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Polishing of AIN/sapphire substrates obtained
by thermochemical nitridation of sapphire
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Physicochemical conditions and polishing suspension composition were established for
polishing of AIN/sapphire templates obtained by thermochemical nitridation of sapphire.
The use of the polishing suspension based on aerosil and KOH with pH 10.3 allowed to prepare
the surface with a roughness R, up to 1 nm. The morphology and element composition of
AIN/sapphire surface at layer-by-layer removal of the nitridated layer were studied by the
methods of atomic force microscopy and X-ray photoelectronic spectroscopy.

Paspaboransl prusrKo-XxUMUYECKe YCIAOBUS U COCTAB CYCIIEHSUU AJd IIOJUPOBAHUA KOM-
nosurHelx nognoxxer AIN/candup, mosydeHHBIX METOZOM TEPMOXHMUUYECKON HUTPUANBAIUL
candupa. Vcnonb3oBanne MOJIUPOBANLHON cycrensun Ha ocHoBe aspocuina ¢ KOH mpum pH
10.3 mo3BOJIMIO TMOTYYUTL MOBEPXHOCTL € MIEPOX0oBaTOCThIO R, 70 1 M. MeTogaMu aToMHO-
CUJIOBOYT MUKPOCKOIIMU 1 PEHTTEHOBCKOI (POTORIEKTPOHHON CTIEKTPOCKOTINMN U3yuyeHa Mopdo-
Jorus u saeMeHTHBIH cocraB moepxHoctu AlIN/candup mpu mociofHOM MOJUPOBAHUU HUT-
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PUANM30BAHHOTO CJIO.

1. Introduction

Semiconductor heterostructures based on
ITI-Nitride materials are widely used in
opto- and microwave electronics. Due to
close values of thermal expansion coeffi-
cients and relatively small discrepancy in
the crystal lattice parameters, aluminum ni-
tride (AIN) is the most suitable materials to
be used as a substrate for epitaxy of het-
erostructures of aluminum, gallium nitrides
and their solid solutions. However, at pre-
sent there are no effective technologies for
the growth of AIN crystals. The maximum
diameter of AIN substrates does not exceed
2 inches, and their cost is extremely high.
An alternative approach is the use of com-
posite aluminum nitride substrates (tem-
plates), obtained by formation of crystalline
aluminum nitride layer put onto a relatively
inexpensive base, such as sapphire. Tem-
plates are also obtained by the methods of
gas phase epitaxy. Earlier we have shown
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the possibility to produce crystalline alumi-
num nitride layers on sapphire (AIN/sap-
phire) by thermochemical nitridation (TCN)
of sapphire [1]. The essence of this method
is the following. While annealing sapphire
at temperatures of 1300-1450°C in nitro-
gen-containing atmosphere under reductive
conditions, there occurs nitridation of the
surface layer followed by the formation of
the crystalline phase of aluminum nitride
with a varying composition AIN(O) and the
structure of wurtzite. The thickness of the
formed layer reaches 1 and 2 um for sap-
phire substrates with the crystallographic
orientations (0001) and (10T2), respectively.
The surface morphology depends on the
morphology and crystalline orientation of
the initial sapphire substrate, the condi-
tions of nitridation, and R, may exceed
5—-10 nm.

The goal of the present work was to es-
tablish the conditions for polishing of the
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Fig. 1. 3D-image and profilogram of the surface of AIN/sapphire template on sapphire substrate

after MP (a) and CMP (b).

structures AIN/sapphire templates obtained
by the TCN method, and to study the mor-
phology and element composition of the sur-
face at layer-by-layer removal of the nitri-
dated surface.

2. Experimental

The study was performed on
AIN(0001)//Al,05(0001) samples. The initial
sapphire substrates had a diameter of
50.8 mm, their surface was treated by me-
chanical or chemical-mechanical polishing
(MP and CMP, respectively) The polished
substrates were nitridated during 5 h in a
furnace with graphite thermal unit contain-
ing a mixture of nitrogen with the gaseous
reductants CO and H, (<1 vol.%) under a
pressure of 0.1 MPa at 1400-1450°C. The
thickness of AIN layers was determined by
means of X-ray diffractometry from the in-
tensity of the interference lines in the sym-

metrical Bragg geometry and run into 0.1-
0.3 um. The element composition of the ni-
tridated layer was determined by the
method of X-ray photoelectron spectroscopy
(XPS) using a spectrometer of XPS-800
Kratos. The composition of the sample sur-
face was established from the ratio of the
areas of the lines of O1s, Al2p, N1s - core
levels taking into account the sensitivity co-
efficients. The thickness of the analyzed
layer was of about 5 nm. The morphology
and roughness of the nitridated sapphire
surface was examined by means of atomic-
force microscopy (AFM) on a scanning probe
microscope Solver P47TH PRO (NT-MDT)
and on an interference microscope MII-4,
the flatness was determined using an inter-
ferometer of IT-200 type.

MP of the nitridated sapphire samples
were carried out diamond paste ACM 28/20.
For CMP there were used polishing suspen-

Table 1. Composition of polishing suspensions based on silicon dioxide

Suspension Size of SiO, particles, nm Addition pH

Aerosil + water 10—20 nm for primary particles, surfactant 4.5

2 Aerosil + water up to 1 pum for agglomerates KOH 10.3
Nalco 60 KOH 10.8
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Fig. 2. Surface of AIN/sapphire template at polishing with suspension 1: within 10 min (a), within

60 min (b).

sions based on silicon dioxide with the com-
positions shown in Table 1. Suspension 1
usually applied to CMP of sapphire, con-
tained aerosil (pyrogenic SiO, with the size
of primary particles 10-20 nm), water and
surfactants which reduced agglomeration of
highly-dispersed aerosil particles. Suspen-
sion 2 was prepared from aerosil, water and
KOH, the suspension pH was 10.3. It is
known, KOH interacts with nitrides of tri-
valent elements such as GaN or AIN, and
can be used for etching the surface of the
corresponding single crystals [2, 3], as well
as for chemico-mechanical polishing [4, 5].
According to [6], in this case the chemical
reaction proceeds according to the equation
AIN+6KOH=AI(OH)5+NH3+ 3K,O. Suspension
3 was the one produced by Nalco with the
addition of KOH.

3. Results and discussion

The data of AFM microscopy proved that
the morphology of the initial sapphire sub-
strate is one of the factors which define the
morphology of the nitridated surface. After
being subjected to MP and CMP the rough-
ness of the sapphire substrates R, was 14.4
and 0.8 nm, respectively. Due to nitridation
these values increased up to 18 and 7.7 nm,
respectively (Fig. 1). The AIN surface with
an initial roughness of 7.7 nm contained
hills with a diameter up to 0.1 um and a
height up to 20 nm, the depth of individual
pores was 20 nm.

The samples were polished by suspension 1.
In the process of polishing the hills flat-
tened and their area gradually increased
(Fig. 2). Thereat, the surface contained in-
dividual pores with a depth up to 10 nm.
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Table 2. Atomic concentrations of elements
in the surface layer of polished AIN/sap-
phire template (XPS data)

Polishing Atomic concentration, %

time, min Al o N c si
0 35.9 | 12.0 | 20.0 | 32.1 -
25 34.8 | 25.4 5.0 | 33.4 1.4
60 35.3 | 27.6 1.2 | 33.9 | 2.0

Within 60 min of polishing the surface
roughness was 2.49 nm.

In [7] the hills formed on the surface are
attributed to accumulation of the energy of
compressive strain, due to an essential
(13.2 %) difference in the crystal lattice pa-
rameters between the nitridated layer and
sapphire. After reaching a critical point the
energy of compressive strain gives rise to dis-
placement caused by stress. The formation of
the hills reduces the excessive energy.

According to X-ray data, within 10 min
of polishing the phase AIN is not revealed on
the surface. However, XPS testifies that ni-
trogen atoms are present on the surface
within 60 min of polishing. The element
composition of the surface at layer-by-layer
removal of the nitridated surface is pre-
sented in Table 2.

The observed gradual decrease of the
concentration of nitrogen atoms at step-by-
step removal of the nitridated surface by
polishing confirmed the fact that the
mechanism of sapphire nitridation is diffu-
sive. In [7] 7 nm thick nitridated layer
formed as a result of sapphire nitridation
with ammonia in the process of MOVPE at
1200°C is described as an amorphous layer
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Fig. 3. Morphology of AIN surface on sapphire substrate after MP: initial (a), within 40 min of

polishing with suspension 2 (b). Scale unit 30 um.
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Fig. 4. Surface of AIN/sapphire template in the process of polishing with suspension 2: within

10 min (a), within 60 min (b).

containing fragments of partially crystal-
line structure AIN,O;_, with varying compo-
sition. Since TCN is conducted at higher
temperatures (1450°C) thus favoring the
processes of diffusion, the thickness of the
nitridated layer in our samples (up to 1 um
for AIN(0001)//Al;05(0001)) essentially ex-
ceeds the corresponding value observed at
nitridation by the methods of MOVPE [8] or
MOCVD [9]. When using TCN the formation
of AIN layer has two stages [10]. At first,
sapphire is diffusively saturated with nitro-
gen under reducing conditions, that is fol-
lowed by the formation of Al,O3:N solid so-
lution with wvarying composition and the
structure of corundum in a diffusion region
(limited by the mobility of anionic vacan-
cies). Then decomposition of the supersatu-
rated solution and crystallochemical trans-
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formations followed by the formation of AIN
phase occur in the surface layer with a den-
sity considerably lesser than the one of the
diffusion region, after reaching some criti-
cal concentration of nitrogen.

After polishing of AIN/sapphire template
by means of suspension 1, the quality of the
obtained surface was unsatisfactory. The
surface contained a large quantity of
scratches with a width up to 0.1 um
(Fig. 2, b). The use of this suspension obvi-
ously gave rise to abrasive treatment of the
surface caused by SiO, particles that did
not allow to obtain the surface without de-
fects. The net of scratches formed on the
surface treated with suspension 1 is charac-
teristic of mechanical polishing. To raise
the surface quality, the polishing suspen-
sion was supplemented with KOH that re-
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Fig. 5. Interference patterns of AIN/sapphire template before (a) and after polishing (b).
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Fig. 6. Surface of AIN/sapphire template in the process of polishing with suspension 3: scan

50x50 um?2 (a), scan 5x5 um? (b).

sulted in the rise of the suspension pH
10.3. Suspension 2 was used to polish AIN
layers obtained on sapphire substrate which
surface was preliminarily subjected to MP
and CMP. The nitridated layer was morpho-
logically inhomogeneous on the substrate
after MP. On the surface of AIN there were
observed individual regions with the struc-
ture of the surface of the initial sapphire
substrate, in particular, scratches (Fig. 3,
a). After polishing the regions of the layer
limited by scratches had different appear-
ance and different residual density (Fig. 3,
b) obviously due to the fact that they had
different initial film thickness or different
structure.

The surface of AIN layer obtained on the
sapphire substrate after CMP, did not con-
tain such inhomogeneities, as sapphire sub-
strates treated by CMP had no surface de-
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fects (scratches) characteristic of mechani-
cally polished surface. The surface polished
using suspension 2 had practically no
scratches in the bulk of the nitrogen-con-
taining layer (Fig. 4). Within 60 min of pol-
ishing the surface roughness was 0.95 nm.
However, even in the case when the content
of nitrogen on the surface (determined by
XPS) diminished to 1 %, the individual
funnel-shaped pores with a depth up to
10 nm were remained on the surface (Fig.
4, b). This may be caused by dissociative
decomposition of sapphire followed by the
appearance of gaseous products which form
pores while reaching the surface.

The thickness of the nitridated layer was
estimated form the loss of the mass of the
polished samples in the process of CMP. The
thickness of the layer removed at polishing
of the nitrogen-containing layer was found
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to be almost twice as large in comparison
with that of AIN layer determined by X-ray
method.

Due to an essential (86.4 %) distinction
in the values of thermal expansion coeffi-
cient of AIN and Al,Oz one could expect
change of the substrate flatness at nitrida-
tion. However, after the removal of the ni-
tridated layer the interference pattern for
AIN/sapphire template remains practically
unchanged (Fig. 5). This seems to be caused
either by the fact that the nitridated layer
thickness is too small to distort the sub-
strate flatness or by the varying composi-
tion of the nitridated layer.

The samples were also polished using
suspension 3 produced by Nalco (silicon di-
oxide in the form of NaOH-stabilized sol)
with KOH introduced in the capacity of ac-
tive chemical agent, the suspension pH was
10.8. In the process of polishing there was
observed etching of the surface defects. The
protruding parts of the hills flattened, the
depth and size of the pores increased
(Fig. 6, a). The surface roughness changed
from 7.7 to 39.2 nm. The pore edges be-
came faceted, some pores had the shape of
hexahedron. Inside the pores there were
contained agglomerates of faceted crystal-
lites (Fig. 6, b). The observed process re-
sembles etching of the surface of sapphire
with the crystallographic orientation (0001)
at CMP using the given suspension pro-
duced by Nalco.

4. Conclusions

It is established that the suspension
based on silicon dioxide in the form of

aerosil with KOH at pH 10.3 is most suit-
able for chemical-mechanical polishing
AIN(0001)//Al,05(0001) templates, as it al-
lows to obtain a smooth surface practically
without scratches and a roughness up to
1 nm. The nitridated layer formed on sap-
phire substrate after mechanical polishing
is found to be inhomogeneous as far as the
morphology is concerned. It seems probable
that the residual substrate surface defects
may give rise to the formation of nitridated
layer areas with different thickness and
structure. The study of the surface mor-
phology in the process of layer-by-layer pol-
ishing of the nitridated layer AIN(0001)
points to the presence of pores in it.
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Ioxipysanua cTrpyktryp AIN/candgip, BUroToBjeHunx
TEePMOXiMIYHOI0 HiTpUAM3aLicl0 cangipy

0.0.Boéx, O.T.Byonixos, C.B.Hincanxoecvruii, C.I.Kpueonozos,
A.O.Kpyxmanvoe, M.B./[o6poméeopcvra

Pospobieno ¢ismko-ximiuni ymMoBu Ta crian cycmeHsii AJsa TONipyBaHHA KOMIOBUTHUX
migxaagox AIN/candip, BuroTossenux merogoM TepMoximiumoi mitTpuamsarnii candipy. Buxo-
pUCTaHHSA NOJipyBaabHOIL cycrensii Ha ocHoBi aepocmary 3 KOH mpu pH 10.3 gospoanno orpuma-
T HOBEPXHIO 3 mopcrricTio K, mo 1 mm. Merogammu aToMHO-cMI0BOI MIKPOCKOIIi Ta peHrt-
reHiBCBbKOI (POTOEJIEKTPOHHOI CIHEKTPOCKOMIl mOCIimxeHo MOPQOJIOTiI0 Ta eJIeMEeHTHUI CKJal
noeepxHi AIN/caudip mpu nomapoBoMy MOJipyBaHHI HiTPUAM30BAHOTO IIAPY.
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