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Pd(111) thin films, �245 nm thick, are deposited on Al2O3(0001) substrates at �0.5Tm, where Tm

is the Pd melting point, by ultrahigh vacuum dc magnetron sputtering of Pd target in pure Ar

discharges. Auger electron spectra and low-energy electron diffraction patterns acquired in situ
from the as-deposited samples reveal that the surfaces are compositionally pure 111-oriented Pd.

Double-axis x-ray diffraction (XRD) x-2h scans show only the set of Pd 111 peaks from the film.

In triple-axis high-resolution XRD, the full width at half maximum intensity Cx of the Pd 111

x-rocking curve is 630 arc sec. XRD 111 pole figure obtained from the sample revealed six peaks

60�-apart at a tilt angles corresponding to Pd 111 reflections. XRD / scans show six 60�-rotated

111 peaks of Pd at the same / angles for 11�23 of Al2O3 based on which the epitaxial crystallo-

graphic relationships between the film and the substrate are determined as ð111ÞPdjjð0001ÞAl2O3

with two in-plane orientations of ½11�2�Pdjj½11�20�Al2O3
and ½2�1�1�Pdjj½11�20�Al2O3

. Using triple axis

symmetric and asymmetric reciprocal space maps, interplanar spacings of out-of-plane (111) and

in-plane (11�2) are found to be 0.2242 6 0.0003 and 0.1591 6 0.0003 nm, respectively. These values

are 0.18% lower than 0.2246 nm for (111) and the same, within the measurement uncertainties, as

0.1588 nm for (11�2) calculated from the bulk Pd lattice parameter, suggesting a small out-of-plane

compressive strain and an in-plane tensile strain related to the thermal strain upon cooling the sam-

ple from the deposition temperature to room temperature. High-resolution cross-sectional transmis-

sion electron microscopy coupled with energy dispersive x-ray spectra obtained from the Pd(111)/

Al2O3(0001) samples indicate that the Pd-Al2O3 interfaces are essentially atomically abrupt and

dislocation-free. These results demonstrate the growth of epitaxial Pd thin films with (111) out-of-

plane orientation with low mosaicity on Al2O3(0001). Published by the AVS.
https://doi.org/10.1116/1.5021609

I. INTRODUCTION

Palladium is a group 10 transition-metal with face-

centered cubic (fcc) crystal structure with bulk lattice param-

eter aref¼ 0.3890 nm at room temperature.1 Within the

platinum-group metals, Pd has the lowest density (12.02 g/

cm3), lowest melting point (Tm¼ 1827 K), with a tensile

strength of 196.2 MPa, and an elastic modulus of 121 GPa.2

Palladium is a well-known catalyst used in the automobile

catalytic converters to eliminate harmful emissions produced

by the engines.3 Owing to unusually high capacity of Pd for

hydrogen absorption (up to 900 times its volume), Pd and its

alloys are attractive for hydrogen storage and in fuel cells.4,5

Pd-based alloy membranes are used in generation and supply

of ultrahigh purity hydrogen.6 While shape- and size-

selected nanocrystals are preferred as catalysts,7 thin films

are desirable for applications such as jewelry, sensors (gas

and temperature), coatings, dentistry, electronics, etc.3 Pd is

also considered as one of the best metal contacts for gra-

phene and carbon nanotube based devices.8 More recently,

111-oriented Pd thin films and single-crystals, owing to high

carbon solubility (�1.5 at. % at �900 K),9 have been used to

grow two-dimensional graphene layers.10–12

Pd thin films are most commonly grown via evaporation

and sputter-deposition. Previous studies have shown that the

morphology and crystallinity of Pd evaporated onto Al2O3

substrates depend on the quality of the substrate and

the deposition conditions.13–15 Three-dimensional Pd crys-

tallites formed via evaporation onto single-crystalline oxides

[Al2O3(11�20), Al2O3(0001), Al2O3(2�1�10), WO3(111), and

WO3(001)], preferentially grow along 111, independent of

substrate orientation and composition;16–18 the in-plane ori-

entations of the Pd thin films, however, are determined by

the lattice match; on Al2O3(0001) and Al2O3(2�1�10), crystal-

lite size dependent contraction (expansion) in out-of-plane

(in-plane) Pd lattice parameters have been observed.17

Heteroepitaxial growth of ultrathin (3–50 nm thick) Pd films

on MgO(001), MgO(110), Al2O3(11�20), and Al2O3(0001)a)Electronic mail: kodambaka@ucla.edu
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substrates has been demonstrated via sputter-deposition. In

that study, the out-of-plane lattice parameter of Pd thin films

is found to be the same as the bulk value.19 Optimal glow-

discharge sputter-deposition parameters required for cube-

on-cube epitaxial growth of Pd on MgO(001) and NaCl(100)

have also been identified.20

In this letter, we report the growth of high-quality Pd(111)/

Al2O3(0001) thin films using ultrahigh vacuum (UHV) dc

magnetron sputtering at substrate temperatures Ts¼ 873 and

923 K in an Ar atmosphere. Using a combination of in situ
Auger electron spectroscopy (AES) and low-energy electron

diffraction (LEED) and ex situ double-axis x-ray diffraction

(XRD) and triple-axis high-resolution XRD (HRXRD), cross-

sectional transmission electron microscopy (XTEM), energy

dispersive x-ray spectroscopy (EDS), and high-resolution TEM

(HRTEM), we determine the surface as well as bulk composi-

tion and crystallinity. Our results indicate that the as-deposited

Pd layers are: compositionally-pure with ordered surfaces and

abrupt Pd-Al2O3 interfaces; oriented bi-crystals with two in-

plane orientations 60� relative to each other, whose out-of-

plane and in-plane orientations with respect to the substrate are

Pd(111)jjAl2O3(0001), and Pd[�1�12]jjAl2O3[11�20] and Pd

½2�1�1�jjAl2O3[11�20], respectively.

II. EXPERIMENTAL PROCEDURE

A. Thin film deposition

The Pd films are grown using a procedure similar to that

used for the growth of Zr/Al2O3(0001) thin films in a custom-

designed dual-chamber UHV deposition system (base pres-

sure �2.0� 10�10 Torr) equipped with a dc magnetron (Kurt

J. Lesker), LEED/AES assembly (LK Technologies), and a

residual gas analyzer (Pfeifer Vacuum).21 The substrates are

single-side polished 0.5-mm-thick, 2� 10 mm2 rectangular

strips of Al2O3(0001) cut from 10� 10 mm2 single-crystals

(MTI). The Al2O3(0001) strips are cleaned by sonication

sequentially in acetone, isopropanol, and deionized water.

The substrates are then dried by heating in air for 1 h at 523 K

after which they are mounted on a pyrolytic boron nitride

heater, and transferred into the deposition chamber. The sam-

ple is degassed at 1273 K until the chamber pressure is below

6.0� 10�9 Torr, after which the Ts is set to the desired tem-

perature (873 and 923 K). All the temperature values reported

here are measured at the center of bare Al2O3 substrate placed

on Mo heater foil using Mo emissivity21 of 0.13 and do not

account for plasma heating during sputter-deposition. The

maximum variation in Ts across the substrate is 6100 K. For

details, please see Ref. 21.

The magnetron is equipped with a 50-mm-diameter� 3-

mm-thick Pd (99.99% pure from ACI Alloys, Inc.) target. Pd

films are grown using a constant target power of 50 W

(320 V) in 20 mTorr Ar (99.999% pure) discharge with the

Ar introduced through an UHV leak valve. (Prior to deposi-

tion, the target is sputter-cleaned using the same deposition

parameters for 3 min with the sample rotated out-of-sight

from the target.) The deposition time is 15 min. This proce-

dure yields Pd films with a nominal thickness of 266 6 3 nm,

as measured from cross-sectional TEM images. Based upon

this data, we estimate a deposition rate of �0.3 nm/s. After

deposition, the Ar gas supply is shut off and the chamber is

evacuated while the sample is passively cooled to room tem-

perature by switching off the current supplied to the sub-

strate heater.

B. Characterization

The as-deposited Pd sample surface composition and

structure are determined in situ using UHV-compatible,

reverse-view, LEED/AES system with four-grid optics.21

The Auger electron spectra are acquired in derivative mode

using a 1 keV primary beam and a beam current of up to 50

lA at kinetic energies between 130 and 550 eV with a step

size of 0.165 eV and a dwell time of 0.2 s. LEED patterns

are obtained at incident electron energies between 60 and

250 eV using a screen voltage of 4 kV and a Can aperture

voltage of 14 V.

All the following XRD measurements—symmetric x-2h
spectra, x-rocking curves, the pole figure, high-resolution

symmetric and asymmetric reciprocal space maps (RSMs),

and / scans, where / is the in-plane angular rotation around

the surface normal relative to a certain reference position—

are performed using a Jordan Valley D1 diffractometer. The

incident monochromatic Cu Ka1 beam is generated with a

sealed source, a G€obel specular mirror, and a Si(220) two

reflection collimator crystal.21 The x-2h scan over a large

range of 30�–100�, the pole figure, and / scans are performed

under double-axis diffraction condition, the x-2h scans and

x-rocking curves around Pd 111 and Pd 222 reflections, and

the symmetric and asymmetric RSM are conducted under

triple-axis diffraction condition. The diffracted beam is condi-

tioned in double-axis diffraction using slits with �0.36�

acceptance angle for the x-2h scan, and Soller slits for the

pole figures and / scans. A Si(220) two reflection analyzer

crystal with an acceptance angle of �0.003� is used for the

triple-axis diffraction condition in the HRXRD measurements.

We use 2h¼ 41.68�, corresponding to the 0006 reflection of

Al2O3 single-crystal with cs¼ 1.2991 nm,22 for calibration of

the sample and the stage with respect to x and v (out-of-plane

rotation perpendicular to x), and 11�29 reflection of Al2O3

single-crystal for calibration of the sample and stage with

respect to /. x-2h data using double-axis diffraction are

obtained over a range of 2h values between 30� and 100� in

steps of 0.02� with a dwell time of 1 s. Pole figure data are

obtained from the Pd/Al2O3(0001) sample while scanning /
from 0� to 360� in steps of 1� at each v between �80� and

þ80�, varied in steps of 2�. The / scans of skew-symmetric

Pd 111 and Al2O3 11�23 reflections are collected with a step

size of 0.05� and a dwell time of 0.5 s in the parallel-beam

mode with v¼ 70.5� for Pd and v¼ 61.2� for Al2O3. For both

pole figure and /-scan measurements, 2h and x angles are

fixed at 40.14� and 20.07�, respectively, to detect Pd 111

reflections. For the /-scan of the Al2O3 substrate, 2h is fixed

at 43.397� and x at 21.699� to detect Al2O3 11�23 reflections.

High resolution symmetric x-2h spectra of Pd 111 and 222

reflections are measured over ranges of 0.9� and 2.3� with

step sizes of 4 and 10 arc sec, respectively. High resolution x-
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rocking curves of Pd 111 and 222 reflections are measured

over ranges of 0.7� and 0.5� with step sizes of 40 and

90 arc sec, respectively. The dwell times for both high resolu-

tion symmetric x-2h spectrum and x-rocking curve of Pd 111

are 0.5 s, and those for the same measurements of Pd 222 is

1 s. High-resolution symmetric Pd 222 and Al2O3 00012

(asymmetric Pd 113 and Al2O3 11�29) RSMs are acquired

over a range of 2.3� (2.8�) in x-2h with a step size of 10 (60)

arc sec and 0.5� (2.4�) in x with a step size of 90 (200) arc

sec and dwell time of 1 s (0.1 s).

The Pd/Al2O3(0001) XTEM samples are prepared via

milling using 30 kV Gaþ ions in an FEI Nova 600 NanoLab

DualBeamTM scanning electron microscope/focused ion

beam (FIB) system. Prior to FIB milling, the film surface is

protected by sequential deposition of thin (�50 nm) and

thick (�150 nm) layers of Pt using 30 kV, 0.1 nA electron

and ion beams, respectively. The XTEM samples are first

examined in a JEOL 100CX TEM operated at 100 kV. High

resolution TEM images, selected area electron diffraction

(SAED) patterns, and EDS measurements are all acquired in

an FEI Titan 80–300 kV scanning TEM operated at 300 kV.

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) are typical in situ AES and LEED

data, respectively, obtained from sputter-deposited Pd/

Al2O3(0001) samples. The Auger electron spectrum [Fig.

1(a)] reveals one peak with the highest intensity at 330 eV

and several lower intensity peaks at 190, 243, and 279 eV,

all of which we attribute to Pd.23,24 We do not observe any

peaks associated with common contaminants such as C

(272 eV), N (382 eV), and O (503 eV). The LEED pattern

[Fig. 1(b)] shows sixfold symmetric set of spots, suggestive

of (1� 1) structure of unreconstructed fcc(111) surface.

Both these results are a first indication that the as-deposited

Pd layers are compositionally pure with highly ordered

surfaces.

Pd layer crystalline quality is determined using double-

axis XRD and triple-axis HRXRD. Over the entire range of

2h values between 30� and 100� in the double-axis x-2h mea-

surement, we observe only two sets of peaks, at 40.14� and

86.74� of Pd 111 and Pd 222 peaks, and 41.68� and 90.76� of

Al2O3 0006 and Al2O3 00012 peaks. Figures 2(a) and 2(b) are

the HRXRD x-2h scans and x-rocking curves of Pd 111 and

Al2O3 0006 peaks, respectively. x-rocking curves for the Pd

111 and the Al2O3 0006 diffraction peaks in Fig. 2(b) are

aligned such that their peak positions coincide with the

origin on the horizontal axis of the plot. For the Pd film, the

full width at half maximum intensity (FWHM) Cx of the

x-rocking curve is 630 arc sec, which indicates that only very

small out-of-plane misorientations are present in the Pd layer.

(The corresponding Cx;Al2O3
for the Al2O3 0006 diffraction

peak is 15 arc sec.) Using a Williamson–Hall approach25 with

the FWHM of Pd 111 and Pd 222 triple axis x-2h scans and

x-rocking curves, we estimate an out-of-plane coherence

length of 245 nm and an in-plane coherence length �210 nm.

There are, of course, rather large error bars associated with a

two-point measurement so these values are introduced simply

to confirm that the out-of-plane coherence length is compara-

ble to the layer thickness and the in-plane coherence length is

of this same dimension or greater. These measurements are

also supported by the low-magnification TEM data (not

shown), which reveal only a single grain across 1 lm field of

view and Pd 113 reflection in the high-resolution asymmetric

RSM [Fig. 3(b)], which shows that the mosaic broadening

dominates the symmetric reflection peak widths. Thus, only a

small contribution to the broadening results from the in-plane

coherence length.

Figures 2(c) and 2(d) are XRD pole figure and / scans

from the Pd/Al2O3(0001) sample. The polar plot in Fig. 2(c)

reveals six peaks at v¼ 70.5� and at / values 60� apart, all

of which correspond to Pd 111. The absence of peaks at all

other v values implies a strong �1�12 in-plane texture in the

layer. If all the 111 crystallites within the layer are oriented

with the same in-plane orientation, then the pole figure

would contain only three peaks at v¼ 70.5� at / values 120�

apart. The fact that we observe six 60�-apart peaks indicates

that there are two distinct in-plane orientations, i.e., two

111-oriented domains rotated 60� with respect to each other.

The plot in Fig. 2(d) shows six 60�-rotated Pd 111 and

Al2O3 11�23 diffraction peaks at the same / angles, indicat-

ing that the film and the substrate exhibit the same sixfold

symmetry. The combination of the XRD x-2h, HRXRD x-

rocking curves, pole figure, and / scans demonstrate that our

Pd(111) layers grow as 111 oriented bicrystals with in-plane

orientational relationships of ½11�2�Pdjj½11�20�Al2O3
and

½2�1�1�Pdjj½11�20�Al2O3
.

In order to determine the extent of elastic strain, if any,

in the Pd layers, we carried out RSM measurements of the

Pd/Al2O3(0001) layers. Figures 3(a) and 3(b) are high-

resolution RSMs acquired around symmetric Pd 222 and

asymmetric Pd 113 reflections, respectively. Symmetric

RSM of substrate Al2O3 around 00012 reflection and asym-

metric RSM around 11�29 reflections are used as references

in Fig. 3. The plots show isointensity contours of diffracted

beam intensities as a function of in-plane DQk and out-of-

plane DQ? reciprocal space vectors, with symmetric 00012

and asymmetric 11�29 reflections of the Al2O3 substrate as

the origins. That is, in Fig. 3(a), DQk¼Qk�Qk,00012 and

FIG. 1. Representative (a) Auger electron spectrum (AES) acquired in situ
from �266-nm-thick Pd/Al2O3(0001) thin film after sputter-deposition at

Ts¼ 923 K. All the observed peaks at 190, 243, 279, and 330 eV correspond

to Pd. We note the absence of peaks associated with C (�272 eV), N

(�382 eV), and O (�503 eV). (b) In situ LEED pattern obtained from �5-

nm-thick Pd/Al2O3(0001) sample grown at Ts¼ 873 K. The incident electron

energy is 95 eV. The observed sixfold symmetric set of spots is consistent

with the expected face centered cubic (fcc) 111-(1� 1) surface structure.

030602-3 Aleman et al.: UHV dc magnetron sputter-deposition 030602-3

JVST A - Vacuum, Surfaces, and Films



DQ?¼Q? �Q?,00012; in Fig. 3(b), DQk¼Qk�Qk,11�29 and

DQ? ¼Q?�Q?,11�29, where Qjj and Q? are related to peak

positions in x-2h space through the relationships: Qk
¼ 2=kð Þsin hð Þsin h� xð Þ and Q? ¼ 2=kð Þsin hð Þcos h� xð Þ.

The symmetric RSM shows that Pd 222 and corundum

(hexagonal) 00012 reflections are aligned along the Q? axis,

indicating the (111) out-of-plane orientation of the Pd layer

matches the (0001) corundum substrate orientation. For asym-

metric Pd 113 [Al2O3 11�29] reflections, the in-plane and out-

of-plane reciprocal space vectors are Pd 2
3
(�1�12) [Al2O3 11�20]

and Pd 5
3
(111) [Al2O3 0009], respectively. Using 1=d11�20

¼ 2=as,
21 where as¼ 0.4759 nm for hexagonal Al2O3,22

DQjj,113¼ [1=d11�20�Qjj,113]¼ 0.014 6 0.0084 nm�1 from

Fig. 3(b), and since Qjj,113	 2
3

Q�1�12, we obtain d�1�12¼ 0.1591

FIG. 2. (Color online) High-resolution x-ray diffraction (HRXRD) (a) x-2h scan and (b) Pd 111 and Al2O3 0006 x-rocking curves obtained from the Pd/

Al2O3(0001) thin film. In both (a) and (b), intensities are plotted on log scales. (c) Pd 111 XRD pole figure obtained with 2h¼ 40.14� and (d) Pd 111 (red) and

Al2O3 11 �2 3 (blue) XRD /-scans from the same sample.

FIG. 3. (Color online) Characteristic high-resolution (a) symmetric and (b) asymmetric RSMs acquired around the symmetric Pd 222 [Al2O3 00012] and asym-

metric 113 [Al2O3 11�29] reflections, respectively, from the same Pd/Al2O3(0001) sample as in Fig. 2. The plots show isointensity diffraction contours as a

function of in-plane DQjj and out-of-plane DQ? reciprocal lattice vectors measured with respect to the Al2O3 00012 [in (a)] and 11�29 [in (b)] reciprocal lattice

vectors as reference.

030602-4 Aleman et al.: UHV dc magnetron sputter-deposition 030602-4

J. Vac. Sci. Technol. A, Vol. 36, No. 3, May/Jun 2018



6 0.0003 nm. Following a similar approach, with DQ?,113

¼ [Q?,113� 1/d0009]¼ 0.507 6 0.0097 nm�1 from Fig. 3(b)

and Q?,113	 5
3

Q111, we determine d111¼ 0.2242 6 0.0003 nm.

Compared with d�1�12¼ 0.1588 nm and d111¼ 0.2246 nm, cal-

culated from the lattice parameter aref of bulk Pd, the measured

d spacing along the in-plane direction is, within the measure-

ment uncertainties, the same while that along the out-of-plane

direction is 0.18% lower. These results are indicative of a

small out-of-plane compressive strain and in-plane tensile

strain in the lattice. This is partly due to differential thermal

contraction of the substrate and the film [coefficient of ther-

mal expansion of Pd (Ref. 26) is 11.8� 10�6/K and that of

Al2O3 is 5.2� 10�6/K along the basal plane,22 which would

lead to an in-plane tensile thermal strain of 0.41% in the Pd

layer] upon cooling the sample from Ts to room-temperature.

Figure 4(a) is a typical bright-field XTEM image acquired

from near the interface region of the Pd(111)/Al2O3(0001)

sample. From this and other XTEM images along with EDS

data (not shown), we find that the Pd-Al2O3 interface is atom-

ically abrupt. Moreover, we do not find any evidence of the

presence of misfit dislocations at the interface. Figure 4(b) is

a SAED pattern from the Pd-Al2O3 interface along the Pd

[11�2] zone-axis. A few of the Pd reflections (e.g., 111, 2�20,

and 3�11) appear superposed, due to similar interplanar spac-

ings, with those of the Al2O3 substrate. The spot pattern con-

firms that the Pd film is single-crystalline. Lattice-resolved

XTEM image of the Pd layer along with a Fourier transform

of the image are shown in Fig. 4(c). Interplanar spacings mea-

sured from the single-crystalline 111 reflections in the SAED

pattern and in the Fourier transform are �0.230 and

�0.229 nm, respectively. These values are, within measure-

ment uncertainties of 60.007 nm, comparable with the RSM

data.

IV. CONCLUSIONS

In summary, we demonstrate the growth of Pd thin films

with nearly fully relaxed, 111 oriented bi-crystals on

Al2O3(0001) via ultrahigh vacuum dc magnetron sputter-

deposition at temperatures approximately half the homologous

melting point of Pd. Using in situ surface characterization

techniques, Auger electron spectroscopy and low-energy elec-

tron diffraction, we show that the as-deposited Pd layers are

free of common contaminants such as carbon, nitrogen, and

oxygen and with (1� 1)-Pd(111) structure. Using a combina-

tion of double-axis x-ray diffraction x-2h, pole figure, /
scans, and triple-axis HRXRD x-rocking, we determine

that the Pd thin films are face centered cubic that are oriented

with respect to the substrate as ð111ÞPdjjð0001ÞAl2O3
with

½11�2�Pdjj½11�20�Al2O3
and ½2�1�1�Pdjj½11�20�Al2O3

. The in-plane

and out-of-plane lattice parameters extracted from high-

resolution symmetric and asymmetric reciprocal space maps

reveal that the Pd layers are in a state of low residual in-plane

tensile strain that arises, most likely, from the differences in

thermal contraction of the substrate and the film upon

cooling from the growth temperature to room-temperature.

Transmission electron microscopy, electron diffraction, and

energy dispersive x-ray spectroscopic characterization of the

Pd(111)-Al2O3(0001) interfaces show that the interfaces are

atomically abrupt and free of any structural defects. We

expect that our results will be of interest to catalysis, hydro-

gen sensor, and nanoelectronic applications, where high-

quality thin films are desirable.
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