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ABSTRACT  

We report the first demonstration of a flexible white phosphor-converted light emitting 

diodes (LEDs) based on p-n junction core/shell nitride nanowires. GaN nanowires containing 7 

radial In0.2Ga0.8N/GaN quantum wells were grown by metal-organic chemical vapor deposition 

on a sapphire substrate by a catalyst-free approach. To fabricate the flexible LED, the nanowires 

are embedded into a phosphor-doped polymer matrix, peeled off from the growth substrate and 

contacted using flexible and transparent silver nanowire mesh. The electroluminescence of a 

flexible device presents a cool-white color with a spectral distribution covering a broad spectral 

range from 400 to 700 nm. Mechanical bending stress down to a curvature radius of 5 mm 

doesnot yieldany degradation of the LED performance. The maximal measured external quantum 

efficiency (EQE) of the white LED is 9.3% and the wall plug efficiency is 2.4%. 

mailto:maria.tchernycheva@u-psud.fr
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White light emitting diodes (LEDs) have received worldwide attention in recent years, 

motivated by their significant role in reducing global energy consumption thanks to the high 

efficiency of solid-state lighting. Two approaches have been mainly developed. The first 

approach combines red, green and blue LEDs that must be carefully balanced to generate stable 

white light. However the dominant technology in consideration of price-performance merits 

relies on the second approach, which combinesa single blue nitride LED (440-460 nm) with a 

part of blue light down-converted with yellow phosphors (560 nm), such as for example 

cerium-doped yttrium aluminum garnet (YAG:Ce)
1,2

.  

Recently, a new class of three-dimensional LEDs based on nitride nanowires (NWs) has 

emerged and is today intensively studied by academic laboratories and industrial groups as a 

potential competitor to thin film LEDs
3,4

. Regarding white NW LEDs, the main effort has been 

concentrated on the phosphor-free approach using nitride emitters with different In content to 

produce white light by color mixture. This approach is generally realized using axial NW LEDs 

grown by molecular beam epitaxy since this growth technique allows to achieve high In content 

required for long wavelength emission
5-12

. Vertical ZnO NW based LEDs with a broad visible 

emission band has been investigated as well
13

. The possibility to combine blue NW LEDs with 

phosphor down conversion has also been recently suggested
14

.  

There is a strong interest to develop flexible light emitters in order to extend the LED 

usage to other types of applications such as for example wearable displays, curved or flexible 

television screens, biomedical devices and in general non-flat light sources
15-18

..Nowadays, the 

key technology for flexible white emitters is dominated by white phosphor-converted organic 

LEDs (OLEDs) and white OLEDs by mixing of different colored emitters
19-24

. Thanks to the 

efforts of the past decades, OLEDs are now commercialized and offer specific advantages such 

as their low cost, their compatibility with various flexible substrates and a relative ease of 

processing. However, they still suffer from a poor time stability and from a rather low wall-plug 

efficiency at high luminance, especially for the blue component of the color mixture
25-28

. On the 

contrary, nitride semiconductors have excellent performance in the blue spectral range in terms 

of luminance and efficiency and offer a typical lifetime of 10
5
 hours

29
. Therefore, there is a 

strong interest to develop an alternative to organic emitters by fabricating flexible white sources 

using nitride technology.  

Flexible nitride LEDs were manufactured from 2D layers by micro-structuring and making 

use of a transfer process, which typically employs either laser lift-off or etching of a sacrificial 

layer
17,30-33

. Alternatively, nanostructures such as NWs or micro-pyramids have been used to 

fabricate blue and green flexible LEDs
34-38

.In addition to nitrides, ZnO NW arrays grown 

directly on a flexible substrate have been used to demonstrate LEDs with a broad visible 

emission band
39-41

.One additional interest in downscaling the emitter size is the possibility to 

achieve quasi-continuous extended emitters with a small volume of the active material without 

the need for light-spreading plates used in display backlighting systems based on standard nitride 

LEDs
42

. Recently, we have demonstrated flexible bi-color LEDs based on vertical nitride NWs 

encapsulated into a flexible polymer membrane
38

. However, no flexible white phosphor-

converted NW LED has ever been reported so far.  
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Here we demonstrate and characterize flexible phosphor-converted white LEDs based on 

core/shell n-p junction NWs grown by catalyst-free metal-organic chemical vapor deposition 

(MOCVD). The active region contains 7 radial InGaN/GaN quantum wells producing a blue 

electroluminescence peaked at ~437 nm. To form the flexible devices, the NWs are embedded 

into polydimethylsiloxane (PDMS) mixed with YAG:Ce nanophosphors, peeled-off from their 

growth substrate and contacted using a silver nanowire transparent mesh. Large area (~5×6mm
2
) 

flexible devices are fabricated. The flexible LEDs exhibit a cool-white electroluminescence (EL) 

with a broad wavelength spectrum from 400 to 700 nm covering almost the entire visible range. 

The device bending down to radii of 5 mm does not show any performance degradation. The 

maximal measured external quantum efficiency (EQE) of the white flexible LED is 9.3% and the 

wall plug efficiency is 2.4%. This technology opens prospects for future efficient, high-

brightness and large area flexible white light sources. 

EXPERIMENTAL METHODS 
Self-assembled GaN NWs with core/shell n-p junction based on radial InGaN/GaN 

multiple quantum wells (MQWs) were used for device fabrication as a blue light source. These 

wires were grown on c-sapphire substrates by MOCVD in a closed coupled showerhead reactor. 

The method to grow catalyst-free 𝑐 -axis GaN NWs consists of the following steps: (i)in situ 

pretreatment of the sapphire surface (bake and ammonia nitridation) to promote the formation of 

a N-polar surface, (ii)in situ thin SiNx layer deposition acting as a partial mask, (iii) nucleation of 

GaN seeds, and then (iv) growth of GaN NWs at 1040°C and 800 mbar combining a low V/III 

ratio (with trimethylgallium (TMGa) and ammonia (NH3) as III and V precursor, respectively) 

and a high silane (SiH4) flux to favor the vertical growth (see details in ref. 43). A highly n-

doped GaN segment (~10 µm, 10
20

 cm
-3

) was grown first, followed by a non-intentionally n-

doped GaN segment (~15 µm, 10
19

 cm
-3

). Then, 7 InGaN/GaN quantum wells were radially 

grown around the GaN NWs at 400 mbar using triethylgallium (TEGa), trimethylindium (TMIn), 

and ammonia (NH3)
44,45

. The InGaN wells (resp. GaN barriers) were grown at 720°C (resp. 

900°C) with a targeted thickness of 3 nm (resp. 10 nm) and an In content of about 20%. The 

quantum wells were covered with a p-doped thick GaN shell grown at 920°C using 

biscyclopentadienyl-magnesium precursor (Cp2Mg) followed by an activation dopant annealing 

(20 min, 750°C under N2) leading to a few 10
17

 cm
-3

hole concentration. Note that the quantum 

wells and the p-GaN shell do not grow on the highly n-doped base part of the GaN NWs due to 

the spontaneous formation of a SiNx passivation layer on the wire sidewalls related to silane 

injection
46

. Fig. 1a) and b) show scanning electron microscopy (SEM) images of as-grown NWs 

with a typical wire density of about 10
6
 cm

-2
 and a diameter in the core/shell part varying from 

700 nm to 2 µm. The internal NW structure is illustrated in the schematic of Figure 1b). The 

radial growth of the MQWs and p-GaN is evidenced in Fig. 1c) showing a transversal cross-

section image obtained by scanning transmission electron microscopy (STEM) using high-angle 

annular dark-field (HAADF) detector. The wire slice is prepared by focus ion beam technique 

with an orientation perpendicular to the wire growth c-axis. The STEM image taken along the 

[0001] zone axis allows to estimate the typical thickness of wells and barriers to be 3.5 and 14 

nm, respectively. The thickness of the p-GaN shell is about 160 nm. Structural defects (mainly 

dislocation and stacking faults) are visible on the shell part (white lines) as previously reported in 

Ref. 47. 
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Figure 1. a) 30° tilted SEM image of core/shell InGaN/GaN NW grown on c-sapphire. b) 

Detail of a single wire showing the core/shell QW region and its schematics. c) Transversal 

cross-sectional STEM-HAADF image taken along the c-zone axis showing the shell structure 

with the MQWs and p-GaN.  

A commercial nanophosphor YAG:Ce (3.3 %wt) has been selected for demonstration 

purpose (see the SEM image in the inset of Fig. 2)). It absorbs the blue LED radiation through 

the allowed 4f
1→5d

1
 Ce

3+
 transition and emits yellow light via the reverse mechanism. These 

nanophosphors represent a benchmark for LED phosphors with a strong absorption for blue 

LED, a fast decay time that prevents saturation quenching and no time degradation due to the 

environment or optical excitation. The quantum efficiency of such materials is generally larger 

than 85 %, but many optimizations using other ions (Eu
2+

, Mn
4+

…) and ceramics (oxides, 

halides…) are still under way to maximize the conversion efficiency and the color rendering
48

. 

The inset of Fig. 2 shows the SEM image of the nanophosphors with a grain size smaller than 

500 nm, which is completely compatible with the space around the wire assembly of Fig. 1a). 

The emission and excitation of the selected nanophosphor has been measured by a Hitachi F-

4500 spectrophotometer in PDMS, water and acetonitrile to check their dependency on the 

environment (via the dielectric effect and different agglomeration due to the matrix ionicity and 

mixing conditions). The typical emission (ex502 nm) and excitation (em568 nm) spectra of 

nanophosphors in PDMS are shown in Fig. 2 (mass ratio YAG:Ce phosphor/PDMS=1:20). The 

excitation spectrum reveals two broad bands at about 350 and 500 nm wavelengths, respectively, 

arising from the 4f (4f
1
) to 5d (4f

0
 5d

1
) transitions in the electronic configuration of Ce

3+
. The 

500 nm peak has two components at about 450 and 500 nm coming from the interaction of the 

phosphors with PDMS or agglomeration (see the discussion in supplementary materials with the 

measurements in water and acetonitrile). These bands, as discussed later, match with the blue 

emission of commercial (In)GaN chips and also match the electroluminescence of the core/shell 

NW LED used for phosphor pumping in this investigation. The emission spectrum has a similar 

large full width at half maximum (FWHM) of 0.4 eV with a maximum centered at 568 nm 

wavelength compatible with the realization of a white light emitter. 



 5 

 

Figure 2. Emission (ex502 nm) and excitation (em568 nm) spectra of Y3Al5O12:Ce
3+

 

(3.3 % wt.) nanophosphors embedded in PDMS. The inset shows an SEM image of the 

nanophosphors. 

Fig. 3 illustrates the fabrication steps of the flexible white LEDs. First, a Ni/Au (3nm/3nm) 

layer is sputtered on the InGaN/GaN shell after protection of the lower n
+
-GaN part by a photo-

resist. After the lift-off of the photo-resist, the Ni/Au layer is annealed at 400 °C under oxygen. 

This step is crucial to achieve an ohmic top contact with the silver nanowire transparent mesh. 

PDMS doped with YAG:Ce phosphor (mass ratio YAG:Ce phosphor : PDMS=1:20) is then spin-

coated on the NW array to fill the space between the NWs. It should be noted that the phosphor 

powder has been milled before being mixed into PDMS to reduce the agglomeration of 

phosphors. Nevertheless some phosphor lumps with a diameter ~10 µm could be found in 

PDMS. The PDMS/NW composite film (~25-30µm) is peeled off and the shell side of NWs is 

attached to an arbitrary host substrate. Then a Ti/Al/Ti/Au metallization is applied to the n
+
-GaN 

side. The NW/PDMS membrane is again removed from the substrate and attached to a metal foil, 

which plays the role of an external flexible contact connecting the n
+
-GaN side. The PDMS 

residues are etched to uncover the NW top parts. Silver NWs are then spin-coated to form the top 

transparent flexible electrode connecting the p-GaN side of the NWs. Finally, the LED surface is 

capped with PDMS mixed with YAG:Ce phosphor to enhance the light conversion. The surface 

of the fabricated white LED is 5×6 mm
2
. 

A reference flexible blue LED sample has been fabricated for comparison using another 

piece of the same InGaN/GaN NW wafer and following the same procedure as described above 

but without the phosphor addition. The EL spectrum of the reference blue LED under 9 V bias is 

shown in Fig. 5. The blue peak at 437 nm wavelength is ascribed to the emission of the core-

shell QWs and the green peak at ~479 nm wavelengthoriginates from the axial QW emission, as 

previously discussed in Ref. 49. 



 6 

 

Figure 3. Fabrication process flow of the flexible white LEDs based on free-standing 

polymer-embedded NWs. 

RESULTS AND DISCUSSION 
The electrical properties of the flexible LEDs were characterized in a probe station using a 

Keithley 2636 source meter. The current density-voltage (J-V) curve of the flexible white LED is 

shown in Figure 4. Two scales are presented showing the current per NW (estimated from the 

density of contacted NWs according to statistics performed on the SEM images) and the current 

density in the active radial quantum wells. In order to estimate the current density in the active 

region, we have assumed as a first approximation that the total surface of the p-GaN shell region 

of all contacted NWs contributes to the current. This assumption is likely to result in an 

underestimation of the actual current density. Indeed, because of the resistivity of the p-doped 

GaN shell the current is expected to be mainly concentrated in the upper part of the core/shell 

region, which is contacted by the silver NWs. Assuming no current spreading in the p-doped 

GaN shell, the current density values in Fig. 4 would be increased by a factor of 5. As seen in 

Fig. 4, the J-V characteristics show a rectifying diode-like behavior with an opening voltage 

around 3 V. The reverse leakage current remains below 0.6 A/cm
2
 for biases up to -7 V. The EL 

can be detected at positive biases larger or equal to 3.5 V. For comparison, the J-V 

characteristics of the reference blue LED are shown in Figure. S3.  

 

Figure 4. J-V characteristicsof the flexible white LED. The inset shows the same J-V curve 

in logarithmic scale. 
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The EL of the white LED and of the reference blue LED has been measured at room 

temperature. Figure 5 shows the EL spectra together with the PL of the nanophosphors 

embedded in PDMS. The EL spectrum of the white LED presents a broad wavelength 

distribution from 400 nm to 700 nm covering almost the entire visible spectrum range. The 

dominant emission in the EL spectrum coming from the phosphorous luminescence is peaked at 

489 nm and spreads up to 700 nm. A shoulder corresponding to the remaining unconverted blue 

EL of the NWs peaked at 437 nm is also observed.  

 

Figure 5. EL spectra under 9 V bias of the blue NW LED (blue curve) and of the flexible 

white LED (green curve), PL spectrum of the nanophosphors embedded into PDMS excited at 

502 nm wavelength (red curve). 

The operation of the flexible LED has been tested under different bending conditions. Fig. 

6 shows photographs of the emitting flexible white LED in a flat configuration (panel a) and with 

bending radii of 5 mm (panel c) and -5 mm (panel d). The emission color appears as cool-white. 

No significant change of either the current or the EL spectrum has been observed upon bending. 

After 10 bending cycles, no appreciable change appeared in the J-V or EL characteristics 

compared to the original LED performance. No degradation of the current and the EL emission 

was observed after 50 days storage of the LED in ambient conditions without any external 

encapsulation. 

We have estimated the XYZ tristimulus values of the Commission International de 

l’Eclairage (CIE) 1931. The XYZ color space values were calculated from the EL spectrum by 

the CIE color-matching functions. The chromaticity coordinates x and y were obtained as 

follows: 𝑥 =
𝑋

𝑋+𝑌+𝑍
 and 𝑦 =

𝑌

𝑋+𝑌+𝑍
. The device emission characteristics are illustrated in the CIE 

1931 chromaticity diagram shown in Fig. 6b) under an injection current of 3.9 A/cm
2
, 

corresponding to a bias of 5 V. The LED color locates at x = 0.3011, y=0.4688 outshining cool-

white light with a correlated color temperature (CCT) of 6306 K and with a color rendering 

index (CRI) of 54.   
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Figure 6. Photographs of the operating flexible white LED under bending radii of (a) 

infinity (c) 5 mm (d) -5 mm. (b) CIE 1931 chromaticity diagram of flexible white LEDs under 

injection current density of 3.9 A/cm
2
 (chromaticity coordinates x=0.3011, y=0.4688; CCT= 

6306 K; CRI=54). (e) Intensity distribution diagram of the flexible white LED (red)and that of a 

reference ideal Lambertian source (blue) as a function of the emission angle. 

The dependence of the electroluminescence (EL) intensity on the injection current has been 

investigated. Fig. 7 displays the EL spectra for increasing biases ranging from 4 V to 9 V. The 

spectral distribution covers a broad spectral range from 400 to 700 nm with a peak at around 490 

nm. The blue NW EL is visible in the spectra as a shoulder at 437 nm. No significant shift of the 

peak wavelength can be observed when increasing the injection current. 

 

Figure 7. EL spectra of the flexible white LED under biases ranging from 4V to 9V. 
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The emitted power of the flexible white LEDwas estimated using a power-meter with a 

calibrated flat spectral response. Fig. 6 e) shows the measured intensity distribution diagram as a 

function of the emission angle. At 50% of the peak intensity, the light is confined in a 45° 

angle. The measured intensity distribution diagram of the reference blue LED is shown in Figure 

S5. Both of the white and blue LEDs have a Lambertian source like behavior.The white LED 

was then positioned at a distance of 1.1 cm from the power-meter with a sensor diameter of 1.6 

cm. As a result, only the emission with a light cone angle of 72° is detected. The LED emission 

under the maximal applied bias of 11 V (current density 20.84 A/cm
2
) measured by the power-

meter sensor is 7.5 mW. 

Fig. 8 shows the external quantum efficiency (EQE) and wall-plug efficiency (WPE) as a 

function of the injection current density based on the measured emission power. The EQE is 

defined as EQE =
𝑛𝑝ℎ𝑜𝑡𝑜𝑛

𝑛𝑒−
, where 𝑛𝑝ℎ𝑜𝑡𝑜𝑛 is the number of photons emitted from the white LED 

and 𝑛𝑒− is the number of electrons passing through the device. From the EL spectrum of the 

white LED, 𝑛𝑝ℎ𝑜𝑡𝑜𝑛 is calculated by the following formula: 𝑛𝑝ℎ𝑜𝑡𝑜𝑛 =  
𝐼(𝜆)

ℎ𝑐

𝜆

 𝑑𝜆 where 𝐼(𝜆) is 

the measured optical intensity distribution normalized to get the integrated power equal to the 

experimental value𝑃𝑜𝑝𝑡𝑖𝑐  and 
ℎ𝑐

𝜆
 is the photon energy at wavelength λ. The WPE is defined as 

WPE =
𝑃𝑜𝑝𝑡𝑖𝑐

𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
, where 𝑃𝑜𝑝𝑡𝑖𝑐  is the optical power of the white LED measured by the power-

meter and 𝑃𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐  is the injected electrical power. 

At maximum the value of the EQE is 9.3% and that of the WPE is 2.4% under an injection 

current density of 14.6 A/cm
2
. It should be noted that these value are underestimated because of 

the underestimation of the actual emission power of the LEDs. Accounting for the limited solid 

angle used in the power measurements and for the intensity distribution diagram shown in Fig. 

6e), the actual values of the emission power, EQE and WPE should be multiplied by a factor of 

1.42, i. e. 10.7 mW, 13.2% and 3.4% for the power, EQE and WPE, respectively. The EQE 

exhibits a droop starting from 14.6A/cm
2
 current density under the assumption that the total 

surface of the p-GaN shell region of all contacted NWs contributes to the current. (If no current 

spreading in the p-doped GaN shell is assumed, the droop appears at higher current density 

values of 73 A/cm
2
.)The WPE and EQE characteristics of the reference blue LED are shown in 

Figure. S4.  
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Figure 8. Room temperature EQE deduced from the measured optical power versus the injection 

current density (lower scale) and the current per NW (upper scale). The inset shows the WPE. 

 

The absolute quantum efficiency versus the wavelength of the YAG:Ce phosphors is 

reported in Figure S2. The maximal yield of ~60% is achieved at a wavelength of 440 nm. This 

measured absolute quantum efficiency is consistent with an estimation from the wall-plug 

efficiency of the blue and white LEDs. Indeed, the conversion efficiency of the nanophosphor 

can be estimated as the following definition: 

η
𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟

=
𝑊𝑃𝐸𝑤ℎ𝑖𝑡𝑒

𝑊𝑃𝐸𝑏𝑙𝑢𝑒
 where 𝑊𝑃𝐸𝑏𝑙𝑢𝑒  and 𝑊𝑃𝐸𝑤ℎ𝑖𝑡𝑒  are the WPE values of the blue NW 

LED and of the white LED, respectively. Using their maximal values 

(𝑊𝑃𝐸𝑏𝑙𝑢𝑒 = 4.2%𝑊𝑃𝐸𝑤ℎ𝑖𝑡𝑒 = 2.4% ), the estimated nanophosphor conversion efficiency is 

η
𝑝ℎ𝑜𝑠𝑝ℎ𝑜𝑟

= 57.1%. 

 

CONCLUSION 
In summary, flexible white phosphor-converted LEDs based on p-n junction core/shell 

nitride nanowires have been demonstrated. Blue light from the inorganic semiconductor NW 

LEDs is down-converted with a yellow phosphor mixed in a flexible transparent polymer matrix 

embedding the NWs to generate a cool-white light. Metal foil and Ag-nanowires provide 

respectively the down and top electrical contacts ensuring high conductivity and mechanical 

flexibility. No degradation of the current and the EL emission was observed during bending or 

after 50 days storage in ambient conditions without any external encapsulation. This technology 

opens interesting possibilities for future high efficient flexible white lighting applications as well 

as for curved and flexible displays. 
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Schematic diagram (left) and photo (right) of the bended flexible white LED  

ABSTRACT  

We report the first demonstration of a flexible white phosphor-converted light emitting 

diodes (LEDs) based on p-n junction core/shell nitride nanowires. GaN nanowires containing 7 

radial In0.2Ga0.8N/GaN quantum wells were grown by metal-organic chemical vapor deposition 

on a sapphire substrate by a catalyst-free approach. To fabricate the flexible LED, the nanowires 

are embedded into a phosphor-doped polymer matrix, peeled off from the growth substrate and 

contacted using flexible and transparent silver nanowire mesh. The electroluminescence of a 

flexible device presents a cool-white color with a spectral distribution covering a broad spectral 

range from 400 to 700 nm. Mechanical bending stress down to a curvature radius of 5 mm 

doesnot yield any degradation of the LED performance. The maximal measured external 

quantum efficiency (EQE) of the white LED is 9.3% and the wall plug efficiency is 2.4%. 

mailto:maria.tchernycheva@u-psud.fr

