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Abstract

Metalorganic chemical vapor deposited (MOCVD) aluminum nitride (AIN)
on vertical sidewalls can be used to implement piezoelectric in-plane actu-
ation and sensing in microelectromechanical system (MEMS) sensors. The
AIN films should optimally cover conformally the sidewalls and have good
crystal quality with c-axis oriented microstructure for optimal piezoelectric
properties. Previous MOCVD AIN research has focused on using AIN as a
buffer layer for other IIl-nitrides and so far, AIN growth has not been stud-
ied on large vertical surfaces. In this study, AIN thin films were grown using
MOCVD on vertical sidewalls of fabricated templates and the conformal-
ity and crystal quality was characterized. The growth template fabrication
was optimized with respect to surface roughness, the conformal coverage
was analyzed by measuring the thickness profiles of the films, and the crys-
tal quality was investigated using in-plane XRD and TEM. The AIN films
have good crystal quality (FWHM 1.70°-3.44°) and c-axis orientation on
vertical Si(111) sidewalls. However, the thicknesses of the films reduce ap-
proximately at a rate of 0.8-1.2 nm/um down the sidewall. Lowering the
reactor pressure improved the conformal coverage while changing the growth
mode from columnar to step-flow, which also improved the film morphology.

Keywords: A3. Metalorganic chemical vapor deposition; B1. Nitrides;
B2. Piezoelectric materials; B1. Aluminum nitride
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1. Introduction

Piezoelectric actuation and sensing offer several benefits for microelec-
tromechanical (MEMS) devices, such as lower power consumption and higher
electromechanical coupling when compared to electrostatic and current-
based methods [1]. Wurtzite c-axis oriented aluminum nitride (AIN) is an
interesting material for piezoelectric MEMS devices because it has relatively
high piezoelectric constants (dsz3 = 3.4 pm/V, e3; = 1.0 C/m?) and low di-
electric permittivity (10.4), giving AIN competitive piezoelectric figures of
merit [2]. Furthermore, AIN has good semiconductor process compatibility,
high mechanical strength [3] and it is chemically stable [4].

AIN is already used in MEMS devices such as thin film bulk acoustic
resonators (FBAR) [5, 6], microphones [7] and piezoelectric micromachined
ultrasound transducers (PMUT) [8, 9]. In addition, AIN would be a suitable
material for MEMS energy harvesters [10]. AIN is also a promising piezo-
electric material for inertial MEMS sensors, such as gyroscopes. The higher
electromechanical coupling would, for example, increase the accuracy of the
inertial MEMS sensors, which in turn improves inertial navigation.

However, modern three-axis devices require in-plane actuation and sens-
ing, which is challenging to implement with current micromachining meth-
ods. So far, the lack of easy in-plane actuation has hindered the integration
of piezoelectrics into inertial MEMS sensors. More effective in-plane actua-
tion and sensing can be reached if the piezoelectric elements are fabricated
on the vertical sidewalls of the actuator structure. The current method for
AIN deposition in MEMS fabrication is reactive sputtering, which is a line-
of-sight method and not suited to meet the requirements for conformality
and crystal orientation on vertical sidewalls.

Metalorganic chemical vapor deposition (MOCVD) is better suited to
meet these requirements [11]. Furthermore, the crystal quality of MOCVD
films is generally better compared to sputtered films. MOCVD has been
previously used to grow AIN in other fields of technology, such as optoelec-
tronics [12, 13] and RF filters [14]. Generally, CVD methods have better
conformality compared to physical vapor deposition (PVD). However, so
far MOCVD AIN research has focused on using AIN as a buffer layer for
gallium nitride (GaN) [15] and AlGaN and the growth on vertical structures
has not been studied. Some experiments have been conducted on epitaxial
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lateral overgrowth of AIN [16, 17] and GaN [18] and selective area growth
of GaN [19-21], with the focus of reducing dislocation densities. However,
in these studies, the trenches have been shallow, only in the order of few
micrometers.

This paper investigates AIN growth on vertical sidewalls, which would
enable in-plane piezoelectric actuation and sensing. First, the fabrication
of sidewall test structures by potassium hydroxide (KOH) etching of silicon
is optimized for AIN growth. Then, the conformality and crystal structure
of AIN films grown on the vertical test structures are studied. Additionally,
the MOCVD process is studied and optimized on blank Si(111) substrates.

2. Experimental

2.1. Sidewall growth template fabrication

In order to study the conformal coverage and crystal structure of the
AIN film on vertical sidewalls,; suitable growth templates were developed
first. A schematic of the planned template is presented in Fig. 1. Trenches
with vertical sidewalls can be etched into (110) silicon wafers with KOH
when the trenches are correctly aligned. This results in vertical sidewalls
with (111) surfaces, which is coincidentally preferred for c-axis or (0002)
oriented growth of crystalline AIN [22].

(11011113

[112)

Crystallographic
directions in Si

Figure 1: Schematic of the AIN growth template with vertical Si(111) sidewalls fabricated
by KOH wet etching of Si(110) wafers.

Before fabricating the growth templates, the KOH etch parameters were
optimized, because the surface roughness affects the crystal growth of AIN
and the root-mean-square (rms) surface roughness should be in the order of
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0.1 nm for good c-axis oriented growth when AIN is sputtered on amorphous
Si [23, 24]. Previous studies on KOH etching of Si(110) [25, 26] have not
quantitatively analyzed the surface of the etched (111) sidewall or studied
it at all. The optimal temperature and KOH concentration in aqueous
solution for etched surface quality are in the range of 70 to 80 °C and 40 to
50 % by weight, respectively, according to previous studies.

Before the KOH etching, a SiO5 hard mask was grown by wet thermal ox-
idation of Si(110) wafers (4” in diameter and 200 pm thick). The 1 pm thick
mask was patterned using photolithography and reactive ion etching. The
wafers were then KOH etched for 150 minutes in a temperature-controlled
tank at constant KOH concentration.

The surface roughness after etching was analyzed with atomic force mi-
croscopy (AFM) and visual inspection was done using scanning electron
microscopy (SEM) by dicing etched samples in half along the etched trench
and mounting them vertically, as shown in Fig. 2. The rms roughnesses
were measured in a NT-MDT Ntegra AFM over a 5 by 5 um? area using
a silicon cantilever tip (nominal tip radius 10 nm) in tapping mode. The
SEM inspection was done with JEOL JSM-6335F microscope. Vertical and
lateral etch rates, as well as the verticality of the sidewalls, were estimated
by taking cross-sectional SEM micrographs of the etched samples. The
cross-sections were made by mechanical grounding and polishing.

r

4

Figure 2: Test samples used in analyzing the etched sidewall roughness. After KOH
etching, the samples were diced in half and mounted vertically, giving AFM and SEM
access to the etched sidewall.

After finding the optimal KOH etch parameters, the growth templates
were fabricated. The template size was 3 by 3 cm? and each template had
100 trenches with an aspect ratio of 1, which were nominally 20 mm long,
100 pum wide and deep, and spaced 100 um apart.



2.2. Metalorganic chemical vapor deposition of AIN thin films

AIN thin films were grown on both the etched templates with vertical
sidewalls and on blank Si(111) substrates in a Thomas Swan 3x2” close-
coupled showerhead MOCVD reactor. Fig. 3 shows a schematic of the AIN
film on the vertical sidewall with the crystallographic orientations.

The growth process began with surface preparation by annealing and
nitriding. Annealing was done first at a temperature of 1 065 °C for 5 min
under hydrogen (Hy) atmosphere and then for another 5 min under silane
(SiH4) flow at the same temperature. Nitriding was done at a temperature
of 1 020 °C under ammonia (NHj3) molar flow of 223 pmol/min for 15 s.
After surface preparation, a low-temperature (LT) AIN buffer layer was
grown at a temperature of 1 020 °C for 3 min. Trimethylaluminum (TMAI,
Aly(CHgs)g) carried by hydrogen and NHj3 were used as the precursors with
flows of 14.59 pmol/min and 110 scem, respectively, resulting in a V/III
ratio of 337. The reactor pressure was 6.67 kPa (50 Torr) in the base
process. Finally, the AIN layer was grown at a temperature of 1 125 °C for
25 to 160 min.

AIN
[0002]
-

[110]

ti [112]

Crystallographic
directions in Si

Figure 3: Schematic of an AIN thin film grown on the vertical Si(111) sidewall of an
etched trench on the growth template.

In this process, the AIN film should grow only on the vertical (111)
sidewalls and on the trench (110) bottom. The remaining SiOs hard mask on
the top of the substrate should prevent the growth of AIN there. However,
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the SiH4 bake might change this by growing a thin layer of Si on the top as
well, on top of which AIN can grow. The purpose of the SiH, bake was to
homoepitaxially grow some clean Si in order to reduce the effect of possible
surface contamination.

Wurtzite AIN tends to grow with the (0002) ¢ planes parallel to the
substrate surface, despite the fact that the surface energy of the ¢ planes
is higher than the surface energies of the a (1120) and m (1010) planes
[27]. For GaN, the presence of hydrogen and nitrogen lower the surface
energy of the ¢ planes, making them the most stable plane [28]. Because of
the similarities between AIN and GaN, it is plausible that the AIN(0002)
planes are the most stable under hydrogen-containing MOCVD conditions
as well. This has also been experimentally confirmed in several studies. In
summary, it can be assumed that AIN should grow in the (0002) orientation
on the vertical sidewalls as well. However, this has not been experimentally
studied.

The effect of suspector rotation and reactor pressure on the conformal-
ity was studied by using rotation speeds of 5, 30 and 100 rpm and pres-
sures of 20, 35 and 50 Torr. The conformality was evaluated by measuring
the thickness profile of the AIN film along the vertical sidewalls. First,
the growth templates were cleaved perpendicular to the sidewalls and then
cross-sectional SEM micrographs were recorded down the sidewalls at 10
pm intervals in a Zeiss Supra 40 SEM. The thickness of the AIN layer was
measured from the micrographs. Thickness and refractive index of the AIN
layers on the blank Si(111) substrates was measured using a Philips Plasmos
ellipsometer with a wavelength of 632.8 nm.

Because the high growth temperature of 1 125 °C can be considered
challenging for process integration the film quality was studied at lower
growth temperatures. AIN films were grown on blank Si(111) substrates at
temperatures of 750, 875 and 1 000 °C in addition to the base temperature
of 1125 °C.

2.3. X-ray diffraction and atomic force microscopy analysis

High-resolution X-ray diffraction (HRXRD) was used to measure the
crystal quality of the AIN films grown on the blank Si(111) substrates.
Symmetrical 260-w and w X-ray rocking curves (XRC) were measured about
the 0002 reflection, using a PANanalytical X'Pert Pro diffractometer fitted
with a CuK,; X-ray source, producing a wavelength of 1.540598 A.

If the AIN films on the vertical Si(111) sidewalls are textured with c-axis

orientation as planned, the AIN[0002] direction is parallel to the substrate
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surface, and the 0002 reflection cannot be accessed in the conventional 260w
diffractometer configuration. Instead, the crystal quality of AIN on sidewalls
was characterized using in-plane XRD. The experimental setup with the in-
plane diffractometer angles is presented in Fig. 4. Symmetrical 260, ¢ scans
and ¢ rocking curves were measured with a Rigaku SmartLab diffractome-
ter. The X-ray source used CuK,; radiation as well. Both the § and w
angles were 0.38°, which yielded maximum reflected intensity.

The measured XRD peaks were fitted using the Lorentzian distribution
with the following probability density function f(26)

_ A 7

where A is a scaling factor, 26, a location parameter and ~y a scale parameter.
The Lorentzian distribution gives the XRD peak centroids and the full width
at half maximums (FWHM) of the peaks as 26, and 27, respectively.

The FWHM of the AIN 0002 XRC can be used as an indication of the
piezoelectric properties of AIN [29-33]. The results vary somewhat, but
once the FWHM of the rocking curve is less than 2°, the AIN film should
have reached its full piezoelectric properties.
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Figure 4: The in-plane XRD measurement setup used for measuring the crystal structure
of AIN on the vertical sidewalls. Adapted from [34].
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The surface morphologies of the AIN films grown on the blank Si(111)
substrates were measured with AFM. A Bruker Dimension Icon AFM in
tapping mode was used to measure 5x5 pm? areas on the samples. The
nominal radius of the silicon AFM tip was 8 nm.

2.4. Transmission electron microscopy and sample preparation

Transmission electron microscopy (TEM) was used to study directly the
microstructure of the AIN films and the orientation relationship between the
AIN film and the vertical Si(111) sidewalls. First, focused ion beam (FIB)
was used to prepare electron transparent lamellas of the AIN films on the
vertical sidewalls in an FEI Helios Nanolab 600 dual beam system. Ga-ions
were used to mill and polish the cross-sectional lamellas. The lamellas were
imaged in a high-resolution JEOL JEM-2800 microscope under 200 kV ac-
celeration voltage. Both bright-field (BF) TEM micrographs and electron
diffraction patterns were recorded. The select area electron diffraction pat-
terns (SADP) were recorded along the Si [112] zone axis. The prepared
lamellas were taken from the top part of the trench.

3. Results and discussion

3.1. KOH etching

Table 1 presents the measured etch rates for Si (110) and (111) planes,
selectivity and measured surface roughness at different KOH concentrations
by weight and etch temperatures. The rms surface roughness of the etched
vertical Si(111) sidewall is an average of five samples.

Two examples of the AFM micrographs are shown in Fig. 5 for samples
etched using parameter combinations of 40 wt.% and 70 °C (Fig. 5a), and 45
wt.% and 80 °C (Fig. 5b). The etched surfaces look visually smooth under
SEM. However, some terraces and other large imperfections were observed
on the sidewalls of all samples.



Table 1: The KOH etching results after 150 minutes of etching.

KOH etch  (110) etch rate (111) etch rate Selectivity Roughness

(wt.% °C) (um/h) (um/h) Si/Si0s  (nm rms)
70 48 2 404 20£14

40 75 62 4 265 4.8 £ 3.3
80 79 6 460 10.7 £ 5.5

45 70 36 0.4 672 6.0 + 4.2
80 7 ) 412 10.1 + 3.1

70 25 2 318 9.1+£33

50 75 41 2 408 8.8 £ 3.6
80 46 41 269 1.7+ 1.1

146.5 nm
700 1400
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0.15pm| [-110.0
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(a) 40 wt.% and 70 °C. (b) 45 wt.% and 80 °C.

Figure 5: AFM micrographs of the vertical Si(111) sidewall after etching in KOH solution,
using KOH etch parameters of (a) 40 wt.% and 70 °C, and (b) 45 wt.% and 80 °C.

Based on the surface roughness and etch rate measurements, the opti-
mal KOH concentration is 40 wt.% at a temperature of 70 °C and these
parameters were used to fabricate the vertical Si(111) sidewall templates
used as substrates in AIN growth. KOH etch parameters of 50 wt.% and 80
°C were not selected due to high Si(111) etch rate and lower Si to SiOq se-
lectivity. Lower etch temperature and concentrations were not investigated
due to the slow etch rates.

The measured surface roughness is not well explained by any of the pa-
rameters. Although, there is some correlation between the (111) etch rate
and the surface roughness: slower (111) etch rate seems to result in smoother
etched (111) sidewall. However, there is quite a lot of scattering in the re-

sults and the 50 wt.% and 80 °C combination is an outlier. The standard
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deviations are also somewhat large in the surface roughness measurements.
This could indicate that the roughness is not uniform across the etched side-
wall. Another source for the scatter in the data is in the sample fabrication.
Dicing of the samples led to generation of Si particles, that were difficult to
remove despite protecting the samples with photoresist before dicing and
thorough cleaning after. Thus, sample preparation contributes to a part of
the measured surface roughness. Based on the previously published results
on AIN growth on rough surfaces [23], the achieved rms surface roughness of
2.0 nm might not be smooth enough for the growth of textured and c-axis
oriented AIN.

3.2. AIN on blank Si(111) substrates

Table 2 summarizes the growth rate, refractive index, and HRXRD re-
sults of AIN grown at different temperatures on the blank Si(111) substrates.
The HRXRD 26-w and w rocking curves are presented in Fig. 6 for the films
grown at temperatures of 1 000 and 1 125 °C. With HRXRD, no measurable
AIN 0002 reflections were detected for the films grown at lower tempera-
tures. The growth time was 25 minutes, the reactor pressure was 50 Torr
and the susceptor rotation speed was 100 rpm.

Using the diffractometer used in the in-plane XRD measurements with a
more intense X-ray beam and wider detector acceptance angle, it was possi-
ble to observe the 0002 reflections of the AIN films grown at temperatures of
875 and 750 °C. The 0002 peak intensity decreased rapidly with decreasing
temperature and the peaks became wider. Moreover, a 1011 peak emerged
in the film grown at a temperature of 875 °C and was clearly observed in
the film grown at 750 °C.

Table 2: Growth rate, refractive index, and HRXRD results of AIN films on the blank
Si(111) substrates grown at different temperatures. The reactor pressure was 50 Torr
and susceptor rotation speed 100 rpm.

Temperature Growth rate Refractive 20w 0002 XRC
(°C) (nm/min) index 20 (°) FWHM (°) FWHM (°)
750 3.57 £ 0.02 1.99 £ 0.01
875 3.51 £ 0.02 2.01 £0.01
1 000 3.54 £0.03 2.03 £0.01 36.243 0.298 2.773
1125 3.34 £0.04 203 £0.01 36.178 0.189 1.221

10
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Figure 6: HRXRD measurements of the AIN 0002 reflection of the films grown at tem-
peratures of 1 000 and 1 125 °C. The AIN films grown at lower temperatures did not
produce measurable 0002 reflections in HRXRD. (Only every third measurement point
plotted).

The HRXRD results show that the base MOCVD process results in AIN
films with high crystal quality and c-axis texture, oriented parallel with the
Si[111]. However, decreasing the growth temperature reduces the crystal
quality sharply. The FWHM of the XRC more than doubles when the
temperature is reduced to 1 000 °C and the AIN 0002 peak is significantly
less intense. The XRD results show that at a temperature of 875 °C the
film starts to lose its texture and at 750 °C the film can be considered
almost completely polycrystalline with randomly oriented crystallites. At
the same time, the growth rate increases slightly from 3.34 to first 3.54 and
finally to 3.57 nm/min. The increase in growth rate is most likely caused by
the reduction in the desorption rate of loosely bound atoms at the growth
surface [35]. This also explains the reduction in the observed crystal quality,
in combination with reduced surface diffusion of precursor molecules due to
the lower temperature.

In addition to the change in crystallinity, the surface morphology changed
with temperature as well. At 1 125 °C the film surface is grainy and con-
tains a high density of holes. At lower temperatures, the grainy morphology
reduced and the surface roughness decreased slightly. Also, the holes mostly
disappeared as well. This corresponds well with the observed reduction of
crystallinity.

Table 3 shows the evolution of the measured AIN properties as the
growth time is increased from 25 minutes to 160 minutes. Figures 7a and
7b show the HRXRD 26-w curves and the w rocking curves about the AIN

0002 peak maxima, respectively, for the same films.
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Table 3: Evolution of AIN film properties on the blank Si(111) substrates as growth time
increases. The growth temperature was 1 125 °C, reactor pressure 50 Torr, and susceptor
rotation speed 100 rpm.

Time Thickness Refractive 20w 0002 XRC
(min) (nm) index 20 (°) FWHM (°) FWHM (°)
25 834409 2.03£0.01 36.178 0.189 1.221
60 2214 +4.0 1.86 £ 0.02 36.150 0.136 1.207
90 270.3 £ 0.7 2.03 £ 0.02 36.142 0.115 0.963
120 413.1 £ 15.6 1.92 &+ 0.05 36.129 0.112 0.840
160 550.5 = 16.1 2.42 += 0.20 36.104 0.080 0.632
ol Tn"miﬁk::s ol m{:

?21/20 r gg(} 52() r ;go

35.6 35.8 36 36.2 36.4 36.6
20 (°) Aw (%)

(a) 20-w scans. (b) w rocking curves about the 0002 peak maxima.

Figure 7: HRXRD measurements of AIN film of different thicknesses grown on the blank
Si(111) substrates. (Only every fifth measurement point plotted.)

Increasing the film thickness increases the AIN crystal quality and the
crystallite orientation. The crystal quality increases steadily with the film
thickness, as indicated by the decreasing FWHM value of the 260-w 0002
peak, which indicates that the inhomogeneous strain distribution becomes
narrower and that the coherence length increases [36]. Furthermore, ac-
cording to the Scherrer equation the crystallite size increases [37]. The
degree of preferential orientation of the AIN crystallites increases as the
film thickness increases. The FWHM of the XRC decreases nearly linearly
from 1.221° to 0.631°, indicating that the crystallites are better oriented in
the same direction.

The AFM results show that as the film thickness increases, the grains
continue to grow larger and start to mushroom over the holes, indicating
that the columnar grains also grew in size laterally.

12



In addition to the increasing crystal quality with film thickness, the
average residual mechanical stress in the film also seems to decrease. The
location of the 0002 peak centroid changes linearly as a function of film
thickness from 36.178° to 36.104°. This change corresponds to a change in
the lattice constant ¢ from 4.962 A to 4.971 A for 83 nm and 550 nm thick
films, respectively. This indicates a reduction in the average homogeneous
elastic strain of the full film. The out-of-plane elastic strain (¢.) can be
calculated by the following equation

Cmeas — Co
o= T (2)
where ¢peqs 18 the measured lattice constant and ¢g is an unstrained reference
lattice constant for AIN [36]. Using 4.98079 A [38] as the reference value,
the strain reduces approximately from -0.38% to -0.20%. The selection of
the reference value introduces some error into the calculated strain due to
differences in instrumentation and materials.

Assuming that the AIN film is biaxially stressed and very thin compared

to the substrate, the biaxial stress ¢ is given by

E E 1-
o= Me, = = v

Eey (3)

where M is the biaxial modulus, ¢, the in-plane elastic strain, E the in-
plane Young’s modulus and v the Poisson ratio [39]. Assuming an in-plane
Young’s modulus of 346 GPa [3] and a Poisson ratio of 0.207 [40], the
corresponding in-plane stress reduces from 3.19 GPa to 1.68 GPa.

The residual mechanical stress has two main sources. The first source
is the mismatch in thermal expansion coefficients (CTE) between AIN and
Si, which induces mechanical stress into the film as it cools down from
the growth temperature to the room temperature. The second source is
in the difference between the lattice constants of the film and substrate.
The most likely explanation for the observed reduction of residual stress is
the formation of misfit dislocations, which accommodate the lattice misfit
[39]. As the film thickness increases, the total strain energy in the film
also increases until it is energetically favorable to generate dislocations.
The dislocations accommodate the strain induced by the lattice mismatch
between the substrate and the AIN film.

Despite the reducing residual stress, a network of fractures was observed
at the surface of the 550 nm thick AIN film. The increasing number of dis-

locations in combination with the increasing AIN crystallite size reduces the
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fracture strength of the film as more dislocations can pile-up into longer pre-
cracks within the crystallites [41]. As a result, the remaining residual stress
is enough to cause fractures once the fracture strength has been sufficiently
reduced.

The results for films grown using reactor pressures of 20 and 50 Torr
are summarized in Table 4. Besides the AIN 0002 reflection, no other peaks
were detected from the background noise. The growth time was 60 minutes
and susceptor rotation speed was 5 rpm.

Table 4: Results of AIN films grown at different reactor pressures on the blank Si(111)
substrates. The growth temperature was 1 125 °C and susceptor rotation speed 5 rpm.

Pressure Growth rate Refractive 20-w 0002 XRC
(Torr) (nm/min) index 20 (°) FWHM (°) FWHM (°)
20 3.74 + 0.06 2.03 £0.02 36.131 0.063 0.554
50 3.32 £ 0.07 2.07 £ 0.01 36.134 0.062 0.501

Changing the reactor pressure does not seem to affect the crystal quality.
Both the XRD peak widths and the intensities remained approximately
constant. On the other hand, the film morphology changes at a pressure of
35 Torr. Atomic steps are visible on the surfaces of the films grown at of
20 and 35 Torr, as seen in the AFM micrographs in Fig. 8. This indicates
that the film growth mode changes to the step-flow mode from the more
common columnar-growth mode. The surface diffusivity of the adsorbed
precursor atoms increases at lower pressures [12, 13], which leads to the
step-flow growth in this case. The change in the growth mode also leads
to a reduction of the observed holes on the film surface. The growth rate
increases at lower pressures as well.

0pm 2 3 4 0pm 2 3 4
| I | I

(a) 20 Torr. (b) 35 Torr. (c) 50 Torr.

Figure 8: AFM micrographs of AIN thin films grown at pressures of (a) 20, (b) 35 and
(¢) 50 Torr on blank Si(111).
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3.3. Conformality and crystal quality of AIN on vertical Si(111) sidewalls

The measured profiles of the AIN film thicknesses on vertical sidewalls
after 60 min of growth are presented in Fig. 9 using different reactor pres-
sures (Fig. 9a) and susceptor rotation speeds (Fig. 9b). The slope of the
profile was used to quantify the conformality and the slope was calculated
by fitting a first-degree polynomial line through the measurement points in
a least squares sense. The calculated slope tells how much the film thickness
reduces in nanometers per one micrometer down the sidewall and they are
presented in Table 5.

o

or -
Pressure j Rotation
(torr) (rpm)
=20 20 20 |—e—5
/E ——35 ,é\ 3
S 50 i<} —*—100
= 40t = 40t
a a
o o
] <
S -60f S -60
= =
2 E
= =
-80 -80 F
2100 ‘ ‘ ‘ ‘ ‘ ‘ -100 ( ‘ ‘ ‘ ‘ ‘ ‘
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
Film thickness (nm) Film thickness (nm)

(a) Reactor pressures of 20, 35 and 50 Torr at 5  (b) Susceptor rotation speeds of 5, 30 and 100 rpm
rpm rotation. at a pressure of 50 Torr.

Figure 9: Thickness of AIN films grown on vertical sidewalls as a function of depth, using
(a) different reactor pressures and (b) different susceptor rotation speeds. The growth
temperature was 1 125 °C.

Table 5: The conformal coverage of AIN films grown on the vertical Si(111) sidewalls at
different reactor pressures and susceptor rotation speeds. The closer the slope is to zero,
the better.

Pressure Rotation Slope
(Torr)  (xpm)  (nm/pm)

) 0.84

20 30 0.73
100 0.81

35 ) 0.95
) 1.20

50 30 1.06
100 1.04
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The film morphology changed down the sidewall, as shown by the mon-
tage of SEM micrographs in Fig. 10. The montage shows the surface of AIN
films grown at pressures of 20 and 50 Torr, at trench depths of 0, 25, 50, 75
and 100 pm. Similar behavior was observed in the AFM measurements as
well when film thickness or reactor pressure changed.

Aalto EILB SEl 50KkY  X15,000 1um WD 15.3mm

Figure 10: A montage of SEM micrographs of the surface of AIN film grown at 20 and 50
Torr pressures at depths of 0, 25, 50, 75 and 100 gm. The film thickness at each location
was shown in Fig. 9a.

The conformal coverage does not seem to change with the used susceptor
rotation speed. The results show that the gradient of the film thickness
remains approximately constant. In theory, the rotation speed affects the
flow of the precursors on the substrate surface. This could possibly affect the
transport of precursors to the bottom of the etched trenches and change the
conformal coverage. However, according to the results, this does not seem

to be the case.
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The effect of reactor pressure seems to be negligible as well. Although
the film thickness is improved at the lower half of the sidewall at lower
pressure, the thickness gradient remains severe. The film morphology, on
the other hand, looks quite different between reactor pressures of 20 and 50
Torr. At 20 Torr, the density of holes is less at the bottom of the trench
and the film looks continuous all along the sidewall. Whereas at 50 Torr the
film still looks like individual islands that are coalescing together to form
a continuous film. The improvement of the film conformal coverage and
surface morphology as function on reactor pressure can be attributed to the
increased diffusivity of the Al source molecule [12, 13]. In addition to reduc-
ing the pressure, the Al diffusivity can be increased by increasing the growth
temperature. Unfortunately, at 1 125 °C and 20 Torr, the used MOCVD
reactor is already at its operational limits. Thus, further experiments were
not possible.

While the gradient in the film thickness is not ideal, it should not be
an issue for a transverse piezoelectric actuator that is used to excite the
vibrational resonant mode of a silicon cantilever at a constant voltage. The
force Flie,o that the piezoelectric element exerts on the cantilever depends
only on the transverse piezoelectric coefficient e3; and width (or in this case
the depth) of the element h according to

Fpiezo = 631hv7 (4)

where v is the drive voltage over the element [42]. The increasing electrical
field at a constant voltage as the thickness decreases compensates for the
decrease in the end cross-sectional area of the piezoelectric field. Thus, the
exerted force does not depend on the film thickness.

The main issue with the thickness gradient is that a dielectric break-
down in the thin portion of the film limits the maximum drive voltage.
Furthermore, the worse film morphology at 50 Torr might reduce the di-
electric strength of the film or even cause shorts. Thus, reactor pressure
of 20 Torr is preferred over 50 Torr. The added benefit of a piezoelectric
actuator integrated onto a vertical sidewall is shown by Eq. 4. The trans-
duction factor can be increased by increasing the depth h of the sidewall
without increasing the footprint of the structure on the chip.

The in-plane XRD results for AIN films grown on the vertical Si(111)
sidewalls are summarized in Table 6. The in-plane XRD measurements are
shown in Fig. 11. This time the AIN 1010 and 1011 peaks were observed
in addition to the 0002 reflection. However, no measurable rocking curves
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were detected for them. The effective film thicknesses were approximately
120-160 nm (Fig. 9) for the in-plane XRD measurements.

Table 6: The in-plane XRD results of AIN films grown on vertical Si(111) sidewalls.

Pressure Rotation 20,—¢ 0002 XRC
(Torr) (rpm) 260, (°) FWHM (°) FWHM (°)
20 5 36.10 0.55 3.44

100 36.07 0.67 2.62
50 5 36.12 0.62 1.70
30 36.06 0.77 2.44

20 torr, 5 rppm
—=&—20 torr, 100 rpm

50 torr, 5 rppm

50 torr, 30 rpm

—&—20 torr, 100 rpm
4000 b 50 torr, 5 rpm
50 torr, 30 rpm 1500 -

v
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(a) 205—¢ scans. (b) ¢ rocking curves about the 0002 peak maxima.

Figure 11: The in-plane XRD results of AIN films grown on vertical Si(111) sidewalls.
(Only every sixth measurement point plotted.)

The location of the measured ¢ rocking curve maxima differed from the
expected 18.05°. The difference was most likely caused by misalignment
between the sample and ¢. Due to the unconventional measurement setup,
it was not possible to accurately align the samples so that the etched side-
walls were perfectly parallel with the beam and this caused some offset in
the diffractometer ¢ angle. In Fig. 11b instead of plotting the reflected
intensity as a function of absolute ¢ angle, the intensities are plotted as a
function of A¢, difference from the peak maxima.

At first glance, the crystal quality of the AIN film grown on vertical
sidewalls seems to be worse compared to AIN grown on the blank substrates.
The in-plane XRD results show that the AIN 0002 reflection peak is rather
weak and wide. Moreover, 1010 and 1011 reflections are also observed,

which would indicate that the AIN film has lost its texture.
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However, layers of polycrystalline AIN are observed growing on top of
the SiOy hard masks as well. A TEM micrograph of a FIB-milled cross-
sectional lamella of an AIN film grown at 50 Torr is presented in Fig. 12
for example. AIN grew on top of the SiO, layer at lower pressures as well.
The observed layer produces the 1010 and 1011 reflections in in-plane XRD.
This is further confirmed by the in-plane XRD rocking curves. No rocking
curves were observed about the 1010 or 1011, while curves were successfully
measured about the 0002 reflection. The latter can be only produced if the
AIN film on the vertical sidewall is textured and c-axis oriented.

J

=

Figure 12: A FIB-milled TEM lamella of an AIN film grown at 50 Torr, showing that in
addition to AIN growing on the vertical Si(111) sidewall, it has also grown on top of the
SiO9 layer used as a hard mask for the KOH etching. Inset: The AIN layer on top of
Si0s,.

Fig. 13 shows an HRTEM micrograph of the interface between the
Si(111) sidewall and AIN. The lattice fringes in Fig. 13 correspond to the
AIN(0002) lattice planes and they were observed throughout the thickness
of the film. Silicon lattice fringes are not observed at the AIN-Si interface in
Fig. 13 most likely due to ion beam induced damage. AIN and Si were ion
milled at different rates, thus once the AIN layer was sufficiently thin, the
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silicon especially at the interface was already extremely thin and damaged.

A recorded SADP is presented in Fig. 14. The pattern shows diffraction
spots for Si with a zone axis of [112] (red crosses) and textured AIN, with the
orientation relationship AIN(0002)||Si(111) AIN[1120]]|Si[220]. Measuring
from the diffraction pattern, the AIN lattice constants were a = 3.11
and ¢ = 4.97 A. The reciprocal distance was calibrated using the Si(111)
diffraction spot and lattice constant of 5.431 A for Si.

Figure 13: HRTEM micrograph of an AIN film at the AIN-Si interface, grown at 20 Torr
on vertical Si(111) sidewall.
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Figure 14: Select area diffraction pattern of the AIN film on Si(111) sidewall, with AIN
diffraction spots labedded in white and Si spots in red. Inset: Area where the SADP
was recorded from.

The TEM analysis of the films also confirms the texturing of the AIN
film. The c-axis orientation is maintained throughout the film from the
Si—AIN interface to the surface. No differently oriented crystallites were
observed. A layer of native aluminum oxide seems to have formed on top of
the AIN layer. Even though the Si sidewall surface was rough (Table 1) after
etching, the LT-AIN buffer layer has accommodated the surface roughness
and the AIN layer has a global orientation, instead of local. The texture
and orientation are further confirmed by the recorded electron diffraction
patterns.

According to the in-plane X-ray rocking curves, the crystal quality of
the AIN films on vertical sidewalls seems to be better when grown at 50 Torr
compared to 20 Torr. This is not consistent with the HRXRD result for AIN
on blank Si substrates, which showed the crystal quality to remain constant
at the tested reactor pressures. Moreover, previously the crystal quality
has been shown to improve by reducing the pressure [12]. As there was
no noticeable difference in the TEM micrographs or SAD patterns between

AIN films grown at 20 and 50 Torr, the observed difference in the crystal
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quality in the XRC measurements (Fig. 11b) is likely due to experimental
errors of the in-plane XRD measurements. There are two major sources
of error unique to this experiment. First, it was not possible to accurately
align the sample and ¢ angle, as previously mentioned. Second, the beam
diffracted by the (0002) planes is actually reflected inside the sample at an
angle of —w, while the detector was at an angle of w for the measurement,
and instead of measuring the maxima of the XRD peaks, part of the peak
tail was measured.

4. Conclusion

In this paper, the growth of AIN by MOCVD on vertical sidewalls was
studied as a possible way to implement in-plane actuation and sensing for
piezoelectric MEMS sensors. First, the fabrication of Si growth templates
with vertical (111) sidewalls using KOH wet etching of Si(110) substrates
were optimized with respect to the sidewall surface quality. It was found
that a KOH concentration of 40 wt.% and temperature of 70 °C yielded the
lowest surface roughness. The rms surface roughness of the sidewall was 2.0
+ 1.3 nm and would have likely been too high for growth of textured high
crystal quality AIN. This was overcome by a low-temperature AIN buffer
layer that accommodated the surface roughness.

After optimizing the KOH etching, the AIN MOCVD process was stud-
ied in more detail on blank Si(111) substrates. The base process parameters
for temperature, reactor pressure and susceptor rotation speed of 1 125 °C,
50 Torr, and 100 rpm, respectively, resulted in high-quality crystalline AIN
films with c-axis orientation, which is the preferred orientation for piezo-
electric applications. The growth temperature could not be lowered without
a significant loss of crystal quality and orientation. The reactor pressure or
susceptor rotation speed did not have a measurable effect on the crystal
quality. However, changing the pressure from 50 Torr to 35 Torr changed
the growth mode from columnar-growth to step-flow mode, which improved
the film morphology. The growth remained in the step-flow mode at a pres-
sure of 20 Torr as well. The film quality increased as a function of the AIN
film thickness. The FWHM of the 0002 XRC decreased nearly linearly from
1.221° to 0.632° when the film thickness increased from 83 nm to 550 nm.
At the same time, the film residual stress was relieved from 3.19 GPa to 1.68
GPa by the formation of misfit dislocations. However, the increasing crys-
tallite size and dislocation count lowered the fracture strength of the film
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with thickness and the residual stress fractured the 550 nm thick film. The
high residual stresses are a challenge for reliability and device integration.

Finally, AIN was grown on the vertical Si(111) sidewalls of trenches
etched into Si(110) substrates, with an aspect ratio of 1. The in-plane XRD
and TEM results show that the AIN film retains it crystal quality and c-
axis texture on vertical sidewalls, as is required for in-plane actuation and
sensing. The film thickness changes down the etched sidewall and does not
cover it conformally. At the top of the sidewall, near the substrate surface,
the thickness of the AIN film is approximately 140 nm after 60 minutes of
growth. The film thickness gradient is approximately 1.04 nm per 1 pum
down the sidewall, thus, at the bottom of the trench at —100 pm, the film
thickness is approximately 40 nm. The conformal coverage does not improve
at susceptor rotation speeds of 30 or 5 rpm. Reducing the reactor pressure
from 50 Torr improves the conformal coverage slightly. At 20 Torr, the
gradient is approximately 0.8 nm/pum and the continuity and morphology
of the film were improved at 20 Torr as well.

Presently, the crystal quality of AIN grown on vertical sidewalls for in-
plane actuation and sensing is sufficient for good piezoelectric properties.
While the conformal coverage is not perfect, it is acceptable for transverse
piezoelectric actuation. Improving the conformality would most likely re-
quire even higher growth temperatures and lower reactor pressures. The
effect of aspect ratio should be studied on the conformality as well.
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