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1. Introduction

Serious limitations in the continuous scding of S
complementary ~ meta-oxide-semiconductor  (CMOS)
deviceslead to challenge to replace conventiona materialsin
MOS gtructures with new ones such as meta gate, high-gate
didectric and advanced channd. Germanium is one of the
most promising candidates for the channd materid of
advanced MOSFETs from the viewpoaints of its higher carrier
mobility than that of S [1, 2]. Specificaly, the combination
of Ge channd and high-k didectric stack is increasingly
attractive because of its potentia advantages of being able to
redlize a large driving current [3-5]. Because the thermd
stability of the interface between high-k gate didectric and
Ge(100) is not understood clearly[6], the evduation of
chemica and eectronic structures in ultrathin high-k gate
didlectrics on Ge(100) after post-deposition anned (PDA) is
thought to be of crucid importance for practica use.  In this
work, we focus on ultrathin HfO,/Ge(100) heterostructure
and have dudied chemica bonding features near the
interface and the energy band dignment between HfO, and
Ge(100) by using x-ray photoe ectron spectroscopy.

2. Experiment

After degreasing by acetone and pure water rinse, Ge(100)
subgtrates were immersed in 20%HCI solution to remove the
native oxide.  Subsequently, Ge(100) substrates were
re-oxidized in 10%H,0, solution at room temperature and
dipped in a dilute HF-treatment.  Subsequently, amorphous
HfO, layersin the thickness range of 2.1~5.4nm were formed
on wet-chemicaly cleaned Ge(100) substrates by
eectron-beam (EB) evaporation in O, ambient & room
temperature.  Some of the samples so prepared were
anneded a 550°C in ultra-high vacuum (UHV) ambient at
~1.0x10° Pa  To chaacterized the chemicd bonding
features in the oxides, high-resolution x-ray photoelectron

spectroscopy (XPS) were performed a photoel ectron take-off
angles of 90° and 15° under a monochromatized AIK
o, (1486.7€V) rediction. The energy band profiles have been
determined in combination of oxide bandgep vaues
measured by Ols energy loss signals and the valence band
lineups.

3. Reaultsand Discusson

For asevaporaed sample, an increese in  the
chemicaly-shifted Ge3d signd due to Ge-O bonds is
observable dthough the exigtence of the interfacid oxide
layer between HfO, films and Ge(100) subgtrates is hardly
detected by high-resolution TEM observations (Fig. 1). The
result suggests that Ge atoms are diffused and incorporated
into the HfO, network. To evaluate the diffusion of Ge
atomsinto the oxides, we measured Ge3d and Hf4f spectra of
the as-evaporated sample at each step of progressive etching
in a 0.1% HF solution. Obvioudy, the chemicaly shifted
Ge3d sgnds due to Ge-O bonds and Hf4f signds were
decreased when the sample was dipped in dilute HF solution
for 10sec, which confirms the diffusion of Ge atoms in the
oxide. After the complete removd of the top HfO, layer
with dilute HF etching (60sec), the chemicaly shifted Ge3d
sgnas show the exisence of a Ge oxide layer as thin as
~0.4nm. As represented in Fig. 2, the compositiond profile
before and after UHV anned at 550°C was obtained from the
changein the core-line Sgnals a each steps of oxide thinning.
It isfound that the Ge atoms were incorporated into the HfO,
films by ~10at.% during the HfO, evaporation. In UHV
annedling a 550°C, the Ge content was increased up to
~20at.% near the sample surface but no Ge atom was detected
at the top surface.  Noatice that no compositionaly separated
layer was formed at the interface between HfO, and Ge(100)
subdtrates.  To evauate the energy bandgaps of the ultrathin
HfO, films before and after anneding, Ols energy loss
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Fig. 1. Ge3d and Hf4f spectra measured at each oxide thinning for as-evaporated samples.  The oxide thinning was performed by

using a0.1% HF solution.



sgnas were measured as shown in Fig. 3. Conddering the
fact that Hf4s signals overl ap with energy loss spectrum of the
primary O1s core line sgnds, we first subtracted the Hf4s
component expected from Hf4f dgna intensty from the
measured spectrum to obtain an inherent background of the
O1s core line signds and the defined the onset with a linear
extrapolaion of a leading segment to the background level.
The energy bandgap of ultrathin HfO, in the thickness range
of 2.1~5.4nm were determined to be 6.15+0.05eV and remain
unchanged by UHV-annedling at 550°C. For the evdudion
of the valence band (VB) offset between HfO, and Ge(100),
the VB gpectra for anneded sample were messured and
deconvoluted into two components by subtracting the
component originating from the wet-chemicaly cleaned
Ge(100) as shown in Fig. 4. In the spectral deconvolution,
the VB spectrum separately measured for wet-chemically
cleaned Ge(100) was used and the binding energy for each
valence band spectrum was cdlibrated with the Ge3d5/2 core
line peak due to the metalic signas of the Ge(100) subgtrate.
As a reault, the VB offset between HfO, and Ge(100) was
evaluated to be 3.35+0.05eV from the anadysis of the VB
gpectra for HFO,/Ge(100) structures and consequently the

conduction band offsat was derived as shown in Fg. 5.

In summary, we have confirmed that Ge atoms diffuse and
incorporate into HfO, by HfO, evaporation and demongtrated
that the energy band offsets between HfO,: Ge and Ge(100)
after UHV anneding a 550°C are ~3.35eV in the vaence
band edge and ~2.14eV in the conduction band edge

respectively.
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Fig. 2. the compodtiond profile () before and (b) after UHV annedl at 550°C was obtained from the change in the coreline

sgndsat each gepsof oxide thinning.
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Fg. 3 Ols enegy loss gpectra for
HfO./Ge(100) gructures before and  after
UHV-anned a 550°C. The gpectrum for
HfO,/SI0,/SI(100) structure was dso shown as
a reference.  All spectra was subtracted the
Hf4s component from the messured Ols

energy loss spectra

Fig. 4 Vaence band spectra for anneded
sample and the deconvoluted spectra for
wet-chemically cleaned Geg(100).  The
remains correspond to the VB spectrum of
the HfO, films.
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Fig. 5 Energy band dignment of
HfO, incorporated Ge aoms to
Ge(100) subgtrate.



