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a b s t r a c t

Zirconium germanide (ZrGe) Schottky source/drain (S/D) contacts were fabricated on n-Ge
substrates using direct sputter deposition of Zr. The electrical properties of ZrGe/n-Ge
contact were investigated and an excellent Schottky characteristic with an electron barrier
height of 0.59 eV was obtained, implying an extremely low hole barrier height of 0.07 eV.
Using ZrGe as S/D, the operation of Schottky Ge p-channel metal-oxide-semiconductor
field-effect transistor (MOSFET) was well demonstrated without any S/D impurity doping.
Its good performance indicates that ZrGe is available to S/D in Schottky Ge p-MOSFET.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Mobility enhancement has been regarded as one of the
most powerful technology boosters to overcome scaling
limits of traditional silicon (Si) metal-oxide-semiconductor
field-effect transistor (MOSFET) [1]. Among high mobility
materials, Ge is of great interest as a substitute for Si for
future high-performance MOSFETs due to its higher intrin-
sic carrier mobility and relative compatibility with Si
processing. To realize high-performance Ge MOSFETs, both
source/drain (S/D) engineering and gate-stack engineering
are crucial. With the significant progress in gate-stack
engineering [2–5], Ge-based MOSFETs with good perfor-
mance have been demonstrated. However, ultra-shallow
highly-doped S/D junction formation remains a techn-
ology bottleneck to develop high-performance aggres-
sively scaled Ge MOSFETs because of large diffusion
cal System Advanced
ptics, Fine
s, No. 3888
86 431 86708126.
coefficients and low solubility limits of dopant impurities
in Ge [6–9]. In addition, a low-temperature processing is
essential for Ge MOSFET fabrication. Therefore, conven-
tional doped S/D technology is difficult to satisfy the
requirement of future Ge MOSFETs. As a substitute for
doped S/D, metal Schottky S/D is considered as a potential
approach to form ultra-shallow S/D junction on Ge sub-
strates because it has low-temperature processing and
does not need the complex procedure of implant and
activation annealing [1].

To realize ideal metal Schottky S/D, barrier height is a
crucial parameter. It should be as low as possible to enhance
drive current and suppress leakage current. Theoretical
studies have shown that the hole barrier height (ΦBP)
of Schottky S/D should be less than 0.1 eV for Schottky
p-MOSFETs in order to outperform doped S/D devices [10].
Thanks to the Fermi-level pinning (FLP) near the valence
band edge of Ge at the metal/Ge interface [12], metal/Ge
contact with low ΦBP is formed more easily than that with
low electron barrier height (ΦBN), and therefore metal
Schottky S/D is more promising for practical application in
Ge p-MOSFETs instead of n-MOSFETs. Among various metal
germanide, nickel germanide (NiGe)/Ge and platinum
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germanide (PtGe)/Ge Schottky contacts have been exten-
sively investigated and exhibited great potential for Schottky
Ge MOSFETs [12–16]. According to the report by Nishimura
et al. [12], zirconium germanide (ZrGe)/Ge formed by
electron-beam evaporation might be an alternative contact
for Schottky Ge p-MOSFETs because its ΦBP is estimated as
0.08 eV, assuming the relation of ΦBPþΦBN (0.58 eV)¼the
bandgap (Eg) of 0.66 eV. Contrarily, in another report by Li et
al., its ΦBP is as high as 0.53 eV [17], where it is formed by
sputter deposition. Therefore, ZrGe/Ge Schottky contact
remains to be investigated in detail. Furthermore, the
possibility of ZrGe/Ge contact as the Schottky S/D of Ge p-
MOSFETs needs to be clarified.

In this study, first we fabricate ZrGe Schottky S/D
contact on n-Ge substrates using direct sputter deposition
of Zr. Then we evaluate its structural and electrical proper-
ties in detail, from which we confirm that an excellent
Schottky characteristic with a low ΦBP of 0.07 eV is
obtained. Finally, using ZrGe as S/D we fabricate a Schottky
Ge p-MOSFET without any S/D impurity doping and
demonstrate its good-performance operation.

2. Experimental details

The substrates used in this study are Sb-doped n-type
(100)Ge with a resistivity of 0.3 Ω cm, corresponding to a
substrate impurity concentration (Nsub) of 5�1015 cm�3,
and In-doped p-type (100)Ge with a resistivity of 0.2 Ω cm
corresponding to a Nsub of 2�1016 cm�3 [18]. Fig. 1 shows
the detailed fabrication processes of ZrGe/Ge contact. After
the surface cleaning by HF solution, contact holes with a
diameter of 500 μm are formed by photoresist patterning.
Then a Zr film with a thickness of 15 nm is deposited
directly using radio-frequency (RF) sputtering. The RF
power is 10 W and the Ar flow rate is 20 sccm. After that,
a 20 nm-thick TaN film is deposited using the same
method to prevent the oxidation of Zr films during post-
metallization annealing (PMA). Subsequently Al films are
deposited using thermal evaporation and the Al/TaN/Zr
layers are patterned using a lift-off process. Finally, PMA is
carried out at a temperature (TPMA) in the range of 300–
500 1C in N2 ambient for 30 min, and In–Ga alloy is rubbed
onto back Ge to form an Ohmic contact. The ZrGe/Ge
structure is analyzed by transmission electron microscopy
(TEM) and Energy Dispersive X-Ray Spectroscopy (EDX).
The electrical properties of ZrGe/Ge contact are evaluated
by current–voltage measurement. Furthermore, in order to
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Fig. 1. Detailed fabrication processes and schematic cross-sectional view
of ZrGe/Ge contact.
demonstrate the possibility of ZrGe as S/D, a Schottky Ge
p-MOSFET is fabricated. A schematic of the MOSFET is
reported as the inset of Fig. 6(a) in the next section. The
gate-insulator of Ge p-MOSFET is composed of GeO2

interlayer and SiO2 layer, which has been described in
detail elsewhere [3].

3. Results and discussion

Fig. 2 shows cross-sectional TEM image and EDX results for
ZrGe/Ge contact without PMA treatment, from which a ZrGe
reaction layer with a thickness of 2 nm between Zr and Ge is
found even though there is no PMA. This implies that ZrGe/Ge
contact is formed during Zr sputter deposition. The current
density versus voltage (J–V) characteristics of ZrGe/n-Ge
contact formed at a TPMA¼300 1C are shown in Fig. 3(a).
The J–V characteristics of ZrGe/p-Ge contacts are shown in
Fig. 3(b), in which the inset linearly plots the corresponding J–
V characteristics of ZrGe/p-Ge contacts. Clearly ZrGe/n-Ge
contact exhibits an excellent rectifying behavior with a low
junction leakage-current and a high on/off current ratio of
2.8�104, while ZrGe/p-Ge contact in Fig. 3(b) exhibits an
excellent Ohmic behavior. Furthermorewhen the temperature
of J–Vmeasurement decreases to 50 K, ZrGe/p-Ge contact still
exhibits an excellent Ohmic behavior. By an analysis of the
thermionic emission theory [11,12], it is known that generally
a metal/semiconductor contact has an Ohmic characteristic
regardless of its measured temperature only when its barrier
height is very low. Therefore, from Fig. 3(b) we concluded that
ZrGe/p-Ge contact had a very low ΦBP.

The ideal J–V characteristics of ZrGe/n-Ge contact based
on the thermionic emission model can be expressed as
follows [12]:

J ¼ JSe
qV=nkT 1�e�ðqV=nkTÞ

h i
ð1Þ

JS ¼ AnT2e�½qðΦBN � δΦÞ=kT � ð2Þ
where Js is the saturation current density, An is the
Richardson constant (140 for n-Ge), T is the measured
temperature, n is the ideality factor, k is the Boltzmann
constant, and δΦ describes the image force lowering of
Schottky barrier height. ΦBN and n of ZrGe/n-Ge contact
can be determined accurately from the slope and inter-
ception of log-forward bias ln J versus V plot by assuming
δΦ¼0. Table 1 lists ΦBN and n of ZrGe/n-Ge contact with
various PMA treatments. ΦBN is as high as 0.592 eV and n is
close to 1.015 at TPMA¼300 1C. In this study the ΦBN of
ZrGe/n-Ge contact formed by direct sputter deposition has
almost the same value as that of Zr/n-Ge contact reported
by Nishimura et al. [12]. They demonstrated that all metal/
n-Ge contacts formed by evaporation deposition exhibited
a Schottky characteristic because the Fermi level at metal/
Ge interface strongly pinned near the valence band edge
of Ge. Table 1 shows that both ΦBN and n have less
dependence on TPMA, which implies that ZrGe/n-Ge con-
tact has an excellent thermal stability in the TPMA range
less than 500 1C. From the high ΦBN of 0.59 eV, low ΦBP of
0.07 eV is estimated assuming ΦBPþΦBN¼Eg (0.66 eV),
which is comparable to that of PtGe or NiGe on the n-Ge
substrate [13,14]. This electrical performance suggests that
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Fig. 2. Cross-sectional TEM image and EDX results for ZrGe/Ge contact without PMA treatment.
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Fig. 3. Current density versus voltage characteristics of (a) ZrGe/n-Ge and (b) ZrGe/p-Ge contacts. The inset of (b) linearly plots the corresponding current
density versus voltage characteristics of ZrGe/p-Ge contacts.

Table 1
ΦBN and n of ZrGe/n-Ge contact with various PMA treatments.

TPMA (1C) ΦBN (eV) n

300 0.592 1.015
400 0.586 1.018
500 0.582 1.024
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ZrGe/n-Ge contact has a great potential as S/D in Schottky
p-MOSFET.

For S/D junction, reverse leakage current (IR) is also an
important parameter, which is generally composed of
peripheral surface-state generation current and areal cur-
rent [19,20]. To clarify their contribution to IR of ZrGe/n-Ge
contact, we prepared the rectangular contacts with the
area of 60�420, 80�420 and 120�420 μm2. Fig. 4(a)
shows the I–V characteristics of ZrGe/n-Ge contact with
different size. Generally, IR at a reverse bias (VR) can be
given by IR¼AJAþPJP [19], where A is the contact area, P is
the contact perimeter, and JA (A/cm2) and JP (A/cm) are
areal and peripheral current densities, respectively. Thus,
JA and JP can be estimated from the slope and interception
of the IR/P–A/P plot. Fig. 4(b) shows the IR/P–A/P plot at
VR¼�0.3 V, from which JA and JP are estimated as
2.32�10�3 A/cm2 and 3.05�10�6 A/cm, respectively. As
a typical example, the areal current of AJA and peripheral
current of PJP for a junction with a size of 80�420 μm2

were 7.79�10�7 and 3.05�10�7 A at VR¼�0.3 V, respec-
tively. Thus, the peripheral surface-state generation cur-
rent and areal current have almost the same contribution
to the IR of ZrGe/n-Ge contact.

It was reported that peripheral surface-state generation
current dominates IR in Ge pn junction [19,20]. In this case,
the dependence of JA on A at VR becomes more obvious than
that of JP on P. Fig. 5(a) and (b) shows the current densities
normalized by the area and perimeter of ZrGe/n-Ge contact,
respectively. Due to almost the same contribution from
peripheral current and areal current in this study, the
dependence of JA on A at VR does not exhibit obvious
difference from that of JP on P at VR. For the forward current
in the high-voltage range, it is clearly scaled with P rather
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Fig. 5. (a) Areal current density and (b) peripheral current density versus voltage characteristics of ZrGe/n-Ge contact with different size.

H. Yang et al. / Materials Science in Semiconductor Processing 26 (2014) 614–619 617
than A in Fig. 5, which is attributed to a series resistance (Rs)
of the substrate. The main component of Rs is the spreading
resistance (Rsp) given by Rsp¼ρB/4r for the case of a circle
with the radius r, where ρB is the substrate resistivity. Thus, JA
is inversely proportional to r while JP is independent of r.
Hence in Fig. 5 the forward current in the high-voltage range
is scaled with P rather than with A.

In order to confirm whether ZrGe is available to S/D in
Schottky Ge p-MOSFET, we fabricated a p-MOSFET using
ZrGe/n-Ge contact. A schematic cross-sectional view of
Schottky p-MOSFET is shown in the inset of Fig. 6(a). Its
fabrication processes are as follows. After ZrGe/Ge S/D
formation, 2.5 nm-thick GeO2 interlayer and 50 nm-thick
SiO2 layer are fabricated as a gate insulator by plasma
oxidation and the subsequent sputtering using an electron
cyclotron resonance system, which has been described in
detail elsewhere [3]. With the help of the GeO2 interlayer,
the interface-state density between gate insulator and Ge
substrate can be reduced to a very low value of approxi-
mately 1�1011 cm�2 eV�1 near the midgap. Then post-
deposition annealing is performed at 350 1C for 30 min.
Gate electrode and S/D contact on ZrGe are formed by
thermal-evaporation Al films and patterned by wet etch-
ing. Finally, post-metallization annealing is performed at
400 1C for 30 min.

Fig. 6(a) shows the drain current (ID) versus drain
voltage (VD) characteristics for Ge p-MOSFET with
Schottky ZrGe S/D. Excellent operation with good linearity
and saturation is observed under accumulation mode,
which implies that ZrGe works well as S/D. Fig. 6(b) shows
ID versus gate voltage (VG) characteristics. The on/off
current ratio is higher than 104 at VD¼�1 V. This causes
the high ΦBN of ZrGe/n-Ge contact. From ID–VG data we
extracted field-effect hole mobility (μh) using the following
equation [21]:

μh ¼ gm=½ðW=LÞCOXVD� ð3Þ
where gm is the transconductance, W/L is the channel
width/length, and COX is the inversion channel capacitance
obtained from the gate–channel capacitance. Fig. 7 shows
the extracted μh as a function of VG. As a comparison, the
μh of p-MOSFET with high-doped pþ S/D is also given [3].
μh Peak value is as high as 233 cm2 V�1 s�1 for Schottky
MOSFET. This benefits from the extremely low ΦBP of ZrGe/
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n-Ge contact for hole injection. However, it is still not
comparable to that (376 cm2 V�1 s�1) of MOSFET with pþ

S/D and the same gate insulator. We considered that it
should come from two μh limiting factors. One is that ZrGe
layer between Zr and Ge shown in Fig. 2 is too thin (2 nm).
Another is that ZrGe sheet resistance is close to 60–110 Ω/□,
which is higher than NiGe or PtGe as seen from the reports
of Gaudet et al. [22]. These two factors are likely to impede
hole-injection efficiency from source to inverted channel. In
order to realize high-performance Ge p-MOSFET with ZrGe
Schottky S/D, further improvement of ZrGe/Ge contact is
required.

4. Conclusions

In summary, we fabricated the ZrGe/n-Ge contact with
excellent Schottky characteristics using direct sputter
deposition, and found its ΦBN was as high as 0.59 eV,
which implies an extremely low hole barrier height of
0.07 eV. Using ZrGe as S/D, we demonstrated the good
operation of Schottky Ge p-MOSFET, and obtained a high
μh of 233 cm2 V�1 s�1. Although further improvement of
ZrGe/Ge contact is required, this study provides a promis-
ing approach to develop Schottky Ge p-MOSFET.
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