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We investigate, via time-resolved photoluminescence, the temperature-dependence of charge

carrier recombination mechanisms in nonpolar (Al,Ga)N/GaN single quantum wells (QWs) grown

via molecular beam epitaxy on the a-facet of bulk GaN crystals. We study the influence of both

QW width and barrier Al content on the dynamics of excitons in the 10-320 K range. We first show

that the effective lifetime of QW excitons s increases with temperature, which is evidence that

nonradiative mechanisms do not play any significant role in the low-temperature range. The

temperature range for increasing s depends on the QW width and Al content in the (Al,Ga)N

barriers. For higher temperatures, we observe a reduction in the QW emission lifetime combined

with an increase in the decay time for excitons in the barriers, until both exciton populations get

fully thermalized. Based on analysis of the ratio between barrier and QW emission intensities, we

demonstrate that the main mechanism limiting the radiative efficiency in our set of samples is

related to nonradiative recombination in the (Al,Ga)N barriers of charge carriers that have been

thermally emitted from the QWs. VC 2012 American Institute of Physics. [doi:10.1063/1.3681816]

I. INTRODUCTION

Currently, there is growing interest in the study of non-

polar nitride-based heterostructures with the aim of realizing

high-power optoelectronic devices operating in the UV

range. When growth is along the polar c-axis, polarization

discontinuities at the interfaces of III-nitride heterostructures

induce huge built-in electric fields along the growth axis,1

and it is thus mandatory to grow thin quantum wells (QWs)

in order to keep an optimal overlap between electron and

hole wave functions.2 Conversely, the growth of wide QWs

is of key importance when designing high-power nitride-

based optoelectronic devices: they indeed allow a reduction

of the carrier density in the QW, thereby lessening the effi-

ciency of Auger-like mechanisms.3 The absence of polariza-

tion discontinuity at the interfaces of a- or m-plane

heterostructures makes possible the growth of thick QWs

without any decrease of the radiative efficiency of the de-

vice.4 However, the growth of nonpolar GaN on foreign sub-

strates results in structures in which exciton dynamics is

limited by capture on extended defects.5,6 A further step to-

ward the improvement of the light emission efficiency has

been taken recently in the use of a nonpolar a-facet of bulk

GaN substrates for the growth of an (Al,Ga)N/GaN QW.7 In

that work, we indeed show that the use of a nonpolar GaN

substrate allows for the fabrication of QWs in which the

exciton lifetime is limited by radiative processes for temper-

atures below (typically) 150 K. Although room-temperature

cathodoluminescence experiments demonstrated that dislo-

cations did not play any significant role in the dynamics of

excitons, a drop in the exciton photoluminescence (PL)

effective decay time was observed from 150 to 300 K.

In the present study, we therefore investigate the mecha-

nisms responsible for the temperature dependence of exciton

recombination dynamics in a-plane (Al,Ga)N/GaN QWs

grown on low-dislocation density bulk GaN substrates. We

investigate the influence of both the QW width and the barrier

Al content. For all samples, we measure purely radiative

recombination mechanisms from 10 to �150 K. At higher

temperatures, we observe a drop in the QW PL effective

decay time, accompanied by an increase in the (Al,Ga)N bar-

rier PL decay time. Supported by a theoretical model that

accounts for the equilibrium between charge carriers in the

QW and in the (Al,Ga)N barriers, we deduce from our experi-

ments that the mechanism limiting the radiative efficiency of

the present GaN QWs at 300 K is nonradiative recombination

in the disordered (Al,Ga)N barriers of excitons and free

electron-hole pairs that have thermally escaped the QWs.

II. EXPERIMENTAL DETAILS

a-plane GaN substrates have been prepared by means of

a combination of the high-pressure solution method and

hydride vapor phase epitaxy (HVPE) (details of the growth

of nonpolar GaN substrates are given in Ref. 8). We then de-

posited, via ammonia molecular beam epitaxy, a 200 nm

thick GaN epilayer on top of the substrates. Five different

samples were grown, including one single 2 nm thick GaN
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QW sandwiched between Al0.12Ga0.88 N barriers (sample

N1) and three single GaN QW samples with a barrier Al con-

tent set to 6% and QW widths of 2, 4, and 7 nm (samples N2,

N3, and N4, respectively; see Table I). In all cases, the bot-

tom and top (Al,Ga)N barrier thicknesses were set to 160

and 30 nm, respectively. In addition to the QW samples, we

grew, under the same conditions, an a-plane 190 nm thick

Al0.06Ga0.94 N layer (sample N5). Note that for sample N5,

an additional 1.5 nm thick AlN spacer was inserted between

the GaN and the Al0.06Ga0.94 N epilayers. Non-resonant PL

experiments were carried out with the third harmonic

(k¼ 280 nm) of a mode-locked Al2O3:Ti laser (average

power, pulse width, and repetition rate of 50 lW, 2 ps, and

80.7 MHz, respectively). The laser beam was focused down

to a 40 lm diameter spot on the surface of the sample.

Assuming homogeneous excitation across the laser spot and

accounting for the reflections of the laser beam on the win-

dow of the cryostat and on the surface of the sample, we esti-

mated the total photogenerated carrier density as

Ntot¼ 5� 1010 cm�2 per pulse. The time-resolved PL was

analyzed with a 1200 grooves/mm grating followed by a

streak camera synchronized with the laser. Finally, envelope

function calculations including the variational modeling of

excitonic effects were performed using a finite difference

method in which the in-plane and on-axis relative motions of

electrons and holes are assumed to be independent.9

III. RESULTS AND DISCUSSION

A. Low-temperature emission properties

Figure 1 shows time-integrated PL spectra for the three

Al0.06Ga0.94 N/GaN QW samples investigated here (samples

N2, N3, and N4). At 10 K, the QW emission of sample N2 is

centered at 3.54 eV and presents a full width at half maxi-

mum d¼ 13 meV. When the QW width is increased from 2

to 7 nm, the emission energy of the fundamental QW exciton

decreases to 3.483 eV, which agrees well with the trend

expected for polarization free QWs.10,11 In parallel, the

thicker the QW, the narrower its emission (Table I), a finding

that we relate to the combination of reduced penetration of

exciton wave function into the disordered alloy barriers and

a smaller effect of well width variations on quantized ener-

gies. In particular, the d¼ 8 meV emission linewidth we

measure for the 7 nm thick QW (sample N4) attests to the

improved material quality achieved when growing nonpolar

(Al,Ga)N/GaN QWs on bulk GaN, relatvie to what is

obtained for MBE-grown a-plane QW samples deposited on

epitaxial lateral overgrown (ELO) GaN (d¼ 18 meV in the

case of a 7 nm Al0.05Ga0.95 N/GaN QW).11 We also underline

the fact that the 8 meV linewidth measured for sample N4 is

only 2 meV larger than what has been reported for state-of-

the-art c-plane Al0.05Ga0.95 N/GaN QWs grown via metal-

organic vapor phase epitaxy.12 In addition to the emission

from the fundamental QW exciton, we observe for all sam-

ples a strong emission centered at 3.471 eV that arises from

excitons bound to donors in the GaN substrate (D�X).13 We

note the absence of the band at 3.42 eV that is usually

observed with nonpolar GaN layers deposited on lattice mis-

matched substrates and ascribed to exciton recombination on

basal plane stacking faults (BSFs).14,15 Given that even

when their local density is as low as 104 cm�1, BSFs exhibit

intense PL,16 the present observation is evidence that, if

present, stacking faults in our samples are only in low den-

sity and do not affect excitons confined in the QWs. Coming

to the emission from the Al0.06Ga0.94 N barriers, we observe

that its peak energy at 10 K ranges between 3.58 and

3.60 eV. Similar to a previous work on nonpolar (Al,Ga)N/

GaN deposited on sapphire,11 we attribute these fluctuations

in the (Al,Ga)N emission energy to fluctuations in the Al

composition originating from adatom incorporation anisot-

ropy when growing on nonpolar planes.

At 10 K, QW excitons are localized at potential fluctua-

tions induced by a single monolayer variation of the QW

TABLE I. QW width LQW and AlxGa1�xN barrier Al content x of the inves-

tigated samples. The emission properties of the different samples at 10 K are

also given: E10K, d, Eloc, and sloc stand, respectively, for the QW emission

energy, the QW emission full width at half maximum, the exciton localiza-

tion energy, and the localized QW exciton PL lifetime.

Samples QW emission properties at 10 K

No. x(%) LQW(nm) E10K(eV) d(meV) Eloc(meV) sloc(ps)

N1 12 2 3.585 15 16 6 2 160

N2 6 2 3.540 13 14 6 1 150

N3 6 4 3.494 10 4 6 1 130

N4 6 7 3.483 8 2 6 1 100

FIG. 1. (Color online) Time-integrated spectra at 10 K for 2, 4, and 7 nm

thick Al0.06Ga0.94 N/GaN QWs (from top to bottom). Spectra have been

shifted vertically for clarity. Gray lines are guides for the eye.
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width.17,18 When T increases, exciton delocalization into the

whole two-dimensional quasi-continuum of states is activated,

resulting in a blueshift of the QW emission (Fig. 2). We can

therefore access the exciton localization energies from the

T-dependence of QW PL energies, and we observe that for a

constant barrier Al content of 6% (samples N2, N3, and N4),

the exciton localization energy increases from 2 to 14 meV

when the well width decreases from 7 to 2 nm (Table I). Com-

ing to the QW decay times at 10 K, we observe that they are

quite short compared to those reported in Refs. 4, 6, 11, 19,

and 20 (Fig. 3). Although the short lifetimes observed here

might misleadingly suggest that the PL of the present QWs is

governed by nonradiative processes, they on the contrary are

evidence of better control of the QW interface roughness in

heterostructures grown on bulk GaN crystals, as discussed in

Ref. 7. We also observe that at 10 K, for quantum wells grown

on bulk GaN crystals with similar barrier Al contents, the thin-

ner the QW, the smaller the localized exciton decay rate

(Fig. 3). This is not surprising because a narrower QW means

deeper localization. Consequently, the narrower the QW, the

larger the extent of the QW localized exciton wave function

in reciprocal space,21,22 and the longer the radiative lifetime,

as observed experimentally in Ref. 23.

For sample N1, which has the same QW width as sample

N2 but a higher barrier Al content (12% for sample N1 versus

6% for sample N2), the emission at 10 K is centered at

3.585 eV with d¼ 15 meV. Due to its larger barrier Al con-

tent, we expect deeper exciton localization for sample N1 than

for sample N2. This deeper localization is evidenced by a

larger exciton localization energy (Fig. 2 and Table I), as well

as by a longer QW PL lifetime at 10 K, for the reasons men-

tioned above (Fig. 3). Note, however, that when extracting a

localization energy from the T-dependence of the sample N1

emission energy, we had to use, when performing the Varshni

fit,24 a set of parameters that is different than that used for

Al0.06Ga0.94 N/GaN QWs. This is justified by the fact that the

dilatation coefficients of Al0.06Ga0.94 N and Al0.12Ga0.88 N are

not the same, yielding differences in the variation of the QW

strain state for sample N1 and for samples N2, N3, and N4.

B. Time-resolved photoluminescence with
temperature

We show in Fig. 4(a) the temperature dependence of the

effective lifetime of QW excitons (s) for samples N1 to N4.

FIG. 2. (Color online) (a) Time-integrated spectra for 2 nm thick

Al0.06Ga0.94 N/GaN QWs (sample N2) between 10 and 320 K. Spectra have

been shifted vertically for clarity. For T> 200 K, the high-energy slopes of

these semi-logarithmic plots of PL spectra for the QWs and for the barrier

are the same, indicating that the exciton populations of wells and barriers

are thermalized. “QW” and “QWþ 1 ml” refer to the emission from free and

localized QW excitons, respectively. (b) QW PL peak energy vs T for sam-

ples N1 to N4 (squares, triangles, diamonds, and stars, respectively). Lines

are the result of Varshni fits to the higher-T dependence of the QW emission

energy for samples N2 to N4, yielding the localization energy of excitons in

these QWs.

FIG. 3. (Color online) Experimental decay rates 1/s10K at 10 K for excitons

localized along nonpolar AlxGa1�xN/GaN QWs with respect to the QW

width. Solid lines are guides for the eye. Squares: this work, a-plane

Al0.06Ga0.94 N/GaN and Al0.12Ga0.88 N/GaN QWs (full and open squares,

respectively) grown on bulk GaN. Triangles and circles: a-plane AlxGa1�xN/

GaN QWs grown on ELO-GaN (Refs. 11 and 20). Diamonds: a-plane

Al0.18Ga0.82 N/GaN grown on sapphire (Ref. 19). Inverted triangles: m-plane

Al0.1Ga0.9 N/GaN QWs grown on c-LiAlO2 (Ref. 4).
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In the low-temperature range (typically T< 150 K), we

observe for all samples that increasing T leads to an increase

of s. As shown in Ref. 7, such behavior is direct evidence

that exciton recombination in the temperature range of

increasing s is purely radiative. Therefore, in this tempera-

ture range, s is nothing but the radiative decay time for exci-

tons confined in the QWs. We note also that the measured

radiative lifetime of a QW is determined, over the whole

range of temperature, by the thermally activated exchanges

between localized and delocalized QW states.21,25

In contrast, in the high-temperature range, we observe

for all Al0.06Ga0.94 N/GaN QW samples that s decreases with

temperature, indicating the activation of nonradiative recom-

bination channels. We therefore need to understand, as non-

radiative processes come into play at high T, what the

dominant process that limits/promotes these nonradiative

recombinations is. We can explore that in detail for the first

time because in previous studies fast and efficient nonradia-

tive carrier capture by dislocations washed out all the effects

and limited the lifetimes, including at the lowest T.5,6 As

shown in Fig. 4(a) for Al0.06Ga0.94 N/GaN structures, QW PL

lifetimes do not steadily increase up to 300 K; rather, they

start decreasing above some critical T and then tend toward a

value of 100 to 250 ps at room temperature. Time- and

temperature-resolved PL studies performed on high-quality

III-arsenide QWs also revealed drops in both intensity and

lifetime with increasing temperature. Such decreases were

first ascribed to the thermal escape of charge carriers out of

the QWs into barrier states, but with discrepancies of the

associated activation energies reported by different groups.

These energies indeed ranged from the electron-hole con-

finement energy26 to half the total confinement energy,27 or

to the binding energy of the less confined species.28,29 Gur-

ioli et al. inferred that the discrepancies between the differ-

ent reports simply came from the different methods used to

extract the activation energies.28 Based on their analysis of

the temperature dependence of the QW PL effective lifetime,

they deduced that the main nonradiative mechanism for QW

charge carriers was related to the unipolar escape of carriers

out of the QWs. In their model, Gurioli et al. simply modeled

(Al,Ga)As barriers as nonradiative “sinks” for carriers. This

model is not appropriate here considering the room-

temperature PL spectrum shown in Fig. 2(a), in which

intense PL from the (Al,Ga)N barriers is observed. Based on

excitation dependent measurements, Weber et al.30 then pro-

posed competition between nonradiative recombinations at

QW interface states31,32 and the bipolar escape of carriers to-

ward the barriers, followed by subsequent surface recombi-

nation, as the origin of the deviation between the different

reports.

Here, such a reduction in QW exciton lifetime cannot be

ascribed to the capture of charge carriers by nonradiative

states located in the QW or at its interfaces. First, the thread-

ing dislocation density and QW exciton room temperature

diffusion length have been estimated, for the present sam-

ples, to be on the order of 2� 105 cm�2 and 100 nm, respec-

tively.7 Therefore, only a small fraction of photogenerated

excitons are affected by the presence of dislocations. Second,

if mechanisms requiring the in-plane diffusion of QW exci-

tons toward nonradiative point defects in the QW plane were

involved in the drop of the QW PL lifetime at high-T, one

would expect this process to be activated more easily for

samples with shallower exciton localization. We observe

experimentally the opposite behavior [Fig. 4(a)]: in sample

N2, in which Eloc¼ 14 meV, the QW PL lifetime starts

decreasing at T¼ 100 K, whereas this reduction starts at 150

and 240 K for samples N3 and N4, respectively.

Monitoring the (Al,Ga)N barrier PL lifetime in the

whole 10-320 K temperature range allows one to further

understand the dynamics of excitons at high T. First, the

(Al,Ga)N PL lifetime decreases between 10 and 50 K. When

T is increased within this range, excitons in the disordered

alloy get spatially delocalized, and their decay is then domi-

nated by capture into the QWs, assisted by LO phonon or

FIG. 4. (Color online) QW (a) and AlxGa1�xN barrier (b) effective PL life-

times as a function of T for samples N1 (black squares), N2 (black triangles),

N3 (blue inverted triangles), and N4 (red diamonds). (a) The increase of

QW PL lifetime with T is due to the combined delocalization of excitons in

real and reciprocal spaces and is evidence of the negligible role played by

nonradiative centers in the overall recombination mechanisms. (b) After a

slight increase in lifetime between 10 K and 30 K due to deeper localization

in the disordered alloy, the capture of AlxGa1�xN excitons by the QWs

results in a drastic reduction of the PL lifetime. At higher T, QW and barrier

excitons get thermalized, resulting in an increase of the PL effective lifetime

in the barriers.

033517-4 Corfdir et al. J. Appl. Phys. 111, 033517 (2012)



impurity scattering.33 However, we observe an increase of

the (Al,Ga)N PL lifetime in the highest-T range [Fig. 4(b)].

At 300 K, the emission from the barriers and from the QWs

presents almost the same PL decay for all Al0.06Ga0.94

N/GaN heterostructures, evidence of the full thermalization

of exciton populations in the well and the barriers. We would

like to bear in mind that in contrast to (Al,Ga)As/GaAs

QWs,26 no cladding layers are needed here for the observa-

tion at 300 K of both intense PL and non-instantaneous decay

for those (Al,Ga)N barriers. In agreement with PL experi-

ments on GaN surface QWs (Ref. 34) and on GaN nanocol-

umns a few tens of nanometers in diameter,35 surface

recombination is not efficient in low Al-content (Al,Ga)N,

indicating that states induced by dangling bonds are energeti-

cally far from midgap in that material system.36 In addition,

we observe that passivating the surface of the present sam-

ples with SiN does not bring any significant change in terms

of emission intensity or decay time at room temperature (not

shown). It is nonetheless clear that charge carriers in the

QWs and in the barriers are thermalized, and that the recom-

bination lifetime of carriers in the disordered (Al,Ga)N bar-

riers, whatever its radiative or nonradiative origin, is the

limiting decay time for the whole charge carrier population

in the heterostructure at 300 K.

C. Temperature dependence of quantum well and
(Al,Ga)N barrier emission intensities

By analyzing the high-energy side of the PL emission

peaks for QWs and barriers, we can determine the effective

carrier temperature as a function of the lattice temperature

(Fig. 5). We can therefore establish the temperature Tth

above which exciton populations in the QWs and the barriers

are fully thermalized. As expected for the thermal emission

of carriers from a QW, the deeper the confinement, the

higher the Tth (Table II). As relaxation processes are much

faster than recombination mechanisms, QW PL and barrier

PL show the same recombination dynamics for T> Tth

(Fig. 4). Still, we do not have, so far, any quantitative infor-

mation—in terms of the activation energy—about the ther-

mal escape of charge carriers out of the QWs. For that

reason, we study in the following the evolution with T of the

QW and (Al,Ga)N emission relative intensities. We denote

as IQW
X and IAlGaN

X the emission intensities from the QWs and

the (Al,Ga)N barriers, respectively. We consider IQW
X as the

sum of the emission intensities from free and localized QW

excitons (IQW
Xfr and IQW

Xloc, respectively). Under thermodynamic

equilibrium, the ratio between IAlGaN
X and IQW

X is given as

IAlGaN
X

IQW
X

¼ IAlGaN
X

IQW
Xfr þ IQW

Xloc

/ NAlGaN
X =sAlGaN

r

NQW
Xfr =s

QW
r;Xfr þ NQW

Xloc=s
QW
r;Xloc

: (1)

NQW
Xfr and NQW

Xloc are, respectively, the free and localized QW

exciton densities, which decay radiatively within the charac-

teristic times sQW
r;Xloc and sQW

r;Xfr, and NAlGaN
X represents the den-

sity of excitons in (Al,Ga)N, with a radiative lifetime sAlGaN
r .

The intensity ratio between the emissions from the QWs and

the (Al,Ga)N barriers is plotted as a function of the inverse

of T in Fig. 6 for samples N2, N3, and N4. Note that we are

not able to plot this ratio for sample N1 because the emission

from the Al0.12Ga0.88 N barriers is too weak for T> 50 K. As

expected, the deeper the confinement, the smaller the emis-

sion intensity ratio between the barriers and the QWs

(Fig. 6). Still, the T-dependence of IAlGaN
X =IQW

X is not mono-

exponential, indicating that the thermal escape of charge car-

riers from the QW to the (Al,Ga)N barriers cannot be simply

described with an activation energy. This arises first from the

fact that the evolutions with temperature of QW and

(Al,Ga)N barrier radiative lifetimes are not the same:

whereas the former increases with T,21,25,37 the temperature-

dependence of the latter is not straightforward, as one deals

with excitons in a disordered three-dimensional alloy. In

addition, one has to account for the fact that due to their

FIG. 5. (Color online) Effective QW (squares) and barrier (circles) carrier

temperature with respect to the lattice temperature for sample N2, obtained

from the analysis of QW and AlxGa1�xN high-energy side of PL spectra.

Above 200 K, QW and AlxGa1�xN carriers effective temperatures are identi-

cal, evidencing full thermalization of both exciton populations. The arrow

points the temperature Tth above which AlxGa1�xN barriers and QW carrier

populations are fully thermalized.

FIG. 6. (Color online) Experimental time-integrated intensity ratio between

barrier and QW emissions plotted against (1/T) for samples N2, N3 and N4

(squares, circles and triangles). Arrows shows the temperature Tth above

which full thermalization is achieved between QW and AlxGa1�xN barriers.

Dashed lines are the calculated ratio between AlxGa1�xN and QW emission

intensities versus the inverse of temperature using Eq. (10) and the parame-

ters gathered in Table II.
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respective two- and three-dimensionalities, the QWs and the

(Al,Ga)N barriers do not present the same density of states.

In the following, we consequently measure QW and

(Al,Ga)N barrier radiative lifetimes as a function of T
(Sec. III.D). We then compute, in Sec. III.E, the respective

densities of excitons, electrons, and holes in both the two-

dimensional QWs and the three-dimensional (Al,Ga)N

barriers, with respect to T. Finally, we compare the measured

T-dependence of IAlGaN
X =IQW

X with the computed one.

D. GaN quantum well and (Al,Ga)N barrier radiative
lifetimes with temperature

As shown in Eq. (1), it is first mandatory to know the

T-dependence of both QW and barrier radiative lifetimes in

order to correctly fit the evolution of lnðIAlGaN
X =IQW

X Þ with T.

Concerning the radiative lifetime of QW excitons, we apply

the method described in our previous study.7 As stated

above, we observe for all QW samples purely radiative exci-

ton recombinations in the low-T range. The radiative lifetime

for QW excitons over the whole 10-320 K temperature range

is thus simply obtained via linear extrapolation to high tem-

peratures of the increase in QW effective decay time

observed in Fig. 4(a) at low temperatures.21,25

In order to obtain the temperature dependence of the

exciton radiative lifetime in the Al0.06Ga0.94 N barriers, we

performed time-resolved PL experiments on a 190 nm thick

Al0.06Ga0.94 N layer (sample N5). Because the total thickness

of the QW barriers for samples N2 to N4 is also equal to 190

nm, the density of states for excitons in the (Al,Ga)N barriers

of samples N2, N3, and N4 is the same as that in sample N5,

and their radiative lifetimes are therefore comparable. We

plot in Fig. 7 the effective PL decay time for sample N5 with

respect to T. At 10 K, the sample N5 emission decays within

a characteristic lifetime of 204 ps. Increasing T up to 100 K

leads to a reduction of the decay time to 25 ps. This lifetime

then stays nearly constant for higher T. In parallel, over the

whole temperature range, increasing temperature leads to a

decrease of the initial PL intensity of sample N5. Assuming

that the decay is purely radiative at 10 K (which is reasona-

ble, as at such a low temperature most of the excitons are

localized on potential fluctuations), we can extract the

Al0.06Ga0.94 N radiative lifetime with respect to the tempera-

ture (Fig. 7). We find that it does increase nearly exponen-

tially with temperature, reaching �5 ns at 300 K. We

tentatively attribute this exponential dependence of the

(Al,Ga)N radiative lifetime with respect to T to the thermal

exchange between excitons and free carriers, as modeled and

observed experimentally in Ref. 38. As a consequence, and

contrary to what is observed for excitons confined in GaN

QWs, the decay of carriers in (Al,Ga)N is mainly nonradia-

tive for T> 100 K. As GaN QWs and (Al,Ga)N barriers ex-

hibit similar threading dislocation densities, we infer that

such a difference between the nonradiative recombination

rates in GaN and (Al,Ga)N might arise from a higher cation

vacancy density in the disordered alloy, because for the pres-

ent samples, the GaN QWs and the (Al,Ga)N barriers were

grown at the same temperature.

E. Fitting procedure for the thermal escape of charge
carriers from the quantum well to the barriers

Now, we need to estimate, for all T, the respective den-

sities of excitons in the QWs and in the barriers. This can be

done numerically with a model that accounts for the

following:

(i) the thermally activated delocalization of excitons

along the QW plane,

(ii) the dissociation of excitons into free carriers in both

the QWs and the (Al,Ga)N barriers, and

FIG. 7. (Color online) Temperature-dependence of effective (seff), radiative

(sr) and nonradiative (snr) decay times (squares, circles and triangles, resp.)

for a 190 nm thick Al0.06Ga0.94 N layer (sample N5).

TABLE II. QW localization energy Eloc calculated when accounting for a one-monolayer fluctuation of the QW width. Calculated QW and barrier exciton

binding energies (EB,QW and EB,AlGaN, respectively), energy differences DEe (DEh) between barrier conduction (valence) band and ground-state energy of the

QW, and total electron-hole confinement energies DEth. The temperatures Tth above which barrier and QW excitons are thermalized are obtained from the pro-

cedure shown in Figure 5.

Samples Calculations Experiments

No. Eloc(meV) DEe(meV) DEh(meV) EQW
b (meV) EAlGaN

b (meV) DEth(meV) Tth(K)

N1 14 122 78 48 29 219 –

N2 8 43 33 42 27 91 200

N3 3 74 42 40 27 129 260

N4 1 97 47 35 27 152 290
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(iii) the thermal escape of free electrons and holes from

the two-dimensional QWs to the three-dimensional

barriers.

First, the thermal equilibrium between localized and

free excitons in the quantum well is given by the following

equation:

NQW
Xloc

NQW
Xfr

¼ NDp�h2

2MkT
exp

Eloc

kT

� �
: (2)

NQW
Xloc and NQW

Xfr denote the localized and free QW exciton

densities, respectively, and ND, Eloc, and M are the density of

localization states, the exciton localization energy, and the

exciton mass, respectively. Similar to our previous work,7

we take M¼ 1.2m0 and ND¼ 3� 1012 cm�2, and Eloc is esti-

mated via envelope calculations (Table II). With Ne and Nh

electron and hole densities, the mass action law between free

carriers and free excitons in the two-dimensional QW is39,40

NQW
e NQW

h

NQW
X

¼ lkT

2p�h2
exp �EQW

b

kT

" #
; (3)

whereas in the three-dimensional barriers it is

NAlGaN
e NAlGaN

h

NAlGaN
X

¼ L
lkT

2p�h2

� �3=2

exp �EAlGaN
b

kT

� �
: (4)

EQW
b and EAlGaN

b are the exciton binding energies in the QWs

and in (Al,Ga)N, respectively, and l is the exciton reduced

mass. We have calculated EQW
b through envelope function

calculations for the whole set of samples (Table II). Note

that in our calculations, we have separated the in-plane and

on-axis relative motions of the electron and hole. We there-

fore slightly underestimate the binding energy for QWs N3

and N4, which are wider than 1.4 times the exciton Bohr ra-

dius in bulk GaN.41 We also consider the electron and hole

effective masses to be the same in the QWs and in the low

Al-content ternary alloy. However, we take EAlGaN
b as equal

to 27 and 29 meV in Al0.06Ga0.94 N and Al0.12Ga0.88 N,

respectively.42 Finally, L¼ 190 nm is the total thickness of

the (Al,Ga)N barriers. Under the assumption that electron

and hole populations follow a Boltzmann distribution, and

accounting only for the first QW confined state, the ratio of

the QW electron density NQW
e (hole density NQW

h ) to that in

the barrier NAlGaN
e (NAlGaN

h ) is given in Eq. (5) [Eq. (6)].

NAlGaN
e

NQW
e

¼
~NAlGaN

e L

~NQW
e

exp �DEe

kT

� �
(5)

NAlGaN
h

NQW
h

¼
~NAlGaN

h L

~NQW
h

exp �DEh

kT

� �
(6)

DEe (DEh) is the energy difference between barrier conduc-

tion (valence) band and the electron (hole) ground-state of

the QW. As was the case for QW exciton binding energies,

DEe and DEh can be obtained via finite difference calcula-

tions (Table II). ~NAlGaN
e and ~NAlGaN

h are the three-dimensional

effective electron and hole densities of states for the barriers,

and ~NQW
e and ~NQW

h are the QW two-dimensional effective

electron and hole densities of states. Considering that the

electric charge is conserved and that the material is electri-

cally neutral, one gets

NAlGaN
e þ NQW

e þ NAlGaN
X þ NQW

Xfr þ NQW
Xloc ¼ Ntot; (7)

NAlGaN
h þ NQW

h þ NAlGaN
X þ NQW

Xfr þ NQW
Xloc ¼ Ntot: (8)

The system made of Eqs. (2) to (8) is then solved to

obtain the T-dependence of each charge carrier density for

the whole set of samples. It is worth emphasizing that we do

not have to account explicitly for the escape of excitons

from the GaN QWs toward the (Al,Ga)N barriers. In other

words, at thermal equilibrium, the dissociation of QW exci-

tons into free electron hole pairs has to be activated before

there can be excitons in the (Al,Ga)N barriers. The result of

our calculations, displayed in Fig. 8, reproduces what we

observe for the respective QW and (Al,Ga)N emission inten-

sities for samples N1 to N4. In agreement with the intense

PL seen at room temperature for the Al0.06Ga0.94 N barriers

of sample N2 [Fig. 2(a)], we compute for this sample

(Al,Ga)N and QW exciton densities of the same order of

magnitude at 320 K. In contrast, for sample N1, we compute

an exciton density in the barriers that is two orders of magni-

tude smaller than the QW exciton density, explaining why

even at 320 K we do not detect any PL from the

Al0.12Ga0.88 N barriers. More quantitatively, in the case in

which NQW
Xloc � NQW

Xfr (i.e., for samples N2, N3, and N4 when

T> 150 K), it is also possible to express analytically the ratio

of the (Al,Ga)N exciton density to that of the QWs.

ln
NAlGaN

X

NQW
Xfr

 !
¼ 1

2
ln

memh

l
kTL2

32p�h2

� �

� DEe þ DEh þ EQW
b � EAlGaN

b

kT
: (9)

The first term on the right-hand side of Eq. (9) is a geo-

metrical term that accounts for the difference in the density

of states between the barriers and the QWs. The numerator

of the second term on the right-hand side of Eq. (8) is equiv-

alent to an activation energy for the escape of excitons from

the QWs toward the (Al,Ga)N barriers. However, this activa-

tion energy DEth depends not only on the total confinement

energy DEeþDEh but also on the difference between QW

and (Al,Ga)N barrier exciton binding energies. When the

(Al,Ga)N barrier and QW populations are in thermal equilib-

rium, the ratio between the (Al,Ga)N and QW exciton den-

sities does not depend on the total carrier density in the

structure. By inserting Eq. (9) into Eq. (1), we get the inten-

sity ratio between (Al,Ga)N and QW time-integrated PL,

ln
IAlGaN
X

IQW
Xfr

 !
¼ Aþ ln

sQW
r;Xfr

sAlGaN
r;X

 !
þ 1

2
ln

memh

l
kTL2

32p�h2

� �

� DEe þ DEh þ EQW
b � EAlGaN

b

kT
;

(10)
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with A being a constant. We show in Fig. 6 the best fits to

the intensity ratio between QW and (Al,Ga)N barrier emis-

sions as a function of the inverse of T. Despite the simplicity

of our model, the computed T-dependence of the ratio

between (Al,Ga)N and QW emission intensities reproduces

the trends observed experimentally for lnðIAlGaN
X =IQW

Xfr Þ. We

underline the fact that the geometrical term in Eq. (10) has a

negligible influence on the evolution of lnðIAlGaN
X =IQW

Xfr Þ with

T. By extension, the fact that our model accounts for exciton

A excited states as well as for B and C exciton branches

should not significantly modify the result of our calculations,

as this would change the absolute value but not the T-de-

pendence of the geometrical term in Eq. (10). Conversely,

uncertainties regarding the actual QW width and the barrier

Al content, as well as the conduction-band offset ratio, are

more likely to introduce discrepancies between experimental

and calculated emission intensity ratios. In any case, we

reproduce for all Al0.06Ga0.94 N/GaN QW samples the rela-

tive increase of IAlGaN
X =IQW

Xfr in the high-T range.

From our detailed study, three points should be empha-

sized. First, we have shown that thanks to the use of GaN

substrates grown via a combination of the high-pressure so-

lution method and HVPE, we were able to fabricate

(Al,Ga)N/GaN QWs in which recombinations are dominated

by radiative phenomena over a large temperature range (up

to 240 K for sample N4). In contrast to what occurs in

(In,Ga)N/GaN QWs,43 our observation was made in QWs

with low localization energy. It is consequently possible to

achieve nonpolar room-temperature UV emitters combining

a rather narrow emission line with good radiative efficiency

at 300 K. Second, we have demonstrated that the mechanism

limiting the efficiency of the QWs was due to the thermal

escape of free charge carriers toward barriers and their sub-

sequent nonradiative recombination. Thanks to the elimina-

tion of built-in electric fields in a-plane heterostructures, we

thus propose to tackle the thermal escape of carriers through

the growth of thick QWs rather than through an increase in

the barrier Al-content, which is important from the defect/

FIG. 8. (Color online) Calculated free exciton, electron and hole densities (black squares, red circles and blue triangles, resp.) in the QW (solid lines) and in

the AlxGa1�xN barriers (dashed lines) using the parameters gathered in Table II, for a photogenerated pair density of 5 � 1010 cm�2. Black dotted lines show

the density of localized QW excitons. Panels (a), (b), (c) and (d) correspond respectively to samples N1, N2, N3 and N4.
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strain generation point of view. For instance, we determined

via envelope function calculations that an a-plane (Al,Ga)N/

GaN QW with a thickness of 7 nm and a barrier Al content

of 8% exhibits a DEe and DEh of 133 and 61 meV, respec-

tively. For such a structure, one should observe nearly purely

radiative recombination at 300 K, as we estimate from Eq.

(9) that it presents NAlGaN
X < 0.01 NQW

X at room temperature.

Finally, our model shows that there is no such thing as a

direct escape of excitons out of a QW to the barriers, and

that when describing the temperature-dependence of the rela-

tive QW and barrier exciton densities by using an activation

energy, one has to account for the total confinement energy

and for the difference between the QW and (Al,Ga)N barrier

exciton binding energies. A thorough study of the mecha-

nisms limiting charge carrier lifetime in (Al,Ga)N barriers

should allow for further improvement of the efficiency of

UV-light emitters based on so-proposed nonpolar (Al,Ga)N/

GaN QWs with a low Al content barrier.

IV. CONCLUSION

In conclusion, we have grown on the a-facet of bulk GaN

crystals (Al,Ga)N/GaN QWs of various widths and barrier Al

contents. The absence of stacking faults and the low disloca-

tion density of these structures allow for the direct monitoring

via time-resolved photoluminescence of the increase of the

QW radiative lifetime with temperature. In the high tempera-

ture range, a drop in the QW photoluminescence lifetime is

always accompanied by an increase in the barrier emission

lifetime, until both emissions follow the same dynamics. Sup-

ported by a model accounting for the thermodynamic equilib-

rium between excitons and free carriers in the QWs and the

(Al,Ga)N barriers, we demonstrate that at high temperatures,

the nonradiative recombination of charge carriers in the

(Al,Ga)N barriers is the mechanism limiting the photolumi-

nescence lifetime of excitons confined in the QWs.
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