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A self doping contact consisting of a silver/antimony alloy that produces an Ohmic contact to
moderately doped n-type germanium (doped to a factor of four above the metal-insulator
transition) has been investigated. An evaporation of a mixed alloy of Ag/Sb (99%/1%) onto n-Ge
(Np = 1 x 10" cm™?) annealed at 400°C produces an Ohmic contact with a measured specific
contact resistivity of (1.1=0.2) x 107> Q-cm?. It is proposed that the Ohmic behaviour arises from
an increased doping concentration at the Ge surface due to the preferential evaporation of
Sb confirmed by transmission electron microscope analysis. It is suggested that the doping
concentration has increased to a level where field emission will be the dominate conduction
mechanism. This was deduced from the low temperature electrical characterisation of the contact,
which exhibits Ohmic behaviour down to a temperature of 6.5K. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4873127]

There is an increasing interest in using Ge for both elec-
tronic and optical devices on Si substrates to expand the
functionality of Si technology. Ge is an attractive material
for use in many different technologies including end-of-road-
map complementary metal-oxide semiconductor (CMOS),
where its higher carrier mobilities compared to Si would
potentially allow for reduced power operation.' Ge integra-
tion has benefits for Si photonics devices” such as photode-
tectors,3 single photon avalanche detectors,4 modulators,5
and Ge lasers.® Ge has also been used for spintronic devices’
along with thermoelectrics® and there have been proposals
for Ge/SiGe quantum cascade lasers.’

Poor electrical contacts to n-Ge are a potential road-
block to the majority of these applications. Low resistive
Ohmic contacts to n-Ge are difficult to achieve because of
strong Fermi level pinning at the charge neutral level
(0.08-0.09 e V), just above the valence band (Fig. 1).
This produces a large Schottky barrier height at the metal-Ge
interface,12 which is relatively independent of the metal
work function (pinning factor S = 0.02-0.05).'*!! Whilst the
cause of the Fermi level pinning is not fully understood, mul-
tiple methods to overcome the pinning and form an Ohmic
contact have been suggested. Degenerately in-situ P doped
n-Ge can support Ohmic contacts to annealed Ni.'*'* The
large dopant concentration, however, required to achieve
Ohmic behaviour results in segregation of the n-type dopants
during chemical vapor deposition (CVD) which is detrimen-
tal for many vertical devices since any other epitaxial layers
subsequently grown will be unintentionally doped.'> Other
methods investigated include lowering the barrier height by
ion implantation,m’17 inserting an interfacial layer,lz’lg‘zo
and the deposition of Yb capped with SiO,.2' AgSb alloys
have been shown to form Ohmic contacts to low Ge
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concentration n-type Si;_,Ge, alloys,22 leading to the inves-
tigation of AgSb for this moderately doped n-Ge layer.
The method described in this paper allows a simple fabrica-
tion process to form an Ohmic contact to n-Ge doped just
above the metal-insulator transition compared to alternative
methods.

The n-Ge was epitaxially grown using an ASM Epsilon
2000E low pressure CVD tool on a p~ Si(001) wafer.”> The
Ge layer was 2 um thick and a phosphane precursor pro-
duced an in-situ P doping of 1 x 10'® cm™>. The electrically
activated dopant concentration was subsequently confirmed
by Hall effect measurements on mesa etched Hall bar sam-
ples. The Mott criteria for Ge:P is 2.5 x 10" cm > (Ref. 24)
indicating that the sample is metallic with a doping level that
is a factor of 4 above the metal-insulator transition.

Metal Metal n*'Ge Ge

FIG. 1. A schematic diagram of a metal contact to low or moderately doped
n-Ge, where the Fermi level is pinned near the charge neutral level just
above the valence band. Therefore, a large Schottky barrier results, regard-
less of the metal work function. (b) The ideal case where the Ge is suffi-
ciently doped to reduce the barrier width to allow tunnelling of electrons
through the barrier to form an Ohmic contact.

n-Ge

© 2014 AIP Publishing LLC
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15 mm? chips for electrical measurements were
prepared by first cleaning in acetone, followed by a rinse in
propan-2-ol, and then blown dry in N,. Circular transfer
length method (CTLM) structures® were then patterned in
poly(methyl methacrylate) using a Vistec VB6 electron
beam lithography tool to produce devices with a placement
accuracy of 1nm. The samples were then dipped in a 5:1
buffered HF solution to remove any native oxide, before
being immediately placed into a metal evaporator and
pumped down to <1 x 107® millibars, where 90nm of a
mixed Ag/Sb (99%/1%) alloy was deposited by thermal
evaporation. Following lift-off, the samples were annealed
for S5min in N in a rapid thermal annealer at temperatures
from 300-550°C. For comparison, a reference sample was
produced with 100nm of electron-beam evaporated Ni and
annealed at 340°C for 30s which produces a germanide
phase (NiGe) that has the lowest resistivity out of all the
transition metals.'?'*2°2% It is therefore often used to make
a contact to n-Ge and to date has resulted in the lowest
values of specific contact resistivity (p,).'* This approach,
however, requires highly doped Ge (Np > 1 x 10" cm™?),
where conduction is dominated by field emission through a
thin Schottky barrier. Therefore, for lower doped n-Ge such
as the material investigated in this work, it is anticipated that
a Schottky contact will form because conduction will be reli-
ant on thermionic emission over the barrier (Fig. 1).

Each chip contained multiple CTLM structures with inner
radii ranging from 50 to 100 um, which are more than a few
times the transfer length® (around 7.5 um) and gap spacings
ranging from 2 um to 100 um, comparable to others,”’ the
outer contact was contained within an 800 um x 800 um
square. The CTLM structures were characterised using a four
connections (separate force and sense for voltage and current)
dc configuration with a voltage sweep from —2 to 2V using
an Agilent B1500 semiconductor parameter analyser. Unlike
linear TLM structures the CTLMs can be fabricated in a single
lithography step since they do not require a mesa etch to con-
fine the current path. Therefore, this removes errors related to
lithographic misalignment between the mesa etch and contact
deposition. The total resistance of each structure is measured
and then plotted as a function of the gap spacing. A geometric
correction factor® is required such that the resistance divided
by the correction factor is a linear function of the gap spacing,
which allows a linear fit to the data (Fig. 2). From this, the
sheet resistance (R,;) and the transfer length (Ly) can be
extracted. The p, is then calculated by usingzspc = L% X Ryp.

Figure 3 shows the current-voltage (IV) characteristics
of 50 um radius CTLM structures with 100 um gap spacing
for the AgSb contacts annealed at 300-550 °C for 5 min. For
comparison, the NiGe contact is also plotted. It is obvious
that the AgSb contacts annealed at 300 °C and 350 °C both
demonstrate Schottky behaviour. Both show better current
conduction, however, compared to the NiGe contact, imply-
ing that some of the Sb has been activated by the anneal. The
contacts annealed at 400 °C and 450 °C are clearly Ohmic
(Fig. 3), as characterised by the symmetry and high current
density for the forward and reverse biases. This suggests that
more Sb has become electrically active and the n-Ge dopant
concentration has increased to a level where field emission
dominates conduction. Anneal temperatures higher than
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FIG. 2. The measured and corrected resistance values for a Ag/Sb (99%/1%)

alloy on n-Ge CTLM structure with 50 um radius annealed at 400 °C with a
linear fit applied to the corrected values.
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FIG. 3. The semi-log current density versus voltage characteristics for a
90nm 99% Ag/1% Sb alloy on n-Ge annealed at 300-550°C. The NiGe
sample annealed at 340 °C is also shown (black line). The AgSb on n-Ge
contacts annealed at 400 and 450 °C for 5 min are clearly Ohmic.

450 °C resulted in agglomeration of the contact, which is evi-
dent in the atomic force microscopy image in Fig. 4.

Since the AgSb contacts annealed at 400 °C and 450°C
were Ohmic, the p,. was extracted from the CTLM structures
and are summarised in Table I. The best result was obtained
for a AgSb alloy on n-Ge contact annealed at 400°C for
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FIG. 4. Surface roughness map of the AgSb on n-Ge contact annealed at
500°C (left) and 550°C (right) measured with an atomic force microscope.
The smooth surface in the bottom of the figure corresponds to an area of
blank Ge.
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TABLE I. The contact type that arises for a AgSb alloy on n-Ge annealed at
different temperatures. The specific contact resistivity is included for the
Ohmic contacts.

Anneal (°C) Contact Pe (Q-cm?)
<350 Schottky

400 Ohmic (1.1£0.2) x 1073
450 Ohmic (1.7£0.3) x 1073
>500 Agglomerated

Smin. The contact was shown to be stable up to an anneal
time of 10min. The IV characteristics of the contact was
measured as a function of sample temperature and this is
shown in Fig. 5. It is clear that the contact remains Ohmic
down to the base temperature of the measurement cryostat of
6.5 K. There is noticeable improvement in the current con-
duction for the IVs at 6.5 K and 77 K compared to room tem-
perature, which can be explained from an increase in
conductivity for the as grown n-Ge at lower temperatures.>®
The Ohmic behaviour at 77K and below is another indica-
tion that field emission is the dominant conduction mecha-
nism. Therefore, this implies that the doping concentration
of the n-Ge under the contact has been increased due to the Sb
evaporation and subsequently electrically activated from the
anneal. Since the solid solubility limit of Sb in Ge is 5 orders
of magnitude higher than Ag at these anneal temperatures’'
enhanced Sb doping at the metal/Ge interface is expected. To
highlight the performance of this contact further, the IV char-
acteristics for the NiGe contact at room temperature are plot-
ted in Fig. 5 and is clearly rectifying.

Since the NiGe contact is rectifying, due to Fermi level
pinning, the Schottky barrier height (¢5) can be calculated

by32
kgT [AA*T?
bp = B—ln( ) (1)
q Ig

where kp is the Boltzmann constant, T is the temperature in
K, A is the area of the contact, and A* is 143 A cm 2 K2 for
Ge (Ref. 11). I is the saturation current, which is equal to
the y-intercept of a linear fit to log,,(//(1 — e~9"/%T))
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FIG. 5. The current density versus voltage characteristics measured at differ-
ent temperatures for a 90 nm AgSb alloy on n-Ge contact annealed at 400 °C
for 5min. For comparison, the room temperature IV for the NiGe contact
annealed at 340 °C is displayed (black line).
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versus voltage for the contact in forward bias near zero
volts.*® From the IV characteristics of a sample with a
large AgSb Ohmic contact and 140 um x 140 um NiGe con-
tact a barrier height of 523*=11 meV and an ideality factor of
1.20 was extracted from the slope of the linear fit, which
is consistent with values previously measured.'®'!** Due
to the large barrier height and low doping concentration
(1 x10" cm73) the NiGe contact is reliant on thermionic
emission over the barrier (Fig. 1). This shows the advantage
of this AgSb process, which is self-doping, in creating an
Ohmic contact to moderately doped n-Ge by increasing the
dopant concentration.

To investigate the AgSb contact annealed at 400°C in
more detail, the contact was analysed using scanning trans-
mission electron microscopy (STEM). Samples were prepared
by the focused ion beam (FIB) lift-out process using a FEI
Nova Nanolab 200 Dualbeam FIB microscope. STEM charac-
terisation was then performed on the resulting sections using a
JEOL ARM200F microscope equipped with a cold field emis-
sion gun electron source and a Gatan GIF Quantum electron
energy loss spectrometer. Characterisation was performed
using electrons accelerated to 200kV, with images recorded
using the high-angle annular dark-field (HAADF) mode and
dual electron energy loss spectrum (DualEELS) images
recorded over an energy range up to 2100eV covering the
edges for Ag Mys, Sb Mys, and Ge L, 3, as well as C K.
Quantification was performed using a new convolution-based
approach provided by Gatan Inc. (Pleasanton, USA) based on
earlier work by Verbeeck er al.>**> which fits the fine struc-
ture at the absorption edges based on the low loss spectrum
and thus accounts for multiple scattering explicitly through
the use of the whole DualEELS dataset. The HAADF image
of Fig. 6 shows a cross-section of a contact annealed at 400 °C
for 5min. The distribution of the Ag, Sb, and Ge are shown
both separately and as a multicoloured overlay map. In both
the image and the maps, it is clear that, unlike Ni,Ge, con-
tacts," the AgSb forms a predominately flat contact on the
surface, with just the occasional dip into the Ge. It is also
observed that the Sb has diffused to a depth of ~5 nm at a
concentration of a few percent. This is significant enough to
increase the dopant concentration of n-Ge. The top surface of
the contact is rougher. This is most likely due to the fact that
the contact is polycrystalline with nanosized grains. The esti-
mates from our DualEELS quantification suggest an approxi-
mate 75% Ag/25% Sb composition confirming that Sb is
preferentially evaporated from the target, enriching it signifi-
cantly in the film. This may also suggest that the composition

HAADF image

FIG. 6. HAADF images of a AgSb on n-Ge contact annealed at 400 °C for
5min.
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would be graded in a thicker Ag contact through depletion of
the Sb in the target.

To conclude, to reduce n-type dopant segregation during
epitaxial growth, n-Ge Ohmic contact layers grown below
nominally undoped active layers require lower doping con-
centrations than that required to produce low p. Ohmic con-
tacts. The NiGe Ohmic contacts to n-Ge requires a highly
doped layer (Np > 1 x 10" cm™?), otherwise a Schottky
contact forms. Other processes that have been demonstrated
require additional steps, adding to the complexity of the con-
tact scheme. A process for the creation of Ohmic contacts to
n-Ge (Np =1 x 10" cm™?), which requires only a AgSb
alloy deposition and an anneal has been demonstrated. A
deposition of a AgSb alloy followed by a 400 °C anneal for
5min can produce an Ohmic contact with a p, of (1.1%0.2)
%107 Q-cm? on n-Ge layers doped to a factor of four above
the metal insulator transition. The contacts remained Ohmic
down to 6.5 K indicating that field emission is the main elec-
trical conduction mechanism.
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Watt Nanofabrication Centre for help with fabrication, the
assistance of Mr. W. Smith and Dr. S. McFadzean in the
Kelvin Nanocharacterisation Centre, and Dr. P. Thomas of
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