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Textured MoS , thin films obtained on tungsten: Electrical properties
of the W/MoS , contact

E. Gourmelon, J. C. Bernede, J. I?ouzet,a) and S. Marsillac
E P S E,Equipe Couches Minces et Magux Nouveaux, Facultdes Sciences et des Techniques,
2 rue de la Houssinie, BP 92208, 44322 Nantes @ 3, France

(Received 24 November 1998; accepted for publication 26 October) 1999

Textured films of molybdenum disulfide have been obtained by solid state reaction between the
constituents in thin films form when &@00) oriented tungsten sheet is used as substrate. The
crystallites have theic axis perpendicular to the plane of the substrate. The annealing conditions are
T=1073 K andt=30min. The films are stoichoimetric afpdtype. Such highly textured films are
achieved without foreign atom additidiNi, Co..). It appears, as shown by x-ray photoelectron
spectroscopy, that a thin W&yer is present at the interface W/Mp3 he crystallization process

is discussed by a van der Waals texturatipseudoepitaXyonto dangling bond sulfur terminated
surfaces, these surfaces being ordered. After characterization of the \WA#aSture by x-ray
diffraction and x-ray photoelectron spectroscopy, an upper electrode of tungsten was deposited by
sputtering. The electrical properties of these W/MBE structures have been investigated by
analyzing the behavior of the current—voltage characteristics as a function of the measuring
temperature. It is shown that an ohmic contact is obtained with a contact resistance smaller than the
resistance of the MgSiilm. © 2000 American Institute of Physids$S0021-897€00)08103-2

I. INTRODUCTION simple conventional evaporation process without any addi-
tive atoms such as nickel, which has a negative effect for
Considerable interest has currently been shown in layphotovoltaic applications.
ered metal dichalcogenide compounds such as WS, In Sec. Il we describe the preparation conditions of the
and MoS,* which can serve as the absorber in solar cells. films and the characterization techniques used. Section Il is
Conversion efficiencies in excess of 17% may be obtainedelated to experimental results. In Sec. IV the results are
with WSe, single crystals, for exampfeand for economic  discussed on the conception of “van der Waals texturation.”
reasons these materials have been prepared as thifi filins
they exhibited disappointing performances. However it has
been reported that WSilms, having their basa02) planes || ExXPERIMENT
parallel to the substrate, can be obtained after annealing at )
high temperaturé=1073 K) when the substrate is covered A- Film preparation
with a thin Ni layer. Such films have been obtained by an-  The depositions were done in a vacuum of4@a. The
nealing either W@films under an HS atmosphereor amor- Mo and S layers were sequentially deposited by sputtering
phous WS, films in flowing argofi or in flowing argod  and evaporation, respectively. Mo and S had a purity of
with 5% H,S, multilayered Mo/S/Mo...Mo/S structures in 99.99% and 99.999%, respectively. The deposition rates
flowing argon?~'However it has been shown by x-ray pho- were 3 nm/s for Mo and 10 nm/s for S, and the film thick-
toelectron spectroscopy depth profiles that, in such films, Nhesses were measuredsitu by two specific quartz moni-
diffuses through the thickness of the films and that 1% of Nitors. The thickness of each layer was calculated to achieve
is visible at the surface of the filnfsAs a consequence, the atomic ratio Mo/S 1/3 and varied from 8 to 150 nm.
different Ni phases have been in evidence such aS,Ni The number of layers Mo/S/Mo.../Mo/S varied from five to
(Ref. 8 and NiW! The presence of such more or less con-nine for each component. A last sulphur lay200 nm was
ductive heterogeneities in the films probably will induce evaporated to protect the metal film from oxidation during
strong damage to the sandwich structure of future solar cellgansfer from the deposition apparatus to the oven for the
by the occurrence of short circuit effect of the Masorb-  annealing treatment. The sulphur excess was eliminated dur-
ing layer. Moreover, if the presence of the thin Ni layer ing annealing. The MoSfilms were synthesized by the solid
allows the achievement of textured films, it induces also the&state reaction, induced by annealing, between the constitu-
growth of broad crystallites randomly distributed in the ents in thin film form. The multilayer structures were intro-
films.? Therefore the use of another process to achieve phajuced into a silica tube, placed in an oven with the samples.
toconductive films appeared necessary. This article repor8efore annealing, the silica tube was evacuated and the oven
results on textured photoactive Mp8Ims obtained by a was heated at 373 K for 1/2 h. Then, argon was flowed
trough the silica tub&40 //h) and the samples heated. The
aAuthor to whom correspondence should be addressed; electronic mai€ating temperature was 1073 K and the annealing time
jean.pouzet@physique.univ-nantes.fr was 1/2 h.
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FIG. 1. Scheme of the three-point measurement of contact resistivity. 10 20 30 40 50 60
20 [degrees]
FIG. 2. XRD diagram of a Mosfilm grown on a randomly oriented tung-
B. Thin film characterization sten sheet af =1073 K fort=30 min (thickness of the film: 500 njn

The structure of the films was examined using an x-ray
goniometer. The preferential orientation of the crystallites -1
was deduced from the x-ray diffraction patterns. The grain pCI(W) =(AR:) (Qcn), 2
size was estimated from the full width at half maximum of v=0
the diffraction peaks and given directly by the graphics pro-whereA, is the contact area arf@, the contact resistance.
gram EVA used by the diffractomet&The preferential ori-
entation of the crystallite&(00/) was calculated from the ||| EXPERIMENTAL RESULTS
x-ray diffraction patterns. The degree of preferred AP0 o ) ) )
type orientation, i.e., the crystallites with tleeaxis perpen- The objective of this work is to obtain textured MoS

dicular to the plane of the substrate was calculated from: films without the help of additive atoms such as Ni. For a
first study we have used two kinds of tungsten substrates,

randomly oriented sheets and sheets oriented wit{266)
1(00/) I (hk”) plane parallel to the substrate, in order to show the influence
F(00/)=2 15(007) To(hk7)’ (1) of the orientation of tungsten on the texture and the crystal
i Tot ke o structure of the Mogfilms. Figures 2 and 3 report results for
MoS, films obtained in the same run. It can be seen that,
wherel(hk”) is the intensity of the ltk”) peak of Mo$  after annealing af=1073K for 30 min, the Mo$ films
thin films andl o(hk”) is the intensity of thel{k”) line of a  obtained on a randomly oriented tungsten stiEe. 2) are
randomly oriented powder sample according to JCPDS dataery badly crystallized. When a tungsten sh@e0) oriented
The quantitative x-ray photoelectron spectroscdp$PS)  is used, far better results are obtair(&ly. 3. In that case,
studies were based on the determination of the Ml@Bd  the MoS films are not only crystallized in the 2H-MgS
S 2p peak areas with sensivity factors of 2.5 and 0.125, restructure, but the (00) peaks are predominant. The prefer-
spectively, as given by the manufacturer, Leybold. The MoSential orientation factoF (00/) varies from 0.8 to 1. So the
depth profiling was determined by recording successive XPgesults described below concern only the films obtained on
spectra obtained after ion etching for short periods. Using afungsten sheet€00) oriented.
ion gun, etching was accomplished at pressures of less than The atomic composition of the MgSilms has been

5x 10 *Pa with a 10 mA emission current and 5 kV beammeasured by microprobe analysis. Before annealing, 75 at %
energy. The Af ion beam was rastered over the entire

sample surface. At the surface of the films there is a carbon—

carbon bond corresponding to surface contamination. In the 120001502 —
apparatus used, this C—C bond has a well defined position at &
10000~ a

284.6 eV and the carbon peak was used as a reference. z 5
For the electrical characterization upper electrodes of § 8000

tungsten were deposited by sputtering onto the Midshs. S,

The tungsten deposits were 300 nm thick for an area of about 2 6000

5 mn? and spaced 1 mm. Contact resistance was measured §

by the three-point techniglfeshown in Fig. 1. Contact 3, g 40004

connected to a high impedante300 T(2) voltmeter, draws 2000 l

negligible current and thus the voltage drop across this con- 004 006

tact is also negligible. Contact 3 senses the potential just 0 I A, —%—

inside the semiconductor. Variation of the current through o 20 30 4 50 60

20 [degrees]

contacts 1(and 2 and 4 yields theJ-V characteristic of
contacts 1 and 2 and the contact resistivity. The specific corngig. 3. XRD diagram of a MoSfilm grown on a tungsten she€200)
tact resistivity is defined by oriented afT=1073 K fort=30 min (thickness of the film: 500 njn



1184 J. Appl. Phys., Vol. 87, No. 3, 1 February 2000 Gourmelon et al.
x10*
10 1 1 \ 1 /' 1 T I ° |350K
— 810° -:: ﬂ . ™ 330K
PR P e
P g .

2 6x103 10 |5 /0 e / 250K |

E -800 8007 #7 - _.a
- s S T .87 230K
ax10° '-/' “.n "_4 4

Lo _-*
S B - 210K
3 - y/ - - -4

%10 é’_,n A S 190K+
PR a Ty 160K

ol 1 1 1 1 1 0 1 | 1

0 50 100 150 200 250 300 0 100 200 300 400 500 600 700 800

Sputtering time [minutes] V [mV]

FIG. 4. XPS depth profiling of a MoSilm obtained on a tungsten sheet FIG. 6. J-V characteristics of the W/Mg3W structure as a function of the
(200 oriented by annealing at 1073 K for 30 mithickness of the film: ~ témperature.
500 nm.

small contact resistance between the metallic film and the

of sulfur were present. After annealing the films were sto- e e
ichiometric (66 at %<S<67 at %). The stoichiom- photoabsorbant material is necessary for the fabrication of a
The contact resistance adds a serial resistance

etry and the contamination of the films have been checked byolar cell

XPS. It was established that the films were stoichiometridVhich diminishe;zthe performance of the solar cell. Aal%?lue
and the absence of bulk contamination by oxygen and carbof§SS than 0.2} cn”is necessary for the contact resistarrce.
Figure 5 shows that th&—V characteristic at room tempera-

was verified during XPS depth profiling. On the surface, S ) - i
binding energy of the C4 peak (284.4 eV matched the ture is linear, so the contact is ohmic. The value of the resis-
reference binding energy of the spectrometer used. The bindlYity ¢ through the Mogfilm is about 7€) cn?’. The value

of the contact resistivity, is on the order of 0.0&) cn?.

ing energies of the Sfand Mo 3z, core levels in the films X ;
are 162.24 and 229.34 eV, respectively, identical to the valOn€ can assume that there is a potential drop through the

ues observed in the reference powder, which confirms thdY!0Sz due to the spreading resistance beneath the contact. In
the bond offset is negligible. Depth profiling of Mo re- that casep. would be the addition of the contact resistivity

ported in Fig. 4. It is well known that the sputtering yield of @1d the spreading resistivity. In any case we haxe
sulphur is higher than that of molybdenum. Therefore, after~0-06{ cn?<0.2Q cn?. Figure 6 shows the temperature
etching, the relative sulfur concentration decreases. Howdependence of thé-V characteristics which are linear
ever, as usual in the case of sputtering, after a rapid decreadd@tever the temperature is. The strong increase of the con-
during the first etchings, the sulphur concentration decreaséiICtivity with the temperature proves the semiconducting be-
very slowly. It could be seen that, at the W/Mo interface, avior of the Mo film in the W/MoS,/W structure.
while Mo disappears rapidly when W appears, the evolution € variation of the contact resistivipy, with tempera-
of the S concentration is not strongly modified by the crossture has been an_alyzed on _the basis of thermoionic emission
ing of the Mo/W interface. It can be concluded that at the@P0Ve the potential barrigFig. 7) such as
MoS,/W interface, some Wghas grown. Therefore the sul- k qdp
fur excess has partly diffused into the W substrate. Pcqu—*TeXF< ﬁ) :

After this characterization, upper electrodes of tungsten
were deposited by sputtering onto the Mdfn in order to ~ From Fig. 7 one can deduce a barrier height of about 120
study the electrical properties of the W/MpSontact. A MeV, which is a typical value obtained in Mp8Ims=* One

()

x10* T T Y T T py 1 T T T T T
= 05 ’ -
i;
5x10° - b . ol _
g &
= &
- g O05F -
o =
V [mV] -1+ 1
-1.5 - .
-5¢10° |- .
21 -
-1x10% L ! 1 1 25 ! L L L 1
-600 -400 -200 0 200 400 600 25 3 35 4 4.5 5 5.5
1000/T [K™]

FIG. 5. J-V characteristic of the W/MoSW structure at room tempera-

ture. FIG. 7. In(p, T) vs 10007 of the W/MoS contact.
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There are, however, materials having no dangling bonds
on their cleaved faces. Me$ a material which crystallizes
in a layered structure. In such material, strongly bonded two-
dimensional S—Mo-S sandwiches are loosely coupled to
each other by weak van der Waals bonds. These van der
Waals planes are inert chemically without dangling bonds.
The epitaxial growth on such surfaces of another lamellar
compound proceeds with van der Waals strength and has
been called van der Waals epitaiyig. 8b)].2*>"*°In this
(2) case, the lattice matching condition has been found to be

relaxed drastically. Thin films with their own lattice constant
can be grown by van der Waals epitaxy even under the ex-
istence of lattice mismatch as large as 50%.

“@— van der Waals epitaxy Moreover it has been shown that van der Waals epitaxy
can occur on dangling-bond terminated surfacelssually
dangling bonds on a surface prevent good heteroepitaxial
growth of layered material on it. However, van der Waals
epitaxy becomes possible if regular termination of the sur-
face dangling bonds is accomplishgeig. 8c)] and if it is

() kept stable at the temperature required for the epitaxial

growth. It has been shown in the case of GaAs that treated

surface sulfide allows van der Waals epitaxy since, at the
surface, dangling bonds are terminated with sulphur
atomst**® Such epitaxial growth of MoSeon (NH,),S,
treated GaAQ11) surfaces has been tried successfifly.

Other author® have shown that copper, silver, and gold

films were found to grow epitaxially on W SHere also sul-

fur appears to play a decisive role since it is present in the

first metal layers.

In the present work, since the substrate is not a single
crystal but only textured, only textured grown films could be
FIG. 8. Schemes for different interconnected interfa(:e)scovalept bonds, obtained. However the analogy, with the quasi-van der
\(,t\)l)a;/gnssl'?;c\év-aals surfacesc) satured surface connected with van der Waals epitaxy described above, is clear and we call the

present process quasi-van der Waals texturation. As in the
cases described above, quasi-van der Waals texturation be-

can conclude that the contact resistance between the W a§@mes possible by terminating surface dangling bonds with
the MoS film is sufficiently small to avoid the trapping of Some sulphur excess in the upper layer. We have shown that

the carriers and that the resistance of the film predominategulphur diffuses through the surface of the tungsten sheet.
Since the tungsten is highly reactive with sulphur, the dan-

gling bonds of the real surface of the substrates will be sat-
ured by suphur atoms. The Mo8nd the W$, being lamel-

We have shown that textured films can be obtained withiar compounds, can grow epitaxially on a dangling-bond
out adatoms such as Ni, Co,... and, in that case, the crystalerminated surface. Therefore after the diffusion of sulphur
line state of the substrate is determined. The substrate’s inn tungsten, some Worms while the real surface of tung-
fluence is usual in the case of epitaxial deposition. Thereforsten is passivated by sulphur. When the local microscopic
by analogy, even if in the present work we have not epitaxiatrystallites in tungsten are oriented, van der Waals epitaxy is
but only textured films, we will discuss the results with the possible, which macroscopically induces the growth of tex-
help of epitaxial growth. tured films: first the WS interfacial film then, by van der

It is well known that, in the case of covalent semicon-Waals epitaxy, the Mosfilm.
ducting materials, the lattice matching condition is especially =~ However, epitaxy is obtained on a heated substrate dur-
severe. This comes from the fact that dangling bonds on thimg the deposition process while, in the present work, crys-
surface of the substrate should be connected to atoms of thallization takes place during the annealing process. It has
growing layer, which is not easy in the case of lattice misfitbeen showh!’ that the van der Waals surface allows a sec-
since the length and the angle of the covalent bonds canneoind crystallizatiot which may induce the growth of tex-
be changed easily. The strong bonds formed between thered films. It has been shown that, by analogy with
dangling bonds of the substrate and the growning film intro-graphite!’ the presence of nickel allows high quality tex-
duce distortions and nucleate dislocations in the overlayetured films during the second step of the crystallization pro-
when the lattice matching condition is not satisfiedcess. In the present work, it appears that nickel is not neces-
[Fig. 8a)]. sary when the oriented W substrate is used: a van der Waals

<4— dislocations

IV. DISCUSSION
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