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ABSTRACT: In this contribution, we investigated the properties of magnetron-sputtered TiN thin films on sapphire and quartz
substrates before and after 5 MeV electron irradiation with a fluence of 7 X 10" e/cm? Structural, morphological, optical, and
electrical properties were analyzed to observe the impact of electron irradiation on the TiN thin films. The results showed improved
electrical properties of the TiN thin films due to high-energy electron irradiation, resulting in increased specific conductivity
compared to the as-deposited thin films on both sapphire and quartz substrates. The structural features of the TiN thin films on the
sapphire substrate transformed from polycrystalline to amorphous, while the TiN thin films deposited on the quartz substrate
remained unchanged. Chemical state analysis indicated changes in the metallic bonding between Ti and N in the deposited TiN on
the sapphire substrate, while TiN deposited on the quartz substrate retained its Ti—N bonding. This study provides insights into the
effects of electron irradiation on TiN thin films, emphasizing the importance of investigating radiation resistance for the reliable
operation of optoelectronic devices and photovoltaic systems in extreme ionizing radiation environments.

B INTRODUCTION a growing need for new radiation-resistant functional electronic
and optoelectronic materials.

Prolonged exposure to ionizing radiation negatively affects
functional semiconductor materials used in optoelectronic
devices and limits their lifespan.'® Radiation can cause the
breaking of chemical bonds within the material and alter its
morphological and structural characteristics. Undesirable
phenomena such as swelling, polymerization, corrosion, loss
of quality, cracking, and other changes in mechanical, optical,
and electronic properties can occur.'' In semiconductor
materials, ionizing radiation generates excessive nonequili-
brium electron—hole pairs that disrupt the normal operation of
electronic and optoelectronic devices, altering their electrical

Since the first launch of an artificial satellite and the beginning
of the space era, the development of space technologies and
engineering has led to the creation of numerous applications
based on satellite data.”” These applications include
communication systems (Internet, mobile phones, radio, and
television), global positioning systems (location and navigation
services), as well as Earth observation, remote sensing, and
monitoring (weather forecasting and disaster warning). The
rapid technological advancement in the space industry has
created key trends that open up new opportunities for more
inclusive prosperity. It is well-known that most satellites and
spacecraft operate within the Van Allen belts, which are
radiation regions surrounding the Earth, containing high

concentrations of energetic charged particles such as electrons Received: = September 15, 2023
and protons.”® The radiation exposure from these charged Revised:  October 30, 2023
particles in the belts can damage critical components of Accepted:  December 1, 2023

spacecraft and satellites, including their optoelectronic Published: December 22, 2023

devices.””” Consequently, due to the intensive development
of the space industry and the effects of space radiation, there is
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properties and characteristics.”'> Additionally, radiation can
lead to charge trapping in oxide layers and interface states of
semiconductor devices, altering the distribution of the electric
field and causing unwanted noise, thus reducing device
functionality.'” High-energy particles induce atomic displace-
ments in the material’s lattice, leading to lattice defects and
damage, disrupting the flow of charge carriers, and causing
irreversible damage.'” Tonizing radiation also results in
increased leakage currents in semiconductor devices, which
can lead to errors, malfunctions, or complete device fail-
ure 101314

In a low Earth orbit, ionizing radiation mainly consists of
electrons and protons, encompassing energies ranging from
approximately 100 keV to greater than 10 MeV, with different
fluxes up to 10° particles/cm? Based on the data depicting the
worst-case scenarios for various averaging periods, the electron
energy interval spans from <200 keV and can extend to 8 MeV,
coupled with a dose within the range of 10°—~10° electrons/
em?'" In specific scenarios, the electron dose may even
reach 10'® electrons/cm.”'”'>'* Meanwhile, proton energies
span from a few keV to 100 MeV, accompanied by a dose of
10'>"? protons/cm2."® The predominant space weather threat
to spacecraft in terms of cumulative damage effects originates
from trapped electrons rather than solar protons.'® Hence,
comprehending the impact and finding ways to mitigate the
effects of electrons and protons on semiconductor materials
and devices become crucial elements for successful space
exploration and the reliable operation of satellites in low Earth
orbit 21013,16,17

Presently, there are ongoing efforts to develop various
radiation-resistant devices”'"~** and investigate the impact of
ionizing radiation on material pro;_erties for practical
applications in the space industry.'”****~*" Titanium nitride
(TiN) stands out as a preferred and promising candidate for
creating radiation-resistant optoelectronic devices in the space
industr}7.18’26’27’32’33 TiN boasts exceptional structural, thermal,
chemical, electrical, optical, and mechanical properties, along
with a wide band gap, making it successfully applicable in
various fields of mechanical and electrical engineering,'®*%***°
Accordingly, thin films of TiN can be used as conductive
transparent layers in heterostructures, photodetectors, light-
emitting diodes, and solar cells. 836+

Furthermore, TiN ceramics have demonstrated remarkable
radiation resistance when exposed to argon ions with an energy
of 100 keV and a high dose of 3 X 10" ions/cm?**** These
results underscore its potential for enhancing the safety of
nuclear power plants and finding applications in nuclear
reactors. Moreover, it is worth mentioning that thin films of
TiN exhibit outstanding radiation resistance when subjected to
ionizing radiation with energies in the range of a few hundred
keV and high doses in the range of 10'*"'7 jons/cm? while
retaining their structural, mechanical, electrical, and optical
properties.z‘s’%45

It is important to highlight that the majority of studies
investigating the radiation resistance of TiN have primarily
focused on proton (ion) irradiation.”****> However, for a
comprehensive understanding of radiation effects in Van Allen
belts, it is crucial to conduct a detailed investigation into the
impact of electronic irradiation on the TiN material. This study
delved into the influence of high-energy electrons on the
structural, electrical, and optical properties of TiN thin films
deposited on sapphire and quartz substrates, which exhibit
distinct properties due to their different crystalline structures.
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Notably, the distribution of electron energy loss in TiN is
influenced by properties such as the substrate density,
crystalline structure, and electron energy. For this research,
an electron fluence of 7 X 10'® e/cm? and an energy of S MeV
were used which correlates with the standard requirements for
qualification and quality experience of space solar elements
(AIAA S-111).* To comprehensively study the structural,
morphological, optical, and electrical properties of TiN thin
films on quartz and sapphire substrates, various state-of-the-art
material characterization techniques were employed both
before and after the electronic irradiation process.

B EXPERIMENTAL SECTION

TiN Thin Film Deposition. The quartz and sapphire [c-
(0001)] substrates were sequentially cleaned in acetone,
isopropyl alcohol, and ethyl alcohol for 10 min in an ultrasonic
bath. Then, the samples were dried with a nitrogen gun. TiN
thin films were deposited on sapphire and quartz substrates by
the DC reactive magnetron sputtering technique at the
following set of parameters: magnetron power 120 W, sample
holder temperature 300 °C, deposition time 10 min, argon
pressure 2.4 X 107 mbar, and nitrogen pressure 4.8 X 1073
mbar.

Electron Irradiation. The electron linear accelerator ILU-
10 at the Institute of Nuclear Physics in Almaty, Kazakhstan
was utilized to irradiate with an electron energy of 5 MeV
(total fluence of 7 X 10" e/cm?). GEZ B6001 polystyrene
calorimeters and GEX B3002 film dosimeters measure high-
energy electrons’ absorbed doses.

Material Characterization Techniques. A high-resolu-
tion X-ray diffractometer (SmartLab, Rigaku) was used to
measure the crystalline structure of the thin film using Cu K,
monochromatic radiation at a wavelength of 1.54 A. Grazing
incident X-ray diffraction (GIXRD) was employed as a surface-
sensitive diffraction technique to identify the structure of thin
film materials. The background was subtracted from all the
measured XRD patterns of the TiN thin films. As the GIXRD
technique was applied at a 0.5° angle, the beam from GIXRD
reached only TiN with a thickness of 90 nm, and no peaks
from the substrate were observed. A 2-theta scan was
performed using the GIXRD mode in parallel beam
configuration with a 1°/min scan speed. The chemical
composition of the TiN thin films was measured by X-ray
Photoelectron Spectrometer (NEXSA, Thermo Scientific) with
a low-power Al Ka X-ray monochromatic source of 1486.9 eV.
Ultraviolet photoelectron spectroscopy (UPS) (NEXSA,
Thermo Scientific) was employed to accurately measure the
work function. The surface of the TiN thin films was etched by
Ar jons with an energy of 500 eV for 10 s before X-ray
photoelectron spectroscopy (XPS) measurements. The Avant-
age software from Thermo Scientific Company was used for
further analysis of the XPS data. The surface roughness of thin
films was measured using an atomic force microscope
SmartSPM 1000. The thickness of the films and their surface
morphology were inspected using a scanning electron
microscope Crossbeam 540. The optical properties of the
TiN thin films were investigated by the spectroscopic
ellipsometry (SE) technique (SENResearch 4.0 Sentech) in
the range of 200—2500 nm with four incidence angles (40, 45,
50, and 55) and wavelength intervals of 1.156 nm. The
electrical properties and Hall effect in the thin films were
measured using the van der Pauw four-probe method (HMS-
5500 Ecopia).

https://doi.org/10.1021/acsomega.3c07053
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B RESULTS AND DISCUSSION

The sputtered TiN thin films on the ¢-(0001) plane sapphire
and quartz substrates have a thickness of approximately 90 nm.

To investigate the effect of electron irradiation on the
crystalline structure of the TiN thin films, diffraction pattern
measurements were performed using the GIXRD system
before and after irradiation. The as-deposited TiN thin films
on ¢-(0001) plane sapphire substrates displayed a polycrystal-
line structure with (111), (200), (220), and (222) planes,
consistent with JCPDS card 01-087-0627,"” as shown in Figure
1. However, after electron irradiation, the structure of TiN thin
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Figure 1. GIXRD measurements of the TiN thin films on quartz and
sapphire substrate: before and after irradiation.

films on sapphire transformed into an amorphous structure
(Figure 1). The observed peak around 53° in the XRD pattern
can be associated with various crystallographic phases, and two
possible candidates are hexagonal close-packed (hcp) Ti
(COD ID 9011600) and anatase (015) Ti oxide (ICSD:
172914). The appearance of this peak after electron irradiation
can be explained by structural changes induced by the high-
energy electron bombardment. Electron irradiation can cause
lattice defects, disordering, and even phase transformations in
materials. For example, in the case of TiN, electron irradiation
may induce crystallographic disorder or create vacancies and
interstitials in the lattice, which can alter the XRD pattern and
result in the appearance of new peaks.

Regarding the as-deposited TiN thin films on quartz, only
the (200) gplane was observed, in accordance with previous
reports."”* After irradiation, the diffraction patterns of the
TiN thin films on quartz showed a characteristic peak at
44°"%7°1 jdentified as the (200) plane,** ™" but with lower
intensity than the as-deposited TiN thin films on quartz
(Figure 1). Interestingly, the irradiated TiN thin films on
quartz reveal a peak with a high intensity at 40°, identified as
the (111) plane.
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The change of texture and shift of the diffraction angles
exhibited by TiN on quartz and sapphire substrates after the
irradiation process finds its explanation in the degree of
disorder before and after irradiation.”” The varied change of
texture and shift of the diffraction angles arise due to
constraints inherent in the thin film fabrication process,
which exert an impact on the thin films’ grain size and
crystallinity. Notably, the pre-irradiation levels of disorder in
TiN thin films deposited on quartz and sapphire differ,
primarily attributed to distinct grain sizes calculated across
different planes.

The calculation of grain size based on GIXRD patterns of
the TiN thin films on both substrates revealed an increase in
grain size after irradiation (Table S1 in the Supporting
Information). The impact of an increase in grain size following
high-energy electron irradiation largely depends on the phase
transformation of both crystalline and amorphous phases due
to the electron knock-on process.”> During the knock-on
process, there is a creation of an electrostatic force, which is
generated by the polarization of atoms and ions under electron
irradiation. This, in turn, leads to the motion of free atoms and
ions, which contributes to the absorption and dissolution of
nanograins.”* The size of the grains continues to grow. One of
the main results of this type of irradiation is an increase in
entropy and a shift in Gibbs free energy, which can lead to an
irradiation-induced change of texture and shift of the
diffraction angles, as noted in previous works.*

The changes in the surface roughness of the TiN thin films
were monitored by using AFM topography measurements. The
RMS roughness values were determined using a discrete
approximation method.>> After irradiation, the RMS value of
the TiN films deposited on quartz increased, as seen in Figure
2a,b. Conversely, the TiN thin films deposited on sapphire
exhibited a higher range of surface roughness, as shown in
Figure 2¢,d. Additional top images of the TiN thin film surface
captured by SEM can be found in Figure S2 of the Supporting
Information. Notably, the SEM images revealed no visible
changes on the surface of the thin films.

To further explore the effect of high-energy electron
irradiation on the chemical composition of TiN, XPS analysis
was performed. Prior to measurements, the surfaces of all TiN
thin films were cleaned by using the argon ion etching process
to eliminate surface contaminations. The XPS Ti 2p spectra
showed two pairs of Ti 2p3/, and Ti 2p, /, spin—orbit splittings,
around 5.9 + 0.1 eV, in all specimens. The Ti 2p XPS spectra
were identified with respect to chemical bonding as Ti—N
(454.9 and 460.8 eV), Ti—O—N (456.8 and 462.5 eV), and
Ti—O (456.3 and 464.0 eV). The Ti 2p XPS measured spectra
were fitted based on the mentioned electron binding energy
values. Figure 3 reveals the Ti 2p XPS spectra before and after
irradiation on sapphire and quartz substrates. The TiN thin
films deposited on quartz and sapphire substrates before
irradiation showed Ti 2p;/, peaks at 454.9 and 454.7 eV,
respectively (Figure 3a,c), associated with Ti—N bonding. As
reported in works,*”*® shakeup peaks at 462.5 eV (Ti—O—N)
and 460.8 eV (Ti—N) arise due to broad Ti 3d—N 2p
hybridized states located near the Fermi level that relax
selection rules, permitting multiple transitions to different
states. Under high electron irradiation, the binding energy of
the Ti 2p;/, doublet shifted to 455.4 eV for the TiN thin films
deposited on sapphire and 454.6 eV for TiN thin films
deposited on quartz, with full width at half-maximum (fwhm)
values of 2.6 and 2.4, respectively (Figure 3b,d). Additionally,
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Figure 2. Surface morphology measured by AFM: TiN thin films on quartz before irradiation (a) and after irradiation (b) and TiN thin films on

sapphire before irradiation (c) and after irradiation (d).
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Figure 3. XPS spectra of Ti 2p (a) TiN on quartz as deposited, (b)
TiN on quartz after irradiation; (c) TiN on sapphire as deposited, and
(d) TiN on sapphire after irradiation.

changes in the relative intensity of Ti 2p peaks were observed
in all specimens, which are associated with the change in the
crystal structure.”® Based on the Ti 2p;,, and Ti 2p;/, peak
analysis after electron irradiation, we observed the trans-
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formation of Ti—N bonding to Ti—O in the case of the TiN
thin films on sapphire. However, electron irradiation affected
the TiN thin films deposited on quartz by transforming
chemical bonds from Ti—N and Ti—O to Ti—O—N, as shown
in Figure 3a,b. This observation can be attributed to a complex
process, involving electrochemical interactions between
electrons and constituent atoms, as well as the exchange of
subsurface nitrogen with oxygen adatoms.***”**

The work function of the TiN thin films on both types of
substrates before and after electron irradiation was determined
by employing the UPS technique (Figure 4a). Specifically, the
work function was calculated using the onset position in the
UPS spectra (see Figure 4b,c).*” The UPS spectra of the TiN
thin films on sapphire before irradiation displayed a cutoff
energy higher than that of the TiN on quartz before irradiation,
TiN on quartz after irradiation, and TiN on sapphire after
irradiation. Moreover, the intensity of the UPS spectra of the
TiN thin films after irradiation on both substrates was twice as
high as that before irradiation. Figure 4c also revealed a broad
defect band in the UPS spectrum of the TiN thin films on both
substrates, known to represent a high density of the localized
states below the Fermi level, according to previous studies.” It
is important to note that the density of interface states and
Fermi-level pinning can influence band alignment, as
mentioned in previous research.”’ As seen in Figure 4d, the
as-deposited TiN thin films on sapphire and quartz showed the
same work function of slightly above 4.2 eV. However, after
electron irradiation, the work function decreased to 4.05 eV.

https://doi.org/10.1021/acsomega.3c07053
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This reduction is attributed to changes in the density of free
charge carriers and surface dipoles, as reported in earlier
studies.”’

The van der Pauw technique was applied to analyze the
effect of electron irradiation on the electrical properties of the
TiN thin films, enabling the calculation of various parameters
such as charge carrier density, specific conductivity, and Hall
mobility. Figure S displays the electrical properties of the TiN
thin films on various substrates before and after exposure to
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Figure 5. (a) Electron density and their hall mobility for the TiN thin
films on quartz and sapphire before and after irradiation. (b) Specific
conductivity of the TiN thin films on quartz and sapphire before and
after irradiation.

929

substrates also increased slightly under the influence of
electron irradiation. As previous research has shown,*® the
charge carrier concentration and mobility are inversely related
in TiN thin films, and it was found that the mobility of
electrons in the TiN thin films on both substrates decreased
after irradiation. Notably, the mobility of electrons in the TiN
films on quartz substrates decreased by 2 orders of magnitude
after irradiation (Figure Sa). The specific conductivity of the
TiN thin films on quartz substrates slightly increased, whereas
the TiN thin films on sapphire improved from 97 to 228 Q™!
cm™! after irradiation, as shown in Figure Sb. It is known that
the change in specific conductivity of electron-irradiated thin
film materials depends on the electron energy and fluence."*

SE was employed to measure the refractive index and
extinction coeflicient of the TiN thin films and their changes
after electron irradiation. The Phi and Delta functions obtained
from SE measurements were then fitted by using combined
models of Drude and Lorentz. The Drude dispersion model
accounts for free charge carriers, while the Lorentz dispersion
model characterizes bound carrier oscillators.”*

The refractive index and extinction coefficient of the TiN
thin films on both types of substrates were determined through
a fitting process (Figure 6a,b). At the range of 3—4 €V, the
refractive index of the as-deposited TiN thin films on sapphire
was found to be higher than that after electron bombardment.
In the remaining ranges (0.6—3 eV) and (4.9—6.5 eV), the
refractive index of the TiN thin films on sapphire after
irradiation remained higher than that of the as-deposited TiN
thin films (Figure 6b). However, for the TiN thin films
deposited on quartz, the maximum peak of the refractive index
shifted from 3.45 eV for the as-deposited state to 2.85 eV after
high-energy electron irradiation (Figure 6a). Additionally, we
observe that the refractive index of the TiN on quartz at 0.6—3
and 3.2—6.5 eV ranges is lower than in as-deposited TiN thin
films. Meantime, TiN thin film deposited on both substrates
reveals the peak of the refractive index at the visible range,
which serves as an identification of metallic behavior. It should
be noted that a low refractive index of TiN thin films after
irradiation enables them to absorb comparatively more
photons.

Surprisingly, the extinction coefficient of the TiN thin films
deposited on quartz reveals a significant increase after
irradiation in the high photon energy region due to the
phase transformation of the TiN thin films (Figure 6a).
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Figure 6. (a) Refractive index (1) and extinction coefficient (k) of
TiN thin films on quartz before and after irradiation. (b) Refractive
index (n) and extinction coefficient (k) of TiN thin films on sapphire
before and after irradiation.

Conversely, the extinction coefficient of the TiN thin films
deposited on sapphire was reduced due to electron irradiation,
Figure 6b. The modification of the optical properties of the
TiN thin films is determined as the development of the
electronic structure of the TiN. In principle, the optical
properties of the thin film were defined as the interaction of
incident light with the thin film expressed in electronic
transitions as intraband and interband.> The specific form of
the extinction coefficient of the TiN at the visible range was
determined as interband transition identified as an increase of
titanium d-states and nitrogen p-states.”> Despite the change in
the value of the extinction coefficient after electron bombard-
ment, the specific form identified as metallic behavior in TiN
thin films deposited on both substrates, before and after
irradiation, saves the form around 2.7 eV Figure 6a,b.

In order to determine the band gap of the TiN thin films, we
calculated the absorption coefficient based on the SE
measurements. Tauc plot is represented as the dependence
of (ahv)? on the incident photon energy, and the extrapolation
of the linear region of (ahv)* vs hv dependence to the photon
energy axis identifies the value of the band gap. The Tauc plot
revealed that the direct energy band gap of the TiN thin films
on both substrates is 3.5 eV before irradiation. Because of
electron irradiation, the band gap of the TiN thin films slightly
drops to 3.4 eV on sapphire and 3.2 eV on quartz (see Figure
S3 in Supporting Information).%®

B CONCLUSIONS

In summary, this investigation delved into the effects of high-
energy electron irradiation on TiN thin films deposited on
sapphire and quartz substrates. The findings unveiled
substantial alterations, including a transition from a polycrystal-
line to an amorphous structure, changes in surface roughness,
and modifications in metallic properties of TiN thin films on
sapphire upon irradiation. Similarly, a structural change and
shift of the diffraction angles were observed in TiN thin films
on quartz, while maintaining unchanged surface roughness and
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compositional characteristics. Moreover, both substrates
exhibited enhanced electrical properties in the wake of
irradiation. Notably, the specific conductivity of TiN thin
films on sapphire experienced a remarkable increase post-
irradiation. These findings underscore the decisive role of the
substrate in shaping the attributes of TiN thin films when
subjected to electron irradiation, carrying pertinent implica-
tions for electronic systems in space.
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