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Abstract 

Thin films of Cu, Mo.S~ have been de.,sited in situ by pulmd laser ablation on (I lt)la sapphire substrate. The high quality 
of films has enabled us to ~rl'orm chemical treatments, Desinterealation reactions carried out in hydrochloric acid solution 
ha~ led to meta~table Mo,S~ a~ sh~n by X-ray diffraction (XRD) and Rutherford Backscattering Spectroscopy (RBS). in 
~ome c a ~  an e~change reaction ha~ been ~hown to take place between toper  and silver, which comes from the silver paint 
t~cd to ~tiek the ~uh~tratc and ha,~ allowed us It) obtain :~ AgMo.S,~ lilm, The copper reinsertion performed on a 
d¢~interea!ated film ha~ ,,~a¢ceeded, proving the reversibility o1 the desintercalation reaction, ~ 1997 Elsevier Science S.A. 

Kevword~ Chevr¢l ph~t~', Thin film: L~t~cr ~tbl~ttiot~: De~intcrcah~tion', Intercalation 

| .  | n l ~ u c t t o s  

Besides their su~rconducting pro~rties, the 
Chevrel pham M,Mo,,S~ compounds (where M is a 
cation} premnt a structure which is also very interest- 
ing for dcsintercalation=intercalation ex~riments. 
This structure is based on Mo, S~ building b i lks .  ~ e  
arrangement of the latter creates channels which de- 
velop along the three rhom~hedral axes [1 ], When M 
is a small cation it displays a high mobility in these 
large cavities and can reversibly get in and out of the 
structure in mild conditions [2]. This behavior can be 
controlled by el¢ctr~hemical experiments as many 
studies have been r e ~ n e d  on rechargeable batteries 
{3~51, in order to build solid state b~tteries, high 
quality thin films which have g ~ d  mechanical proper° 
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tics are very important to obtain efficient el~ctrodes. 
Many ex~riments have ~en devoted to Cu,Mo, Sx 
~cause ~sides this property, they exhibit supercon- 
ducting transition properties at temperatures depend- 
ing on their composition. 

Cu~Mo~.S~ pre~nts a ~did ~dution and the con- 
centration of the cation can be varied continuously 
from x ~ 4 to x ~ 1.8 (and even  to  x ~ 0 in metastable  

conditions). Fliikiger et al. [6] have established the 
low tem~rature pha~ diagram for this compound in 
the range 1,5~3,5 and have shown the de~ndence of 
the su~rconducting critical temlrerature (7:) on the 
copper content, This characteristic is very useful in 
following the intercalation=desintercalation experi- 
ments, 

In a previous work [TL we have de~dbed the first 
synthesis of Cu, Mo,,Ss thin films in-situ deposited by 
laser ablation. In this article, we report on the chemi- 
cal desintercalation earned out in hydrochloric acid 
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solutions and subsequent chemical reintercalation of 
copper in these films. The characteristics of the films 
have been followed at different stages of the chemical 
treatment. 

2. Experimental 

2.1. Tiun films growth 

The films were grown in situ by pulsed laser deposi- 
tion from a home-made target (26.3 mm in diameter 
and approx. 5 mm thick) of composition Cu3Mo6S,~. 
The target was sintered by hot pressing under vacuum 
( 1000°C, 100 bars) from previously synthesized Chevrel 
phase powders. Thin films were deposited in a stain- 
less steel vacuum char~ber (MECA 2000) under vac- 
uum (pressure approx, l0 -r' mbar) using an XeCi 
CA = 308 am) excimer laser (SOPRA SEL 520), onto 
( l l0)  R AI:O.~ single crystal substrates (R-cut sap- 
phire). Before deposition the substrates were ultra- 
sonically cleaned in alcohol and fixed with silver paint 
on the stainless steel substrate holder the tempera- 
ture of which ranged between 40i) and 790°C. 

ZZ ?bin fihns characterizations 

The thin films composition has been analyzed by 
Rutherford Backscattering Specl rometry (RBS) on tile 
accelerator ARAMIS in Orsay [,q]. Tile helium inci- 
dent beam has an energy of 3 MeV and a typical 
diamcler of 1.5 mm. The films discussed here have an 
excess of molybdenum but the transfer of composition 
between the target and tlte sample rcmaius ¢ongrucut 
for the copper~sulfur ratio. 

The structural cltaracteristics of the films Ilavc been 
studied by X°ray diffraction using an INEL CPS 121i 
diffractometer with a curved position-sensitive detec- 
tor (CuKal  radiation). In the case of epitaxially 
grown films, we have used a decoupled 0-20 diffrac- 
tometer (CuKal  radiation). XRD patterns have 
shown that between 490 and 760°C the films present a 
powder like X-ray diffractogram witercas for a deposi- 
tion temperature between 770 and 79IFC the films 

grow with a (lO0) R preferential orientation. More- 
over, the in-plane alignment determined by ~,,-~ans 
using an X-ray texture diffractometer has shown that 
films are epitaxial. 

Thin film morphology has been observed by scan- 
ning electron microscopy (SEM). The surface of the 
samples is smooth except for a low density of small 
droplets (approx. 3 for 10 /zm 2) which is a typical 
characteristic of the laser ablation process. ~ e  films 
have a mirror like aspect and a good adherence to the 
substrate. 

The superconducting transitions have been recorded 
from inductive measurements performed at 119 Hz. 

2.3. Desintercalation-reintercalation ext~'rimems 

Previous to desintercalation experiments, the silver 
paint which remains on the back of the substrate was 
removed as much as possible. A layer of protective 
resin was used to protect the film before etching silver 
with a ferric nitrate solution. 

The films desintercalation has been carried out in 
hydrochloric acid solution (2.6 N or 1.0 N) [2]. The 
films were immersed for many hours in the ~lution, 
the desintercalation steps being followed by X-ray 
diffraction and superconducting characterization, the 
ultimate composition was determined by RBS mea- 
surements. 

The intercalation has been carrieo out tm pr~vi° 
ously dcsintercalated films. The sample was put in a 
quartz tube with a titanium~zirconium alloy foil and a 
small metallic piece of the element to insert. This 
ampoula was sealed under primary vacuum, the titao 
nium~zirconium was then heated in order to act a~ an 
oxygen getter: afterwards the tube was sealed again to 
keep the film apart. Finally it was heated at 450'~C for 
5 h. The intercalated film was studied by Xoray 
diffraction, inductive measurements and RBS. 

3. Results 

Table 1 summarizes the characteristics of the three 
samples at each step of the chemical treatments. 

Table I 
Characlcrislic,~ of I11c liu'c¢ ~anlpl¢,~ at diffcrcnl stag¢,~ of 111¢ chemical trcatmcnl 

Sample Coml~osition Desinlercalatiun Composition Insertion Composition 
Cu ~ M o - S  duration C u -  Me  ,~S Cu Me ,~ S 

L31 3,6:7.6:8.0 211 h I),05:7,6:8,(| . . . . . . . . . . . . . .  

L32 4.0:9.8:8.0 31 h 0.(16:9,8:8,0 ........... ...... 
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3, t. l~,sinterca!ation reaction 

The desintercalation in the M,Mo,S~ compounds 
is an o~.do-reduction reaction. 

The ternaD' compounds is oxidized and the proton 
is reduced: 

M'~ ' Mo~Ss + ~ d H '  ,CI-) - ,  

Mo,Ss + x(M'" ~ ,nCi- ) + ~x'/2 H, 1' 

The oxidation of the ternary compounds entails a 
loss of electrons for the molybdenum cluster. 

3° 1.1. Desinten'alated fihns 

The desintcrcalation process mentioned above suc- 
cessfully removes copper out of the initial phase, as 
evidenced by the RBS spectra displayed in Fig. I. The 
inithd composition of the L31 sample deduced from 
the area ratios of the RBS peaks was Cu~Mo-S = 
3.0:7.6:8.(t. The spectrum after desintercaiation (over- 
laid on Fig. !) exhibits a strongly reduced copper 
~ak ,  whereas the Mo=S ratio remains unchanged, 
leading to a composition Cu~Mo~S=0.(IS:7.6:8.ii. 
XRD patterns taken at different stt:ps of the des|riser- 
lion are represented in Fig. 2. Since they are very 
noisy, the unit-~¢cll c on~tanl~ can not be accurately 
determined, but the mo~t ~triking feature i~ the shift 
Of the ( I00)~,~ pc~k (ill !he r!~.ombohedral ~eiting~) and 
the ,~p!iiiing of the (22!) r, t311ti r and (311i r o1~¢~, 
¢or¢~pondiilg to the ¢~p¢cted evolution h'om the 
( ) k t t m o . S ~  tO Mo.S,~ Mrl ietk i r¢,  Mol '¢OV¢l '  the dcsino 
I¢l°¢alated tiln| i~ not ,~tip¢!~Colldtli~lill~ lit 4,2 K. like 
Mo.S~ which i~ ~tll~¢r¢otldilcthl 8 only tllltl¢l' ~qlpl~OXio 
m~lely !3  g, 
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3,1, Z Etchange reaction 

All alternative pn~ess has been evidenced, for in- 
.qance in the case of the L32 sample, whose starting 
composition was close to the previous film, i.e. 
Cu=Mo=S = 4.0: .8:8.0. The initial and aftel desinser- 
tion RBS s~clra are shown in Fig. 3. As previously, 
the copper peak is no more visible and at this stage 
there is no more than 1.5~ of the initial copper 
content, as confirnled byo an inductively ctuplcd'~ • 
plasma analysis perfinmed on the hydrochloric acid 
~lution. However, the presence of a shoulder on the 
molybdenum peak suggests that g~me silver coming 
from the silver paste u~d to stick the substrate dur- 
ing de~sition, which was not fully removed by the 
ferric nitrate etching, has diffused in the film via the 
solution, Fig, 4 represents the XRD patterns at di|: 
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Fig. 3. (a) Initial RBS spectrum of the L32 sample performed at 3 
MeV: (b) RBS spectrum of the desintercalatcd L32 sample carried 
out Ill 3.4 MeV: (c) enlargement of the illolybdellUm peak after 
desinlercaJiil loll. 

ferent desintercalation steps (initially and alter 31 h 
in hydrochloric acid). They almost show the same 
evolution as the L31 samples (Fig. 2). Nevertheless, 
the final pattern has allowed us determine the 
unito~cell constants (al~ ~ 6,50 ~, t~lt ~ 92,10°). These 
values correspond more closely to the unit=cell con° 
stants reported for AgMo, S~ than to those of Mo,S~ 
which was expected after desintercalation. Moreover, 
as shown in Fig. 5, the T, of this thin tilm was reduced 
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Fig, 4. XRD patterns of the L=;2 film at different steps of the 
desinsertion reaction (a: virgin: b: after 31 h). 

from 7.0 to 6.0 K, a value significantly above the ~ of 
Mo, Ss and electron microprobe analyses have clearly 
evidenced the presence of silver in the film. Despite a 
very low product of solubility for silver chloride in the 
acid solution, it remains a sufficient content of Ag * 
cations to react with the thin film. The silver acts as a 
reduetive agent towards Mo,,Ss, in excellent agree- 
ment with the previously reported electrochemical 
potentials [9], so this system bchavc~ ~;b,, a . . . . . .  ~, 
and allows us I,) ~how the po~ibilily of an exchange 
reaction in thin tilm. 

3.2. Rcint¢,rcahtted jihns 

Tile hlst set of experiments proves that the dcsino 
tercahltion process is revci~iblc. The RBS spectra 
taken at three different stages tbr the L42 sample are 
shown in Fig. (~ (a: virgin, b: after 3 h of desinscrtion, 
c: after copper rcinsertion). During the different rcaco 
tions the sulfur and molybdenum peaks do not change 
within experimental accuracy. As Fig. 6 (insert)shows, 
the copper comes in and out. Since the desinsertion 
time (3 Ii) is shorter than for the previous experiments 
(20 "lnd 31 h), more copper is left during the desintero 
calation step, leading to a composition of Cu=Mo=S 

0.2:6.0:8.0, which has to be compared to the initial 
composition of Cu=Mo=S ~ 3.5:6.6:8.0. Interestingly, 
silver has been incorporated during t!!e second step. 
but removed during the third one (it was probably 
expelled to give place to copper), 

The XRD pattern (Fig. 7) on the reintcrcalated 
sample displays the usual diagram for Cu ,Mo, S~, in 
full agreement with the compe,~ition obtahted by RBS 
(i.e. Cu=Mo=S = 3.4:6.7:S.0). 
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It~ Ibis article we have shown some prelimina%, 
rc~ull~ co,i|~¢ming chemical de~intercalation*~intercao 
lation experiments performed on PLD g~°own 
Cu, Mo~S~ thin film~. The success of such exert° 
ments i~ pr,xff of the high quality of the samples. 
Thc~c re suits emphasize the strong reactivity of thin 
film~ and th¢i~ ~ ability to be used for further chemical 
attd eicctr~hemicai ~tudies. 

Fig. 7, XRD diffraction patterns of the L42 tilm: a, after desinser- 
lion; b. after rcin,~rtion. 

The desinsertion=insertion reactions can lead to 
metastable compositions such as Mo.S~ and likely to 
new compounds with other cations even larger such 
a~ tin or !e;~d, since lhe reinterca!ation of copper has 
,~uceeeded, This possibility is very interesting since 
the~ Chevrel phases will be ptol' ~'ably very difficult to 
~ynthe~i~e in ~ilu due to thernlodynamical conditions 
during the growth, 

Besides the intercalation by chemical vapor 
tralls~rt, the in~rtion using an exchange mechanism 
has been evidenced in the example of the 
toper=silver couple. This reaction could be very. 
useful to insert a cation since it works even at room 
temperature and is very easy to apply. 

On the other hand, the control of the obtention of 
actually desintercalated samples needs to fully re- 
move silver, either by using another substrate sticking 
methL~ or full silver removal using a lithography 
pr~ess. 

In summary we have sh,~)wa that the PLD method 
can t',c adapted to the Chevrel phase thin liims syn- 
thews and new studies ainu! other cluster com- 
l~und~ ~houid be expected. 

Ack~owl~gemenls 

The authors wants to thank Dr, R. Chevrel for 
helpful di~ussions. Dr. J, Guyadcr (UMR 6512, 
Rennes) for the use of the hot pressL,~,~ device and Dr. 



N. Letm:e et al, ~Journal o]'AUoys and CmnlHmnds 262-263 ff997) 54-59 59 

Y. Cudennec (INSA, Rennes) for the ICP analyses. 
This work was supported in part by Fondation Lan- 
glois. 

References 

[1] R. Chevr¢l, M. Segcnt, M. Prigent, Mater. Res. Bull. 9 (1974) 
1487. 

[2] M. Potek P. Gougeon, R. Chevrel, M. Sergent, Rev. Chim. 
Miner. 21 (1984)509. 

13] T. Sotomura, T. Iwaki, D. Kagaku, Electrochem. Soc. Jpn. 60 
(1992) 44. 

[4] J.M. Tarascon, T.P. Orlando, MJ. Neal, J. Electrochem. ~ .  
135 (1988) 804. 

[5] M, Wakihara, T. I~chida, K. Susuki, M. Tani~chi, E|ec- 
trochim, Acta 34 (1989) 86/. 

[6] R. Fliikhiger, A. Junod, R. Baiilif, et al., J. Solid State 
Commun. 23 (1977) 699. 

[7] N. Lem,~e, M. Guilloux-Viry, J. Padiou, et al., Solid State 
Commun. 101 (1997)909. 

[8] E. Cottereau, J. Chaumont, R. Meunier, H. Bernas, Nucl. 
lnstrum. Methods 1345 (1990) 293. 

19] C. Boulanger, Thesis, University of Nancy, 1987. 


