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Abstract: Due to their unique optical properties, colloidal nanocrystals (NCs) have transitioned from
a solution processable luminescent liquid to an established building block for optoelectronics. As
devices get more advanced, a higher degree of refinement is also required for the probe used to
investigate their electronic structure. For long, device optimization has relied on the measurement
of physical properties of the pristine material assuming that the latter were maintained after device
integration. However, such an assumption neglects the realistic dielectric environment and possibly
applied electric fields to drive the device. Hence, tools compatible with operando investigation of the
electronic structure are required. Here, we review and present additional results relative to the
operando investigation of infrared NCs using photoemission microscopy. This technique combines
the advantages of photoemission to unveil band alignment with a sub-um spatial resolution that is
used to correlate energy shift to device geometry. This method gives direct access to parameters
such as diode built-in potential, transistor lever arm or even the vectorial distribution of the electric
field that are otherwise only attainable through indirect method involving modelling. We provide
indications and precautions to be used in the design of devices to permit the operando analysis via
photoemission techniques. It is, therefore, a very promising tool for the optimization of NC-based
devices.
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INTRODUCTION

Colloidal nanocrystals (NCs) are increasingly finding applications, spanning from light source for
display [1] to single photon source for quantum optics [2—4] or infrared imaging [5,6]. Spectroscopic
tools appear as a crucial bridge to transition from the material growth to the device through rational
optimization. In the context of NCs, optical spectroscopy tools, that can either be static or time
resolved, appear as the methods of choice to probe the density of state of the confined
semiconducting nanoparticles. However, since optical methods rely on transitions between an
occupied and an unoccupied state, they appear insensitive to the absolute energy of the involved
states, while it is a central element for device integration. Careful design of contacts in optoelectronic
devices relies on the matching between a metal work function and the energy of the bands. For
NCs, absolute energy of the states can be unveiled using scanning tunnelling microscopy (STM) [7],
electron microscopy coupled with spectroscopy technics such as EELS (electron energy loss
spectroscopy [8—11], electrochemistry [12—14] or photoemission [15,16]. While STM and EELS offer
the advantage of high spatial resolution below nanometers, the size rangethat can be probed
appears too limited for operando analysis of a device, since a size range of the order of 1-100 pm
is required. Electrochemistry and photoemission, on the other hand, are more macroscopic
methods that have yelded significant results, particularly through the systematic study of dipoles
associated with NC capping ligands and their impact on band alignment [13-15]. This has been
used to design p-n junctions for solar cell applications [17]. Furthermore, these two methods present
fewer constrains on the substrate compared to TEM, which requires thin samples that may not be
representative of traditional device design. However, the potential of photoemission extends beyond
only revealing band alignment and analysing the chemical environment.

In the context of optimizing optoelectronic devices based on NCs, several advanced photoemission
techniques have been employed. Initially, an in-depth analysis is facilitated through the utilization of
an energy-tunable synchrotron source [18]. Subsequently, time-resolved pump-probe
measurements have been exploited to identify the nature of the majority carrier [19], or the coupling
between optically active layer and charge transport layers [20—22]. Here, our focus lies on exploring
the potential of photoemission microscopy as in-situ probe for mapping the energy landscape of a
device during operation (i.e., operando measurements). Such method allows to account for the
realistic dielectric environment of nanocrystals and includes the effect of electric and
electromagnetic fields.

Here, we begin by reviewing the specifics and requirements of the method, before applying it to
obtain a complete 3D reconstruction of the energy landscape in a field-effect transistor under drain
and gate bias. Beyond scalar information, the high spatial resolution of the method gives access to
the vectorial distribution of the electric field, thus revealing the current flow path in a NC film. The
last part of the paper reviews some of the recent applications of the method to the design of NC-
based optoelectronic devices.

Photoemission microscopy

Conventional X-ray photoemission is a spectroscopic method where UV or X-ray beam is shone on
the sample with a photon energy hv (with h the Planck constant and v the photon frequency) chosen
based on the work function or the core level energy to be probed. This allows for photoelectrons to
escape from the sample and get collected in an electron analyzer to measure their kinetic energy
(KE). If the electron only experiences elastic scattering, energy conversion ensures that
hv=BE+KE+WFka, with Wra being the work function of the analyzer and BE the binding energy. The



binding energy is a material parameter in this equation and contains information about the chemical
environment of the electron.

Expanding the X-ray photoemission experiment from spectroscopy to spectro-microscopy becomes
feasible when we not only measure the kinetic energy of the photoelectron but also accurately
determine the point of origin for each emitted electron. This methodology is employed in a
Photoemission Electron Microscope (PEEM). The operating principle of a PEEM is comparable to
that of an optical microscope. However, instead of imaging and magnifying visible light, a PEEM
captures and visualizes the lateral intensity distribution of photoelectrons using magnetic or
electrostatic lenses. The mechanisms responsible for lateral intensity variations within the image
are highly dependent on both the excitation light source and the sample characteristics. When an
UV light source is used, like Hg or He discharge lamps, the photon energy of the excitation light is
close to the ionization threshold of the material, then PEEM contrast can result from variations in
work function on the sample surface. If we combine PEEM with a variable hv (as in a synchrotron
facility) and an energy-filtering element, such as a hemispherical analyzer, the detection of the
kinetic energy of core-level electrons becomes possible, enabling spatially resolved chemical
analysis. These instruments are commonly referred to as energy-filtered PEEM (EF-PEEM or
XPEEM).

Table 1 Spatially resolved photoemission methods and comparison of their spatial and
energetic resolutions

Spatially resolved Lateral Energy Comment References
photoemission resolution (nm) resolution
method (meV)
PEEM+UV source  20-100 150-500 Secondary electron  [23,24]

no chemical contrast
PEEM + X-ray 500-1000 500 [23,25]
source (XPEEM)
PEEM + 20-150 50-800 Lateral and energy [23,24,26—
synchrotron X-ray resolutions depend 33]
source (XPEEM) on the type of

instruments

(manufacturer,

magnetic or

electrostatic lenses,

etc.) and on

beamline

specifications.

Nano focused 100-700 nm 30 meV @300 K [34-45]
scanning (here) 15 meV @80 K

photoemission

microscopy

(SPEM)

Using this approach, spatial resolutions as fine as tens of nm have been achieved (Table 1). When
applied to NCs, there is reason to hope that information on nearly individual particle can be obtained.
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However, there is a trade-off to be found between the spatial and the energy resolution. Operando
investigation also requires a higher energy resolution such as the one required by conventional
chemical mapping. Moreover, a specific limitation in PEEM experiments arises from the requirement
for high voltage between the sample and the objective lens of the microscope in order to achieve
high-resolution imaging. This voltage can be up to 20 kV (30 kV for hard X-ray PEEM - HAXPEEM)
[46], especially when the high spatial resolution is required. Therefore, having a clean and smooth
surface becomes essential, since the high extractor field associated with this voltage can induce
discharges between the sample and the optics. These discharges not only reduce spatial resolution
but can also potentially damage both sample and instrument. This concern is particularly crucial for
operando measurements, where it can seriously affect device contacts.

A complementary approach to PEEM for achieving high spatial resolution in imaging emitted
photoelectrons involves employing suitable photon optics to reduce the magnification of the photon
beam and focus it onto a spot with sub-micrometer dimensions on the sample. This focusing can be
obtained using a Fresnel zone plate (FZP), a Schwarzschild objective or a capillary mirror [41-45],
see Figure l1a. However, this increased focus comes at the cost of a significant reduction in incident
flux, especially in the case of FZP, making the method applicable primarily with synchrotron beams.
The spot size is determined by photon optics but also by the monochromaticity of the beamline,
requiring high quality X-ray optics upfront the experiment (i.e., Kirkpatrick—Baez mirrors or Wolter
mirror). Depending on the beamline configuration and design, spot sizes as small as 100 nm can be
achieved [38—40]. This length scale makes the method well suited to probe semiconductor devices
that are few pum in size and being also substrate compatible. It, on the other hand, averages all
details relative to single NC charge distribution that will require combination of method (STM or TEM
based with higher spatial resolution) to generate a complete image of the electronic structure.

By combining this setup with a high energy resolution hemispherical analyzer, resolutions down to
15 meV can be reached [47-49]. When this highly focused X-ray beam is coupled with a raster scan
of the sample by fine movements of the sample stage, a microscopic image of the sample can be
generated. A photoemission spectrum is acquired for each point, so the lateral resolution is primarily
determined by the size of the X-ray beam spot. This technique, known as scanning photoemission
microscopy (SPEM), offers the advantage of achieving sub-micrometric resolution without the need
for applying high voltage, thus eliminating all the associated risks mentioned earlier. The data
presented here were acquired at the ANTARES beamline (synchrotron SOLEIL) using a FZP to
focus the initial 2.5-3 mm wide X-ray beam to approximately 700 nm. As Fresnel lenses are
chromatic tools, they are designed for a specific energy range. In this particular case, the design
corresponds to the soft X-ray window around 100 eV (hv = 95 eV was used for the presented data).
This can represent a constraint on possible core levels that might be investigated. However, this
limitation has to be mitigated since most materials used for nanocrystals display a photoemission
peak at low binding energy (BE) (BE(Cd 4d)=10 eV, BE(Ag 4p)=57 eV, BE(In 4d)=17 eV, BE (As
3d) =41 eV; BE(Cu 3p)=76 eV, BE(Hg 5d)=8 eV, BE(Pb 5d)=18 eV ...). Those low energy states
may nevertheless have a limited cross section [50,51] which further supports the use of high-
intensity sources. Here, we focus on two materials that are HgTe [52-54] (Figure 1b-c and S1) and
PbS (Figures S4-S5), two narrow band gap materials that have led to the most advanced
developments for infrared optoelectronics based on NCs, with demonstration of infrared imagers
[5,6,55-58], light emitting diodes and advanced coupling with photonics structure [59,60].
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Figure 1 Photoemission microscopy. a Schematic of the X-ray photoemission microscopy setup
in which a focused soft X-ray beam is used to illuminate the sample under operation and emitted
electrons are probed by the electron analyzer. b. Survey photoemission spectrum from a HgTe NCs
thin film. c. Photoemission from the Hg 5d state from the same film as part b.

Requirement on samples

Photoemission, being a surface sensitive method, only allows to probe the top layer. With a photon
energy of 95 eV, the photoelectron escape depth is limited to approximately 1 nm [61,62]. Minimizing
sample charging is also crucial and relates to device geometry: large scale device (several tens of
um) fabricated on an insulating substrate will inevitably lead to the accumulation of positive charges.
This charge accumulation brings an electrostatic shift of the photoemission spectrum, possibly over
a range (tens of eV) much larger than the applied biases. Therefore, better results have been
obtained while a metallic plane is implemented below the active area with a limited electrode
spacing. Another important aspect is the conductivity of the NC film itself. To facilitate the injection
of carriers by the electrode while preserving charge neutrality, it is crucial to render the film
conductive through a ligand exchange step. This step is advantageous, especially in the context of
operando measurements, as it allows for the preparation of the film in a similar manner for both the
device and the photoemission experiment. Additionally, it's important to point out that the sign of the

applied bias is generally chosen to minimize the charging effect.
While for transport the localization of the electrodes is mostly driven by spatial considerations,

photoemission imposes an additional constraint. In this case, it is essential to position the electrodes
and their associated wiring away from the photoelectrons path to prevent the bias application from

deflecting the photoelectron on its way to the analyzer.



Here, we focus on a field effect transistor geometry (FET), whose fabrication steps are depicted in
Figure 2a to d. Compared to conventional configurations where the gate is located between the
drain and source electrodes, we opted for two geometries which better evidence the impact of each
type of electrode. A dual gated FET (Figure 2e-f) is used to mimic p-n junction, while opposite biases
are applied on the two gates. The geometry of the single gate device (Figure 2g) is chosen to see
how the electric field lines and associated current flow get modified by the gate potential.

(a) (b) (c) (d)

Drain

Alumina
dielectric source
electrodes

electrodes

(@) single gate

T
n - s <o

Figure 2 Gated nanocrystal film fabrication. Parts a to d depict the main fabrication setup relying
on conventional optical lithography setup and atomic layer deposition. e. Optical microscopy image
of the dual gated FET before the deposition of the NC film. f. (resp. g.) Optical microscopy image of
the dual (resp. single) gated FET after the deposition of the NC film.

Operando mapping of the energy landscape

For a given bias configuration (set of drain and gate bias), the sample is spatially scanned under
the beam. For each position, a core level spectrum is acquired. We then tracked how the binding
energy of the probed state spatially shifts. A complete description of the procedure is described in
Figure S2. In brief, a Gaussian fit is applied to each spectrum to determine the peak energy. The
energy mean value for this Gaussian is then plotted on a map as shown in Figure 3a.

As a rigid shift is expected between the core level and the valence band, this map directly reflects
the valence band profile. In such map, the contrast between the source and drain relates to the drain
source bias, while the opposite color over the area corresponding to the two gates reflects the
opposite sign of the applied bias.

A clearer picture of the device energy landscape is depicted by plotting a 3D map of the energy shift.
This shift is defined as the difference between the map while bias(es) is (are) applied with respect
to the grounded map. This procedure enables to account for possible remaining charging effect. An
example of such 3D mapping is given in Figure 3b for similar biases on both gates and Figure 3c
for opposite biases. Here, the reported data are given for HgTe NCs, but to demonstrate the
generality of the method, similar maps obtained for PbS NCs are given in Figure S5.



From this map, we directly quantify the gate lever arm, denoted as a, which represents the energy
shift (ABE) per unit of gate bias (AVe). This parameter, a=ABE/AVg, is also equivalent to the ratio
of the gate capacitance over the total capacitance [63-65] of the combination of the gate and the
NC film. A linear fit of the graph ABE vs Ve (Figure 3d) leads to a=0.15 eV-V-1. In other words, this
implies that a 6 V gate bias is needed to induce a 1 eV displacement. This limited efficiency indicates
that part of the charge is used to passivate the dielectric dangling bonds or leaks in the NC film. A
second important output of the graph is that a shift larger than the band gap appears, suggesting
the potential for degenerate doping and the emergence of associated intraband transitions. A
previous study by Cavallo et al. has demonstrated that the decay length for the amplitude of the
gate induced shiftis around 75 nm [34], see Figure 3e, meaning that efficient gating can be obtained
even for films which are 100-200 nm thick. Such reasonably large thickness justifies a posteriori the
design of phototransistor [66—71] based on surface gating method (i.e. dielectric or ferroelectric as
opposed to electrolyte) that can combine at the same time reasonable absorption with tunability of
the current through the gate effect.
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Figure 3 Operando 3D mapping of the FET energy landscape with HgTe NCs channel. a.
Binding energy map of the Hg 5ds, state for the dual gated FET while Vps=-0.5 V, Vg2s=+4 V and
Veis=-4 V, data are acquired at 240 K. b. (resp c.) 3D mapping of the energy shift (reference is
taken with all electrodes grounded) while Vps=-0.5 V, Vg2s=+1 V and Veis=+1 V, (resp Vps=-0.5V,
Ve2s=-1 V and Veis=+1 V). d. Energy shift induced by gate as a function of the applied gate bias.
The red line corresponds to a linear fit and enables lever arm determination which is found to be
0.15 eV «VV-1le. Gate induced energy shift as a function of the film thickness. Part e is adapted with
permission from ref [34]. Copyright (2023) American Chemical Society.

With the second electrodes geometry (Figure 2g), where the gate is localized in the middle of the
source-drain channel (Figure 4a-c), we can easily observe the possibility of using the gate electrode
to either define the attractive area for the electrons or conversely, form a barrier (Figure 4b). Thanks
to the high spatial resolution of the method, we can then further observe the shaping of the vectorial

electric field map by the gate. As F = —pV, where V is the electric potential, one can directly relate
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the experimental data through F= —V(ABE) = _ag%)?_ag%y’ where ABE is the measured

binding energy shift. Furthermore, since in a drift model the local current is expected to follow the
electric field magnitude, this mapping is actually a representative image of the local drift current.

We can then superimpose the energy shift map with the vectorial map as proposed in Figure 4d-e
for two different gate bias configurations and Figure S3 for the dual gated FET. In the absence of
gate bias, the electric field distribution resembles the behavior expected for a dipole, see Figure 4d.
The application of gate bias affects this distribution, and more strikingly at the edge of the electrodes.
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Figure 4 Seeing the current flow. a, b and c are respectively energy shift maps for the single gated
device for Vps=-2 V, Ves=0 V ; Vps=0 V, Vgs=+12 V and Vps=-2 V, Ves=+5 V. d (resp e.) are
superposition of the energy shift map (color map) and electric field map in which the field direction
and magnitude are given by the arrow for each position, while Vps=-5V and Vgs=0 V (resp. Vgs=+5

V)

Exploring various device geometries

Now that the method is established and its potential as a probe of the NC based energy landscape
demonstrated, we would like to review some of the recent results where this method has been used
to unveil properties of optoelectronic devices. Microscopy photoemission appears as a promising
tool to probe a diode’s built-in potential [37,72,73]. The built-in potential from the diode is an
important parameter that determines the efficiency of charge dissociation. The general route to
access it relies on transport measurement under illumination, with the IV curves displaying a non-
null bias under zero current, the open circuit voltage, from which extrapolation to null temperature
connects to the built-in potential. However, the method is not straightforward and relies on
extrapolation. With photoemission microscopy, it is possible to directly determine this potential with
only a minor geometrical update [37]. This is because, as explained earlier, the probed layer needs
to be on top. Thus, instead of building a conventional vertical stack, a planar version of the stack

has been proposed [37,72,73], see Figure S4. A sketch for one of them is proposed in Figure 5a.
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The planar diode is built on a metallic layer to minimize sample charging. The latter is functionalized
with a given transport layer (here SnO:2 acting as the electron transport layer [74]), while the transport
layer for the complementary charge is made by patterning the first layer. Here Ag2Te is used as the
hole transport layer [75]. These two transport layers induced remote doping in the top capping layer
made of HgTe NCs. This effect can be directly mapped through the binding energy shift of a core
level from the active layer, here, again the Hg 5ds/2 state, see Figure 5b. It is worth pointing out that,
despite the complex composition of the sample, X-ray photoemission, through the analysis of the
core level, allows the specific tracking of a given layer. The mapping of the core level binding energy
unveils a shift toward higher binding energy (Figure 5¢) when the semiconductor overlaps with the
electron transport layer, which matches the expected behavior for a n-type material. The binding
energy shift is on the order of 115 meV, which requires a high-resolution photoemission method to
be accurately determined, see Table 1. The measured built-in potential corresponds to ¥4 of the
semiconductor band gap, suggesting that future effort has to be focused on surface passivation to
reduce traps and then increasing the magnitude of remote doping. A similar work has also been
conducted for PbS NCs [73], this time using a TiO2/PbS/NiO planar diode. It has been observed that
the built-in potential drops faster than the band gap as the latter is reduced using larger NCs with
band edges ranging from 1000 to 1550 nm. This behavior has been connected to the change in
doping of the sample, transitioning from quasi-intrinsic for the smallest particles to a strong n-doping
for the largest.

Investigation of the remote doping can be further extended to the coupling of ferroelectric with NCs.
The polarization of a ferroelectric can act as a static gate, and depending on its sign, it will affect the
carrier density of the covering semiconductor. This concept has been exploited using PZT
(PbZrTiO3) as ferroelectric and HgTe as semiconductor, see Figure 5d and S4. Prior to the NC
deposition the domain of the PZT has been oriented using piezoforce microscopy, in which a
polarized AFM tip induces an orientation for the ferroelectric material, see Figure 5e. Then using
photoemission microscopy, we can map how the domain orientation impacts the binding energy of
the coating semiconductor. A complete correlation is obtained for the piezoresponse (polarization
of the ferroelectric) and the semiconductor binding energy, see Figure 5f.
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Figure 5 Application to the investigation of photodiode electronic structure. a. Schematic of
an infrared photodiode, that has been planarized to make its investigation through photoemission
possible. b. Binding energy map of the Hg 5ds/. state from a HgTe NCs film over a SnO2 (n-type
layer) substrate covered by an Ag-Te (p-type layer) interdigiated pattern. c. Photoemission spectra
for the Hg 5d state atop the SnO; substrate or atop Ag.Te layer. Parts a to ¢ are adapted with
permission from ref [37]. RSC (2023). d. Schematic of ferroelectric domain coupled to a film of HgTe
NCs. e. Piezoforce microscopy image showing an upward and a downward domain of PZT. f.
Binding energy map for the Hg 5ds> state over the two domains defined in part e. Parts d to f are
adapted with permission from ref [35]. Copyright (2023) Wiley.

Beyond scalar mapping

The benefit of the method has been extended to the vectorial mapping of the electric field in the
context of infrared imager. In this case, the structure of interest mimics the pixel on the surface of a
read-out integrated circuit (ROIC) [76], see Figure 6a. The question of interest, in that case, was
the determination of the actual active area between the electrodes. In a FET configuration, the two
electrodes are designed to face each other, creating a homogeneous electric field. On the surface
of a ROIC, the current lines may acquire a complex distribution, and the optical mode needs to be
spatially matched to where the current is located. Here, the map (Figure 6b) allows quantifying how
much of the field lines remain important even at distances where lateral transport gets involved. It
is also interesting to point out that the electric field distribution points toward a maximum of the field
magnitude away from the electrode. In this sense, the charges generated further away from the
electrode, and consequently less likely to be collected, benefit from an advantage compared to the
charges generated closer, which only experience a reduced electric field.
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magnitude of the electric field over a two electrodes structure depicted by the image in background.
b. Energy shift map and vectorial electric field map while 1 V is applied over the two pixels. Parts a
and b are adapted with permission from ref [76]. Copyright (2023) American Chemical Society.

To conclude, the high spatial and energetic resolution of nanobeam photoemission beamlines
appears as a well-suited tool to probe the energy landscape of nanocrystal-based device. It enables
operando measurements and gives access to parameters such as the transistor lever arm and the
diode built-in potential, which are otherwise difficult to access. This tool proves invaluable for device
optimization. Future effort should be focused on enhancing the spatial resolution. For instance, to
accurately determine the Schottky barrier, whose spatial extension typically falls within the range of
tens of nm for typical doping in NCs film. Another interesting development would involve using tools
that operate at higher photon energy to increase the photoelectron escape depth (i.e. HAXPES
setup). This would enable probing of the properties of vertical geometry devices as well.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding author upon
request.

ACKNOWLEDEGMENTS

We thank Stephane Lorcy for help in sample preparation. The project is supported by ERC grant
blackQD (grant n° 756225) and AQDtive (grant n°101086358). We acknowledge the use of clean-
room facilities from the “Centrale de Proximité Paris-Centre” and support from Renatech for micro
and nanofabrication. This work is supported by Region lle de France through Sesame project
INSIDE. This work is supported by a public grant overseen by the French National Research Agency
(ANR) through the grants Frontal (ANR-19-CE09-0017), Copin (ANR-19-CE24-0022), Bright (ANR-
21-CE24-0012-02), MixDferro (ANR-21-CE09-0029), Quicktera (ANR-22-CE09-0018), Operatwist
(ANR-22-CE09-0037-01), E-map (ANR-23-CE50) and as part of the “Investissements d’Avenir”
program (Labex NanoSaclay, reference: ANR-10-LABX-0035). This project has received financial
support from the CNRS through the MITI interdisciplinary programs (project WITHIN).

COMPETING INTEREST
The authors declare no competing interests.
11



Supporting Information

Supporting Information includes (i) additional material properties relative to HgTe NCs, (ii) procedure
for the photoemission map data processing and (iii) data relative to PbS NCs and device based on
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Method

Chemicals. Mercury chloride (HgClz, Strem Chemicals, 99%), tellurium powder (Te, Sigma-Aldrich,
99.99%), trioctylphosphine (TOP, Alfa aesar, 90%), oleylamine (Acros, 80-90%), dodecanethiol
(DDT, Sigma-Aldrich, 98%), lead chloride (PbCl2, Afla Aesar, 99%), sulfur powder (S, Afla Aesar,
99.5%), oleic acid (OA, Afla Aesar, 90%), 1,2-ethanedithiol (EDT, Fluka 98%), 2-mercaptoethanol
(MPOH, Merck, >99%), N,N-dimethylformamide (DMF, Sigma Aldrich), ethanol absolute anhydrous
(VWR), methanol (Carlo Erba, 99.8%), acetone (VWR), isopropanol (IPA, VWR), n-hexane (VWR),
acetonitrile (VWR) and toluene (Carlo Erba, 99.3%).

All chemicals are used as received, except oleylamine which is centrifuged before use. Mercury
and lead salts are toxic, handle them with great care.

1 M TOP:Te precursor. In a three-neck flask, 6.35 g of Te powder is mixed in 50 mL of TOP. The
flask is kept under vacuum at room temperature for 5 min and then is heated up to 100 °C and kept
under vacuum for 45 min more. The atmosphere is changed for Ar and the temperature is raised to
275 °C. The solution is stirred until a clear orange coloration is obtained. Then the flask is cooled
down and the color switches to yellow. The flask is degassed again for 10 min at room temperature.
This solution is finally transferred to a nitrogen-filled glovebox for storage.

HgTe NCs Synthesis. In a 100 mL three-neck flask, 543 mg of HgCl> and 50 mL of oleylamine
(OLA) are degassed from room temperature to 110 °C for an hour. The atmosphere is then switched
to nitrogen and the solution is cooled down to 82 °C. A solution of 2 mL of TOP:Te (1 M) and 8 mL
of OLA is quickly added to the flask. After 3 minutes, the reaction is quickly quenched by adding a
mixture of 1 mL of DDT and 9 mL of toluene. The nanocrystals are precipitated with methanol and
redispersed in toluene. Then the nanocrystals are precipitated with ethanol and redispersed in
toluene. The solution is centrifuged as is. The pellet is eliminated. Finally, the HgTe colloidal
guantum dot solution in toluene is filtered through a 0.2 um PTFE filter. The obtained solution is
used for further characterization and device fabrication.

PbS NCs synthesis: In a three-neck flask, 300 mg of PbCl2 and 7.5 mL of OLA are mixed together
and degassed, first at room temperature and then at 110 °C for 30 min. Meanwhile, 30 mg of sulfur
powder are mixed with 7.5 mL of OLA until full dissolution and a clear orange solution is obtained.
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Then under N2 at 150 °C, this solution of sulfur is quickly added to the flask. After 15 minutes, the
reaction is quickly quenched by addition of 1 mL of oleic acid and 9 mL of hexane. The NCs are
precipitated with ethanol and redispersed in hexane. Again, the NCs are precipitated with ethanol
and redispersed in hexane and a drop of OA. The cleaning is repeated a third time. Finally, the NCs
in toluene are then centrifuged to remove the unstable phase. Finally, the PbS NCs solution is
filtered through a 0.2 um PTFE filter.

HgTe NC film deposition: A ligand exchange solution is prepared with 15 mg of HgCl2 dissolved
in 9 mL of DMF, to which 1 mL of MPOH is added. 500 pL of NCs solution (with a concentration of
50 mg.mL* in chlorobenzene) is mixed with 500 pL of the ligand exchange solution and 5 mL of
hexane. Then, 500 pL of DMF is added and the mixture is sonicated and mixed. The NCs undergo
a phase transfer from the apolar phase to the DMF phase. The clear apolar phase is discarded using
a pipette and two more rounds of cleaning via hexane are performed. Once the apolar phase is
removed, the NCs are precipitated by adding a few drops of toluene and centrifuging at 6000 rpm
for 3 mins. A pellet forms, which is then redispersed in 200 uL of DMF. Then, the ink is diluted twice
in DMF and 8 uL are spin-coated on the sample at 3000 rpm for 150 s to obtain a 50 nm thick film.

PbS NC film deposition: The NCs solution (with an initial concentration of 50 mg.mL? in toluene)
is diluted four times in toluene. In an Nz filled glovebox, 10 pL of the diluted solution are spin-
coated on the sample at 3000 rpm for 30 s. Then, the film is dipped in a solution of EDT 5 mM in
acetonitrile for 30 s and rinsed in acetonitrile for 15 s. This yields a film thickness of = 20 nm.

Material characterization

Transmission electron microscopy: A drop of diluted NCs solution is cast on a copper grid
covered with an amorphous carbon film. The grid is degassed overnight under secondary vacuum.
A JEOL 2010F is used at 200 kV for the acquisition of pictures.

Infrared spectroscopy: A Fischer Nicolet iS50 in attenuated total reflection (ATR) mode is used.
The spectra are averaged over 32 acquisitions and have a 4 cm resolution.

Electrodes fabrication: The substrate (Si/SiO2 wafer, 300 nm oxide layer) is cleaned by sonication
in acetone bath, then rinsed with acetone and IPA and dried with N2 gun. Final cleaning is obtained
by O2 plasma. First, the gates are patterned by photolithography. An adhesion primer (TI PRIME) is
spin-coated and then baked at 120°C for 2 min. Then, the photoresist (AZ5214E) is spin-coated and
baked at 110°C for 90 s before a UV exposure of 1.5 s through the lithography mask. The sample
is then baked at 125 °C for 2 min for resist inversion, and flood exposed to UV light for 40 s.
Development is carried out for 32 s in AZ726MIF, followed by rinsing in de-ionized water. The
sample is plasma cleaned before thermal evaporation of the metal for the electrodes (5nm Ti/40 nm
Au). Lift-off is carried out in acetone bath for 30 min. After fabrication of the gate electrodes, 40 nm
of Al203 are deposited by atomic layer deposition (ALD, 450 cycles) to form the gate dielectric.
Finally, a second photolithographic process is performed to pattern the source and drain electrodes,
this time with the evaporation of 5 nm Ti/80 nm Au.
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Photoemission microscopy is conducted on ANTARES beamline of Synchrotron SOLEIL. The
synchrotron beam, which is =2.5-3 mm wide, is focused using a zone plate (i.e. Fresnel lens), see
Figure la. The latter is made to operate at low energy (below 100 eV), to obtain optimal focusing.
Here, we focus on the Hg 5d state that presents a binding energy around 8 eV, see Figure 1c. In
this case, the beam width at the sample position can be down to around 700 nm. The sample is then
scanned and the photoelectrons are collected using MBS A-1 hemispherical electron analyzer [77].
The sample holder is moved with step ranging from 500 to 2000 nm typically and for each point we
collect a series of photoemission spectra, with a 200 eV pass energy which correspond to a 15.8
eV window with a 17 meV energy step, that are then averaged. Data acquisition lasts from few
minutes to one hour depending on the targeted map size. For acquisition with bias applied, we also
systematically substrate the grounded map to remove possible charging effect. We used linearly
horizontal polarized photons with a photon energy of 95 eV and all measurements were conducted
at 240 K, with an energy resolution better than 30 meV. For all maps, angular dispersion of the
analyzer (x15°) is neglected by integrating the spectra over all angles. The sample was mounted on
the operando sample holder of ANTARES beamline equipped with electrical contacts. These
electrical contacts, on the side of the sample holder were bonded with gold wires that were
connected to the sample pads via silver paste. The sample was connected to three Keithley 2450
to apply drain and gates biases.
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1. Material characterization of the HgTe NCs.
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Figure S 1 Properties of the HgTe NCs. a. absorption spectrum for HgTe NCs with a 0.5 eV cut-
off energy. b. TEM image of HgTe NCs with a 0.5 eV cut-off energy. c. Transfer curve (drain and
gate current as a function of applied gate bias) for field-effect transistor (HgTe NCs as channel)
displaying an ambipolar character.

2. Procedure for the processing of the raw photoemission data
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Figure S 2 Processing procedure of the photoemission map. a. Optical microscopy image of
the dual gated transistor. b. Intensity map of the same area. c. Map displaying the energy for the Hg
5d state maximum of intensity. d. Binding energy map obtained by fitting the Hg 5d state. e. Energy
shift map obtained by subtracting the previous map from its equivalent map while all electrodes are
grounded. This procedure enables the removal of the charging effect.
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3. Procedure for the processing of the raw photoemission data
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Figure S 3 Vectorial mapping on dual gate device. a (resp b.) are superposition of the energy
shift map (color map) and electric field map for the dual gate FET in which the field direction and
magnitude are given by the arrow for each position, while Vps=-4 V and Vgs=0 V (resp. Ves=t+1 V)

4. Data for FET based on PbS NCs channel

Figure S 4Figure-S-4Figure-S-3 displays the physical properties of the PbS NCs. Their size is
around 8 nm according to TEM (Eigure S 4Figure-S-4Figure-S-3a). Their band gap is around 0.7
eV (Eigure S 4Figure S-4Figure-S-3b). The static non-spatially resolved photoemission spectra of

the material are given in Fiqure S 4Figure S 4Figure-S-3c-f.
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Figure S 4 Physical properties of PbS NCs with a 1550 nm band edge. a TEM image for the
PbS NCs. b. Absorption spectrum for the PbS NCs. c. Photoemission survey spectrum acquired for
hv=700 eV for a PbS NC film capped with EDT ligands. d. Photoemission spectrum of the Pb 5d
state. e. Photoemission spectrum of the Pb 4f state. f. Photoemission spectrum of the S 2p state.
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Figure S 5 Operando 3D mapping of the FET energy landscape with PbS NCs channel . a, b
and c are respectively energy shift maps for the single gated device for Vps=-1V, Ves=0V ; Vps=-1
V, Ve1= Ve2=+4 V and Vps=-1 V, Vc1= -Ve2=+4 V.

5. Geometry for other devices
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Figure S 6 Geometrical device from Figure 5. a. Sschematic of the planar p-n junction. b. Optical
microscopy image of the Ag-Te pattern deposited onto SnO: layer deposited on gold layer. c. Optical
microscopy image for the nanocrystal film coupled to a PZT ferroelectric layer (in green), whereas
the red_background correspond to SiN. Scale bars in the optical images correspond to 100 pum.

S5



