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We present results of highly localized electron energy loss spectroscopy carried out using scanning trans-
mission electron microscopy in the energy loss regime at band gap and at the nitrogen near-edge structure of
cross-sectional GaN, InGaN, and(@a)N structures. We specifically attempt to determine changes in the
intensity distribution and the onset energy of the inelastic scattétfiregband-gap-related enejgpf hetero-
interfaces, of quantum wells and of dislocations. We have akeihitio calculations within the local-density
approximation to density-functional theory of the GaN and AIN band structure to simulate low electron energy
loss spectra. Tests in which these were compared to experimental low loss spectra of pure GaN and AIN show
good agreement in the position and shape of the spectral features. We then compare the positions of the onset
energies on traversing interfaces of single AIN and AlGaN quantum wells as well as of GalnN and GaAIN
multiple quantum well structures to the pure GaN and AIN spectra. We have been able to map relative changes
in band-gap related energies of isolated interfaces and quantum wells, while the energy loss near edge structure
allowed us to monitor relative changes in multiple layered structures of less than 5-nm separation. Reasons for
the different sensitivities towards the above features, when measured in different energy regimes, are discussed.
Following on from this we study the scattering intensity around onset and the position of the onset energy in
locations along projection lines of isolated dislocations. Low loss spectrum calculations of dislocated regions
reveal band-gap states associated with all dislocation types in GaN. The related pre-band-gap scattering inten-
sity at 3.3 eV of the simulated spectra, in particular for the full core screw dislocation is in qualitative
agreement with the experimental findings. An absorption peak at 2.4 eV found in certain regions in the vicinity
of dislocations was not reproduced in the calculations and therefore was thought not to be produced by the
dislocation but by impurity segregation.
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[. INTRODUCTION nation centers and degrade the luminescence efficiency in the
blue part of the spectruth.Cathodoluminescence studies
Most group-IIl nitride films grown today have high den- have also shown that the yellow luminescence, which is as-
sities of threading dislocatiorfsThe electrical activity asso- cribed toVg;-O complexes, is spatially nonuniform and can
ciated with dislocations has been the focus of a large body dbe correlated with extended defects, in particular low-angle
work in recent year:* The influence of dislocations on the grain boundarie8.
performance of nitride electronic devices is smaller than ex- Spatially resolved electron energy loss spectroscopy
pected, for reasons that are still not fully understood. Previ{EELY) is a sensitive tool ideally suited for directly probing
ous work suggested that dislocations in InGaN are screendtie electronic structure of dislocations. Misfit dislocations at
off due to In depletion around the dislocation, thus isolatinga GaAs/GalnAs interface have previously been investigated
it from free carriers. It was also pointed out that phase seg-in this way, showing the existence of localized states at the
regation in InGaN leads to the localization of carriers, whichdislocation coré.More recently, nitrogei-edge energy-loss
then would not reach the dislocation. However, indium isnear-edge structur€ELNES) measurements have been per-
expected to accumulate at N sites of reduced coordinatioformed on edge dislocations in GaN, highlighting differences
found in pits that form at the surface of threading from bulk regionst® A similar study in cubic GaN showed
dislocations mid-gap levels associated with stacking faults near a GaN/
Experimental techniques suitable for investigating theGaAs interface’
electrical activity of dislocations in the nitrides are scant. A number of theoretical investigations of dislocations in
Atomic force microscopy in combination with photolumines- GaN have also been carried out. Elseeal ! predicted that
cence studies has shown that threading dislocations, in pascrew dislocations with closed cores possess midgap states,
ticular, screw dislocations, can act as nonradiative recombibut open core screw and threading edge dislocations possess
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levels closer to the band edges. The authors suggested how- 106 F —01evich
ever, that impurities might accumulate in the vicinity of the 5 ---0.05e¥ ¢h
dislocation due to the strain field, creating shallow gap states. 107 Cppe e e
For edge dislocations, Wright and Grossner found empty lev- sl '

els in the upper half of the gap about 1 eV, from the 103k

conduction-band edd®€. Vacancy accumulation at disloca- i e -

tion cores has also been predicted to generate deep gap 102
states® Under Ga-rich conditions, Ga-filled screw disloca- 10 L

tions, which have electronic states throughout the gap, have

been predicted to dominate over open-core dislocatidns. — T T T [ T
Using a cold field emission scanning transmission elec-

tron microscopdSTEM), we have improved the procedure

to undertake highly spatially resolved el?Ctron energy loss FIG. 1. Logarithmic representation of experimental zero loss
spectroscopy in the extreme low loss regit®EELS). In joaks obtained with a fresh tungsten tip in a cold FEG and a con-
our setup, energies in the range of the GaN band gap aigntional photodiode array with energy dispersions of @dlid
entirely separated from the zero loss peak, thus allowing d&me), 0.05 (dashed ling 0.02 (dotted lind, and 0.01(dash-dok

tails of the joint density of state6JDOS—weighted by  ev/channel. The dotted straight lines show the contributions of the
wave-function matrix elements—to be obtained without fur-gN distribution, and the detector PSF to the zero loss peak.

ther data processing. Previous experiments required a decon-

volution of the zero loss peak, which introduces artifacts and, e \We ought to be able to detect the effectp dbping
spurious peaks in the IowEELS spectrum. In this paper Weince EE| spectra of dislocations irdoped material should

study the effect of interfaces, quantum wells, and individualy, gifferent from those qgf-doped material. This sample was
dislocations on the near band edge JDOS of several nitrid&rOWn by MOCVD.

systems. Thg IowEELS studies are complemgnted vyith infor= Imaging in bright field and high angle dark field modes
mation obtained from ELNES and energy dispersive X-1ay,re carried out in a VG601 cold field emission STEM,

(EDX) measurements and are compared to theoretical res“'&'ﬁuipped with EDX and a Parallel Gatan 666 EEL spectrom-
for EELS spectra. Our studies are performed ONgier gt an operating voltage of 100 kV and a probe size of
Ga(Al)N[1120] cross sections, where the probe can betypically 1 nm. The collector aperture angles for lowEELS
stepped along dislocation core projections. This allows us t@nd ELNES are 3.4 and 6.8 mrad, and the objective aperture
pick up trends in the behavior of the dislocation JDOS. Inangles 5.9 and 10.6 mrad, respectively. LowEELS point
contrast to results from single measurements, this methogbectra are taken with the electron beam stepped across in-
increases the confidence level of the conclusions. terfaces, across regions where arrays of QW’s have been
In Sec. Il, we present the experimental instruments angrown, and along individual dislocation lines throughout the
parameters used, and explain how the full width at halffiim, as well as in the perfect material, for reference.
maximum (FWHM) of the lowEELS zero loss peak can be  The energy resolution is dictated by the shape of the zero
minimized. Results of theoretical lowEELS calculations arejoss peak(ZLP), arising from a convolution of the Fowler-
presented in Sec. lll, and are compared to experiment. Segtordheim (FN) energy spread function of the gun with the
tion 1V discusses issues of spatial resolution in a crosshigh voltage instability function, which has a Gaussian dis-
sectional geometry, while Sec. V presents the results obrribution, and with the spectrometer point spread function
tained for a variety of heterostructures. Finally, the(PSH. The FN energy spread function depends on the gun
conclusions are detailed in Sec. VI. extraction voltage, which should be as small as possible to
keep the FWHM at a minimum, but still provide enough
counts for acceptable statistig@ver 1000 counts/channel in
the interband scattering regimd&he high voltage instability
Three samples are used in this experiment: sample 1, superimposes a low frequency wobble on the spectra, which,
~1.5—2um-thick n-type wurtzite GaNJ0001] layer grown  when taken with large acquisition times, creates an increase
by metal organic chemical vapor depositiMOCVD) on a  in the FWHM of the ZLP. This can be counteracted by re-
[0001] sapphire substraf®, and containing an InGaN ducing the acquisition time, but again, care has to be taken to
multiple-quantum-well (MQW) array near the surface. keep the signal to noise ratio in the loss region of interest
Sample 2 consists of GaN layers including AIN and AlGaN acceptable. The PSF does not significantly affect the FWHM
single quantum wellsQW’s) as well as an AlGaN MQW of the zero loss peak, although it contributes to the extension
array near the film surface, grown orf@01] 6H-SiC sub-  of its tails.
strate. This sample was grown by molecular beam epitaxy.  The crucial factor that influences the energy range of the
Sample 3 consists of two Am GaN layers on sapphire: the tail of ZLP is the energy dispersion of the spectrometer
bottom layer, on the sapphire substrate side, tigoe doped, (range of energy associated to each photodioBgure 1
while the upper layer ip type dopedP doping with Mg has  shows experimental ZLP’s obtained using energy dispersion
in the past proven difficult and ineffective. From Hall mea- values of 0.1, 0.05, 0.02, and 0.01 eV per channel. The ex-
surement results on similar matetfait is disputable whether trapolated straight lines highlight the fact that at energy
the p dopants in the present sample are actually electricallyosses lower than 2 eV it is the FN distribution that affects

Energy Loss (&V)

Il. EXPERIMENTAL SETUP
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the detectability of spectral features. At higher-energy losses,
around 3 eV, the FN tail becomes insignificant compared to
the tail of the flatter spectrometer PSF. Figure 1 also shows
that decreasing the dispersion value., to 0.01 eV/channgl
compresses the FN distribution into a narrower energy re-
gime, so that the PSF tail now is the dominant factor down to
2 eV. The PEELS spectrometer comprises an Y&@rium-
aluminum-garnetscintillator coupled via fiber optics to an
array of around 1000 semiconductor photodiodes. The long
tail of the PSF originates predominantly from scattering pro-

a) — AN
. GaN

W H= 0.36 &Y

x 300

Loss Functizn (artx. units)
4

cesses in the YAG, resulting in the deviation of a large frac- f"f

tion of the light at zero loss into 50 photodiodes on either 0 24 56 7 8 4
side of the ZLP. Acquiring spectra with small dispersion val- Energy Loss (%)
ues(i.e., a large energy dispersiomoves the spectral fea- b) AN

tures out of this region and therefore reduces the overlap
with the PSF tail. From Fig. 1 it becomes obvious that the
dispersion of 0.01 eV/channel not only reduces the intensity
of the PSF tail at 3 eV by two orders of magnitude compared
to the dispersion of 0.1 eV/channel, but also reduces the
FWHM of the zero loss peak. The low loss spectra presented
in this work are taken with 0.01 eV/channel. The number of
spectra, the acquisition time per spectrum and the gun ex-
traction voltage are chosen such that, in combination, they
give a FWHM of the zero loss peak of 0.34-0.36 eV, and a .,
statistical error of less than 2% in the loss peak of interest. i 4 & 8 1 & d
Acquisition times of individual spectra of up tL s could be Energy Loss (&)
used without deterioration of the FWHM of the zero loss

peak, and the number of spectra taken at each point oscil- FIG. 2. (a) Raw low electron energy loss spectdisplayed with
lated between 20 and 50, in order to achieve good statistic§e zero loss peak as a thin linef AIN (solid ling) and GaN
without damaging the sample. (d_ashed ling tak_en yvith a dispersion value of 0.01 eV/chantile).

Although improvements through deconvolution of the FN First energy derivative of the raw data.
spread functior(or a pure experimental ZDFrom the low
loss spectra have been repor{édye found, in agreement signal of the Surrounding matrix adds to the dislocation Sig-
with many authorgsee, e.g., Ref. 2&hat such procedures Nhal, making its relative contribution smaee Sec. IV.
are notorious for introducing artifacts, especially in the ELNES of the NK edge are obtained with a dispersion of
lowEELS region. The ZLP of spectra obtained in our experi-0.1 eV per channel at selected points on and off dislocations,
mental conditions are entirely separated from the structure s Well as inside QW's and barriers separating the QW's.
the interband Scattering region, thus a||owing us to dispensghis technique allows significant stoichiometric abnormali-
with deconvolution techniques. The only data processing unties that may be caused by interdiffusion, to be revealed. For
dertaken here is the calculation of the first derivative of thecomparison x-ray line scans are taken across and along the
raw data, and in some cases, removal of a double exponenti&l2Os/GaN interface in sample 1 and across the SiC/AIN,
background. The latter is fitted to the tail of the zero lossAIN/GaN, and the GaN/AlGaN interfaces in sample 2.
peak in an energy range below the band gap; at the lower end
of this energy range the fit. dgviates rapidly. from the ZITP, IIl. THEORETICAL CALCULATIONS OF ENERGY-LOSS
and hence the low energy limit for our loss signal extraction SPECTRA
is usually around 2 eV.

Figure 2 shows raw GaN and AIN low EELS spectra and We perform self-consisterab initio simulations of GaN
their first derivatives. The first clear maximum of the EELSand AIN within the local density approximatiof.DA) to
derivative is related to the onset of the joint density of stateslensity-functional theory, using theimpro code?® The
in each material, and is defined here as the EELS onset emave functions are expanded in a setspp, andd atom-
ergy. In the perfect material, i.e., without midgap or near-centered Gaussian orbitals. We use pseudopotétittalsle-
edge states, it is representative of the position of the conducscribe the ion cores and include the nonlinear core correction
tion band. In material containing defects, such asto account for the Ga@® electrons.
dislocations, empty gap states might induce a shift of the Low loss EELS results from electronic transitions be-
onset of the low loss signal. The FWHM of our zero losstween the valence bands and conduction bands. The signal
peak is of the order of 0.34—0.36 eV, and thus our resolvingbtained experimentally is usually interpreted as being rep-
power will be of the order of-0.18 eV. For this reason we resentative of—Im{e(E)~1}, wheree is the dielectric func-
will not resolve near edge states, e.g., at dislocations as sep@en andE is the energy los& We calculate the imaginary
rate peaks, but as a shift in the EELS onset energy. Thpart of the dielectric function in the dipole approximation for

D of Loss Function (arb. unis)
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FIG. 4. (a) Atom positions and theoretical band structure of an
edge dislocation in GaN, along the core of the dislocation in the
[0001] direction. The reference energy has been set at the top of the
filled valence states. All levels above the valence band maximum
are empty in undoped materigh) Theoretical EEL spectra for bulk
and edge dislocation with electron beam direction alongcthgis
(z orientation) and perpendicular to theaxis (x andy orientation$.

0 o 4 8 5 10 (c) Same agb) but for full core screw dislocation.

Energy (eV¥)

experiment

F

lead to a supplementary absorption below the bulk band edge

FIG. 3. Comparison between experimentadosses and theo-  if the low EELS is performed on the dislocation. In order to
retical (lines) low-loss EEL spectra of bulk wurtzite GaN and AIN. model low loss spectra the calculated dielectric function is
The theoretical curves are given fay (dotted line and z (solid broadened using a Lorentzian function. The procedure is de-
line) polarizations of the electric field and are in arbitrary units.  scribed in greater detail in Ref. 24. Figuréo¥ represents

theoretical EEL spectra of a neutral edge dislocation and the
x-, y-, andz-oriented electric field$® The LDA band gap is  bulk. Figure 4c) shows the modeled low loss spectra for the
adjusted to the experimental value by means of a shift of thecrew dislocation and the bulk.
conduction bands. The real part of the dielectric function is
obtained through a Kramers-Kronig transformation.

The low-loss EELS calculated spectra of bulk GaN and
AIN are in Fig. 3, where we compare them with the experi- The impact parameter for low-energy scattering events is
mental curves of Fig. @). In view of the cross-sectional much larger than that for core-excitation losses. Results pre-
acquisition geometry, the experimental low loss spectra corsented in Ref. 25 concerning spatially resolved EELS
respond to the calculatexly polarized results. Qualitative showed that the best achievable spatial resolution in the
agreement between the computed and measured spectralis10-eV energy-loss regime is 10 nm, whereas in the
obtained, and in particular, the positions of the shoulders i®00-eV energy-loss regime it can be 1 nm.
the spectra are well described. In a geometry where the dislocations are perpendicular to

To study dislocations in GaN, an edge-type dislocationthe electron beangas it is the case in our GaN cross sec-
dipole is placed within a neutral 144-atom supercell, thugions), the contribution of the dislocation line to the probe
allowing structural periodicity to be retained, and the atomsntersection volume is very small compared to that of the
are relaxed to their equilibrium positions. The band structuresurrounding matrix. Rough estimates based on a 100-
associated with an edge dislocation in GaN is shown in Fig200-nm specimen thicknegsypical for electron transpar-
4(a) along the[0001] core direction. Two states localized on ency) give ratios between the dislocation core and the vol-
the dislocation core, empty jmdoped and undoped material, ume of the matrix of the order of 1:1000. A core loss event
are found in the top half of the gap. They are expected tavith a 1-nm impact parameter will stem from a volume ex-

IV. SPATIAL RESOLUTION IN lowEELS AND ELNES
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tending not much beyond the dislocation core. So the core

loss signal resulting from the probe intersecting the disloca- a) |:IW _N ﬁ{;e gH
tion line in cross sectional geometry will be very small com- | c-GaM
pared to that of the surrounding matrix. The impact param- N — - Intetface

eter increases by a factor of 10 for low loss scattering, and
therefore the increase of the signal-producing volume around
the dislocation core can be 100-fold. So the fractional con- — . . i .
tribution of the dislocation can be expected to increase to 390 400 410 4200 430 440
1:20 in low loss, or in very thin regions even to 1:10. For this Energy Loss (eY)
reason, dislocation effects can be seen in cross sectional ge- b) ED e (iR .
ometry using lowEELS, but not in core loss spectroscopy. In Fm T
contrast, for a plan view geometry where the electron beam
progresses along the dislocation line, the ratio of the dislo- §
cation core to surrounding matrix volume can be as large as ¢) _ Distance to sapphire interface {nm
1:10. Core loss spectroscopy will therefore pick up 0 100 200 300 400 500 600 700
dislocation-induced effects in plan view geométty. ' ' ' ' ' ' i
For QWs, the situation is converse: with a probe intersect-
ing a 5-nm-wide parallel QW, the major part of the core loss
signal will originate from the QW. Due to the larger signal-
producing volume with the low loss impact parameter, a
much smaller fraction of the low loss signal will originate )
from the QW. In a multiple QW stack with 5-nm wells sepa-
rated by 5-nm barriers the volume producing the low loss
signal of wells and barriers will overlap, regardless of
whether the probe is placed on a well or a barrier. Owing to
this effect and the small In concentrations, the bandgap val-
ues measured in several {RGa) 795Ng5 Wells can be
seen to scatter around a value close to 3.4 eV, typical of pure F|G. 5. (a) N K-edge ELNES taken in the wurzite GaN layer
GaN. The rather large scatter in the bandgap values is attrisolid line), in the GaN buffer layetdotted ling, and at the inter-
uted to phase segregation in the InGaN afloJhe volumes  face with the sapphir&lashed ling (b) EDX line scans taken along
producing the core loss signals do not overlap, and here difthe arrow shown irc). (c) EELS onset energies when stepping the
ferences of the N edge in the QW's and the barriers could belectron beam along a dislocation line projecti@ircles in an
detected see peak ratios betwedy B andC in Fig. 7(a)]. n-GaN film containing an InGaN/GaN QW structure at the film
The same criteria apply for AIGaN QWs in a later para-surface(not visible in figur¢ and parallel to the dislocation in the
graph. The Al-concentration in the wells is 15%, and the QWhperfect materia(squares A STEM bright-field image of the dislo-
signature can be seen in ELNESee Fig. )], but not in  cation, scaled to the size of the graph above, is also shown.
lowEELS, whereas dislocation effects are detectable in

L)
s

I P g

o
Ul

lowEELS, but not in ELNES. highest peak, until the N-edge of GaN dominates. This might
be due to molecular nitrogen being released near the inter-
V. RESULTS AND DISCUSSION face by the electron beam as a result of sapphire nitridation

or/and a phase transformation. In Figbpthe EDX profiles
of O, Al, Ga, and N taken along the arrow in Figcbshow
GaN/sapphire interfaceln sample 1, the first 40 nm of that the interface is not abrupt, which suggests there could be
the GaN constitute a buffer layer grown at low temperatureinterdiffusion between species of the,®; and the GaN.
High-resolution transmission electron micrographs of thisSimilar irregularities measuring the conductivity of sapphire/
buffer region showed continuous faulting in the basal planégsaN interfaces of hydride vapor phase epitaxy grown
(results not shown hereproducing a transformation of this samples have been detected using several scanning probe
region into cubic phase domains. We measured values of tiechniques?
band gap of around 3.2 eV in these regigfgy. 5(c)], in GaN/AIN/SiC Figure Ga) shows EELS onset energies ob-
agreement with previous data for cubic GabiGaN).*#?®  tained for an AIN/GaN structure with the electron beam
Other papers in the literature also identified domains ofstepped from the SiC buffer layer across a 20-nm AIN buffer
c-GaN mixed with wurtzite GaN?% Figure 5a) shows N into a GaN layersample 2. Al and Ga x-ray profiles show
K-edge spectra taken in the perfect material, in the buffethat SiC/AIN as well as the AIN/GaN interface are abrupt.
layer, and in the interface with the substrate. The buffer layefhe N K-edge ELNES obtained in the GaN and AIN layers
spectrum is consistent with that ofGaN?! but is not uni- are in agreement with published data for bulk GaN and
formly found throughout the buffer layer. The Kl edge of  AIN.*33*1t is interesting to note that the K-edge ELNES
the interface is drastically different and resembles that of gataken in the AIN within a few nm from the SiC interface
phase N (Core-Loss Atlas, GatanSequential spectrum ac- (dash-dotted line spectrymsometimes shows a similar
quisition in the same spot results in a gradual decrease of tr&rong gas phase,\beak as in the case of the ELNES of the

A. Interfaces
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FIG. 6. (8) EELS onset energiegop panel
and x-ray line scanéin panel noted EDXtaken
along the arrow shown in the bright field STEM
image of an AIN/GaN structure grown on SiC.
Also shown in the lower panel are Kl edges of
GaN (solid line), AIN (dotted ling, and the inter-
face between AIN and SiGlash-dotted ling (b)
EELS onset energiegop panel and x-ray line
scans(in panel noted EDX measured across an
AlGaN QW in GaN, together with bright-field

i N K-edge STEM image and ELNESlower panel of the
1B s GaN (solid ling and the AlGaN well(dotted
nhc — .Interface line).

390 400 410 420 430
Energy Loss (&%)

1 1 1 1 |
390 400 410 420 430 440
Energy Loss (&%)

GaN/sapphire interface. The peak decreases as the probeoadening in the sample, which leads to an underestimate of

moves into the AIN layer. It reappears close to the AIN/GaNthe concentration of thin layers embedded in a matrix of

interface. Occasionally this peak is also seen in AIGaN/GaNilifferent stoichiometry® this value is in reasonable agree-

QW interfaces. We currently have no explanation for thement with the nominal value of Al of 15%.

occurrence of this apparent excess nitrogen. InGaN and AlGaN QWi’sLow EEL spectra have also

been taken near the surface in the multiple quantum well

region of the GaN structure of sample 1. The InGaN QW's

are 5-nm thick and separated by 5-nm GaN barriers. Spectra
AlGaN intralayer Figure @b) shows EELS onset ener- are taken on consecutive QW’'s and barriers. As expected

gies, together with a STEM image, x-ray profiles, and EL-from the discussion in Sec. IV, low EELS of the InGaN

NES of a single 20-nm (Ql1:G& g5) 9 sNg.5 QW (sample 2. QW’s did not reveal differences in the EELS onset energies

The first peak of the low loss derivative shows a distinctivecompared to the GaN barrier and to the GaN Idy&g. 7(a),

trend when the electron beam is stepped across the QW, top]. There is, however, a considerable scatter in the energy

that it shifts towards higher energies. At both edges of thevalues, which can be seen as resulting from stoichiometric

QW the EELS onset energy seems to decrease. The variatiamd structural nonuniformity of the InGaN QWS.The

of the EELS onset is not symmetrical with respect to the QWmore localized ELNES data, in accordance with the discus-

center, as is also found in the complementary set of x-ragion in Sec. IV, shows slight changes of theand C peaks

line scans showing the Ga and Al profiles. Whereas the lowenside and outside the QWI&ig. 7(a), bottom.

interface(on the righj is fairly abrupt in the x-ray line scan, No change in the EELS onset energies could be detected

the top interfacéleft) shows significant Ga-Al interdiffusion. when the electron beam is stepped across an AlGaN/GaN

The larger dip in the EELS onset energy at the top interfacenultiple QW array with 5-nm-wide (Al1:Gag90.5Nos

reflects the structurally inferior material quality. The low on- QW's separated by 5-nm-GaN barridisee Fig. ), top].

set energies might be related to gap states due to accumulf@he N K edge from a QW revealed changes in the relative

tion of oxygen associated with the end of Al incorporation. peak heightsA, B, andC [see Fig. Tb), bottom], similar to
ELNES data of the N edge of the single QW show a the InGaN multiple-QW structure.

small increase in pealsandC and a shift in pealkC as well

as an enhancement in the structure around pgeaKhese

changes are in agreement with results measured in the tran-

sition from GaN to AIN(Refs. 34 and 3band with our own GaN with p-n dopingAll bulk spectra of sample 3 show

measurements shown in Fig@ From calculations of the a featureless pre-bandgap region and a sharp rise at the band

fundamental band gap of Aba,_,N,* the 3.5-eV gap seen gap(3.4 eV), followed by a step and a plateau region starting

in Fig. 6(b) corresponds to an Al fraction ef10%. Since we at around 4 eV. This is demonstrated in Figg)an curvem.

have not adjusted the data to account for electron beartt is worth noting that in undislocated, i.e., bulk material, this

B. Quantum wells

C. Dislocations
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FIG. 7. (a) EELS onset energies of successive
QW's and barriers(top panel together with N
K-ELNES of an InGaN MQW structurélower
pane). (b) Equivalent results for an AlGaN
MQW structure.

plateau extends to about 6 eV, where it is followed by athis point(approximately 200 np which is reflected in the

further rise in the scattering intensitgee Fig. 3 “Clean”

high noise level of the spectra. Consequently the dislocation

spectra like these indicate good quality bulk material. Noeffects are very small, as expected from considerations in
change in the spectra can be seen as the beam crosses fr&ec. IV, and so in order to enhance the dislocation effects

n- to p-doped region. As the doping only induces a minordifference spectra were calculated. These were obtained by

shift in the bandgap, this shift would be expected to liesubtracting a bulk spectrufne., spectrumm) of the vicinity
within the accuracy error of the method. A major feature offrom the dislocation spectrum in each case. In order to ac-
dislocated material is the lack of a distinct plateau regioncount for small differences in film thickness at the disloca-

dislocations tend to introduce a more or less continuous risgéon and the corresponding bulk spectrum position, the com-
in the scattering intensity above the band gap. This situatiopound and bulk spectra intensities were normalized at around
is depicted in the spectra in Fig(a8: ais a dislocation inthe 9 eV prior to subtraction, since above this energy, according

n-doped part anth andc are dislocations in thp-doped part;

to the calculations, the dislocation effects become small. The

the spectra are similar for all dislocations investigated. Adifference spectra-m, b-m, andc-min Fig. 8@ exhibit a

spectra like those shown in Fig(e contain signals from the pre-band-gap peak followed by a general rise in intensity.
dislocation core as well as the surrounding matrix, we shallThese features are significantly weaker in difference spectra
call them compound spectra. The sample was rather thick aaken of various bulk position&curve Am). The accuracy
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FIG. 8. (a) Low EEL com-
pound spectra taken of a point on
dislocation line projections in
n-doped (curve a) and p-doped
(curvesb andc) GaN. Curvem s
of bulk material. Curvea-m b-m,
c-m and Am are the difference
spectra of the respective com-
pound spectrum above and the
bulk spectrum(b) Top panel: on-
set energies measured along a
mixed threading dislocation pro-
jection in n material (solid line),
together with the values of the
perfect material (dashed ling
(sample 2. Middle and bottom
panels: same as top panel for a
mixed and a screw dislocation, re-
spectively, in p-type material
(sample 3.
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limit of the measurement produces slight energy shifts be- One might ask how the statistical error can be so small in
tween different spectra, therefore a small péakdip) at the  view of the energy resolution of the methct0.18 e\j. The
band gap will always be present in difference spectra even iénergy resolution of the instrument, described by the energy
spectra are taken in identical locations. The plateau regiorange outside which two spectral features may lie so as to be
also varies slightly from bulk spectrum to bulk spectrGme  recognized as separate features, must not be confused with
believe this is a specimen thickness-induced effdoence the accuracy, with which a singular feature can be posi-
the very slow rise in curvdm. These differences are, how- tioned. Since all spectra are aligned to each other with re-
ever, consistently larger in dislocated regions; the peak aipect to the position of their ZLPs, this accuracy is neither
around 3.3 eV can even just about be seen in the compourtependent on the spread of the field emission function nor on
spectra as extended tail in the intensity rise at the band gaphe high voltage stabilityboth of which contribute to the
whereas the general continuous rise above 4 eV can readilp®vVHM of the ZLP, which in turn defines the energy resolu-
be seen in the compound spectra. The difference spectra 8en). It is predominantly dependent on the spectrometer

the dislocations are in qualitative agreement with the calcucharacteristics, e.g., the channel width stability, and this in-
lated spectra in Figs.(8) and 4c). They bear greatest simi- troduces a far smaller error than the FWHM of the ZLP. This

larity with the spectrum in Fig. @) of a full core neutral error is difficult to estimate, but we can see its manifestation

screw dislocation, which exhibits pre-band edge peak al tgeﬁtat_iitic?/lvegorEthhe measmIJre_ment. | e
around 3.3 eV. Our dislocations are of mixed and screw char-, GaN Wit QWs n spot anaysis was aiso carrie out
ata number of locations along dislocations in sample 1. The

acters; hence the effect of the screw component ought to . o S
P g bbeam was stepped along the dislocation line projection and

present in all cases. According to the calculations transition§h )
: e spectra compared to those obtained when the beam was
into deep levels should also occur at 1.5 eV, but, as men-

. : stepped in similar intervals in the perfect material parallel to
tioned in Sec. Il, we cannot presently extract features belo PP P P

5 ith liabili i al h . h Whe dislocation. Spectra taken with the probe stepped along
eV with great reliability. It is also worth noting that N0 gy /era| mixed dislocations showed a continuous decrease in

difference_ can be_ seen between d_islocation spectra ip the \ha EELS onset energy from the A, interface toward the
andn regions. Without demonstration we want to note thatgaN surface. An example is shown in Figcbwhere EELS
calculations of negatively charged edge dislocation spectrgnset energies are displayed for material containing the dis-
(i.e., of p-doped material (Ref. 37 reveal marked differ- |ocation and for perfect material as a function of the distance
ences in the pre-band-edge regidhe pre-edge peak shifts from the ALO; interface. In both graphs in Fig(& there is
down to 1 eV and the band edge itself is smeared out dowg ~40-nm region where the value of the EELS onset energy
to 2 eV). As we do not see this behavior we conclude that thés smaller than the gap of hexagonal GaN which we ascribe
doping is inactive. to cubic phase inclusionsee Sec. VA Decoration of the
The top panel of Fig. @) plots the EELS onset energies dislocation with Al could explain that the EELS onset ener-
as a function of position, as the beam is stepped along gies beyond the buffer, between 40 and 100 nm from the
dislocation line projection in the-type material from sample interface, also shown in Fig.(®, seem to be higher than
2. The first derivative of the spectrum is calculated for eachvalues normally expected for GaN.
beam position, with the band-gap-related onset energy de- As the beam is stepped along the projected core of the
fined by the position of the lowest energy peak. The EELShreading dislocation towards the GaN film surface, a de-
onset energies associated with the dislocation assume a valugease in the EELS onset energ[€3g. 5(c)] from 3.4 eV
of 3.13 eV near the interface with the SiC substrate. Thigthe band gap of-GaN) to 3.1 eV is found. Considering the
value of the onset energy corresponds to the presence of tlaecuracy of the energy measurement as explained above we
cubic nitride phaséas described in Sec. V)AWe also find argue that the difference in the EELS onset energies between
that the onset energy rises to an asymptotic value of 3.31 ethe bottom and the top of the thin film, as well as in the
(associated with hexagonal bulk Galls the beam moves buffer, is significant.
away from the interface. The onset energies associated with The shift in the EELS onset along the dislocation line
the dislocations are found to be within 0.02 eV of the valuesould be due to a migration of point defects, such as vacan-
for the perfect material. The statistical errors inherent in thecies or O from the surface, or In migration from the QW
measurement of the onset energies are indicated by the graggion down the dislocation core. Several studies have in-
bands shown in Fig.(®). The middle and bottom panels of deed led to the conclusion that threading dislocations in par-
Fig. 8(b) map the onset energies as a function of beam positicular could enhance pipe diffusion of impurities and
tion for sample 3. Here the onset energies for screw andacancieg.Indium diffusion from the GaN film surface finds
mixed dislocations within th@-type region are plotted as a strong support from our own studiés.Using x-ray line
function of distance from the/n interface. The bulk results scans taken across dislocations threading through InGaN
fall within the scatter band of the EELS onset energies folQW's, we have previously measured In accumulation within,
the screw dislocation, whereas the onset energies for mixeand a depletion of In surrounding, dislocations. The fact that
dislocation fall just outside the bulk scatter band. These rethis phenomenon could be measured by x-ray techniques
sults indicate that the contribution of dislocations to the onsesuggests that the localized In inhomogeneities are quite high.
energy is relatively small. Indeed, the presence of disloca©ne would thus expect it to be noticeable in low EELS too,
tions seems only to add to the intensity of the pre-band-edgas the gap of GaN is lowered when indium is added. Another
region, as shown in Fig.(8). possible explanation for the reduction in the EELS onset
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is in closest qualitative agreement with the calculated spec-

a trum for the neutral screw dislocation in Figick The spec-
b trum statistics is improved because the sample is overall
€ thinner, and the peak at 3.3 eV is more pronounced than in
Irterface (a) d Fig. 8@). Its contribution is so strong here that it might well
L & be responsible for the band-gap shift seen in Fig).5The
f bulk difference spectrunAm shows a much weaker pre-
g band-edge featur@eak or dip depending on which way the
difference is takenand a much shallower gradient between 4
and 6 eV. The peak at 2.4 eV bears witness of the fact that
m some bulk spectra, especially near dislocations, exhibit a
Sé{ﬁ]rée transition at this energy.

LY T —— The results presented here are to our knowledge the first
measurements to show evidence, via low EELS, of
dislocation-induced effects on the local crystal band struc-
ture. The observations are strongly backed up by model cal-
culations. The effects of dislocation cores on the ELNES of
the N K edge, when measured in cross-sectional geometry,
3 5 3 r are much less pronounced than on the low EELS and there-
Energy Loss [ &¥) fore more debatable.

R e MR i S TRE A

FIG. 9. () Low EEL spectra taken along a mixed threading
dislocation[Fig. 5(c)] in an undopedn-type) GaN cross sectional

film, with an InGaN MQW near the GaN film surfack) Differ- Highly localized EELS in the energy-loss regime at band
ence spectrum of the dislocation at a position approximately three

, i ) gap of cross-sectional GaN InGaN, and@&N structures,
i?]‘icgsi‘sifhghii;l?eEZ'Ekc:‘fefxoag\l’J?ﬁ' grc;ngtr:e substrate; the bottomy oy jemented by NK-edge ELNES measurements and
P ' x-ray line scans, have been presented. We have determined

the band-gap-related EELS onset energies of heterointer-
energy toward the sample surface could be found in a defaces, of QW’s and of dislocations, using a very high EEL
crease in the TEM-sample thickness. The dislocation effectspectrometer dispersion. The energy resolution and error re-
would become stronger as the ratio of the dislocation volumegjime of the system have been discussed, highlighting the fact
to the surrounding matrix increas€ice., in thinner regions  that the accuracy of positioning features in the low loss spec-
Since the energy resolution #0.18 eV, scattering into lev- trum is significantly smaller than energy resolution, thereby
els lying within this energy range below the band gap, giverallowing our measurements to yield meaningful results.
their proportion in the electron beam interaction volume is Calculated low loss spectra of GaN and AIN were found
high enough, would become noticeable as a shift in theao be in very good agreement with experimental spectra, re-
EELS onset energy. The thickness of the sample in Fig. roducing the correct spectral shape of band-to-band transi-
indeed decreased toward the surface. It should be noted th@éns within the energy resolution of the experimental tech-
the sample of Fig. 8 was thicker throughout than the samplaique. The EELS onset energies of a single AIN and AlGaN
in Fig. 9. QW have been obtained, as well as the characteristic ELNES

Figure 9a) shows compound spectea-g of the low loss  spectra. In MQW structures of InGaN and AlGaN the corre-
region taken at various points along the dislocation line fromsponding EELS onset energies of individual wells and barri-
the interface in direction towards the surface. As noted beers cannot be discerned, whereas ELNES of the wells and
fore the dislocation spectra show a much more continuoubarriers exhibits the fingerprint of the respective material.
rise than the bulk spectrum. Attention is drawn to a feature This is thought to be due to the relatively weaker localization
at 2.4 eV, which emerges half way along the dislocation lineof the initial state in low loss spectroscopy compared to core
toward the sample surface. It can also be seen in specttass scattering. The low loss signals of multiple wells and
taken up to a few tens of nm away from the dislocation linebarriers therefore overlap, and are thus averaged out.
near position$ andg, which are positioned roughly at about  Low loss spectra obtained on spatially isolated dislocation
three-fourths of the film thickness toward the surface. Thdine projections showed modifications over the bulk spectra,
feature is not present in all the GaN materials under ouwhereas no changes were detected in the ELNES. It is
investigation, e.g., it was not detected in the sample of Fig. 8thought that in contrast to the low energy scattering regime
and it is not reproduced in the spectrum calculations. It ighe high localization of the core loss signal is of disadvan-
likely that this transition is not arising due to a property of tage here as it is drowned by the signal of the matrix, which
the dislocation, but to point defects, which have accumulateds simultaneously excited by the electron probe.
in the strain field of the dislocatiolf. It corresponds ener- Difference spectra of the low loss regime of threading
getically to the transition energy for yellow luminescence. dislocations in GaN films showed a pre-band-edge feature

Figure 9b) shows a difference spectrung{m). The and a continuous rise in the signal above the band edge. This
spectrum has the same shape as these in Faga@d again was found to be in agreement with low EEL spectrum calcu-

VI. CONCLUSIONS

035302-9



A. GUTIERREZ-SOSAet al. PHYSICAL REVIEW B 66, 035302 (2002

lations based on energy states of dislocations in GaN obebserved in the vicinity of dislocations in some GaN mate-
tained from self-consisterdb initio simulations within the rials. This is not shown in the calculations, and is therefore
LDA to density-functional theory. Best agreement is obtainedhought to be due to impurity or point defect accumulation in
with the calculated full core neutral screw dislocation specthe dislocation strain field.

trum.

In some cases a decrease in the EELS onset energy was
measured as the probe was stepped along a dislocation pro-
jection toward the film surface. One possible explanation We would like to thank K. Jacobs and I. Moerman of the
was In diffusion from an InGaN MQW structure grown near IMEC, Gent for supplying th@-p GaN and GaN/InGaN ma-
the film surface along the dislocation core. But it wasterials, and A. Rizzi of the Forschungszentrum Juelich for
thought more likely that the high contribution of the pre- supplying the GaN/AlGaN material. We also thank Jiang-
band-edge levels at the dislocation core induce this shift irGuo Zheng for his assistance with the STEM measurements
thin samples; due to the low-energy resolution of the techand N. Duxbury, C. Dieker, and H. Darwish for TEM sample
nique, transitions involving these levels are not resolved apreparation. The work was carried out under EPSRC Grant
separate peaks in the compound spectra. A peak at 2.4 eV o. GR/M29719.
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