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Growth, structural, and band alignment properties of pulsed laser deposited amorphous BaTiO3 on

epitaxial molecular beam epitaxy grown (110)Ge layer, as well as their utilization in low power

transistor are reported. High-resolution x-ray diffraction demonstrated quasi-zero lattice mismatch

of BaTiO3 on (110)Ge. Cross-sectional transmission electron microscopy micrograph confirms the

amorphous nature of BaTiO3 layer as well as shows a sharp heterointerface between BaTiO3 and

Ge with no traceable interfacial layer. The valence band offset, DEv, of 1.99 6 0.05 eV at the

BaTiO3/(110)Ge heterointerface is measured using x-ray photoelectron spectroscopy. The

conduction band offset, DEc, of 1.14 6 0.1 eV is calculated using the bandgap energies of BaTiO3

of 3.8 eV and Ge of 0.67 eV. These band offset parameters for carrier confinement and the interface

chemical properties of the BaTiO3/(110)Ge system are significant advancement towards designing

Ge-based p-and n-channel metal-oxide semiconductor field-effect transistors for low-power

application. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813226]

I. INTRODUCTION

Shrinking feature sizes of silicon complementary metal-

oxide semiconductor (CMOS) transistor have enabled increase

in transistor density. This rising number of transistors increases

the power consumption in integrated circuits and also con-

strains the high-speed operation. Low bandgap channel mate-

rial with superior transport properties and high-j gate

dielectric are required to overcome this limitation and achieve

further increase in transistor drive current and minimize the

gate leakage. In the post-Si CMOS era, germanium (Ge) would

be a potential candidate due to its higher electron and hole

mobilities which will enhance the carrier transport properties.

Compared with Si, Ge has low field bulk mobility gains up to

2� for electrons and 4� for holes. Moreover, Ge is more com-

patible than Si with the most promising recent high-j gate

dielectrics1 which eliminates the unwanted low-j interfacial

dielectric layer normally formed on Si. Furthermore, low

bandgap Ge is compliant with the requirement of lower supply

voltage operation of transistor. In fact, Ge is an excellent tem-

plate for III-V heteroepitaxy and can be heterogeneously inte-

grated on Si in conjunction with various optoelectronic

components that could allow extending the Moore’s law.2

Very recently, it has been demonstrated that the carrier

mobility of Ge metal-oxide semiconductor field effect transis-

tors (MOSFETs) can be enhanced by utilizing a Ge channel

with different orientations. The carrier mobility was expected

to be high in (111)Ge for electrons3 and in (110)Ge for holes.4

Recently, it has been demonstrated that the transistors fabri-

cated on (110)Ge substrate exhibited higher hole mobilities of

650 cm2/V s (Ref. 5) and higher electron mobility in (111)Ge

orientation as compared to that of (100)Ge.6 Dissanayake

et al.7 have reported that the hole mobility of (110)Ge channel

oriented along the h110i direction exhibited 2.3� higher hole

mobility compared with the (100) Ge surface. According to

Yang et al.,8 the electron mobility of Ge with (111) orienta-

tion is 1.8� higher than the electron mobility of Ge with

(100) and (110) orientations. These crystallographic oriented

epitaxial Ge layers were demonstrated on GaAs and the

detailed band offset properties of the crystallographically ori-

ented GaAs/Ge/GaAs heterostructure have been reported by

Hudait et al.9 These advancements have intensified the

research on Ge integration with the possibility of exceeding

Moore’s law.

Significant research has been conducted on the high-j
gate dielectrics such as HfO2, ZrO2, and Al2O3 grown on

(100)Ge,10–18 (110)Ge,1,15,16 and (111)Ge.15,16 Among the

new high-j dielectric materials, BaTiO3 (BTO) directly

grown on semiconductors has attracted attention for non-

volatile single transistor memory,19 to reduce the susbthres-

hold swing and increase the on-current of a transistor.20,21

BTO has also been used as a buffer layer for integration of

Ge on Si and continues to be of interest for added functional-

ities on Si or Ge for low-power CMOS logic applications.

However, integration of BTO on semiconductors faces

numerous challenges such as: (i) the epitaxial nucleation

requires oxide formation on the surface,22 (ii) requirement of

oxide buffer layer (e.g., BaSrO, BaO, MgO, SrTiO3 (STO))

between the BTO and the parent substrate to ensure that

BTO is c-axis oriented,22–27 (iii) monolayer (ML) of stron-

tium (Sr) metal as the nucleation layer,28 and (iv) large lat-

tice mismatch (>20%) with Ge-on-Si(001).29 Vaithyanathan

et al.30 suggest that a thick buffer layer of BaSrO is needed

for c-axis oriented BTO when grown on Si. In their study,

using pulsed laser deposition (PLD), a preferential c-axis
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oriented BTO was deposited on a MgO buffer layer that was

grown on GaAs by molecular beam epitaxy (MBE)31 and

PLD.32 Huang et al.33 demonstrated columnar nature of

BTO film on GaAs using STO buffer using PLD and the

crystal quality of the BTO film was found to be strongly de-

pendent on the quality of the STO buffer layer. However,

amorphous and the high dielectric constant BTO with abrupt

interface between the BTO and the channel layer is neces-

sary to reduce the gate leakage in a transistor.

It is well-known that BTO has a tetragonal crystal struc-

ture at room temperature with a- and b-axis lattice constant

of 3.992 Å and c-axis lattice constant of 4.036 Å. Unless, the

BTO lattice is rotated by 45� (c-axis oriented) with respect

to the (001)Ge or (001)GaAs (aGe(GaAs) � 5.6543 Å), the

lattice mismatch is greater than 20%. It is limited to <0.2%

lattice mismatch if the BTO growth aligns with in-plane

lattice constant of (100)Ge or (100)GaAs. In order to achieve

the rotation of the BTO lattice, several approaches have been

proposed, namely, deposition of ultra-thin barium (Ba) inter-

layer,29 BaO interlayer,23 STO nucleation layer,22,33 and

MgO buffer layer.31,32 A robust quasi-zero lattice mis-

matched BTO growth on oriented Ge layer is highly pre-

ferred without any interlayer to achieve desired electrical

characteristics and to make the process compatible with

standard fabrication.

In this study, we demonstrate the growth and band

alignment properties of pulsed laser deposited BTO on epi-

taxial MBE grown (110)Ge layer. Compared with the other

approaches mentioned above, quasi-zero lattice mismatch

was found to exist between BTO and the (110)Ge layer with-

out any need for intermediate interlayer. Our results provide

a significant advancement towards the control of the strain-

free BTO films on semiconductor surface. High-quality BTO

with high-j on (110)Ge interface is expected to provide

desired valence and conduction band discontinuities, DEv

and DEc larger than 1 eV relative to the (110)Ge channel

material.34 These discontinuities are essential to act as a bar-

rier for both holes and electrons. The experimental results

from this study are the first step towards achieving high-

performance metal/BTO/(110)Ge metal-oxide semiconduc-

tor (MOS) capacitor that can be used for the p-channel Ge

based MOSFET applications.

II. EXPERIMENTAL

A. Perovskite film deposition

The undoped epitaxial 80 nm thick (110)Ge layers were

grown using in-situ growth process on epi-ready (110)GaAs

substrates using separate solid source MBE growth chambers

for Ge and III-V materials, connected via ultra-high vacuum

transfer chamber. The growth temperature and growth rate of

Ge were 400 �C and 0.1 Å/s, respectively. The details of the

growth procedure are reported elsewhere.9,35 The 1 nm and

10 nm BTO films were grown by PLD using a KrF excimer

laser (k¼ 248 nm) on epitaxial (110)Ge at a deposition rate of

�0.5 Å/s. Stoichiometric BTO target was synthesized by con-

ventional mixed-oxide processing route. The focused laser

beam irradiates the rotating (89 rpm) target with a laser energy

density of �2.5 J/cm2 at a repetition rate of 10 Hz. The

deposition was made using a vacuum chamber with oxygen

pressure of 100 mTorr during the deposition of BTO films on

(110)Ge layers. During the BTO growth, the substrate temper-

ature of (110)Ge film was kept constant at 250 �C. Epitaxial

(110)Ge layers were cleaned using NH4OH:H2O2:H2O

(2:1:1000 volume ratio) for 5 s prior loading to PLD chamber

for BTO deposition.

B. Characterizations

To determine the structural quality and the relaxation state

of BTO on epitaxial (110)Ge, high-resolution triple axis x-ray

rocking curves were recorded. Cross-sectional high-resolution

transmission electron microscopy (HR-TEM) was used to

characterize the interface between the BTO and the (110)Ge

epilayer. HR-TEM imaging was performed using FEI Titan

80-300 transmission electron microscope. For this purpose, the

electron transparent foils of thin film cross-section of BaTiO3/

Ge/(110)GaAs were prepared by standard polishing technique,

i.e., mechanical grinding, dimpling, and Arþ ion beam milling.

The band alignment of BTO/(110)Ge structures was investi-

gated using a PHI Quantera SXM XPS system with a mono-

chromated Al-Ka (energy of 1486.7 eV) x-ray source. The Ge

3d and Ba 4d5/2 core level (CL) binding energy spectra as well

as Ge and Ba valence band (VB) binding energy spectra were

collected with a pass energy of 26 eV and an exit angle of 45�.
The binding energy was corrected by adjusting the carbon (C)

1s CL peak position to 285.0 eV for each sample surface.

Curve fitting was done by the CasaXPS 2.3.14 using a

Lorentzian convolution with a Shirley-type background. The

CL energy position was defined to be the center of the peak

width at the half of the peak height. The CL and valence elec-

trons emitted from each film determined from the XPS mea-

surement will allow to determine the DEv of BTO relative to

the (110)Ge by the method described in Ref. 36. The error bar

we defined in this paper is due to the scatter of valence band

spectra during the fitting of valence band maximum (VBM)

position and considering the linearity and stability of the

energy scale of the XPS binding energy spectrum. The VBM

values are determined by linear extrapolation of the leading

edge to the base line of the VB spectra recorded on the 10 nm

BTO and 80 nm Ge film to the base lines. Indeed, the VBM

value is sensitive to the choice of points on the leading edge

used to obtain the regression line.37 Several different sets of

points were selected over the linear region of the leading edge

to perform regressions, and the uncertainty of DEv and DEc

values was found to be in the range of 0.05–0.1 eV in the pres-

ent work.

III. RESULTS AND DISCUSSION

A. X-ray rocking curves of BaTiO3 on (110)Ge

Figure 1(a) shows the high-resolution triple axis sym-

metric x-ray rocking curve from the (002) Bragg line of

10 nmBTO/80 nm(110)Ge/(110)GaAs structure, where the

epitaxial Ge layer thickness is significantly lower than the

critical layer thickness. The significantly small angular sepa-

ration between the (002) diffraction peaks of BTO/(110)Ge

and the (110)GaAs substrate resulting from the difference in

024303-2 Hudait et al. J. Appl. Phys. 114, 024303 (2013)
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lattice plane spacing indicates the perfect lattice matched

layers of BTO, Ge, and GaAs. The appearance of strong

Pendell€osung oscillation fringes on both sides of BTO/Ge

and GaAs peaks implies the presence of sharp heterointerfa-

ces, similar to the lattice matched GaAs/Ge/GaAs hetero-

structure recently reported in Ref. 9. These fringes originate

from the beating of two x-ray wave fields inside the struc-

ture. One of the wave field is generated at the interface

between the GaAs and Ge and another wave field at the

interface of BTO/(110)Ge. As a result, interference can only

be observed in a structure that has almost perfectly parallel

boundaries. Figure 1(b) shows the x-ray rocking curve from

asymmetric (110) Bragg line of BTO/(110)Ge/(110)GaAs

structure. The relatively narrow full width at half maximum

of the (110) x-ray peak indicates the high-quality of the

structure. Merckling et al.29 found two distinct BTO phases

for the films grown on Ge/(100)Si. The tetragonal BTO

phase was strained on the (100)Ge substrate and the remain-

ing BTO film had a cubic symmetry. However, the combined

effect of the high temperature Ge oxide desorption at 800 �C
for 30 min and the 650 �C growth temperature required for

BTO during the MBE growth process led to crystallographic

disorder at the BTO/(100)Ge interface. Contreras-Guerrero

et al.22 demonstrated MBE grown epitaxial BTO on

(100)GaAs with 8 Å STO buffer layer. In their study, it was

hypothesized that the BTO layer is rotated by 45� with

respect to GaAs layer suggesting that the BTO (110) planes

are parallel to the GaAs (100) planes. However, there were

no HR-TEM results included to support the hypothesis.

B. Cross-sectional TEM micrographs of BaTiO3 on
(110)Ge

Figures 2(a) and 2(b) show the cross-sectional trans-

mission electron microscopy (TEM) micrograph of BTO/

(110)Ge/(110)GaAs interface and high-resolution TEM

micrograph of BTO/(110)Ge interface, respectively. From

these micrographs, we can clearly observe sharp interface

of BTO and Ge. The TEM results show that the pulse laser

deposited �10 nm thick amorphous BTO layer were grown

with high degree of coherency on (110)Ge. From Fig. 2(b),

one can find that there was no interfacial layer (GeO and

GeO2 (Refs. 38 and 39)) formed during the deposition of

BTO on (110)Ge layer which implies that the removal of

interfacial oxide can be easily achieved on (110)Ge. This is

a significant potential advantage of higher-j BTO on

(110)Ge for low-power transistor application. The coher-

ency and composition at the interface were confirmed

through elemental analysis and high resolution lattice map-

ping. In conjunction with the results from x-ray diffraction,

TEM analysis confirmed the strain-free BTO growth on the

(110) Ge.

FIG. 1. X-ray rocking curves from (a) symmetric (002) and (b) asymmetric

(110) reflection of 10 nm BaTiO3/80 nm (110)Ge structure on (110)GaAs

substrate, respectively. The Pendell€osung oscillations in the rocking curve

confirm the high crystalline quality of the BaTiO3/Ge/(110)GaAs interface.

FIG. 2. (a) Cross-sectional TEM micrograph of BaTiO3 layer deposited on

epitaxial Ge grown on (110) GaAs substrate. (b) High-resolution TEM

micrograph at the BaTiO3/(110)Ge interface.

024303-3 Hudait et al. J. Appl. Phys. 114, 024303 (2013)
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C. Energy band alignment of BaTiO3 on (110)Ge

The energy band alignment at the BTO/Ge interface is

critical since the sufficient barrier for electron and hole is

needed to suppress the tunneling leakage current. The va-

lence band offset, DEv at the BTO/(110)Ge was determined

using XPS system and angle integrated photoelectron energy

distribution curves for the VBM. Using these methods, Ge

3d and Ba 4d5/2 CL spectra were recorded. The peak separa-

tion of Ge 3d5/2 and 3d3/2 due to spin-orbit splitting was too

small to be separated. The binding energy was corrected by

adjusting the C 1s core-level peak position to 285.0 eV for

each sample surface. XPS spectra were recorded from the

following 3 samples: (i) (110)Ge epitaxial layer, (ii) 1 nm

BTO on (110)Ge layer, and (iii) 10 nm thick BTO film on

(110)Ge. Figure 3 shows the XPS spectra of Ge 3d core level

ðEGe
Ge3dÞ and the VBM ðEGe

VBMÞ of the (110)Ge film, respec-

tively. Figure 4 shows XPS spectra of (a) Ba 4d5/2 ðEBa
Ba4d5=2

Þ
core level and (b) VBM ðEBa

VBMÞ from 10 nm BTO film,

respectively. Figure 5 shows the (a) (110)Ge 3d core level

ðEGe
Ge3d Þ and Ba 4d5/2 core level ðEBa

Ba4d5=2
Þ spectrum of 1 nm

BTO on (110)Ge interface, respectively. The valence band

offset, DEv for a BTO/(110)Ge interface was determined

from the following equation36 using CL spectra:

DEV ¼
�

EGe
Ge3d � EGe

VBM

�ð110ÞGe

�
�

EBa
Ba4d5=2

� EBa
VBM

�10nmBTO

�
�

EGe
Ge3d � EBa

Ba4d5=2

�1nmBTO=ð110ÞGeinterface

: (1)

The Ba 4d5/2 CL spectra were selected rather than Ba 4d3/2

since the measured binding energy separation between the

Ba 4d5/2 and Ba 4d3/2 peaks was fixed. As a result, the band

offset result would not change if Ba 4d3/2 was selected as the

CL binding energy peak. Finally, the conduction band offset,

DEc, for a BTO/(110)Ge interface was determined from the

following equation, DEC ¼ EBTO
g � EGe

g � DEV ; where EBTO
g

and EGe
g are the bandgaps of BTO and Ge, respectively.

The position of the (110)Ge 3d peak centroid from the

XPS measurement was found to be 30.05 6 0.05 eV as

shown in Fig. 3. This value was obtained by measuring the

center of the peak width at half of the peak height after

Shirley background subtraction.10 The VBM for (110)Ge

was determined as the intersection between the linear fits of

the background and the linear portion of the VB leading

edge,10 as shown in the inset of Fig. 3. The energy difference

between the Ge 3d centroid and the (110)Ge VBM was

measured to be 29.36 6 0.05 eV. Similarly, the energy differ-

ence between the Ba 4d5/2 centroid and the VBM was found

to be 87.79 6 0.05 eV for the 10 nm thick BTO film. For the

1 nm BTO film on (110)Ge, the energy difference between

the Ge 3d centroid and the Ba 4d5/2 CLs was determined to

be 60.42 6 0.05 eV. Using these measured data and Eq. (1),

the measured value of DEv for the BTO/(110)Ge interface

was found to be 1.99 6 0.05 eV and this value was lower

by �0.6 eV than that for BTO/(100)Ge substrate,28 where

0.5 ML of Sr metal was used as a nucleation layer. It was

lower by �0.8 eV,23 in comparison to the substrate where 1

atomic plane of BaO layer was used as an interlayer between

BTO and (100)Ge. The observed differences in the DEv val-

ues for the BTO on (110)Ge in this work and BTO on

(100)Ge with interlayers by other researchers23,28 can be

explained due to the difference in surface reconstruction of

the (100)Ge and (110)Ge layers on GaAs substrates.9 The

differences present in surface structure of Ge (i.e., (2 � 1),

(2 � 2), (3 � 4)) would influence the band offset of BTO on

FIG. 3. XPS spectra of (a) Ge 3 d core level ðEGe
Ge3dÞ and (b) valence band

maximum, VBM ðEGe
VBMÞ from epitaxial (110)Ge film, respectively.

FIG. 4. XPS spectra of (a) Ba 4d5/2 ðEBa
Ba4d5=2

Þ core level and (b) VBM

ðEBa
VBMÞ from 10 nm BaTiO3 film, respectively.

FIG. 5. XPS spectra of (a) Ba 4d5/2 ðEBa
Ba4d5=2

Þ and (b) Ge 3 d ðEGe
Ge3dÞ core

levels from 1 nm thin BaTiO3 film/(110)Ge interface.

024303-4 Hudait et al. J. Appl. Phys. 114, 024303 (2013)
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crystallographically oriented epitaxial Ge resulting in varia-

tion in the values of band offsets. The deposition temperature

of BTO on (110)Ge layer during PLD process was lower

than the crystallization temperature of BTO resulting in the

formation of amorphous layer. Thus, any dangling bonds at

the surface of (110) Ge were able to accommodate the oxy-

gen atoms during deposition of BTO. However, there is no

evidence of interfacial GeOx layer in the TEM images

shown in Fig. 2. This suggests that a robust interface pre-

vents the oxidation of the (110)Ge surface similar to the case

of HfO2 on (110)Ge.1 It has been reported that band offsets

in addition to substrate orientation and surface structure can

also depend on various other parameters such as overlayer

crystallinity, deposition temperature, deposition rate, micro-

scopic interface dipole and interdiffusion or reactivity.40

However, in the case of amorphous BTO/(110)Ge, the surface

reconstruction has the dominant effect as compared to the

other variables. The DEc for the BTO on (110)Ge was calcu-

lated to be 1.14 6 0.1 eV using the 3.8 6 0.1 eV bandgap

of thin BTO layer41 and 0.67 eV bandgap of Ge. Figure 6

shows the band alignment diagram of the BTO/(110) Ge het-

erojunction based on XPS results. Both DEv and DEc are 1 eV,

as needed for blocking the electrons and holes34 for carrier

transport in Ge MOSFETs.

The determination of the band offset between semicon-

ductor/semiconductor heterojunction was developed by Kraut

et al.36 using XPS technique and currently this method is

widely used to determine the valence band offset between

dielectric and semiconductor heterojunction.1,10,13,15,16,42–44

However, the measures must be taken in order to compensate

the positive changes generated during XPS measurement.42–45

Unless, these positive charges were neutralized during the

XPS measurement by flowing electron through the sample,

there could be positive charge accumulation over the surface

and potentially affect the band bending due to insufficient

compensation of electron loss. In this differential charging

effect, the photoelectrons emitted from semiconductor was

compensated by flowing electron through the sample holder

and may not be fully neutralized from the dielectric material

due to insulating nature of the film that could modify the core

level signals from the dielectric and subsequently affect the

valence band offset.42–44 During our XPS measurement, we

have used continuous flow of electron to minimize the binding

energy shift caused by the charging effect. Also, the CL and

VB were shifted by the same amount such that the difference

between these binding energy values has a less significant

effect on the valence band offset of BTO on Ge. Besides, all

measured CLs and valence band binding energy values were

corrected by shifting C 1s core level peak to 285.0 eV. Thus,

the influence of charging effect on the measured valence band

offset between BTO and (110)Ge is minimized.

IV. CONCLUSIONS

In summary, pulsed laser deposited BaTiO3 layers with

quasi-zero lattice mismatch on epitaxial (110)Ge were demon-

strated by high-resolution x-ray diffraction. Cross-sectional

TEM micrography confirmed that amorphous BTO layer on

(110)Ge showed a sharp interface. There was no trace of inter-

facial layer between the BTO film and the (110)Ge epilayer.

XPS results showed the DEv of 1.99 6 0.05 eV at the BTO/

(110)Ge heterointerface. The DEc was calculated to be

1.14 6 0.1 eV using the bandgap of BTO of 3.8 eV and with

the Ge bandgap of 0.67 eV. These band offset parameters for

carrier confinement and the interface chemical properties of

the BaTiO3/(110)Ge system are significant advancements

towards designing Ge-based p-and n-channel MOSFETs for

low-power application.
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