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25 Abstract

26 The scanning electron microscopy techniques of electron backseatter diffraction

27 (EBSD), electron channelling contrast imaging (ECCl).and hypérspectral

28 cathodoluminescence imaging (CL) provide complementary information on the

29 structural and luminescence properties of materials rapidly and non-

30 destructively, with a spatial resolution of tens of nanometres. EBSD provides

31 crystal orientation, crystal phase and strain analysis,\whilst ECCI is used to

gg determine the planar distribution of extended defects over a'large areaerfia g

34 sample. CL reveals the influence of crystal structure, composition and strain o

35 intrinsic luminescence and/or reveals defect-related luminescence. Dark features

36 are also observed in CL images where carrier recombination at defects is

37 radiative. The combination of these techniques is.a powerful approach to

38 clarifying the role of crystallography and extended defects on a materials’ light

39 emission properties. Here we describe the' EBSD, ECCI and CL techniques and

40 illustrate their use for investigating the structural and light emitting properties of

41 UV-emitting nitride semiconductor structures. We discuss our investigations of

42 the type, density and distribution of‘defects in GaN, AIN and AlGaN thin films

43 and also discuss the determination of the polarity of GaN nanowires.

44

45 Keywords: SEM, EBSD; ECCI, CL, nitride, extended defects

46

47 1. Introduction

jg The scanning electron,micrascope (SEM) is a very powerful tool for investigatithimaging a wide range of
50 material properties spanning topography, structure, composition anéiiggion [1-4]. SEMs are extensively
51 used for imaging.topography by monitoring the intensity of secoralacjyrons as a focussed electron beam, with
52 an energy.inrtthe range of 100 eV to 30 keV, is rastered over the surfacample. Less well known are the
53 techniques of electron channelling contrast imaging (ECCI) [5-12] and eldzokscatter diffraction (EBSD)
54 [5-6, 13-14] which exploit diffraction to provide information on crystalictre, crystal misorientation, grain
55 boundaries, strain and extended defects such as dislocations and stackingdtadtbol@minescence (CL), that
56 is light emission generated when an electron beam is incident on a sampliepr@luable information on a
57 sample’s luminescence properties [15-17] CL can reveal the influence of crystal structure, composition and strain
58 on intrinsic’ luminescence and/or defect-related luminescence. Dark featuraélsca@served where carrier
59 recombination at defects is non-radiative. The combination of EBSD, ECCChrid a powerful tool for
60 clarifying the role of crystallography and extended defectsmaterials’ light emission properties.
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In this article we describe the SEM techniques of EBSD, ECCI and CL hyperspeeagaignand illustrate the
capability of each technique for the characterisation of semiconduttotkis end we present our recent results
on the use of these non-destructive techniques to obtain information on theaptyoagrystal misorientation,
defect distributions and light emission from a range of UV emitting nitride (ANGased) semiconductor
structures. We also give examples where combiningetbechniques can provide useful complementary
information.

In comparison to their visible cousins, UV-LEDs based on nitride semicondinitorfilms exhibit poor
optoelectronic properties with external quantum efficiencies (EQES) typically no morea¥afor wavelengths
less than 350 nm [18]. Their ultimate performance is presently limited Isyrtltural quality /of AIN and AlGaN
thin films, which limits the achievable internal quantum efficiency (IQE), and bydlmping efficiencies, low
carrier injection efficiencies and poor light extraction [19]. Key to improviegogrformance of UV=LEDs, and
the main motivation for the research described in this paper, is teestamtling and control.ofiextended defects
such as grain boundaries, threading dislocations, partial dislocations andgsfackis.and their influence on
light emission for Al(Ga)N-based semiconductors.

To carry out our measurements we use a range of SEMs equipped wittobottercial and bespoke detection
systems. In the work reported here we have usdeEarBirion 200 Schottky field emission gun SEM (Sirion
SEM) equipped with an in-house developed ECCI system. We have also udeb@uanta 250 Schottky field
emission gun environmental/variable pressure SEM (Quanta SEM)/equipped with gasearsadeéettors for
electron detection when the SEM is used in low vacuum and environmesdabnThe Quanta SEM is also
equipped withan Oxford Instruments Nordlys EBSD detector and forescatter diodes for EBREDECCI
measurements respectiveiynd an in-house developed CL hyperspectral imaging system. Thestemsyilizes

a Schwarzschild reflecting objective to collect the emission from a sample inclined allaWsing the collection
of light with wavelengths> 200 nm.The ability to vary,the pressure in the chamber of the Quanta SEM allows
the dissipation of charge and therefore imaging of high resistivity.materadisastAlGaN and AIN. Sections 2
and 3 summarise the ECCI, EBSD and CL techniques and outline the equspe@fitations required to produce
the results presented.

2. The electron channelling contrast imaging (ECCI) and electron backscatter diffraction (EBSD)
techniques

ECCI and EBSD both exploit diffraction,to reveal the structural propeofighe crystalline material under
investigation. For ECCI it is diffraction of the incident beam which providesrésgast contrast in the resultant
images, while for EBSD it is diffraction of backscattered electrons which prowadeytstallographic information.
The spatial and depth resolution of both techniques is of the ordersafftaanometred-or successful imaging
using either ECCI or EBSD, the sample needs.to have a reasonablyn nd clean surface. For the imaging of
metal surfaces or the surfaces of geological specimens, this usually requinelsseamgle polishing to produce
a high quality surface [10], this'is also the case for semiconductorsn@afefrom bulk crystals. Samples are
typically mechanically polished to‘an optical finish using standard metallographidcieetngrinding with
successively finer diamond grit and finishing with a 20 minute colloidal silica pmdishe final stage. Samples
can also be further polished using, an,argon ion beam polishing systemove any fine scratches due to the
mechanical polishing [1®0-21]. However, for most epitaxially grown semiconductor thin films, no surface
preparation is required.

2.1 Electron channelling contrast imaging (ECCI)

ECCI micrographs may be produced when a sample is placed so that @ipfdanes are at, or close to,ithe
Bragg angle with,réspect to the incident electron beam. Any deviation in crystallogrephtation or in lattice

constant duesto localstrain will produce a variation in contrast in the resultant ECCI agptroghis is because
diffraction of the incident beam changes the intensity of the backscattered eleximopared to when no
diffraction.occurs. A change in orientation or lattice constant changes the diffraotiditions; this results in a
change, in the,intensity of the backscattered electrons. The ECCI midrdgrapnstructed by monitoring the
intensity of backscattered or forescattered electrons as the electron beam is geantfeel sample. Extremely
small changes in orientation and strain are detectable, revealing, for example,glewtihrand rotation

boundaries‘and atomic steps. Extended defects such as dislocations and staltkinga also be imaged [5-12,
22-27]. The conditions required to resolve individual dislocations in an electron chagnedintrast image are
quite stringent; a small (hanometers), high brightness (nanoamps o) Highativergence (a few mrad) electron
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beam is requiredb| 28]. Such conditions are met in a field emission gun scanning electron mijseo3d¢w ECCI
micrographs shown in this paper were acquired at either 25 or 30akeMje show ECCI micrographs where
dislocations of order 80 nm apart can be resol&€iCl micrographs can be acquired at lower electron beam
energies, for example se29f30]. In [29] the smallest size of the investigated 3D structures revealed in their ECCI
micrographs was 28 nm.

Figure 1 illustrates the two geometries, namely the backscatter and forescatter geometries wisieti tre
acquire ECCI micrographs. The backscatter geometry (Fig. 1(a)) has #raaghy that this geemetry does not
require a high tilt of the sample and therefore no significant correction mhéye to account for tilt is required.
This geometry also allows the easiest imaging of large samples, for example full semticomdfers. The
forescatter geometry (Fig. 1(b)) has the advantage that images exhibit bettetcsigpisé compared to the
backscatter geometry, due to the increase in intensity of backscatterechslebm détector used to detect the
backscattered electrons is generally an electron-sensitive diode. Vital to thetiaeqgaisgood quality ECCI
micrographs is the use of a good amplification system. An amplifier vdttye DC offset and high small signal
gain greatly facilitates the acquisition of ECCI micrographs. To obtain theldmnoise displayed in the ECCI
micrographs shown in this paper, images withmillion pixels were acquired.with acquisition times of 30 to 100
secondsFrame averaging was also used as required, increasing image acquisition thee toiautes.

Key to the interpretation of ECCI micrographs, in particular for identificatfoobserved extended defects, is
knowledge of the diffraction condition at which the ECCI micrograph wasiafju.e., knowing which plane

diffracted the incident electron beam. Determining/selection of the diffractimge(slamay be achieved by
acquiring electron channelling patterns (ECPs), this is discussed'in the fgllesdgtion.

incident beam
(a)
BSE detector under
pole pieces inclined sample
= 35°-
Sample inclined by

a few degrees to = 40° detector

Fig. 1. lllustration of the (a) backscatter and (b) forescatter geometri@squisition of ECCI
micrographs [reproduced fro&d].

2.2 Selection/determination,of the diffraction condition for ECCI, acquielegtron channelling patterns
(ECPs)

An ECP is obtained when changes in the backscattered electron intensity aredrasdtte angle of the incident
electron beam is changed relative to the surface of a single crystal areaamfipe $Vhen the beam changes its
angle with respect to the sample, different planes of the crystal satisfy the @®radjgon, giving rise to the
appearance of overlapping bands, known as Kikuchi bands, supeginposhe image of the samphn ECP
from a GaN thin film is shown'iniFig. Zhe ECP is closely related to the 2-D projection of the crystal structure,
with the Kikuchi bands corresponding to different planes in the crystaip&adng the ECP with kinematical
and/or dynamical electron diffraction simulations allows the pattern to be indexdbe planes in the ECP can
be identified. The plane (or planes) which intersect the centre of the ECP, useaflydéb as the pattern centre
(PC), are those from which the incident electron beam is diffracted. Indhepéx shown in Fig. 2, the incident
electron beam was diffracted from one of the {11-20} planes; sg-tleetor, the vector normal to the diffracting
plane,is one of {11-20}.
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<11-20>

Figure 2. (a) Dynamical simulation of an electron channelling patterBYEEGm a GaN thin film.
Electron beam energy is 30 keV, samplexit0° (b) Experimental ECP. The blue cross marks the
pattern centre (PC). (¢) Kinematical simulation of the,ECP ‘with some indexeelsphighlighted
(produced with ESPRIT DynamicS (Bruker Nano) software). isidase the PC intersects with the
edge of one of the {11-20} Kikuchi bands; so theector is.one of {1120} [reproduced fron31].

An ECP may be obtained by acquiring a backscatterediimage at low magnification.madpufication, as the
beam is scanned over the sample, it changes its angle with respect tdatte aluthe sample (in our case, for
our Sirion SEM, this is by arouneR.5°), allowing an ECP te be obtained [9]. Note that this method of acquiring
an ECP is only possible if the scanned area of the sample (of order&5mmm in size) is smooth and all of the
same crystallographic orientation. An ECEI micrograph is obtained on zoamamgthe PC by increasing the
magnification. At higher magnification the beam nominally has a fixed angle with respleetsample surface
as the beam is scanned. The resultant ECCI micrograph will reveal any aédfiettglistort the plane or planes
which correspond to the KikuCbands.intersecting the PC. Alternatively, if ‘beam rocking’ electron optics are
available in the SEM, the angle of the beam with respect to the sample can bel dvangemuch smaller surface
area. Selected area ECPs, referred to as SAECPS or SACPs can be acquireé&cemging from a 0m x 10
pm down to of around 500.nm % 500 nm.in si28 [ Moreover with“beam rocking”, ECPs can also be acquired

for a larger angular range,«up'to of ord@0° [8]. While a lot of useful information can be obtained from ECCI
without the acquisition of ECPs, the ability to acquire ECPs makes ECCI farpowerful and easier to use. The
ability to select the diffraction, condition is particularly useful when applying EtdChe identification of
unknown extended defects such as dislocations and stacking faults. How wiedggoof theg-vector may be
applied to the identification of dislocations is discussed in section 4.1.

2.3 Electron backscatter diffraction (EBSD)

In EBSD the sample is tilted at around® 76 the normal of the incident electron beam. The impinging electrons
are scattered inelastically through high angles forming a diverging source abredestrich can be diffracted.
The resultant electron backscatter pattern (EBSP) consists of a large nuroberayping Kikuchi bands. An
EBSP like an ECP](the two are related by reciprodsyjlosely related to a 2-D projection of the crystal structure,
wherereach Kikuchi band corresponds to a set of planes, as illustrated in FigAB BBSP generally spans a
greater angular range than an ECP. EBSPs are generally detected by an elesitias gemsphor or scintillator
screen and a charge-coupled device (CCD) or complementary metal-oxidersimtor (CMOS) camera [13]
(see Fig=3 (a)), although there have been recent developments bfetbatmon cameras3B-34]. The spatial
resolution achievable in an EBSD map is of order 1003%8f]. The EBSP shown in Fig. 3 (b) was acquired at
20keV from a Si sample using energy-filtered direct electron detection with a colleaie of~ 50°. Direct

4
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1

2

3 electron detection allows high quality EBSPs to be acquired at low electron beggiegnpattern acquisition
4 down to 3 keV is achievable [28]. Acquisition of EBSD maps at lower electron &eargy should lead to higher
> spatial resolution35]. EBSD is a well-established technique for texture analysis and for quantifyéng gr
6 boundaries and crystal phases [5-6, 13-14]. The introduction of coosdation based analysistof EBSPs, has
/ improved the measurement precision of relative orientation with rotation815fideasurable. For measurement
8 of strain strain changes of order 2 x-1@ave been resolved. Such precise measurements of relative arientation
?O and strain have allowed the determination of geometrically necessary dislocatidiesl¢hd;37]. Cross-

11 correlation of experimental patterns with dynamical simulations have enabled the gnafpgitiphase doemains
12 [38] and crystal polarity39-40]. Using the technique described BE], the spatial resolution exhibited by the
13 EBSD maps in the present work is of order 150 nm. An angular (ati@m resolution of order 0.05° has been
14 achieved with pattern matching to dynamical simulations as describ@@l.in [

15

16

17

18 Electron

19

20

21

22

23 Electron

24

25

26

2 s 4

29

2(1) Phosphor screen . | | X N ‘ L“f. 4

32 Fig. 3. (a) lllustration of the EBSD detection geometry and a ctioveri EBSD detector,

33 (b) An EBSP from Si acquired at an energy of 20 keV.with a colleeti@gle of~50°.

34 The red lines outline Kikuchi bands eorresponding to {200} planes, thelibkgeoutline Kikuchi bands

35 corresponding to {220} planes. Adapted fro84] under Creative Commons Attribution (CC BY) licens

g? http://creativecommons.org/licenses/by/4.0/

gg 3. Light emission: cathodoluminescence(CL) hyperspectral imaging

40 The absorption of energetic electrons in’a semiconductor results in gratimm of excess charge carriers, and
41 the radiative recombination of thesecarriers results in the phenomenonanfotathinescence (CL) [16]. The
42 material's intrinsic luminescence properties are influenced by crystal structureysitionpand strain, while
43 additional bands are introduced by defects. While comparable techniques (phutskence,
44 electroluminescence) also reveahsuch information, the higher spatial resoluitraibws further data to be
45 obtained, such as the mapping of individual extended defects which prodkdeatares due to non-radiative
46 recombination 41-42]. The spatial resolution of CL imaging is strongly dependent on the excitatiome

47 (which depends on incident beam agrthe diffusion length of the material and the structure under investigation
48 (e.g., bulk materialyversus nanostructures). If the material under investigatiteins structures which can
49 localise the carfiers, such as quantum wells or defects, the spatial resolutiorotdretmder of 10 nnv3-44].

50 In this work alllCL data were acquired at an electron beam energy of Wikiel has an excitation volume with
51 a diameter of order.100mmxtending the technique beyond simple intensity imaging and into the hgpaal

52 imaging /mode allows the technique to be used to map energy shifts andvigtlak and to deconvolve
53 overlapping spectral peakg$]. The spectral resolution is defined by the spectrometer used, the rulihg of
54 grating andthe slit width. For the results presented in this paper, the spectral resadstigpically better than
55 2 nm. Moreover, CL is not limited to the visible spectrum, but carsed aut into the deep UV, and a particular
36 advantage of the technique when working with UV materials, such as AIN (room tempéiatd gap- 6 eV)

;73 and AlGaN/(room temperature band gap ranges from the band gap off @@8\WceV to that of AIN), is that it
59 does notrequire an above-bandgap optical excitation source. The additional ehaflieogking with such higher
60
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resistivity materials under an electron beam has been successfully met threugte tbf variable chamber
pressures to dissipate chargé€][ as discussed at the end of Section 1.

4. Results
4.1 ECCI of a c-plane fbdGap.72N thin film

Figure 4 shows an ECCI micrograph of an AGa.72N/GaN thin film grown by metalorganic vapour phase
epitaxy (MOVPE). More details on the sample structure and growth cantifo{47]. The ECCI micrograph
was acquired at an electron beam energy of 30 keV using the Sirion SEM. Thervarigti®y scale in the image

Fig. 4. ECCI micrograph from AIGaN.thin film. Inset shows disloaatio
“spots” at higher magnification. Adapted fromd8] under Creative Commons
Attribution (CC BY) license: http://creativecommons.org/licenses/by/4.0/

is a result of different orientations in thefilm, revealing sub-grains iththdilm. The “spots” in the image, most

of which exhibit a black-white contrast (see inset of Fig. 4), are threadiogatisns (TDs) propagating to the
surface of the sample and are revealed due to associated straif4fdlda large number of the threading
dislocations are seen to lie on sub=grain boundaries. Note that in ordee#b all misorientations, and thus alll
the sub-grain boundaries, a number' of ECCI micrographs need togbiedcunder a range of diffraction
conditions H0]. While the contrast inthe ECCI micrograph reveals the presence ofauls;grdoes not provide
any quantitative information‘on their orientation. The magnitude and directioisofientation can be measured
by EBSD, and an EBSD study of sub-grain orientations are presented niextreection (4.2), for an AIN thin
film.

Techniques have also been developed to identify dislocation types, [91]2Nitride semiconductors contain
three types of TDs, namely screw-, edge- and mixed-type dislocatiomderidy the TD type, it is possible to
apply the “invisibility criteria”used in transmission electron microscopy (TEM) [9]. In simple terms, dislocations
are invisible in an ECCI or TEM.micrograph if they do not didfoetplane(s) which diffract the incident electron
beam. The invisibility criteria are satisfied for screw dislocations wigebe= 0 and for edge and mixed
dislocations wherg-b= 0‘andg-(b x u) = 0. Whereg is theg-vector, i.e., the normal to the diffracting plane as
discussediin section 2.2is the Burgers vector of the TD auds its line direction. For ECCI, to determige¢he
acquisition of an ECP pattern (as described in section 2.2) is usspllyed [9] However,a further factor which
needs to be taken into account when attempting to apply the invisibility criterf2Gbiages (and plan view
TEMimages), is the effect of surface relaxation on the observed deféstofhe variation in strain due to
surface relaxation around a defect can dominate the observed defect cohtFast fiiride semiconductor thin
films, surface relaxation has a major impact on the observed TD contrast, sonatiditiategies have been
developedto identify the TDs. As discussed above, in an ECCI micrographppbar as spots exhibiting\B-
contrast. If two (or more) ECCI micrographs of the same area are acgudiftrent diffraction conditions, the
direction of the B-W contrast exhibited for each TD may be compdrdte B-W contrast direction for a given

6
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TD remains the same or is reversed, the TD is an edge dislocation. I[fWhedtrast direction changes its
direction by other than°or 180, then the dislocation contains a screw component so it is a screw or mixed TD.
One advantage of this latter strategy is that it can be applied without a precise keafledg

For this AlGaN/GaN thin film the average TD density was determined t03& 10° cn. Approximately two
thirds of the total TDs were found to be edge-type TDs by comparing WecBatrast direction ofthe TDs\for
ECCI micrographs acquired under multiple diffraction conditions.

4.2 ECCI and EBSD mapping of a c-plane AN thin film overgn on a nano-patterned sapphire substrate
(AIN/NPSS)

Figure 5 shows ECCI micrographs fron¥ & pum thick c-plane AIN thin film overgrown:by MOVPE on a nano-
patterned sapphire substrate (nPSS). For this sample the sapphire substrate’lfcatQowards the sapphire
m-plane. A hexagonal array of truncated cones was prepared on avgafiectny combining displacement Talbot
lithography and lift-off to create a metal nanodot mask, followed by celdrésed dry etchingP]. AIN was
overgrown according to the growth process giverbiq5].

The motivation for the growth of AIN on nPSS is to produce high quality dislecation/density) AIN/sapphire
templates for the manufacture of high performance UV LEDs. The reductionlotadisn densities from
~ 1 x10®cm?to~ 5 x 1@ cn? has been shown to improve the internal quantum.efficiency of UV LED s&sctu
from ~ 5% to~ 40% [6].

Fig. 5 (a) shows a secondary electron of the nPSS and Fig¢ 5 (b) sisotvsnaatic of the cross-section of the
desired AIN overgrowth. The ECCI micrographs shown in Fig. 5 (C)eoAtN/nPSS were acquired at an electron
beam energy of 25 keV using the Quanta SEM operated in low yacuum @idaebar) to avoid charging of this
insulating specimen.

Fig. 5. (a) Secondary electron image of nPSS, (b) schematicrgfowth of AIN on nPSS
and (c) ECCI micrograph from an AN thin film, inset is on sac®le but with higher
resolutionsAdapted from 18] under Creative Commons Attribution (CC BY) license:
http:/lcreativecommons.org/licenses/by/4.0/

The variation,in greyscale in the ECCI micrograph of Fig. 5 (c) is dtrefssmall differences in orientation of
sub-grains in the thin film. The inset (same scale) shows a higher resd@@il micrograph where threading
dislocations propagating to the surface of the sample are also revealed.iéssiginiimber of the TDs are located
on the sub-grain boundarieone of the more obvious sub-grain boundaries is highlighted ljested box on
thefleft of the inset in Fig. 5 (c). The TDs which line up along thisgsalm boundary all exhibit the same direction
of black-white contrast (perpendicular to the sub-grain boundary), thisnisistent with them being edge
dislocations aligned along a low angle grain boundar. [Careful inspection of the sub-grain exhibiting bright
contrast'in the centre of the inset image reveals that it contains regions exhilffiérenticontrast, the region
highlighted by the circle is a further sub-grain surrounded by dislocalibesblack-white contrast for some of
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the dislocations surrounding this sub-grain is harder to detertmindor those dislocations showing sufficient
contrast, the black-white contrast is also perpendicular to the sub-grain boukmarying ECCI micrographs
over a range of diffraction conditions changes both the sub-grairdialotation contrast enabling a'more
thorough analysis of the dislocations and their relationship to the suls;gaefor example [20, 58].

For this sample the average TD density was determined #ollde x10° cnm?. Approximately 90%/of the TDs
were found to be edge-type TDs on comparing the B-W contrast diredtibie @Ds for ECClémicrographs
acquired under multiple diffraction conditions.

As discussed in the previous section, while ECCI reveals misorientations betlbegraims, it does not provide
a measure of the magnitudes and directions of the misorientatioabtaiio quantitative information, EBSD data
were acquired from the same sample at an electron beam energy of 20rigetheQuanta SEM again in low
vacuum mode Figure 6 (a) shows a grain reference orientation deviation (GROD)<map (the dewhtio
orientation of the sub-grains relative to an average orient&@jh derived from EBSD:data using MTEX().
The first step of the analysis involved comparison of each EBSRudjthamicallysimulated patter6]]. Figure
6(b) is a GROD angle map which shows the local misorientations relative to the notiheasémple, i.e., the c-
axis ([0001] direction) and reveals that the local misorientations arerpieghntly rotations around the c-axis.
As shown schematically in Fig. 6 (b), the colours, blue and red, denateebeon of in-plane rotation. The red
regions are rotated in the opposite direction to the blue regions. Wankaéng to determine the origin of the
observed sub-grain rotations, but it is most likely related to the mismatch beh&e®iN layer and its substrate
and to the misfit dislocations which form to accontlate the mismatcl6g].

Fig. 6. EBSD maps from the AN/nPSS thin film (a) grain T lon deviation (GROD)
map and (b) GROD axis map relative tothe sample normal (c-axis, [@0@t}ion]) where the
colours denote direction of in-plane rotationi(i.e., around the c-akie)réd regions are rotated i
the opposite direction to the blue regions as indicated. F48huhder Creative Commons
Attribution (CC BY) license: http://creativecommons.org/licenses/by/4.0/

These results illustrate how ECCI and EBSD can provide complementary struthomalation. ECCI allows
fast determination of dislocation densities and their distribution and revealeimge of sub-grains. The ECCI
micrographs of Fig. 5 (c) took around 10 minutes of direct acquisBSD provides quantitative information
on the magnitude and direction of the misorientations in the film. Howev&BB® data from which the maps
of Fig. 6 were derived, took of order three hours to acquire. EB®D data acquisition was then followed by
further data analysistwhich is also time consuming. The time required tioeaitgpuEBSD data can result in drift
and in this case a numberof datasets were acquired before one was obtained whalziivedy drift free. Note
that a slight driftican be seen within the top micron of the maps shown i6.Higspite of this, both techniques
share the advantages of{being non-destructive and can be used to interrogatedargkesasample.

4.3 CL imaging and:ECCI of a semi-polar (11-22) GaN thin @lrargrown on GaN microrods on m-sapphire

UV light-emitting diodes (LEDs) produced from semi-polar nitride semiconddbtorfilms promise higher
performance than/those produced from their polar counterparts, chautdgion of piezoelectric and spontaneous
polarisation fields. Unfortunately, sg-polar nitride semiconductor thin films are often of poor quality with a
high density of structural defects; in particular basal-plane stacking faults, in additioreading dislocations
[63-67]. Here we report the study of the structural and luminescence properéeS pfn thick (11-22) GaN
epilayer.overgrown by MOVPE on a regular array of microrods on-plane sapphire substrate using ECCI and
room.temperatur€L imaging. The microrod template and overgrowth are designed to reduce ity dén
structural defects through overgrowth initiated from the sidewalls of ibrrods and exploitation of the faster

8
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growth rate in the c-direction compared to the a- and m-plane directionskotiopropagation of defects, for
more information ee[66]. Figure 7 (a) shows a schematic of the structure and illustrates that the grosgth giv
rise to alternating striped regions, where basal-plane stacking faults reaairfice of the sample or are basal-
plane stacking fault free, respectively. Figure 7 (b) and (d) show ahrEiC@graph and integrated CL intensity
image of the GaN near band edge (NBE) emission (3.15-3.50 eV), respecTivese images are plotted on the
same scale but were not obtained from the same part of the semi-polar Sampl€CI micrograph was acquired
at an electron beam energy of 30 keV in tiveo® SEM while the CL image was acquired at an electron beam
energy of 5 keV. The ECCI micrograph of Fig. 6 (b) reveals thaGtié thin film does indeed _exhibit,striped
regions of high basal-plane stacking fault density separated by regions with mdnbasal-plane stacking faults.
For more information on basal-plane stacking faults in semi-polar GaNilthssee §6, 68-69]. The average
basal-plane stacking fault density in the high basal-plane stacking fault degiitysris estimated to be of order

1 x 1Gcm. The NBE CL image of Fig 7 (d) shows alternating bright and dadgestrwe attribute the significant
reduction in the NBE luminescence intensity in the dark striped regionstoaditive recombination at the
basal-plane stacking faults. Figure 7 (c) shows example CL spectra fidghastripe and from a dark stripe,
respectively, (the boxes on Fig 7 (d) indicate where the spectra were extractduefloindataset) and show that
the peak intensity of the NBE peak drops by around an ordeaghitude in the dark'striped regions compared
to the bright striped regions. At low temperature, distinctive luminescence peaks agswittatbasal-plane
stacking faults are generally observé@-[2]. However, the intensities of these peaks reduce significantly as the
temperature is increased and are difficult to resolve from the broaekiriéen peak at room temperature. As our
CL maps have been acquired at room temperature, the dominant effeetesence of stacking faults is a
reduction in luminescence intensity.

Figure 7 (e) and (f) show a higher magnification ECCI /micrograph .ahdyteer magnification CL map
respectively (same scale, not the same part of the sample). In this ECQjraptroeveals striped regions with
alternating higher and lower dislocation densities. By changing. the'tilt and rotétibe sample, diffraction
conditions can be selected to provide the strongest contrast.for the stacking fiulteedislocations.

The dislocation density in the high density regions: i2 x 16°cm?, while for the lower density region it is
~ 2 x10®cm? [68]. We attribute the black spots,in thenCL images of Fig 7 (d) and (foteradiative
recombination at single or clusters of dislocations.

In summary, comparison of the ECCI microegraphs with the CL imdges, shat at room temperature, both basal-
plane stacking faults and dislocations lead to,a significant reduction in the NBEeteeite intensity due to
nonradiative recombination at these defects.
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Fig. 7. (a) Schematic of semi-polar GaN microrod template and ovettgriodicating the distribution of

stacking faults on the surface of the sampletand the crystallograpgdtahs (b) ECCI micrograph
revealing basal-plane stacking faults (c) Example CL'spectra frsnlastripe and a bright stripe,
respectively. The boxes on Fig 6 (d) indicate where the spectra weretedtfrmm the CL dataset.

(d) Integrated CL intensity image of the GaN near band edge (NBE) em{8si%-3.50 eV) on the same

scale as (e) but not from the same area. (e) Higher resolution ECCyraiphorevealing dislocations

(f) Integrated CL intensity image of the GaN near band edge (NBE)iem{8s15-3.50 eV) on the same
scale as (e) but not from the same area. Féd@nynder Creative Commons Attribution (CC BY) licens
http://creativecommons.org/licenses/by/4.0/
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1

2

3 4.4 ECCI and CL hyperspectral imagiofp c-plane Si-dope#l o s/Gao 18\ thin film grown on a stripe patterned
g epitaxially laterally overgrown (ELO) AIN/sapphire template

6 The topography, type and distribution of dislocations, and light @nisgere investigated for a polar (¢=plane)
7 Si-doped AbsGa.1dN thin film grown onastripe patterned epitaxially laterally overgrown (ELO) AlN/sapphire
8 template 41]. Both the template and thin film were grown by MOVPE. The stripe patternrisd@,pm wide

9 stripes (seed regions), separated.lpm wide grooves (window regions), running perpendicular'to the atdstr
10 miscut of~ 0.25 towards the sapphire m-plane (1-100). Note that the sapphire m-pleerpéndicular to AIN

11 m-plane so that the stripes run parallel to the [1-100] direction for teAN and for any subsequently grown
12 nitride layers. More details on the template growth can be foun@BlnHor the sample we report on here, the
13 template was overgrown by a 400 nm thick AIN buffer layer followed by a 25hickh AlxGa-xN 'graded
14 transition layer and a 100 nm thick non-intentionally dofiedGay 2N layer. Finally, a 2600 nm thick Si-doped
15 AlosGa 1N layer was grown. The average percentage of AIN was determined toHig%8By high resolution
16 X-ray diffraction (XRD) and WDX and the Si-dopant concentration was estimatéti§to bex 9 x 168 cm?

17 [41).

18

19 Figure 8 (a) shows a schematic of the sample structure. Figure 8 (kgten@in force micrescopy image of the
20 sample, revealing the hillock morphology of the sample. Figure 8 (c) i€@hicrograph and Fig. 8 (d) is a
21 backscattered electron topographic image; a small rotation of the sample, froneti&tion at which the ECCI
22 micrograph was acquired results in topographic rather than diffraction comtragtiating the backscattered
23 electron image, so revealing the hillock morphology of the sarkjare.8 (e) is a CL peak intensity image of
;2’ the AIGaN NBE emissiony(5.24-5.27 eV) and Fig. 8 (f) is an CL peak energy imagecohAlGaN NBE emission.
2% The ECCI micrograph and topographic image were acquired‘at an energkedf 80the Sirion SEM, while the
57 CL maps were acquired at an energy of 5 keV usingiienta, SEM As these samples were conducting as a
28 result of the silicon doping, both types of measurements could be madesiarttdard high vacuum mode. For a
29 detailed discussion of the CL spectroscopy of this sample see [Z8]esnn Fig. 8 (c) to (f) were obtained from
30 approximately the same region of the sample. The white arrows indicate the apexekiltfckee Complete
31 alignment of these images was not possible as,the images were acquired at different samrplerditegions.
32 The sample was tilted at 70° from the incident electron'beam direction for theaB@®hckscattered electron
33 topographic image, with a small rotation between the ECCI and topographic imadésywas tilted at 45° for
34 the CL images.

22 The ECCI micrograph reveals that the patterned template leads to a modulatioulisfottegion density with
37 higher dislocation densities around the’ELO coalescence boundaries. Analysis reesalaga TD density of
38 ~ 1.2 x10° cn¥, with a density o& 2.3 x10° cn? around the coalescence boundaries and a dislocation density of
39 ~ 1.0 x10° cn? in the lower dislocation. regions.97% of the dislocations were foundeddeetype dislocations.
40 High resolution ECCI micrographs (not shown here) show that the dislocatitims coalescence boundaries are
41 arranged in lines with the same direction of black-white contrast (perpendicularctzatbecence boundary), in
42 a similar manner to the gotation boundaries observed for the AIN thin film desénibsettion 3.2. This
43 observation is consistent with coalescence giving rise to low-angle grain boundaries.

44

45 Comparison of the ECCI'micrograph of Fig. 8 (c) and the topograpiage of Fig. 8 (d) shows that threading
46 dislocations with a screw component are located at the apex of each hilleckCIZi micrograph also shows
47 atomic steps around the hillocks. This hillock morphology is a ressifticdl growth around the screw component
48 dislocations T74-76]:

49

50 Comparing the ECCI micrograph with the CL NBE peak intensity image ir8K&). reveals that the presence of
51 dislocations leads'to a reduction in the luminescence, in particular dislocatiomsserdw component appear as
52 dark spots in‘the CLimage.

gi Comparing, Figs. 8 (d) and (f) shows that the NBE emission ishifi@ at the edges of the hillocks. The AlGaN
55 peakenergy.isidependent on the relative percentages of GaN and AIN in the AlGdMthireflower the energy
56 of the NBE emission, the higher the percentage of GaN in the film. The psiikp will also be influenced by
57 strain and by doping density.

gg In_ summary, in this case topographic, ECCI and CL micrographsaggréred from nominally the same part of
60 asample, allowing the influence of defects and morphology on the light@missbe directly interrogated.

11
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Fig. 8. (a) Schematic of the sample structure. x is nominally Ot8ydsimeasured to be 0.82 for the top
1.6 pm layer (b) Atomic force microscopy image of the sample sirfa) ECCI micrograph (the black
brackets indicate “stripes” of higher dislocation density in the coalescence region), (d) topographic ima
(c) CL near band edge (NBE) peak intensity map (d) NBE CL peakgy map. Images (c) to (f) where
acquired from approximately the sameiregion of the sample. The wiiigsaindicate the apexes of the
hillocks The CL peak intensity and.peak energy were extracted fromspgmtral data. Adapted from§]
under Creative Commons Attribution (CC BY) license: http://creativecommugyiiscenses/by/4.0/

4.5 EBSD and CL of GaN nanowires to.determine polarity and its influemtight emission

GaN structures with the N-polararientation have several advantages over the consadratpolarity, but the
epitaxial growth of smeoth surfaces can be challenging. Reversing the dirddtienpolarisation fields can be
beneficial for optoelectronic devices, in particular transistors, photodetectors, stdaancktunnel junction
diodes [7].

Here we summarise_ coincident\EBSD and CL results obtained from self-induceda@Gainines (NWs) 40].
The NWs were produced on (111)-orientated Si substrates using a two-stépging metal-organic chemical
vapour deposition. Deposition of Al on the Si substrate first forms &i-@l alloy nanodots, which then act as
nucleation sites for the subsequent NW growth. EBSD measurements allowedatiitg pbthe NWs to be
determined, whiletanalysis of CL spectra from NWs of known polarity ethaleinfluence of polarity on light
emission toybe investigated. The EBSD data were acquired at an electron bepnoe@érkeV, while the CL
data were acquired at 5 keV.

For EBSD, for the noncentrosymmetric wurtzite structure of GaN, the inequivalketieeRBragg reflections on
eitherside’of Kikuchi bands corresponding to polar or semi-polar planestdeamtsasymmetric band profile for
such.bands. This results in the intensity maximum being slightly shiftedtfre centre of these Kikuchi bands
[78]. This shift in intensity is to opposite sides of the Kikuchi bands f@oMr compared to Ga-polar Gah.

12
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1

2

3 comparison of experimental EBSPs with dynamically simulated EBSPs makes itgtssibsign the correct
g (hkl) and (-h-k-1) to the Kikuchi band edges and thus determine thdidiredf the polar c-axis in the GaN NWs.
6 Figure 9 (a) shows a backscattered electron image of the area of the samplgatedesly EBSD and CL
7 hyperspectral imaging. Figure 9 (b) shows a cross-correlation diffemegeehowing N-polarity in blueariia

8 polarity in red, overlaid on a backscattered electron intensity image derivedrd@nEBSPs./The cross-
9 correlation coefficient is a measure of the agreement between the experimental dagdipaiterns79-80].

10 Figure 9 (b) reveals that some of the NWs are N-polar and some ardaBadpaumber of the NWs are also of
:; mixed polarity and will contain inversion domain boundaries as reporté&d-87.

13 The polarity of some of the NWs is also indicated with the blue (N-polarity)(Ga-polarity) and green (mixed
14 polarity) coloured circles on Fig. 9 (a). Example experimental EBSRsNroand Ga-polarity wires are shown
15 in Fig. 9 (c) and (d) respectively, these were acquired from the NWs markéa iyue and.red crosses in
16 Fig. 8 (a). The corresponding simulated patterns are shown in Figs. 9(é).arhe differences between the
17 experimental EBSPs from the N- and Ga- polarity wires are highlighted in tivalised intensity difference of
18 the two experimental patterns in Fig. 9 (gigure. 9 (h) shows the same for the simulated EBSPs. The greatest
19 differences in intensity manifest as “lines” of blue and red. This is a resulof'the opposite’ asymmetries in the
20 intensity distributions for Kikuchi bands corresponding to semi-polar pfanese.two polarities, as indicated
;; by the black and white arrows in Fig. 9.(h)

23 Figure10 shows room temperature CL spectra from the top surface of the Ni&se were extracted from the
24 CL hyperspectral data set and categorised according to the polarity detersnEB8D. Figured.0 (a) and (b)
25 show the CL spectra of the GaN NBE emission for several Ga-polar. anthNNWs, respectively, normalised
26 to the NBE peak height and offset vertically for clarity. The Ga-polar NWs i&xhidominant near band edge
;é emission at 368 nm, whereas the N-polar NWs emit at.365 nm/ This wavelengty) shift of 3 nm (30 meV)
29 may be due to several factors. The different growth condition for edahty can cause changes in overall strain.
30 Different polarities are also known to show changes in impurity incorporation,asuSh-doping, leading to a
31 redshift in the band edge emission of Ga-polar.material compared with Nypp8a&84]. Figure 10 (c) and (d)
32 display the same CL spectra as Fig. 10 (a) and (b) butinew normaligelGaN NBE peak height, without the
33 vertical offset and showing the entire recorded spectral range including the yahow¥B) emission for Ga-
34 polar and N-polar NWs, respectively. Comparing the YB,emission of thé &#-polar and N-polar NWs, the
35 N-polar NWs show an overall reduced contribution from the defect-relBeeémission which relates to a
36 reduction of defects contributing to this emissi8h] |

;73 To summarise, by combining EBSD and CL it is possible to determine taetypof a noncentrosymmetric
39 semiconductor structure on the nanoscaleand.nvestigate the influence of poldigtyt emission properties.
40 For a discussion of what may determineithe polarity of a given NWg6k®f example. How the NWs nucleate
41 seems to be key to their final polaritys As EBSD and CL are non-destructivégieesntheir use to characterise
42 a systematic set of samples grown/under/different growth conditions miagtepproach to shed more light on
43 why a given rod possesses Ga, N or mixed polarity.
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Fig. 9 (a) backscattered electron image of the area of the sample investiga@&8hyThe NWs
circled in'blue are N-polarity, those circled in red @eepolarity and those circled in green are
mixed polarity. (k) Cross-correlation difference map indicating N-polaribfue and Ga-polarity in
red, overlaid on a BSE intensity image derived from the raw EBSPs. (eJivgmtal EBSP from
thespoint marked with a blue cross from a GaN NW with N-polarity, (d¢ex@ntal EBSP from the
point marked with a red cross from a GaN NW with Ga-polarity. (e, f) SimulatednsafterN and
Ga polarity, respectively. (g) Normalised intensity difference image of the expeaahEBSPs
(fromu(c).and (d)), and (h) normalised intensity difference image of simE&Ps (from (e) and
(f). The white arrow points to {10-11} and the black arrow points to{10}. Adapted from Q]
under Creative Commons Attribution (CC BY) license: http://creativecomomyikcenses/by/4.0/
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Fig. 10. Room temperature CL spectra extracted from a single hypeas@icttata set, showing the
GaN NBE emission for several (a) Ga-polar and«(b) N-polar nanowiresp&htasare taken from
the top of the nanowires, are normalised to the GaN:NBE peak/height, arfisetrgartically for
clarity. The vertical dashed lines show the approximate peak position of the Gagraasines.

(c) and (d) show the same spectra without the offset but forithe entiree@smettral range for the
Gapolar and N-polar nanowires, respectivelysAdapted frédh iInder Creative Commons
Attribution (CC BY) license: http://creativecommons.org/licenses/by/4.0/

5. Summary and Conclusions

In summary, we have illustrated the capabilities of the SEM techniques of EBSD and CL which can be
used to provide complementary information. on material properties encompaspigraphy, structure,
composition and light emission down'te the nanoscale. Recent general availabdityimhmental/variable
pressure SEMs has also made the characterisation of wide bandgap and therefoeemesésials such as AIN
and AlGaN in the SEM far moresaccessible."We have shown that used togetheraBB&QCl can provide
valuable information on misorientations and on extended defects such as distodai#@Cl is combined with
CL, the influence of extended defects on light emission can be investayatatl EBSD is combined with CL,
the influence of structural pfopertiesy;such as polarity, on light emissiohecdatermined. In conclusion the
SEM is a very powerful ‘toolhwith which to investigate both structural and light egifinoperties of
semiconductors.
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