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Abstract: An important direction in the development of X-ray computed tomography sensors in
systems with increased scanning speed and spatial resolution is the creation of an array of minia-
ture current sources. In this paper, we describe a new material based on gold nanostars (GNS)
embedded in nanoscale diamond-like carbon (DLC) films (thickness of 20 nm) for constructing a
pixel current source with photoinduced electron emission. The effect of localized surface plasmon
resonance in GNS on optical properties in the wavelength range from UV to near IR, peculiarities of
localization of field and thermal sources, generation of high-energy hot electrons, and mechanisms
of their transportation in vacuum are investigated. The advantages of the proposed material and
the prospects for using X-ray computed tomography in the matrix source are evaluated.

Keywords: X-ray biosensor; hybrid material; gold nanostar; diamond-like carbon; surface plasmon
effect; photoinduced electron emission; wavelength dependence; hot electron; X-ray source

1. Introduction

Improvement of breast digital computed tomography (DCT) systems designed for
the monitoring and early diagnosis of cancer is one of the most relevant areas of devel-
opment of high-tech technologies in the interests of modern medicine [1]. The two main
technical limitations of modern DCT technology are low spatial resolution and long
scanning time [2]. Therefore, a large amount of research [3-12] has aimed to replace de-
vices with a rotating or moving X-ray tube with matrix radiation sources. The use of such
arrays allows one to provide a double positive effect. Firstly, the source matrix is acti-
vated without mechanical movement, but by switching the control potentials. Therefore,
the speed of scanning and generating projection images necessary for the synthesis of a
three-dimensional image of the object under study increases. An important role is played
by the efficiency of algorithms for digital processing of a large data array [13]. Secondly,
eliminating the mechanical motion of the X-ray source due to radiation eliminates image
blur and increases spatial resolution. Reduction in the size of the elementary current
source (within the pixel) also contributes to improvement of the quality of the X-ray
image. This aspect has determined the orientation of many researchers towards the de-
velopment of matrix emitters with field electron emission [3-6,8-11], which do not re-
quire the use of bulky high-temperature heaters. In almost all of these structures, carbon
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nanotubes were used as sources of field emission. Only the authors [5] synthesized an
array of emitters based on tungsten trioxide (WOs NW) nanowires with artificially
formed defects to increase the field emission current density to about 14 mA/cm?

It should be noted that the problem of ensuring the reliability and durability of field
emission emitters is fundamental because of the inherent exponential dependence of the
emission current density on the strength of the local electrostatic field. The result of such
criticality may be the spontaneous development of the accelerating thermal breakdown
at small voltage fluctuations, which leads to irreversible degradation of the emission
properties and, ultimately, to the destruction of the emitter [14]. In ref [15], a composite
structure of the blade type with field emission was described. The results of our experi-
mental study showed a durability of 8700 h with an average emission current density of
at least 100 mA/cm?2. Additionally, high photosensitivity of the structure in a wide
wavelength range was found in our experiments [16-18].

We propose to use the phenomenon of localized surface plasmon resonance (LSPR)
of metal nanoparticles, which has become widespread in numerous biomedical applica-
tions related to imaging, therapy, and diagnostics [19]. The main manifestation of LSPR is
the resonant absorption of the irradiating optical field caused by collective oscillations of
equilibrium (Drude electrons) and nonequilibrium (hot) electrons. High-energy hot
electrons generated on the surface of plasmon nanoparticles [20-22] play a key role in a
number of practically important processes: hot electrons can interact with molecules on a
surface and induce photochemistry (for example, photochemical water splitting [23]);
and hot electrons can enhance and tailor photoelectron emission in Schottky-barrier
“metal-semiconductor” photodetectors and solar cells [24]. Perhaps the most interesting
thing for us is the possibility of hot electrons to activate the photoemission of electrons
from a metal surface into a vacuum. It is these issues of effective generation of hot elec-
trons for the activation of blade-type photoemission structures in a strong electrostatic
field to which our theoretical and experimental studies were devoted [16-18].

As a development of pixel current sources with photoinduced electron emission,
this paper describes a new hybrid material (HM) based on gold nanostars (GNS) em-
bedded in a nanoscale film of diamond-like carbon (DLC). The effect of GNS on optical
properties in the wavelength ranging from UV to NIR, peculiarities of localization of field
and thermal sources, generation of high-energy hot electrons, and mechanisms of their
transportation into a vacuum are investigated. The advantages of the proposed material
and the prospects for its use in the matrix source of the X-ray computed tomography
sensors are evaluated.

2. Features of the Processes of Tunnel Photoemission into Vacuum

In this work, we consider the processes associated with the generation and tunnel-
ing of hot electrons at the interface “nanoparticle-vacuum” or “semiconductor
film-vacuum” in a strong external electrostatic field. This differs them from most of the
works [20-22] devoted to the problems of solar energy conversion or catalysis. The mo-
tivation for the work was previous encouraging results [25,26], as well as our experi-
mental data [14-18,27,28] on tunneling emission of hot electrons from metal (Mo) and
composite structures such as a “metal-DLC (a«-C) film” in a vacuum under conditions of
combined exposure to a strong electrostatic field and laser radiation. It was found that
irradiation of interdigital structures such as the “metal-DLC film” of a vacuum micro-
cathode with CW laser radiation of milliwatt power at discrete wavelengths from 405 to
1550 nm produced a tunnel photocurrent [27], which linearly depended on the light in-
tensity. With an elevation of the voltage at the anode, an exponential increase in the
photocurrent was observed, which is characteristic for tunneling emission. Similar ex-
periments on the emission into a vacuum of hot electrons from a metal and the
above-mentioned composite were also carried out under irradiation with nanosecond
laser pulses of the m]J level in the range 400-1200 nm [28]. It is characteristic that the red
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threshold of the photoelectric effect for Mo exceeded the photon energy of the laser beam
by a factor of 4-6, which indicated precisely the tunneling mechanism of emission.

In an HM, which is GNS embedded in a DLC film, in the presence of a strong elec-
trostatic field, two electron transport mechanisms are implemented, as shown in Figure 1.
For “metal-DLC film” structures, an additional potential barrier appears at the met-
al-semiconductor, as well as the process of drift transfer of nonequilibrium charges in the
DLC film and their subsequent tunneling through the potential barrier at the “semicon-
ductor-vacuum” interface, as shown in Figure 1b.

A=400-1100 nm A =400-1100 nm
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Figure 1. Diagram of the energy levels of a gold nanoparticle (a) and a hybrid material—gold
nanostars (GNS), embedded into a diamond-like carbon (DLC) film (b) in a strong electrostatic
field F under irradiation with light in the visible or NIR range.

In Figure 1 and further, we used the following designations and values: spectral
range was A = 400-1100 nm; the energy of nonequilibrium “hot” electrons corresponded
to the indicated wavelength range — 3.10-1.13 eV; Er was the Fermi level; Evac was the
vacuum level; Eg was the width of the forbidden zone in the DLC; Ec and Ev were the
energy levels corresponding to the bottom of the conduction band and the top of the va-
lence band in the DLC; x was the electronic affinity; Es was the height of the potential
barrier at the metal-semiconductor interface; d = (¢3pF)¥2=1.2 (F(V/nm))> was the de-
crease in the height of the potential barrier in a strong electrostatic field at the met-
al-vacuum interface (see Figure 1a) taking into account the Schottky effect and &s for a
semiconductor film with reduced field strength F in the film by a factor of ¢; ¢ was the
dielectric constant of the film material, p was the form factor of strengthening the elec-
trostatic field due to the curvature of the surface at the semiconductor—-vacuum interface;
work function A = Evac — Er; the shape of the potential barrier at the metal-vacuum in-
terface was determined by the ratio (eFC — ¢%/4C), where F is the strength of the elec-
tro-static field, e is the electron charge, C is the distance from the interface; ds was the
thickness of the skin layer (on the order of several tens of nanometers for noble metals);
and d was the thickness of the diamond-like nanofilm (10-30 nm).

Modification of the emission structure [18] (see Figure 2a) by replacing the existing
emitter with an HM structure and manufacturing electrodes from a light-transmitting
indium tin oxide (ITO) alloy (see Figure 2b) made it possible to implement the array
X-ray emitter design (see Figure 2c) for DCT systems. The performance of the device was
ensured by the use of a high-speed laser scanner.
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Figure 2. SEM image of a previously developed emitter in the form of a Mo-DLC blade [18] (a);
schematic representation of the proposed hybrid nanostructured cathode cell based on hybrid
material (HM) (b); 1-emitter; 2—gate. Block diagram of an optically controlled X-ray emitter array

(c).

3. Statement of the Problem of Modeling Hybrid Material

Plasmon-resonant GNS are of particular interest as a new type of metal nanoparti-
cles used in various technical and biomedical applications [19-22,29-33]. Compared to
nanospheres, the advantage of their use is high absorption of radiation in the NIR (which
is important, in particular, for laser medicine and biophotonics, including biosensing,
optoporation, and the transfection of cells [19,29]. Compared to nanorods, GNS are
characterized by a lower orientational and polarization sensitivity of induced optical
[33-35] and temperature [36] fields. Below, we consider the possibility of intensifying the
photoemission of electrons from composite photocathodes based on GNS embedded in a
nanoscale film of diamond-like carbon.

For the electrodynamic calculation of the optical characteristics of gold nanostars
(see Figure 3a) in the medium, a 3D finite element model (shown in Figure 3b) was used.
In the schematically shown computational domain, the wave equation for the electric
field vector E:

Vxu, (VXE)-ke E=0 1)
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was solved. Here, ur and erare the magnetic permeability and dielectric function, respec-
tively, and kx = 2m/A is the wavenumber of the irradiating light in vacuum. For all mate-
rials it was assumed: pr =1, & = (n — ik)?, where n and k are the real and imaginary parts of
the complex refractive indices of materials, respectively.

Gold
DLC
ITO

Glass

(a) (b)

Figure 3. Geometric model of a nanostar (a) and a schematic representation of the computational
domain (b) for finite element modeling of a nanostar embedded into a DLC film.

At all interfaces of regions made of dissimilar materials, the boundary conditions of
continuity of the tangential components of the strength and the normal components of
the induction of the electric and magnetic fields were satisfied.

External surfaces modeling the transition to free space were constrained by PML
«perfectly matched layers» [37,38]. The case of normal incidence of a plane wave in the
positive direction of the z-axis with an electric vector directed along the x-axis was con-
sidered. For the magnetic field strength H in the symmetry plane x-z with the normal
vector yo, the PMC («perfect magnetic conductor») boundary condition [37,38] was used:

yoxH=0 @)

A symmetric GNS model with spikes uniformly oriented along the angle is consid-
ered. The thermo-optical parameters of the hybrid material were simulated, taking into
account the effect of limiting the electron path length in the spikes of the nanostar. As
shown in ref. [31], this noticeably improves the agreement between theory and experi-
ment.

The specific absorption power of radiation was calculated by the formula [21]:

Q=vIm(e,)|E[ 3)

where v and E are the frequency and vector of the electric field strength, respectively.

To verify the model, the results of the calculation of the absorption and scattering
cross-sections were compared with the experimentally determined spectral dependences
of the extinction of a suspension of GNS in water and GNS on a glass plate [33]. A good
quantitative agreement between the theoretical and experimental results was demon-
strated. In particular, when using the two-fraction approximation of the GNS ensemble
model in water, the coincidence of the first resonance peak of the normalized extinction
spectrum near 900 nm was obtained in theory and the experiment. Additionally, the dif-
ference in the position of the second resonance peak near 1900 nm did not exceed 100 nm.
The values of both peaks in theory and experiments coincided within a few percentage
points. Therefore, the use of the described mathematical model seems reasonable.

Photocathodes of complex structure and shape are characterized by the localization
of the concentration of photoexcited electrons in separate spatial regions, called “hot
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spots”. The estimation of the spatial distribution of the concentration of “hot” electrons in
the CW irradiation mode was carried out within the framework of simplified formalism
[20-22] based on the equation:

d’N(r 2e’E?
# :| Enormal (l') |2 E

— 4
dsdE 2 7/(ha))4 @

where d2N(r)/dsdE is the number of hot electrons for unit area s and energy E in the vicin-
ity of the considered point r on the surface, Enorma(r) is the component of the complex am-
plitude of the electric field normal to the surface at point r, e is the absolute value of the
electron charge, Er is the Fermi energy, y is the rate for energy relaxation of single elec-
trons, and hv is the energy of the irradiating photons.

In accordance with the Ref. [21], the estimate of the influence of the spectral de-
pendence of the function multiplied in Equation (4) by | Exorma(r) |2 leads to the conclusion
that this function can be approximated by a constant with an error of no more than 25%.
Thus, for the analysis of the concentration distribution of hot electrons, the key charac-
teristic is | Enorma(r) 12, which is investigated in detail below.

The photoemission current density is also significantly determined by the electro-
static field, which lowers the height of the potential Schottky barrier at the metal-vacuum
and DLC-vacuum interfaces. Calculations show that the spatial distribution of the elec-
trostatic field in structures with field emission is significantly inhomogeneous [28,39].
Further, on the basis of numerical calculations, an analysis of the localization of the op-
tical field (to identify areas of effective generation of hot electrons) and the spatial dis-
tribution of the electrostatic field (to intensify photoelectron emission) was carried out.
The influence of the spatial separation of the regions of localization of the electrostatic
field and hot electrons on the photoemission process is discussed.

4. Results of Modeling and Discussion

To describe the bulk dielectric functions of materials (gold [40], DLC [41], ITO [42]),
the interpolated tabular data given in the above works were used. The dielectric constant
of the glass substrate was taken to be &r = 2.25. The geometrical parameters of the GNS,
which were used in the design of the computational model, were taken for certainty in
accordance with the GNS, synthesized and experimentally investigated in ref [43].
Thermo-optical properties of such GNS have been studied theoretically earlier [34]. The
results obtained, in particular, made it possible to explain the experimentally observed
threshold nature of their photomodification when irradiated with nanosecond laser
pulses. Therefore, the geometrical model of the GNS was a sphere 22 nm in diameter with
twelve S-cone spikes with a height and base diameter of 10 nm, and a tip curvature ra-
dius of 1.5 nm.

From the calculations of the optical parameters of a GNS presented in Figure 4, it can
be seen that in the case of GNS in a vacuum, the absorption and scattering cross-section
spectra have one narrow resonance peak near A = 600 nm. For GNS embedded in the HM
structure, the shape of the spectra becomes much more complicated: the spectra noticea-
bly broaden, and an additional pronounced resonance peak appears in the NIR near A =
1000 nm.
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Figure 4. Spectral dependence of the absorption (a) and scattering (b) cross sections of a GNS in vacuum (shown sche-
matically in the lower insert) and embedded in the GNS-DLC film (shown schematically in the upper insert). The inserts
schematically show the position of the GNS in a vacuum (lower insert) and in a DLC film (upper insert) in a section of the
structures by the xz symmetry plane.

It can be seen that halfway from the maximum, the width of the resonance curve of
the absorption cross section increases by a factor of five, and taking into account the
second peak, by a factor of nine. The appearance of this peak in the NIR was expected
and is associated with an increase in the real part of the dielectric function of the medium
surrounding the part of the GNS immersed in the DLC film [29,30]. Therefore, it can be
expected that the main contribution to this shift is made by precisely those rays that are
immersed in the DLC film. The non-trivial multi-peak shapes of the spectra are due to the
fact that the GNS is only partially immersed in the DLC film. Various spikes, partially or
completely immersed in a vacuum or in a film, mainly contribute to the short-wavelength
or NIR region of the spectral curves, respectively.

Slices in Figure 5 (upper panel) demonstrate how the localization zones of |E| are
redistributed along different spikes of the GNS with a change of the laser wavelength.
The relative change in the field amplitude, taking into account the size correction, is from
5% at 808 nm to 19% at 970 nm. In addition to the spike tips, localization zones are also
observed on the exit/entry lines of the spikes into the DLC film. Therefore, in addition to
the tips on the four spikes of the GNS, the field characteristics are analyzed at two points
on the exit/entry lines of the spikes into the DLC film. The positions of these six points are
shown in the inserts in the following figures. The regularities of localization of absorption
zones are practically identical to those given for | E| above (see Figure 5 (lower panel)).
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Figure 5. 2D maps of normalized electric field (upper panel) and specific radiation absorption power Q under an irradia-
tion field of intensity Io = 1 W/cm? (lower panel) in an HM slice at 584 nm (a,e); 634 nm (d,f); 808 (c,g); 970 nm (d,h) cal-
culated for bulk (a-d) and size-corrected (e-h) dielectric function of spikes.

The results in Figure 6 confirm the previously stated assumption about the cause of
the multi-peak shape of the absorption and scattering cross sections. Namely, various
spikes, partially or completely immersed in a vacuum or in a film, make the main con-
tribution to the short-wave or NIR regions of the spectral curves, respectively. The dif-
ference between the solid and dashed curves in the fragment in Figure 5c, which reached
23% in the NIR, indicates the need to take into account the size correction to the dielectric
function of the GNS spikes.
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Figure 6. Spectral curves for modules of normal | Ewormal (a), tangential | Ewngl (b), and complete |E| (c) amplitudes of the
electric field at six points on the GNS surface indicated in the insets. In panel (c), the solid and dotted curves were ob-
tained with and without the size correction, respectively. The curves are normalized to the amplitude of the incident field
| Eol. Field localization zones: points 1, 4 are the spike tips in vacuum; points 3, 6 are the spike tips in DLC; points 2, 5 are
the exit/entry of the spikes into the DLC film. Curve colors match the point number colors.

The results of calculation of the specific power absorption Q at the selected points of
the GNS are presented in Figure 7. It is possible to note the reduced values of Q at the tips
of the GNS spikes, which are predominantly in a vacuum compared to other GNS spikes
immersed in the DLC. This difference in Q value can reach 3-9-fold. It is characteristic
that the spectral curves Q for each of the points are predominantly single-peaked.

Q (MW/cm)

400 600 800 1000

Wavelength (nm)

Figure 7. Spectral curves of the specific radiation absorption power Q at the indicated points on the
GNS surface. The intensity of the irradiating field Io = 1 W/cm?2. The designations of points and
curves are the same as in Figure 6.

Figure 8a shows the spectral dependences of the square of the modulus of the nor-
mal component | Enormal|, normalized to the square of the modulus of the irradiating field
strength |Eol and proportional to the concentration of hot electrons [18-20]. Note that
despite the symmetric position of points 1 and 6 with respect to the electric vector of the
irradiating field, the ratio { = | Enorma|2/1Eol2 for them differs by a factor of five. Obvi-
ously, the reason for this is the influence of environmental properties. If point 1 belongs
to the tip of the spike directed into vacuum, then point 6 is on the tip of the spike partially
immersed in the DLC film. In this case, { at point 6 (in the DLC film) is higher than { at
point 1 (in vacuum). Thus, one should expect an increased concentration of hot electrons
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in the spike with point 6, which favors the injection of electrons into the near-surface DLC
layer and their further tunneling into the vacuum.

4 r
500 |- | 120 -
400 - 100
= 300 - o 80
N_E N*._b 60 —
s 200 - § -
m Q40
100 j 20

0 : : 0 = : i
400 600 800 1000 400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm) Wavelength (nm)

(a) (b) (c)

Figure 8. Spectral curves for the squares of the modules of normal | Enorma| (a), tangential | Etang| (b) field components and
total field (c) normalized to the square of the modulus of the irradiating field |Eol at six specified points on the GNS
surface. The designations of points and curves are the same as in Figure 6.

Comparison of the results in Figure 8a,b indicates the prevalence of the normal
component of the field over the tangential for all studied points, except for point 5, in
which the situation is directly opposite. Therefore, the spectral curves of the total field in
Figure 8c are also qualitatively close for all points, except for the spectrum of point 5.

To assess the role of the electrostatic field in stimulating the photoemission of a HM
based on GNS-DLC, it is important to know the features of the localization of the field
under the influence of external high voltage. The greatest interest in this respect is the
information about the concentration (amplification) of the external field strength Fo on
the inhomogeneities of the GNS form embedded in the DLC. The results of modeling the
distribution of this gain & = | F(r) |/ Fol (F(r) is the vector of the electrostatic field strength
at the current point with the radius vector r) are shown in Figure 9a. It can be seen that
the orientation of the rays relative to the external field vector Fo significantly affects the
distribution of &r. Local maxima &r are observed at the points of the GNS rays, but the
value of each of the maxima increases with a decrease in the angle between the spike axis
and the direction of the vector Fo. Thus, for a spike with a minimum deviation from the
direction of the vector Fo, the value of & is maximum and equal to 6.7. For a spike with a
maximum deviation from the direction of the vector Fo, the value of &r falls twice,
reaching a value of 3.3. It should be noted that, according to the calculation, the external
field Fo also has a positive effect on the conditions of injection of hot electrons into the
DLC film. Therefore, on the tip of the GNS spike, slightly deepened in the film (in
Figure 9 it is designated as point 6), the field gain is 2.
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(a) (b)

Figure 9. A map of the gain distribution &r of the electrostatic field on the surface of GNS embedded into the DLC film
and its surroundings (a), the vector of an external uniform field with a strength Fo is directed along the z-axis; results of
modeling the trajectories of electrons emitted from the particular points of GNS spikes (b).

Hot electrons formed in the above-mentioned localization zones of the normal

component of the Euwrma optical field have a high probability of tunneling through the
Schottky barrier in strictly limited areas of the concentration of the electrostatic field.
From the comparative analysis of the results in Figure 5a (upper panel),
Figures 8a and 9a, it follows that in the case under consideration, such localized zones of
the coordinated effect of optical and electrostatic fields should be recognized primarily in
the vicinity of points 1 and 4. This is due, firstly, to the high efficiency of conversion the
laser beam energy into hot electrons (see Figure 8a) and, secondly, to the relatively high
electrostatic field gain (see Figure 9a). Additional consideration of the influence of the
plasmon effect as well (see Figure 8c) allows us to conclude that in the vicinity of the tips
of both spikes (points 1 and 4), the conditions for the generation of hot electrons are ap-
proximately equivalent. However, there is a difference between them in the magnitude of
the amplification of the electrostatic field. At point 4, &k is twice as high as at point 1. This
will affect the magnitude of the lowering of the Schottky barrier and, as a result, will lead
to more intense tunneling of hot electrons into vacuum. The results of modeling the tra-
jectories of photoelectrons from the tips of the GNS spikes are shown in Figure 9b. Under
conditions of uniformly accelerated motion in a uniform electrostatic field, this beam will
form a spot with a diameter of no more than 60 pum on the anode located at a distance of
20 mm from the emitter.

The high efficiency of generating hot electrons in the vicinity of points 2 and 6 (see
Figure 5a (upper panel), Figures 8a and 9a,c) triggers an alternative mecha-
nism—injecting electrons into the DLC film, transporting them to the film surface and
further emission into the vacuum, as discussed in refs [15,17]. The lowest degree of
matching of the optical and electrostatic fields in the vicinity of points 3 and 5 makes the
probability of both generation and successful transport of hot electrons into a vacuum
low.

5. Conclusions

A new hybrid material based on GNS embedded in a nanoscale DLC film has been
proposed and its properties have been theoretically investigated. The results obtained
make it possible to assess the prospects of using the effect of an increased concentration
of hot electrons in nanostructures with plasmonic materials for photostimulated field
emission of electrons and possible applications in the field of biomedical instrumentation
and sensing. In particular, the material is promising in the development of a matrix
source with photoemission for X-ray computed tomography sensors, providing an in-
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crease in resolution and a decrease in the criticality of local heating during tunneling
electron emission of an X-ray gun with a matrix cathode.

The broadband effect of optical excitation of the hybrid material in the visible and
NIR wavelength ranges is noted. The areas of localization of electrostatic and optical
fields in GNS, in which their effective matching is ensured, are determined.
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