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AIN/VN superlattices with different periods were studied using x-ray diffraction and
transmission electron microscopy (TEM). A phase transformation of the AIN from an
epitaxially stabilized rock-salt structure to a hexagonal wurtzite structure was observed
for an AIN layer thickness greater than 4 nm. A structural model is proposed on the
basis of TEM results for the orientation of the transformed phase. The VN layer grown
on top of the hexagonal AIN was observed to be reoriented compared to that in the
stabilized B1-AIN/VN. The VN nucleated by taking the w-AIN(002) plane as its (111)
plane instead of the (002) plane.

I. INTRODUCTION In this paper, we report results showing the epitaxial
AIN, one of the Ill-V compounds, is characterized stabilization of B1-AIN in AIN/VN superlattices with an

by high ionicity, short bond length, low compressibility, AIN_Iayer thickness less than 4.0 nm. A phase transfor-
high thermal conductivity, and a wide band gap. Thesdnation from B1-AIN to w-AIN takes place when the AIN

properties make it interesting and useful in many areadayer thlckness ex_ceeds the 4.0-nm critical .th|ckness.
for instance applications for lasers and high-temperaturgross'sec'“o”"’II high-resolution electron microscopy
transistors. At ambient temperature and pressure, AINTREM) observations of the superlattice layers also

has a wurtzite (w-AIN) structure with alternating layers ShoW @ reorientation of the VN layer above the w-AIN
of Al and N atoms. A high-pressure rock-salt (B1-AIN) layer. Both the orientation of the transformed w-AIN as

structure and a zinc-blende (zb-AIN) structure were preWell @s that of the subsequent VN can be understood

dicted by Christensert al. using total energy calcula- as minimizing the misfit stresses. The relative orientation
tions22 Both of them are cubic structures. as shown inOf the transformed w-AIN, as well as observation of a

Fig. 1. A pressure-induced first-order transition from theVe"y small fraction of retained B1-AIN, suggests that the

hexagonal to the B1 structure has been observed in bulkNase transition is martensitic.
AIN, in reasonable agreement with thedr§.
; An aIterryatwe_ me_thod of pbtglnlng the metastable CUs EXPERIMENTAL PROCEDURES
ic phase is epitaxial stabilization. In a previous study,
zinc-blende AIN was observed to be stabilized in an AIN/VN superlattices were grown on MgO(001) sub-
AIN/W superlattice, in which zb-AIN transformed to w-AIN  strates in an ultrahigh vacuum dc-magnetron sputtering
at larger thicknes§;B1-AIN was observed to be stabi- System that has been described elsewfdree sputter-
lized in both AIN/NbNF and AIN/TiN’ superlattices with  ing targets were 99.95% pure V and 99.99% pure Al.
an AIN layer thickness of less than 2.0 nm. More recentlySuperlattices were deposited in mixtures of 12 mtorr of
it was found that B1-AIN could also be stabilized in Ar and 3.6 mtorr of N. The MgO(001) substrates were
AIN/VN (001) superlattices with an AIN layer thickness first cleaned in organic solvents and then annealed at
of less than 4.0 nm, the largest critical thickness obtained50 °C in vacuum for 0.5 h. After that, the substrate tem-
to date® This is due to the smaller lattice mismatch be-perature was dropped to 630 °C, which proved (from
tween B1-AIN and VN. Relatively little is known about experiments at different temperatures) to be the optimal
the B1 to hexagonal transformation. operating temperature. All buffer layers and superlattices
were deposited at this temperature. In all cases, a 200-nm
VN buffer layer was deposited prior to superlattice depo-
sition. With a constant VN layer thickness of 2.5 nm, two
Saddress all correspondence to this author. samples (nos. 1 and 2) with different AIN layer thickness
e-mail: liquan@phy.cuhk.edu.hk (1.3 and 5.0 nm, respectively) were deposited for x-ray
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FIG. 1. Schematic of the three structures of AIN.

diffraction (XRD) characterization. A special multilayer of 14.8 nm. The AIN layers appear slightly lighter than
sample was grown for the transmission electron microsthe VN layers because of the lower scattering factor of
copy (TEM) study that contained three consecutivelyAl. When the AIN layers are thin (4.0-nm layer thick-
grown superlattices with different AIN layer thicknesses,ness), a relatively smooth layered structure is predent.
[AIN (1.8 nm)/VN (6.2 nm)}, [AIN (4.0 nm)/VN  When the AIN layers grow thicker (14.8-nm layer thick-
(6.2 nm)L, and [AIN (14.8 nm)/VN (6.2 nm)} which  ness), the layered structure becomes wavy above the first
enabled observation of both cubic AIN and the w-AIN AIN with 14.8-nm layer thickness.
after the phase transformation in the same sample.
XRD scans were carried out in a double-crystal dif- o o _
fractometer equipped with a LiF focusing monochroma-B- Epitaxial stabilization of B1-AIN in
tor, using the Cu K line (0.154 nm). Transmission AIN/VN superlattices
electron diffraction (TED) and HREM were used to ex-  Figure 3 shows a higher magnification image of region
amine the superlattice structures of both the stabilizeda) in Fig. 2, with an inset diffraction pattern. Both the
phase and the transformed phase. Two TEM samplegN and AIN show square lattice fringes. The measured
were prepared with different orientations, which enabledattice fringe spacing of 2.05 + 0.03 A agrees with the
high-resolution images to be taken with the electrontheoretical NaCl-type structure lattice parameters
beam along the MgO [100] and [110] zone axes, re{Table I):a,, = 4.14 A andag, . = 4.06 A, respec-
spectively. The TEM samples were first mechanicallytively. The diffraction pattern also shows a square sym-
polished to 30 microns and then dimpled to less thametry. The diffraction spots are extended along the [002]
10 microns, after which the samples were ion-milled to(growth) direction; this is due to superlattice reflections
electron transparency. The high-resolution images werarising from the artificial periodicity in the structufe.
taken on a Hitachi H-9000 microscope (Hitachi, Tokyo, The orientation relationship between the two materials is
Japan) operated at 300 kV. Some of the images were higl©01)VN//(001)B1-AIN and (010)VN//(010)B1-AIN. No
pass filtered to provide a clearer observation. The filteringmisfit dislocations were observed, which indicates a
removes the electron inelastic scattering effect in the imagatrained coherent interface between B1-AIN and VN.
The TED patterns were taken on a Hitachi H-8100 micro-The same result was observed when the layer thickness
scope using a 204 selected area aperture. of AIN is less than 4.0 nm.
Figure 4 shows @—26 XRD scan of a [AIN (2.7 nm)/
VN (2.7 nm)] superlattice. Along with the MgO(002) and
Il. RESULTS the superlattice Bragg peak, small peaks corresponding
to the superlattice reflections are present. From the Bragg
peak position, the average out-of-plane lattice parameter
Figure 2 shows a low-magnification image of a AIN/VN was 4.10 + 0.01 A. This value is between those for VN
superlattice with different periodicities with the electron (4.14 A) and B1-AIN (4.06 AY. This result is consistent
beam along the VN [100] zone axis. The layer thicknessvith B1-AIN layers but inconsistent with zb-AIN, which
of the VN is 6.2 nm. There are two different periods has a significantly larger lattice parameter (4.37 A). XRD
shown in Fig. 2: 10.2 nm with an AIN layer thickness of simulations showed a much better fit for B1-AIN than for
4.0 nm and 21.0 nm with an AIN layer thickness zb-AIN.2

A. General description of the superlattice layers
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C. Evidence of the AIN phase transformation and [100]//VN [100]//B1-AIN [100] direction. Although in
residual cubic AIN at the w-AIN/VN interface the region away from the VN/AIN interface fringes al-

Figure 5 shows a higher magnification image of regionM0St parallel to the interface witdh spacing of 2.49 +
(b) in Fig. 2. Although the lattice fringes within the VN 0-03 A are found, residuals of square fringes were ob-
layer retain a square symmetry, fringes appear in théerved_ near the; fll_m—substrate interface in t_hls particu-
AIN layer at 4 deg to the AIN/VN interface. The meas- lar region. Moiré frmg.es were also observgd in the same
uredd spacing in the AIN layer is 2.49 + 0.03 A, which "€gion. The square frlnges_at the VN/AIN interface indi-
matchesdyo, (2.49 A) of W-AIN,1° suggesting that a cate that there is some residual cubic AIN after the phase

phase transformation has occurred in the thicker AINfransformation. The Moiré fringes suggest the overlap-
material. ping of multiple structures of B1-AIN and w-AIN. As the

A phase transformation from B1-AIN to w-AIN at (002) planes of w-AIN are at a small angle to the film
larger AIN layer thickness was confirmed by XRD. In
Fig. 6, a 6—26 XRD scan of a [AIN (5.0 nm)/VN
(2.5 nm)] superlattice, all the superlattice reflections
have disappeared. The peak at 36° corresponds to the
w-AIN (002) reflection.

Although almost all the AIN has transformed to the
wurtzite structure, there does exist a very small fraction
of cubic material (<5%). Figure 7 shows a high-
resolution image taken at the interface of VN and AIN
with an AIN layer thickness exceeding the critical thick-
ness. It was taken with the electron beam along the MgO

1
1
1
¥

FIG. 3. HREM image of AIN/VN taken several periods away from
the MgO substrate with the electron beam along the MgO [100] di-
rection. The layer thickness of AIN was 4.0 nm, and the B1 structure
was stabilized in the superlattice. The diffraction pattern in the inset
confirmed the cubic structure.
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TABLE I. Lattice constants of MgO, VN, zb-AIN, B1-AIN, and

w-AlIN.
a(A) c(A)
MgO 434
: VN 4.14
FIG. 2. Image of AIN/VN taken with the electron beam along the ;AN 4.37
MgO [100] direction. A smooth layered structure was observed wheng1_a|N 4.06
the AIN layer thickness is thin. The layered structure became wavy,_aN 3.11 4.98

after the B1l-wurtzite phase transformation took place.
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interface, a mixed Moiré pattern is formed due to over-D. Orientation of AIN following the
lapping w-AIN and B1-AIN in a [010] orientation and a phase transformation

small relative twist of the w-AIN (002) planes. The meas-  gigre 8 shows a selected area diffraction pattern
uredd spacings f;(\om the power spet/:sfrum in this regioniayen from an area which includes the MgO substrate, the
are 2.03 + 0.04 A (A), 2.05 £ 0.04 A (B), and 2.50 * gy _AIN/VN (cubic) multilayers, and the w-AIN/VN

0.04 A (C), which match thal spacing of the (002) multilayers. It was taken with the electron beam along
planes (2.04 A) of B1-AIN (A, B) and the spacing of

the (002) planes (2.49 A) of w-AIN (C), respectively.

Intensity
1E+10
—o—experimenta— simulated I 1.8 1
MgO
Bragg peak
AIN/VN superlattice 1B (002) (002)
Bragg W-AIN

E" 1804 (0002)
z 1E42-
g
E 120
e 54
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FIG. 6. High-angle XRD of [AIN (5.0 nm)/VN (2.5 nm)] superlattice.

No superlattice reflection was observed. The peak at 36 deg corre-
sponds to the w-AIN (002) reflection.

FIG. 4. High-angle XRD of [AIN (1.3 nm)/VN (2.5 nm)] superlattice.
The superlattice reflections confirm the B1 structure of AIN.

FIG. 7. High-pass filtered HREM image of AIN/VN taken at the

: . = : . interface of w-AIN/VN with the electron beam along the MgO [100]
FIG. 5. ngh pass filtered HREM image of AIN/VN taken at the direction. Cubic residuals of AIN are observed at the interface, and
interface of w-AIN/VN with the electron beam along the MgO [100] Moiré fringes suggest the co-existence of multiple structures. The
direction. Cubic (002)-type lattice fringes are seen in VN layer, andPower spectrum inset in the upper left was taken from the region of
parallel fringes are seen throughout the w-AIN layer. Moiré fringes.
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the MgO [110]//[B1-AIN/VN] [110] zone axes. In addi- (010); MgO (110)//[B1-AIN/VN] (110)//w-AIN (220).
tion to diffraction spots from the pseudomorphic cubicll. MgO (002)//[B1-AIN/VN] (002)//w-AIN (002);
AIN/VN described above, there are two other sets ofMgO (110)//[B1-AIN/VN] (110)//w-AIN (120); MgO
spots coming from w-AIN [100] and [120] zone axes, (110)//[B1-AIN/VN] (110)//w-AIN (010). There are also
respectively. The orientation relationships are (Fig. 9)iffraction spots from a rotated VN layer above the w-
the following: I. MgO (002)//[B1-AIN/VN] (002)//w-  AIN layer (not marked here), which will be discussed
AIN (002); MgO (110)//[B1-AIN/VN] (110)//w-AIN later.

The images in Figs. 10-12 were taken from different
sample regions with the electron beam along the MgO
[101] direction. There are three types of fringes in the
w-AIN layer: those perpendicular to the AIN/VN inter-
face with ad spacing of 2.70 + 0.03 A, which matches a
calculated® dy,, (2.69 A) for w-AIN; those parallel to
the interface with al spacing of 2.49 + 0.03 A, which
matchesd,, (2.49 A) of w-AIN; those at 63/117 deg to
the interface with a spacing of 2.35 + 0.03 A, which
matchesd,,,; (2.37 A) of w-AIN. These results further
confirm the orientations suggested by the diffraction
pattern.

E. Orientation of VN after the B1/w-AIN
phase transformation

The VN layer deposited after the AIN phase transfor-
mation is observed to be reoriented. Figure 13 is taken at
o the VN/w-AIN interface with the electron beam along the

RO & 010]
o . [110] \
@ o o [100]
SN O
PR oJo]o) N
o olo]o °
Al

/\ Diffraction spots from
MgO [110] zone axis

(002) plane of B1-AIN (001) plane of w-AIN

[ Diffraction spots from
B1-AIN/VN superlattice
[110] zone axis

gk Diffraction spots from
w-AlIN [100] zone axis

. . (a) (b)
( Diffraction spots from . ) . . .
W-AIN [120] zone axis FIG. 9. Two-dimensional model showing one type of epitaxy in w-

AIN nucleation on B1-AIN. w-AIN takes the B1-AIN(002) plane as its
FIG. 8. TED pattern taken from the superlattice film. Different sym- (002) plane. Its (010) planes match thd @) planes of B1-AIN (a), or
bols are used in the schematic to illustrate the TED pattern. its (010) planes match the (110) planes of B1-AIN (b).

1228 J. Mater. Res., Vol. 17, No. 5, May 2002



Q. Li et al.: Structures of AIN/VN superlattices with different AIN layer thicknesses

MgO [110]/B1-AIN [110]//w-AIN [100] zone axes. It is ™
observed that the VN nucleates by taking the w-AIN
(002) plane as its (111) plane instead of the (002) plane.
This is also supported by the diffraction pattern in the
inset of Fig. 13.

i

FIG. 12. Fringes shown in the w-AIN layer are the same type as those
shown in Fig. 9, but at 117 deg to the w-AIN/VN interface.

of the first transformed layer of w-AIN and VN with the electron beam
along the MgO [110] direction. There are two types of the fringes in
the w-AIN layer—those perpendicular to the w-AIN/VN interface and

those parallel to the interface.

FIG. 11. High-pass filtered HREM image of an AIN/VN superlattice FIG. 13. High-pass filtered HREM images of w-AIN/VN/w-AIN
taken at the interface of the first transformed layer of w-AIN and VN taken with the electron beam along the MgO [110] direction. The (002)
with the electron beam along the MgO [110] direction. There is an-plane of VN was reorientated to its (111) plane position in the B1-
other type of fringe shown in the w-AIN layer at 63 deg to the inter- AIN/VN multilayer. The diffraction pattern in the inset showed the
face. diffraction spot from reorientated VN [110] zone axis.

J. Mater. Res., Vol. 17, No. 5, May 2002 1229



Q. Li et al.: Structures of AIN/VN superlattices with different AIN layer thicknesses

IV. DISCUSSION simple interface symmetry and lattice matching argu-

The experimental evidence demonstrates that metdnents. There are two plausible orientations for the trans-
stable B1-AIN is stabilized in AIN/VN superlattices formed w-AlN, the one we observed (see Fig. 9) or one
when the AIN layers are sufficiently thin. The stabiliza- With & common close-packed N plane [i.e., (111) in the
tion of B1-AIN can be explained using a simple energyBl @nd the basal plane in the w-AIN], as shown in
argument, The total energy per formula unit area of an Fig. 14. [The latter would correspond to a dislocation

AIN layer during growth can be written as driven phase transformation normally observed in fcc-
hcp phase transitiot?. which takes place by the passage
Erowm = (Es + EQI +E, of a partial dislocationa/6[11200on the {111} FCC

planes, with the (111) planes of the cubic structure the
whereEg is the strain-free bulk energ§ the coherency basal planes of the HCP structure.] Taking the observed
strain energyE, the interfacial energy, andthe thick- lattice parameter of the AIN/VN cubic multilayer
ness of the growing AIN layer. Although the strain free (4.10 A), the observed orientation has a_smaller misfit
bulk energy of B1-AIN is larger than that of wurzite AIN, of 6.8% (along the w-AIN [120]//B1-AIN [10] direc-
it is possible for AIN to grow with the B1-structure if it tion) compared to 7.9% (along the w-AIN [120]//B1-AIN
forms a coherent interface with the underlying material[112] direction) in the other orientation (Table II); the
(smallerEg andE,), while the lower bulk energy wurzite N-N distances are smaller in B1-AlNhan they are in
AIN does not. The metastable B1-AIN would grow at W-AIN. There are two equivalent orientations for this
small layer thickness when the interfacial energy domi-€pitaxy, at 90° to each other (Fig. 9). There is a tilt of
nates the bulk energy but transform to the wurzite phasa@bout 4° that probably helps to accommodate the misfit.
when the bulk energy becomes dominant. A phase trand-he same orientation is not observed for the later growth
formation from B1 to w-AlIN takes place when the thick- Of relaxed VN on the w-AIN because VN has a 1% larger
ness of AIN exceeds a critical thickness of approximatelyattice parameter (4.14 A). Therefore the other orienta-
3.0-4.0 nm, depending on the VN layer thicknBds. tion (common close-packed cation planes) has a smaller
this thicker AIN layer growth, AIN grows in the B1 struc-
ture initially and then transforms to hexagonal with thetagLE i1. comparison of the in-plane lattice mismatch of B1-AIN/
initially B1 layer transforming. Once this phase transitionw-AIN and w-AIN/VN interfaces.
occurs, further growth of VN onto the w-AIN is still
epitaxial but with a different orientation relative to the
substrate VN. Because the w-AIN has two possible ori-

Lattice constant along
different directions (A)

entations with a slight tilt, in an XRD measurement it X i

might appear that the VN is completely misoriented andt Strained B1-AIN (002) [110] 2.88 2|0]5.77
all epitaxial information lost, but this is not the case. 2 StrAalllf\}e(gfll)-AlN (111) [1[%)(1)(])]32ﬁ8 [1UJ22c])]4é9§9
_ The particular orientations of the w-AIN on the ini- VN (002) [110] 2.93 2[1015.86
tially-grown B1-AIN, as well as the subsequent growth g VN (111) [110] 2.93 [12] 5.07

of VN on the transformed w-AIN, can be understood via

(002) plane of B1-AIN (111) plane of B1-AIN

(001) plane of w-AIN
o0 —© O

Al

TO— 00 5y,

[110] . . [120]
o0 O]
[110] [110] [100]

FIG. 14. Comparison of the B1-AIN (VN) (002) plane, (111) plane, and w-AIN (002) plane.
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misfit of 6.1% (along the VN [12]//w-AIN [120] by the crystal symmetry and minimization of lattice mis-
direction) compared to that of 8.2% (along the VN fit. The very small fraction of retained B1-AIN at the
[110]//w-AIN [120] direction); this orientation will also interface of VN and w-AIN suggested that the phase
be favored by a hexagonal-hexagonal symmetry matchransformation started at the free surface of B1-AIN dur-
Unfortunately the experimental interfaces after the transing deposition.
formation are too rough for precise HREM to determine
the atomistic interface structure or make statements
about the possible presence of interface dislocations. ACKNOWLEDGMENT
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