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Infrared optical anisotropic properties and photocarriers lifetime in 2D black phosphorus by angle-resolved absorption and reflectometry

In this article, angle and polarization-resolved absorption and time-resolved pump-probe measurements have been carried out on multi-layer black phosphorus (BP) at infrared wavelength (around 1550 nm) which is an extension of the previous studies of the BP behavior done at higher frequency 1 . Exfoliated down to a few layer, BP reveals the properties of a 2D material with anisotropic response, high mobility (up to 10 000 cm 2 /V/s), and absorption which are very relevant to optoelectronics. BP bandgap is tunable according to the number of layers, allowing applications from UV to IR. The bandgap height of the single and thicker layers has been measured through absorption and reflection spectra. We report the first measurement of the ambipolar carrier lifetime, which has been determined to be about 15 ps. The structure-induced anisotropy is studied. The results confirm BP as a suitable material for ultrafast devices such as microwave photo-switches, samplers, THz antenna for instance.

I. INTRODUCTION

Black phosphorus (BP) recently triggered strong interest as a better alternative to communally used semiconductor materials like transition metal dichalcogenide (TMDs) and other compounds for ultrafast optoelectronic applications. Indeed, the discovery of its graphene-like electronic properties, associated with its tunable bandgap from 0.3 eV for its bulk state to 1.8-2 eV for the monolayer 2 , makes it a perfect candidate to overcome graphene Dirac point and thus enables optical switching of electronics components. In a previous article [START_REF] Penillard | Effective photoconductivity of exfoliated black phosphorus for optoelectronic switching under 1.55 µm optical excitation[END_REF] , we studied BP photoconductivity when the material is integrated in optically-controlled-microwave switches at 1.55 µm.

BP has orthorhombic structure with two main axis, armchair and zigzag, with a 90° angle between them. From its structure results a strong anisotropy for both electrical and optical properties which has to be considered for optoelectronic components realization. This anisotropy is experimentally verified by angle-resolved Raman measurements [START_REF] Ribeiro | Unusual Angular Dependence of the Raman Response in Black Phosphorus[END_REF] as well as angle-resolved direct-current (DC) measurements on a transistor [START_REF] Xia | Rediscovering Black Phosphorus : A Unique Anisotropic 2D Material for Optoelectronics and Electronics[END_REF] and by infrared (IR) spectroscopy. Photo-carrier dynamics have been little explored in BP. Knowing their dynamics is however essential for optoelectronics and ultrafast applications.

Here, we present experimental results for angle-resolved absorption measurements at infrared wavelengths as well as time-resolved and angle-resolved reflective pump-probe measurements performed at 1550 nm associated with Raman spectroscopy. Samples and experiment are described in section II, with both absorption and reflectivity measurements. Section III is devoted to the results and their analysis

II. EXPERIMENT

BP has a puckered structure where each layers are held by weak Van der Waals forces, allowing BP mechanical exfoliation down to a few layers. In the experiments presented in this paper the BP flakes were extracted by a modified and improved scotch-tape exfoliation method on a silica substrate, used on TMD materials and adapted for BP [START_REF] Desai | Gold-Mediated Exfoliation of Ultralarge Optoelectronically-Perfect Monolayers[END_REF] . We focused on Raman spectroscopy Ag 2 peak which is almost not thickness dependent since it corresponds to an in-plane interaction and thus can be used to determine flake-orientation [START_REF] Jiang | Optical Anisotropy of Few-Layer Black Phosphorus Visualized by Scanning Polarisation Modulation Microscopy[END_REF] . Raman spectroscopy studies on BP performed and published previously [START_REF] Penillard | Exploring the promising properties of 2D exfoliated black phosphorus for optoelectronic applications under 1.55 μm optical excitation[END_REF][START_REF] Kim | Anomalous polarization dependence of Raman scattering and crystallographic orientation of bP[END_REF] indeed show the Ag 2 phonon intensity Fourier-like evolution with the layer orientation, for a fixed polarization. When the maximum intensity is reached, the laser polarization is aligned with the BP armchair direction. Following this statement, the crystallographic axis armchair and zigzag are identified by Raman spectroscopy at 532 nm in each BP samples created for the experiments. A total of five samples with various thickness have been exfoliated: two (A1, A2) for absorption measurements and three others (S1, S2, S3) for pump-probe spectroscopy. The sample thickness is measured by atomic force microscopy (AFM) and reported in Table 1. The sample A1 is partially monolayer with a thickness of 0.53 nm, and partially bilayer with a thickness of 1.06 nm. All samples have been exfoliated on a silica substrate and have been encapsulated to prevent air degradation, with a thin layer (about 20 nm) of AlxOy, except for sample S1 which has been capped with PMMA which is also a good protection against air degradation for short term experiments. The samples were less than 5 minutes at ambient air then are kept under azote atmosphere before being tested. The measurements are performed in ambient air, and no degradation has been observed on samples during the tests. It is worth noting important to note that oxidation prevents immediately any signal detection in such thin layer samples.

Name

A. Absorption measurement

The absorption measurements have been realized at LPEM in ESPCI Paris. Each BP layer is first illuminated by a halogen lamp with an illumination radius of about 20 µm and the transmitted signal is then selected with a spectrometer at the wavelength range of interest. From the transmitted signal, the absorbance is deduced as the fraction intensity variation measured in percent. The reflected signal is neglected. Here the considered wavelengths range from 0.8 µm to 2.1 µm. A polarizer, adjusted 5° by 5°, allows to study diverse directions in BP. The substrate and passivation layer effects on absorption spectra are compensated using a reference measurement on a sample without BP layer.

B. Reflectivity measurement

Angular-resolved and temporal-resolved pump-probe measurements have been performed on different samples of black phosphorus to understand photo-dynamics under an optical excitation of 1550 nm. The pump and probe pulses are obtained by spectral filtering on the output of a 100-fs passively-modelocked fibered laser (Optisiv), We have studied the absorption dependency at 1.55 µm with the polarization and so with the flake orientation.

The absorption follows the same Fourier-like evolution than Ag 2 phonon intensity, and is up to 4 times stronger in the armchair direction than in the zigzag direction, as shown in FIG. 4. The normalized root-mean-square error between the model and experimental data is 13% which validate correctly the Fourier-like model used. This evolution is experimentally observed in visible range [START_REF] Li | Polarization and Thickness Dependent Absorption Properties of Black Phosphorus: New Saturable Absorber for Ultrafast Pulse Generation[END_REF] and simulated for infrared wavelength [START_REF] Low | Tunable optical properties of multilayers black phosphorus thin films[END_REF] . Optical polarization is a crucial factor for optical application. The modification of the reflectivity is stronger in the armchair direction (see FIG. 5 (c)), where the absorption and so the photo-carrier generation is larger. This dependency can be observed at every delays (up to 240 ps).

For thick layers, a negative variation of the reflectivity is observed when the laser polarization is aligned with the zigzag direction. The error on normalized reflectivity measurement is about 0.2 and on the angle orientation about 2 degrees.

The difference in the behavior of reflectivity between armchair and zigzag direction on a very short time scale, in thick layer, can be explained by the difference between the effective masses for electrons and holes in the two directions [START_REF] He | Exceptional and anisotropic transport properties of photocarriers in black phosphorus[END_REF] : in the armchair direction me * =0.0825m0 and mh * =0.0761m0 and in the zigzag direction me * =1.027m0 and mh * =0.648m0. Intrinsically, black phosphorus is p-doped, with both light and heavy holes. Polarized excitation along the armchair direction generates light electrons and holes and enhances reflectivity. In the zigzag direction, generated photocarriers are heavy, and heavy holes and electrons are more likely to recombine with their light counterparts than the heavy ones. The plasma becomes heavier, and the reflectivity decreases.

When the layer thickness decreases, effective masses decrease as well and so the negative effect disappears as it is shown in FIG. 6. In that figure, the reflection coefficient of samples S2 and S3 is measured in time which is the interesting aspect to compare. The effect is not observed on the 1.5 nm thick BP layer (see FIG. 6), but has to be taken into account for thicker layer. This phenomenon has been observed by another group [START_REF] Ge | Dynamical Evolution of Anisotropic Response in Black Phosphorus under Ultrafast Photoexcitation[END_REF] , but has not yet been explained. From these observations, reflectivity evolution with time is identified as a bi-exponential evolution with two characteristic time scales (FIG. 5 (b)). On a short time scale, electrons and holes recombine directly, and on a longer times scale they recombine through lattice relaxation. Carrier life-time can thus be extracted and one obtains 14.8±0.3 ps, for 25 measurements. This direct recombination lifetime is thickness independent and angle independent. A second lifetime corresponding to lattice relaxation is thickness dependent and angle dependent and is measured from 0.64 ns for the thinner layer up to several nanoseconds for thicker layers. It is important to note that other authors found a unique lifetime around 100 ps for BP [START_REF] He | Exceptional and anisotropic transport properties of photocarriers in black phosphorus[END_REF][START_REF] Suess | Carrier dynamics and transient photobleaching in thin layers of black phosphorus[END_REF] . It is because they treated the reflectivity decay as a single exponential evolution. If we follow the same logic, we also obtain about 100 ps lifetime.

Nevertheless, it is more accurate to treat this decay as a bi-exponential evolution and to identify the two lifetimes, as direct lifetime value is a major key parameter when designing ultra-fast devices.

All these measurements validate BP angular dependency absorption at infrared wavelength and give a good approximation of the BP photocarrier lifetime.

As a side note, direct recombination of photocarriers in BP is the same with or without ALD capping, thus encapsulation seems to have negligible effects on direct recombination speed.

IV. CONCLUSION

In this paper, angular response of black phosphorus to 1.55 µm optical excitation is studied as well as photocarrier evolution at short time scale. The orientation and thickness of the layer influence the absorption, and lattice thermalization. Moreover direct recombination life-time of photo-carrier in black phosphorus is measured to be about 15 ps, making this material a great candidate for ultrafast applications like electronic sampling and photoconductive switching.

  which is spectrally broadened to cover the full C band upon amplification in a chirped amplifier. The delay between pump and probe is controlled through a mechanical delay stage as shown in FIG.1. The plasma of free carriers excited by the pump in the BP layer results in a change of the refractive index, therefore the reflectance of the BP, which is detected by the probe pulse. The normalized change of reflectivity ΔR R 0 = R ON -R OFF R 0 is measured as a function of the pump-probe time delay with R ON the detected reflectivity when the pump is activated, R OFF the detected reflectivity without pump, and R 0 the maximal probe reflectivity detection. The time resolution is about 1 ps and the time range is 240 ps. A half-wave plate in the laser optical path allows to change the angular orientation of the polarization and to study the change in reflectivity for each crystallographic direction of the layer.
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 13 FIG.1Pump-probe reflectometry experiment scheme.
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 4 FIG.4Absorption evolution with laser polarization orientation. At 0°, the polarization is arbitrarily taken along the horizontal direction H on the optical image.
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 6 FIG. 6 Evolution of reflectivity as a function of pump-probe delay for different laser polarizations for sample s (a) S2 and (b) S3.