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Liquid-diffusion-limited growth of vanadium dioxide single crystals
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Vanadium dioxide is a strongly correlated material with an ultrafast first-order phase transition between
monoclinic/insulator and rutile/metallic close to room temperature. The unusual and complex properties of
this transition make VO2 one of the most heavily investigated materials in modern condensed matter physics.
Consequently, high-quality single crystals are in large demand. Here we report the growth of mm-sized VO2

crystals by thermal decomposition of liquid V2O5 at ∼1000◦ C. Time-resolved zirconia sensor measurements
of the oxygen release reveal that the crystal growth rate is limited by liquid-phase diffusion; the properties of
the gaseous environment, which were previously assumed to be decisive, are almost insignificant. Consequently,
large and stoichiometric single crystals of VO2 can be obtained at lower temperatures and gas purities than
usually applied. These results signify the role of gas-liquid diffusion in crystal growth and will simplify future
research on VO2 and related materials for applications in ultrafast electronics and thermal energy management.

DOI: 10.1103/PhysRevResearch.5.013028

I. INTRODUCTION

Vanadium dioxide (VO2) is a strongly correlated transi-
tion metal oxide with a notable first-order insulator-to-metal
phase transition at a temperature of around 68◦ C [1]. At
this temperature, which can be controlled by strain [2], pres-
sure [3], or stoichiometry [4], the crystal structure changes
from a monoclinic P21/c low-temperature phase to a tetrag-
onal P42/mnm high-temperature phase within a time of only
hundreds of femtoseconds [5–11]. The electrical, optical, ther-
mal, and magnetic properties transform substantially as well
[1,4,12–15]. Theoretical physics is challenged by the strong
interplay and coupling between the electronic, magnetic, and
vibrational subsystems [5,16], and experimental physics only
begins to capture the combined electronic/atomic reaction
path at fundamental resolutions in space and time [6–10]. In
applied physics, VO2 single crystals, VO2 nanoparticles, or
VO2-doped materials are ideal as ultrafast and temperature-
dependent switches for electric current, infrared light, and
heat conduction. In particular, the substantial modulation of
its near-infrared transparency makes VO2 a promising mate-
rial for next-generation energy-saving smart windows that are
reflective for thermal radiation in summer but transparent at
colder times [17–19].

Consequently, VO2 has been and is widely examined by
the entire arsenal of modern measurement techniques [1–19].
However, most of these investigations are performed with
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rather inhomogeneous thin films, nanoparticles, or different
kinds of compositions [13–17], although the microscopic ge-
ometry, substrate material, degree of polycrystallinity, and
related imperfections are well known to influence the macro-
scopic observations, concealing the basic physics of the
pure material. Hence, researchers strive to investigate single-
crystalline VO2 as well, but large high-quality crystals with
good surface flatness, stoichiometry, and monocrystallinity
are difficult to obtain.

A common method for growing macroscopic VO2 crystals
is the thermal decomposition of vanadium pentoxide (V2O5)
[4,20–22]. Basically, V2O5 is heated up in an oxygen-free
environment and decomposes into solid VO2 and gaseous O2

which is continuously removed by a flow of inert gas. Crystal
growth under such conditions is usually described with a ther-
modynamic theory by MacChesney and Guggenheim based
on Gibbs phase rule [4]. This theory suggests that the growth
rate at a given temperature is limited by the equilibrium
oxygen partial pressure of the reaction in the gaseous phase.
This partial pressure is reported to be only ∼10−14 at 800◦ C
or ∼10−8 at 1000◦ C [4,20,23]. Consequently, large reaction
temperatures and very pure inert gases are usually applied,
making the growth a complicated experiment. Alternatively, a
high-temperature centrifuge can be applied to remove residual
V2O5 during crystal growth [24].

In this work, we report the growth of mm-sized, stoichio-
metric, VO2 single-crystals at O2 partial pressures that are
several orders of magnitude higher, and therefore much easier
to achieve, than the values reported in previous experiments
[4,20,23]. Time-resolved zirconia sensor measurements of the
amount and speed of oxygen release as a function of temper-
ature and V2O5 educt mass reveal that not the vapor pressure
of the V2O5-VO2-O2 system but rather the diffusion rate of
O2 through the liquid V2O5 is the essential factor for the lim-
ited growth speed and nice crystal formation. Consequently,
crystals can be grown in less complex setups, using less pure
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FIG. 1. Experimental setup. (a) Sketch of the growth setup with oxygen detection. (b) Ampoule with V2O5 powder before the growth
process; length ∼50 mm, diameter ∼22 mm. (c) Ampoule with VO2 crystals after the growth process. (d) Typical VO2 single-crystal as grown
in this liquid-diffusion setup. The surfaces are optically flat without any processing.

inert gasses and lower temperatures at optimum growth rates
for single-crystal formation. Characterization of our crystals
by x-ray diffraction, resistivity measurements, and energy dis-
persive x-ray spectroscopy reveals the purity of the material
and thus establishes the benefits of a liquid-diffusion-limited
growth process for high-quality VO2 materials.

II. EXPERIMENTAL SETUP

Figure 1(a) depicts the experimental setup. A quartz am-
poule is filled with about 2 g of V2O5 powder [Fig. 1(b)]
with a purity of �99.6% (Sigma-Aldrich 221899) and placed
inside a tube furnace. The system is constantly flooded at a
rate of 250 ml/min with argon 5.0, regulated by a mass flow
controller. The oxygen content in the outlet is monitored by
a zirconia sensor (PZA-MC25-P, Pewatron). The furnace is
heated up to its working temperature (typically 975−1000◦ C)
over a period of 12 h. Afterwards, the temperature is kept con-
stant until the reaction is over, evident by the sensor-detected
stop of oxygen release. The ampoule is now filled with black,
needlelike VO2 single crystals [see Fig. 1(c)] with heights and
widths of a few mm and optically flat surfaces [see Fig. 1(d)].
The length of the crystals reaches up to several cm, limited by
the size of the ampoule.

III. DYNAMICS OF THE GROWTH PROCESS

To better understand the growth mechanism, we use the
oxygen sensor as a real-time monitor of the reaction dynam-
ics. Fig. 2 shows the oxygen emission rate ṄO2 (t ) and the
temperature development inside the oven during a typical
growth process with a maximum temperature of 975◦ C and
a V2O5 educt mass of 2.0 g.

We see three characteristic peaks of particularly strong
oxygen emission. The first peak at ∼8 h (peak 1) is relatively
small and appears when the oven reaches a temperature of
690◦ C, the melting point of V2O5. Oxygen impurities trapped
in hollow spaces inside the V2O5 powder are released at this
point. Afterwards, the emission rate increases along with the

temperature and culminates into a second peak at t ≈ 12 h.
Then the emission rate declines until the complete crucible
reaches the process temperature of 975◦ C at t0 ≈ 13.3 h
(dotted line). After this equilibration point, thermodynamic
growth theory [4] would predict a constant evaporation rate
of oxygen out of the system. However, we find a continuously
increasing emission rate, initially slow but then accelerating
(dashed line), until the reaction ends with a final emission
maximum (peak 3) at t ≈ 33 h.
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FIG. 2. Macroscopic influences on the crystal growth. (a) Devel-
opment of the oxygen emission rate ṄO2 (t ). Peak 1 can be ascribed to
the melting point of V2O5. At peak 2, at 12.0 h, the maximum oven
temperature of 975◦ C is reached. From here on, convection streams,
which so far enhanced the oxygen transport, slowly vanish until
the system reaches thermal equilibrium at 13.3 h (dotted line). The
increasing behavior afterwards, until peak 3, is caused by the change
of the diffusion distance during the process via Eq. (4) (dashed
curve). The properties of the inert gas are almost irrelevant. (b) Oven
temperature as a function of time.
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FIG. 3. Model system describing the growth process. Solid VO2

(grey) at the bottom of the ampoule is covered by liquid V2O5

(orange). Thermal decomposition of V2O5 causes a constant oxygen
concentration c0 at the VO2-V2O5 interface (dark orange) and a
continuously decreasing diffusion distance h(t ). In the stationary
limit, the oxygen concentration c(z) decreases linearly with distance
z inside the V2O5 melt (blue inset).

IV. INTERPRETATION

To explain these observations, we drop the assumption of
a rate limitation by the oxygen partial pressure in the gas at-
mosphere [4,20,23] and rather assume that the reaction speed
is limited by the rate with which the generated oxygen can
be removed out of the liquid V2O5. In this picture, not the
vapor pressure of O2 at a given temperature [4] but rather
the diffusion rate of O2 within liquid V2O5 is the limiting
factor for the reaction. Because solid VO2 is denser than liquid
V2O5, the crystals start growing at the bottom of the cru-
cible. The oxygen emerging there dissolves into the melt. The
overall reaction speed is determined by the rate with which
oxygen is transported through the enclosing liquid V2O5 into
the atmosphere, where it is removed out of the system.

With these considerations, almost all the experimental ob-
servations can be explained. Shortly after the initial release of

trapped impurities in peak 1 at the melting point (690◦ C),
V2O5 immediately starts with its decomposition according
to 2V2O5 → 4VO2 + O2. While the oven temperature is still
increasing, the bottom of the ampoule is warmer than the top,
and convection enhances the initial oxygen transport out of
the melt. Consequently, a burst is observed in the oxygen
emission rate (peak 2). When the maximum temperature is
reached at t = 12 h, the convection slowly vanishes, causing
the measured drop of oxygen emission until the system is in
thermal equilibrium around t0 ≈ 13.3 h. From this point on,
there is no more convection. At the bottom of the ampoule,
VO2 crystals are now growing steadily and slowly at a rate that
is limited by the ability of oxygen to diffuse upwards through
the ambient liquid V2O5 to the surface, where it is removed.

As more and more V2O5 gets decomposed, the liquid V2O5

level drops while the growing VO2 crystals start stacking at
the bottom of the crucible. Consequently, the diffusion dis-
tance decreases and induces a stronger gradient of oxygen
concentration between the bottom and the top. The diffusion
rate increases until all V2O5 is used up and the process comes
to an end (peak 3).

V. ANALYTICAL DIFFUSION MODEL

We support this explanation by an analytical description
that can, despite its simplicity, reproduce almost all of the
measurement results. Fig. 3 depicts the model geometry.
The ampoule is approximated as a cuboid with a cross sec-
tional area A in which a layer of solid VO2 (grey) coexists
with a layer of liquid V2O5 (orange) with a time-dependent
height h(t ). The oxygen concentration c0 = c(z = 0) on the
VO2-V2O5 interface (dark orange) is constant and the oxygen
concentration in the gas phase is c(z � h) ≈ 0. Gas-phase

FIG. 4. Mass and temperature dependence of the growth process. (a)–(e) Measurements of the oxygen emission rate ṄO2 (t ) for increasing
V2O5 educt mass. The three distinct emission peaks appear always at almost the same times. (f) Total amount of released oxygen as a function
of the V2O5 educt mass. The dashed line denotes the expectation for a complete stoichiometric 2V2O5 → 4VO2 + O2 reaction. (g) Measured
reaction time as a function of the V2O5 educt mass. The dotted line is the expected behavior according to thermodynamic theory [4]; the dashed
line is a guide to the eye. (h) Average O2 emission rate as a function of the V2O5 educt mass. The dashed line is a linear fit. (i) Measured total
reaction time for different equilibrium temperatures.
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dynamics and partial pressure effects of the atmosphere are
completely excluded from the model. Using Fick’s first law,
we obtain

j = ṄO2 (t )

A
= −D

∂c(z)

∂z
, (1)

where j is the diffusion flux through the VO2-V2O5 interface
(rate of O2 molecules per area A), D is the diffusion constant,
and c(z) is the oxygen concentration in the melt. Since the pro-
cess takes place on long time scales, the diffusion is assumed
to happen in the stationary limit, which means ∂c(z)

∂z = −c0
h(t ) . We

obtain

ṄO2 (t ) = A

h(t )
Dc0. (2)

We see that the oxygen emission rate is proportional to the
ratio of the surface A and the diffusion distance h(t ). Consider-
ing the stoichiometry of the reaction (2V2O5 → 4VO2 + O2),
we express h(t ) as

h(NO2 (t )) = V molec
V2O5

A
NV2O5 (t ) = V molec

V2O5

A
(NV2O5 (t0) − 2NO2 (t )),

(3)

where V molec
V2O5

is the V2O5 molecular volume and NV2O5 (t0) is
the number of V2O5 molecules at the begin of the diffusion
process. With these considerations, the solution of the differ-
ential Eq. (2) becomes

ṄO2 (t ) = λ√
−4λt + NV2O5 (t0)2

, (4)

with λ = A2Dc0/V molec
V2O5

.
We want to compare Eq. (4) now with our measurements.

NV2O5 (t0) can be easily determined from the V2O5 educt mass
and the amount of prereleased oxygen, which is given by the
integral over the oxygen emission curve in Fig. 2(a) between
t = 0 and t0, excluding peak 1. Furthermore, the total amount
of released oxygen must be the same in experiment and theory.
This boundary condition allows us to calculate DC0 = 1.8 ×
1016 m−1 s−1.

Figure 2(a) depicts the results as a dashed line. Without any
fitted parameters, we see an agreement to the experiment; in
particular, we reproduce the measured characteristic increase
of the reaction speed towards the end of the process. These re-
sults indicate that liquid diffusion and not gas-phase dynamics
is indeed the essential and limiting factor for the speed and
dynamics of VO2 formation.

VI. SYSTEMATIC INVESTIGATION

Going back to the experiment, we next investigate the
physics of the growth process as a function of the amount
of initial V2O5. All other parameters are kept the same; the
equilibrium temperature is 1000◦ C. Figs. 4(a)–4(e) show the
measured time-dependent oxygen emission rate ṄO2 (t ) for
different V2O5 educt masses. We see in all traces the three
prominent emission peaks as explained above (a first one from
impurities released at the melting point, a second peak from
convection-assisted oxygen transport, and a third peak at the
end of the reaction due to a decreasing diffusion distance).

FIG. 5. Spectroscopic characterization of the VO2 crystals. (a)
EDX spectrum of the VO2 crystals. The peaks are labeled with
the corresponding elements. The unlabeled peaks are escape peaks.
(b) Room temperature powder XRD spectrum of the VO2 crystals,
recorded by a coupled 2θ -ω scan. The peaks are labeled with the
corresponding Miller indices. (c) Metal-to-insulator transition and
its hysteresis curve. Measured electrical resistivity as a function of
temperature during warmup (red) and cooldown (blue).

Interestingly, the end of the crystal growth occurs in all cases
at almost the same time (t ≈ 30 h), even if almost three times
more material is converted.

Figure 2(f) shows the total amount of released oxygen,
obtained by integrating over the measured traces of Figs. 2(a)–
2(e). The dashed line denotes the amount of oxygen that is
expected from a perfectly stoichiometric 2V2O5 → 4VO2 +
O2 reaction. We see that all V2O5 is perfectly converted into
VO2 in all cases. Figure 4(g) shows the measured duration
of the reaction (after t0) as a function of the educt mass. In
contrast to the expectation from thermodynamic theory [4],
in which the reaction time should be directly proportional to
the educt mass since only a constant rate of oxygen can be
transported out of the system, we measure a nearly constant
duration of the reaction that is almost independent of the
educt mass (dashed line). Figure 4(h) shows the mean O2

emission rate, averaged over the period where the sample is
in thermal equilibrium (between t0 and peak 3). We see a re-
action speed that is proportional to the reaction mass, again in
contrast to the thermodynamic model [4] in which the reaction
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TABLE I. Lattice parameters of the VO2 crystals at room
temperature.

a (Å) b (Å) c (Å) α(◦) β(◦) γ (◦)

5.75 4.53 5.39 90.0 122.6 90.0

equilibrium would cause a constant partial pressure in the
system as long as some educt is left, leading to a constant
emission rate, independent of initial educt mass. Figure 2(i)
shows the measured reaction time as a function of temper-
ature. We observe an increase in reaction speed at higher
temperatures, which we explain by temperature-dependent
changes of the diffusion constant of O2 in liquid V2O5. In
the experiments using reaction temperatures above 1000◦ C
we obtain about three times smaller VO2 crystals than at
975−1000◦ C. At too high temperatures, the diffusion and
thereby the reaction rate are too fast for an orderly crystal
growth. In future experiments, an active control of the reaction
speed as a function of time and progress, for example via tem-
perature regulations with feedback from the oxygen sensor, is
expected to produce even better crystals than so far obtained,
in shorter time.

VII. SAMPLE CHARACTERIZATION

The atomic composition of the VO2 crystals is analyzed
by energy dispersive x-ray spectroscopy (EDX). Figure 5(a)
shows the EDX spectrum of the VO2 crystals. It exhibits clear
maxima for vanadium and oxygen, accompanied by slight
amounts of carbon, silicon, and aluminum. The aluminum
peak could originate from the housing of the measuring device
and may not necessarily be related to our materials. Carbon
and silicon can be attributed to the typical impurities in rather
cheap and imperfectly refined V2O5 powders such as used in
our experiments. We also performed EDX on several spots in
a cut through one of our VO2 crystals. The results are identical
to the surface scans shown in Fig. 5(a), indicating a uniform
crystal composition.

The crystal structure of our samples was analyzed by
powder x-ray diffraction (XRD) at room temperature with a
coupled 2θ−ω scan. The recorded diffraction data is shown
in Fig. 5(b). All peaks match the values reported in literature
[25,26]. The lattice parameters extracted from the XRD spec-
trum are listed in Table I.

To examine the insulator-to-metal phase transition and its
hysteresis, we measure the temperature-dependent electrical

resistivity during a heating and cooling cycle. The crystals
are contacted with silver-paste and the resistance is recorded
between room temperature and 70◦ C inside a nonconductive
water bath. The results are shown in Fig. 5(c). We clearly
see the insulator-to-metal phase transition from a low tem-
perature semiconductorlike behavior with high resistivity at
low temperatures into a metallic high-temperature phase at a
transition temperature of Tt ≈ 65◦ C. The resistivity changes
by more than three orders of magnitude and exhibits a hys-
teresis width of about 2.5◦ C. The steepness of the individual
transitions is limited by the rather quick temperature changes
of the experiment. After the phase transition cycle, the final
resistivity (blue) is slightly higher than before (red), probably
due to the formation of microfractures [4]. Fig. 6 shows a se-
ries of scanning electron microscopy images of the as-grown,
unprocessed crystal surfaces [see Fig. 1(d)] at different mag-
nifications. We see almost perfectly flat areas down to length
scales of tens of nanometers. In all three data sets of Fig. 6,
dust particles or a crack were searched for properly focus-
ing the electron beam onto the otherwise featureless surface
morphology. By inspecting crystals from one of our earlier
growth runs, we see no considerable surface degeneration af-
ter storage of the crystals under ambient laboratory conditions
for more than one year. In optical pump-probe experi-
ments, to be published elsewhere, we successfully observed
a fully reversible phase transition cycle for more than 107

times.

VIII. CONCLUSION AND OUTLOOK

In summary, these results show that high-quality VO2

single-crystals can be obtained by a crystallization process
in which the growth rate is limited by liquid diffusion. In
this way, the slow and ordered growth at the growing crystal
surfaces is self-stabilizing; if a certain part on the surface
grows too rapidly, the local oxygen concentration increases,
limiting the growth. In contrast to earlier belief, the proper-
ties of the gaseous environment are almost insignificant for
the growth. The oxygen partial pressure that is necessary
for the growth can exceed 800 ppm [see Fig. 4(e)] which
is more than a thousand times higher, and therefore easier
to achieve, than previously reported [4,20,23]. Consequently,
substantially simpler apparatuses and materials are sufficient
for producing high-quality single crystals for applications and
research. The idea to measure oxygen emission provides valu-
able feedback for understanding and optimizing the growth
rate and thereby the number, morphology, and macroscopic
properties of the crystals. In particular, we expect that a

FIG. 6. Scanning electron microscopy data. (a) Corner of a VO2 crystal. (b) The same corner for higher magnification. (c) Nanometer-
resolution data around a crack (black). Black-white colors refer to measured secondary electron counts, normalized.
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slowdown of the heating around the point of convection (peak
2) will substantially reduce the number of seeds and there-
fore facilitate the growth of bigger crystals at no substantial
increase of the total reaction time. Also, the reaction can be
stopped before a total conversion in case that, for example,
the final VO2 crystals shall remain within a V2O5 layer in
order to avoid the condensation of impurities onto the sur-
faces. More generally, the ability to control the speed of a
crystallization process by utilizing liquid-phase diffusion in
combination with a sensor that instantaneously measures the
reaction rate seems to provide a general and versatile route
towards high-quality crystal growth at an always optimum
reaction rate. In principle, the findings reported in our work
should apply to any reaction in which a liquid converts into
a gas and a solid, providing general principles for related
growths of even more intricate materials than VO2 for modern
condensed-matter physics research.

All data needed to evaluate the conclusions in the paper are
present in the paper.
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