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The undamaged and damaged areas of the ITO thin film deposited on a silicon substrate induced by laser with different energies were tested with the transmission terahertz time-domain spectroscopy system. Their time-domain spectra and frequency-domain spectra of 0.4–1.0 THz were obtained, and the differences were analyzed between the undamaged and damaged areas in these two spectra. The results show that the peak-to-peak value in the time domain and the amplitude in the frequency domain of the damaged area evidently increased compared with those of the undamaged area, and with the increase in laser-induced energy, resulting in the larger damaged area and heavier surface roughness, these two parameters gradually decrease. For the damaged area of the ITO thin film with the undamaged substrate, the refractive index and absorption coefficient are lower than those of the undamaged area. Therefore, the variation in the terahertz time-domain and frequency-domain spectra could be utilized to distinguish the damage of the optical thin film irradiated by laser, which provides a new approach for the laser-induced damage identification and the technical support in effect of the laser-induced damage on the properties of the optical thin film element in the terahertz band.
Keywords: terahertz spectrum, ITO thin film, laser-induced damage, absorption coefficient, refractive index, damage identification
INTRODUCTION
A thin film element is an important part of the high energy laser system; its laser-induced damage threshold restricts the higher energy output level of the laser system, and it is accurately tested to be particularly important; in the test, thin film damage identification is the key. At present, the identification method is phase contrast microscopy, scattered light detection, the image method, and acoustic discrimination. [1] Each method has its rationality and scope of application, but it cannot completely solve the problem of damage identification, and among the current damage identification methods, some determine the damage by comparing the morphological changes of the damaged and undamaged areas, and some determine by detecting the changes of the instantaneous signal when the damage occurs. These methods mainly focus on the analysis of the visible light band.
The terahertz wave is the electromagnetic wave with the frequency of 0.1–10 THz, which is between the microwave and infrared band and is called the submillimeter wave or far-infrared wave. Due to its unique characteristics, it has attracted wide international attention. Terahertz time-domain spectroscopy (THz-TDS) detects the terahertz wave that is transmitted through the sample or is reflected from the surface of the sample and carries the sample abundant physical and chemical information; then, the terahertz time-domain spectroscopy of the sample is obtained and processed; the amplitude, the phase, and the optical parameter of the sample in the terahertz band could be achieved for analyzing the structure and composition of the sample, and by this way, semiconductors, dielectric materials, non-polar materials, and composite materials could be accurately measured [2–5]. Stoik et al. [6] utilized the time-domain peak value and peak time to test the thermal damage of aviation composites at different time intervals and temperatures. Ospald et al. [7] detected surface defects, embedded defects, and honeycomb structures of aerospace composites by terahertz time-domain spectroscopy. Liao et al. [8] used the reflective THz-TDS system to test the surface defect of carbon fiber composites, and the feasibility of the method was verified. Guo et al. [9] tested the defect of glass fiber composites by terahertz time-domain technology. Malinowski et al. [10] irradiated six positions of plant fiber composite samples with increasing laser energy and tested the state of the irradiated samples with the terahertz time-domain spectral imaging system, and the damaged positions could be clearly identified. Zhou et al. [11] calculated the complex refractive index of thin metal films with a nanometer thickness of Ti, NiGr, and Au deposited on the silicon substrate at 0.1T-3 THz by terahertz time-domain spectroscopy. Ma et al. [12] studied the relationship between dielectric properties, absorption, and the refractive index of the conductive ZnO film deposited on a glass substrate with different carrier concentrations in the range of 0.1T–1 THz by measuring the time-domain signal of the terahertz wave passing through the sample. Ma et al. [13] studied the optical characteristics of the ultra-thin metal film of Cr, Ni, and Ti deposited on high-resistance silicon in the terahertz band; the aforementioned research results show that the terahertz wave has distinct advantages in detecting material defects and damage and can be used to study the optical properties of thin films in the terahertz band. However, the terahertz wave is rarely utilized to study the damage of optical thin films induced by laser, so herein, the transmission terahertz time-domain spectroscopy system is used to study the terahertz spectrum of the undamaged and the damaged regions of the ITO film deposited on a silicon substrate which was irradiated by laser with different energy levels and which provides a technical basis for analyzing the effect of laser-induced damage on the optical characteristics of the optical thin film component in the terahertz band and a new research idea for laser-induced damage identification.
EXPERIMENTAL SYSTEM AND SAMPLE
Transmission terahertz time-domain spectroscopy system
Experimental samples were measured by using the transmission terahertz time-domain spectroscopy system, as shown in Figure 1. The system is mainly composed of a femtosecond laser, time delay unit, terahertz radiation, and detection unit. The Mai Tai laser, with a center wavelength of 800 nm, pulse width of 60 fs, repetition frequency of 80 MHz, and an output power of 950 mW [14], emits a femtosecond laser pulse, which is divided into two paths after passing through mirrors M1 and M2, and the beam splitter CBS. One is the pump light path, and the other is the detection light path; the pump light is reflected by the mirror M5 and focused on a photoconductive antenna PCA by a lens L1 after passing through the time delay system to generate a terahertz pulse. This pulse is collimated and focused on the measured sample by using off-axis paraboloidal mirrors PM1 and PM2. After the pulse transmits the sample, it carries the sample information and is collimated by PM3, focused by PM4, and reflected by the component ITO. Then, the pulse and the detection light, which is reflected by mirrors M6, M7, and M8 and transmits the component ITO, pass through the ZnTe electro-optical crystal at the same time. Because the terahertz electric field changes the refraction coefficient of the ZnTe crystal, the transmitted detection light is transformed into elliptically polarized light and is split into two beams of polarized light whose intensities are different, observed by using a Wallaston prism, and finally are, respectively, received by the balanced detector; the output voltage reflects the electric field intensity of the terahertz pulse passing through the sample. Based on the point-by-point time delay, the whole time domain spectrum of the terahertz pulse could be obtained through the ellipsometry change of the detection light. With the Fourier transform, the corresponding terahertz frequency-domain spectrum is achieved and the amplitude and phase information are extracted. During the experiment, the whole system was set in the air environment with the temperature of 23°C, the relative humidity of 13%, and the signal-to-noise ratio of 1,300 dB.
[image: Figure 1]FIGURE 1 | Schematic diagram of the transmission terahertz time-domain spectroscopy system.
Experimental samples
For the preparation of experimental samples, the high-resistance monocrystalline silicon with a crystal orientation N(100) and thickness of 500 μm was used as the substrate, and the mixture of In2O3 and SnO2 with the ratio of 95:5 is the raw material. The thin film deposition was performed by the way of electron beam thermal evaporation. M-2000UI variable angle wide spectral ellipsometry was used to measure the thin film thickness, which was 121.246 nm. The thin film was irradiated by laser in the 1-on-1 mode. The laser-induced damage test device is shown in Figure 2; the laser beam was emitted using a Nd: YAG solid state laser with the output wavelength of 1,064 nm, the pulse width of 10 ns, and the maximum output energy of 400 mJ, then passed through the attenuator, and was converged on the surface of the measured thin film element with the irradiated spot diameter of 2.5 mm by using the lens focusing system. Simultaneously, the irradiation energy is measured using the energy meter. In the experiment, the ITO film sample was irradiated by a laser beam with the energy densities of 1.03, 1.28, 1.55, and 2.23 J/cm2; the damaged and undamaged areas of the sample were observed under the microscope, as shown in Figure 3.
[image: Figure 2]FIGURE 2 | Laser-induced damage measurement system.
[image: Figure 3]FIGURE 3 | The damage image of the sample with ITO thin film induced by laser on condition of different energy. Density (A) 1.03J/cm2 (B) 1.28J/cm2 (C) 1.55J/cm2 (D) 2.23J/cm2.
According to Figure 3, when the laser energy density was 1.03 and 1.28J/cm2, a comb-shaped damage appeared on the surface of the ITO film due to the interference effect and beam shape change, and the damage area in Figure 3B was larger than that in Figure 3A, especially due to the melting damage caused by heat absorption. When the laser energy density was 1.55 and 2.23 J/cm2, the damaged area enlarged evidently and the damage shape presented an elliptical annular stripe in the upper right part of Figure 3D. Due to the temperature gradient formed during laser irradiation, thermal stress is generated. When it is greater than the tensile or compressive strength of the film, stress damage occurs.
OPTICAL PARAMETER CALCULATION MODEL
For a thin film sample, the substrate should be considered when the optical constant is calculated. Since the thin film thickness is in the order of nanometer, which is much smaller than that of the substrate, in order to simplify the calculation, the echo signal is usually considered, which is formed by multiple reflection on the upper and lower surfaces of the film, while the multiple reflection in the substrate is ignored [15]. As shown in Figure 4, E0(ω) is the incident terahertz electric field and Eref and Esam(ω) are the terahertz electric fields transmitted through the substrate and the thin film sample, respectively. [image: image] and [image: image] are the refractive indexes of the air, [image: image] and [image: image] are of the thin film and the substrate, respectively, [image: image] is the angular frequency, and dfilm and ds are the thickness of the thin film and the substrate, respectively; the distance that the terahertz wave propagates from the sample rack to the detector is x, then Eref(ω) is expressed as
[image: image]
where t13 and t34 are the transmission coefficient of the interface between air and the substrate and between the substrate and air; the transmission factor of the terahertz wave penetrating through the substrate [image: image] is represented by
[image: image]
The transmission factor in air [image: image] is expressed as
[image: image]
[image: Figure 4]FIGURE 4 | Schematic diagram of the terahertz wave vertically transmitting into the thin film sample and the substrate.
When the terahertz wave transmits into the thin film sample, it will be reflected many times between the upper and lower surfaces of the thin film, and the F-P effect occurs. Therefore, Esam(ω) is represented by
[image: image]
where t12 and t23 are the transmission coefficients of the interface between air and the thin film and between the thin film and the substrate, respectively; the transmission factor of the terahertz wave penetrating through the thin film [image: image] is expressed as
[image: image]
The transmission factor in air is
[image: image]
FP(ω) could be expressed as [16].
[image: image]
where r21 and r23 are the reflection coefficients of the interface between the thin film and air and between the thin film and the substrate, and they are, respectively, expressed as
[image: image]
Substituting Eq. 7 from Eq. 4, we get
[image: image]
The differential signal Ediff(ω) is expressed as
[image: image]
Then, the transfer function is given by
[image: image]
From Eq. 1, Eq. 2, Eq. 3, Eq. 5, Eq. 6, and Eq. 8, the following formula can be obtained:
[image: image]
According to Fresnel formula, [image: image], [image: image], [image: image], and [image: image], [image: image], and [image: image]. Eq. 10 is transformed into Eq. 12: 
[image: image]
Considering Eq. 13,
[image: image]
Then, the following relationship is established:
[image: image]
[image: image]
Considering that the complex dielectric constant of the material [image: image] could be expressed as [image: image], namely, [image: image], then [image: image] and [image: image] could be represented as 
[image: image]
[image: image]
The absorption coefficient [image: image] is written as
[image: image]
In Eq. 18, the absorption coefficient of the sample includes the absorption of the incident THz waves by the sample itself and the attenuation caused by scattering and reflection [17–19].
ANALYSIS AND DISCUSSION
Based on the transmission terahertz time-domain system, the undamaged area and laser-induced damage area of the ITO thin film deposited on the silicon substrate were tested. The results are shown in Figure 5. Figure 5A shows the reference time-domain waveform when there was no sample, and Figure 5B shows the waveform when the terahertz wave passed through the bare silicon substrate and the undamaged area and the damage area of the sample induced by laser with the energy densities of 1.03, 1.28, 1.55, and 2.23 J/cm2. The peak-to-peak values of time-domain waveforms in Figure 5 are shown in Table 1. The peak-to-peak value of the signal after the terahertz wave passed through the bare silicon substrate was 46.87% of the reference signal; it was 40.01% of the reference signal after it passed through the ITO thin film sample, and the delay time was 4.07 ps. The value decrease was caused by the absorption, scattering, and surface reflection of the terahertz wave by the bare silicon substrate and the ITO thin film. The reason of the delay time was that the refractive indexes of the bare silicon substrate and the ITO thin film were larger than that of air. The value decrease of the ITO thin film sample relative to the bare silicon substrate was caused by the absorption and stronger surface reflection of the terahertz wave by the ITO thin film. When the terahertz wave penetrated through the damaged area induced by the laser with the energy densities of 1.03, 1.28, 1.55, and 2.23 J/cm2, the peak-to-peak values were 15.8, 15, 14.5, and 7% higher than those of the undamaged area, respectively, and with the increase in the laser-induced energy density, the peak-to-peak value of the damaged area gradually decreased, in order to analyze the morphology of the damaged area. The Zygo NewView 8000 surface profilometer was used to test the three-dimensional profile of the sample.
[image: Figure 5]FIGURE 5 | THz time-domain waveform. (A) Reference signal; (B) time-domain waveform of the Si substrate and the undamaged and damaged areas with different energy densities for the ITO sample.
TABLE 1 | Peak-to-peak value of the reference and Si substrate, and the damaged and undamaged areas of the ITO thin film sample from the the time-domain waveform.
[image: Table 1]The results are shown in Figure 6. The relationship between the peak-to-peak value and the roughness under different laser energy densities is shown in Figure 7. In Figures 6A–D, the roughness was 23.6, 28.9, 55.4, and 83.4 nm, respectively, and the maximum damage depth was 54.6, 79, 386, and 402 nm, respectively; the latter two were larger than the thickness of the ITO thin film, and the maximum damage spot diameter was 1.32, 1.57, 1.68, and 2.02 mm, respectively. From Figure 6 and Figure 7, it was found that the peak-to-peak value of the damaged area was higher than that of the undamaged area because melting, vaporization, ablation, and stripping phenomena occurred in the damaged area, the roughness increased, reflection performance of the terahertz wave by the ITO thin film was weakened, and scattering and transmission performance were strengthened. With the increase in the laser energy density irradiating the ITO thin film, the surface roughness increased, the damage area expanded, and the damage extended from the ITO thin film to the substrate. When the terahertz wave was incident on the corresponding damage area, scattering was strengthened; the peak-to-peak values in the time domain were gradually decreased. As shown in Figure 8, all the acquired time-domain signals were treated with Fourier transform to obtain a terahertz spectral amplitude of 0.4–1.0 THz since measurement was carried out in the air environment; the obvious absorption peaks of water vapor are shown in the figure [20, 21]. As shown in Figure 8, the amplitude of the undamaged area was the smallest at each frequency compared with that of the damaged area because the ITO thin film with a high free carrier concentration and conductivity had a high reflectivity effect on the terahertz wave [22]. With the increase in the laser energy density, the amplitude in the frequency domain of the damage area gradually decreased at each frequency, and the smaller the laser energy density, relative to the undamaged area, the more obvious is the amplitude rise. This change trend is the same as that of the peak-to-peak value in the time domain; the main reason was that melting, ablation, vaporization, and resolidification phenomena occurred when the ITO thin film sample was irradiated by laser, and the damage was caused [23]. Compared with the undamaged area, the conductivity of the damaged thin film became poor and the transmittance to the terahertz wave increased, which increased the amplitude of the terahertz wave passing through the damaged area at each frequency [24]. When the laser energy density increased, the damage area enlarged, the damage extended from the surface to the interior, and the damage depth had reached the silicon substrate; the absorption and scattering of the terahertz wave with different frequencies were gradually intensified [25], and the amplitude of the terahertz wave penetrating through the damaged area gradually decreased.
[image: Figure 6]FIGURE 6 | Damage profile of the ITO thin film sample irradiated by laser with different laser energy densities: (A) 1.03 J/cm2, (B) 1.28 J/cm2, (C) 1.55 J/cm2, and (D) 2.23 J/cm2.
[image: Figure 7]FIGURE 7 | Relationship of roughness and the peak-to-peak value in the time domain with different energy levels for the ITO sample.
[image: Figure 8]FIGURE 8 | Amplitude in frequency of the ITO thin film sample.
According to Eqs 16, 18, the refractive index spectrum and absorption coefficient spectrum of the undamaged area and the damaged area induced by laser with different laser energy densities were calculated, as shown in Figure 9 and Figure 10. Since the substrate of the ITO thin film sample was damaged when the laser energy density was 1.55 and 2.23 J/cm2, a part of the ITO thin film was fallen off and melting, vaporization, ablation, and material splash phenomena occurred, which caused the ITO thin film to not exist in some parts of the damaged area, and the ITO thin film existing in other parts may include silicon composition. Eqs 16, 18 are not applicable under these conditions. The refractive index and absorption coefficient of these two samples were not calculated.
[image: Figure 9]FIGURE 9 | Refractive index of the ITO thin film sample.
[image: Figure 10]FIGURE 10 | Absorption coefficient of the ITO thin film sample.
As shown in Figure 9, the refractive index of the ITO thin film deposited on a silicon substrate was between 15 and 17 in the range of 0.4–1.0 THz, and it decreased with the increase in the frequency. According to Drude theory, its infrared performance could be studied in the light of a metal-like substance [26], so its refractive index was very high. The refractive index of the damaged area was different from that of the undamaged area, and since it was related to the structure and the concentration of carriers of the thin film, it could be expressed as [27].
[image: image]
where [image: image] is the dielectric constant in the optical band, [image: image] is the effective mass of the carrier, N is the carrier concentration, and [image: image] is the plasma frequency.
When the ITO thin film sample was damaged by the way of laser irradiation, there were hole defects in the thin film structure, the structure became loose [28], and the carrier concentration increased, which led to the decrease in the refractive index.
As shown in Figure 10, within the frequency of 0.4–1.0 THz, the absorption coefficients in both the undamaged area and damaged area of the ITO thin film sample decreased with the increase in the frequency, and due to the absorption of the THz wave by water vapor in the air, there were slight fluctuations in the curves [20, 21]. The absorption coefficient of the undamaged area was larger than that of the damaged area at each frequency because the ITO thin film had strong reflection to the THz wave; when the film is damaged, the reflection decreased and transmission increased to result in the decrease of the absorption coefficient. With the increase in the laser energy density, the absorption coefficient gradually increased at each frequency because the scattering and absorption of the terahertz wave by the damaged area were gradually strengthened, and this variation trend was opposite to that of the amplitude spectrum in Figure 8. On the other hand, the change in the absorption coefficient of the ITO thin film damaged by laser also represented the change in the microstructure and characteristics, the band gap of the damaged area became smaller, more absorption bands appeared, more oxygen vacancies were formed, and rapid heating and solidification resulted in the reduction of tin oxide [24, 25].
CONCLUSION
The transmission terahertz time-domain system was used to measure the undamaged and the damaged areas of the ITO thin film deposited on a silicon substrate induced by laser with different energies, the time-domain waveform, and the spectral amplitude. The refractive index spectrum and absorption coefficient spectrum in the range of 0.4–1.0 THz were obtained. It was found that the peak-to-peak values in the time domain and spectral amplitude of the damaged area were significantly higher than those of the undamaged area, and with the increase in the laser-induced energy, they gradually decreased. The absorption coefficient and refractive index of the damaged sample with the undamaged substrate were lower than those of the undamaged sample. It showed that terahertz time-domain spectroscopy is an effective tool for testing the damage of the ITO thin film element induced by laser, and the damage could be identified by comparing the terahertz spectral changes of the damaged and undamaged areas.
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