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Photonic crystals, in the form of closed-packed nano-pillar arrays patterned by nanosphere lithogra-

phy, have been formed on the n-faces of InGaN thin-film vertical light-emitting diodes (LEDs).

Through laser lift-off of the sapphire substrate, the thin-film LEDs conduct vertically with reduced

dynamic resistances, as well as reduced thermal resistances. The photonic crystal plays a role in

enhancing light extraction, not only at visible wavelengths but also at infrared wavelengths boost-

ing heat radiation at high currents, so that heat-induced effects on internal quantum efficiencies are

minimized. The observations are consistent with predictions from finite-difference time-domain

simulations. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893739]

Devices based on the III-nitride direct bandgap semicon-

ductor have seamlessly integrated into our daily lives, having

been adopted in a wide range of domestic and industrial

products, ranging from traffic lamps, indoor/outdoor illumi-

nation, and display backlights to panel displays. While such

solid-state emitters are generally more energy-efficient than

their predecessors, their performances are often limited by

heat-related side effects at high-current operations, including

brightness recession, color shift and lifetime shortening. The

thermal performances of GaN-on-sapphire light-emitting

diodes (LEDs) are limited by the poor thermal conductivity

of sapphire. Integration with cooling components such as

heat-sinks or even peltier coolers improves heat dissipation

but makes the manufacturing process more tedious and

costly. Optically, light extraction is degraded by trapping of

light within sapphire and optical absorption of the current

spreading layer, typically indium-tin-oxide (ITO), which is

necessitated due to the high resistivities of p-type GaN. The

laser lift-off (LLO) technique,1 being capable of separating

the epitaxial GaN film from its sapphire substrate, allows

both faces of the semiconductor film to be accessible for con-

tacting, thus enabling vertical conduction. From the electri-

cal conduction point of view, the vertical structure offers

optimal current spreading along the high-conductance

n-GaN layer to avoid current crowding effects2 and reduces

power consumption due to reduced resistances.

Although electrical and thermal conduction are opti-

mized in vertical LEDs, their optical characteristics are

hardly different from laterally conducting LEDs, suffering

from limited light extraction due total internal reflections at

the high refractive-index-contrast of GaN/air interface, so

that the trapped photons would end up being re-absorbed.

Different approaches have been introduced to assist with

extraction of the laterally guided light, including random sur-

face roughening,3 chip-shaping,4,5 micro-pixelation,6,7

and ordered nanostructuring. In particular, two-dimensional

(2-D) photonic crystals (PhCs),8,9 typically in the form of

arrays of air-holes or pillars inscribed on the light-emitting

surfaces, have been demonstrated to have the capability of

redirecting photons in guided modes into free space. Whilst

there have been vast numbers of papers reporting on PhC

effects at visible and ultraviolet wavelengths, its role at infra-

red (IR) wavelengths for InGaN LEDs has not been consid-

ered. Understanding the optical properties of the PhC in the

IR region is meaningful even though the devices emit in the

visible, as the temperatures of the chips are directly affected

by IR radiation, a means of heat loss particularly at elevated

temperatures. In this study, the optical and thermal effects of

a thin-film InGaN LED incorporating 2-D PhC patterned by

nanosphere lithography (NSL) are investigated. The thin-

film platform is ideal for such studies, as it allows the devi-

ces to be driven harder. Apart from the established effects of

improved electrical and optical (at visible wavelengths) per-

formances, the PhC is found to enhance extraction of infra-

red light simultaneously, contributing to improved heat

dissipation via radiation at high-power operations.

The wafers used in this study are grown on c-plane sap-

phire substrates by metal-organic chemical vapor deposition

(MOCVD). The epitaxial structure consists of 3 lm of

undoped GaN, 2.5 lm of Si-doped GaN, 10 periods of

InGaN/GaN quantum wells with center emission wavelength

of �470 nm, and capped with a 0.25 lm Mg-doped contact

GaN layer. 200 nm of ITO is deposited on top of p-GaN as a

current spreading layer. The sapphire surface is polished to

optical smoothness, and the wafer is diced into samples of

5� 5 mm2 by laser micro-machining, which are then mounted

p-face downwards onto Cu submounts. The collimated beam

from a 266-nm Nd:YAG laser (Continuum Surelite) is uni-

formly irradiated through the sapphire surfaces of the samples

for LLO, during which GaN decomposes into gaseous N2 and

Ga droplets at the interface, after which the entire sapphire

substrate can be mechanically removed. The detached films

are then immersed into dilute HCl for dissolving the residual

droplets. To expose the n-GaN contact layer, the undoped

GaN layer is removed by inductively coupled plasma (ICP)

etching using gaseous mixture of BCl3 and He, at a pressure
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of 5 mTorr with platen and coil RF powers of 100 W and

400 W, respectively. A monolayer of hexagonally-closed-

packed (HCP) silica nanospheres with nominal diameters of

500 nm is spin-coated onto the exposed n-GaN surface; details

of the coating process can be found in Ref. 10. The coated

samples are then subjected to ICP etching for pattern transfer.

After removal of spheres through sonification, a nano-pillar

array with diameter of 500 nm and height of 600 nm is

formed, as shown in the scanning electron microscope (SEM)

image of Fig. 1(a). The device mesa is then photo-

lithographically defined so that the unmasked regions are

etched by ICP. After a second photo-lithographic definition,

Ti/Al/Ti/Au electrodes are deposited by e-beam evaporation,

subsequently annealed in nitrogen ambient to form ohmic

contacts. The schematic diagram of a vertical PhC thin-film

LED (denoted V-PhCLED thereafter) is depicted in Fig. 1(b).

For comparison, a thin-film LED without PhC (V-LED) and a

conventional laterally conducting GaN-on-sapphire LED (L-

LED) are also fabricated. All three devices, with identical

mesa areas of 600� 600 lm2, are wire-bonded but unencap-

sulated for evaluation. Microphotographs of the three emitting

devices are shown in Figs. 1(c)–1(e).

The light output intensity-current-voltage (L-I-V) char-

acteristics of the packaged devices are plotted in Fig. 2. At an

injection current of 20 mA, the forward voltages of the

L-LED, V-LED, and V-PhCLED as extracted from the plot

are 4.0 V, 3.0 V, and 3.2 V, respectively. Expectedly, the ver-

tical configuration allows higher currents to flow through the

equally sized junctions at the same bias voltage, due to signif-

icant shortening of the current conduction pathway from hun-

dreds of microns in a laterally conducting LED to microns,

thereby reducing resistances. Likewise, the dynamic resistan-

ces of the V-LED and V-PhCLED of 8.1 X and 7.7 X, respec-

tively, as determined from the slopes of the I-V curves in the

linear regions, are significantly lower than that of the L-LED

of 43.8 X. Notably, formation of the PhC on the n-face has

no adverse effects on the electrical characteristics despite

involving plasma processes;11 the same would not have been

true for p-GaN patterning.

Electroluminescence (EL) measurements are conducted

to characterize the optical performance of the LEDs. The

light emitted from the packaged devices is collected within a

4-in. integrating sphere coupled to a radiometrically cali-

brated spectrometer via an optical fiber. At lower currents,

the optical power of the L-LED rises almost linearly with

increasing currents, as shown in the L-I curves of Fig. 2,

before thermal effects set in. With further increases of cur-

rents, the rate of increase of output power declines and the

optical output eventually saturates at currents above 120 mA.

For the thin-film devices, the L-I relations remain nearly lin-

ear over the measured current range, having been spared of

heat-induced degradations. At 20 mA, the V-LED and

V-PhCLED emit �28% and �42% more light than the L-LED,

respectively. The 28% enhancement of the V-LED over the

L-LED can be attributed to a combination of reduced absorp-

tion due to the removal of the light-absorbing sapphire, as

well as direct extraction of light from GaN to air without

FIG. 1. (a) FE-SEM image showing

the HCP nano-pillar array fabricated

by NSL. (b) Schematic diagram (not-

to-scale) of the vertical PhC thin-film

LED. Microphotographs of the (c)

V-PhCLED, (d) V-LED, and (e) L-LED.

FIG. 2. Plots of L-I-V characteristics of the packaged devices.
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having to pass through the light-absorbing ITO layer.

Thermal effects are assumed to be negligible at this low cur-

rent. The additional 14% offered by the V-PhCLED over the

V-LED is a result of “weak” photonic crystal effects on light

extraction. Note that the closed-packed nano-pillar array

does not possess a photonic bandgap; instead, it causes band

folding at the Brillouin zone edge so that light from guided

modes is coupled into leaky modes above the light line12

thus promoting light extraction. The band folding capability

of PhC is evident from the computed transverse electric (TE)

band structure, as shown in Fig. 3(a) (TE mode dominates

emissions from InGaN/GaN MQWs (Ref. 13)). A finite-

difference time-domain (FDTD) simulation is also conducted

to study the interaction of light with the PhC, based on 3-D

models constructed according to the fabricated structure,

injected with a continuous-wave dipole at k¼ 470 nm (being

kpeak of the LEDs). The simulated plots of electric-field in-

tensity distribution for an unpatterned GaN/air interface and

the PhC are illustrated in Figs. 3(b) and 3(c), respectively.

Quantitatively, the simulation predicts that the PhC increases

light transmission by �11.2% compared with a flat interface,

consistent with experimental results.

At higher currents, light extraction effects remain

unchanged, while thermal effects begin to kick in. In the

L-LED, the reducing rate of increase of output power is

mainly due to the drop of internal quantum efficiencies

(IQE) at elevated temperatures. At a current of 140 mA, the

V-LED emits 51% more optical power than the L-LED, of

which 28% had been attributed to temperature-independent

light extraction effects. The thermal effect on the L-LED is

associated with the sapphire substrate with high thermal re-

sistance. One would then expect thermal effects to be identi-

cal in both vertical LEDs with identical thermal conduction

pathways, but this is found not to be the case. As observed

from Fig. 2, the L-I characteristics of the V-LED appear to

deviate from linearity at high currents to a greater extent

than the V-PhCLED. For a clearer view, the light output

enhancement ratios of the V-PhCLED over the V-LED at

different currents are plotted in Fig. 4(a); the ratio increases

from 11% to 18% as the current is raised from 20 to 140 mA.

Noting that light extraction is temperature independent, the

observation suggests that the temperature of V-LED is

higher than that of the V-PhCLED.

The surface temperatures of the LEDs are measured by

infrared thermometry using a long-wave infrared (LWIR)

camera (FLIR SC645) adopting emissivity values for GaN

and ITO of 0.62 and 0.265, respectively, which have been

experimentally determined by comparison with a reference

heat source. Multiple data points are taken across the LEDs

from the LWIR map, from which an average temperature is

evaluated and the standard error of measurement is 0.89%.

Figure 4(b) plots the average surface temperatures of the

three devices as functions of currents. At 20 mA, the meas-

ured temperatures of all LEDs are nearly identical and are

FIG. 3. (a) TE band structure of the PhC computed using the plane wave

expansion algorithm. Simulation radiation profiles of continuous-waves at

the wavelengths of 470 nm and 10 lm propagating through the flat-top [(b)

and (d)] and PhC interfaces [(c) and (e)].

FIG. 4. (a) EL enhancement ratios of the V-PhCLED over the V-LED as cal-

culated from the EL data of Fig. 2. (b) The variations of surface tempera-

tures vs currents as measured by LWIR camera. (c) IR intensities as

functions of applied temperatures. The inset shows the LWIR image illus-

trating intensity contrast between the PhC (circular central region) and the

flat-top GaN surface (outside the central region). The scale bar on the right

represents the normalized LWIR intensity.
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close to the ambient temperature. Hence, the earlier-made

assumption of negligible thermal effect experienced by the

devices at this low current is justified. Subsequently, the tem-

peratures of the thin-film LEDs rise at much slower rates

than the L-LED. At 140 mA, whereby light output saturates,

the L-LED attains a surface temperature of 120 �C or 57 �C
higher than that of the V-LED of 63 �C, which can simply be

attributed to poor thermal conductivity of sapphire, exacer-

bated by higher dynamic resistance. In terms of optical

power, the V-LED emits 51% more light than the L-LED, of

which 23% is related to changes in IQE which is temperature

dependent. According to the temperature dependence of IQE

in InGaN/GaN LEDs, as reported in Ref. 14, a reduction of

temperature by 57 �C gives rise to an increase of IQE by

�29% based on linear interpolation of the given data, which

is in good agreement with our measured data.

The temperature data in Fig. 4(b) also indicate that the

V-PhCLED attains higher temperatures than the V-LED

over the entire measurement range, which is in stark contra-

diction to the information conveyed by the optical data.

Since the V-PhCLED emits more light with similar I-V char-

acteristics compared to the V-LED, its chip temperature

should also be inferred as being lower. This intriguing obser-

vation can be explained by interpreting the LWIR data in

terms of LWIR signal strength rather than absolute tempera-

ture, which has been evaluated based on the assumption of

equal emissivities. Therefore, the LWIR data should be inter-

preted as increased emission of IR signal from the

V-PhCLED over the V-LED, rather than increased tempera-

tures. In other words, the PhC structure on the surface of the

V-PhCLED enhances LWIR radiation generated from

devices.

To further investigate this phenomenon, an identical PhC

structure is selectively patterned at the central region of a

5� 5 mm2 n-doped GaN sample, leaving the surrounding

area flat-top. The sample is then placed on a hot-plate for a

sufficiently long period of time to ensure that the entire body

reaches thermal equilibrium. The LWIR intensities are eval-

uated from the temperature readings using Planck’s law. The

captured LWIR map of the sample is shown in the inset of

Fig. 4(c), which reflects the variation of LWIR intensities

detected across the sample. Even though the sample attains

thermal equilibrium, the LWIR intensities emitted from the

PhC and flat-top regions of the sample differ. Figure 4(c)

plots the LWIR intensities at the center of the PhC and at the

flat-top region of the sample as a function of applied tempera-

tures. When the applied temperature is close to the ambient

temperature, the detected LWIR intensities from both points

are nearly the same. With an increase of applied temperature,

the PhC region emits more IR radiation than the surrounding

flat-top surface, with an enhancement factor of 6.9% at 86 �C.

Unfortunately, as indicated by the band structure diagram

shown in Fig. 3(a), the band folding effect to guided modes is

only valid up to near IR wavelengths of �1.25 lm and thus

may not contribute to light extraction in the mid-IR range

(5–30 lm). The relation Kcutof f � k=ðnef f þ 1Þ also indicates

that a 2-D PhC with a lattice constant (Kcutof f ) of 500 nm is

unlikely to introduce any band folding effects at wavelengths

>1.6 lm. Therefore, the enhancement of IR intensity is

mainly attributed to an enlarged exposed surface area pro-

vided by the nano-pillar PhC for heat exchange with the am-

bient air, thereby promoting the emission of LWIR radiation.

To verify this postulation, a similar FDTD simulation is car-

ried out, this time at LWIR wavelengths of 7.5 to 13 lm. The

simulated plots of electric-field intensity distribution for an

unpatterned GaN/air interface and the PhC at 10 lm are illus-

trated in Figs. 3(d) and 3(e), respectively. Quantitatively, the

PhC enhances IR radiation by 4.2%–7.4% between 7.5 and

13 lm, consistent with the experimental data obtained from

LWIR thermography. Although higher LWIR intensities are

detected from the PhC region, the temperatures of PhC and

flat-top regions are actually identical. In other words, the

emissivity of the PhC region has been enhanced, and is deter-

mined to be 0.70 (compared to 0.62 of flat-top GaN). Using

the true value of emissivity for the PhC, the corrected temper-

ature of the V-PhCLED is evaluated and re-plotted in Fig.

4(b). Evidently, the V-PhCLEDs have the lowest surface tem-

peratures amongst the devices, consistent with the fact that

these devices also emit the most light. Therefore, the PhC

enhances light extraction in the visible and in the IR simulta-

neously, so that devices emit more light whilst radiating more

heat at higher currents, a feature that is beneficial to the over-

all efficiencies of the emitters.

In summary, we have demonstrated PhC thin-film verti-

cal LEDs consisting of HCP nano-pillar arrays patterned by

NSL. The nano-pillar array functions as a 2-D PhC to extract

visible light via diffraction, thus boosting light output power.

The device benefits additionally from enhanced IR extraction

due to increased surface areas further reducing chip tempera-

tures to give higher IQEs.
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