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Abstract In this paper we directly measure the refractive index and extinction coefficient of
vanadium dioxide (VO2) in W-band (75-110 GHz) near the insulator-to-metal phase transition.
A frequency-domain interferometry setup is used to obtain the transmission amplitude and
phase shift of a transmitted wave though a 200 nm-thick VO2 film deposited on a silicon
substrate. Using the transmission matrix technique, the measured data in the 58-100 °C
temperature range are used to obtain the refractive index and extinction coefficient of VO2

as a function of temperature and frequency. The experimental results show a significant
increase in the refractive index and extinction coefficient of VO2 beyond the transition
temperature of ~68 °C.
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There has been a growing interest in exploiting unique properties of vanadium dioxide (VO2)
for developing reconfigurable and switchable optoelectronic devices [1–17]. VO2 is a corre-
lated electron material that behaves like a semiconductor at room temperature, but experiences
a sharp insulator-to-metal phase transition as the temperature increases above 68 °C [18]. The
insulator-to-metal transition in VO2 can be achieved through thermal, electrical, optical, and
mechanical stimuli and is a reversible process with hysteresis associated with electrical and
optical properties of VO2 [17–20]. Although the unique properties of VO2 have been subject
of many studies in microwave, terahertz and infrared frequency regions [21–23], the physics
behind its extraordinary insulator-to-metal phase transition still remains a subject of debate.
Recently Qazilbash et al. used near-field infrared microscopy and were able to observe
generation and growth of nanoscale metallic puddles near and above the insulator-to-metal
transition temperature of 68 °C [24]. In other words, near the vicinity of the transition
temperature both metallic and semiconductor domains coexist yielding an inhomogeneous

J Infrared Milli Terahz Waves (2014) 35:486–492
DOI 10.1007/s10762-014-0065-0

M. R. M. Hashemi : C. W. Berry :M. Jarrahi (*)
Electrical Engineering and Computer Science Department, University of Michigan, Ann Arbor, 1301 Beal
Ave, Ann Arbor, MI 48109, USA
e-mail: mjarrahi@umich.edu

E. Merced : N. Sepúlveda
Electrical Engineering and Computer Science Department, Michigan State University, E. Lansing, 428 S.
Shaw Lane, East Lansing, MI 48824, USA



medium. Due to this inhomogeneity, the characteristics of VO2 in the metallic mode are
somewhat different than those of conventional metals [24] and can have strong dependence on
VO2 thickness [21]. It has been shown by Fiscer et al. [22] that Maxwell-Garnett effective-
medium theory (EMT) [25] is more suitable over the Bruggmen EMT [26] to describe the
dielectric properties of VO2 near the vicinity of the transition temperature.

In spite of the extensive studies on the physical properties of VO2, there is still limited
experimental data that shows how the insulator-to-metal phase transition in VO2 affects its
dielectric properties during the phase transition. While the majority of the experimental data on
the refractive index and extinction coefficient of VO2 are measured at infrared frequencies
[27–30], there has been no report of direct measurement of the refractive index and extinction
coefficient of VO2 during the phase transition at millimeter-wave and terahertz frequencies.
This is mainly due to the practical limitations of growing crystalline VO2 films with thick-
nesses exceeding 1 μm, limiting the accuracy of most of the thin film characterization
techniques at wavelengths much larger than the VO2 film thickness.

In this work, we experimentally characterize the complex index of refraction of a 200 nm-
thick VO2 film deposited on a silicon substrate in W-band (75-110 GHz) and over the
insulator-to-metal transition temperature range of 58-100 °C. For this purpose a frequency-
domain interferometry setup based on a frequency-tunable source is used to obtain the
transmission amplitude (A) and phase shift (Δϕ) of the transmitted wave though the VO2

sample. We then use the measured data to extract the refractive index and the extinction
coefficient of the VO2 film by using the transmission matrix technique for the plane-wave
propagation through multilayer medium [22, 31].

The 200 nm VO2 thin film was deposited on a 500 μm single crystal silicon (Si) substrate
by a pulsed laser deposition system, using a KrF excimer laser (LambdaPhysik LPX 200, λ =
248 nm) at 10 Hz repetition rate and 365 mJ pulse energy incident on a rotating vanadium
target for 30 min. The distance between the vanadium target and the Si substrate was 2.5
inches. The background pressure was 5x10-6 Torr. The deposition environment was a mixture
of argon (10 sccm) and oxygen (15 sccm), and an exhaust throttle valve was electronically
controlled to keep the pressure in the chamber at 20 mTorr during deposition. The temperature
of the substrate was approximately 550 °C. Based on previous depositions with similar
conditions, VO2 thin films are oriented with their (011) and (110) planes parallel to the
substrate at room temperature (monoclinic phase) and above 68 °C (tetragonal phase),
respectively [32].

Figure 1 shows the frequency-domain interferometry setup used for characterizing the VO2

sample. It consists of a frequency-tunable millimeter-wave source (Millitech AMC-10RFHB0
×6 multiplier) with frequency tunability of 75-110 GHz, frequency stability of 20 MHz, and
output power of 10 dBm connected to a WR-10 horn antenna. The output of the source is
collimated by a biconvex polyethylene lens (focal length = 100 mm, diameter = 2 inches) and
then split equally into two paths by using a Mylar film (RadiaBeam, 30/30 with 40%
absorption in the 75-110 GHz frequency range). The signal in the device path is focused onto
the VO2 sample using a plano-convex Teflon lens (focal length = 120 mm, diameter = 2
inches). The VO2 sample is mounted on a temperature control stage, and an external
temperature probe is attached next to the device active area with a temperature measurement
accuracy of 0.1 °C. The transmitted signal through the VO2 sample is collimated using another
plano-convex Teflon lens (focal length = 120 mm, diameter = 2 inches). The signal in the other
path of the interferometer is directed through a pair of 2 inch diameter Au mirrors mounted on
a variable optical delay stage. A second beam splitter (RadiaBeam, 30/30 with 40% absorption
in the 75-110 GHz frequency range) is then used to recombine the signal in both paths. Finally,
the combined signal is focused onto a pyroelectric detector with a noise equivalent power of 1
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nW/Hz1/2 (Spectrum Detector, Inc. SPI-A-65 THz) using a biconvex polyethylene lens (focal
length = 100 mm, diameter = 2 inches), and the data is collected and recorded using a lock-in
amplifier with the reference frequency of the source modulation frequency of 100 Hz.

The transmission (A) and phase shift (Δϕ) of the transmitted signal through the VO2 sample is
obtained from the interferometer output while increasing the temperature from 58 °C to 100 °C, as
shown in Fig. 2. The measured transmission shows 15% - 20% drop in the level of the transmitted
signal when increasing the temperature beyond the transition temperature of 68 °C (Fig. 2a). The
observed transmission reduction is due to generation and growth of metallic domains inside the
VO2 film, which increase the conductivity of the VO2 film and lead to larger signal absorption and
reflection. Although the thickness of the VO2 layer is much smaller than the signal wavelength, a
clear increase in the phase of the transmitted signal through the VO2 sample is observed when
increasing the temperature beyond the transition temperature (Fig. 2b). This indicates the impact
of the metallic domains generated inside the VO2 film, which increase the effective refractive
index of the film at temperatures beyond the transition temperature.

The temperature-dependent refractive index and extinction coefficient of the 200 nm VO2

film is extracted by using the transmission matrix technique for the plane-wave propagation
through multilayer medium [22]. For this purpose, the propagation matrices of the VO2 sample
at room temperature, Mreference, and at higher temperatures, Msample, are obtained. This is
accomplished by obtaining the propagation matrix of each layer of the sample using Eq. 1 and

Fig. 1 Schematic of the frequency-domain interferometry setup used for characterizing the VO2 sample

Fig. 2 Measured frequency response of the VO2 sample when increasing the temperature from 58 °C to 100 °C
in reference to the sample frequency response at the room temperature, a)measured normalized transmission (A),
and b) measured phase-shift (Δϕ). The oscillatory behavior observed in the data is associated with multiple
reflections inside the Si substrate.
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performing matrix multiplication as given in Eq. 2 and Eq. 3 for the reference and sample,
respectively

M i ¼ M11;i M 12;i

M21;i M 22;i

� �
¼

cos bλidi
� �

−
j

bni sin bλidi
� �

− jbni sin bλidi
� �

cos bλidi
� �

2
64

3
75 ð1Þ

where subscript i represents the i th layer in the sample, i = 1 for the VO2 layer and i = 2 for the
Si substrate, bni ¼ ni þ jki is the complex index of reflection with ni and ki being the refractive
index and extinction coefficient of the ith layer, respectively. Furthermore, bγi is the complex
wave number in the ith layer which can be found by bγi ¼ bniω=c , where ω is the angular
frequency and c is the speed of light.

M reference ¼ M VO2 T¼300Kð Þ⋅M Si ð2Þ

M sample ¼ M VO2 T>300Kð Þ⋅M Si ð3Þ
The transmission coefficient, t, can be calculated from the obtained propagation matrices

and used in combination with the measured normalized transmission and phase shift data to
extract the refractive index and extinction coefficient of the VO2 layer, as shown in Eq. 5

t ¼ 2X2

p¼1

X2

q¼1
Mpq

ð4Þ
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The extracted refractive index and extinction coefficient of the 200 nm VO2 film as a
function of temperature are shown in Fig. 3 for five different frequencies in 75-110 GHz
frequency range. Characteristics of VO2, measured relative to bare Si at room temperature, are
used as the reference in our analysis and parameter extraction. An overall uncertainty of +0.35
and +0.5 are estimated from the extracted refractive index and extinction coefficient, respec-
tively, which is mainly attributed to the temperature stability of the experimental setup. The
extracted refractive index (Fig. 3a) and extinction coefficient (Fig. 3b) both indicate an
insulator-to-metal transition near 68 °C for all chosen frequencies in the 75-110 GHz frequency
range. This is a clear indication of creation and growth of metallic domains inside VO2, which
increase the effective refractive index of the VO2 film and the signal attenuation inside the VO2

film at temperatures higher than 68 °C. Furthermore, more abrupt variation in the refractive
index of the VO2 sample is achieved at higher frequencies by heating the sample, as shown in
Fig 3a. Conversely, more gradual variation in the extinction coefficient of the VO2 sample is
achieved at higher frequencies when heating the sample beyond 68 °C, as shown in Fig 3b.

To better understand the temperature dependent characteristics of VO2, the extracted
refractive index and extinction coefficient are plotted for temperatures varying from 58 °C
to 100 °C, as a function of frequency (Fig. 4). Evidently, both the refractive index (Fig. 4a) and
extinction coefficient (Fig. 4b) increase significantly beyond 68 °C as the insulator-to-metal
transition starts and metallic domains appear inside the VO2 film. Moreover, beyond 90 °C, the
refractive index and extinction coefficient experience insignificant change with further increase
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in temperature. This is due to the fact that the growing metallic domains fill almost the entire
VO2 film at temperatures exceeding 90 °C, leading to a saturation of the effective refractive
index and extinction coefficient of the VO2 film. To better visualize the insulator-to-metal
transition, the extracted complex conductivity of VO2 as a function of frequency and

Fig. 3 Extracted refractive index (a) and extinction coefficient (b) of the VO2 film as a function of temperature
for five different frequencies in the W-band, 76.8 GHz, 85.8 GHz, 93.0 GHz, 100.2 GHz, and 109.2 GHz.

Fig. 4 Extracted refractive index (a) and extinction coefficient (b) of the VO2 film as a function of frequency,
when increasing temperature from 58 °C to 100 °C.
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temperature is shown in Fig. 5. The results indicate an insulator-to-metal phase transition near
68 °C and about four orders of magnitude increase in the conductivity value of the VO2 layer.

In conclusion, we directly measure the complex refractive index of a 200 nm VO2 film
deposited on a Si substrate in the vicinity of the insulator-to-metal phase transition in the 75-
110 GHz frequency range. This is accomplished by extracting the refractive index and
extinction coefficient of the VO2 film from the complex transmission spectrum of the sample
measured in a frequency-domain interferometry setup, when increasing the sample tempera-
ture from 58 °C to 100 °C. The extraction is performed according to the transmission matrix
technique for the plane-wave propagation through multilayer medium using the measured
normalized transmission and phase-shift spectrum. It is verified that insulator-to-metal phase
transition starts at temperatures near 68 °C and the refractive index and extinction coefficient
values increase significantly with temperature. The increase in the refractive index and
extinction coefficient of the VO2 film is associated with the creation and growth of the metallic
domains in VO2 with increase in temperature, while coexisting with the insulating domain.
Hence the VO2 sample becomes more metallic and inhomogeneous in its domain, resulting in
an increase in the conductivity and thus the attenuation constant of VO2 at temperatures
exceeding the transition temperature. Moreover, a saturation point in the refractive index and
extinction coefficient of the VO2 film is observed at temperatures beyond 90 °C. This is
associated with the metallic domains filling most of the VO2 region as the VO2 sample fully
converges to the metallic stage. Finally, it should be noted that the presented refractive index
and extinction coefficient of VO2 is measured during the insulator-to-metal transition, while
increasing the temperature from 58 °C to 100 °C. Similar metal-to-insulator transmission is
exhibited when decreasing the temperature from 100 °C to 58 °C, with slightly higher
refractive index and extinction coefficient values around the metal-to-insulator transition
temperatures due to the thermal hysteresis behavior of VO2 [4, 22].
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