TiO2-x enhanced IR hot carrier based photodetection in metal thin film-Si junctions 
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Abstract
We investigate titanium nitride (TiN) thin film coatings on silicon for CMOS-compatible sub-bandgap charge separation upon incident illumination, which is a key feature in the vast field of on-chip photo detection and related integrated photonic devices. Titanium nitride of tunable oxidation distributions serves as an adjustable broadband light absorber with high mechanical robustness and strong chemical resistivity. Backside illuminated TiN on p-type Si (pSi) constitutes a self-powered and refractory alternative for photodetection providing a photoresponsivity of about ~1 mA/W at 1250 nm and zero bias while outperforming conventional metal coatings such as gold (Au). Our study discloses that the enhanced photoresponse of TiN/pSi in the near infra-red (IR) spectral range is directly linked to trap states in an ultrathin TiO2-x interfacial interlayer which forms between TiN and Si. We show that a pSi substrate in conjunction with a few nanometer thick amorphous TiO2-x film can serve as a platform for photocurrent enhancement of various other metals such as Au and Ti. Moreover, the photoresponse of Au on a TiO2-x/pSi platform can be increased to about 4 mA/W under 0.45 V reverse bias at 1250 nm, allowing for controlled photo switching.  A clear deviation from the typically assumed Fowler-like response is observed and an alternative mechanism is proposed to account for the metal/semiconductor TiO2-x interlayer, capable of facilitating hole transport.
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Extracting energetic carriers from light absorption in so called hot carrier Schottky barrier (SB) junctions has attracted enormous attention as it allows harvesting low photon energies that have so far been omitted from semiconductor photodetectors.1–8 Since metals offer zero bandgap energy, their operation can in principle cover visible, mid-infrared, terahertz as well as microwave regimes, which holds great promises for gas detection,9,10 imaging sensors,11 wavelength determination,12,13 power monitoring14 and sustainable power supplies15–17. Taking silicon photo-detectors (with a bandgap energy of 1.1 eV)18 for instance, exploitation of SB devices can result in a highly integrated CMOS compatible and inexpensive alternative to commercially used Germanium (Ge) and Gallium Arsenic (GaAs) photodetectors at telecommunication wavelengths.1–3,5–8,19 SB junctions consist of a metal-semiconductor (SC) contact in which the difference in the work function of both materials leads to an energy band bending at the interface due to Fermi energy alignment on both sides via charge carrier diffusion and generation currents.18 However, this holds only true when the dipole at the interface generated by surface defects is not taken into consideration. Indeed, in the presence of surface defects and surface states, the electronegativity of the two semiconductors can be screened by the dipole at the interface. In this case the Fermi levels of the semiconductors are pinned to their charge neutrality level (CNL) modifying their position for the calculation of the band bending. This phenomenon is called Fermi level pinning.  Depending on the type of majority carriers in the SC involved (p- or n-type), as well as its bandgap energy and respective work function to the metal, an accumulation layer or a Schottky barrier can form. The resulting potential barrier is smaller than the bandgap energy of the SC and can thus be overcome by excited carriers from the metal at energies below the SC bandgap, which leads to charge carrier separation. Various metals have been tested and both sp-band and d-band electron collection have been demonstrated upon light illumination and at zero-bias.19–21 However, a distinct carrier transfer mechanisms over junctions and new materials such as metal alloys and ceramics, as investigated here, could play a key role to further boost the performance compared to conventional SB junctions.
Titanium nitride (TiN) has been considered as a refractory plasmonic competitor to gold in a similar wavelength regime. Advantages such as low costs, mechanical robustness and strong chemical resistivity to acids, broadband heat resistance, relatively high electrical conductivity and non-corrosivity,16,22–25 makes it valuable for biocompatible medical sensors and implants26,27 as well as water splitting.16 Furthermore, its intrinsic optical properties are beneficial for broadband metamaterial absorption,28,29 photo thermal heating,30 second harmonic generation,31,32 and Raman effects.33 Hot carrier generation in TiN metal-insulator-metal (TiN-ZnO-TiN) photodetectors has been even found to outperform gold trilayers.34 However, due to a strong dependence on its growth properties a comprehensive understanding of hot carrier transport via TiN has remained elusive.
[bookmark: _Hlk536385620]Here we propose and fabricate a simple type of device with a TiN film directly on top of double-side polished p-type doped silicon. TiN-like, i.e. metallic (Figure S1) titanium oxynitride (TiOxNy) films grown with a low residual oxygen content35 have been used, referred as TiN throughout the report. Transport in the sub-bandgap energy regime in illuminated SB junctions can often be explained by the Fowler model.1,19,36 However, we observe an anomalous and non-Fowler photoemission spectral response of pSi/TiN, where the most plausible reason can be attributed to a few nanometer thick amorphous TiO2-x interlayer containing trap states, which forms between the TiN and pSi during growth. These deep level traps can promote hole transfer through TiO2-x,37–40 causing a deviation to the Fowler model. Our measurements support this hypothesis by comparing the response of a TiO2-x free system (pSi/Au) to systems in which amorphous TiO2-x interlayers have been intentionally introduced at the interface by sputtering, namely pSi/TiO2-x/Ti, and pSi/TiO2-x/Au. Our understanding of enhanced performance implying a trap state mediated hole transfer mechanism might stimulate further investigations of tunable metallic nitride systems for hot-carrier photodetection.
We adopt a simple back-illumination configuration of a hot carrier device which has been recently demonstrated to be an efficient solution for hot electron excitation in thin film junctions.41 It only relies on the thickness d of a given material rather than subwavelength nanostructures which is preferential as the strong photo-absorption is not achieved by plasmonic enhancement but via backside illumination of metallic thin films , with the incident wavelength in air ) through Si. Here, an absorption as strong as 52% has been achieved in a 50 nm TiN thin film by exploiting backside illumination and absorption enhancement via so-called zeroth order Fabry-Perot resonances.42,43 This approach bears the advantage that no additional patterning is needed, keeping fabrication steps to a minimum, contrary to the general case of plasmonic nanostructures, nanoparticles or gratings for instance. Our findings show that the amorphous TiO2-x interlayer forming at the TiN interface during growth gives rise to a significant deviation of the photoresponse compared to a pSi/Au junction and can, in conjunction with pSi, be used as a platform for photocurrent enhancement for a range of different metal films.Figure 1: a) Responsivity measurements at 0.3 mW of backside illuminated pSi/TiN (50 nm TiN) and pSi/Au (19 nm Au with a 2 nm Cr adhesion layer) including Fowler equation fits using the fit parameters of Cf= 6.6 x 10-2/eV with for TiN and Cf= 1.2 x 10-3/eV with  for Au, respectively (the TiN fit considers data from 1200 nm-1450 nm). The inset shows a schematic of a pSi/metal thin film sample including the front- and backside contacting for current read out as well as the respective directions of holes (h+) and electrons (e-). b) Calculated IQE of the measurement shown in a), using the absorption obtained in c), d). The inset in b) shows the non-linear  characteristic. c), d) Reflection, transmission and absorption measurements compared to transfer-matrix-method (TMM) simulations for pSi/TiN and pSi/Au, respectively.


[bookmark: _Hlk536387182][bookmark: _Hlk536387084]The opto-electric setup used for sample characterization is illustrated in the inset of Figure 1a). Micro probe tips connected to a source measuring unit were placed as electrical back- and frontside contacts and a wavelength selective super-continuum light source was used for backside illumination through a double-side polished pSi substrate (see SI, section 1). The 500 μm thick pSi ( substrate assures hole collection via the backside contact. The setup enables photocurrent measurements to determine the photoresponsivity (PR) which is one of the key figures of merit to characterize photodetectors and is defined as: 

	 ,									      (1)
where Iphoto is the photo induced current, Idark the dark current and Pin the power of the incident laser beam. The metal film thickness of Au (d=19 nm) and TiN (d=50 nm) were chosen based on analytical solution of the Fresnel equations by optimizing the thickness d under the given fabrication conditions (Figure S7). 

[bookmark: _Hlk771457]Figure 1a) depicts the responsivity under illumination comparing a pSi/TiN with a pSi/Au junction (see SI for fabrication details). The pSi/TiN junction provides a PR signal of ≈1 mA/W at 1250 nm which is in the competitive range with comparable zero-bias photo detection studies8,19,41,44 whereas the PR of pSi/Au remains at ≈0.06 mA/W. Strikingly, the PR dispersions of pSi/TiN and pSi/Au deviate significantly from one another which points towards a different current generation mechanism at play. In order to clarify this difference both curves have been compared to the modified Fowler equation,45,46 typically used1,19,36 to describe the photoresponse of hot carrier SB junctions:  

	,							       (2)
with q the elementary charge, Cf the Fowler emission coefficient, A(λ) the wavelength dependent absorption, hf the energy of the incident photon and ΦSB the SB potential height at the SC/metal interface. From fitting the experimental data obtained for pSi/Au shown in Figure 1a), a barrier height of 0.56 eV can be extracted, which reasonably agrees with the barrier height of 0.61 eV estimated via the thermionic emission model and dark IV measurements (Figure S9, Eq. S1). Our fit excludes the tail of Si bandgap transitions which start to dominate at 1225 nm. The good agreement with the Fowler model matches well with our expectation that the response obtained by illuminating the pSi/Au thin film system can be understood by a hot carrier transfer mechanism, as equally observed in comparable studies.19,41 Here, sufficiently energetic intraband transitions (> ΦSB) of carriers in the gold sp-band give rise to hole transfer over the SB at the pSi/Au interface and a consecutive collection in the pSi,46 thus separating the charges. On the contrary, the response of pSi/TiN, shows an exponential PR trend which deviates from Fowler’s description (see Figure 1a), b)). However, a high PR of 1 mA/W shows that TiN can indeed be used for efficient zero bias photodetection, outperforming commercial Si detectors41 while exhibiting a dark current below 10 nA at low bias, an open circuit potential of 150 mV (Figure S12) and an internal quantum efficiency (IQE) of ≈0.2% at 1250 nm which is comparable to patterned plasmonic structures.19 The IQE is defined as:46

	, 	 								       (3)
and is depicted for both systems in Figure 1b), showing that the deviating dispersion cannot be explained by differences in absorption. The inset in Figure 1b) indicates that the photoresponse follows an exponential trend in energy which deviates from the linear behavior, , predicted by Fowler’s theory. The absorption spectra are in good agreement with the transfer-matrix-method (TMM) simulations for both samples as shown in Figure 1c) and Figure 1d), respectively. While the Au thin film absorbs about half as much as the TiN film, both dispersions are mostly flat which excludes a strong impact on the PR dispersion shape. Figure 2: a) Responsivity of pSi/TiO2-x/Au (19 nm) and pSi/TiO2-x/Ti (50 nm) with 5 nm TiO2-x each compared to pSi/TiN and pSi/Au (dotted lines, coloured area), schematically shown in b). The black dashed line indicates the cut-off wavelength. c) IQE for the samples shown in b) while the absorption was calculated via TMM simulations (Figure S6). d) Band energy diagram of the pSi/TiO2-x/metal system studied, illustrating the proposed mechanism. Here, the red area from 0.85 eV to 1.13 eV marks the excitation energy equivalent to the wavelength laying to the left of the cut-off observed in a). The holes are illustrated by blue and electrons by red dots, Evac is the vacuum level, EF the Fermi level, Vbi the built-in potential and CNL the charge neutrality level.


[bookmark: _Hlk805385]Turning the attention onto the interface composition, it is known that TiN exhibits a few nanometer thick amorphous TiO2-x surface layer which forms during growth.47,48 This could also be confirmed by secondary ion mass spectrometry (SIMS) shown in Figure S3. Although crystalline TiO2-x generally acts as a hole blocking layer,49 amorphous TiO2-x allows for hole carrier transfer via trap states37–40 which consist of Ti3+ states and oxygen vacancies.24,50,51 Ti3+ trap states have been identified in the TiO2-x film used for this study via X-ray photoelectron spectroscopy (see Figure S4).
In order to disclose the impact of the TiO2-x interfacial layer and reveal its relation to the PR dispersion in hot SB junctions, a comparison between an oxide free system and oxide containing systems has been performed, illustrated in Figure 2. Here, the PR of pSi/Au is directly compared to TiO2-x containing systems	namely pSi/TiO2-x/Ti and pSi/TiO2-x/Au as illustrated in Figure 2a), b), in which a 5 nm thin amorphous TiO2-x interlayer has been additionally introduced to imitate the pSi/TiN interlayer (Figure S2). We find that the introduction of an oxide interlayer allows for conversion of the PR dispersion from the Fowler like behavior, observed in an oxide free system, into a pSi/TiN like response, observed in the oxide containing system. The comparison between pSi/Au and pSi/TiO2-x/Au discloses that the addition of a TiO2-x thin film changes the response drastically, enhancing it between 1160 nm and 1400 nm by over one order of magnitude. The shape of the pSi/TiO2-x/Au and the pSi/TiN response coincide while exhibiting the same slope cut-off value at 1450 nm. Moreover, the same holds true for the PR of a Ti thin film deposited onto the TiO2-x interlayer. For pSi/TiO2-x/Au however, the PR at longer wavelength (> 1400 nm) has dropped by one order of magnitude compared to Au only and TiN. This drop can be understood by taking the low absorption, A(λ), of the pSi/TiO2-x/Au stack into account which is merely ≈11% compared to ≈52% in pSi/TiN and ≈25% in pSi/Au as extracted from TMM simulations (Figure S6) and absorption measurements (Figure 1c), d)). 
The prominent role of the metal absorption becomes furthermore apparent when considering the IQE shown in Figure 2c). Here, all values of TiO2-x containing samples lay at similar values of around 0.2% at 1250 nm. The comparison of an oxide free system with TiO2-x containing samples points out that the TiO2-x interlayer is at the core of the significant variation between the PR dispersion observed for pSi/Au and pSi/TiN. Indeed, the findings suggest that an amorphous TiO2-x thin film in a pSi/TiO2-x/metal system enables strong PR enhancement for various metals compared to an oxide free system, here explicitly shown for an Au thin film. The strong metal absorption dependence apparent from the IQE dispersion shown in Figure 2c) implies that the metal predominantly acts as an absorber while the actual TiO2-x/metal interface promotes hole transport in the sub-bandgap region in a specific wavelength regime presumably via trap states as illustrated in Figure 2d). The comparison between the TiO2-x free Au/pSi system and the TiO2-x containing systems allows three main observations: i) deviating PR dispersion which points towards fundamental different current generation mechanisms, ii) distinct PR cut-off value separating the PR dispersion into two regimes and iii) strong PR increase for TiO2-x containing systems.
[bookmark: _Hlk1907122][bookmark: _Hlk867080][bookmark: _Hlk1902253] In order to further unlock the origin of the observations listed we consider the band model diagrams of each layer system, depicted in Figure 3. The band model diagram of a TiO2-x free pSi/Au system is shown in Figure 3a). Here, hot hole excitation and transfer over the SB at the pSi/Au interface upon incident illumination is illustrated. This mechanism can be described by the Fowler model. Figures 3b)–d) show the pSi/TiO2-x/TiN, pSi/TiO2-x/Au and pSi/TiO2-x/Ti systems, taking a few nanometers thin TiO2-x interlayer into account which leads to Fermi level pinning at the charge neutrality level (CNL) of TiO2-x (SI section 7). Amorphous TiO2-x possesses a bandgap energy of about 3.2 eV,38 constituting a hole barrier which is usually too large to be overcome by the excitation energies considered here (1.1 eV–0. 77 eV).  However, two modifications of this hole blocking interlayer can give rise to the hole conduction observed. First, inter-bandgap trap states in amorphous TiO2-x allow for trap state assisted hole transfer,37–39 illustrated in green in Figure 3. Second, the ≈ 5 nm thin TiO2-x interlayer is strongly affected by band bending at both interfaces, resulting in an effectively lower bandgap than 3.2 eV. Based on the carrier density in the pSi and the TiO2-x, we estimated a depletion region width of  in the pSi and  in the TiO2-x at the pSi/TiO2-x interface via Poisson’s equation (Eq. S4 and S5). This gives rise to a steep band profile as schematically indicated in Figure 3b)-d). The values for the hole barrier height extracted from dark IV measurements lay close to  eV (see Table S1) for all TiO2-x containing systems examined. The similarity of the values is due to the fact that the pSi/TiO2-x interface determines the hole barrier as the TiO2-x/metal barrier can be neglected for holes which are conducted via inter-gap trap states. This is in reasonable agreement with our barrier height estimate of 0.8 eV which takes pinning at the CNL into account (see SI section 7). Furthermore, the measured SB corresponds also to the cut-off value at 1450 nm, which can be understood by the fact that a SB impedes the transfer of holes with less energy than the SB height. [bookmark: _GoBack]Figure 3: Band energy diagrams showing the simplified band alignment of a) Au/pSi b) pSi/TiO2-x/Au c) pSi/TiO2-x/TiN and d) pSi/TiO2-x/Ti. The SB heights used are in line with  ,  and, as estimated from dark IV curves using the thermionic model (see Table S1). The blue and green arrows indicate the transition of holes and electrons, respectively for excitation energies from 0.77 eV to 1.13 eV. Evac is the vacuum level, EF the Fermi level, Vbi the built-in potential and CNL the charge neutrality level.

[bookmark: _Hlk867148][bookmark: _Hlk867172][bookmark: _Hlk1631292][bookmark: _Hlk852962]To summarize, we propose that the response to the left from the cut-off (>1450 nm) is originated in trap state assisted carrier transfer towards and over a TiO2-x/pSi SB. Thus, it exhibits a different dispersion from the direct hot hole excitation over a SB observed in pSi/Au, which explains observation i).  Addressing observation ii), the response to the right of the cut-off (<1450 nm) can instead be attributed to conduction through trap states that are below the pSi/TiO2-x SB (≈ 0.85 eV) and are thus encountering a barrier as depicted in Figure 3b)-d). The barrier values determined under consideration of the Fermi level pinning and dark IV measurements, lay close to the cut-off value observed in the photoresponse measurements. This points to two different conduction paths for the hot holes: one above the hole barrier (left of the cut-off and strong photoresponse) and one with the additional barrier (right of the cut-off and lower photoresponse). The fact that the oxide containing systems show a stronger PR than bare pSi/Au, hints to the fact that the TiO2-x interfacial layer facilitates hole injection into the pSi compared to the direct SB interface, which addresses observation iii). This, might be related to longer carrier lifetimes in the TiO2-x but a detailed analysis is beyond the scope of this study.47 Moreover, a strong current response due to the interplay with TiO2-x has also been observed for hot electron conduction,21,52 but still remains to be fully understood.Figure 4: a) Responsivity under reverse bias for pSi/Au in (a) and pSi/TiO2-x/Au in (b) at different wavelengths and . The inset shows the dark IV. c) Responsivity without bias for pSi/TiO2-x/Ti with TiO2-x thicknesses of 5 nm and 30 nm, respectively at . d) Power dependence of the photocurrent at 1250 nm excitation wavelength in pSi/TiN and pSi/TiO2-x/Au. 

[bookmark: _Hlk1903188]The different transfer mechanisms (observation i)) become furthermore apparent under reverse bias condition. The PR of the pSi/Au junction shown in Figure 4a) increases with reverse bias until breakdown, as the carriers can be excited over the SB and consecutively collected due to an external field. Moreover, the dark current stays at a minimum due to the Schottky barrier blocking potential.5–7,36 On the contrary, as shown in Figure 4b), pSi/TiO2-x/Au exhibits a saturation behavior rising from ≈0.8 mA/W at zero bias to 4 mA/W at -0.45 V in reverse bias. This is typical for photodiodes in photoconductive mode and can be equally observed for pSi/TiN (Figure S13). Here, the breakdown occurs just below -15 V. The spectral dependence can be attributed to the fact that higher energies are able to excite a wider range of carriers in the metal which are consecutively available for transfer. The photocurrent in common photo diodes is created via electron-hole pair generation in the p-i-n intrinsic (i) depletion region and from trap states in the bandgap.  However, the IR absorption of the 5 nm TiO2-x thin film investigated here is negligible as confirmed by ellipsometry measurements (Figure S5). Thus, our observations suggest that the high PR stems from holes which are excited in the metal and transferred consecutively via trap states. This gives rise to a significantly different PR under reverse bias compared to pSi/Au, where the hot holes are transferred directly over the barrier. 
We further support this hypothesis by comparing different thicknesses of the TiO2-x interlayer namely 5 nm and 30 nm of the pSi/TiO2-x/Ti system as shown in Figure 4c). Here, we expect an increase of the TiO2-x effective bandgap as the pSi/TiO2-x depletion region width stays constant which results in a decreasing PR due to a larger distance to the metal. Although the absorption in both samples deviate by less than 8% (Figure S6), the PR drops by over one order of magnitude, while the dispersion stays the same. This shows that the vicinity to the metal is crucial for a high PR but does not define the dispersion. A similar observation has been made by Tan et al.53 for Au on TiO2-x, where a rough Au film gave rise to plasmonic enhancement. However, this is not plausible for the smooth films used here (Figure S1). Also, carrier multiplication as reported by other groups54 can be excluded due to a linear power dependence shown in Figure 4d). Our observations hint to the fact that a metal absorber provides holes which can travel to the pSi/TiO2-x interface, where they participate in the trap state assisted carrier excitation and are consecutively injected into the pSi. With increasing TiO2-x thickness, fewer holes can travel to the pSi/TiO2-x depletion region as they are blocked by the TiO2-x bandgap or subject to recombination in the n-type TiO2-x. 
In conclusion we have demonstrated Si-compatible sub-bandgap photodetection at zero bias for a backside illuminated 50 nm TiN thin film on a p-type Si substrate, exhibiting a photoresponsivity of 1 mA/W at 1250 nm. We showed that the amorphous TiO2-x interlayer between the pSi and the TiN is at the origin of a distinct photoresponse which significantly differs from the one of an oxide free pSi/Au comparison sample. Moreover, we disclosed that a 5 nm amorphous TiO2-x interlayer between a pSi substrate and a metal thin film leads to an increase in photoresponsivity at zero bias of about one order of magnitude compared to an oxide free system. A non-Fowler like dispersion was observed for Ti, Au and TiN and as well as a clear PR enhancement for oxide containing systems when comparing Au/pSi to Au/TiO2-x/pSi. Our findings suggest that the metal merely acts as an absorber enabling hole carrier transfer via TiO2-x trap states and consecutive collection in the pSi. This result is promising as the metal absorption can be further enhanced by nano-structuring to access plasmonic resonances. Additionally, the photoresponsivity of pSi/TiO2-x/Au can be increased from about 0.8 mA/W to 4 mA/W at zero and 0.45 V reverse bias, respectively allowing for bias dependent photo switching. We believe that the study conducted is valuable as it emphasizes the importance to fine-tune defects in metallic nitrides and oxide interlayers for the use as hot carrier sources. Moreover, pSi/TiO2-x constitutes a platform for photocurrent enhancement at zero bias based on an alternative transport mechanism which exploits oxygen interfacial vacancies, acting as hole mediating trap states. The material system explored combines the extensively studied materials TiO2-x and Si with TiN which constitutes a promising candidate for a wide range of opto-electronic and plasmonic applications.
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