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ABSTRACT

We measured the dli psometric resporse from 0.7-5.4 eV of c-axis oriented AIN on Si (111)
grown by moleaular beam epitaxy. We determine the film thicknesses and find that for our AIN
the refradive index is abou 5-10% lower than in buk AIN single aystals. Most likely, this
discrepancy is due to alow film density (compared to buk AIN), based on measurements using
Rutherford badkscatering. The films were dso charaderized using atomic force microscopy and
x-ray diffradion to study the growth morphdogy. We find that AIN can be grown onSi (111)
withou buffer layers resulting in truely two-dimensional growth, low surface roughness and
relatively narrow x-ray peek widths.

INTRODUCTION

AIN, like dl group-ll nitrides, has recently receved much attention becaise of its potential
applicaionsin high-power and hgh-frequency eledronics, optoeledronics, e edronic padaging,
and ceg-UV lithography. The resulting flurry of adivities in this area however, dces not mean
that AIN is anew material. Publicaions on the physicd properties of AIN go bad more than 35
yeas [1]. Much o the ealy results are based on poneaing work by Sladk, who synthesized
high-purity AIN single-crystals and studied their properties, particularly the high therma con
ductivity [2,3]. Recent interest in AIN has ghifted to thin films prepared on different substrates
(Si, SIC, sapphire) using a variety of tedhniques, such as moleaular bean epitaxy (MBE), che-
micd vapor depaosition [4], and RF sputtering [5].

The opticd properties of AlIN, i.e., the refradive index n and extinction coefficient k, have
recantly been reviewed by Loughin and French [3]. Below the band gap o abou 6.1 eV, the
material is esentially transparent, al owing the determination o n using bulk crystals. Such mea
surements are usualy caried ou employing the minimum-deviation gism method with
extremely high acaracy, na adieveale on thin films. Bulk measurements are not affeded
much by surfaces and interfaces, although the dhemicd compasition is important. It is generally
asumed that the aystals grown by Sladk contain avery littl e oxygen or other impurities [3].

Therefore, the purpose of our work is not to determine the refradive index of AIN, bu rather
to compare the refradive index of AIN thin films grown by MBE with that of bulk crystals and to
draw conclusions abou the properties of the film. Our work is smilar to that of Jones et al. [5],
except that their films were prepared by RF sputtering. Our AIN films were grown using MBE on
low-resistivity Si (111), cut 3° off towards (110), at 860°C with anmonia & the nitrogen source,
therefore they might contain some hydrogen o sili con, which tend to reduce n. Because of the
high affinity of AIN for oxygen, contamination with axygen isapossbility [4], which would aso
reduce the value of n. Infrared transmisson measurements of AIN on hgh-resistivity two-side
polished Si are planned to determine the impurity content. Two films were studied here, ore
displaying predominantly 2-D growth (#1, naninal thickness 1500A), the other mixed 2-D and
3-D growth (#2, naminal thickness2000A)).



MRS spring medting San Francisco, April 5-9, 1999, pper Y5.21

AIN FILM PROPERTIESBY X-RAY DIFFRACTION, RUTHERFORD
BACKSCATTERING, AND ATOMIC FORCE MICROSCOPY

Sincethe AIN films are grown onSi (111), the aystal structure template defined by the sub-
strate encourages growth of wurtzite AIN with the hexagonal axis along the growth dredion.
Thisis confirmed by a9-29 x-ray diffradion scan using a D-MAXB single-axis goniometer with
a Rigaku RU-200BH rotating-anode x-ray generator, see Fig. 2 (). Becaise of the substrate
miscut, which canna be mmpensated by our experimental arrangement, the Si (111) pe& is
broad and wed&. The AIN (0002 pe& for film #1 is found at 28=36.05° correspondng to a
|lattice @nstant c=4.98A, in agreament with the literature for bulk AIN [1]. Therefore, the strain
in the film due to the lattice mismatch between AIN and Si is completely relaxed by misfit dis-
locaions. The width of the 20 pe&k is 0.3-0.4°, dlightly larger than the instrumental resolution o
0.2°.A rocking curve with the detedor fixed at 28=36.05°shows a ped at 16.2°,indicaing atilt
between the c-axis of the film and the surface normal because of the substrate miscut. The
magnitude of the tilt canna easily be determined with ou goniometer. The width of the AIN
(0002 rocking curve pe&, seeFig. 2 (b), is dightly lessthan 1°,giving an estimate of the mosaic
spread dweto dslocaions. The width of the AIN (0004 rocking curve pe&k is 0.86°(nat shown).
Film #2 shows smilar x-ray diffradion results.

Atomic force microscopy (AFM) analysis of the AIN films were caried ou on a Dimension
3000instrument in tapping mode. The surfaceroughressof the two AIN films was substantially
different. Whereas the film #2 with mixed 2-D and 3D growth mode had a surfaceroughressof
abou 142 A, film #1 with 2D growth mode was much smoother and hed surfaceroughress of
abou 10A. Shown in Fig. 1isa perspedive view AFM image of the AIN film #1 evidencing the
high gowth quality. The film exhibits a dea terrace ad step structure that is typicd of films
with layer-by-layer 2-D growth ontilted substrates. The angle subtended by the terraces with the
average film surfaceis abou 2°. Assuming that the terraces are the AIN (0007) planes the miscut
angle for AIN would be 2° which compares favorably with the intended miscut of the S
substrate of 3°. The average step height measured by AFM is greder than 30 A. Since the
thicknessof 1 ML of AIN is2.49A, the AFM results ow that thereis sgnificant step burching
during AIN growth resulting in steps that are greaer than 10MLs high.

Rutherford badkscatering (RBS) finds that the density of the AIN film #1is 3.0g/cm®, about
10% lower than the pulished density of 3.26g/cm? [1]. For film #2, the density is 2.9 g/em®, i.e.,
somewhat lower. Most likely, the differences in density are due to hydrogen (possbly saturating
dangling bonds at structural defeds) or other impurities (such as oxygen) propagating along
dislocaions or other growth defeds (particularly in film #2). There is also a very smal RBS
yield duwe to a mntaminant with a mass $milar to that of Ga (lessthan 0.1% by composition),
which isnat expeded to have ameasureable influence onthe opticd properties.

ELLIPSOMETRY MEASUREMENTS

Elli psometry measurements were caried ou using a Wodlam variable-angle dli psometer
with compensator in the 0.74to 5.4eV spedra range & three angles of incidence @=65°, 70°,
and 75°.We obtained the dli psometric angles Y and A, which are defined by rp/r<=tanpexp(id),
where rp, and rs are the complex Fresnel refledion coefficients (amplitude and phase) for p- and
s-poarized light. The finite bandwidth of our monochromator (abou 1.5 mm) leals to a
depadlarization with an amplitude of no more than 6%. There is no additional depdarization die
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to thicknessnonunformities, which is also evident by the uniform coloration d the films aaoss
the wafer surface The dli psometric anglesfor film #1 are shown in Fig. 3 (dashed lines).

100.000 nm

(1], ]

Figure 1: Perspedive view atomic force microscopy image of AIN film #1 with 2-D growth by
the terrace ad step structure of the film.

We describe our data using a four-layer (ambient/surfacéAIN film/substrate) model. An
interfacelayer between the AIN film and the substrate does nat improve the agreament between
the data and the model. (In contrast to the work described in [4], no bufer was grown between
the substrate and the AIN film.) We first ignore the birefringence of AIN and describe n with a
Cauchy equation n=A+B/A+C/\?, where A is the wavelength. (Similar results are obtained with a
Sellmeier equation a using a Lorentz oscill ator.) The extinction coefficient k of the film is
asuumed to be given by an exporential Urbadh tail. The asorption in the film is very small and
might be locaed at the AIN/Si interface The surfacelayer is modeled within the Bruggeman
effedive medium theory as a 50/50 mix of AIN and vads. (An oxide with properties smilar to
those of SIO, or Al,O3 gives a similar description.) Our model thus contains five parameters for
the opticd constants of the film plus the thicknesses of the film and the surfacelayer. These aght
parameters are varied using the Marquardt-Levenberg agorithm to minimize the least-square
deviation between the data and the model. The cdculated €elli psometric angles, shown by the
solid lines in Fig. 3, are in good agreamnent with the measured data. This agreement can be
improved dightly by taking into acount the small difference An between the ordinary and
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extraordinary refradive index of wurtzite AIN, also described with a Cauchy model. The
anisotropy effeds are small, onthe order of 2% of n, seeRef. [3].

100 F I I - 6 B ‘ E
= - (a) . 5 F (b) E
" i ] B .
S . 14 - -
S Si(111) § - .
= 101 - 3° off S—- 3 — -
n C ~ 7 i ]
‘g B Z 2 -
o L < _ L _
O 11 —

102 0 E | |

20 30 40 18 20 22 24
2 theta theta

Figure 2: X-ray diffradionresults of AIN on Si (111), film #1. () 6-26 scan. (b) Rocking curve
of the AIN (0002 pe&k. Datafor film #2 are esentially the same.

For film #1 (seedatain Fig. 3), we obtain thicknesss of the surface ad AIN layers equal to
17 A and 15004, respedively, and a refradive index n=2.05at 2 eV for AIN with a probable
error on the order of 2%. AIN film #2 (data not shown) is foundto have athicknessof 20264, a
surfacelayer thickness of 124A, and n=1.98 at 2 eV, slightly smaler than for #1, which we
would exped due to the slightly smaller density found from RBS. The rms surfaceroughness
found ty AFM is 10 A for film #1 and 142A for film #2, in reasonable ayreement with the
elli psometry results.

DISCUSSION OF OPTICAL CONSTANTS

In Fig. 4, the ordinary refradive index determined from the Cauchy parameters and the
extinction coefficient from the Urbadh tail of the AIN film #1 are given by solid and the dash-
doule dotted lines, respedively. By fixing the thicknesss to their values determined in the
model and solving the dli psometric angles for n at eah wavelength withou any assumption
abou the dispersion model, we obtain n given by the dotted line, which is basicdly the same &
in the Cauchy moddl. This confirms that the Cauchy description for n is adequate in ou spedral
range. The figure dso shows the extraordinary refradive index found ty the model (dashed line).
We compare our results with the data of Ref. [3] for bulk AIN and o Refs. [6-7] for thin films,
given by the symbals. The refradive index for the AIN film #2is 3% lower (not shown).

DISCUSSION AND SUMMARY
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It was $hown that the refradive index of our AIN films grown onSi (111) by MBE is abou

5-10% lower than that of bulk AIN single aystals[3]. Since RBS finds a density of our films that
is abou 10% lower than the density of bulk AIN [1], the differencein density is the most likely
culprit for the low n. Impurities in the film (oxygen, hydrogen, o silicon) are dso a passhle
explanation, athough their presence has not been demonstrated. The different refradive index
between two filmsisalso dueto density differences, as shown by RBS.
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Figure 4: Ordinary
(solid) and extra
ordinary (dashed) re-
fradive index n and
extinction  coeffi-
cient k (doulde dot-
dashed) of AIN film
#1 based onthe data
and model cdcula
tionfrom Fig. 3.The
dotted line shows n
cdculated at ead
wavelength from the
elli psometric angles,
without asauming a
specific model for
the disperson o
AIN. Data from the
literature ae given
for comparison.



