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Capacitance measurement is performed using a home-built bridge on quasi two-dimensional

vanadium dioxide films grown on silicon-dioxide/p-doped silicon substrates. Correlated effects

appearing in the quantum capacitance are obtained as a function of temperature at low frequen-

cies. The thermodynamic density of states reveals the opening band gap in the insulating mono-

clinic phase. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4930312]

Vanadium dioxide (VO2), a representative correlated

oxide compound, undergoes a temperature (T)-driven metal-

insulator transition (MIT)1 near room temperature (�340 K),

making VO2 appealing for a broad range of applications. In

addition to the orders of magnitude changes in resistivity q,1

many experiments (electron diffraction,2 photoemission,3

x-ray,4 THz,5,6 optical,7 dielectric,8,9 and capacitive10,11)

reveal changes in the structure, reflectivity, etc. Furthermore,

these properties display a complicated dependence on film

quality, grain size, strain, and choice of substrate.12–14 For

this multi-faceted transition, both Mott-Hubbard15–19 and

Peierls20–23 mechanisms are supported, though neither pro-

vides a complete picture, leading to a long-standing debate.24

Quantum capacitance Cq measurement is an excellent candi-

date for probing the changing correlation energy and band

structure at the MIT. As pioneered in several previous

reports,25–28 these energies can produce corrections to the

total capacitance of a device, appearing as an extra term in

series to the geometric contribution

C�1
s ¼ C�1

geo þ C�1
q ; (1)

where Cs is the total measured value. Thus, sensitive capaci-

tive probing of a VO2 film undergoing the MIT has the

potential to detect changes in the density of states (DOS),

which is inversely proportional to the quantum capacitance

dn/dl¼ e2A/Cq.

Several outstanding challenges make it difficult to char-

acterize the sample in this way. First, Cgeo (T) must be accu-

rately determined and eliminated from the final result.

Second, Cq is large in the metallic regime, representing little

energy cost, and is difficult to resolve. Third, as resistance

rises by orders of magnitude, it can easily couple with any

stray reactance and distort the capacitance measurement.

These challenges are overcome by using a homemade

bridge capable of resolving capacitance changes to 1 fF

(about 0.001% of the total capacitance). Through a careful

frequency dependence measurement, we identify not only

the geometric capacitance (which varies slightly with T), but

also a range of frequencies for which the capacitance mea-

surement is unaffected by the increasing resistance. Cq is

then resolved from a finite hysteresis that develops between

Cs and Cgeo in the transitioning and insulating states. We find

that the DOS drops drastically below the MIT, corresponding

to the opening energy gap below the transition temperature.

A capacitor is formed by growing VO2 film (130 nm) on

silicon-dioxide/p-doped silicon substrate [Fig. 1(a)] via pulsed

laser deposition. A metallic vanadium target was ablated using

a KrF excimer laser (LambdaPhysik LPX 200, k¼ 248 nm) at

10 Hz repetition rate and 350 mJ pulse energy, while the tem-

perature at the substrate was maintained at 595 �C. The depo-

sition time was 10 min, and the conditions were very similar

to those reported previously.29 Ohmic contacts to the VO2

are made using gold wire glued to the film by silver paint

[Fig. 1(b)]. Contacts to the Si substrate (heavily boron doped

with a resistivity 1–5 mX cm) are made by soldering indium at

450 �F to yield a contact resistance of approximately 10 X.

The SiO2 dielectric thickness is d¼ 285 nm. The area of the

VO2 film is roughly 6 mm2 so we expect to measure a geomet-

ric capacitance �A/d� 700 pF in the metallic regime (the SiO2

dielectric constant is taken to be �¼ 3.7�0). Both transport and

FIG. 1. (a) Schematic of VO2 sample thermally anchored to the sample

stage. (b) Optical image of VO2 film with highlighted perimeter (red dash)

and leads attached. (c) Bridge schematic. Cr and Rr are reference compo-

nents. Zs is sample impedance. (d) Detailed model of Zs. Effects of C0

and R are eliminated by choosing an appropriate measurement frequency

near 15 Hz.a)Electronic mail: talbot.knighton@wayne.edu
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capacitance measurements are performed at high vacuum

(�10�5 mbar) in a chamber isolated from vibration. Resistive

heaters are used to drive T variation of the thermal reservoir

at rates of 0.1–0.3 K/min with resolution 0.01 K. Excellent

thermal contact between the substrate and thermal reservoir

eliminates T lag at such low ramp rates.

Both resistance and capacitance changes are measured

using the bridge shown schematically in Fig. 1(c) (also, see

Ref. 30). A Gertsch 7-digit ac ratio standard provides the

adjustable inductors L1 and L2. The reference components Cr

and Rr are silver mica capacitors and carbon film resistors,

respectively. Each measurement begins by heating the sam-

ple to 360 K, well into the metallic state, and adjusting the

components L1, L2, Rr, and Cr to null the bridge voltage Vb.

The sample is then taken through a thermal cycle while L1,

L2, Cr, and Rr remain fixed (at room temperature outside the

vacuum chamber). Rather than re-balancing the bridge at

each temperature, we continuously monitor Vb and convert

the imbalance to changes in sample impedance Zs. Within a

certain range of frequencies f, the real and imaginary quadra-

ture components of Vb (Re[Vb] and Im[Vb] are measured

using a lock-in amplifier having 20 lrad phase resolution) in-

dependently provide the changing sample capacitance Cs and

sheet resistance Rs as discussed below.

A detailed model of the sample impedance Zs appears in

Fig. 1(d). In addition to Cs and Rs, the SiO2 dc resistance R
and the capacitive coupling C0 between different points of

the film (C0�Cs occurs mostly through the gate) have been

included. If f is chosen large enough that capacitive coupling

between the VO2 film and the gate is much greater than con-

duction through the dielectric (1/xCs� R) yet small enough

that Rs � 1=xC0 and that the in-plane voltage drop across

the resistive film remains negligible compared to the gate

potential, then the sample simplifies to a capacitor with

equivalent series resistance (ESR) Zs � Rs þ ðixCsÞ�1
.

Under these conditions,

Vb � Vs
Cr

Cs þ Cr
� L2

L1 þ L2

� �
� i

xCrRs

4

� �
: (2)

This greatly aids the data analysis since Cs and Rs appear sep-

arately in the real and imaginary components of Vb, as men-

tioned above. Finally, the terms of Eq. (2) can be inverted to

express Cs and Rs. The film resistance is Rs¼�4Im[Vb]/xCr.

In the present sample geometry, it would be difficult to accu-

rately convert Rs to resistivity, so this has been left as an

extrinsic parameter in the results. For the small capacitance

changes observed ½dCs=ðC360 K
s Þ � 0:05%�, Re[Vb] is linearly

proportional to changes in Cs,

dCs ¼ Cr
1� xð Þ2

Vs
Re Vb½ �; (3)

where x¼L2/(L1þL2) is set to seven digits accuracy by ra-

tio transformer. This proportionality constant is obtained

from the Taylor expansion of Eq. (2) with respect to Cs.

Below, the decoupling of Re[Vb] and Im[Vb], the indepen-

dence of Re[Vb] on f, and the linear f dependence of Im[Vb]

are all used to identify the range of f for which Eq. (2) is

valid.

Figure 2(a) demonstrates excellent agreement between Rs

obtained using the bridge and results from a two-terminal in-

plane measurement R2t. Consistent with previous findings,1

both configurations demonstrate a hysteresis ranging from

about 335 K to 350 K where resistance changes by several

orders of magnitude. Compared to single crystal results,13,14

this transition is somewhat smoothed by the film’s polycrys-

talline structure [Fig. 2(b)]. The bridge measurement is

performed at several frequencies ranging from 15.5 Hz

to 185.8 Hz. Figure 2(c) confirms the linear relationship

Im[Vb] / f. These findings support the above analysis lead-

ing to Eq. (2).

The ability to resolve changes in Cs as distinct from Rs

depends on the amount of mixing between Re[Vb] and

Im[Vb]. Figures 3(a) and 3(b) display both signals Re[Vb]

and Im[Vb] as functions of T [note the change in units from

FIG. 2. (a) Comparison of standard in-plane two-terminal technique (green

line) with bridge technique (scatter plots) for measuring sheet resistance.

Arrows distinguish between heating and cooling cycles. The in-plane mea-

surement is shown on a semi-log plot in the inset. (b) Scanning electron

microscope image showing graininess of VO2 film. (c) Confirms linear rela-

tionship Im[Vb] / f from Eq. (2).

FIG. 3. (a) and (b) Re[Vb] and Im[Vb] as functions of T. Note the change in

scale from lV to mV. (c) Re[Vb] as a function of Im[Vb] is a monotonic

nearly single-valued function for high frequencies. Inset highlights low fre-

quency measurement where mixing is eliminated. (d) Capacitance changes

dCs as a function of T. The slope of all traces in the metallic regime gives

the T dependence of Cgeo which has been extrapolated below the MIT as a

dashed line.

104101-2 Wu et al. Appl. Phys. Lett. 107, 104101 (2015)
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(a) to (b)]. For larger f, the real and imaginary traces have

almost the same shape, indicating that f is outside the range

for which Rs and dCs can be decoupled as discussed above.

Figure 3(c) confirms that sensitivity to dCs is overrun by

changing film resistivity at 87.8 Hz and 185.8 Hz, where Re[Vb]

is nearly a single valued function of Im[Vb]. However, slightly

decreasing f is sufficient to decouple Re[Vb] and Im[Vb] as

demonstrated in the inset. For traces below 30 Hz, Re[Vb]

changes by up to 80% at fixed Im[Vb], is non-monotonic, and

lies completely within a region where even the high-f measure-

ments are relatively independent of Im[Vb]. Thus, the low-

frequency trace allows capacitance changes across the MIT to

be resolved without significant distortion by the changing film

resistivity.

Figure 3(d) displays the capacitance changes dCs calcu-

lated from the data in panel (a) according to Eq. (3).

Regardless of f, all traces collapse onto a single curve in the

metallic regime, where Cs¼Cgeo. This allows the smooth

T-dependence of Cgeo to be identified and extrapolated below

the MIT as a dashed line. In this region, the 15.5 Hz and

27.6 Hz measurements overlap nearly perfectly. For this

range of f over which Cs is frequency independent, Eqs. (2)

and (3) are validated.

Figure 4 focuses on the 15.5 Hz result from above. Panel

(a) reproduces the data from Fig. 3(d) with estimated geo-

metric contribution (dashed line). To both has been added a

constant, the total capacitance measured at the balance point,

C360 K
s ¼ 693:1 pF. Dotted error bars indicate uncertainty in

Vb, which drifts up and down within a narrow range on the

time scale of a few hours or more when the sample is at fixed

temperature. This is much smaller than the observed hystere-

sis, and only affects our ability measure the sign of Cq in the

metallic regime [as shown in panel (b)]. Panels (b) and (c)

display dl/dn and dn/dl with the associated uncertainty.

Fig. 4(b) demonstrates the finite energy cost for charging

the film by amount dn during a charging cycle. For this mea-

surement, dn¼ 3� 109 cm�2 is 3 or more orders of magni-

tude less than the carrier density n (discussed below). The

charging energy [at most (dl/dn)dn¼ 6 meV or 70 K] is then

a small perturbation of the system, far less than the thermal

energy at the MIT. Though clearly positive in the insulating

regime, the sign of dl/dn becomes difficult to determine as

the metallic state is approached. To increase the resolution

of Cq requires much thinner, high quality dielectric which is

experimentally difficult to achieve. Thus, the possibility of

negative compressibility j¼ n�2dn/dl, a signature of

strongly correlated charges previously observed in other sys-

tems,26–28 requires further investigation.

Figure 4(c) displays the DOS on a linear scale over the

range for which sign(dl/dn) can be determined. With increas-

ing T the DOS grows very large, as expected for metal. Below

the MIT, dn/dl shows only slight temperature dependence.

The slope changes abruptly at the transition point and cannot

be fit to a power-law or exponential dependence on T. In fact,

the concave of the slope changes sign from positive to nega-

tive upon cooling, suggesting a cross-over between different

mechanisms at the transition.

Using a homemade bridge, we perform quantum capaci-

tance measurement on polycrystalline VO2 thin films depos-

ited on SiO2 dielectric above a p-doped Si gate. It is

demonstrated that slow oscillations allow accurate capacitance

measurement in both the metallic and insulating phases.

Using perturbative signals much lower than the ambient ther-

mal energy, we probe the electronic states as the sample

undergoes a temperature-driven MIT near 340 K. Hysteresis

on the order of 0.05% is observed in the capacitance which is

difficult to resolve at such low frequency using a commercial

LCR meter. The corresponding drop in the DOS is consistent

with the opening of a band gap in the insulating phase. It

would also be nice to extrapolate the size of such a gap.

Unfortunately, this depends crucially on changes in the carrier

density which can vary by several orders of magnitude across

the MIT.31 This is best obtained using Hall measurement,

which we cannot perform at this time but will revisit in a

future publication.

Though macroscopic films, such as the samples studied

here, are useful for application, they tend to smear out the

transition due to their polycrystalline nature. This is espe-

cially pertinent to films on SiO2 substrate where x-ray dif-

fraction indicates that the crystal orientation is less uniform

than for other substrates such as sapphire. There is also some

question as to whether surface states at the SiO2/VO2 inter-

face can affect sensitivity to changes in the film.10 If so, this

might be eliminated by using a suitably thin non-oxide

dielectric. Future work will focus on improved dielectrics

that are thinner to maximize Cgeo and on single crystal VO2

samples to provide higher resolution near the transition. At

this stage, our measurement does not support any one transi-

tion mechanism since both the Mott-Hubbard and Peierls

pictures produce a gap in the electronic spectrum. We hope

that a more detailed view of the changing DOS can soon

shed light on this debate.

We thank J. F. Xia from the National Magnetic High

Field Laboratory and also thank Chong-Yu Ruan for helpful

discussions. This work was supported by the National Science

Foundation under DMR-1105183. The VO2 growth at

Michigan State University was also supported through the

National Science Foundation under Grant No. ECCS 1306311.
FIG. 4. (a), (b), and (c) Cs, C�1

q , and Cq as functions of T. In (c), only a por-

tion of the thermal cycle is shown, since larger Cq cannot be resolved.
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