
gies have been performed, little effort has
been devoted to the fundamental materials
in LLED devices and their effect on perfor-
mance, reliability, and adhesion control.
Material issues with thin-film WLED
are related to the epitaxial wafer, target
substrate, electrode, transfer, and pack-
aging B> Glass is currently one of the
most widely used display substrates for
TVs, smart phones, and tablet PCs.[20-23]
Electrode materials for thin-film PLEDs
on a glass substrate need to be carefully optimized to improve
RC delay, power efficiency, stability, and production cost. Cu
is an attractive material for thin-film ULED electrodes due to
its remarkable conductivity (5.98 x 10° S cm™),124l high robust-
ness,*>?l and cheap price (=6500 times cheaper than Au),*’]
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as proven by the industrial application of copper interconnects
in a-Si TFT-LCD.[?8-3% Nonetheless, poor Cu adhesion on glass
substrates induces the electrode delamination under minor
environmental stresses of temperature and humidity, leading
to the breakdown of current-driven pLEDs.[?82%31 Metal inter-
layers such as Mo, Cr, and Ti at Cu/glass interface have been
proposed; however, they possess a drawback of galvanic reac-
tion during the wet etching process, causing the damage and
disconnection of metal lines.['-33 To solve the inherent atomic
mismatch, chemical and physical reactions at the interface
between Cu/glass should be investigated.

Light-material interactions have been spotlighted for the
surface chemistry of interface via nonequilibrium reactions
within extremely short time and focused layer.3**¢l Spati-
otemporally controlled photoresponse at the boundary of het-
erogeneous materials has demonstrated remarkable interface
innovations, including nanointerlocking and phase separation
that cannot be obtained by traditional thermal annealing.[*->2
From a view point of cost-effectiveness, xenon flash lamps with
pus—ms illumination have been exploited to replace industrial
excimer lasers in mass production, because of their broad light
spectrum, large scalability, and high compatibility to roll pro-
cess.#3 Our group reported a flash-induced stretchable Cu
conductor with outstanding adhesion to polymer substrates via
multiscale interfacial interlocking.l™ To take advantage of flash
light sources for display substrates, transient photothermal
reactions near the glass transition temperature of =600 °C
should be employed for physical interlocking, electrode deterio-
ration, and interface-limited chemistry.

Herein, we report a highly robust Cu electrode on a glass sub-
strate for AlGaInP thin-film ULEDs via flash-induced interfacial
chemistry and physical interlocking. By millisecond flash-material
interactions, the CuO nanoparticles (NPs) were photoreduced to
conductive Cu. Simultaneously, a Cu,O interlayer was formed
between the glass and Cu electrode by chemical reaction for
strong adhesion interface, as confirmed by scanning transmis-
sion electron microscopy (STEM) and Raman spectroscopy. Finite
element analysis (FEA) simulations verified that intensive photo-
heating was focused at the interface between CuO and substrate,
due to the low thermal conductivity of glass, resulted in the for-
mation of Cu,O interlayer. In addition, flash-induced physical
interlocking of the Cu electrode to the display substrates was
achieved by glass softening and subsequent nanoscale rough-
ening of the Cu/glass interface without oxidation and ablation of
the upper electrode. A quantitative double-cantilever beam (DCB)
peel test was conducted to measure the adhesion energy of photo-
sintered Cu on glass, and it was found to be five times higher
than that of vacuum-deposited Cu. An AlGaInP thin-film vertical
ULED (VLED) was electrically interconnected to a flash-induced
Cu electrode using Au/Ni coated particles, exhibiting a high
optical power density of 4 mW mm™. The environmental sta-
bility of LLED and flash-activated Cu was evaluated by reliability
examinations such as the high-temperature storage test, tem-
perature humidity test, and thermal shock test. 50 x 50 thin-film
VLED arrays with an average luminescence of 331 cd m™ were
demonstrated with uniform distribution of forward voltage, peak
wavelength, and device temperature. Robust AlGaIlnP VLEDs on
the glass substrate confirmed the feasibility of flash-induced Cu
electrodes for thin-film WLED displays.
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Figure 1a schematically illustrates the overall concept
of flash-induced robust Cu electrode and its application to
AlGaInP thin-film VLEDs. The following is a detailed expla-
nation: i) CuO NPs spin-coated on a glass substrate (Corning
Lotus Display Glass) were transformed into a continuous Cu
film upon flash light irradiation, inducing successive photo-
thermo-chemical reactions including sintering and deoxidi-
zation. Simultaneously, two types of flash-induced interfacial
interactions (chemical and physical interlocking) occurred
due to intensive heating between the CuO NP layer and glass,
resulted in a durable Cu conductor on a glass substrate. The
photochemical interfacial reaction successfully formed an
extremely thin Cu,O interlayer within the constrained Cu/glass
interface, resolving the inherent atomic lattice mismatch.
Physical interlocking of the photoreduced Cu/glass interface
was induced through transient glass softening and subsequent
interface roughening, increasing the contact area between Cu
electrode and substrate. ii) Flash-processed Cu conductors pat-
terned with microscale resolution were electrically intercon-
nected to a 50 x 50 array of thin-film pLEDs using a one-step
transfer via an anisotropic conductive film (ACF). The out-
standing robustness of Cu electrode allowed stable VLED oper-
ation without electrical/optical degradation, despite of severe
thermal stress and moisture infiltration.

Figure 1b shows the flash-induced temperature distribution
of CuO NPs on a glass substrate, calculated by finite element
analysis (FEA), to investigate the theoretical feasibility of inter-
face chemical reaction via the spatiotemporally controlled photo-
thermal effect. The FEA simulation was performed based on
optimized processing conditions of 14.45 | cm™ energy density
and 3.6 ms pulse width for the Cu conductor with 5.6 pQ cm
resistivity (Figure S1, Supporting Information). The temperature
of CuO NPs and substrate under flash light irradiation was deter-

mined using the following heat flux equation, Equation (1)1*>°°)
aT
Q:pC§+pC-VT—V-(kVT) 1

where Q is the thermal energy caused by the flash light and C,
p, and k are the heat capacity, density, and thermal conductivity
of CuO and glass, respectively. Photon energy incident on the
CuO NPs was converted to heat, and sequentially accumulated
at the interface between CuO NPs and substrate due to the low
thermal conductivity of glass (kgass = 0.8 W m™ K™).5758 The
intensive photothermal heating of 3.6 ms illumination drasti-
cally increased the temperature of CuO/glass interface, up to
930 K, selectively inducing chemical interactions to form an
intermediate functional layer.>” Figure 1c shows the Raman
spectrum results of pristine CuO film (before flash), flash-
processed Cu conductor (after flash), and residual Cu,O film
(after flash-induced Cu etching) to confirm the interface layers
formed by photochemical reaction. The Raman spectrum of
pristine CuO film (blue line) exhibited only copper (II) oxide
peaks at 293, 343, and 626 cm™.[0%U The flash-activated Cu
conductor showed no characteristic Raman spectra, due to the
presence of free electrons hindering the light-metal interac-
tions, as indicated by the green line.’2%3 For the Cu-removed
sample (red line), prominent peaks of copper (I) oxide (Cu,0),
and glass were exhibited, indicating that a Cu,O layer was

© 2021 Wiley-VCH GmbH
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Figure 1. a) Schematic illustration of the flash-induced robust Cu electrode on a glass substrate and its thin-film ULED interconnection. i) Highly
robust Cu conductor formed by interface chemical reaction and physical interlocking, caused by intensive photothermal heating at the CuO/glass
boundary. ii) The flash-induced Cu electrode integrated with vertical thin-film pLEDs (VLEDs), enabling thin-film ULED array transfer and stable LED
operation. b) Temperature of the CuO nanoparticles on a glass substrate during flash illumination, simulated by finite element analysis (FEA). c) Raman
spectroscopy of the pristine CuO film (before flash), flash-treated Cu conductor (after flash), and residual Cu,O film after flash-induced Cu removal
(Cu etched). d) Cross-sectional scanning transmission electronic microscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS) mapping of the
flash-induced Cu electrode on a glass substrate (Cu: copper; O: oxygen).
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Figure 2. a) FEA-calculated temperature of the CuO/glass interface (Tcuojglass) at different processing conditions with pulse widths of 0.66, 3.6, and
25 ms (P;, P,, and P;, respectively). b) Cross-sectional SEM images of the flash-induced Cu electrodes processed by the photothermal treatment of
Py, P, and P; corresponding to (a). c) Top-view SEM images of the pristine glass (i) and interlocked glass (ii), respectively. The insets show the AFM
measurement results of the specimens; scale bar = 5 um. d) Double-cantilever-beam (DCB) peel test results of the flash-treated Cu electrode, at a
constant displacement rate of 0.1 mm s™'. The inset shows a photograph of the DCB specimen bonded to the Al beams for delamination force meas-
urements. e) Adhesion energy of a vacuum-deposited Cu film (VD-Cu) and the flash-induced Cu conductor (F-Cu) based on DCB delamination force
measurements. The inset shows the 3M tape peel test of VD-Cu and F-Cu, respectively.

formed at the Cu/glass interface.[**® This Cu,0O layer could
be induced via re-oxidation of the Cu conductor due to the
interfacial photothermal heating,*>%7% alleviating the atomic
mismatch between flash-induced Cu and glass for highly
robust Cu electrode.”74 Figure 1d presents the cross-sectional
image of flash-activated Cu on a glass substrate, as analyzed by
STEM and energy dispersive X-ray spectroscopy (EDS) map-
ping. The interfacial layer, presented as the blue colored area,
had 10 nm thickness and was homogeneously formed between
the photoreduced Cu film and substrate. The EDS mapping of
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flash-activated Cu conductor showed distinct signals of copper
and oxygen in the interlayer, confirming the existence of Cu,O
after the photothermal treatment.

Figure 2a shows the numerically (FEA) calculated tempera-
ture of CuO/glass interface (Tcyo/glss) at different processing
conditions with pulse widths of 0.66, 3.6, and 25 ms (P, P,,
and P, respectively) to study the physical interlocking. Energy
densities of 731, 14.45, and 39.65 ] cm™ were inserted into Pj,
P,, and Ps, respectively, based on experimental data for the
conductive Cu (Figure S1, Supporting Information). The flash

© 2021 Wiley-VCH GmbH
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light under P, condition could increase Tcyo/glass @bove the
glass transition temperature (T, = 600 °C), providing sufficient
thermal energy for glass softening.”>””) Physically softened
boundary between the Cu and glass could cause subsequent
fluctuation and instantaneous solidification, resulting in the
interlocking of Cu/glass interface. On the other hand, the
flash light processing of P; and P; could not form an inter-
locked interface because the heat was insufficient to modify
glass substrates. Note that P; with an energy density higher
than 731 ] cm™ induced electrode ablation via nanoparticle
vaporization, whereas P; with a flash energy above 39.65 ] cm™
led to serious Cu oxidation, due to the long time annealing.
Figure 2b shows cross-section SEM images of the Cu electrodes
fabricated with the P;, P,, and P; conditions, corresponding to
Figure 2a. After the P, treatment, the sintered Cu and glass
exhibited the interlocked interface with wavy structure. The
resulting interlocked interface could significantly increase the
Cu/glass contact area to enhance the interfacial fracture energy,
adhesion, scratch resistance, and lifetime of Cu conductor.”%
On the other hand, the Cu/glass interface caused by flash
light processing with P; and P; showed no interlocked struc-
ture, which was closely related to the glass transition tempera-
ture. Figure 2c shows top-view SEM images of pristine glass
and interlocked glass to directly observe the substrate mor-
phology changed by flash light processing. The pristine glass
substrate showed a clean surface with low average roughness
(R,), root-mean-square roughness (Ry), and maximum rough-
ness (Rpay) of 0.33, 0.414, and 3.03 nm, respectively, as shown
in Figure 2c-i. The flash-processed NPs were welded each other
to expand current path, resulting in wavy structure of the Cu
electrode as presented in Figure S2 (Supporting Information).
Figure 2c-ii presents the rough morphology of interlocked glass
surface after removing the flash-activated Cu electrode. The
photothermally treated specimen exhibited significantly high
R, Ry, and Ry, (30.6, 37, and 234 nm, respectively) compared
with the roughness values of pristine sample. These results
confirmed that the interface-limited photothermal heating suc-
cessfully induced the nanoscale interlocking between Cu and
glass substrate. Figure 2d shows the fracture force measure-
ment of flash-induced Cu conductor on a glass substrate. The
measurement was performed by a DCB peel test and high-
accuracy micromechanical equipment. Al beams were bonded
to the side of a glass substrate and a Cu electrode by an epoxy
adhesive. The ends of Al beams were repetitively loaded and
unloaded at a constant displacement rate of 0.1 mm s~ while
the applied load was monitored as a function of the displace-
ment. In the initial stage, the DCB specimen was elastically
loaded without severe breakage, but as the load increased to
8 N, the Cu conductor started to delaminate from the glass. The
load-versus-displacement curve showed a consistent decrease
after the applied load reached the critical point of 8 N, indi-
cating successive crack propagation within the Cu/glass inter-
face. Multiple cycles of loading, crack growth, and unloading
were performed on the specimen to obtain the experimental
values required to calculate the adhesion strength between the
Cu electrode and the glass substrate. Figure 2e presents the
adhesion energy of flash-processed Cu conductor (F-Cu) and
vacuum-deposited Cu thin film (VD-Cu) on a glass substrate
based on the DCB peeling force measurements. The adhesion
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energy of flash-exposed electrode was 10 ] m2, exhibiting 500%
higher adhesion force than that of vacuum sputtered Cu. Fur-
thermore, the flash-processed electrode was not delaminated
by 3M tape, while the vacuum-deposited metal film was com-
pletely peeled off by the same tape, as presented in the inset of
Figure 2e. This outstanding robustness of flash-processed Cu
conductor could be attributed to the photochemically induced
ultrathin Cu,0 interlayer and physically interlocked structure at
the Cu/glass interface.

Figure 3a illustrates a layer-by-layer schematic of AlGaInP
VLEDs integrated with a flash-induced robust Cu on a glass
substrate. The flash-induced Cu film was patterned in a linear
shape with a minimum width of 80 pm by selective etching pro-
cess, as depicted in Figure S3 (Supporting Information). The
AlGalnP vertical ULED chips were transferred from a mother
GaAs wafer to the Cu pattern lines via ACF bonding process.
The LED chips were passivated with SU-8 epoxy of 10 um thick-
ness to prevent device contamination, followed by the top metal
deposition. The electrical interconnection of flash-induced Cu
and LED chips was formed by conductive Au/Ni particles in
ACF under a heat of 190 °C and high pressure of 3.5 MPa.

Figure 3b compares the optical power density of VLEDs
integrated with the robust Cu conductor and vacuum-deposited
Cu electrode on glass substrates, as a function of input cur-
rent density. Excellent output power of the thin-film uLED
was achieved in proportional to the injection current without
serious thermal degradation, resulted from the outstanding
heat sink of flash-induced bottom Cu electrode. As presented
in the inset of Figure 3b, the ULED on flash-processed Cu
exhibited strong illumination with an optical power density of
41 mW mm~2, which was 35% higher than that of the LED on
vacuum-deposited Cu at the current density of 1200 mA mm=™.
In addition, the AlGaInP LED with flash-sintered Cu electrode
had a forward voltage of =3.8 V, and was successfully oper-
ated by a wireless power supply system (Figure S4, Supporting
Information). This excellent electrical/optical performance of
AlGaInP VLED could be explained by the fact that the flash-
induced Cu conductor formed a robust interconnection with
the VLED in spite of severe thermo-compression. Figure 3c
shows the electroluminescence (EL) spectrum of VLEDs based
on the flash-activated Cu and vacuum-deposited Cu. Both
optoelectronic devices emitted a light with peak wavelength of
632.13 nm, representing that the thin-film pLEDs were fabri-
cated by same epitaxial wafer and packaging process. The CIE
coordinates of AlGalnP LED on the flash-processed Cu elec-
trode were (0.6956, 0.3022), representing high hue of red light,
as described in the inset of Figure 3c.

Figure 4a schematically illustrates the possible degradation
mechanism of VLED on the flash-induced Cu electrode under
environmental stresses of temperature and humidity. When
moisture infiltrates the VLED through a vulnerable Cu/glass
interface, the electrode can be deteriorated by corrosion, oxida-
tion, and breakage of the Cu, interfering with the stable current
injection into the thin-film PLED. In addition, significant tensile
stress can be applied in the Cu layer due to the thermal expan-
sion mismatch between Cu and glass substrates during ambient
heating, which causes serious performance degradation of the
thin-film pPLED via electrode delamination. The reliability of
VLED with the flash-induced Cu conductor was experimentally

© 2021 Wiley-VCH GmbH
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Figure 3. a) Schematic illustrations of AlGalnP vertical thin-film uLEDs (VLEDs) integrated with the flash-induced Cu conductor, and electrical inter-
connection between the flash-activated Cu and LED via conductive particles in the thermo-compressed anisotropic conductive film (ACF). b) Optical
power density of the VLEDs on flash-processed Cu conductor (red) and vacuum-deposited Cu electrode (black) as a function of the injection current
density. The inset shows an optical microscopy image of the red light illuminating VLED fabricated with the flash-induced Cu electrode. c) Electrolumi-
nescence (EL) spectrum of the VLEDs on flash-activated Cu electrode (red) and vacuum-deposited Cu conductor (black). The inset presents the CIE
color coordinates of red light emitted from the VLED with flash-processed Cu.

compared with that of LED on vacuum-deposited Cu film
via environmental examinations such as high-temperature
storage test, temperature humidity test, and thermal shock test.
Figure 4b presents the forward voltage change and normal-
ized optical power of VLED integrated with the flash-induced
Cu conductor during the high-temperature storage test. The
ULED exhibited negligible changes in optical power and for-
ward voltage in spite of the intensive heating of 100 °C for 48 h;
this was attributed to the outstanding adhesion strength of Cu
that prevented electrode delamination from the substrates.
For the LED on vacuum-deposited Cu film, output power deg-
radation and severe forward voltage increase were observed
during the same reliability test, as described in Figure S5
(Supporting Information). Figure 4c shows the electrical/optical
performance of VLEDs on the flash-processed Cu and vacuum-
deposited Cu during temperature humidity storage tests, in
85 °C/85% relative humidity. The AlGaInP LED on flash-
induced Cu electrode maintained its initial voltage despite the
48 h of storage in a hot and humid environment, while the
LED integrated with vacuum-deposited Cu exhibited a drastic
forward voltage increase after 6 h of testing. Furthermore,
the flash-processed Cu enabled superior VLED stability com-
pared to the vacuum-deposited Cu from the perspective of
output power, as presented in the inset of Figure 4c. This reli-
able VLED performance could be demonstrated by the signifi-
cant robustness of flash-activated Cu conductor, suppressing
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electrode deterioration due to moisture infiltration. Figure 4d
shows the normalized optical power and forward voltage vari-
ation of VLED on the Cu conductor during the thermal shock
test. The AlGaInP LED exhibited consistent operation despite
the 150 cycles of harsh temperature change. The LED fabri-
cated by vacuum-deposited copper, however, had severe perfor-
mance degradation caused by 100 thermal shocks, as depicted
in Figure S6 (Supporting Information).

To verify the robust flash-processed Cu conductor,
50 x 50 AlGaInP thin-film VLED arrays were transferred and
interconnected to patterned Cu electrodes on a display sub-
strate of corning glass in one time. Figure 5a shows the forward
voltage (Vf) measurement of VLEDs on flash-induced Cu elec-
trodes. The electrical property of each LED was measured by a
parameter analyzer (Keithley 4200-SCS). Based on Ohm’s law,
the V¢ of VLED could be expressed as equation (2)787
Vi =Iac - (Re_ca + Racr + Renp) (2)
where V;is the forward voltage of VLED, I is the DC current
injected into the VLED, Rg.c, is the electrical resistance of flash-
activated Cu conductor, Racy is the electrical resistance of ACF,
and Rgpp is the electrical resistance of LED chip, respectively
(left inset of Figure 5a). Racp and Repyp of VLED had similar
values because the LED arrays were made from the same ACF
and epitaxial wafers. Therefore, the V; difference among VLEDs

© 2021 Wiley-VCH GmbH
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Figure 4. a) Schematic illustration of possible breakdown mechanism of the VLED on flash-induced Cu electrode under thermal stress and moisture
infiltration. b) Normalized optical power and forward voltage change of the VLED on flash-induced Cu electrode during the high-temperature storage

test (T=100 °C, I =1 mA).

c) Forward voltage change in the VLEDs on flash-induced Cu (red) and vacuum-deposited Cu (black) during temperature

humidity storage test (RH =85%, T =85 °C, | = 500 [LA). The inset shows the normalized optical power of VLEDs on the vacuum-deposited Cu (black)
and flash-processed Cu (red) during the temperature humidity storage testing. d) Normalized optical power and forward voltage change of the VLED

on flash-induced Cu electrode during thermal shock test (Tygn = 110 °C, Ty, =

would be determined by the Rg.c, of VLED at constant DC cur-
rent. As presented in the right inset of Figure 5a, 10 X 10 sub
VLED arrays selected from the 50 x 50 LEDs displayed no sig-
nificant difference in V; (except for four dead pixels) at 1 mA
current injection due to the uniform electrical resistance of
flash-induced Cu electrodes. Figure 5b presents the tempera-
ture distribution of 50 x 50 VLED arrays under a constant cur-
rent injection of 30 mA. To measure the temperature of ULEDs,
the overall light emitting region was divided into 10 partial
areas consisting of 5 x 50 pixels, as illustrated in the left inset
of Figure 5b. The VLED temperature changed within 1.5 °C
in each LED area, while the median temperature of 10 LED
areas ranged from 25 to 26 °C. The thin-film uLEDs exhibited
a consistent temperature of around 27 °C regardless of oper-
ating time, as presented in the right inset of Figure 5b. Note
that the flash-induced Cu uniformly dissipated the heat gener-
ated by the VLEDs without severe electrode damage owing to
high Cu/glass adhesion. Figure 5c shows the luminance distri-
bution of AlGaInP VLED arrays measured at 35 mA injection
current. The average output power of ULEDs was 331 cd m
under absolute dark condition, which was comparable to the
optical performance of a commercial smart-phone display
panel.B% The 7 X 7 mm? sized light-emitting area had little dark
spots, indicating the high transfer yield of thin-film uLEDs on
the robust flash-induced Cu electrodes, as shown in the inset
of Figure 5c. The inset of Figure 5d shows the pure red light
illumination of 50 x 50 VLED arrays on the flash-induced Cu
electrodes at 30 mA injection current. Figure 5d displays the
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—40 OC, tdwel\ =15 min, =1 mA)

wavelengths of 200 LEDs among the 50 x 50 VLEDs, indi-
cating uniform distribution with a prominent peak wavelength
of 623.3 nm and a standard deviation of 0.224 nm (Figure S7,
Supporting Information). These high production yields and
uniform optical performance of VLED arrays demonstrated
the remarkable compatibility of flash-induced Cu electrodes for
thin-film pLED displays.

In summary, we developed a robust flash-induced Cu elec-
trode on a glass display substrate for pLEDs via chemical and
physical interlocking between the Cu and glass. During one
shot of 3.6 ms flash illumination, CuO NPs on a glass substrate
were transformed into a Cu conductor by chemical reduction
and sintering. Simultaneously, the photothermal heat accu-
mulated at the boundary of CuO and glass, forming a 10 nm
thick Cu,0O interlayer between photoreduced Cu and glass, to
resolve inherent atomic mismatch. A flash light with a pulse
width of 3.6 ms and energy density of 14.45 ] cm™ softened the
glass substrate and caused Cu nanointerlocking, increasing the
Cu/glass contact area and interfacial fracture energy. Electrode
adhesion enhancement of the flash-induced interface interac-
tions was verified by comparing the adhesion energy of flash-
activated Cu (10 ] m™) and vacuum-deposited Cu (2 ] m™)
via DCB peel test. The AlGaInP VLED formed a robust inter-
connection with flash-induced Cu electrode despite of harsh
ACF bonding conditions (190 °C heat and 3.5 MPa pressure),
resulting in a high output power of 41 mW mm™ and a peak
wavelength of red light with 626.32 nm. The VLED on flash-
processed Cu conductor presented consistent forward voltage

© 2021 Wiley-VCH GmbH
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Figure 5. a) Normalized forward voltage (V;) of 10 X 10 LEDs among 50 x 50 VLED arrays on flash-induced Cu electrode at an injection current of 1 mA.
The left inset schematically describes the V; measurement of VLED and the parameters that determined the V; of VLED. b) Temperature distribution
of the 50 x 50 VLEDs at an injection current of 30 mA. The inset shows a schematic illustration of the LED area consisting of 5 x 50 pixels (left) and
temperature measurements of the VLED arrays during 300 s of operation (right, | = 30 mA). c) Luminance distribution of 50 x 50 VLED arrays on
the flash-treated Cu electrode (I = 35 mA). The inset shows a pseudocolor luminance image of VLEDs. Colored spots in the image indicate the light
emitted by the VLEDs. d) Peak wavelength of 200 LEDs among 50 x 50 VLED arrays on the flash-activated Cu electrode. The inset shows a photograph

of the VLED arrays illuminating pure red light.

and optical power even after 48 h of intensive heating (100 °C),
48 h of moisture infiltration (85 °C/85% RH), and 150 cycles
of thermal stress (—40 °C/110 °C). The 50 x 50 VLED arrays on
flash-activated Cu electrode exhibited high transfer yield, sim-
ilar forward voltage, small temperature change within 1.5 °C,
and uniform wavelength distribution with a standard deviation
of 0.224 nm. Flash-based Cu interconnection technology can be
an important tool for fabricating low-cost LLED displays.

Experimental Section

Flash-Induced Cu Fabrication: A CuO nanoparticle ink (NovaCentrix
Corp.) was spin-coated onto a glass substrate at 2000 rpm and dried in
60 °C oven for 2 h. A flash light illuminated the CuO nanoparticles on
the glass substrates to induce photochemical reduction and sintering,
resulting in the formation of flash-induced Cu electrode. To optimize
the electrical resistivity of Cu electrode, the CuO NPs were treated by
flash light with different pulse widths and energy densities, as shown in
Figure S1 (Supporting Information).

Characterizations: Cross-sectional morphologies of the flash-induced
Cu electrode and the CuO nanoparticles were observed by means
of FIB-SEM (Helios Nanolab 450 F1, FEI) and TEM (Talos F200X,
FEI) in Kaist Analysis Center for Research Advancement (KARA). The
elemental compositions of the photoreduced Cu conductor and the
CuO nanoparticles were monitored by EDS (Talos F200X, FEl). The
Raman spectroscopy of the pristine CuO, photosintered Cu, and the
residual Cu,O film was performed by the high-resolution Raman system
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(LabRAM HR Evolution Visible_NIR, HORIBA). The cross-sections of
the flash-processed Cu conductor with different flash pulse width were
observed by SEM (SU5000, Hitachi).

VLED Fabrication: AlGalnP epitaxial layers grown on n-type GaAs wafer
were served as the active material, as shown in Figure S8a (Supporting
Information). Figure S8b (Supporting Information) indicates that Cr
(10 nm) and Au (50 nm) were deposited as ohmic contact on the LED
surface, followed by the chip isolation via inductively coupled plasma
reactive ion etching (ICP-RIE). During the 300 s of the dry etching, the
pressure was maintained at 10 mTorr under the gas condition of Cl,
(60 sccm) and Ar (10 sccm), and the plasma was occurred by the bias
of 400 W/100 W. As depicted in Figure S8c (Supporting Information), the
exposed GaAs wafer was passivated by photoreactive polymer to protect
the bottom electrode during GaAs etching. The flash-induced Cu electrode
on the glass substrate was pattered by high-resolution photolithography
and wet etching, and served as the bottom electrode of the VLED as
displayed in Figure S8d (Supporting Information). To prevent the damage
of the Cu electrode during GaAs etching, the electrode that was not
covered by the LED wafer was protected by the photoreactive polymer.
Figure S8e (Supporting Information) presents that the LED chips on the
GaAs wafer were interconnected with the flash-induced Cu conductor
via the ACF bonding process. As described in Figure S&f (Supporting
Information), the GaAs wafer was selectively etched by the solution
consisting of the citric acid (CgHgO;) and hydrogen peroxide (H,0,)
(volume ratio of 6:1) at the ambient temperature of 60 °C, followed by
removing the polymer for the electrode protection. The LED chips and
the bottom electrode were passivated by the photoresist (SU-8 3010)
using a conventional photolithography technique. AgNW solution
(Nanopyxis Corp.) was spin-coated at 1500 rpm on the passivation layer
followed by solvent drying, and Cu (100 nm) was deposited by e-beam
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evaporator. Both conductors were patterned to form top electrode of the
VLED, as represented in Figure S8g (Supporting Information). Figure S8h
(Supporting Information) displays that the photoresist (SU-8 3005)
covered the entire VLED except the end of the electrodes for the device
encapsulation.

VLED Performance Measurements: The EL spectrum, peak wavelength,
and optical power of the VLEDs were measured by optical spectroscopy
(AvaSpec-UIS2048-RS, Avantes Corp.). The |-V characteristic of the
VLED was measured by a semiconductor characterization system
(Keithley 4200-SCS) with current sweep mode. The forward voltage of
the VLED arrays was analyzed using the same equipment under the
constant DC current of 1 mA. The luminescence of the VLEDs was
investigated by 2D color analyzer under the injection current of 35 mA.
The temperature of the VLED arrays was measured by the thermometer
with the thermocouple under the injection current of 30 mA.

Reliability Tests of the VLEDs: The high-temperature storage test was
conducted by the mechanical convection oven (Myoungsung Engineering
Corp.) under the ambient temperature of 100 °C. For temperature humidity
test, the VLEDs were placed in the temperature humidity chamber under
the condition of 85 °C/85% RH. During one thermal shock cycle, the
VLEDs were alternately placed in hot chamber (110 °C) and cold chamber
(—40 °C) with the dwell time of 15 min. The electrical/optical properties of
the LEDs were measured after every 50 thermal shock cycle.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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