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Colloidal TiO2 nanoparticles were used for embossing of composite microcone arrays on III-

Nitride vertical-thin-film blue light emitting diodes (LEDs) as well as on silicon, glass, gallium

arsenide, and gallium nitride surfaces. Ray tracing simulations were performed to optimize the

design of microcones for light extraction and to explain the experimental results. An optical power

enhancement of �2.08 was measured on III-Nitride blue LEDs embossed with a hexagonal array

of TiO2 microcones of �1.35 lm in height and �2.6 lm in base width, without epoxy encapsula-

tion. A voltage increase in �70 mV at an operating current density of �35 A/cm2 was measured for

the embossed LEDs. The TiO2 microcone arrays were embossed on functioning LEDs, using low

pressures (�100 g/cm2) and temperatures �100 �C. Published by AIP Publishing.
https://doi.org/10.1063/1.5021301

Light extraction efficiencies (LEEs) higher than 80%

have been reported for blue light emitting diodes (LEDs)

using surface patterning1 and more than 90% using die shap-

ing.2 Periodic,3–5 quasi periodic,6,7 or random8–10 surface

patterning of the LED surfaces has been extensively investi-

gated, and optical power enhancements (OPE) >2 have been

reported. Patterning the surface of the gallium nitride (GaN)

layers on light emitting devices like matrices of micro-LEDs

hybridized on CMOS substrates11,12 or on thinner InGaN/

GaN LEDs is, however, more difficult to implement on a

wafer-scale (unless, in the latter case, advanced lattice

matched substrates are used).13 More recently, add-on pat-

terned layers have been introduced14–19 and may help to cir-

cumvent this issue. The developed approaches use SiN-

based or sol-gel-based photonic crystals, microprisms made

from sputtered TiO2, arrays of microstructures made from

polymers with or without high-index TiO2 nanoparticles

(NPs) in it, or grown ZnO wires. Using such methods, OPEs

between �1.1 and 2.0 have been reported for III-Nitride

LEDs. For add-on patterned layers, the choice of the high

index materials,15–17 the intimate optical contact of the add-

on layer with the III-Nitride surface,14 and the shape of the

patterned structures are the main issues to be addressed since

they critically affect extraction of photons emitted with in-

plane momentum higher than the superstrate momentum. For

example, to improve the OPE, additional recrystallization

processes (using temperature around 300 �C) were used to

reach high effective refractive indices in the deposited

metal-oxide material.13 Methods requiring lower tempera-

ture, e.g., based on polymer embossing, have been reported

with significant OPE.17 However, encapsulation in an epoxy

having a refractive index (�1.5) similar to the polymer will

“screen” the first layer/polymers and no net OPE is expected

compared to a simple encapsulation. The addition of higher

refractive index materials (e.g., TiO2 and ZnO nanoparticles)

into polymers has also been investigated as encapsulating

materials20 and more recently as light extracting structures.19

Metal oxide (e.g., TiO2) nanoparticles are transparent in the

visible spectrum and have a refractive index higher than III-

Nitrides and are easy to produce. Compared to deposited thin

films, nanoparticle assemblies are well suited to avoid

mechanical stress linked to differences in thermal expansion

coefficients. They also offer more possibilities in designing

light extracting structures, especially for three dimensional

(3D) structures. Although surface patterns composed of

metal-oxide nanoparticles have recently been investigated

for light extraction, the OPE was limited to 1.2.18

In this study, arrays of microcones made of TiO2 nano-

particle (NP) assemblies are investigated for light extraction

management in GaN-based LEDs. The microcone arrays are

embossed using a TiO2 NP solution dispersed on the target

surface and by subsequently pressing a pre-formed mold.

Using this procedure, microcone arrays were directly

embossed on functioning LEDs without etching or lithogra-

phy steps. An OPE of 2.08 6 0.06 was measured for thin

film LEDs embossed with the periodic arrays of TiO2 micro-

cones, without encapsulation in epoxy. Insights into the opti-

cal properties of the packed TiO2 NP layer and into light

extraction mechanisms are given. Moreover, the method of

embossing microstructures by packing nanoparticles was

implemented on different surfaces such as silicon, glass,

indium tin oxide (ITO) coated glass, GaAs, and GaN, to

illustrate its general applicability. The low temperatures

(from room temperature to 100 �C) and mechanical pressures

as low as 100 g/cm2 (0.1 bar) used in the embossing proce-

dure make it compatible for micro-LED-based devices

hybridized on CMOS devices.

The TiO2 NP dispersion is composed of a mixture of

rutile and anatase phases of crystalline TiO2 NPs in a water-

based solution (33–37 wt. %), commercially available from

Sigma-Aldrich, Inc. (see supplementary material). Both crys-

talline phases are transparent in the visible range with aa)Email addresses: yohan.desieres@cea.fr and anand@kth.se
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refractive index higher than GaN. The TiO2 NPs are roughly

spherical with an average diameter of �50 nm. An �1.9 lm-

thick layer of TiO2 NPs was spin-coated on a glass substrate

to investigate the optical properties of the composite/porous

(TiO2 NPs-air) material. Total, scattered, and specular reflec-

tivities of these films were measured using a UV-vis spectro-

photometer (Perkin Elmer). Quasi specular micro-reflectivity

was additionally measured using a homemade setup (spot

diameter is 20 lm and NA is 0.13) to minimize the effects

due to macroscopic thickness variations and optical scatter-

ing. Fabry-Perot oscillations (under normal incidence) in the

TiO2 NP-air composite layer were observed in the reflectiv-

ity spectra (Fig. 1). The group indices were evaluated from

the wavelength positions of the oscillation maxima and fitted

using a Bruggeman model.21,22 A good agreement was found

for wavelengths above �550 nm and for a material fill factor

of 0.58 6 0.05 (corresponding to a refractive index of

1.91 6 0.08 for a wavelength of 440 nm). This fill factor of

0.58 6 0.05 remains below the maximum fill factor of a ran-

dom packing of spherical nanoparticles (0.64).23 As seen in

Fig. 1, the agreement with this effective index model

decreases for wavelengths below �550 nm, as the ratio parti-

cle size/wavelength increases. A few percent of (Rayleigh)

backscattering was measured for wavelengths below

�550 nm, reaching 8% at 440 nm (see supplementary

material).

The pattern used to extract guided light consists of a

hexagonal array of microcones. Microcone facets can

enhance light extraction by shifting the light extraction win-

dows to higher solid angles. Ray tracing simulations were

used to investigate the impact of the dimensions of the

microcone and its refractive index on the OPE. A vertical

thin film GaN LED emitting at 440 nm was considered for

the simulations. The dimensions of the LEDs are shown in

the inset in Fig. 2. These values were taken from the LEDs

used in this work. Reabsorption in the epitaxial layers was

neglected. The pitch of the microcone array was 3 lm, and

the refractive index of the microcone was chosen as 1.9 (cor-

responding to the experimentally determined value for the

TiO2 NP layer). The height (h) and the base width (b) of the

microcones were varied in the simulations. The results for an

unencapsulated LED are reported in Fig. 2. The calculated

OPE was found to reach values above 1.8 for microcone

heights in the range of 1.3–3.5 lm and base widths in the

range of 2–3 lm. The peak value of the OPE (1.95) was

obtained for a height of 2.1 lm and a base width of 3 lm.

After encapsulation in a medium with a refractive index of

1.5 (see supplementary material), the OPE increases due to

lower refractive index contrast with the outer medium (air).

The OPE reaches its maximum value of 3.27 for a microcone

base width of 3 lm and a height of 1.3 lm. Moreover, OPE

values were above 3.1 for microcone heights in the range of

1–2.6 lm and base widths in the range of 2–3 lm. The OPE

with microcones is therefore increased compared to a flat

LED encapsulated with the same material of refractive index

1.5 (OPE¼ 2.65), pointing out the interest of using materials

of higher refractive index in the microcones than the one

used in Ref. 17.

Based on these results, a process was developed to fabri-

cate arrays of microcones on flat substrates using TiO2 NPs.

A patterned sapphire substrate from Rubicon Technology

Corporation was used as the template to mold

Polydimethylsiloxane (PDMS) which was then used as the

embossing stamp. On this sapphire substrate (the template),

the period of the cone array is 3 lm; the cone’s height and

base width were �1.7 lm and �2.8 lm, respectively. A drop

of TiO2 NP solution (20 ll) was dispersed on the sample and

the PDMS stamp was then pressed on the sample with a con-

trolled pressure (�100 g/cm2). During this process, the nano-

particles in the dispersion infill the open regions in the

PDMS stamp. Retaining the PDMS mold, the sample was

then heated at 100 �C for 15 min to remove the solvent.

Subsequently, the PDMS stamp was withdrawn from the

sample (plain substrate or device wafer) leaving behind the

pattern formed from composite TiO2 NPs on the sample.

Sample heating was used primarily to decrease the solvent

drying time, but by using longer durations, similar results

were obtained at room temperature.

A 1� 1 cm2 array of composite TiO2 NP microcones

was embossed on a variety of substrates such as silicon,

GaN, GaAs, glass, and ITO coated glass. The representative

results on GaN are shown in Fig. 3. More details are given in

FIG. 1. (a) Micro-reflectivity spectrum of an �1.9 lm-thick TiO2 NP layer

spincoated on silicon; inset: cross-sectional SEM image. (b) Analysis of

Fabry-Perot fringes from a Bruggeman model. Refractive indices of TiO2

NPs are based on Ref. 22. Error bars represent uncertainty in the thickness

of the TiO2 NP composite layer.

FIG. 2. Optical power enhancement (OPE) for an unencapsulated vertical

thin film LED with a hexagonal array of microcones (refractive index of

n¼ 1.9). A cross section of the geometry is shown in the inset. All the

microcones have the same refractive index (n¼ 1.9). The mirror reflectivity

is 0.8, and the emitting wavelength is 440 nm. Simulations were achieved

using Light tools (Ray tracing method).
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the supplementary material. Cross sectional scanning elec-

tron microscopy (SEM) images show compact nanoparticle

assemblies in the microstructure and that the embossed layer

is in intimate contact with the substrate, which is a crucial

point for the light extraction efficiency. In most cases, the

remaining TiO2 NP buffer layer was found below the micro-

cones [see Fig. 3]. Its thickness varies on the sample and

from sample to sample but is typically in the range of a few

tens to a couple of hundred nanometers. The period of the

embossed TiO2 NP microcone array was very similar to the

sapphire template period (3 lm). The variation of the height

and base width of the microcones is below 4%. However, the

microcone height and base width showed larger dispersion

from one sample to another. Taking this into consideration,

the microcone height and base width were determined to be

�1.35 6 0.1 lm and �2.6 6 0.1 lm, respectively. These val-

ues for the microcone’s geometric dimensions were consid-

ered for the evaluation of OPE of the samples.

Vertical thin-film (VTF) GaN-based LEDs with and

without embossed TiO2 structures were used to quantify the

OPE and the impact on the electrical properties of the LEDs.

The investigated LEDs were on the same wafer. The overall

thickness of our LEDs is �1.3 lm including a 200 nm-thick

p-type layer, a 100 nm-thick heterostructure based on

InGaN/GaN quantum wells, and a 1 lm-thick n-type GaN

layer. The emission wavelength of the quantum wells is cen-

tered on 440 nm. The lateral size of the LEDs is 820� 820

lm2. The lateral size of the p-type Ag-based mirror used to

evaluate the current density is 800� 800 lm2. A 1 lm thick

NiAu-based metallic grid was deposited on the n-type GaN

surface for ohmic contact and current spreading. The top

view of a fabricated LED is shown in Fig. 4(a).

The TiO2 microcone arrays were embossed on the LED

wafers using the same pattern and process described earlier.

The results show that few LEDs were properly embossed.

On these LEDs, the microcone array covers almost the entire

LED surface, even the contact lines and electrical pads [Fig.

4(b)]. On these areas, the geometric dimensions of the

embossed cones were very similar to the ones obtained on

flat wafers, typically �1.3 lm in height with a base width of

�2.6 lm. Here, we note that uniform patterns were not

obtained on all embossed LEDs. Some of them showed inho-

mogeneous surface coverage or variations in dimensions of

the embossed microcones. We believe that contact line

topography affects the spreading of TiO2 NP solution. This

surface topography issue will be absent for thin-film flip-

chip (TFFC) LEDs or micro-LED arrays hybridized on

CMOS circuits, as both p- and n-type contacts are backside

contacts.

Below, we present the morphological and electro-optic

results obtained for the 6 LEDs which gave the highest OPE

after embossing. These are located on the same 5� 5 mm2

area and close to the unembossed LEDs (located a few mm

away from the embossed area). These embossed LEDs are

labelled LED1-6 (generically LEDi), and the unembossed

LEDs are labelled REF1-5 (generically REFi). LED1-6 were

correctly embossed with microcones with only small areas

showing missing microcones. The top surface of LED5, after

embossing the TiO2 NP microcone array, is shown in Fig.

4(b). More detailed SEM images of LEDi are reported in the

supplementary material.

Electro-optic measurements were performed using a

Karl Suss microtech probing station. The electrical probes

were used to scrape away the TiO2 layer on the electrical

pads before the measurement. The LEDs have been probed

up to 200 mA (�35 A/cm2). A silicon photodiode was used

to measure the optical power emitted from the top surface

into a numerical aperture of 0.2. The main electro-optic

results after embossing are reported in Fig. 5 for LEDi and

REFi. OPEs were evaluated at an operating current of

200 mA (�35 A/cm2) and were obtained by dividing the

optical power emitted by the same LED, before and after

embossing. This eliminates LED to LED inhomogeneity. An

OPE of 2.08 6 0.06 was found for LEDi (detailed data are

reported in the supplementary material). This value is in rea-

sonable agreement with the value obtained from the ray trac-

ing simulations (OPE¼ 1.85 6 0.19), taking into account the

uncertainties in the geometric dimensions and effective

refractive index of the microcones. We believe that the scat-

tering property of the remnant buffer TiO2 NP layer also

plays a role in this discrepancy. Indeed, an OPE of �1.25

FIG. 3. Composite TiO2 NP-based microcones embossed on a GaN epilayer.

Left panel: photo camera image of the embossed sample. Right panel: SEM

top and cross-sectional (inset) views of the embossed patterns.

FIG. 4. SEM micrographs of the LED (LED5) surface (a) before and (b)

after embossing the TiO2 NP microcone array (tilted view). The inset shows

a more detailed view of the embossed microstructures.

FIG. 5. Optical power versus current (a) and current versus voltage (b) for

LED1-6 (embossed LEDs) and REF1-5 (on the same wafer but not

embossed).
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(see supplementary material) was measured from LEDs cov-

ered only with a layer of TiO2 NPs. An anti-reflection effect

cannot explain this level of enhancement, suggesting that

scattering of guided light at the GaN/TiO2 NPs or at the TiO2

NPs/air interface contributes to the light extraction process at

the emitting wavelength of 440 nm. This hypothesis is in

agreement with the scattered light measured from a thin layer

of TiO2 NPs on silicon at these wavelengths (see supplemen-

tary material). For embossed LEDs, the obtained values for

the OPE are significantly higher than those reported with other

approaches involving add-on layers made at room tempera-

ture18 and comparable to or higher than the values obtained

with approaches which require recrystallization2,15 or even

GaN patterning.6,8,24–26 Further enhancement is also expected

after encapsulation, compared to the OPE value reported in

Ref. 14.

As far as the electrical properties are concerned, an aver-

age increase in the operating voltage ofþ 70 mV (between

þ40 mV and þ100 mV) for I¼ 200 mA was noticed for

LEDi compared to REFi [see Fig. 5(b)]. This value is similar

to the dispersion of operating voltages observed for each

group (LEDi and REFi). The reasons for this increase are not

clear. Most likely, it is due to remaining NPs between the

tips and the contacts since the process temperature (100 �C)

is less likely to affect the metal contacts. Further investiga-

tions with TFFC LEDs (with both contacts from the back-

side) would be necessary to assess if the process affects long

term reliability.

In summary, composite microcone arrays based on TiO2

nanoparticles were embossed at temperatures �100 �C on

functioning GaN-based vertical thin-film LEDs emitting at

440 nm. The effective index of the composite material was

estimated to be �1.9. An optical power enhancement of

2.08 6 0.06 was measured, without encapsulation in epoxy.

This value is in reasonable agreement with the value given

by ray tracing simulations (1.85 6 0.19). Further work is

under progress to test other patterns17 and add other func-

tionalities to the composite photonic layer, like wavelength

down conversion. We believe that this study will contribute

to the development of heterogeneous integration of micro-

photonic functions on optoelectronic devices.

See supplementary material for more information on

TiO2 nanoparticles, ray tracing simulations, embossed

microcone arrays on other substrates (silicon, GaAs, glass,

and ITO coated glass), embossing results on LED1-6, prop-

erties of a thin film made of TiO2 NPs, and the impact of

microcones on trapped light.

The authors would like to thank Soitec, Inc., for

providing epitaxies, François Levy, Christophe Largeron, and

Quentin Lalauze for LED fabrication, Patrick Demars and

David Vaufrey for their help in electro-optic measurements,

and Federico Pevere for first photoluminescence trials. This

work was partly sponsored by a CEA-Eurotalent “outgoing”

fellowship and partly funded by the French ANR (Carnot

Fundings), the Swedish Research Council (Grant No. 349-

2007-8664), and the Swedish Energy Agency (Grant No.

45199-1).

1M. R. Krames, O. B. Shchekin, R. Mueller-Mach, G. O. Mueller, L. Zhou,

G. Harbers, and M. G. Craford, J. Display Technol. 3, 160 (2007).
2A. David, C. A. Hurni, R. I. Aldaz, M. J. Cich, B. Ellis, K. Huang, F. M.

Steranka, and M. R. Krames, Appl. Phys. Lett. 105, 231111 (2014).
3E. Matioli and C. Weisbuch, J. Phys. D: Appl. Phys. 43, 354005 (2010).
4J. Wierer, A. David, and M. Megens, Nat. Photonics 3, 163 (2009).
5C. F. Lai, H. C. Kuo, C. C. Chao, P. Yu, and W. Y. Yeh, J. Lightwave

Technol. 28, 2881 (2010).
6S. Jiang, Y. Feng, Z. Chen, L. Zhang, X. Jiang, Q. Jiao, J. Li, Y. Chen,

D. Li, L. Liu, T. Yu, B. Shen, and G. Zhang, Nat. Sci. Rep. 6, 21573

(2016).
7M. Rattier, H. Benisty, E. Schwoob, C. Weisbuch, T. F. Krauss, C. J. M.

Smith, R. Houdr�e, and U. Oesterle, Appl. Phys. Lett. 83, 1283 (2003).
8T. Fujii, Y. Gao, R. Sharma, E. L. Hu, S. P. DenBaars, and S. Nakamura,

Appl. Phys. Lett. 84, 855 (2004).
9S. H. Kim, H. H. Park, Y. H. Song, H. J. Park, J. B. Kim, S. R. Jeon, H.

Jeong, M. S. Jeong, and G. M. Yang, Opt. Express 21, 7125 (2013).
10C. L. Lee, S. C. Lee, and W. I. Lee, Jpn. J. Appl. Phys. 45(1), L4–L7

(2006).
11J. Day, J. Li, D. Y. C. Lie, C. Bradford, J. Y. Lin, and H. X. Jiang, Appl.

Phys. Lett. 99, 031116 (2011).
12F. Templier, L. Dupr�e, S. Tirano, M. Marra, V. Verney, F. Olivier, B.

Aventurier, D. Sarrasin, F. Marion, T. Catelain, F. Berger, L. Mathieu, B.

Dupont, and P. Gamarra, in SID Symposium Digest of Technical Papers
(2016), p. 1013.

13A. Even, G. Laval, O. Ledoux, P. Ferret, D. Sotta, E. Guiot, F. Levy, I. C.

Robin, and A. Dussaigne, Appl. Phys. Lett. 110, 262103 (2017).
14K. J. Byeon, J. Y. Cho, J. Kim, H. Park, and H. Lee, Opt. Express 20,

11423 (2012).
15M. Ma, J. Cho, E. F. Schubert, Y. Park, G. B. Kim, and C. Sone, Appl.

Phys. Lett. 101, 141105 (2012).
16T. A. Truong, L. M. Campos, E. Matioli, I. Meinel, C. J. Hawker, C.

Weisbuch, and P. M. Petroff, Appl. Phys. Lett. 94, 023101 (2009).
17Y.-K. Ee, P. Kumnorkaew, R. A. Arif, H. Tong, J. F. Gilchrist, and N.

Tansu, Opt. Express 17, 13747 (2009).
18K. J. Byeon, J. Y. Cho, H. B. Jo, and H. Lee, Appl. Surf. Sci. 346, 354

(2015).
19H. Jeong, Y. H. Kim, T. H. Seo, H. S. Lee, J. S. Kim, E. K. Suh, and M. S.

Jeong, Opt. Express 20, 10597 (2012).
20M. Ma, F. W. Mont, X. Yan, J. Cho, E. F. Schubert, G. B. Kim, and C.

Sone, Opt. Express 19, 1135 (2011).
21V. Markel, J. Opt. Soc. Am. A 33, 1244 (2016).
22See https://refractiveindex.info/?shelf=main&book=TiO2&page=Bodurov

for the refractive index values for TiO2 nanoparticles.
23S. Torquato, T. M. Truskett, and P. G. Debenedetti, Phys. Rev. Lett. 84,

2064 (2000).
24K. McGroddy, A. David, E. Matioli, M. Iza, S. Nakamura, S. DenBaars,

J. S. Speck, C. Weisbuch, and E. L. Hu, Appl. Phys. Lett. 93, 103502

(2008).
25B. Sun, L. Zhao, T. Wei, X. Yi, Z. Liu, and J. Li, Opt. Express 20, 18537

(2012).
26G. D. Hao, A. M. Jahir, T. Takahashi, M. Shimizu, X. L. Wang, H. Kishi,

Y. Hayashi, and K. Takeguchi, Appl. Phys. Express 7, 102101 (2014).

231101-4 D�esières et al. Appl. Phys. Lett. 112, 231101 (2018)

ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-112-016823
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-112-016823
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-112-016823
ftp://ftp.aip.org/epaps/appl_phys_lett/E-APPLAB-112-016823
https://doi.org/10.1109/JDT.2007.895339
https://doi.org/10.1063/1.4903297
https://doi.org/10.1088/0022-3727/43/35/354005
https://doi.org/10.1038/nphoton.2009.21
https://doi.org/10.1109/JLT.2010.2061836
https://doi.org/10.1109/JLT.2010.2061836
https://doi.org/10.1038/srep21573
https://doi.org/10.1063/1.1600831
https://doi.org/10.1063/1.1645992
https://doi.org/10.1364/OE.21.007125
https://doi.org/10.1143/JJAP.45.L4
https://doi.org/10.1063/1.3615679
https://doi.org/10.1063/1.3615679
https://doi.org/10.1063/1.4989998
https://doi.org/10.1364/OE.20.011423
https://doi.org/10.1063/1.4756797
https://doi.org/10.1063/1.4756797
https://doi.org/10.1063/1.3067837
https://doi.org/10.1364/OE.17.013747
https://doi.org/10.1016/j.apsusc.2015.03.022
https://doi.org/10.1364/OE.20.010597
https://doi.org/10.1364/OE.19.0A1135
https://doi.org/10.1364/JOSAA.33.001244
https://refractiveindex.info/?shelf=main&book=TiO2&page=Bodurov
https://refractiveindex.info/?shelf=main&book=TiO2&page=Bodurov
https://refractiveindex.info/?shelf=main&book=TiO2&page=Bodurov
https://doi.org/10.1103/PhysRevLett.84.2064
https://doi.org/10.1063/1.2978068
https://doi.org/10.1364/OE.20.018537
https://doi.org/10.7567/APEX.7.102101

	l
	n1
	f1
	f2
	f3
	f4
	f5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26

