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ABSTRACT

Monoclinic vanadium oxide (VO.) thin films with low roughness values were deposited and
optimised by atmospheric pressure chemical vapour deposition using vanadium tetrachloride
(VCly) and water (H20). Smooth VO, films with good transmittance properties were
successfully produced on fluorine doped tin oxide/borosilicate substrates. Systematic
investigations confirmed that the quality (including phase) of films being produced strongly
depended on substrate, deposition time, temperature, and precursor ratio within the process.
Optical characterisation using ellipsometry revealed a strong thermochromic response of the
films with a large change in the dielectric function, while time-resolved pump-probe
transmission showed the picosecond nature of the phase transition.
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1. Introduction

Investigations into the deposition and characterisation of phase-pure monoclinic
vanadium dioxide (VO2) thin films have been of considerable interest predominantly
due to their reversible metal-insulator transitions. After heating the material to 68 °C,
it converts from monoclinic to more stable rutile phase with a significant optical and
conductivity changes. This inherent property of monoclinic phase has made it choice
of material for many applications including transistors [1,2], gas sensing [3], smart
windows [4], and optical limiting [5].

A variety of physical and chemical methods such as molecular beam epitaxy [6],
pulsed-laser deposition [7], sputtering [8], sol-gel [9], atomic layer deposition [10], ion
beam [11], and chemical vapour deposition (CVD) [12] have been studied for growing
VO thin films with thermochromic properties. Among CVD processes, atmospheric
pressure (AP) CVD technology is highly attractive for growing large area
stoichiometric VO thin films with uniform thicknesses and high deposition rates.
Moreover, the process is cost competitive and can be integrated into float-glass
manufacturing lines. Several research groups including ours have identified growth
conditions for depositing only VO thin films in APCVD process [13-18]. The studies
have shown that any variation in growth parameters can profoundly alter both the
microstructure and optical properties of deposited thin films.

In this paper, we discuss optimisation of VO; thin films by APCVD and resulting
properties. For these to be successful, the coating needs to have a number of essential
properties. First of all, the coatings should be smooth. The scale of the devices to be
deposited on top of the VO» coating are of the scale of 20 nm, therefore the surface should
preferably have an Root mean square (Rms) roughness of under 10 nm. Secondly, the

thermochromic response needs to be large and at a lower temperature than that of bulk value.



This is measured in the IR region of the electromagnetic spectrum. Thirdly, the material
should exhibit a fast response on the picosecond response scale.

2 Experimental Section

The vanadium(IV) chloride (VCls), monobutyltin trichloride (MBTC), and
trifluoroacetic acid (TFAA) (Sigma Aldrich Ltd) were used as received. Prior to
conducting deposition experiments, 1.1 mm borosilicate glass substrates were cleaned
with detergent, water, propan-2-ol, and then dried in air. The growth experiments for
vanadium oxides were carried out by APCVD, as reported previously [14]. The VCl4
(as a vanadium source) and H>O (as oxygen source) were chosen due to their ability to
yield favourable growth rates and eliminate any inherent carbon sources. Moreover, it
was important to purge the system with dry N> several times to remove any residual
air.

2.1. Thin Film Deposition

For VOx deposition, the precursor ratio, the deposition time, and the substrate
temperature were varied as summarised in Table 1. To prevent film oxidation, the
reactor was allowed to cool down to 100 °C under Nz before the films were removed.
The precursors were transported through the reactor in a stream of N> carrier gas.

The fluorine doped tin oxide (FTO) films were deposited using MBTC and TFAA
within a designed APCVD coater as described in an earlier publication from our group
[19]. The experimental conditions employed have been listed in Table 2. The thickness
of the FTO film was set by the number of times the substrate passed under the CVD
coating head.

2.2. Characterisation
X-ray diffraction (XRD) patterns were measured on a Siemens D5000 using a Cu Ka

source. The surface roughness and morphologies were analysed by atomic force



microscopy (NanoScope Illa, Digital Inst. Ltd.). Cross-section scanning electron
microscope image was recorded using a Quanta 250 ESEM. The transmission
properties of the films were measured on a nkd8000 spectrophotometer (Aquila
Instruments Ltd) with an incorporated heating stage. This allows the transmission
properties to be measured at set temperatures without the need to move the sample
between measurements. Samples were heated in air from room temperature to 75 °C in
5 °C intervals, in order to observe and assess the thermochromic transition. A
wavelength range from 800 to 1700 nm was used with s-polarised incident light at an
angle of 30°. The film thickness was determined using a Dektak 3ST surface profiler
(Veeco) by measuring at least five different points on the step etched film. Before such
measurements, films were step etched in 3M aqueous sodium hydroxide (aq. NaOH)
solution for approximately 3 hours. Spectroscopic ellipsometry data were collected
using a Jobin-Yvon Uvisel-2 variable-angle ellipsometer. Dielectric functions were
fitted from the ellipsometry parameters using a Drude-Lorentz model including 4
oscillators. Linear and ultrafast transmission measurements were taken using a
picosecond pump-probe spectroscopy setup employing a supercontinuum light source
as was used in earlier studies [20]. A pulse picker was used to reduce the repetition
rate of the ultrafast pump-probe experiment to 500 kHz to prevent stationary sample

heating.

3. Results and Discussions

In search for smooth VO: thin films with a large thermochromic response, various
deposition parameters were systematically investigated by APCVD. The optimum
deposition conditions were further used to produce VO: films for optoelectronic

measurements.



3.1. Investigation of APCVD parameters

Initial deposition experiments (see table 1 for details) were conducted directly on the
borosilicate glass. Atomic force microscopy (AFM) analysis showed the formation of
irregular crystallites with large Rms roughness values for all samples. For example, a typical
surface image of a film deposited at 375 °C with a Rms value of 65 nm is given in Figure 1.
The XRD patterns of deposited films showed a peak at ~ 25° corresponding to (100) peak of
orthorhombic V,0s5 phase (ICDD: 09-0387). As expected, the films showed no
thermochromic response.

For the films to be truly functional in optoelectronic devices, it is highly desirable to
have smoother films i.e. low Rms values and large thermochromics response in IR region. To
achieve this it was necessary to deposit VOz rather than V20s. As an alternative, 30 nm thick
FTO films were deposited on borosilicate glass by APCVD and investigated as template
layers for growing smooth VO: thin films (see table 2). The deposited films composed of
almost spherical particles with a roughness of 2.3 nm as evident in figure S1.

The VO films were deposited on FTO/borosilicate glass between 350-450 °C, with a
fixed precursor [VCl4]:[ H20] ratio of 0.65. The deposited films were dark yellow and well
adherent to the substrates. The grazing XRD measurements showed diffraction peaks
corresponding to polycrystalline monoclinic VO, (ICDD: 44-0253) regardless of growth
temperatures. For example, a film deposited at 375 °C (Figure 2) showed a peak at 27.86°
which could be unambiguously assigned to (011) peak of monoclinic VO,. The AFM
measurements indicated that the deposition temperatures had a profound effect on the
roughness of films as their values could be ranged between 8-148 nm (Figure 3).
Interestingly, the films deposited at 375 and 400 °C had roughness values < 10 nm. Whereas,
an increase in growth temperature leads to much rougher films that are unacceptable for

optoelectronic applications.



When heated, films showed a strong thermochromic response in the IR region below
and above transition temperatures at a wavelength of 1500 nm. From Figure 4, it is clearly
evident that the transmission values are highly influenced by the deposition temperatures. At
low growth temperature i.e. 350 °C, the film exhibited a relatively high transmission when
measured at room temperature. However, the sample displayed no thermochromic shift. On
the contrary, the VO2/FTO films deposited at higher growth temperatures (> 400 °C) did
show a marked decrease in IR transmittance. The relative percentage difference in
transmission value (A1) was found to be 82.6 % for the sample coated at 375 °C.

We speculate that the lack of thermochromic response and relatively high surface
roughness for the film deposited at 350 °C may be due to either V>Os or amorphous
inclusions. The XRD confirmed the very low level of crystallinity with possibly a mixed
oxide. All other samples were shown to be VO,. A sudden jump in the roughness value for
the sample deposited at 450 °C could possibly be a result of substantial increase in precursor
decomposition rate. This in turn leading to increased film thickness and hence roughness.

Further experiments were carried out to determine the effect of growth times on the
film properties using optimised conditions identified in above experiments. The
FTO/borosilicate substrates were set at 375 °C while carrying out the deposition runs for 60,
90 and 120 sec. The films were adherent and had good coverage on the substrates. The XRD
analysis showed diffraction peaks belonging to both crystalline VO, and underlying FTO
films (in the case of 60 sec) as shown in Figure 2. As expected, these films became thicker
with increased growth times and their thicknesses determined by surface profilometer were
36 (£ 3), 52 (£ 3) and 88 (£ 4) nm for 60, 90 and 120 sec, respectively (Figure 5). The
obtained value for 60 sec film corresponds well with the thickness estimated by cross section
scanning electron microscope image, 45 (= 6) nm (Figure S2). Observed increased film

thicknesses as a functional of deposition times is aligned with previous reported observation



for VO; thin films [21]. In comparison, the film deposited under identical growth conditions

(375 °C, 90 sec) on borosilicate glass, albeit V2Os, was substantially thicker (320 = 19 nm)
and rougher (65 nm). Based on this evidence, it can be safely concluded that the type of
substrate influences the phase and quality of VOx being deposited under similar APCVD
conditions.

It is found that prolonged growth experiments led to slightly rougher films, with Rms
values only ranging from 6.2 to 10.5 nm as the film thickness increased (Table 3). This in
turn implies that increasing film thickness (36 — 88 nm) does not have a profound effect on
the roughness properties of the samples. However, resulting samples did show marked
thermochromic behaviour and their values significantly reduced in IR region (Figure S3). The
At values determined were 52.9, 82.6 and 95.9 % for 60, 90 and 120 sec, respectively (Table

3).__This relationship of At and sample thickness is due to the fact that that transmission

depends on both the refractive index and film thickness, in accordance to optical interference

theory. This effect for VO2 thin films was previously reported by Xu et al [present ref24].

It is obvious from the above experiments that under optimised CVD conditions,
highly smooth polycrystalline VO films could be deposited on underlying FTO layers. The
change in vanadium oxidation state and crystallographic orientation is related to the change
in the surface the VOx was deposited on. This suggests that the presence of a thin
polycrystalline FTO layer directs the orientation of the VOx towards VO,. A similar structure
directing effect has been seen, by us, with APCVD deposition of vanadium oxide over
anatase producing mainly a compact granular morphology of mainly V>Os rather than the
rod-like VO structure usually formed on glass under those particular deposition conditions
[13]. A similar growth observation has been seen for the solution-processed VO2 on FTO [22]
and evaporation of metallic vanadium in oxygen atmosphere [23]. Both FTO and VO, have

similar rutile type structures, unlike that of orthorhombic V,0s, which Zhang et al [22]



attributed to the increased crystallinity and lower deposition temperature of their solution
based VO2 on FTO. According to best of our knowledge, this is the first time that a CVD
process has been successfully used for depositing VO2/FTO/borosilicate coatings with sub 10
nm Rms values.

The [VCls]:[H20] precursor ratios used during the experiments also had a significant
effect on the optical properties of films, due to the formation of VO2 or V20s. When the VCly
was in excess during the process, the film growth was very slow, producing only a very thin
film with no thermochromic shift. As the [VCl4]:[ H2O] ratios increased, the film produced
began to exhibit thermochromic shifts and the results are summarised in Table 3. The data is
consistent with previous thickness dependent thermochromic properties of VO2 [24]. The
sample grown for 120 sec having a [VCl4]:[ H2O] ratio of 0.65 yielded the greatest At value
of ~ 96%. The XRD results showed these materials to be composed of VO, phase. Increasing
the ratio further produced thick films that had no thermochromic shifts. This together with the
high amount of oxidant would suggest an increase in the materials oxidation state. This is
confirmed by both the shift in film colour from dark green to yellow, and the XRD that the
product is V20s. Also noted was the large increase in Rms, which is in line with previous
values seen for V20s.

In light of the above results, an optimum VO, film on FTO/glass was obtained at 375
°C, [VCls]:[H20] ratio of 0.65, and deposition time of 60 sec. The precursor ratio and time
needed balancing against the increase in roughness at the higher ratio and in particularly for
the higher deposition times. The optimised samples were then used for further optoelectronic
investigations.

3.2. Investigation of optoelectronic properties
The main interest of VO for optoelectronics applications lies in the thermochromic

response provided by the electronic phase transition. In order to establish the quality of this



thermochromic effect for the fabricated samples, spectroscopic ellipsometry was performed
over a spectral range covering the visible and near-infrared window. Figure 6a and b shows
resulting values for the ellipsometry parameters ¥ and A, for temperature increases from
30 °C to 75 °C and at a constant angle of incidence of 55°. It is observed that the optical
response remains unchanged up to 65 °C, above which it shows a pronounced modification.
Figure 6¢ and d shows the dielectric function € extracted from variable angle ellipsometry at
30 °C and 75 °C, for the thin VO> layer. A large change in both the real and imaginary parts
is observed, associated with the phase transition. While the sample shows a strong decrease in
the real permittivity, we do not observe a transition to negative values as found in earlier
studies [25]. However, the results are in qualitative agreement with values reported at 75 °C
by Kanaa et al [26]. Differences in permittivity can be caused by different sample
morphologies, ranging from single crystals to polycrystalline thin films, presence of defects,
and orientation of the crystallographic axis. In this study it is likely that the increased
smoothness of this material is associated with small domain sizes in the range of several nm,
which affects the electronic response. Additionally, theoretical studies showed a strong
anisotropy of the metallic response, with only one crystallographic direction presenting the
metallic response.

The strong thermochromics response of the films is confirmed by optical transmission
spectra shown in Figure S3 (a), showing a large drop in transmission in the metallic state
primarily in the near-infrared, with little change in the visible range. The samples show
temperature hysteresis behaviour with a width of around 20 °C. (Figure 7a) Next to direct
control of the temperature using a heater stage, the phase transition could also be controlled
locally using optical pulses focused onto the sample. Figure 7b shows the time dynamics of
the differential optical transmission AT/T following excitation by a high-intensity (5 nlJ)

pump laser at 1060 nm wavelength. The pump light was focused on a small area of around 1



um in diameter, resulting in a local affluence of around 50 mJ/cm?. The duration of the pump
pulse was 11 ps while the repetition rate was 500 kHz, providing sufficient time between
pulses to enable full recovery of the VO, by thermal relaxation. The sample temperature was
kept at 50 °C, just below the hysteresis loop. Optical pumping results in a very fast excitation
of the sample and a concomitant phase change, which reaches approximately 25 % of the full
modulation achieved using the heater stage. Comparing the reduced switching amplitude with
the temperature curve of Figure 7a indicates that the effect is associated with a local
temperature change of several degrees.

Periodic optical pumping requires the sample to relax in-between subsequent
excitation cycles. For background temperatures below the hysteresis loop, this can be
achieved. However at higher temperatures, it is expected that the sample remains in the
switched state. Figure 8 shows the effect by plotting the optical transmission while the pump
power is cycled from several percent up to 100 % of the maximum laser power of 10 nJ and
back. Meanwhile the background temperature was set to 50 °C, 60 °C and 70 °C. At the
temperature of 50 °C, i.e. below the hysteresis loop, the optical pumping cycle is nearly fully
reversible and the transmission recovers back close to its initial value. At a temperature of
60 °C, the optical pumping induces a slightly larger effect, but the sample does not recover
back to its original state. This effect can be explained from Figure 7a by realizing that the
optical pumping induces a local temperature rise of several degrees and thus switching of
local domains. However, upon cooling the hysteresis of the phase transition results in a
latching of the optical switched state. At the highest background temperature of 70 °C, the
sample is almost completely switched even without optical pumping, and almost no

additional effect of pumping is observed.

4. Conclusions
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It has been successfully demonstrated that thin under-layers of APCVD F-doped tin oxide
can be used to direct the formation of very smooth VO; films. These films are polycrystalline
and by chose of the optimum precursor ratio films with excellent thermochromic shifts could
be obtained. The quality of deposited films is further demonstrated by the picosecond
response of the phase transition and a large change in the dielectric function.
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Parameter

Value

Substrate Temperature
VCls molar flux

H>0 molar flux
VCls:H20 Ratio
Deposition time

Flow rate for H,O
Flow rate for VCls

Total Flow

350-450 °C

5.5x107 mol/min
2.18%x1073-5.45%10" mol/min
0.43:1-1.08:1

60-120 sec

0.3 1/min

0.4 1/min

12 1/min
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Table 1
Growth
parameters
utilized for
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Table 2 Growth parameters utilised for FTO thin films.

Parameter Value

Substrate Temperature 600 °C

MBTC molar flux 5.72x10* mol/min
TFAA solution concentration 0.2M
Water:MBTC Ratio 5:1

Oxygen Flow Rate 1.6 /min

Number of passes 2

Total Flow 6 I/min
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Table 3 Properties of VO thin films at different growth times and oxidations. All

samples deposited at 375 °C. Unable to get reliable data for 0.43 ratio.

Transmission (%)
Growth [VCL]:[HO] | 20°C 70°C At | Roughness  Thickness

time (sec) ratio (nm) (nm)
60 0.65 62.35 29.35 52.92 6.2 35.78 £2.97
90 0.65 3732 649 8261 9.9 52.32 +£2.98
120 0.65 40.72 1.65 9594 10.5 87.68 + 3.63
60 0.43 88.24 88.06 0.21
60 0.86 4414 17.82 59.62 52 104.2+7.9
60 1.08 68.45 6547 4.36 37.3 82.46 + 12

16



List of figure captions

Fig. 1. A typical XRD pattern of V205 film deposited on borosilicate glass at 375 °C. Inset
shows corresponding AFM image with a Rms value of 65 nm.

Fig. 2. A typical XRD pattern of VO film deposited on FTO/borosilicate glass at 375 °C for
60 sec. Inset shows corresponding AFM image with a Rms value of 6.2 nm. Peaks marked
with asterisk are due the presence of underlying FTO film.

Fig. 3. Roughness values as a function of deposition temperatures while keeping the
precursor ratio fixed at 0.65 and deposition time of 60 sec.

Fig. 4. Transmission values as a function of different deposition temperatures, while keeping
the precursor ratio fixed at 0.65 and deposition time of 60 sec.

Fig. 5. Film thicknesses at different growth times. Deposited at 375 °C at a prescursor ratio of
0.65.

Fig. 6. (a) Ellipsometry parameters ¥ and (b) A at different sample temperatures between
30°C and 75 °C, for an angle of incidence of 55°. (c) Real and (d) imaginary parts of the
dielectric function ¢ at temperatures of 30 °C and 75 °C, obtained using variable-angle
spectroscopic ellipsometry.

Fig. 7. (a) Temperature dependence of transmission through optimised VO layer with Rms
of 6.2 nm showing hysteresis of the phase transition. (b) Time resolved spectroscopy of VO2
transmission change AT/T at 1500 nm wavelength, showing fast, picosecond nature of the
phase transition.

Fig. 8. Optical pumping hysteresis curves against normalized pump power (1.0 corresponds

to 10 nJ pulse energy).
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