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Abstract

:

Recently, a technical modification of a Reflectance Anisotropy Spectroscopy (RAS) spectrometer has been proposed to investigate the circular dichroism (CD) of samples instead of the normally studied linear dichroism. CD-RAS measures the anisotropy of the optical properties of a sample under right-handed and left-handed circularly polarized light. Here, we present the application of CD-RAS to measure the circular dichroism of a twisted bilayer of graphene, purposely prepared as a possible substrate for the adsorption of thin molecular layers, in air, in liquid or in a vacuum. This result demonstrates the performance of the apparatus and shows interesting perspectives for the investigation of chiral organic assemblies deposited in solid film.
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1. Introduction


When Lord Kelvin, in 1893, in a Robert Boyle Lecture at Oxford University introduced for the first time the term chirality, saying that “any geometrical figure, or group of points, is chiral, if its image in a plane mirror, ideally realized, cannot be brought to coincide with itself” [1], he was very likely not aware of having coined a word whose fascinating sound would span in forthcoming years from physics to chemistry, from medicine to mathematics, and has pervaded modern science from the physics of elementary particles to astronomy, from the chemistry of the origin of life to the nanotechnology, from the preparation of drugs to chemical sensors [2,3,4,5,6].



In the development of chiral materials, the flexibility of carbon atoms’ chemistry has been often exploited in building the backbone of new molecular elements, while versatile and tunable molecular systems (such as porphyrins, an unsurpassed building block [7,8]) have been manipulated and then assembled in more complex structures, where chirality can appear also at the supramolecular level [9,10].



If organic chemistry reveals an inexhaustible forge of new molecules for surprising applications, in the case of sensors two issues arise: (i) the necessity to move to solid-state organic layers but maintaining chirality; (ii) the investigation of the selective interactions between analyte and sensor useful to enantiomeric recognition [11].



Here, new challenges arise: effective deposition methods [12,13], the use of non-transparent substrates, easy-to-use experimental techniques and exhibiting the necessary sensitivity to chirality [14,15]. A long tradition of chemistry laboratories (and not only) would point in the direction of optical techniques: experiments by spectropolarimeters that measure circular dichroism (CD), i.e., the differential absorption of left- and right-handed polarized light, represent a common practice (or better a necessary step) in a characterization protocol of samples. However, commercial CD spectrometers do not allow high flexibility in the design of the optical path and offer limited room for the investigated sample: it is definitely not easy pairing these apparatuses with Ultra High Vacuum (UHV) systems (in case of depositions from evaporation cells, for example), with electrochemical cells or more generally with other complex experimental configurations.



Recently, we proposed to use a Reflectance Anisotropy Spectroscopy (RAS) apparatus with a new “open” and pliant configuration for measuring CD (hereafter indicated as circular dichroism RAS, CD-RAS) [16].



RAS is an optical technique exhibiting high sensitivity to very low thickness of matter (in the order of a few Angstroms, and even below), thus giving the possibility to study the structure and the electronic properties of surfaces, interfaces and very thin layers deposited onto solid substrates [17]. It can be used in a vacuum or in a UHV [18,19,20,21], but also in atmosphere (as it does not suffer any limitation due to pressure, contrary to spectroscopies using electrons or charged particles as probes), or in transparent media to investigate surfaces/layers and interfaces immersed in liquids [22,23,24]. RAS has been also applied to study organic samples, for example layers grown by Organic Molecular Beam Epitaxy (OMBE) [25] or deposited in a UHV [26].



Until now, all the published RAS results concern the anisotropy of the reflectance by linearly polarized light. Recently, we have extended the application of the same technique to measure in transmittance the CD by a proper modification of the experimental apparatus, opening intriguing perspectives in the investigation of chirality [16].



It is simple to show that a CD signal measured in reflectance mode from a chiral layer is null, whatever its thickness is. This obliges experimentalists to choose the transmission mode for measurements of chiral solutions and layers, thus obviously limiting the solid substrate to its transparency region. As an additional limit, such a substrate (in the vis–UV range, usually glass or quartz, flat and inert, is used) offers almost no opportunity to modulate or construct the chiral structure of the deposited layer, while substrate engineering could play an active role inducing chirality in an individual nanostructure by a proper choice of its structure, or driving it by designed molecule–substrate interactions [27,28].



The use of ultrathin, a few monolayers thick, layers of graphene deposited onto UV quartz could allow both these constraints to be overcome [29]. In fact, while the extremely reduced thickness of the graphene layer makes it virtually transparent, the possibility of growing bilayers of graphene according to a projected twist angle offers the opportunity to control the possible chiral signal [12,28]. Finally, the peculiar hexagonal symmetry of graphene cancels out the possible contribution coming from linear dichroism of graphite samples, excluding artifacts that in some cases could modify or even hide the dichroism results [30,31,32].



In this paper, we present the CD-RAS spectra of two purposely prepared twisted graphene bilayers, arranged in two enantiomeric forms, that push the sensitivity of our apparatus towards a low level of the ellipticity signal. This preliminary result represents an interesting starting point to deposit thin and ultrathin molecular chiral or achiral layers on these graphene substrates.




2. Materials and Methods


2.1. The CD-RAS Apparatus


A RAS spectrometer is basically an ellipsometer at near-normal incidence; this simple variation in the experimental apparatus with respect to a traditional ellipsometry set-up (where the incidence angle can be varied) strongly simplifies the interpretation of the data. The detection of a non-null optical anisotropy is sometimes a significant result per se, representing the properties of the sample in terms of the existence of some kind of order at the microscopic level. Nevertheless, a deeper comprehension of the investigated system still requires a further analysis of the optical anisotropy experimental data by a mathematical deconvolution of the dielectric functions, through modelling of the system [17].



The definition of RAS signal is reported in Formula (1). It expresses ΔR/R as the ratio between the difference ΔR in the light intensity Rα and Rβ reflected by the sample for a beam polarized in two different and perpendicular polarization states α and β, and their average R = (Rα + Rβ)/2, as a function of photon energy [17,33]:


∆R/R = 2 (Rα − Rβ)/(Rα + Rβ)



(1)







If linearly polarized light is used in the experiments, the electric field of light is alternatively directed along two directions α and β, mutually orthogonal and aligned with the main anisotropy axes of the sample surface plane. This is the common application of RAS in the scientific community [17]. In CD-RAS, on the contrary, the light shone onto the sample is modulated between right-handed and left-handed circularly polarized light, with the resulting signal carrying information about the CD of the investigated system [16].



The modulation of the light polarization in both cases is due to the phase shift introduced by the piezo-elastic modulator (PEM, driven by an oscillating circuit at the resonance frequency ν0 of the piezoelectric crystal) [16,34] between the two light beams propagating along the ordinary and extraordinary axis of the PEM itself. The PEM distinguishes the two cases reported above as follows: (i) when the phase shift equals ±π, the linear polarization of light after the PEM is modulated at exactly 2ν0 between two orthogonal, independent states x and y; (ii) if the PEM introduces a phase shift equal to ±π/2, the outgoing light is alternatively modulated at frequency ν0 between right-handed and left-handed circularly polarized light. This second case holds in CD-RAS.



The time-dependence of the light polarization states for circularly polarized light after the passage through the PEM for a phase shift equal to ±π/2 is shown in the right panel of Figure 1. The polarization oscillates between circularly left-handed and circularly right-handed polarization states, at the same frequency ν0 of the PEM. In addition, a relic linear polarization contribution is still present in the signal (just for one of two orthogonal independent states, in the figure labelled “α”), the latter at a frequency that is twice the PEM frequency. Consequently, if a lock-in amplifier is tuned at a frequency equal to ν0, the only contribution in the signal output after the detector will be due to the circularly polarized light modulation.



The CD-RAS apparatus is described in ref. [16]. In the left panel of Figure 1, the version used in experiments reported in this article has been drawn: it is the Safarov/Berkovits spectrometer (see refs. [16,33,35]), with one polarizer. The light beam from a Xe lamp (75 W, Hamamatsu Photonics, Sunayamacho, Japan) passes through a Glan Taylor polarizer (Melles Griot, Carlsbad, CA, USA) whose axis is carefully oriented at 45°, to linearly polarize the light before it enters a home-made piezo-elastic modulator (transparent optical head in quartz, glued with beeswax to a piezo-elastic quartz crystal). After the beam is transmitted through the sample, it is reflected on an oxidized Si(100) surface, which—being isotropic for linearly polarized light—does not introduce artifacts in the signal. Finally, the beam enters a grating monocromator (HR-10, Jobin Yvon, Paris, France) and is collected on a photomultiplier (Hamamatsu Photonics, Japan)). The control of the whole apparatus is performed through a unit engineered in Ioffe Institute (St. Petersburg, Russia Russian Federation). All the lenses are biconvex, in CaF2.



The experiments are necessarily performed in transmission, making the term “reflectance” in the acronym CD-RAS somewhat inappropriate. The CD-RAS signal is then more properly defined as follows:


∆I/I = 2 (Iα − Iβ)/(Iα + Iβ)



(2)







In this case, Iα and Iβ are the transmitted light intensities measured after light has passed through the sample, while the beam is alternatively polarized in two different and independent circular polarization states α and β.



When CD-RAS data are compared with the ones obtained by a commercial spectrometer, we have to consider that we measure the intensity modulation ∆I/I of the signal (see Formula (2)), while by using a commercial spectrometer [36], one measures the ellipticity of the beam of light after it is transmitted through the sample. This is the result of the composition (generally associated to the elliptic polarization of light) of the two circularly polarized states, which have the same intensity when they “touch” the sample, but then are absorbed in a different way.



CD spectra are commonly reported in terms of the ellipticity θ and measured in mdeg units. In ref. [16], the proportionality between the ellipticity θ and the ∆I/I result of a CD-RAS experiment has been demonstrated:


∆I/I ∝ θ



(3)








2.2. The Substrate


Chiral twisted bilayers of graphene were prepared by layer-by-layer stacking of uni-directionally grown graphene films on germanium substrates [37]. The interlayer rotational angle (θ) and polarity were controlled during the stacking. Stackings with rotation of the top graphene towards anticlockwise and clockwise correspond to left- and right-handed films, as depicted in Figure 2. About the terminology throughout the manuscript, the wording “right-handed/left-handed twisted bilayer graphene” means “right-handed/left-handed enantiomer”. The films were transferred onto an ultrathin quartz substrate. In these chiral twisted bilayer graphene films, the angle θ and handedness are controlled uniformly over several millimetres millimeters with a high yield of interlayer coupling. For more details, the reader is invited to examine the Methods and Supplementary of [37].



The careful and delicate preparation of these twisted bilayer graphene films represents a significant example of the possibility to assemble two-dimensional (2D) materials into artificial structures, exploiting the degrees of freedom offered by Van der Waals structures to exceed the limits existing in traditional growth methods for the fabrication of advanced nanodevices. In fact, growth and assembly here represent two independent steps in the whole process, thus combining materials whose growth conditions would be otherwise incompatible. Furthermore, as adjacent layers are not chemically bonded, the weak Van der Waals interactions enable a very high control of the orientation of individual crystalline layers, thus producing a high possibility to manipulate the atomic configurations in the resulting structure and in principle paving the way to a huge number of possible combinations [37].



The optical circular dichroism of graphene films was measured using a Jasco circular dichroism spectrometer (J-815) (Jasco, Tokio, Japan), in transmission mode with the light beam perpendicular to the film planes over a circular area of 2 mm in diameter. Lock-in measurements were conducted by alternating at 50 kHz between left-handed and right-handed circularly polarized lights.





3. Results


Ellipticity spectra, or circular dichroism (CD) spectra, measured from the chiral twisted bilayer graphene films with θ = 25.8° (red: left-handed) and θ = 23.1° (blue: right-handed) are shown in Figure 3. The CD spectra of left- and right-handed twisted bilayer graphene show two evident peaks, denoted Peak A and B, with an amplitude in the order of 1 mdeg, like a previous report [38]. The large peak energy and the sign amplitude observed in twisted bilayer graphene films can be tuned using θ and the rotational polarity of the stacked layer [37,38]. Also, the CD spectrum of a single-layer graphene is reported for comparison, to realize its negligible value over the complete photon energy range.



When CD is measured, great care is necessary to depurate the signal from artifacts coming from the linear dichroism and the linear birefringence of the sample, usually orders of magnitude higher. This has been explicitly discussed in several interesting papers [30,31,32], which suggest methods useful to isolate the true effect of chiral materials coming from the intrinsic electronic properties or from the supramolecular structure. In fact, experimental CD spectra contain parasitic artifacts, originating from (i) the linear birefringence and the linear dichroism of the sample and (ii) the non-ideal characteristics of optical instruments.



In our case, given the very small value of the graphene bilayer CD (in the order of a millideg and even less), some caution must be taken. We then first measured the RAS anisotropy (i.e., the linear dichroism) of the two bilayers, which is expected to be null due to the hexagonal symmetry of the unit cell. This is plainly shown in the ∆R/R spectrum reported in Figure 4, which establishes the necessary (but not sufficient) condition to measure CD, otherwise impossible in the presence of linear effects [30,31,32]. Also, the birefringence effect is expected to be zero, as for our experimental CD-RAS set-up, we have chosen the Safarov–Berkovits configuration (that is without the analyser, see ref. [28]) [39]. In conclusion, the output from the CD-RAS system is almost the true ellipticity of the two enantiomers.



CD-RAS spectra have been measured in transmission mode in the range of 3–4 eV and are reported in Figure 5. Despite noise (notice its amplitude, in the order of the signal error bar, 1 × 10−4), the two enantiomers are clearly resolved. The spectra have been limited to the ellipticity peak at lower photon energies (A in Figure 3), due to the spectral sensitivity of our apparatus that in the UVB range is more than a factor of 10 lower that in the UVA range. The spectra (of the left-handed and right-handed enantiomers) correctly exhibit opposite signs, while (given the scattering of the data) it is not straightforward to conclude if the signal maxima are or are not coincident (compare Peak A in Figure 3). According to a simple polynomial fit (see the two full lines), one could obtain about 3.6 eV for the maximum of the left-handed enantiomer and about 3.5 eV for the right-handed enantiomer. The reduced amplitude (about one-quarter of that measured by the commercial CD spectrometer, see Figure 3) is probably due to the partial oxidation of the graphene, hampering the effect [40]. Although the substrate has been stored under vacuum after the preparation and then after each measurement stage, the experiments (in air) were prolonged for some weeks to obtain the result, thus deteriorating the original signal.




4. Conclusions


We have presented the ellipticity spectra of two enantiomers of twisted graphene bilayers, intentionally prepared. The results presented confirm the good sensitivity of our CD-RAS apparatus and open the way to further developments, where the twisted bilayers will be used as substrates for the deposition of selected chiral molecules in experiments conducted on organic and biological ultrathin layers to investigate the fascinating issue of the origin of life on the early Earth [41,42,43,44].



Van der Waals 2D homobilayers offer exciting opportunities: through the control of the twist angle between overlying layers of two-dimensional materials, their electrical properties can be tuned and manipulated, leading to a fascinating physics where the control of chirality could produce innovative optoelectronic devices [45,46,47]. Recently, it has been reported that chirality from the twist interface of graphene can be transferred to achiral few-layer graphene, producing a strong chiroptical response [48]. In that case, Raman spectroscopy with circularly polarized light has been used. We believe that CD-RAS could also offer intriguing possibilities of application in the future.
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Figure 1. (Left panel): Sketch of the CD-RAS experimental apparatus. The version here reported is the Safarov/Berkovits spectrometer (see refs. [16,33,35]), with one polarizer. After passing the sample, the light beam is reflected back by an isotropic Si(100) sample and collected on the detector through the monochromator. (Right panel): Sketch of the polarization of the light beam after the PEM, for an applied voltage value such that the phase shift is Δφ = π/2. The red curve represents (vs. time) the voltage driving the PEM at the frequency ν0. At V = 0 volts, the polarization is linear, here indicated as α (yellow arrows). When the voltage reaches its maximum, the resulting polarization is circular and right-handed (green circles). When the voltage reaches its minimum, the resulting polarization is circular and left-handed (blue circles). The oscillation frequency of the signal between the two states of circular polarization is evidently ν0. The frequency of the linearly polarized signal is 2 ν0. 
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Figure 2. Schematic of left- and right-handed twisted bilayer graphene films connected by a mirror plane (vertical line). The rotation angle θ and polarity determinate the spectral energy and the sign of the chiro-optical property, respectively. 
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Figure 3. Ellipticity spectra of the chiral twisted bilayer graphene films with θ = 25.8° (red: left-handed) and θ = 23.1° (blue: right-handed). Two peaks (here labelled as A and B) are clear in the spectra of two enantiomers. 
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Figure 4. ∆R/R spectra of the two graphene bilayers, deposited onto quartz. The two enantiomers (right-handed: black circles; left-handed: red circles) are reported. The RAS data have been taken by using linearly polarized light and an Aspnes-like apparatus (with two polarizers, see ref. [17,33]). The residual structureless background in this case has not been subtracted. The flat, almost-zero line measured in both cases reflects the isotropy of the hexagonal graphene unit cell. 
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Figure 5. CD-RAS of two enantiomers of the twisted graphene bilayer (described in Section 2.2, whose characterization has been reported in Section 3), measured by a CD-RAS spectrometer with only one polarizer (that is, without analyser, see ref. [33]). Upper curve: left-handed enantiomer (black squares); lower curve: right-handed enantiomer (red circles). The background spectrum due to the optics has been subtracted in both cases. The experimental error bar (equivalent to 1 × 10−4) is reported. The curves show two maxima with opposite sign. Given the scattering of the data, it is not straightforward to conclude if the signal maxima are or are not coincident. According to a simple polynomial fit (see the two full lines), one could obtain about 3.6 eV for maximum of the left-handed enantiomer and about 3.5 eV for the right-handed enantiomer. 
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