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Abstract: As the field of nanocrystal-based optoelectronics matures, more advanced techniques
must be developed in order to reveal the electronic structure of nanocrystals, particularly with device-
relevant conditions. So far, most of the efforts have been focused on optical spectroscopy, and
electrochemistry where an absolute energy reference is required. Device optimization requires
probing not only the pristine material but also the material in its actual environment (i.e., surrounded
by a transport layer and an electrode, in the presence of an applied electric field). Here, we explored
the use of photoemission microscopy as a strategy for operando investigation of NC-based devices.
We demonstrate that the method can be applied to a variety of materials and device geometries.
Finally, we show that it provides a direct access to the metal-semiconductor interface band bending
as well as the distance over which the gate effect propagates in field-effect transistors.
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Nanocrystals (NCs), thanks to their broadly tunable optical features and electronic structure, are
appealing building blocks for optoelectronics.® This has been demonstrated! in devices such as
light-emitting diodes (LED), field-effect transistors (FET), and imaging sensors,?=° with performances
now competing with traditional epitaxially grown semiconductors.

The efficient integration of such new materials into devices strongly relies on the knowledge of the
material’s electronic structure.®=® In the case of NCs, optical spectroscopy is certainly the most
commonly used approach to probe a material’'s density of states. Time-resolved optical
spectroscopy® offers the highest temporal resolution down to a few tens of femtoseconds.®
Nevertheless, optical methods are only sensitive to the difference in population between the
unoccupied and the occupied states. When an absolute energy measurement becomes necessatry,
electrochemistry!'-4 and X-ray photoemission (XPS)*16 are widely employed to determine band
alignments. In particular, electrochemistry allows for the measurement of both the empty and
occupied states, whereas XPS is often limited to the filled states due to the reduced efficiency of
inverse photoemission. On the other hand, XPS studies!’'® are not limited to the states in the vicinity
of the Fermi level and enable core-level investigation to unveil elemental redox states. Furthermore,
when performed under synchrotron radiation, the incident energy can be tuned, allowing for
discrimination of the bulk from the surface of the sample. In addition, some beamlines offer the
possibility to focus the X-ray beam down to a few hundred nanometers. This enables the use of the
XPS setup as a scanning microscope!®2! to image the energy landscape.?1?? Such microscopes
are now used for the investigation of bulk semiconductors,?#?> 2D materials®®>2’ and their
heterostructures,?® or for perovskite materials?® but remain unreported for NC-based devices.
Nevertheless, they offer an interesting alternative to near-field microscopy methods such as STM3%-
33 and KPFM3* while maintaining competitive spatial resolution.

This XPS-based microscopy method is applied here on a narrow band gap NC-based FET to probe
operando the effect of drain and gate biases on the energy landscape of the confined semiconductor
film. Furthermore, we highlight the capability of the method to directly observe the interfacial band
bending at the electrode-NC interface or to explore the thickness dependence of the gate effect.

For illustration, the scanning soft X-ray photoemission microscopy is applied to a HgTe NC-based
FET, see Figure 1 and S1 to S4. Among existing NCs, HgTe NCs appear particularly suited for
infrared optoelectronics®® as shown in a wide range of devices®: infrared cameras,?3’
spectrometers,3®39 phototransistors,**-4? (multicolor) photodiodes*3*-4° and light emitting devices.*6:4’
Because photoemission is a surface-sensitive method, it appears to be better suited for investigating
devices with the active layer on top. To overcome this limitation and take advantage of the spatial
resolution of the setup, we focus here on a planar transistor for its laterally accessible interfaces.
The transistor is a dual-gated transistor where the dielectric part is made of an alumina layer, see
Figure 1a-b. The channel is made of HgTe NCs, for which the size is chosen to lead to a =0.5 eV
optical band gap, see Figure 1d and S5. The transfer curve of the transistor displays an ambipolar
characteristic (Figure 1c), with both conduction of holes (under negative gate bias) and electrons
(under positive gate bias).
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Figure 1 NC-based field-effect transistor. a. Scheme of the planar dual gated FET. b. Scanning
electron microscopy image in false colors around the channel of the FET. c. Transfer curves (drain
(full lines) and gate (dashed lines) currents as a function of the applied gate bias) under 1 V drain-
source bias. d. Absorption spectrum of the HgTe NCs used as the channel of the FET. e. Survey
photoemission spectrum of the HgTe NC used as channel for the FET. f. Photoemission spectrum
of the Hg 5d state (hv=95 eV) used to map the energy landscape, which presents two contributions
due to spin-orbit splitting.

The scanning soft X-ray photoemission microscope relies on the monochromatic X-ray beam of the
synchrotron coupled to a zone plate to focus the photon beam, see Figure 2a. The latter behaves
as a Fresnel lens and focuses the beam to achieve a =700 nm spot. Then, a point-by-point
acquisition is conducted while scanning the sample, close to what is done in scanning electron
microscopy. For each point, a photoemission spectrum is acquired, leading to a data set in the form
of a 3D matrix where the kinetic energy completes the (x;y) mapping. The zone plate is typically
made to operate at low energy (i.e., to be compatible with angle-resolved photoemission). This
constrains the material of interest to one that has a core level below 100 eV. Here we look at two
materials: HgTe (Figure S5-S7) and PbS (Figure S8-11), both of which present 5d states at low
binding energy (BE) (at 8 eV for Hg 5d, see Figure le-f and S6, and 19.1 eV for Pb 5d, see Figure
S9). Note that other materials conventionally used for colloidal nanocrystals would likewise exhibit
states with low BEs (BE(Cd 4d)=10 eV, BE(Ag 4p)=57 eV, BE(In 4d)=17 eV, BE(Cu 3p)=76 eV...),
therefore the method should be quite general. It remains nevertheless crucial to design a device in
which photo-charging effects induced by the photoemission process are low (i.e. using conductive
channel and electrodes without insulating passivation) to actually allocate the effect to device
operation and not to the building of the electrostatic charges.

In addition to the scanning mode, the microscope enables operando investigation of the device
through the application of bias directly inside the analysis chamber. As a result, the microscope can
be used to probe the energy landscape of a wide range of NC-based devices while they are
operating, with a sub-um resolution.



The method is first applied on a grounded device (i.e., drain, source, and both gates are grounded)
to directly observe interfacial band bending. We acquire a map of the intensity of the Hg 5d doublet
(Hg 5ds2 — Hg 5ds/2 spin-orbit separation = 1.8 eV) around the channel area with a step size of 1
pum, see Figure 2b. This map, where each pixel corresponds to a Hg 5d spectrum, reflects a shift of
the Hg 5d state across the channel. By integrating the map over the y direction along the length of
the channel, we can obtain a map of the binding energy as a function of the coordinate across the
channel, see Figure 2c. The map clearly shows a shift of the Hg 5d peaks to higher binding energies
across the drain-source channel between 5 um and -5 um relative to the center of the channel. To
better visualize this energy shift, we fit the Hg 5d core level peaks and plot a profile of the peak
energy in Figure 2d (only the fitting of the Hg 5ds2 component was represented). We could be
inclined to attribute this shift to a photo-charging of the film since, in the channel area, the film no
longer overlaps with metallic electrodes. However, this hypothesis can be ruled out since charging
effects would lead to peak broadening toward higher binding energy, whereas here the Hg 5ds/2
state keeps the same linewidth (see Figure S12). We can thus confidently attribute the observed
shift to interfacial band bending at the lateral metal-semiconductor interface. The observed shift can
be used to estimate the electron density in the material. At the interface between the metal and the

semiconductor, the band bending is expected to follow a parabolic shape* V(x) = ——x2 + ax + b

28180

where e is the elementary charge, n the carrier density, ¢, the dielectric constant and ¢ythe vacuum
permittivity, while a and b are fitting parameters that depend on the geometry. Assuming &, = 15, 4°
we can estimate n to be 2.6x103 cm=. If we consider a spherical shape for the particle of a given

radius R, we can estimate the NC density assuming a randomly close packing (i.e., packing density

of 0.64) as Ny, = _20% _1.2x1018 NC.cm3, meaning that there is 2x10° electron per HgTe NC.
C ™ 4/3nR3

From this value, we can then calculate the activation energy and estimate qualitatively the residual

doping for the material. If we assume that the conduction band in HgTe is doubly degenerate,*® the
thermally activated carrier density per NC is given by 2. exp (;—E;) with k,the Boltzmann constant,
b

T=250 K the temperature and Ea the activation energy. To reach a density of 2x10-° electrons per
NC through thermal excitation, a 250 meV activation energy is required, which is very close to the
half band gap value. This result is consistent with X-ray photoemission measurements (Figure S7)
that show that the Fermi level of the material is also close to the middle of the 500 meV band-gap.
The residual doping in the studied particles thus appears very low, making the material relevant for

photodetection.

To demonstrate the generality of the method, we then apply it to the same device structure where
the channel is instead made of PbS NCs with a band gap around telecom wavelength (Ec=0.8 eV
or 1.5 um, see Figure S8). Aside from their chemical nature, both materials also differ in their doping.
Whereas HgTe presents a quasi-intrinsic behaviour, PbS is strongly n-doped with a Fermi level and
conduction band that are almost degenerate for this band gap value and short thiol capping ligands,
see Figure S10-S11. In the PbS based devices, no band bending is observed, see Figure S15. The

PbS NCs are 8 nm in size, and assuming they are randomly close-packed (i.e., packing density of

0.64), we can estimate the carrier density to be n = %ﬂolg cm-3 (for PbS the conduction band

is 8-fold degenerate®!) . The screening length is expected to scale as n'Y2. Thus, with a carrier
density 10° times higher, the band bending is supposed to occur over a 1000 times shorter distance
than for HgTe NCs. With HgTe, the band curvature was observed over a few um (Figure 2c-d), and
with PbS, it should be as short as a few nm, which is far smaller than the focus beam spot of our
experiment. The absence of observed band bending is thus expected for strongly doped PbS, as
shown in Figure S15.
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Figure 2 X-ray photoemission microscope and band bending. a. Schematic of the X-ray
photoemission microscope. A soft X-ray beam from the synchrotron is focused on the sample with
sub-pm resolution thanks to the zone plate (i.e., Fresnel lens). The photoemission signal is acquired
point by point in a scanning mode with a hemispherical electron analyzer. b. Intensity of the Hg 5d
states along the drain-source channel for the transistor device, all electrodes grounded. c. Integrated
binding energy of the Hg 5d state doublet along the drain-source channel. Dashed lines highlight
the position of the channel. d. Fitting results of the binding energy position of the Hg 5ds> state along
the drain-source channel. For clarity in the background of figure (d), we report a scanning electron
microscopy image of the device to highlight the location of the channel area.

It is worth pointing out that direct measurements of the band bending and of the interface barriers
are usually complicated to obtain using optical methods that are only sensitive to the difference in
energy between the valence and conduction bands. In contrast, using a scanning soft X-ray
photoemission microscope, we have a direct measurement of this value, which can be used to
determine material carrier density.

Now that the grounded energy potential is understood, we can see how the profile is affected by the
application of electric fields, starting with a drain-source bias, see Figure 3. We first follow the
energy landscape induced by the application of a drain-source bias over the FET channel while the
gates remain grounded. A map depicting the Hg 5d states intensity is shown in Figure 3b. It shows
a strong difference in the energy position of the peak between the two electrodes. A profile of this
energy position across the channel is given in Figure 3c. Above a given electrode, the potential is



homogeneous (Figure S13), and we quantify the fluctuation of potential®? to be smaller than 28 meV.
This is close to the thermal energy (21 meV) for the measurement conducted at 250 K and similar
to the energy resolution of the setup. Over the channel, the binding energy of the Hg 5d increases
by 5 eV (Figure 3c and S14), which exactly matches the 5 V applied bias over the two electrodes.
One can note that the energy drop presents a smooth profile (i.e. no discrete drop that may be
connected to the discrete charge content of a NC), that we attribute to the averaging of the signal
over a large number of NC (>10000 NCs below the beam). Furthermore, the energy drop occurs
over the whole channel and not only at the metal interface, suggesting the formation of ohmic
contacts. This potential profile is also compared to an electrostatic simulation (Figure S16), and we
obtain good agreement for the magnitude of the electric field as long as the channel length is made
1 um shorter than its nominal value, which is compatible with the inaccuracy expected from the
multiple lithography process.

To further demonstrate that the operando scanning soft X-ray photoemission microscopy can be
applied to several materials (HgTe and PbS), we also test its potential for other geometries of
electrodes. Interdigitated electrodes are conventionally used to probe conduction in a NC array.
Here such a geometry has been fabricated on a conventional Si/SiO2 wafer, see Figure 3d. Under
1 V of applied bias, a strong contrast in the energy of the Hg 5d states appears between two
consecutive digits, see Figure 3e and f.
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Figure 3 Effect of drain-source bias. a. Optical microscopy image of dual-gate FET with channel
made of a HgTe NC film. The dashed red rectangle corresponds to the area probed in part b. b.
Intensity map of the Hg 5d states (hv=95 eV) over the channel of the FET while a 5 V bias is applied
over the drain-source electrodes. c. Binding energy profile of the Hg 5ds/; state (hv=95 eV) along
the drain-source electrode. The full line is the simulated potential profile obtained from the
electrostatic simulation of the structure. d. Optical microscopy image of interdigitated electrodes
coated with a HgTe NC film. e. Intensity map of the Hg 5d states (hv=95 eV) once a 1 V bias is
applied between the pair of the interdigitated electrodes coated with an HgTe NC thin film. The
dashed line corresponds to the line along which the profile of part f is acquired. f. Profile of the



binding energy of the Hg 5d states (hv=95 eV) over the digits of the electrode while a 1 V drain-
source bias is applied.

To complete the operando study of the device, we investigate the effect of the application of gate
bias. Such measurements are of strong interest for the design of phototransistors. Compared to
other device geometries (photoconductor and diode), the transistor offers post-fabrication tunability.
The gate can be used to control the carrier density, which affects the dark current magnitude as well
as the device’s responsivity. However, designing phototransistors represents a tradeoff. On the one
hand, thicker films are better for increasing light absorption. On the other hand, the gate effect is a
surface effect, and thicker films also reduce its amplitude. It is thus crucial to determine the critical
NC film thickness for the gate to be effective.

Figure 4a depicts the binding energy profile of the Hg 5d doublet across the transistor channel while
a - 6V gate bias is applied and it clearly contrasts with the profile using grounded electrodes (Figure
2d). While with grounded electrodes the profile presents upward band bending (Figure 2c), here we
clearly observe a downward bump that spatially overlaps with the activated gate 1. The change in
the energy landscape for various values of gate bias is given in Figure 4b. The nonlinearity of the
profile shift with bias suggests that some charges are used to passivate the dielectric dangling bonds
before effectively gating the NCs. Such an observation is consistent with the presence of a
hysteresis observed in the transistor transfer curves, see Figure S3. The magnitude of the shift
(AB.E. up to =0.4 eV) is also larger than the initial band bending around =0.2 eV, see Figure 2d. It
is thus possible to shift the Fermi level on both, the upper (to achieve electron injection) and lower
part (to obtain hole injection) of the band gap. This observation is consistent with the ambipolar
character of the FET, where both electron injection (valence band moves away from the Fermi level)
and hole injection (valence band moves toward the Fermi level) are observed, see Figure 1c.

Finally, we measured how the effect of gate bias on the energy landscape changes with film
thickness. We found that the magnitude of gate-induced energy shift AB.E. decreases as the film
thickness increases, see Figure 4c. An exponential fit of this decay, assuming that the effect should
collapse at a long distance (i.e., AB.E.(t=~) = 0 eV), leads to a 75 nm characteristic length over
which the gate is active, which corresponds to 5-10 NC layers. This remains far shorter than the
material absorption depth®® (>1 um), but it shows that films of around hundred nm can still be used
to design phototransistors and combine both light absorption and carrier density modulation.
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—2T provides the distance over which screening occurs. If the film
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remained intrinsic with n=2x10*cm, Debye length as long as 830 nm would be possible. However,
when the FET is under operation, the carrier density rises and screening gets more efficient. From
the transfer curve (Figure 1c), we observe a rise of the current by a factor 100 under gate
application. If we assume that in a FET, the rise of current is fully the result of an increase of carrier
density (i.e. neglecting the carrier density dependence of the mobility), gate should tune the carrier
density by hundred and thus reduces the Debye length by a factor 10, leading to a value around
=80 nm, very close to the decay length observed experimentally.

The Debye length A, =
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Figure 4 Effect of gate bias. a. Profile of the binding energy of the Hg 5d states (hv=95 eV) over
the channel of the FET while a -6 V gate bias is applied over the gate G:1 vs source electrode. A
scanning electron microscopy image of the device is superimposed to correlate the variation of
kinetic energy with the gate location. b. Profile of the gate-induced binding energy change (the profile
under 0 V is substracted, see Figure 2d) along the channel, while two values of gate bias are
applied. c. Magnitude of the gate induced shift of the energy landscape as a function of the film
thickness.

In summary, we have used scanning soft X-ray photoemission microscopy as a tool to reveal the
energy landscape in nanocrystal-based devices. This technique has very few constraints on the
material of interest and can be applied to a large range of geometries (FET, interdigitated
electrodes). This method gives direct access to the interface band bending at the micrometric scale,
which is usually tricky to reveal using traditional optical methods. This approach can also be used
to study the device under operation (operando measurements) to unveil the effect of the applied
drain and gate electric fields. Using this method, we were able to estimate the length over which the
gate effect can propagate through the thickness of a HgTe NC film, which is critical in the design of
phototransistors used for infrared sensing.
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