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The authors have investigated by deep level transient spectroscopy the elec-
tron traps introduced in n-type Ge during sputter deposition of Au Schottky
contacts. They have compared the properties of these defects with those
introduced in the same material during high-energy electron irradiation. They
found that sputter deposition introduces several electrically active defects
near the surface of Ge. All these defects have also been observed after high-
energy electron irradiation. However, the main defect introduced by electron
irradiation, the V-Sb center, was not observed after sputter deposition.
Annealing at 250�C in Ar removed the defects introduced during sputter
deposition.
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INTRODUCTION

The low effective mass of holes in Ge has opened up
the possibility of using Ge in ultrafast complimen-
tary metal-oxide-semiconductor (CMOS) devices.1 A
Ge channel MOSFET has benefits as a performance
booster for future scaled CMOS circuits, because it
offers higher mobility for electrons and holes than in
a Si MOSFET.2 Thus, Metal Source/Drain MOSFETs
(MSD-MOSFETs) with ultra-thin Ge-on-Insulator
(GOI) channels have been proposed and realized.2

This interest in Ge devices, in turn, has sparked
renewed interest in the properties of defects in Ge
because defects ultimately determine the perfor-
mance of devices. In recent studies the properties of
the defects introduced during high-energy gamma-,
electron- and proton irradiation,3–6 as well as
indium-ion implantation,7 of Ge were reported. The
defects introduced during electron beam deposition
of Pt Schottky contacts have also been character-
ized.8 The investigations of metallization-induced
defects are important because it is well known
that metallization procedures, e.g. sputtering and

electron beam deposition, introduce defects at and
close to the metal-semiconductor junction. These
defects influence device performance and alter the
barrier heights of the contacts.9,10 The defects
responsible for these barrier adjustments are formed
when energetic particles reach the semiconductor
surface and interact with it, resulting in lattice
damage. Depending on the application, these defects
may either be beneficial or detrimental for optimum
device functioning. For example, for Si it has been
shown that the defects introduced during high-
energy electron and proton irradiation increase the
switching speed of devices.11

In this study we report the electronic properties of
defects introduced in n-type Ge during sputter
deposition of Au Schottky contacts. We show that
sputter deposition introduces several electron traps
and that the electronic properties of these defects
are the same as some of the defects introduced
during MeV electron irradiation of the same
material.

EXPERIMENTAL PROCEDURE

For this experiment we used bulk-grown (111)
n-type Ge doped with Sb to a level of 2.5 · 1015 cm-3.
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Before metallization the samples were first degr-
eased and then etched in a mixture of H2O2 (30%):
H2O (1:5) for 1 min. Directly after cleaning they
were inserted into a vacuum chamber where AuSb
(0.6% Sb) was deposited on their back surfaces as
ohmic contacts. The samples were then annealed at
350�C in Ar for 10 min. Before Schottky contact
deposition, the samples were again chemically
cleaned as described above. Au contacts, 0.63 mm in
diameter, were sputter-deposited through a mec-
hanical mask. For sputter deposition Ar was leaked
into the system to a pressure of 6 · 10-2 mbar to
create the plasma. The accelerating sputter voltage
was 700 V and the power was 100 W. The sputter-
deposited contacts were deposited at a rate of about
2 nm s-1 and were 400 nm thick. ‘‘Control’’ Au
Schottky contacts were deposited on identical sam-
ples by resistive evaporation—a process known not
to introduce defects in semiconductors. Both con-
ventional and high-resolution Laplace DLTS12,13

were used to study the defects introduced in the Ge
during the sputter deposition process.

RESULTS AND DISCUSSION

Room temperature capacitance–voltage (C–V)
measurements revealed that the barrier heights of
control (resistively deposited) contacts and sputter
deposited contacts were 0.44 ± 0.01 eV and 0.45 ±
0.01 eV, respectively. This is the same for all prac-
tical purposes and shows that sputter deposition
does not introduce defects in a sufficiently high
concentration to alter the built-in voltage of the
Au-Ge interface. Room temperature current–voltage
(I–V) measurements, however, showed that the
reverse leakage current of the sputter deposited
contact (at -1 V bias) was about an order of magni-
tude higher (5 · 10-5 A) than that of the resistively
deposited contact (2 · 10-6 A). This is illustrated in
Fig. 1. This, together with the fact that the C–V
Schottky barrier height was not decreased during
sputter deposition, suggests that the increase in
reverse current is caused by sputter deposition
introduced defects that act as recombination-gener-
ation centers. We have also measured the reverse
current (at -1 V bias) as a function of temperature.
Upon cooling, the reverse current of the control
diode (at -1 V bias) decreased from 2 · 10-6 A at
room temperature to 1 · 10-13 A at 100 K (Fig. 1).
The lower current limit of our current (I) measure-
ment system is about 2 · 10-14 A. The reverse cur-
rent (at -1 V bias) of the sputtered diode, on the
other hand, slowly decreased from 5 · 10-5 A at
room temperature to 3 · 10-9 A at 100 K, where the
reverse current was almost four orders of magnitude
higher than that of the control diode (Fig. 1). The
fact that the reverse current of the sputtered diode
was so much higher than that of the control diode
emphasizes the importance of sputter deposition
introduced defects as recombination centers, espe-
cially at low temperatures.

In Fig. 2 we depict the DLTS spectra for control
and sputter-deposited Au contacts. The DLTS
spectrum, curve (a), of the control diode does not
contain any detectable DLTS peaks. Curve (b)
shows that sputter deposition introduced several
electron traps: ES0.14, ES0.20, ES0.21, ES0.24, and
ES0.31. In this nomenclature �ES� means electron
trap induced by sputtering, and the subscript is the
activation energy determined from the Arrhenius
plots in Fig. 3. The electronic properties of these
defects are summarised in Table I. The peaks of
ES0.20 and ES0.21 could only be clearly resolved after
using high-resolution Laplace DLTS.12,13 In Fig. 2
we also compare the DLTS spectrum of sputter-
induced defects to those of Au Schottky diodes
formed by electron beam deposition (EBD) (curve c)
and to the spectrum of Ge irradiated with high
energy electrons (curve d).8 This comparison reveals
that, except for the V-Sb center, sputter deposition
introduces the same defects as high energy electron
irradiation. This is also verified in Fig. 3 where the
DLTS signatures of these defects are compared.
Interestingly, none of the defects introduced by
EBD, except the V-Sb complex, correspond to
defects introduced by high-energy electron irradi-
ation or sputter deposition. Unlike in previous
studies of high-energy electron irradiated Ge and

Fig. 1. I–V curves of resistively deposited (triangles) and sputter
deposited (circles) Au Schottky contacts to Ge, recorded at room
temperature (open symbols) as well as at 100 K (solid symbols).
Note that the forward �F� and reverse �R� currents are plotted in the
same quadrant.
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electron beam deposited (EBD) Schottky diodes,8 we
could not detect any hole traps in the sputter
deposited contacts studied here, even when apply-
ing a strong forward bias. After irradiating the
sputter deposited contacts with MeV electrons the
hole traps typical of electron irradiation could be
observed. This means that sputter deposition by
itself does not introduce any hole traps in detectable
concentrations.

The main electron trap introduced by EBD and
electron irradiation was the E0.38, which was shown
to be the (-/-) charge state of the V-Sb center. The
fact that this defect is not observed after sputter
deposition implies that this process does not intro-
duce a sufficient number of single vacancies at and
close to the surface that can diffuse into the Ge and
combine with Sb ions to form V-Sb, as in the case of
EBD.8 It should be realised that most of the damage

that we observe after sputter deposition is caused by
backscattered neutral Ar ions that have a maximum
energy of 700 eV. From TRIM14 modelling we have
found that the range and straggle of these ions are
2.1 nm and 1.2 nm, respectively. In the first 3 nm
they deposit on average 20 eV/nm to the Ge lattice
and produce, on average, 5 vacancies/nm. This im-
plies that defects larger than the single vacancy, e.g.
divacancy and vacancy (or interstitial) clusters, can
be formed. Whereas vacancy clusters, such as the
divacany, are stable at room temperature,3 inter-
stitial clusters, by nature, are not very stable. It is
therefore conceivable that when they break up,
interstitials are injected into the Ge during sputter
deposition. Based on this we speculate that the
defects we observe after sputter deposition are
related to interstitial-impurity complexes (e.g. I-Sb),
vacancy- or interstitial clusters, or complexes of
these clusters with impurities. The signature of
ES0.31 (similar to that of E0.31) is close to that
reported for the divacancy (E0.29),3 whereas the
signatures of ES0.14, ES0.20, and ES0.21 are close to
that of the E0.13, E0.19, and E0.23 proposed to be
related to Sb and the Ge interstitial.3

As in previous studies on other semiconduc-
tors,8–10 we have found that the defects introduced
during sputter deposition of contacts on Ge are
located close to the metal-semiconductor interface.
A depth profile constructed using the fixed-bias
variable-pulse method showed that the concentra-
tion of the sputter-induced defects is of the order of
1013 cm-3 at 100 nm below the interface and de-
creased exponentially into the Ge. However, it
should be pointed out that from TRIM modelling we
have found that most of the directly produced
sputter damage is located within the first 5 nm be-
low the surface. It is well known that it is not pos-
sible to accurately probe defects by DLTS so close to
the surface. Therefore, the defects that we observe
beyond 100 nm reached that location by diffusion
and their concentration is not a fair reflection of
that of the defects directly produced by sputter-
deposition close to the interface.

We have also investigated the thermal stability of
the sputter deposition induced defects by isochronal
annealing in argon. After annealing at 150�C for
10 min the ES0.14, ES0.20, and ES0.24 levels could no
longer be detected but the concentration of ES0.31

increased by about a factor of two. Annealing at 200�C
reduced the concentrations of ES0.21 and ES0.31 by
10% and 30%, respectively, and annealing at 250�C
removed them completely, and sputter deposition
induced defects could no longer be detected. After
annealing at 300�C, no additional defects, i.e. no
�second generation� defects could be observed, indi-
cating that the sputter deposition induced defects
did not reconstruct during annealing to form larger
defects or different defect complexes. The removal
temperature of ES0.31 of 250�C is higher than the
180�C reported by Fage-Pedersen et al.3 for removing
the divacancy (with a similar energy level). However,

Fig. 2. DLTS spectra of Schottky contacts to n-Ge. Curve (a)
resistively deposited (control) Au contact; curve (b) sputter deposited
Au contact; curve (c) Au contact deposited by electron beam depo-
sition; and curve (d) Pd contact irradiated with MeV electrons.7 All
spectra were recorded using a rate window of 80 s-1 at a quiescent
reverse bias of -1 V and a pulse, Vp, of 0.15 V into forward bias.

Fig. 3. Arrhenius plots for defects introduced in n-type Ge during
electron beam deposition (circles), sputter deposition (upside down
triangles) and high-energy electron irradiation induced (upright
triangles). All data was acquired using the bias and pulsing condi-
tions defined in the caption of Fig. 2.
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it should be borne in mind that the annealing
reported by Fage-Pedersen et al.3 was performed
under zero bias where most of the defects are filled
with electrons. In our case ES0.31 is close to the sur-
face and hence above the Fermi level during
annealing. It has been reported that reverse bias
annealing (E-center above the Fermi level) impedes
the annealing of E-centers2. Annealing at tempera-
tures of up to 300�C is not expected to give rise to
Au-Ge interaction, e.g. germanidation, because the
Au-Ge eutectic temperature is 361�C.15

Finally, it is interesting to note that sputter depo-
sition also introduced several defects in Si.15 Unlike
the case of Ge above, annealing of sputter-deposited
Ti-W Schottky contacts to n- and p-type Si introduced
several second generation defects.16 It is also impor-
tant to point out that annealing at 400�C removed
some, but not all, of the sputter-induced defects in
Si.16 However, this comparison between sputter-
induced defects in Ge and Si may not be very appro-
priate because the sputter systems and conditions
used for the two experiments were different.

SUMMARY

In summary, we have investigated by deep level
transient spectroscopy the electron trap defects
introduced in n-type Ge during sputter deposition of
Au Schottky contacts. We have compared the prop-
erties of these defects with those introduced in the
same material during high-energy electron irradia-
tion and have found that sputter deposition intro-
duces several electrically active defects near the
surface of Ge. All these defects have also been
observed after high-energy electron irradiation.
However, the main defect introduced by high-energy
electron irradiation, the V-Sb complex, was not
observed after sputter deposition. Annealing at
250�C in Ar removed the defects introduced during
sputter deposition but annealing at higher tempera-
tures did not introduce any new defects.
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Table I. Electronic Properties of Prominent Defects Introduced in n-Type Ge During Sputter Deposition
and MeV Electron Irradiation of Schottky Contacts

Sputter Deposition MeV Electron Irradiation

Similar Defects / Defect IDDefect ET (eV) ra (cm2) Tpeak
a (K) Defect ET (eV) ra (cm2) Tpeak

a (K)

ES0.14 EC-0.14 5.5 · 10-15 78 E0.15 EC-0.15 2.8 · 10-14 77 E0.13
b , Sb and I relatedc

ES0.20 EC-0.20 3.7 · 10-14 100 E0.20 EC-0.20 1.4 · 10-14 100 E0.19
c , Sb and I relatedc

ES0.21 EC-0.21 2.0 · 10-14 109 E0.21 EC-0.21 3.6 · 10-14 109 E0.21
c , Sb related?c

ES0.24 EC-0.24 3.3 · 10-15 131 E0.24 EC-0.24 2.5 · 10-15 131 E0.23
c , Sb and I related?c

ES0.31 EC-0.31 1.5 · 10-14 151 E0.31 EC-0.31 5.0 · 10-14 150 E0.29
c ?, V2

c?
— — — — E0.38 EC-0.38 1.1 · 10-14 191 E0.377

b , E0.37
c , V-Sb (-/-)b, c

— — — — H0.30 EV + 0.30 3.66 · 10-13 142 H0.307
b , H0.30

c , V-Sb (-/0)b

a Peak temperature at a rate window of 80 s-1; b See Ref. 4; c See Ref. 3.
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