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We report the different nonlinear optical mechanisms and defect-related carrier dynamics in Sn-doped β-Ga2O3 crystal by utilizing time-resolved pump-probe technique based on phase object under UV excitation. The obtained nonlinear optical parameters arise from bound electron can be well explained by the theoretical calculation of two-band model and Kramers-Kronig transformation. By tuning the probe wavelength, the carrier nonlinearity can be modulated greatly due to additional absorption of defects within the bandgap. The results reveal that by choosing a proper probe wavelength that matches the defect state to the valence band, the nonlinear absorption and refraction of the carriers can be greatly enhanced, which provides an important reference for the design of gallium oxide-based waveguide materials and all-optical switching materials in the future.
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INTRODUCTION
Beta-phase gallium oxide (β-Ga2O3) is a transparent conductive oxide with an ultra-wide band gap of 4.9 eV (Tippins, 1965). It is also regarded as a promising candidate for UV detectors (Ji et al., 2006; Kokubun et al., 2007) and high-temperature gas sensors (Fleischer and Meixner, 1991; Liu et al., 2008). From the perspective of optoelectronic devices, it is very necessary to understand the optical properties of this material. Recently, many studies have been carried out to explore the electrical and optical properties of β-Ga2O3 (Suzuki et al., 2007; Mi et al., 2014; Chikoidze et al., 2016; Bhandari et al., 2019). However, reports on the nonlinear characteristics of β-Ga2O3 crystals under strong light are elusive.
In 2018, Hong Chen et al. used Z-Scan to measure the two-photon absorption coefficient and Kerr refractive index of gallium oxide (Chen et al., 2018), their research focuses on ultrafast nonlinear processes caused by bound electrons, but ignores the slow nonlinear processes associated with carriers. Okan Koksal et al. presented optical pump-probe spectroscopy results on defect-assisted recombination of photoexcited carriers in β-Ga2O3 (Koksal et al., 2018). They used a single wavelength to probe the additional carrier absorption of polarization-related defect states, but ignored the carrier refraction. The study of gallium oxide nonlinear absorption/refraction dynamics is of great significance to the design of all-optical switches and ultrafast optoelectronic devices. In 2020, Okan Koksal et al. verified the intra- and inter-conduction band optical absorption processes of β-Ga2O3 through steady state and ultrafast optical spectroscopy measurements (Singh et al., 2020), but they ignored the influence of defect state at 500-650 nm on absorption, which we will be explained explicitly in this paper. Gallium oxide has many impurities or intrinsic defects, such as Si, Sn, oxygen vacancy and gallium vacancy, which promote the radiative and nonradiative recombination of carriers (Varley et al., 2010; Dong et al., 2017; Neal et al., 2018). They can affect the photoelectric properties of materials, including conductivity, absorption, and even nonlinear optical properties (Yuksek et al., 2009; Ganesh et al., 2017; Bhandari and Zvanut, 2020; McCluskey, 2020). The reason why we choose Sn-doped β-Ga2O3 is that impurity Sn4+ instead of Ga3+ will generate additional free electrons (Zhang et al., 2010), so modulating the conduction band electron density by Sn doping is more conducive to measuring free carrier absorption.
In this paper, we studied the variation process of the nonlinear absorption/refraction of Sn-doped β-Ga2O3 with delay time by phase object pump-probe technique (POPP) at different probe wavelengths. The existence of the defect states is also proved by pump-probe spectroscopy. The bound electron-related and carriers-related nonlinear parameters as well as the defect state-related carrier dynamic processes are evaluated reasonably.
EXPERIMENTAL SECTION
The Sn-doped β-Ga2O3 (β-Ga2O3: Sn) crystal used in the experiment was a commercial single crystal material with the size of 5 × 10 × 0.68 mm3. The double-sided polished crystal had a monoclinic structure with a crystal orientation ([image: image]01). The β-Ga2O3: Sn crystal was prepared by edge-defined film-fed growth (EFG) technique. The electron concentration is ∼5×1018 cm−3.
Q-switched and mode-locked Nd: YAG laser (355 nm, 8 ps) was employed as the degenerate POPP light sources. The laser is divided into two parts through the beam splitter: one part of the stronger energy is used as the pump light, and the other part of the weaker light after passing through the neutral density attenuator is used as the probe light. The light source of non-degenerate POPP is Yb: KGW femtosecond laser (Light Conversion, PHAROS-SP, 1,030 nm, 190 fs). The output laser beam is divided into two parts: a part of the higher energy light is used as the pump light, and the wavelength is tuned to 355 nm after passing through the optical parametric amplifier. The other part of the light with weaker energy is used as the probe light, and the wavelength becomes 515 nm after passing through the frequency doubling crystal. The schematic diagram of POPP is similar to our previous work (Sun et al., 2021). The pump light and probe light focus on the same point of the sample at a small angle (less than 5°), and the nonlinear dynamic process is explored by adjusting the delay time of the two beams. The probe light is focused on the sample after passing through the PO, and is directly received by the detector (open-aperture) after passing through the sample to obtain the nonlinear absorption response. If the aperture is closed (closed-aperture), the nonlinear refraction response of the sample can be obtained. The function of PO is to enhance the interference effect between the dielectric region and the outside region. The far-field diffraction pattern is greatly modulated after transmitting from the rear surface of the sample, so that the nonlinear phase shift signal of the sample is converted into the intensity signal. The experimental details were described explicitly in Yang et al. (2009a), Fang et al. (2013). The repetition rate was set to 10 Hz to avoid heat accumulation in the sample (Yang et al., 2009a; Yang et al., 2009b). The polarization of pump and probe beams were adjusted to be perpendicular in order to minimize the interference, where the pump beams were parallel to the (010) direction and the probe beams were parallel to the (102) direction. All measurements were performed at room temperature.
RESULTS AND DISCUSSION
The nonlinear effects caused by bound electrons (two-photon absorption, Kerr refraction) are instantaneous, while the recovery time of the nonlinear effects caused by carriers (carrier absorption and carrier refraction) is relatively long. We can distinguish different nonlinear effects of samples by time-resolved POPP, and study the dynamics of nonlinear absorption/refraction of β-Ga2O3: Sn. The pump light with wavelength of 355 nm (3.49 eV) we choose satisfies the condition of Eg/2< ħωe < Eg, therefore two-photon absorption (TPA) of the pump beam may occur.
Degenerate POPP Experiment (355 nm for Pump and 355 nm for Probe)
β-Ga2O3: Sn was pumped and probed by 355 nm, excited under a peak intensity at 11 GW/cm2. Figure 1 shows the open-aperture 1) and closed-aperture 2) measurements of degenerate POPP for β-Ga2O3: Sn. It can be seen from 1) that there is a fast absorption process at the zero-delay position, which represents the degenerate TPA, and the weak tail behind represents the weak carrier absorption. At the same time, we get the closed-aperture curve as shown in 2). there is a negative weak Kerr refraction near zero delay, the tail behind represents the carrier induced refraction, and there is almost no recovery process of the tail with the delay time, which indicates that the carrier lifetime is long.
[image: Figure 1]FIGURE 1 | Nonlinear absorption curves (A) and nonlinear refraction curves (B) of β-Ga2O3: Sn at 355 nm pump and 355 nm probe.
Non-Degenerate POPP Experiment (355 nm for Pump and 515 nm for Probe)
As gallium oxide is a semiconductor with abundant energy bands, a large number of literatures have determined that the defect energy level of gallium oxide is between 2 and 3 eV above the valence band by means of luminescence spectroscopy and theoretical calculations. (Hajnal et al., 1999; Nakano, 2017; Gao et al., 2018). So we choose 515 nm (2.4 eV) to probe and observe the nonlinear absorption/refraction dynamics of β-Ga2O3: Sn. The peak intensity of pump light was set to 24 GW/cm2 and a faster femtosecond laser was used to study its ultrafast process.
Figure 2 shows the open-aperture 1) and closed-aperture 2) measurements of non-degenerate POPP for β-Ga2O3: Sn. It can be seen from 1) that the peak near the zero delay is caused by the non-degenerate TPA, and the tail behind is obviously deeper than that of the degenerate POPP. We speculate that the additional absorption causes the enhancement of carrier absorption. It is reported that Sn doping is a shallow donor level (Varley et al., 2010; Zhang et al., 2010), we did the same experiment on unintentionally doped (UID) gallium oxide, and found that there were similar results, proving that the additional absorption was not caused by doping, but may be caused by intrinsic defect in the growth process, as we will prove later. It can be seen from 2) that there is a weak peak caused by Kerr refraction near zero delay, which is different from the result of degenerate POPP. The tail behind represents carrier refraction. Since the non-degenerate POPP uses ultrafast laser, the recombination time is much longer than the detection window, and the recombination time is not significantly attenuated in the limited detection window, so we judge that the recombination time of the non-degenerate POPP is also very long at 515 nm (longer than 5 ns).
[image: Figure 2]FIGURE 2 | Nonlinear absorption curves (A) and nonlinear refraction curves (B) of β-Ga2O3: Sn at 355 nm pump and 515 nm probe.
Bound Electrons-Related Nonlinear Optical Parameters
When the incident laser pulse is Gaussian light, the light intensity distribution of the pump light on the front surface of the sample to be measured can be described by the following formula:
[image: image]
Where I0e is the peak light intensity of the pump light, ωe(z) = ω0e [1+(z/z0e)2]1/2 is the spot radius of the pump light at the sample to be measured, z is the distance between the sample to be measured and the beam waist of the pump light, z0e = πω0e2/λ is the Rayleigh (diffraction) length of the pump light, ω0e is the beam waist radius of the pump light, τd is the time delay between the pump light and the detection light.
According to the standard two-band model, in the case of weak probe light, it can be considered that the carrier generation mainly comes from the TPA of the pump light. So the equation rate of carriers can be expressed as (Sun et al., 2021):
[image: image]
In the formula, β is the TPA coefficient, Ie is the light intensity at the pump light sample, τr denote the recombination time (The overall time of direct recombination from conduction band to valence band and indirect recombination caused by defect states). The propagation formula of the probe light and pump light inside the β-Ga2O3: Sn crystal is (Sun et al., 2021):
[image: image]
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In the formula, Ip and φp respectively represent the intensity and phase of the probe light, σ is absorption cross-section, n2 is the Kerr refractive index of the bound electron, and η is carrier refractive volume. According to the above rate Eqs 2–5, we fit bound electrons-related nonlinear optical parameters of degenerate and non-degenerate POPP, the results are listed in Table 1. In the following discussion, ωe denotes 355 nm pump beam and ωp1, ωp2 denote 355, and 515 nm probe beams respectively. We found that after changing the probe wavelength, the Kerr refraction changes from negative to positive.
TABLE 1 | Bound electrons-related nonlinear optical parameters. β, TPA coefficient; n2, Kerr refractive index.
[image: Table 1]We further verify the accuracy of our TPA coefficient and Kerr refraction coefficient through the theoretical expression of the two-band model (Sheik-Bahae et al., 1991). The degenerate and nondegenerate TPA spectra predicted using:
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Where Ep is related to the interband momentum matrix element and for the two-parabolic-band model is defined Ep = 2|Pvc|2/mo (Ep is approximately 21 eV for most semiconductors) (Kane, 1980), np and ne are the linear probe and pump refractive indices, respectively, F2 is the dimensionless spectral function, in Eq. 6, F2(x) =(2x−1)1.5/(2x)5, in Eq. 7, F2(x) =(x1+x2−1)1.5 (1/x1+1/x2)2/27 × 1 × 22 (Sheik-Bahae et al., 1991), K is ∼3,100 cm GW−1 eV5/2 (Hutchings and Van Stryland, 1992). According to this relationship, the calculated ratio of degenerate and non-degenerate TPA is 1.4, which is almost consistent with our experimental results. At the same time, we also measured 355 nm PS open-aperture Z-scan (as shown in Figure 3), and the fitted two-photon absorption coefficient (β = 1.1 × 10–11 m/W) is three times larger than the degenerate POPP result, because the pump light and probe light in POPP are vertically polarized, resulting in the decrease of polarization tensor.
[image: Figure 3]FIGURE 3 | 355 nm PS open-aperture Z-scan for Ga2O3: Sn bulk crystals. The solid lines are the numerical fits to the experimental data.
The degenerate and non-degenerate n2 (ωp; ωe) is calculated via the Kramers-Kronig transformation resulting in (Sheik-Bahae et al., 1994; Zhao et al., 2016):
[image: image]
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G2 is the dimensionless dispersion function (Sheik-Bahae et al., 1994). The calculated trend of the degenerate nonlinear refractive index n2 with ħω, from 0 to Eg/2, n2 increases to the maximum, and finally becomes negative as ħω approaches the band gap Eg. So the 355 nm (ħω/Eg = 0.71) Kerr refraction obtained by degenerate POPP tends to zero. The non-degenerate n2 (ωp; ωe) of β-Ga2O3: Sn crystal is calculated as a function of probe photon energy ħωp. n2 (ωp; ωe) is positive at low ωp. Due to the intermediate-state resonance enhancement, it increases to the maximum when ħωp = Eg–ħωe = 0.29 Eg. Then n2 (ωp; ωe) becomes abnormally dispersive and finally becomes negative when ωp approaches the band gap. Therefore, the results obtained from the non-degenerate (ħωe/Eg = 0.71, ħωp/Eg = 0.49) POPP meet the trend calculated by the two-band model, which is a positive value. We found that the theory is applicable to gallium oxide, and the refraction sign changed at different probe wavelengths.
Free Carrier -Related Nonlinear Optical Parameters
According to the above rate Eqs 2–5, we also fit free carrier-related nonlinear optical parameters of degenerate and non-degenerate POPP, the results are listed in Table 2. We found that after changing the probe wavelength, the responses of carrier absorption and refraction both increase by at least an order of magnitude. The increase of σ and η indicates that there indeed exists an additional absorption of defect state. We will explain in detail later.
TABLE 2 | Free carrier -related nonlinear optical parameters. σ, FCA cross-section; η, FCR volume; τr, carrier lifetime.
[image: Table 2]In order to further verify the existence of the defect state, we focus the probe light on the sapphire to generate a white supercontinuum, thereby measuring the 500–650 nm transient absorption spectrum of β-Ga2O3: Sn crystal under two-photon excitation. The details of the experiment were described explicitly in Fang et al. (2016). The absorption results are shown in Figure 4. We can see that the transient absorption spectrum with different delay time shows broadband absorption, corresponding to a peak value of 550 nm (2.48 eV), and the profile and peak value of transient absorption have almost no change in the delay time of 6–1,100 ps. This is a typical defect state absorption. In Singh et al. (2020), they did the absorption spectra of different probe wavelengths (515, 600, 660, 800, 940 nm) under 450 nm excitation, and found that they were related to the transition in the conduction band (intraband free-carrier absorption) through α∝ω−3 fitting (Drude model, as shown by the red dotted line in Figure 4), while the extra absorption due to defect state between 500 and 650 nm is ignored. The difference between our experimental results and the Drude line proves the existence of defect state absorption.
[image: Figure 4]FIGURE 4 | Transient absorption spectra of β-Ga2O3: Sn in 500–650 nm.
Next, we discuss the carrier dynamics of β-Ga2O3: Sn. It is reported that the effective mass of hole is much larger than that of electron (Yeo et al., 1998). According to Drude model, it can be considered that free carrier absorption and refraction mainly come from electrons. Since gallium oxide can be considered as a direct band gap semiconductor with a large band gap and low excited carrier concentration, the probability of direct recombination (radiation transition) is very low. Almost all carriers are recombined indirectly through defect energy levels (either radiation recombination or non-radiation recombination). As mentioned earlier, what we have probed is basically the response of electrons, so the dynamic process is dominated by the indirect recombination process of electrons.
In the case of degenerate POPP (355 nm pump, 355 nm probe), the valence band electrons can transition to the conduction band through degenerate TPA. When the probe light is incident on the semiconductor, electrons in the conduction band can continue to absorb a probe photon and transition to a higher conduction band energy level, which is free carrier absorption. Subsequently, the electrons transition to the defect state through indirect recombination, which leads to a decrease in the conduction band electron concentration, so that the absorption of free carriers under 355 nm detection is reduced, thereby forming a long tail (as shown in Figure 1).
In the case of non-degenerate POPP (355 nm pump, 515 nm probe), the valence band electrons are also excited by degenerate TPA and absorb the probe photons in the conduction band to produce carrier absorption (Corresponding to process A in Figure 5). At the same time, the pump light also excites the electrons in the defect state to the conduction band, which makes the defect state partially empty and makes it possible for the valence band electrons to transition to the defect state. Moreover, the probe photon energy just meets the energy level of the defect state (∼2.2 eV) extracted from transient absorption spectrum (Figure 4), so under non-degenerate conditions, the additional absorption of the defect state can be probed (Corresponding to process B in Figure 5). The increased σ and η obtained by non-degenerate POPP can be considered as a combination of free carrier effect (carrier dispersion effect) and defect state (absorption and refraction) effects, which cause the change in the real part and the imaginary part of the dielectric constant. Then the electron transitions to the defect state through indirect recombination (Corresponding to τr in Figure 5). This also leads to a decrease in the conduction band electron concentration, so that the free carrier absorption under 515 nm probe is reduced, and secondly, due to the indirect recombination of the electron transition to the defect state, causing the defect state to be partially occupied, so that the defect state’s absorption of the 515 nm probe is reduced. Therefore, based on the previous experimental results, it can be judged that the indirect recombination time under non-degenerate POPP is also in the order of nanoseconds.
[image: Figure 5]FIGURE 5 | Schematic diagram of the energy levels and carrier decay processes of β-Ga2O3: Sn. The blue up arrow represents the two-photon excitation, the green down arrow represents the recombination process related to the defect state, and the orange up arrow represents the transition from the valence band to the defect state.
In Table 3, we list the nonlinear optical parameters of more popular semiconductor materials recently. Through comparison, we not only find that our test methods can accurately obtain more comprehensive nonlinear optical parameters, but also find that the nonlinear absorption and refraction are relatively small compared with other materials, which means that as a waveguide material, it has lower loss (Lin et al., 2007; Sierra et al., 2019), and β-Ga2O3 can be used as a substrate under the growth conditions of GaN-based compounds (Ohira et al., 2008), which shows that gallium oxide is expected to be used in integrated photonics applications. The transformation of refraction symbol and carrier lifetime also show the potential application value of gallium oxide in the field of ultrafast all-optical switching (Nozaki et al., 2010; Fang et al., 2015). Therefore, it is very important to understand these parameters, which provides an important reference for the design of gallium oxide optoelectronic devices in the future.
TABLE 3 | Photo-physical parameters of β-Ga2O3: Sn, GaN, ZnO and UID β-Ga2O3. Eg, bandgap; Ee/Eg, relative photon energy; β, TPA coefficient; σ, FCA cross-section; n2, kerr refractive index; η, FCR volume; τr, carrier lifetime.
[image: Table 3]CONCLUSION
In summary, POPP technologies were utilized to discuss the optical nonlinear response of Sn-doped β-Ga2O3 crystal under excitation at 355 nm and the defect state dependent carrier dynamics. The corresponding parameters at different probe wavelengths were obtained through rate equation model fitting. We find that the sign of Kerr refraction changed from negative to positive, which satisfies the theoretical calculation of the two-band model under the Kramers-Kronig relationship. Moreover, when the probe photon energy satisfies the defect state transition to the valence band, the carrier absorption cross-section and the carrier refraction volume are increased by at least an order of magnitude, which indicates that the carrier absorption and refraction caused by defect states are wavelength-dependent parameters. Understanding the carrier dynamics and nonlinear optical parameters is essential for the development of β-Ga2O3 technology, and provides important references for future design based on all-optical switches and optical waveguide devices.
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