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Ultraviolet to Infrared downshifting in Ce and Yb co-doped Aluminum oxynitride thin films
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We report for the first time on ultraviolet (UV) to near infrared (NIR) downshifting (DS) between cerium, Ce, and Ytterbium, Yb, in aluminum oxynitride, Al(O)N, thin films prepared by reactive magnetron sputtering technique. The crystal structure of the prepared samples has been investigated by X-ray diffraction (XRD) and transmission electron microscopy (TEM). In addition, the content of Ce and Yb were determined by Rutherford backscattering spectrometry (RBS). The role of Ce in downshifting the absorbed excitation UV photons into NIR ones is supported by photoluminescence (PL) and photoluminescence excitation (PLE) measurements of (Ce, Yb) co-doped samples. Time-resolved PL (TRPL) along with PL power-dependent measurements propose that one-to-one photon mechanism is achieved through charge transfer state (CTS) mediation. The present findings contribute to the racetrack of downconversion (DC) solar cell topic by investigating such DC phenomenon in a new matrix, Al(O)N.

Introduction

Downconversion silicon solar cell attracts considerable interest due to its potential in improving the solar cell efficiency. The mismatch between the sunlight spectrum and the spectral response of Si, except narrow range in near infrared, limits the cell efficiency owing to the loss of a significant part of the UV-Visible region of the solar spectrum via thermal dissipation. Hence, extensive efforts have been devoted to down-convert UV-visible photons into IR radiation. For this purpose, luminescent materials doped with rare earth ions have been recently investigated [1][START_REF] Zhou | A8[END_REF][3][4][5]. Ytterbium (III), coupled with other ions, is the most promising ion used in this direction. Yb 3+ is the last RE 3+ ion exhibiting incomplete 4f orbital.

Yb 3+ exhibits simple electronic configuration, F7/2 and F5/2, thanks to the spin-orbit interaction. In addition the emission spectrum of Yb 3+ fall in the near infrared region (NIR) around 1000 nm, which is fully matching with the maximum of spectral response of Silicon [6][7][8]. Therefore, researches are directed to find a way to transfer UV-VIS photons of the solar radiation into NIR by downconversion or downshifting of the energy from mediator ion(s) to the Yb. Then the excited Yb ions further transfer the energy to silicon which is supposed to enhance functionalized solar cells efficiency. This approach can be realized via energy transfer of one UV-Visible photon to either one (downshifting, DS) or two (quantum cutting, QC) NIR photon(s). The NIR emission of Yb has been merged in this field coupled with different ions such as Nd, [9] Er, [10] Tm, [11] and Pr [12].However, the interesting optical features of both Ce and Yb, coupled together, push up the expected level of the quantum efficiency conversion, at optimum conditions, to approx. 200% [13][14][15]. This is particularly attributable to the unique optical properties of Ce. It has large UV/visible absorption crosssection with tunable emission, depending on the host material, that can be adjusted around 500 nm (20000 cm -1 ) corresponding to twice the energy required for exciting Yb (less than 10000 cm -1 ) [6][7][8]. This advantage means that energy transfer from one Ce ion to two Yb ions in its vicinity can be facilitated. Another mechanism for the energy transfer from Ce to Yb has been suggested via charge transfer mediation [16][17][18][19][20]. In such mechanism, Ce 3+ ions, upon excitation, interact with Yb 3+ by electron exchange and form a temporary intermediate state from (Ce 4+ + Yb 2+ ), which relaxes to the 2 F5/2 excited state of Yb 3+ and emits NIR photons [8,[21][22]. In contrast to the quantum cutting process, the charge transfer mechanism involves the energy transfer from one Ce ion to one Yb ion. In addition, the probability of back energy transfer from Yb to Ce is expected to be low thanks to the absence of energy sub-levels in Ce.

Consequently, Ce ions can absorb significant part of UV-Visible solar radiation then transfer it to Yb ion(s) that subsequently emit at the maximum absorption response of silicon solar cell. Hence, coating solar cell with Ce and Yb-containing transparent layer is a promising approach to increase the cell efficiency. The high UV-Visible optical transparency and the excellent chemical and mechanical properties of AlN make it a good candidate in this direction. It can transmit the solar radiation in the target region and act as a protective layer for the solar cell. However, oxygen is considered as a dominant impurity in AlN host. Hence, producing AlN free from oxygen is very difficult. In addition, we evidenced in a previous work [23] that 7% of oxygen was required in order to activate the luminescence from Ce in AlN matrix. Therefore, in the present study, for comparison purposes, all Yb doped samples, single and co-doped, have been prepared in Al(O)N hosts with 7% of oxygen. Moreover, we have shown that 7% of oxygen in AlN do not modify the structure and local bonding of the AlN matrix, as evidenced by XRD and EELS measurements. Because, to the best of our knowledge, coupling of Ce and Yb in Al(O)N has never been reported.

This study focuses on elementary optical excitation, transfer and emission mechanisms in Ce, Yb co-doped Al(O)N thin films.

Experimental section

Radio frequency (RF) balanced reactive magnetron sputtering is used for preparation of the Al(O)N thin films with single and co-doped by Ce and Yb. Details of the experimental setup can be found in [24]. Specifically, for co-doping, a modified aluminum disk of 2 inch diameter was used that incorporates a thin bar of metallic Ce along with attached metallic piece of Yb allowing to obtain a constant concentration of Ce and different Yb contents. In this approach, the Yb content can be modified by changing the size of the Yb metal piece such that the surface area of Yb metal exposed to the sputtering process is modified. A high vacuum pressure of 1×10 -6 Pa was reached thanks to a turbo molecular pump (BOC EDWARDS EXT 255HI) coupled to a mechanical primary pump. Constant gas composition of argon and nitrogen (65% nitrogen) was controlled by adjusting the argon and nitrogen gas flow rates and keeping the total pressure (0.7 mtorr) constant using an MKS mass flow controller. A leak of oxygen was applied using all-metal gas regulating valve allowing a fine control of the oxygen partial pressure at 10 -7 torr. This led to Ce, Yb co-doping in the hexagonal wurtzite structure of aluminum oxynitride matrix, Al(O)N, with ~7 at.% of oxygen. The composition was analyzed with a 5MV accelerator at Centro de Microanálisis de Materiales (CMAM, Madrid) using Rutherford backscattering spectrometry (RBS) under 2 MeV He + beam. Silicon (100) substrates have been used after cleaning in ethanol and then placed at 5 cm distance from the Al target, facing the target axis. X-ray diffraction (XRD) measurement have been performed by using a Brucker D8 Advance system with Cu Kα1 radiation (λ= 0.15406 nm) in Bragg-Brentano geometry. The microstructure was investigated by transmission electron microscopy (TEM) in a JEOL ARM 200-Cold equipped with a field-emission gun (FEG) fitted with a GIF Quantum ER. The deposition time was adjusted to reach a thickness close to 200 nm. The samples underwent a post-deposition rapid thermal annealing (RTA) at 1000 o C in forming gas (FG) (N2/H2 %=90/10) for 5 minutes. Steady state PL experiments were performed at room temperature. He-Cd laser with 325 nm line has been used to excite the samples. For PLE spectroscopy, a xenon arc lamp was used as excitation source and a cooled silicon-based CCD camera was used for detecting and analyzing the PL emission. For time-resolved photoluminescence measurement, Samples were pumped by 355 nm line of a frequencytripled YAG:Nd laser with 10 ns, 10 mJ and 10 Hz pulse duration, pulse energy, and repetition rate; respectively. The emitted light was detected by a monochromator equipped with photomultiplier tube and analyzed by GHz Oscilloscope.

Results and discussion

Figure 1 shows the RBS spectra that have been measured mainly to probe the Ce and Yb contents in the prepared samples. Each region is labelled based on constitutive elements (Ce, Yb, Al, Si, O, and N). It appears that Ce and Yb signals are partially overlapped. The contributions related to Ce and Yb components in the RBS spectra can be discriminated as shown in inset figure 1. The maximum energy of backscattered projectiles is given by the kinematic factor of the collision and corresponds to scattering events occurring at the surface of each film. The broadness and shape of the film-containing elements is an indication of the film thickness and the elemental profile, respectively. It can be observed that, due to the similar mass of Ce and Yb, the signal from both elements is partially overlapped. Hence, as the content of Yb increases, the overlapped area of the band that corresponds to Ce and Yb increases. Fitting of the spectra revealed no significant changes in the relative elemental composition of the host matrix (~ 46 at.% Al, ~ 45 at.% N, and ~ 7 at.% O) between the five samples. On the other hand, the Ce content was found constant ~1.5 at.% with different contents of Yb% (0,0.6, 0.8, 1, and 1.5 at.%) depending on the deposition conditions. highest crystallinity, the sample with 0.8% Yb also exhibits the highest texture coefficient (T(002)), calculated using the formula in [24]. T(002) evolves as follows: 0.6 %Yb = 1, 0.8 %Yb = 1.5, 1 %Yb = 0.5, 1.5 %Yb = 0.

The polycrystalline nature of the (1.5% Ce, 0.8% Yb) co-doped Al(O)N sample, has also been evidenced using TEM and selected area electron diffraction (SAED) measurements, figure 2c andd. The microstructure shows a columnar structure with preferential growth direction along the c-axis of the hexagonal wurtzite cell, i.e. along the [002] direction, as shown in figure 2c.

The partial rings in the SAED highlight the polycrystalline growth pattern with brightest spots pointing to the predominant growth direction, [002], perpendicular to the substrate. nm and 500 nm, can be ascribed to overlapping between the emissions from Ce ions and host matrix radiative defects. It can hardly be de-convoluted [25][26]. In the NIR region, the single sharp peak around 976 nm is assigned to the optical transition in Yb from 2 F5/2 to 2 F7/2. It can also be observed, at the base of Yb emission peak, a small wide band which is referred to the overlapping of unresolved lines, see figure 3b for better visualization.

The PL intensity evolution as a function of the Yb content is shown in the inset figure 3a.

Only the Ce emission band is obtained at 0% of Yb. Its intensity decreases upon Yb addition. This is accompanied with increasing intensity of the Yb emission that reaches its maximum value at 0.8% of Yb. At higher Yb content, it decreases. This can be considered as a sign of energy transfer from Ce and Yb [17,[27][START_REF] Liu | Energy Mater Sol[END_REF][29]. This decrease in the PL intensity for Yb emission above 0.8%, is attributed to the concentration quenching phenomenon [30]. In this case, a resonant non-radiative energy transfer between excited and un-excited Yb ions can be significant. In addition, a higher density of lattice defects/impurities can be induced by the incorporation of large amount of Yb and act as quenching centers for the PL. It is worth to note that the highest NIR emission intensity is found for 0.8 at.% Yb, in line with the highest crystallinity for this sample among the explored conditions. This could point to the role of crystallinity of the host matrix in enhancing the energy transfer process and/or decreasing the effect of the PL quenching owing to a lower density of lattice defects.

In addition, assuming energy transfer from Ce to Yb essentially infers the contribution of the excitation band(s) of Ce in the excitation spectrum monitored at the Yb PL peak emission 976 nm. Thus, information about the excitation mechanism in the co-doped sample is needed. For this purpose, photoluminescence excitation (PLE) is established as a powerful tool to justify such energy transfer between Ce and Yb [22]. Figure 4 shows the PLE spectra recorded from the (Ce, Yb) co-doped Al(O)N sample containing 0.8% Yb and monitored at emission peaks of 500 nm and 976 nm. For the sake of comparison, the PLE from single Ce-doped Al(O)N sample was also collected at 500 nm. The PLE spectra mainly consist of two bands centered on 3.9 eV and 4.7-5 eV. Details about the origin of these PLE bands can be found in our previous works and are ascribed to overlapping of Ce and (VAl-ON) 2-defect complex absorptions (at 3.9 eV) and to (VAl-2ON) 1-defect complex absorption at 4.8 eV [25,31].

Interestingly, at 3.9 eV, the PLE spectrum in co-doped sample monitored at the Yb-related PL peak, at 976 nm, shows similar band shape to the PLE bands monitored at Ce related PL peak at 500 nm in the single-doped and co-doped samples. This evidences the energy transfer between the two ions [START_REF] Liu | Energy Mater Sol[END_REF]32].Thus, it can be suggested that the absorption of Ce contributes in the NIR emission of Yb 3+ . Two possible energy transfer mechanisms between Ce and Yb are established: one-to-two photons mechanism via cooperative energy transfer and one-to-one photon via charge transfer state mechanism. The former is described by the energy transfer from one excited Ce ion to two Yb ions, resulting in emission of two NIR photons. In contrast, the later is described by the energy transfer from The average decay lifetime of Yb ions(τ) in single and co-doped samples have been estimated using the following equation: [33][34] 

τ = ∫ 𝑡 𝐼(𝑡)𝑑𝑡 ∞ 0 ∫ 𝐼(𝑡)𝑑𝑡 ∞ 0 , (1) 
where I(t) is the intensity at time t. [17]. The long rise time obtained suggests that the energy transfer for Ce 3+ to Yb 3+ is achieved through an indirect process. It is due to slow nonradiative relaxation from a charge transfer state (CTS) to the upper2 F5/2 excited state of Yb 3+ , as suggested by J. Ueda et al [17].

Therefore, different overlapped transitions can be suggested to be involved in the energy transfer process; from Ce to CTS, then CTS to Yb 2 F5/2 excited state and, finally, from 2 F5/2 to In this direction, power-dependent PL measurements were performed to study the conversion mechanism from UV/Visible to NIR [35][36]. A power law (IPL α P n ) is used, where IPL is the PL intensity, P is the excitation power and n is corresponding to the number of transferred photons that produce one NIR photon [35][36][37]. The power dependent measurement for the (Ce, Yb) co-doped system reveals a nearly linear dependence with n close to 1, as shown in figure 6. This supports our conclusion from lifetime measurements that the energy transfer from Ce to Yb occurs through CTS mechanism, i.e. through a one-to-one photon mechanism. This CTS can be attributed to the following electron transfer mechanism: Ce 3+ + Yb 3+ => Ce 4+ + Yb 2+ .

Conclusion

(Ce, Yb) co-doped thin films have been prepared with 1.5 at.% Ce and different concentrations of Yb (0.6%, 0.8%, 1%, 1.5%). RBS spectrometry was used to determine the elemental contents of the prepared samples. XRD and TEM measurements revealed the polycrystalline nature of all samples and strong (002) preferential orientation and high crystallinity of (1.5% Ce, 0.8% Yb) sample. In addition, this sample showed maximum NIR emission intensity, which points to presence of optimum Ce and Yb contents for maximum energy transfer from UV to NIR. Hence, The energy transfer between Ce and Yb was achieved and evidenced through: i) The evolution of the PL intensity as a function of Yb%, ii)

Participation of the excitation band of Ce in the PLE for emission of Yb 3+ , and iii) Stretching of the excitation rise time of Yb 3+ in co-doped system compared to the single Yb-doped system. In addition, the energy transfer is found to proceed by one-to-one photon mechanism mediated through CTS as proposed from the excitation rise time behavior and confirmed by PL power-dependent measurement.
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 1 Figure 1. RBS spectra for the prepared (Ce, Yb) co-doped Al(O)N samples at different Yb%. Inset fig. RBS spectra for Ce and Yb singly-doped samples and a co-doped sample with 0.8%Yb.

Figure

  Figure 2a and b show the X-ray diffractograms of the prepared co-doped samples. Two diffraction peaks corresponding to (002) and (100) planes of AlN can be detected with evolution of the preferential orientation from (002) to (100) as Yb% increases. The zoom in fig (2b) shows the absence of the diffraction peak corresponding to (100) in 0.6%Yb sample, while in 1.5%Yb sample the XRD shows only the signal from (100) AlN. This highlights the influence of the Yb content on the preferential orientation of AlN. Besides showing the

Figure 2 .

 2 Figure 2. a) X-ray diffractograms of (Ce, Yb) co-doped Al(O)N samples for constant 1.5% Ce and different Yb contents. b) Zoom in of (a) for better visualization indicating values for the average crystallite size and texture coefficient. c) and d) TEM image and SAED pattern of (1.5% Ce, 0.8% Yb) co-doped Al(O)N sample; respectively.

Figure 3 .

 3 Figure 3. PL spectra of (Ce, Yb) co-doped Al(O)N samples for different Yb concentrations. inset figure: evolution of the PL intensity for the peaks centered at 500 nm and 976 nm as a function of Yb%. b) Zoom in the NIR region.
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 4 Figure 4. PLE spectra of (1.5 at.% Ce, 0.8 at.% Yb) co-doped Al(O)N sample monitored at 976 nm and 500 nm along with the PLE of 1.5 at.% Ce-doped Al(O)N sample monitored at 500 nm.

  figure 5. The rise and decay times of Yb ions have been monitored in 1 at.% Yb-doped Al(O)N, (1.5 at.% Ce, 0.8 at.% Yb) co-doped Al(O)N and (1.5 at.% Ce, 1at. %Yb) co-doped Al(O)N samples. Despite the (1.5 at.% Ce, 0.8 at.% Yb) co-doped Al(O)N is the optimum sample, the TRPL of (1.5 at.% Ce, 1at. %Yb) co-doped Al(O)N is shown for comparison with the available reference single doped sample, 1 at.% Yb-doped Al(O)N.
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 5 Figure 5.TRPL collected at 976 nm form 1at.%Yb-doped Al(O)N, (1.5 at.% Ce, 0.8 at. %Yb) co-doped Al(O)N and (1.5 at.% Ce, 1at. %Yb) co-doped Al(O)N. The blue bold lines are to guide the readers for the rise time part of the curves.

Figure 6 .

 6 Figure 6. PL power-dependent of Yb emission at 976 nm from (1.5 at.% Ce, 1 at.% Yb) co-doped sample excited by 325 nm.

Figure 1 .

 1 Figure 1. RBS spectra for the prepared (Ce, Yb) co-doped Al(O)N samples at different Yb%. Inset fig. RBS spectra for Ce and Yb singly-doped samples and a co-doped sample with 0.8%Yb.
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 2 Figure 2. a) X-ray diffractograms of (Ce, Yb) co-doped Al(O)N samples for constant 1.5% Ce and different Yb contents. b) Zoom in of (a) for better visualization indicating values for the average crystallite size and texture coefficient. c) and d) TEM image and SAED pattern of (1.5% Ce, 0.8% Yb) co-doped Al(O)N sample; respectively.
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 4 Figure 4. PLE spectra of (1.5 at.% Ce, 0.8 at.% Yb) co-doped Al(O)N sample monitored at 976 nm and 500 nm along with the PLE of 1.5 at.% Ce-doped Al(O)N sample monitored at 500 nm.
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 5 Figure 5.TRPL collected at 976 nm form 1at.%Yb-doped Al(O)N, (1.5 at.% Ce, 0.8 at. %Yb) co-doped Al(O)N and (1.5 at.% Ce, 1at. %Yb) co-doped Al(O)N. The blue bold lines are to guide the readers for the rise time part of the curves.
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 6 Figure 6. PL power-dependent of Yb emission at 976 nm from (1.5 at.% Ce, 1 at.% Yb) co-doped sample excited by 325 nm.

  

  This integral formula is used to estimate the average lifetime because of the different decay transitions involved in the energy transfer process. The average lifetime of Yb 3+ is close to 65μs in single and co-doped cases. This infers undetectable influence of Ce on the decay behavior of Yb 3+ emission. However, the rise time is slower in the co-doped samples, as shown in figure5. It is found that the rise times of Yb-doped Al(O)N and (Ce, Yb) co-doped Al(O)N are best fitted by single exponential growth function and results in average rise times of τ1= 0.37 μs and 1.19 μs; respectively. This infers that Yb 3+ is excited through a slower pathway in the co-doped system. Whereas, in single Yb-doped Al(O)N the excitation mechanism is mediated via defect complex (VAl-ON)2-[31]. The present results strongly suggests that, in (Ce, Yb) co-doped Al(O)N, the energy transfer mechanism is mediated by Ce ions that stretch the excitation process of Yb 3+ . In addition, the rise time in co-doped sample is longer than the expected fast decay time, of few nanoseconds, of Ce. This rules out the anticipation of a direct energy transfer process from Ce to Yb. Direct energy transfer from Ce to Yb would be associated to a rise time shorter than the relaxation time of the 5d level in Ce 3+

F7/2.
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