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ABSTRACT Femtosecond, time-resolved two photon photoe-
mission has been used to map the dynamics of photo-excited
electrons at a structured metal/semiconductor surface. A pho-
toemission microscope was employed as a spatially resolving
electron detector. This novel setup has the potential to visualize
variations of hot electron lifetimes in the femtosecond regime
on heterogeneous sample surfaces and nanostructures.

PACS 78.47.+p; 79.60.-i; 42.65.Re

1 Introduction

Since the first experiments nearly two decades ago
[1, 2], time-resolved two photon photoemission (TR-2PPE)
has been extensively used to study electron dynamics at metal
and semiconductor surfaces [3–10]. However, as this tech-
nique is a spatially integrating method, it was not possible
to systematically investigate, for example, local variations of
the electron dynamics or the effect of surface inhomogenities
on the 2PPE process so far. A striking example is the nonlin-
ear enhancement of the integral photoemission yield due to
so-called hot spots at surfaces. This effect is the result of the
interaction between the exciting intense laser field and sur-
face defects [11]. In addition, there is increasing interest in
the specific hot-electron dynamics of spatially heterogeneous
systems. TR-2PPE enables meaningful investigation of such
systems only under very restricted conditions [12]. The ap-
proach we present in this paper to overcome this drawback is
the combination of TR-2PPE and photoemission electron mi-
croscopy (PEEM), an experimental technique capable of high
spatial resolution in the 20-nm regime.

In a TR-2PPE process, a first (pump) pulse populates an
intermediate state located between the Fermi edge and the
vacuum level, a second (probe) pulse photo-emits these elec-
trons into the vacuum. A defined control of the temporal
delay between pump and probe pulses enables information
about the decay dynamics of the photo-excited electrons to
be captured. As the 2PPE process is a nonlinear photoemis-
sion process, the overall photoelectron count rate in the case of
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temporal overlap between pump and probe pulses is increased
compared to the case in which both pulses are well separated.
For identical collinear pulses and optimum spatial overlap,
this enhancement results in a peak-to-background ratio of 8 : 1
for interferometric temporal resolution and 3 : 1 for phase-
averaging resolution, respectively (see Fig. 1a). A broadening
of the autocorrelation trace reflects the finite lifetime of the
electron population in the intermediate state.

To obtain information on the energy dependence of life-
times of excited electrons, TR-2PPE measurements are gener-
ally energy-resolved by having an electron-energy analyzer as
the detector. For most of the metals and semiconductors inves-
tigated so far, the lifetime of excited electrons increases with
decreasing excitation energy. Ideally, the lifetime of hot elec-
trons in a free-electron gas is proportional to (E − EF)

−2, as
follows from Fermi-liquid theory [13–17]. For metals, relax-
ation times down to the low fs regime have been observed.
On the other hand, semiconductors (e.g. GaAs) show signifi-
cantly longer lifetimes due to the restricted phase space for
inelastic decay [18].

PEEM as employed here has no significant energy reso-
lution. Therefore, the brightness of a PEEM image is propor-
tional to the total electron yield or the photocurrent. Never-
theless, PEEM is still capable of directly visualizing material-
dependent variations in hot-electron lifetimes on heteroge-
neous sample surfaces, even in this energy-integrating mode.
Moreover, a microscopic imaging method reveals inhomo-
geneities in the lateral distribution of two-photon photoemis-
sion, e.g. the presence of “hot-spots” on the sample surface
[11, 19].

The purpose of this paper is to present the realization of
a new technique (TR-PEEM) that has the potential to allow
femtosecond electron dynamics in a nanoscale dimension to
be studied.

2 Experiment

A schematic of the experimental setup is shown
in Fig. 2. The PEEM instrument used for our experiments
(FOCUS GmbH, Germany) has an ultimate resolution of
about 20 nm and is described in detail in [20]. In brief, the
electron-optical column is an electrostatic three-lens system
with a contrast aperture and an octopole stigmator. It allows
a zoom range from an under 10 µm field-of-view to one of
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FIGURE 1 a Simulation of a second-order (2PPE)
autocorrelation trace; in the case of perfect spatial
overlap, interferometric measurements result in a peak-
to-background ratio of 8 : 1 (black line) and phase-
averaged measurements in a ratio of 3 : 1 (white line).
b 2PPE autocorrelation trace from a silver-covered area
as obtained with the TR-PEEM apparatus. Inset: corres-
ponding phase-averaged correlation trace extracted

about 500 µm. The sample stage is piezomotor driven and
integrated into the microscope column. The image is inten-
sified by a multichannel-plate/YAG-screen arrangement. Im-
ages are acquired by a slow-scan CCD camera behind the
YAG-screen with 256 ×256 pixels. Hence, it employs paral-
lel image acquisition, similar to an optical microscope. It is,
therefore, ideally suited for a real-time observation of the spa-
tial electron-yield distribution. Typical exposure times used in
this work are in the range of 300 ms to several seconds per
image.

Besides a conventional mercury vapor UV source (hν =
4.9 eV) a 82-MHz pulsed Ti:sapphire laser, tunable from 750
to 830 nm, was used for photoelectron excitation via two-
and multiphoton excitation. The system delivers pulses of up
to 9 nJ/pulse with a duration of 40 fs. The linearly polarized
output can be frequency-doubled in a 0.2-mm-thick beta bar-
ium borate (BBO) crystal to produce pulses at hν = 3–3.4 eV.
Both the IR and blue pulses can be focused under 65◦ inci-
dence to the normal of the sample surface.

For time-resolved measurements the blue pulses were split
to equal intensity pump and probe pulses and later combined
collinearly by a second beam-splitter. The probe pulse can
be delayed with respect to the pump pulse by a computer-

FIGURE 2 Schematic of the experimental setup used for the TR-PEEM
experiment

controlled delay stage. In this mode a series of images is taken
at varying temporal delays between the two beams.

Samples for lifetime contrast measurements were pre-
pared by evaporation of an overlayer material onto a substrate.
The substrates were masked by a fine mesh during the evap-
oration in order to obtain a structured film. Prior to evap-
oration, the substrates were prepared by etching to remove
oxide layers. After transfer to the vacuum chamber, they were
cleaned by annealing to 480◦C. Our investigation focused on
patterned silver films on the semiconductor substrates sili-
con and gallium arsenide. We expected that the significant
difference in the carrier dynamics between semiconductors
and metals would result in a visible lifetime contrast between
these materials, even for energy-integrating measurements.

We used two different approaches to data analysis. In the
decay mode, we used images taken at different temporal over-
laps of the pump and probe pulses (e.g. 0-fs and 60-fs delay)
and calculated the ratio

I(lifetime) ∝ I(60 fs)− I(∞)

I(0 fs)− I(∞)
(1)

for every image pixel. I(0 fs), I(60 fs), and I(∞) denote the
brightness values of the corresponding pixels of images taken
at zero delay, at 60 fs, and at a large (infinite) delay, respec-
tively. Note that it is important to subtract a background image
taken at infinite delay from the other images prior to forming
their ratio. Otherwise the background contribution from pho-
toemission by the single pulses results in additional contrast
not reflecting the actual difference in the excited electrons’
lifetimes.

In the FWHM mode the photoemission intensity from
each pixel of the image is plotted as a function of delay be-
tween the pump and probe pulses. A resulting autocorrelation
trace is shown in Fig. 1b. The high-frequency components of
the trace can be filtered numerically, resulting in the phase-
averaged autocorrelation trace (see inset). The FWHM ex-
tracted from these autocorrelation traces reflect the lateral
distribution of differences in the relaxation dynamics and can
be displayed in terms of an FWHM map. For sufficiently small
scan steps (160 as) a stable fringe pattern with a periodicity of
1.3 fs corresponding to the frequency of the exciting 400-nm
light was observed. This indicates that the setup is, in princi-
ple, capable of performing interferometric, spatio-temporal,
high-resolution measurements.
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3 Results

3.1 Nonlinear PEEM

An important issue in the interpretation of TR-
2PPE data is the question regarding from which area of the
sample electrons are actually photo-emitted. This local infor-
mation can be related to the measured electron dynamics in
spatially integrating experiments. In contrast to 1PPE this is
a critical parameter due to the nonlinearity of a 2PPE process.
Field enhancement at steps, edges or tips can very efficiently
increase the photoemission signal from a sample and might
finally dominate the overall electron yield, even if the effect-
ive area of these structures is small. While for a well-prepared
single-crystal surface a rather homogeneous photoemission
signal can be assumed, it becomes definitely a problem as
soon as one deals with heterogeneous (e.g. nanostructured)
samples. For example, it is expected that by a defined manip-
ulation of the sample structure on a nanoscale, the electron
dynamics can be tuned in a specific way. It is obvious that
knowledge of the source region of the electrons is essential for
a reliable interpretation of experimental data.

How inhomogeneities at a surface can result in dramatic
space selectivity in nonlinear photoemission becomes obvi-
ous from Fig. 3: It shows images of a patterned silver film on
silicon ([100] orientation). The field of view is about 40 µm
in diameter. Figure 3a was taken in conventional PEEM mode
using a mercury-vapor UV source. It shows the lateral distri-
bution of one-photon photoemission near the photo-threshold.
Figure 3b and c were taken with the fs-pulsed laser beam
using the second harmonic and the fundamental wavelength
of the laser, respectively. They display the lateral distribu-
tions of two-photon and three-photon photoemission. Note
that the field-of-view displayed in Fig. 3a is different from that
in Fig. 3b and c, which is due to a slight sample movement be-
tween the acquisition of the images. The faint dark lines result
from defects in the multichannel plate.

FIGURE 3 PEEM images of a patterned silver film (hexagon-shaped patches) on silicon taken with different excitation sources (field-of-view: 60 µm).
a PEEM image taken with a UV lamp; spatial distribution of one-photon photoemission. b PEEM image taken with a frequency-doubled Ti:sapphire laser,
λ = 400 nm; spatial distribution of two-photon photoemission. c PEEM image taken with the fundamental wavelength of the Ti:sapphire laser, λ = 800 nm;
spatial distribution of three-photon photoemission; the white lines indicate the position of the silver hexagon

It is noticeable that the lateral distribution of the photoe-
mission intensity strongly depends on the number of pho-
tons absorbed in the elementary photoemission process. Ex-
cept for a few bright spots, the silver patches appear uni-
formly bright in Fig. 3a, taken with the UV lamp (hν = 4.9 eV,
one-photon photoemission). In Fig. 3b, taken with the sec-
ond harmonic of the laser (400-nm wavelength, hν = 3.1 eV;
two-photon photoemission), the topography of the island-
like silver film becomes visible. The image brightness is less
uniform and exhibits many bright spots in the Ag pattern.
Finally, in the image taken with the fundamental wavelength
of the laser (800 nm, hν = 1.55 eV), the photoemission in-
tensity is concentrated in only a few very bright spots. The
background homogenous gray level has practically disap-
peared. In addition, the material contrast between Ag and Si
is completely absent in Fig. 3c. This phenomenon can be at-
tributed to local field enhancement at roughness features and
is responsible for other effects such as surface-enhanced Ra-
man scattering or enhanced second-harmonic generation from
rough silver films [11, 21–26]. In the PEEM image, these
bright spots exhibit a characteristic dependence on the laser
polarization [19].

3.2 Time-resolved PEEM

Figure 4 summarizes results from a TR-PEEM
scan. The sample chosen here is silver evaporated onto
a masked gallium-arsenide substrate, (100) surface, in the
same manner as the silver/silicon sample. A single pixel in
these images corresponds to an area of about 0.09 µm2. Fig-
ure 4a is a 2PPE image and shows the patterned silver film
(hexagonal patches), having the same geometry as the one
shown in Fig. 3. Note that the brightness values of the dif-
ferent areas are approximately equal. Figure 4c, left, shows
a “decay image” obtained from an image-processing proced-
ure (as described above) calculated for 60-fs delay. Corres-
ponding to (1), the darker appearance of the hexagons reflects
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FIGURE 4 TR-2PPE microscopy of silver on gallium arsenide. a PEEM
image of the microstructured Ag layer (partly visible hexagonal patches)
taken with 400-nm laser radiation. b FWHM image extracted from a pump–
probe PEEM scan of the same area. The brightness value of each pixel
corresponds to the FWHM of the respective autocorrelation trace. c Left: Pro-
cessed image by means of (1) exhibiting differences in the lifetime (decay
image) calculated for 60-fs delay (areas having shorter hot-electron lifetimes
appear darker in the image); right: decay image for 200-fs delay

a shorter hot-electron lifetime of silver in comparison to the
GaAs interstitial parts. Additional relief-like contrast visible
at the edges of the silver patches arises from sample move-
ment during measurement, which causes the images used for
extraction of the lifetime map to show slightly different areas.
For comparison Fig. 4c, right, shows a “decay image” corres-
ponding to a delay of 200 fs. It is obvious that at this large
delay, where most of the excited population has decayed in
both materials, the lifetime contrast is significantly weakened.
The observed contrast between silver and GaAs is also re-
produced in the FWHM image shown in Fig. 4b. Again, the
silver hexagons appear dimmer in comparison to the GaAs
areas due to the smaller FWHM corresponding to shorter life-
times. Note that in the center part of the image, essentially no
contrast can be observed between silver and GaAs in corres-
pondence with a reduced contrast in the decay image (Fig. 4c).
Comparison with Fig. 4a indicates a correlation of this ef-
fect with an enhanced two-photon photoemission yield. This
might be the result of contamination of the GaAs intersti-
tial part with a small silver cluster in this boundary area as
result of the evaporation process. Particularly for small sil-
ver particles, effective coupling of the exciting laser light to
localized plasmons can enhance photoemission yields quite
significantly. These results demonstrate that the device is
capable of visualizing lateral variations in the hot-electron
lifetime on heterogeneous microstructured sample surfaces.
We expect that implementation of an imaging energy filter
will enhance the lifetime contrast significantly. The lifetime
of excited electrons shows a strong dependence on excita-

tion energy, and so should the lifetime contrast. In addition
to that, it has been found theoretically that the experimental
autocorrelation trace can be affected by the detector energy
resolution [27].

Regions of different surface composition generally fea-
ture photoemission yields that can differ substantially. This
results in a very strong contrast present in the PEEM images
as is, for example, evident from the images shown in Fig. 3b.
Due to possible crosstalk between different areas of the detec-
tor (screen/CCD-chip), a considerable portion of the signal
measured in a dark area may actually originate from bright
areas. In the case of high-contrast images, our experience
shows that any lifetime contrast can be blurred completely.
One way to avoid this is to find a sample featuring at least
approximately equivalent photoemission yields from surface
areas of different chemical or structural compositions. Again,
an energy filtering of the photoelectrons in the PEEM can
overcome this principal limitation by selection of a suitable
electron energy for imaging. This is a means to exploit the
partial yield of a selected transition instead of the total yield
studied in the present set-up.

4 Summary

In summary we have successfully established
a new experimental technique that we refer to as time-resolved
two photon photoemission electron microscopy (TR-PEEM).
In general, it offers a new contrast method for PEEM by
the use of a femtosecond-pulsed light source. However, even
more importantly, this technique is feasible to investigate
the characteristics of hot-electron dynamics of surfaces at
a spatial resolution of 20 nm and a time resolution of a few
femtoseconds. In particular, we expect that this technique
is a new probe for the physics of charge carriers in nanos-
tructured and low-dimensional systems. Implementation of
energy discrimination in terms of an imaging energy filter
and/or electron-energy analyzer system is straight forward
and will facilitate, in addition, time-resolved spectroscopy at
high spatial resolution.
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