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Correlation between threading dislocation density and the refractive index
of AIN grown by molecular-beam epitaxy on Si ~ (111)
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We report on the influence of the structural properties on the refractive index of AIN films grown on
Si(111) substrates by molecular-beam epitaxy using ammonia. The structural properties are assessed
by reflection high-energy electron diffraction, atomic force microscopy, transmission electron
microscopy, and x-ray diffraction. Refractive index values are deduced from room-temperature
spectroscopic ellipsometry. Optical data analysis is performed using the Kramerigrketation in

the transparent spectral region, from 1.6 to 3.2 eV. Evidence is presented showing the influence of
strain and dislocation density on the AIN layer refractive index. 2@03 American Institute of
Physics. [DOI: 10.1063/1.155821]7

The application of GaN, AIN, and their alloys for the though the use of this substrate is of considerable potential
fabrication of short-wavelength optoelectronics deViaas-  interest for the development of low-cost devices, Si presents
courages the development of vertical-cavity structures cona large mismatch with GaN and related materials in terms of
sisting of such distributed Bragg reflectdi3BRs) as reso- both lattice parameter and thermal expansion coefficient. Ac-
nant microcavity light emitters, detectors, and Fabry—Perotually, group-lll epitaxial growth on Si substrates requires
modulators® The first difficulty encountered in the epitaxial the growth of a specific strain-balanced buffer layer.
growth of high-quality nitride DBRs is the lack of knowl- In this letter, the influence of the structural quality on the
edge of refractive indices, which play a key role in the desigrrefractive index of AIN thin films grown on Si substrate is
of such devices. Although nitrides have been actively studiednvestigated in the transparent spectral region, through com-
for more than a decade, there are siill significant inconsisterPined measurements of reflection high-energy electron dif-
cies in the published data for the refractive index as functiorfraction (RHEED), transmission electron microscopeEM),
of the photon energy and alloy composititif. This can be ~atomic force microscopfyAFM), x-ray diffraction (XRD),
due to the different measurement methods ugeism cou- ~and spectroscopic ellipsometry.
pling, ellipsometry, and interferometrybut also to the vari- The three nitride samples investigated in detail here were
ous growth procedures used to grow single-crystal nitridd"0Wn on Si111) by MBE, using ammonia as the N precur-
thin films. The strain state, surface roughness, and disloc&°" @nd standard solid sources for the group-lil elements.
tion density of these thin films are believed to be very de-Details Ofo the growth procedure have been reported
pendent on the growth methodology. Shokhovetsal! elsewheré! Sample_s A and B were grown d|re_ctly on Si
have, for example, shown the strong influence on the opticzsc‘fUbStrate and consist of a 250-nm- and 1.@8%thick AIN

data of the surface roughness and the nature of the interfa&%yer' respectively. Sample C was also grown on Si, but con-

layer between the nitride film and the substrate. In addition?lstt)stofttheAfloII%wmg /Igyer ;;guen(;i],\?tgg:)ng fromT:]he Si
Ozgur et al® have suggested that the difference in the bow->uPstrate: M40 nm)/GaN nm (. nr’r).' €

ing parameter of AlIGaN alloy between molecular-beam epi-thlc.kne.SS of each Ia){e_r has been .determmeld QUrmg growth
taxy (MBE)-grown samples and metalorganic chemical va—b.y in situ laser rfeﬂectlwty and verified posterioriby scan-
por deposition (MOCVD)-grown samples, explains the nmngll:(;:;)i% rr:zlg[fl)tsscgﬁlﬁe structural property investigation
d|scr§_pancy n refracﬂ_vg mdex_ va!ues. A ke)_/ point W_h'F:h 'S of the samples are first summarized. Both RHEED and AFM
specific to group-Ill nitride epitaxial layers is that nitrides

| I highly latti . tched bwere used to assess the surface morphology of the AIN lay-
ayers are generatly grown on nighly lattice-mismatched Subg, g pq, samples A and B, the AIN RHEED pattern evolution
strates and therefore experience strain, which in turn leads

t(? ring the direct growth on Si indicates that the growth first
change in band-gap-energy-dependent feaftités. a result, urng ! grow i indi growth fi

h ical ! il be sliahtly diff i th follows a three-dimensional mode and progressively be-
the optical properties will be slightly different in the trans- g two-dimensional2D) after some tenths of nanom-

parent spectral region. This is true particularly when epitax'eters. Conversely, the RHEED pattern of the final AIN layer
ial growth is performed on a silicon substrate. Indeed, al sample C reveals a 2D growth mode from the very first
monolayers deposited on GaRThese observations are con-

3Electronic mail: fn@crhea.cnrs.fr firmed by AFM images of the surface. Measurements of the
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FIG. 1. A cross-sectional TEM image of a layer sequence of(AINnm)/
GaN250 nm/AIN (250 nm/GaN.

rms roughness, typically 0.4 nm, from &3 uwm? scan, for
both samples A and B, do not show a dependence on the
thickness of the AIN grown directly on Si layers. The surface
layer of sample C is also very flat, having rms roughness,
calculated from a 83 um? scan, of less than 0.9 nm. A
cross-sectional TEM image of a sample corresponding to the
same layer sequence as sample C, but upon which a thick
GaN layer has been subsequently grown, is reported in Fig.
1. The epitaxial sequence, starting from thél$1) substrate,
is the following: AIN(40 nm/GaN250 nm)/AIN (250 nmy/
GaN. One can first note that the three interfaces clearly con-
tribute to the reduction of the dislocation density in the final
GaN layer. One can also remark that in the AIN layers, dis-
locations, tilting, or bending are not observed, contrary to the
case of GaN layers where interactions between dislocations
leads to their reductiot? A point of particular interest here is
the strong difference between the dislocation density in the
AIN layer directly grown on the Si substrate and the second
one grown on the GaN intermediate layer. Even if the inter-
face with Si is sharp and no amorphous interfacial layer can ) .
be observelf for the first grown AIN layerwhich is the case  (1.055 um), is partially cracked. We can therefore assume
for samples A, B, and I a highly defective region with a that sample A is more relaxed than sample B. This assump-
very high threading and misfit dislocations density is presention is confirmed by XRD measurements, which show that
due to the large lattice mismatch between AIN and Si. The@mples A and B have out-of-plang, deformations of
dislocation density in the AIN layer directly grown on Si was —1.7% and—2.2%, respectively. When the strain becomes
estimated from plane-view TEM images for samples A and BMore and more tensile, the upper valence band gap becomes
[Fig. 2a)], and is about % 1011 cm™2. On top of such lay- 17, and at the same time the band gap decreb¥eshis
ers, the GaN growth allows a reduction in dislocation densitymplies that the band gap of sample A is slightly larger than
in the subsequent AN layer by a factor 10 to 20, as shown ithe one of sample B, and explains the observed difference in
Fig. 2(b) corresponding to sample C. Thus, one would expect
a significant difference between the refractive indexes of o sampleA 0T
samples A, B, and C if dislocations play a role. 2181 A sampleB AT
Figure 3 reports the index of refraction measured at 300 O sample C
K as a function of photon energy in the range of 1.6 to 3.2 214}
eV for samples A, B, and C. It can be seen that there is a
noticeable difference in refractive index values among the 212 |
three samples, and especially between sample C and the twﬁ

200nm @
.

. B i

FIG. 2. Plane-view TEM images @& sample A andb) sample C.

others. Since the index of refraction is fundamentally linked & 210 L i
to the band-gap enerdy,one can postulate that observed & ~
differences in refractive index values is due to different band®

2.08 |- -

gap energies for the three AIN layers examined. Let us first
consider the difference between samples A and B. During the
cooling of the sample after the growth, an extensive stress 206}
appears due to the large thermal mismatch between Si an T M M e R N T
the nitride layers~100%. The extensive stress is correlated 416 18 200 22 2426 2830 32 34
to the thickness and the strain state of the layer at the end o, Photon Energy (¢V)

the growth before the cooling procedure. Optical MIiCroSCOP¥ G, 3. index of refraction of the AIN films vs photon energy at room

reveals that, unlike sample B, sample A, which is thickertemperaturdsolid lines are a fit using Ed1)].
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220r rrepew ELEMLEA T T ) plex structures corresponding to optoelectronic devices, the
218 ||~ — - Ozgireral J structural properties of a given layer are very much depen-
100k Brunner et al 1 dent on its place in the epitaxial layer stacking. This means
218 & Tangetal 1  that, in order to properly design and optimize vertical-cavity-
O Kohnetal 1 !
AT _ R based optoelectronic devices, it is necessary to measure the
§ 22 L L o] refractive index of the different layers used in a configuration
2 ] ’ that is very close or identical to that of the final device stack-
§ 2.10 i e ing.
2 08 | i In summary, a correlation between structural and optical
206 | ] properties is reported for AIN films grown on ($11) by
T MBE. The structural quality of the films is shown to strongly
N influence the index of refraction as measured at 300 K by
14 16 1.8 20 22 24 26 28 30 32 34 spectroscopic ellipsometry in the spectral range of 1.6 to 3.2
Photon Energy (eV) eV. Taking into account the different strain state and using a

. . formalism based on the Kramers—kig dispersion relation,
FIG. 4. Index of refraction of AIN film vs photon energy at room tempera- f lai dto d ibe th fracti ind f AIN f
ture determined from our ellipsometry experiments and in comparison wittft formula 1s u§e 0 describe the reiracuve index O. Qf
published data. photon energies below the band gap. A comparison with
other published data reveals significant differences in the re-
refractive index values. However, such an extensive stre gactlv_e index \_/alues_that are _mosth_kely related to variations
n strain and dislocation density, which are a consequence of

effect cannot explain the large shift observed when compalj—

ing samples A and B with C. Indeed, sample C has an out'Ehe various growth conditions used.

of-plane ., deformation of —2%, and therefore the band The authors are grateful M. Leroux for many valuable
gaps of the three samples are similar. Also, the rms roughyiscussions and N. Grandjean for a critical reading of the
ness is similar and thus is not expected to appreciably inﬂumanuscript. One of the authof®.B.) would like to ac-
ence the optical dathOne can therefore assume that theknowledge the support of EU RTN “CLERMONT” pro-
difference in the refractive index, comparing samples A ancbram' Contract No. HPRN-CT-1999-00132. This work was

dislocation density. The experimental data reported in Fig. £NRS under the grant name FINARCOS.

can be fitted using the Kramers—Iig dispersion relatioh®
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