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Abstract. In this paper, we investigate the terahertz (THz) transmittance and band gap (BG)
properties of magnetron sputtered indium tin oxide (ITO) thin films. The THz transmittance
was measured using THz time domain spectroscopy, which provides insight into the interaction
of terahertz radiation and free carriers inside the films. The band gap was determined from
spectrophotometric data using Tauc diagrams, which allowed the analysis of both direct and
indirect electron transitions. The results showed that the THz transmittance decreases with
increasing film thickness, primarily due to the increase in free carrier absorption associated
with higher conductivity and carrier concentration in thicker films. The observed optical band
gap values depend on the Burstein—Moss effect caused by the filling of low-energy states in
the conduction band with free electrons. The obtained results demonstrate a close relationship
between the electronic structure and terahertz response in I'TO films, confirming their potential
for efficient control of terahertz radiation and application in optoelectronic devices.
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Annoranuga. B nmanHoOil paGote Mbl uccienyeM TmiponyckaHue B TeparepiioBom (TT)
IMara3oHe U IIMPUHY 3anpeleHHo# 30HbI (33) TOHKMX IJIEHOK okcuaa uHaus-ojosa (I1TO),
MOJYYEHHBIX MarHeTpOHHBIM paciblieHrueM. [Iponyckanue B Tl amamazoHe M3Mepsioch
C TOMOIIbIO TeparepluoBOil CIEKTPOCKONMMK BO BPEMEHHOM 00JacTh, 4YTO ITO3BOJMIIO
M3YyYWUTh B3aMMOJEUCTBUE TEPareplioBOro M3JyYeHUsI CO CBOOOIHBIMU HOCUTEJISIMU 3apsiaa
B TieHKax. [llupuHa 3ampeiieHHOW 30HBI OMpeAeNsuiach MO CIEeKTPO(POTOMETpUIECKUM
JaHHBIM C WCIIOJIb30BAaHMEM IHarpaMM Tayka, 4YTO TO3BOJMJIO IIPOAHAJM3UPOBAaTh KakK
MpsIMble, TaK U HEMPSIMbIE 3JIEKTPOHHbBIE Iepexobl. Pe3ynbraThl MOoKa3ajiu, 4TO MPONyCKaHue
B TI'u auama3oHe yMEHbIIAETCS C YBEJIMYEHUEM TOJILMHBLI TUICHKU, B TIEPBYIO oOyepelb
M3-3a YBEJIMYCHMS TIOIJIOLIEHUsI CBOOOTHBIMM HOCHUTEJISIMU 3apsiia, CBSI3aHHOTO C OoJiee
BBICOKOI TIPOBOAMMOCTBIO M KOHIIEHTpallMeil HocuTelel 3apsina B 0ojiee TOJCTBIX IJIEHKAaX.
HabmiogaeMble 3HAUeHMST OMTUYECKOW HIMPUHBI 3alpellleHHONW 30HBI 3aBUCAT OT 3ddekTa
BypireitHa—Mocca, BBI3BAHHOTO 3alOJIHEHHEM HU3KOIHEPTeTUUECKUX COCTOSTHMI B 30HE
MIPOBOAMMOCTH CBOOOAHBIMM 3jieKTpoHamu. [lojiydeHHBIE pe3yJabTaThl JAEMOHCTPHUPYIOT
TECHYIO B3aMMOCBSI3b MEXIY 3JICKTPOHHOM CTPYKTYpOil M TeparepLiOBbIM OTKJIMKOM ILICHOK
ITO, noaTBep:kaast ux moTeHUMa 1151 3POEKTUBHOTO YIIPaBJAeHUS TepareploBbIM U3JIyYeHUEM
W MPUMEHEHMS B ONTORJIEKTPOHHBIX YCTPOMCTBAX.
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Introduction

The terahertz (THz) range is regarded as one of the most promising and has seen
significant development in recent years [1] for a wide range of applications, including wireless
communications [2], spectroscopy [3], and biomedical diagnostics [4]. However, the effective
shielding of THz radiation remains a challenge, especially in the development of functional
coatings that are transparent in the visible range.

One of the most promising materials for THz radiation shielding is indium tin oxide (ITO)
thin films. Thanks to their combination of high transparency in the visible range and excellent
electrical conductivity [5], ITO films are widely used in display technologies [6], sensors [7], and
solar cells [8]. Importantly, the optoelectronic performance of ITO can be significantly improved
through post-deposition annealing, which enhances crystallinity, increases carrier mobility, and
reduces the concentration of lattice defects, thereby simultaneously improving both conductivity
and transparency.

In recent years, numerous studies have focused on the electrical and optical properties of ITO
films across a broad spectral range, including the visible and THz regions. These investigations
have addressed both as-deposited and annealed samples. However, most studies have focused on
films thicker than 100 nm. For example, Sahoo et al. [9] examined the effect of annealing in
a nitrogen atmosphere at 400—800 °C on the THz optical properties and their correlation with
electrical characteristics of ITO films with a thickness of approximately 275 nm.

At the same time, ultrathin coatings with thicknesses below 100 nm remain largely unexplored.
In this thickness range, carrier concentration, structural defects, and annealing conditions play a
particularly significant role, directly affecting terahertz transmittance and the optical band gap.

In the present work, we investigate annealed ultrathin ITO films with thicknesses of 20—100 nm
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and demonstrate how thickness influences their terahertz transmittance and optical band gap.
This approach allows us to establish the correlation between carrier concentration and the spectral
properties of ITO.

Materials and Methods

ITO films of various thicknesses (20, 40, 60, and 100 nm) were deposited on glass substrates
(25x25 mm) by magnetron sputtering using a VUP-11M vacuum system. The deposition was
carried out in an argon atmosphere at a working pressure of 0.2 Pa and a DC power of 85 W.
Prior to deposition, the substrates underwent ultrasonic cleaning.

To improve the structural and optoelectronic properties of ITO films, such as crystallinity,
conductivity and transparency, post deposition annealing was performed. Thermal treatment helps
to eliminate lattice defects, increase the mobility of charge carriers and reduce the resistance of
the film, which is especially important for its use as a transparent conductive coating.

Annealing of ITO coated glass samples was performed in a nitrogen atmosphere at 200 °C for
1 hour using a CVDomna setup. The heating rate was 10 °C/min, and the nitrogen pressure was
maintained at 20 kPa throughout the thermal cycle.

The THz transmittance of ITO thin films was characterized using terahertz time-domain
spectroscopy (THz-TDS), which allows direct measurement of both the amplitude and phase of
THz pulses passing through samples in the frequency range of 0.1—1.0 THz. The optical band gap
(BG) of the films was determined using UV-visible spectrophotometric measurements. Transmission
spectra were analyzed by the Tauc plot method, which involves plotting (o/v)!/" versus photon
energy where a is the absorption coefficient and n depends on the type of electronic transition.

Results and Discussion

The results of the transmittance coefficient study in the THz range for ITO films of different
thicknesses are presented in Fig. 1. The decrease in transmittance with increasing thickness in
the THz range is primarily due to the increase in the absorption of terahertz radiation in thicker
ITO layers. This effect is associated with the high concentration of free charge carriers in 1TO.
The behavior can be described by the Drude model, which takes into account the dynamics of
these free carriers. According to this model, the terahertz electromagnetic field causes oscillations
of free electrons, which leads to a loss of field energy due to scattering and absorption processes.
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Fig. 1. Transmission spectra of ITO films with different thicknesses in the THz range

To gain a deeper understanding of the electronic properties of the ITO films, the optical band
gap energy was investigated. The band gap was determined using the Tauc plot method, which
is a widely used approach to extract optical band gap values from absorption spectra. Since ITO
is an indirect bandgap semiconductor, Tauc plots were constructed for both direct and indirect
electronic transitions. The parameter #n in the Tauc equation determines the type of electronic
transition, with » = 1/2 used for direct allowed transitions which are generally more probable,
and n = 2 for indirect allowed transitions, which typically have lower probability due to the
involvement of phonons. The corresponding Tauc diagrams for the films are shown in Fig. 2.

In ITO films, the optical band gap determined from direct transitions is approximately 3.86
eV for all film thicknesses. This wide band gap is attributed to the Burstein-Moss effect, where a
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Fig. 2. Tauc plots used to determine the optical bandgap of the ITO films

high concentration of free carriers fills the low-energy states in the conduction band. As a result,
electrons require higher energy to transition from the valence band to the conduction band, which
shifts the absorption edge to higher energies, resulting in increased transmission in the visible
range and higher electrical conductivity. Meanwhile, the lower-energy indirect band gap is due to
defect states or localized structural disorder inside the films, which introduce absorption channels
in the ultraviolet region due to below-bandgap transitions.

Conclusion

In this work, we investigated the spectral characteristics of annealed ultrathin ITO films
deposited by magnetron sputtering in the terahertz range. It was shown that films with thicknesses
below 100 nm can provide effective shielding, reducing the transmittance down to 0.1 at 1 THz.
This behavior is attributed to the high concentration of free charge carriers, which also affects the
optical band gap via the Burstein—Moss effect and ensures high transparency in the visible range.
The interplay between carrier concentration, band structure, and scattering processes governs
both THz absorption and the optical properties of the films.

However, a more precise correlation between the optical band gap and THz transmittance
requires further investigation. In particular, additional measurements, including the determination
of carrier mobility and concentration via the Hall effect, as well as the study of structural features of
ultrathin films, will be essential for a comprehensive quantitative understanding of the relationship
between free carrier dynamics, optical absorption, and electrical conductivity.

The present study provides a foundation for further research and the optimization of ultrathin
ITO films for applications in transparent and flexible optoelectronic and terahertz devices.
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