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Titanium and cobalt germanides have been formed on Si (100) substrates using rapid 
thermal processing. Germanium was deposited by rapid thermal chemical vapor depo- 
sition prior to metal evaporation. Solid phase reactions were then performed using rapid 
thermal annealing in either Ar or N2 ambients. Germanide formation has been found 
to occur in a manner similar to the formation of corresponding silicides. The sheet re- 
sistance was found to be dependent on annealing ambient (Ar or N2) for titanium ger- 
manide formation, but not for cobalt germanide formation. The resistivities of titanium 
and cobalt germanides were found to be 20 ftD-cm and 35.3 ftD-cm, corresponding to 
TiGe2 and Co2Ge, respectively. During solid phase reactions of Ti with Ge, we have 
found that the TinGe5 phase forms prior to TiGe2. The TiGe2 phase was found to form 
approximately at 800 ~ C. Cobalt germanide formation was found to occur at relatively 
low temperatures (425 ~ C); however, the stability of the material is poor at elevated 
temperatures. 
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1. INTRODUCTION 

Metal silicides are currently used in very-large- 
scale integration technologies for low resistivity in- 
terconnect lines and contacts to silicon substrates. 
The use of Ge and Ge/Si alloys is currently under 
investigation for applications in advanced silicon 
based device structures. Optimal implementation of 
these device technologies will require an under- 
standing of reactions occurring between metals and 
Ge or Ge/Si alloys. Germanide formation, however, 
has received far less attention than the formation 
of silicides. 1-3 In addition, the results on germanide 
formation to date have been obtained by furnace 
annealing. It is well known that titanium and co- 
balt have a tendency to easily form oxides. Tita- 
nium can easily form nitrides as well, and there- 
fore, when using conventional furnace annealing to 
form silicides, care must be taken to avoid the ef- 
fects of impurities (02, N2). Rapid thermal process- 
ing (RTP), however, is a growing technology which 
has found many applications in silicon processing 
including the formation of silicides. 4-s The use of 
RTP for silicide formation has been shown to be quite 
effective for producing oxide-free and homogeneous 
silicidation of Ti films on Si as well as for Co films 
on Si. 9'1~ In this work we have studied the solid phase 
formation of titanium and cobalt germanides using 
rapid thermal annealing (RTA). Characterization 
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of the germanides formed by RTA was performed 
using four-point-probe sheet resistance measure- 
ments, Auger electron spectroscopy (AES), cross- 
sectional transmission electron microscopy (XTEM), 
Rutherford backscattering spectroscopy (RBS), and 
x-ray diffraction analysis. 

2. EXPERIMENTAL 

The substrates used in this study were 4-inch, n- 
type, silicon wafers of (100) orientation. The resis- 
tivities of the substrates were between 0.2 and 0.45 
~-cm. Upon completion of an RCA clean, 150 nm of 
Ge was deposited onto the wafers by rapid thermal 
chemical vapor deposition. Germanium depositions 
were performed in a LEISK @ rapid thermal pro- 
cessor. A cross-sectional view of the system is shown 
in Fig. 1. In this system, heating of the wafer is pro- 
vided by two banks of tungsten-halogen lamps with 
the lamps oriented at 90 ~ to each other to reduce 
temperatcre gradients across the substrate. The 
temperature is monitored by a pyrometer (A = 3.5- 
4.1 ~m) focused on the back center of the wafer. The 
depositions were accomplished using the thermal 
decomposition of GeH4 premixed with He. A pres- 
sure and temperature of 3 Torr and 450 ~ C, respec- 
tively, were used. The details of the deposition con- 
ditions and structural characterization of the films 
can be found elsewhere, n Following Ge depositions, 
50 nm of Ti or 30 nm of Co was evaporated onto the 
substrates in a conventional evaporator utilizing 
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Fig. 1 - -  Cross-sec t iona l  v iew of  L E I S K  ~ rap id  t h e r m a l  pro- 
ce s s ing  s y s t e m .  

resistive heating. Annealing of the samples was 
carried out in an AG Associates ~ Heatpulse 210T 
Rapid Thermal Annealer at atmospheric pressure 
in either Ar or N2 ambients. The chamber was purged 
for three min with the annealing ambient gas prior 
to RTA. The LEISK system is used primarily for Ge 
and Ge/Si depositions. The vacuum capability of this 
system, in comparison to the atmospheric operation 
of the Heatpulse, would decrease the effect of im- 
purities on the germanide formation during RTA. 
However, metals are not put in this system in order 
to avoid contamination. 

3. EXPERIMENTAL RESULTS 

The temperature dependence of the sheet resis- 
tance of t i tanium germanide formed by RTA in both 
Ar and N2 ambients is shown in Fig. 2. As shown, 
an initial increase in sheet resistance occurs, reach- 
ing a maximum in both ambients at 450 ~ C. Sheet 
resistance values at this temperature were deter- 
mined to be 35.3 s and 29.1 J3/sq in Ar and N2 
RTA ambients, respectively. Between 600 and 700 ~ C 
there is a rapid decrease in sheet resistance to a 
minimum value of 2.1 ~ / sq  in Ar and 3.1 s in 
N2 at 800 ~ C. Higher sheet resistance values have 
also been observed for TiSi2 formed in a N2 ambient 
using RTA. 1~ Using the germanide thickness val- 
ues obtained from Auger electron spectroscopy (AES) 
and transmission electron microscopy (TEM), the 
resistivity of t i tanium germanide was determined 
to be 20/xg2-cm after an 800 ~ C RTA. 

The increase in sheet resistance from 300 ~ C to a 
maximum occuring at 450~ can be partially ex- 
plained by observing the AES depth profiles of Fig. 
3. As shown in Fig. 3a, a small layer of oxygen ex- 
ists on the Ti surface prior to RTA. This surface ox- 
ide is believed to occur during the transfer of the 
substrates from the metal evaporator to the RTA 
system. Figure 3b shows that  during RTA in an Ar 

RTA Temperature (~ 
Fig. 2 - -  Shee t  r e s i s t ance  of  50 n m  T i / 1 5 0  n m  Ge af te r  10 sec 
RTA in  Ar  and  N2 a m b i e n t s .  

ambient, the oxygen diffuses into the Ti layer 
reaching an equidistribution at 450 ~ C. We have also 
observed this oxygen redistribution for films an- 
nealed in a N2 ambient. Similar phenomena have 
also been observed during the formation of TiSi2, 
and the increase in sheet resistance has been at- 
tributed primarily to oxygen incorporation into the 
metal. '~ 

We have used x-ray diffraction analysis with Cu 
Ka radiation to study phase formation and phase 
transitions occuring during germanide formation. 
The technique can be used to identify the existing 
phases, however, it can not provide relative concen- 
trations of phases present in the film. The results 
are shown in Fig. 4. As shown in Fig. 4a, the tita- 
nium germanide phase formed after a 425 ~ C, 10 sec 
RTA, corresponds to Ti6Ge~ (p -~ 150/zJ2-cm). Upon 
higher RTA temperatures (650-800 ~ C), a phase 
transition to the low resistivity (20 /zJ3-cm) TiGe2 
(C54) phase occurs. This is demonstrated in Fig. 4b 
for a sample annealed at 800 ~ C. Therefore, differ- 
ences in resistivities obtained at different RTA tem- 
peratures may also be related to different crystal- 
line structures of these two phases. A more detailed 
study of the phase sequence occurring during TiGe2 
formation is currently being investigated. 

It is interesting to note that  a Ti6G% (002) peak 
also exists after RTA at 800 ~ C as shown in Figure 
4b. This peak may be attributed to the incomplete 
transformation of a thin (-~100A) Ti~Ge~ layer on 
the surface of the sample to TiGe2. Figure 5, which 
shows a cross-sectional transmission electron mi- 
crograph of the Ti /Ge/Si  stacked structure after a 
750 ~ C, 10 sec RTA, is also suggestive of two clearly 
distinguishable grain structures. Using the micro- 
probe diffraction analysis capability of the TEM 
system, we have found that  the large grains shown 
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Fig. 3 - -  AES depth profiles of a) as-deposited Ti /Oe/Si  stacked 
structure and b) after 10 sec/450 ~ C RTA in Ar, demonstrat ing 
the oxygen redistribution in the Ti layer. 
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Fig. 4 - -  Partial diffraction patterns showing the formation of 
a) high resistivity (~150 ix/~-cm) Ti6Ge5 and b) low resistivity 
(~20 ~/~-cm) TiGe2 at different R'I'A temperatures.  

in Fig. 5 correspond to TiGe2. The small grain struc- 
tures on the surface of the sample are thus believed 
to be contributing to the Ti6Ge5 peak observed with 
x-ray diffraction analysis. 

During rapid thermal chemical vapor deposition 
of the Ge layer, strain occurs in the Ge layer due to 
the lattice mismatch (4.2%) between the Ge and un- 

Fig. 5 - -  Cross-sectional transmission electron micrograph of the Ti /Ge/Si  stacked structure after a 750 ~ C/10 sec RTA in Ar. 
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derlying Si substrate. Figure 5 shows that  after a 
750 ~ C, 10 sec RTA, the strain in the Ge layer is 
completely relieved. This strain relaxation occurs 
by the formation of misfit dislocations at t h e  Ge/Si  
interface and threading dislocations in the Ge layer. 
These threading dislocations may extend com- 
pletely through the Ge layer terminat ing at the 
T i G e J G e  interface as can be seen in Fig. 5. Also, 
observed in Fig. 5, is that  the Ge layer has not been 
entirely consumed after the 750 ~ C, 10 sec RTA cycle. 
Auger electron spectroscopy depth profiles and TEM 
cross-sections have been used to determine the Ge 
consumption which occurs during TiGe2 formation. 
We have found that  the Ge:Ti consumption ratio is 
approximately 2.5. This ratio is very close to the 
Si:Ti consumption ratio for TiSi2 formation (Si:Ti 
= 2.3). 

Figure 6 shows the AES depth profiles for sam- 
ples annealed in N2 and Ar ambients  at 800 and 
750 ~ C, respectively. As shown, during high tem- 
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Fig. 6 - -  AES depth profiles of a) 800 ~ C/10 sec RTA in N2 and 
b) 750 ~ C/10 sec RTA in Ar, demonstrat ing the effects of an- 
nealing ambient on germanide formation. 

perature RTA, the oxygen on the metal  surface is 
not incorporated in the germanide resulting in an 
oxygen peak at the surface of the sample. Evidence 
of similar effects has been observed in the forma- 
tion of TiSi2, and this behavior has been at t r ibuted 
to the inability of the oxygen to redistribute into 
the unreacted t i tanium layer as rapidly as the sil- 
icide growth front consumes the t i tanium. 13 

Another interesting observation that  can be ob- 
tained from Fig. 2 is that  the sheet resistance of the 
samples annealed in N2 at temperatures above 450 ~ C 
is higher than the sheet resistance of the samples 
annealed in Ar. This may  be at tr ibuted to the for- 
mation of TiN (as determined by Rutherford back- 
scattering spectroscopy) on the surface of the Ti layer 
and also to the possibility that  the germanide may 
contain some dissolved nitrogen, or one or more ti- 
tanium nitride phases. 

We have also used AES to investigate the for- 
mation of a t i tanium nitride layer at  the sample 
surface during RTA in a N2 ambient. Titanium has 
two Auger energy peaks occurring at 387 eV and 
418 eV. Quanti tat ive AES analysis is difficult for 
t i tanium nitride, because the principle nitrogen 
Auger peak (KL23L23) at 379 eV overlaps with the 
L~M23M23 Ti Auger peak at 387 eV. '<1~ Therefore, 
when analyzing films which contain both Ti and N, 
one must  be very careful of the overlap which can 
occur between these nitrogen and Ti peaks. For a 
pure Ti layer, the two Ti signals (Ti 387 eV and Ti 
418 eV) should follow each other with a fixed ratio 
of 0.8 in the AES depth profiles with the Ti 418 eV 
signal above the Ti 387 eV signal. Therefore, any 
deviation from a fixed ratio can be taken as the in- 
dication of the presence of a t i tanium oxide, a ti- 
tanium nitride or both. This is clearly observed at 
the surface of the sample shown in Fig. 6a. It is also 
observed that  the N (379 eV) plus Ti (387 eV) signal 
at the surface has an intensity approximately 2.13 
times the intensity of the Ti (418 eV) signal. This 
ratio of intensities is indicative of the presence of a 
TiN layer. It is also observed that  a nitrogen signal 
is present at the surface of the sample annealed in 
Ar. This is shown in Figure 6b. However, the ratio 
of intensities between the Ti (387 eV) + N(379 eV) 
signal to the Ti(418 eV) signal is much less for the 
sample annealed in Ar than the one annealed in N2. 

The temperature  dependence of sheet resistance 
for the formation of cobalt germanide annealed in 
both N2 and Ar ambients  is shown in Fig. 7. The 
resistivity increases from an as deposited value of 
17.1 ttS]-cm to a maximum at around approximately 
300 ~ C in both Ar and N2 ambients. The differences 
occurring in sheet resistance values around 300 ~ C 
is being investigated. It is possible that  the peak 
sheet resistance in a nitrogen ambient  is achieved 
at a slightly lower temperature  than the minimum 
temperature capability of the annealer used in this 
work. At temperatures above 300 ~ C there is a sharp 
decrease in sheet resistance to a minimum value 
corresponding to a resistivity of 35.3 #~ST-cm. This 
minimum value occurs at a temperature  of 425 ~ C 
which is considerably lower than that  reported for 
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Fig. 7 - -  Sheet  resistance of 30 nm Co/150 nm Ge after  10 sec 
RTA in Ar and N2 ambients.  

cobalt silicide which occurs at approximately 700 ~ C. 
A study of the phases forming during the cobalt 
germanide reaction process is being investigated. 
However, we have found using microprobe diffrac- 
tion analysis that the low resistivity cobalt ger- 
manide phase occurring after a 475 ~ C, 10 sec RTA 
corresponds to Co2Ge. Figure 7 also shows that the 
nitrogen ambient has little if any effect on the sheet 
resistance at temperatures above 300 ~ C. This may 
be attributed to the very low solid solubility of N2 
in Co. 16 As shown in Fig. 8, nitrogen was not in- 
corporated into the material during RTA. Similar 
to the formation of TiSi2, there is no oxygen incor- 
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Fig. 8 - -  AES depth profile of Co/Ge/Si  stacked s t ructure  after 
425 ~ C/10 sec RTA in N2. 

poration in the germanide around the low resistiv- 
ity region. 

We have found using TEM and AES analysis that 
the stability of the cobalt germanide reaction pro- 
cess is poor at elevated temperatures. These mea- 
surements indicate that Ge begins to diffuse through 
the germanide layer and agglomerate on the sur- 
face at tempertures in excess of 700 ~ C. In some cases, 
we have observed complete penetration of the ger- 
manium layer by Co which then produces the for- 
mation of an underlying CoSi2. The reason for this 
instability is currently under investigation. How- 
ever, we believe that the stability is strongly re- 
lated to the crystalline quality of the Ge layer. 

4. CONCLUSIONS 

In summary, we have formed titanium and cobalt 
germanides on Si (100) substrates using RTP. Solid 
phase reactions were performed using rapid ther- 
mal annealing in both Ar and N2 ambients. Nitro- 
gen annealing ambients have been shown to in- 
crease the sheet resistance of titanium germanide 
formation possibly due to the formation of TiN on 
the surface of the substrate and also due to the pos- 
sibility of the titanium germanide containing one or 
more titanium nitride phases. The phase formation 
and transitions occurring during germanide for- 
mation are being investigated. However, we have 
found that the high resistivity Ti6Ge5 phase pre- 
ceeds the final low resistivity TiGe2 (C54) phase. We 
have determined that the Ge:Ti consumption ratio 
is approximately 2.5. The formation of cobalt ger- 
manide is not affected by the annealing ambient (Ar 
or N2) which may be attributed to the low solid sol- 
ubility of N2 in Co. The titanium germanide resis- 
tivity was determined to be 20 txl2-cm using an 800 ~ C 
RTA cycle. A resistivity of 35.3/~12-cm has been ob- 
tained for the cobalt germanide materials for RTA 
at temperatures of 400-600 ~ C. 
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