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Abstract
Wedemonstrate a transferable blue light-emitting diode (LED) fabricated using a cost-effective
approach. Bymeans of solution-based electrochemical etching, an ultrathin free-standingmembrane
can be obtained from a commercial III-nitride LEDwafer. Themembrane, containing a full LED
structure (including p-/n-type layers andmultiple quantumwells) epitaxially grown on a sapphire
substrate, is transferable to foreign substrates with a simple lift-off process facilitated by
electrochemical etching. After fabrication, optical properties of the thinfilm aremassively improved,
accompanied by a 17-fold enhanced photoluminescence normal to thefilm surface. Prototype
transferable blue LEDs are realized on both a copper-coated glass substrate and a polypropylene
substrate. The devices exhibit a high performance with bright emission at 447 nmunder electrical
injection at room temperature.

1. Introduction

Flexible light-emitting diodes (LEDs) have attractedmuch attentions because of their promising applications in
foldable-displays [1], smart-clothing [2], biomedical analysis [3], and visible-light communications [4]. Organic
LEDs (OLEDs) and colloidal quantumdot LEDs (CQD-LEDs) have been developed and studied in the last two
decades for this purpose [5, 6]. Comparedwith such devices, III-nitride semiconductor LEDs have a higher
internal quantum efficiency (IQE), a better chemical stability and a longer lifespan, especially a broader
waveband extending to the blue-ultraviolet (UV) region [7, 8]. However, high-brightness III-nitride LEDs
require a low-defect density, which is only achievable on special rigid substrates (e. g. sapphire and Si) by
epitaxially growth [9], despite that some groups demonstrated transferable III-nitride films grown on two-
dimensionalmaterials [10–12]. In addition, owing to the large refractive index (2.4), the critical angle of III-
nitrides is as small as∼23°, which leads to a small light extraction efficiency (LEE). Therefore, it is imperative to
develop a technique to transfer the high-brightness III-nitride films from their host substrates to foreign ones,
while enhancing (at least not deteriorating) the IQE and LEE.

Conventionalmethods to release the III-nitride epitaxial layers utilize laser lift-off or chemical etching [3,
13–16]. The former approach requires high-powerUV laser, which is employed tomelt theGaN layer close to
the substrate side by back illumination. This technique has been demonstrated useful in transferring high-
quality LEDs to an arbitrary substrate [17–19], but the involvement of expensive lasers, double-side polished
transparent substrates and low yields increases the cost [20]. In 2011, Kim et al developed amethod to transfer
III-nitride LEDs by chemical etching the Si (111) substrate usingKOH solution [21]. The anisotropic etching
introduces thin anchor bars underneath the epitaxial film, facilitating the transfer process. Thismethod has a
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high throughput in generating large-area transferablemicro-LEDs.However, the alkaline solution is also
corrosive to III-nitrides [22, 23]. Recent work reveals that electrochemical etching away the host substrate is a
prospective way to fabricate transferable III-nitride devices [24–33]. Comparedwith chemical etching,
electrochemical etching provided a higherflexibility to enhance the controllability (thus the selectivity) via
adjusting the external bias (e.g. value, time, direction and so on) [34–36]. Apart from chemical etching,
photoelectrochemical etching has been developed to transfer III-nitride films [37–41]. Such a process needs to
be carried outwith the assistance of light illumination from the backside to remove a sacrificial layer. It is found
that pyramid-like nano-cones can formby etching c-planeGaN,which is helpful to improve LEE [41]. In
comparison, electrochemical etching is reported to introduce either nanopores or complete etching (polishing)
depending on the conditions [42]. However, there is limitedwork in electrochemical lift-off technology,
obtaining high quality free-standing (FS)films for transferable LEDs is still extremely challenging [27, 43]. In this
work, we present an approach to separating bluemultiple quantumwells (MQWs) from sapphire substrates, by
selectively removing a heavily doped n-GaN interlayer using electrochemical etching. After fabrication, an ultra-
thin FSfilm exhibits a drastically enhanced photoluminescence (PL) intensity by 17 times normal to the surface.
The FSfilm can be easily lifted-off and transferred to an external substrate by applying a tiny external shear force
between the etched and unetched layers.With thismethod, wefinally demonstrate a proof-of-concept
transferable LEDwith clear blue emission under electrical injection.

2. Experiments

The sample employed in this work is a commercial blue-LEDwafer grown bymetal-organic vapour deposition
(Xiamen PowerwayAdvancedMaterial, Co. Ltd, China). Thewafer contains a 220 nmp-GaN layer (with a
doping concentration of∼6×1017 cm−3), 10-pairmulti-quantumwells (well/barrier thickness=3/14 nm)
above the super-lattices (SPLs), and a 2.5μmthick n-GaN layer (with a doping concentration of
∼1×1019 cm−3), grown on c-plane sapphire substrate. Thewafer was diced into 0.5×1 cm2 stripes to
perform the electrochemical etching implemented in 3.5MHNO3 acid solution, with external bias supplied by a
source-meter (Keithley 2400). After etching, themorphology of the samples was inspected by scanning electron
microscope (SEM). Steady-state PLwasmeasured using amonochromator (Horiba iR-320, Japan) equipped
with a thermoelectric cooled charge-coupled device, a close-loop helium-cooled cryostat down to 10K, and a
325 nmHe-Cd laser (KimmonKoha, Japan) as the excitation source. Time resolved PL (TRPL)was carried out
by focusing a 375 nmdiode laser (pulsewidth=40 ps) beamdown to∼1 um spot on the sample by a 50×
objective lens. Excited signals weremeasured by a fast-response photodetector with electronic counting unit.
The overall time resolution of the system is less than 100 ps. The optical uniformity was investigated by a
commercial confocal PL system (Witec alpha 300R)with a 325 nm laser and a 100× objective lens.
Electroluminescence aremeasured by source-meter (Keithley 2400) andfibre coupled spectrometer (Ocean
optics 2000).

3. Results and discussion

The proposed fabrication procedure is schematically shown infigure 1. The key idea is that a heavily doped
n-GaN layer underneath the optically active area is electrochemically etched, such that a free-standing (FS)
membranewith the blueMQWswill be obtained (figures 1(a) and (b)). Following this, the sample is placed face-
downon an adhesive substrate. By applying aminor shear force, the FSmembranewill be detached from the
sapphire substrate (figure 1(c)).With such a simple lift-off process, the optically active layers can be transferred
to a foreign substrate for further device fabrication (figure 1(d)).

Previous work shows that themorphology of electrochemically etched n-GaN strongly depends on the
doping concentration and applied bias [35]. Our experience is similar with previous conclusions. In general, in
order to obtain FSmembranes, a heavy doping concentration (>1019 cm−3) and a large voltage (>10V) should
be used [35]. In addition to this, the etchant concentration is also important. For example, when theHNO3 as
the etchant is less than 1M, nanopores are easily to form;while at a high concentration (>3M), electro-
polishing tends to happen. In our experiment, the electrochemical etchingwas performed in a 3.5MHNO3

solutionwith a 15Vbias for 20 min. Figure 2(a) schematically shows the experimental set-up. A piece indium
was pasted on a small areawhere it was pre-etched to n-GaNby inductively coupled plasma (ICP); and a
platinumbarwas utilized as the counter electrode. Since the electrochemical etchingmechanismofGaNhas
beenwidely discussed in a number of previouswork [35, 36, 44]; here we just briefly explain the etching process.
As schematically illustrated infigure 2(b), the electrochemical etching is dominated by oxidation ofGaN to
generate solublematerials in acidic environment to form a suspending film supported by unetched structures.
Initially, nanopores were formed in the n-typeGaN layer (figure 2(c)).With increasing etching time, the
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nanopores intended to grow and to coalescence (yellow arrow infigure 2(d)) to form the suspendingmembrane,
leaving behind some areas less etched (red arrow infigure 2(d)). Figure 2(e) shows the obtained FSmembrane,
where the bending is due to strain relaxation by electrochemical etching. Figure 2(f) is a close-view of the squared
area infigure 2(e), clearly showing hollow regions formed underneath the FSmembrane (yellow arrow in
figure 2(f)), also named as electropolishing in some literature [45]. In themeantime, we also see that the edges of
the thinfilms are polished during the etching process (black arrow infigure 2(f)). Figure 2(g) exhibits the top
view after etching, where a smooth surface is observed. In order to investigate themorphology of the backside,
the samplewas transferred to a copper coated glass (Cu/Glass) substrate in a facing-downmanner, using silver
paste as the adhesivematerial (figure 1(c)). After the silver paste drying out, a slight shear forcewas exerted to
detach the film from sapphire (figure 1). As shown infigure 2(h), unetched n-GaN areas are observed in the
backside. The inhomogeneous etching process is likely owing to space charge region formed near defects, which
prohibits currentflow and thus stops etching. This is under investigation.

The optical properties of our transferred samples are firstly studied by PLmeasurement at room temperature
normal to the sample surface. As shown infigure 3(a), the peak position of the PL spectrum after fabrication
locates at 447.5 nm,with a 0.9 nm redshift comparedwith the as-grown sample (446.6 nm). This observation is
in contrary to the blueshift generated from alleviated quantum-confined Stark effect by strain relaxation, as was
observed in nanopatternedMQWs. This anti-intuitive phenomenon is worthy of a future investigation, which
may be relatedwith the excitation of an ultra-thin film and changing of stain status; leading to band gap
narrowing [46–48]. The integrated intensity of the FSmembrane is 17-fold higher than that of the as-grown
sample, implying a significant improvement of the quantum efficiency. To understand this, we performed
temperature-dependent PL (TDPL)measurements from10 to 300K. The integrated TDPL intensity as a
function of temperature reciprocals is shown infigure 3(b).With increasing temperature, the brightness
decreases drastically due to thermally related nonradiative recombination. The data can bewell fitted into an
Arrhenius relationshipwith two recombination channels as shown infigure 3(b), i.e., by fitting into

⎡⎣ ⎤⎦( ) ( )( ) /= + - + -I t I A B1 exp expE

kT

E

kT0
a b [49, 50], where A andB are fitting parameters, and Ea an Eb are

recombination energies with related to the two channels. Thefitting parameters A, and Bof the as-grown sample
(FSmembrane) are 15.5 and 0.28 (25.5 and 0.87); and the Ea and Eb of the as-grown (FSmembrane) are 0.061
and 0.003 eV (0.243 and 0.007 eV), respectively. Assuming all the thermally activated nonradiative channels,
which dominate the nonradiative recombination in our sample, are frozen at 0K. IQE can be evaluated by using
the ratio of room temperature PL intensity over the one at 0 K (IR/I0, where IR and I0 are PL intensities at room
temperature and 0K.). Fromourfitting results, we obtained the IQE of the as-grown sample and FSmembrane
are 37.5% and 41.8%, i.e. an enhancement of 11.5% (with respect to the value of the as-grown sample). The
slightly increased IQE is further corroborated by time-resolved PL (TRPL)measurements. As shown in
figure 3(c), the decay traces of the as-grown and FS-membrane samples arewellfitted into a bi-exponential
decay [51]. The carrier life times of the as-grown sample and FS-membrane are 17.0 ns and 18.4 ns, respectively.

Figure 1. Schematic of the transferrable FSmembrane fabrication, (a) as-grown LED-wafer withMQWs, (b) FSmembrane formed by
EC etching, (c) the FSmembrane pasted on a foreign substrate, with an external shear force exerted on the sample, (d) the sapphire
substrate peeled off, leaving the optically active layers integratedwith the foreign substrate.
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It is known that the radiative recombination dominates the slow part of the carrier life time at room temperature
[52, 53]. Therefore, the increased lifetime at room temperature indicates an enhanced IQE.

Nevertheless, the enhancement in IQE ismuch less than 17-fold overall enhancement in the PL intensity, the
largest value reported so far. The reflection (14%) from the backside (Agpaste) is also taken into consideration,
which also enhances the optical pumping. In themeantime, as the increased surface-to-volume ratio (1.52:1),
optical pumping efficiency is further enhanced (we ignored the difference of pumping efficiency between bulk
and thinfilm here). By ruling out all these factors, the total enhancement is still about 8.5 times, attributing to the
improved LEE. To verify our hypothesis, we conducted the confocal PLmapping (with a 300 nm spatial
resolution, and the objective working distance of 2mm) to check the optical uniformity. Before this, we fabricate
another sample on polypropylene (PP) substrate, with amethod identical to the one used onCu/Glass.
Figures 4(a) and (b) show the spatial distribution of PL intensitymeasured at a centre wavelength of 447 nmwith
±20 nmwidth. It is observed that the position and shape of the ‘bright spots’ exactly copy those of residual
n-GaN clusters (synchronous optical images shown in the inset offigure 4(a) and inset offigure 4(b)). The PL
intensity of ‘bright spots’ is 24 times higher than that in ‘flat’ region, leading to an average 17 times enhancement
on amacro scale. Note that in our experiments, all the PLmeasurements aremeasured normal to the sample

Figure 2. (a) Schematic of the experimental set-up for EC etching, (b) illustration of the electrochemical etching process, (c) cross-
sectional SEM image of the sample after 5 min etching (scale bar=400 nm), (b) cross-sectional SEM image after 10 min etching
(scale bar=400 nm; red arrow: less etched area; yellow arrow: nanopores coalesce to form a bigger holes), (e) SEMbird-view image of
the FS-membrane obtained by EC etching (scale bar=5μm), (f) close-view of SEM image of the FS-membrane (scale bar=800
nm); where the n-type region is etched away (yellow arrow). And top-view of the front-side (g) and backside (h) of the FSmembrane
before and after transferred on toCu/glass substrate (scale bar=2μm).
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surface, which is at the focal plane of collecting lenses. This configuration is subjected to the direction of the
emission light, whichmay lead to errors in the evaluation.Nevertheless, it doesn’t affect the decisive conclusion
that the enhanced LEE is the dominating role. Detailed research on themechanism of the enhanced LEE is
complicated [54]; and is subjected to further investigations.

To the end of ourwork, we fabricated proof-of-concept transferrable blue LEDs onCu/Glass and PP
substrates. Silver epoxy is used as the adhesivematerial (for the transfer) aswell as the p-type contact, andTi(10
nm)/Au(100 nm) rings (200 um the inner diameter and 400 the outer diameter) are deposited by thermal
evaporator at room temperature on the residual n-GaN as n-type contact. Inset offigure 5(a) shows the top-view

Figure 3. (a)Room temperature PL spectra of the as-grownwafer and FSmembrane, (b)normalized integrated PL intensity as a
function of the temperature reciprocal (black and blue solid curves arefitting results of the as-grownwafer and FSmembrane), (c)
time-resolved PL of the as-grownwafer and FSmembrane, where the red and green solid curves arefitting results.
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of the device from an opticalmicroscope (onPP), where small fringes are from the corrugations formed during
the transfer. Current-voltage (IV) curves of the devices are shown infigure 5(a). Both devices show similar turn
on voltages at 4.7 (onCu/Glass) and 5.1V (onPP), higher than the planar devices directly fabricated on an
epitaxial wafer (∼2.6 V) due to the imperfect ohmic contact in the p-type side [55]. In themeantime, a reverse
current of 0.5mA (corresponding to 1.3mA cm−2) at−5V indicates a current leakage (comparing to∼0.1μAof
the planar device fabricated on an epitaxial wafer), possibly due to undesired conducting paths formed during
themanual transfer. Electroluminescence (EL) under various injection current are presented infigures 5(b) and
(c). By increasing the injection current from1 to 10mA, the EL exhibits a bright emission peak at∼437 nm. The
integrated intensity of the EL spectra as a function of the injection current is shown infigure 5(d). Both curves
exhibit a sublinear behaviour, fitted into I∝ Jα, where I, J andα are EL intensity, current and fitting parameter,
respectively [56]. It is obtained thatα=0.47 and 0.3 for the device onCu/Glass and PP substrates, respectively.
The deviation ofα fromunit value indicates the carriers are not efficiently converted into emitting light. Except
for the nonradiative recombination, current leakage and the quality of contacts are supposed to be themajor
reason. This work demonstrates that electrochemical etching facilitates transferable bule LEDs based on

Figure 4.Confocal PLmapping of the FSmembrane transferred ontoCu/glass (a) andPP (b) substrates, (insets are the corresponding
opticalmicroscopy images of themeasured areas, scale bar=5μm).
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commercial epitaxial wafers. It is worth to point out that thefinal LEDperformance depends strongly on the
fabrication process, which is a limitation of this work.Nevertheless, there are several ways to further enhance the
device performance, (1)One can use double n-type doping layers with oneworking as the sacrificial layer, which
will improve the n-type contact. (2)Abetter pre-fabricated p-type contact on the device and the foreign
substrate. (3)Amechanically controlled transfer process, such as transfer-printing [57].

4. Conclusion

In summary, an ultrathin FSmembranewith a thickness of∼420 nmcomprising of a full LED structure (p-/n-
layers andMQWs) is fabricated using electrochemical etching approach. Themembrane can be transferred to
arbitrary foreign substrates, such as Cu/Glass or PP, from the host sapphire substrate with a simple lift-off
process. The optical properties aremassively improved primarily due to the enhanced LEE as a result of surface
texturing alongwith amoderately enhanced IQE. Prototype transferrable blue-LEDs under electrical injection
are demonstratedwith excellent performance. This work demonstrates a cost-effective technology for
transferable blue LEDswithout complicated facilities. Therefore, we believe it is important in III-nitride
community.
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