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Time-Resolved Cathodoluminescence in an Ultrafast Transmission Electron
Microscope

We report the first time-resolved cathodoluminescence study performed in a pulsed electron gun TEM.
We measured the spatial variation of the lifetime of atomic defects (nitrogen vacancy — NV — center) in
nano-diamonds with a sub-nanosecond time resolution and 12 nm spatial resolution. This results are
part of a submitted article and are already the focus of some Transnational Access granted request.

Methods

Figure 1-a,c shows a sketch of the experimental set-up ; an Hitachi HF2000 ultrafast transmission
electron microscope (UTEM) equipped with an ultra-fast cold-field emission source described in
previous articles [1]-[3]. A femtosecond laser generates a 400 fs pulsed electron beam from a sharp
tungsten tip. The electrons are then accelerated to 150 keV. The repetition rate is set to 2 MHz. The
pulsed electron beam can be focused on the sample within a probe of less than 1 nm, and scanned
over the region of interest [2]. A parabolic mirror collects the cathodoluminescence generated by the
interaction of the electron beam with the sample and sends it to a multimode optical fiber. The main
challenge of cathodoluminescence in a UTEM is the signal to noise ratio as the current of the pulsed
electron beam (about 100 of fA on the sample [4]) is much smaller than the one generated with a
conventional TEM leading to a drastically decreased CL signal. The large collection angle of the
parabolic mirror is therefore essential to collect efficiently the luminescence signal. It is followed by a
lens whose numerical aperture is matched to an optical fiber redirecting the CL signal either to an
optical spectrometer or to a Single Photon Counting Module (SPCM) connected to a correlator. The
numerical matching ensures the lowest possible loss of photon flux, which is essential for these low
signal experiments. Using the open-source acquisition software PyMoDAQ [5], we can record either
the optical spectrum or the decay trace at each position of the electron beam. In this work, we studied
nano-diamonds containing a large number of NV centers [6], [7] with a mean diameter of about 100
nm. The NV center is an atomic defect in the diamond crystal lattice consisting of a substitutional
nitrogen atom and a neighboring vacancy, it is a very well-known single photon emitter particularly
stable under electron excitation and bright at room temperature[8], [9]. The NV center has two
different charge states, the neutral NV° and the negatively charged NV!). Cathodoluminescence
spectroscopy is probing almost exclusively the NV° state [10]. Figure 1-b displays a typical
cathodoluminescence spectrum of nano-diamonds used in this study. It was recorded with a
continuous electron beam, at room temperature in a VG HB510 scanning TEM. The zero-phonon line
emission is visible at 575 nm as well as the broad sideband associated with phonon-assisted emission
from 575 to 800 nm.
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Figure 1: Schematics of the experimental set-up. a) In a modified cold-FEG Hitachi HF2000
microscope, a 2 MHz femto-second laser at 515 nm triggers the emission of femtosecond
pulses of electrons from a Tungsten tip. A parabolic mirror collects the cathodoluminescence
from the sample. c) Thanks to an optical fiber coupled to the parabolic mirror through a lens
(not shown) the light goes either to a spectrometer or to a single photon counting module
(SPCM). In the later, a correlator records a histogram of the delays between excitation
(trigger) and CL photon detection. Such a histogram forms a decay trace from which the
lifetime of the excited state can be extracted. b) Spectrum of a diamond NV° center, recorded
in a VG510 scanning transmission electron. This spectrum was taken with a continuous beam
at room temperature on the same batch of nano-diamonds used for this study. One can see
the zero-phonon line at 575 nm followed by the phonon replica from 575 to 800 nm.

Lifetime Measurement

Figure 2 shows the spectrum and decay trace taken for a fixed position of the electron beam on a nano-
diamond cluster. In order to maximize the SNR for the acquisition of the CL spectrum (Figure 2-a), no
condenser aperture was inserted in the electron column to maximize the electron beam current. This
induce a loss in spot size due to geometrical aberrations of condenser lenses. The spectrum acquisition
time was 30 s. Nevertheless, we can notice that there is still enough spatial resolution to observe a
change in intensity between the two different positions (about 400 nm apart) as noted in the insert of
Figure 2-a. The peak at 515 nm visible in the spectrum is mostly due to scattering from the 515 nm
laser exciting the Tungsten tip in the electron gun. Direct excitation of the nano-diamonds by the
scattered laser light can however be discarded as (i) the number of photons travelling from the
tungsten tip to the sample is obviously very low due small apertures size along the electron optics
(mainly source extractor and differential aperture), (ii) a significant contribution from such direct
optical excitation is not consistent with the observed variations of the signal with the electron beam
position and (iii) direct optical excitation of the NV centers would yield a significant contribution from
the negatively charged NV- charge state and was not observed. Figure 2-b displays the decay trace
measured at the same position as the blue spectrum of Figure 2-a. To acquire this decay trace, we
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record the delay between the excitation (trigger: electronic signal sent from the laser) and the CL
photon detection. Due to the correlated acquisition between the excitation and the detection, the SNR
improves greatly and we can add an aperture to improve the probe size down to about 5 nm. A long
path filter at 550 nm is added in front of the SPCM detector in order to avoid the laser tail visible on
the spectrum (Figure 2-a). In these conditions, we detect 40 photons (above the dark noise) per second
on the APD. The decay trace displayed in Figure 2-b is taken with an integration time of 200 s.
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Figure 2 : Spectrum and decay trace measured in the HF2000 based UTEM a) Average
spectrum of a nano-diamond cluster (TEM image in Inset). The integration time was 30s, and
no illumination aperture was used to maximize the signal. b) Decay trace recorded for 200 s,
the electron probe (5 nm spot using a 70 um illumination aperture) excited the area
highlighted by the blue circle in the inset of a). An exponential fit (thick blue line) gives a
lifetime t of 21.4 ns in the expected range for nano-diamond lifetimes.

In order to extract the lifetime from the decay trace we fit the data with the convolution of an
exponential decay and a gaussian. The gaussian function accounts for the time resolution of the
experiment. It could also account for a slowly increasing contribution associated to the diffusion of
carriers but in the case of nano-diamonds excited by 150 keV electrons we can safely consider the
excitation of the defect centers instantaneous compared to the nanosecond lifetime. The instrument

response function of the experiment is defined as IRF = /Y. 5;2 where o; accounts for the different
sources of error. In our case the contribution from the electron pulse-width (about 400 fs) is negligible,
the time bin is set to 400 ps and the photon detector has a resolution of 350 ps. We therefore expect
an IRF of about 530 ps. In the case of Figure 2-b, the fit yields an IRF of 873 ps which is close to what
we expect considering the histogram resolution. The lifetime found for the decay trace displayed in
Figure 2-b is 21.4 £ 0.5 ns, in the range of expected values for nano-diamonds [11].

These nano-diamonds contain much more than one center. The carrier diffusion length being of the
order of 50 nm [12], we expect that the electron beam excites all the centers whatever its position in
the nano-diamond. However, the excitation strength of a given center depends on (i) its position inside
the diamond and (ii) its position relative to the electron beam. The measured lifetime is therefore an
average of the lifetimes of all the centers excited by the electron beam. Nevertheless, lifetime
correlation-based measurements performed on similar diamonds have shown a strong disparity of the
averaged lifetimes measured between objects [13].

Therefore, we show in Figure 3 the results of spatially-resolved lifetime measurements performed with
Time resolved STEM-CL. We scanned the electron beam over the nano-diamonds cluster and recorded
a decay trace at each position. Using the same STEM aperture as for the decay trace shown in Figure
2-b (5 nm probe), we scanned a 200 nm region with square pixels of 6 nm width and an integration
time of 5s per pixel. Figure 3 — b shows the intensity map extracted from the decay trace map by
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summing, for each pixel, all the histogram bin of a 500 ns window (2 MHz repetition rate). We can see
quite clearly the intensity variations over the scan depending on the electron beam position. Before
fitting each pixel content with the same function as for the average lifetime of Figure 2-b we binned
four adjacent pixels to increase the signal to noise ratio. The equivalent integration time is therefore
20 s for each 12 nm width pixel. The lifetime extracted from the fit at each pixel is shown in Figure 3-
c. The missing pixels represent pixels lying outside of the diamonds where the signal was too low to
perform an accurate fit. Figure 3-d shows two decay traces acquired at different locations on the nano-
diamonds and their corresponding fit. The measured lifetime depends strongly on the electron beam
position and decreases from 23.4 ns to 15.8 ns when the electron beam is displaced by less than 50
nm. The signal to noise ratio of these spatially-resolved data is worse than in the case of Figure 2. We
measured lifetime errors between 0.5 and 1 ns for most pixels and up to 2 ns for the noisiest pixel.
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Figure 3 : Lifetime mapping on a Nano-diamond cluster. a) TEM images of the cluster, the
white square represents the scanned area. Inset: Scanning probe over the region of interest
taken with the TEM CCD camera. scale bar 100 nm b) Intensity map extracted from the decay
trace map by summing all the histogram bins of a 500 ns window, pixel size 6.3 nm. c)
Lifetime map after binning four adjacent pixels (effective pixel size 12.4 nm). At each pixel a
fit of the decay trace has been done and the extracted lifetime reported on the map. Pixels
where the signal was too low to extract a lifetime are masked. D) Decay traces and
corresponding fit at the locations marked by the blue and red squares in c).

Conclusion and Perspective

To conclude, we have performed the first time-resolved cathodoluminescence experiments in an
Ultrafast Transmission Electron Microscope. Due to its high brightness cold-field emission source, this
instrument can focus femtosecond electron pulses in a nanometric probe maintaining an optimum
brightness. The light emitted from individual emitters is efficiently collected using a high numerical
aperture parabolic mirror located close to the sample. This allowed to map the lifetime of NV centers
in nano-diamonds with a spatial resolution of about 12 nm and a sub-nanosecond temporal resolution.
Such a spatially-resolved lifetime measurements performed using an UTEM are extremely promising
to investigate light emission dynamics from complex nanoscale systems [14]. In particular, the
possibility of combining information on the emission dynamics together with structural,
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morphological, or chemical analysis at the atomic scale will bring invaluable information on the physics
of the atomic scale light sources that play an increasing role in opto-electronic devices. This study

opens a new application domain for Ultrafast Transmission Electron Microscopes and a wealth of
possible experiments combining optical and electron excitation of nanoscale systems.
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