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Low-temperature deposited AIN layers on sapphire substrates that were treated with and
without nitridation process were investigated by X-ray CTR scattering and X-ray reflectivity
measurements. The results showed that 1) amorphous-like layers were formed on the sapphire
substrates when the substrates were heated at 1,150EC in H,, 2) 50-100 D thick amorphous-like
AIN layers were formed on the sapphire substrates that were exposed to NH; for 10 min at
1,150EC (nitridation process), 3) when the temperature was lower than 800EC, the
amorphouslike AIN layers were not formed on the substrates even when exposed to NHa.
Effects of nitri dation processand AIN buffer layer (thelow-temperature deposited amorphous-
like AIN layer) on the quality of GaN and GalnN overlayers were described.

1. Introduction

Nobody, except for the two research groups in
Japan (Prof. Akasaki and his group at Nagoya Uni-
versity and Dr. Nakamura and his group at Nichia
Chemica Industries), expected that reliable and high
brightness blue LEDs and even cw injection laserscan
be realized with the crystals that contain high density
defects. The crysta layers of GaN and GalnN were
grown on a sapphire that has adifferent crystal struc-
ture from and a large lattice mismatch with the
nitrides.

To redlize the cw operation of the GaAsinjection
lasers at RT, very close lattice-matching, elimination
of didocations in the substrates, and very careful
fabrication processes of the diodes were elaborated.
This experience led people to search for the
combinations of materials that are “lattice-matched
and with no didocations." Thus, mgjority of the
researchers pursued the ZnSe/GaAs lattice-matched
combinations as the right materials for blue/green
lasers. However, the success of the GaN/GalnN LEDs
and lasers on sapphire substrates with a low-temp-
erature buffer later has broken all the “common
senses' and itsimpact on epitaxia crystal growersand
device researchers was so strong. The success of
GaN/GalnN LEDsand lasers on sapphire substratesis
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really a break-through. If the technique of the low-
temperature buffer layer is a universal one, then epi-
taxy is relieved from the constrain of lattice-
matching.

It has been widely known that the low-tem
perature AIN or GaN buffer layer greatly im proves
the crystal quality, the surface flatness, the electrical
and optical properties of GaN overlayers [1-3]. It is
aso known that nitridation of the sapphire surface to
form AIN is effective to improve the quality of GaN
layers [4]. How ever, very little is known on the
structural properties of the buffer layer and the
nitrided surface, and thus nothing is known for the
initial stage, eventhough it determinesthe structure of
the buffer layer and the nitrided layer.

We have been developing a technique that can
evaluate the crystal structure, the thickness and the
composition of a crystal layer of one monolayer
(IML), even sub-monolayer. The technique is the X-
ray crystal truncation rod scattering (X-ray CTR
scattering) measurement using the synchrotron
radiation asthe X-ray source and has been applied for
the study on the structures and the growth processes
of the heterostructures [5-11]. The X-ray diffraction
fromabulk crystal hasasharpintensity distributionin
3-dimension in reciprocal space. The intensity
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Fig. 1. Calculated spectra of X-ray CTR scattering from
INP (002) (&) and from INP(10nm)/ Gag47ngss
As(10ML)/ InP (b). Due to heterostructure the tail portion
of the spectrum (b) is largely modulated.

distribution of the diffraction from a crystal surface
spreads, (looks like a rod in the reciproca space),
perpendicular to the surface due to the truncation of
the periodicity of the crystal and iscalled asthe X-ray
CTR scattering [12-14]. Examples of the CTR
scattering spectra are illustrated in Fig. 1 (a) and (b).
Figure 1 (a) is the X-ray intensity distribution along
(00x) of InP. 1t showsasharp Bragg peak atx =2 and at
the same time has widely spread tails on both sides.
When the same measurement is done for the
heterostructure of 1nP(10nm)/ Gag 474 nosz AS(10ML)/
InP substrate, the X-ray i n tensity distribution is
largely modified in the tail part of the intensity
distribution asillustrated in Fig. 1 (b). From thefigure
we can see that the spectrum is of information rich.
Since the information rich part is 10° -10° of the
Bragg peak in intensity, ahigh intensity X-ray source
such as the synchrotron radiation is necessary for the
measurement.

The X-ray CTR scattering isuseful for crystalline
layer analysis sinceit is basically originated from the
X-ray diffraction. Thelow-temperature AIN and GaN
buffer layers are thought to be fine polycrystals or
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Fig. 2. Temperature sequence for deposition of AIN
with nitridation process. NHs is supplied to the
sapphire surface at 1,150EC for 10 min.

amorphous. To characterize them, the X-ray reflec-
tivity measurement has been done. Thereflectivity in
the angle range from the total reflection to severa de
grees is modulated by the electron density and the
layer thickness. The formulais established by Parratt
et al. in 1950 and has been used as a non-destructive
thickness measurements[15, 16]. Recently, by the X -
ray reflectivity, the thickness of several nm is mea
sured and theinterface structureisevaluated [17-20].

In the present experiments, we prepared the
sapphire substrates with and without the nitridation
process and deposited the low-temperature AIN
buffer layer, the GaN layer and the GalnN layer. The
growth was stopped at each stage, samples were
cooled down and used for the measurements. From
the analysis of the X-ray CTR scattering spectra and
the X-ray reflectivity spectrathe structures, the thick-
nesses and the crystaline quality were evauated and
corre lated with the growth processes.

2. Sample Preparation

The samples were grown by MOVPE (meta-
organic vapor phase epitaxy). Figures 2 and 3 show
the growth sequences. Figure 2 includes the nitrida-
tion process before deposition of the AIN buffer layer.
Figure 3 skipsthe nitridation process by flowing NH3
only after the substrate temperature is lower than
800EC. Those numbers T, &, & ... on thetemperature
sequences are the stages where the process was
stopped and the temperature was rapidly decreased.

The samples have the same numbersasin Figs. 2
and 3. The sample T was heated upto 1,150EC in H,
and then quickly cooled down, and the sample T was
kept for 5 min. The samples® and O go through the
high temperature heat treatment in H, or NHs,
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Fig. 3. Temperature sequence for deposition of AIN

without nitridation process. NH;z is supplied to the
sapphire surface at temperatures lower than 800EC.

respectively and are cooled down just before the AIN
deposition. The samples N and O have the low-
temperature deposited AIN buffer layer with the
thickness of 30D (designed value).

GaN and GalnN layers were grown continuously
after deposition of 300 D-thick AIN buffer layer.

3. Measurements

X-ray CTR scattering measurements were con-
ducted at the beam line BLBA in the Photon Factory in
Tsukuba using the Weissenberg camera (R-AXIS
RAPID, Rigaku) and the imaging plate (I1P) as the 2-
dimensiona detector. The cameralength was fixed at
286.5 mm and the wavel ength of the X-ray at 1.600D.
The angle w of the sample was scanned in the range
between 2E higher and 8E lower than the (0006) Bragg
point of sapphire.

The X-ray reflectivity measurements in the low
glancing angle was conducted using the conventional
X-ray generator and diffractometer (RUH-450, Ri-
gaku). The target was Cu operated at 35 kV with 330
mA. The CuK 4 (I =1.54056 D) line was chosen using
Si(111) monochromator. The receiving dlit was 0.05
mm.

4. Results and Analysis

The process for the analysis of the measured data
is basically the same for the CTR scattering and for
the reflectivity. 1) A model for the layer structure is
constructed. 2) The X-ray CTR scattering spectrum or
the reflectivity spectrum is generated by a computer
simulation from the model. 3) By changing those
parameters in the model structure the generated
spectraand the measured dataare compared. 4) At the
best fit, the set of parameters are considered to give
the most probable structure of the layer.
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Fig. 4. X-ray CTR scattering spectrum of the nitrided

sapphire surface. Dots are the measured data and the
gray line is the best fit curve.

In the CTR scattering, the atom arrangementsin
each layer are the primary information to be obtained.
Inthereflectivity, the electron density in each layer is
the primary information to be obtained. Therefore,
good crystalline part of the layer is detected by the
CTR scattering, and all of the crystalline, polycrys-
taline and amorphous part are detected by the
reflectivity mea surements.

4.1. X-ray CTR scattering

Thesamples T and T showed no specific features
in the X-ray CTR scattering spectra, i.e., those were
the same as the spectrum of the sapphire substrate.

On the other hand, the sample B had aclear bump
in the lower angle side of the sapphire peak as shown
in Fig. 4. In the figure dots are the measured data and
the gray line isthe best fit curve. Since the sampleb
was the nitrided sapphire in the NH; atmosphere, the
surface of the sapphire (Al,O5) is considered to be
converted to AIN. For the analysis by curve fitting,
severa possible model structures were as sumed; Al
inAIN isbondedto Al or Oinsapphire, or NinAlINis
bonded to Al or O in sapphire, the polarity of AIN is
[OO01]A or [0001]B, thetop surface of AIN iscovered
by Al or N, the thickness of AIN, the roughness of
AIN surface, the lattice distortion of AIN, and so on.

Theresultsof theanalysisareillustrated in Fig 5.
Thethickness of the AIN layer was 3ML (7.47D), the
polarity was[0001] A, and the top surface of AIN was
mostly covered by N.

In the other samples N-O, the spectra were not
clear and good fitting was not obtained. We con-
sidered that amorphous-like AIN containing fine
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Fig. 6. X-ray reflectivity spectra of sapphire_surface
heat-treatedinH,at 1,150EC for 0 min (sample 1) and 5
min (sample T).

polycrystals was deposied and it did not give a clear
peak in the spectra.

4.2 X-ray Reflectivity

The measured data are shown in Figs. 6-8. The
dots are the measured data and the gray lines are the
best fit curves.

In the model layer structure, three different layers
were assumed to exist on the sapphire substrate. The
top surface layer is that formed by adsorption in the
air. The bottom layer is that formed by the heat
trestment in H, or in NH; (nitridation before
deposition of the AIN buffer layer. Between them is
the AIN layer depositied at the low temperature. The
Fresnel equations were used for the X-ray reflectivity
and calculated using the technique developed by
Parratt et al. [15,16]. In Table 1 the results of
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Fig. 7. X-ray reflectivity spectra of sapphire surface

heat-treated in NHz at 1,150EC for 10 min (nitridation)
(sample D) and then AIN deposited (sample N).
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Fig. 8. X-ray reflectivity spectra of sapphire surface
without nitridation (sample O) and then AIN deposited
(sample O).

parameters obtained from the best fit curvesin Figs.
6-8 arelisted.

The samples T and T are the sapphire heat-
treated in H, a 1,150EC for O min and 5 min, respec-
tively. The dight modulation in the reflectivity spec-
tra indicates that thereis alayer (or layers) on top of
the sapphire. From the Table 1, avery thin layer with
the density about 3 gcm™ is formed. Comparing the
density with those of sapphire (4), crystal AIN (3.26)
and metal Al (2.7), we considered that thislayer isAl
formed by the desorption of O from the sapphire
surface and/or AIN (or AIONy) formed by reaction
with residual NH; in the reaction chamber. The X-ray
CTR scattering spectra of the samples Tand Twere
thesame asthat of sapphiresubstrate as supplied from
a vender. It means that the layer found out in the
samples T and T are amorphous-like or fine poly-
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Table 1. Parameters obtained by the analysis of X-ray reflectivity
spectra.

Sample No. 1 2 3 4 5 6
Density

1stlayer (top  (g/cm?) 098 070 0.97 119 098 119

surface)

Thickness 7.1 20.1 119 120 179 128

Density

! 295 - 306
2nd layer (gem’)
Thickness - - - 4.5 - 6.4
Density 297 264 304 304 263 234
(glcm3) . . . . . .

3rd layer
Thickness 13.7 10.2 113.0 420 101 11.3

crystals. The top layers in al the samples are not
discussed here, but though to be adsorbed water vapor
intheair.

In Fig. 7, the number of oscillatory structure is
more and clear. It indicates that a thicker layer is
formed by the nitridation process and the deposition
of AIN. In Fig. 8, the number of the oscillatory
structureisless.

When the sampleb (with nitridation process) and
the sample O (without nitridation process) are
compared, the largest differenceisthethickness of the
third layers. In the sampleb itisasthick asabout 100
D. From the preparation process and the density this
layer is understood to be AIN formed by the nitrida-
tion process. Aswas shown in Fig. 4, the thickness of
the crystalline AIN layer obtained by the X-ray CTR
scat tering wasonly 3 ML. Considering both results, a
good crystalinethin (3ML) AIN layer isgenerated at
the beginning of the nitridation process and after that
amorphous-likelayer isformed. The layer structure of
the sample O isalmost the same asthat of sample T . It
means that the sapphire surface is not affected by the
supply of NH; at temperatures lower than 800EC.

By the deposition of AIN at 400EC, very thin AIN
layers of only severa A are deposited, as shown in
Table 1 (samples N and O), though the thickness was
designed to be 30 D. Thereason for thisis not known,
but we consider that for theinitial short period of the
AIN deposition process, the supply of source gases
may not reach to the expected flow rates.

In the comparison of the samples © and N the
difference of the AIN thicknessformed by the nitrida-
tion processislarge. Thisresult may a so indicate that
the nitridation processis not very controllable, dueto

fluctuation of the supply of NH; or due to surface
conditions of sapphire.

5. Summary

By X-ray CTR scattering and X-ray reflectivity
measurements, the layer structures, both crystalline
and non-crystalline, after heat-treatment of sapphire
surface in H, or in NH3z (nitridation) at 1,150EC and
after deposition of AIN layers at 400EC were
analyzed.

From the X-ray CTR scattering, a good
crystalline AIN thin layer (3 ML) with the polarity of
[0001]A is formed by the nitridation process of the
sapphire surface. In the other samples, good fitting to
the spectrawere not obtained. Thismay be duetofine
polycrystalline layers or amorphous-like layers that
do not contribute to the CTR signals.

Considering the results both of the X-ray CTR
scattering and reflectivity, followings were revealed.
1) An amorphous-like layer isformed on the sapphire
surface by the heat-treatment in H, at 1,150EC for
severa minutes. 2) An amorphous-like layer of the
thickness of 50-100 D is formed on the sapphire
surface by the heat treatment in NH3 at 1,150EC for
10min. 3) The sapphire surfaceisnot affected by NH;
at temperatures lower than 800EC.

Though it was not described in thetext, the effects
of those different processes for the deposition of AIN
buffer layers on thefinal structure of GalnN/GaN that
are used for most device applications were examined.
The X-ray CTR scattering spectra for GalnN(40
D)/GaN(2nm)/ AIN buffer/sapphire with (Fig. 9) and
without (Fig. 10) the nitridation process. In Fig. 9, a
clear AIN peak is observed. This means that more
crystalline AIN isformed dueto aready existed crys-
talline AIN generated by the nitridation process, prob-
ably during the heating process before growth of GaN
at 1,100EC. More crystaline AIN resultsin asimple
shape of the X-ray CTR scattering spectrum of the
GalnN/GaN layer. The difference is very clear when
com pared with the spectrum in Fig. 10. The modula-
tion in the spectrum in Fig. 10 is due to the thickness
fringe of the flat GalnN layer. The peak from AIN is
not observed. Thus, without the nitridation process,
thelow-temperature deposited AIN layer remained as
amorphous-likelayer even after the heating processto
start growth of and during growth of GaN, and this
amorphous-like AIN caused growth of a flat GaN
layer and then aflat GalnN layer.
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Fig. 9. X-ray CTR scattering spectra ofr GalnN(40
D)/GaN(2mm)/ AIN buffer/sapphire with nitridation

process. AIN peak is sharp. Thickness fringe is not
observed.

’

a6l i
10 :Sapphire
107 1
10°F

3 After dnn

GatnM Growth -

i} . s B 1 1 1 1 1 1 1

10 g 5 3

Fig. 10. X-ray CTR scattering spectra for GalnN(40
D)/GaN(2mm)/ AIN buffer/sapphire without the nitrida-

tion process. Thickness fringe due to flat GalnN layer is
clearly seen.
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