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ABSTRACT
We demonstrate low temperature deposition conditions for vanadium dioxide (VO2) phase change material by pulsed laser deposition, which
are compatible with III–V semiconductors heterostructures typically used in optoelectronic applications. The characterizations of the VO2
coated thin films grown on GaAs show a 50% change in optical reflectivity in the mid-infrared range and a variation of electric conductivity
of two orders of magnitude between the insulating (low temperature) and the metallic (high temperature) states. The transition temperature
is estimated around 68 ○C (341 K). We also study the functionalization of mid-infrared quantum cascade lasers (QCLs) (operating at wave-
lengths λ ∼ 7–8 μm) with VO2 layers, in view of engineering the laser emission properties with an integrated VO2 layer. We demonstrate
QCLs that integrate a VO2 layer on the surface that interacts with the guided laser mode. A maximum operating temperature of 61 ○C (334 K)
has been measured.
© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0111159

The integration of phase change materials on III–V semicon-
ductors devices represents an original and powerful solution to
introduce new functionalities, thanks to the physical changes in
these materials during the phase transition. It enables the realization
of new monolithic, robust, compact, temperature tunable devices,
be they active or passive, in the mid-infrared (mid-IR) wavelength
range of 3–24 μm.

Vanadium dioxide (VO2) is a phase change material that
presents a metal–insulator transition (MIT) around 68 ○C
(Morin, 1959; Shao et al., 2018), evolving from a monoclinic insulat-
ing phase below the MIT temperature to a rutile hexagonal metallic
phase above (Baum et al., 2007; Eyert, 2002; Rogers, 1993). VO2 also
presents the narrowest above room temperature (RT) phase tran-
sition among all the functional oxides available (Yang et al., 2011),
thus enabling the realization of simple devices without cooling or
elevated heating temperature requirements.

VO2 presents low optical losses in the mid-IR range
(Dicken et al., 2009) in its insulating phase due to a bandgap of
0.65 eV (Qazilbash et al., 2007; Kats et al., 2013). This bandgap
reduces and closes with the temperature increase above 68 ○C to
obtain the metallic phase (Zylbersztejn and Mott, 1975). The insu-
lating to metallic behavior changes the electric conductivity and,
therefore, the permittivity, the refractive index, and the optical
reflectivity (Choi et al., 1996; Qazilbash et al., 2009; Kats et al., 2012;
2013). The generalized dielectric constant model describes the
relationship among the electric conductivity σ(ω), the dielectric
permittivity εr(ω), and the refractive index n(ω) (Ashcroft and
Mermin, 1976),

εr(ω) = n2
(ω) = ε∞ + i

σ(ω)
ε0ω

, (1)

where ω is the pulsation, ε0 is the vacuum permittivity, and ε∞ is the
permittivity for infinite pulsation.
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Pulsed laser deposition (PLD), radio frequency magnetron
sputtering, and electron beam evaporation are the three main
techniques employed for the deposition of VO2 thin films
(Marvel et al., 2015). These growth techniques usually require lat-
tice matched substrates such as c (0001) oriented sapphire sub-
strates (Choi et al., 1996; Bialas et al., 1999; Wong et al., 2013;
Garry et al., 2004) or silicon substrates (Tsai et al., 2003;
Roul et al., 2021). VO2 deposition processes are often done at
high temperature (600–700 ○C) and with a deposition pressure
of around 10–30 mTorr (Choi et al., 1996; Peng et al., 2013;
Wang et al., 2016; Kim and Kwok, 1994; Garry et al., 2004;
Lee et al., 2014; Prayakarao et al., 2016; Gupta et al., 2010).

VO2 based perfect absorbers (Kats et al., 2012), electronic
switches (Crunteanu et al., 2010; Dumas-Bouchiat et al., 2007; San-
phuang et al., 2015), and tunable metasurfaces (Kats et al., 2013)
have already been demonstrated on sapphire or bulky materials,
in which structures are not affected by high temperature depo-
sition conditions. Using those conditions for III–V semiconduc-
tors heterostructures would induce inter-diffusion in the alloys
between quantum wells and barriers, essentially damaging the phys-
ical properties. Furthermore, the lattice mismatch between VO2 in
its rutile phase (lattice parameters a = b = 4.55 Å; c = 2.85 Å)
(Eyert, 2002; Rogers, 1993; Bialas et al., 1999; Wong et al., 2013)
and typical III–V semiconductors (a = b = c = 5.87 Å for InP)
(Palik, 1998) does not fulfill the conditions for epitaxial growth of a
monocrystalline film.

In this work, we develop and experimentally demonstrate new
growth conditions for VO2 thin films on GaAs and In0.53Ga0.47As
heterostructures by using PLD. The optimization of the deposition
conditions enabled a much lower deposition temperature. The mea-
sured temperature on the heater thermocouple was 460 ○C, resulting
in a temperature of ∼430 ○C on the sample holder position. These
optimized conditions lead to polycrystalline films that overcome the
lattice mismatch problem. We demonstrate that the resulting surface
roughness of ∼20 nm root mean square (rms) does not hamper the
device operation in the mid-IR range because it is much smaller than
the optical wavelength (3–24 μm).

The VO2 films were grown by using a PLD reactor
(Peng et al., 2013; Cheung and Horwitz, 1992) with a pulsed KrF
excimer laser (λ = 248 nm) and a V2O5 ceramic target under
controlled dioxygen flux. The target–substrate distance is 5 cm,
and the deposition is homogeneous on a surface of ∼1 cm2.
The initial VO2 depositions were conducted on bulk GaAs and
on In0.53Ga0.47As/Al0.48In0.52As semiconductors heterostructures on
the InP substrate. The samples were prepared to be the most vici-
nal to reach a roughness of 0.5 nm rms. They were first cleaned in
acetone, isopropanol, then in an oxygen plasma, and de-oxidized in
a diluted hydrochloric acid solution. They were then stuck on the
PLD heating bar where the temperature was set to 460 ○C.

At this temperature, in accordance with the V–O phase dia-
gram (Kang, 2012), oxygen atomic fraction is located in a very
narrow stability domain comprised between 0.645 and 0.670 in
order to obtain the VO2 phase (Kang, 2012; Bahlawane and Leno-
ble, 2014; Wriedt, 1989). Thus, the oxygen partial pressure (PO2 )
was limited to 1 mTorr in accordance with the Ellingham diagram
(Lopez et al., 2002).

To avoid an excessive deposition speed, the laser fluence and
repetition frequency were set to 1.6 J⋅cm−2 and 5 Hz, respectively.

The sample temperature, the laser fluence, and the repetition laser
frequency are all decreased compared to what is often used in PLD
references (Choi et al., 1996; Peng et al., 2013; Wang et al., 2016;
Kim and Kwok, 1994; Garry et al., 2004; Lee et al., 2014;
Prayakarao et al., 2016; Gupta et al., 2010). We typically obtain VO2
films of HVO2 = 150 nm thickness with a total of 104 laser pulses. A
post deposition sample annealing due to a very low inertial thermal
cooling of the PLD heating bar, from 460 ○C to RT, is performed to
allow residual stress relaxation.

X-ray diffraction measurements (not shown) in the θ–2θ con-
figuration gave information about the crystalline structure of the
deposited films. The peaks obtained are large and of low amplitude,
meaning that there is no epitaxial growth and that the films are poly-
crystalline. A roughness of less than 20 nm rms has been measured
with atomic force microscopy (not shown).

Optical reflectivity characterizations of the samples have been
carried out with an optical microscope coupled to a Fourier trans-
form infrared (FTIR) spectrometer by using a mercury cadmium
telluride cooled detector and globar mid-IR source in quasi-normal
incidence. The reflectivity measurements have been performed
below and above the VO2 transition temperature by using a regu-
lated heating and cooling platform. A schematic of the measurement
principle is shown in the inset of Fig. 1(a).

Figure 1(a) shows the reflectivity measurements in the
1000–2500 cm−1 spectral range (λ = 4–10 μm) of a HVO2 = 150 nm
thick VO2 film deposited on a GaAs substrate. The reflectivity
spectra are divided by a reference spectrum obtained from a per-
fectly reflecting gold sample. The reflectivity R changes during
the transition from R = 0.3 at 30 ○C, where VO2 is insulating, to
R = 0.8 at 90 ○C, where it is metallic. The film reflectivity is quasi
flat at high temperature in the metallic state. It is also quasi flat
at low temperature as there is no phonon absorption band in
this measurement range (Barker et al., 1966; Peng et al., 2013).
This significant change in optical reflectivity is due to the first
order thermodynamic character of the VO2 MIT (Choi et al., 1996;
Berglund and Guggenheim, 1969).

Noticeable is that the system is heterogeneous during the tran-
sition because the energy transfer is not instantaneous and each
zone of the sample does not change in phase at the same time. On
both sides of the temperature transition exists a metastable zone,
which can lead to a delay in the transition and implies a hystere-
sis behavior (Choi et al., 1996). The transition can be described
as a percolation transition, nucleation, and growth of metallic
(or rather insulating) grains in an insulating (or rather metallic)
matrix occurring when temperature increases (or rather decreases)
(Choi et al., 1996; Qazilbash et al., 2009; Qazilbash et al., 2007; Qazil-
bash et al., 2011). Figure 1(b) shows the hysteresis cycle for the
reflectivity measurements for the same sample at a fixed wavelength
of 8 μm for increasing and decreasing temperatures around the MIT
temperature.

In addition, electrical characterizations were performed to
measure the electric conductivity of the deposited VO2 films on an
insulating sapphire Al2O3 substrate by using the same optimized
deposition conditions as presented above. Figure 2(a) presents
a schematic view of the realized sample. Electrical contact pads
adapted to transmission line measurements (TLM) were designed
with optical lithography, evaporated (Ti/Au), and revealed by lift-
off. Pads’ length is W1 = 100 μm and width is W2 = 75 μm. They are
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FIG. 1. (a) Measurement of the reflectivity of HVO2 = 150 nm VO2 layer deposited on GaAs substrate (PLD2971) below (30 ○C) and above (90 ○C) the phase transition tem-
perature (68 ○C). Inset: schematic of the sample for the reflectivity measurement. (b) Measurement of the reflectivity hysteresis cycle for increasing/decreasing temperatures
between 30 and 90 ○C at a fixed wavelength λ = 8 μm.

separated by a distance Lij (varying from 100 to 550 μm). The VO2
film was laterally etched to avoid lateral leakage currents.

Measurements of the electric intensity-voltage I(V) depen-
dence between two pads give access to the total resistance RT , which
is defined as

RT = ρVO2

Lij

W1HVO2

+ 2RC, (2)

where RC is the pad contact resistance and ρVO2 is the electric resis-
tivity of the VO2 film. A linear regression provides a straight line,
whose slope is equal to ρVO2/(W1HVO2). Figure 2(b) plots the mea-
sured electric conductivity σVO2 = 1/ρVO2 variation vs temperature of
a HVO2 = 150 nm thick VO2 film. The measurements are reported
for an increase and a decrease in temperature between 30 and

90 ○C. It enables visualization of the transition phase and of the hys-
teresis occurring around 68 ○C. σVO2 increases by more than two
orders of magnitude from 0.4 to 80 S⋅cm−1 between 30 and 90 ○C.
We observe a hysteresis cycle between 63 and 77 ○C as in the optical
measurements.

VO2 deposition on InGaAs/AlInAs heterostructures was finally
addressed to create a VO2 surface covered mid-IR quantum cascade
laser (QCL). With the deposition of a 150 nm thickness VO2 layer
on the top surface of a QCL, the optical properties and the vertical
confinement of the laser waveguide modes are modified according
to the MIT. Thanks to the VO2 refractive index variation, the opti-
cal confinement is dielectric below 68 ○C and is surface plasmon
like (Maier, 2007) above 68 ○C. A maximum interaction between
the waveguided optical laser mode and the top deposited VO2
layer occurs when no low index spacer is introduced in between.

FIG. 2. (a) Schematic of the TLM samples. (i) Top view. Arrows represent the two metallic tips used in the measurement, here between pads 1 and 4. (ii) Side view. Current
lines circulating in the VO2 thin coating between the two contacted pads are represented (black curves). Sapphire substrate is in blue, VO2 film in orange, and gold pads
in yellow. (b) Measurement of the conductivity hysteresis cycle for increasing/decreasing temperatures between 30 and 90 ○C. VO2 shows a change in the conductivity of
more than two orders of magnitude on either side of the transition (68 ○C).
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Nevertheless, this configuration induces high optical waveguide
losses when VO2 becomes metallic.

To implement a VO2 top layer on QCL as schematized in the
inset of Fig. 3(b), we optimized the QCL optical waveguide structure
to maximize the optical confinement factor in the active region (Γ)
while minimizing the waveguide propagation losses (α). Γ is defined
as the ratio between the laser optical mode intensity concentrated in
the active region and the total mode intensity.

We studied the effect of the insertion of a supplemental low
index InP buffer layer (nInP = 3.1 at 7.5 μm wavelength) between the
active region (nActive Region = 3.4 at 7.5 μm wavelength) and the top
surface VO2 layer in its dielectric and metallic phases. Figure 3(a)
gives Γ and α as functions of the InP buffer thickness HInP_buff
using 2D transfer matrix waveguide numerical calculations. In the
dielectric case, α is not affected by the InP buffer thickness and
is about 3.5 cm−1. A maximum Γ value of 0.8 is obtained for
HInP_buff = 0.75 μm.

In the metallic case, Γ is maximum when there is no InP buffer
layer (HInP_buff = 0 μm), α is maximum (35.8 cm−1), and the mode
intensity profile is concentrated at the metal/active region interface,
typical of a quasi-plasmonic mode, thus maximizing the interac-
tion between the top surface layer and the laser waveguided mode.
A HInP_buff = 0.75 μm reduces the quasi-plasmonic losses of ∼1/3
(α = 11 cm−1) and, thus, can guarantee good QCL operating
features, especially at temperatures above the VO2 MIT tempera-
ture. Conversely, the optical mode interacts less with the metallic
top layer. Figure 3(b) plots the calculated mode energy density
vertical profile for the dielectric and metallic cases. The metal-
lic case exhibits a ∼44% ratio between its maximum and its value
at the metal/InP buffer interface, which constitutes a good inter-
action between the top surface layer and the laser waveguided
mode.

The optimized QCL heterostructure with HInP_buff = 0.75 μm
was grown in a molecular beam epitaxy reactor system. It con-
tains 50 repeats of a four-well active region and injector with a
total thickness of 2.635 μm. The targeted emission wavelength is
λ = 7.5 μm. The QCL devices were processed as standard wet-etched

laser ridges and are typically 22 μm wide and a few millimeters long
(Bousseksou et al., 2008). Additional steps were added to adapt to the
optimized structure covered by a deposited VO2 layer. A reactive ion
etching fluorine plasma CF4:O2 was used to etch VO2 and keep only
an 8 μm wide strip on the top laser ridge surface. A 300 nm-thick
SixNy layer was thereafter deposited by plasma enhanced chemical
vapor deposition to ensure lateral electrical insulation. For fabrica-
tion issues, the SixNy layer deposited on top of the VO2 layer was
kept [see Fig. 3(b)]. Noteworthy is that the deposition of the SixNy
layer on the VO2 layer during the laser process does not influence
the laser properties because it is insulating and its refractive index is
close to the VO2 one (Dicken et al., 2009). Figure 4(a) inset shows
a false colorized top scanning electron microscopy (SEM) image of
our processed VO2 based QCL device.

The sample was mounted in a temperature regulated cryostat
coupled to a FTIR spectrometer for optoelectrical characterizations.
Figure 4(a) gives typical light-bias-current measurements as a func-
tion of the sample temperature. The electrical measurements were
performed in a pulsed regime, typically 50 ns pulse width and 84 kHz
repetition rate, in order to avoid thermal heating due to the electri-
cal injection, excepted the measures at 300 and 334 K, which were
done at a lower frequency of 55 kHz to better limit thermal heating.
A threshold current of 2 kA⋅cm−2 at 78 K is measured. A maximum
operating temperature of 334 K (61 ○C) with a threshold current of
10.5 kA⋅cm−2 is obtained. The emitted spectrum [inset of Fig. 4(b)]
shows typical Fabry–Perot modes centered at 7.8 μm wavelength.
The maximum operating temperature is very close to the VO2 MIT
temperature (note that the temperature is measured at the bottom
of the heat sink support, and a difference of a few degrees may
occur with the top ridge surface). From one degree above 334 K, we
observe an abrupt vanishing of laser emission, although the maxi-
mum injection current density is larger than 16 kA⋅cm−2 as shown in
Fig. 4(a). One can expect that this sudden change is due to the phase
change of the VO2 top layer, which affects the waveguide optical
losses.

To understand the behavior of our VO2 based QCL devices
[config. 1 in Fig. 4(b)], we processed two additional waveguide

FIG. 3. (a) Calculations of the optical losses α (blue curves) and the optical confinement factor Γ (green curves) according to the inserted InP buffer thickness HInP_buff for
the dielectric confinement waveguide (dashes) and for the top Au metal layer surface plasmon waveguide (full lines). A maximum confinement of Γ = 0.8 is obtained in the
dielectric confinement waveguide for a HInP_buff = 0.75 μm and corresponding optical losses are α = 3.45 cm−1 (red vertical dashes). (b) Corresponding calculated mode
energy density vertical profiles for HInP_buff = 0.75 μm and a dielectric confinement waveguide, simulating the VO2 dielectric state (dashes) and a plasmonic waveguide with
a gold top layer simulating a perfect VO2 metallic state (full line). Inset: 3D schematic of the optimized VO2 top surface QCL facet with InP buffer layer.
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FIG. 4. (a) Current–voltage I(V) curves (dashes) and optical power–current curves (full lines) for the HInP_buff = 0.75 μm optimized VO2 QCL. Inset: colorized SEM
image of the fabricated structure. VO2 is etched and forms a central strip on the top of the laser ridge with insulating SixNy layer added above (in green). Lateral Ti/Au
contacts are taken on the top of the QCL (in yellow). (b) Threshold currents vs temperature. Black circles: VO2 based QCL device (config. 1). Red circles: device where
HInP_buff = 0.75 μm and the VO2 top layer is replaced by a Ti/Au contact layer (config. 2). Green circles: device where HInP_buff = 0 μm and the VO2 top layer is replaced by
a Ti/Au contact layer (config. 3). Inset: emitted spectrum for the VO2 based QCL at the maximum temperature of 334 K (61 ○C).

configurations: one where HInP_buff = 0.75 μm and the VO2 top layer
is replaced by a Ti/Au contact layer [config. 2 in Fig. 4(b)], and the
other where HInP_buff = 0 μm and the VO2 top layer is replaced by a
Ti/Au contact layer [config. 3 in Fig. 4(b)]. In Fig. 4(b), we plot the
evolution of the measured current density thresholds as a function
of the heat sink temperature for these three configurations. As can
be expected, the InP buffer-less structure (config. 3) has the highest
thresholds, mainly due to higher optical waveguide losses induced by
the quasi-plasmonic character of the laser mode and the high inter-
action at the metal/active region interface. This is also coherent with
waveguide loss calculations shown in Fig. 3(a). Unexpectedly, the
VO2 (in the dielectric phase) based optimized samples (config. 1)
show slightly higher thresholds than the gold based optimized struc-
tures (config. 2). This can be explained by the inhomogeneous top
surface lateral electrical injection.

To conclude, we develop in this study a new method for the
deposition of VO2 at low temperature in a way compatible with
III–V semiconductors heterostructures. VO2 layers show a change
of more than 50% for the optical reflectivity and of more than
two orders of magnitude for the electric conductivity between the
dielectric state at low temperature and the metallic state at high tem-
perature. We develop a new heterostructure laser waveguide that
optimizes waveguide optical losses and the top layer/laser mode
interaction, thanks to the addition of a top InP buffer. We demon-
strate VO2 based QCLs operating at 7.8 μm wavelength. The maxi-
mum operating temperature of 334 K has been achieved. It is limited
by the phase change of the top VO2 layer that switches in its metallic
phase and induces sudden high optical waveguide losses. Consid-
ering further developments of this work, improvement of the VO2
dielectric/metallic switching could be achieved by using higher per-
formance QCL active regions (Wang et al., 2021; Faist et al., 2001).
Furthermore, applying local electrical excitation to the VO2 top layer
could switch on its metallic phase without heating the whole QCL
active region, considering thermal transfer during the MIT, which
is minimized (Berglund and Guggenheim, 1969; Lee et al., 2017), a
property that can be taken advantage of in VO2 based applications.

Local electrical excitation can be as fast as the phase change transi-
tion timescale (Baum et al., 2007), enabling high speed VO2 based
devices.
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