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A systematic study of the thermally induced reaction of 20 transition metals �Ti, Zr, Hf, V, Nb, Ta,
Cr, Mo, W, Mn, Re, Fe, Ru, Co, Rh, Ir, Ni, Pd, Pt, and Cu� with Ge substrates was carried out in
order to identify appropriate contact materials in Ge-based microelectronic circuits. Thin metal
films, nominally 30 nm thick, were sputter deposited on both amorphous Ge and crystalline
Ge�001�. Metal-Ge reactions were monitored in situ during ramp anneals at 3 °C s−1 in an
atmosphere of purified He using time-resolved x-ray diffraction, diffuse light scattering, and
resistance measurements. These analyses allowed the determination of the phase formation
sequence for each metal-Ge system and the identification of the most promising candidates—in
terms of sheet resistance and surface roughness—for their use as first level interconnections in
microelectronic circuits. A first group of metals �Ti, Zr, Hf, V, Nb, and Ta� reacted with Ge only at
temperatures well above 450 °C and was prone to oxidation. Another set �Cr, Mo, Mn, Re, Rh, Ru,
and Ir� did not form low resistivity phases ��130 �� cm� whereas no reaction was observed in the
case of W even after annealing at up to 1000 °C. We found that Fe, Co, Ni, Pd, Pt, and Cu were the
most interesting candidates for microelectronic applications as they reacted at relatively low
temperatures �150–360 °C� to form low resistivity phases �22–129 �� cm�. Among those, two
monogermanides, NiGe and PdGe, exhibited the lowest resistivity values �22–30 �� cm� and were
stable over the widest temperature window during ramp anneals. In passing, we note that Cu, Ni,
and Pd were the most effective in lowering the crystallization temperature of amorphous Ge, by up
to 290 °C for our typical ramp anneals at 3 °C s−1. © 2006 American Vacuum Society.
�DOI: 10.1116/1.2191861�
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Microelectronics has been primarily a Si-based technol-
gy because of the stability and high quality of SiO2 and its
nterface with the Si substrate, as well as the enormous in-
estment made in Si processing and device fabrication. We
xpect, however, to witness major changes in the coming
ears. First, strained Si1−xGex layers with adjustable band
aps, large valence band offsets, and high carrier mobilities
ave been used to develop high-speed heterojunction bipolar
ransistors �HBTs�,1,2 modulation-doped Si–Ge p-type metal-
xide-semiconductor field-effect transistors �MOSFETs�,2,3

nd quantum effect �including Coulomb blockade� devices.4,5
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�MODFETs� with switching times comparable to those
ined with III–V semiconductors have also been
rted.6 Second, the replacement of SiO2 as the preferred
insulator in MOSFET devices by new high-dielectric

stant materials required for the continued scaling of de-
dimensions7 has for consequence to eliminate one of the

ngest advantages of silicon as the active material, its re-
kable oxide not being used as the gate insulator anymore.
ariety of alternate semiconducting materials exhibiting
er mobilities thus becomes appealing alternatives for re-
ing the silicon active region. Because of its higher carrier
ilities8 and relative compatibility with silicon processing,

is often proposed as a potential alternative.
4743…/474/12/$23.00 ©2006 American Vacuum Society
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As the possibility of using Ge in microelectronics arises,
developing optimal contact materials becomes of paramount
importance. In analogy with the current Si-based technology,
where metal silicides are used to contact the source, drain,
and gate of the transistors, metal germanides appear as natu-
ral candidates for contacting Ge. In the current design and
processing of transistors, the contact material should exhibit
low sheet and contact resistances, good stability under heat
treatment, and be formed at low temperature. From a device
processing point of view, it is also important to determine the
exact phase sequence occurring during the annealing of thin
metal films on Ge in order to establish the temperature range
over which a phase may be of use in the industry.

Most work on bulk germanides has been carried out be-
fore 1970. It has been compiled by Samsonov and Bondarev
in a book presenting the various phases observed for each
materials system as well their melting and superconducting
transition temperatures.9 Formation enthalpies and resistivity
values are also presented for selected materials. The phase
diagrams are also available for all systems investigated here
but Ta–Ge and Ir–Ge.10

Data on thin film systems are relatively scarce, a phase
formation sequence having been proposed for only 11 of the
20 systems considered here.11–30 In all previous investiga-
tions, the phase sequence has been determined through
anneal-and-quench experiments with typical temperature in-
tervals of 25–100 °C. The observed phase sequence gener-
ally begins with metal-rich phases and evolves towards the
phase containing the largest Ge fraction. A number of ther-
modynamically stable phases have not been observed in
these experiments. Furthermore, the nature of the substrate,
the film thickness, the deposition technique, and the tempera-
ture ramp rate vary significantly in each of these experi-
ments, making detailed comparisons very difficult.

Since TiSi2, CoSi2, and NiSi are used in the current
silicon-based technology, interest has arisen for their corre-
sponding germanides. Several different phase sequences
have been reported for Ti–Ge.11–14 The common denominator
is that the low resistivity phase, TiGe2, forms at relatively
high temperature �800 °C� and shows a resistivity of
20 �� cm.11–14 Investigations of Co–Ge reactions revealed
different first phases with the reaction ending with CoGe2 in
all cases. This phase appears at 425 °C and is characterized
by a resistivity of 35 �� cm.15–18 Two studies have proposed
that the Ni–Ge phase sequence is Ni2Ge, NiGe while another
suggests Ni5Ge3 followed by NiGe.14,16,19–21 NiGe has a low
resistivity �16 �� cm�, and forms, but also degrades, at rela-
tively low temperatures �400 and 550 °C, respectively�.
These trends for the formation temperature of the low resis-
tivity phases are similar to those observed for the corre-
sponding silicides.

The reactions of germanium with Pd,14,16,22,23 Pt,14,24,25

Hf,16 Ta,14,26 Cr,27,28 Mn,16 Rh,16 and Cu �Refs. 29 and 30�
have also been investigated. In three of these systems, a
single phase has been reported to form, namely, Hf5Ge3,
TaGe2, and Mn5Ge3. In other cases, a limited number of
investigations identified the consecutive appearance of two
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e: RhGe and Rh17Ge22 for the Rh–Ge couple, Pd2Ge and
e for Pd–Ge, and Cu3Ge �monoclinic� and Cu3Ge �hex-
al� for Cu–Ge. The situation is more complex for the
e system with various sequences each involving four
es having been published. While the first phase to appear
ther Pt3Ge2 or Pt2Ge depending on the investigation con-
red, there is a consensus on the subsequent sequence:
e, Pt2Ge3, and PtGe2.14,15,25 No data on the reaction of Zr,
b, Mo, W, Re, Fe, Ru, and Ir thin films with Ge have
previously reported in the literature.
e note that the observation of different phase sequences

the same materials system is likely due to differences in
thicknesses and microstructure, and in annealing condi-

s. Moreover, it is possible that a phase that is present for
a very small temperature window during annealing

d be inadvertently missed in the anneal-and-quench ex-
ments summarized above since temperature intervals are
cally greater than 25 °C.
n this work, we report on a systematic study of the solid-

reaction between thin metal films and Ge in which we
rmined the phase formation sequence and film properties

ost transition metal germanides. Metal-Ge reactions
e monitored in situ during ramp anneals using time-
lved x-ray diffraction �XRD�, diffuse light scattering,
resistance measurements. We found that Fe, Co, Ni, Pd,
nd Cu were the most interesting candidates for micro-

tronics applications as they reacted at relatively low tem-
tures �150–360 °C� to form low resistivity phases
129 �� cm�. Among those, two monogermanides,

e and PdGe, exhibited the lowest resistivity
30 �� cm� and were stable over the widest temperature

dow during ramp anneals.

XPERIMENTAL PROCEDURE

lanket films, nominally 30 nm thick, of 20 transition
als—Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Mn, Re, Fe, Ru,
Rh, Ir, Ni, Pd, Pt, and Cu—were deposited at room tem-
ture by magnetron sputtering on three different sub-
es: �i� Ge�001�, �ii� 200 nm amorphous germanium
e� on 100 nm SiO2/Si�001�, and �iii� 50 nm Si3N4 on

01�. As described below, the latter inert substrate was
to determine whether the metal films were prone to

ation. Prior to deposition, the Ge substrates were cleaned
dilute HF �100:1�. No additional cleaning steps were
prior to metal deposition on the freshly grown Si3N4

rs.
he base vacuum of the magnetron sputtering system was

10−9 Torr �1.3�10−7 Pa� and the Ar pressure during
sition was maintained at 4 mTorr �0.53 Pa�. The depo-
n rates ranged from 0.04 to 0.32 nm s−1 depending on
nature of the metal target. A second series of samples on
001� and �-Ge substrates was subject to the same metal
sitions but the samples were immediately capped—
out breaking vacuum—with a 5-nm-thick �-Ge layer in
r to prevent oxidation.
etal-Ge reactions were monitored in situ during ramp
als in a purified He atmosphere using time-resolved
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(a

(b

(c
XRD, diffuse light scattering, and resistance measurements.
These measurements were performed at the X20C beam-

line of the National Synchrotron Light Source �NSLS� at
Brookhaven National Laboratory. As-deposited samples were
mounted in an annealing chamber aligned along the beam-
line and equipped with an x-ray-transparent Be window. The
chamber was evacuated to 5�10−6 Torr �7�10−4 Pa�, back-
filled with purified He �O2�10−7 ppm�, reevacuated, and
then backfilled with 1 atm of He. As-deposited samples were
annealed using linear temperature ramps from 100 to 900 °C
at 3 °C s−1. Substrate temperatures are measured with a ther-
mocouple and calibrated to better than ±3 °C using the Si–
Au, Si–Al, and Si–Ag eutectic melting points measured on a
Si�001� substrate. A high-intensity monochromator employ-
ing bandpass W–Si multilayer filters provides an energy
resolution of 1.5% at 6.9 keV ��=0.1797 nm� with a typical
intensity at the sample of 3�1013 photons s−1. The incident
x rays illuminated a sample area of 1�2 mm2. Each diffrac-
tion curve was collected with an acquisition time ranging
from 0.5 to 2 s using a position-sensitive detector covering a
2� range of 14°. In situ light scattering measurements were
carried out using a He–Ne laser light with a wavelength of
633 nm at an incidence angle of 65° with respect to the sur-
face normal and scattering angles of −20° and 50° �with two
separate detectors� providing information on changes in sur-
face roughness for in-plane correlation lengths of 0.5 and
5 �m, respectively. Changes in sample resistance during an-
nealing were measured in situ using standard four point
probe geometry.

Ex situ electrical measurements using a four point probe
were performed on quenched samples to determine their
sheet resistance at room temperature. Rutherford backscatter-
ing spectroscopy �RBS� measurements were carried out to
confirm the composition of all as-deposited films, and of
selected quenched samples to corroborate phase identifica-
tion. The RBS probe beam consisted of 2.3 MeV 4He+ ions
incident at an angle of 7° relative to the sample surface nor-
mal. Scattered ions were collected at two differents angles,
170° to better separate the Ni and Ge signals and 95° for
better depth resolution. RBS also confirmed that there was
no interaction between the Ge and the other metal in the
as-deposited case and that all interfaces were flat and con-
tinuous with an average rms roughness �3 nm. Simulations
of multiphased layer stacks were then carried out using the
RUMP software package.31 The deposited films were also
characterized on carbon pieces to minimize the contribution
of the substrate, in order to verify by RBS that the as-
deposited films were oxygen-free. No impurities could be
detected by RBS in the as-deposited samples.

III. RESULTS

All as-deposited samples were annealed using linear tem-
perature ramps in order to study the phase formation se-
quence, to identify low resistivity phases, and to determine
sensitivity to oxidation. The experimental matrix being con-
siderable �20 different metals with substrates�, the presenta-
tion of the results will emphasize the main differences be-
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n the various materials systems. However, in order to
onstrate the strength and rigor of our experimental ap-
ch we first present the detailed in situ results for a typi-

system, Pt–Ge.
he reaction of a 30-nm-thick Pt layer on a Ge�001� sub-
e, a system that exhibits a significant number of phase
sitions, has been followed during thermal ramping from

temperature to 900 °C at 3 °C s−1. Figure 1 shows two
our plots of the logarithm of the scattered synchrotron
y intensity as a function of diffraction angle 2� and an-
ing temperature Ta. Since the angular range of the
tion-sensitive detector for the synchrotron measurements
mited to 14°, the two plots represent two consecutive
surements on nominally identical samples and covering
rent 2� windows. They are both presented in order to

ude all relevant peaks from the Pt–Ge system. The dif-
light scattering data plotted in Fig. 1�a� is useful in

aling subtle film transformations that might not be vis-
in the x-ray diffraction signal. The in situ resistance data
in the present case, dominated by the behavior of the

k Ge�001� substrate.
he data in Fig. 1 clearly indicate that only the Pt�111�
at 2�Pt�111�=46.7° is visible at the beginning of the an-

ing treatment. Several abrupt, consecutive phase transi-
s are detected by XRD. We identify the formation of the
al-rich phase Pt2Ge at Ta=330 °C on the basis of its
� and �003� peaks at 2�=43.0° and 57.8°, respectively.

light scattering signals �0.5 and 5 �m in-plane length

1. �a� Resistance �R� and light scattering �LS� signals and ��b� and �c��
intensity contour maps ��=0.1797 nm, log scale intensity� plotted as a

ion of annealing temperature Ta during a thermal ramp at 3 °C s−1 in
ed He for a 30-nm-thick Pt layer deposited on Ge�001�. LS 0.5 �m and
�m correspond to the light scattering intensity signals measured at

s selected to probe surface roughness variations for in-plane correlation
hs of 0.5 and 5 �m, respectively.
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scales� remain essentially unchanged during this transition,
suggesting that surface roughness variations are relatively
small. At a slightly higher temperature, approximately
360 °C, one observes the emergence of a peak at 2�=48.7°,
which is consistent with Pt3Ge2�232�. This being the only
intense peak detected for that phase, it suggests a strong
preferential orientation. At 370 °C, three new peaks can be
attributed to PtGe. The peaks at 2�=36.4°, 37.7°, and 50.1°
are, respectively, indexed as the overlap of the �020� and
�111� diffractions, the overlap of �121� and �220�, and, fi-
nally, �002�. At Ta�380 °C, even with Pt being not yet com-
pletely consumed, we clearly observe that three germanide
phases are simultaneously present in the thin film; in particu-
lar, Pt3Ge2 and PtGe form at about the same temperature.
This exceptional behavior—namely, the simultaneous growth
of several phases during the annealing treatment—diverges
from the observations that phases should form sequentially
in thin film systems. This will be further discussed below.

The PtGe phase eventually consumes all others and re-
mains stable until 440 °C, at which point the film completely
transforms into Pt2Ge3 as evidenced by the large number of
diffraction peaks for this low-symmetry phase: �211�, �600�,
�302�, �311�, �402�, �411�, �502�, �511�, �312�, �800�, �611�,
�801�, �512�, and �013�. This phase transition is accompanied
by a marked increase of the diffuse light scattering signal for
the 5 �m in-plane length scale.

Finally, PtGe2 forms at Ta=510 °C and remains stable
until 800 °C, when the film melts. The PtGe2 �020�, �011�,
�111�, �220�, �211�, �121�, and �130� planes can be identified
in the XRD data. We note that the 5 �m light scattering
signal exhibits another large increase at Ta=500 °C. More-
over, the light scattering signal corresponding to a 0.5 �m
in-plane correlation length scale also exhibits a small in-
crease at this temperature. During melting, sharp changes in
the light scattering are detected for both in-plane length
scales.

In summary, five of the six stable phases from the Pt–Ge
binary phase diagram were observed in the current thin film
annealing experiment. On the basis of the maximum dif-
fracted intensity for each phase, the sequence is Pt2Ge,
Pt3Ge2, PtGe, Pt2Ge3, and PtGe2, i.e., phases with an increas-
ing amount of Ge form at increasingly higher temperatures.
However, it must be pointed out that up to three germanide
phases coexist with the initial Pt film during the initial an-
nealing stages. The only stable germanide phase that has not
been clearly observed during the thermal ramp is Pt3Ge. It is
possible that the shift of the Pt peak towards lower angular
values at Ta=300 °C corresponds to the appearance of this
phase. However, such a shift could also be related to grain
growth or stress within the film, as previously observed dur-
ing the reaction of, for example, Co with Si.32

A. Sensitivity to oxidation

The sensitivity of the deposited metal films to oxidation
varies considerably given the range of materials under study.
Although the annealing experiments were conducted in puri-
fied He with a measured oxygen partial pressure below 1 ppb
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ts per billion�, a native oxide may have formed on the
ace of the deposited metal films as a result of exposure to
osphere. This provides a source of oxygen atoms which
then drastically alter the thin film reaction. In order to
tify possible oxidation-related effects, metal films were
deposited on an inert layer of Si3N4. Therefore, any
pected transformation observed during the annealing of

e samples provides strong evidence for surface oxide
ing a role.
he presence of oxygen-related transitions was quite no-
ble for Ti, Zr, Hf, V, Nb, Ta, and Mn. As an example, we
ent in Fig. 2 a comparison of the in situ data for
m-thick Ta films prepared in three different configura-

s: �a� on Si3N4, �b� on �-Ge, and �c� on �-Ge but with a
�-Ge cap. All samples were ramped from

to 900 °C at 3 °C s−1 in a purified He atmosphere. In
2�a�, the Ta peaks observed at low temperature shift

ards higher d spacings �lower 2�� upon annealing over
°C, suggesting the gradual incorporation of an increas-
amount of oxygen into the metal lattice. At higher tem-
tures, the Ta film fully oxidizes, as indicated by the
nish surface color observed following annealing to
°C.
hen comparing Figs. 2�a� and 2�b�, it is clear that simi-

features can be observed for the Ta film deposited on
e. Above 700 °C, we note the presence of both oxide
germanide peaks, thus creating difficulties in the phase
tification. The deposition of a thin �-Ge cap layer di-
ly over the metal film without breaking vacuum in the
netron sputtering system has proven to be an effective
tion for limiting the effects of oxidation during the
al-Ge reactions. In Fig. 2�c�, we can clearly see that the
eaks remain at their predicted position until the reaction
Ge begins at approximately 710 °C. All peaks in Fig.
could be identified as tantalum germanides. However,

5 nm�-Ge did not help for all metal-germanium system

2. XRD intensity contour maps ��=0.1797 nm, log scale intensity�
d as a function of annealing temperature Ta during a thermal ramp at
s−1 in purified He for a 30-nm-thick Ta film �a� on Si3N4, �b� on �
and �c� on �-Ge but covered with a 5 nm Ge cap.
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affected by oxidation. For example, the TiGe2 phase could
not be observed, due to the presence of O at the surface, as
evidenced by RBS measurements.

Fortunately, not all metals suffered from this oxidation
problem. Similar tests have shown that uncapped films of W,
Re, Ni, Pt, Ru, Re, Ir, Cu, and Co are all stable on Si3N4

during annealing in purified He up to 1100 °C. Mo, Pd, and
Fe exhibited slight signs of oxidation or reaction with Si3N4,
but only at temperatures above the range of relevance for
germanide formation.

The oxidizing behavior is directly related to the free en-
ergy of oxide formation per atom of metal.33 Values at 298 K
are presented in Fig. 3 for the most common oxide for a
given metal.34 As expected, metals characterized by the larg-
est difference in free energy �most negative value for the free
energy change during oxidation� are most easily oxidized,
with W and Mo being notable exceptions.

B. Phase formation sequence

In order to determine the phase formation sequence for
each metal-Ge system, experiments identical to those pre-
sented above for Pt–Ge were conducted. RBS analyses were
carried out on selected quenched samples to obtain direct
compositional measurements of the reacted films to confirm
and complement phase identification based on in situ XRD
results. In view of the drastic reduction of oxidation effects
resulting from the addition of an �-Ge overlayer, phase iden-
tification was carried out on such samples. While one would
expect possible differences in the measurement of phases
present when reactions can occur at two interfaces instead of
one, we note that the sequences measured in situ for samples
with and without cap layers were not distinguishable for the
14 systems not prone to oxidation.

The analysis of the complete set of results revealed a wide
range of behaviors. Figure 4 presents typical XRD results for
�a� Zr on Ge�001�, �b� Pd on �-Ge, �c� Pd on Ge�001�, �d� Ir
on Ge�001�, and �e� W on Ge�001�. The Zr–Ge reaction �Fig.
4�a�� is characterized by the formation of three different
phases. It is one of the elements most sensitive to oxidation
since the formation of a Zr oxide phase is observed despite
the presence of a 5-nm-thick Ge cap layer. Indeed, ZrO2

becomes detectable in the XRD maps at Ta=550 °C and has
completely consumed the ZrGe2 layer when Ta reaches
750 °C. At the same time as the ZrO2 phase grows, the

FIG. 3. Free energy of oxide formation for the transition metals at 298 K.
Metals exhibiting oxidation problems in this study are highlighted.
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220� peak grows at 53.4° indicating the separation of Zr
Ge. The reaction with Pd was found to begin at the

est temperature of all systems investigated �Figs. 4�b�
4�c��. The most interesting phase for contacts, PdGe, is
ent from 330 to 740 °C, when it melts. However, the
tance and light scattering measurements �not shown� in-
te severe morphological degradation of this phase at
peratures as low as 550 °C. While the reaction on both
001� and �-Ge reveals the same initial features, different
textures develop as the reaction progresses. As discussed
w, the data in Figs. 4�b� and 4�c� clearly indicate that the
e�210� peak is only observed on �-Ge. The reaction of Ir

Ge �Fig. 4�d�� also leads to the formation of three
es, the latter being the richest in Ge of all phases iden-

4. XRD intensity contour maps ��=0.1797 nm, log scale intensity�
d as a function of annealing temperature Ta during a thermal ramp at
s−1 in purified He for 30-nm-thick metal films on Ge: �a� Zr on
01�, �b� Pd on �-Ge, �c� Pd on Ge�001�, �d� Ir on Ge�001�, and �e� W
e�001�. Films were capped with a 5-nm-thick �-Ge overlayer to pre-
oxidation.
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tified in this study �IrGe4�. The annealing of W on Ge�001� at
temperatures up to 900 °C did not lead to the formation of
any germanide phase �Fig. 4�e��.

Schematic overviews of the phase formation sequence for
each metal on Ge�001� and �-Ge are presented in Figs. 5�a�
and 5�b�, respectively. When there is an overlap between
different phases, the phase with the strongest XRD intensity
is indicated. In rare occasions, some phases could not be
identified unambiguously because of the small number of
XRD peaks present in the measured 2� windows. This
mostly occurred at low temperature in a regime where sev-
eral metal-rich, low-symmetry phases coexist with the pure

FIG. 5. Phase sequence of the reaction of 30-nm-thick transition metal films c
�-Ge during a 3 °C s−1 ramp anneal in purified He. Metal to germanium ratios
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al layer. Still, all potentially interesting phases with re-
t to our selection criteria as contacting materials were
essfully identified.
he summary plots are ordered by families of the Periodic
e; phases are classified by their proportion of metal and
The first two families �IV and V� are the most suscep-
to oxidation. They form germanides at relatively high

peratures and, despite the presence of the Ge cap, are not
lly exempt of oxidation. Even though Mn is a group VII
ent, it appears to be the most reactive film with oxygen.
ct, the formation of an oxide is observed at temperatures

ow as 445 °C. Only one metal, W, did not form any

with a 5-nm-thick �-Ge overlayer deposited on �a� Ge�001� and �b�
h germanide phase are indicated in the color-coded legend.
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detectable phases, even at the highest temperature investi-
gated, whereas Re and Mo completely reacted only above
750 °C. Transition metals on the right-hand side of the Pe-
riodic Table reacted with Ge at the lowest temperatures, a
characteristic that is consistent with the low melting points of
these metals. The low melting points and the rapid atomic
diffusion even at low temperature allow for the early forma-
tion of germanide phases. They, however, also result in an
undesirable early thermal degradation of the films that may
require much optimization work if such contact materials are
to be integrated in large scale production schemes.

Differences in formation temperatures and, in some cases,
in the phase sequence were observed when the substrate was
changed from crystalline to amorphous Ge. In general, Ge
rich phases appeared at lower temperature on amorphous
than single crystal substrates. For example, the formation of
FeGe2 is lowered from 745 °C on Ge�001� to 408 °C on
�–Ge. The decrease in formation temperature and the varia-
tion in the sequence may have multiple origins. From a ki-
netics point of view, the crystallinity of the substrate affects
the diffusion paths and coefficients. The crystallinity some-
times also offers a low energy interface that may play a role.
More importantly, at high temperature, the variation in free
energy which drives the reaction becomes small since many
phases have already formed. As a result, the formation of the
phase with the highest Ge fraction often becomes nucleation
limited. In this case, the crystallization energy is often suffi-
cient to lower the barrier in such a way that nucleation is not
an issue.

C. Sheet resistance

As the present work is aimed at identifying appropriate
materials for contacting Ge-based devices, interesting candi-
dates must exhibit a low resistance, be formed at a reason-
ably low temperature, and remain morphologically and ther-
modynamically stable over a wide range of temperatures.
Because of differences in resistivity between the various ger-
manide phases and the expanding thickness of the film re-
sulting from Ge incorporation as the reaction progresses,
phase formation can lead to abrupt changes in the sheet re-
sistance measured in situ during annealing. Morphological
degradation at high temperature also leads to increases in
sheet resistance, during which the XRD data exhibit little or
no variation.

The real-time resistance measurements during annealing
were carried out on thin �200 nm� �-Ge layers on an insu-
lating substrate composed of SiO2 on Si�001�. Indeed, the
use of a thick Ge�001� substrate is not possible for these
measurements since it becomes conductive at high tempera-
ture as electrons populate the conduction bands of the semi-
conductor. In these conditions, the resistance signal would be
completely dominated by the substrate behavior �see, for ex-
ample, Fig. 1�a��. The �-Ge/SiO2/Si�001� substrate also has
the advantage of withstanding higher temperatures than bulk
Ge, thus extending the range of annealing conditions to tem-
peratures higher than the melting point of Ge.

The overall set of results is plotted as a function of Ta in
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6. Data acquired in the in situ setup have been normal-
using values from ex situ four point probe measure-

ts �linear configuration� performed on samples before the
als. Sheet resistance curves for a first group of metals
ting with Ge at low temperature but also exhibiting se-
oxidation �Ti, Zr, Hf, V, Nb, and Ta� are shown in Fig.

. For these systems, most of the high temperature phases
bit severe surface roughening �HfGe2, NbGe2, and
e2�, as indicated by complementary light scattering mea-
ment �not shown�. The sheet resistance values obtained
e from 18 to 85 � /�. We note, however, that some
es could potentially exhibit lower values with a better
rol of film oxidation by optimizing the cap-layer quality.
ther metals such as Cr, Mo, Mn, Ru, Rh, Ir, and Re react
Ge to form germanide phases with sheet resistance val-

at least as high as those for the metal film itself �Fig.
�. Also, as mentioned earlier, no reaction could be de-

6. Sheet resistance, plotted as a function of annealing temperature Ta,
g a thermal ramp at 3 °C s−1 in purified He for 30-nm-thick metal films
ed with 5 nm �-Ge. �a� Metals prone to oxidation: Ti, Zr, Hf, V, Nb,
a; �b� metals forming high-resistivity germanide phases: Cr, Mo, Mn,
h, and Ir, or exhibiting little reaction: W; and �c� metals reacting at low

erature: Fe, Co, Ni, Pd, Pt, and Cu.
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tected by XRD for W within the temperature range studied.
The sheet resistance curve for this system remains quite
stable through the annealing process, displaying only a slow
steady increase typical of a metallic material �Fig. 6�b��.

Finally, some metals react with Ge to form low resistivity
germanide phases �Fig. 6�c��. This last group �Fe, Co, Ni, Pd,
Pt, and Cu� includes the most promising candidates for con-
tacting Ge using a straightforward process. Among those,
NiGe and PdGe phases appear especially interesting: they
exhibit the lowest sheet resistance, form at low temperature
�150 and 360 °C, respectively�, and remain stable over a
wide temperature range. The morphological degradation �ag-
glomeration� begins at 580 and 550 °C for NiGe and PdGe,
respectively, during a 3 °C s−1 ramp rate. The respective in-
crease in sheet resistance at 380 and 350 °C correlates with
the increase in roughness induced by the crystallization of
�-Ge. This phenomenon would of course not occur in the
source and drain regions of devices built on single crystal
germanium.

We are interested here in the detection of low resistance
phases and many of the curves presented in Fig. 6 show low
resistance values at high temperatures. The low resistance
can of course not only be the result of the formation of a low
resistivity “metallic-type” phase but could also originate
from the formation of a semiconducting germanide that be-

TABLE I. Sheet resistance of quenched phases on �-Ge o

Germanide

Sheet
resistance

�� /��
Ta

�°C�

Co+CoGe 9.9 360
Co5Ge7+CoGe2 6.3 520

CoGe2 5.5 650
Co2Ge 7.2 430
Cr5Ge3 23 480
Cr5Ge3 51 560
CrGe 26 670

Cu3Ge 8.5 225
FeGe or Fe5Ge6 26 390
FeGe or Fe5Ge6 28 440

FeGe2 14 580
HfxGey +Hf 26 470

HfxGey 24 545
Ir+Ir4Ge5 7.0 260
Ir+Ir4Ge5 7.2 460

Ir3Ge7 11 580
Mn5Ge2 180 284
Mn5Ge2 160 320

MnO 710 520
Mo13Ge23 18 720

Nb+Nb5Ge3 20 600
NbGe2 30 680

Ni+NiGe+Ni5Ge3 7.7 250
NiGe+Ni5Ge3 8.5 270
NiGe+Ni5Ge3 10 285
NiGe+Ni5Ge3 5.0 315

NiGe 3.1 380
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es very conducting at high temperatures. To obtain quan-
ive values of the sheet resistance for the different ger-
ide phases at room temperature, samples were prepared
eating metal films on �-Ge up to the appropriate tem-
ture for a given phase, followed by rapid cooling. XRD
s were performed immediately after quenching to con-
the presence of the desired phase.
he room-temperature sheet resistances measured for all
ched phases are given in Table I. The sheet resistance of
germanide phase always corresponds to a fixed initial

al thickness. As a result, if two phases have similar resis-
ies, the films containing more Ge will typically exhibit
er sheet resistances since the thickness of the transformed

E II. Resistivity of selected metal germanide phases formed on �-Ge.

Sheet resistance
�� /��

Nominal thickness
�nm�

Resistivity
��� cm�

3.1 71 22
e 8.5 28 24

4.4 68 30
5.2 71 44

2 4.2 113 48
e2 5.5 125 69

d during 3 °C s−1 ramp anneals in He.

Germanide

Sheet
resistance

�� /��
Ta

�°C�

Pd+PdxGey 7.3 251
PdGe 4.4 340

Pt+Pt3Ge 16 300
Pt2Ge 8.7 350

t3Ge2+PtGe 6.9 375
PtGe 6.3 390
PtGe2 4.2 450
PtGe2 6.7 720
PtGe2 11 807

Re3Ge7 81 925
Rh+RhGe 10 440

RhGe 21 480
Rh17Ge22 32 600

Ru+Ru2Ge3 30 560
Ru2Ge3 3800 700
Ru2Ge3 2800 925
TaGe2 18 780

Ti+TixGey 63 480
Ti5Ge6 58 760
Ti5Ge6 120 925

V+VxGey 18 500
V5Ge3 32 600

Zr+ZrxGey 110 360
Zr+ZrxGey 62 460

ZrxGey 110 620
ZrGe2 85 760

ZrGe2+ZrO2 190 925
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films generally increases with Ge content. For example, even
if the PdGe phase displays a lower bulk resistivity than the
PtGe2 phase, PdGe films exhibit a higher sheet resistance
since the film is thinner at that stage of the reaction.

Resistivity values � based on expected thicknesses using
known film densities or crystal structures were calculated
from the sheet resistance data for selected low resistivity
phase �Table II�. We note that resistivity values for NiGe
��=22 �� cm� and PdGe ��=30 �� cm� approach those
of silicides currently used in microelectronics circuits
�10 �� cm for NiSi and 15 �� cm for CoSi2�35 even though
the crystallization of the amorphous substrates leads to
rougher films and increases in resistance.

D. Germanium crystallization

Metal-induced �or metal enhanced� crystallization of
amorphous silicon has attracted a lot of attention for appli-
cations in solar cells and thin film transistors. A similar phe-
nomenon is observed for the crystallization of �-Ge in the
presence of a thin metal layer. Crystallization is monitored in
our in situ experiments by the appearance of the Ge�220�
XRD peak which is accompanied by a significant decrease of
the background signal. It is also noticeable in the resistance
and light scattering signals as mentioned earlier. Uncapped
samples were used for this comparative study, in order to
have a single layer of �-Ge and to eliminate a possible con-
tribution of the capping layer. The results are summarized in
Fig. 7. The metals that formed germanides at the lowest
temperatures—Cu, Ni, Pd, Mn, and Co—also gave rise to the
most significant reduction in the crystallization temperature
of �-Ge.

E. Anisotropic thermal expansion

It has been recently reported that some silicide phases
exhibit strongly anisotropic thermal expansion
coefficients.36,37 Our in situ XRD data suggest a similar be-

FIG. 7. Effect of a 30-nm-thick metal overlayer on the crystallization tem-
perature of a 200-nm-thick �-Ge layer on a SiO2/Si�001� substrate during a
thermal ramp at 3 °C s−1 in purified He.
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vior for a number of germanide phases. For example, the
Ge2�121� peak position �2�=55° on Fig. 1� shifts towards
wer 2� values for increasing temperature while the �130�
ak from the same phase �2�=58° � is displaced in the op-
site direction. Similar observations of a negative thermal
pansion were made for Ge22Rh17 and NiGe. All other
ases exhibit a positive thermal expansion with, in some
ses, a significant anisotropy. For example, all peaks from
e Ir3Ge7 shift by 0.1° towards lower angles �larger d spac-
gs� when Ta increases from 650 to 800 °C, whereas the
Ge �111� and �211� peaks shift by 0.1° and 0.3°, respec-
ely, between 350 and 700 °C.

. DISCUSSION

The thermally induced reactions of 20 transition metals
ith Ge were investigated using in situ synchrotron XRD,
ffuse light scattering, and resistance measurements
mplemented by selected ex situ RBS analyses. This en-
led the identification of the crystalline phases formed dur-
g the thin film reaction, and provided information regard-
g the temperature range over which given germanide
ases exist.

. Phase formation sequence

As indicated in the Introduction, phase formation se-
ences are typically determined using anneal-and-quench
periments in which the temperature interval between mea-
rements is of the order of 25 °C or more. Furthermore, the
ture of the substrate, the film thickness, and the annealing
nditions vary considerably in these investigations. It is
erefore not surprising that different phase sequences have
en reported in the literature. It is also clear from the results
esented in Sec. III that several phases are detected only
er relatively short temperature windows. Moreover, as ob-
rved for the Pt–Ge system in Fig. 1, many phases
n coexist. This can certainly explain that some phases
uld have been inadvertently missed in anneal-and-quench
periments.
Our in situ study has the advantage of providing a con-
uous observation of phases present in the film. The very

gh intensity probe beam also enables us to detect phases
at are present in minute quantities. In order to facilitate
eir observation, we note here that all x-ray maps were plot-
d on a logarithmic intensity scale to cover the largest pos-
ble dynamic range in detected intensities. This additional
nsitivity has helped us to reveal the coexistence of more
an one phase in some temperature ranges.
Many dissimilarities observed between the different phase

quences reported in the literature and our in situ results
ncern the formation of the first phase. As this depends to a
rge extent on the microstructure of the metal films, differ-
ces at this stage are therefore not that uncommon nor sur-
ising. However, phases usually grow sequentially during
in film reactions, meaning that only one phase would grow
the expense of another at a given time. The simultaneous
owth of Pt3Ge2 and PtGe, while both Pt2Ge and Pt are still
esent, departs from this usual behavior. Although typically

manium 482
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not observed for thin film reactions, this phenomenon was
also noted for Ta and Ni films both on �-Ge and Ge�001�, Fe
and Co films on �-Ge, and Ir films on Ge�001�. While the
coexistence of many phases is clear in the Ta system, the
presence of the Ge cap layer as a contributor cannot be ruled
out since the uncapped film showed drastically different be-
haviors. The simultaneous growths of Ni on Ge substrates
were also very recently described in a doctoral dissertation38

in which the diffracted x-ray intensities of Ni5Ge3 and NiGe,
monitored in situ during the anneal, were shown to follow
the t1/2 dependence expected for a growth controlled by dif-
fusion. This behavior is similar to what is observed in bulk
diffusion couples for which the dimensions are much larger
and the annealing time much longer. In bulk samples after
long anneals, all the phases stable at the temperature selected
for the experiment are expected to grow simultaneously �af-
ter critical thicknesses are reached� in a diffusion controlled
regime. The difference with thin film reactions in which the
phase typically grows sequentially has been attributed to the
reduced dimensions, the shorter time scales, and lower tem-
perature as well as the larger importance of interface and
surface energies and reaction rates at these interfaces. The
discovery of simultaneous growth in thin film therefore sug-
gests that for some of the metal-Ge systems, with films of
metals of only 30 nm in thickness, diffusion is controlling
the growth from the early stages. Thus these thin film
samples behave similarly to bulk diffusion couples after long
anneals. While this phenomenon is not understood at present
and its origins may depend on multiple factors, the diffusion
limited growth must be linked with fast reaction rates at
interfaces. Moreover, to get simultaneous growth, one must
expect that the diffusion coefficient of the most mobile spe-
cies should be of the same order in each of the growing
phases �supposing that the free energy changes are similar at
each growing interface�.

Our XRD experiments also revealed significant differ-
ences in film texture as the relative peak intensities vary
greatly for amorphous and single crystal substrates. Consider
the reaction of Pd with Ge as an example. At low tempera-
ture, the films appear relatively similar on both substrates,
being characterized by an intense Pd peak and a weak peak
from a Pd-rich phase that might have formed during deposi-
tion. The latter phase increases in intensity as the film is
heated up. A first difference is noted when a broad peak
emerges only on Ge�001�. Thereafter, PdGe forms with dif-
ferent textures on the two substrates. A similar behavior was
observed in the case of 14 of the 20 metals investigated—Hf,
V, Cr, Mo, Mn, Re, Fe, Co, Rh, Ir, Ni, Pd, Pt, and Cu.
Polycrystalline films grown on single crystal substrates are
expected to show a texture that is relatively random since a
very few phases allow an epitaxial alignment with the under-
lying substrate. Our observations are inconsistent with this
expected behavior and certainly imply that some grain orien-
tations provide lower interface energies with the single crys-
tal substrate. While the epitaxial alignment is not generally
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cted, it is possible that these low energy interfaces be
ted to plane alignment across the interface �axiotaxy�, as
observed for many silicides.39–41

est candidates for Ge-based microelectronic
uits

mong the different germanides studied, we identified six
als that formed low resistivity phases �Fe, Cu, Co, Pt, Pd
Ni�, each one having advantages and limitations with
ect to a complementary metal-oxide semiconductor
OS� device processing technology.
he reaction of Fe with Ge leads to the formation of the
resistivity phase FeGe2. The measured resistivity
�� cm� is, unfortunately, not as low as those observed

the other selected materials. Furthermore, the phase
ed only at high temperature on Ge�001� �745 °C�, a

perature too close to the melting point of Ge �938 °C�, to
w for a reasonable process window.
opper and Ge react at extremely low temperature
°C�. However, as a result of the fast diffusion, the ger-

ide film degrades morphologically at temperatures of
350 °C during a ramp annealing at 3 °C s−1. This deg-

tion temperature is clearly too low for the processing of
interconnects and low-k dielectrics, which currently re-

e the equivalent of nearly 400 °C for several hours. Al-
gh the Cu3Ge resistivity is quite low �24 �� cm�, a pro-

involving Cu in direct contact with the active
iconductor would surely face many hurdles in a produc-
environment sensitive to contamination.
he Co–Ge system exhibits two phases that are poten-

y useful for contacting Ge:Co5Ge7 and CoGe2 ��
�� cm�. Co5Ge7 forms at 450 °C and remains stable up

60 °C under our typical 3 °C s−1 ramp. At this tempera-
, the nucleation controlled formation of CoGe2 leads to a
ificant increase in roughness. While CoGe2 is preferred
ts resistivity and thermal stability, Co5Ge7 shows a clear
ntage in terms of film roughness.
hree of the platinum germanide phases are of interest for

roelectronics—PtGe �44 �� cm�, Pt2Ge3, and PtGe2

�� cm�. The first two are present over a temperature
e of less than 100 °C, below 500 °C, on Ge�001�. Since
ormation temperature is expected to depend significantly

dopants, such a small process window severely limits
ibilities for integration. PtGe2 is morphologically stable
a much larger temperature range: 500–700 °C. How-

, the formation of this phase triggers a large increase in
roughness.
he reaction of Pd with Ge leads to the formation of
e, a phase that forms at low temperature and is stable
a wide range of temperatures �280–800 °C�. Its resis-

y of 30 �� cm is among the lowest observed. The most
ortant drawback is that morphological degradation of the
is observed at only 530 °C on �-Ge and at 600 °C on

001� during ramp anneals at 3 °C s−1. Still, thermal sta-
y to this temperature may be sufficient for processing;
germanide film may be a potential solution for Ge-based
roelectronics.
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Similarly to Pd, Ni reacts with Ge to form a monoger-
manide that is stable over a wide range of temperatures
�300–760 °C� and exhibits the lowest resistivity
�22 �� cm�. The morphological degradation could again be-
come a limiting factor: 540 °C on �-Ge and 600 °C on
Ge�001� during ramp anneal at 3 °C s−1.

Many elements showed important oxidation �Ti, Zr, Hf, V,
Nb, and Ta� upon annealing. While this behavior is not de-
sirable for the application at hand, it can certainly be con-
trolled as C54–TiSi2 contacts have been used extensively in
Si-CMOS devices. As an example, low resistivity TiGe2 has
been observed to form by other studies that achieved a better
control on oxidation.11–13 However, the higher formation
temperatures necessary to reach the low resistivity phases
may still be detrimental to the stability of Ge-CMOS
devices.

C. Crystallization of �-Ge

Metal-induced crystallization of �-Si has been studied
extensively.42–44 An increased metal concentration at grain
boundaries during the crystallization process leads to the for-
mation of a metal silicide at these interfaces. For the Ni–Si
system, the Ni chemical potential is lower at the NiSi2 /
�-Si interface, whereas that for Si atoms is lower at the
NiSi2 /c-Si interface.43 Furthermore, Si diffusion is much
faster in the silicide than in silicon. Consequently, Si atoms
are driven, through the interfacial silicide, from the amor-
phous to the crystalline side of the boundary, therefore lead-
ing to rapid polycrystalline grain growth.

The present study clearly demonstrates that most metals
lower the crystallization temperature of �-Ge. In all cases
where the crystallization temperature is reduced, it is clear
that a germanide phase has formed before the onset of
�-Ge crystallization. This supports the model described
above which requires the presence of a germanide phase for
the lower temperature crystallization to occur, the reason be-
ing that Ge diffuses much faster in a germanide than in Ge
itself. We propose that the temperature at which crystalliza-
tion occurs depends primarily on the ease at which a ger-
manide can form �reaction rate and metal diffusion in the
growing germanide� and secondly on the ability of this ger-
manide to enhance crystallization of Ge through fast Ge dif-
fusion within this already formed germanide. One should
note here, however, that while this interpretation favors the
presence of the germanide, the presence of Au on Si also
helps the recrystallization without the possibility of forming
a silicide.

V. CONCLUSION

The aim of the present study was to complete a systematic
investigation of metal-germanium reactions to isolate prom-
ising candidates for contacting Ge-based microelectronic de-
vices. The classification of the metals presented here also
allows for the selection of materials for various applications
involving Ge. Films could be selected on the basis of their
roughness and resistance �low or high� as well as on forma-
tion temperature, degradation, and texture.
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ased on their low formation temperature, low resistivity,
ted film roughness, sufficient morphological stability,
limited sensitivity to oxidation, NiGe and PdGe were
d to be the most promising candidates. Other materials
as PtGe, PtGe2, and CoGe2 are also potentially interest-

materials for contacting applications. All these are, how-
, subject to low temperature thermal degradation; there-
, they would probably require stabilization through
ying. With optimization of the capping layer, one could

try to diminish the oxidation of the metals from the
hand side of the Periodic Table, since germanides formed

these metals are more likely to endure a higher thermal
get. This higher morphological stability is also linked

a higher formation temperature that may, however, be
imental to Ge-CMOS devices.
lthough focused on the contact properties, this study is

vant to other applications involving germanides or ger-
osilicides. As an example, the fabrication of thin film
sistors relies on the crystallization of amorphous layers.
ugh this study, we surveyed the effect of several metals

he crystallization of �-Ge. The crystallization of germa-
during a 3 °C s−1 anneal can be lowered from 570

n to 290 °C. The most efficient materials are Cu, Pd, Ni,
Mn. It is also interesting that three of the germanides
ied showed strongly anisotropic thermal expansion:
e, PtGe2, and Rh17Ge22.
inally, simultaneous growth of multiple phases was ob-
ed for Ni, Pt, Co, Ir, Fe, and possibly Ta films on Ge
trates. In thin films, it is believed that the reduced di-
sions, the variations in growth kinetics for each phase, as
as the importance of interfaces and nucleation typically
to sequential growth. Our results suggests that in these

ems, diffusion takes a predominant importance as for
diffusion couples in which phases grow simultaneously

r long anneal times. In these metal-Ge systems, the be-
or observed may suggest that the diffusion is more lim-
than the effects at interfaces.
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