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PhD thesis project

Electron ptychography of quantum dot emitters

General Scope:

Waurzite AlGaN-based semiconductors with internal quantum structures constitute an outstanding material
choice for the implementation of both photon emitters and detectors in the UV/visible range, or even in the near
IR using intraband transitions. These materials are chemically inert, electrically robust, non-toxic,
environmentally friendly and abundant. Both quantum dots or quantum wells can be used, and the material can
be grown either in bulk or nanowire geometry according to the application. Moreover, a p-n junction can be
added around the quantum element, to allow electrical injection of carriers in the quantum object, for example
for light emission in an LED. The electro-optical properties of such a structure depend on the exact 3D
arrangement of the atoms at atomic length scales. One technique that is often used to probe the atomic
arrangement is transmission electron microscopy (TEM). However, in its more basic form, this technique is
limited to projections of atomic columns of the sample under study. Much more understanding about such
optically active quantum structures could be gathered by looking at the atomic positions in three dimensions, to
analyse strain fields, look at the internal electric field around the quantum object and assess the interfaces of the
quantum object.

PhD Subject:

The aim of this PhD is to contribute to the study of nitride quantum materials, containing either quantum wells or
dots, potentially embedded within a p-n junction, and study these structures in three dimensions with electron
ptychography. Electron ptychography is an iterative data treatment method that can be applied to four-dimensional
scanning TEM (4D-STEM) data. In 4D-STEM, a focused electron probe is raster-scanned over the sample, and a
diffraction pattern is acquired at each probe position. The presence of an electric field in the sample results in a
deflection of the transmitted beam as well as a phase change, see Fig. l1a. Different methods exist to extract
information from such a four-dimensional data-set. A reference method is commonly referred to as the Center-of-
Mass (CoM) approach, where the CoM calculated in each diffraction map can be related with the local electric
field in the sample plane (Fig. 1b,c), that can be integrated or differentiated to obtain the corresponding
electrostatic potential or charge density, respectively. Iterative electron ptychography on the other hand allows to
(1) reconstruct different slices of the sample potential to obtain a three-dimensional view (referred to as
multislice [1]), (i) to reconstruct the incoming electron probe to deconvolute it from the reconstructed image [2]
and (iii) assess different modes present in the incoming probe or object (referred to as mixed state [3]). Given that
both real and reciprocal space are correctly sampled [4], electron ptychography can therefore provide
unprecedented information well below the diffraction limit of the electron wave, and provide information about
the atomic positions (including strain), chemical species as well as local electric properties in three dimensions,
which will be compared with the more straight forward CoM approach as a reference.
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Figure la) Schematic of 4D-STEM on a p-n junction. b) Electric field maps on this sample with different values of applied bias. c) Profiles
obtained from the maps in a [5)].

The student will integrate a multi-institute, multi-disciplinary research group, including researchers of both CEA
Grenoble and CNRS Institut Neel, interested in the material properties and developing electron ptychography.
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The PhD work will contain the following elements:

(i) Suitable TEM sample preparation on quantum nitride materials, by polishing, etching or focussed ion beam
(FIB) methods: establish a robust protocol for optimal sample preparation. In a second step we may consider
adding electrical contacts to the sample to allow in-situ electrical biasing to influence the electrical properties.
(i) 4D STEM data acquisition on a state-of-the-art probe corrected TEM present at Institut Néel, equipped with a
new very fast camera.

(ii1) Data treatment by CoM and ptychography using existing algorithms and scripts. If needed, the student will
adapt the data treatment and use numerical simulations as point of comparison.

(iv) Comparison with finite element next nano simulations for strain and electrical results.

An example of electric field maps calculated from 4D-STEM diffraction maps by the Center-of-Mass approach is
shown in Fig. 1b-c at different applied bias values, accompanied by the electric field profiles (1¢). These results
were acquired at low electron beam convergence angles to probe the long-range field of a p-n junction. High
resolution imaging is also possible for smaller fields of view, and an example is shown in Fig. 2 on a 2D material,
where the atomic potential retrieved using CoM is compared to the one obtained with single slice iterative
ptychography [6]. Clearly, the atomic potential retrieved from ptychography (Fig. 2¢,d) is much sharper and rises
to higher potential values. These presented results allowed to assess the presence of negative charge on a V dopant
atom looking at the potential profile around the V dopant. The present PhD project aims among others to combine
the two presented results to study both atomic as well as long range fields, and assess the influences of charges in
the material in three dimensions.
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Figure 2 a-b) Projected electrostatic potential around vanadium dopant derived from CoM measurement and the corresponding line
profile. c-d) Electrostatic potential around vanadium dopant derived by ptychographic reconstruction (inset: reconstructed probe
magnitude) and the corresponding line profile. The dashed lines in line profiles (b) and (d) indicate the background variation around
vanadium dopant atom [6).

Required Skills:
e Interest in solid state and experimental physics.
e Affinity with programming (in python), mathematics and simulations is a plus.

e Interestin electrical and optical properties of semiconductors and advanced
characterization techniques like transmission electron microscopy.

Laboratory: NEEL, PHELIQS

PhD Supervisors:
e Martien den Hertog, martien.den-hertog@neel.cnrs.fr
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e Eva Monroy, eva.monroy@cea.fr
Collaborations
. Julio Cesar da Silva, NEEL, expert in interative ptychography.
. Jean Luc Rouviere, MEM/CEA, expert in TEM techniques.
. Alexis Wartelle, NEEL, interest in iterative electron ptychography.
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