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SUMMARY

For the growth of III-V nitrides, three main problems hinder the
production of device quality materials. They are large lattice mismatch between
nitride films and substrates, high n-type background concentration and difficulty
in p-type doping. In the past year, we focused on the first problem, the lattice
mismatch. Different substrates and different orientations of the substrates have
been used in order to find a suitable substrate for the nitride growth.

An atmospheric horizontal-type metalorganic chemical vapor deposition
(MOCVD) reactor was used for the growth of aluminum nitride (AIN), gallium
nitride (GaN) and termnary AlxGaj.xN. (0001), (1120) and (0112) sapphire
(A1203), (100) and (111)Si and (0001)6H-SiC were used as substrates. The best
GaN films obtained by our group, in term of crystallinity,” were grown on
(0001)A1203 with an AIN mediate layer. The full width at half maximum
(FWHM) of the x-ray rocking curve was as narrow as 400 arcsecs. The results
on the other crystal orientations or substrates were 600 arcsecs for (1120)Al,03,
600 arcsecs for (0112)Al203 and 700 arcsecs for (0001)6H-SiC. Only orientated
films can be obtained on (100) and (111)Si. For the growth of AIN, a FWHM of
only 97.2 arcsecs was obtained on (0001)Al>,03 which is the lowest value ever
reported to our knowledge. Again, the best ternary nitride films with about 10%
of Al were deposited on (0001)Al203 with a GaN/AIN structure as a buffer
layer. The FWHM of this ternary is about 600 arcsecs.

In addition to optimizing the growth condi*ions, the surface polarity and
thermal stability of the films has also been studied. It was found that N-
terminated GaN film had the most stable surface, followed by the nonpolar
surface, and the Ga-terminated GaN film had the least stable surface.

Theoretical epitaxial relationship studies were proceeded in order to
understand the growth mechanisms. It showed that the interface between

(0001)GaN and (0001)Al203 was better than that of (1120)GaN and
(0112)A1203; Using a crystallographic model "Extended Atomic Distance
Mismatch” (BEADM), we showed that a better crystalline quality GaN would be
grown on (0112)A1203, while a better crystalline quality AIN would be grown on
(0001)A1203, We also showed that Ga terminated films would be grown on Si-
terminated SiC surface, while N terminated films on C-terminated SiC surface.
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Introduction

Recently, the prospect of realizing photonic devices working in the blue-
UV region of the optical spectrum has led renewed interest in wide bandgap
semiconductors. Indium, gallium and aluminum nitrides (InN, GaN, AIN), with
direct bandgaps of 1.9eV, 3.4eV and 6.2eV respectively, have been studied as
alternative materials to existing large bandgap II-VI semiconductors (SiC and
ZnSe).1-3 The potential to realize AlxGaj.xN alloys, and to a lesser extent
GaInN4 which would yield a tunable bandgap from 1.9 to 6.2eV is also an
important advantage of III-Nitrides.

The main objective of this study is to investigate the feasibility of UV
photodetectors with GaN, AIN and AlxGaj-xN.

Up to now, the realization of these devices with III-Nitrides thin films has
been hindered by the lack of an ideal substrate on which are grown the epilayers,
a high n-type background carrier concentration resulting in difficulty to dope the
materials p-type, and a high growth temperature.!.2 Although sapphire (Al203)
has a large misfit with both GaN and AN, it is the most widely used substrate!
because of its availability, stability at high temperature. Moreover its hexagonal
crystal symmetry makes it suitable for the growth of III-Nitrides which are
wurtzitic in their stable phase.l

When we were awarded the ONR contract in January 1993, we had just
begun the growth of GaN. At that time, excellent GaN and AIN epilayers have
been reported>:6 , semi-insulating and p-type GaN leading to the realization of
blue light emitting diodes (LEDs) have also been achieved.”-8

L_Experimental details

All our thin films were grown in a horizontal atmospheric pressure
metalorganic chemical vapor deposition (MOCVD) reactor. We used a SiC
coated graphite susceptor on the back of which a thermocouple monitors the
growth tempesature and provides feedback to the heating system. The latter was
composed of two infrared quartz lamps, which limited our growth temperature to
1050°C. The source material flows were mixed just at the entrance of the reactor
tube in order to reduce parasitic pre-reactions. :

The starting materials for group III elements were trimethylgallium
(TMGa) and trimethylaluminum (TMAI). The sources for nitrogen were
ammonia (NH3), tertiarybutylamine (TBA) and methylamine (CH3NH2).

We studied the growth of III-Nitrides on several substrates. These
included the (0001) and (0112) orientations of sapphire substrates (Al203), (100)
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oriented silicon (Si) and (0001) oriented silicon carbide (6H-SiC). More
recently, we started to use (1120)A1203 and (111)Si. The substrates were first
degreased in organic solvents, then etched in acid solutions, rinsed in deionized
water and dried with filtered nitrogen. They were placed side by side on the
susceptor during each growth. |

IL__Approach

We successively optimized the growth of GaN, AIN and AlxGaj-xN, and
compared the results on each substrate.

The epilayer surface morphology and chemical composition were
investigated by scanning electron microscopy and Auger electron spectroscopy.
The crystalline quality of the films was determined by high resolution x-ray
diffraction. The electrical properties were studied through Hall effect
measurements. The optical characterizations included Fourier Transform
Infrared transmission (FTIR), and UV transmission. We have also mounted a
photoluminescence (PL) experiment with a UV laser.

For each substrate we used, we devised a theoretical model based on
crystallography and the atomic configurations of both epilayers and substrates in
order to understand the growth mechanisms.%-11

IIL__Growth of gallium nitride

The optimization of the growth conditions for GaN showed the best
epilayers, structural, electrical and optically speaking, were obtained with NH3 as
the N source, and at the highest growth temperature we could provide (1050°C).
Our epilayers were 2.5 to 3um thick, corresponding to a growth rate of about 1.2
to 2um/hr. -

The x-ray rocking curve FWHM was reduced from more than several
thousand to near 60 arcsecs for GaN epilayers grown directly on the substrates.
Recently, we have shown that with the growth a high quality AIN thin film prior
to that of the GaN, the x-ray rocking curve FWHM can become as low as 400
arcsecs (Fig. 1). We were still far from the best valuel2 , but our results have to
be considered knowing we are using a system that limits the uniformity and
homogeneity of our films (atmospheric pressure). We believe that the use of a
low pressure system will allow us to improve the crystallinity of our epilayers.
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Sapphire and silicon carbide substrates yielded the best films in terms of
crystalline quality. .

All our as-grown GaN epilayers were n-type. The typical room
temperature carrier concentration and electron mobility of the films grown on
sapphire were n=10-20cm-3 and p=50cm2/Vs respectively.13 Electrical
measurements were difficult to realize due to the low uniformity of our layers.
We believe the electrical properties can be enhanced by the use of low pressure

rowth.

’ We conducted a comparison between the GaN thin films grown directly on
both (0001) and (0112) orientation of sapphire substrates.13 The following
epitaxial relationships were confirmed: (0001)GaN/(0001)Al203 and
(1120)GaN/(0112)A1203. We showed that the layers grown on (0112)Al203
yielded a higher crystalline quality, a lower oxygen incorporation as detected
through Auger electron spectroscopy (Fig. 2), higher electron mobilities and
lower carrier concentrations (Fig. 3) than the epilayers grown on (0001)Al203.
A lattice mismatch between (1120)GaN and (0112)Al203 lower than between
(0001)GaN and (0001)Al203 could explain these resulits.

Photoluminescence experiments were performed at room temperature to
determine the optical quality of our GaN epilayers. A typical spectrum is shown
in figure 4. The FWHM was measured to be about 100meV.

We investigated the thermal stability of GaN epilayers.14 Thermal stability
is an important parameter in the realization of optoelectronic devices since
thermal treatment may be required for technological steps such as dopant
activation. In addition, these devices are expected to work at high power and
high temperature. The studied films were grown directly on (0001), (0112)
sapphire, and Si terminated (0001)S;j silicon carbide substrates. The annealing
temperatures were 900 and 1000°C, and the ambient gases were N2 and Ha.
Annealed under N2 ambient, the films did not decomposed. Their crystallinity
even improved, especially for the films grown on (0112)Al203, which was
attributed to the desorption of hydrogen atoms incorporated in the films. For H»
ambient, we showed that the epilayers grown on (0001)s; SiC were the most
stable, followed by those grown on (0112)A1203, and the least stable ones were
those grown el (0001)A1,03. We interpreted these results in terms of difference
in the epilayar surface polarity. The N terminated surface of GaN grown on
(0001)s; SiC was more slowly attacked by hydrogen atoms than the non polar
surface of GaN grown on (0112)A1203. The Ga terminated surface of GaN
grown on (0001)Al203 yielded the fastest decomposition rate.




IY. Aluminum nitride

Up to now, we have obtained our best results for the growth of AIN using
NH3 as the nitrogen source. The growth temperature was still limited to 1050°C.
Our layers were about 1um thick and the growth rate was about 0.5 pm/hr.

Our epilayers grown on (0001)A1203 yielded the lowest x-ray rocking
curve FWHM (97 arcsecs) ever reported to our knowledge.15 In contrast to the
growth of GaN, the AIN layers grown on (0001)Al203 had a much higher
crystalline quality than those grown on (0112)Al203 (Fig. §).

Electrical measurements were not possible due to the high resistivity of our
AlN epilayers.

FTIR experiments conducted on silicon substrates successfully detected AIN
phonon modes. A typical spectrum is shown in figure 6. UV transmission
measurements were also performed. They allowed us to determine the band edge
of our AIN epilayers to be near 6.2eV (200nm), in accordance with reported
values.16 We also showed that the edge was much sharper for the samples grown
on the (0001) orientation than on the (0112) orientation of Al203 substrates (Fig.
7.

Photoluminescence experiments did not show any peak because the energy
of our excitation laser (3.8eV corresponding to 325nm) was lower than the
bandgap of AIN (6.2eV).

Thermal annealing was performed on AIN epilayers grown on both (0001)
and (0112)A1203.17 As for GaN , the annealings were conducted at 1000°C,
under N2 and H ambient gases. In contrast with GaN, no decomposition occured
on either sample, under either ambient gas. The crystalline quality investigated
by x-ray diffraction was barely altered for each sample. We attributed this to
reported high decomposition temperatures of AIN. However, UV transmission
spectra improved in all cases, a sharper edge was obtained. We are currently
interpreting these results.

Y. Ternary AlzGaj-xN

Ternary compounds AlxGaj.xN were successfully grown for x from O to
0.6 by varying the gallium flow rate.!8 The growth was preceded by that of a
high quality AIN layer, or GaN/AIN heterostructure. We obtained a high
crystalline quality ternary grown on (0001)Al203 substrates with a x-ray rocking
curve FWHM of about 10 minutes (Fig. 8). The films grown on the other
substrates had much poorer crystallinity. It was shown the crystallinity
deteriorated as the value of x was increased.
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Electrical measurements were not reliable because of the poor uniformity
resulting from the growth at atmospheric pressure.

Photoluminescence experiments were successfully conducted on all these
epilayers, at 77K room temperaturel8. In particular, a photoluminescence peak
was detected for the epilayers grown on (100)Si (Fig. 9), in spite of their low the
crystalline quality. All the FWHM, for GaN as well as for AlxGai-xN, were
about 95 meV.

YI._Theoretical growth models

The first crystallographic model we developed concemned the growth of
wurtzite-type thin films lattice matched to both (0001) and (0112) orientations of
sapphire substrates.? Through this model, we demonstrated that the layers grown
on (0001)Al203 should present a better epilayer-substrate interface quality than
those grown on (0112)A1203, although the latter have a lower lattice mismatch
with (0112)A1203. We also showed that the GaN films grown on (0001)Al1203
were Ga-terminated, while those grown on (0112)Al203 had a non polar surface,
which means both Ga and N atoms are present.

Our second modell0 introduced a concept we called 'Extended Atomic
Distance Mismatch' (EADM) which is the lattice mismatch between epilayer and
substrate using a longer period than the lattice constants. With this concept, we
explained our experimental results, that is (0001)GaN grown on (0001)Al,03 had
poorer crystallinity than (1120)GaN grown on (0112)Al203, whereas (0001)AIN
grown on (0001)A1203 had better crystallinity than (1120)AIN grown on
(0112)A1203.

Our third modelll described the growth of GaN and AIN on different SiC
substrates. The (0001) 6H-SiC and (111) 3C-SiC planes have the same atomic
configurations, that is a hexagonal close packed arrangement of either Si or C
atoms. Thus, we predicted a same growth mechanism for (0001)s; 6H-SiC and
(111)si 3C-Si€, and another mechanism for (0001)c 6H-SiC and (111)¢ 3C-SiC.
According to our model, the nitride epilayers grown on Si-terminated substrates
should be Ga-(or Al)-terminated, while they should be N-terminated if grown on
C-terminated substrates. However, other groups interpreted their experimental
results in the opposite way.19 They found that N-terminated and Ga-(or Al)-
terminated nitride layers were grown on Si-terminated and C-terminated
substrates respectively.




YIL_ Future work

A new ‘horizontal MOCVD reactor, from AIXTRON, will soon be
assembled in our group. It will allow us to realize the growths at low pressure.
We will also be able to use in-situ plasma activation of source materials. With
this new system, we expect further improvements in the crystalline, electrical and
optical quality of our epilayers.

We will continue to investigate the growth on different substrates and
determine which one yields the best epilayers. In particular, on the new
substrates we started to use (1120)Al1203 and (111)Si.

Doping with bis(cyclepentadienyl)magnesium will be attempted in order to
get p-type AIN. Then, the realization of p-n junctions with wide bandgap III-
Nitrides and that of UV photodetectors will be possible.

Through the crystallographic models developed, we expect to improve the
epitaxial growth as well as the doping efficiency.
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Crystallography of epitaxial growth of wurtzite-type
thin films on sapphire substrates

P. Kung?), C. J. Sun, A. Saxler, H. Ohsato® , and M. Razeghi
Center for Quantum Devices, Electrical Engineering and Computer Science Deparmment

Northwestern Universitv, Evanston, lllinois 60208

In this paper, we present a crystallographic model to describe the epitaxial growth of
wurzite-type thin films such as gallium nitride (GaN) on-different orientations of sapphire
(Al203) substrates. Through this model, we demonstrate the thin films grown on (00+1)Al203
have a better epilayer-substrate interface quality than those grown on (01¢2)Al203. We also
show the epilayer grown on (00+1)Al203 are gallium-terminated, and both (00+1) and (01+2)

surfaces of sapphire crystals are oxygen-terminated.

%) On leave from the Ecole Polytechnique. Palaiseau. France.
b On leave from the Nagoya Institute of Technology. Gokiso-cho. Showa-ku. Nagoya 466. Japan.
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L INTRODUCTION

Large-bandgap semiconductors. such as zinc selenide (ZnSe) and silicon carbide (SiC).
and more recently gallium nitride (GaN). aluminum nitride (AIN) and Indium nitride (InN), have
been widely studied for their ability to be used in optoelectronic devices working at short
wavelengths (visible and UV).12 The fabrication of such devices has been mainly limited by a
high n-type background concentration and the lack of a lattice maiched substrate. So far.
sapphire (a-Al203) substrates are the most commonly used. as they give the best crystalline
quality. The GaN films grown on sapphire substrates crystallize in the wurtzite structure.

Manasevit er al.34 have reported the growth of silicon (Si) thin films on (01:2)A1503. In
particular, they showed the epitaxial relationship between (100)Si and (01¢2)Al50;3.
Experimental comparisons between the growth of III-V hitridcs on the (00+1) and (01.2)
orientations of sapphire have been performed. and the epitaxial relationships between GaN thin
films and sapphire substrates have been established using electron diffraction and four-crystal
x-ray diffraction methods.5-8 It was shown that the (00+1) planes of GaN were parallel to the
(00-1) planes of Al203 substrates, while the (11+0) planes of GaN were parallel to the (01+2)
planes of Al20O3 substrates.

Sasaki and ZembutsuS showed the GaN epilayers grown on (00-1)Al203 had a smaller
x-ray rocking curve full width at half maximum (FWHM) than the ones grown on (01+2)Al203,
suggesting a superior crystallinity in the first case. More recently, Sun and Razeghi8 obtained
both better crystallinity and electrical results for the GaN thin films grown on the (01-2)Al10s.

In this paper, we present a crystallographic model for the growth of an ‘ideal’ wurtzite-
type crystal on both (00-1) and (01+2) oriented sapphire substrates, and compare this model with
the experimental results. We call ‘ideal’ crystal an imaginary crystal that is lattice matched with

both orientations of sapphire substrates used.




0. GENERAL DESCRIPTION

Table I lists the crystallographic data for Al2O3 and GaN. Sapphire is composed of
oxygen (O2-) and aluminum (AI3+) ions. The O form a hexagonal close packed (hcp) structurc.'
while the A13+ occupy 2/3 of the octahedral sites (Fig. 1(a)). The ionic radii are: r(02") = 1.404,
r(AI3+) = 0.51A as determined by Ahrens.9 Using hexagonal axes. with the origin at 3c, the ions
are located at the positions and coordinates shown in Table I.

Gallium nitride has a wurtzite-type structure with nitrogen atoms forming a hcp structure
and gallium atoms occupying 1/2 of the tetrahedral sites (Fig. 1(b)). The ionic radii for nirogen
and gallium are: r(N3') = 1.71A and r(Ga3*) = 0.62A.9 The positions and coordinates of all
elements are given in Table I.

In this paper, we have chosen to use the Miller-Bravais notation, a four-digit notation for
planes: (hkil) or (hkel) with i=-(h+k); and a three-digit notation for directions: [uvw] instead of
[UVTW], the conversion being done as follows: 10

U =Qu-v)/3 T =-(u+v)/3
V =(2v-u)/3 W=w
In order to have a lattice matched wurtzite-type epilayer on both (001} and (012)

orientations of sapphire substrates, it is necessary to have the following lattice parameters for the

epilayer:

- 9ARO3
Oigea = LK 2.747A

Cigen = 130RROTCRI0Y o 5 1284

3
We will call 'ideal’ such a wurtzite-structure crystal and develop our model with this ideal crystal.




OL EPITAXIAL GROWTH
A. Epitaxial relationship between (00-1)GaN and (00-1)A1203

Fig. 2(2) and 2(b) show the projections on the (001) planes for Al203 and GaN
respectively. As we have mentioned before, these planes are parallel during the epitaxial growth.
Generally, oxides like Al203 are ionic crystals in which small size cations Al3+ with bigger
valency attract the oxygen ions tightly. Thus, the surfaces of Al,O3 contain only oxygen ions.
We will use the notation (00+1)0 Al2O3 for the surfaces in this orientation.

The relationships between the unit cells in (00+1)GaN epilayer and in (00+1) Al»O3 have
been determined by several groups.5-6:11 They showed there was a 30° rotation between the
a-axes of GaN and Al,O3, as shown in Fig. 2(c). This configuration has also been confirmed by
the precession x-ray diffraction experiments we have recently conducted, and which will be
described in a subsequent publication.

As a result, the rranslational period for the @'j direction of GaN will be aGaN, and the one

for Al203 in the same direction will be aa1203/3. The lattice mismatch will then be:
3AR03
daaN - Ty
3 = 16.09%

3

B. Epitaxial growth of ideal (00-1) wurtzite-type thin films on (00-1)Al203

A model of epitaxial growth of (00+1) wurtzite-structure thin films on (00-1)Al1203
substrates is now developed using the 'ideal’ wurtzite-type crystal defined in section II We shall
use Ga and N to represent this imaginary crystal. The different steps in the growth model are
shown in Fig. 3(a) to 3(d).




In the first siep. gallium ions deposit among the oxygen ions of the sapphire substrate
surface (00+1)0 Al203 represented in Fig. 3(a). More precisely. each Ga3+ is stacked on a
wiangle of O- (Fig. 3(b)), since this is the position that minimizes the elecrostatc potential of
the cation.

In the second step, nitrogen is deposited. We must consider two different cases. In the
first case. the N3- ions form a triangle above each deposited Ga3+*. thus constituting an
octahedron around the cation with the three O2- ions in (00+1)Q Al2O3 mentioned previously. In
the second case, the N3- ions are positioned just above the deposited Ga3+ ion, this ime forming
a terrahedron around each cation with the three O ions of (00¢1)Q Al20O3. The electrostatic
valences around a niu'ogen jon were calculated in both cases and gave a value of 3.75 for the first
case. 3 for the second. According to Pauling’s Second Rule (the Electrostatic Valency
Principle)!> the epitaxial growth is more likely to occur b_v. the second mechanism. since the
valence of a N3- ion is exactly 3. This is what has been illusrated in Fig. 3(c) for the second
step. At this stage, the Ga-N bond is beginning to show a covalent aspect. with a tetrahedral
configuration featuring a sp> hybrid orbital.

In the third step, Ga atoms are deposited among three N atoms to constitute a tetrahedron
around each N and form the wurtzite-type structure of GaN thin films (Fig. 3(d)).

The GaNg tctrahedra in the epilayer are directed towards the top (away from the
substrate). This has been illustrated in Fig. 1(b). The Ga-N bond in the c-axis direction is
weaker than the sum of the three other Ga-N bonds in the terahedron. Thus, in the final stage of
the growth, the film will be Ga terminated, since the first bond is likely to be cut.

We summarize the epitaxial relationships for the growth of (001)GaN thin film on

(00-1)Al;03 substrates in Table II.

C. Epitaxial relationship between (11-:0)GaN and (01-2)A1,03

Un




Fig. 4 shows the (01+2) plane of a sapphire crystal as well as some specific directions in
the lattice. We can see the manslational periods in the (01+2) planes are along the [100] (a-axis)
and [121] directions. The lamice periods in these directions are given in Table III. It can be
easily calculated that the c-axis makes a 32° angle with the {121] direction. Note that the (01¢2)
and (10+2) planes are not equivalent : the arrangement of O2- ions is the same in both planes. but
that of the Al3* ions is different. The crystal symmetry confirms this description. Indeed, (10-2)
planes are transformed into (01+2) planes by a rotation of 60° around the c-axis. Since Al2031sa
trigonal system in which the c-axis is a 3-fold axis only, the two planes are not equivalent.

Fig. 5(a) represents the projection on the (01+2) plane for the sapphire crystal. The
studies of the (01+2) planes of sapphire crystals conducted by Nolder and Cadoff 13 confirm our
description of the atomic arrangements. We have colored the Al3+ ions contained in a same
atomic layer parallel to the (01¢2) plane. It can be seen that the lattice they create is a centered
square lattice, favorable to the growth of (100) silicon!3. Fig. 5(b) shows a cross section by the
(21+0) plane. which is perpendicular to the (01-2) plane (Fig. 4). The (01+2) planes are drawn
horizontally in this cross section. We can see the remarkable property that each atomic layer
parallel to the (01¢2) plane only contains ions of the same kind (O or Al3+).

Between two consecutive O2- layers. there are two possible configurations. In the first
one, there is an Al3+ layer that binds tightly the two O2- layers by attractive electrostatic forces.
In the second case, there is no such atomic layer. As Fig. 5(b) shows it, there are 'sequences’ of
five atomic layers -(O-Al-O-Al-O)- bound tightly together, and the links between two of such
'sequences’ are weaker. The (01+2) surface of the sapphire crystal can then be seen as a result of
the cleavage between two 'sequences’, as shown in Fig. 5(b). The O2- ions of the ‘sequence’ that
has been removed by the cleavage to form the(01+2) surface are crosshatched in Fig. 'S(a) and
5(b). As we can see in Fig 5(b), the (01+2) surface of the sapphire substrate will only contain 02"

ions after cleavage.




These ions f;mn strings on the (01+2) surface along the (121] directon (Fig. 5(2)). and are
periodic in the [100] direction with @a1203 as the translation vector. The O=- ion layer just
underneath has the same property. but the strings are shifted by half a transladon vector (1/2
aAj203) with respect to the first layer. This way. the O2- ions generate a ridge-like structure on
the surface of the (01+2)Al>0;.

Fig. 6(a) and 6(b) represent projections on the (01+2) plane for Al2O3 and on the (11+0)
plane for GaN with the translational symmetry directions. As determined by several groups6-11.
the relationships between wranslational symmeuny directions, in this growth orientation. are listed
in Table II. In Fig 6(c). we can see that the period of translation in the [121)] direction of Al2Oj3
is almost 3 times the period along the c-axis of GaN. The translational periods along these

directions are listed in Table III. More precisely. the lattice mismatches are as follows:

Segax - (V3aRaorrcios) _ | 11q,

for the direction [001]GaN il [121]A103 : ,
(V 3azu0y+CAu03 )
g - 2ARO3
for the direction [170]GaN I [100]A1,0;3 : 3 - 16.09%
5

The 1% lattice mismatch is much smaller along the [001] direction of GaN. parallel to the [121]
direction of Al203; than the 16% along the [110] direction of GaN, parallel to the [100] direction
of AlLOs.

D. Epitaxial growth of ideal (11+0) wurtzite-type thin films on (012)A1,043

As in secdon III. B, we now use the 'ideal’ wuntzite-type crystal to describe the growth

model of (11+0) wurtzite-type thin films on (01+2) sapphire substrates. We will note Ga and N

the atoms involved in this crystal.




As determined in the section above, the (01-2) surface of the sapphire substrate contains
only O2-, and the atomic layer just underneath contains only AB*. The presence of this catonic
layer is the origin of electrostatic forces that prevent other cations from locating just above the
surface O2- layer. This explains why, between O2- layers. there is not always an Al3* layer.
Thus, it is not likely to have the deposition of cations (Ga3*) first on the surface of the substrate.

In the first step, N3- ions occupy the sites vacated by the O2- ions (crosshatched in Fig.
5(a) and 5(b)). in the ‘valleys’ formed by the O ridges on the substrate surface. Just after. Ga~
ions bind with the N3- (Fig. 7(a) and 7(b)) to start constituting the atomic arrangement of the
{11+0) planes of GaN (shown in Fig 7(c) and 7(d)). The N3- ions do not occupy all the vacated
O<- sites. but only'half of them because the whole pattern of Fig 7(c) cz;nnot fit in a single
'valley'. In the second step, Ga and N atoms deposit in the hollow areas left after the first step.
and combine with the previously deposited Ga and N atoms. In the third (Fig. 7(d)). and
subsequent steps. another atomic pattern deposits in the same §vay.

The squares we have d—rawn on the figures iJlustrate that each step of the growth is always
at the same vertical position (in the growth direction). We can thus see the relative dispositon of
the ions as the growth progresses if we stack the figures 7(a). (c) and (d).

We summarize the epitaxial ‘rclationships for the growth of (11«0)GaN thin film on

(012)Al10O3 subsrrates in Table II.

E. Discussion

For the *ideal’ wurtzite-type crystal grown on (00¢1)Al203, the growth direction and the
in plane-directions (Table IT) are such that the hcp structure of the O2- in the sapphire substrate is
continued by that of the N in GaN. The chemical bonds in the epilayer change gradually from

their ionic nature at the interface to covalent in the wurtzite-type crystal. In the epitaxy of ‘ideal




wurtzite-type thin films on the (00-1) orientation of sapphire substrates, there is no defect at the

interface.

For ‘ideal’ wurtzite-type crystals grown on (01:2)Al203, there is a discontinuity in the
hcp stacking, which allows N3+ to occupy only half the sites vacated by O2-. This should
increase the density of defects at the interface and lead to a lower crystal quality.

However, better experimental results have been obtained with GaN thin films grown on
the (01+2) orientation of sapphire substrate8. This may prove that reducing the lattice mismatch
between epilayer and substrate to 1% in the [001] direction of GaN (parallel to the [121]
directon of Al203), and a ridge-like structure that allows a progressive relaxation of the 16%

mismatch in the [ITO] direction of GaN (parallel to the [100] direction of Al2O3), are kev

elements in growing high quality films.

IV. SUMMARY

We have proposed a model describing the epitaxial growth of ‘ideal' wurtzite-type thin
films on both (00¢1) and (01.2) orientations of sapphire substrates. Through this model. we have
been able to deduce some informaton about the growth:

1. In the case of the ‘ideal’ wurtzite-type GaN thin films grown on (00¢1)Al203 substrates, the
hep structure of the O2- ions in the sapphire is continued by that of the N atoms in the GaN,
without any defect at the interface. In the case of the epitaxy of 'ideal' wurtzite-type GaN thin
films on (01+2)Al2073 substrates, the hcp structure of the 02 ions in the sapphire is not continued
in the GaN epilayer, and some defects appear at the interface. As a result. the epilayer-substrate

interface in the first case has a higher quality than in the second.




Better experimental results for the GaN epilayers grown on (012)Al1203 can be explained by a
lower lattice mismatch along one in-plane direction and a better relaxation of the mismatch along
the other direction.

2. The GaN thin films grown on (00+1)Al»O3 substrates are Ga-terminated at the surface.

3. The surfaces of both (00-1) and (01+2) orientations of sapphire crystals are O-terminated.
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TABLE L. Crystal data.

R e

Al2O3 GaN

Structure type corundum wurtzite
Crystal system trigonal hexagonal
Space group R3¢ (No. 167) P63mc (No. 186)
Origin 3 3ml
Lattice parameters® aapo3 = 4.758 A agaN =3.189 A

cano3 = 12.991 A cGaN=5.185 A
2b 6 2 |
Coordination 02-: positions: 18¢ N3-; positions: 2b

site symmetry: o2

(xy.2) = (0.306. 0 . 1/4)

Al3+: posidons: 12¢c
site symmeuny: 3.

(x,y,2) =(0.0.0.3520

site symmetry: 3m.
(x,y,2)=(0,0.0.375)

Ga3+:  positons: 2b
site symmetry: 3m,

(xy,2)=(©0,0,0)

T

3 Reference 14.

b Number of chemical formulae in a unit cell.




TABLE II. Epitaxial relatonships for the growth of GaN crystal on (00+1) and (01+2)Al20s.

S

Growth direction relationship In-plane direction relationship
Epilaver Substrate Epilaver Substrate
(00+1)GaN (00-1)A1,03 [100] (Gany !l [110] (A1203)

[010] (Gany Il {120] (Ar203)

(110)GaN (01+2)Alh03 [170] any I (100] (Ar203)
[001] (Gany | [121] (A1203)




TABLE [I. In-plane wanslaticnal periods for (11-0)GaNii(01+2)Al20s.

”

Directions in (11-0)GaN Directions in (012)Al;03
[110] (GaNy Y3agaN [100] (A1203) aA203
[001] (GaNy CGaN (121) a203)  Y3a%p0s+Chn0s

R
\




FIG. 1.

FIG. 2.

FIG. 3.

FIG. 4.

FIG. 5.

FIG. 6.

Flg. 7.

FIGURE CAPTIONS

Structures of sapphire and gallium nitride. (a): hep structure of the O2- ions in Al203
with the Al3+ jons occupying 2/3 of the octahedral sites. (b): hep structure of the N
atoms in GaN with the Ga atoms occupying 1/2 of the terrahedral sites..

Epitaxy of (00-1)GaN on (00+1)Al203. Projectons on (00-1) planes (a): for Al203
and (b): for GaN. (c): Epitaxial relationship berween the epilayer and the substrate.
Epitaxial growth of ideal (00-1) wurtzite-type thin films (atoms labeled Ga and N) on
(001 )Aigog. (a): Al203 substrate surface (001)0 Al2O3. (b): 1st step. Ga3* ions
deposit among the O2-. (c): 2nd step. N3 combine with Ga3+. (d): 3rd step, GaN
thin film starts to grow.

(01+2) plane of the sapphire crystal shown in an orthographic projection of the
sapphire lattice.

Projections of the sapphire crystal. (a): on (01+2) plane. (b): on (31+0) plane (cross
section), the (01+2) planes are drawn horizontally. The crosshacthed O2- ions mark
the location of the oxygen layer that would have been just above the (01+2) surface.
Epitaxy of (11+0)GaN on (01+2)Al203. Projections (a): on (01+2) ‘piane for Al2O3
and (b): on (110) plane for GaN. (c): Epitaxial relationship between the epilayer
and the substrate.

Epitaxial growth of ideal (110) wurtzite-type thin films (atoms labeled Ga and N) on

" (012)Al203. (a): 1st step, Ga and N deposit in the 'valleys' of the ridge-like

structure of the (01¢2)0 Al2O3 surface: projection on (01+2) plane of AlO3.
(b): 1st step, projection on (21+0) plane of Al203 (cfoss section). (c): 2nd step.
(d): 3rd step, GaN thin film growth.
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A Crystallographic Model of (00-1) Aluminum Nitride Epitaxial Thin
Film Growth on (00-1) Sapphire Substrate

C.J. Sun, P. Kung, A. Saxler, H. Ohsato and M. Razeghi

Center for Quantum Devices

Department of Electrical Engineering and Computer Science

Northwestern University, Evanston, Ilinois 60208

High-quality thin aluminum nitride films were grown on different orientations of
sapphire substrates by Metalorganic Chemical Vapor Deposition. (001) AIN thin
film grown on (00°1) Al;03 has better crystallinity than (11+0) AIN on (012)
sapphire. Full width at half maximum of rocking curve is 97.2 arc seconds, which
is the narrowest value to our knowledge. A crystallographic model between AIN
thin films and sapphire substrates was proposed to explain the process of crystal
growth. "Extended atomic distance mismatch” was introduced which is the
mismatch of atomic distance for a longer period. It is shown that the mismatch is
relaxed by edge-type dislocations. Extended atomic distance mismatch was used
to interpret the results that (00-1) AIN has better crystallinity than (11+0) AIN. but
(11+0) GaN has better crystallinity than (00+1) GaN.




L INTRODUCTION

Aluminum nitride (AIN) is one of the most promising wide-bandgap III-V
semiconductors with GaN and InN for visible and ultra-violet (UV) optoelectronic
devices. Al;Ga;sN! has a wnable direct band gap (6.28¢V for x=1 to 3.39%V for x=0).
The fabrication of such devices has been mainly limited by a high n-type background
concentration and the lack of a lattice matched substrate. So far, sapphire substrates (a-
Al,0O3) are the most commonly used as they give the best crystalline quality.2

The epitaxial relationship of ‘ideal wurtzite-type’ thin films without lattice mismatch
on sapphire substrates has been reported.3 Better quality thin films are exp.ected to be on
(00-1) Al>O3. In the case of (00+1) wurtzite-type thin films grown on (00+1) Al.O3, the
hexagonal closed packing (hcp) of the O in the sapphire substrate is continuous with the
hep of N in GaN or AIN. For (110) oriented thin film grown on (01+2) sapphire, there is
a discontinuity growth at the-imerface so as to make defects. Recently, Sun and Razeghi*
reported that better quality of GaN films were found on (01+2) sapphire which is contrary
to what is expected. In this work, we report the characterizaton of the AIN thin films and
propose a new model of the epitaxial relationship between AIN thin films and sapphire

substrates.
II. GENERAL DESCRIPTION

A. Crystal data

Table I lists the crystallographic data for Al;03, AIN and GaN. The O2- ions of
sapphire form a hep structure and AP+ ions occupy 2/3 of the octahedral sites in the hep.
AIN and GaN have a wurtzite-type structure with nitrogen atoms forming hcp, and
aluminum and gallium atoms occupying all of the upward tetrahedral sites. In this paper.
we use the Miller-Bravais notation (hkil) or (hke!) for planes and a three-digit notation

(uvw] for directions as mentioned in our previous paper?.




B. Epitaxial relationship between AIN and GaN thin films and sapphire substrates

Fig.1(a) shows the epitaxial relationship of (00-1) AIN on (00-1) Al2Os. The AIN
unit cell is rotated by 30° around the ¢ -axis with respect to that of Al:0;. The lattice
mismatch between {100] direction of AIN and (110] direction of sapphire, is 13.29%. In
the same way, the lattice mismatch is calculated to be 16.09% for GaN.4

Fig.1(b) shows the epitaxial relationship of (11+0) AIN on (012) Al;03. "Valley”
and "ridge" like structures were formed on the oxygen-terminated (01+2), surface of
sapphire. Lattice mismatch in the c-axis direction of ALN is different from that in the
direction perpendicular to the c-axis. The former is -2.85%, and the latter is 13.29%.
The two values for GaN are 1.11% and 16.09%, respectively?.

II1L. Experimental results

A. Growth of AIN

AIN thin films were grown on sapphire and silicon substrates by horizontal
atmospheric pressure metalorganic chemical vapor deposition (MOCVD) reactor. A dual
infra-red lamp heating configuration was used to heat the graphite susceptor which was
inclined at 15° with respect to horizontal. A thermocouple inserted into the susceptor
monitored its temperature and provided feedback to the temperature controller.
Trimethylaluminum (TMAI) and ammonia (NH3) were used as Al and N source
materials, respectively. Nitrogen (N2) was used as the carrier gas. Growth temperature
was varied from 900°C to 1050°C. TMALI bubbler temperature was kept at 25°C and
carrier gas bubbling flow rates were 2.5-5 cc/min. The ammonia flow rate varied from
400 to 800 cc/min, while total gas flow remained constant at 1600 cc/min. (00-1), (01:2)
sapphire and (100) Si were used as substrates. Sapphire substrates were etched by a hot
solution of H3PO4 : H2SO4 = 1:3, rinsed in deionized water and blowed dry with filtered

nitrogen. Si substrates were cleaned by dipping in hydrofluoric acid prior to growth,




rinsed and blowed dry. In order to reduce parasitic chemical reactions. TMAI and NH;
were mixed at the entrance of the reactor chamber.

A high resolution X-ray diffractometer with a four crystal monochrometer (MPD
1880 /HP) were used to identify the crystallinity of the films.> Fourier ransform infrared
spectroscopy (FTIR) was used to find the phonon modes for Al-N bonds. Only films
grown on Si substrates were used since sapphire crystals absorb radiation in the Al-N
spectral region. UV transmission spectroscopy was used for measuring the absorpton

edge of the AIN films.

B. Characterization of AIN

Both AIN films-grown on (00+1) and (01+2) sapphire were identified with wurzite-
type structures by X-ray diffraction spectra. AlN thin film -grown on (00+1) sapphire is
(001) oriented and that on (01+2) Al2O3is (11+0) oriented. The full width at half
maximum (FWHM) of 00«2 diffraction line of (00+1) AIN thin film was 97.2 arc seconds
which is the narrowest value reported to our knowledge. While for (11+0) AlN thin film,
the FWHM of 110 diffraction line is 3200 arc seconds.

FTIR transmission spectra show a clear peak at 665 cm!, which corresponds to the
transverse optical mode TO;=665 cm-! of Al-N bondS.

UV transmission spectra show that (00¢1) AIN thin film on (00-1) sapphire has a
sharp edge at about 197 nm wave length, confirming the presence of high quality AIN
thin film. (11+0) AIN thin film grown on (01+2) sapphire shows a much less sharp edge
at 213 nm wave length.

IV. A Crystallographic Model of AIN thin films on sapphire substrates

A. Epitaxial relationship between (00-1) AIN and (00-1) sapphire
We previously reported a model of epitaxial growth of thin films with an ‘ideal’
wurtzite-type crystal structure, grown on sapphire substrates3. In this paper, a model of

epitaxial growth of wurtzite-type AIN single crystal is proposed including the formation
4




of dislocations, as shown in Fig. 2. The theoretcal model presented in Fig. 2 is derived .

based on the crystallographic relationship described previously and crystallochemistry.
Since the (00e1) surface of sapphire is oxygen terminated, Al atoms will be seated among
three oxygen atoms, making the same structure of sapphire in the first step of AIN
cpitaxial growth. Lattice mismatch was met when N generated from NH3 combined with
Al ijons to make a tetrahedron with the oxygen on the sapphire surface. The chemical
bonds change gradually from their ionic nature to covalent nature: the bonding between
Al ion and O ion of sapphire is ionic, and the Al atoms and N atoms make sp3 hybrid
orbital with covalent nature. Lattice mismatch can be calculated from the Fhange of Al-
Al atomic distances between AIN and Al50;. The Al-Al distance in [110] direction of
sapphire is 2.747A, and that of AIN in [100] is 3.112A. Thus lattice mismatch is 13.29%.
8:9 is the smallest nonreducible integral ratio for 2.747: 3.1 1A2. Therefore, nine times the
Al-Al distance of Al;O3 is nearly equal to eight times that of AIN as shown in Fig. 2.
Edge cype dislocations are generated in every 8 N atoms during the strain layer growth.
Strain layer will be relaxed. that is the Al-Al atomic distance will gradually change from
2.747 t0 3.112A, and single crystal of AIN growth begins. A new definition of lattice
mismatch "Extended Atomic Distance Mismatch” (EADM) for large lattice mismatch
epitaxial growth is as follows:

EADM =ldId

Id

where, I and I are integers, d and d’ are atomic distances of epilayer and substrate,
respectively. Iand I are determined in the following way: d:d ~ L:I', where LI is the
smallest nonreducible integral ratio for d:d. The difference of I and I' is one which
introduces a periodic edge-type dislocation. In the case of (00+1) AIN, the dislocaﬁohs
appear on a nonoccupied octahedron as shown in Fig. 2.

According to this definition, I and I are found to be 9 and 8 which has exactly the
same relationship as derived from the growth model. So EADM :s equal 10 0.70%




between [1C3] of AIN and [110] of sapphire. In the same way, LI is 6:5 as considering
the periodic array of Ga atoms, and EADM is -3.27% for the case of GaN. which has a

lartice mismatch of 16.09% as shown in Table II.

B. Epitaxial relationship between (11-0) AIN and (01-2) sapphire

Contrary to the hcp symmetry of (00+1) AIN and (00<1) sapphire, (11+0) AIN and
(01+2) sapphire have rectangular symmetry. Two directions of lattice mismatch have to
be considered. One is calculated from the [110] direction of AIN and the [100] of
sapphire. The other is calculated from the [001)] direction of AIN and the [121] of
sapphire. As N and O atoms have a very important role in the initiai few growth steps,
N-N and O-O atomic distances are used to explain lattice mismatch.

In the first direction. we consider the lattice mismatch between [110] of AIN and
[100] of sapphire. The N-N atomic distance of the [110] of AIN is 5.390A and the 0-O
atomic distance of the [100) direction of sapphire is 4.758A, so lattice mismatch is
13.29%. On the surface of (01+2) sapphire as shown in Fig. 3. O atoms form the ridge
and valley-like structure and N atomns with Al will grow at the valley-like sites between
the ridges. N atoms are attracted by Al ions underneath the O surface and form the
Al(Os,N) octahedron. As the electrical charge and radius of N and O are different, N
could not occupy all the valley sites. In [110) direction of AIN, there are five valley sites
(stable) and three ridge sites (unstable) for nirogen atoms, for every eight N-N atomic
distances. Five N atoms will fill the five valley sites. while no N atoms will fill the ridge
sites in both A and B layers. As EADM is considered. I and I are given to be 9 and 8,
and EADM is calculated to be 0.70%. Nine times of O-O distance of sapphire is about
equal to eight times the N-N distance of AIN. yielding the same results as (00+1) AIN on
(00+1) Al,0s.

In the second direction, we consider [001] AIN and [121] sapphire. The N atoms are

seated in ...ABABAB... structure with about two and two third times the N-N atomic




distance shift between A and B layers. The N-N distance of [001] AIN is 4.982A and the
0-O distance of (121] sapphire is 5.128A, so the latice mismatch is -2.85%. As EADM
is considered, I and I' are given thirty-five and thirty-six, respectvely. This period length
is about 179 A which is too long to introduce only one dislocation, because other defects
might appear in this period. The actually lowest mismatch limit to the applicability of
EADM cannot be determined without further study. This limit should depend on the
deformation potentials of the epilayer as well as on the nature and concentration of
defects present in the epilayer. So EADM can no longer be applied for this case. In other

words. I and I are chosen to be 1, when small lattice mismatch is met.

C. Comparison of AIN and GaN growth on two different sapphire orientations

Table II shows the results of EADM of AIN and GaN growth on Al»O3;. For AIN
growth, EADM in [100] diref:tion (0.70%) is equivalent to tHat in [110] direction, while
EADM in [001) direction is -2.85%. As EADM between (00+1) AIN and (00+1) Al,O3 is
smaller than that between (11+0) AIN and (01+2) Al»O3. better crystallinity is observed on
(001) sapphire substrate.

For GaN growth, EADM in [001] direction is 1.11%, which is smaller than that (-
3.27%) in [100] direction. So, (11+0) GaN thin films grown on (01¢2) sapphire were
observed to have beuter crystallinity than that on (00+1) sapphire.

V. Conclusions

First, high quality AIN thin films were obtained on sapphire substrates by MOCVD.
We showed that (00+1) AIN thin film grown on (00+1) sapphire has better crystallinity
than (11+0) AIN on (01¢2) sapphire. FWHM of the rocking curve is 97.2 arc seconds and
the absorption edge is at 197am.

Second, a crystallographic model between AIN thin films and sapphire substrates was
proposed to explain the process of crystal growth:




(a) A new definition of lattice mismarch for a longer period called "extended Atomic
Distance Mismatch” or "EADM", has been inroduced.

(b) The relaxation of strain layer growth is due to the creation of edge-type
dislocations.

Third, better crystallinity has been observed on (00+1) AIN and (11-0) GaN. EADM
(0.70%) for (00+1) AIN thin film on the (00+1) sapphire is smaller than that (-2.85%) for
(11¢0) AIN on (01+2) Al203. While EADM (-3.27%) for (00+1) GaN thin film on the
(00¢1) sapphire is larger than that (1.11%) for (11+0) GaN on (01+2) Al20Os.

It was found EADM used for large lattice mismatch epitaxial growth can accurately

explain the different phenomena in nitride growth.
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FIGURE CAPTIONS

Fig.1. Epitaxial relationship between AIN thin films and sapphire substrates. (a) (00-1)
AN crystal structure on (00+1) sapphire crystal structure. d and d’ are the Al-Al
atornic distances of sapphire and AIN, respecdvely. The unit cells of sapphire and
AlN are expressed by thick solid lines. (b) (11+0) AIN crystal structure on (01+2)
sapphire crystal structure.

Fig.2. A crystallographic model of cross sectional plane of Fig. 1(a), EADM is shown
between eight times of the Al-Al atomic distance of AIN and nine times of the Al-
Al atomic distance of sapphire. Moreover. The strain layer growth of AIN s
relaxed by the creation of edge-type dislocations.

Fig.3. A crys:allogr~aphic model of the first step growth of (11+0) AIN on (01+2) sapphire.
Oxygen atoms on (012) sapphire surface form ridges and valleys. N atoms are
filled in the valley sites but not in the ridge sites. The former are expressed by
solid circles, and the latter are expressed by null circles. EADM, between [11 0]

AIN and [100] sapphire, has the same value as in Fig.2.
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TABLES
Table 1. Crystal data of AIN and sapphire.
Table II. Lattice mismatches and Extended Atomic Distance Mismatches (EADM) of

AIN and GaN on sapphire.
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Table 1. Crystal data of AIN and sapphire.

AlRO3 AIN

Structures corundum wurntzite
Crystal systems wrigonal hexagonal
Space groups R3¢ (No.167) P 63mc
Origins 3c 3m1
Lattice parameters a = 4.758A 3.112A

e o= 12.991A 4.982A
Y4 6 2
Atoms 02 Al3+ N3+ Al3+
Positions 18¢ 12¢ 2b 2b
Site symmetries 2. 3. 3m. 3m.
coordinates 0.306,0,1/4  0.0,0.352 0.0, 0.375 0,0,0
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Table II. Lattice mismatches and extended atomic distance mismatches (EADM) of AIN and

GaN on sapphire.

Films on substrates Directions Lattice mismatches EADM
(00s1)AIN//(00-1)A1203  [100]JAIN/[110]A1203 _ 13.29% 0.70%
(11.0)AIN//(01-2)A1203  [1T0]JAIN//[100]A1203 13.29% 0.70%

[001]JAIN/{121]Al203 -2.85% -2.85%
(00-1)GaN//(00-1)Al1203  [100)GaN//[110)A1203 16.09% 2327
(11-0)GaN//(01+2)A1203  [110]GaN//[100]Al203 16.09% -3.27%
[001]GaN//[121]A1203 1.11% 1.11%
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Compadson of the physical properties «:f GaN thin films deposited
on (0001) and (0112) sapphire substrates
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A direct comparison of the physical properties of GaN thin films is made as a function of the
choice of substrate orientations. Gallium nitride single crystals were grown on (0001) and
(0112) sapphire substrates by metalorganic chemical vapor deposition. Better crystallinity with
fine ridgelike facets is obtained on the (0112) sapphire. Also lower carrier concentration and
higher mobilities indicate both lower nitrogen vacancies and less oxygen incorporation on the
(0112) sapphire. The results of this study show better physical properties of GaN thin films

achieved on (0112) sapphire.

Gallium nitride (GaN) is one of the most promising
wide-gap III-V semiconductors for optical devices in the
region of blue to ultraviolet light, because it has a direct
band gap of 3.39 eV and high external photoluminescence
quantum efficiency. It has been very difficult to obtain
high-quality GaN films because of the large lattice mis-
match and the large difference in the thermal expansion
coefficient between GaN and substrates.! Numerous sub-
strate materials have been used for the deposition of GaN.>
For lack of an ideal substrate, nearly all the GaN has been
grown on sapphire substrates despite its poor structural
and thermal match. In this study, a direct comparison is
made of the structural, electrical, and optical properties of
GaN thin films deposited on two sapphire substrate orien-
tations of (0001) and (0112) under identical growth con-
ditions.

A horizontal, atmospheric pressure metalorganic
chemical vapor deposition (MOCVD) reactor was em-
ployed to deposit GaN. A dual IR lamp heating configu-
ration was used to heat the graphite susceptor which was
inclined at 15° with respect to horizontal. A thermocouple
inserted into the susceptor monitored its temperature and
provided feedback to the temperature controller. Trimeth-
yigallium (TMG), and NH3 were used as Ga and N
source materials, respectively. Hydrogen (H2) was used as
the carrier gas. Carrier gas, metalorganic, and nitrogen
sources were mixed just before entering the reactor, in or-
der to reduce parasitic reactions of metalorganics (MO)
with nitrogen source,

The total gas flow rate was maintained at 1.6 slm with
3-10 cc/min for TMG and 500-1100 cc/min for NH;. The
bubbler was kept at — 10 °C for TMG. (0001) and (0112)
sapphire were used as substrates. Sapphire substrates were
etched by a hot solution of H;PO,:H,S0,=13 and then
rinsed in deionized water and blown dry » _tered ni-
trogen.

The growth of the GaN thin films was measured using
a ball-polishing thickness measurement technique. The
growth rate is about 1.2 um/h. No variation in the growth
rate was observed between the two different substrate ori-
entations and over the growth temperature range of 900-
1000 °C. The growth rate is proportional to the i input TMG

flux indicating the domination of mass transport process in
this temperature region.

Figures 1(a) and 1(b) show the surface morphology
of the GaN thin films deposited on (0001) and (0112)
sapphire substrates through a scanning-electron micro-
scope (SEM). The film on the (0001) sapphire shows the

wurtzite symmetry with hexagonal pyramids, while the -

layer on the (0112) sapphire exhibits a more lateral
growth mechanism as is evident from the more complete
coalescence of the grains and the smoother surface mor-
phology of the film.

The composition of the films was analyzed by Auger

FIG. 1. SEM micrographs of GaN on (a) (0001) Al,O, and (b) (0112)
AlvO’
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FIG. 2. Auger electron spectra of GaN thin films deposited on (a)
(0001) Al,O, and (b) (0112) Al,O, substrates.

electron spectroscopy (AES). Figures 2(a) and 2(b) show
the AES spectra for the samples produced at 1000 °C. The
main elements present are Ga and N, the ratio of the Ga to
N is close to unity. The Auger spectrum of the GaN thin
film deposited on the (0112) sapphire substrate did not
exhibit the presence of other impurity species in detectable
quantities. However, oxygen impurity species was detected
on the (0001) sapphire sample. It is tentatively being at-
tributed to differences in the initial growth mechanisms of
the films on the different substrate orientation which may
enhance the higher incorporation of residual impurity. A
high resolution S-crystal x-ray diffractometer using the Cu
Ka, line was used to examine the crystalline quality of the
GaN thin films. GaN single crystal growth on (0001) and
(0112) was achieved using MOCVD. It shows in Fig. 3
-(0001) GaN is parallel to (0001) sapphire and
(2110)GaN is parallel to (0112) sapphire.*> The results
of x-ray rocking curve are shown in Fig. 4 as a function of
film thickness. The x-ray rocking curve of the layer on the
(0112) sapphire is narrower than that of the layer on the
(0001) sapphire. It may attribute to both the lower incor-
poration with the oxygen and the smaller lattice mismatch
in the (0112)-sapphire-(2110)-GaN interface*® than that
in the (0001)-sapphire-(0001)-GaN interface,
The Hall electrical data of the films measured by Van
der Pauw method at room temperature were shown in Fig.
5. The unintentionally doped GaN thin films were n-type
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FIG. 3. X-ray diffraction specira of GaN thin films deposited on (a)
(0001) AL,O; and (b) (0172) AlLO, substrates.

conduction with carrier concentrations of 10'°~10®° cm~*.
The layers grown on (0112) sapphire show lower carrier
concentrations and higher mobilities. It suggests the better
¢lectrical properties on the (0112) sapphxre is attributed to
both the lss oxygen incorporation® and the lower nitrogen
vacancies.’ The further study of the electrical properties of
GaN thin films was under investigation by using deep level
transient spectroscopy method.

The 457.9 nm line of the argon laser was used for
Raman scattering. GaN has hexagonal wurtzite structure
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FIG. 4. FWHM:s of x-ray rocking curves as s function of film thickness.
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with four atoms in the unit cell and belongs to the Cg,
space group. All spectra were recorded in the backscatter-
ing geometry and at room temperature. First-order Raman
spectra of the two GaN thin films deposited at 1000 °C. On
(0001) and (0112) sapphire are shown in Figs. 6(a) and
6(b), respectively. While the sapphire Raman scattering
peaks are evident in the spectra of Fig. 6(a), the sapphire
Raman peaks are not easily resolved in the corresponding
spectra of the GaN thin films of Fig. 6(b). The line modes
at 754, 647, and 579 cm ™' correspond to the (0112) sap-
phire substrate alone, and the line modes at 754 and 579
cm™! correspond to the (0001) sapphire substrate. The
GaN line modes at 570, 560, and $34 cm ™' dominate the
Raman spectra of the GaN thin films on both (0001) and
(0112) sapphire orientations. These line modes closely cor-
respond to the wurtzite symmetry phonon modes of GaN,
labeled 4, (LO), E, (TO), and £,, respectively. The line
modes observed in this study are in good agreement with
those reported by Manchon er g’ and Burns er al®

Single-crystal of GaN thin films was achieved on
(0001) and (0112) sapphire substrate using MOCVD.
* Better surface morphology and the narrower of the x-ray
rocking curve of GaN thin films on (0112) sapphire sub-
strate were attributed to smaller lattice mismatch in the
(0112)-sapphire-(2110)-GaN interface. Also the higher
electrical quality of the GaN thin films on (0112) sapphire
substrates indicates both less incorporation with the oxy-
gen and lower N vacancy.
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Thermal stability of GaN thin films grown on (0001) Al,O3, (0112)
Al;03 and (0001)s; 6H-SiC substrates
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Science, Northwestern University, Evanston, llinois 60208
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Single-crystals of GaN were grown on (0001). (0112) Al,O3 and (0001)s; 6H-SiC
subsmrates using an atmospheric pressure Metalorganic Chemical Vapor Deposition reactor.
We have swdied the relationship between thermal stability of the GaN films and substrate's
surface polarity. It appeared that N-terminated (0001) GaN surface grown on (0001); 6H-
SiC has the most stable surface, followed by the nonpolar (1120) GaN surface grown on
(0112) Al;O3, while Ga-terminated (0001) GaN surface grown on (0001) Al,Os has the
least stable surface. We explained this with the difference in the atomic configuradon of
cach of these surfaces which induces a difference in their thermal decomposition.




GaN has been the most extensively studied III-V nitride. as it is a promising material
for light emitters and detectors in the visible to ulraviolet region!-23. However, GaN films
were reported to be unstable at high temperature under hydrogen (H>) ambient.* This
might prove detrimental to optoelectronic devices where thermal treatments can be required
for technological steps such as dopant activation. In addition. these devices are expected to
operate at high power and high temperature. However, the thermal decomposition
mechanisms have not yet received a plausible explanation. and moreover, the reported

experimental data have certain discrepancies.

GaN has been grown epitaxially on various substrates, mainly due to the lack of a
suitable lattice-matched substrate.5 Therefore, the most popular substrate used for the
growth of the GaN is the (0001) plane of the AlO;, which has a lattice mismarch of 14%
with the epilayerS. Such a large mismatch induces a high density of defects which
seriously degrades film quality. Alternative substrates having a closer lattice match such as
(0112) Al2O3 and both (0001) pola: planes of the 6H-SiC have also been used. but to a
lesser extent.”®  Along with the lattice match. the substrate's surface polarity has been
studied in order to improve the growth of GaN. Sasaki et.al® reported thar the substrate
polarity has a strong influence on the surface morphology and the photoluminescence
property of the GaN layer. It was shown that N-terminated GaN films grown on (0001)s;
plane of the SiC have bener surface and photoluminescence characteristics. when compared
with Ga-terminated GaN films grown on (0001)¢ nlane of SiC.

In our previous work?, we showed that the physical properties of the GaN epilayer
were enhanced when using the (0112) Al;O; instead of the (0001) Al»Os. In this paper.
we discuss the thermal decomposition mechanism of single crvstal GaN grown on (0001)
and (0112) AL;05 and (0001)s; SiC substrates.

A horizontal type atmospheric pressure metalorganic chemical vapor deposition
(MOCVD) reactor was employed to deposit GaN. A dual infra-red lamp heating
_configuration was used to heat the graphite susceptor which was inclined ar 15° with

respect to horizontal. A thermocouple inserted into the susceptor monitored its temperamre
and provided feedback to the temperature controller. Trimethylgallium (TMG), arnd
ammonia (NH3) were used as Ga and N source materials, respecuvcly Nitogen (N») and
Ha were used as the ambient gases. Metalorganics (MO) sources and NH; were mixed i just
before entering the reactor, in order to reduce parasitic reactions between the MO and the N
sources. (0001)s; 6H-SiC heavily N-doped Lely-grown wafers!0, (0001) Al.O; and
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(0112) Al203 were used as substrates. Prior to the deposition. the AlaO substrates were
etched by a hot soludon of H3PQ, : HaSO4 = 1:3, then rinsed in deionized water and dried
with filtered Na. The SiC substrates were cleaned by dipping in hydrofluoric acid. rinsed

and dried.

The growth temperature was varied from 900° C to 1050° C. The TMG bubbler
temperature was kept at -10° C and the carrier gas bubbling flow rate was 2.5-5 cc/min.
Ammonia flow rate varied from 550 to 1100 cc/min, while the total gas flow remained
constant at 1600 cc/min. The films, deposited without any buffer layer, were 2.5-3 um
thick corresponding to a growth rate of 1.25-2.5 um/h. The surface morphology of the
GaN layers were observed using scanning electron microscopy (SEM). A high resolution
S-crystal x-ray diffractometer using the Cu Ka; line was used to obtain rocking curve data
from which crystailine quality was inferred from the full width at half maximum (FWHM)
of the lineshape. Finally, Hall measurements were performed at room temperature using
the Van der Pauw method.

SEM observadons showed that the GaN layers on (0001)s; SiC and on (0001) Al,O3
presented a hexagonal-shape and that the GaN layer grown on (0112) Al>Os appeared with
a ridge-like facet®>. Moreover, from x-ray specta. the (0001) GaN was found parallel to
the (0001)s; SiC and (0001) Al.O; surfaces. and the (1120) GaN, parallel to (0112)
Al O3, FWHMs of the rocking curves of GaN films were about 20-30 min. Although the
SiC substrates were heavily N-doped. they exhibited high resistivity which made Hall
measurements possible. Electron concentration and Hail mobility were 1x1029cm-3 and 20
cm?/ Vsec for GaN / SiC samples. 2x10!9 cm-3 and 60 cm¥ Vsec for GaN / (0112) Al,O3
samples. and, 7x10'9 cm-3 and 40 cm?/ Vsec for GaN / (0001) Al,Q3 samples.

respectvely.

For this thermal stability study, as-grown GaN films were divided into two groups and
annealed at two different temperatures (900° C and 1000° C) under H and N» ambients.
The first set of experiments was conducted on GaN / (0001)s; 6H-SiC and GaN / (0112)
Al>O3, and consisted of a 1 hour thermal annealing at 1000° C. The second set of
experiments was conducted on films grown on (0001) and (0112) Al»O3, and consisted of
four consecutive cycles of 1 hour thermal annealing at 900° C.

The results obtained from the first set of experiments are as follows. Fig. 1 and 2
show the changes of surface morphology and x-ray spectra of GaN films before and after
annealing under Ha-ambient at 1000° C for 1 hour. respectively. The GaN film grown on

3




(0172) Al203 was totally decomposed leaving a residue in the form of Ga droplets and the
(1120) GaN diffraction peak disappeared. Surprisingly. no thermal decomposition was
observed for the GaN film grown on (0001)s; SiC. Moreover. the x-ray spectra and Hall
measurement of this latter film showed essentallv no change in it's crystalline quality and

electrical properties.

Similarly, the samples annealing under N--ambient at 1000° C for 1 hour produced no
change in their crystalline quality and electrical pagperties. This is consistent with previous
reports®. The results in Hy ambient were very different. In the 1000° C thermal eatment.
better thermal stability has been observed on the N-terminated (0001) surface. It is believed
that surface polarity plays an important role in thermal decomposition. which will be

addressed shortlv.

The results obtamed b&x the second set of experiments ¥ as follows. Fig. 3 shows
the surface morpholog¥y- of GaN films after four cvcles of 1 hour thermal annealing at 90@°
C under N»-ambient and Hz-ambient. Under N:-ambient. no change of surface
morphology occured for both § samples. However. the FWHM of rocking curve (Fig. 4)
has been improved after annealing under Na, especially for GaN / (0112) Al;Os. Fig. 5
and 6 show the variation of electron concentration and Hall mobility after the annealing
cycles. The vériadon of electron concentradon and mobility is not pronounced for the films
annealed under N> ambient. As we will explain latter. the improvement of the cryéal
quality can be due to the desorbing of atomic hydrogen in the hydrogen-passivated GaN
films!! which restores the crystallinity of the films. Remarkably, different results were
obtained for films annealed under Ha. As strown in Fig. 3 (b.d), Ga metal droplets are
present on the surface ofthe annealed samples. These droplets are probably produced by
atomic hydrogen anack 3¢ the GaN films. as we will show in the following. ‘Fig. 4 shows
the effect of annealing under H on the FWHM of rocking curve. The crystal duality was
essentally unc&cd under Hy-ambient, though severe change of the surface morphology
was observed. I’hﬁf% pbenomenon might be explained by the nonuniformity of thermal
decomposition of the surface. This thermal decomposition is confirmed by the variation of
electron concentration and Hall mobility (see fig. 5 and 6). Electrical properties of (0001)
GaN / (0001) AlO3 became much worse than (1120) GaN / (0112) ALO; plane after
annealing under Ha. This result is explained by a more severe decomposition of the (0001)
GaN /(0001) Al2O5 surface compared to the (1130) GaN / (0112) Al>O; surface.

Our interpretation of these results are as follows. The variation in thermal stability of
GaN films grown on (0001). (0112) Ai-O: and (0001)s, SiC under H- ambient is

4

I




atributed to the different surface polarities. As predicted by Sasaki and Matsuoka®. the
GaN epilayer grown on (0001)s; SiC is N-terminated. on (0001) Al>Os is Ga-terminated
and on (0112) Al»O3 is nonpolar. The presence of Ga droplets. shows that the thermal
decomposition process of the epilayer is based on the reduction of Ga3~ ions by hydrogen
(GaN + lHa — Ga + NH;3). The thermal decomposition rate was the fastest on the (0001)

Ga- tcrrmnatcd surface, followed by the nonpolar (1 120) surface, while the N-terminated
(0001) surface had the slowest dccomEosmon rate. On the N-terminated (0001) GaN
surface, H atoms combine directly with N to form N-H (~ 3.9eV)12 which is energeucally
more st‘m Ga-H (< 2.83¢%)15. Thus, the N- tcrrmnatcd (0001) GaN surface has the
slowest thermal decomposition rate, and conscqucmly, “the best thermal stability. For the
Ga-terminated (0001) and the nonpelar (§120) GaN surfaces, H atoms combine first with
Ga. to form&-l covalent bonds and then move frof Ga 10 Nesites to form N-H bonds.
Our cxplananon for e higher thermal stability of the nonpolar (1120) -GaN surface
compared to the. Ga-terminated surface consists of the following {mo points. First, half of
the atoms on the nonpolar (1120) surface are N atoms, whiﬁ will combine with-H 10 form
N bonds, while Ga atoms o
a:g less stable than &H?onds after removing the Ga-wmd surface. only N
atoms remain on the surface. However, this surface is d.lffcrcnt from thc N-terminated
surface. since only one Ga atom is bonded to0 one N atom in this case. mstead of three Ga
atoms bounded to one N atom in the normally N- tenmnated case, as shown in Fig. 7.
Therefore. thegmal decompositon is faster on the Ga-terrmnaxed surface than the nonpolar
(1120) surface. , v

In summary, singlecrysal GaN films were grown by MOCVD on (0001)-and (0112)
Al;O; and (0001)5{ SiC substrates; Thgevariation in thermal stability of-the films grown on
different substrates should bé atwibuted to surrac-geolmry effems. Unlike the epilgvers
grown on sapphire substrates, GaN grown on (0001)s; SiC is thermally stable at
tcmperatm‘&@hth as 1000° C under H2-ambient gas. The crystallinity of (1120) GaN
grown on (0112) Al,O3 has been improved arter N- thermal annealing at 900° C, while
thermal m has been observed on the same samples under Hy-ambient. This is
due to the desorbing and involvement of H-. Hall measurement showed that electrical
propertes became worse after annealing under Hj-ambient. This is attributed to the
reduction of Ga3* ions, which causes thermal decomposition. Based on the model. N-H
(~ 3.9¢V) is more stable than Ga-H (< 2.8eV), and it was found that N-terminated (0001)
GaN surface has the slowest thermal decomposition rate, followed by nonpolar (1120)
surface. while Ga-terminated (0001) surface has the fastest thermal decompositon rate.

d

a-tcrmmatcd surface wrnfonﬁEa-H bonds. whxch
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Fig

Fig

Fig

Fig.
Fig.

Fig.

1

Surface morphology of GaN films with H: thermal annealing at 1000° C on (0112)
Al:O3 (a)before annealing, (b)after annealing. and on (0001)s; SiC (cjbefore

annealing, (d)after annealing.

g. 2 X-ray spectra of GaN films with Ha: thermal annealing at 1000° C on (0112)

sapphire (a)before annealing, (b)after annealing. and on (0001)s, SiC (c)before
annealing, (d)after annealing.

. 3 Surface morphology of GaN films on (0112) Al»Os arter four 1-hour consecutive

thermal annealings at 900° C under (a) N1 and (b) H> ambients. and on (0001) Al.O;
under (¢) N2 and (d) H> ambients.

.+ The variaton of FWHM of the rocking curve for films annealed under H-~ and N-.

(I

7

The variation of elecron concentration for films annealed under H» and N-.

6 The variation of Hall mobility for films annealed under H, and N-.

Crystal szucture of (a) Ga-terminated and (b) N-terminated (0001) GaN.
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High quality aluminum nitride epitaxial layers grown on sapphire

substrates

A. Saxier, P. Kung, C. J. Sun, E. Bigan, and M. Razeghi
Center for Quannum Devices. Electrical Engineering and Compuser Science Deparoment.

Northwestern University, Evansson. [llincis 60208

(Received 22 July 1993; accepted for publicanon 5 November 1993)

In this leger we report the growth of high qualiry AIN epitaxial lavers on sapphire subsates. The
AIN grown on (00-1) sapphire exhibited a beuer crysualline quality than that grown on (01.2)
sapphire. An x-ray rocking curve of AIN on (0C-1) Al.O; vielded a full width at half-maximum of
97.2 arcsec, which is the narrowest value reported to our knowledge. The AIN peak on (01-2) Al.Q,
was about 30 umes wider. The absorption edge measured by ultraviolet transmission SpecToscopy

for AIN grown on (00- I) Al,O4 was about 197 nm.

Aluminum nigide with a direct band gap energy or 6.2
¢V ar room (emperature is an ideal material for oproelec-
wonic devices operating in the uitraviolet (UV) spectral re-
gion. AIN can form alloys of Al,Ga,.,N with GaN which
can have a wunable direct band gap from 6.2 eV for x=1 10
3.39 eV for x=0. In its equilibrium phase AIN has a wurtzite
type crystal scucture belonging to the space group P6.mc.
Currently the predominam problem with the growth of AIN
is o obtain high quality films and to be able to dope the
films. In this letter. we report the growth and characterizaton
of AIN epitaxial javers on (00-1)Al.0,, (01-2)Al,0; and
(100)Si substrates.

AN thin films were grown in a horizontal, amospheric
pressure  metal-organic  chemical-vapor  deposinon
(MOCVD) reactor. The sapphire and silicon substrates were
first degreased with hot mrichioroethylene, hot methanol. and
acetone. Then, the Al.O; subszates were eiwched in a hot
H,SO,:H;PO,=3:1 solution, and the Si substrates were
dipped into HF. before they were rinsed in de-ionized warer
and dried with filtered nitrogen. For each growth the
(00-1)Al30,, (01-2)Al,0, and (100)Si substrates were
placed side-By-side in the reactor. The Al and N sources were
trimethylalurinum (TMA_I).camed on at 25 °C and elec-
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FIG. 1. FTIR spectrem of the AIN thin flkns deposited on Si substrates.

Tonic grade (99.999%) ammonia (NH;,. The carrier gas was
ultraplus (99.9995%) high purity nirogen (N,). The dow
rates were 5. 400, and 1200 cc/min for TMAL NH;, and Na.
respectivelv. In order to reduce parasitc chemicai reacaons.
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FIG. 2. (a) UV wansmission spectrum for (00- 1) ADN//(00- DALG,. ) LV
wansmisnion spectrum for (ll -0)ADN//(01-2)AL,O, .
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FIG. 3. (a) 3-20 x-.ray diffraction spectrum for (00- 1)AIN/(00-1)Al, Os.
(b) 2-20 x-ray diffraction spectrum for (11-0)AIN//(01 -2)ALO, .

the TMAI and NH, were mixed at the entrance of the reactor
chamber. The susceptor temperature was 1050 °C. During 2
h of growth. a film about 1 um thick was deposited as de-
termined by ball polishing thickness measurement Fourier
transform infrared spectroscopy (FTIR), UV wmansmission
spectroscopy and a four<crystal monochromator x-ray dif-
fractometer (MPD)188O/HP),' developed at Philips Research
Laboratories were used to characterize the epitaxial layers.

Simesapph‘naysulsabsorbmdiaﬁoninmespecual
region where we expect to find a phonon mode pezk for ALN,
FTIR spectroscopy was only performed on the films grown
on silicon substrates. Figure | shows the ransmittance as a
function of wave number. A clear peak a 665 cm™' was
present, which corresponds to the transverse oprical (TO)
=667 cm™' and to the £,=665 cm™' phonon modes of
AIN.? No other strong peaks were detected.

Using UV wansmission spectroscopy, the absorpton
edge of the AIN films was measured. Figures 2(a) and 2(b)
show the specmra for the epilayers grown on (00-1) and
(01-2)Al,0,, respecdvely. The film grown on (00.1)Al,0;
had a sharp edge at abour 197 nm. confirming the presence
of high quality AIN. However, the film grown on

2 Appl. Piys. Lett., Vol. 64, No. 3, 17 January 1994
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FIG. 4. (a) X-ray rocking curve of the (00-2) peak of AIN. (b) X-rav rock-
wng curve of the (11:0) peak of AIN.

(01-2)Al,0; showed a2 much less sharp eige at about 2153
nm.

Figures 3(a) and 3(b) represent the Omega/2Theta scans
for the epilayers grown on (00-1} and {01-2)Al.0;, respec-
tvely. These spectra showed the (00-1) and (11.0) faces of
AIN are parallel to the (00-1) and (01-2) faces of Al.O;,
respectvely, which is analogous to GaN epilavers grown on
the same Al,O; substrate orientarions.’*

Figure 4(a) shows the x-ray rocking curve of the (00-2)
peak of AIN grown on (00-1)Al,O;. The full width ar half-
maximum (FWHM) was 97.2 arcsec, which is the narrowest
value reported (o our knowledge.® As shown in Fig. 4bl, the
rocking curve of the (11-0) peak of AIN grown on
(01-2)Al,0,4 presented a FWHM of about 3200 arcsec.® We
previously reported that GaN films grown on (01-2)Al,0,
exhibited a beuter crystalline quality than those grown on
(00-1)AL0, .}

A difference in the thermal mismatch for the two Al.O,
orientations may be responsible for these disparate resuits.
Table I shows the thermal expansion-coesficients’® and lar-
tice parameters’ of AIN, GaN, and Al . Using these values.
we calculated the thermal and lartice Tismatch values given
in Tabie II. We estimated the thermal expansion coetficient in
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« directon TEC ¢ decuon TEC e ¢
(X10~%K) (X10°%K) (A) (A)
AN .7 415 3112 4982
GaN 559 7.75 (700-900 K) 3.189 5.185
Al:O, 728 8.1l 4.758 12.991

the [121]A1,0; direction to be about 8X10™%K in the range
from 20 1o 800 °C. using the daia from Yim and Paff’ and
¢’ = y3a--¢- for a ransiational period in the (01-2)Al.0;
piane.® The thermal mismatch is higher for (11-0)AIN grown
on (01-2)Al.0, than for (00-1} AIN grown on (00-1)Al,0;.
The thermal mismatch for (0Q-1)GaN grown on (00-1)Al.O4
is larger than for (11-0) GaN grown on (01-2)Al.0,.

There are also other factors that may contribute t0 poorer
qualiry AIN films grown on (01-2)Al,0, substrates. The ther-
mal and lattice mismatches are different for the two ransla-
tonal symmerry directions in the epilayer (11-0) plane. The
mismatches in the [110] direction of (11-0)AIN are the same
as the ones for the (00-1) epilayer grown on (00-1)Al,04
(—28% and !3.5%), while the mismarches in the ¢ directon

TABLE [1. Thermal and latuce mismatcbes of AIN and GaN on (00-1) and
(01-2) ALG,.

Epnaxial layer Substrate Thermal musmatch  Lanice musmaich
(00- 1)ALN (00- 1)ALO, -8% 13.3%
(11-0)AIN (01-2)AL,0, -4% =29%
(00-1)GaN (00- 1)ALOy -3% 16.1%
(11-0)GaN (01-2)ALO, -3% 1.1%

JOBNAME: Using APL format PAGE: 3 SESS: 6 OUTPUT: Fri Dec 10 15:46:01 1993
/xy2/third/journaisd/ apl/1 7jand4/034403apic
BY: AEV: bob@xy2/third/CLS_journals N GRP_splJOB_17jan4/DIV_034403apic ¢ 034403api

of AIN are shown in Table [1 (-48% and —2.9%). In the
[110] direction of (11-O)AIN, the lamce musmatch is com-
pressive, while in the [001] direction it is expansive. Also. in
the simple crystallographic model of Kung er al..' the hex-
agonal closed packing of atoms is continued in the growth
direction for the epitaxial lavers on (00- 1)Al.PO; whereas it
is not for epilayers on (O1-2)Al,O,. This leads 10 inminsic
defects at the interface berween (11-0JAIN and (01-2)Al,0,.

In summary, we have reported the growth of aluminum
nitride films on (100) silicon. (00-1) and (O1.2) sapphire
substrates. Those grown on (00-1)Al,O, had higher crystal
quality than those grown on (01-2)A1.0;. The x-ray rocking
curves vielded a FWHM of about 97.2 arcsec for the AIN
epilayers grown on (00-1)Al,O;, the narrowest value over
reported to our knowledge. The absorption edge for these
epilayers was at 197 nm. and it was sharper than for the AIN
epilayers grown on (01-2)Al.O;. It was shown that the better
crysallinitcy of AIN films was due to the smaller thermal
mismatch berween (00-1)AIN and (00-1)AL,0;.

The authors would like 10 thank Max Yoder and Dean
Jerry Cohen ror their permanent support and encouragement.
This work is supported by the Office of Naval Research un-
der Grant No. N00014-93-1-0235.
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AlxGaj.xN grown on (00-1) and (01-2) sapphire
and (100) silicon

C. J. Sun, P. Kung, A. Saxler, H. Ohsato and M. Razeghi
Center for Quantum Devices
Deparunent of Electrical Engineering and Computer Science

Northwestern University, Evanston, Illinois 60208

Temnary AliGa; N thin films have been successfully grown on (00+1) and (01¢2)
sapphire with prior growth of either AIN or GaN/AIN by atmospheric pressure
metalorganic chemical vapor deposidon. The composidon x value of the thin films
obtained varied from 0 to 0.6. The surface morphology. crystallinity and
photoluminescence of the AlyGa; <N were investigated. The surface morphology of films
grown on (00+1) sapphire showed a triangular szucture and those grown on (01¢2)
sapphire showed a rectangular structure. The full width at half maximum or x-rav rocking
curve of the Alp3Gags7N grown on (00+1) sapphire is about 10 min. The crystalline
quality of AlxGa;.xN became poor when the x value increased. The crystalline quality of
films grown on (01+2) sapphire and (100) silicon substrate is much poorer compared
with those grown on (00+1) sapphire. while the FWHM's of photoluminescence peak are
as good as those grown on (00+1) sapphire. '




The Al,Ga;xN!- ternary thin films have atracted much actendon with a direct band-
gap in the visible to ultraviglet (uv) regions®. This makes it a good candidate for devices
like blue ligh:-;ﬁining diodeg}, UV detectors’, and high temperarure and high power
elecron dgvicess’. Recently, we reported the high quality AIN growth on sapphire with
92 arc seconds of the full width at haif maximum (FWHM) of rocking curve$. In this
paper we reported the high quality of Al;Ga;xN growth on (00+1) and (01+2) sapphire
(a-Al,03) and (100) silicon {Si) with prior growth of either AIN or GaN/AIN layer
structures. The surface morphology, crystallinity and optical properties were investgated.

The Al,Ga;.xN was prepared by a atmospheric horizontal-type metalorganic chemical
vapor phase (MOCVD) reactor”. (00-1) and (01+2) sapphire (a~AkO3) and (100) silicon
(Si) were used as substrates. A dual infra-red lamp heating configuration was used (0
heat the graphite susceptor which was inclined at "15* with respect to horizontal. A
thermocouple inserted into the susceptor monitored its temperature and provided
feedback to the temperasure contoller. Trimethylgallium (TMGa), Frimethylaluminum
(TMAI) and ammonia (MHj) were used as Ga. Al and N source materials. respectvely.
Nitrogen (No) was used as the ambtent gas. Meamlorganics (MO) and nitrogen source
were mixed | fust before ennenng the reactor. in order to rcdv’ parasitic reactons of MO
with nirogen source.

Growth temperature varied ffom 900°C to 1050°C. The bubbler temperature were

kept at -10°Cfor TMGa and 25°C for TMAL. The carrier gms bubbling flow rates were
0.5-5 cc/min for TMGa and 5-10cc/min for TMAl and NH3 flow rate varied from 400 to

1100 cc/min, while tre toeal gas flow remained constant 21680 cc/min. Sapphire
substrates were etched by a hot solution of H;POy : HaSO; = 1:3 and then rinsed in
deionized warerand dried with filsered niogen. i substrates were cleaned by dipping in
hydrofluoric acid prior to the growth, rinsed and dried.

Before the growth, the substrates were kept at 1050°C for 15 min in a sweam of Ha
gas to remove the oxide layer. After the subswate temperature was stabilized. NH3 was
fed into the reactor. A high quality AIN or a GaN/AIN layer sucture was grown before

the ternary AlyGa,.xN growth

The surface morphology of the Al{Ga;.(N thin films obtained were observed
through a scanning elecron microscope (SEM). The orientadon relatdonship of thin films
and substrate was determined by the precession camera using the MoK, radiadon!C. A

"~




high resolution $-crystal x-ray diffractometer using the Cu Kq, line was used to exarnine
the crystalline quality of the Al Ga;.«N thin films. Opdcaf propertes were characterized
by photoluminescence (PL) measurement.

Fig. 1a shows a SEM photograph of Alg.13Gags7N thin film grown on (00+1) sapphire
with a prior growth of AIN. The surface morphology of the thin film is different from
thar of GaN which is usually hexagonal plate-like structure reported by Sasaki!! and
Akasaki et al.12. It consists of plate-like crystals which locate in three equivalent
directions as a triangular structure shown in Fig. 1a . Those plates are pyramid surfaces
which are parallel to a-axis as observed by SEM. Elwell et ail3 reported the morphology
of GaN single crystal with {101} and {10+2} pyramid surfaces. So we believe the
plates appeared on the (00+1) face are either {10+1} or {10-2}. These three equivalent
plates make a u‘ixngle shape like a dendritic or hollowed crysals. Fig. 1b showed a much
smooth surface of the AlGaN thin film grown on (00+1) sapphire. The<(00-1) surface are
formed by ﬁlhn}the hellowed portion among the plate- hk;_ > crystals.

Fig. 2a and ’b show the SEM photographs of (ll-O)Alo_oGao soN grown on (01e2)
sapphire substrates with a prior growth of AIN. The surface morﬁogy of the thin films
is very smooth as showm in Fig. 2a. On some other samples, interesting figures are
found, which also show plate-like crystals. Those crystals migh¥ be the same as those
grown on (00-1) sapphire substrates. The pyramid surfaces are perpendicular to {110}
surtace. The face angles between the two pyramidal faces is 124.1 for {10+1} and 86.6
for {10-2}. The face angl® observed by SEM berween the two plate-like crystals is about
87", so the plate-hke surface should be (10.2) surtace. <

We believe the first step gromh of AlGaN thin films is the plage-like crystal growth
with {102} pyramid face in both (00+1) and (0i+2) cases. .A smooth surface will appear
by filling the hollowed portion among the plate-like crystals. =

Fig. 3a, 3b and 3¢ show the x-ray specza of AlGaN grown on (00¢1), (01+2)Al;05
and (100)Si with a prior growth of GaN/ALN. The mole fraction of Al was determined by
Vegard's law. The x value varied from 0 to 0.6 by changing the flow rate of TMGa. The
AI‘Gal N thin films are single crystal for all the composition x and the FWHM of x-ray
rockmg curve of (00+1)Alg 13Gags;N was as narrow as 10 min shown in Fig. 3a. The
crystallinity of AlyGa;<xN films became poor when the x value became larger. The
crystalline quality of films grown on (100)Si is much poorer than those grown on
sapphire as shown in Fig. 3a. 3b and 3c.
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The PL experiments were performed using a LiCoNiX 200 Series continuous wave
Helium-Cadmium (He-Cd) laser as the optical excitation source ( 325nm. maximum
power 30mW). An optical chopper was used to avoid the low frequency noise. The
samples were stuck on a copber plug on a liquid nirogen (77K) cold finger kept in an
evacuated chamber with quartz windows. The luminescence was focused at the slit of
SpecmaPro 275 spectrometer by a 10 cm lens.™ispersed by a grating with a 1200
grooves/mm blazed at 300 nm. The signal was amplified by photomultiplier tube (PMT)
and sent to the lock-in amplifier.

Fig. 4a, 4b and 4¢ show the low temperarure PL spectra of AlGaN grown on (001),
(01:2)Al,03 and (100)Si with a prior growth of GaN/AIN. Fig. 4a shows an
undecomposed peslk-of (00+1)GaN and (00+1)Alg ;Gagg7N. Fig. 4b shows that the peak
emissions from the (11+0)GaN and (11-0)AlgsGag sN are at 355 nm and 341 nm,
respectively. Fig. 4c shows that the peak emissions from the (00+1)GaN and
(001)AlGaN are at 363 -nm and 345 nm. respecgvely. The FWHM were about 95 meV
for both GaN and AlGaN on all samples. There is an unknown luminescence peak
observed at around 375 nm for all the samples. The luminescence efficiency was
increased 10 times ffam room temperaruge to 77K for sapphire samples and 25 times for
Si samples. Surprisingly, the luminescence from Si sample is as good as those from
sapphire, though the crystalline quality of Si samples is much poorer. ~

In conclusion, we reported about the ternary AlyGa,.xN thin films grown on (001),
(01-2)A1;O3 and (100)Si with a prior growth of AIN or GaN/AIN. The surface
morphélogy was diffeg: from those reported up to date. rhe plate-like crystals with
(10+2) are grown on the sapplnre substrate with a prior growth of AIN like the dendritc
or hollow crystals. | followed by forming a much smoother snrface with filling the
hollowed portion among the plate-like crystals. The x-ray spectra showed that the
Crystalline quality of ternarg Al;Ga;.«N is as good as that of GaN. The FWHM's of PL
peak of the temary thin films are as narrow as that of GaN (95 meV).
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List of Figure

Figure 1 SEM phorograph of Alg,13Gap .- N thin film grown on (00+1) sapphire with a
prior growth of AIN. (a) A tiangular swucture form by the plate-like crystals has
been observed. (b) A smooth (00«1) surface has been formed by filling the
hollowed portion among the plate-like crystals.

Figure 2 SEM photographs of (11+0)Aly 20Gao 30N grown on (01+2) sapphire substrates
with a prior growth of AIN. (a) A smooth surface has been observed. (b) A
rectangular structure form by the plate-like crystals has been observed.

Figure'3 The x-ray spectra of AlGaN grown on (a) (00+1)Al20s. (b) (012)Al;03 and
(¢) (10Q)Si . with a prior growth of GaN/AIN.

Figure 4 The low temperature PL spectra of AlGaN grown on (a) (00¢1)Al20s. (b) (012)
and (c) (100)Si, with a prior growth of GaN/AIN.
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