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By using polarization-dependent x-ray absorption spectroscopy at the Ga edge, we study the growth
of GaN on SiG000)) in the thickness range 0.7—150 nm. We find that the growth is always relaxed
(i.e., nonpseudomorphieven for the thinnest epilayers, i.e., below the expected critical thickness.
No evidence is found for a mixed Ga/Si interface plane, while a C/N mixed interface plane cannot
be ruled out. The results are discussed with reference to the electronic structure of the SiC/GaN
heterojunction and in particular to band offsets and strain-induced piezoelectric polarization.
© 1999 American Institute of PhysidsS0003-695(99)03722-3

GaN and related 1lI-N compound semiconductors posthe fluorescence mode is a powerful tool used to determine
sess unique material properties which make them extremelhe local atomic structure of thin semiconductor
attractive for optoelectronic and high temperature, highheterostructure¥:*? It has also been recently applied to
power microelectronic applications; they are the subject ohitrides!®* obtaining a local characterization of pure and
much current interest, for example for the realization ofalloy thin films. In this letter we present a study of the local
blue—violet diode lasersAll the devices which have been structure for GaN epilayers grown on $8001) in the nomi-
fabricated up to now are based on heterostructures. One eral thickness range 0.7—150 nm. This range was chosen be-
ample is the GaN/SiC heterobipolar transistor with a GaNcause the available estimates of the critical thickness for
emitter realized by growth on a Si@-n junction? the sys- strain relaxation range, for the related AIN/GaN system, be-
tem subject of the present letter. tween 1.5 and 4 nrfi’® By exploiting polarization-dependent

The importance of strain in determining electronic prop-measurements we determine the local structure in the first
erties is well knowr?. There are some peculiar characteristicsand second coordination shell, thus providing important in-
of nitrides which make this relationship even more impor-formation for modeling the heterostructure.
tant. Besides spontaneous polarization, nitrides exhibit an  GaN samples were grown on Si-terminated B
important strain-dependent piezoelectric polarization whichsubstrates by molecular beam epitaxy with a rf plasma
determines a significant band bendfhive note that the source for the activated nitrogen supply. The substrates were
elastic properties of the nitrides are still a matter ofprepared, after the usual chemical procedure, by annealing in
research® and that there is no experimental measurement Ofiltrahigh vacuumUHV) at 1000 °C in Si flux, in order to
the critical thickness in epitaxial growth. The abrupt GaN/obtain a surface free of oxygen, which showed a
SiC interface is expected to be electrically chargand thus /3 x/3R30° reconstruction, as checked by low-energy elec-
unstable; atomic intermixing at the interface is thus predictedron diffraction (LEED). The GaN growth temperature was
to be an intrinsic phenomenon which stabilizes the systemgp0 °C and the rate 1.5 nm/min. A series of epitaxial layers
Supplementary intermixing originating from nonoptimized was grown with nominal thicknesses between 0.7 and 150
growth procedures may of course occur in the layers furthepm (Table ). The four thinnest GaN epilayers, up to 6 nm of
from the interface. Finally, a variation of the lattice spacingthickness, were also analyzedsitu by x-ray photoemission
near the junction with a significant effect on the band Offsetsspectroscop)(XPS) providing information on the electronic
has been predicted for the related SIC/AIN sysfewthile  roperties of the ultrathin SIC/GaN heterostructures, with
there are some theoretical predictions available in the “teraparticular reference to the valence band offset and the mac-
ture, quantitative experimental determination of atomicyggcopic polarization fieldsThe samples were characterized
structure at nitride heterostructures is not yet available. by atomic force microscopyAFM), showing an increase in

X-ray absorption fine structureXAFS) spectroscopy in root-mean-squar@ms) roughness from 0.75 nm for the thin-
nest sample to a constant rms roughness of 1.4 nm for the
dElectronic mail: BOSCHERINI@LNF.INFN.IT two thickest ones.
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TABLE I. Sample nominal thickness and local structural parameters for the Ga—Ga second shell: interatomic
distanceR, coordination numbers CN, and Debye—Waller factar$)(

R R CN CN a? a?
Thickness  parallel  perpendicular parallel perpendicular parallel perpendicular
Sample (nm)  (=0.01A) (x0.01A) (*x1) (=1) (£1x10°%A%) (+x1x103%A?
AT72 150 3.18 3.17 12 12 24 2.6
A73 15 3.18 3.17 12 12 31 2.9
A74 5 3.18 3.17 12 12 2.6 2.9
A75 3 3.18 3.17 12 12 2.7 3.4
A76 15 3.16 3.17 11 11 4.7 3.6
A79 0.7 3.16 3.16 7 6 4.4 3.2

XAFS experiments at the G& edge were performed at out-of-plane second shell correlations are probed, while in
the BM8 “GILDA” CRG beamline of the European Syn- the parallel geometry the in-plane correlations have approxi-
chrotron Radiation Facility. A $113 dynamically sagitally mately three times the relative weight compared to the out-
focusing monochromator was usBcand harmonics were of-plane correlations.
eliminated with a pair of Pd-coated grazing incidence mir-  From Fig. 2 we observe that there are no apparent shifts
rors. The G& , fluorescence intensity was monitored usingin the position of either the first or the second peaks of the
a seven element hyper-pure Ge detector. Spectra were aeeurier transforms. On the other hand, there is a clear de-
quired in two geometries: with the angle between the electricrease of the intensity of the second peak with decreasing
vector of the photon beam and th@001] direction either thickness.
15° or 75°; these two geometries preferentially probe the Quantitative analysis was performed by inverse Fourier
structure either perpendicular or parallel to the growth planetransforms and-space fitting. Analysis of the first shell data
respectively. showed that for all thicknesses Ga is surrounded by four N

XAFS data were analyzed using standard proceduresitoms at an average distance of 196015 A, with no sig-
using Fourier-filtering techniques. The background-nificant changes in the Debye—Wall@W) factor. The in-
subtracted raw data are shown in Fig. 1 and the good signalerse Fourier transform of the second peak in the range
to-noise ratio, even for the 0.7 nm sample, is apparent. Thg.12—-3.8 A was fitted with two theoretical contributions,
raw data was Fourier transformed in the range 2.5-13 A both simulated with thesnxas'’ package: a Ga—Ga contri-
with a k? weight and the result is shown in Fig. 2. The peakbution with variable coordination numbéEN), DW and dis-
in the range 1-2 A is due to the N nearest neighbors whicltance, and a Ga—N contributiofthird shel); due to the
occur, in bulk GaN, at an average distance of 1.95 A. Thaveakness of this contribution its CN and distance were kept
strong peak at-2.8 A is due mainly to the Ga second shell fixed at the bulk value. The quality of the fits thus obtained is
at an average distance in the bulk of 3.184 A; there is also #lustrated in Fig. 3, while the local structural parameters for
weak contribution from the N third shell at 3.74%A. the second shell are listed in Table | for all samples and both

We will focus our attention on the Ga second shell sincepolarizations.
in the wurzite structure it bears a simple relation to the in- It is clear that within 0.02 A, there is no chan@nd no
plane and out-of-plane lattice parametarandc; in fact, in  apparent trendin the second shell distance with epilayer
bulk GaN, six Ga atoms lie in the sar(@001) basal plane as thickness. This is even more evident if compared to the 0.1 A
the central atom at a distaneg while the other six Ga at- difference ofa between GaN and SiC which, if pseudomor-
oms, positioned in parallel basal plangisree atoms above phic growth were occurring, would lead to measured second
and three beloyy are at a distancg(1/3)a+ (1/4)c?. The  shell distances of 3.224 and 3.116 A in the perpendicular and
measurement of the second shell distances thus providesparallel geometries, respectively; these values have been cal-
direct probe of the lattice parameters for the epilayers. To @ulated using £,3/C33=2.09° and taking into account the
good approximation, in the perpendicular geometry only theXAFS polarization factor. Our data thus indicate that a re-
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FIG. 2. Magnitude of the Fourier transforrfia the range 2.5-13.1 A) in
FIG. 1. Representative background-subtracted raw XAFS data in the twthe two polarizations for samples of thickness 15 (tinick continuous ling
polarizations used; sample thickndssn) is indicated. 1.5 nm(thin continuous ling and 0.7 nm(dotted ling.
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T A RALLEL, T when considering the possibility of a Ga—Si mixed plane
AAVAVAVAVAV 2L} because a Ga-Si signal has a completely diffeketiépen-
_ i_\/«\/\/\/\/\/\/\/\flé5 dence than a Ga—Ga one. It can be calculated that, at the
P J\W\/\/\/\/\/\AV\/\Wu suggested relative occupancy, a Ga—Si CN of approximately
5 i RSN CUTAR 1 is expected iq either polarization; we can exclude this
= VAVAMAVAAAANAA.T amount of Ga—Si second shell correlations and thus our data
. \/\/\/\/\/\/\/\/\A.s do not support the presence of a Ga/Si intermixed at a rela-
MW\A/VVWW\NSS tive occupancy of 75%/25%. It must be pointed out that an
VYV YYVVVY T intermixed interface is predicted in order to neutralize the
s 4 6 8 10 12 14 charge located at the IV-IV/III-V h_ete_rovalent interface ano_l
K (A thus prevent the presence at equilibrium of a strong electric

field in the upper layer. However, in very thin epitaxial ni-

FIG. 3. R_epresentati_ve_ fit_s for the second and third coordination shellstride heterostructures such strong electrostatic fields, due to
sample thicknesgnm) is indicated. spontaneous polarization and/or piezoelectric contributions,

_ have been experimentally obsenfed:?°
laxed, nonpseudomorphic growth takes place for these oy result provides the structural basis for an interpreta-
samples. This implies that, at least for the growth conditionsjon of the electronic properties probed by XPShe clear
employed, the critical thickness for strain relaxation iseyigence for relaxed growth implies that piezoelectric polar-
smaller than the 1.5-4 nm range expected. This is to bgation will be absent, the only contributions to a static elec-
contrasted with the situation in 1ll-V systems in which a ¢ field in the epilayer being due to the spontaneous polar-
transition from strained to relaxed growth is present and hag ation and/or to an interface charge. In fact, for these
significant effects on the local structureContrary to the samples a shift of the Gai3core levels with overlayer thick-
theoretical predictiofi,which was made assuming pseudo-ness is observed and its sign is compatible with a relaxed
morphic growth, we have found no evidence for the variatiorgrowth_ The valence band discontinuity of 8.8.1 eV (with

of interplanar spacing with epilayer thickness. ~the GaN valence band maximum lower than that of)SiC
The CNs exhibit a decrease below 1.5 nm nominal thick-shoy|d be attributed to a relaxed GaN growth.
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