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Abstract
In the realm of optoelectronic applications, the incorporation of a metal interlayer between layers of a topological material holds significant potential. The interlayer introduces benefits such as improved charge transfer efficiency, tunable band alignment, plasmonics effect, and enhanced light-matter interactions, paving the way for more efficient and versatile optoelectronic devices. This work explores the incorporation of gold between Bi2Se3, resulting in an enhancement in the response time of photoresponse of interlayered systems (Bi2Se3-Au-Bi2Se3). The introduction of a gold interlayer between Bi2Se3 significantly influences the overlayer structure, crystallinity, crystallite size, and even phonon behavior. Moreover, the responsivity of the interlayered device at a bias (2 V) is found to have high responsivity with fast response and decay time (τr = 0.1 ms, and τd = 24 ms of interlayered systems) as compared to intrinsic Bi2Se3(τr = 0.6 ms, and τd = 28 ms). This change is attributed to the bandgap alteration of the Bi2Se3/Au interface, which is monitored through transient spectroscopy performed at different electric biases. This study suggests that incorporating a gold interlayer holds potential benefits for various optoelectronic applications.
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The sandwich structure device of topological materials (Bi2Se3) and metal (Au) has a remarkably high photoresponse in the broad range visible to near-infrared (532 to 1064 nm), and these heterostructures reveal a range of optical transitions using ultrafast transient reflectance spectroscopy, including processes for charge and energy transfer, providing insight into phenomena like the plasmonics effect, and many-body effects. Also, when electric bias is increased, the phonon frequency is increased of the sandwich structure device.
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Introduction:
In the pursuit of advancements in optoelectronics and quantum technology, researchers are investigating topological materials due to their novel surface conducting states and spin-directed responses. Among topological materials, Bi2Se3 has been extensively studied as this compound possesses gapless Dirac surface states, which emerge due to strong spin-orbit interaction and time-reversal symmetry, making it promising for diverse applications like field-effect transistors, thermoelectric devices, infrared-THz detectors, and optical components.[1-4] Understanding fundamental physical properties like charge transfer and various electronic interactions is essential to optimize device efficiency. Therefore, researchers have explored the electronic and optical properties of Bi2Se3 upto femtosecond time scales through ultrafast electron spectroscopy.[5-11] These studies have revealed unique photoresponse characteristics, including high photoresponsivity and ultrafast relaxation times, and it is also found that the occupied surface states often occur in the midgap of Bi2Se3, while unoccupied surface states emerge at higher energy levels, making Bi2Se3 a promising candidate for optoelectronic applications.[12-18] Expanding on the potential of Bi2Se3 and its surface states, the incorporation of a gold interlayer amidst topological layers may introduce an array of compelling functionalities. This interface not only influences and affects the surface charge density of the topological material but also modulates charge transfer dynamics.[19-21] These advantages encompass enhanced charge transfer efficiency, plasmonic effects that amplify light-matter interactions, tunable band alignment for efficient charge injection/extraction, and improved surface passivation. Furthermore, the gold interlayer acts as a barrier or spacer layer, maintaining material integrity, and its thermal conductivity aids in effective heat dissipation. These effects collectively contribute to the potential enhancement of device performance and functionality in various optoelectronic applications.[22-25]
[bookmark: _Hlk152150449]Gold (Au) is one of the established and prominent plasmonic materials; therefore, given the valuable advantages envisaged by introducing gold within Bi2Se3 layers. The Au also plays the role of passivation layer for enhancing the stability and scalability of the device, such as chemical stability and enhanced optical and electrical performance. This study investigates the substantial impact of such gold interlayering (Bi2Se3-Au-Bi2Se3) on structural, morphological, phononic, photoresponsive, and ultrafast charge carrier dynamic properties. Furthermore, it explores the enhancement of phonon frequency and the impact of excited charge carriers by external electric field application. Here, we have grown four thin films as planar Au, Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3, using a sputtering technique with a base vacuum of 2x10-6 kPa. Further, the thin films are structurally characterized through a Thin Film X-ray diffractometer (TF-XRD), Field Emission Scanning Electron Microscopy (FE-SEM), and their vibrational phonon modes are investigated using Raman spectroscopy. The optical characteristics are revealed through UV-Vis-NIR spectroscopy photoresponsivity measurements. The charge carrier and phonon dynamics are explored using ultrafast transient absorption spectroscopy with and without external induced electric bias. The introduction of a gold interlayer between Bi2Se3 was found to have a significant influence on the structural crystallinity, crystal size, and phonon behaviour. A major shift in Raman phonon modes was observed, which is attributed to localized surface plasmon resonances (LSPR) by the gold layer between Bi2Se3. Moreover, the responsivity of the interlayered device at bias was high with fast response and decay time (τr = 0.1 ms, and τd = 24 ms of interlayered systems) as compared to intrinsic Bi2Se3(τr = 0.6 ms, and τd = 28 ms), which is due to improved charge transfer efficiency, and plasmonics effect, as observed through transient data. The study has significant implications for designing, developing, and optimizing topological materials for electronic and optoelectronic devices based on sandwich structure.
Results and Discussion: 
The Au, Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3 on Si (100) substrate were deposited through a high-vacuum RF magnetron sputtering technique with a base vacuum of 2x10-8 kPa system. The Bi2Se3-Au and Bi2Se3-Au-Bi2Se3 on Si are deposited sequentially, as shown in the inset of Figure 1a. The thickness of the deposited films was determined using a stylus profilometer, revealing that approximately ~40 nm of Bi2Se3 and about ~10 nm of Au were deposited in all thin films. This results in sample thicknesses of roughly 40 nm for Bi2Se3, ~50 nm for Bi2Se3-Au, and ~90 nm for Bi2Se3-Au-Bi2Se3. The investigation of phase analysis and crystallite size for all deposited films was conducted using thin-film X-ray diffraction (TF-XRD), as illustrated in Figure 1b. The TF-XRD pattern revealed that the Bi2Se3 thin films exhibit a rhombohedral structure, with all peaks corresponding to the (00l) family of planes. This observation indicated that the Bi2Se3 thin films are deposited with a strong c-axis orientation on Si (100) substrates. The high intensity and sharp peak of the Bi2Se3 (006) planes confirmed the excellent crystalline quality of the material and indicated the single crystalline nature of Bi2Se3 thin film.[26,27] Notably, there was an increase in the intensity of the Bi2Se3 (006) peak as the film thickness increased from 40 nm to 90 nm, as depicted in Figure 1b. The lower intensity of gold peaks observed in the Bi2Se3-Au and Bi2Se3-Au-Bi2Se3 samples compared to Bi2Se3 was attributed to the thinner gold layer (10 nm), as shown in Figure 1b. Moreover, the 2θ is found to be slightly shifted towards a lower value with the interlayer of gold in Bi2Se3. With the decrease in 2θ, the X-rays diffracted at a larger angle away from the crystal planes. In practical terms, this suggests that the crystal lattice spacing (d) is increasing. Thus, interlaying Au results in the expansion of crystal spacing that may be due to a change in interlayer strain (due to a change in substrate matching condition) between Au and Bi2Se3. Additionally, Williamson-Hall (W-H) analysis was employed to determine the strain and crystallite size in the films. For samples Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au- Bi2Se3, the crystallite sizes and lattice strains were calculated: 13.45 nm and 1.8 x 10-3 for Bi2Se3, 48.1 nm and 3.4 x 10-3 for Bi2Se3-Au, and 0.45 nm and 1.1 x 10-3 for Bi2Se3-Au-Bi2Se3, respectively, presented in Table 1 and the ease of fitting is illustrated in Figure S1.
Table 1. Calculated crystallite size and lattice strain for all three samples of Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3 films grown on Si substrates.
	Substrates
	Bi2Se3
	Bi2Se3-Au
	Bi2Se3-Au-Bi2Se3

	Crystallite Size
	13.45 nm
	48.1 nm
	23.1 nm

	Lattice Strain
	1.8x10-3
	3.4x10-3
	1.1x10-3


Raman spectroscopy was used to further investigate the structural characteristics of the films and assess the presence of gold (utilizing a green laser with a wavelength of 514 nm). Figure 1(c, d) embodies a schematic representation of the active Raman modes of Bi2Se3 and the acquired Raman spectra for each of the three samples, respectively. Notably, Raman analysis identified four vibrational modes like A11g, A1u, E2g, and A21g for Bi2Se3, that were situated at positions 68.6, 105.1, 129.4, and 171.7 cm-1, respectively. While in the case of Bi2Se3-Au, these modes were observed at 69.6, 89.7, 129.1, and 173.3 cm-1, and for Bi2Se3-Au-Bi2Se3, they were located at 64.8, 93.5, and 115.5 cm-1, respectively. Strangely, the A21g mode was notably absent in the Bi2Se3-Au-Bi2Se3 sandwich structure. One of the intriguing findings of the Raman analysis was the observation of a blue shift in the Raman peaks after the interlayer of an Au to the Bi2Se3 thin film, as evidenced in Figure 1d. The shift, as shown in Figure S2, was ascribed to alterations in the morphology of the deposited films, suggesting a significant influence of the gold layer on the structural properties of the material. Thus, the surface morphology of the Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3 thin films on a Silicon substrate is investigated in detail using the FE-SEM instrument and depicted in Figure S3. The FE-SEM images of Bi2Se3 and Bi2Se3-Au specimens reveal nanoflakes/nanoplate-like structures, as shown in Figure S3(a, b). These nanoflake or nanoplate-like structures are further constituted or decorated with nanograins, as shown in Figure S3(a, b). Further, the FE-SEM image (Figure 3Sc) of Bi2Se3-Au-Bi2Se3 thin film also reveals nanoplate/flake-like structures with multifaceted nanoparticles distributed uniformly throughout the surface of the specimen. The FE-SEM results of the Bi2Se3-Au-Bi2Se3 specimen reveal a significant change in the morphology compared to Bi2Se3 and Bi2Se3-Au. Also, the cross-sectional FESEM images of the Bi2Se3-Au-Bi2Se3 sandwich device (12.2 nm for Bi2Se3 and 89.9 nm for Bi2Se3-Au-Bi2Se3 device)  are shown in Figure S3(c-f) in supporting information. Later, the grain size of the samples was calculated through ImageJ and histogram as ~178 nm, 187 nm, and 118 nm for Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3, respectively, as shown in Figure S4. 
[image: ]Figure 1. Schematics diagram of deposited thin films of Bi2Se3 samples and gold, Raman active modes, TF-XRD pattern, and Raman spectra. a) schematics of deposited Bi2Se3 thin film structure, b) Active Raman modes of Bi2Se3, c) TF-XRD pattern, and d) Raman spectra of all three samples, respectively.
Thus, this change in morphology, as observed in the FE-SEM results, is due to the interlayer of Au in between Bi2Se3,  leading to a blue shift in the Raman peaks. Furthermore, the shift observed in the Raman spectra depicts the possibility of charge transfer between Bi2Se3 and Au, potentially attributed to the plasmonic behaviour of gold. Thus, a more in-depth exploration of the reflectance, photoresponse, and charge carrier dynamics measurements was carried out to investigate the valuable insights into these complex film structures' electronic interactions and optical properties. 
UV-VIS-NIR spectroscopy in the range of 300 nm to 3000 nm was employed to investigate the influence of an Au layer on the reflectance and optical properties of Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3 samples, as shown in Figure S5a. These materials exhibit broad reflectance spectra, which are influenced by surface morphology and free electrons, owing to their semi-metallic and metallic properties. A pronounced positive signal in reflectance spectra was observed in the NIR (near-infrared) regime, which was attributed to electrons occupying the lowest energy states and the band gap-filling effect.[28] Notably, the reflectance spectra of Bi2Se3-Au exhibited a substantial increase in absorbance in the NIR region, which can be attributed to the presence of the metallic Au layer. However, Bi2Se3-Au-Bi2Se3 displayed a lower absorbance change than Bi2Se3 due to its upper layer of Bi2Se3. Moreover, a surface plasmon peak (SPR) at 720 nm was also observed for both Bi2Se3-Au and Bi2Se3-Au-Bi2Se3, which can be attributed to the presence of the Au layer. This plasmonic behaviour was further corroborated by transient absorption data, where the sample was excited near the optical band edge. Additionally, the difference in crystallite size may have contributed to the observed variation in the reflectivity and optical properties, too. Further, to determine the direct optical band gaps (Eg) of these samples, the Tauc plot method was employed, as shown in Figure S5 (b-d). The band gap values were Eg = 0.85 eV, 0.76 eV, and 0.96 eV for Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3, respectively. The variations in optical bandgap observed among these samples show a similar trend to that observed in reflectance spectra. Consequently, Bi2Se3-Au-Bi2Se3 exhibits a larger optical band gap compared to Bi2Se3 and Bi2Se3-Au. This demonstrated the significant impact on the optical characteristics of both metals and semi-metals due to alterations in grain size, surface morphology, and crystallite size. Moreover, It is evident from the Figure S6 and Table S1 that there is approximately a 220% enhancement in the charge density of Bi2Se3-Au-Bi2Se3 compared to Bi2Se3 samples due to the incorporation of the Au layer between Bi2Se3. Moreover, the mobility also increased by approximately 53%. While, both samples exhibit the same trend with temperature. The charge density initially increases with temperature, attributable to thermal excitation and carrier generation with an increase in temperature. The subsequent decrease can be ascribed to carrier trapping in the defects promptly formed in the samples at high temperatures. Though, the increase in mobility in both samples can be attributed to a decrease in carrier scattering due to the decreased carrier concentration. The variations in band gap, crystalline size, morphology, crystal lattice spacing, stiffness, charge density, mobility and the presence of a charge transfer mechanism directed the research toward the evaluation of the performance of photosensitive devices within these interlayer thin films. The photo response of the Bi2Se3 and Bi2Se3-Au-Bi2Se3 sandwich structure devices in the visible and near-infrared range, employing wavelengths of 532 nm and 1064 nm, respectively, was measured. 
The gold contacts with a thickness of approximately (100 ± 10) nm were deposited onto the top layer of both Bi2Se3 and Bi2Se3-Au-Bi2Se3, utilizing the shadow mask technique to create devices. The contacts were rectangular and separated by a distance of ~105 µm, as illustrated in Figure 2(a, b), which is a schematic diagram of the Bi2Se3-Au-Bi2Se3 sandwich structure devices. However, measurements for Au-Bi2Se3 cannot be measured. This is attributed to the fact that the uppermost layer of Au-Bi2Se3 comprises gold, and as a consequence, the primary conduction pathway predominantly occurs through the metallic gold (Au). It is noteworthy that metals, including gold, are recognized for their lack of photoresponse. This absence can be explained by the unique electronic structure of metals, characterized by a partially filled conduction band and the absence of a bandgap. In the context of photoresponse, the phenomenon is intricately linked to the generation and separation of electron-hole pairs upon photon absorption. Yet, the inherent characteristics of metals hinder the efficient generation and separation of electron-hole pairs due to the absence of a bandgap in their electronic structure. In essence, the absence of photoresponse in metals stems from their distinctive electronic properties, specifically the absence of a bandgap, which hinders the effective generation and separation of electron-hole pairs when exposed to light.
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Figure 2. Schematic diagram of photo response and optical image of Bi2Se3 and Bi2Se3 -Au- Bi2Se3 sandwich structure devices. a) the optical image, b) schematic diagram of photo response Bi2Se3 and Bi2Se3-Au-Bi2Se3, c, d) photo response of Bi2Se3 at 2.33 and 1.16 eV (532 and 1064 nm), e, f) photo response of Bi2Se3-Au-Bi2Se3, g-i) responstivity of Bi2Se3 and Bi2Se3-Au-Bi2Se3 at 2.25 eV and 1.16 eV (532 and 1064 nm) laser, respectively. 
The Bi2Se3 and Bi2Se3-Au-Bi2Se3, sandwich structure devices, exhibited robust light responsiveness, as evidenced by the photocurrent measurements at various voltages and power levels (Iph = Ilight – Idark). The photo response of these devices to NIR laser light at 1064 nm and 532 nm are shown in Figure 2(c-f), respectively. The "ON" label indicates activation of the laser light, with the devices exposed to the laser for 5 seconds at 532 nm and 1064 nm. Conversely, the "OFF" label signifies the deactivation of the laser light for the same duration as in the "ON" mode. Notably, a distinct and rapid increase in photocurrent was observed when the devices were illuminated with laser light, followed by a sharp decrease as the light turned off. The photocurrent of Bi2Se3-Au- Bi2Se3 is noisier than Bi2Se3 at 2.33 eV because, at high energy excitation, the thermal conductivity of Bi2Se3-Au- Bi2Se3 device is increased due to the gold interlayer. Also, an enhanced local electromagnetic field can cause the scattering of carriers, which may result in noise in the carrier collection. Additionally, higher energy excitation can cause thermal noise and shot noise in the current. Interestingly, for both the Bi2Se3 and Bi2Se3-Au-Bi2Se3 sandwich structure devices, the photocurrent was found to increase with bias voltage. This can be explained by an increased number of photoexcited carriers that were reaching the electrodes, eventually escalating with bias voltage. Moreover, the photocurrent (when illuminated by 2.33 eV) in Bi2Se3-Au-Bi2Se3 (~100 µA) was found to be significantly higher than in Bi2Se3 (~250 µA). However, the photocurrent (illuminated by 1.16 eV) in Bi2Se3-Au-Bi2Se3 was almost similar to Bi2Se3 at bias voltage, which eventually enhanced with the rise in bias voltage. These may be due to the surface Plasmon resonance (SPR) effect of gold, which generates a large number of electron-hole pairs.[29] In accordance, an SPR behavioral pattern was also observed in the reflectance spectra of Bi2Se3-Au-Bi2Se3. Thus, SPR helped in the generation of more free electrons and holes in Bi2Se3-Au-Bi2Se3 such that when specific incident energy light was absorbed by the Bi2Se3-Au-Bi2Se3 sandwich devices, SPR caused the collective oscillation of electrons in the conduction band, resulting in unstable/free electrons. The conductive surface created in Bi2Se3-Au-Bi2Se3 allowed the free electrons to move smoothly and facilitate efficient electron excitation and conduction.[30-32] This resulted in an increase in photocurrent in Bi2Se3-Au-Bi2Se3 sandwich structure devices. Further, the power-dependent photo response and IV of Bi2Se3 and Bi2Se3-Au-Bi2Se3 sandwich structure devices are shown in Figure S7. The calculated responstivity of Bi2Se3 and Bi2Se3-Au-Bi2Se3 sandwich structure devices is shown in Figure 2(g-i). The photoresponsive characteristic was further assessed through a figure of merit in terms of responsivity and detectivity. The equations for calculating responsivity (R) and detectivity (D), as well as rise and decay times, are explained in detail in the supporting information (SI). The comparison of responsivity and detectivity of Bi2Se3-Au-Bi2Se3 sandwich structure devices were found to be higher than Bi2Se3, as shown in Figures S8 & S9. It's important to note that both devices exhibit increased detectivity and responsivity with higher bias voltage, indicating more conduction charge carriers due to external bias. The maximum detectivity values were 46.2× 107 Jones at 532 nm and 0.85 × 107 Jones at 1024 nm for Bi2Se3-Au-Bi2Se3 and 29.8× 107 Jones at 532 nm and 0.195 107 Jones at 1064 nm for Bi2Se3 devices, respectively. 
[bookmark: _Hlk142475341][image: ]
Figure 3. 2D pseudo contour and Transient reflectance spectra (TR) of a, b) Au, c, d) Bi2Se3, e, f) Bi2Se3-Au, and (g, h) Bi2Se3-Au- Bi2Se3 at excitation energy 3.54 eV (350 nm) in visible to near-infrared probe range (460 nm to 1600 nm) with an average pump power of 0.5 mW.
Similarly, the calculated responsivity at various bias voltages for both devices followed the same trend as detectivity with bias voltage. The maximum responsivity values were 1650 mA/W at 532 nm and 17 mA/W at 1064 nm for the Bi2Se3-Au-Bi2Se3 sandwich structure and 920 mA/W at 532 nm and 10.5 mA/W at 1064 nm for Bi2Se3 devices., respectively. The rise and decay times of both Bi2Se3-Au-Bi2Se3 sandwich structure and Bi2Se3 devices at 532 and 1064 nm were calculated using experimental data, as depicted in Figures S8 & S9 in the SI. The rise time (tr) and decay time (td) constants were found to be tr=34 ms, td=36 ms, and tr=0.1 ms, td=24 ms at 532 and 1064 nm for Bi2Se3, and tr=55 ms, td=44 ms, and tr=0.6 ms, td=28 ms at 532 and 1064 nm for Bi2Se3-Au-Bi2Se3. The rise time constant in Bi2Se3 was small as compared to that in a Bi2Se3-Au-Bi2Se3 device, which indicated a faster response of the Bi2Se3 in the visible range, which was due to the plasmonic Au interlayer that increased the excited photocarriers and thereby their recombination lifetime. Thus, adding a gold layer between Bi2Se3 altered various optical and electronic properties, eventually resulting in enhanced light responsiveness in the sandwich structure devices. The Au layer allowed better control of light absorption and conversion while minimizing surface recombination.
Furthermore, these sandwich devices' charge carrier and phonon dynamics were scrutinized through UFTS to probe the intrinsic mechanism behind the enhanced photoresponsive behavior of interlayered Au sandwich devices. All the Au, Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3 on Si substrate thin films were analyzed using a specific excitation wavelength of 350 nm (equivalent to 3.54 eV) to excite the photocarriers above the optical bandgap of the material. Subsequently, the dynamics were recorded in a wide range from the visible to near-infrared (NIR) spectrum, spanning from 400 nm to 1600 nm (3.1 eV to 0.77 eV). Figure 3 shows the pseudo-2D contour and transient reflectance (TR) spectra at a long probe delay from a few femtoseconds to 1 ns of all these thin films. 
The TA spectra of Au showed two positive photoinduced absorption (PIA) signals at ~520 nm and ~920 nm, along with a bleaching signal at ~480 nm. This bleaching signal was due to the interband transitions of an excited electron to a conduction band.[33,34] The positive signal was plasmonic-induced peaks in the TA spectra of gold that correspond to longitudinal surface plasmons (LSPR) and transverse surface plasmons (TSPR) resonance.[33,34] Moreover, as the delay time increases, the plasmonic peak wavelengths shift towards shorter wavelengths, primarily due to lattice heating. This shift was associated with acoustic phonon vibrations triggered by the bleaching peak oscillations. These vibrations lead to an increase in the electron temperature, causing alterations in the dielectric constant, too.[33,35,36] Upon photoexcitation, the electrons within the Au material undergo significant heating, reaching very high temperatures (e.g., up to 1000 K, depending on the pump power).[34,35,36]  This heating of the Au material resulted in the broadening of both the SPR peak and the GSB in the TA spectra. This observation aligned with earlier ultrafast studies examining the dynamics of hot carriers in metal nanoparticles situated on SiO2 substrates.[35,36] Similarly, the intrinsic Bi2Se3 TA spectra were analysed as shown in Figure 3(c, d). A weak (480–630 nm) and prominent (800-1600 nm) positive signal were observed in the TA spectra of Bi2Se3, indicating PIA. Simultaneously, there was a negative GSB signal (630 nm – 800 nm) in the visible range. These GSB signals were due to Pauli absorption blocking occurring in Bi2Se3, while the PIA was due to many-body effects due to free charge carrier absorption (FCA).[37,38] These FCA in Bi2Se3 are due to Drude absorption; however, the plasma frequency of Bi2Se3 lies in the Mid-IR to IR region.[37,38] Thus, the presence of FCA was due to the inverse Bremsstrahlung process occurring in Bi2Se3.[37,38] To evaluate the Bi2Se3-Au-Bi2Se3 device, the charge carrier and phonon dynamics of Bi2Se3-Au were primarily investigated. Figure 3 (e, f) shows the 2D pseudo coutour and TA spectra of Bi2Se3-Au. Considering the TA spectra of intrinsic Au and Bi2Se3, the TA spectra of Bi2Se3-Au did not show any negative signal in the entire probe regime. This was mainly due to the interaction of plasmons with excited carriers of Bi2Se3, in which the Au layer and SPR eventually increased the population of excited carriers in Bi2Se3. This abrupt elevation in excited charge carrier density leads to a more prominent many-body effect that results due to FCA, as observed in intrinsic Bi2Se3.[37,38] Another notable difference in the TA spectra of Bi2Se3-Au was the similarity in the magnitude of the PIA signal at ~ 900 nm to that at approximately 1240 nm, which was considerably high in pure Bi2Se3. This change occurred because of the interaction between the TSPR and the excited carriers in Bi2Se3. Therefore, the presence of Au on Bi2Se3 not only increased the number of excited charge carriers but also influenced the TA spectra through both the LSPR and TSPR of gold. 
Similarly, the Bi2Se3-Au-Bi2Se3 sandwich structure was investigated. Figure 3(g, h) shows the 2D contour and TA spectra of Bi2Se3-Au-Bi2Se3. The TA spectra showed a positive signal in the region 460-620 nm that was due to the PIA of the Bi2Se3-Au-Bi2Se3. This PIA signal was due to a combination of LSPR and TSPR of Au in visible and NIR regimes, respectively, along with the FCA of Bi2Se3. It is important to highlight here that the positive TA spectra might also be due to the bandgap renormalization of Bi2Se3. Bi2Se3 has positive TA spectra due to polaronic band gap renormalization.[37,39] This phenomenon is mainly observed in highly crystalline films especially deposited through molecular beam epitaxy. 
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Figure 4. TR spectra of Bi2Se3-Au-Bi2Se3 device in the probe energy range of 1.55 to 0.77 eV (800-1600 nm) with 0.1 V to 5 V electrical bias at a) 750 fs and b) 1 ps probe delay. c-f) probe delay-dependent TA spectra at a bias voltage of 0.1, 0.3, 0.5, and 1.0 V, respectively.
[bookmark: _Hlk145929423]In this kind of film, excited charge carriers accumulate at their transient states, which results in polaronic band gap renormalization and, thereby, positive TA spectra.[37,39] Thus, it is hard to distinguish the reason for many body effects, i.e., whether it was due to FCA or polaronic band gap renormalization. However, while comparing the TA spectra of Bi2Se3 and Bi2Se3-Au-Bi2Se3 sandwich structure, it can be easily seen that the magnitude of positive TA of Bi2Se3 in the visible regime was quite small as related to Bi2Se3-Au-Bi2Se3. Therefore, the magnitude of TA in the visible reason is due to polaronic band gap renormalization, which was mainly triggered by the presence of LSPR. It is essential to highlight here that the magnitude of TA spectra of the Bi2Se3-Au-Bi2Se3 sandwich structure is quite higher than its intrinsic Bi2Se3 film. This elevated magnitude of TA was due to LSPR. Moreover, a negative signal from 620-1600 nm. was observed, which was due to Pauli absorption blocking of Bi2Se3. Comparing the TA spectra of Bi2Se3 with Bi2Se3-Au-Bi2Se3, it was found that the TA spectra of Bi2Se3-Au-Bi2Se3 were negative in the NIR regime while it was positive in Bi2Se3. Thus, the gold interlayer suppresses the many-body effects of excited charge carriers in the NIR regime. As per structural and vibrational analysis, it was estimated that there is an expansion of lattice as well as an increase in lattice crystal rigidity with interlayered Au. The lattice expansion and change in the crystal structure lead to changes in the band gap of the materials.[40,41] Thus, the interlayer Au alters the band gap and suppresses many-body effects in the sandwich device. Hence, the addition of a thin layer of plasmonic material could bring about substantial changes in the way light interacts with a material. This alteration leads to an increase in the concentration of electric charge carriers and enhances their interactions with plasmons, which, in turn, are advantageous for enhancing the effectiveness of optoelectronic devices. Also, the global fitting of all four samples is shown in supporting information in Figure S10. In practical terms, this suggests that utilizing materials like gold can be a highly effective method for modifying the inherent characteristics of Bi2Se3, ultimately making it more valuable for various optoelectronic applications.
Thereby, the kinetic profiles, depicting the carrier and phonon dynamics, were evaluated for all of these thin films (Au, Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3). These profiles corresponded to their TA spectra in the visible to NIR range. The kinetic profile was then theoretically fitted using Surface Xplorer software in the visible to NIR range, as shown in Figure S10. In our analysis, we calculated the charge carrier lifetime in three components, referred to as t1, t2, and t3, shown in Table S(2-4). This approach allowed us to gain insights into various processes involving the generation, recombination, phonons dynamics, and transport of these charge carriers. Through this analysis, it was found that there were acoustic phonons present in Bi2Se3, Bi2Se3-Au, and Bi2Se3-Au-Bi2Se3 that were oscillating with a gigahertz frequency. This oscillation frequency fitted through the phonon model in Surface Xplorer software was found to be suppressed from Bi2Se3 to Bi2Se3-Au-Bi2Se3, as shown in Figure S(11-13). Additionally, a comprehensive analysis of all these TA spectra was conducted to assess the decay profiles and global relaxation pathways through global analysis in terms of singular value decomposition (SVD). The global analysis of all four samples in the NIR probe range is shown in Figure S14. When comparing the global carrier relaxation lifetime of bare Au and Bi2Se3 with that of the Bi2Se3-Au and Bi2Se3-Au-Bi2Se3 structures, the recombination lifetime of Bi2Se3-Au-Bi2Se3 was notably longer compared to the intrinsic films was observed. This increase in relaxation lifetime in the sandwich structure is mainly attributed to a charge transfer mechanism, as previously also predicted in reflectance and Raman spectroscopy studies. Moreover, this extended carrier lifetime helps explain the slow rise and decay times observed in the photoresponsive device featuring the sandwich structure. Furthermore, the photo response of these devices was measured by applying the external bias voltage. The charge carrier and phonon dynamics of Bi2Se3-Au-Bi2Se3 by applying an external bias were investigated to develop an understanding of the impact of the external bias on the relaxation of generated photocarriers. 
Figure 4 shows the TA spectra of Bi2Se3-Au-Bi2Se3 at various applied electric biases ranging from 0.1 V to 5 V. The TA spectra are compared at two different probe delays at 750 fs and 1 ps. It was illustrated in Figure 4(a, b) that the TA spectra showed a broad negative signal from 0 to 0.5 V. However, as the bias voltage increased further from 0.5 V, a spectral shift from positive to negative was observed. This may be due to an increase in the number of excited carriers due to external bias voltage. The switch from negative to positive signal was due to an increase in excited carrier density in the conduction band, which eventually increased the probability of interaction of carriers with acoustic phonons. Thus, this positive TA signal at higher bias was due to many-body effects that led to FCA because of inverse Bremsstrahlung due to external bias. 
Moreover, with increasing bias voltages, the PIA signal exhibited a blue shift, suggesting changes in states and absorption shifting towards higher energy. This symbolizes the occurrence of an optical stark shift in Bi2Se3-Au-Bi2Se3 with the implication of external bias voltage.[42,43] Apart from comparing at single probe delay, TA spectra from a few femtoseconds to 1 ns probe delay were also revealed and shown in Figure 4(c-f). It was found that at 0.3V, the TA magnitude abruptly changes to positive, which leads to a larger number of charge carriers migration, eventually affecting the Fermi level position and the concentration of Dirac electrons.[44] Additionally, the applied bias distorted the lattice, leading to enhanced electron-phonon coupling, as observed through kinetic profile investigation (Figure S15) that led to a change in the oscillation frequency of acoustic phonons from ~50 GHz to ~107 GHz, as shown in Table S3. 
Conclusion
[bookmark: _Hlk145072440]In this study, we focused on depositing and analyzing thin films made of Bi2Se3, Au, and combinations thereof (Bi2Se3-Au and Bi2Se3-Au-Bi2Se3) on Si (100) substrate by using high-vacuum RF magnetron sputtering. The goal was to gain insights into the structural, optical, and electronic properties of these films and understand their performance in optoelectronic devices. Introducing an Au layer had a notable impact as it altered the crystal lattice spacing and bond length, changing the morphology of the films and resulting in larger grain formation in Bi2Se3-Au-Bi2Se3 films. Additionally, UV-VIS-NIR spectroscopy showed significant changes in reflectance and optical properties, especially an enhanced absorbance in the near-infrared (NIR) region. The performance of photosensitive devices based on these films through photocurrent measurements was also evaluated, revealing strong light responsiveness. Specifically, the maximum responsivity values were 1650 mA/W at 532 nm and 17 mA/W at 1064 nm for the Bi2Se3-Au-Bi2Se3 sandwich structure and 920 mA/W at 532 nm and 10.5 mA/W at 1064 nm for Bi2Se3 devices. Moreover, hall measurement reveal that there is increase in mobility of Bi2Se3-Au-Bi2Se3 compared to Bi2Se3. Further, to delve deeper into the enhanced photo responsiveness of Au-interlayered devices, UFTS was conducted. This analysis highlighted that the presence of Au influenced the TA spectra by suppressing many-body effects in the near-infrared range and extending carrier relaxation lifetime. Additionally, LSPR and TSPR played vital roles in modulating the transient response of Bi2Se3. When applying an external bias voltage, the TA spectra of Bi2Se3-Au-Bi2Se3 exhibited a shift from negative to positive signals, indicating an increase in excited carrier density and many-body effects. Moreover, the PIA signal displayed a blue shift with rising bias voltage, signifying an optical Stark shift. The bias voltage was also found to affect the oscillation frequency of acoustic phonons. This comprehensive investigation offers in-depth knowledge of thin films' structural, optical, and electronic properties based on Bi2Se3 and their potential for use in optoelectronic devices. The enhancement of light responsiveness of Gold-interlayered Bi2Se3 makes it valuable for various applications in optoelectronics.
Experimental Section:
[bookmark: _Hlk145929851][bookmark: _Hlk145929872]Bi2Se3 thin films were deposited on a Si (100) substrate using a high-vacuum RF magnetron sputtering technique with a base vacuum of 2x10-8 kPa. The load lock chamber of the magnetron sputtering system allowed for the transfer of the substrate into the deposition chamber while maintaining a vacuum. Standard organic solvents such as acetone and propanol-2 were used to clean the substrate in sonication, which was then cleaned with de-ionized water and dried with nitrogen gas. The sputtering source was a high-purity advert Bi2Se3 (99.99%) sputtering target. A highly pure argon (99.9999%) environment was used for the sputtering process, with a gas flow rate of 20 sccm and a working pressure of around 3.3x10-4 kPa. Deposition of Bi2Se3 thin films takes place at an operating temperature of 425°C and effective RF power of 10 W.[45] Due to the different Se and Bi transfer momentum during the sputtering process, selenium deficiencies can be anticipated in sputtered Bi2Se3 samples. To maintain the precise stoichiometry of the deposited thin films, the post-selenization process was performed in a tubular furnace in a Se-rich atmosphere at 300°C K for 60 minutes.[26] Three samples with a thickness of ~40 nm were fabricated. Further, 10 nm gold was grown on two samples using high-vacuum RF magnetron sputtering. The first process of fabrication of the Bi2Se3 thin films was repeated on the gold sample for making the sandwich structure of Bi2Se3 and gold. Bi2Se3 thin film, gold, and sandwich of Bi2Se3 and gold films were examined through X-ray diffraction (TF-XRD), field emission scanning electron microscopy (FESEM), and Raman spectroscopy to determine their crystallinity, surface morphology, and structural characteristics, respectively. The crystalline structure of the sputtered Bi2Se3 thin films was analyzed using a TF-XRD system with CuKα radiation at a wavelength of 0.15406 nm. Without Au coating on the film surface, plan views FESEM images of Bi2Se3 thin films were produced by Carl Zeiss Gemini 300. After fabrication parameters were optimized, the thickness of Bi2Se3 films were determined through a stylus profilometer (XP-200) ~40 nm (Bi2Se3) of Bi2Se3, ~50 nm (Bi2Se3-Au) after gold was grown, and for the sandwich film ~90 nm (Bi2Se3-Au-Bi2Se3). Moreover, the optical properties are investigated using UV-VIS-NIR spectroscopy (Cary 5000). Photodetection is used for photoresponse, response time, decay time, responsivity, and detectivity. While the hall measurements were conducted using the ResiTest 8300 Series (Toyo Technica) Hall measurement setup.  Ultrafast Transient Absorption Spectroscopy (UFTS) is employed for the investigation of charge carrier and phonon dynamics. The experimental setup comprised a mode-locked laser capable of tuning the pulse width from 35 to 45 fs (Micra model from Coherent), an amplifier (utilizing the Legend USP Elite by Coherent), an operational parametric amplifier to select the pump laser (TOPAS system by Light Conversion), and a spectrometer (Helios model from Ultrafast Systems). The probe beam was directed through an 8-nanosecond delay stage, introducing a temporal separation of a few femtoseconds to a few nanoseconds between the pump and probe pulses.[4,46]
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