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Abstract 
We have studied the nitridation ofHF-last Ge(lOO) assisted by vacuum-ultra violet (VUV) irradiation in NH3 ambience 

in the temperature range of 200~500°C by X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared 
attenuated total reflection (FT-lR-AIR). Ge3d spectra taken just after wet-chemical cleaning steps show that there 
exists Ge oxide as thin as -Q.4nm in average thickness on Ge(lOO). In the cases without VUV irradiation, the thermal 
nitridation was not detected in the temperature range of 300-580°C although the thermal desorption of Ge oxide occurred 
around 500°C. Surface nitridation proceeded under the VUV irradiation in NH3 ambience at 200~300°C, and Ge 
oxynitride as thin as -0. 76nm with an average nitrogen content of-37at% was formed at 300°C. At 500°C under VUV 
radiation, aGe surface covered with -Q.43nm-thick nitride was obtained as a result of desorption of Ge-0 bonds and 
surface termination with Nlfx. Although surface roughness was increased from 0.22 to 0.82nm in root mean square 
(RMS) value by 500°C nitridation, the obtained surface was fairly stable against oxidation during exposure to clean room 
air. Also, p-polarized IR-AIR measurements using a Ge prism confrrm the formation of the Ge-N network from the 
evolution of an absorption band peaked around 730cm·1
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1. INTRODUCTION 
It will be a challenge to replace conventional materials 

in MOS structures with new ones such as metal gate, 
high-gate dielectric and advanced channel because of 
serious limitations in the continuous scaling of Si 
complementary metal-oxide-semiconductor (CMOS) 
devices. Germanium is a promising alternative for the 
channel material of advanced MOSFETs from the view 
points of its high carrier mobility for improved injection 
current density and small band gap for supply voltage 
scaling [1, 2]. Specifically, the combination of Ge 
channel and high-k dielectric stack is increasingly 
attractive because of its potential advantages of being 
able to realize a large driving current [3-5}. However, 
there are some concerns about the nature of oxide!Ge 
interfaces, including the poor thermal and chemical 
stability of Ge-0 bonds. The thermal desorption of Ge 
oxide at a temperature as low as ---450°C causes the 
interface roughening during gate dielectric formation by 
chemical vapor deposition (CVD) [6, 7]. Also, in 
capacitance-voltage characteristics of Ge MOS 
capacitors, significant hysteresis and frequency 
dispersion associated with slow interface states are often 
observed [8]. To overcome such practical difficulties, 
the formation of ultrathin Ge nitrides and oxynitrides 
before high-k deposition is thought to be of great 
importance to improve the structural stability at the 
interface between gate dielectrics and Ge(lOO) substrates. 
In fact, the Nrplasma nitridation of Ge(lOO) at 300°C 
leads to the formation of a flat interface between Ge~4 
and Ge(lOO) with a fairly low trap density [9} in contrast 
to the fact that thermal nitridation of Ge(lOO) in NH3 

ambience hardly occurs at temperatures lower than 
600°C [10]. 

In this work, we examined how the surface 
nitridation of wet-chemically cleaned Ge(lOO) is 
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promoted by VUV radiation in a NH3 ambience in the 
temperature range from 200 to 500°C. 

2. EXPERIMENTAL 
The substrates used in this study were p-type Ge(lOO) 

wafers with a resistivity of 0.019-Q.0260cm. After 
degreasing by acetone and pure water rinse, Ge(lOO) 
substrates were innnersed in 20%HC1 solution to remove 
the native oxide. Subsequently, Ge(lOO) substrates 
were re-oxidized in I O%H20 2 solution at room 
temperature and dipped in a dilute HF -treatment. The 
surface roughness before and after the dilute 
HF-treatment are 022 and 0.23nm in root-mean-square 
(RMS) value, respectively. The HF-last Ge(IOO) 
surfaces were pre~heated at 100°C at a pressure of 
~ 1. Oxl 0--6 Pa for 5 min and nitrided in an ambient NH3 at 
a pressure of 22Pa in the temperature range from 200 to 
500°C under VUV irradiation peaked at 172nm from an 
excimer lamp for 5--60 min. A halogen lamp heating 
system was used for substrate heating. The chemical 
bonding features of the samples so prepared were 
characterized by x-ray photoelectron spectroscopy (XPS) 
using a monochromatized AlKa (1486.7eV) radiation 
and Fourier transform infrared attenuated total reflection 
(FT-lR-ATR). The surface roughness was also 
measured by an atomic force microscope (AFM) using a 
Rh-coated Si~4 cantilever in clean room ambient. 

3. RESULTS AND DISCUSSION 
The Ge3d, Ols and Nls spectra taken before and 

after NH3 annealing at 300 and 580°C for 10 min 
without VUV irradiation are shown in Fig. 1. The 
binding energy was calibrated with metallic signals of 
Ge(lOO) substrates peaked at 29.9eV. For the 
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as-cleaned Ge(100) surface, the chemically-shifted Ge3d 
signals around 33.0eV show the existence of aGe oxide 
layer. From the intensity ratio of the chemically-shifted 
Ge3d signals to the substrate Ge3d signals, a Ge oxide 
layer thickness just after wet-chemically steps was 
estimated to be ....0.3lnm. No N1s signals even after 
NH3-anneal indicate that surface nitridation did not 
proceed in the temperature range of 300~580°C without 
VUV irradiation as reported previously [10]. Jn the 
case of NH3-annealing at 300°C for 10 min, an increase 
in each of the chemically shifted Ge3d and Ols signals 
show the growth of the Ge oxide, being attributable to 
residual moisture in the NH3 ambience. The oxide 
thickness was evaluated to be 0.72nm. Jn contrast, 
NH3-annealing at 580°C for 10 min causes a significant 
decrease in each of the chemically shifted Ge3d and Ols 
signals, which suggests progress in the thermal 
desorption of Ge-0 bonds. 

By VUV irradiation in NH3 ambience at 300°C for 

10 min, the chemically-shifted Ge3d signals are slightly 
increased in the lower binding energy side and decreased 
in the higher binding energy side as shown in Fig. 2. 
Correspondingly, N1s signals at approximately 398eV 
were detected and 01s signals were markedly decreased. 
This result indicates that surface nitridation is enhanced 
by VUV irradiation. The thickness of the resultant 
GeON layer was estimated to be ....0.56nm and the N 
content was 32.5at%. Notice that, for 1.4nm-thick Ge 
oxide grown by UV-03 oxidation at 100°C, no surface 
nitridation under VUV irradiation in NH3 ambience at 
300°C occurs. It is likely that the nitridation ofHF-last 
Ge(lOO) under VUV irradiation is rate-limited by the 
substitution of 0 atoms in sub-oxides with N atoms. 
With an increase in VUV irradiation time over 60 min, 
the surface nitridation ofHF-last Ge(100) at 300°C tends 
to be saturated to ....0.76nm in oxynitride thickness with a 
nitrogen content of ~37at.% as represented in Fig. 3. 
When the VUV-assisted NHrnitridation temperature is 

• As-cleaned 
- - - 300~c. 1 Omin 
- 580"C, 1 Omin 

Fig. 1. Ge3d, Ols and Nls spectra taken for the Ge(lOO) surfaces before and after NH3 annealing at 300 and 
58ooc for 10 min. The binding energy was calibrated with the Ge3d512 peaked at 29.9eV and the photoelectron 
~tensity was normalized by the peak intensity of Ge3d signals from the Ge(lOO) substrate. Ge LMM Auger 
signals that peaked at -534e V are superimposed on the high binding energy tail of 01 s core line signals. 
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Fi~. 2. Ge3d, 01s and N1s spectra taken before and after VUV irradiation in NH3 ambience at 300°C for 10-120 
mm. The ~pectra after NH3 annealing at 30ooc (dot circles) without VUV irradiation and the spectra after 
~ratmealing at 3oooc under VUV irradiation of 1.4nm-thick Ge oxide grown by UV-03 oxidation at 100°C (open 
crrcles) are also shown as references. 
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increased to 500°C, the cn;;:nucaH 
and Ols signals at 531.5eV were 
uw•""~"'l.Y decreased and were slightly 
increased (Fig. 4). There was no difference 
in surface nitridation betweeri the cases for 10 min and 
60 min in VUV irradiation and the surface 
nitridation on Ge(lOO) was limited in a moJilotatyer 
-0.23mn in nominal thickness, which 
condition among thermal desorption oxide, surface 
oxidation residual moisture and surface nitridation. 
To gain insight into the of the surface 
nitridation, the change in the surface morphology with 
VUV-assisted Nll3 nitridation was examined as 
represented in Fig. 5. AFM dearly show that 
500°C nitridation causes a significant increase in the 
surface microroughness up to 0.82nm in RMS value, 
presumably as a result of surface nitridation competition 
with surface oxidation and thermal desorption. The 
formation of a Ge oxynitride network by VUV-assisted 
NH3-nitridation was also measured using a 
p-polarized infrared attenuated total (IR-AIR) 
method as shown in 6. Infrared absorption bands 
due to a Ge-0-Ge network around 850 and 940cm-1 

appear as seen in the lR-AIR ofGe oxide \vith a 
thickness of 1.6nm formed by oxidation at 300°C. 
VUV-assisted NH3 nitridation ofHF-last Ge(lOO) at 200 
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Fig. 3. The oxynitride layer thickness obtained at 
different VUV-irradiation times at 300°C. The 
nitrogen content in each case is also shown and the 
data point obtained at 200"C is plotted as welL TI1e 
dashed line denotes nominal oxide thickness 
estimated for the HF -last Ge(l 00) surface. 
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Fig. 4. Ge3d, Ols and Nls spectra taken after VUV-assisted NH3 nitridation at 500°C for 5-60 min. The Ge3d 
and Ols spectra after wet-chemical steps are also shown as references. Ge LMM Auger signals peaked at 
-534e V are superimposed on the high binding energy tail of 01 s core line signals. 
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Fig. 5. AFM topographic images taken (a) just after wet-chemical steps and after VUV-assisted NHrnitridation 
of Ge( I 00) surfaces at (b) 300"C and (c) 500°C for 1 0 min. 
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Fig. 6. P-polarized FT-IR-ATR spectra taken after 
VlN-assisted NH3-nitridation at 200-500°C. The 
spectrum for 1.6nm-thick Ge oxide grown by UV-03 
oxidation at 300"C (dotted circles) is also shown as a 
reference. 

or 300°C causes an increase in the absorption band at 
approximately 740cm·1 due to the Ge-N network (11] 
accompanied by an increase in the absorption band due 
to the Ge-0 bonds. At a nitridation temperature of 
500"C, a decrease in theIR absorption due to Ge-0 bond, 
which indicates the thermal desorption of native Ge 
oxide on HF-last Ge(IOO), and a corresponding slight 
increase of Ge-N bonds were observable, consistent with 
the results obtained by XPS analysis. 

4. SUMMARY 
In direct thermal NI-I3 nitridation at 300~580"C, 

surface nitridation was not detected and the thermal 
desorption of Ge oxide around 500"C was confirmed. 
In VlN irradiation in NH3 ambience at 20D-500"C, the 
surface nitridation of chemically cleaned Ge(lOO) is 
promoted with VlN irradiation at 200-300°C, and Ge 
oxynitride as thin as -0.76nm with an average nitrogen 
content of ~37at.% was obtained. In VlN-NH3 

nitridiation at SOO"C, a surface nitridation as thin as 
-0.23nm in thickness was obtained and the surface 
roughness was markedly increased (-0.82nm) as a result 
of the desorption of Ge o:xides. The formation of the 
Ge-N network is also confirmed from the evolution of an 
absorption band peaked around 730cm·1. 
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