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Crystallographically oriented epitaxial Ge layers were grown on (100), (110), and (111)A GaAs

substrates by in situ growth process using two separate molecular beam epitaxy chambers. The band

alignment properties of atomic layer hafnium oxide (HfO2) film deposited on crystallographically

oriented epitaxial Ge were investigated using x-ray photoelectron spectroscopy (XPS). Valence band

offset, DEv values of HfO2 relative to (100)Ge, (110)Ge, and (111)Ge orientations were 2.8 eV,

2.28 eV, and 2.5 eV, respectively. Using XPS data, variation in valence band offset, DEVð100ÞGe
> DEVð111ÞGe > DEVð110ÞGe, was obtained related to Ge orientation. Also, the conduction band

offset, DEc relation, DEcð110ÞGe > DEcð111ÞGe > DEcð100ÞGe related to Ge orientations was

obtained using the measured bandgap of HfO2 on each orientation and with the Ge bandgap of 0.67 eV.

These band offset parameters for carrier confinement would offer an important guidance to design

Ge-based p- and n-channel metal-oxide field-effect transistor for low-power application. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4795284]

I. INTRODUCTION

A combination of high-j gate dielectric with high mobil-

ity III-V and Ge channel materials has been explored for tran-

sistor miniaturization and to enhance transistor performance at

low supply voltage operation.1 One attractive approach is to

replace the Si channel with high intrinsic hole mobility Ge for

p-channel and low effective carrier mass III-V material for

n-channel material.2–5 Alternative approach is different surface

orientations to improve carrier mobility6–9 and optimal channel

direction for device speed.10–14 Recently, semiconductor

industry was replaced SiO2 gate oxide by hafnium-based gate

dielectric on Si complementary metal oxide semiconductor

(CMOS) technology and demonstrated superior microproces-

sor performance compared to SiO2 gate oxide.15 A combina-

tion of HfO2 high-j gate dielectric with high mobility Ge

would provide an opportunity for interface engineering and tai-

loring transistor properties. Moreover, HfO2 high-j dielectric

should have a valence and conduction band discontinuity

larger than 1 eV relative to the Ge channel material16 to reduce

leakage currents due to tunneling through the barrier at the

interface between the HfO2 and the Ge layer.

Significant research on the high-j gate dielectrics HfO2,
17,18

ZrO2,
19 Al2O3,

20–22 Y2O3,
23 and germanium-oxynitride24 has

been studied on the (100)Ge metal-oxide semiconductor

(MOS) devices. Although excellent device performances were

achieved using high-j gate dielectrics on bulk (100)Ge and ox-

ide/(100)Ge band alignment properties, little attention has

been devoted on the integration of high-j gate dielectrics on

the epitaxial (110)Ge, (111)Ge, and the associated energy band

alignment at each interface. Moreover, finding a common
high-j gate dielectric on epitaxial (100)Ge, (110)Ge, and

(111)Ge layer is essential to eliminate the formation of high

density intrinsic defects with energy levels in the semiconduc-

tor band gap25 due to poor quality native oxides, resulting in

Fermi level pinning26 at the oxide-semiconductor interface. In
this paper, we have investigated and compared the band align-

ment properties between the atomic layer deposited HfO2 ox-

ide film on the crystallographically oriented epitaxial Ge layer

grown on (100)GaAs, (110)GaAs, and (111)A GaAs substrates

using x-ray photoelectron spectroscopy (XPS) measurement.

Furthermore, the use of Ge orientations for device applications

as well as Ge surface orientation on interface properties is

essential for designing p-channel and n-channel Ge metal-

oxide semiconductor field-effect transistors (MOSFETs). In

this study, we have demonstrated both valance band and con-

duction band offsets larger than 2 eV on crystallographically

oriented Ge layer.

II. EXPERIMENTAL

Undoped epitaxial Ge layers were grown by in situ
growth process on (100), (110), and (111)A epi-ready GaAs

substrates using separate solid source molecular beam epi-

taxy (MBE) growth chambers for Ge and III-V materials,

connected via ultra-high vacuum transfer chamber. Substrate

oxide desorption was done at �680 �C for (100)/6�-oriented

GaAs, �580 �C for (110)-oriented GaAs, and �550 �C for

(111)A-oriented GaAs substrates under an arsenic overpres-

sure of �1� 10�5 torr in a III-V MBE chamber. Reflection

high energy electron diffraction patterns were recorded for

each step of the growth process. A 0.2 lm thick undoped

GaAs layer was grown on each GaAs substrate prior to the

deposition of Ge epilayer grown at 400 �C on each orienta-

tion. The details of the growth procedure and structural prop-

erties can be found elsewhere.27,28 The 1 nm and 5 nm HfO2

films were grown by atomic layer deposition (ALD) in a

Cambridge NanoTech system on epitaxial (100)Ge, (110)Ge,

and (111)Ge using a tetrakis(dimethylamino)hafnium compound
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as Hf precursor and H2O as oxygen source. All Ge epilayers

were wet etched to �5 nm using NH4OH:H2O2:H2O (2:1:200

volume ratio) prior loading to ALD chamber for HfO2 deposi-

tion. During the HfO2 growth, the surface temperature of all

Ge samples and Hf precursor temperature were kept constant

at 250 �C and 75 �C, respectively. All three Ge layers were

placed in each run for HfO2 deposition thickness of 1 nm or

5 nm.

The band alignment properties of HfO2/(100)Ge, HfO2/

(110)Ge, and HfO2/(111)Ge structures were investigated

using a PHI Quantera SXM XPS system with a monochro-

mated Al-Ka (energy of 1486.7 eV) x-ray source. The Ge 3d

and Hf 4f core level (CL) binding energy spectra as well as

Ge and Hf valence band (VB) binding energy spectra for all

orientations were collected with a pass energy of 26 eV and

an exit angle of 45�. The CL energy position was defined as

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

(i.e., full width at half maximum). The bandgap of the HfO2

film, the CL, and valence electrons emitted from each orienta-

tion determined from XPS measurement will allow to deter-

mine the valence band offset of HfO2 relative to (100)Ge,

(110)Ge, and (111)Ge films by the method described in

Ref. 29. The angle integrated photoelectron energy distribu-

tion curves for the valence band maximum (VBM), the Ge 3d,

and Hf 4f core levels spectra were recorded. The binding

energy was corrected by adjusting the carbon 1s core-level

peak position to 285.0 eV for each sample surface. This work

provided the detailed study on the band alignment properties

of the HfO2 relative to the epitaxial (100)Ge, (110)Ge, and

(111)Ge layers along with the offset values of Ge on off-

oriented GaAs substrates, recently demonstrated in Ref. 28.

III. RESULTS AND DISCUSSION

The valence band offset, DEv of 2.8 6 0.1 eV between

the HfO2 and the (100)Ge was studied by several research-

ers using different deposition methods of HfO2.17

Conduction band offset, DEc varying from 2.0 to 2.2 eV was

found17 and the reason was partly due to the measurement

errors associated with the bandgap of HfO2 layer. These

band discontinuities play a central role on the electrical

transport properties of MOSFET devices, since sufficient

band offset barriers were needed to suppress the tunneling

leakage current for both electrons and holes. However, the

experimental band offset values on the (110)Ge and

(111)Ge epitaxial layers would provide better understanding

into the electrical transport properties of the p-channel and

n-channel MOSFET, respectively, since the reported hole

mobility is higher on (110)Ge and electron mobility on

(111)Ge.

A. HfO2/(100)Ge heterointerface

In order to determine the DEv and DEc at the HfO2/(100)

Ge heterointerface, XPS spectra were collected from the fol-

lowing 3 samples: (1) (100)Ge epitaxial layer, (2) 5 nm thick

HfO2 film on (100)Ge, and (3) interface of 1 nm HfO2 on

(100)Ge layer. Figures 1(a) and 1(b) show the Ge 3d CL

ðEGe
Ge3dÞ spectrum and VBM ðEGe

VBMÞ of (100)Ge film as well

as Hf 4f CL ðEHf
Hf 4f Þ spectrum and VBM ðEHf

VBMÞ of 5 nm

HfO2 film, respectively. Figure 2(a) shows the Ge 3d CL

ðEGe
Ge3dÞ and Hf 4f CL ðEHf

Hf 4f Þ spectrum of 1 nm HfO2 on

(100)Ge interface. The DEv at the HfO2/(100)Ge heterointer-

face was determined using these measured CL spectra with

the following equation:29

DEV ¼
�

EGe
Ge3d � EGe

VBM

�Ge

�
�

EHf
Hf 4f � EHf

VBM

�5nmHfO2

�
�

EGe
Ge3d � EHf

Hf 4f

�1nmHfO2=Geinterface

: (1)

Finally, the DEc at the HfO2/(100)Ge interface was deter-

mined from the following equation:

DEC ¼ EHfO2
g � EGe

g � DEV ; (2)

where EHfO2
g and EGe

g are the bandgaps of HfO2 determined

from Fig. 2(b) and Ge, respectively.

The position of the Ge 3d peak centroid from the XPS

measurement was found to be 30.05 6 0.05 eV as shown in

Fig. 1(a). This value was obtained by measuring the center

FIG. 1. XPS spectra of (a) Ge 3d core level ðEGe
Ge3dÞ and valence band maxi-

mum, VBM ðEGe
VBMÞ of (100)Ge film; (b) Hf 4f core level ðEHf

Hf 4f Þ spectrum

and VBM ðEHf
VBMÞ of 5 nm HfO2 film.

FIG. 2. XPS spectra of (a) Ge 3d ðEGe
Ge3dÞ and Hf 4f core level ðEHf

Hf 4f Þ spectra

of 1 nm thin HfO2 film/(100)Ge interface, and (b) shows the core level spec-

trum of 5 nm HfO2 film. The band gap of HfO2 was determined to be

5.52 6 0.1 eV.

114303-2 M. K. Hudait and Y. Zhu J. Appl. Phys. 113, 114303 (2013)
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of the peak width at half of the peak height after Shirley

background subtraction. The error bar we defined in this

paper is due to the scatter of VB spectra during the fitting of

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 bulk HfO2 and thick Ge film to the base lines. Truly, the

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

edge used to obtain the regression line.30,31 Several different

sets of points were selected over the linear region of the lead-

ing edge to perform regressions, and the uncertainty of DEv

and DEc values were found to be in the range of 0.05-0.1 eV

in the present work. Figure 1(a) shows the VBM for the

(100)Ge film. The energy difference between the Ge 3d cent-

roid and the (100)Ge VBM was measured to be

29.45 6 0.05 eV. Similarly, the energy difference between

the Hf 4f centroid and the Hf VBM was found to be

14.08 6 0.05 eV for 5 nm HfO2 film. For 1 nm HfO2 film on

(100)Ge, the energy difference between the Ge 3d centroid

and the Hf 4f core lines was determined to be

12.57 6 0.05 eV. Using these measured data and Eq. (1), the

measured value of DEv for the HfO2/(100)Ge interface was

determined to be 2.8 6 0.05 eV. Here, we have selected Hf

4f7/2 CL spectra than Hf 4f5/2 since the binding energy sepa-

ration between the Hf 4f7/2 and the Hf 4f5/2 peaks is fixed to

be 1.7 eV. As a result, the band offset value would not

change if we select Hf 4f5/2 as the CL binding energy peak.

In order to determine the DEC for the HfO2 relative to

(100)Ge heterointerface, the precise determination of the

bandgap of HfO2 is essential. Figure 2(b) shows the CL spec-

trum from 5 nm thick HfO2 film and the band gap was deter-

mined to be 5.52 6 0.1 eV. The DEC can be calculated based

on the measured DEv and the difference in bandgaps of HfO2

and Ge, where DEg¼DEvþDEc. Using Eq. (2), the DEc was

calculated to be 2.05 6 0.1 eV using the bandgap of Ge

0.67 eV, the measured value of DEv, and the measured bandgap

of HfO2. These offset values are similar to those obtained by

several researchers on ALD HfO2/(100)Ge interface.17,32 These

results also suggest that the barrier height of HfO2/(100)Ge was

large enough to obtain low leakage current using HfO2 as high-

j gate dielectric on (100)Ge. Table I shows the CL to VBM

binding-energy difference and the resulting band offsets on

(100)Ge epitaxial layer.

B. HfO2/(110)Ge heterointerface

As discussed earlier, the (110)Ge orientation has a sig-

nificant effect on the hole mobility enhancement. The DEV

and DEC discontinuities at the HfO2/(110)Ge heterointerface

were quantified using Eqs. (1) and (2). Figures 3(a) and 3(b)

show the Ge 3d CL spectrum and VBM of (110)Ge film as

well as Hf 4f CL spectrum and VBM of 5 nm HfO2 film,

TABLE I. CL to VBM binding-energy difference for HfO2 and epitaxial

(100)Ge grown on (100)/6� GaAs substrate.

Measured band offsets

of HfO2/(100)Ge/(100)GaAs

Material and

interface Binding energy difference DEV (eV) DEC (eV)

Ge EGe
Ge3d � EGe

VBM ¼ 29:45 6 0:05 eV

5 nm HfO2 EHf
Hf 4f � EHf

VBM ¼ 14:08 6 0:05 eV

1 nm HfO2

on Ge
EHf

Hf 4f � EGe
Ge3d ¼ 12:57 6 0:05 eV

Eg of HfO2 5.52 6 0.1 eV 2.8 6 0.05 2.05 6 0.1

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

mum, VBM ðEGe
VBMÞ of (110)Ge film; (b) Hf 4f core level ðEHf

Hf 4f Þ spectrum

and VBM ðEHf
VBMÞ of 5 nm HfO2 film.

FIG. 4. XPS spectra of (a) Ge 3d ðEGe
Ge3dÞ and Hf 4f core level ðEHf

Hf 4f Þ spectra

of 1 nm thin HfO2 film/(110)Ge interface, and (b) the CL spectrum of 5 nm

HfO2 film. The band gap of HfO2 was determined to be 5.61 6 0.1 eV.

TABLE II. CL to VBM binding-energy difference for HfO2 and epitaxial

(110)Ge grown on (110)GaAs.

Measured band offsets

of HfO2/(110)Ge/(110)GaAs

Material and

interface Binding energy difference DEV (eV) DEC (eV)

Ge EGe
Ge3d � EGe

VBM ¼ 29:36 6 0:05 eV

5 nm HfO2 EHf
Hf 4f � EHf

VBM ¼ 14:50 6 0:05 eV

1 nm HfO2

on Ge
EHf

Hf 4f � EGe
Ge3d ¼ 12:58 6 0:05 eV

Eg of HfO2 5.61 6 0.1 eV 2.28 6 0.05 2.66 6 0.1
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respectively. Figure 4(a) shows the Ge 3d CL and Hf 4f CL

spectrum of 1 nm HfO2 on (110)Ge heterointerface. Figure

4(b) shows the CL spectrum of 5 nm HfO2 film and the band

gap was determined to be 5.61 6 0.1 eV. The measured val-

ues of DEv and DEc at the HfO2 on (110)Ge heterointerface

were 2.28 6 0.05 eV and 2.66 6 0.1 eV, respectively, thus

have a potential advantage for hole confinement. These band

offset parameters were presented in Table II.

C. HfO2/(111)Ge heterointerface

Figures 5 and 6 show the CL XPS spectra for the

(111)Ge epitaxial layer, 5 nm HfO2, 1 nm HfO2 on (111) Ge

interface, and HfO2 bandgap, respectively. The measured

FIG. 5. XPS spectra of (a) Ge 3d core level ðEGe
Ge3dÞ and valence band maxi-

mum, VBM ðEGe
VBMÞ of (111)Ge film; (b) Hf 4f core level ðEHf

Hf 4f Þ spectrum

and VBM ðEHf
VBMÞ of 5 nm HfO2 film.

TABLE III. CL to VBM binding-energy difference for HfO2 and epitaxial

(111)Ge grown on (111)A GaAs.

Measured band offsets

of HfO2/(111)Ge/(111)A GaAs

Material and

interface Binding energy difference DEV (eV) DEC (eV)

Ge EGe
Ge3d � EGe

VBM ¼ 29:58 6 0:05 eV

5 nm HfO2 EHf
Hf 4f � EHf

VBM ¼ 14:44 6 0:05 eV

1 nm HfO2

on Ge EHf
Hf 4f � EGe

Ge3d ¼ 12:64 6 0:05 eV

Eg of HfO2 5.76 6 0.1 eV 2.50 6 0.05 2.59 6 0.1

TABLE IV. Band offset values of HfO2 on crystallographically oriented epi-

taxial Ge layers.

(100)Ge (110)Ge (111)Ge

DEv (eV) 2.8 6 0.05 2.28 6 0.05 2.50 6 0.05

DEc (eV) 2.05 6 0.1 2.66 6 0.1 2.59 6 0.1

Eg of HfO2 (eV) 5.52 6 0.1 5.61 6 0.1 5.76 6 0.1

FIG. 6. XPS spectra of (a) Ge 3d ðEGe
Ge3dÞ and Hf 4f core level ðEHf

Hf 4f Þ spectra

of 1 nm thin HfO2 film/(111)Ge interface, and (b) the CL spectrum of 5 nm

HfO2 film. The band gap of HfO2 was determined to be 5.76 6 0.1 eV.

FIG. 7. Energy-band diagram of the HfO2/Ge heterojunction obtained from

XPS measurements on (a) (100)Ge, (b) (110)Ge, and (c) (111)Ge. The DEc

has been calculated based on the measured DEv and the difference in

bandgap of HfO2 and Ge in each orientation, where DEg¼DEvþDEc. The

Ge/GaAs band offset in each orientation is included from Ref. 28.

114303-4 M. K. Hudait and Y. Zhu J. Appl. Phys. 113, 114303 (2013)
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values of DEv and DEc for the HfO2 on (111)Ge were

2.50 6 0.05 eV and 2.59 6 0.1 eV, respectively. The result

obtained from analysis of these data is presented in Table III.

Although the magnitude of the variation of the DEv and DEc

was consistent to the values on (100)Ge epilayer by other

researchers, our results demonstrated a valence band offset

relation of DEVð100ÞGe > DEVð111ÞGe > DEVð110ÞGe and

the conduction band offset relation of DEcð110ÞGe
> DEcð111ÞGe > DEcð100ÞGe after careful investigation of

HfO2 on crystallographically oriented epitaxial Ge layers by

XPS measurements. The result obtained from this analysis is

also presented in Table IV. One can find that the crystallo-

graphic orientation of Ge epilayer has a strong influence on

the band offset properties, which is believed to be the quality

of the Ge/GaAs heterojunction growth, the surface recon-

struction of Ge layer, and the interface quality of the HfO2/

Ge heterointerface. Figure 7 shows the band alignment dia-

gram of the measured HfO2 on (a) (100)Ge, (b) (110)Ge, and

(c) (111)Ge heterointerface. The band offset values of Ge on

(100)GaAs, (110)GaAs, and (111)A GaAs substrates were

included in this figure from Ref. 28. Although the transport

properties strongly depend on the interface states between

the high-j and the Ge layer, there are no reliable bandgap

data of GeOx (1� x� 2) which are available. Therefore, the

only measured band alignment of HfO2 on crystallographi-

cally oriented epitaxial Ge is included in Fig. 7. Figure 8

shows the histogram of DEv and DEc distribution obtained

from atomic layer HfO2 oxide film deposited on crystallo-

graphically oriented Ge layers. One can find from this figure

that the measured valence and conduction band offsets were

above 2 eV, required for confining carriers inside the Ge

channel to reduce the leakage current. Thus, these measured

band offset values on crystallographically oriented epitaxial

Ge will provide a promising path for Ge based n-channel and

p-channel transistor design.

IV. CONCLUSIONS

Epitaxial crystallographically oriented Ge layers were

grown by in situ MBE growth process on (100), (110), and

(111)A GaAs substrates. Atomic layer HfO2 oxide films were

deposited on each Ge film. The band alignment properties of

HfO2 on epitaxial crystallographically oriented Ge layers were

investigated using x-ray photoelectron spectroscopy. Valence

band offsets of 2.8 eV, 2.28 eV, and 2.5 eV were measured

from HfO2/(100)Ge, HfO2/(110)Ge, and HfO2/(111)Ge hetero-

interfaces, respectively, using XPS measurement. Using

XPS data, variations in valence band offset DEVð100ÞGe
> DEVð111ÞGe > DEVð110ÞGe related to crystallographic Ge

were obtained. Moreover, the conduction band offset related

to the crystallographic Ge was DEcð110ÞGe > DEcð111ÞGe
> DEcð100ÞGe using the measured bandgap of HfO2 on each

orientation and with the Ge bandgap of 0.67 eV. These band

offset parameters for carrier confinement would offer an im-

portant guidance for designing Ge-based p-and n-channel

metal-oxide field-effect transistor for low-power application.
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