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The differential conductance of metal-insulator-metal devices increases when they are joined with Casimir
cavities. An imbalance in injection of hot charge carriers from each side of the insulator is increased with
thinner cavities that suppress more quantum vacuum modes. The result is an observed increase in conductance.
Additional conductance changes, with insulator thickness and other device parameters, are consistent with an
imbalance-induced injection of hot carriers. In addition to the conductance changes, we observe anomalous
offsets in the current and voltage. We interpret the conductance changes in terms of a E t uncertaintyprinciple-like limit to the injection of hot carriers from zero-point fluctuations.
DOI: 10.1103/PhysRevResearch.3.L022007

The effects of zero-point fluctuations (ZPFs) of the electromagnetic field are pervasive. They produce measurable effects
through the Casimir force [1,2], Casimir–Polder forces [3–5],
radiative shifts such as the Lamb shift [6,7], cavity quantum
electrodynamics [8], the Fulling–Davies–Unruh effect [9–11],
and the dynamic Casimir effect [12–14]. Because the effects
of ZPF are widespread, there is significant interest in using
cavities to modify quantum forces and control the interactions
between materials and the vacuum field, with applications in
many areas including atomic, chemical, microelectronic, biological, and optical systems [4,15–17]. The effects of ZPF can
be understood in terms of the strength of the coupling between
the field and the matter, which may be atoms, molecules,
nanoparticles, semiconductors, and colloidal or biological
particles. In strong coupling, there are (i) changes in the energy levels, e.g., Rabi splitting and the formation of polaritons
[18,19], (ii) very rapid photon exchange [20], and (iii) often
a resonant exchange between the material excitations and the
cavity radiation modes [19,21–23]. In weak coupling, (i) the
energy level of the materials remains essentially unchanged,
and (ii) radiation may be absorbed and emitted, forces modulated, and chemical processes affected [16,17]. Here, we
describe a possible consequence of weak coupling, a shift
in electrical conductance in certain electronic devices, which
appears to be an effect of hot carrier generation by ZPFs.
Metal-insulator-metal (MIM) diodes have been investigated to provide ultrahigh frequency rectification for half a
century [24]. We make use of internal photoemission, also
known as photoinjection, in MIM structures. Photoinjection
occurs when electromagnetic radiation incident on an absorber excites hot charge carriers having sufficient energy to
surmount an adjacent barrier and enter the interface region
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or tunnel through it [25]. Our basic MIM device consists of
a thin metal upper electrode, a thin insulator, and a thicker
metal lower electrode. Illumination of the upper electrode
metal produces hot carriers, and if the electrode is thinner than
the hot carrier mean-free path length, which is typically on the
order of a few tens of nanometers [26], then the carriers can
traverse the metal layer without being scattered. They enter
the insulator, which forms the barrier, and traverse it ballistically if it is thinner than the insulator mean-free path length,
on the order of several nanometers [27], or tunnel through it
if it is thinner still, <∼4 nm [28,29]. After entering the metal
base electrode on the other side, the carriers are absorbed [29].
The photoinjected charge influences the electronic properties
of MIM devices. In particular, the differential conductance G
of the MIM device determined from the slope of the currentvoltage characteristic is increased by the photoinjection of
charge [29–31].
In our MIM structures, carriers transit across the combination of the upper electrode and the thin insulator, and their
capture in the base electrode can be very fast. In the metal
layer, the hot carrier velocity is at least the Fermi velocity
of 106 m/s [25,32], resulting in a transit time of <10 fs for a
thickness of ∼10 nm. In the thinner insulator, ballistic carriers
travel at 106 m/s, resulting in a transit time of ∼1 fs [33],
which is like the tunneling time [34] when that is the method
of transport. The hot carriers scatter inelastically in the thicker
base electrode layer with a lifetime on the order of 10 fs
[35]. Thus, the entire process of hot carrier transport and
scattering can occur on the order of 10 fs.
A Casimir cavity is formed by two closely spaced mirrors
separated by a transparent region. The mirrors limit the allowed vacuum electromagnetic modes associated with ZPFs
within the cavity. The resulting mode density is described by
an Airy function that depends on the reflectivity and spacing
of the mirrors [36]. The cavity acts to suppress mostly long
wavelengths greater than twice the cavity spacing. This reduces the vacuum energy density inside the cavity below its
free-space value [7].
To make the devices described in this paper, we form a
Casimir cavity on top of an MIM structure, as shown in Fig. 1.
Published by the American Physical Society
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FIG. 1. Cross-section of a Casimir-cavity photoinjector. Except
where noted, devices incorporate the materials shown in the figure.

We use these Casimir-cavity photoinjectors to test the effects
of ZPFs on the differential conductance of the devices.
In this rapid communication, after describing the device
fabrication, we present a series of graphs showing variations
in the conductance as a function of device parameters. We describe how the Casimir cavity could break a balance between
the injection of charge from opposing electrodes to produce
the conductance change. The results are interpreted in terms
of the femtosecond response of the device and an uncertaintyprinciple-like relation that has been proposed to constrain
interaction with the ZPFs. We also describe an observed
anomalous current and our attempts thus far to eliminate it.
The observed variations in conductance with the thicknesses
of three different parts of the device and with the area provide
support for the effects being due to injected carriers excited
by ZPFs.
We fabricated Casimir-cavity photoinjector devices using
microfabrication techniques that we developed to form MIM
diodes for ultrafast rectification applications [37,38]. Two different fabrication techniques were employed, with both types
of devices showing the variation of conductance described
here. Submicron devices were fabricated using a germanium
shadow-mask (GSM) process, and larger area devices were
fabricated using standard photolithography.
To form devices using the GSM process [37], a 250-nmwide germanium bridge was formed over an SiO2 -coated
surface of a silicon wafer. The 38-nm Ni base electrode was
angle evaporated under the bridge from one side, followed
by a combination of native oxide growth of NiO and sputter
deposition of Al2 O3 to form the insulator. We then angle
evaporated the Pd upper electrode layer from the opposite
side of the bridge. The resulting overlap of the two metals
formed an ellipse with an area of 0.02 ± 0.006 μm2 , as
shown in Fig. 2. After we removed the germanium bridge,
a Casimir cavity was formed over the MIM structure by
spinning on polymethyl methacrylate (PMMA) and coating
it with a 150-nm aluminum reflector. In addition to providing
a reduced density of ZPF modes, the Casimir cavity encapsulates and stabilizes the MIM structure, blocking further
oxidation.
Devices having larger areas were fabricated using standard photolithographic techniques with a 50-nm-thick Ni base
electrode and a cavity material consisting of sputter-deposited
SiO2 . Details of device fabrication by both methods are provided in the Supplemental Material [39].

FIG. 2. Scanning electron microscope (SEM) image of a germanium shadow-mask (GSM) metal-insulator-metal (MIM) structure.
Arrows indicate the thin Pd upper electrode, the thicker Ni base
electrode, and the overlap region in the center, with an area of
0.02 ± 0.006 μm2 . The remaining lightest regions, in the center and
at the far left- and right-hand sides, consist of both Ni and Pd layers
with the insulator layer between them.

We carried out current-voltage measurements using highprecision instrumentation connected in a four-point measurement configuration to avoid the effect of lead resistance. The
base electrode is the electrical ground, as shown in Fig. 1, with
a positive current corresponding to the direction of the arrow.
All measurements were carried out at room temperature. Additional detail is given in the Supplemental Material [39]. We
confirmed the reported trends in over 550 MIM-based devices
produced in 15 different batches. Virtually all the devices
with working (nonshorted) MIM structures exhibited the type
of characteristics shown in Fig. 3(a). There were, however,
significant device-to-device variations even for devices fabricated under nominally the same conditions. In fabricating and
testing tens of thousands of MIM devices, we generally find a
wide range of resistances for nominally the same fabrication
conditions due to slight variations in the insulator thickness
[38], which is <10 lattice constants thick. Measurement results presented in Fig. 4 for the standard photolithography
devices are averages across each wafer.
The electrical responses of two MIM devices, each with an
adjoining Casimir cavity, are shown in Fig. 3(a). The devices
for Figs. 3(a) and 3(b) were fabricated using the GSM process.
For a device with a 33-nm cavity thickness and a refractive index of approximately 1.5, the cavity cutoff wavelength
approaches 100 nm. Because the absorbance of the PMMA
that fills the cavity rises sharply for wavelengths <250 nm,
the actual cutoff wavelength is >100 nm [40]. To check that
observed variation is not the result of some special property
of PMMA, we also measured the thickness dependence for an
SiO2 -filled cavity and found a similar variation with thickness,
as shown in Fig. 3(b). The larger G for the SiO2 -filled cavities
is likely due to a slightly thinner insulator, and the larger
near-ultraviolet (UV) transparency of SiO2 than PMMA [40]
(see Table 1 of the Supplemental Material [39]). To check that
the G variations are due to the cavity and not just the additional cavity dielectric, we formed devices with and without
top mirrors and found that the mirrors are required to change
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FIG. 3. Effect of Casimir-cavity dielectric thickness. (a) Current as a function of voltage for Casimir photoinjectors having a thin and a
very thick polymethyl methacrylate (PMMA) cavity, showing respective differential conductance values at 0 V and G of 1 mS and 20 μS. (b)
G as a function of cavity thickness. These devices were fabricated using the germanium shadow-mask (GSM) process, with dimensions shown
in Fig. 2. The thickness of the Ni base electrode, the insulator effective thickness, and Pd upper electrode thickness are 38, 2.3, and 8.3 nm,
respectively, for the PMMA cavity devices, but a thinner 1.9-nm insulator for the SiO2 cavity devices.

G, as shown in the Supplemental Material [39]. To check if
the conductance changes might somehow result from current
leakage through the cavity transparent dielectric, we measured
the resistance through the dielectric for three devices with
dielectric layer thicknesses ranging from 33 to 79 nm. In each
case, the resistance through the transparent dielectric is at least
a factor of 106 greater than the resistance through the MIM
structure, precluding such current leakage as the source for
the observed effects.
For an MIM device in equilibrium, any carriers excited by
ZPFs and injected into the insulator from the upper electrode
would be balanced by ZPF-excited hot carriers from the base
electrode. We hypothesize that the presence of the Casimir
cavity breaks this balance, resulting in a change in the net
injection rate and hence increased G. This imbalance is discussed in greater detail after the presentation of the results.
Because cavities suppress zero-point electromagnetic modes
having wavelengths greater than twice the cavity thickness, reducing the cavity thickness increases the range of suppressed
wavelengths. We would therefore expect an increase in G
for decreasing cavity thickness, a trend that can be seen in
Fig. 3(b).
Examining the results of Fig. 3(b) further, we would expect
wavelengths in the visible range to dominate the response
because, for near-UV wavelengths <250 nm, the PMMA
becomes highly absorptive [40], and the infrared response
is limited because the available vacuum energy density falls
off with the cube of the wavelength. Although the vacuum
energy density in ideal Casimir cavities varies inversely with
the thickness cubed [7], we would not expect the conductance
to exhibit such a cubic dependence because there are multiple
energy-dependent mechanisms in play, including (i) variations
of photoinjection yield with photon energy, as described by
extensions of Fowler’s theory of photoemission [41]; (ii) the

interband transition threshold of Pd [42], which limits the
transport of high-energy carriers; (iii) the energy-dependent
reflectivity of the mirrors and absorptivity of the transparent dielectric; and (iv) the energy dependence of hot carrier
scattering [43].
Additional evidence that the observed effects are due to
injected charge can be seen in variations of G with upper
electrode and insulator thicknesses. Whatever we can do to
increase the photoinjection efficiency will allow a greater
suppression of that injection by the Casimir cavity. That, in
turn, increases the imbalance between the injection from the
base electrode and from the upper electrode and provides a
greater net photoinjection rate. As the thickness of the upper electrode increases, a decreasing fraction of photoexcited
electrons passes through the metal layer and into the insulator
before being scattered, resulting in a falloff of photoinjection
efficiency with thickness [44]. Opposing this trend, as the
thickness decreases, the incident photon absorption decreases,
and the reflectivity decreases, which reduces suppression of
electromagnetic modes in the Casimir cavity [45]. The optical
absorption depth of Pd is ∼10 nm for 0.4 μm radiation [46].
Increasing the Pd thickness beyond that thickness increases
the scattering loss for electrons passing through the upper
electrode without substantially increasing the incident photon
absorption, and decreasing the thickness reduces the absorption. Therefore, we would expect G to peak roughly at that
thickness, which is what we observed, as shown in Fig. 4(a).
In general, tunneling conductance decreases exponentially
with insulator thickness [47], and therefore, G would follow
an exponential trend if its magnitude is determined by charge
injection. This is confirmed in Fig. 4(b).
The conductance should vary linearly with device area.
This is confirmed for our devices, as shown Fig. 4(c), where G
is plotted as a function of device area. The linear variation is
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consistent with G being due to the hot electron injection and
not an artifact arising from a different part of the device or
measurement circuit.
The hot carriers could be electrons, holes, or a combination
of the two. For the materials used in the study—Pd for the upper electrode, NiO and Al2 O3 for the insulator—the effective
barrier heights for electrons are ∼0.2 and 0.3 eV for NiO and
Al2 O3 , respectively, whereas the respective barrier heights for
holes are 3.2 and 5.9 eV [39,48]. For that reason, electrons
are expected to dominate, but given that the likely transport
mechanism is tunneling, probably both electrons and holes are
injected [30]. The combination of the two could, in principle,
give rise to an increase in conductance with no net current.
In addition to the changes in resistance reported here, a
small anomalous offset current and voltage were observed in
the Casimir photoinjector devices. This can be seen in Fig. 5,
which shows the low voltage range of the devices presented
in Fig. 3(a). With the base electrode as ground, a positive
current flows from the upper electrode to the base electrode

Current (nA)

FIG. 4. Effect of varying charge injection. Differential conductance (G) per unit area as a function of (a) upper electrode thickness and (b)
effective insulator thickness. (c) Device area. The insulator effective thickness for (a) and (c) is 5 nm, the Pd upper electrode thickness for (b)
and (c) is 12 nm, and the Casimir-cavity SiO2 thickness is 12 nm for all three sets. The data for (a) and (b) are averaged from devices having
areas of 6.25 to 10 000 μm2 .
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FIG. 5. Small-voltage region of the current-voltage characteristic
shown in Fig. 3(a). Because of an anomalous offset, the characteristics do not pass through the origin.
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at 0 V. If we assume that ZPFs cannot be the power source, an
external voltage source would be needed. As described in the
Supplemental Material [39], we carried out extensive experiments aimed at eliminating this offset, including developing
an improved method for measuring low-current electrical
characteristics, recalibrating instrumentation, producing temperature gradients to check for thermoelectric effects, making
arrays to check that the voltage and current offsets scaled with
the respective number of devices in series and in parallel (they
did), investigating whether the voltage and current offsets
might be transient and possibly a result of hysteresis during
measurement (the currents are stable over a period of hours
with no externally supplied power), and making sure that the
devices are blocked completely from any stray light during
measurement. Thus far, we have been unsuccessful in finding
an artifact that would explain the anomaly. These offsets are
small compared with the voltage and current ranges used to
measure the differential conductance values and therefore do
not affect those measurements. We describe these currents and
voltages in more detail in a separate publication [49].
Further considering the suggested current balance model,
virtual hot carriers are excited in the upper electrode metal in
response to internal ZPFs in the metal and in response to ZPFs
associated with the impinging electromagnetic cavity modes.
The hot carrier excitation mechanism may involve plasmonic
modes propagating along the Casimir-cavity mirrors [50–52].
The thicker base electrode has no impinging electromagnetic
modes to photoexcite hot carriers but compensates for that
with a thicker region to provide more hot carriers from internal
ZPFs. In equilibrium, the resulting virtual hot carrier injection
in one direction balances that in the other direction. The addition of the Casimir cavity reduces the electromagnetic vacuum
energy density impinging on the upper electrode to below its
magnitude in free space. Our results provide evidence that the
cavity upsets this balance and produces injection of real hot
carriers across the insulator.
A different but instructive example of the generation of
real particles by quantum vacuum fluctuations is the Fulling–
Davies–Unruh effect, where quantum vacuum particles appear
virtual to inertial observers but real to accelerated observers

[53]. Another example is the dynamic Casimir effect, where
vacuum-state excitations become real photons in response
to moving mirrors [12,13]. In our charge-injection devices,
we conjecture that it is the presence of the asymmetrically positioned Casimir cavity that manifests the real hot
carriers.
We speculate on what special characteristics of ultrahighspeed MIM devices give rise to the observed conductance
changes when they are joined with Casimir cavities. As discussed above, the transport and capture time for hot carriers in
the MIM devices is several femtoseconds. It has been argued
that an amount of energy E may be borrowed from ZPFs
for a time t following an uncertainty-principle-like relation
[54,55], but experiments will likely expand understanding of
the constraints involved [56]. For E t ∼ h̄/2, hot electrons
from 1 eV excitation would be available for 0.3 fs. In that
case, without sufficiently short transport and capture times,
hot carriers would not manifest measurable effects. If this
E t limitation applies, it would explain the need for ultrafast devices like MIM diodes to produce the observed effects.
In conclusion, the cause for the conductance changes we
observe in joining MIM devices with Casimir cavities appears
to be the injection of hot carriers into the devices. The changes
are consistent with reduced electromagnetic radiation from
ZPFs impinging on the device from the cavity side of the
device, with larger changes occurring for thinner cavities.
Variations in the effect with the photoinjecting metal thickness
and transport insulator thickness support the photoinjection
model of operation. The reason that such conductance changes
occur in MIM devices could be that, for the observed effects
to manifest, the ultrafast hot carrier transport and capture of
the MIM device is required.
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