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Polycrystalline aluminum nitride (AlN) layers were deposited by pulsed-dc reactive magnetron

sputtering from a variable deposition angle a¼ 0�–84� in 5 mTorr pure N2 at room temperature. X-

ray diffraction pole figure analyses show that layers deposited from a normal angle (a¼ 0�) exhibit

fiber texture, with a random in-plane grain orientation and the c-axis tilted by 42�6 2� off the

substrate normal, yielding wurtzite AlN grains with the f10�12g plane approximately parallel (62�)
to the substrate surface. However, as a is increased to 45�, two preferred in-plane grain orientations

emerge, with populations I and II having the c-axis tilted toward and away from the deposition

flux, by 53�6 2� and 47�6 1� off the substrate normal, respectively. Increasing a further to 65�

and 84�, results in the development of a single population II with a 43�6 1� tilt. This developing

biaxial texture is attributed to a competitive growth mode under conditions where the adatom

mobility is sufficient to cause intergrain mass transport, but insufficient for the thermodynamically

favored low energy {0001} planes to align parallel to the layer surface. Consequently, AlN nuclei

are initially randomly oriented and form a kinetically determined crystal habit exposing {0001}

and f11�20g facets. The expected direction of its highest growth rate is 49�6 5� tilted relative to

the c-axis, in good agreement with the 42�–53� measured tilt. The in-plane preferred orientation for

a > 0� is well explained by the orientation dependence in the cross section of the asymmetric

pyramidal nuclei to capture directional deposition flux. The observed tilt is ideal for shear mode

electromechanical coupling, which is maximized at 48�. VC 2012 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4732129]

I. INTRODUCTION

Aluminum nitride (AlN) exhibits good thermal conductiv-

ity and mechanical stability.1 Its wide bandgap and wurtzite

structure are exploited in GaN-based optoelectronic devices2

and its piezoelectric properties are used in acoustic wave devi-

ces3,4 and MEMS sensors.5,6 AlN layers have been deposited

by various techniques, including chemical vapor deposition,7

molecular beam epitaxy,8 and sputtering.9–22 Reactive magne-

tron sputtering is the dominant deposition technique for

growth of polycrystalline AlN used in acoustic wave devices,

owing to its ability to provide highly piezoelectrically active

films with a relatively high deposition rate, and resulting

dense microstructures with smooth surface morphology at low

deposition temperatures.12

Piezoelectric applications require highly oriented AlN

layers. This is most commonly achieved by deposition con-

ditions that favor a strong texture along the c-axis, as the

strongest electromechanical coupling is achieved in the lon-

gitudinal case when the electric field of a parallel plate ca-

pacitor is parallel to the polar c-axis of AlN. Motivated by

this requirement, various studies have investigated the tex-

ture development and particularly the development of a

strong c-axis texture by varying deposition parameters

including substrate and seed layer material,9,10,19,23,24 gas

composition and pressure,12,13,15,16,20–22,25 sputtering

power,12,15,19,22,25 deposition temperature,12,15,19 substrate

bias,10,16 and flux and energy of ion bombardment.17,18,26 In

particular, the ion bombardment was shown to be essential

to advantage one polarity over the other, and thus to achieve

a net piezoelectric effect.26 Some emerging piezoelectric

applications, in particular those that couple to liquids,

require shear modes. For this purpose, it is desirable to tilt

the AlN c-axis relative to the substrate normal,11,27,28 which

may be achieved by creating a deposition asymmetry using

an off-normal deposition flux. The deposition angle a, meas-

ured relative to the substrate normal, is expected to signifi-

cantly affect layer texture, and has the promise to yield

biaxial texture. Biaxial texture denotes grain orientation dis-

tributions in polycrystalline films where the grains not only

exhibit a preferred orientation along the growth direction but

are also aligned in the in-plane (lateral) direction. Biaxial

texture has been reported for various materials with cubic

crystal structures, including sputter deposited TiN and YSZ

with a¼ 65�,29 and 40�–60�,30 respectively, and MgO

evaporated from 35� to 57�.31

Dellas and Harper have deposited AlN by dc reactive

magnetron sputtering in a Ar/N2 gas mixture and found that

a deposition angle of a¼ 42� causes the c-axis of AlN to tilt
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by 45�6 10� toward the deposition flux, whereas a¼ 64�

results in the development of a secondary grain orientation

that is titled by 60�6 5�, opposite to the flux.17 Similarly,

Rodrı́guez-Navarro et al. found that AlN deposited by rf re-

active sputtering in an Ar/N2 mixture with a¼ 45� exhibits

two preferred grain orientations with a 45�6 5� and a

15�6 10� c-axis tilt toward and away from the flux direc-

tion, respectively, with the secondary orientation becoming

dominant with a increasing to 75�.32 They also reported six

separate poles in the 10�12 pole figure, indicating some level

of biaxial texture. Bjurström et al. observed a 28�–30� c-axis

tilt in their AlN films deposited in an Ar/N2 mixture if using

an AlN seed layer deposited at a 10� higher pressure, but no

tilt if directly deposited on the Al bottom electrodes.11 These

reports studying tilted AlN texture by off-normal deposition

indicate that growth of biaxially textured AlN with tilted

c-axis may be possible, but also suggest that the relationship

between a and the texture is rather complex and likely

affected by other deposition parameters including plasma

conditions (ac, dc, pulsed sputtering), temperature, substrate

or seed layer, and absolute and relative gas pressures. In

addition to the effect on texture, an increasing deposition

angle also reduces the microstructure density. This is most

prevalent for large a, which causes strong atomic shadowing

from surface mounds and results in underdense columnar

microstructures, as purposely exploited during glancing

angle deposition (GLAD), where a> 80� yields arrays of

uniquely shaped nanostructures.33,34

In this article, we study the effect of the deposition angle

on the texture development of 300–800 nm thick AlN layers,

deposited by pulsed-dc reactive magnetron sputtering in

5 mTorr pure N2. The five chosen deposition angles a¼ 0�,
25�, 45�, 65�, and 84� show a continuous transition from a

fiber texture, where only the out-of plane orientation is

defined, to a biaxial texture, which exhibits both out-of-plane

and in-plane preferred orientations. All AlN layers have their

f10�12g crystalline plane approximately parallel the sub-

strate. The in-plane orientation is random for normal deposi-

tion (a¼ 0�), shows two populations of preferred orientation

for a¼ 45�, and exhibits a single preferred orientation at

a¼ 84�. We attribute the texture development to evolution-

ary selection mechanisms, where the preferred out-of-plane

orientation corresponds to the fastest growth direction, and

the preferred in-plane orientation is determined by the larg-

est capture cross section. The developed biaxial texture is

promising for new shear mode acoustic devices as its piezo-

electric axis (c-axis) is tilted relative to the substrate normal

and all grains are aligned.

II. EXPERIMENT

All AlN layers were deposited in a load-locked ultrahigh

vacuum sputter deposition system with a base pressure of

10�9 Torr.35 Si(100) substrates, 2� 2 cm2, with native oxide

were ultrasonically cleaned in acetone and isopropyl alcohol

for 15 min each, blown dry with commercial-grade com-

pressed nitrogen, and then mounted onto a substrate holder.

A 5.1-cm-diameter 99.99% pure Al target was positioned

and oriented such that a 9.3-cm-long line connecting target

center and substrate center is normal to the target surface.

The deposition angle a¼ 0�, 25�, 45�, 65�, and 84� is defined

as the angle between the target normal and the substrate nor-

mal and is controlled by changing the orientation of the sub-

strate by an angle of 0�–90�. Due to the finite size of the

deposition source, the depositing species have an angular

spread of 6 9�, as estimated by the diameter of the target

erosion track of 3 cm. This spread causes the effective depo-

sition angle a to be smaller than the angle between substrate

and target surfaces. This difference is only important for the

largest a used in this study. In that case, a geometric angle of

90�, where substrate and target surfaces are perpendicular,

corresponds to a deposition angle a¼ 84�. The latter value is

calculated using the geometric center of half of the erosion

track, as the other half has no line-of-sight to the substrate

surface.

Pulsed dc was generated using an Advanced Energy

MDX 1.5 K dc power supply and a Sparc-le 20 pulse mod-

ule. The dc power was set to 400 W and, every 50 ls, the tar-

get voltage was reversed for 5 ls at 10% amplitude to

neutralize target charging. Prior to initiating the plasma,

99.999% pure N2 which was further purified with a Micro-

Torr purifier, was introduced to the chamber and controlled

by a needle valve to reach a constant pressure of 5 mTorr, as

measured by a Baratron capacitance manometer. Sputter

cleaning of the target surface was done with a shutter cover-

ing the substrate, immediately before deposition. For all

samples, depositions were carried out for 1.5 h without exter-

nal substrate heating.

The texture of AlN films was characterized by pole-figure

measurements in a PANalytical X’Pert Pro Diffractometer

with a Cu Ka source, using a polycapillary lens on the inci-

dent beam side and a scintillator point detector on the dif-

fracted beam side. The scanning was done with a 5� step size

in both w and /, acquiring data for 1.5 s at each step. For

clarity in the plotted pole figures, substrate intensity was sub-

tracted and the pole figures are presented as iso-intensity

contour plots, where the interval between neighboring con-

tours for each pole figure is a constant corresponding to

�15% of the maximum intensity of that pole figure scan.

Plan view and cross-sectional micrographs were acquired in

a Carl Zeiss Supra SEM with a 2 kV accelerating voltage, a

20 lm aperture, a 3–5 mm working distance, and an in-lens

detector. Cross-sectional specimens were prepared by cleav-

ing samples along the h110i direction of the Si substrate,

while the substrate was aligned during deposition such that

the deposition direction is in the cleavage plane.

III. RESULTS

Figure 1 shows x-ray diffraction pole figure plots for three

representative AlN layers deposited from angles a¼ 0�, 45�,
and 84�. The data was obtained using constant 2h values of

36.03� and 33.20�, corresponding to 0002 and 10�10 AlN

reflections, respectively, and is presented as iso-intensity

contours, where the intensity interval between neighboring

contours is constant within each plot. The deposition
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direction for these pole figures is from the left, correspond-

ing to /¼ 90�, as indicated with arrows. The 0002 pole fig-

ure of the layer deposited from the substrate surface normal

(a¼ 0�) in Fig. 1(a) exhibits a concentric ring of maximum

intensity at a tilt angle w¼ 42�6 2�. This indicates that the

layer exhibits a fiber texture with a constant angle of

42�6 2� between the substrate surface normal and the AlN

[0001] direction. The intensity along / varies by 6 30%,

which is attributed to experimental artifacts associated with

a residual asymmetry of <2� in the deposition and/or

XRD-measurement geometry. The 10�10 pole figure in

Fig. 1(b) from the same layer confirms the fiber texture,

showing two concentric rings at w¼ 46�6 2� and 68�6 1�.
The two angles can be seen more clearly in the fiber texture

plot in the inset of Fig. 1(b). This plot shows the measured

XRD intensity versus w at a constant /¼ 90�, showing two

peaks at w¼ 68� and 46�. The combination of the two pole

figures show that this AlN layer has a preferred out-of-plane

crystalline orientation, such that the AlN f10�12g planes are

approximately parallel (62�) to the substrate surface. This is

because the angle between (0002) and ð10�12Þ planes in

relaxed wurtzite AlN is 43�, close to the experimental

w¼ 42�6 2� in Fig. 1(a). Similarly, the angle between

f10�10g type planes and the ð10�12Þ plane in AlN is either

47� or 70�, close to the measured w values of 46�6 2�, and

68�6 1� in Fig. 1(b).

The 0002 pole figure in Fig. 1(c) from the AlN sample de-

posited from a¼ 45� exhibits two well-defined peaks: A

strong peak at w¼ 47�6 1� and /¼ 266�6 1� and a

3�weaker peak at w¼ 53�6 2� and /¼ 83�6 4�. The

quoted uncertainties in / are associated with the XRD mea-

surement and do not include a possible sample misalignment

during the deposition process of up to 5�. The corresponding

10�10 pole figure in Fig. 1(d) shows a strong peak at

w¼ 42�6 1� and /¼ 88�6 4�; two 1.5�weaker peaks

located symmetrically on both sides, one at w¼ 67�6 1�

and /¼ 21�6 9� and the other at w¼ 69�6 1� and

/¼ 157�6 9�; and another 3�weaker peak at w¼ 34�6 2�

and /¼ 265�6 5�. The combination of these two pole fig-

ures in Figs. 1(c) and 1(d) clearly indicate two populations

of grains: Population I with the basal plane facing toward the

deposition flux and population II with the c-axis tilted away

from the flux direction. Both populations have f10�12g
planes approximately parallel (68�) to the substrate surface,

similar to the case of a¼ 0� in Figs. 1(a) and 1(b). However,

while a¼ 0� yields ring patterns, a¼ 45� leads to distinct

poles. The expected positions of the poles for the two popu-

lations are indicated in Figs. 1(c) and 1(d) with circles and

squares. The positions are determined by assuming that the

c-axis is tilted within the deposition plane by the experimen-

tal values of w¼ 53� and 47� for /¼ 90� and 270�, respec-

tively, and that the in-plane preferred orientation exhibits a

mirror symmetry for the plane of deposition, corresponding

to /¼ 90� or 270�. Thus, population I, which is associated

with the peak at w¼ 53� and /¼ 83� in Fig. 1(c), has three

expected poles in Fig. 1(d) at w¼ 37� and /¼ 270� and at

w¼ 66� and /¼ 199 and 341�. Correspondingly, population

II with a peak at w¼ 47� and /¼ 266� in Fig. 1(c), has three

expected poles in Fig. 1(d) at w¼ 43� and /¼ 90� and at

w¼ 69� and /¼ 22� and 158�. We note that the poles at

w 5 68� from the two populations are too close to each other

to be distinguished. Thus, the pole from the weaker popula-

tion I becomes a shoulder of the stronger pole from

population II.

Figures 1(e) and 1(f) show the 0002 and 10�10 pole figures

for an AlN layer grown at the largest deposition angle of this

study, a¼ 84�. There is one single pole in Fig. 1(e) at

w¼ 43�6 1� and /¼ 266�6 2�. This peak is just slightly

(by 4�6 2�) less tilted than the population II peak in

Fig. 1(c), it is therefore correspondingly labeled with a

square symbol. The corresponding 10�10 pole figure in

Fig. 1(f) shows one strong pole at w¼ 46�6 2� and

/¼ 86�6 4�, and two 1.6�weaker poles at w¼ 65�6 3�

and /¼ 20�6 9�, and at w¼ 68�6 2� and /¼ 153�6 10�.
These three poles stem from one single grain orientation

FIG. 1. (Color online) XRD 0002 and 10�10 pole figures of AlN layers de-

posited from /¼ 90� and (a,b) a¼ 0�, (c,d) a¼ 45�, and (e,f) a¼ 84�. The

inset in (b) is a plot of the intensity vs w at a constant /¼ 90�. The circle

and square symbols indicate the expected peak positions for grain popula-

tions I and II, respectively.
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consistent with the 0002 pole figure, indicating clear biaxial

texture for this layer.

The peak width in the pole figures is a measure of the

degree of biaxial texture. For example, the measured inten-

sity in Fig. 1(e) decreases from the maximum at w¼ 43� and

/¼ 266�, when moving either in the w and / directions. The

intensity decreases by a factor of 2 with a 6 10� change in w
or a 6 43� change in /, corresponding to a full-width at half-

maximum peak width of Cw¼ 20� and C/¼ 86�, respec-

tively. The values of Cw and C/ can be used to distinguish

between fiber and biaxial texture, as they are a measure of

the grain alignment perpendicular and parallel to the sub-

strate surface, respectively. This is illustrated in Fig. 2,

which shows plots of the measured Cw and C/ versus deposi-

tion angle a¼ 0�, 25�, 45�, 65�, and 84�, obtained from AlN

0002 pole figures similar to those shown in Figs. 1(a)–1(e).

In particular, Cw is obtained by plotting the intensity versus

w at a constant /¼ 90� or 270� and C/ is determined from

the intensity versus / plot at a constant w¼ 45�. The layer

grown at a¼ 0� exhibits a Cw¼ 24�, indicating that the AlN

f10�12g for this layer is tilted 6 12� relative to the substrate

surface. The corresponding C/¼ 360�, indicating that the

grains are randomly oriented with respect to /, consistent

with the ring pattern in Fig. 1(a). The plot in Fig. 2(a) shows

that Cw continuously decreases as a increases to 65�, fol-

lowed by an increase to a¼ 84�. This indicates a tendency

for stronger out-of-plane grain alignment with increasing

deposition angle. However, the effect is relatively small

(30%) and the trend is opposite at very high a, which is

likely due to the low deposition rate and a correspondingly

small layer thickness and incomplete grain alignment pro-

cess, as discussed later. The plot of C/ in Fig. 2(b) shows the

same overall trend; however, with a much stronger effect.

C/ drops by nearly an order of magnitude as a is increased

from 0� to 65�. This corresponds to a transition from a fiber

texture to a biaxial texture, facilitated by the off-normal dep-

osition angle, as discussed in Sec. IV.

Figure 3 shows plan-view and cross-sectional SEM

images from the same AlN layers for which pole figures are

presented in Fig. 1. The plan-view micrograph in Fig. 3(a)

from AlN deposited from a¼ 0� shows a surface that exhib-

its triangular mounds that are 25–40 nm wide and are ran-

domly oriented, consistent with the absence of a preferred

polar orientation for this layer. Similar triangular pyramids

have previously been reported for rf sputter deposited poly-

crystalline AlN.15 The corresponding cross section in

Fig. 3(b) shows a columnar microstructure with vertical col-

umns that are 800 6 20 nm high and 30–45 nm wide, in

agreement with the measured mound widths in Fig. 3(a).

Figure 3(c) shows a plan-view micrograph from an AlN

layer for which the deposition is coming from the left, with

a¼ 45�. This surface also exhibits triangular features. They

are 40–60 nm wide, which is �50% larger than for a¼ 0�,
which may be due to a larger diffusion length associated

with directional off-normal deposition flux and/or a larger

nucleation length due to shadowing interaction between

nucleating islands. The cross–section from the same layer in

Fig. 3(d) shows 35–55 nm wide and 670 6 20-nm-long col-

umns that are inclined toward the deposition flux (toward the

left) by 20�6 1� off the substrate normal. The cross section

also reveals that the layer exhibits a considerable level of

FIG. 2. (Color online) XRD AlN 0002 peak full-width-at-half-maxima Cw

and C/ along w and /, respectively, indicating (a) out-of-plane and (b) in-

plane grain alignments.

FIG. 3. Plan-view and corresponding cross-sectional SEM micrographs of

AlN layers deposited from (a,b) a¼ 0�, (c,d) a¼ 45�, and (e,f) a¼ 84�.
Samples/micrographs are oriented such that the deposition flux for (c–f) is

from the left.
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porosity, which is common for thin films deposited from off-

normal angles under conditions with limited adatom mobil-

ity.36 The plan-view micrograph for a¼ 84� in Fig. 3(e)

shows triangular 25–40-nm-wide features. That is, their size

is similar to those for a¼ 0�. However, their in-plane direc-

tion is not random but exhibits a preferred orientation related

to the deposition flux from the left-hand side of the micro-

graph. In particular, the triangles, which represent the pro-

jected base of an asymmetric triangular pyramid terminated

by a {0001} and two f11�20g facets (see also Sec. IV), pref-

erentially orient the corner with the largest angle toward the

deposition flux. A statistical analysis involving 104 grains

indicates that 64% 6 8% of triangles have their corner with

the largest angle pointing toward the left, 17% 6 4% toward

the top, 13% 6 4% toward the bottom, and 5% 6 2% toward

the right of the image. We attribute this preferential orienta-

tion to in-plane texture, consistent with the pole figure

results and discussed in Sec. IV. The corresponding cross-

sectional micrograph in Fig. 3(f) shows columns, which are

280 6 20 nm long and 20–40 nm wide, and are inclined by

20�6 1� from the substrate normal. The column surfaces are

rough, with protrusions that are common for GLAD nano-

structures.37 They also appear less clear, due to the higher

magnification of this micrograph and due to specimen charg-

ing associated with the highly underdense microstructure of

an insulating material. Both column inclination and layer po-

rosity are less than what is common for GLAD layers depos-

ited from a> 80�,36,38,39 which is due to scattering of the

deposition flux in the gas phase, as discussed in the

following.

Figure 4(a) is a plot of the column inclination b versus

deposition angle a. The column inclination angle is defined

as the angle between the substrate surface normal and the

column growth direction, as measured from cross-sectional

SEM micrographs from specimens that were cleaved such

that the direction of the deposition flux is within the imaging

plane. As expected, normal deposition (a¼ 0�) leads to no

column inclination. As a is increased to 25� and 45�, the in-

clination angle increases to 16� and 20�, respectively, and

remains at 20�6 1� for a> 45�. Various studies have inves-

tigated the relationship between deposition angle and col-

umn inclination during line-of-sight physical vapor

deposition38–41 and developed expressions that describe this

relationship, including the tangent rule40 and the cosine

rule,41 which are also indicated in Fig. 4(a) using dashed and

solid lines, respectively. The large discrepancy between our

experimental data and the predictions from both models,

particularly for large a, is attributed to a fraction of the depo-

sition flux which is scattered in the gas phase and therefore

loses its directionality, consistent with the quantitative argu-

ment in the following, which predicts b¼ 20�6 6� for

a> 45�.
Figure 4(b) is a plot of the deposition rate R versus depo-

sition angle a, as determined from the measured film thick-

ness divided by the deposition time. The deposition rate

decreases with increasing a, from R¼ 8.9 nm/min at a¼ 0 to

R¼ 2.9 nm/min at a¼ 84�. This is attributed to the substrate

being tilted by a away from a perpendicular deposition flux,

while the overall flux emitted by the source is kept constant.

A simple geometric argument suggests that the deposition

rate is proportional to cos a, yielding R¼Ro cos a, as plotted

as dashed line in Fig. 4(b), with Ro being the normal deposi-

tion rate. However, the dashed line is well below the meas-

ured data, which is attributed to a combination of two

effects: (1) The cosine function does not account for the

increasing porosity with increasing a, which effectively

results in a larger thickness than predicted by the cosine

function, particularly for large a. (2) A fraction of the depo-

sition flux is scattered in the gas phase, resulting (to first

approximation) in a constant unidirectional deposition flux.

This is illustrated with the solid line in Fig. 2, which is

obtained by adding an additional term Ru¼ 2.3 nm/min,

which accounts for an a-independent unidirectional deposi-

tion flux and corresponds to the finite deposition rate at

a¼ 90�. For example, the R¼ 2.9 nm/min for a¼ 84� is the

sum of 0.6 and 2.3 nm/min from directional and scattered

fluxes, respectively. This analysis also explains why the col-

umn inclination for large a is smaller than predicted by the

tangent and cosine models, as shown in Fig. 4(a). Using the

example of a¼ 84� and the tangent rule: the directional flux,

FIG. 4. (Color online) (a) Column inclination angle b and (b) deposition rate

R vs deposition angle a of AlN layers. The dashed and solid lines in (a) cor-

respond to the tangent (Ref. 40) and cosine rules (Ref. 41). The dashed and

solid lines in (b) are from data fitting, using a (geometrical) cos a depend-

ence or a cos a dependence plus a constant Ru, which accounts for nondirec-

tional deposition flux, respectively, where Ro ¼ R
0
o þ Ru.
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which contributes 21% to the overall deposition rate would

yield b¼ 78�, whereas the scattered contribution (79%)

results in b¼ 0�. The weighted average of these to values

predicts b¼ 16�, which is close to the experimentally

observed b¼ 20�. A corresponding estimate for all measured

samples agrees to within 6 6� with the measured values.

IV. DISCUSSION

The focus of this discussion section is on the physical rea-

sons that cause fiber and biaxial texture in the sputter depos-

ited AlN layers. We first discuss the out-of-plane preferred

orientation, which is observed for all of our layers, with the

f10�12g plane being approximately parallel to the substrate

surface. Second, we discuss the in-plane preferred orienta-

tion, which develops as the deposition angle is purposely

increased to create an asymmetric deposition geometry.

A. Out-of-plane orientation

The development of a preferred out-of-plane orientation

during physical vapor deposition has been studied for vari-

ous materials systems including elemental metals,42–45

oxides29,31,46 and nitrides.20,47–49 It is the result of a pre-

ferred grain orientation during the nucleation stage and/or

during a competitive columnar growth, and is caused by ani-

sotropy in surface energy, strain energy, surface diffusion, or

sputter etching rate.46,50,51 Consequently, various deposition

parameters affect the development of a preferred orientation

including temperature, energetic bombardment, deposition

direction, and gas composition.17,52,53 Mahieu et al. discuss

the development of preferred orientation within the frame-

work of the structure zone model,29 focusing primarily on

zone T and zone II: In zone T, the adatom mobility is suffi-

ciently high that surface diffusion between planes and grains

facilitates a net mass transport to grains, which have the fast-

est growth direction perpendicular to the substrate surface.

These grains will overgrow other directions after an early

random nucleation stage, and dominate the orientation for

the remainder of growth. In zone II, the higher homologous

temperature yields enhanced surface diffusion, as well as

recrystallization, such that mass transport minimizes overall

local energy and the preferred orientation is determined by

the lowest surface energy plane being parallel to the sub-

strate surface, assuming that contributions from strain ener-

gies are negligible.

Preferential orientation of AlN during reactive sputtering

is strongly affected by deposition parameters like N2 partial

pressure and ion irradiation.17,18,53 For the case of rf sputter-

ing, increasing the N2/Ar ratio typically results in an increas-

ing c-axis out-of-plane orientation, as determined by XRD

h–2h scans.12,15,22,47 In contrast, dc sputtering, which yields

a smaller ion bombardment energy during deposition, results

in the opposite trend20,21,54: Increasing the partial pressure of

N2 causes a decrease in the dominance of the XRD AlN

0002 peak, whereas other orientations become observable.

Thus, during dc sputtering with a high N2 partial pressure (or

pure N2), the out-of-plane orientation cannot be determined

from XRD h–2h scans, as multiple peaks exhibit comparable

intensities.20,54 Deniz et al.,18 have addressed this problem

of hard-to-determine preferred orientation with pole figure

measurements and found an abrupt transition from a 0002

AlN texture for N2/Ar< 13%, to a texture where the c-axis

is tilted by �40� for N2/Ar> 13%, for dc reactive sputtered

AlN with a deposition angle a¼ 42�. They attributed this

effect to a reduction in the surface diffusion of adsorbed

molecules at high N2 concentration, which causes a c-axis

tilt toward the deposition flux.55

The experimental results of the present study are consist-

ent with the general trends discussed previously. In particu-

lar, we also observe the absence of a clear 0002 texture

under our deposition conditions, which include a high N2

partial pressure and dc sputtering. In addition, we also

observe the tilt that has been reported by Deniz et al. How-

ever, in contradiction to their proposed explanation, we

observe a tilt of the c-axis independent of a, i.e., even for

a¼ 0�. Thus, our results suggest that dc sputtering of AlN at

a high N2 partial pressure favors a �45� tilt of the c-axis

with respect to the surface normal corresponding to the

f10�12g plane being approximately parallel to the substrate.

We attribute this texture formation to an evolutionary selec-

tion process, as described in the following.

Van der Drift56 has proposed, corresponding to the argu-

ment on zone T mentioned earlier, a method to determine

the fastest growth direction of faceted grains, which are

assumed to initially nucleate in a random orientation on the

substrate. The nuclei exhibit a crystal habit, which is the pre-

ferred shape during growth and is determined by kinetic

processes and therefore affected by growth conditions

including the reactive gas pressure, ion bombardment,

depositing species (atomic or molecular) and rate.57 Typi-

cally, the facets of the crystal habit are low surface energy

planes, because they exhibit a high adatom mobility facilitat-

ing adatoms to diffuse to adjacent higher energy surfaces

which, in turn, grow at a faster rate and are extinguished.29

Thus, under conditions of sufficiently high surface diffusion,

particularly for cubic crystal systems, nuclei develop a

shape, which is terminated by planes of an equal (low)

growth rate. Continued growth shows the same rate perpen-

dicular to each facet, but higher rates at edges and corners

where the rates of neighboring facets are added geometri-

cally. This leads to a certain crystalline direction with the

fastest growth rate. If a nucleus is oriented such that the larg-

est growth rate is perpendicular to the substrate surface, it

will grow faster than its neighbors that exhibit other grain

orientations. The neighbors will gradually be overgrown and

die out. This process ultimately leads to a preferred out-of-

plane orientation of the layer.

AlN has a hexagonal crystal structure where the basal

plane {0001} is expected to have the lowest surface energy

under most deposition conditions. Therefore, for the case of

zone II conditions, the overall surface energy is minimized

by {0001} planes aligning parallel to the substrate, resulting

in the well-known c-axis preferred orientation. However,

under conditions corresponding to our study, with less sur-

face diffusion due to lower temperature and/or a higher N2

partial pressure during dc sputtering, the above-mentioned
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arguments with the crystal habit should be applied. The AlN

crystal habit is expected to be a hexagonal-prism terminated

by two {0001} planes at the top and bottom and six facets on

the side.58 The side planes could be either f11�20g or f10�10g
depending on deposition condition. With the above-

mentioned argument, the fastest growth of this habit occurs

at the corner where the {0001} and two side planes intercept.

Therefore, the fastest growth vector would take the form of

½10�1A� or ½11�2B� (“A” and “B” refer to real numbers), based

on side planes being f11�20g or f10�10g, respectively. The

symmetry in the pole figures in Figs. 1(c)–1(f) show that the

out-of-plane direction is a linear combination of ½10�10� and

[0001] directions; thus, the fastest growth direction is along

½10�1A�. Therefore, the side planes of the AlN crystal habit

for our deposition conditions are f11�20g (rather than

f10�10g). A schematic of this AlN crystal habit is shown in

Fig. 5(a). The preference of the f11�20g planes may be attrib-

uted to the high N2 concentration,29,57 resulting in a nitrided

target surface and deposition of Al–N dimers,20 which form

two or four bonds with a f10�10g plane depending on surface

structure, but only two bonds with f11�20g planes, resulting

in a higher surface mobility on f11�20g and ultimately yield-

ing f11�20g facets.

The plan view schematic in Fig. 5(b) shows that a con-

stant growth rate rf of f11�20g facets leads to a growth rate

of rf along ½11�20� and ½2�1�10� directions perpendicular to the

facets, but to a larger growth rate re ¼ 2=
ffiffiffi
3
p

rf along ½10�10�,
that is, parallel to the (0001) plane. Figure 5(c) illustrates

how the same argument affects the growth rate rc of the cor-

ner, yielding

rc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

b þ
4

3
r2

f

r
; (1)

where rb is the growth rate of the basal plane, that is, the

growth rate along h0001i. The angle c between the fastest

growing direction and h0001i is determined by the relative

growth rates on the {0001} and f11�20g facets according to

tanc ¼ 2rfffiffiffi
3
p

rb

: (2)

This angle c corresponds to the tilt of the AlN c-axis that

results in the fastest growth perpendicular to the substrate.

The relative growth rate rf/rb for the {0001} and f11�20g fac-

ets is unknown. However, we expect that they should have

comparable rates, that is, rf/rb � 1, based on the observed

crystal habit, which is neither a rod nor a disk. Thus, we

assume the same growth rates with an arbitrary 20% uncer-

tainty, rf/rb¼ 1.0 6 0.2, and calculate with Eq. (2) a value of

c between 43� (rf/rb¼ 0.8) and 54� (rf/rb¼ 1.2). This is in

good agreement with our experimentally observed tilt of

FIG. 5. (Color online) (a) Schematic of crystal habit of AlN faceted by {0001} and f11�20g planes with fastest growth direction at the corner. (b) Plan-view

and (c) side-view of crystal habit, indicating growth rates of f11�20g facets rf, edge re, {0001} basal plane rb, and resulting corner rc. (d) Top-view of the

triangular-pyramid shaped AlN nuclei with the highest growth rate perpendicular to the substrate surface. (e) Nuclei with different in-plane orientations

/¼ 90�, 270�, 0�, 320� exhibit a large (i,ii) and small (iii,iv) capture cross section for the deposition flux impinging from the left (/¼ 90�).
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c¼ 42�–53�. In addition, the surface morphology observed

by SEM plan-view micrographs using an in-lens detector,

shows pyramidal-shaped column tops where the base trian-

gles have unequal sides. This is consistent with the expected

pyramidal shape assuming a c¼ 49�, as illustrated in

Fig. 5(d), which shows a top-view of the pyramid obtained

when intersecting the hexagonal crystal habit in Fig. 5(a)

with a plane that is tilted by 49� relative to the basal plane.

The intercept is an isosceles triangle, which is parallel to the

substrate and is shown in the image plane in Fig. 5(d), hav-

ing angles of 97.0�, 41.5�, and 41.5�.
We note here, that the tilt reported by Bjurström et al. of

28�–30� (Ref. 11) is smaller than what we find experimen-

tally. It is also smaller than the tilt c¼ 49� expected under

the assumption of rf/rb � 1. We attribute this difference to

deposition conditions by Bjurström et al., which lead to

rb> rf, favoring orientation toward the c-axis. This suggests

that a careful choice of deposition conditions, particularly

gas composition and temperature, may provide a means to

adjust the AlN preferred tilt over a continuous range of

angles, possibly c¼ 25�–50�.

B. In-plane orientation

Off-normal deposition has previously been reported to

lead to thin films with biaxial texture,30,31,57 as reviewed by

Mahieu et al. for several materials with a cubic crystal struc-

ture.29 They proposed a 2D model where in-plane preferred

orientation develops primarily in the early stages of growth

during a competitive nuclei growth process facilitated by

adatom internuclei diffusion and diffusion on the substrate.

In comparison to normal deposition, off-normal deposition

provides an asymmetry in the impingement flux, as well as

directional surface diffusion momentum. We attribute the in-

plane orientation of our AlN layers primarily to an

orientation-dependent capture cross section, as illustrated in

Fig. 5(e). This schematic is a plan-view of four nuclei with

the same size and the same out-of-plane alignment that cor-

responds to the most preferred orientation discussed previ-

ously, but with different in-plane orientations which

correspond to /¼ 0�, 90�, 270�, and 320� for the c-axis tilt

direction. The deposition flux is envisioned to impinge from

the left, as indicated by the arrows. The nuclei (i) and (ii)

have the long side of the base triangle perpendicular to the

deposition flux, leading to the largest capture cross section.

In contrast, nuclei (iii) and (iv) have a smaller capture cross

section, which leads to a smaller growth rate and ultimately

to extinction of these in-plane orientations. The extinction of

the latter nuclei is aided by Ostwald ripening and atomic

shadowing effects, which result in a higher growth rate for

the larger nuclei in comparison to their smaller neighbors.

The two predicted grain orientations from Fig. 5(e) are

exactly what is observed experimentally for growth from

a� 45�. These layers exhibit two populations of tilted grain

orientations as shown in Fig. 1(c), with the in-plane align-

ment becoming more pronounced with increasing a, as

shown in Fig. 2(b). The latter trend is attributed to the stron-

ger in-plane directionality of the deposition flux at higher a,

which results in a larger difference in the capture cross sec-

tion and; therefore, stronger in-plane texture.

As a is increased, population II increasingly dominates

over population I such that population I is too rare to be

detected by our pole figure measurements for a¼ 84�. In that

case, the clear biaxial texture of population II causes most

isosceles triangles to have their corner with the largest angle

(97�) pointing toward the target location. This is exactly

what is observed in Fig. 3(e), indicating that 64% triangular

features point to the left, whereas only 5% point to the right.

The physical origins for the preference of population II over

population I, corresponding to nuclei (ii) and (i), respec-

tively, are not evident from the experimental data in this

study. Possible explanations why (ii) is preferred over (i)

include (1) energetic backscattered neutrals from the target

cause preferential resputtering of nuclei with the denser

{0001} plane facing the energetic particle flux, (2) a higher

island nucleation rate on the f11�20g versus the {0001} fac-

ets causes a higher adatom capture probability on nuclei

where the f11�20g facets are directly exposed to the deposi-

tion flux, whereas adatoms impinging on the {0001} plane

of nucleus (i) would diffuse to other nuclei, (3) the angle

between the deposition flux and the {0001} facet of nucleus

(i) is larger than of the f11�20g facet of nucleus (ii), leading

to a stronger directional momentum-driven deposition flux

toward the nuclei top, which facilitates vertical growth.

V. CONCLUSION

Pulsed-dc sputter deposition of AlN layers in a pure N2

atmosphere at room temperature results in an out-of-plane

preferred orientation where the c-axis is tilted by 42�–53�

and the f10�12g plane is approximately parallel to the sub-

strate surface. This tilt is ideal to maximize the shear mode

electromechanical coupling coefficient, which is largest for

c¼ 48�.28 Off-normal deposition with a> 45� leads to an

additional in-plane preferred grain alignment, yielding biax-

ially textured AlN. The texture development is well

explained using an evolutionary selection model. In particu-

lar, the out-of-plane preferred orientation is the crystal direc-

tion with the highest growth rate, which is at the corner of

the AlN hexagonal-prism crystal habit and is tilted by

49�6 5� relative to the c-axis. The development of a pre-

ferred in-plane grain orientation is attributed to the asymmet-

ric triangular pyramids terminated by {0001} and f11�20g
facets that represent the growth front and exhibit an anisot-

ropy in the capturing cross section for an off-normal deposi-

tion flux.
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