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ABSTRACT Illumination of metal–insulator–metal junctions
with ultrashort laser pulses and multiphoton electron excita-
tion in the top electrode leads to the injection of electrons
into the backside electrode. Time resolved photocurrent spec-
troscopy shows that the carrier injection is not instantaneous
but occurs with an effective lifetime of about 30 fs. The ob-
servation of an effective lifetime reveals that photon-assisted
tunneling is negligible. It is shown that three-photon induced
internal photoemission and two-photon induced tunneling of
excited electrons are the dominating transport mechanisms.

PACS 73.40.-c; 72.10.-d; 73.40.Gk; 73.50.Pz

Tunnel processes are strongly influenced by an oscillatory
perturbation of the tunnel barrier, e.g., an interaction with
light or an applied ac bias. The increase of the tunnel current
due to photon-assisted tunneling (PAT) was first demonstrated
in superconducting metal–insulator–metal junctions (MIM)
under microwave irradiation [1]. The theory for this experi-
ment by P.K. Tien and J.P. Gordon [2] is still widely used
to explain photon-assisted tunneling phenomena in the per-
turbation limit (see e.g. transversal times for tunneling [3]).
However, recent theoretical work demonstrates that photon-
assisted tunneling beyond the perturbation limit gives rise to
fascinating phenomena like coherent destruction of tunnel-
ing [4], coherent control of electron currents in double bar-
rier structures [5, 6] and rectification currents in molecular
wires [7]. Experiments using semiconductor devices under
60 GHz irradiation show that photon-assisted tunneling al-
lows the electrical currents to be controlled [8]. It is important
to note that the phase coherence of the involved quantum
mechanical states is essential for photon-assisted tunneling
to occur. As a consequence, the experimental observation of
photon-assisted tunneling has up to now been restricted to tun-
nel junctions and excitation conditions in which decoherence
plays a minor role, i.e., the coupling of an electronic state to
other excitations is smaller than the electronic coupling via the
tunnel gap. Such conditions can be met in metal–insulator–
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metal junctions for small photon energy, i.e., microwave to
mid-infrared range. In contrast, continuous wave excitation in
the visible leads to the tunneling of excited electrons (some-
times denoted photon-induced tunneling [9]). In continuous
wave excitation, the damage threshold of the device limits
the maximum field strength. However, the use of ultrashort
laser pulses could overcome this limitation. With state of the
art laser technology, a maximum oscillating field strength in
the range of 109 V m−1 is accessible for laser pulses of 1 nJ
pulse energy [10] leading to interesting new phenomena of
electron dynamics at interfaces [11]. For a typical tunnel bar-
rier width of 1 nm, this corresponds to potential oscillations
in the range of volts. Accordingly, the laser field represents
a strong perturbation of the tunnel barrier. Under such condi-
tions, photon-assisted tunneling in a MIM junction might win
over the tunneling of excited electrons allowing for the above-
mentioned coherent control of photon-induced currents. In the
experiments presented here, the laser field induced potential
oscillations in the tunnel junction is in the range of 0.1 V and
one can, therefore, expect that all mentioned mechanisms con-
tribute to the total photocurrent. However, as discussed below,
both photon-assisted tunneling and tunneling of multiphoton
excited electrons exhibit a nonlinear response. Therefore, it
is crucial to identify the photon-induced transport mechan-
ism. Here we present photocurrent spectroscopy experiments
based on the interferometric two-pulse correlation measure-
ments that allow the identification of nonlinear photocurrent
contributions in metal–insulator–metal junctions.

In tunnel junctions under intense irradiation, different
photon-induced mechanisms give rise to photocurrents. Fig-
ure 1 depicts three different contributions to the photocurrent
in MIM junctions: i) internal photoemission, ii) tunneling of
excited electrons, and iii) photon-assisted tunneling. Internal
photoemission requires the excitation of electrons into states
above the tunnel barrier. These electrons then cross the barrier
with a probability close to unity depending on the transmis-
sion coefficients at the two interfaces. The lifetime of the
excited electrons in these states, typically in the range of a few
femtoseconds, and their excitation cross-section determine
the magnitude of this contribution. Similar to internal photoe-
mission, excited electrons in states well above the Fermi en-
ergy but still below the top of the tunnel barrier can contribute
substantially to the tunnel current, since the effective barrier
height is reduced for these electrons. Both mechanisms – in-
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FIGURE 1 Different photocurrent contributions in a Ag–Al2O3–Al MIM
junction under zero bias. The sequence of vertical arrows indicates the mul-
tiphoton excitation of electrons from the Fermi level

ternal photoemission and tunneling of excited electrons – are
well described assuming a static barrier. This assumption is
no longer valid for the third contribution, i.e., photon-assisted
tunneling.

Under illumination, the tunnel barrier oscillates with the
fundamental frequency of the applied radiation leading to
a degeneracy of electronic states that are separated by multi-
ples of the photon energy. This provides additional channels
for tunneling and, therefore, influences the tunnel current. In
the limit of small frequencies, i.e., a photon energy in the
far to mid infrared, this photon-assisted tunneling dominates
the photon-induced current and it was shown that this mech-
anism is equivalent to the rectification behavior of the non-
linear current–voltage characteristic of tunnel junctions [12].
Qualitatively, this could be understood as follows: The tunnel
probability for an electron excited by such low-energy pho-
tons is almost the same as for an electron in the initial state.
Hence tunneling of excited electrons is irrelevant, whereas
the perturbation of the tunnel barrier still leads to coupling
of electronic states. For excitation in the visible, however, the
tunnel probability increases substantially and consequently
tunneling of excited electrons becomes more important.

In general, a photocurrent through a tunnel junction can
be a mixture of all three different contributions. Their relative
strength then depends on the actual excitation conditions and
interface properties. The argument given above shows that in
the limit of high frequencies and low field strength photon-
assisted tunneling can be neglected. Under these conditions,
the variation of the photocurrent with photon energy directly
reflects the variation of the effective tunnel matrix element [9].
However, under excitation with ultrashort laser pulses, the
perturbation of the tunnel barrier can become substantial and
it is not clear which mechanism is then the dominating one. In
the following, we demonstrate how multiphoton photocurrent
spectroscopy and two-pulse correlation measurements can
be used to identify different transport mechanisms in metal–
insulator–metal junctions.

Here we use Ag–Al2O3–Al metal–insulator–metal junc-
tions grown on a polycrystalline ZnSe substrate as described
in [13]. Tunneling spectroscopy reveals the band offsets of
3.9 eV and 2.4 eV for the Ag-oxide and the Al-oxide inter-

face, respectively (Fig. 1). For photocurrent measurements,
the sample is mounted in a liquid nitrogen cooled cryo-
stat and is illuminated with a mode locked Ti:sapphire laser
(80 MHz repetition rate, 0.1 nJ pulse energy, 1.5 eV pho-
ton energy, 20 fs pulse duration, 10 µm focus diameter, 45◦
incidence angle, p-polarization). The photon-induced cur-
rent is detected using a low noise current–voltage converter
(109 V A−1) and phase sensitive detection using a lock-in
amplifier. For interferometric two-pulse correlation measure-
ments, a Mach–Zehnder interferometer generates two laser
pulses with variable delay using a piezo-driven and feedback
controlled delay stage. Simultaneously to the photocurrent
measurements, a photodiode sensitive at 800 nm records the
first order autocorrelation of the laser pulse. In addition, two-
photon absorption in a wide band gap photodiode (Hama-
matsu G1116) yields the second order autocorrelation. The
time dependent field for a single pulse is then obtained by sim-
ultaneously fitting the first and second order autocorrelation
of the laser pulses assuming a Gaussian shaped spectrum and
allowing for up to fourth order phase dispersion. This field
is also acting on the MIM junction since material induced
dispersion is balanced in both optical pathways. To suppress
the low frequency laser noise (< 20 mHz), the signal is aver-
aged over multiple scans of the interferometer. The long-term
drift of the optical path difference in the interferometer is
compensated after data acquisition using the first order auto-
correlation signal as a reference for the relative phase of the
successive scans resulting in a standard deviation of the opti-
cal path difference of less than 30 nm.

Illumination of the MIM junction with ultrashort laser
pulses generates a photocurrent through the device as shown
in Fig. 2. For this measurement, the illumination is chopped
and the current transients are directly recorded using a dig-
ital sampling oscilloscope. Without illumination, the current
drops to zero, since no dc bias is applied to the MIM junc-
tion. After switching on the illumination, the current increases
and saturates after about 30 ms at 45 pA. The capacitance of
the MIM junction (≈ 500 nF) and the input impedance of the
sampling oscilloscope determine the time constant for current
saturation. The positive sign of the current shows that the net
flow of electrons is directed from the Ag to the Al electrode.
The asymmetry between the electron flow directed from Ag
to Al and the opposite direction agrees well with the depth
distribution of the absorbed photons since 80% of the ab-

FIGURE 2 Transient of the average photocurrent with periodically modu-
lated illumination of the MIM junction using ultrashort laser pulses (1.5 eV
photon energy, 1 nJ pulse energy, 80 MHz repetition rate, 20 fs duration). The
peak laser intensity is 1010 W cm−2 at the Ag surface. A cross section of the
junction together with the depth distribution of the absorbed energy is shown
on the right side
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sorbed radiation is deposited in the Ag film. Accordingly, the
illumination of the MIM junction with ultrashort laser pulses
leads to a carrier injection into the backside electrode. From
the injection current magnitude and the average incident laser
power a quantum efficiency for carrier injection of about 10−7

per absorbed photon is estimated. For unfocused illumination
(1 mm spot diameter) of the MIM junction, i.e., a four orders
of magnitude lower laser intensity, the quantum efficiency for
injection drops to 10−12, indicating that the carrier injection
mechanism must be based on a multiphoton process.

Two-pulse correlation photocurrent measurements with
interferometric resolution (Fig. 3) allow the dominant trans-
port mechanisms to be identified. At zero delay the two pulses
interfere constructively and the signal is about thirty times
larger than without overlap of the pulses. This enhancement
and the Fourier transform of the two-pulse correlation (TPC)
signal S (inset in Fig. 3a) that exhibits a spectral contribu-
tion also at the third harmonic of the fundamental frequency
ω0, but none at higher harmonics, reveal a three-photon in-
duced current contribution. A pure three-photon process is
characterized by a ratio of the TPC signal S of S(τ = 0)/S(τ =
∞) = 32, whereas a two-photon process is characterized by
a ratio of 8 (e.g. see [14]). The observed signal does not quite
reach this ratio. The slightly lower value stems from the fi-
nite time difference between consecutive data points and the
small but not vanishing phase jitter in the Mach–Zehnder in-
terferometer. Correcting for these effects shows that the TPC
signal shown in Fig. 3a is dominated by a three-photon in-
duced current.

FIGURE 3 Two-pulse correlation (TPC) photocurrent signal for two
metal–insulator–metal junctions, both normalized to the signal at a delay of
180 fs. The inset in part a shows the Fourier transform of the TPC photocur-
rent signal. The envelope of the TPC signal for a three-photon excitation
assuming instantaneous response is shown in a as shaded area. b shows the
TPC signal in another metal–insulator–metal junction that was prepared in
the same way

In addition to the information about the order of the mul-
tiphoton process, the TPC signal contains also information
concerning the dynamics of the process. The envelop of the
calculated TPC signal assuming an instantaneous third order
nonlinear process and using the actual pulse shape is shown
in Fig. 3a as shaded area. The calculated TPC signal con-
verges to one for a delay of about 50 fs indicating the delay
for which the two pulses do no longer overlap. In contrast,
the measured signal approaches one only for a much larger
delay. This shows that the effect of the first laser pulse per-
sists for some time and increases the photocurrent yield of
the second pulse. The exponential slope of the measured sig-
nal corresponds to a time constant of about 30 fs. This time
constant represents an upper time limit for the carrier injec-
tion process, since a vanishing correlation between the two
laser pulses means also that the photo-carriers generated by
the first laser pulse are gone when the second pulse arrives.
The observation of a lifetime in the range of several tenths of
femtoseconds rules out that a transient thermalized electron
distribution is responsible for the effect, since the correspond-
ing time constants would be in the range of picoseconds (see.
e.g., [15]). Accordingly the measurement shown in Fig. 3a
shows that a metal–insulator–metal junction under ultrashort
pulse illumination can be utilized as an ultrafast electron in-
jection device, extending the scheme of MIM based hot elec-
tron surface chemistry proposed by Gadzuk [16] to the time
domain.

The observation of a lifetime, however, is also the cru-
cial point to distinguish between photon-assisted tunneling
and excited electron transport. Photon-assisted tunneling rep-
resents a direct coupling of an initial state on one side of the
barrier with states on the other side of the barrier that are
separated in energy by multiples of the photon energy. There-
fore, no real intermediate states are involved that could give
rise to lifetime effects. In contrast, transport of excited elec-
trons involves intermediate states (Fig. 1) that can account for
the observed lifetime. According to this, we conclude that the
photocurrent signal in Fig. 3a is due to the transport of three-
photon excited electrons. Since the transmission through the
barrier drops rapidly below the tunnel barrier height this pho-
tocurrent is dominated by internal photoemission over the
barrier.

In principle, the observed lifetime can be understood in
a similar way as in time-resolved two-photon photoemission
experiments, a technique that has been extensively used to
investigate the electron dynamics at metal surfaces [17, 18].
In two-photon photoemission, the detected signal, i.e., the
emitted electron, is the final state of a two-photon excita-
tion process. Time resolved spectroscopy of the intermedi-
ate state that is exactly defined by the known final state en-
ergy, i.e., the kinetic electron energy and the photon energy,
is achieved also in two-pulse correlation measurements. In
case of time resolved photocurrent spectroscopy, the identifi-
cation of the involved intermediate states is less obvious. In
general, a large number of different pathways can contribute.
However, a careful analysis of the spectral shape indicates
that the excitation occurs via an interface state located on the
Ag-oxide interface. Although a description of this analysis
is beyond the scope of this paper and will be presented in
a more extended paper [19], this demonstrates that time re-
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solved photocurrent spectroscopy could become a valuable
tool for the investigation of electrons dynamics at buried
interfaces.

As discussed above the signal shown in Fig. 3a represents
an almost pure three-photon process. However, such clear
conditions are not always observed in the TPC measurements.
Figure 3b shows the TPC spectrum measured in a different
MIM junction for slightly lower laser intensity. In this spec-
trum, the signal enhancement for zero delay reaches only 22.
Since alignment and phase stability are equivalent for both
measurements, this lower enhancement must be attributed to
a mixing of a second order and third order multiphoton pro-
cesses. Higher order processes are ruled out, since they would
lead to additional peaks in the Fourier spectrum, and as men-
tioned above, the linear process can be neglected due to its
small quantum efficiency. The observed enhancement corres-
ponds to a mixing ratio of two- and three-photon contributions
of about 1:1. Accordingly, half of the photo-carriers are ex-
cited in a two-photon process and then have to tunnel through
the barrier. The identification of this tunnel current contribu-
tion is interesting in the context of a recently proposed mech-
anism for an ultrafast scanning tunneling microscope [20].
Tunneling of two-photon excited electrons in a microscopic
tunnel junction would provide a time-resolved signal with un-
precedented spatial resolution.

The fact that two channels with different order of the mul-
tiphoton process can contribute to the same extent to the total
transferred charge is closely related to the fact that a tunnel
barrier suppresses the two-photon contribution with respect to
the three-photon process. However, the excess energy of the
injected carriers differs for both channels. This could be rather
important for the femtochemistry of surface reactions that are
based on a charge transfer between substrate and adsorbate,
since the two competing channels deposit a different amount
of energy per transferred charge.

The two-pulse correlation photocurrent measurements
shown here reveal only two of the three transport mech-
anisms shown in Fig. 1, i.e., tunneling of excited electrons
and internal photoemission. Consequently, one might as-
sume that the applied laser intensity is just too low to give
rise to photon-assisted tunneling or that the transport of
excited electrons is always dominating. In a recent publi-
cation, we have presented experimental evidence that for
similar laser intensities photon-assisted tunneling plays a role
under rare experimental conditions [21]. The observation
of photon-assisted tunneling depends critically on the in-
terface properties that are difficult to control precisely in
the preparation of the MIM junctions. The comparison with
two theoretical models for photocurrents in MIM junc-
tions indicates that photon-assisted tunneling is relevant

when localized discrete interface states are involved in the
transport [21].

In conclusion, the excitation of Ag–Al2O3–Al junctions
with ultrashort laser pulses induces a pulsed injection of elec-
trons into the back electrode. Interferometric two-pulse cor-
relation photocurrent measurements allow the identification
of the dominant transport mechanisms: i) two-photon induced
tunneling of excited electrons and ii) three-photon induced
internal photoemission. In the present experiments, no cur-
rent contribution due to photon-assisted tunneling has been
identified. The experiment shown here demonstrates that two-
pulse photocurrent correlation measurements allow to iden-
tify the photo-current transport mechanisms in intense fields.
The time resolved signal also shows that the illumination of
a MIM junction with ultrashort laser pulses leads to the in-
jection of ultrashort electron pulses opening new possibilities
for time-resolved spectroscopy of electron induced surface
reactions.
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