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Abstract
Passivation layer influenced structural and electrical properties of Ge MOS devices have been reported. Nitride layer was
deposited on Ge substrate with rapid thermal annealing before HfO 2 deposition. XRD spectra revealed that there was no
difractional peak related to HfO2 on Ge substrate after annealing. HREM images showed that there was clear interface at
annealed HfO2/Ge stacks. C-V plots revealed that, intentionally formed interfacial nitride layer showed significant improvement
in the interface quality between HfO2 and Ge. I-V characteristics showed that Ge devices showed about one order lower leakage
current densities than Si devices. All of these observations might be due to the process of surface passivation on Ge substrate.
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1.Introduction : The demand for low power consumption, alternative channel material for high performance CMOS
devices and introduction of high-k gate dielectrics in Si technology has gained significant interest towards Ge [1, 2].
The smaller band gap of Ge (~0.66 eV) potentially allows for lower contact resistances as compared to Si (~1.1 eV)
due to barrier height reduction and hence more suitable for voltage (VDD) scaling [3]. To realize the applications of
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high performance Ge MOS devices, the key issue is the quality of interface between the high-k dielectrics
and Ge [4]. Deposition of a high-k gate dielectric on Ge exhibits high interfacial trap density, poor electrical
characteristics and high gate leakage current densities [5, 6]. The undesirable surface properties and water soluble
native oxides of Ge leading to poor interface quality between oxide and Ge [7]. Different interface passivation
techniques such as nitridation (GexNy, AlN, TaON and GeOxNy), sulfur passivation or silicon nitridation (SiN) have
been employed to obtain stable interface at oxide/Ge stacks [8-10]. Among these passivation layers, germanium
nitride (GexNy) might be more stable in terms of thermal and chemical properties [11]. The stable passivation layer
between oxide and Ge exhibits low interfacial trap density, good electrical characteristics and low gate leakage
currents [12]. The selection of high-k gate dielectric material involves several aspects with respect to the channel
material [9]. The most investigated high-k materials for gate dielectrics are TiO2, Ta2O5, HfO2, ZrO2, Si3N4, Al2O3
and CeO2. Among various high-k dielectrics, HfO2 is the most promising gate dielectric because of its relative highk value, wide band gap, high thermal stability, breakdown electric field (E BD), large conduction band and
valence band offsets [13]. Besides, HfO2 has high free energy of reaction with substrate to meet the scaling
requirements as mentioned in the International Technology Roadmap [14]. On the other hand, high vacuum work
function metals have to be chosen for metal gate electrode for MOS devices. The chrome-gold (Cr- Au) is used as
the top gate electrode. In this work, we have performed the thermal nitridation of Ge in NH 3 ambient using rapid
thermal processing (RTP) for the passivation of germanium surface. The crystallographic structure, microstructure
and electrical properties on the basis of interface between HfO2/Ge stack were investigated and compared with well
established HfO2/Si stack.
2. Experimental details
The p-type Ge <100> substrates with resistivity of 0.01 - 0.1 Ω-cm was used for the fabrication of MOS
devices. Ge substrate was cleaned by cyclic HF:DI dips to remove impurities and native oxides. After hydrochloric
acid treatment for surface passivation, the Ge samples were immediately loaded into a rapid thermal processing
(RTP) chamber for growth of the passivation layer. Germanium nitride (Ge3N4) passivation layer was grown by
RTP using ammonia (NH3) at a temperature of 573 °C. The growth of Ge3N4 layer was confirmed by the X-ray
photoelectron spectroscopy (XPS) studies (not shown here). The physical thickness of Ge3N4 layer determined
using ellipsometry was about 0.9 nm. After surface passivation, Ge was loaded into atomic layer deposition (ALD)
chamber to deposit HfO2 film. HfO2 layer was deposited using tetrakis (Diethylamide) Hafnium (Hf (NMe2)4) as
the precursor and H2O sources at a wafer temperature of 200°C with a thickness of 6 nm. HfO2/Ge stacks were
annealed at 3000 C and 400°C in forming gas followed by oxygen environment. The crystallographic structure o f
the HfO2 films was characterized by Rigaku Smart Lab 3 KW X-ray diffractometer (XRD). The microstructure of
HfO2/Ge was examined using PHILIPS CM 200 high resolution electron microscopy (HREM). For a gate
electrode, a 100 nm thick Au films were deposited on a 30 nm thick Chromium layer for better adhesion using
electron beam evaporation. After gate patterning with dimensions 300 µm × 300 µm using liftoff lithography, and
resulting devices referred to in this paper as Ge devices. For comparison, Au/Cr/HfO2 gate stacks were formed
on chemically cleaned p-type Si <100> wafers using the same fabrication conditions and the resulting devices are
referred in this paper as the Si devices. After removing the native oxide at the back side of Ge and Si substrates a 50
nm thick Al films were deposited as back contact. The capacitance - voltage (C-V) characteristics were measured
at100 KHz using a Keithley 4200-SCS precision LCR meter. Current – voltage (I-V) characteristics were
determined using a precision semiconductor parameter analyzer (Agilent 4156C).
3. Results and Discussion
Figure 1 shows the XRD patterns of HfO2 on Ge and Si MOS devices. There are no diffraction peaks for
as-deposited HfO2 film on both Ge and Si indicated that the as-grown layers were amorphous in nature. After
annealing at 300oC, there was a peak at around 32o in both Ge and Si devices. In the case of Si devices, the peak
observed at around 32 o might be associated with the tetragonal phase of HfO 2 layer with an <hkl> value of <111>
[15]. The peak intensity was increased by increasing the annealing temperature to 400 oC. On the other hand, the
peak observed in Ge after annealing at around 32 o could be related to Ge <200> peak [17]. It seems that there was
no difractional peak related to HfO2 on Ge substrate. It could be due to the intentionally grown interface nitride layer
on Ge i.e. Ge3N4. The presence of Ge3N4 was also confirmed by the XPS studies (which were not shown here). In
particular, Ge3N4 layer increases the crystallization temperature of high-k dielectrics and acts as a crystallization
inhibitor. Besides, the intentionally grown nitride layer can also suppress the growth of microstructure and unstable
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GeOx layer on Ge [17].
Figure 2 shows the cross-sectional high-resolution electron microscope images of Ge and Si devices before
annealing. It is clear from figure 2(a) that, there was a clear interface between Ge and HfO 2 with thickness of around
0.9 nm. The thickness of the passivated interfacial Ge3N4 layer also measured using ellipsometry. It might be a
significant approach to have such a thin stable layer at Ge/high-k stacks. The thickness of the measured oxide layer
before annealing was 6 nm (fig. 2a), and the same was increased to about 0.4 nm in Ge devices after annealing (not
shown here). It might be due to the strengthening of interfacial nitride layer at the bottom stack. It could also be the
reason to be HfO2 in the amorphous on Ge after annealing, since nitride layer is a significant inhibitor for
crystallization effect [17].
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Figure 1: X-Ray Diffraction Spectra of (a) Ge (b) Si devices

Figure 2: HREM images taken from (a) Ge devices and (b) Si devices before annealing
Capacitance -Voltage characteristics of as-deposited Ge and Si devices are shown in Figure 3. Figure 3a explained
that the accumulation capacitance value is significantly higher in as-deposited Si devices than Ge devices; it could
be due to the intentional growth of nitride layer on Ge surface. Besides, the depletion and deep depletion regions of
both devices showed small bumps/kinks in the path of the curves [13]. Whereas, Ge devices showed more intensive
bump in depletion regions, relatively when compare with the Si devices. These observations might be due to the low
quality of interface at HfO2/Ge stacks [18]. It is quite interesting here from our previous studies that the intensity of
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stretch and kinks/bumps in the depletion region is significantly reduced in the present study in as-deposited Ge
devices too [19]. The reason for this observation is the introduction of interfacial nitride layer resulting to
improvement in the interface quality. It is clear from Ge devices (Figure 3b) that the accumulation capacitance is
reduced significantly after annealing at 300°C, while the same does not has significant influence after increasing the
annealing temperature to 400°C. The sudden decrease in the accumulation capacitance after annealing at 300°C,
might be due to the strengthening of the passivated low-k germanium nitride (Ge3N4) layer. On the other hand, there
was an improvement in the interface quality by showing the reduction in the stretch at depletion region in annealed
devices (Figure 3b), eventually; the kinks/bumps in the depletion region were completely disappeared with more
reduced depletion region after increase in the annealing temperature to 400°C [17,20]. The reason for this
observation could be the reduction in the interface state density level at HfO 2/Ge stacks. Whereas, in the case of Si
devices (Figure 3c), there was no much difference in accumulation capacitance value and improvement in the
interface quality after annealing at 300 and 400°C, since there were not only small bumps/kinks in the deep
depletion but also no significant improvement in the path of depletion region [14].
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Figure 3: C-V characteristics of Ge- and Si- MOS devices
Figure 4 illustrates more evidently about the interface quality at annealed Ge- and Si- devices by extracting C-V
curves at 10 and 100 KHz frequencies. Annealing temperature of 300°C was not sufficient to improve the interface
quality in Ge and Si devices (Figure 4a), but the temperature 400 °C showed significant improvement in Ge devices
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(Figure 4b). But, there was no much improvement in the nature of C-V plots in the annealed Si-devices. In addition,
there was noticeable frequency dispersion in the Ge devices relatively compared with Si devices [14]; it might be
owing to the strengthening of intentional nitride layer. It means that during the annealing process interfacial nitride
layer plays major role as inhibitor for transition to crystallization and to improve the interface quality in Ge devices
[18]. On the other hand, it was direct evidence from the C-V plots that there was perceptible role of series resistance
in Ge devices. It means that there was distinguished interface with strengthened low-k interfacial layer at HfO2/Ge
stack, leading to low accumulation capacitance values in annealed devices as we reported earlier. Additionally, to
verify in particular the interface quality of HfO 2 films, we observed the behavior of hysteresis curves (not shown
here) in both Ge and Si MOS devices by performing bidirectional scans (accumulation to inversion and vice versa).
Ge devices showed much lower hysteresis loop than Si devices illustrating the effectiveness of the Ge 3N4
passivation layer between HfO2 and Ge.
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Figure 4: C-V characteristics of annealed at Ge- and Si- MOS devices
Current-Voltage characteristics of Ge and Si MOS devices are shown in Figure 5. In both the devices, there was a
decrease in the leakage current density after annealing [14]. The leakage current density in as-deposited Si devices
(Figure 5b) at around 0.2 V of applied voltage was ~5x10 -3 A/cm2, whereas, in the case of Ge devices (Figure 5a),
the same was reduced to two orders, i.e., ~1x10 -6 A/cm2. The leakage current density after annealing at 300 oC was
~2.1x10-4 A/cm2 in Si- and ~6.1x10-8 A/cm2 in Ge devices. Similarly, the noticed leakage current densities of the Siand Ge- devices after annealing at 400oC, were ~1.39x10-5A/cm2 and ~8.2x10-9 A/cm2, respectively. This drastic
reduction and extremely low value of leakage current density also confirm the growth of good quality of oxide and
the oxide charges reduction and are consistent with the results shown [21]. This significance decrease in the current
density value could be due to the good quality interfacial layer at HfO 2/Ge stacks.
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Figure 5: Current-Voltage characteristics of (a) Ge and (b) Si devices
Conclusions
We fabricated HfO2/Ge MOS devices by depositing intentional nitride (Ge3N4) layer on Ge and
demonstrated the effect of the annealing ambience on the interface engineering at HfO 2/Ge device, and showed a
comparison with Si MOS device. The Ge3N4 interlayer can effectively block the transformation of HfO 2 layer from
amorphous to crystalline and suppress the growth of unstable GeO x. The reduction in the accumulation capacitance
of annealed Ge MOS device was more when compared to annealed Si MOS device due to the strengthening of lowk interfacial layer beneath the HfO 2. The reliable improvement in the interface quality and electrical properties are
neither the presence of bumps/kinks in depletion and inversion regions nor high leakage currents in Ge devices.
Hence the post deposition annealing plays a prominent role herein in the reduction of interface states and eventually
in the improvement of the interface quality of the MOS devices, resulting to very low leakage currents in Ge
devices.
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