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We have used cross-sectional micro-Auger electron spectros¢®®sS), coupled with
micro-cathodoluminesceng€LS) spectroscopy, in a UHV scanning electron microscope to probe
the chemical and related electronic features of hydride vapor phase epitaxy GaN/sapphire interfaces
on a nanometer scale. AES images reveal dramatic evidence for micron-scale diffusion of O from
Al,O3 into GaN. Conversely, plateau concentrations of N can extend microns into the sapphire,
corresponding spatially to a 3.8 eV defect emission and Auger chemical shifts attributed to Al-N-O
complexes. Interface Al Auger signals extending into GaN indicates AlGaN alloy formation,
consistent with a blue-shifted CLS local interface emission. The widths of such interface transition
regions range from<<100 nm to ~1 um, depending on surface pretreatment and growth
conditions. Secondary ion mass spectroscopy depth profiles confirm the elemental character and
spatial extent of diffusion revealed by micro-AES, showing that cross-sectional AES is a useful
approach to probe interdiffusion and electronic properties at buried interf@c2804 American
Vacuum Society DOI: 10.1116/1.1795820

I. INTRODUCTION conditions can avoid such artifacts. In particular, cross sec-
tional micro-AES using a scanning electron microscopy
Chemical reaction and diffusion at semiconductor inter—(SEM) provides not only spatial distributions of elements on
faces can play a dominant role in key electronic propertieg, nanometer scale, but the AES signals can be calibrated with
such as lhzeterOJunctmn. band offsets and Schottky barrief,, 5ximately percent-scale precision to the known sensi-
formation.” Such chemical effects may occur on a mono-yjyities of the Auger analyzer to particular atomic species. In

Iayirl scalekoLcan extebllw_dhn?jnomiterfsr, or mfore.hWhlle C?”S'qhis article, we introduce this technique and its application to

erable work nas establis ed such € ecf[s or thin overlayefyicy puried interfaces of hydride vapor phase epitaxy

semiconductor interfaces, it has remained a challenge t VPE)-grown GaN on sapphire

measure ”‘?‘”Ometer'sca'e chemical features for bulk semi- IlI-nitride semiconductors are of high current interest for

conductor junctions. Approaches such as Auger electron . . . icafid
- . advanced optoelectronic and microelectronic applications.

spectroscopyAES) depth profiling or dynamic secondary

ion mass spectrometiy5IMS) can measure chemical distri- Suat),\slt::\tet)s/plgfr::ye ?;cr)wenafep;aézl\llywzr;eIrztt:rz'r:zma%t;ﬁhaeae
butions with nanometer depth resolution for thin overlayer- ' 9 '

semiconductor interfaces, but their depth resolution degradégecemly’ HVPE growth of GaN has received considerable

proportionally with increasing depth. A second challenge jsattention because its low-cost and high growth rate

the difficulty of depth profiling semiconductor interfaces (1 pm/min) can facilitate the growth of thick GaN film for
through relatively thick overlayers, tens of microns thick. InUS€ in subsequent device quality GaN homoep'%@he
addition to the long times involved, profiling artifacts asso-MOoSt commonly used substrate for HVPE GaN isGy, but
ciated with high aspect ratio craters as well as knock-on efltS 13.8% lattice mismatch with GaN can lead to very poor
fects and lattice damage can degrade both spatial as well #¥€rface characteristics, which has a major influence on the
chemical bonding information. Cross-sectional chemicaflectronic quality of epitaxial GaN films. In particular, de-

measurements carried out under ultrahigh vacuurhly)  generate dopirfgusually occurs near GaN/sapphire inter-

faces that can affect lateral transport in overgrown devices.
> _ _ _ Hall-effect measurements reveal a thirtype and highly

Current address: AFRL, Sensors Directorate, Wright Patterson Air Force . . . . ?] . T
Base, Dayton, OH 45433, conductive interfacial regionwhile SIMS results also indi-

PElectronic mail: Brillson.I@osu.edu cate mid-18° cm™3 levels of O present in this regidfl.
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Cathodoluminescence spectrosca@lLS) reveals localized localized Auger and CL spectra. Previously, we reported on
electronic states with emission energy 3.447 eV attributed tthe intensity maps of particular CL peak features in two di-
an O donor at the interface arfaThe physical origin of the mensions in order to visualize the spatial distributions of
high conductivity at the GaN/sapphire interface has beewarious excitons and defects emissions near the intetfade.
studied extensively, since it may involve impurity Here we map the intensities of Auger peak features corre-
out-diffusiorf***3 from the substrate or the initial growth sponding to specific elements. From these maps, it is pos-
surface. In this regard, Fureg al. reported the interdiffusion sible to generate intensity profiles of particular elements by
of gallium and aluminum between-GaN and sapphir¥’  extracting Auger signals perpendicular to the interfaces,
Considerable work has shown that specifics of the growtlienormalizing them with the analyzer Auger sensitivities,
process can affect the nature and extent of impurity diffu-and averaging them. We obtained average line profiles over
sion, interface chemical reactions and alloying, as well as théhe entire exposed area as well as line profiles in local re-
consequent defect formation. However, the detailed relationgions by averaging several individual line segments. The
ships between growth conditions and interface chemical inroom temperature secondary electron image and Auger mea-
teractions are not well understood. surement were taken using an electron beam energy of
Here we use micro-AES to determine spatial distributionsl0 keV and current of 3 nA corresponding to a spot size of
and chemical bonding changes of the various elements irs0 nm. The Auger electron energy resolution AE/E
volved for both relatively abrupt and extended interfaces~0.6%, and the Auger spectral step energy is 1 eV. Energy
SIMS depth profiles of the same interfaces provide a checkindows for sampling peak elemental intensities are set wide
on these spatial distributions. Furthermore, micro-CLS fromenough to avoid any artifacts due to chemical shifts. Prior to
the same local interface regions provides localized electroni@ES analysis, each of the samples were sputtered gently
information consistent with the chemical results. These studwith 1 keV eV Ar* ions to remove adventitious C and O and
ies reveal that interface transition regions with defects anény species displaced laterally by the cleaving process. Re-
mixed bonding can vary on a scale of hundreds of nm or lessidual C and O contamination measured via AES was less
depending on growth conditions. By providing information than 5% of total surface composition. We also acquired cross
on the nature of impurity out-diffusion, chemical bonding, sectional micro-CL spectra as a function of the distafukg)
and defect formation near interfaces on a nanometer scaléfom the GaN/A}O; interface.
the micro-AES cross section provides an approach to under- We used a Physical Electronics TRIFT 1l time-of-flight
stand interface chemical effects and thereby optimize the inmass spectrometer with Cand Q" ion sputter beams and a

terface growth process. pulsed Ga analysis beam for the corresponding dynamic
SIMS measurements of atomic composition versus depth
Il. EXPERIMENT from the free surface. SIMS depth profiles involved a 3 keV

Cs' sputter beam and negative ions collected as a function of

We investigated two representative GaN/sapphire interspytter time. We quantified impurity profiles using ion-
faces from different sources. These studies involved a serigfplanted AIGaN standards. See Ref. 17 for additional de-
of samples for each of these interfaces and the results hetgils. Prior to SIMS profiling, the um GaN was thinned
are representative for each group) a 17um thick GaN  down to a nominal 2um thickness over a 20am
epilayer, grown by HVPE on €0001) sapphire(Al,03) sub-  x 200 um area by micromachining using an FEI Dual Beam
strate using a chloride-transport HVPE vertical reactor with &35 focused ion bearfFIB) with 30 keV G4 ions incident
21 pm/h growth rate at 1050 °C. This sample employed aparallel to the surface. The measured 2+0.2b thickness
ZnO buffer layer before growth and Zn doping of the GaN toprovided a calibration of the SIMS depth scale. Indeed, the
render the epilayer semi-insulating. The room-temperatur@act that this FIB thinning operation was needed in order to
electron concentration near the GaN free surface was §btain SIMS elemental profiles with adequate depth resolu-

X 10" cm®. The cathodoluminescena€L) FWHM (full  tjon highlights a key comparative advantage of the cross sec-
width at half maximumof the donor bound excitofD°X) at  tional AES technique.

10 K was 12 meV;(b) a 6 um thick GaN epilayer grown
commercially on AJOz; by HVPE with a 60um/h growth
rate at 1000 °C. This sample did not employ a ZnO buffer”l' RESULTS
layer before growth but rather am situ cleaning of the sap- Figure 1 illustrates the SEM image and Auger images of
phire substrate before GaN deposition. The room-elements C, N, Ga, Al, and O at the cross section of sample
temperature electron concentration was>3I0' cm ™3 at  A. In the SEM image, the arrows indicate the interface be-
the interface and 1810 cm™2 at the surface. The CL tween the GaN bulkuppey and sapphirglower) substrate.
FWHM of the D°X at 10 K was 16 meV. The striations extending across the GaN epilayer are due to
We produced cross sections by scoring the sapphire antleavage steps but have little apparent effect on the AES
cleaving the GaN/sapphire specimen between glass covértensity maps. Likewise, such striations do not affect the
slips in air. A modified JEOL 7800F SEM Auger microprobe corresponding CL spectra since they are obtained with a
(base pressure>8107! Torr) fitted with an Oxford Scien- bulk-sensitive electron beam energy of 10 keV. The Auger
tific  monochromator with a resolution of 0.5 nm and image areas in Fig. 1 correspond to the same region as that of
visible-UV sensitive photomultiplier tube provided spatially the SEM image. The intensity scale is shown on the right of

JVST A - Vacuum, Surfaces, and Films
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GaN v

ALO, 4

Fic. 1. (Color onling GaN/sapphire Auger images in cross section illustrat- g 3. (Color onling GaN/sapphire Auger images in cross section illustrat-
ing relatively sharp boundaries between GaN angDjfor each of the near g rgjatively diffuse boundaries between GaN and@l for each of the
interface elements of sample A. near interface elements of sample B.

each panel. Bright regions within these Auger images indi-
cate higher concentration areas for a given element. Auger _ o
images of the various elements all indicate sharp GaNfrom that of O bonded in the AD;. Similarly, the 61:37

sapphire interfaces. No obvious diffusion was observable di@tio of O:Al in the ALO; is ~10% higher than expected
this resolution. from stoichiometry considerations, corresponding to

Figure 2 shows the line profiles of these elements, corre==5% —6% excess O. The high 55:30 rather than 1:1 ratio of

sponding to the Auger images in Fig. 1. These line profilesGa:N appears to be an artifact of the given analyzer sensitiv-
are normalized by the relative Auger sensitivity factors of C,ity factors.

N, Ga, Al, and O to obtain atomic surface concentrations of Figure 3 shows the SEM and Auger images of sample B.
each element in the measured area. By monitoring the Augekhe GaN epilayer and sapphire substrate are noted in the
signals across the interface and averaging Auger intensiti€SEM image with arrows indicating the interface. The bright
of several line profiles across the whole exposed interfaceirea extending from the interface into the sapphire is termed
we obtained average line profiles for each of the elementghe transition area. Auger images show the elemental distri-
These line profiles show that the interfaces are abrupt t@utions across the interface and reveal pronounced evidence
<100 nm, calculated from the width over which intensity for diffusion of O from ALO; into GaN and N from GaN
changes from 90% to 10%. This apparent broadening may biéto the ALO; substrate. The N Auger image clearly shows a
due in part to local variations in sapphire flatness, effects osignificant N intensity at the interface extendin@ um into

the surface pretreatment, or as yet unknown artifacts of théhe sapphire. The depth of this N transition in the N Auger
AES scanning technique. The O Auger intensity in the GaNmage is approximately equal to the thickness of the transi-
far from the interface is measured to bd.0%, possibly due tion area shown in the Fig. 3 SEM image. Conversely, O
to O adsorbed following sputtering. As shown later, the Odiffuses about Jum into the GaN as shown by the less in-

Auger lineshape in the GaN exhibits a qualitative differencetense O signal. Al also shows some relatively small intensity
extending from the sapphire into the GaN. Residual carbon

observed across the surface may be present despite the Ar
Interface sputter cleaning due to cleavage-related roughness that could
Ga “shadow” the ion beam. This effect could also account for
60 (9] the uneven distributions of Ga and O near the surface.

AES line profiles in Fig. 4 provide quantitative measures
of the interdiffusion apparent in the images of Fig. 3. Line
profiles show that the O concentration typically decreases
exponentially from 55% te-15% over~0.85 um into GaN.
Conversely, N signals with plateau concentrations of
~5-15% extend~1.3 um into the sapphire. Ga exhibits no
strong diffusion but rather an apparent decrease near the in-
terface due to increasing percentages of O and Al. A similar
apparent decrease is evident for N in GaN near the interface.
The Ga:N ratio of 45:35 indicates an apparent decrease in
surface Ga at the exposed GaN surface, consistent with the
increased O surface coverage and its preferential adsorption
on Ga sites. Interface Al decreases frorl5% to <1%

Fic. 2. (Color onling (a) Local segments and averaged Auger line profiles OVEr ~2 pm into the GaN. It alsol depreases in the near-
for O, N, Al and Ga concentrations corresponding to the interface in Fig. linterface AbO5; as the N concentration increases.
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) . . Fic. 6. (Color onling Room temperature cross-sectional CL spectra vs dis-
Fic. 4. (Color onling Averaged Auger line profiles for O, N, Al and Ga  gnce from the GaN/AD; interface in sample B.

concentrations corresponding to the interface in Fig. 3.

In order to confirm the s_patial distribution of elements fjym the interdiffusion of N into sapphirésee sapphire-side
found by cross-sectional micro-AES, we performed S"V'Sarrow), here decreasing by two orders of magnitude over a
depth profiles of interfaces from the same specimen used igjstance of~1 um. The discrepancy in N profile depth in
Figs. 3 and 4. For such analysis, however, it was necessary {fe ALO; between AES and SIMS can be attributed to a
thin down the thick specimen over a comparatively wide areghange in the rate of SIMS sputtering that occurs between
before commencing the SIMS sputtering. Without reducingne GaN and the ADs. The SIMS fragment profiles supply
the specimen thickness, the SIMS analysis would have resqgitional information on the nature of N in A, The Al
quired impractically long periods of time and would have ;N fragment profile has a qualitatively different shape and
been prone to the sputtering artifacts mentioned above. Thg, order of magnitude higher intensity than the Ga+N profile
SIMS results for specimen B appear in Fig. 5. They show af, the ALO,, revealing the N bonding with Al inside this
O shoulder(see GaN-side arrowextending to a baseline yegion. Furthermore, AI-N bonding is also evident in the
value ~0.85um from the AbO; into the GaN epilayer, in-  GaN, decreasing by an order or magnitude only beyond
dicative of O diffusion and in good agreement with the O __4 um, whereas Al and Al+O fragment profiles decrease
shoulder feature of the AES profile in Fig. 4. Calibration ych faster from AJO; into GaN. The 1—2um extension of
experiments of background O versus sputter rate indicatg| three Al profiles into the GaN is in rough agreement with
that the baseline O concentration shown in the bulk GaN igphe ~2 um distance obtained via AES. Thus Figs. 4 and 5
increased by an order of magnitude due to adventitious Qjsplay the same qualitative interdiffusion of O, N, and Al, as
probed during the sputtering. The SIMS depth profiles conye|| as semiquantitative agreement of the lengths to which

they diffuse.
Corresponding to these AES and SIMS changes, we mea-

Sapphire sida sured micro-CL spectra across the same interface using our
Gal side | —————0 UHV SEM electron beam. Figure 6 shows room temperature
CL spectra as a function of distance from the interface in
sample B. Far from the interface, the characterigNBE)
emission of GaN dominates at 3.41 eV. The relatively broad
3.8 eV peak at,;=0 is commonly observed in the A
near GaN’ Here it is still pronounced atl,;=0.5 um. A
3.8 eV emission in AIN has been assigned to O impuﬁ'?ies
and can thus be assigned here to AI-N-O bonding. It also
suggests the possible formation of AIN complexes at the
GaN/sapphire interface. The broad 3.56 eV peakdgat
=0.8um appears due to the overlap of the 3.41 eV GaN and
3.8 eV sapphire features.
e — Figure {a) shows an SEM image of sample B with spots

T L "Dﬂiataniﬁmm :'n‘:ﬁanz-ﬁ L at locations which Auger spectra in Figgbyand 1c) were

el taken. The AES results show a clear change in the O KLL

Fic. 5. (Color onling SIMS line profiles for O, Al, Al+0, Al+N, and Ga  features for positions within-1 um of the interface on the
+N fragments. GaN side and~2 um on the A}O; side. The spectra close

Interface

1000

1000

Counts

A0
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Fic. 7. (Color onling (a) Sample B SEM cross-sectional image of the
GaN/AlLQO; interface. Individual AES spectra @) high and(c) low energy
are numbered to correspond with real space positions sho\a).in

N(E) (a.u.)

N(E) (a.u.)
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to the interfacg10 and 11 show intermediate bonding en-
ergies in the O KLL peak structure. This further confirms the
change in bonding at the interface. The N KLL peak is
present only above percent intensity levels in the GaN and in
the interface region, extending slightly into the,@k. This
feature appears insensitive to bonding changes involving Al.
In that sense, it serves as a energy reference to confirm the
shift of the O peak. The AES results show a change in the Al
KLL features in crossing the interface. Ga appears only on
the GaN side and exhibits no AES line shape changes. An Al
peak with elemental binding appears at the interface on the
sapphire side, suggesting that elemental Al is formed as a
result of O diffusion from AJO3. Notwithstanding the initial

low energy ion sputtering, the AES line shapes appear to be
dependent on position and consistent with the interdiffusion
as gauged by the line profiles of elemental intensity.

IV. DISCUSSION

The results of Sec. lll show that micro-AES in cross sec-
tion can clearly distinguish between relatively abrupt and
interdiffused interfaces. SIMS depth profiles of the bulk in-
terface confirm the spatial variations and elemental nature of
the diffusion. Micro-CLS studies of the same cross-sectional
regions demonstrate that such diffusion has electronic conse-
quences. AES RE) spectra across the interface region illus-
trate that it is even possible to obtain chemical bonding in-
formation with this technique.

Figure 1 shows that HVPE GaN can be grown on sapphire
with interfaces that are abrupt to less than 100 nm. Even
though the sample was grown on a ZnO-coated sapphire wa-
fer, there is no AES evidence of any ZnO at the interface,
suggesting that most of the film is thermally desorbed early
in the GaN film growth. However, it appears that this ZnO
layer acts as a diffusion barrier and enhances nucleation re-
sulting in superior film quality’ Such a diffusion barrier
may be due to formation of a Zn ceramic layer as suggested
by Guet al?° The enhanced GaN nucleation may also serve
to prevent the N and O diffusion during the initial growth
process. In comparison, the Auger images in Fig. 3 for
sample B, within situ Al,O5 cleaning and without a ZnO
buffer layer, reveal dramatic evidence of interdiffusion of O
from Al,O3 into GaN and N from GaN into AD; on the
same interfaces. SIMS indicates AIN bonding within the
Al, Oz and O-Al-Ga-N bonding with the GaN.

CLS spectra of the interface region are in agreement with
O-Al-N bonding, O in the GaN, and Al alloying with the
GaN at the interface. One might argue that the near-interface
GaN feature is due to conduction band filling associated with
the degenerate carrier concentrations at GabAl
interface$” However, 10 K spectfd reveal two distinct
peaks at 3.6 and 3.5 eV whose precise energies vary with
position rather than a broad band filling feature. The higher
energy peak may be due to,&a_,O/N;_, alloying. This is
consistent with the observation of elements Ga, Al, N, and O
by Auger images in the same area. The different energies at
different positions could be due to different Al concentra-
tions. A well-resolved peak at 3.44 eV is observed at this
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