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A fabrication process has been developed for high energy ion beam assisted deposition (IBAD)

biaxial texturing of ultrathin (�1 nm) MgO films, using a high ion-to-atom ratio and post-

deposition annealing instead of a homoepitaxial MgO layer. These films serve as the seed layer for

epitaxial growth of materials on amorphous substrates such as electron/X-ray transparent mem-

branes or nanocalorimetry devices. Stress measurements and atomic force microscopy of the MgO

films reveal decreased stress and surface roughness, while X-ray diffraction of epitaxial overlayers

demonstrates the improved crystal quality of films grown epitaxially on IBAD MgO. The process

simplifies the synthesis of IBAD MgO, fundamentally solves the “wrinkle” issue induced by

the homoepitaxial layer on sub-50 nm membranes, and enables studies of epitaxial materials in

electron/X-ray transmission and nanocalorimetry. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4966956]

Developing techniques for the integration of amorphous

and epitaxial thin films is crucial for basic materials research

and technological applications.1 Advanced structural charac-

terization by X-ray and electron transmission demands a film

including its substrate, typically a thin amorphous silicon

nitride (a-SiNx) membrane, that is transparent to X-ray2 and

electron beams.3 Thermodynamics studies of thin film mate-

rials require films to be deposited on suspended membranes

of a-SiNx which provide thermal isolation.4,5 Many thin

films of scientific and technological interest are however best

grown as epitaxial materials. One approach to resolve this

challenge is to deposit a biaxially textured “seed” layer

through ion beam assisted deposition (IBAD), which in turn

enables relatively high-crystalline-quality epitaxial growth

of the desired material.1,6–14 In IBAD growth, as MgO is

deposited on the amorphous substrate, it is simultaneously

etched by high energy (600–1000 eV) Arþ ions at a 45�

incident angle. After 2–10 nm IBAD MgO deposition, both

out-of-plane (001) and in-plane texturing ((101) parallel to

the 45� ion beam) form in the MgO layer, due to preferential

removal of MgO of other orientations.1,12–14 In the

“standard” method used for high energy IBAD MgO biaxial

texturing, a subsequent homoepitaxial MgO layer (made

without the ion beam) is grown, enabling the growth of an

epitaxial film of some other material.1,12,14 This technique

enabled, e.g., calorimetry studies of epitaxial FeRh films.15,16

Alternatively, a thick (10 nm) IBAD MgO with post-

deposition annealing yielded promising results.17

However, two fundamental challenges remain unre-

solved. First, these processes induce a substantial stress in

the MgO and the underlying substrate,4,18 which is visible as

wrinkling of the 30 nm membrane of a nanocalorimetry

device.18 Second, the 10–15 nm MgO thickness (in addition

to the sample itself) is thicker than optimal for many trans-

mission studies. In this paper, we demonstrate a process for

preparing epitaxial films on an amorphous substrate, using

post-deposition annealing of ultrathin IBAD MgO films

(�1 nm) with no homoepitaxial MgO layer. This process is

enabled by a high ion-to-atom ratio (IAR) in the IBAD pro-

cess which enables the development of strong biaxial textur-

ing by �1 nm film thickness. This process significantly

simplifies the fabrication of the IBAD MgO, reduces its

thickness, stress, and surface roughness, eliminating the

visible “wrinkles” of the sub-50 nm membrane shown in

Ref. 18, and improves the quality of the subsequent epitaxial

film.

IBAD MgO thin films were deposited at room tempera-

ture onto thermal a-SiOx or a-SiNx (deposited by low pressure

chemical vapour deposition on Si (001) substrates or as mem-

branes) in high vacuum (base pressure 2� 10�8 Torr; pressure

during IBAD growth 1� 10�4 Torr Ar). MgO was evaporated

by an electron beam gun at a rate of 1.12 Å/s. During IBAD

deposition, the growing film of textured (001) MgO was bom-

barded with 750 eV Arþ ions at a 45� incident angle, causing

biaxial texturing in the IBAD MgO. The beam current was

measured to be 10 mA, yielding an IAR of 1.98 (see the defi-

nition of IAR in the supplementary material), and an accumu-

lation rate of the IBAD MgO on the substrate of 0.15 Å/s

(characterized by X-ray reflectivity of a several nm thick

film). 45–60 s of growth gives �1 nm IBAD MgO thickness.

This IAR is of order ten times higher than that usually used,4

and results in approximately 90% of the MgO being removed

as it is deposited. The substrate temperature typically

increases from room temperature by 10–15 �C due to Arþ
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bombardment and/or MgO growth. “Standard” high energy

IBAD MgO biaxial texturing, used for example, in Ref. 4,

was also prepared in which the IBAD MgO layer is followed

in situ by a 10–15 nm homoepitaxial MgO layer grown at a

rate of 0.08 Å/s at 350 �C (pressure �2� 10�8 Torr as the Ar

gas is pumped away) which improves the quality of the MgO

film (and the epitaxial quality of subsequent films). In situ
reflection high energy electron diffraction (RHEED) is per-

formed during both IBAD and homoepitaxial MgO deposition

to verify biaxially textured/epitaxial growth, respectively.19

In the present work, we studied both the “standard”

IBAD MgO (IBAD layer þ homoepitaxial MgO layer) and

ultrathin IBAD-only MgO, each grown and annealed at vari-

ous temperatures. 100 nm Fe films were then deposited onto

these various types of IBAD MgO as well as onto single-

crystalline MgO (001) substrates for control substrates to

examine the quality of epitaxy enabled by IBAD MgO. Fe

was evaporated by an electron beam gun at a rate of

0.48–0.52 Å/s with the substrate temperature at 200 �C.

The first and most notable result is that biaxially tex-

tured IBAD MgO films are seen in RHEED after only �1 nm

has been grown (Fig. 1(b) in supplementary material),19 thin-

ner than the usual critical thickness up to which polycrystal-

linity is observed.1,14 Due to the high IAR here used,

approximately 90% of the MgO molecules arriving at the

substrate are etched away, enabling a high degree of prefer-

ential growth of the in-plane textured grains ([101] parallel

to the ion beam). These films are rough and under compres-

sive stress, but annealing eliminates these effects, as will be

discussed below, leaving annealed �1 nm IBAD MgO as a

high quality platform for epitaxial growth of other films.

Growth of IBAD with or without subsequent homoepi-

taxial MgO films creates stress in the films and substrates,

which can be reduced by annealing. We study the as-grown

stress and the effect of annealing at temperatures from

500–800 �C by measuring the radius of curvature of the

wafer (Eq. (1) in supplementary material). Three different

IBAD MgO samples were measured: IBAD-only MgO,

IBADþ 5 nm homoepitaxial MgO grown at 350 �C, and

IBADþ 15 nm homoepitaxial MgO grown at 350 �C. These

samples were grown on 2 in. Si (001) wafers with 100 nm of

thermal a-SiOx. Before any MgO growth, all wafers were

annealed under vacuum at 800 �C for 30 min, then the radius

of curvature measured, so that changes in wafer curvature

after post-growth anneals can be attributed to change of the

MgO film stress rather than annealing-induced change in the

thermal oxide or Si wafer. Each sample was measured as

grown and after each 30 min annealing step, and all measure-

ments were taken at room temperature. Previous synchrotron

X-ray diffraction (XRD) measurements showed asymmetry

(relative to the Arþ ion beam direction) in the in-plane lattice

constants of IBAD MgO.4 Therefore, the wafer curvature

was measured both parallel (Fig. 1(a)) and perpendicular

(Fig. 1(b)) to the in-plane projection of the Arþ ion beam.

Figure 1 shows the stress of as-grown IBAD MgO-only

is compressive, with a value for the direction perpendicular

to the ion beam approximately twice that parallel to the ion

beam. The relatively large as-grown compressive stress of

the IBAD-only MgO film decreases drastically upon anneal-

ing at 500 �C, resulting in a slightly tensile film. The two

FIG. 1. Stress of IBAD MgO films (>0 for compressive and<0 for tensile) mea-

sured by radius of wafer curvature as grown and after annealing: (a) and (b) paral-

lel and perpendicular to the in-plane projection of the ion beam during IBAD

MgO growth. (c) RMS roughness of IBAD MgO films and single crystal MgO

(001) substrates measured by AFM as grown and after annealing. Each plot shows

three different IBAD MgO: IBAD-only MgO, IBADþ 5 nm homoepitaxial MgO

grown at 350 �C, and IBADþ 15 nm homoepitaxial MgO grown at 350 �C. Error

bars for stress are calculated with standard errors from substrate thickness, film

thickness, and radius of curvature; error bars for roughness are the standard errors

from two AFM measurements taken at different locations on the sample.

191603-2 Wang et al. Appl. Phys. Lett. 109, 191603 (2016)
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IBAD þ homoepitaxial MgO films are also compressive as

grown, with some in-plane asymmetry, and show a more

gradual decrease with annealing; annealing at 800 �C still

does not fully relax the stress. Comparing the different

films in their as-grown states, the stress in the as-grown

IBADþ homoepitaxial MgO films is lower than that in

the as-grown IBAD-only MgO film, and that in the 15 nm

homoepitaxial layer lower than for the 5 nm homoepitaxial

layer. These differences could be due to annealing of

the IBAD MgO underlayer during the slow deposition of

the homoepitaxial layer at 350 �C (10–30 min for 5–15 nm

homoepitaxial MgO). Alternatively, an increased stress from

the initial stages of homoepitaxial layer could cause disloca-

tions to form and propagate through the film, which relaxes

the stress.

We also investigated the effect of IBAD and homoepi-

taxial MgO growth on a-SiNx membranes, which are used,

e.g., for calorimetry. Previous work showed that thin

membranes (30 nm thick) are sufficiently stressed as to

become visibly wrinkled, making them unsuitable as epitax-

ial sample platforms.18 In this work, we study 30 nm thick

a-SiNx membranes, identical to those used for nanocalorim-

etry devices. The fabrication and use of these devices are

described in Refs. 20 and 21. IBADþ homoepitaxial MgO

depositions created visibly wrinkled membranes shown in

Fig. 2(a), consistent with Ref. 18. Annealing at 500 �C
reduced the stress, still however leaving visible wrinkles at

the edges of Pt electrodes shown in Fig. 2(b). But, most sig-

nificantly, as shown in Figs. 2(c) and 2(d), ultrathin IBAD-

only MgO did not create any wrinkles, and annealing at

500 �C did not affect the membrane and the device, opening

up the possibility of making thin epitaxial samples on sub-

50 nm membranes. We note that the IBAD þ homoepitaxial

MgO film causes more wrinkles in the membrane even

though the stress is lower than IBAD-only MgO (data in

Figs. 1(a) and 1(b)); this effect is simply due to the different

thicknesses of both the film and the substrate. The deforma-

tion (or wrinkles) in the membrane is equivalent to the cur-

vature change DR¼DRfilm�DRno film, which (see Eq. (1) in

supplementary material) is proportional to the product of

stress and film thickness r * t. This product for the

IBADþ homoepitaxial MgO film is approximately four

times higher than for IBAD-only MgO film, leading to

higher DR; i.e., the stress shown in Figs. 1(a) and 1(b) is con-

sistent with the visible changes shown in Fig. 2.

The surface flatness of MgO is important to its use as a

seed layer for epitaxial films. In addition to intrinsic growth-

induced roughness, high annealing temperatures could

potentially destabilize the (001) MgO surface and increase

its surface roughness. We used atomic force microscopy

(AFM) to study the roughness of various IBAD MgO films

and single crystal (001) MgO substrates annealed at various

temperatures from 500–800 �C. Three different IBAD MgO

samples were measured using AFM: IBAD-only MgO,

IBADþ 5 nm homoepitaxial MgO grown at 350 �C, and

IBADþ 15 nm homoepitaxial MgO grown at 350 �C. These

samples were grown on 1 cm2 Si (001) substrates with

100 nm of a-SiNx. Each sample was measured as-grown and

after each 30 min annealing step, and all measurements were

taken at room temperature.

Figure 1(c) shows the as-grown and post-annealing rms

roughness of the three MgO films and a single crystal MgO.

For the as-grown films, the roughness of the IBAD-only MgO

is �0.2 nm, lower than that of the IBADþ homoepitaxial

MgO which is �0.3 nm. Annealing at 500–800 �C reduced

the surface roughness to �0.1 nm for all samples, including

the single crystal MgO. Annealing at 500 �C is sufficient to

minimize the surface roughness of IBAD-only MgO. No clear

change in surface roughness is observed for annealing at

800 �C, suggesting that the epitaxial growth is possible at this

high temperature. Interestingly, the annealing significantly

reduced the rms roughness of the single crystal MgO (001);

100s of nm stripes were observed on the surface of the pristine

epi-polished MgO in AFM, which were removed after anneal-

ing at 600 �C. MgO (001) has lower surface energy than (110)

and (111) according to a previous thermal faceting study,22

which explains the reduction of surface roughness by anneal-

ing observed here. The effect of annealing was studied previ-

ously for thick MgO films (e.g., 120 nm in Ref. 23), but the

rms roughness was higher in those thick as-grown films

(2–4 nm), and was unchanged after annealing.

AFM images of as-deposited IBAD-only MgO and

IBADþ 15 nm homoepitaxial MgO show similar surface

cubic nanostructures with �50 nm lateral size. Annealing

significantly reduces this structure and smooths the film sur-

face for both films (cubic structure essentially eliminated,

consistent with reduced rms roughness shown in Fig. 1)

(AFM images shown in Fig. 2s(a)–2s(d) of supplementary

materials).

We further study the quality of IBAD-only and IBAD þ
homoepitaxial MgO layers under various annealing condi-

tions by using X-ray diffraction (XRD) to characterize the

epitaxy of Fe films grown on these “substrates” compared to

those grown on single crystal MgO substrates (also either

FIG. 2. Optical microscope images of nanocalorimeters, showing 0.5�
0.5 cm2 Si frame, with 0.2� 0.2 cm2 30 nm thick a-SiNx membrane at center;

silver-colored pads show Pt electrical leads and contacts used in calorimetry

(devices with damaged Pt were used for these experiments). (a)

Nanocalorimeter after IBAD and 15 nm homoepitaxial MgO deposition and

(b) after annealing at 500 �C for 30 min. Strain is clearly visible (wrinkles) in

(a), and is partly relieved in (b) after annealing. (c) Nanocalorimeter after 1 nm

IBAD MgO deposition (without homoepitaxial layer) and (d) after annealing at

500 �C for 30 min. No strain is visible either as grown or after annealing.

191603-3 Wang et al. Appl. Phys. Lett. 109, 191603 (2016)
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annealed or not). The low thickness (between 1 nm and

16 nm) and low scattering factor of MgO preclude measuring

XRD peaks with our diffractometer, but it is the quality of

the epitaxial layer grown on the MgO that matters in a calo-

rimetry or an X-ray microscopy experiment. We investigated

100 nm Fe layers grown at 200 �C on seven different MgO

“substrates.”

Out-of-plane 2h/x scans of all samples show the Fe

(002) peak, suggesting epitaxial growth of Fe. Figure 3(a)

shows the intensity near the (002) peak, evidencing a similar

Fe lattice constant for all. A peak just above the noise level

is observed at 44.7� for IBAD þ 15 nm homoepitaxial MgO

grown at 350 �C, which corresponds to the Fe (110) orienta-

tion, suggesting a small fraction of polycrystalline Fe on the

homoepitaxial MgO. Figure 3(b) shows the / scans of Fe on

the same substrates, with the 2h and w angles aligned to Fe

(101). Strong peaks are observed at 45� and 135�, indicating

four-fold in-plane symmetry of the Fe, enabled by the IBAD

MgO biaxial (in-plane and out-of-plane) texturing.

Overall, Fe films on single crystal MgO substrates show

better crystal quality (lower FWHM of x, 2h, and /, shown

in Figs. 3s(a), 3s(b), and 3s(d) of supplementary material)

and significantly higher intensity than those on any IBAD

MgO, but Fe on IBAD-only MgO without the homoepitaxial

layer (<1.6� FWHM of x and <8� FWHM of /) has better

crystal quality than Fe on IBAD MgO with homoepitaxial

layer (>2.2� FWHM of x and >9� FWHM of /). XRD of

similar IBAD þ homoepitaxial MgO shows �3� FWHM of

x and �7� FWHM of /,12,17 comparable to the values

shown in Figs. 3s(a) and 3s(d) of supplementary material.

For thicker homoepitaxial layers (>100 nm), the FWHM of

x (1�–2�) and / (3�–5�) are lower; and the FWHM

decreases with increasing homoepitaxial layer thickness.24

However, such a thick homoepitaxial layer is not desired for

transmission X-ray/electron microscopy or nanocalorimetry

studies.

We compare the epitaxy of Fe on post-annealed IBAD-

only MgO samples with that from other epitaxial/texturing

deposition techniques: (1) pulsed laser deposition of 20 nm

MgO (001) on Si (001);25 (2) 11 nm IBADþ 100 nm homoe-

pitaxial MgO (001) on a flexible ceramic;26 (3) domain

matching epitaxy of 20–80 nm MgO (001) on Si (001);27 (4)

energetic particle self-assist deposition of 10 nm biaxially

textured MgO (111) on amorphous surfaces.28 The FWHM

of x and / scans from Fe on IBAD-only MgO are lower

than that from the MgO reported in the above literature, fur-

ther demonstrating the quality of our IBAD-only MgO.

The (002) peak of Fe on IBAD-only MgO annealed

at 500 �C also has the highest integrated intensity among

the IBAD samples (shown in Fig. 3s(c) of supplementary

material), meaning the highest volume of epitaxial Fe, con-

sistent with previous studies in which the out-of-plane peak

from the annealed MgO was directly measured.23,29,30 The

lowest FWHM and highest integrated intensity of the (002)

peaks of Fe for the IBAD-only MgO annealed at 500 �C sug-

gest that this annealing temperature renders the best surface

for epitaxial growth among the four IBAD MgO samples

shown in Fig. 3. The coherence length of the Fe layers is

estimated with Scherrer equation (Eq. (2) of supplementary

material). The out-of-plane coherence length (�20 nm) is

smaller than the film thickness (�100 nm); the in-plane

coherence length (�10 nm) is smaller than the grain size of

the IBAD MgO (�50 nm). This result suggests defects such

as low angle grain boundaries in the Fe, which may explain

small shifts seen in the Fe (002) 2h peak.

In summary, we developed a process to fabricate ultra-

thin (�1 nm) IBAD MgO films through high ion-atom-ratio

growth followed by post-deposition annealing, yielding a

high quality seed layer for epitaxial film growth. The 500 �C
annealed ultrathin IBAD MgO film has very low stress and

surface roughness, and yields a higher quality epitaxial Fe

growth, thus offering a replacement to the “standard” thick

IBAD þ homoepitaxial layer previously used. Most notably,

the ultrathin IBAD MgO enables the growth of epitaxial

films on thin amorphous membranes (under 50 nm) useful to

nanocalorimetry and in situ heater stages for transmission

electron or X-ray microscopy, without producing visible

wrinkles in the membrane that impede structural characteri-

zation. This process simplifies the IBAD MgO synthesis and

provides a simpler means of producing epitaxial films on

amorphous membrane substrates, with broad application

potential in fundamental materials research and industrial

fabrication processes.

FIG. 3. (a) Out-of-plane 2h/x scan and (b) / scan of 100 nm Fe film grown

at 200 �C on: IBAD-only MgO annealed at 350 �C (black), IBAD-only MgO

annealed at 500 �C (red), IBAD þ 15 nm homoepitaxial MgO as grown at

350 �C (green), IBAD þ 15 nm homoepitaxial MgO annealed at 500 �C
(blue), and single crystal MgO (001) (cyan). Note that the XRD intensity (in

counts per second) is normalized by the baseline (in counts per second),

resulting in a dimensionless normalized intensity.

191603-4 Wang et al. Appl. Phys. Lett. 109, 191603 (2016)
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See supplementary material for experimental methods

for RHEED, stress measurement, AFM and XRD; the defini-

tion of IAR; RHEED images before and after IBAD MgO

deposition; AFM images of IBAD MgO films; FWHM of x,

integrated intensity of 2h peaks, and FWHM of / for Fe on

IBAD and single crystal MgO.
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