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ABSTRACT

The growth of vanadium dioxide (VO2) thin films using tetrakis (ethyl-methyl) amino vanadium (TEMAV) and H2O by atomic layer
deposition (ALD) has been investigated as a function of the exposure dose and residence time. A novel multiple pulse mode has been
employed to mitigate the small deposition rate brought about by the low vapor pressure of TEMAV. Compared to the conventional ALD
cycle with a single pulse of precursor, the use of multiple pulsing with very short pulse time allows lower consumption of precursor, but
larger exposure dose and longer residence time on the growth surface, resulting in a higher growth rate for a low volatility precursor, while
maintaining a good film uniformity across 4-in. wafers. The Raman analysis and the electrical resistivity modulation of the VO2 thin films
show that the films synthesized by the multiple pulse mode is comparable to the films synthesized by the conventional single pulse mode.

Published under license by AVS. https://doi.org/10.1116/6.0000152

I. INTRODUCTION

Vanadium dioxide (VO2) is a highly correlated oxide material
that undergoes a sharp metal-insulator transition (MIT) at around
68 °C.1,2 The MIT can be triggered thermally, electrically, or opti-
cally, thus opening up potential applications in various electronics
and optical electronics such as smart windows,3 steep slope
switches,4,5 optical modulators,6 sensors,7 and tunable capacitors.8

VO2 has been synthesized by various deposition techniques such as
pulsed laser deposition (PLD),9 magnetron sputtering,10 e-beam
evaporation,11 solgel deposition,12 and atomic layer deposition
(ALD).13 Among these, ALD is a very attractive technique due to
its precision on stoichiometry arising from the self-limiting growth,
its repeatability, and its conformality over a large substrate area.
ALD employs alternating pulses of reactants (a chemical precursor
and an oxidizer), which are exposed to the substrate where chemi-
sorption takes place. An inert gas purge cycle is employed after
pulsing for removing reaction by-products and unreactive precur-
sors, thus resulting in the self-limiting surface reaction.14

Different types of precursors have been developed for the
ALD of VO2, including β-diketonate, alkoxide, and alkylamide
compounds. Recently, tetrakis (ethyl-methyl) amino vanadium

(TEMAV) has been increasingly used because the synthesized films
from this precursor form oxides with vanadium in +4 valency,
leading, in principle, to the growth of pure phase VO2.

13,15,16 The
window of the deposition temperatures for the VO2 deposition
using TEMAV as the vanadium precursor is reported to be between
125 and 175 °C. Outside this temperature range, the self-limiting
growth mechanism ceases, and the growth rate increases due to the
physisorption of the precursor on the substrate at lower tempera-
tures and due to the decomposition of the TEMAV at higher
temperatures.15,17 For the ALD depositions of VO2 at 150 °C, a sat-
urated growth per cycle (GPC) of 0.5–0.8 Å/cycle has been reported
when using H2O as the oxidant,15,16 whereas a GPC of 0.4–1.0 Å/
cycle has been reported when using O3 as the oxidant.

13,16

The low vapor pressure of TEMAV [13 Pa at 25 °C (Ref. 18)]
at a typical growth temperature is a fundamental problem for the
ALD of VO2. In ALD, the GPC of a film indicates that a reaction
saturation is achieved. However, deviation from the saturated
growth was sometimes reported due to parasitic reactions,19 and
sometimes such a deviation was created deliberately by changing
process conditions to understand the process better.20 Such investi-
gations have been reported for alumina (Al2O3), which is probably

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 38(4) Jul/Aug 2020; doi: 10.1116/6.0000152 38, 042401-1

Published under license by AVS.

https://doi.org/10.1116/6.0000152
https://doi.org/10.1116/6.0000152
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1116/6.0000152
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0000152&domain=pdf&date_stamp=2020-05-15
0000-0001-5488-6087
mailto:kmn36@cam.ac.uk
https://doi.org/10.1116/6.0000152
https://avs.scitation.org/journal/jva


the most widely investigated ALD material, and its precursor trime-
thylaluminium (TMA) has a high vapor pressure (1.2 kPa at 20 °
C).14 Matero et al.19 have reported that Al2O3 has a higher GPC
(1.2 Å) when a large water dose was used, compared to a saturated
GPC (∼1.1 Å). Likewise, Henn-Lecordier et al.21 have shown that
an excess dose of water can introduce parasitic reactions in addition
to the fundamental half-reactions for ALD Al2O3. On the other
hand, Salami et al.22 have shown that excess TMA does not
increase the GPC due to the self-saturating nature of the ALD
process. However, surprisingly, underdosing of TMA increases the
GPC significantly, up to 2.84 Å, which is attributed to the stronger
adsorption of water molecules on the growth surface where the
alkyl ligand is lacking, opening a pathway for the parasitic reac-
tions. In the development of VO2, such a detailed study of the ALD
process has not been fully investigated. Achieving higher GPC
with nonstandard pulsing scheme without compromising the film’s
quality would be highly desirable.

Therefore, in this work, a novel method employing multiple
pulsing of TEMAV is investigated and its effect on the growth
rate and thickness uniformity across 4-in. wafers is reported. In
order to make sure this new scheme of TEMAV pulsing does not
compromise the quality of the films, the structural and electrical
properties of the films have been characterized and compared with
those from the standard ALD depositions, i.e., single pulsing of
TEMAV.

II. EXPERIMENTAL DETAILS

VO2 thin films were deposited using a cross-flow wafer scale
ALD reactor (Savannah ALD100 system from Cambridge Nanotech)
on n-type Si (100) wafers (resistivity = 0.015–0.025Ω cm) and
thermal oxide on silicon (SiO2/Si) substrates. Figure 1(a) shows the
schematic of the single pulse (SP) and multiple pulse (MP) mode
employed in this experiment. The SP mode is the conventional ALD
method with the following sequence: TEMAV pulse/purge/H2O
pulse/purge are denoted by t1/t2/t3/t4, respectively. In the MP
mode, very short TEMAV pulses are repeated, and the sequence
of one ALD cycle is as follows: (TEMAV pulse – delay time)
repeat M times/purge/H2O pulse/purge, which are denoted by
(t1 – d) ×M/t2/t3/t4. Here, M varies from 3 to 20. Figures 1(b)
and 1(c) show the ALD chamber pressure during one cycle of SP
and MP modes, respectively. For illustration purposes, the N2 flow
was switched off due to the low vapor pressure of TEMAV. However,
at all times during the deposition, the nitrogen flow was kept cons-
tant at 20 standard cubic centimeters per minute (sccm) reaching a
chamber pressure of ∼0.1 Torr. The deposition temperature was kept
constant at 150 °C. The TEMAV cylinder was heated to 105 °C,
which yields a vapor pressure of ∼1 Torr.

As shown in Fig. 1(b), the chamber pressure increases by
∼0.13 Torr (from the background level) with a 0.05 s water pulse,
since its vapor pressure is very high. In contrast, only a small
increase in chamber pressure appears with a 0.2 s TEMAV pulse in
SP mode [∼0.02 Torr as shown in Fig. 1(b)], and an even smaller
increase with a 0.02 s TEMAV pulse in MP mode [∼0.004 Torr as
shown in Fig. 1(c)]. A typical ALD pulse (SP mode) produces a
sharp rise in pressure to a maximum peak and then tails off to the
background level. In the MP mode, broader peak is observed

depending on the number of repeated pulses. Despite a small
increase in pressure, the individual peak for the three TEMAV
pulses can be identified at ∼9, 11, and 13 s [inset of Fig. 1(c)].

The precursor exposure dose is calculated by integrating the
area under the curve of the pressure profile (see supplementary
material for details).32 Special attention is paid when determining
the dose for the TEMAV because, in the vapor draw method used
in this work, the first pulse is very high due to the pressure build
up in the chemical bubbler after heating it to 105 °C. Therefore, the
initial ten pulses have been processed before the pressure for the
TEMAV is recorded. A TEMAV pulse results in the transient pres-
sure increase of ∼0.02 Torr in the SP mode and 0.004 Torr in the
MP mode. In comparison, an increase in transient pressure
∼0.13 Torr occurs for a H2O pulse.

FIG. 1. (a) Typical sequence of the SP and MP modes of the ALD process. t1
and t3 denote the pulse time, and t2 and t4 denote the purge time of the
TEMAV and H2O, respectively. d denotes the delay time between TEMAV multi-
ple pulses, which is repeated M times. N denotes the number of ALD cycles.
The ALD chamber pressure during one cycle of (b) the SP mode using
sequence t1/t2/t3/t4 of 0.2/30/0.05/30 s and (c) the MP mode using sequence
(t1 – d) × M/t2/t3/t4 of (0.02–2) × 3/3/0.02/5 s. No N2 flow was used for this illus-
tration due to the low vapor pressure of TEMAV; the inset in (c) is the zoom in
of the TEMAV pulse.
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Since the ALD deposition temperature is low, the as-deposited
VO2 thin films are amorphous, and a postdeposition annealing is
required to produce polycrystalline films. Therefore, development
of VO2 by ALD is a two-step process. The postdeposition annealing
was performed in a 1 in. diameter quartz tube furnace. Typically,
the VO2 thin films were annealed at 450 °C, at a pressure of
0.1 Torr in an O2/Ar ambient, for times between 30 min and a few
hours depending on the film thickness.23 At higher temperatures
and/or higher O2 partial pressures, vanadium oxides with higher
oxidation states (for example, V2O5) are formed.16

The structural and optical properties of the VO2 films were
analyzed at room temperature using spectroscopic ellipsometry
(J.A. Woollam M-2000), atomic force microscopy, and Raman
spectroscopy (Renishaw InVia). The resistivity modulation was

investigated on a Keithley 4200 parameter analyzer using a four-
point probe measurement and varying the temperatures between
25 and 120 °C.

III. RESULTS

A. Growth rate

First, the ALD growth saturation using the SP mode was
assessed by increasing the pulse and purge times of both reactants.
Figure 2(a) shows the GPC as a function of pulse time which was
varied between 0.2 and 5 s for TEMAV and 0.02 and 0.2 s for
H2O. The times for the pulse sequence t1/t2/t3/t4 are x/30/0.05/
30 s when TEMAV pulse time is varied and 3/30/x/30 s when
H2O pulse time is varied. For TEMAV precursor, the GPC of

FIG. 2. Examination of ALD growth saturation using the SP mode: the GPCs of VO2 thin films as a function of (a) pulse time and (b) purge time of TEMAV and H2O. t1/t2/
t3/t4 denote the pulse and purge times of the ALD sequences. (c) Film thickness as a function of the number of ALD cycles, and the linear fitting demonstrates a growth
rate of 0.5 Å/cycle. The substrate temperature during ALD was maintained at 150 °C.
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0.40 Å/cycle is achieved with a 0.2 s pulse time. The GPC increases
significantly with increasing pulse times up to 3 s and it saturates
between 3 and 5 s to a value of 0.55 Å/cycle. The GPC increase is
more gradual with H2O pulses. A GPC of 0.50 Å/cycle is achieved
with a 0.02 s pulse time and it increases to the saturated level of
0.55 Å/cycle with a 0.05 s pulse time. The VO2 films were depos-
ited on across 4-in. wafers and thickness measured at 9 points
with 10 mm apart between points. The GPC values shown here
are the average thickness, and the thickness variation is shown as
the error bar. The thickness variation is very small except for the
data of the TEMAV pulse time of 0.2 s which is the shortest pulse
time used in the experiment.

Figure 2(b) shows the GPC as a function of purge time while
pulsing the TEMAV and H2O for 3 s and 0.05 s, respectively. When
the TEMAV purge time is varied, the H2O purge time is kept
constant at 30 s and vice versa. The GPC of TEMAV decreases only
minimally when the purge time was reduced from 30 to 10 s;
however, a GPC reduction is significant for the 5 s purge time. The
effect of reducing the purge time for H2O on the GPC is also
minimal. Even though a purge time of 30 s is mostly used for SP
modes in this work, the results in Fig. 2(b) indicates the possibility
of reducing the purge time which is desirable to improve process
throughput. Figure 2(c) shows the film thickness as a function of
the number of ALD cycles using a sequence of 3/30/0.05/30 s. The
dashed line is the linear fitting of the thickness data, demonstrating
a GPC of 0.5 Å/cycle.

The GPC reported here is on the lower end of the range of
GPC reported in the literature, where TEMAV is used as the pre-
cursor and H2O as the oxidant and at a temperature of 150 °C.
In fact, a wide range of GPC has been reported for the growth of
VO2 in the literature. Blanquart et al.15 reported a GPC of
0.7 Å/cycle on the films deposited using a F-120 ALD reactor
(ASM Microchemistry Ltd.), whereas Currie et al.23 reported ∼0.8–
0.9 Å/cycle using a Savannah ALD system (Cambridge Nanotech).
On the other hand, Premkumar et al.16 reported 0.3–0.4 Å/cycle
which was not-saturated, when using an EX system (Tokyo
Electron Ltd.).

Next, the ALD growth using the MP mode was investigated.
Figure 3(a) shows the GPC as a function of TEMAV pulse times
which were varied between 0.06 and 0.3 s, which is calculated from
the number of repeated TEMAV pulses (indicated by M3, M6,
etc.), multiplied with the pulse time of 0.02 s. The H2O pulse and
purge times are 0.02 and 5 s, respectively. The total TEMAV purge
time is also 5 s, with a 2 s delay between repeated TEMAV pulses.
The schematic of the MP was shown in Fig. 1(a). The GPC of
0.42 Å/cycle is achieved with a 0.06 s pulse time (M3). The GPC
increases almost linearly with increasing pulse times up to 0.24 s
(M12) and it begins to saturate at 0.30 s (M15) at a value of
0.65 Å/cycle. Upon further increasing the number of pulses to
20 (M20), the GPC decreases to 0.63 Å/cycle with the accompany-
ing large thickness variation as shown by the error bar. This indi-
cates a limit to the number of multiple pulses that can be used.
There is also a window for the smallest thickness variation between
M6 and M10, and outside of this window the thickness variation is
significantly larger.

Figure 3(b) shows the GPC as a function of purge time while
pulsing the TEMAV and H2O for 0.16 (M8) and 0.05 s,

respectively. While the TEMAV purge time varies, the H2O purge
time is kept constant at 30 s and vice versa. In general, the GPC of
both TEMAV and H2O shows an increasing trend, and the GPC
saturates around 25−30 s for TEMAV and 20 s for H2O.

B. Wafer uniformity

Figure 4 shows the uniformity across a 4-in. wafer. A very
good uniformity is obtained for the SP mode [Fig. 4(a)] at the
pulse time 0.4–5 s. The highest uniformity is achieved for the pulse
time between 1 and 3 s (99.8%). The uniformity is slightly lower in
the MP mode [Fig. 4(b)], for M3, the GPC decreases at around
6 cm, achieving a uniformity 95.9%. For M6−M8, the thickness

FIG. 3. GPCs of VO2 thin films as a function of (a) TEMAV pulse time and (b)
purge time in the MP mode. For comparison, GPC with 0.2 s pulse time in SP
mode is also plotted in (a). The ALD sequence in the MP mode is (t1 – d) × M/
t2/t3/t4, where t1 and t3 denote pulse time, t2 and t4 denote purge time, d
denotes delay time between TEMAV pulses, and M denotes the number of
repeated pulses.
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uniformity reaches ∼99%. Further increasing the TEMAV pulses
deteriorates the uniformity again to ∼95% for M12 and M15. A sig-
nificant gradient from left to right across the wafer corresponds to
the direction of the gas flow from the inlet to the outlet of a cross-
flow reactor used in this work.

C. Thin film properties

Figure 5(a) shows the Raman scattering spectra of the VO2

films produced by MP and SP modes, respectively, which were
annealed at 450 °C at 0.1 Torr in O2/Ar for 1 h. The various peaks
are observed at 193, 223, 308, 396, and 617 cm−1, which can be

identified as those related to V4+.24,25 The large peak at ∼510 and
the broad peak at ∼950 cm−1 are related to the silicon substrate.
Figure 5(b) shows that the intensity of peaks at 617 cm−1 of the
MP mode increases with the number of pulses M, which is due to
the increase in film thickness, which is 25.1 nm for M3 and
39.3 nm for M15. Also shown is the peak of 1 s pulse time of the
SP mode, which is compared with M8 since both have similar
thicknesses, ∼30 nm. The peak intensity is slightly higher in the
MP mode than in the SP mode.

The resistivity values, ρ, of the ∼30 nm thick VO2 films after
annealing are shown in Fig. 6(a) as a function of temperature. The
decrease in resistivity with increasing temperature clearly indicates

FIG. 4. GPC of VO2 thin films across a 4-in. wafer for (a) single pulse mode
and (b) multiple pulse mode. For each sample, the pulse time (in SP) and the
number of repeated pulses, M (in MP), together with the film thickness unifor-
mity are shown.

FIG. 5. (a) Overlay of the Raman shift spectra for the annealed VO2 films,
which were deposited with different number of pulses in both SP and MP
modes and (b) the peak intensity for the Raman shift at 617 cm−1 as a function
of the number of pulses in MP mode and 1 s pulse time of SP mode.
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a phase change from semiconducting to conducting (MIT). For the
SP mode, the phase transition takes place at ∼73.6 °C during a
heating cycle and at ∼63.7 °C during a cooling cycle, as shown by
the d(log ρ)/dT versus temperature in Fig. 6(b). For the MP mode,
the phase transition takes place at ∼70.1 °C during a heating cycle
and at ∼60.3 °C during a cooling cycle. The resistivity modulation
is slightly higher in the MP mode than in the SP mode (∼300 vs
∼100). The modulation is in the same order of ALD VO2 films
reported by Rampelberg et al.13 Compared to the SP mode, the
films produced by the MP mode show a more abrupt transition,
and the transition temperature (70.7 °C) is also closer to that of the
bulk material (68 °C).2 The better electrical performance of films
by the MP mode also agrees with the higher intensity of the
Raman shift spectra [Fig. 5(b)], since the higher peak intensity is
an indicator of the film crystallinity. Therefore, the films deposited
using MP modes are slightly superior to the films deposited by the
SP modes.

IV. DISCUSSION

We compare the GPC values between MP and SP modes. In
Fig. 3(a), for the same pulse time of 0.2 s, the GPC of MP mode is
1.5 times higher than that of the SP mode (0.6 vs 0.4 Å/cycle). In
order to explain this, the precursor dose is calculated by integrating
the area under the curve of the pressure which is shown in
Fig. 1(b). Figure 7 compares the precursor exposure dose as a func-
tion of pulse time for both SP and MP modes. The precursor dose
is linearly proportional to the pulse time in both cases; however,
the gradient of the MP mode is about twice that of the SP mode
(0.48 vs 0.26 Torr). This indicates that using the MP mode is more
effective in increasing the exposure of precursor dose on the
growth surface than using the SP mode. This is a key factor for a
low volatility precursor. A larger amount of precursor exposure in
the MP mode resulted in a higher GPC, as shown in Fig. 3(a).
Moreover, when comparing the dose volume, for a pulse time of

0.2 s, the precursor dose is 0.07 Torr s for the MP mode and
0.16 Torr s for the SP mode. Therefore, MP mode utilizes ∼44%
less the precursor dose, but achieves 50% higher the GPC of VO2.

Cleveland et al.26 have previously shown a higher growth of
TiO2 by employing multiple pulses of titanium tetraisopropoxide
precursor, and the higher growth rate is attributed to the large
doses in multiple pulses compared to a single pulse. The advantage
of the MP mode is not limited to the higher film growth rate. Aria
et al.27 have also shown that multiple pulsing of TMA is very effec-
tive for the very thin film of Al2O3 on graphene. They have shown
higher nucleation on the surface when MP is used, which is due to
the improvement of adhesion of chemicals on the graphene.

FIG. 6. (a) Resistivity, ρ, as a function of temperature
and (b) its derivative [d(log ρ)/dT] for the annealed VO2 of
thickness ∼30 nm indicating the transition temperatures
during heating cycle (Th) and cooling cycle (Tc) for depo-
sitions in SP and MP modes.

FIG. 7. TEMAV dose as a function of pulse time for (a) MP and (b) SP modes.
The linear fittings of the data are shown as dashed/dashed-dotted lines.
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Vanadium oxide has been deposited on nanomaterial like carbon
nanotubes for supercapacitor electrodes;28 therefore, it can be
expected that the multiple pulsing of TEMAV would be particularly
suitable for coating nanomaterials.

One notable difference between the MP mode used in this
work and that mentioned in the above references26,27 is that the
MP mode in those works are a multiple of single pulses, thus
increasing the chemical consumption proportionally. In our case,
since the pulse time in the MP mode is a tenth of the SP mode
(0.02 s for MP and 0.2 s for SP), resulting in a much smaller con-
sumption of TEMAV in the MP mode (up to M8). It can be said
that the MP mode is effectively an under-dosing of the TEMAV.

Previously, Salami et al.22 have shown that under-dosing of
TMA surprisingly increases the GPC of Al2O3 to 2.84 Å/cycle from
the typical 1.1 Å/cycle. The high growth rate was attributed to the
stronger adsorption of water molecules.22 Similar results observed

in the present work indicates that under-dosing works for precur-
sors with both small size of alkyl ligands (in TMA) and large size
of alkylamide ligand (in TEMAV). Since reduced growth rate has
been observed for large precursor molecules due to steric hin-
drances,29 it seems there is no advantage in using large precursor
dose as was used in the SP mode. This makes the under-dosing of
TEMAV by the MP method for the VO2 growth very attractive
since it does not waste expensive chemical while still achieving
higher GPC than the conventional SP mode.

The trade-off of using the MP mode will be the longer
processing time for the TEMAV half cycle. For example, for the
saturated growth of VO2, the TEMAV half cycle takes 33 s in the SP
mode (pulse 3 s/purge 30 s), and to achieve the same growth rate by
the MP mode, it takes ∼46 s ((pulse 0.02 s then delay 2 s) × repeat
8 times/purge 30 s). Therefore, due to the delay between successive
pulses, the MP mode has long exposure time (residence time) as

FIG. 8. (a) GPC as a function of delay time between TEMAV pulses for M8. (b) Comparing the calculated TEMAV dose between the delay times of 0.5 and 2 s for M3 to
M15 (MP modes), and (c) the corresponding peak and FWHM of the TEMAV dose shown in (b).
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shown in Fig. 3(a) (top axis). In an effort to decrease the processing
time in the MP mode, the GPC is plotted as a function of delay time
between multiple pulses of TEMAV as shown in Fig. 8(a), which
shows that the delay time could not be reduced much (minimum
1.5 s) in order to still maintain the growth rate.

To further investigate the delay time, the precursor dose was cal-
culated for a series of multiple pulses (M3–M15) for the delay times
of 2 and 0.5 s. The pressure profiles are shown in the supplementary
material (Fig. S1).32 As expected, as shown in Fig. 8(b), the doses for
the MP mode with 2 s delay are higher than those with 0.5 s delay,
agreeing with the GPC. Since the dose is estimated by integrating the
area under the pressure curve (Fig. 1), it consists of two components:
the peak and the full width at half maximum (FWHM). As shown in
Fig. 8(c), the peak of pulses is very similar, but the FWHM increases
with the number of pulses. It should be noted that the peak remains
the same because the pulse time used in the MP mode is kept cons-
tant at 0.02 s, while the pulse width increases according to how often
it is repeated. On the contrary, in the conventional SP mode, if the
pulse time is increased, the peak increases and the FWHM decreases
accordingly.30 Therefore, the high growth rate by the MP mode can
be attributed to the higher dose, which in turn can be attributed to
the longer residence time (or) exposure time.

Since the MP mode would be particularly attractive for
coating the VO2 on nanomaterials, and since the required film
thicknesses are getting smaller and smaller,31 it is expected that the
advantages of the MP mode would outweigh the long processing
time that is required in the deposition of VO2.

V. CONCLUSIONS

In summary, multiple pulsing of TEMAV for short pulse time
has been investigated, resulting in a condition of underdosing of
the precursor, thus reducing the consumption of an expensive
chemical. The main advantage of the MP mode is the higher
growth rate compared to the SP mode, which can be explained by
the higher precursor dose and longer residence time of the precur-
sor on the growth surface. The thickness uniformity and quality of
the films deposited by the MP mode are comparable to that pro-
duced by the conventional ALD SP mode.
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