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In this article, we present a time-dependent model that enables us to describe the dynamic behavior of pulsed DC
reactive sputtering and predict the film compositions of VO, prepared by this process. In this modeling, the average current
J is replaced by a new parameter of Josr. Meanwhile, the four species states of V, V,03, VO;, and V,0O5 in the vanadium
oxide films are taken into consideration. Based on this work, the influences of the oxygen gas supply and the pulsed power
parameters including the duty cycle and frequency on film compositions are discussed. The model suggests that the time to
reach process equilibrium may vary substantially depending on these parameters. It is also indicated that the compositions
of VO, films are quite sensitive to both the reactive gas supply and the duty cycle when the power supply works in pulse
mode. The ‘steady-state’ balance values obtained by these simulations show excellent agreement with the experimental
data, which indicates that the experimentally obtained dynamic behavior of the film composition can be explained by this
time-dependent modeling for pulsed DC reactive sputtering process. Moreover, the computer simulation results indicate that
the curves will essentially yield oscillations around the average value of the film compositions with lower pulse frequency.
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1. Introduction

As a fascinating material with excellent physical and
chemical properties, vanadium oxide thin film has been stud-
ied extensively.!!"?] The chemical state of V in VO, ranges
from V2 to V>*, which correspond to the form of VO, V503,
VO,, and V,0s, respectively. Therefore, how to adjust film
composition according to particular applications is a chal-
lenge.

Vanadium oxide thin films have been widely prepared by
a reactive magnetron sputtering method.*! In order to im-
prove the controllability of the reactive sputtering process
of VO, thin films, a variety of novel sputtering methods
have been developed, such as pulsed DC reactive magnetron
sputtering,*! RF reactive magnetron sputtering, ®! inductively
coupled plasma-assisted reactive sputtering ,[®! and ion beam
reactive sputtering,!’! etc. Among these sputtering methods,
pulsed DC reactive magnetron sputtering offers significant ad-
vantages over others, including excellent arc suppression, low
target poisoning, a stable reactive sputtering process, a rela-
tively high deposition rate, flexible process control, and simple
apparatus.

The mechanism of reactive sputtering was reasonably

well described by the Berg model,!®°! and recently extensions
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to this model have been published./'%-15] The static behavior
of the V-0, reactive sputtering process has previously been
carefully investigated.['®) A few attempts to describe the dy-
namic behavior of the reactive sputtering process have been

[17-191 However, none of the suggested models are

suggested.
able to predict the film composition, which plays a signifi-
cant role in the film deposition process, especially for multi-
component thin films such as vanadium oxides.

In this work, we propose a model for the time-dependent
behavior of the V-0, reactive sputtering process using a
pulsed power supply. The fraction of film compositions is in-
vestigated as a function of time ¢ during the reactive sputtering
of multi-component thin film. Meanwhile, the influences of
the oxygen gas supply and the pulsed power parameters in-
cluding the duty cycle and frequency on the component frac-
tion at the substrate surface are discussed. One of the most
important results of our investigations indicates that there may
be substantial differences in the film compositions depending
on both the oxygen gas supply and the pulse parameters. Be-
sides, we present results showing the abrupt changes of film
composition with respect to reactive gas flow as well as pulse

duty cycle.
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2. Model

The suggested model is the further development of a pre-
viously presented model.['®! Unlike the earlier models, both
target and substrate are assumed to be covered with V, V,03,
VO,, and V;,05. The mathematical model describing the sput-
tering system is shown in Fig. 1. The total supply rate of the
reactive gas (oxygen) is denoted as Q. In order to simulate
this more efficiently, we make some additional assumptions.
The same situation exists in the receiving area where all sput-
tered materials are assumed to be uniformly collected. The
target surface can be divided into four parts (see Fig. 1). Here
6,1 is denoted as the fractional area of the target surface that
consists of unreacted metal vanadium. The 6y, 63, 64 frac-
tions would be assumed to be covered by V,03, VO,, and
V,0s, respectively.

01 | Oro | 013 | Ota
d dl dl d A,
—— T |
target
J J
Q2 Qr3 Q4
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reactive gas supply
Qto‘r
to pump
Qs2 Qs3 Qs
substrate
As
> | ¢ > >
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Fig. 1. Schematic diagram of a simple reactive-sputtering system.

2.1. Time-dependent model

According to the kinetic model for reactive sputtering, the
time dependence of the compound coverage at target 6 is given
by

de 1

—=—Vi-V 1

d t N() [ f g]7 ( )
where N is the areal density of atoms on the target surface, V,
the sputtering rate of compound from target, and V; the form-
ing rate of compound onto target. In the modified model, the
equation should be rewritten as

do 1
d—t“ = 3 War = Vaull )
deé 1

= N Vie = Vaal, 3)
deé 1
d—f = Wi = Ve, (4)

% = Nio [Viia — Vo] (5)
dfjl = Nio[vfsl — Ve, ©6)
dsz = Nio[vm —Vgal, 7
D _ Nio[vm Vil ®)
df;“ = Nio Vit — Visal )

where Vg1 -V are the sputtering rates of V, V,03, VO, and
V,0s from the target, and Vi —Vzu are the forming rates of V,
V103, VO3, and V,0s onto the target. Vy51—Vs4 are the con-
suming rates of V, V,03, VO,, and V,05 from the substrate,
and Vi1 -V are the forming rates of V, V,03, VO,, and V,05
onto the substrate.

2.2. Conditions at the target and substrate surface

It is assumed that the capture of reactive gas by metal
atoms contributes to the formation of a suboxide V,03 on the
substrate, thus increasing 65, and reducing 6s;. Further attach-
ment (by oxygen) onto this suboxide V,03 contributes to the
formation of the VO,, thus increasing 63, also reducing 6;.
The superoxide V,0Os is formed by the reaction between reac-
tive gas and VO,. For the metal vanadium sputtered from the
target, when the metal comes from the fraction of 6, placed
on the substrate surface which previously consisted of VO,
(V203, VO,, and V,0s), the fraction of 65 will increase and
the fraction of (1 — 6;) will decrease. Furthermore, when the
VO, particle sputtered from the target placed on the substrate
which previously consisted of VO; (i! = x), then the corre-
sponding fraction of 8 will decrease and the fraction of VO,
will increase. The fraction of flux (J/q)Y¥;6:;A¢ deposited on
the fraction 6 of the collecting area Ag will not influence the
value of 6;;. Adding elemental non-reacted target atoms to
an area that already consists of non-reacted atoms does not
change 6.

By making the above-mentioned new assumptions in
combination with the simplifications presented earlier, the
time-dependent balance equations for the conditions on the
target should be rewritten as the following equations:

de 1[J J
T[” = ﬁo ;YQOQA;‘F;YSOBAK
J
+ B~ 2a1FAt6u/lz} : (10)
d6p 1|
— = — |20 FA6/!
i Nl 1FA6 /1>
J
— JYaboA—200F Ao/ (15 - lzﬂ , D
d6s L[
— = — |20 FAO» /(3 —1
I No_az tt2/(3 2)
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J
- QYG O3A —203FA63 /(14 — 13)], (12)

do 1 J
= N |205FAB /(14— 1) = “Yubudi . (13)

Here, J is the ion-current density; ¢ is the elementary elec-
tronic charge; Y2, Y13, and Y4 represent the sputtering yields of
the V703, VO,, and V,0s; the values of oq—o3 are the prob-
ability (sticking coefficient) for the oxygen molecule to react
with V, V,03, and VO, respectively; A, is the area of effective
target; the values of /;—I4 are the stoichiometric values of V,
V103, VO3, and V;,0s, respectively; F represents the neutral
reactive molecules/(unit area and time).

Meanwhile, the time-dependent balance equations for the
conditions on the substrate should be rewritten as the follow-
ing equation:

dég 1

J
— | =Y A(1—
” No [q 161A (1 —641)

J J J
= (thz OpA+ 5Yt3 03A + 5114 914At) 052

—2061FA5931/12:| s (14)
dé. 1 |J
Ttsz = ﬁo [thzetzAt(l - 9s2) +2051FAs951/12
J J J
— (Ytl OuA(+ —Yi303A + Yt49t4Al) 052
q q q
—ZOCQFASGSQ/(13 — lz)] s (15)
dé. 1 |J
d;3 =N [qYBGBAt(l —03) +200FAB /(I3 — 1)
J J J
- (Ytl 011 A+ =Y 0pA + Yt49t4At) 03
q q q
—203FA 653/ (Is — 13)] ; (16)
dé. 11|J
sz4 =~ N [th49t4At(1 —0u) +203FA O3/ (14— 13)

J J J
- (thl O A + thz OnA. + §Yt4 6t4At) 654:| -(17)

2.3. Effective current for pulsed sputtering

In order to study the effect of pulsed parameters on the
reactive sputtering process, an effective target current density
Jegr 18 introduced, replacing J in the above equation, as shown
in Fig. 2.

As a consequence, the influence of pulsed parameters in-
cluding the duty cycle and frequency can be investigated by
adjusting the values of 7, and Tor. Jegr is a function of time
t as shown in Fig. 2. J(t) is equal to J during the ON pe-
riod, and is equal to zero during the OFF period. This is the
main idea of this modified model. We assume that the sput-
tering process could only take place during the ON period.

Hence, the fraction of flux (J/q)Y;;0,4A; is equal to zero during
the OFF period of the pulse. Meanwhile, equations (10)—(17)
each are a function of J.g. In this case, the dynamic behavior
of film composition is quite sensitive to Ton and Togt.

single pulse

Jetr

Toff Ton

Time

Fig. 2. Time variations of pulsed current density.

2.4. Gettering of the reactive gas

The consumption of the target material Q; can be ex-
pressed as

Ou =201 FA 6, /1>,

Ou =20,FA6 /(13— 1),

O =203FA03/(ls —13),

01 = 0w+ 03+ Ou. (18)

The consumption of the substrate material Qg can be ex-
pressed as

QSZ - 2051FAs651 /127

O3 =200FA 05 /(I3 — 1),

QOs4 = 203FA 03/ (Is — 13),

Qs :Qs2+Qs3+Qs4- (]9)

The remaining part O, of the reactive gas will escape

from the processing chamber through the pumping system.
Assuming the pumping speed is S for the system pump,
__ PN,
" RT

Op S. (20)
In the kinetic model, the partial pressure of the reactive

gas P is determined not only by both the reactive gas flow rate
fed into the chamber and the flow rate out through pumping,
but also by the gettering effect.

P 0-0i— 0

— == 21

dt Ve @D
Here, P and Q are the partial pressure and the flow rate of the
reactive gas, respectively, V, is the volume of chamber.

3. Results and discussion

It is possible to experimentally quantify the ratio of com-
ponents on the substrate in a pulsed reactive sputtering system
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by measuring the film compositions under different duty cy-
cles, frequencies, and oxygen flow conditions using XPS anal-
ysis. The experimental results of corresponding composition
data are shown in Table 1.

Table 1. Experimental results of film composition.

Peak area ratio/%

O, flow rate/sccm  Duty cycle/%

VO V3+ VAt V5t

3.1 100 21 37 35 7
80 13 24 49 14

55 0 12 60 28

33 100 13 24 51 12
80 6 21 43 30

55 0 0 39 61

35 100 10 24 48 18
80 0 0 40 60
55 0 0 0 100

The values of all the constants are first adjusted in or-
der to realize the best fitting to the experimental data at the
3.1 sccm with different duty cycles. The optimal values of
the constants are o = 1.8, op = 4.7, oz = 0.35, ¥;; = 0.8,
Yo =0.8, Y3 = 1.2, and Yy = 0.4. These constant values are
then used to predict other conditions of 3.3 sccm and 3.5 sccm.
The good agreement is obtained as shown in Figs. 4 and 5,
which indicates that the constants are well-calibrated. Based
on the model, the fraction of composition on the substrate as
a function of time ¢ is calculated. Then, the end values of film
composition are recorded in Table 2.

Table 2. Calculated result of film composition.

Peak A tio/%
O; flow rate/sccm Duty cycle/% ¢ rea ratore
VO V3+ V4+ V5+
3.1 100 27 33 32 8
80 19 23 42 16
55 0 12 56 32
33 100 14 23 50 13
80 8 19 43 30
55 0 0 38 62
3.5 100 10 24 48 18
80 0 0 43 57
55 0 0 0 100
i experimental
results
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Fig. 3. Comparisons between the experimental and modeling results of
film compositions (duty cycle: 80%) each as a function of reactive gas

flow (Qor)-

The comparison between the experimental and modeling
results of film compositions is shown as a function of reactive
gas flow with a duty cycle of 80% in Fig. 3. Also, figure 4
shows the film compositions as a function of each duty cy-
cle. It is found that the errors between experimental and mod-
eling results are all less than 15% over the whole table, and
less than 8% for most values. The influences of reactive gas
supply, duty cycle, and frequency on film composition will be

discussed in detail below.

(a) .
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Fig. 4. Comparisons between the experimental and modeling results
of film compositions each as a function of duty cycle (D), for (a)
Qiot = 3.1 sccm and (b) Qo = 3.3 scem.

3.1. Fractions of components on the substrate

A pulsed DC sequence may be simulated by the new dy-
namic model. For simplicity we assume a pulse shape, where
sputtering is ON in 80% of the duty cycle and the sputtering is
OFF in the rest of the period. Here the variations in fractions of
V, V,03, VO,, and V,05 on the substrate with time are shown
in Fig. 5. It is assumed that initial compound coverage almost
reaches zero. The coverages of compound (V,03, VO,, and
V,0s) increase sharply at the beginning, and then gradually
increase, finally reaching steady-state conditions. As oxygen
flow Q increases, a greater amount of oxygen is consumed by

target surface oxidation, leading to an increase in the fraction
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of compound on the target. It should also be noted that the
content of V,03 increases by approximately 24% while the
content of VO, increases 43%. However, the content of V,05
is around 14% at the steady state, which is quite low. All these
mean that the films contain much more VO, than V,03, but
less V20s. On the one hand, this is a consequence of the
higher reactivity of V,0j3 than of V with oxygen. On the other
hand, the oxygen flow is so low that not enough oxygen can
be consumed by VO,. The experimental results show the sim-
ilar ‘steady-state’ balance values to all the above simulation

results.
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Fig. 5. Variations of the calculated fractions of V, V,03, VO,, and
V705 on the substrate with time for a pulsed DC reactive sputtering
process operating with a reactive gas supply of 3.1 sccm and a duty
cycle of 80%.

3.2. Variation of oxygen gas supply

From Table 1, it can be seen that if the process is ON
80% of the duty cycle, the fraction of V,03 is inversely pro-
portional to oxygen flow while the fraction of V,Os is propor-
tional to oxygen flow. With the oxygen flow increasing from
3.1 sccm to 3.3 sccm, the ‘steady-state’ value of V,03 de-
creases from 24% to 21%. Continuing to increase the oxygen
flow, the fraction of V,0j3 reaches zero in the steady state. It is
seen that the trends of variation in the experimental results are
adequately described by the simulation results. It is possible
to combine the above equations and solve all the composition
fractions of substrate versus time ¢. From the simulation re-
sults obtained, the substrate surface coverage can be estimated.
The typical curves of V,03 and V,0s5 are shown in Figs. 6(a)
and 6(b), respectively.

At an oxygen flow rate of 3.1 sccm, the coverage of V,03
at the substrate will gradually increase to a steady-state value
of 24%. However, the coverage of V,03 with an oxygen flow
rate of 3.3 sccm will gradually increase to about 31% at 0.04 s.
It should also be noted that there is a short decrease in the frac-

tion of V,03 in the region from 0.04 s to 0.1 s. For an oxygen

flow rate of 3.5 sccm, the fraction of V,0O3 increases to about
7% at the beginning, then abruptly decreases and eventually
disappears. There are several reasons explaining these curves.
For a low flow rate of oxygen, the supply of the reactive gas is
too low to react with V,0j3. In this case, the fraction of V,0;3
will increase asymptotically. While at a higher flow rate of
oxygen (3.3 sccm), the reaction of V,03 and the gas supply
will contribute to a small reduction of V,03. This is a con-
sequence of the higher reactivity of V,03 than that of V with
oxygen. At 3.5 sccm, the amount of O, consumed to V,03
exceeds the amount of O, gettered by deposited V, resulting in
a drastic increase in the fraction of V,03. Figure 6(b) shows
the variations of the fraction of V,05 with time for different
oxygen flow rates. The fractions equal the steady-state values
of 14%, 30%, and 58% with oxygen supply rates of 3.1 sccm,
3.3 sccm, and 3.5 sccm, respectively, which has also been seen
in the experimental data. As oxygen flow Q rate increases, a
bigger amount of oxygen is consumed by substrate surface ox-

idation, resulting in an increase in the fraction of V,05 at the

substrate.
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Fig. 6. Time variations of the fractions of film composition for (a) V,03
and (b) V,Os for a pulsed DC reactive sputtering process operating with
different gas flow rates in a duty cycle of 80%.

3.3. Variation of the duty cycle

In Table 1, the compositions of VO, films are found to be
strongly dependent on the duty cycle when the power supply
works in pulse mode. Figure 7 shows the simulated varia-
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tions of the substrate compositions for different duty cycles of
pulse. Comparisons between the influences of duty cycle on
the surface composition of VO, thin film with different oxy-
gen flows are also provided in Fig. 7. If film deposition is car-
ried out with an oxygen flow rate of 3.1 sccm, the fractions of
V,03, VO,, and V,05 each as a function of time ¢ are shown
in Figs. 7(a), 7(c), and 7(e) respectively. It takes a certain min-
imum time to build up the steady-state compound layer at the
substrate surface depending on what is contained in the layer.
In the modeling section, we assume that the gettering of reac-
tive gas onto metal contributes to the formation of a suboxide
V,03. Further attachment onto this V,0O3 contributes to the
formation of the VO, and the V,0s is formed by the reac-
tion between the oxygen and VO,. Under this assumption,
it is found that the fraction of V,03 reaches its steady-state
value after approximately 0.03 s while neither the VO, nor

0.3l (2) duty cycle =100%
O: —_—- - - - - - - - =
> 0ol L, duty cycle = 80%
G
- /
2 /
2 [ e
g 0.1t duty cycle =55%
& I
2
ok ~ ~ ~ ~
0 0.02 0.04 0.06 0.08 0.10
Time/s
() 4 o
0.6} uty cycle =
o) - duty cycle =80%
S T newe v
O L R
g 0.4 H - duty cycle =100%
S 7
A
£ ooz j
L .j
/
00 0.02 0.04 0.06 0.08 0.10
Time/s
(e)
0.3}
. duty cycle =55%
o
>
702t
°
g duty cycle = 80%
2
g 0.1}
é : duty cycle =100%
0

0.04 0.06
Time/s

0 0.02

V;,0s5 layer comes to its steady-state fraction after approxi-
mately 0.04 s and 0.06 s, respectively. Furthermore, reduction
of the duty cycle from 100% to 55% leads to a significant de-
crease of the amount of V3* in contrast to the increase of V4*
and V>*. It is seen that at high duty cycle the sputter erosion
rate, however, will be so high that the supply of the reactive gas
is insufficient to react with V3, resulting in the lower fraction
of V#*. Unlike the condition of 3.1 sccm, it should be noted
that with an oxygen flow rate of 3.3 sccm, the reduction of
the duty cycle from 100% to 55% contributes to an increase
of the steady-state value of V#*. The reason is as follows.
At 3.3 sccm, the amount of O, consumed to VO, exceeds the
amount of O gettered by deposited V,03, resulting in a de-
crease in the fraction of VO,. Moreover, more reactive gas
will be consumed by VO, as the oxygen flow rate increases.

3 duty cycle =100%
O
3 duty cycle =80%
g
s 0.1 ey
~ mh"‘“-w,_h_M duty cycle =55%
M‘\'m
o . . T
0 0.1 0.2 0.3 0.4
Time/s
(d)
0.6 ]
~ duty cycle =100%
g duty cycle =80%
g duty cycle =55%
2 |
3
g
|9
0 n n n n
0 0.1 0.2 0.3 0.4
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0.6 RPN AN E
A~ duty cycle = 55%
Q ~
0.4
b~ L
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s} B "
e S
o 0.2r ./ E
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€9 J -
4,
0
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Fig. 7. Time variations of the fractions of V,03, VO,, and V,0s5 for a pulsed DC reactive sputtering process operating with different
duty cycles with an oxygen flow rate of 3.1 sccm [(a), (c), (¢)], and 3.3 sccm [(b), (d), (f)].
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The fractions of V,03, VO,, and V,05 each as a func-
tion of time ¢ at 3.3 sccm are shown in Figs. 7(b), 7(d), and
7(f) respectively. It is shown that at higher oxygen gas supply,
the coverage of V,03 will gradually increase to about 28%
at 0.01 s and then an abrupt decrease occurs in a region from
0.01 s to a certain point depending on the value of duty cy-
cle. For a duty cycle of 55%, the fraction of V,03 decreases
to about 8% at the beginning and disappears eventually. At
lower duty cycle, the pulse OFF time is long enough for the re-
action between the supply of the reactive gas and V,03. Like
the group curves of Figs. 7(a), 7(c), and 7(e), it takes signifi-
cantly longer for the fraction of V,0O5 to reach a steady state.
The ‘steady-state’ balance values obtained by these simula-
tions are in good agreement with the experimental data seen
in Table 1. The nice correlation between the calculated and
the experimental curves indicates that the suggested dynamic
model is indeed capable of predicting the transient behavior of

the pulsed DC reactive sputtering process.

3.4. Variation of the frequency

For a constant gas flow and duty cycle of the pulse, time

variations of the fraction of vanadium metal for a pulsed DC
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g
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2
L3
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reactive sputtering process operating with different frequen-
cies are shown in Fig. 8. It is seen that at each of the low
frequencies the metal vanadium will react with the oxygen gas
during the negative part of the frequency duty cycle. During
the positive part of the duty cycle the sputter erosion rate, how-
ever, will be so high that the supply of the oxygen gas is in-
sufficient to react with all sputtered metal vanadium. There-
fore, the deposition will approach to being a metallic depo-
sition during this part of the duty cycle. As the frequency
increases, however, the time period will be so short that the
change in the fraction of the compound on the substrate dur-
ing one duty cycle becomes negligible. In this case, the os-
cillations around the average value will decrease significantly
as the pulse frequency is increased. Obviously, no oscillations
of the chemical composition of the deposited film will take
place at frequencies > 800 Hz. In the high frequency mode of
operation the fraction of metal vanadium at the substrate will
approach to 85%. This value is identical to the value that is
obtained if the process is operated in continuous DC reactive

sputtering mode.
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Fig. 8. Time variations of the fractions of V, V203, VO,, and V,0s for a pulsed DC reactive sputtering process operating with different

frequencies.
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4. Conclusion

In this paper we present a model for the time-dependent
V-0, pulsed DC reactive sputtering process behavior. In this
model, the states of four species of V, V2,03, VO,, and V;0s5
in the vanadium oxide films are taken into consideration. The
fraction of film composition is investigated as a function of
time ¢ during the reactive sputtering of multi-component thin
film. Meanwhile, the influences of the oxygen gas supply and
the pulsed power parameters, including the duty cycle and the
frequency on the content fractions of the substrate surface, are
discussed. The simulation results indicate that film compo-
sitions are sensitive to the oxygen gas supply, however, do
not show a linear increasing relationship nor linear decreas-
ing relationship. Besides, the compositions of VO, films are
found to be strongly dependent on the duty cycle when the
power supply works in pulse mode. It takes a certain mini-
mum time to build up the steady-state compound layer at the
substrate surface, depending on what is contained in the layer.
The ‘steady-state’ balance values obtained by these simula-
tions show excellent agreement with the experimental data,
which indicates that the experimentally obtained dynamic film
composition behavior can be explained by this time-dependent
pulsed DC reactive sputtering process. Moreover, the com-

puter simulations indicate that the oscillations around the aver-

age value of the film compositions will decrease significantly

as the pulse frequency increases.
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