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InGaN/GaN epilayers, which are grown on sapphire substrates by the metal–organic chemical-vapour deposition

(MOCVD) method, are formed into nanorod arrays using inductively coupled plasma etching via self-assembled Ni

nanomasks. The formation of nanorod arrays eliminates the tilt of the InGaN (0002) crystallographic plane with

respect to its GaN bulk layer. Photoluminescence results show an apparent S-shaped dependence on temperature.

The light extraction efficiency and intensity of photoluminescence emission at low temperature of less than 30 K for

the nanorod arrays are enhanced by the large surface area, which increases the quenching effect because of the high

density of surface states for the temperature above 30 K. Additionally, a red-shift for the InGaN/GaN nanorod arrays

is observed due to the strain relaxation, which is confirmed by reciprocal space mapping measurements.
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1. Introduction

Current high performance photovoltaic devices

are exclusively based on the GaInP/(In)GaAs/InGaAs

tandem solar cell with an efficiency higher than

42.1%.[1] Although significant progress has been

achieved, improving the conversion efficiency is still

the main task. A viable path to increase efficiency

for solar cells is to adopt more junctions. Theoretical

calculation has shown that in order to achieve photo-

voltaic efficiencies of greater than 50%, a sub-cell with

band gap greater than 2.4 eV or 2.7 eV is required.[2]

Such high band gaps are not readily available in other

established material systems. Acting as a sub-cell,

wide-band-gap InGaN alloys with an effective ab-

sorption and photo-current generation in a spectral

range of 365 nm–460 nm can significantly enhance the

conversion efficiency of light in this spectral range.

Due to p-type doping difficulty and crystal quality

of In-rich InGaN alloys, most of the studies focused on

p–i–n heterojunction solar cells with the Ga-rich in-

trinsic InGaN absorber.[3−8] Although InGaN materi-

als have a high absorption coefficient up to 105 cm−1

at the band edge,[9] due to the critical thickness is-

sue, there are still many challenges for the device de-

sign. To enhance photovoltaic (PV) action and in-

crease light absorption which will significantly amplify

the photocurrent generated from the i-region, p-GaN

nanorod arrays were proposed.[10] Besides decreasing

the loss of incident light, vertically oriented nanorod

arrays with axial or coaxial structures can further pro-

vide the ability to accommodate the mismatch strain

via lateral relaxation.[11] The use of InGaN/GaN p–n

or p–i–n heterostructure nanorod arrays may be sig-

nificant to realize group-III nitride solar cells.[12] In-

terestingly, (In)GaN nanorod arrays can be used as

a template to regrow the InGaN layer (in axial con-

figuration) with high quality due to dislocation- and

strain-free characteristics.[13] However, some critical

requirements or properties of GaN nanorod arrays as

a template are still not reported yet. In this paper, an

understanding of the mechanism of strain relaxation

and optical properties of InGaN-based nanorod arrays

is performed, which could result in a better prediction
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and design of heteroepitaxial growth behaviours for

InGaN layers on the GaN nanorod array template.

In our study, In0.19Ga0.81N/GaN heterostruture

nanorod arrays are fabricated, and their optical prop-

erties are investigated. The degree of relaxation for

the as-grown sample and nanorod arrays are deter-

mined by the reciprocal space mapping (RSM) results.

From PL measurements for InGaN/GaN nanorod ar-

rays and films, we find that vertically-aligned In-

GaN/GaN nanorod arrays can emit about 1.5 times

stronger than that of InGaN film at 10 K. Further-

more, a red-shift of the PL spectral peak position is

observed in InGaN/GaN nanorod arrays. From the

value of the red-shift, the pressure coefficient for the

built-in biaxial strain in the InGaN layer at 10 K is

calculated. At the same time, another sample with

solely-formed nanorod arrays of the InGaN layer is

fabricated for comparison.

2. Experiments

MOCVD-grown In0.19Ga0.81N/GaN epilayers

were used to form nanorod arrays. The intrinsic In-

GaN layer has a thickness of 120 nm. The vertically-

oriented nanorod arrays were prepared by inductively

coupled plasma (ICP) etching of the InGaN or In-

GaN/GaN film with self-assembled Ni clusters as the

etching mask.[14] The morphology and size distribu-

tion of InGaN/GaN nanorod arrays were estimated

by field-emission scanning electron microscopy (FE-

SEM). The FE-SEM images of the side-view are in

Fig. 1(a). The total length of nanorods is about

1 µm, including 120-nm long InGaN and 880-nm long

GaN nanostructures. The diameter and density of

the nanorods is 100 nm–200 nm and 1.5× 109 cm−2,

respectively. The layer structure of the InGaN/GaN-

heterostruture nanorod arrays is shown in the inset of

Fig. 1(a).

The X-ray diffraction (XRD) and RSM measure-

ment were performed using a D8/Bruker DISCOVER

high-resolution X-ray diffractometer, equipped with a

four-crystal monochromator in Ge (220) and Ge (440)

configuration and four-circle translational capability.

The photoluminescence (PL) was excited by a 325-

nm line of He–Cd laser with an excitation power of

20 mW. For low temperature measurements, samples

were fixed on a cold finger of a closed-circuit helium

cryostat.

3. Results and discussion

Figure 1(b) depicts the distribution of the scat-

tered X-ray intensity in reciprocal space of the asym-

metric (11-24) Bragg reflexes, which provides an ef-

fective tool for determining the strain states in In-

GaN/GaN heterostructures. Based on the ψ marked

in the figure, the degree of relaxation for InGaN nanos-

tructured arrays on GaN templates is about 100%.

This is generally correct on the assumption that the

lattice of thick GaN film is equal to that of bulk GaN

crystal, and the 120-nm thick InGaN layer is not thick

enough to change the lattice of the GaN layer under-

neath. So the illustration describes the strain relax-

ation process in the InGaN layer as the nanorod arrays

are formed. The large aspect ratio of the nanorod per-

mits strain relief in three dimensions as a result of the

extra-free surface. GaN nanorod arrays provide a use-

ful means for controlling and manipulating strain in

InGaN layers, and the strain-relaxed growth can sup-

press the tendency toward phase separation in InGaN

layers with high indium content.[15]
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Fig. 1. (a) FE-SEM images of side view for InGaN/GaN

nanorod arrays, the inset of panel (a) shows the layer

structure, (b) RSM measured in the vicinity of (11-24)

reflection.

To identify the effect of formed nanorod arrays of

the GaN layer underneath on the degree of relaxation
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and understand further the mechanism of relaxation in

the InGaN nanorod arrays, the solely-formed nanorod

arrays of the InGaN layer were fabricated and labelled

as sample C. The depth of ICP etching in sample C is

changed to be around 120 nm, which is equal to the

thickness of the InGaN layer. To better distinguish

the samples used in this paper, the sample aforemen-

tioned and the as-grown sample are labelled as sam-

ple A and sample B, respectively. Figure 2 shows the

RSMs of asymmetric (11-24) Bragg reflexes of sample

B and sample C. Although the thickness of the In-

GaN layer in sample B is about 20 times more than

the “critical thickness”, the in-plane lattice parameter

is closely equal to the GaN lattice spacing, indicating

that the InGaN layer of this heterostructure is fully

strained. This is further evidence for the negligible

relaxation in the InGaN layer with a thickness much

more than the “critical thickness”, which was calcu-

lated from the Mathews and Blakeslee model and the

Fischer model.[11] In sample C, this situation is signif-

icantly changed. The degree of relaxation calculated

from the RSM measurement is about 92.4%. We ar-

gue that the contact area between an InGaN rod and

the GaN layer underneath is almost the same in sam-

ple A and sample C. Due to the same ratio of the

large InGaN nanorod surface area in comparison to

its volume and the contact area, it is found that the

InGaN layers in sample A and sample C have almost

the same degrees of relaxation. From this, we believe

that the assumption that the lattice of thick GaN film

equals that of bulk GaN crystal is valid. On the other

hand, some reports showed theoretically that nanorod

strain at the heterointerface decreases rapidly within

a few atomic layers, and then fully relaxes in several

manometers.[16,17] The results of fully relaxed InGaN

layers in the two samples showed experimentally that

a nanorod has a great ability to accommodate the mis-

match in the overlayer, even though the underlayer is

still in the planar structure.

Additionally, according to the measured relax-

ation, In content in the InGaN layer is easily calcu-

lated via fitting to the experiment data of ω/2θ scan

(not shown here). Using the Vegard’s law, the In com-

position in our sample was estimated to be about 0.19.

Meanwhile, a dependence of diffracted angle on the

sample rotation normal to the surface indicates that

the InGaN (0002) crystallographic plane has an an-

gular offset from the (0002) crystallographic plane of

the GaN layer underneath in sample B, and the tilt

is about 0.01◦ along the (10-10) direction. However,

the tilt of the InGaN (0002) crystallographic plane is

eliminated in sample A and sample C, which could be

attributed to the strain relaxation.
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Fig. 2. RSMs measured in the vicinity of (11-24) reflec-

tion for samples B (a) and C (b).

These changes in structural properties are further

characterized by PL. Figure 3 shows the PL responses

for sample A and sample B at a temperature range

from 7 K to 80 K, and the PL spectrum of sample C is

not shown here due to its similar behaviour to that of

sample A. The PL peaks for the three samples show an

apparent S-shaped dependence on the temperature.[18]

The PL intensity of InGaN/GaN nanorod arrays is

about 1.5 times stronger than that of sample B at

10 K. The emission enhancement could result from

the improvement in external quantum efficiency be-

cause of the low effective index and reduced loss from

reflection of incident light, which has been reported

elsewhere.[10] Due to the sidewall of the nanorod, the

larger possibility for photons to escape could also con-

tribute to the increase in light emission from our In-

GaN/GaN nanorod arrays.
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Fig. 3. (colour online) PL spectra at temperatures rang-

ing from 7 K to 80 K for sample A (a) and sample B (b).

The temperature-dependence PL properties for

sample A and sample B were studied at tempera-

tures between 7 K and 200 K in Fig. 4(a). Note

that a shift of the emission peaks to a longer wave-

length for the InGaN/GaN nanorod arrays in com-

parison to sample B can be observed due to strain

relaxation, which is the only difference in the InGaN

layer between sample A and sample B. As is well

known, the band gap of InGaN can be changed by

the atom size effect or lattice constant, which is af-

fected by the application of hydrostatic pressure.[19]

The light emission energy peak would shift toward a

shorter wavelength when the hydrostatic pressure in-

creases. Actually, the built-in biaxial stress in the In-

GaN layer can act as a hydrostatic pressure to modify

the pressure behaviour of InGaN.[20,21] So, it is sup-

posed that the red-shift is reversed when the built-in

biaxial strain is relaxed. From the red-shift value of

5.7 meV for the nanorod arrays, the pressure coeffi-

cient for the built-in biaxial stress in the InGaN layer

is about 2 meV/GPa–8 meV/Gpa under 10 K (the

in-plane biaxial stress in the InGaN layer can be ob-

tained from the relationship: σ = Gf ,[22] where G is

the shear modulus,[23] f is the in-plane strain com-

ponent expressed as f = (a − a0)/a0, with a and a0

being the strained and fully relaxed lattice parame-

ters, respectively). The biaxial stress would lead to

an increase of ∼ 20% in the pressure coefficient for In-

GaN alloys, which is in a range from 20 meV/GPa to

40 meV/Gpa.[19] For an InGaN film with In content of

0.19, if the degree of relaxation is equal to 100%, the

thickness must be up to 800 nm or more.[24,25] There

have been few reports to analyse quantitatively the

effects of the built-in biaxial strain on the pressure

coefficient. In bulk InGaN-based top cells, different

degrees of relaxation affected by the thickness of the

absorber would result in the shift of absorption, which

should be designed carefully in multi-junction solar

cells. The strain-free InGaN absorber grown on the

GaN nanorod arrays allows the precise control of the

absorption as the top cell to better match the incident

solar spectrum.
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Fig. 4. (colour online) Dependences of PL peaks on T (a)

and 1/T (b) for sample A and sample B, where the solid

lines denote the fitted curves to Eq. (1) (a), the Arrhe-

nius plots of integrated PL intensity for the sample A and

sample B (b).

In Fig. 4(a), the fit was used to obtain the peak

position dependence on temperature via the band-tail

model[26,27]

E(T ) = E(0)− αT 2

T + β
− σ2

kBT
, (1)

where E(0) is the energy band gap at zero tempera-

ture, α and β are Varshni’s fitting thermal coefficients.

The last term on the right-hand side comes from the
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localization effect, and σ is the characteristic param-

eter describing the shape of the energy band-tail, and

kB is Boltzmann’s constant. The fitting parameters of

σ = 12.89 meV and 13.94 meV for the sample A and

sample B are of the same order as the reported val-

ues for quantum well (QW) systems (∼ 30 meV).[28]

This implies that the structure of nanorod arrays af-

fects the PL behaviour due to the strain relaxation,

but does not influence the localization effect resulting

from the indium composition fluctuation.

Figure 4(b) shows an Arrhenius plot of the inte-

grated PL intensity for sample A and sample B from

7 K to 200 K. Thermal quenching of the integrated PL

intensity due to activation of nonradiative channels

can be observed for temperatures higher than 30 K.

As the temperature increases, the integrated PL in-

tensities decrease by a factor of 11.2 and 6.5 for sam-

ple A and sample B, respectively. The results imply

that the thermal quenching of the luminescence be-

haviour of nanorod arrays in sample A is worse than

that of sample B. Considering two different recombi-

nation centres, the activation energy in a thermally

activated process can be calculated by the following

expression:[29,30]

I(T ) ∝ 1

1 +
∑
i=1

Si exp

(
− Ei

kBT

) , (2)

where Ei are the activation energies of the correspond-

ing nonradiative recombination centres, Si are rate

constants related to the density of these centres, and

kB is Boltzmann’s constant. A good fit to our experi-

mental data (solid line) is obtained if two nonradiative

channels are included, and the results are presented in

Table 1. It is found that the value of activation en-

ergy E2 (∼ 14 meV) of the two samples changes little,

implying that the origins of the nonradiative recom-

bination centres at high temperatures are the same

because of their similar activation energies. The ac-

tivation energies are not only much smaller than the

QW binding energy of the excitons, but also smaller

than the energies of nonradiative centres related to

dislocations.[31] Additionally, a larger rate constant of

34.33 is observed for the nanorod arrays. This may re-

sult primarily from the morphology of the nanoscale

structure, and more defects induced by the ICP etch-

ing. Actually, the total surface area of the InGaN layer

for nanorod arrays is about 1.5 times that for sample

B. Therefore, we conclude that high density of surface

state is one of the major factors for a large value of S2

and thus a terrible quenching effect in nanorod arrays.

So it is necessary to use some post-processes (such as

thermal annealing, chemical method or oxidation pro-

cess) to heal the surface state caused by the ICP etch-

ing. The experiments are under way. It is interesting

to note that at low temperature radiative recombina-

tion is a dominant process. The activation energies for

both samples are very close to kBT when T is 30 K

(∼ 2.7 meV), and the rate constant is very small. So

this nonradiative centre can be explained by the es-

caping of carriers captured at the localized potential

minima or thermal quenching of bound excitons.[32]

However, the real origin of this nonradiative channel

and the type of bound exciton in this process are not

known. It could be supposed that the much lower rate

constants (in Table 1) for sample A and sample C are

attributed to the strain relaxation because of the for-

mation of nanorod arrays. This implies that carriers

could have better opportunity to be confined into lo-

calization states before nonradiative recombination at

lower temperature.

Table 1. Fitted results with respect to the experimen-

tal temperature-dependent PL integrated intensities for the

three samples.

Samples S1 E1/meV S2 E2/meV

A 0.60 1.72 34.33 14.01

B 1.77 2.80 14.84 13.84

C 0.27 1.84 18.7 13.36

4. Conclusion

In this paper, the InGaN/GaN film is fabricated

into nanorod arrays. The RSM results show that the

formation of nanorod arrays leads to an almost full re-

laxation compared with the case of the as-grown sam-

ple. From the complete relaxation, the pressure co-

efficient is calculated to be 2 meV/GPa–8 meV/Gpa

under 10 K for the built-in biaxial strain in the InGaN

layer. The formation of nanorod arrays increases the

nonradiative recombination due to more surface states

at high temperature, but increases radiative recombi-

nation at a lower temperature.
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