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Abstract: The tungsten oxide films have been deposited onto glass and silicon substrates using re-
active magnetron sputtering. The correlation between the deposition process, chemical composition,
optical and electrical properties was studied. The study of the system [W-Ar-Oz2] hysteresis permit-
ted us to gather the films into 4 zones which were delimited by different oxygen flow rate intervals.
The identification of these zones was confirmed by the deposition rate, target voltage, chemical
composition and electrical properties of the films. Electrical measurements were conducted by the
4 probes method and the mercury capacitance meter probe. A gradual evolution of capacitance-
voltage curves of Metal-Oxide-Semiconductor structures with the WOx thin film as the oxide layer
was globally observed, with increasing oxygen flow rate. Ions density (Nss) and flatband voltage
(V) evolved inversely according to oxygen flow rate. Nss and Vi evolution versus oxygen flow rate
increase, reflects an improvement of oxygen stoichiometry in WOxfilms. Also, WOx/Si interface trap
density distribution (Dir) was studied by Terman method. It was observed that films close to stoi-
chiometry, i.e., WOz or WOs, showed the lowest values of Dit and Nss.

Keywords: reactive sputtering; tungsten oxide films; Metal-Oxide-Semiconductor structures; elec-
trical properties; optical properties

1. Introduction

As semiconductors technology advances, applications in the fields of microelectron-
ics, optoelectronics, mechanics and decoration for instance, have been increased. In this
respect, transition metal oxides represent an attracting class of material widely studied
because of their wide range of physical and chemical properties. Among them, tungsten
trioxide (WQOs) is one of the most attractive oxide for which it is well known that the oxy-
gen to metal concentration ratio can be modified in order to obtain a conductive, semi-
conductor or insulating behavior, according to the oxygen quantity in the film [1]. WOs is
easily reducible with several possible oxidation states for the tungsten atom and its sub-
stoichiometry or over-stoichiometry modifies its chemical and physical properties. For
this reason, WOs shows promising properties for applications in several important sus-
tainable technologies, such as smart windows, anti-dazzle mirrors, gas sensors, infor-
mation displays, humidity sensors, electrochromic devices, photocatalyst for air cleaning
and water splitting [2—6]. Commonly used WO:s thin film synthesis techniques are thermal
evaporation [7], the sol-gel method [8], electrodeposition [9], DC (Direct Current) or RF
(Radio Frequency) magnetron sputtering [10,11].
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Studies of optical and electrical properties as a function of chemical composition re-
veal that WOx thin films gradually evolve from reflective to transparent and from conduc-
tors to electrical insulators with the increasing of oxygen quantity in these films [10,12,13]

Generally, WO« thin films electrical properties are studied with the Van Der Paw
method also called 4-probes method. This method quickly reaches its limits when O-rich
WOk films become resistive [13]. Some authors use Hall effect measurements to establish
electrical properties, such as mobility and charge carrier’s concentration in tungsten oxide
thin films [13,14]. Another alternative is to use the mercury probe for these types of sam-
ples. A MOS (Metal-Oxide-Semiconductor) structure is necessary in this case, and WO«
plays the role of the oxide. WOx is a promising interfacial material for MOS-type devices
because of its remarkable electrical, optical, thermal and chemical stability, compared to
other oxide-type materials [15-17]. Recently, Baltakesmez et al. [18] showed the tempera-
ture influence on capacitance-voltage (C-V) curves characteristics, of W/WQOs3/Si structures
for WO:s different films. Also, Tutov [6] studied the C-V electrical characteristics of the
Al/WOs/Si structure used as a humidity sensor.

However few works on the study of WO:s electrical properties by measuring the MOS
structure capacitance have been reported. The effect of oxygen content variation in WOx
thin films on electrical properties obtained by these capacitance measurements on a MOS
structure has not been studied yet. Indeed, the characteristic curve C-V of MOS structures
can give a diversity of information such as the density of ions in the oxide and at the
oxide/semiconductor interface (Nss), the flatband voltage (V) and the interface trap den-
sity distribution (D).

In this work, WOx thin films with different oxygen contents were synthesized by DC
magnetron sputtering process. The main objective of this paper will be to establish the
correlation between the evolution of WOx films stoichiometry, and their electrical proper-
ties obtained from C-V characteristic curves of MOS (Hg/WOx/Si) structures. Then, a more
global correlation with the deposition process parameters and WOx films physico-chemi-
cal properties will be proposed.

The paper is organized as follows. In section 2 we will describe the material and the
experimental methods used. Section 3 will be devoted to the experimental results. We will
start with the results of the deposits and the hysteresis, then the chemical composition
followed by the optical properties, and finally the electrical properties. We will focus in
particular on these electrical properties, because of the unusual method used and the im-
portant quantity of results to explain.

Finally, in section 4, the comparison of our results with those of the literature allows
us to gather the synthesis of WOx films in 4 zones, according to the oxygen flow rate used
during the reactive sputtering process of a tungsten target. This delimitation of the differ-
ent zones is discussed on the basis of the results of reactivity of O2 with respect of tungsten
target, the deposition rate, the target voltage, the chemical composition and the electrical
properties of the films.

2. Materials and Methods
2.1. WOx films synthesis conditions

WOx-based films were deposited by DC (Direct Current) magnetron sputtering con-
ventional process. Films deposition is achieved in an Alliance Concept AC 450 reactor
with a vacuum chamber volume of 70 L. This chamber was evacuated with a turbomolec-
ular pump backed by a mechanical pump leading to an ultimate pressure in the order of
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1x10-4 Pa. A W target (purity 99.9% and diameter 2’) was fixed at 60 mm from the center 90
of the substrate holder. The target was DC sputtered in Ar-O2 atmosphere with a constant 91
current of 100 mA. A pre-sputtering was applied during 15 min in order to remove the 92
contamination on the target surface and to stabilize the reactive sputtering process before 93
each deposition. A pumping speed of 10 L.s' was used in order to achieved a constant 94
argon pressure of 0.41Pa. And then, different constant oxygen flow rates were used to 95
deposit, at room temperature, amorphous WOx films on standard microscope glass and 96
silicon substrates. Before each deposition, these substrates were cleaned with ethanol and 97
dried at room temperature. The n-type Si wafer (100) with resistivity of ~1-20 Q.cmanda 98
carrier concentration of ~ 104-10% cm? was used for MOS studies. 99

2.2. Characterizations 100

Films chemical composition was determined by EDS (Energy Dispersive X-Ray Spec- 101
troscopy). EDS analysis were carried out with an OXFORD detector in the FEG JEOL 7610 102
F microscope, in order to determine the atomic concentrations of oxygen and tungstenin 103
films. The EDS analysis carried out with an acceleration voltage of 5kV and a current of = 104
approximately 100 nA, allows the quantitative analysis from the signals of the Ka-line 105
(0.525 eV) for the oxygen and of the Ma-line (1.775 eV) for the tungsten. For chemical 106
analysis by EDS, all films were deposited on silicon substrates with thicknesses of approx- 107
imately 500 nm (Table 1). WO« film thicknesses were measured using a Dektak 3030 pro- 108
filometer. Their deposition rate was determined from film thickness measurements and 109

deposition time. 110
111
QO Total pressure | Oxygen partial | Target voltage | Film thickness
(scecm) (Pa) pressure (Pa) V) (nm)
0.00 0.41 0.00 408 350
1.20 0.45 0.04 666 589
1.65 0.53 0.12 716 582
1.95 0.61 0.20 710 565
2.50 0.73 0.32 687 513
3.00 0.83 0.42 673 507
4.50 1.13 0.72 613 500
6.00 1.37 0.96 594 502
8.00 1.70 1.29 576 528
11.00 2.10 1.69 560 481
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14.00 2.60 2.19 560 487

Table 1. Constant values of total and oxygen partial pressure and target voltage during 112
the sputtering process for different oxygen flow rates. Experimental measurements of 113
thickness achieved after WOxdeposition on glass substrates. 114

Optical properties study was carried out with a Perkin Elmer lambda 950 spectro- 115
photometer and the evolution of optical transmittance is monitored in the wavelength 116
range from 200 to 1,100 nm. Films were deposited onto glass substrates with a thickness 117
of about 500 nm also (Table 1). 118

WOx conductive films electrical resistivity was determined by the 4-probes method 119
thanks to a JANDEL device at room temperature. Various electric currents I, between 1 120
HA and 9000 pA pass through the thin film, then the corresponding electrical voltage is 121
recorded for each current value. The electrical resistivity is an average of resistivities cal- 122

culated using the following equation: 123
p=4.532xt ><l2 (eq.1) 124
with: 125

o: resistivity (Q).m), t: film thickness (m), U: electrical voltage (V) and I: electrical current 126
(A). 127

WOk thin films electrical properties were measured with a mercury probe capacitance me- 128
ter, MDC (Materials Development Corporation). The capacitance meter is a device which 129
enables MOS structures electrical characterizations by means of a capillary mercury (Hg) 130
probe. The capillary mercury probe allows the deposition of a temporary grid in order to 131
establish a metallic contact on the oxide surface. In this work framework, the MOS struc- 132
tures have the following configuration: Hg/WOx/Si. The schematic diagram of the mer- 133
cury probe capacitance meter is shown in the scheme I. 134
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Scheme I. Schematic diagram of the experimental setup of the capacitance meter witha 136
mercury probe. This device imposes a variable gate voltage on the MOS Hg / WO« / Si 137
structure, in order to measure the evolution of the capacitance of the MOS structure in the 138
three regions of inversion, depletion and accumulation. The C-V curve is thus obtained 139
with the parameters Cox, Vi, @,,s and Nss parameters. This curve shown in this diagram 140
is considered theoretical or ideal due to the sudden change in capacitance in the depletion 141
region. 142

The device is made of a black box or chamber, a Keithley generator coupled toa C- 143
V data recorder Hewlett Packard 4284 A, a mercury probe controller model 802 to main- 144
tain Hg/WOx contact and a computer. The MOS structure (Hg/WOx/Si) is placed into the 145
box which is kept close during the C-V measurements in order to avoid any influence of 146
solar electromagnetic radiation. The Keithley generator varies the voltage across the MOS 147
structure while the Hewlett Packard 4284 A measure the capacitance. This voltage, called 148
the gate voltage, is the superposition of a high frequency alternative signal (AC) (1 MHz 149
in our study) and a continuous signal (DC). The Keithley generator and the Packard 4284 150
A are connected to a computer fitted with a MDC Advanced Semiconductor Analysis Pro- 151
gram to display measurement results and provide instructions to the device, respectively. 152

In practice, the first step of our measurement consists in determining the WOx die- 153
lectric constant (kox) during the accumulation regime (Scheme I). To do so, we applied 154
successively and in an increasing way, different gate voltages across the MOS structures 155
(1V,2V,3V, etc). Then, we recorded the values taken by kox for each applied voltage. 156
The kox of WOx is determined when kox become constant vs gate voltage. We supply the 157
kox value of the WO« to the MDC Advanced Semiconductor Analysis Program and apply 158
the gate voltage across the MOS structures in order to achieve the inversion, depletion 159
and accumulation (Scheme I). The gate voltage interval in accumulation must correspond 160
to the gate voltage interval for which kox is constant because a strong gate voltage in accu- 161
mulation regime can destroy the oxide layer. We noticed that the applied gate voltage 162
interval in accumulation depends strongly on the nature of the oxide, in particular onits 163
stoichiometry. At the end of each C-V measurement, the values of the electrical parame- 164
ters (Cox, Nss, Vi, etc.) are displayed on the computer screen. Finally, once the C-V curve 165
of the MOS structure is obtained, the Dit is systematically determined from C-V curves, 166
using the "Dit by Terman" function contained in the MDC Advanced Semiconductor Anal- 167
ysis Program. 168

Electrical characteristics studied in this work from the C-V curves were Vm, the Ditat 169
WOx/Si interface and Nss. Vi is the gate voltage (Vs) to be applied across the MOS structure 170
so that the energy bands are flat. When energy bands are flat it means that there is no 171
potential drop between the interface and the semiconductor volume. Thus, the surface 172
potential is zero. Dit represents the number of electrically active traps per unit area and 173
energy (eV-lcm), called interface states or interfaces traps, located at the WOx/Si interface. 174
In this work, Dit is determined by the Terman method [19,20]. This method is based ona 175
high frequency measurement (100 KHz - 1 MHz) of C-V curves. As the gate voltageisa 176
superposition of a high frequency AC signal and a DC signal [21], Terman assumes that 177
the interface states cannot react to the AC signal, because of its high frequency. On the 178
other hand, these interface states remain sensitive to the slow variation of the DC signal 179
and are responsible for the "stretch - out" of the C-V curve measured, comparatively to the 180
theoretical or ideal C-V curve. The interface states distribution is finally calculated by 181
comparing the real and theoretical C-V curves through the following expression [22,23] 182

_ Cox d(AYy)
T gA dw

(eq.2) 183
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Where: 184

AVg = Vg (real) - Vg (theoretical) (V), Dit the interface trap density distribution (states eV 185
cm?), g = 1.6 x 10 C: the elementary charge of the electron, A: the metal/oxide contact 186
surface (m?), Cox: the capacitance of the oxide (F). and W;: the surface potential of the sem- 187
iconductor Si (V). 188

NB: The W; depend on the acceptor doping density of the substrate and the substrate in- 189
trinsic carrier density. 190

The Nss represents total charges in the oxide and is determined by the following 191

equations [21,22]: 192
ss: Cox((z),,:;1 ~ V) ea.3) 03

with 194
Cox = '“’:)—S:A (eq.4) and Dins = D — D5 (eq.5) 195

where: 196

C,x : the measured accumulation capacitance (F), @, : the metal-semiconductor work 197
function (V), @,, : the metal work function (V), @, : the semiconductor work function (V), 198
Vyp : the flatband voltage (V), e: elementary charge (e ~ 1.602 x 10 C), A : the area of 199
the MOS device (A=4.89x 107 m?), ky, : the oxide dielectric constant, g : the permittivity 200
of vacuum ( g = 8.854 x 102 F m?) and ¢t,, : the oxide thickness (m). 201

The @,,s depends not only on the semiconductor and the gate material, but also on the 202
substrate doping type and density. Since the published literature shows variations of @,,s 203
by as much as 0.5V, it is obviously important to determine @,,s for a given process and 204
not rely on published values [22]. In our study @,,s varied between 0.00132 V and 0.129 205
V. 206

As we can notice in equation 3, to calculate Ns we need to know V. However, Vs 207
cannot be directly obtained because it is necessary to calculate firstly the length of Debye 208

(La) and then the flatband capacitance (Cw) from the following expressions [21,22]: 209
— 2kseoKT 1/2 — koxg0A

Ly= (5, (eq.6) and Csp TR (k""/ks)La (eq.7) 210

where: 211

kg : the Si dielectric constant, kg, : the oxide dielectric constant, &y : the permittivity of 212
vacuum (gy = 8.854 x 102 F m), K : Boltzmann constant (K =1.38 x 102 J K1), T : sam- 213
ple temperature (K), N : the doping of Si (N = 10"-10'® cm), A: the area of the MOS 214
device (A =4.89 x 107 m2), t,, : the oxide thickness (m). 215

Vi is determined from Csw and the C-V curve, by linear interpolation. All WO« films de- 216
posited on Si for electrical properties study by MOS have a known thickness of about 200 217
nm. All the equations listed above were also found in our mercury probe capacitance me- 218
ter device manual and are confirmed by references 21, 22 and 23. 219

3. Results and discussions 220
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3.1. Reactivity of Oz with respect of W target

Before the deposition of WOx thin films, we studied firstly the reactivity of O2 with
W for a constant argon pressure of 0.41 Pa. Therefore, the O: injected into the deposition
chamber reacted mainly with the W target, W sputtered atoms flux and all the metals
inside the deposition chamber. To assess the reactivity of O: with respect of W target in
the [W-Ar-O2] system, the total pressure in the deposition chamber and the W target
voltage were measured systematically for different O2 flow rate introduced in the
deposition chamber. To do that, O2 flow rate was gradually injected from 0 to 15.2 sccm,
and then reduced back to 0 sccm. For each O: flow rate introduced, the corresponding
total pressure and target voltage are recorded as shown in Figure 1.
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Figure 1. Hysteresis curves reflecting the total pressure (o) and target voltage (e)
evolution as a function of Oz flow rate when Q(O2) increases then decreases. The absolute
errors on total pressure and target voltage are + 0.01 Pa and + 4 V, respectively.

According to the total pressure and the target voltage evolution as a function of O
flow rate introduced into the deposition reactor, 4 zones of Ozreactivity with respect of W
target are identified and presented in Figure 1. The limits between these different zones
are indicative and more precisions about these zones will be given at the end of our study
in section 4, considering the characterizations results for all WOx films in this study.

e Zonel: 0scem < Q(0,) < 1.55scem

In zone 1, a small variation in the total pressure evolves from 0.41 Pa to 0.49 Pa for Q
(O2) = 0 sccm and Q (Oz) = 1.55 sccm, respectively. Contrary to the total pressure, the W
target voltage increases abruptly from 509 V to about 720 V for Q (O2) = 0 sccm and Q (O2)
=1.55 sccm respectively. A low O: flow rate value is sufficient for the target voltage value
to increase by almost 200 V between Q (O2) = 0 sccm and Q (Oz2) = 1.55 sccm. It should be
noted that, like the total pressure, the changes in the target voltage values are almost
identical when the oxygen flow rate in zone 1 increase and decrease and none hysteresis
loop is observed.

e Zone?2: 1.55scem < Q(0,) < 5.2 scem
In this zone, the total pressure increases sharply from 0.49 Pa to 1.19 Pa, while the

target voltage drops rapidly from about 720 V to 589 V as the oxygen flow rate increases
from 1.55 sccm to 5.2 sccm, respectively. When the O2 flow rate in zone 2 increases or
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decreases, total pressure and target voltage values are respectively shifted, forming thus, 253
a small hysteresis loop. This hysteresis loop could indicate an area of low instability in the 254
system [W-Ar-O2] [24,25]. 255

e Zone3: 5.2sccm < Q(0,) < 9.5 sccm 256

In this oxygen flow rate interval, no hysteresis loop is observed on the target voltage 257
when the oxygen flow rate increases and then decreases. The target voltage drops slowly 258
and progressively from 589 V to 549 V when Q (O2) increases. On the other hand, the total 259
pressure increases systematically linearly from 1.19 to 1.9 when Q (O2) increases, and 260
presents a very slight shift during the decrease of Q (O2), which seems to indicate 261
incomplete oxidation of the target. 262

e Zone4:Q (0O2) 29.5 sccm 263

When Q (O2) 2 9.5 sccm, the total pressure and target voltage evolve linearly with the 264
increase of Q (O2). It shows that, no hysteresis loop is observed on the total pressure and 265
the target voltage when the oxygen flow rate increases and then decreases, and allows us 266
to suppose that the oxidation of the tungsten target is total, only in this zone 4. 267

The change in slope in the evolution of the W target voltage as a function of Q (O2) 268
between zone 3 and zone 4 reflects a change in the reactivity of O2 with respect to tungsten 269
target, while this change is not visible on the evolution of the pressure as a function of Q 270
(O2). These results allow us to separate zone 3 and zone 4, exhibiting O2 reactivities with 271
respect of the W target, which are close but nevertheless slightly different. 272

3.2. Synthesis of WO:x films 273

Several WOx films were synthesized in the previous four zones for different oxygen 274
flow rates. Oxygen flow rates, total and oxygen partial pressure, target voltage and film 275
thickness values of synthesized WOx films during this work are summarized in Table 1. 276

The WO« deposition rate evolution as a function of O2 flow rate ranging from 0 to 14 277
sccm, shown in Figure 2, is similar to the W target voltage evolution. An abrupt increase 278
of the deposition rate from 14 nm min to 48.5 nm min, and of the target voltage from 279
408V to 716 V is observed for Q (O2) included in zone 1. The sudden increase in W target = 280
voltage was also observed during the system hysteresis study (Figure 1). Indeed, when 281
the target voltage increases, the Ar* ions in the plasma become more energetic and are 282
more accelerated towards the tungsten target. Then, Ar*ions energies generate an increase 283
in the W sputtering efficiency which is responsible for increase in the deposition rate. Also, 284
these poorly oxygen enriched films are certainly less dense than tungsten films and there- 285
fore thicker for the same deposition time. 286
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Figure 2. Evolution of W target voltage (dotted line) and deposition rate (line) during the 288
synthesis of WOx films at different oxygen flow rates from each of the 4 zones of Q(O2). 289
The absolute errors on the target voltage is+4 V. 290

291

In zone 2, the W target voltage and the deposition rate drop significantly down to 292
610 V and 6.4 nm.mn!, respectively. In zones 3 and 4 the deposition rate and the W target 293
voltage are very less influenced by the O: flow rate increase. In zone 3 the decreases of the 294
deposition rate and the W target voltage are slow and effective while in zone 4 the W = 295
target voltage continues to slowly decrease due to the increase in total pressure while the 296
deposition rate remains constant at 4.4 nm min-. 297

Decrease in deposition rate and W target voltage from zone 2 to zone 4 seems to be 298
related to a progressive oxidation of the W target and with gradual change towards the 299
compound sputtering mode. Indeed, the progressive oxidation of W target causes botha 300
decrease in the sputtering efficiency of W-O compound formed on the target surface, com- 301
pared to the W sputtering efficiency, and a decrease in the Ar* ions kinetic energy bom- 302
barding the target. The W oxide sputtering efficiency (Ywoxde) can be estimated at around 303
0.15 for Ar* ions of 500 eV, from the equation Vaw/Vwoxide = YW/Ywoxide and knowing the 304
deposition rates of W (Vaw= 15 nm min™), tungsten oxide (Vda woxide = 4.4 nm min™), and 305
tungsten sputtering efficiency (Yw = 0.5 for Ar*ions of 500 eV). Several studies have shown 306
that the ceramic target sputtering efficiency (oxidized target) is always lower compared 307
to that of a metal target [26,27]. 308

Also, the drop in the deposition rate can partially be explained by an important de- 309
crease in the mean free path of particles removed from the W target and transported under 310
collisions to the substrate, when the oxygen flow and the total pressure increase in zone 2 311
and 3. Our results concerning the evolution of the deposition rate as a function of Q(O2) 312
are comparable to those obtained by Yamamoto et al. [10] with a deposition rate which 313
evolves from 10 to 35 nm min! for low Q(Oz) then decreases as the oxygen flow rate in- 314
crease to reach 2 nm min"' when the W target is completely oxidized. 315

3.3. Chemical composition 316
The effect of the oxygen flow rate on the chemical composition of the WOx thin films, 317

has been investigated. WOx films chemical composition shown in Figure 3 is consistent 318
with results obtained during the hysteresis study (Figure 1), the deposition rate and target 319
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voltage (Figure 2). The atomic ratio O/W evolution of WOx films confirms the determina- 320
tion of 4 zones. 321

N
o
|

Atomic ratio O/W
-
o

rrrrrrrrrrrrrrrrrrrrerrrcrcror T
2-10123456 78 910111213141516
Oxygen flow rate (sccm)

322

Figure 3. Evolution of the atomic ratio O/W as a function of Oz flow rate. 323

In zone 1, a high reactivity of tungsten with oxygen is reflected by a rapid enrichment 324
in oxygen for these films. It can be noted, in this zone 1, that the rapid linear increase in 325
the O/W ratio reaches the value of 1.92 (close to stoichiometric compound WO: with an 326
oxidation state of +4 for the tungsten atoms). In zones 2, 3 and 4, the atomic ratio O/W 327
continues to increase more and more slowly to finally reach the value of 3 in zone 4, char- 328
acteristic of the stochiometric formation of WOs with an oxidation state of +6 for the tung- 329
sten atoms. In zones 2 and 3, tungsten oxide Magnéli phases, which are generally sub- 330
stoichiometric (WQOsy with y > 0), could be formed. We could find in these zones, Magnéli 331
phases such as W26077 (y = 0.04), W40O116 (y =0.1), W200ss (y = 0.1), W12034 (y = 0.17), W1sOs0 332
(y =0.28), and other compounds with chemical formula WmnOsm-1 and WmOsm-2 [28]. 333

These results show that there is a close link between the parameters of the WOx for- 334
mation process, such as hysteresis curves, target voltage, deposition rate and the compo- 335
sition of deposited films. The oxygen flow rate choice allows the deposition of films with 336
variable stoichiometry in oxygen and controllable by the total pressure or the target volt- 337
age. Films from zone 3 are highly oxidized but still sub-stoichiometric while those from 338
zone 4 are totally oxidized and stoichiometric as predicted in Figure 2. WOs stoichiometric =~ 339
films are obtained only for oxygen flow rates from around 9.5 sccm and for target voltages 340
close to 560V. This limit of Q(Oz2) = 9.5 sccm, assumed at this stage of the study will be 341
confirmed by the electrical characterizations and discussed in section 4. 342

Our results are comparable to those obtained by Parreira et al. [29] (target voltage 343
and chemical composition). In particular, Parreira et al. obtained films with chemical com- 344
position WOz292, WOass, WOz for target voltages of approximately 590 V, 620 V and 678 345

V, respectively. 346
3.4. Optical properties 347
3.4.1 Optical transmittance 348

Optical transmittance as a function of the wavelength of different WOx thin films 349
from zones 1 to 4 is shown in Figure 4 for various oxygen flow rates between 1.2 and 14 350



Coatings 2022, 12, x FOR PEER REVIEW 11 of 26

sccm. For comparison, glass optical transmittance is also measured (Figure 4.i). It is close 351
to 92% in visible region and its absorption threshold is approximately 260 nm correspond- 352
ing to a gap of about 4.8 eV. 353
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Figure 4. Effect of oxygen flow rate on optical transmittance spectra as a function of the 355
wavelength of WOx films deposited in zone 1 (a), zone 2 (b-e), zone 3 (f-g) and zone 4 (h). 356
Glass optical transmittance as a function of the wavelength, is represented in Figure (i), as 357
a reference transmittance spectrum. The absolute errors on optical transmittance is + 358
0.05%. 359

The transmittance spectra of WOx films deposited on glass for flow rates Q (O2) 21.65 360
sccm are semi-transparent or transparent with interference fringes in the visible region 361
and an absorption threshold beyond 310 nm (Figure 4 b-h). The absorption threshold for 362
Q (Oz2) = 1.65 sccm is approximately 325 nm and shifts to 315 nm with the increase in Q 363
(O2) up to 14 sccm. Strengthening of the W-O covalent bond as Q (Oz) increases disfavors 364
inter-atomic electronic transfer and shifts the absorption threshold towards smaller UV~ 365
wavelengths. 366

Figure 4 indicates various changes in optical transmittance of WOx films from zone 367
1 to zone 4. The Film from zone 1 (Figure 4 a) exhibits the lowest optical transmittance in 368
the wavelength range between 400 nm and 1,100 nm. In fact, the film deposited with Q 369
(O2) = 1.2 sccm, with chemical formula WO1.9, is totally absorbent, very opaque with an 370
average transmittance close to zero in visible region. 371
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Films in zones 2 to 4 (Figure 4 b-h) evolves from semi-transparent to transparent. The 372
film deposited with Q (O2) = 1.65 sccm, with chemical formula WOzss, has an optical trans- 373
mittance between 15% and 55% in the visible region with the appearance of a few inter- 374
ference fringes. This film presents a pronounced bluish appearance which is a character- 375
istic of an under-stoichiometric tungsten oxide film, partially transparent, and having nu- 376
merous oxygen vacancies associated to W4 and W*, as already observed by Deb et al. 377
[30]. This oxygen sub-stoichiometry favors the absorption of the photon and the electronic 378
transfer between the oxygen valence band and the tungsten conduction band, at the origin 379
of the bluing. But the electronic inter-valence transition between W# and W5 can also give 380
rise to this bluing. The others films have an optical transmittance between 60 % and 88 % 381
for the film deposited with Q (O2) = 1.95 sccm and between 65 % and 91 % for films de- 382
posited with Q (Oz2) =3 sccm to Q (O2) = 14 sccm in the wavelength range between 400 nm 383
and 1,100nm. Starting from this flow rate of Q (O2) =1.95 sccm the films of WOx are totally 384
transparent under our deposition conditions. The increase in Q (O2) beyond 1.95 sccm 385
accentuates the covalent character of the W-O bonds and therefore disadvantages notonly 386
the inter-atomic electronic transfer between O valence band and W conduction band but 387
also the electronic inter-valence transition between the less present W4 and W5 ions in 388
these transparent films. 389

Finally, from Figure 4, we can say that the improvement in the optical transmission 390
of films obtained in zones 1 to 4 is essentially due to their progressive enrichment in oxy- 391
gen. All transparent films are found in zones of high oxygen flow rate, i.e., from Q (O2) > 392
1.65 sccm. 393

3.4.2 Optical band gap 394

The optical bandgap of WOx thin film is determined by extrapolation of the increasing 395
and linear part of the curve obtained from the Tauc method [31] according to the following 396
equation : 397

(ahd)/n = f(h9) (eq.8) 398

where a is the absorption coefficient and n is a number characterizing the electronic tran- 399
sition process, which can take the values 1/2, 3/2, 2 or 3 depending on whether the transi- 400
tion is direct permitted, direct forbidden, indirect permitted or indirect forbidden, respec- 401
tively [32]. Researches of Hjelm et al. [33] showed that the WOs compounds have indirect 402
permitted transitions with n = 2. The value of the optical band gap is then obtained by 403
plotting the curve (ahv)'/? as a function of the energy hv. The optical band gap corre- 404
sponds to the abscissa of the intersection point between the abscissa axis and the linear 405
increasing part of the curve which correspond to the region of maximum absorption [34], 406
as shown in Figure 5 ( see inset, for Q (O2) = 8 sccm). The optical bandgap evolutionasa 407
function of the oxygen flow rate deposited from Q (O2) = 1.65 sccm to 14 sccm is shown in 408
Figure 5. 409
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Figure 5. Evolution of the optical bandgap with respect to the oxygen flow rate of WOx 411
films deposited from Q (O2) = 1.65 sccm to Q (Oz) = 14 sccm. Optical bandgap determina- 412
tion with Tauc method for Q (O2) = 8 sccm is inserted. 413

414

According to Figure 5, optical bandgap increases from zone 2 to 4. In fact, the 415
bandgap of WOx films deposited between Q (Oz) =1.65 sccm and Q (O2) = 14 sccm evolves 416
from 3.06 eV to 3.23 eV, respectively. We can assume that our deposited films are amor- 417
phous because these values are consistent with amorphous coatings structure [35,36]. In 418
comparison, nanocrystallized WO:s films optical bandgaps reported in literature are be- 419
tween 2.6 eV and 3 eV [30,37,38] generally. 420

The increase in the optical bandgap with Q (O2) can be due to the enrichment in ox- 421
ygen of WOx films. For this reason, Migas et al. [39] showed by simulation that the increase 422
of oxygen deficiency in WOs decreases the optical bandgap value. 423

As soon as, Q (Oz2) increases, the transparent WOx films contain reinforced W-O co- 424
valent bonds which will probably disadvantage the electronic transfers between the oxy- 425
gen valence band and the tungsten conduction band and cause the increase of the optical 426
band gap. On the other hand, for bluish films that are not completely transparent, the low 427
optical band gap values certainly reflect an improvement in the inter-valence electronic 428
transfer between the W4+ and W5+ cations, which are very present in these films which are 429
poorer in oxygen. The evolution of Figure 5 is similar to that of Figure 3 and it confirms 430

our proposed zone classification. 431
3.5. Electrical properties 432
3.5.1. Electrical resistivity 433

The electrical properties of the W-based conductive films deposited with Q (O2) =0 434
sccm, 1.2 scem and 1.65 scem were determined by conventional resistivity measurements 435
according to the 4-probes method (see section 2.2). An increase in electrical resistivity with 436
increasing oxygen flow rate was observed. The measured electrical resistivities are 5.30 x = 437
105 Q.cm, 1.45 x 102 Q.cm and 25.4 Q.cm for Q (O2) = 0 sccm, 1.2 scem and 1.65 scem, 438
respectively. The resistivity value of film deposited with Q (Oz2) = 0 sccm close to 5 x 10° 439
Q.cm is consistent with the value in the literature. Indeed, during their study on electrical 440
resistivity in W thin films sputter deposited by GLAD (Glancing Angle Deposition), 441
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Beainoua et al. [40] calculated a resistivity at room temperature of W equal to 1.3 x 105 442
Q.cm. We must precise that the electrical resistivity of tungsten bulk is 5.4 x 100 Q.cm [41]. 443
The calculated resistivity of W thin film is always higher than the one of W bulk. Thisis 444
probably due to the porous columnar microstructure and the size of columns formed in 445
the film which limit the diffusion of electrons. 446

In addition, the introduction of O2 with a low flow rate immediately leads to a strong 447
increase in the electrical resistivity which increases up to 2.54 x 10' Q.cm for Q (O2) =1.65 448
sccm. This strong increase in films electrical resistivity is caused by an oxygen enrichment. 449
From Xu et al. and Goldfard et al. investigations [13,42], conductivity of tungsten oxide 450
films are related to the O 2p-band relative intensity in the valence band spectral region. 451
The O 2p-band grows with oxygen concentration, at the expense of the W d-band. Asa 452
result, the decrease of conductivity vs Q(Oz) is due to the reverse evolution of the O 2p 453
and d-bands contribution to the intensity of the valence band region. 454

The electrical resistivity measurement-attribute a conductive behaviour to films de- 455
posited with Q (O2) = 0 sccm and 1.2 sccm, and a semi-conductive behaviour to the one 456
deposited with Q (Oz) = 1.65 sccm. These electrical properties are consistent with the liter- 457
ature and can be correlated to optical and chemical composition results. Indeed, according 458
to the literature [43], it is observed that as deposited WOs-. thin films exhibit different 459
coloration aspects for different levels of oxygen deficiency : z > 0.5 films are metallic (ab- 460
sorbent) and conductive, z = 0.3-0.5 films are blue and conductive and z < 0.3 films are 461
transparent and resistive, these findings being independent of the film preparation tech- 462
nique. 463

Above Q (O2) = 1.65 sccm, films electrical properties are no more accessible with our 464
4-probe device and require the achievement of a MOS structure where the WO« film con- 465
stitutes the oxide material in the structure. 466

3.5.2. MOS structures 467

Figures 6 a-d shows the C-V characteristics curves at 1 MHz of Hg/WOx/Si MOS 468
structures. The C-V characteristic curve at 1 MHz of the Hg/5iO>/Si reference MOS struc- 469
ture is inserted into the Figure 6 a. Figures 7 a and 7 b respectively represent the effect of 470
oxygen flow rate on the Dit with respect to the energy variation in the silicon bandgap and 471
the interface trap average density distribution (Ditaverage) with respect to the oxygen flow 472

rate, at the WOx/Si interface. Dit is determined from the Terman method [19]. 473
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Figures 6 a-d. C-V characteristic curves at 1 MHz of Hg/WOx/Si MOS structures obtained 482
for WOx films deposited with 0 < Q(Oz) < 14 sccm included in zones 1 to 4. The C-V char- 483
acteristic curve at 1 MHz of the Hg/SiO2/Si reference MOS structure is presented in the 484
insert. The absolute errors on capacitance measured is + 0.005pF. 485

486

All C-V characteristic curves at 1 MHz of MOS capacitance (Figure 6 a-d) have three 487
characteristic regions. From the left to the right, we can find regions of inversion, depletion 488
and accumulation. As silicon is n-doped, the majority charge carriers are electrons. In- 489
deed, in the region of accumulation, with Vg > Vi, an accumulation of electrons occurs at 490
the WO,/Si interface by electrostatic influence. When the polarization of the MOS struc- 491
ture decreases, we access to the depletion region for which Vi < Vg < V. Vi is called the 492
threshold voltage and constitutes the limit between the region of inversion and the region 493
of depletion. In the depletion region, electrons begin to leave the WOx/Si interface in order = 494
to be repelled into the silicon volume. Finally, the inversion region is reached when Vg < 495
Vi In this region, all electrons are completely repelled from the WOx/Si interface toward 496
the silicon’s volume by electrostatic influence in order to achieve an inversion layer which, 497
normally contains only positive charges (holes). 498

The silica (SiO2), is a native oxide layer, which is spontaneously formed on the Si 499
surface. We did not perform any particular treatment other than cleaning the samples 500
with alcohol, and our deposits were made on this interfacial SiO2 native oxide layer, with ~ 501
a thickness of a few manometers (2-5 nm) [18]. This last is then negligible compared to the 502
thickness of WOx thin films (~200 nm). For this reason, and although there is a contribution 503
of the 5iO2 native oxide layer, this contribution is the same for all samples and therefore 504
we can assume that electrical properties results, are mostly dependent on WOx thin films. 505

Figure 6 a (see inset) shows a sharp transition from the depletion regime (middle) to 506
the accumulation regime (right) of the reference structure Hg/SiO2/Si. This sudden varia- 507
tion reflects an excellent quality of the SiO2/Si interface which contains less interface traps 508
[44] . For this reason, Figure 7 a (n-Si Symbol: °) shows that the reference structure has the 509
lowest interface trap density distribution. The measured interface trap average density 510
distribution of the reference structure was estimated to be 4.08 + 0.32 x 10" states/cm?/eV. 511
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Figure 7 a-b. (a) Influence of oxygen flow rate on the Di evolution, as a function of the 516
energy variation in Si bandgap. The relative errors on Dit were evaluated + 8%. (b) Evolu- 517
tion of the Ditaverage, as a function of the oxygen flow rate. 518

A change in the shape of the C-V characteristics curves at 1 MHz of all Hg/WOx/Si 519
structures, compared to the reference structure, is globally observed in Figures 6 a-d. In 520
zone 1 (Figure 6 a), the MOS structure obtained with Q(Oz) = 1.2 sccm with chemical for- 521
mula WO, has a C-V characteristics curve which is similar to the one of the reference 522
structure Hg/SiO2/Si. Its transition from depletion to accumulation is abrupt. This MOS 523
structure shows the lowest interface trap density distribution (Figure 7 a, 1.2 sccm Symbol: 524
@) because it is close to stoichiometric WOz2. The interface trap average density of this struc- 525
ture (Q(O2) =1.2 sccm) is estimated to 1.13 + 0.09 x 1012 states/cm?/eV (Figure 7 b). 526

In Zone 2 (Figure 6 b), the C-V characteristics curves of MOS structures obtained for 527
films deposited with Q(O2) = 1.65 sccm, 1.95 scem, 3 scem and 4.5 scem tend to flatten in - 528
the depletion regime compared to the reference C-V curve. This phenomenon reflects ef- 529
fects occurring at the oxide/semiconductor interface and indicates a beginning of interface 530
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quality degradation. Figure 7 a, shows that the interface trap density distribution at the 531
WOx/Si interface of MOS structures, for the WOx films in zone 2 (1.55 sccm <Q (O2) <5.2 532
sccm), increases significantly to reach a maximum Dit with Q(O2) = 3 sccm then decrease 533
again for Q(Oz) = 4.5 sccm. It presents a maximum for the MOS structure obtained with 534
Q(O2) = 3 sccm with a chemical formula WOz and an interface trap average density of 535
3.57 = 0.28 x 10 states/cm?/eV (Figure 7 b). The structural and/or lattice disagreement 536
between these oxides and Si, or their non-stoichiometry which are the main causes of in- 537
terface states, may be more important for these oxides films in this zone 2, for which 538
atomic ratio O/W is far from 2 (WO:) or 3 (WOs) (Figure 3). 539

Zones 3 and 4 (Figure 6 c and d), for which Q (Oz) varies from 6 sccm to 14 sccm, do 540
not show an abrupt transition from the depletion regime to the accumulation one neither. 541
This also indicates a presence of traps at the WOx/Si interface in these structures. Never- 542
theless, according to Figure 7 a, we can observe a fall of the interface trap density distri- 543
bution in these zones. In zone 3, with Q(Oz) = 6 sccm and 8 sccm, with chemical composi- 544
tion WOz292, WO, the interface trap average density decreases from 9.22 + 0.74 x 102 545
states/cm?/eV to 3.95 + 0.28 x 102 states/cm?/eV, respectively (Figure 7 b). Things occur as 546
if, the interface traps decrease, when we tend towards the stoichiometry WOs. In zone 4, 547
the interface trap density becomes significantly lower for the MOS structure obtained for 548
Q(O2) = 11 sccm with an interface trap average density equal to 2.86 + 0.22.102 549
states/cm?/eV (Figure 7 b). The slight increase in the interface trap average density for the 550
MOS structure obtained with Q(O2) = 14 sccm, equal to 5.31 + 0.42 x 10'2 states/cm?/eV 551
(Figure 7 b), may reflect the presence of oxygen atoms placed into interstitials site of this 552
oxide. Finally, according to Figure 7 a, all interface trap density distributions are located 553
in the lower part of the silicon bandgap. As a result, we can say that interface states are of 554
donor-type [45]. 555

A drop in the oxide capacitance (Cox) is observed as we evolve from zone 1 (900 pF) 556
to zone 4 (400 pF) (Figure 6 a-d). This could be related to the resistive nature of WOx films 557
deposited with higher oxygen flow rate [46] also linked to the covalent strengthening of 558
W-O bonds when Q (O2) increases. Also, in Figure 6 (a-d) it is important to note the dif- 559
ferent gate voltage ranges for the different zones. The choice of the gate voltage interval 560
must be imperatively adapted to each oxide and beyond this interval WOx films could be 561
damaged 562

The effect of oxygen flow rate on the Nss and the Va evolution is shown in Figure 8. 563
This Figure shows the evolution of Nss and Vi as a function of oxygen flow rate. We can 564
easily notice that these variations are opposite and different from one zone to another. The 565
question that arises then, concerns the nature and the degree of oxidation of these ions. In 566
fact, tungsten trioxide (WOs) has a cubic perovskite-like structure based on corner-sharing 567
WOs octahedra [28]. When deposited at room temperature, WOs is a monoclinic octahe- 568
dron with W at the centre surrounded by six neighbouring oxygen, whereas the WOz can 569
be considered as a quadrilateral with central W and four neighbouring oxygen [47]. Based 570
on the literature [43,47], the most common valence states of W in as deposited WOs are 571
Weé+and W# in strongly oxygen deficient material, but in less oxygen deficient material it 572
may be formed both W#, W5* and W¢*. Generally, W5 is formed by electrochemical reduc- 573
tion of W¢+[28,48]. Therefore, the formation of W5 valence state in as-deposited WOs films 574
is unlikely but not impossible. The W5* valence state can be viewed as the consequence of 575
incomplete bonding between W and O in the octahedron [43,49]. 576
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Figure 8. Influence of oxygen flow rate on the simultaneous evolution of Nss (m) and Ve 578
(o) of Hg/WOx/Si MOS structures for all WOx films in zones 1 to 4. (La Zone 1 est mal 579
délimitée car 1,65 sccm ne fait plus parti de cette zone) 580

In the other hand, and considering the oxygen vacancies in the films, the valence 581
states of tungsten and oxygen, the Ns showed in Figure 8 could reflect the evolution of 582
charged species with general formula (W0,_,)** 0<z <2 and (W034,)*" 0<z<1.The 583
(WO0,_,)**are supposed to be positive species with regard to W+ and O? valence states 584
and dangling bond in the quadrilateral. In stoichiometric films, such as WOz and WOs, we 585
suppose € = 0 because they are considered as neutral species. In sub-stoichiometric 586
films, with general formula (W05_,)** and (W0,_,)*, ¢ may be positive (+) because of 587
oxygen vacancies in the films, dangling bond and W*, W5 and W¢* valence states. Finally, 588
in over-stoichiometric films with general formula (W0;,,)*”, € may be negative (-), be- 589
cause in these films there are no more oxygen vacancies and the excess of oxygen are 590
placed into interstitial sites. 591

A close link between the evolution of Nss and the evolution of C-V curves is observed. 592
Indeed, according to Figure 6 a and b, in zones 1 and 2, when the oxygen flow rate in- 593
creases from Q (O2) = 1.2 scem to Q(O2) = 1.65 sccm, a shift of C-V curves and the flatband 594
voltage towards negative gate voltage is observed. This shift towards negative gate volt- 595
ages reflects a progressive increase of positive charges (W0,_,)** or (W0;_,)*" present 59
in the oxide [50], from Q(O2) = 1.2 sccm to Q(O2) = 1.65 sccm as shown in figure 8. In the 597
film deposited with Q(O2) = 1.2 sccm, with atomic ratio O/W of 1.92 + 0.06, we could prob- 598
ably find a combination of WO: which are neutral species and a few amounts of 599
(W0,_,)** which are positive species because of W* and O valence states in the quadri- 600
lateral. Niss is close to zero in the film deposited with Q(O2) = 1.2 sccm perhaps because of 601
an important neutral charge amount (WQO) in this film. The film deposited with Q(O2) = 602
1.65 sccm in zone 2, with atomic ratio O/W of 2.56 + 0.08, is becoming a little bit transparent 603
because of a possible combination of WO2 and (WO0;_,)*. The (W0;_,)* positive 604
charges may contain W¢* valence states which are responsible for transparent films. 605

In zone 2, the MOS structure obtained with Q(O2) = 1.95 sccm, 3 sccm and 4.5 scem 606
(Figure 6 a), which shows the most shifted C-V curves toward negative gate voltages, pre- 607
sents the lowest flatband voltage (Figure 8). These films, with 2.60 + 0.08 < atomic ratio 608
O/W <2.90 +0.09, may contain the maximum quantity of positive species (W0;_,)** and 609
oxygen vacancies. We may find a combination of W and W¢* valence states in these films. 610
According to Figure 4 c-d-e, these films have an average optical transmission close to 80 611
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% in the visible region reflecting that positive species (W0;_,)**with W¢* valence state, 612
are predominant. From Q(O2) = 6 sccm to Q(O2) = 14 sccm, i.e., C-V curves and flatband 613
voltage shift progressively from a negative gate voltage to a positive one (Figure 6 c-d). 614
This C-V curves evolution reflects the decrease of positive species [50] (W03_,)*" amount 615
in these oxides due to the fulfilment of oxygen vacancies when Q(Oz2) increases from Q(O2) 616
=1.95 sccm. Above Q(Oz2) = 1.95 sccm, we may find combination of positive charges such 617
as (W03_,)** and neutral charges such as WOs and WO: with Wé*, W3+ and W** valence 618
states. Since films in these regions present an average optical transmittance above 80 % in 619
visible spectral region, we may assume that tungsten valence states W¢ are predominant 620
compared to W and W5 621

Figure 8 shows negative values of Nss and positive values of Vi for both films depos- 622
ited with Q(Oz2) = 11 sccm and Q(O2) = 14 sccm (zone 4). The values of Nss and Vi, which 623
are almost constant, mean that negative charges are predominant in these films [50]. All 624
the oxygen vacancies seem to be fulfilled by oxygen, so we can assume that we could no 625
longer find positive charges (W0;_,)** in these films. Indeed, when all oxygen vacancies 626
in WOs octahedra or WOs are fulfilled, the excess of oxygen flow rate, may generate O> 627
ions which could be placed into interstitial sites between WOs octahedra in WOs films. In 628
this situation, Nss corresponds to negative species (W03,,)*” with Wé* valence states in 629
the octahedra. In this zone 4, films are stoichiometric or over-stoichiometric according to ~ 630
results of the atomic ratio O/W (Figure 3). 631

According to Figure 8, Vi and Nss evolve inversely with respect to each other. Also, 632
more the flatband voltage shifts towards positive gate voltages, the fewer positive charges 633
are created in the oxide and the more negative charges created in the oxide are numerous. 634
These observations can be correlated with the composition of the films (Figure 3). Indeed, 635
for Nss close to zero or negative, the films appear close to the stoichiometry or are stoichi- 636
ometric or over stoichiometric.-For example, the film obtained with Q(Oz) =1.2 sccm pre- 637
sents a Nss close to zero with an atomic ratio O/W of 1.92 + 0.06 close to WQOz. Otherwise, 638
the film deposited with Q(Oz) = 14 sccm with atomic ratio O/W of 3 + 0.09 close to WOs, 639
presents a negative value of Nss. On the other hand, as soon as the Nss increases, the atomic 640
O/W ratio moves away from the stoichiometry either WO2 or WOs. 641

4. Description of the different WOXx films zones formation 642

Based on the different trends observed on the W target voltage during the study of 643
the system [W-Ar-Oz] hysteresis (Figure 1), chemical composition, optical and electrical 644
properties, we classify the WOx films formation process into 4 zones, contrarily to litera- 645
ture which propose 3 zones [10,12,13]. The system [W-Ar-O2] hysteresis was not studied 646
by these authors who suggested 3 zones of WOx formation process. Otherwise, in agree- 647
ment with these authors, we determined the same extreme zones, namely, zone 1 and 648
zone 4 in our study. Also, the WOx deposition rate evolution int this study is similar to 649
Yamamoto et al. [10]. 650

In the zone 1,0 scem < Q(0,) < 1.55 sccm, the W target is globally kept in the metal- 651
lic state (metal target mode) despite the small amount of Oz introduced into the deposit 652
chamber. Indeed, the Oz molecules injected into the deposit chamber are trapped by getter 653
effect on the deposit chamber walls receiving tungsten, the polarized tungsten target and 654
the sputtered tungsten atoms [10]. Because of this getter effect, a very weak variation of 655
total pressure or Oz partial pressure is observed during the increase and decrease of Q(O2) 656
in this region. This weak variation of oxygen pressure was also observed by Mohamed et 657
al. [12]. In this metal target mode, the deposition rate and target voltage increase abruptly. 658
This sudden increase in W target voltage for lower O: flow rate was also observed by 659
Sadiki et al.[51]. For Yamamoto et al. [10], films formed in this region of metal target mode 660
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are W, W3O with appearance of WOz in films deposited at 500 °C. They are absorbent and 661
electrically conductive. For Mohamed et al. [12], absorbent WOx (0 < x < 1.5) films are 662
formed but he did not synthesized films above WOus in this region. Regarding these re- 663
sults, we can say that our results are in accordance with these authors because we formed 664
reflective or absorbent and conductive films W and WO1.92 with Q(O2) =0 and 1.2 sccm, 665
respectively. For this WOx film with Q(O2) =1.2 sccm and close to the stoichiometry of 666
WO, the parameters Vi and Dit are close to zero indicating respectively few charges cre- 667
ated in the film and few defects at the WOx/Si interface. However, due to the sub-stoi- 668
chiometry of this WO1 films, an excess of positives charges remains and the positive 669
value of Nss reflects this excess of positive charges in the volume. 670

The WOx films sputtered deposited in the high O: flow rate zone 4 (Q(0,) = 671
9.5 sccm) presented the lowest and constant deposition rate (4.4 nm. min?') and W target 672
voltage (560 V). This result reflects that the W target surface is totally coated with an oxide 673
layer, i.e., totally polluted or oxidized. According to Yamamoto et al. [10], the W targetis 674
in an oxide target mode. For us, and according to our atomic ratio O/W and N results, 675
only stoichiometric WOs or over-stoichiometric WOs:- (z 2 0) are formed in this oxide tar- 676
get mode. All the WOx films synthesized in this region are transparent and electrically 677
resistive as we observed in our work. Electrical analysis of this oxide films indicated val- 678
ues Vb > 0 and Nss < 0 reflecting a saturation in Oz in the films formed in this zone 4. 679

Between the metal target mode (zone 1) and the oxide target mode (zone 4), we find 680
a transition zone (zt). From this transition zone, the Oz introduced in the deposition cham- 681
ber exceeds the getter effect observed in zone 1. This transition zone is not clearly dis- 682
cussed in the literature. Indeed, Mohamed et al. [12] did not performed any sample in this 683
region during their study contrary to Yamamoto et al. [10] and Xu et al. [13]. Also Mo- 684
hamed et al. [12] performed their study with a constant total pressure of 1.2 Pa and Yama- 685
moto et al. [10] with 5 mtorr (0.66 Pa). Xu et al. [13] synthesized WOx films by periodically 686
pulsing the O: flow rate in order to avalanche the reactive sputtering process between the 687
metal target mode and the oxide target mode. As far as we are concerned, we synthesised 688
WOk films by varying the total pressure through the variation of the oxygen flow rate. 689
Therefore, our total pressure varies from 0.4 to 1.8 Pa in this transition zone. For Yama- 690
moto et al. [10], the W target is still kept in a metallic state (metal target mode) and WOx 691
(2 £ x < 3) films are formed by the reaction of W and O atoms on the substrate surface, 692
with the amount of O2 molecules exceeding the getter effect. Their results are not sup- 693
ported by any chemical analysis measurement in this zone. Also, for Yamamoto et al. [10] 694
et Xu et al [13], these WO« (2 < x < 3) films are blue or semi-transparent. Films from this 695
transition zone become resistive for Yamamoto et al. [10] or semi-conducting for Xu etal 696
[13]. In our study, during the formation of WOx (2.56 < x < 2.94) in the transition zone 697
corresponding to 1.65 < Q (O2) < 8 sccm, we observed a decay of the deposition rate as 698
observed by Yamamoto et al. [10] and a decay of the target voltage. This decay reflecting 699
means that the W target is no more kept in its metallic state as supposed by Yamamoto et 700
al. [10], but start oxidizing. In our opinion, the transition zone of WOx (2 <x < 3) films, must 701
end when the formation of stoichiometric WOs begins, i.e., from oxygen flow rate approx- 702
imatively 9.5 sccm. Also, we remember that all transparent films are not necessarily stoi- 703
chiometric WOs since some sub-stoichiometric films can be transparent as shown in our 704
work in zones 2 to 4. 705

In the transition zone, we observed that films optical transmittance and electrical 706
properties evolve from semi-transparent (%7 < 50) and semi-conducting (for WO2s6, Q(O2) 707
=1.65 sccm) to transparent (between 70 % to 90 % in visible region) and resistive for other 708
films. By considering only these optical transmittance results as a function of the wave- 709
length, we might think that this transition zone beyond 1.65 sccm, produces films with 710
identical behaviour. However, several observations lead us to believe that these films are 711
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not all identical. Indeed, films prepared for 1.65 sccm <Q (O2) < 4.5 sccm have similar and 712
different behaviours from films prepared with 6 < Q (O2) < 8 sccm. As an example, the 713
deposition rate and target voltage drop very quickly from 1.65 sccm to 4.5 scem then drops 714
much slower to 8 sccm. There is a low hysteresis on total pressure and W target voltage 715
between 1.55 sccm and 5.2 scem and not visible beyond 5.2 sccm. The chemical composi- 716
tion increases quite strongly from 2.56 + 0.08 to 2.85 + 0.08 for 1.65 < Q (O2) <4.5 sccm then 717
more slowly from 2.85 + 0.08 to 2.94 = 0.09 for 4.5 <Q (O2) < 8 sccm. The Nss > 0 with high 718
values for films with 1.65 sccm < Q (O2) < 4.5 scem reflecting an excess of positive charges 719
for these films of greater sub-stoichiometry 2.56 + 0.08 to 2.85 + 0.08. But the lower values 720
of Nss determined for films with 4.5 scem <Q (O2) < 8 scem reflect a small amount of posi- 721
tive charge associated with a very slight sub-stoichiometry 2.85 + 0.08 to 2.94 + 0.09. Based =~ 722
on these results, we propose to subdivide this transition zone WOx (2 <x <3) into 2 distinct =~ 723
zones, i.e., Zone 2 for 1.55 sccm < Q (O2) <5.2 scem and Zone 3 for 5.2 sccm <Q (O2) <9.5 724
sccm. The zone 3 constitutes the end of the transition zone. That justifies the small varia- 725
tion observed in the data and in the trends proposed, in particular on the chemical com- 726
position, the deposition rate, the target voltage, etc. for films in these zones 3 and 4. 727

5. Conclusions 728

In this work, WOx thin films were synthesized by the DC reactive magnetron sput- 729
tering method. Based on links observed between the system [W-Ar-Oz] hysteresis, the 730
deposition rate, the target voltage, chemical composition and electrical properties, we pro- 731
posed 4 zones of WO« films formation, with different stoichiometries. Each zone is delim- 732
ited by different oxygen flow rates. 733

In zone 1, delimited by Q(O2) < 1.55 sccm, the deposition rate and the target voltage 734
increase rapidly when oxygen flow rate increases. In this zone 1, films are progressively 735
opaque and bluish with the increase of Q(O2). They present the lowest values of optical 736
bandgap and are electrically conductive. Positive charges associated to oxygen vacancies 737
are progressively created in these films when oxygen flow rate is increased. The film de- 738
posited with Q(Oz) =1.2 sccm, close to stoichiometric WOz, presented the lowest interface 739
trap distributions reflecting a good quality of the WO2/Si interface. 740

In zones 2 to 4, the deposition rate and target voltage decrease when Q(O2) increases 741
from 1.95 sccm to 14 sccm. These films are all transparent with an average optical trans- 742
mittance close to 80% and their optical bandgap increases with Q(Oz2). As a consequence, 743
these films are electrically resistive and their electrical properties cannot be measured with 744
the 4 probes method. The number of positive charges associated to oxygen vacancies is 745
maximum in the film deposited with Q(O2) = 1.95 sccm. Above Q(O2) = 1.95 sccm, the 746
introduced oxygen flow rate serves to fulfil oxygen vacancies so that a decrease of positive 747
charges created in these films is observed from Q(O2) = 1.95 sccm to Q(O2) = 8 sccm corre- 748
sponding to Zones 2 and 3. When all oxygen vacancies are fulfilled, further increase of = 749
oxygen flow rate introduced in the deposition chamber, favours the creation of negative 750
charges in the films, as we can observe in Zone 4. According to the results of chemical 751
composition, we can conclude that films with negative Nss are stoichiometric or over stoi- 752
chiometric. 753

Furthermore, films deposited in Zone 2, with Q(O2) =1.95 sccm, 3 sccm and 4.5 scem, 754
presented an important degradation of the WOx/Si interface quality with high Dit values. 755
Nevertheless, WOx/Si interface quality is improved for films close to stoichiometric WOs 756
deposited in Zones 3 and 4 with Q(O2) =8 sccm, 11 sccm and 14 scem, for which the values 757
of Dit are the lowest. As a consequence, we can say that stoichiometric films, WOz and 758
WOs, have better WO,/Si interface quality and lowest interface trap density distribution 759
in Hg/WOx/Si structures. 760
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