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Depth-dependent investigation of defects and impurity doping
in GaN Õsapphire using scanning electron microscopy
and cathodoluminescence spectroscopy
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Cathodoluminescence~CL! imaging and temperature-dependent cathodoluminescence spectroscopy
~CLS! have been used to probe the spatial distribution and energies of electronic defects near
GaN/Al2O3 interfaces grown by hydride vapor phase epitaxy~HVPE!. Cross sectional secondary
electron microscopy imaging, CLS, and CL imaging show systematic variations in defect emissions
with a wide range of HVPE GaN/sapphire electronic properties. These data, along with
electrochemical capacitance–voltage profiling and secondary ion mass spectrometry provide a
consistent picture of near-interface doping by O out-diffusion from Al2O3 into GaN over hundreds
of nanometers. Low-temperature CL spectra exhibit a new donor level at 3.447 meV near the
interface for such samples, characteristic of O impurities spatially localized to the nanoscale
interface. CLS emissions indicate the formation of amorphous Al–N–O complexes at 3.8 eV
extending into the Al2O3 near the GaN/sapphire interface. CLS and CL images also reveal
emissions due to excitons bound to stacking faults and cubic phase GaN. The temperature
dependence of the various optical transitions in the 10–300 K range provides additional information
to identify the near interface defects and impurity doping. ©2002 American Institute of Physics.
@DOI: 10.1063/1.1454187#
o-
tti

-
lo
ica
o

-
s
b

-
fo

ca
I

in
rit

are
of

ve:

on

ne
sed

s
at
ss

-
-

im-
nd

of
the
cal
I. INTRODUCTION

The group III-nitrides are attractive materials for opt
electronic devices such as GaN-based lasers, light-emi
diodes1 and ultraviolet photodetectors,2 and high tempera-
ture, high power electronic devices.3 Present and future ap
plications of GaN-based devices require the further deve
ment of the materials technology as well as the phys
understanding of the materials involved. Epitaxial growth
GaN by hydride vapor epitaxy~HVPE! was developed in the
1960s.4 Thick, bulk-like HVPE material is suitable for stud
ies of GaN’s physical properties, as well as acting a
lattice-matched substrate for device epilayers grown
metal–organic chemical vapor deposition~MOCVD!5 and
molecular beam epitaxy~MBE!. However, electronically ac
tive defects within this material are poorly understood,
instance, the nature of the residual acceptor and donor6,7 and
the identification of various emissions related to defects.8

The states localized at the interface of GaN/sapphire
be of significant concern for certain device applications.
particular, degenerate doping and high conductance9,10 can
occur near this interface with sapphire, potentially affect
lateral transport in the overgrown device. Hence, impu
6720021-8979/2002/91(10)/6729/10/$19.00
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diffusion, interface reaction, and related defect formation
important to understand and control. The physical origin
the donors has until now been unclear since it may invol
~i! impurities substrate out-diffusion11–13or the initial growth
surface,~ii ! native defects induced by substrate out-diffusi
or the initial growth surface,~iii ! morphological structural
effects, and~iv! gas phase impurities. In order to determi
the physical nature of these dopants and defects, we u
temperature-dependent~10–300 K! electron-excited lumi-
nescence spectroscopy in an ultrahigh vacuum~UHV! scan-
ning electron microscope~SEM! to measure defect emission
from GaN/Al2O3 junctions with sheet carrier densities th
varied over two orders of magnitude. We carried out cro
sectional secondary electron~SE! imaging, cathodolumines
cence spectroscopy~CLS!, and CL imaging of these inter
faces. We used electrochemical capacitance–voltage~ECV!
profiling to measure epitaxial sheet carrier densitiesNint lo-
calized near the junctions. Depth-dependent CLS and CL
ages provide information for detecting the location a
physical origin of defects and impurity doping at GaN/Al2O3

interfaces. This study focuses on the spectral variations
defects and doping features as a function of depth to
interface. Our aim is to establish the nature of the opti
9 © 2002 American Institute of Physics
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transitions due to defects and impurity doping
GaN/Al2O3 , especially near interfaces.

II. EXPERIMENTS

The HVPE GaN epitaxy layers deposited onc-plane sap-
phire were obtained from several sources, designate
(A1 ,A2), B, and C. These layers had sheet interface conc
trations, as determined from low-temperature Hall-eff
measurements, of 6, 16, 98, and 50831014 cm22, for A1 ,
A2 , B, and C, respectively, designated as ‘‘low’’~for A1 and
A2!, ‘‘medium,’’ and ‘‘high.’’ Source A material incorporated
a ZnO buffer layer prior to GaN growth, whereas the oth
did not. The ZnO layer was sputter deposited to prepare
sapphire substrate for GaN growth and was thermally d
orbed before epitaxial growth.14 A modified JEOL 7800F
SEM Auger microprobe~base pressure 8310211 Torr! fitted
with an Oxford Scientific monochromator with a resolutio
of 0.5 nm, liquid He cold stage, and visible-UV sensiti
photomultiplier tube provided CL spectra and images.
windows and lenses were UV transparent. Spectra were
rected for the transmission and detection efficiency of
optical transmission. We produced cross sections by sco
the sapphire and cleaving between glass cover slips.
room temperature secondary electron image~SEI! and CLS
measurement were taken using an electron beam energ
15 keV and current of 100 pA over an area of onemm2. For
the low temperature experiments, the incident electron be
energy was 5 keV and current was 1 nA over an area
than 0.530.5mm2 raster square area. Due to the accelerat
voltage, excitation occurred;160 nm below the surface t
minimize any surface artifacts. Depth-dependent CL spe
were taken as a function of the distance (dint) from the
GaN/Al2O3 interface.

III. LOW SHEET CARRIER CONCENTRATION

CL spectra of low sheet carrier concentration (Nint) GaN
display large variations in deep level and near band e
~NBE! emissions as a function of distance from the interfa
SE images of the sample cross sections provide spatial d
of the semiconductor and substrate boundaries.15 Similar
variations are evident for all of the samples studied. Th
room temperature data also illustrate the experime
method used to measure optical emissions versus dist
for all the samples. Figure 1 illustrates the SE image of
HVPE-grown GaN/Al2O3 cross section~sample A1!. The
dark area at the lower right corresponds to the sapphire
strate, whereas the bright line at the upper left indicates
free GaN surface. The bright area in the upper left is
sample holder. The striations extending across the G
thickness are due to cleavage steps but have little effec
the CL spectra obtained with bulk sensitive electron be
energies of 5–15 keV. The numbered dots shown in Fig
indicate the positions at which CL spectra were acquir
The number on each side of every point in Fig. 1 indica
the distance (dint) from the GaN/sapphire interface in m
crons. The negative values refer to positions within the s
phire. From the variation in intensities with distance from t
interface, it was possible to generate profiles for each
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spectral feature relative to distance from the interface. Fig
2 illustrates the intensity profiles for each of the lumine
cence features measured versus distance from the G
sapphire interface. The inset to Fig. 2 displays a typical ro
temperature CL spectrum for the HVPE GaN/Al2O3 sample
interface, showing peak features at 3.8, 3.4, 2.95, and 2.2
~Note that the 1.7- and 1.9-eV lines are just second-or
transitions while the sharp peak at 1.78 eV is Cr emiss
from sapphire.! The 3.4, 2.95, and 2.2 eV features corr
spond to well-known emissions of the GaN near band e
~NBE!, blue luminescence~BL!, and yellow luminescence
~YL !, respectively.

As the inset of Fig. 2 shows, the NBE, YL, 3.8, and B
peaks exhibit Gaussian line shapes in log scale spectra a
energies shown. Their relative peak intensities appear
function of raster center distancedint from the interface in

FIG. 1. Secondary electron image of the GaN film grown by HVPE
sapphire. The sapphire substrate is the dark region in the lower right co
of the image. Each dot on the SEM image represents an area where
spectrum was taken.

FIG. 2. CL intensity profiles for each spectral feature vs distancedint from
the interface. The scans are not normalized to a constant value. The
sapphire interface is referenced asdint50.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Fig. 2. The GaN NBE emission increases rapidly within t
first 10mm from the interface into the GaN bulk, then grad
ally over the next 60mm. The YL emission shows a mor
gradual increase withdint over the same depth range. Signi
cantly, the absolute YL intensity and its value normalized
the GaN NBE intensity both increase while dislocation de
sity decreases with increasingdint.10mm. This result sug-
gests that dislocations are not the source of YL in the ‘‘bu
region as proposed elsewhere.16 The low YL intensity for
dint,2 mm may be due to competing recombination pa
ways, e.g., via impurity levels. Cr emission at 1.78 eV fro
the Al2O3 decreases rapidly within thisdint,10mm. The 3.8
eV peak has low intensity within the Al2O3 , increases with
interface proximity, then disappears in the GaN. We arg
that this peak may be due to Al–N–O complexes, since 3.8
eV emission in AlN has been assigned to O impurities.17 A
similar broad emission above band edge with different
ergy was observed in sample C, which will be discuss
later. The broad 2.9 eV BL intensity is negligible within th
Al2O3 or the bulk GaN but is observed fordint,0.2mm.
Unlike the 2.9 eV emission commonly reported for heav
Mg-dopedp-type GaN, ours appears in ann-type sample.
Pankoveet al.18 have reported broad 2.9 eV CL emission f
Zn-doped GaN. Interfacial Zn might be plausible sin
sample A employed a ZnO buffer on the Al2O3 . Such treat-
ment can result in a Zn-spinel structure19 and residual Zn
impurities near the interface even though the ZnO was th
mally desorbed prior to growth. However, othern-type
samples not treated with Zn displayed 2.9 eV emission at
interface. Previous work has suggested as yet unident
point defects and impurities as an alternative explanation
this blue emission.20 More recent work provides evidence
correlate broad;2.8 eV emission to the presence of O,
particular a transition from a substitutional oxygen don
(ON) level to the VGa– ON complex acceptor.21

In order to identify the source of near-interface dopi
and defects, we obtained low temperature~10 K! CLS and
CL images in a cross section of a 5mm-thick sample
(A2 ,nint51.631015 e/cm2), which was also pretreated wit
ZnO buffer layer. Three spectra taken at different distan
from the GaN/Al2O3 interface of A2 are shown in Fig. 3.
Since the yellow luminescence in these samples decre
strongly at low temperature to negligible levels, we pres
only the emissions that are near the GaN band edge.
spectra taken in the interface region (dint50.3mm) have an
extra peak above the band gap~at 3.517 eV!, likely due to
the free electron recombination band~FERB! at degenerate
carrier concentrations. As the depth increases, the inten
of this line decreases (dint51 mm), and the peak disappea
near the surface (dint54 mm). The spectra taken in thedint

54 mm region show strong neutral donor bound excit
(D0X) emission at 3.483 eV. The full width at half maximu
~FWHM! of the D0X line is 10 meV, which indicates goo
crystalline quality of this sample. This line may also conta
contributions from free excitons, which should have energ
only about 6 meV above those of the donor-bound excito
A peak at 3.464 eV is assigned to an exciton bound to
acceptor.22 An emission at or slightly above 3.503 eV is als
observed as a shoulder on theD0X line. The actual peak
Downloaded 14 May 2002 to 164.107.162.113. Redistribution subject to 
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energy may be higher than 3.503 eV, perhaps close~assum-
ing an exciton binding energy of 26.4 meV!23 to the expected
free-exciton excited-state energy in this sample of ab
3.509 eV@i.e., 3.48310.0061 3

4(0.0264)eV#.
The CL spectra at different depths also indicate that

quality of the GaN epitaxial layer improves when the fil
gets thicker. However, as thedint increases away from the
interface, four additional optical transitions at 3.41, 3.3
3.28, and 3.19 eV appear. The peaks at 3.28 and 3.19 eV
the characteristic neutral donor–acceptor pair recombina
(D0A0) and its LO phonon replica (D0A0-LO) in the GaN
bulk.

In order to understand the spatial dependence and ph
cal nature of these peaks, we further obtained monoch
matic CL images in the whole cross section of this sample
10 K. Figure 4 shows the SEM image and the monoch
matic spatial maps of some different peaks as indicated
Fig. 3. In the SEM image as shown in Fig. 4~a!, the small
triangle area at the lower right corresponds to the sapp
substrate, whereas the triangular region at the upper left
responds to the free GaN surface. The arrow in each im
indicates the interface. The CL image areas in Figs. 4~b! and
4~c! correspond to the same region as the SEM image.
monochromatic images display spatial variations in peak
tensities at~b! 3.483 eV and~c! 3.30 eV. Textured regions
within these images serve to indicate the brighter emitt
areas. The luminescence intensities of some CLS peaks
weak, not well resolved, and consequently not shown h
Similarities between features within images provide an in
cation of optical transitions with common physical origin
However, the intensity contributions of adjacent spectral f
tures can complicate these spatial correlations and dif
ences between defect distributions.

Temperature-dependent~10–300 K! experiments pro-
vide additional clues to the origins of the emissions as sho
in Figs. 3 and 4. Figure 5 shows the temperature-depen
spectra taken from the bulk epilayer (dint54 mm). The en-
ergy of the four emissions shown all decrease with increa
temperature and change at different rates. Figure 6~a! is an

FIG. 3. CL spectra of sample A2 acquired atdint50.3, 1, and 4mm as
shown. Near-interface features differ strongly from those of the bulk.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Arrhenius plot of the integrated intensities of theD0X peak
at 3.483 eV, the 3.41-eV peak, and the 3.30 eV peak. Fig
6~b! gives the temperature dependence of their optical tr
sition energies corresponding to Fig. 5.

The data for lowNint presented in Figs. 3–6 provid
evidence for several near-interface phenomena. As Fig.~a!
shows, the peak at 3.483 eV quenches first with an energ
4 meV, then 12 meV at higher temperatures, presumably
to two competitive recombination channels. The small
ergy quenching of theD0X corresponds to the thermal de
trapping of exciton from the shallow donor~;6 meV! while
the second nonradiative path could be ionization of the n
tral donor involved in the excitonic complex.24 These activa-
tion energies should be viewed with caution since CL int
sities are affected by spectral overlap and temperat
dependent broadening.

At low temperature, the 3.41 eV is sharp and inten
indicating its excitonic nature. As temperature increases,
3.41-eV peak in Fig. 5 becomes more pronounced

FIG. 4. ~a! SEM image and CL images shown for emissions of~b! 3.483 eV
and~c! 3.30 eV acquired within the cross section of sample A2 . The length
scales are the same as in~a!. The arrow in each CL image indicates th
GaN/sapphire interface, and the numbered spots indicate where spectra
acquired.
Downloaded 14 May 2002 to 164.107.162.113. Redistribution subject to 
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quenches very slowly. The activation energy shown in F
6~a! for quenching is only 7 meV, which is lower than th
activation energy for this 3.41 eV band reported by Leroux30

varying between 12 and 40 meV. This is because the 3
peak can be mixed with the LO phonon replica of the D
peak since the relative contribution of the latter increa

ere

FIG. 5. Temperature dependence of the luminescence spectra of samp2

showing temperature quenching behaviors of each emission.

FIG. 6. ~a! Temperature dependence of the 3.483, 3.41, and 3.30 eV p
intensities in Fig. 5 and~b! temperature dependence of their energies,
cluding the 3.464 eV peak.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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with temperature. A model25 has been proposed for this fre
quently reported emission26,27,28 based on recombination o
an exciton bound to anI 1 type stacking fault in GaN. In this
model, the stacking fault is similar to a cubic quantum w
in wurtzite GaN. The electrons are trapped by the stack
fault and holes in the wurtzite matrix type II quantum we
Callejaet al.29 reported a broad emission centered at 3.41
and attributed it to structural defects at the column/subst
interface. Combining these two models, it is not unexpec
that stacking faults appear at the column/substrate inter
where high density defects concentrate.

All the quenching energies reported here are lower t
those of the MOCVD samples measured by photolumin
cence~PL! reported by Lerouxet al.30 In that work, the ac-
tivation energies reported forD0X were 5–7 meV at low
temperatures and 34–36 meV at higher temperatures, w
the activation value for the 3.41 eV peak was 12 meV. T
small value of the activation energy is probably caused
overlap and temperature-related broadening of the peak

The 3.30-eV peak is most prominent atdint

51 – 1.5mm as shown in Fig. 4~c! and may be indicative o
another phase besides wurtzite GaN in this region. As sh
in Fig. 6~a!, the 3.30-eV peak quenches with an energy of
meV, versus 5 meV for the 3.41 eV peak at low tempe
tures. Furthermore, there appear to be no phonon rep
increasing with increasing temperature in Fig. 5. Hence
3.30 eV peak is not likely to be a phonon replica of the 3
eV peak. Instead, we believe it is related to a second ph
From its energy, it could be due to either ZnO or cubic ph
GaN domains that often coexist with the hexagonal pha
Considering that this sample was treated with a ZnO bu
layer, a ZnO phase is not unexpected close to the interf
Since secondary mass ion spectroscopy~SIMS! shows no Zn
in the samples, this peak is more likely to be a cubic dom
since stacking faults are cubic in nature.

Finally, the lowNint A2 specimen data show evidence f
near-interface free carriers. As shown in Fig. 3, a shoul
appears above the excited state emission line, increasin
intensity for decreasing distance from the interface. In
spectra taken near the interface (dint50.3mm), this structure
peaking at about 3.517 eV is well resolved. This peak may
due to band-to-band transitions, since the free-carrier c
centration in this near interface range is usually high.10,31

IV. MIDLEVEL SHEET CARRIER CONCENTRATION

Samples with higherNint provide an opportunity to iden
tify the source of the residual near-interface doping. We h
carried out low temperature~10 K! CLS as a function ofdint

of HVPE grown GaN/Al2O3 with carrier concentrationNint

59.831015 e/cm2 ~sample B!. CLS, CL imaging, and SIMS
data of unintentionally doped GaN samples provide inform
tion at the interface. Sample B was not grown on a Z
buffer layer. The depth profile CLS in Fig. 7 exhibits th
typical sharp features found in GaN, including theD0X tran-
sitions at 3.473–3.485 eV. For distances.1 mm, an extra
peak appears at 3.388 eV, ascribed to the phonon replic
the D0X.30 Another dominant feature in these spectra cor
sponds to neutral donor–acceptor-pair (D0A0) transitions at
Downloaded 14 May 2002 to 164.107.162.113. Redistribution subject to 
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3.2 to 3.3 eV, followed by a sequence of longitudinal optic
phonon replicas~Dhn592 to 93 meV!. The dominant accep
tor may either be C,32 detected by SIMS in similar
samples,33,34 or the Ga vacancy, detected by positro
annihilation.34 However, it is not likely Mg, which is not
detected by SIMS.33 These features are common to GaN
all depths. However, near the interface, i.e., atdint<1 mm,
an additional feature appears at 3.447 eV, somewhat bro
than theD0X peak.

Figure 8 shows the SEM image of sample B along w
monochromatic CL images taken at 10 K. CL images
shown for ~b! 3.483 eV due toD0X luminescence and~c!
3.28 eV due toD0A0 transitions. The emission ofD0X fluc-
tuates in intensity, whereas the emissions ofD0A0 are domi-
nant and quite uniform. Figure 9 illustrates the temperatu
dependent CL spectra of sample B taken atdint53 mm,
showing theDX, D0A0, and phonon replicas.

The data for intermediateNint presented in Figs. 7–9
illustrate significant changes from the bulk to the ne
interface region. The depth dependent CL spectra show
at dint.1 mm, D0X has a blueshift to 3.483 eV, which i
probably due to a reduction in band tailing. An importa
feature in the near interface region is the broadening of
exciton peaks. Asdint increases, the FWHM of theD0X and
D0A0 transitions become narrower, showing that the crys
line quality of the sample improves with distance away fro
the interface, up todint53 mm.

An additional feature at 3.447 eV, appearing near
interface, arises from the degenerate doping. A broad st
ture is not unexpected in the highly degenerate region, du

FIG. 7. Low temperature CL spectra as a function of distance from
interface. Features above and below the DX transition energy differ sig
cantly between the interface and the bulk.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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band tailing and band filling~Moss–Burstein! effects or less
than perfect crystal quality. However, the 3.447 eV peak m
also be a two-electron replica of theD0X line,30 because
such a line would be expected at 3.473 eV2(3/4)ED , where
ED should be about 30 meV. That is, the final state of
3.473 eV transition is the ground state (n51) of the donor,
whereas the 3.447 eV transition would then have ann52
final state. But if this latter model were correct, then the t
transitions might be expected to have about the same
width and the ratio between the two peaks should be m
constant at the chosen temperature. However, besides
change in linewidth apparent in Fig. 7, this figure also sho
that this ratio changes considerably at different depths. T
behavior is therefore not consistent with a two-electron r
lica.

Another possibility for the 3.447-eV transition is an e
citon bound to a deep donor or acceptor. If the Haynes fa
is 0.1 to 0.2,35 then this deep center would have an energy
about 150–300 meV from a band edge. An acceptor-bo
exciton would be the most likely candidate, since accep
centers are clearly evident from the strongD0A0 transitions.

FIG. 8. Sample B SEM image in~a! and CL images for emissions in cros
section at 3.483 eV in~b!, and 3.28 eV in~c!. The length scales are thos
shown in the SEM image. The arrow in each CL image indicates the G
sapphire interface.
Downloaded 14 May 2002 to 164.107.162.113. Redistribution subject to 
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Of all possible acceptors, only the Ga vacancy would hav
high enough concentration, i.e., from positron annihilati
spectroscopy ~PAS!, @VGa#51017 to 1018 cm23 in a
MOCVD GaN epilayer,36 or even .1019 cm23 in HVPE
GaN materials.34 However, PAS in conjunction with Hal
measurements show that VGa is the dominant acceptor every
where, both in the interface and bulk regions,34 while the
3.447 eV emission is only evident near the interface. The
fore the depth-dependent CLS results argue against as
ment of this feature to Ga vacancies.

With regard to donors, Si and O are believed to induc
shallow donor state with a binding energy of 31 and 34–
meV, respectively.37 The only donor with a high enough con
centration to give the observed strong intensity of the 3.4
eV peak near the interface is O, because O concentra
increases strongly near the interface, whereas the conce
tion of Si does not.34 Figure 10 shows SIMS measuremen
of this specimen performed at Chas. Evans and Associat33

The SIMS plot displays concentrations as high as
31019 cm23 near the interface, decreasing to mi

/

FIG. 9. Temperature dependence of theDX, D0A0, and phonon replica peak
luminescence features of sample B.

FIG. 10. O profiles near the interface detected by SIMS compared with
luminescence intensity of the 3.447 eV peak relative to theD0X near band
edge emission. The clear similarity in depth dependence demonstrates t
diffusion from the sapphire is correlated with the 3.447 eV donor level.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1018 cm23 over a distance rangedint<1 mm. Similarly, the
ratio of the 3.447 eV transition~termedD2X! relative to the
D0X near band edge emissions is highest at the interface
decreases steadily with distance over the same 2mm into the
GaN. Significantly, Si and C impurity concentrations in th
interface region are several orders of magnitude smaller
exhibit no strong variation with depth.33 No other donor im-
purity is localized in this depth range. Electron concentrat
nint ~measured by ECV! is also extremely high in the inter
face region. Here again, the comparison of carrier concen
tions versus depth reveals a close correspondence betw
shallow donor and O.34 This agreement between optica
chemical, and electrical features indicates that electron
nors in the interface region must come mainly from O. F
thermore, this identification is consistent with the assignm
of interface-localized blue~2.8 to 2.9! eV luminescence in
n-type GaN to O donor-related complexes, as discusse
Sec. III. Overall, the close correlation between CLS spec
peak intensities with@O# spatial distribution indicates that O
impurities diffused from the Al2O3 are the origin of the high
sheet carrier concentration.

At low temperature, the CL is dominated by neutral d
nor bound exciton (D0X) transitions. With increasing tem
perature, Fig. 9 shows that theA free exciton line increase
as theD0X peak quenches. Other features appearing in
spectra areD0A0 lines near 3.27 eV and their LO and 2L
phonon replicas near 3.18 and 3.09 eV, respectively. Th
involve the usual residual acceptor, possibly carbon or
Ga vacancy as described before. As temperature incre
the D0A0 emission is replaced by band–acceptor~eA! emis-
sion. The latter can be distinguished from the former sinc
shifts to higher energy with increasing temperature. Figur
shows that the energy difference betweenDA andeA transi-
tions is 23 meV and is in principle a measure of the ba
ground donor binding energy. We neglect the Coulomb c
rection in this simple approach. Including this correcti
effectively increases the donor binding energy. Figure
shows a shoulder appearing on the lower energy side of
D0X andD0A0 emissions. These shoulders may be related
coupling with other than LO phonons. As shown in the C
image ofD0X in Fig. 8~b!, the edge emission fluctuates
intensity and is weak at grain boundaries, i.e., in the regi
of high defect density. It is likely that these regions with hi
defect density play a role in trapping impurities.

V. HIGH SHEET CARRIER CONCENTRATION

In this section we discuss the behavior of optical tran
tions in a 17mm-GaN sample~sample C! with the highest
relativeNint (5.031016 e/cm2). Here the sapphire substra
was nitrided prior to deposition by exposure to NH3. Figure
11 illustrates low temperature~10 K! CLS as a function of
dint , analogous to Figs. 3 and 7. The depth-dependent C
in Fig. 11 exhibits a broadband above the band edge e
sion asdint<5 mm, labeled asX1 . As the depth increases
the spectrum is dominated byD0X at 3.483 eV. The FWHM
also decreases with thickness increasing, and the FWHM
the strongestD0X at dint510mm is 15 meV, showing tha
this sample has good crystal quality. For distancedint
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>10mm, two extra peaks at 3.40 and 3.30 eV beco
prominent. They are ascribed to excitons bound to stack
faults and a cubic GaN domain, respectively, as discusse
Sec. III.

We also obtained monochromatic spatial maps of
emission intensities for different spectral features within
cross sectional structure. Figure 12 shows the SEM image~a!
and the monochromatic spatial maps of different peaks at~b!
3.563 eV,~c! 3.483 eV,~d! 3.40 eV, and~e! 3.30 eV. In the
SEM image, the small triangular area at the lower right c
responds to the sapphire substrate, whereas the line a
upper left indicates the free GaN surface. CL images w
recorded from the same region as that shown in the S
image. Enhanced image contrast and brightness serv
highlight emitting areas and enhance comparison of featu
from image to image.

As shown in Fig. 11, a broadband at 3.88 eV appear
dint<1 mm. Just as with the 3.8-eV~at room temperature!
peak in sample A1 , this feature has high intensity near th
GaN/Al2O3 interface (dint520.25– 0.25mm), but de-
creases into the GaN bulk. Unlike impurity band filling eve
for impurity concentrations.1020 cm23, this peak is cen-
tered well above the conduction band edge and due to
amorphous Al–N–O complex. This is consistent with th
increasing in peak intensity with proximity to the interface

As shown in Fig. 11, the energy and width of the broa
bandX1 changes with the thickness of the epilayer, partic
larly at the interface (dint<1 mm), where a broad feature
centered at 3.56 eV appears. These spectra are typical
highly doped material with an electron concentration
about 1019 cm23 based on the model proposed b

FIG. 11. Low temperature depth profile CL spectra of sample C show
emissions at 3.56, 3.483, 3.40, and 3.30 eV.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Arnaudov.38 The possible explanations for this broadening
higher energies are band filling at these degenerate do
levels, and the free-electron recombination across the b
gap.38 The energy of this broad emission extends to 3.6
also possibly due to Al–GaN alloy. Such NBE correspond
to AlxGa12xN alloying has been previously observed at A
GaN interfaces.39 Pregrowth nitridation of sapphire for suc
specimens should further enhance Al–N bonding a
alloying.40 For samples nitrided inside the HVPE reactor
high temperature, a thin AlN layer is not unexpected, giv
the reaction:

Al2O312NH3⇒2AIN13H2O. ~1!

The formation of AlN islands as a result of a high tem
perature NH3 exposure has also been reported in
literature.40,41 This high temperature environment may al
lead to desorption of H2O and O impurities near the inter
face.

The image of the band edge CL emission~3.483 eV! as
shown in Fig. 12~c! indicates spatial striations in intensit
indicative of columnar structure. The decrease inD0X emis-
sion intensity between these columnar regions may be du
grain boundaries, i.e., regions of high defect density, wh

FIG. 12. ~a! SEM image and CL images for emissions at~b! 3.56 eV,~c!
3.483 eV,~d! 3.41 eV, and~e! 3.30 eV. The length scales are all the same
that shown in the SEM image, and the arrow in each CL image indicates
GaN/sapphire interface.
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can act as efficient centers of nonradiative recombinat
Therefore edge emission is expected to quench at g
boundaries. The CL images in Fig. 12~b! show that theX1

peak at 3.56 eV appears in the same spatially localized
gions as the 3.41 and 3.30 eV emissions. All three disp
high intensity primarily in three spatial regions. Interesting
these high carrier concentration regions appear to ext
along columns a significant distance from the interface.
attribute the 3.41 eV emission to an exciton bound to sta
ing faults.25 Significantly, the 3.30 eV emission related
cubic zinc-blende phase GaN appears in almost the s
regions as the 3.41 eV emission. This is not surprising si
stacking faults are known to give rise to zinc-blende GaN
appears from Fig. 12 that such new phase formation
associated with highly doped areas. The short-range o
of wurtzite and zinc-blende GaN structures is virtua
identical, however, the stacking sequence of atom arran
ment in closed-packed planes is different, i.
¯AaBbAaBbAaBb̄ for the wurtzite, and
¯AaBbCcAaBbCc̄ for the zinc blende. A fault in the
stacking sequence transforms one structure into the o
hence the respective stacking fault energy corresponds to
free energy difference between the wurtzite and zinc-ble
modifications. As a consequence, the density of such st
tural defects is expected to be high in nitrides exhibiting
low energy difference between these phases.42 Similar phe-
nomena were also observed in cubic GaN.43 The high defect
density may be responsible for the high doping density si
O can probably diffuse more rapidly in highly defectiv
regions.

VI. DISCUSSION

Depth-dependent CLS and CL images provide new
formation for detecting the location and physical origin
defects and impurity doping at GaN/Al2O3 interfaces.
Temperature-dependent CLS also aid in identifying the v
ous transitions observed in GaN epilayers grown on sapp
substrates. Impurity state densities depend strongly on
strate chemical and thermal treatments. Figure 13 shows
spectra of three samples~A2: 5 mm, B: 11 mm, and C: 17
mm! ~a! near interface and~b! at bulk regions. Thedint for
each spectrum is indicated in the figure. As shown in F
13~b!, all three samples that we investigated at low tempe
ture display strong donor bound exciton emission in b
regions at 10 K. We show the depth-profile CLS of the
three samples in Figs. 3, 7, and 11. The FWHM values of
D0X transitions become narrower as the samples get thic
indicative of improved crystal quality. Such variations refle
the material’s inhomogeneity, which is common for GaN e
ilayers on sapphire. Free excitons were observed in b
sample A2 and B, but not in sample C, indicative of highe
quality in the former. This finding is in good agreement wi
ECV results. As indicated in Fig. 13,nint increases with in-
creasing specimen thickness. As Figs. 13~a! and 13~b! show,
FERB can be only observed near the interface region
samples A2 and B, which have lower sheet carrier conce
tration and are thinner. However, in sample C, the emiss
from FERB increases and extends further into the bulk

s
he
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gion. It indicates that impurity diffusion for thicker spec
mens may extend further from the interface, i.e., todint

.10mm for sample C. Such extended impurity diffusion
most evident for this thickest sample~C!, consistent with its
longest time at elevated growth temperature.

We observe various optical transitions related to defe
impurities, and a secondary phase in the cross section of
sample. Sample A2 , with a ZnO buffer layer, has lower she
carrier concentration, displaying weak residual acceptor
lated luminescence. The residual acceptor can either be Z
C. This sample also shows excitonic emission bound
stacking faults and cubic phase GaN. There is no evide
showing the formation of Al–N–O near the interface in this
sample. However, in a 70-mm sample (A1), grown under
similar growth conditions as those of A2 , a broad emission
was observed well above the band edge at 3.8 eV at ro
temperature near the interface. We argue that this is due
defect complex, analogous to the O impurity in AlN.39 Dif-
ferences in the 3.8 eV emission intensities may be due
different times at elevated growth temperatures, dur
which Al, O, and N interdiffusion could occur. Since grow
rates are comparable, thicker samples held at elevated
peratures the longest might be expected to exhibit such
fusion the most. The 3.8 eV peak emission intensity
specimen C relative to those of A and B is consistent w

FIG. 13. HVPE GaN/Al2O3 CL near-interface spectra. Band tailing, ban
filling, and possible alloying are evident at higher sheet carrier concen
tion.
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this trend, although the limited data here preclude any g
eral correlation.

The sample with mediumnint ~sample B! shows strong
emissions attributed to residual acceptors. The acceptor
be due either to C or the Ga vacancy, since there is no Z
Mg found by SIMS. A new donor level at 3.447 eV appea
at the GaN/sapphire interfaces whose energy and spatia
tent correlate strongly with O outdiffusion. The intensity
this peak is in good agreement with the O distribution,
evidenced by SIMS. Our results show that the source of O
the Al2O3 substrate since the O distribution is highest ne
the interface. Oxygen, not necessarily localized in the in
face region, can also be due to the growth environment s
a high acceptor density is also observed in this sample.

Sample C displays a large-scale columnar structure
agreement with the observations of Paskovaet al.22 The
NBE emission quenches near the interface and grain bou
aries where very high defect densities appear. A broad em
sion band at 3.56 eV likely due to FERB was observ
showing high degenerate doping near interface and g
boundaries. Al–N bonding is not unexpected, given the
release from Al2O3 at the atomic-scale interface.17 It is not
surprising that stacking faults and zinc-blende GaN
formed in these highly doped areas. Together with this
generate doping, Al–N–Ocomplexes form near the interfac
of this highNint sample as well.

VII. CONCLUSIONS

CL imaging and temperature-dependent CLS show s
tematic variations in defect emissions with a wide range
HVPE GaN/sapphire electronic properties. We report la
differences between interface and bulk in terms of band e
and deep level emission. These emissions correspond t
gions of high carrier concentration, impurity doping, a
new phase formation. We observe interface features indi
ing a new donor level involving O impurities that can a
count for SIMS and ECV results. Highly degenerate int
face regions give rise to above band-gap emissions du
band filling and possible alloy formation. Combined with th
cross sectional SEM and CL images of the defects, the s
tial data provide new information on the nature of impur
diffusion and doping at the GaN/Al2O3 interface.
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