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Abstract

Because of the strong strain in nitrides, superlattice layers have been used to release the strain
in the QW and reduce the quantum confined Stark effect. However, few reports discuss
comprehensively the strain relaxation behavior and optical performance of a GaN/AlGaN
single quantum well (QW) with inserted GaN/AlGaN superlattices (SLs). In this work, we
examined a group of graded Al content GaN/ AlxGa;—xN SL layers under the
GaN/Alp3Gao.7N single QW grown on c-plane sapphire. Both the excitation power and
temperature dependence of the time-integrated microphotoluminescence (pu-PL) and time-
resolved p-PL were measured. The samples exhibited very narrow UV emission and had
almost unchanged emission wavelength and stable line width behavior with excitation power
as well as “S-shape” and weak “W-shape” characteristics with temperature due to the
localization. The temperature-dependent PL lifetime was measured from 5 to 300 K, and the
relatively fast recombination lifetime of the two samples was examined. Micro-Raman
spectroscopy was also conducted to probe the strain state. All the results showed that
adopting SLs around the QW structure produced a much more stable and desirable
performance, which can be attributed to an effective relaxation of the strain in the QW.

Introduction

GaN/AlGaN quantum wells (QWs) grown on sapphire substrates have attracted
considerable attention as promising candidates for ultraviolet (UV) light sources, including
light emitting
diodes and laser diodes,[1,2] with a wide range of applications in medicine, biochemistry,
sensing, and communications. [3,4] Although a good deal of progress has been achieved, the
growth of high-quality GaN/AlGaN heterostructures is still challenging. Different thermal
expansion coefficients and a large lattice mismatch between nitride materials and substrates
introduce a high density of defects (threading dislocations, cracks, etc.), inevitable built-in
strain, and strong spontaneous and piezoelectric polarization. As a result, the strain-induced
quantum confined Stark effect (QCSE) results in spatial separation of electrons and holes
within tilted potential wells.[5,6] This leads to a red-shift of the emission wavelength and a
reduction of recombination rate, which adversely affects the stability and reliability of
fabricated devices. A high Al content will aggravate the above problems. Different schemes
have been applied to overcome the difficulties; one scheme is to grow the nonpolar QW,
which is free of polarization-induced strain with significantly improved crystal quality.[7,8]
Another commonly used method is to insert strain engineering layers under the QWs, among
which In(Ga)N/GaN superlattices (SLs) have been widely reported and proved to be efficient
on releasing the strain, thereby avoiding the formation of cracks and improving the device’s
characteristics.[9—11] The use of GaN/Al(Ga)N SLs as the strain relaxing layer was also
investigated, and the quality and strain status of the nitride films and heterostructures
deposited on them were determined, but these studies mainly focused on the growing



conditions by using different epitaxial methods.[12—16] Very few reports have been
published discussing in depth how the SLs as strain relaxation layers affect and contribute to
the improved optical performance of the GaN/ AlGaN QW emission. Detailed analyses of the
emission wavelength, line width, and recombination dynamics of GaN/ AIGaN QW with
strain-relaxing SLs are still lacking.

In this paper, we propose a GaN/Alo3Gao.7N single QW grown on a c-plane sapphire
substrate with embedded GaN/AlGaN SLs. To examine the strain-relaxing effects of the SLs,
a nanopillar sample fabricated by a top-down method is used for comparison with the parent
as-grown sample. Time-integrated micro-photoluminescence (TI-puPL), time-resolved p-PL
(TR-pPL), and micro-Raman (p-Raman) spectroscopy experiments are conducted to
investigate the strain state and the optical performance of the two samples. We find that the
strain of the two samples is almost fully released, which is generally observed in nonpolar
structures. The QW emission in the UV region is very narrow even at room temperature.
Moreover, they have a nearly constant QW emission wavelength and only a small line width
broadening with increasing excitation power. The two samples also have a relatively fast
radiative recombination time at 5 K. The physical mechanisms underlying these properties
were discussed. All the results confirm that the QW structure with embedded SL layers has
improved performance, paving the way to stable optoelectronic UV devices.

Experiments

The planar as-grown sample was epitaxially grown in the following steps: First, a 25
nm thick AIN layer was grown on a (0001) c-plane oriented pyramidal array patterned
sapphire substrate (PSS) by using an Aixtron CRIUS I vertical close-spaced metal—organic
chemical vapor deposition reactor at 500°C, followed by a 2300 nm thick Alo.1GaooN layer
grown at 1250°C. Second, the two groups GaN/Al.15Gao.ssN (3 periods) and
GaN/Alo2GaosN SLs (9 periods) were grown at 1250°C. The thickness of the GaN layer was
about 8 nm, and that of the AlxGai—xN layer was about 2 nm. Then two 200 nm undoped
Al0.3Ga0.7N barrier layers and 1 nm GaN well layer were grown at 1250°C for 2100 and
100 s, respectively. Figure 1 shows the schematic structure of the planar sample. An
important part of the design is the increasing Al mole fraction of the structure from bottom to
top to match the thermal expansion coefficients and lattice constants between the substrate
and the QW, including the Alo.1GaooN layer and SLs. Figures 2a and 2b show the TEM
images of the single QW and the SLs in different scales. The interfaces between the QW and
the barriers can be observed clearly. It only shows some moderate fluctuations of the width of
the well, which leads to the localized states. From Figure 2b and TEM images in larger scales
(not presented here), the growth quality of the SLs is good; no obvious bending, dislocations,
or inhomogeneities of the periodic structures are visible, which to a certain extent proves that
the strain in the SLs is relaxed and contributes to the quality of the QW.

After the epitaxial growth, nanopillars were fabricated by self-assembled polystyrene
(PS) microsphere lift-off lithography. The monolayer of the PS microsphere was transferred
on the top of the as-grown sample, and then gold was deposited by electron beam
evaporation, filling the gaps between the microspheres. After the microspheres were
removed, the remaining gold pattern was used as a mask for the inductively coupled plasma
(ICP) etching to obtain nanocones. This process produced surface damage and roughness
together with angled sidewalls for the nanocones. Hence, a wet etching process with KOH
solution was applied to yield narrower nanopillars with vertical sidewalls and also to remove
the surface defects. A large number of nanopillars with an average diameter of <70 nm and a



height of ~300 nm are shown in Figure 2c. Size fluctuation of the nanopillars is caused by
the inhomogeneous alignment and the varying diameters of the PS microspheres.

For all the p-PL measurements, the samples were held in a continuous flow Janis ST-
500 cryostat equipped with a heater (with a feedback loop) so that the range of accessible
temperatures was 4.2—300 K, with a temperature stability of about 50 mK. The frequency-
tripled output (A = 266 nm) of a Ti:ALbO; pulsed laser with 100 fs pulse width and 80 MHz
repetition rate was used as the excitation source. The laser was focused on the sample by a
40x UV objective with a numerical aperture (NA) of 0.4. The excited PL was collected by
the same objective, dispersed by a 0.3 m long spectrometer with a 600 lines/mm grating, and
detected by a thermoelectrically cooled charge-coupled device (CCD). For the TR-pPL, a
photomultiplier tube (PMT) with about 130 ps response time and a time-correlated single-
photon-counting (TCSPC) card with a bin width of 25 ps were used. Micro-Raman
backscattering spectroscopy was performed at room temperature by using an intracavity
doubled Nd*":YAG laser with a linear polarized output and a wavelength of 532 nm. The
polarization direction of the incident light was controlled by a halfwave plate before the
objective, and the polarization of Raman signal was selected by a polarizer in front of the
spectrometer. The Raman spectra were detected by using the same CCD and spectrometer but
using a 1200 lines/mm grating.

Results and Discussion

Figure 3 shows the TI-uPL spectra of the two samples measured at 5 and 300 K with 5 uW
excitation power. Each PL spectrum was taken five times and then averaged to account for
any laser power fluctuations. Gaussian fitting was used to obtain the peak positions and the
full width at half-maximum (fwhm). At 5 K, the peaks at about 327, 346, and 348 nm are
from the QW, GaN/Alo>GaosN SL layer, and GaN/Alo.15Gao.ssN SL layer, respectively; the
peaks at about 356 and 357 nm are the emissions from the Al0.1Ga0.9N buffer layer

and the GaN layers, respectively. The QW line widths of the as-grown sample and the
nanopillar sample are very narrow, which are 16.8 + 0.4 meV (1.47 nm) and 18.6 + 0.2 meV
(1.63 nm), respectively, indicating good growth quality and quantum confinement. After
passing through the silica window of the cryostat, the spot size of the laser is about 2 um and
covers several nanopillars. This makes the PL spectra of the nanopillars a little bit wider than
that of the as-grown sample, arising from pillar-to-pillar size fluctuation and quantum
confinement dispersion. Carrier-to-carrier interactions, surface trapping, or scattering may
also contribute to the PL broadening at higher temperatures. According to published reports
on nitride polar-plane nanopillars, the QW peak wavelength of nanopillar samples shows
obvious blue-shifts compared to that of the parent as-grown samples due to the reduced
QCSE in the wells.[17,18] For our samples, the QW wavelengths depend on the excited
position of the samples.

They vary from about 327.4 to 328.7 nm for as-grown sample and from about 326.6
to 327.8 nm for nanopillars at 5 K (the inset of Figure 3a shows the position-dependent PL
spectra of the as-grown sample at 5 K). This variation arises due to thickness fluctuations of
the QW as well as Al composition inhomogeneity in the barriers and SLs, which influence
the confinement and strain states of the layers and further change their emission energies. It is
worth noting that the peaks around 356 and 357 nm are almost position independent, proving
that the two peaks are from the 2300 nm thick Alp.1GaooN layer and the GaN in the SLs,
which are not strongly affected by strain and nonuniform composition. In spite of the peak
fluctuations, the wavelength variation range of the nanopillars exhibits a small blue-shift
compared to that of the as-grown samples of about 0.8—0.9 nm, as strain relaxation



reduces the QCSE. When the temperature is increased to 300 K, all the peaks shift to longer
wavelengths and become broader. The QW line widths of the as-grown sample and
nanopillars are 49.7 £ 0.77 meV (4.35 nm) and 60.1 = 0.8 meV (5.27 nm), respectively.
These values are only half that for results reported in similar structures in ref 19, which is
11.2 nm at room temperature. They are also comparable to the results obtained by a nonpolar
m-plane AlxGai—xN/AlyGai-yN multiple QWs, which are 5.13 nm (112 meV) at 9 K and 6.08
nm (132 meV) at room temperature.20 Increasing the temperature also reduces the signatures
of the SLs and buffer layers; a superposition of the peaks from different layers can be
observed in Figure 3b. At both low and high temperatures, the peaks of the SLs cannot be
observed from the nanopillar sample; the PL emission suppression may be caused by surface
damage introduced by the etching or surface states which can quench the SL emission
preferentially.

Figure 4 depicts the excitation power dependence of the PL characteristics of the two
samples measured at 5 and 300 K. The average input excitation power was increased from 30
uW to 2 mW measured before the uPL setup. The total transmission efficiency of the optical
mirrors, dichroic glass, and UV objective is ~20%, and the laser spot diameter on the sample
is ~2 um. We can see that over a wide excitation power density range both samples exhibit
an almost unchanged QW peak wavelength and fwhm (especially at low temperature), in
contrast to typically reported blue-shifts and significant broadening effects.[17,18,21] With
enhanced excitation power, the peak energy decreases slightly in wavelength by <6 meV at
both low and high temperatures. There are several mechanisms responsible for the peak
energy shifts, such as the red-shift due to the carrier induced bandgap renormalization (BGR)
and dopants[11,22—25] and the blue-shift due to QCSE screening and band filling (also
known as the Burstein—Moss shift).[22,26—29]

For nanopillars, thermal effects may also lead to a red-shift.[17,30] Although the
competition principles of the above mechanisms are controversial, here we believe the strain
in our QW is well relaxed due to the insertion of the SLs; therefore, the QCSE is greatly
reduced, and the blue-shift that could be caused by QCSE screening is negligibly small. For
the BGR, the energy shift for relaxed material is about Eg = —Kn'” eV ¢m, where K
is the bandgap coefficient (~2.6 x 10—8 eV cm) and # is the carrier density.[31-33] The
photogenerated carrier density can be estimated by An = (4 x (1 — R) X a)/hv, where A4 is the
energy density of the pump laser, R is the intensity reflectance, a is the absorption coefficient
of the sample, and /v is the laser photon energy. From the literature, the reflection and
absorption coefficients of Alo3Gao.7N under the injection of a 266 nm laser are ~20% and 16
x 104 cm™!, respectively.[34,35] With the given power range and repetition rate stated above,
the photogenerated carrier density ranges from 1 x 1017 to 6.8 x 1018 cm 3. Hence, the
bandgap could change from —12.2 to —49.3 meV. As a result of the counteraction between the
band-filling effect and the BGR, the peak emission variation with excitation power is almost
negligible, providing a very stable output wavelength. Figure 4 also illustrates that at 5 K the
changes of the fwhm with excitation power are <3.5 meV (<0.3 nm) coming from the higher
energy states filled by more excited carriers, showing a near-constant behavior.[27,36]
Generally, the screening of QCSE with increasing excitation always comes along with a
narrowing of the line width.[22,27] Here the lack of this behavior in the excitation power
dependence of the fwhm proves one more time that the QCSE in the QW is effectively
reduced. At 300 K, the broadening of the fwhm is <11.3 meV (<1 nm) for the as-grown
sample and about 14.2 meV (1.25 nm) for the nanopillars, which is still relatively insensitive
to excitation power. At 300 K, besides the band-filling effects, the interaction between the
carriers and nonradiative recombination centers also contributes to this phenomenon.[33] In
addition to the above effects, pillar-to-pillar inhomogeneous broadening also exists in
nanopillars.[37]



To understand the exciton localization effects of the QW structure grown on SLs, the
temperature dependence from 5 to 300 K of the PL spectra was measured with an excitation
power of 100 uW. In general, the temperature-dependent behavior is attributed to the
potential inhomogeneity and localized character of the carrier recombination.[38] The
increasing temperature will induce a band gap shrinkage which is described by the Varshni

equation[39,40]
2

aT
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where E¢(0 K) is the transition energy of GaN QW at 0 K, o and f are the Varshni
coefficients, ¢ indicates the degree of the localization effect, and kB is the Boltzmann
constant. As Figure 5 depicts, the peak energies of both samples do not follow the expected
Varshni equation (see dashed line in Figure 5). A best fit of o = 1.15 meV/K, = 1050 K,
Ey(0K)=3.84¢eV +£1.2meV, and 6 = 18 meV was obtained for the as-grown sample by
excluding the data below 100 K and o = 0.89 meV/K, = 1000 K, Ex(0 K) =3.83 eV + 0.7
meV, and 6 = 10.5 meV for the nanopillars by excluding the data below 50 K. The two
samples show an “S-shape” for the peak energy (red-shift, blueshift, and then red-shift) and a
weak “W-shape” for the line width (increase, decrease, and then increase) with rising
temperature. Similar phenomena were reported in refs 38 and 40—43. For 5 K < T <50 K, the
10 meV red-shift and moderately wider line width can be interpreted as weakly localized
carriers being thermally activated by the increasing temperature, having a greater opportunity
to migrate to deeper localized states. As the temperature is further increased from 50 to ~140
K, a thermal equilibrium is achieved and the carriers occupy higher levels, which results in a
blue-shift of ~10 meV. The increase of the fwhm up to 50 K is the crossover from
nonthermalized to thermalized energy distribution of localized excitons. Between 50 and 140
K, the fwhm becomes slightly narrower and then wider because of the high mobility of the
carriers even in deep localized states.[41] At temperatures above ~100 K (~50 K for
nanopillars), higher energy states are increasingly occupied by photoexcited carriers. The
peak energy behavior becomes consistent with Varshni’s equation and decreases with
increasing temperature. The carrier interactions with activated nonradiative recombination
centers and phonons make the line width broader from 80 to 300 K. The relatively shallow
localization depths of the two samples illustrate a reduced phase separation in the well
because of the relaxed strain and also a relatively low inhomogeneity in both the well and SL
layers. A fluctuating Al content in the barriers may also modify the energy bands. However, a
fluctuation of about +20%—60% of the Al molar fraction in the barriers is needed to account
for the localization energies.[43] Therefore, the effect of Al content fluctuations can be ruled
out in our samples.

To get more insight into the carrier recombination dynamics of the QW on the SLs,
TR-pPL spectra were measured as a function of excitation power and temperature. Fitting of
the lifetime data was performed using the modified Gaussian function as follows[44]

f(t) = fO + (fGauss ® ﬁexp (2)
where fGauss 18 the instrument response function (IRF) of the PMT, which can be
approximated with a Gaussian profile with a fwhm of ~130 ps. As seen in Figure 6a,b, the
carrier recombination dynamics depend on the excitation power at low temperature. For the
as-grown sample at 5 K, the decay time is 1.1 £ 0.02 ns at 10 uW excitation power and
decreases to 0.6 £ 0.01 ns at 1.7 mW excitation power; for the nanopillars at 5 K, the decay
time is 0.8 + 0.0 2 ns at 10 uW excitation power and decreases to 0.47 = 0.01 ns at 1.7 mW
excitation power. The decay time decreases more strongly with higher excitation power up to
~400 uW and then becomes quite stable with stronger excitation power. Basically, the
lifetime can be in a range from several picoseconds to several nanoseconds (or even longer),
depending on several factors, such as the carrier recombination both in QW and localized



states as well as the nonradiative recombination introduced by defects at higher temperature.
At 5 K, the PL lifetime is dominated by the radiative recombination lifetime, containing both
radiative free-exciton recombination and radiative recombination at localized states. The
relatively longer lifetime of the samples may because of the Al-rich AlGaN localized
structures exist in the QW due to the Al content fluctuations. When the excitation power
begins to increase, the majority of carriers recombine at the localized states. The measured
PL lifetime is mainly that of the localized carriers. As the excitation power is further
increased, the localized states saturate and cannot trap more carriers; hence, the free-exciton
lifetime dominates.[45] At 300 K, the decay time of the PL does not change much with
intensity because the recombination process is already dominated by non-radiative
recombination. At both 5 and 300 K the PL decay time of the nanopillars is shorter than that
of the as-grown sample. That is because the etching process of the nanopillar sample
produces more surface states which can act as traps for the carriers; the relaxation of the
small remaining QCSE in the nanopillars has some contributions as well at low temperature.

Figure 7a shows the PL decay time of the two samples as a function of temperature.
As can be seen from the traces, when the temperature increases, the decay time of the two
samples initially increases slightly and then drops. At around 10 K, deeper localized states
are thermally activated and capture carriers, making the lifetime longer. It is also the
Temperature range in which the red-shift occurs as shown in Figure 5. When the temperature
1s increased to above 50 K, defects and other nonradiative recombination centers are
activated. The carriers are captured by them before recombining at the localized states, which
makes the PL decay time decreases quickly. It is the temperature range in which a blue-shift
of the PL peak energy is observed in Figure 5. Above 100 K, the PL lifetime is relatively
steady which is caused by the dominance of nonradiative recombination. The results of the
temperature-dependent recombination dynamics are consistent with those for the peak
energies discussed earlier in this paper. The PL decay time is generally faster in nanopillars
than in as-grown samples because of surface trapping effects and further relaxed QCSE.
Figure 7b shows Arrhenius plots of the temperature-dependent PL intensities of the two
samples from 5 to 300 K. It can be observed that the PL intensity decreases with temperature
as a result of the strong nonradiative recombination.

To confirm that the use of the SLs effectively relaxes the strain in the QW on top of
them, Raman spectroscopy was conducted which provided important information about the
strain state of the structures. GaN, InN, AIN, and their alloys in wurtzite structure belong to
the C¢,space group, containing eight sets of phonon modes: 2E> modes, 2E; modes, 2A
modes, and 2B1 modes.[46—48] The E; and A; modes are both Raman- and IR-active, B
modes are silent, and Ex(high) modes are only Raman-active. Generally, the E>(high) mode is
sensitive to strain in the structure; its peak shift and intensity change are used to accurately
determine the strain state. With a 180° backscattering configuration, the Raman phonon
modes of the two samples follow the selection rules as shown in Table 1,[49,50] where the Z-
axis is along the crystallographic c-axis of sapphire.

The room-temperature p-Raman spectra of the two samples are shown in Figure 8,
measured in the Z(XX)Z backscattering and the nanopillars are 574.4 +0.15 and 573.7 £ 0.17
cm !, respectively. There are slight red-shifts of the two modes compared to that of the strain-
free Alp3Gao.7N. It means that only moderate compressive strain exists in the QW. The GaN-
like E2(high) frequencies of the nanopillars are lower than that of the as-grown sample,
indicating that the nanopillars exhibit further relaxed strain.



Conclusions

In this work, we have investigated the optical performance and the underlying physical
mechanisms of a GaN/Alp3Gao.7N single QW with graded Al content SLs layers
systematically. The as-grown sample was grown with two groups of SLs strain relaxing
layers on a c-plane sapphire and then fabricated into nanopillars for strain comparison. From
TI-uPL and TR-pPL spectroscopy we find that the QW emissions of both samples are very
sharp in UV region and nearly constant over a wide excitation power range from 30 uW to 2
mW with only a 6 meV slight red-shift. This effect is the interplay between the BGR and
band filling as well as the reduced QCSE. The fwhm is also quite insensitive to excitation
power, especially at low temperature. At 300 K, the moderately broadened fwhm with
stronger excitation power can be attributed to the interactions with non-radiative
recombination and the band filling. “S-shape” and “weak W-shape” temperature dependences
of the QW peak energy and fwhms are the combination of the carrier scattering mechanisms
and thermally dependent localization effects as well as nonradiative recombination. The
excitation power and temperature dependences of the PL lifetime were also investigated. At 5
K, with increasing excitation power, extra photoexcited carriers shorten the carrier
recombination lifetime because of the saturation of the localized states. The radiative lifetime
of the nanopillars is 0.46 ns at 5 K. At 300 K, nonradiative recombination centers dominate
and are insensitive with excitation power. Higher temperature leads to faster PL lifetimes, as
the injected carriers escape much more easily from localized states and also interact non-
radiatively. In addition, we studied the Raman spectra of the two samples, proving that the
SLs effectively suppressed the strain. From all the experimental results presented above we
find that the QW structures with SLs show several very desirable characteristics: very narrow
and strong UV emission even at room temperature, nearly constant wavelength and very
stable fwhm over a wide range of excitation power, and a relatively fast radiative
recombination time. It is reasonable to conclude that by carefully designing the SLs layers,
we can realize almost zero-strain effects which is generally observed in nonpolar structure,
confine and accumulate carriers, suppress some nonradiative recombination, and have very
stable optical performance, which are highly helpful for GaN-based UV optoelectronic
devices.
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Figures & Tables
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Figure 1. Schematic structure of a GaN/Alp.3Gao 7N single QW grown on SLs layers and c-
plane sapphire.
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Figure 2. Side-view TEM images of (a) the single QW and (b) the two groups of SLs. (¢) 45°
tilted cross-sectional image of the nanopillar sample.
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Figure 3. Time-integrated PL spectra of the as-grown sample and the dependent PL spectra of
the as-grown sample at 5 K.
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Figure 4. Excitation power dependence of the PL peak energy and the fwhm of (a) the as-
grown sample at 5 K, (b) the nanopillar sample at 5 K, (c) the as-grown sample at 300 K, and
(d) the nanopillar sample at 300 K.
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Figure 5. Temperature-dependent TI-uPL peak energy and fwhm of (a) the as-grown sample
and (b) the nanopillar sample with an excitation power of 100 pW.
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Figure 6. PL lifetime of (a) as-grown sample and (b) nanopillars versus excitation power at 5
and 300 K.
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Figure 7. With an excitation power of 100 uW: (a) temperature dependence of the PL lifetime
of the two samples; (b) Arrhenius plot of the PL intensities of the two samples as a function
of temperature.
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Figure 8. Micro-Raman spectra at room temperature of (a) the as- grown sample and (b) the
nanopillar sample.

Table 1. Selection Rules of the Raman Modes of GaN, InN, AIN, and their Alloys

sample orientation

scattering configuration

allowed modes

(0001)

72000 7

A1 (LO), E; (high)

Z(XY) Z

E (high)




