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We explore and systematically compare the morphological, structural, and optical properties of
GaN/(AL,Ga)N multiple quantum wells (MQWs) grown by plasma-assisted molecular beam epitaxy (PA
MBE) on freestanding GaN(0001) and GaN(0001) substrates. Samples of different polarity are found to be
comparable in terms of their morphological and structural perfection and exhibit essentially identical quan-
tum well widths and Al content. Regardless of the crystal orientation, the exciton decay in the MQWs at
10 K is dominantly radiative and the photoluminescence (PL) energy follows the quantum confined Stark
effect for different quantum well widths. A prominent free-to-bound transition involving interface shallow
donors is, however, visible for the N-polar MQWs. At room temperature, in contrast, the exciton decay
in all samples is dominated by nonradiative recombination taking place at point defects, presumably Ca
or Vy located at the bottom QW interface. Remarkably, the N-polar MQWs exhibit a higher PL intensity
and longer decay times than the Ga-polar MQWs at room temperature. This improved internal quantum
efficiency is attributed to the beneficial orientation of the internal electric field that effectively reduces the

capture rate of minority carriers by interface trap states.
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I. INTRODUCTION

The adverse effect of dislocations on the internal quan-
tum efficiency of GaN/(Al,Ga)N heterostructures can be
essentially resolved by reducing the dislocation density
below 5 x 107 cm~2 [1,2], a regime directly attainable for
growth on freestanding GaN or AIN substrates. Nonradia-
tive processes in these heterostructures are thus mediated
by nonradiative point defects [3,4], whose density must
be lowered to reach high luminous efficiencies. In this
regard, optimization of the III:V ratio or Si doping have
been reported to enhance the internal quantum efficiency
of metal polar (Al,Ga)N quantum wells (QWs) grown by
metalorganic chemical vapor deposition (MOCVD) [5,6].
Yet, establishing other strategies to further decrease the
density of point defects in GaN/(Al,Ga)N heterostructures
would certainly benefit to the performance of nitride-
based ultraviolet light emitters [7], transistors [8—11], and
future devices. For the epitaxial growth of semiconductors,
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it is well known that the crystal orientation influences
not only the surface morphology [12—16], but also the
incorporation of impurities and the formation of nonradia-
tive point defects [17—19]. For instance, a dramatic case
is (In,Ga)N/GaN QWs grown by plasma-assisted molec-
ular beam epitaxy (PA MBE), which may not exhibit
any detectable luminescence even at 10 K if grown N-
polar [i.e., on GaN(0001)] instead of Ga-polar [i.e., on
GaN(0001)] [20,21]. The origin of this phenomenon is
related to the presence of nonradiative defects at the QW-
barrier interface. A potential candidate for this as yet
unknown point defect is the impurity Ca [22,23], which
can contaminate the substrate surface during wet clean-
ing and gradually incorporates in the overgrown nitride
layers [24].

Growth of GaN/(AL,Ga)N heterostructures on various
crystal orientations has been already reported by MBE
[25-30] and MOCVD [31-35], but a systematic investi-
gation of the impact of crystal orientation on the incor-
poration rate of nonradiative point defects is still lacking.
A particular interest lies in the (0001) orientation since
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it exhibits internal electric fields of opposite direction
compared to the classical (0001) orientation, which is seen
as favorable for improving the efficiency of high-frequency
transistors [36], light-emitting diodes [37-40], and solar
cells [41]. Lastly, the (0001) orientation is currently avail-
able in the form of freestanding GaN substrates at sim-
ilar costs than the classical (0001) ones and is also the
usual growth direction of dislocation-free GaN nanowires
obtained by self-assembly [42].

In this work, we systematically compare the morpho-
logical, structural, and optical properties of (0001) and
(0001) GaN/(Al,Ga)N multiple quantum wells (MQWs)
grown by PA MBE and discuss the observed differences in
terms of point defect incorporation at the bottom QW inter-
face. As a prerequisite, the samples of different polarity
are first evidenced to be comparable in terms of their mor-
phological and structural perfection. Low concentrations
of impurities are found, with the exception of Ca, whose
concentration is seen to be high in the Ga-polar sam-
ples, 10 times higher than for the N-polar samples. For all
the MQWs, the low-temperature photoluminescence (PL)
shows a predominantly radiative behavior, whereas the
room-temperature PL is dominated by nonradiative inter-
face recombination. However, the N-polar MQWs exhibit
an improved internal quantum efficiency at room tem-
perature in comparison to the Ga-polar MQWs, an effect
that originates from the opposite direction of the internal
electric field.

II. EXPERIMENTS AND METHODS

The MQWs samples under investigation consist of the
layer sequence sketched in Fig. 1. They are grown in
a PA-MBE setup equipped with a Veeco plasma cell to
generate active N and effusion cells for Ga and Al. The
atomic fluxes are calibrated by growing thick GaN(0001)
and AIN(0001) layers as described in Ref. [43]. Freestand-
ing GaN 1is chosen as the substrate to nominally provide
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FIG. 1. Nominal structure of the series of GaN/(Al,Ga)N
MQWs under investigation. The growth of the GaN and
(Al,Ga)N layers is repeated five times (x5) to form five QWs.

equivalent structural quality for Ga- and N-polar sam-
ples. The substrates were purchased from Suzhou Nanowin
Science and Technology, with a nominal threading dislo-
cation density below 5 x 10® cm™ and a 0.35° £0.15°
miscut toward the [1100] direction. The in-house substrate
preparation consists of a 5 min dip in a 5% hydrogen
fluoride solution before mounting them with In on a 2”
in. GaN/Al,O; template backside coated with Ti. They
are next degassed in vacuum for 20 min at 300°C and
in situ cleaned right before growth by a sequence of Ga
deposition and desorption steps at approximately 600 and
750 °C, respectively. This preparation is aimed at reduc-
ing the amount of residues on the GaN surface to prevent
the formation of extended defects at the regrowth inter-
face [44—47]. Next, an approximate 600-nm-thick buffer
of GaN is grown in order to bury the residual impurities
located on the substrate surface. Nominal atomic fluxes of
5.7 x 10" s7! ecm™2 for N and 8.5 x 10'* s=! cm~2 for
Ga are used, corresponding to a Ga surplus of 50% rela-
tive to the N flux, which should ensure a smooth growth
for both polarities [48]. The growth is N limited, resulting
in a growth rate of 7.7 nm/min. The substrate tempera-
ture is constantly tuned to set the growth conditions at the
boundary below which Ga will start accumulating on the
surface as droplets [43,49]. This is checked by monitoring
the intensity change of the reflection high-energy diffrac-
tion pattern, which dims in the presence of metal droplets.
This way, the growth conditions are optimized for each
sample, independently of their polarity and of their thermal
contact with the substrate holder. Based on the growth dia-
grams of Refs. [43,49], the effective substrate temperature
amounts to 700 &= 10 and 715 & 10 °C for the Ga-polar and
N-polar samples, respectively. The difference results from
the slightly larger activation energy for desorption of Ga
adatoms on the GaN(0001) surface (3.1-3.6 eV [49,50])
compared to the GaN(0001) one (2.8-3.2 eV [50,51)).
Prior to the first (Al,Ga)N barrier growth, the substrate
temperature is nominally fixed and the Ga surplus rela-
tive to the N flux is reduced to 30%. This is to ensure the
absence of metal accumulation when the Al flux is addi-
tionally provided for the (Al,Ga)N barrier growth. Then,
the heterostructure is grown only by sequentially opening
and closing the Al cell shutter, using a nominal atomic
flux of 0.8 x 10'* s=! ecm™2. No growth interruptions have
been performed to smooth the interfaces. The low growth
temperature used here should prohibit exchanges between
Ga and Al atoms during capping of the GaN QWs by the
(Al,Ga)N barrier [52,53]. Hence, the growth rates of the
GaN quantum wells and (Al,Ga)N barriers are limited by
the N flux, and the Al content within the (Al,Ga)N bar-
riers corresponds to the ALN ratio [54]. Two series of
Ga- and N-polar MQWs are grown, by varying the thick-
ness of the GaN QWs. Their structural parameters are
gathered in Table I. Widths are indicated in nanometers
and in monolayers (MLs), where a GaN ML amounts to
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TABLE 1. Structural properties of the investigated samples as deduced from the x-ray analysis. The widths are denoted both in
monolayers (MLs) and in nanometers and have an uncertainty of 1 ML related to the inhomogeneity over the sample.

Polarity GaN QWs width (Al,Ga)N barrier width (Al,Ga)N capping layer width Al content (%)
Ga 10 ML (2.59 nm) 30 ML (7.75 nm) 126 ML (32.55 nm) 8.9

N 10 ML (2.59 nm) 30 ML (7.75 nm) 126 ML (32.55 nm) 8.9

Ga 17 ML (4.41 nm) 30 ML (7.75 nm) 126 ML (32.55 nm) 8.9

N 17 ML (4.41 nm) 29 ML (7.49 nm) 124 ML (32.03 nm) 8.7

Ga 23 ML (5.96 nm) 30 ML (7.75 nm) 126 ML (32.55 nm) 8.8

N 22 ML (5.70 nm) 29 ML (7.49 nm) 123 ML (31.76 nm) 10.2

0.259 nm and an AlyGapoN ML 0.258 nm. To ensure
comparable growth conditions, pairs of Ga- and N-polar
samples with similar structures are grown the same day, in
two subsequent runs.

Once grown, the samples are structurally and morpho-
logically characterized by atomic force microscopy (AFM)
using the PeakForce Tapping mode of Bruker’s Dimen-
sion Edge and x-ray diffraction (XRD) carried out in a
PANalytical X’Pert Pro diffractometer equipped with a
Ge(220) hybrid monochromator, using the Cug,, radi-
ation (wavelength A = 1.54056 A). Symmetric o — 26
scans across the 0002 GaN Bragg reflection are carried
out with an open detector (without crystal analyzer or slit)
and the experimental diffraction scans are simulated using
a dynamical x-ray diffraction model [55]. Transmission
electron microscopy (TEM) is additionally performed on
a pair of Ga- and N-polar samples to get local insight
into the interface structure of the heterostructure. Cross
sections are prepared by mechanical grinding and Ar-ion
beam milling down to electron transparency. Measure-
ments are performed at 200 kV in a Jeol 2100F field
emission microscope, equipped with a Gatan Ultra Scan
4000 CCD.

Impurity concentrations are measured by secondary ion
mass spectrometry (SIMS) measurements performed by
RTG Mikroanalyse GmbH Berlin. O and C atoms are mea-
sured in a Cameca IMS 4s setup using a primary Cs™ ion
source. B and Ca atoms are measured in a Cameca IMS
4fe6 setup using a primary 02+ ion source. Quantification
of the SIMS signal is done by measuring ion implanted
standards. Care is taken to check that the measured “°Ca
signal does not include any contributions from compounds
such as 288i'2C and >*Mg!0.

Continuous-wave (cw) PL spectroscopy is performed
with the 325 nm line of a He-Cd laser and the 244 nm
line of a frequency-doubled Ar ion laser. The PL signal
is collected in backscatter geometry and dispersed by an
80 cm monochromator and detected by a charge-coupled
device (CCD) detector cooled with liquid N. The measure-
ments are corrected for the spectral response of the setups.
Time-resolved (TR) PL is carried out using the second
harmonic of femtosecond pulses obtained from an optical
parametric oscillator pumped by a Ti:sapphire laser. The
emission wavelength and the repetition rate are 325 nm and

76 MHz, respectively, and the energy fluence per pulse is
maintained below 0.2 pJ/cm?. The transient emission is
spectrally dispersed by a monochromator and detected by
a streak camera. Both for cw PL and TR PL, the samples
are mounted together on a cold-finger cryostat allowing
measurements at 10 K.

The band profiles and wave functions are computed
using a one-dimensional (1D) Schrédinger-Poisson solver
[56], using similar parameters as in Ref. [21].

II1. RESULTS AND DISCUSSION

A. Morphological and structural characterization

Figure 2 shows representative AFM images from the
Ga- and N-polar 10 ML MQWs. Both samples feature a
smooth surface with a root-mean-square (rms) roughness
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FIG. 2. Representative AFM images of the pair of Ga-polar
and N-polar 10 ML GaN/(Al,Ga)N MQWs. Linescans 4 and B
show atomic steps with a step height of 1-2 ML.
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below 1.5 nm. Hillocks related to mixed-type dislocations
[57] are not visible here, in agreement with the nominal
substrate density of threading dislocations (approximately
5 x 10% cm™2). A step-flow growth mode is confirmed by
the presence of clear atomic steps with a step height equal
to 1-2 ML. However, a pronounced meandering of the ter-
race edges is observed, resulting in few nanometer deep
trenches, which causes the rms roughness value to exceed
1 nm. This fingerlike morphology typically arises during
the epitaxy of N-polar nitride layers in metal-rich condi-
tions [48,58—60] and also for the growth of Ga-polar GaN
layers in specific conditions (e.g., at 780 °C with a large
II:V ratio of 1.6 [61]). The meanders form as a result
of a large Ehrlich-Schwdbel barrier at the kinks of the
step edges that makes adatom diffusion along step edges
asymmetric and favors kink bunching [62].

Figure 3 displays representative symmetric @ — 20
scans acquired across the 0002 GaN Bragg reflection
with an open detector, thus resembling a rocking curve.
Superlattice satellites and pronounced interference fringes
related to the MQW structure are equally visible for both
sample polarities. The entire profiles are in excellent agree-
ment with those expected theoretically despite the absence
of a crystal analyzer. The minimal broadening and damp-
ing is attributed to the absence of dislocation-induced
strain [63] and to an excellent spatial uniformity of the
heterostructure. We note that in this diffraction configura-
tion, the effect of interface roughness (with a rms value
<2ML) on the diffraction pattern is very small. The
experimental diffraction profiles are fitted by simulating
GaN/(Al,Ga)N MQWs following two constraints: (1) only
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FIG. 3. Representative symmetric w — 26 scans across the

0002 GaN Bragg reflection of the pair of Ga- and N-polar 10
ML GaN/(Al,Ga)N MQWs. The simulated diffraction profiles
for GaN/(Al,Ga)N MQWs resulting in the optimum fit of the
experimental data are superposed. Superlattice satellites (SLs)
are labeled and the diffraction profiles are vertically shifted for
clarity.

complete monolayers are considered and (2) the atomic
fluxes are assumed constant during the full heterostruc-
ture growth (i.e., equal widths for all the quantum wells of
a single heterostructure). Optimum fits for the diffraction
profiles of the pair of 10 ML MQWs are shown in Fig. 3.
The structural parameters obtained from the optimum fits
of all the samples are provided in Table I. The error bars are
set to 1 ML to account for the fit accuracy and the disper-
sion within each sample. The N-polar heterostructures are
seen on average slightly thinner than their Ga-polar coun-
terparts, in agreement with the observations of Okamura
et al. [49], who reported a lower efficiency for the incorpo-
ration of N adatoms on the GaN(0001) surface compared
to the GaN(0001) one. Beside these small differences, the
Ga- and N-polar samples appear structurally equivalent.
TEM analysis of a pair of Ga-polar (23 ML) and N-
polar (22 ML) MQWs is performed to get local insights
into the heterostructures. Typical micrographs are shown
in Fig. 4. The low amount of Al in the (Al,Ga)N barri-
ers leads to a weak contrast, but the full heterostructure
remains visible for both samples. The QWs are seen to
all be equivalent for each sample and with widths in full
agreement with the x-ray predictions. No extended defects

Ga-polar

FIG. 4. TEM micrographs of Ga-polar (a),(b) and N-polar
(c),(d) 23/22 ML GaN/(Al,Ga)N MQWs. (b),(d) Magnified
micrographs over one quantum well of the stack. The dotted lines
are guides to the eye to locate the GaN/(Al,Ga)N interfaces. Pan-
els (a) and (b) are taken in the [1100] zone axis and (c) and (d)
are taken in the [1120] zone axis.
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such as stacking faults, inversion domains, or dislocations
can be seen. The limited contrast between the GaN and
the (Al,Ga)N layers prevents a quantitative analysis of
the interface roughness. For comparison purposes, Sari-
giannidou et al. [25] reported by TEM chemically abrupt
interfaces at the monolayer scale for both Ga- and N-
polar GaN/AIN MQWs grown at 720°C by PA MBE
without growth interruptions. The absence of intermixing
was also inferred by atom probe tomography [64,65], with
the exception of the early work of Mazumder et al. [28].
Therefore, no drastic increase in the interface roughness
for N-polar MQWs compared to Ga-polar MQW:s should
be expected here.

The combination of AFM, x-ray diffraction, and TEM
analysis evidences an excellent and equivalent structural
quality for the pairs of Ga- and N-polar GaN/(AL,Ga)N
MQWs. The absence of extended defects allows us a direct
investigation of the nonradiative processes mediated by
point defects within the heterostructure.

B. Impurity concentration

Elemental depth profiles using SIMS are used to mea-
sure and compare the concentration of C, O, B, and Ca
impurities incorporated in the pair of Ga- and N-polar 10
ML MQWs. The results are shown in Fig. 5. The Al sig-
nal is used to locate the substrate, the GaN buffer, and the
actual GaN/(ALGa)N heterostructure along the depth pro-
file. The parasitic incorporation of Al in the GaN buffer
is attributed to the high beam equivalent pressure of N,
dragging atoms from transversing molecular beams to the
substrate analogous to the As drag effect [66]. For all
impurities, a surface peak is observed that corresponds to
surface contamination and is thus further neglected.

C, O, and B, which are the contaminants typically con-
sidered for GaN grown by PA MBE, are seen with very
low levels, down to (2-3) x 10'® ¢cm™3 for C and O,
and down to (7-8) x 10'® cm™3 for B in the GaN buffer,
which is at the very bottom range for GaN grown by MBE
[44,60,67—70]. Interestingly, the N-polar layer exhibits the
same amounts of C and O as the Ga-polar one, which is
in contrast with some reports dealing with MBE growth
[20,44,70,71] or HVPE growth [19] but agrees with some
others [49,60,68]. By comparing the substrates and meth-
ods used in these different works, it appears that growing
the Ga- and N-polar samples in different runs instead of
a single one is crucial to obtain equally low impurity
incorporation in both polarities. The optimum growth con-
ditions for Ga- and N-polar GaN thus differ. In a more
general manner, it follows from these works that impurity
incorporation can be readily decreased to very low levels
independent of the polarity by minimizing the concentra-
tion of extended defects [72], by growing at optimized
conditions close to stoichiometry and by minimizing the
residues on the substrates surface prior to growth [46].

GaN/(Al,Ga)N
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FIG. 5. SIMS analysis performed on the Ga- and N-polar 10
ML GaN/(Al,Ga)N MQWs. (a),(b) O and C elemental depth pro-
files acquired using a primary Cs™ ion source; (c),(d) Ca and B
elemental depth profiles acquired using a primary O ion source.
The Al signal is used as a marker and is not quantified.

Larger concentrations of O and C are observed at the
regrowth interface of the N-polar sample compared to the
Ga-polar one, which agrees with the usual statement that
the GaN(0001) surface has a thicker native oxide com-
pared to the GaN(0001) surface [73] owing to a larger
reactivity of the bare surface toward O [74].

If not complexed to other point defects, C, O, and B are
not expected to act as nonradiative centers in nitrides and
can be further disregarded [75,76]. In contrast, following
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the work of Young et al. [24], Ca appears as a com-
mon impurity in MBE grown nitrides, potentially acting
as a strong nonradiative recombination center [22]. Ca is
expected to stem from the substrate surface and to segre-
gate on the growth front where it gradually incorporates
in the layer, at higher rates for lower growth tempera-
tures. Fairly high amounts of Ca are detected in the Ga-
and N-polar GaN buffers of the investigated samples, with
respective concentrations of 8 x 10'7 and 8 x 10'® cm™3.
We recall that these layers were grown at about 700 and
715°C, respectively. Cheze et al. [23] have also reported
a slightly larger Ca concentration of (3-5) x 107 cm™3
for a N-polar GaN buffer grown by PA MBE at 730°C,
whereas Young et al. [24] found only 8 x 10'5 cm ™ of Ca
impurities in a Ga-polar GaN buffer grown by NH; MBE
at 820°C. Hence, in addition to the growth temperature
[24], the Ca incorporation rate appears to be drastically
affected by the MBE growth method and the crystal orien-
tation. Here, unlike in Ref. [24], the reservoir of Ca at the
growth front does not deplete after growth of several hun-
dreds of nanometers of GaN with a Ca concentration above
5x 10" ecm™3. This finding indicates a comparatively
large amount of Ca initially present at the substrate sur-
face prior the growth (> 0.1 ML), which likely originates
from the chemomechanical polishing of the freestanding
GaN substrates used here and also in the study of Cheze
etal. [23].

In the GaN/(AL,Ga)N heterostructures, the impurity con-
centration is seen to increase by 25%, as compared to
the GaN buffers for Ca and B atoms. Note that the large
increase of the signal close to the surface corresponds to
surface contamination. In the case of O, the large surface-
related signal prevents an unambiguous determination of
the O content in the heterostructure. It is likely that the
presence of Al triggers the observed increased levels of
Ca and B impurities within the heterostructures, as already
reported for O incorporation during growth of (Al,Ga)N
[69] or 11I-As [77,78].

In conclusion, with the exception of Ca, equally low
concentrations of impurities are found in the pair of Ga-
and N-polar samples. So far, Ca has been reported to act
as a nonradiative center for the (In,Ga)N/GaN system, but
the question remains open in the case of GaN/(Al,Ga)N.

C. Low-temperature photoluminescence

The cw-PL spectra acquired at 10 K for the series of
Ga- and N-polar MQWs are shown in Figs. 6(a)-6(c),
along with the extracted energy and width of the observed
PL bands. Besides the GaN buffer signal at 3.47 eV, the
MQW PL appears as a broad band accompanied by sev-
eral phonon replica of lower intensity. Fine structures are
visible in each of the bands and are assigned to the localiza-
tion of holes at the GaN/(Al,Ga)N interface of the MQWs
[64,79-82]. Only a weak PL signal related to the (Al,Ga)N

barriers is observed at 3.65 eV (not shown here). Remark-
ably, it can be seen that the Ga-polar samples exhibit a
single PL band whereas the N-polar samples systemati-
cally exhibit a doublet. The splitting between the high- and
low-energy bands increases from 25 to 51 meV, from the
narrower to the wider MQWs. The laterally spatially uni-
form origin of the doublet is confirmed by low-temperature
monochromatic cathodoluminescence maps of the N-polar
22 ML MQW surface (not shown here).

Transients of the PL bands of the various MQWs are
plotted in Figs. 6(d)-6(f). The lifetimes are extracted by
fitting monoexponential decays, with the exception of the
low-energy band of the N-polar 10 ML MQW, for which a
biexponential decay is used to account for the overlapping
signal from the GaN buffer (fast component with a typical
decay time of 0.4-0.6 ns). Since the acquisition interval
is too short to capture the entire decay of the low-energy
band of the N-polar MQWs [Fig. 6(f)], the corresponding
error bars are larger than for the high-energy band. The
partial spectral overlap between the high- and low-energy
bands of the N-polar samples is responsible for the slow
component showing up in the transient of the high-energy
band of the N-polar 10 ML MQWs. This slow component
is neglected in the following. The extracted lifetimes are
plotted in Fig. 6(g) and show a monotonic increase for
wider MQWs. The increase agrees with the decrease in the
electron and hole wavefunctions overlap due to the inter-
nal electric field [83] and thus shows the dominance of
radiative recombination.

In order to identify the contribution of the quantum con-
fined Stark effect (QCSE) in the MQWs PL energy and
width, 1D Schrodinger-Poisson calculations for the Ga-
and N-polar MQWs are performed. The structural param-
eters of Table I and a residual donor concentration of
5 x 10'® ¢cm~3 are used to simulate the heterostructures.
Half of the theoretical value of the polarization coefficients
are used since they provide a better agreement with exper-
iments reported so far [84]. The Fermi level energy at the
sample surface is set to 0.8 eV below the conduction band,
as reported for as-grown Ga-polar Aly;GaggN [85]. The
same value is used for Ga- and N-polar heterostructures
since there are no reports for this quantity for N-polar
(Al,Ga)N. The calculation outputs the band profile and
the internal electric field of the heterostructure. Exemplary
results are shown in the Appendix (Fig. 8) for the 23/22
ML GaN/(Al,Ga)N MQWs. In addition, the calculations
deliver single-particle transitions for each of the QWs of
the heterostructure, which is used as an estimate for the PL
energy of the MQWs (excitonic effects are ignored). Each
QW of the same heterostructure has a different environ-
ment (e.g., distance to the surface) that leads to a different
amplitude of their internal electric field. The differences in
the single-particle transition energies for the five QWs of
each sample are then used as an estimate of the full width
at half maximum of the MQW’s PL signal.
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FIG. 6. The 10 K PL of the three pairs of GaN(ALGa)N MQWs. (a),(b) Normalized cw-PL spectra acquired with an excitation
density of 600 W/cm? at 325 nm. (c) Energy and FWHM of the cw-PL band stemming from the MQWs. Dotted lines are results
from the 1D Schrdédinger-Poisson calculations. The shaded areas in i and ii depict the calculated spread in the electron-hole energy
separation between the five QWs of the heterostructure. The dotted (plain) band profiles shown in the insets in i and iii schematically
depict the modification of the potential profile in the presence (absence) of an ionized donor located at the bottom interface of the QW.
CB and VB refer to the conduction and valence bands, respectively. (d)~(f) PL transients of the three pairs of GaN/(Al,Ga)N MQWs.

(g) Plot of the extracted lifetimes versus the QW width.

For the Ga-polar samples, excellent agreement is found
between the calculated and experimental PL energies, as
shown in Fig. 6(c). Only the calculated FWHMs are under-
estimated, which can be attributed to the alloy disorder
in the (AL Ga)N barriers, to the random positions of ion-
ized dopants [86] and to monolayer fluctuations in the QW
widths [26,80]. According to the calculations, the internal
electric field within the GaN QWs amounts to 280 £ 50

kV/cm. Since the recombination energy and rate of the
Ga-polar MQWs at 10 K can be entirely ascribed to the
presence of the internal electric field, we then conclude
that the exciton decay within the MQWs is predominantly
radiative, as typically reported for high-quality Ga-polar
GaN/(Al,Ga)N heterostructures [87,88].

For the N-polar samples, the calculated PL energies
match well the high-energy band, but largely overestimate
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the low-energy band. The calculated FWHMSs also under-
estimate the experimental values, likely for the same
reasons invoked for the Ga-polar samples. The internal
electric field amounts to 170 & 40 kV/cm, which is lower
than for the Ga-polar QWs. This reduction is attributed
to the surface band bending since in the N-polar (Ga-
polar) case, its electric field is opposed (aligned) to that
generated by the spontaneous and piezoelectric polariza-
tions. In analogy to the Ga-polar case, we attribute the
high-energy PL band of the N-polar MQWs to a predomi-
nantly radiative excitonic recombination dominated by the
QCSE.

Concerning the low-energy PL band, we consider sev-
eral different scenarios. First, the widths of GaN/(Al,Ga)N
QWs are commonly observed to fluctuate by +2 ML,
potentially giving rise to multiple excitonic features in
the PL spectra [26,89,90]. Yet, according to Fig. 6(c), a
net increase in the QW width of +4 ML is required to
account for the 50 meV splitting between the PL band of
the wider N-polar MQWs. Our XRD and TEM data (cf.
Figs. 3 and 4) do not exhibit any evidence for such a large
thickness fluctuation. In addition, the PL spectra do not
show any signal associated with QW widths of +1, +2,
and +3 ML, as would be expected for a GaN/(Al,Ga)N
interface with such a degree of roughness. Furthermore, the
exceptionally long decay time of the low-energy as com-
pared to the high-energy band could not be explained by
recombination of excitons in a QW wider by a few MLs
only.

Second, an even larger splitting between transitions of
Aly7GagsN/Al (GagsN MQWs grown by MOCVD has
been attributed to biexcitons with an extraordinarily large
binding energy [91]. However, much lower biexciton bind-
ing energies have been observed in GaN/(Al,Ga)N QWs
with low Al content [92]. For the 9% Al content corre-
sponding to our samples, a biexciton binding energy of
only 2 meV is expected for a well width of 10 ML, and
even lower values are extrapolated for thicker wells due
to the impact of the internal electric fields in QWs with a
width exceeding the exciton Bohr radius [93]. In addition,
we have performed excitation-density-dependent measure-
ments (not shown here) that reveal the low-energy line to
saturate for higher excitation densities, suggesting that this
line is associated with an impurity rather than being of
intrinsic origin.

Third, bound excitons are an excitonic complex analo-
gous to the biexciton, but tied to an impurity. The donor-
bound exciton usually dominates the PL spectra of bulklike
GaN and has a binding energy of 67 meV. He et al.
[94] attributed a splitting of about 60 (90) meV in the
PL spectra of AlysGagsN/Aljy35GagesN MQWs grown
by MOCVD to the recombination of Si (O) donor-bound
excitons. However, such a large splitting is inconceivable
in a GaN QW. The maximum donor ionization energy in
GaN/Al, ;5GaggsN QWs has been calculated to be 60 meV

[86], which translates into a binding energy of the donor-
bound exciton of 12 meV, much too small to account for
the splitting experimentally observed.

The donor ionization energy itself, however, is close
to this splitting. Lastly, we thus consider the radiative
recombination between a shallow donor (such as O) and
a free hole. Free-to-bound recombination is commonly
observed in doped GaAs/(Al,Ga)As heterostructures [95]
but has been scarcely considered in GaN/(Al,Ga)N het-
erostructures. However, in a GaN/(Al,Ga)N-based QW
with a width exceeding the exciton Bohr radius, such
as the samples under investigation in the present work,
excitonic effects are suppressed due to charge separation
[93], and nonexcitonic recombination (such as band-to-
band and free-to bound transitions) may become dominant.
Free-to-bound transitions are also known to have a signif-
icantly longer lifetime than band-to-band transitions [95].
A donor-to-free hole transition is thus consistent with both
the energy and the lifetime of the low-energy line of our
QWs.

Furthermore, interpreting the low-energy PL line of the
N-polar MQWs as a donor-to-free hole transition offers
not only an understanding of the spectral and temporal
characteristic of this transition, but also for the absence
of the splitting in the Ga-polar MQWs. In fact, the donor
binding energy depends on the position of the donor rela-
tive to the QW interfaces, on the width of the QW, and,
most importantly, on the polarity of the heterostructure
[86]. The influence of polarity results from the difference
in overlap between the electron and the ionized donor,
which strongly depends on whether the electron resides
at the donor interface or at the opposite one [this situa-
tion is exemplified in the band profiles shown as insets in
Figs. 6(c)i and 6(c)iii]. In particular, for a donor located at
the bottom interface of a 22-ML-wide N-polar (Ga-polar)
GaN/Al, ;5GapgsN QW, a binding energy of 50 meV (20
meV) is obtained [86]. In other words, we would expect the
free-to-bound transition to create a distinct doublet for the
N-polar samples, but for the Ga-polar sample, the free-to-
bound transition would be expected to spectrally overlap
with the band-to-band transition.

The most abundant shallow donor in our structures
is O. The preferential incorporation of O at the bot-
tom interface (the “inverted” interface) is well docu-
mented for GaAs/(AL,Ga)As MQWs grown by MBE, and
is attributed to the formation of an AlO, floating layer dur-
ing (Al,Ga)As growth [78,96]. It is very plausible that an
analogous mechanism to preferentially incorporate O at
the bottom interface is at work for GaN/(Al,Ga)N QWs
as well. Overall, this hypothesis is the only one consis-
tent with all experimental findings: the magnitude of the
splitting for the N-polar samples, the long lifetime of the
low-energy line, its saturation for high excitation density,
and the absence of a detectable splitting for the Ga-polar
samples.
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D. Room-temperature photoluminescence

Figures 7(a)-7(b) show the normalized cw-PL spectra
of the three pairs of samples acquired at room tempera-
ture. The PL signal is confirmed to originate from the QWs
by comparison with the PL spectra of a sample free of
QWs (not shown). The average intensity of the MQWs’ cw
PL is plotted in Fig. 7(c) and exhibits a nonmonotonous
dependence on the width of the MQWs, which is more
pronounced for the N-polar heterostructures. Interestingly,
N-polar samples exhibit a higher luminescence intensity
than Ga-polar ones, up to a factor 3 for the thickest QWs
of the series.

Such enhanced radiative efficiency of the N-polar sam-
ples is further confirmed by observing the PL tran-
sients acquired at room temperature and as shown in
Figs. 7(d)-7(e) for both polarities. The transients are fit-
ted by monoexponential and biexponential decays for the
Ga- and N-polar samples, respectively. The obtained char-
acteristic times are plotted in Fig. 7(f) as a function of
the QW width. The observed decay times are systemati-
cally shorter than that acquired at 10 K, which indicates

—10ML —17ML —22/23 ML

O Ga-polar

that electron-hole recombination is predominantly nonra-
diative at room temperature [97], a phenomenon typically
observed for such a type of heterostructure [87,88]. For the
Ga-polar MQWs, the decay time of 0.1 ns has essentially
no dependence on the widths of the individual QWs. In
contrast, the decay times in the N-polar MQWs lengthen
for larger wells, reaching up to 2 ns. This behavior is
reminiscent of nonradiative recombination taking place at
the interfaces of the QWs. The usual description of this
decay channel by a characteristic time t,,, = d/25 [98,99],
with d the QW width and S the interface recombination
velocity, is not applicable here since the out-of-plane loca-
tion of carriers is primarily determined by the internal
electric field and not by carrier diffusion. Instead, an expo-
nential dependence of the decay time on the QW width
is observed [, o exp(d/L)], with a characteristic length
L = 1-2 nm, suggesting that the lifetime is controlled by
the wave function overlap of spatially separated states.

In the following, we discuss the case where the point
defects responsible for efficient nonradiative recombination
in the Ga- and N-polar GaN/(Al,Ga)N QWs are

A N-polar FIG. 7. Room-temperature PL of

| Ga-polar (a) ||(b) N-polar || (c)

Normalized intensity

the three pairs of GaN/(Al,Ga)N
MQWs. (a),(b) Normalized cw-PL
spectra acquired with excitation at
244 nm with a power density of
50 kW/cm?. (c) Integrated intensity
of the GaN/(Al,Ga)N MQWs’ cw PL
between 3.15 and 3.6 eV. Error bars
account for the dispersion at the scale
of the sample. (d),(e) PL transients
of the GaN/(AL,Ga)N MQWs. Dot-
ted lines show the results of mono-
exponential and biexponential fits for
the Ga- and N-polar samples, respec-
tively. The insets depict a nonradia-
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exclusively located at the bottom QW interface. The
recombination scheme proposed in this scenario is schema-
tized in the insets of Figs. 7(d) and 7(e). We further assume
that the nonradiative recombination rate is limited by the
trapping of minority carriers that are holes. As a matter
of fact, in the Ga-polar samples, the excess of electrons
is indeed substantial since the Fermi level intersects the
bottom of the conduction band in each QW (see Fig. § in
the Appendix). Under laser exposure, photoexcited holes
in N-polar (Ga-polar) QWs are driven to the top (bottom)
interface by the internal electric field. For the N-polar sam-
ples, the capture rate of holes by the traps located at the
bottom interface should thus decrease exponentially with
the well width due to the vanishing wave function overlap.
In contrast, no dependence of the hole capture rate on the
well width is expected for the Ga-polar samples. This sim-
ple consideration on the hole capture rate can thus account
for the experimental observation that only N-polar samples
exhibit a well-width-dependent nonradiative decay time.

Large densities of interface hole traps have been inferred
in N-polar GaN/(Al,Ga)N heterostructures either grown
by MOCVD [100] or MBE [101]. As a likely candi-
date, the N vacancy (Vn) was proposed, which forms two
acceptorlike states in the bandgap of bulk GaN [102]. Ga-
polar (In,Ga)N/GaN heterostructures grown by MOCVD
are also expected to incorporate high densities of V' [103].
For MOCVD growth, the current understanding is that V'y
forms during high-temperature GaN growth where thermal
GaN decomposition is non-negligible (> 900 °C), segre-
gates at the surface even at low growth temperatures, and
eventually incorporates in the bulk at the onset of (In,Ga)N
growth [103—107]. Similarly, in N-polar GaN/(Al,Ga)N
QWs grown by MOCVD, the presumed Vy forms at the
onset of the ternary alloy growth (at the top QW interface)
[100]. However, for MBE grown GaN/(Al,Ga)N QWs, the
formation mechanism for /'y may differ. Another poten-
tial candidate for the trap state is the impurity Ca that
was reported to act as a deep acceptor mediating effi-
cient nonradiative recombination in (In,Ga)N QWs [22,
24]. In our case, the N-polar samples contain 10 times less
Ca as the Ga-polar samples, which correlates with their
enhanced radiative efficiency. Yet, ab initio calculations of
bulk (In,Ga)N doped with Ca show that the electron cap-
ture coefficient of the deep state strongly decreases when
increasing the band gap, becoming essentially zero above
2.8 eV [22].

We thus propose that the nonradiative recombination
observed at room temperature for the GaN/(Al,Ga)N
MQWs results from Shockley-Read-Hall recombination
on point defects (presumably Ca or Vy) located at the bot-
tom GaN QW interface. For N-polar heterostructures, this
nonradiative process is significantly affected by the internal
electric field. By increasing the QW width, the nonradia-
tive recombination time is not constant but increases due to
the reduction in the overlap between the electron and hole

wavefunctions. Overall, the internal quantum efficiency is
essentially given by the ratio between the nonradiative and
radiative lifetimes. For the sample series under scrutiny,
this ratio appears not to have a monotonous dependence on
the QW width since the maximum PL intensity is observed
for a QW width of 17 ML.

IV. SUMMARY AND CONCLUSIONS

Structurally equivalent Ga- and N-polar GaN/(Al,Ga)N
MQWs are grown on freestanding GaN by PA MBE.
Under optimized growth conditions, no more extended
defects are found in the heterostructures than originally
present in the substrates. Low concentrations of impuri-
ties are found in samples of opposite polarity, with the
exception of Ca, which is measured with a 10 times higher
concentration (8 x 10'7 e¢m™3) in the Ga-polar MQWs
compared to the N-polar MQWs. At 10 K, the exciton
decay within the MQWs is deduced to be predominantly
radiative for all samples and the PL properties are entirely
characterized by the QCSE. For the N-polar MQWs, an
additional low-energy line is observed and ascribed to a
free-to-bound recombination involving a shallow donor,
likely O, aggregated at the QW bottom interface. At room
temperature, the electron-hole pair recombination is gov-
erned by nonradiative processes for all samples. The decay
rate in N-polar MQWs shows a dependence on the QW
width and is lower than in Ga-polar MQWs. A nonradia-
tive decay mediated by Shockley-Read-Hall recombina-
tion on deep states located at the bottom QW interface
is proposed to account for these observations. Remark-
ably, the presence of internal electric fields is seen as
beneficial in N-polar GaN/(Al,Ga)N MQWs for slowing
down the nonradiative recombination. Nevertheless, fur-
ther enhancement of the internal quantum efficiency of
GaN/(ALGa)N heterostructures grown by MBE will neces-
sarily require to minimize the density of point defects. Two
approaches currently under development are the growth of
dedicated buffer layers to bury point defects [103,108] and
the use of different growth conditions [16,109].
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APPENDIX: CALCULATED BAND PROFILES

The band structure and electric field distribution
obtained by Schrédinger-Poisson calculations of the
thicker MQWs are plotted in Fig. 8. Clear differences can
be observed between the Ga- and N-polar cases. In the
first case, the Fermi level is located close to the conduc-
tion band minimum and the average internal electric field
amounts to 280 kV/cm in the QWs. In the second case, the
Fermi level is close to the midgap position and the aver-
age internal electric field amounts to 200 kV/cm within the
QWs. In both cases, the electric field differs between each
of the QWs of a MQW sample, with variations up to 15%.
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