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Abstract

While spectral blue-shifting caused by nano-structuring of InGaN/GaN quantum

wells has been widely reported for altering the emission color of light-emitting diodes,

the same cannot be said for spectral red-shifting. It is well known that nano-structuring

of the quantum wells gives rise to relaxation of the strain incurred in the quantum wells,

reducing the Quantum Con�ned Stark E�ect with a consequence of spectral shifting

to shorter wavelengths. In this report, we demonstrate a nanostructure con�guration

that produces the opposite e�ect- spectral red-shifting- by increasing the strain in the

quantum wells through the formation of an inverted nano-conical-frustum array over the

quantum wells, without allowing the nanostructures to penetrate through the quantum

wells. Under such conditions, spectral red-shifting of the photoluminescence spectrum

can be observed, consistent with the prediction of strain induction in the quantum

wells by molecular dynamics simulations. Experimentally, spectral red-shift of the
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photoluminescence spectrum by up to 7.6 nm has been observed, when the proposed

nanostructures are fabricated on InGaN/GaN quantum wells grown on c-plane sapphire

substrate with nominal emission wavelength of ∼560 nm.
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1 Introduction

Solid-state lighting based on III-Nitride light-emitting diodes (LEDs) are becoming the dom-

inant forms of electrical lighting throughout the worldwide owing to their energy e�cien-

cies compared to incandescent and gas discharge sources.1 Currently, commercially available

white-light LEDs rely on color down-converters such as phosphors or quantum dots2,3 to gen-

erate the desired broadband spectrum. However, such color conversion processes inevitably

give rise to a loss of e�ciency due to the Stokes shift, in addition to reduced lifetimes and

reliabilities. To avoid such e�ciency losses which is important for applications such as light-

ing and color displays, multiple LEDs, typically of the primary colors red, green and blue

(RGB), can be used simultaneously to generate the various di�erent required colors to avoid

color conversion. However, the green III-nitride LEDs are generally less e�cient that their

blue counterparts, while phosphide-based red LEDs are routinely used, a consequence based

on a phenomenon known as the �green gap�. Apart from the drastic reductions of internal

quantum e�ciencies (IQE) of InGaN/GaN quantum wells with increasing In content,4 the

amount of Indium (In) that could be incorporated is also limited due to the low miscibil-

ity of Indium in GaN.5 This has been and remains one of the key challenges in III-nitride

technology.

While the growth of high Indium content quantum wells represents a great challenge,
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strain engineering may well be a good complementary approach towards achieving longer

wavelength emission with the highly-strained InGaN/GaN quantum wells, with nano-structuring

being one common means of achieving such goals.6 In fact, the incorporation of nanostruc-

tures has extensively been employed for altering the emission color of LEDs7�12 through

spectral shifting, although only spectral shifting towards shorter wavelengths (blue-shifting)

has been reported. For the group III-nitrides, the In content in the quantum wells not only

determines the color of emission, but also the extents of strains. The strain in the quantum

wells give rise to the Quantum Con�ned Stark E�ect (QCSE) which reduces IQEs and make

emission wavelengths sensitive to current injection levels. Nano-structuring of the quantum

wells has been demonstrated to alleviate the e�ects of QCSE in many reports via the strain

relaxation e�ect.8,11,13 One application is the demonstration of a monolithic broadband LED

based on graded strain relaxation of the InGaN/GaN quantum wells through non-uniform

nano-structuring.14

Nevertheless, strain relaxation via nano-structuring can only lead to spectral blue-shifting,

while the ability to spectral red-shift will �nd invaluable applications in longer wavelength

emitting InGaN LEDs, including the possibilities of red InGaN LEDs. As such, we attempt

to modify the nanostructure con�guration so that an increase of strain in the quantum wells

can be achieved, as opposed to relaxing the strain, adopting a top-down fabrication approach.

According to our previous studies on the strain relaxation mechanism of micropillars and its

relation to emission color,15 a relative spectral red-shift at the edges of microdisks with low

Indium content quantum wells compared to the centers of the microdisks has been observed

through scanning near-�eld optical spectroscopy (SNOS), attributed to a local increase in

strain �eld. Such unexpected observations inspire the design of the currently proposed struc-

tures.

In this study, we report on the design, fabrication and characterization of an inverted

nano-conical-frustum array that is capable of inducing spectral red-shifts in InGaN/GaN

quantum wells via strain induction for light-emitting applications. Molecular dynamics sim-
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ulations and k · p calculations are employed to design and analyze the nanostructure, while

photoluminescence (PL) and Raman studies are carried out on the fabricated nanostructures

to verify the validity and feasibility of the proposed approach.

2 Design and Simulation

In typical nano-structuring schemes of InGaN/GaN quantum wells that are intended for

spectral blue-shifting, the nanostructures are fabricated by etching through the quantum

wells. The exposed sidewalls allow the strained quantum well layers to relax, reducing the

QCSE and thus inducing a spectral blue-shift. Therefore, to design a nanostructure that

induces spectral shifting in the opposite direction, the quantum wells must be left intact.

Figure 1: (a) Schematic diagram of the strain induction mechanism invoked by fabricating
a nanostructure above the MQWs; and (b) the schematic atomic arrangement of a nanos-
tructure inducing strain to the region underneath it.
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One viable option is formation of the nanostructures over the quantum wells, which would

invoke a series of complicated but intertwining strain mechanisms. Relaxation of in-plane

strain, originating from thermal mismatch amongst the various epitaxially grown layers at

di�erent temperatures as well as the sapphire substrate, will occur in the nanostructures

as the atoms are displaced outwards towards the sidewalls. As the crystal lattice under-

neath the nanostructures are still experiencing in-plane strain caused by lattice and thermal

mismatches, the atoms at the bases of the nanostructures tend to be pulled upwards and

outwards due to the nature of the strong ionic-covalent bonds of wurtzite III-nitrides, thus in-

creasing the tensile out-of-plane strain. Consequentially, if the quantum wells are positioned

at the bases of the nanostructures, the increase in the out-of-plane strain will lead to spectral

red-shifting due to an increase in the QCSE, similar to the red-shifting e�ect incurred by an

increase in local out-of-plane strain at the edges of the micropillars in a previous study.15 A

schematic diagram of the proposed strain-inducing nanostructure is illustrated in Fig. 1(a),

with the directions of atomic movements as indicated by the red arrows, while Fig. 1(b)

shows the schematic atomic arrangement near the nanostructure/�lm interface highlighting

the atomic shifts. By maximizing strain relaxation of the nanostructure and its proximity to

the quantum wells, as well as minimizing its interfacial area, the extent of spectral red-shift

can be maximized. The obvious geometry derived from such optimization rules would be

that of an inverted nano-conical frustum. A 2D molecular dynamics study is undertaken

to compare the e�ects of strain induction between such inverted nano-conical frustum with

typical non-tapered nanopillars of base diameters ranging from 10 nm to 100 nm, set up us-

ing c-plane wurtzite GaN blocks. The simulations are carried out using the software package

LAMMPS16 with a Stillinger-Weber potential17 for InAlGaN18�20 on a structure correspond-

ing to the wafer used in the experiments. The GaN blocks are �xed at the bottom (y = 0)

with a compressive strain of 0.023% to emulate a boundary that is lattice-matched to a

partially relaxed GaN bu�er with a biaxial stress of 1 GPa. For simplicity, only a single

quantum well of 4.7 nm thickness is implemented and positioned directly underneath the
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nanostructure.

Figure 2: Molecular dynamics simulations of the out-of-plane strain of an inverted nano-
conical frustum (a) over the EBL layer, (b) over the MQWs; and (c) a nanopillar over the
EBL layer; all with 50 nm base diameters. The color bar for the strain �elds is on the far
right, with the negative value representing tensile out-of-plane strain, and vice versa.

As shown in Fig. 2, the out-of-plane strain �eld of the nanostructures are extracted from

the molecular dynamic simulations. With the diameter at the top of the nanostructure kept

constant, as the interfacial area between the nano-frustum and the underneath region is

reduced, the strain �eld becomes increasingly concentrated, the out-of-plane strain increases

from -2.1% to -2.6% when the base diameter decreases from 100 nm to 10 nm. On the

other hand, part of the neighboring etched and exposed region becomes strained-relaxed.

The extracted strain �eld is then used in k · p calculations to estimate the spectral shift as

plotted in Fig. 3. The k · p perturbation theory is used to solve the Schrödinger equation

following the steps described in Ref. 21�23. As can be seen, the largest extent of spectral

red-shift, averaged across all 9 pairs of quantum wells, of around 10 nm is induced when the

base diameter of the inverted nano-conical frustum is 100 nm, with a top diameter of about

150 nm, positioned above the AlGaN/GaN EBL. It seems that the etching of the tensile-

strained EBL limits the strain induced in the quantum wells. As for non-tapered nanopillars,

the extent of red-shift decreases once the bottom diameter reaches 50 nm. According to

Fig. 3, the largest extent of spectral red-shift can be achieved by tapering the nanopillars

with diameter of around 100 nm to 150 nm to form inverted nano-conical frustum.
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Figure 3: Simulated average spectral red-shifts of the strain-inducing nanostructures.

3 Results and discussion

Figure 4: The inverted nano-conical frustums are fabricated by �rst (a) undertaking the
nanosphere lithography, followed by subsequent (b) ICP etch under high pressure; (c) thus
resulting in inverted nano-conical frustums; (d) an SEM image of an array of InGaN/GaN
inverted nano-conical frustums with 9° inclination angle and around 150 nm-diameter, with
an inset showing a zoomed in SEM image of an individual inverted nano-conical frustums.
Scale bar in the inset is 100 nm.

The nanostructures are fabricated using a top-down approach on a metal-organic vapour-

phase epitaxy (MOVPE) grown wafer on a c-plane patterned sapphire substrate. There

is a 5 µm -thick undoped-GaN bu�er layer, on top of which is a 1.7 µm -thick n-GaN

layer. The MQWs, containing 9 pairs of InGaN/GaN quantum wells, are grown on the n-
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GaN layer. Above the MQWs is a 70 nm-thick p-GaN spacer, followed by an AlGaN/GaN

electron blocking layer (EBL). The structure is then capped with a 330 nm-thick p-GaN

layer. The average Indium composition of about 20% in the quantum wells is estimated using

TEM energy dispersive x-ray spectroscopy (EDX), while the nominal emission wavelength is

∼560 nm. The fabrication process �ow is illustrated in Fig. 4(a) to (c). For rapid prototyping,

nanosphere lithography has been utilized similar to our previous studies.24�27 Firstly, silica

nanospheres with an average diameter of 150 nm are spin-coated onto the surface of the entire

wafer, as depicted in Fig. 4(a). Subsequently, ICP etching is undertaken with the nanospheres

as masks to form round-shaped nanostructures, as shown in Fig. 4(b). For reverse-tapering,

the ICP etch is conducted at a higher pressure of 55 mTorr.28 Fig. 4(c) illustrates the inverted

nano-conical frustums that are formed after removal of the residual nanospheres, while 45-

degree-tilted SEM images of the fabricated inverted nano-conical frustums are shown in

Fig. 4(d).

(a)

(b)

(c)

Figure 5: PL spectra of MQWs' emission with inverted nano-conical frustum array etched
(a) to 225 nm depth in the p-GaN layer; (b) 325 nm depth and close to the MQWs; and (c)
450 nm depth, where the etch terminates right above the MQWs. The blue curves are the
corresponding PL spectra of the as-grown for reference purpose. The green dashed lines in
(c) represent the Gaussian �tted curves for spectral-shifts in both blue and red directions.

Room-temperature micro-photoluminescence (µ-PL) spectra of the strain-inducing in-

verted nano-conical frustum array are conducted. A Coherent CUBE 405 nm continuous-
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wave (CW) diode laser source, operated at 3 mW, is used to excite PL emission from the

samples. The PL signal is coupled to and dispersed by a 600 l/mm grating in a Horiba

iHR550 spectrometer and detected by a Syncerity back-illuminated charged coupled device

(CCD). The PL spectra of the inverted nano-conical frustum array with etch depths of

225 nm, 325 nm and 450 nm are plotted in Fig 5. To verify that the trends of spectral red-

shifts is not merely an artefact arising from sample-to-sample variations, the experiments

have been repeated 3 times using di�erent samples from the same wafer. The dependence

of the average spectral red-shift from the 3 sets of data with respect to the etch depth is

summarized in Fig. 6. Note that a small dependence of the reverse-tapering angle with the

etch depth is observed. The magnitudes of spectral red-shift are averaged over all 3 runs

with the variation between runs indicated by the error bars.

Starting from top surface, there is only a mild spectral red-shift of 0.2 nm and an increase

in spectral width by 1.5 nm when the etch depth is ∼225 nm, i.e., etched to the middle of

the p-GaN layer, as shown in Fig. 5(a), in which the spectra of as-grown and the etched

sample largely overlap with each other. For consistency, all spectral widths mentioned this

manuscript refer to their full-widths-at half maximum (FWHM). When the etch depth ex-

tends to ∼325 nm, i.e., close to but not etched through the AlGaN/GaN EBL, the maximum

spectral red-shift of 7.6 nm can be observed from the PL spectrum in Fig. 5(b), consistent

with predictions by the aforementioned simulations as shown in Fig. 3. Broadening of the

spectra by 5.9 nm is also observed, as the shorter wavelength side of the emission peak ap-

pears to have a lesser extent of spectral red-shift than that of the longer wavelength side. This

is attributed to the strain gradient induced by the nanostructure, as evident from the strain

�eld map shown in Fig. 2(a). The closer the quantum well layer is to the nanostructure, the

more induced strain it can experience. Specially, for an inverted nano-conical frustum with a

base diameter of 100 nm situated on top of the EBL, the out-of-plane strain of the top-most

quantum well to the bottom quantum well varies from -2.1% to -1.9%, as estimated from

the molecular dynamic simulations. The strain gradient thus causes each quantum well layer
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underneath the nanostructure to exhibit di�erent extents of spectral red-shifts, leading to

spectral broadening. Nevertheless, due to the larger separation between the MQWs and the

nanostructure in the presence of the EBL, the induced strain �eld exerted by the inverted

nano-conical frustum can be applied uniformly in the horizontal direction, covering regions

even not right underneath the nanostructure itself.

Figure 6: Calculated average spectral red-shifts from 3 samples induced by the inverted
nano-conical frustums by deducing the change in PL emission peak wavelength via Gaussian
�tting. Note that the reverse-tapering angle also slightly changes with the etch depth, as
demonstrated by the 45-degree-tilted SEM images in the inset. Above the graph is a cross-
sectional TEM image of the sample taken along the [112̄0] zone axis, sized to correspond to
the x-axis of the graph (The scale bar is 50 nm).

At an etch depth of 450 nm, the sidewalls of the AlGaN/GaN EBL are exposed, resulting

in relaxation of the tensile-strained AlGaN layers. The increase in the in-plane compressive

strain of the AlGaN layer thus lead to overall strain relaxation in the other layers, including

the quantum wells underneath, thus causing a spectral blue-shift. Under this circumstance,

strain induction only occurs at the upper 5 quantum wells underneath the nanostructure,

as the strain induced in the lower 4 quantum wells would not overcome the relaxed strain

due to relaxation of the AlGaN/GaN EBL, exhibiting a decrease in the average out-of-plane
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strain from around -2.2% for the upper 5 quantum wells to around -1.9% for the lower four

quantum wells, according to molecular dynamics simulations. With the superposition of the

strain relaxation e�ect caused by relaxation of the AlGaN/GaN EBL, as well as the highly

con�ned strain �eld induced by the nanostructure at close proximity to the quantum wells,

the actual region that exhibit a net increase in strain is smaller, albeit to a larger degree.

This is re�ected in the molecular dynamics simulated strain �eld shown in Fig. 2(c), showing

that the quantum wells are strain-relaxed and strain-induced simultaneously. This implies

that both spectral blue-shift and spectral red-shift are occurring concurrently after etching,

contributing to a relatively larger spectral broadening. The broadened spectrum, with an

increase in width by 9.9 nm, contains two distinguishable emission peaks, corresponding to a

spectral red-shift of 2.3 nm and a spectral blue-shift of 38.5 nm simultaneously, as illustrated

in Fig. 5(c). This is also re�ected in the sharp jump in the average spectral shift that changes

from 6.2 nm to 1.9 nm, as shown in Fig. 6, when the etch exceeds the interface of p-GaN and

the EBL. Note that the smaller change in the average spectral shift is due to single peak-�t

of the spectra that broadens in both directions. A cross-sectional bright �eld TEM image,

taking along the [112̄0] zone axis by a FEI Tecnai G2 20 TEM, showing the sample's wafer

structure at corresponding etch depth is placed on top of the graph in Fig. 6 for illustrative

purpose.

Ultraviolet (UV) Raman spectroscopy is further carried out to study the changes in strain

conditions in the samples due to the nanostructures. A 325 nm He-Cd laser (Kimmon,

ik3301R-G) is used to excite the sample under a back scattering z(xx)z̄ con�guration. Using

a UV source for excitation minimizes overlap between the Raman signal and the PL signal.

Moreover, as the laser wavelength is below the absorption peak of GaN, the UV laser signal

would readily be absorbed by the material, so that the Raman signals are only primarily

generated from regions close to the sample surface, where the inverted nano-conical frustum

array and the quantum wells are situated. This Raman signal is then analyzed by the same

spectrometer using a 2400 l/mm grating.
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Figure 7: (a) Raman spectra of red-shift inducing nano-frustums at 3 di�erent etch depths;
(b) estimated in-plane strain (relative to the as-grown) calculated from the E2 (high) and
A1 (LO) peak values. Inset shows the zoomed-in graphs of the E2 (high) peak.
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Fig. 7(a) shows the measured Raman spectra of the strain-inducing inverted nano-conical

frustum array at di�erent etch depth, together with the spectrum of the as-grown sample

as a reference. The estimated in-plane strain relative to the as-grown sample, as calcu-

lated using the peak values of the E2 (high) and A1 (LO) from the Raman spectra,29,30 are

shown in Fig. 7(b). For the as-grown sample, two Raman spectral peaks are observed at

567.1 cm-1 and 732.1 cm-1, which can be attributed to the E2 (high) and A1 (LO) phonon

modes, respectively.29,30 The initial etch to a depth of 225 nm barely shifts the Raman peaks,

which are observed at 567.1 cm-1 and 731.6 cm-1 respectively. These correspond to a relative

in-plane strain of -0.125%. The negligible change in strain is expected as the PL peaks in

Fig. 5(a) also show little to no shift as well. When the etch depth reaches 325 nm, the

Raman peaks shift to 566.6 cm-1 and 734.4 cm-1, corresponding to a relative in-plane strain

of 0.6%. The higher compressive strain causes the emission peak to spectral red-shift, as

shown in Fig. 5(b). When the etch depth reaches 450 nm, however, the Raman peaks are

now observed at 566.4 cm-1 and 727.8 cm-1, corresponding to a relative in-plane strain of

-0.9%. This means that the sample is now more strain-relaxed than the as-grown sample,

thus causing the emission to blue-shift as illustrated in Fig. 5(c). The overall trend of the

in-plane strain as calculated from the Raman peak values correlates well with the PL mea-

surements as well as the molecular dynamics studies, o�ering solid evidence that the spectral

red-shift is caused by the strain-inducing inverted nano-conical frustum array.

Time-resolved PL (TRPL) study has also been carried out to investigate the change in

QCSE due to the inverted nano-conical frustum array. The TRPL measurement is performed

using a PicoQuant time-correlated single photon counting system. A 405 nm picosecond

pulsed laser source, PicoQuant LDH-405, controlled by a PDL-800D driver, is used to excite

the sample at a repetition rate of 10 MHz. The PL signal after �ltered by a dichroic mirror

and longpass �lter at 420 nm, are then received by an MPD PDM Single Photon Avalanche

Diode (SPAD) detector. The timings of the received photons are analyzed using a Picoquant

PicoHarp 300 TCSPC module. Plotted in Fig. 8 are the TRPL spectra of the strain-inducing
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Figure 8: TRPL spectra of the strain-inducing nanostructure, corresponding to Fig. 5(b),
as compared to an as-grown sample.

inverted nano-conical frustum array at 300 K and 17 K, together with the spectra from the

as-grown. Using a bi-exponential decay �tting typical for multilevel system,31 the lifetimes

of the as-grown increase from 29.3 ns and 156.4 ns to 55.5 ns and 209.6 ns as the temperature

decreases from 300 K to 17 K, whereas those of the nano-frustum samples rise from 37.7 ns

and 216.0 ns to 49.5 ns and 258.7 ns. The increase in the room temperature TRPL decay

lifetime after nanostructuring, as depicted by the longer tail as shown in Fig. 8, can be

attributed to stronger QCSE due to the induced strain, consistent with �ndings from our

previous study on the relations among strain, QCSE and PL spectral shift.15

The spectral red-shift with an increase in TRPL decay lifetime implies that the internal

quantum e�ciency (IQE) could be reduced as compared to as-grown sample without the

strain-inducing nanostructures. Since an increase in Indium incorporation for a longer emis-

sion wavelength would also obviously reduce the IQE, the IQE values resulting from both

red-shifting processes are determined and plotted together for comparison in Fig. 9. To esti-

mate the IQE of the samples, low temperature PL measurements have been carried out with

a setup similar to the aforementioned PL measurements, with the samples placed in a Janis

cryostat. The ratio of the PL peak intensities between low temperature (12 K) and room

temperature (300 K) is used to determine the IQE, as plotted in Fig. 9. Generally speaking,
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the IQE at low temperature can be assumed to be 100% as the non-radiative recombina-

tion can be regarded as negligible.32 The radiative and non-radiative lifetime can thus be

calculated from the results of TRPL measurements and IQE measurements,33,34 using the

following equations35

τR =
τTRPL

η
(1)

τNR =
τTRPL

1 − η
(2)

Using only the slow decay time to avoid complications, the room temperature radiative life-

time and non-radiative lifetime for the as-grown are 309.3 ns and 316.3 ns, respectively,

whereas those for the nano-frustums are 530.7 ns and 364.3 ns. The increased radiative life-

time further con�rms that strain induced by the nano-frustums incurs a stronger QCSE,33,34

while the change in the non-radiative lifetime requires further investigation.

For the same epitaxial structure and emission wavelength, the IQE of the samples contain-

ing the inverted nano-conical frustum array that are etched to optimal depth are generally

higher than those of the as-growns with the same emission wavelength. InGaN-based LEDs

su�er from a well-known �green gap� issue4 � the quantum e�ciencies decrease as the emis-

sion wavelength increases, mainly due to issues caused by a higher Indium incorporation.

Since the inverted nano-conical array has red-shifted the emission spectra without altering

the Indium incorporation, the results strongly indicate that the impact on IQE using such

an approach is less than growing quantum wells with higher Indium content for achieving

longer emission wavelengths. The e�ect is increasingly prominent as the emission wavelength

increase, as the IQE of the long-wavelength-emitting wafers decrease exponentially due to

high Indium incorporation.4 As the technique is purely based on top-down fabrication, it

is complementary to other on-going growth-based e�orts devoted at developing high-IQE

long-wavelength InGaN emitters to combat the �green gap� issues. .
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Figure 9: Comparison of the IQE between as-grown wafers and samples with strain-inducing
nanostructures etched to optimal depths. Dotted lines are �tted for eye-guide purposes.

4 Conclusions

We have demonstrated an inverted nano-conical frustum array for inducing spectral red-shift

by increasing strain in InGaN/GaN quantum wells for light-emitting applications. Molecular

dynamics simulations show that the out-of-plane strain can be induced at the base of the

nanostructure, causing a spectral red-shift of as much as ∼10 nm as estimated from k · p

Schrödinger calculations. Experimentally, red-shifts of up to 7.6 nm have been observed. The

shortfall is explained by the existence of the tensile-strained AlGaN/GaN EBL, as well as the

multiple quantum well layers at di�erent depths that are subjected to di�erent magnitude

of strain due to the strain gradient induced by the nanostructure. The IQEs of the samples

with the inverted nano-conical frustum array have been demonstrated to be higher than

the as-grown counterparts at the corresponding emission wavelengths. The nanostructure

design can potentially be applied for InGaN-based lighting applications with higher color

rendering index (CRI) and color-tunability, as well as the monolithic integration of multiple

wavelength emitters for applications such as RGB displays.
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