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The kinetics of the Cu3Ge phase formation during reactions between 600 nm polycrystalline Cu
~poly-Cu! and 600 nm amorphous Ge~a-Ge! layers on Si~100! substrates have been studied as a
function of annealing conditions. Monoclinic Cu3Ge nucleated rapidly, resulting in smooth Cu3Ge
layers. The room-temperature resistivity of the Cu3Ge was;8 mV cm ~;4.5 times that of pure Cu!.
The real-time resistance versus temperature@R(T)# characteristics were nearly identical for heating
rates of 0.1–5 °C/min. Modeling of theR(T) data indicates that the reaction was predominantly
diffusion controlled with a rate of (431023 cm2/s) exp @20.8560.01 eV/kT# where k58.617
31025 eV/K. Secondary ion mass spectrometry profiles andR(T) data for the films annealed to
various temperatures indicate that the Cu3Ge/Ge interface is stable forT,300 °C. © 1997
American Institute of Physics.@S0021-8979~97!02619-4#
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I. INTRODUCTION

Copper, with its low electrical resistivity and stabilit
against void formation and electromigration, has long be
suggested as a replacement for Al in microelectronic in
connects and contacts.1 Recently, there has been a maj
effort to integrate Cu metallizations in Si-based ultra-larg
scale integrated circuits.2,3 Direct contact between Cu and S
generally yields copper silicides. It has been found that
purities play an important role in determining the copp
silicide reaction kinetics4–6 and resulting electrica
properties.7,8 Cu silicides also exhibit rapid oxidation in air9

These behaviors have made Cu metallizations on Si r
tively unattractive. However, preliminary results have
cently suggested that Cu germanides may provide supe
performances.10

A recent study has shown that the formation of Cu3Ge
on Si ~100! at 200 °C produced no deep level states in the
due to Cu.10 In addition, Cu germanides, unlike Cu silicide
are relatively oxidation resistant. Further, recent advance
Si–Ge heterojunction devices have stimulated renewed in
est in contacts compatible with Ge and Si–Ge alloys.11 It has
been found that Cu3Ge exhibits unexpectedly low electrica
resistivities at room temperature12 and is believed to be the
only phase formed in thin-film reactions between Cu a
Ge.5,13 Unlike the silicides, which have been wide
studied,14 the literature on germanides is very limited.15–17

These considerations make reactions of Cu with Ge a to
of current interest. For the copper germanide system, mo
the studies, thus far, have concentrated on phase formatio
Cu–Ge thin-film5,13 and bulk18 diffusion couples. However
the thin-film reaction kinetics remain to be demonstrated

In this work, a detailed characterization of the diffusio
behavior, phase formation, and kinetics of thin-film reactio
between 600 nm polycrystalline Cu~poly-Cu! and 600 nm of

a!Electronic mail: arockett@staff.uiuc.edu
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amorphous Ge~a-Ge! films is presented as a function o
annealing conditions.

II. EXPERIMENTAL PROCEDURE

The Cu/a-Ge samples were grown by sequent
electron-beam evaporation of Ge and Cu on hydrog
terminated or thermally oxidized Si~100! substrates in a sys
tem with a base pressure of;731026 Pa (531028 Torr).
Prior to the deposition, the unoxidized silicon substra
were degreased with solvents and then dipped in a 10%
solution in deionized water and pulled dry. The depositi
rate was 0.4 nm/s for both the Ge and Cu layers. After de
sition, the samples were stored in a dry nitrogen envir
ment.

The samples were annealed in a high-vacuum furn
with base pressure of 331026 Pa (231028 Torr) and
equipped with a four-point spring-loaded probe assembly
a van der Pauw configuration.19,20 Probes were located nea
the corners of the rectangular 7 mm3 9 mm samples. The
interprobe separation was much larger than the film thi
ness and a fixed geometry of the probes and a unifo
sample size and shape were preserved from run to run.
resistance,R5V/I (V), was calibrated against a sample
unreacted Cu on SiO2 before each anneal. Annealing trea
ments were carried out under either controlled-rate heatin
isothermal conditions and the resistance of the film w
monitoredin situ during the experiments. After the annea
the samples were quenched to room temperature and e
ined by a number of techniques to correlate the phys
characteristics with the resistance measurements.

Cross-sectional transmission electron microsco
~XTEM! experiments were conducted in Philips 420
CM12 TEMs. These microscopes are equipped with ener
dispersive x-ray spectroscopy~EDXS! for in situ chemical
composition analysis. The beam voltage was 120 kV. Sp
mens were prepared by cutting samples into two pieces
32811/6/$10.00 © 1997 American Institute of Physics
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gluing them together face to face. This sandwich was t
cleaved into slabs;300 mm thick and thinned by mechan
cal grinding and polishing down to a few tens of micron
The specimen was then mounted on a copper ring and
milled on both sides to electron transparency. Ion milli
was carried out in a Gatan Model 600 ion miller using two
kV, 5 mA Ar1-ion beams incident at 12° to the sample s
face on a liquid-nitrogen-cooled stage.

X-ray diffraction ~XRD! experiments were carried ou
using a Rigaku D-Max III powder diffractometer equippe
with a monochromatic CuKa radiation source. The posi
tions of the x-ray peaks were calibrated by aligning the d
fractometer to the Si~400! substrate peak. Composition
depth profiles were obtained by secondary ion mass s
trometry ~SIMS! in a Cameca IMS-5f instrument using
10 keV Cs1 primary ion beam.

III. RESULTS

Figure 1 shows the variation of resistanceR of 600 nm
of Cu on 600 nm ofa-Ge on an oxidized Si wafer for films
annealed under temperaturesT increased at ratesdT/dt of
0.1, 0.2, 0.5, 1, 2, and 5 °C/min. The similarity of the
curves suggests the same basic reaction path for all he
rates studied. The resistance behavior for the 5 °C/min ra
over a wider temperature range is shown in Fig. 2. Sim
high-temperature results were obtained at other heating r
The basic behavior can be summarized as follows: Fr
room temperature to;100 °C, the resistance increased li
early with T to ;0.01 V and then increased rapidly as th
reaction occurred. The reaction was complete by 230 °C.
resistance decreased slightly upon completion of the re
tion. This was followed by a linear resistance increase
;320 °C. Between;320 and;350 °C, the slope changed
while above 430 °C the resistance increased rapidly. C
parison of R(T) results for Cu/Ge/Si and Cu/Ge/SiO2/Si
configurations with 600 nm Cu and 600 nm Ge in each c
showed identical behavior to 430 °C,21 indicating no reaction
with and negligible electrical conduction through the Si su
strate. Above 430 °C, the films on the unoxidized waf

FIG. 1. Normalized resistance versus temperature data at various ramp
for 600 nm Cu on 600 nm Ge on a Si substrate. Straight lines indicate th
temperature-dependent resistances for the Cu and Cu3Ge layers. Values for
R0 are given in Table I.
3282 J. Appl. Phys., Vol. 82, No. 7, 1 October 1997
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reacted with the Si. The temperature at which the Cu3Ge
phase formed was a function of the heating rate, increas
as the heating rate increased.

Bright-field XTEM micrographs are shown in Figs. 3~a!
and 3~b! of films heated to 115 and 240 °C, respectively, a
heating rate of 2 °C/min and then cooled rapidly to roo
temperature. It is evident from Fig. 3~a! that a thin layer of
Cu3Ge with flat interfaces formed between the Cu and
Ge, indicating that the reaction process is not nucleation l
ited even at low temperatures.22 For the film annealed to
240 °C, convergent beam diffraction patterns@Fig. 3# and
micro-EDXS showed the presence of a 760 nm thick po
crystalline Cu3Ge layer with grain sizes from;0.1 to ;0.5
mm, averaging;0.2mm. Beneath the Cu3Ge is an;230 nm
thick microcrystalline Ge layer. It is interesting to note th
thea-Ge crystallized at much lower temperatures in the pr
ence of the germanide than is observed fora-Ge layers
alone. This reduction in crystallization temperature is cons
tent with previous observations of silicide-mediated cryst
lization of amorphous Si.23 It has been suggested previous
that this may be the result of the presence of copper.15 Hong
et al. found that the interface between the amorphous ger
nium and the gemanide was a nucleation center for crys
lization of a-Ge. It was also suggested that the Cu3Ge nucle-
ated between the Cu and polycrystalline germaniu5

However, the crystallization of thea-Ge near the Cu3Ge in-
terface was not observed in the initial stage of the Cu3Ge
phase formation in the present study@see Fig. 3~a!#. Analyses
of convergent beam diffraction patterns@Fig. 3~d!# and XRD
peak positions for the sample annealed to 240 °C were c
sistent with monoclinic Cu3Ge ~Ref. 24! ~a50.2631 nm,b
50.4200 nm,c50.4568 nm, andb589.68°! in agreement
with previous works.13,25 The final germanide thicknes
based on Cu3Ge with a molar volume of 30.44 cm3/mol ~Ref.
26! and molar volumes of Cu and Ge of 8.08 an
13.64 cm3/mol, respectively, was estimated to be 760 n
after consumption of all of the Cu; in excellent agreeme
with the above result.

Figure 4 shows SIMS depth profiles for the unreac
structure and after heating to 120, 210, and 300 °C. The

tes
fitFIG. 2. Normalized resistance versus temperature during a temper
ramp at a rate of 5 °C/min from room temperature to 500 °C for Cu a
a-Ge films on an unoxidized Si substrate. Films on oxidized substr
behaved similarly but did not show the abrupt increase in resistanc
;430 °C.
Wang et al.
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FIG. 3. Bright-field XTEM micrographs of films annealed to~a! 115 °C and~b! 240 °C heated at a rate of 2 °C/min.~c! A convergent beam diffraction pattern
obtained near the@11̄0# zone axis.~d! presents a simulation of the diffraction pattern in~c!. In the simulation, the black circles are diffraction points in th
zero-order Laue zone, while gray circles mark the first-order zone reflections. Open circles show reflections for which diffraction conditions p
significant intensity. The diffraction points are indexed for the monoclinic Cu3Ge phase. No other phase provides an acceptable fit to the pattern.
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to-Ge count ratio in the germanide was found to be cons
in the germanide regions, indicating the growth of a n
phase with a fixed stoichiometry and abrupt interfaces,
expected from the TEM work. Between;320 and;350 °C,
mixing of the Cu3Ge and residual Ge was found, in agre
ment with previous results.12,16 Ge rich Cu3Ge has also been
observed in bulk materials, resulting in alteration of the cr
tal structure as well as electrical resistance.25 At ;430 °C, Si
diffused through the germanide to the surface and caus
J. Appl. Phys., Vol. 82, No. 7, 1 October 1997
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drastic change in the overall resistivity of the multilayer f
samples on unoxidized wafers.

IV. REACTION KINETICS ANALYSIS

To quantify the above results, theR(T) data in Fig. 1
were modeled using a three-layer parallel resistor mode27

The Cu, Cu3Ge, and Ge layers were assumed to be sim
resistors with the resistance of each phase scaling line
3283Wang et al.
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with the layer thickness. In all cases, the Ge was not foun
contribute significantly to conduction in the structure, hen
effectively a two-layer parallel resistor model sufficed.

Figure 5 shows a detailedR(T) result for a sample an
nealed to 285 °C at a heating rate of 1 °C/min. Since bef
the reaction the majority of the current flows through the C
the initial linear increase of the resistance is due to the t
perature variation of the resistance of the Cu. A similar
gument applies to the linear resistance change after the r
tion is complete ~230–320 °C!, which indicates the
temperature coefficient of the Cu3Ge resistance. Thus, th
first step in modeling the data was to account for the lin
resistance of the initial and final phases. Assuming a s
dard parallel-resistor equivalent circuit,

R~T!215S RCu
0 1T

dRCu

dT D 21

@12x~T!#

1S RCG
0 1T

dRCG

dT D 21

3~T!, ~1!

FIG. 4. Ge secondary ion depth profiles for as-deposited films and fi
annealed to 120, 210, 300, and 380 °C. Cu and Si profiles were reco
simultaneously but are not shown to simplify the figure.

FIG. 5. Experimental data shown in Fig. 1 for a ramp rate of 0.2 °C/m
along with fitting results. Similar fits were obtained for the other heat
rates measured, although at the highest heating rates, the fit curve
slightly below the data toward the end of the reaction.
3284 J. Appl. Phys., Vol. 82, No. 7, 1 October 1997
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wherex(T) is the normalized germanide thickness, and
room-temperature resistances and the rates of change o
sistance with temperature for the Cu and Cu3Ge layers are
RCu

0 and RCG
0 , and dRCu/dT and dRCG /dT, respectively.

x(T)50 before the reaction andx(T)51 after the reaction is
complete. From fitting the curves in Fig. 1, the followin
values were obtained:RCu

0 50.007 33V at 0 °C, dRCu/dT
52.9431025 V/°C @0.68 mV cm/K#, RCG

0 50.0247V @8
mV cm#, anddRCG /dT59.2331025 V/°C @1.5 mV cm/K#,
in good agreement with previous measurements for Cu~Ref.
28! and Cu3Ge.12

Based on the observation of smooth interfaces on b
sides of the germanide, it was initially assumed that
nucleation rate was high for all temperatures considered.
suming no nucleation-rate-limited regime, a standa
equation22 for the germanide thicknessx(T) was used to
describe the reaction

dx~T!

dt
5

D~C/N!ks

D1ksx~T!
, ~2!

whereD is the diffusivity of the moving species~assumed
here to be Cu! and is presumed to be of the general for
D0e2Q/kT, whereD0 is a constant,k is Boltzmann’s con-
stant, andQ is the diffusion activation energy;C and N
denote the concentration of reactant and number of prod
species per unit volume, respectively;ks is the reaction rate
constant; andt is the heating time. In general, reaction
diffusion rates dominate in the early and late stages of
reaction, respectively. If we assume that the reaction is
fusion rate limited, Eq.~2! can be simplified by assumin
ksx(T)@D to

dx~T!52D~C/N!dt52Ddt. ~3!

We have no data to make a quantitative estimate ofC/N, and
so, this was taken as unity for the current calculations. If
assumption ofC/N51 is inaccurate, then the value ofD0 in
Eq. ~4! is modified by a similar factor. From Eq.~3!,

x2~T!5E
273

T

D0e2Q/kT
dt

dT
dT5

2D0

r E
273

T

e2Q/kTdT.

~4!

Similar equations were developed for the reaction-ra
limited case@D@ks#.

Equation~4! was numerically integrated using theMATH-

EMATICA software package to yieldx(T). This was then sub-
stituted into Eq.~1! to fit the portion of the curve in which
the reaction occurred. The complete fit for the 0.2 °C/m
heating rate curve is shown in Fig. 5, and the resulting val
for D0 andQ are given in Table I. Changing the value ofD0

was found to translate the fit curve along the temperat
axis while changes inQ changed the shape of the curve. Th
behavior makes alternate fits forQ and D0 significantly
poorer in comparison to the results presented here. The v
of Q is very stable from run to run, although some variati
in D0 was observed. Minor variations in the room
temperature resistivity of Cu3Ge were also observed in th
best fits, probably due to changes in the Cu3Ge microstruc-
ture as a function of the heating rate. The variation inD0

probably resulted from changes in the effective reaction-r

s
ed

fell
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constant with the heating rate. The quality of the fits
higher heating rates was significantly worse in the estima
of the final film resistance than at lower rates.

It is possible that the reaction includes a reaction-ra
limited regime in addition to the diffusion rate behavior d
scribed above. To test this possibility, equations similar
Eqs. ~3! and ~4! were developed assuming an entire
reaction-rate-limited behavior, and new fits focusing on
lower temperature portion of theR(T) curves were at-
tempted. In addition, a model incorporating both mec
nisms was considered. However, no acceptable or consi
fits were obtained. A similar test was made to determine
nucleation was likely to limit the process at low temperatu
which yielded equally poor results. It was concluded that
all of the heating rates studied, and over all temperatu
where a reaction was detectable byR(T) measurements, th
reaction was primarily diffusion limited.

A previous study fit only a single point on theR(T)
curve where approximately half of the metal thickness h
been consumed.29,30 A similar approach was used here
well, and was found to yield an activation energy for diff
sion similar to the average of values given in Table I. Ho
ever, the value of the activation energy from this simplifi
method was found to vary according to the fit fraction of C
consumed. Hence, it was concluded that fitting the en
R(T) curve is worth the additional effort.

V. DISCUSSION

The diffusion rate was found to have an average act
tion energy of 0.8560.01 eV and a preexponential facto
D054.360.531023 cm2/s, although theD0 value may have
been affected by errors in theC/N51 assumption. An
Arrhenius plot of diffusion results for bulk,18 lateral,5 and
thin-film ~this work! diffusion couples is presented in Fig.
The activation energy of 0.85 eV/atom is;0.1 eV lower
than that reported by Honget al. in their study of lateral
diffusion of Cu–Ge couples5 and ;0.2 eV lower than the
bulk diffusion result obtained by Betchet al..18 The higher
activation energy in the bulk diffusion couple probably r
sults from the larger grain sizes~;100mm! in that study.17,18

This also suggests that diffusion in the present study
primarily along grain boundaries, based on the activation
ergy being,1 eV. Overall agreement with these previo
works is excellent, indicating that the thin-film couple b
haves in a manner analogous to that of a bulk couple.

TABLE I. Results obtained from fitting experimentalR(T) data for various
heating rates.

Heating rate
dT/dt ~°C/min!

Energy
Q ~eV!

Constant
D0(31023 cm2/s)

Initial resistance
R0 ~V!

0.1 0.8460.02 4.061.0 0.005
0.2 0.8460.02 4.261.0 0.007
0.5 0.8560.02 5.061.0 0.008
1.0 0.8560.02 4.061.0 0.005
2.0 0.8560.02 3.861.0 0.008
5.0 0.8660.02 5.061.0 0.003
J. Appl. Phys., Vol. 82, No. 7, 1 October 1997
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The absence of a significant nucleation or reaction-ra
limited regime indicates that both of these processes
rapid. This behavior results in excellent germanide m
phologies. These features make the Cu germanides attra
as potential contact materials.

VI. CONCLUSIONS

Cu thin films have been found to react in a controll
manner with amorphous Ge layers to produce polycrystal
Cu3Ge thin films. The morphology of the films is excellen
resulting in highly planar germanide layers. The reactions
diffusion limited over the entire range of conditions studi
here. Diffusion activation energies and prefactors agree w
with previous studies of bulk diffusion couples.
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