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Very Large Capacitance
Enhancement in a Two-Dimensional
Electron System
Lu Li,1 C. Richter,2 S. Paetel,2 T. Kopp,2 J. Mannhart,2 R. C. Ashoori1*

Increases in the gate capacitance of field-effect transistor structures allow the production of
lower-power devices that are compatible with higher clock rates, driving the race for developing
high-k dielectrics. However, many-body effects in an electronic system can also enhance
capacitance. Onto the electron system that forms at the LaAlO3/SrTiO3 interface, we fabricated
top-gate electrodes that can fully deplete the interface of all mobile electrons. Near depletion, we
found a greater than 40% enhancement of the gate capacitance. Using an electric-field
penetration measurement method, we show that this capacitance originates from a negative
compressibility of the interface electron system. Capacitance enhancement exists at room
temperature and arises at low electron densities, in which disorder is strong and the in-plane
conductance is much smaller than the quantum conductance.

The concept of negative compressibility
describes an effect of electron-electron
interactions, in which the exchange and

correlation energies among electrons lower the
chemical potential of an electron system as the
electron density increases (1–9). This effect has
been observed to enhance the capacitance of
semiconductor two-dimensional (2D) electronic
systems by a few percent (7) beyond the expected
geometric capacitance. Here, we report very large
capacitance enhancements (>40%) in capacitor
devices that are made with the electron system
generated at the TiO2-terminated LaAlO3/SrTiO3

(LAO/STO) interface (10, 11). Simple modifi-
cations to the structures described could yield a
capacitance enhancement greater than 100%.
Strong electronic correlations (12–14) may be
used to engineer yet larger capacitances (15).

We fabricated capacitor devices on LAO/
STO heterostructures through in situ growth of
YBa2Cu3O7-d (YBCO) or Au films on the sur-
face of the LAO. As shown in Fig. 1A, we then

patterned the films on top of the LAO surface.
Nb films were deposited into ion-milled holes to
make ohmic contacts to the conductive layer at
the LAO/STO interface (16). Each top gate pro-
vides a two-terminal capacitor. The thickness of
the LAO layer was either 10 or 12 unit cells. A
photograph of a sample is displayed in Fig. 1B,
with electrical leads wire-bonded to the ohmic
contacts near the edge of the wafer and a lead
connected to a circular top gate.

The two-terminal capacitance of the capacitor
device was measured with a home-built capaci-
tance bridge, which enabled us to measure the
capacitance in the frequency range between 1 Hz
to 2 MHz with ~20-mrad resolution in the phase
measurement of the impedance. We were able to
vary the DC voltage on the top gate and track
the capacitance change with gate voltage (16).

We measured the capacitance between a top
gate and the interface at frequencies f ranging
from 8 to 2000 Hz while varying a top gate
voltage Vg. Device 1 was fabricated on a sample
with 12 unit cells of LAO. On the top surface of
the LAO film, a circular YBCO top gate with a
diameter of 200 mm was patterned. Figure 2A
displays the capacitance C versus Vg curves of
device 1 at 4.2 K. Similar curves are shown in
Fig. 2B for device 2 with an LAO thickness of

10 unit cells and a 350-mm-diameter YBCO top
gate. Substantial leakage (resistances less than
5 megohms) through the LAO barrier occurred
at voltages to the left of the red line in Fig. 2A
and to the right of the red line in Fig. 2B. Data
in these regions were not used in the analysis
because the leakage resistance dropped to the
magnitude of the in-plane resistance. We expect
that such leakage current alters the voltage across
the device and changes the charge distribution
within the sample. By examining the capacitance
at high electron densities at which interaction
effects on the capacitance are usually small, we
determined the dielectric constant of the insulating
LAO layer. Given the capacitance values at Vg =
0 and at large positive Vg for device 1, the size
of the gate, and the thickness of the LAO film,
we found the LAO dielectric constantD ~ 18D0,
where D0 is the dielectric constant of vacuum.
This value is lower than the dielectric constant
of single crystals of LAO but agrees with one of
the molecular beam epitaxy–grown films (17).

Both of the capacitor devices showed a sharp
depletion signal at well-defined gate fields. For
device 1, at Vg < 0.2 V the capacitance is strong-
ly diminished, which suggests that the electron
density underneath the circular gate was sub-
stantially suppressed by the electric field. For
device 2, a positive Vg ≥ 0.28 V is needed to
create a conducting channel underneath the top
gate. In this case, we observed a clear and sharp
depletion in the capacitance curves, which sug-
gests that the mobile carrier density at the inter-
face is tuned to zero by Vg.

For device 2, the interface underneath the
gate was not conductive at Vg = 0, even though
the regions away from the YBCO circular pads
were conductive (the two-terminal resistance be-
tween the Nb ohmic contacts is of order 500 ohms
at 4.2 K). In testing these samples during at
least four different coolings from room temper-
ature to 4.2 K for each sample, we noticed that
the depletion voltage varied slightly with ther-
mal cycling. However, the depletion voltage of
devices with 12–unit cell LAO was always neg-
ative, whereas that for devices with 10–unit cell
LAO layers was positive. This difference sug-
gests that the YBCO top gate tends to deplete
the interface underneath the gate: The larger the
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Fig. 1. Sample layout
and capacitance bridge
setup. (A) Sketch of the
oxide interface layout.
A thin layer of LAO (10
or 12 unit cells thick) is
deposited onto the top
of a TiO2-terminated STO
substrate. YBCO top gates
are deposited and pat-
ternedabove the LAO layer,
and Nb ohmic contacts are deposited close to the corners of the wafer. (B)
Picture of a YBCO/LAO/STO sample with leads attached. The wafer is square
with a side length of 5 mm. The diameter of the YBCO circular top gates varies
between 50 and 500 mm. (C) Setup sketch of the capacitance bridge. In one
arm of the bridge, C stands for the sample capacitor, excited by an ac excita-

tion voltage Ve. In the other arm, another ac voltage Vs with the same fre-
quency is applied to a standard capacitor Cs. The signal at the balancing point
is measured with a pre-amplifier and a lock-in amplifier. During the mea-
surement, with the phase and the amplitude of Ve held stable, Vs is varied both
in phase and in amplitude to null the signals at the balancing point.
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distance is between the interface and the gate,
the smaller is the depletion effect. This response
might be attributable to the difference between
the work function of YBCO and the vacuum, to
the polar nature of the YBCO ionic layers, or to
strain by lattice mismatch.

Near depletion, we observed a large enhance-
ment of the capacitance, shown in detail in the
inset of Fig. 2A. At its peak, the capacitance
considerably exceeds Chd, the capacitance at high
densities Chd ~ Cgeom = DA/d, where A and d
are the cross sections and the dielectric thick-
nesses of the capacitors, respectively. The differ-
ence between Chd and Cgeom is usually small.
(Below, all the Cgeom values are treated to be the
same as Chd.) The capacitance upturn at small
n, where n is the carrier density, was observed at
low frequency ( f < 15 Hz). As shown by Fig.
2A, as the frequency f decreases from 20 kHz
to 20 Hz, C is independent of frequency over a
large range of Vg. However, at low densities the
peak in C continues to grow and moves to lower
Vg as f is reduced. This frequency dependence is
reproduced in other devices. Figure 2B shows
the C – Vg curves of device 2 with 10–unit cell
LAO film, displaying a considerably larger low-
density capacitance enhancement than that of
device 1. For measurements at two different fre-
quencies, the upturns coincide between 0.33 V ≤
Vg ≤ 0.4 V. Below Vg = 0.33 V, the curve taken
at f = 14.231 Hz diminishes, whereas that at f =
5 Hz keeps increasing and drops at lower Vg.
The overlapping part of these two capacitance
curves is the dc limit of the capacitance curve.
In this regime, the out-of-phase charging signal
stays small, displaying a different trend (16).

Measuring at frequencies as low as 5 Hz, we
have not found a limit to the divergence. For these
low frequencies, we observed a >40% enhance-
ment in the sample capacitance, which is far larger
than ever previously observed, even in high-
mobility GaAs-based devices (7). Presumably,
at sufficiently low frequencies disorder and the
proximity of the metal-insulator phase tran-
sition limits the sharpness of the upturn. The
greater capacitance upturn in device 2 (10 unit
cells thick) than that in device 1 (12 unit cells
thick) may reflect less disorder. The capaci-
tance enhancement observed at low frequencies
does not arise from the frequency dependence
of the LAO dielectric constant. Instead, the low-
frequency upturn arises from the large RC-time
constants of the devices. Because the mobile car-
rier density is strongly suppressed near the de-
pletion (16), the resistance R of the long-distance
lateral current path through the interface is high.

As a quantum paraelectric (18), STO is
ferroelectric-like at low temperature, at which
its dielectric constant is enhanced greatly. The
enhancement of STO dielectric constant van-
ishes above 30 to 50 K. However, we still ob-
served a capacitance enhancement similar to the
one found at 4 K at room temperature. Figure
2C shows the C – Vg curves (16) close to the
depletion in device 3. In this device, a circular

Au pad with 350 mm was deposited to serve as
top gate because it was found that at 300 K,
gold caused less leakage than did YBCO (16).
Although a leakage current to the gate appeared
below –0.6 V [the gate-to-channel resistance drops
to the megohm range near depletion (fig. S3)
(16)], the room-temperature C – Vg curves are
similar to those of the YBCO-gated devices
shown in Fig. 2, A and B. As Vg decreased from
0 V, C decreased slowly. However, near deple-

tion C increased rapidly at low f. Measured at
f = 5 Hz, the peak of C was 10% greater than
that of Chd. This room-temperature behavior pro-
vides additional evidence ruling out anomalies
of the dielectric function of STO as the origin of
the capacitance enhancement.

Charging a capacitor C with charge e does not
simply require a change in voltage dV = e/Cgeom.
Because of the finite dn/dm, an extra voltage
(dm /dn)/eA is required, where m is the chemical

Chd

Chd

e Cgeom

Cq

e
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Fig. 2. The gate voltage dependence of the capacitance. (A) The C versus Vg curve of device 1 with
a diameter of 200 mm and LAO 12 unit cells thick. The curves are taken at T = 4.2 K at various
frequencies between 8 and 2000 Hz. The capacitance at high carrier density Chd is marked with an
arrow. As shown in the inset for the region near depletion, the capacitance values increase and exceed
Chd. At Vg smaller than –0.22 V, marked by the red dashed line, the capacitance curves are frequency
dependent, which is probably a result of dc leakage through the LAO barrier. (B) The C – Vg curve of
device 2 with diameter 350 mm and LAO 10 unit cells thick. The enhancement of the capacitance is
even more pronounced because the peak of C is about 40% larger than Chd at f = 5 Hz. For this device,
a leakage current develops at higher Vg, and the 5 Hz capacitance measurement becomes noisier. The
red dashed line indicates a leakage resistance of 5 megohms. (C) The C – Vg curve of device 3 with
350 mm gold top gate and LAO 12 unit cells thick, measured at room temperature. (D) Equivalent
circuit of geometric capacitance Cgeom and the quantum capacitance Cq. The charging of the electrodes
is represented by arrows. The geometric capacitance Cgeom is determined by the device dimensions,
marked as Chd in (A) to (C).
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potential. As shown in Fig. 2D, the measured
capacitance C is the in-series combination of the
geometric capacitance Cgeom and the quantum
capacitance Cq = Ae2dn/dm:

1/C = 1/Cgeom + 1/Cq

= 1/Cgeom + 1/[Ae2(dn/dm)]

The observed enhancement of C reveals that
dn/dm is negative, providing evidence for a neg-
ative electronic compressibility (3). In measure-

ments that display negative compressibility in
semiconductor samples, the effect arises from the
electron-electron interactions beyond the Hartree
approximation (1, 2). These interactions increase
the chemical potential with decreasing electron
density.

One consequence of the negative quantum
capacitance is that the interface overscreens the
external electric fields (4–8). To explore the pos-
sible existence of this overscreening effect, we
carried out a field penetration measurement using
a technique developed by Eisenstein (4, 5). As

shown in Fig. 3A, the interface was grounded,
and we measured the current to the top gate as
we applied a small ac excitation voltage Vac on
the back gate. The current Iy is proportional to
the electric field penetrating from the back gate
through the grounded interface (16). The results
are shown in Fig. 3, B and C, in which Iy/f is
proportional to dm /dn, the inverse of the com-
pressibility. A negative divergence of the pene-
tration field occurs close to depletion, at which
the carrier density is below 2 × 1012 cm–2. Here,
the carrier density is estimated by integrating the

δV

δΙ

E0

Ep

back gate

top gate

interface

A B C

T

Tf

f

f

Fig. 3. Penetration field measurement. (A) Sketch of the mea-
surement setup. With the interface grounded, we applied an
external electric field E0 from the back gate to the interface
and detected the electric field that penetrates the grounded
interface layer. The penetration field Ep is determined by
measuring the current from the device top gate. (B) The penetration current
Iy divided by the measurement frequency for device 1 at T = 4.2 K measured
at three excitation frequencies. At Vg near zero, the penetration current is
proportional to f and is constant over a broad range of –0.05 V ≤ Vg ≤ 0.05
V. For Vg < –0.18 V, Iy/f displays a frequency dependence, which is
probably caused by effects of current leakage through the LAO layer. (C)

The penetration signal for device 2 at T = 4.2 K measured at two selected
frequencies. At 0.31 V < Vg < 0.34 V, the negative values of the pene-
tration current demonstrate that Ep is opposite to E0; the conductive in-
terface overscreens the external fields at low carrier densities. At larger Vg >
0.37 V, again a f-dependent signal is present, together with a measurable
current leakage through the LAO barrier.

(1)

107

106

105

104

5

8
7

A B C

Tf
f
f

Fig. 4. The inverse of compressibility dm /dn determined from penetration
field measurements on (A) device 1 and (B) device 2. The electron density
at the interface is determined by integrating the C versus Vg curve at the
lowest frequency achieved. (C) The density n dependence of the lateral re-

sistivity of a different device fabricated in the same 10–unit cell LAO/STO
wafer. The device diameter is 500 mm. The resistivity is determined by tracking
the frequency dependence of the out-of-phase charging signals (figs. S1 and
S2) (16).
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capacitance between the top gate and the inter-
face at the lowest measurement frequency. The
negative current observed at low carrier den-
sities reveals that the electric field penetrating
through the metallic interface is negative, which
arises from overscreening of the external field
by the mobile electrons at the LAO/STO inter-
face. Such a negative signal cannot be recon-
ciled with any change of the dielectric properties
of the LAO layer or the STO substrate. To fur-
ther explore the electronic properties of the inter-
face, we follow the analysis of (6), which has
shown that for low frequencies f the penetration
current Iy goes as

Iy = 2pfC1C2Vac/Cq

where C2 is the geometric capacitance between
the top gate and the interface and C1 is that be-
tween the back gate and the interface normal-
ized by the area of the top gate. We measured
C1 and C2 directly. For device 1, C1 = 4.67 pF,
C2 = 1.1 nF, and Vac = 20 mV. For device 2, C1 =
14.3 pF, C2 = 4.01 nF, and Vac =10 mV. [For
device 3, the penetration signal was small and
difficult to resolve at 300 K because the STO
dielectric constant decreases by three orders of
magnitude (figs. S4 and S5)].

For device 1, at Vg < –0.18 V, the penetration
current Iy was no longer proportional to f, which
might be attributed to the dc leakage in this
region, although we do not know the precise
mechanism by which a dc leakage would affect
the measurement. The same deviation occurred
with device 2 at positive Vg > 0.37 V. Thus, we
excluded these regions in the analysis.

Using the penetration current data, we deter-
mined the quantum capacitance Cq and used
Eq. 2 to compute dm/dn. Figure 4, A and B,
shows the dm /dn(n) dependence of devices 1 and
2, respectively. The zero of density was not well
defined because the measurement frequency at
very small densities was not sufficiently low to
charge the device fully. In a wide-density range,
dm/dn stayed negative, which provides direct evi-
dence of the negative compressibility of the in-
terface electron system.

The observed enhancement of capacitance
and negative compressibility exist in a disordered
electron system. As shown in Fig. 4C, near de-
pletion the sheet resistivity of the interfacial
layer becomes much larger than the resistance
quantum h/e2. Thus, the electrons are localized
at low densities, and the system is well outside the
range of the free electron approximation (figs.
S1 and S2).

The large capacitance enhancement that re-
sults from the negative compressibility offers
a possible gating mechanism to switch transis-
tors by using small gate voltages. This could
diminish heating in future devices (15, 19, 20).
We emphasize that the observed large enhance-
ment of C is affected by the large geometric ca-
pacitance Cgeom. Taking derivatives on both sides
of Eq. 1, we get dC/C = CdCq/Cq

2; a device with

larger Cgeom per unit area will have a larger rela-
tive enhancement of the total capacitance. An
interface capacitor device with a thinner LaAlO3

layer may thus reveal an even larger capacitance
enhancement at low carrier densities. As mate-
rial quality improves, it is plausible that at low
densities the effective gate-layer capacitance
could increase to several times the geometric val-
ue. Transistors fashioned from the oxide interface
or other systems with small carrier densities could
then have an effectively very “high-k” electrode,
allowing the creation of small transistors that
switch at low voltages and minimal gate-to-
channel leakage (20).
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Beating Crystallization in
Glass-Forming Metals by Millisecond
Heating and Processing
William L. Johnson,* Georg Kaltenboeck, Marios D. Demetriou, Joseph P. Schramm,
Xiao Liu, Konrad Samwer, C. Paul Kim, Douglas C. Hofmann

The development of metal alloys that form glasses at modest cooling rates has stimulated broad
scientific and technological interest. However, intervening crystallization of the liquid in even the most
robust bulk metallic glass-formers is orders of magnitude faster than in many common polymers
and silicate glass-forming liquids. Crystallization limits experimental studies of the undercooled liquid
and hampers efforts to plastically process metallic glasses. We have developed a method to rapidly and
uniformly heat a metallic glass at rates of 106 kelvin per second to temperatures spanning the
undercooled liquid region. Liquid properties are subsequently measured on millisecond time scales
at previously inaccessible temperatures under near-adiabatic conditions. Rapid thermoplastic forming
of the undercooled liquid into complex net shapes is implemented under rheological conditions
typically used in molding of plastics. By operating in the millisecond regime, we are able to “beat”
the intervening crystallization and successfully process even marginal glass-forming alloys with very
limited stability against crystallization that are not processable by conventional heating.

Aglass is formed when a liquid is under-
cooled below the melting point, TM, of
the competing crystalline solid(s) and

then freezes at a glass transition temperature, Tg,
without crystallizing. Undercooled liquids and
glasses are metastable phases, implying that given
sufficient time, both will transform to more sta-
ble crystalline solids. The glass-forming ability
of a liquid is a measure of its metastability; that

is, its resistance to crystallization in the under-
cooled temperature region between Tg and TM.
Robust glass-forming silicate, polymer, and mo-
lecular melts exhibit superior metastability, with

(2)

Keck Laboratory of Engineering, California Institute of Tech-
nology, Pasadena, CA 91125, USA.

*To whom correspondence should be addressed. E-mail:
wlj@caltech.edu
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