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Evidence of GeO volatilization and its effect on the characteristics
of HfO, grown on a Ge substrate”
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HfO, films are deposited by atomic layer deposition (ALD) using tetrakis ethylmethylamino hafnium (TEMAH) as
the hafnium precursor, while O3 or H>O is used as the oxygen precursor. After annealing at 500 °C in nitrogen, the thickness
of Ge oxide’s interfacial layer decreases, and the presence of GeO is observed at the HO-based HfO, interface due to GeO
volatilization, while it is not observed for the O3-based HfO,. The difference is attributed to the residue hydroxyl groups
or H>O molecules in HyO-based HfO; hydrolyzing GeO, and forming GeO, whereas GeO is only formed by the typical
reaction mechanism between GeO; and the Ge substrate for O3-based HfO, after annealing. The volatilization of GeO
deteriorates the characteristics of the high-x films after annealing, which has effects on the variation of valence band offset
and the C-V characteristics of HfO,/Ge after annealing. The results are confirmed by X-ray photoelectron spectroscopy

(XPS) and electrical measurements.
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1. Introduction

High-x/Ge gate stacks are very promising for future
nanoscale devices because both electron and hole mobilities
of Ge are higher than those of Si. Recently developed high-
Kk materials have reopened the door to Ge as the channel
material in metal-oxide—semiconductor field effect transistors
(MOSFETs).['! One of the main concerns for high-x/Ge
gate-stack devices is that Ge—O bonds inevitably exist at the
interface between Ge and the high-x films. The volatiliza-
tion of GeO occurs even below 500 °C, which is required
for the source/drain activation in the CMOS fabrication pro-
cess. The volatilization of GeO out of the air will generate
a huge amount of defects and traps in the high-x film after
GeO desorption and volatilization.[>”! It tends to deteriorate
the interface and the high-k film quality.!®”! Many research
has been done to investigate the origin of GeO volatiliza-

8.10-131 However,

tion and its effects on dielectric materials.!
the studies performed so far are focused on the HfO, films
obtained using single oxygen precursors. The effects of the
volatilization of GeO on the characteristics of HfO, grown on
high mobility semiconductor substrates using different oxy-
gen precursors (H,O or O3) need to be further studied. There-
fore, in the present work, HfO, films are deposited using O3 or
H,O as the oxygen precursors with tetrakis ethylmethylamino
hafnium (TEMAH) as the hafnium precursor by atomic layer
deposition (ALD). After a compatible annealing process for
source/drain activation in CMOS fabrication, the differently
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processed HfO; films are investigated by X-ray photoelectron
spectroscopy (XPS) and electrical measurements.

2. Experiments

Before the deposition, the gallium-doped p-type (100) Ge
wafers with resistivity 0.3—1.0 Q-cm were obtained after RCA
cleaning and dipped in dilute HF (hydrofluoric acid: deion-
ized water =1:50) to remove the Ge native oxides. Then, in-
situ O3 oxidation of the Ge surface in ALD was carried out to
grow GeO; at 200 °C. After that, HfO, films were deposited
by ALD at 280 °C using H>O or O3 on the Ge substrates. Lig-
uid TEMAH was used as the hafnium precursor. The con-
tainer of the Hf precursor was heated to 95 °C, corresponding
to the vapor pressure of 10-15 hPa. When H,O was used as
the oxidant, the container was set at room temperature, corre-
sponding to a vapor pressure of 7 hPa. The ozone generator
used the ultra pure Oy (99.999%) to obtain Oz, the concen-
tration was 200 g/N-m>. After all the films were annealed in
nitrogen at 500 °C for 60 s, XPS and electrical measurements
were carried out. The XPS using monochromatic Al K, X-
ray (hv = 1486.7 eV) and all the XPS spectra were calibrated
against the adventitious C 1s peak at 285.0 eV to correct the
differential charging.

3. Results and discussion

Figure 1 shows the thicknesses of Ge oxides for 4 nm
HfO, films measured by a Woollam M2000D spectroscopic
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ellipsometer. For the as-deposited films, the thicknesses of
the Ge oxides are 1.98 nm and 2.17 nm for H,O-based HfO,
and Os-based HfO,, respectively. The Os-based HfO, has a
thicker interfacial layer compared with the H,O-based HfO,.
This can be explained by further oxidization that occurs dur-
ing the deposition process because O3 has a strong oxidiza-
tion ability. After annealing, the thicknesses of the Ge oxides
change to 1.68 nm and 2.11 nm for H,O-based HfO, and O3-
based HfO,, respectively. A 0.3 nm reduction of the Ge-oxide
thickness is obtained for H,O-based HfO, before and after
annealing, whereas only 0.06 nm of that is obtained for O3-
based HfO, on the Ge substrate. The decrease of the Ge-oxide
thickness is mainly attributed to the volatilization of GeO af-
ter annealing.[g] Therefore, the desorption and volatilization
of GeO are more likely to occur in the HyO-based HfO, com-
pared with the Os-based HfO; after annealing due to its larger
variation of the Ge-oxide thickness.
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Fig. 1. (color online) Thicknesses of Ge oxides for H;O-based and O3-
based HfO, grown on Ge after annealing.

In order to confirm that the volatilization of GeO occurs
after annealing, two identical Si substrates are face-to-face
covered with 4 nm H,O-based HfO, and 4 nm O3-based HfO,
films during annealing, respectively. Then, an XPS measure-
ment is carried out immediately on the surfaces of the Si sub-
strates after annealing. If the GeO out-diffusion occurs during
annealing, it can be detected by the XPS. Figure 2 shows the
Ge-2p spectra of HyO-based HfO, and O3-based HfO, on Ge
substrates before and after annealing. As shown in Fig. 2(a),
for the Si substrate covered with the H,O-based HfO,, two
significant peaks located at 1219.06 eV and 1250.14 eV are
observed after annealing. They are attributed to GeO.!'*! For
the Si substrate covered with the Oz-based HfO,, two peaks
located at 1219.04 eV and 1250.13 eV are observed, and the
magnitudes of these peaks are much weaker. They are also
attributed to GeO.I'*] These results indicate that the desorp-
tion and volatilization of GeO occurs and GeO diffuses out to
the air after annealing. This is further confirmed by the re-
sults of the Ge-2p spectra for HyO-based HfO, or Osz-based
HfO, on Ge substrates after annealing, as shown in Fig. 2(b).
The GeO peak intensities of HyO-based HfO; on Ge decrease

significantly after annealing, while no obvious change is ob-
served for the Oz-based HfO,. The Ge-2p spectra show that
the volatilization of GeO is more serious for H,O-based HfO,
compared with Oz-based HfO,, which is consistent with the

thickness measurements.
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Fig. 2. (color online) Ge-2p spectra for (a) Si substrates covered with
H,0O-based and Os-based HfO, films, (b) Ge substrates covered with
H;,0O-based and O3-based HfO, films before and after annealing.

In order to explain the different changes of HfO, films
after annealing, the formation mechanism of GeO should be
investigated. Typically, the reduction of GeO; through the re-
action between GeO, and the Ge substrate generates volatile
GeO at the GeO,/Ge interface.[15:1°] This occurs for both H,O-
based HfO, and Oj3-based HfO, on Ge substrates after an-
nealing. Furthermore, for H,O-based HfO;, there may be a
residue of a high concentration of hydroxyl groups or H,O
molecules in the films because H,O tends to physisorb on the
surface strongly and it is hard to clean even though the purge
time is sufficient.!”] GeO, is hydrolyzable in H,O. The forma-
tion and the dissolution of GeO, occurs simultaneously, and
the oxide mainly consists of Ge suboxide (GeO).['8! The rates
of formation and dissolution increase quickly because the an-
nealing temperature is high enough. The residual hydroxyl
groups or H,O molecules enhance the generation of GeO and
reduce GeO; during annealing for HyO-based HfO, grown
on the Ge substrate. Both GeO generation mechanisms oc-
cur for the HyO-based HfO, grown on the Ge substrate, which
can lead to more GeO being generated and volatilized during
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the annealing. However, for Oz-based HfO, on Ge, the O3 is
easy to purge, and it provides a high Ge** density and a good
Ge/GeO; interface. Therefore, for HO-based HfO, grown on
the Ge substrate, the interfacial layer thickness decreases sig-
nificantly and GeO volatilizes more seriously compared with
O3-based HfO, after annealing.

The volatilization of GeO out of the air can generate a lot
of defects and traps in the high-x film, resulting in the deteri-
oration of the characteristics of the high-x film.[>°! In order to
use high-x/Ge gate stacks in devices, the valence-band and the
conduction-band offsets are required to be higher than 1 eV to
reduce the leakage current due to tunneling through the bar-
rier energy at the interface between the high-x film and the Ge
substrate.l19201 Thus, the effects of GeO volatilization on the
valence-band offset (VBO) should be evaluated. The valence
band offset AE, is determined using the photoelectron-based
method!?!!

G f,
AEV _ (ECEZIJ _ E\?‘e)bulk _ (Eg 4f EHfOZ)bulk
Hf, Ge,
+ (ECL4f - ECL2p )Hfoz/Ge ’ (1)

where Egzzp and Eg{‘“ are the binding energies of Ge-2p and
Hf-4f shallow core levels, respectively, ES® and Ey HIO2 are
determined in bulk Ge and thick HfO, films, which are the
binding energies corresponding to the valence band maximum
(VBM) values in Ge and HfO,, respectively. The position of
the VBM is determined using the linear method.[*?! In order
to obtain accurate VBO values, the cleaned bulk P-type (0.3—
1.0 Q-cm) Ge(100) substrate is measured by XPS, as shown in
Fig. 3. The VBM is 0.26 eV, determined by the linear method.

The energy difference between Ge 2p and VBM is 1217.12 eV.
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Fig. 3. (color online) XPS core-level spectrum of Ge 2p for clean Ge
substrate.

Figure 4 shows the XPS core level spectra of Ge 2p and
Hf 4f for HyO-based HfO, films. The core level energies are
obtained by curve fitting to ensure a high accuracy. For a
10 nm HfO, film, the energy difference between Hf 4f and
VBM is 15.39 eV. It changes to 15.37 eV after annealing, as
shown in Fig. 4(a). The energy difference between Hf 4f and
Ge 2p is 1199.22 eV in a 4 nm HfO; film and 1200.14 eV

for the as-deposited and annealed films. Using these values
with Eq. (1), we can obtain the VBOs of 2.51 eV and 1.61 eV
for the as-deposited and the annealed HfO, films, respectively.
The VBO variation is as large as 0.90 eV for the H,O-based
HfO, after annealing. For Os-based HfO, films, the differ-
ences in Hf 4f level energy and the VBM value between the as-
deposited and the annealed O3z-based HfO, films are 15.00 eV
and 15.15 eV, respectively, as shown in Fig. 4(b). Further-
more, the energy differences between the Hf 4f and the Ge 2p
signals for 4 nm HfO; are 1199.48 eV and 1199.57 eV, respec-
tively. The VBO values of O3-based HfO; films are 2.64 eV
and 2.40 eV for the as-deposited and the annealed O3-based
HfO, films, respectively. The VBO variation is 0.24 eV af-
ter annealing. The results indicate that the variation of VBO
is affected by the volatilization of GeO because it deteriorates
the Ge oxide interfacial layer and the high-k film properties.
More volatilization of the GeO leads to a larger VBO varia-
tion after annealing. In addition, the binding energy of Hf 4f
for as-deposited HyO-based HfO, shows a shift of 0.66 eV to
a lower binding energy, which is in agreement with the for-
mation of HfGeO,.[23] The results indicate that Ge (or GeO)
is incorporated in the HfO, films, which is consistent with the
first-principles quantum-mechanical calculations.”]
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Fig. 4. (color online) XPS core-level spectra of Ge 2p and Hf 4f for (a)
H;,O-based (b) O3-based HfO, films before and after annealing.

Figure 5 shows the C-V characteristics of H,O-based
HfO, and Os-based HfO, (f = 100 kHz). The gate voltage
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(V) is swept from accumulation to inversion and then back.
The dispersion between positive and negative scanning C-V
curves is observed for both as-deposited and annealed H,O-
based HfO; films, indicating that the slow interface state den-
sity is still large. The capacitance increases a lot after anneal-
ing due to the volatilization of GeO which decreased the thick-
ness of the low permittivity interfacial layer. Furthermore, af-
ter annealing, the C-V curve degrades at a lower negative volt-
age due to excessive leakage, suggesting that the volatilization
of GeO deteriorates the characteristics of high-x films. For
O3-based HfO,, a relatively good C-V characteristic is ob-
served before and after annealing. A slight increase of the
capacitance is observed and the hysteresis decreases after an-
nealing. Those C-V characteristics indicate that HfO, films
deposited using O3 as the oxygen precursor have advantages
compared to those deposited with H,O. A cap layer, formed on
the top of the GeO; film, may help to suppress the GeO des-
orption and volatilization for the HyO-based ALD process.[®!

Fig. 5. (color online) The C-V characteristics of (a) HyO-based
(b) O3-based HfO, films on Ge substrates before and after an-
nealing.

4. Conclusion

In this paper, the volatilization of GeO is investigated for
the HfO, films deposited with different oxidants (H,O or O3)
by ALD. The volatilization of the GeO is detected by XPS af-
ter annealing, which leads to the thickness of the Ge-oxide in-
terfacial layer decreasing. The thickness measurement results
and the XPS spectra indicate that the volatilization of GeO
is more serious for HyO-based HfO, compared to O3-based
HfO,. The different changes are attributed to another GeO for-
mation mechanism occurring for HyO-based HfO, due to the

residual hydroxyl groups or H,O molecules after annealing,
whereas only the typical reaction mechanism between GeO;
and the Ge substrate occurs for Oz-based HfO,. Further test-
ing results indicate that the volatilization of the GeO affects the
VBO and the electrical properties of the HfO,/Ge gate stack
because it deteriorates the properties of HfO, films and the
interface layer.

References

[1] Kamata Y 2008 Mater. Today 11 30

[2] Bellenger F, Jaeger B D, Merckling C, Houssa M, Penaud J, Nyns
L, Vrancken E, Caymax M, Meuris M, Hoffmann T, Meyer K D and
Heyns M 2010 IEEE Electron Dev. Lett. 31 402

[3] Xie Q, Deng S, Schaekers M, Lin D, Caymax M, Delabie A, Jiang Y,
Qu X, Deduytsche D and Detavernier C 2011 IEEE Electron Dev. Lett.
321656

[4] Takahashi T, Nishimura T, Chen L, Sakata S, Kita K and Toriumi T
2007 Tech. Dig. Int. Electron Devices Meet. 697

[5] TanTT,LiuZ T and Li Y Y 2011 Chin. Phys. Lett. 28 086803

[6] Kita K, Suzuki S, Nomura H, Takahashi T, Nishimura T and Toriumi
A 2008 Jpn. J. Appl. Phys. 47 2349

[71 Golias E, Tsetseris L, Dimoulas A and Pantelides S T 2011 Microelec-
tron. Eng. 88 427

[8] Shang H, Lee K L, Kozlowski P, D’Emic C, Babich I, Sikorski E, Ieong
M, Wong H S P, Guarini K and Haensch W 2004 /EEE Electron Device
Lett. 25 135

[9] Huang CH, YuD S, Chin A, Chen W J, Zhu C X, Li M F, Cho B J and
Kwong D L 2003 Tech. Dig. Int. Electron Devices Meet. 319

[10] Xiong K, Lin L, Robertson J and Chol K 2011 Appl. Phys. Lett. 99
032902

[11] Oniki Y, Koumo H, Iwazaki Y and Ueno T 2010 J. Appl. Phys. 107
124113

[12] Kita K, Lee C H, Nishimura T, Nagashio K and Toriumi A 2008 ECS
Trans. 16 187

[13] Saito S and Ono T 2011 Phys. Rev. B 84 085319

[14] Maeda T, Takagia S, Ohnishic T and Lippma M 2006 Mater. Sci. Semi-
cond. Process. 9 706

[15] Jolly W L and Latimer W M 1952 J. Am. Chem. Soc. 74 5757
[16] Bues W and Wartenberg H V 1951 Z. Anorg. Allg. Chem. 266 281

[17] Kurokawa A, Narushima T, Nakamura K, Nonaka H, Ichimura S, Itaku-
ral A N and Kitajima M 2004 Jpn. J. Appl. Phys. 43 281

[18] Park K, Lee Y, Lee J and Lim S 2008 Appl. Surf. Sci. 254 4828
[19] Peacock P W and Robertson J 2002 J. Appl. Phys. 92 4712

[20] FanJ B, LiuH X, Gao B, Ma F, Zhuo Q Q and Hao Y 2012 Chin. Phys.
B 21087702

[21] Kraut E A, Grant R W, Waldrop J R and Kowalczyk S P 1983 Phys.
Rev. B 28 1965

[22] Chambers S, Droubay T, Kaspar T and Gutowski M 2004 J. Vac. Sci.
Technol. B 22 2205

[23] Van Elshocht S, Caymax M, Conard T, De Gendt S, Hoflijk I, Houssa
M, De Jaeger B, Van Steenbergen J, Heyns M and Meuris M 2006 Appl.
Phys. Lett. 88 141904

037702-4


http://dx.doi.org/10.1016/S1369-7021(07)70350-4
http://dx.doi.org/10.1109/LED.2010.2044011
http://dx.doi.org/10.1109/LED.2011.2166993
http://dx.doi.org/10.1109/LED.2011.2166993
http://dx.doi.org/10.1109/IEDM.2007.4419041
http://dx.doi.org/10.1088/0256-307X/28/8/086803
http://dx.doi.org/10.1143/JJAP.47.2349
http://dx.doi.org/10.1016/j.mee.2010.07.041
http://dx.doi.org/10.1016/j.mee.2010.07.041
http://dx.doi.org/10.1109/LED.2003.823060
http://dx.doi.org/10.1109/LED.2003.823060
http://dx.doi.org/10.1109/IEDM.2003.1269289
http://dx.doi.org/10.1063/1.3610463
http://dx.doi.org/10.1063/1.3610463
http://dx.doi.org/10.1063/1.3452367
http://dx.doi.org/10.1063/1.3452367
http://dx.doi.org/10.1149/1.2981601
http://dx.doi.org/10.1149/1.2981601
http://dx.doi.org/10.1103/PhysRevB.84.085319
http://dx.doi.org/10.1016/j.mssp.2006.08.025
http://dx.doi.org/10.1016/j.mssp.2006.08.025
http://dx.doi.org/10.1021/ja01142a056
http://dx.doi.org/10.1002/(ISSN)1521-3749
http://dx.doi.org/10.1143/JJAP.43.281
http://dx.doi.org/10.1016/j.apsusc.2008.01.114
http://dx.doi.org/10.1063/1.1506388
http://dx.doi.org/10.1088/1674-1056/21/8/087702
http://dx.doi.org/10.1088/1674-1056/21/8/087702
http://dx.doi.org/10.1103/PhysRevB.28.1965
http://dx.doi.org/10.1103/PhysRevB.28.1965
http://dx.doi.org/10.1116/1.1768525
http://dx.doi.org/10.1116/1.1768525
http://dx.doi.org/10.1063/1.2192576
http://dx.doi.org/10.1063/1.2192576

	1. Introduction
	2. Experiments
	3. Results and discussion
	4. Conclusion
	References

