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1§ Optical Investigation of Semi-polar (11-22) Al,Ga; N with High Al Composition
Publishing
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Abstract \\

Exciton localization generally disturbs uniform population i >§ivn,...leading to an increase in
—

threshold current for lasing. High Al content AlGaN i requi?}d for the fabrication of deep

ultra-violet (DUV) laser diodes (LDs), and this a ogu.nera?’es exciton localization. Temperature-
! -

dependent photoluminescence and room ter w thodoluminescence measurements have
been performed on high quality semi-p%ﬁ?'\rﬁ-lz) Al,Gai;xN alloys with high Al composition
ranging from 0.37 to 0.56 in order to systematically study the optical properties (in particular
exciton localization) of both th nea@edge (NBE) emission and the basal-plane stacking faults
(BSFs) related emission, mgﬁfzatin different behaviours. Further comparison with the exciton
localization of their/c-plane,counterparts has been performed, exhibiting that the exciton
£
localization in @ ({1—22) AlGaN is much smaller than that in c-plane AlGaN. As a

consequenc Qni—polar (11-22) AlGaN demonstrates greater potential than its c-plane

counterp i teys of the growth of DUV LDs.
=
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AlGaN-based deep ultra-violet (DUV) emitters have attracted much attention due to their wide
Publishing

applications in water purification, environmental protection, medical instrumentation,
non-line-of-sight communications, etc.' The UV emitters reported so far are almost exclusively
grown on c-plane substrates. This polar orientation leads to built-in electgic fields across the active
region and thus a reduced quantum efficiency. Another issue is due 16 éxcitan lgcalization induced
as a result of alloy compositional fluctuations.? This issue becomés-m_.o.ré"severe for the growth of
DUV emitters with a sub-280 nm wavelength, where higher Alcontent (;50%) is required leading
to significantly enhanced compositional fluctuations.>* It .i.s.wel'l—kr.\own that exciton localization
plays an important role in improving the quantym ‘efficiengy for lll-nitride light-emitting diodes
(LEDs), in particular InGaN LEDs,” but it distu‘r_bS'-ur)ifdr'fn population inversion, thus leading to an
increase in threshold current for lasing.’ Fina‘!ly,.i.f is.understood that it is another great challenge
to achieve high Al-content p-type AIGé.N._wi'fh égod conductivity as a result of its large activation
energy. Consequently, the shortest:_.\.)v;\)e'le;gth of the UV laser diodes (LDs) reported so far is
limited to 336 nm and such UV LDs can only be operated in pulsed mode with very high

thresholds.®’ |
Building on experien&e from InGaN based semi-polar emitters in the visible spectral region,® one
promising ap-pr_qéch forWard is to grow UV emitters along semi-/non- polar orientations, which can
reduge oreeliminate the polarization induced electrical fields. It has also been understood that
theré'. exists significant difference in exciton localization between semi-polar and c-plane InGaN.
Hi_gher homogeneity of indium composition has been achieved in semi-polar InGaN. ° Note,

{

N Howe-ver, that atom probe tomography has been used to indicate a greater non-randomness in

%

indium distribution in non-polar InGaN compared to polar c-plane.’ So far, there is no report on

the study of the exciton localization in semi-polar AlGaN. Furthermore, it has been predicted
2
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2oretically that a higher optical gain could be obtained in semi-/non- polar AlGaN based LDs.
Publishing
All these imply that semi-/non-polar AlGaN can possibly exhibit advantages over than its c-plane
counterpart in terms of growing LDs.

However, owing to great challenges in obtaining semi-/non- polar AlGaN with high quality, there
are only a few reports on the studies of the optical properties of sqch ;ng';ékialsa. So far, there has
been a near complete absence of research on semi-polar AlGaN W‘ith: H'igh Al composition. Unlike
c-plane AlGaN, semi-/non- polar AlGaN generally suffers fro_rh"b_as'al';pla;lé stacking faults (BSFs) in
addition to dislocations, further complicating the studyl of._the "op;ical properties of semi-/non-
polar AlGaN. Huang et al.”® studied the excito.r_w___ lbcalizatioﬁ of the BSFs-related emission in
non-polar AlGaN with Al composition ranging‘f_lr'c')m__p t0028 Netzel et al.* investigated the optical
polarization properties of both the near-bangﬁ'-ledge (NBE) emission and the BSFs-related emission
in semi-polar AlGaN. However, in bpth .(.:‘la.f.s_e"s?the:éSFs—reIated emission is hardly distinguished from
the NBE emission, thus Ieading_.‘.to:_l;c._r',"r;ét'-cﬁallenges in performing detailed studies due to the
difficulty in obtaining hig_h-qua__li_ty AIééNi

Our group has devel..o_.r;éd._g_n.-lglovergrowth approach of semi-polar (11-22) GaN on micro-rod
arrayed templat_es-l.f, I-legding_ to significantly improved crystal quality of semi-polar (11-22) GaN on
sapphire.'® As a .résult,...H'igh performance semi-polar LEDs with long emission wavelengths out to
the qmb’ér spect;él' region have been achieved.” Based on this approach, we have further
deveiloped a-,tW'o—step overgrowth approach for (11-22) semi-polar AlGaN exhibiting the best
E{ys:cal q.u.ality compared with other reports. So far, we have achieved thick and crack-free

;e'm%’-,polar (11-22) AlGaN with Al composition of up to 56%.
\

.bln this paper, the optical properties of these high crystal quality (11-22) semi-polar AlGaN

samples have been investigated. Both the NBE and the BSFs-related emissions, which have been
3
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clearly distinguished as a result of the high crystal quality, have been systematically studied by
Publishing

means of temperature-dependent photoluminescence (PL) and room temperature
cathodoluminescence (CL) measurements. Both measurements have been performed in order to
study the exciton localization of the NBE and the BSFs-related emissiohs. More importantly, a
detailed comparison study has been performed on these semi—polar.' AIGéN-sﬁampIes and their
c-plane AlGaN counterparts with similar Al composition. All the sémi—_bélar AlGaN samples show a
clear reduction in Al composition fluctuations compared _with their c:plane counterparts. The
results presented demonstrate that semi-polar (11-22) AIG.a.N may .be more favourable for being
employed to grow DUV LDs than c-plane AlGaN.

The semi-polar (11-22) AlGaN samples u§_ed---w_eré "'grown by using the two-step overgrowth
approach, where thick and crack-free semi;-p\gllal."”('ll-ZZ) AlGaN has been achieved by overgrowth
on the top of nearly-but-not-fully coa.l.l\é.s__cé}d GaN deliberately grown on the micro-rod arrayed
templates which are similar to thosé.'u;éd for the overgrowth of our semi-polar (11-22) GaN. >

The Al composition ranges.from 0.37 to 0.56 in each sample. The full width at half maximums
(FWHMSs) of x-ray diffractfon ()_(_RB) rocking curves measured along the [1-100]/[11-2-3] directions
(XRD measuremgnts éléng the two directions are typically used to evaluate the crystal quality of
ll-nitrides %) a_ré- O.2§23°/O.2006° for x=0.37 and 0.3825°/0.2064° for x=0.56 respectively,
repre§enting the best quality for semi-polar (11-22) AlGaN with similar Al composition ever
repo;;’-te_d.. It%has also been demonstrated that our overgrowth technique can effectively both
‘m_an’age strain and improve crystal quality simultaneously.

- P{;.:.measurements were performed by using a doubled-frequency Argon ion laser with an
;bcitation wavelength of 244 nm. For temperature-dependent PL measurements, the samples

were held in a helium closed-circuit cryostat with temperature ranging from 10 to 300K. The
4
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luminescence was dispersed using a 0.5m monochromator and detected using a thermoelectrically
Publishing

(TE) cooled charge-coupled detector (CCD). CL measurements were carried out at room

temperature using a field-emission gun scanning electron microscope equipped with a 0.125m

spectrometer and electron multiplying CCD detector and using a Cassegrain reflecting objective to

collect luminescence down to 200nm.*® | .

Fig. 1a shows the normalized PL spectra measured at 10K, exh_ibiti_:né two main peaks in all the
samples. Being similar to semi-polar GaN, these two peaks_ are due to-lt-.he NBE and BSFs-related
emission, respectively. In all PL spectra, a cascade of phonon_ repl‘i'cé'on the low energy side of the
main peaks have also been observed, with an eng__rgy spacing .of around 95-100meV as shown in
Fig. 1b, where the PL spectrum of the AIXGa‘l__I)'(N--.s__;_\.rn\pﬂl"g With x=0.38 is provided in a logarithmic
scale as an example. The LO phonon energy,-\;?bt:é“i:he,a for our AlGaN samples agrees well with the
LO phonon energy reported for Gal (91mer 2 ;ﬁd AIN (110meV). %

Although the NBE and the BSF e:rl{q"i-;s'io'ns%are clearly separated at a low temperature, a fitting
using multiple Gaussian_curve_§ ha; been made in order to obtain the accurate emission peak
energies of these two emi_;éion__sf. ;l'ig. 1b presents an example about our fitting.

Fig. 2a shows fhe é:r'nissi'on energies and their separation of the NBE and the BSFs-related
emission as ‘@, f‘u.n.ction..éf Al composition, exhibiting that the BSFs-related emission is about 41
meV Iamd.52 meViibWer than that of the NBE emission when the Al composition is 0.37 and 0.56,
respécfc_ively. -Fuﬁhermore, Fig. 2a demonstrates that the emission energy separation between the
.‘N__BEvand_. fhe BSFs-related emissions increases with increasing Al composition, agreeing with the

\otherreport. =

‘%-’J

LGeneraIIy speaking, the emission energy separation between NBE and BSFs-related emission is

also affected by the difference of their respective exciton binding energies and their localization
5
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“ 8 erergy difference. Tischer et al.”! reported that the energy separation between the NBE and the
Publishing
BSFs-related emission in semi-polar AlGaN is larger than that in GaN, suggesting that the BSFs
regions exhibiting a cubic core with lower Al composition serving as a “quantum well” (QW) are
sandwiched by the regions without containing BSFs as “barriers”. Assumihg that the composition
discrepancy between such “QWs” and such “barriers” increases with“increasiag Al composition,
the exciton binding energy difference between NBE and BSFs—reI'ated emission will be enhanced
with increasing Al composition. Another possible reason for the increase of the energy separation

.22 suggested that the

involves the polarization field induced QCSE in BSF regions..l_.ahné-mz.ann eta
spontaneous polarization at the wurtzite/zinc-blen_dé interfage could result in electric fields across
the BSFs regions, leading to a redshift of the‘_BSF r_elétéd emission. The spontaneous polarization
induced electrical fields are expected to bes.__'s‘;tlréﬁger with increasing Al composition.”> Moreover,
there also exists strain-induced QCSEI .wﬁ“lch-:;/vill be enhanced as a result of increasing Al
composition, further enhancing t_he energy sEacing with increasing Al composition.

To further characterizeithe erﬁissién properties of AlGaN alloys, room temperature CL
measurements were carriéd 'ou_ﬁ 0n the Al,Ga; 4N sample with x=0.40 as an example. The excitation
voltage used is 54\, cof-'responding to an electron penetration depth of ~100nm, and thus only the
emission from __the AIGaN can be detected. Since BSFs are two dimensional extended defects
embgdded in"a basal plane, they appear as sets of parallel lines or bundles in CL or transmission

16, 24

electron mickoscope (TEM) images. The room temperature CL shows two dominant emissions

M the fegion 290-315 nm, which we attribute to NBE emission from regions of different
N é-omposition. As shown by the CL intensity variations in Fig. 2b, BSFs-related regions (dashed

re.bctangles) are separated by BSF-free regions, forming a periodic distribution on the AlGaN surface.

Such a distribution is similar to that observed in the TEM images of our overgrown GaN,
6
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uzgesting that the BSFs within the underlying GaN extend to the top AlGaN layer. The majority of
Publishing
the surface is dominated by the NBE emission at about 297 nm, as observed in the CL intensity
image with an integration window of 290-303 nm (left side of Fig. 2b). The CL intensity image
integrated over 304-315 nm reveals a different Al content at the chevron$ (running perpendicular
to the stripes), where the NBE peak is shifted to approximately 305 nm.' as .;;.howp in the right side
of Fig. 2b).

High spatial resolution CL was performed to further investigate the e-mission characteristics of
the NBE in a chevron-free region. Fig. 2c shows the CL peak.energy.and the FWHM images of the
sample, alongside the corresponding secondary elgctron (SE)image of the mapped area. The area
where BSFs are present exhibits a lower emigssion gnéfgy at ~4.14 eV and a broader CL linewidth
(FWHM) of ~150 meV, compared to the area_;")yhéfe there are no BSFs (with an emission energy of
~4.18 eV and a CL linewidth of ~100 rr.fé.\/_).'*rhe.:ﬁroader linewidth is most likely due to the lower
quality of the material in that regior]- thha ?iigh density of BSFs, which also leads to the apparent
shift in energy. |

In order to investigate éxcito_n ;'ocalization arising from Al compositional fluctuations in Al,Ga; N
alloys, temperature-deﬁendent PL measurements have been performed. In all cases, the peak
energy of the I\_I_B.E- exhibits the same “S” shape behavior when the temperature increases from 10
to 3OQK, namely, it redshifts initially, then blueshifts and finally redshifts. Such a behavior has been
wide;\ly _réported in c-plane Al,Ga; 4N as an indicator of the existence of localized states.? The initial
‘re_ds’hift is due to carrier redistribution to deeper localized states via a hopping process. With

Ii.hcreé.sing temperature, the carriers are delocalized to higher energy states, giving rise to a
t:loijeshift in peak energy. The redshift at higher temperatures is due to the temperature induced

bandgap shrinkage. Being similar to c-plane Al,Gai4N, such “S” shape behavior for the NBE in
7
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semi-polar AlGaN is also be attributed to Al compositional fluctuation induced exciton localization.

Publishing

In contrast, the temperature dependent behavior of the BSFs-related emission shows a different
story. For the samples with low Al composition (x<0.43), the emission peak still exhibits the similar
“S” shape behavior as the NBE does, whereas the samples with high Al composition (x>0.43) show
a redshift and then a blue shift only. The typical temperature-depen_denz.t-.lli’ll_”.s'pec,:cra corresponding
to the above two regions are shown in Fig. 3a and 3b, where the éém?léswith 0.40 Al content and
0.56 Al content are used as examples, respectively. As show_n' in, Fig."3b,l£he BSFs-related emission
qguenches quickly at high temperatures. With higher Al inclo.r:_p_orat’i_or.l', higher density of defects, e.g.
partial dislocations associated with the BSFs and th__se threading ;jislocations, are expected. They act
as non-radiative recombination centers, cp_lh'tr-ip_gt.i‘h"'g‘. to the fast thermal quench at high
temperatures observed in the samples with'-hig'lh.e.;Al-content.

Fig. 4 shows the temperature depéﬁéehﬁe (;fl the emission peak energies of the NBE and the
BSFs-related emissions. The modlfled ' Va?shni equation based on a band-tail-filling model,
E(D=E(0)-ocT2/(T+ﬁ)—02/kBT, has Ilo.ée‘n lwidely used in InGaN and can be employed to fit the
emission peak energy, whereE(b) is the band gap energy of Al,GaixN, o and S are the fitting
parameters, kg i§ -.:Bo-llt;r'nann’s constant and o is the localization depth which represents an
estimated de'gr\gé.of Ioc.:.élization. The best fitting in both the NBE and the BSFs-related emissions
can bg o’Btained wuth o = (1-1.18) x 10 eV/K and = (1100-1500) K, which are comparable with the
valugs.re.porte.d. for their c-plane counterparts.25 For Al,Ga;xN with 0.45<x<{0.56, it is difficult to

és_timate_. the localization depth of the BSFs-related emission as a result of the quenching of the

"-...E;‘SF's-ﬁreIated emission at high temperatures. However, it could be estimated from a transition

‘%-’J

te.bmperature at which the emission peak energy switches from a redshift to a blueshift. When the

Al composition increases from 0.39 to 0.43, the localization depth increases from 26 to 33 meV,
8
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where the corresponding transition temperature increases from 80 to 100K. Given that the
Publishing
transition temperature is as high as 230K for the sample with 56% Al content, the localization
depth of the BSFs-related emission should be much higher than 33 meV.

The obtained localization depths of the NBE and the BSFs-related emig§ion have been provided
in Fig. 4. When the Al composition increases from 0.37 to 0.56, the_ Ioc.éljz;t'iOnadepth of the NBE
increases from 16 to 29 meV, while the localization depth of the' B.é_l::."rélated emission increases
from 26 to 33 meV with increasing Al content from 0.38 to Q.43,_ about 10 meV larger than that for
the NBE. One possible reason is due to the Al redistributgor]_._in BS_';F.r'egions as mentioned above.?*
Such a compositional discrepancy between the BS__F"regioné".(serving as “QWs”) and the BSF-free
regions (serving as “barriers”) forms a king!_l"of__f_’.ho.s‘rﬂ'e._tcs—structure”, roughening their interface
sharpness. Being similar to InGaN/GaN"'sy'?STce:r;i"s,qthis kind of interfacial roughness enhances
exciton localization. Furthermore,.the..‘l'.c.xgéﬁzati;n effect in BSFs can be further enhanced as a
result of the generation of the: donornuc|e||n the vicinity of BSFs. As Corfdir et al.?® highlighted,
the coupling between dopor l’]__L:IC|ei..EI]hd BSFs could lead to the localization of electrons within the
plane of BSFs in a-plané:-'('i'aN_:_ lr'1 our AlLGa;4N, in particular the high Al contained AlGaN, the
generation of thése | é:iitrins'ic donors is probably further enhanced, as a large ratio of Al
precursor/Ga'- p\_r‘e.c'ursor..i.'s required.

It ils ih’teresting_.:t'o' compare exciton localization in semi-polar (11-22) AlGaN with that in c-plane
AIGaENf’ 27,28 -Thé' typical values of the localization depths and the low temperature PL line-width in
;crp/ane '-AixGal.XN with various Al composition, which are extracted from Ref.27, have been

4 « "

sdmmarized in Table I. It can be observed that the localization depth of the NBE increases from 50

‘%-’J

to.b 69 meV when the Al composition increases from 0.37 to 0.56 in c-plane AlGaN, which are

considerably larger than those of the semi-polar (11-22) AlGaN with similar Al composition. It
9
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rans that the exciton localization in semi-polar (11-22) AlGaN is generally weaker than that in its
Publishing

c-plane counterpart. This is further confirmed by the PL linewidths, where the PL emission of the
semi-polar (11-22) AlGaN is generally narrower than that of its counterpart. As mentioned above, a
reduced localization depth leads to an increase in optical gain and thus a réduction in threshold for
lasing. This means that semi-polar (11-22) AlGaN exhibits major advan;cage..s over than its c-plane
counterpart, in particular in the growth of DUV LDs. Of course, a fuerer.improvement in crystal
quality is necessary, as BSFs and their associated partial disl_ocations in sémi—polar AlGaN can also
affect the performance of LDs such as threshold for lasing. .

We have investigated the optical properties __of a-number of semi-polar (11-22) Al,Ga;,N
samples with Al composition ranging from 037 te 056A combination of temperature-dependent
PL and room temperature CL measurements.__;l‘jgv.é'been performed in order to study both NBE and
BSFs-related emissions. The energy ..s\'épa'Fati(.a.r; between the two emissions increases with
increasing Al composition, which is:_.r.h-a:ihly ;:scribed to the compositional discrepancy within BSF
regions and enhanced QCSEalso wifhin the BSF regions. A detailed study of exciton localization of
the NBE and the BSFs-reIéte'd gn%'issions have been performed, showing the localization depth of
the BSFs-related emissf-(')n islarger than that of the NBE in each sample. Most importantly, the
localization de_pt.h- of Semi—polar (11-22) AlGaN is generally smaller than that of its c-plane
coun’Ferpart, suggesting that semi-polar (11-22) AlGaN is more favourable for the growth of DUV
LDs ;\th_ar% itS, counterpart. Our results provide a deep insight into the optical properties of
semi-poler AlGaN, which is of significant importance to the development of semi-polar AlGaN

{ &

\_based DUV LDs.

%
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AI P Table I Localization depths of semi-polar (11-22) AlGaN and c-plane AlGaN

Publishing
Semi-polar (11-22) AlGaN c-plane A1GaN*
o(NBE) PL FWHM o(NBE) PL FWHM
/ meV / meV / meV / meV

0.38 16.4 31 50 %}\

0.40 22.5 35 51.7 \41.8

0.43 26.0 39 ‘)...,‘__ 43.1
ﬁ

0.56 29.6 48 69 ) 52
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AI P Figure captions

PUb“Shmg; . 1: (a) PL spectra of our semi-polar (11-22) Al,Ga; N measured at 10K; (b) PL spectrum for the

Al,Ga; N with x=0.38. The red arrows show LO phonon replicas and the blue lines are the Gaussian

Fig. 2: (a) Emission peak energies of the NBE (labelled as red ci cé, nd the BSFs-related

emissions (labelled as black squares), and their energy separatiqq(la\ed as blue triangles) as a

function of Al composition; (b) Integrated CL intensity im e‘s)vith a“detected wavelength at
-..\

-
290-303nm (left) and 304-315nm (right), respectively, where the) hed rectangles indicate BSFs

fitting curves.

regions; (c) High spatial resolution CL imaging in a chevron-free region: Secondary electron image

(left), emission peak energy image (middle) and@s éé’ak FWHM image (right).

Fig. 3: Temperature-dependent PL spectra'qf the.semi-polar (11-22) AlGa:«N with (a) x=0.40; and

(b) x=0.56. The dash lines show the emi %en.@rgy shift of the NBE and BSFs.

Fig. 4: Peak energy shifts for ( m&v&wd (b) BSFs-related emissions of the semi-polar (11-22)

Al,Gai 4N with x=0.38, 0.40, 3 and 0.56. The red solid lines represent the fitted curves by using

the modified Varshnjfequation in‘order to obtain exciton localization depth. The blue circles in (b)

indicate the trar( n te r/atures.
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