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A combinatorial rf magnetron sputter deposition technique was employed to investigate the
electrical characteristics and microstructural properties of molybdenum tun@gtev) high
temperature electrodes as a function of the binary composition. In addition to the composition, the
effect of substrate bias and temperature was investigated. The electrical resistivity of MoW samples
deposited at room temperature with zero bias followed the typical Nordheim’s rule as a function of
composition. The resistivity increases with tungsten fraction and is a maximum around 0.5 atomic
fraction of tungsten. A metastabf@W phase was identified and the relative amount of ghé/

phase scales with the resistivity. Samples deposited at higher tempeg20reQ also followed
Nordheim’s rule as a function of composition, however, it did not contain the metagabl@hase

and consequently had a lower resistivity. The resistivity of samples deposited with substrate bias is
uniformly lower and obeyed the rule of mixtures as a function of composition. The
molybdenum-rich compositions had a lower resistivity, contrary to expectations based on bulk
resistivity values, and is attributed to high electron-dislocation scattering cross sections in tungsten
versus molybdenum. The metastal@éV phase was not observed in the biased films even when
deposited at room temperature. High resolution scanning electron microscopy revealed a more dense
structure for the biased films, which is correlated to the significantly lower film resistivig0@
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I. INTRODUCTION metal mass transport due to an electric current. Al atoms
move in the direction of electron flow, toward the anode, and
Thin film transistors(TFTs) have been widely studied vacancies remain in the Al thin film. Consequently, Al
because of their electronic switching capability and have apwhisker growth can be observed between Al and Si films. If
plications for electronic display devices, MEM@/icro  the whiskers contact other layers, for example dielectric lay-
Electro Mechanical Systemsoptoelectronic(image sen-  ers, they can cause additional device failures. When Al is
sors, and chemical/biological sensbrSor TFTs to achieve passivated by a dielectric, hillock formation can cause crack-
high-speed, high-density, and low-power consumption, ang of such films. To prevent hillock formation, in the case of
low-resistivity gate and/or source-drain metal electrode is esgsing Al as a gate electrode, a Mo layer can be added to form
sential. As shown in Table I, molybdenufio) (and Mo  a Mo/Al bilayer? The bilayer deposition and dry etch pro-
alloys), aluminum(Al) (and Al alloys, and coppeCu) are  cesses, however, are more complicated. The dry etch process
generally used as gate electrodes in manufacturing electronig particularly difficult because the Mo and Al etch chemis-
displays and semiconductor devices. In choosing a metal marjes are different.
terial for the gate electrodes, there is a trade-off between \When fabricating TFT devices, the etching profile of the
resistivity and thermal/chemical stability. Al and Cu, for ex- gate electrode is also very important. This is especially true
ample, have very low electrical resistivity and therefore havefor an invert-staggered TFT structure where the gate elec-
a significant advantage and attraction to applications in hightrode is the bottom laydtypically used in TFT-liquid crystal
speed and large-scaled thin film devices. However, their therdisplays. These structures require a tapered etch profile for
mal stability is very poor, especially for processing temperaseveral reasons. First, it provides better step coverage in sub-
tures in excess of 500 °C. One of the main problems occursequent deposition patterning processes. Second, the sharp
during heat treatment of the ACu)-Si contact because Al edged(undercu} gate is a main source of dielectric break-
(or Cu-Si interdiffusion is significant above 500 °C. This down due to the concentration of electric field at this sharp-
interdiffusion can, for example, create silicon precipitates inedged point. Third, the tapered gate electrodes influence the
Al which reduces the overall conductivity of the lines. In electrical properties of TFT and can lower threshold voltages
addition, Al can suffer from electromigration which is a and facilitate steep swing characteristics.
For the past several years, the molybdenum tungsten
dElectronic mail: sjun3@utk.edu (MoW) alloy has been studied and used as gate electrodes for
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TABLE |. Representative gate electrode materials for fabrication of thin||. EXPERIMENTAL DETAILS
film transistors.

The details of the sputtering conditions used to deposit

, Resistivity , Taperanglein  the MoW specimens are shown in Table Il. An AJA
Material (p@cm Stress resistance dry etching  ATC2000 rf magnetron sputtering system equipped with
MoTa 40-45 Excellent Good heated and dc biased substrate holder was utilized for the

MoWw 15-20(Conventional ~ Excellent Excellent deposition of Mo, W, and MoW thin film&-ig. 1). The films
7-10(Our work) were deposited on thermally oxidized Si@ um)/Si(100)

Al alloy (AINd)  5-7 (post-annealed Fair Good(AINd) substrates. The substrate holder can be rotated if uniform

Al=Cu 4-5 Fair Fair thickness and composition are desired and produces a

Al 4-5 Poor Fair Mo, _W,(0.1<x<0.9) gradient when the sample is not ro-

Cu 34 Good Fair

tated (combinatorial mode As shown in Fig. 1, the system
has three targets each equipped with rf matching network
and supply. The sources can be tilted andzpesition of the

thin film transistor—liquid crystal displaydFT-LCD) manu-  substrate holder can be vari@usitu to change the deposi-
facturing companies because of its excellent thermal antlon profile. The sputtering targets have a 50 mm diameter
chemical stability, reasonably low resistivity, and easily con-and a 6 mm thickness. The base pressure prior to the sput-
trollable etch taper angf&® In spite of its excellent proper- tering deposition was below 5:0107° Pa and the total flow
ties, problems with larger substrate size and higher devickate of argon used in the sputtering was fixed at 25 SCCM
driving speed have been encountered. Some of the problenft§CCM—cubic centimeter per minute at STier all condi-
include flicker, cross talking, and line delay due to relativelyfions. The substrate is heated by quartz lamps and the tem-
high resistivity of MoW(15—20.0 cm). To compensate the perature is controlled within £1 °C temperature range. The

high resistance, MoW thin films require wider and thickerreSiStance was analyzed via four point proljéseco FPP-

patterns. The wider and thicker MoW causes some fabrica5000 at a fixed film thicknes$~300 nm and the reported

. . . . o Yalue is an average of at least three measurements over the
tion problems in large-scaled integration and planarization o

the device which can also lead to device failure. Therefore sample. The film thickness was evaluated by using Surface

: o i ) ef-]”rofiler(KLA Tencor Alpha-Step 500 The crystal structure
thorough investigation of the process-property relationship haracteristics of the films were analyzed with a Phillips

of the MoW alloy is necessary to extend the utility of this X-pert Pro x-ray diffraction(XRD) system, and the micro-

alloy to advanced semiconductor applications. Althoughsiycture was analyzed by using a Hitachi S-4700 scanning
MoW has many advantages in microelectronics, especiallgjectron microscopéSEM). The first series was designed to
high temperature applications, there is not much publishe@nalyze electrical properties and microstructures as a func-
work on this thin film alloy. In this work, we present electri- tion of Mo—W composition, applied bias, and substrate tem-
cal and microstructural properties as a function of the MoWperature. The second series was designed to explore the ef-
composition for films sputtered under various conditionsfects of the applied bias on the electrical and microstructural
(temperature and bias properties of MoW.

TABLE Il. Experimental description of this work. Fixed parameters: 25 sccm Ar gas, 70 mm gap between
substrate and target.

rf power (W)

dc bias Pressure Temperature
Run no. ID Mo W (WIV) (Pa (°C)
1st series (a) 200 160 0/0 0.66 RT
(b) 200 160 0/0 0.66 250
(c 200 160 30/165 0.66 RT
(d) 200 160 30/165 0.66 250
2nd series (a) 200 0 0/0 1.06 RT
(b) 200 0 15/140 1.06 RT
(©) 200 0 30/165 1.06 RT
(d) 200 0 45/190 1.06 RT
(e 0 200 0/0 1.06 RT
(e 0 200 15/140 1.06 RT
f) 0 200 30/165 1.06 RT
(9) 0 200 45/190 1.06 RT
(h) 200 200 0/0 1.06 RT
(i) 200 200 15/140 1.06 RT
() 200 200 30/165 1.06 RT
(k) 200 200 45/190 1.06 RT
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FIG. 1. Schematic diagram of an AJA ATC2000 rf magnetron sputtering 0 0'1 '0'2 ' 0'3' 0'4' 0|5l0|6 ! 0'7 ' 0'8' 0'9

system equipped with dc bias supply. Atomic fraction of W in MowW

I1l. RESULTS AND DISCUSSION FIG. 2. Electrical resistivity of MoW as a function of composition, tempera-

ture, applied bias, and process press(aeno bias, RTy(b) no bias, 250 °C;
A. Films deposited without negative bias at room (c) 30 W (165 V) bias, RT; andd) 30 W (165 V) bias, 250 °C; from the
temperature and 250 °C 1st series.

The electrical resistivity of the MoW alloy as a function

of atomic fraction of W is shown in Fig. 2. Figuresa? and 8 and 0 velv. Th .
2(c) are processed under room temperature and Figs. 2 118 and 7Qu{) cm, respectively. The sputtering temperature

and 2d) are under 250 °C. And Figs(® and 2b) are pro- provides energy to the arriving specie; which enhances their
cessed without bias and FiggcPand Zd) are under a 30 W surface mobility gnd allows the species to occupy a Iowgr
(165 V) dc bias. The resistivity results as a function of  €nergy state. This leads to a more ordered structure Whlch
fraction for (&) and (b) samples that are processed withoutreduces the electron scattering and lowers the electrical

bias follow typical Nordheim’s relationship. In a metallic resit_lwty. 3¢h XRD Its of MoW ‘ _ FW
material, the electron scattering due to the perturbations suc -lgure S5 shows resu tso Viow as a unction o
action at several sputtering conditions) room tempera-

as solute atoms, second phases, impurities, dislocations, v . . .
cancies, and grain boundaries increase electrical resistivity-"® with rlo bla_s,(b) room temperatuze W't.h 30 WI65 V)
As demonstrated in Fig. 2, the electrical resistivity of the 1as, 250 °C with no bias, 'and 250, c V\_"th 30 W5 V)

MoW binary system increases with increasing solute concerias: The X_RD resulto of Fig. _(B) is identically ShOW*? N
tration, and it has the maximum at0.5 atomic fraction of RT/30 W bias, 250 °C/no bias, and 25Q/30 W bias

solute atoms because of high electron scattering due to députte(;ing_corld_itions. I?I the XR? spectrla, thi s;rong peak
fects from mixing of the solid solution. The resistivity of around 2=40° Is a confluence of several peaks fraRV

binary alloys can be expressed by the well-known Nord-(40'26:’ 110 plarke p-W (39.89°, 210 plang ani:l .MO
heim’s equation (40.51°, 110 plane The weak peak around#238° is a

noise signal from the aluminum sample holder. As shown in
p=Cx(1-x), (1 Fig. 3(@), at room temperature and without bias, a second
. . . . metastable phasg3-W) is observed which correlates well
Wher.e>.< IS the'fract|on Of. so!ute qtoms a@i is Nordheim with the resistivity, i.e., highep-W content correlates with
coefficient. This expression is valid for binary systems hav'higher resistivity. The intensity oB-W (200 changes sig-
ing the same valency. Therefore, the total resistivity of thenificantly with the atomic fraction of W in MoW alloy and

The Nordheim coefficients ofa) and (b) in Fig. 2 are

metal alloy can be described with Matthiessen’s rule has a maximum at-0.5 W. We opine that thg-W fraction
p=pr+prtp. (2) in MoW is highest at the~0.5 W composition because the
o _ strain induced by the lattice mismatch between Mo and W is
Combining Eqgs(1) and(2) yields highest at~0.5 W which helps nucleate the metastable
p=pr+prt Cx(L-x), 3) B-W. The B-W has a 5.05 A lattice constant and its lattice

mismatch witha-W is about 37.3% in transforming from
where py is the resistivity due to scattering from thermally S8-W to stablea-W phase. It has an A15 crystal structure and
activated vibrationypg is the residual resistivity due to the W atoms are positioned a0, 0, O, (%é%) (l,%,O),
scattering from crystal defects, dislocations, vacancies, an¢,3,0), (0,3,3), (0,2,3), (3,0,3), and(3,0,3) sites? It ap-
impurities, etc.; ang, is the resistivity arising from solute pears that the presence of metastgBleV causes electron

atoms. scattering which increases the electrical resistivity of the
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MoW thin film. The relationship between the amount of The sample deposited at 250 °C and unbiased does not
B-W from the XRD results and electrical resistivity of the contain theB-W phase over the entire composition range as
MoW is shown in Fig. 4. The relative amount @W to illustrated in Fig. 8b). This correlates to Fig. (28) which
a-W is calculated from the intensities of tH@00) planes shows that resistivity of the 250 °C sample decreases rela-
located at 58.27¢a-W) and 35.5298-W), respectively, and tive to the room temperature deposited sample. This decrease
compared to the intensities expected from the standard diis well correlated to the elimination of the second phase
fraction patterns of each phase. This iteration was used bg3-W. The higher temperature deposition could also induce a
cause th€200) planes were the only peaks that did not haveslightly more ordered lattice with fewer lattice defects which
significant overlap with any other peaks. could also contribute to the lower resistivity. This contribu-
For the room temperature and unbiased sputter depositdén is not expected to be significant, however, due to the
sample, Fig. 4 shows that the presence of the second phassfractory properties of this alloy system. Therefore, the ma-
B-W significantly affects the resistivity. As the XRD peak jor factor that the 250 °Gn situ heating has on the MoW
intensity of 3-W increases, the electrical resistivity also in- film is to slightly order the material and inhibit the meta-
creases and has a maximum value at the point-6f5  stableB-W phase from forming.
atomic fraction W.

55—~ 1.00 B. Films deposited with negative bias (30 W,-165 V)
. (RTv No bias at room temperature and 250 °C
50 P 10.95
/ N 1 s Comparing Figs. @) and Zb) to Figs. Zc) and Zd),
45+ / -40.90 T respectively, illustrates the effect that substrate bias has on
40 -/ loss % the MoW alloy resistivity. A significant reduction in the film
’g / F/ = resistivity over the entire composition range is realized for
& 351 / / 10.80 E_ each condition. Unlike the unbiased samples, however, the
3 /' 15 E resistivity of the biased samples do not follow Nordheim’s
2 30 / ; TN TR rule. Rather, these samples obey a rule of mixtures relation-
3 {p-Wfracton | \ 10.70 € ship pyow=XmoPMvo T Xwpw a@s a function of W fraction in
251 : ‘ S
§ ‘ .o o5 = MoW as shown in Fig. @) and Zd). In this case the follow-
204 ™ % ing relationship applies:
. 1060 & = pr+ pr+ XuoPato + X 4
154 . RT, 30W bais | z P =pr+ pr+ (XuoPmo + XwPw) (4)
oy PSR e L wherexy,, andx,, are atomic fraction of Mo and W, respec-
A‘/‘/fr‘ L '0.50 tively, a_nd Pvo and py, are the resistivity of Mo and W,
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 respectively.
Atomic fraction of W in MoW With bias sputtering of~30 W (=165 V), the metastable

o _ _ _ B-W is not present, even at room temperature as shown in
FIG. 4. The relat|oqsh|p betweemw' fractlon and electncgl properties of Fig. 3(b). Figure 5 shows a series of SEM images as a func-
MoW as a function of composition(The B-W fraction at room . . .
temperature/30 W bias is zero becays phase is not present under all  tion of the tungsten fraction for samples deposited at room

biased sputtering conditions even at room temperature spuftering temperature with and without substrate bias. From the figure,
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posited with substrate bias peeled off subsequent to deposi-
tion, whereas unbiased Am thick films did not.

Another interesting observation from Figs. 2 and 4 is
that the biased tungsten-rich alloy has a higher resistivity
than biased molybdenum-rich allofg) and (d). It is well
known that the resistivity of bulk tungstena-W,

5.49 1) cm) is slightly lower than that of molybdenufivio,
5.78 u{) cm) at room temperature. The reason for the higher
resistivity for the tungsten-rich end of the biased samples can
be explained by the dislocation density of tungsten relative to
molybdenum. Shukovsky and co-workers showed that the
dislocation resistivity of tungsten is higher than that of mo-
lybdenum. Specifically, the dislocation resistivity of tungsten
and molybdenum are reported to be 8.X0*! and 5.8
X 10713 uQ) cm?, respectively® During sputtering deposi-
tion on a biased substrate, the deposited MoW film is sub-
jected to ion bombardment by highly energized ions and
these ions can produce ion-radiated defects such as disloca-
tion loops and point defectsThe electron scattering from
dislocations in tungsten is nearly two orders of magnitude
higher than molybdenum; therefore the tungsten-rich MoW
alloy has a higher resistivity than the molybdenume-rich alloy.
While the dislocation density in the films increases the resis-
tivity of the tungsten-rich end, the overall effect of substrate
FIG. 5. SEM images of MoW surface morphology as a function of the w bias improves the resistivity of the entire alloy. The substrate
atomic fraction in MoW thin films for samples deposited at room tempera-bias inhibits theB-W alloy from forming and produces a
ture with and without substrate bias. much denser film structure. While dislocations are likely
generated by the impinging energetic species, the lattice
it can be seen that the biased microstructure is denser and hefgucture has fewer vacancies and a more ordered overall
less void space between grains. Table Ill illustrates the effedtructure.
that substrate bias has on the lattice constant measured nor- In order to survey thermal stability of Mo\¥.35 atomic
mal to the substrate. The substrate bias increases the lattii@ction W), we investigated the current density and break-
parameter of the MoW alloy and qualitatively it is shown down voltage of Si@ thin film with MoW electrodes after
that the induced strain in the direction is a result in a annealing up to 700 °C by using current-voltage measure-
change in the biaxial stress in the plane of the substratient. The structure of these samples is MoW/PECVD
which is tensile without substrate bias and compressive witl8iO,/Si (100 and it was vacuum annealed at
substrate bias. While the magnitude of the stress was ndt00 °C to 700 ° C(the upper limit of systepin 100 °C in-
specifically determined, thickél um) thick MoW films de-  crements for 1 h. There were no changes in the current den-

Atomic fractionof W No bias 30 W (165 V) bias

0.10 W

0.25W

0.50 W

0.75 W

0.90 W

TABLE lll. Result summary of the 2nd serie@:ixed parameters: 0.66 Pa, room temperature, 25 sccm Ar gas,
70 mm electrodes-gap.

Applied bias Resistivity Deposition XRD Lattice®

(W (V)] pncm rate (nm/min) (110 26 constant(nm)

Mo 0 42.9 5.16 40.59 0.3141
15 (140 V) 13.0 3.36 40.33 0.3161

30(165 V) 119 3.97 40.33 0.3162

45 (190 V) 12.6 3.61 40.33 0.3161

W 0 18.7 5.50 40.37 0.3157
15 13.1 4.43 40.17 0.3172

30 13.1 4.16 40.15 0.3173

45 14.8 3.64 40.15 0.3173

Mow® 0 55.5 11.59 40.46 0.3150
15 11.6 7.32 40.29 0.3163

30 12.7 7.57 40.29 0.3163

45 12.9 7.13 40.28 0.3164

“_attice constant ofr phase.
®0.5 atomic fraction of W.
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second metastable pha&é-W) which results in a signifi-
cantly higher resistivity due to the lattice mismatch between
stablea-W and metastabl@-W. As sputtering temperature
increases, the3-W does not form and the resistivity de-
creases over the entire composition range relative to the
room temperature deposited sample. Thin films deposited
with substrate bias had a considerably lower resistivity over
the entire composition range and their resistivity as a func-
tion of composition obeys a rule of mixture rule. Addition-
ally, in the MoW film deposited with biased sputtering, the
B-W phase is not present even at room temperature. From
the SEM results, a denser and void-free structure is shown in
the microstructure of biased thin films. Additionally, unlike
bulk molybdenum and tungsten, biased tungsten films had
FIG. 6. Dry etching profile of MoW0.35 atomic fraction of Wjust before hlghe.r reSISt,IVIty the}n biased mObeden,um' T,hls ph?n,or,n_
end point etchingreactive ion etching, 120 W rf power, 16 Pa pressure, ENON is consistent with the fact that the dislocation resistivity
SFs/0,=25/35 sccm of tungsten is two orders of magnitude higher than that of
molybdenum.

sity and breakdown voltage between the as-deposited and
annealed samples up to 700 °C which confirms the excelleliCKNOWLEDGMENTS
high-temperature stability of MoW electrodes.
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