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Abstract

Carrier recombination dynamics in AlInGaN alloy has been studied by photoluminescence (PL) and time-resolved PL

(TRPL) at various temperatures. The fast red-shift of PL peak energy is observed and well fitted by a physical model

considering the thermal activation and transfer processes. This result provides evidence for the exciton localization in the

quantum dot (QD)-like potentials in our AlInGaN alloy. The TRPL signals are found to be described by a stretched exponential

function of exp½ð2t=tÞb�; indicating the presence of a significant disorder in the material. The disorder is attributed to a

randomly distributed QDs or clusters caused by indium fluctuations. By studying the dependence of the dispersive exponent b

on temperature and emission energy, we suggest that the exciton hopping dominate the diffusion of carriers localized in the

disordered QDs. Furthermore, the localized states are found to have 0D density of states up to 250 K, since the radiative lifetime

remains almost unchanged with increasing temperature.
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1. Introduction

Recently, Group-III nitride semiconductors have

emerged as the leading material for the production of

green–blue–ultraviolet (UV) light-emitting diodes (LEDs)

and laser diodes (LDs). In particular, the quaternary

AlInGaN material system has attracted a great deal of

interest due to its potential applications for the energy band

engineering and strain engineering [1–3]. The use of

AlInGaN films as the barriers for InGaN quantum wells

(QWs) was found to improve the luminescence properties

by suppressing deep level emissions and changing the

emission mechanism [4,5]. Furthermore, AlInGaN alloys

were also reported being used as the active layers for

multiple QWs in fabricating deep-UV LEDs with peak

emission wavelengths from 305 to 340 nm [6–8]. In spite of

the fast development in the device applications, however,

the optical emission mechanism has not been well under-

stood and there are some controversies in the reported

papers. For instance, G. Tamulaitis et al. suggested that the

luminescence comes from the transition of electrons

between band edges in AlInGaN alloys [9]. While Mee-Yi

Ryu et al. attributed the emission to the recombination of

carriers/excitons localized at band-tail states [10, 11].

In this work, we have studied carrier recombination

dynamics in AlInGaN alloys by photoluminescence (PL)

and time-resolved PL (TRPL) at various temperatures from

14 to 250 K. Our results demonstrate that the PL emissions

result primarily from localized exciton recombination

related to the quantum nanostructures such as quantum

dots (QDs) in the alloy. The TRPL data clearly show the

presence of a significant disorder in the material. The

exciton hopping mechanism is suggested to be responsible

for the observed non-exponential PL decay process.

Furthermore, the localized states are found to have 0D

density of states in our studied temperature range.
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2. Experimental procedure

The samples studied were grown by low-pressure metal-

organic chemical-vapor deposition (MOCVD) on sapphire

(0001) substrates. A low temperature (550 8C) GaN buffer

of ,20 nm thickness was first deposited, followed by the

deposition of 1 mm of GaN grown at 1030 8C. A 0.5-mm-

thick AlInGaN layer was then grown on the GaN layer. The

growth temperature of AlInGaN layers was in the range of

800–880 8C. All other growth conditions were kept

unchanged for different samples. The growth pressure was

76 Torr. In the growth, trimethylgallium (TMG), trimethyl-

aluminum (TMAl), ethyldimethylindium (EDMIn) and

ammonia were used as precursors and SiH4 was used for

n-type doping. The detailed growth procedure can be found

elsewhere [12]. The composition of the samples was

determined by energy dispersive system (EDS) and X-ray

diffraction (XRD). In this work, we use a typical sample of

Al0.12In0.095Ga0.785N as an example to study the carrier

dynamics in this quaternary alloy system. For TRPL

measurements, the PL was excited by frequency-doubled

ðl ¼ 360 nmÞ laser pulses from a Ti/Sapphire mode-locked

femtosecond laser and the time-correlated signals were

analyzed by a two-dimensional (2D) synchronous streak

camera with an overall resolution of better than 15 ps. PL

measurement was performed in cw configuration using a

combination of a cooled GaAs PMT with a Data-Link

electronic system.

3. Results and discussion

We have first measured the PL spectra of the Al0.12-

In0.095Ga0.785N sample at various temperatures. The spectral

width is quite broad even at low temperature (shown in the

inset of Fig. 1), indicating the existence of local potential

fluctuations in the material. In Fig. 1, the temperature

dependence of the PL peak energy is plotted. It can be seen

that the peak energy variation with temperature does not

follow the Varshni law for typical AlGaN and InGaN alloys

[13,14]. For comparison, a typical temperature dependence

of the peak energy is shown in the same figure by a dot line

with the Varshini parameters a ¼ 0:832 meV=K and b ¼

835:6 K [14]. This unusual temperature dependence has

been reported previously and taken as a characteristic

behavior for the self-organized QDs [15], where the transfer

of thermally excited carriers to the energetically low-lying

states leads to the fast red-shift of exciton emission. In the

case of AlInGaN quaternary alloy, nanoscale fluctuations in

the indium concentration are expected to be easily formed,

as AlInGaN quaternary alloys were reported to be InGaN-

like rather than AlGaN-like, even when Al composition is

much higher than indium [16]. In fact, non-uniform

distribution of compositions in SEM image was observed

in our AlInGaN sample (not shown). Therefore we believe

that there exists a randomly distributed QD-like nanos-

tructures in our AlInGaN sample as often reported in InGaN

system [17,18]. The formation of QDs in InGaN is mainly

due to the phase separation. The reported sizes of such kind

of QDs is in the range of 0.6–3 nm, much smaller than 10–

40 nm in self-organized InGaN QDs grown in Stranski–

Krastanow growth mode, and the QDs density can be as high

as 5 £ 1011 cm22. Then it is expected that the coupling

between individual QDs and the transfer of carriers by

tunneling will be greatly enhanced, resulting in the fast red-

shift of the exciton energy with temperature. Assuming the

tunneling effect is analogous to thermal transfer process, we

employed the thermal transfer model [19,20] to calculate the

temperature dependence of peak energy in our sample. Here

the distribution of energy for QDs is assumed to be a

Gaussian-like, that is, rðEÞ / exp½2ðE 2 E0Þ
2=2s2; where

s and E0 present the width and center of the distribution

function, respectively. The peak energy EðTÞ can be

obtained using the equation

EðTÞ ¼ E0 2 xðTÞkBT ; ð1Þ

and x can be obtained by numerically solving the following

equation:

x ex ¼
tr

tnr

� �
s

kBT

� �2

2x

" #
eðE02EaÞ=kBT

; ð2Þ

Fig. 1. Temperature dependence of the PL peak energy. Solid

squares are the experimental data and the solid line is the fitting

result. The inset is the PL of the sample at 14 K.
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where ttr is the transfer time; tr is the carrier recombination

time; Ea represents a barrier level that carriers must

overcome to transfer. The calculated result is shown in

Fig. 1 as a solid line. To our surprising, the fitting between

the calculation and the experimental data is very well when

T . 50 K with a fitting parameter Ea 2 E0 ¼ 70 meV: This

energy difference reflects the magnitude of the carrier

localization. The measured large localization energy is

consistent with our hypothesis that the emission comes from

the recombination of excitons localized in QDs. On the

other hand, the AlInGaN alloy can also be regarded as a

disordering material system due to the random distribution

in the size and/or composition of the QDs. This point of

view has been further demonstrated in our TRPL

measurements.

The TRPL measurements of the sample were carried out

in the temperature range from 14 to 250 K. Fig. 2(a) shows

PL decay curves at three typical temperatures. It is found

that the decay process is characterized by a non-exponential

function at all temperatures, and this non-exponential decay

can be well described by a stretched exponential function, as

analyzed by Chen et al. [21] for disordered low-dimensional

semiconductors:

IðtÞ ¼ I0 exp 2
t

t

� �b" #
; ð3Þ

where IðtÞ is the PL intensity at time t and I0 is Ið0Þ; b is a

dispersive exponent and t is the lifetime. This decay law is

often encountered in the disordered systems and considered

as a consequence of the dispersive diffusion of the

photoexcited carriers. It has been successfully applied to

explain the optical properties in InGaN QDs [22,23] and

porous silicon [24,25]. In general, carrier dispersive

diffusion among different spatial regions can be due to the

excitation of carriers from localized to extended states

(energetic disorder), or due to the hopping (tunneling) of

electrons among localized states (topological disorder). In

AlInGaN, fluctuations in the alloy composition, especially

the fluctuations in indium concentration can produce both

energetic and topological disorder. The theory suggest that a

temperature-dependent b is associated with a distribution of

activation energies, whereas a constant b arises from a

dispersive tunneling mechanism [26]. In order to obtain the

temperature and energy dependence of b; the measured

decay curves were fitted by Eq. (3) through plotting ln½ln �

I0=IðtÞ� vs ln (time), using b and t as fitting parameters. The

result for the PL decay of the peak energy emission at 14 K

is given in Fig. 2(b). The fitted b is 0.84 and t is 212 ps. In

Fig. 3, we have plotted the temperature (a) and energy (b)

dependence of b and found that b almost remains

unchanged in both cases. This observed temperature and

energy independence of b is consistent with topological

disorder model [26]. It is noted that our b values are larger

than the reported value of b in porous silicon [24]. It reflects

a less degree of disorder in our AlInGaN epilayers compared

to porous silicon.

In order to further understand the dimensional property

of the localization centers, we have studied radiative and

non-radiative recombination dynamics by combining the PL

Fig. 2. (a) TRPL decay curves of the Al0.12In0.095Ga0.785N

sample at 14, 120 and 250 K, respectively. The dots lines are

experimental data and the full lines are the fitting using Eq. (3).

(b) ln½lnðIð0Þ=IðtÞÞ� versus ln (time). The obtained dispersive

exponent b and t are indicated in the figure.

Fig. 3. b as a function of the temperature (a), and emission energy at

250 K (b).
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and TRPL results. The values of the radiative lifetime trad

and non-radiative lifetime tnonrad are deduced from the

longer component of PL decay ðtPLÞ and the PL intensity as

a function of temperature using the relation hint ¼

1=ð1 þ trad=tnonradÞ; where hint is an internal quantum

efficiency. To simplify, hint is set to unity at low temperature

since the non-radiative recombination process is generally

frozen at low temperature, as demonstrated in the inset of

Fig. 4. Then, trad and tnonrad can be expressed as

tradðTÞ ¼
Ið14 KÞ

IðTÞ
tðTÞ ð4Þ

tnonradðTÞ ¼
Ið14 KÞ

Ið14 KÞ2 IðTÞ
tðTÞ: ð5Þ

In Fig. 4, the deduced trad and tnonrad are plotted as a

function of temperature. It can be seen that there is not much

variation of trad from 14 to 250 K. It is a typical

characteristic of the 0D excitons. Therefore it is believed

that the emission of our sample originates from the excitons

localized in disordered QD-like nanostructures up to 250 K.

4. Conclusion

In conclusion, we have measured temperature-dependent

PL and TRPL to study the carrier recombination dynamics

in AlInGaN alloys. Unusual temperature dependence of PL

peak energy is observed and is well fitted by the thermal

activation and transfer model. This result provides evidence

for the exciton localization in the QD-like potentials in our

AlInGaN alloy. The TRPL signals are found to be well fitted

as a stretched exponential decay from 14 to 250 K,

suggesting that the spontaneous emission is due to the

radiative recombination of carriers localized in a disordered

system. The disorder is attributed to a randomly distributed

quantum nanostructures such as quantum dots or clusters

caused by indium fluctuations, as in the case of InGaN alloy.

By studying the dependence of the dispersive exponent b on

the temperature and emission energy, we suggest that the

hopping of excitons among localized states dominates the

carrier diffusion. The localized states are considered to have

0D density of states up to 250 K.
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