
Crystalline SrZrO3 deposition on Ge (001) by atomic layer deposition for high-k
dielectric applications
Shen Hu, Li Ji, Pei-Yu Chen, Bryce I. Edmondson, Heng-Lu Chang, Agham Posadas, Hsin Wei Wu, Edward T.
Yu, David J. Smith, Alexander A. Demkov, and John G. Ekerdt

Citation: Journal of Applied Physics 124, 044102 (2018); doi: 10.1063/1.5026790
View online: https://doi.org/10.1063/1.5026790
View Table of Contents: http://aip.scitation.org/toc/jap/124/4
Published by the American Institute of Physics

Articles you may be interested in
Phase diagram description of the CaCu3Fe4O12 double perovskite
Journal of Applied Physics 124, 045103 (2018); 10.1063/1.5032206

Wavefront manipulation based on mechanically reconfigurable coding metasurface
Journal of Applied Physics 124, 043101 (2018); 10.1063/1.5039679

k-space optical microscopy of nanoparticle arrays: Opportunities and artifacts
Journal of Applied Physics 124, 043102 (2018); 10.1063/1.5029976

Comparison of the spin-transfer torque mechanisms in a three-terminal spin-torque oscillator
Journal of Applied Physics 124, 043904 (2018); 10.1063/1.5042092

Photonic Hall effect
Journal of Applied Physics 124, 043104 (2018); 10.1063/1.5039602

Electrical explosions of Al, Ti, Fe, Ni, Cu, Nb, Mo, Ag, Ta, W, W-Re, Pt, and Au wires in water: A comparison
study
Journal of Applied Physics 124, 043302 (2018); 10.1063/1.5030760

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1389932160/x01/AIP-PT/JAP_ArticleDL_0618/AIP-3106_JAP_Special_Topics_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Hu%2C+Shen
http://aip.scitation.org/author/Ji%2C+Li
http://aip.scitation.org/author/Chen%2C+Pei-Yu
http://aip.scitation.org/author/Edmondson%2C+Bryce+I
http://aip.scitation.org/author/Chang%2C+Heng-Lu
http://aip.scitation.org/author/Posadas%2C+Agham
http://aip.scitation.org/author/Wu%2C+Hsin+Wei
http://aip.scitation.org/author/Yu%2C+Edward+T
http://aip.scitation.org/author/Yu%2C+Edward+T
http://aip.scitation.org/author/Smith%2C+David+J
http://aip.scitation.org/author/Demkov%2C+Alexander+A
http://aip.scitation.org/author/Ekerdt%2C+John+G
/loi/jap
https://doi.org/10.1063/1.5026790
http://aip.scitation.org/toc/jap/124/4
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5032206
http://aip.scitation.org/doi/abs/10.1063/1.5039679
http://aip.scitation.org/doi/abs/10.1063/1.5029976
http://aip.scitation.org/doi/abs/10.1063/1.5042092
http://aip.scitation.org/doi/abs/10.1063/1.5039602
http://aip.scitation.org/doi/abs/10.1063/1.5030760
http://aip.scitation.org/doi/abs/10.1063/1.5030760


Crystalline SrZrO3 deposition on Ge (001) by atomic layer deposition
for high-k dielectric applications

Shen Hu,1 Li Ji,2 Pei-Yu Chen,1 Bryce I. Edmondson,1 Heng-Lu Chang,2 Agham Posadas,3

Hsin Wei Wu,4 Edward T. Yu,2 David J. Smith,5 Alexander A. Demkov,3

and John G. Ekerdt1,a)

1Department of Chemical Engineering, The University of Texas at Austin, Austin, Texas 78712, USA
2Microelectronics Research Center, The University of Texas at Austin, Austin, Texas 78758, USA
3Department of Physics, The University of Texas at Austin, Austin, Texas 78712, USA
4School of Engineering for Matter, Transport and Energy, Arizona State University, Tempe, Arizona 85287,
USA
5Department of Physics, Arizona State University, Tempe, Arizona 85287, USA

(Received 23 February 2018; accepted 8 July 2018; published online 27 July 2018)

Heteroepitaxial growth of crystalline SrZrO3 (SZO) on Ge (001) by atomic layer deposition is

reported. Ge (001) surfaces are pretreated with 0.5-monolayers (ML) of Ba and an amorphous

�3-nm SZO layer is grown from strontium bis(triisopropylcyclopentadienyl), tetrakis (dimethyla-

mido) zirconium, and water at 225 �C. This �3-nm layer crystallizes at 590 �C and subsequent SZO

growth at 225 �C leads to crystalline films that do not require further annealing. The film properties

are investigated using X-ray photoelectron spectroscopy, x-ray diffraction, aberration-corrected elec-

tron microscopy, and capacitance-voltage measurements of metal-oxide semiconductor capacitor

structures. Capacitance-voltage measurements of the SrZrO3/Ge heterojunctions reveal a dielectric

constant of 30 for SrZrO3 and a leakage current density of 2.1� 10�8 A/cm2 at 1 MV/cm with an

equivalent oxide thickness of 0.8 nm. Oxygen plasma pretreatment of Ge (001), Zintl layer formation

with 0.5 ML Ba, and atomic deuterium post-growth treatment were explored to lower interface trap

density (Dit) and achieved a Dit of 8.56� 1011 cm�2 eV�1. Published by AIP Publishing.
https://doi.org/10.1063/1.5026790

I. INTRODUCTION

Crystalline perovskites have received increased attention

due to the possibility of realizing a wide array of material

functionalities including high-k dielectric, piezoelectricity,

ferroelectricity, ferromagnetism, etc.1,2 McKee first reported

epitaxial growth of SrTiO3 (STO) on silicon in 1998.3 The

study of crystalline perovskites on semiconductors has been

widely expanded subsequently for device applications,4–13

including the use of crystalline perovskites as a high-k gate

oxide for field-effect transistor device applications.14

In the past several decades, the goals of faster comput-

ing speed and lower power consumption have led to ever-

smaller transistor feature sizes and ever-thinner gate oxide.

Unacceptable leakage current for SiO2 on silicon15 led to a

search for alternative gate oxide materials. For high dielec-

tric constant materials, the k value should be more than 12,

preferably 25 to 35.16 Previous work studied the deposition

of crystalline SrHfO3 (SHO), STO, and SrHfxTi1–xO3

(SHTO) on Ge (001) by atomic layer deposition (ALD).9,10,17

The titanium-based perovskites display a large leakage cur-

rent because of the negligible conduction band offset (CBO)

between the Ti 3d states and Si or Ge.18–20 While the STO/

Ge heterojunction achieved k � 90 and an equivalent oxide

thickness (EOT) of 0.7 nm, the leakage current density was

around 10 A/cm2 at 0.7 MV/cm.17 Substituting Hf onto the Ti

sites led to a lower dielectric constant, larger EOT, and lower

leakage current density, with values of k� 30, an EOT of

1.8 nm, and a leakage current density of 0.1 A/cm2 at 1 MV/cm

for SrHf0.55Ti0.45O3.9 SHO displayed k� 17, an EOT of

1.0 nm, and a leakage current density of �6.3� 10�6A/cm2 at

1.0 MV/cm.10 While the leakage current density and EOT for

SHO/Ge were comparable to those state-of-the-art Ge-based

metal oxide semiconductor field effect transistors (MOSFETs),

the interface trap density (Dit) of �4� 1013 cm�2 eV�1 of

crystalline SrHfO3 on Ge without a capping layer or treatment

was too high.21 Annealing temperatures above 650 �C were

required to realize crystalline SHO films and this led to an

amorphous interfacial layer of several Angstroms that may

have contributed to the high Dit values. Zirconium, with an

atomic mass half that of Hf, is expected to reduce the crystalli-

zation temperature of thin SrZrO3 (SZO) when compared to

SHO.9

Strontium zirconate has a conduction band offset (CBO)

with Ge comparable to that of SHO, with values of

1.41–1.77 eV and 2.17 eV for SZO/Ge and SHO/Ge, respec-

tively. SZO also has a large band gap of 5.7 eV and a dielectric

constant k around 30.10,13,22,23 Several groups have studied

growth of crystalline SZO by molecular beam epitaxy (MBE)

or pulsed laser deposition (PLD).13,22,24 Herein, we report

ALD growth of crystalline SZO and approaches to reduce the

Dit through steps taken prior to ALD and by annealing SZO/

Ge in a flux of atomic deuterium. Comparison of various

Group 4 B-site cations in ALD-grown crystalline ABO3 perov-

skites shows Zr to perform the best among Ti, Zr, and Hf in

terms of leakage current density and Dit.
a)Author to whom correspondence should be addressed: ekerdt@utexas.edu
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The channel material plays a significant role in MOSFET

performance. Silicon is the most common substrate and further

transistor scaling requires that the channel material has higher

mobility, which can lead to higher drive current.25–27

Compared to Si, the electron mobility and hole mobility for Ge

are 3900 vs 1400 cm2/V s and 1900 vs 500 cm2/V s, respec-

tively, which makes Ge viable as a next generation channel

material.27,28 In addition, Ge has a more unstable oxide than

Si, making it easier to remove the native oxide to achieve a

clean surface.29–31

A high Dit can affect the channel mobility and negate

the inherent mobility advantages of Ge.27 Current state-

of-the-art Ge-based MOSFETs have Dit less than

1� 1012 cm�2 eV�1.32–36 Defects at the interface of Ge-

based heterojunctions are mainly formed by dangling

bonds.27,37 Ge substrate roughness also increases Dit.
9,38

Several groups have employed different methods to lower

the interface trap density;21,32–36,39–41 one method uses

GeOxas a passivation layer to yield Dit values in the low

1011 cm�2 eV�1 range.32,34–36,42,43 However, the presence

of the passivation layer increases the EOT. The smooth-

ness of a Ge surface can be improved with oxygen plasma

treatment.30 Zhang et al. used post-deposition annealing to

treat Al2O3/GeOx/n-Ge in ambient atmosphere of N2,

forming gas, H2, D2, atomic H, and atomic D to heal dan-

gling bonds; the atomic D treatment led to the best effec-

tive electron mobility.44 D desorption yields are 50 times

lower than the H yields on Si,45 and a lower yield should

also be expected for D on Ge. Atomic D treatment is

reported herein for crystalline SZO/Ge interfaces that do

not feature an interfacial oxide.

II. EXPERIMENT

A. Ge substrate preparation

The growth facility has been previously described.46 It

includes an ALD chamber, a surface analysis chamber, a

molecular beam epitaxy chamber, and a deuterium dosing

chamber (described below) all connected to a common ultra-

high vacuum transfer line, maintained at a base pressure

<10�9 Torr, so the samples remain in situ between treatment,

growth, and analysis. The 4-in. Ge wafers (n-type, Sb-doped,

0.1–0.5 X cm resistivity) were purchased from MTI Corp.

and diced into 18� 20 mm2 pieces. The Ge (100) wafers are

(100) 6 0.21�–0.25� and with a polished roughness of

<0.5 nm. After degreasing the Ge substrate with acetone,

isopropyl alcohol, and deionized water in an ultrasonic bath,

two preparation methods were used to remove the residual

carbon contamination and produce the 2� 1-reconstructed

Ge (001) surface that is the necessary template for perovskite

growth by ALD.17 Method A is the same procedure as previ-

ous work, in which a 30-min UV/ozone exposure was fol-

lowed by 1 h thermal annealing at 700 �C in vacuum

(<2� 10�9 Torr) to remove any native oxide. Method B used

an oxygen plasma to remove the residual carbon contamination

instead of UV/ozone exposure and to lower the surface rough-

ness. In Method B, the sample was loaded into the vacuum

system after degreasing and was transferred to the MBE cham-

ber. An oxygen plasma with 1.2� 10�5 Torr background

oxygen pressure and 300 W forward power is estimated to pro-

duce an atomic oxygen flux of �5� 1013 cm�2 s�1.30 During

the 30-min oxygen plasma exposure, the substrate temperature

was 100 �C. Following plasma treatment, 1 h thermal anneal-

ing at 700 �C was applied to remove GeO2.

In situ reflection high-energy electron diffraction

(RHEED) (Staib Instruments operating at 21 keV) was used to

verify the reconstructed surface structure for Methods A and B.

The clean Ge (001) sample was transferred in situ to the surface

analysis chamber with an X-ray photoelectron spectrometer to

verify the Ge surface composition. Following the thermal deox-

idization process at 700 �C, some samples were heated to

600 �C for Zintl template preparation.47 The Zintl template con-

sisting of 0.5-monolayer (ML) of Ba was prepared by deposit-

ing atomic Ba in the MBE chamber on the deoxidized Ge

(001) surface using a Ba flux rate that was calibrated to be 1

ML/min by a quartz crystal monitor in the MBE chamber.47 In
situ RHEED confirmed the 2� 1-reconstructed surface struc-

ture for the Zintl template.

B. Film growth

The bare Ge and Zintl-templated Ge substrate were

transferred in situ to the ALD chamber for SZO seed layer

growth at 225 �C. Argon carrier gas was at 1 Torr. Strontium

bis(triisopropylcyclopentadienyl) from Air Liquide and tetra-

kis (dimethylamido) zirconium (IV) from Sigma-Aldrich

were used as the Sr and Zr precursor and were heated to 130

and 60 �C, respectively. H2O, maintained at room tempera-

ture, was used as the oxygen source. Each unit cycle includes

2-s precursor dosing, 1-s H2O dosing, and 20-s Ar purging

following each reactant exposure. When growing the slightly

Sr-rich film, the cycle ratio was Sr:Zr ¼ 3:2 on bare Ge

(001). On Zintl-templated Ge (001), a cycle ratio of Sr:Zr

¼ 2:1 was found to work best.

The first seed layer (20 ALD cycles and 2–3 nm thick)

always grew as an amorphous film, so post-deposition

annealing was required to obtain the single crystalline film.

The sample was transferred back to the MBE chamber in

vacuum and heated to the crystallization temperature with a

10 �C min�1 heating rate. The onset of crystallization has

been defined as the initial appearance of a diffraction spot in

RHEED as described in previous work.9 The sample temper-

ature was then ramped up another 30 �C and maintained for

5 min to achieve better crystallinity. The temperature was

established using a pyrometer. During the annealing process,

RHEED was used to observe the transformation from an amor-

phous to crystalline film in real time. Obtaining single crystal-

line SZO films above 3-nm thickness required a two-step

growth process. After annealing the 3-nm amorphous SZO

film to achieve single crystalline SZO, the sample was trans-

ferred back to the ALD chamber for continuous film growth

with a Sr:Zr ¼ 3:2 cycle ratio. The second SZO layer was crys-

talline as deposited and the crystallinity was improved with

post-deposition annealing to around 550 �C without pausing.

C. Atomic deuterium treatment

Atomic D treatment was performed in a custom-built

deuterium source chamber to explore the effect of deuterium

044102-2 Hu et al. J. Appl. Phys. 124, 044102 (2018)



exposure on SZO/Ge heterojunctions, which previous studies

have suggested can improve the trap density.44 Atomic D

was generated by a 400-W Osram Xenophot bulb, which had

part of the glass enclosure removed to expose the tungsten

filament. A current of 5.2 A was supplied by a DC power

supply (KEPCO, MSK10-10M) to the tungsten filament and

the filament temperature was �1800 K, as measured by a

pyrometer. At this temperature, the tungsten filament can

crack molecular deuterium to generate atomic deuterium.48

The deuterium gas (99.999%; Matheson) pressure was con-

trolled by a leak valve and maintained at 5.0� 10�6 Torr in

the chamber. The flux of atomic D was estimated around

2� 1013 D/cm2�s based on previous work.49 The sample was

positioned approximately 4 cm above and faced toward the

tungsten filament. A pyrolytic boron nitride heater from

Momentive was 2 cm above the sample and maintained the

sample temperature at 350 �C during treatment. The treat-

ment time ranging from 1 to 3 h was adjusted for different

SZO layer thicknesses.

D. Characterization

In addition to RHEED that was used to monitor the Ge

surface reconstruction and the film surface order that is used

to track the crystallization process, in situ X-ray photoelec-

tron spectroscopy (XPS) was performed to confirm the Ge

surface composition and SZO film stoichiometry. The X-ray

photoelectron spectrometer was equipped with a monochro-

matic Al Ka source at 1486.6 eV and a VG Scienta R3000

electron energy analyzer, which is calibrated by a clean Ag

foil. To obtain the spectra for the Sr 3d, Zr 3d, Ge 3d, and C

1s core levels, the basic settings were 100 eV pass energy

with a 0.4 mm analyzer slit width and 50 meV steps with

157 ms/step dwell time. At this condition, the spectrometer

yielded around 350 meV effective resolution. CasaXPS

(Version 2.3.16 PR 1.6) was used to analyze the results. The

atomic sensitivity factors for Sr 3d and Zr 3d were set as

1.843 and 2.576, respectively.50

For ex situ characterization, the film thickness was mea-

sured by X-ray reflectivity (XRR) and crystallinity was ana-

lyzed by X-ray diffraction (XRD) on a Rigaku Ultima IV

system with a Cu Ka source. High-angle annular-dark-field

scanning transmission electron microscopy (HAADF-STEM)

was employed here to investigate the grown film and interface.

The samples were prepared via the standard cross-section

method with Ar ion milling, and STEM images were taken

with a probe-corrected JEOL ARM 200F operated at 200 kV.

Metal oxide semiconductor (MOS) capacitor structures

were used to study the electrical properties, which include

dielectric constant k, leakage current density J, and interface

trap density Dit.
25,27 After patterning by optical lithography,

100 lm� 100 lm square top electrode contacts of Pt were

fabricated by electron beam evaporation followed by lift-off.

The backside of the substrate was scratched and silver paste

was applied to form the bottom electrode. The capacitance-

voltage (C-V) and current-voltage (I-V) measurements were

performed on an Agilent B1500A semiconductor device

parameter analyzer with a Cascade Microtech probe station.

A cryogenic probe station from Lakeshore Cryotronics was

used for low temperature Dit measurement at 250 K.

III. RESULTS AND DISCUSSION

A. Ge substrate pretreatment

Figure 1 shows RHEED images indicating surface struc-

ture changes during the Ge substrate pretreatment process.

The Ge surface is transformed from a 1� 1- to a 2� 1-

reconstructed structure after thermal annealing to remove

oxygen, which demonstrates Ge surface dimer formation.

The 2� 1-reconstructed Ge substrate was found to be neces-

sary for ALD and MBE growth of crystalline perov-

skites.17,51 The samples treated by UV/ozone and by the

oxygen plasma show the same RHEED pattern after oxygen

treatment [Fig. 1(b)] and after thermal annealing to remove

oxygen [Fig. 1(c)] as illustrated for an oxygen plasma-

treated sample in Fig. 1. The weaker 1� 1 pattern in Fig.

1(b) compared with Fig. 1(a) is a consequence of the thicker

oxide layer that forms during oxygen plasma treatment. Any

native carbon contamination of Ge (001) is removed by

either the UV/ozone or oxygen plasma process17,30 and the

native oxide is removed after thermal annealing.9,17 Oxygen

plasma treatment was used to achieve a flatter reconstructed

Ge (001) surface with fewer steps than are found using a

UV/ozone treatment.30 Fewer surface steps can help to

reduce the number of defects at the interface and lower anti-

phase boundary (APB) formation in films.9,52 More details

about the various methods of Ge surface cleaning are

reviewed in the literature.53

Over time, the ALD chamber accumulates iPr3Cp

ligands or iPr3Cp-derived molecules on the chamber surfaces

that likely adsorb on bare Ge (001) and produce about 1

ML-equivalent of carbon contamination on the Ge (001) sur-

face.47 A recent study found that a Zintl template formed by

adsorbing 0.5-ML Ba on Ge (001) by MBE could prevent

the carbon adsorption in the ALD chamber.54 The Zintl-

templated surface formed with Ba retains the reconstructed

FIG. 1. Ge (001) surface observation by RHEED along the [110] zone axis

(a) prior to oxygen plasma treatment; (b) after oxygen plasma treatment for

30 min; (c) after 1 h vacuum annealing at 700 �C. (d) Zintl template forma-

tion by 0.5-ML Ba deposition on Ge. All images taken at 200 �C substrate

temperature with the same emission current.
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surface structure as shown in Fig. 1(d). The sharper 2� 1

pattern following Zintl layer formation indicates the long-

range order and cleanliness of the Ge surface. In situ XPS

was used to check the surface composition for both Zintl-

templated and clean bare Ge. XPS results also verify that the

Zintl template is free of carbon and oxygen.47

B. Deposition and crystallization of SrZrO3

The SZO films above 3-nm thickness require a two-step

growth procedure in which thicker films are deposited on a

crystallized layer of SZO. As shown in Fig. 2(a), the first

seed layer grows as an amorphous film on the Zintl template.

With vacuum annealing at 630 �C for 5 min, the first layer of

SZO transforms from amorphous to crystalline. The second

layer grows as a crystalline layer at 225 �C. Sharper RHEED

patterns can be realized by further annealing the second layer

at 550 �C [Fig. 2(b)]. Similar results were found with STO

where a crystalline seed layer enabled subsequent STO

growth as a crystalline film.55 The SZO films grown on bare

Ge (001) required the same two-step procedure in which the

2–3 nm amorphous films were annealed to crystallize the

film (RHEED images not shown). The crystallization tem-

perature for the seed layer on bare Ge is around 590 �C,

which is lower than that of SrHfO3 (�650 �C) but higher

than that of SrTiO3 (�510 �C) on bare Ge (001).9 This is

consistent with the observation that the crystallization tem-

perature in SrBO3 (B represents the column 4 elements, Ti,

Zr, or Hf) amorphous thin films correlates with the atomic

weight of the B-site atom.9

On bare Ge (001), the SZO seed layer is grown with a

cycle ratio of Sr:Zr¼ 3:2 and 20 unit cycles in total (�3 nm),

which results in 49% Sr and 51% Zr (metals basis) by XPS.

On Zintl-templated Ge, the same cycle ratio of Sr:Zr ¼ 3:2

will lead to SZO stoichiometry of 46% of Sr and 54% Zr.

Films with this stoichiometry crystallize at 640 �C. A higher

Sr cycle is needed for Zintl-templated Ge. With a Sr:Zr

¼ 2:1 cycle ratio and a total of 20 unit cycles, the

stoichiometry is 50% Sr and 50% Zr and the crystallization

temperature is around 600 �C.

The previous study showed that the bare 2� 1 Ge (001)

surface could decompose the Sr precursor to form adsorbed

Sr atoms that feature many of the same binding energy shifts

as MBE-deposited Sr or Ba atoms.47 However, higher-order

reconstructions of Ge (001) were found with Sr compared to

the 2� 1 reconstruction with 0.5-ML Ba that creates the

Zintl template. This Ba-based Zintl template protects the Ge

(001) surface from C incorporation from the precursor

ligands.54 For reasons beyond the scope of this study, stron-

tium bis(triisopropylcyclopentadienyl) appears less reactive

on a Zintl-templated surface than on a bare Ge (001) surface

necessitating the higher Sr cycle of Sr:Zr¼ 2:1 to obtain

stoichiometric films. The amorphous SZO on the Zintl-

templated surface starts to crystallize at 640 �C, while the

amorphous SZO on the bare surface starts to crystallize at

590 �C. The annealing temperature, which we adopt as 30 �C
higher than the crystallization temperature, is a significant

factor in determining the interface quality. Higher annealing

temperature will increase the possibility to form a non-

abrupt interface.9,10 As shown in Fig. 3(a), the SZO seed

layer annealed at 620 �C features a structurally abrupt inter-

face in HAADF-STEM images with Sr atoms located

between the dimer rows as expected of a Zintl layer.47,56 In

contrast, the SZO seed layer annealed at 670 �C showed a

thin layer (�0.5–1 nm) of reduced intensity [Fig. 3(b)].

Moreover, the presence of some amorphous regions along the

interface could indicate that the surface of the Ge film may

have been partially oxidized at the higher annealing tempera-

ture. Since an interfacial reaction might lead to higher inter-

face trap density, the annealing temperature is restricted to

below 640 �C in this work by using a 2:1 Sr:Zr ALD cycle

ratio on a Zintl template and a 3:2 ratio on bare Ge (001).

Regardless of bare Ge or a Ba-Zintl template, the second

layer of SZO has the same growth cycle ratio of Sr:Zr¼ 3:2

and crystallizes as it grows. Post-deposition annealing at

550 �C is applied for all second-layer SZO films to improve

the crystal quality. Based on XPS, the composition for the

SZO films is 53% Sr and 47% Zr. This result is consistent

FIG. 2. RHEED images of two step growth for 6.2-nm SrZrO3 film on Zintl

template Ge before and after annealing, (a) the first layer is around 2 nm; (b)

the second layer is 4.2 nm. All images were taken with beam aligned along

h110i direction.

FIG. 3. Aberration-corrected HAADF-STEM images of: (a) SrZrO3 on bare

Ge (001) annealed at 620 �C; (b) SrZrO3 on Zintl-templated Ge (001) annealed

at 670 �C.
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with previous work that showed Sr-rich composition helped

the crystallization process.10,17 Figure 4 presents the Sr 3d
and Zr 3d X-ray photoelectron spectra. There are no obvious

chemical shifts or low oxidization states for Sr2þ and Zr4þ,

which indicates that the vacuum annealing does not lead to

detectable oxygen vacancies in the SZO films.

The film thickness was confirmed by XRR and calcu-

lated by Bragg’s law. The sample for X-ray measurement

was grown with 80 total unit cycles on bare Ge and reached

a thickness of 11.5 nm. The growth rate for SZO on Ge was

around 1.4 Å per cycle. The out-of-plane scan XRD results

in Fig. 5(a) reveal that the (002) peak is located at a 2h value

of 43.83�, which corresponds to an out-of-plane lattice con-

stant for SZO of 4.13 Å. The in-plane scan of this film (sup-

plementary material, Fig. S1) has a SZO (200) peak at 2h of

44.1� corresponding to an in-plane lattice constant of 4.10 Å.

The lattice constant for cubic SZO is 4.10 Å at room temper-

ature.57 The Ge-Ge distance in the [110] direction is 3.992 Å

at the Ge (001) surface,58–60 and a fully strained heteroepi-

taxial SZO film on Ge would lead to an in-plane compressive

strain of �2.6%. Relaxation from a strained to the bulk struc-

ture with the film thickness has been found in other perov-

skite systems.55,57,61–63 Figure 5(b) shows the rocking

curve for the (002) reflection of the 11.5-nm sample. The

full-width at half-maximum (FWHM) is 1.4� is somewhat

high for such a thin film and, when combined with the in-

plane and out-of-plane lattice constants, suggests that the

film has mixed strain.63

Supplementary material Fig. S2(a) presents out-of-plane

diffraction peaks for a 26.7-nm SrZrO3 film grown on bare Ge

by ALD; the SZO (002) reflection is at 2h¼ 44.19 6 0.5� cor-

responding to an out-of-plane lattice constant of 4.10 Å. The

rocking curve of the (002) reflection associated with the 26.7-

nm film [supplementary material Fig. S2(b)] has a full width at

half maximum of 0.9�. The thicker film (Fig. S2, supplemen-

tary material) is likely relaxed to the bulk cubic structure.

One indication of surface quality can be found in the XRR

scan of the 26.7-nm film [supplementary material Fig. S2(c)].

Atomic force microscopy (not shown) was also used to probe

surface quality. The 11.5-nm film (used in Fig. 5) had a Rq

roughness of 1.144 nm when measured over 10 lm� 10 lm

areas and an Rq of 1.048 nm when measured over 5 lm� 5 lm

areas.

C. Electrical properties

Experiments were conducted to compare the effects of

different starting surfaces and post-deposition exposure to

FIG. 4. X-ray photoelectron spectra for

Sr 3d (a) and Zr 3d (b) in the 11.5-nm

SrZrO3 film after post-deposition

annealing at 550 �C.

FIG. 5. X-ray diffraction pattern (a), and rocking curve (b), for the 11.5-nm SrZrO3 film grown on bare Ge by ALD that was used to fabricate Device A. The

2-nm thick seed layer was post-deposition annealed at 620 �C in vacuum and the final film was annealed at 550 �C. The SZO (002) reflection peak is at 2h ¼
43.83 6 0.5� and the rocking curve for the (002) reflection has a full width at half maximum (FWHM) of 1.4�. The diffraction features labeled Cu K-b and W

L-a1,2 are associated with the Ge (004) reflections caused by X-ray source emissions for Cu K-b and W L-a1,2.
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atomic D on Dit. Figure 6 presents a schematic and RHEED

images from different treatment protocols discussed herein.

Sample C used the thinnest first SZO layer to minimize the

SZO film through which atomic D would need to diffuse to

heal dangling bonds at the Ge-SZO interface. The compari-

son of a Zintl template with bare Ge is not shown here.

Consistently more functional and stable devices are detected

on the Zintl-templated samples than bare Ge samples, which

indicates that the non-uniform carbon contamination at the

interface might cause some device failure on bare Ge sam-

ples. Since the thicker SZO film would require longer gas

diffusion time to reach the interface, the atomic D treatment

was applied after obtaining the first crystalline 3-nm SZO

layer instead of treating the 15-nm SZO film on Sample B.

Sample A corresponds to an 11.5-nm film grown directly on

bare Ge (001) that was treated with UV/ozone. Only Sample

C was subjected to the oxygen plasma pretreatment protocol.

Table I summarizes the sample preparation steps.

For Devices, A, B, and C made from Samples A, B and

C, respectively, C-V and I-V measurements were performed

at room temperature, and Dit was measured at 250 K.64

Figure 7 shows the C-V characteristics for Device C at fre-

quencies from 1 kHz to 1000 kHz. The capacitance is nor-

malized by the area of the top 100 lm� 100 lm square Pt

electrode. The saturated Cox at accumulation was 3.92 lF/

cm2 with the 1 kHz C-V scan, which yields a dielectric con-

stant of 27.6. A more accurate Cox should be determined by

C-V scans at a low frequency around 20 Hz but noisy signals

were obtained. The flat band shift dispersion in Fig. 7 is

likely related to the border traps, as studied by previous

work.65 A quasi-static method66 was applied to correct the

Cox to estimate the dielectric constant. The final estimate for

this device is around 30, which is consistent with reports in

the literature.24 The same measurement and correction

method were applied to Devices A and B. Both devices yield

k of 30. Representative C-V scans are shown in the supple-

mentary material for Devices A and B in Figs. S3 and S4,

respectively.

As shown in Fig. 8, all devices are very insulating. The

leakage current is normalized by the area of the top electrode

to obtain the leakage current density. Nine, seven, and ten

junctions were randomly tested across the whole wafer for

Devices A, B, and C, respectively. The dielectric constant k
for all three devices is nearly identical, with average k of 30

and standard deviation of 0.92. The apparent voltage shifts

in the current-voltage characteristics arise due to small

changes in parasitic current, at the level of �10 fA, from

device to device. The asymmetry between positive and nega-

tive voltages is a consequence of the asymmetric structure of

the junction and of carrier transport across the oxide between

the metal and an inversion layer (for negative bias), and

across the oxide plus a semiconductor depletion layer (for

positive bias).

Table II lists the leakage current density (J) at an applied

electric field (E) of 1 MV/cm along with the corresponding

equivalent oxide thickness for the devices. Based on mea-

surements for up to ten randomly tested junctions on each

device, the average value of leakage current density is

2.9� 10�8 with a standard deviation of 1.6� 10�8 for

Device A, 2.3� 10�8 with a standard deviation of 1.7 � 10�8

for Device B, and 3.4� 10�8 with a standard deviation of

2.9� 10�8 for Device C. The electrical properties in previous

studies on STO/Ge, SHO/Ge, and SHTO/Ge heterojunctions

are also listed for comparison.

The leakage current density of SZO/Ge is about nine

orders of magnitude less than that of STO/Ge, which is

FIG. 6. Schematic of treatment procedures for Samples A, B, and C. (a) Sample A, two-step SZO deposition on bare Ge, (b) Sample B, two-step SZO deposi-

tion on Zintl-templated Ge with 1 h atomic D post treatment, and (c) Sample C, two-step SZO growth on Zintl-templated Ge with an oxygen plasma pretreat-

ment and 3 h atomic D post treatment.

TABLE I. Summary of the sample preparation protocol.

Film sample Pretreatment steps prior to film growth Sequence of growth and processing steps

A UV/ozone 2-nm SZO ALD; anneal at 630 �C for 5 min þ 9.5-nm SZO ALD; anneal 550 �C for 30 min

B UV/ozone þ 0.5 ML-Ba Zintl layer 3-nm SZO ALD; anneal at 630 �C for 5 min þ 1 h exposure to D-atom source at 350 �C
þ 12.6-nm SZO ALD; anneal at 550 �C for 30 min

C UV/ozone þ oxygen plasma treatment

and 700 �C anneal step þ 0.5 ML-Ba

Zintl layer

1.6-nm SZO ALD; anneal at 630 �C for 5 min þ 4.6-nm SZO ALD; anneal at 550 �C for

30 min þ 3 h exposure to D-atom source at 350 �C
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consistent with the CBO for these heterojunctions. The

CBOs for STO/Ge, SZO/Ge, and SHO/Ge heterojunctions

are 0.12, 1.77, and 2.17 eV, respectively.10,17,24 The conduc-

tion band offset gets larger from Ti to Hf as the energy of the

d-state goes up as 3d, 4d, and 5d, and these states control the

conduction band of the SrBO3 oxide. Even though SHO/Ge

has a higher CBO than SZO/Ge, the leakage current density

for SZO/Ge is approximately two orders of magnitude less

than that of SHO/Ge. The main reason may be that SZO is

easier to crystallize than SHO. The annealing temperature

for SZO/Ge is about 50 �C less than SHO/Ge. Higher tem-

perature post-deposition annealing could cause more oxygen

vacancies in the SHO films. Comparing the leakage current

density performance and the EOT with other gate oxides on

Ge that are reported in the literature21 shows that crystalline

SZO has a lower leakage current density without sacrificing

the EOT. This suggests that crystalline SZO could be a com-

petitive high-k gate oxide material for field-effect transistor

device applications.

The interface trap density is also an important consider-

ation for high performance field-effect transistor applications.

Our previous study of crystalline SHO on Ge (001) without

treatment revealed that Dit was 4� 1013 cm�2 eV�1,10 gener-

ally too high for device applications. In this earlier work, Dit

of SHO/Ge was measured at room temperature and estimated

by the conductance method,10,21 which assumes small intrin-

sic carrier concentration (1.45� 1010 cm�3 for Si at room

temperature). Ge has a much higher intrinsic carrier concen-

tration of 2.4� 1013 cm�3 at room temperature, contributing

strong conductance loss in weak inversion. In this work, we

have therefore performed Dit measurements on oxide/Ge het-

erojunctions at 250 K.64,67 In the conductance method for Dit

measurement, the conductance GP is measured as a function

of frequency and plotted as GP/x versus x. Figure 9 presents

results for Devices B and C in the depletion region and the

weak inversion region. The plot for Device A is shown in the

supplementary material, Fig. S5. Based on the conductance

method, in the depletion and weak inversion regions, one

takes the maximum peak value among the GP/x versus x
curves and substitutes it into the following equation to esti-

mate the Dit value.66

Dit �
2:5

q

Gp

x

� �
max

:

The estimated Dit values for the three devices are listed in

Table III. Device A is expected to have the roughest starting

surface and to have carbon contamination at the interface, and

it has the largest Dit value of the three devices. Crystalline

SZO in Device A comes closest to crystalline SHO with

respect to the starting interface and contamination levels, and

SZO has a Dit value that is less than �4� 1013 cm�2 eV�1 for

SHO.10 Dit, improved with a Zintl-templated surface and some

form of atomic D treatment (Device B). The lowest Dit value

of 8.56� 1011 cm�2 eV�1 was observed when an oxygen

plasma was used to generate a flatter Ge (001) surface and

FIG. 7. Capacitance-voltage (C-V) characteristics of 6.2-nm SZO on the

Zintl template (Device C) for frequencies from 1 kHz to 1000 kHz. The

capacitance is normalized by the area of the top 100 lm� 100 lm square Pt

electrode.

FIG. 8. Leakage current density-voltage (J-V) characteristics of 11.5 nm-

SZO on Ge (Device A), 15.6 nm-SZO on the Zintl template (Device B), and

6.2 nm-SZO on the Zintl template (Device C). All devices exhibit low leak-

age current density. The leakage current density is normalized by the area of

the top 100 lm� 100 lm square Pt electrode.

TABLE II. Electrical properties for SrBO3/Gea heterojunctions.

Material J (A/cm2)

EOT

(nm) k
E

(MV/cm)

SrZrO3 Device A 2.9 6 1.6� 10�8 1.5 30 6 0.92 1.0

Device B 2.3 6 1.7� 10�8 2.0

Device C 3.4 62.9� 10�8 0.8

SrTiO3
20 �10 0.65 �90 0.7

SrHfO3
10 6.3� 10-6 1.0 17 1.0

SrHf0.55Ti0.45O3
9 0.1 1.8 30 1.0

aB represents the column 4 elements, Ti, Zr, or Hf.
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suppress the Ge surface steps.30 The steps could cause dan-

gling bonds at the interface and APB formation within the

epitaxial films.9 The Dit, investigation illustrates that steps can

be taken to improve the electrical properties of crystalline

perovskite-germanium interfaces, and additional studies may

identify more optimal treatment conditions.

IV. CONCLUSION

Crystalline SrZrO3 (SZO) films have been deposited epi-

taxially on both bare Ge (001) and Ba Zintl-templated Ge

(001) using ALD. Thick SrZrO3 films require two-step ALD

growth. For SZO seed layer growth, bare Ge requires the

cycle ratio of Sr:Zr¼ 3:2 and the Zintl template needs a

heavier Sr cycle ratio of Sr:Zr¼ 2:1. Via this growth proto-

col, the annealing temperature of the SZO seed layer can be

held to below 640 �C to avoid interfacial reactions. The sec-

ond layer of SZO can achieve crystallization during growth

with a Sr:Zr¼ 3:2 cycle ratio and the crystal quality can be

improved by post-deposition annealing at 550 �C. Metal-

oxide-semiconductor capacitor structures were used for elec-

trical measurements. The SZO/Ge heterojunctions yield a

dielectric constant of 30 and leakage current density of

2.1� 10�8 A/cm2 at 1 MV/cm with an EOT¼ 0.8 nm, which

gave the best electrical performance in the SrBO3/Ge hetero-

junctions. In addition, this study also introduced oxygen

plasma pretreatment to reduce the Ge surface roughness and

atomic D post treatment to heal the interface dangling bonds

and achieve the lowest Dit value of 8.56� 1011 cm�2 eV�1.

SUPPLEMENTARY MATERIAL

See supplementary material for the in-plane XRD scan

of a 11.5-nm SZO film, XRD, and XRR of a 27.7-nm SZO

film, C-V characteristics of Devices A and B, and conduc-

tance as a function of frequency for Device A.

ACKNOWLEDGMENTS

This research was supported by the National Science

Foundation (Award No. CMMI-1437050), the Air Force

Office of Scientific Research (Grant No. FA9550-14-1-

0090), and the Judson S. Swearingen Regents Chair in

Engineering at The University of Texas at Austin. H.W. and

D.S. acknowledge the use of facilities in the John M. Cowley

Center for High Resolution Electron Microscopy at Arizona

State University. This work was performed in part at the

University of Texas Microelectronics Research Center, a

member of the National Nanotechnology Coordinated

Infrastructure (NNCI), which is supported by the National

Science Foundation (Grant No. ECCS-1542159).

1M. D. McDaniel, T. Q. Ngo, S. Hu, A. Posadas, A. A. Demkov, and J. G.

Ekerdt, Appl. Phys. Rev. 2, 041301 (2015).
2S. R. Singamaneni, J. T. Prater, and J. Narayan, Appl. Phys. Rev. 3,

031301 (2016).
3R. A. Mckee, F. J. Walker, and M. F. Chisholm, Phys. Rev. Lett. 81, 3014

(1998).
4K. Kukli, M. Ritala, T. Sajavaara, T. H€anninen, and M. Leskel€a, Thin

Solid Films 500, 322 (2006).
5L. Ji, M. D. McDaniel, S. Wang, A. B. Posadas, X. Li, H. Huang, J. C.

Lee, A. A. Demkov, A. J. Bard, J. G. Ekerdt, and E. T. Yu, Nat.

Nanotechnol. 10, 84 (2015).
6Y. Guo, K. Suzuki, K. Nishizawa, T. Miki, and K. Kato, J. Cryst. Growth

284, 190 (2005).
7Y. Shichi, S. Tanimoto, T. Goto, K. Kuroiwa, and Y. Tarui, Jpn. J. Appl.

Phys., Part 1 33, 5172 (1994).

FIG. 9. The conductance GP measured as a function of frequency and plotted as GP/x versus x. (a) The GP/x versus x plot for Device B. (b) The GP/x versus

x plot for Device C. GP/x is normalized by the area of the top 100 lm� 100 lm square Pt electrode.

TABLE III. Dit values for the three devices.

Device Dit value (cm�2 eV�1)

A 4.07 � 1012

B 1.28 � 1012

C 8.56 � 1011

044102-8 Hu et al. J. Appl. Phys. 124, 044102 (2018)

ftp://ftp.aip.org/epaps/journ_appl_phys/E-JAPIAU-124-051828
https://doi.org/10.1063/1.4934574
https://doi.org/10.1063/1.4955413
https://doi.org/10.1103/PhysRevLett.81.3014
https://doi.org/10.1016/j.tsf.2005.10.082
https://doi.org/10.1016/j.tsf.2005.10.082
https://doi.org/10.1038/nnano.2014.277
https://doi.org/10.1038/nnano.2014.277
https://doi.org/10.1016/j.jcrysgro.2005.07.017
https://doi.org/10.1143/JJAP.33.5172
https://doi.org/10.1143/JJAP.33.5172


8Y. Chu, L. W. Martin, M. B. Holcomb, M. Gajek, S. Han, Q. He, N.

Balke, C. Yang, D. Lee, W. Hu, Q. Zhan, P. Yang, A. Fraile-Rodr�ıguez,

A. Scholl, S. X. Wang, and R. Ramesh, Nat. Mater. 7, 478 (2008).
9S. Hu, M. D. McDaniel, A. Posadas, C. Hu, H. Wu, E. T. Yu, D. J. Smith,

A. A. Demkov, and J. G. Ekerdt, MRS Commun. 6, 125 (2016).
10M. D. McDaniel, C. Hu, S. Lu, T. Q. Ngo, A. Posadas, A. Jiang, D. J.

Smith, E. T. Yu, A. A. Demkov, and J. G. Ekerdt, J. Appl. Phys. 117,

054101 (2015).
11M. Okuyama and Y. Hamakawa, Ferroelectrics 63, 243 (1985).
12J. H. Ngai, K. Ahmadi-Majlan, J. Moghadam, M. Chrysler, D. Kumah, F.

J. Walker, C. H. Ahn, T. Droubay, Y. Du, S. A. Chambers, M. Bowden, X.

Shen, and D. Su, J. Mater. Res. 32, 249 (2017).
13Z. H. Lim, K. Ahmadi-Majlan, E. D. Grimley, Y. Du, M. Bowden, R.

Moghadam, J. M. LeBeau, S. A. Chambers, and J. H. Ngai, J. Appl. Phys.

122, 084102 (2017).
14K. Eisenbeiser, J. M. Finder, Z. Yu, J. Ramdani, J. A. Curless, J. A.

Hallmark, R. Droopad, W. J. Ooms, L. Salem, S. Bradshaw, and C. D.

Overgaard, Appl. Phys. Lett. 76, 1324 (2000).
15D. A. Muller, T. Sorsch, S. Moccio, F. H. Baumann, K. Evans-Lutterodt,

and G. Timp, Nature 399, 758 (1999).
16J. Robertson and R. M. Wallace, Mater. Sci. Eng., R 88, 1 (2015).
17M. D. McDaniel, T. Q. Ngo, A. Posadas, C. Hu, S. Lu, D. J. Smith, E. T.

Yu, A. A. Demkov, and J. G. Ekerdt, Adv. Mater. Interfaces 1, 1400081

(2014).
18S. A. Chambers, Y. Liang, Z. Yu, R. Droopad, and J. Ramdani, J. Vac.

Sci. Technol. A 19, 934 (2001).
19F. Amy, A. S. Wan, A. Kahn, F. J. Walker, and R. A. McKee, J. Appl.

Phys. 96, 1635 (2004).
20X. Zhang, A. A. Demkov, H. Li, X. Hu, Y. Wei, and J. Kulik, Phys. Rev.

B 68, 125323 (2003).
21C. Hu, M. D. McDaniel, A. Jiang, A. Posadas, A. A. Demkov, J. G.

Ekerdt, and E. T. Yu, ACS Appl. Mater. Interfaces 8, 5416 (2016).
22M. Yang, W. S. Deng, Q. Chen, Y. P. Feng, L. M. Wong, J. W. Chai, J. S.

Pan, S. J. Wang, and C. M. Ng, Appl. Surf. Sci. 256, 4850 (2010).
23X. B. Lu, G. H. Shi, J. F. Webb, and Z. G. Liu, Appl. Phys. A 77, 481

(2003).
24M. Jahangir-Moghadam, K. Ahmadi-Majlan, X. Shen, T. Droubay, M.

Bowden, M. Chrysler, D. Su, S. A. Chambers, and J. H. Ngai, Adv. Mater.

Interfaces 2, 1400497 (2015).
25P. S. Goley and M. K. Hudait, Materials 7, 2301 (2014).
26M. Kobayashi, J. Mitard, T. Irisawa, T. Hoffmann, M. Meuris, K.

Saraswat, Y. Nishi, and M. Heyns, IEEE Trans. Electron Devices 58, 384

(2011).
27R. Pillarisetty, Nature 479, 324 (2011).
28D. P. Brunco, B. D. Jaeger, G. Eneman, A. Satta, V. Terzieva, L. Souriau,

F. E. Leys, G. Pourtois, M. Houssa, K. Opsomer, G. Nicholas, M. Meuris,

and M. Heyns, ECS Trans. 11, 479 (2007).
29X.-J. Zhang, G. Xue, A. Agarwal, R. Tsu, M.-A. Hasan, J. E. Greene, and

A. Rockett, J. Vac. Sci. Technol. A 11, 2553 (1993).
30P. Ponath, A. B. Posadas, R. C. Hatch, and A. A. Demkov, J. Vac. Sci.

Technol. B 31, 031201 (2013).
31J. Oh and J. C. Campbell, J. Electron. Mater. 33, 364 (2004).
32C. H. Lee, C. Lu, T. Tabata, W. F. Zhang, T. Nishimura, K. Nagashio, and

A. Toriumi, in 2013 IEEE International Electron Devices Meeting (2013),

pp. 2.5.1–2.5.4.
33S. Swaminathan, M. Shandalov, Y. Oshima, and P. C. McIntyre, Appl.

Phys. Lett. 96, 082904 (2010).
34R. Xie, T. H. Phung, W. He, M. Yu, and C. Zhu, IEEE Trans. Electron

Devices 56, 1330 (2009).
35R. Zhang, P. C. Huang, N. Taoka, M. Takenaka, and S. Takagi, in 2012

Symposium on VLSI Technology (2012), pp. 161–162.
36C. H. Lee, C. Lu, T. Tabata, T. Nishimura, K. Nagashio, and A. Toriumi,

in 2013 Symposium on VLSI Technology (2013), pp. T28–T29.

37S. Baldovino, A. Molle, and M. Fanciulli, Appl. Phys. Lett. 93, 242105

(2008).
38S. Mohsenifa and M. H. Shahrokhabadi, Microelectron. Solid State

Electron. 4, 12 (2015).
39I. Oh, M.-K. Kim, J. Lee, C.-W. Lee, C. Lansalot-Matras, W. Noh, J. Park,

A. Noori, D. Thompson, S. Chu, W. J. Maeng, and H. Kim, Appl. Surf.

Sci. 287, 349 (2013).
40M. Caymax, M. Houssa, G. Pourtois, F. Bellenger, K. Martens, A.

Delabie, and S. Van Elshocht, Appl. Surf. Sci. 254, 6094 (2008).
41K. Kita, T. Takahashi, H. Nomura, S. Suzuki, T. Nishimura, and A.

Toriumi, Appl. Surf. Sci. 254, 6100 (2008).
42H. Matsubara, T. Sasada, M. Takenaka, and S. Takagi, Appl. Phys. Lett.

93, 032104 (2008).
43A. Delabie, F. Bellenger, M. Houssa, T. Conard, S. Van Elshocht, M.

Caymax, M. Heyns, and M. Meuris, Appl. Phys. Lett. 91, 082904 (2007).
44R. Zhang, J. C. Lin, X. Yu, M. Takenaka, and S. Takagi, in 2013

Symposium on VLSI Technology (2013), pp. T26–T27.
45P. Avouris, R. E. Walkup, A. R. Rossi, T.-C. Shen, G. C. Abeln, J. R.

Tucker, and J. W. Lyding, Chem. Phys. Lett. 257, 148 (1996).
46M. D. McDaniel, A. Posadas, T. Wang, A. A. Demkov, and J. G. Ekerdt,

Thin Solid Films 520, 6525 (2012).
47S. Hu, E. L. Lin, A. K. Hamze, A. Posadas, H. Wu, D. J. Smith, A. A.

Demkov, and J. G. Ekerdt, J. Chem. Phys. 146, 052817 (2017).
48U. Bischler and E. Bertel, J. Vac. Sci. Technol. A 11, 458 (1993).
49J. M. McCrate and J. G. Ekerdt, Chem. Mater. 26, 2166 (2014).
50J. F. Moulder, W. F. Stickle, P. E. Sobol, and K. D. Bomben, in Handbook

of X-Ray Photoelectron Spectroscopy, edited by J. Chastain (Perkin-Elmer

Corporation, Eden Prairie, Minnesota, 1992), p. 253.
51P. Ponath, K. Fredrickson, A. B. Posadas, Y. Ren, X. Wu, R. K.

Vasudevan, M. B. Okatan, S. Jesse, T. Aoki, M. R. McCartney, D. J.

Smith, S. V. Kalinin, K. Lai, and A. A. Demkov, Nat. Commun. 6, 6067

(2015).
52H. Wu, T. Aoki, A. B. Posadas, A. A. Demkov, and D. J. Smith, Appl.

Phys. Lett. 108, 091605 (2016).
53P. Ponath, A. B. Posadas, and A. A. Demkov, Appl. Phys. Rev. 4, 021308

(2017).
54S. Hu and J. G. Ekerdt, J. Vac. Sci. Technol. A 36, 041403 (2018).
55M. D. McDaniel, A. Posadas, T. Q. Ngo, A. Dhamdhere, D. J. Smith, A.

A. Demkov, and J. G. Ekerdt, J. Vac. Sci. Technol. A 31, 01A136 (2013).
56K. D. Fredrickson, P. Ponath, A. B. Posadas, M. R. McCartney, T. Aoki,

D. J. Smith, and A. A. Demkov, Appl. Phys. Lett. 104, 242908 (2014).
57D. de Ligny and P. Richet, Phys. Rev. B 53, 3013 (1996).
58A. S. Cooper, Acta Crystallogr. 15, 578 (1962).
59M. E. Straumanis and E. Z. Aka, J. Appl. Phys. 23, 330 (1952).
60Y. Okada and Y. Tokumaru, J. Appl. Phys. 56, 314 (1984).
61K. J. Choi, M. Biegalski, Y. L. Li, A. Sharan, J. Schubert, R. Uecker, P.

Reiche, Y. B. Chen, X. Q. Pan, V. Gopalan, L.-Q. Chen, D. G. Schlom,

and C. B. Eom, Science 306, 1005 (2004).
62T. Q. Ngo, A. B. Posadas, M. D. McDaniel, C. Hu, J. Bruley, E. T. Yu, A.

A. Demkov, and J. G. Ekerdt, Appl. Phys. Lett. 104, 082910 (2014).
63C. Dubourdieu, J. Bruley, T. M. Arruda, A. Posadas, J. Jordan-Sweet, M.

M. Frank, E. Cartier, D. J. Frank, S. V. Kalinin, A. A. Demkov, and V.

Narayanan, Nat. Nanotechnol. 8, 748 (2013).
64K. Martens, C. O. Chui, G. Brammertz, B. D. Jaeger, D. Kuzum, M.

Meuris, M. Heyns, T. Krishnamohan, K. Saraswat, H. E. Maes, and G.

Groeseneken, IEEE Trans. Electron Devices 55, 547 (2008).
65D. Lin, A. Alian, S. Gupta, B. Yang, E. Bury, S. Sioncke, R. Degraeve, M.

L. Toledano, R. Krom, P. Favia, H. Bender, M. Caymax, K. C. Saraswat,

N. Collaert, and A. Thean, in 2012 IEEE International Electron Devices
Meeting (2012), pp. 28.3.1–28.3.4.

66D. K. Schroder, Semiconductor Material and Device Characterization
(John Wiley & Sons, 2006), p. 332.

67K. Saraswat, D. Kim, T. Krishnamohan, D. Kuzum, A. K. Okyay, A.

Pethe, and H.-Y. Yu, ECS Trans. 16, 3 (2008).

044102-9 Hu et al. J. Appl. Phys. 124, 044102 (2018)

https://doi.org/10.1038/nmat2184
https://doi.org/10.1557/mrc.2016.36
https://doi.org/10.1063/1.4906953
https://doi.org/10.1080/00150198508221406
https://doi.org/10.1557/jmr.2016.496
https://doi.org/10.1063/1.5000142
https://doi.org/10.1063/1.126023
https://doi.org/10.1038/21602
https://doi.org/10.1016/j.mser.2014.11.001
https://doi.org/10.1002/admi.201400081
https://doi.org/10.1116/1.1365132
https://doi.org/10.1116/1.1365132
https://doi.org/10.1063/1.1766417
https://doi.org/10.1063/1.1766417
https://doi.org/10.1103/PhysRevB.68.125323
https://doi.org/10.1103/PhysRevB.68.125323
https://doi.org/10.1021/acsami.5b10661
https://doi.org/10.1016/j.apsusc.2010.01.115
https://doi.org/10.1007/s00339-002-1469-6
https://doi.org/10.1002/admi.201400497
https://doi.org/10.1002/admi.201400497
https://doi.org/10.3390/ma7032301
https://doi.org/10.1109/TED.2010.2093530
https://doi.org/10.1038/nature10678
https://doi.org/10.1149/1.2779584
https://doi.org/10.1116/1.578606
https://doi.org/10.1116/1.4798390
https://doi.org/10.1116/1.4798390
https://doi.org/10.1007/s11664-004-0144-4
https://doi.org/10.1063/1.3313946
https://doi.org/10.1063/1.3313946
https://doi.org/10.1109/TED.2009.2019420
https://doi.org/10.1109/TED.2009.2019420
https://doi.org/10.1063/1.3050451
https://doi.org/10.5923/j.msse.20150401.03
https://doi.org/10.5923/j.msse.20150401.03
https://doi.org/10.1016/j.apsusc.2013.09.153
https://doi.org/10.1016/j.apsusc.2013.09.153
https://doi.org/10.1016/j.apsusc.2008.02.134
https://doi.org/10.1016/j.apsusc.2008.02.158
https://doi.org/10.1063/1.2959731
https://doi.org/10.1063/1.2773759
https://doi.org/10.1016/0009-2614(96)00518-0
https://doi.org/10.1016/j.tsf.2012.06.061
https://doi.org/10.1063/1.4972071
https://doi.org/10.1116/1.578754
https://doi.org/10.1021/cm500095p
https://doi.org/10.1038/ncomms7067
https://doi.org/10.1063/1.4943135
https://doi.org/10.1063/1.4943135
https://doi.org/10.1063/1.4984975
https://doi.org/10.1116/1.5029918
https://doi.org/10.1116/1.4770291
https://doi.org/10.1063/1.4883883
https://doi.org/10.1103/PhysRevB.53.3013
https://doi.org/10.1107/S0365110X62001474
https://doi.org/10.1063/1.1702202
https://doi.org/10.1063/1.333965
https://doi.org/10.1126/science.1103218
https://doi.org/10.1063/1.4867469
https://doi.org/10.1038/nnano.2013.192
https://doi.org/10.1109/TED.2007.912365
https://doi.org/10.1149/1.2986748

	s1
	l
	cor1
	s2
	s2A
	s2B
	s2C
	s2D
	s3
	s3A
	f1
	s3B
	f2
	f3
	s3C
	f4
	f5
	f6
	t1
	s3C
	f7
	f8
	t2
	t2n1
	s4
	s5
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	f9
	t3
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56
	c57
	c58
	c59
	c60
	c61
	c62
	c63
	c64
	c65
	c66
	c67

